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Abstrakt:

Hlavni metodou uplatnénou v této praci byly klasické molekuldrné-dynamické simulace.
Simulovanymi systémy byly komplexy RNA-dependentni-RNA polymerazy, Ribonukleazy
H, Argonautu a Ribonukledzy L schemicky modifikovanymi nukleovymi kyselinami.
Motivaci bylo vyuziti téchto chemicky modifikovanych nukleovych kyselin jako
potencidlnich chemoterapeutik. Vykonné grafické karty, prostfednictvim nichz byly
molekularné-dynamické simulace provedeny, umoznily ziskat trajektorie o délce stovek
nanosekund az jedné mikrosekundy, coz umoznilo postihnout rozdily ve vazb& rizné
modifikovanych nukleovych kyselin k vySe uvedenym enzymtim. Zjisténé rozdily pfitom
odpovidaly experimentalnim vysledkiim, coz otevira prostor pro racionalni navrh struktury
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Abstract:

Classical molecular dynamics simulations were applied on complexes of RNA-
dependent RNA-polymerase, Ribonuclease H, Argonaute and Ribonuclease L with
chemically modified nucleic acids, which are studied as potential chemotherapeutic
agents. Powerful graphics processing units, through which these molecular dynamics
simulations were performed, enabled to acquire trajectory length from hundreds of
nanoseconds to one microsecond. Molecular dynamics simulations allowed capture
differences in binding of various modified nucleic acids to the above mentioned
enzymes. These identified differences fitted well with experimental results. It opens
the door for rational design of the structure of potential chemotherapeutic agents
based on chemically modified nucleic acids.
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1. Uvod

Prakticky vSechny procesy probihajici v bufice jsou provadény ¢i modulovany
proteiny popt. enzymy. Léky jsou obvykle malé molekuly, které se vazi do tzv.
aktivniho mista proteinu a inhibuji ho. Problémem pii vyvoji klasickych 1éka je
extrémné slozitd prostorova struktura proteinli, kterd casto ani nebyvad zndma na
atomarni urovni. Jako potencidln¢ efektivnéjsi se proto jevi terapeutickd intervence
jiz do procesu exprese genetické informace. Tedy selektivni zamezeni vzniku
nezadouciho proteinu.

DNA -> DNA-dependenti-RNA-polymerdza -> mRNA, tRNA, rRNA

Ribozom -> Protein

Obrazek 1.1.: Schéma exprese genetické informace.

Informace o aminokyselinovém slozeni jednotlivych proteinti, nezbytné k jejich
tvorbé, jsou ulozeny jako jedine¢na sekvence bazi v genech v DNA. Vznikne-li
V buiice potieba syntetizovat urcity protein, je prfislusna genetickd informace
prepsana z dvousroubovice DNA do vldkna mRNA. Vldkno mRNA je syntetizovano
tzv. DNA-dependentni-RNA polymerdzou dle templatového DNA vldkna na
principu komplementarity bazi z jednotlivych nukleosidtrifosfati. Tento krok
exprese genetické informace je nazyvan transkripce (Obrazek 1.1.).



mRNA nasledné prenasi genetickou informaci z jadra do cytoplasmy. Zde se mRNA
vaze snékolika ribozomy — vysledny komplex se nazyva polyribozém. Na
polyribozémovém systému se uskuteciiuje preklad (translace) genetické informace
(Obrazek 1.1.). Potadi aminokyselin v polypeptidovém fetézci urcuji vzdy tii po sobé
jdouci baze v mRNA. Tyto tfi baze dohromady tvoifi kodon, ktery urcuje bud’
konkrétni aminokyselinu nebo ukonceni translace. Pro 20 proteinogennich
aminokyselin mame 64 kodonti. Na kodon mRNA se vodikovymi vazbami vaze
antikodon tRNA (tRNA je specificka pro kazdou aminokyselinu). Trojice bazi
antikodonu tRNA musi byt komplementarni k nukleotidovému tripletu kodonu
mRNA. Pohybem ribozému po vldknu matrice mRNA (probiha ve sméru C5°—C3°)
se postupné vazi dalsi molekuly tRNA piepravujici aminokyseliny. Molekula tRNA,
ktera se navaze na piislusSny kodon mRNA, soucasné piebird jiz vytvorenou Cast
polypeptidového fetézce od predchazejici molekuly tRNA a véaze jej enzymaticky
peptidickou vazbou s aminokyselinou, jejiz transport provedla. Objevi-li se na
vlaknu mRNA kodon, pro ktery neexistuje komplementarni antikodon tRNA (tzv.
stop kodon), ukonci se tvorba polypeptidického fetézce a protein se z ribozému
uvolni.

Tzv. postranskripéni inhibice exprese genetické informace je mozno dosdhnout
prostiednictvim kratkych ,,antisense vlaken nukleovych kyselin komplementarnich
k mRNA, ktera s ni vytvareji dvousroubovicovité komplexy. Pokud je onim kratkym
vlaknem fragment DNA, je enzym RNéza H schopen selektivné degradovat pouze
vlakno mRNA z duplexu DNA:mMRNA. Pokud je onim kratkym vldknem nukleové
kyseliny fragment RNA (tzv. siRNA), degraduje mRNA z duplexu siRNA:mRNA
enzym Argonaute (Obrazek 1.2.). K selektivni inhibici exprese genetické informace
konkrétniho proteinu je tedy potfeba znat pouze jeho primarni strukturu - sekvenci
aminokyselin - zniz je mozno ptimocare urCit sekvenci bazi v pfislusné mRNA
jakoz 1 komplementarnim ,,antisense* vlaknu.

Replikaci virové RNA provadi enzym RNA-dependentni RNA polymeraza (RARp).
Piepis virové RNA do formy dvousSroubovice DNA provadi enzyme HIV reverzni
transkriptaza (HIV RT) (Obrazek 1.2.). Virové polymerazy maji nesrovnatelné
jednodussi strukturu nez vySe zminéna mnohapodjednotkovd DNA-dependentni-
RNA polymeraza, nicméné jejich aktivni mista jsou velmi podobna (a v tom ohledu,
Ze substrat reakce je koordinovan dvéma hoic¢ikovymi ionty, se velmi podobaji i
aktivnim mistim vy$e zminénych enzymi RNaza H a Argonaute (Obrazek 1.3.), jez
nikoliv syntetizuji, ale degraduji nukleové kyseliny).

Zabranéni exprese virové genetické informace je moZzno dosdhnout bud’ pfimou
inhibici RdRp ¢i HIV RT, nebo stimulaci nespecifické degradace virové RNA
enzymem RNdza L, ktery je aktivovan kratkymi fragmenty nukleovych kyselin, které
jsou pospojované atypickou 2°-5’ fosfodiesterovou vazbou.

Pfedmétem zajmu této prace jsou enzymy syntetizujici ¢i degradujici RNA (Obrazek
1.2.). Vysledkové kapitoly jsou vénovany RdRp, RNaze H, Argonautu a RNaze L.
V teoretické casti je navic kapitola vénovand mnohapodjednotkové DNA-
dependentni-RNA polymeraze (jez ma obdobnou funkci jako RdRp a jejiz produkt -
MRNA - selektivné degraduji RNaza H a Argonaute a neselektivné RNaza L).
Teoreticka ¢ast prace také obsahuje kapitolu vénovanou HIV reverzni transkriptéze,



nebot’ tento enzym obsahuje dvé aktivni mista, z nichz jedno je podobné aktivnimu
mistu RdRp a druhé aktivnimu mistu RNazy H (Obrazek 1.2.).

Hlavni metodou pouzitou v této praci byly klasické molekularné dynamické
simulace. Simulovanymi systémy byly komplexy RdRp, RNazy H, Argonautu a
RNazy L s chemicky modifikovanymi nukleovymi kyselinami. Motivaci je vyuziti
téchto chemicky modifikovanych nukleovych kyselin jako potencidlnich
chemoterapeutik. Vykonné grafické karty, prostfednictvim nichz byly molekularné
dynamické simulace provedeny, umoznily ziskat trajektorie o délce stovek
nanosekund az jedné mikrosekundy, coz umoznilo postihnout rozdily ve vazbé
kK vyse uvedenym enzymim i u nepatrn¢ odliSné modifikovanych nukleovych
kyselin. Zjisténé rozdily pfitom odpovidaji experimentalnim vysledkiim, coz otevira
prostor pro raciondlni ndvrh struktury potencidlnich chemoterapeutik na bazi
chemicky modifikovanych nukleovych kyselin.

RNaza L RNaza H Argonaute

Obrazek 1.2.: Virové polymerazy (RdRp, HIV RT) a enzymy provad¢jici degradaci
RNA (HIV RT - RNA v duplexech RNA:DNA; RNaza L - jednovlaknova RNA;
RNaza H - RNA vduplexech DNA:RNA; Argonaute - RNA v duplexech
RNA:RNA). Tato prace se zabyva enzymy RdRp, RNazou L, RNazou H a
Argonaute.



Obrazek 1.3.: Porovnani aktivnich mist Norovirové RNA-dependentni-RNA
polymerazy [1] (nahore) a lidské Razy H [2] (dole). Ackoliv ob¢ aktivni mista maji
opacnou funkci (syntéza vs. degradace nukleové kyseliny), jejich uspofadani je velmi
podobné. Nékolik zaporné nabitych acidickych Asp/Glu rezidui pouta dva kladné
nabité¢ hoicikové ionty, které piimo interaguji se zdporné nabitou nukleovou
kyselinou. Aktivni mista v§ech polymeraz (mnohapodjednotkové DNA-dependentni-
RNA polymerazy, virovych RNA-dependentnich-RNA polymerdz, HIV reverzni
transkriptazy) jsou si pfitom velmi podobna. Stejné tak jsou si podobna aktivni mista
enzymu provadéjicich degradaci RNA (RNazové domény HIV RT, lidské RNazy H
a enzymu Argonaute)



2. Biologicka motivace

2.1. DNA dependentni RNA polymeraza
Funkce RNAP

Ukolem DNA dependentni RNA polymerazy (RNAP) (Obrazek 2.1.) je piepis-
transkripce genetické informace z DNA do mRNA. Tj. katalyza syntézy vldken RNA
Z nukleosidotrifosfati ATP, CTP, GTP a UTP na zdkladé¢ komplementarity bazi s
templatovym vldknem DNA. Pisobenim RNAP vznikaji 3°-5° fosfodiesterové vazby
mezi nukleosidtrifosfaty. V kazdém kroku je pfidavan jeden nukleosid ve sméru
5¢=3°[3].

Na rozdil od DNA polymerazy (provadéjici replikaci DNA), RNAP nepotiebuje
zvlastni enzym pro rozvinuti DNA a syntéza mRNA muize zacit de novo, bez pouziti
primeru [3]. Také je tfeba zminit, Ze chyby v pfepisu jsou u RNAP podstatné ¢etnéjsi
nez u DNA polymerazy [3].

Struktura RNAP

Bakterie maji jen jednu RNAP. V bunkach vysSich organismi je hned nékolik
specializovanych RNAP. VSechny maji velmi podobnou mnohapodjednotkovou
strukturu. V nésledujicich odstavcich je pro ilustraci popsana bakteridlni varianta
RNAP.

.....

faktor [4]. Vlastni jadro RNAP se sklada z péti podjednotek: B°, B, al, oIl a ®
(Obrazek 2.1.). Evolu¢né jsou znaéné konzervované, at’ uz jde o sekvenci, strukturu
¢i funkci, od bakterie az po ¢lovéka. Celkova vaha jadra RNAP je cca. 400kDa [3-6].
Nejveétsi podjednotka B¢ obsahuje ¢ast aktivniho mista pro syntézu RNA. Druha ¢ést
aktivniho mista se nachazi ve druhé nejvétsi podjednotce B [4]. Tyto podjednotky
jsou také klicové pro sekvencné nespecifickou interakci s vlakny nukleovych kyselin
a regula¢nimi transkripénimi faktory jako je napt. Gre [7-8]. Tieti nejvetsi je
podjednotka a. V kazdé molekule RNAP se nachazeji dvé jeji identické kopie (al a
all) [9]. Nejmensi podjednotkou je o, ktera stabilizuje jadro RNAP a také usnadnuje
jeho sestaveni. Posledni ¢ast holoenzymu o-faktor (Obrazek 2.1.) zvySuje afinitu
RNAP ke specifické promotorové oblasti na pocatku genu a napomahd tim zahajeni
transkripce na spravném misté [3]. U o-faktoru se rozlisuji ¢tyfi hlavni oblasti (c1-4)
[4-5].

-10 a -35 element

Tzv. -10 a -35 elementy jsou dvé kratké sekvence nukleotidii nachdzejici se
vV promotorové oblasti DNA zhruba 10 a 35 nukleotidd pfed mistem, v némz zacina
transkripce [3, 5]. Konsenzualni sekvence pro element -35 je TTGACA a pro
element -10 TATAAT [3]. V riznych promotorech se obvykle zachovavaji pouze tii
nebo Ctyfi baze z Sesti uvedenych. Tyto sekvence jsou rozpoznavéany bakteridlnim o-
faktorem. Konkrétn¢ element -10 je rozpoznavan regionem oc2.4 a element -35
regionem 64.2 (Obrazek 2.2.) [4].



Obrazek 2.1.: Mnohapodjednotkovd DNA-dependentni-RNA polymerdza. Barevné
odliSeny jsou nejvétsi podjednotky B (svétlomodra), B’ (svétlezlutd) a o (zelend).
Déle je vyznacCena poloha podjednotek o a ®. Ddle jsou zndzornéna vlakna
nukleovych kyselin vytvarejici tzv. transkripcni bublinu. Netemplatové vlakno DNA
je obarveno zluté, templatové vlakno DNA modie a vlakno syntetizované RNA
cervené. Poloha aktivniho mista je naznacena prostiednictvim symbolu AS.

Aktivni misto RNAP

Ve stérbin€ mezi podjednotkami B¢ a P lezi aktivni misto, které je u vSech
bakteridlnich RNAP velmi podobné. Tii Asp residua z konzervovaného motivu
NADFDGD v ¢ vazi dva hot¢ikové ionty [3, 5-6], které stabilizuji a-fosfat NTP a
3‘OH konec syntetizované¢ho vlakna RNA, coz v kone¢ném disledku umozni jejich
propojeni [3, 5-6].

Transkripéni bublina

RNA polymerdza se navazuje k promotorové oblasti DNA, kterd je rozpoznavéana
pomoci o-faktoru [3]. Po navazani vytvoii RNAP s DNA tzv. transkripéni bublinu
(Obrazek 2.2.), coz je cca. 17 para bazi dlouhy usek, v némz jsou jednotlivd vldkna
dvousroubovice DNA odd¢lena [3, 5]. Tzv. templatové vlakno DNA a syntetizované
vldkno RNA pak vytvari kratky (8-9 parG bazi) heteroduplex DNA-RNA
nad aktivnim mistem [3, 5-6].

Vzhledem k silné vazbé RNAP na promotor nezapocne obvykle jeji pohyb podél
DNA na prvni pokus. Vysledkem je syntéza kratkych tisekt RNA [4-6]. Kompletni
ptepis genu probéhne, az kdyz jsou pteruseny kontakty se c-faktorem [3-4]. Pfitom
jsou ribonukleotidy pfidavany k 3°-konci RNA vlakna dle reakéni rovnice:



templatove viakno DNA

% “3

netemplatové viakno DNA

Obrazek 2.2.: |Interakce o podjednotky (zelena) DNA-dependentni-RNA
polymerazy s tzv. transkripcni bublinou. Netemplatové vldkno DNA je obarveno
zluté, templatové vlakno DNA modfe a vldkno syntetizované RNA cervené. Poloha
aktivniho mista je naznacena prostiednictvim symbolu AS. Jsou v ném patrné dva
hotc¢ikové ionty (modré kulicky) a ptistupujici nukleosidtrifostat (NTP).



(NMP)n + NTP --> (NMP)n+1 + PPi
rychlosti cca. 50 nukleotidl za sekundu [3, 5, 10].

Prodluzovani RNA prostfednictvim RNAP zahrnuje i opravny mechanismus, v rdmci
kterého mohou byt nahrazeny nespravné v¢lenéné baze.

Ukonceni transkripce provadi specidlni bakteridlni protein RHO patfici do tfidy
hexamerickych helikaz zavislych na ATP. RHO se vaze na tzv. RHO utiliza¢ni
misto, coz je oblast syntetizovaného vlakna RNA s nizkym obsahem guaninu a
vysokym obsahem cytosinu [3]. Nasledné¢ se RHO faktor pohybuje po tvofeném
RNA vlakn¢ smérem k jeho 3°-konci. Dohdani RNAP a destabilizuje interakce mezi
DNA templatem a tvofenym vldknem RNA.

Pti tzv. intrinsické (bez RHO kofaktoru) terminaci transkripce se vyuziva
palindromické sekvence obsazena v tvoifeném vldkné RNA. Protein nusA, ktery je
navazan na RNAP, se navaze i na onu palindromickou smycku a pozastavi pohyb
RNAP [11].

Neékdy dochazi k tomu, ze vice RNAP pouziva ve stejnou chvili jeden DNA templat
K paralelni transkripci. Timto zplisobem mize byt z jednoho genu rychle vytvofeno
velké mnozstvi vldken mRNA.

Inhibitory RNAP

V klinické praxi se jiz vice nez 40 let pouziva antibiotikum Rifampicin (Obrazek
2.3.), které se vaze nad aktivni misto RNAP a stericky brani tvorbé vlaken RNA
delsich nez 2-3 nukleotidy [3, 5]. Dal$im vyznamnym antibiotikem je Actinomycin
D, ktery se vaze na dimer GC vlakna DNA a blokuje tim transkripci [3]. Chemicky
modifikovand analoga NTP (s nimiZ se potkdme v nasledujicich kapitolach) se jako
antibiotika neuplatiiuji, nebot’ aktivni mista lidské a bakteridlni RNAP jsou téméf
identicka. Proto pokud modifikované NTP vykazuje vyznamnou antibakterialni
aktivitu, tak byva obvykle i zna¢né toxické.
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v aktivnim mist¢ DNA-dependentni-RNA polymerdzy. Poloha aktivniho mista je
naznacena prostfednictvim symbolu AS. Jsou v ném patrné dva hoicikové ionty
(modré kulicky) a pfistupujici nukleosidtrifosfat (NTP). Déle jsou schematicky
vyznaeny helixy tzv. Bridge Helixu (BH) a Trigger Loopu (TL), jejichZ pohyb
otevira a uzavird aktivni misto RNAP a pfispiva k extrémni piesnosti piepisu
genetické informace. Antibakteridlni latka Streptolydigin inhibuje RNAP sterickou
blokddou BH a TL. Antibiotikum Rifampicin naruSuje interakci mezi o©
podjednotkou RNAP a nukleovymi kyselinami vytvafejicimi transkripéni bublinu.
V kone¢ném diisledku tak zabraiuje prodlouzeni RNA na délku vétsi nez 4-5 nt.



2.2. RNA dependentni RNA polymeraza
Funkce RdRp

RNA dependentni RNA polymeraza (RdRp) replikuje genetickou informaci RNA
virt [12-13] jako jsou napft. virus hepatitidy typu C (HCV) zpusobujici cirhozu jater
a virus Norwalk (NV), ktery u lidi zptisobuje epidemickou nebakterialni akutni
gastroenteritidu [12-13].

Struktura RdRp

Délka HCV genomu je cca. 9600 nukleotidi. HCV RdRp je zakodovéana v genu
NS5B [14-15]. Cely protein je slozeny z 591 rezidui (66 kDa) [16-18]. HCV RdRp
byva ukotvena k bunééné membrané C-termindlni peptidovou kotvou dlouhou 21
aminokyselinovych zbytka [10-11, 19]. Katalyticka ¢ast HCV RdRp sestava z 531
aminokyselinovych zbytku, které tvofi 21 a-helixt a 18 B-strandu [14, 18, 20-21]. 3D
struktura RdRp je podobné tvaru pravé ruky. Jednotlivé domény piipominaji dlan,
prsty a palec. Prst a palec obklopuji aktivni misto v dlani a vytvareji zlabek pro
navazani templatového vlakna RNA a kandlek, kterym pronikaji NTP do aktivniho
mista. Zatimco struktury palci a prsti se u rtiznych RdRp velmi lisi, dlan s
katalytickym centrem je pozoruhodné konzervovana [20]. To svéd¢i o spolecném
puvodu RdRp [12].

Na rozdil od ostatnich polymeraz jsou vSak strukturni domény prsti a palce u RdRp
propojeny a aktivni misto je jimi obklopeno. V dusledku propojeni prsti a palce
nejsou tyto domény schopny provadét nezavislé konformacni zmény [21], které by
napf. umoznily pfemisténi predpfipraveného vznikajiciho paru bazi z ptipravného do
katalytického aktivniho mista. To by totiZ vyzadovalo zna¢né pohyby podjednotky
prsti. Proto RdRp pro zachyceni komplementarnich NTP pouzivaji templatovou bézi
plné€ umisténou v aktivnim misté [22].

Obecné se cyklus katalyzy vyuzivany polymerazami sklada z péti krokli. Nejprve se
nukleotidovy substrat vaze do komplexu polymeraza-primer-templat. V dal§im kroku
tento komplex izomerizuje do katalyticky aktivni formy. Nasleduje krok transferu
fosforylu a po ném druhd konformac¢ni zména. Posledni krok je zavérecné uvolnéni
pyrofosfatu [22].

Vzhledem k ohrani¢enosti aktivniho mista pouzivaji RdRp pro katalyzu pouze
nevelké strukturni preskupeni v jednotce dlané€. NejdulezitéjSim krokem pii uzavirdni
aktivniho mista je u NV/3Dpol RdRp posunuti tzv. motivu A v podjednotce dlang,
které¢ umist'uje do aktivniho mista rezidua Asp233 a Asp242, ktera jsou diilezita pro
vazani kovovych ionttl a naslednou katalyzu [22-23].

HCV RdRp ma cca. 30A od aktivniho mista vazebné misto s nizkou afinitou pro
GTP. Predpoklada se, ze se jedna o alostericky regulator interakci mezi doménami
palce a prsta [14-15, 20-21].

NV RdRp (Obrazek 2.4.) ma N-terminalni oblast spojujici podjednotky prstii a palce
[13, 24] a C-termindlni konec vazici se v nepfitomnosti substratu do Stérbiny
aktivniho mista [23]. Navazani RNA templatu odsune C-terminalni konec ze
Stérbiny aktivniho mista a umozni tak centrdlnimu helixu palce rotovat (o cca. 22
stupiiil) a interagovat se syntetizovanym vlaknem RNA resp. s minor zlabkem
RNA:RNA duplexu (Obrazek 2.4.) [23]. Ptestoze jsou strukturné velmi rozdilné,
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pfipomina umisténi fragmentu C-terminalniho konce NV RdRp ve spaie aktivniho
mista C-terminalni konec a B-loop palce HCV RdRp, které napomahaji iniciaci
syntézy RNA [24].

Obrazek 2.4.: Norovirovd RNA-dependentni-RNA polymerdza (NV RdRp) v
komplexu s nukleovou kyselinou (PDB id: 3BSO [23]). NV RdRp ma typickou
strukturu polymeraz ptipominajici pravou ruku (dlan - Seda, palec - modra, prsty -
¢ervend). V RdRp byvaji palec a prsty spojené a tak nemohou ménit své konformace
nezavisle [1].

Aktivni misto RdRp

V aktivnim mist€¢ NV RdRp vytvéaii NTP vodikové vazby s komplementéarni bazi v
templatovém vldkné RNA. Vklini se pfitom mezi 3‘-konec syntetizovaného vldkna a
postranni fetézec Argl82 (Obrazek 2.5.). Argininové residuum pfitom zaujima
v blizkosti a-fosfatu NTP podobnou pozici ve vSech znamych strukturach virovych
RdRp [23]. 2°-OH skupina NTP vytvati vodikové vazby s Asn309 a Ser300, ktery se
vaze k Asp247. Sit vodikovych vazeb mezi témito konzervovanymi residui
umoznuje RdRp rozlisovat NTP od ANTP [23].

Dva hoi¢ikové ionty v aktivnim misté NV RdRp interaguji se tfemi konzervovanymi
rezidui Asp a s trifosfitovou casti NTP tak, aby katalyzovaly reakci pomoci
mechanismu ,,dvou kovovych ionti“. Iont A je zkoordinovan s 3°-OH skupinou
syntetizovaného vldkna RNA, a-fosfatem NTP, Asp242, Asp343, Asp344 a také
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Obrazek 2.5.: CTP v aktivnim mist¢ NV RdRP v kontextu primerového a
templatového vladkna RNA. Mg2+ ionty se vazi na konzervovana rezidua Asp344,
Asp343 a Asp242 v domén¢ dlané NV RdRp [1].

smolekulou vody (Obrazek 2.5.). Interakci s fosfodiesterovou skupinou
syntetizované¢ho vldkna RNA a a-fosfatovou skupinou NTP se tato molekula vody
aktivuje, coZ ji umoziuje oddélit proton z 3°-OH skupiny syntetizovaného vlakna
RNA, ktera pak muze atakovat a-fosfatovou skupinou NTP.
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Iont B je zkoordinovan s residui Asp242, Asp343, Tyr243 a také s jednim atomem
kysliku z a, B a y fosfatovych skupin NTP (Obrazek 2.5.) [23].

Iniciace

Replikace RNA zacina v okoli 3‘-konce templatového vldkna RNA jednim z
nékolika mozZnych zptsobi. Nejcastéji se tak déje de novo (bez pouziti primeru)
spojenim dvou NTP [13, 20].

U picornavirt (v¢éetné NV [25]) byva jako primer pouzit protein VPG [20, 26-27].
Aby protein mohl fungovat jako primer, musi poskytovat volnou OH skupinu. Toho
byva dosazeno jeho ,,uridylizaci na tfeti pozici, kde se nachézi tyrosinové residuum
[13, 28]. Vysledkem je VPGpUpUOH [26]. Calicivirus, je v nepfitomnosti VPG
neinfek¢éni, zatimco poliovirus je infekéni i v nepfitomnosti VPG.

Dal$i moznosti iniciace ptepisu genetické informace je "cap-snatching™” mechanismus
popsany napft. u viru chiipky A. Z mRNA hostitelské buriky jsou pomoci virové
endonukledzy odstipnuty useky o délce 10-20 nukleotidii, které jsou ndsledné pouzity
jako primery pro syntézu virové RNA [23, 29-30].

Inhibitory RdRp

RdRp je jednim z klicovych cili pti vyvoji novych 1€kt proti RNA virim [21].
V buiikkach  savet za normalnich okolnosti neni RdRp pfitomna a
mnohapodjednotkova DNA dependentni RNA polymeréza je velmi odlisnéa. To dava
jistou nadéji, Ze inhibitory RdRp nebudou toxické.

V soucasné dob¢€ jsou znamé tii skupiny inhibitord HCV RdRp, které prochézeji
klinickymi zkouSkami: nukleosidové (NI), non-nukleosidové (NNI) a analoga
pyrofosfatu (PPi) [31].

NI se vazou do aktivniho mista RdRp, kde konkuruji ptirozenym NTP. Pokud jsou
zapracovany do tvofeného vldkna RNA, zplisobi to ukonceni replikace virového
genomu [16], ackoliv NI vétsinou maji 3‘-hydroxylovou skupinu, ktera v principu
umoziuje piipojeni dal$iho nukleotidu. Tomu vSak brani chemicka modifikace ve
struktufe NI, ktera stericky zabranuje navdzani dalSiho NTP do aktivniho mista
RdRp [31]. Ptikladem potentniho NI je C2‘-methyl-adenosin [32].

NNI se vazou bud’ do alosterickych kavit na povrchu RdRp nebo pfimo do jejiho
aktivniho mista [16]. U HCV RdRp byla objevena celkem Ctyfi alosterickd vazebna
mista. Zatimco mista I a II jsou lokalizovana v palci, mista III a IV se nachazeji v
dlani pobliz aktivniho mista [31].

PPi inhibitory napodobuji zbytkovy pyrofostat uvolnény v pritbéhu reakce z NTP.
Skladaji se ze dvou ¢asti: kotevni - kterd interaguje se dvéma katalytickymi ionty
v aktivnim misté a specifické - ktera se vaze na jiné ¢asti RdRp [31].
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2.3. HIV reverzni transkriptaza

v
\\\‘/\ ."/. P51

\

RNaza H -

Polymeraza p

Obrazek 2.6.: HIV reverzni transkriptaza sestavajici ze dvou podjednotek (p51 a
p66). Templatové vldkno virové RNA je obarveno modre. Syntetizované vlakno
DNA je obarveno zluté. V dolni ¢asti je polymerazové aktivni misto (syntetizujici
DNA) s pfistupujicim dNTP. V horni ¢asti je aktivni misto domény RNazy H
degradujici vlakno virové RNA.

Funkce HIV RT

Schéma pifenosu genetické informace dle centralniho dogmatu molekularni biologie
(zformulovaného Crickem) je nésledujici:

DNA — transkripce - mRNA — translace — PROTEIN

Béhem tzv. transkripce se tedy genetickd informace pienasi z DNA do RNA. Cilem
procesu, ktery provadi reverzni transkriptdza (RT), je naopak pienést genetickou
informaci viru ulozenou v molekule RNA do molekuly DNA [33-34]. Zaclenéni
vysyntetizované DNA s genomem viru do DNA v hostitelské buiice se nasledné d¢je
pomoci retroviralni integrazy [35-36]. Nejznaméj$im virem, ktery vyuziva tento
mechanismus je virus HIV. Genetickd informace viru HIV sestava pouze z deviti
gentll, v nichz je uloZena veSkera informace nutnd pro produkci proteint tvoficich
virovy obal a vSech enzymil - reverzni transkriptdzy, integrazy, ribonukledzy a
proteazy [35]. HIV RT ma dvé aktivni mista (Obrazek 2.6.) a vykonava tii
biochemické aktivity. Postupné funguje jako RNA dependentni DNA polymeraza,
RNaza H a DNA dependentni DNA polymeraza [35-37]. U vira postradajicich DNA
dependentni DNA polymerazovou aktivitu je druhé vlakno duplexu virové DNA
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vytvofeno pomoci hostitelské DNA polymerazy 6. HIV RT patii mezi DNA
polymerdzy. Pro zahdjeni piepisu genetické informace potiebuje primer s
hydroxylovou skupinou na 3¢ konci. V blizkosti 3¢ konce RNA genomu viru HIV se
nachdzi 18 nukleotidli, které tvoii vazebné misto primeru (PBS). To je
komplementarni k osmnécti nukleotidim u 3¢ konce hostitelské tRNA*3, ktera
slouzi jako primer [34, 36].

Struktura HIV RT

HIV1 RT je heterodimer, ktery se sklada ze dvou podjednotek (p66 a p51), které
pfipominaji pravou ruku vcetné d¢leni na dlan, prsty a palec [33, 36-37].
Podjednotka p66 je vétsi (66-kDa, celkem 560 aminokyselinovych zbytka) nez p51
(51-kDa, 440 aminokyselinovych zbytkt). Obé podjednotky jsou pfitom kodovany
jednim genem. pS1 vznikne zp66 po syntéze proteolytickym odstranénim C-
terminalni RNéazové domény virovou protedzou [34]. Navzdory stejné sekvenci
aminokyselinovych zbytkll je prostorové uspotfadani navzajem si odpovidajicich
oblasti podjednotek p66 a p51 rozdiné [34, 37].

Aktivni misto polymerazy

V dlani podjednotky p66 se nachdzi aktivni misto polymerdzy HIV RT (Obrazek
2.6.). V tomto aktivnim misté se nachazi tii katalyticka residua Asp110, Aspl185 a
Asp186, ktera vazou dva divaletni ionty nezbytné pro katalyzu. In vivo se s nejvétsi
pravdépodobnosti jednd o hoicikové ionty Mg2+ [34-36]. Tyto ionty koordinuji
atomy kysliku ze vSech tii fosfatovych skupin ptichoziho dNTP a stabilizuji naboje
reakénich meziprodukti. Rezidua Asp110 a Asp186 vazi iont Mg2+, ktery je navazan
také na B a y fosfatové skupiny ptichoziho ANTP. Druhy iont Mg2+ koordinuje kromé
Aspl10 a Aspl86 jeste¢ Aspl85 a o-fosfatovou skupinu dNTP [34]. lontova
koordinace usnadiiuje atak aktivované¢ho 3’-OH konce syntetizovaného vldkna DNA
na a-fosfatovou skupinu ptichoziho dNTP.

Rezidua Aspl85 a Aspl186 jsou soucasti motivu Tyr-X-Asp-Asp, ktery je spolecny
mnoha retroviralnim RT [36]. Tento motiv utvari f-turn a zaujima konformaci II°,
kterda je typickd pro B-hairpiny. U HIV1 RT je v proménné pozici X residuum
Met184. U ostatnich retrovirti se v ekvivalentni pozici vyskytuji residua Val, Leu,
nebo Ala [34]. Met184 je stabilizovan vodikovou vazbou na GIn182 [37]. Vazebné
misto pro dNTP spoluvytvaii u HIV1 RT 1 dalsi rezidua, jeZ maji své protéjSky 1 u
jinych reverznich transkriptaz. Jsou to Tyr115, Arg72, Lys65 a GIn151. Tyr115 tvofi
sterickou branu, kterd od sebe rozliSuje ANTP a NTP. Arg72 a Lys65 vytvareji solné
mustky s - a y-fosfatovou skupinou piichoziho dNTP. GInl51 interaguje s 3’-OH
skupinou pfichoziho dNTP a stabilizuje postranni fetézec rezidua Arg72 [34, 36].

Aktivni misto RNazy H

Aktivni misto RNazy H (Obrédzek 2.6.) se nachazi na opa¢ném konci HIV RT nez
aktivni misto polymerazy [36]. RNaza H $tépi virovou RNA z hybridu RNA:DNA
pfi tvorbé prvniho vldkna DNA, které pak slouzi jako templat pfi tvorbé druhého
vlakna DNA. Daéle pak RNaza H $tépi tRNA primer a PPT [33-34, 36].

Také HIV1 RNéaza H pouziva mechanismus “dvou kovovych iontit", které interagu;ji
s residui Asp443, Glu478, Asp498 a Asp549 [34]. Z biochemickych studii je ziejmé,
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ze aktivita HIV1 RNazy H je vyssi se dvéma ionty Mn®" nez se dvéma ionty Mg2+
[38].

Vazba nukleové kyseliny k HIV RT

Vazebna Stérbina pro nukleovou kyselinu na povrchu HIV RT je utvofena tak, ze
duplex DNA:RNA je soucasné v kontaktu s aktivnim mistem polymerazy i RNazy H.
Vzdéalenost mezi témito aktivnimi misty je cca. 60 A - tedy 17 parti bazi u
DNA:DNA duplexu nebo 18 parti bazi u RNA:DNA duplexu [34, 36]. Pti syntéze
duplexu DNA:DNA dojde k rotaci palce podjednotky p66 o cca. 32°. Déje se tak
predevs§im diky konforma¢nim zménam residui Pro243 a Val317 [37]. Geometrie
HIV1 RT se diky tomu nastavi do polohy optimalni pro sevieni vznikajici nukleové
kyseliny. Dochazi pfitom k rozsahlému kontaktu mezi a-helixy palce podjednotky
p66 a patefemi vlaken primeru a templatu [36-37]. Vlasenka B12-f13 v
podjednotce p66 pomaha stabilizovat 3’-konec syntetizovaného vlakna DNA
Vv aktivnim misté polymerazy [36-37].

Inhibitory HIV RT

HIV RT déla pti ptepisu virové genetické informace relativné mnoho chyb. Na rozdil
od ostatnich DNA polymeraz piitom neni schopna tyto chyby opravit [33-34]. To
Casto vede ke ztraté ti¢innosti inhibitorl, které jsou cilené vic¢i virovym proteiniim.
Obvykle se totiz relativné rychle vyprofiluji rezistentni kmeny viru s bodovymi
mutacemi ve vazebnych mistech inhibitort [33, 36, 39]. Zejména se to tyka tzv.
alosterickych inhibitord, které se vazou mimo aktivni misto HIV RT, jez ovliviiuji na
dalku. V alosterickych vazebnych mistech totiZ miZe dochédzet k drobnym variacim
ve struktufe HIV RT, aniZ by byla ohrozena jeji funk¢nost.

Alternativou jsou inhibitory na bazi chemicky modifikovanych deoxynukleosidi
(napt. AZT), které postradaji termindlni 3°‘OH skupinu. Ty se navaZzou do
vznikajiciho vlakna DNA, které se tak nemtize dale prodluzovat [33].

Vyhodou chemicky modifikovanych deoxynukleosidd je to, Ze relativné snadno
pronikaji skrz bunééné membrany. Nevyhodou je pak to, Ze se v buiice musi ttikrat
fosforylovat, aby vzniklo NTP - substrat pro HIV RT. Zejména prvni fosforylace
bunéénymi enzymy je diky chemickym modifikacim obtiZna.

Vychodiskem proto jsou chemicky modifikované nukleotidy (jako naptiklad
PMPA/Tenofovir vytvoteny A. Holym a I. Rosenbergem v UOCHB AV CR), které
jiz jednu fosfatovou skupinu obsahuji a v buiice se tak musi fosforylovat pouze
dvakrat. Diky pfitomnosti fosfatové skupiny vSak Spatn€ prochéazeji skrz bun&cné
membrany. Proto se v klinické praxi uzivaji jejich konjugaty s dal§imi skupinami
atomu, které jsou po prichodu skrz bunéénou membranu odstipnuty bunécnymi
enzymy.

Ve svété je rozsifen zejména virus HIV1, ktery je velmi virulentni a infekcéni. Na
uzemi zapadni Afriky vSak prevlada virus HIV2 [40]. Léciva jsou vyvijena zejména
proti kmenu B viru HIV1 a to i pfesto, ze timto kmenem je postizeno pouze 12% z
celkového poctu celosvétove infikovanych jedinct. Je to zplisobeno tim, Ze subtyp B
je predominantni v zapadnim svété, zatimco celosvétové dominuji subtypy A a C
[33, 39].
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2.4. Ribonukleaza H
Funkce RNazy H

Ribonukleaza H (RNaza H) je enzym ze skupiny nukleaz (EC 3.1.26.4), ktery $tépi
vlakna RNA hydrolyzaci fosfodiesterovych vazeb [41]. Jedna se o nespecifickou
endoribonukledzu, ktera degraduje RNA v hybridnich duplexech DNA/RNA.
Nestépi samotna vldkna RNA ani vldkno DNA z hybridniho duplexu DNA/RNA.
Rychlost degradace RNA podle typu baze je nasledujici: tA > rU > rC > 1G.
Rychlost Stépeni rA je pfitom cCtyfikrat vétsi nez rG.

RNéza H pracuje prostfednictvim mechanismu “dvou kovovych iontd” stejné jako
funkcéné podobné transportdzy, retroviralni integrazy, resolvazy Hollidayovych spojt
a nukleaza Argonaute v komplexu RISC [42].

Vysledkem stépeni P-O3° vazby jsou produkty ukoncené 3‘-hydroxylovymi a 5°-
fosfatovymi skupinami. Naptiklad ribonukledza A zanechéva naopak produkty s 3°-
fosfatovymi a 5°-hydroxylovymi skupinami. Nukleové kyseliny zakoncené 3°-
hydroxylovymi skupinami mohou slouZzit jako substraty pro DNA polymerazu ¢i
DNA ligazu [43].

Pii replikaci DNA odstraiiuje RN4aza H primer RNA a tim napomdha kompletaci
syntetizované¢ DNA. RNaza H je nezbytna pro mnoZeni retroviril, nebot’ je soucasti
virové reverzni transkriptazy [44-45], ktera odstranuje vlakno RNA s genomem viru,
Stépi tRNA primer a PPT [42-43, 45].

RNaza HI vs. RNaza HII

Existuji dva hlavni typy RNéazy H. Alespon jeden z nich se nachazi ve vétsing zivych
organismu [44, 46-47]. Savéi RNaza HI je veétsi (68-90 kDa) nez RNaza HII (cca. 40
kDa). V baktérii Escherichia Coli se nachazi RNaza HI i RNaza HII, jejiz uloha neni
doposud znama. Ma totiz velmi slabou aktivitu a nema zadnou sekven¢éni homologii
s RNazou HI. Ve vétSin€ kompletné urcenych genomt archebakterii se nachazi geny
pouze pro tvorbu RNéazy HII. Doposud byly objeveny pouze tfi archebakterie
nespliujici toto pravidlo: Halobacterium NRC-1, Sulfolobus tokodaii a Pyrobaculum
aerophilum. Genom téchto archebakterii obsahuje i geny pro RNazu HI, ktera je
svymi enzymatickymi vlastnostmi blizka RNaze H retrovirti [47-48].

Struktura RNazy H

Prokaryotické RNazy HI maji pouze ribonukledzovou doménu. Eukaryotické RNazy
HI obsahuji navic 1 N-termindlni oblast pro navazani hybrida (HBD), kterd jim
propujcuje afinitu k DNA/RNA substratu [44, 46]. Naptiklad lidska RNaza HI se tak
sklada z 286 aminokyselinovych zbytkii (Obrazek 2.7.), kdezto RNaza HI baktérie
Escherichia Coli ze 155 aminokyselinovych zbytkG. Sekvencni identita
ribonukleazovych domén lidské a Escherichia Coli RNazy H1 je pouze 34%. Ptesto
maji prekvapivé podobnou tfidimenzionalni strukturu [44, 46]. V retroviralnich
reverznich transkriptazach je oblast RNazy H kovalentn€ navdzana na N-termindlni
oblast polymerazy a postrada diky tomu C-termindlni a-helix s pozitivnim ndbojem,
ktery zvysuje vazebnou kapacitu enzymu [42-45].
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Obrazek 2.7.: P¢ét internukleotidovych spojek z 3° konce DNA se podili na
stabilizujicich interakcich s povrchem HS RNazy H [2].

Obrazek 2.8.: Aktivni misto HS RNazy H [2].
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Aktivni misto RNazy H

Prostorova struktura katalytickeho elementu RNazy HI se sklada z 5-vlaknového f-
sheetu obklopeného a-helixy [42]. Ctyfi a-helixy (A, B, C a D) jsou na jedné strané
[B-sheetu a paty a-helix (E) na strané druhé.

Residua v aktivnim misté vytvaii motiv Asp-Glu-Asp-Asp zachovavajici se u RNaz
HI i HII. U lidské RNazy HI jsou to residua Aspl45, Glul86, Asp210 a Asp274
(Obrazek 2.8.) [44]. U RNazy H viru HIV1 maji analogickou funkci residua Asp443,
Glud78, Asp498 a Asp549 [44-45]. Biochemické studie provadéné na mutantnich
proteinech potvrdily esencialitu téchto aminokyselin pro enzymatickou aktivitu.
Residuum Aspl45 je situované uprostied vlakna 1 v B-sheetu, Glul86 v helixu A,
Asp210 na konci vlakna 4 v 3-sheetu a Asp274 v helixu E [44].

Jako kofaktor hydrolyzy probihajici mechanismem dvou kovovych iontii plsobi
ionty hoiciku [42-43]. Divalentni kovovy iont A je koordinovan residui Aspl45,
Asp274 a Sp kyslikem ze Stipané fosfatové skupiny RNA. Divalentni kovovy iont B
je koordinovan péti ligandy - residui aktivniho mista Aspl45, Glul86, Asp210 a
kysliky O3’ a Sp ze Stipané fosfatové skupiny (Obrazek 2.8.) [44].

Vazba nukleové kyseliny k RNaze H

V krystalové struktufe interaguje lidskda RNaza HI s 11 z 18 part bazi hybridniho
duplexu DNA:RNA. Vétsina interakci enzym-substrat se pti tom realizuje podél tzv.
minor zlabku duplexu [46]. Povrch lidské RNazy H1 obsahuje dva zlabky odd¢lené
residui Asn151, Asnl182 a GInl183 [44, 48]. Patete vlaken RNA a DNA (Obrazek
2.7.) dosedaji do téchto zlabku. Minor zlabek hybridniho duplexu DNA:RNA
interaguje s residui Asn151, Asn182 a GIn183.

Vlakno RNA je v konformaci A [44] a prostfednictvim ¢tyi 2°-OH skupin interaguje
s enzymem Vv oblasti aktivniho mista. Interakce mezi enzymem a vldknem RNA,
zprostiedkovavaji rezidua Glu186, Cys148, Ser150, Asnl51 a Met212 [46, 48].

Lidska RNaza HI interaguje také se sedmi nukleotidy vlakna DNA. Residua Argl179,
Thr181 a Asn240 interaguji s fosfatem nukleotidu, ktery se nachazi dva pary bazi
pred Stipanou fosfodiesterovou vazbou [44, 48]. Zlabek skladajici se z residui
Trp221, Trp225 a Ser233 tvoii dalsi dilezité¢ vazebné misto vladkna DNA. Jeho patet
zde interaguje prostfednictvim vodikovych vazeb a van der Waalsovych interakci
[44, 48].

Antisense oligonukleotidy

Biologicka role domény RNazy H u HIV RT je dobfe prostudovdana a byla
diskutovéna vyse. Vzhledem k podobnostem ve struktufe a funkci s RNazou HI
napadenych bunék je tieba davat pozor, aby piipadnad léCiva zaméfena proti
retroviralni replikaci neinterferovala s bunéénym enzymem [46].

K terapeutickému zamezeni exprese specifickych gent lze pozit tzv. antisense
deoxyoligonukleotidy [42, 49], které stimuluji RNazu H k degradaci cilové mRNA.
Teoreticky by mélo stacit zvolit cilovou sekvenci nukleotidii a vnesenim kratkych
syntetickych antisense deoxyoligonukleotidli s komplementarni sekvenci bazi do
bunék ziskat pozitivni vysledky [49].
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Pfirozené antisense deoxynukleotidy jsou vSak rychle Stépeny bunéénymi
nukleazami a proto je nezbytné je chemicky modifikovat [50]. V minulosti byla
testovana celd fada chemickych modifikaci antisense oligonukleotidii. Pouze né¢kolik
malo z nich vSak splituje kritéria kladend na potencialni chemoterapeutika. Jedna se
zejména o vyvolani dostatecné biologické aktivity lidské RNazy H, netoxi¢nost,
odolnost proti nukledzdm a schopnost Watson—Crickovského parovani bazi s
ptirozenou nukleovou kyselinou [50].

Fosforothioatové deoxyoligonukleotidy jsou schopné odolat nukleazam, zformovat
heteroduplex a vyvolat degradaci mRNA prostiednictvim lidské RNazy H [49].
Jejich efektivita je vSak silné ovlivnéna typem buiiky, cilovou sekvenci a délkou
oligonukleotidu [49-50]. Nespecificky bohuzel interaguji s bunéénymi proteiny, coz
vyvolava cetné vedlejsi efekty.

Oligonukleotidy s fosfonatovou internukleotidovou spojkou s vazbou P-C jsou
odolné vuci nukledzam. Konformacni adaptibilita takto modifikovanych vlaken DNA
napomaha tvorbé stabilnich hybridnich duplexit DNA:RNA [51-52]. Pokud
fosfonatové spojky alternuji s pfirozenymi  spojkami, jsou pfislusné
deoxyoligonukleotidy schopné vyvolat aktivitu RNazy H.
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2.5. Argonaute
Funkce AGO

Proteiny Argonaute (délici se na PIWI a AGO) jsou evolu¢né konzervované. Poprvé
byly objeveny u rostlin a jsou pojmenovany po fenotypu Argonaute mutantl
Husenic¢ku rolniho (Arabidopsis thaliana) [53]. Proteiny AGO jsou esencidlni pro
vyvoj u vétSiny rostlin a zvifat a také ochranuji bunky proti virové infekci. PIWI
proteiny jsou unikatni u zvitat, kde potlacuji expresi transposonnich gent a zajist'uji
uspé$nou produkci spermatu a vajicek [53-55]. U eukaryotli byly zaznamenany
vysoké koncentrace proteini AGO v cytoplasmé v oblastech znamych jako "P-
bodies"”, kde dochazi k rozkladu mRNA [54]. Proteiny z tfidy Argonaute jsou
roz$iteny i mezi archebakteriemi a nékterymi bakteriemi [56]. Na zakladé studii
provadénych pomoci komparativni genomiky se predpoklada, ze se tfida Argonaute,
vyvinula z komponentit systému iniciace translace [57]. Je zde totiz vyznamna
sekvencéni shoda s elF2 (eukaryotickym Iniciaénim Faktorem 2).

Proteiny Argonaute se podileji na selektivni inhibici exprese genetické informace
prostfednictvim tzv. RNA interference (RNAi) [54-55, 58, 59-60]. Vazou kratka
vlakna RNA o délce 21-35 nukleotidli, pomoci nichz identifikuji mRNA s
komplementarni sekvenci bazi, kterou néasledné degraduji anebo alespon zabraiiuji
translaci genetické informace v mRNA obsazené. Proteiny Argonaute a kratka
vlakna RNA tvoii dohromady tzv. RNA-induced silencing complex (RISC), ve
kterém jsou proteiny Argonaute katalytickou komponentou [60-61], jejiz tlohou je
endonukleolytické Stépeni specifické fosfodiesterové vazby cilové mRNA. Struktura
proteini Argonaute, zajiSt'uje, ze St€pend vazba lezi mezi desatym a jedenictym
nukleotidem v mRNA [53, 55-56, 58, 62]. Komplexy RISC mohou obsahovat i dalsi
specifickych bunéénych podoblasti [54]. Kratka vlakna RNA se déli na endogenni
miRNA (micro RNA) dlouhé 21-23 nukleotidd, exogenni (generované napft. z virové
dsRNA) siRNA (small interfering RNA) o délce 21 nukleotidi a piRNA (Piwi-
interacting RNA) dlouhé 23-30 nukleotidii (Obrazek 2.9.) [53-54, 56, 58]. Kratké
SiRNA a miRNA duplexy jsou vystipnuté z dlouhych dvouvlaknovych RNA
prekurzor enzymy RNaza III jako je tzv. Dicer [53, 56, 58, 62-63].

Mnoho Zivych organismti ma vice nez jeden protein Argonaute [53-54, 61-62]. Geny
proteint Agol, Ago3, Ago4 jsou v lidském genomu shromazdény v prvnim
chromozomu, zatimco gen proteinu Ago2 se nachazi v chromozomu osmém [54].
Endonukledzova (Slicer) aktivita vic¢i vlaknim mRNA byla zaznamenana pouze pro
lidské Ago2 a to 1 pfesto, ze katalyticka rezidua jsou vice méné konzervovana i u
ostatnich variant lidského AGO [53-54, 58]. V soucasné dob¢ neni znamo, zda se
funkce Agol, Ago3 a Ago4 lisi. Je moZzné, ze se vazi na rizné regulacni proteiny,
které jim propujcuji specificitu [53-54].

Struktura AGO

VSechny proteiny Argonaute a Piwi se skladaji ze ¢tyf klicovych domén - PAZ,
MID, PIWI a N-terminalni (Obrazek 2.10.), které jsou propojeny linkery L1 (poji N-
terminalni a PAZ doménu) a L2 (spojuje PAZ a MID) [53-55, 58-59].

PIWI doména sestava z cca. 300 aminokyselinovych zbytkli a pfipomina RNazu H
[53-55, 58-59, 61]. V C-terminalni oblasti domény PIWI se nachazi endonukleazové
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aktivni misto, které vyuziva Mg2+ ionty pro Stépeni mRNA na produkty s 3°-
hydroxylovou a 5°‘-fosfatovou skupinou. Podobn¢ jako RNéza H i doména PIWI
obsahuje Ctyfi evolucné konzervovand a negativné nabitd rezidua (Asp-Asp-Asp-
Glu), ktera tvori katalytickou triadu vazici dva Mg?* ionty (Obrazek 2.9.). Na rozdil
od RNazy H a antisense oligonukleotidti zistavaji kratké SIRNA v komplexu
S proteiny Argonaute po mnoho cykll, béhem nichz se $t€pi mnoho kopii cilové
MRNA [55, 62].

Doména PAZ se sklada ze dvou podoblasti [58-59]. Prvni znich je podobna
proteinim s tzv. "Oligonucleotide-Binding” (OB) foldem [55]. Druha podoblast je
sloZena z B-hairpinu nasledovaného o-helixem. Stérbina mezi témito poddoménami
interaguje s 3‘-koncem kratké sSiRNA molekuly. Konzervovana hydrofobni dutina v
doméné PAZ tak rozpoznava duplexy SsiRNA ¢ miRNA  vytvoiené
endoribonukledzou Dicer se dvéma piesahujicimi nukleotidy na obou 3‘-koncich
duplexu [54-56]. Podoblast PAZ také muze detekovat chemické modifikace 3 -konce
kratkych SIRNA molekul. Zviteci piRNA ¢i siRNA hmyzu jsou modifikované
skupinou atomt 2°-O-CH3. PAZ oblasti lidskych PIWI proteind (Hiwil, Hiwi2, Hili)
se vazou lépe ke dvéma nukleotidim piesahujicim 3°-konec dsRNA, jestlize tyto
nesou 2°‘-O-metylovou skupinu. Naopak PAZ oblast lidského proteinu Agol
preferuje 2°-hydroxylovou skupinu [56, 58].

Doména MID s velikosti cca. 150 aminokyselinovych zbytkli ukotvuje 5°-
monofosfatovy konec kratké RNA Kk proteinu Argonaute [53-54, 58-59]. In vitro
studie naznaCuji, ze vazba 5°‘-monofosfaitu pomaha zarovnat kratké SIRNA na
povrchu enzymu Argonaute tak, aby internukleotidova spojka cilové mRNA byla
umisténa v jeho aktivnim misté [55]. U lidského Ago2 stackuje 5°-baze s reziduem
Tyr529, které spolecné s Tyr529, Lys533, Asn545 a Lys566 je také v kontaktu s 5°-
fosfatem siRNA [58].

Doména MID se podili na tfidéni kratkych RNA mezi rizné paralogy enzymu
Argonaute dle identity prvniho nukleotidu. Rozpoznavani je mozna diky drobnym
rozdilim v postrannich fetézcich aminokyselin v okoli vazebné Stérbiny 5°-fosfatu.
Krystalové struktury MID domény lidského Ago2 navazané na monofosfaty
naznacuji, ze Ago2 uptednostiiuje kratké RNA zacinajici uracilem nebo adenosinem.
Rigidni smyc¢ka ve vazebné oblasti totiz zamezuje navazani cytosinu nebo guanosinu

[58].

Obrazek 2.9.: Komplex siRNA/MIRNA/pIRNA (zluté¢ vlakno) s cilovou mRNA
(bledémodré¢ vldkno). Dale jsou znazornény hoicikové atomy a acidické
aminokyseliny v aktivnim misté enzymu Argonaute.
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Obrazek 2.10.: Komplex siRNA/miRNA/piRNA (zluté¢ vldkno) s cilovou mRNA
(bledémodré vlakno) a enzymem Argonaute (katalytickda doména PIWI je obarvena
¢ervené, N-terminalni doména modie, Mid doména zelen¢ a PAZ doména fialov¢).
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Vazba nukleové kyseliny k AGO

Témeét veskerou specificitu pro navazani na cilovou mRNA poskytuji nukleotidy 2-7
siRNA molekuly. Ta je v komplexu RISC ptedpiipravena v kanonické A-konformaci
[53, 58, 61, 64]. Protein Argonaute piitom vaze negativné nabitou fosfordiesterovou
patet siRNA a obnazuje hrany jejich bazi tak, aby se mohly spojit s bazemi cilové
MRNA [62-63]. V ptipadé lidského Ago2 jsou fosfatové skupiny nukleotidti 3-9 v
kontaktu s residui Lys566, Lys709, His753, Tyr790, Arg792, Ser798, Tyr804,
Ser220, Arg357, Arg714 a Arg761 [58].

AGO proteiny zpocatku komplexuji s kratkym RNA:RNA duplexem, ktery se
posléze pretvoii na jednovlaknovou siRNA [53, 55, 60, 62-63]. Argonaute se piitom
spoji se SIRNA duplexem ve stanovené orientaci. Do vazebné §térbiny v oblasti MID
se navaze termodynamicky méné stabilni 5°-konec siRNA duplexu [62]. Vétsina
SIRNA duplext tak obsahuje snadno urcitelné vlakno siRNA nebo miRNA. Nekdy
jsou ale dvousSroubovicovité RNA bifunkéni - ob€ vldkna mohou ustavit komplex
s proteiny AGO. Nicmén¢ i u téchto ,,symetrickych RNA:RNA duplext ziistane v
komplexu RISC nakonec pouze jedno vlakno [56]. Protein AGO svazany s duplexem
siRNA nebo miRNA se pfi tom nazyva pre-RISC az do té doby, nez je druhé vlakno
rozstépeno mechanismem, ktery je stejny, jako kdyby se jednalo o cilovou mRNA
[56, 60-61].

Medicinské vyuziti AGO

Proteiny Argonaute je mozné vyuzit k selektivni inhibici exprese nezadouci
genetické informace na stejném principu, na jakém funguje RNaza H a antisense
deoxyoligonukleotidy. Do buné€k jsou dodavana kratka synteticka vlakna RNA
imitujici siRNA ¢1 miRNA molekuly, ktera stimuluji proteiny Argonaute k degradaci
cilové mRNA s komplementarni sekvenci bazi.
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2.6. Ribonukleaza L
Funkce RNazy L

Ribonukleaza L (RNéaza L) je latentni endoribonukleaza, kterd se podili
na antivirovém obranném mechanismu bunék [65-67]. Po detekci virové dsRNA
stimuluje interferon typu I syntézu 2°,5” oligoadenylatovych syntetaz, které tvoii z
ATP kratké B-anomerni 5°-fosforylované oligoadenylaty s 2°,5° internukleotidovymi
spojkami (25A). 25A stimuluji pfechod RNazy L z neaktivni monomerni do aktivni
dimerni formy [65-68]. Aktivovana RNaza L je schopna $tépit virovou ssRNA a
zamezit tak tvorbé virovych proteinti [66-67]. Aktivovana RNaza L §tépi ssRNA
v oblastech s vysokym obsahem uracilovych nukleotidi. Typicky Stépi RNA po
diadach UG, UA nebo UU a vysledkem tohoto $t€pného procesu jsou produkty
zakonCené 5°-OH a 3°‘-monofosfatovymi skupinami [67-69]. Samotné 2-5A
oligoadenylaty jsou v buikach Stépeny 2°,5°-fosfodiesterdzami, coz moduluje
antivirovou aktivitu RNazy L [65, 67].

25A

Je potieba zdaraznit, ze 2°5° internukleotidovd spojka je jednoznacny
stereochemicky poZadavek pro biologickou aktivitu RNazy L. Nahrazeni 2°5°-
spojky 3¢,5‘-spojkou zptisobuje naruseni stackingu mezi bazemi oligonukleotidu a
aromatickymi aminokyselinami enzymu [66, 68].

RNaza L vyssich obratlovet je maximalné aktivovana 25A typu px5 Ap(Ap)nA2‘,
kde x = 1-3, n = 1 to 2 [66-67, 70]. 25A dimery se mohou k RNaze L vazat, ale
nejsou schopné ji aktivovat [66-68, 71]. Oligonukleotidy delsi nez tetramery (2°,5’
oligoadenylatové syntetdzy tvoii az 8-mery) nemaji vyrazné odliSné vazebné c¢i
aktivacni vlastnosti. V biochemickych studiich se proto obvykle pouZivaji 25A
trimery a tetramery [68].

Pro efektivni aktivaci lidské RNazy L je nezbytné, aby na 5°-konci 25A byla
ptitomna alespon jedna fosfatova skupina [66, 70]. Nicméné¢ stabilita 5°-terminalniho
fosfatu je v bunéném prostiedi velmi nizka. Obvykle je velmi rychle odstépen
fosfomonoesterazami [66].

Struktura RNazy L

Neaktivni monomer lidské RNazy L mé& molekulovou hmotnost 83543 Da a sklada
se z 741 aminokyselinovych zbytkl, které tvoii tfi podjednotky: ankyrinovou N-
terminalni, protein kinaze-podobnou a katalytickou C-terminalni [66-68, 71].
Krystalova struktura protein kindze-podobné a C-termindlni oblasti doposud nebyla
uréena [66-67]. Nicméné 3D struktury ankyrinové oblasti lidské RNazy L jsou v
proteinové databance dostupné [65, 68, 71-72].

Vazebné misto 25A

2-5A se vazou k ankyrinové N-terminalni oblasti RNazy L (Obrazek 2.11.) [65-66],
ktera se sklada z osmi kompletnich (sestavajicich z 33 aminokyselinovych zbytkit)
ankyrinovych motivii, jednoho netplného (a u monomerni RNazy L
neusporadaného) ankyrinového motivu a elementu al [65-68].
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Obrazek 2.11.: Ligand 2-5A je navdzan na druhy az ¢tvrty ankyrinovy motiv
RNazy L a interaguje s aminokyselinami prostiednictvim vodikovych vazeb (Asn65,
GIn68, Glul31, Tyrl35, Tyrl24), solnych mustkt (Lys89, Argl55, Lysl66) a
stackingu (Trp60, Phel26).
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RNaza L ma dvé vazebnd mista pro 25A. V prvnim vazebném misté interaguji
oligoadenylaty s ankyrinovymi motivy 2-4 a s elementem al, jehoZz rezidua 159-164
tvofi dno prvniho vazebného mista. Ve druhém vazebném misté interaguji 25A
s devatym neusporadanym ankyrinovym motivem [65-66, 68, 71].

Ankyrinova N-termindlni ¢ast lidské RNazy L sestava z aminokyselinovych zbytkl
24-335, nicméné vazebnych interakci s 25A se ucastni jen nékolik malo z nich.
Jmenovité jde o Trp60, Asn65, GIn68, Phel26, Glul3l, Lys89, Tyrl35, Argl55,
Arg310 a Tyr312. Tato rezidua interaguji s oligoadenylaty prostfednictvim stackingu
(Trp60, Phel26, Tyr312), vodikovych vazeb (Asn65, GIn68, Glul3l, Tyrl35,
Arg310) nebo solnych mistkt (Lys89, Argl55) [65, 67-68, 71]. Vliv jednotlivych
rezidui na vazebnou afinitu oligoadenylatu a aktivaci lidské RNéazy L byl zkoumén
prostiednictvim mutantnich RNaz L, ve kterych byla rezidua interagujici s 25A
nahrazovana alaninem [71]. Na zéklad¢ vysledkl téchto experimenti, mohou byt
interagujici rezidua lidské RNazy L rozdélena do dvou skupin. V prvni z nich jsou ta,
jez jsou pro vazbu 25A a aktivaci RNazy L kritickd (Argl55, Phel26, Glul3l,
Trp60, Lys89) a ve druhé skupiné jsou ta, ktera az tak esencialni nejsou (Tyrl35,
GIn68 a Asn65) (Obrazek 2.11.) [67-68, 71].

Terapeutické vyuziti aktivatori RNazy L

Pouhé dodani 25A trimer ¢i tetramerd do bunék vyvold urcity terapeuticky efekt,
ten je vSak kratkodoby, nebot’ nukleazy ptirozené 25A velmi rychle degraduji [66,
70]. Proto je potifeba 25A stabilizovat prostfednictvim chemickych modifikaci
fosfodiesterovych spojek, bazi ¢i cukri [73-74]. Nicméné struktura pfirozeného 25A
aktivatoru RNazy L je pomé&rmné striktné definovana a vétSina chemickych modifikaci
zpusobi redukci vazebnych a aktivacnich schopnosti [70-71, 73].

Napi. fosfonatova analoga oligonukleotidu, ktera obsahuji tzv. "bridging P-C" vazbu,
jsou obecné velmi slibnda z hlediska moZného terapeutického vyuziti. Vysoka
metabolickd a chemicka stabilita, konformacni adaptibilita a isopolarita, predurcu;ji
tyto latky k pfipravé  syntetickych  oligoribonukleotidi s modifikovanou
internukleotidovou spojkou [70, 73]. Prodlouzeni O2°-P-O5° spojek 25A modifikaci
typu 02°-C-P-O5° nebo 02’-P-C-O5’ vSak vyvolava fundamentdlni zmény
v geometrii komplexu s RNazou L [70, 73]. Obzvlaste, internukleotidova spojka
mezi druhym a tieti residuem 25A je citliva na tento druh modifikaci [74].

Pro vzriist enzymatické stability je pifinosné nahradit nebo modifikovat 3°-
hydroxylovou skupinu, protoze 2°,3‘-cyklické-nukleotidové 2°-fosfodiesterazy $tépi
oligonukleotidy pfes intermediaty s cyklickym 2¢,3‘-fosfatem. Na zaklad¢ znalosti
tohoto faktu byly provedeny komparativni studie pfirozenych a xylo-oligoadenylatd,
které prokazaly, ze pouha inverze 3‘-hydroxylu 25A poskytuje oligoadenylaty, které
jsou enzymaticky pozoruhodné stabilni [74].

V soucasné dobé je jiz ziejmé, ze modifikované aktivatory RNazy L reprezentuji
novou generaci potencialnich virostatik.
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3. Metodika

Jednou z nejzajimavéjSich a pravdépodobné nejrychleji se rozvijejicich oblasti
lidského védéni je makromolekularni chemie a biochemie. Zde je kvantova
mechanika zédkladnim zplsobem, jak popsat formovéani molekul a jejich reakce na
zmeény vnéjsiho prostiedi. Protoze je detailni vypocCet zalozeny na kvantové
mechanice velmi ndrony na vypocetni Cas, zlstdva problémem jeho technicka
stranka. Z tohoto duvodu je nezbytné piikro¢it k (nékdy aZz velmi hrubym)
aproximacim redukujicim vypocetni naro¢nost a stale jeste poskytujicim urcity vhled
do skute¢ného chovani zkoumanych systému. Cilem této kapitoly je poskytnout
struény prehled téchto aproximaci a poukézat na jejich vhodnost ¢i nevhodnost pro
dany problém, kterym je dynamicky vyvoj biomolekul slozenych ze stovek ¢i tisict
atomu a obklopenych vodni obalkou sestavajici z desitek az stovek tisic atomu [75-
83].

3.1. Stacionarni systémy

3.1.1. Popis stacionarnich systémi
Kvantova mechanika

Zacneme u Schrodingerovy rovnice samotné, jeji obecna forma je:

indo— o
dt (3.1.1.1)

kde @ je komplexni vlnova funkce popisujici systém a H je Hamiltonova funkce. V
mnoha pfipadech je nutné studovat pouze staciondrni jevy (tj. jevy, které jsou bud’ na
Case zcela nezavislé, nebo se v ase opakuji). V takovém piipadé€ je za predpokladu,

se ®(1) =de 7 mozné prejit k ¢asove nezavislé Schrodingerove rovnici:
He=E® (3.1.1.2)

Toto je prvni zjednoduSeni, které zna¢né€ usnadituje vypocet vinové funkce @ pro
dany systém.

Molekula vodiku

Ve vétsing pripadu, které jsou zajimavé jak pro aplikace, tak i pro zakladni vyzkum,
v§ak neni mozné systém zredukovat pouze na jednu &astici. Casto je nutné pracovat s
velmi velkym poctem Ccastic, které se vzajemné ovliviluji. Snad nejjednodussim
pfipadem je molekula vodiku. Je to pfipad natolik ilustrativni a blizky k vypoctim
dvéma pozitivné nabitymi jadry a dvéma elektrony, které obihaji okolo téchto jader. |
takto jednoduchy systém vSak neni mozné fesit analyticky a tak nezbyva, neZ zvolit
jiny postup. Prvni, kdo navrhl tspé$né feSeni tohoto problému, byl britsky matematik
Douglas Rayner Hartree v roce 1928 [84]. Protoze jsou jadra ptiblizn¢ 2000x
hmotng&jsi nez elektrony lze predpokladat, ze se elektrony pohybuji podstatné rychleji
nez jadra. To znamend, Ze je mozné fesit pohyb elektront v elektrostatickém poli
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stacionarnich jader. Z pohledu jader se naopak rychle se pohybujici elektrony jevi
jako nabojovy oblak — efektivni pole — na jehoz zmény jadra jen pomalu reaguji.
Pouziva se proto tzv. Born-Oppenheimerova aproximace, kdy se feSi dvé
Schrodingerovy rovnice. Prvni pro pohyb elektronti v poli pevnych jader a druha pro
pohyb jader v efektivnim poli elektront.

Po separaci pohybu elektronii a jader se uloha nalézt vilnovou funkci elektront
v molekule vodiku redukuje na feseni Schrédingerovy rovnice:

P

175]70‘ 1, lr34

) ®=FEd, ij<2
(3.1.1.3)

kde prvni ¢len rovnice odpovida souctu kinetickych energii elektronti, druhy clen
odpovida potencialu interakce elektron-elektron a tteti ¢len odpovidd coulombovské
interakci elektronti a jader. Pfipomenime, ze u molekuly vodiku jedna o systém
pouhych dvou elektronti a dvou jader. Pro uspésné fesSeni této rovnice je nezbytné
nahradit vliv druhého elektronu na pohyb zvoleného elektronu plsobenim jistého
efektivniho pole. Elektron se pak pohybuje v poli vytvareném jadry a efektivnim
polem ostatnich elektront. Pro kazdy z elektronli 1ze pak zavést jednoelektronovou
vlnovou funkei, ktera je feSenim jednoelektronové Schrodingerovy rovnice. Vinovou
funkci obou elektroni pak miZeme rozepsat jako soucin vlnovych funkci
jednotlivych elektronti:

P (ry, 1) = D1 (r1) Dy (r2) (3.1.1.4)

kde ®(ry,r2) je vinova funkce zahrnujici oba elektrony a ®;(r;), ®,(r2) jsou vinové
funkce jednotlivych elektronti. Tento postup je samoziejm& mozné rozsifit na
libovolny pocet ¢astic.

K odvozeni rovnic, kterym vyhovuji jednoelektronové funkce, se pouziva variacni
princip, ktery se aplikuje na vyraz pro celkovou energii:

= (®[H|®)

E:/CI)*ZHCOTE(ri)CI)dr—I—%/CI)*Z —®dr

i i (3.1.1.5)
pficemz
: | A
f]co7e (ri) — —3A, . Z ‘/\
“ a TiA (3.1.1.6)

je jednocasticovy operator zahrnujici operator kinetické energie a coulombovskou
interakci s jadry. Takto ziskame Hartreeho rovnice:

1 D,
(‘531 R frz) i(r1) = ei®y(r:)
A flJ. () o

(3.1.1.7)
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1=1,2,3,-- N

kde index i zahrnuje vSechny (v nasem piipadé dva) elektrony systému a
Lagrangeovy multiplikatory maji tvar:

€ = /.OT (r1)

Hartreeho  rovnice  pfedstavuji  soustavu  nelinearnich a  nelokalnich
integrodiferencialnich rovnic, kterou lze fesit pouze numericky — iteraéni metodou.
Zvolime vhodné vinové jednoelektronové funkce v nulté aproximaci, dosadime je do
integralu v rovnici (3.1.1.7) a najdeme jednoelektronové funkce v prvni aproximaci.
Tento postup opakujeme tak dlouho, az dosdhneme toho, Ze se vlnové funkce
Vv nésledujicich iteracich 1i$i pouze zanedbatelné.

ZA

N S z["’_,—”zdrz] b (1) dry

T A . . I'1:
AT -

(3.1.1.8)

K uvedenému piikladu molekuly vodiku je nutné podotknout, ze tento pfistup nebere
v uvahu fermionovou povahu elektronli a z ni vyplyvajici nezbytnost antisymetrie
vlnovych funkci elektronti. Toto upfesnéni je zahrnuto v Hartree-Fockové pristupu,
kde je do vlnovych funkci elektronli zahrnut spin elektroni. Tento ptipad vSak zde
nebudeme rozebirat. Uvedeny piiklad zanedbava také relativistické efekty, spin-
orbitalni interakce a spin jader.

3.1.2. Silové pole AMBER

Pro vypocet energie velkych biomolekuldrnich systémi neni mozné kvantové-
chemicky pfistup aplikovany vySe na molekulu vodiku pouzit. Biomolekuly se proto
reprezentuji jako soustava VAW kuli¢ek nesoucich parcidlni naboje a namisto
kovalentnich vazeb propojenych pruzinkami. Energie biomolekuly je pak spoctena
prostfednictvim analytického vyrazu, v némZ konkrétni hodnoty parametr - tzv.
silovych konstant - byvaji urCeny na zdkladé¢ experimentdlnich dat (empirické
potencidly), nebo teoretickych kvantov€ mechanickych vypocti zaloZenych na
principech naznacenych vyse na ptikladu molekuly vodiku a aplikovanych na malé
fragmenty biomolekul.

Tzv. silové pole AMBER bylo pivodné parametrizovano na zékladé
experimentalnich dat ziskanych pro fragmenty nukleovych kyselin a proteind. V
nov¢jsich verzich silového pole AMBER bylo pro jeho parametrizaci pouzito i ab
initio vypocta [85-87]. Funkéni vyjadieni pouzité pro parametrizaci silového pole
AMBER vypada takto:

Epor =Y Ky (b—by)* + Z (8 — 6y) +Z [1+C0q (no — ¢o)] +
b

+ZEK§)H—(%) ] Yoy ( )u_(i?)m

cz_,. th.
Tato rovnice obsahuje pouze minimalni pocet ¢len. V prvnich dvou ¢lenech jsou
zahrnuty zmény délek jednotlivych vazeb a uhlii mezi vazbami. 4. a 5. ¢len popisuji

(3.1.2.1)
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Van der Waalsovu a elektrostatickou interakci. Posledni ¢len odpovida zahrnuti
vodikovych vazeb a v novéjsich verzich silového pole AMBER se jiz nepouziva.

Uvedena analytickd formulka nezahrnuje c¢leny vysSich tadd (popisujici
anharmonicitu) nezbytné napf. pro piesny vypocet vibracnich spekter molekul.
Nicmén¢ je vhodna pro modelovani struktur a interakci biomolekul [88-92].

Doplnéni chybéjicich parametri silového pole AMBER

V této praci byly prosttednictvim molekularné dynamickych simulaci zkoumany
komplexy modifikovanych nukleovych kyselin s RNazou H, RNazou L, ptipadné
NV RdRp. Silové pole AMBER, které bylo zvoleno jako nejvhodnéjsi pro
molekularné¢ dynamické simulace zminénych komplext, vSak neobsahuje silové
konstanty nezbytné pro popis modifikovanych ¢asti nukleovych kyselin.

Silové konstanty pro vazby, uhly a van der Waalsovu interakci bylo vétSinou mozné
ur¢it na zakladé¢ analogie s parametry v silovém poli AMBER jiz obsazenymi.
Nicmén¢ parcialni ndboje na atomech a silové konstanty pro nékteré torzni uhly bylo
nezbytné urcit na zéklad€ kvantové mechanickych vypoct.

Z tohoto duvodu byla programem Gaussian provedena fada ab initio vypocti pro
malé modelové systémy, na zékladé nichz byla silova pole doplnéna o nové
parametry — silové konstanty. Vypocty byly pfitom provedeny konzistentné
S originadlnim postupem aplikovanym pii parametrizaci pivodniho silového pole
AMBER [87, 93].

Parcialni bodové ndboje na atomech uZivané pii vypoctu elektrostatické interakce

Z qi 45
Eij i

(3.1.2.2)

byly vypocteny s pouzitim metody RESP (Restrained ElectroStatic Potential) [93],
kterd je implementovana v softwarovém baliku AMBER. Hodnoty naboji
umisténych v centrech atomu se fituji tak, aby vysledny molekularn€ mechanicky
(MM) elektrostaticky potencial (ESP) v okoli molekuly odpovidal elektrostatickému
potencialu spo¢tenému kvantové mechanicky (QM). Vstupem pro metodu RESP jsou
hodnoty V; kvantové mechanického ESP spoctené v diskrétnich bodech vné VdW
povrchu molekuly. Pro jejich spocteni je nezbytné pouzit programy jako Gaussian,
nebo GAMESS. V souladu s originalnim pfistupem byl ESP spocten pomoci HF
metody a baze 6-31G* [87]. V metod¢ RESP se posléze pouziva metoda nejmensich
¢tverct k fitu naboje @ j-tého atomového centra v molekule. Vzhledem k tomu, Ze

molekularné-mechanicky ESP Vi je dan rovnici:

G-y

—~ Tij

J (3.1.2.3)

tak funkce, ktera ma byt minimalizovana v metodé nejmensich ¢tvercti, ma tvar:
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ngsp = Z(M - [};)2
; (3.1.2.4)

V minimu pro vSechna j pak:

du& _ Z Vi—Vi _
(3.1.2.5)
Z toho plyne, Ze rovnice mohou byt uspotadany a vyieSeny v maticové formé a zZe se
soucet vSech nabojii musi rovnat celkovému molekularnimu naboji. P¥idame-li do

RS IV . N 2 .1
procesu fitovani naboji penalizacni funkci ke ¢lenu y“esp, pak funkce, kterd ma byt
minimalizovana, ziska tvar:

2_ 2 2
X'= Xesp F Xrsr (3.1.2.6)

minimum nejmensich ¢tverct je nyni pro vSechna j definovano takto:

(x*) _ a(x?wp) + (X 2eir) —0
dq; dq; dq;

(3.1.2.7)

Obvykle se voli harmonicka penaliza¢ni funkce:

2 E :
Xpstr = @ qu qj

(3.1.2.8)

kde a je Skalovaci faktor, ktery definuje silu restrikce a g° urcuje cilovy naboj. Takto
druhy ¢len z rovnice (3.1.2.7) nabyva tvar (3.1.2.9):

O(X7etr) /005 = —20a(g5 — q;) (3.1.2.9)

Timto jsme feSeni problému pievedli na feSeni maticové rovnice pro naboje q:

Aq=B (3.1.2.10)

kde nediagonalni prvky matice A maji tvar:

(3.1.2.11)

Diagonalni prvky matice A jsou ve tvaru:
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4 / (3.1.2.12)

a fadky pravé strany B jsou ve tvaru:

I/i 6 . 2‘
Bj — _2 + ;) (/erﬂ?)
i % (3.1.2.13)

Maticova rovnice pro naboje q (3.1.2.10) se fesi béznymi postupy [95].

Dale bylo potfeba nafitovat silové konstanty pro torzni uhly. S vyuzitim malych
modelovych systémt byly proto nejprve programem Gaussian pomoci metody
MP2/6-31G* ziskany kvantové mechanické profily potencialni energie pro piislusné
torzni uhly [87, 95].

Podobnym postupem byly pro stejné modelové systémy vypocitany molekularné-
mechanické profily potencialni energie pomoci modulu Sander ze softwarového
baliku AMBER. Neznamé silové konstanty pro torzni thly byly pfitom vynulovany.

Odectenim QM a MM energetickych profilt byl ziskan energeticky ,,pfispévek
torznich thla k MM energii silového pole AMBER, ktery byl pouzit pro nafitovani
chybgjicich parametrd V, a ¢o [96]:

Vrn : )
Z 5 [1+ cos(ng — ¢p)]

\ (3.1.2.14)

3.2. Dynamické systémy
3.2.1. Aproximace dynamickych systémi

Kvantové popsana dynamika komplikovaného systému — TDSCF

Pokud zkoumame dynamicky vyvoj systému sestavajiciho z jader a elektront je tieba
zacit u ¢asové Schrodingerovy rovnice (3.1.1.1). Vhodnou aproximaci vinové funkce
@, ktera separuje funkce jader a elektrontl je jeji vyjadieni ve tvaru:

Z t -
B({ri}, {Reki0) = B({riki O \(Rakiyesp |+ [ dE(0)]

o (3.2.1.1)
Po dosazeni rovnice (3.2.1.1) do cCasoveé zavislé Schrodingerovy rovnice (za

predpokladu zachovéavani energie) ziskame soustavu dvou provazanych rovnic:

2me (3.2.1.2)
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+ {de X (R4 t) Ve (i), {R D) x ({R ) t)} U

zh—:—Z—vm dr 0 ({r}: ) He ({r) (R W (1)) |y
2M, {/ } (3.2.13)

ktera slouzi jako zaklad pro metodu tzv. Casové zavislého selfkonzistentniho pole
(TDSCF - time-dependent self-consistent field) zavedenou v roce 1930 Diracem.
Elektrony i jadra se pohybuji kvantové-mechanicky v ¢asové zavislém efektivnim
potencialu (neboli v selfkonzistentné ziskaném primérném poli) [97].

Hybridni Ehrenfestova molekularni dynamika

Kvantovy vypocet rovnic (3.2.1.2) a (3.2.1.3) je naroény na vypocetni ¢as a tudiz je
pouzitelny pouze pro maly pocet Castic. Pro situace, kdy je tfeba feSit systém
s velkym poctem elektronit v poli mnoha jader, nezbyva nez pftikrocit k daleko
zasadn¢js$im zjednoduSenim [97]. Takovym zjednodusenim je piechod od
kvantového popisu k popisu semiklasickému, nebo klasickému, kde jsou jadra atomt
pojimana jako klasické ¢astice. VInovou funkci y pro jadra je pak mozné piepsat do
tvaru:

-iS({R;}:t)}

x({Ra}st) = A({Ri}s1) “-’IP{ —h (3.2.1.4)

kde je S faze této vinové funkce a A je jeji amplituda. Dosazenim do TDSCF rovnice
pro jadra (3.2.1.3) a separovanim realné a imaginarni ¢asti ziskame:

as

1 V24
dr U*H U =h*S —— 1L
at+zzxf,, (V;S) +[ r U,

r2M; A (3.2.1.5)

0A 1 1 feney
N Z iy (VA (Vi) + 3 gy A (ViS) =0

1

(3.2.1.6)

Tyto dvé rovnice se obvykle nazyvaji “dynamicka reprezentace kvantoveé kapaliny” a
mohou byt téZ pouzity pro feSeni ¢asové zavislé Schrodingerovy rovnice. Rovnice
(3.2.1.6) muize byt chapana jako rovnice kontinuity, ktera lokalné zajistuje zachovani
pravdépodobnosti nalezeni Castice. Dilezitéjsi je v danou chvili rovnice (3.2.1.5).
Pro h — 0 pfejde na tvar:

1
%f+ZT(v,S +/drk1! HU =0
(3.2.1.7)

coz je rovnice ve stejném tvaru jako klasicka pohybova rovnice Hamilton-Jakobiho:

s
o PR AVISH =0 (3.2.1.8)

s klasickym Hamiltonidnem:
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H({R:} AP} =T ({Pr}) +V ({Rs}) (3.2.1.9)

kde T(P) je kinetickd slozka energiec a V(R) je potencialni slozka energie.
Ptipomeneme-li si navic transformacni vztah pro moment hybnosti:

P, =V.5 (3.2.1.10)

ziskame klasické Newtonovy pohybové rovnice odpovidajici rovnici (3.2.1.7) ve
tvaru:

MR, (t) = -V, [ dr U*H, U
R (i) /[ (3.2.1.11)

= —ViVE{Ri(1)})

Tento pfechod nam umoziuje vypocitat klasickym zplsobem pohyb jader (to je
zmény poloh atomil) v kvantoveé vypocteném efektivnim poli elektront.

Nicméné vinova funkce jader se stale jesté vyskytuje v elektronové TDSCF rovnici.
Zde dosahneme prechodu ke klasickému popisu jednoduse:

[ aRx (Rl ) Rex ({Ra}it) 29 Ra(t)

(3.2.1.12)
Tato klasicka limita vede k ¢asové zavislé vinové rovnici pro elektrony:
L, 0¥ h o, ]
?hg = — 22: o1, Vl‘;[’ + Ve ({ri}- {Rf(f)}) v
= H.({r;},{R(t)}H) ¥ ({r:}, {Rs}; 1)
(3.2.1.13)

ktera se vyviji self-konzistentné s pohybem klasicky popsanych jader (3.2.1.11).
VInova rovnice elektronli zavisi parametricky na poloze jader. Pfistup, ktery spociva
Vv feseni rovnic (3.2.1.11) a (3.2.1.13) se nazyva Ehrenfestova molekularni dynamika.

Klasicka molekularni dynamika

Dalsi dilezité¢ zjednoduSeni je mozné, pokud se u elektronové vinové funkce
omezime na zakladni stav systému [97]. To je dobra aproximace v ptfipad¢, kdy je

cvwr

energii) k nejblizsi excitované energetické hladin¢ E;. V takovém piipade se jadra
pohybuji v souladu s rovnici (3.2.1.11) po jednom povrchu potencidlové energie:

VE = [dr i HWo = By ({R}) (3.2.1.14)

ktery miZe byt vypocten z Casov€ nezavislé Schrodingerovy rovnice pro elektrony
v zékladnim stavu:

35



H Uy = Byl
P (3.2.1.15)

Nyni mtzeme odd¢€lit generovani dynamického vyvoje poloh jader od vypoctu
elektronového povrchu potencialové energie:

1. V prvnim kroku je E, vypoéteno z rovnice (3.2.1.15) pro mnoho riznych poloh
jader.

2. Ve druhém kroku jsou tato data nafitovana na analytické funkéni vyjadieni, ¢imz
je ziskan globalni povrch potencialové energie, jehoz gradienty je mozné téz
analyticky vypocist.

3. Ve tfetim kroku jsou feSeny Newtonovy pohybové rovnice na tomto povrchu
potencidlové energie.

Pro syst¢ém s mnoha jadry muize vypocet globalniho potencialového povrchu
elektronti stale predstavovat komplikovanou ulohu. Proto se obvykle aproximuje
zkracenym rozvojem mnohacasticovych prispévki:

N N
VE & verrer ((Ry}) = Z vi(Ry) + Z v(RL.Ry) +
-1 1<J

N
+ > w(®R,Ry,Ri)+- -
fel<k (3.2.1.16)

V tomto rozvoji kazdy koeficient Vi pak odpovidd urcitému mnohacasticovému
interakénimu potencidlu (kuptikladu v, je koeficient interakéniho potencidlu mezi
dvéma cCasticemi). Snizeni naro¢nosti vypoctu pak dosahneme zkracenim rozvoje
(3.2.1.16) pouze na nekolik prvnich ¢lenti. SmiSeny kvantové/klasicky problém je tak
redukovan na Ccisté¢ klasicky, pokud jsou urceny koeficienty v,. V klasické
molekularni dynamice:

MR (1) = =V V27 ({Ry(t)}) (3.2.1.17)

se do uvahy obvykle berou pouze dvou- a ti-Casticové interakce [98-99].

3.2.2. Numerické metody vhodné pro feSeni pohybovych rovnic

V této kapitole budeme kratce diskutovat numerické metody feSeni molekularné-
dynamickych problémi. Oc¢ividné nejjednodussi piistup je diskretizace pohybovych
rovnic a jejich nasledné numerické feSeni. Tento pfistup se Casto nazyva metoda
konecnych diferenci (FDE = finite difference equation). Verletova metoda zaloZena
na principu kone¢nych diferenci je symplekticka (symplectic) metoda, coZ znamena,
ze je reverzibilni v ¢ase (otoCenim sméru toku Casu se systém bude vyvijet zpét po
stejné trajektorii ve fdzovém prostoru, aZ na zaokrouhlovaci a jiné numerické
neptesnosti). Ptikladem ne-symplektickych algoritmii jsou Gearovy algoritmy, coz
jsou algoritmy typu prediktor-korektor (PC). Hlavni pfinosem algoritmti zalozenych
na Verletové metod¢ pii pouziti v molekularné-dynamickych simulacich je jejich
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enormni Stabilita a to, Ze zrychleni ¢astic (sily) je nutné vypocitat v kazdém ¢asovém
kroku nejvyse jednou. Nyni probereme zakladni rysy jednotlivych metod [100-102].

Verletova metoda

Zacneme rozepsanim pohybovych rovnic do diskrétniho tvaru pouzitim Taylorova
rozvoje

r(t+dt) = -r(t)+v(t)6f+;a(f)5t2+---,

ot +dt) = v(t)+a(t)5t+;b(t)dt%r...,
at +6t) = a(t) +b(t)dt + -
(3.2.2.1)

kde jsou r(t + 6t) pozice, v(t + dt) rychlost a a(t + &t) zrychleni v ¢ase t + 6t. Jak jsme
se zminili vySe, tyto rovnice jsou v Case t reverzibilni. Pro systém pohybujici se
vpted a zpét v ¢ase je mozné napsat:

40) = rlt) + o0+ Sall + -
it) = r(t) —v(t)d nia. 24...
r(t=6t) = r(t) —v()ot + ga(t)5t" + 522

secCtenim téchto rovnic, ziskame rovnici:

r(t+0t) = 2r(t) — r(t — 6t) + a(t)5t> (3.2.2.3)

ktera nam dava navod na vypocet pozice Castic v ¢ase t+h. Je dobré si povSimnout,
ze v této metodé nejsou explicitné zahrnuty rychlosti ¢astic. Vyhodou Verletovy
metody je pfimocarost a nenarocnost na poc¢itacovou pamet’.

Rychlostni Verletova metoda (velocity Verlet)

Verletovu metodu mizeme preformulovat na rovnice, které zahrnuji i rychlosti v.
Tyto rovnice jsou odvozeny postupem analogickym k odvozeni (3.2.2.2):

r(t+6t) = (1) +o(t)ot + sa(t)or

v(t+6t) = o)+ £[a(t) + a(t + ot)]dt
2 (3.2.2.4)

Tato metoda modifikuje zékladni Verletovu metodu tim, Ze jsou explicitné
vypocteny rychlosti ¢astic. Vypocet rychlosti je nezbytny naptiklad u NVT soubort,
ve kterych se konstantni teplota ¢asto udrzuje pieskalovavanim rychlosti ¢astic.

Leap frog algoritmus

Leap-frog algoritmus je velmi podobny vyse popsanému rychlostnimu Verletovu
algoritmu. Hlavni rozdil spoc¢iva v tom, Ze rychlosti a pozice ¢astic jSoU vypocéteny v
riznych Casech. Nejprve jsou rychlosti v vypocteny v ¢ase t +1/2h, hodnoty téchto
rychlosti jsou pak pouzity k vypoctu pozic ¢astic v Case t + h.
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1. 1.
v (t + §ot) = v (t — §at) + a(t)dt

r(t4 o) = T(t)—l-v(H—%cSz‘) st 6225

Nevyhodou je, ze pozice a rychlosti nejsou vypocteny pro stejny ¢as t. Chceme-li
vypocitat rychlosti ¢astic v Case t, je mozné pouzit nasledujici vztah:

o(t) = ; ot- ;at) soft+ ;‘”‘)] (3.2.2.6)

Algoritmus Leap frog je implementovan v softwarovém baliku AMBER.
Beemaniiv algoritmus

Beemantv algoritmus je velmi podobny Verletovu algoritmu:

r(t+6t) = r(t) +o(t)dt + ga(t)étg E éa(t — 0t)ot
W(t+0) = v(t)+ v(t)3t + —a(t)ot + 2a(t)t — ~a(t — 5t)
3 6 6 (3.2.2.7)

Vyhodou algoritmu je veétsi presnost ve vypocétu rychlosti a lepsi zachovavani
celkové energie systému. Nevyhodou tohoto algoritmu je vét§i narocnost na
vypocetni Cas. I tento algoritmus je implementovan v softwarovém baliku AMBER.

Briinger Brooks Karplusova (BBK) metoda — priklad rozSifeni Verletovy
metody

BBK metoda je piikladem rozsifeni Verletovy metody na Langevinovu rovnici, ktera
slouzi k popisu Langevinovy dynamiky. Tato rovnice rozSifuje Newtonovy
pohybové zédkony o piiblizné vypocty vlivu prostfedi na molekuldrni systém.
Langevinova rovnice ma nasledujici obecny tvar:

ma(t) = F(t) — ymo(t) + R(1) (3.2.2.8)

kde v je tieci koeficient, m je hmotnost ¢astice, F(t) je sila puisobici na ¢astici, a(t)
zrychleni ¢astice a R(t) nahodna sila. R(t) pfedstavuje stochastickou silu odpovédnou
za nahodné srazky molekularniho systému s imaginarnimi ¢asticemi prostiedi. BBK
integrator vyuziva aproximaci (3.2.2.9). Vzhledem k pfidanym silam v Langevinové
dynamice uz neni zrychleni ¢asovou derivaci rychlosti a proto zde neplati rovnost.

o(t) ~ alt) = % [F(t) — ymo(t) + R(1)]
" (3229)

Rozvineme-li pozici ¢astice do Taylorovy fady a pouzijeme-li postup stejny jako
vV Verletové metod¢€, dostaneme pro pozici ¢astice:
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r(t+dt) =2r(t) —r(t — 6t) + or [F(t) — ymu(t) + R(t)]
m (3.2.2.10)

ze které dale plyne:

r(t+ ot) = ﬁ {27'(1&) — 1t — 6t) + % r(t — 8t) + ‘% [F(t) + R(t)]}

(3.2.2.11)

Verletova metoda nezahrnuje rovnice pro vypocet rychlosti v. Vyjdeme-li
z Taylorova rozvoje rychlosti:

ot N at
v(t + 5) =w(t) + 0(t) 5= v(t) + o [F(t) — ymu(t) + R(t)]
(3.2.2.12)
dostaneme pro vzorec rychlosti (3.2.2.13):
(t+dt) = -'(t+6—t)+ﬁ[F(t+5t)+R(t+5t)}
o B 1+7% v 2 2m '
(3.2.2.13)

Je v8ak tfeba zminit, Ze tyto vzorce jsou pouhou aproximaci, protoZe v Langevinové
dynamice mize CcCastice ndhle zménit trajektorii v disledku ndhodné srazky
S imagindrni C¢astici okoli. Také Taylorliv rozvoj nemize byt pouzit za téchto
podminek, jelikoZ vyzaduje spojité derivace rozvijenych funkci. Z tohoto diivodu je
ptesnost algoritmu BBK niZ8§i, neZ je odhad ziskany Taylorovym rozvojem. Pfesnost
integratoru BBK stoupa s y—0 a o6t—0. Metoda BBK je implementovana
Vv softwarovém baliku NAMD pro molekularné dynamické simulace NVT soubortli a
je jednim z moznych rozsifeni Verletovy metody [103-104].

Prediktor-korektor (PC) algoritmy

Zcela jinou tiidu ptedstavuji algoritmy prediktor-korektor (PC) [105-106]. Tyto
algoritmy ukladaji feSeni vypoctena v piedchozich krocich a pouzivaji je K vypoctu
(pomoci explicitnich metod) “ptedpovédi“ feseni v kroku piistim (predikéni krok).
Poté vypoctou (pomoci implicitnich metod) “opravu‘ feseni (korek¢ni krok). Rozdil
mezi feSenimi vypoctenymi v predikénim a korekénim kroku muize byt pouzit k dalsi
korekci feseni.

Kazdy z vySe probranych algoritmi ma své vyhody a nevyhody. Volba vhodného
algoritmu zéalezi na pozadované piesnosti vypoctu, velikosti studovaného systému,
velikosti paméti a rychlosti pocitace, ktery je k dispozici.

Piesnost vypoctu - porovnani zaokrouhlovacich chyb a chyb metod

V obecné roviné je potieba sledovat dva zakladni zdroje nepfesnosti vypoctu:
zaokrouhlovaci chyby a nepfesnosti algoritmu. Zaokrouhlovaci chyby jsou zjevné
chyby zptsobené zaokrouhlenim vysledki numerickych vypocéti na pocitacem
zpracovatelnou presnost. Vyznam této chyby roste s poctem cykla (Casovych krokt
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At) vypoctu. S ohledem na zaokrouhlovaci chyby je tudiz nejvyhodnéjsi pouzit co
nejmén¢ kroktll a pouzit co nejveétsi délku ¢asového kroku At. Situace se zkomplikuje,
vezme-li do uvahy chyby v pfesnosti vlastniho algoritmu. Algoritmy popsané vyse
jsou zalozeny na diskretizaci diferencialnich rovnic. Uzijeme-li pfili§ dlouhy krok At
V Case, pak toto pfiblizeni (diskretizace) pozbyva smyslu (Iépe feeno s velkym At
nema diferencni rovnice piili§ spole¢ného s vlastni diferencidlni rovnici, kterou se
snazime fesit). Chceme-li sledovat systém po dobu t ve smyslu celkové doby vyvoje
simulovaného systému v Case (nezaménovat s vypocetnim Casem), pak s délkou
kroku At je tento Cas rozdélen na t/At intervalti. Pro rozumny vypocet je nutné pouzit
délku intervalu At = (0,05-0,1) Atmax, kde Atmax je maximalni casovy krok umoznujici
ziskat stabilni trajektorii. Nyni se pokusime najit kvantitativni vyjadieni pro Atmax.

Priklad vySetieni stability Verletovy metody

Nejjednodussim ptikladem, na kterém miizeme studovat vyvoj chyby metody, je
harmonicky oscilator s lokdlni konstantou pruziny k(x[n]), ji odpovidajici vlastni
frekvenci ®[n] a potencialem U [107]. Zde jsou pro pfipomenuti rovnice
harmonického oscilatoru:

md*x —dU (x
aln] = — k (ID?]) z[n] = —w[n]*z[n]
m (3.2.2.14)
Pro chybu metody €[n] plati stejny vztah jako pro polohur.
gn+1] = (2 - ?A#?) g[n] — g[n — 1]
( ) (3.2.2.15)

Protoze nas zajima zména této chyby v zavislosti na poc¢tu krokii, najdeme fesSeni pro
g[n] ve tvaru:

g[n+1] = geln] = g"<[0]
(3.2.2.16)
V tomto ptipadé |g| > 1 odpovida ristu chyby a |g| < 1 odpovidd zmensSovani chyby.
Nejlepsi piipad nastava pro |g| = 1. Rovnici (3.2.2.15) ptepiseme do tvaru

geln] = (2 — wQAi‘Q) eln] — (1/g)e[n]

P (2-WPAP)g+1=0
7~ )s (3.2.2.17)
coz znamena, ze ob¢ feSeni polynomidlni rovnice druhého fadu pro g (tj. g1 a gz)
nemohou byt soucasné < 1 (ma-li platit, ze gi1g, = 1). Maji-li splitovat podminku g;9;
=1, pak feSeni jsou

0 10

g1, 92 = e' N pro wAt < 2

g <—-1,-1<g,<0 pro wAt>2 (3.2.2.18)
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V pfipadé harmonického oscilatoru maximalni délka Casového kroku zalezi na
fyzikélnich podminkéch (pfesnéji feCeno na tom, ve které oblasti potencidlu U se
systém pohybuje).

vvvvvv

druhy a paty fad Gearova algoritmu plati nasledujici omezeni:
WAt < V2

wAt < 1
2 (3.2.2.19)

Z ¢ehoz plyne, ze Verletiiv algoritmus dovoluje pouziti delStho ¢asového kroku At
nez PC algoritmy. Pro malé At je PC algoritmus pfesnéjs$i nez algoritmy Verletovy.
Nicméné PC algoritmy ztraceji rychle ptesnost, kdyZ se At zafne piiblizovat
k hodnoté 0,5. To znamena, Ze PC algoritmy poskytuji bud’ velmi pfesné feSeni, nebo
velmi nestabilni feseni (v zavislosti na At). Zatimco Verletovy algoritmy poskytuji
stabilni feSeni s relativné velkou chybou. Pro dany problém je tudiz nezbytné zvolit
spravnou vypocetni (integracni) metodu v =zavislosti na pozadované délce
studovaného intervalu t (a kroku At), pocitaci ktery je k dispozici a pozadované
ptesnosti vypoctu. V molekuldrné dynamickych simulacich poZadujeme metodu s co
nejdel$im stabilnim ¢asovym krokem a tento pozadavek spliiuji Verletovy algoritmy.

Shrnuti

Na zavér je mozné shrnout, ze algoritmy rychlostni Verletiv, Leap-frog a Beemantv
jsou si velmi podobné. Je snadné ukazat, ze Leap-frog a rychlostni verze Verletova
algoritmu jsou ekvivalentni jeho zakladni verzi (v niz explicitné nevystupuji
rychlosti). Poskytuji tedy stejnou piesnost vypoctu, vypocetni narocnost a stabilitu
vypoctu. Metody prediktor-korektor umoziuji dosahnout vyssi presnosti vypocétu nez
Verletova metoda, nicméné velkou vyhodou Verletova algoritmi je jeho enormni
stabilita a fakt, Ze zrychleni ¢astic (sily) je nutné vypocitat pouze jednou pro kazdy
casovy krok At. Vyznam této vyhody je patrny obzvlast pokud je vypocet provadén
pro systtm s velkym poctem castic, které jsou svazany dalekodosahovymi
interakcemi.

3.3. Pouzité modely
3.3.1. Termodynamické soubory — NVE, NVT, NPT

V piedchozim textu jsme pfedpokladali, Ze je systém izolovany od vnéjsiho okoli a
ze nedochazi k vyméné energie ani ¢astic. V termodynamické terminologii se takovy
systém nazyva mikrokanonicky. Lze snadno nahlédnout, Ze tento pfistup neni zcela
realisticky a je pravdépodobné, ze si studovany systém ve skutecnosti vyménuje se
svym okolim (l4zni) pfinejmensSim energii, ¢imZ je udrZzovan na konstantni teploté.
Toto odpovida kuptikladu situaci, kdy je dany systém (molekula, protein) studovan
ve vodném roztoku a tepelna kapacita roztoku je mnohondsobné vyssi, nez energie
uvoliiovand nebo pfijimana naSim systémem (molekulou, proteinem). V
termodynamickém nazvoslovi se takovy systém nazyva kanonicky. V nékterych
pfipadech je mozné, ze nami studovany systém nejen vyménuje energii s lazni (jsa
udrzovan na konstantni teplot¢), ale mize také dochdzet k vyméné Castic (atomii Ci
iontd v chemické reakci). V takovém pifipadé¢ nezbyvd, nez zahrnout energii
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(chemicky potencidl) odpovidajici vyméné castic mezi studovanym systémem a
lazni. V termodynamice se takovy systém nazyva grandkanonicky soubor a v naSem
pojedndni se jim nebudeme zabyvat. V nékterych pfipadech je nutné studovat
systémy za podminek konstantniho tlaku. Takovy systém se nazyva izobaricky.

Mikrokanonicky soubor (NVE)

Mikrokanonicky soubor, jak jiz bylo fe¢eno, nevyménuje ani energii ani castice se
svym okolim (lazni). V molekuldrné-dynamickych simulacich se tento ptipad
realizuje, pokud numericky fesime klasické pohybové rovnice. Sledujeme pak pohyb
systému ve fazovém prostoru po plose konstantni energie. Jde o Casto pouzivany
ptistup diky tomu, Ze je nejméné narocny na vypocetni ¢as. A to i pfesto, ze neni
zcela realisticky.

Kanonicky soubor (NVT)

Realisti¢téjsi je popis, kde je systému umoznéno vymeénovat si energii se svym
okolim (termodynamickou ldzni) a tak udrzovat konstantni teplotu T. Samoziejmé
takové vylepSeni modelu neni zadarmo a nezbyva, nez pfikroCit ke
komplikovanéj§imu modelu vyzadujicimu vice vypocetniho ¢asu. JelikoZ pohybové
rovnice popisuji pouze systém na ploSe konstantni energie, je nezbytné je
modifikovat. Vhodnym zpisobem zahrnuti tepelné 1lazné je zavedeni dodateénych
vngjSich parametru [99]. K feseni takto upravenych rovnic je poté pouzito stejného
ptistupu, jako v ptfipadé souboru mikrokanonického.

Jednou z moznosti je Berendsenova metoda, ktera je spolu s Nosé-Hooverovou
metodou implementovana v softwarovém baliku AMBER [98]. Berendsenova
metoda spocCiva ve vynasobeni rychlosti v kazdém ¢asovém kroku koeficientem A.
V Nosé-Hooverové metodé piidame fiktivni stupeit volnosti s hmotnosti a
termodynamickym tfecim koeficientem. Tzv. Langevinovy rovnice jsou rozsifeny o
Clen pro tfeni umérny rychlosti ¢astice a o nahodnou silu, které¢ spole¢né imituji
molekularni kolize a viskozitu:

b
m;

].ﬁ',;:

p; =1t —p;, + R,
(3.3.1.1)

kde vy je tlumici konstanta (kolizni frekvence). Vektor nahodné sily R; je stacionarni
Gaussovsky proces se statistickymi vlastnostmi:

(Ri(1)) =0

(R;()R; (1)) = 2vkpTm;0(t — ')
(3.3.1.2)

kde kg je Boltzmannova konstanta a T je teplota Langevinova termostatu. Tlumici
konstanta y ovlada jak velikost tieci sily, tak i odchylku ndhodnych sil. Diky tomu
systém konverguje k Boltzmanovskému rozdéleni charakterizovaném teplotou T.
Cim vétsi je hodnota tlumici konstanty y, tim vét§i je vliv okoli. S rostoucimi

42



hodnotami y pfechazi systém od inertniho k difusnimu (Brownovskému) rezimu.
Hodnoty y se urCuji pomoci hydrodynamické teorie. Ze Stokesova zikona
popisujiciho linearni zavislost tfeciho odporu sférické Castice v roztoku na jejim
poloméru plyne, Ze velikost treci sily je rovna 6znar nasobku rychlosti ¢astice, kde ar
je hydrodynamicky polomér vSech sférickych castic a 1 je viskozita. V (3.3.1.1) lze
hodnotu vy volit:

v = bmna, /m
/= Gma/ (3.3.1.3)
kde m je hmotnost castice. Hodnoty kolizni frekvence y lze také volit tak, aby
vysledna transla¢ni difuzni konstanta D; souhlasila s experimentalnimi hodnotami
v difuzni oblasti (¢ili pro velka y). Tento vztah se fidi vzorcem:

D, = kgT/ Z m;y
g (3.3.1.4)

ve kterém suma probihd pfes vSechny hmotnosti m; obsazené v systému. Tento
vzorec se V piipad¢ pouziti Stokesova zdkona pro urcéeni hodnot kolizni frekvence y
redukuje na tvar:

D, = kgT/6mna,
(3.3.1.5)

coZ je Stokes-Einsteinliv zdkon pro difuzi sféricky c¢astic skrz kapalinu pro nizka
Reynoldsova ¢isla. Langevinova dynamika je pro NVT soubory implementovana
v softwarovych balicich NAMD a ACEMD [108-111].

Izotermicko-Izobaricky soubor (NPT)

Popis systémi za konstantniho tlaku je ponékud slozit€j$i nez v ptipadé vyse
diskutovaného systému za konstantni teploty. V tomto ptipadé¢ totiz objem systému
nezlstava konstantni, ale fluktuuje tak, aby tlak v systému zistaval konstantni. K
fiktivnim proménnym zavedenym pro zachovani konstantni teploty v kanonickém
souboru nam piibudou jesté dalsi fiktivni proménné odpovidajici fiktivnimu zatizeni
- ,,pistu” - zodpovédnému za vyrovnavani tlaku [99]. Tato metoda byla poprvé
popsana Andersenem a Hooverem. VySe zminénd Berendsenova metoda se da pouzit
i na nezbytné udrzovani konstantniho tlaku [98]. Tato metoda spoc¢iva ve vynasobeni
soufadnic atoml a rozméri periodického boxu koeficientem p v kazdém casovém
kroku. Obé metody, jak metoda popsana Andersenem tak metoda popsand Hooverem
a Berendsenem jsou opét implementovany v softwarovém baliku AMBER.

Nicméné tyto metody opét neobsahuji stochastickou slozku, ktera ptiblizuje modely
k systémtim nachéazejicim se v redlném svéte. Proto se Andersen-Hooverova metoda
kombinuje s Langevinovou dynamikou. Deterministické rovnice jak pro rychlost
Castic tak i barostat jsou pfevedeny na Lagevinovy rovnice. Rovnice pro i-tou ¢astici
v Langevinové barostatu maji nasledujici tvar:

o l')i Pe

r, =
m; W

r;
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3 ¢

Ny
V = 3Vp /W
N
. 3 ?
Pe = 3V(X - P(i.’L‘t) + = & — pPe + R;r)
Ny — m;

(3.3.1.6)

kde Rp je stochasticka sila ptisobici na barostat. W je fiktivni hmotnost barostatu a V
objem. Nt je pocet stuptiti volnosti. Dimenze je rovna tiem. Je tfeba piipomenout, ze
vV nehamiltonovském pfipadé ma zachovavand veliCina ve fazovém prostoru
nasledujici tvar:

H' =H+ PV +p/2W
(3.3.1.7)

ve kterém je prvni ¢len Hamiltonian ¢asticového podsystému. V softwarovém baliku
NAMD jsou pro NPT soubory implementovany pohybové rovnice, které se od
(3.3.1.6) lisi v ¢lenu 1 + 3/N¢ druhé a &étvrté rovnice. Clen 3/Ns je ve vétsing piipadi
zanedbatelny [103, 109-111].

3.3.2. Periodické okrajové podminky, Ewaldova sumace, Particle
mesh metoda, Particle mesh Ewaldova metoda

Periodické okrajové podminky

Dutvodem pro vytvofeni myslenkové konstrukce vedouci K periodickym okrajovym
podminkam (periodic boundary conditions PBC) je zisk realistického modelu
systému c¢astic [101-102]. Vyjdeme ze zakladni pfedstavy, pfi niz biomolekulu
umistime do zakladni buniky a obklopime vodnim roztokem. Jestlize bychom
uvazovali zakladni buiikku s pevnou hranici (nepropustné stény), pak by tato hranice
ovliviiovala pfili§ vysoky pocet Castic. Zamezeni nezaddouciho ovliviiovani ¢éstic
hranici 1ze dosahnout dvéma zplisoby. Prvni zpiisob spoc¢iva ve vytvoieni souboru
s velmi vysokym poétem ¢astic, to je v§ak technicky naro¢né. Druhy zptsob spociva
Vv tom, Ze zakladni buiiku obklopime identickymi kopiemi této buiiky tak, aby byl
pokryt cely uvazovany prostor. Touto myslenkovou konstrukci jsme ziskali systém,
vV némz nemusime pozadovat nepropustné stény. Opusti-li ¢astice zakladni bunku,
pak kopie této castice vstoupi do uvazované builky ze sousedni buiiky. Celkovy
pocet castic ve vSech buiikach zlistane zachovan.

Pii pouziti PBC je interakéni energie dana nekone¢nou sumou pies vSechny
periodické obrazy. U potencial, které dostate¢né rychle ubyvaji (naptf. Lennard-
Jonesuv), miZzeme tento potencial useknout (,,cut off) v jisté vzdalenosti od Castice
a tim zamezit vypoc¢tu nekonecnych sum. Nejjednodussi zplisob odseknuti spociva
V tom, ze potencial u(r) postavime roven nule ve vzdalenosti vétSi nez reyt ofr. J€
vhodné volit rey off < L/2, kde L je délka hrany bunky. Pak lezi v oblasti interakce
maximaln¢ jeden obraz dané Castice.
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Pon¢kud komplikovanéjsi situace nastava, feSime-li problém velkého systému Castic,
kde interak¢ni potencial neklesa dostatecné rychle se vzdalenosti. Pak nezbyva, nez
do vypoctu chovani systému zahrnout vSechny Céstice a jimi vytvarené potencialy.
Ptikladem takového systému je systém elektrostaticky interagujicich ¢astic:

d?r;

F—Q&V‘ ( ) '1.21,2._3._"',3\'

m;

(3.3.2.1)

kde m; a r; jsou hmotnosti a pozice jednotlivych ¢astic, Qi je jejich elektricky naboj a
(elektrostaticky) potencial je vyjadien vyrazem:

(3.3.2.2)

Nasim ukolem je vypocet potencidlni energie referencniho naboje umisténé¢ho v
libovolném misté takového systému. Je nckolik zplisobl jak tento problém fesit.
Velmi Casto pouzivanym pfistupem je Ewaldova sumace a takzvana “particle mesh”
(PM) metoda [112-116].

Ewaldova sumace

Ewald v roce 1921 vyftesil problém vypoctu potencidlni energie pro periodické
systémy s dalekodosahovymi interakcemi velmi elegantnim zptisobem [112, 114].
Mg¢éjme interak¢ni potencial ugg=0102/r mezi dvéma nabitymi ¢asticemi. V Ewaldové
sumacnim pfiblizeni je zakladni buiika obsahujici N/2 kladné nabitych a N/2 zaporné
nabitych ¢astic v n&jakém prostorovém uspoiadani interpretovana jako izolovany
krystalograficky element obklopeny nekoneénym poctem identickych kopii sebe
sama. Cely systém je neutrdlné nabity a obsahuje nekonecny pocet naboji
umisténych v pozicich rj+ a rj..

Celkovy potencial libovolného iontu i Vv pozici r; v zakladni bunce je vyjadien
kone¢nym rozdilem dvou nekonec¢nych divergentnich fad:

=q —q
Z T 2_3 oo
(3.3.2.3)

Misto rozepsani potencialu do fad pres bodové ndboje miizeme nejprve piepsat tyto
naboje jako 6 funkce nabojovych hustot:

p(r) =gq i or—rj+)—q i o(r—r;-)
jr=1 i—=1

(3.3.2.4)

a poté tyto o funkce rozloZime do Fourieorovych ftad, jejichz cleny urcuji
Fourieorovy komponenty ®(K) elektrostatického potencialu. Jelikoz Fourieorova
reprezentace 0 funkci pozaduje nekonetné mnoho clend, mohou vypocty
ve Fouriecorové prostoru vést k problémim s konvergenci. ReSenim je rozdéleni
potencialu na dvé ,,slusné* se chovajici ¢asti, z nichz jedna je reprezentovana v r-
prostoru a druha v k-prostoru rychle konvergujicimi fadami.
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Tento postup si budeme demonstrovat na jednodimenzionalni iontové miizce
s rozdélenim naboji zobrazenym v obrazku (obrazek 3.1.).

JL J\ given lattice
| V
“JL/_ _,/V\_ _\ﬂ/_ _,/v\ lattice 1
L ~ o ~ lattice 2

Obrazek 3.1.: Schématicky nacrt rozdéleni naboju [112]

Ptidame k bodovym nébojim vyjadfenym 6 funkcemi “mrak” Gaussovského naboje
s opa¢nym znaménkem (lattice 1 v obrazek 3.1.):

-9 3/2

T

(3.3.2.5)

Dalsi mtizka (lattice 2) je zavedena pro kompenzaci piidanych gaussovskych naboji
tak, ze “miizka 1 + miizka 2 = plivodni mtizka”.

Prispévky téchto dvou miizek k celkovému potencialu jsou pocitany oddélené:

- Mftizka 1: Pii pohledu z vétsi dalky se Gaussovské nabojové mraky podobaji
bodovym nabojim o funkci, coz doprovazi efektivni kompenzace ptiivodnich naboji.
Efekt mtizky 1 je tudiz nejlépe vypocitatelny v r-prostoru, kde budou ftady
konvergovat pomérné rychle. Tato konvergence bude rychlejsi, budou-li Gaussiany
uzké (coz nastane, bude-li parametr 1 veliky).

- Mrizka 2: Potencialovy soucet je vyhodnocen v K-prostoru. Jsou-li Gaussiany
Siroké (je-li parametr | maly) potfebujeme mensi pocet Fourieorovych komponent.

Vhodnym nastavenim 1 tedy miZzeme dosdhnout optimalni konvergence obou fad.

Nyni prejdeme k tfidimenziondlnimu modelovému systému s uvaZovanou
krychlovou zakladni buiikou o délce hrany L, ktera obsahuje N nabitych ¢astic.

Zavedeme nasledujici definice:

Fourierovy vektory k = 2m(ky, Ky, k7)/L, kde Ky jsou cela ¢isla. Dale definujeme
mezicasticové vektory (obsahujici vSechny periodické obrazy zakladni bunky) rijn =
ri+nL-r; proij=1,....,N, kde nL je vektor posunuti v periodické miizce.

Ewaldtv soucet pak ma tento tvar:
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kde

F(z)

f (33.2.7)

Tato tfada vSak obsahuje jest¢ dva problémy. Prvni problémem je, ze zahrnuje
interakci Gaussovskych nabojti se sebou samymi a tim zpusobuje vznik falesného
ptispévku k funkci potencialni energie. Tento pfispévek musi byt odecten. Druhym
problémem je, ze je potfeba vhodnym zplsobem piejit k nekonecné velkému
systému. Tento problém vyfeSime zavedenim pomyslné jednotkové bunky (pfiblizné
kulového tvaru), obklopené médiem s dielektrickou konstantou e. K nekonecné
velkému systému pak prejdeme postupnym zvétSovanim poctu téchto bunck. Pro
potencidlni energii po zahrnuti téchto dvou oprav mame rovnici:

2

N
Z q;r;

po{ Z q P ra Z q; + 373
f 3L (3.3.2.8)

kterd ndm davé predpis pro vypocet potencialni energie nekonecné velkého systému
castic svazanych dalekodosahovymi interakcemi. Ze znalosti potencidlni energie a z
pohybovych rovnic pak mizeme vypocist polohy ¢éstic v ¢ase. Pro rozumné maly (<
1000 castic) systém je tento pfistup s patfiénymi optimalizacemi s¢itaciho procesu
(kuptikladu uzitim operaci symetrie) velmi efektivni a je Casto uzivan. Je-li vSak
naSim tkolem vypocist chovani daleko vétSiho systému, nezbyva neZ ptikrocit k
dalsi aproximaci zrychlujici vypocet. Takovou aproximaci je particle mesh (PM)
metoda.

Particle mesh (PM) metoda

PM je metoda [113-114], ktera zna¢né zrychluje vypocet, ovSem za cenu snizeni
piesnosti vypoctu v mikroskopickém méfitku. Tato ztrata presnosti nepredstavuje
problém, jestlize nas zajima pfedev§im celkové, kolektivni chovani systému na
vzdalenostech pfiiblizné stejnych, jako jsou rozmeéry samotné¢ho systému. Tato
metoda je pouZzivana pro vypocet tak rozdilnych problémd, jako je chovani proteind,
elektricky neutralniho plazmatu, nebo galaxii. Podstata metody spociva v tom, ze
systém 10" &astic je modelovan jako systém 10” super &astic, z nichz kazda
obsahuje 10° &astic (kde A+B = N). Pfi vhodné volb& A a B pro dané N je mozné
modelovat chovani systému N castic s pozadovanou piesnosti a se snizenymi naroky
na vypocetni ¢as. Existuje mnoho rtiznych schémat jak rozdélit dany systém céstic a
jak (pokud je to vyzadovano) sledovat chovani uvnitt super ¢astic.

Ve ¢tvercovych dvojdimenziondlnich prostorech zavedeme buiiky tak, ze vedeme
¢ary rovnobézné s hranicemi. Praseciky téchto ¢ar nam definuji uzly. V metodé NGP
(Nearest-grid-point - nejblizsi uzel) se propojuje Castice s uzlem tak, ze k danému
uzlu miizky ptifadime vSechny ¢astice, jejichZ vzdalenost od uzlu je mensi nez L/2,
kde L je délka hrany bunky. Pocet ¢astic by m¢l byt mnohem vyssi nez pocet uzli
bunék. To ndm zajisti, ze kazda bunka bude v priabéhu simulace obsahovat primérné
nckolik ¢astic.
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Pohyb ¢astic v elektrostatickém poli je popsan rovnici:

d : _
(v:) = L g, i—=1.2.3.... N

dt m; (3329)

Nabojovou hustotu p(r) ziskame zobrazenim ¢astic na siti pomoci vahové funkce W
a rovnice:

p(r):zqu’fn"(rj_r)r j:]-rgrgr'“wrce[[
j (3.3.2.10)

Vahova funkce W popisuje tvar Castic a mizeme ji vybrat specificky pro dany
problém. Pro metodu NGP je W = 1, jestliZe je vzdalenost Castice od uzlu mensi nez
L/2.

Vlastni cyklus PM metody lze rozd¢lit na ¢tyii ¢asti. Predpokladejme, Ze byl tspésné
proveden n-ty ¢asovy krok:

1. mame jako vstup pro dalsi asovy krok polohy r; a rychlosti v; i-té &astice. Castice
piidélime k uzlim miizky podle zvolené metody (viz. NGP metoda uvedena vyse).
Naboj uzlu ma potom hodnotu souctu naboju jednotlivych &astic prislusejicich k
danému uzlu vynasobenych vahovou funkci W. V jednodimenziondlnim prostoru
mame tento naboj vyjadien rovnici:

,O?_H = Z q; UY(IZ — .Ifj)
i (3.3.2.11)

kde v pripadé NGP metody je W = 1 (pokud je vzdalenost ¢astice od uzlu mensi nez
L/2).

2. Vtomto kroku se zhustot naboji vuzlech vypocitd pole E; v uzlech.
V jednodimenziondlnim prostoru pouzijeme vztah:

Erl = B gt Ay
A S R (3.3.2.12)

nebot’ miiZzeme poloZit £’ = p. Ve dvojdimenzionalnim prostoru je situace ponékud
ucinit pomoci rychlé Fourierovy transformace (FFT - fast fourier transform) a na
zéklad¢ tohoto potencialu je potom nutné vypocitat elektrické pole E; v uzlech.

3. V pribéhu tohoto kroku je elektrické pole E; pilisobici v uzlech rozdéleno na
slozky E;j plsobici na jednotlivé ¢astice metodou inverzni k metod€, kterou jsme
ptidélili uzlu hustotu naboje vztaZzenou k nabojlim jednotlivych ¢astic.

4. V tomto kroku jsou ziskany nové soutadnice a rychlosti ¢astic. Dé&je se tak pomoci
vztaht:

"1 1

n+i n—= q;
o2 = . z—l——zEgl.ﬁt,

1
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: _n+1 = : '?' ‘n+%A‘f‘
T; Ty +v; f (3.3.2.13)
Tim je cyklus uzavien. Tyto kroky se pak cyklicky opakuji, az je vypocteno chovani

systému na pozadovaném ¢asovém intervalu
Particle mesh Ewaldova metoda

Vyse popsana Ewaldova sumace aplikovana v particle mesh aproximaci umoznuje
zahrnout dalekodosahové elektrostatické interakce v molekularné dynamickych
simulacich s pfesnosti, kterd je dostatecnd pro simulovani chovéani velkych
biomolekul po dostate¢né dlouhou dobu (stovky nanosekund) [114-116]. Particle
mesh Ewaldova metoda umoziluje uspéSn¢ fesit problémy spojené s vysokym
nabojem nukleovych kyselin. Je to doposud jediny zndmy zpusob, jak zabranit
rozpadu systému studované nukleové kyseliny v pribéhu molekularné dynamické
simulace. Metody vyuzivané dfive pouzivaly k zamezeni rozpadi struktur
nukleovych kyselin feSeni, které neodpovidalo pfirozenému prostiedi - napft.
pfeddefinované dodatecné sily. Tato metoda umoziuje také zahrnout do systémull
nukleovych kyselin vodni obdlku a tim dosahnout stavi systémd, jez jsou
V pozadované shodé¢ s realitou. Podstatnou vyhodou Particle Mesh Ewaldovy metody
je, ze pro vypocet Ewaldovy sumace lze pouzit FFT, ¢imZz je znaéné snizena
vypocetni narocnost. V piipadé€, ze jsou jako bazové funkce pfi interpolaci pouzity
B-spliny, hovotfime o takzvané smooth Particle Mesh Ewaldové metodé (PME).
Vyuziti B-splinii ptinasi dalsi zrychleni vypoctu dalekodosahovych elektrostatickych
interakci a v dusledku toho i celé molekularné dynamické simulace [117].

3.4. Pouzity software

Zatimco v ptedchozich kapitolach jsme se zabyvali teorii, v nésledujicich odstavcich
se budeme zabyvat praktickymi hledisky molekularné¢ dynamickych simulaci.
Pfedmétem naseho zajmu budou vyhradné softwarové baliky pouzité pii feSeni této
prace. Vynechdme proto napf. fadu programil uzivanych v bioinformatice.
Probereme nejen softwarové baliky pottebné pro vytvafeni struktur biomolekul a
jejich molekularné dynamické simulace, ale i software vhodny pro vyhodnocovani a
zobrazovani vysledkt téchto simulaci. Softwarové baliky jsou probirany v potadi,
ve kterém byly pouzity v pribéhu feSeni této prace.

Softwarovy balik AMBER

Silové pole a softwarovy balik AMBER (Assisted Model Building with Energy
Refinement) umoziuji provadét molekularné-dynamické simulace biomolekul -
predevsim nukleovych kyselin a proteint.

Silové pole AMBER bylo vyvinuto skupinou Petera Kollmana na University of
Kalifornia v San Francisku. Jeho soucasti jsou silové konstanty pro nukleové
kyseliny a aminokyseliny (ff94, ff99SB, ff03 ...), karbohydraty (Glycam),
fosfolipidy (Lipid11) a malé organické molekuly (Gaff). Softwarovy balik AMBER
navic obsahuje nastroj pro parametrizaci silovych konstant pro nové molekuly (napf.
1éky).

Vlastni programovy balik AMBER je tvoten pfiblizné 50 programy, které pokryvaji

Siroké spektrum metod vypocetni chemie. Softwarovy balik AMBER je neustile
rozvijen diky spolupraci mezi celou fadou védeckych pracovist. Nejvyznamnéjsi
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jsou tymy z Rutgersovy University a University of Utah, které spolupracovaly i na
posledni verzi softwarového baliku AMBER, distribuované ve dvou castech:
Amberl2 a AmberTools12. Moduly v Amberl2 jsou soustfedény kolem dvou
pro vypocty, kdezto Pmemd je zaméfen na maximalizaci vykonu. V AmberTools12
jsou mimo jiné¢ implementovany dulezité nastroje pro pifipravu simulovanych
systému (LEAP) a analyzu trajektorii (ptraj), které byly hojn¢ vyuzivany v ramci této
prace.

Sander (Simulated Annealing with NMR-Derived Energy Restraints) - je modul,
ktery umoziuje provadét minimalizaci energie a vlastni molekuldrné¢ dynamické
simulace. Zakladnim vystupem jsou soubory soufadnic - trajektorie, ale je mozné
ukladat i rychlosti ¢i energie.

Pmemd vznikl pfepsanim programu Sander se zaméfenim na vysoky vykon a
paralelizaci vypocti prostfednictvim MPI (Message Passing Interface). Vzhledem
k nedavno se objevivs§i moznosti enormniho urychleni vypoéti na Spickovych
grafickych kartach (GPU - graphics processing units) byla vytvofena verze
Pmemd.cuda, ktera vyuziva programovaci jazyk CUDA (Compute Unified Device
Architecture) vyvinuty firmou NVIDIA.

LEAP - je program pro vystavbu molekularniho modelu a tvorbu vstupnich souborii
pro molekularné-dynamické simulace obsahujici soufadnice atomd, topologii
molekuly a silové konstanty. Vstupnimi daty jsou kartézské souradnice biomolekuly
ve formatu pdb (Brookhaven Protein DataBank format). Topologie jednotlivych
rezidui jsou extrahovdny ze standardnich databdzi a z nich je posléze vytvofena
topologie celého simulovaného systému. LEAP rozhodne, které vazby, torzni thly,
dihedralni uhly a typy atomi se nachazeji v systému a extrahuje ptfisluSné parametry
ze souborl silovych poli. Vystupem jsou dva soubory: prmtop (topologie, silové
konstanty) a inpcrd (soufadnice). Timto je simulovany systém pfipraven pro vlastni
molekuldrné-dynamickou simulaci. Existuji pfitom dvé varianty modulu LEAP a to
tleap a xleap. V rvnim ptipadé jsou instrukce zadavany z ptikazové fadky, ve druhém
ptipadé je k dispozici konfortngjsi uzivatelské prostredi.

ptraj slouzi k analyze vyslednych dat z molekularné dynamickych simulaci. Slouzi
K vypocétu korelaénich funkci, stfednich kvadratickych odchylek od referen¢ni
struktury, pseudorotacnich uhll, analyze vodikovych vazeb atd. Vysledkem jsou
soubory dat, ze kterych je mozné snadno vytvotit grafy naptiklad prostiednictvim
programu Gnuplot. Existuje také paralelizovana verze tohoto modulu - ptraj.MPI.

Program NAMD

NAMD (Not (just) Another Molecular Dynamics) je program navrzeny pro velmi
narocné molekuldrné¢ dynamické simulace velkych biomulekularnich systému
(sestavajici faddove z milionti atomt).

Softwarovy balik NAMD je zaloZen na paralelnich objektech vytvotfenych jazykem
Charm++, ktery byl na zakladé C++ vyvinut ve spolupraci mezi Parallel
Programming Laboratory a Theoretical and Computational Biophysics Group
University of Illinois [103, 119-121]. Charm++ je implementovan pomoci tzv.
converse runtime systému. NAMD byl poprvé uveden v roce 1995 a od té doby je
prubé&zné vyvijen, pficemz posledni stabilni verze NAMD 2.9 pochazi z dubna 2012.
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NAMD vyborné skaluje na stovkach procesorii na high-end paralelnich platformach,
nebo s vyuzitim gigabitového FEthernetu na desitkdch procesori na béznych
vyocetnich klastrech. K dispozici je zdrojovy kod, takze NAMD muze byt odladén
na kterékoliv platformé podporujici Ethernet a MPI.

Program NAMD umoziiuje provadét rizné typy molekuldrné dynamickych simulaci
- pii konstantni teploté¢ udrzované piesSkalovavanim nebo pomoci Langevinovy
dynamiky, ¢i pii konstantnim tlaku pomoci Nose-Hoover-Langevinovy nebo
Berendsenovy metody. Je mozné vyuzit také smooth-Particle-Mesh-Ewaldovu
metodu pro sumaci dalekodosahovych interakci. Je mozné vypocitat volnou energii
simulovaného systému. Molekularni dynamika ptitom slouzi k vygenerovani souboru
konfiguraci, ze kterého jsou nésledné vypocitany termodynamické veliCiny
simulovaného systému. Pro NVE soubory pouzivi NAMD jako integrator rychlostni
Verletovu metodu, tato metoda je symplekticka a vyzaduje pouze jeden vypocet sil
Vv kazdém casovém kroku. Vzhledem k tomu, Ze je v NAMD u NVT souboril
aplikovana stochastickd Langevinova rovnice, je této rovnici prizptsoben i
integrator, kterym je Brunger-Brooks-Karplusova metoda, coz je integrator zalozeny
na Verletové algoritmu. Podobné je pfizpisobeny integrator i v pfipadé NPT
souborl. Pro kontrolu tlaku se pouzivd Nose-Hoover-Langevinova metoda, coz je
kombinace Nose-Hooverovy metody pro kontrolu tlaku a Lagevinovy dynamiky.

NAMD je kompatibilni s programy AMBER a CHARMM. Je schopen pracovat
s jejich formaty vstupnich soubort, silovymi poli atd.

NAMD muize bézet i v interaktivnim modu, kdy je mozné do simulovaného systému
manuélné vnaset externi sily, k ¢emuz se vyuziva grafické rozhrani VMD, které je
mozZné pouZzit 1 pro analyzu trajektorii. Grafické rozhrani VMD bylo vyvinuto
skupinou Theoretical and Computational Biophysics group na University of Illinois.

V roce 2002 obdrzeli Prof. Kale, James C. Phillips, Gengbin Zheng, Sameer Kumar
cenu Gordon Bell Award za paralelizaci programu NAMD.

Program ACEMD

ACEMD [108, 117, 122-124] je dalsi vykonny softwarovy balik pro molekularni
dynamiku se zaméfenim na biomolekuly. Na rozdil od ostatnich softwarovych
nastroji, které byly primdrné navrZzeny pro molekuldrné dynamické simulace
provadéné na vysokém poctu nezavislych procesorti a tim pii nasledném vyvoji
v mnoha ohledech limitovany, ACEMD byl od poc¢éatku optimalizovan pro pouziti na
GPU od firmy NVIDIA. V soucasné dobé se pravdépodobné jedna o nejvykonng&jsi
softwarovy balik stimto zaméfenim. Umoziiuje bézné provadét molekuldrné
dynamické simulace v délce mikrosekund. Cely vypocet probiha na GPU pouze
s minimalni komunikaci s CPU. Je pIln¢ kompatibilni s CUDA platformou
vytvofenou firmou NVIDIA pro paralelni vypocty na jimi produkovanych GPU.
Rovnéz je kompatibilni se standardem pro paralelni programovani heterogennich
pocitaci OpenCL (Open Computing Language). Je spustitelny na v§ech 64-bitovych
distribucich Linuxu.

V ACEMD neni v soufasné dobé implementovan barostat, proto neni mozné
provadét molekularné dynamické simulace v NPT souboru. Ekvilibriza¢ni béhy je
proto nutné¢ provést pomoci jiného vhodného softwarového baliku (naptiklad
NAMD). Jinak ale md& ACEMD implementovany vSechny dilezité algoritmy pro
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molekularné¢ dynamické simulace v NVT souborech. Pro vypocet dalekodosahovych
elektrostatickych sil je pouzita metoda PME. Jako integrator je implementovana
rychlostni Verletova metoda. Pro kontrolu teploty je zaveden Langevinliv termostat.
Program ACEMD je schopen pracovat se silovymi poli AMBER a CHARMM.

Vypocty jsou provadény s jednoduchou piesnosti plovouci desetinné carky, coz
enormn¢ urychluje vypocet a pfitom poskytuje dostatecné presné vysledky.

V ACEMD je také implementovana metoda pierozdeleni hmoty z tézkych atomti na
vodiky (HMR - Hydrogen Mass Repartitioning), kterda umoziuje prodlouzeni
casového kroku az na 4fs.

Vstupni a vystupni soubory ACEMD jsou stejné jako analogické soubory u
programu NAMD. Simulované systémy tak 1ze budovat prostfednictvim AmberTools
¢1 programu VMD.

Software pouZity na vyhodnoceni simulaci

Programy, které jsou popisovany nize, jiz nejsou pouzivany piimo pro provadéni
molekularné dynamickych simulaci, slouzi pro néasledné vyhodnoceni molekuldrné
dynamickych trajektorii.

CURVES+ se pouziva k analyze tzv. helikalnich parametrti u nukleovych kyselin
(v€etné dvou, tii a ¢tyt vlaknovych komplext ¢i modifikovanych nukleovych kyselin
[125]).

VMD slouzi ptfedev§im k vizualizaci nasimulovanych trajektorii. Je schopen
zpracovat nejriznéjsi formaty: pdb, prmtop spolu s inpcrd, psf spolu s dcd atd. [126].

RASMOL je program slouzici k vizualizaci proteint, nukleovych kyselin a malych
molekul. Format pdb je jednim z podporovanych formati.

CHIMERA je program pro vizualizaci a analyzu molekularnich struktur a
molekularn¢ dynamickych trajektorii. Kromé toho lze provadét napi. sekvenéni ¢i
strukturni alignment ¢i vyzualizovat cryoEM mapy elektronové hustoty. Podporuje
také celou fadu formatd vstupnich a vystupnich soubori [127].

ICM MOLSOFT je softwarovy balik, ktery obsahuje celou fadu nastroji pro
strukturni biologii. Je pfimo propojen s online databazemi.
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4. Vysledky a diskuze

4.1. Molekularné dynamické simulace komplexii RNA-dependentni
RNA polymerazy Noroviru s duplexem RNA:RNA a CTP ¢i jeho
analogy

Motivace

Vsechny viry s genomem ulozenym ve form¢ jednovlaknové sSRNA(+) jsou v
hostitelské¢ buiice reprodukovany pomoci RNA-dependentni RNA polymerdzy
(RdRp). Prikladem jsou virus hepatitidy C (HCV) a virus Norwalk (NV). HCV je
rozsifen mezi 3% svétové populace, z nichz pouze ¢tvrtina ma symptomy. HCV
zpusobuje cirhozu a rakovinu jater [23, 128-130]. NV vyvolava u lidi epidemickou
nebakterialni akutni gastroenteritidu.

V soucasné dob¢ se pro 1é€bu HCV pouzivé inteferon-o a ribavirin. Tento 1é¢ebny
postup ma pouze omezenou ucinnost a celou fadu vedlejsich ucinkt. Snaha o celkové
zlepSeni 1é¢ebnych vysledkt a snizeni vedlejSich ucinkt 1é¢by HCV vede k hledani
novych cilené¢ piasobicich antivirotik. Nedavno byla pro 1écbu v kombinaci
s interferonem a ribavirinem odsouhlasena dvé nova léciva telaprevir a boceprevir
[128]. Ta funguji jako inhibitory HCV proteazy. Nicméné piinasSeji dalsi vedlejsi
uc¢inky. Z toho diivodu pokracuje hledani novych 1é¢iv a 1é¢ebnych mechanismi.

RdRp neni obsazena v buiikach savci a proto obecné je vhodnym cilem pro inhibici.
Jedna z moznosti je alosterickd inhibice RdRp pomoci non-nukleosidovych
inhibitor (NNI), které zamezuji dosazeni aktivni konformace polymerazy [131].
Klinické testy prokazaly nevhodnost monoterapie pomoci NNI v dasledku vzniku
rychlé rezistence viru vici 1é¢ivu. Ve struktufe HCV RdRp se vSak nachazi hned
nékolik vhodnych mist, kterd umoznuji kombinovanou lécbu pomoci nékolika
raznych NNI [128]. Piikladem vhodného mista pro navazani NNI k enzymu HCV
RdRp je dutina v palci, ktera je u neaktivniho enzymu obsazena jednou ze ,,Spicek
prstd®“. NNI navéazany v této dutiné prerusuje interakce mezi prsty a palcem a udrZuje
tak enzym v neaktivni form¢ [129].

Hladina rezistence vird vuci tzv. nukleosidovym inhibitoram (NI) RdRp je ve
srovnani s NNI niz§i. Je totiz méalo pravdépodobné, ze dojde ke vzniku rezistentniho
kmenu s mutaci aktivniho mista RdRp, které¢ by na jednu stranu efektivné branila
vazbé NI a pfitom zasadn¢€ nenarusila funkénost RdRp [128].

HCV RdRp mohou inhibovat chemicky modifikované dinukleotidy, které imituji
produkt iniciace replikace virového genomu, kdy spojenim dvou GTP vznikne GpG
[128, 132-133].

Nejcastéji se ale u HCV RdRp jako NI pouzivaji 2°-C-metyl nukleosidy, které
vykazuji antivirovou aktivitu bez ohledu na typ baze [32, 128, 131-136].
Nukleosidové inhibitory jsou hostitelskou buiikou postupné fosforylovany na
nukleotidy - nukleosidmonofosfaty (NMP), nukleosiddifosfaty (NDP) a
nukleosidtrifosfaty (NTP). Inhibitory ve formé chemicky modifikovanych NTP pak
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mohou byt zaclenény do syntetizovaného vlakna RNA, kde ptsobi jako terminatory
pfepisu virového genomu.

V disledku chemickych modifikaci ve struktuie NI je vSak n¢kdy zejména jejich
prvni fosforylace bunéénymi enzymy (pii které vznika chemicky modifikovany
nukleotid) malo pravdépodobna. Ve studii [135], byla proto pfipravena série
adenosin 5°‘-fosfonatovych analog AMP, ktera se v bunice musi fosforylovat pouze
dvakrat. Néasledna analyza ukazala, ze coATP funguje jako terminator RNA fetézce,
kdezto cocATP jako klasicky kompetitivni inhibitor [135].

MD simulace jsou V sou¢asnosti jiz plné respektovanou metodou pro zkoumani
biomolekul na atomarni Grovni. Pomoci programovatelnych grafickych procesort
(GPU) lIze dosahnout délky MD trajektorii, ktera byla diive dosazitelna pouze pfi
pouziti velkych vypocetnich klastri. Diky dostate¢nému vypocetnimu vykonu je tak
nyni mozné zkoumat i drobné rozdily ve vazbé velmi podobnych substratli do
aktivniho mista RdRp. Mikrosekundové MD trajektorie jsou dostacujici pro relaxaci
simulovaného systému..

Zde byly provedeny srovnavaci MD simulace CTP, 2dCTP, coCTP a cocCTP
(obrazek 4.1.) v komplexu s NV RdRp (jejiz strukturni podobnost s HCV RdRp
umoznuje prenositelnost mnoha pozorovani). CTP a 2dCTP jsou nemodifikované
nukleosid trifosfaty, v nichz je cukr a trifosfat spojen sekvenci atomt O5°-C5°-C4°-
04°. CoCTP (analogicky k teminatoru COATP [135]) a cocCTP (analogicky ke
kompetivnimu inhibitoru COCATP [135]) jsou modifikované nukleosid trifosfaty
se sekvencemi atomi C5¢-05¢-C4°-04° (coCTP) a C5¢-05¢-C4°-C4¢ (cocCTP).
Diive provedené MD/NMR studie dinukleotidd a oligonukleotidi s izosterni
fosfonatovou spojkou zaznamenaly znaéné rozdily v konformaénich preferencich
torznich hld O5°-C5°-C4°-04° a C5¢-05¢-C4°-04° [137]. Proto byly i zde
ocekavany rozdily v konformaénich preferencich pfirozenych a modifikovanych
CTP a z nich plynouci dopady na geometrii aktivniho mista NV RdRp.

Pro rozliSeni 2°-deoxyribonukleotidli od ribonukleotidi slouzi v NV RdRp sit’
vodikovych vazeb. Konzervovana rezidua Asn309 a Ser300 se vazi na 2°‘-OH
skupinu pfichoziho NTP. Reziduum Ser300 interaguje také s reziduem Asp247.
Rezidua Asn297, Ser288 a Asp238 u 3Dpol RdRp jsou homologni s rezidui Asn309,
Ser300 a Asp247 u NV RdRp. U polymerazy 3Dpol RdRp s mutaci postranniho
fetézce rezidua Asp238 je schopnost vElenéni spravného nukleotidu zna¢né nizsi, nez
je tomu u polymeraz S mutaci postranniho fetézce rezidua Asn297. Navic 3Dpol
RdRp, ve kterych byla rezidua Asp238 nebo Asn297 nahrazena alaninem, ztraci
schopnost rozlisit mezi ATP a 2°-dATP [138]. S ohledem na vyse uvedena zjisténi
byly v MD trajektoriich detailn¢ analyzovany interakce 2°-OH_CTP-Ser300-Asp247
(obrazek 4.2.a.).

V rentgenovych strukturach NV RdRp [23] se baze CTP vaze pomoci vodikovych
vazeb ke komplementarni bazi guanosinu v templatovém vlakné RNA. Baze CTP
také stackuje mezi 3’-terminalni bazi syntetizovaného vlakna RNA a reziduem
Argl82. Reziduum Argl82 je piitom lokalizovano v blizkosti a-fosfatu CTP.
Argininové reziduum v této pozici nalezneme i u jinych RdRp. U HCV RdRp je to
Arg158. U mutantu HCV RdRp R158A jsou zna¢né naruseny vSechny jeho funkce,
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pokud jako kofaktory slouzi pouze hoicikové ionty Mg®* [139]. V postaveni
podobném jako ma Arg182 v aktivnim mist¢ NV RdRp je i reziduum Arg72 v
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Obrazek 4.1.: Struktura CTP, 2dCTP, coCTP a cocCTP [1].

aktivnim misté HIV RT [140]. Také v DNA polymeraze 3 formuje reziduum Argl183
solny mustek s fB-fosfatem piichoziho NTP [141-142]. Argininové ,,prsty” hraji
dilezitou roli i v hydrolyze GTP provadéné tzv. GTPazami [143-145]. S ohledem na
vyse uvedené byly v MD trajektoriich detailn¢ analyzovany interakce rezidua
Arg186 z NV RdRp s trifosfatovymi skupinami nukleosid trifosfatt.

Taktéz byla sledovana vzdalenost (aP-O3‘) oddélujici reakcéni substraty: o-
fosfatovou skupinu NTP a O3‘-terminalni atom primeru RNA. Nicméné je tieba mit
na pameti, ze chemicky krok reakce katalyzované NV RdRp muze byt ovlivnén
nahrazenim fosfatu fosfonatem v modifikovanych nukleosidtrifosfonatech.
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Simulovany systém

V literatufe se nedavno objevily krystalové struktury s vysokym rozliSenim pro
komplexy NV RdRp, CTP a dvousroubovice RNA:RNA [23, 130] (v proteinové
databance PDB je lze nalézt pod kodovym oznacenim 3BSN, 3BSO, 3H5X a 3H5Y).
Zminéné komplexy jsou zachyceny ve fazi tésné pied transferem CMP ¢asti CTP na
prodluzované vlakno RNA. Je zfejmé, Ze v aktivnim misté NV RdRp [23, 130] se
realizuji vodikové vazby spojujici 2°-OH/3-OH skupiny ptichoziho CTP s Asp247,
Ser300 a Asn309. Analogickymi rezidui u HCV RdRp jsou rezidua Asp225, Ser282
a Asn291. Jako vychozi struktura NV RdRp vhodnd pro tvorbu simulovanych
systémi byla vybrana struktura 3BSO [23].

Vstupni soubory pro MD simulace byly vytvofeny pomoci modulu TLEAP ze
softwarového baliku AMBER [146]. K biomolekulam bylo v pribéhu budovani
vstupnich soubor *.inpcrd a *.prmtop pfidéno cca. 15.565 molekul vody TIP3P
[92]. Vysledny periodicky box mél rozméry cca. 84 x 90 x 73 A.

Silové pole

Chybgjici parametry silového pole AMBER [87, 96] pro analoga CTP (obrazek 4.1.)
byla doplnéna standardnim zplisobem prostiednictvim ab initio vypoéti. Naboje
atomu byly vypocitany metodou RESP (HF/6-31G*) [87]. Silové konstanty pro
torzni thly byly nafitovany tak, aby bylo dosazeno max. odchylky cca. lkcal/mol
mezi QM (MP2/6-31G*) a MM relativnimi energiemi jednotlivych konformertt CHs-
O-CH,-P-O-CHs.

Pro reprezentaci hotc¢ikovych iontli byl zvolen sedmibodovy Agqvist-Warsheliv
(AW) model, ktery je zalozen na pouziti fiktivnich pseudoatomu, na které se
pterozdéli kladny naboj iontu [147]. AW model se osvédéil pro reprezentaci
oktahedralné koordinovanych divalentnich iont hotc¢iku, nebo tetrahedralné
koordinovanych divalentnich iontd zinku v mononukledrnich a binukledrnich
aktivnich mistech metaloenzymu. Sedmibodovy AW model ma vzdy lepsi vysledky
nez tradi¢ni jednoatomovy model [147].

Metoda MD simulaci

Ekvilibrizaéni MD trajektorie odélce 5 ns byly ziskany prostiednictvim
softwarového baliku NAMD 2.7 [103] a multiprocesorového systému osazeného
Sestnacti CPU typu Intel Itaninum. Langevinova dynamika byla pouZita ke kontrole
teploty pii ohfivani simulovanych systémti z 0 na 310 K. Metoda tzv. Langevinova
pistu byla pouzita pro udrZeni tlaku na trovni 1 atm. Délka ¢asového kroku byla
nastavena na 2 fs [103].

Pro produkéni MD béhy byl pouzit softwarovy balik ACEMD v.2591 [108, 148],
spoustény na lokalnich stanicich osazenych GPU typu NVIDIA. ACEMD
nepodporuje NPT simulace, proto byl pouzit soubor NVT. Po dostateéné¢ dlouhych
ekvilibrizaénich MD bézich se objem velkych simulovanych systémiit méni v NPT
simulacich jiZ jen zcela nepatrné. Proto je pouziti NVT souborii pro produkéni MD
simulace dobrou aproximaci [108, 148]. Langevinovym termostatem byla udrZzovana
teplota na 310 K. Cutoff u nevazebnych dalekodosahovych sil byl nastaven na 9 A.
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Pro produkéni MD béhy byly pouzity programovatelne GPU typu NVIDIA GTX-
580 osazené 480 jadry. Casovy krok byl nastaven na 3 fs. Délka MD trajektorii
doséahla 1050 ns.

Data byla ukladana kazdych 75 ps. Trajektorie byly nasledn¢ analyzovany pomoci
softwarovych baliki CHIMERA 1.5.3, VMD 1.9, Curves+ a modulem PTRAJ ze
softwarového baliku AMBER [125-127, 147]. Ktvotbé obrazki byl pouzit
programovy balik ICM Molsoft 3.7.

Vysledky MD simulaci

Celkem byly provedeny ¢tyfi MD simulace. Prvni dva MD béhy byly provedeny pro
komplexy NV RdRp s pfirozenymi substraty CTP a 2dCTP (obrazek 4.1.). Ve dvou
zbylych MD simulacich se jednalo o komplexy NV RdRp s modifikovanymi
trifosfaty coCTP (jehoz analog coATP je u HCV RdRp terminatorem fetézce) a
cocCTP (jehoz analog cocATP je u HCV RdRp kompetitivnim inhibitorem [135]).

RMSD

Stabilita simulovanych systémt v extrémné dlouhych mikrosekundovych MD
simulacich byla prvni otazkou, na kterou bylo nezbytné odpovédét. Nestability
mohou nastat z mnoha riznych divodid. Vyznamné konformaéni zmény mohou
doprovodit proces relaxace biomolekul, které jsou v krystalech deformovéany
interakcemi mezi svymi identickymi kopiemi. Tzv. uzavieny stav aktivniho mista
NV RdRp vznikl jako dusledek jeho interakce s CTP béhem krystalizace [23].
Nicméné analoga CTP mohou stimulovat ptechod NV RdRp do oteviené¢ho stavu.
V neposledni fadé mohou nestability pochédzet z artefaktli v souCasnych silovych
polich [96], které se v dosavadnich kratSich MD trajektoriich nemusely dosud
projevit. Proto byla stabilita simulovanych biomolekul analyzovéna pomoci tzv.
sttedni kvadratické odchylky (RMSD) poloh jejich atomii vzhledem k vychozimu
uspotadani. Casovy vyvoj RMSD prokazal stabilitu simulovanych systémi po celou
dobu trvani mikrosekundovych MD simulaci.

Vzdalenost mezi ionty Mg:** a Mg,?* v aktivnim misté

Pii standardni reprezentaci iontll jako atomil s bodovym ndbojem +2 vznikaji
v pribéhu MD simulaci binuklearnich aktivnich mist metaloenzyml nestability
v disledku nepfiméfenych odpudivych sil. Tomuto artefaktu lze zamezit pouzitim
sedmibodové AW reprezentace pro hoic¢ikové ionty [147]. Nikdo (pokud je autorovy
této prace znamo) vsak neprovéfil tuto metodu prostiednictvim mikrosekundovych
MD simulaci. Vzdalenosti Mgi**-Mg,?* a Mgy ,**-ligand ve zde prezentovanych MD
simulacich byly stabilni. Nebyla tak zaznamenana ani snaha aktivniho mista NV
RdRp o ptechod do oteviené konfigurace, ktera by zapocala rozpadem interakci mezi
iontem Mg,*" a reziduem Asp247.

Strukturni analyza
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CTP

Po vétsinu MD simulace setrvaval CTP (obrazek 4.1.) v konformaci A-RNA. Torzni
uhel O5°-C5°-C4°-04° preferoval konformaci -gauche a cukr CTP byl v konformaci
C3¢-endo s kratkymi reverzibilnimi pfechody do konformace C2¢-endo (obrazek
4.4. graf A02.). Na konci MD béhu (v okamziku reverzibilniho naruseni kontaktt
mezi postrannimi fetézci aminokyselin a CTP), pieSel torzni thel O5°-C5°-C4°-0O4
do konforamce +gauche (obrazek 4.4. graf AO1.) a puckering cukru do konformace
C3¢-exo (obrazek 4.4. graf A02.). V krystalovych strukturach [23] je 2‘-OH skupina
CTP navazana na Ser300, které je dale stabilizovano interakci s Asp247. MD
simulace naznacila, Ze ve vodném roztoku je sit vodikovych vazeb mezi t€mito
partnery komplikovanéjsi. Uplatnily se totiz veskeré mozné kombinace akceptort a
donort vodikovych vazeb (obrazek 4.2.a.). Reziduum Argl82 po vétsinu MD b&hu
interagovalo s a-fosfatovou skupinou CTP (konkrétné s atomem O1 (obrazek 4.4.
graf A08.)) (obrazek 4.3.a.). V této pozici bylo reziduum Argl82 stabilizovano
prostifednictvim rezidua Glul68. Vzhledem ktomu, ze je v pribéhu reakce
roz§tépena vazba mezi atomy O2 a aP, miiZe vySe popsana interakce rezidua Argl82
s a-fosfatovou skupinou CTP reakci spiSe brzdit. Zhruba jednou za 100ns pterusil
postranni fetézec Argl82 kontakt sreziduem Glul68 a interagoval pouze
s pyrofosfatovou skupinou CTP. Konkrétn€ interagoval s atomem O3 z B-fosfatové
skupiny a s kyslikem O2 (obrazek 4.4. graf A09.) spojujicim a- a p-fosfatovou
skupinu CTP (obrazek 4.3.b.). Reziduum Arg182 tak v této konfiguraci interagovalo
ptimo s atomem Kysliku ze $tépené vazby, coz by mélo pfinést snizeni energie
prechodového stavu reakce. Vzdalenost odd€lujici reakéni substraty, Cili fosfor a-
fosfatové skupiny CTP a O3‘ atom z konce primeru RNA, klesla dvakrat pod hranici
2.9 A a osmnactkrat pod 2.95 A (obrazek 4.4. graf A10.).

2dCTP

2dCTP (obrazek 4.1.) byl podstatnou ¢ast MD béhu ve stejné konformaci jako CTP.
Podstatné se vSak lisila interakce 2dCTP s postrannimi fetézci aminokyselin
aktivniho mista NV RdRp. Do MD simulace vstoupilo 2dCTP v atypické¢ A-RNA
konfiguraci s deoxyribozou v konformaci C3¢-endo, ktera prevladla i na konci MD
simulace. Zhruba po 250 ns se sice prosadila konformace C2¢-endo, celkové vsak
deoxyriboza inklinovala vice ke konfomaci C3¢-endo. To ziejmé zpusobovala
intramolekularni vodikova vazba poutajici 3°-OH a B-fosfatovou skupinu 2dCTP
(zaznamenana i u CTP). Torzni thel O5°-C5°-C4°-04° byl v konformaci -gauche
(stejn€ jako u CTP). Soubézné s repuckeringem deoxyribozy do konformace C2¢-
endo doslo k pteruSeni interakci mezi rezidui Asp247 a Ser300 (obrazek 4.2.b.).
Jejich kontakty jiz nebyly obnoveny patrné i diky absenci 2°-OH skupiny u 2dCTP,
ktera by v interakcich s Asp247 a Ser300 participovala. Solny muistek mezi reziduem
Argl82 a a-fosfatovou skupinou 2dCTP byl v disledku konformacénich zmén
deoxyribozy 2dCTP téz pirerusen. Pouze tiikrat byla zaznamenéana alternativni
konfigurace s reziduem Argl82 navazanym na kyslik Stipané vazby O2-aP. Horsi
vysledky nez ty, které byly zaznamenany u CTP, byly pozorovany i pro vzdalenost
oddélujici reakéni substraty. Vzdalenost mezi fosforem a-fosfatové skupiny 2dCTP a
atomem O3‘ konce RNA primeru nikdy neklesla pod 2.9 A a pouze sedmkrat spadla
pod 2.95 A.
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coCTP

Vzhledem k jednoznaéné preferenci atypické konformace +gauche torznim thlem
C5¢-05¢-C4°-04’ byla po umisténi coCTP (obrazek 4.1.) do aktivniho mista NV
RdRp oc¢ekavana urcita relaxace simulovaného systému. Ptekvapenim bylo, Ze trvala
nékolik stovek nanosekund. Riboza coCTP byla vychylena z konformace C3¢-endo
do konformace C2¢-exo. Na pocatku MD simulace piitom prosla Fadou
konformacnich zmén. Nasledné zacal torzni tthel C5¢-05¢-C4°-O4° fluktuovat mezi
konformacemi
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Obrazek 4.2.: CTP, 2dCTP, coCTP a cocCTP v aktivnim mist¢ NV RdRp [1].

Obrazek 4.3.: a) Argl82 interagujici s a-fosfatovou skupinou CTP; b) Argl182
interagujici s B-fosfatovou skupinou CTP [1].
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Obrazek 4.4.: Konformacéni preference CTP a jeho interakce v aktivnim misté¢ NV
RdRp: A01) CTP O5°-C5°-C4‘-04° torzni thel; A02) CTP puckering cukru; A03)
Intramolekularni vodikové vazby: CTP 3’OH - B-fosfat CTP; A04) Asp247 -
3’0OH_CTP; A05) Asp247 - Ser300; AO06) Ser300 - 2°0OH_CTP; A07) Asp247 -
2’0OH_CTP; A08) Argl82 - a-fosfat CTP; A09) Argl82 - B-fosfat CTP; A10)
Primer O3’- a-fosfat CTP; [1]
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+gauche a trans. Pominuti téchto konformaénich piechodi bylo spojeno
s rekonfiguraci vodikovych vazeb mezi coCTP a postrannimi fetézci aminokyselin
v aktivnim mist¢ NV RdRp, ktera byla dokonana az koncem druhé tfetiny MD
simulace. Interakce mezi postrannimi fetézci Asp247 a Ser300 ustaly po cca. 300 ns.
Poté Ser300 slouzilo jako donor v pozoruhodné stabilni vodikové vazbé s 2°-OH
skupinou coCTP (obrazek 4.2.c.). Predtim zde Ser300 figurovalo jako akceptor. Byl
zaznamenan pouze jeden konformacni prechod Argl82 ke kysliku §tépené vazby O2-
aP. Jinak bylo Argl182 po celou dobu MD simulace v kontaktu s a-fosfatovou
skupinou coCTP. Vzdalenost mezi fosforem a-fosfatové skupiny coCTP a atomem
03° konce RNA primeru klesala pod hranici 2.9 a 2.95 A s lehce vyssi frekvenci nez
tomu bylo u nasledujici cocCTP MD simulace. Konkrétné sedmkrat pod hranici 2.9
A a vice jak &tyficetkrat pod 2.95 A

cocCTP

Relaxace cocCTP (obrazek 4.1.) v aktivnim mist¢ NV RdRp trvala jesté déle, nez
tomu bylo u coCTP. Byla dokon¢ena az po repuckeringu modifikovaného cukru (tj.
po cca. 500 ns). Torzni uhel C5¢-05¢-C4°-C4¢ se vétsinou nachazel v konformaci
+gauche (podobné jako v pfedchozi coCTP MD simulaci). Prvnich 500 ns preferoval
modifikovany cukr cocCTP vyhradné¢ konformaci C2¢-exo. Po tu dobu byly
interakce cocCTP_2°-OH-Ser300-Asp247 mimotadné stalé. Interakce mezi Ser300 a
Asp247 byla podstatné stabilngjsi nez v ostatnich MD simulacich. Caste¢né to bylo
zpusobeno interakcemi mezi 3‘-OH skupinou cocCTP a reziduem Asp247. V MD
simulacich s CTP a 2dCTP tato 3°‘-OH skupina participovala spise v
intramolekularnich interakcich s trifosfdtovou skupinou. Veskeré interakce mezi
rezidui Ser300 a Asp247 vsak byly pferuSeny po piechodu modifikované ribozy do
konformace C3¢-exo. Modifikovany cukr pak byl v kontaktu s postrannim fetézcem
rezidua Trp246. 3°-OH skupina cocCTP pfilezitostné vytvarela vodikové vazby na
rezidua GIn250 a Asn309. Celkové cocCTP pronikl o néco hloubéji do aktivniho
mista NV RdRp. Ptesnéji feceno, az za reziduum Asn247 z motivu A (obrazek
4.2.d.). Penetrace je ziejma z narGstu vzdalenosti mezi atomem C2° 3°-terminalniho
rezidua primeru RNA a atomem C1° z cocCTP. Tato vzdalenost vzrostla kvuli pfilis
tésnému pocateénimu kontaktu mezi -CH,- skupinou modifikovaného cukru a
vodikovym atomem H2‘ navazanym na C2‘ atom 3-terminalniho nukleotidu RNA
primeru. Vysledky vypoctit s cocCMP jiz zabudovanym do syntetizovaného vlakna
RNA ukazuji, Ze pravé vyse popsané stérické konflikty predurcuji cocCTP k funkci
kompetitivniho inhibitoru (na rozdil od termindtoru fetézce coCTP). Reziduum
Arg182 interagovalo po celou dobu MD simulace s a-fosfatovou skupinou cocCTP a
bylo v této pozici stabilizovano reziduem Glul68. Vzdalenost mezi reakénimi
substraty - fosforem a-fosfatové skupiny cocCTP a atomem O3 z 3°-konce primeru
RNA klesla pétkrat pod 2.9 A a tiicetSestkrat pod hranici 2.95 A.

Shrnuti

Byly provedeny mikrosekundové MD simulace komplextt NV RdRp s pfirozenymi
(CTP, 2dCTP) a modifikovanymi (coCTP, cocCTP) substraty (obrazek 4.1.). Na
zakladé diive provadénych studii [132-133, 137] s podobné modifikovanymi di- a
oligonukleotidy byly v prezentovanych MD simulacich ocekdvany rozdilné
konformacni preference modifikovanych substratl. Zatimco totiz
v nemodifikovanych dinukleotidech preferoval torzni whel OS5°-C5°-C4°-04°
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konformaci -gauche, torzni thel C5¢-05¢-C4°-04' v jejich fosfonatovych analozich
preferoval konformaci +gauche [137]. Ke stejnym vysledkim dospély zde
provedené MD simulace komplexit NV RdRp s trifosfaty. V. CTP a 2dCTP byl atom
kysliku O5°¢ situovan nad riboézou, kdezto v coCTP a cocCTP sméfoval atom C5°
mimo ribozu (obrazek 4.2.). Dale byly sledovany interakce xCTP s postrannimi
fetézci aminokyselin, jejichz mutace snizuje katalytickou efektivitu RdRp. Ptiklady
takovych aminokyselin jsou Argl82 [139] interagujici s trifosfatovou skupinou
XCTP nebo Asp247 [138, 149], které je spolu se Ser300 a Asn309 zapojeno do
mechanismu rozpoznavani 2°-OH skupin NTP.

Riboza CTP preferovala konformaci C3¢-endo (obrazek 4.4. graf A02.) a torznim
uhlem O5°-C5°-C4°-04° byl preferovan konformer —gauche (obrazek 4.4. graf
A01.). Sit’ vodikovych vazeb mezi 2°-OH skupinou CTP, reziduem Ser300 a
reziduem Asp247 byla vitalni po celou ¢asovou evoluci simulovaného systému.

V této siti vodikovych vazeb se postupné uplatiiovaly v§echny mozné kombinace
part donor-akceptor. Zhruba kazdych 100 ns se zménila prostorova konfigurace
postranniho fetézce rezidua Argl182, ktery misto s a-fosfatovou zacal interagovat s [3-
fosfatovou skupinou CTP.

Stejné jako u CTP, byl i u 2dCTP preferovan torznim thlem O5°-C5°-C4°-04°
konformer -gauche. Deoxyriboza 2dCTP preferovala konformaci C2¢-endo, byly
vSak zaznamenany i ¢etné reverzibilni prechody do konformace C3¢-endo. Ty byly z
Casti dasledkem intramolekularnich interakci mezi 3°-OH a B fosfatovou skupinou
2dCTP. Interakce mezi rezidui Asp247 a Ser300 byly trvale pteruseny. 3‘-OH
skupina 2dCTP prilezitostné interagovala s postrannim fetézcem rezidua Asp247
(obrazek 4.2.b.). Navic byl pferuSen kontakt mezi postrannim fetézcem rezidua
Argl82 a trifosfatovou skupinou 2dCTP. VySe zminénd fakta jasné ukazuji, Ze se
vazba nepatti¢ného substratu 2dCTP do aktivniho mista NV RdRp v mnohém lisi od
vazby spravného substratu CTP.

V MD simulaci coCTP preferoval torzni uhel C5¢-05¢-C4°-O4° rotamer +gauche.
Riboza byla v konformaci C3¢-endo/C2¢-ex0. Pozi¢ni relaxace cOCTP v aktivnim
misté¢ NV RdRp trvala fadové stovky nanosekund. Po jejim ukonceni interagovala
2°-OH skupina coCTP s rezidui Ser300 a Asn309 (obrazek 4.2.c.). Po celou dobu
MD simulace bylo reziduum Argl82 propojeno solnymi mustky s a-fosfonatovou
skupinou coCTP.

Od zacatku cocCTP MD simulace preferoval torzni thel C5¢-0Q5¢-C4°-C4¢' rotamer
+gauche. Modifikovana riboza preferovala dvé konformace: C2¢-exo a C3¢-exo.
Konformacni pfechod mezi témito dvéma konformacemi nastal zhruba v poloviné
MD simulace. Pokud se modifikovana rib6za nachazela v konformaci C2¢-exo, byla
sit” vodikovych vazeb 2°-OH_cocCTP-Ser300-Asp247 velmi stabilni. Divodem
vysoké stability bylo participace 3‘-OH skupiny cocCTP v této siti vodikovych
vazeb. Po repuckeringu modifikované ribozy do konformace C3¢-exo pronikl
cocCTP hloubgji do aktivniho mista NV RdRp (az za reziduum Asn247 z motivu A
(obrazek 4.2.d.)). Modifikovany cukr pak interagoval s postrannim fetézcem rezidua
Trp246. Byly také zaznamenany piilezitostné vodikové vazby mezi rezidui GIn250,
Asn309 a 3‘-OH skupinou cocCTP. Pfi¢inou této markantni konformacni a pozi¢ni
zmény cocCTP Dbyly piili§ tésné pocatecni kontakty mezi atomem H2‘ z 3°‘-
terminalniho nukleotidu primeru RNA a skupinou -CH,- modifikované¢ho cukru
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cocCTP. Vypocty provedené s cocCMP jiz zabudovanym do syntetizované¢ho vldkna
RNA ukézaly, ze pravé tyto sterické konflikty jsou divodem pro¢ je cocCTP
kompetitivnim inhibitorem NV RdRp (na rozdil od coCTP, ktery je terminatorem
RNA fetézce).

Torzni uhly C5¢-05¢-C4°-04° a C5¢-05°¢-C4°-C4* v modifikovanych strukturach
coCTP a cocCTP tedy jednozna¢né preferovaly konformaci +gauche v souladu s
tim, co bylo zaznamendno ve studiich podobné modifikovanych systému
provadénych prostfednictvim NMR [137] ¢i rentgenové krystolografie [150].

Pozi¢ni relaxace xCTP v aktivnim misté NV RdRp trvala fddové stovky nanosekund.
Z tohoto uhlu pohledu se jedna mikrosekunda jevi jako minimalni délka MD
trajektorii nezbytna pro dostateCnou evoluci komplexii RdRp a potencialnich
inhibitord.

U piirozenych substrati - CTP a 2dCTP - pusobi Argl82 jako katalytické reziduum
[139]. Otazka, kterou mohou zodpovedét pouze budouci QM/MM vypocty [151-153]
je, zda intenzivni kontakt mezi o-fosfonitovou skupinou a reziduem Argl82
zaznamenany u coCTP a cocCTP reakci spiSe nebrzdi.

Celkové lze konstatovat, Ze velmi podobné nukleosidtrifosfaty se v MD simulacich
do aktivniho mista NV RdRp vazou velmi rozdilnym zptisobem. Coz pln¢ odpovida
tomu, ze CTP je pfirozeny substrat, 2dCTP chaby substrat, coCTP terminator RNA
feté¢zce a cocCTP kompetitivni inhibitor RdRp.
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4.2. Molekularné dynamické simulace komplexi lidské RNazy H s
fosfonatovymi analogy oligonukleotidu

Motivace

V poslednich dvaceti letech jsou intenzivné zkoumany moznosti Vyuziti tzv.
antisense deoxyoligonukleotidi (AO) k selektivnimu zabranéni exprese genetické
informace z konkrétnich gent [42, 49]. Naptiklad tzv. Fomivirsen/Vitravene jiz
prosel klinickymi testy a pouziva se jako 1é¢ivo.

Dvousroubovicovité hybridni duplexy AO:mRNA mohou zamezit translaci genetické
informace z mRNA prostym zablokovanim ribosomu. Ty jsou vSak n¢kdy schopné
duplex rozvinout a v piepisu genetické informace pokracovat. V Zivych organismech
se navic nachazi fada dalSich enzymu (helikaz), které také jsou schopné vlakna
hybridniho duplexu AO:mRNA odd¢lit [154-161]. Proto je vhodné vyuzit
mechanismus, ktery cilovou mRNA rozloZi a trvale tim zamezi translaci genetické
informace z ni. Enzym RNaza H specificky $tépi pouze vlakno RNA v hybridnich
duplexech DNA:RNA. AO tak po degradaci mRNA zistava neporusen. Muze tedy
vytvotit komplex s dals$i kopii mRNA a opét vyvolat jeji degradaci prostiednictvim
RNazy H [160].

Pfirozené deoxyoligonukleotidy nelze jako AO pouzit pro jejich nizkou odolnost
vaci bunéénym nukleazam [50]. Tu lze zvysSit prostiednictvim chemickych
modifikaci ve struktufe AO. Mize jit o modifikace cukrfosfatové patete i bazi [50].
Zdaleka ne vSechny modifikované AO jsou vSak schopné po navazani k mRNA
aktivovat RNazu H. Z experimentu je znamo [162], Ze AO, v nichz alternuji
fosfonatové internukleotidové spojky typu 3°-O-P-CH,-O-5° (3pc5) s klasickymi
fosfodiesterovymi spojkami 3°-O-P-O-5¢, jsou schopné aktivitu RNazy H stimulovat.
Naproti tomu AO, v nichZ alternuji fosfonatové internukleotidové spojky typu 3°-O-
CH3,-P-O-5° (3¢cp5) s klasickymi fosfodiesterovymi spojkami 3°-O-P-O-5°¢, aktivni
nejsou.

Prostfednictvim MD simulaci [52] byly proto studovany 3pc5 a 3cp5
deoxyoligonukleotidy v komplexu s vldkny RNA a katalytickou doménou lidské
verze (HS) enzymu RNaza H [44]. Diky pouziti grafickych procesorti (graphics
processing unit - GPU) byly ziskany trajektorie o délce 200 ns.

Stability binuklearniho aktivniho mista RNazy H bylo v téchto MD simulacich
(obrazek 4.6., obrazek 4.7.) dosazeno diky modifikovanému jednoatomovému
modelu iontu Mg®* a polarizaci fosfatové skupiny stipané internukleotidové spojky
ve vldkné RNA. Tato internukleotidova spojka je v aktivnim mist¢ RNazy H
zaklesnuta mezi oba hot¢ikové ionty. Adekvatnost pouzitého ptistupu byla ovéfena
srovnanim s vysledky referenéniho MD béhu o délce 1000 ns, ve kterém byla pouZita
sedmibodové reprezentace pro oba hoi¢ikové ionty Mg?* [147] (obrazek 4.5.).

Simulované systémy
Zakladem pro vytvofeni simulovanych systémt - komplexi HS RNazy H

S hybridnimi duplexy DNA:RNA - byla krystalova struktura 2QKK [44] z proteinové
databanky PDB. Z té byly nejpve odstranény pary nukleotidt, které se nepodileji na

64



vazb¢ hybridniho duplexu k enzymu. Na 3‘-konci vlakna DNA byly modifikovany
tfi internukleotidové spojky obéma vysSe zminénymi typy modifikaci 3pc5 a 3cpS.
Takto vznikly dva komplexy: HS RNaza H + RNA : 3cp5-DNA (3°-G-3cp5-C-3cp5-
T-3cp5-G-T-G-G-A-5°) a HS RNaza H + RNA : 3pc5-DNA (3°-G-3pc5-C-3pc5-T-
3pc5-G-T-G-G-A-5°). Na zaklad¢ takto upravenych .pdb souboru byly vytvoieny
vstupni soubory pro cely simulovany systém pomoci modulu TLEAP ze
softwarového baliku AMBER [146]. Konkrétné se jednalo o soubory *.inpcrd
(pocatecni soufadnice) a *.prmtop (silova pole, molekularni topologie atd.).
V pribéhu budovani vstupnich soubord byly k modelovanym strukturam piidany
molekuly vody typu TIP3P [92]. Piidani molekul vody vedlo k rozsifeni
simulovaného systému 0 cca. 10 A v kazdém sméru. Vysledny periodicky box mél
rozméry cca. 82 A x 81 A x 61 A. Simulovany systém se skladal z 39.577 atom(l.

Metoda MD simulaci

Pomoci softwarového baliku NAMD 2.7 [103] byly provedeny ekvilibrizaéni MD
béhy v délce 5 ns. Pro né byl pouzit izotermicko-izobaricky soubor (NPT) a casovy
krok 2 fs. Pouzitim Lagevinovy dynamiky pro kontrolu teploty byl simulovany
systém ohtat z 0 na 310 K. Metoda tzv. Lagevinova pistu byla pouzita pro kontrolu
tlaku nastaveného na 1 atmosféru [103]. Cut-off nevazebnych sil byl nastaven na 9
A. Pro vypocet dalekodosahové elektrostatickych sil byla pouzita smooth Particle-
Mesh Ewaldova (PME) sumace. Algoritmus SHAKE byl aplikovan na vazby s
atomy vodiku. Ekvilibrizaéni MD béhy byly realizovany prostiednictvim
multiprocesorového systému osazen¢ho Sestndcti procesory Intel Itaninum
s kmito¢tem 1,5 GHz. Vypocet probihal rychlosti 4 ns/den.

Dlouhé produkéni MD simulace byly realizovany prostfednictvim softwarového
baliku ACEMD v. 2591 [108, 148] a grafickych procesotu firmy NVIDIA. Pro tyto
MD simulace byl pouzit soubor NVT, nebot’ ACEMD pouziti NPT neumoziuje. To
neni nikterak na Skodu, nebot’ po dostatecné dlouhych ekvilibrizacnich MD bézich se
objem velkych simulovanych systémli méni v NPT simulacich jen zcela nepatrné
[108, 148]. Casovy krok byl nastaven na 4 fs diky tzv. "mass repartitioning scheme",
které umoziluje prerozdélit cast hmotnosti t€Zkych atoml na vodiky na né navazané.
Jinak byly pouzity metody a parametry shodné s témi, které byly pouzity v
ekvilibriza¢nich bézich. Pro realizaci produkénich MD simulaci byly pouzity
programovatelné GPU (NVIDIA GTX-580) osazené 480 jadry. Rychlost vypoctu
byla cca. 50 ns/den. Celkova délka trajektorii byla 1400 ns.

Snimky z MD simulaci byly ukladany kazdych 100 ps. Nasledné byly analyzovany
pomoci softwarovych baliki CHIMERA 153, VMD 1.9, Curvest a
PTRAJAMBER10 [125-127, 147]. Obrazky byly vytvofeny prostiednictvim
softwarového baliku ICM Molsoft 3.7.

Doplnéni silového pole - fosfonatové internukleotidové spojky

Standardni silové pole AMBER neobsahuje vSechny silové konstanty nezbytné pro
MD simulace 3cp5/3pc5 fosfonatovych analog oligonukleotidi. Bylo potieba je
ziskat pomoci ab initio QM vypocti zptisobem konzistentnim s metodikou pouzitou
pii vyvoji standardniho silového pole AMBER [87, 96]. Fit silovych konstant byl
proveden s cilem dosahnout odchylky do 1 kcal/mol mezi QM (MP2/6-31G*) a MM
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hodnotami relativnich energii pro jednotlivé konformery modelového systému CHs-
0O-PO,-CH,-O-CHs.

Tradi¢ni jednobodova reprezentace hor¢ikovych ionti

V piipravnych MD simulacich se standardn¢ parametrizovanymi hot¢ikovymi ionty
se v binuklearnim aktivnim mist¢ RNazy H objevovaly nestability. Podobna
pozorovani lze nalézt i v literatufe (napf. v aktivnim misté polymerazy-p [147]).
Problémy prameni z pominuti polarizace a podhodnoceni VAW poloméru
hoi¢ikového iontu.

V MD simulacich interaguji  divalentni hoi¢ikové ionty s biomolekulami
prostfednictvim nevazebnych interakci. Jsou reprezentovany jako van der
Waalsovské kulicky (R™ = 0.7926 A, epsilon = 0.8947) s bodovym nabojem +2.
Takto vysoké ndboje vSak pfi pouziti nepolarizovatelnych silovych poli zapticinuji v
binuklearnich aktivnich mistech artificialni chovani zpusobené nadmérnymi
odpudivymi silami vyvstavajicimi mezi ob&ma Mg?* ionty [147, 163-164].

Analyza krystalovych struktur uloZzenych v proteinové databance PDB ukazuje, Ze
ionty hoi¢iku jsou invariantné hexakoordinovany s oktahedralni geometrii a délka
vazby Mg-O kolisa v rozpéti 2.05-2.25 A [147]. V MD simulacich se standardni
parametrizaci iontli je vSak tato vzdélenost obvykle podhodnocena. Modelovana
aktivni mista enzymu jsou v dasledku toho pfili§ kompaktni [165-166]. Standardni
parametrizace pro ionty byla ziskdna Aqvistem na zakladé vypocti hydrataéni volné
energie pomoci metody FEP. Podhodnoceni VAW poloméru u hoi¢iku (nejmensiho
ze zkoumanych iontl) bylo v této prukopnické praci reflektovano [166]. | pii vyssi
hodnoté VAW poloméru (R” = 1.3 A, epsilon = 0.06) pouzité v ramci tradiéniho
jednoatomového modelu pro Mg2+ vSak nesoulad mezi modelovanymi a
krystalovymi strukturami binuklearnich aktivnich mist pfetrvava (napf. zvétSena
vzdalenost mezi obéma hoiciky [147]).

Aqvist-Warshelova sedmibodov4 reprezentace hoi¢ikovych ionti

V tzv. Aqvist-Warshelové (AW) sedmibodovém modelu jsou okolo centralniho
iontu umistény fiktivni pseudoatomy. Kladny néaboj centralniho iontu je na né
pierozdélen. Vysledky MD simulaci pouZivajicich AW model pro Mg?* jsou
V podstatné lep$i shod¢ srealitou, nez MD simulace vyuzivajici tradi¢ni
jednoatomovy model [147].

Zde byl AW model [147] testovan v mikrosekundové MD simulaci HS RNazy H
v komplexu s nemodifikovanym hybridnim duplexem DNA:RNA. Binuklearni
aktivni misto RNazy H bylo po celou dobu MD simulace stabilni (obrazek 4.5.).
Nicméné bylo ziejmé, Ze rezidua Asp210 a Glul86 maji tendenci tvofit bidentatni
kontakt s MgB, cozZ vede k jeho pfekoordinovani.
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Obrazek 4.5.: Kontakty v aktivnim misté RNazy H v MD simulaci se sedmibodovou
reprezentaci hoi¢ikovych ionti - A) vzdalenost MgA-MgB (Graph A); C) vzdalenost
MgA - ligand (Graf C1: Asp274 Cervend, Aspl45 zelend, Sp modra; D) vzdalenost
MgB - ligand (Graf DI1: Aspl45 Cervena, Glul86 zelena, Glul86 modra, Asp210
bledémodra, Asp210 fialova, Sp Zluta, O3’ lososova) [2].

Kromé toho je budovéani simulovaného systému pii pouziti sedmibodového AW
modelu [147] pomémé zdlouhavé, coz mize byt na prekazku, napi. pokud je cilem
provést sérii MD simulaci s vyuzitim raznych krystalovych struktur daného enzymu.
Proto byla vySe zminéna MD simulace vyuzivajici AW model pouzita jako
referencni pfi rafinaci nového jednobodového modelu pro hotc¢ikové ionty umisténé
v binuklearnim aktivnim misté RNazy H.

Nova jednobodova reprezentace horc¢ikovych ionti
Jednoatomovy model iontu Mg?* byl precizovan tak, aby vysledky MD simulaci
(obrazek 4.6., obrazek 4.7.) byly ve shod¢ s vysledky piipravné MD simulace

ziskané prosttednictvim sedmibodového AW modelu (obrazek 4.5.). Bylo vzato do
uvahy, ze zdrojem problémii je zanedbani polarizace a podhodnoceni VAW poloméru
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hot¢ikového iontu [165-166]. Proto byly parametry pro hoicikovy iont zménény z
(R* =0.7926 A, epsilon = 0.8947) na (R* = 1.1 A, epsilon = 0.8947). Modifikovany
byly ale také parcidlni naboje (z —0.7761/—0.7761 na —0.9761/—0.5761) postrannich
kyslikii pro-Sp a pro-Rp v Stipané internukleotidové spojce rAS5-rC6, kterd se v
aktivnim mist¢ RNazy H vaze mezi oba hot¢ikové ionty.

MD simulace 3pc5 a 3cp5 - aktivni misto RNazy H

V hlavnich MD simulacich provedenych s vyuzitim nové jednobodové reprezentace
hoigikovych iontl pak vzdalenost mezi ionty hof¢iku Mg?* v pozicich A a B zistala
konstantni po celych 200 ns (obrazek 4.6. graf A., obrazek 4.7. graf A.).

MgA byl v3pc5 MD simulaci koordinovan v oktahedralni konfiguraci tvofené
rezidui Aspl45, Asp274, postrannim kyslikem pro-Sp Stipané spojky rAS5-rC6
(obrazek 4.6. graf C1.) a tfemi molekulami vody (obrazek 4.6. graf C2.). Kyslikovy
atom molekuly vody WATA atakujici Stipanou internukleotidovou spojku rA5-rC6
setrvaval po celou dobu 3pc5 MD simulace v blizkosti atomu fosforu této spojky.
Casto se piitom nachazel pod prahovou vzdalenosti 3A. Vodiky WATA pfichazely
do kontaktu se sousedni internukleotidovou spojkou rC6-rC7 (obrazek 4.6. graf B.).

V 3cp5 MD simulaci se kyslik WATA dostaval pod prahovou vzdalenost 3 A méng
Casto a také kontakty vodiki WATA se spojkou rC6-rC7 byly fidsi (obrazek 4.7.).
Byl to pfedevsim disledek rozdilnych konformacnich preferenci postranniho fetézce
rezidua Arg278 v MD simulacich 3pc5 a 3cp5.

V 3pc5 MD simulaci byl nevazebny pro-Sp kyslik Stipané internukleotidové spojky
rAS-rC6 navazan kromé MgA i1 k MgB. Podobné byl na MgA i1 MgB navazan
postranni fetézec rezidua Aspl45. Rezidua Glul86 a Asp210 meéla tendenci
poskytnout iontu MgB vzdy oba kysliky - tj. vytvaret tzv. bidentatni kontakt
(obrazek 4.6. graf D1.).

Kyslik O3° z fosfatové skupiny Stipané internukleotidové spojky rA5-rC6 byl po
prvni polovinu MD simulace 3pc5 slabé navazan na MgB. Ve druhé poloviné 3pc5
MD simulace se tato interakce jesté vice rozvolnila. V 3cp5 MD simulaci byl pak
tento proces jesté zfeteln€jsi. V nitru HS RNéazy H pobliz MgB se totiz nachazelo
nékolik molekul vody. Zhruba v poloviné obou 3pc5/3cp5 MD simulaci tyto
molekuly vody vytla¢ily O3° $tipané internukleotidové spojky rA5-rC6 od MgB. V
3pc5 MD simulaci se pak v této pozici vystiidalo n€kolik raznych molekul vody
(obrazek 4.6., obrazek 4.7.).

68



5 T T T < 5 T ! T
~ : B :
Q H :
n WATA_O - rA5-rC6_P red
5 WATA_O - rC6-rC7_RpO green
= ;4 : - -
3 g
g 2
3 g
= T
< <
1
| g
: : : =
3 ] | 1 & 2 | 1 ]
50 100 150 200 50 100 150 200
time (ns) time (ns)
4 ) ! l ¢ T T T
: i MgA - Asp274 red i MgB - Asp145 red
© MgA - Asp145 green : M B Glu186 green
_  MgA - rA5-rC6 SpO blue - : : Glu188 blug
< : ! < : : |
B o R - o 3 ’- ——————————————— ] ” ———————————— ‘ ———————— T TR —
° o ] i |
& g i ] |
2 o |
g @ e :m'.a:u‘nl g
= z , MW"IWHWMMW\‘WNNW'“W'*MMWW“"
&) a  MgB - Asp210 cyan
: MgB - Asp210 magenta
H H ' H : MgB - rA5-rG6 SpO yellow
: : : : : MgB - rA5-rC6 O3’ salmon
q ] | 1 1 | | ]
50 100 150 200 50 100 150 200
time (ns) time (ns)
4 T T T 10
| A WATA B I /1 L A A A
— : ue —
= | MgA— WATG green < 8 el
4 : I 5 7
= T — c
@ [
2 2 6 MR IR
g SR || KU SR, 1 BT SR Ml UYL
2 =
< ! @ 4
g | g 3
© : e MgB - WATD1 red - MgB - WATD4 cyan
: 1 MgB .- WATD2blue. .. .... MgB.~WATDS magenta -—
i i i MgB - WATDS green i
1 0
50 100 150 200 50 100 150 200
time (ns) time (ns)

Obrazek 4.6.: Kontakty v aktivnim mist¢ HS RNazy H v 3pc5 MD simulaci - A)
vzdalenost MgA-MgB (Graf A); C) vzdalenost MgA - ligand (Graf C1: Asp274
Cervena, Aspl45 zelena, Sp modra; Graf C2: WATA-C); D) vzdalenost MgB -
ligand (Graf DI1: Aspl45 cervenda, Glul86 zelend, Glul86 modra, Asp210
bledémodra, Asp210 fialova, Sp Zluta, O3’ lososova, Graf D2: WAT) [2].
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Obrazek 4.7.: Kontakty v aktivnim mist¢ HS RNazy H v 3cpS MD simulaci - A)
vzdalenost MgA-MgB (Graf 6A); C) vzdalenost MgA - ligand (Graf C1: Asp274
Cervena, Aspld5 zelend, Sp modra; Graf C2: WATA-C); D) vzdalenost MgB -
Aspl45 cervena, Glul86 zelena, Glul86 modra, Asp210
bledémodra, Asp210 fialova, Sp zluta, O3’ lososova, Graph D2: WAT) [2].

MD simulace 3pc5 a 3cp5 - interakce RNazy H s duplexem DNA:RNA

Ve vazebné oblasti pro vlakno DNA na povrchu HS RNazy H se stiidaji klastry
hydrofobnich a polarnich rezidui podobn¢, jako se v cukrfosfatové pateti DNA



stiidaji zaporn¢ nabité fosfatové skupiny a spiSe hydrofobni deoxyribozy. To
umoznuje optimalni vzajemnou interakci. S vazebnym zlabkem pro vlakno DNA na
povrchu HS RNazy H interaguje celkem pét internukleotidovych spojek (obrazek
2.7.) (brano od 3°‘-konce DNA vlakna). Prvni dvé spojky (dG1-dC2 a dC2-dT3)
interaguji s jadrem HS RNazy H. Tieti spojka (dT3-dG4) se vaze do tzv. vazebné
kapsy pro fosfat. Posledni dvé spojky (dG4-dT5 a dT5-dG6) mohou piipadné
interagovat s vyrazné basickou smyckou, ktera obsahuje rezidua Argl53-Argl55 a
Arglsy.

V 3cp5 MD simulaci DNA vldkno vyklouzlo velmi rychle (béhem prvnich desitek
ns) z vazebné Stérbiny na povrchu RNazy H. Zistalo ¢aste¢né navazano pouze ve
tietim vazebném misté pro DNA (obrazek 4.14.). To se zda byt v souladu s faktem,
ze 3cp5 oligonukleotidy jsou biologicky neaktivni [162]. Nasledujici odstavce proto
pojednavaji o 3pc5 MD simulaci, kde byl komplex nukleové kyseliny a RNazy H
stabilni.

Prvni vazebné misto pro DNA se nachazi u tzv. basického vy¢nélku HS RNazy H. Je
to zlabek zformovany rezidui Trp221, Trp225 a Ser233, do kterého zapada
cukrfosfatova patet vlakna DNA [44, 48]. V MD simulaci 3pc5 byly vodikové vazby
patete s reziduem Trp225 velmi stabilni. U vodikovych vazeb s reziduem Ser233
bylo zaznamenano nékolik reverzibilnich rozpadii. Nejdelsi z téchto rozpadi nastal
Vv Case cca. 80-100 ns. Reziduum Trp221 (které pravdépodobné napomaha RNaze H
odlisit duplexy DNA/RNA od RNA/RNA [44]) bylo vtésném kontaktu
s fosfonatovou spojkou dG1-dC2 (obrazek 4.8., obrazek 4.13. graf A).

Vzhledem ktomu, Ze pfirozena fosfatova spojka dC2-dT3 nepronika dostatecné
hluboko k povrchu HS RNazy H, nebylo druhé vazebné misto pro DNA explicitné
zmin€no Ve studii o krystalové struktuie [44], ktera poslouzila jako zaklad pro tvorbu
zde prezentovanych simulovanych systémti.

Fosfonatova spojka dC2-dT3 interagovala v 3pc5 MD simulaci s amidovymi
skupinami hlavniho fetézce u rezidui Asn240 a 1le239. Tyto stabilni vazby byly
doprovazeny kratkodobymi kontakty s postrannimi fetézci rezidui Lys236 a Asn240.
Obzvlasté v piipadé Lys236 vSak byly tyto kontakty velmi letmé. Byly také
zaznamenany interakce mezi hydrofobnim reziduem Phe213 a deoxyribozou dT3 a
dale mezi rezidui Thr232 a Val238 a -CH2- skupinou modifikované spojky dC2-dT3
(obrazek 4.9., obrazek 4.13. graf B).

Ttieti vazebné misto pro DNA (tzv. vazebnd kapsa pro fosfat) se nachazi dva
nukleotidy pfed Stipanou internukleotidovou spojkou. Je citlivé vii¢i chemickym
modifikacim, kter¢ u DNA zplsobuji ptechod do atypické A-formy. Tyto modifikace
v kone¢ném dusledku nepiimo zamezuji $t€peni RNA vldkna RNazou H. Odtud
plyne mimofadny vyznam tietiho vazebného mista pro rozpoznani spravného
substratu RNazou H [44].

K efektivnimu navazani fosfatové spojky do vazebné kapsy je totiz potieba prechod
torznich Uhli a a y v patefi vlakna DNA do konformace vzdalené cca. 150° od
energetického minima fosfatové spojky. Toho je schopno dosahnout vlakno DNA,
nikoliv v8ak vlakno RNA [44, 167]. Kdyz byla v ptipravném MD béhu spojce dT3-
dG4
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Obrazek 4.8.: Vazba 3pc5 dG1-dG2 internukleotidové spojky do prvniho DNA
vazebného mista na povrchu HS RNazy H [2].

Thr232

Obrazek 4.9.: Vazba 3pc5 dC2-dT3 internukleotidové spojky do druhého DNA
vazebného mista na povrchu HS RNazy H [2].

Obrazek 4.10.: Vazba 3pc5 dT3-dG4 internukleotidové spojky do tiettho DNA
vazebného mista na povrchu HS RNazy H [2].
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Obrazek 4.11.: Vazba internukleotidovych spojek dG4-dT5 a dT5-dG6 do ¢tvrtého
a patého DNA vazebného mista na povrchu RNazy H [2].

Obrazek 4.12.: Interakce RNA vlakna s HS RNazou H [2].
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Obrazek 4.13.: Interakce 3pc5 DNA s HS RNazou H - A) Trp225 — ¢ervena, Ser233
- modra; B) Asn240 m.c. - modra, I11e239 m.c. - bledémodra, Asn240 s.c. - Cervena,
Lys236 s.c. - zelena; C1) Thr181 — modra, Asn240 — ¢ervend; C2) GIn183 - modra,
Asnl82 - zelend, Argl84 - bledémodra, Asn240 - cervend; D) Asnl51 - Cervena,

Arg153 - modra [2].

74



1) 3rd DNA binding site (A) B) 2nd DNA binding site (A) A) 1t DNA binding site (A)

D) 4th and 5th DNA binding site A)

dG1-dC2/ ?Frp225 red, Ser233 blue
| |

50 100
time (ns)

200

|~ dC2-dT3/ Asn240mc blue lle239mc cyan
dC2-dT3 / Asn240sc red, ILysQSBsc gree|n

50 100
time (ns)

150

200

dTS dG4IThr181 blue, A|sn240 red

15
14
13
12
11
10

O=NWbsaUON®WO

50 100
time (ns)

150

—dG-t—de—?G&IAsnlSﬂ rled Arg1563- bhfe
50 100
time (ns)

200

C2) 3rd DNA binding site (&)

dT3-dG4 / GiIn183 blue, Asmsz green, Arg184 cyan |
dT3-dG4 hi\sn240 red i i

50 100 150 200
time (ns)

Obrazek 4.14.: Interakce 3cp5 DNA s HS RNazou H - A) Trp225 - ¢ervena, Ser233
- modra; B) Asn240 - modra, 1le239 - bledémodra, Asn240 - cervena, Lys236 -
zelena; C1) Thr181 — modra, Asn240 - Cervend; C2) GInl83 - modra, Asnl82 -
zelena, Argl84 - bledémodra, Asn240 - Cervend; D) Asnl51 - Cervend, Argl53 -

modra [2].
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vnucena obvykld konformace -g-g, ktera odpovida jejimu energetickému minimu,
doslo k preruseni interakci mezi reziduem Thr181 a fosfatovou skupinou dT3-dG4.

V ptipadé AO je mozné striktni pozadavky kladené timto vazebnym mistem na
konformaéni preference substratu obejit prostfednictvim tzv. gapmerd -
modifikovanych oligonukleotidi, do jejichz centralni casti je vlozeno nékolik
pfirozenych deoxynukleotidi. Dal$i moznosti je pouziti oligonukleotidi se
stiidajicimi se modifikovanymi a nemodifikovanymi spojkami.

Coz je pravdépodobné i ptipad 3pc5 fosfonati [162]. V 3pc5 MD simulaci se totiz
nerealizovala vazba postranniho fetézce rezidua Thr181 na fosfonatovou skupinu
dT3-dG4 [44]. Namisto toho interagovala fosfonatova spojka dT3-dG4 s amidovou
skupinou hlavniho fetézce u rezidua GInl83. Kromé této stabilni vazby byla
zaznamenana i ne zcela stabilni vazba na postranni fetézec rezidua Asn240 (obrazek
4.10., obrazek 4.13.) (s 50 ns reverzibilnim rozpadem).

Diky suboptimalni interakci 3pc5 fosfonatové spojky dT3-dG4 s vazebnou kapsou
pro fosfat se zda, Zze oligonukleotidy s alternujicimi pfirozenymi a 3pc5
modifikovanymi spojkami jsou aktivni spiSe v okamziku navazani ptirozené spojky
do vazebné kapsy pro fosfat, nez naopak.

Ve ¢tvrtém vazebném misté pro DNA navazala internukleotidova spojka dG4-dT5
kontakt sreziduem Asnl51 az po cca. 30 ns MD simulace. Podobné i v patém
vazebném misté navazala spojka dT5-dG6 kontakt sreziduem Argl53 (obrazek
4.11., obrazek 4.13. graf D). Tyto dvé interakce byly poté stabilni (S vyjimkou
reverzibilniho rozpadu vazby s reziduem Argl53 v cca. 120 ns). Reziduum Argl53
spolu s Argl54, Argl55 a Argl57 tvoti vyrazné kladné nabitou smyc¢ku, ktera je
pravdépodobné zapojena do pocateéniho rozpoznavani mezi enzymem a substratem -
duplexem RNA:DNA se zaporné nabitou pateti. V krystalovych strukturach byly u
této smycky zaznamenany rtizné konformery [44]. Piipravné MD simulace ukazaly,
Ze ani trajektorie dlouha 1 pus nemusi byt k relaxaci smycky dostate¢na.

Interakce HS RNazy H s RNA vlaknem duplexu DNA:RNA

Aktivni misto RNazy H lezi ve vazebném zldbku pro vlakno RNA z duplexu
DNA:RNA [44]. Dostupné krystalové struktury naznacuji, Ze mechanismus
rozeznavani RNA vlakna enzymem je stejny U RNaz H z riznych organismt. RNA
vlakno s enzymem interaguje prostfednictvim 2°-OH skupin ¢tyf po sobé jdoucich
nukleotid. Dv¢ interagujici 2°-OH skupiny se pritom nachazeji pied Stipanou
internukleotidovou spojkou a dvé za ni. Do interakci s2°-OH skupinami jsou
zapojena rezidua Glul86, Cys148, Ser150, Asn151 a Met212 [44].

V provedenych MD simulacich byl kontakt mezi RNA a HS RNazou H
zprostfedkovan piedev§im postrannim fetézcem Glul86 (obrazek 4.12.). Toto
reziduum se pfitom také vaze na MgB v aktivnim mist¢ HS RNazy H [44]. Navic
lezi na stejném helixu jako nedaleké Thr181, které hraje ustfedni Glohu ve fosfat
vazici kapse - tretim DNA vazebném misté. Nabizi se tedy hypotéza, ze vazba
substratu do tohoto DNA vazebného mista citlivého na chemické modifikace by
mohla alostericky ovliviiovat déni v aktivnim misté po lince Thr181-Glu186.
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Reziduum Met212 bylo v kontaktu srC4, zejména ve druhé poloviné 3pc5 MD
simulace. Nevyrazné interakce mezi rezidui Cys148, Serl50, Asnl51 a 2°-OH
skupinami rC6 a rC7 byly ziejmé cCasteéné zpusobeny nedostateénou relaxaci
nedaleké basické smycky 153-157.

Funkéni vyznam by mohla mit interakce mezi reziduem Arg278 a spojkou rC6-rC7,
ktera byla v MD simulaci s vyjimkou kratkych reverzibilnich rozpadi stabilni.
Spojka rC6-rC7 pfitom sousedi se Stipanou spojkou rAS5-rC6. Arg278 by tak
napiiklad mohlo napomahat stabilizaci produkti reakce. Internukleotidova spojka
rC6-rC7 muze navic pfijmout proton uvolnény z katalytické molekuly vody WATA.

Duplex DNA:RNA - strukturni parametry

Vazba 3pc5/3cp5 duplexi DNA:RNA k RNéaze H ovlivnila jejich geometrii.
Kvantitativné je mozné to postihnout prostiednictvim tzv. helikalnich parametra z
nichz nejvice byly ovlivnény Buckle a Shift. Patrné jsou také rozdilné Sitky malého
zlabku Vv riznych mistech podél duplexu DNA:RNA. Tyto distorze pietrvaly i po
uvolnéni 3cpS DNA z vazebného zlabku RNéazy H. K plné relaxaci duplexu 3cp5
tedy nestacil ani MD beh trvajici celych 200 ns. Z toho je ziejmé, ze vySe zminéné
deformace jsou zpusobeny spiSe celkovym tvarem HS RNazy H, nez detailnimi
interakcemi v jednotlivych vazebnych mistech.

Parovani bazi bylo stabilni (krom¢& terminalnich paru).

Cukry RNA vlakna byly v konformaci C3¢-endo, coz odpovida klasické A-formé.
V okoli tzv. fosfatové vazebné kapsy [44] vSak byly v obou strukturach 3pc5/3cp5
znamenany ¢etné piechody do konformace C2¢-ex0. Konformacni variabilita cukri v
DNA vlakné byla vétsi. Prevladaly konformery C2¢-endo a O4¢-endo. Vyjimkou
byla rezidua dC2 a dT3 ve vazebném kanalu DNA. V 3pc5 MD simulaci byly
v konformaci C4¢-exo. V 3cp5 MD simulaci bylo v této konformaci pouze dT3 (v
dusledku casteéné relaxace 3cp5 DNA po uvolnéni od HS RNazy H).

Vsechny fosfonatové internukleotidové spojky prokazovaly znacnou konformaéni
variabilitu. Fosfatové spojky, jak ve vlakné DNA tak i RNA, preferovaly konformaci
odpovidajici energetickému minimu -g-g. Dokonce i spojka rC6-rC7 (interagujici s
Arg278) preferovala konformaci -g-g s oscilacemi do konformace t-g.

Shrnuti

DNA vlakno s modifikacemi internukleotidovych spojek typu 3°¢-O-P-CH2-O-5°
(3pc5) bylo v 200 ns MD schopné vytvorit stabilni komplex s RNA vlaknem a HS
RNazou H - na rozdil od DNA vlakna s modifikacemi typu 3°-O-CH2-P-O-5° (3cp5).
Vyssi afinita 3pc5 DNA k HS RNaze H vysvétluje schopnost téchto oligonukleotidi
vyvolat enzymatické stépeni RNA [162] (na rozdil od 3cp5 DNA).

Artificialni repulze mezi hot¢ikovymi ionty v binuklearnich aktivnich mistech
zpusobuje béhem MD simulaci zasadni zmény v koordinaci liganda [147]. Ve
Stipané spojce rAS-rC6 (ktera je v aktivnim misté vetknuta mezi oba hoicikové
ionty) byla proto pouzita polarizovana fosfatova skupina. Standardni parametrizace
hoi¢ikového iontu vede v MD simulacich také k podcenéni vzdalenosti iont-ligand.
Proto byl VAW radius R* pro Mg®* zménén z 0.7926 A na 1.1A. Diky vyse

77



zminénym korekcim byly vzdalenosti MgA—MgB v aktivnim misté¢ RNazy H stabilni
béhem MD simulaci o délce 200 ns (obrazek 4.6. graf A, obrazek 4.7. graf A).
Referenéni 1000 ns MD simulace se sedmibodovou AW reprezentaci hoic¢ikovych
ionta [147] vedla k témét shodnym vysledkim (obrazek 4.5. graf A).

Kyslik O3' stipané spojky rA5-rC6 byl v priabéhu vSech MD simulaci vypuzen od
iontu MgB molekulami vody. Je to pravdépodobné zpisobeno rozdilnymi
metodikami pro odvozeni parcialnich naboju u biomolekul (AMBER/RESP) a
molekul vody TIP3P [92]. Tento artefakt byly zfeteln¢jsi u MD simulace se
sedmibodovou AW reprezentaci iontu hoi¢iku [147].

Reziduum Glul86 (interagujici s MGB v aktivnim mist¢ HS RNazy H [44]) se
nachazi v blizkosti konzervovaného rezidua Thrl81 (v tzv. fosfatové vazebné kapse
pro DNA). V piipadé suboptimalni vazby modifikovanych internukleotidovych
spojek AO do této fosfatové vazebné kapsy je proto mozné, ze jsou od Thrl81
prenaSeny alosterické signaly pies Glul86 do aktivniho mista RNazy H, které v
kone¢ném dusledku zabrani degradaci RNA vlakna.
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4. 3. Molekularné dynamické simulace komplexu enzymu Argonaute
s duplexem DNA:RNA

Motivace

Proteiny Argonaute (AGO) (obrazek 4.15.) jsou zapojeny do procesu tzv. RNA
interference (RNAI) [54-55, 58, 59-60], coz je zpusob posttranskripéniho utlumeni
exprese genetické informace prostiednictvim kratkych dvousroubovic RNA (dsRNA)
[168-170]. RNAI se uplatituje u eukaryotl pii regulaci minimalné 1/3 gent, vyvoji
bunék, obrané proti virové ndkaze atd.

V prvni fazi RNAi endoribonukledza Dicer rozstépi dlouhou dsRNA virového
pivodu na fragmenty - tzv. kratké interferujici RNA (siRNA) [53]. Ty néasledné
vytvoii komplexy s efektorovymi enzymy AGO, které jedno z vlaken siRNA
duplexu rozstépi. Vysledny ribonukleoproteinovy komplex (RISC) [60-61] pouziva
zbyvajici ,,fidici* vlakno siRNA jako templat pro specifické interakce s cilovou RNA
(virového piivodu ¢i mRNA). V ptfipadé dostatecné komplementarity fidicitho vladkna
SiRNA K cilové RNA provede enzym AGO piestipnuti vldkna cilové RNA. Ridici
siRNA vlakno zustava zachovano a v komplexu s proteinem AGO mize $tépit dalsi
kopie cilové RNA.

Proteiny AGO jsou analogické RNaze H, pouze namisto antisense
deoxyoligonukleotidi jsou aktivované kratkymi vlakny RNA [53]. Velikost
konformacénich zmén v pribéhu $tépeni cilové RNA je ale u RNazy H a AGO
rozdilnd. Aktivni misto RN4zy H je pro okamzité Stépeni RNA stale pfedpfipraveno.

U AGO proteinii tomu tak neni. Vyplyva to pravdépodobné z vysoké specificity
téchto enzymu, kterd je nezbytna pro jejich spravnou funkci. V dusledku toho
probihaji u AGO konformaéni zmény v pribéhu celého procesu §tépeni cilové RNA.
Mezi témito konformaénimi zménami je 1 rotace PAZ domény a také pohyb smycek
L1, L2 umisténych na povrchu podjednotky PIWI. V priib&hu Sté€peni cilové RNA se
méni také konformace fidiciho siRNA vldkna natolik, Ze jeho 3‘-konec je doCasné
uvolnén z vazebné kapsy v doméné PAZ. 5°-konec siRNA vldkna vSak zistava
ukotven ve vazebné kapse podjednotky Mid po celou dobu $tépeni [171-172].

A jak bylo zjisténo nedavno, konformaéni zmény se odehravaji i v aktivnim misté
AGO, kde krystalové struktury odhalovaly pfitomnost katalytické triddy DDX.
Vzhledem k tomu, Ze podjednotka PIWI AGO ma stejny fold jako RNaza H [53, 59-
60] (obrazek 4.15.) (s katalytickou tetradou DEDD), spekulovalo se o tom, ze i u
AGO proteina ve skute¢nosti existuje katalyticka tetrada.

V nedavné krystalové struktute Kluyveromyces polysporus Argonaute (KpAGO)
bylo identifikovano reziduum Glul013 zasahujici do aktivniho mista. Glul013 je
soucasti mobilni smycky, kterd mlZe byt stabilizovana v blizkosti aktivniho mista
pomoci sit¢ vodikovych vazeb [171]. Mutace rezidua Glul013 narusuje funkci
KpAGO ve stejném rozsahu jako mutace katalytického Asp1046.

V krystalové struktufe Thermus thermophilus Argonaute (TtAGO) je analogické
Glu512 soucasti smycky L2, ktera pfimo interaguje s nukleotidy 11-15 fidiciho
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vlakna DNA. Kromé¢ toho se Glu512 nachazi v blizkosti jednoho z divalentnich ionti
aktivniho mista. Navic je Glu512 lokalizovano i1 v blizkosti 2°-OH skupiny
nukleotidu sousediciho se Stipanou fosfatovou skupinou. Glu512 by tak mohlo byt
jednim z katalytickych rezidui TtAGO [171-172].

Konzervovana a stabilni katalyticka tetrada DEDD RNaz H (obrazek 4.17.) by tak
byla témér izosterickd s labilni katalytickou tetradou DEDX obou vySe zminénych
proteini AGO, kterd se diky konformacni variabilité smycek, jejichz soucasti jsou
vyse zminéna Glu rezidua, miize snadno zmeénit na neaktivni triaddu DDX. Prechody
DEDX-DDX ziejmé stoji za vysokou specificitou proteinit AGO [171].

Cilem zde prezentované MD simulace bylo ovéfit, Ze s novou jednocasticocou

reprezentaci hot¢ikovych iontl bude DEDX uspofddani aktivniho mista TtAGO
stabilni.

Argonaute “Rnase H” domain

Obrazek 4.15.: Doména enzymu Argonaute strukturné homologni s RNazou H.
Cervené je vyznacenou Glu reziduum interagujici zaroven s aktivnim mistem i
fosfatovou skupinou jedné z internukleotidovych spojek siRNA vlakna [2].

Simulovany systém

Simulovany systém byl vytvoien na zakladé krystalové struktury komplexu TtAGO s
nukleovou kyselinou, kterd ma v proteinové dabance PDB kodové oznaceni 3HVR
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[172]. Vstupni soubory pro cely simulovany systém byly vytvofeny pomoci modulu
TLEAP ze softwarového baliku AMBER [146]. Konkrétn¢ se jednalo o soubory
* inperd (pocatecni souradnice) a *.prmtop (silova pole, molekularni topologie atd.).
V pribéhu budovani vstupnich soubort byly k biomolekulam ptidany molekuly vody
typu TIP3P [92]. Tak wvznikl simulovany systém s 88.603 atomy vytvarejici
periodicky box o rozmérech cca. 117 A x 106 A x 87 A.

Metoda MD simulaci

Pomoci softwarového baliku NAMD 2.7 [103] byly provedeny ekvilibriza¢ni MD
behy v délce 5 ns. Pro né byl pouzit izotermicko-izobaricky soubor (NPT) a Casovy
krok 2 fs [103]. Pouzitim Lagevinovy dynamiky pro kontrolu teploty byl simulovany
soubor ohtat z 0 na 310 K. Metoda tzv. Lagevinova pistu byla pouzita pro kontrolu
tlaku nastaveného na 1 atmosféru [103]. Cut-off nevazebnych sil byl nastaven na 9
A. Pro vypocet dalekodosahovych elektrostatickych sil byla pouzita smooth Particle-
Mesh Ewaldova (PME) sumace. Algoritmus SHAKE byl aplikovan na vazby s
atomy vodiku. Ekvilibrizaéni MD béhy byly realizovany prostiednictvim
multiprocesorového systému osazené¢ho Sestndcti procesory Intel Itaninum
s kmitoctem 1,5 GHz. Vypocet probihal rychlosti 2 ns/den.

Dlouhé produkéni MD simulace byly realizovany prostfednictvim softwarového
baliku ACEMD v. 2591 [108, 143] a grafickych procesotu firmy NVIDIA. Pro tyto
MD simulace byl pouzit soubor NVT, nebot’ ACEMD pouziti NPT neumoziuje
[108, 143]. To neni nikterak na Skodu, nebot po dostate¢né¢ dlouhych
ekvilibrizacnich MD bézich se objem velkych simulovanych systémi méni v NPT
simulacich jen zcela nepatrné [108, 143]. Casovy krok byl nastaven na 4 fs diky tzv.
"mass repartitioning scheme", které umoznuje prerozdélit ¢ast hmotnosti tézkych
atomt na vodiky na n¢ navazané. Jinak byly pouzity metody a parametry shodné s
témi, které byly pouzity v ekvilibriza¢nich bézich. Pro realizaci produkénich MD
simulaci byly pouZity programovatelné GPU (NVIDIA GTX-580) osazené 480
jadry. Rychlost vypoctu byla cca. 20 ns/den. Celkova délka trajektorie byla 500 ns.

Snimky z MD simulaci byly ukladany kazdych 100 ps. Nésledné byly analyzovany
pomoci softwarovych baliki CHIMERA 1.5.3, VMD 1.9 a PTRAJ/AMBERI10 [125-
127, 147]. Obrazky byly vytvofeny prostfednictvim softwarového baliku ICM
Molsoft 3.7.

Nova jednobodova reprezentace horc¢ikovych ionti

V piipravnych MD simulacich se standardné parametrizovanymi hof¢ikovymi ionty
se v binuklearnim aktivnim mist¢ AGO objevovaly nestability. Podobna pozorovani
byla uc¢inéna i u RNazy H (viz. pfedchozi kapitola) a lze je nalézt i v literatute (napf.
v aktivnim mistd polymerazy-p [147]). Jednoatomovy model iontu Mg?* byl tedy
precizovan tak, aby vysledky MD simulaci byly ve shod¢ s vysledky ptipravné MD
simulace ziskané prostfednictvim sedmibodového AW modelu (podrobnéji viz.
pfedchozi kapitola). Bylo vzato do tvahy, Ze zdrojem problémi je zanedbani
polarizace a podhodnoceni VAW poloméru hotéikového iontu [165-166]. Proto byly
parametry pro hot¢ikovy iont zménény z (R* = 0.7926 A, epsilon = 0.8947) na (R* =
1.1 A, epsilon = 0.8947). Modifikovany byly ale také parcialni naboje postrannich
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kysliki (z —0.7761/-0.7761 na —0.9761/—0.5761) ve Stipané internukleotidové
spojce, ktera se v aktivnim mist¢ AGO vaze mezi oba hot¢ikové ionty.

Vysledky MD simulaci

Pro simulovany systém TtAGO v komplexu s nukleovou kyselinou byla provedena
MD simulace trvajici 500 ns. Uspotfadani aktivniho mista bylo po celou dobu MD
simulace stabilni (obrazek 4.16.). To potvrdilo transferabilitu nové reprezentace
binuklearniho aktivniho mista vytvofené ptvodné pro RNazu H (viz. predchozi
kapitola).

Postranni feté¢zec Glu512 se v aktivnim misté TtAGO véazal jak k MgB, tak i k 2°-OH
skupin€ nukleotidu sousediciho se Stipanou fosfatovou skupinou (ptesné stejné jako
analogické reziduum Glul86 v HS RNaze H [44]). Zajimavé je, ze atomy hlavniho
fetézce proteinu u Glu512 ptitom piimo interaguji s fosfatovou skupinou siRNA na
pozici 13-14. siRNA molekuly s modifikovanou patefi tak mohou zcela ptimocaie
ovlivilovat aktivni misto AGO. Pfipomenime, ze u RNazy H se reziduum Glul86
(analogické Glu512 u TtAGO) nachézi pét pozic od konzervovaného rezidua Thr181
situovaného v tzv. fosfatové vazebné kapse pro DNA [44]. V pfipadé suboptimalni
vazby modifikovanych internukleotidovych spojek AO do této fosfatové vazebné
kapsy jsou proto od Thr181 pfenaseny alosterické signaly ptes Glu186 do aktivniho
mista RNazy H, které v kone¢ném dusledku zabrani degradaci RNA vlakna.
Piimocarejsi zplsob alosterického ovliviiovani aktivniho mista AGO ziejmé souvisi
s podstatné vétsSimi natoky na specificitu ptisobeni proteini AGO ve srovnani s
RNazou H.

Pro kvantitativni postihnuti dopadi chemickych modifikaci ve struktufe siRNA pies
Glu512 na geometrii aktivniho mista AGO bude zfejmé potieba dale rafinovat
zpusob, jakym jsou v MD simulacich reprezentovdna binuklearni aktivni mista. Dost
mozna bude nezbytné pouzit QMMM metody. Ve zde prezentované MD simulaci
totiz tvotil Asp546 (analogicky Asp210 u RNazy H), monodentatni kontakt s MgB,
kdezto krucialni Glu512 (jehoz ekvivalentem je v HS RNaze H Glu186 [44]) kontakt
bidentatni (obrazek 4.16. graf D1) (tj. Glu512 mélo tendenci interagovat s MgB
prostiednictvim obou kyslik). Vzhledem k rozliSeni krystalovych struktur neni
mozné posoudit, zda se jedna o artefakt ¢i realitu. Zplsob interakce Glu512 s MgB
muze pfitom mit zésadni vliv na priibéh reakce a dost moznd muZe této reakci
zabranit.
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Obrazek 4.16.: Kontakty v aktivnim misté v TtAGO MD simulaci - A) vzdalenost
MgA-MgB (Graph A); C) vzdalenost MgA - ligand (Graph C1: Asp660 Cervena,
Asp478 zelena, Sp modra; D) vzdalenost MgB - ligand (Graf 6D1: Asp478 Cervena,
Glu512 zelena, Glu512 modra, Asp546 bledémodra, Asp546 fialova, Sp Zluta, O3’

lososova) [2].
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Obrazek 4.17.: Strukturni alignment HS RNazy H, BH RNéazy H a rezidui
v aktivnim misté¢ enzymu Argonaute. Dole je zndzornéno alosterické ovliviiovani
aktivniho mista RN4z H prostfednictvim vazby antisense oligonukleotidu a pfimé
ovliviiovani aktiviho mista enzymu Argonaute vlaknem siRNA [2]

Thr
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4.4. Molekularné dynamické simulace komplext ankyrinové domény
Ribonukleazy L s 2'-5' oligoadenylaty a jejich analogy

Motivace

Ptirozend odezva imunitniho systému savcl na zacinajici virovou infekci je
zprostfedkovana pievazné pomoci interferonti typu I (IFN). Ty #idi pfepis genu fady
proteinli bojujicich s replikaci vird pomoci Siroké plejady rozdilnych mechanismt
[67-68, 173-177]. IFN aktivuji mimo jiné geny koédujici nékolik 2°¢,5°¢
oligoadenylatovych syntetaz (OAS) a jeden gen kodujici ribonukleazu L (RNazu L).

OAS jsou aktivovany navazanim na virovou dsRNA (duplexy RNA se jinak
Vv buiikach savci bézné nevyskytuji). Aktivované OAS tvoii z ATP oligoadenylaty
s 2¢,5¢-internukleotidovymi spojkami (2-5A) [67-68, 173-177]. 2-5A se vazi na
RNazu L, ktera nasledn¢ dimerizuje do aktivni formy. Aktivni forma RNazy L je
schopna $tépit ssSRNA [67] obsahujici diady UU, UA, AU, AA a UG [178].

Aktivace RNazy L je vsoucasné dobé jedind znama funkce 2-5A. Zasadni roli
pfitom hraje délka oligoadenylatu. Zatimco trimery a tetramery 2-5A dosahuji
maximalni aktivace RNazy L, dimery jsou neucinné [67]. Nahrazeni jedné z 2°,5°¢
internukleotidovych spojek v trimeru 25A klasickou 3°,5¢ fosfodiesterovou spojkou
podstatné snizuje vazebnou schopnost tohoto trimeru vi¢i RNaze L. RNaza L ma
také nizsi afinitu k 2-5A oligoadenylatim s alternativnimi bazemi cytidinu, uridinu ¢i
inosinu. Nezbytny strukturni poZzadavek pro plnou aktivaci lidské RNazy L je
ptitomnost alesponi jedné 5°-fosfatové skupiny v 2-5A [68].

Existuje fada mechanismt, kterymi RNaza L spoleéné s OAS piispiva k funkci
ptirozeného imunitniho systému [67]. Jedna se zejména o Stépeni virové ssRNA
obsahujici genom viru, nebo S$tépeni virovych MRNA. Oba tyto mechanismy
zamezuji syntéze virovych proteint [175]. RNaza L v aktivni formé nicméné $tépi
veskerou ssSRNA obsaZenou v burtice, bez rozliSovani je-li virového ptivodu nebo ne.
Naruseni ribozomalni 28S rRNA a 18S rRNA je charakteristicky projev ptsobeni
RNazy L v infikované bunce [175]. Poskozeni bunécného aparatu nezbytného pro
replikaci vir pfispiva k antivirovému pusobeni RNazy L. Konstitutivné aktivni
zkracena forma RNazy L je povaZovdna za biologicky indikator chronického
unavového syndromu [71]. Trvala aktivace RNazy L, nebo piekroceni meznich
hodnot jeji aktivace, mize vyvrcholit bunéénou apoptézou. To naznacuje moZznost
vyuziti OAS/RNazy L jako supresorti nadoru [175]. Vzhledem k vySe uvedenym
skute¢nostem je ziejmé, ze piima aktivace RNazy L pomoci 2-5A je novym
atraktivnim pfistupem v 1€cb¢ virovych, bakterialnich a nadorovych onemocnéni.

Lidskou RNazu L tvoii 741 aminokyselinovych zbytki a ma celkovou molekulovou
hmotnost 83.543 Da. Celkem se sklada ze tfi domén. Jsou to N-terminalni
ankyrinova (ANK), pseudokinazova a C-terminalni ribonukledzova oblast. N-
terminalni ankyrinovd oblast RNazy L (rezidua 24-335) se sklada z deviti
ankyrinovych motivii zodpovédnych za vazani 2-5A. Je to pfitom jedind znama
ANK, ktera je schopna vazat oligonukleotidy [67]. Pfestoze je RNaza L fazena do
Siroké rodiny lidskych kinaz, jeji pseudokinazova doména je katalyticky neaktivni.
C-terminalni oblast RNazy L (rezidua 583-720) je zodpovédna za jeji katalytickou
aktivitu [71].
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Ligand 2-5A se vaze na druhy az ¢tvrty ankyrinovy motiv RNazy L, kde interaguje
s rezidui Argl55, Tyrl135, Glul3l, Phel26, Lys89, GIn68, Asn65 a Trp60 [68].
Relativni vyznam jednotlivych rezidui pro navazani 2-5A byl uréen na zaklad¢ studia
mutantd RNazy L, v nichz byla tato vazebna rezidua postupné nahrazena alaninem.
Bylo zjisténo, Ze interakce nezbytné pro navazani 2-5A a aktivaci RNazy L jsou: n-n
stacking s rezidui Phel26 a Trp60, eclektrostatické interakce s Argl55 a Lys89 a
vodikové vazby s Glul31l [71]. Vzhledem k tomu, ze ANK cast RNazy L byla
puvodné vykrystalizovana jako monomer, nemohly vySe zminéné studie plné
vysvétlit mechanismus dimerizace a aktivace RNazy L [68]. To se podafilo az zcela
nedavno. Dvé molekuly 2-5A se navazou do dvou vazebnych mist na povrchu ANK
vzdalenych od sebe 50 A, ¢imz vyvolaji dimerizaci, v jejimz priibéhu nenastavaji u
ANK zadné konformacni zmény [65].

Ptirozené 2-5A jsou v buiikach velmi rychle degradovany diky pfitomnosti fosfataz a
nukleaz. Ve snaze vyvinout stabilni analoga 2-5A byla mimo jiné uplatnéna i tzv.
,,bridging® strategie zavedenim 3’-O, 4’-C-alkylenovych spojek do adenosinovych
jednotek. Posléze byly testovany vlastnosti téchto analog v¢etné jejich odolnosti vici
buné¢nym nukleazam a schopnosti aktivovat RNazu L [179].

Zde byla provedena série MD simulaci ve snaze porozumét dopadu raznych
bodovych mutaci lidské RNazy L (R155A, F126A, W60A, K89A) na vazbu 2-5A
k enzymu. MD simulace série analog 2-5A s 3’-O, 4’-C-alkylenovou spojkou byly
provedeny s cilem zjistit, zda 1ze pomoci MD simulaci v délce stovek nanosekund
rozliSit agonisty RNazy L (pBasAzsA, pAsAsB a pBasAgsB) od inaktivnich analog
(PA25B2sA, pB2sBasA, pA2sB2sB a pBasBasB) [179].

Simulované systémy

Simulované komplexy trimerd 2-5A a jejich analog s HS RNazou L (Tab. 1) byly
vytvofeny na zakladé krystalové struktury lwdy [68] z proteinové databanky PDB.
Modulem TLEAP ze softwarového baliku AMBER [146] byly vytvofeny vstupni
soubory pro MD simulace typu .inpcrd (vstupni soufadnice) a .prmtop (silové pole
AMBER [87], molekularni topologie atd.). Pfidani molekul vody TIP3P [92] vedlo
k rozsiteni systému o zhruba 10 A v kazdém sméru. Vysledny periodicky box mél
rozméry cca. 121 X 77 x 77 A. Simulovany systém sestdval z cca. 70.000 atom(l.

Metoda MD simulaci

Pro ekvilibrizaéni MD bé¢hy o0 délce 5 ns byl pouzit izotermicko-izobaricky soubor
(NPT), standardni simulaéni protokoly a softwarovy balik NAMD 2.7 [103]. Casovy
krok byl zvolen 2 fs. Pomoci metody tzv. Lagevinova pistu byly simulované soubory
udrzovany na konstantnim tlaku 1 atmosféry. Ohiev z 0 K na 310 K byl kontrolovan
pomoci Langevinovy dynamiky [103]. Cut-off pro nevazebné dalekodosahové sily
byl nastaven na 9 A. Pro vypocet elektrostatickych sil byla pouzita smooth Particle-
Mesh Ewaldova (PME) metoda. Na vazby s atomy vodiku byl aplikovan algoritmus
SHAKE. K provedeni ekvilibrizacnich MD bé&hti byl pouzit multiprocesorovy systém
osazeny Sestnacti procesory Intel Itaninum s kmitoctem 1,5 GHz.
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Produkéni MD simulace byly provedeny na lokdlnich stanicich osazenych
grafickymi procesory (GPU) pomoci softwarového baliku ACEMD v.2591 [108,
148]. ACEMD nepodporuje MD simulace v NPT souboru, proto byl pouzit soubory
NVT (po ekvilibrizaci se beztak objem velkych simulovanych systémi
s biomolekulami méni jen minimalng¢). Konstantni teplota (290 K ¢i 310 K) byla
udrzovana pomoci Langevinova termostatu [108, 148]. Cut-off byl u
dalekodosahovych interakci nastaven na 9 A. Casovy krok 4 fs umoznilo
prerozdéleni ¢asti hmoty tézkych atomii na vodikové atomy na né navazané. Pro
provedeni produkénich MD simulaci byly pouzity programovatelné GPU NVIDIA
GTX-580 osazené 480 jadry. Vypoéty byly provadény rychlosti cca. 25 ns/den.
Celkova délka jednotlivych béhu se pohybovala v rozsahu od 100 do 200 ns.

Data byla ukladana kazdych 100 ps. Trajektorie byly analyzovany prostiednictvim
softwarovych baliki CHIMERA 1.53, VMD 1.9, Curvest a PTRAJ
ze softwarového baliku AMBERI10 [125-127, 147]. Softwarovy balik ICM Molsoft
3.7 byl pouzit na vytvoreni obrazkd.

Vysledky MD simulaci

Zde prezentované MD simulace lze rozdé¢lit do nékolika skupin. Jednak byla
testovana a porovnavana ruzna silova pole AMBER (MD simulace ¢. 1-3 a 4-6 - viz.
Tab. 1). Kromé toho byly porovnavany vysledky MD simulaci komplexii
S protonovanym a neprotonovanym reziduem Glul31 (MD simulace ¢. 1-3 a 4-6).
Dalsi skupinu tvofily MD simulace zaméfené na zkoumani dopadu bodovych mutaci
RNazy L na vazbu 2-5A k enzymu (MD simulace ¢. 7-12, konkrétné¢ MD ¢. 7, 8 -
R155A; MD ¢. 9 - F126A; MD ¢. 10 - W60A; MD ¢. 11, 12 — K89A). Nakonec bylo
zkoumano, zda Ize pouzitim MD béhu v fadu stovek nanosekund tozlisit u analog 2-
5A agonisty RNazy L (MD simulace ¢. 13-15 s ligandy pBasAzsA, pAzsAgsB,
pB2sAzsB, kde B obsahuji 3’-0,4’-C-alkylenovou spojku) od neaktivnich analog
(MD simulace ¢. 16-19 s Ilgandy pA25825A, sz5Bz5A, pAgng5B, sz5Bz5B) [179]

Pro snaz$i orientaci je V nasledujicim textu zavedeno znaeni pro trvalou
konformac¢ni zménu znak -> (napft. syn -> anti). Pro reverzibilni konformaéni zménu
znak <->.

Interakce RNazy L s 25A a konformacni preference 25A jsou podrobnéji popsany u
prvni MD simulace, kde jsou definovany sledované parametry. Dale pak u druhé MD
simulace, protoze simulovany systém zde zustal nejblize pocateCnimu uspoiadani z
krystalu a v MD simuaci ¢. 10 s RNazou L E131H_ WG60A, protoze tam 25A piesla
do Sroubovicovitého uspofadani, ve kterém se ziejm¢ nachazi pied a na samém
pocatku interakce s RNazou L.

01/ RNaza L _E131H; pAxAxsA; FF 94; T =310 K; t <200 ns
V MD simulaci ¢. 1 zustala molekula pAzsAzsA stabilné navazana na enzym RNaza
L E131H a to i ptes konforma¢ni zmény, které zpusobil trvaly pfechod baze tretiho

AMP z konformace syn do konformace high-anti.

V molekule pAzsAzsA, ktera se nachazela v Casteéné rozvinuté konformaci, byl
pozorovan stacking bazi prvniho AMP (Adel) a druhého AMP (Ade2). Baze tietiho
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AMP (Ade3) se do vzajemnych interkci bazi nezapojila, namisto toho se realizovala
n-1 interakce S postrannim fetézcem rezidua Trp60. Baze Adel obdobné interagovala
S postrannim fetézcem rezidua Phel26. Vodikové vazby mezi protonovanym
reziduem Glul3l a Adel (vazby Glul3l O1-H62_Adel a Glul31_H2-N1_Adel)
byly stabilni po celych 200 ns MD béhu s vyjimkou kratkych reverzibilnich rozpadi.
Stejné chovani bylo pozorovano u interakci mezi Ade2 a postrannim fetézcem
rezidua Tyrl35 (vazba Tyrl35 H-N1 Ade2). Naproti tomu systém vodikovych
vazeb mezi Ade3 a postrannimi fetézci rezidui GIn68 (GIn68 O1-H62_Ade3 a
GIn68_H2-N1_Ade3) a Asn65 (Asn65_01-H61 Ade3) byl rozpadly jiz od pocatku
MD simulace v diasledku konformaéniho piechodu Ade3 (obrazek 4.20. MD ¢. 1
Ade3).

Mezi 5’-fosfatovou skupinou prvniho AMP (Phosl) a postrannimi fetézci rezidui
Argl55 a Lys166 byly zformovany solné¢ mistky. U 5’-fosfatové skupiny druhého
AMP (Phos2), nebyla zaznamenéna dlouhodobd piima interakce s RNéazou L.
Jedinou vyjimkou byly kratkodobé kontakty Phos2 s reziduem Tyr124 v okamzicich
naruSeni interakci mezi Phosl a reziduem Argl55, které nastavaly po konformacni
zméné Ade3. Nakonec si rezidua Lys166 a Tyr124 vymeénila své vazebné protéjsky
(Phosl1 a Phos2). 5’-fosfatova skupina tietiho AMP (Phos3) zformovala solny mustek
S postrannim fetézcem rezidua Lys&89.

Adel byl v konformaci high-anti (odpovidajici hodnota N-glykosidického torzniho
uhlu 0O4°-C1°-N9-C4 je cca. -90°) a Ade2 v konformaci anti (cca. 180°). U Ade3 byl
zaznamenan konformacni prechod z konformace syn (cca. 60°) do konformace high-
anti (obrazek 4.20. MD ¢. 1 Glycosidic). Puckering prvnich dvou cukrii byl stabilné
C3¢-endo, zatimco u tieti ribozy prob&hla konformacni zména C4¢-exo/O4¢-endo ->
C2¢-endo. U atomid C4°‘-C5° pojicich ribézu a internukleotidovou spojku byly
zaznamenany nasledujici konformace (kvantifikované prosttednictvim torzniho thlu
C3°-C4°-C5°-05°): trans -> gauche (Adel), -gauche (Ade2), -gauche -> gauche
(Ade3). Internukleotidova spojka Adel-Ade2 byla trvale v konformaci -g-g
(vyjadieno prostfednictvim konformacnich preferenci torznich uhli C5°-O5°-P-O2° a
05°-P-02¢-C2°). U Internukleotidové spojky Ade2-Ade3 doslo ke konformacnimu
ptechodu gg -> -g-g.

02/ RNaza_L_E131H; pAzsAsA; FF_99SB; T =310 K; t = 200 ns

V MD simulaci ¢. 2 zastala molekula pAzsAzsA stabilné (obrazek 4.20. MD ¢&. 2)
navazana k povrchu RNazy L_E131H v pivodni poloze (obrazek 4.18.).

Molekula pAsAzsA pritom zaujimala castecné rozvinutou konformaci s =n-m
stackingem pouze mezi bazemi Adel a Ade2. Baze Ade3 stackovala S postrannim
fetézcem rezidua Trp60. Baze Adel takto interagovala s postrannim fetézcem
rezidua Phel26. Baze Adel byla ve vazebném misté stabilizovana prostiednictvim
vodikovych vazeb, které ji po celou 200 ns MD simulaci poutaly K protonovanému
reziduu Glul31. Stejné tak i baze Ade2 interagovala s postrannim fetézcem rezidua
Tyrl35 prostiednictvim vodikové vazby. Baze Ade3 Dbyla stabilizovana siti
vodikovych vazeb s tcasti postrannich fetézct rezidui GIn68 a Asn65.

Solné mustky zformované mezi Phosl a postrannimi fetézci rezidui Argl55 a
Lys166 byly stabilni po celou dobu MD simulace. Nebyl pozorovan podstatny
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kontakt mezi Phos2 a postrannim fetézcem rezidua Tyrl24. Phos3 zformovala
stabilni solny mustek s postrannim fetézcem rezidua Lys89 a vodikovou vazbu
S postrannim fetézcem rezidua Trp60.

Adel byl v high-anti a Ade2 v anti konformaci. Ade3 setrvaval v konformaci syn.
Puckering prvniho a druhého cukru byl C3¢-endo, kdezto u tfeti ribozy C4¢-
exo/04¢-endo. Torzni Ghly C3°-C4‘-C5°-O5° se nachazely v konformacich trans
(Adel), -gauche (Ade2), -gauche (Ade3). Internukleotidova spojka Adel-Ade2 byla
trvale v konformaci -g-g, spojka Ade2-Ade3 preferovala konformaci gg.

03/ RN4za_L_E131H; pAxsAsA; FF_Olo; T =310 K; t = 200 ns

V MD simulaci ¢. 3 zGstala molekula pAzsAxA navazana K povrchu RNazy
L _E131H v konformaci blizké pocateénimu uspoiadani. Baze Ade3 stackovala
s postrannim fetézcem Trp60 v ponékud vychylené pozici, ktera byla zplsobena
rozpadem systému vodikovych vazeb mezi bazi Ade3 a postrannimi fetézci rezidui
GIn68 a Asn65 (obrazek 4.20. MD ¢&. 3 Ade3).

04/ RNaza L _E131; pAxAxA; FF 94; T =290 K; t <200 ns
05/ RNaza L._E131; pAysAxsA; FF_99SB; T =290 K; t =200 ns
06/ RNaza_L_E131; pAAxsA; FF_Olo; T =290 K; t =200 ns

V MD simulaci ¢. 4 ztstal pouze Ade3 navazan V plivodni vazebné pozici
na povrchu RNazy L_E131 (obrazek 4.20. MD ¢. 4 Ade3). Baze Ade3 byla pfitom ze
vSech bazi molekuly pAzsAzsA nejvice vzdalena od neprotonovaného rezidua
Glul3l. V zasad¢ to samé bylo pozorovano i v nasledujicich dvou MD simulacich s
neprotonovanym Glul31(obrazek 4.20. MD ¢. 5 Ade3, obrazek 4.20. MD ¢. 6 Ade3).

Vzhledem k nestabilité¢ v§ech simulovanych systémi s neprotonovanym Glul31 (MD
¢. 4-6) bylo ve vSech nasledujicich MD simulacich toto residuum protonované. Bylo
pfitom pouzito silové pole AMBER_99SB, se kterym uspotfddani simulovaného
systému v MD simulaci ¢. 2 ziistalo nejblize tomu, co bylo pozorovano v krystalové
struktufe.

07/ RNaza_L_E131H_R155A; pAzsAzsA; FF_99SB; T = 290 K; t = 200 ns

V prubéhu MD simulace ¢. 7 se molekula pAzsAzsA témétr odpoutala od povrchu
RNazy L _E131H_R155A. V pivodni pozici setrval pouze Ade3 nejvice vzdaleny
od mista bodové mutace R155A (obrazek 4.21. MD ¢. 7 Ade3). Postranni fetézec
rezidua Tyrl24 byl prostfednictvim vodikové vazby trvale navazan na Phos2 a
vychyloval tak pAzsAzsA z ptivodni vazebné pozice.

08/ RNaza_L_E131H_R155A; pAxsAsA; FF_99SB; T = 310 K; t =200 ns

Ackoliv byl v MD simulaci €. 8 simulovany systém naprosto stejny jako v predchozi
MD simulaci, molekula pAsAsA tentokrat ziustala navdzana na povrchu
RNazy L _E131H_R155A v témé nezménéné pozici. Postranni fetézce rezidui
Lys166 a Lysl78 totiz vytvorily solné mustky sPhosl, ¢imz byla castecné
vykompenzovana absence postranniho fetézce R155 (obrazek 4.21. MD ¢. 8 Phosl).
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Navic nebyly zaznamendny vyznamnéj$i interakce postrannich fetézcl rezidua
Tyrl24 s Phos2, které by vychylovaly pAssAzsA z pivodni vazebné pozice.

09/ RNaza_L_E131H_F126A; pAxAzsA; FF_99SB; T=310K; t=200 ns

V MD simulaci ¢. 9 se molekula pAzsAzsA téméi odpoutala od povrchu RNazy
L E131H F126A. V pavodni vazebné pozici zlstal navazany pouze Ade3. Adel
nem¢l v disledku bodové mutace obvyklého partnera (Phel26) pro stacking a
vodikové vazby s Glul31 téz zanikly. Nasledn¢ byla pferuSena i vodikova vazba
mezi bazi Ade2 a postrannim fetézcem rezidua Tyrl35 (obrazek 4.21. MD ¢. 9
Ade2).

10/ RNaza_L_E131H_ W60A; pAxAxA; FF_99SB; T = 310 K; t = 200 ns

V MD simulaci ¢ 10 zustala molekula pAxAsA navazana Kk RNaze
L_E131H_WG60A pouze prostiednictvim Adel - AMP nejvzdalenéjsiho od bodové
mutace W60A (obrazek 4.19.).

Uvolnénd molekula pAssAsA piesla do Sroubovicovité konformace, ve které
dochazelo k n-n stackingu vSech bazi Adel-Ade2-Ade3. Stejné finalni usporadani
bylo pozorovano i Vv nasledujici MD simulaci. Dale byl zaznamenan m- stacking
mezi bazi Adel a postrannim fetézcem rezidua Phel26. Trp60 bylo nahrazeno
alaninem, jehoz postranni fetézec nemohl stackovat sbazi Ade3. Baze Adel
interagovala  prostfednictvim  vodikovych  vazeb S postrannim  fetézcem
protonovaného rezidua Glul31. Tyrl135 interagovalo s Ade3 namisto Ade2. Zcela
preruSen byl systém vodikovych vazeb, do kterého byly kromé Ade3 pivodné
zapojeny také postranni fetézce rezidui GIn68 a Asn65 (obrazek 4.21. MD ¢. 10
Ade3).

Byl také pierusen solny mistek mezi Phosl a postrannim fetézcem rezidua Argl55
nikoliv v8ak Lys166. Nebyly pozorovany Zadné podstatné interakce mezi postrannim
fetézcem rezidua Tyr124 a Phos2. Mezi postrannim fetézcem rezidua Lys89 a Phos3

byl zformovan solny mustek, ktery se reverzibilné rozpadal (obrazek 4.21. MD ¢. 10
Phos3).

Vsechny AMP ukoncily MD simulaci v konformaci anti. Puckering prvni a druhé
ribozy byl C3¢-endo/C4¢-exo a tieti ribozy C2¢-endo. U vSech C4‘-C5° spojek ribdz
a internukleotidovych spojek byl preferovan konformer -gauche. Internukleotidové
spojky Adel-Ade2 a Ade2-Ade3 byly v konformaci -g-g.

11/ RNaza_L_E131H_ K89A; pAxAzsA; FF_99SB; T =290 K; t =200 ns

Béhem prvnich cca. 150 ns MD simulace ¢. 11 byla molekula pAzsAzsA stabilné
navazana k RNaze L_E131H_K89A. Potom se ale z vétSiny vazebnych mist
odpoutala a zustala navazana pouze prostiednictvim Adel - AMP nejvice vzdaleného
od bodové mutace K89A (obrazek 4.21. MD ¢. 11 Adel). Baze Adel stackovala
S postrannim fetézcem rezidua Phel26 a byla stabilizovana vodikovymi vazbami
vytvafenymi s postrannim fetézcem protonovaného rezidua Glul31. Stejné jako
v pifedchozi MD simulaci zaujala uvolnéna molekula pAzsAzsA Sroubovicovitou
konformaci, ve které dochazelo k n-n interakcim vSech bazi Adel-Ade2-Ade3.
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12/ RNaza_L_E131H_ K89A; pA25A25A; FF_99SB; T = 310 K; t =200 ns

V MD simulaci ¢. 12 se molekula pAzsAzsA odpoutala od enzymu RNazy
L E131H_KB89A (obrazek 4.21. MD ¢. 12). Jeji koncova orientace byla kolma vaci
orientaci pocatecni. V disledku toho byl pferusen n-m stacking jak mezi bazi Adel a

postrannim fetézcem Phel26, tak 1 mezi bazi Ade3 a postrannim fetézcem rezidua
Trp60.

13/ RNéza_L_E131H; pAxsAxsB; FF_99SB; T =310 K; t = 200 ns
14/ RN4za_L_EI131H; pBysAxsA; FF_99SB; T = 310 K; t = 200 ns
15/ RN4za_L_E131H; pBasAxsB; FF_99SB; T = 310K t = 200 ns

V ptipadé MD simulace ¢. 13 se molekula pAzsA2sB stabilné vazala k povrchu
enzymu RNazy L_E131H (obrazek 4.22. MD ¢. 13). Stejné pozorovani bylo u¢inéno
1 v nasledujicich dvou MD simulacich s pB2sAzsA a pBasAgsB (obrazek 4.22. MD ¢.
14, obrazek 4.22. MD ¢&. 15). To je vsouladu s experimentem, ktery prokazal
pozoruhodnou schopnost pA2sA2sB, pB2sAzsA a pBasAgsB aktivovat RNazu L [179].

16/ RNdza_L_E131H; pAxsBysA; FF_99SB; T =310 K; t = 100 ns

V MD simulaci ¢. 16 byla molekula pAzsB2sA navazana k RNaze L_E131H po témér
celych 100 ns. To se zménilo v samém zavéru MD simulace, aby nakonec pouze
Ade3 zustal navazany ve svém puvodnim vazebném misté (obrazek 4.22. MD ¢. 16
Ade3). To je v souladu s experimentalné prokazanou malou schopnosti molekuly
pA2sB2sA aktivovat RNazu L [179].

17/ RNaza_L_E131H; pAxB2sB; FF_99SB; T = 310 K; t = 100 ns

V MD simulaci ¢. 17 byla molekula pAzsB2sB navazana k RNaze L_E131H.
Nedochazelo vsak k m-m interakci mezi bazemi Adel a Ade2 v dusledku
konformacnich zmén u druhého AMP. Internukleotidova spojka Adel-Ade2 pfitom
ptechazela mezi konformacemi -gg -> -gt -> -g-g (obrazek 4.22. MD ¢. 17 PL 1-2).
Druha internukleotidova spojka Ade2-Ade3 pak g-g -> -gg. Konformaéni zmény
Ade2 a obou internukleotidovych spojek, které ho obklopuji, by nepochybné
znemoznily vazbu Tyr312 z druhého monomeru RNazy L k Phos2, coz by
vysvétlovalo neschopnost molekuly pAzsB2sB aktivovat RNazu L [179].

18/ RN4za_L_E131H; pBysBysA; FF_99SB; T = 310 K; t = 100 ns
19/ RNsiza_L_E131H; pBysBysB; FF_99SB; T = 310 K; t = 100 ns

Molekuly pB2sB2sA a pB2sB2sB byly na konci MD simulaci ¢. 18 a 19 navazané k

povrchu enzymu RNazy L_E131H pouze prostiednictvim Ade3. To vysvétluje jejich
neschopnost aktivovat RNazu L [179].
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Obrazek 4.18.: Molekula pAsAxsA navazana k povrchu RNazy L E131H béhem

MD simulace ¢.2 zpasobem [180], ktery odpovida tomu, co bylo zaznamenano ve
vychozi krystalové struktuie.
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Obrazek 4.19.: Molekula pAxsAzsA zménila v MD simulaci ¢. 10 s mutantni
RNaseL E131H W60A svou konformaci tak, ze pouze Adel zlstalo ve své ptivodni
vazebné pozici [180].

93



5 Co/Glh - Adet SB/Glh - Adet OlGlh - Adet io Co/Glu - Adet SB/Glu - Ade1 OlGlu - Ade1

o T
_’.\‘;:.:», i [
d(A) d(A) 3 S
a S - p
0 0
5o Co/Glh - Ade2 SB/Glh - Ade2 OVGIh - Ade2
A
0

SB/GIh - Ade3

SB/Glh - Phost QUGlh - Phos1

SBGIu - Phos?

ot

I
sk

OVGIh - Phos2
R .

M - 28 ‘ n}‘

SB/Glh - Phos3 OUGIh - Phos3 10 Co/Glu - Phos3 SB/Glu - Phos3 OVGlu - Phos3
- A i
0

SB/GIh - Glycosidic Ol/Glh - Glycosidic Co/Glu - Glycosidic SB/Glu - Glycosidic OlGlu - Glycosidic
T " < FR

P oo deg%

P o
Py ; ol 5

SB/Glh - Puckering OVGlh - Puckering

Co/Glu - Puckering SB
80 [ e e

/Glu - Puckering
i LS

3-8 el

deg §
-180
Co/Glh - Beta 1,2,3 SB/Glh - Beta 1,2,3 OlGlh - Beta 1,2,3 Co/Glu - Beta 1,23 SB/Glu - Beta 1,23 Ol/Glu - Beta 1,2,3
A T U A1 r— R T e
deg " i " deg i ) ! 1
-1aot" SRR [ - m 4180[ it | e
Co/Glh - PL 1-2 SB/Glh - PL 1-2 OVGIh - PL 1-2 Co/Glu - PL 1-2 SB/Glu - PL 1-2 OlGlu - PL 1-2
180 180 T
deg deg ‘
ooy Ay, 2 s bty peotioee, sl
-180 -180 ‘ s
180 Co/Glh - PL 2-3 SB/Glh - PL 2-3 OVGlh - PL 2-3 180 Co/Glu - PL 2-3 SB/Glu - PL 2-3 Ol/Glu - PL 2-3
deg:. i MW - el
oS 5o, ey Pt . sk R s
80 £ -180 .
0 time(ns) 200 0 time(ns) 200 O time(ns) 200 0 time(ns) 200 0 time(ns) 200 O time(ns) 200

Obrazek 4.20.: Vysledky MD simulaci &. 1-6 ve sloupcich grafii zleva doprava. Casovy vyvoj riiznych
strukturnich parametrd v fadcich grafi shora doli. Vazba Adel prostiednictvim vodikovych vazeb k
protonovanému/neprotonovanému  Glul31: Glul31 _O-H62 Adel (Cervena c¢ara) a Glul31_OH-N1_Adel
(zelena cara). Kontakty Ade2 s postrannim fetézcem Tyrl135: Tyr135 OH-N1_Ade2 (Cervena cara). Sit
vodikovych vazeb zahrnujicich Ade3 a postranni fetézce GIn68: GIn68 O1-H62 Ade3 (Cervenad cara) a
GIn68_H2-N1_Ade3 (zelena Cara) a Asn65: Asn65_O1-H61_Ade3 (modra ¢ara). Postranni fetézce Argl55
(Cervena ¢ara) a Lys166 (zelena ¢ara) formuji solné mustky s 5’-fosfatovou skupinou prvniho AMP (Phosl). 5°-
fosfatova skupina druhého AMP (Phos2) formovala ptilezitostné vodikové vazby s postrannim fetézcem Tyr124
(CGervena Cara). 5’-fosfatova skupina tfettho AMP (Phos3) formovala pfileZitostné solné mustky s postrannim
fetézcem Lys89 (Cervena cara). Hodnoty glykesidického torzniho uhlu (O4°-C1°-N9-C4) pro Adel (Cervena
¢ara), Ade2 (zelena ¢ara), Ade3 (modra ¢ara). Puckering riboz (Adel — Cervena ¢ara, Ade2 — zelena ¢ara, Ade3 —
modra cara). Konformace segmentd C4’-C5’ spojujicich ribézy a internukleotidové spojky vyjadiené
prostednictvim torzniho thlu beta (C3’-C4’-C5’-05’): Adel — Cervena Cara, Ade2 — zelena ¢ara, Ade3 — modra
¢ara). Konformace fosfodiesterovych internukleotidovych spojek Adel-Ade2 a Ade2-Ade3 (tj. PL 1-2 and PL 2-
3) vyjadtené prostiednictvim konformaci torznich Ghla C5’-05’-P-02’ (Cervena ¢ara) a O5’-P-02’-C2’ (zelena

cara) [180].
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Obrazek 4.21.: Vysledky MD simulaci & 7-12 ve sloupcich grafdi zleva doprava. Casovy vyvoj riiznych
strukturnich parametrti v fadcich grafi shora doli. Vazba Adel prostiednictvim vodikovych vazeb k
protonovanému/neprotonovanému  Glul31: Glul31 O-H62 Adel (Cervena c&ara) a Glul3l_OH-N1_Adel
(zelend Cara). Kontakty Ade2 s postrannim fet€zcem Tyr135: Tyr135 OH-N1_Ade2 (Cervena C&ara). Sit
vodikovych vazeb zahrnujicich Ade3 a postranni fetézce GIn68: GIn68 O1-H62 Ade3 (Cervend Cara) a
GIn68_H2-N1_Ade3 (zelena &ara) a Asn65: Asn65_O1-H61 Ade3 (modra ¢ara). Postranni fetézce Argl55
(Cervena Cara) a Lys166 (zelena ¢ara) formuji solné mustky s 5’-fosfatovou skupinou prvniho AMP (Phosl). 5°-
fosfatova skupina druhého AMP (Phos2) formovala ptilezitostné vodikové vazby s postrannim fetézcem Tyrl24
(Cervena Cara). 5’-fosfatova skupina tfettho AMP (Phos3) formovala pfilezitostné solné mustky s postrannim
fetézcem Lys89 (Cervend cara). Hodnoty glykesidického torzniho uhlu (O4’-C1°-N9-C4) pro Adel (Cervena
¢ara), Ade2 (zelena ¢ara), Ade3 (modra ¢ara). Puckering riboz (Adel — ervena ¢ara, Ade2 — zelena Cara, Ade3 —
modra cara). Konformace segmentd C4’-C5’ spojujicich ribézy a internukleotidové spojky vyjadiené
prostiednictvim torzniho Gihlu beta (C3’-C4’-C5°-05’): Adel — ervena &ara, Ade2 — zelena &ara, Ade3 — modra
¢ara). Konformace fosfodiesterovych internukleotidovych spojek Adel-Ade2 a Ade2-Ade3 (tj. PL 1-2 and PL 2-
3) vyjadrené prostiednictvim konformaci torznich thla C5°-05’-P-02’ (Cervena cara) a O5’-P-02’-C2’ (zelena

Céra) [180]
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Obrazek 4.22.: Vysledky MD simulaci & 13-19 ve sloupcich grafii zleva doprava. Casovy vyvoj riiznych
strukturnich parametrti v fadcich grafi shora doli. Vazba Adel prostiednictvim vodikovych vazeb k
protonovanému/neprotonovanému  Glul31: Glul31 O-H62 Adel (Cervena c&ara) a Glul31 OH-N1_Adel
(zelend Cara). Kontakty Ade2 s postrannim fet€zcem Tyr135: Tyr135 OH-N1_Ade2 (Cervena C&ara). Sit
vodikovych vazeb zahrnujicich Ade3 a postranni fetézce GIn68: GIn68 O1-H62 Ade3 (Cervend Cara) a
GIn68_H2-N1_Ade3 (zelena &ara) a Asn65: Asn65_O1-H61 Ade3 (modra ¢ara). Postranni fetézce Argl55
(Cervena Cara) a Lys166 (zelena ¢ara) formuji solné mustky s 5’-fosfatovou skupinou prvniho AMP (Phosl). 5°-
fosfatova skupina druhého AMP (Phos2) formovala pfilezitostné vodikové vazby s postrannim fetézcem Tyr124
(Cervena Cara). 5’-fosfatova skupina tfettho AMP (Phos3) formovala pfilezitostné solné mustky s postrannim
fetézcem Lys89 (Cervend cara). Hodnoty glykesidického torzniho uhlu (O4’-C1°-N9-C4) pro Adel (Cervena
¢ara), Ade2 (zelena ¢ara), Ade3 (modra ¢ara). Puckering riboz (Adel — Cervena ¢ara, Ade2 — zelena Cara, Ade3 —
modra cara). Konformace segmentd C4’-C5’ spojujicich ribézy a internukleotidové spojky vyjadiené
prostiednictvim torzniho Gihlu beta (C3’-C4’-C5°-05’): Adel — ervena &ara, Ade2 — zelena ¢ara, Ade3 — modra
¢ara). Konformace fosfodiesterovych internukleotidovych spojek Adel-Ade2 a Ade2-Ade3 (tj. PL 1-2 and PL 2-
3) vyjadrené prostiednictvim konformaci torznich thla C5°-05’-P-02’ (Cervena cara) a O5’-P-02’-C2’ (zelena

céra) [180]
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RNaseL RNaseL 25A FF Temp Length EC50 Crel [X]
[x]

01 E131H - PAxAA 94 310K <200ns

02 E131H - PAxAxA  99SB 310K 200ns

03 E131H - PAxAxA  Olo 310K 200ns

04 E131 - PAxAKA 94 290K <200ns

05 E131 - PAsAxA  99SB 290K 200ns

06 E131 - PAxAxA  Olo 290K 200ns

07 E131H  RI55A  pAsAsA  99SB 290K 200ns

08 E131H  RI55A  pAsAsA  99SB 310K 200ns

09 E131H  F126A  pAsAsA  99SB 310K 200ns

10 E131H  W60A PAxAxA  99SB 310K 200ns

11 E131H  KB89A PAxAxA  99SB 290K 200ns

12 E131H  KB89A PAxAxA  99SB 310K 200ns 35 1.0
13 E131H - PBusAsA  99SB 310K 200ns 77 22
14 E131H - PAxA:B  99SB 310K 200ns 4.9 14
15 E131H - PBsAsB  99SB 310K 200ns 130 37
16 E131H - PAsBisA  99SB 310K 100ns 530 150
17 E131H - PByBxsA  99SB 310K 100ns >1000 > 300
18 E131H - PAxB:sB  99SB 310K 100ns >1000 > 300
19 E131H - PBysBxsB  99SB 310K 100ns >1000 > 300

Tab.1.: Knihovna MD simulaci pouzitych komplext s HS RNase L [180].

Shrnuti

V provedenych MD simulacich bylo testovano nékolik verzi silového pole AMBER
(MD simulace ¢. 1-3 a 4-6 - viz. Tab. 1), které prochazi opakovanymi revizemi [87,
146]. Zejména u nukleovych kyselin je totiz obtizné spravné urcit a vybalancovat
vsechny silové konstanty. Napftiklad ty, které ovliviiuji konformacni preference u N-
glykosidického torzniho whlu, ktery muze nabyvat hodnot anti, high-anti, syn.
Pricemz u trimeru 2-5A se shodou okolnosti realizuji vSechny tyto konformery.
Protoze v MD béhu ¢. 2 (obrazek 4.18.) byla konformace 2-5A a zputsob jeho
interakce s RNazou L nejblize tomu, co bylo zachyceno ve vychozi Kkrystalové
struktufe 1wdy [68], bylo v naslednych MD simulacich s mutantni RNazou L (MD
simulace ¢. 7-12 - Tab. 1) a analogy 2-5A (MD simulace ¢. 13-19 - Tab. 1) pouzito
silové pole 99SB [181].
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Dalsi otevienou otdzkou bylo, zda v MD simulacich pouzit protonované nebo
neprotonované reziduum Glul31. Studium krystalové struktury 1wdy [68] naznacilo,
ze vzhledem ke vzdalenostem mezi atomy Adel a Glul31 by reziduum Glul31 mélo
byt protonované a tvofit dvé vodikové vazby s Adel. To bylo néasledné potvrzeno v
MD simulacich (MD simulace ¢. 1-3 vs. 4-6 - Tab. 1), které prokazaly nestabilitu
komplexu RNazy L a 2-5A pii pouziti neprotonovaného rezidua Glul31. Proto v
nasledujicich MD simulacich s mutantni RNazou L (MD simulace ¢. 7-12 - Tab. 1) a
analogy 2-5A (MD simulace ¢. 13-19 - Tab. 1) bylo pouzito protonované Glul131.

Dalsi série MD simulaci byla provedena s cilem zobrazit nezadouci vliv bodovych
mutaci RNazy L na vazbu 2-5A. Celkem bylo provedeno $est MD simulaci (viz. Tab.
1: R155A - MD ¢. 7-8; F126A - MD ¢. 9; W60A - MD ¢. 10; K89A - MD ¢. 11-12) o
délce 200 ns. Markantni dopad bodovych mutaci na vazbu 25A se projevil u vsech
studovanych struktur, pouze u R155A se tak stalo pouze v jedné ze dvou
realizovanych MD simulaci. Bylo to zptisobeno tim, Ze ztrita kontaktu mezi
reziduem Argl55 a terminalni fosfatovou skupinou 2-5A muze byt kratkodobé a do
jist¢ miry kompenzovédna interakcemi s flexibilnimi postrannimi fetézci rezidui
Lys166 a Lys178. Porovnani obou MD simulaci mutantu RI155A urcilo jako
rozhodujici faktor pro (ne)stabilitu vazby 25A skuteCnost, zda byl ¢i nebyl na
pocatku MD behu Ade2 navdzdn na Tyrl35. Tato interakce mize byt narusSena
kontakty mezi reziduem Tyrl24 a Phos2. | v nékterych dalsich MD simulacich se
reziduum Tyrl24 ukazalo jako stabilizator struktury 2-5A vychylené ze své ptivodni
vazebné pozice. Tato skuteCnost by méla byt brana do uvahy pfi navrhovani
chemicky modifikovanych 2-5A agonisti RNazy L.

Posledni série MD simulaci byla provedena na analozich 2-5A vytvofenych pomoci
,bridging* strategie zavedenim 3’-0,4’-C-alkylenové spojky do adenosinovych
jednotek. Cilem bylo posoudit schopnost MD simulaci rozlisit na ¢asové Skale stovek
nanosekund agonisty RNazy L (viz. Tab. 1: MD simulace ¢. 13-15 - pBsAA,
PA2sAsB, pBasAxsB) a inaktivni analoga (viz. Tab.l: MD simulace ¢. 16-19:
PA2sB2sA, pB2sBasA, pAzsB2sB, pB2sBosB) [179]. Coz se podarilo. Agonisté RNazy
L se v priabéhu 200 ns MD simulaci stabilné vazaly k povrchu RNazy L. Pouze baze
Ade? z hlediska interakce s Tyr135 obcas oscilovala mezi dvéma pozicemi. Nicméné
I Vv tomto piipadé prevladalo obvyklé uspofadani. Naproti tomu u neaktivnich analog
2-5A byly pozorovany zasadni poruchy v jejich interakcich s RNazou L. A to jiz
Vv pribehu 100 ns MD bé&hd.

Timto provedené MD simulace naplnily ocekavani, ze by mohly byt vhodnym
nastrojem pro navrh a optimalizaci struktur agonisti RNazy L. V literatuie se pfitom
nachazi velké mnozstvi experimentalnich dat cekajicich na interpretaci. V minulosti
bylo vysyntetizovano a nasledné in vitro testovano mnoho analog 2-5A
s modifikovanymi bazemi, ribézami, internukleotidovymi spojkami a 5‘-fosfatovymi
skupinami. Krom¢ fosforothioatovanych 2-5A vsak doposud nebyl nalezen zadny
dalsi analog dostatecné odolny viici degradaci bunéénymi enzymy a schopny in vivo
aktivovat RNazu L [179, 182].
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5. Zavér
RdRp

RNA-dependentni-RNA polymeraza (RdRp) replikuje virovou RNA. D¢je se tak
V tzv. binukledrnim aktivnim misté, kde se dva hoi¢ikové ionty vazi k nékolika
acidickym aminokyselindm. Hoicikové ionty stabilizuji O3’ konec syntetizovaného
vlakna RNA a fosfatové skupiny ptistupujictho NTP v aktivnim mist¢ RdRp a
v kone¢ném disledku umoznuji atak O3’ konce RNA na o-fosfatovou skupinu NTP.
V mnoha  pfipravnych  MD  simulacich s klasicky = parametrizovanymi
nepolarizovatelnymi silovymi poli byla opakované zaznamenina nestabilita
binuklearniho aktivniho mista RdRp v disledku nadmérné repulze mezi obéma
hoi¢ikovymi ionty. Vychodiskem se ukézalo pouziti tzv. sedmibodobé reprezentace
hot¢ikovych iontd, kdy je jejich kladny naboj pierozdélen na nékolik fiktivnich
pseudocastic. Stabilizace aktivniho mista RdRp oteviela cestu k realistickym
vypoctim. Dals§i otazkou bylo, zda pouziti vykonnych grafickych karet pro
molekularné dynamické vypocéty, jez dovolilo ziskat az mikrosekundové trajektorie,
umozni postihnout diference ve vazbé velmi podobnych substrati do aktivniho mista
RdRp. Byly proto provedeny mikrosekundové MD simulace komplexi NV RdRp s
ptirozenymi (CTP, 2dCTP) a modifikovanymi (coCTP, cocCTP) substraty.
Navzdory témér stejné struktufe je CTP pfirozeny substrat enzymu, 2dCTP chaby
substrat, coCTP terminator syntetizovaného RNA vldkna a cocCTP klasicky
kompetitivni inhibitor. Molekularné-dynamické simulace ukazaly markantné odlisné
konformacni preference CTP a 2dCTP vs. coCTP a cocCTP. Torzni uhel O5°-C5°-
C4¢-04° v nemodifikovanych strukturach preferoval konformer —gauche, kdezto
analogické torzni thly C5°¢-O5°-C4°-04‘ a C5°-05¢-C4°‘-C4¢ v modifikovanych
strukturach coCTP a cocCTP jednoznacné preferovaly konformaci +gauche. V CTP
a 2dCTP tak byl atom kysliku O5°¢ situovan nad ribézou, kdezto v coCTP a cocCTP
sméfoval atom C5° mimo riboézu. Zajimavé bylo, Ze relaxace aktivniho mista RdRp
v disledku odliSnych konformacnich preferenci coCTP a cocCTP trvala tfadové
stovky nanosekund. Z tohoto uhlu pohledu se jedna mikrosekunda jevi jako
minimalni délka MD trajektorii nezbytna pro dostate¢nou evoluci komplexit RdRp a
potencidlnich inhibitorii. Dale byly sledovany interakce xCTP s postrannimi fetézci
aminokyselin, jejichz mutace sniZuje Kkatalytickou efektivitu RdRp (Argl82
interagujicim s trifosfatovou skupinou xCTP nebo Asp247, které je spolu se Ser300 a
Asn309 zapojeno do mechanismu rozpoznavani 2°-OH skupin NTP). U CTP se
zhruba kazdych 100 ns zménila prostorova konfigurace postranniho fetézce rezidua
Argl82, ktery misto s a-fosfatovou zacal interagovat s B-fosfatovou skupinou CTP.
U 2dCTP byl kontakt mezi postrannim fetézcem rezidua Argl82 a trifosfatovou
skupinou 2dCTP pierusen. U coCTP a cocCTP poutaly solné¢ mustky Argl82 s a-
fosfonatovou skupinou po celou dobu MD simulace. U pfirozenych substrati - CTP a
2dCTP - pusobi Argl82 jako katalytické reziduum. Otazka, kterou mohou
zodpovédét pouze budouci QM/MM vypoclty je, zda intenzivni kontakt mezi o-
fosfonatovou skupinou a reziduem Argl82 zaznamenany u coCTP a cocCTP reakci
spiSe nebrzdi. Sit’ vodikovych vazeb mezi 2°-OH skupinou CTP, reziduem Ser300 a
reziduem Asp247 byla vitalni po celou €asovou evoluci simulovaného systému.
V této siti vodikovych vazeb se postupné uplatinovaly vSechny mozné kombinace
part donor-akceptor. V MD simulaci s 2dCTP byly interakce mezi rezidui Asp247 a
Ser300 trvale pieruseny. V coCTP MD simulaci interagovala 2°-OH skupina
s rezidui Ser300 a Asn309. Pouze budouci QMMM vypocty vychazejici z usporadani
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aktivniho mista NV RdRP dosazeného v téchto MD simulacich mohou odpovédét na
to, jak zjisténé rozdily v rozpoznavani 2°OH skupiny ovlivituji pribéh reakce.
Celkove¢ lze konstatovat, Ze velmi podobné nukleosidtrifosfaty se v MD simulacich
vazaly do aktivniho mista NV RdRp velmi rozdilnym zpisobem. Coz plné odpovida
tomu, ze CTP je piirozeny substrat, 2dCTP chaby substrat, coCTP terminator RNA
fetézce a cocCTP kompetitivni inhibitor RdRp.

RNaza H

RNéza H selektivné degraduje vlakno mRNA v duplexech mRNA:DNA. Ackoliv je
tedy jeji funkce piesné opacnd nez funkce RdRp (viz. vySe), aktivni mista obou
enzymi jsou si velmi podobnd vtom smyslu, ze obsahuji dva hoi¢ikové ionty.
Nicméné¢ RdRp pouta dva substraty reakce (O3’ konec RNA vlakna a fosfatové
skupiny NTP), které ptetvaii na dva produkty reakce (prodlouzené RNA vldkno a
zbytkovy pyrofostat). Kdezto RNéaza H Stipe jedno vldkno mRNA na dvé krat$i. Na
prvni pohled se tedy zdalo, ze problémy se stabilitou binuklearniho aktivniho mista
RNazy H by nemusely byt tak naléhavé, nebot’ oba ionty k sobé poutéd jedno jediné
souvislé vlakno nukleové kyseliny. Navic hlavni oblasti zdjmu byla vazba vldkna
DNA k povrchu RNazy H v misté relativné hodné vzdaleneném od aktivniho mista.
Nicméné pripravné MD simulace s klasicky parametrizovanymi hoif¢ikovymi ionty
opét ukazaly, Ze geometrie aktivniho mista je nestabilni, a Ze tato nestabilita ma vliv
i na vazbu DNA vldkna. Ve Stipané spojce rAS5-rC6 (ktera je v aktivnim misté
vetknuta mezi oba hoicikové ionty) byla proto pouzita polarizovana fosfatova
skupina. Standardni parametrizace hoi¢ikového iontu vede v MD simulacich také k
podcenéni vzdalenosti iont-ligand. Proto byl VAW radius R" pro Mg2+ zménén z
0.7926 A na 1.1 A. Diky vySe zminénym korekcim byly vzdalenosti MgA-MgB v
aktivnim misté¢ RNéazy H stabilni béhem MD simulaci o délce 200 ns. Referen¢ni
1000 ns MD simulace se sedmibodovou reprezentaci hot¢ikovych ionta pfitom vedla
k témét shodnym vysledkim. Dalsi MD simulace ukazaly, ze DNA vlakno
s modifikacemi internukleotidovych spojek typu 3°-O-P-CH2-O-5° (3pc5) bylo v 200
ns MD schopné vytvortit stabilni komplex s RNA vlaknem a HS RNazou H - na
rozdil od DNA vlakna s modifikacemi typu 3‘-O-CH2-P-O-5° (3¢p5). Vyssi afinita
3pc5 DNA kHS RNaze H vysvétluje schopnost téchto oligonukleotidi vyvolat
enzymatické Stépeni RNA (na rozdil od 3cpS DNA) pozorované v experimentech.

Argonaute

V roce 1998 byl ndhodné objeven mechanismus tzv. RNA interference, kdy dodani
dvousroubovicovité RNA do buné€k vede k inhibici homolognich genti. Postupné se
zjistilo, Ze dsRNA je v buiice St€pena na kratké duplexy siRNA. Jedno ze siRNA
vlaken je posléze ukotveno k enzymu Argonaute. Tento komplex pak na zakladé
komplementarity bazi vaze vlakna mRNA, ktera jsou enzymem Argonaute §tépena.
Bunky se takto brani proti virové ndkaze a prostfednictvim endogennich miRNA
molekul reguluji expresi genetické informace vétSiny svych gend. Navzdory
obrovskému biologickému vyznamu enzymu Argonaute nejsou krystalové struktury
jeho komplext s nukeovymi kyselinami pfili§ kvalitni. Donedavna se diky tomu
mélo za to, Ze v jeho aktivnim misté je pouze katalytickd tridda acidickych rezidui
poutajicich hot¢ikové ionty. Teprve zcela nedavno se objevily spekulace o tom, ze
v aktivnim misté enzymu Argonaute se ve skuteCnosti nachazi obvykla katalyticka
tetrada, nebot’ ¢tvrté Glu reziduum je umisténé na velmi mobilni smycce a diky tomu
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se muze nachdzet jak v aktivnim misté tak 1 velmi daleko od néj. Enzym Argonaute
diky tomu muze pulsobit velmi specificky a napfiklad mRNA nedokonale
komplementarni k siRNA molekule nestépit, ale pouze docasné blokovat atd. Cilem
zde prezentované MD simulace bylo potvrdit, Ze piislusné Glu reziduum se miize
stabilné vazat do aktivniho mista enzymu Argonaute zpisobem obvyklym (tj.
analogickym tomu, ktery pozorujeme u RNazy H). Zaroven tato molekularné-
dynamicka simulace poslouzila i k ovéfeni toho, Ze nova parametrizace aktivniho
mista vyvinutd puivodné pro RNéazu H se stabiln¢ predzformovanym aktivnim
mistem stabilizuje 1 podstatné labilnéjsi binuklearni aktivni misto enzymu
Argonaute. Pro simulovany systém TtAGO v komplexu s nukleovou kyselinou byla
proto provedena MD simulace trvajici 500 ns. Uspotadani aktivniho mista bylo po
celou dobu MD simulace stabilni. Postranni fetézec Glu512 se v aktivnim misté
TtAGO vazal jak k MgB, tak i k 2°-OH skupiné nukleotidu sousediciho se Stipanou
fosfatovou skupinou (presné stejn¢ jako analogické reziduum Glul86 v HS RNaze
H). Zajimavé je, ze atomy hlavniho fetézce proteinu u Glu512 pfitom piimo
interaguji s fosfatovou skupinou siRNA na pozici 13-14. SIRNA molekuly
s modifikovanou pateti tak mohou zcela piimocate ovliviiovat aktivni misto AGO.
Pfipomenime, ze u RNéazy H se reziduum Glul86 (analogické Glu512 u TtAGO)
nachazi pét pozic od konzervovaného rezidua Thr181 situovaného v tzv. fosfatové
vazebné kapse pro DNA). V pfipadé¢ suboptimdlni vazby modifikovanych
internukleotidovych spojek AO do této fosfatové vazebné kapsy jsou proto od
Thr181 pienaseny alosterické signaly pies Glul86 do aktivniho mista RNazy H,
které¢ v kone¢ném dlsledku zabrani degradaci RNA vlakna. Piimocatejsi zplsob
alosterického ovliviiovani aktivniho mista AGO zfejmé souvisi s podstatné vétSimi
natoky na specificitu pusobeni proteini AGO ve srovnani s RNazou H. Pro
kvantitativni postihnuti dopadi chemickych modifikaci ve struktufe siRNA pies
Glu512 na geometrii aktivniho mista AGO bude zfejmé potieba dale rafinovat
zpusob, jakym jsou v MD simulacich reprezentovana binuklearni aktivni mista. Dost
mozna bude nezbytné pouzit QMMM metody. Ve zde prezentované MD simulaci
totiz tvofil Asp546 (analogicky Asp210 u RNazy H), monodentatni kontakt s MgB,
kdezto krucialni Glu512 (jehoz ekvivalentem je v HS RNaze H Glul86) kontakt
bidentatni (tj. Glu512 meélo tendenci interagovat s MgB prostfednictvim obou
kyslik®i). Vzhledem k rozliSeni krystalovych struktur neni mozné posoudit, zda se
jedna o artefakt ¢i realitu. Zpisob interakce Glu512 s MgB miize pfitom mit zasadni
vliv na prib¢eh reakce a dost mozna muize této reakci zabranit.

RNaza L

RNé4za L nespecificky §tépi jednovlaknovou virovou RNA. Musi byt ovSem
aktivovana kratkymi 2°-5° oligoadenylaty. Vzhledem k tomu, Zze RNé4za L zaroven
Sté€pi 1 bunéénou mRNA ¢i rRNA miZe mit jeji stimulace 1 protinddorové Ucinky.
Struktura katalytické domény RNézy L neni zatim zndma. MD simulace byly proto
zaméteny na ankyrinovou doménu, jejiz dimerizace po vazbé 2-5A vede k piechodu
RNazy L do aktivni formy. V provedenych MD simulacich bylo testovano nékolik
verzi silového pole AMBER, které prochazi opakovanymi revizemi. Protoze v MD
béhu ¢. 2 byla konformace 2-5A a zpisob jeho interakce s RNazou L nejblize tomu,
co bylo zachyceno ve vychozi krystalové struktuie 1wdy, bylo v naslednych MD
simulacich s mutantni RN4zou L a analogy 2-5A pouzito silové pole AMBER_99SB.
Dalsi otevienou otazkou bylo, zda v MD simulacich pouzit protonované nebo
neprotonované reziduum Glul31. Studium krystalové struktury 1wdy naznacilo, ze
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vzhledem ke vzdalenostem mezi atomy Adel a Glul31 by reziduum Glul31 mélo
byt protonované a tvorit dvé vodikové vazby s Adel. To bylo nasledné¢ potvrzeno v
MD simulacich, které prokéazaly nestabilitu komplexu RNazy L a 2-5A pii pouziti
neprotonovaného rezidua Glul31. Proto v nasledujicich MD simulacich s mutantni
RNazou L a analogy 2-5A bylo pouzito protonované Glul3l. Dalsi série MD
simulaci byla provedena s cilem zobrazit nezadouci vliv bodovych mutaci RNazy L
na vazbu 2-5A. Celkem bylo provedeno Sest MD simulaci (2XR155A, F126A,
WGB0A, 2xK89A) o délce 200 ns. Markantni dopad bodovych mutaci na vazbu 25A
se projevil u vSech studovanych struktur, pouze u R155A se tak stalo pouze v jedné
ze dvou realizovanych MD simulaci. Bylo to zptisobeno tim, ze ztrata kontaktu mezi
reziduem Argl55 a terminalni fosfatovou skupinou 2-5A muze byt kratkodobé a do
jist¢ miry kompenzovéna interakcemi s flexibilnimi postrannimi fetézci rezidui
Lys166 a Lys178. Posledni série MD simulaci byla provedena na analozich 2-5A
vytvotenych pomoci ,,bridging* strategie zavedenim 3°-0,4’-C-alkylenové spojky do
adenosinovych jednotek. Cilem bylo posoudit schopnost MD simulaci rozlisit
na ¢asové skale stovek nanosekund agonisty RNazy L (pBasAzA, pAsAzsB,
sz5A25B) a inaktivni analoga (pAszzsA, szsstA, pAszz5B, sz5Bz5B). Coz se
podarilo.

Klasické molekularné-dynamické simulace provedené prostfednictvim vykonnych
grafickych karet umoznily ziskat trajektorie o délce stovek nanosekund az jedné
mikrosekundy, coz umoznilo postihnout rozdily ve vazbé€ i zcela nepatrné odlisné
modifikovanych nukleovych kyselin k enzymim RdRp, RNaza H a RNaza L.
Zjisténé rozdily pfitom odpovidaji experimentalnim vysledkiim, coz otevird prostor
pro raciondlni navrh struktury potencidlnich chemoterapeutik na béazi chemicky
modifikovanych nukleovych kyselin.
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Abstract Molecular dynamics simulations of complexes
between Norwalk virus RNA dependent RNA polymerase
and its natural CTP and 2dCTP (both containing the O5'—
C5'-C4'-04' sequence of atoms bridging the triphosphate
and sugar moiety) or modified coCTP (C5-05-C4'-04"),
cocCTP (C5'-05-C4'-C4"") substrates were produced by
means of CUDA programmable graphical processing units
and the ACEMD software package. It enabled us to gain
microsecond MD trajectories clearly showing that similar
nucleoside triphosphates can bind surprisingly differently
into the active site of the Norwalk virus RNA dependent
RNA polymerase. It corresponds to their different modes of
action (CTP—substrate, 2dCTP—poor substrate, coCTP—
chain terminator, cocCTP—inhibitor). Moreover, extre-
mely rare events—as repetitive pervasion of Argl82 into a

potentially  reaction promoting arrangement—were
captured.
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Introduction

Some viruses containing just the RNA genome are repro-
duced in host cells by RNA dependent RNA polymerase
(RdRp) [1, 2]. Norwalk virus (NV) is a major cause of
gastroenteritis outbreaks in developed countries [3, 4].
Unfortunately, effective treatments are not currently
available. Hepatitis C virus (HCV) is spread among 3 %, or
170 million, of world population, of which only about
25 % are having symptoms [2]. Current treatment with
interferon-o. (immunomodulation) and ribavirin (nucleotide
inhibitor) has limited efficiency and numerous side effects.
Only 40-50 % of people exposed to HCV outbreak fully
recover while rest is affected by chronic liver problems,
with possibility of developing cirrhosis or even liver cancer
[2]. Those patients undergoing interferon/ribavirin treat-
ment also face the prospects of significant adverse effects
that include fatigue, hemolytic anemia, depression, and
flulike symptoms which ultimately lead to high rates of
drug discontinuations [1].

In attempts to improve on the overall HCV cure rate and
reduce or eliminate the serious side effects associated with
interferon/ribavirin therapy, the search for direct acting
antivirals (DAAs) that are safe and effective has become
and urgent endeavor [1]. Recently, two protease inhibitors,
telaprevir and boceprevir, in combination with interferon/
ribavirin have been approved for treating HCV infection.
However, they bring additional side effects that require
further medical management [1]. Therefore, the search
continues for novel agents with complementary mecha-
nisms of action.

RdRp is not present in mammalian cells. Therefore, it is
a suitable target for inhibition [5]. Mostly, the RdRp
enzyme has four subunits. One of them has an active site
for replication. The other three subunits help replicase to
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locate and bind the 3’ end of RNA. RdRps contain the
classic structural domains, denoted fingers, palm, and
thumb, of other single-chain polynucleotide polymerases
[6] (Fig. S1). Crystal structure of NV RdRp reveals the
carboxyl terminus in the active site cleft, which is remi-
niscent of the carboxyl-terminal extension domain and
“plough” loop in bacteriophage ¢$6 RdRp, as well as the
carboxyl-terminal segment and f-loop insertion in the
thumb domain of HCV RdRp [7]. RNA binding displaces
the C-terminal tail from the active site cleft of NV RdRp.
The binding of RNA also cause the central helix of the
thumb domain (residues 435-449) to rotate by 22°, thus
inducing the formation of a binding groove for the primer
strand [3] (Fig. S2).

In contrast to most other single-chain polymerases of
known structure, the finger and thumb domains are con-
nected in the RdRps and are therefore not free to change
conformation independently of each other [6]. The encir-
cled active site structure makes it unlikely that major
swinging motions of the fingers domain act to reposition the
nascent base pair from an initial preinsertion site into the
catalytic site, as is seen in other classes of single-subunit
polymerases. Therefore, RdRps use a fully prepositioned
templating base for nucleotide recognition [8] (Fig. S2).
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Fig. 1 CTP, 2dCTP, coCTP and cocCTP in the NV RdRp active site
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Generally, nucleotide substrate binds to the polymerase-
primer/template complex (step 1), and this complex iso-
merizes into a catalytically active complex (step 2).
Phosphoryl transfer occurs (step 3), followed by a second
conformational change (step 4) and pyrophosphate release
(step 5) [9]. In HIV reverse transcriptase (HIV RT), step 2
involves an inward bending of fingertips toward the palm
by about 20° resulting in a displacement of the outermost
parts of the domain by more than 5A. As a result, a number
of residues are brought into contact with the incoming
nucleoside triphosphate [10]. Closure of the fingers is also
a noteworthy feature of dNTP binding in members of both
the DNA polymerase I and terminal transferase families
[10].

RdRps, in contrast, close their encircled active sites for
catalysis using a subtle structural rearrangement in the
palm domain. The key element of 3Dpol/NV active site
closure is a subtle shift of motif A (depicted in Fig. 1d as a
blue ribbon) to position the essential Asp233/Asp242 for
metal binding and subsequent catalysis [3, 8].

One possibility of HCV treatment is non-nucleoside
inhibition (NNI) of RdRp using allosteric inhibitors. They
prevent HCV RdRp from reaching an active conformation
[5]. In fact more than 80 crystal complexes of HCV RdRp
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with small molecule allosteric inhibitors have been repor-
ted [1]. Several suitable binding sites for NNIs on the
enzyme allow combination therapy. Inhibitors bind to the
thumb cavity, which is crucial for “fingertip-thumb”
interaction, thus forcing enzyme to remain in the inactive
form [2]. Human clinical trials evaluating HCV NNIs as
monotherapy have all shown viral breakthrough resulting
from rapid emergence of resistant virus [1].

In contrast, nucleoside-based HCV RdRp inhibitors
(nucleosides and nucleotide prodrugs—to enhance cellular
uptake) have the potential to become the backbone of HCV
therapeutic regimens. These nucleoside-based agents have
demonstrated a high barrier to resistance. No other small
molecule DAA developed to date has been able to mirror
these characteristics [1]. This high barrier to resistance
suggests that there is a high degree of amino acid conser-
vation in the active site of HCV RdRp and that only subtle
amino acid changes in the active site, which do not impair
the replication fitness of the virus, are tolerated [1].

Nucleoside inhibitors of HCV RdRp have been explored
inrecent years [1,5, 11-16]. They are converted by host cells
into nucleotides, nucleoside diphosphates and nucleoside
triphosphates. During the viral replication, they are incor-
porated into the synthesized RNA and act as chain termi-
nators. In the case of HCV, 2’-C-methyl nucleosides are
mostly used. They confer antiviral activity irrespectively to
the base [11]. The methyl group added to C2’ of ribose
transforms a nucleotide substrate into a chain terminator.
Several proof of concept clinical studies have shown that the
combination of a nucleoside (2’-o-F-2’-B-C-methylpyri-
dine) with a HCV protease inhibitor and the combination of
two nucleotide prodrugs (2’-o-F-2’-B-C-methyluridine 5’-
phosphoramide and 3’, 5°-cyclic phosphate prodrug of 2’-a-
F-2’-B-C-methyguanosine) have the potential to deliver an
interferon/ribavirin free combination therapy [1]. Never-
theless, Bristol-Myers Squibb’s disastrous phase 2 combi-
nation trial of the HCV drugs BMS-986094 and daclatasvir,
which has caused the death of one patient and severe heart
and kidney damage to another eight, has raised questions
about this class of nucleoside inhibitors [16].

But there are other promising structural motives. Recent
experimental studies show that (S)-9-[3-hydroxy-2-(phos-
phonomethoxy)propyl]-adenine (S-HPMPA—a substance
known for more than 20 years) in a suitable prodrug
form—might be able to fight HCV too [14]. Nucleosides
and nucleotides are known to inhibit HCV during the
elongation phase of viral RNA synthesis via a nonobligate
chain termination mechanism. Dinucleotides have the
potential to inhibit RNA replication at the initiation phase
by behaving as primer molecules [1, 12, 13].

Molecular dynamics (MD) simulations are a well-
established tool for the investigation of structural features
of biomolecules at atomic detail level. Nucleotide

incorporation efficiency, fidelity and the catalytic mecha-
nism of different polymerases were studied by means of
MD simulations in past [17-24]. We used MD simulations
to investigate binding of phosphoramidate dinucleotides
toward HCV RdRp [12, 13].

CUDA programmable graphical processing units
(GPUs) enable now to extend MD trajectories on time
scales, which were until recently available only with su-
percomputing facilities. It inspired us to try to find subtle
differences in binding of quite similar substrates into the
active site of RdRp. Microsecond MD trajectories could
provide time for sufficient relaxation of complexes and
capturing of even very slow conformational changes.

A series of adenosine 5’-phosphonate analogues were
designed in [15] to mimic naturally occurring adenosine
monophosphate. These compounds were synthesized and
evaluated in a cellular hepatitis C virus replication assay.
To elucidate the mechanism of action of these novel
adenosine phosphonates, their diphosphate derivatives
were synthesized. Further nucleotide incorporation assays
by HCV RdRp revealed that coATP (analogous to coCTP
in Fig. S3) can serve as a chain terminator, whereas co-
cATP (analogous to cocCTP in Fig. S3) compound is a
competitive inhibitor.

Here, MD simulations of complexes between NV RdRp
and its natural CTP and 2dCTP (both containing the O5'—
C5'-C4'-04' sequence of atoms bridging the triphosphate
and sugar moiety—see Fig. S3) or modified coCTP (C5'-
05'-C4'-04’) and cocCTP (C5'-05-C4'—C4"’) substrates
were produced and analyzed in detail.

Methodology

There is an apparent structural similarity of NV/HCV
RdRps, which allows straightforward transferability of
many observations. NV RdRp complexes with double
helical nucleic acids and CTP appeared in literature
recently (3BSN, 3BSO [3], 3H5X, 3HSY [4]). The struc-
tures of the NV RdRp complexes provided the first high
resolution views of RdRp complexes trapped immediately
before nucleotidyl transfer. Indirect effects from crystal
packing appear to have fortuitously trapped these com-
plexes at this stage of reaction cycle. The distal end of the
primer-template duplex is located near a symmetry-related
polymerase molecule, and there is insufficient space for
primer extension to occur in this crystal form. As a result,
polymerase molecules in this crystal form bind substrates
and assemble active complexes that can only proceed up to
the point immediately prior to nucleotidyl transfer.
Therefore, the geometry of the NV RdRp active site was
determined very precisely in [3, 4] uncovering clearly a
hydrogen bonding connecting the 2’-OH/3’-OH groups of
the incoming NTP with Asp247, Ser300 and Asn309 of NV
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RdRp (their counterparts in HCV RdRp are Asp225,
Ser282 and Asn291).

Therefore, 3BSO [3] was chosen as a suitable repre-
sentative of RdRps in our MD simulations. Simulated
systems were surrounded by ~15565 TIP3P [25] water
molecules which extended to a distance of approximately
10 A (in each direction) from the RdRp atoms. This gives a
periodic box size of ~84, ~90, ~73 A. New * inperd (initial
coordinates) and *.prmtop (molecular topology, force field
etc.) files for the whole simulated system including modi-
fied residues, were created by use of the TLEAP module
(AMBER software package [26]).

The AMBER force field used in this study [27, 28] does
not contain force constants needed to describe modified
parts of the phosphonate analogs. The force field parameters
were therefore completed with those obtained from ab initio
calculations consistently with the original approach [27]
(Figs. S4-S5). RESP charges were computed at the HF/6-
31G* level. Force constants were fitted to achieve the
agreement of ~1 kcal/mol between QM (MP2/6-31G*) and
MM relative energies of different conformers of the CH;—
0O-PO,—CH,—0O-CHj3; model system.

Almost half of the proteome of living organisms is
constituted of metalloproteins. Unfortunately, the ability of
the current generation of molecular dynamics pairwise-
additive force fields to properly describe metal pockets is
severely lacking due to the intrinsic difficulty of handling
polarization and charge transfer contributions [29]. Mag-
nesium ions are usually represented as atoms with a formal
point charge +2 that interact with the protein environment
and the substrate through non-bonded interactions. In
binuclear active sites, however, high charges can lead to
repulsion between two Mg®" and instabilities, resulting in
an alteration of the proper coordination of the Mg?" ions
by the ligands [24, 30, 31]. For example, using the standard
AMBER Mg>* ions (R* = 0.7926 A, epsilon = 0.8947),
the coordination of both Mg(b) and Mg(c) in the B-poly-
merase active site changed [24]: Mg(b) lost contact with
Aspl192 and O2B (a non-bridging B-phosphate oxygen of
the dNTP) and was instead coordinated by O3B (the oxy-
gen bridging the B and y phosphates of the dNTP); Mg(c)
lost contact with the O3’ of the primer and O1A (a non-
bridging a-phosphate oxygen of the dNTP coordinating
both metal ions in the crystal structure.

Further, a general tendency to underestimate slightly
magnesium-ligand distances, leading to a more compact
active site, is usually observed in MD simulations [29, 32].
A consistent set of empirical interaction parameters for the
alkali and alkaline-earth metal cations was derived by
performing free energy perturbation simulations in aqueous
solution [32]. The resulting parameters reproduce the
observed hydration free energies as well as radial distri-
bution functions of these ions. However, the value of radius
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for Mg®" ions shows a less good agreement with the
observed distance than for any of the other ions and
appears to be slightly too small [32] (R* = 0.7926 used in
the AMBER force-filed). Even though using Mg®" with
R* = 1.300 A and epsilon 0.06 yielded the best structural
results among the traditional one-atom Mg>" models, there
were some significant discrepancies between the crystal
structures and the modeled structures, i.e. increased
Mg(b)-Mg(c), O1A-Mg(b) distances [24].

The Aqvist-Warshel (AW) model that uses cationic
dummy atoms and has proven very useful in accurately
representing the energetics and structures of systems with
transition metals such as octahedrally coordinated bivalent
manganese ions and tetrahedrally coordinated bivalent zinc
ions in mononuclear and binuclear metalloenzymes [24].
The AW model allow for stable coordination geometry by
placing the cationic dummy atoms at the defined positions
around the central metal atom and for a smaller repulsion
between the metal ions in binuclear sites by distributing the
positive charge over the cationic dummy atoms. Attaching
cationic dummy atoms to the central metal atom at defined
positions leads to more directed electrostatic interactions
with ligands and delocalization of the charge to prevent
repulsion in binuclear sites. In [24], the AW model always
performed better than the best traditional one-atom Mg>"
model. In particular, the Mg(b)-Mg(c) distance and the
distance between Mg(b) and O1A of the incoming dNTP
were much closer to the X-ray crystallographic distances.
Further, in the case of the RNA ligase ribozyme [33], the
Mg-O bond lengths obtained via a dummy approach [24]
were more similar to those measured in QM/MM MD sim-
ulations and in the X-ray structures of other Mg>" containing
enzymes. In the PDB database, magnesium ions are invari-
antly hexacoordinated with octahedral geometry. An anal-
ysis of structures available in the PDB to the 2002 indicated
that the Mg—O bond length can range between 2.05 and
2.25 A [24].

Equilibration MD trajectories lasting for 5 ns were com-
puted with the aid of the NAMD 2.7 software package [34].
The smooth Particle-mesh Ewald (PME) method was
employed for long-range electrostatic forces [35]. The non-
bonded cutoff was set to 9 A. The SHAKE algorithm (tol-
erance 0.0005) was applied to constrain bonds where the
hydrogen atoms were involved [36]. Simulated systems were
energy minimized, then the Langevin dynamics was used for
a temperature control [34]. The simulated systems were
heated from O to 310 K. The Langevin piston method was
applied to reach an efficient pressure control with target
pressure setto 1 atm [34]. The integration timestep was set to
2 fs. A multiprocessor system equipped with 16 Intel Itani-
num CPUs was used for equilibration MD simulations.

For production runs (reaching up to 1,050 ns) we have
used ACEMD v. 2591 [37, 38] running on a local workstation
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equipped with Nvidia GPU. ACEMD is a new generation
molecular dynamics software which runs exclusively on
graphics processing units (GPUs) at the equivalent speed of
tens to hundred of standard processors. ACEMD implements
all features of an MD simulation on a CUDA-compatible
GPU device, including those usually required for production
simulations in the NVT ensemble (i.e. bonded and non-
bonded force term computation, velocity-Verlet integration,
Langevin thermostatic control, smooth Ewald long-range
electrostatics (PME), and hydrogen bond constraints
implemented using the M-shake algorithm and RATTLE for
velocity constraints within the velocity Verlet integration
scheme [39, 40]). ACEMD does not presently contain a
barostat for production runs, so simulations in the NPT
ensemble are not possible. However, it is noted that with
large molecular systems, changes in volume due to the
pressure control are very limited after an initial equilibration
making NVT simulations viable for production runs [37, 38].
It was proven on multiple biomolecular systems including
membrane proteins [41-43]. Therefore, our production runs
have been performed in the NVT ensemble, Langevin ther-
mostat at 310 K, computing the electrostatic interactions
with the particle-mesh Ewalds algorithm. The non-bonded
cutoff was set to 9 A. Also implemented in ACEMD is the
hydrogen mass repartitioning scheme (the mass of the bon-
ded heavy atoms to hydrogen is repartitioned among
hydrogen atoms, leaving the total mass of the system
unchanged) used, for instance, in codes such as Gromacs,
which allows an increased time step of up to 4 fs [37, 44].
Therefore, the integration timestep in our production MD
runs was set to 3 fs. The total energy was conserved within
MD simulations (Fig. S6). For production MD runs CUDA
programmable NVIDIA GTX-580 graphical processing
units (GPUs, equipped with 480 cores) were used.

Data were recorded every 75 ps. MD trajectories were
analyzed with the aid of the CHIMERA 1.5.3, VMD 1.9,
Curves+ and AMBER10/ptraj software packages [26, 45—
47]. Figures were produced by means of the ICM Molsoft
3.7 software package.

Results

MD simulations of complexes consisting of NV RdRp and
its natural (CTP, 2dCTP—Fig. S3) or modified (coCTP,
cocCTP—Fig. S3) substrates were carried out. The closed
active site of NV RdRp at the moment just before the
phosphoryl transfer step was studied.

RMSD

Structural instabilities could appear in MD simulations
from many reasons. Generally, crystal structures are

affected by crystal packing forces. Therefore, remarkable
conformational changes may accompany the process of
relaxation. Further, the closed state of NV RdRp was
established in crystals due to its interactions with CTP.
Analogs of CTP used in this study could stimulate a tran-
sition of NV RdRp to the open state. Moreover, instabilities
can simply arise due to artifacts or disbalances in con-
temporary force fields [28].

Therefore, the stability of simulated biomolecules was
assessed by the root-mean-square deviation (RMSD). Time
evolution of RMSD for NV RdRp as well as for nucleic
acids is provided in Fig. S7. It clearly shows that all sim-
ulated systems were stable over microsecond MD
simulations.

Mg]2+_Mg22+

In MD simulations of binuclear active sites [24], remark-
able instabilities due to the excessive repulsion arising
between magnesium ions (represented as VAW spheres
with non-polarizable point charges +2) were observed. The
seven-point representation (with dummy atoms) of mag-
nesium ions should prevent these instabilities [24], but
according to the best of our knowledge, no one has verified
whether it will remain true on a microsecond time scale.
The time evolution of Mg;**-Mg,*" and Mgi}5-ligand
distances shows (Fig. S8) that stable NV RdRp active sites
were gained here.

Moreover, no tendency of NV RdRp to move from close
to open state was found here. It would have to start through
erosion of contacts between Mg,>* and Asp242 from Motif
A (Figs. 1d, S2).

Nevertheless, remarkable differences in recognition of
the 2°0OH group of CTP, coCTP and cocCTP by Asp247
(which is part of Motif A as well—Fig. 1d) were observed
(see below). Its potential impacts on transitions of NV
RdRp either from open to close or from close to open state
will be the subject for further investigation.

Structural analysis

Conformational preferences of CTP, 2dCTP, coCTP and
cocCTP (Fig. S3) and their contacts with side chains of
amino acids whose mutation significantly decreases the
catalytic efficiency of RdRp were studied in detail here:

1. Inpast, one of us studied isosteric phosphonate linkages
in the context of dinucleotides and oligonucleotides by
means of ab initio calculations and MD simulations [48].
Large differences in conformational preferences of the
torsion angles O5'-C5'-C4’-04’ and C5'-05'-C4'-04’
were found (and confirmed by NMR [48]). It signifi-
cantly influenced melting temperatures of whole double
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helical structures. Interestingly, the same conforma-
tional preference (as observed for C5'-05'-C4’-04' in
[48]) was seen in the crystal structure of an isosteric
phosphonate analogue GS-9148 bound in the active site
of HIV RT (PDB id: 3kkl [49]). Therefore, different
conformational preferences of natural and modified
NTPs (Fig. S3) were expected to appear here with
serious implications on the geometry of the NV RdRp
active site.

In poliovirus 3Dpol RdRp, incorporation of a 2’-
deoxyribonucleotide with a correct base should occur
at a frequency 1/7,500 [50]. Therefore, conformational
preferences of sugars (sugar puckering) were quanti-
fied here using the pseudorotation angle.

In NV RdRp [3], the 2’-OH group of the incoming
nucleoside triphosphate accepts a hydrogen bond from
Asn309 and donates a hydrogen bond to Ser300, which
in turn donates a hydrogen bond to Asp247. This
pattern of hydrogen bonding shows how these highly
conserved residues distinguish ribonucleotides from
2’-deoxyribonucleotides. Homologous residues in
poliovirus 3Dpol RdRp are Asn297, Ser288, and
Asp238 respectively. 3Dpol derivatives that contain
alanine at position Asp238 or Asn297 are incapable of
distinguishing between ATP and 2’-dATP. While the
loss of the Asn297 side chain caused a 20-fold
reduction in the observed rate constant for correct
nucleotide incorporation, the loss of the Asp-238 side
chain caused a 2,000-fold reduction [51]. Therefore,
the 2°OH-Ser300-Asp247 mutual contacts were mon-
itored here in detail (Fig. 1).

In NV RdRp X-ray structures [3], the CTP bases form
hydrogen bonds with the complementary guanosine
base of the template and stack against the 3’-terminal
base of the primer, as well as the Argl82 guanidino
group. Argl82 is near the NTP a-phosphate. This
arginine is highly conserved in RdRps. Argl58 is the
homologous residue in HCV RdRp. In the presence of

Fig. 3 CTP conformational preference and its interactions in the NV »
RdRp active site: A01 CTP O5'-C5'-C4-04' torsion angle; A02
CTP Sugar Puckering; A03 Intramolecular hydrogen bond:
CTP_3’OH-fB-phosphate_CTP; A04 Asp247-3’OH_CTP; A05
Asp247-Ser300; A06 Ser300-2’OH_CTP; A07 Asp247-2’0OH_CTP;
A08 Argl82-a-phosphate_CTP; A09 Argl82—-B-phosphate_CTP;
A10 Primer_O3’-o-phosphate_CTP

only Mg®>", the HCV RdRp RI58A mutant was
severely affected for all activities: initiation of RNA
synthesis by a de novo mechanism, extension from a
primed template, non-templated nucleotide addition,
and synthesis of a recombinant RNA product from two
or more noncovalently linked templates (template
switch) [52]. Arg residues occupy a similar position
in distantly related enzymes like HIV RT. The HIV RT
R72A has the kcat of the polymerase reaction reduced
by nearly 100-fold with poly(rA) template [53]. In
DNA polymerase B, Argl83 is found to form a salt
bridge with the B-phosphate of a incoming NTP. A
mutation of Argl83 to alanine significantly lowers the
catalytic efficiency, which agrees well with the results
from energy decomposition analysis, where the resi-
dues Argl83 (—7.1 kcal/mol) and Argl49 (—4.6 kcal/
mol) were found to have the most significant contri-
butions [20, 21]. The so-called arginine fingers play a
crucial role in the GTP hydrolysis promoted by various
GTPases [54-56]. The effect of Arg789 in Ras/GAP
complexes is associated with its direct interaction with
the transition state charge distribution [54]. Therefore,
Argl82 contacts with triphosphate moieties of our
NTPs were studied here in detail as well (Fig. 2).

5. The distance separating reaction substrates—i.e. the
phosphorus atom of the a-phosphate group of NTPs
and the O3’-terminal atom of the RNA primer was
followed here (Fig. S2b). However, the phosphate/
phosphonate substitution in coCTP and cocCTP could
affect the chemical step of the NV RdRp reaction. A
direct comparison of the oP-O3’ distances thus

(b) mgs
9

Fig. 2 a Argl82 interacting with the o-phosphate group of CTP; b Argl82 interacting with the B-phosphate group of CTP
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probably makes sense especially in the case of closely
related structures (CTP vs. 2dCTP) and (coCTP vs.
cocCTP—where it could provide the most straightfor-
ward explanation of their different modes of action—
competitive inhibition vs. chain termination).

CTP: Figs. 1a, 2, 3—Graph A01-A10

CTP was mostly in the canonical A-RNA conformation
within the MD simulation. The O5'-C5-C4'-04’ torsion
angle (Fig. S3) was in the —gauche conformation (Fig. 3—
Graph Al) and the ribose moiety in the C3’-endo confor-
mation (Fig. 3—Graph A2). Nevertheless, reversible short-
living conformational transitions of the ribose moiety to C2'-
endo were captured repeatedly within the microsecond MD
trajectory. In moments, when contacts of CTP with amino
acid side chains in the NV RdRp active site were temporarily
disrupted (see below), the ribose passed even to C3'-exo and
the O5'-C5'-C4’-04' torsion angle was in +gauche.

For most of the time, the 2°’0OH group of CTP was
hydrogen bonded with Asp247 (Fig. 3—Graph A7) and
Ser300 (Fig. 3—Graph A6). Asp247 and Ser300 interacted
with each other as well (Fig. 3—Graph AS5). In fact, all
possible combinations of hydrogen bond donors (group
2’0OH/atom HO2’; Ser300/H—see Fig. 1a) and acceptors
(group 2°’0OH/atom O2’; Asp247/01, O2; Ser300/0—see
Fig. 1a) were applied. Where necessary, green and red
lines in charts distinguish multiple hydrogen bonds of the
same amino acid side chain. In crystal structures [3], the 2’-
OH group of CTP donates a hydrogen bond to Ser300,
which in turn donates a hydrogen bond to Asp247. MD
simulations thus show that the hydrogen bond network is
much more dynamic in solution.

Argl82 (atom HA—Fig. 2a) was in close contacts with
the non-bridging oxygen atom of the a-phosphate group of
CTP (atom Ol1—Fig. 2a) for most of the time (Fig. 3—
Graph A8—red line). Argl82 was stabilized in this posi-
tion by Glul68 (Fig. 2a). The polymerase reaction event
would break the bond between the oP and O2 atoms
(Fig. 2a) that should move away each from other. There-
fore, we speculate that Argl82 binding to the a-phosphate
group of CTP is more likely to hinder the reaction (of
course—only future QM/MM calculations can be
conclusive).

Nevertheless, about once every 100 ns, the Argl82 side
chain lost any contacts with Glul168 and instead interacted
with the B-phosphate group of CTP (atom O3—Fig. 2b)
and with the oxygen atom bridging the o and 3 phosphate
groups of CTP (atom O2—Fig. 2b, Fig. 3—Graph A9). It
means that Argl82 interacted exclusively with the pyro-
phosphate moiety of CTP. The role of analogous Arg72
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from HIV RT in the pyrophosphate release was demon-
strated experimentally [53]. Moreover, the latter configu-
ration (Fig. 2b) seems to be optimal for lowering of the
transition state energy, because Argl82 interacts directly
with the oxygen atom of the scissile bond (atom O2—
Fig. 2b). Nevertheless, only future QM/MM calculations
can be conclusive.

The distance separating reaction substrates—i.e. the
phosphorus atom of the o-phosphate group of CTP and the
03’ atom in the RNA primer terminus (Fig. S2b) fell 2 x/
18 x below the 2.9/2.95 A threshold (Fig. 3—Graph A10).

2dCTP: Figs. 1b, 4—Graph B01-B10

2dCTP started in the A-RNA-like conformation with the
deoxyribose in the C3'-endo conformation (Fig. 4—Graph
B2). C2'-endo was predominant after elapsing of about
250 ns. However, up to the end of the MD simulation re-
puckerings into the C3‘-endo conformer lasting for several
tens of ns were observed. It means that the minor C3¢-endo
conformers of 2dCTP survived substantially longer than
the minor conformers C2’-endo of CTP.

This bias of 2dCTP toward C3'-endo seems to be partly
caused by hydrogen bonding of the 3’OH group (atom
H3T—Fig. la) toward the B-phosphate group of 2dCTP
(atom O3—Fig. la)—compare (Fig. 4—Graph B2 with
B3). This interaction was also applied in CTP (unlike all
phosphonate analogs of CTP).

The O5'-C5-C4'-04’ torsion angle (Fig. S3) was
mostly in the -gauche conformation (Fig. 4—Graph B1)
that was preferred in CTP as well (Fig. 3—Graph Al).

Overall, 2dCTP was in the same conformation as CTP
within a significant part of the MD simulation (i.e. the
deoxyribose in the C3'-endo conformation and the O5'-
C5'-C4’-04' torsion angle in the —gauche conformation).
Despite of it, 2dCTP/CTP contacts with amino acid side
chains in the NV RdRp active site were remarkably
different.

Contacts between Asp247 and Ser300 residues were lost
irreversibly once the deoxyribose repuckering into C2'-
endo appeared (compare Fig. 4—Graph B5 with Graph
B2). These contacts were not re-established again, appar-
ently due to the absence of the 2°OH group, which could
participate in a dynamic network of hydrogen bonds with
Asp247 and Ser300.

Further, conformational transitions of the deoxyribose
moiety disturbed salt bridges between Argl82 and the o-
phosphate group of 2dCTP (Figs. 2a, 4—Graph BS8). The
alternative arrangement with Argl182 bound to the oxygen
atom involved in the oP-O2 scissile bond, was observed
just three times (Figs. 2b, 4—Graph B9)—i.e. less fre-
quently than for CTP.
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NV RdRp active site: BO1 2dCTP O5'-C5'-C4’-04' torsion angle; B05 Asp247-Ser300; BO08 Argl82—a-phosphate_2dCTP; B09
B02 2dCTP Sugar Puckering; B03 Intramolecular hydrogen bond: Arg182—B-phosphate_2dCTP; B10 Primer_O3’—a-phosphate_2dCTP

@ Springer



382

J Comput Aided Mol Des (2013) 27:373-388

The crucial substrate—substrate distance (between the
phosphorus atom in the o-phosphate group of 2dCTP and
the O3’ atom of the RNA primer terminus) was not drop-
ping below 2.9 A. Tt fell seven times below the 2.95 A
threshold (Fig. 4—Graph B10)—i.e. less frequently than
for CTP.

coCTP: Figs. 1¢, 5—Graph C01-C10

The torsion angle O5’-C5’-C4’-0O4’ in CTP and 2dCTP
adopted the -gauche conformer (Fig. 3—Graph Al,
Fig. 4—Graph B1). In contrast, the torsion angle C5'-05'-
C4'-04' in coCTP (Fig. S3) preferred +gauche (Fig. 5—
Graph C1). Therefore, it was reasonable to expect a
relaxation of the coCTP positioning in the active site of NV
RdRp. Surprisingly, it took hundreds of nanoseconds.

The coCTP ribose was distorted from C3'-endo to C2'-
exo (Fig. 5—Graph C2) Nevertheless, short-living transi-
tions into many different conformers were observed at the
beginning of the MD simulation. Then conformational
fluctuations of the C5-05-C4-04’ torsion angle from
+gauche to trans appeared (Fig. 5—Graph C1). Passover
of these transitions was clearly associated with a substantial
rearrangement of a network of hydrogen bonds in the NV
RdRp active site. It was not completed until the end of the
second third of the MD simulation (Fig. 5—Graph C6).

Contacts between residues Asp247 and Ser300 disap-
peared after elapsing of roughly 300 ns (Fig. 5—Graph
C5). Until Asp247-Ser300 contacts were lost, Ser300
served rather as a hydrogen bond acceptor from the 2°OH
of coCTP. After that, Ser300 was a hydrogen bond donor
for 2°0OH. This contact was remarkably stable (Fig. 5—
Graph C6).

Argl82 (stabilized by Glul68) was steadily in contact
with the o-phosphonate group of coCTP throughout the
whole MD simulation (Figs. 2a, 5—Graph C08). Just one
conformational transition of the Argl82 side chain toward
the oxygen atom in the O2-aP scissile bond was observed
(Fig. 5—Graph C009).

The phosphorus atom of the o-phosphonate group of
coCTP and the activated oxygen atom O3’ of the RNA
primer approached repeatedly (7x/>40x) below the 2.9/
2.95A threshold (Fig. 5—Graph C10)—i.e. more a little bit
more frequently than for cocCTP.

cocCTP: Figs. 1d, 6—Graph D01-D10
The C5'-05-C4'-C4" torsion angle (Fig. S3) was mostly
in the +gauche conformation (Fig. 6—Graph D1) as in

coCTP. The relaxation of the cocCTP position in the NV
RdRp active site was even slower now (roughly 500 ns)
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Fig. 5 coCTP conformational preference and its interactions in the p
NV RdRp active site: C01 coCTP C5'-05-C4'-0O4’ torsion angle;
C02 coCTP Sugar Puckering; C03 Intramolecular hydrogen bond:
coCTP_3’OH-fB-phosphate_coCTP; C04 Asp247-3’OH_coCTP;
C05 Asp247-Ser300; C06 Ser300-2’OH_coCTP; CO07 Asp247-
2’0OH_coCTP; C08 Argl82—a-phosphonate_coCTP; C09 Argl82—f-
phosphate_coCTP; C10 Primer_O3’—o-phosphonate_coCTP

and was made up after repuckering of the cocCTP modified
sugar (the O4’ atom was replaced by the -CH,- group—
Fig. S3).

The modified sugar of cocCTP preferred the C2'-exo
conformation almost exclusively up to 500 ns (Fig. 6—
Graph D2).

While the modified sugar adopted the C2'-exo confor-
mation, the Asp247-Ser300-2’OH_cocCTP mutual con-
tacts were remarkably stable. In fact, the Asp247-Ser300
hydrogen bonding was the most stable of all MD simula-
tions carried out in this study (Figs. 3, 4, 5, 6—Graph A5,
BS, C5, DS). It’s partly due to the 3°’OH group interactions
with Asp247, which were considerably more stable com-
paring to what was observed in other MD simulations
(Fig. 6—Graph D4). In CTP and 2dCTP, the 3°’OH group
was involved rather in the intramolecular hydrogen bond-
ing toward the triphosphate moiety (Fig. 3—Graph A3,
Fig. 4—Graph B3).

While the modified ribose have adopted the C3'-exo
conformation, Asp247-Ser300 contacts were broken. The
modified sugar of cocCTP was then in contact with the
bulky side-chain of Trp246 and the 3°’OH group of cocCTP
was occasionally hydrogen bonded to GIn250 and Asn309.
In fact, cocCTP penetrated a little bit deeper into the active
site of NV RdRp beyond Asn247 in Motif A (represented
as ribbon in Fig. 1).

Figure S9 shows the time evolution of the distance
between the C2’ atom in the 3’-terminal residue of the RNA
primer (Fig. S2b) and the C1’ atom in xCTPs (Fig. S2b). A
significant increase of the distance is evident in the second
half of the cocCTP MD simulation. This change was
caused by too close contacts between the -CH,- group
(which replaced the O4’ atom in the modified sugar moiety
of cocCTP—Fig. S3) and a hydrogen atom bound to the
C2' atom in the 3’-terminal residue of the RNA primer (Fig.
S2b).

Results of preliminary calculations indicate that a steric
conflict between these groups of atoms could cause that
cocCTP is an inhibitor and not a chain terminator as
coCTP. The topology of existing models was modified, that
a bond between the o-phosphate/phosphonate group of
CTP (coCTP, cocCTP) and its P/y-pyrophosphate moiety
was canceled producing cytidine monophosphate (CMP) or
its phosphonate analogs (coCMP, cocCMP). Instead a
linkage between the terminal O3’ atom of the RNA primer
and the o-phosphate/phosphonate group of CMP (coCMP,
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cocCMP) was created. The simulated system adjusted so
that it corresponds to the state immediately after the
phosphoryl transfer step of the polymerase reaction
(instead of the state just before the reaction) without
causing a conformational change in the CMP moiety. In
coCMP, the torsion angle C5-05-C4'-04’ smoothly
switched from +gauche to trans during this process. In
contrast, in the case of cocCMP, the C5-05-C4'-C4”
torsion angle transition form +gauche to trans was slowed
down by a steric conflict between the above mentioned
groups of atoms. The question is whether this process
was done, if the newly formed bond was not represented
by a simple harmonic oscillator. Only future empirical
valence bond (EVB) [57] and quantum mechanical/
molecular mechanical (QM/MM) [58-61] -calculations
could resolve it.

Potentially catalytic Argl82 (stabilized by Glul168) was
all the time in contact with the a-phosphonate group of
cocCTP (Fig. 6—Graph D8).

The distance that separates the phosphorus atom of the
a-phosphonate group from the O3’-end of the RNA primer
drop 5x/36x below 2.9/2.95 A (Fig. 6—Graph D10)—i.e.
a little bit less frequently than for coCTP.

Conclusions

Microsecond MD simulations of complexes formed
between NV RdRp and its natural (CTP, 2dCTP—Fig. S3)
or chemically modified (coCTP, cocCTP—Fig. S3) sub-
strates were produced. Different conformational prefer-
ences of natural versus modified substrates were expected
to appear here based on our previous experience with
similarly modified dinucleotides and oligonucleotides.
NMR evidences [48] that while the O5'-C5'-C4-04’
torsion angle of natural dinucleotides prefers the -gauche
conformer, the C5-05-C4’-04’ torsion angle of phos-
phonate dinucleotides adopts the +gauche rotamer.
Indeed, the O5’ oxygen atom of CTP and 2dCTP was
located above the ribose ring (Fig. 1a,b), whereas the C5’
atom of coCTP and cocCTP analogs was directed outside
this ring (Fig. 1c,d). The same conformational preference
was seen in the crystal structure of a similar isosteric
phosphonate analogue GS-9148 in the active site of HIV
RT (PDB id: 3kk1 [49]). Further, we looked at how xCTPs
interact with the side chains of amino acids whose mutation
significantly decreases the catalytic efficiency of RdRp (i.e.
Argl83 [52] interacting with the triphosphate moiety and
Asp247 [50, 51] involved together with Ser300 and Asn309
in recognition of the 2°’0OH group). Major differences in
conformational preferences and binding of the natural
substrates (CTP, 2dCTP) and of their isosteric phosphonate
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Fig. 6 cocCTP conformational preference and its interactions in the
NV RdRp active site: D01 cocCTP C5'-05'-C4’'—C4"' torsion angle;
D02 cocCTP Sugar Puckering; D03 Intramolecular hydrogen bond:
cocCTP_3’OH-B-phosphate_cocCTP; D04 Asp247-3’OH_cocCTP;
D05 Asp247-Ser300; D06 Ser300-2’OH_cocCTP; D07 Asp247-
2’0OH_cocCTP; D08 Argl82—a-phosphonate_cocCTP; D09 Argl82—
B-phosphate_cocCTP; D10 Primer_O3’—a-phosphonate_cocCTP

analogs (coCTP, cocCTP) into the active site of NV RdRp
are depicted on Fig. 1.

The CTP ribose was in the C3'-endo conformation and
the O5'-C5'-C4’-04’ torsion angle adopted the -gauche
conformer. The Asp247-Ser300-2’OH_CTP hydrogen
bond network (known from crystal structures [3, 4],
Fig. 1a) was vital. Nevertheless, all imaginable combina-
tions of hydrogen bond donors and acceptors were realized
in the flow of time. About once every 100 ns, a substantial
conformational change of the Argl82 side chain was
observed. Argl82 then interacted with the B-phosphate
instead of the o-phosphate group of CTP (compare Fig. 2a, b).

The 2dCTP deoxyribose preferred the C2'-endo con-
formation. However, C3'-endo was populated too—partly
due to the intramolecular bonding between the 3’OH and
B-phosphate group of 2dCTP (also observed in CTP—but
not in CTP analogs). Contacts between Asp247 and Ser300
side chains were irreversibly interrupted (recall that 2dCTP
lacks the 2’OH hydroxyl group that could participate in
mutual contacts). The 3°’OH group of 2dCTP occasionally
interacted with the side chain of Asp247 (Fig. 1b). Further,
the Argl82 side chain lost contacts with the triphosphate
moiety of 2dCTP. It clearly shows that binding of proper
CTP and undesired 2dCTP building blocks into the NV
RdRp active site differs in many aspects.

In coCTP, the C5'-05'-C4'-04' torsion angle preferred
the +gauche rotamer from the very beginning of the MD
simulation (Fig. 1¢). The ribose was in the C3’-endo/C2'-
exo conformation. Yet positional relaxations of coCTP in
the NV RdRp active site took place on the timescale of
hundreds of ns. After their completion, the 2’OH group of
coCTP was in close contacts with Ser300 and also near to
Asn309. Argl78 formed salt bridges with the o-phospho-
nate group of coCTP during the whole MD simulation.

In cocCTP, the C5'-05'-C4'-C4" torsion angle pre-
ferred again the +gauche rotamer from the very beginning
of the MD simulation. Initially, the modified sugar of
cocCTP was in the C2¢-exo conformation (as in coCTP).
At that time the Asp247-Ser300-2’OH_cocCTP hydrogen-
bond network was extremely stable, since the 3°’OH group
of cocCTP was involved too. After of about 500 ns, the
modified sugar moiety repuckered to C3'-exo. cocCTP
consequently penetrated a little bit deeper (Fig. S9) into the
active site of NV RdRp beyond Asn 247 in Motif A (rep-
resented as ribbon in Fig. 1d). The modified sugar of
cocCTP was then in contact with the bulky side-chain of
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Trp246 and the 3’OH group of cocCTP was occasionally
hydrogen bonded to GIn250 and Asn309. This conforma-
tional transition was caused by too close contacts between
the -CH,- group of atoms (which replaced the O4’ atom in
the modified sugar moiety of cocCTP—Fig. S3) and a
hydrogen atom bound to the C2' atom in the 3'-terminal
residue of the RNA primer (Fig. S2b). Results of pre-
liminary calculations indicate that a steric conflict between
these atoms could cause that cocCTP is an inhibitor and not
a chain terminator as coCTP.

Summarized, the +gauche conformer of the C5-05'-
C4'-04' and C5'-05-C4'-C4*‘ torsion angles was pre-
ferred in coCTP and cocCTP from the beginning of MD
simulations (as expected based on NMR [48] and X-ray
[49] studies of closely related systems). Surprisingly, the
full positional relaxation of XCTP analogs in the NV RdRp
active site took hundreds of nanoseconds. In hindsight, the
microsecond length of MD trajectories appears to be rather
a necessary minimum.

In here presented MD simulations, the NV RdRp active
site in a state just before the phosphoryl-transfer step was
studied. To address the question what is happening before
and after this moment, different computational approaches
will be required in which, however, conformers from cur-
rent MD simulations will serve as starting points. Without
extensive sampling of conformational space carried out in
this study, those subsequent calculations were based on
misleading initial structures especially in the case of CTP
analogs.

Future EVB [57] and QM/MM [58-61] calculations will
deal with the phosphoryl transfer step. In this case, snap-
shots from current MD simulations, when the O3’-oP
substrate—substrate distance was minimal, will be used.
Further, here presented MD simulations raised several
questions, which evidently can be addressed only by QM/
MM calculations. In the case of natural NTPs, Argl82 is a
catalytic residue [52]. Nevertheless, which from the alter-
native conformers of Argl82 observed here is responsible
for it? Could contacts of Argl82 with the o-phosphonate
group of coCTP and cocCTP rather hinder the phosphoryl
transfer step?

A complete process of a ligand binding into protein
active sites was studied recently by atomic MD simulations
[43]. For polymerases, analogous calculations are unfea-
sible using conventional hardware resources especially due
to the strong binding of magnesium ions to ligands
resulting in a very slow sampling of configurational space
in MD simulations. Here presented MD trajectories starting
with fully formed coordination shells of magnesium ions
show that merely minor positional relaxations of xCTP
analogoues in the NV RdRp active site can take hundreds
of nanoseconds. Anyway, snapshots from here presented
MD trajectories can serve as starting points for MD

@ Springer

simulations showing how CTP (and its analogues) leaves
the NV RdRp active site, which is moving from close to
open state. This reverse process can be effectively accel-
erated by means of metadynamics [62, 63], replica
exchange molecular dynamics [64, 65] or steered molec-
ular dynamics [66, 67].
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Figure S1: NV RdRp in complex with nucleic acids (PDB id: 3BSO [3-4]). NV RdRp has a
typical structure of polymerases resembling the right hand (palm - grey, thumb - blue, fingers
- red). In RdRps, thumb and fingers are bound, and hence not allowed to change conformation

independently.
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Our 200 ns MD simulations show that even fully modified oligonucleotides bearing the 3’-0-P-CH,-0-5’
(but not 3’-0-CH,-P-0-5’) phosphonate linkages can be successfully attached to the surface of Human
RNase H. It enables to explain that oligonucleotides consisting of the alternating 3'-O-P-CH,-0-5" phos-
phonate and phosphodiester linkages are capable to elicit the RNase H activity (while the 3’-0-CH,-P-0-5’
phosphonates are completely inactive). Stability of the binuclear active site of Human RNase H was
achieved using the one-atom model for Mg?* in conjunction with a polarized phosphate group of the

Iéelegg:;ls: scissile bond, which is wedged between both magnesium ions. The reference MD simulation (lasting for
Antisense oligonucleotides 1000 ns), which was produced using a well-established seven-point (with dummy atoms) model for Mg?*
Argonaute led to essentially the same results. The MD run (lasting for 500 ns) produced for the Thermus thermophilus

RNAi Argonaute enzyme shows the transferability of our approach for the stabilization of a binuclear active

Phosphonate site. Glu512 was bound in the T. thermophilus Argonaute active site to the 2’-OH of the nucleotide adjacent
Molecular dynamics to the scissile phosphate and one of the two active-site divalent metal ions in exactly the same way as
ACEMD

Glu186 in Human RNase H. Glu512 thus completes the catalytic tetrad of Argonaute.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

So called “antisense” oligonucleotides represent a perspec-
tive approach in chemotherapy, promising to inhibit selectively
unwanted gene expression by creation of a helical complex with
target mRNA (carrying “sense” genetic information) [1-8]. Sev-
eral antisense oligonucleotide constructs, selected from many
hundreds, were able to proceed to clinical trials and use [9,10].
If hybridization between the target mRNA and the exogenous
nucleotide sequence occurs, a duplex is created, which forms
a jam that prevents the ribosomal complex from reading along
the message. If the ribosomal complex cannot read the message,
the appropriate tRNAs are not assembled and the encoded pep-
tide is not made. However, RNA-DNA duplexes can be unwound
by a variety of repair/editing enzymes. In addition, the ribo-
somal complex itself has an unwindase activity that likely permits
reading of the complexly fold mRNA [7]. Fortunately, some deoxy-
oligonucleotides support the binding of ribonuclease H (RNase H)
at sites of RNA-DNA duplex formation. Such binding is thought to
be an important effector of antisense actions because once bound,
RNase H, a ubiquitous nuclear enzyme required for DNA synthesis,
functions as an endonuclease that recognizes and cleaves the RNA

* Corresponding author. Tel.: +420 221 911 450; fax: +420 224 922 797.
E-mail address: ibarvik@karlov.mff.cuni.cz (I. Barvik).

1093-3263/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jmgm.2013.05.004

in the duplex. Once initiated, destruction of the message by cleav-
age is assured. Of significant interest also is the fact that the DNA
comprising in the duplex is undamaged by the enzymatic attack.
Therefore, it is free to hybridize with multiple RNA molecules, lead-
ing their destruction in a catalytic manner [7].

RNA interference (RNAi, discovered in 1998 [11-13]) is a
eukaryotic-specific gene-silencing pathway triggered by double-
stranded RNA (dsRNA) [14]. In this pathway, the RNase Il enzyme
Dicer first cleaves the dsRNA trigger into small interfering RNAs
(siRNAs). The siRNA duplex is incorporated into the effector protein
Argonaute (AGO) - analogous to RNase H, at which point one of the
strands is cleaved. After the cleaved strand is discarded, the result-
ing ribonucleoprotein complex uses the remaining siRNA strand to
specify interactions with target RNAs. If sequence complementarity
between quide and target strands is extensive, AGO again catalyzes
cleavage, resulting in ‘slicing’ of the target RNA [14].

The oligonucleotides with natural chemical composition, the
first candidates for the “antisense/siRNA” drugs, have been, how-
ever, found as unsuitable for in vivo applications because of their
insufficient resistance against nucleases. Oligonucleotides con-
sisting of both the 3’-O-P-CH,-0-5' and phosphodiester linkages
are capable to elicit RNase H activity [15]. The oligonucleotides
with either the 3’-O-P-CH,-0-5" or 3’-0O-CH,-P-0O-5' linkage has
been investigated by means of molecular dynamics (MD) simu-
lations [16-18]. Binding of DNA (and of its phosphonate analogs)
toward EC RNase H was modeled [19]. Plausibility of this model
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was confirmed later by crystal structures of HS RNase H [20].
There are many analogous residues (EC/HS RNase H - Trp85/Tr225,
Trp81/Trp221,Thr43/Thr181, etc.) bound to nucleic acids with truly
perfect compliance at the atomic level. Further, impacts of phosh-
ponate internucleotide linkages placed in various positions along
DNA on its binding toward EC RNase H were investigated in past by
means of short (1.5 ns) MD simulations [19].

Here, graphics processing units (GPUs) were used to extend such
MD trajectories up to 200 ns. The ability of 3’-O-P-CH,-0-5" and
3’-0-CH,-P-0-5' phosphonate oligonucleotides to bind toward HS
RNase H was studied in detail. Stability of the binuclear active site
of HS RNase H was achieved using the one-atom model for Mg2* in
conjunction with a polarized phosphate group of the scissile bond
(wedged between both magnesium ions). The reference MD simu-
lation (lasting for 1000 ns and produced using a well-established
seven-point model for Mg2* [21]) led to essentially the same
results. In future, we intend to compare MD trajectories gained
in this study with those carried out for differently modified DNA
chains.

RNase H forms its active site during initial folding. This active
site is well-suited to its role in nonspecifically cleaving RNA-DNA
hybrids. In contrast, proper function of AGO requires high speci-
ficity, therefore a conformational change occurs to form its active
site [14]. Although the PIWI domain of AGO has an RNase H fold,
only a conserved ‘DDX’ catalytic triad (where ‘X’ is generally Asp or
His) had been recognized in AGOs with slicer activity. Nevertheless,
the recent crystal structure of Kluyveromyces polysporus Argonaute
(KpAGO) [14] uncovered a hydrogen-bond network that stabilizes
an expanded and repositioned loop, which inserts an invariant
glutamate into the catalytic pocket. The structures of ternary Ther-
mus thermophilus Argonaute (TtAGO) complexes in the glutamate
plugged-in conformation show the position of loop L2 in the con-
text of guide and target strands [22]. TtAGO loop L2 interacts with
the guide DNA at positions 11-15. Moreover, the carboxyl group
of the glutamate finger Glu512 approaches both the 2’-OH of the
nucleotide adjacent to the scissile phosphate and one of the two
active-site divalent metal ions, which indicates that the glutamate
finger might act as a catalytic residue [14,22]. The putative DEDD
catalytic tetrads in conformations of both TtAGO and KpAGO are
nearly isosteric with the RNase H DEDD tetrad. Moreover, only
mutation of KpAGO Glu1013 (homologous to TtAGO Glu512) abro-
gated RNAI to the extent observed for mutation of KpAGO Asp1046,
a previously identified active-site residue [14]. Thus, it was pro-
posed that the glutamate finger constitutes the second residue of
a universally conserved RNase H-like DEDX catalytic tetrad at the
active site of slicing AGOs [14].

The MD run (lasting for 500 ns) produced here for TtAGO shows
the transferability of our approach for the stabilization of a binu-
clear active site. Glu512 was bound in the TtAGO active site to the
2’-0H of the nucleotide adjacent to the scissile phosphate and one
of the two active-site divalent metal ions in exactly the same way as
Glu186 in HS RNase H. Glu512 thus completes the catalytic tetrad
of TtAGO.

2. Methods

The model of HS RNase H complexed with a phosphonate-
DNA:RNA hybrid was constructed using the recent crystal structure
[20] (Protein Data Bank entry 2QKK). Base pairs not participating
in the DNA:RNA binding toward the enzyme were omitted from
the simulated system. Three modified internucleotide linkages
(either the 3’-O-P-CH,-0-5'/3pc5 or 3’-0O-CH,-P-0-5'/3cp5 type)
were incorporated into the 3’-end of DNA (i.e. 3’-G-3pc5-C-3pc5-T-
3pc5-G-T-G-G-A-5" or 3'-G-3cp5-C-3cp5-T-3¢cp5-G-T-G-G-A-5').
Both simulated systems (HS RNase H+3pc5-DNA:RNA and HS

RNase H+3cp5-DNA:RNA) were surrounded by TIP3P [23] water
molecules which extended to a distance of approximately 10 A (in
each direction) from the enzyme-nucleic acids atoms. This gives
a periodic box size of ~82A, ~81A, ~61A for a simulated sys-
tem consisting of 39,577 atoms. Similarly, the TtAGO enzyme [22]
(Protein Data Bank entry 3HVR) was surrounded by TIP3P water
molecules (periodic box size ~117 A,~106 A, ~87 A, 88,603 atoms).
New *.inpcrd (initial coordinates) and *.prmtop (molecular topol-
ogy, force field etc.) files for the whole simulated system, were
created by means of the TLEAP module (the AMBER software
package [24]).

The AMBER force field used in this study [25,26] does not contain
force constants needed to describe modified parts of the 3cp5/3pc5
phosphonate analogs. The force field parameters were therefore
completed with those obtained from ab initio calculations consis-
tently with the original approach [25]. Force constants (see Table
S1) were fitted to achieve the agreement of ~1 kcal/mol between
QM (MP2/6-31G*) and MM relative energies of different conform-
ers of the CH3-0-PO,-CH,-0-CH3 model system.

Almost half of the proteome of living organisms is constituted of
metalloproteins. In the PDB database, magnesium ions are invari-
antly hexacoordinated with octahedral geometry. An analysis of
structures available in the PDB to the 2002 indicated that the Mg—O
bond length can range between 2.05 and 2.25A [21]. Unfortu-
nately, the ability of the current generation of molecular dynamics
pairwise-additive force fields to properly describe metal pockets
is severely lacking due to the intrinsic difficulty of handling polar-
ization and charge transfer contributions [27]. Magnesium ions are
usually represented as van der Waals (VdW) spheres with a for-
mal point charge +2 that interact with the protein environment
and the substrate through non-bonded interactions. In binuclear
active sites, however, high charges can lead to repulsion between
two Mg2* and instabilities, resulting in an alteration of the proper
coordination of Mg2* ions by ligands [21,28,29].

A consistent set of empirical interaction parameters for the
alkali and alkaline-earth metal cations was derived by Aqvist using
free energy perturbation simulations in aqueous solution [30].
When used these parameters for Mg2* (as rescaled for AMBER:
R*=0.7926 A, epsilon = 0.8947), the coordination of both Mg(b) and
Mg(c)in the 3-polymerase active site changed [21]: Mg(b) lost con-
tact with Asp192 and O2B (a non-bridging [3-phosphate oxygen of
the dNTP) and was instead coordinated by O3B (the oxygen bridg-
ing the (3 and vy phosphates of the dNTP); Mg(c) lost contact with
the 03’ of the primer and O1A (a non-bridging a-phosphate oxygen
of the dNTP coordinating both metal ions in the crystal structure).

Further, a general tendency to underestimate slightly
magnesium-ligand distances, leading to a more compact active
site, is usually observed in MD simulations [27,30]. The Aqvist
parameters reproduce the observed hydration free energies as well
as radial distribution functions of ions reasonably. However, the
value of radius for Mg2* ions (i.e. R*=0.7926 used in the AMBER
force-filed) shows a less good agreement with the observed dis-
tance than for any of the other ions and appears to be slightly too
small [30]. Even though using Mg2* with R*=1.300A and epsilon
0.06 yielded the best structural results among the traditional
one-atom Mg2* models, there were some significant discrepancies
between the crystal structures and the modeled structures, i.e.
increased Mg(b)—Mg(c), 01A—Mg(b) distances [21].

The Aqvist-Warshel (AW) model that uses cationic dummy
atoms and has proven very useful in accurately representing the
energetics and structures of systems with transition metals such
as octahedrally coordinated bivalent manganese ions and tetrahe-
drally coordinated bivalent zinc ions in mononuclear and binuclear
metalloenzymes [21]. The AW model allows for stable coordination
geometry by placing the cationic dummy atoms at the defined pos-
itions around the central metal atom and for a smaller repulsion
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between the metal ions in binuclear sites by distributing the posi-
tive charge over the cationic dummy atoms. In [21], the AW model
always performed better than the best traditional one-atom Mg2*
model. In particular, the Mg(b)—Mg(c) distance and the distance
between Mg(b) and O1A of the incoming dNTP were much closer to
the X-ray crystallographic distances. Further, in the case of the RNA
ligase ribozyme [31], the Mg—O bond lengths obtained viaa dummy
approach [21] were more similar to those measured in QM/MM MD
simulations and in the X-ray structures of other Mg2* containing
enzymes.

The AW model was used here for a preliminary MD simulation
(lasting for 1000 ns) of HS RNase H enzyme in complex with unmo-
dified nucleic acids. The active site of HS RNase H was stable (see
Graph S14). Nevertheless, we would like to carry out comparative
MD simulations of various RNase H/Argonaute enzymes with the
use of multiple crystal structures for each of them. From this per-
spective, however, we felt the AW model a little bit complicated
and uncomfortable for fast building of simulated systems. Espe-
cially when the enzyme active site is not our primary concern and
we want just to ensure its stability during MD simulations.

Therefore, we decided to fine-tune an empirical one-atom
model of Mg2* so that the results of MD simulations were close
to what was observed with the AW model in our preliminary MD
simulation. We have taken into account that problems with binu-
clear active sites arise because of the neglect of polarization. One
possibility would be to change the point charges on both ions and
all of its ligands (which again is not practical if you want to work
with many crystal structures). In [21], in the best one-atom Mg2*
model both the Mg(b)—Mg(c) distance and the Mg(b)—01A dis-
tance deviated significantly from the crystal structure by up to
13% and 18%, respectively. It was recognized that these distances
are likely correlated, because O1A as a bridging ligand keeps the
Mg(b)—Mg(c) distance short. The point charges of the non-bridging
pro-Sp (analogous to O1A in [21]) and pro-Rp oxygen of the scis-
sile rA5-rC6 phosphate group which undergoes contacts with both
magnesium ions in the HS RNase H active site were modified here
(from —0.7761/-0.7761 to —0.9761/-0.5761). Further, a general
tendency to underestimate slightly magnesium-ligand distances,
leading to a more compact active site, which is usually observed in
MD simulations [27,30], was considered. Therefore, the radius R* of
Mg2* was changed from 0.7926 to 1.1A (recall that R*=1.3 A was
used in the best one-atom model in [21]).

Equilibration MD trajectories lasting for 5ns were computed
with the aid of the NAMD 2.7 software package [32]. The smooth
Particle-mesh Ewald (PME) method was employed for long-range
electrostatic forces [33]. The non-bonded cutoff was set to 9 A. The
SHAKE algorithm (tolerance 0.0005) was applied to constrain bonds
where the hydrogen atoms were involved [34]. Simulated systems
were energy minimized, then the Langevin dynamics was used for a
temperature control [32]. The simulated systems were heated from
0K to 310K. The Langevin piston method was applied to reach an
efficient pressure control with target pressure set to 1atm [32].
The integration timestep was set to 2 fs. A multiprocessor system
equipped with 16 Intel Itaninum CPUs (1.5 GHz) was used for equil-
ibration MD simulations (computed at ~4 ns/day for RNase H and
<2 ns/day for TtAGO).

For production runs we have used ACEMD v. 2591 [35,36]
running on a local workstation equipped with an NVIDIA graph-
ics processing unit (GPU). ACEMD is a new generation molecular
dynamics software which runs exclusively on GPUs at the equiv-
alent speed of tens to hundred of standard processors. ACEMD
implements all features of an MD simulation on a CUDA-compatible
GPU device, including those usually required for production
simulations in the NVT ensemble (i.e. bonded and nonbonded
force term computation, velocity-Verlet integration, Langevin ther-
mostatic control, smooth PME, and hydrogen bond constraints

implemented using the M-shake algorithm and RATTLE for velocity
constraints within the velocity Verlet integration scheme [37,38]).
ACEMD does not presently contain a barostat for production runs,
so simulations in the NPT ensemble are not possible. However, it
is noted that with large molecular systems, changes in volume due
to the pressure control are very limited after an initial equilibra-
tion making NVT simulations viable for production runs [35,36]. It
was proven on multiple biomolecular systems including membrane
proteins [39-41]. Therefore, our production runs have been per-
formed in the NVT ensemble, Langevin thermostat at 310K, com-
puting the electrostatic interactions with PME. Also implemented
in ACEMD is the hydrogen mass repartitioning scheme (the mass of
the bonded heavy atoms to hydrogen is repartitioned among hydro-
gen atoms, leaving the total mass of the system unchanged) used,
for instance, in codes such as Gromacs, which allows an increased
time step of up to 4fs [35,42]. Therefore, the integration timestep
in our production MD runs was set to 4 fs. For production MD runs
(1000 ns +2 x 200 ns = 1400 ns for RNase H, 500 ns for TtAGO) CUDA
programmable NVIDIA GTX-580GPU equipped with 480 cores
were used. MD trajectories were computed at ~50 ns/day for RNase
H and ~20ns/day for TtAGO (i.e. ~53 days of GPU time in total).

Data were recorded every 100 ps. MD trajectories were ana-
lyzed with the aid of the CHIMERA 1.5.3, VMD 1.9, Curves+ and
AMBER10/ptraj software packages [24,43-45]. Figures were pro-
duced by means of the ICM Molsoft 3.7 software package.

3. Results
3.1. HS RNase H — DNA recognition

Five internucleotide linkages (taken from the 3’ end of DNA) are
involved in stabilizing interactions with the HS RNAse H surface
(see Fig. 1). The first two internucleotide linkages (dG1-dC2-dT3)
interact with the core of HS RNAse H that is formed by either
hydrophobic (lIle, Val, Phe) or bulky (Trp) side chains. The third
internucleotide linkage (dT3-dG4) binds to the so called phos-
phate binding pocket (see Fig. S1). The fourth (dG4-dT5) and fifth
(dT5-dG6) internucleotide linkages could potentially interact with
Arg153-5, Arg157 residues in the extremely basic loop of HS RNase
H.

In the sugar-phosphate backbone of DNA, highly charged
phosphate groups alternate with rather hydrophobic deoxyribose
moieties. The DNA binding surface of HS RNase H mirrors nucleic
acids. Polar regions alternate with hydrophobic clusters as well. In
the HS RNase H + DNA:RNA complex, phosphate groups and amino
acids side chains are bound by intermolecular hydrogen bonds (Trp,
Asn, Thr) or salt bridges (Lys, Arg). In addition, clusters of hydropho-
bic (Ile, Val, Phe) or partly hydrophobic (Thr) amino acids side
chains establish favorable VAW contacts with rather hydrophobic
deoxyribose moieties of DNA.

3.2. 1st DNA-binding site — 3pc5 MD (Fig. 2, Graph 1A: Trp225
red line, Ser233 blue line)

The first DNA-binding site is a channel formed by Trp221,
Trp225, and Ser233 in the basic protrusion of HS RNase H [20]
(homologous residues in EC RNase H are Trp81 and Trp85 [19];
BH RNase H lacks the basic protrusion completely [46]).

In our MD simulations, the 3pc5 phosphonate group of the first
dG1-dC2 internucleotide linkage was hydrogen bonded toward
Trp225 and Ser233. The interaction with Trp225 was remark-
ably stable despite of conformational promiscuity of the dG1-dC2
internucleotide linkage and instabilities found in the rC1.dG1
Watson-Crick base pair (see below). In contrast, there were several
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Fig. 1. Five internucleotide linkages from the 3’ end of DNA are involved in stabi-
lizing interactions with the HS RNAse H surface.

short living interruptions in mutual contacts of dG1-dC2 with
Ser233.

The dG1 and dC2 deoxyribose moieties as well as the -CH,-
group wedged in the dG1-dC2 phosphonate internucleotide linkage
were in close contacts with the Trp221 side chain, which probably
helps to distinguish DNA:RNA and RNA:RNA hybrids (the 2’-OH
group of RNA modeled into the DNA binding channel of HS RNase
H clashes with the indole ring of Trp221 [20]).

Fig. 2. The 3pc5 dG1-dG2 internucleotide linkage binding into the 1st DNA binding
site.

Thr232

Fig. 3. The 3pc5 dC2-dT3 internucleotide linkage binding into the 2nd DNA binding
site.

3.3. 2nd DNA-binding site — 3pc5 MD (Fig. 3, Graph 1B:
Asn240m.c. blue line, lle239 m.c. cyan line, Asn240 s.c. red, Lys236
s.c. green line)

The second DNA-binding site, where the 3pc5 phoshonate group
of dC2-dT3 was anchored, consisted of main chain amide groups of
Asn240 and Ile239, which were occasionally accompanied by side
chains of Asn240 and Lys236.

Further, there were observed VAW contacts between the bulky
side chain of Phe213 and the dT3 deoxyribose moiety and between
the Thr232, Val238 side chains and the —CH,—group of the dC2-dT3
phosphonate internucleotide linkage.

In [20], the second DNA-binding site was not explicitly men-
tioned as the natural phosphate internucleotide linkage was buried
substantially less deeply into the HS RNase H surface. In the case
of EC RNase H, the phosphate/phosphonate groups were potently
stabilized by polar interactions with side chains of Tyr73, Trp104
and Lys99 [19] (replacing Phe213, Phe244, lle239 of HS RNase H).

3.4. 3rd DNA binding site — 3pc5 MD (Fig. 4, Graph 1C1: Thr181
blue line, Asn240 red line; Graph1C2: GIn183 blue line, Asn182
green line, Arg184 cyan line, Asn240 red line)

The 3pc5 phosphonate group of the dT3-dG4 internucleotide
linkage established contacts with the main chain amide group of
GIn183. Moreover, the Asn240 side chain was loosely bound to the
atom 05’ of the 3pc5 phosphonate group.

In [20], the dT3-dG4 phosphate group was bound to Thr181,
Arg179 and Asn240. A similar phosphate-binding pocket was found
in BH RNase H [46]. The pockets are spatially conserved but share
only one conserved residue, Thr181 in HS RNase H and Thr104
in BH RNase H. Interestingly, analogous Thr43 in EC RNase H was
identified as interacting with DNA by one of us before [19].

Sensitivity of the phosphate binding pocket to modified internu-
cleotide linkages was evidenced by experimental results [47]. This
can be explained on the basis of structural information. In HS RNase
H, Both Thr181 (in the phosphate binding pocket) and GIlu186 (in
the active site) are located on the same a-helix (Fig. S1). Therefore,
any suboptimal binding of modified internucleotide linkages into
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Fig. 4. The 3pc5 dT3-dG4 internucleotide linkage binding into the 3rd DNA binding
site.

the phosphate binding pocket can lead to an allosteric modulation
of the HS RNase H active site.

Crystal structures show that to place just a natural dT3-dG4
internucleotide linkage into the phosphate binding pocket requires
large distortions of the backbone torsion angles (y and «) by
~150° from the ideal values [20]. Indeed, in our preparatory
MD simulations with natural oligonucleotides, the Thr181 - dT3-
dG4 contacts were lost when the lowest energy conformer -g-g
(in terms of the C3’-03’-P-05’, 03'-P-05’-C5’ torsion angles) was
realized. It imposes increased demands on potential antisense
oligonucleotides, as modified internucleotide linkages must be
able to mimic the phosphate group adopting not only its natu-
ral lowest-energy conformer -g-g. This hurdle can be by-passed
by oligonucleotide gapmers or oligonucleotides with alternating
natural and modified internucleotide linkages.

It seems to be the case of the 3pc5 phosphonates, which elicit
the RNase H activity only if they alternate in oligonucleotide with
natural internucleotide linkages [15]. In our MD simulations, the
3pc5 phosphonate group of the dT3-dG4 internucleotide linkage
lacked contacts with Thr181 in the phosphate binding pocket.
Therefore, it seems likely that oligonucleotides with alternat-
ing phosphate/3pc5-phosphonate internucleotide linkages will be
rather active when the 3pc5 phosphonate will bind to the second
DNA binding site and the first and third (phosphate binding pocket)
DNA binding site will be occupied by natural internucleotide link-
ages.

3.5. 4-5th DNA binding site — 3pc5 MD (Fig. S2, Graph 1D:
Asni151 red line, Arg153 blue line)

The phosphate group of the natural dG4-dT5 internucleotide
linkage was in contact with Asn151. The natural dT5-dG6 inter-
nucleotide linkage interacted with Argl153. These contacts were
established after elapsing of about 30 ns. Arg153 altogether with
Arg154, Arg155 and Arg157 forms the basic loop in HS RNase H
structures, where significant differences among HS RNase H crys-
tal structures were observed [20]. Our preliminary MD simulations
with natural substrates showed that neither the trajectories lasting
for 1 us are sufficient for a complete conformational relaxation of
this basic loop. Therefore, it cannot be excluded that the dG4-dT5
and dT5-dG6 internucleotide linkage come to contact with Arg154,
Arg155 and Arg157 on longer time scales. Anyway, the Arg residues

would be probably involved in the initial enzyme-substrate recog-
nition (as proposed in [20]).

3.6. 1st - 5th DNA binding site - 3cp5 MD (Graph 2A-D)

In contrast to what was observed for 3pc5 phosphonates, the
3cp5 phosponate internucleotide linkages lost contacts with HS
RNase H DNA binding sites within several tens of ns. It’s in
agreement with known experimental data as the 3cp5 phospho-
nate oligonucleotides are not able to elicit the RNase H activity
[15].

3.7. RNA-HS RNase H interactions - (Fig. S3, Graph S1: Glu186
blue and salmon line, Met212 red line, Arg278 green line)

The HS RNase H active site is located in the RNA-binding groove,
which interacts with the 2’-OH groups of four consecutive ribonu-
cleotides (rC4, rA5, rC6, rC7 - two on each side of the scissile
phosphate). The overall mechanism for RNA strand recognition is
conserved [20] (as RNA strands complexed with HS, EC and BH
RNase H superimpose well).

In our MD simulations, the RNA-HS RNase H contacts were
mediated mostly by the side chain of Glu186 interacting with the
2/-OH group of rA5. Recall that Glu186 is bound to Mg2* in the HS
RNase H active site. Further, as we speculate above, Glu186 could
transmit allosteric signals from the phosphate binding pocket to
active site of HS RNase H.

The main chain atoms of Met212 were involved in contacts with
rC4 - especially in the second half of the 3pc5 MD simulation.

Contacts of the Cys148, Ser150 and Asn151 backbone atoms
with the rC6 and rC7 2’-OH groups were rather poor, however, it
could be partly rooted in the insufficient relaxation of the 153-157
basic loop, where significant differences among individual HS
RNase H structures were observed [20].

Interactions between RNA and Arg residues were very spo-
radic. The only exception was the rC6-rC7 internucleotide linkage
and Arg278. rC6-rC7 is located just behind the scissile rA5-rC6.
Therefore, the Arg278-rC6-rC7 contacts could help to stabilize the
reaction product. Moreover, the rC6-rC7 internucleotide linkage
could trap the proton released from the catalytic water molecule.
It could facilitate formation of the hydroxide ion that attacks the
scissile rA5-rC6 internucleotide linkage. The Arg278 side chain was
situated differently in the 3pc5/3cp5 MD simulations. Therefore,
remarkable differences were observed in terms of contacts of the
catalytic water molecule with both the rC6-rC7 as well as rA5-rC6
internucleotide linkages (see below).

3.8. Helical parameters (Graph S2-S5)

Helical parameters of both 3pc5/3cp5-DNA:RNA duplexes were
calculated by means of the Curves+ program [45]. The most affected
helical parameters were Buckle, Shift, Slide and Rise. As a result of
the distorted DNA strand, the minor groove width of the DNA:RNA
duplex varies form 7.36 A (3pc5)//7.76 A (3cp5) at the phosphate-
binding pocket to 10.92/11.34A (3pc5)//11.14/11.48 (3cp5) at
terminal parts of the DNA/RNA hybrid.

It means, that both 3pc5/3cp5-DNA:RNA duplexes were remark-
ably distorted despite of the 3cp5 DNA strand dissociation from
the HS RNase H surface. Neither the 200 ns MD simulation was suf-
ficient to achieve a full relaxation of the 3cp5-DNA:RNA duplex
geometry. Apparently, deformations are dictated by the over-
all shape of HS RNase H rather than by detail interactions of
phosphate/phosphonate groups with specific amino acids in DNA
binding sites. In accordance with that no such variations were
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observed in complexes of BH RNase H, which lacks the basic pro-
trusion [46] (Fig. S1).

3.9. Watson-Crick hydrogen bonding (Graph S6)

In both MD simulations, the Watson-Crick hydrogen bonds
were stable with the exception of terminal base pairs. Nevertheless,
such occasional fraying of nucleic acids ends is commonly observed
in MD simulations even in the case of double helical structures,
which are unaffected by interactions with enzymes.

3.10. Sugar puckering (Graph S7-510)

The RNA strand was in the regular A-form with sugars in C3'-
endo. Nevertheless, C2'-exo was remarkably populated in the
phosphate binding pocket and C4’-exo in terminal parts of both
3pc5/3cp5-DNA:RNA structures.

The 3pc5 DNA strand was mostly in the B-form (with sugars
between C2’-endo and 04'-endo) except for dC2 and dT3 in the
DNA-binding channel, which were in C4'-exo (i.e. between the A
and B form). In the 3cp5 DNA only dT3 was in C4’-exo. It indicates
a partial relaxation of 3cp5 DNA after its dissociation from the HS
RNase H surface.

3.11. Phosphonate internucleotide linkages (Graph S11)

All 3pc5/3cp5 phosphonate internucleotide linkages were con-
formationally promiscuous (in terms of either the C3’-03'-P-C,
03’-P-C-05/, P-C-05’-C5’ or C3/-03'-C-P, 03’-C-P-05’, C-P-05'-C5’
torsion angles). This is evident especially in the case of the 3cp5
internucleotide linkages, which lost contacts with the DNA binding
sites on the HS RNase H surface. However, even the 3pc5 internu-
cleotide linkages that were steadily bound to all DNA binding sites
fluctuated between several conformational basins.

3.12. Phosphate internucleotide linkages (Graph S7-S10)

Phosphate internucleotide linkages in DNA (i.e. dG4-dT5-dG6-
dG7-dA8) adopted the lowest energy conformer -g-g (i.e. -gauche
in terms of the C3’-03'-P-05’, 03’-P-05’-C5’ torsion angles). Phos-
phate internucleotide linkages in RNA preferred -g-g as well.

Higher populations of t-g in rA3-rC4 indicate a suboptimal bind-
ing of DNA:RNA to the HS RNase H surface at the beginning of the
3cp5 MD simulation.

In X-ray structures [20], the rC4-rA5 internucleotide linkage
was distorted from -g-g, which was preferred in both MD simu-
lations. Similarly, the rC6-rC7 internucleotide linkage adopted an
atypical conformation (or maybe an averaged mixture of conform-
ers was observed) in crystals [20]. In MD simulations, the rC6-rC7
phosphate preferred the lowest energy conformer -g-g with occa-
sional oscillations to t-g. Recall that rC6-rC7 was in contact with
Arg274.

3.13. Active site - MgA and MgB (Fig. 5, 3pc5 Graph S12A, 3cp5
Graph S13A, 7p AW model Graph S14A, TtAGO Graph S15A)

The HS RNase H active site is superimposable with that of either
BH RNase H or EC RNase H, including the scissile phosphate. Two
Mg?2* ions occupy the canonical A and B positions. It's assumed that
the two-metal ion mechanism for catalysis is universally shared
[48]. Both 3pc5/3cp5 MD simulations produced trajectories that
were stable consider the distance separating both magnesium ions.
That is not entirely obvious in binuclear active sites [21] (see
Section 4).

Fig. 5. HS RNase H active site.

3.14. MgA coordination shell - 3pc5 MD (Fig. 5, Graph S12C1:
Asp274 red line, Asp145 green line, Sp blue line; Graph S12C2:
WATA-C; Graph S12B: WATA)

Magnesium ion A was coordinated in the octahedral configu-
ration by Asp145, Asp274, the pro-Sp non-bridging oxygen atom
of the scissile rA5-rC6 phosphate and three water molecules. The
water molecule that attacks the scissile rA5-rC6 phosphate will be
referred as WATA in the following text.

Throughout the whole 3pc5 MD run, the oxygen atom of WATA
protruded into the immediate vicinity (below the 3 A treshold) of
the phosphorus atom of the scissile rA5-rC6 internucleotide link-
age. Hydrogen atoms of WATA made contacts with the adjacent
rC6-rC7 internucleotide linkage. Both events may be favorable for
the reaction.

3.15. MgA coordination shell - 3cp5 MD (Fig. 5, Graph S13C1:
Asp274 red line, Asp145 green line, Sp blue line; Graph S13C2:
WATA-C; Graph S13B: WATA)

Water molecules interchanged repeatedly in the WATA position
within the 3cp5 MD run. The oxygen atom of WATA protruded less
frequently below the 3 A threshold consider the distance from the
phosphorus atom of the scissile rA5-rC6 internucleotide linkage.
Hydrogen atoms of WATA made contacts with the adjacent rC6-rC7
internucleotide linkage only occasionally.

This was mainly due to different (comparing to 3pc5 MD) con-
formational preferences of the Arg278 side chain interacting with
the rC6-rC7 internucleotide linkage.

3.16. MgB coordination shell-

3pc5 MD (Graph S12D1: Asp145 red line, Glu186 green line,
Glu186 blue line, Asp210 cyan line, Asp210 magenta line, Sp yellow
line, O3’ salmon line, Graph S12D2: WAT).

3cp5 MD (Graph S13D1: Asp145 red line, Glu186 green line,
Glu186 blue line, Asp210 cyan line, Asp210 magenta line, Sp yellow
line, O3’ salmon line, Graph S13D2: WAT).

In X-ray structures [20], MgB is coordinated by five ligands:
Asp145, Glu186, Asp210 (or Asn210), the O3’ and pro-Sp non-
bridging oxygen atoms of the scissile rA5-rC6 phosphate group. In
our MD simulations, subtle differences were observed consider the
3rd-6th ligands:

1stligand: The non-bridge pro-Sp oxygen atom of the rA5-rC6 scis-
sile internucleotide linkage was tied quite symmetrically between
MgA and MgB.
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2nd ligand: Similarly, the side chain of Asp145 was bound simul-
taneously to MgA and MgB.

3rd ligand: The side chain of Asp210 had a tendency to provide both
oxygen atoms toward MgB and thus create a so-called bi-dentate
contact.

4th ligand: Similarly, Glu186 tend to form bi-dentate contacts with
MgB.

5th ligand: The 03’ atom of the rA5-rC6 scissile internucleotide
linkage was weakly bound to MgB in the first half of the 3pc5 MD
run. Then even more loosened contacts prevailed. In the 3cp5 MD
simulation, this process was faster and even more pronounced.
6th ligand: Several water molecules reside close to MgB in the
RNase H interior (see WD in Fig. 5). Roughly in the half of both MD
simulations water molecules expelled the O3’ atom of the rA5-rC6
scissile internucleotide linkage from MgB. It was more pronounced
in the 3cp5 MD simulation, in fact, there were many molecules
interchanging in this position in the 3pc5 MD simulation.

Altogether, Asp210 and Glu186 tendency to form bi-dentate
contacts with MgB led to rather over-coordinated (7 ligands) MgB.
This tendency was even more pronounced in reference MD sim-
ulations with the seven-point representation of magnesium ions
(compare Graph S12 and Graph S14).

In the TtAGO MD simulation (Fig. S1, Graph S15), Asp546
(Asp210 in HS RNase H) was mono-dentate and Glu512 (Glu186
in HS RNase H) bi-dentate.

4. Discussion and conclusions

Our 200 ns MD simulations show that fully modified oligonu-
cleotides bearing the 3’-O-P-CH,-0-5" (but not 3’-O-CH,-P-0-5")
phosphonate linkages can be attached to the HS RNase H sur-
face (compare Graph 1 with Graph 2). It enables to explain that
oligonucleotides consisting of the alternating 3’-O-P-CH,-0O-5'-
phosphonate and phosphodiester linkages are capable to elicit
the RNase H activity (while the 3’-0-CH,-P-O-5'-phosphonates are
completely inactive) [15].

In binuclear active sites, which are modeled using non-
polarizable force fields, the artificial repulsion arising between
both magnesium ions can lead to severe instabilities and alter-
ations of the proper coordination of magnesium ions by ligands
[21]. Therefore, the polarized rA5-rC6 scissile phosphate (with the
non-bridging oxygen atom wedged between magnesium ions) was
used in our MD simulations. Further, a general tendency to under-
estimate slightly magnesium-ligand distances, leading to a more
compact active site, is usually observed in MD simulations [27,30].
Therefore, the radius R* of Mg2* was changed from 0.7926 to 1.1 A
(recall that even greater value of 1.3 A was used in the best one-
atom model of Mg2* in [21]). The resulting MgA-MgB distances
found in our MD simulations were stable on the time scale of
hundreds of nanoseconds (Graph S12-13). A reference MD simu-
lation (lasting for 1000 ns) produced using the seven-point (with
dummy atoms) AW representation of magnesium ions [21] led
to almost the same results (compare Graph S12 and Graph S14).
Therefore, the usage of a partial polarization of the scissile internu-
cleotide linkage (which is easier for implementation than the AW
model [21]) is justified especially in studies, where the enzyme
active site is not a primary concern. Further, fluctuations around
average values were a little bit more pronounced in our model
(Graph S12) comparing to the AW model [21] (Graph S14). In fact,
larger radius of Mg2* led to a modest diminishing of stabilizing
coulombic interactions acting between ions and ligands. Therefore,
active sites in our MD simulations were inevitably a little bit under-
stabilized. In subsequent studies, we want to destabilize ion-ligand
interactions even much more to enable a proper relaxation (at

an acceptable time scale) of loops around the RNase H/Argonaute
active site, which could be the subject of crystal packing forces or
artifacts due to point mutations applied in X-ray structures.

Further, to demonstrate its transferability, we applied our
approach chosen for the stabilization of binuclear active sites to
TtAGO [22], where the metal-binding residue Glu512 (analogous
to Glu186 in HS RNase H) is in a very labile position. In fact, only
quite recently was recognized that Argonaute enzymes use the cat-
alytic tetrad rather than catalytic triad of residues [ 14] (Fig. S1). The
Argonaute active site was completely stable in the MD run lasting
for 500 ns (Graph S15). As proposed in [14], Glu512 was bound in
the TtAGO active site in exactly the same way as Glu186 was bound
in the HS RNase H active site (i.e. Glu186/512 interacted with both
the 2’-OH of the nucleotide adjacent to the scissile phosphate and
one of the two active-site divalent metal ions, Fig. 5).

Glu186 in the HS RNase H active site is close to conserved
Thr181 in the so called phosphate-binding pocket (Fig.S1) sensitive
to chemical modifications of antisense oligonucleotides [47]. We
speculate that an allosteric signal could be transmitted from Thr181
to Glu186 in the case of a suboptimal binding of modified internu-
cleotide linkages (including here presented 3pc5 phosphonates —
Graph 1C1) into the phosphate-binding pocket.

In the case of TtAGO, main chain atoms of Glu512 interact
directly with the phosphate group of siRNA at position 13-14 (Fig.
S1). Therefore, chemical modifications of siRNA backbones can
act on the TtAGO active site quite straightforwardly. Indeed, sig-
nificantly lower AGO2 cleavage activities were observed for the
antisense RNAs containing a 2’-MOE substitution at positions 2,
13, and 14 [49,50]. Comparable binding affinities were observed
for the antisense RNA containing the 2’-MOE substitutions at pos-
itions 12-14 compared with the unmodified antisense RNA. Taken
together, these data suggest that the loss in AGO2 cleavage activity
was due to the 2’-MOE residues interfering with catalysis [49,50].

In order to investigate an allosteric modulation of the RNase
H/AGO active sites by Glu fingers precisely, it will need to address
further, what exactly is the coordination of MgB in the moment
immediately preceding the reaction event. It was speculated in [48]
(based on crystal structures of BH RNase H) that under-coordinated
MgB provides a driving force for the reaction. However, crystal
structures are subjected to crystal packing forces, point mutations
are carried out in their active sites (in order to prevent the reac-
tion), different (Mg2*/Ca2*) ions are used for crystallization etc.
Then, such as different form of bi-dentate/mono-dentate binding
to MgB as observed here for analogous Asp210/Asp546 residues in
HS RNase H/TtAgo can be found. In fact, Glu186 and Asp210 ten-
dency to form bi-dentate contacts led to rather over-coordinated
MgB in HS RNase H. It was even more pronounced with the AW
model [21] applied in the reference MD simulation (compare Graph
S12D1 with S14D1).

The balance between point charges on oxygen atoms of bio-
and water molecules appears to be another moot point. Charges
in TIP3P water molecules [23] were determined based on a com-
pletely different philosophy than RESP charges of biomolecules in
the AMBER force field [25]. Therefore, probably, the O3’ atom of the
scissile rA5-rC6 internucleotide linkage was expelled from MgB by
water molecules residing in the HS RNase H interior. Interestingly,
this artifact was again more pronounced in the reference MD sim-
ulation with the seven-point AW model for MgZ* [21] (compare
Graph S12D1 with $S14D1).
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Figure S1: Crystal structures of HS RNase H [17], BH RNase H [40] and Argonaute [19]
enzymes.



Figure S2: The dG4-dT5 and dT5-dG6 internucleotide linkage binding into the 4-5" DNA
binding site

Figure S3: RNA recognition by HS RNase H
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Table S1: Force constants for phosphonate internucleotide linkages.
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Graph S1: RNA recognition by HS RNase H - Glul86 blue and salmon line, Met212 red
line, Arg278 green line
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Graph S2: Helical parameters in the 3pc5 DNA:RNA duplex structure
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Graph S3: Helical parameters in the 3pc5 DNA:RNA duplex structure
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Graph $4: Helical parameters in the 3cp5 DNA:RNA duplex structure



BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8

Ax-bend (deg)

-5

0 t(ns) 200

Shift (A)

Slide (A)

Rise (A)

0 t(ns) 200

Tilt (deg)

Roll (deg)

Twist (deg)

H-ris (A)

H-twi (deg)

~60|

0 t(ns) 200

Graph S5: Helical parameters in the 3cp5 DNA:RNA duplex structure
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Graph S6: Watson-Crick hydrogen bonding in the 3pcb

structure
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Graph S7: Torsion angles and sugar puckering along 3pc5 DNA
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ABSTRACT

Molecular dynamics simulations have shown that non-protonated Glu131 leads to dissociation
of 2',5-linked oligoadenylates (pAxsAzsA; 2-5A) from monomeric human RNase L. In
contrast, in MD simulations with protonated Glul31l, the RNase L + 2-5A complex was
stable. Further, MD simulations were used to capture detrimental impacts of various point
mutations of RNase L (R155A, F126A, WG60A, KB89A) on 2-5A binding. These
conformational transitions were observed on a time scale of 200 ns. Finally, 2-5A analogues
with a bridged 3'-O,4'-C-alkylene linkage (B) introduced into the adenosine units (A) were
used to assess ability of MD simulations to distinguish on the time scale of hundreds of
nanoseconds between agonists of RNase L (pAzsAzsB, pBasAgsA, pBasAgzsB) and inactive
analogs (pAxB2sA, pAsB2sB, pBasBasA, pBasBasB). Agonists were potently bound to RNase
L during 200 ns MD runs. For inactive 2-5A analogs, by contrast, there were found significant
disruptions of their interactions with RNase L already within 100 ns MD runs.
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INTRODUCTION

In mammals, viral infections initiate an innate immune response predominantly mediated by
type | interferons (IFNs). Type | IFNs regulate the transcription of a number of genes that
inhibit or block viral replication by diverse mechanisms [1-8]. Combination therapy with IFN
and ribavirin can produce sustained responses against Hepatitis C virus (HCV) in some
patients [9] (HCV has infected about four million adults in the U.S. and is a major cause of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma).

Treatment of cells with IFN activates genes encoding several 2°,5‘-linked oligoadenylate
synthetases (OASs) and a single gene encoding ribonuclease L (RNase L). The OASs are
activated by binding to dsRNA, a frequent byproduct of viral infection. The activated OASs
generate 2',5'-linked oligoadenylates (2-5A) from ATP [1-8]. Upon binding 2-5A, RNase L is
converted from an inactive monomer (Figure 1) to a potently active dimeric endoribonuclease
for single-stranded RNA [5] containing dyads of UU, UA, AU, AA, and UG [10].

RNase L and OASs contribute to innate immunity in many ways [5]. Even a single cleavage
event in a viral SSRNA genome will prevent that genome from replicating [3-4]. Cleavage of
viral mMRNA by RNase L contributes to inhibition of viral protein synthesis as well [3-4].
Activated RNase L within cells cleaves both viral and nonviral ssSRNA substrates. Damage to
the host cell machinery required for viral replication, in particular ribosomes (28S and 18S
rRNA), contributes to the antiviral effects of RNase L. Interestingly, RNase L perpetuates and
amplifies IFN production [11-12]. RNase L cleaves single-stranded regions of RNA, leaving
as cleavage products short duplex RNAs with 3'-phosphoryl groups. These RNase L-
generated small RNAs stimulate innate immunity. Therefore, RNase L deficient mice produce
significantly less IFN-a. in response to viral infections than identically infected WT mice. A
truncated form of RNase L, which is thought to be constitutively active, may be a biochemical
marker of chronic fatigue syndrome [13]. Sustained activation of RNase L or its activation
beyond a threshold level causes the cell to spiral into an RNA damage stress response that
culminates in apoptosis. It suggests a tumor suppressor function of the OAS/RNase L
pathway [3-4]. Further, RNase L is involved in cytokine induction and endosomal pathways
that suppress bacterial infections [6]. Therefore, the direct activation of RNase L by 2-5A
might be a novel chemotherapeutic approach to viral and bacterial diseases as well as cancer.

The human form of RNase L is a 741-amino-acid protein with a molecular mass of 83 543
Da. RNase L consists of three domains, namely the N-terminal ankyrin repeat domain (ARD),
the protein kinase homology domain (RNase L belongs to the family of >500 human kinases),
and the C-terminal ribonuclease domain. The N-terminal ARD sensor domain (residues 24—
335) containing nine ankyrin-like macromolecular recognition repeats, is responsible for 2-5A
binding (see Figure 1). The pseudokinase domain (residues 336-582) is catalytically inactive.
The C-terminal ribonuclease domain of RNase L (residues 583-720) is responsible for its
catalytic activity.

In fact, RNase L has the only ARD known to bind to an oligonucleotide [5] (ARDs in

transient receptor potential vanilloid channel proteins have a multi-ligand binding site for

ATP and calmodulin [14-17]). Interestingly, RNase L is the only enzyme that recognizes and

binds 2-5A, whereas the only known function of 2-5A is to activate RNase L [13]. The

length of the 2-5A species is critical for the activation of RNase L [2, 8, 41]. While the dimer

failed to activate RNase L, the trimeric and tetrameric 2-5As maximally activated RNase L at
2
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the same concentration. Replacing either of the 2°,5‘-linkages in a 2-5A trimer by 35
phosphodiesters decreases binding to RNase L by 1 and 2 orders of magnitude, however,
substituting both linkages reduces binding drastically. RNase L has lower affinity for cytidine,
uridine, or inosine analogs of the adenine rings in 2-5A. Only a single 5*-phosphoryl group on
the trimer of 2°,5-linked oligoadenylate is required for the full activation of human RNase L.

The structural basis of 2-5A binding to RNase L was established by the crystal structure of the
sensor domain in complex with 2-5A [8]. The ligand 2-5A is bound by the second to the
fourth ankyrin repeats and interacts with the RNase L residues Trp60, Asn65, GIn68, Lys89,
Phel26, Glul31, Tyrl135, and Argl55 by forming hydrogen bonds, salt bridges, or stacking
interactions [8] (see Figure 1). To determine the contributions of amino acid residues
surrounding the 2-5A binding site, mutant proteins were analyzed for their interaction with 2—
5A using a steady-state fluorescence technique. In addition, full-length RNase L mutants were
tested for their activation by 2-5A [13]. The results reveal that n-rt stacking interactions of
Trp60 and Phel26, electrostatic interactions of Lys89 and Argl155, and hydrogen bonding by
Glu131 make crucial contributions to 2-5A binding [13].

Paradoxically, the first crystal structure of RNase L ARD [8] could not explain the
mechanism of 2-5A-dependent RNase L dimerization because the sensor domain crystallized
as a monomer [8]. Recently was found that the sensor domain undergoes 2-5A-mediated self-
association without any conformational changes [18]. Two molecules of 2-5A at a time tether
RNase L monomers via their ANK domains. Each ANK domain harbors two distinct sites for
2-5A recognition that reside 50 A apart.

The direct activation of RNase L by 2-5A might be a novel chemotherapeutic approach both
to viral and bacterial diseases and cancer. It needs, however, to solve the problem with
transporting of highly charged 2-5A oligoadenylates into cells [19-22]. It could be resolved
thanks to unremitting effort to develop potent synthetic nucleic acids lipid particles in the
context of antisense oligonucleotides, siRNA molecules, oligonucleotide aptamers etc. And
there are also unexpected breakthroughs like exosomes, naturally occurring virus-like
particles produced by cells and transporting nucleic acids between them [23].

Moreover, natural 2-5As have a short biological half-life because of its rapid degradation by
phosphatases and nuclease activities in cells and in serum [24]. Thus far, a number of 2-5A
analogues with modification of bases, riboses, internucleotide linkages and a 5’-phosphoryl
group have been synthesized to test RNase L activating ability in vitro [25-44]. In [24], a
bridging strategy was applied to develop novel 2-5A analogues by introducing a 3'-0,4'-C-
alkylene linkage into the adenosine units, and then examining their properties including their
RNase L activating ability and their nuclease stability.

Here, MD simulations were used to understand detrimental impacts of various point
mutations of RNase L (R155A, F126A, W60A, K89A) on 2-5A binding [13]. Further, 2-5A
analogues with a bridged 3'-0,4-C-alkylene linkage [24] introduced into the adenosine units
were used to assess ability of MD simulations to distinguish on the time scale of hundreds of
nanoseconds between agonists of RNase L (pAzsAxB, pBasAxsA, pBasAgzsB) and inactive
analogs (PA2sBasA, pA2sB2sB, pBasBasA, pB2sBasB).
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METHODS

The model systems of human RNase L complexed with pAzsA2sA or its analogs (see Table
S1) were constructed using the crystal structure [8] (Protein Data Bank entry lwdy). All
simulated systems were surrounded by TIP3P [45] water molecules which extended to a
distance of approximately 10 A (in each direction) from the enzyme-nucleic acids atoms. This
gives a periodic box size of ~121 A, ~77 A, ~77 A for a simulated system consisting of
~70.000 atoms. New *.inpcrd (initial coordinates) and *.prmtop (molecular topology, force
field [46-50]) files for the whole simulated system, were created by means of the TLEAP
module (the AMBER software package [51]).

Equilibration MD trajectories lasting for 5 ns were computed with the aid of the NAMD 2.7
software package [52]. The smooth Particle-mesh Ewald (PME) method was employed for
long-range electrostatic forces [53]. The non-bonded cutoff was set to 9 A. The SHAKE
algorithm (tolerance 0.0005) was applied to constrain bonds where the hydrogen atoms were
involved [54]. Simulated systems were energy minimized then the Langevin dynamics was
used for a temperature control [52]. The simulated systems were heated from 0 K to 290/310
K. The Langevin piston method was applied to reach an efficient pressure control with target
pressure set to 1 atm [52]. The integration timestep was set to 2 fs. A multiprocessor system
equipped with 16 Intel Itaninum CPUs (1.5 GHz) was used for equilibration MD simulations.

For production MD runs we have used ACEMD v. 2591 [55-56] running on a local
workstation equipped with an NVIDIA graphics processing unit (GPU). ACEMD is a new
generation molecular dynamics software which runs exclusively on GPUs at the equivalent
speed of tens to hundred of standard processors. ACEMD implements all features of an MD
simulation on a CUDA-compatible GPU device, including those usually required for
production simulations in the NVT ensemble (i.e., bonded and nonbonded force term
computation, velocity-Verlet integration, Langevin thermostatic control, smooth PME, and
hydrogen bond constraints implemented using the M-shake algorithm and RATTLE for
velocity constraints within the velocity Verlet integration scheme [57-58]). ACEMD does not
presently contain a barostat for production runs, so simulations in the NPT ensemble are not
possible. However, it is noted that with large molecular systems, changes in volume due to the
pressure control are very limited after an initial equilibration making NVT simulations viable
for production runs [55-56]. It was proven on multiple biomolecular systems including
membrane proteins [59-61]. Therefore, our production runs have been performed in the NVT
ensemble, Langevin thermostat at 290/310 K, computing the electrostatic interactions with
PME. Also implemented in ACEMD is the hydrogen mass repartitioning scheme (the mass of
the bonded heavy atoms to hydrogen is repartitioned among hydrogen atoms, leaving the total
mass of the system unchanged) used, for instance, in codes such as Gromacs, which allows an
increased time step [55, 62]. Therefore, the integration time-step in our production MD runs
was set to 4 fs. For production 100-200 ns MD runs CUDA programmable NVIDIA GTX-
580 GPU equipped with 480 cores was used. MD trajectories were computed at ~25 ns per
day (i.e. ~136 days of GPU time in total).

Data were recorded every 100 ps. MD trajectories were analyzed with the aid of the
CHIMERA 15.3, VMD 1.9 and AMBER10/ptraj software packages [63-64, 51]. Figures
were produced by means of the CHIMERA 1.5.3 software package.
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RESULTS

In this study, several versions of the AMBER force field were compared (MD simulations no.
1,4 [46]; MD no. 2,5 [47-49]; MD no. 3, 6 [50] - see Table S1). Further, RNase L with either
protonated or unprotonated Glul31 was tested in this subset of MD simulations (i.e. MD
simulations no. 1-3 vs. 4-6). MD simulations were then used to capture detrimental impacts of
various point mutations of RNase L (R155A - MD no. 7-8; F126A - MD no. 9; W60A - MD
no. 10; K89A - MD no. 11-12 - see Table S1) on 2-5A binding. Finally, 2-5A analogues with
a bridged 3-0,4'-C-alkylene linkage [24] introduced into the adenosine units were used to
assess ability of MD simulations to distinguish on the time scale of hundreds of nanoseconds
between agonists of RNase L (pAzsA2sB, pBasAzsA, pBasAxsB - MD no. 13-15 - see Table
S1) and inactive analogs (pA2sBasA, pA2sB2sB, pBasBasA, pBasBasB - MD no. 16-19 - see
Table S1).

01) RNase L_E131H --- pAssAssA - FF_94 [46] --- T=310K --- t<200ns

The pAzsAA molecule was bound to the surface of RNase L E131H despite of
conformational transitions of the adenine ring of the third AMP (Figure S1, Figure 2).

The bound pA2sA2sA molecule adopted an extended conformation in which the adenine ring
of the second AMP (Ade2) was stacked with the adenine ring of the first AMP (Adel),
whereas the adenine ring of the third AMP (Ade3) was separated from them. Adel was
stacked with the side chain of Phel26. Ade3 (regardless of its conformational transition - see
below) was stacked with the side chain of Trp60. Adel was fixed by hydrogen bonds with the
side chain of protonated Glul31 (i.e. Glu131_O-H62_Adel and Glul31_OH-N1_Adel - see
Figure 1) throughout the whole MD simulation. Nevertheless, short-living disruptions of
those hydrogen bonds occurred from time to time. The same was observed in the case of
contacts of Ade2 with the side chain of Tyr135 (i.e. Tyrl35 OH-N1_Ade2 - see Figure 1).
The hydrogen bond network involving Ade3 and the side chains of GIn68 (i.e. GIn68 O1-
H62_Ade3 and GIn68_H2-N1_Ade3 - see Figure 1) and Asn65 (Asn65_ 0O1-H61 Ade3 - see
Figure 1) was broken at the very beginning as a result of the Ade3 transition.

The side chains of Arg155 and Lys166 formed salt bridges with the 5’-phosphate group of the
first AMP (Phosl). The 5’-phosphate group of the second AMP (Phos2) was exposed to
solvent, and no direct interactions were found between Phos2 and the surface of ANK in
crystal structures [8, 18]. Nevertheless, here were observed short-lasting contacts of Phos2
with the Tyr124 side chain in the moment when Arg155 transiently lost contacts with Phosl
and Ade3 underwent the conformational transition. Eventually, Lys166 and Tyrl24
exchanged their Phos1/Phos2 counterparts. The 5’-phosphate group of the third AMP (Phos3)
formed a salt bridge with the side chain of Lys89.

Adel and Ade2, respectively, were in the high anti (i.e. ~ -90° in terms of the glycosidic
torsion angle O4’-C1’-N9-C4 - see Figure 1) and anti (~180°) conformation, whereas Ade3
jumped from syn (~60°) to high anti conformation. In the following text such non-reversible
conformational transitions will be marked with the symbol -> (i.e. syn -> high anti), whereas
reversible transitions will be marked with the symbol <->. The first and second ribose rings
had C3’-endo puckering, whereas the third ribose had C4’-exo/O4’-endo -> C2’-endo
puckering. The C4’-C5’ moieties connecting ribose and internucleotide linkage segments
adopted (in terms of the PB: C3’-C4’-C5’-0O5’ torsion angle - see Figure 1) conformations
5
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trans -> gauche (Adel), -gauche (Ade2), -gauche -> gauche (Ade3). The internucleotide
linkage Adel-Ade2 adopted conformation -g-g (in terms of torsion angles C5’-05’-P-02” and
05’-P-02°-C2” - see Figure 1). The internucleotide linkage Ade2-Ade3 preferred
conformation gg -> -g-g.

02) RNase L_E131H --- pAsAgsA --- FF_99SB [47-49] --- T=310K --- t=200ns

The pAxsAxsA molecule was bound to the surface of RNase L _E131H in the original
arrangement (Figure 1-2, Figure S2). Therefore, we used the AMBER force field v. [47-49] in
all other MD simulations with mutant RNase L (MD no. 7-12 - see Table S1) or 2-5A analogs
(MD no. 13-19 - see Table S1).

The bound pAzsAsA adopted an extended conformation in which Ade2 was stacked with
Adel, whereas Ade3 was separated from them. Adel was stacked with the side chain of
Phel26, whereas Ade3 was stacked with the side chain of Trp60. Adel was fixed by
hydrogen bonds with the side chain of protonated Glul31. Ade2 was stabilized by a single
hydrogen bond with the side chain of Tyr135. Ade3 was fixed by a hydrogen bond network
involving the side chains of GIn68 and Asn65.

The side chains of Argl55 and Lys166 formed salt bridges with Phosl. There were not
observed significant contacts of Phos2 with the Tyr124 side chain. Phos3 formed steadily a
salt bridge with the side chain of Lys89.

Adel was in the high anti conformation, Ade2 was in the anti conformation, whereas Ade3
was in the syn conformation. The first and second ribose rings had C3’-endo puckering,
whereas the third ribose had C4’-exo/O4’-endo puckering. The C4’-C5’ moieties adopted
conformations trans (Adel), -gauche (Ade2), -gauche (Ade3). The internucleotide linkage
Adel-Ade2 adopted conformation -g-g. The internucleotide linkage Ade2-Ade3 preferred
conformation gg.

03) RNase L_E131H --- pA,sAzsA --- FF_Olo [50] --- T=310K --- t=200ns

The pAzsA2sA molecule stayed bound to the surface of RNAse L_E131H close to the original
arrangement (Figure S3, Figure 2).

The bound pA2sAzsA adopted an extended conformation in which Ade2 was stacked with
Adel, whereas Ade3 was separated from them. Adel was stacked with the side chain of
Phel26. Ade3 was stacked with the side chain of Trp60, nevertheless in a little bit distorted
position, which resulted in disruption of hydrogen bonds formed between Ade3 and the side
chains of GIn68 and Asn65. Adel was fixed by hydrogen bonds with the side chain of
protonated Glul31 throughout the whole MD simulation lasting for 200 ns. Ade2 was fixed
by a single hydrogen bond with the side chain of Tyr135.

The side chains of Arg155 and Lys166 formed salt bridges with Phos1. There were found no
significant contacts of Phos2 with the Tyr124 side chain. Phos3 formed a salt bridge with the
side chain of Lys89.

Adel was in the high anti conformation, Ade2 was in the anti conformation, whereas Ade3
was in the syn conformation. The first and second ribose rings had C3’-endo puckering,

6
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whereas the third ribose had C4’-exo/O4’-endo puckering. The C4’-C5’ moieties adopted
conformations trans (Adel), -gauche (Ade2), -gauche (Ade3). The internucleotide linkage
Adel-Ade2 adopted conformation -g-g. The internucleotide linkage Ade2-Ade3 preferred
conformation gg (with two short living oscillations to g-g).

04) RNase L_E131 --- pAzsAzsA --- FF_94 [46] --- T=290K --- t<200ns

The pA2sA2sA molecule rearranged substantially with only Ade3 (which was the most distant
adenine ring from the unprotonated E131 residue) bound in its original position on the surface
of RNase L_E131 (Figure S4, Figure 2). Roughly the same was observed in subsequent MD
simulations no. 5-6 with unprotonated RNase L _E131. Therefore, protonated RNase
L_E131H was used in all other MD simulations with mutant RNase L (MD no. 7-12 - see
Table S1) or 2-5A analogs (MD no. 13-19 - see Table S1).

The partly unbound pAzsA2sA adopted an extended conformation in which Ade2 was stacked
with Adel (despite of their rearrangement), whereas Ade3 was separated from them. Adel
lost stacking contacts with the side chain of Phel126, whereas stacking of Ade3 with the side
chain of Trp60 was preserved. Adel lost contacts with the side chain of non-protonated
Glul3l (i.e. Glul31_0O-H62_Adel - see Figure S4). A single hydrogen bond between Ade2
and the side chain of Tyr135 was broken from the very beginning. In contrast, Ade3 was
potently fixed by a hydrogen bond network involving the side chains of GIn68 and Asn65.

The side chains of Argl55 and Lys166 formed salt bridges with Phosl. There were found
increasingly more pronounced interactions of Phos2 with the Tyrl24 side chain, which
stabilized distorted pAzsAzsA. Phos3 formed a salt bridge with the side chain of Lys89.

Glycosidic torsion angles were in conformations high anti -> syn (Adel), anti -> syn (Ade2),
syn (Ade3). The first ribose ring had C4’-exo puckering, the second ribose had C2’-endo
puckering, whereas the third ribose had C4’-exo puckering. The C4’-C5’ moieties adopted
conformations trans -> gauche -> trans -> -gauche (Adel), -gauche -> gauche (Ade2), -
gauche -> gauche (Ade3). The internucleotide linkage Adel-Ade2 adopted conformation -g-
g. The internucleotide linkage Ade2-Ade3 preferred conformations gg -> g-g -> -g-g.

05) RNase L_E131 --- pA2sAzsA --- FF_99SB [47-49] --- T=290K --- t=200ns

Again, the pAzsA2sA molecule changed its conformation within a 200 ns MD run. Only Ade3
stayed in its original binding site on the surface of RNase L_E131 (Figure S5, Figure 2).

The partly unbound pA2sA2sA molecule adopted an extended conformation in which Ade2
was stacked with Adel (despite of their rearrangements), whereas Ade3 was separated from
them. Adel lost stacking contacts with the side chain of Phel26, whereas stacking of Ade3
with the side chain of Trp60 was preserved. Adel lost contacts with the side chain of non-
protonated Glul31. Similarly, a single hydrogen bond between Ade2 and the side chain of
Tyr135 was broken from the very beginning. In contrast, Ade3 was quite potently fixed by a
hydrogen bond network involving the side chains of GIn68 and Asn6b5.

Phos1 formed salt bridges with side chains of Argl55 (at the beginning and end of the MD
trajectory) and Lys166 and Lys178 (in the meantime). The Tyr124 side chain again stabilized
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distorted pA2sA2sA by binding to Phos2. Phos3 formed a salt bridge with the side chain of
Lys89.

Adel was in the syn -> high anti -> syn conformations, Ade2 was in the anti -> high anti
conformations, whereas Ade3 was in the syn conformation. Riboses were conformationally
promiscuous, nevertheless ended up in the C4’-exo conformation. The C4’-C5’ moieties
adopted conformations -gauche/trans (Adel), -gauche (Ade2), -gauche (Ade3). The
internucleotide linkage Adel-Ade2 preferred conformation -g-g -> t-g -> gt -> -g-g. The
internucleotide linkage Ade2-Ade3 adopted conformation gg.

06) RNase L_E131 --- pA2sAzsA --- FF_Olo [50] --- T=290K --- t=200 ns

The pA2sAzsA molecule dissociated from ANK leaving only Ade3 in its original position on
the surface of RNase L_E131 (Figure S6, Figure 2).

The partly unbound pA2sA2sA molecule adopted an extended conformation in which all bases
were separated. Adel lost stacking contacts with the side chain of Phel26 (and stacked
instead with Tyr124), whereas stacking of Ade3 with the side chain of Trp60 was preserved.
Adel lost contacts with the side chain of non-protonated Glu131. Similarly, a single hydrogen
bond between Ade2 and the side chain of Tyrl35 was broken from the very beginning. In
contrast, Ade3 was potently fixed (with occasional interruptions) by a hydrogen bond network
involving the side chains of GIn68 and Asn65.

The side chain of Lys166 formed salt bridges with Phos1. There were again found contacts of
Phos2 with the Tyr124 side chain helping to destabilize pAzsAzsA. Phos3 formed a salt bridge
with the side chain of Lys89.

Adel was in the high anti -> anti conformations, Ade2 was in the anti -> high anti
conformations, whereas Ade3 was in the syn conformation. The first ribose ring had C4’-exo
puckering, the second ribose had C3’-endo puckering, whereas the third ribose had C4’-exo
puckering. The C4’-C5° moieties preferred conformations -gauche (Adel-3). The
internucleotide linkage Adel-Ade2 adopted conformation -g-g. The internucleotide linkage
Ade2-Ade3 preferred conformations gg -> g-g.

07) RNase L_E131H_R155A -- pAssAssA - FFE_99SB [47-49] --- T=290K --- t=200 ns

The pAzsAzsA molecule rearranged substantially within this MD run. Nevertheless, Ade3
(which was the most distant adenine ring from R155A) persisted in its original position on the
surface of RNaseL_E131H_R155A (Figure S7, Figure 3).

The unbound pAzsA2sA molecule adopted an extended conformation in which Ade2 was
stacked with Adel (despite of their rearrangements), whereas Ade3 was separated from them.
Adel lost stacking contacts with the side chain of Phel26, whereas stacking of Ade3 with the
side chain of Trp60 was preserved. Adel lost contacts with the side chain of protonated
Glul131. Similarly, a hydrogen bond between Ade2 and the side chain of Tyrl35 was not
observed probably due to atypical interactions of Phosl and Phos2 with amino acid side
chains (see below). In contrast, Ade3 was potently fixed by a hydrogen bond network
involving the side chains of GIn68 and Asn65.
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Remaining basic side chains of Lys166 and Lys178 formed alternately salt bridges with
Phosl. The Tyrl24 side chain was steadily bound to Phos2 distorting pA2sAzsA. Phos3
formed a salt bridge with the side chain of Lys89.

Adel was in the high anti -> syn conformations, Ade2 was in the anti -> high anti
conformations, whereas Ade3 was in the syn conformation. All riboses ended up with the
C4’-exo puckering. The C4’-C5’ moieties adopted conformations trans <-> -gauche (Adel),
-gauche (Ade2), -gauche (Ade3). The internucleotide linkage Adel-Ade2 adopted
conformation -g-g. The internucleotide linkage Ade2-Ade3 preferred conformation gg.

08) RNase L_E131H_R155A -- pAssAssA - FFE_99SB [47-49] --- T=310K --- t=200 ns

The pAxsAsA molecule was steadily bound to the surface of RNaseL E131H R155A
(Figure S8, Figure 3).

The bound pAzsA2sA molecule adopted an extended conformation in which Ade2 was stacked
with Adel, whereas Ade3 was separated from them. Adel was stacked with the side chain of
Phel26. Ade3 was stacked with the side chain of Trp60. Adel was fixed by hydrogen bonds
with the side chain of protonated Glu131 throughout the whole MD simulation lasting for 200
ns. Ade2 was fixed by a single hydrogen bond with the side chain of Tyr135 (in contrast to
previous MD no. 7). Ade3 was fixed by a hydrogen bond network involving the side chains of
GIn68 and Asn65.

The side chains of Lys166 and Lys178 formed salt bridges with Phos1. There were not found
significant interactions of Phos2 with the Tyr124 side chain (in contrast to previous MD no.
7). Phos3 formed a salt bridge with the side chain of Lys89 and a hydrogen bond with the side
chain of Trp60.

Adel and Ade2 were in the high anti conformation, whereas Ade3 was in the syn
conformation. The first ribose ring had changing puckering, the second ribose had C3’-endo
puckering, whereas the third ribose had C4’-exo puckering. The C4’-C5’ moieties adopted
conformations trans -> gauche (Adel), -gauche (Ade2), -gauche (Ade3). The
internucleotide linkage Adel-Ade2 adopted conformation -g-g. The internucleotide linkage
Ade2-Ade3 preferred conformation gg.

09) RNase L_E131H_F126A --- pAzsAzsA --- FF_99SB [47-49] --- T=310K --- t=200 ns

The pAxsA2sA molecule dissociated from the surface of RNaseL_E131H_F126A with only
Ade3 (which was the most distant adenine ring from F126A) staying bound in its original
position (Figure S9, Figure 3).

The unbound pA2sAzsA molecule adopted an extended conformation in which Ade2 was
stacked with Adel (despite of their rearrangements), whereas Ade3 was separated from them.
Adel lost stacking contacts with the side chain of Phe126, whereas stacking of Ade3 with the
side chain of Trp60 was preserved. Adel lost contacts with the side chain of protonated
Glul31. Similarly, a single hydrogen bond between Ade2 and the side chain of Tyrl35 was
subsequently broken. In contrast, Ade3 was potently fixed by a hydrogen bond network
involving the side chains of GIn68 and Asn65.
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The side chains of Arg155, Lys166 and Lys178 lost salt bridging contacts with Phos1. There
were observed occasional contacts of Phos2 with the Tyr124 side chain stabilizing distorted
pPA2sAsA. Phos3 formed a salt bridge with the side chain of Lys89.

Adel was in the high anti -> syn -> high anti conformations, Ade2 was in the anti -> high
anti -> anti conformations, whereas Ade3 was in the syn conformation. The first ribose ring
had C3’-endo -> C4’-exo -> O4’-endo -> C2’-endo puckering, the second ribose had C3’-
endo -> C4’-endo -> C3’-endo puckering, whereas the third ribose had C4’-exo puckering.
The C4’-C5’ moieties adopted conformations trans <-> -gauche (Adel), -gauche (Ade2), -
gauche -> gauche (Ade3). The internucleotide linkage Adel-Ade2 adopted conformation -g-
g. The internucleotide linkage Ade2-Ade3 preferred conformations gg -> -g-g.

10) RNase L_E131H_WB60A --- pAysAgsA --- EF_99SB [47-49] --- T=310K --- t=200 ns

The pAzsA2sA molecule rearranged substantially with only Adel (which was the most distant
adenine ring from WG60A) staying in its original binding site on the surface of
RNaseL_E131H_WAG60A (Figure S10, Figure 3).

The unbound pA,sAzsA molecule adopted a helical-like conformation in which Adel-Ade2-
Ade3 were stacked (the same was observed in the subsequent MD no. 11 simulation). Adel
stacked with the side chain of Phel26, whereas Ade3 lacked its obligate stacking partner
Trp60. Adel interacted with the side chain of protonated Glul31. Tyrl35 was hydrogen
bonded toward Ade3 (instead of Ade2). A hydrogen bond network involving Ade3 and the
side chains of GIn68 and Asn65 was disrupted.

Phosl lost contacts with Argl55 and was bound to Lys166. There were no significant
interactions of Phos2 with the Tyr124 side chain. Phos3 lost and re-established again a salt
bridge with the side chain of Lys89.

All adenine rings (Adel-3) ended up in the anti conformation. The first and second ribose
ring had C3’-endo/C4’-exo puckering, whereas the third ribose had C2’-endo puckering. The
C4’-C5” moieties adopted conformations -gauche (Adel-3). Both internucleotide linkages
(Adel-Ade2 and Ade2-Ade3) preferred conformation -g-g.

11) RNase L_E131H_K89A --- pAssAssA --- FF_99SB [47-49] --- T=290K --- t=200 ns

The pAzsAsA molecule was steadily bound for ~150 ns. Then it dissociated leaving only
Adel (which was the most distant adenine ring from the K89A) in its original position on the
surface of RNaseL. E131H_ K89A (Figure S11, Figure 3).

The unbound pA,sAzsA molecule adopted a helical-like conformation in which Adel-Ade2-
Ade3 were stacked. Moreover, Adel stacked with the side chain of Phel26, whereas stacking
of Ade3 with the side chain of Trp60 was lost. Adel was fixed by hydrogen bonds with the
side chain of protonated Glu131 throughout the whole MD simulation lasting for 200 ns. The
usual hydrogen bond between Ade2 and the side chain of Tyr135 was broken. The hydrogen
bond network involving Ade3 and the side chains of GIn68 and Asn65 disappeared.

Arg155 formed salt bridges with Phosl. There were not found significant contacts of Phos2
with the Tyr124 side chain.

10
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Adel was in the high anti conformation, Ade2 was in the anti conformation, whereas Ade3
was in the syn -> anti conformations. The first ribose ring had C3’-endo puckering, the
second ribose had C3’-endo -> C2’-endo -> C3’-endo puckering, whereas the third ribose
had C4’-exo -> C2’-endo puckering. The C4’-C5’ moieties adopted conformations -gauche
(Adel), -gauche (Ade2), -gauche -> trans -> -gauche (Ade3). The internucleotide linkage
Adel-Ade2 preferred conformation -g-g. The internucleotide linkage Ade2-Ade3 adopted
conformations gg -> t-g -> gg -> -g-g.

12) RNase L_E131H_K89A --- pAzsAzsA --- FF_99SB [47-49] --- T=310K --- t=200 ns

The pA2sA2sA molecule dissociated from the surface of RNaseL E131H_K89A (Figure S12,
Figure 3). Finally, pAxAxsA was directed perpendicularly with respect to its original
orientation.

The unbound pA2sAzsA molecule adopted an extended conformation in which Ade2 was
stacked with Adel, whereas Ade3 was separated from them. Adel lost stacking contacts with
the side chain of Phel26 and Ade3 lost stacking interactions with the side chain of Trp60.
Further, Adel lost contacts with the side chain of protonated Glul31 and the hydrogen bond
between Ade2 and the side chain of Tyr135 was broken as well. The hydrogen bond network
involving Ade3 and the side chains of GIn68 and Asn65 disappeared as well.

The side chain of Argl155 replaced by Lys178 formed salt bridges with Phosl1. Again, there
were found contacts of Phos2 with the Tyrl24 side chain coinciding with dissociation of
PA2sAA.

Adel was in the high anti -> syn -> high anti conformations, Ade2 was in the high anti
conformation, whereas Ade3 was in the syn -> high anti -> syn -> anti conformation. The
first ribose ring had C3’-endo/C4’-exo puckering, whereas second and third ribose had C2’-
endo puckering. The C4’-C5’ moieties adopted conformations -gauche -> trans -> -gauche
(Adel), -gauche (Ade2), -gauche (Ade3). The internucleotide linkage Adel-Ade2 adopted
conformation -g-g. The internucleotide linkage Ade2-Ade3 preferred conformations gg -> -g-
g->1tg ->-gt.

13) RNase L_E131H -- pAssAssB - FF_99SB [47-49] -- T=310K --- t=200ns

The pAzsA2sB molecule was steadily bound to the surface of RNaseL_E131H (Figure S13,
Figure 4). It's in agreement with remarkable ability of pA,sA,sB to activate RNase L (EC50 =
4.9 nM; Crel 1.4x [24] - where EC50 was defined as the molarity (M) of 2-5A analogues
required to cause a 50% degradation of 5S rRNA; Crel represents the ratio of EC50 of
analogues as compared to EC50 = 3.5 nM of natural 2-5A; i.e. the smaller Crel the more
effectively the analogue was able to activate RNase L).

The bound pA2sA2sB molecule adopted an extended conformation in which Ade2 was stacked
with Adel, whereas Ade3 was separated from them. Adel was stacked with the side chain of
Phel26. Ade3 was stacked with the side chain of Trp60. Adel was fixed by hydrogen bonds
with the side chain of protonated Glu131 throughout the whole MD simulation lasting for 200
ns. Ade2 was fixed by a single hydrogen bond with the side chain of Tyr135. Ade3 was fixed
by a hydrogen bond network involving the side chains of GIn68 and Asn65.
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The side chains of Arg155 and Lys166 formed salt bridges with Phos1. There were not found
significant contacts of Phos2 with the Tyr124 side chain. Phos3 formed a salt bridge with the
side chain of Lys89.

Adel was in the high anti conformation, Ade2 was in the anti conformation, whereas Ade3
was in the syn conformation. The first and second ribose ring had C3’-endo puckering,
whereas the third ribose had C2’-endo puckering. The C4’-C5° moieties adopted
conformations -gauche <-> trans (Adel), -gauche (Ade2), gauche (Ade3). The
internucleotide linkage Adel-Ade2 adopted conformation -g-g. The internucleotide linkage
Ade2-Ade3 preferred conformation g-g.

14) RNase L_E131H --- pBasAssA - FF_99SB [47-49] --- T=310K --- t=200 ns

The pB2sAzsA molecule was steadily bound to the surface of RNaseL_E131H (Figure S14,
Figure 4). 1t seems to be in accordance with remarkable ability of pB,sAzsA to activate RNase
L (EC50 = 77 nM; Crel 22x [24]).

The bound pB2sAzsA molecule adopted an extended conformation in which Ade2 was stacked
with Adel, whereas Ade3 was separated from them. Adel was stacked with the side chain of
Phel26. Ade3 was stacked with the side chain of Trp60. Adel was fixed by hydrogen bonds
with the side chain of protonated Glul31 throughout the whole MD run lasting for 200 ns.
Ade2 was fixed by a single hydrogen bond with the side chain of Tyr135. Ade3 was fixed by
a hydrogen bond network involving the side chains of GIn68 and Asn65.

The side chains of Arg155 and Lys166 formed salt bridges with Phos1. There were not found
contacts of Phos2 with the Tyr124 side chain. Phos3 formed a salt bridge with the side chain
of Lys89.

Adel was in the high anti conformation, Ade2 was in the anti conformation, whereas Ade3
was in the syn conformation. The first ribose ring had C1’-endo puckering, the second ribose
had C3’-endo puckering, whereas the third ribose had C4’-exo puckering. The C4’-C5’
moieties adopted conformations trans (Adel), -gauche (Ade2), -gauche <-> gauche (Ade3).
The internucleotide linkage Adel-Ade2 adopted conformation -g-g. The internucleotide
linkage Ade2-Ade3 preferred conformations gg <-> g-g.

15) RNase L_E131H --- pBasAssB - FF_99SB [47-49] --- T=310K --- t=200ns

The pB2sA2sB molecule stayed close to its original position on the surface of RNaseL._E131H
(Figure S15, Figure 4). It seems to be in agreement with fairly well ability of pB,sAsB to
activate RNase L (EC50 > 130 nM; Crel 37x [24])

The bound pB,sA2sB adopted an extended conformation in which Ade2 was stacked with
Adel, whereas Ade3 was separated from them. Adel was stacked with the side chain of
Phel26. Ade3 was stacked with the side chain of Trp60. Adel was fixed by hydrogen bonds
with the side chain of protonated Glu131 throughout the entire MD simulation lasting for 200
ns. Ade2 was fixed by a single hydrogen bond with the side chain of Tyr135. Ade3 was fixed
by a hydrogen bond network involving the side chains of GIn68 and Asn65.
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The side chains of Argl55 and (to some extent) Lys166 formed salt bridges with Phosl.
There were almost no contacts of Phos2 with the Tyrl24 side chain. Phos3 formed a salt
bridge with the side chain of Lys89.

Adel was in the high anti conformation, Ade2 was in the anti conformation, whereas Ade3
was in the syn conformation. The first ribose ring had C1’-endo puckering, the second ribose
had C3’-endo puckering, whereas the third ribose transited from C1’-endo to C2’-endo
puckering. The C4’-C5’ moieties adopted conformations trans (Adel), -gauche (Ade2),
trans -> -gauche -> gauche (Ade3). The internucleotide linkage Adel-Ade2 adopted
conformation -g-g. The internucleotide linkage Ade2-Ade3 preferred conformation g-g (the
same was observed for pAzsA;sB).

16) RNase L_E131H --- pAssBasA - FF_99SB [47-49] --- T=310K --- t=100ns

The pA2sB2sA molecule was stable for quite some time, nevertheless at the very end of this
MD run it rearranged substantially with just Ade3 persisting in its original binding site on the
surface of RNaseL_E131H (Figure S16, Figure 4). It seems to be in accord with poor ability
of pA2sB2sA to activate RNase L (EC50 > 530 nM; Crel 150x [24]).

The partly unbound pA2sB,sA molecule adopted an extended conformation in which Ade2
was stacked with Adel (regardless of all their rearrangements), whereas Ade3 was separated
from them. Adel lost stacking contacts with the side chain of Phel26, whereas stacking of
Ade3 with the side chain of Trp60 was well preserved. Adel lost contacts with the side chain
of protonated Glu131. Similarly, a single hydrogen bond between Ade2 and the side chain of
Tyrl35 was broken. In contrast, Ade3 was potently fixed by a hydrogen bond network
involving the side chains of GIn68 and Asn65.

Phos1 formed salt bridges with the side chains of Argl55 and to some extent Lys166. There
were not found contacts of Phos2 with the Tyr124 side chain. Phos3 formed a salt bridge with
the side chain of Lys89.

Adel and Ade2 finished in the high anti conformation, whereas Ade3 was in the syn
conformation. Ribose rings underwent conformational transitions in the moment of
dissociation: C3’-endo -> C2’-endo (Adel), C3’-endo -> C2’-endo (Ade2), C4’-exo (Ade3).
The C4’-C5’ moieties adopted conformations -gauche <-> trans (Adel), -gauche <->
gauche (Ade2), -gauche <-> gauche (Ade3). The internucleotide linkage Adel-Ade2 adopted
gradually conformations -g-g -> tg. The internucleotide linkage Ade2-Ade3 preferred
conformation gg.

17) RNase L_E131H --- pA2sBysB --- FF_99SB [47-49] --- T=310K --- t=100 ns

The pA2sB;sB molecule was bound to the surface of RNaseL._E131H. Adel was stacked with
the side chain of Phel26. Ade3 was stacked with the side chain of Trp60. Nevertheless, the
second AMP significantly changed its conformation (Figure S17, Figure 4). As a
consequence, all bases were separated from each other. It's in agreement with an apparent
inability of pA2sB2sB to activate RNase L (EC50 > 1000 nM; Crel >300x [24]).
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Adel was fixed by hydrogen bonds with the side chain of protonated Glul31 throughout the
whole MD run lasting for 100 ns. Ade2 lost any contacts with the side chain of Tyr135. Ade3
was fixed by a hydrogen bond network involving the side chains of GIn68 and Asn65.

Phos1 formed salt bridges with side chains of Arg155 and Lys166. Phos2 wasn't disturbed by
the Tyr124 side chain. Phos3 formed a salt bridge with the side chain of Lys89 regardless of
conformational transitions of pA;sB2sB - see below.

Adel and Ade2 were in the high anti conformation, whereas Ade3 was in the syn
conformation. All ribose rings preferred the C2’-endo puckering. The C4’-C5’ moieties
adopted conformations -gauche <-> trans (Adel), trans -> gauche (Ade2), gauche (Ade3).
The internucleotide linkage Adel-Ade2 adopted conformations -gg -> -gt -> -g-g. The
internucleotide linkage Ade2-Ade3 preferred conformations g-g -> -gg.

18) RNase L_E131H --- pBysBsA --- FF_99SB [47-49] --- T=310K --- t=100ns

The pB2sB,sA molecule changed substantially its conformation - just Adel stayed partly
bound in its original position on the surface of RNase L_E131H (Figure S18, Figure 4). It’s in
accordance with inability of pB,sB,sA to activate RNase L (EC50 > 1000 nM; Crel >300x

[24]).

The unbound pB2sB2sA 2-5A molecule adopted an extended conformation in which Ade2 was
stacked with Adel (despite of their rearrangements), whereas Ade3 was separated from them.
Adel lost partly stacking contacts with the side chain of Phel26, whereas stacking of Ade3
with the side chain of Trp60 was preserved. Adel lost one of two contacts with the side chain
of Glu131. Similarly, a single hydrogen bond between Ade2 and the side chain of Tyr135 was
broken. A hydrogen bond network between Ade3 and the side chains of GIn68 and Asn65
was broken.

The side chains of Argl55 and Lys166 formed salt bridges with Phos1. There were not found
contacts of Phos2 with the Tyr124 side chain. Phos3 lost contacts with Lys89.

Adel was in the high anti conformation, Ade2 was in the syn conformation, whereas Ade3
was in the anti conformation. The first and second ribose ring had C2’-endo puckering,
whereas the third ribose had C4’-exo puckering. The C4’-C5” moieties adopted
conformations trans (Adel), gauche (Ade2), -gauche (Ade3). The internucleotide linkage
Adel-Ade2 adopted conformation -g-g -> -gt. The internucleotide linkage Ade2-Ade3
preferred conformation -g-g.

19) RNase L_E131H --- pB25BysB --- FF_99SB [47-49] --- T=310K --- t=100 ns

The pB2sB2sB 2-5A molecule was remarkably rearranged within this MD run. Finally, it was
bound to the surface of RNaseL_E131H only through Ade3 (Figure S19, Figure 4). It's in
agreement with inability of pB,sB,sB to activate RNase L (EC50 > 1000 nM; Crel >300x

[24]).

The almost unbound pB2sB2sB molecule adopted an extended conformation in which Ade2
was stacked with Adel (regardless of all the rearrangements of both AMPs), whereas Ade3
was separated from them. Adel lost stacking contacts with the side chain of Phel26. Ade3

14
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stacked with the side chain of Trp60, although this base overturned as already observed in the
first MD simulation (see above). Adel lost contacts with the side chain of protonated Glu131
and Ade3 lost contacts with GIn68 and Asn65. A hydrogen bond between Ade2 and the side
chain of Tyr135 was created only for a moment, when pB2sB,sB dissociated from the surface
of RNase L_E131H.

Phos1 formed salt bridges with the side chains of Arg155 and Lys166. There were no contacts
of Phos2 with the Tyr124 side chain. Phos3 formed a salt bridge with the side chain of Lys89.

All (i.e. Adel, Ade2, Ade3) glycosidic torsion angles finished in the high anti conformation.
The first/second/third ribose ring was in the C1’-endo/C2’-endo/C2’-endo conformation.
The C4’-C5’ moieties adopted conformations trans (Adel), -gauche (Ade2), -gauche
(Ade3). The internucleotide linkage Adel-Ade2 adopted conformation -g-g. The
internucleotide linkage Ade2-Ade3 preferred conformation gg.

DISCUSSION and CONCLUSIONS

The model systems of monomeric human RNase L complexed with pAzsAzsA or its analogs
were constructed using the crystal structure [8] (PDB id 1wdy). In principle, dimeric structure
of RNase L [18] (PDB id 498k, 4g8l), where two molecules of 2-5A at a time tether RNase L
monomers via their ANK domains, could be used for MD simulations. Nevertheless, the
sensor domain undergoes 2-5A-mediated self-association without conformational changes
[18]. Each ANK domain harbors two distinct sites for 2-5A recognition that reside 50 A apart.
Nevertheless, 2-5A is bound to the primary binding site (with a variety of interacting amino
acids side chains - see Figure 1) in the same way in the monomeric as well as dimeric RNase
L. Binding of second monomer of RNase L to 2-5A involves just interactions of Tyr312 with
internucleotide linkage Ade2-Ade3. It means that if we used dimeric RNase L in MD
simulations, we did not gain any added value. It would decrease the chances that the expected
conformational transitions will be captured on the time scale of a few hundred nanoseconds.
Moreover, MD simulations with larger systems would be more time consuming (and we had
moved in this matter already to the edge of endurance). Nevertheless, in MD simulations with
monomeric RNase L, it was necessary to pay attention to residues Tyr135 and Ade2. Even
relatively subtle changes in their positions could obstruct a possible binding of Tyr312 from
the second monomer of RNase L to 2-5A with fatal consequences for its endoribonuclease
activity.

Several versions of the AMBER force field [46, 47-49, 50] were compared in this study (MD
simulations no. 1-6 - see Table S1). The AMBER force field for nucleic acids passes through
repeated revisions. It's caused by complexity of nucleic acids comparing to protein backbones.
It's so problematic to balance all force-field constants, such as those that may affect
conformational preferences of the glycosidic torsion angle, which can adopt anti, high-anti
and syn conformations. Interestingly, trimeric 2-5A carries all these conformers. Since 2-5A
in MD simulation no. 2 remained closest to what was observed in the crystal structure, we
used the AMBER force field v. [47-49] in all other MD simulations with mutant RNase L
(MD no. 7-12 - see Table S1) or 2-5A analogs (MD no. 13-19 - see Table S1).

Further, RNase L with either protonated or unprotonated Glul31 was tested in this subset of
MD simulations (i.e. MD simulations no. 1-3 vs. 4-6 - see Table S1). Based on the distance
between atoms of Glu131 and Adel found in the crystal structure it seemed likely that Glu131
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must be protonated creating two hydrogen bonds with Adel. MD simulations indeed
confirmed that non-protonated Glul31 leads to dissociation of 2-5A from RNase L (MD no.
4-6). In contrast, in MD simulations with protonated Glul131, the RNase L / 2-5A complex
was obviously stable (MD no. 1-3). We therefore used protonated Glul3l in all MD
simulations with mutant RNase L (MD no. 7-12 - see Table S1) or chemically modified 2-5A
(MD no. 13-19).

Further, MD simulations were used to capture detrimental impacts of various point mutations
of RNase L (R155A - MD no. 7-8; F126A - MD no. 9; W60A - MD no. 10; K89A - MD no.
11-12 - see Table S1) on 2-5A binding. These conformational transitions were captured on a
time scale of 200 ns. Only for R155A it happened just in one of two MD trajectories. It was
due to the fact that the loss of interactions of the terminal phosphate group of 2-5A with
Arg155 may be temporary and to a certain extent compensated by interactions with flexible
basic side chains of Lys166 and Lys178. When comparing both R155A MD simulations, it
proved decisive whether Ade2 was or was not bound to Tyrl35 in the beginning of a MD
simulation. This interaction can be disrupted by contacts of Tyrl24 with Phos2. Tyrl24
showed as stabilizer of distorted structures of 2-5A in some other MD simulations as well (for
example MD no. 4-6). It should be taken into account when designing chemically modified 2-
5A agonists of RNase L.

Finally, 2-5A analogues with a bridged 3'-O,4-C-alkylene linkage [24] introduced into the
adenosine units were used to assess ability of MD simulations to distinguish on the time scale
of hundreds of nanoseconds between agonists of RNase L (pA25A2B, pBasAzsA, pBasAgsB -
MD no. 13-15 - see Table S1) and inactive analogs (pA2sBasA, pAxsBasB, pBasBasA,
pB2sB2sB - MD no. 16-19 - see Table S1). And indeed it did. Agonists were potently bound to
RNase L during 200 ns MD runs. Just Ade2 sometimes oscillated between two positions with
respect to interactions with Tyr 135. In doing so, the usual arrangement prevailed. Taking into
account the number of these transitions, it would require multimicrosecond MD trajectories to
assess whether there is any correlation with varying degrees of activity (0-150 nM) of these
agonists of RNase L. For inactive 2-5A analogs, by contrast, there were observed significant
disruptions of their interactions with RNase L already during 100 ns MD runs.

Summarized, produced MD simulations met our expectations consider possible use of this
methodology as a tool for a rational design of RNase L agonists. With that as the number of
cores in high-end CUDA-programmable GPUs increases, we will soon be able to routinely
carry out multimicrosecond MD simulations and to capture tiny effects of subtle
modifications of 2-5A.

There is plenty of experimental data waiting for interpretation in literature. Thus far, a number
of 2-5A analogues with modification of bases, riboses, internucleotide linkages and a 5'-
phosphoryl group have been synthesized to test RNase L activating ability in vitro [24-44]. In
addition, there is inspiration in the form of hundreds or thousands of modifications that have
been studied in the context of the so-called antisense or siRNA oligonucleotides [65].
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Figure 2: MD simulations no. 1-6 — columns of charts taken from left to right: Cornell FF [46] / RNase L_E131H (Co/Glh),
99SB FF [47-49] / RNase L_E131H (SB/Glh), Olo FF [50] / RNase L_E131H (OI/GIh), Cornell FF [46] / RNase L_E131
(CalGlu), 99SB FF [47-49] / RNase L_E131 (SB/Glu), Olo FF [50] / RNase L_E131 (OI/Glu). Time evolution of various
structural parameters — raws of charts taken from top to down. Adel binding by hydrogen bonds with the side chain of
protonated/unprotonated Glul131: Glul31l_O-H62_Adel (red line) and Glul31_OH-N1_Adel (green line). Ade2 contacts
with the side chain of Tyr135: Tyr135_OH-N1_Ade2 (red line). The hydrogen bond network involving Ade3 and the side
chains of GIn68: GIn68_01-H62_Ade3 (red line) and GIn68_H2-N1_Ade3 (green line) and Asn65: Asn65_01-H61 Ade3
(blue line). The side chains of Arg155 (red line) and Lys166 (green line) formed salt bridges with the 5’-phosphate group of
the first AMP (Phosl). The 5’-phosphate group of the second AMP (Phos2) formed occasional hydrogen bonds with the
Tyrl24 side chain (red line). The 5’-phosphate group of the third AMP (Phos3) formed a salt bridge with the side chain of
Lys89 (red line). Glycosidic torsion angle values (in terms of torsion angle 04’-C1’-N9-C4) of Adel (red line), Ade2 (green
line), Ade3 (blue line). Puckering of ribose rings (Adel - red line, Ade2 - green line, Ade3 - blue line). Conformations of the
C4’-C5’ moieties connecting ribose and internucleotide linkage segments expressed in terms of the beta: C3’-C4’-C5’-05’
torsion angle (Adel - red line, Ade2 - green line, Ade3 - blue line). Conformations of Adel-Ade2 and Ade2-Ade3
internucleotide phosphodiester linkages (PL 1-2 and PL 2-3) in terms of torsion angles C5’-05’-P-O2’ (red line) and O5’-P-
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Figure 3: MD simulations no. 7-12 — columns of charts taken from left to right: R155A - MD no. 7-8; F126A - MD no. 9;
W60A - MD no. 10; K89A - MD no. 11-12 - see Table S1. Time evolution of various structural parameters — raws of charts
taken from top to down. Adel binding by hydrogen bonds with the side chain of protonated/unprotonated Glul31:
Glul31_0O-H62_Adel (red line) and Glul31_OH-N1_Adel (green line). Ade2 contacts with the side chain of Tyrl35:
Tyrl35_OH-N1_Ade2 (red line). The hydrogen bond network involving Ade3 and the side chains of GIn68: GIn68_0O1-
H62_Ade3 (red line) and GIn68_H2-N1_Ade3 (green line) and Asn65: Asn65_01-H61_Ade3 (blue line). The side chains of
Arg155 (red line) and Lys166 (green line) formed salt bridges with the 5’-phosphate group of the first AMP (Phosl). The 5’-
phosphate group of the second AMP (Phos2) formed occasional hydrogen bonds with the Tyr124 side chain (red line). The
5’-phosphate group of the third AMP (Phos3) formed a salt bridge with the side chain of Lys89 (red line). Glycosidic torsion
angle values (in terms of torsion angle O4’-C1’-N9-C4) of Adel (red line), Ade2 (green line), Ade3 (blue line). Puckering of
ribose rings (Adel - red line, Ade2 - green line, Ade3 - blue line). Conformations of the C4’-C5’ moieties connecting ribose
and internucleotide linkage segments expressed in terms of the beta: C3’-C4’-C5’-05’ torsion angle (Adel - red line, Ade2 -
green line, Ade3 - blue line). Conformations of Adel-Ade2 and Ade2-Ade3 internucleotide phosphodiester linkages (PL 1-2
and PL 2-3) in terms of torsion angles C5’-05’-P-02’ (red line) and O5’-P-02’-C2’ (green line).
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Figure 4: MD simulations no. 13-19 — columns of charts taken from left to right: agonists (pA2sAx5B, pBosAsxsA, pBasAssB -
MD no. 13-15) and inactive analogs (pA2sB2sA, pA2sB2sB, pBasBasA, pB2sBasB - MD no. 16-19). Time evolution of various
structural parameters — raws of charts taken from top to down. Adel binding by hydrogen bonds with the side chain of
protonated/unprotonated Glu131: Glul31_O-H62_Adel (red line) and Glul31_OH-N1_Adel (green line). Ade2 contacts
with the side chain of Tyr135: Tyr135_OH-N1_Ade2 (red line). The hydrogen bond network involving Ade3 and the side
chains of GIn68: GIn68_01-H62_Ade3 (red line) and GIn68_H2-N1_Ade3 (green line) and Asn65: Asn65_0O1-H61 Ade3
(blue line). The side chains of Arg155 (red line) and Lys166 (green line) formed salt bridges with the 5’-phosphate group of
the first AMP (Phosl). The 5’-phosphate group of the second AMP (Phos2) formed occasional hydrogen bonds with the
Tyr124 side chain (red line). The 5’-phosphate group of the third AMP (Phos3) formed a salt bridge with the side chain of
Lys89 (red line). Glycosidic torsion angle values (in terms of torsion angle O4’-C1’-N9-C4) of Adel (red line), Ade2 (green
line), Ade3 (blue line). Puckering of ribose rings (Adel - red line, Ade2 - green line, Ade3 - blue line). Conformations of the
C4’-C5’ moieties connecting ribose and internucleotide linkage segments expressed in terms of the beta: C3’-C4’-C5’-05’
torsion angle (Adel - red line, Ade2 - green line, Ade3 - blue line). Conformations of Adel-Ade2 and Ade2-Ade3
internucleotide phosphodiester linkages (PL 1-2 and PL 2-3) in terms of torsion angles C5’-05’-P-O2’ (red line) and O5’-P-
02’-C2’ (green line).
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RNase L

E131H
E131H
E131H
E131
E131
E131
E131H
E131H
E131H
E131H
E131H
E131H
E131H
E131H
E131H
E131H
E131H
E131H
E131H

Table S1. Molecular dynamics simulations produced in this study.

RNase L

25A

PAsAsA
PAsAsA
PAsAsA
PAsAsA
PAsAsA
PA2A A
PA2A A
PA2A5A
PA2A A
PA25A A
PA2A A
PAsAsA
PAsA 5B
PB2sAzsA
PB2sA2sB
PAsB2sA
PA 5B25B
PB2sBasA
PB2sB2sB

Force Field

94 [46]
99SB [47-49]
Olo [50]
94 [46]
99SB [47-49]
Olo [50]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]
99SB [47-49]

Temp
(K)

310
310
310
290
290
290
290
310
310
310
290
310
310
310
310
310
310
310
310

Length EC50 (nM)

(ns)

<200
200
200

<200
200
200
200
200
200
200
200
200
200
200
200
100
100
100

>100

[24]

35
4.9
77
130
530
> 1000
> 1000
> 1000

Crel
[24]

1.0
14
22
37
150
> 300
> 300
> 300
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Figure S1: The pAxsA2sA molecule was bound to the surface of RNase L_E131H despite of conformational transitions of the adenine ring of the
third AMP.
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Figure S2: The pA2sA2sA molecule was bound to the surface of RNase L_E131H in the original arrangement.
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Figure S3: The pA2sA2sA molecule stayed bound to the surface of RNAse L_E131H close to the original arrangement.
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Figure $S4: The pAzsAzsA molecule rearranged substantially with only Ade3 (which was the most distant adenine ring from the unprotonated
E131 residue) bound inits origina position on the surface of RNase L_E131.
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Figure S6: The pA2sA2sA molecule dissociated from ANK leaving only Ade3 initsoriginal position on the surface of RNase L_E131.
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from R155A) persisted in its original position on the surface of RNaseL. E131H R155A.
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with respect to its original orientation.
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Figure S13: The pAxsAsB molecule was steadily bound to the surface of RNasel E131H. It's in agreement with remarkable ability of
PA2sA2sB to activate RNase L (EC50 = 4.9 nM; Crel 1.4x [24] - where EC50 was defined as the molarity (M) of 2-5A anaogues required to
cause a 50% degradation of 5S rRNA; Crel represents the ratio of EC50 of analogues as compared to EC50 = 3.5 nM of natural 2-5A; i.e. the

smaller Crel the more effectively the analogue was able to activate RNase L).
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Figure S14: The pB2sA2sA molecule was steadily bound to the surface of RNaseL_E131H. It seems to be in accordance with remarkabl e ability
of pB2sAsA to activate RNase L (EC50 = 77 nM; Crel 22x [24]).
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Figure S15: The pB2sA2sB molecule stayed close to its original conformation/position on the surface of RNaseL E131H. It seems to be in
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agreement with fairly well ability of pB2sA2sB to activate RNase L (EC50 > 130 nM; Crel 37x [24]).
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Figure S16: The pA2sB2sA molecule was stable for quite some time, nevertheless at the very end of a MD run it rearranged substantially with
just only Ade3 persisting in its original binding site on the surface of RNaseL._E131H. It seems to be in accord with poor ability of pA2sBasA to

activate RNase L (EC50 > 530 nM; Crel 150x [24]).
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Figure S17: The pA2sB2sB molecule was bound to the surface of RNaseL_E131H. Adel was stacked with the side chain of Phel26. Ade3 was
stacked with the side chain of Trp60. Nevertheless, the second AMP significantly changed its conformation. As a consequence, al bases were

separated from each other. It's in agreement with an apparent inability of pA2sB2sB to activate RNase L (EC50 > 1000 nM; Crel >300x [24]).
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Figure S18: The pB2sB2sA molecule changed substantially its conformation - just only Adel stayed in its original position on the surface of
RNase L_E131H. It'sin accordance with inability of pB,sB2sA to activate RNase L (EC50 > 1000 nM; Crel >300x [24]).
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Figure S19: The pB2sB2sB molecule was remarkably rearranged within this MD run. Finaly, it was bound to the surface of RNaseL _E131H
only through Ade3. It'sin agreement with inability of pB,sB,sB to activate RNase L (EC50 > 1000 nM; Crel >300x [ 24]).
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