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1. WYKAZ PRAC NAUKOWYCH WCHODZACYCH W SKLAD ROZPRAWY
DOKTORSKIEJ

Rozprawe doktorska stanowi cykl powigzanych tematycznie publikacji, wymienionych ponizej.
Prace te zostaly opublikowane w renomowanych czasopismach z listy JCR. Sumaryczny
wspotczynnik wptywu (IF, ang. impact factor)” przedstawionego cyklu prac naukowych wynosi

14,513, a liczba punktow MNiSW™" — 340. W kazdej z prac jestem pierwszym autorem.

[1] Julita Gumna, Katarzyna J. Purzycka, Hyo Won Ahn, David J. Garfinkel, Katarzyna
Pachulska-Wieczorek® (2019) Retroviral-like determinants and functions required for

dimerization of Tyl retrotransposon RNA; RNA Biology 16: 1749-1763

1F2010 — 5,350; pkt MNiSW - 100

[2] Julita Gumna, Angelika Andrzejewska-Romanowska, David J. Garfinkel and Katarzyna
Pachulska-Wieczorek® (2021) RNA binding properties of the Tyl LTR-retrotransposon Gag

protein; International Journal of Molecular Sciences 22(16):9103

IF2020 — 5,923; pkt MNiSW — 140

[3] Julita Gumna, Tomasz Zok, Kacper Figurski, Katarzyna Pachulska-Wieczorek®, Marta
Szachniuk® (2020) RNAthor — fast, accurate normalization, visualization and statistical
analysis of RNA probing data resolved by capillary electrophoresis; PLoS One
15(10):€0239287

[F2020 — 3,240; pkt MNiSW — 100

Y autor do korespondencji
" IF na podstawie danych w bazie Journal Citation Reports na platformie Web of Science

 pkt MNiSW na podstawie ujednoliconego wykazu czasopism punktowanych Ministerstwa Na-
uki i Szkolnictwa Wyzszego z dnia 18.02.2021

Kopie powyzszych prac naukowych wraz z materiatami dodatkowymi umieszczono w zalgczni-
ku nr 2. O$wiadczenia, dotyczace wktadu autorki rozprawy doktorskiej w powstanie poszcze-

gblnych prac naukowych, znajduja si¢ w zataczniku nr 3.



2. WYKAZ POZOSTALYCH PRAC NAUKOWYCH

W sktad mojego pozostatego dorobku naukowego wchodza 3 publikacje réwniez dotyczace ba-
dan nad retrotranspozonem Tyl. Nie zostaly one jednak wlgczone do cyklu prac naukowych
wchodzacych w sktad rozprawy doktorskiej, poniewaz dotycza innych aspektow replikacji Tyl,
a moj udzial w ich powstaniu nie byt wiodacy. Jeden z rozdzialow publikacji Nishida et al.

NAR, 2015 przedstawia badania, ktore realizowalam w ramach mojej pracy magisterskie;j.

Angelika Andrzejewska, Malgorzata Zawadzka, Julita Gumna, David J. Garfinkel,
Katarzyna Pachulska-Wieczorek® (2021) In vivo structure of the Tyl retrotransposon RNA
genome; Nucleic Acids Research 49(5):2878-2893

Ionzo* — 16,971, pkt MNISW** —-200

Katarzyna Pachulska-Wieczorek, Leszek Blaszczyk, Julita Gumna, Yuri Nishida, Agniva
Saha, Marcin Biesiada, David J. Garfinkel and Katarzyna J. Purzycka® (2016)
Characterizing the functions of Tyl Gag and the Gag-derived restriction factor p22/pl8;
Mobile Genetic Elements 7;6(2):e1154637

IF2016 — 0; pkt MNiSW - 70

Yuri Nishida', Katarzyna Pachulska-Wieczorek', Leszek Blaszczyk, Agniva Saha, Julita
Gumna, David J. Garfinkel®, Katarzyna J. Purzycka® (2015) Ty!I retrovirus-like element
Gag contains overlapping restriction factor and nucleic acid chaperone functions; Nucleic

Acids Research 43 (15): 7414-7431

IF2015 — 9,202; pkt MNiSW — 200

Y autor do korespondencji
" réwnorzedny pierwszy autor
*IF na podstawie danych w bazie Journal Citation Reports na platformie Web of Science

" pkt MNiSW na podstawie ujednoliconego wykazu czasopism punktowanych Ministerstwa Na-
uki i Szkolnictwa Wyzszego z dnia 18.02.2021



3. STRESZCZENIE

Elementy transpozycyjne wystepuja w wigkszos$ci, jesli nie we wszystkich, dotychczas scharak-
teryzowanych genomach eukariotycznych i maja znaczacy wplyw na ich organizacje, ewolucje
i funkcjonowanie. Duzg cze¢$¢ mobilnych elementow genetycznych stanowig retrotranspozony
typu LTR, ktore wykazuja wiele podobienstw w strukturze i cyklu replikacyjnym do retrowiru-
sow, nie sg one jednak infekcyjne. Podczas retrotranspozycji tworza one czastki wirusopodobne
(VLPs, ang. virus-like particles), przypominajace wiriony retrowirusow. VLPs zbudowane sa
glownie z licznych czasteczek biatka Gag i zawierajg genomowy RNA (gRNA) retroelementu
w formie dimerycznej oraz specyficzne enzymy wymagane do odwrotnej transkrypcji i p6znie;j-
szej integracji cDNA z genomem gospodarza. Pakowanie gRNA do VLPs jest jednym z kluczo-
wych etapoéw replikacji retroelementéw. Proces ten byt intensywnie badany dla retrowirusow
i dostgpne dane literaturowe wskazuja, ze pakowanie gRNA jest $cisle zwigzane z jego dimery-
zacja, a oba procesy reguluje biatko Gag. W odroznieniu od retrowirusow, proces dimeryzacji

i pakowania gRNA retrotranspozonoéw LTR poznany jest bardzo stabo.

Gléwnym celem mojej rozprawy doktorskiej byto zbadanie procesow dimeryzacji i pa-
kowania gRNA do VLPs u retrotranspozonéw LTR. Moim modelem badawczym byt retrotran-
spozon Tyl, naturalnie wystepujacy w genomie Saccharomyces cerevisiae. W pracach nauko-
wych, stanowigcych moja rozprawe doktorska (Gumna et al. RNA Biology, 2019; Gumna et al.
1JMS, 2021; Gumna et al. PLoS One, 2020), wskazatam, ze mechanizm dimeryzacji genomowe-
go RNA retrotranspozonu Tyl wykazuje istotne podobiefistwa z analogicznym procesem
u retrowirusow, a biatko Gag Tyl jest waznym czynnikiem regulatorowym dla tego procesu.
W celu wyjasnienia roli Gag Tyl w selekcji 1 pakowaniu gRNA retrotranspozonu do VLPs
przeanalizowatam wlasciwosci oddziatywan Gag Tyl z RNA oraz zdefiniowatam motywy
strukturalne w RNA Tyl istotne dla tych interakcji. Swoje doswiadczenie w mapowaniu struk-
tury drugorzgdowej RNA wykorzystatam do opracowania, we wspotpracy z Zaktadem Bioinfor-
matyki Strukturalnej ICHB PAN, narzgdzia obliczeniowego — RNAthor. Narzgdzie to stuzy do
w pelni zautomatyzowanej normalizacji, wizualizacji oraz analizy statystycznej danych uzyska-
nych w eksperymentach probkowania strukturalnego RNA z wykorzystaniem elektroforezy ka-

pilarne;j.



4. ABSTRACT

Transposable elements occur in most, if not all, characterized eukaryotic genomes and signifi-
cantly influence their organization, evolution, and function. Many of them are LTR retrotrans-
posons, which display similarity in structure and replication cycle to retroviruses but are not in-
fectious. During retrotransposition, they form virus-like particles (VLPs), resembling retroviral
virions. VLPs are composed of numerous Gag proteins, contain the retroelement genomic RNA
(gRNA) in dimeric form, and the specific enzymes required for reverse transcription and later
integration of cDNA into a host genome. gRNA packaging into VLPs is one of the key steps in
retroelement replication. This process has been extensively studied for retroviruses, and the
available literature data indicate that gRNA packaging is coupled with its dimerization, and both
processes are regulated by the Gag protein. In contrast to retroviruses, the process of gRNA
dimerization and packaging is poorly understood for LTR retrotransposons.

The main goal of my dissertation was to investigate the processes of retrotransposon
gRNA dimerization and packaging into VLPs. My model system was Tyl LTR-retrotransposon,
naturally occurring in the genome of Saccharomyces cerevisiae. In the publications constituting
my dissertation (Gumna et al. RNA Biology, 2019; Gumna et al. LJMS, 2021; Gumna et al. PLoS
One, 2020), I indicated that the mechanism of Tyl gRNA dimerization is similar to the analo-
gous process in retroviruses and regulated by the Tyl Gag protein. To elucidate the role of Tyl
Gag in the selection and packaging of retrotransposon gRNA into VLPs, I analyzed the proper-
ties of the Tyl Gag interactions with RNA and defined structural motifs in Tyl RNA relevant
for these interactions. I used my experience in RNA secondary structure mapping to develop, in
collaboration with the Department of Structural Bioinformatics IBCH PAS, a computational
tool — RNAthor. This tool serves for fully automated normalization, visualization, and statistical
analysis of data obtained in RNA structural probing experiments and resolved by capillary elec-

trophoresis.



5. WPROWADZENIE

5.1. Ogoélna charakterystyka, budowa i klasyfikacja retrotranspozonéw LTR

Retrotranspozony LTR to ruchome elementy genetyczne, ktore maja zdolnos¢ przemieszczania
si¢ w genomie gospodarza gtéwnie dzigki kodowaniu odwrotnej transkryptazy oraz integrazy.
Sa one szeroko rozpowszechnione w genomach zwierzat, roslin, alg, grzybow, a takze u czto-
wieka [4]. Ta szeroka dystrybucja sugeruje starozytne pochodzenie tych retrolementow, praw-
dopodobnie towarzyszace pojawieniu si¢ eukariontow [5]. Glowne rodziny retrotranspozonoéw
LTR stanowia: Pseudoviridae i Metaviridae, znane rowniez jako Tyl/Copia i Ty3/Gypsy. Te
ostatnie uwazane sa za przodkdéw retrowirusow [6]. Do autonomicznych retrotranspozonéw
LTR zalicza si¢ rowniez retrotranspozony BEL/Pao z rodziny Belpaoviridae oraz endogenne re-
trowirusy, ktore maja swoich przedstawicieli w rodzinie Retroviridae.

Pseudoviridae, Metaviridae, Belpaoviridae 1 Retroviridae wykazuja liczne podobien-
stwa strukturalne oraz funkcjonale i zostaty sklasyfikowane do rzedu Ortervirales [7]. Jedna
z najwazniejszych cech, laczacych te cztery rodziny, jest replikacja poprzez czasteczke RNA,
ktora w procesie odwrotnej transkrypcji przepisywana jest na dwuniciowy cDNA, ulegajacy na-
stepnie integracji do genomu gospodarza. Jako starter dla odwrotnej transkryptazy wykorzystuja
czgsteczke komorkowego tRNA [8]. Ich cDNA posiada na koncach 5' i 3' dtugie terminalne po-
wtorzenia (LTR, ang. long terminal repeats), ktore sa niezbgdne do transkrypcji i integracji
(Rys. 5.1) [9]. Wszystkie retroelementy zawierajg geny gag 1 pol, ktorych otwarte ramki odczy-
tu naktadajg si¢.

tat|

rev
848 i rev nef

Retroviridae m env

pol
Metaviridae - m eny

Belpaoviridae gag ‘m

Pseudoviridae ‘m

Rysunek 5.1. Uogolniony schemat organizacji genetycznej retroelementéw, nalezacych do rodzin Retroviridae, Me-
taviridae, Belpaoviridae i Pseudoviridae (na podstawie [7]). Wszystkie retroelementy posiadaja rejony LTR (czarne
trojkaty) oraz geny gag i pol. Roznig si¢ obecnoscia genu env oraz kolejnoscig kodowania biatek PR, RT/RH 1 IN.

DNA Retroviridae zawiera dodatkowo geny vif, vpr, rev, tat i nef, kodujace biatka regulatorowe.

Gen gag koduje glowne biatko strukturalne Gag, ktore jest niezbedne do tworzenia wi-

rioné6w lub czastek wirusopodobnych. Gen pol koduje specyficzne enzymy potrzebne na rdz-



nych etapach cyklu replikacyjnego: proteaze asparaginowg (PR), odwrotng transkryptazg z do-
meng RNazy H (RT/RH) oraz integraze (IN) [4]. Rodzina Tyl/Copia wyroznia si¢ kolejnoscia
kodowania tych enzymow (PR-IN-RT), ktora dla pozostatych omawianych rodzin jest nastgpu-
jaca: PR-RT-IN. Jedna z gléwnych roznic miedzy retrowirusami a retrotranspozonami LTR jest
infekcyjnos¢ warunkowana obecnoscig petnej sekwencji genu env, kodujacego biatka otoczki
wirusa [4]. Retroviridae posiadaja gen env, jednak u endogennych retrowiruséw nie dochodzi
do produkcji biatek funkcjonalnych [10]. Retrotranspozony LTR zawieraja tylko szczatkowe
fragmenty genu env lub nie zawierajg go wcale, przez co moga wstawia¢ nowe kopie swojego

genomu do DNA gospodarza jedynie w obrgbie tej samej komorki [4].
5.2. Retrotranspozony LTR w Saccharomyces cerevisiae

W odréznieniu od innych organizmow eukariotycznych, Saccharomyces cerevisiae posiadaja
niewielka ilo$¢ mobilnych elementdéw genetycznych i stanowia one jedynie okoto 3,35% geno-
mu [11]. Wigkszos¢ z nich, czyli Tyl, Ty2, Ty4 i Ty5 to retrotranspozony LTR z rodziny
Ty1/Copia, natomiast rodzing Ty3/Gypsy reprezentuja elementy Ty3 i Ty3p. Przesledzenie pet-
nej sekwencji genomu szczepu S288C S. cerevisiae pozwolito wyznaczy¢ tacznie 483 insercji
elementéw Ty [11]. Chociaz znaczng ich czgs¢ stanowia tzw. solo-LTR, to zidentyfikowano
rowniez elementy petnej dtugosci, wsrod ktorych z najwicksza czgstotliwoscig wystepuja retro-
transpozony Tyl i Ty2 (odpowiednio 32 i 13 kopii). Dla pozostalych retrotranspozonéw Ty
liczba kopii o pelnej sekwencji jest duzo nizsza Ty3 - 2, Ty4 - 31 TyS5 - 1. Niektore kopie Ty za-
wierajg delecje 1 mutacje, ktdre czynig je transpozycyjnie defektywnymi lub nicautonomiczny-
mi, ale nadal moga ulega¢ ekspresji. Wykazano jednak, ze cze¢$¢ elementow Tyl, Ty2, Ty3
i Ty4 w genomie S. cerevisiae ma nienaruszong strukture i zachowang zdolno$¢ do transpozycji.

W przypadku rodziny Ty5 nie wykryto aktywnych elementow [11,12].

Drozdzowy retrotranspozon Tyl jest jednym z najlepiej poznanych endogennych retro-
elementow. Od wielu lat jest szeroko wykorzystywany jako model badawczy w celu zrozumie-
nia w, jaki sposob retroelementy namnazaja si¢ w komorce, wchodza w interakcje z czynnikami
komoérkowymi, ksztaltuja genom gospodarza oraz jak ich aktywacja wplywa na ekspresje sa-
siednich gendéw. Naturalna retrotranspozycja Tyl jest bardzo rzadkim zdarzeniem w S. cerevi-
siae i wystepuje z czestotliwoscig 10°-107 na element Tyl na pokolenie [13], co utrudnia od-
roznienie retromobilno$ci od zdarzen rekombinacyjnych w DNA. Dlatego tez opracowano sze-
reg narzedzi, utatwiajacych scharakteryzowanie procesow retrotranspozycji w Saccharomyces
cerevisiae. W badaniach wykorzystuje si¢ zmodyfikowane genetycznie szczepy, zawierajace
wysokokopijne plazmidy z wklonowanym elementem funkcjonalnym Tyl1-H3, co zapewnia

duzo wigkszg czestotliwosé retrotranspozycji w komorce.



5.3. Organizacja oraz zarys cyklu replikacyjnego retrotranspozonu Tyl

DNA drozdzowego elementu Tyl razem z sekwencjami LTR o dtugosci 334 pz na kazdym kon-
cu, liczy 5918 pz (wszystkie pozycje reszt nukleotydowych podano w niniejszej pracy w opar-
ciu o sekwencje elementu Ty1-H3, GenBank: M18706.1) (Rys. 5.2). Kazdy LTR zawiera dwie
sekwencje unikatowe: U3 (ang. unique 3’ terminus) 1 US (ang. unique 5' terminus) o dhugosci
odpowiednio 240 nukleotydéw i 38 nukleotydéw oraz 56-nukleotydowy fragment powtorzony
R (ang. repeat). Pomigdzy rejonami LTR znajduja si¢ sekwencje dwoch gendw: gag i pol (zna-
ne w literaturze rowniez jako TYA1 i TYB1). Kodon start dla gag stanowig trzy ostatnie nukle-
otydy rejonu R na koncu 5'. Ramka odczytu genu po/ znajduje si¢ w pozycji +1 w stosunku do
ramki odczytu genu gag i zachodzi na jej ostatnie 38 pz. Element Tyl nie zawiera odpowiedni-

ka retrowirusowego genu env ani zadnych jego pozostatosci [14,15].

5'LTR 3'LTR

[
DNA [ 13 E. gag | pok U3
T PR IN RI/RH
5 UTR» 3'UTR
RNA Cap—RyUS4 iy —B R AAAAAA
PBS
Gag
P45 @

Bialka Gag-Pol

T |

Rysunek 5.2. Organizacja elementu Ty1, jego RNA i biatek. DNA Tyl zawiera rejony LTR na koncach 5’1 3’ oraz
geny gag i pol. Genomowy RNA Tyl zawiera rejony nieulegajace translacji (UTR), miejsce wigzania startera (PBS),
ktére wigze inicjatorowe tRNAM® oraz rejon kodujacy. Geny gag i pol koduja biatka Gag i Gag-Pol. Poliproteina
Gag-Pol zawiera bialka enzymatyczne: PR, RT/RH i IN. Gag Tyl jest ciety potranslacyjnie na Gag-p45 i peptyd p4.

Cykl replikacyjny retrotranspozonu to proces, dzigki ktéremu retroelement wstawia
swoja kopi¢ w nowym miejscu w genomie gospodarza. Rozpoczyna si¢ on w jadrze komorko-
wym od syntezy RNA na matrycy DNA Tyl zintegrowanego z genomem gospodarza
(Rys. 5.3). Transkrypcja Tyl prowadzona jest przez polimeraze RNA 1I i regulowana przez, co
najmniej dziewig¢ komorkowych czynnikoéw transkrypcyjnych (tj. Gerl, Stel2, Tecl, Mcml,
Teal/Ibfl, Rapl, Gen4, Mot3 i Tye7) oraz trzy kompleksy remodelujace chromatyne (Swi/Snf,
SAGA 1 ISWI) [14]. Nowopowstaly RNA Tyl zawiera rejon R na obu koncach czasteczki oraz
rejon U5 na koncu 5' i U3 na koncu 3' (Rys. 5.2). RNA Tyl nie podlega splicingowi, ale udoku-
mentowano obecno$¢ w komorce rowniez krotszych, subgenomowych transkryptow Tyl (Tyli)
[16]. Pomimo faktu, Zze retrotranspozycja Tyl jest zjawiskiem rzadkim i tylko czes$¢ transkryp-
tow Tyl posiada ogon poli A, to mogg one stanowi¢ nawet do 10% poliadenylowanego mRNA

w komorkach S. cerevisiae [17]. Najprawdopodobniej wynika to ze znacznie dtuzszego okresu



pottrwania (~5h) RNA Tyl w poréwnaniu z drozdzowymi mRNA [18]. Wykazano, Ze istotne
dla stabilnosci RNA retrotranspozonu w komorce sg oddziatywania z biatkiem Gag Tyl1, ktore
dodatkowo uczestniczy w transporcie RNA Tyl z jadra komorkowego do cytoplazmy (rozdziat
5.4.2) [19]. W cytoplazmie transkrypty Tyl shuzg jako matryce do translacji poliprotein
Gag-p49 oraz Gag-Pol-p199 (Rys. 5.2) [14]. Gag-Pol powstaje w wyniku przesunigcia ramki
odczytu, ktore jest skutkiem pauz translacyjnych z powodu obecnosci rzadkich kodonoéw tRNA
[20,21]. Wydajnos$¢ produkcji Gag-Pol szacowana jest miedzy 3% a 20% w porownaniu do

Gag-p49 w zaleznosci od stosowanej metody pomiaru i warunkow doswiadczalnych [20,22,23].
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Rysunek 5.3. Schemat cyklu replikacyjnego retrotranspozonu Tyl. Element Tyl ulega transkrypcji prowadzonej
przez maszyneri¢ komorki gospodarza. Potem RNA Tyl jest transportowane do cytoplazmy i poddawane translacji
do Gag i Gag-Pol. RNA Tyl, Gag i Gag-Pol kumuluja si¢ w cytoplazmie, tworzac retrosomy, w ktorych gRNA Tyl
i tRNAM sq pakowane do VLPs. Cigcie proteolityczne biatek Gag i Gag-Pol przez proteaze Tyl prowadzi do doj -
rzewania VLPs. Nastgpnie RNA Tyl podlega odwrotnej transkrypcji, a powstate cDNA ulega integracji z genomem

gospodarza.

RNA 1 bialka retrotranspozonu kumulujg si¢ w cytoplazmie, tworzac retrosomy (zwane
inaczej ciatkami T), ktére sg miejscem sktadania czgstek wirusopodobnych [24,25]. Niedojrzate
VLPs zawieraja biatka prekursorowe Gag-p49 i Gag-Pol, dwie kopie genomowego RNA Tyl
w formie dimeru, komorkowy tRNAM, a takze pewng ilo§¢ innych komoérkowych RNA
i biatek [14]. Podczas dojrzewania VLPs z poliproteiny Gag-Pol autokatalitycznie wycinana jest
proteaza PR-p20, ktdra katalizuje wszystkie kolejne cigcia biatek prekursorowych. W wyniku
cigcia Gag-p49 powstaja Gag-p45 i p4, a z Gag-Pol wycinane sg dodatkowo integraza IN-p71
oraz odwrotna transkryptaza RT/RH-p63 [26,27]. Nastgpnie zachodzi reakcja odwrotnej trans-
krypcji RNA Tyl, ktorej etapy sa analogiczne do odwrotnej transkrypcji retrowirusowego RNA



w wirionach [28,29]. Powstaly cDNA staje si¢ cze$ciag kompleksu nukleoproteinowego, przypo-
minajacego kompleks preintegracyjny opisany dla retrowiruséw, i jest transportowany do jadra
komoérkowego. Proces retrotranspozycji konczy sie¢ wlaczeniem cDNA do genomu komorki za
posrednictwem IN lub rzadziej na drodze homologicznej rekombinacji [30]. Specyficznym
miejscem integracji Tyl z chromosomalnym DNA gospodarza jest rejon poprzedzajacy geny

transkrybowane przez polimerazg¢ RNA 1II [31,32].
5.4. Rola bialka Gag Tyl w cyklu replikacyjnym retrotranspozonu
5.4.1. Gag Tyl jako biatko strukturalne. Budowa VLP.

Retrowirusowe biatka Gag zawierajg trzy gtdéwne domeny, pelnigce rézne funkcje podczas skta-
dania wirionow: domen¢ macierzy (MA) zaangazowang w kierowanie nowopowstajacego wi-
rionu do btony komodrkowej, domeng kapsydu (CA) posredniczacg w interakcjach biatko/biatko
oraz domene nukleokapsydu (NC), ktéra zawiera jeden lub dwa motywy palca cynkowego,
umozliwiajace specyficzne wigzanie wirusowego RNA (Rys. 5.4) [33]. Podczas dojrzewania
wirionu Gag ulega wielokrotnemu cieciu proteolitycznemu w wyniku, ktorego powstaja dojrza-
fe biatka nazywane analogicznie do domen Gag. W dojrzalym wirionie MA znajduje si¢ bezpo-
srednio pod ostonka, CA w $rodkowej jego czesci, formujac kapsyd, a NC wigze wirusowy

RNA, tworzac nukleokapsyd zlokalizowany w wewnetrznej cze$ci wirionu [34].
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Rysunek 5.4. Organizacja biatek Gag HIV-1 i Tyl. Gag HIV-1 zawiera domeny macierzy (MA), kapsydu (CA)
i nukleokapsydu (NC) oraz peptydy SP1, SP2 i p6. Gag Tyl sktada si¢ z Gag-p45 i krétkiego peptydu p4.

Czastki wirusopodobne Tyl to kuliste, bagdz owalne struktury o wielkosci ~14 MDa,
a ich $rednica wynosi okoto 30 - 80 nm. VLPs retrotranspozonu Ty1 nie posiadajg ostonki biat-
kowo-lipidowej, a i ich budowa przypomina rdzen retrowirusowego wirionu [35]. Zbudowane
sa glownie z Gag Ty, ale bialko to nie wykazuje zadnej oczywistej homologii sekwencyjnej do
swojego wirusowego odpowiednika. Gag Tyl nie posiada domen MA, CA i NC ani motywu
strukturalnego palca cynkowego (Rys. 5.4). Prekursorowy Gag-p49 (440 aa) ulega tylko poje-
dynczemu cigciu proteolitycznemu blisko C-konca do gtéwnego dojrzatego biatka strukturalne-
go Gag-p45 (401 aa) oraz peptydu p4 (39 aa) [14]. Funkcja peptydu p4 nie jest poznana. Zapro-
ponowano jednak, ze p4 moze odgrywa¢ pewna role w morfogenezie czastek wirusopodobnych
[36]. Wykorzystujac eksperymenty in vivo i wprowadzajac delecje w sekwencji kodujacej Gag
Tyl, wyznaczano rejony biatka (aa E41-A62/P114-E147/T223-E287/R330-Q350), ktoére sg ko-



nieczne do jego wzajemnego oddzialywania i zachowania zdolnoéci sktadania struktury VLPs
[37,38]. Wprowadzenie mutacji w jednym miejscu nie przyczyniato si¢ jednak do catkowitego
zahamowania formowania VLPs, co moze $wiadczy¢ o elastycznos$ci tego procesu oraz o zaan-
gazowaniu kilku rejonéw Gag w oddzialywania biatko/biatko. Regularny ksztatt VLPs Tyl uzy-
skiwany jest dzicki odpowiedniej orientacji biatka Gag. Jest ono usytuowane tak, ze rejon
N-konca tworzy powierzchni¢ kapsydu, natomiast, wigzacy RNA rejon C-koncowy, skierowany

jest do wewngtrznej czesci VLP [39].
5.4.2. Rola biatka Gag Tyl w transporcie gRNA Ty1 do retrosomow

Sktadanie VLPs poprzedza formowanie retrosomow, ktore sg skupiskami biatek i RNA Tyl
w przestrzeni cytoplazmatycznej [24,25]. Mutacje w wigzacej RNA C-koncowej domenie Gag
zaktocaja tworzenie retrosomow, wskazujac, ze proces ten wymaga bezposredniej interakcji
migdzy Gag a gRNA Tyl [19,25]. Wplyw na kolokalizacje RNA Tyl i Gag majg réwniez ko-
morkowe komponenty ciatek P kodowane przez geny dhhl, keml, Isml i patl [40]. Nie jest do
konca jasne, gdzie zachodzi pierwsza interakcja RNA Tyl z Gag. W przypadku nieobecnos$ci
Gag, gRNA Tyl akumuluje si¢ w jadrze komoérkowym i staje si¢ niestabilny, natomiast ekspre-
sja Gag in trans przywraca lokalizacj¢ RNA Tyl w retrosomach [19]. Sygnal lokalizacji jadro-
wej nie zostal zidentyfikowany w sekwencji Gag Tyl i nie ma dowoddéw na to, aby biatko to
wchodzito do jadra komdrkowego. Niemniej jednak zaobserwowano, ze Gag Tyl gromadzi si¢
na obrzezach jadra komdrkowego i wzmacnia eksport jadrowy gRNA, zachodzacy przy uzyciu
szlaku Mex67p [19,24]. Inne badania wskazuja, ze podczas translacji Gag Tyl jest kierowany
do retikulum endoplazmatycznego (ER) przez czastke rozpoznajaca sekwencje sygnalowsg
(SRP, ang. signal recognition particle) [41], czyli rybonukleoproteing, bedaca czgsciag Sciezki
sekrecyjnej w sortowaniu bialek [42]. SRP oddzialuje z rybosomem i specyficznymi sekwencja-
mi w powstajacym polipeptydzie Gag, przejsciowo wstrzymuje translacje i skierowuje kom-
pleks do blony ER, gdzie powstajacy dalej peptyd jest translokowany do swiatta ER. W §wietle
ER Gag Tyl prawdopodobnie przyjmuje stabilng struktur¢ przestrzenng, a nastgpnie ulega re-
trotranslokacji do cytoplazmy, gdzie wigze si¢ z podlegajacym translacji gRNA Tyl. Multime-
ryzacja Gag zwigzanego z gRNA Tyl moze hamowac translacje i indukowa¢ pakowanie RNA
do VLPs. W przypadku braku translokacji do ER, Gag jest syntetyzowany, ale szybko degrado-

wany, a retrosomy nie powstaja [41].
5.4.3. Gag Tyl jako biatko opiekuncze wobec kwasow nukleinowych

Poza oczywista rola strukturalng w dojrzatym wirionie, biatka Gag retrowirusow pelnia istotne
funkcje regulatorowe w replikacji [43]. Uwaza sig, ze wiele funkcji biatek Gag oraz bialek nu-
kleokapsydu w replikacji retrowirusa wynika z ich aktywnosci opiekunczej wzgledem kwasow
nukleinowych (aktywnosci NAC, ang. nucleic acid chaperone activity) [44,45]. Jako biatka

opiekuncze odgrywaja one istotng role w dimeryzacji genomowego RNA oraz przylaczaniu



starterowego tRNA. Ponadto, dojrzale biatko NC promuje transfery nici kwasoéw nukleinowych
podczas odwrotnej transkrypcji [44,45].

Proponuje sig, ze Gag Tyl jest rowniez biatkiem opiekunczym i pelni podobne funkcje
regulatorowe podczas replikacji retrotranspozonu. Na podstawie badan in vifro chemicznie
zsyntetyzowanego peptydu o dlugosci 103 reszt aminokwasowych (TYA1-D), zaproponowano,
ze za wigzanie RNA oraz aktywnos¢ NAC odpowiedzialny jest rejon C-koncowy Gag Tyl
(aa N299-H401), zawierajacy trzy zgrupowania aminokwasow zasadowych (Rys. 5.5) [46].
Peptyd TYA1-D zdolny byl do wigzania zarowno DNA, jak i RNA in vitro oraz do formowania
nukleoproteinowych kompleksow o wysokiej masie czasteczkowej [46].

H401/N402
M1 M249 M259 Y440

N355- H401
NAC
N299 - H401
, TYA1-D

P173 - H401
CTR

P173 - N355
sCTR

Rysunek 5.5. Schemat biatka Gag Tyl oraz p22. Na schemacie zaznaczono miejsce cigcia przez proteaz¢ Tyl oraz
trzy zgrupowania aminokwasow zasadowych (czerwone prostokaty). Ponizej zaznaczono przewidziane za pomoca
XtalPred rejony nieuporzadkowane (linia) oraz rejony a-helikalne (czarne prostokaty) Gag Tyl [47]. Domena istotna
dla aktywnos$ci NAC znajduje si¢ w rejonie nieuporzadkowanym i obejmuje 46 reszt aminokwasowych (N355-H401)

[48]. Ponizej przedstawiono skrocone formy biatka Gag Tyl: TYAI1-D, CTR, sCTR.

W eksperymentach in vitro TYA1-D pozytywnie wptywal na przylagczenie tRNAM do
rejonu PBS w czasteczce RNA Tyl oraz wspomagal jego elongacje przez odwrotna transkrypta-
ze. Ponadto, TYA1-D promowal dimeryzacje RNA Tyl, ale tylko w obecno$ci tRNA;M.
W naszym laboratorium réwniez badali$my aktywno$¢ opiekuncza Gag Tyl, stosujgc rekombi-
nowane biatka, odpowiadajace roznym jego rejonom [47]. Biatko CTR (ang. C-terminal re-
gion), obejmujace 228 reszt z C-konca Gag Tyl i1 zawierajace wszystkie trzy zgrupowania ami-
nokwasow zasadowych, wykazywalo silng aktywnos¢ opiekuncza poréwnywalng z peptydem
TYA1-D, podczas gdy skrocona forma CTR (sCTR ang. short C-terminal region), zawierajaca
tylko pierwsza grupe aminokwaséw zasadowych, nie byla aktywna. Wykorzystujac analizy
komputerowe ustalilismy, ze tylko drugie i trzecie zgrupowanie aminokwasow zasadowych
znajduje si¢ w rejonie o nieuporzadkowanej strukturze (Rys. 5.5) [47]. Badania innych biatek

opiekunczych wskazuja, ze zasadowe reszty aminokwasowe z rejonow nieuporzadkowanych, sa



szczegolnie istotne dla aktywnos$ci NAC [49,50]. Nasze obserwacje potwierdzajg najnowsze
analizy strukturalne, biofizyczne 1 genetyczne, wskazujace, ze rejon nieuporzadkowany

N355-H401 jest wlasciwa domeng odpowiedzialng za aktywno$¢ NAC biatka Gag Tyl [48].
5.4.4. Gag Tyl a mechanizm kontroli liczby kopii retrotranspozonu

Gen gag Tyl oprocz biatka Gag koduje czynnik restrykeyjny p22, ktory jest kluczowym i nie-
zbednym elementem w kontroli liczby kopii retrotranspozonu (CNC, ang. copy number control)
w genomie S. cerevisiae [16]. p22 ulega translacji z subgenomowego mRNA Tyl (Tyli), a jego
sekwencja jest identyczna z sekwencjg C-koficowej cze$ci Gag-p49 (aa M249/M259-Y440;
Rys. 5.5). Wykazano, ze kontrola liczby kopii retrotranspozonu jest sumarycznym efektem ne-
gatywnego wptywu p22 na rézne etapy replikacji Tyl, a inhibicja retrotranspozycji wynika naj-
prawdopodobniej z bezposredniego oddziatywania pomigdzy p22 i Gag [16,47,51]. Poprzez ko-
lokalizacje biatek p22 i Gag Tyl zaburzone jest formowanie retrosoméw. Czynnik restrykcyjny
wplywa tez na wydajnos$¢ tworzenia czastek wirusopodobnych, ich kompozycje biatkowa oraz
morfologie. Na podstawie analiz strukturalnych i biofizycznych zaproponowano mechanizm,
prowadzacy do tych zaburzen, wedlug ktoérego p22 wiaze si¢ z domena C-koncowa Gag Tyl
i w konsekwencji zaburza prawidlowe sktadanie VLPs, poniewaz nie posiada obecnego w Gag

Ty1 rejonu koniecznego do dalszych oddziatywan biatko/biatko [48].
5.5. Oddzialywania RNA/RNA istotne dla retrotranspozycji Tyl

Badania, majace na celu ustalenie minimalnej sekwencji elementu Tyl wymaganej do pelnego
cyklu replikacyjnego wykazaty, ze 580 nt z konca 5' gRNA 1 357 nt z jego konca 3' jest wystar-
czajace do wydajnej retrotranspozycji w przypadku koekspresji z elementem pomocniczym, ko-
dujacym bialka retrotranspozonu [52]. Wyznaczone rejony genomowego RNA Tyl zawieraja
sekwencje, ktére pelnig istotne funkcje regulatorowe w replikacji (Rys. 5.6). Na koncu 5’ znaj-
duje si¢ domena PBS (ang. primer binding site), wigzaca komorkowy tRNAM* wykorzystywa-
ny jako starter dla odwrotnej transkryptazy. PBS to 10-nukleotydowa sekwencja komplementar-
na do ramienia akceptorowego tRNA;Y* [53]. Dalsze badania dostarczyty dowodow na obecnosé¢
dodatkowych sekwencji zlokalizowanych ponizej PBS, ktére sg niezbedne do pakowania
tRNAM* do VLPs: Box0, Box1 i Box2.1 [54,55]. Te sekwencje sg komplementarne do ramion
TWC oraz DHU czgsteczki tRNAM" i umozliwiajg nie tylko jej pakowanie, ale takze odgrywaja
role w inicjacji odwrotnej transkrypcji in vivo [56]. Natomiast wyselekcjonowany koniec 3’
gRNA Tyl zawiera sekwencj¢ PPT (ang. polypurine tract), ktora stuzy jako starter do syntezy
nici (+)DNA podczas odwrotnej transkrypcji [57]. Wykazano rowniez, ze oddzialywania dale-
kiego zasiegu pomiedzy rejonem CYCS5, sgsiadujacym z PBS a komplementarnym rejonem
CYC3 na koncu 3" gRNA wspomagaja proces syntezy cDNA oraz samej retrotranspozycji [58].
W wyniku tych oddziatywan dochodzi do cyklizacji gRNA Tyl, ktora prowadzi do przestrzen-

nego zblizenia jego koncoéw 5’ 1 3', utatwiajac w ten sposob transfer nici (-)DNA podczas od-



wrotnej transkrypcji. Sekwencja CYCS5 jest jednocze$nie komplementarna do ramienia DHU
czgsteczki tRNAM (zawiera Box2.1), co stwarza mozliwo$¢ dodatkowych interakcji. Innym
oddzialywaniem dalekiego zasiggu, ktore jest istotne dla retrotranspozycji Tyl, m.in. dla wydaj-
nej inicjacji odwrotnej transkrypcji, jest parowanie zasad migdzy sekwencjami |GAGGAGA7
1264UCUCCUC270 [59].
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Rysunek 5.6. Schemat oddziatywan RNA/RNA, zachodzacych podczas replikacji retrotranspozonu Tyl na podsta-
wie struktury RNA Ty1 in vivo [60]. Dla uproszczenia przedstawiono tylko fragmenty gRNA Tyl z konca 5’1 3. Se-
kwencje istotne dla reakcji odwrotnej transkrypcji sg zaznaczone kolorem granatowym (PBS, Box0, Box1) i brazo-
wym (PPT). Miejsce cyklizacji gRNA Tyl zaznaczono kolorem malinowym. Trzony pseudowezta (S1i S2) zazna-
czono na niebiesko. Na rysunku zaznaczono spinki SL1, SL4 i SL7, zawierajace sekwencje potencjalnie zaangazowa-

ne w formowanie dimeru gRNA Tyl.

Modele struktury drugorzedowej gRNA Tyl opracowane na podstawie probkowania
struktury RNA metoda SHAPE (ang. selective 2"-hydroksyl acylation and primer extension)
in vitro, in virio, ex virio oraz in vivo [60,61] wspieraja wiele aspektow proponowanych wcze-
$niej oddziatywan, w tym parowanie tRNAM® z rejonami PBS, Box0 i Box1 oraz cyklizacje
RNA Tyl poprzez interakcje CYCS5/CYC3 (Rys. 5.6). Badania struktury gRNA Tyl in vivo

wskazuja, ze do tych oddziatywan dochodzi w cytoplazmie lub retrosomach, jeszcze przed spa-



kowaniem gRNA Tyl do VLPs [60]. Funkcjonalnie zdefiniowane parowanie nukleotydow 1-7
z nukleotydami 264-270 zostato zidentyfikowane jako trzon S1 struktury pseudowegzla, stabili-
zujacej koniec 5" RNA Tyl (Rys. 5.6) [60-62]. Pseudowezet w RNA Tyl zawigzuje si¢ migdzy
rejonem jednoniciowym a petla wewnetrzng tak, ze reszty nukleotydowe 1-7 oraz 256-262 od-
dzialuja odpowiednio z resztami 264-270 oraz 319-325. Tym samym obejmuje on rejon ponad

320 reszt nukleotydowych.

Postuluje si¢, ze w obrebie pierwszych 580 nukleotydow RNA Tyl znajduja si¢ takze
sekwencje istotne dla proceséw dimeryzacji i pakowania genomowego RNA do VLPs. Ten te-

mat zostat doktadnie omoéwiony w rozdziale 5.6.2.
5.6. Procesy dimeryzacji i pakowania genomowego RNA u retroelementéw
5.6.1. Dimeryzacja i pakowanie genomowego RNA u retrowirusow

Podczas replikacji retrowiruséw do wiriondw pakowane sg dwie kopie petnej dtugosci gRNA
w postaci nieckowalencyjnie potagczonego dimeru [63,64]. Genomowy RNA wirusa wybierany
jest do pakowania ze srodowiska komoérkowego, ktore zawiera znaczny nadmiar komérkowych
oraz poddanych splicingowi wirusowych mRNA. Istotng role w selekcji wirusowego RNA od-
grywajg interakcje migedzy domenami NC poliprotein Gag a specyficznymi sekwencjami
w gRNA wirusa [43,65]. Sekwencje te nazywane sg sygnatami pakowania (Psi, ang. packaging
signal) 1 zazwyczaj znajduja si¢ w 5" UTR gRNA lub czasem obejmujg rowniez rejon kodujacy.
U retrowirusow sygnaty pakowania naktadajg si¢ lub sasiadujg z sekwencjami zaangazowanymi
w dimeryzacj¢ gRNA i procesy te sg ze sobg $cisle powigzane [64]. Rejony gRNA istotne dla
dimeryzacji 1 pakowania charakteryzuja si¢ silnym ustrukturyzowaniem z licznymi motywami
spinkowymi [66,67]. Petle apikalne niektorych spinek zawieraja krotkie sekwencje palindromo-
we, umozliwiajagce mig¢dzyczasteczkowe paro-

wanie zasad, tworzac w ten sposob kompleksy 5: mg[ﬂmz
kissing-loop  (lub inaczej loose dimers; ’ NC )

Rys. 5.7). Sugeruje si¢, ze utworzenie dimeru
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moze hamowac¢ translacje RNA wirusa i kiero-

waé je do spakowania [68-70]. Wykazano, ze
wirusowy gRNA w formie dimerycznej jest pa- Rysunek 5.7. Schemat mechanizmu dimeryzacji

. gRNA retrowiruséw, przedstawiajacy kompleks
kowany preferencyjnie w stosunku do monome- o o o o
kissing-loop 1 jego przejscie do bardziej stabilnej

row tego RNA [71,72]. Proponuje si¢, ze pod- formy  rozszerzonego  micdzyczasteczkowego
czas dojrzewania wirionu nowopowstate bialko  dupleksu w wyniku dziatania biatka NC.

NC indukuje zmiany strukturalne w dimerze

RNA, ktore rozszerzaja migdzyczasteczkowe parowanie zasad, tworzac stabilniejszg forme di-
meru tzw. tight dimer (Rys. 5.7) [67]. Podczas odwrotnej transkrypcji dimeryczny genom ula-

twia przeniesienie syntetyzowanej nici cDNA mig¢dzy jedng czasteczka gRNA a druga, promu-



jac roznorodno$¢ genetyczng i ewolucje szczepdw opornych na leki i takich, ktore moga unik-

ng¢ odpowiedzi immunologicznej [73,74].
5.6.2. Dimeryzacja i pakowanie genomowego RNA retrotranspozonu Tyl

Sekwencje Psi dla elementu Tyl nie sg precyzyjnie zdefiniowane, jednakze dostgpne dane
wskazuja, ze rejon istotny dla pakowania gRNA znajduje si¢ w obrgbie nukleotydow 230-580
[52]. Wiadomo rowniez, ze pakowanie gRNA Tyl do VLPs jest promowane przez biatko Gag
[75], a gRNA Tyl wewnatrz VLP ma forme¢ dimeryczng [76]. Jednak mechanizm dimeryzacji
i pakowania gRNA Tyl pozostaje niejasny. Nie zostato tez rozstrzygnigte, czy migdzy pakowa-

niem RNA do VLPs a jego dimeryzacja wystgpuje podobna zaleznos¢, jak u retrowirusow.

Pierwszy opisany w literaturze model dimeru gRNA Tyl opiera si¢ na wynikach ekspe-
rymentow dimeryzacji in vitro z wykorzystaniem transkryptu, reprezentujacego rejon konca 5'
gRNA Tyl oraz syntetycznego peptydu TYAI1-D (rozdziat 5.4.3) [46]. Zaobserwowano, ze
TYAI1-D promuje dimeryzacje RNA Tyl tylko w obecnosci tRNA;Y*'i na tej podstawie zapro-
ponowano, ze dimer utrzymywany jest przez parowanie reszt nukleotydowych miedzy dwiema
czgsteczkami tRNAM® zwigzanymi jednocze$nie z sekwencjami PBS, Box0, Box1 i Box2.1
dwoch czasteczek gRNA Tyl (Rys. 5.8A). Pozniejsze badania sugerujg jednak, ze analogicznie
do retrowirusow, podczas dimeryzacji dochodzi do bezposrednich oddziatywan migdzy dwiema
czasteczkami genomowego RNA Tyl. Na podstawie analiz strukturalnych gRNA Tyl in virio
oraz w formie monomerycznej (ex virio oraz in vitro) zasugerowano, ze w interakcje miedzy-
czasteczkowe w dimerze RNA moga by¢ zaangazowane trzy sekwencje palindromowe PALI
(15GUAUA20), PAL2 (24UAUAC29) i PAL3 (423CCUGGG428), ktore tworzg dwa oddziaty-
wania PAL1/PAL2 i jedno PAL3/PAL3 (Rys. 5.8B) [61]. Wedlug innej hipotezy proces dime-
ryzacji RNA Tyl inicjowany jest poprzez tworzenie dimeru typu loose dimer [77]. Autorzy mo-
delu zauwazyli komplementarno$¢ 7-nukleotydowych sekwencji w spinkach SLla
(9AUUCUGU25) i SL3a (293ACAGAAU299) (SL1 i SL4 zgodnie z nazewnictwem stosowa-
nym w prezentowanym cyklu prac naukowych). Mutacje, zaburzajace t¢ komplementarnosc,
zmniejszaty stabilno§¢ RNA Tyl in vivo i1 znaczaco hamowaly retrotranspozycje, a mutacje
kompensacyjne niwelowaly negatywny wpltyw pierwszych substytucji. Na tej podstawie zasu-
gerowano, ze inicjacja dimeryzacji gRNA Tyl odbywa si¢ przez utworzenie dwoch oddziaty-
wan kissing-loop migdzy spinkami SL1 i SL4 (Rys. 5.8C). Rola sekwencji palindromowych
oraz interakcji SL1/SL4 nie byla jednak sprawdzona bezposrednio w eksperymentach dimeryza-

cjl.
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Rysunek 5.8. Schematy proponowanych mechanizméw dimeryzacji RNA Tyl. (A) Dimer gRNA Tyl tworzony jest
posrednio przez oddziatywanie dwoch czasteczek tRNAM® przyhybrydyzowanych w rejonie PBS. (B) Dimer RNA
Tyl formowany jest przez oddzialywanie trzech sekwencji palindromowych PAL1, PAL2 i PAL3. (C) Formowanie
dimeru inicjowane jest przez utworzenie dwoch oddziatywan kissing-loop migdzy petlami apikalnymi spinek SL1

i SL4.



6. CEL NAUKOWY PRZEDSTAWIONEGO CYKLU PRAC

Glownym celem przedstawionego cyklu prac naukowych byto rozpoznanie mechanizmow, re-
gulujacych dimeryzacj¢ i pakowanie genomowego RNA retrotranspozonow LTR, w tym zbada-
nie roli biatka Gag w tych procesach. Modelem badawczym byt drozdzowy retrotranspozon
Tyl. Cele szczegdtowe moich badan pokrywaja si¢ z tematykg trzech publikacji wchodzacych
w sktad cyklu.

1. Celem pracy Gumna et al. RNA Biology, 2019 bylo wytypowanie sekwencji zaanga-
zowanych w oddzialtywania migdzyczasteczkowe podczas dimeryzacji gRNA Tyl oraz okresle-
nie roli biatka Gag w tym procesie. Dazytam rowniez do zidentyfikowania rearanzacji struktu-
ralnych, zachodzacych podczas dimeryzacji RNA Tyl oraz ustalenia struktury dimeru tego

RNA.

2. Badania przedstawione w publikacji Gumna et al. IJMS, 2021 byly ukierunkowane
na analiz¢ oddzialywan biatek Gag Tyl z RNA. Szczegdlnie interesowal mnie mechanizm roz-
poznawania gRNA retrotranspozonu, ktory jest kluczowy dla jego selektywnego pakowania do
czastek wirusopodobnych. Moim kolejnym celem byto zbadanie wptywu specyficznych moty-

wow strukturalnych na oddziatywanie RNA Tyl z Gag.

3. Praca Gumna et al. PLoS One, 2020 jest efektem mojego zaangazowania w rozwoj
bioinformatycznych narzedzi do analizy danych z eksperymentéw mapowania struktury drugo-
rzgdowej RNA. Za cel postawitam sobie zaproponowanie automatycznej metody normalizacji
i kontroli jakosci danych otrzymanych z eksperymentow probkowania strukturalnego RNA

z wykorzystaniem elektroforezy kapilarne;.



7. SKROTOWY OPIS PRAC NAUKOWYCH WCHODZACYCH W SKEAD
ROZPRAWY DOKTORSKIEJ

7.1. Retroviral-like determinants and functions required for dimerization of Tyl retro-

transposon RNA

Julita Gumna, Katarzyna J. Purzycka, Hyo Won Ahn, David J. Garfinkel, Katarzyna

Pachulska-Wieczorek;

RNA Biology, 2019; 16: 1749-1763

Kiedy rozpoczynali$my badania przedstawione w powyzszej publikacji, mechanizm dimeryza-
cji genomowego RNA Tyl byt wcigz niejasny. W literaturze funkcjonowato kilka modeli dime-
ru RNA Tyl, zaktadajacych zaangazowanie roznych sekwencji nukleotydowych w oddziatywa-
nia miedzyczasteczkowe [46,61,77]. Celem pracy bylo wyjasnienie w, jaki sposéb dochodzi do
dimeryzacji RNA Tyl, zdefiniowanie kluczowych sekwencji nukleotydowych i okreslenie roli
biatka Gag Tyl w tym procesie. W eksperymentach dimeryzacji RNA Tyl in vitro wykorzysta-
tam RNA mini Tyl (mTyl), ktory reprezentuje rejon 5’ gRNA retrotranspozonu Tyl
(+1-576 nt). RNA mTyl zawiera elementy kluczowe dla efektywnej retrotranspozycji, w tym
sekwencje proponowane wczesniej jako istotne dla dimeryzacji i pakowania RNA Tyl do cza-

stek wirusopodobnych (Rys. 7.1) [46,52,55,58,59,61,77].

IL3

/\' 576

Rysunek 7.1. Schemat struktury drugorzgdowej monomeru RNA mTy1 (+1-576) in vitro. Miejsca potencjalnie zaan-
gazowane w tworzenie dimeru zaznaczone sa kolorem pomaranczowym (sekwencje palindromowe PAL1, PAL2
w SL1 i PAL3 w SL7) oraz czerwonym (sekwencje komplementarne w spinkach SL1 i SL4). RNA mTy1 zawiera
réwniez miejsce wigzania starterowego tRNA (PBS, Box0, Box1, Box2.1) zaznaczone kolorem granatowym. Rejon
wymagany dla pakowania RNA Tyl (Psi) do VLPs zaznaczony jest kolorem zielonym. Sekwencje, tworzace trzony

pseudowezta (S1 i S2) zaznaczone sg na niebiesko.



RNA mTyl zwijany in vitro przyjmuje prawidtowa (natywng) struktur¢ drugorzgdowa [62]
zgodng ze strukturg in virio [61] oraz in vivo [60]. Wykorzystanie krotszych transkryptow, re-
prezentujacych wybrane fragmenty gRNA retroelementow jest powszechnym podej$ciem w ba-
daniach procesow dimeryzacji, poniewaz pelnej dlugosci gRNA tworzy dimery w warunkach

in vitro bardzo niewydajnie lub wcale [78-81].
7.1.1. Rola biatka Gag w dimeryzacji RNA Tyl

U retrowiruséw dimeryzacja genomowego RNA promowana jest przez poliproteing Gag lub
biatko NC, jednak retrowirusowe transkrypty, zawierajace sekwencj¢ 5' UTR zdolne sg do
spontanicznego tworzenia dimeréw in vitro rOwniez przy braku czynnikow biatkowych [78,79].
W przypadku RNA mTy1 nie dochodzi do spontanicznej dimeryzacji in vitro, ale pokazano, ze
proces ten moze zachodzi¢ w obecnos$ci peptydu TYA1-D lub innych krétszych form Gag Tyl,
zawierajacych domene wigzacg RNA [46,47]. Zdolno§¢ promowania dimeryzacji nie byta jed-
nak zbadana dla kompletnego biatka Gag Tyl. W moich badaniach wykorzystalam dojrzala for-
me¢ tego biatka, czyli Gag-p45. Zaobserwowatam, ze dimer RNA mTyl tworzyt sie tylko
w obecnosci biatka, a wraz ze wzrostem jego stgzenia wzrastala rowniez wydajnos¢ procesu di-
meryzacji (Rys. 2 w [1]). Maksymalna wydajno$¢ promowanej przez Gag-p45 dimeryzacji
RNA mTyl in vitro wynosila okoto 50% i byta ona znacznie wyzsza niz w analogicznych eks-

perymentach z wykorzystaniem krétszych form Gag Tyl [46,47].
7.1.2. Oddziatywania RNA/RNA istotne dla formowania dimeru RNA Tyl

W pierwszym etapie badan zweryfikowatam hipoteze, zaktadajaca, ze dimer gRNA Tyl nie po-
wstaje przez bezposrednie oddzialywanie czasteczek gRNA Tyl, lecz poprzez oddziatywanie
dwoch czgsteczek komérkowego tRNAM przyhybrydyzowanych do gRNA retrotranspozonu
w rejonie PBS (Rys. 5.8A) [46]. W eksperymentach in vitro nie zaobserwowalam pozytywnego
lub negatywnego wptywu tRNA;M* na wydajnos$¢ indukowanej przez biatko Gag-p45 dimeryza-
cji RNA mTyl. Mozna, zatem wnioskowa¢, ze dimer gRNA retrotranspozonu Tyl jest tworzo-

ny podobnie jak u retrowirusow, przez bezposrednie oddziatywanie dwoch czasteczek gRNA.

Jednoczesnie, w celu ustalenia, jakiego typu oddziatywanie utrzymuje dwie czasteczki
RNA mTyl w dimerze, przeprowadzilam analiz¢ tworzenia dimeréw RNA w réznych warun-
kach elektroforetycznych, stosujgc bufor z jonami Mg*" lub bez (odpowiednio TBM oraz TB).
Mnigj stabilne dimery RNA utrzymywane przez oddziatywanie kissing-loop sa stabilizowane
przez jony Mg* i mozna je wykry¢ jedynie w ich obecnosci. Podczas elektroforezy zelowej
w buforze pozbawionym jonéw Mg** dochodzi do ich dysocjacji i obserwuje si¢ tylko trwalsze
dimery powstate przez tworzenie krotkich miedzyczasteczkowych dupleksow [79,82,83].
W moich badaniach zaobserwowalam bardzo podobne ilosci dimeréow RNA mTyl w buforze

TB i TBM (Rys. 2 w [1]), co sugeruje, ze dimer RNA retrotranspozonu Tyl nie jest utrzymywa-



ny przez oddziatlywania kissing-loop. Tym samym nie znalaztam potwierdzenia dla hipotezy,
zaktadajacej, ze inicjacja dimeryzacji RNA Tyl odbywa si¢ przez mig¢dzyczasteczkowe oddzia-
lywania pomigdzy SL1 i SL4 (Rys. 5.8C) [77]. Wyniki kolejnych badan, ktére opisuje¢ ponizej,

rowniez wykluczaja te hipoteze.
7.1.3. Analiza SHAPE monomeru i dimeru RNA mTyl

W kolejnym etapie badan analizowalam struktur¢ drugorzedowa dimeru RNA mTyl.W tym
celu wykorzystatam metod¢ SHAPE (doktadny opis metody znajduje si¢ w rozdziale 7.3.1). Po-
niewaz dimeryzacja oraz przylgczenie starterowego tRNA, to dwa kluczowe oddziatywania
RNA/RNA w cyklu replikacyjnym retrotranspozonu, podczas eksperymentow probkowania
strukturalnego w mieszaninie reakcyjnej obecne byly takze czasteczki tRNA;M*. Maksymalna
wydajnos$¢ dimeryzacji promowanej biatkiem Gag-p45 wynosita okoto 50%, dlatego podczas
analizy reaktywno$ci SHAPE nalezalo wzia¢ pod uwage fakt, iz w roztworze RNA poddawa-
nym modyfikacji chemicznej znajdowata si¢ mieszanina monomeru i dimeru RNA. Dlatego za-
stosowalam matematyczna dekonwolucje danych opartg na zatozeniu, iz warto$¢ reaktywnosci
otrzymanych dla mieszaniny konformeréw RNA jest rowna sumie wartosci reaktywnos$ci dla
konformeréw sktadowych (monomeru i dimeru), ktérych waga jest zgodna z wkladem procen-
towym kazdego z nich w catej populacji RNA [84]. Przeprowadzona analiza porownawcza uzy-
skanych w ten sposob reaktywnosci SHAPE pozwolita mi wyznaczy¢ réznice strukturalne mie-
dzy monomerem a dimerem RNA, a co za tym idzie, wytypowac potencjalne miejsca oddziaty-

wan migdzyczasteczkowych w dimerze RNA mTyl.

Ogolnie profile reaktywnos$ci SHAPE dla monomeru i dimeru RNA mTyl byly do sie-
bie podobne, a zaobserwowane roéznice miaty charakter lokalny (Rys. 4a w [1]). Wskazuje to, ze
podczas dimeryzacji dochodzi do zmian strukturalnych tylko w miejscach potencjalnych kon-
taktéw miedzyczasteczkowych z zachowaniem motywow strukturalnych, ktére nie sg zaangazo-
wane w ten proces. Najsilniejszy spadek reaktywnosci SHAPE dla dimeru wzgledem monome-
ru, zaobserwowalam dla reszt nukleotydowych 21UCU23, taczacych sekwencje palindromowe
PALL1 i PAL2 (Rys. 4a, c w [1]). W monomerze RNA mTy]1 reszty nukleotydowe 21UCU23 sa
wysoce reaktywne, poniewaz tworza petle apikalng spinki SL1, ktérej trzon utworzony jest
przez wewnatrzczasteczkowe oddzialywanie pomiedzy PAL1 i PAL2 (Rys. 7.2A). Silny spadek
reaktywno$ci SHAPE dla 21UCU23 jest najprawdopodobniej wynikiem rozplecenia SL1
i utworzenia migdzyczasteczkowego dupleksu poprzez dwa oddzialywania PAL1/PAL2. Ponie-
waz sekwencje PAL1 i PAL2 sg sparowane rowniez w monomerze RNA mTyl, zmiany reak-
tywno$ci SHAPE w dimerze dla samych palindromoéw byly znacznie mniejsze. Przewidywania
struktury mig¢dzyczasteczkowego dupleksu z wykorzystaniem programow RNAComposer
[85,86] oraz RNAvista [87] wykazaty, ze jest on tworzony nie tylko przez parowania typu Wat-

sona-Cricka, lecz rowniez przez dwie niekanoniczne pary C-U, angazujace nukleotydy U21



i C22 (Rys. 7.2A; Rys. 5 w [1]). Zaproponowany model dupleksu PAL1/PAL2 bardzo dobrze
tlhumaczy zmiany reaktywnosci SHAPE obserwowane dla dimeru RNA mTy1. Wczeéniejsze ba-
dania, sugerowaly, ze potencjalne miejsca kontaktu w dimerze stanowig trzy sekwencje palin-
dromowe: PAL1, PAL2 oraz PAL3 (Rys. 5.8B) [61]. W monomerze sekwencja PAL3 znajduje
si¢ w trzonie spinki SL7 (Rys. 7.1). Utworzenie oddziatywania PAL3/PAL3 powinno zatem
spowodowa¢ silny wzrost reaktywnosci dla nukleotydow, tworzacych druga czes¢ trzonu tej
spinki. Jednak w moich badaniach nie zaobserwowatam zadnych istotnych zmian w reaktywno-
sciach SHAPE, ktore mogtyby $wiadczy¢ o utworzeniu migdzyczasteczkowego oddziatywania

PAL3/PAL3 w dimerze RNA mTyl (Rys. 4a, c w [1]).
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Rysunek 7.2. Schemat zmian strukturalnych wywotanych powstaniem oddziatywan RNA/RNA podczas procesow
dimeryzacji RNA mTyl (A) oraz przylaczania tRNAM* (B) promowanych przez biatko Gag-p45, zaproponowany na
podstawie danych z eksperymentéw probkowania chemicznego RNA metoda SHAPE.

Zmian nie zaobserwowalam réwniez dla spinki SL4. Reszty nukleotydowe w petli apikalnej
SL4 pozostawaly wysoce reaktywne zaré6wno dla konformacji monomerycznej, jak i dimerycz-
nej RNA mTyl (Rys. 4a, ¢ w [1]), co przeczy zaangazowaniu SL4 w dimery kissing-loop. Nie-
wielki, ale istotny statystycznie spadek reaktywnosci SHAPE dla dimeru w poréwnaniu do mo-

nomeru odnotowatam za to dla kroétkiego palindromu 67AAUU70 w petli wewngtrznej 1L3.

Roéznice w reaktywnosciach SHAPE dla dimeru i monomeru wskazuja, ze do zmian
strukturalnych w RNA mTy1 doszto rowniez w rejonie PBS (Rys. 4a w [1]). Kontrolne ekspe-
rymenty probkowania dimeru RNA mTyl wykonane bez dodatku tRNAM potwierdzily, ze
zmiany reaktywnosci SHAPE w tym rejonie nie sg skutkiem dimeryzacji, lecz przytaczenia star-
terowego tRNA. Moje badania potwierdzajg, zatem rolg biatka Gag Tyl nie tylko w dimeryzacji
RNA Tyl, ale tez w promowaniu hybrydyzacji komorkowego tRNA M (Rys. 7.2B).



7.1.4. Wplyw mutacji w sekwencjach potencjalnie zaangazowanych w dimeryzacje RNA Tyl na

efektywnosc tego procesu in vitro

W celu potwierdzenia roli sekwencji PAL w tworzeniu dimeru przeprowadzitam eksperymenty
dimeryzacji in vitro czasteczek RNA mTyl, zawierajacych mutacje w wytypowanych sekwen-
cjach palindromowych (dalej nazywane: mutant PAL1, mutant PAL2 oraz mutant PAL3). Sub-
stytucje w PALl lub PAL2 obnizyly wydajno$¢ procesu dimeryzacji o okolo 50%
(Rys. 6a w [1]), potwierdzajac tym samym istotng rol¢ oddziatywan PAL1/PAL2 dla formowa-
nia dimeru. Dimeryzacja nie zostata jednak zahamowana catkowicie, co sugerowato obecnos¢
innych, dodatkowych miejsc kontaktu w dimerze. W celu ich zidentyfikowania, przeprowadzi-
fam analize struktury monomeréw i dimeréw mutantow RNA mTyl, stosujac metode SHAPE.
Jedyna istotng zmiang zaobserwowang dla dimeru mutanta PAL2 wzgledem monomeru byt bar-
dzo silny spadek reaktywnosci SHAPE w palindromie PAL1 (Rys. 6¢c w [1]). W monomerze, na
skutek zaburzenia komplementarnosci z sekwencja PAL2, PALI byl wysoce reaktywny. Na tej
podstawie zaproponowalam, ze w tym przypadku doszto do utworzenia miedzyczasteczkowego
odziatywania PAL1/PAL1 (Rys. 7.3A). Natomiast r6znice w reaktywnosciach SHAPE miedzy
monomerem a dimerem mutanta PAL1 wskazuja, ze mutacje w sekwencji PAL1 indukujg dime-

ryzacje przez oddzialywanie migdzyczasteczko-
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Rysunek 7.3. Schemat oddziatywan

cje w sekwencjach PAL1 lub PAL2 (Rys. 6b . edzyczasteczkowych w dimerze RNA mutanta
w [1]). Dla mutanta PAL3 nie zaobserwowalam  PAL2 (A) i PAL1 (B) zaproponowany na podstawie
zmian w wydajnosci procesu dimeryzacji w po-  reaktywnosci SHAPE.

réwnaniu do RNA mTyl typu dzikiego (Rys. 6a

w [1]), co potwierdzito, ze PAL3 nie jest zaangazowany w formowanie dimeru RNA Tyl.

Ponadto, aby zweryfikowa¢ hipoteze, zaktadajaca, ze dimer RNA Tyl formowany jest
przez oddzialywania kissing-loop miedzy spinkami SL1 i SL4 [77], przeprowadzilam réwniez
eksperymenty z RNA mTyl, zawierajacym mutacje w petli apikalnej SL4 (mutant SL4). Muta-

cja ta nie wptynela jednak istotnie na wydajnos¢ dimeryzacji (Rys. 6b w [1]).



7.1.5. Rola struktury pseudowezta w dimeryzacji RNA Tyl

Analizy struktury gRNA Tyl in virio i in vivo wykazaly, ze jego koniec 5' jest stabilizowany
przez strukture pseudowezta, ktory zawigzuje si¢ dzigki utworzeniu dwoch trzonéow S1 oraz S2
(Rys. 5.6) [60,61]. Pseudowgzet jest tez zachowany w strukturze RNA mTyl (Rys. 7.1) [62],
ale nie w pelnej dtugosci gRNA Tyl in vitro [60]. Mutacje, zaburzajace strukture pseudowezta,
negatywnie wplywaja na retrotranspozycj¢ Tyl, wskazujac na jego biologicznie wazng funkcje
[62,77,88]. W celu zbadania roli pseudowezta w dimeryzacji, przeprowadzitam eksperymenty
dimeryzacji in vitro RNA mTyl z delecja pierwszych pigciu nukleotydéw (mutant ASla). Mu-
tacja ta uniemozliwia utworzenie trzonu S1, a tym samym powoduje destabilizacj¢ catego moty -
wu pseudowezta (Rys. 7e w [1]). Zaobserwowatam, ze wydajnos¢ dimeryzacji mutanta ASla
nie byla znaczaco obnizona (Rys. 6b w [1]), co wskazuje, ze utworzenie struktury pseudowezta
nie jest istotne dla formowania dimeru RNA Tyl. Dodatkowym potwierdzeniem tego wniosku
sg wyniki otrzymane dla mutanta SL4. Analiza SHAPE struktury 2D monomeru tego mutanta
wykazata, ze substytucje w petli apikalnej SL4 zaburzaja parowania reszt nukleotydowych
w trzonach pseudowezta (Rys.7f w [1]), ale mimo to nie wptywaly znaczaco na dimeryzacje
in vitro. Mutacje wprowadzone w petli SL4 byly identyczne z tymi zastosowanymi wczesniej
w pracy, sugerujacej inicjacje dimeryzacji RNA Tyl przez oddziatywania SL1/SL4 [77]. Jednak
moje wyniki podwazajg t¢ propozycje i wskazuja, ze obnizony poziom retrotranspozycji Tyl po
zmianie sekwencji w spince SL4 wynika z nieprawidlowej struktury pseudowezta, a nie z zabu-

rzenia procesu dimeryzacji RNA Tyl.

7.1.6. Wptyw mutacji w sekwencjach PALI, PAL2, PAL3 i IL3 na efektywnos¢ retrotranspozycji

Tyl w komorce

W finalnym etapie badan sprawdzilismy wptyw sekwencji PAL1, PAL2, PAL3 oraz IL3 na ak-
tywnos¢ retroelementu Tyl in vivo. W tym celu przeprowadziliSmy funkcjonalne testy retro-
transpozycji w komorkach drozdzy pozbawionych naturalnie wystepujacych elementow Ty
(S. paradoxus, szczep DG3852). Badania in vivo zostaly przeprowadzone we wspotpracy z ze-
spolem badawczym, ktérego kierownikiem jest prof. D. J. Garfinkel (University of Georgia,
USA). W eksperymentach tych zastosowalismy system dwuplazmidowy (helper-Ty1/mini-Tyl)
(Rys. 8a w [1]), pozwalajacy na niezalezng ekspresje biatek i RNA retrotranspozonu
[52,59,77,89]. Plazmid helper-Tyl koduje mRNA dla biatek Gag i Gag-Pol, ale ze wzgledu na
mutacje w sekwencji PBS oraz brak 3’ UTR, nie moze by¢ matrycg w odwrotnej transkrypcji.
Plazmid mini-Tyl zawiera sekwencje elementu Tyl niezbgdne do dimeryzacji, pakowania oraz
odwrotnej transkrypcji, ale pozbawiony jest wiekszosci rejonu kodujacego biatka retrotranspo-
zonu. Sekwencje te sag wystarczajace, aby RNA mini-Tyl mogt funkcjonowaé, jako aktywny re-
trotranspozon, gdy biatka Tyl sg dostarczane in trans. Ponadto plazmid mini-Tyl posiada gen

his3Al, pozwalajacy na ocene mobilnosci Tyl w komorkach drozdzy przy zastosowaniu histy-



dyny, jako czynnika selekcyjnego w pozywce [13]. W przypadku mutantow PALI i PAL2 za-
obserwowali$my dwukrotny spadek mobilnosci Tyl w poréwnaniu do typu dzikiego. Natomiast
mutacje w PAL3 lub IL3 nie mialy wptywu na efektywnosc¢ retrotranspozycji (Rys. 8b w [1]).
Wynik ten potwierdza wazng rol¢ oddziatywania PAL1/PAL2 w retrotranspozycji Tyl i jedno-
cze$nie wskazuje, ze oddzialywanie 1L3/IL3 nie jest istotne in vivo, kiedy mozliwe jest tworze-

nie dimeru przez gtdéwne miejsca kontaktu.
7.1.7. Podsumowanie

Podsumowujac, dzigki analizom strukturalnym i funkcjonalnym uzyskatam dowody na to, ze
oddziatywania wzajemnie komplementarnych sekwencji palindromowych PAL1 i PAL2 s3
istotne dla tworzenia dimeru gRNA Tyl. Mutacje zaburzajace komplementarnos¢ PAL1/PAL2,
znacznie ograniczaty dimeryzacj¢ in vitro oraz retrotranspozycj¢ Tyl w komorce. Wyniki mo-
ich badan nie potwierdzily udzialu tRNAM® oraz miedzyczgsteczkowych oddziatywan
PAL3/PAL3 i SL1/SL4 w tworzeniu dimeru RNA Tyl. Na tej podstawie opracowalam model
dimeru RNA mTyl, ktéry utrzymywany jest poprzez dwa krotkie, migdzyczasteczkowe duplek-
sy PALI/PAL2 (Rys. 4b w [1]). Pokazatam, ze w przypadku zaburzenia oddziatywania
PAL1/PAL2 dimeryzacja Tyl RNA moze zachodzi¢ poprzez alternatywne miejsca kontaktu,
ktoére nie sa naturalnie wykorzystywane. Podobne zjawisko zaobserwowano u retrowirusow. Po-
twierdzitam tez, ze biatko Gag promuje procesy dimeryzacji RNA Tyl oraz przylaczania starte-

rowego tRNA.

7.2. RNA binding properties of the Tyl LTR-retrotransposon Gag protein

Julita Gumna, Angelika Andrzejewska-Romanowska, David J. Garfinkel and Katarzyna

Pachulska-Wieczorek;

International Journal of Molecular Sciences, 2021; 22(16):9103

W przypadku retrowirusow, jak i retrotranspozonéow LTR do efektywnej replikacji i pakowania
genomowego RNA do wirionow lub VLPs potrzebne sg bezposrednie interakcje migdzy bial-
kiem Gag i gRNA [90,91]. W przeciwienstwie do szeroko przebadanych retrowirusowych bia-
tek Gag, znacznie mniej wiadomo na temat oddzialywan Gag retrotranspozonéw LTR z RNA.
Celem mojej kolejnej pracy byto przeprowadzenie analizy specyficznosci wigzania RNA przez
biatka Gag retrotranspozonu Tyl. W badaniach wykorzystatam trzy transkrypty: RNA mTyl,
Psit RNA Tyl (w publikacji nazywane non-Psi Tyl RNA) i 18S rRNA S. cerevisiae. RNA
mTyl zawiera rejon Psi istotny dla pakowania do VLPs (Rys. 7.1) [52]. Psit RNA Tyl obejmuje
fragment sekwencji kodujacej Tyl (+1000-1616). Ten RNA odpowiada naturalnie wystepujace-
mu transkryptowi Tyli, ktéry nie jest pakowany do VLPs i koduje czynnik restrykcyjny p22



[16,47,92]. Fragment drozdzowego 18S rRNA (+1-576) zastosowatam jako dodatkowa kontrole
specyficznosci wigzania. W eksperymentach poréwnatam wlasciwos$ci biatek Gag Tyl w formie
prekursorowej (Gag-p49) i dojrzatej (Gag-p45). Poniewaz transport RNA Tyl do retrosoméw
i pakowanie do VLPs nastepuje przed dojrzewaniem Gag [14], szczeg6lnie skupitam si¢ na wta-
sciwosciach Gag-p49.

Glowng metoda stosowang przeze mnie w badaniach interakcji Gag/RNA byta termofo-
reza w skali mikro (MST, ang. microscale thermophoresis), ktora zapewnia szybki i czuly spo-
sob analizy oddzialywan migdzyczasteczkowych [93]. Metoda ta opiera si¢ na detekcji ruchu
czasteczek w mikroskopijnych gradientach temperatury, ktéry zalezy od wielkos$ci, tadunku
i zmian powloki hydratacyjnej czasteczki. Dodatkowo wyniki analiz MST zweryfikowatam,
wykorzystujac technike elektroforetycznej opdznionej migracji kompleksow w zelu (EMSA,
ang. electrophoretic mobility shift assay). W celu oszacowania $rednich wartosci statej dysocja-
cji (Kp) dla komplekséw biatko/RNA wyniki pomiaréw byly dopasowywane do modelu rowna-

nia Hilla.
7.2.1. Wplyw sily jonowej buforu reakcyjnego na oddziatywanie Gag Tyl/RNA

W pierwszym etapie badan analizowatam tworzenie kompleksow biatko/RNA w roznych steze-
niach jonéw jednowarto$ciowych (Na"). Zmiany Kp wraz ze wzrostem st¢zenia tych jonéw do-
starczajg informacji na temat charakteru oddziatywan w kompleksie. Wysokie stezenie soli eli-
minuje oddzialywania niespecyficzne (elektrostatyczne), nie powinno jednak wplywac¢ na kom-
pleksy, w ktorych dominujg oddziatywania specyficzne, takie jak wiagzania wodorowe [94,95].
Badania wlasciwosci retrowirusowych biatek Gag pokazaty, ze w fizjologicznym st¢zeniu soli
(150 mM) wiaza one Psi" RNA i Psi' RNA z podobnym powinowactwem, ale swoisto$¢ dla Psi”
RNA jest wyrazna, gdy powinowactwo wigzania mierzone jest w buforach o wysokiej sile jono-
wej [96-98].

Moje badania wykazaly, ze w fizjologicznym stezeniu NaCl, Gag-p49 wigze RNA
mTyl, Psit RNA Tyl oraz 18S rRNA z wysokim powinowactwem i odnotowatam tylko nie-
wielka roznice w warto$ciach Kp dla tych RNA (Rys. 2A, B; S1; Tab. 1 w [2]). Wzrost sity jo-
nowej buforu stosowanego w reakcji (300, 400 1 500 mM NaCl) powodowat silniejsza redukcje
wigzania biatka Gag-p49 do Psi- RNA Tyl niz do RNA mTyl. Jednak w przypadku oddziaty-
wania Gag-p49 z 18S rRNA, wyzsze stezenie NaCl powodowato wzrost Kp porownywalny do
otrzymanego dla RNA mTyl (Rys. 2C; Tab. 1 w [2]). Podobny efekt obserwowatam dla dojrza-
tej formy Gag Tyl (Rys. 2D, E; Tab. 1 w [2]). W fizjologicznym st¢Zzeniu soli Gag-p45 wigzat
RNA mTyl i 18S rRNA z bardzo podobnym powinowactwem, a wzrost st¢zenia NaCl powodo-
wat wzrost wartosci Kp dla oddziatywan Gag-p45 zarowno z RNA mTyl, jak i z 18S rRNA.
Wyniki te wskazuja, ze wigzanie obu form Gag Tyl do RNA zawierajacego Psi nie jest bardziej

odporne na wzrastajace stezenie soli w porownaniu do innych RNA. Niemniej jednak, przy kaz-



dym testowanym stezeniu soli, stata dysocjacji dla kompleksow Gag Tyl z RNA mTyl byta
nizsza niz dla kompleksow z Psi" RNA Tyl lub 18S rRNA, wskazujac na pewng niewielkg pre-
ferencje wigzania do RNA zawierajagcego sygnaly pakowania. Na podstawie danych otrzyma-
nych w eksperymentach MST przeprowadzilam analizg, pozwalajaca oszacowa¢ wzgledny
udzial oddzialywan elektrostatycznych (Z.x) i nieelektrostatycznych (Kpamy) w kompleksach
Gag Tyl/RNA (Rys. 2F; Tab. 1 w [2]). Warto$ci Kpaw dla wigzania Gag-p49 z RNA mTyl
oraz 18S rRNA byty do siebie podobne, co wskazuje na taki sam udziat oddzialywan nieelektro-
statycznych w tworzeniu tych kompleksow. Wigksze zréznicowanie dla tych RNA odnotowa-
fam w interakcjach z Gag-p45. Dla kompleksow Gag-p49/Psi- RNA Tyl zaobserwowalam naj-
stabsze oddziatywania nieelektrostatyczne. Natomiast, sita oddzialywan elektrostatycznych byta
podobna dla wszystkich kompleksow biatek Gag Tyl z RNA (Tab. 1 w [2]). Obserwacje te wy-
raznie r6znig si¢ od tych dla poliprotein Gag retrowiruséw, gdzie wigzanie do Psi” RNA charak-
teryzowalo si¢ znacznie silniejszymi (nawet kilkuset krotnie) oddziatywaniami nieelektrosta-
tycznymi w porownaniu do wigzania z Psi- RNA [98,99].

Analizg interakcji bialek Gag-p49 i Gag-p45 z RNA mTyl oraz 18S rRNA w réznych
stezaniach soli przeprowadzilam dodatkowo za pomocg metody EMSA (Rys. 4A; Tab. S1
w [2]). Warunki buforowe odpowiadaty tym stosowanym w analizach MST, przy czym wyko-
nalam dodatkowe testy w 800 mM NaCl. W eksperymentach EMSA réwniez obserwowatam
ostabienie wigzania biatek Gag Tyl zar6wno do RNA mTyl, jak i 18S rRNA wraz ze wzrostem
sity jonowej buforu reakcyjnego, ale obserwowane zmiany w warto$ciach Kp byty znacznie
mniejsze niz te wykryte przy uzyciu MST. Kompleksy Gag-p49 z mTyl RNA i 18S rRNA ob-
serwowatam nawet przy zastosowaniu 800 mM NaCl. Chociaz wartosci statych dysocjacji dla
badanych komplekséw byly rézne od tych otrzymanych za pomoca metody MST, to ogdlny
trend trochg silniejszego powinowactwa bialek Gag Tyl do RNA mTyl niz do 18S rRNA byt
zachowany. Zebrane dane sugeruja, ze oba biatka Gag Tyl wigza rézne RNA z wysokim powi-

nowactwem, ale niskg specyficznoscia.
7.2.2. Mechanizm wigzania RNA przez Gag Tyl

Wspoétczynnik Hilla (ng) byt wigkszy niz 1 przy kazdym stosowanym stezeniu soli dla obu bia-
tek Gag Tyl w interakcjach ze wszystkimi testowanymi RNA (Tab. 1 w [2]), co wskazuje, Ze
wigzanie RNA przez Gag-p49 lub Gag-p45 in vitro ma charakter kooperatywny niezaleznie od
rodzaju czasteczki RNA. Podobny mechanizm dziatania zaobserwowano dla biatek Gag retro-
wiruséw [96]. Mozna, zatem wnioskowaé, ze podobnie jak w przypadku skladania wirionéw
[100], kazdy RNA moze stuzy¢ jako rusztowanie dla tworzenia czgstek wirusopodobnych Tyl

i napedza¢ oddziatywania wielu czgsteczek Gag ze soba, a takze z RNA.



7.2.3. Oddziatywania Gag Ty1/RNA w warunkach kompetycyjnych

W celu doktadniejszego zbadania specyficzno$ci wigzania Gag-p49 do RNA, przeprowadzitam
testy MST z roznymi kompetycyjnymi RNA dodanymi w nadmiarze w stosunku do znakowane-
go RNA. Skuteczno$¢ konkurencji miedzy czasteczkami RNA oceniatam na podstawie zdolno-
$ci kompetytora do hamowania tworzenia komplekséw znakowanego RNA z biatkiem, obser-

wowanej w zmianie wartosci statej dysocjacji dla tych kompleksow.

W pierwszym typie eksperymentow, stezenia RNA znakowanego i nieznakowanego
(kompetytora) byly stale, a wzrastato st¢zenie biatka Gag-p49. Poczatkowo w charakterze kom-
petytora zastosowatam tRNA z E. coli. W przypadku Gag HIV-1 dodanie nadmiaru tRNA blo-
kuje niespecyficzne oddzialywanie domen MA i NC z RNA przez dodatnio natadowane amino-
kwasy 1 wzmacnia specyficzng interakcje z RNA zawierajacym Psi przez motywy palca cynko-
wego [96,101]. Natomiast, dla Gag Tyl zaobserwowatam, ze obecno$¢ nadmiaru tRNA w reak -
cji skutkuje podobnym wzrostem wartosci Kp dla kompleksow z RNA zawierajacym Psi (RNA
mTyl) oraz 18S rRNA, niezaleznie od zastosowanego stezenia tRNA (Rys. 3A; S2; Tab. 2
w [2]). Nastepnie w roli kompetytorow dla znakowanego RNA mTyl zastosowatam dluzsze
transkrypty: Psi" RNA Tyl i 18S rRNA. Aby ustali¢ maksymalny poziom kompetycji mozliwy
do zaobserwowania w stosowanym uktadzie eksperymentalnym, jako kompetytora uzytam tak-
ze nieznakowany RNA mTyl. Dodanie w nadmiarze nieznakowanego RNA mTy! silnie hamo-
walo tworzenie kompleksow Gag-p49 ze znakowanym RNA mTy1 i obserwowatam o$miokrot-
ny wzrost stalej dysocjacji (Rys. 3B; Tab. 2 w [2]). Natomiast, gdy Psi" RNA Tyl lub 18S
rRNA wspotzawodniczyly z RNA mTyl o oddziatywanie z Gag-p49, odnotowatam odpowied-
nio, czterokrotnie i dwukrotnie mniejszy wzrost wartosci Kp. Analogiczne testy kompetycji
miedzy RNA mTyl i 18S rRNA o wigzanie z Gag-p49 przeprowadzitam rowniez za pomoca
metody EMSA (Rys. 4B; Tab. S2 w [2]). Podobnie, jak w przypadku MST, hamowanie oddzia-
tywania Gag-p49/RNA mTyl przez 18S rRNA bylo o 50% slabsze niz przez nieznakowany
RNA mTyl.

W drugim typie eksperymentow MST zastosowatam rosngce stezenie kompetycyjnego
RNA przy statych stezeniach znakowanego RNA mTyl i Gag-p49. Przy najwyzszym stgzeniu
kompetycyjnego RNA mTy1 (100-krotny nadmiar) obserwowatam catkowite zahamowanie od-
dziatywania Gag-p49 ze znakowanym RNA mTyl. Wplyw 18S rRNA lub Psi- RNA Tyl na
tworzenie kompleksow Gag-p49/RNA mTyl byl natomiast znacznie stabszy. Co ciekawe, sku-

teczno$¢ Psi- RNA Tyl byta o 50% mniejsza niz ta obserwowana dla 18S rRNA.
7.2.4. Rola struktury pseudowezta w wigzaniu RNA przez Gag Tyl

Badania, ktore prowadzitam w ramach mojej pracy magisterskiej wykazaty, ze trzony pseudo-
wezla, znajdujacego si¢ na konicu 5" RNA Tyl oraz rejony im przylegte, stanowia glowne miej-

sca wigzania biatek CTR i1 Gag-p45 [1,47]. Miejsca wigzania prekursorowej formy Gag (p49)



nie byly jednak znane. Niejasna pozostata rowniez kwestia, czy pseudowezet utatwia wigzanie
Gag, czy tez Gag Tyl, jako biatko opiekuncze, wspomaga formowanie tego motywu struktural -

nego.

W pierwszej kolejnosci zbadatam, zatem oddzialywanie Gag-p49 z mutantem RNA
mTyl — ASla (opis mutanta znajduje si¢ w rozdziale 7.1.5). Powinowactwo wigzania
Gag-p49 do mutanta ASla w 150 mM NaCl byto obnizone o okoto 20% w stosunku do RNA
mTyl typu dzikiego (Rys. 5A; S1; Tab. 1 w [2]). Ponadto w eksperymentach kompetycyjnych
zaobserwowatam, ze skutecznos$¢ konkurowania RNA ASla o wigzanie z Gag-p49 jest srednio
o okoto 20% nizsza niz ta odnotowana dla RNA mTyl typu dzikiego uzytego w charakterze
kompetytora (Rys. 5B, C; Tab. 2 w [2]). Dane te wskazuja, ze destabilizacja pseudowezla osta-
bia interakcje miedzy Gag-p49 i RNA Tyl.

W celu doktadniejszego zbadania réznic w interakcjach Gag-p49 z RNA mTy! i mutan-
tem ASla postanowitam poréwnacé miejsca wigzania biatka w tych dwoch czasteczkach RNA
i zastosowatam technike mapowania miejsc wigzania biatka za pomocg rodnikéw hydroksylo-
wych. W eksperymencie tym dochodzi do cigcia tancucha RNA w miejscach wyeksponowa-
nych do roztworu, niezaleznie od struktury drugorzedowej RNA [102]. Poréwnanie profilu cie-
cia dla RNA w stanie wolnym z profilem cigcia otrzymanym dla RNA w kompleksie z biatkiem
pozwala wyznaczy¢ miejsca, w ktorych RNA byto chronione przez biatko przed dziataniem
rodnikéw hydroksylowych. W przypadku RNA mTyl miejsca wigzania Gag-p49 zidentyfiko-
watam w poblizu reszt nukleotydowych tworzacych trzony pseudowezta, w sekwencjach palin-

dromowych PALI i PAL2 oraz w przyleglych im rejonach (Rys. 7.4; Rys. 6A w [2]),

Rysunek 7.4. Model struktury 2D rejonu +1-358 RNA mTyl z zaznaczeniem pozycji chronionych przed cigciem
rodnikami hydroksylowymi w obecnosci biatka Gag-p49 (czerwony). Nieanalizowane nukleotydy sa oznaczone kolo-
rem szarym. Pozycje nukleotydow, ktore odpowiadaja miejscom wiazania biatka Gag-p45 zaznaczono niebieskimi

rombami [1].



co jest zgodne z wynikami, ktore uzyskatam dla Gag-p45 [1]. Co ciekawe, w przypadku mutan-
ta ASla, profil cigcia rodnikami hydroksylowymi wolnego RNA byt bardzo podobny do tego,
ktory uzyskatam dla RNA w kompleksie z Gag-p49 (Rys. 6B w [2]). Zaobserwowatam jedynie
niewielki spadek efektywnosci cigcia RNA przez rodniki hydroksylowe wzdluz prawie calej
dlugosci czasteczki, a wigc, pomimo wcigz wysokiego powinowactwa Gag-p49 do mutanta
ASla, nie bylam w stanie wyznaczy¢ preferencyjnych miejsc wigzania biatka. Wyniki te suge-
ruja, ze prawidlowo uformowana struktura pseudowegzta moze utatwiaé wigzanie Gag Tyl do

genomowego RNA.
7.2.5. Podsumowanie

Moje badania sg pierwszg szczegotowa analizg oddziatywania bialek Gag-p49 i1 Gag-p45 retro-
transpozonu Tyl z RNA. Wyniki eksperymentéw w zmiennych warunkach solnych sugeruja, ze
biatka Gag Tyl wiazg RNA z wysokim powinowactwem, ale mniejsza specyficzno$cig niz biat-
ka Gag retrowirusoéw. Wynika to zapewne z braku w Gag Tyl typowej domeny nukleokapsydu
z motywem palca cynkowego oraz oddzialywania z RNA gtéwnie przez dodatnio naladowane
reszty aminokwasowe. Zalezne od obecno$ci sygnatu pakowania (Psi) zréznicowanie w wigza-
niu Gag-p49 do RNA jest jednak widoczne w eksperymentach kompetycyjnych, sugerujac, ze
niewiele wigksze powinowactwo Gag do RNA Tyl moze pomdc w odréznieniu go od innych
komoérkowych RNA podczas sktadania VLPs. Oba biatka Gag Tyl wiaza podobne sekwencje
w RNA Tyl, a ponadto wydaje si¢, ze Gag Tyl moze rozpoznawaé konkretne motywy struktu-
ralne. Prawidtowa struktura gRNA Tyl moze promowac optymalng prezentacj¢ sekwencji Psi
dla interakcji z Gag i utatwia¢ wydajne pakowanie gRNA Tyl do VLPs. Wykryte roznice
w wigzaniu RNA przez Gag Tyl in vitro wyjasniaja jednak tylko czeSciowo proces selektywne-

go pakowania gRNA Tyl do VLPs in vivo.

7.3. RNAthor - fast, accurate normalization, visualization and statistical analysis of RNA

probing data resolved by capillary electrophoresis

Julita Gumna, Tomasz Zok, Kacper Figurski, Katarzyna Pachulska-Wieczorek, Marta

Szachniuk;

PloS one; 2020; 15(10):€0239287

W ramach wspotpracy z Zakladem Bioinformatyki Strukturalnej ICHB PAN opracowali$my
nowe narze¢dzie - RNAthor, do w petni zautomatyzowanej normalizacji, wizualizacji oraz anali-
zy statystycznej danych uzyskanych w eksperymentach probkowania strukturalnego RNA z wy-
korzystaniem elektroforezy kapilarnej (CE, ang. capillary electrophoresis). Jest ono czg¢$cia

platformy RNApolis dedykowanej wieloaspektowej analizie struktury RNA [103].



7.3.1. Wprowadzenie

Probkowanie chemiczne RNA pozwala nam bada¢ podatno$¢ nukleotydow na modyfikacj¢ che-
miczng, a uzyskane informacje mozna wykorzysta¢ do przewidywania struktury drugorzedowe;j
RNA. Obecnie najpopularniejszymi odczynnikami chemicznymi wykorzystywanymi do prob-
kowania struktury drugorzgdowej RNA in vitro i in vivo sa odczynniki SHAPE (np. NMIA -
bezwodnik kwasu 1-metyloizatoinowego) oraz DMS (siarczan dimetylu) [104,105]. Odczynniki
SHAPE reaguja z grupa 2'-OH rybozy dowolnej reszty nukleotydowej, tworzac kowalencyjne
addukty, przy czym bardziej elastyczne, niesparowane nukleotydy sa modyfikowane czg¢sciej
niz nukleotydy ograniczone przez parowanie zasad lub trzeciorzedowa interakcje [106-108].
DMS natomiast metyluje centra N1 reszt adenozynowych oraz N3 reszt cytydynowych, ktore
nie uczestniczg w tworzeniu wigzan wodorowych [109]. Detekcja miejsc modyfikacji w RNA
odbywa si¢ za pomoca reakcji odwrotnej transkrypcji. W zaleznos$ci od zastosowanych warun-
kow reakcji powstaje pula cDNA, ktora moze zawiera¢ czgsteczki tej samej dtugosci, ale z mu-
tacjami w sekwencji wprowadzonymi w miejscach modyfikacji RNA (metoda MaP, ang. muta-
tional profiling; [110,111]) lub czasteczki o roéznej dtugosci [106,109]. W tym drugim przypad-
ku synteza cDNA zostaje zakonczona w pierwszej pozycji przylaczenia grupy acylowej
(SHAPE) lub metylowej (DMS), gdyz stanowi ona zawadg¢ przestrzenna dla enzymu. Dhugos¢
syntetyzowanych fragmentéw cDNA odpowiada pozycji modyfikacji w RNA, a ilo§¢ danego
fragmentu cDNA odzwierciedla czesto$¢ modyfikacji (reaktywnos¢ SHAPE/DMS), a wiec lo-
kalng dostgpnos¢ strukturalng reszt nukleotydowych w RNA. Migjsca zatrzyman odwrotnej
transkryptazy mozna odczyta¢ za pomoca elektroforezy ptytowej, elektroforezy kapilarnej lub

sekwencjonowania nowej generacji.

Przy zastosowaniu elektroforezy kapilarnej eksperymentator otrzymuje surowe dane
w postaci elektroferogramow, prezentujacych intensywnos$¢ sygnatu fluorescencyjnego dla kaz-
dej reszty nukleotydowej w badanym fragmencie RNA. Intensywnos$¢ sygnatu przektada si¢ na
czesto$¢ modyfikacji w danej pozycji w RNA. Pozyskanie danych ilosciowych z elektroferogra-
moéw CE jest trudne i wymaga skomplikowanej, wieloetapowej analizy sygnatow fluorescencyj-
nych. Istnieje kilka narzedzi obliczeniowych do przetwarzania elektroferogramow, z ktérych
najpopularniejsze to ShapeFinder [112] i QuShape [113]. Po otrzymaniu danych ilo§ciowych
z probkowania strukturalnego i przed ich wprowadzeniem do programéw przewidujacych struk-
ture drugorzgdowa RNA nalezy jednak wykona¢ dodatkowa normalizacje wartosci reaktywno-
$ci oraz kontrole jako$ci danych. Etap ten zwykle wykonywany jest recznie, przez co uzaleznio-

ny jest od wiedzy, umiejetnosci i doswiadczenia badacza.
7.3.2. RNAthor

W celu utatwienia procedury przetwarzania danych z mapowania strukturalnego RNA z ekspe-

rymentdéw skoncentrowanych na badaniu pojedynczych czasteczek RNA zdecydowalismy sie¢



opracowac nowe narzedzie - RNAthor, do w petni zautomatyzowanej normalizacji danych uzy -
skanych w eksperymentach prébkowania strukturalnego RNA metoda SHAPE-CE lub DMS-CE
1 wstepnie przeanalizowanych w programie ShapeFinder lub QuShape. RNAthor to serwer sieci
WWW (https://rnathor.cs.put.poznan.pl) z prostym i intuicyjnym interfejsem oraz przejrzysta
wizualizacjg wynikow analizy. RNAthor przeprowadza normalizacj¢ w oparciu o ugruntowany
protokot zaproponowany przez tworcow metody SHAPE [114]. Uzytkownik otrzymuje wyniki
normalizacji w postaci arkusza kalkulacyjnego (.xlsx) oraz wykresow kolumnowego i schodko-
wego, przedstawiajacych profile reaktywnosci. Ponadto RNAthor wykorzystuje algorytm pro-
gramu RNAstructure [115] do przewidywania struktury drugorzedowej RNA z uwzglednieniem
wprowadzonych danych eksperymentalnych. Uzyskana struktura 2D RNA jest przedstawiona
za pomocg notacji kropkowo-nawiasowej oraz diagramu graficznego. Na diagramie narysowa-
nym przy uzyciu dostosowanego algorytmu RNApuzzler [116] poszczegdlne nukleotydy sa po-
kolorowane zgodnie ze schematem oznaczania reaktywno$ci SHAPE/DMS zdefiniowanym
przez uzytkownika w ustawieniach wejsciowych. Wyniki analizy ze znormalizowanymi warto-
$ciami reaktywnosci sa roéwniez gromadzone w plikach tekstowych w formacie .shape, zapew-

niajac interoperacyjnos¢ z programem RNAstructure.

Calkowitg nowoscig jest zaproponowany przeze mnie algorytm identyfikowania niewia-
rygodnych danych, ktore wynikajg z przedwczesnego zakonczenia reakcji wydluzania startera
z powodow innych niz modyfikacja odczynnikiem SHAPE Iub DMS (np. istniejace wczesniej
cigcie w sekwencji RNA). Zautomatyzowang procedure detekcji niespecyficznych, silnych za-
trzyman odwrotnej transkryptazy (Rys. 2 w [3]) opracowatam w oparciu o doswiadczenie zdo-
byte podczas licznych analiz danych z eksperymentéw probkowania chemicznego réznych cza-
steczek RNA (w tym RNA retrotranspozonu Tyl) in vitro i in vivo. Algorytm eliminuje dane,
ktore spetniaja jedno z nastgpujacych kryteriow:

o warto$¢ reaktywnosci przed normalizacja jest ujemna;
e powierzchnia piku ta jest, co najmniej pie¢ razy wicksza niz srednia powierzchnia piku tha;
e rbOznica w powierzchni piku miedzy ttem a reakcjag jest mniejsza niz 35% S$redniej
powierzchni piku tla i jednoczesnie powierzchnia piku tla w tej pozycji jest rowna lub
wigksza niz ta $rednia.
Przedstawiona w publikacji walidacja proponowanej metody normalizacji danych byta przepro-
wadzona z wykorzystaniem danych z probkowania struktury RNA mTyl. Opracowany przeze
mnie algorytm zostal zoptymalizowany pod katem analizy danych z eksperymentow SHAPE
i DMS. Istnieje jednak mozliwo$¢ jego wytaczenia, dzigki czemu RNAthor moze by¢ rowniez
z powodzeniem stosowany do analizy danych otrzymanych za pomocg innych metod probkowa-
nia strukturalnego RNA. RNAthor wykorzystalam migdzy innymi do analizy danych z ekspery-
mentow probkowania kompleksow RNA/biatko rodnikami hydroksylowymi (Rys. 6 w [2]).


https://rnathor.cs.put.poznan.pl/

Korzystanie z naszego narzedzia jest caltkowicie bezptatne oraz nie wymaga logowania,
jednakze utworzenie konta daje dostep do dodatkowych funkcji, jakimi sg analiza porownawcza
i statystyczna. Opcja ,,Generate chart” prowadzi do wygenerowania profilow reaktywnosci dla
wybranych eksperymentow poréwnanych na jednym wykresie (Rys. 4A, B w [3]). Podczas ana-
lizy statystycznej wykonywany jest nieparametryczny test Manna-Whitneya (jesli uzytkownik
wybrat 2 eksperymenty) lub test Kruskala-Wallisa (jesli uzytkownik wybrat od 3 do 5 ekspery -
mentow). W rezultacie uzytkownik otrzymuje dane liczbowe oraz graficzne — wykres pudetko-
wy 1 skrzypcowy (Rys. 4C w [3]). Oferowane przez RNAthor funkcje utatwiajg analiz¢ wielu
eksperymentow probkowania strukturalnego, pozwalajg oceni¢ zgodnos$¢ miedzy eksperymenta-
mi i porownac¢ cale zestawy danych dla RNA probkowanych w réznych warunkach ekspery-

mentalnych.
7.3.3. Podsumowanie

W poréwnaniu z r¢cznym lub poétautomatycznym przetwarzaniem danych, RNAthor znacznie
skraca czas potrzebny na analize i zamienia zmudng prace w kilkuminutowe zadanie. RNAthor
taczy w sobie nastepujace funkcje: (1) normalizacja danych z mapowania struktury 2D RNA
z kilku eksperymentéw jednocze$nie, (2) automatyczne wykrywanie niewiarygodnych danych,
(3) wizualizacja znormalizowanych wartos$ci reaktywnosci, (4) analiza statystyczna i porow-
nawcza kilku zestawow danych jednoczes$nie, (5) przewidywanie struktury drugorzedowej RNA
z uwzglednieniem dostarczonych danych eksperymentalnych. Tym samym RNAthor moze za-
stapi¢ nawet kilka programéw wykorzystywanych przez badaczy. Chociaz istniejg programy,
ktore moga przetwarza¢ wyniki z probkowania strukturalnego RNA otrzymane z wykorzysta-
niem elektroforezy kapilarnej, to zaden z nich, w przeciwienstwie do naszego narzedzia, nie
oferuje identyfikacji niewiarygodnych danych, a ten etap analizy byt zwykle wykonywany recz-

nie.



8. PODSUMOWANIE

Przeprowadzone przeze mnie analizy strukturalne oraz funkcjonalne in vitro i in vivo poszerzaja
wiedz¢ na temat dimeryzacji i pakowania RNA retrotranspozonu Tyl. Dzigki temu moje bada-
nia w znacznym stopniu przyczyniaja si¢ do lepszego poznania molekularnych mechanizmow
replikacji endogennych retroelementéw z rodziny Pseudoviridae. Opisywane wczesniej w lite-
raturze mechanizmy dimeryzacji i pakowania RNA prezentowane sg, bowiem glownie z per-
spektywy infekcyjnych retrowirusow (Retroviridae). Najwazniejsze wyniki moich badan to:

o ustalenie struktury konca 5’ RNA Tyl w formie dimeru stabilizowanego przez krotkie

migdzyczasteczkowe dupleksy [1];

o wykazanie kluczowej roli sekwencji palindromowych PAL1 i PAL2 w procesie

dimeryzacji RNA Tyl [1];

o wykazanie, ze RNA Tyl moze formowac dimer rowniez przez alternatywne miejsca

kontaktu [1];

o scharakteryzowanie po raz pierwszy odzialywan biatka Gag retrotranspozonu LTR

z RNA [2];

o wykazanie zalezno$ci miedzy strukturg RNA a specyficznym wiazaniem przez biatko

Gag Tyl [2].

Warto podkresli¢, ze badania dotyczace retrotranspozonéw LTR sg wazne nie tylko ze
wzgledu na ich ewolucyjne pokrewienstwo z retrowirusami. Obecnie wiadomo, ze endogenne
retroelementy, ktorych znaczng czes$¢ stanowig retrotranspozony LTR to nie ,,Smieciowe” DNA,
lecz elementy, odgrywajace wazna role w utrzymaniu architektury genoméw, ich funkcjonowa-
niu oraz ewolucji. Transkrypcja RNA tych retroelementow, translacja ich biatek, a nawet cza-
sem tez produkcja VLPs towarzyszy réznym chorobom nowotworowym i autoimmunologicz-
nym cztowieka. Ponadto, w niektorych przypadkach sekwencje kodujace biatka retrotranspozo-
néw zostaly zaadoptowane i aktualnie koduja funkcjonalne biatka istotne dla prawidlowego
dziatania wielu proceséw u organizmow eukariotycznych. W ludzkim genomie zidentyfikowa-
no mi¢dzy innymi grupe ponad 80 genow, pochodzacych od genu gag retrotranspozondw z ro-
dziny Ty3/Gypsy. Dodatkowo retrotranspozony sa waznymi narzgdziami w biologii syntetycz-
nej. Przyktadem moze by¢ tutaj biatko Gag Tyl wykorzystywane w produkcji bifunkcjonalnych
szczepionek typu VLP.

Metodyka moich badan, dotyczacych retrotranspozonu Ty1, w znacznym stopniu opiera
si¢ na eksperymentach prébkowania chemicznego struktury RNA. Przeprowadzenie wielu ana-
liz danych z tych eksperymentow wskazalo mi stabe strony istniejacych metod ich przetwarza-
nia i zainspirowalo do stworzenia nowego narzedzia bioinformatycznego, utatwiajacego ten

etap badan. Efektem mojej pracy jest:



opracowanie wraz z Zakladem Bioinformatyki Strukturalnej ICHB PAN
wielofunkcyjnego programu RNAthor do przetwarzania danych z eksperymentow
mapowania struktury drugorzedowej RNA [3];

zaproponowanie pierwszej zautomatyzowanej metody identyfikacji niewiarygodnych
danych w eksperymentach probkowania struktury drugorzgdowej RNA metoda
SHAPE-CE lub DMS-CE [3].



9. WYKAZ STOSOWANYCH SKROTOW I NOMENKLATURA

aa
CA
cDNA
CE
CNC

DNA
DMS
EMSA

ER
gRNA
IL

IN

Ko
LTR

MA
MST
mRNA
NAC

NC

NMIA
nt

PBS

PR
Psi

RNA
rRNA
RT

aminokwas

domena kapsydu, wystepujaca w poliproteinie Gag retrowirusow (ang. capsid)
komplementarny DNA zsyntetyzowany na matrycy RNA

elektroforeza kapilarna (ang. capillary electrophoresis)

mechanizm kontroli liczby kopii retrotranspozonu w komorce gospodarza
(ang. copy number control)

kwas deoksyrybonukleinowy

siarczan dimetylu

technika elektroforetyczna opo6znionej migracji kompleksow w  zelu
(ang. electrophoretic mobility shift assay)

retikulum endoplazmatyczne

genomowy RNA

petla wewnetrzna w strukturze drugorzedowej RNA (ang. internal loop)
integraza

stata dysocjacji

dlugie terminalne powtorzenia na obu koncach DNA retrowirusOw 1 retrotran-
spozonow LTR (ang. long terminal repeats)

domena macierzy, wystepujgca w poliproteinie Gag retrowirusow (ang. matrix)
termoforeza w skali mikro (ang. microscale thermophoresis)

informacyjny RNA (ang. messenger RNA)

aktywno$¢ opiekuncza wzgledem kwasdéw nukleinowych (ang. nucleic acid
chaperone activity)

domena nukleokapsydu, wystepujaca w poliproteinic Gag retrowirusOw
(ang. nucleocapsid)

bezwodnik kwasu 1-metyloizatoinowego

nukleotyd

sekwencja RNA, wiazaca tRNA wykorzystywanego jako starter podczas od-
wrotnej transkrypcji retroelementow (ang. primer binding site)

proteaza

rejon RNA retroelementow istotny dla pakowania RNA do wiriondw/VLPs
zwany sygnatem pakowania (ang. packaging signal)

RNaza H

kwas rybonukleinowy

rybosomalny RNA (ang. ribosomal RNA)

odwrotna transkryptaza (ang. reverse transcriptase)



SHAPE

SL

SRP

B

TBM

tRNA

UTR
VLPs

selektywna acylacja grup 2'-OH rybozy analizowana metodg odwrotnej tran-
skrypcji (ang. selective 2'-hydroxyl acylation analyzed by primer extention)
struktura spinki do wtosow w strukturze drugorzgdowej RNA, sktadajaca sig
z trzonu, w ktorym reszty nukleotydowe tworza pary oraz z petli apikalnej
z nieparowanymi nukleotydami (ang. stem loop)

czastka rozpoznajaca sekwencj¢ sygnatowa (ang. signal recognition particle)
bufor wykorzystywany m.in. do elektroforezy na zelu agarozowym i poliakryla-
midowym kwasow nukleinowych, zawierajacy Tris-HCl oraz H;BOs

bufor wykorzystywany m.in. do elektroforezy na zelu agarozowym i poliakry-
lamidowym kwaséw nukleinowych, zawierajacy Tris-HCI, H;BO; oraz MgCl,
transportujagcy RNA (ang. transfer RNA)

niepodlegajace translacji koncowe rejony RNA (ang. untranslated region)

czastki wirusopodobne (ang. virus-like particles)
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ABSTRACT

During replication of long terminal repeat (LTR)-retrotransposons, their proteins and genome (g) RNA
assemble into virus-like particles (VLPs) that are not infectious but functionally related to retroviral virions.
Both virions and VLPs contain gRNA in a dimeric form, but contrary to retroviruses, little is known about how
gRNA dimerization and packaging occurs in LTR-retrotransposons. The LTR-retrotransposon Ty1 from
Saccharomyces cerevisiae is an informative model for studying LTR-retrotransposon and retrovirus replica-
tion. Using structural, mutational and functional analyses, we explored dimerization of Ty1 genomic RNA. We
provide direct evidence that interactions of self-complementary PAL1 and PAL2 palindromic sequences
localized within the 5'UTR are essential for Tyl gRNA dimer formation. Mutations disrupting PAL1-PAL2
complementarity restricted RNA dimerization in vitro and Ty1 mobility in vivo. Although dimer formation and
mobility of these mutants was inhibited, our work suggests that Ty1 RNA can dimerize via alternative contact
points. In contrast to previous studies, we cannot confirm a role for PAL3, tRNAM® as well as recently
proposed initial kissing-loop interactions in dimer formation. Our data also supports the critical role of Ty1
Gag in RNA dimerization. Mature Ty1 Gag binds in the proximity of sequences involved in RNA dimerization
and tRNAM®! annealing, but the 5' pseudoknot in Tyl RNA may constitute a preferred Gag-binding site.
Taken together, these results expand our understanding of genome dimerization and packaging strategies
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utilized by LTR-retroelements.

Introduction

Retrotransposons are widespread in most eukaryotic gen-
omes, and active elements are present in fungi, plants, insects
and mammals, including humans. They influence the archi-
tecture and evolution of genomes, and can impact the expres-
sion of genes [1]. Furthermore, expression of retrotransposon
RNAs and proteins, and in some cases the production of
VLPs, accompanies various types of cancer and autoimmune
diseases in humans [2,3], and enhances synaptic plasticity in
Drosophila and mammals [4,5]. The packaging of gRNA into
virions or VLPs is critical for propagation of infectious and
endogenous LTR-retroelements. Extensive studies with retro-
viruses indicate that gRNA packaging is coupled with dimer-
ization, which preludes gRNA encapsidation into virions and
ensures the proper packaging specificity [6-9]. A variety of
structure-based mapping strategies have been used to reveal
the molecular mechanisms and structural determinants of
gRNA dimerization in retroviruses [10-12]. In general,
dimeric retroviral RNA is stabilized by base-pairing between
cis-acting palindromic sequences located near the 5-end of
the gRNA [10,13]. The nucleocapsid (NC) domain of Gag is
responsible for recognition of specific dimerization and
packaging signals in viral RNA, and then Gag or mature NC
nucleic acid chaperone activity promotes the structural

rearrangements of gRNA and interactions between RNA part-
ners [8,10,14-16]. In addition, Gag participates in selective
packaging of cellular tRNA into virions and facilitates its
annealing with the complementary primer-binding site
(PBS) in viral gRNA [17-19].

Much less is known about gRNA dimerization and packaging
during propagation of endogenous retroelements. The Tyl ret-
rotransposon of S. cerevisiae is a well-studied member of the
widely disseminated Ty1/Copia family of the Pseudoviridae [20].
Tyl shares many critical features with endogenous and infec-
tious LTR-retroelements [21]. For example, Tyl contains par-
tially overlapping GAG and POL genes flanked by LTRs at the 5’
and 3' termini. GAG encodes the capsid protein of VLPs, and
POL encodes enzymes required for replication (reverse tran-
scriptase, protease, integrase). Analogous to other retroelements,
Tyl replicates via an RNA intermediate and full-length Tyl
gRNA plays dual role in replication [22]. It is translated into
Tyl proteins and utilized as a genome that is packaged into
VLPs, and reverse transcribed to form a DNA copy that is
integrated into the host genome [21,23,24]. Assembly of VLPs
from Tyl or the yeast Metavirus Ty3 occurs in specific cytoplas-
mic foci (termed retrosomes or T-bodies) where element-
encoded proteins and gRNA colocalize during an early stage of
retrotransposition [25-30]. Tyl VLPs are mainly composed of
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Gag and contain Tyl-encoded enzymes and gRNA in a dimeric
form [24]. During or soon after VLP assembly, the precursor Tyl
Gag polyprotein (Gag-p49) undergoes a single C-terminal clea-
vage that results in mature Gag-p45 (Fig. 1b) [31-34]. Despite
the lack of sequence homology, Tyl Gag is functionally related to
retroviral Gag proteins as it comprises the capsid of VLPs and
mediates critical RNA transactions during the retrotransposon
replication cycle [21,28]. Direct interactions between Gag and
gRNA are required for effective Tyl retrotransposition and
mutations in GAG can disrupt retrosome nucleation and VLP
assembly [26,30,35-37]. Based on in vitro studies of truncated
derivatives of Tyl Gag, the RNA binding and nucleic acid
chaperone region has been mapped to the C-terminus and con-
tains three clusters of basic amino acid residues (Fig. 1b) [38,39].

Mutational and functional analyses identified a ~ 380 nt
region at the 5'-terminus of the gRNA that is required for Tyl
retrotransposition [40,41]. The 5'-terminus of Tyl gRNA con-
tains cis-acting sequences required for packaging, reverse
transcription, translation initiation and genome cyclization
[42-45]. In VLPs, this region forms a long-range pseudoknot
that is needed for efficient retrotransposition [46,47].
However, the sequences essential for Tyl gRNA dimerization
and packaging have not been precisely defined. An early
study, based on in vitro dimerization assays with a synthetic
peptide from a predicted chaperone domain of Tyl Gag,
suggested a role for tRNA;M*" in Tyl RNA dimerization and
proposed a model for dimer formation mediated by interac-
tion of two tRNA;M' molecules bound to the PBS sequences
from two gRNAs [38]. More recently, SHAPE (selective 2'-
hydroxyl acylation analysed by primer extension) [48] analysis
of Tyl gRNA in vitro and in virio identified the changes in the
flexibility of nucleotides contiguous to the three palindromic
PAL sequences from the 5' terminus [46]. By analogy to
retroviruses and in agreement with SHAPE reactivity profiles,
PALI, PAL2 and PAL3 sequences were suggested as potential
contact sites for dimer formation. Two palindromes (PAL1
and PAL2) are located in 5'UTR, while PAL3 is located in the
Gag open reading frame (Fig. 1a). However, the role of PALs
in Tyl RNA dimerization was not analysed. Recent work also
suggests that two SL1a - SL3a kissing-loop interactions (SL1 -
SL4 according to our notation, Fig. la) participate in Tyl

a

o
S
5 S1a PAL1PAL2 ¥ PBS Box 0 Box1 Box2.1

RNA dimerization [49]. Mutations disturbing the comple-
mentarity between SL1 and SL4 decreased Tyl RNA stability
in vivo and significantly inhibited Tyl mobility, but the direct
contact between these hairpins in dimerized RNA was not
shown. The SL1 - SL4 kissing-loop complex is mutually
exclusive with the SHAPE-based model of dimeric Tyl
RNA, as SL1 is formed by an intramolecular PAL1 and
PAL?2 interaction [46].

Here, we have taken a multifaceted approach to characterize
the nucleotide sequences involved in Tyl RNA dimerization and
define features of monomeric and dimeric states of Tyl RNA.
The importance of selected sequences was assessed by their
impact on RNA dimerization and structure, and Tyl mobility.
Our results indicate that similar to retroviruses dimeric Tyl
gRNA is maintained by interactions of self-complementary
palindromic sequences within the 5’UTR. We show that inter-
molecular PAL1 - PAL2 interactions are important for in vitro
dimerization of Tyl RNA and Tyl mobility in vivo. However
mutations that disrupt PAL1 - PAL2 complementarity partially
inhibit Tyl RNA functionality and Tyl RNA apparently
dimerizes via alternative contact points. Our data support the
critical role of Tyl Gag in RNA dimerization. Interestingly,
dimerization induced by Gag does not require initiator
tRNA;M annealing. Although mature Tyl Gag binds in the
proximity of sequences involved in RNA dimerization and
tRNA;M® annealing, the 5' pseudoknot may serve as a major
Gag-binding site. We propose that this interaction could be
essential for Tyl RNA stability during the process of
retrotransposition.

Materials and methods
Genetic techniques, media, strains, and plasmids

Standard yeast genetic and microbiological procedures were used
in this work [50]. Tyl mobility was determined in the Tyl-less
S. paradoxus strain DG3582 (MATa his3-A200hisG trpl ura3)
[39]. The helper-Tyl and mini-Tylhis3-AI plasmids were kindly
provided by M. Joan Curcio. The Tyl helper plasmid (pEIB, 2u
TRPI) contains nucleotides 241-5561 of Tyl-H3 [42]. The mini-
Tylhis3AI plasmid (pJC994, 2u URA3) was constructed by

S2aS1b S2b PAL3
.
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Figure 1. Organization of mini '[2/1 RNA and Ty1 Gag. (a) Mini Ty1 RNA (+1-560) contains the primer binding site (PBS), three short boxes (Box 0, Box 1, Box 2.1; blue)
that anneal with cellular tRNA;M®, and the palindromic sequences PAL1, PAL2, PAL3 (orange). The strands forming the stems of the pseudoknot (S1 and S2) are
marked with green. (b). Schematic representation of Ty1 Gag: p49 (immature) and p45 (mature) with amino acid coordinates. The red boxes represent stretches of

basic amino acids present in the nucleic acid chaperone region.



deleting the Hpal-SnaBI fragment of pGTylhis3AI-[Al]
(818-5463 nt of Tyl-H3 DNA) [51]. Plasmids PALI, PAL2,
PAL3, and IL3 were derived from pJC994 by site-directed muta-
genesis using the QuickChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies) following the manufac-
turer’s protocol (for specific oligonucleotide sequences see
Supplementary Table S1). Plasmid DNA was purified using
PureLink Quick Plasmid Miniprep Kit (Invitrogen) and muta-
tions were verified by DNA sequencing. The multicopy (2p)
TRPI-based pEIB plasmid was introduced into DG3582 by trans-
formation to generate DG4148. Multicopy (2pt) URA3-based plas-
mids pJC994, PALI, PAL2, PAL3, and IL3 were transformed
individually into DG4148 to generate strains DG4151-DG4155,
respectively, containing the helper and mini-Ty1his3-AI plasmids.
Both Tyl helper and mini-Tylhis3-AI element transcription is
under the control of the GALI promoter.

Ty1his3-Al mobility

Tyl movement was monitored using the selectable indicator
gene his3-AI [52]. A single colony of each strain was grown in
SC-Ura-Trp 2% raffinose broth for 16 hrs at 30°C on a tube
roller. Cultures diluted 25-fold into SC-Ura-Trp 2% galactose
broth in quadruplicate were grown at 22°C for 2 days to
induce Tyl expression from the GALI promoter. Cells were
centrifuged, suspended in water and dilutions plated on SC-
Ura-Trp 2% glucose and SC-Ura-Trp-His 2% glucose plates.
Following incubation for 5 days at 30°C, the frequency of
Tylhis3-AI mobility was calculated by dividing the number
of Ura® Trp" His" colonies by the number of Ura® Trp*
colonies. Mobility analysis for wild type and the mutants
were performed together, repeated at least twice, and repre-
sentative data are shown. Note that TylHIS3 insertions
usually occur by retrotransposition following splicing of the
artificial intron. Since His" cells can also result from recom-
bination of TylHIS3 cDNA with Tyl elements or solo-LTRs
[53,54], the term Tyl ‘mobility’ is used to describe both types
of insertion.

Cloning, expression and purification of Ty1 Gag-p45

Recombinant Gag-p45 was expressed from pGEX-p45 and
purified as described previously [55]. Briefly, the Gag-p45-
GST fusion protein was purified from Escherichia coli BL21
(DE3)pLysS strain (Invitrogen) by affinity chromatography
using Glutathione Sepharose (GE Healthcare). The GST tag
was removed by thrombin cleavage and Gag-p45 was eluted
using a high - salt wash buffer containing 1 M NaCl, con-
centrated by centrifugal filtration and stored at —80°C.

DNA and RNA substrates

The template for transcription of unmodified yeast
tRNAM" was generated by PCR, and RNA was synthesized
using T7-MEGAshortscript (Invitrogen). RNA was purified
by denaturing gel electrophoresis (8 M urea) in 1 x TBE
buffer, eluted from the gel matrix and concentrated by
ethanol precipitation. The template for in vitro transcription
of mini Tyl RNA (560 nt) was generated by PCR
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amplification of sequences corresponding to the RNA nt
+1-560 from pBDG433 wusing a forward primer
F-miniRNA containing an SP6 promoter sequence followed
by 5’ Tyl RNA sequence and a reverse primer R-miniRNA
(Supplementary Table S2). DNA templates for PAL1, PAL2
and ASla mini Tyl RNA mutants were obtained using
forward primers introducing desired mutations and primer
R-mini RNA. Templates for the PAL3, SL4 and IL3 mutants
were generated by PCR-driven overlap extension. All tran-
scripts ~ were  synthesized using  SP6-MEGAscript
(Invitrogen) and purified using Direct-zol RNA MiniPrep
Kit (Zymo Research). The quality of transcripts was mon-
itored by high-resolution agarose-gel electrophoresis in the
presence of formaldehyde. Mini TylRNA and Tyl RNA
mutants were 3'-end labeled with [a-**P] pCp using T4
RNA ligase (Fermentas) and purified on NucAway Spin
Columns (Invitrogen Ambion). Purified RNAs were stored
at —20°C.

Ty1 RNA dimerization

2p_labeled Tyl RNA (1 pmol) was refolded in buffer contain-
ing 40 mM Tris-HCI pH 8.0, 130 mM KCI, 0.1 mM EDTA by
heating at 95°C for 3 minutes, slowly cooled to 60°C, placed
on ice for 1 minute, and then incubated at 37°C for 30 minutes
following the addition of MgCl, to 2 mM. For the dimeriza-
tion assays with tRNA;M', tRNA;M was folded separately in
equivalent conditions and Tyl RNA was combined with unla-
beled tRNA;M*" at 1:2 molar ratio before addition of Tyl Gag-
p45. RNAs were incubated with increasing concentrations of
protein at 37°C for 30 minutes. All reactions were quenched
by incubation with 1% (w/v) SDS at room temperature for
5 minutes. The samples were phenol/chloroform extracted
and 10 pl of aqueous phase was mixed with 2 pl of 50%
glycerol. RNA was resolved on a 1% agarose gel in 0.5 x TB
at room temperature or TBM (TB with 0.2 mM MgCl,)
running buffer at 4°C. Gels were autoradiographed and quan-
tified by phosphorimaging using FLA-5100 phosphorimager
with MultiGaugeV 3.0 software (FujiFilm). The obtained data
were analysed using Origin software (OriginLab). In all cases,
at least three independent experiments were performed and
the data presented are representative of the whole.

Ty1 RNA structure probing

RNAs (8 pmol) were refolded in 20 pl of renaturation buffer
(10 mM Tris-HCI [pH 8.0], 100 mM KCIl, and 0.1 mM EDTA)
by heating for 3 minutes at 95°C, slow cooling to 4°C, then
adding 100 ul of water and 30 pl of 5x folding buffer (final
concentration: 40 mM Tris-HCI [pH 8.0], 130 mM KCl,
0.2 mM EDTA, and 4 mM MgCl,), followed by incubation
for 25 minutes at 37°C. The RNA sample was divided into two
tubes and treated with 8 pl of NMIA in DMSO ([+], final
concentration 1 mM) or DMSO alone (-), and the modifica-
tion reaction was carried for 50 minutes at 37°C. RNA was
recovered by ethanol precipitation and resuspended in 10 pl
of water.
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Detecting Gag-induced changes in RNA structure

Tyl RNA (8 pmol) and tRNAM (16 pmols) were folded as
described for dimerization assays. Subsequently, 240 pmols of
Gag-p45 (8 pl in the protein buffer containing 50 mM Tris-HCI,
pH 8.0, 1 M NaCl, 10 mM B-mercaptoethanol, 2.5 mM DTT) or
equal volume of protein buffer were added to 72 pl of RNA
mixture. The reaction was incubated at 37°C for 30 minutes and
quenched by incubation with 1% SDS at room temperature for
5 minutes followed by phenol/chloroform extraction. Each reac-
tion was divided into two separate tubes and treated with 8 pl of
NMIA in DMSO [(+), 1.5mM NMIA, final concentration] or
DMSO alone (-). The modification reactions were carried out for
50 minutes at 24°C. RNA was recovered by ethanol precipitation
and was resuspended in 10 pl of water. Detection of 2'-
O-adducts and data processing were performed as described
below. The contribution of Tyl RNA dimer to the ensemble
SHAPE reactivity profile(s) was calculated according to:

Rg = Rypym + Rppp

Where Rg is the overall reactivity obtained experimentally,
Ry Rp are the reactivities for monomer and dimer and p,,
pPp» are the per cent contribution from monomer/dimer to
total RNA. To reduce bias produced by extreme values, cal-
culated reactivity values greater than 1 were set equal to 1 and
negative values were set to 0 [56].

Hydroxyl radical footprinting

RNA samples (5 pmol) were refolded by heating at 95°C for
1 minute followed by incubation for 25 minutes at 37°C in
folding buffer (40 mM Tris-HCl, pH 8.0, 130 mM KCl,
0.5 mM EDTA and 5 mM MgCl,). Folded mini Tyl RNA
samples were diluted 20-fold with 20 mM Tris-HCI, pH 8.0
prior to adding Tyl Gag-p45. Subsequently, 50 or 100 pmol of
Gag-p45 in a total volume of 6 pl was added to a 70 pl
reaction. As a control for non-specific cleavage, buffer was
added instead of protein. RNA/protein complexes were
formed by incubating 20 minutes at 0°C. To initiate footprint-
ing reactions, 1.5 pl of 2.5 mM (NH4)Fe(SO,), 50 mM
sodium ascorbate, 1.5% H,0O, and 2.75 mM EDTA were
applied on the wall of the tube followed by centrifugation
[57]. Reactions were incubated for 15 seconds at 24°C and
quenched by addition of thiourea and EDTA to final concen-
trations of 20 mM and 40 mM, respectively. RNA was purified
using Direct-zol RNA MiniPrep Kit (Zymo Research).

Primer extension reactions and data processing

A total of 10 pmols of fluorescently labeled primer PR3 [5'-
TCAGGTGATGGAGTGCTCAG-3'] was added to 4 pmols of
RNA [Cy5 (+) and Cy5.5 (—)], and 12 pl of primer-template was
incubated at 95°C for 3 minutes, 37°C for 10 minutes and 55°C
for 2 minutes, then reverse transcribed as described previously
[46]. Sequencing ladders were prepared using primers labeled
with WellRed D2 (ddA) or LicorIRD-800 (ddT) and a Thermo
Sequenase Cycle Sequencing kit (Affymetrix) according to the
manufacturer’s protocol. Samples and sequencing ladders were
purified using ZR DNA Sequencing Clean-up Kit (Zymo

Research) and analysed on a Genomelab GeXP Analysis
System (Beckman-Coulter). Electropherograms were processed
using SHAPEfinder software [58], normalized as described pre-
viously [18] and converted into nucleotide reactivity tables [59].
All reactivity data used in analysis were averaged from at least
three independent experiments. Tables with HR footprinting
and SHAPE data are provided in Supplementary Data set 2.

RNA structure prediction

Secondary structure models were generated using RN Astructure
software with default parameters [60]. RNAComposer was used
for prediction of RNA 3D structural models (http://rnacompo
ser.cs.put.poznan.pl/). This is a fully automated RNA structure
modeling server that predicts RNA 3D structures based on
sequence and secondary structure [61-63].

Results
Requirements for in vitro dimerization of mini Ty1 RNA

Similar to retroviral RNAs, full-length Tyl gRNA (5900 nt)
dimerizes inefficiently in vitro, even in the presence of recom-
binant Gag-p45 (Fig. S1). To analyse Tyl RNA dimerization
and further define nucleotide sequences and structural motifs
required for this process, we used a mini Tyl RNA that
encompasses +1-560 nucleotides of Tyl gRNA and contains
sequences suggested previously as candidates for mediating
Tyl gRNA dimerization, packaging into VLPs, and under-
going reverse transcription and integration (Fig. 1la)
[22,38,41,46,49]. To determine if mature Tyl Gag-p45 dis-
plays properties similar to retroviral Gag polyproteins, we
purified recombinant Gag-p45 from E. coli and examined
whether Gag-p45 enhanced mini Tyl RNA dimerization
in vitro. **P-labeled mini Tyl RNA was incubated with the
increasing amounts of the Gag-p45 and dimeric RNA forma-
tion was assayed by electrophoresis under TB and TBM
(includes MgCl,) running conditions after protein removal.
This experimental approach allows one to distinguish ‘loose
dimers’, which are mediated by kissing loops from ‘tight
dimers’, which may be held together by extended intermole-
cular duplexes [64-67]. Kissing loop complexes require Mg**
for stabilization and are only detectable by electrophoresis
using running buffers containing Mg>* that prevent electro-
phoresis-dependent dissociation. In contrast, tight dimers are
stable under mild denaturing conditions (TB or TBE running
buffers) in the absence of Mg*".

Mini Tyl RNA formed dimers in the presence of Gag-p45
(Fig. 2), whereas the RNA migrated as a single band corre-
sponding to the monomeric form under TBM and TB elec-
trophoresis conditions in the absence of Gag-p45. Incubation
of mini Tyl RNA with increasing amounts of Gag-p45
resulted in significant conversion toward the dimeric state.
At a 3 uM concentration of Gag-p45 (1:23 protein to nt molar
ratio), ~45% of mini Tyl RNA was present in a dimeric state.
Dimerization assays were performed in the presence (Fig. 2a)
or absence of tRNAM¢ (Fig. 2b) to directly assess whether
tRNAM ™ tRNA;M" interactions act as a ‘bridge’ in Tyl RNA
dimerization, as suggested by earlier work [38]. The inclusion
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of tRNA;M** did not alter the monomer - dimer ratio, indicat-
ing that similar to retroviruses, dimeric Tyl RNA is stabilized
by direct base pairing of complementary cis-acting sequences.
A similar efficiency of dimerization was obtained under TB or
TBM running conditions, showing that mature Gag promotes
formation of tight mini Tyl RNA dimers. However, two
discrete bands migrating slower than the major dimer were
visible in the presence of Mg>" (Fig. 2, bottom panel TBM
gels). These bands may contain the higher-order multimers of
mini Tyl RNA or transient forms of dimeric RNA that are
unstable during electrophoresis when the running buffer
lacks Mg*".

Gag binding sites on mini Ty1 RNA

Hydroxyl radical (HR) footprinting was used to map Gag-p45
binding sites within mini Tyl RNA. This method offers an
advantage over SHAPE analysis for detecting sequences pro-
tected by protein binding because HR cleavage of the RNA
backbone occurs independently of RNA secondary structure
[68]. Ribonucleoprotein complexes were formed on ice to
minimize Gag-induced structural changes of mini Tyl RNA
and maintain the monomeric state of the RNA (Fig. S2).
Opverall reactivity profiles for mini Tyl RNA in the presence
or absence of recombinant Gag-p45 were compared to reveal
protected nucleotide sequences (Fig. 3a). HR footprinting data
were correlated with the SHAPE-based secondary structure
model of the mini Tyl RNA monomer (Figs. 3b & S3). The
strongest and statistically significant decrease in HR cleavage

was observed in sequences forming the Tyl pseudoknot, rais-
ing the possibility that this is a preferred region for Gag-p45
binding. We also observed smaller but statistically significant
protection in three regions located downstream of PBS and in
the apical part of the SL1 hairpin that is formed by intramo-
lecular base pairing between PALI and PAL2 palindromes
(Figs. 3b & S3). Analysis of the composition of protected
sites revealed that the content of C, A and U residues in the
protected stretches of nucleotides were similar, while the
number of G residues was significantly lower (Fig. 3c).
These results suggest a lack of Tyl Gag preference for parti-
cular nucleotide base(s), whereas retroviral Gag binding sites
contain a high purine content (A and/or G) [18,69].

SHAPE analysis of wild type mini Tyl RNA in monomeric
and dimeric states

To further explore Tyl RNA dimerization, we analysed the
structure of the Gag-induced mini Tyl RNA dimers by
SHAPE [48,70]. In addition to mini Tyl RNA, tRNAM was
also present in the reaction mixtures as dimerization and primer
binding are two critical RNA-RNA hybridization processes
occurring during Tyl VLPs assembly. When Gag-p45 was not
added to the reaction, dimers were not formed and tRNAM
was not annealed. Therefore, this reaction was used to monitor
the monomeric state prior tRNA;™® annealing (thereafter
referred to as monomer). Addition of Gag-p45 induced both
dimerization of mini Tyl RNA and tRNAMet annealing (there-
after referred to as dimer). Prior to SHAPE analysis, protein was
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Figure 3. Gag-p45 binding sites in mini Ty1 RNA. (A) Hydroxyl radical (HR) cleavage and difference plot analyses of protein free mini Tyl RNA in comparison with
RNA probed in the presence of Gag-p45. Regions showing statistically significant decrease HR reactivity over several nucleotides are indicated by gray stripes
(absolute cleavage decrease of 0.1 or greater and a p-value <0.05). Sites of decreased HR cleavage upon Gag-p45 binding are indicated by negative peaks. Asterisks
below the plot correspond to statistical significance (Student’s t-test). (B) 2D structure model of +1-358 region of mini Ty1 RNA with the positions protected from HR
cleavage in the presence of Gag-p45 coloured with green (absolute cleavage decrease of 0.1 or greater and a p-value <0.05). Not analysed nucleotides are marked
with gray. Nucleotide positions which most likely correspond to protein binding sites within the Ty1 genomic RNA in VLPs are marked with blue diamonds [46].
Tables with HR footprinting data are provided in Supplementary Data set 2. (C) Frequency of nucleotide occurrence within Gag-p45 binding sites and their vicinities

represented as a logo (https://weblogo.berkeley.edu/).

gently removed by phenol-chloroform extraction. Since the
maximal efficiency of dimerization was ~ 50%, the mini Tyl
RNA population was a mixture of monomers and dimers after
incubation with Gag-p45. To address this problem, we applied
a mathematical method that allows one to determine the sec-
ondary structures of individual RNAs in a mixture of the con-
formers. This method was used successfully to analyse RNA
folding intermediates of the HIV-2 Rev-responsive element
[56]. Accordingly, the reactivity value of each nucleotide
obtained for the mixture of two RNA states is a sum of reactivity
values of both states, weighted according to the fractional con-
tribution of each to the total RNA population. Structural differ-
ences were detected both by comparing monomer and dimer
SHAPE reactivity profiles and by subtracting individual nucleo-
tide reactivities for the monomer from values of dimer to yield
a difference plot (Fig. 4a).

The SHAPE profiles for mini Tyl RNA monomer and dimer
are similar, indicating that Gag-induced transition from the
monomer to dimer state does not cause extensive refolding of
the RNA (Fig. 4a). Despite this overall similarity, we observed
statistically significant reactivity differences that reveal important
local changes in RNA conformation. NMIA reactivity alterations
in the region +82-176 can be attributed to the formation of a mini
Tyl RNA/tRNAM® complex in the presence of Gag-p45. These
changes correspond well with NMIA reactivity profiles character-
istic for Tyl RNA/tRNA;M®' complex described earlier [46]. The
tRNAM" binding sequences constitute a specific border in
SHAPE reactivity (Fig. 4a). In the downstream region, stretches
of small positive peaks are revealed by difference plots, while
upstream from the PBS, stretches of both positive and negative
peaks are detected. Most of positive peaks correspond to increases
in local nucleotide reactivity resulting from a structure destabiliz-
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to NMIA are scaled by colour (see insert on the left). The tRNA;M=t is shown in brown. (c) Colour-coded histograms of NMIA reactivity for mini Tyl RNA in monomeric
and dimeric states. Tables with SHAPE data are provided in Supplementary Data set 2.

ing activity of Gag-p45 that is similar to the nucleic acid chaper-
one activity of retroviral Gag polyproteins [28,38,39]. The
stretches of negative peaks are attributable to intermolecular
interactions critical for dimer formation. The strongest and sta-
tistically significant reactivity decrease was observed in the
21UCU23 sequence linking PAL1 and PAL2. In the monomer,
nucleotides 21UCU23 were highly reactive since they comprise
apical loop of the SL1 hairpin formed by intramolecular base-
pairing of PAL1 and PAL2 (Figs. 4c & S2). PAL1 and PAL2
palindromic sequences were unreactive in both monomer and
dimer states, therefore, it is challenging to prove that they con-
stitute contact sites in the dimer. Importantly, the observed reac-
tivity decrease in 21UCU23 is independent from tRNAM®
annealing (Fig. S4) and supports a Gag-induced structural transi-
tion that may correspond to the SL1 hairpins forming an

intermolecular extended duplex with a UCU/UCU distortion
(Fig. 4b). Alternatively, reactivity changes in SL1 apical part may
arise from intermolecular kissing loop interactions between SL1
and SL4 that were recently proposed to help initiate Tyl RNA
dimerization [49]. Since the SL4 apical loop was highly reactive in
both monomeric and dimeric states (Figs. 4c & S2), these kissing
loop interactions are unlikely to be present in dimeric mini Tyl
RNA. Similar to PAL1 and PAL2, PAL3 was also unreactive in the
monomeric and dimeric states. This palindrome is present in the
stem of SL7 (Figs. 4c & S2) and its engagement in intermolecular
base-pairing is anticipated to disturb the structure of SL7 and
increase reactivity in the complementary strand [46]. However,
we did not observe SHAPE reactivity changes in the SL7 stem
(Fig. 4c) that would support PAL3-PAL3 interactions in the Tyl
RNA dimer.
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Figure 5. 3D structure models of SL1 (a) and the PAL1-PAL2 intermolecular
duplex (b), characteristic for monomeric and dimeric RNA, respectively. In SL1,
nucleotides 21UCU23 are marked with blue. In duplex U21 and C22 are marked
with magenta, U23 are marked with yellow.

In addition to the change of 21UCU23 reactivity in dimeric
mini Tyl RNA, a reproduceable statistically relevant decrease in
reactivity was detected for nucleotides in the third internal loop -
IL3 (nt 63-71) (Fig. 4a). This asymmetric internal loop contains
a short 67AAUU70 palindromic sequence that could serve as an
additional dimerization site (Fig. 4b). However, despite the reac-
tivity decrease in IL3, nucleotides A67, A68 and U70 in the
palindrome remained reactive to NMIA in the dimer (Figs. 4b,
¢), suggesting this interaction is less stable or transient in nature.
In support of the validity of our approach, a similar change in the
IL3 reactivity pattern was detected between full-length mono-
meric Tyl RNA probed in vitro and in dimeric Tyl RNA probed
within VLPs [46].

3D models of PAL1-PAL2 interactions in monomer and
dimer

Our data suggest the SHAPE reactivity changes in the
21UCU23 sequence linking PAL1 and PAL2 result from
a Gag-induced monomer to dimer transition. To extend and
validate these findings, we generated 3D structure models of
SL1 and the PAL1-PAL2 extended duplex (Fig. 5). Models
were generated using RNAComposer, which is an advanced
tool for modeling atomic-resolution 3D models of RNAs
based on their sequence and secondary structures [61,62].
Predicted structural models correspond well with the NMIA
reactivity changes observed in the linking sequence. In mono-
meric Tyl RNA, nucleotides 21UCU23 constitute the apical
loop of SL1 and were highly reactive to NMIA. The 3D

Table 1. Tyl RNA mutants used in this study.

structure model of PAL1-PAL2 extended duplex suggests for-
mation of non-canonical C-U intermolecular base-pairs invol-
ving U21 and C22 residues. Non-canonical C-U base pairs
were identified in several biologically important RNAs and
RNA duplexes containing the C-U base pairs can be consid-
ered similar to typical A-RNA helices [71,72]. The preserva-
tion of continuous stacking contributes significantly to the
stability of RNA folds and minimizes the exposure of hydro-
phobic base surfaces to polar solvent. This can explain the
lack of U21 and C22 NMIA modification in dimeric mini Tyl
RNA. Moreover, U23 residues were predicted to be extruded
from the duplex with the base pointing towards the solvent.
Such looped out nucleotides would allow the overall duplex
geometry to remain close to the regular A-form. In agreement
with the 3D structure model, U23 residues were readily mod-
ified by NMIA in dimeric mini Tyl RNA.

Mutational analysis of cis-acting sequences involved in
mini Ty1 RNA dimerization in vitro

To further define the role of candidate sequences in Tyl RNA
dimerization, we analysed in vitro dimerization of mini Tyl
RNA mutants with nucleotide substitutions in the postulated
contact sites (Table 1). Our data reveal that substitution of
PALI or PAL2 by non-palindromic sequences (PAL1 mutant
and PAL2 mutant, respectively) results in a two-fold decrease
in dimerization when compared to wild type mini Tyl RNA
(Figs. 6a & S5). Investigation of a mini Tyl RNA mutant with
a single nucleotide substitution (U16C) in PAL1 additionally
confirmed the role of this palindrome in Tyl RNA dimeriza-
tion (Fig. S6). The U16C RNA mutant dimerized less effi-
ciently than wild type but as expected, the inhibition was
weaker than observed for the PALI non-palindromic mutant.
U16C disturbs the U16-A28 base pair and thereby might
destabilize the PAL1-PAL2 intermolecular interaction.
However, mutations in SL1 hairpin could also impact the
potential SL1-SL4 interactions [49] and thus, the observed
inhibitory effects might result from disturbance of an initial
kissing loop complex. Despite the lack of support for this
possibility from our SHAPE analysis, we also assayed dimer-
ization of a mini Tyl RNA mutant with substitutions in the
SL4 apical loop (SL4 mutant) that disturb SL1-SL4 comple-
mentarity and impairs Tyl retrotransposition [49]. We
observed that mutations in SL4 altered monomer to dimer
ratio only slightly, indicating that the SL1-SL4 kissing com-
plex is not required for dimerization of mini Tyl RNA in vitro
(Figs. 6b & S5).

Mutant Description of introduced mutations

Sequence of wild type mini Tyl RNA and mutants

U16C mutant
PALT mutant
PAL2 mutant
PAL3 mutant
IL3 mutant

SL4 mutant

AS1a mutant

Single nucleotide substitution in PAL1 sequence

Substitution of internal loop 3 sequence
Substitution of SL4 apical loop sequence
Deletion of 5 nt within S1a pseudoknot stem

Substitution of PAL1 sequence with non palindromic sequence
Substitution of PAL2 sequence with non palindromic sequence
Substitution of PAL3 sequence with non palindromic sequence

15GUAUAU20 — GCAUAU
13UAGUAUA1T9 - CGCCCaC
24GUAUAC29 - CGCCCG
423CCUGGG428 — AAGAGG
65ACAAUUAU72 — CCAACCAU
291CCACAGAAU299 — CCUCUCUAA
1GAGGA5 - ——-——-
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Taken together, our results suggest that PAL1-PAL2 inter-
molecular interactions play an important role in Tyl RNA
dimerization. However, dimerization of RNA containing PAL1
or PAL2 mutations was reduced but not abolished completely,
suggesting another sequence could facilitate dimerization in
addition to PAL1 and PAL2. Although SHAPE analysis of Tyl
RNA in VLPs raises the possibility that a PAL3-PALS3 interac-
tion influences dimer formation [46], a non-palindromic PAL3
mutant displayed a dimerization efficiency comparable to that of
wild type mini Tyl RNA (Fig. 6a), suggesting that PAL3 is
dispensable for dimerization in vitro. We also analysed dimer-
ization of mini Tyl RNA with substitutions in IL3 (IL3 mutant)
because NMIA reactivity of dimeric RNA decreased in the IL3
internal loop. The IL3 mutant dimerized similar to wild type
mini Tyl RNA at lower Gag-p45 concentration, but less effi-
ciently at higher Gag-p45 concentration (Figs. 6b & S5).
However, the decrease in IL3 RNA mutant dimerization was
weaker then that observed for the PAL1 or PAL2 non-
palindromic RNA mutants.

SHAPE analysis of monomeric and dimeric mini Ty1 RNA
containing non-palindromic mutations

To exclude mutation-induced RNA misfolding that could indir-
ectly affect dimerization, we performed SHAPE analysis of non-
palindromic RNA mutants in monomer form. The obtained
reactivity profiles of PAL1, PAL2 and PAL3 non-palindromic
RNA mutants resembled closely that of monomeric wild type
mini Tyl RNA and the majority of statistically significant reac-
tivity changes were found only for the mutated sequences and

adjacent nucleotides (Fig. 7a—c). These results confirm that the
observed perturbations in dimerization are not caused by exten-
sive alterations in the secondary structure of the mutated RNAs
extending beyond the altered sequence. Interestingly, the IL3
RNA mutant displayed decreased NMIA reactivity in residues
of the SL1 apical loop (Fig. 7d). Therefore, the IL3 mutation may
influence the architecture of the 5" terminus of Tyl RNA and
indirect effect on mini Tyl RNA dimerization in vitro is also
possible.

We also characterized PALI and PAL2 non-palindromic
RNA mutants in the dimeric form by SHAPE as described
above (Fig. 6¢). Similar to wild type mini Tyl RNA, differ-
ences in SHAPE reactivity between monomeric and dimeric
RNAs were limited to the regions (i) +82-176 (indicating
tRNA annealing) and (ii) upstream from the PBS. For the
PALI mutant, a stretch of statistically relevant high negative
peaks was observed in the region corresponding to IL3. This
loss of reactivity in the dimeric state suggests that the PALI
mutant dimerizes via an interaction between palindromic
sequences located in the IL3. The decrease in SHAPE reac-
tivity in this region was also observed for wild type mini Tyl
RNA dimer but was less evident when PAL1-PAL2 intermo-
lecular interactions were present (Fig. 4a). This effect was
not detected for the PAL2 mutant, where a surprisingly
strong and statistically significant reactivity decrease was
identified in PALl sequence, suggesting intermolecular
PAL1-PALl interaction in dimeric PAL2 RNA mutant.
Taken together, our observations suggest that alternate
dimerization contacts are utilized when the wild-type dimer-
ization sites are mutated.
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Figure 7. SHAPE analysis of the secondary structure of mini Tyl RNA mutants in monomeric form. Step plots of NMIA reactivity of PAL1 (a), PAL2 (b), PAL3 (c), IL3 (d),
AS1a (e) and SL4 (f) mutants. For clarity, the plots show the selected regions of mini Tyl RNA mutants. Each mutant (red line) is plotted against the wild type mini
Ty1 RNA (black line) for comparison. Nucleotides within the PAL1, PAL2, IL3 and stems (S1b, S2a, S2b) of the pseudoknot are indicated by gray stripes. Nucleotides
that exhibit statistically significant differential reactivity (10% of highest SHAPE reactivity differences and a p-value <0.05 using the Student’s t-test) are marked with
asterisks below the plot. Tables with SHAPE data are provided in Supplementary Data set 2.

Role of the 5'-pseudoknot in Ty1 RNA dimerization

The 5'-terminus of Tyl RNA in VLPs is stabilized by a long-
range pseudoknot structure with two helical regions: S1 and
S2 [46]. This tertiary motif provides an important biological
function as mutations disrupting its conformation interfere
with Tyl retrotransposition [41,47,49]. This pseudoknot is not
present in the full-length Tyl RNA in vitro, but is stable in the

mini Tyl RNA monomer [47]. Our structural analysis reveals
that the dimerization does not change the reactivity pattern in
the sequence forming the SI and S2 stems of the pseudoknot
(Fig. 4b), and this critical motif is also present in dimeric mini
Tyl RNA. To explore the relationship between pseudoknot
formation and dimerization, we analysed the structure and
dimerization of a mutant with a defect in S1 stem of the
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pseudoknot (ASla mutant) (Figs. 6b & 7e). Deletion of 5 nts
from the Sla strand caused a statistically relevant increase in
NMIA reactivity in the S1b strand, but not in the S2 stem,
confirming that two helical regions of pseudoknot fold inde-
pendently (Fig. 7e) [47]. Interestingly, statistically significant
increased NMIA reactivity was also detected for residues A19,
U20 and U21, suggesting destabilization of the upper part of
SL1. This SL1 destabilization did not greatly influence dimer-
ization as the ASla mutant when compared with wild type
mini Tyl RNA (Fig. 6b).

The pseudoknot stems are linked by the sequence constitut-
ing SL4 hairpin. Although our findings do not support a role for
SL4 in dimerization, a strong retrotransposition defect was pre-
viously reported for a mini Tyl RNA mutant with identical
substitutions in SL4 apical loop [49]. To further explain the
role of SL4 in Tyl retrotransposition, we performed SHAPE
analysis of the SL4 RNA mutant in the monomer state (Fig.
7f). It revealed that substitutions in the SL4 apical loop disrupt
the pseudoknot as increased NMIA reactivity was detected for
residues in S1b and in direct proximity of S2a. Similar to the
ASla mutant, dimerization of the SL4 mutant was moderately
weaker than that of wild type mini Tyl RNA (Fig. 6b), addition-
ally confirming a lack of direct correlation between the disrup-
tion of pseudoknot and Tyl RNA dimerization. However, our
data show the importance of SL4 for pseudoknot architecture,
which might explain the retrotransposition defect induced by
mutations in SL4 apical loop [49].

Involvement of dimerization sequences in Ty1
retrotransposition

To determine if sequences involved in dimerization of Tyl
RNA affect retrotransposition, we utilized a mini-Tylhis3-AIl
element containing the same sequences as those in our ana-
lyses in vitro, and that can be mobilized by Tyl proteins
supplied by a helper element (Fig. 8a) [41,49,54]. The helper
Tyl RNA expressed from pEIB lacks the PBS and 3’ U3 and
R sequences, which should block its involvement in reverse
transcription. Unlike previous studies, Tyl mobility assays
were performed in a yeast strain that lacks Tyl elements
[73,74] (C. Bergman and D. ]. Garfinkel, personal commu-
nication), thereby minimizing the effects of Tyl products such
as the p22 restriction factor that may complicate interpreta-
tion of the results [75]. Here, the PAL1 and PAL2 mutations
decreased Tyl mobility about 2-fold whereas the PAL3 and
IL3 mutations did not affect mobility (Fig. 8b). The Tyl
mobility assays correspond well with results obtained
in vitro and support our proposition of Tyl RNA dimeriza-
tion via alternative RNA-RNA contact points when PALI-
PAL2 complementarity is disrupted. Unchanged mobility of
the IL3 mutant suggests that the IL3 palindrome is not
required when PALI-PAL2 can interact. Like retroviruses
[76,77], alternative dimerization sites appear to be biologically
active. Therefore, comparing in vivo replication and in vitro
RNA dimerization confirms that in vitro assays reflect the
biological relevance of dimerization sequences.
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Discussion

Understanding how RNA dimerization occurs and its critical
role in propagation has been well-studied in retroviruses
[8,10], but has not been extensively analysed for other retro-
elements. Here, we used a combination of mutational and
structural analyses to develop a model for RNA dimerization
of the yeast LTR-retrotransposon Tyl that builds on earlier
work where we characterized the structure of Tyl RNA in
three distinct biological states (in virio, ex virio and in vitro)
using SHAPE [46]. This analysis suggested PAL1, PAL2, and
PAL3 might be involved in forming dimeric RNA if Tyl
followed a retroviral paradigm that involves base-pairing
between palindromic sequences from two RNAs [46]. Full-
length Tyl RNA exists as monomer in vitro while it forms
a dimer in VLPs [24,46]. In monomeric Tyl RNA PALI and
PAL2 form the stem of SL1, while PAL3 is a part of SL7 stem
[46]. Like other classical RNA probing methods, SHAPE
cannot discriminate intra- from intermolecular base-pairing,
therefore, PAL sequences were unreactive in all analysed
biological states and PAL’s engagement in dimerization was
based on changes in reactivity of nucleotides adjacent to PAL
sequences. Our current model was refined by analysing the
effects of mutations in PAL sequences and additional poten-
tial contact sites on Tyl RNA structure, Gag-induced dimer-
ization in vitro and Tyl mobility. By demonstrating that
mutations in PAL1 and PAL2, designed to impair dimeriza-
tion, do not cause major RNA secondary structure refolding
while diminishing the ability of RNA to form dimers (Figs. 6a
& 7a, b), we provide evidence for PAL1 and PAL2 involve-
ment in Tyl RNA intermolecular interactions. Furthermore,
comparative SHAPE analyses of wild type mini Tyl RNA
monomeric and dimeric states (Fig. 4) together with 3D
models of PAL1 and PAL2 intra- and inter-molecular inter-
actions (Fig. 5) have allowed us to assign reactivity alterations
in the sequence linking PALI and PAL2 to dimer formation.
These alterations are also observed in VLPs [46], which vali-
dates and extends our understanding of how Tyl RNA dimers
form. Also, the present work is the first to directly implicate
PAL1 and PAL2 sequences in Tyl RNA dimerization, and the
proposed model clearly explains the inhibitory effect of muta-
tions in PAL1 or PAL2 on Tyl mobility in yeast (Fig. 8). The
biological relevance of the proposed dimerization sequences is
supported by analysis of conserved nucleotides within the Tyl
RNA 5' terminus indicating high preservation of PAL1 and
PAL2 palindromes among Saccharomyces Tyl elements [49].

Interestingly, we do not detect reactivity changes in the SL7
hairpin harboring PAL3 that were proposed to result from
PAL3-PAL3 intermolecular base pairing in VLPs [46].
Although our analyses support the idea that PAL3 is not
required for Tyl RNA dimerization, we cannot exclude the
possibility that PAL3-PAL3 interactions occur under specific
conditions in VLPs. However, even if PAL3-PAL3 interactions
occur in VLPs, they are not critical for Tyl replication as the
PAL3 mutations do not affect mobility (Fig. 8). Our data initially
suggested that the IL3 palindrome might be a contact site that
stabilizes the dimer in addition to PAL1-PAL2 duplex forma-
tion. Additional dimerization sequences have been identified in
retroviral RNAs, and they can support stability of the RNA

dimer or serve as alternative contact sites when primary dimer-
ization sites are altered [10]. For example, wild type MMTV
RNA dimerizes via PAL II as a major point of contact, while
deletion of PAL II induces dimerization via the palindromic
sequence located within the PBS (PBS-PAL), which constitutes
additional point of contact in wild type MMTV RNA dimer [78].
Repression of the HIV-2 RNA dimerization initiation site (DIS)
by antisense oligonucleotides also promotes tight dimer forma-
tion by interaction between 10-nt long PAL sequence located
upstream from DIS [64,79].Tyl RNA with a mutated PAL1
dimerizes via IL3-IL3 interaction, and IL3 mutations negatively
affect dimerization in vitro (Fig. 6). However, despite the reac-
tivity decrease in IL3, the IL3 palindrome is still reactive toward
NMIA in the wild type mini Tyl RNA dimer (Fig. 4) and in full-
length Tyl RNA probed in virio [46]. Also, IL3 mutations do not
affect Tyl mobility (Fig. 8b). Taken together, our results indicate
that IL3 serves as alternative contact point in Tyl RNA dimer
when PALI1-PAL2 intermolecular interaction is disrupted.
Although, we cannot exclude that under some conditions IL3-
IL3 interaction additionally stabilizes the dimer of wild type Tyl
RNA, this interaction is transient and not critical for Tyl
replication.

Tyl RNA dimers resemble retroviral dimers in that they
undergo stabilization during maturation of the VLPs, result-
ing from proteolytic processing of Gag-p49 to Gag-p45 as well
as the Gag-Pol precursor [24]. A recent study proposed that
initial Tyl RNA dimers are maintained by two intermolecular
kissing loop interactions between the SL1 and SL4 hairpins
[49].These kissing loop interactions are not detected in full-
length Tyl RNA in VLPs [46] or in the mini Tyl RNA dimer
induced by Gag-p45 (Fig. 4). The RNA dimers in VLPs and
induced in vitro by Gag-p45 represent the mature dimer
stabilized by the intermolecular PAL1-PAL2 extended duplex
that is mutually exclusive with the SL1-SL4 kissing loop.
Retroviral transcripts can form loose dimers stabilized by
kissing loop interactions even in the absence of proteins
[64,66,80]. Therefore, spontaneously-formed kissing loop
dimers of Tyl RNA could be selected for packaging by the
Gag-p49 precursor and then converted to mature dimer sta-
bilized by PAL1-PAL2 interactions. However, Tyl RNA
dimers are not detected in the absence of protein (Fig. 2)
and mutational disruption of the SL1-SL4 kissing loop inter-
actions impacts mini Tyl RNA dimerization in vitro only
modestly, if any (Fig. 6b). Our results do not support SL1-
SL4 intermolecular interactions, but they confirm the signifi-
cance of SL4 in Tyl retrotransposition. We propose that while
SL4 is not involved in dimerization, it is critical for global
architecture of Tyl RNA including folding of the biologically
important pseudoknot.

Our work re-examines an early study where it was proposed
that unlike retroviruses, Tyl dimeric RNA results from base
paring between two tRNA;™* molecules bound to PBS
sequences that initiate reverse transcription [38]. This model is
based on dimerization assays with a 103-residue synthetic pep-
tide from the C-terminal region of Tyl Gag that possesses RNA
chaperone activity (Fig. 1b). Here we show that Tyl RNA
dimerization induced by mature Gag-p45 does not require
tRNA,Met sequences (Fig. 2), and that the retrotransposon
RNA dimers resemble those of retroviruses in that they are



maintained via cis-acting RNA sequences as described above
(Fig. 4b). The lack of tRNA involvement in Ty RNA dimer
formation is also supported by data showing that dimerization
of Ty3 retrotransposon gRNA is not reduced in mutants that fail
to package tRNA;"*" and deletion of the PBS does not alter
gRNA packaging into Ty3 VLPs [81-83].

Assembly of Tyl VLPs and effective retrotransposition
requires direct interactions between Gag and gRNA
[26,28,30], but specific nucleotide sequences recognized by
Tyl Gag have not been defined. Recently, we identified sites
within mini Tyl RNA that are recognized in vitro by a protein
comprising the C-terminal half of Tyl Gag called the CTR
[39]. The N-terminal part of Gag does not bind RNA, but is
known to play an important role in VLP structure as residues
from this region face the outside of the particle [37]. Gag-p45
binding with Tyl RNA is significantly less salt-dependent
than that of CTR [55], raising the possibility that Gag-p45
has a higher non-electrostatic RNA-binding component than
the CTR, and therefore, may be more specificc. We used
hydroxyl radical footprinting to show that Gag-p45 recognizes
the same nucleotide sequences in Tyl RNA that we previously
identified as CTR binding sites [39]. This observation indi-
cates that although the N-terminal part of Gag-p45 influences
the salt-dependent protein binding to Tyl RNA it does not
change the selective recognition of nucleotide sequences in
Tyl RNA in vitro.

A majority of RNA binding sites for Gag-p45 identified
in vitro may also bind Gag or other proteins in VLPs [46]. In
support of this idea, Gag-p45 binds close to RNA sequences
critical for Tyl dimerization as well as to sequences involved
in cellular tRNA;M®" packaging and initiation of reverse tran-
scription (Fig. 3). Interestingly, the most prominent Gag-p45
binding site in vitro contains sequences forming the pseudo-
knot. This motif is functionally important as mutations that
destabilize the S1 stem inhibit reverse transcription [47], and
mutations in S2 stem decrease RNA stability [49].
Surprisingly, the pseudoknot is not required for packaging
since mutations in S1 or S2 do not influence the level of
Tyl RNA in VLPs [47]. Although it is not known whether
LTR-retrotransposon gRNA dimerization is a precondition
for packaging or occurs in VLPs, we show that pseudoknot
disruption by deletions in the S1 stem or by substitutions in
SL4 have only moderate effects on Tyl RNA dimerization,
suggesting that the link between the pseudoknot and dimer-
ization may be indirect. Indeed, pseudoknot destabilization
might impact the overall Tyl RNA structure and interactions
with Gag at other steps during retrotransposition. Checkley
et al. showed that Gag is required for Tyl RNA stability,
efficient nuclear export and localization into cytoplasmic
foci [30]. Although, it remains to be determined if Tyl Gag
recognizes pseudoknot architecture or is involved in its fold-
ing process in vivo, we propose that sequences involved in
pseudoknot formation constitute a critical Gag binding site
and these interactions are essential for Tyl RNA stability and
trafficking in the cell. Further work will be required to deter-
mine whether Tyl RNA contains high affinity binding sites
for Gag-p45 that are involved in selective packaging and
support VLPs assembly, as has been demonstrated for several
retroviral Gag proteins [8,16].
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Table S1. Primers used for pJC994 site-directed mutagenesis.

PRIMER

SEQUENCE

PAL1mutant_PF

CTCTACCGCCTCGAGGAGAACTTCCGCCCGCTTCTGTATACCTAATATTATAGCC

PAL1mutant_PR

GGCTATAATATTAGGTATACAGAAGCGGGCGGAAGTTCTCCTCGAGGCGGTAGAG

PAL2mutant_PF

CTACCGCCTCGAGGAGAACTTCTAGTATATTCTCGCCCGCTAATATTATAGCCTTTATCA
ACAATGGAATCC

PAL2mutant_PR

GGATTCCATTGTTGATAAAGGCTATAATATTAGCGGGCGAGAATATACTAGAAGTTCTCC
TCGAGGCGGTAG

PAL3mutant_PF

CAAATGTCGCCTATGTACTTTCCAAAGAGGCCACAATCACAGTTTCCGC

PAL3mutant_PR

GCGGAAACTGTGATTGTGGCCTCTTTGGAAAGTACATAGGCGACATTTG

IL3mutant_PF

GCCTTTATCAACAATGGAATCCCACCAACCATCTCAACATTCACCCAATTCTC

IL3mutant_PR

GAGAATTGGGTGAATGTTGAGATGGTTGGTGGGATTCCATTGTTGATAAAGGC

Table S2. Primers used for DNA templates construction.

PRIMER SEQUENCE
F-miniRNA GATTTAGGTGACACTATAGAGGAGAACTTCTAGT
R-miniRNA ACATTGGTGGTGGTCTGAC

AS1amutant_PF

GATTTAGGTGACACTATAGAACTTCTAGTATATT

PAL1mutant_PF

GATTTAGGTGACACTATAGAGGAGAACTTCCGCCCGCTTCTGTATACCTAA

PAL2mutant_PF

GATTTAGGTGACACTATAGAGGAGAACTTCTAGTATATTCTCACACGATAATATTATAGC

PAL3mutant_PF

TTCCAAAGAGGCCACAAT

PAL3mutant_PR

ACTGTGATTGTGGCCTCTTTGGAAAGTACATAG

SL4mutant_PF

GGGTACGGCCCTTAGAGAGGAGGTGGTACTGAAGC

SL4mutant PR

CCUCUCUAAGGGCCGUACCCACAGCAGUG

IL3mutant_PF

GAATCCCACCAACCATCTCAACATTCAC

IL3mutant_PR

GTGAATGTTGAGATGGTTGGTGGGATTC




Figure S1. Dimerization of full length Tyl gRNA in vitro. Lane M: mass marker; lane 1: RNA denatured in
formamide, lane 2: RNA in water; lane 3: RNA dimerization in the absence of Gag-p45; line 4: RNA

dimerization in the presence of Gag-p45.
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Figure S2. Gag-dependent dimerization of wild type mini Tyl RNA detected at 0°C in the presence of 0;
0.375; 0.75; 1.5; 3; and 4.5 uM Gag-p45. Lane denoted C represents control sample that lacks protein.
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Figure S3. SHAPE analysis of mini Tyl RNA in the monomeric state. +1-433 region of mini Tyl RNA in the

monomer form. Nucleotide residues accessibilities to NMIA are color-coded according to scale.
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Figure S4. SHAPE analysis of mini Tyl RNA in monomeric and dimeric states in the absence of tRNAMet,
For clarity, the plots show the +10 — 85 region of mini Tyl RNA. At the top is the step plot of NMIA reactivity
for monomeric (black) and dimeric (red) RNA. At the bottom is the difference plot calculated by subtracting
the monomer intensities from those of the dimer. Negative values indicate nucleotides that are less flexible
in the dimer. Columns corresponding to nucleotides that exhibit statistically significant differential reactivity
(10% of highest SHAPE reactivity differences and a p-value <0.05 using the Student’s t-test) are colored in

blue. Asterisks below the plot correspond to statistical significance.
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Figure S5. Representative Gag-dependent dimerization assays of wild type and mutant mini Tyl RNA. O;
0.375; 0.75; 1.5; 3; 4.5 yM Gag-p45 concentrations were used. Experiments were performed in the presence
of tRNAMet, Lanes denoted C represent control samples that lack protein.
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Figure S6. Dimerization of wild type mini Tyl and U16C RNA mutant. The graph represents averaged
results from three independent experiments.
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Abstract: A universal feature of retroelement propagation is the formation of distinct nucleopro-
tein complexes mediated by the Gag capsid protein. The Ty1 retrotransposon Gag protein from
Saccharomyces cerevisiae lacks sequence homology with retroviral Gag, but is functionally related. In
addition to capsid assembly functions, Tyl Gag promotes Tyl RNA dimerization and cyclization and
initiation of reverse transcription. Direct interactions between Gag and retrotransposon genomic
RNA (gRNA) are needed for Tyl replication, and mutations in the RNA-binding domain disrupt
nucleation of retrosomes and assembly of functional virus-like particles (VLPs). Unlike retroviral
Gag, the specificity of Tyl Gag-RNA interactions remain poorly understood. Here we use microscale
thermophoresis (MST) and electrophoretic mobility shift assays (EMSA) to analyze interactions
of immature and mature Tyl Gag with RNAs. The salt-dependent experiments showed that Tyl
Gag binds with high and similar affinity to different RN As. However, we observed a preferential
interaction between Tyl Gag and Tyl RNA containing a packaging signal (Psi) in RNA competition
analyses. We also uncover a relationship between Tyl RNA structure and Gag binding involving the
pseudoknot present on Tyl gRNA. In all likelihood, the differences in Gag binding affinity detected
in vitro only partially explain selective Tyl RNA packaging into VLPs in vivo.

Keywords: Tyl retrotransposon; Gag; protein-RNA interactions; binding affinity; RNA packag-
ing; MST

1. Introduction

The Ty1/Copia (Pseudoviridae) family contains well-studied LTR retrotransposons
present in many eukaryotic genomes [1]. Although yeast Tyl elements replicate intra-
cellularly, they package genomic RNA (gRNA) into virus-like particles (VLPs) that are
comparable to retroviral virions. Both types of particles form by the assembly of Gag
precursors to protect retroelement gRNA from nucleases and concentrate factors necessary
for reverse transcription of gRNA into double-stranded DNA that can integrate into the
host genome [2-5]. Retroviral virion assembly has been extensively studied using a variety
of approaches that highlight the critical role of the Gag nucleocapsid (NC) domain, con-
taining one or two zinc finger (ZF) motifs, in the selection, dimerization, and packaging of
gRNA [6-9].

Ty1 Gag appears to be different based on its functional organization and low sequence
homology when compared with retroviral Gag, but carries out similar processes [10]. The
Tyl Gag precursor is a 441-amino acid protein (Gag-p49) which, unlike a retroviral Gag
polyprotein, does not contain recognizable matrix (MA), capsid (CA), and nucleocapsid
(NC) domains. During VLP maturation, Gag-p49 undergoes one C-terminal cleavage by
Ty1 protease to form mature Gag (Gag-p45, 401 aa) and a small peptide (p4, 40 aa) with
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unknown function [11,12]. The N-terminal and central regions of Tyl Gag are essential for
protein-protein interactions to form the VLP shell, and the C-terminal region is required
for RNA binding [13,14]. The RNA-binding region of Tyl Gag is rich in basic amino
acids and does not contain a recognizable ZF motif [14]. Tyl Gag plays an important
role in the nuclear export and stability of the Tyl gRNA and its trafficking to specific
cytoplasmatic foci termed retrosomes where Tyl RNA and proteins accumulate prior to
assembly into VLPs [15-18]. Mutations in the C-terminal RNA binding domain of Gag
disrupt retrosome nucleation and VLP assembly [15,17]. Like retroviral Gag, Tyl Gag also
displays nucleic acid chaperone (NAC) activity. In vitro assays showed that Tyl Gag or its
shorter forms containing C-terminal domain promote annealing of tRNA;M¢!, initiation of
reverse transcription, Tyl gRNA dimerization, and cyclization [14,19-21].

For retroviruses, it is generally accepted that gRNA packaging is mediated by specific
binding between Gag and the packaging signal (Psi) located near the 5'-terminus of viral
gRNA [22,23]. In vitro, at physiological salt conditions, HIV-1 Gag binds HIV-1 Psi RNA
and non-Psi RNAs with similar affinities but the specificity for Psi RNA is evident when
binding affinity is measured in high ionic strength buffers or in the presence of an excess
of competing heterologous RNA (e.g., tRNA) [24,25]. The mechanism by which Tyl Gag
identifies and selects Tyl gRNA for packaging into VLPs remains unclear. Psi sequences
for the Ty1 element have not been precisely defined, but functional analyses suggest that
cis-acting sequences critical for gRNA packaging encompass nucleotides +230-580 [26-28].
Biochemical and genetic results suggest cis-acting sequences within the first 580 nucleotides
are critical for Tyl retrotransposition. This region includes palindromes (PAL1 and PAL2)
involved in Tyl RNA dimerization, PBS, Box0, and Box1 that bind primer tRNA;Met)
and CYC5 sequence required for RNA genome cyclization (Figure 1) [20,21,26,27,29,30].
Additionally, the Tyl gRNA 5'-end is stabilized by a functionally important pseudoknot
structure that may also be a preferred binding site for mature Tyl Gag [20,31].

Figure 1. Schematic representation of the 5'-end of Tyl gRNA containing cis-acting sequences:
palindromes (PAL1 and PAL2; orange) involved in RNA dimerization, primer binding site (PBS) and
short boxes (Box0, Box1; dark blue) that anneal cellular tRNA;Met and 5/ cyclization site (CYC5; pink).
The region containing the proposed packaging signal (+230—580) is shown in green. The strands
forming the stems (S1 and S2) of the pseudoknot motif are shown in blue.

In this work, we use microscale thermophoresis (MST) and electrophoretic mobility
shift assays (EMSA) to investigate RN A-binding properties of recombinant Tyl Gag-p49
and -p45. We assess Gag binding to relevant segments of Tyl gRNA with, or without, a
packaging signal and to heterologous RNA. Our results suggest that Tyl Gag binds diverse
RNAs with high affinity but low specificity. In contrast to retroviral Gag, the affinity of Tyl
Gag for various RNAs is not significantly different even at high ionic strength. However,
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competition experiments reveal preferential binding of Gag to Tyl RNA containing Psi,
and correct folding of the 5" pseudoknot structure facilitates selective recognition of Tyl
RNA by Gag.

2. Results
2.1. RNA Binding Affinity and Specificity of Immature and Mature Tyl Gag

To characterize RNA binding properties of Gag-p49 and Gag-p45, we used microscale
thermophoresis, which provides a fast and sensitive way to dissect intermolecular in-
teractions through changes in fluorescence [32]. We analyzed the binding properties of
recombinant Gag-p49 and Gag-p45 to three RNA molecules of similar length: mini Ty1
RNA (mTy1l RNA), non-Psi Tyl RNA, and S. cerevisiae 185 rRNA. mTyl RNA encompasses
the first 576 nucleotides of Tyl gRNA and contains cis-acting sequences crucial for the
retrotransposition, including the packaging region (Figure 1) [20,21,26,27,30,31]. The non-
Psi Tyl RNA encompasses a region of the Tyl coding sequence (+1000—1616). This RNA
corresponds to an internally-initiated transcript (Tyli), which encodes the Gag-like p22
restriction factor but is not detected in VLPs [33,34]. A yeast 185 rRNA fragment (+1—-576)
was used as an additional control for Tyl Gag binding specificity. Experiments were
performed in a buffer similar to that used in binding reactions for HIV-1 Gag [25,35,36].
To determine Tyl Gag binding specificity, Gag titration experiments were performed at
different NaCl concentrations (150-500 mM). At high NaCl concentrations, non-specific
(electrostatic) interactions are increasingly masked by the salt. Specific binding to the RNA
should be more salt-resistant due to the higher contribution of hydrogen bonds or aromatic
residue stacking from protein-RNA interactions [37,38]. Our results were fitted to the Hill
equation model to estimate the average Kp values for protein-RNA complexes and to
provide further information on the binding mechanism.

At physiological ionic strength (150 mM NaCl), Gag-p49 binds both mTy1l RNA and
non-Psi Tyl RNA with high affinity, and only a small difference in Kp values (Kp 176.8nM
and 231.9nM, respectively) was detected by MST (Figure 2A,B; Figure S1; Table 1). The
baseline-corrected normalized fluorescence (AFnorm) increased with Gag-p49 concentra-
tion, reaching a plateau at ~560 nM for mTy1 RNA (1:37 RNA: protein ratio) and ~790 nM
for non-Psi Tyl RNA (1:53 RNA: protein ratio). Salt concentrations of 300 mM and 400 mM
caused a ~2.4-fold and ~9-fold rise in the Kp value of Gag-p49 binding to mTy1l RNA,
respectively. For non-Psi Tyl RNA, we detected more substantial increases in Kp value,
with a ~3.8-fold increase at 300 mM NaCl and a 15-fold increase at 400 mM NaCl. At
500 mM NaCl, binding of Gag-p49 to both RNAs was significantly reduced, as shown
by a 50- and 67-fold increase in Kp for mTyl RNA and non-Psi Tyl RNA, respectively.
Also, a plateau was not reached at 500 mM salt, thus, a measurement error is greater than
for other salt concentrations. For heterologous 185 rRNA, higher ionic strength of the
binding buffer (300 mM to 500 mM NaCl) caused an increase in Kp comparable to that
observed for interactions with mTy1 RNA (Figure 2C; Table 1). Therefore, Gag-p49 binding
to RNA containing the Tyl packaging signal is not more salt-resistant when compared with
the heterologous RNA. Nevertheless, at each salt concentration, Tyl Gag-p49 displays a
slightly higher affinity to mTy1 RNA than to non-Psi Tyl RNA or 185 rRNA.



Int. ]. Mol. Sci. 2021, 22,9103 40f 16
A B c
mTy1 RNA non-Psi Ty1 RNA 185 rRNA
804 - 150mM NaCl 80+ 80
~— 300mM NaCl
~=~ 400mM NaCl .
— 609 -= 500mM NaCl — 601 $ — 60 o>
2 £ f £
£
E 10 E 40 E 401
£ 2 2
w [T w
< 201 < 204 < 204 5
01 01 0
1071 ‘Ib’g 1 E]’a 1I0’7 1b’ﬁ 16’5 1071 1Il'.)’9 1I0’5 1|O’7 1 I0"’ 1IO’5 10°1° 16‘-" 1|U“’ 1I()‘7 1231‘ﬁ 1 I0‘5
Ty1 Gag-p49 concentration [M] Ty1 Gag-p49 concentration [M] Ty1 Gag-p49 concentration [M]
D E E
mTy1 RNA 18S rRNA
80 80 ~47 — Gag-p49-mTy1 RNA
a5 -=.Gag-p45-mTy1 RNA
' Gag-p49-18S rRNA ]
~ 60 ~ 60 L =57+ Gag-p45-18S rRNA
2 = = Gag-p49-non-Psi Ty1 RNA
£ £ o
5 40 5 40 2 61
w [ =
< 20 < 204
,7_
04 0
100 10°  10® 107  10°  10° 10  10° 0% 107  10°  10° -08 -0.6 -0 -0.2
Ty1 Gag-p45 concentration [M] Ty1 Gag-p45 concentration [M] Log[NaCl]

Figure 2. MST analysis of Tyl Gag-RNA interactions at increasing ionic strength. Dose-response binding curves of Tyl
Gag-p49 to mTyl RNA (A), non-Psi Tyl RNA (B), 185 rRNA (C) and of Tyl Gag-p45 to mTyl RNA (D) and 18S rRNA (E) at
150, 300, 400 and 500 mM NaCl. Lines represent fits of the data points using the Hill equation (EC50). (F) The log-log plot of
the binding affinity as a function of NaCl concentration for Ty1 Gag-p49 (solid lines) and Tyl Gag-p45 (dashed lines).

Table 1. Impact of ionic strength on Ty1 Gag-RNA interactions. Binding parameters were based on binding curves from the
salt-dependent experiments that were fitted to the Hill equation. Mean =+ SD of Kp from at least three independent MST

experiments. n.d.: not determined

KD [IIM] ny KD [I‘IM] ny KD [I‘IM] ny KD [I‘IM] ny KD(IM) [M] Zeff
150 mM NaCl 300 mM NaCl 400 mM NaCl 500 mM NaCl
mTyl -5
RNA-Gag-p49 176.8 £ 114 19 4147 +21.7 1.8 1566.2 £+ 36 2.7 8935+ 35445 28 (34+52)x10 3.0£09
18S -5
rRNA-Gag-pd9 2539+ 119 22 6473+172 24 2337.4 +127.7 2.6 10466 +4083.1 22 (4.2+44)x10 29+0.8
non-Psi Tyl 2319+105 1.7 8864+37.7 19 3520 + 258.4 1.6 15635 4+ 19989 14 (9+39) x1075 334+07
RNA-Gag-p49
mTyl -5
RNA-Gag-pd5 2043 +108 2 451.14+219 21 1064.7 + 32.6 34 3823241488 22 (1.1£34)x10 224+0.6
18S _5
rRNA-Gag-pd5 267.8 + 15 22 55244234 2 1871.3 £ 1394 2.1 14525+63302 17 (4.6+6.1)x10 3.0+1.1
ASla
RNA-Gag-p49 2147 £94 21 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

To compare RNA binding features of immature and mature forms of Tyl Gag, we
performed salt-dependent experiments using Gag-p45 and mTyl RNA or 185 rRNA
(Figure 2D,E; Table 1). At physiological salt concentration, the difference between Kp
values obtained for the Gag-p45 complexes with mTyl RNA and 185 rRNA was also small
(204.3 nM and 267.8 nM, respectively), and a plateau in binding was reached at the same
protein concentrations as for immature Tyl Gag. At 400 mM NaCl, we observed a ~5.2-fold
increase of Kp value for Gag-p45 complexes formed with mTy1 and a ~7-fold increase for
complexes with 185 rRNA. Furthermore, at 500 mM NaCl, there was a smaller increase
in the Kp value for Gag-p45 interactions with mTy1l RNA than with 185 rRNA (19- and
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54-fold, respectively). The results suggest that Gag-p45 may display greater discrimination
between Tyl and other RNAs.

To estimate the relative contribution of electrostatic and non-electrostatic interactions
in Tyl Gag-RNA binding, we prepared a log-log plot of the Kp as a function of NaCl
concentration (Figure 2F). The slope of this plot can be interpreted as the effective charge
of the protein-nucleic acid interaction (Z¢), and the Y-intercept represents Kppr) which
reports the non-electrostatic component strength of binding [24,25,37,38]. mTyl RNA
was bound by Gag-p49 with a Kpgyy of 3.4 x 107>, which is similar to that obtained
for 18S rRNA binding (Kpmy 4.2 X 107°) (Table 1). The Gag-p49-non-Psi Tyl RNA
complexes were characterized by the weakest non-electrostatic binding component (Kpr
of 9 x 107°). The difference in non-electrostatic binding component for interactions of
Gag-p45 with mTyl RNA and 185 rRNA was greater than that observed for Gag-p49
(Kpamy 1.1 x 107 and 4.6 x 107>, respectively). The number of electrostatic interactions
was similar for all Gag-p49-RNA complexes (Zq¢ ~3) (Table 1).

The Hill coefficient (nyy) ranged between 1.7 and 3.4 at each salt concentration for
both Tyl Gag proteins in interactions with all RNAs (Table 1). A value greater than
1 suggests positive cooperativity in which binding of ligand to one site facilitates binding of
subsequent ligands at other sites. Therefore, RNA binding by Gag-p49 or Gag-p45 in vitro
is a cooperative process that is independent of the RNA substrates analyzed here.

The results suggest that both Tyl Gag proteins bind diverse RNAs with high affin-
ity but low specificity. Given that trafficking of Tyl RNA to retrosomes and packaging
into VLPs occurs before maturation of Gag-p49 to p45, we focused on the RNA binding
properties of Tyl Gag-p49 in further analyses.

2.2. Gag Interactions in the Presence of Competitor RNA

To further investigate Gag-p49 binding specificity, we performed MST assays with
diverse RNAs added in excess. In the competition reactions, fluorescently-labeled RNA
was added to a mixture of Gag-p49 and competitor RNA at physiological salt concentration.
The competition efficiency was determined by the competitor’s relative ability to inhibit
the formation of protein-labeled RNA complexes, as monitored by a change in Kp.

Initially, we performed Gag-p49 titration experiments with labeled RNA and total
tRNA from E. coli in 50-fold molar excess. Adding excess tRNA only modestly decreased
Gag-p49 binding to labeled mTyl RNA or 185 rRNA, as shown by a ~2.5- or ~1.7-fold
increase in Kp, respectively (Figure 3A, Table 2). Increasing the molar excess of tRNA to
133-fold resulted in similar increases in Kp for both mTy1 RNA and 185 rRNA (Figure S2).
Thus, competition with excess tRNA failed to reveal specific Gag-p49 binding to RNA
containing packaging signal, which is in contrast to results obtained with HIV-1 Gag [25,39].

Table 2. Impact of RNA competition on Ty1 Gag-p49 binding to mTy1l RNA and 18S rRNA. Binding
parameters for Tyl Gag-RNA interactions were obtained based on the Hill equation. Mean + SD of
Kp from at least three independent MST experiments. n.d.: not determined.

Labeled RNA

mTyl RNA 18S rRNA
Competitor

Kp [nM] ny Kp [nM] nyg
competitor 176.8 + 114 1.9 2539 £ 119 22
tRNA E.coli 434.6 £15.8 1.8 430.2 £20.5 1.9
mTyl RNA 1491.6 +28.7 23 12249 +423 1.7
18S rRNA 679.2 £ 30.1 1.9 973.9 £ 37 1.8
non-Psi Tyl RNA 4052 +£75 1.8 n.d. n.d.

AS1la RNA 1150.2 £ 36.5 2.6 n.d. n.d.
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Figure 3. MST analysis of Tyl Gag-p49 interactions with RNA in the presence of competitor RNA. (A) Dose-response
binding curves of Tyl Gag-p49 to mTy1l RNA (black) and 185 rRNA (orange) in the presence (dashed lines) or absence
(solid lines) of total E. coli tRNA in 50-fold molar excess. (B) Dose-response binding curves of Tyl Gag-p49 to mTy1 RNA in
the presence of competing mTyl RNA (black, dashed line), non-Psi Tyl RNA (purple, dashed line) or 185 rRNA (orange,
dashed line) in constant 10-fold molar excess. mTy1 RNA binding by Ty1 Gag-p49 in 150 mM NaCl lacking competitor RNA
is used as a control (black, solid line) (C) Dose-response binding curves of Tyl Gag-p49 to 185 rRNA in the presence of
competing mTyl RNA (black, dashed line) or 185 rRNA (orange, dashed line) in 10-fold molar excess. 185 rRNA binding by
Tyl Gag-p49 in 150 mM NaCl lacking competitor is used as a control (orange, solid line) (D) Dose-response binding curves
of Tyl Gag-p49 to mTy1 RNA in the presence of an increasing concentration of competing mTy1 RNA (black), non-Psi Tyl
RNA (purple) or 185 rRNA (orange).

Next, we used non-Psi Tyl RNA and 185 rRNA as competitors in 10-fold molar excess
to labeled mTyl RNA. To establish the maximum level of competition, a control MST
experiment was performed with labeled mTyl RNA and unlabeled mTy1 RNA. Adding
unlabeled mTy1l RNA in excess strongly inhibited the formation of Gag-p49 complexes
with labeled mTy1 RNA, as reflected in an 8-fold increase in Kp (Figure 3B, Table 2). When
unlabeled non-Psi Tyl RNA or 185 rRNA competed with mTy1 RNA for the binding to Gag-
P49, we observed a much smaller increase in Kp of 2.3-fold and 3.8-fold, respectively. We
also tested the impact of the competitor on Gag-p49 interactions with 185 rRNA (Figure 3C,
Table 2). Excess of 185 rRNA or mTy1l RNA affected the Gag-p49-185 rRNA complexes
formation similarly with a ~3.8- and ~4.8-fold increase in Kp, respectively.

To obtain more information about the specificity of the complexes formed between
Gag-p49 and mTyl RNA, we performed competitive RNA binding assays with increasing
amounts of RNA competitor at constant concentrations of labeled mTyl RNA and Gag-
p49. We observed that mTy1 RNA effectively self-competed for interactions with Gag-p49
(Figure 3D). At a 20-fold molar excess, competitor mTy1 RNA reduced complexes by 50%,
and at 100-fold molar excess, essentially all labeled RNA was displaced from the complexes.
When 185 rRNA or non-Psi RNA were used as competitors, the inhibitory effects were
much weaker. About 80% and 40% of Gag-p49-mTyl RNA complexes were still observed
in the reactions at 100-fold molar excess of non-Psi Tyl RNA or 185 RNA, respectively.



Int. J. Mol. Sci. 2021, 22, 9103

7 of 16

Together, our results suggest that a slightly higher Gag-p49 binding affinity to mTy1
RNA is sufficient to make 185 rRNA and non-Psi Tyl RNA less-effective competitors with
mTy1 RNA for binding to Gag-p49. The reduced effect of non-Psi Tyl RNA suggests this
RNA may contain specific properties that may be investigated in future studies.

2.3. Comparing MST and EMSA to Detect Gag-RNA Complexes

To extend the MST analyses, we detected Tyl Gag-RNA interactions using EMSA.
Initially, we analyzed the binding affinity of Gag-p49 and Gag-p45 to mTy1 RNA and 185
rRNA at various salt concentrations. At physiological salt concentration, Gag-p49 and
Gag-p45 bound mTyl RNA with high affinity, as reflected by Kp values of 88.5 nM and
179 nM, respectively (Figure 4A, Table S1). Also, 185 rRNA was bound efficiently by both
forms of Gag, and the difference between Kp values between Tyl Gag complexes with
mTy1l RNA and 185 rRNA was greater than that detected with MST. Increasing the salt
concentration increased the Kp for Gag-p49 and Gag-p45 interactions with both mTy1 and
185 RNAs, but observed Kp changes were much smaller than that detected using MST.
The binding of mTyl RNA and 18S rRNA was relatively strong even at 800 mM NaCl
(Kp <1 uM) (Table S1). Similar to MST, we observed a slightly higher affinity of Tyl Gag
proteins to mTy1 RNA than to 185 rRNA at each salt concentration.
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Figure 4. EMSA analysis of Tyl Gag-RNA interactions. (A) Plots represent the fraction of bound mTyl RNA (black)
or 185 rRNA (orange) with increasing concentration of Gag-p49 (solid line) or Gag-p45 (dashed line) at 150 mM NaCl.

Representative agarose gels are presented alongside the plots. Lanes denoted C lack protein. Effects of addition of competing
mTyl RNA (black, dashed line) or 185 rRNA (orange, dashed line) in 10-fold molar excess on Tyl Gag-p49 interactions with
mTy1 RNA (B) or 18S rRNA (C). The measurement of RNA binding by Ty1 Gag-p49 in 150 mM NaCl lacking competitor
RNA is used as a control (solid lines).

EMSA was also used to monitor competition between mTyl RNA and 185 rRNA for
binding with Gag-p49. Similar to MST, unlabeled mTyl RNA or 185 rRNA was added
in 10-fold molar excess relative to labeled mTyl RNA. Inhibition of the Gag-p49-mTyl
RNA interaction by 185 rRNA was 50% weaker than self-competition with mTyl RNA
(Figure 4B, Table S2), which is comparable to the results obtained using MST. Similar results
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to those obtained by MST were also observed with labeled 185 rRNA. Gag-p49-18S rRNA
interactions were comparable when competed with mTy1 and 185 rRNA, as reflected in a
~3- and ~4-fold increase of Kp, respectively (Figure 4C, Table S2).

Although the absolute binding parameters are different between MST and EMSA,
this can be explained by differences in the accuracy and sensitivity of these two meth-
ods [40]. Importantly, the same trends were observed in the salt-dependent and competition
experiments using EMSA and MST methods.

2.4. Role of the 5' Pseudoknot in Tyl RNA Binding

In vitro and in virio RNA structure mapping experiments suggest that the stems of
the long-range pseudoknot near the 5’-end of Tyl gRNA and adjacent regions constitute
primary binding sites for Gag-p45 [19,20,41]. However, whether the pseudoknot facilitates
Ty1 Gag binding or Tyl RNA interactions with Gag promote the formation of this structural
motif remains unexplored. To explain the relationship between the pseudoknot motif and
Gag, we studied Gag-p49 interactions with mTy1l RNA mutant containing a 5-nt deletion
at the 5'-end (AS1la RNA) that is destabilized for pseudoknot formation. Prior SHAPE
(selective 2'-hydroxyl acylation analyzed by primer extension) analyses show that this
mutation disrupts the pseudoknot, but does not extensively alter the secondary structure
in other regions of mTy1 RNA [20].

We analyzed the binding affinity of Gag-p49 for ASla RNA at 150 mM NaCl. The
results suggest that the 5-nt deletion moderately impairs protein binding, resulting in a
Kp of 214.7 nM (Figure 5A; Figure S1; Table 1). Next, ASla RNA was used to compete
with wild-type mTy1l RNA for the binding to Gag-p49. A constant 10-fold molar excess
of ASla RNA caused a ~6.5-fold rise in Kp for Gag-p49-mTy1 RNA complexes formation
(Figure 5B, Table 2), which was weaker than that obtained for self-competing mTyl RNA.
Moreover, ASla RNA did not completely disrupt Gag-p49 interactions with mTy1 RNA
when present at higher concentration (Figure 5C). At a 1:100 ratio of wild type to mutated
mTyl RNA, 15% of Gag-p49-mTy1l RNA complexes still remained in solution. Together,
our data suggest that disrupting the pseudoknot affects the interactions between Gag-p49
and mTyl RNA.
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z 2 z_ e
E E g ~207
5 404 5 401 S | B
£ = c
w [ w }
< 204 < 204 < 404
1 -+ competing mTy1 RNA % {
i s competing AS1a RNA -
0 0 —60 peting
100 100 10°¢ 10 10 10 10°  10® 107 10°  10° 10 10 107 10¢ 10°¢

Ty1 Gag-p49 concentration [M]

Ty1 Gag-p49 concentration [M] competitor RNA concentration [M]

Figure 5. Role of the 5’ pseudoknot in Gag-Ty1l RNA interactions. (A) Dose-response binding curves of Tyl Gag-p49 with
mTyl RNA (black) and ASla (blue) at 150 mM NaCl. (B) Dose-response binding curves Gag-p49-mTyl RNA interactions in
the presence of competing mTy1l RNA (black, dashed line) or AS1a RNA (blue, dashed line) in 10-fold molar excess. mTy1
RNA binding by Ty1 Gag-p49 in 150 mM NaCl lacking competitor is used as a control (black, solid line). (C) Dose-response

binding curves of Tyl Gag-p49 to mTy1 RNA in the presence of an increasing concentration of competing mTyl RNA (black)

or ASla RNA (blue).

To further investigate differences in interactions between Gag-p49 and mTyl or ASla
RNA, we used hydroxyl radical (HR) footprinting to map Gag-p49 binding sites in these
two RNAs. The advantage of HR is that cleavage of the RNA backbone occurs indepen-
dently of RNA secondary structure [42]. We compared HR cleavage profiles for mTy1 RNA
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and ASla RNA in the protein-free state. The most significant changes for mutated RNA
were present near the pseudoknot stems, confirming RNA structural changes in the pseudo-
knot region (Figure S3). Protein-RNA complexes were formed under the same conditions
as for the MST analyses. The regions protected by Gag-p49 against #OH were identified by
comparing the cleavage profiles of RNA in the presence and absence of Gag-p49. For mTy1
RNA, the most significant protection occurred near nucleotides forming the pseudoknot
stems (Figure 6A). We also observed a strong Gag-p49 binding effect in PAL dimerization
sequences and adjacent regions (nt 7-13 and 34-40). These data correspond well with
results obtained using mature Tyl Gag-p45 [20]. In contrast, the AS1la RNA cleavage profile
in the presence of Gag-p49 was very similar to that obtained in the protein-free RNA state
(Figure 6B). Strong protection at the pseudoknot region was not detected, but instead,
multiple small cleavage decreases were observed along most of the RNA. We observed
slightly stronger protection against cleavage only for nucleotides +30—42 and +65-68, but
this was much weaker than for wild-type mTyl RNA-Gag-p49 complexes. Thus, despite a
high affinity of Gag-p49 for ASla RNA, preferential protein binding sites were not detected
in the absence of a stable pseudoknot. Taken together, our results provide evidence that the
pseudoknot may facilitate Tyl Gag binding. This novel function of the pseudoknot may
also be important during the process of Tyl retrotransposition.
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Figure 6. Tyl Gag-p49 binding sites on mTy1 (A) and ASla RNA (B). Hydroxyl radical (HR) cleavage profiles and difference
plots of protein free RNA (black) in comparison with RNA probed in the presence of Gag-p49 (red for mTyl RNA and blue

for AS1a RNA). On the difference plots, sites of decreased HR cleavage upon Gag-p49 binding are indicated by negative

peaks. Regions showing significant decrease HR reactivity over several nucleotides are indicated by gray stripes (absolute

cleavage decrease of >0.2 and/or a p-value < 0.05). Asterisks below the plot correspond to statistical significance (Student’s

t-test). Regions important for Tyl retrotransposition are boxed.
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3. Discussion

Genomic RNA of retroelements is selectively packaged into virions or VLPs despite
the presence of a large excess of diverse cellular RNAs. This process has been extensively
studied for retroviruses, but much less is known about how gRNA packaging occurs during
the replication of endogenous retroelements. Here, we characterize S. cerevisiae Tyl Gag
interactions with RNAs with, or without, a packaging sequence. We performed a thorough
analysis of RNA binding properties of recombinant immature and mature Tyl Gag using
two different techniques, MST and EMSA. No major differences in overall RNA binding
between Gag-p49 and Gag-p45 were detected with either technique. Moreover, Gag-p49
recognizes mTyl RNA regions that are very similar to that detected for Gag-p45 [20].
These findings are confirmed and extend prior work showing that both precursor and
mature Tyl Gag promote retrosome formation, Tyl RNA packaging, and assembling into
VLPs in vivo [15,17,43]. Our analyses also reveal that both Tyl Gag proteins bind RNA
through a cooperative mechanism independent of the RNA molecule, which is similar
to the general mechanism of action of retroviral Gag proteins [25]. Similar to retroviral
virion assembly [44], any RNA might serve as a scaffold for Tyl VLP formation and drive
interactions of multiple Gag molecules with each other, as well as with RNA. However,
testing this hypothesis requires further experiments.

Our study reveals that like retroviral Gag proteins [24,25,35,45,46], Tyl Gag-p49 and
-p45 bind diverse RNAs with high but similar affinities at physiological salt conditions.
Gag-binding to Tyl RNA containing Psi is less sensitive to an increase of NaCl concen-
tration than binding to non-Psi Tyl RNA. Although this result suggests a more specific
Tyl Gag interaction with Psi RNA, Kp changes caused by increasing ionic strength are
similar for mTyl RNA and 185 rRNA. In contrast to retroviral Gag [24,45], recognition
of RNA containing Psi by Tyl Gag-p49 or -p45 does not involve a significantly greater
non-electrostatic binding component than interactions with control RNAs. Notably, the
Kpamy values for all tested Tyl Gag-RNA interactions are comparable to those obtained for
HIV-1 and RSV Gag complexes with Psi RNAs [24,45]. The differences between retroviral
Gag and Tyl Gag may result from the low sequence homology of RNA binding domains.
Specific RNA binding by retroviral Gag proteins is mediated primarily by the NC domain,
containing one or two well-structured zinc finger motifs [6-8]. Additionally, retroviral Gag
polyproteins can interact with RNA by basic amino acid residues of NC and positively
charged MA domain, but MA interactions are not specific and limited mainly to tRNA [47].
In contrast, Tyl Gag contains a disordered region rich in basic amino acids arginine and
lysine (25.53%) that binds RNA, but lacks a ZF motif [14]. We hypothesize that, due to the
interaction of Tyl Gag with RNA through stretches of basic amino acids, specific binding
to mTyl RNA is not detected in the presence of an excess of tRNA or at high ionic strength.
For HIV-1 Gag, the addition of excess tRNA blocks the positively charged amino acids
of MA and NC domains from interacting with non-specific RNA and enhances specific
interaction by ZF motifs [25,48,49]. Interestingly, when non-Psi Tyl RNA or 185 rRNA
competes with mTy1 RNA for binding to Gag-p49, we observe Psi-dependent interactions
with Tyl RNA. Surprisingly, the non-Psi Ty1 RNA is less effective in competition analyses
than 185 rRNA. The non-Psi Tyl RNA used in our work is not only a part of the coding
region but is present in the Tyli transcript — a template for restriction factor p22 that is used
to modulate the level of Ty1 retrotransposition in vivo [33,34]. Our findings suggest that the
slight difference in Tyl Gag affinity to diverse RNAs might help discriminate between Ty1
gRNA and other RNAs during packaging into VLPs. Nevertheless, it seems unlikely that
differences in Tyl Gag binding affinity to diverse RNAs in vitro fully account for selective
Tyl RNA packaging. Our results also raise the possibility that cellular or additional Tyl
factors help identify Tyl gRNA as the preferred RNA for packaging into VLPs.

An analysis of the nucleotide composition of Gag-p49 binding sites in mTy1l RNA
shows a lack of preference for particular nucleotide base(s) (Figure S4), which extends
earlier work using the mature Gag-p45 [20]. These results are consistent with the generally
accepted rule for RNA-binding proteins with intrinsically disordered regions rich in basic
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residues [50,51]. Our data suggest that Gag-p49 can recognize specific structural motifs
in Tyl RNA. For various retroviruses, mutational analyses reveal that destabilization of
particular stem-loops at the 5'-terminus negatively affects RNA packaging [52-55]. Here,
we provide data suggesting that the stems of the 5'-long-range pseudoknot motif and
adjacent nucleotides constitute primary binding sites of Gag-p49 in vitro. Destabilizing
the pseudoknot structure results in the loss of preferential binding of Gag-p49 in this
region of Tyl RNA. In addition, we show that Gag-p49 can distinguish wild-type mTy1
RNA from RNA with an unstable pseudoknot (AS1a) as evidenced by RNA competition
analyses. Therefore, Tyl Gag does not promote pseudoknot formation, rather the pseu-
doknot structure may facilitate Tyl RNA binding by Gag. Since the pseudoknot is also
present in Tyl gRNA in vivo [56], this structural motif may be present in Tyl gRNA before
packaging into VLPs. However, the role of the pseudoknot motif in Tyl RNA packaging
is not completely understood. Point mutations in the pseudoknot stems do not affect the
Tyl RNA packaging [31], but defects resulting from complete disruption of base-pairing
in S1 and S2 stems remain unexplored. Gag interactions with nucleotides forming the
pseudoknot stems may also be important for other stages of the Ty1 life cycle.

Our study suggests that Tyl Gag is less effective in specific gRNA recognition than
retroviral Gag polyproteins. Indeed, cellular mRNAs lacking any obvious sequence homol-
ogy with Tyl gRNA associate with Tyl VLPs [26,57,58]. On the other hand, only several,
but simultaneously abundant at cytoplasm cellular mRNAs have been identified in VLPs,
suggesting that Tyl gRNA packaging is not a completely random process and encapsi-
dation of other mRNAs is based on their abundance. It is likely that the recognition of
Tyl gRNA is facilitated by specific structural motifs present in the transcript. The correct
Tyl gRNA structure might promote the optimal presentation of Psi for interaction with
Gag and efficient RNA packaging. Moreover, there are also specific in vivo mechanisms
supporting selective packaging of Tyl RNA. VLPs assembly occurs in retrosomes where
Tyl RNA and Gag are concentrated, which increases the likelihood of efficient Tyl gRNA
packaging. Besides, retrosomes partially co-localize with eukaryotic mRINA processing
bodies (P-bodies) and two P-body-associated 5 to 3’ mRNA decay pathways enhance
Ty1 retrotransposition [18,59]. It raises the possibility that these 5’ to 3’ decay pathways
degrade cellular mRNAs competing with Tyl gRNA for binding to Gag and non-specific
packaging into VLPs [59]. However, further studies are required to clarify these issues.

4. Materials and Methods
4.1. Expression and Purification of Tyl Gag Proteins

The Tyl Gag-p45-GST and Tyl Gag-p49-GST fusion proteins were expressed in Es-
cherichia coli BL21(DE3)pLysS strain (Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA, USA). The starter cultures were grown overnight at 37 °C in Luria-Bertani (LB)
medium supplemented with ampicillin and chloramphenicol. These cultures (47mL) were
used to inoculate large-scale 6 L cultures of LB medium. Cells were grown at 28 °C at
180 rpm to ODgq of 0.6-0.7. Following the addition of IPTG (0.8 mM), the cultures were
grown in an orbital shaker (180 rpm) at 18 °C for 18 h. Cells were pelleted by centrifugation
at 4000 g for 10 min at 4 °C and resuspended in lysis buffer (50 mM HEPES pH 8.0, 1 M
NaCl, 5 mM p-mercaptoethanol, 5 mM DTT, 1% Tween 20, 0.5 mg/mL lysozyme and
protease inhibitor cocktail (Roche, Basel, Switzerland)). The cell suspension was sonicated
50 x 2 s pulse with 28 s pause after each pulse. Debris was removed by centrifugation
at 22,000 g for 30 min at 4 °C. Nucleic acids were precipitated from supernatant by
dropwise addition of 5% poly(ethyleneimine) solution (pH 7.9) to a final concentration
of 0.45%, followed by incubation at 4 °C for 30 min and pelleting by centrifugation at
25,500 g for 30 min at 4 °C (this step was performed twice). The cleared supernatants
were passed through a 0.45 uM filter and loaded onto a gravity flow column with pre-
equilibrated Glutathione Sepharose 4 Fast Flow (Cytiva, Marlborough, MA, USA). The
sepharose column was washed with 5 volumes of wash buffer (50 mM HEPES pH 8.0,
1 M NaCl, 5 mM B-mercaptoethanol, 5 mM DTT, 1% Tween 20) and 5 column volumes of
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wash buffer without detergent. The GST tag was removed by thrombin cleavage on-resin
overnight at 4 °C, and Tyl Gag was eluted with protein storage buffer (50 mM HEPES pH
6.0, 1 M NaCl, 5mM (-mercaptoethanol, 5 mM DTT), concentrated by centrifugal filtration,
aliquoted and stored at —80 °C.

4.2. DNA and RNA Substrates

DNA templates for in vitro transcription of Tyl RNAs (mTyl RNA, ASla RNA and
non-Psi Tyl RNA) were obtained by PCR amplification from plasmid pBDG433 containing
the Ty1-H3 element (Accession M18706.1). The DNA template for S. cerevisiae 18S rRNA
was amplified from cDNA synthesized from total RNA. All primers are listed in Supple-
mentary Table S3. Transcripts were synthesized using SP6- or T7-MEGAscript transcription
kits (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manu-
facturer’s protocols and purified using a Direct-zol RNA MiniPrep Kit (Zymo Research,
Irvine, CA, USA). Transcript integrity was monitored by agarose gel electrophoresis under
denaturing conditions. 3'-end labeling of RNA was carried out overnight at4 °C inan 18 uL
reaction containing T4 RNA ligase (Thermo Fisher Scientific Inc., Waltham, MA, USA),
1x T4 RNA Ligase Buffer, 20 uM ATP, 20 uM pCp-Cy5 (Jena Bioscience, Jena, Germany),
and 30 pmols of RNA. Labeled RNA was purified using MEGAclear Transcription Clean-
Up Kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) as recommended by
the manufacturer. Purified transcripts were stored at —20 °C.

4.3. Microscale Thermophoresis

Cy5-labeled RNA was denatured in water by heating at 90 °C for 2 min, placed on ice
for 3 min, then adjusted to 30 nM with binding buffer (30 mM HEPES, pH 6.0, 10 mM DTT,
2.5 mM MgCl,, 0.1% PF127), and incubated at 37 °C for 20 min. Tyl Gag was dissolved in
binding buffer and a series of 16 1:1 or 2:1 dilutions were prepared using the same buffer.
Each protein dilution was mixed with one volume of labeled RNA, which led to a final
concentration of RNA of 15 nM and final protein concentrations ranging from 0.000275 to
9 uM. In salt-dependent experiments, the binding buffer was supplemented with the NaCl
For competition experiments, unlabeled RNA competitor (final concentration 750 nM or
2000 nM for tRNA and 150 nM for other competing RNAs) was combined with Gag before
adding labeled RNA. For competitor titration experiments, increasing concentrations of
unlabeled RNA competitor (final concentration from 2.97 to 1300 nM) were used, and
binding was performed with a constant concentration of Gag-p49 (2000 nM) and labeled
mTyl RNA (13 nM). After incubation in the dark at 4 °C for 7.5 h, the samples were
loaded into standard Monolith NT.115 Capillaries (NanoTemper Technologies, Miinchen,
Germany) according to the manufacturer’s instructions. Various temperatures (37 °C,
30°C, 22 °C, 4 °C) and reaction times (from 5 min to 18 h) were tested in pilot experiments.
Finally, a low temperature (4 °C) was used in the reactions to reduce aggregate formation,
and a time of 7.5 h was necessary to reach a plateau in these conditions. MST was measured
using a Monolith NT.115 instrument (NanoTemper Technologies, Miinchen, Germany)
set to 22 °C. Instrument parameters were adjusted to 80-100% LED power and medium
MST power. The data obtained from at least three independent measurements were
analyzed with MO. Affinity Analysis software (version 2.3, NanoTemper Technologies,
Miinchen, Germany) using the signal from an MST-on time of 5 s. The reproducibility of
the experiments was assessed by standard deviation.

4.4. Electrophoretic Mobility Shift Assays

Cyb-labeled RNA (0.1 pmol) was refolded in water by heating at 90 °C for 2 min,
placing on ice for 3 min and incubation at 37 °C for 20 min following the addition of binding
buffer (30 mM HEPES, pH 6.0, 10 mM DTT, 2.5 mM MgCl,, 0.1% PF127). To induce complex
formation, RNA was incubated with increasing concentrations of protein (from 0 to 900 nM)
for 15 min on ice to minimize the formation of aggregates. In salt-dependent experiments,
the binding buffer was supplemented with NaCl. In the competition experiments, the
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unlabeled RNA competitor (100 nM) was incubated for 10 min with Gag before the labeled
RNA was added. Samples (10 pL) were mixed with 2 uL of 25% Ficoll 400, and RNA-
protein complexes were resolved on a 1.1% agarose gel in 0.5 x TB running buffer at
4 °C. Gels were quantified by imaging using Fujifilm FLA-5100 imaging system with
MultiGaugeV 3.0 software (Fujifilm Life Science, Stamford, CT, USA). Data were then
analyzed using a non-linear regression function (option Specific binding with Hill Slope;
GraphPad Prism 8, GraphPad Software, San Diego, CA, USA). In all cases, at least three
independent experiments were performed and the data presented were representative of
the whole. The reproducibility of the experiments was assessed by standard deviation.

4.5. Hydroxyl Radical Footprinting, Primer Extension Reactions, and Data Processing

RNA samples (5 pmol) were denatured by heating at 90 °C for 2 min in water followed
by incubation for 3 min on ice. Next, binding buffer (30 mM HEPES, pH 6.0, 10 mM DTT,
2.5 mM MgCly, 0.1% PF127, 75 mM NaCl) was added and RNA was incubated for 20 min
at 37 °C. Subsequently, 200 pmol of Ty1 Gag-p49 in a total volume of 6 uL. was added to a
70 pL reaction, and samples were incubated on ice for 15 min. As a control for non-specific
cleavage, protein storage buffer was added instead of protein. To initiate the production of
hydroxyl radicals, 1 uL of 2.5 mM (NH4)Fe(SO4)2, 50 mM sodium ascorbate, 1.5% HyOy,
and 2.75 mM EDTA were applied on the wall of the tube followed by centrifugation. Re-
actions were incubated for 15 s at 24 °C and quenched by the addition of 20 pL of stop
solution (100 mM thiourea, 200 mM EDTA). RNA was purified using Direct-zol RNA
MiniPrep Kit (Zymo Research, Irvine, CA, USA). For detection of cleavage sites, samples
containing 4-5 pmols of RNA and 10 pmols of fluorescently labeled [Cy5 (+) and Cy5.5
(—)] primer PR3 [5-TCAGGTGATGGAGTGCTCAG-3'], 0.1 mM EDTA, were incubated
at 95 °C for 3 min, at 37 °C for 10 min and at 55 °C for 2 min, next reverse transcribed at
50 °C for 50 min using Superscript III Reverse Transcriptase (Invitrogen, Thermo Fisher
Scientific Inc., Waltham, MA, USA). Sequencing ladders were carried out using plasmid
pBDG433 as a template, primer PR3 labeled with WellRed D2 (ddA) or IRD-800 (ddT), and
a Thermo Sequenase Cycle Sequencing kit (Applied Biosystems, Thermo Fisher Scientific
Inc., Waltham, MA, USA) as recommended by the manufacturer. The following cycling pa-
rameters were used: 96 °C/10 s; 24 cycles: 96 °C/20s, 55 °C/205s,72°C/20s; 72 °C/1 min.
c¢DNA samples and sequencing ladders were purified using ZR DNA Sequencing Clean-up
Kit (Zymo Research, Irvine, CA, USA) and analyzed on a GenomeLab GeXP Analysis
System (Beckman-Coulter, Brea, CA, USA). Raw data from capillary electrophoresis were
processed using SHAPEfinder software [60], and then normalized and converted into
nucleotide reactivity tables using RNAthor [61]. All reactivity data used in the analysis
were averaged from at least two independent experiments. To assess the reproducibility of
experiments, we performed statistical analysis using RN Athor. To determine statistically
significant changes in HR profiles of RNAs probed in the presence and absence of protein,
we used Student’s t-test, and a p-value was calculated separately for each nucleotide across
the samples (p-values < 0.05 indicate statistically significant difference).
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Author Contributions: K.P.-W. supervised the project; J.G. designed experiments; J.G. performed
MST and footprinting experiments; J.G. and A.A.-R. performed EMSA experiments; ].G. performed
data analysis and, together with K.P.-W. and D.J.G. interpreted the results. ].G., K.P-W., and D.].G.
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: Polish National Science Centre [2019/35/N/NZ1/01954 to ].G. and 2016/22/E/NZ3 /00426
to K.P.W.]; National Institutes of Health [GM124216 to D.].G]. Funding for open access charge: Polish
National Science Centre [2016/22/E/NZ3/00426 to KPW.].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms22169103/s1
https://www.mdpi.com/article/10.3390/ijms22169103/s1

Int. J. Mol. Sci. 2021, 22, 9103 14 of 16

Data Availability Statement: Most of the data are provided in this work and in Supplementary Data
1. Other data that support the findings of this study are available from the corresponding author
upon reasonable request.

Acknowledgments: We thank members of K.P.-W. group for exceptional support and fruitful discussion.

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

References

1. Eickbush, T.H.; Malik, H.S. Origin and Evolution of retrotransposons. In Mobile DNA II; Craig, N.L., Craigie, R., Gellert, M.,
Lambowitz, A.M., Eds.; ASM Press: Washington, DC, USA, 2002; pp. 1111-1144.

2. Coffin, ].M.; Hughes, S.H.; Varmus, H.E. (Eds.) Retroviruses; Cold Spring Harbor Laboratory Press: New York, NY, USA, 1997.

3. Garfinkel, D.J.; Boeke, ].D.; Fink, G.R. Ty element transposition: Reverse transcriptase and virus-like particles. Cell 1985, 42,
507-517. [CrossRef]

4. Shiba, T.; Saigo, K. Retrovirus-like particles containing RNA homologous to the transposable element copia in Drosophila
melanogaster. Nature 1983, 302, 119-124. [CrossRef]

5. Zhang, W.,; Mendonga, L.M.; Mansky, L.M. The Retrovirus Capsid Core. In Virus Protein and Nucleoprotein Complexes; Harris, J.R.,
Bhella, D., Eds.; Springer Nature Singapore Pte Ltd.: Singapore, 2018; pp. 169-187.

6.  Olson, E.D.; Musier-Forsyth, K. Retroviral Gag protein—-RNA interactions: Implications for specific genomic RNA packaging and
virion assembly. Semin. Cell Dev. Biol. 2019, 86, 129-139. [CrossRef] [PubMed]

7. Rein, A.; Datta, S.; Jones, C.P.,; Musier-Forsyth, K. Diverse interactions of retroviral Gag proteins with RNAs. Trends Biochem. Sci.
2011, 36, 373-380. [CrossRef] [PubMed]

8. Muriaux, D.; Darlix, J.-L. Properties and functions of the nucleocapsid protein in virus assembly. RNA Biol. 2010, 7, 744-753.
[CrossRef] [PubMed]

9.  Mailler, E.; Bernacchi, S.; Marquet, R.; Paillart, ].-C.; Vivet-Boudou, V.; Smyth, R.P. The Life-Cycle of the HIV-1 Gag-RNA Complex.
Viruses 2016, 8, 248. [CrossRef] [PubMed]

10. Pachulska-Wieczorek, K.; Le Grice, S.F,; Purzycka, K.J. Determinants of Genomic RNA Encapsidation in the Saccharomyces
cerevisine Long Terminal Repeat Retrotransposons Tyl and Ty3. Viruses 2016, 8, 193. [CrossRef]

11.  Al-Khayat, A.H.; Bhella, D.; Kenney, ].M.; Roth, J.-F,; Kingsman, A.]J.; Martin-Rendon, E.; Saibil, H.R. Yeast Ty retrotransposons
assemble into virus-like particles whose T-numbers depend on the C-terminal length of the capsid protein. J. Mol. Biol. 1999, 292,
65-73. [CrossRef]

12. Merkulov, G.V,; Swiderek, K.M.; Brachmann, C.B.; Boeke, ].D. A critical proteolytic cleavage site near the C terminus of the yeast
retrotransposon Tyl Gag protein. J. Virol. 1996, 70, 5548-5556. [CrossRef]

13. Tucker, ].M.; Larango, M.E.; Wachsmuth, L.; Kannan, N.; Garfinkel, D.J. The Ty1 Retrotransposon Restriction Factor p22 Targets
Gag. PLoS Genet. 2015, 11, e1005571. [CrossRef]

14. Cristofari, G.; Ficheux, D.; Darlix, J.-L. The Gag-like Protein of the Yeast Tyl Retrotransposon Contains a Nucleic Acid Chaperone
Domain Analogous to Retroviral Nucleocapsid Proteins. J. Biol. Chem. 2000, 275, 19210-19217. [CrossRef]

15.  Checkley, M.A.; Mitchell, ].A.; Eizenstat, L.D.; Lockett, S.J.; Garfinkel, D.J. Tyl Gag Enhances the Stability and Nuclear Export of
Tyl mRNA. Traffic 2012, 14, 57-69. [CrossRef] [PubMed]

16. Malagon, F; Jensen, T.H. The T Body, a New Cytoplasmic RNA Granule in Saccharomyces cerevisiae. Mol. Cell. Biol. 2008, 28,
6022-6032. [CrossRef] [PubMed]

17.  Malagon, F,; Jensen, T.H. T-body formation precedes virus-like particle maturation in S. cerevisize. RNA Biol. 2011, 8, 184-189.
[CrossRef] [PubMed]

18. Checkley, M.A.; Nagashima, K.; Lockett, S.J.; Nyswaner, K.M.; Garfinkel, D.J. P-Body Components Are Required for Tyl
Retrotransposition during Assembly of Retrotransposition-Competent Virus-Like Particles. Mol. Cell. Biol. 2010, 30, 382-398.
[CrossRef]

19. Nishida, Y.; Pachulska-Wieczorek, K.; Blaszczyk, L.; Saha, A.; Gumna, J.; Garfinkel, D.J.; Purzycka, K.J. Tyl retrovirus-like
element Gag contains overlapping restriction factor and nucleic acid chaperone functions. Nucleic Acids Res. 2015, 43, 7414-7431.
[CrossRef]

20. Gumna, J.; Purzycka, K.J.; Ahn, HW.; Garfinkel, D.J.; Pachulska-Wieczorek, K. Retroviral-like determinants and functions
required for dimerization of Tyl retrotransposon RNA. RNA Biol. 2019, 16, 1749-1763. [CrossRef]

21. Cristofari, G.; Bampi, C.; Wilhelm, M.; Wilhelm, F,; Darlix, J. A 5’-3’ long-range interaction in Tyl RNA controls its reverse
transcription and retrotransposition. EMBO J. 2002, 21, 4368-4379. [CrossRef]

22. Kuzembayeva, M.; Dilley, K,; Sardo, L.; Hu, W.-S. Life of psi: How full-length HIV-1 RNAs become packaged genomes in the
viral particles. Virology 2014, 454-455, 362-370. [CrossRef]

23. D’Souza, V.; Summers, M.F. How retroviruses select their genomes. Nat. Rev. Genet. 2005, 3, 643—-655. [CrossRef]

24. Webb, J.A,; Jones, C.P; Parent, L.; Rouzina, I.; Musier-Forsyth, K. Distinct binding interactions of HIV-1 Gag to Psi and non-Psi
RNAs: Implications for viral genomic RNA packaging. RNA 2013, 19, 1078-1088. [CrossRef]

25. Comas-Garcia, M.; Datta, S.A.; Baker, L.; Varma, R.; Gudla, PR.; Rein, A. Dissection of specific binding of HIV-1 Gag to the

"packaging signal” in viral RNA. eLife 2017, 6, €27055. [CrossRef]


http://doi.org/10.1016/0092-8674(85)90108-4
http://doi.org/10.1038/302119a0
http://doi.org/10.1016/j.semcdb.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29580971
http://doi.org/10.1016/j.tibs.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21550256
http://doi.org/10.4161/rna.7.6.14065
http://www.ncbi.nlm.nih.gov/pubmed/21157181
http://doi.org/10.3390/v8090248
http://www.ncbi.nlm.nih.gov/pubmed/27626439
http://doi.org/10.3390/v8070193
http://doi.org/10.1006/jmbi.1999.3055
http://doi.org/10.1128/jvi.70.8.5548-5556.1996
http://doi.org/10.1371/journal.pgen.1005571
http://doi.org/10.1074/jbc.M001371200
http://doi.org/10.1111/tra.12013
http://www.ncbi.nlm.nih.gov/pubmed/22998189
http://doi.org/10.1128/MCB.00684-08
http://www.ncbi.nlm.nih.gov/pubmed/18678648
http://doi.org/10.4161/rna.8.2.14822
http://www.ncbi.nlm.nih.gov/pubmed/21358276
http://doi.org/10.1128/MCB.00251-09
http://doi.org/10.1093/nar/gkv695
http://doi.org/10.1080/15476286.2019.1657370
http://doi.org/10.1093/emboj/cdf436
http://doi.org/10.1016/j.virol.2014.01.019
http://doi.org/10.1038/nrmicro1210
http://doi.org/10.1261/rna.038869.113
http://doi.org/10.7554/eLife.27055

Int. J. Mol. Sci. 2021, 22, 9103 15 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

Xu, H.; Boeke, ].D. Localization of sequences required in cis for yeast Tyl element transposition near the long terminal repeats:
Analysis of mini-Ty1 elements. Mol. Cell. Biol. 1990, 10, 2695-2702. [CrossRef]

Bolton, E.C.; Coombes, C.; Eby, Y.; Cardell, M.; Boeke, J.D. Identification and characterization of critical cis-acting sequences
within the yeast Ty1 retrotransposon. RNA 2005, 11, 308-322. [CrossRef] [PubMed]

Luschnig, C.; Bachmair, A. RNA Packaging of Yeast Retrotransposon Tyl in the Heterologous Host, Escherichia coli. Biol. Chem.
1997, 378, 39-46. [CrossRef]

Friant, S.; Heyman, T.; Wilhelm, M.L.; Wilhelm, EX. Extended Interactions Between the Primer tRNAiMet and Genomic RNA of
the Yeast Ty1 Retrotransposon. Nucleic Acids Res. 1996, 24, 441-449. [CrossRef]

Friant, S.; Heyman, T,; Bystrom, A.S.; Wilhelm, M.; Wilhelm, F.X. Interactions between Tyl Retrotransposon RNA and the T and
D Regions of the tRNAiMet Primer Are Required for Initiation of Reverse Transcription In Vivo. Mol. Cell. Biol. 1998, 18, 799-806.
[CrossRef] [PubMed]

Huang, Q.; Purzycka, K.J.; Lusvarghi, S.; Li, D.; LeGrice, S.F,; Boeke, ].D. Retrotransposon Tyl RNA contains a 5-terminal
long-range pseudoknot required for efficient reverse transcription. RNA 2013, 19, 320-332. [CrossRef] [PubMed]
Jerabek-Willemsen, M.; Wienken, C.J.; Braun, D.; Baaske, P.; Duhr, S. Molecular Interaction Studies Using Microscale Ther-
mophoresis. ASSAY Drug Dev. Technol. 2011, 9, 342-353. [CrossRef] [PubMed]

Saha, A.; Mitchell, J.A; Nishida, Y.; Hildreth, ].E.; Ariberre, J.A.; Gilbert, W.V.; Garfinkel, D.]J. A trans -Dominant Form of Gag
Restricts Tyl Retrotransposition and Mediates Copy Number Control. . Virol. 2015, 89, 3922-3938. [CrossRef] [PubMed]
Btaszczyk, L.; Biesiada, M.; Saha, A.; Garfinkel, D.J.; Purzycka, K.J. Structure of Tyl Internally Initiated RNA Influences Restriction
Factor Expression. Viruses 2017, 9, 74. [CrossRef]

Comas-Garcia, M.; Kroupa, T.; Datta, S.A.; Harvin, D.P.; Hu, W.-S; Rein, A. Efficient support of virus-like particle assembly by
the HIV-1 packaging signal. eLife 2018, 7. [CrossRef]

El-Wahab, E.A.; Smyth, R.; Mailler, E.; Bernacchi, S.; Vivet-Boudou, V.; Hijnen, M.; Jossinet, F.; Mak, J.; Paillart, ].-C.; Marquet, R.
Specific recognition of the HIV-1 genomic RNA by the Gag precursor. Nat. Commun. 2014, 5, 4304. [CrossRef]

Record, M.T.; Lohman, T.M.; de Haseth, P. Ion effects on ligand-nucleic acid interactions. J. Mol. Biol. 1976, 107, 145-158.
[CrossRef]

Rouzina, I.; Bloomfield, V.A. Competitive electrostatic binding of charged ligands to polyelectrolytes: Practical approach using
the non-linear Poisson-Boltzmann equation. Biophys. Chem. 1997, 64, 139-155. [CrossRef]

Jones, C.P; Datta, S.; Rein, A.; Rouzina, I.; Musier-Forsyth, K. Matrix Domain Modulates HIV-1 Gag’s Nucleic Acid Chaperone
Activity via Inositol Phosphate Binding. J. Virol. 2010, 85, 1594-1603. [CrossRef] [PubMed]

Konig, F.; Schubert, T.; Langst, G. The monoclonal 59.6 antibody exhibits highly variable binding affinities towards different
R-loop sequences. PLoS ONE 2017, 12, e0178875. [CrossRef] [PubMed]

Purzycka, K.J.; Legiewicz, M.; Matsuda, E.; Eizentstat, L.D.; Lusvarghi, S.; Saha, A.; Le Grice, S.F].; Garfinkel, D.J. Exploring Ty1
retrotransposon RNA structure within virus-like particles. Nucleic Acids Res. 2012, 41, 463-473. [CrossRef] [PubMed]

Nilsen, T.W. Mapping RNA-Protein Interactions Using Hydroxyl-Radical Footprinting. Cold Spring Harb. Protoc. 2014, 2014.
[CrossRef]

Kingsman, S.M.; Kingsman, A.J.; Martin-Rendon, E. Possible regulatory function of the Saccharomyces cerevisiae Ty1 retrotranspo-
son core protein. Yeast 2000, 16, 921-932. [CrossRef]

Muriaux, D.; Mirro, J.; Harvin, D.; Rein, A. RNA is a structural element in retrovirus particles. Proc. Natl. Acad. Sci. USA 2001, 98,
5246-5251. [CrossRef] [PubMed]

Rye-McCurdy, T.; Olson, E.D,; Liu, S.; Binkley, C.; Reyes, ]J.-P.; Thompson, B.; Flanagan, ].M.; Parent, L.J.; Musier-Forsyth, K.
Functional Equivalence of Retroviral MA Domains in Facilitating Psi RNA Binding Specificity by Gag. Viruses 2016, 8, 256.
[CrossRef]

Pachulska-Wieczorek, K.; Blaszczyk, L.; Biesiada, M.; Adamiak, R.W.; Purzycka, K.J. The matrix domain contributes to the nucleic
acid chaperone activity of HIV-2 Gag. Retrovirology 2016, 13, 1-15. [CrossRef] [PubMed]

Kutluay, S.B.; Zang, T.; Blanco-Melo, D.; Powell, C.; Jannain, D.; Errando, M.; Bieniasz, P.D. Global Changes in the RNA Binding
Specificity of HIV-1 Gag Regulate Virion Genesis. Cell 2014, 159, 1096-1109. [CrossRef] [PubMed]

Berkowitz, R.D.; Luban, J.; Goff, S.P. Specific binding of human immunodeficiency virus type 1 gag polyprotein and nucleocapsid
protein to viral RNAs detected by RNA mobility shift assays. J. Virol. 1993, 67, 7190-7200. [CrossRef] [PubMed]

Comas-Garcia, M.; Davis, S.R.; Rein, A. On the Selective Packaging of Genomic RNA by HIV-1. Viruses 2016, 8, 246. [CrossRef]
Corley, M.; Burns, M.C.; Yeo, G.W. How RNA-Binding Proteins Interact with RNA: Molecules and Mechanisms. Mol. Cell 2020,
78, 9-29. [CrossRef]

Balcerak, A.; Trebinska-Stryjewska, A.; Konopiriski, R.; Wakuta, M.; Grzybowska, E.A. RNA-protein interactions: Disorder,
moonlighting and junk contribute to eukaryotic complexity. Open Biol. 2019, 9, 190096. [CrossRef] [PubMed]

Russell, R.S.; Huy, J.; Bériault, V.; Mouland, A J.; Kleiman, L.; Wainberg, M.A.; Liang, C. Sequences Downstream of the 5’ Splice
Donor Site Are Required for both Packaging and Dimerization of Human Immunodeficiency Virus Type 1 RNA. J. Virol. 2003, 77,
84-96. [CrossRef]

Doria-Rose, N.A.; Vogt, V.M. In Vivo Selection of Rous Sarcoma Virus Mutants with Randomized Sequences in the Packaging
Signal. J. Virol. 1998, 72, 8073-8082. [CrossRef] [PubMed]


http://doi.org/10.1128/MCB.10.6.2695
http://doi.org/10.1261/rna.7860605
http://www.ncbi.nlm.nih.gov/pubmed/15661848
http://doi.org/10.1515/bchm.1997.378.1.39
http://doi.org/10.1093/nar/24.3.441
http://doi.org/10.1128/MCB.18.2.799
http://www.ncbi.nlm.nih.gov/pubmed/9447976
http://doi.org/10.1261/rna.035535.112
http://www.ncbi.nlm.nih.gov/pubmed/23329695
http://doi.org/10.1089/adt.2011.0380
http://www.ncbi.nlm.nih.gov/pubmed/21812660
http://doi.org/10.1128/JVI.03060-14
http://www.ncbi.nlm.nih.gov/pubmed/25609815
http://doi.org/10.3390/v9040074
http://doi.org/10.7554/eLife.38438
http://doi.org/10.1038/ncomms5304
http://doi.org/10.1016/S0022-2836(76)80023-X
http://doi.org/10.1016/S0301-4622(96)02231-4
http://doi.org/10.1128/JVI.01809-10
http://www.ncbi.nlm.nih.gov/pubmed/21123373
http://doi.org/10.1371/journal.pone.0178875
http://www.ncbi.nlm.nih.gov/pubmed/28594954
http://doi.org/10.1093/nar/gks983
http://www.ncbi.nlm.nih.gov/pubmed/23093595
http://doi.org/10.1101/pdb.prot080952
http://doi.org/10.1002/1097-0061(200007)16:103.0.co;2-
http://doi.org/10.1073/pnas.091000398
http://www.ncbi.nlm.nih.gov/pubmed/11320254
http://doi.org/10.3390/v8090256
http://doi.org/10.1186/s12977-016-0245-1
http://www.ncbi.nlm.nih.gov/pubmed/26987314
http://doi.org/10.1016/j.cell.2014.09.057
http://www.ncbi.nlm.nih.gov/pubmed/25416948
http://doi.org/10.1128/jvi.67.12.7190-7200.1993
http://www.ncbi.nlm.nih.gov/pubmed/8230441
http://doi.org/10.3390/v8090246
http://doi.org/10.1016/j.molcel.2020.03.011
http://doi.org/10.1098/rsob.190096
http://www.ncbi.nlm.nih.gov/pubmed/31213136
http://doi.org/10.1128/JVI.77.1.84-96.2003
http://doi.org/10.1128/JVI.72.10.8073-8082.1998
http://www.ncbi.nlm.nih.gov/pubmed/9733847

Int. J. Mol. Sci. 2021, 22, 9103 16 of 16

54.

55.

56.

57.

58.
59.

60.

61.

Gherghe, C.; Lombo, T.; Leonard, C.W.; Datta, S.; Bess, ].W.; Gorelick, R.J.; Rein, A.; Weeks, K.M. Definition of a high-affinity
Gag recognition structure mediating packaging of a retroviral RNA genome. Proc. Natl. Acad. Sci. USA 2010, 107, 19248-19253.
[CrossRef] [PubMed]

Mougel, M.; Barklis, E. A role for two hairpin structures as a core RNA encapsidation signal in murine leukemia virus virions. J.
Virol. 1997, 71, 8061-8065. [CrossRef] [PubMed]

Andrzejewska, A.; Zawadzka, M.; Gumna, J.; Garfinkel, D.J.; Pachulska-Wieczorek, K. Inn vivo structure of the Ty1 retrotransposon
RNA genome. Nucleic Acids Res. 2021, 49, 2878-2893. [CrossRef] [PubMed]

Maxwell, PH.; Coombes, C.; Kenny, A.E.; Lawler, J.E; Boeke, J.; Curcio, M.]. Tyl Mobilizes Subtelomeric Y’ Elements in
Telomerase-Negative Saccharomyces cerevisiae Survivors. Mol. Cell. Biol. 2004, 24, 9887-9898. [CrossRef]

Maxwell, P.H.; Curcio, M.J. Retrosequence formation restructures the yeast genome. Genes Dev. 2007, 21, 3308-3318. [CrossRef]
Dutko, J.A.; Kenny, A.E.; Gamache, E.R.; Curcio, M.J. 5 to 3’ mRNA Decay Factors Colocalize with Tyl Gag and Human
APOBEC3G and Promote Tyl Retrotransposition. J. Virol. 2010, 84, 5052-5066. [CrossRef]

Vasa, S.M.; Guex, N.; Wilkinson, K.A.; Weeks, K.M.; Giddings, M.C. ShapeFinder: A software system for high-throughput
quantitative analysis of nucleic acid reactivity information resolved by capillary electrophoresis. RNA 2008, 14, 1979-1990.
[CrossRef]

Gumna, J.; Zok, T.; Figurski, K.; Pachulska-Wieczorek, K.; Szachniuk, M. RNAthor—Fast, accurate normalization, visualization
and statistical analysis of RNA probing data resolved by capillary electrophoresis. PLoS ONE 2020, 15, €0239287. [CrossRef]


http://doi.org/10.1073/pnas.1006897107
http://www.ncbi.nlm.nih.gov/pubmed/20974908
http://doi.org/10.1128/jvi.71.10.8061-8065.1997
http://www.ncbi.nlm.nih.gov/pubmed/9311905
http://doi.org/10.1093/nar/gkab090
http://www.ncbi.nlm.nih.gov/pubmed/33621339
http://doi.org/10.1128/MCB.24.22.9887-9898.2004
http://doi.org/10.1101/gad.1604707
http://doi.org/10.1128/JVI.02477-09
http://doi.org/10.1261/rna.1166808
http://doi.org/10.1371/journal.pone.0239287

SUPPLEMENTARY DATA 1

RNA binding properties of the Tyl LTR-retrotransposon Gag protein
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Figure S1. Raw MST traces for Tyl Gag-p49 interactions with mTyl RNA (A), non-Psi Tyl RNA (B), 185

rRNA (C), and AS1la RNA (D) at 150mM NaCl.
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Figure S2. Impact of a large excess of tRNA on Tyl Gag-RNA binding. Dose-response binding curves of
Tyl Gag-p49 to mTy1l RNA (black) and 18S rRNA (orange) in the presence (dashed lines) or absence (solid
lines) of total E.coli tRNA in ~133-fold molar excess. Lines represent fits of the data points using the Hill
equation. The excess of tRNA resulted in 5.2-fold and 5.7-fold increase in Ko value for mTy1 RNA binding
and for 185 rRNA, respectively (Kb 928.7nM and 1445.7nM).
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Table S1. Impact of buffer ionic strength on Tyl Gag-RNA interactions analyzed by EMSA. Binding
parameters were obtained based on quantitative analysis of gel images. Mean + SD of KD from at least 3
independent EMSA experiments.

Kp [nM] nH Kp [nM] nH Kp [nM] nH Ko [nM] nH
150 mM NaCl 300 mM NaCl 500 mM NaCl 800 mM NaCl

mTyl RNA-Gag-p49 88.5 15 136.7 2.2 212.4 15 454.0 15
+3.6 +5.6 +27.4 +133.5
18S rRNA-Gag-p49 261.5 2.8 551.8 1.9 711.7 1.7 634.1 2.5
+14.2 +98 +307.9 +133.5
mTyl RNA-Gag-p45 179 1.9 227.9 2 363.1 1.9 469.9 4.6
+20.9 +20 +56.2 +29.1
18S rRNA-Gag-p45 425 15 514.7 2.5 936 2.6 891 2.6
+95.1 +56.7 +239.7 +309.8

Table S2. Impact of RNA competitor on Tyl Gag-p49 binding to mTy1l RNA and 18S rRNA analyzed by
EMSA. Binding parameters for Tyl Gag-RNA interactions were obtained based on quantitative analysis of
gel images. Mean + SD of KD from at least 3 independent EMSA experiments.

Labeled RNA mTyl RNA 18S rRNA
Competitor

Ko [nM] nH Kb [nM] nH

- competitor 88.5 1.5 261.5 2.8
+3.6 +20.7

mTyl RNA 390.1 2.3 752.7 1.9
+34.7 +217.6

18S rRNA 191.4 1.7 1043 1.3

+33.1 +124
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Figure S3. Comparative analysis of the 3D structure of wild type mTyl RNA and ASla RNA. Hydroxyl
radical (HR) cleavage profiles and difference plot of protein free mTyl RNA (black) in comparison with
protein free ASla RNA (blue). On the difference plot, sites of decreased HR cleavage for ASla RNA are
indicated by positive peaks. Regions important for Tyl retrotransposition are boxed.

" — mTy1 RNA only
| — AS1a RNA only
|
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Figure S4. Frequency of nucleotide occurrence within Tyl Gag-p49 binding sites and their vicinities
represented as a logo (http://weblogo.berkeley.edu/).
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Table S3. Primers used for DNA templates construction.

Primer Sequence
F-miniRNA GATTTAGGTGACACTATAGAGGAGAACTTCTAGT
R-miniRNA ACATTGGTGGTGGTCTGAC
ASla_RNA_PF GATTTAGGTGACACTATAGAACTTCTAGTATATT

non-Psi Tyl RNA_PF TAATACGACTCACTATAGGGTCAAAGACATCCTATCC
non-Psi Tyl RNA_PR TTTACTGTAGATTCAGTAAGTTTCTGG
18S_rRNA_PF GATTTAGGTGACACTATAGTATCTGGTTGATCCT
18S_rRNA_PR CGCGGCTGCTGGCACCAGAC
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Abstract

RNAs adopt specific structures to perform their functions, which are critical to fundamental
cellular processes. For decades, these structures have been determined and modeled with
strong support from computational methods. Still, the accuracy of the latter ones depends
on the availability of experimental data, for example, chemical probing information that can
define pseudo-energy constraints for RNA folding algorithms. At the same time, diverse
computational tools have been developed to facilitate analysis and visualization of data from
RNA structure probing experiments followed by capillary electrophoresis or next-generation
sequencing. RNAthor, a new software tool for the fully automated normalization of SHAPE
and DMS probing data resolved by capillary electrophoresis, has recently joined this collec-
tion. RNAthor automatically identifies unreliable probing data. It normalizes the reactivity
information to a uniform scale and uses it in the RNA secondary structure prediction. Our
web server also provides tools for fast and easy RNA probing data visualization and statisti-
cal analysis that facilitates the comparison of multiple data sets. RNAthor is freely available
at http://rnathor.cs.put.poznan.pl/.

Introduction

Structural features are of importance for the biological functions of RNA molecules. Specific
RNA structures are recognized by RNA binding proteins, ligands, and other RNAs—these
interactions impact almost every aspect of cell life or viral replication. Therefore, there is a
great interest in developing novel approaches for proper and rapid RNA structure modeling.
The computational methods enable the obtaining of good quality models of short RNAs based
on sequence only, but the accuracy of structure prediction decreases with the length of RNA
molecules [1-5]. The inclusion of RNA structure probing data as pseudo-energy constraints
into the thermodynamic folding algorithms significantly improves the accuracy of RNA struc-
ture prediction [6, 7]. Among chemical and enzymatic methods, SHAPE (selective 2'-hydroxyl
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acylation analyzed by primer extension) [8] and DMS (dimethyl sulfate) mapping [9] are the
best validated and most widely used techniques of RNA structure probing in vitro and in vivo
[10, 11]. Besides, the pipelines of SHAPE and DMS probing data incorporation into RNA
structure prediction software are well established [6, 12]. DMS modifies the Watson—Crick
edge of unpaired adenosines or cytosines, whereas SHAPE reagents create covalent adducts at
the 2’-OH group on the RNA sugar ring in a flexibility-sensitive manner [8, 9, 13]. Several
SHAPE reagents that differ in their half-life and solubility have been developed until now [14-
16]. They act independently from nitrogen base and, consequently, one probing reagent can
be used instead of a combination of base-specific chemicals.

Effective detection and quantitative measurement of modification sites are critical for all
RNA probing experiments. Typically, RNA chemical modification is followed by a reverse
transcription to cDNA that is truncated or mutated at the adducts position [8, 17]. The sites of
RT stops in the cDNA can be read-out using the capillary electrophoresis (CE) or next-genera-
tion sequencing (NGS) but only the second technique can be used for the detection of adduct-
induced mutations [17, 18]. The NGS-based techniques allow genome-wide and transcrip-
tome-wide profiling of RNA structure. The CE is widely used for resolving reactivity data from
medium- and low-throughput RNA probing experiments. There are many examples of SHA-
PE-CE usage for analysis of the structure of many important RNAs, including ribosomal
RNAs [19, 20], long noncoding RNAs [21-23], viral RNAs [24-30], and retrotransposon
RNAs [31-33]. Besides, CE can also be used for the analysis of RNA probing experiments uti-
lizing other chemical reagents such as CMCT, kethoxal, hydroxyl radicals, and RNases [34-
37].

The extraction of quantitative data from CE electropherograms is challenging and requires
complicated, multistep analysis of fluorescence signals. Several computational tools can pro-
cess electropherograms from SHAPE-CE experiments [38-42]. Among them, ShapeFinder
[41] and QuShape [42] are the most widely used and yield high-quality SHAPE reactivity data
for 300-600 nucleotides in one experiment. Before the incorporation of probing information
into the thermodynamic RNA folding algorithms, the reactivity values must be normalized to
a uniform scale that is valid for diverse RNAs. Additionally, visual inspection of nonspecific
RT strong-stops (non-induced by adduct formation) is required.

Normalization and other quality control steps are very important aspects of structure prob-
ing data analysis. Therefore, we developed RNAthor, a user-friendly tool for fast, automatic
normalization, and analysis of the CE-based RNA probing data (Fig 1). Features of our tool
include (i) normalization of data from several experiments in the box-plot scheme at once, (ii)
automatic detection of strong-stops of reverse transcriptase, (iii) reactivity data visualization,
(iv) statistical analysis of the results to compare multiple data sets, and (v) RNA secondary
structure prediction based on reactivity data.

Materials and methods
RNAthor workflow

In the RNAthor workflow, we distinguish five general stages: validation of the input data (Sha-
peFinder or QuShape file(s) and optionally RNA sequence), exclusion of unreliable data, nor-
malization of probing data, prediction of the secondary structure (optional), and statistical
analysis of the normalized data (optional) (Fig 1).

Validation of the input data. Initially, the user-uploaded files, resulting from ShapeFin-
der or QuShape, are parsed, and the basic validation of their format is executed. If, addition-
ally, a sequence is entered, RN Athor checks whether it is RNA and whether it is at least as long
as the sequence in the input file(s). A positive validation results in the next step of the
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Fig 1. Workflow in the RNAthor system.
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computational process. Otherwise, the user receives an error message and is asked to provide
correct data.

Exclusion of unreliable data. Unreliable data usually correspond to premature termina-
tions of primer extension reaction due to reasons other than the formation of the adduct (e.g.,
preexisting cleavage or modification in RNA). These nucleotide positions are called RT strong-
stops. RN Athor offers two ways of detecting such data and excluding them from further pro-
cessing: a fully automated algorithm and an interactive procedure requiring manual selections.
The automated procedure (Fig 2) was implemented based on our experience with analyzing
data from RNA chemical probing experiments in vitro and in vivo. It was optimized for the
analysis of SHAPE and DMS probing data. It eliminates the data, which meet one of the follow-
ing criteria: the absolute reactivity value is negative; the background peak area is at least five
times larger than the average background peak area; the difference in peak areas between back-
ground and reaction is less than 35% of the average background peak area, and the background
peak area in this position is equal to or greater than this average. The alternative is a manual
procedure, recommended especially for processing the data from RNA probing experiments
other than SHAPE or DMS-probing. In this approach, users can identify unreliable data accord-
ing to their own experience. They define the negative reactivity threshold, and indicate how to
treat the negative reactivity values—they can be left as negative values, changed to 0, or marked
as no data. RNAthor displays the histogram with peak areas for modification reaction and back-
ground for each nucleotide. Based on this view, users manually select RT strong-stops’ posi-
tions. All identified RT strong-stops are next excluded from the normalization step.

Data normalization. In this step, the data are brought into proportion with one another,
and outliers are removed, to provide users with easy to interpret reactivity data on a uniform
scale. RNAthor applies the standard box-plot scheme, recommended to normalize the SHA-
PE-CE data [43, 44]. The normalization process involves: identifying outliers, determining the
effective maximum reactivity, and calculating the normalized reactivity values. The initial task
is to determine the first (Q1) and the third (Q3) quartile, the interquartile range (IQR), and
compute the upper extreme: UP = Q3 + 1.5(IQR). Reactivities greater than UP are considered
outliers and not taken into account in subsequent calculations following the principle: for
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RNAs longer than 100 nucleotides, no more than 10% of the data are identified as outliers; for
shorter RNAs, maximum 5% of data are removed. The remaining values are used to compute
the effective maximum reactivity, i.e., the average of the top 8% of reactivity values. Finally, all

absolute reactivity values are divided by the effective maximum reactivity. It results in

PLOS ONE | https://doi.org/10.1371/journal.pone.0239287  October 1, 2020

4/12


https://doi.org/10.1371/journal.pone.0239287.g002
https://doi.org/10.1371/journal.pone.0239287

PLOS ONE

RNAthor — normalization, visualization and statistical analysis of RNA probing data

obtaining the normalized reactivity data on a uniform scale. Values close to 0 indicate no reac-
tivity (and highly constrained nucleotides), while values greater than 0.85 correspond to high
reactivity (and flexible nucleotides).

Secondary structure prediction. Optionally, users can obtain the secondary structure
predicted for the RNA sequence provided at the input. If the sequence is given, RN Athor auto-
matically executes the incorporated RNAstructure algorithm [45] that supports SHAPE / DMS
data-driven prediction. It takes the RNA sequence and the normalized probing data and gen-
erates the respective secondary structure. The graphical diagram of the structure is colored
according to the color scheme defined for the default reactivity ranges. The output structure is
also encoded in the dot-bracket notation.

Statistical analysis of the normalized data. Logged users can perform additional statisti-
cal analysis of the normalized probing data. The analysis includes 2-5 experiments selected by
the user. It consists of running the Shapiro-Wilk test for normal data distribution, Bartlett test
of variance homogeneity, non-parametric Mann-Whitney test (if the user selected 2 experi-
ments), and Kruskal-Wallis rank-sum test (if the user selected 3-5 experiments). Two latter
tests are performed if the probing data departure from the normal distribution. As a result of
the analysis, users receive numerical, textual, and graphical data—among others, the compara-
tive step plot, the box-and-whisker plot, and the violin plot.

Experimental setup

RNA probing data for the RNAthor validation were obtained from SHAPE-CE and DMS-CE
experiments performed in our laboratory for Tyl RNA (+1-560). The results of SHAPE-based
manual analysis were already published in [32]. The DMS experiment was performed especially
for this work; its details are presented below. Electropherograms from SHAPE and DMS prob-
ing were processed using ShapeFinder software according to the authors’ instructions [41].

For RNA probing with DMS, RNA (8 pmol) was refolded in 30 pl of renaturation buffer (10
mM Tris-HCI pH 8.0, 100 mM KCl and 0.1 mM EDTA) by heating for 3 minutes at 95°C,
slow cooling to 4°C, then adding 90 pl of water and 30 ul of 5x folding buffer (final concentra-
tion: 40 mM Tris-HCI pH 8.0, 130 mM KCl, 0.2 mM EDTA, 5 mM MgCl,), followed by incu-
bation for 20 minutes at 37°C. The RNA sample was divided into two tubes and treated with
DMS dissolved in ethanol (+) or ethanol alone (-), and incubated at RT for 1 minute. The reac-
tion was quenched by the addition of 14.7 M B-mercaptoethanol. RNA was recovered by etha-
nol precipitation and resuspended in 10 pl of water. Primer extension reactions were
performed using fluorescently labeled primer [Cy5 (+) and Cy5.5 (-)] as described previously
[32]. Sequencing ladders were prepared using primers labeled with WellRed D2 (ddA) and
LicorIRD-800 (ddT) and a Thermo Sequenase Cycle Sequencing kit (Applied Biosystems)
according to the manufacturer’s protocol. Samples were analyzed on a GenomeLab GeXP
Analysis System (Beckman-Coulter).

Web application

RNAthor, implemented as a publicly available web server, has a simple and intuitive interface.
It runs on all major web browsers and is accessible at http://rnathor.cs.put.poznan.pl/. The
web service is hosted and maintained by the Institute of Computing Science, Poznan Univer-
sity of Technology, Poland.

Implementation details

The architecture of RNAthor comprises two components: the computational engine (backend
layer) and the web application (frontend layer). The backend layer, implemented in Java
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OpenJDK 8.0, applies selected modules of the Spring Framework: Spring Boot 2.1.6 enables fast
configuration of the application; Spring Security ensures user authentication and basic security;
Spring MVC allows compatibility with the Model View Controller and Apache Tomcat server;
Spring Test, via Junit and Mockito libraries, enables unit tests and integration; Spring Data
allows for comprehensive database services, including transaction management. The user inter-
face (frontend layer) is implemented in Angular technology. User data and basic information
about the experiments are collected in the PostgreSQL relational database, the input and output
data are saved on the server’s hard drive. The tool uses the Apache License 2.0.

Input and output description

At the input, RNAthor accepts ShapeFinder or QuShape output files in a tab-delimited text
format. Users upload their data via the New experiment page by selecting 1-15 files from the
local folder. All files in the multiple-input should come from several repetitions of the RNA
probing experiment performed for the same RNA. Repetitions increase the reliability of struc-
tural data for RNA secondary structure prediction. RNAthor processes all the input files in a
single run. It starts after data uploading and setting additional parameters for the normaliza-
tion process (algorithm for RT strong-stops detection, probing reagent, color settings). Addi-
tionally, users can provide an RNA sequence that is used to predict the RNA secondary
structure.

RNAthor generates a selection of output data. First of all, users obtain the output file in the
SHAPE format (*.shape) that is compatible with the RN Astructure software [45]. The file com-
prises two columns with nucleotide positions and normalized SHAPE / DMS-CE reactivity
data. For the multiple-input, the generated SHAPE file contains averaged reactivities from all
normalized data. Nucleotides for which there is no reactivity data are assigned -999 values as
recommended in [43]. If the user uploaded the sequence of the analyzed RNA molecule,
RNAthor provides the RNA secondary structure in dot-bracket notation and the graphical dia-
gram. Additionally, RNAthor generates files that can facilitate the analysis of RNA probing
experiments. One of them is the MS Excel file with spreadsheets containing the input data, the
normalized reactivity values, and averaged normalized reactivity data with standard deviation
(the average and standard deviation are calculated separately for each nucleotide across sam-
ples). Each spreadsheet with the input data contains a histogram, identical to this created dur-
ing manual removal of RT strong-stops. Rows with normalized reactivity values are colored
depending on the user’s settings. In the processing of large RNAs, this file can help to combine
probing data from overlapping reads (with a different set of primers). RNAthor also prepares a
graphical output: step plot and bar plot presenting a reactivity profile for one experiment or
averaged data from several repetitions. The bar plot is colored depending on the settings: black
for reactivities in [0, 0.4), orange for reactivities in [0.4, 0.85), and red for reactivities in [0.85,
00) by default. Logged users that run statistical analysis of experimental data also obtain com-
parative step plot, box-and-whisker plot, violin plot, and summary of test results. The latter
one, available for download in .txt file, informs whether the uploaded data come from a normal
distribution, whether they have equal variances, what statistical test was performed, and what
is the p-value. The comparative step plot shows reactivity profiles of all compared experiments
in one chart. The box-and-whisker plot displays the distribution of data based on the position
measures, such as quartiles, minimum, and maximum. The violin plot presents the shape of
the distribution and probability density of normalized reactivity values. All generated plots can
be saved in PNG or EPS format. Users download the output files separately or in a single
zipped archive. They can also obtain them as an email attachment—if the email was provided
at the input. Additionally, the email contains a unique link to the result page. The results are
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stored in the system for 3 days (for guest users) or 3 months (for logged users). Logged users
can extend the storage time by an additional month.

Results

RNAthor allows for efficient, automated processing and analysis of RNA probing data from
SHAPE-CE and DMS-CE experiments and their use in data-driven RNA secondary structure
prediction. It was tested on multiple datasets, containing data from SHAPE and DMS probing
experiments resolved by capillary electrophoresis. The tests confirmed the reliability of the
results and showed the utility of the tool. Here, we describe the experiments performed to
compare the results of RNA probing data analysis carried out manually by an expert, and auto-
matically by RNAthor. For the experiments, we chose SHAPE-CE and DMS-CE probing data
obtained for RNA of yeast retrotransposon Tyl. The structure of the 5’-end of Tyl RNA was
extensively studied and determined under different experimental conditions and biological
states [31, 32, 46].

In the first test, we executed RNAthor for the ShapeFinder-generated files containing the
probing data obtained from three independent replicates of SHAPE experiment (raw data
used in this experiment are provided in the S1 File). We ran RNAthor with the default settings
and the automated algorithm for the identification of RT strong-stops. The generated normal-
ized reactivity data were next compared to the corresponding data published in [32], resulting
from manual analysis of the same input. We aligned the obtained bar plots (Fig 3A), and we
computed the correlation between normalized reactivity values (Fig 3B). In the second test, we
repeated the same procedure for data obtained from the DMS experiment (unpublished data;
the experiment was carried out for this work especially). “Blind” human experimentalist ana-
lyzed the DMS data preprocessed using ShapeFinder, normalized reactivity values, manually
identified unreliable data and applied OriginPro to generate the bar plot presenting the reac-
tivity profile. The results of this manual processing were compared to the output generated by
RNAthor that was executed with DMS reagent selected and automated identification of RT
strong-stops (Fig 3C and 3D).

From these experiments, we observe that all RT strong-stops identified manually by the
expert are also selected for exclusion by the automatic algorithm implemented in RNAthor.
On the other hand, few data assigned as RT strong-stops by RNAthor can be considered reli-
able in the human-dependent analysis. This is due to the rigid criteria for determining RT
strong-stops adopted in the algorithm. Table 1 presents the results of the detailed analysis we
did by comparing manual, expert-driven, and automatic, RNAthor-performed detection of
unreliable data. We computed basic measures used to evaluate the quality of binary classifica-
tion: true positives (TP)-data classified as reliable by both expert and RNAthor, true negatives
(TN)-data classified as unreliable by both expert and RNAthor, false positives (FP)-data indi-
cated as unreliable by the expert but classified as reliable by RNAthor, false negatives (FN)-
data indicated as reliable by the expert but classified as unreliable by RN Athor. Using these
measures, we calculated the accuracy (ACC), sensitivity (TPR, true positive rate), specificity
(TNR, true negative rate), and precision (PPV, positive predictive value) of the automatic algo-
rithm implemented in RNAthor. All these measures were determined for three datasets:
SHAPE probing data separately, DMS probing data separately, and data from both sets
together. They prove the high quality of the tested algorithm for all datasets. Accuracy and sen-
sitivity equal 0.99, where accuracy, ACC = (TP+TN)/(TP+TN+FP+EN), represents the ratio of
correct classifications to the total number of input data, and sensitivity, TPR = TP/(TP+FN),
indicates what part of the actual reliable data has been correctly classified by RN Athor. Speci-
ficity and precision are both equal to 1, which is because of FP = 0. Specificity, TNR = TN/(TN
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https://doi.org/10.1371/journal.pone.0239287.9003

+FP) is a fraction of correctly classified unreliable data, while the precision, PPV = TP/(TP
+FP), informs about the fraction of unreliable data classified as reliable. Finally, the experi-
ments show that—despite some differences between expert- and RNAthor-driven analysis—
the normalized RNA probing reactivity values obtained in both approaches are highly similar.
The comparison of the reactivity profiles indicates the conformity of manual and automatic
procedures. The averaged results from three independent probing experiments yield a Spear-
man correlation coefficient equal to 0.9987 for SHAPE and 0.995 for DMS-based analysis (Fig
3).

In the testing phase, we also executed statistical analysis to verify the repeatability of
obtained results for each nucleotide between the replicates, and compare the reactivity profiles.
Fig 4 shows an example of such verification for selected DMS-CE experiments previously per-
formed by RNAthor (raw data used in these experiments are provided in the S1 File). Experi-
ments 1 and 2 (denoted as DMSexpl and DMSexp2 in Fig 4) were performed under identical
experimental conditions, while the higher concentration of DMS was used in experiment 3
(denoted as DMSexp3). We observed a high similarity between reactivity profiles generated
for experiments 1 and 2 (Fig 4A), whereas a significant difference was visible for experiment 3

Table 1. The results of validation of RNAthor algorithm for unreliable data identification.

dataset TP N FP FN ACC PPV TPR TNR
SHAPE 2462 38 32 0.99 1 0.99 1
DMS 2431 35 25 0.99 1 0.99 1
ALL 4893 73 57 0.99 1 0.99 1
https://doi.org/10.1371/journal.pone.0239287.t001
8/12
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https://doi.org/10.1371/journal.pone.0239287.9004

(Fig 4B). As expected, the box plot and violin plot present the comparable DMS data distribu-
tions for experiments 1 and 2 (Fig 4C). The statistical plots for experiment 3 clearly show a sig-
nificant increase in the number of more reactive nucleotides, and a concurrent decrease of
unreactive nucleotides, consequently, the overall median reactivity is higher (Fig 4C). From
these examples, we can see that additional options of RNAthor can be used for fast and easy
comparative and statistical analysis for RNA chemical probing experiments.

Conclusions

In this work, we presented RNAthor, the new computational tool dedicated to the study of
RNA structures that enriched the set of web-interfaced bioinformatics systems available within
the RN Apolis project [47]. RNAthor was designed for a fully automatic, quick normalization,
and analysis of SHAPE / DMS-CE data. Although several programs can process the results of
CE-based RNA probing, so far, no automatic procedure could identify unreliable data, and
this step of the analysis was usually done manually. RNAthor incorporates the algorithm for
the automatic exclusion of RT strong-stops to minimize user involvement in the probing data
analysis. The tool can be applied to analyze data from other RNA probing methods if capillary
electrophoresis and ShapeFinder or QuShape were used for data collection. RN Athor also
visualizes the results of RNA probing data normalization, runs the data-driven prediction of
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RNA secondary structure, and performs the statistical tests. The latter option facilitates the
comparative study of multiple probing experiments, allows to assess the compatibility between
experiments, and compare whole data sets of RNAs probed in different experimental condi-
tions (e.g., in vitro, in vivo, ex vivo, in virio, ex virio), or in the absence or presence of protein/
ligand. Compared to manual or semi-automated data processing, RNAthor significantly
reduces the time needed for data analysis; thus, it can highly improve the study and interpreta-
tion of data obtained from RNA chemical probing experiments.

In the future, we plan to extend the functionality of RNAthor by implementing procedures
combining RNA probing data from overlapping CE reads to facilitate the structural analysis of
large RNAs.

Supporting information
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(PDF)
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Zatgcznik nr 2 do rozprawy doktorskiej ,, Identyfikacja i charakterystyka elementow
strukturalnych genomowego RNA retrotranspozonu Tyl oraz jego oddziatywan
z biatkiem Gag kluczowych dla dimeryzacji i pakowania genomu do czgstek wirusopodobnych”

Dodatek S1 do pracy naukowej J. Gumna, T. Zok, K. Figurski, K. Pachulska-Wieczorek,
M. Szachniuk; RNAthor — fast, accurate normalization, visualization and statistical analysis of
RNA probing data resolved by capillary electrophoresis; PLoS One 2020, zawierajacy dane
z eksperymentow probkowania strukturalnego RNA mTyl metoda SHAPE-CE oraz
DMS-CE i przeanalizowane w programie ShapeFinder znajduje si¢ pod linkiem:
https://doi.org/10.1371/journal.pone.0239287.s001



https://doi.org/10.1371/journal.pone.0239287.s001

Zalgcznik nr 3 do rozprawy doktorskiej ,, Identyfikacja i charakterystyka elementow
strukturalnych genomowego RNA retrotranspozonu Tyl oraz jego oddziatywan
z biatkiem Gag kluczowych dla dimeryzacji i pakowania genomu do czgstek wirusopodobnych”
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