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ABSTRAKT

Predlozena dizertatna praca je rozdelena na niekolko Casti. Prva Cast sa zaobera
interakciami proteinu p53 a jeho izoformami s rdznymi potencialnymi DNA substratmi
za rbznych experimentalnych podmienok. Jedna sa prevazne o DNA a jej nekanonické
Strukturne motivy, ako su G-kvadruplexy alebo krizové Struktury, ktorych interakcie boli
skimané v izogénnych kvasinkovych systémoch alebo technikami in vitro. Druha ¢ast
prace sa zaobera bioinformatickou analyzou spominanych sekundarnych DNA Struktar
v réznych skupinach organizmov, pricom vysledkom je subor publikacii, ktoré
vypovedaju o ich nendhodnej distriblcii v genébme a ich vztahu k regulacii. Posledna

Cast' prace obsahuje doposial nepublikované vysledky, vratane vysledkov testovania

vplyvu prirodnych a syntetickych latok na starnutie v modelovych ludskych bunkach.
ABSTRACT

The submitted dissertation is divided into several parts. The first part deals with the
interactions of the p53 protein and its isoforms with different potential DNA substrates
under different experimental conditions. These are predominantly DNA and its non-
canonical structural motifs, such as G-quadruplexes or cruciform structures, whose
interactions have been studied in yeast isogenic systems or by in vitro methods. The
seconds part deals with the bioinformatic analysis of the mentioned secondary DNA
structures in different organismal groups, and the result is a set of publications that
show their non-random distribution in the genome and their relationship with regulation.
The last part of the work contains unpublished results, including the results of testing

the effect of natural and synthetic substances on aging in model human cells.



Kracové slova
Protein p53, vazba p53-DNA, nekanonické sekundarne Struktury nukleovych kyselin,
bunkové starnutie.

Key words

Protein p53, p53-DNA binding, non-canonical secondary structures of nucleic acids,

cell senescence.
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UvoD

.Biotechnoldgie su technoldgie vyuZivajuce biologické systémy, zivé organizmy
alebo z nich odvodené biologické systémy k produkcii alebo modifikacii vyrobkov Ci
procesov pre Specifické pouzitie“ [1]. V molekularnej biologii alebo medicinskom
vyskume k tomuto ucelu sluzia modelové organizmy, vyuzivané s ciefom porozumiet
Specifickym biologickym procesom, a modelové bunkové systémy, ak experimenty na
zvieratach alebo ludoch sa povazuju za neuskutoCnitelné alebo neetické [2].

Nadorové ochorenia stdle patria medzi najCastejSie pri€iny umrti asu aj
v sugasnosti velkym medicinskym problémom. Castym javom pri tumorogenéze je
inaktivacia nadorovych supresorov alebo ich signalnych drah. Medzi najCastejSie
potlacované nadorové supresory patri protein p53, ktory zohrava ulohu transkripéného
faktoru. Regulaciou expresie svojich ciefovych génov ako odpoved na stres méze viest
k trvalému zastaveniu bunkového cyklu alebo spustit mechanizmy programovanej
bunkovej smrti [3, 4]. Regulacia va¢siny zmienenych génov je podmienena Specifickou
vazbou centralnej DNA-vazbovej domény proteinu p53 na responzivny element (RE)
DNA [5]. Okrem sekvencne Specifickej vazby méze dochadzat aj k vazbe Strukturne
selektivnym spdsobom prostrednictvom C-terminalnej domény, ktord napoméha
regulacii tohto druhu vazby a zaroven rozpoznava rézne druhy nekanonickej formy
DNA [6].

DizertaCna praca sa zameriava na niekolko oblasti, ktorych hlavnym spojenim je
interakcia proteinu p53 so Strukturnymi DNA motivmi nukleovych kyselin, ktoré boli
v ramci prace Studované in vitro a in vivo, v bakterialnych, kvasinkovych a ludskych
bunkovych systémoch.

Vramci teoretickej Casti dizertatnej prace bol vypracovany teoreticky zaklad
popisujuci zakladné vedomosti a konkrétne zvyraznuje podstatu prace. Zameriava sa
na eukaryotické organizmy a ich vyuzitie v biotechnoldgiach s dérazom na ich vyuzitie
vo forme modelovych systémov, protein p53, jeho izoformy aich funkcie, vazbové
vlastnosti k DNA a jej lokalnym Struktirnym motivom, dalej rozobera jednotlivé

Strukturne motivy a bioinformatické pristupy na ich vyhladavanie a lokalizaciu
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vréznych gendémoch. Experimentalna c&ast obsahuje predovSetkym subor
publikaénych vystupov.

Dizertacna praca vznikla spolupracou VUT s Biofyzikalnym Ustavom akadémie vied
Ceskej Republiky. Vdaka tejto spolupraci bolo mozné nabrat medziodborové
skusenosti, a vyskum sa tymto mohol uberat slobodne a bez vac&Sich materialovych

obmedzeni.
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1 TEORETICKA CAST
1.1 Eukaryotické organizmy v biotechnolégiach

Eukaryotické organizmy su dominantne vyuzivanymi systémami v rdéznych
oblastiach biotechnolégii, molekularnej biolégie, medicinskeho vyskumu ¢&i farmacie
[7]. Hlavnou vyhodou ich pouzitia je robustny proteosynteticky aparat umoznujuci
komplexné posttranslacné modifikacie a spravne zbalenie proteinov [8, 9].
NajCastejSie sa pouzivaju ako modelové organizmy Kk Studiu expresie
rekombinantnych proteinov, genotoxicity, signalnych drah a podobne [10].

V suc€asnosti sa v tomto odbore vyuziva Siroka Skala modelovych systémov, vratane
kvasiniek, Arabidopsis thaliana, Drosophila melanogaster, Caenorhabditis elegans,
mysSi a roznych druhov kultivovatelnych ludskych buniek [11], ktoré su stru¢ne
popisané v nasledujucich kapitolach. Plati, ze vyber experimentalnych organizmov na
zaklade konkrétnych fyziologickych vlastnosti alebo praktickej vhodnosti pre danu

techniku je klut€om k zodpovedaniu konkrétnych biologickych otazok.
1.1.1 Kvasinky

Kvasinky su jednobunkové heterotrofné eukaryotické organizmy patriace medzi
vySSie huby, ktoré zdielaju vysoko konzervované molekularne a bunkové mechanizmy
s fudskymi bunkami [12]. Davno predtym, ako nasli svoje uplatnenie vo vyskume, boli
pouzivané pri vyrobe potravin, vratane fermentacie piv, vin, syrov a dalSich
potravinarskych produktov [13]. Aj ked su vtychto oblastiach vyuzivané aj

v sucasnosti, noveé biomedicinske aplikacie kvasiniek vytvorili nové moznosti vyskumu.
1.1.1.1 VyuZitie kvasiniek ako modelovych organizmov

Kvasinka Saccharomyces cerevisiae, tiez znama ako pekarenské drozdie, je
najznamej$im a najStudovanejSim kvasinkovym organizmom. Prave tieto kvasinkové
modely pomohli k pochopeniu konzervovanych bunkovych mechanizmov, ako je
bunkové delenie, replikacia DNA, metabolizmus, skladanie proteinov a intracelularny

transport [14]. S ich zivotnym cyklom, ktory zahffia haploidné aj diploidné formy, je
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Studium mutacii extrémne zjednodusené. NavySe, klasické genetické manipulacie su
ulahené parenim haploidnych kmenov a sporulujucich diploidnych kmenov pri
vysokej ucinnosti transformacie tychto buniek. Preto tato u€inna rekombinantna draha
umoznuje relativne lahké vlozenie, odstranenie alebo mutaciu akejkolvek sekvencie
[15]. Na zaklade vySSie spominanych zisteni, bol S. cerevisiae prvym aplne
sekvenovanym eukaryotickym organizmom [16], ¢o otvorilo mnohé dalSie oblasti
vyskumu. Tym doSlo k objaveniu mnozstva funkénych genomickych nastrojov, vratane
komplexnej zbierky kvasinkovych mutantov [17, 18], zbierky celogendémovej
nadmernej expresie [19] a kvasinkové kmene znacené zelenym fluorescencnym
proteinom (GFP) [20, 21]. Vyspelost genetického a molekuldrneho suboru néastrojov
postavila kvasinky na vySsiu uroven pre vyvoj mnohych vysokovykonnych technoldgii,
vratane transkriptomovych [22—-24], protedmovych [25] a metabolémovych skriningov
[26, 27]. S prichodom moznosti modelovania boli vyvinuté rézne metdédy Studujuce
interakcie protein-protein [28, 29], protein-DNA [30, 31] a genetické interakcie [32, 33].

Kvasinky zdielaju s ludmi vyznamnu cast svojich funkénych drah, vratane
bunkového cyklu [34], metabolizmu [35], programovanej bunkovej smrti [36, 37],
skladania a degradacie proteinov [38], vezikuldry transport [39] a mnohych
signalnych drah, ako je mitogénom aktivovand proteinkinaza (MAPK) [40, 41], ciel
rapamycinu (TOR) [42] a inzulin/IGF-I [43]. Tieto konzervované biochemické
a metabolické drahy okrem iného riadia bunkovy rast, delenie, transport latok,
odpoved na stres a sekréciu, pricom su spojené s réznymi ludskymi chorobami. Prave
preto su kvasinky vyznamnym modelovym organizmom pre Studium fudskych patolégii
[44-46], vratane pochopenia vzniku rakoviny [47] a neurodegradativnych ochoreni

[48].
1.1.1.2 VyuZitie kvasiniek v potravinarskom priemysle

Kvasinky maju Siroké spektrum vyuzitia vratane potravinového priemyslu (vyroba
vina, piva, destilatov and peciva) a produkcie biomasy. Ich vlastnost metabolizovat

sacharidy, etanol, oxid uhliity a iné metabolity [49] prispieva k chemickému zloZeniu,
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senzorickej kvalite a typickym vlastnostiam fermentovanych potravin a napojov [50,
51].

Vacsina kvasinkovych kmenov dokaze fungovat pod aerdbnymi aj anaerobnymi
podmienkami prostredia, vratane prepinania typu metabolizmu [52]. Aj ked priebeh
hlavnych metabolickych drah ostava zachovany, prejavuje nezvyc€ajnu flexibilitu vdaka
niektorym regulaénym mechanizmom [53]. V potravinarskom priemysle je kvasinka S.
cerevisiae pouzivana najCastejSie, pricom rody Candida, Endomycopsis
a Kluyveromyces su vyuzivanymi kmermi pre produkciu biomasy [54].

S. cerevisiae/ S. pasterianus sa pouzivaju na zakvasenie mladiny pri vyrobe piva,
pricom dochadza k premene skvasitelnych sacharidov v mladine na alkohol a oxid
uhlicity procesom anaerdobneho kvasenia [55, 56]. Podla druhu pouzitych kvasiniek
dochadza k vrchnému (,Ale“) alebo spodnému (leziaky) kvaseniu. K spodnému
kvaseniu sa pouzivaju kvasinky S. pasterianus, ktorych teplotné rozmedzie sa
pohybuje od 7 do 15°C. S. cerevisiae sa pouzivaju pre tzv. vrchné kvasenie, pri ktorom
dochadza kvynaSaniu kvasiniek do kvasnej deky v poslednej faze kvasiaceho
procesu, pri teplotdch 18-22 °C [57]. Samotna fermentacia je jednym z ¢asovo
najnarocnejSich krokov pri vyrobe piva, pricom jej rychlost zavisi od uhlikovych
a dusikovych zdrojov a rychlosti ich vyuzitia. Atraktivhou alternativnou moznostou je
priprava novych kvasnych kmernov pomocou genetickych manipulacii, ktor4 ponuka
nové moznosti tvorby kvasnic s réznymi technologickymi a senzorickymi vlastnostami
pripadne tvorbu Uplne novych druhov piv [58].

Medzi vinne kvasinky sa radia kvasinky rodu Saccharomyces (S. cerevisiae,
S. oviformis, S. beticus, a iné), ktoré pri fermentécii produkuju ziadané charakteristické
senzorické latky. Kvasinky sa do hroznového mustu dostavaju bud z povrchu hrozien
(spontdnne kvasenie) alebo, v druhom pripade, sa do mustu pridavaju Cisté kultary
uslachtilych kvasiniek (prava fermentacia) [55, 56]. Okrem hlavnych produktov
fermentacie, ktorymi su oxid uhliCity a etanol, vznikaja prchavé kyseliny, rézne
organické kyseliny vyS8Sich alkoholov, esterov, aldehydov, ketonov a sirnych
a amoénnych zluc€enin, ktoré ovplyvnuju senzorické vlastnosti vysledného produktu

[56]. Rovnako ako u pivovarskych kvasiniek je Ziaduca priprava $pecializovanych
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kmenov kvasiniek so S8irokym spektrom optimalizovanych vlastnosti. Medzi
najdolezitejSie ciele génoveého inzinierstva patri tvorba kmenov so zlepSenou vyrobnou
technologiou a kvalitou, ako je zvySenie fermentacnej vykonnosti, vy$Sia tolerancia
kvasiniek k etanolu, lepSie vyuzitie sacharidov a zlepSené organoleptické vlastnosti
[49, 59, 60].

Vo vacsine vyrdbaného peciva, su kvasnym cinidlom kvasnice (drozdie) — S.
cerevisiae. V procese vyroby sa pouziva tzv. kvasok, ktory predstavuje kasovita zmes
muky, vody, sacharidov a kvasiniek. Casto sa okrem S. cereviasiae, do kvasku
pridavaju aj iné mikroorganizmy, ako napriklad Kluyveromyces marxianus, pri nutnosti
spracovania laktozy a srvatkovej bielkoviny, alebo Kazachstania exigua ¢i Candida
humilis, ktoré dokazu hydrolyzovat maltézu [61].

V liehovarnictve na vysledny liehovy produkt vyznamne vplyva vyber vhodnych
kvasinkovych kmenov. V su€asnosti su Cisté kultury komercne volne dostupné a €asto
obsahuju rézne genetické modifikacie umoznujuce fermentovat Siroku $kalu
sacharidov (napr. maltotetral6zu). M6Zu byt modifikované za ucelom ziskania novych
funkcii alebo vyhod, ako je zvySena tolerancia k prostrediu, osmotickému tlaku, teplote
alebo pH [62, 63]. S vynimkou volného prirodzeného kvasenia sa pre vyrobu liehovin
pouZzivaju prevazne kvasinky rodu S. cerevisiae (napr. pre vyrobu rumu sa pouzivaju
v kombinacii s kvasinkami Schizosaccharomyces pombe) [31].

Kvasinky nachadzaju svoje uplatnenie aj na poli probiotik. DIhodobo bola
oznacovana ako jedina kvasinka s probiotickymi u¢inkami S. cerevisiae var. boulardii
[64]. Tato problematika je stale malo Studovana, aj ked su kvasinky velmi déleZité pre
udrzanie rovnovahy gastrointestinalneho traktu. Prirodzend gastrointestinalna
mikrofléra obsahuje menej ako 0,1 % kvasiniek, pricom C. albicans v najvac¢som
zastupeni [65]. Na zaklade ucinnosti mnohé klinické Studie odporucaju S. boulardii ako
prostriedok k prevencii a lieCbe niekofkych Crevnych ochoreni [66]. Medzi dalSie
kvasinky s probiotickymi uc€inkami patri napriklad Kluyveromyces marxianus

s vlastnostami modulacie imunitnej odpovede [67—-69].
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1.1.2 Arabidopsis thaliana

Arabidopsis thaliana patri do Celade Brassicaceae a tiez medzi zakladné genetické
nastroje k Stadiu rastu a vyvojovych procesov v rastlinach po mnoho desatroci [70].
Jej pouzitie umoznilo rozsiahle pokroky v chapani biologickych procesov v rastlinach,
ako je vyvoj, reakcia na abioticky stres, hormonalna biolégia a signalizacia [71].

Vyvin Arabidopsis zo semena na zrelu rastlinu prebieha v kratkom ¢asovom obdobi
a na rozdiel od inych rastlin je mozné tieto rastliny pestovat v interiéri pod slabym
fluorescenénym osvetlenim bez potreby kokultivacie inych druhov, ¢o zvySuje moznost
kontroly aseptickych rastovych podmienok [72]. Pouzitie Arabidopsis je tym padom
rychly a relativne malo nakladny proces [73] zvyhodneny relativne malou velkostou
plne sekvenovaného genomu (priblizne 132 Mbp) [74]. Okrem genetiky je tento
rastlinny model vyuzivany aj na zodpovedanie otazok v biochémii, molekularnej

biologii a fyziologii [75].
1.1.3 Drosophila melanogarster

Drosophila melanogaster, znama ako ovocna muska, je dal8im z najStudovanejSich
modelovych organizmov v biomedicinskom vyskume. Po prvy krat bola pouzita
k preukazaniu chromozomalnej tedrie dediCnosti [76]. Nasledovalo definovanie
mnohych principov genetiky, vratane ucinkov rontgenovych Iu€ov alebo mutacii [77].
Na zaklade tychto zisteni vziSla nova generacia Specializovanych chromozémov, ktoré
brania rekombinacii prostrednictvom série inverzii DNA [78].

Moderna éra vyskumu sa zacala po dékladnej analyze génov zapojenych do vyvoja
embrya [79]. Prelomovym objavom bolo zistenie, Ze jednotlivé gény reguluju rézne
aspekty vyvoja, a mnohé z nich si homoldégne s génmi zapojenymi do ludského
vyvoja. V minulosti sa chemicka mutagenéza pouzivala k generovaniu novych mutécii,
ktoré boli podrobené skriningu na zaujimavé fenotypy, nasledované genetickym
mapovanim a klonovanim [80]. V su€asnosti sa na zacielenie vSetkych génov pouziva
transpozénovy systém MIMIC (,Minos mediated integration casette® — Minos

sprostredkovana integra¢na kazeta), ktory poskytuje nulové mutacie a platformu na
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oznacovanie proteinov, sledovanie génovej expresie a mnoho dalSich funkcii
prostrednictvom pristupu vymeny exoénov [81]. Toto, v spojeni s CRISPR/Cas9
a stratégiou nadmernej expresie dovoluje inaktivaciu, znacenie a nadmernu expresiu

akéhokolvek génu v priebehu niekolkych tyzdnov [82].
1.1.4 Caenorhabditis elegans

Délezitymi vlastnostami, ktoré stavaju C. elegans medzi atraktivne a efektivne
modelové organizmy, je l[ahka manipulacia, minimalne poziadavky na vyzivu a rast,
samooplodnenim produkované velké potomstvo v priebehu niekolkych dni a znalost
sekvencie celého gendému [83].

Definovana vyvojovéa linia a dynamicka zarodo¢na linia obsahujuca priestorovo
rozliSené mitotické a meiotické bunkové delenia umoznuje Studovat stabilitu gendému
a mechanizmy opravy DNA [84]. Tento mnohobunkovy eukaryoticky organizmus
nachadza svoje uplatnenie v neurobioldgii, vyvojovej bioldgii, genetike, toxikologii

a vysokovykonnych skriningovych pristupoch [85].
1.1.5 Mysacie modelové systémy

Za poslednych 30 rokov genetické, biochemické a fyziologické Studie na mysiach
zmenili porovnavaciu biolégiu u cicavcov a poskytli zakladny nahlad pre pochopenie
ludskej fyziolégie a mechanizmov chordb [86] na z&klade ich fylogenetickej
a fyziologickej pribuznosti. Genomické S$tudie spolu s vyvojom novych metod
k priprave transgénnych, ,knockout®a ,knockin“ mysi, a vyvoj vykonnych nastrojov pre
ich vyskum viedli knarastu pouzivania prave tychto organizmov a prispel
k pochopeniu biolégie Cloveka [87]. MySi ale reaguju na experimentalne zasahy
odliSne ako ludia. Preto sa v skuto€nosti mnoho lie€iv nedostane na trh, €o je v istej

miere zapri¢inené obmedzenim zvieracich modelov pri testovani [88].
1.1.6 Bunkové linie

Rozvoj bunkovych kultur vyrazne ovplyvnil oblast biologickych vied a prispel

k pokroku v medicine. Ich pouzitie je zakladnym postupom pre modelovanie chordb,
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vyskum kmenovych buniek a rakoviny, a zavadzanie terapii [89]. Okrem toho hraju
vyznamnu ulohu pri $tudiu fyziologickych, patologickych a diferenciaénych procesoch
a umoziuju skumanie postupnych zmien v Strukture, biologii a genetickom zlozeni
bunky v kontrolovanom prostredi [90]. K tomuto ucelu slizia nesmrtelné, primarne

a kmenové bunkové linie.
1.1.6.1 Imortalizované bunkové linie

Nesmrtelné, alebo imortalizované, bunkové linie su bunky upravené
k neobmedzenej proliferacii s ciefom dihodobej kultivacie. Su odvodené z réznych
zdrojov s chromozomalnymi abnormalitami, ktoré im umoziuju kontinualne delenie,
napriklad z nadorov [91]. Ponukaju niekolko vyhod, vratane nakladovej efektivity,
l[ahkého pouzitia a obchadzaju etické obavy spojené s pouzivanim zvieracich
a fudskych tkaniv.

V sucasnosti je mozné generovat akékolvek imortalizované bunkové linie pomocou
manipulacie s genémom. K imortalizacii méze dochadzat spontanne (HelLa) alebo
inhibiciou normalnych kontrolnych bodov bunkového cyklu, ako je napriklad protein
p53 alebo pRb (retinoblastémovy protein), alebo zavedenie expresie virusovych
onkogénov s cielom zabranit iniciaciu apoptotickych drah a tym umoznit nepretrzité
delenie [92]. DalSou moznostou je nadmernd expresia telomerdzy a hTERT
(telomerazova reverzna transkriptaza) prostrednictvom retrovirusového vektora, ktora
je schopna predizit teloméry a tym oddialit replikaénu senescenciu [93].

Bunkové linie priniesli revolluciu na poli vyvoja vakcin, testovania metabolizmu
liekov a cytotoxicity, produkcii protilatok, Studiu génov, vytvarania umelych tkaniv
a syntéze réznych biologickych zlu€enin [94, 95].
1.1.6.2 Primarne bunkové linie

Aj ked su bunkové linie Siroko pouzivané na skumanie réznych bunkovych
procesov, mbzu podliehat spontdnnej mutacii alebo mbézu podliehat
chromozomalnym, morfologickym alebo tumorogénnym zmenam [96]. Na rozdiel od

imortalizovanych bunkovych kultdr, primarna bunkova kultdra je ex vivo kultura erstvo

ziskana z mnohobunkového organizmu [97]. Kvéli naro¢nosti kultivacie sa primarne
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bunkové linie rozsirili az po roku 2000, ale poskytuju lepSie znazornenie bunkovej
heterogenity tkaniv, transkriptomického a proteomického profilu a realistickejSie

funkéné reakcie vratane reakcii na lieCiva [98-100].
1.1.6.3 Kmeriové bunkove linie

Hlavnym problémom vyskumu kmenovych buniek bola ich identifikacia
a charakterizacia in vivo a uspesna kultivacia in vitro. Zarodo¢né bunky, ktoré davaju
vzniknut novym embryam a tym aj kmefiovym bunkam, je taktiez mozné zachovat in
vitro [101]. Ludské embryonalne linie kmerfiovych buniek boli po prvy krat uspesne
kultivované v roku 1998 a mbzu byt udrziavané in vitro po neurcitu dobu [102, 103].
Vyznamnou vlastnostou tychto bunkovych linii je, Ze m6éZu mat potencial vytvarat
noveé tkaniva pre akukofvek Cast tela, ¢o podnietilo rozsiahly vyskum. Praca s nimi je
ale nesmierne narocna, a to z dévodu rychlej diferenciacie, ¢o z nich robi extrémnu

vyzvu na rast a spolahlivu pripravu [104].
1.2 Protein p53

Protein p53 je jednym z najStudovanejSich tumor supresorovych proteinov vdaka
jeho kli€ovym uloham pri udrzovani genetickej stability a inhibicii tvorby nadorovych
ochoreni [105]. Pri jeho aktivacii, po poSkodeni bunky, protein p53 indukuje expresiu
génov, podiefajucich sa na oprave poskodenia DNA, bunkovom raste, zastaveni

bunkového cyklu [106] alebo programovanej bunkovej smrti [L07-109].
1.2.1 Struktara proteinu p53

Struktura proteinu p53 je rozdelena na domény, ktoré zahrfiuju transaktivadnu
doménu, doménu bohatt na prolin, centralnu doménu, oblast obsahujucu signal
jadrovej lokalizacie a oligomerizaénu doménu [110].

Centralna doména je zodpovedna za vazbu na sekvencéne Specifické prvky DNA
umiestnené v blizkosti promoétorov cielovych génov proteinu p53 [111]. Dve
dekamerické sekvencie, 5'-RRRC(A/T)(T/A)GYYY-3‘ (pricom R predstavuje purinovu

a Y pyrimidinovu béazu), tvoria RE [112-114]. Rovnako ako iné transkripéné faktory,
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protein p53 obsahuje druhé DNA vazbové miesto v C-terminalnej doméne
(oligomerizatnej domeéne), ktoré tvori stabilné komplexy s DNA sekvencne
nespecifickym spésobom, vratane nespravne priradenej DNA, dvojvliaknovych zlomov
a jednovlaknovej DNA [115, 116]. Z tohto je zrejmé, Ze C-terminalna oblast’ rovnako
ovplyvriuje u€innost p53 ako transkripéného faktoru a jeho posttranslacné modifikacie
a interakcie s inymi proteinmi moduluju stabilitu jeho komplexov s DNA [117]. Tieto
poznatky vedu k hypotéze, Zze regulacna suhra medzi centralnou a C-terminalnou
doménou proteinu p53 mdZze ovplyvniovat globalnu Struktiru molekuly proteinu po jeho
aktivacii [118].

Transaktivacna doména (TAD, N-termindlna doména) je nevyhnutna pre interakcie
s transkripnymi kofaktormi a korepresormi. Pozostdva z dvoch homolégnych
subdomén, TAD laTAD Il, priom obe subdomény obsahuju sekvencne
konzervované motivy, ® — X — X — ® — ® (® je hydrofébna a X je akakolvek
aminokyselina), ktorych vyskyt je obvykly pre mnoho proteinov regulujacich
transkripciu [119]. Transaktivatnu doménu nasleduje doména bohata na prolin (PRD,
,proline rich domain®) [120], ktora sluzi k regulacii transaktivacie apoptotickych génov.

Uloha proteinu p53 ako transkripéného faktoru je za normélnych podmienok
potlaovana proteinom MDM2, ktory maskuje N-terminalnu doménu p53 a tiez

prispieva k jeho degradacii prostrednictvom ubikvitinacie [121-123].
1.2.2 Aktivacia proteinu p53

Aktivacia proteinu p53 ako odpoved na bunkovy stres, zahffia tri zakladné kroky:
stabilizaciu proteinu, sekvenéne Specificku vazbu na DNA a transaktivaciu cielovych
génov [124]. K stabilizacii proteinu zvacSa dochadza prostrednictvom dejov, ktoré
narusaju jeho interakciu s MDM2, ako je napriklad fosforylacia N-terminalnej domény
[125]. Po stabilizacii nasleduje sekvencéne Specificka vazba proteinu p53 na DNA
prostrednictvom DNA vazbovej domény a nasledna aktivacia alebo represia cielovych
geénov. Protein p53 mdze interagovat s réznymi transkripnymi aktivatormi, ako je
napriklad histon acetyltransferdza CBP/p300 [126], alebo transkripnymi represormi

a korepresormi, ako su histébnové deacetylazy a sin3 [127], k modulacii transkripcie.
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Interakcia p53 s CBP/p300 ufahCuje acetylaciu histébnov a sucasne proteinu p53, €o
vedie k otvorenejSej konformacii chromatinu v blizkosti ciefovych sekvencii proteinu

a k jeho vySsej aktivite [128].
1.2.3 Funkcie proteinu p53

Protein p53 je klu€ovym regulatorom ktory zabezpecCuje bunkovu odpoved na
stresové signaly indukciou zastavenia bunkového cyklu, bunkového starnutia alebo
apoptézy. Konecny funkény vysledok urCuje povaha a intenzita stresoveho signalu, typ
bunky a kontext [129]. Schematické rozdelenie funkcii proteinu p53 je znazornené na

Obréazok 1.

Obrazok 1. Funkcie proteinu p53. Upravené z [130].

1.2.3.1 Bunkové starnutie (senescencia)

Bunkové starnutie je permanentna forma zastavenia bunkového cyklu, ktora bola
prvy krat popisana v roku 1965 [131]. Bunkové starnutie méze indukovat mnozstvo
stresovych faktorov, vratane dysfunkénych telomér, netelomerického poskodenia
DNA, nadmernej mitogénnej signalizacie a odchylok v organizacii chromatinu [132].
Na rozdiel od normalnych buniek su ,senescentné“ bunky relativne stabilné, bez
proliferatnej kapacity, ale zachovavaju si metabolickl aktivitu. Su charakteristické
velkou splostenou morfolégiou, zvySenou aktivitou [-galaktozidazy a SASP
(,senescence-associated secretory phenotype®), charakteristicky zvySenou expresiou
cytokinov a chemokinov. P53 hra v tomto procese vyznamnu ulohu, pretoze niektoré
z tychto latok mézu byt indukované priamo tymto proteinom [132, 133].

VSeobecne bunkovy cyklus pozostava z S fazy (DNA syntéza), M fazy (mitéza)

a dvoch G faz (GO a G1), ktoré su regulované proteinmi bunkoveého cyklu (cykliny),
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cyklin dependentnymi kindzami (CDK) a cyklin dependentnymi inhibitormi kinaz
(CDKI). CDKI mézu byt radené do dvoch kategérii, CIP rodina (p21¢'") a INK4 rodina
(p16'NK4a) Ako je mozné vidiet na Obrazok 2, prostrednictvom udalosti vyvolanych
genomickym stresom, stimulovany p53 transaktivuje p21¢'P1, ktory naopak inhibuje
CDK atym zachovava pRb v neaktivnom, nefosforylovanom stave. Nefosforylovany
pRb vytvara komplex s proteinom E2F, ktory je zodpovedny za prechod G1/S, &im
dochadza k zastaveniu proliferacie a oprave poskodenia DNA [134-136]. Rovnako
pl6'NK4a hra doélezitd ulohu ako centralny modulator zastavenia bunkového cyklu.
pleNK4a  moze inhibovat CDK aviest krovnakému vysledku, ktorym je
nefosforylovany, a tym padom vtomto procese neaktivny, pRb. Navyse, p144RF je
schopny detegovat ré6zne signdly starnutia a vazbou na MDM2 aktivovat p53 [137].
Vzajomna komunikacia a redundancia medzi tymito drahami zdéraznuje délezitost
bunkoveého starnutia ako biologického tumor supresorového faktoru.

Za normalnych podmienok sa pri bunkovych cykloch teloméry, repetitivhe
sekvencie DNA na konci chromozdmov, skracuju. Ak dizka telomér dosiahne urgitu
hranicu, bunkova proliferacia sa zastavi, a vyvola replikativne starnutie [138]. Okrem
tohto, bunkové starnutie méze nastat v désledku poskodenia DNA, poskodenim
telomér, nasledkom zvySenej expresie onkogénov alebo inych faktorov, €o sa
oznacuje ako predCasné starnutie [139-141].

Kedze je bunkové starnutie trvalou formou zastavenia bunkového cyklu, su kfu¢ové
faktory kontrolnych bodov, ako napriklad p53, p21¢'P!, p16'NK42 3 pRB, tiez kli¢ovymi
regulatormi starnutia. V fudskych bunkach je replikativne starnutie zavislé od drahy
p53, zatial ¢o predCasné starnutie moze byt sprostredkované oboma typmi drah [138,
142]. Princip vyberu drahy veducej k bunkového starnutiu doposial nie je znamy, ale

predpoklada sa vyznamny vplyv druhu a intenzity stresového signalu.
1.2.3.2 Kontrolné body bunkového cyklu

Kontrolné body bunkového cyklu su délezitymi riadiacimi bodmi, ktoré zaistuju
presnost bunkového delenia pomocou systému overovania dokoncCenia

predchadzajucej fazy cyklu. V reakcii na rézne bunkové stresové podnety méze dojst
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k zastaveniu rastu bunky s ciefom zabranit Sireniu mutacii v DNA. Napriklad, pri
poSkodeni DNA mbze dochadzat k aktivacii ATM/ATR, tym Kk aktivacii p53
anaslednému zastaveniu cyklu v Gl faze. Ktomuto dochadza prevazne
transaktivaciou p21¢'®! (cyklin dependentny inhibitor kinazy) [143]. Prechod buniek
z G2 fazy do mitézy je riadeny MPF (faktor podporujuci dozrievanie) s obsahom
komplexu cyklinu B1 a cdc2, priCom bolo dokazané, zZe k zastaveniu G2/M prechodu
dochadza naru$enim funkcie prave tohoto komplexu. Konkrétne, po poskodeni DNA
p53 potlaga funkciu cdc25c fosfatazy, ktorej funkciou je podpora mitozy [144]. Dalej sa
ukazalo, ze p53 mdze tiez po poskodeni transkripéne aktivovat protein 14-3-30, ktory
zabraruje spravnej lokalizacii komplexu cyklinu B1l/cdc2, a tym spbsobuje podobny

efekt, ktorym je zastavenie bunkového rastu [145].
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Obréazok 2. p53/p21°PL/pRb a p16'k43/pRb signalne drahy. INK4/ARF kéduje ARF (,alternate reading
frame*/ alternativny Citaci ramec) aj p16'™K4 protein. ARF mozZe stimulovat p53 prostrednictvom
inhibicie a degradacie MDM2. Aktivovany p53 transaktivuje p21¢P1, ktory inhibuje CDK (cyklin

dependentnu kinazu) a nasledne CDK zavislu fosforylaciu pRb. Nefosforylovany pRb potlaca funkciu
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G1/S fazy ovplyvnujuceho faktoru a vysledkom je zastavenie proliferacie a oprava DNA. Podobne,
p16INK4a méze inhibovat CDK, tym redukovat fosforylaciu pRb a viest k zastaveniu bunkového cyklu.
Tym dochadza k zastaveniu bunkového cyklu v G1 faze [136]. IMJI3D patri medzi demetylazy a méze

ovplyvnovat bunkové starnutie skrz INK4/ARF lokus. Prevzaté a upravené z [146].

1.2.3.3 Autofagia

Autofagia je katabolicky proces zahriiujuci degradaciu vlastnych bunkovych
komponent primarne prostrednictvom lyzozomalneho aparatu. Méze mat’ pro- alebo
anti-onkogeénne funkcie, ktoré mézu odrazat jej pésobenie ako mechanizmu preZitia
alebo smrti [147]. Hlavhym aktérom autofagie je konzervovany protein Beclin 1, ktory
tiez pIni funkciu nadorového supresoru [148]. Ulohou proteinu p53 je transkripéne
aktivovat’ poSkodeny gén modulatora autofagie regulovaného poskodenim (DRAM),
ktory produkuje lyzozomalny protein, a indukovat autofagiu sp6sobom zavislym od

DRAM [149]. Rovnako je DRAM zasadny pre apoptozu sprostredkovanu p53.
1.2.3.4 Apoptéza

Apoptdza je aktivny proces, ktory hra klu€ovu ulohu v procese bunkového starnutia
a predstavuje homeostaticky mechanizmus na udrzanie pravidelnych bunkovych
populacii [150]. Jednou z hlavnych biologickych uloh proteinu p53 je jeho schopnost
indukovat tento proces v geneticky nestabilnej bunke [151]. Apoptéza je
charakterizovana sekvenciou krokov, ktoré vedu k programovanej smrti buniek.
VSeobecne prebieha v niekolkych fazach, najskér kondenzaciou jadrového
chromatinu, potom jadrovym Stiepenim a nakoniec rozdelenim bunkového obsahu na
odlisné vezikuly uzatvorené v membrane, nazyvané apoptotické telieska [152, 153].
Nasledné odstranenie apoptotického materialu fagocytmi je vefmi rychle, preto je
pritomnost apoptotickych teliesok in vivo obmedzena [154]. V cicav&ich bunkach
dochadza k apoptdze, alebo tiez programovanej bunkovej smrti, dvomi drahami [155];
vnutornou a vonkajsiu.

Vnuatorna draha sa nazyva drahou regulovanou BCL-2 (tiez mitochondrialnou alebo

stresovou drahou) aje aktivovana napriklad deprivaciou cytokinov, stresom

endoplazmatického retikula alebo posSkodenim DNA. Bunkova smrt je iniciovana
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transkripcnou alebo posttranskripénou zvySenou expresiou tzv. proapoptotickych
proteinov BH3 — ¢lenov BCL-2 proteinovej rodiny (BIM, PUMA, BID, BMF, BAD, BIK,
NOXA,HRK). Tieto proteiny viaZu a inhibuju BCL-2 ,proteiny prezitia“ (BCL-2,BCL-XL,
MCL-1, BCL-W a A1/BFL1), &im uvolfuju efektory bunkovej smrti BAX a BAK.
Aktivacia BAX a BAK spbsobuje mitochondrialnu permeabilizaciu vonkajsej membrany
s naslednou aktivaciu kaskady aspartatovo Specifickych cysteinovych proteaz
(kaspéaz, pricom tato draha je iniciovana pomocou kaspazy-9 a aktivatorom je APAF-
1) [156-158], ktoré spdsobuju rozpad bunky [159].

VonkajSia draha je tiez nazyvana ,drahou receptora smrti“ a na jej aktivaciu je
potrebna spolupraca viacerych ¢&lenov rodiny receptorov tumor nekrotizujicich
faktorov (TNFR — ,Tumour necrosis factor receptor®) nesucich doménu intracelularnej
smrti. Na rozdiel od vnuatornej drahy aktivuje apoptézu naborom a aktivaciou pro-
kaspazy-8 prostrednictvom adaptérov FADD a v niektorych pripadoch aj TRADD na
ligovanych receptoroch smrti na plazmatickej membrane [160, 161]. Napriklad pre
tymocyty (druh leukocytov) plati, Ze aktivacia kaspazy-8 nasledne vedie aktivacii
efektorovych kaspéz, kaspéaz-3 a -7, ¢o dostaCuje k uspeSnej indukcii apoptdzy.
Naopak v hepatocytoch vyzaduje uCinné usmrtenie bunky amplifikaciu kaspazove;j
kaskady krizovou aktivaciou apoptotickej drahy regulovanej BCL-2, ku ktorej dochadza
proteolytickou aktivaciou sprostredkovanou pomocou kaspazy-8, inak inertnym, BID
proteinom [162—-166].

P53 zjavne podporuje apoptdézu prostrednictvom transkripCne zavislych (skrz
proteiny BCL-2 rodiny) a nezavislych mechanizmov s ciefom dosiahnutia efektivneho
procesu bunkovej smrti [167]. Rozhodnutie medzi nastolenim apoptozy a prezitim

buniek zavisi od ¢lenov BCL-2 rodiny, ktoré su regulované proteinom p53 [168].

1.2.4 Proteiny rodiny p53

Rodina p53 v fudskych organizmoch zahfia homolégne gény TP53, TP63 a TP73.
Kazdy z ¢lenov produkuje niekolko proteinovych izoforiem ako vysledok pouzitia
alternativneho promotora a/alebo alternativneho mRNA zostrihu. Expresia mnozstva

tkanivovo Specifickych proteinov, ktoré sa chovaju ako transkripéné faktory, vyustuje
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v spravnu diferenciaciu, metabolizmus, ochranu pred tumorogenézou av mnohé
dalSie funkcie [169-171].

Geény lokalizované na chromozémoch 17p13.1, 39q27-29 a 1p36.2-3 koduju proteiny
s podobnou vyslednou Struktirou a vyznamnou aminokyselinovou homologiou
v transaktivaCnej, @ DNA  vazbovej aoligomerizacnej doméne. Evolucne
najkonzervovanejSou domeénou je DNA vazbova doména, €o naznacuje, ze regulacia
transkripcie hra vyznamnu ulohu v mnohych funkciach prisidenych rodine p53 [172].

Transkripcia v8etkych troch proteinov p53 rodiny je regulovana podobnymi
mechanizmami. Ku kontrole dochadza prostrednictvom P1 a P2 promdétorov, pri¢om
P2 je alternativnym vnutornym promotorom. Na tomto zaklade mézu byt generované
proteiny rozdelené do dvoch hlavnych skupin, TA a AN [173, 174], priCom TA varianty
obsahuju transaktivaéni doménu a variantom AN tato doména CiastoCne alebo Uplne
chyba v zavislosti od P2 prométoru [175].

DodatoCna diverzita je tvorena pomocou alternativnych zostrihov na 3’ konci
transkriptu. Kombinaciou alternativneho zostrihu na 5° a 3° konci, alternativhou
iniciaciou translacie a pouzitim alternativneho prométora je mozné eSte navysit
diverzitu proteinov [176-178].

Proteiny p53, TAp63 a TAp73 zdielaju funkéné podobnosti. VSetky spominané
varianty sa podielaju na zastaveni bunkového cyklu, apoptdéze alebo bunkovom
starnuti. Tieto podobnosti mézu byt CiastoCne zapri€inené transaktivaciou rovnakych
transkripénych cielovych génov. Vo vSeobecnosti sa tieto proteiny viazu Specificky ku
konzervovanym cielovym sekvenciam p53 na DNA pomocou ich DNA vézbovej
domény.

AN varianty funguju ako dominantné negativne inhibitory TA variant, kedy tieto dve
varianty ,sutazia“ o cielové miesto na prométori [175, 179, 180]. Su regulované
negativnym spatno-vazbovym mechanizmom, pri ktorom TA izoformy dokazu
indukovat transkripciu AN aktivaciou P2 promoétorov. Naopak, indukcia AN izoforiem

inhibuje TA [176, 181, 182].
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1.2.5 Izoformy proteinu p53

Ludsky gén TP53 obsahuje 13 exénov (z ktorych dva sa oznacuju ako alternativne
spojené exony) lokalizované na chromozéme 17p13.1 [183]. Bolo objavenych
a popisanych niekolko variant zostrihu génu TP53 a bol stanoveny ich biologickych
a klinicky vyznam [184, 185]. Alternativnym zostrihom intronu 9 a alternativnym
promoétorom vznikd, v fludskom organizme, dvanast p53 proteinovych izoforiem, ktoré
su kodované deviatimi transkriptmi mRNA génu TP53, exprimovanymi v tkanivach
rozdielne (Obrazok 3) [176, 186—-189].

Izoformy proteinu p53 su generované kombinaciou pouZitia alternativnych
promotorov (P1 a P2), alternativneho zostrihu a alternativnej iniciacie translacie [188].
Alternativny zostrih intronu 9 moze viest k vzniku mRNA varianty s exbnom 98 alebo
9y, priCom vznikaju izoformy B alebo y. mRNA traskribovana z prométoru P1 so
zostrihnutym intrénom 2 méze byt preloZzena z prvého AUG kodonu (lokalizovaného
v exéne 2) za vzniku p53, p53B, p53y, a z AUG40 kodonu v dosledku vnutorného
vstupného miesta pre ribozémy v 5UTR zexon 1 — exon 2 veduceho k expresii
izoforiem A40p53, A40p5303, A40pS53y [190, 191]. Transkripcia mMRNA TP53 mdZze byt
iniciovana z vnatorného promotora P2 umiestneného na introne 4. Translacia tychto
transkriptov z inicianych kodonov 133 a 160 mbéze generovat izoformy A133p53 a
A160p53, a vzhladom na alternativne zostrihy v intréne 9 méze dochadzat’ k vzniku
A133p53, A133p533, A133p53y a A160p53, A160p533, A160p53y [188, 192].

N-terminalnym izoformam chyba €ast alebo cela transaktivatna doména. Na tomto
zaklade sa predpokladalo, Ze ich hlavnou funkciou bude pdsobit ako dominantne
negativne regulatory aktivity proteinu p53. Niekolko Studii ale naznacuje, Zze A40p53
inhibuje bazalnu aktivitu proteinu p53 pocas progresie bunkového cyklu [187, 189], ale
nie je jasné, Ci tato izoforma moéze fungovat bez zavislosti na p53. Kedze obsahuje
nenarusenu DNA vazbovu doménu, méze dochadzat' k sutazeniu s p53 o vazbu na
ciefové sekvencie tohto proteinu, atym k modulacii ich dostupnosti pre iné
transkripéné faktory. NavySe v A40p53 chyba prva €ast (TAD 1), ale zachovava si

druhu Cast transaktivacnej domény (TAD II), pomocou ktorej je schopna regulovat
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génovu expresiu [193, 194]. Na rozdiel od A40p53 sa izoformy A133p53, A160p53
neviazu na cielové sekvencie p53, kedZe im chyba ¢ast DNA vazbovej domény,
a funguja ako negativny inhibitor proteinu p53 [195, 196] alebo sa mbzu spravat ako

dominantny mutantny p53 protein [182].

TAD | DBD | NLS |DQTSFQKENC p53B
DBD I NLS | MLLDLRWCYFLINSS p53y
_ DBD ] NLS |DQTSFQKENC A40p53B
_ DBD | NLS | MLLDLRWCYFLINSS A40p53y
| DBD l NLS |DQTSFQKENC A133p53p
| DBD | NS | mLLDLRWCYFLINSS A133p53y
| DBD | NLS |DQTSFQKENC A160p53p
| DBD | NLS | MLLDLRWCYFLINSS A160p53y

Obréazok 3. Schematické znazornenie domén ludskych p53 izoforiem vratane dvoch transaktivacnych
domén (TAD | — svetlomodra, TAD Il — tmavomodra), domény bohatej na prolin (PRD - fialova), DNA
vazbovej domény (DBD - zlta), C-terminalnej domény obsahujlicej signal jadrovej lokalizacie (NLS —

svetlozelena) a oligomerizaéni doménu (OD — tmavozelena). Upravené z [192, 197].

Biologické funkcie dalSich izoforiem su popisané slabo. Niekolko Studii naznacuje
spoluucast p53p izoformy na bunkovom starnuti v fludskych fibroblastoch [198].
Celkovo, sucasné experimentalne udaje o biologickych Ulohach p53 izoforiem su

neuplné. Na zaklade toho, Ze sa tieto izoformy lidia v troch funkénych doménach (TAD,
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DBD a OD), je mozné, Ze ich potencial modulovat reakcie zavislé od p53 bude

rozmanity a zavisly od typu bunky.
1.3 Nekanonické struktury nukleovych kyselin

Nukleové kyseliny su polymorfné molekuly, ktoré mézu v bunke zaujat rézne
konformacie. Medzi najCastejSie vyskytujuce sa formy DNA patri pravotoliva
dvojzavitnica, oznatovana ako B-DNA, popisana Watsonom a Crickom v roku 1953
[199]. Nie je prekvapujuce, Ze okrem kanonickej Struktury (Obrazok 4A), ktora je
v bunkach prevladajucou konfiguraciou, mézu nukleové kyseliny tvorit nekanonické
sekundarne Struktury ako triplexy [200], G-quadruplexy [201, 202], i-motivy [203] alebo
krizové Struktary [204] (Obrazok 4). Tvorba nekanonickych Struktar zéavisi od
nukleotidovej sekvencie a okolitych podmienok, ako je relativna vihkost prostredia, pH

alebo véazba proteinov [205, 206].

A Duplex Triplex
A WaVaV;

AN U0 U N AN AN WY, i

¢ Tetraplex D Krizova Struktura
G-quadruplex & Viasenka

quadrup §
AVZNZN'/N \\ \W\mg\/\ymm\

i-motiv )<

S

Obrazok 4. Schémy réznych foriem DNA Struktar. Kanonicka DNA (A) duplexova Struktura

a nekanonické Struktury; triplex (B), tetraplex (C) a krizova Struktara (D). Prevzaté z [208].
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Mnoho cielfovych génov pre protein p53 obsahuje kanonicky RE, no okrem toho sa
p53 viaze tiez na DNA v miestach, kde sa tato sekvencia nevyskytuje, a to v miestach

vyskytu prave nekanonickych DNA Struktur [207].
1.3.1 Triplex

Triple-helix, alebo triplex, zaujima Strukturu charakterizovanu tretim viaknom DNA,
bohatym na pyrimidin alebo purin, umiestnenym vo velkom Zzliabku homopurinového/
homopyrimidinového Useku duplexu DNA [200, 207, 209, 210]. Stabilna interakcia
tretiecho vlakna je dosiahnutd bud Specifickou Hoogsteenovou alebo reverznou
Hoogsteenovou vodikovou vazbou na homopurinové vidkno duplexnej DNA. Boli
charakterizované intermolekularne triplexy, kde tretie vlakno pochadza zo samostatnej
molekuly DNA, alebo intramolekuldrne triplexy, v ktorych tretie vldkno pochédza
z rovnakej DNA molekuly [200, 207, 209].

Predpoklada sa, ze intramolekularne triplexy sa in vivo vyskytuju len za vhodnych
podmienok, ako je dostatoCne velky negativny superhelikalny stres a podielaju sa na
niekolkych bunkovych procesoch, vratane transkripcie, replikacie a rekombinacie
[200]. Na druhej strane intermolekularne triplexy su uznavanymi nastrojmi genetickej
manipulécie vratane génovej regulacie a mutagenéezy [211, 212].

Napriek korelacii medzi genomickou nestabilitou a tvorbou triplexnej DNA je funkcia
proteinov, ktoré tieto Struktury rozpoznavaju, stale malo objasnena. Ukazalo sa, zZe

niekolko proteinov sa na triplexova DNA viaze [207, 213].
1.3.2 Tetraplex

1.3.2.1 G-kvadruplex

G-kvadruplexy (G4) su sekundarne Struktury nukleovych kyselin, ktoré mézu byt
formované ako v DNA tak v RNA [214], v oblastiach bohatych na guanin za
fyziologickych podmienok [215-218]. K tvorbe dochadza, ak dbjde k ulozeniu dvoch
alebo viacerych guaninovych tetrad nad seba koordinovanych pomocou
monokovalentnych katiénov, ako je draslik alebo sodik. Kazda tetrada pozostava zo

Styroch guaninovych zvySkov, ktoré sa viazu na cukor-fosfatova kostru a navzajom su
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pospdajané pomocou Hoogsteenovych vodikovych vazieb. G4 su polymorfné Struktury,
ktorych topolégia méze byt ovplyvnena stechiometriou a polaritou retazca, tiez dizkou
slu€iek medzi jednotlivymi tetradami a ich umiestnenim v sekvencii [219]. G4 sa mdzu
skladat intermolekularne, zjedného vldkna bohatého na guaniny, alebo
intramolekularne, prostrednictvom dimerizacie alebo tetramerizacie oddelenych
vlakien [216, 220-222]. Orientacia retazcov méze byt definovana paralelnou,
antiparalelnou alebo kombinovanou topoldgiou (hybrid), ktora priamo koreluje
konformaénym stavom glykozidickej vazby medzi guaninom a cukrom [214](Obrazok

5).

A B C D
/g - | N
7 _1,] l A I
LY TV Y I
¥ U W’ | I

Obréazok 5. Schematicka reprezentacia G4 struktury v paralelnej (A), anti-paralelnej (B) alebo hybridnej
(C) forme, v zavislosti na relativnej orientécii retazca DNA v Struktire. Méze dochadzat k formacii
intermolekularnej Struktiry (D), a to v pripade, ak sa na tvorbe Struktury podiela viac ako jeden retazec

DNA [223].

Pouzitim bioinformatickych nastrojov bolo zistené, Ze ludsky gendm obsahuje viac
ako 700 000 oblasti potencialne tvoriacich G4 Struktury [224, 225]. Rovnako aj v inych
organizmoch ako su virusy [116-118, 119], archea [230], baktérie [231] alebo kvasinky
[232] boli in silico analyzou najdené potencialne G4 motivy. Okrem analyzy celkového
poCtu sekvencii potencialne tvoriacich G4 bola analyzovana aj ich lokalizacia
v gendme. Na zaklade tychto Studii je mozné konStatovat, Ze G4 motivy nie su
v genome distribuované nahodne, ale vyskytuju sa v urcitych Specifickych regionoch,
ako su promotory, teloméry alebo vazbové miesta pre transkripéné faktory [233, 234].
Evoluéna konzervovanost a Specificka lokalizacia v genémoch, ako aj rbzne
biochemické a molekularne experimenty dokazuju, Ze G4 sa tvoria v Zivych bunkéach,

kde ovplyviuju rézne biologické drahy [201, 217, 235].

31



Fyziologicka délezitost G4 Struktur podporuje existencia proteinov, ktoré sa na tieto
Struktury viazu [236]. Existuje niekolko tried takychto proteinov, ktoré viazu, stabilizuju,
alebo rozkladaju tieto Struktury [237]. Delécia alebo mutécia v génoch kodujucich tieto
proteiny méze viest k zmenam vo formécii G4, ktoré mdzu viest az k zmenadm
v transkripcii a viest k znizeniu genémovej stability [238—-242]. Spominané zmeny
mdzu byt cielené chemickou cestou, pomocou tzv. G4 ligandov, ktoré sa liSia
v $pecifite, vdazbovom povrchu alebo schopnosti bunkovej permeabilizacie [243].

Bez ohfadu na to, Ze cielenie pomocou niektorych G4 ligandov vykazuje slubné
vysledky v kontexte novych terapeutik [219, 220], ich klinické pouzitie zatial nie je
schvalené. To je spbsobené prevazne problémami so selektivitou, ale v poslednych
rokoch bolo vynalozené velké usilie na vyvoj takych G4 ligandov, ktoré by mali vysoku

protinadorovu aktivitu so znizenim vedlajSich ucinkov [243, 244].
1.3.2.2 I-motiv

I-motivy su DNA sekundarne Struktury tvorené v sekvenciach bohatych na cytozin
[245] s moznym Sirokym vyuZitim v nanotechnoldgiach a s potencialom ovplyvnit
biologické procesy [203, 246]. I-motiv pozostava z interkalovanych péarov
proténovanych cytozinov (cytozin*-cytozin) medzi Styrmi viaknami nukleovych kyselin
[206, 247]. Vzhlfadom k nutnosti protonizacie cytozinov bolo predpokladom tvorby i-
motivov kyslé pH prostredie, ale stabilna tvorba tychto Struktur bola dokazana aj
pri zasaditom [248], neutralnom pH [198, 245, 249] a v podmienkach pripominajacich
fyziologické prostredie [250]. Medzi doposial odhalené funkcie tychto Struktur patri
schopnost’ inhibovat DNA polymerazu [251] atvorba i-motivov bola zaznamenana
v promotorovych oblastiach niekofkych génov spojenych s tvorbou rakoviny, medzi
ktoré patria napriklad transkripéné faktory alebo onkogény [252—-254].

V zasade komplementarne vlakno akejkofvek sekvencie tvoriacej G4 je nachylné
k tvorbe i-motivu [203]. Bolo dokazané, ze tvorba jednej Struktury destabilizuje druhu
na komplementarne vldkno [255]. Na tomto zaklade je mozné predpokladat’ odlisné

funkcie v transkripénej regulacii.

32



1.3.3 Krizové struktary

Krizové Struktury sa tvoria v dvojvlaknovej DNA z palindromatickych sekvencii,
ktoré obsahuju uUplne alebo CiastoCne identické obratené repeticie. Ak su tieto
sekvencie Uplne identické (neobsahuju medzernik) nazyvaju sa perfektnymi.
V pripadne neperfektnych repeticii, medzerniky tvoria slu¢ku [256].

Palindromatické sekvencie boli najdené vo vSetkych genémoch, kde zohravaju
délezité ulohy ako vazbové miesta, su suCastou prométorov, replikacnych pociatkov
alebo inych regulacnych sekvencii [204]. Tieto sekvencie, ktoré maju potencial
vytvarat sekundarne Struktury v DNA, predstavuju riziko pre stabilitu gendmu a mézu
vyustit do dvojvlidknovych zlomov DNA, ktoré vedu ku genetickej rekombinacii, ¢o
mbze potencialne viest k translokaciam, delécidam alebo amplifikacii génov s réznymi

désledkami na organizmus [257-260].

33



2 CIELE DIZERTACNEJ PRACE

V ramci dizertacnej prace boli spracované nasledujuce Ciasto¢né ukony:

a) Studium literatury a literamny prehlad danej problematiky so zameranim na
bunkové systémy a ich biotechnologické vyuzitie;

b) Biochemicka charakterizacia chemoterapeutik a prirodnych latok pri interakcii
s biologickymi molekulami so zameranim na DNA ajej Strukturne motivy,
analyza Strukturnych motivov DNA v gendémoch;

c) Kultivacia bakterialnych a kvasinkovych kultar a testovanie viability tychto kultdr,
funk&né testovanie, charakterizacia a biotechnologické vyuZitie;

d) Kultivacia eukaryotickych nenadorovych a nadorovych kultdr a testovanie

viability tychto kultdr po pésobeni chemoterapeutik a prirodnych latok.

K dosiahnutiu vopred vytyCenych cielov bolo potrebné zvladnut rézne laboratdrne

postupy a metédy:

a) Pokrocilé molekularne biologické metodiky vratane izolacii nukleovych kyselin,
PCR technik, kultivacii a transformécii/ transfekcii bunkovych kultar, western blot
analyzy, elektroforetickych metéd a inych;

b) Fluorescencna a konfokalna mikroskopia pre stanovenie viability buniek.
a indukcia apopt6zy po pdsobeni latok na rozne bunkové kultary/ pre lokalizaciu
aktivovanych proteinov a Studium zmien v molekulach nukleovych kyselin,
luciferdzova analyza a dalSie;

c) Vyuzitie fluorescencnej anizotropie a dalSich technik pre Stadium interakcii
testovanych latok s proteinmi a nukleovymi kyselinami, testovanie viability

a genotoxicity na bunkovych liniach v zavislosti na statuse p53 izoforiem.
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3 EXPERIMENTALNA CAST

Experimentalna Cast prace pozostava z komentovaného suboru publikacii, ktoré su
rozdelené na tri zakladné cCasti. Prva Cast sa zaobera Studiom nekanonickych
lok&lnych Struktur nukleovych kyselin prevazne v kvasinkovych izogénnych systémoch
alebo in vitro s ohfadom na tumor supresorovy protein p53, druha ¢ast obsahuje subor
publikacii zameranych na S$tadium nekanonickych Struktur nukleovych kyselin
v réznych skupinach organizmov pomocou bioinformatickych nastrojov. Posledna ¢ast
obsahuje doposial nepublikované vysledky.

Praca je koncipovana tak, ze publikované prace su komentované prehladne
s odkazom na prislusnu prilohu. Prilohy obsahuju recenzované postupy a vystupy,

ktoré uz boli posudené v ramci recenzného riadenia.
3.1 Zoznam vedeckych publikacii
3.1.1 Chronologicky zoradené vedecké publikacie

[P1] PORUBIAKOVA, Otilia, Natalia BOHALOVA, Alberto INGA, Natélia
VADOVICOVA, Jan COUFAL, Miroslav FOJTA a Vaclav BRAZDA. The
Influence of Quadruplex Structure in Proximity to P53 Target Sequences on
the Transactivation Potential of P53 Alpha Isoforms. International Journal of
Molecular Sciences [online]. 2019, 21(1), 127. ISSN 1422-0067. Dostupné
z: doi:10.3390/ijjms21010127

[P2] CUTOVA, Michaela, Jacinta MANTA, Otilia PORUBIAKOVA, Patrik KAURA,
Jifi STASTNY, Eva B. JAGELSKA, Pratk GOSWAMI, Martin BARTAS a
Véaclav BRAZDA. Divergent distributions of inverted repeats and G-quadruplex
forming sequences in Saccharomyces cerevisiae. Genomics [online]. 2020,
112(2), 1897-1901. ISSN 08887543. Dostupné
z: doi:10.1016/j.ygen0.2019.11.002

35



[P3]

[P4]

[P5]

[P6]

36

BARTAS, Martin, Vaclav BRAZDA, Natélia BOHALOVA, Alessio CANTARA,
Adriana VOLNA, Tereza STACHUROVA, Katefina MALACHOVA, Eva B.
JAGELSKA, Otilia PORUBIAKOVA, Jifi CERVEN a Petr PECINKA. In-Depth
Bioinformatic Analyses of Nidovirales Including Human SARS-CoV-2, SARS-
CoV, MERS-CoV Viruses Suggest Important Roles of Non-canonical Nucleic
Acid Structures in Their Lifecycles. Frontiers in Microbiology [online]. 2020, 11,
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Miroslav FOJTA a Jean-Louis MERGNY. G-Quadruplexes in the Archaea
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3.1.2 Chronologicky zoradené konferenéné prispevky

[C1]

[C2]

[C3]

[C4]

[C3]

[Cé]

PORUBIAKOVA Otilia, Natalia BOHALOVA a Vaclav BRAZDA, V. P53alpha
protein isoforms binds preferentially to cruciforms in transactivation Yeast
isogenic system. Prezentované na 46™ Annual Conference on Yeast,

Smolenice, Slovensko, 7. —10.5.2019.

BRAZDA Véclav, Otilia PORUBIAKOVA, Natalia BOHALOVA, Alberto INGA
a Miroslav FOJTA. Attenuation of p53-alpha isoform transactivation by
inverted repeat sequences in p53 target sites. Konferenény prispevok, 8t

Mutant Workshop & p53 Isoforms, Lyon, Francuzsko, 15. — 18.5.2019.
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target. Prezentované na FEBS 2019, Krakow, Polsko, 6. — 11.7.2019.

PORUBIAKOVA Otilia, Natdlia BOHALOVA aVécalv BRAZDA. G-
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inhibition on transactivation potential of p53 isoforms. Konferencny prispevok
prezentovany na konferencii SVK- Chémia a technoldgia pre Zivot, Bratislava,

Slovenska republika, 25.11.2020.

PORUBIAKOVA Otilia, Natalia BOHALOVA aVaclav BRAZDA. The
influence of non-canonical structure on the p53 isoforms binding to DNA.
KonferenCny prispevok prezentovany na konferencii Chemie je Zivot, Brno,

Ceska republika, 27.11.2020.

PORUBIAKOVA Otilia, Alessio CANTARA, Veronika Pfepechalova

a BRAZDA Véclav. Comparison between synthehic and natural G4-ligands
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and the effects of their binding to DNA. Prezentované na FEBS2021, Lublana,
Slovinsko, 8.7.2021.

3.1.3 Zoznam dalSich vysledkov pripravovanych k publikacii

INP1]

[NP2]

[NP3]

[NP4]

GOSWAMI Pratik, Otilia PORUBIAKOVA, Jakub VILIMEK, Jan Coufal,
Miroslav FOJTA a Vaclav BRAZDA. P53-C-terminal isoforms vary in their
binding preferences to p53 response element and G-quadruplex structures in

DNA.

PORUBIAKOVA Otilia, Michal SEDY, Veronika PREPECHALOVA, Martin
BARTAS, Stefan BIDULA, Miroslav FOJTA a Vaclav BRAZDA. Variability of

inverted repeats in all accessible genomes of bacteria.

PORUBIAKOVA Otilia, Ingo LAMMERMANN, Alessio CANTARA, Johannes
GRILLARI a Vaclav BRAZDA. Blocking negative effects of senescence
using G4-ligands

PORUBIAKOVA Otilia, Alessio CANTARA, Ale§ DANHEL, Jean-Louis
MERGNY a Vacalv BRAZDA. Unlocking of new G4-ligands.

3.2 Komentovany subor publikaénych prispevkov

3.2.1 Prva cast

3.2.1.1 P1: Vplyv kvadruplexovej Struktury v blizkosti p53 cielovej sekvencie na

transaktivacny potencial p53alfa izoforiem

Protein p53 je jednym z najStudovanejSich tumor supresorovych proteinov, ktory

hra kfucovu ulohu v zakladnych biologickych procesoch vratane bunkového cyklu,

bunkovej odpovede na poskodenie DNA, apoptézy a bunkového starnutia. Gén TP53

kddujuci tento protein obsahuje alternativne promaotory produkujuce skratené proteiny

v N-terminalnej doméne, ktoré moézu vytvarat niekolko izoforiem v doésledku
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alternativneho zostrihu. Protein p53, ako transkripcny faktor, realizuje svoju funkciu
vazbou na Specifické DNA RE s vyslednou transaktivaciou cielovych génov. V tejto
publikacii bol vyhodnoteny vplyv G-kvadruplexovej Struktury na transaktivaény
potencial tzv. ,wild type® p53 (wtp53)proteinu a jeho izoforiem modifikovanych na N-
konci v paneli luciferazovych reportérovych kmenov S. cerevisiae. Bolo potvrdené, ze
G-kvadruplex hra ddlezitu ulohu pri interakcii protein-DNA.

V prvom rade bola vykonana bioinformaticka analyza 100 bp dlhych sekvencii
obklopujucich cielovu sekvenciu p53 v promaotori PUMA. V tesnej blizkosti tohto
promatoru bolo najdenych niekolko potencialnych sekvencii tvoriacich G4.

Na zaklade zisteni, Ze v okoli PUMA prométoru sa za beznych podmienok G4
nachadzajd, bol pripraveny vhodny modelovy systém, v ktorom bol analyzovany vplyv
sekvencie s vysokou pravdepodobnostou tvorby G4 Struktary umiestneny pred alebo
za stredne aktivnym p53 RE (PUMA promaétor) pomocou kvasinkového reportéroveho
systému. Transaktivaény potencial proteinu p53 a jeho izoforiem bol analyzovany
samostatne a tiez v kombinacii kratSich izoforiem s wtp53.

Na zaklade vysledkov je mozné usudzovat, Zze G4 lokalizované v tesnej blizkosti
p53 RE mdzu urCovat’ ucinnost' transkripénej regulacie proteinu p53. Kombinaciou
izoforiem je mozné docielit zvySenie plasticity kompromisom medzi wtp53 v RE
miestach a menej u€innymi, ale stéricky vyhodnejSimi heterotretramérmi v cielovych
miestach obklopenych Struktirnymi motivmi ako G4.

Publikacia v Prilohe P1 (The Influence of Quadruplex Structure in Proximity to P53
Target Sequences on the Transactivation Potential of P53 Alpha Isoforms).
Prvoautorka sa podielala na experimentalnej Casti, formalnej analyze a vizualizacii

vysledkov, napisala originalnu verziu manuskriptu (podiel 30 %).

3.2.1.2 P6: Vyhodnotenie vplyvu sekvencie nachylnej k tvorbe G-kvadruplexu na
transaktivacny potencial prirodnym a/ alebo mutantnymi proteinmi rodiny p53

prostrednictvom funkéného testu v kvasinkach

Proteiny rodiny p53, ako su p53, p63 a p73, patria medzi transkrip&né faktory, ktoré

zdielaju spolo€nu génovu organizaciu, konzervativnu DNA vazbovlu domeénu,
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zodpovedajucu za sekvencne Specificki vazbu na DNA. Tieto proteiny mézu
ovplyvihovat mnoho bunkovych drah hlavne cez Specificku vazbu na DNA sekvencie
zname ako RE, a transaktivaciu prisluchajucich ciefovych génov. V tomto ¢lanku bola
pouzita funk&na analyza v kvasinkovych izogénnych systémoch, kde bol hodnoteny
vplyv G4 sekvencie susediacej s p53 RE odvodenej od apoptotického cielového génu
PUMA na transaktivaény potencial izoforiem proteinov p53 rodiny modifikovanych na
N-konci, wtp53 a ich mutantov.

Vysledky ukazuju, Ze pritomnost G4 Struktur pred alebo za p53 RE vedie
k vyznamnym zmenam v relativnej aktivite proteinov rodiny p53, ¢o zdbraznuje ulohu
Struktdarnych znakov DNA ako modifikatorov funkcii rodiny p53 na ciefovych
promotorovych miestach.

Priloha P2 (Evaluating the Influence of a G-Quadruplex Prone Sequence on the
Transactivation Potential by Wild-Type and/or Mutant P53 Family Proteins through a
Yeast-Based Functional Assay). Autorka dodala poznatky o metodolégii a validacii,

podielala sa na spracovani dat a editacii (podiel 10 %).
3.2.2 Druha ¢éast’

3.2.2.1 P2: Rozdielna distribacia invertovanych opakovani a G-kvadruplex

formujucich sekvencii v Saccharomyces cerevisiae

Predlozena praca je zamerana na Studium nekanonickych Struktar DNA, spomedzi
ktorych inverzné repeticie (IR), ktoré mézu tvorit krizové Struktury, a sekvencie bohaté
na guanin, ktoré mézu tvorit G-kvadruplexy, su Siroko rozSirené v prokaryotickych
a eukaryotickych organizmoch a su cielmi mnohych regulaénych proteinov. Tieto DNA
Struktary boli analyzované v genéme najvyznamnejSieho biotechnologického
mikroorganizmu, kvasinky S. cerevisiae.

Vyznamnou ulohou inverznych repeticii je ich u€ast na regulacii transkripcie, a to
interakciou s réznymi proteinmi vratane fudského tumor supresorového proteinu p53.
Su to prave bioinformatické nastroje, ktoré umozfuju analyzu kompletnych genémov
a prinasaju komplexnejsi pohlfad na Strukturu a regulaciu DNA. Analyzou Uplne

sekvenovaného gendému S. cerevisiae (z NCBI, &leneny na 11 chromozdémov

40



a mtDNA) pomocou Palindrome analyseru [261] bolo identifikovanych 8 951 IR
s frekvenciou 0,74 IR/kbp a bolo zistené, ze kratke IR su v mtDNA hojnejSie zastupené
ako vchromozomalnej DNA, aze vacSina IR sa nachadza v centromeérickych
oblastiach chromozémov.

Dal$im krokom bola analyza pritomnosti G4 S$truktir pomocou online nastroja
G4Hunter [262] na zaklade objavenia niekolkych proteinov, ktoré interaguju s G4
v S. cerevisiae. Predpokladanou ulohou proteinov, ktoré viazu G4, je regulacia dizky
telomér a transkripéné umiCanie alebo aktivacia niektorych proteinov, €o robi z G4
ucinny regulacny nastroj. V praci bolo zistené, Ze G4 Struktury sa hojne vyskytuju
v telomérickych oblastiach a v tesnej blizkosti niekolkych délezitych regulaénych
oblasti.

Pomocou Statistickej analyzy sme demonstrovali nenahodné umiestnenie IR a G4
pricom k obohateniu dochadza v Specifickych chromozdmoch a uréitych regiénoch
jadrového a mitochondrialneho genému S. cerevisiae. Vysledky poukazuju na odlisné
funkcie tychto Struktur arozdiely vo frekvenciach lokalnych Struktur naznacuju
odliSnost regulacie expresie DNA v kruhovych a linearnych DNA.

Publikacia sa nachadza v Prilohe P4 (Divergent distributions of inverted repeats and
G-quadruplex forming sequences in Saccharomyces cerevisiae). Autorka sa podielala

na bioinformatickych analyzach a Statistickom vyhodnocovani (podiel 10 %).

3.2.2.2 P3: Podrobna bioinformaticka analyza Nidovirales vratane ludského SARS-
CoV-2, SARS-CoV, MERS-CoV Vvirusov naznacCuje dblezité ulohy

nekanonickych Struktur nukleovych kyselin v ich Zivotnom cykle

Nekanonické S&truktury nukleovych kyselin hraju doélezitu ulohu v regulacii
bunkovych procesov. Vzhladom na pretrvavajucu koronavirusovu krizu, sme sa
vtomto c&lanku zamerali na analyzu tychto Struktar vo vSetkych dostupnych
sekvenovanych gendmoch radu Nidovirales z NCBI (,National Center for
Biotechnology Information) databazy.

Analyza potencialnych G-kvadruplexovych Struktur (PQS) vo virusoch demonstruje

ich konzervovanost a tym moznost ich pouzitia ako cielov pre antivirusové terapie.
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Tento Clanok je zamerany na analyzu vSetkych dostupnych gendédmov Nidovirales,
vratane SARS-CoV-2 gendmu. Analyzou pomocou nastroja G4Hunter bola néjdena
v SARS-CoV-2 iba jedna PQS, ktord ale nebola najdend pomocou inych
bioinformatickych algoritmov.

Boli skumané tri patogénne [udské koronavirusy (SARS-CoV, SARS-CoV-2
a MERS-CoV), aby bolo mozné porovnat kfu¢ové rozdiely v ich hlavnych doménach.

Analyzou IR bolo najdené vysSie mnozstvo IR v 5’UTR regione Nidovirales
genomov. Tato oblast je vo vSeobecnosti ddleZitym miestom pre regulaciu replikacie
virusu a génovu expresiu atym padom aj dalSim moznym ciefom pre virusovu
reguléciu.

Boli n4jdené vyznamné rozdiely v distribacii PQS a IR v ramci rdznych virusov
z danej skupiny, ¢o naznacuje, Ze ich organizacia a regulacia genému je rozdielna,
a ze uniektorych virusov ztejto skupiny pravdepodobne nehra pritomnost G4
zasadnu ulohu v biologickej regulacii. Tiez bolo dokazané, Zze G4 boli evolu¢ne
eliminované v niektorych genomoch skupiny Nidovirales, priCom predpokladom je
mozna evoluéna vyhoda, kedZze mnozstvo hostitelskych bunkovych proteinov
interaguje s tymito sekundarnymi Strukturami. Na druhej strane, pritomnost IR
predstavuje neoddelitelnu sucast gendémov ato predovSetkym kvoéli umozneniu
spravneho skladania proteinov a Strukturnej Specifickej regulacie ich funkcii.

Dostupné v prilohe P5 (In-Depth Bioinformatic Analyses of Nidovirales Including
Human SARS-CoV-2, SARS-CoV, MERS-CoV Viruses Suggest Important Roles of
Non-canonical Nucleic Acid Structures in Their Lifecycles). Autorka sa podielala na
priprave originalnej verzie manuskriptu, pracovala na vizualizacii a poskytla zdroje

k analyze (podiel 10 %).
3.2.2.3 P4: G-kvadruplexy v doméne Archea

Délezitost nekanonickych Struktur v regulécii zdkladnych bunkovych procesov je
stale rozvijajucou sa oblastou vyskumu. Spomedzi lokalnych nekanonickych DNA
Struktur su G4 najatraktivnejSimi Strukturami vzhladom na ich pritomnost’ a funkénu

dolezitost v DNA aRNA, ktoré boli demonstrované v mnohych virusovych,
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bakteridlnych a eukaryotickych gendmoch, vratane fudského. Tato Studia bola
zamerand na systematicki analyzu G4 formujucich sekvencii (PQS) vo vSetkych
genomoch Archea dostupnych z NCBI databazy, pricom vyskyt a lokalizacia tychto
Struktur bola uskuto€nena pomocou G4Hunter algoritmu [262].

Celkovou analyzou bolo zistené, ze frekvencia vyskytu PQS sa extrémne liSi
v skupinach a podskupinach archealnych analyzovanych genémov, pricom tento jav
mdze byt vysvetleny rozdielmi v obsahu GC baz. Na jednej strane existuju organizmy,
v ktorych PQS zastupenie predstavuje menej ako 1 % ich genému, a na druhej strane
existuju také organizmy, v ktorych bolo njdené vyznamné obohatenie PQS ato
prevazne pre skupiny, ktoré zZiju v extrémnych podmienkach. Preto bola dodatkovo
uskutoCnena analyza pomocou BioSample NCBI databazy [263], ktora umoznila
porovnat zivotné prostredie vybranych arechei s PQS frekvenciami. VacSina
organizmov s obsahom extrémne vysokych PQS frekvencii bola najdena
v sedimentoch  horucich pramenov alebo v sedimentoch hlbokomorskych
hydrotermalnych prieduchov, priCom pritomnost’ vysokych PQS frekvencii méze byt
spojena s ich extrémofilnym zivotom.

Dostupné v Prilohe P6 (G-Quadruplexes in the Archaea Domain). Autorka sa

podielala na priprave, prevedeni a vyhodnocovani analyz (podiel 10 %).
3.2.2.4 P5: G-kvadruplexy v HIN1 chripkovych genémoch

Virusy chripky patria medzi nebezpecné patogény, preto je potrebné hladat nové
terapeutické pristupy k protivirusovej lie€be. V tejto publikacii sme analyzovali vyskyt
a distribuciu PQS v gendme chripkového virusu A subtypu HIN1 ako potencialnych
terapeutickych ciefov.

Podstatou Studie bolo analyzovat vSetky dostupné retazce G4-EA-H1N1 (,genotype
4 reassortant Eurasian avian-like HIN1 virus®) pomocou bioinformatického nastroja
G4Hunter [262]. Gendm tohto virusu je 13 133 nt dlhy arozdeleny do &smich
segmentov: PB1, PB2, M, HA, NP, NS, PA a NA. Zatial ¢o najvy$Sia priemerna
frekvencia PQS bola zistena v NP segmente, ktory kdduje protein hrajaci Ustrednu

tlohu v replikacii virusu, v NS segmente, ktory kéduje nestrukturalny protein NS a je
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najhojnejSie vyskytujucim sa proteinom v infikovanych bunkach a zaroven je
povazovany za najslubnejsi terapeuticky ciel, nebola najdena pritomnost’ PQS.

Pre vyhodnotenie pritomnosti PQS v jednotlivych fragmentoch boli vybrané dve
skupiny H1N1 (s najvy$8ou a najnizS8ou PQS frekvenciou), ktoré boli patkrat
randomizované a Statisticky vyhodnotené. Bol zisteny vyznamny rozdiel medzi
frekvenciami pévodnych a randomizovanych sekvencii pre NA segment, ¢o naznacuje
jeho délezitu evoluéne konzervovanu funkciu.

Tvorba G4 Struktur bola experimentalne potvrdena dvoma biofyzikalnymi metédami,
ato pomocou CD spektroskopie a ThT kompetitivneho testu. Podla predpokladu,
sekvencie s nizSim G4Hunter skore netvorili G4 Strukturu, a na druhej strane
sekvencie schopné vytvarat G-kvadruplex vykazovali teoretické G4Hunter skére
vySSie ako 1,2.

Taktiez analyzou oboch vlaken, gendmového (s negativnym zmyslom) a mRNA (s
pozitivnym zmyslom), vzhfadom na ich uc€ast v Zivotnom cykle virusu, bolo zistené, ze
PQS nie su rovhomerne rozloZené, ale prevazne sa vyskytuju na RNA pozitivnom
vlakne, ¢im sa mbézu podiefat na regulacii translacie. Genbm H1N1 nie je stabilny
avyrazne sa liSi medzi jednotlivymi kmefimi. Bolo najdenych niekolko vysoko
konzervovanych PQS v segmentoch M a HA, ktoré mézu byt povazované za slubné
kandidatske terapeutické ciele.

Priloha P7 (G-quadruplexes in HIN1 influenza genomes). Prvoautorka pripravila a

interpretovala vysledky analyz a napisala originalnu verziu manuskriptu (podiel 25%).
3.2.3 Doposial nepublikované experimentalne vysledky

3.2.3.1 NP1: C-terminalne izoformy proteinu p53 sa liSia v preferenciach véazby k p53

responzivnemu elementu a G-kvadruplexovym Struktiram v DNA

Protein p53 je jednym z najvyznamnejSich regulacnych proteinov ovplyvriujucich
prevenciu rakoviny u fudi. Zatial ¢o klasicky, wtp53, chrani proti rakovine, jeho mutacie
su Casto spajané s jej progresiou. Po strate bunkovej homeostazy su ulohy proteinu
p53 primarne sprostredkované jeho vazbou na DNA, kde v aktivovanej forme pésobi

ako transkripCny faktor. Okrem klasickej formy proteinu dochadza vplyvom
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alternativneho zostrihu exé6nu 9 k produkcii C-terminalnych izoforiem, ato p53a
(wtp53), p53B a p53y. Pomocou mikroskopie atomarnych sil (AFM) bola skimana
vazba izoforiem liSiacich sa v C-terminalnej doméne na fragmenty DNA obsahujlice

rozne cielové sekvencie.

p53a p53p p53y

pBluescript

pPGM2

pB-3GC

Obrazok 6. Obrazky z AFM pre izoformy proteinu p53 (p53a, p53B3 and p53y) viaziuce sa na DNA
fragmenty pBluescript, pPGM2 a PB-3GC. Meranie bolo prevedené pomocou Veeco Multimode VI
SPM (Digital Instruments, Bruker) s konzolou Scanasyst-AIR s rezonanénou frekvenciou fO 50-90 kHz
a konstantou pruziny k-0,4N/m. Zobrazovanie bolo ziskané v rezime Scanasyst-AIR s nasledujicimi
parametrami: 1024 x 1024 pixelov, velkost skenu — 2 ym s velkostou mierky 500 nm pre vS8etky obrazky.

Obrazky boli spracované pomocou Gwyddion a ImageJ.

Sledované fragmenty DNA boli pripravované restrikCnym Stiepenim, ktoré
umozfiovalo upresnit’ lokalizaciu sledovanej sekvencie (prazdny, RE, G4) na jeden
koniec daného fragmentu. Protein p53a (Obrazok 6) sa viazal nahodne na linearny
(prédzdny) fragment DNA (pBluescript). Na druhej strane dochadzalo k vyraznejSej
vazbe na koniec fragmentu pPGM2 (obsahujuci RE) a pB-3GC (s obsahom G4).

Vazba dalSich dvoch izoforiem p53 na ktorykolvek z plazmidovych fragmentov

(Obrazok 6) bola pozorovana ako nahodnejSia v porovnani s p53a.
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Obrazok 7. Percentualne vyjadrené vazby izoforiem proteinu p53a viazuce sa na DNA fragmenty.

Statisticka vyznamnost je vyjadrena ako hviezdi¢ka (p < 0,05 *; p < 0,01 **).

Zatial ¢o v pripade fragmentu pBluescript sa len 36,8 % molekul p53a naviazalo na
koniec fragmentov, 81,1 % p53a bolo naviazanych na RE na konci fragmentov pPGM2
(reprezentativne zobrazené na Obrazok 7). Je zaujimavé, Ze vazbova frekvencia p53a
na G4 sekvenciu bola vysSia v porovnani s vazbou p53a na pBluescript, ale ovela
nizSia v porovnani s vazbou rovnakych proteinov na RE (52,4 % p53a sa viazalo na
koniec fragmentu pB-3GC). Relativne afinity vazby p53 na RE a sekvenciu nachyinu
na G4 boli rézne pre izoformy p53p a p53y. Zatial ¢o izoforma p53 sa viazala podobne
ako p53a na koniec prisludnych fragmentov, rozdiely vo vazbe p53y na jednotlivé ciele
boli ovela mensie. Prekvapivo bola G4 sekvencia viazana izoformou p53y s vysSou
frekvenciou ako RE (73,9 %, resp. 63,9 %).

Tato porovnavacia vazbova analyza odhalila rézne vazbové mechanizmy izoforiem
proteinu p53, C€o naznacCuje, Ze ich regulacné aktivity su komplexné alebo
komplementarne.

Autorka sa podielala na planovani experimentov a Statistickej analyze.
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3.2.3.2 NP2: Variabilita inverznych opakovani vo vSetkych dostupnych bakterialnych

genoémoch

Délezité funkcie lokalnych DNA Struktar v bunkovych procesoch boli v poslednych
rokoch intenzivne §&tudované a demonstrované. Vyznam krizovych Struktur
formovanych IR a G4 boli najdené v réznych organizmoch, vratane ludského genému.
Pouzitim Palindrome analyseru bola analyzovana pritomnost IR vo vSetkych
dostupnych bakterialnych genémovych sekvenciach s cielom zistenia ich frekvencie,
dizky a lokalizacie. IR boli identifikované vo vdetkych druhoch, ale ich frekvencia sa
medzi jednotlivymi druhmi evoluénych skupin vyrazne liSila. V 1 565 bakterialnych
gendémoch bolo najdenych 242 373 717 IR. NajvysSia priemerna frekvencia bola
najdena v skupine Tenericutes (61,89 IR/kbp) anajnizSia v skupine
Alphaproteobacteria (27,08 IR/kbp). Najdené IR boli najhojnejSie zastupené
v niekolkych oblastiach, vratane génov a okolia regulacnych oblasti, tRNA, tmRNA

a rRNA oblasti (Obrazok 8). Je pozoruhodné, Ze IR boli najdené prevazne v regionoch
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Obrazok 8. Rozdiely vo frekvencii IR podia DNA lokusu. IR dlhSie ako 12 bp v rdmci anotovanych miest

a 100 bp pred alebo po nich. Ciara oznaéuje priemernu frekvenciu pre IR dlhé 12 bp a dlhsie.

kodujucich proteiny a génoch pre RNA, €o poukazuje na doblezitost v zakladnych

bunkovych procesoch ako je udrzovanie genomu, replikacia DNA a transkripcia.
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Okrem toho bolo zistené, Ze organizmy s vysokou frekvenciou IR sU
pravdepodobnejSie endosymbiotické, produkujuce antibiotika alebmo patogénne.
Naopak, organizmy s nizkou frekvenciou boli pravdepodobnejsie termofilné. Tato prva
komplexna analyza vSetkych dostupnych bakterialnych genémov na pritomnost
a lokalizaciu IR poukazuje na ich vyskyt vo vSetkych pouzitych gendmoch, ich
nenahodnu distriblciu a obohatenie v regulaénych oblastiach genémov.

Prvoautorka previedla prvotntd analyzu setu dat, zozbierala a interpretovala

vysledky analyz a napisala prvu verziu manuskriptu.

3.2.3.3 NP3: Blokovanie negativnych efektov bunkového starnutia pomocou G4-

ligandov

Dékazy o senescentnych bunkach ako hybnej sile rdznych patoldgii suvisiacich
s vekom rastl a ich selektivna eliminacia méze viest k predizeniu Zivota a zlep$eniu
zdravia. Senescentné bunky negativne ovplyvriuju okolité prostredie a tkaniva
vylu€ovanim charakteristického sekreCného fenotypu (SASP). Nové pristupy k cieleniu
a zvrateniu senescencie by mohli zahfhat stabilizaciu sekvencii bohatych na guanin,
ktoré tvoria G4. Molekuly stabilizujuce tieto Struktary maju antiproliferacny potencial
k mechanizmom zavislym alebo nezavislym na telomérach, ale ich u€inok na starnutie
ostava do znacCnej miery nepreskumany. V koncepte starnutia sme identifikovali
niektoré potencialne sekvencie tvoriace G4 v a v okoli génov kbédujucich senescentne
asociované markery pomocou G4Hunter-u (Obrazok 9). Sekvencie odpovedajuce
tymto génom boli stiahnuté z NCBI a analyzované s parametrami 25 ako velkost
analyzovaného okna a 1,2 alebo vySSie G4Hunter skore. Bolo najdenych niekolko
potencialne vyznamnych G4 motivov obklopujucich gén CDKN1A, ¢o naznacovalo
moznost’ regulacie expresie prostrednictvom stabilizacie G4-ligandmi. V ostatnych
sledovanych znakoch nebola najdena ziadna potencialna G4 sekvencia na mRNA
retazci, takze bolo predpokladané, Ze dané znaky sa s pridavkom G4-ligandov nebudu

menit.
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Obrazok 9. Lokalizacia PQS v a v okoli markerov asociovanych so senescenciou (1 000 bp pred a po
CXCL8 a CDKN1A sekvencii). Analyza potencialnych G4 sekvencii ukazali, ze sekvencia CXCL8 (A) (v
obdizniku) nie je obklopena PQ. Na druht stranu gén CDKN1A (B) obsahuje PQS vo svojej sekvencii

a v prométorovej oblasti vykazuje zaujimavé PQS a pikom pri 1,86 a 1,24.

V predloZzenom ¢&lanku ukazujeme, ze pdsobenie G4 ligandov spdsobuje inhibiciu
expresie niektorych vyznamnych senescentnych zapalovych markerov (prevazne
chemokiny (Obrazok 10A.)), ¢o vedie k oddialeniu senescentného fenotypu. Doslo
k poklesu expresie 0 20 % oproti negativnej kontrole v géne CDKN1A (koédujucom
p21€"®) po oSetreni TMPyP4 a pyridostatinom, ¢o ukazuje na mozné potlacenie
expresie prostrednictvom stabilizacie G4 Struktury v prométorovej oblasti. Rovnako bol

zisteny pokles expresie CXCL8 zavisly na pouzitom G4-ligande. Najvyraznejsi efekt
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bol sledovany na hladine CXCL8 po pésobeni TMPyP4, kedy doslo k redukcii expresie
0 99,83 %. Vzhladom k skuto€nosti, Ze v okoli génu CXCL8 neboli najdené Ziadne
potencialne G4 Struktury, jedinym vysvetlenim méze byt kaskadovy efekt posobenia.
Bol dokazany inhibi¢ny efekt TMPyP4 na expresiu c-MYC proteinu, ktory by mohol

ovplyvnovat hladinu spominanych chemokinov/cytokinov cez kontrolu hTERT.
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Obrazok 10. Vyhodnotenie hladin CXCL8 (A) a CDKN1A (B) v senescentnych bunkach oSetrenych
vybranymi G4-ligandmi. RNA bola izolovana zo senescentnych buniek HDF164. Kazda fyziologicka
podmienka bola analyzovana v biologickych triplikatoch. Hladiny expresie boli kvantifikované pomocou

gPCR a normalizované na GAPDH.

Zaverom bolo demons$trované, Ze ucinok G4-ligandov spOsobuje zniZzenie génovej
expresie niektorych vyznamnych markerov spojenych so starnutim, Co vedie
k zdrzaniu senescentného fenotypu. Bol identifikovany G4-ligand, TMPyP4, ktory bol

schopny blokovat negativne ucinky starnutia buniek a udrziavat ich funkénost. Okrem
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toho vysledky poukazuju na vyznamny a nedostato¢ne pochopeny dbékaz o vztahu
medzi starnutim a G4 Strukturami, ktory bude dalej Studovany.
Prvoautorka v ramci pracovnej staZe previedla experimentalnu Cast, vyhodnotila

vysledky a spracovala prvu verziu manuskriptu.
3.2.3.4 NP4: Charakterizacia novych G4-ligandov

Z pomedzi lokalnych nekanonickych DNA Struktur su prave sekvencie, ktoré tvoria
G4, Siroko rozSirené v prokaryotickych a eukaryotickych organizmoch, a su cielmi
regulacnych proteinov. Tieto Struktury sa vyskytuju v sekvenciach bohatych na guanin
a su formované v promoétorovych regionoch urditych génov alebo ich blizkosti. Existuje
niekolko dbékazov zviac ako troch dekdd vyskumu potvrdzujucich funkcie G4
v délezitych bunkovych procesoch ako je transkripcia a replikacia.

G4 sa stali vyznamnymi cielmi v protinadorovych terapii vdlaka G4-ligandom, ktoré
sa Specificky a s vysokou afinitou viazu a stabilizuju tieto sekundarne DNA Struktury
a tym ovplyvriuju zmeny v gendme, ako je napriklad expresia génov regulujucich rast
buniek. VyuZitie tychto malych molekul k stabilizacii sekundarmych Struktur
v promaotoroch onkogénov a modulacia ich transkripcie je sfubnym pristupom k lieCbe
niekolkych druhov rakoviny.

K vyhodnoteniu termodynamickej stability a afinity vazby telomérickej G-
kvadruplexovej DNA na syntetizované molekuly ED12 a JG986 sme pouzili CD
spektroskopiu a ThT test. Stabilizacné ucinky vybranych latok na DNA boli merané
v pritomnosti kationu draslika s pridavkom zvySujucej sa koncentracie G4-ligandov
pomocou ThT testu (Obrazok 11). Po pridani ThT k oligonukleotidu bol zaznamenany
pik pri 490 nm odpovedajuci vazbe ThT na G4-motiv. Po pridani G4-ligandov bol
pozorovany velky pokles fluorescencie a to vytlaenim ThT z vazby. Uz po pridani
1 M oboch G4-ligandov sa fluorescencia komplexu ThT a hTEL znizila, pre pridavok
RD12 o viac nez polovicu. Pridavok uz 3 uyM RD12 spdsobilo kompletné vyviazanie
ThT z komplexu. K uplnému vyviazaniu ThT z komplexu bolo pottebné pridat niekofko

nasobne vyssie mnozstvo JG986, ¢o naznacuje silnejSiu vazbovu afinitu pre RD12.
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Obrazok 11. Fluorescencia ThT (excitacia pri 440 nm a emisia medzi 470 — 700 nm) pred-inkubovanej
hTEL sekvencie v molarnom pomere 0,5:1. Oligonukleotid, hTEL, bol titrovany RD12 a JG986 v rdznych
koncentraciach (0 — 25 yM) a emitovana fluorescencia bola merana po 5 minatovej inkubacii pri
laboratérnej teplote. Intenzita fluorescencie bola po€itana v percentach, kde 100 % predstavuje komplex

oligonukleotidu a ThT.

K 8tudiu konformacie G-kvadruplexu po vazbovom ucinku Gé4-ligandov bola
prevedena CD spektroskopia (Error! Reference source not found.). Rovnako ako
v predchadzajucom experimente, hTEL sekvencia bola podrobend titracii pomocou
vybranych G4-ligandov. hTEL vytvara antiparalelni konformaciu G4 s negativnym
pikom pri 255 nm a pozitivnym vrcholom pri 290 nm. K meraniu bola sekvencia
pripravena v pufre obsahujucom Tris-HCI (10 mM, pH 7,4) bez pridania KCI. Pridanie
JG986 ( Obrazok 12A.) preukazatelne spbsobuje tvorbu antiparalelnej G4-Struktuary uz
po pridani dvojnasobne vysSej molarnej koncentracie DNA a eSte vySSie molarne
pomery spbsobuju vySSiu stabilizaciu. Pozitivny vrchol sa ukazal pri 290 a negativny
vrchol pri 255 nm. Na druhej strane pridanie 0,1. krat RD12 ( Obrazok 12B.) k DNA
sposobilo vytvorenie hybridnej konformacie s pozitivnym vrcholom pri 290 nm a pri 275
nm. Tieto vysledky naznacuju, zZe vybrané G4-ligandy su schopné stabilizovat

telomericki DNA bez pritomnosti stabilizaného kationu.
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Obrazok 12. Indukované CD spektra ziskané po titracii G4-ligandmi, JG986 (A) a RD12 (B), k hTEL
sekvencii. Ligandy boli pridavané z alikvotov latok rozpustenych v DMSO (dizka drahy 1 cm, t = 20 °C).

Molarny CD absorpény koeficient (Ae [M.cm™]) bol pocitany ako totalna koncentracia DNA vo vzorkach.

R6znymi technickymi pristupmi bolo teda mozné dokazat, Zze zvolené G4-ligandy,
RD12 a JG986, stabilizuju G4 Struktury a zaroven sa chovaju rozdielne v r6znych
typoch ludskych buniek. Vysledky tejto prace zdoéraziiuju pochopenie vazbovej
selektivity pouzitych G4-ligandov na kvadruplexovi DNA a pomahaju pri buddcom
vyvoji lie€iv pre kvadruplexovo-Specifické ligandy.

Prvoautorka sa podielala na experimentalnom prevedeni analyz, spracovala

vysledky a pripravila prva verziu manuskriptu.
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4 ZAVER

Hlavné vysledky dizertatnej prace je mozné zhrmut nasledovne:

Bola vypracovana literarna reSer§ zamerana na eukaryotické bunkové systémy
pouzivané ako modelové organizmy v biotechnol6gii a molekularnej biolégii, tiez DNA
a jej nekanonické sekundarne Struktury. Na zaklade reSerSe boli vybrané vhodné
modelové systéemy k skimaniu spominanych sekundarnych S$truktar aich alohach

v zakladnych biologickych procesoch.

Prakticka Cast prace bola spracovana ako komentovany subor publikacii
a experimentalnych vystupov. Tato Cast bola rozdelena do troch hlavnych Casti,

zaoberajucich sa studiom sekundarnych Struktdr nukleovych kyselin in vivo a in vitro.

Prva Cast experimentalnej prace bola zamerana na studium nekanonickych struktur
prevazne v kvasinkovych izogénnych systémoch alebo in vitro s ohfadom na protein
p53 a obsahuje dva publikacné vystupy. Déraz bol kladeny na vplyv pritomnosti G-
kvadruplexovych sekvencii v blizkosti responzivneho elementu pre tumor
supresorovych protein p53 v kvasinkovom izogénnom systéme. Vysledkom bolo
zistenie, ze pritomnost G-kvadruplexovej Struktury v blizkosti cielového génu mdze
urCovat ucinnost transkripénej regulacie proteinu p53, €o zdbéraznuje ulohu
Strukturnych znakov DNA ako modifikatorov funkcii rodiny p53 na cielovych

promotorovych miestach.

Druha Cast’ obsahuje subor publikacii zameranych na Studium nekanonickych DNA
Struktur v réznych skupinach organizmov pomocou bioinformatickych néstrojov
vyvinutych Biofyzikalnym ustavom Akadémie vied CR v spolupréci s informatickym
oddelenim Mendelovej univerzity, pristupnych online [261, 262, 264]. Z publikacnych

vysledkov je mozné zhrnut, Ze bol najdeny vyznamny rozdiel medzi obsahom PQS
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a IR, a tiez, ze ich distribucia v rdznych skupinach genémov nie je nahodna ale mieste

Specificka.

Posledna cast obsahuje doposial nepublikované vysledky, zamerané tiez na
nekanonické Struktury. Déraz sa kladie na ulohu G4-ligandov, ako stabilizatorov G4,

v ludskych nadorovych a nenadorovych bunkovych liniach.

K publikaénym vystupom boli po¢as Studia ziskané rozsiahle skdsenosti s roznymi
laboratérnymi technikami a bola vybudovana medzinarodna spolupraca s Univerzitou
prirodnych zdrojov a spoloCenskych vied (BOKU) a Instititom experimentalnej

a klinickej traumatoldgie Ludwiga Boltzmanna vo Viedni, v Rakusku.
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6 Zoznam skratiek a symbolov

AFM
C. elegnas
CD
CDK
CIP
DBD
DNA
DRAM
G4
GAL1
GFP
GPD
hTERT

IR/kbp
NCBI
MAPK
MiMIC
MPF
MtDNA
NLS
nt

oD
PQS
PRD
RE
RNA

spektroskopia atomarnych sil

Caenorhabditis elegans

cirkularny dichroizmus

cyklin dependentné kindzy

cyklin dependetny inhibitor kindzy

DNA vazbova doména

deoxyribonukleova kyselina

gén modulatora autofagie regulovaného poskodenim
G-kvadruplex

galaktézovy promotor

zeleny fluorescencny protein
glyceraldehyd-3-fosfat dehydrogenazovy prométor
telomerazova reverzna traskriptaza

inverzne repeticie

inverzné repeticie na kilobazu

Narodné centrum pre biotechnologické informécie
mitogénom aktvivovana proteinkinaza

Minosom sprostredkovana integracna kazeta
faktor podporujuci dozrievanie

mitochondrialna DNA

signal jadrovej lokalizacie

nukleotid

oligomerizacna doména

potencialne G-kvadruplexové sekvencie

doména bohata na prolin

responzivny element

ribonukleovéa kyselina

S.cerevisiae Saccharomyces cerevisiae
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SASP
TA
TAD
TOR
tmRNA
tRNA
wtp53
AN

sekrecny fenotyp asociovany so starnutim
transaktivaCny variant proteinu
transaktivatna doména

ciel rapamycinu

transférova-mediatorova RNA
transférova RNA

,wild type“ p53

skrateny variant proteinu
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Abstract: p53 is one of the most studied tumor suppressor proteins that plays an important role in
basic biological processes including cell cycle, DNA damage response, apoptosis, and senescence.
The human TP53 gene contains alternative promoters that produce N-terminally truncated proteins
and can produce several isoforms due to alternative splicing. p53 function is realized by binding
to a specific DNA response element (RE), resulting in the transactivation of target genes. Here, we
evaluated the influence of quadruplex DNA structure on the transactivation potential of full-length and
N-terminal truncated p53« isoforms in a panel of S. cerevisiae luciferase reporter strains. Our results
show that a G-quadruplex prone sequence is not sufficient for transcription activation by p53«
isoforms, but the presence of this feature in proximity to a p53 RE leads to a significant reduction of
transcriptional activity and changes the dynamics between co-expressed p53« isoforms.

Keywords: p53 protein; protein-DNA interaction; transactivation potential

1. Introduction

The tumor suppressor protein, p53, is called the “guardian of the genome” due to its crucial role
in maintaining genetic stability and inhibiting cancer formation [1,2]. To exert this role, once activated
after cell injury, p53 induces a number of cellular processes, resulting in cell repair and survival or in
programmed cell death [3-5]. The canonical p53 protein, also named p53«, FLp53«, or TAp53alpha
(hereafter referred to as FLp53x), was the first identified p53 form [6]. Human FLp53« is 393-amino
acids long and has seven functional domains. The N-terminal domain contains two transactivation
(TA) domains, which are required to induce a distinct subset of p53-target genes. Other domains are a
proline-rich domain (PRD), a DNA-binding domain (DBD), a hinge domain (HD), and a C-terminal
domain composed of an oligomerization domain (OD) and a negative regulation domain (e) [7].
The negative regulation domain is rich in lysine and undergoes many posttranslational modifications
that regulate FLp53c activity and stability [8]. The DBD contains several conserved cysteines
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and histidines that coordinate Zn?* or Mg?* ions, which are essential for FLp53c conformation and
DNA-binding activity [9]. Different N-terminal isoforms of p53cc have been identified due to alternative
translation initiation, splicing sites, or alternative promoter usage: A40p53x, A133p53c, and A160p53x
lack the 39, 132, and 159 N-terminal amino acids, respectively, compared with FLp53c [10,11]. As a
consequence, A40p53x lacks one of the two TA domains while the other two isoforms lack both TA and
the PR domains, plus part of the conserved cysteine box in the DBD [12]. Based on experiments over the
past ten years, it has been shown that p53 isoforms are physiologically active proteins. Misregulation
of p53 isoform expression can lead to cancer, premature aging, neurodegenerative diseases, or even
embryo malformations [13,14].

p53 is part of an extensive transcriptional network that coordinates the response to intracellular
and extracellular stresses or damage [5]. The main function of p53 is provided by its interaction with
DNA [15-19]. p53 regulates target gene expression mainly by activation of p53-responsive promoters.
The DNA response element (RE) for p53 binding comprises two copies of a 5- RRRC(A/T)(T/A)GYYY-3’
sequence [15,20,21] accommodating the binding of two p53 dimers to form a p53 tetramer that is
considered the functional unit for transcriptional modulation [16]. The domain responsible for
sequence-specific DNA binding is the core DBD, even though the OD is critical for tetramer formation
and modifications to the C-terminal domain influence binding affinity and specificity [22]. p53-DNA
interactions with p53 REs are sensitive to DNA topology and this is a key parameter contributing to
p53-DNA affinity and specificity [18,23]. It was demonstrated that p53 also binds to various local DNA
structures stabilized by DNA topological stress such as cruciforms [24,25], quadruplex [26], triplex [27],
bulged [28], and hemicatenate [29] DNAs.

The unicellular yeast Saccharomyces cerevisiaze has been previously employed to study the
transcriptional activity of many human transcription factors including p53 and its isoforms [30-32].
Here, we have engineered yeast reporter strains to study the impact of positioning a G-quadruplex (G4)
prone sequence alone or in proximity (upstream or downstream) of a p53 RE on the transactivation
induced by FLp53« and the N-terminally truncated isoforms (A40p53c, A133p53«, and A160p53«x),
expressed both individually and in combination.

In particular, we investigated whether G4 prone sequences are capable of inducing p53-dependent
transactivation per se, and/or whether they modify transcription when present in close proximity to an
established p53 binding site. We also investigated whether G4 prone sequences impact on the crosstalk
between co-expressed p53 isoforms and mapped the presence of G4 forming sequences nearby p53
PUMA RE in genomic context. Our results further emphasize the potential role of structural DNA
features as modifiers of p53 protein functions at target promoter sites.

2. Results

2.1. Construction of Isogenic Yeast Strains

To elucidate the influence of a G4 on p53« transcriptional activity, we exploited yeast isogenic
reporters. We used the following G-rich DNA sequence GGGGCGGGGGACGGGGGAGGGG, which
is very highly prone to form a G4, based on the propensity score given by the G4Hunter tool [33,34]
(G4Hunter score 3.182), which is even higher than the sequence from the c-Myc promoter region
(G4Hunter score 2.941) where the presence of the G4 structure has been evaluated both in vitro and
in vivo [35,36]. We confirmed the propensity of this sequence to form G4 by CD spectroscopy (Figure 1).
The measurements showed that the G-rich sequence forms a hybrid type of G4 with dominant parallel
G4 represented by the peak at 264 nm and an antiparallel G4 structure resulting in the secondary peak
at 295 nm. The slow drop off of the curve after the typical 264 nm peak is in keeping with the evidence
that topologically different G4 intermediates may coexist [37,38]. Sequences with an additional PUMA
P53RE region showed higher preference for the antiparallel G4 structure with a more prominent peak
around 295 nm.
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Figure 1. Circular Dichroism }CD] spectroscopy of used DNA sequences. CD spectra of the
buffer (light blue), and oligonucleotides from the Table 1 (G4, blue, PUMA-red, G4-PUMA-green,
PUMA-G4 violet).

Next, we integrated the p53 RE derived from the human PUMA/BBC3 promoter and the G4
sequence alone or combined upstream of a minimal promoter driving the luciferase reporter gene
at the ade2 locus in yeast. Two versions of the combined element were constructed, differing in the
position of the G4 sequence either upstream or downstream of the p53 RE (Figure 2).

A B Yy ™y
p53 RE reporter gene p53 RE reporter gene
C D
Y e o~ 2
D — S
p53 RE reporter gene reporter gene

Figure 2. Scheme of the tested sequences in the luciferase reporter promoter region.
2.2. Transactivation Activity of pb3a

The reporter yeast strains were used to measure the transactivation potential of four p53« isoforms.
First, exploiting the galactose inducible system to control p53 expression, we analyzed the level of
transcription of the reporter in the presence of the PUMA p53RE without galactose and with 0.2% or
2% galactose. The results showed that both FLp53« and A40p53« transactivate the reporter, although
to different extents (Figure 3). Increasing the amount of galactose led to a proportional increase in
transactivation for both isoforms. The A133a and A160« isoforms did not induce transactivation of the
PUMA p53 RE.
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Figure 3. p53-dependent transactivation potential in yeast. All p53« isoforms are expressed under
an inducible GAL1 promoter. Histograms show the average fold induction over empty vector in
three biological replicates (mean + S.D.). The results with three levels of p53 induction (no induction,
moderate, high) obtained after 24 h in inducing media are presented. Asterisks indicate a significant
induction of p53 dependent transactivation (p < 0.05).

Similarly, the transactivation potential of constitutively expressed p53 (GPD promoter) was
significantly higher for the FLp53« isoform compared to the A40p53« isoform, while A133 and A160
isoforms were not able to transactivate the reporter (Figure 4).
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Figure 4. p53-dependent transactivation potential in yeast. All p53 isoforms are expressed under a
constitutive glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter. The results for the indicated
P53« isoforms obtained after 24 h in media without induction are presented. Asterisks indicate a
significant induction of p53 dependent transactivation (p < 0.05).
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To elucidate the role of G4 structure on the transcriptional activity p53« isoforms, we tested
three additional yeast isogenic strains containing the G4 alone or combinations of the p53 RE with
the G4 sequence upstream or downstream. All strains were co-transformed so that the activity
of FLp53x expressed alone or combined with the other p53a isoforms could be assessed in the
various reporter strains. FLp53a was expressed under the constitutive GPD promoter while Ap53a
isoforms were under the GAL1 promoter and were expressed both at moderate (Figure 5A) and
high levels (Figure 5B). Performing western blot of p53 isoforms is challenging due to the lack of
commercially available isoform-specific antibodies, but western blot with the DO-1 antibody that
detects an N-terminal epitope (residues 11-25) in FLp53« has shown that expression of full-length
P53 by the constitutive GPD promoter in yeast was not dramatically affected by the co-selection of
expression plasmids for p53« isoforms (Figure S1). FLp53« induced transactivation in the strain with
just the p53 RE upstream of the luciferase reporter, but had no transactivation activity on G4 alone.
The transactivational activity of FLp53« was affected by the G4 sequence placed either upstream
or downstream of the pS3RE. Interestingly, the presence of the G4 in close proximity to the p53 RE
decreased p53-dependent transactivation (Figure 5, red bars), but the position of the G4 sequence
influenced this effect. The inhibitory effect was greater with the G4 inserted after the p53 RE (i.e., closer
to the TSS) than when the G4 was positioned upstream of the p53 RE. None of the Ap53« isoforms
impacted the low transcription activity of the reporter containing the G4 sequence only. In the p53
PUMA RE reporter strain, A160p53« decreased transactivation by FLp53c, particularly when expressed
at high levels (Figure 5B). Such a decrease was not observed with A40p53« (consistent with the residual
transactivation potential of this isoform), but it slightly potentiated FLp53« transactivation activity.
However, placing the G4 sequence downstream of the p53 RE led to changes in the apparent functional
interaction between co-expressed p53« isoforms, and A40p53« gained an inhibitory effect over FLp53«,
while A133p53x and A160p53«x lost that property. Indeed, when expressed alone, A40p53x was
impacted by the presence of the G4 sequence in a manner similar to FLp53« (Figure 6).
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Figure 5. Influence of Ap53« isoforms with inducible expression on transactivation activity of
constitutively expressed FLp53«x. (A) in media with 0.2 % galactose; (B) in media with 2% galactose.
Four isogenic yeast strains were used, with the p53 target site (PUMA), with the p53 target site after
G4 forming sequence (G4-PUMA), with the p53 target site before G-quadruplex forming sequence
(PUMA-G4), and the G4 forming sequence upstream of the luciferase gene. Asterisks indicate a
significant induction of p53-dependent transactivation (p < 0.05).
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Figure 6. Impact of the G4 prone sequence on A40p53« transactivation activity from the PUMA RE.
A40p53x was expressed under an inducible GALI promoter. Histograms show average fold induction
over empty vector in three biological replicates (mean + S.D.). The results obtained after 24 h in 2%
galactose inducing media are presented. Asterisks indicate a significant induction of p53-dependent
transactivation (p < 0.05).
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3. Discussion

p53 is a transcription factor that recognizes a 20-bp long DNA motif. However, chromatin
immunoprecipitation has shown that many p53 targets do not contain a classical full-length p53 RE,
but can be formed by half-site [21], or do not contain classical target sequences [39]. Non-canonical DNA
motifs are transcriptionally active for wild type and mutant p53 proteins [40] and local DNA structures
are important determinants for protein-DNA binding [41]. Recently, the interaction of p53 with G4s
has been demonstrated [26]. Even if it was demonstrated that G4 structures are often located in gene
regulatory sequences in the human genome [42] and there are many studies of p53 target genes [16,39],
a combined study of both features is missing. Therefore, we performed additional analyses of 100 bp
sequence surrounding the p53-target sequence in the PUMA gene promoter. Interestingly, there are
several potential G4-prone sequences in close proximity to the PUMA p53-target sequence (Figure 7).
The G4-prone sequence is located tightly before p53 RE (—33 to —1 before p53 RE, max. G4Hunter score
in this area 1.84) and several G4-prone sequences are located after the p53 RE including a G4Hunter
score of 1.32 immediately after the p53 RE—location 0—25—and another further downstream (starting
either 21, 45, and 58 nucleotides after the p53 RE; highest G4Hunter score of 3.2 for the sequence:
GGGGGCGGGG CGGGGCGGGG CGGGQG, peak at 71 nucleotides after p53 RE).

G4 Hunter score

-100 -50 (PUMA_ 50 100
bp

Figure 7. Localization of G4-prone sequences around p53 PUMA RE sequence (100 bp before and
after p53 PUMA RE). The analysis of G4-prone sequences has shown that p53 PUMA RE (rectangle) in
the human genome is surrounded by G4-prone sequences with peaks at 1.84 before p53 RE and long
G4-prone sequence with the peak at 1.32 just after p53 RE and with a maximum peak with G4Hunter
score 3.2).

Even though the localization of both p53 RE and G4 sequences have been shown in the genome,
the roles of G-quadruplexes in regulating transcription by p53 isoforms have not been evaluated.
Therefore, we prepared a model system and analyzed the impact of a sequence endowed with high
propensity to adopt a G4 structure positioned either upstream or downstream of a moderately active
P53 RE using yeast reporter strains. FLp53a protein and its A-isoforms failed to transactivate a
minimal promoter when only a G4-prone sequence was inserted at the site. It has been shown
recently that G4s have an inhibitory effect on translation in vivo in the yeast system [43]. Our results
showed that A160p53x expressed together with FLp53c decreased transactivation at the p53 RE.
These new data are in agreement with previously published apoptosis assays, where A160p53 inhibits
apoptosis, in contrast to A133p53 [44]. On the other hand, the A133p53 and A160p53c isoforms failed
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to decrease transactivation of the p53 RE presented together with a G4-prone sequence in front of
the RE; in fact, there was a slight increase in transactivation (Figure 5A). This result suggests that
hetero-tetramerization of A133p53c or A160p53x with FLp53x (contrary to A40p53«) does not inhibit
transactivation at p53 targets associated with a G4 structure, while in the case of A40p53c, competition
between isoform specific homo-tetramers or the formation of hetero-tetramers can lead to the inhibition
of the transactivation potential of FLp53« at these sites (Figure 8).

x1 3

p53 RE p53 RE

p53 RE p53 RE

Figure 8. Schematic model of p53 isoforms binding to a RE associated with G4 sequence. (A)
FLp53x or A40p53« bind effectively to the RE and there is a high or moderate level of transactivation.
(B) A133p53x and A160p53c inhibit FLp53« transactivation, (C) the presence of a G4 close to the RE
decreases accessibility of the TA domains and FLp53« transactivation, (D) which is not more inhibited
by A133p53a and A160p53«, although steric protein orientation is impaired due to the G4 structure.
TA is the blue domain, rest of the protein is in green, column represent transactivation induced by p53
complex (red column FLp53c, blue FLp53x with A133p53«x and A160p53« isoforms).

Therefore, it appears that the composition of the p53 isoforms could be a selective determinant in
P53 transactivation specificity, resulting not only from the p53 RE sequence, but also from structural
DNA features, particularly a G4 upstream or downstream of the p53 RE. The G4-prone sequences
localized in close proximity to the PUMA p53 RE suggests that G4 formation could be an additional
feature that determines the effectiveness of p53 transcriptional regulation. The co-expression of different
p53 isoforms may increase plasticity through a compromise between effective FLp53 homotetramers at
RE sites embedded in structurally favorable contexts and less effective, but sterically more beneficial
heterotetramers, at RE sites flanked by structured motifs such as G4.

4. Methods

4.1. Preparation of Plasmids to Express p53a Isoforms

Vectors containing the coding sequences of p53« isoforms were prepared by the Gateway cloning
system (detailed in [45]). As the destination vector, pAG414GALccdB-HA containing the inducible
GAL promoter and pAG415GPDccdB-HA with the constitutive GPD promoter were used. Destination
vectors containing the cDNAs of p53« isoforms were isolated from E. coli STBL3 strain using a
commercial plasmid extraction kit (Omega-Biotek, Norcross, USA).
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4.2. Preparation of Yeast Isogenic Strains by Delitto Perfetto Homologous Recombination

S. cerevisiae haploid strain yLFM-ICORE (MAT & leu2-3nic strains, 112 trp1-1 his3-11,15 can1-100;
ura3-1; ade2:RE:pCyc1::LUC1) was used for deriving a panel of isogenic reporter strains, which differ
in the presence of a p53 RE and a G4 prone sequence (Table 1). The double counterselectable- REporter
ICORE cassette was replaced by a targeting oligonucleotide, consisting of 30 nt flanking homology
and the RE + G4 as an intervening sequence, following the protocol described in [46]. Replacement
was facilitated by induction of a single site-specific DNA double strand break at the ICORE site by the
homing endonuclease I-Scel, selected by exploiting resistance to 5-fluoro-orotic acid caused by loss of
the ICORE cassette and confirmed by colony PCR and Sanger sequencing. The obtained yeast reporter
strains differing in the p53 target site were purified and transformed with a plasmid for the expression
of specific p53« isoforms.

Table 1. Sequences cloned into luciferase promoter regions into yeast isogenic reporter strain (PUMA
sequence — highlighted by grey, G-repeats — bold).

Region Sequence 5-3’

PUMA CTGCAAGTCCTGACTTGTCC
PUMA-G4 CIGEAAGTIEEIGAGTIGIEEGGGGCGGGGGACGGGGGAGGGG
G4-PUMA GGGGCGGGGGACGGGGGAGGGG CIGCAAGTCCTCACTIGIEd

G4 GGGGCGGGGGACGGGGGAGGGG

4.3. Circular Dichroism (CD) Spectroscopy

CD measurements were carried out in a Jasco 815 (Jasco International Co. Ltd., Tokyo, Japan)
dichrograph in 1 cm path-length quartz Hellma microcells placed in a thermostatically regulated cell
holder at 23 °C. A set of four scans was averaged for each sample with a data pitch of 0.5 nm and
100 nm/min scan speed. CD signal was expressed as the difference in the molar absorption, Ae of the
left- and right-handed circularly polarized light, molarity being related to DNA strands; buffer: 50 mM
KCl, 5 mM Tris/HC1 pH 8.

4.4. Transformation of Yeast Strains

Yeast were transformed by a method based on mixing cells and DNA in the presence of lithium
acetate, TE, PEG, DMSO and performing heat shock, starting from saturated overnight cultures [47].
Double transformants were selected by auxotrophic selection on plates lacking both tryptophan
and leucine.

4.5. Luciferase Assay

Purified transformant colonies were inoculated on 96-well plates in 120 pL selective media
containing 2% raffinose as a carbon source and different concentrations of galactose to induce p53x
isoform expression from the GAL promoter of the pAG414GAL vector. Luciferase was measured as
described [40]. To ascertain p53 protein expression, samples used for the transcription analysis were
also used to prepare protein extracts for immunodetection by western blotting.

4.6. Western Blot

Yeast cell lysis was performed as described [48]. Protein extracts were quantified using the
Bradford assay. Proteins (80 ng) were electrophoresed using 12.5% acrylamide sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. Specific
antibodies directed against p53 were donated by Dr. VojtéSek and the membranes were incubated as
described [49-51]. The signal was detected using the ECL Select reagent (Pierce Fast Western Blot Kit,
Thermo Fisher, WA, USA) and results were visualized as chemiluminiscence on LAS 3000. Results are
shown in Figure S1.



Int. ]. Mol. Sci. 2020, 21, 127 10 of 12

4.7. Statistical Analysis

Transactivation data were plotted as fold luciferase induction relative to a control reporter activity,
measured with cells that do not contain a p53 expression plasmid and cultured under the same
conditions. Mean and standards deviation of at least three biological replicates are presented. Statistical
significance was evaluated using Student’s t-test.

4.8. G4Hunter Analyses

The DNA sequence of the p53RE that regulates PUMA on chromosome 19 including 100 bp
before and 20-bp after the p53RE was downloaded in FASTA format from the National Center for
Biotechnology Information (NCBI) [52]. The sequence was analyzed by G4Hunter web [34] for the
presence and localization of G-quadruplex prone sequences with parameters of “25” for window and
G4Hunter score above 1.2.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/1/127/s1.
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The importance of DNA structure in the regulation of basic cellular processes is an emerging field of research.
Among local non-B DNA structures, inverted repeat (IR) sequences that form cruciforms and G-rich sequences
that form G-quadruplexes (G4) are found in all prokaryotic and eukaryotic organisms and are targets for reg-
ulatory proteins. We analyzed IRs and G4 sequences in the genome of the most important biotechnology mi-

croorganism, S. cerevisiae. IR and G4-prone sequences are enriched in specific genomic locations and differ
markedly between mitochondrial and nuclear DNA. While G4s are overrepresented in telomeres and regions
surrounding tRNAs, IRs are most enriched in centromeres, rDNA, replication origins and surrounding tRNAs.
Mitochondrial DNA is enriched in both IR and G4-prone sequences relative to the nuclear genome. This extensive
analysis of local DNA structures adds to the emerging picture of their importance in genome maintenance, DNA
replication and transcription of subsets of genes.

1. Introduction

DNA primarily exists as a double helix [1]. However, it has been
demonstrated that DNA can form local non-B DNA structures including
cruciforms [2], triplexes [3] and G-quadruplexes (G4s) [4], which
regulate important biological processes [5] including transcriptional
activation, telomere maintenance and immune response [6]. Formation
of these structures is induced by negative supercoiling of DNA, which
induces local nucleotide sequence-dependent conformational changes
[71, and/or by protein binding [8]. The genomes and transcriptomes of
various organisms, including model organisms E. coli [9] and S. cere-
visiae [10], and of humans cells [11], contain numerous inverted re-
peats (IRs) and G-rich sequences. Local DNA structures are formed in
the presence of sequence motifs, among the most studied structures are
cruciforms (Fig. 1A) that can form from an IR, and G4s that form in G-
rich sequences where guanines are presented in specific G-tracts
(Fig. 1B). The formation of cruciforms is mainly dependent on base
sequence and requires perfect or imperfect IRs of 6 or more nucleotides
[12,13]. IRs involved in regulatory functions have been evolutionarily
conserved, on the other hand, long IRs could be a source of genetic

instability [14,15]. Importantly, IRs are often found in close vicinity to
polyadenylation (poly(A)) sites [16], replication sites and transcription
start sites [2]. G4s are stabilized by potassium or sodium ions and can
assume various conformations involving one, two or four DNA mole-
cules [17,18]. G4 sequences are found in telomeres, promoters and
other biologically important regions of mammalian genomes [19,20]
and are formed by G:G Hoogsteen base pairing [21]. Clusters of G4-
forming sequences induce gene expression and are found in regulatory
regions of oncogenes [22]. Knowledge of IR and potential quadruplex-
forming sequences (PQS) is therefore important for understanding their
roles in DNA maintenance and regulation.

Previous studies have shown significant enrichment of IRs in the S.
cerevisiae genome by IRFinder [23], as well as enrichment of PQS and
their functional relevance with transcription [10]. The importance of
these local DNA structures is supported also by observations that sev-
eral S. cerevisiae proteins such as Raplp, Hoplp, Mrellp and Seplp
interact with G4s [24], in agreement with recent studies showing the
importance of G4-binding proteins in humans [25-27]. S. cerevisiae, as a
model eukaryotic organism, offers several genetic systems that facilitate
exploration of the in vivo functions of local DNA structures. For
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Fig. 1. Schemes of local DNA structures (A) cruciform (B) G-quadruplex.

example, the 3’ ends of most eukaryotic telomeres terminate in a G-rich
single stranded overhang with high G4-forming potential [28] and the
telomere repeat DNA in S. cerevisiae is formed by the consensus se-
quence 5-[(TG)o_sTGGGTGTG(G)]1,-3’ [29], which has been shown to
form a G4 structure [30]. In addition to telomeres, numerous sequences
have the potential to form intramolecular G4s. For examples, promoter
regions [31], ribosomal DNA [32], minisatellites [33] and the im-
munoglobulin (Ig) heavy chain genes [34]. Knowledge of the presence
and localization of local DNA structures in S. cerevisiae is therefore
important for their effective usage as a tool for functional studies.

Here, we analyzed for the first time differences in IR and PQS lo-
calization in the S. cerevisiae nuclear and mitochondrial genomes using
the new tools Palindrome analyser and G4Hunter web server. Our re-
sults show the presence, frequency and localization of these sequence
motifs and their dissimilar localizations, suggesting their distinct
functional roles in the genome.

2. Results

The fully sequenced genome of S. cerevisiae in the NCBI database
consists of 16 chromosomes and one mtDNA. S. cerevisiae chromosomes
vary from 230 kbp for chromosome I to 1.53 Mbp for chromosome IV
and mtDNA is 85.78 kbp in length (NCBI IDs are provided in
Supplementary material 1).

2.1. Analysis of IRs

We analyzed the S. cerevisiae genome for the presence of IRs of
length 10-30, spacer size 0-10bp and O or 1 mismatch. In total, we
identified 8951 IRs in 12157105 bp (overall IR frequency = 0.74 IR/
kbp). The overall number of IRs and the longest IR found in each
chromosome and mtDNA of S. cerevisiae are shown in Table 1. While the
frequency of IRs in chromosomal DNA varied from 0.42 to 0.83 IRs per
kbp (mean = 0.56 IR/kbp), the frequency of IRs in mtDNA is 45-times
higher at 25.02 IR/kbp. Shapiro-Wilk test of IR frequencies in chro-
mosomal DNAs shows that these data are not normally distributed:
W = 0.86912, p-value = .02637, and Wilcoxon signed rank test in-
dicates that IR frequencies in chromosomal DNA are significantly dif-
ferent (p = .0004793). A graphical representation of IR frequencies is
shown in Fig. 2.

We also compared IR frequencies according to length (Table 2). IRs
with the shortest length (10bp) are the most abundant and their
numbers and frequencies decrease with increasing IR length. While all
chromosomes and mtDNA have at least one IR of length 16 bp, longer
IRs were rare and individual IRs with length 19bp or more re-
present < 10% of all IRs. Although the IR frequency is higher in
mtDNA, longer IRs are present in chromosome XII (24 bp) and chro-
mosome II (29 bp long).

The majority of IRs are without any spacer, followed by IRs with
1bp between repeats (> 3-fold less frequent for 1bp spacer).
Interestingly, mtDNA has a relatively high frequency of IRs with 1 bp
spacer (only 2-fold less frequent than IRs without spacer). The third
most often spacer in chromosomal DNA is 3 bp, whereas the third most
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Table 1
IR characteristics in chromosomes and mtDNA.
DNA sequence Size (bp) Number of Frequency (IR/ Longest IR
IRs Kkbp) (bp)
Chr I 230218 96 0.42 16
Chr IT 813184 476 0.59 23
Chr III 316620 262 0.83 29
Chr IV 1531933 866 0.57 23
Chr V 576874 337 0.58 19
Chr VI 270161 172 0.64 16
Chr VII 1090940 662 0.61 21
Chr VIII 562643 321 0.57 19
Chr IX 439888 253 0.58 18
Chr X 745751 392 0.53 20
Chr XI 666816 414 0.62 20
Chr XII 1078177 602 0.56 24
Chr XIII 924431 448 0.48 18
Chr XIV 784333 418 0.53 22
Chr XV 1091291 605 0.55 20
Chr XVI 948066 481 0.51 20
Total nuclear 12071326 6805 0.56 29
mtDNA 85779 2146 25.02 23
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Fig. 2.1R frequencies in chromosomes and mtDNA, Outliers: *p < .05,
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Table 2
Numbers and frequencies of IRs according to size.
IR size  Number in data set IR/kbp IR size ~ Number in data set  IR/kbp
10 4610 0.3792 21 14 0.0012
11 2017 0.1659 22 10 0.0008
13 947 0.0779 23 4 0.0003
14 540 0.0444 24 1 0.0001
15 321 0.0264 25 0 0
16 187 0.0154 26 1 0.0001
17 73 0.0060 27 0 0
18 59 0.0049 28 0 0
19 35 0.0029 29 1 0.0001
20 27 0.0022 30 0 0

often spacer is 5 bp in mtDNA (all data for spacers are in Supplementary
material 2). The total number of IRs without any mismatch is 876, the
remaining 8602 IRs contain one mismatch in the sequence. Numbers
and frequencies for all analyzed lengths, spacers, mismatches and their
statistical comparisons are detailed in Supplementary material 2.

2.2. PQS analysis

We analyzed S. cerevisiae DNA sequences for PQS by G4Hunter.
G4Hunter results are presented as “individual G4Hunter score” (for
exact size of the analyses — in our case 25bp long window) and as
“grouped G4Hunter score” (for sequences with G4Hunter above the
defined score of 1.2 — which includes all 25bp long individual se-
quences grouped to one long sequence). PQS is usually associated with
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Table 3

Numbers of PQS, highest G4Hunter score, GC content and %PQS in chromo-
some/mtDNA. Analysis conditions: Window 25, Threshold 1.2, grouped
G4Hunter score.

DNA sequence Number of PQS  Highest G4Hunter %GC %PQS
score content
Chr I 87 1.38 39 1.16%
Chr IT 248 1.37 38 0.90%
Chr III 138 1.37 39 1.34%
Chr IV 429 1.54 38 0.85%
Chr Vv 197 1.44 39 1.03%
Chr VI 86 1.38 39 1.03%
Chr VII 334 1.59 38 0.89%
Chr VIII 157 1.37 38 0.88%
Chr IX 162 1.42 39 1.11%
Chr X 192 1.61 38 0.77%
Chr XI 214 1.41 38 0.96%
Chr XII 347 1.47 39 0.97%
Chr XIII 258 1.45 38 0.94%
Chr XIV 256 1.32 39 1.01%
Chr XV 314 1.56 38 0.86%
Chr XVI 306 1.41 38 0.96%
Total nuclear 3725 1.44 39 0.94%
mtDNA 43 1.37 17 1.65%

high GC content and S. cerevisiae DNA has a low GC content, varying
from 37.9% to 39.3% in chromosomes and only 17.1% in mtDNA. Using
standard values for G4Hunter - window size 25 and G4Hunter score
above 1.2 - we identified a total of 3768 grouped PQS in S. cerevisiae
DNA. Surprisingly, given that mtDNA has the lowest GC content,
mtDNA showed the highest frequency of PQS. The overall number of
PQS (score 1.2 or above), the highest G4Hunter scores, GC content and
length of all PQS (all base pairs with potential to form G4) divided by
total number of bp in the DNA (%PQS) for each chromosome and
mtDNA of S. cerevisiae are shown in Table 3. Detailed results (Threshold
1.2) are provided in Supplementary Material 3.

A graphical representation of PQS frequencies is shown in Fig. 3.
Using Wilcoxon signed rank test, the frequencies of PQS in chromo-
somal DNA are significantly different (p = .00003052). Considering the
very low GC content in mtDNA [35], the highest frequency of PSQ in
mtDNA points to specific organization of GC-rich regions in specific G-
prone sites. Higher G4Hunter scores indicate a higher probability of a
G4 forming inside the PQS [40,41]. We therefore also analyzed the
sequences using various values (G4Hunter score from 1.2 to 2) and
fixed window size 25, a summary of these data is shown in Table 4.

2.3. IR frequencies according to sequence annotations

The NCBI genome database contains chromosome and mtDNA an-
notations. The best described are gene (9026186), mRNA (8587452),
repeat region (111937), replication origin (107618), tRNA (19630),
ncRNA (33448), centromere (3702), mobile_element (291801),
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Table 4
PQS numbers and frequencies per kbp in S.cerevisiae based on G4 hunter score
(grouped PQS).

G4Hunter threshold Number of PQS PQS frequency (/kbp)

1.2-1.4 2490 0.21
1.4-1.6 865 0.073
1.6-1.8 260 0.022
1.8-2.0 91 0.0077
2.0-more 62 0.0052
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Fig. 4. (A) Differences in IR frequency by DNA locus. The chart shows IR fre-
quencies relative to their frequency in “gene” locations. We analyzed fre-
quencies of IRs with lengths 10 bp and longer within annotated locations (in-
side) and 100 bp before or after annotated locations. (B) Differences in PQS
frequency by DNA locus. The chart shows PQS frequencies relative to the fre-
quency in “gene locations”. We analyzed frequencies of all PQS within anno-
tated locations (inside) and 100 bp before or after annotated locations.

telomere (140679), sequence-tagged site (STS) (7297), rRNA (15327),
misc_feature (12429) and misc RNA (16714). To compare IR fre-
quencies at different locations we used the most common annotation
“gene” as a standard for comparison with others. The frequency of IRs
in centromeric regions is 27-fold higher than IRs located in gene re-
gions. IRs are also abundant in and before rRNA and inside STS loca-
tions (> 10-times more abundant than genes), in replication origins,
and before rRNA and centromere regions. IRs are relatively less fre-
quent inside tRNA regions and more abundant before and after tRNA
regions. The ratios of IR frequencies in annotated features are shown in
Fig. 4A. All data of frequencies and ratios for IRs in various regions are
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provided in Supplementary material 4.
2.4. PQS frequencies according to sequence annotations

The ratio of PQS frequencies in different annotated features are
shown in Fig. 4B. The highest occurrence of PQS within features was
observed in telomere sequences (> 8-times more often than in gene
regions), followed by rRNA and misc_feature. PQS are abundant also
within rRNA (3.8-times higher compared to gene regions) and re-
plication origins (1.4-fold higher). We also found high levels of PQS
before and after features, most notably tRNA regions; even though PQS
inside the tRNA region is 5-times lower than genes, PQS are > 20-times
more abundant 100 bp before and after tRNA regions. Similarly, there is
an abundance before and after rRNA regions (9.6-fold higher before and
14.7-fold higher after this feature), and before and after STS, replication
origins and repeat regions (Fig. 4B, Supplementary material 4).

3. Discussion

The importance of local DNA structures for DNA maintenance and
regulation has emerged in the last decade. It has been demonstrated
that IRs able to form cruciforms play important roles in transcription
regulation by interaction with many proteins [2] including, for ex-
ample, the p53 human tumor suppressor protein [36]. Contemporary
bioinformatics tools allow analyses of complete genomes, which brings
a more complete view of DNA structure and regulation [37,38]. Ana-
lyses of mitochondrial and plastid DNAs of all sequenced organisms has
shown the presence of IRs in replication origins and other regulatory
regions [39,40]. A previous study using a different algorithm (Inverted
Repeat Finder) and with different parameters, demonstrated that S.
cerevisiae chromosomal IRs are clustered in intergenic regions [23] and
a correlation between IRs and the polyadenylation signal was shown
recently [16]. Here, using Palindrome analyser applied to nuclear and
mtDNA, we show that short IRs are more abundant in S. cerevisiae
mtDNA than chromosomal DNA and that the majority of IRs are located
in centromeric regions of chromosomal DNA. The relative abundance in
replication origins suggest that IRs play an important role not only in
viral and bacterial replication [41, 42], but also in controlling eu-
karyotic replication.

In addition to IRs, we also investigated PQS. Several proteins have
been described to interact with G4s in S. cerevisiae [24], including he-
licases that play important roles in genome maintenance during re-
plication, for example Sgslp [43,44]. Other G4-binding proteins are
proposed to have roles in telomere capping, such as Cdcl3p [45], or
telomere length regulation and transcriptional silencing/activation,
such as Raplp [46]. Recently, 29 novel G4 binding proteins from S.
cerevisiae were identified by affinity purification and quantitative LC-
MS/MS [47] and a novel G4 binding protein in S. cerevisiae, SIx9 [48],
was demonstrated to bind in vitro to G4 and ChIP-seq analyses de-
monstrated that its binding increased in the absence of G4 helicase
[48]. Moreover, several molecular and genetic studies show that G4s
can act as a regulatory tool [49]. The most recent papers on the func-
tional roles of cruciform-forming IRs and G4 binding proteins in S.
cerevisiae provide evidence that these structures play regulatory roles
[16,47,48]. While direct influences of G4 structures on gene tran-
scription have been shown in bacteria [50] and vertebrates [51], the
roles of G4s in S. cerevisiae have yet to be fully evaluated. Here, we
demonstrated that PQS are highly abundant in telomere regions and,
moreover, in close proximity to several important regulatory regions of
the S. cerevisiae genome. The presence of PQS in these regions suggests
their function in S. cerevisiae genome regulation. Interestingly, we show
that both IRs and PQS are not randomly located, but are enriched in
specific chromosomes and specific locations of the S. cerevisiae nuclear
and mitochondrial genomes. These results point to distinct functional
usages of IRs and G4s. The differences in frequencies of local DNA
structures in mitochondrial and chromosomal DNA suggest that
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regulation of DNA expression is different in circular and linear DNAs.
With this knowledge, the future perspective will be to manipulate these
sequences, either genetically or pharmacologically, and investigate the
functional effects in S. cerevisiae on e.g. DNA replication, genome sta-
bility, tRNA production/activity and protein synthesis, either as a
model system or indeed for biotechnology purposes.

4. Methods
4.1. Genome sequences and bioinformatic analyses

The complete DNA sequence of the S. cerevisiae S288C nuclear and
mitochondrial genomes were downloaded (May 20, 2019) in FASTA
format from the National Center for Biotechnology Information (NCBI)
[52]. The genomes were analyzed by Palindrome analyser [38] and
G4Hunter web [53] for the presence and localization of IRs and PQS,
respectively. For IR analyses, the parameters were; size of IR 10 to
30 bp; spacer size 0 to 10 bp; one mismatch was allowed. We produced
a separate list of IRs found in each chromosome and mtDNA sequences.
PQS analyses used parameters of “25” for window and G4Hunter score
above 1.2.

4.2. Analysis of IRs and PQS around annotated NCBI features

We also downloaded tables containing feature annotations from
NCBI (e.g. transcription start sites, polyA sites, centromere, telomere,
etc). These data were used to investigate the occurrence of IRs of var-
ious lengths and of PQS before and after ( = 100 bp) and inside fea-
tures. Further processing was performed in Microsoft Excel.

4.3. Statistical evaluation

Statistical evaluations of normality were made by Shapiro-Wilk test.
Because data do not have normal distributions, we additionally ana-
lyzed our data by Wilcoxon signed rank test (with p-value cut-off 0.05).
For statistical evaluation of outliers, chisq.out.test (from R package
“outliers”) was used.
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Non-canonical nucleic acid structures play important roles in the regulation of molecular
processes. Considering the importance of the ongoing coronavirus crisis, we decided
to evaluate genomes of all coronaviruses sequenced to date (stated more broadly, the
order Nidovirales) to determine if they contain non-canonical nucleic acid structures.
We discovered much evidence of putative G-quadruplex sites and even much more
of inverted repeats (IRs) loci, which in fact are ubiquitous along the whole genomic
sequence and indicate a possible mechanism for genomic RNA packaging. The most
notable enrichment of IRs was found inside 5’'UTR for IRs of size 12+ nucleotides, and
the most notable enrichment of putative quadruplex sites (PQSs) was located before
3'UTR, inside 5'UTR, and before mRNA. This indicates crucial regulatory roles for both
IRs and PQSs. Moreover, we found multiple G-quadruplex binding motifs in human
proteins having potential for binding of SARS-CoV-2 RNA. Non-canonical nucleic acids
structures in Nidovirales and in novel SARS-CoV-2 are therefore promising druggable
structures that can be targeted and utilized in the future.
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INTRODUCTION

The order Nidovirales is a monophyletic group of animal RNA viruses. This group can be divided
into the six distinct families of Arteriviridae, Coronaviridae, Mesnidovirineae, Mononiviridae,
Ronidovirineae, and Tobaniviridae. All known Nidovirales have single-stranded, polycistronic RNA
genomes of positive polarity (Modrow et al., 2013). Due to the Severe acute respiratory syndrome-
related coronavirus (SARS-CoV) epidemic (November 2002-July 2003, Southern China), Middle
East respiratory syndrome-related coronavirus (MERS-CoV) outbreaks (January 2014-May 2014,
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Saudi Arabia and May 2015-June 2015, South Korea), and the
most recent Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) worldwide pandemic (starting in November 2019
in Wuhan, China), this viral group is now extensively studied
(Hung, 2003; Cowling et al., 2015; Oboho et al., 2015; Li et al.,
2020).

The small size of RNA virus genomes is in principle
linked to their limited ability for RNA synthesis, which
is directly connected to a replication complex containing
RNA-dependent RNA polymerase (RdRp) without reparation
mechanisms (Gorbalenya et al., 2006). These RNA viruses
can generate one mutation per genome per replication round
(Drake and Holland, 1999). This combination of features means
that RNA viruses are able to adapt to new environmental
conditions, but they are limited in expanding their genomes
because they must keep their mutation load low so that their
survival is possible (Eigen and Schuster, 1977; Lauring et al.,
2013; Carrasco-Hernandez et al., 2017). Nidovirales bind to their
host cell receptors on the cell surface, after which fusion of
the viral and cellular membranes is mediated by one of the
surface glycoproteins. This mechanism, which progresses in the
cytoplasm or endosomal membrane, releases the nucleocapsid
into the host cell’s cytoplasm. After genome “transportation,”
translation of two replicase open reading frames (ORFs) is
initiated by host ribosomes. This results in large polyprotein
precursors that undergo autoproteolysis to eventually produce a
membrane-bound replicase/transcriptase complex. This complex
initiates synthesis of the genome RNA and controls the synthesis
of structural and some other proteins. New virus particles
are assembled by association of the new genomes with the
cytoplasmic nucleocapsid protein and subsequent envelopment
of the nucleocapsid structure. Subsequently, the viral envelope
proteins are inserted into intracellular membranes and targeted
to the site of virus assembly (most often membranes between
the endoplasmic reticulum and Golgi complex) and then they
meet up with the nucleocapsid and trigger the budding of virus
particles into the lumen of the membrane compartment. The
newly formed virions then leave the cell by following the exocytic
pathway toward the plasma membrane (Lai and Cavanagh, 1997;
Gorbalenya, 2001; Snijder et al., 2003; Ziebuhr, 2004; Gorbalenya
et al., 2006).

Today, SARS-CoV-2 is being studied intensively by scientists
all over the world due to the ongoing 2020 coronavirus pandemic
(Cohen, 2020). The origin of this virus is unknown, but
recently a two-hit scenario was proposed wherein SARS-CoV-2
ancestors in bats first acquired genetic characteristics of SARS-
CoV by incorporating a SARS-like receptor-binding domain
through recombination prior to 2009; subsequently, the lineage
that led to SARS-CoV-2 accumulated further, unique changes
specifically within this domain (Patino-Galindo et al., 2020). As
true of SARS-CoV, cell entry by SARS-CoV-2 depends upon
angiotensin-converting enzyme 2 (ACE2) and transmembrane
protease, serine 2 (TMPRSS2) for viral spike protein priming
(Hoffmann et al, 2020). The genome of SARS-CoV-2 was
sequenced and annotated in early January 2020 (Wu et al., 2020).
A recent study revealed that the transcriptome of SARS-CoV-2
is highly complex due to numerous canonical and non-canonical

recombination events. Moreover, it was found that SARS-CoV-
2 produces transcripts encoding unknown ORFs and at least 41
potential RNA modification sites with an AAGAA motif were
discovered in its RNA (Kim et al., 2020).

G-quadruplex binding proteins (QBPs) play crucial roles in
many signaling pathways, including such biologically highly
relevant activities as cell division, dysregulations of which lead
to cancer development (Wu et al., 2008; Brazda et al., 2014).
QBPs have been found to be involved in various viral infection
pathways. An interesting example is HIV-1 nucleocapsid protein
NCp?7. It has been described how this protein helps to resolve an
otherwise very stable G-quadruplex structure in viral RNA that
stalls reverse transcription (Butovskaya et al., 2019). Various G-
quadruplex-forming aptamers are used as drugs against many
different viral proteins, suggesting a prominent role for QBP-
mediated regulation. Among many other viruses, in particular
Hepatitis C virus, HIV-1, and SARS-CoV are targets of these G-
quadruplex-forming aptamers (Platella et al., 2017). Quadruplex
binding domain has been found in non-structural protein
3 (Nsp3) (Lei et al., 2018). This so-called SARS-UNIQUE-
DOMAIN (SUD), and especially its M subdomain, was observed
to be essential for SARS replication in host cells. Deletion or even
substitution mutations in key RNA-interacting amino acids were
shown to result in viral inability to replicate within host cells
(Kusov et al., 2015). Moreover, this subdomain was found also
in MERS and several other coronaviruses (Kusov et al., 2015).

G-quadruplexes are secondary nucleic acid structures formed
in guanine-rich strands (Burge et al, 2006; Vorlickovd et al.,
2012; Kolesnikova and Curtis, 2019). These have been detected in
various genomes, but most extensively they have been described
in human genomes (Chambers et al., 2015; Bedrat et al., 2016;
Hansel-Hertsch et al., 2016). They are present also in viruses
(Lavezzo et al, 2018; Frasson et al, 2019). G-quadruplexes
probably play an important role in regulating replication in most
viral nucleic acids (Lavezzo et al., 2018), and these structures
have been suggested as targets for antiviral therapy (Métifiot
et al., 2014; Ruggiero and Richter, 2018, 2020). Along with
cruciforms and hairpins, which can be formed in nucleic acids
by inverted repeats (IRs), G-quadruplexes are significant genome
elements playing specific biological roles. They are involved, for
example, in the regulation of DNA replication and transcription
(Bagga et al., 1990; Yu, 2009; Brazda et al., 2011). It has been
demonstrated that IRs are important for various processes in
viruses, including their genome organization (Li and Li, 2010;
Ishimaru etal., 2013; Xie et al., 2017; Bridges et al., 2019). Another
interesting RNA motif that has been used as a drug target and was
found in SARS-CoV targeted by 1,4-diazepame is the “slippery
sequence” followed by a pseudoknot (Plant et al.,, 2005). This
structure, common among all coronaviruses, works based on
ribosomal —1 frameshifting that switches on viral fusion proteins
(Plant et al., 2005).

In all prokaryotic and eukaryotic cells, as well as viruses,
there have been found sequence motifs such as IR sequences
forming cruciforms and hairpins or G-rich sequences that
form G-quadruplexes (Brazda et al., 2011; Lavezzo et al., 2018;
Bartas et al., 2019). In the present research, we conducted a
systematic and comprehensive bioinformatic study searching
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for the occurrence of IRs and putative quadruplex sites (PQSs)
within the genomes of all known Nidovirales. The aim was to
find one or more potential druggable RNA targets to address the
present COVID-19 threat (Figure 1).

MATERIALS AND METHODS

Genome Source

Linear genomes of 109 viruses from the order Nidovirales
were downloaded from the genome database of the National
Center for Biotechnology Information (NCBI) (Federhen, 2011).
Full names, phylogenetic groups, exact NCBI accession
numbers, and further information are summarized in
Supplementary Material 1.

Nidovirales Phylogenetic Tree Construction
Exact taxonomic identifiers of all analyzed Nidovirales species
(obtained from Taxonomy Browser via NCBI Taxonomy
Database Drake and Holland, 1999 were downloaded to
phyloT: a tree generator (http://phylot.biobyte.de) and
a phylogenetic tree was constructed using the function
“Visualize in iTOL” in the Interactive Tree of Life environment
(Letunic and Bork, 2019).

Analyses of PQSs Occurrence in
Nidovirales Sequences

Nidovirales sequences were analyzed using our G4Hunter
Web Tool (Brazda et al,, 2019), and selected sequences were
verified also by QGRS mapper (Kikin et al, 2006) and
G4screener (Garant et al.,, 2018). G4Hunter web is a more

recent tool compared to Quadparser and QGRS mapper,
and this algorithm allows quantitative analyses whereby G4
propensity is calculated depending on G richness and G
skewness. Moreover, a new implementation of G4Hunter allows
for performing batch analyses. In general, the earlier algorithms
did not consider atypical quadruplex-forming structures, as
have been described in various outstanding articles (Guedin
et al, 2010; Kocman and Plavec, 2017; Lightfoot et al,
2019). The G4Hunter Web software is capable to read the
NCBI identifier of the sequences uploaded in a.csv file. The
parameters for G4Hunter were set to 25 as window size
and G4Hunter score above 1.2. The results for each analyzed
sequence contained information about the size of the genome
and number of putative PQSs. All the results were merged
into a single Microsoft Excel file where statistical analysis was
then made. We also downloaded features tables of each virus
from the NCBI database. These tables contain information
about known features in the genome of each species. We
searched the occurrence of G-quadruplex-forming sequences
before, inside, and after the specific features of each genome
using a predefined feature neighborhood #100 nucleotides
(nt). Data were then plotted in Excel, where the statistical
analysis was made. Complete analyses of PQS occurrence in
Nidovirales, including a list of those PQSs found, are provided
in Supplementary Material 2.

Analyses of IRs Occurrence in Nidovirales

Sequences
All Nidovirales genomes were analyzed by the core of our
Palindrome analyzer webserver (Brazda et al, 2016). The

existing drugs may play a crucial role in inhibiting the viral lifecycle (bottom left).

FIGURE 1 | When outside host cells, the RNA of SARS-CoV-2 is highly spiralized by means of nucleocapsid phosphoproteins (top left). Once RNA is released into the
cytoplasm and during replication/transcription processes, the formation of G-quadruplex and/or hairpins may take place (right). Stabilization of these structures by

viral RNA in cytoplasm J

DA A

secondary RNA structures
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software was modified to read NCBI identifiers of sequences
from text files. The size of IRs was set to 6-30 nt, size of
spacers to 0-10 nt, and maximally one mismatch was allowed.
A separate list of IRs in each of the 109 sequences and an
overall report were exported. The overall report contained the
lengths of the analyzed sequences, total number of IRs found,
numbers of IRs grouped by size of IR (6-30 nt), and sum of
IRs longer than 8, 10, and 12 nt. The software also counted

frequency of IRs in each sequence. Frequencies of IRs were

normalized per 1,000 nt. Features tables of 109 Nidovirales
genomes were downloaded from the NCBI database and grouped

by their names as stated in the feature table file. Analyses
of IRs occurrence inside and around (before and after) these
features was performed. The search for IRs took place in
predefined feature neighborhoods +100 nt around and inside
feature boundaries. We calculated the numbers of all IRs and of
those longer than 8, 10, and 12 nt in regions before, inside, and
after the features. The categorization of an IR according to its
overlap with a feature or feature neighborhood is demonstrated
by the example shown in Supplementary Material 3. Complete

analyses of IRs occurrence in Nidovirales are provided in
Supplementary Material 4.
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FIGURE 2 | Phylogenetic relationships in Nidovirales. SARS-CoV-2 is not yet recognized by iToL, but, based upon current evidence, it probably will be placed close to
the Bat Hp-betacoronavirus/Zheijang2013 and Severe acute respiratory syndrome-related coronavirus (SARS-nCoV) branches (Lu et al., 2020).
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RNA Fold Predictions

In order to be able to display higher structures of the coronavirus
genome, we used Galaxy’s free-online webserver (Afgan et al,
2018) and its RNA fold tool (Lorenz et al., 2011). This tool
allows quick calculation of minimum free energy of secondary
structures. We left the default parameters (Temperature
37°C, Unpaired bases to participate in all dangling ends,
Naview layout). We used SARS-CoV-2 genomic RNA sequence
(NC_045512.2) in FASTA format as the input format. The output
data were then displayed using the RNA plot tool (Lorenz et al.,
2011). We again left the default parameters (Naview layout,
Output format Postscript.ps). We then downloaded the displayed
secondary structures in high-resolution format. The raw data are
provided in Supplementary Material 5.

Multiple Alignment of SUD Domains (M

Regions) in Nsp3 of Pathogenic Species
Multiple protein alignment was done using MUSCLE (Edgar,
2004) under default parameters [UGENE (Okonechnikov et al.,
2012) workflow was used]. The following accessions were used:
NP_828862.2 (Nsp3 SARS-CoV), YP_009047231.1 (Nsp3 MERS-
CoV), and YP_009725299.1 (Nsp3 SARS-CoV-2). Conserved
regions were added according to a graph published previously
(Kusov et al., 2015).

Prediction of Human RNA-Binding Proteins

Sites in SARS-CoV-2 RNA

The human SARS-CoV-2 RNA sequence was downloaded from
NCBI (accession NC_045512.2) in FASTA format and inserted
into the RBPmap (Mapping Binding Sites of RNA-binding
proteins) web-based tool (Paz et al., 2014). The database of 114
human experimentally validated motifs was used. Both the “High
stringency” and “Apply conservation filter” options were used.
The output was further filtered in Excel to keep only those
hits below p = 1.107°. The complete results are provided in
Supplementary Material 6.

Statistical Analyses

A cluster dendrogram of PQS characteristics was constructed
in the program R, version 3.6.3, using the pvclust package
to further reveal and graphically depict similarities between
particular Nidovirales species (Figure 4). The following values
were used as input data: frequency of PQS per 1,000 nt
with threshold G4Hunter score of 1.2; frequency of PQS per
1,000 nt with threshold G4Hunter score of 1.4; and % PQS
in genome (coverage) (Supplementary Material 7). A cluster
dendrogram of IRs (Figure6) was constructed from these
values: frequency of IRs per 1,000 nt; frequency of IRs per
1,000 nt of length 8+; frequency of IRs per 1,000 nt of
length 10+4; and frequency of IRs per 1,000 nt of length 12+.
The following parameters were used for both analyses: cluster
method “ward.D2;” distance “euclidean,” number of bootstrap
resampling was 10,000. Statistically significant clusters (based on
AU values above 95, equivalent to p < 0.05) are highlighted by
rectangles marked with broken red lines. R code is provided in
Supplementary Material 7.

To determine whether SARS-CoV-2 significantly differs in
frequencies of PQSs and IRs compared to randomly shuffled
sequences (N = 10) of the same length and nucleotide
composition, we performed a two-sided Wilcoxon signed-rank
test (with p-value cutoff at 0.05). This test was run for plus and
minus strands separately.

RESULTS

Phylogenetic Relationships in Nidovirales

According to the current state of knowledge, the order
Nidovirales can be divided into six distinct families (Lio and
Goldman, 2004; Hanada et al., 2005; Chen et al., 2020). There
are just two unclassified species among all those species recorded
within NCBI Genome (Figure 2). Coronaviridae is the largest
family and consists of 56 species. Among these are 12 species able

TABLE 1 | Genomic sequence sizes, PQS frequencies, and total counts.

All Seq Median Short Long PQs Mean f Min f Max f GC%
Nidovirales 109 26,975 12,704 41,178 1,021 0.48 0 9.07 4215
Family

Arteriviridae 22 15,236 12,704 15,728 392 1.18 0.45 2.72 51.60
Coronaviridae 56 28,345 20,398 31,686 162 0.10 0 0.52 39.39
Mesnidovirineae 12 20,117 19,867 20,949 250 1.08 0 9.07 38.75
Ronidovirineae 5 26,253 24,648 29,385 51 0.39 0.04 1.07 44.79
Tobaniviridae i 27,318 20,261 33,452 129 0.43 0 1.48 40.94
By hosts

Invertebrates 17 20,307 19,917 41,178 298 0.82 0 9.07 39.76
Vertebrates (including Humans) 83 27,608 12,704 33,452 591 0.38 0 1.75 42.74
Humans 13 29,751 27,317 31,028 21 0.06 0 0.32 37.88
SARS-CoV-2 1 29,903 - - 1 0.03 - - 37.97

Seq (total number of sequences), Median (median length of sequences), Short (shortest sequence), Long (longest sequence), PQS (total number of predicted PQSs), Mean f (mean
frequency of predicted PQS per 1,000 nt), Min f (lowest frequency of predicted PQS per 1,000 nt), Max f (highest frequency of predicted PQS per 1,000 nt), GC% (mean GC content).

Note that 132 PQSs were in Nidovirales with Undefined host.
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to infect humans, including SARS-CoV, MERS-CoV, and SARS-
CoV-2. Second largest is the Arteriviridae family with 22 species,
third largest is the Mesnidovirineae family with 13 species, fourth
is the Tobaniviridae family with 11 species, including 1 species
able to infect humans. Fifth largest is the Ronidovirineae family
with 5 species, and sixth is the Mononiviridae family with only
1 species.

Variation in PQS Frequency in Nidovirales
We analyzed the occurrence of PQSs using G4Hunter in all 109
known genomes of Nidovirales. The length of genomes in the
dataset varies from 12,704 nt (Equine arteritis virus) to 41,178
nt (Planarian secretory cell nidovirus). The mean GC content
is 42.15%, the minimum is 27.50% for Planarian secretory cell
nidovirus (Mononiviridae family), and the maximum is 57.35%
for Beihai Nido-like virus 1 (Mesnidovirineae family). Using
standard values for the G4Hunter algorithm (i.e., window size
25 and G4Hunter score above 1.2), we found 1,021 PQSs among
all 109 Nidovirales genomes. The most abundant PQSs are those
with G4Hunter scores of 1.2-1.4 (98.24% of all PQS), much less
abundant are PQSs with G4Hunter scores 1.4-1.6 (1.76% of all
PQS), and there were no PQSs above the 1.6 G4Hunter score
threshold. In general, a higher G4Hunter score means a higher
probability of G-quadruplexes forming inside the PQS (Bedrat
et al,, 2016). Genomic sequence sizes, total PQS counts, and PQS
frequencies characteristics are summarized in Table 1.

The highest PQS frequencies were found in Beihai Nido-like
virus 1, which is an intracellular parasite of sea snails in genus
Turritella. Beihai Nido-like virus 1 has in total 184 PQSs in its
genomic sequence 20,278 nt long and PQS frequency of 9.07 PQS
per 1,000 nt. On the other hand, no PQSs were found in the
genomic sequences of 16 other Nidovirales species. The mean
PQS value for all Nidovirales was 0.48 PQS per 1,000 nt. By
viral families, the highest mean PQS frequency per 1,000 nt was
in Arteriviridae (1.18), followed by in Mesnidovirineae (1.03),
much lower in Tobaniviridae (0.43) and in Ronidovirineae (0.39),
and the lowest was in Coronaviridae (0.10). When grouped and
analyzed by host organisms, new information became apparent.
The highest mean PQS frequency was in Nidovirales infecting
Invertebrates (0.80), then in Nidovirales infecting Vertebrates
including Humans (0.38), and the last in Nidovirales infecting
Humans (0.06). In pathogenic human coronaviruses, the total
PQSs counts were as follow: 4 PQS in SARS-CoV, 0 PQS in
MERS-CoV, and 1 PQS in SARS-CoV-2. To test whether the PQS
frequency per 1,000 nt in SARS-CoV-2 is significantly different
than in a randomly shuffled sequence, we generated 10 scrambled
sequences with length and nucleotide content the same as in
SARS-CoV-2. In that test, the mean PQS frequency per 1,000
nt was 0.191 and standard deviation was 0.101. We performed
Wilcoxon signed-rank test with continuity correction and the
resulting p-value was 0.008 Thus, the PQS frequency per 1,000 nt
in SARS-CoV-2 (0.033) is significantly lower than expected (only
about one-sixth).

All PQSs found in ranges of G4Hunter score intervals and
precomputed PQS frequencies per 1,000 nt are summarized in
Table 2. The relationships between observed PQS frequency per
1,000 nucleotides and GC content in all analyzed Nidovirales

TABLE 2 | Total number of PQSs and their resulting frequencies per 1,000 nt in all
109 genomes of Nidovirales and in particular categories according to their hosts,
grouped by G4Hunter score.

Interval of Number of PQSs PQS frequency
G4Hunter Score in dataset per 1,000 nt
All

1.2 1,003 0.47
1.4 18 0.01
Arteriviridae

1.2 386 117
1.4 6 0.02
Coronaviridae

1.2 157 0.10
1.4 5 0.003
Mesnidovirineae

1.2 245 1.01
1.4 5 0.02
Ronidovirineae

1.2 50 0.38
1.4 1 0.01
Tobaniviridae

1.2 129 0.43
1.4 0 0
Humans only

1.2 20 0.05
1.4 1 0.003
Vertebrate (Including humans)

1.2 580 0.37
1.4 11 0.01
Invertebrates

1.2 292 0.80
1.4 6 0.02

Frequency was computed using total number of PQSs in each category divided by total
length of all analyzed sequences and multiplied by 1,000. Note that 132 PQSs were in
Nidovirales with Undefined host.

sequences are depicted in Figure 3. The Beihai Nido-like virus
has both the highest GC content and highest PQS frequency.
Within Nidovirales with Humans as host, however, the highest
PQS frequency was found in Breda virus, which does not have
the highest GC content in the dataset.

Most of the PQSs have G4Hunter scores between 1.2 and
1.4. Only a few sequences have G4Hunter scores above 1.4.
In comparison with other Nidovirales, the members of the
Coronaviridae and especially pathogenic human Coronaviridae
have the lowest PQS frequency in the dataset.

A cluster dendrogram based on the PQS characteristics
(Figure 4) further revealed interesting information. Beihai
Nido-like virus 1 was confirmed as an outlier from the
rest of the Nidovirales. All viral species belonging to
the largest Coronaviridae family are located together in
the middle of the cluster dendrogram. The relatively
abundant family Arteriviridae clustered together mainly
on the right side of the cluster dendrogram. Based
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on dendrogram distances, we highlighted two main
branches—one consisting mainly of Coronaviridae (light
blue background) and the second of Arteriviridae (light
orange background).

Figure 5 shows the differences in PQS frequency by annotated
loci. We downloaded features for every virus genome and
analyzed the presence of PQS in each annotated sequence and in
its proximity (before and after). The most notable enrichment of
PQSs was located inside 5’UTR and before and inside 3'UTR. The
lowest PQS frequencies were found after 3'UTR, before 5’'UTR,
and after miscellaneous features.

Variation in Frequency of Inverted Repeats

in Nidovirales

To find short IRs in Nidovirales genomic sequences, we utilized
the core of the Palindrome analyzer (Brazda et al., 2016). We
used values for Palindrome analyzer returning inverted repeats
capable to form stable hairpins (size of IRs was set to 6-30 nt,
size of spacer to 0-10 nt, maximally one mismatch). Genomic
sequence sizes, total IR counts, and IR frequencies characteristics
are summarized in Table 3. In total, 93,369 IRs were found and
the mean IRs frequency was 33.90 per 1,000 nt. The maximal IR
frequency was found in Planarian secretory cell nidovirus (56.17),

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1583


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Bartas et al.

Local DNA Structures in Nidovirales

Ratio to gene annotations
o

3UTR SUTR

frequencies of all PQSs inside, before, and after the annotations.

Comparison of PQS frequency around annotation

Features

FIGURE 5 | Differences in PQS frequency by annotated locus. The figure shows the PQS frequencies between annotations from the NCBI database. We analyzed

u Before
o Inside

After

misc_feature

CcDS

TABLE 3 | Genomic sequence sizes, IRs frequencies and total counts.

Order Seq Median Short Long IRs Mean f Min f Max f GC%
Nidovirales 109 26,975 12,704 41,178 93,369 33.90 19.23 56.17 42.15
Family

Arteriviridae 22 15,236 12,704 15,728 9,695 29.44 26.47 33.57 51.60
Coronaviridae 56 28,345 20,398 31,686 58,943 37.08 31.13 48.16 39.39
Mesnidovirineae 12 20,117 19,867 20,949 8,012 33.04 19.23 39.06 38.75
Ronidovirineae 5 26,253 24,648 29,385 3,474 26.37 22.20 29.62 44.79
Tobaniviridae 11 27,318 20,261 33,452 9,082 30.24 23.96 37.95 40.94
Host

Invertebrates 17 20,307 19,917 4,178 13,233 31.77 19.23 56.17 39.76
Vertebrates (including Humans) 83 27,608 12,704 33,452 45,844 34.25 24.18 48.16 42.74
Humans 13 29,751 27,317 31,028 14,408 38.13 33.89 43.44 37.88
SARS-CoV-2 1 29,903 - - 1,203 40.23 - - 37.97

Seq (total number of sequences), Median (median length of sequences), Short (shortest sequence), Long (longest sequence), GC% (mean GC content), IRs (total number of predicted
IRs), Mean f (mean frequency of predicted IRs per 1,000 nt), Min f (lowest frequency of predicted IRs per 1,000 nt), and Max f (highest frequency of predicted PQS per 1,000 nt) are

shown for all 109 Nidovirales sequences, families, host groups, and for SARS-CoV-2 alone.

the species with the largest genome among Nidovirales. It has
been suggested that Planarian secretory cell nidovirus diverged
early from multi-ORF Nidovirales and acquired additional genes,
including those typical of large DNA viruses or hosts (RNAse T2,
Ankyrin, and Fibronectin type II), which might modulate virus—
host interactions (Saberi et al., 2018). The lowest IR frequency
was noticed in Beihai Nido-like virus 1 (19.23). Noteworthy is
that this is the species of Nidovirales with the highest GC content
and PQS frequency.

A cluster dendrogram based on the IR characteristics
(Figure 6) further revealed significant differences in IR presence
within Nidovirales genomes. Based on dendrogram distances,
we highlighted two main branches—one consisting mainly
of Coronaviridae (light blue background) and the second of
Arteriviridae (light orange background). It is noteworthy that

SARS-CoV and MERS-CoV are clustered adjacent to one another
(green asterisk), but the novel coronavirus SARS-CoV-2 is
located relatively far away from them (red asterisk).

Differences in IR frequency by annotated locus are depicted
in Figure 7. By families, the highest mean IRs frequency was
found in Coronaviridae (37.08) and lowest in Ronidovirineae
(26.37). Novel human coronavirus SARS-CoV-2 has relatively
high IR frequency per 1,000 nt in comparison with other
Nidovirales. To test if the frequency of IRs per 1,000 nt
in SARS-CoV-2 is significantly greater than in randomly
shuffled sequences, we generated 10 scrambled sequences with
length and nucleotide content the same as in SARS-CoV-2
(for both positive and negative strands). For both positive
and negative strands, the results were very similar (mean
frequencies of IRs per 1,000 nt were 34.43 £ 0.54 and 34.47
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blue and light orange backgrounds. Nidovirales families are marked by suffixes AR (Arteriviridae), COR (Coronaviridae), MES (Mesnidovirineae), MON (Mononiviridae),
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locations from the NCBI database that were found in genomes more than 10 times. We analyzed frequencies of all IRs (all) and of IRs with lengths 8 nt and longer
(8+), 10 nt and longer (10+,) and 12 nt and longer (12+) within annotated locations (inside) as well as before and after annotated locations.

WCDS ®mmisc_feature

IR frequencies per 1,000 nt between “gene” annotation and other annotated

=+ 0.61, respectively). Wilcoxon signed-rank test with continuity
correction showed the IR frequency per 1,000 nt in SARS-
CoV-2 (40.23) to be significantly higher than expected (p-
value 0.003). When we inspected differences of IR frequencies
according to hosts, we found the highest mean IR frequency
per 1,000 nt to be in Nidovirales infecting Humans (38.13), then
in Vertebrates (34.25), and the lowest mean frequency is in
Invertebrates (31.77).

A summary of all IRs found in ranges of different IR sizes and
precomputed IR frequencies per 1,000 nt is shown in Table 4.
Although generally the frequency of IR presence decreases with
the IR length, there are notable differences between groups and
also between viruses with different hosts. The most as well as
longest IRs occur in the Coronaviridae group and in viruses
having humans as a host. IRs 12 bp long and longer are very
rare in the Ronidovirineae group. The relationship between IRs
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length and stability of resulting secondary structure is not simple.
While some authors believe that longer IRs are more stable,
others suggest that there is an energy optimum defined by
arm and spacer length (Sinden et al., 1991; Brazda et al., 2016;
Georgakopoulos-Soares et al., 2018).

Differences in IR frequency according to annotated loci are
shown in Figure 5. The most notable enrichment of IRs was
found inside 5UTR for IRs of size 12+ nt, and this is the most
frequently occurring location of 12+ IRs in Nidovirales genomes.
Noteworthy is that there are no 12+ IRs around 5 UTR loci,
but there is an abundance of IRs 10+ nt long in these locations.
The 5'UTR are abundant for 12+ IR, but there are no 12+ IRs
within 3'UTR. This points to functional relevance of these IRs in
viral genomes.

Prediction of Human SARS-CoV-2 RNA
Folding

It is very likely that coronavirus RNA in the viral capsid is
compactly folded into a spiral-like structure due to nucleocapsid
phosphoprotein N, as was proposed earlier for SARS-CoV
(Chang et al., 2014). But what structure does the RNA takes after
the capsid content is released into the cytoplasm of the host cell?
We made a global prediction of RNA folding for SARS-CoV-2
and in a negative control (random RNA sequences with the same
GC content and length). It was clearly visible that there arose a
much more compact RNA structure in SARS-CoV-2 (Figure 8).
The RNA folding algorithm shows that inverted repeats forming
hairpins have the main importance for its folding. Due to
the relative lack of PQSs with high G4Hunter scores in the
SARS-CoV-2 positive strand, we assume that G-quadruplexes are
not important for its folding. For the 10 longest IRs obtained
from Palindrome analyzer, we prepared local predictions of
their 2D structures using the Mfold webserver (Zuker, 2003)
(Supplementary Material 8).

Comparison of SUD Domain M Region of
Nsp3 in Three Pathogenic Human

Coronaviruses

Consisting of nearly 2,000 amino acids, Nsp3 is the largest
multi-domain protein in Nidovirales. Nevertheless, Nsp3’s role
is still largely unknown. It is believed that the protein plays
various roles in coronavirus infection. Nsp3 interacts with other
viral Nsps as well as RNA to form the replication/transcription
complex. It also acts on posttranslational modifications of host
proteins to antagonize the host innate immune response. On
the other hand, Nsp3 is itself modified in host cells by N-
glycosylation and can interact with host proteins to support
virus survival (Lei et al., 2018). Both SARS-CoVs (2003 and
2019) have PQSs in their genomes and have a retained M region
of the SUD domain in protein Nsp3 that is reported to be
critical for interacting with G-quadruplexes, and particularly all
G-quadruplex interacting residues, as proposed by Kusov et al.
(2015), are 100% conserved (Figure 9). MERS has no PQS in its
RNA sequence and, strikingly, it has a deletion in this region of
the SUD domain suggesting parallel evolution simplifications.

TABLE 4 | Total number of IRs and their resulting frequencies per 1,000 nt
grouped by size of IR.

Size of IRs Number of IRs IRs frequency
in dataset per 1,000 nt
All
All 93,369 33.90
8+ 12,669 4.54
10+ 1,872 0.65
12+ 244 0.08
Arteriviridae
All 9,695 29.44
8+ 1,127 3.41
10+ 103 0.31
12+ 8 0.02
Coronaviridae
All 58,943 37.08
8+ 8,527 5.36
10+ 1,393 0.88
12+ 190 0.12
Mesnidovirineae
All 8,012 33.04
8+ 1,081 4.46
10+ 137 0.56
12+ 13 0.05
Ronidovirineae
All 3,474 26.37
8+ 320 244
10+ 25 0.18
12+ 2 0.01
Tobaniviridae
All 9,082 30.24
8+ 1,060 3.54
10+ 128 0.43
12+ 15 0.05
Humans only
All 14,408 38.13
8+ 2,048 5.40
10+ 344 0.91
12+ 42 0.1
Vertebrate (Including humans)
All 72,838 34.25
8+ 10,097 4.66
10+ 1,549 0.69
12+ 207 0.09
Invertebrates
All 13,233 31.77
8+ 1,686 4.06
10+ 218 0.51
12+ 24 0.05
SARS-CoV-2
All 1,203 40.23
8+ 203 6.79
10+ 37 1.24
12+ 5 0.17

Shown are data for all 109 representative Nidovirales sequences, for families, host groups,
and for SARS-CoV/-2 alone. Frequency was computed using total number of IRs in each
category divided by total length of all analyzed sequences and muiltiplied by 1,000.
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FIGURE 8 | RNA fold (Lorenz et al., 2011) prediction for SARS-CoV-2 RNA molecule (Left) and random sequence negative control (Right). This figure shows a high
level of SARS-CoV-2 genome folding via complementarity of particular RNA regions and forming of hairpins and/or cruciforms. RNA fold prediction was carried out
using default parameters via Galaxy webserver (Afgan et al., 2018), which enables queries of lengths longer than 10,000 nucleotides.
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FIGURE 9 | Comparison of SUD domain M region in three pathogenic human coronaviruses. Nsp3 proteins of three pathogenic human viruses (SARS-CoV-2,
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reference sequence) was visualized. As predicted according to Kusov et al. (2015), the G-quadruplex-interacting residues K565, K568, and E571 are highlighted in
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Prediction of Human RNA-Binding Proteins

Sites in SARS-CoV-2 RNA

Using the RBPmap tool, we predicted human RNA-binding
proteins sites in SARS-CoV-2 RNA. While holding to very
stringent thresholds, three highly promising candidate
human RNA-binding proteins were predicted. SRSF7 was
predicted to bind viral RNA in nucleotide position 26,194
26,199 (NC_045512.2), which is in fact exactly the binding
motif for this protein (ACGACG). Protein HNRNPAI
was predicted to bind viral RNA in nucleotide position
23,090-23 097 (exact binding motif GUAGUAGU). The
last protein found was TRA2A in nucleotide position
3,056-3,065 and position 3,074-3,083, in both cases with
one mismatch (the motifs found were GAAGAAGAAG
and the experimentally validated motif for TRA2A is
GAAGAGGAAG). All three of these proteins share multiple
RGG-rich novel interesting quadruplex interaction (NIQI)
motifs, which are common to most human G-quadruplex-
binding proteins (Brdzda et al., 2018; Huang et al., 2018;
Masuzawa and Oyoshi, 2020). All find individual motif
occurrence (FIMO) hits below p = 1.10~* are enclosed in
Supplementary Material 9. The proteins SRSF7, HNRNPAI,

and TRA2A are involved in mRNA splicing via the spliceosome
pathway (Szklarczyk et al., 2015).

DISCUSSION

Local DNA structures have been shown to play important roles in
basic biological processes, including replication and transcription
(Brazda et al., 2011; Travers and Muskhelishvili, 2015; Surovtsev
and Jacobs-Wagner, 2018). PQS analyses of human viruses have
clearly demonstrated that these sequences are conserved also in
the viral genomes (Lavezzo et al., 2018) and could be targets for
antiviral therapies (Wang et al., 2015; Kraf¢ikova et al., 2017;
Ruggiero and Richter, 2018). For example, the conserved PQS
sequence present in the L gene of Zaire ebolavirus and related
to its replication is inhibited by interaction with G-quadruplex
ligand TMPyP4, and this finding has led to suggestions that G-
quadruplex RNA stabilization could constitute a new strategy
against Ebola virus disease (Wang et al., 2016). A similar strategy
has been proposed against Hepatitis C virus belonging to the
Flaviviridae family of positive ssSRNA viruses. Stabilization of
G4s by Phen-DC3 ligand has been shown to lead to inhibited
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replication of this virus (Jaubert et al., 2018). Viruses with single-
stranded genomes are often non-symmetrically distributed
with guanines and cytosines. For example, Zika viral genome
(Flaviviridae family) has a G-rich positive-sense genome and a
C-rich negative-sense strand. Fleming et al. found more than
60 PQSs in the Zika virus genome on the positive strand but
no PQSs on the negative strand. This observation identifies
a large asymmetry with respect to PQS content between the
two strands. The strand asymmetry for PQS sites likely results
from the high guanine content relative to cytosine content
in the positive-sense strands (Fleming et al., 2016). There are
many PQS searching algorithms (reviewed by Puig Lombardi
and Londofo-Vallejo, 2020). We used the G4Hunter algorithm.
Because it had originally been written to analyze DNA (Bedrat
et al,, 2016), the G4Hunter algorithm analyzed both strands
simultaneously (Brazda et al., 2019). Analyses of both strands
are therefore presented in our manuscript. The results with
positive G4Hunter scores show PQSs in the plus strand and
the results with negative G4Hunter scores show PQSs in the
minus strand. In our study, we analyzed all accessible genomes
of Nidovirales, thus including also the contemporary pandemic
SARS-CoV-2 genome. Our analyses found only one PQS in the
genomic sequence of SARS-CoV-2, that having a G4Hunter score
of —1.24 and the following sequences: 5'-CCCCAAAAUCAGC
GAAAUGCACCCC-3' for a positive-strand intermediate and
5-GGGGUGCAUUUCGCUGAUUUUGGGG-3' for a negative-
strand intermediate (where G-quadruplex could theoretically
arise). This sequence was not identified by other prediction
algorithms that use searching based upon regex sequence or
that are pattern-based (PQSfinder or QGRS mapper), and it
has been given only a low score by the new machine-learning
G4screener algorithm (Garant et al., 2018). Nevertheless, none
of these algorithms consider possible substitutions of guanine by
adenine in quadruplex tetrads, as has been described by Kocman
and Plavec (2017), or other untypical quadruplexes as reviewed
by Lightfoot et al. (2019) and stable quadruplexes with long loops
that have been described (Guedin et al., 2010). Moreover, there is
another GGG track in the proximity of our predicted sequence.
On the other hand, analysis of the SARS-CoV-2 genome by QGRS
algorithms showed 25 hits on the positive and 12 hits on the
negative RNA strand (Supplementary Material 10). These hits
are almost exclusively with two G-repeats only and have relatively
low scores (maximum 19 for the QGRS algorithm and 1.111
for the G4Hunter algorithm). The best PQS suggested by the
G4Hunter algorithm is located in the position 28,289-28,313
within the nucleocapsid phosphoprotein coding sequence. It is
noteworthy that all viral RNAs are produced through negative-
strand intermediates, which are only about 1% as abundant as
their positive-sense counterparts (Fehr and Perlman, 2015). It
would be of great value to know whether TMPyP4 or other
G-quadruplex stabilizing compounds can inhibit replication
processes of SARS-CoV-2. We have aligned three pathogenic
human coronaviruses (SARS-CoV, SARS-CoV-2, and MERS-
CoV) to see if there are differences in the SUD domain, which
was earlier proposed to be G-quadruplex binding (Kusov et al.,
2015). Comparison of three key amino acid residues involved
in G-quadruplex binding revealed that the SUD domain of

MERS-CoV lacks these residues. This correlates with the fact
that no G-quadruplex was predicted that is within its genome.
It has been demonstrated, however, that the RGG domain
can play roles in various nucleic acid and protein interactions
(Thandapani et al., 2013), so this correlation can be G4-
independent for SARS-CoV-2. RNA hairpins, which are formed
by IRs, are basic structural elements of RNA and play crucial roles
in gene expression and intermolecular recognition. Conserved
palindromic RNA structures have been found in many viral
genomes, including HIV-1, and play a crucial role in their
replication (Liu et al., 2018). We have found an abundance of
IRs inside 5’UTR in Nidovirales genomes. In general, 5UTR
is an important locus for regulation of viral replication and
gene expression. It has been demonstrated that stem integrity of
phylogenetically conserved stem-loop structure located in 5UTR
of the PRRSV virus from the Arteriviridae family is crucial
for viral replication and subgenomic mRNA synthesis. Similar
secondary structures have been proposed for several viruses from
the Arteriviridae and Coronaviridae families (Lu et al., 2011). Our
analyses of annotated features in Figure 5 therefore support this
report. The discrete locations of specific IRs in viral genomes
could therefore be additional targets for their regulation.

Significant differences of PQS and IR frequencies among
various ssRNA viruses in Nidovirales groups show that their
genome organization and regulation are not identical but
that for some Nidovirales the presence of the G-quadruplexes
most probably does not play an essential role in their
biological regulation. Moreover, our analyses suggest that
G-quadruplexes have been evolutionally eliminated in some
genomes of Nidovirales. This is quite surprising, considering
that G-quadruplexes have been found in all evolutionary
groups, including such CG low-level organisms as Saccharomyces
cerevisiae (Bartas et al., 2019; Brazda et al, 2019; Singh and
Lakhanpaul, 2019; Gage and Merrick, 2020). In fact, it could
be an evolutionary advantage not to present G-quadruplex in
viral genome because a number of cellular proteins interact with
G-quadruplexes (Brazda et al., 2014; Mishra et al.,, 2016) and
therefore the presence of G-quadruplex in viral genome could
serve as a structure recognized by the innate immune system
(Unterholzner et al., 2010; Haronikova et al., 2016; Voter et al.,
2020). Their RNAs are therefore not recognized as alien nucleic
acids and are processed by the cellular machinery. On the other
hand, presence of IRs in Nidovirales genomes constitutes an
inseparable part of their genomes and allows their correct folding
and structure-specific regulation of their functions (Lorenz et al.,
2011; Dutkiewicz et al., 2016).

Targeting viral proteins is usually effective only against
specific viral strains and fails even for closely related viral
species. It appears that targeting host proteins should be able
to provide a response toward a wider spectrum of viruses
inasmuch as different viruses exploit common cellular pathways.
Many cellular RNA-binding proteins (RBPs) containing well-
established RNA-binding domains (RBDs) are known to be
critical for infection by different viruses. Recently, 472 RBPs
were reviewed for their linkage to viruses (Garcia-Moreno et al.,
2018). It has been demonstrated that G-quadruplex formation
in HIV-1 viral genome stalls RNA polymerase, thereby limiting
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viral replication in host cells. HIV-1 nucleocapsid protein NCp7
helps to resolve G-quadruplex formation and therefore enables
virus to spread. Stabilization of this quadruplex has been targeted
by several experimental compounds. This treatment slowed or
inhibited viral growth (Butovskaya et al., 2019).

Virus reproduction is dependent on the cellular transcription
machinery, and therefore the interaction of the cellular proteins
with viral RNA could be another target for antiviral therapy
(Roberts et al., 2009). Our analysis predicted several QBPs to
be capable to bind SARS-CoV-2 RNA. One of these, HNRNPA1
protein, is responsible for nuclear—cytoplasm shuttling (Garcia-
Moreno et al., 2018). Like some other RNA-binding proteins,
HNRNPA1 forms so-called membraneless organelles. These
organelles are assemblies of proteins along with RNA or DNA
that condense in specific cellular loci. The organelles can
undergo transition from liquid-like droplets to amyloid fibrils,
and mutations in so-called low complexity domains of these
proteins lead to formation of amyloid aggregations that are
found in many neurodegenerative diseases (Gui et al., 2019).
HNRNPAL1 is involved in many different cellular processes and
has been targeted in various diseases. One such example is
the varicella zoster virus that causes chicken pox. Moreover,
this response to varicella zoster virus has been connected
with autoimmune disease that complicates multiple sclerosis
(Kattimani and Veerappa, 2018). HNRNPAI is known to bind
and resolve G-quadruplex formed in TRA2B promoter and
to promote its transcription. Dysregulation of this binding
leads to progression of colon cancer. This interaction has been
targeted by the well-known G-quadruplex stabilizer pyridostatin,
which led to decreased transcription from the TRA2B promoter
(Nishikawa et al., 2019). Furthermore, HNRNPA1 is co-expressed
with bromodomain and extraterminal domain protein BRD4 in
human tumor samples. It has been shown experimentally that
the well-described, naturally occurring polyphenolic flavonoid
quercetin inhibited this protein and thereby led to better
susceptibility to treatment in cancer patients (Pham et al., 2019).
Both SRSF7 and TRA2A proteins, which are predicted to interact
with SARS-CoV-2 RNA, play roles in alternative splicing (Ghosh
et al., 2016). SRSF7 is a serine and arginine-rich splicing factor
and is part of the spliceosome. Its expression has been connected
to several types of cancer and it has been shown that its
knockdown induced p21 expression and thus reduced cancer
development (Saijo et al., 2016). Little is known about TRA2A
protein. It was first identified in insects together with its paralog
TRA2B, which has been studied to a greater extent (Tan et al.,
2018). It has been found that TRA2A can promote paclitaxel
therapy and promote cancer progression in triple-negative breast
cancers (Liu et al., 2017). A role of TRA2A protein in regulation
of HIV1 virus replication has been described. Both TRA2A
and TRA2B bind to a specific HIV1 sequence and regulate its
replication within the cell through alternative splicing of viral
RNA (Erkelenz et al., 2013).

Scientists around the world are united in their efforts to
find an effective therapy against coronavirus disease (COVID-
19). Among the most promising candidates are remdesivir and
chloroquine. Remdesivir is an adenosine analog that incorporates
into nascent viral RNA chains and results in premature

termination. Preliminary data have shown that remdesivir
effectively inhibited virus infection in a human liver cancer
cell line (Wang et al., 2020). Chloroquine is a potential broad-
spectrum antiviral drug and it already has been widely used
as a low-cost and safe anti-malarial and autoimmune disease
drug for more than 70 years. Application of chloroquine causes
elevation of endosomal pH and also interferes with terminal
glycosylation of the cellular receptor ACE2. This probably has a
negative influence on virus-receptor binding and abrogates the
infection (Vincent et al., 2005). Drug repurposing seems like a
very good strategy for quickly and at low cost finding a new
therapy for new human diseases (Oprea and Mestres, 2012).
To date, there are few substances with G-quadruplex stabilizing
features. One example is topotecan (also known by its brand
name Hycamtin®), which frequently is used for treating ovary
cancer. If everything else fails, it seems to be an option. On
the other hand, topotecan cause unpleasant side effects, such
as nausea, vomiting, and diarrhea (Topotecan - Chemotherapy
Drugs — Chemocare, n.d.). Many studies have described strong
G-quadruplex stabilization effects (Li et al., 2018; Satpathi et al.,
2018), which might be one possible mode of action. Moreover,
it has been proven that higher structures of nucleic acids, and
G-quadruplex especially, might be stabilized by use of various
natural substances. Berbamine is one such substance and is a
component of traditional Chinese medicine. It frequently is used
for treating chronic myeloid leukemia or melanoma and has
strong binding affinity to G-quadruplex structures (Tan et al.,
2014). Viral nucleic acids and their loci with G-quadruplex-
forming potential are in all cases very specific and are promising
molecular targets for treating serious diseases. Evidence of G-
quadruplex formation as a potential target for therapy was proven
for Hepatitis A, flu virus, and HIV-1 (Métifiot et al., 2014).
Because all the aforementioned cases concern RNA viruses,
the viral G-quadruplexes are localized in the cytoplasm of
the host cell. Our comparative analyses of IRs and PQSs in
Nidovirales show that, in contrast to IRs, which are presented
abundantly in all Nidovirales genomes, the sequences able to
form G-quadruplex structures are very unequally distributed
and are very rare especially in Nidovirales species capable to
infect humans. This suggests intentional suppression during
evolution in order to simplify viral RNA replication. Finding
the proper stabilizers of viral higher RNA structures might be
crucial for inhibiting or stopping viral RNA replication in order
to gain time for the immune system to deal successfully with
an infection.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

MB and VB contributed to the conceptualization, formal
analysis, and methodology. NB, AC, AV, and TS helped with
the data curation. PP was involved in with funding acquisition

Frontiers in Microbiology | www.frontiersin.org

13

July 2020 | Volume 11 | Article 1583


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Bartas et al.

Local DNA Structures in Nidovirales

and project administration. MB, VB, AV, and JC carried out
the investigation. MB, NB, OP, VB, and EJ helped with the
resources. VB, KM, and PP supervised the study. VB and
EJ validated the study. MB, NB, and AC worked on the
visualization. MB, VB, NB, OP, and JC wrote the original draft.
VB, JC, KM, and PP reviewed and edited the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Ministry of Education,
Youth and Sports of the Czech Republic in the National
Feasibility Program I (LO1208 TEWEP); by the EU structural
funding Operational Programme Research and Development

REFERENCES

Afgan, E., Baker, D., Batut, B.,, Van Den Beek, M., Bouvier, D., Cech,
M., et al. (2018). The Galaxy platform for accessible, reproducible and
collaborative biomedical analyses: 2018 update. Nucl. Acids Res. 46, W537-
W544. doi: 10.1093/nar/gky379

Bagga, R., Ramesh, N., and Brahmachari, S. K. (1990). Supercoil-induced unusual
DNA structures as transcriptional block. Nucl. Acids Res. 18, 3363-3369.
doi: 10.1093/nar/18.11.3363

Bartas, M., Cutova, M., Brézda, V., Kaura, P., St’astn}'/, ]., Kolomaznik, J., et al.
(2019). The presence and localization of G-quadruplex forming sequences in
the domain of bacteria. Molecules 24:1711. doi: 10.3390/molecules24091711

Bedrat, A., Lacroix, L., and Mergny, J.-L. (2016). Re-evaluation of G-
quadruplex propensity with G4Hunter. Nucl. Acids Res. 44, 1746-1759.
doi: 10.1093/nar/gkw006

Brazda, V., Cerven, J., Bartas, M., Mikyskové4, N., Coufal, J., Pe¢inka, P., et al.
(2018). The amino acid composition of quadruplex binding proteins reveals
a shared motif and predicts new potential quadruplex interactors. Molecules
23:2341. doi: 10.3390/molecules23092341

Brazda, V., Haronikova, L., Liao, J. C., and Fojta, M. (2014). DNA and
RNA quadruplex-binding proteins. Int. J. Mol. Sci. 15, 17493-17517.
doi: 10.3390/ijms151017493

Brézda, V., Kolomaznik, J., Lysek, J., Bartas, M., Fojta, M., Stastny, J., et al.
(2019). G4Hunter web application: a web server for G-quadruplex prediction.
Bioinformatics 35, 3493-3495. doi: 10.1093/bioinformatics/btz087

Brazda, V., Kolomaznik, J., Lysek, J., Haronikovd, L., Coufal, J., and St’astny,
J. (2016). Palindrome analyser-A new web-based server for predicting and
evaluating inverted repeats in nucleotide sequences. Biochem. Biophys. Res.
Commun. 478, 1739-1745. doi: 10.1016/j.bbrc.2016.09.015

Brazda, V., Laister, R. C., Jagelskd, E. B., and Arrowsmith, C. (2011). Cruciform
structures are a common DNA feature important for regulating biological
processes. BMC Mol. Biol. 12:33. doi: 10.1186/1471-2199-12-33

Bridges, R., Correia, S., Wegner, F., Venturini, C., Palser, A., White, R. E., et al.
(2019). Essential role of inverted repeat in Epstein-Barr virus IR-1 in B cell
transformation; geographical variation of the viral genome. Philos. Trans. R.
Soc. B 374:20180299. doi: 10.1098/rstb.2018.0299

Burge, S., Parkinson, G. N., Hazel, P,, Todd, A. K., and Neidle, S. (2006).
Quadruplex DNA: sequence, topology and structure. Nucl. Acids Res. 34,
5402-5415. doi: 10.1093/nar/gkl655

Butovskaya, E., Solda, P., Scalabrin, M., Nadai, M., and Richter, S. N. (2019). HIV-1
nucleocapsid protein unfolds stable RNA G-quadruplexes in the viral genome
and is inhibited by G-quadruplex ligands. ACS Infect. Dis. 5, 2127-2135.
doi: 10.1021/acsinfecdis.9b00272

Carrasco-Hernandez, R., Jacome, R., Lopez Vidal, Y., and Ponce de Leon, S. (2017).
Are RNA viruses candidate agents for the next global pandemic? A review.
ILAR J. 58, 343-358. doi: 10.1093/ilar/ilx026

for innovation, project No. CZ.1.05/2.1.00/19.0388; and by the
projects SGS/01/PrF/2020 and SGS/07/PrF/2020 financed by
University of Ostrava.

ACKNOWLEDGMENTS

We would like to express our gratitude to Alena Volna,
M.Sc. for her time spent in preparing the draft illustrations
accompanying this work. Figure 1 is reproduced with permission
from Biolution GmbH.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.01583/full#supplementary-material

Chambers, V. S., Marsico, G., Boutell, J. M., Di Antonio, M., Smith, G.
P., and Balasubramanian, S. (2015). High-throughput sequencing of DNA
G-quadruplex structures in the human genome. Nat. Biotechnol. 33:877.
doi: 10.1038/nbt.3295

Chang, C., Hou, M.-H., Chang, C.-F., Hsiao, C.-D., and Huang, T. (2014). The
SARS coronavirus nucleocapsid protein — Forms and functions. Antiviral Res.
103, 39-50. doi: 10.1016/j.antiviral.2013.12.009

Chen, N, Li, X, Li, S., Xiao, Y., Ye, M., Yan, X., et al. (2020). How related is SARS-
CoV-2 to other coronaviruses? Vet. Rec. 186, 496-496. doi: 10.1136/vr.m1452

Cohen, J. (2020). New coronavirus threat galvanizes scientists. Science 367,
492-493. doi: 10.1126/science.367.6477.492

Cowling, B. J., Park, M. Fang, V. J, Wu, P, Leung, G. M., and Wu,
J. T. (2015). Preliminary epidemiologic assessment of MERS-CoV
outbreak in South Korea, May-June 2015. Euro Surveill. 20:21163.
doi: 10.2807/1560-7917.ES2015.20.25.21163

Drake, J. W., and Holland, J. J. (1999). Mutation rates among RNA viruses. Proc.
Natl. Acad. Sci. U. S.A. 96, 13910-13913. doi: 10.1073/pnas.96.24.13910

Dutkiewicz, M., Stachowiak, A., Swiatkowska, A., and Ciesiolka, J. (2016).
Structure and function of RNA elements present in enteroviral genomes. Acta
Biochim. Polonica 63, 623-630. doi: 10.18388/abp.2016_1337

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucl. Acids Res. 32, 1792-1797. doi: 10.1093/nar/gkh340

Eigen, M., and Schuster, P. (1977). A principle of natural self-organization:
Part A: emergence of the hypercycle. Naturwissenschaften 64, 541-565.
doi: 10.1007/BF00450633

Erkelenz, S., Poschmann, G., Theiss, S., Stefanski, A., Hillebrand, F., Otte, M., et al.
(2013). Tra2-mediated recognition of HIV-1 5 “ splice site D3 as a key factor in
the processing of vpr mRNA. J. Virol. 87,2721-2734. doi: 10.1128/JV1.02756-12

Federhen, S. (2011). The NCBI taxonomy database. Nucl. Acids Res. 40, D136-
D143. doi: 10.1093/nar/gkr1178

Fehr, A. R, and Perlman, S. (2015).
their replication and pathogenesis. Methods Mol.
doi: 10.1007/978-1-4939-2438-7_1

Fleming, A. M., Ding, Y., Alenko, A., and Burrows, C. J. (2016). Zika virus
genomic RNA possesses conserved G-quadruplexes characteristic of the
flaviviridae family. ACS Infect. Dis. 2, 674-681. doi: 10.1021/acsinfecdis.
6b00109

Frasson, I, Nadai, M., and Richter, S. N. (2019). Conserved G-quadruplexes
regulate the immediate early promoters of human Alphaherpesviruses.
Molecules 24:2375. doi: 10.3390/molecules24132375

Gage, H. L., and Merrick, C. J. (2020). Conserved associations between G-
quadruplex-forming DNA motifs and virulence gene families in malaria
parasites. BMC Genomics 21:236. doi: 10.1186/s12864-020-6625-x

Garant, J.-M., Perreault, J.-P., and Scott, M. S. (2018). G4RNA screener web
server: user focused interface for RNA G-quadruplex prediction. Biochimie 151,
115-118. doi: 10.1016/j.biochi.2018.06.002

an overview of
Biol. 1282, 1-23.

Coronaviruses:

Frontiers in Microbiology | www.frontiersin.org

14

July 2020 | Volume 11 | Article 1583


https://www.frontiersin.org/articles/10.3389/fmicb.2020.01583/full#supplementary-material
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1093/nar/18.11.3363
https://doi.org/10.3390/molecules24091711
https://doi.org/10.1093/nar/gkw006
https://doi.org/10.3390/molecules23092341
https://doi.org/10.3390/ijms151017493
https://doi.org/10.1093/bioinformatics/btz087
https://doi.org/10.1016/j.bbrc.2016.09.015
https://doi.org/10.1186/1471-2199-12-33
https://doi.org/10.1098/rstb.2018.0299
https://doi.org/10.1093/nar/gkl655
https://doi.org/10.1021/acsinfecdis.9b00272
https://doi.org/10.1093/ilar/ilx026
https://doi.org/10.1038/nbt.3295
https://doi.org/10.1016/j.antiviral.2013.12.009
https://doi.org/10.1136/vr.m1452
https://doi.org/10.1126/science.367.6477.492
https://doi.org/10.2807/1560-7917.ES2015.20.25.21163
https://doi.org/10.1073/pnas.96.24.13910
https://doi.org/10.18388/abp.2016_1337
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1007/BF00450633
https://doi.org/10.1128/JVI.02756-12
https://doi.org/10.1093/nar/gkr1178
https://doi.org/10.1007/978-1-4939-2438-7_1
https://doi.org/10.1021/acsinfecdis.6b00109
https://doi.org/10.3390/molecules24132375
https://doi.org/10.1186/s12864-020-6625-x
https://doi.org/10.1016/j.biochi.2018.06.002
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Bartas et al.

Local DNA Structures in Nidovirales

Garcia-Moreno, M., Jaervelin, A. L., and Castello, A. (2018). Unconventional RNA-
binding proteins step into the virus-host battlefront. Wiley Interdiscipl. Rev.
RNA 9:€1498. doi: 10.1002/wrna.1498

Georgakopoulos-Soares, 1., Morganella, S., Jain, N., Hemberg, M., and Nik-
Zainal, S. (2018). Noncanonical secondary structures arising from non-B
DNA motifs are determinants of mutagenesis. Genome Res. 28, 1264-1271.
doi: 10.1101/gr.231688.117

Ghosh, P., Grellscheid, S. N., and Sowdhamini, R. (2016). A tale of two paralogs:
human Transformer2 proteins with differential RNA-binding affinities. J.
Biomol. Struct. Dyn. 34, 1979-1986. doi: 10.1080/07391102.2015.1100551

Gorbalenya, A. E. (2001). Big nidovirus genome. When count
and order of domains matter. Adv. Exp. Med. Biol. 494, 1-17.
doi: 10.1007/978-1-4615-1325-4_1

Gorbalenya, A. E., Enjuanes, L., Ziebuhr, J., and Snijder, E. J. (2006).
Nidovirales: evolving the largest RNA virus genome. Virus Res. 117, 17-37.
doi: 10.1016/j.virusres.2006.01.017

Guedin, A., Gros, J., Alberti, P., and Mergny, J.-L. (2010). How long is too long?
Effects of loop size on G-quadruplex stability. Nucl. Acids Res. 38, 7858-7868.
doi: 10.1093/nar/gkq639

Gui, X., Luo, F., Li, Y., Zhou, H., Qin, Z., Liu, Z., et al. (2019). Structural basis for
reversible amyloids of hnRNPA1 elucidates their role in stress granule assembly.
Nat. Commun. 10:2006. doi: 10.1038/s41467-019-09902-7

Hanada, K., Suzuki, Y., Nakane, T., Hirose, O., and Gojobori, T. (2005). The origin
and evolution of porcine reproductive and respiratory syndrome viruses. Mol.
Biol. Evol. 22, 1024-1031. doi: 10.1093/molbev/msi089

Hansel-Hertsch, R., Beraldi, D., Lensing, S. V., Marsico, G., Zyner, K., Parry, A.,
et al. (2016). G-quadruplex structures mark human regulatory chromatin. Nat.
Genet. 48:1267. doi: 10.1038/ng.3662

Haronikovd, L., Coufal, J., Kejnovska, I., Jagelska, E. B., Fojta, M., Dvordkova,
P, et al. (2016). IFI16 preferentially binds to DNA with quadruplex
structure and enhances DNA quadruplex formation. PLoS ONE 11:e0157156.
doi: 10.1371/journal.pone.0157156

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kriiger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell. 181, 271-280.e8
doi: 10.1016/j.cell.2020.02.052

Huang, Z.-L., Dai, J., Luo, W.-H., Wang, X.-G., Tan, J.-H., Chen, S.-B., et al.
(2018). Identification of G-quadruplex-binding protein from the exploration
of RGG Motif/G-quadruplex interactions. J. Am. Chem. Soc. 140, 17945-17955.
doi: 10.1021/jacs.8b09329

Hung, L. S. (2003). The SARS epidemic in Hong Kong: what lessons have we
learned? J. R. Soc. Med. 96, 374-378. doi: 10.1258/jrsm.96.8.374

Ishimaru, D., Plant, E. P., Sims, A. C., Yount, B. L. Jr., Roth, B. M., Eldho, N. V.,
et al. (2013). RNA dimerization plays a role in ribosomal frameshifting of the
SARS coronavirus. Nucl. Acids Res. 41, 2594-2608. doi: 10.1093/nar/gks1361

Jaubert, C., Bedrat, A., Bartolucci, L., Di Primo, C., Ventura, M., Mergny, J.-L., et al.
(2018). RNA synthesis is modulated by G-quadruplex formation in Hepatitis C
virus negative RNA strand. Sci. Rep. 8, 1-9. doi: 10.1038/s41598-018-26582-3

Kattimani, Y., and Veerappa, A. M. (2018). Complex interaction between mutant
HNRNPA1 and gE of varicella zoster virus in pathogenesis of multiple sclerosis.
Autoimmunity 51, 147-151. doi: 10.1080/08916934.2018.1482883

Kikin, O., D’Antonio, L., and Bagga, P. S. (2006). QGRS Mapper: a web-based
server for predicting G-quadruplexes in nucleotide sequences. Nucl. Acids Res.
34, W676-W682. doi: 10.1093/nar/gkl253

Kim, D., Lee, J.-Y.,, Yang, J.-S., Kim, J. W., Kim, V. N, and Chang, H. (2020).
The architecture of SARS-CoV-2 transcriptome. bioRxiv. 181, 914-921.e10.
doi: 10.1016/j.cell.2020.04.011

Kocman, V., and Plavec, J. (2017). Tetrahelical structural family adopted
by AGCGA-rich regulatory DNA regions. Nat. 8:15355.
doi: 10.1038/ncomms15355

Kolesnikova, S., and Curtis, E. A. (2019). Structure and function of multimeric
G-quadruplexes. Molecules 24:3074. doi: 10.3390/molecules24173074

Kraf¢ikovd, P., Demkovi¢ova, E., and Viglasky, V. (2017). Ebola virus derived G-
quadruplexes: thiazole orange interaction. Biochim. Biophys. Acta General Subj.
1861, 1321-1328. doi: 10.1016/j.bbagen.2016.12.009

Kusov, Y., Tan, J., Alvarez, E., Enjuanes, L., and Hilgenfeld, R. (2015). A
G-quadruplex-binding macrodomain within the “SARS-unique domain” is

Commun.

essential for the activity of the SARS-coronavirus replication-transcription
complex. Virology 484, 313-322. doi: 10.1016/j.virol.2015.06.016

Lai, M. M. C., and Cavanagh, D. (1997). “The molecular biology of coronaviruses,”
in Advances in Virus Research (Elsevier), 1-100. Available online at: https://
linkinghub.elsevier.com/retrieve/pii/S0065352708602869

Lauring, A. S., Frydman, J., and Andino, R. (2013). The role of mutational
robustness in RNA virus evolution. Nat. Rev. Microbiol. 11, 327-336.
doi: 10.1038/nrmicro3003

Lavezzo, E., Berselli, M., Frasson, I., Perrone, R., Pall, G., Brazzale, A. R,
et al. (2018). G-quadruplex forming sequences in the genome of all known
human viruses: a comprehensive guide. PLOS Comput. Biol. 14:¢1006675.
doi: 10.1371/journal.pcbi. 1006675

Lei, J., Kusov, Y., and Hilgenfeld, R. (2018). Nsp3 of coronaviruses: Structures
and functions of a large multi-domain protein. Antiviral Res. 149, 58-74.
doi: 10.1016/j.antiviral.2017.11.001

Letunic, I, and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4:
recent updates and new developments. Nucl. Acids Res. 47, W256-W259.
doi: 10.1093/nar/gkz239

Li, F., Zhou, J., Xu, M., and Yuan, G. (2018). Exploration of G-quadruplex function
in c-Myb gene and its transcriptional regulation by topotecan. Int. J. Biol.
Macromol. 107, 1474-1479. doi: 10.1016/j.ijbiomac.2017.10.010

Li, Q., Guan, X., Wu, P,, Wang, X., Zhou, L., Tong, Y., et al. (2020). Early
transmission dynamics in Wuhan, China, of novel coronavirus-infected
pneumonia. N. Engl. J. Med. 382, 1199-1207. doi: 10.1056/NEJM02a2001316

Li, R-F,, and Li, H. (2010). Study on the influences of palindromes in protein
coding sequences on the folding rates of peptide chains. Protein Peptide Lett.
17, 881-888. doi: 10.2174/092986610791306652

Lightfoot, H. L., Hagen, T., Tatum, N. J.,, and Hall, J. (2019). The diverse
structural landscape of quadruplexes. FEBS Lett. 593, 2083-2102.
doi: 10.1002/1873-3468.13547

Lio, P., and Goldman, N. (2004). Phylogenomics and bioinformatics of SARS-CoV.
Trends Microbiol. 12, 106-111. doi: 10.1016/j.tim.2004.01.005

Liu, T., Sun, H., Zhu, D., Dong, X., Liu, F., Liang, X., et al. (2017). TRA2A
promoted paclitaxel resistance and tumor progression in triple-negative breast
cancers via regulating alternative splicing. Mol. Cancer Therap. 16, 1377-1388.
doi: 10.1158/1535-7163.MCT-17-0026

Liu, Y., Chen, J., Nikolaitchik, O. A., Desimmie, B. A., Busan, S., Pathak, V. K.,
et al. (2018). The roles of five conserved lentiviral RNA structures in HIV-1
replication. Virology 514, 1-8. doi: 10.1016/j.virol.2017.10.020

Lorenz, R, Bernhart, S. H., Honer zu Siederdissen, C., Tafer, H., Flamm, C.,
Stadler, P. F., et al. (2011). ViennaRNA package 2.0. Algorith. Mol. Biol. 6:26.
doi: 10.1186/1748-7188-6-26

Lu, J., Gao, F.,, Wei, Z,, Liu, P, Liu, C., Zheng, H,, et al. (2011). A 5-proximal
stem-loop structure of 5 untranslated region of porcine reproductive and
respiratory syndrome virus genome is key for virus replication. Virol. J. 8:172.
doi: 10.1186/1743-422X-8-172

Lu, R, Zhao, X, Li, J, Niu, P, Yang, B, Wu, H, et al. (2020).
Genomic characterisation and epidemiology of 2019 novel coronavirus:
implications for virus origins and receptor binding. Lancet 395, 565-574.
doi: 10.1016/S0140-6736(20)30251-8

Masuzawa, T., and Oyoshi, T. (2020). Roles of the RGG domain and RNA
recognition motif of nucleolin in G-quadruplex stabilization. ACS Omega. 5,
5202-5208. doi: 10.1021/acsomega.9b04221

Meétifiot, M., Amrane, S., Litvak, S., and Andreola, M.-L. (2014). G-quadruplexes
in viruses: function and potential therapeutic applications. Nucl. Acids Res. 42,
12352-12366. doi: 10.1093/nar/gku999

Mishra, S. K., Tawani, A., Mishra, A., and Kumar, A. (2016). G4IPDB: A database
for G-quadruplex structure forming nucleic acid interacting proteins. Sci. Rep.
6:38144. doi: 10.1038/srep38144

Modrow, S., Falke, D., Truyen, U., and Schitzl, H. (2013). “Viruses with single-
stranded, positive-sense RNA genomes,” in Molecular Virology (Berlin: Springer
Berlin Heidelberg), 185-349. Available online at: http://link.springer.com/10.
1007/978-3-642-20718-1_14

Nishikawa, T., Kuwano, Y., Takahara, Y., Nishida, K., and Rokutan, K.
(2019). HnRNPAL1 interacts with G-quadruplex in the TRA2B promoter and
stimulates its transcription in human colon cancer cells. Sci. Rep. 9:10276.
doi: 10.1038/541598-019-46659-x

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1583


https://doi.org/10.1002/wrna.1498
https://doi.org/10.1101/gr.231688.117
https://doi.org/10.1080/07391102.2015.1100551
https://doi.org/10.1007/978-1-4615-1325-4_1
https://doi.org/10.1016/j.virusres.2006.01.017
https://doi.org/10.1093/nar/gkq639
https://doi.org/10.1038/s41467-019-09902-7
https://doi.org/10.1093/molbev/msi089
https://doi.org/10.1038/ng.3662
https://doi.org/10.1371/journal.pone.0157156
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1021/jacs.8b09329
https://doi.org/10.1258/jrsm.96.8.374
https://doi.org/10.1093/nar/gks1361
https://doi.org/10.1038/s41598-018-26582-3
https://doi.org/10.1080/08916934.2018.1482883
https://doi.org/10.1093/nar/gkl253
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1038/ncomms15355
https://doi.org/10.3390/molecules24173074
https://doi.org/10.1016/j.bbagen.2016.12.009
https://doi.org/10.1016/j.virol.2015.06.016
https://linkinghub.elsevier.com/retrieve/pii/S0065352708602869
https://linkinghub.elsevier.com/retrieve/pii/S0065352708602869
https://doi.org/10.1038/nrmicro3003
https://doi.org/10.1371/journal.pcbi.1006675
https://doi.org/10.1016/j.antiviral.2017.11.001
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1016/j.ijbiomac.2017.10.010
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.2174/092986610791306652
https://doi.org/10.1002/1873-3468.13547
https://doi.org/10.1016/j.tim.2004.01.005
https://doi.org/10.1158/1535-7163.MCT-17-0026
https://doi.org/10.1016/j.virol.2017.10.020
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1186/1743-422X-8-172
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1021/acsomega.9b04221
https://doi.org/10.1093/nar/gku999
https://doi.org/10.1038/srep38144
http://link.springer.com/10.1007/978-3-642-20718-1_14
http://link.springer.com/10.1007/978-3-642-20718-1_14
https://doi.org/10.1038/s41598-019-46659-x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Bartas et al.

Local DNA Structures in Nidovirales

Oboho, I. K., Tomczyk, S. M., Al-Asmari, A. M. Banjar, A. A, Al-
Mugti, H., Aloraini, M. S., et al. (2015). 2014 MERS-CoV outbreak in
Jeddah—a link to health care facilities. N. Engl. J. Med. 372, 846-854.
doi: 10.1056/NEJMo0a1408636

Okonechnikov, K., Golosova, O., Fursov, M., and Team, U. (2012). Unipro
UGENE: a unified bioinformatics toolkit. Bioinformatics 28, 1166-1167.
doi: 10.1093/bioinformatics/bts091

Oprea, T. I, and Mestres, J. (2012). Drug repurposing: far beyond new targets for
old drugs. AAPS J. 14, 759-763. doi: 10.1208/s12248-012-9390-1

Patino-Galindo, J. A., Filip, I, AlQuraishi, M., and Rabadan, R. (2020).
Recombination and lineage-specific mutations led to the emergence of SARS-
CoV-2. bioRxiv [Preprint]. doi: 10.1101/2020.02.10.942748

Paz, 1., Kosti, I, Ares, M. Jr., Cline, M., and Mandel-Gutfreund, Y. (2014). RBPmap:
a web server for mapping binding sites of RNA-binding proteins. Nucl. Acids
Res. 42, W361-W367. doi: 10.1093/nar/gku406

Pham, T. N. D,, Stempel, S., Shields, M. A., Spaulding, C., Kumar, K., Bentrem, D.
J., et al. (2019). Quercetin enhances the anti-tumor effects of BET inhibitors by
suppressing hnRNPAL. Int. J. Mol. Sci. 20:4293. doi: 10.3390/ijms20174293

Plant, E., Perez-Alvarado, G., Jacobs, J., Mukhopadhyay, B. Hennig,
M., and Dinman, J. (2005). A three-stemmed mRNA pseudoknot
in the SARS coronavirus frameshift signal. PLoS Biol 3, 1012-1023.
doi: 10.1371/journal.pbio.0030172

Platella, C., Riccardi, C., Montesarchio, D., Roviello, G. N., and Musumeci,
D. (2017). G-quadruplex-based aptamers against protein targets in therapy
and diagnostics. Biochim. Biophys. Acta General Subj. 1861, 1429-1447.
doi: 10.1016/j.bbagen.2016.11.027

Puig Lombardi, E., and Londono-Vallejo, A. (2020). A guide to computational
methods for G-quadruplex prediction. Nucl. Acids Res. 48, 1-15.
doi: 10.1093/nar/gkaa033

Roberts, L. O., Jopling, C. L., Jackson, R. J., and Willis, A. E. (2009). “Chapter 9
viral strategies to subvert the mammalian translation machinery,” in Progress in
Molecular Biology and Translational Science, Translational Control in Health
and Disease. (Academic Press), 313-367. Available online at: http://www.
sciencedirect.com/science/article/pii/S1877117309900096

Ruggiero, E., and Richter, S. N. (2018). G-quadruplexes and G-quadruplex
ligands: targets and tools in antiviral therapy. Nucl. Acids Res. 46, 3270-3283.
doi: 10.1093/nar/gky187

Ruggiero, E., and Richter, S. N. (2020). Viral G-quadruplexes: new frontiers
in virus pathogenesis and antiviral therapy. Annu. Rep. Med. Chem.
doi: 10.1016/bs.armc.2020.04.001. [Epub ahead of print].

Saberi, A., Gulyaeva, A. A., Brubacher, J. L., Newmark, P. A., and Gorbalenya, A.
E. (2018). A planarian nidovirus expands the limits of RNA genome size. PLoS
Pathog. 14:¢1007314. doi: 10.1371/journal.ppat.1007314

Saijo, S., Kuwano, Y., Masuda, K., Nishikawa, T., Rokutan, K., and Nishida, K.
(2016). Serine/arginine-rich splicing factor 7 regulates p21-dependent growth
arrest in colon cancer cells. J. Med. Invest. 63, 219-226. doi: 10.2152/jmi.63.219

Satpathi, S., Singh, R. K., Mukherjee, A., and Hazra, P. (2018). Controlling
anticancer drug mediated G-quadruplex formation and stabilization
by a molecular container. Phys. Chem. Chem. Phys. 20, 7808-7818.
doi: 10.1039/C8CP00325D

Sinden, R., Zheng, G., Brankamp, R., and Allen, K. (1991). On the deletion of
inverted repeated DNA in Escherichia coli: effects of length, thermal stability,
and cruciform formation in vivo. Genetics 129, 991-1005.

Singh, A., and Lakhanpaul, S. (2019). Genome-wide analysis of putative G-
quadruplex sequences (PGQSs) in onion yellows phytoplasma (strain OY-
M): an emerging plant pathogenic bacteria. Indian J. Microbiol. 59, 468-475.
doi: 10.1007/s12088-019-00831-z

Snijder, E. J., Bredenbeek, P. J., Dobbe, J. C., Thiel, V., Ziebuhr, J., Poon, L. L. M.,
etal. (2003). Unique and conserved features of genome and proteome of SARS-
coronavirus, an early split-off from the coronavirus group 2 lineage. J. Mol. Biol.
331, 991-1004. doi: 10.1016/50022-2836(03)00865-9

Surovtsev, I. V., and Jacobs-Wagner, C. (2018). Subcellular organization:
a critical feature of bacterial cell replication. Cell 172, 1271-1293.
doi: 10.1016/j.cell.2018.01.014

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas,
J., et al. (2015). STRING v10: protein-protein interaction networks, integrated
over the tree of life. Nucl. Acids Res. 43, D447-52. doi: 10.1093/nar/gku1003

Tan, W, Zhou, J., and Yuan, G. (2014). Electrospray ionization mass spectrometry
probing of binding affinity of berbamine, a flexible cyclic alkaloid from
traditional Chinese medicine, with G-quadruplex DNA. Rapid Commun. Mass
Spectr. 28, 143-147. doi: 10.1002/rcm.6763

Tan, Y., Hu, X, Deng, Y. Yuan, P, Xie, Y., and Wang, J. (2018).
TRA2A promotes proliferation, invasion and epithelial
mesenchymal transition of glioma cells. Brain Res. Bull. 143, 138-144.
doi: 10.1016/j.brainresbull.2018.10.006

Thandapani, P., O’Connor, T. R,, Bailey, T. L., and Richard, S. (2013). Defining
the RGG/RG motif. Mol. Cell 50, 613-623. doi: 10.1016/j.molcel.2013.
05.021

Topotecan - Chemotherapy Drugs - Chemocare. Available online at: http://
chemocare.com/chemotherapy/drug-info/Topotecan.aspx

Travers, A., and Muskhelishvili, G. (2015). DNA structure and function. FEBS J.
2279-2295. doi: 10.1111/febs.13307

Unterholzner, L., Keating, S. E., Baran, M., Horan, K. A,, Jensen, S. B., Sharma,
S., et al. (2010). IFI16 is an innate immune sensor for intracellular DNA. Nat.
Immunol. 11, 997-1004. doi: 10.1038/ni.1932

Vincent, M. J., Bergeron, E., Benjannet, S., Erickson, B. R., Rollin, P. E., Ksiazek,
T. G, et al. (2005). Chloroquine is a potent inhibitor of SARS coronavirus
infection and spread. Virol. J. 2:69. doi: 10.1186/1743-422X-2-69

Vorlickovd, M., Kejnovska, I., Bedndrova, K., Renciuk, D., and Kypr, J. (2012).
Circular dichroism spectroscopy of DNA: from duplexes to quadruplexes.
Chirality 24, 691-698. doi: 10.1002/chir.22064

Voter, A. F., Callaghan, M. M., Tippana, R., Myong, S., Dillard, J. P., and Keck, J.
L. (2020). Antigenic variation in neisseria gonorrhoeae occurs independently of
RecQ-mediated unwinding of the pilE G quadruplex. J. Bacteriol. 202:200607-
19. doi: 10.1128/JB.00607-19

Wang, M., Cao, R,, Zhang, L., Yang, X,, Liu, J., Xu, M., et al. (2020). Remdesivir
and chloroquine effectively inhibit the recently emerged novel coronavirus
(2019-nCoV) in vitro. Cell Res. 30, 269-271. doi: 10.1038/s41422-020-
0282-0

Wang, S.-K., Wu, Y., and Ou, T.-M. (2015). RNA G-quadruplex: the new
potential targets for therapy. Curr. Topics Med. Chem. 15, 1947-1956.
doi: 10.2174/1568026615666150515145733

Wang, S.-R., Zhang, Q.-Y., Wang, J.-Q., Ge, X.-Y., Song, Y.-Y., Wang, Y.-F,, et al.
(2016). Chemical targeting of a G-quadruplex RNA in the Ebola virus L gene.
Cell Chem. Biol. 23, 1113-1122. doi: 10.1016/j.chembiol.2016.07.019

Wu, F,, Zhao, S., Yu, B,, Chen, Y.-M., Wang, W, Song, Z.-G., et al. (2020). A new
coronavirus associated with human respiratory disease in China. Nature 579,
265-269. doi: 10.1038/s41586-020-2008-3

Wu, Y., Shin-ya, K., and Brosh, R. M. Jr. (2008). FANCJ helicase defective in
Fanconia anemia and breast cancer unwinds G-quadruplex DNA to defend
genomic stability. Mol. Cell. Biol. 28, 4116-4128. doi: 10.1128/MCB.02210-07

Xie, J., Mao, Q., Tai, P. W., He, R,, Ai, J., Su, Q., et al. (2017). Short DNA hairpins
compromise recombinant adeno-associated virus genome homogeneity. Mol.
Ther. 25, 1363-1374. doi: 10.1016/j.ymthe.2017.03.028

Yu, L. O. (2009). Bioinformatic analysis of inverted repeats of coronaviruses
genome. Biopolym. Cell 25, 307-314. doi: 10.7124/bc.0007EA

Ziebuhr, J. (2004). Molecular biology of severe acute respiratory syndrome
coronavirus. Curr. Opin. Microbiol. 7, 412-419. doi: 10.1016/j.mib.2004.06.007

Zuker, M. (2003). Mfold web server for nucleic acid folding and
hybridization prediction. Nucl. Acids Res. 31, 3406-3415. doi: 10.1093/nar/
gkg595

migration,

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Bartas, Brdzda, Bohdlovd, Cantara, Volnd, Stachurovd,
Malachové, Jagelskd, Porubiakovd, Cerveri and Pelinka. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

16

July 2020 | Volume 11 | Article 1583


https://doi.org/10.1056/NEJMoa1408636
https://doi.org/10.1093/bioinformatics/bts091
https://doi.org/10.1208/s12248-012-9390-1
https://doi.org/10.1101/2020.02.10.942748
https://doi.org/10.1093/nar/gku406
https://doi.org/10.3390/ijms20174293
https://doi.org/10.1371/journal.pbio.0030172
https://doi.org/10.1016/j.bbagen.2016.11.027
https://doi.org/10.1093/nar/gkaa033
http://www.sciencedirect.com/science/article/pii/S1877117309900096
http://www.sciencedirect.com/science/article/pii/S1877117309900096
https://doi.org/10.1093/nar/gky187
https://doi.org/10.1016/bs.armc.2020.04.001
https://doi.org/10.1371/journal.ppat.1007314
https://doi.org/10.2152/jmi.63.219
https://doi.org/10.1039/C8CP00325D
https://doi.org/10.1007/s12088-019-00831-z
https://doi.org/10.1016/S0022-2836(03)00865-9
https://doi.org/10.1016/j.cell.2018.01.014
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1002/rcm.6763
https://doi.org/10.1016/j.brainresbull.2018.10.006
https://doi.org/10.1016/j.molcel.2013.05.021
http://chemocare.com/chemotherapy/drug-info/Topotecan.aspx
http://chemocare.com/chemotherapy/drug-info/Topotecan.aspx
https://doi.org/10.1111/febs.13307
https://doi.org/10.1038/ni.1932
https://doi.org/10.1186/1743-422X-2-69
https://doi.org/10.1002/chir.22064
https://doi.org/10.1128/JB.00607-19
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.2174/1568026615666150515145733
https://doi.org/10.1016/j.chembiol.2016.07.019
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1128/MCB.02210-07
https://doi.org/10.1016/j.ymthe.2017.03.028
https://doi.org/10.7124/bc.0007EA
https://doi.org/10.1016/j.mib.2004.06.007
https://doi.org/10.1093/nar/gkg595
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

biomolecules m\py

Article
G-Quadruplexes in the Archaea Domain

Vaclav Brazda 1*©, Yu Luo 2, Martin Bartas 30, Patrik Kaura %, Otilia Porubiakova 1-°
Ji¥i St astny 46 Petr Petinka 3, Daniela Verga 2(, Violette Da Cunha 7, Tomio S. Takahashi 7,
Patrick Forterre 7, Hannu Myllykallio 30, Miroslav Fojta ! and Jean-Louis Mergny 1-%*

1 Institute of Biophysics of the Czech Academy of Sciences, Kralovopolska 135, 612 65 Brno, Czech Republic;

o.porubiakova@gmail.com (O.P.); fojta@ibp.cz (M.F)

2 Institut Curie, CNRS UMR9187, INSERM U1196, Universite Paris Saclay, 91400 Orsay, France;

yu.luo@curie.fr (Y.L.); Daniela.Verga@curie.fr (D.V.)

Department of Biology and Ecology/Institute of Environmental Technologies, Faculty of Science,

University of Ostrava, 710 00 Ostrava, Czech Republic; dutartas@gmail.com (M.B.);

petr.pecinka@osu.cz (P.P)

Faculty of Mechanical Engineering, Brno University of Technology, Technicka 2896/2,

616 69 Brno, Czech Republic; 160702@vutbr.cz (P.K.); stastny@fme.vutbr.cz gJ.s.)

Faculty of Chemistry, Brno University of Technology, Purkytiova 464/118, 612 00 Brno, Czech Republic

6 Mendel University in Brno, Zemédélska 1, 613 00 Brno, Czech Republic

7 Institut de Biologie Intégrative de la Cellule (I2BC), CNRS, Université Paris-Saclay, CEDEX,
91198 Gif-sur-Yvette, France; violette.da.cunha.vdc@gmail.com (V.D.C.);
tomio.takahashi@i2bc.paris-saclay.fr (T.5.T.); patrick.forterre@pasteur.fr (P.F.)

8 Laboratoire d’Optique et Biosciences, Ecole Polytechnique, CNRS, INSERM, Institut Polytechnique de Paris,
91128 Palaiseau, France; hannu.myllykallio@polytechnique.edu

*  Correspondence: vaclav@ibp.cz (V.B.); jean-louis.mergny@inserm.fr (J.-L.M.); Tel.: +42-05-4151-7231 (V.B.);
Fax: +42-05-4121-1293 (V.B.)

check for

Received: 11 August 2020; Accepted: 18 September 2020; Published: 21 September 2020 updates

Abstract: The importance of unusual DNA structures in the regulation of basic cellular processes is
an emerging field of research. Amongst local non-B DNA structures, G-quadruplexes (G4s) have
gained in popularity during the last decade, and their presence and functional relevance at the DNA
and RNA level has been demonstrated in a number of viral, bacterial, and eukaryotic genomes,
including humans. Here, we performed the first systematic search of G4-forming sequences in all
archaeal genomes available in the NCBI database. In this article, we investigate the presence and
locations of G-quadruplex forming sequences using the G4Hunter algorithm. G-quadruplex-prone
sequences were identified in all archaeal species, with highly significant differences in frequency,
from 0.037 to 15.31 potential quadruplex sequences per kb. While G4 forming sequences were
extremely abundant in Hadesarchaea archeon (strikingly, more than 50% of the Hadesarchaea archaeon
isolate WYZ-LMOG6 genome is a potential part of a G4-motif), they were very rare in the Parvarchaeota
phylum. The presence of G-quadruplex forming sequences does not follow a random distribution
with an over-representation in non-coding RNA, suggesting possible roles for ncRNA regulation.
These data illustrate the unique and non-random localization of G-quadruplexes in Archaea.

Keywords: G4-forming motif; genome analysis; Archaea; unusual nucleic acid structures;
sequence prediction

1. Introduction

The Archaea domain was classified separately from Bacteria by Carl Woese and George Fox
in 1977 [1]. Later on, it was found that all major molecular machinery, such as DNA replication,
transcription, and translation, of archaea are much more similar to those of eukaryotes than to those of
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bacteria [2,3]. This is also true for some important membrane proteins, such as ATP synthases and
proteins of the Sec transport system [4,5], or for some proteins involved in cell division and vesicle
trafficking [6]. Thus, the archaeal domain occupies a key position in the Tree of Life, and there is
currently a hot debate about their exact relationships with eukaryotes [7,8]. A schematic phylogenic
tree for the Archaea domain is proposed in Figure 1; this phylogeny is rapidly evolving with many
new phyla recently identified via the accumulation of metagenome associated genomes (MAGs) and
various new proposals for phylum definition and nomenclature [9,10]. The first detected archaea were
isolated in harsh environments but later found in almost every environment, including the human
microbiota, where they play important roles in the gut, mouth, and on the skin [11,12]. It has been
hypothesized that archaea found in oceans are one of the most abundant groups of organisms on the
planet with important roles both in the carbon and the nitrogen cycle [13]. The Archaea domain has
several unique features, such as ether-linked lipids, while eukaryotes and most of the bacteria have
ester-linked lipids [14]. Moreover, the stereochemistry of archaeal lipids has the opposite configuration
as compare to the ones of eukaryotic and bacterial origin. Interestingly, methanogenesis, the production
of greenhouse methane gas as a metabolic by-product, occurs only in the archaeal domain [15,16].
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Figure 1. A schematic phylogenic tree for Archaea. This unrooted evolutionary tree of Archaea is based
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on the schematic tree of Forterre (2015) [17] updated according to recent phylogenetic analyses [9,18].
BAT stands for Bathyarchaeota, Aigarchaeota, and Thaumarchaeota. DPANN is an acronym based
on the first five groups discovered: Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota,
and Nanohaloarchaeota. The term BAT superphylum has been proposed by Gaia et al. in 2018 [19], and the
terms Eury and Cren superphyla are suggested here. The terms Cren superphylum is suggested here
because the phyla Crenarchaeota, Verstratearchaeota Marsarchaeota, Nezaarchaeota, and Geothermarchaeota
form a consensus monophyletic clade in all archaeal phylogeny. We included Korarchaeota in this
superphylum because they often branch as sister groups of the above phyla in archaeal phylogenies,
although the fast evolutionary rate made their positioning sometimes difficult. We suggested in parallel
the term Eury superphylum because Euryarchaeota includes very diverse groups of cultivated and
uncultivated Archaea which are difficult to the group in a single phylum, especially considering that
phyla, such as Verstratearchaeota Marsarchaeota, or Nezaarchaeota only contain few uncultivated species
only defined by a few metagenome associated genomes (MAGs). Names in bold letters correspond to
subgroups that include cultivated species; names in thin letters correspond to subgroups that include
only MAGs.

G-quadruplex structures (G4) formed by guanine rich sequences are among the most intensively
studied local DNA/RNA structures [20]. G4s are formed by G:G Hoogsteen base pairing in a guanine
quartet, and their formation requires the presence of stabilizing cations, such as potassium [21]
(Figure 2). In both bacteria and eukaryotes, G4 formation regulates various processes, including
gene expression [22], protein translation [23], and proteolysis [24]. G4 have been identified in
a number of pathogens, including viruses, eukaryotes (e.g., Plasmodium falciparum) [25,26] or
prokaryotes (e.g., Neissseria gonorrhoeae [27], and Mycobacterium tuberculosis) [28,29]. Moreover,
many G4-binding proteins are conserved in all organisms highlighting the importance of the G4
structure regulations [30], and novel G4 binding proteins have been identified, sharing the NIQI
amino acid motif (RGRGRRGGGSGGSGGRGRG) [31]. Specific helicases have been identified both
in eukaryotes and bacteria to unfold these structures, which can be extremely stable and would
be problematic for the transcription or replication of G-rich motifs (e.g., the Pifl or RecQ family
helicases) [32]. Recently, G4Hunter was successfully used for the prediction of G-quadruplex-forming
sequences in all complete bacterial genomes [33]. These results showed that G-quadruplex-forming
sequences are present in all species with the highest frequencies in some extremophiles. In contrast to
RNA, there is no correlation between genomic DNA GC% in Archaea (and in Bacteria) and the optimal
growth temperature. This is likely because DNA in vivo is topologically closed, and topologically
closed DNA is stable at least up to 107 °C [34]. We therefore cannot anticipate a higher density of
G4-prone motifs in thermophiles, due to a GC-bias. A comparison with Extremophiles in bacteria
is interesting [35]. Ding et al. hypothesized that stress-resistant bacteria found in the Deinococcales
may utilize putative quadruplex sequences (PQS) for gene regulatory purposes. An enrichment in
prokaryote PQS has been found in thermophilic organisms [33] but also in organisms with resistance
to other stress factors, such as radiation [36,37]; thus, a direct correlation between temperature and G4
presence is not supported by these findings. In addition, while bacteria in the Deinococcus-Thermus
group are the most abundant for PQS, it is striking that the mostly thermophilic and hyperthermophilic
bacteria in the Thermotogae phylum have one of the lowest PQS frequencies. Correlation among
thermophiles and G4s, therefore, depends on the phylum (Gram-negative vs. Gram-positive bacteria).

Due to the roles of G4s in the regulation of basic cellular processes, it is important to identify
their location in genomes. Several algorithms are available to predict G-quadruplex-forming
sequences [38-41]. Among them, the G4Hunter application was developed to provide quantitative
analyses giving a propensity score as an output [41], and the G4Hunter web tool allows effective and
fast analyses of PQS in large datasets [42].
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Stacking

—

G-quartet G-quadruplex

Figure 2. A G-quartet involves four coplanar guanines establishing a cyclic array of H-bonds (left).
Stacking of two or more (three in this example) quartets leads to the formation of a G-quadruplex
structure (right), stabilized by cations, such as potassium (not shown).

The prokaryotic genetic material is generally stored in circular chromosomes and plasmids [43].
The presence of quadruplex-prone motifs in over a hundred of bacterial genomes was determined over a
decade ago [44]. In bacterial genomes, PQS are located non-randomly with a higher relative abundance
in non-coding RNA (ncRNA), mRNA, and regions around tRNA and regulatory sequences. PQS also
play roles in nitrate assimilation in Paracoccus denitrificans [45]. PQS in the hsdS, recD, and pmrA genes
of Streptococcus pneumoniae contributes to host-pathogen interactions [46]. Such observations show the
significant role of G4 in bacteria. The importance of another local DNA structure, the cruciform formed
by inverted repeats, has been shown as an important regulatory feature of eukaryotic cell organelles,
such as chloroplasts and mitochondria with circular DNA genomes [47,48]. Overall, the role of G4s in
bacteria [27,49] and eukaryotes [50] is increasingly recognized.

In contrast, little is currently known regarding the abundancy and location of PQS in the archaeal
domain. Ding et al. performed an initial search on bacterial and archaeal genomes using a modified
Quadparser algorithm with relaxed parameters allowing long loops (up to 12 nucleotides) [35].
They found that thermophilic microorganisms (both archaea and bacteria) appear to favor PQS in their
genomes. Dhapola et al. created the Quadbase2 web server, in which G4 motifs found in a variety
of organisms, including archaea, may be searched but did not analyze G4 propensity in archaea [51].
Because G4s play many important biological roles in bacterial and eukaryotic cells, we assume that
G4s are also likely to have important functions in archaea. Therefore, we comprehensively analyzed
the presence and locations of PQS in all sequenced archaeal genomes by G4Hunter [41,42]. These data
provide the first study analyzing the presence of G4-prone sequences in this important domain of life.

2. Materials and Methods

2.1. Selection of the DNA Sequences

The set of all archaeal genomic DNA sequences was downloaded from the Genome database of
the National Center for Biotechnology Information [52]. We have used for our analyses all accessible
archaeal genomes, including contig and scaffold sequences (3387 genomes), and we have selected
one representative genome for each species (Supplementary Table S1). For PQS analyses of features,
we restricted our analysis to the subset of 140 completely assembled genomes. In total, we have
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analyzed the presence of G4 forming sequences in 3387 genomes from the archaeal Domain representing
a total of 6423 Mbps.

2.2. Process of Analysis

We used the computational core of our DNA analyzer software written in Java programming
language [53]. For our analyses, we used a new G4Hunter algorithm implementation [42].
Default parameters for G4Hunter were set to “25” for window size and 1.2 or above for the G4H score
(G4HS). PQS score was grouped to the five intervals: 1.2-1.4, 1.4-1.6, 1.6-1.8,1.8-2.0, and 2.0 and more.
Overall results for each species group contained a list of species with size of its genomic DNA sequence
and number of putative G4 sequences found ( Supplementary Table S2A); for clarity, the results for
Groups and Subgroups are in separate files ( Supplementary Table S2B,C). These data were processed
by python jupyter using pandas with statistical tools [54]. Graphs were generated from the pandas
tables using the “seaborn” graphical library. Note that the distinction between overlapping or discrete
(non-overlapping) G4 motifs may create issues in the way potential motifs are counted. For this reason,
we also provide a % PQS factor, which corresponds to the probability that any given nucleotide in the
group or subgroup belongs to a G4-prone region (G4H > 1.2).

The default window value for G4Hunter has been discussed and tested in previous publications [41].
The value is chosen here (25 nt) corresponds more or less to the size of a typical intramolecular
quadruplex. We considered shorter windows (20 nt) in previous studies. However, we noticed
that for low thresholds (<1.2), a single GGGGGG run would give a hit; while intermolecular G4
formation is indeed possible with this motif, we hypothesized that intramolecular structures would be
more relevant.

A slightly longer window (e.g., 30 nucleotides) further contributes to eliminating such motifs,
but at the cost of significantly decreasing the number of hits (by a factor of 2 to 3; see Table 1): This larger
window would, therefore, increase the number of false negatives, i.e., miss “real” intramolecular G4.
On the other hand, a much larger window (50-100 nt) would be interesting to identify “G4 clusters” in
which multiple tandem quadruplexes may be formed. We present the number of sequences found in
three different complete archaeal genomes using four different window sizes and a threshold of 1.2:

Table 1. A number of putative quadruplex sequences (PQS) were found using four different window
sizes in three complete archaeal genomes.

Number of G4 Sequences Found for a Window of:

Archaea (GC %) 25 nt 30 nt 50 nt 100 nt
Methanococcus maripaludis C7 (33.3%) 558 171 3 0
Cenarchaeum symbiosum A (57.3%) 6019 3197 324 5
Halobacterium salinarum NRC (65.9%) 4738 2313 262 4

As shown in Table 1, long G-rich prone regions, potentially supporting the formation of multiple
quadruplexes, are present, but far less frequent (by a factor of 19 to 186 for a window of 50 vs. 25)
than the classically defined G4Hunter motifs. In these three genomes, a large majority (95-99%) of the
G4-prone regions would only support the formation of a single individual quadruplex.

2.3. Analysis of Putative G4 Sequences Around Annotated NCBI Features

We downloaded feature tables from the NCBI database along with genomic DNA sequences.
Feature tables contain annotations of known features found in DNA sequences. We performed an
analysis of G4-prone sequences occurrence inside recorded features. Features were grouped by their
name stated in the feature table file (gene, rRNA, tRNA, ncRNA, and repeat region). From this analysis,
we obtained a file with feature names and numbers of putative G4 forming sequences found inside
and around features for each group of species analyzed. Search for putative G4 forming sequences
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took place inside feature boundaries; note that frequencies of inverted repeats in mitochondrial
DNA (mtDNA) [48], as well in the G4 prone sequences in bacteria [33], are distributed with different
frequencies in close proximity to specific features. Further processing was performed in Microsoft
Excel and the data are available as Supplementary Table S3.

2.4. Statistical Analysis

A cluster dendrogram of PQS characteristics was constructed in program R, version 3.6.3,
library poclust [55], to further reveal and graphically depict similarities between particular archaeal
subgroups. Mean, Min, Max, and % PQS values were used as input data (Supplementary Table 54).
The following parameters were used for analysis: Cluster method ‘ward.D2’, distance ‘Euclidean’,
number of bootstrap resampling was set to 10,000. Statistically significant clusters (based on AU values
(blue) above 95, equivalent to p-values less than 0.05) are highlighted by rectangles marked with broken
red lines. R code is provided in Supplementary Table S4). Statistical evaluations of differences in G4
forming sequences presence in various phylogenetic groups were made by a Kruskal-Wallis test with
a Bonferroni adjustment in STATISTICA, with p-value cut-off 0.05; data are available in Supplementary
Table S5.

2.5. Quadruplex Formation In Vitro

Representative examples of the candidate sequences identified by G4Hunter were experimentally
tested for G4 formation using different techniques: Isothermal difference spectra (IDS) and Circular
dichroism (CD as described previously [41]).

2.5.1. Samples

Oligonucleotides were purchased from Eurogentec, Belgium, as dried samples purified by RP
cartridge purification. Stock solutions were prepared at 250 pM strand concentration in ddH;O.

2.5.2. Experimental Conditions

Most experiments were performed in a 10 mM Lithium Cacodylate pH 7.1 buffer supplemented
with 100 mM KCl (since Hadesarchaea has not been cultivated, it is impossible to know their intracellular
potassium concentration. However, this is in the range of intracellular potassium concentration for
other archaea, such as Thermococcales).

2.5.3. Isothermal Spectra

2.5 uM oligonucleotide solutions were prepared in 10 mM Lithium Cacodylate buffer at pH
7.1. The solutions were kept at 95 °C for 5 min and slowly cooled to room temperature and kept
at 4 °C overnight. Absorbance spectra were recorded on a Cary 300 (Agilent Technologies, France)
spectrophotometer at 37 °C (scan range: 500-200 nm; scan rate: 600 nm/min; automatic baseline
correction). After recording these first series of spectra (unfolded as no potassium was present)
1 M KCI (100 uL) was added to the samples, and UV-absorbance spectra were recorded after 15 min
equilibration, and corrected for dilution. Each IDS corresponds to the arithmetic difference between
the initial (unfolded) and final (folded, corrected for dilution) spectra.

2.5.4. Circular Dichroism

2.5 uM oligonucleotide solutions were prepared in 10 mM lithium cacodylate buffer at pH 7.1
supplemented with 100 mM KCl. The solutions were kept at 95 °C for 5 min and slowly cooled to
room temperature and kept at 4 °C overnight. CD spectra were recorded on a JASCO J-1500 (France)
spectropolarimeter at room temperature or at 80 °C, using a scan range of 400-210 nm, a scan rate of
200 nm/min, and averaging four accumulations (Supplementary Figure S1).
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2.6. G-Quadruplex Binding Proteins Prediction

For G-quadruplex binding proteins prediction, based on previously published G-quadruplex
binding motif (RGRGRGRGGGSGGSGGRGRG) [31], the BLASTp algorithm was used [56]. The target
organisms were limited to the Archaea domain (NCBI taxid ID: 2157). E-value cut-off was set to 0.05. For
similarity search of RecQ helicase from Escherichia coli (UNIPROT ID: P15043), BLASTp algorithm [56]
was used with an E-value cut-off of 0.0001 and the same restriction to the Archaea domain, as above.
BLASTp analyses are enclosed in Supplementary Table S6. FIMO search [57,58] for G-quadruplex
binding motif (RGRGRGRGGGSGGSGGRGRG) [31] in Methanosarcina mazei complete proteome was
carried out on a set of 15722 known protein sequences downloaded from NCBI, with g-value (p-value
corrected for multiple testing by Benjamini and Hochberg method) cut-off of 0.05 (Supplementary
Table S7). The most similar protein of RecQ helicase from Escherichia coli (UNIPROT ID: P15043) in
Hadesarchaea archaeon isolate WYZ-LMOG6 was searched using tBLASTn [59], and the resulting best hit
was translated using Expasy Translate Tool [60,61] and functional domain were visualized using NCBI
CDD [62] (Supplementary Table S8).

3. Results

3.1. Prediction of G4 Forming Sequences in Archaea

We analyzed the occurrence of putative G4 sequences (PQS) with G4Hunter in 3387 archaeal
genomes. The length of sequenced archaeal genomes in our dataset varied from 100 kbps to 13.4 Mbps
(list provided in Supplementary Table S1). The average GC content was 46.51%, with a minimum
of 24.30% for Nanobsidianus stetteri isolate SCGC AB-777 (Nanoarchaeota) and a maximum of 70.95%
for Halobacteriales archaeon SW_7_71_33 (phylum Euryarchaeota). Using standard parameters for the
G4Hunter search algorithm (window size of 25 and G4HS > 1.2) we found 4,470,813 PQS in these
3387 archaeal genomes using a default threshold of 1.2. The higher the G4HS score is, the higher the
stability of the structure. Over 90% and 98% of sequences with a score above 1.2 or 1.5, respectively,
were experimentally demonstrated to form a stable quadruplex in vitro [41]. Figure 3A provides an
example of G-rich motifs found in archaea with G4HS between 1.32 and 3.0. As expected from previous
analyses on eukaryotes and bacteria, most (97%) PQS have a relatively low (1.2 to 1.4) G4Hunter
score. More stable motifs are rarer, with a sharp decrease in the number of retrieved sequences with
scores above 1.4, as shown in Table 2. Only 132 PQS with a G4Hunter score of 2 or more were found.
A summary of all PQS found in ranges of G4Hunter score intervals and precomputed PQS frequencies
per 1000 bp is provided in Table 2.

Table 2. Number of PQS found and their frequencies per 1000 bp in all 3387 archaeal genomes, grouped
by G4Hunter score (1.2-1.4 means any sequence with a score between 1.2 and 1.399; 1.4 between 1.4
and 1.599, etc.).

G4HS Number of PQS in Dataset Fraction of All PQS PQS Frequency Per kbp

1.2-1.4 4,344,917 0.9718 1.19
1.4-16 119,233 0.0267 1.8 x 1072
1.6-1.8 6357 0.00142 9.9x 1074
1.8-2.0 174 0.0000389 25%107°
>2.0 132 0.0000295 22x107°

Total 4,470,813 1
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Sequence examples B
1
1.2 - 1.4 category Score
GGAGTGGCAGATGGTGAGGGAGGGC (1.32) § 01 E ?’”"’""
o
1.4 - 1.6 category g_
TGGGCAGGAAGGGGGCGGGCAAGAC  (1.52) o 001
—
o
1.6 — 1.8 category z 0.001
GGGAGGGGCCTCCCTGGGGAGGGAG  (1.68) %
o 0.0001
1.8 - 2.0 category
AGGAGGAGGGTGAGGGAGGGGGAGA  (1.92) 0.00001
2.0+ category 0
GGTGGTGGTGGAGGGGGGCAGGGTG  (2.08) 12 14 16 18
GGGGAGGGGCGGGGGTGGGGGGGCC  (3.00) G4-Hunter threshold

Figure 3. Examples of sequences with different G-quadruplexes (G4) Hunter scores (G4HS) and
distribution of PQS according to threshold category. (A) Examples of archaea 25-nt long sequences
(corresponding to the window size chosen for the analysis) for which G4Hunter scores are provided
within parentheses. Isolated guanines are shown in red, all other guanines in bold red characters.
Longer archaea motifs with high G4H scores are provided in Table 3. (B) Distribution of G4-prone
motifs according to the G4Hunter score. 1.2 means any sequence with a score between 1.2 and 1.399;
1.4 between 1.4 and 1.599, etc. These numbers are normalized by the total number of PQS found in
bacteria, archaea, and compared with Homo sapiens. The first category represents 97.9% and 97.2% of all
PQS sequences in bacteria and archaea, respectively. Note the log scale on the Y-axis.

Table 3. Genomic sequences sizes, GC%, total count of PQS, and mean frequencies of quadruplex motifs.
Seq (total number of sequences), Median (median length of sequences), Short. (shortest sequence),
Long. (longest sequence), GC % (average GC content), PQS (total number of predicted PQS), Mean f
(mean frequency of predicted PQS per 1000 bp), Min f (lowest frequency of predicted PQS per 1000
bp), Max f (highest frequency of predicted PQS per 1000 bp). %PQS corresponds to the probability
that any given nucleotide in the group or subgroup belongs to a G4-prone region (G4H > 1.2). Colors
correspond to phylogenetic tree depiction.

of 23

2

Kingdom Seq. Median Short Long GC % PQS Mean f Minf  Maxf % PQS
Archeae 3387 1,686,930 100,212 13,399,915 46.51 7,927,775 1.21 0.04 15.31 3.58
Superphylum Seq. Median  Short Long GC% PQS Mean f Minf Maxf  %PQS
BAT 320 1,180,629 164,795 3,506,105 43.07 421,678 1.16 0.05 8.42 3.49
Cren 379 1,808,184 210,860 6,451,204 43.05 1,009,660 1.56 0.09 9.44 4.75
Asgard 71 2,322,715 291,515 5,684,038 38.75 74,647 047 0.12 1.50 1.39
DPANN 309 832,169 100,212 6,604,953  39.22 219,058 0.70 0.08 4.20 2.18
Eury 2308 1,826,841 137,797 13,399,915 48.77 6,202,732 1.25 0.04 15.31 3.68
Phylum Seq. Median  Short Long GC% PQS Mean f Minf Maxf  %PQS
Bathyarchaeota 128 1,208,976.5 200,493 3,506,105 46.29 245,162  1.54 0.23 8.42 3.00
Thaumarchaeota 192 1,173909.5 164,795 3,441,569 40.93 176,516  0.91 0.05 5.32 273
Thermoproteales 147 1,581,744 242,587 3,969,448 45.86 513,053  2.07 0.11 7.38 6.31
Sulfolobales 118 2,223,757.5 210,860 3,034,024 38.20 200,842 0.79 0.34 4.58 2.38
Desulfurococcales 29 1,580,347 807,477 2,148,448 46.99 99,211 229 0.40 6.37 6.95

Verstraetearchaeota 18 1,171913.5 419,172 1,937,662 46.76 40,586  1.83 0.10 3.43 5.50
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Table 3. Cont.
Marsarchaeota 15 1915630 351,358 3731392 4672 52,853 1.64 047 2.94 5.01
Geothermarchaeota 6 1,183,1455 803,797 1,671,866 4272 16582  2.15 0.96 7.03 6.65
Nezhaarchaeota 2 13321405 1,315707 1,348574 4353 2016 076 0.75 0.77 227
Korarchaeota 18 1,542,873 834209 2942065 4839 68434 263 1.05 9.44 7.95
gﬁiiiiﬁ;ﬁta 27 1,203,892 301,027 6451204 3701 19,361 044 0.09 149 129
Lokiarchaeota 29 1,892,624 320,847 5143417 3277 25479 041 021 1.50 1.24
Odinarchaeota 1 1460710 1,460,710 1460710 3805 1038 071 071 071 2.16
Thorarchaeota 29 2770204 291,515 4,389,059 4655 40,006  0.60 0.24 118 1.76
Heimdallarchaeota 12 2,167,091 432,340 5684038 3442 8124 027 0.12 0.50 0.82
Aenigmarchaeota 35 751,672 248,182 1410470 3933 17,990 0.71 0.11 3.78 2.12
Nanohaloarchaeota 17 815,638 565,289 1,480,846 44.53 8672 0.48 0.09 1.82 1.50
Woesearchaeota 72 966,7945 518295 2944567 4077 57,833  0.66 0.08 3.92 1.96
Pacearchaeota 60 719507 279432 6,604,953 3374 37,675 056 0.08 2.99 1.73
Nanoarchaeota 25 577,110 204,081 1,162,239 32.83 9940  0.59 0.13 420 1.70
Micrarchaeota 39 887931 658716 1,333,875 5041 42,298 117 0.15 2.86 347
Diapherotrites 19 568419 302,064 1,130,899 3742 6077 049 0.11 2.33 1.46
Unclassified DPANN 40 8580435 100212 3,188,023 3557 33846  0.67 0.15 2.39 2.04
Hadesarchaeota 12 857,575 451,393 1241441 5377 56,369  4.61 1.26 1531 1455
Persephonarchaeota 33 637942 137,797 1412535 4406 34905 149 0.59 2.36 449
Thermococcales 60 1,867,9045 207,909 2,388,527 4677 191492 1.72 047 7.53 5.15
Theinoarchaeota 2 4165806 3550548 4,772,064 4157 5480  0.66 0.65 0.67 1.94
Methanofastidiosa 9% 992,372 156,656 13,399,915 4071 141,192 0.83 0.08 3.64 254
Methanococcales 24 1717483 1,207,361 1936387 3201 15065  0.39 0.20 0.86 1.19
Methanobacteriales 224 2,001,036 1,157,521 3,466,370 33.62 175,191 0.39 0.04 2.32 1.14
Methanopyrales 3 1430309 1,421,621 1,694969 5894 10,798 2.34 1.97 3.00 6.84
Methanomassilicoccales 91 1404109 640223 2641216 5622 257,340 1.85 0.22 441 5.38
Thermoplasmatales 135 1621237 593453 2816557 4271 246832 1.13 0.11 7.03 3.42
Acidoprofondum/DHV2-2 11 1,731,076 519420 2,981,805 4055 16,609 121 0.29 412 3.59
Archaeoglobales 53 1,901,943 478535 3408041 4298 117470 1.22 0.57 3.29 3.66
Methanosarcinales 279 2,913,215 208,261 5,751,492 44.99 845,394 1.19 0.15 7.52 3.54
Methanomicrobiales 146 22089675 622,799 3978804 5497 783,172 238 0.23 7.20 7.07
Methanocellales 5 2,957,635 1465272 3243770 5096 16,825 121 041 1.88 351
Halobacteriales 440 3585981 397,623 5605381 6395 2,271,600 1.56 0.08 425 450
ggif:;;ﬁf:ea 97 1,460,542 233,168 2,294,894 4738 136,115 1.03 0.18 255 3.02
Unclassified other 597 1,400,198 258312 7416915 4688 862,962 1.02 0.07 5.16 3.00

The comparison of G4 prone sequences found in archaea with bacteria genomes revealed that
in both domains, frequencies sharply decreased with G4HS as compared to the human genome,
in which highly stable G4s are relatively more frequent (see Figure 3B). This result indicates an overall
stronger relative selection pressure against stable G4 motifs in both archaea and bacteria as compared
to humans, and likely most eukaryotes, as the relative number of G4Hunter high scoring motifs is even
higher in yeast [63]. Guo and Bartel suggested that eukaryotes have robust machinery that globally
unfolds RNA G-quadruplexes, whereas some bacteria have instead undergone evolutionary depletion
of G-quadruplex-forming sequences [64]. Our analysis suggests that archaea behave like bacteria,
except for the slight difference found for the most stable motifs (G4HS >2), which were less selected
against in archaea than in bacteria.
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3.2. Variation in Frequency for G4 Forming Sequences in Archaea

The total number of analyzed sequences in particular phylogenetic categories, together with
a median length of the genome, shortest genome, longest genome, mean, minimal, and maximal
observed frequency PQS per kbp, and total PQS counts are shown in Table 3. For this analysis, Archaea
have been divided into five superphyla that form monophyletic assemblages (clades) in the most
recent phylogenetic analysis and 41 subgroups that correspond to different taxonomic ranks (suffix
aeota for phylum, candidate phylum, suffix ales for orders). Seven subgroups have an average GC
content above 50%, the highest GC content being observed in Halobacteriales (63.95%), which is also the
archaeal group containing the highest number of available genome sequences—440), all other groups
have average GC contents below 50%.

The mean frequency of PQS per kbp for all archaeal genomes was 1.207. The lowest mean
frequency was for the Heimdallarchaeota (0.273), followed by Methanococcales and Methanobacteriales
(0.39). The highest density of PQS was found in the Hadesarchaea subgroup (4.607), followed by
Korarchaeota (2.626). The highest absolute frequency of PQS was found in Hadesarchaea archaeon isolate
WYZ-LMOG6 with 15.3 PQS per 1000bp (i.e., one quadruplex every 65 bp), and the lowest frequency
was found in Methanobrevibacter sp. 87.7: Interestingly, only 71 PQS were found in its 1.92 Mb
long genome (Supplementary Table S2A). Detailed statistical characteristics for PQS frequencies
per kbp (including mean, variance, outliers) are depicted in boxplots for all inspected subgroups
(Figure 4). The Hadesarchaea subgroup has a higher PQS frequency in comparison to other subgroups.
The comparison of the five main superphyla BAT, Cren, Asgard, Eury, and DPANN (Diapherotrites,
Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota) (Figure 1) revealed the highest
mean PQS frequency in Cren superphylum (1.15) and the lowest in Asgard superphylum (0.48).
However, the Hadesarchaea subgroup, which exhibits the highest frequency among subgroups, is
found in the Eury superphylum. The detailed data for superphyla are in Supplementary Table S2B,
for subgroups in Supplementary Table S2C.

Distribution of PQS in Archaeal subgroups
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Figure 4. Frequencies of PQS in subgroups of analyzed archaeal genomes. Data within boxes span the
interquartile range, and whiskers show the lowest and highest values within 1.5 interquartile range.
Black points denote outliers. Horizontal black lines inside boxplots are median values.
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A cluster dendrogram shows the similarities among subgroups based on the PQS data (Figure 5).
This dendrogram shows that the Hadesarchaeota subgroup is the most distant one (the shortest
branch length) compare to other subgroups. The cluster dendrogram based on PQS characteristics
is similar to the phylogenetic relationships (see Figure 1). For example, all of the Asgard subgroups
(Odinarchaeota, Heimdallarchaeota, Thorarchaeota, and Lokiarchaeota) lie close together, in one bigger
cluster (Figure 5, left part). Other examples are the Woesearchaeota, Aenigmarchaeota, and Nanoarchaeota
subgroups, which are members of the DPANN superphylum, and lie adjacent to each other in
PQS based cluster tree. On the other hand, all of the subgroups with the prefix “-thermo”,
indicative of high-temperature environments, are clustered together (Thermoplasmatales, Thermococcales,
Thermoproteales, and Geothermarchaeota). These subgroups are relatively PQS rich, butlack phylogenetical
proximity, suggesting that PQS richness does not rely on evolutionary proximity.

Cluster dendrogram of PQS characteristics in Archaea
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Figure 5. Cluster dendrogram of PQS characteristics of archaeal subgroups. Cluster dendrogram of
PQS characteristics (Supplementary Table S4) was made in R v. 3.6.3 (code provided in Supplementary
Table 54) using pvclust package with these parameters: Cluster method ‘ward.D2’, distance ‘euclidean’,
number of bootstrap resamplings was 10,000. AU values are in blue and indicate the statistical
significance of particular branching (values above 95 are equivalent to p-values lesser than 0.05).
Statistically significant clusters are highlighted by red dashed rectangles.

We then analyzed the relationship between overall % GC content and PQS frequency (Figure 6).
PQS frequencies tend to correlate with GC content as G4-prone motifs need to be relatively G-rich;
however, there are interesting exceptions to this rule, and this correlation is poorer than anticipated.
Ding et al. already noticed that Methanomicrobia and Thermococci have greater densities of PQS than the
theoretical values based on the GC % of their genomes [35]. Organisms with higher than expected PQS
frequencies based on their GC content (over 50% of the maximal observed PQS frequency, Figure 6)
are highlighted in color; the whole figure is separated into smaller segments according to inspected
G4Hunter score intervals. The most extreme outlier is Hadesarchaea archaeon, for which 51% of its
genome has a G4Hunter score above 1.2, despite a GC content of 54%, i.e., only modestly above
the 46.5% average for all sequences tested here, and far below the most GC rich archaea genomes.
Cherry-picked examples of G-rich motifs with high G4 Hunter scores (G4HS) in Hadesarchaea archaeon
are provided in Table 4. We have also carried out additional statistical evaluation of PQS differences
between all groups and subgroups; detailed results are found in Supplementary Table S5. Nearly
all comparisons were significant, i.e., there are significant differences between PQS frequencies of
particular groups and subgroups.
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Table 4. Long G4-prone motifs with high G4HS found in Hadesarchea archeon.

Name Sequences (5’ to 3') G4 Hunter Score IDS CD

038_K AGGCTGGGGGTGAGGGCGGTGGTGGGGAAGGGAGGGGTGGGGGAGAAAACGAAGGGGGT 2.07 G4  Parallel
086_K TGGGGAGGAGGGGAGGGGAGGTGGGCTGGGGGGGGCT 2.57 G4  Parallel
174 K AGGGTGAGGGAGGAGGTGCTGGGGGGAAGGGAGGTGGGGGAGGGGGAGGTGGAGGGGCTGGTGAGGGA 2.07 G4  Parallel
175_K AGGGGAGGAGGGTGGCCGTGGTGGGGGCGGGGGGAGGGGCGGGGGTGGGGGGGCCTGGGGGGA 2.54 G4  Parallel
176_K AGGAGGAGGGTGAGGGACCAGGGGAGGAGGGAGGGGAGGGGGGGAAGGAGGAGGGAGAGGAGGAGGGA 1.93 G4  Parallel
178_ K TGGTGGGGGCGGGGGGAGGGGCGGGGGTGGGGGGGCCTGGGGGGA 2.89 G4  Parallel
195_K AGGGGAGGAGGGTGGCCGTGGTGGGGGCGGGGGGAGGGGCGGGGGTGGCCTCCACGGA 1.91 G4  Parallel
196_K AGGGGAGGAGGGAGGGGAGGGGGGGAAGGAGGAGGGAGAGGAGGAGGGA 222 G4  Parallel
245 K GGGGTCGTCGGGGGGGAGAGCTGGGGAGGAGGGGAGGGGAGGTGGGCTGGGGGGGGCTGGGGAGGGAGGAGGTGAGGGG 2.33 G4  Parallel
640_K AGGGAGGTGGGGGAGGGGGAGGTGGAGGGGCT 2.38 G4  Parallel
642_K TGGTGGGGGCGGGGGGAGGGGCGGGGGT 2.93 G4 Hybrid*
643_K AGGCTGGGGGTGAGGGCGGTGGTGGGGAAGGGAGGGGTGGGGGAGAAAACGAAGGGGGT 2.07 G4  Parallel
644_K AGGGCGGTGGTGGGGAAGGGAGGGGTGGGGGA 241 G4  Parallel
645_K GGCGGGGGGGGAGTCCTTCATCCTGGGGTAGGGG 1.74 G4  Parallel

* Sequence 642_K adopts a hybrid structure at room temperature, which is converted to a parallel conformation at

high temperatures.

Figure 7 shows the relationship between GC percentage and mean PQS frequencies (or mean
percentage of PQS length of the genome) in particular archaeal subgroups. Overall, we found some

correlation (although far from perfect, as shown by R? = 0.7) between mean PQS frequencies (expressed
as the mean fraction of nucleotides of the genomes involved a PQS motif) and increasing GC % content.
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The highest mean percentage of PQS length of the genomes was found in subgroup Hadesarchaea,
in which more than 10% of their genomes are involved in a potential PQS.
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Figure 7. Relationship between GC percentage and % of PQS in genomes of particular archaeal
subgroups. The Fitted equation with the R? coefficient is depicted on the top side of the plot.

3.3. Localization of PQS in Genomes

7

To evaluate the position of PQS in archaeal genomes, we downloaded the described “features”
of all archaeal genomes and analyzed the presence of all PQS in annotated sequences (Figure 8).
Overall, we find a higher density of G4-prone motifs in non-protein coding RNAs (tRNA, rRNA,
and other ncRNA) than in protein-coding genes. G4 density in ncRNA is clearly above average
genomic G4 density, while mRNA G4 density is close to the genomic average. This may derive in
part from the observation that rRNA and tRNA genes are especially GC-rich in hyperthermophilic
archaea, in order to stabilize folding under harsh conditions [65]. On the other hand, we can probably
expect a stronger selection pressure against the formation of intramolecular quadruplexes within the
relatively small tRNA core, as this would disrupt its three-dimensional shape and alter its biological
function. In line with this hypothesis, the PQS frequencies are actually lower in tRNA than in ncRNA
and rRNA [66]. Interestingly, the 5" end of some human tRNA genes is often G-rich and has been
reported to allow G4 formation: Ivanov and colleagues have shown that mature cytoplasmic tRNAs
are cleaved during stress response to produce tRNA fragments that function to repress translation
in vivo and that these bioactive tRNA fragments assemble into intermolecular RNA G4s [67]. The 5
fragment of tRNAA involves a predominant hairpin structure that starts with the 5-GGGGGU motif,
allowing the formation of tetramolecular quadruplex structures with five tetrad layers. Interestingly,
tRNA-derived fragments have also been described in archaea. For example, a 26-residue-long fragment
(5" GGGUUGGUGGUCUAGUCUGGUUAUGA) originating from the 5’ part of valine tRNA is the
most abundant tRNA fragment in Haloferax volcanii [68]. This fragment, while exhibiting a relatively
G-rich 5 end (starting with GGGUUGG), may, in principle, allow intermolecular quadruplex formation
as well.
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Figure 8. Differences in PQS frequency by DNA locus. The chart shows PQS frequencies normalized
per 1000 bp annotated locations from the NCBI database and shows a comparison between Archaea
and Bacteria. Archaea G4-prone motifs are strongly over-represented in ncRNA and rRNA compared
to the average G4 density in Archaea (mean f = 1.207), but also compared to bacteria. PQS count is
provided in Supplementary Table S3 Excel file.

Unfortunately, other features in archaeal genomes are so poorly annotated that we cannot use these
data for evaluation. Comparison of PQS frequencies in annotated sequences with analyses of Bacteria
shows the same trend for ncRNA, rRNA, protein-coding gene, and tRNA features. In contrast, the
frequency in bacteria for ncRNA is 1.7 per kbp, and the frequency in archaea for ncRNA is 5.3 per kbp.
On the other hand, the PQS frequency in repeat regions is lower in archaea than in the bacteria genome.
We have to take into account that the data could be influenced by poor annotation in archaea genomes,
and also by a low number of annotated sequences in Archaea; only 141 representative archaeal genomes
are annotated, compared to 1627 representative bacteria annotated genomes. The strong abundance
of the PQS in ncRNA compare to other locations pointing to its functional relevance. ncRNAs are
present in the cells as single-stranded molecules in contrast to DNA, and therefore, they can easily
adopt the G4 structures as a part of their 3D arrangement similarly to mRNAs [69,70]. It has been
shown that ncRNAs play important roles in many cellular processes, including the regulation of gene
transcription, post-transcriptional, and epigenetic regulations [71,72].

Other specific regions, such as replication origins or promoter regions, were not included in
this graph. The oriC 10.0 database (http://tubic.org/doric/public/index.php) contains 226 archaeal
origins of replication obtained by both in vitro studies and in silico predictions ([73]), prediction and
experimental data are available for the Thermococcales [74,75], the Haloarchaea, and the Sulfolobales [76].
Archaeal replicators, as in bacteria, are composed of three main elements: A cluster of binding sites for
the initiator Cdc6, the DNA unwinding element (DUE), and binding sites for regulatory proteins [75].
Interestingly, it was found in several Haloarchaea species that a specific (TGGGGGGG) motif occurs in
one of the two origins of replication (oriC1) [77]. This long G-rich motif was shown to be necessary for
efficient replication initiation in Haloarcula hispanica [78,79] and predicted to be prone to inter-molecular
quadruplex formation.

3.4. Experimental Demonstration of Quadruplex Formation In Vitro

Next, we selected a few DNA G4-prone motifs found in Hadesarchaea and experimentally tested
if they formed a G4 structure under classical conditions. As inferred from isothermal difference
spectra (IDS) (Figure 9a) and circular dichroism (CD) spectra (Figure 9b), all motifs clearly formed
G-quadruplexes at room temperature. However, as these motifs are found in an archeon expected to live
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at a high temperature, we also recorded the spectra at 80 °C. As shown in Figure 9c, these quadruplexes
were thermally stable and still formed at high temperatures. Of note, most spectra are indicative of a
parallel fold. This bias is the result of a high threshold for G4Hunter (all motifs have scores > 1.7).
As a consequence, these motifs are very G-rich, with runs of G separated by short spacers, often 1-2 nt.
As short loops tend to be propeller-type, this sequence bias will favor a parallel conformation.
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Figure 9. Experimental evidence for quadruplex formation with archaea sequences. Isothermal
differential absorbance (IDS; panel A) and circular dichroism (CD; panels B and C) spectra of Hadesarchaea
archeon DNA sequences were recorded at 20 °C (panels A and B) or at a high temperature (80 °C) for
CD (panel C).

3.5. G4-Binding Proteins from Archaea

Given that G4-prone motifs are found in Archaea, and actually extremely abundant in some
subgroups, it was interesting to check if potential helicases are present to solve these structures.
A number of DNA and RNA G4-helicases have been identified in eukaryotes, e.g., Pifl, DOG,
Rhau/DHX36, WRN, BLM,; for a review [80]. Little or no experimental data is currently available on
archaea enzymes able to unfold G-quadruplexes. As RecQ has been reported to unfold G4 structures
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in bacteria, we searched for RecQQ homologs in Archaea. A BLASTp search using RecQ (UNIPROT
ID: P15043) from E. coli as a query revealed 1206 homologous protein sequences in a archaeal domain
with an E-value cut-off = 0.0001. A listing of all candidates identified is presented in supplementary
information (Supplementary Table S6). Five proteins have an identity with G-quadruplex RecQ
resolvase higher than 50%, and 312 proteins have more than 50% aa positives hits in the sequence,
suggesting that they share the G4 unfolding functionality in archaea genomes. Besides protein actively
unfolding G4 structures, other peptides may actually bind to single-strand G-rich sequences and
passively contribute to G4 unfolding by conformational selection. This is the case for a single-strand
binding protein isolated from Methanococcus jannaschii, which was used to design an assay to detect G4
formation [79]. Apart from proteins that actively or passively unfold quadruplexes, others may bind
to and sometimes promote G4 formation. The amino acid composition of 77 G-quadruplex binding
proteins from Homo sapiens revealed unique features of quadruplex binding proteins, with prominent
enrichment for glycine (G) and arginine I [31]. Human-binding proteins share a 20 amino acid long
motif/domain (RGRGR GRGGG SGGSG GRGRG), which is similar to the previously described RG-rich
domain of the FMR1 G-quadruplex binding protein. The search for this 20 amino acid-long motif in
archaea proteome found 23 hits/potential G-quadruplex binding proteins with an E-value threshold of
0.05; the identity was found, e.g., for RNA DEAD box helicase or for two 30S ribosomal proteins S4
(Supplementary Table S6, list 2). We searched protein sequences in the proteome of the mesophylic
archaeon Methanosarcina mazei (for which the largest amount of proteins is known) for the presence
of this motif. For highly significant p values (p < 107°), we found four proteins with a potential
quadruplex-binding motif (Supplementary Table S7), while significantly more (193) hits were found
for p-values < 1 X 107. Three of them are without any known function (DUF134 domain-containing
protein, PGF-pre-PGF domain-containing protein, and DUF5320 domain-containing protein). Even if
the full proteome of Hadesarchaea archaeon is not known, it is interesting to note that this RG-domain
is present in a number of putative proteins. In addition, while a true RecQ homolog was not found,
one Hadesarchaea archaon 600aa-polypeptide has a good similarity with RecQ in its N-terminal half
(Supplementary Table S8). The presence of the NIQI motif in the “DNA-directed RNA polymerase
subunit” is also interesting and possibly logical, given the necessity of unraveling G-quadruplexes
during transcription. The presence in archaeal genomes of potential G4-binding and G4-unfolding
proteins supports the formation of quadruplex structures in archaeal cells.

4. Discussion

We provide here the first comprehensive study of PQS occurrences, frequencies, and distributions
in archaeal genomes. The overall analysis made on global frequency hides extreme differences between
species and subgroups, which can be explained by differences in GC content and possibly codon usage.

At one end of the G4 spectrum, some subgroups of archaea, such as Parvarchaeota or
Heimdallarchaeota, have very low PQS frequencies, and PQS cover 1% or less of their genomes.
In sharp contrast, we found an unprecedented enrichment of PQS for some subgroups, often living
under extreme conditions. For example, over 50% of the genome of Hadesarchaea archaeon may
potentially adopt a quadruplex fold. This Hadesarchaea is living under extreme conditions, as it was
found in South African gold mines 3 km underground, without light and oxygen (Hades is the Greek
god of the underworld). Following this analysis, we used the BioSample NCBI database [78] to
compare the living environment of the archaea organisms with the highest PQS frequencies. Data for
all genomes with PQS frequency above 6 per kbp are shown in Table 5. A majority of organisms with
extremely high PQS frequencies are found in hot springs sediments or in deep-sea hydrothermal vent
sediments, and this high PQS frequency may be associated with their extremophilic life, although more
work will be necessary to compare G4 density in acidophilic, thermophilic, halophilic and psychrophilic
organisms. For example, in bacteria, in the Gram-positive subgroup Deinococcus-Thermus, a high PQS
frequency was associated with their extremophilic origin [35,81], while the gram-negative extremophilic
bacteria subgroup Thermotogae are among organisms with a low PQS frequency [33]. We suggest
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that the high stability of G4 structures compare to dsDNA structure could play important roles in
archaea and Gram-positive extremophiles organisms. We then experimentally confirmed G4 formation
with a few archaea sequences to confirm that our in silico predictions are verified: All predicted
experimentally tested formed stable G-quadruplexes in vitro. This absence of false positives is hardly
surprising given that we chose high scoring motifs. From our published [41] and unpublished data on
now over 500 sequences, false positives for sequences with scores above 1.5 are extremely rare (<1.5%),
and we have yet to find a false positive with a score > 1.75. Some of the sequences considered were
long and may even allow the formation of two juxtaposed G4 structures. In a few cases, we can even
propose a topology, as for example, TGGTGGGGGCGGGGGGAGGGGCGGGGGT (642K), in which the
predicted guanine tracks (underlined) may either be: TGGTGGGGGCGGGGGGAGGGGCGGGGGT
or TGGTGGGGGCGGGGGGAGGGGCGGGGGT, and different folds may result from these
possibilities (the latter would be likely parallel, as experimentally observed at 80 °C, while the
former may adopt a non-parallel fold, as observed at room temperature). Note, however, that G4
hunter does not make any hypothesis on the G tracts involved in G4 formation, in contrast with
Quadparser, for example, where one actively seeks the four runs of G involved in G-quartet formation.
G4 formation is (still) full of surprises, and correctly predicting which runs (or individual guanines)
participate in G-quartet formation is far from trivial and requires extensive experimental validation.

The extreme enrichment found in some archaea challenges our existing views on “noncanonical”
DNA structures to which G-quadruplexes belong, as it is plausible that a substantial part of the
Hadesarchaea genome may be packed into G-quadruplex structures. The complementary C-rich strand
may also fold into a different quadruplex structure called the i-motif [82] that is favored by acidic pH.
Further studies will be dedicated to i-DNA formation in Archaea.

Table 5. Detailed characteristics of archaeal species with PQS frequency per 1000 bp greater than 6.00.
Living environments data were obtained from the BioSample NCBI database [83].

Living Environment

Organism Name GCContent PQSf % PQS (Isolated from)
H”desar%‘z?’lz‘fﬁ\’;‘g%” isolate 65.01 15310 5115  Hot springs sediment, Yellowstone NP, USA
Hadesm@l\z]ﬂ;zﬁl{c{j&eﬁn isolate 56.17 9.685 31.10 Hot springs sediment, Jinze hot spring, China
Hadesar%@;:_z{%ag){;n isolate 56.04 9.581 30.69 Hot springs sediment, Jinze hot spring, China
formdurduonisoie o ous o Depseyirbend e i
Bathyarchaeota archaeon B23 61.78 8.418 26.12 Deep-sea hydrothermal vent sediments,

Guaymas Basin, Gulf of California, Mexico

Bathyarchaeota archaeon Deep-sea hydrothermal vent sediments,

isolate M10_bin139 5842 7.858 24.55 Guaymas Basin, Gulf of California, Mexico
Thermococcus celer JCM 8558 57.21 7534 2452 Solfataric marine water hole on a beach of
Vulcano, Italy
Methanosaeta harundinacea .
isolate UBA152 62.01 7.518 23.12 Waste water, Suncor tailings pond 6, Canada
Bathyarchaeota archaeon Deep-sea hydrothermal vent sediments,
isolate B23_G15 57.67 7.397 22.90 Guaymas Basin, Gulf of California, Mexico
Thermocladium modestius Mud from a spring pool, Noji-onsen,
JCM 10088 53.14 7381 2559 Fukushima, Japan
Methanoculleus chikugoensis 62.36 7.198 22.90 Paddy field soil, Chikugo, Fukuoka, Japan

JCM 10825
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Table 5. Cont.

Living Environment

Organism Name GC Content PQSf %PQS (Isolated from)
Methanosaeta harundinacea
isolate UBA281 61.14 7.089 21.80 Wastewater, North Alberta, Canada
Geothermarchaeota archaeon Deep-sea hydrothermal vent sediments,
ex4572_27 60.54 7.032 22.01 Guaymas Basin, Gulf of California, Mexico
Thermoplasmata archaeon Hypersaline soda lake sediment, Kulunda
isolate CSSed11_322R1 61.82 7.028 22.57 Steppe, Russia
Methanosarcinales archaeon s .
Methan_02 60.8 6.738 20.67 Anaerobic digester metagenome, Australia
isolated from an upflow anaerobic sludge
Methanosaeta harundinacea 60.6 6.721 20.66 blanket reactor treejltmg ”b.eer-ma'nufacture
6Ac wastewater in Beijing, China.
(ref PMID:16403877)
Thermoplasmatales archaeon Deep-sea hydrothermal vent sediments,
ex4484_36 54.25 6.673 2115 Guaymas Basin, Gulf of California, Mexico
Aeropyrum camini SY1 = JCM Deep-sea hydrothermal vent chimney, the
12091 56.73 6370 19.72 Suiyo Seamount in the Izu-Bonin Arc, Japan
Bathyarchaeota archaeon Deep-sea hydrothermal vent sediments,
isolate B46_G17 6192 6.332 19.03 Guaymas Basin, Gulf of California, Mexico
Thermoplasmata archaeon Deep-sea hydrothermal vent sediments,
isolate B14_G15 53.83 6.327 20.11 Guaymas Basin, Gulf of California, Mexico
Thermoplasmata archaeon Deep-sea hydrothermal vent sediments,
isolate B23_G1 53.66 6.240 19.72 Guaymas Basin, Gulf of California, Mexico
Pyrobaculum neutrophilunt 59.91 6233 1952 isolated from a hot spring in Iceland
V24Sta
Thermoplasmata archaeon Deep-sea hydrothermal vent sediments,
isolate B23_G9 5298 6.164 19.65 Guaymas Basin, Gulf of California, Mexico

Hadesarchaea archaeon isolates WYZ-LMO4, WYZ-LMOS5, WYZ-LMO6 are archaeal species isolated
from hydrothermal spring sediments. Besides high temperatures, often above 50 °C, these ecological
niches usually have high salinity. Interestingly, most G-quadruplexes withstand high temperatures
(their melting point is often above 70 °C) and are further stabilized by positively charged ions such a K*
and Na™ [84,85]. Such conditions may have naturally favored G-quadruplexes over duplexes. It also
highlights one of the consequences of a high GC %: G4-prone motifs become more frequent (Figure 5).
In addition, all hyperthermophilic organism genomes encode a reverse gyrase, which positively
supercoil DNA, possibly to protect the genome [86]. In future studies, it would be very interesting to
carry out a genome-wide wet-lab experiment, for example, direct DNA sequencing of G-quadruplex
loci as described in [87,88] or direct visualization of G-quadruplexes in living cells using specific
antibodies, such as BG4 [89].

5. Conclusions

Overall, our results indicate that archaea are, like eukaryotes and bacteria, prone to G-quadruplex
formation: G-quadruplexes are here, there, and everywhere! Important differences in G4 densities were
found among species, and experimental validation was obtained in vitro for a few candidate sequences.
Follow-up studies may check if specific archaeal PQS loci—for example, in important genes, show some
phylogenetic conservation. If confirmed, this could serve as a new (additional) phylogenetic marker
and give us some extended clues about the evolution and function of G-quadruplex forming sequences
in Archaea. This study will stimulate further studies on G4 presence in Archaea, and help to establish
whether some regulatory mechanisms may only apply to a given domain or be truly universal.



Biomolecules 2020, 10, 1349 19 of 23

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/9/1349/s1/,
Figure S1: Experimental evidence for G4 formation with Hadesarchaea sequences at high temperature; Table S1:
The accession codes and phylogenetic classification of all archaeal genomic DNA sequences, Table S2: Overall
results of PQS frequencies found in each analyzed genomic sequence (all (A), superphylum (B) or phylum
(C)) together with GC content, sequence length and other parameters, Table S3: Feature counts, Table S4: PQS
characteristics used for the dendrogram shown in Figure 6, Table S5: Statistical evaluation, Table S6: BLASTp
search for RecQ and NIQI in Archaea, Table S7: FIMO search for putative quadruplex binding motif, Table S8:
The most similar protein of RecQ (E. coli) in Hadesarchaea archaeon.
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Abstract

that could provide good therapeutic targets.

Keywords: Influenza virus, G-quadruplex, G4Hunter

Background: Influenza viruses are dangerous pathogens. Seventy-Seven genomes of recently emerged genotype 4
reassortant Eurasian avian-like HINT virus (G4-EA-HTN1) are currently available. We investigated the presence and
variation of potential G-quadruplex forming sequences (PQS), which can serve as targets for antiviral treatment.

Results: PQS were identified in all 77 genomes. The total number of PQS in G4-EA-HTN1 genomes was 571.
Interestingly, the number of PQS per genome in individual close relative viruses varied from 4 to 12. PQS were not
randomly distributed in the 8 segments of the G4-EA-HTN1 genome, the highest frequency of PQS being found in
the NP segment (1.39 per 1000 nt), which is considered a potential target for antiviral therapy. In contrast, no PQS
was found in the NS segment. Analyses of variability pointed the importance of some PQS; even if genome
variation of influenza virus is extreme, the PQS with the highest G4Hunter score is the most conserved in all tested
genomes. G-quadruplex formation in vitro was experimentally confirmed using spectroscopic methods.

Conclusions: The results presented here hint several G-quadruplex-forming sequences in G4-EA-HTNT genomes,

Background

Influenza viruses are deadly pathogens for humans, and
more generally mammals, as well as avian species. They
belong to the Orthomyxoviridae family and are classified
into three types termed Influenza A, B and C. Among
these, influenza A viruses (IAVs) pose the greatest threat
to human and animal health. IAV genome is divided to 8
segments of negative-sense RNA that encodes 11 proteins
[1]. Subtype classification of G4-EA-H1N1 is based on the
antigenicity of the two major cell surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA). HA protein
facilitates binding of the virus to host cell receptors and
subsequent endosomal fusion [2], and NA protein is
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K BMC

responsible for binding to cellular receptors and fusion of
the viral membranes, causing replication and transcription
of viral RNAs in the infected host [3, 4]. The viral RNA
genome (gRNA) is transcribed into mRNA and replicated
through an intermediate RNA to produce a large quantity
of progeny gRNA. These NAs are synthesized by the viral
RNA-dependent RNA polymerase complex — polymerase
basic protein 2 (PB2), polymerase basic protein 1 (PB1)
and polymerase acidic protein (PA), the nucleoprotein
(NP), the matrix protein (M) and the non-structural pro-
tein (NS) [5, 6].

Roots of virus HIN1 can be traced to 1918, when an
avian virus overcame the species barrier to infect
humans [7]. That was the beginning of a pandemic that
resulted in an estimated 50 to 100 million deaths. There-
after, influenza viruses rapidly diverged antigenically and
three years later this virus was replaced by a new strain.
Reassortment of influenza viruses is a major mechanism
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to generate progeny viruses with novel antigenic and
biological characteristics [8, 9]. The emerged geno-
type 4 reassortant Eurasian avian-like HIN1 virus
(G4-EA-HIN1) has become predominant in swine
populations since 2016 [10] and is a new cause of
concern.

Guanine quadruplexes (G4) are local nucleic acid
structures formed by G-rich DNA and RNA in which
four guanines fold in a planar arrangement through
Hoogsteen hydrogen bonds [11, 12]. Putative quadruplex
sequences (PQSs) contribute to the regulation of key
biological processes [13] and have been found in the ge-
nomes of viruses (reviewed in: [14]). For example, it has
been demonstrated that G-quadruplexes regulate HIV
transcription and can be targeted by small compounds
called G4 ligands. A comprehensive database of PQS in
human all human viruses found with the Quadparser al-
gorithm has been published [15] but these new HIN1
strains were not available at that time.

Here we analyzed 77 newly sequenced variations of
HINTI influenza virus emerged during the last years with
a different algorithm, G4Hunter. There are accessible
several tools to analyze PQS in genomic sequences
(reviewed in [16]). We used the G4Hunter algorithm
where G4 propensity is calculated depending on G rich-
ness and G/C skewness and PQS are evaluated quantita-
tively [17] and validated experimentally [17, 18]. We
used a new G4Hunter algorithm implementation, which
is suitable for batch and full genomes analyses [19, 20]
and accessible as the web-tool G4Hunter web [21]. Ana-
lyses of the human genome revealed the presence of
many G4-prone sequences and G4 presence has been
demonstrated in a variety of species, including eukary-
otes, bacteria, archaea or viruses both in silico [19, 20,
22] and confirmed experimentally [17, 23, 24]. G4 have
been shown to participate in cellular and viral replica-
tion, recombination and control of gene expression [25—
27]. In addition, DNA aptamers that adopt a quadruplex
fold have been described as inhibitors and diagnostic
tools to detect viruses [28].

In this article, we analyzed 77 G4-EA-HIN1 virus ge-
nomes for G-quadruplex occurrence, localization and
variance to provide a rational background for PQS tar-
geting in antiviral influenza therapy approaches.

Results

We analyzed 616 sequences in total belonging to 77
strains of G4-EA-HINI. The genome of G4-EA-HIN1 is
13,133 nt long and consists of 8 different segments: PB1,
PB2, M, HA, NP, NS, PA and NA. PQS frequencies were
analyzed according to individual G4-EA-HIN1 strains,
and for statistical comparison we have grouped genomes
according to regions of origin (10 groups based on [10])
and also according to their genomic segments (8
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segments). The average GC content for the entire list of
viruses is 43.37%, with minimal differences between
strains, from 43.20% in the Heilongjiang strain to 43.44%
in the Shandong strain. Using standard default values for
the G4Hunter algorithm (window size of 25 nucleotides
and G4Hunter score above 1.2), 571 PQSs were found
among all genomes and all fragments. Mean PQS fre-
quency for the whole set of sequences was 0.56 PQS per
1000 nt and PQSs cover an average of 1.58% of G4-EA-
HIN1 genomes. The mean number of PQS per G4-EA-
HIN1 genome was 7.42. The highest number of PQS
was found in Swine Beijing 0301 2018 strain with a total
of 12 PQSs, giving a PQS frequency of 0.91 PQS per
1000 nt. The lowest frequency (0.30 PQS per 1000 nt)
was found in Swine Shandong S113 2014 and Swine
Shandong JM78 2017 strains, where only 4 PQS with a
G4Hunter score above 1.2 were found. Genomic se-
quence sizes, GC count, and PQS characteristics are
summarized in Table 1, all results for individual species
and groups are in SM_02A.

Our analyses showed that PQS frequencies of G4-EA-
HIN1 were significantly different for the Shandong group
(compared to Hebei (p = 0.016), Jiangsu (p = 0.047), Liao-
ning (p =0.0041) groups), and for the Liaoning group
(compared to Henan (p = 0.025) and Heilongijang groups
(p=0,031)) (available in SM_03). Graphical representation
of PQS frequencies is shown in Fig. 1.

We also performed PQS analyses of individual seg-
ments of influenza genomes (Table 2.); all results for
segments are shown in SM_02B. Even if the global GC
content in all species is very conserved, the GC content
within each segment is more variable - from 41.16% in
the HA segment to 47.34% in the M segment. Despite
the highest CG content in HA segment, the highest
mean PQS frequency was found in the NP segment
(with a GC content of 46.23%), with the highest number
of PQS (160). It was followed by segments NA (149
PQS) and PB2 (79 PQS). On the other hand, no PQS
was found in the NS segment (which codes the non-
structural protein) with a GC content of 41.52%. These
data are pointing to possible functional importance of
G-quadruplex in IAV genomes. All the species have 1, 2
or 4 PQS in segment NP, except for Swine Shandong
LY142 2017, which does not contain any PQS with a
G4Hunter score above 1.2. IAV belong to the negative-
sense single-stranded RNA viruses group. Interestingly,
the PQS were not distributed equally among minus
gRNA which is copied for protein production (mRNA).
Most of the PQSs are located in its mRNA (498 compare
to 73 in gRNA). Moreover, in PB1, PB2, NP and NA seg-
ments PQS are exclusively found in mRNA (Table 2).

The distribution of G4Hunter score parameters for all
PQSs found in G4-EA-HINI segments is summarized in
Table 3. As previously found in eukaryotes, bacteria and
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Table 1 Strains of G4-EA-HTN1: genomic sequences sizes, PQS frequency and total counts of PQS. Seq (number of strains), Length
(length of the sequence, nt), GC % (average GC content), PQS (total number of predicted PQS), Mean PQS (mean number of
predicted PQS), Min PQS (lowest number of predicted PQS), Max PQS (highest number of predicted PQS), PQS frequency (PQS
frequency per 1000 nt), Cov% (% of genome covered by PQS).

Mean Min Max PQS o
| JO N PQS PQS | frequency Cov%

. Mean Min Max PQS
(1) o,
Strain Seq Length GC% | PQS PQS PQS PQS | frequency Cov%

Anhui 3 |13133] 4325 | 24 8.00 6 9 0.61 1.64
Beijing 7 |13133| 4339 | 55 7.86 6 12 0.60 1.70
Hebei 11 | 13133 | 4335 | 87 7.91 6 10 0.60 1.68

Heilongjiang| 3 | 13133 | 43.20 | 19 6.33 6 7 0.48 1.30

5
6

Seq Length GC% | PQS

Henan 13 | 13133 | 4338 | 92 7.08 9 0.54 1.51
Jiangsu 4 13133 43.29 | 33 8.25 9 0.63 1.71

Liaoning 6 |13133| 43.41 53 8.83 7 10 0.67 1.88
Shandong | 17 |13 133 | 43.44 | 108 6.35 4 9 0.48 1.34
Tianjin 7 [13133| 4330 | 55 7.86 5 e 0.60 1.70
5 |
I
z = I
s || | A
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Fig. 1 Violin plot of PQS number in G4-EA-HTINT groups (SM_03). The significant differences between groups are depicted by asterisks (p-value <
0.05 is ¥ p-value <0.01 is *¥) )
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Table 2 Segments of G4-EA-HTNT: genomic sequences sizes, PQS frequencies and total counts of PQS. Seq (total number of
sequences), Length (median length of sequences), GC % (average GC content), PQS (total number of predicted PQS), Mean PQS
(mean number of predicted PQS per sequence), Min PQS (lowest number of predicted PQS per sequence), Max PQS (highest
number of predicted PQS per sequence), mRNA-gRNA (viral messenger RNA-viral genome RNA), PQS frequency (PQS frequency per

1000 nt), Cov% (% of genome covered by PQS).

Min Max

PQS

Mean

Seq Length GC% PQS PQS POQS PQS  frequency Cov%
AL o6l 13133 | 4537 | 571093 | 0 | i | 0o
Max
Segment Seq Length GC% PQS RI/)I(e)aSn i}g‘é (mPl?NS A fre(P;SeSncy Cov%
gRNA)
PBI 77 2274 42.39 41 0.53 0 1 (1-0) 0.23 0.73
PB2 77 2280 43.51 79 1.03 0 3 (3-0) 0.45 1.23
M 77 982 47.34 69 0.9 0 2 (0-2) 0.91 2.29
HA 77 1701 41.16 27 0.35 0 2(1-1) 0.21 0.55
NP 77 1497 46.23 160 2.08 0 4 (4-0) 1.39 3.69
NS 77 838 43.36 0 0 0 0 0 0

viruses [19, 20, 22], most of the PQS have relatively low
G4Hunter scores (in the 1.2-1.4 range). Only 10 / 571
motifs have a G4Hunter score above 1.4 (all in the HA
segment), and no PQS was found with a G4Hunter
above 1.6.

Detailed statistical characteristics for PQS frequencies
per 1000 nt, including mean, variance, and outliers, are
depicted in boxplots for segments are shown in Fig. 2.
Statistical evaluation of PQS in IAV segments showed
the statistical differences for all comparisons except for

three cases (PB1 vs. HA, PB1 vs. PA, and PB2 vs. M) for
which differences were not significantly different.

We evaluated the localization of G4 prone sequences
in the genome of Swine Beijing 0301 2018, where we
found the highest number of PQS (Fig. 3.). From a total
of 12 PQS found, 3 PQSs were in the PB2 and NA seg-
ments, 2 PQSs were located in the NP and PA segments
and 1 PQS was found in the M and HA segments. The
majority of PQS were found in mRNA. Ten out of all
PQS were located in mRNA (with positive G4Hunter

Table 3 PQSs in G4-EA-HINT segments grouped by G4Hunter score (absolute values). Frequency was computed using total number
of PQSs in each category divided by total length of all analyzed sequences and multiplied by 1000, the total number of PQS are in

brackets.

PQS frequency per 1,000 nt (number of PQS)

SN

PB1 PB2 M HA NP NS
1214 0.23 0.45 0.91 0.13 1.39 0 0.28 1.37
o 41 (79) (69) a7 (160) (46) (149)
0.08
1.4-1.6 0 0 0 0 0 0 0
(10)
>1.6 0 0 0 0 0 0 0 0
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PQS counts

Lo ]

- 4
oyl

PB1 vs. HA, PB1 vs. PA, and PB2 vs. M

PB1 PB2 M HA
Fig. 2 Violin plots of PQS number in G4-EA-H1NT segments (SM_03). All 28 inter comparisons were significant with p-values < 0.05, except for

NP NS PA NA

score), whereas only 2 PQS were located in negative
genomic RNA (with negative G4Hunter score). Interest-
ingly, in segment M, one PQS was located at the 3" end
of intron in negative-sense genomic RNA, near the spli-
cing site of mRNA, which encodes M2 protein. M seg-
ment codes 2 matrix proteins — M1, which is coded by
whole segment and spliced protein M2 [29]. All 10 con-
served PQSs located in positive-sense RNA completely
span coding regions; this is hardly surprising, as the vast
majority of RNA segments are protein coding, except for
short 3" and 5" UTRs.

A comparison of genomes revealed that some, but not
all, PQS motifs were highly conserved. We align all pre-
dicted PQS and generate their LOGO representation
(SM_04). Selected LOGO sequences with the highest
positive and negative G4Hunter scores and with the
most variable nucleotides are shown in Fig. 4. For ex-
ample, in the M and HA segments, we found PQS in
which only 1 nucleotide (out of 25 and 27, respectively)
is variable within the PQS motif among all 77 strains. In
contrast, other PQS sequences were poorly conserved /
extremely variable (for example, the PQS sequence “C”
in the NP segment has 12 / 26 variable nucleotides in its
PQS; this can lead to significant variations in G4Hunter
score and quadruplex propensity).

Overall, G4-EA-HIN1 genomic sequences are very
variable. The analyses of 77 G4-EA-HIN1 genomes
show a global variation of 23.4%. Therefore, the high se-
quence conservation of some PQS (two of them have a
variation < 4.0% in Fig. 4) suggests they play crucial roles
in influenza virus. The PQS sequence with the highest
G4Hunter score is also the most conserved among all
found PQS. Similarly, another sequence with two GGGG

runs (Fig. 4d), which could form bimolecular G4, has
100% conservation within the G-tracts.

We then determined if the quadruplex-prone se-
quences identified in silico actually form G4 in vitro.
This experimental confirmation is important for these
motifs, as their G4-Hunter scores are relatively low,
and some candidate sequences may prefer formation of
other structures and/or fail to form stable G4 (100%
confidence in predicted motifs can only be achieved for
relatively high scores, typically above 1.6). To confirm
the ability of the most conserved PQS to form G4
in vitro, we used a combination of two biophysical
methods, circular dichroism (CD) spectroscopy and the
Thioflavin T (ThT) fluorescent assay [30, 31], results
are shown in SM_06. We tested nine synthetic oligonu-
cleotides derived from the LOGO sequence listed in
Fig. 4. For sequences A, C and E we analyzed two vari-
ants, one with the highest and one with the lowest pos-
sible G4Hunter score. Quadruplex formation was
confirmed for 5 out of 8 analyzed sequences (Table 4).
G-quadruplex formation in vitro was confirmed by CD
spectroscopy as the shift of the peak from 270 to 264
nm and a stronger signal in the presence of K' ions
(potassium ions stabilize the G4 structure). An example
of positive result is presented in Fig. 5, part A for a
conserved sequence derived from HA fragment and in
Fig. 5, part C for the sequence from NP fragment with
the highest possible G4Hunter score. An example of
negative result acquired by CD spectroscopy is shown
in Fig. 5, part B for a negative control sequence with
the G4Hunter score of 0.37 and in Fig. 5, part D for
the sequence derived from the NP fragment with the
lowest possible G4Hunter score.
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Discussion and conclusions

The influenza viruses pose a global public health con-
cern. Influenza claims 250,000-500,000 lives annually,
even though vaccines and antiviral drugs are available.
There is therefore an urgent need to develop antiviral
drugs with novel mechanisms of action. Noncanonical
nucleic acid structures play an important role in basic
biological processes [32] and it has been shown that G4s

may be used as targets for therapy [33, 34]. Therefore,
noncanonical structures in the HINT1 viral genome could
serve as possibly targets for antiviral therapy. In this
study, we provide a detailed analysis of PQSs occur-
rences, frequencies and distributions in the contempor-
ary emerged G4-EA-HINTI strains.

We found a total number of 571 PQS in all 77 G4-EA-
HINI1 genomes. Interestingly, the number of PQS in
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Fig. 4 Examples of PQS motifs and their variation presented as LOGO sequences a. PQS with the highest G4Hunter score (1.4), b. PQS with the
lowest G4Hunter score (- 1.2; a negative score indicates that the G-rich motif is located in negative gRNA), c. PQS with the most variable
sequence (G4Hunter score 1.2) from NP segment, d. PQS with conserved GGGG-tracks (1.1) and e. PQS conserved sequence (- 1.2,). Perfectly
conserved nucleotides are represented by full size letters. All sequence logos are shown in SM_04

close G4-EA-HINI relatives varied from 4 to 12. Ana-
lyses of variability pointed to the importance of some
PQS: even if genome variation of influenza virus is ex-
treme, the PQS with the highest G4Hunter score is
nearly perfectly conserved in all tested genomes. Com-
parison of segments shows significant differences among
individual G4-EA-HIN1 segments. While the highest
mean PQS frequency was found in the NP segment
(1.39), which codes for a protein playing a central role in

viral replication [35], the most abundant viral protein in
infected cells [36, 37] and the most promising drug tar-
get [37] — no PQS was found in the NS segment (which
codes for the non-structural NS protein).

To evaluate the presence of the PQS in individual frag-
ments we randomize five-times the RNA sequences of
the Liaoming group (the group with highest PQS fre-
quency) and as well in the Shandong group (the group
with the lowest PQS frequency). A significant difference

Table 4 Summary of the in vitro G4 formation analyses by CD spectroscopy and ThT fluorescent assay in vitro. Sequences are
shown in the 5' to 3’ direction; all oligonucleotides are RNA. For G4 formation by CD, “Yes" indicates that a CD signature typical of a
parallel G4 structure in the presence of K. The result of CD spectroscopy was considered positive in the case of a blue-shift of the
positive ellipticity peak (from 270 to 264 nm) and a stronger signal in the presence of K™ ions. Ratio between ThT fluorescence in
the presence of oligonucleotide and background fluorescence of ThT alone is presented in the last column. The light-up effect
(("Fold of ThT") refers to fold increase in Thioflavin T fluorescence emission when the candidate sequence is added: the higher this

increase, the more likely is the structure to form a G4 motif.

Name Sequence

G4Hunter score G4 formation by CD|Fold of ThT |

A0 GGGGAAGGAAGUGCUUGUAAUUUGGGG 1.407| Yes 7.23
Al GGGAAAGGAAGUGCUUGUAAUUUGGGG 1.148, Yes | 8.79
BO  UGGGGCAUUUUCCGAGGGUGACGGGA 1.154| Yes 7.90
C0  GAAGGGGGUAGGGACAAUGGUGAUGGAG 1.393| Yes . 1206
C1  AAAAGGAAUAGGAACAAUGGUAAUGGAG 0571 No 6.23
DO UGGGGCAAAUGGGGU Yes 4.95
E0  GGCUUUGAGGGGGCCUGACGGG | 1.318| No 4.28
El  GGCUUUGAGGGGGCCUGACGGU | 1.091| No 4.40
NK  UCUGACCGACCUAGAU No . 169
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Fig. 5 Circular dichroism (CD) spectra of selected PQS in 1 mM sodium phosphate buffer (pH 7) (blue lines) or in 1 mM sodium phosphate (pH 7), 10 mM
potassium phosphate (pH 7), 90 mM KCI buffer (orange lines); a. Oligonucleotide AO b. Negative control (NO); ¢ Oligonucleotide CO; d Oligonucleotide C1

in PQS frequency was found between reference and ran-
domized sequences for the NA segment of both groups
(SM_05). On the other hand, the PQS frequency was not
significantly different for other frogments, except for a de-
pletion in the PA fragment in the Shandong group. These
results are in agreement with recently proposed hypotheses
that viruses causing acute infection are depleted in PQS
(Bohdlovd N, Cantara A, Bartas M, Kaura P, Stastny J,
Pecinka P, Fojta M., Mergny J-L., Brazda V.: Analyses of
viral genomes for G-quadruplex forming sequences reveal
their correlation with the type of infection (submitted). A
similar finding was published for SARS-CoV-2 [22]. On the
other hand, the abundance of PQS in in the NA segment
suggests its important evolutionarily conserved function.
Of note, none of the PQS identified here match a clas-
sical quadruplex consensus, in which four runs of three
or more guanines are separated by 7 nucleotides or less,
as predicted by Quadparser [38] with default parameters.
As RNA G4 structures tend to be more stable than
DNA, some of the motifs found here are still likely to
form quadruplexes under physiological conditions, and
this was experimentally confirmed using a combination
of two biophysical methods. Given that all G4Hunter
scores were relatively low, G4 formation was not a given,
and needed the experimental confirmation. Our results
show that the most conserved PQS in HA fragment, one
with a conserved G run in NA fragment, as well as some

others are capable to form G-quadruplex structure
in vitro, as shown by CD spectroscopy and by Fluores-
cence light-up measurements, while two sequence with
low G4Hunter scores (< 0.6) did not form stable quadru-
plexes at room temperature. Interestingly, and as ob-
served previously, the “grey zone” for which a sequence
may well form a quadruplex or not seems to be centered
around 1.1-1.2, and we have several sequences with
relatively similar scores (between 1.09 and 1.31) which
give different outcomes. G4Hunter is therefore not per-
fect — as all current prediction tools — and we are cur-
rently working on modifying parameters to improve
accuracy. This may prove more difficult for RNA than
for DNA, as we currently have access to far more experi-
mental data on DNA than on RNA oligonucleotides.

In contrast to Quadparser, G4Hunter does not pick in-
dividual G-tracts to propose a core quadruplex with
three loops. As demonstrated by a number of studies,
the universe of G4-forming sequences is very diverse,
and may involve bulges or snapback motifs, allowing in-
dividual, isolated guanines to participate in G-
quadruplex formation. There are, of course, specific
cases in which G participating to G-quartets can reason-
ably be assumed. For example, a bimolecular four-layer
G4 motif can be predicted within the D motif for the
GGGGCAAAUGGGAG region. In addition, for all motifs,

one can imagine an intramolecular structure, provided
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that i) two-layered RNA G-quadruplexes are stable, and
that ii) zero-nucleotide loops are allowed (such propeller
loops have been found in a limited number of cases). In
addition, one cannot exclude that isolated G also con-
tribute to the core quartets. For this reason, in the ab-
sence of high resolution structures, it is rather
premature to propose which G within these motifs are
involved in G4 formation. These observations further il-
lustrate that it is not possible to cover all G4-forming
motifs with a single general consensus sequence.

These structures may offer opportunities for regulation
and targeting by G4 ligands. Interestingly, several conserved
PQS contain two GGGG runs, which may allow stable bi-
molecular G4 formation, as suggested for genome
organization in other viruses including SARS-CoV-2 [39, 40].

Both strands, negative-sense genomic RNA and
positive-sense mRNA, were analyzed for the presence
and distribution of PQS as both RNAs are involved
in lifecycle of the virus. Our result show that PQS
are not evenly distributed but are mostly located on
the RNA positive strand, thereby they may be in-
volved in translation and splicing regulation. The
genome of IAV is not stable and varies remarkably
among strains [10, 41]. Comparison of PQS in vari-
ous strains demonstrated that several PQS in the M
segment and HA segment are highly conserved and
therefore may be considered as suitable candidate
targets with therapeutic potential. The HA segment
(hemagglutinin) codes for a primary viral protein,
which is recognized by the immune system and also
is the primary target for vaccine design [42]. HA
contains two subunits: HA1, which is responsible for
receptor binding and HA2, which function is to sup-
port HA1l and mediates membrane fusion during
viral entry [43]. Moreover, the conserved PQS in the
HA sequence has the highest G4Hunter score among
all found PQS. Another highly conserved PQS (just
1 variable nucleotide as shown in Table 3) was
found at the 3" end of an intron in negative-sense
genomic RNA, near the splicing site of M2 protein.
M1 is the only viral structural component which
plays a major role in virus particle assembly [44].
M2 is a transmembrane ion channel protein which
plays an important role in early stages of viral entry.
Moreover, the M segment of 2009 HIN1 pandemic
influenza virus was derived from the Eurasian avian-
like swine lineage and was shown to affect neur-
aminidase activity and therefore might also have a
potent effect on transmissibility [45].

Compared to strong depletion of PQS in the contem-
porarily outbreaking SARS-CoV-2 virus [22, 46], the ge-
nomes of IAV contain a highly conserved PQS, which
could serve as a selective target. Our comprehensive
analyses confirmed that several candidates adopt a
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quadruplex fold, arguing for the therapeutic potential of
these PQS as targets for specific ligands.

Methods

Source of DNA sequences

The complete set of 616 sequences of 77 G4-EA-HIN1
genomes (each genome is divided into 8 segments) was
downloaded on July 3, 2020 from the Genome database
of the National center for Biotechnology Information
(NCBI) [47]. NCBI accessions are shown in SM_01.

Process of analysis

All sequences belonging to 77 strains of G4-EA-HIN1
were analyzed with the G4Hunter Web tool [21], which is
capable to read the NCBI identifier of the sequences
uploaded in a .csv files. Default parameters for G4Hunter
were set to “25” for window size and 1.2 or above for
G4Hunter threshold score. G4Hunter score was grouped
to the five intervals: 1.2-1.4, 1.4-1.6, 1.6-1.8, 1.8-2.0 and
2.0 and more, as previously performed for the Bacteria do-
main [19]. PQS frequencies were analyzed according to in-
dividual G4-EA-HIN1 strains, grouped according to
regions of isolation and according to their eight genomic
segments. All results including information about the size
of genomic DNA sequence, number of PQS and statistical
data are shown (SM_02A - grouped by region and SM_
02B — grouped by segments).

Statistical evaluation

Statistical analysis of normality was made with the
Shapiro-Wilk test. Since it was found that the data do
not have a normal distribution, we used Kruskal-Wallis
signed rank test to evaluate significant differences
among strains and segments. Post-hoc multiple pairwise
comparison by Dunn’s test with Bonferroni correction of
the significance level was applied with p-value cut-off
0.05. Data are available in SM_03.

The statistical significance analysis of the found PQS
with respect to the same genome composition in a
scrambled order was performed. The strains with the
highest and lowest PQS frequency were selected. Refer-
ence sequences of individual segments of selected strains
were five times randomized by the program Sequence
Manipulation Suite — Shuffle DNA [48]. PQS frequen-
cies were evaluated equally in reference and randomized
sequences and plotted (SM_05).

Construction of LOGO sequences

NCBI sequences by list from SM_01 in FASTA format
were downloaded and the dataset was uploaded to Snap-
Gene (Align Multiple DNA Sequences) program. For
every PQS we used the corresponding sequences from
all G4-EA-HINI1 genomes and alignments by Clustal
Omega tool [49] were generated. All found PQS were
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searched in aligned sequences and WebLogo 3 [50] was
used for generating LOGO sequences, all predicted PQS
and LOGO sequences for PQS are available in SM_04.

CD spectroscopy

Synthetic oligonucleotides were purchased from Sigma-
Aldrich and diluted in water. Oligonucleotides were
heated at 85°C for 3min in 1 mM sodium phosphate
buffer pH7 or 1 mM sodium phosphate pH7, 10 mM
potassium phosphate pH7 and 90 mM KCI buffer and
slowly cooled down to room temperature. CD measure-
ments were carried out with a Jasco 815 (Jasco Inter-
national Co., Ltd.,Tokyo, Japan) dichrograph in 1cm
path-length microcells at 23 °C. A set of four scans with
a data pitch of 0.5nm and 200 nm/min scan speed was
averaged for each sample. CD signal is expressed as the
difference in molar absorption, Ag, of the left- and right-
handed circularly polarized light [31].

ThT fluorescent assay

Synthetic oligonucleotides were purchased from Sigma
Aldrich and diluted in water. Oligonucleotides were di-
luted to 2 puM final concentration in 100 mM Tris-HCl
pH7.5 and 100 mM KCI buffer, heated at 85°C for 3
min and slowly cooled down to room temperature. ThT
was diluted in water to 1pM final concentration and
100 mM KCI was added. Experiments were performed in
a 384-well microplate from CORNING (Flat Bottom
Black Polyester). Each condition was tested in triplicate.
Measurements were performed at room temperature.
Oligonucleotides and ThT were mixed at 0.5:1 M ratio
to a final volume of 20 pl. Fluorescent emission was col-
lected at 490 nm after excitation at 425 nm with a micro-
plate reader (Spark, Tecan) [30].
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Abstract: P53, P63, and P73 proteins belong to the P53 family of transcription factors, sharing a
common gene organization that, from the P1 and P2 promoters, produces two groups of mRNAs
encoding proteins with different N-terminal regions; moreover, alternative splicing events at C-
terminus further contribute to the generation of multiple isoforms. P53 family proteins can influence
a plethora of cellular pathways mainly through the direct binding to specific DNA sequences known
as response elements (REs), and the transactivation of the corresponding target genes. However, the
transcriptional activation by P53 family members can be regulated at multiple levels, including the
DNA topology at responsive promoters. Here, by using a yeast-based functional assay, we evaluated
the influence that a G-quadruplex (G4) prone sequence adjacent to the p53 RE derived from the
apoptotic PUMA target gene can exert on the transactivation potential of full-length and N-terminal
truncated P53 family o isoforms (wild-type and mutant). Our results show that the presence of a G4
prone sequence upstream or downstream of the P53 RE leads to significant changes in the relative
activity of P53 family proteins, emphasizing the potential role of structural DNA features as modifiers
of P53 family functions at target promoter sites.

Keywords: P53 family; yeast; G-quadruplex (G4) prone sequence; wild-type and mutant P53 /P63
proteins; transactivation potential

1. Introduction

The P53 family of transcription factors (TFs) is composed of P53, P63, and P73 pro-
teins [1-3] that share an N-terminal transactivation domain, a central sequence-specific
DNA-binding domain, and a C-terminal tetramerization domain. At the C-terminus,
a sterile « motif domain (SAM), probably involved in protein—protein interactions, is
present only in P63 and P73 proteins. These TFs, by inducing a plethora of target genes,
can influence different cellular pathways including proliferation, apoptosis, DNA repair,
angiogenesis, senescence, metabolism, and differentiation [4,5].

Genes 2021, 12, 277. https:/ /doi.org/10.3390/ genes12020277

https://www.mdpi.com/journal/genes


https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-1978-4998
https://orcid.org/0000-0003-2837-4226
https://orcid.org/0000-0003-3898-7229
https://orcid.org/0000-0001-9940-0941
https://orcid.org/0000-0001-8415-3802
https://orcid.org/0000-0002-8767-1637
https://orcid.org/0000-0003-3722-553X
https://doi.org/10.3390/genes12020277
https://doi.org/10.3390/genes12020277
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/genes12020277
https://www.mdpi.com/journal/genes
https://www.mdpi.com/2073-4425/12/2/277?type=check_update&version=2

Genes 2021, 12,277

20f12

To further complicate the scenario, multiple P53, P63, and P73 isoforms are generated
from mechanisms of alternative usage of promoters, splicing sites, and/or translation
initiation sites [6]. All P53 family members can be transcribed starting from different
promoters resulting in variants with different N-terminal sequences (i.e., full-length P53,
AN40P53, TAP63, and TAP73 from the P1 promoter, and AN133P53, AN160P53, ANP63,
and ANP73 from the P2 promoter). Moreover, C-terminal variations occur as a result of
alternative splicing, giving rise to at least three different isoforms (i.e., , 3, v for P53 and
P63; &, B,v, d, ¢, (, n for P73).

Despite these similarities, the overlap in cellular functions between P53, P63, and P73
proteins is limited. TP53 is the most frequently mutated gene in human sporadic cancers
and TP53 germ-line mutations are associated with the development of the cancer-prone
Li-Fraumeni and Li-Fraumeni-like syndromes [7]. Conversely, the TP63 gene, being critical
for the correct development of ectodermal-derived tissues, is associated with the occurrence
of a subset of ectodermal dysplasia syndromes (i.e., P63-associated disorders) due to TP63
germ-line mutations [3,8,9]. Lastly, P73 contributes to neural and immune system functions
but no genetic disorder has been linked to the gene [10,11], possibly because any such TP73
mutation might produce severe defects that are embryonically lethal.

To regulate genes expression, the P53 family members, acting mainly as TFs, share a
DNA response element (RE) which consists of two degenerate decameric sequences sepa-
rated by a variable spacer [RRRCWWGYYY-(n)-RRRCWWGYYY (R = purine; W = A/T;
Y = pyrimidine; n = 0-13)] [12-14]. Even though the DNA-binding specificities for P53,
P63, and P73 appear comparable, differences for certain DNA sequences have been re-
ported [15-17]. Moreover, gene expression and genome-wide occupancy studies reveal a
partial overlap between gene networks of P53 family members [18]; in fact, many genes
appeared to be exclusively targeted by one of the P53 family members [19-22].

Recently, it was shown that DNA topology can contribute to regulating P53 DNA
affinity and specificity [23,24]. It was demonstrated that P53 protein binds to various
DNA structures stabilized by DNA topological stress such as G-quadruplex (G4)-forming
sequences, cruciforms, and other local DNA structures [24-26], as recently reviewed [27].
Furthermore, some P53 mutants have a high predisposition for binding to Transcription
Start Site-associated G/C-rich regions, particularly G4s, which are prone to form non-B
DNA structures [28].

The yeast Saccharomyces cerevisiae is a recognized model system for understanding
different aspects of human biology. Thanks to the evolutionary conservation of basic
components of the transcription machinery, many TFs, including P53 family proteins, when
ectopically expressed in yeast cells can modulate the expression rates of reporter genes,
acting through promoters engineered to contain cognate target REs [29-31]. Moreover, a
particularly versatile approach based on the Delitto Perfetto technique is available in yeast
to target the selected genomic loci through homologous recombination [32], leading to the
development of a matrix of results where the functional interaction of TFs binding sites
with other nearby cis-elements can also be evaluated [33].

Based on the assumption that DNA topology can be an important factor in establish-
ing P53-dependent transactivation at target genomic sites, we previously evaluated the
influence of a G4 DNA prone sequence in the proximity of a P53 RE on the transactivation
potential of full-length and N-terminal truncated P53 « isoforms [34]. The results showed
that a G4 prone sequence alone is not sufficient for transcriptional activation by the differ-
ent P53 « isoforms (i.e., full length, AN40, AN133, and AN160); however, its presence in
proximity to a P53 RE leads to significantly different fold changes in transcriptional activity
and dynamics between the co-expressed P53 isoforms.

Here, by using the same experimental approach in yeast, we extended this study to
AN and TA « variants of P63 and P73 proteins. Moreover, since human germ-line TP53
and TP63 mutations are responsible for the development of specific genetic disorders and
considering that TP53 somatic mutations are frequent in human cancers, we also evaluated
the effect of the presence of the same G4 prone sequence on the functional features of
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mutant P53 and P63 proteins. The results obtained highlight how the presence of a G4
prone sequence adjacent to a P53 RE impact the transcriptional activity of wild-type and
mutant proteins from all P53 family members.

2. Materials and Methods
2.1. Yeast Strains and Media

A panel of isogenic reporter strains, which differ only in the presence and posi-
tion of a P53 RE [from PUMA (p53 up-regulated modulator of apoptosis) target gene:
5-CTGCAAGTCCTGACTTGTCC-3'] and a G4 prone sequence [from KSHV (Kaposi
sarcoma-associated herpes virus): 5-GGGGCGGGGGACGGGGGAGGGG-3'] both lo-
cated upstream of the luciferase reporter gene (LUC1) were used [34-36]. The PUMA
RE was selected in virtue of its moderate strength and for the presence of physiological
G4 sequences around the RE in the human promoter. This panel includes yLFM-PUMA
(PUMA RE), yLFM-KSHYV (G4), yLFM-KSHV-PUMA (G4 upstream of PUMA RE), and
yLEM-PUMA-KSHV (G4 downstream of PUMA RE) strains. Yeast cells were grown in
YPDA medium (1% yeast extract, 2% peptone, 2% dextrose, 200 mg/L adenine) or selective
medium (with or without 2% agar), containing dextrose or raffinose as a carbon source
plus adenine (200 mg/L), but in the absence of tryptophan and/or leucine (Sigma-Aldrich,
Saint Louis, MO, USA; Biokar Diagnostics, Allonne, France). Galactose (Sigma-Aldrich,
Saint Louis, MO, USA) was added to the medium for the modulation of P53 family pro-
teins expression under the inducible GAL1, 10 promoter [37]. Yeast manipulations were
performed, as previously described [33,38].

2.2. Yeast Vectors

Wild-type P53 [full length (i.e., P53« corresponding to the well-known 393 amino-
acids long protein) and AN40«], P63 (AN« and TAx) and P73 (AN« and TAx) proteins
were expressed by yeast pTSG-based vectors (inducible GAL1,10 promoter, TRP1) [39-41]
as well as mutant full-length P53 (i.e., R175H and R282W) and ANP63« (i.e., G134V and
R204W) proteins [41,42]. For co-expression experiments vectors expressing wild-type
full-length P53 and ANP63« under the constitutive ADH1 promoter [pLS76 (LEU2) and
pLS-ANP63« (LEU2), respectively] were used along with the yeast plasmids described
above [41,43]. Empty vectors pRS314 (TRP1) and pRS315 (LEU2) were available.

2.3. Yeast Functional Assay

Quantitative functional assays were performed according to the miniaturized protocol
we developed [33,38]. Briefly, yeast transformants were grown at 30 °C in a selective
medium containing 1% Galactose in order to modulate P53 family proteins expression;
after 8 h of growth OD (600 nm) was measured. Twenty pL of cell suspension was trans-
ferred into a white plate and mixed with an equal volume of PLB buffer 2X (Promega Italia,
Milan, Italy) to obtain the lysis of yeast cells. After 15 min of shaking at room temperature,
firefly luciferase substrate (20 uL, Bright Glo, Promega) was added. Luciferase activity
was measured using a multilabel plate reader (Mithras LB940, Berthold Technologies,
Calmbacher, Germany). The transactivation ability of wild-type and mutant P53 family
proteins was measured as relative light units (RLUs) and normalized first to the cultures’
absorbance (600 nm). Then the fold changes were calculated using as reference the nor-
malized RLUs measured from cultures of each yeast reporter strains transformed with the
appropriate empty vector(s) (pRS314 or pRS314 + pRS315 depending on the experiments).
The relative activity from the same fold change data was calculated by comparing the
activity of a protein/allele of interest with the activity of a chosen reference. Data derive
from two technical replicates with at least two biological replicates except for yLFM-KSHV
strain measurements (i.e., three biological replicates).
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2.4. Statistical Analysis

Statistical analysis was performed by using two-way ANOVA and Tukey’s multiple
comparisons test or one-way ANOVA and Dunnett’s multiple comparisons test (Graphpad
Prism 9) (* p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001; ns: not significant).

3. Results
3.1. The Presence of a G4 Prone Sequence Adjacent to a P53 RE Alters the Relative Activity of
Wild-Type P53 Family Proteins

To elucidate the role of a G4 prone sequence on the transcriptional activity of P53
family members, we focused our analysis on « isoforms including AN40P53, full-length
P53, ANP63, TAP63, ANP73, and TAP73 (AN40P53, ANP63, and ANP73 were indicated
as AN variants; full-length P53, TAP63, and TAP73 were indicated as TA variants) by
using a yeast-based functional assay. Consistent with previous observations regarding P53,
wild-type P63 and P73 proteins (AN and TA variants) were unable to activate transcription
(measured as fold change over empty vector) from a G4 prone sequence (yLFM-KSHV)
(Figure 1A, right panel) compared to the control yLFM-PUMA (Figure 1A, left panel).
Similarly, the presence of the same G4 prone sequence upstream (yLFM-KSHV-PUMA)
or downstream (yLFM-PUMA-KSHYV) of the PUMA P53 RE led to a significant decrease
in transactivation (Figure 1B), especially in the strain where the G4 prone sequence is
downstream of the RE; in this strain, the full-length P53, TAP63«, and TAP73x showed an
eleven-, seven- and four-fold decrease in activity, respectively (Figure 1B, right panel).
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Figure 1. Fold change transactivation by wild-type P53 family proteins. Yeast cells expressing different P53 family isoforms
by an inducible GAL1,10 promoter were grown for 8 h in Galactose 1% to evaluate their transactivation ability. (A) Evaluation
of wild-type P53, P63, and P73 (AN variants: AN40P53x, ANP63c, and ANP73c; TA variants: full-length P53, TAP63«, and
TAP73x) transcriptional activity as fold change over the empty vector in presence of the P53 response element (RE) from the
PUMA target gene (yLFM-PUMA) or a G4 prone sequence (yLFM-KSHYV). (B) Evaluation of transcriptional activity as in
panel A in the presence of the G4 prone sequence upstream (yLFM-KSHV-PUMA) or downstream (yLFM-PUMA-KSHV) of
the P53 RE from the PUMA target gene.

The results also showed that, independently from the presence of the G4 prone
sequence, the TA variant from P53, P63, or P73 proteins is always significantly more
active than the corresponding AN variant (Figure 1A,B). However, the positioning of the
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G4 prone sequence downstream of the P53 RE (yLFM-PUMA-KSHYV) leads to a slight
but significant decrease in the relative activity of TA over AN variants for both P53 (full-
length P53/AN40P53¢) and P63 (TAP63«/ANP63) (Figure 2A). Further, by comparing
across P53 family proteins, the presence of the same G4 prone sequence either upstream
or downstream of the RE (yLFM-KSHV-PUMA or yLFM-PUMA-KSHYV, compared to
yLEM-PUMA) significantly changes all relative activities, reducing the differences in
transcriptional activity between different proteins of the P53 family, as highlighted by the
significant increase in ANP63«/full-length P53, TAP63cc/full-length P53, and TAP73cc/full-
length P53 relative activity (Figure 2B).
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Figure 2. Relative activity of wild-type P53 family « isoforms. (A) Comparison of P53 (full-length P53)
or P63 (TAP63«x) TA variant activity with respect to the corresponding AN variant (AN40P53x and
ANP63«, respectively) in yLFM-PUMA, yLEM-KSHV-PUMA, and yLEM-PUMA-KSHY strains. (B)
Comparison of ANP63¢, TAP63«, or TAP73 variant activity with respect to TAP53 (full-length P53)
variant in yLFM-PUMA, yLFM-KSHV-PUMA, and yLFM-PUMA-KSHYV strains. ns: not significant,
*p <0.05 ** p <0.01; *** p < 0.001; *** p < 0.0001.

3.2. The Presence of a G4 Prone Sequence Adjacent to a P53 RE Determines a Variation in the
Relative Functionality of Mutant P53 and P63 Proteins

Since somatic and germ-line mutations are common to the TP53 gene in human
cancers, while germ-line mutations at the TP63 locus, mainly affecting at protein level the
ANP63«x isoform, are involved in the development of P63-associated genetic disorders,
we decided to extend the functional studies to mutant P53 family proteins. To this aim,
the P53 R175H and R282W proteins were selected (as full-length variants), being hot spot
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mutations both in sporadic cancers and Li-Fraumeni syndrome; the two mutants are also
representative of a loss of function (i.e., R175H) and a partial function (i.e., R282W) mutant,
respectively [42,44]. With regard to TP63 mutations, we selected the two ANP63x G134V
and ANP63oc R204W variants that we identified in patients affected by P63-associated
disorders and that are representative of mutant proteins with greater or lesser functionality,
respectively [41]. We previously confirmed that in our yeast model the observed differences
in functional features of the selected P53 or P63 mutant proteins are not due to different
levels of protein expression [39,42].

The P53 R175H and ANP63 R204W proteins are characterized by consistent loss
of activity in all yeast strains independently from the presence of a G4 prone sequence
(Figure 3A,B). The presence of the G4 prone sequence also causes an absolute reduction
in the transactivation ability of the partial function mutant TAP53 R282W and ANP63x
G134V proteins. However, the presence of the G4 prone sequence downstream of the P53
RE significantly lowers the difference in activity with respect to the wild-type protein,
especially for ANP63x G134V mutant (i.e., 71% of wild-type functionality in yLFM-PUMA-
KSHYV with respect to 28% in yLEM-PUMA) (Supplementary Figure S1).
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Figure 3. Fold change transactivation by mutant P53 family proteins. Yeast cells expressing wild-type and mutant TAP53
or ANP63 proteins by an inducible GAL1,10 promoter were grown for 8 h in Galactose 1% to evaluate the transactivation
ability. (A) Evaluation of wild-type (TAP53: full-length P53; ANP63: ANP63c) or mutant (TAP53: R175H and R282W;
ANP63: G134V and R204W) P53 and P63 proteins transcriptional activity as fold change over the empty vector in presence
of the P53 RE from the PUMA target gene (yLFM-PUMA) or a G4 prone sequence (yLFM-KSHYV). (B) Evaluation of
transcriptional activity as in panel (A) in presence of the G4 prone sequence upstream (yLFM-KSHV-PUMA strain) or
downstream (yLFM-PUMA-KSHYV) of the P53 RE from the PUMA target gene. WT, wild-type.

As previously described, germ-line heterozygous mutations in the TP53 or TP63 gene
are the molecular basis of the specific P53- and P63-related genetic disorders; then, it is
conceivable that in the cells of affected patients, being P53 and P63 tetrameric TFs, wild-
type, mixed, and mutant tetramers are formed. Based on this consideration, we simulated
the heterozygous status in our yeast model by co-expressing wild-type and mutant P53 or
P63 variants, and we evaluated the influence of the G4 prone sequence in this setting.

Although the presence of a G4 prone sequence causes the expected reduction in trans-
activation ability (Supplementary Figure 52; Supplementary Figure S3), it does not alter the
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potential for mutant P53 or P63 proteins to inhibit the corresponding wild-type-mediated
transactivation, a feature known as dominant-negative or interfering ability [45]; in fact,
the P53 R175H (full-length P53) and P63 R204W (ANP63«) mutants that we previously de-
scribed as dominant negative [41-43,46] retain a comparable potential to inhibit wild-type
activity also in the presence of the G4 prone sequence adjacent (upstream or downstream)
to the P53 RE (Figure 4A,B).
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Figure 4. Relative activity of co-expressed wild-type and mutant TAP53 or ANP63 proteins compared
to the corresponding single protein expression. (A) Comparison of wild-type and mutant TAP53
co-expression activity (i.e., constitutive pADH1-wild-type TAP53 + inducible pGAL1,10 TAP53
R175H or R282W) with that of wild-type TAP53 expressed alone (i.e., constitutive pADH1-wild-type
TAP53) in presence of the P53 RE from the PUMA target gene (yLFM-PUMA) or the same p53 RE
along with a G4 prone sequence upstream (yLFM-KSHV-PUMA) or downstream (yLFM-PUMA-
KSHYV). (B) Comparison of wild-type and mutant ANP63 co-expression activity (i.e., constitutive
pADHI1-wild-type ANP63 + inducible pGAL1,10 ANP63 G134V or R204W) with that of wild-type
ANP63 expressed alone (i.e., constitutive pADH1 wild-type ANP63) in presence of the P53 RE from
the PUMA target gene (yLFM-PUMA) or the same P53 RE along with a G4 prone sequence upstream
(yLEM-KSHV-PUMA) or downstream (yLEM-PUMA-KSHV). WT, wild-type. ns: not significant,
**p <0.01; *** p < 0.001; **** p < 0.0001.

4. Discussion

P53 family comprises a group of potent tetrameric TFs (i.e., P53, P63, and P73) sharing
a conserved DNA binding domain responsible for the binding to sequence-specific DNA
REs located near promoters of the target genes. Nevertheless, the transcriptional networks
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regulated by these proteins are largely distinct [47]; this feature is associated with the
plasticity provided by the promoters (P1 and P2) and the splicing regulation of P53 family
genes (N- and C-terminal isoforms), by the modulation of cofactors and companion TFs,
and by the impact of quaternary structure of P53 family proteins at promoter target
sites [4,6,48].

Many studies have highlighted that RE recognition by P53 is regulated by the direct
contacts with target DNA sequence; however, the so-called indirect readout provided
by nucleotides within the RE that are not directly contacted by the P53 protein is also
important [49,50]. This indirect readout, also referred to as “shape readout” since it appears
to be related to structural properties at the P53 DNA target sites, has been recently extended
to sequences surrounding the P53 RE [51].

Previously, we adapted a well-established yeast-based functional assay to evaluate
the influence of a G4 DNA prone sequence in proximity of a P53 RE on the transactivation
potential of full-length and N-terminal truncated P53 « isoforms [34]. Structurally, G4s are
four-stranded nucleic acids structures held together by non-canonical Hoogsteen G-G base
pairs [52,53]. G4 motifs are evolutionarily conserved from bacteria to human, confirming
the importance of their formation in vivo [54]. In yeast and human, G4s are enriched
in telomeric and ribosomal DNA, at transcriptional regulatory units, and at mitotic and
meiotic double-strand break sites [53,55,56]. G4s can also form in RNA, where they can
affect its stability or translation [57-60].

Indeed, contemporary research has demonstrated the importance of G4s in various
cellular processes, including interactions with TFs [60-63]. Moreover, the targeting of the
unique structure of G4s is proposed as a good tool for various diseases therapies including
cancer [64-68].

Interestingly, G4s are often located in promoter sequences as shown for many human
genes [69-71], including P53 targets; in fact, the presence of G4 prone sequences has been
found around P53 RE in the promoter of the P53-induced apoptotic PUMA protein [34].
Therefore, the presence and the formation of a G4 structure could be an important tran-
scriptional regulatory element, as previously observed in various organisms including
humans [72-74].

In the present paper we extended for the first time the evaluation of the role of G4s in
the transcription regulation to all P53 family proteins (wild-type and mutant o isoforms)
by using the yeast Saccharomyces cerevisine as model system; the impact of a sequence
element prone to adopt a G4 secondary structure located upstream or downstream of
the moderately active P53 RE from apoptotic PUMA target was evaluated. Moreover,
the presence of G4 prone sequence is one of the possible reasons for binding of P53
to sites without a P53 RE as detected by ChlIP studies [75]. However, we observed no
significant activation of transcription by all analyzed proteins in presence of the G4 prone
sequence alone, in agreement with the previous analysis regarding P53 protein [34]. On
the contrary, we observed that the presence of the G4 prone sequence upstream, and
more significantly downstream, of the RE causes inhibition of both AN and TA variants
P53 family protein-mediated transactivation. Interestingly, despite lacking a full-length
transactivation domain, AN isoforms are not transcriptionally inactive and have been
shown to regulate the expression of their own set of genes [76-85]. The difference in
relative transactivation between TA and AN isoforms was, however, significantly reduced
by the presence of the G4 prone sequence downstream of RE, which suggests that inhibition
of transcription activity by G4 in this sequence context could be variant-dependent (i.e.,
stronger on TA than on AN).

Then, we decided to extend the study to P53 family protein mutants. To this aim, P53
and P63 mutations associated with specific genetic syndromes and functionally heteroge-
neous in terms of transactivation ability were selected; moreover, the chosen P53 mutations
are also hot spot codons in human cancers. The presence of the G4 prone sequence (es-
pecially downstream of the P53 RE) tends to lower the difference between wild-type and
mutant protein transactivation activity. Conversely, the simulation of heterozygous con-
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dition of P53- and P63-associated disorders by co-expressing wild-type and mutant P53
or P63 variants failed to reveal an impact of the G4 prone sequence on the dominant
negative properties of the P53 R175H and P63 R204W mutations. However, it is to be
taken into consideration that, P53 family proteins acting as tetramers, there is a variation
in the modality by which tetramers are constituted and in the possible stoichiometry of
hetero-tetramers comprising the combination of wild-type and missense mutations; thus,
the adaptability of our yeast assay will allow further insights in this direction.

5. Conclusions

Overall, our data suggest that G4 prone sequences proximal to a P53 RE lead to
an overall reduction of P53 family proteins-dependent transactivation. Still, at the same
time, their presence can modulate the interplay between isoforms within the same protein
and between different members of P53 family. Moreover, some functional features of
mutant P53 family proteins can also be affected by the placement of a G4 prone sequence
adjacent to a P53 RE. Hence, we propose that the sequence context surrounding a P53
RE can contribute to tuning P53 family proteins functions and should be considered as
an important variable to fully characterize the P53 family cistrome. Furthermore, given
that the net transcriptional effect of the P53 family proteins can be dependent on the ratio
TA /AN variants of P53, P63, and P73 isoforms and on wild-type and mutant P53/P63/P73
interactions and binding to the promoters of target genes, our finding also paves the way
for future studies involving the use of available small molecules that can modulate the
conformations of G4s structure-forming DNA sequences [86].

Lastly, the yeast Saccharomyces cerevisiae has reconfirmed itself as a robust model
system that can be turned into a sort of in vivo test-tube for the functional analysis of
human TFs. Although the placement of a G4 prone sequence adjacent to a P53 RE within
a minimal promoter can impact the site’s global transactivation potential, our approach
in yeast mainly focuses on the relative effect towards specific P53 family proteins or on
their functional interactions. The otherwise isogenic nature of the reporter yeast strains
and the regulated systems for ectopic protein expression we used give us confidence that
the observed relative differences are not dependent on other variables.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/2/277/s1, Figure S1: Relative activity of mutant P53 and P63 proteins, Figure S2: Fold
change transactivation by co-expressed wild-type and mutant P53 proteins, Figure S3: Fold change
transactivation by co-expressed wild-type and mutant P63 proteins.

Author Contributions: Conceptualization, PM. (Paola Monti), V.B., AL, G.E; Writing—original
draft preparation, PM. (Paola Monti), V.B., A.L, G.F.; Methodology, P.M. (Paola Monti), V.B., N.B.,
O.P, PM. (Paola Menichini), A.S., R.B., A.l,, G.E; Validation, PM. (Paola Monti), V.B., N.B., O.P,
PM. (Paola Menichini), A.S., R.B., A.L,, G.E; Data curation, PM. (Paola Monti), V.B., N.B., O.P.,, PM.
(Paola Menichini), A.S., R.B., A.L, G.E; Writing—review and editing, PM. (Paola Monti), V.B., N.B.,
O.P, PM. (Paola Menichini), A.S., R.B., A.I, G.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by AIRC I.G. n. 5506 (to G.F.), Italian Ministry of Health 5x1000
funds 2013, 2015, and 2016 (to G.F.), Current Research 2016 (to G.F.), Compagnia S. Paolo Turin
Italy project 2017.0526 (to G.E.); by AIRC 1.G. n.18985 (to A.IL); by the Czech Science Foundation n.
18-15548S (to V.B.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/2073-4425/12/2/277/s1
https://www.mdpi.com/2073-4425/12/2/277/s1

Genes 2021, 12, 277 10 of 12

References

1. Lane, D.P; Crawford, L.V. T Antigen is bound to a host protein in SV40-transformed cells. Nature 1979, 278, 261-263. [CrossRef]

2. Kaghad, M,; Bonnet, H,; Yang, A.; Creancier, L.; Biscan, J.-C.; Valent, A.; Minty, A.; Chalon, P; Lelias, J].-M.; Dumont, X,; et al.
Monoallelically expressed gene related to P53 at 1p36, a region frequently deleted in neuroblastoma and other human cancers.
Cell 1997, 90, 809-819. [CrossRef]

3. Yang, A,; Kaghad, M.; Wang, Y; Gillett, E.; Fleming, M.D.; Détsch, V.; Andrews, N.C.; Caput, D.; McKeon, F. P63, a P53 homolog
at 3q27-29, encodes multiple products with transactivating, death-inducing, and dominant-negative activities. Mol. Cell 1998, 2,
305-316. [CrossRef]

4. Collavin, L.; Lunardi, A.; Del Sal, G. P53-family proteins and their regulators: Hubs and spokes in tumor suppression. Cell Death
Differ. 2010, 17, 901-911. [CrossRef]

5. Wei, ],; Zaika, E.; Zaika, A. P53 family: Role of protein isoforms in human cancer. J. Nucleic Acids 2012, 2012, 687359. [CrossRef]
[PubMed]

6.  Bourdon, J.-C. P53 family isoforms. CPB 2007, 8, 332-336. [CrossRef]

7. Malkin, D. Li-Fraumeni syndrome. Genes Cancer 2011, 2, 475-484. [CrossRef]

8.  Mills, A.A,; Zheng, B.; Wang, X.-].; Vogel, H.; Roop, D.R.; Bradley, A. P63 is a P53 homologue required for limb and epidermal
morphogenesis. Nature 1999, 398, 708-713. [CrossRef]

9. Rinne, T.; Brunner, H.G.; van Bokhoven, H. P63-associated disorders. Cell Cycle 2007, 6, 262-268. [CrossRef]

10. Rufini, A.; Agostini, M.; Grespi, F.; Tomasini, R.; Sayan, B.S.; Niklison-Chirou, M.V.; Conforti, F; Velletri, T.; Mastino, A.; Mak,
T.W.; et al. P73 in cancer. Genes Cancer 2011, 2, 491-502. [CrossRef] [PubMed]

11.  Nemajerova, A.; Moll, U.M. Tissue-specific roles of P73 in development and homeostasis. . Cell Sci. 2019, 132, jcs233338.
[CrossRef] [PubMed]

12.  Menendez, D.; Inga, A.; Resnick, M.A. The expanding universe of P53 targets. Nat. Rev. Cancer 2009, 9, 724-737. [CrossRef]
[PubMed]

13. Riley, T.; Sontag, E.; Chen, P,; Levine, A. Transcriptional control of human P53-regulated genes. Nat. Rev. Mol. Cell Biol. 2008, 9,
402-412. [CrossRef] [PubMed]

14. El-Deiry, W.S.; Kern, S.E.; Pietenpol, ].A.; Kinzler, K.W.; Vogelstein, B. Definition of a consensus binding site for P53. Nat. Genet.
1992, 1, 45-49. [CrossRef] [PubMed]

15. Brandt, T.; Petrovich, M.; Joerger, A.C.; Veprintsev, D.B. Conservation of DNA-binding specificity and oligomerisation properties
within the P53 family. BMC Genom. 2009, 10, 628. [CrossRef]

16. Perez, C.A,; Ott, ]J.; Mays, D.J.; Pietenpol, J.A. P63 Consensus DNA-binding site: Identification, analysis and application into a
P63MH algorithm. Oncogene 2007, 26, 7363-7370. [CrossRef] [PubMed]

17.  Osada, M.; Park, H.L.; Nagakawa, Y.; Yamashita, K.; Fomenkov, A.; Kim, M.S.; Wu, G.; Nomoto, S.; Trink, B.; Sidransky, D.
Differential recognition of response elements determines target gene specificity Forp53 and P63. MCB 2005, 25, 6077-6089.
[CrossRef]

18.  Moll, U.M,; Slade, N. P63 and P73: Roles in development and tumor formation. Mol. Cancer Res. 2004, 2, 371-386.

19. Zheng, X.; Chen, X. Aquaporin 3, a glycerol and water transporter, is regulated by P73 of the P53 family. FEBS Lett. 2001, 489, 4-7.
[CrossRef]

20. Nakagawa, T.; Takahashi, M.; Ozaki, T.; Watanabe, K.; Todo, S.; Mizuguchi, H.; Hayakawa, T.; Nakagawara, A. Autoinhibitory
regulation of P73 by ANp73 to modulate cell survival and death through a P73-specific target element within the ANp73 promoter.
MCB 2002, 22, 2575-2585. [CrossRef]

21. Sasaki, Y.; Ishida, S.; Morimoto, I.; Yamashita, T.; Kojima, T.; Kihara, C.; Tanaka, T.; Imai, K.; Nakamura, Y.; Tokino, T. The P53
family member genes are involved in the notch signal pathway. . Biol. Chem. 2002, 277, 719-724. [CrossRef]

22. Harms, K; Nozell, S.; Chen, X. The common and distinct target genes of the P53 family transcription factors. Cell. Mol. Life Sci.
2004, 61, 822-842. [CrossRef]

23. Brazda, V,; Coufal, J. Recognition of local DNA structures by P53 protein. Int. |. Mol. Sci. 2017, 18, 375. [CrossRef]

24. Jagelskd, E.B.; Brazda, V.; Pe¢inka, P; Palecek, E.; Fojta, M. DNA Topology influences P53 sequence-specific DNA binding through
structural transitions within the target sites. Biochem. J. 2008, 412, 57-63. [CrossRef]

25. Coufal, ].; Jagelskd, E.B.; Liao, ].C.C.; Brazda, V. Preferential binding of P53 tumor suppressor to P21 promoter sites that contain
inverted repeats capable of forming cruciform structure. Biochem. Biophys. Res. Commun. 2013, 441, 83-88. [CrossRef] [PubMed]

26. Petr, M.; Helma, R.; Polagkova, A.; Krej¢i, A.; Dvotakova, Z.; Kejnovska, I.; Navratilova, L.; Adamik, M.; Vorlickova, M.; Brazdova,
M. Wild-type P53 binds to MYC promoter G-quadruplex. Biosci. Rep. 2016, 36, €00397. [CrossRef]

27. Brazda, V.; Fojta, M. The rich world of P53 DNA binding targets: The role of DNA structure. Int. . Mol. Sci. 2019, 20, 5605.
[CrossRef] [PubMed]

28. Quante, T.; Otto, B.; Brazdova, M.; Kejnovska, I.; Deppert, W.; Tolstonog, G.V. Mutant P53 is a transcriptional co-factor that binds
to g-rich regulatory regions of active genes and generates transcriptional plasticity. Cell Cycle 2012, 11, 3290-3303. [CrossRef]
[PubMed]

29. Kennedy, B.K. Mammalian transcription factors in yeast: Strangers in a familiar land. Nat. Rev. Mol. Cell Biol. 2002, 3, 41-49.

[CrossRef] [PubMed]


http://doi.org/10.1038/278261a0
http://doi.org/10.1016/S0092-8674(00)80540-1
http://doi.org/10.1016/S1097-2765(00)80275-0
http://doi.org/10.1038/cdd.2010.35
http://doi.org/10.1155/2012/687359
http://www.ncbi.nlm.nih.gov/pubmed/22007292
http://doi.org/10.2174/138920107783018444
http://doi.org/10.1177/1947601911413466
http://doi.org/10.1038/19531
http://doi.org/10.4161/cc.6.3.3796
http://doi.org/10.1177/1947601911408890
http://www.ncbi.nlm.nih.gov/pubmed/21779517
http://doi.org/10.1242/jcs.233338
http://www.ncbi.nlm.nih.gov/pubmed/31582429
http://doi.org/10.1038/nrc2730
http://www.ncbi.nlm.nih.gov/pubmed/19776742
http://doi.org/10.1038/nrm2395
http://www.ncbi.nlm.nih.gov/pubmed/18431400
http://doi.org/10.1038/ng0492-45
http://www.ncbi.nlm.nih.gov/pubmed/1301998
http://doi.org/10.1186/1471-2164-10-628
http://doi.org/10.1038/sj.onc.1210561
http://www.ncbi.nlm.nih.gov/pubmed/17563751
http://doi.org/10.1128/MCB.25.14.6077-6089.2005
http://doi.org/10.1016/S0014-5793(00)02437-6
http://doi.org/10.1128/MCB.22.8.2575-2585.2002
http://doi.org/10.1074/jbc.M108080200
http://doi.org/10.1007/s00018-003-3304-4
http://doi.org/10.3390/ijms18020375
http://doi.org/10.1042/BJ20071648
http://doi.org/10.1016/j.bbrc.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24134839
http://doi.org/10.1042/BSR20160232
http://doi.org/10.3390/ijms20225605
http://www.ncbi.nlm.nih.gov/pubmed/31717504
http://doi.org/10.4161/cc.21646
http://www.ncbi.nlm.nih.gov/pubmed/22894900
http://doi.org/10.1038/nrm704
http://www.ncbi.nlm.nih.gov/pubmed/11823797

Genes 2021, 12, 277 11 of 12

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.
56.

57.
58.

Schairer, E.; 1ggo, R. Mammalian P53 can function as a transcription factor in yeast. Nucleic Acids Res. 1992, 20, 1539-1545.
[CrossRef]

Sharma, V.; Monti, P; Fronza, G.; Inga, A. Human transcription factors in yeast: The fruitful examples of P53 and NF-KB. FEMS
Yeast Res. 2016, 16, fow083. [CrossRef] [PubMed]

Storici, E; Lewis, L.K.; Resnick, M.A. In vivo site-directed mutagenesis using oligonucleotides. Nat. Biotechnol. 2001, 19, 773-776.
[CrossRef]

Monti, P; Bosco, B.; Gomes, S.; Saraiva, L.; Fronza, G.; Inga, A. Yeast as a chassis for developing functional assays to study human
P53. J. Vis. Exp. 2019, 150. [CrossRef]

Porubiakova, O.; Bohalova, N.; Inga, A.; Vadovic¢ova, N.; Coufal, J.; Fojta, M.; Brazda, V. The influence of quadruplex structure in
proximity to P53 target sequences on the transactivation potential of P53 alpha isoforms. Int. J. Mol. Sci. 2019, 21, 127. [CrossRef]
Storici, F; Resnick, M.A. Delitto perfetto targeted mutagenesis in yeast with oligonucleotides. Genet. Eng. N. Y. 2003, 25, 189-207.
Resnick, M.A; Inga, A. Functional mutants of the sequence-specific transcription factor P53 and implications for master genes of
diversity. Proc. Natl. Acad. Sci. USA 2003, 100, 9934-9939. [CrossRef] [PubMed]

Inga, A,; Storici, F.; Darden, T.A ; Resnick, M. A. Differential transactivation by the P53 transcription factor is highly dependent on
P53 level and promoter target sequence. MCB 2002, 22, 8612-8625. [CrossRef]

Andreotti, V.; Ciribilli, Y.; Monti, P; Bisio, A.; Lion, M.; Jordan, J.; Fronza, G.; Menichini, P.; Resnick, M.A.; Inga, A. P53
Transactivation and the impact of mutations, cofactors and small molecules using a simplified yeast-based screening system.
PLoS ONE 2011, 6, e20643. [CrossRef]

Monti, P.; Russo, D.; Bocciardi, R.; Foggetti, G.; Menichini, P; Divizia, M.T.; Lerone, M.; Graziano, C.; Wischmeijer, A.; Viadiu, H.;
et al. EEC- and ADULT-associated TP63 mutations exhibit functional heterogeneity toward P63 responsive sequences. Hum.
Mutat. 2013, 34, 894-904. [CrossRef]

Ciribilli, Y.; Monti, P;; Bisio, A.; Nguyen, H.T.; Ethayathulla, A.S.; Ramos, A.; Foggetti, G.; Menichini, P.; Menendez, D.; Resnick,
M.A.; et al. Transactivation specificity is conserved among P53 family proteins and depends on a response element sequence
code. Nucleic Acids Res. 2013, 41, 8637-8653. [CrossRef]

Monti, P,; Ciribilli, Y.; Bisio, A.; Foggetti, G.; Raimondi, I.; Campomenosi, P.; Menichini, P.; Fronza, G.; Inga, A. AN-P63c
and TA-P63« exhibit intrinsic differences in transactivation specificities that depend on distinct features of DNA target sites.
Oncotarget 2014, 5, 2116-2130. [CrossRef] [PubMed]

Monti, P,; Lionetti, M.; De Luca, G.; Menichini, P.; Recchia, A.G.; Matis, S.; Colombo, M.; Fabris, S.; Speciale, A.; Barbieri, M.;
et al. Time to first treatment and P53 dysfunction in chronic lymphocytic leukaemia: Results of the O-CLL1 study in early stage
patients. Sci. Rep. 2020, 10, 18427. [CrossRef] [PubMed]

Monti, P.; Perfumo, C.; Bisio, A.; Ciribilli, Y.; Menichini, P.; Russo, D.; Umbach, D.M.; Resnick, M.A.; Inga, A.; Fronza, G.
Dominant-negative features of mutant TP53 in germline carriers have limited impact on cancer outcomes. Mol. Cancer Res. 2011,
9, 271-279. [CrossRef]

Zhang, Y.; Coillie, S.V.; Fang, ].-Y.; Xu, J. Gain of function of mutant P53: R282W on the peak? Oncogenesis 2016, 5, €196. [CrossRef]
Ko, LJ.; Prives, C. P53: Puzzle and paradigm. Genes Dev. 1996, 10, 1054-1072. [CrossRef] [PubMed]

Monti, P.; Campomenosi, P; Ciribilli, Y.; lannone, R.; Inga, A.; Abbondandolo, A.; Resnick, M.A.; Fronza, G. Tumour P53
mutations exhibit promoter selective dominance over wild type P53. Oncogene 2002, 21, 1641-1648. [CrossRef]

Détsch, V.; Bernassola, F.; Coutandin, D.; Candi, E.; Melino, G. P63 and P73, the ancestors of P53. Cold Spring Harb. Perspect. Biol.
2010, 2, a004887. [CrossRef]

Ferraiuolo, M.; Di Agostino, S.; Blandino, G.; Strano, S. Oncogenic intra-P53 family member interactions in human cancers. Front.
Oncol. 2016, 6, 77. [CrossRef] [PubMed]

Kitayner, M.; Rozenberg, H.; Rohs, R.; Suad, O.; Rabinovich, D.; Honig, B.; Shakked, Z. Diversity in DNA recognition by P53
revealed by crystal structures with hoogsteen base pairs. Nat. Struct. Mol. Biol. 2010, 17, 423—429. [CrossRef]

Beno, I.; Rosenthal, K.; Levitine, M.; Shaulov, L.; Haran, T.E. Sequence-dependent cooperative binding of P53 to DNA targets and
its relationship to the structural properties of the DNA targets. Nucleic Acids Res. 2011, 39, 1919-1932. [CrossRef]

Senitzki, A.; Safieh, J.; Sharma, V.; Golovenko, D.; Danin-Poleg, Y.; Inga, A.; Haran, T.E. The complex architecture of P53 binding
sites. Nucleic Acids Res. 2021. [CrossRef]

Lipps, H.J.; Rhodes, D. G-quadruplex structures: In vivo evidence and function. Trends Cell Biol. 2009, 19, 414-422. [CrossRef]
Marsico, G.; Chambers, V.S.; Sahakyan, A.B.; McCauley, P.; Boutell, ].M.; Antonio, M.D.; Balasubramanian, S. Whole genome
experimental maps of DNA G-quadruplexes in multiple species. Nucleic Acids Res. 2019, 47, 3862-3874. [CrossRef] [PubMed]
Spiegel, ].; Adhikari, S.; Balasubramanian, S. The structure and function of DNA G-quadruplexes. Trends Chem. 2020, 2, 123-136.
[CrossRef] [PubMed]

Huppert, J.L. Structure, location and interactions of G-quadruplexes. FEBS . 2010, 277, 3452-3458. [CrossRef] [PubMed]
Capra, J.A; Paeschke, K ; Singh, M.; Zakian, V.A. G-quadruplex DNA sequences are evolutionarily conserved and associated
with distinct genomic features in Saccharomyces cerevisiae. PLoS Comput. Biol. 2010, 6, €1000861. [CrossRef]

Huppert, ].L. Hunting G-quadruplexes. Biochimie 2008, 90, 1140-1148. [CrossRef]

Morris, M.J.; Basu, S. An unusually stable G-quadruplex within the 5'-UTR of the MT3 matrix metalloproteinase MRNA represses
translation in eukaryotic cells. Biochemistry 2009, 48, 5313-5319. [CrossRef]


http://doi.org/10.1093/nar/20.7.1539
http://doi.org/10.1093/femsyr/fow083
http://www.ncbi.nlm.nih.gov/pubmed/27683095
http://doi.org/10.1038/90837
http://doi.org/10.3791/59071
http://doi.org/10.3390/ijms21010127
http://doi.org/10.1073/pnas.1633803100
http://www.ncbi.nlm.nih.gov/pubmed/12909720
http://doi.org/10.1128/MCB.22.24.8612-8625.2002
http://doi.org/10.1371/journal.pone.0020643
http://doi.org/10.1002/humu.22304
http://doi.org/10.1093/nar/gkt657
http://doi.org/10.18632/oncotarget.1845
http://www.ncbi.nlm.nih.gov/pubmed/24926492
http://doi.org/10.1038/s41598-020-75364-3
http://www.ncbi.nlm.nih.gov/pubmed/33116240
http://doi.org/10.1158/1541-7786.MCR-10-0496
http://doi.org/10.1038/oncsis.2016.8
http://doi.org/10.1101/gad.10.9.1054
http://www.ncbi.nlm.nih.gov/pubmed/8654922
http://doi.org/10.1038/sj.onc.1205250
http://doi.org/10.1101/cshperspect.a004887
http://doi.org/10.3389/fonc.2016.00077
http://www.ncbi.nlm.nih.gov/pubmed/27066457
http://doi.org/10.1038/nsmb.1800
http://doi.org/10.1093/nar/gkq1044
http://doi.org/10.1093/nar/gkaa1283
http://doi.org/10.1016/j.tcb.2009.05.002
http://doi.org/10.1093/nar/gkz179
http://www.ncbi.nlm.nih.gov/pubmed/30892612
http://doi.org/10.1016/j.trechm.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32923997
http://doi.org/10.1111/j.1742-4658.2010.07758.x
http://www.ncbi.nlm.nih.gov/pubmed/20670279
http://doi.org/10.1371/journal.pcbi.1000861
http://doi.org/10.1016/j.biochi.2008.01.014
http://doi.org/10.1021/bi900498z

Genes 2021, 12, 277 12 of 12

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Agarwala, P; Pandey, S.; Mapa, K.; Maiti, S. The G-quadruplex augments translation in the 5 untranslated region of transforming
growth factor B2. Biochemistry 2013, 52, 1528-1538. [CrossRef]

Dumas, L.; Herviou, P; Dassi, E.; Cammas, A.; Millevoi, S. G-quadruplexes in RNA biology: Recent advances and future
directions. Trends Biochem. Sci. 2020. [CrossRef]

Rhodes, D.; Lipps, H.]. G-quadruplexes and their regulatory roles in biology. Nucleic Acids Res. 2015, 43, 8627-8637. [CrossRef]
Haronikova, L.; Coufal, J.; Kejnovska, I.; Jagelska, E.B.; Fojta, M.; Dvotdkova, P.; Muller, P.; Vojtesek, B.; Brazda, V. IFI16
preferentially binds to DNA with quadruplex structure and enhances DNA quadruplex formation. PLoS ONE 2016, 11, e0157156.
[CrossRef]

Dhamodharan, V.; Pradeepkumar, P.I. Specific recognition of promoter G-quadruplex DNAs by small molecule ligands and
light-up probes. ACS Chem. Biol. 2019, 14, 2102-2114. [CrossRef] [PubMed]

Kharel, P; Balaratnam, S.; Beals, N.; Basu, S. The role of RNA G-quadruplexes in human diseases and therapeutic strategies.
WIREs RNA 2020, 11, €1568. [CrossRef]

Chaudhuri, R.; Bhattacharya, S.; Dash, J.; Bhattacharya, S. Recent update on targeting c-MYC G-quadruplexes by small molecules
for anticancer therapeutics. . Med. Chem. 2020, 64, 42-70. [CrossRef] [PubMed]

Sanchez-Martin, V.; Lopez-Pujante, C.; Soriano-Rodriguez, M.; Garcia-Salcedo, ].A. An updated focus on quadruplex structures
as potential therapeutic targets in cancer. Int. . Mol. Sci. 2020, 21, 8900. [CrossRef]

Asamitsu, S.; Yabuki, Y.; Ikenoshita, S.; Wada, T.; Shioda, N. Pharmacological prospects of G-quadruplexes for neurological
diseases using porphyrins. Biochem. Biophys. Res. Commun. 2020, 531, 51-55. [CrossRef] [PubMed]

Kawauchi, K.; Urano, R.; Kinoshita, N.; Kuwamoto, S.; Torii, T.; Hashimoto, Y.; Taniguchi, S.; Tsuruta, M.; Miyoshi, D.
Photosensitizers based on G-quadruplex ligand for cancer photodynamic therapy. Genes 2020, 11, 1340. [CrossRef]

Bedrat, A.; Lacroix, L.; Mergny, J.-L. Re-evaluation of G-quadruplex propensity with G4Hunter. Nucleic Acids Res. 2016, 44,
1746-1759. [CrossRef]

Lago, S.; Nadai, M.; Ruggiero, E.; Tassinari, M.; Marusi¢, M.; Tosoni, B.; Frasson, I.; Cernilogar, EM.; Pirota, V.; Doria, F.; et al. The
MDM?2 inducible promoter folds into four-tetrad antiparallel G-quadruplexes targetable to fight malignant liposarcoma. Nucleic
Acids Res. 2021, 49, 847-863. [CrossRef]

Da Ros, S.; Nicoletto, G.; Rigo, R.; Ceschi, S.; Zorzan, E.; Dacasto, M.; Giantin, M.; Sissi, C. G-quadruplex modulation of SP1
functional binding sites at the KIT proximal promoter. Int. J. Mol. Sci. 2020, 22, 329. [CrossRef]

Brazda, V.; Haronikova, L.; Liao, J.; Fojta, M. DNA and RNA quadruplex-binding proteins. Int. ]. Mol. Sci. 2014, 15, 17493-17517.
[CrossRef] [PubMed]

Gazanion, E.; Lacroix, L.; Alberti, P.; Gurung, P.; Wein, S.; Cheng, M.; Mergny, ].-L.; Gomes, A.R.; Lopez-Rubio, J.-J]. Genome wide
distribution of G-quadruplexes and their impact on gene expression in malaria parasites. PLoS Genet. 2020, 16, €1008917. [CrossRef]
Chashchina, G.V.; Beniaminov, A.D.; Kaluzhny, D.N. Stable G-quadruplex structures of oncogene promoters induce potassium-
dependent stops of thermostable DNA polymerase. Biochem. Mosc. 2019, 84, 562-569. [CrossRef] [PubMed]

Nguyen, T.-A.T.; Grimm, S.A.; Bushel, PR.; Li, J.; Li, Y,; Bennett, B.D.; Lavender, C.A.; Ward, ].M.; Fargo, D.C.; Anderson, C.W.,;
et al. Revealing a human P53 universe. Nucleic Acids Res. 2018, 46, 8153-8167. [CrossRef] [PubMed]

Kartasheva, N.N.; Lenz-Bauer, C.; Hartmann, O.; Schifer, H.; Eilers, M.; Dobbelstein, M. ANp73 can modulate the expression of
various genes in a P53-independent fashion. Oncogene 2003, 22, 8246-8254. [CrossRef] [PubMed]

King, K.E.; Ponnamperuma, R.M.; Yamashita, T.; Tokino, T.; Lee, L.A.; Young, M.F,; Weinberg, W.C. ANp63«x functions as both a
positive and a negative transcriptional regulator and blocks in vitro differentiation of murine keratinocytes. Oncogene 2003, 22,
3635-3644. [CrossRef] [PubMed]

Kazantseva, M.; Mehta, S.; Eiholzer, R.A.; Hung, N.; Wiles, A ; Slatter, T.L.; Braithwaite, A.W. A Mouse model of the A133p53
isoform: Roles in cancer progression and inflammation. Mamm. Genome 2018, 29, 831-842. [CrossRef]

Ghioni, P.; Bolognese, F.; Duijf, PH.G.; van Bokhoven, H.; Mantovani, R.; Guerrini, L. Complex transcriptional effects of P63
isoforms: Identification of novel activation and repression domains. MCB 2002, 22, 8659-8668. [CrossRef]

Barton, C.E.; Johnson, K.N.; Mays, D.M.; Boehnke, K.; Shyr, Y.; Boukamp, P.; Pietenpol, J.A. Novel P63 target genes involved in
paracrine signaling and keratinocyte differentiation. Cell Death Dis. 2010, 1, e74. [CrossRef]

Dohn, M.; Zhang, S.; Chen, X. P63« and ANp63« can induce cell cycle arrest and apoptosis and differentially regulate P53 target
genes. Oncogene 2001, 20, 3193-3205. [CrossRef] [PubMed]

Romano, R.-A; Ortt, K.; Birkaya, B.; Smalley, K.; Sinha, S. An active role of the AN isoform of P63 in regulating basal keratin
genes K5 and K14 and directing epidermal cell fate. PLoS ONE 2009, 4, e5623. [CrossRef]

Wu, G,; Osada, M.; Guo, Z.; Fomenkov, A.; Begum, S.; Zhao, M.; Upadhyay, S.; Xing, M.; Wu, E; Moon, C.; et al. DeltaNp63alpha
up-regulates the Hsp70 gene in human cancer. Cancer Res. 2005, 65, 758-766.

Higashikawa, K.; Yoneda, S.; Tobiume, K.; Saitoh, M.; Taki, M.; Mitani, Y.; Shigeishi, H.; Ono, S.; Kamata, N. ANp63«x-dependent
expression of Id-3 distinctively suppresses the invasiveness of human squamous cell carcinoma. Int. J. Cancer 2009, 124, 2837-2844.
[CrossRef] [PubMed]

Kommagani, R.; Leonard, M.K.; Lewis, S.; Romano, R.-A ; Sinha, S.; Kadakia, M.P. Regulation of VDR by Np63 is associated with
inhibition of cell invasion. J. Cell Sci. 2009, 122, 2828-2835. [CrossRef] [PubMed]

del Mundo, LM.A; Vasquez, K.M.; Wang, G. Modulation of DNA structure formation using small molecules. Biochim. Biophys.
Acta Mol. Cell Res. 2019, 1866, 118539. [CrossRef] [PubMed]


http://doi.org/10.1021/bi301365g
http://doi.org/10.1016/j.tibs.2020.11.001
http://doi.org/10.1093/nar/gkv862
http://doi.org/10.1371/journal.pone.0157156
http://doi.org/10.1021/acschembio.9b00475
http://www.ncbi.nlm.nih.gov/pubmed/31532996
http://doi.org/10.1002/wrna.1568
http://doi.org/10.1021/acs.jmedchem.0c01145
http://www.ncbi.nlm.nih.gov/pubmed/33355454
http://doi.org/10.3390/ijms21238900
http://doi.org/10.1016/j.bbrc.2020.01.054
http://www.ncbi.nlm.nih.gov/pubmed/31980177
http://doi.org/10.3390/genes11111340
http://doi.org/10.1093/nar/gkw006
http://doi.org/10.1093/nar/gkaa1273
http://doi.org/10.3390/ijms22010329
http://doi.org/10.3390/ijms151017493
http://www.ncbi.nlm.nih.gov/pubmed/25268620
http://doi.org/10.1371/journal.pgen.1008917
http://doi.org/10.1134/S0006297919050109
http://www.ncbi.nlm.nih.gov/pubmed/31234770
http://doi.org/10.1093/nar/gky720
http://www.ncbi.nlm.nih.gov/pubmed/30107566
http://doi.org/10.1038/sj.onc.1207138
http://www.ncbi.nlm.nih.gov/pubmed/14614448
http://doi.org/10.1038/sj.onc.1206536
http://www.ncbi.nlm.nih.gov/pubmed/12789272
http://doi.org/10.1007/s00335-018-9758-3
http://doi.org/10.1128/MCB.22.24.8659-8668.2002
http://doi.org/10.1038/cddis.2010.49
http://doi.org/10.1038/sj.onc.1204427
http://www.ncbi.nlm.nih.gov/pubmed/11423969
http://doi.org/10.1371/journal.pone.0005623
http://doi.org/10.1002/ijc.24280
http://www.ncbi.nlm.nih.gov/pubmed/19267405
http://doi.org/10.1242/jcs.049619
http://www.ncbi.nlm.nih.gov/pubmed/19622632
http://doi.org/10.1016/j.bbamcr.2019.118539
http://www.ncbi.nlm.nih.gov/pubmed/31491448

	ABSTRAKT
	ABSTRACT
	Kľúčové slová
	Key words

	OBSAH
	ÚVOD
	1 TEORETICKÁ ČASŤ
	1.1 Eukaryotické organizmy v biotechnológiách
	1.1.1 Kvasinky
	1.1.1.1 Využitie kvasiniek ako modelových organizmov
	1.1.1.2 Využitie kvasiniek v potravinárskom priemysle

	1.1.2 Arabidopsis thaliana
	1.1.3 Drosophila melanogarster
	1.1.4 Caenorhabditis elegans
	1.1.5 Myšacie modelové systémy
	1.1.6 Bunkové línie
	1.1.6.1 Imortalizované bunkové línie
	1.1.6.2 Primárne bunkové línie
	1.1.6.3 Kmeňové bunkové línie


	1.2 Proteín p53
	1.2.1 Štruktúra proteínu p53
	1.2.2 Aktivácia proteínu p53
	1.2.3 Funkcie proteínu p53
	1.2.3.1 Bunkové starnutie (senescencia)
	1.2.3.2 Kontrolné body bunkového cyklu
	1.2.3.3 Autofágia
	1.2.3.4 Apoptóza

	1.2.4 Proteíny rodiny p53
	1.2.5 Izoformy proteínu p53

	1.3 Nekanonické štruktúry nukleových kyselín
	1.3.1 Triplex
	1.3.2 Tetraplex
	1.3.2.1 G-kvadruplex
	1.3.2.2 I-motív

	1.3.3 Krížové štruktúry


	2 CIELE DIZERTAČNEJ PRÁCE
	3 EXPERIMENTÁLNA ČASŤ
	3.1 Zoznam vedeckých publikácií
	3.1.1 Chronologicky zoradené vedecké publikácie
	3.1.2 Chronologicky zoradené konferenčné príspevky
	3.1.3 Zoznam ďalších výsledkov pripravovaných k publikácií

	3.2 Komentovaný súbor publikačných príspevkov
	3.2.1 Prvá časť
	3.2.1.1 P1: Vplyv kvadruplexovej štruktúry v blízkosti p53 cieľovej sekvencie na transaktivačný potenciál p53alfa izoforiem
	3.2.1.2 P6: Vyhodnotenie vplyvu sekvencie náchylnej k tvorbe G-kvadruplexu na transaktivačný potenciál prírodným a/ alebo mutantnými proteínmi rodiny p53 prostredníctvom funkčného testu v kvasinkách

	3.2.2 Druhá časť
	3.2.2.1 P2: Rozdielna distribúcia invertovaných opakovaní a G-kvadruplex formujúcich sekvencií v Saccharomyces cerevisiae
	3.2.2.2 P3: Podrobná bioinformatická analýza Nidovirales vrátane ľudského SARS-CoV-2, SARS-CoV, MERS-CoV vírusov naznačuje dôležité úlohy nekanonických štruktúr nukleových kyselín v ich životnom cykle
	3.2.2.3 P4: G-kvadruplexy v doméne Archea
	3.2.2.4 P5: G-kvadruplexy v H1N1 chrípkových genómoch

	3.2.3 Doposiaľ nepublikované experimentálne výsledky
	3.2.3.1 NP1: C-terminálne izoformy proteínu p53 sa líšia v preferenciách väzby k p53 responzívnemu elementu a G-kvadruplexovým štruktúram v DNA
	3.2.3.2 NP2: Variabilita inverzných opakovaní vo všetkých dostupných bakteriálnych genómoch
	3.2.3.3 NP3: Blokovanie negatívnych efektov bunkového starnutia pomocou G4-ligandov
	3.2.3.4 NP4: Charakterizácia nových G4-ligandov



	4 ZÁVER
	5 LITERATÚRA
	6 Zoznam skratiek a symbolov
	7 ŽIVOTOPIS
	8 PREHĽAD PUBLIKAČNEJ ČINNOSTI
	8.1 Chronologicky zoradené vedecké publikácie
	8.2 Chronologicky zoradené konferenčné príspevky
	8.3 Zoznam ďalších výsledkov pripravovaných k publikácií

	9 PRÍLOHY
	Introduction 
	Results 
	Construction of Isogenic Yeast Strains 
	Transactivation Activity of p53 

	Discussion 
	Methods 
	Preparation of Plasmids to Express p53 Isoforms 
	Preparation of Yeast Isogenic Strains by Delitto Perfetto Homologous Recombination 
	Circular Dichroism (CD) Spectroscopy 
	Transformation of Yeast Strains 
	Luciferase Assay 
	Western Blot 
	Statistical Analysis 
	G4Hunter Analyses 

	References
	Divergent distributions of inverted repeats and G-quadruplex forming sequences in Saccharomyces cerevisiae
	Introduction
	Results
	Analysis of IRs
	PQS analysis
	IR frequencies according to sequence annotations
	PQS frequencies according to sequence annotations

	Discussion
	Methods
	Genome sequences and bioinformatic analyses
	Analysis of IRs and PQS around annotated NCBI features
	Statistical evaluation

	Acknowledgments
	Supplementary data
	References

	In-Depth Bioinformatic Analyses of Nidovirales Including Human SARS-CoV-2, SARS-CoV, MERS-CoV Viruses Suggest Important Roles of Non-canonical Nucleic Acid Structures in Their Lifecycles
	Introduction
	Materials and Methods
	Genome Source
	Nidovirales Phylogenetic Tree Construction
	Analyses of PQSs Occurrence in Nidovirales Sequences
	Analyses of IRs Occurrence in Nidovirales Sequences
	RNA Fold Predictions
	Multiple Alignment of SUD Domains (M Regions) in Nsp3 of Pathogenic Species
	Prediction of Human RNA-Binding Proteins Sites in SARS-CoV-2 RNA
	Statistical Analyses

	Results
	Phylogenetic Relationships in Nidovirales
	Variation in PQS Frequency in Nidovirales
	Variation in Frequency of Inverted Repeats in Nidovirales
	Prediction of Human SARS-CoV-2 RNA Folding
	Comparison of SUD Domain M Region of Nsp3 in Three Pathogenic Human Coronaviruses
	Prediction of Human RNA-Binding Proteins Sites in SARS-CoV-2 RNA

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Introduction 
	Materials and Methods 
	Selection of the DNA Sequences 
	Process of Analysis 
	Analysis of Putative G4 Sequences Around Annotated NCBI Features 
	Statistical Analysis 
	Quadruplex Formation In Vitro 
	Samples 
	Experimental Conditions 
	Isothermal Spectra 
	Circular Dichroism 

	G-Quadruplex Binding Proteins Prediction 

	Results 
	Prediction of G4 Forming Sequences in Archaea 
	Variation in Frequency for G4 Forming Sequences in Archaea 
	Localization of PQS in Genomes 
	Experimental Demonstration of Quadruplex Formation In Vitro 
	G4-Binding Proteins from Archaea 

	Discussion 
	Conclusions 
	References
	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Discussion and conclusions
	Methods
	Source of DNA sequences
	Process of analysis
	Statistical evaluation
	Construction of LOGO sequences
	CD spectroscopy
	ThT fluorescent assay
	Abbreviations

	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note
	Introduction 
	Materials and Methods 
	Yeast Strains and Media 
	Yeast Vectors 
	Yeast Functional Assay 
	Statistical Analysis 

	Results 
	The Presence of a G4 Prone Sequence Adjacent to a P53 RE Alters the Relative Activity of Wild-Type P53 Family Proteins 
	The Presence of a G4 Prone Sequence Adjacent to a P53 RE Determines a Variation in the Relative Functionality of Mutant P53 and P63 Proteins 

	Discussion 
	Conclusions 
	References

