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Abstrakt

Strukturni a mechanické vlastnosti nukleovych kyselin hraji
klicovou roli v fadé biologickych procesu i v oblasti nanotechno-
logii. Prace predkldda vysledky nékolika studii zaméfenych na mo-
delovani téchto vlastnosti. Rozsdhlé simulace atomistické moleku-
lové dynamiky (MD) jsou pouzity ke studiu strukturn{ dynamiky
nukleovych kyselin a k parametrizaci modelu jejich mechaniky.
Pouzivdme dva modely, které predpokladaji deformaéni energii
ve tvaru obecné kvadratické funkce vhodné zvolenych vnitinich
soufadnic, a lis{ se v drovni rozliSeni. Prvni model je zalozen na
popisu konformace na turovni jednotlivych bézi, zatimco druhy,
hrubsi model, je vhodny k popisu tuhosti vaéi globalnim defor-
macim v ohybu a celkové torzi. Tyto modely jsou vyuzity ke
studiu mechanickych vlastnosti A-traktu v souvislosti s tvorbou
smycek a lokalizaci nukleosomu, k charakterizaci sprazenych de-
formaci v torzi a prodlouzeni helikdlni DNA a RNA, a k predikci
zmén ve vlastnostech poskozené DNA v souvislosti s procesem roz-
poznani a oprav tohoto poskozeni. Kromeé toho je predstaven navrh
obecného modelu alosterickych efektt v DNA, ktery je aplikovan k
predikci zmén ve strukture DNA zpusobenych vazbou ligandu do
malého zldbku a ke studiu mechanismu alosterické regulace vazby
dvou proteini na DNA. Peclivé srovnani nasich vysledku s expe-
rimentélné dostupnymi daty demonstruje vSeobecnou spolehlivost
pouzitého postupu a soucasnych silovych poli urcenych pro simu-
lace nukleovych kyselin. Ziskané vysledky by mély pomoci 1épe
pochopit vliv mechanickych vlastnosti nukleovych kyselin na je-
jich biologickou funkeci a najit tak aplikaci napf. pfi navrhu novych
lé¢iv. Celkem tato prace vedla k 11 publikacim v impaktovanych
zahrani¢nich ¢asopisech.



Abstract

Structural and mechanical properties of nucleic acids play a
key role in a wide range of biological processes, as well as in the
field of nucleic acid nanotechnology. The thesis presents results of
several studies focused on modelling these properties. Extensive
unrestrained atomic-resolution molecular dynamics (MD) simula-
tions are used to investigate structural dynamics of nucleic acids,
and to parametrize their mechanical models. The deformation
energy is assumed to be a general quadratic function of suitably
chosen internal coordinates. Two types of models are employed
which differ in the level of coarse-graining. The first one is based
on the description of conformation at the level of individual bases
and the second, coarser one is used to study global bending and
twisting flexibility. The models are applied to explain mechanical
properties of A-tracts in the context of DNA looping and nucle-
osome positioning, to characterize twist-stretch coupled deforma-
tions in DNA and RNA, and to predict changes in the properties
of damaged DNA that are likely to be relevant for damage recog-
nition and repair. Besides that, we propose a general model of
DNA allostery, applied to study the effect of minor groove bind-
ing of small ligands and the allosteric coupling between proteins
mediated by the DNA. A careful comparison of our results with
available experimental data demonstrates the general reliability of
contemporary nucleic acid force fields and the adopted modeling
approach. Our results should help to better understand the role
of mechanical properties of nucleic acids in their biological func-
tion with potential application in the development of new drugs.
The work presented in the thesis resulted in 11 publications in
impacted international journals.
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Modelovani mechanickych vlastnosti
RNA a DNA

1 Uvod

DNA a RNA jsou klicové biomolekuly [1]. DNA uchovévé genetickou infor-
maci, kterd se skladéd predevsim z instrukei pro syntézu proteinu, biomolekul
zajistujicich vétsinu bunéénych funkei. Tato informace je uloZena v linedrn{
sekvenci bazi v kédujicich ¢astech DNA. Ukazuje se vSak, ze kromé téchto in-
strukei jsou v DNA ulozeny i dalsi informace. Konkrétni sekvence baz{ urcuje
ruzné strukturni preference DNA, jeji mechanické vlastnosti a dalsi fyzikalne-
chemické charakteristiky, které maji vyznamny vliv na jeji biologickou aktivitu
[2, 3]. Tyto vlastnosti diktuji uspoiddani DNA v buiice a hraji roli pfi proce-
sech jako je rozpoznavani DNA proteiny, které jsou dale zdsadni pro regulaci
exprese genu, transkripci a replikaci DNA. V piipadé helikdlni RNA maji jeji
strukturni a mechanické vlastnosti vliv na interakci s proteiny, urcuji struk-
turu virového RNA kapsidu a hraji roli pfi procesech jako je syntéza proteinu
a RNA interference [4].

Existuje mnoho experimentéalnich technik, které jsou pouzivany ke studiu
strukturnich a mechanickych vlastnosti DNA. Metody jako je rentgenovd (X-
ray) krystalografie a nukledrni magnetickd resonance (NMR) poskytujf infor-
mace o strukture nukleovych kyselin v krystalu a v roztoku, a to ve vysokém
rozliSeni. Jiné metody, jako jsou cykliza¢ni experimenty nebo mikromanipu-
lace pomoci optickych ¢i magnetickych pinzet, mohou byt vyuzity ke studiu
tuhosti biopolymeru vuéi ohybu, natazeni a torzi kolem jeho osy [5, 6]. Metody
pifmo poskytijici informaci o flexibilité viak dosahuji pouze nizkého rozliseni
a trpi dalsimi omezenimi. Flexibilitu nukleovych kyselin je mozné urcit také
ze znalosti hustoty pravdépodobnosti jejich konformaci [7]. Strukturnich dat
o vysokém rozliseni, dostupnych piedevsim diky X-ray krystalografii, je ale
¢asto priliz malo v porovnani s velikosti prostoru moznych konformaci.

Dalsi moznosti je vyuzit ke studiu strukturnich a mechanickych vlastnosti
nukleovych kyselin vypocetnich metod. Ukazuje se, ze simulace molekulové
dynamiky (MD) s explicitn{ reprezentaci vody a iontu jsou schopné ispésné za-



chytit mnozstvi dulezitych vlastnosti velkych biologicky relevantnich systému
[8, 9]. MD simulaci muzeme chépat jako pocitacovy experiment, ktery umoziuje
méfit pozice vSech atomu v systému v zavislosti na Case, pii danych vnéjsich
podminkéch jako je teplota a tlak [10, 11]. Casové fady atomovych kartézkych
soutadnic ziskané z MD simulace pak mohou byt pfevedeny na ¢asové rady
vhodné zvolenych vnitinich soufadnic zachycujicich konformaci DNA a RNA
v hrubsim meéfitku (coarse-graining). Mezi né patii napf. soufadnice popi-
sujici vzajemnou polohu a orientaci jednotlivych bazi. Znalost zavislosti téchto
soufadnic na ¢ase muze byt déle vyuZzita k nalezeni parametra ruznych mo-
deld mechaniky nukleovych kyselin. MD simulace popisuji interakce v daném
systému s nevyhnutelnym zjednodusenim. Je tedy vzdy nezbytné konfonto-
vat ziskané vysledky s experimentdlné dostupnymi daty, pfipadné z vysledky
MD simulaci patii dostupné casové skaly a vyrazné aproximace v popisu in-
terakel mezi atomy.

2 Cile prace

Cilem této prace je prostudovat strukturu, dynamiku a mechanické vlastnosti
ruznych oligomeru nukleovych kyselin v kontextu biologicky relevantnich pro-
cesu za pomoci metod pocitatového modelovani. Jako priméarni zdroj dat
slouzi rozsahlé simulace molekulové dynamiky na urovni jednotlivych atomu s
explicitni reprezentaci vody a iontu. Tyto simulace jsou pouzity ke studiu kon-
formaé¢ni dynamiky helixu a pro parametrizaci modelt mechaniky nukleovych
kyselin. Pouzivané modely predpokladaji, ze deformacni energie je nelokdlni
harmonickou funkei vnitinich soufadnic. Konkrétné je tento postup aplikovan
na studium mechanickych vlastnost{ poly(dA:dT) sekvenci (A-trakti) v sou-
vislosti s tvorbou smycek a lokalizaci nukleosomi, dédle na studium spiazenych
deformaci v torzi a prodlouzeni v. DNA a RNA a na studium vlastnosti
poskozené DNA v souvislosti s procesem rozpozndani a oprav tohoto poskozeni.
Ziskané vysledky jsou vzdy peclivé srovnany s dostupnymi experimentalnimi
daty a testovany na konvergenci. Dalsim cilem této prace je vyvoj modelu
umoznujictho studium alosterickych jevi v DNA. Model umoznuje postih-
nout zmény struktury a mechanickych vlastnosti DNA zpusobené omezenim
nékterych stupnu volnosti, ¢imz je napodobovan ucinek vazebné interakce s
ligandem. Tento model je ndsledné pouzit k predikci zmén ve strukture DNA
zpusobenych vazbou ligandu do malého zldbku a k vysvétleni mechanismu
alosterické regulace vazby dvou proteini na DNA.



3 Material a metodika

Mechanické vlastnosti nukleovych kyselin jsou v této préaci studovany po-
moc{ dvou model ligicich se irovn{ rozliseni. V piipadé prvniho modelu (mo-
del tuhych bézi) je konformace helixu nukleové kyseliny uréena souborem
lokdlnich vnitinich soufadnic, které popisuji vzajemnou polohu a orientaci
jednotlivych bézi, které se povazuji za tuhd télesa (viz. obr. 1A). V rdmci
druhého modelu (model tuhosti v ohybu a torzi) je konformace oligomeru
urc¢ena pouze trojici globalnich vnitfnich souradnic: velikost ohybu ve sméru
malého a velkého zlabku, velikost ohybu ve sméru cukr-fosfatové pateie a
celkovd torze (viz. obr. 1B). V piipadé obou modelu se predpoklddd, ze de-

Obréazek 1: Popis konformace DNA/RNA na dvou raznych trovnich rozliseni. (A)
Baze v DNA a RNA mohou byt v dobrém pfiblizeni povazovany za tuhd télesa,
se kterymi je spojen pravotocivy soufadny systém. Lok&alni konformace molekuly
je urcena souborem soufadnic, které jsou definovdny jako vzdjemnd posunuti a
otocen{ mezi témito soufadnymi systémy. (B) Podobné muze byt globalni konfor-
mace nukleovych kyselin, tedy napf. globdlni ohyb, popsidna pomoci soufadnych
systému reprezentujicich vhodné zvolené fragmenty. Tyto body a souradné systémy
jsou ziskdny prumeérovanim referen¢ni bodu a souradnych systému vdzanych na jed-
notlivé baze ve zvoleném fragmentu.

formaé¢ni energie, tj. volna energie spojend s urc¢itou deformaci oligomeru, je
obecnd kvadratickd funkce piislusnych vnitinich soufadnic,

(Ww—w) -K(w-w), (1)



kde w je vektor vnitinich souradnic, w jsou jejich rovnovazné hodnoty a K
je symetrickd, pozitivné-definitni matice tuhostnich konstant. Je-li systém je
v kontaktu s tepelnou ldzni, plyne z teorie termodynamickych fluktuaci [12],
7Ze w mé vicerozmérné Gausovo rozdéleni. Snadno pak muzeme nalézt vztahy
mezi parametry modelu w a K a momenty pravdépodobnostniho rozdéleni w,

w=(w), K=kgTC™!, (2)

kde (-) znaci ocekdvanou hodnotu a C je kovarianén{ matice w. Prumérovan{
pres statisticky soubor (rov. 2) pak nahrazujeme prumeérovédnim pfes casové
fady soufadnic, které ziskame z atomistické MD simulace studovaného oli-
gomeru. Zname-li parametry w a K pro studovany systém, muze byt model
pouzit k odhadu energie spojené s ur¢itou deformaci predepsanou souradnicemi
w s pouZzitim rov. (1), za predpokladu, Ze deformace nejsou piilis velké a
jsou tedy v harmonickém rezimu. Bylo ovéfeno, ze pro systémy a typy de-
formaci studované v této préaci je harmonicka aproximace dostatecné dobie
splnéna. Marginédlni rozdéleni nékterych soutfadnic vykazuji mirné odchylky
od harmonicity zptisobené konformacénimi substavy v patefi. Tyto odchylky
jsou zanedbany, pozorované rozdéleni vnitinich soufadnic je tedy nahrazeno
Gausovskym rozdélenim se stejnymi momenty, coz vede na efektivni harmo-
nicky popis. Mechanické modely nukleovych kyselin uvazujici harmonickou
deformacni energii se uz diive ukazaly byt uziteéné pii studiu mnoha procesu
[7].

Pro ucely modelovani alosterickych efekti v DNA je model tuhych bazi
nejdiive rozsifen tak, aby mezi vnitini soufadnice zahrnul sifky velkého a
malého zldbku, coz jsou dulezité parametry pfi interakci DNA s ligandy.
Soufadnice muzeme rozdélit do dvou podmnozin w; a ws. Abychom napo-
dobili u¢inek vazby ligandu na DNA, jsou soufadnicim w; predepsany fixni
hodnoty Wi, diktované vazbou ligandu (napft. ligand vézajici se do zldbku
fixuje jeho sitku). Zbylé soufadnice jsou ponechdny, aby volné relaxovaly. V
minimu energie pak tyto souradnice nabyvaji hodnot wy. Minimalizace kvad-
ratické deformaéni energie vzhledem k wo, konzistentni s pfedepsanou vazbou,
poskytuje vztah mezi touto vazbou a jejim efektem,

Wa = W2 — Koy Kip (W1 — W1), (3)
a predpis pro odpovidajici deformaéni energii
E=1/2(w; —W1) - [Ki1 — K12K5 Kiy | (W1 — W), (4)

kde K12 a Kgg jsou submatice K odpovidajici danym podmnozinam vnitinich
soutadnic. Pro 1ucely modelovani efektu alosterické regulace vazby dvou li-
gandi na DNA (napf. dvou proteini) je mozné model déale rozsifit tak, ze



jsou vnitini soutadnice rozdéleny do tiech podmnozin. Prvni dvé podmnoziny
jsou fixovany, ¢imz je napodobena vazba prvniho a druhého ligandu. Zbylé
soufadnice jsou znovu ponechany, aby volné relaxovaly. Minimalizace kvadra-
tické deformaéni energie pak poskytuje vztahy analogické k (3) a (4). Efekt
alosterické regulace je definovany rozdilem AFE mezi deformaéni energii spo-
jenou s vazbou druhého ligandu v piftomnosti prvniho ligandu a pii jeho
absenci.

MD simulace byly provedeny s pouzitim moderniho silového pole typu
AMBER uréeného pro nukleové kyseliny (parm99 s bsc0 korekei, a s xor.3 ko-
rekef pro RNA). Simulaéni protokol pouzivany pro simulace provadéné v nas{
laboratofi je zalozen na dobfe zavedeném protokolu ABC konsorcia [13]. Si-
mulovany systém je uzavien v boxu oktahedréalniho tvaru s periodickymi okra-
jovymi podminkami. Systém obsahuje studovany oligomer s poc¢atecni konfor-
maci B-DNA (piip. A-RNA), ktery je obklopen molekulami vody (SPC/E
model [14]). Zaporny ndboj nukleové kyseliny je neutralizovédn pfiddnim od-
povidajictho mnozstvi iontit KT a dalsi ionty jsou pfidény tak, aby bylo
dosazeno koncentrace 150 mM KCI. Systém je nasledné dikladné zekvilib-
rovan. Ve fazi produkce trajektorie je systém simulovan za konstantni teploty
(300 K) a tlaku (1 atm). Jsou aplikovany oktahedrdlni periodické okrajové
podminky s vyuzitim metody PME pro vypocet interakci dalekého dosahu.
Vazby obsahujici vodikové atomy jsou fixovdny pomoci algoritmu SHAKE a
pouzity ¢asovy krok simulace je 2 fs.

Soufadnice jednotlivych atomu jsou uklddédny kazdych 10 ps simulace.
Timto zpusobem je ziskdna mnozina konformaci oligomeru, kterd odpovida
ndhodnému vybéru ze statistického souboru NpT, a kterd je pouzita pro
nasledujici analyzu. Pro kazdou z konformaci jsou vypocéteny vnitini soufadnice
modeli mechaniky. Parametry modelit w a K jsou pak jednoduchymi funk-
cemi momentti pravdépodobnostniho rozdéleni téchto souradnic (viz. rov. 2).

4 Vysledky a diskuze

4.1 Jemna struktura a substavy v DNA

MD simulace nabizeji cenné informace o vlastnostech DNA. Vzdy je vSak tieba
ovétovat data ziskand z MD simulaci pfi pouziti urc¢itého silového pole a si-
mulaéniho protokolu s daty dostupnymi z experimentu a také testovat mérené
veli¢iny na konvergenci. Tato analyza umozinuje vyty¢it hranice pouzitelnosti
MD simulaci a pomahé pii optimalizaci silovych poli a simula¢nich protokolu.
My jsme se zamérili na analyzu jemné struktury a dynamiky B-DNA urcené z



rozsahlych MD simulaci a jeji srovnani s experimentalné dostupnymi daty. Pro
analyzu byla vybrana konkrétni sekvence, tzv. Dickersontiv dodekamer (DD)
d-[CGCGAATTCGCG]2, jehoz vlastnosti byly siroce studovény mnozstvim
ruznych experimentélnich metod [15].
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Obréazek 2: Anharmonické rozdéleni twistu v G4A5 stepu muze byt rozlozeno na
téméf harmonické piispévky odpovidajici BI/BI a BI/BII stavum v daném stepu
(vlevo). Rozdélen{ twistu v C3G4 stepu, odpovidajici BI/BI stavu, je stdle anhar-
monické, ale muze byt ddle rozlozeno na harmonické prispévky v zéavislosti na BI
nebo BII stavu G4-A5 fragmentu patefe v 3’ sousednim stepu (vpravo). BII/BII
stavy se témétr nevyskytuji a ptispivaji tedy zanedbatelné do uvedeného rozkladu.

Bylo zjisténo, ze v MD simulacich mohou baze na obou koncich oligo-
meru tvofit alternativni trans Watson-Crick/sugar edge péry [16], které maji
vyznamny vliv na strukturu oligomeru, a to az po tieti step od konce. V
soucasnosti neexistuje experimentalni dukaz o existenci téchto paru v DD,
coz naznacuje, ze jsou simula¢nim artefaktem. Z tohoto duvodu byly déle
analyzovany pouze ty Césti trajektorie, které odpovidaji kanonickym parum
na obou koncich. Srovnani priumérné konformace DD s experimentem uka-
zuje na dobrou kvalitativni shodu se strukturami uréenymi pomoci rentge-
nové krystalografie a NMR. Odhaleny v8ak byly i mensi kvantitativni rozdily,
jako napft. mirné podhodnoceny twist a nebo obecné §irsi zlabky v MD simu-
lacich. Za povsimnuti stoji i relativné vyrazné rozdily mezi jednotlivymi ex-
perimentalnimi strukturami. Analyza jemné struktury DD déle pfinesla nové
poznatky o vlivu BI/BII substavi v patefi na helikdln{ konformaci prislusného
stepu [17], které poukazuji na zajimavy strukturni polymorfismus helixu. Bylo
zjisténo, ze mirné anharmonické rozdéleni nékterych soufadnic popisujicich
geometrii ur¢itého stepu muze byt rozlozeno na harmonické piispévky od-
povidajici BI/BII substavim ve fragmentu pétefe tohoto stepu a 3’ sousedniho



stepu (viz. obr. 2). Domnivdme se, Ze vliv sousedniho stepu byl popsan v této
préaci poprvé. Vysledky této préce byly publikovany v J. Chem. Theory Com-
put.

4.2 Mechanické vlastnosti A-traktu

A-trakty jsou funkéné vyznamné sekvence DNA zndmé unikdtnimi struk-
turnimi a mechanickymi vlastnostmi. Ovliviiuji napf. lokalizaci nukleosomu
vudi vldknu DNA, kterd je kritickd pro regulaci exprese genu [18]. Zatimco
strukturni vlastnosti A-traktu jsou jiz experimentalné dobie charakterizovany
[19], zustavaji poznatky o jejich mechanickych vlastnostech spise kontroverzni.
Na jednu stranu se A-trakty jevi strukturné rigidni a odolavaji tvorbé nukleo-
somu [18], na druhou stranu se ukazuji byt flexibiln{ v pfipadé tvorby smycek
za Ucasti transkripénich faktoru [20]. V této praci jsme analyzovali mecha-
nické vlastnosti symetrickych A,,T,, a asymetrickych A, (n=3,4,5) A-traktu
pomoci modelu tuhych bazi a modelu tuhosti v ohybu a twistu, abychom
pomohli vysvétlit zdanlivé protichudnad experimentdlni data a prostudovat
rozdily mezi ruznymi druhy A-traktu.

kcal-mol-!

60 CG10 A1o AsTs

40

20

-60 -40 -20 0 20 40 60
base pair position

Obrézek 3: Energie spojend s deformaci A1p a AsT5 trakta a kontrolni sekvence v
nukleosomu (pdb kéd: 1kx5), zobrazend vuéi pozici tohoto fragmentu.

Ziskané vysledky naznacuji, ze relativni tuhost A-traktu vzhledem ke kont-
rolni sekvenci bohaté na C:G péry zavisi na typu predepsané deformace. Asy-
metrické trakty jsou rigidnéjsi nez kontrolni sekvence vzhledem k lokalnim
deformacim, ale flexibilnéjsi vzhledem k globalnimu ohybu a twistu. Lokalizo-
vand konformaé¢ni omezen{ hraji roli pfi umistovani nukleosomu (viz. obr. 3),
zatimco pri tvorbé smycek jsou na konformaci helixu aplikovany globalni ome-
zeni, které dovoluji systému nalézt flexibilnéjsi deformaéni méd. Vysledky tak



nabizeji vysvétleni experimentalné pozorovanych mechanickych vlastnosti A-
trakti. Déle bylo zjisténo, ze symetrické trakty jsou rigidnéjsi nez asymetrické
trakty i kontrolni sekvence vzhledem k obéma typum deformaci. Symetrické
trakty by tedy mély také odolavat tvorbé nukleosomu vice nez asymetrické,
coz muze oteviit nové moznosti cilené manipulace exprese genu. Vysledky
této prace byly publikoviny v Nucleic Acids Res.

4.3 DNA alosterie

V nedavné dobé bylo pozorovano, ze DNA muze slouzit jako zprostiedkovatel
alosterické regulace. Navazani malého ligandu nebo proteinu zpusobi defor-
maci struktury DNA a zménu jeji flexibility, coz vede k ovlivnéni afinity pro
navazani dalsiho ligandu [21]. Mechanismus téchto efektu vsak stdle neni zcela
pochopen.

Soucasti této prace je ndvrh modelu umoznujictho studium alosterickych
efektt v DNA. Tento model je nejdiive aplikovan na studium vlivu vazby
malych ligandu, diamidinu a pyrol-imidazolovych polyamidi, do malého zldbku.
Tyto latky jsou povazovany za potenciondlni protinddorovd 1éciva [22] a byly
také napft. pouzity ke kvantifikaci prispévku tzv. nepiimého ¢teni pii roz-
pozndvani DNA proteiny [23]. Model alosterie predpovidd ohyb DNA zpusobeny
vazbou téchto ligandt, ktery je v kvantitativni shodé s experimentem. Kromé
toho model naznacuje, ze v piripadé alternujici TA sekvence zpusobi vazba
ligandu posun lokélni i globalni konformace smérem ke struktufe volného A-
traktu, coz muze mit vyznamné funkéni dusledky.
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Obrézek 4: Alosterickd regulace mezi dvéma proteiny zprostiedkovand helikdln{
DNA. (a) Sitky velkého zldbku volné DNA (modrd) a DNA v komplexu s BamHI
(Cervend), a (b) jejich rozdil. Zastinéna oblast zndzoriuje pary bézi definujici sitky
zlabku, které byly fixovdny pro tcely modelovani vazby proteinu. (¢) Rozdil mezi
deformaéni energii navdzani GRDBD proteinu v piitomnosti a pfi absenci BamHI
proteinu, zobrazena jako funkce vzdalenosti mezi témito proteiny podél helixu.



V neddvné experimentalni studii [24] byl popsdn efekt alosterické regulace,
pii kterém je afinita k navazani proteinu na DNA ovlivnéna vazbou dalsiho
proteinu v jeho blizkosti, ale bez piimého kontaktu mezi témito proteiny.
Tento efekt vykazuje periodicitu ~ 10 pdru bazi a klesa s rostouci vzdédlenosti
mezi proteiny. K vysvétleni mechanismu efektu jsme vyuzili model alosterie,
ktery byl parametrizovan s pomoci rozsahlych MD simulaci dlouhého oligo-
meru DNA (33 para bdzi, ~ 123,000 atomu véetné vody a iontu) o stejné
sekvenci jako byla pouzita v uvedené experimentalni studii. Za predpokladu,
ze jsou vnitini souradnice modelu vhodné fixovany tak, aby byla co nejlépe
napodobena vazba studovanych proteint pozorovand v krystalech jejich kom-
plexu s DNA, vykazuje odhadovand regulace afinity (vyjadiend rozdilem de-
formaénich energii AFE) skute¢né periodicitu ~ 10 paru bazi a klesajici am-
plitudu. Stejnou funkéni zavislost pozorujeme u rozdilu mezi sitkou velkého
zlabku v pripadé, kdy prvni protein je jiz navazan, a sitkou v pripadé volné
DNA, coz naznacuje, ze pravé zmény v §itce zldbku zprostiedkuji dany aloste-
ricky efekt (viz. obr. 4). Odhadované maximélni a minimaln{ hodnoty AFE jsou
v dobré kvantitativni shodé s experimentem, ackoliv na§ model pfedpovida
rychlejsi pokles se vzdéalenosti mezi proteiny. Vysledkem této prace je jedna
publikace v J. Phys. Chem. Lett. a jedna v Biophys. J.

4.4 Sprazené deformace v torzi a prodlouzeni helikalni
DNA a RNA

Globalni konformacni flexibilita helikdlni DNA a RNA ma dulezity vliv na
biologickou aktivitu téchto molekul. Nedavné mikromanipulaéni experimenty
odhalily pouze malé kvantitativni rozdily mezi DNA a RNA v tuhosti vaci
ohybu, prodlouzeni (stretch) a celkové torzi (total twist), ale také prekvapive
velké kvalitativni rozdily v tuhosti vuéi sprazené deformaci v torzi a prod-
louzeni, vyjadiené nediagondlnim elementem matice tuhostnich konstant [25].
P#i vnuceném zvySeni celkové torze dochézi k prodlouzeni helikdlni DNA,
zatimco helikdlni RNA se zkréti. V této praci jsme vyuzili MD simulace oligo-
meru DNA a RNA obsahujicich vSechny existujici dvojice po sobé nasledujicich
paru bézi (basepair steps) a modely mechaniky parametrizované pomoci téchto
simulaci, abychom odhadli koeficienty helikalniho prodlouzeni vuéi zméné
torze a vySetiili rozdily v konformaénich zméndch mezi DNA a RNA, ke
kterym dochézi pfi vnuceném snizeni a zvyseni celkové torze oligomert.

Pro koeficienty helikalniho prodlouzeni vuéi zméné torze byly nalezeny
hodnoty 0.031 Adeg™" v pifpadé DNA a —0.036 Adeg™' v piipadé RNA,
coz je v dobré kvalitativn{ shodé s hodnotami zjisténymi experimentdlné [25]
(0.014 A deg™! pro DNA a —0.024 A deg™! pro RNA). Simulace nicméné mo-



Obrazek 5: Struktury DNA a RNA ziskané minimalizaci helikdlnich soufadnic a thla
v pateri v pripadé vnuceného snizeni helikdln{ torze (struktura vlevo), kanonické
struktury (uprostfed) a v pfipadé vnuceného zvyseni torze (vpravo).

hou poskytnout podrobnéjsi obraz prislusnych konformacénich zmén. Naptiklad
vnucené zvysSovani celkové torze vede u DNA i RNA ke snizeni sklonu paru
baz{ vaci helikdlni ose (inklinace), coz mé za ndsledek snizeni pruméru he-
lixu. Zatimco v piipadé DNA je s tim spojeno zvySeni inklinace, coz vede
k prodlouzeni DNA podél helikdlni osy a k redukci $itky malého zldbku, v
piipadé RNA inklinace klesd, coz vede ke zkrdceni helixu a vyrazné redukci
siiky velkého zldbku (viz. obr. 5).

Tyto vysledky byly ziskany ve spolupraci se skupinou prof. Martina Zacha-
riase na TU v Mnichové a skupinou prof. Jana Lipferta na LMU v Mnichové.
Nasim piispévkem byl pfedevsim odhad koeficientu helikdlniho prodlouzeni
vuéi zméné torze pomoci modelt mechaniky. Vysledky byly publikovédny v
Nucleic Acids Res.

4.5 Strukturni a mechanické vlastnosti poskozené DN A

Bunéénd DNA neustéle podléha ruznym druhum poskozeni. Pokud jsou vzniklé
léze ponechany neopravené, muze to vést k mutacim, genové nestabilité, pred-
¢asnému starnuti nebo rakoviné [26, 27]. Buiiky si vyvinuly mnozstvi mecha-
nismu, jak tyto 1éze detekovat, signalizovat jejich pfitomnost a zajistit opravu
[26]. Jedna z otdzek, kterou je tfeba zodpovédét, je jak proteiny zajistujici
opravu rozpoznaji danou 1ézi mezi velkym mnozstvim neposkozenych péru
bézi. Bylo navrzeno, ze v mnoha piipadech jsou léze specificky rozpoznany
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na zdkladé zmeény struktury a flexibility DNA v jejich blizkém okoli (napf.
[28, 29, 30)).

Celkoveé jsme se podileli na 4 studiich zaméfenych na vlastnosti poskozené
DNA. Prvnf dvé se zabyvajf vlivem 8-oxoguaninu [31] and OS-methylguaninu
[32] na strukturni a mechanické vlastnosti DNA. Tyto studie byly provedeny
ve spolupraci se skupinou prof. M. Zachariase na TU v Mnichové. Nasim
piispévkem byla predevsim analyza zmén konformace a mechanickych vlast-
nosti DNA na urovni jednotlivych bazi zpusobenych poskozenim. Vysledky
analyzy ukazuji, ze piftomnost 8-oxoguaninu zpusobuje posun konformace
DNA blize ke konformaci pozorované v krystalu komplexu DNA s opravnym
proteinem, zachyceném v ivodni fazi procesu rozpozndni [33], coZ naznacuje,
ze samotnd struktura poskozené DNA muze usnadnit vznik komplexu s protei-
nem zodpovédnym za rozpoznani léze. Na druhou stranu vsak v tomto piipadé
nebyly pozorovany zadné zmény ve flexibilité mezi poskozenou a neposkozenou
DNA. V kontrastu s timto pozorovanim ukézala analyza vlastnosti DNA ob-
sahujici O%-methylguanin vyrazné zmény ve flexibilité zptisobené piftomnosti
léze. Tuhost vuci nékterym deformacim je daleko nizsi u paru obsahujiciho
poskozenou béazi O6-MeG, nez u kanonického G:C paru. Tyto deformace
zvySuji pristupnost dané baze, coz pravdépodobné hraje rozhodujici roli pti
rozpoznani 1éze opravnymi proteiny, které jsou znamé tim, ze v prubéhu pro-
cesu opravy vyto¢i O6-MeG béazi zevniti helixu do aktivniho mista enzymu
[34].

Dalsi dvé studie byly provedeny ve spolupraci se skupinou E. Dumontové
na ENS v Lyonu. V piipadé téchto studii jsme prispéli predev§im monito-
rovanim a analyzou lokalnich a globalnich strukturnich zmén poskozenych oli-
gomeru v MD simulacich. Tyto simulace byly doplnény QM vypocty slouzicimi
k nalezeni optimdlnich geometrii poskozenych mist (tyto vypocty byly pro-
vedeny spolupracujici skupinou). Prvni z téchto praci je zaméfena na stu-
dium struktury, dynamiky a vnitinich interakci oligomeru obsahujicim C4’-
oxidované abazické misto. Tato mista mohou podléhat reakcim s dalsimi
bézemi, které vedou ke vzniku tzv. cross-linki mezi dvéma fetézci DNA,
jez patfi mezi nejvice zhoubné typy 1ézi [35, 36]. Nase vysledky nabizeji
vysvétleni experimentalné pozorované vysoké afinity oxidovanych abazickych
mist k tvorbé cross-linku s protilehlym cytosinem a dale ukazuji, ze cross-
linky mezi Fetézci mohou vznikat také mezi oxidovanym abazickym mistem
a bazi sousedici s protilehlou bazi. Druha prace je zaméfena na dynamiku
DNA obsahujici cross-link v rdmci jednoho fetézce [37], ktery vznikd kova-
lentnim spojenim sousedici purinové a pyrimidinové baze. V souc¢asné dobé
neexistuji experimentdlni struktury oligomert obsahujicich tyto léze, které
by pomohly vysvétlit jejich vysokou mutagenitu souvisejici s nedostateénou
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opravou téchto 1ézi. V praci jsme vyuzili MD simulace oligomeru obsahujicich
guanin-thymin cross-link (G[8-5m|T) a guanin-cytosin cross-link (G[8-5]C),
doplnéné o QM vypocty, k charakterizaci a racionalizaci strukturni dynamiky
téchto 16zi. Odhaleny byly strukturni rozdily mezi G[8-5m|T a G[8-5]C a dis-
kutovény dusledky vzhledem k procesu rozpoznani téchto 1ézi proteiny [38].
Déle bylo zjisténo, ze lokalni struktura G[8-5m|T a G[8-5]C 1ézi se vyrazné
odlisuje od komplexnich foto-indukovanych 1ézi podobné konfigurace, coz pod-
poruje hypotézu o odlisném chovéani téchto dvou typu lézi, pravdépodobné i
vzhledem k efektivité jejich opravy.

Celkové vedly studie zamétfené na poskozeni DNA, vzniklé ve spolupraci
s dalsimi skupinami, ke ¢tyfem publikacim v impaktovanych ¢asopisech (J.
Phys. Chem. B, Biopolymers a dvé préce v Biochemistry).

5 Zavéry

Tato prace predstavuje vysledky nékolika studii zaméfenych na strukturni
a mechanické vlastnosti helikdlni DNA a RNA v kontextu biologicky rele-
vantnich procesu pomoci metod poéitacového modelovéni. Pfedstaven je mo-
del alosterickych efekti1 v DNA a vysledky aplikace tohoto modelu na studium
alosterické regulace vazby ligandu a proteini na DNA. Atomistické MD simu-
lace slouzi jako primarni zdroj dat o konformaé¢ni dynamice nukleovych kyselin
a pro parametrizaci modelu, které jsou pouzity ke studiu jejich mechanickych
vlastnosti. Ziskané vysledky jsou vzdy konfrontovany s daty dostupnymi z
experimentu. Tuhost helixi nukleovych kyselin viéi globalnim deformacim,
jako je ohyb a celkova torze, je v téméf kvantitativni shodé s experimentem.
Je pozoruhodné, Ze relativné jednoduché modely mechaniky uvazujici harmo-
nickou deformaéni energii jsou schopné reprodukovat i natolik jemné efekty,
jako jsou sprazené deformace v torzi a prodlouzeni DNA a RNA a alosterické
regulace zprostiedkované DNA. Tato srovnani demonstruji vSeobecnou spo-
lehlivost sou¢asnych silovych poli a modeli mechaniky a ¢ini tak predikce,
které tyto modely umoznuji, presvédcivymi. NaSe vysledky nabizi vysvétleni
mechanickych vlastnosti A-traktia v souvislosti s tvorbou smyc¢ek DNA a lo-
kalizaci nukleosomu, predpovidaji zmény v konformaci DNA zprostiedkujici
alosterickou regulaci vazby proteint a ligandi na DNA a piedpovidaji zmény
ve vlastnostech DNA zpusobené poskozenim, které jsou relevantni pro roz-
poznani poskozeni proteiny a jejich opravu. Tyto vysledky mohou pomoci
lépe pochopit vliv sekvenéné zavislych strukturnich a mechanickych vlast-
nosti nukleovych kyselin na jejich biologickou funkci a pomoci tak napt. pii
navrhu novych 1é¢iv.
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Modeling mechanical properties of
RNA and DNA

1 Introduction

DNA and RNA are key biological molecules [1]. DNA serves as a carrier of ge-
netic information which consists primarily of instructions for making proteins
that perform most of the cellular functions. The genetic information is stored
in a linear sequence of bases in the coding regions of DNA. It is becoming clear
that there is additional information laid over this literal code. A particular se-
quence of bases implies distinct structural preferences, mechanical properties
and other physicochemical characteristics which are of central importance for
the biological activity of DNA [2, 3]. These properties govern the organization
of DNA in a cell and play a role in processes such as protein/DNA recognition
that are, in turn, critical for gene regulation, transcription and DNA repli-
cation. In the case of double-stranded RNA, its structural and mechanical
properties influence its interactions with proteins, determine the viral RNA
capsid compaction and play a role in the processes of protein synthesis and
RNA interference [4].

A number of experimental techniques are available that can be used to
probe the structural and mechanical properties of nucleic acids. Methods such
as X-ray crystallography and nuclear magnetic resonance (NMR) can provide
high-resolution information about the structure of nucleic acids in crystal and
in solution. Other methods, such as cyclization experiments or force spectro-
scopies, can be used to probe overall flexibility of the studied biopolymer with
respect to twisting, stretching and bending deformations [5, 6]. However, the
methods directly measuring flexibility suffer from low resolution and other
limitations. Flexibility can be assessed also from the knowledge of the acces-
sible conformational space of nucleic acids [7]. However, the high-resolution
structural data, available primarily from X-ray crystallography, may be sparse
in comparison to the manifold of possible conformations.

Another viable approach to investigate structural and mechanical prop-
erties of nucleic acids is to utilize computational methods. In particular,
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atomistic molecular dynamics (MD) simulations with explicit representation
of water and ions have proven to be successful in describing many important
properties of large systems of biological relevance [8, 9]. An MD simulation is
a computer experiment that enables one to measure positions of all atoms in
the system as a function of time under the specified external conditions such
as temperature and pressure [10, 11]. The time series of atomic coordinates
obtained from MD can be transformed to time series of various conformational
descriptors such as relative positions and orientations of the bases within the
DNA and RNA (coarse-graining), which can then be used to find parameters
of various models of nucleic acid mechanics. However, MD simulations neces-
sarily treat the system in a simplified way, and thus should always be validated
against experimental data or high-accuracy quantum mechanics calculations.
The main limitations include the available time scales and sometimes severe
approximations to the potential energy function.

2 Aims of the study

The aim of this study is to investigate structure, dynamics and mechani-
cal properties of various nucleic acid molecules in the context of biologically
relevant processes using methods of computer modelling. The unrestrained
atomic-resolution MD simulations with explicit representation of water and
ions serve as the primary source of data. These simulations are used to study
the conformational dynamics of the nucleic acid helices, and to parametrize
non-local harmonic energy models that are then employed to study their me-
chanics. This approach is applied to investigate mechanical properties of DNA
poly(dA:dT) sequences (A-tracts) in the context of DNA looping and nucle-
osome positioning, differences in twist-stretch coupled deformations between
DNA and RNA, and properties of lesion-containing DNA related to damage
recognition. The results are tested for convergence and always carefully com-
pared to available experiment. Besides that, we propose a model of DNA
allostery based on constrained minimization of the effective harmonic defor-
mation energy. The model is parameterized from MD simulations and then
applied to study the effect of minor groove binding of small ligands and the
mechanisms of allosteric coupling between proteins mediated by the DNA.

3 Material and methods

To investigate the mechanical properties of nucleic acids, we employ two har-
monic energy models which differ in the level of coarse-graining. Within the
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scope of the first model (model of rigid bases), the conformation of a nucleic
acid helix is specified by a set of internal coordinates describing the rela-
tive displacement and orientation of the individual bases which are treated
as rigid objects (see Fig. 6A). In the second, coarser one (model of bending
and twisting rigidity) the conformation of the whole nucleic acid duplex is
specified by just three internal coordinates: bending in the direction of the
grooves, bending in the direction of the backbone, and total twist (see Fig.
6B). Both models assume the internal deformation energy, or the free energy

Figure 6: Description of DNA/RNA conformation at different levels of resolution.
(A) Bases in the DNA and RNA can be, to a good approximation, treated as
rigid objects with reference points and right-handed orthonormal frames attached
to them. The conformation of the molecule is then described by relative position
and orientation of these points and frames with respect to each other. (B) Similarly,
global conformation of nucleic acids, like global bending, can be described by using
points and frames representing whole fragments of the nucleic acid molecule. They
are determined by averaging base-fixed points and frames in selected groups of bases.

necessary to distort the oligomer, to be a non-local quadratic function of the
respective internal coordinates,

1
E(W):i(w—\fv)-K(w—vAv)7 (5)
where w is the vector of internal coordinates, w are their equilibrium values

and K is a symmetric, positive definite matrix of stiffness constants. Consider-
ing the system to be in contact with a thermal bath, it follows from the theory
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of thermodynamic fluctuations [12] that the probability distribution of w is a
multivariate Gaussian. It is then straightforward to show that the parameters
of the model, w and K, are related to the moments of the distribution as

w=(w), K=kgTC™!, (6)

where (-) denotes the expected value and C is the covariance matrix of w. The
moments of the canonical ensemble (eq. 6) are replaced here by the moments of
the coordinate time series, obtained from an unrestrained atomic-resolution
MD trajectory of a naked DNA/RNA molecule. When the parameters w
and K are known, the model can be used to estimate energy changes associ-
ated with various deformations prescribed by w using eq. (5), provided the
deformations are in the harmonic regime. It is found that the harmonic ap-
proximation is satisfied rather well for the studied systems. The moderate
anharmonicity due to conformational substates is coarse-grained by replacing
the observed distribution by Gaussian distribution with the same moments,
resulting in an effective harmonic description. These models have already
proven to be useful in understanding many processes [7].

To model the allosteric effects in DNA, the rigid base model is extended to
include minor and major groove widths, which represent important parame-
ters in interactions of DNA with small ligands and proteins. The coordinates
are divided into two subsets w; and wsy. To mimic binding of a ligand to
DNA, the coordinates wy are constrained to have prescribed values w1, dic-
tated by the ligand (e.g. minor groove binder fixes the width of the groove).
The remaining coordinates are left free to relax to their energetically optimal
values Wy. The minimization of the quadratic deformation energy consistent
with the constraints then yields relations between the imposed constrains wy
and the response,

Wo =Wy — Kz_le?z(Wl - W1), (7)

and an expression for the corresponding deformation energy
E=1/2(w; —W1) - [Ki1 — KoKy Ki | (W1 — W), (8)

where K5 and Ky are submatrices of K corresponding to the two subsets.
To model allosteric coupling between two ligands binding to the DNA (e.g.
two proteins), the model is further extended to divide the coordinates into
three subsets. The first and second subsets are constrained to mimic binding
of the first and second ligand, respectively. The remaining coordinates are
left free to relax. The energy minimization then yields relations analogous to
(7) and (8). The allosteric effect is defined by the difference AE between the
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deformation energy of binding the second ligand in the presence of the first
one, and in its absence.

The MD simulations were performed using the modern AMBER force
fields for nucleic acids (parm99 with bsc0 correction, and with xor,3 correction
for RNA). The simulation protocol adopted for the simulations done in our
laboratory is based on the well-established protocol of the ABC consortium
[13]. The modeled oligomer is built as canonical B-DNA (or A-RNA) and
solvated in an octahedral periodic box with SPC/E water model [14]. Cations
are added to the system to neutralize the negative charge of the oligomer
and additional ions to mimic the physiological concentration of 150 mM of
the KCl salt. The systems are properly equilibrated prior to the production
run. In the trajectory production phase, the system is simulated at constant
temperature (300 K) and pressure (1 atm). The octahedral periodic boundary
conditions are applied together with the PME method for calculating long-
range interactions. The bonds containing hydrogens are treated with SHAKE
and the time step used is 2 fs.

Trajectory snapshots are saved at 10 ps intervals to be used in the analysis.
In this way, a set of conformations sampling the NpT statistical ensemble is
obtained. For each of the conformations, internal coordinates of the models
can be calculated. Ensemble moments of these coordinates are then related
to model parameters according to eq. (6).

4 Results and discussion

4.1 DNA fine structure and substates

MD simulations yield valuable information about the properties of DNA. It
remains of primary importance, however, to always test how well the MD data
compare to experiment, given the force field and simulation setup, and to test
the convergence of quantities of interest. This delineates the limits of use
of MD and helps in designing new force fields and simulation protocols. To
address these issues, we have analyzed fine structure and dynamics of B-DNA
determined from extensive MD simulations. We have focused our attention
to the so-called Dickerson-Drew dodecamer (DD) d-[CGCGAATTCGCG]q,
whose properties have been extensively studied by many experiments [15].
First, it was found that the end bases can adopt an alternative trans
Watson-Crick/sugar edge pairing [16], which has a strong effect on the DD
conformation up to the third step from the end. Currently there seems to
be no experimental evidence of these pairs in DD, suggesting that they are a
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Figure 7: Anharmonic distribution of twist in G4A5 step can be decomposed into
nearly harmonic contributions corresponding to the BI/BI and BI/BII states of the
step (left). Twist of C3G4 in the BI/BI state is still anharmonic but can be further
decomposed into harmonic contributions depending on the BI or BII states of the
G4-A5 backbone fragment in the 3’ neighboring step (right). The BII/BII states
are rare and contribute negligibly to the decomposition.

simulation artifact. Thus, only parts of the trajectory corresponding to the
canonical end base pairs were further analyzed. A comparison of mean DNA
conformation with X-ray and NMR experimental data reveals good quali-
tative agreement between simulation and experiment, but also some minor
quantitative differences, such as slightly underestimated twist or generally
wider minor and major grooves in MD simulations. Interestingly, significant
differences between individual experimental structures are also apparent. An
inspection of the DD fine structure further revealed rather significant influence
of BI/BII backbone substates on the base pairs step conformation, extending
previous findings [17] and exposing an interesting structural polymorphism in
the helix. It was further found that moderately anharmonic distributions of
some of the base pair step coordinates can be decomposed into Gaussian-like
components associated with the BI/BII substates in the backbone fragment
corresponding to the step itself and to the 3’ neighboring step (see Fig. 7).
We believe that this was for the first time the influence of the substates of a
neighboring step backbone fragment was reported. This work was published
in J. Chem. Theory Comput.
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4.2 Mechanical properties of DNA A-tracts

A-tracts are functionally important DNA sequences that are known to have
unique structural and mechanical properties. In particular, A-tracts affect nu-
cleosome positioning, which is, in turn, critical for gene regulation [18]. The
structural properties of A-tracts are now well established [19], but their me-
chanical properties remain rather controversial. A-tracts appear structurally
rigid and resist nucleosome formation [18], but seem flexible in transcription
factor mediated DNA looping [20]. We have analysed mechanical properties
of symmetric A, T, and asymmetric A,, (n=3,4,5) A-tracts using the two
harmonic energy coarse-grained models to investigate the contradictory ex-
perimental data and the differences between these two types of A-tracts.

kcal-mol-1

60 CG10 A1o AsTs

40

20

-60 -40 -20 0 20 40 60
base pair position

Figure 8: Deformation energy associated with threading of Aig and A5T5 tracts and
the central 10 bp of the control sequence through the 1kx5 nucleosome structure.

We have found that the stiffness of A-tracts depends on the type of defor-
mation imposed. Asymmetric tracts are more rigid than the control C/G-rich
sequence with respect to localized deformations, but more flexible with respect
to global bending and twisting. The localized constraints play a role in the
nucleosome positioning (Fig. 8 shows the energy needed to deform A-tracts
and the control to a geometry in the nucleosome as a function of a location in
the nucleosome), while global boundary conditions are imposed in the DNA
looping, which allow the system to find a more flexible deformation mode.
The results thus offer an explanation of the experimental observations. The
symmetric A,,T,, tracts were found to be stiffer than the asymmetric tracts
and the control with respect to both types of deformation. Thus, they should
also resist nucleosome formation more than the asymmetric ones, which would
open new possibility of gene expression manipulation. This work was pub-
lished in Nucleic Acids Res.
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4.3 DNA allostery

It is becoming increasingly appreciated that DNA can serve as an allosteric
mediator. Binding of a small ligand or protein causes deformation of the DNA
structure and a change in its flexibility in a way that affects binding affinity
of a subsequent ligand [21]. The underlying mechanism of this effect remains
poorly understood.

We have proposed a general model of DNA allostery and applied it first
to investigate minor groove binding of diamidines and pyrrole-imidazole poly-
amides, promising antitumor drugs [22] also designed e.g. to quantify protein
indirect readout [23]. The model predicts DNA bending caused by the lig-
and binding that is in quantitative agreement with experiment and further
suggests that the binding event brings the conformation of an alternating TA
sequence closer to the conformation of a free A-tract both locally and globally,
which may have important functional implications.
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Figure 9: Protein-protein allosteric coupling mediated by the DNA helix. (a) Major
groove widths of the unconstrained DNA (blue) and of DNA complexed with BamHI
(red), and (b) their difference. The shaded area denotes the base pairs defining the
groove widths that were constrained to mimic the protein binding. (c) Difference
between the DNA deformation energy due to GRDBD binding in the presence and
in the absence of BamHI as a function of the distance between the two proteins
along the helix.

A recent experimental study [24] described an allosteric effect in which the
binding affinity of a protein to DNA is influenced by another protein bound
nearby, without any direct contact between them. The effect shows ~ 10-bp
periodicity and decays with increasing distance between the proteins. We
applied our model to provide a mechanistic explanation. The model of DNA
allostery was parametrized from an extensive MD simulation of a long DNA
oligomer (33 base pars, ~ 123,000 atoms together with water and ions) of the
same sequence as in the experimental study. If the constraints are properly
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applied to mimic binding of the two proteins seen in the crystal structures
of these proteins complexed with DNA, the estimated energy difference AE
indeed shows ~ 10-bp periodicity. The same applies to the difference between
the major groove width when the constraints are applied and the width in the
naked DNA offering a mechanistic explanation of the allosteric effect (see Fig.
9). The maximum and minimum values of AFE are also in a good quantitative
agreement with what was measured in the experiment, although our values
decay faster. This work resulted in one publication in J. Phys. Chem. Lett.
and one in Biophys. J.

4.4 DNA and RNA twist-stretch coupling

The global conformational flexibility of a double helical DNA and RNA is of
central importance for their biological activity. As determined from recent
single molecule experiments, DNA and RNA exhibit only a modest quantita-
tive differences in global bending, twisting and stretching flexibility, but show
a striking qualitative difference in the twist-stretch coupling [25]. Upon over-
twisting, the dsDNA increases its helical extension, while dSRNA behaves in
the opposite way. We employed MD simulations of dsDNA and dsRNA con-
taining all possible dinucleotide steps and the models of mechanics to estimate
the coupling coefficients and to investigate the differences in the conforma-
tional distortions connected with over- and undertwisting deformations.

RNA

Figure 10: Structures of DNA and RNA obtained by minimizing helical and back-
bone coordinates keeping the x-displacement and inclination coordinates locked to
the values corresponding to undertwisted (left structure), canonical (middle struc-
ture) or overtwisted (right structure) oligomer.
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The coupling coefficient for the helical extension upon imposed twisting
was found to be 0.031 A deg™! for the DNA and —0.036 A deg™' for the RNA
in semi-quantitative agreement with the experiments [25] (0.014 A deg™" for
the DNA and —0.024 A deg™" for the RNA). The simulations can provide
further insight into the corresponding conformational changes. For instance,
overtwisting of both DNA and RNA leads to reduction of the absolute value
of x-displacement, thus reducing the duplex radius. However, for DNA it
leads to more positive values of inclination, which is coupled to an extension
of DNA along the helical axis and a reduction of the minor groove width. In
the case of RNA, inclination decreases, which is coupled to a reduction of the
helical extension and a significant reduction of the major groove width (see
Fig. 10).

These results were obtained in collaboration with the groups of prof.
Zacharias at TU Munich and prof. Jan Lipfert at LMU Munich. We have
contributed by estimating the twist-stretch couplings from unrestrained MD
simulations using the harmonic stiffness model. The study was published in
Nucleic Acids Res.

4.5 Structural and mechanical properties of damaged
DNA

DNA is constantly being damaged. If left unrepaired, lesions may lead to
mutations, genomic instability, premature aging or cancer [26, 27]. To deal
with the damage, cells have evolved mechanisms to detect DNA lesions, signal
their presence and promote their repair [26]. One of the underlying questions
that remains to be fully answered is how repair proteins locate the lesion in
such a large surplus of undamaged base pairs. It is believed that in many
cases the lesion alters the structural and mechanical properties of DNA helix
in the vicinity of the lesion, which facilitates the recognition (e.g. [28, 29, 30]).

We have performed four MD studies concerned with the properties of dam-
aged DNA. The first two of them investigated the effect of 8-Oxoguanine [31]
and OS-methylguanine [32] lesions. These studies were done in collaboration
with the group of M. Zacharias at TU Munich. We contributed mainly by
analysing the changes of properties of the DNA induced by the lesions in terms
of conformation and flexibility at the level of rigid bases. The results show
that 8-Oxoguanine lesion brings DNA closer to its conformation observed in
the crystal structure of the initial repair protein-DNA recognition complex
[33]. This indicates that the damaged DNA may be partially preformed to
facilitate the creation of the complex. On the other hand, the rigid base model
suggests that the damaged and undamaged DNA have very similar flexibility.
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In contrast to this, the analysis of the properties of O%-methylguanine lesion-
containing DNA showed significant changes in flexibility due to the presence
of the lesion. In particular, the stiffness of shear, stretch and opening de-
formations of the base pair containing O6-MeG was found to be much lower
compared to a G:C pair. These motions enhance the accessibility of the base,
which is likely to play a decisive role for the induced fit recognition of the
lesion by the repair enzymes, which are known to loop out the O6-MeG base
to transfer it into the enzyme active site during the repair [34].

The other two studies were done in collaboration with the group of E.
Dumont at ENS Lyon. In case of these studies, we contributed especially
by monitoring and analyzing the structural rearrangements in MD simula-
tions of the damaged oligomers in terms of various structural descriptors such
as rigid base coordinates and global bending angles. The MD simulations
were complemented by QM calculations to quantify optimal geometries of the
damaged sites (done by the collaborating group). The first study concerned
the structure, dynamics and interactions of oligomers containing C4’-oxidized
abasic site. It has been observed experimentally that these sites can undergo
a coupling reaction with other nucleobases resulting in interstrand cross-links
which are among the most deleterious lesion [35, 36]. Our results provide a
mechanistic explanation of the experimentally observed high affinity of oxi-
dized abasic site in forming cross-link with opposing cytosine base and further
indicate that cross-links can be formed with strand offset. The second study
concerned properties and dynamics of DNA containing intrastrand cross-ling
lesion [37], featuring a purine and a pyrimidine base that are covalently linked
together within the strand. The field suffers from the absence of experimental
structural data that would explain the lack of repair of these highly mutagenic
lesion. We have employed MD simulations of guanine-thymine (G[8-5m]|T)
and guanine cytosine (G[8-5]C) intrastrand cross-links combined with QM
calculations to characterize and rationalize the structural dynamics of these
lesion. We expose structural differences between G[8-5m|T and G[8-5]C and
discuss possible implications for the recognition process [38]. We further show
that the resulting structures differ locally from complex photoinduced lesions,
which reinforces a hypothesis of contrasted behaviour of light-induced versus
oxidatively generated lesions, possibly in line with the lack of repair.

Taken together, our collaborative studies on damaged DNA resulted in four
journal publications (J. Phys. Chem. B, Biopolymers and 2 in Biochemistry).
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5 Conclusions

The thesis presents results of several computational studies focused on the
structural and mechanical properties of DNA and RNA helices in the context
of biologically relevant problems. It further presents the novel DNA allostery
modelling approach and results of its application to mechanism of allosteric
coupling between proteins mediated by the DNA. Atomic-resolution MD sim-
ulations serve as the primary source of data used to study the conformational
dynamics of the nucleic acids and to parametrize coarse-grained models of
mechanics. Whenever possible, the results are confronted with available ex-
perimental findings. Modern nucleic acid force fields reproduce the average
local and global conformation very well. In addition, the stiffness of nucleic
acid helices with respect to global deformations, such as bending and twist-
ing, is in almost quantitative agreement with experiment. Remarkably, the
relatively simple models of mechanics can reproduce even such subtle effects
as DNA and RNA twist-stretch coupling or allosteric modulation in DNA.
The basic reliability and robustness of the contemporary force fields and our
modelling approach thus have been demonstrated, bringing confidence into
the predictions that can be made using these models. Our results have pro-
vided an explanation of mechanical properties of A-tracts in the context of
DNA looping and nucleosome positioning, predict changes in the conforma-
tion responsible for the effect of allosteric coupling between proteins binding
to DNA, and predict changes in the properties of DNA upon damage that are
likely to be relevant for damage recognition. We believe that these results can
help to better understand the role of sequence dependent properties of nucleic
acids in these processes that can, in turn, be utilized e.g. in the development
of new drugs.
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