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2 WYKAZ PRAC NAUKOWYCH WCHODZĄCYCH W SKŁAD ROZPRAWY 

DOKTORSKIEJ 

Rozprawę doktorsk� stanowi cykl powi�zanych tematycznie publikacji wymienionych poni}ej. 

Wszystkie prace zostaBy opublikowane w czasopismach z listy JCR. Sumaryczny wspóBczynnik 

wpBywu (IF, ang. impact factor)1 przedstawionego cyklu prac naukowych wynosi 39,98, a liczba 

punktów MNiSW2 – 540.  

1. Andrzejewska, A.*, Zawadzka, M.*, Pachulska-Wieczorek, K. 

On the way to understanding the interplay between the RNA structure and functions in 

cells: a genome-wide perspective.  

International Journal Of Molecular Sciences, 2020, 21(18), 6770.  

(IF2020 – 5,92; MNiSW2024 – 140) 

2. Andrzejewska, A., Zawadzka, M., Gumna, J., Garfinkel, D. J., Pachulska-Wieczorek, K.                      

In vivo structure of the Ty1 retrotransposon RNA genome.  

Nucleic Acids Research, 2021, 49(5), 2878–2893.  

(IF2021 – 19,16; MNiSW2024 – 200) 

3. Andrzejewska-Romanowska, A., Gumna, J., Tykwińska, E., Pachulska-Wieczorek, K.                      

Mapping the structural landscape of the yeast Ty3 retrotransposon RNA genome. 

Nucleic Acids Research, 2024, doi: 10.1093/nar/gkae494. 

(IF2022 – 14,9; MNiSW2024 – 200) 
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2 pkt MNiSW na podstawie ujednoliconego wykazu czasopism punktowanych Ministerstwa Nauki 

i Szkolnictwa Wyższego z dnia 5 stycznia 2024 
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3 STRESZCZENIE 

Retrotranspozony LTR (ang. long terminal repeat) replikuj� za po\rednictwem genomowego 

RNA (gRNA), który sBu}y jako matryca do syntezy biaBek i odwrotnej transkrypcji. Podobnie do 

wirusów RNA zarówno sekwencja, jak i struktura gRNA retrotranspozonów niesie instrukcje 

niezbędne do replikacji. Rozwój metod chemicznego mapowania struktury RNA pozwala 

pozyskać coraz lepsz� wiedzę na temat natywnej struktury cz�steczek RNA w \rodowisku 

komórkowym. Jest ona niezbędna do uzyskania kompleksowego obrazu wpBywu architektury 

RNA na jego funkcję. Mimo rosn�cej liczby modeli strukturalnych cz�steczek RNA, dane 

dotycz�ce struktury gRNA retrotranspozonów in vivo nie byBy dostępne.  

Najwa}niejszym celem moich badań byBo okre\lenie po raz pierwszy struktury gRNA 

aktywnych retrotranspozonów LTR podczas replikacji w komórkach. Moimi modelami 

badawczymi byBy retrotranspozony Ty1 (Pseudoviridae) oraz Ty3 (Metaviridae), naturalnie 

występuj�ce w genomie Saccharomyces cerevisiae. Badania nad biologi� dro}d}owych 

elementów Ty s� istotnym {ródBem informacji na temat mechanizmów retrotranspozycji. Moj� 

rozprawę doktorsk� tworzy cykl trzech powi�zanych tematycznie publikacji. W pracy 

Andrzejewska i in., NAR, 2021 wykorzystaBam metodę SHAPE-CE do zbadania struktury gRNA 

retrotranspozonu Ty1 (5,7 kz) in vivo. DokonaBam równie} analizy porównawczej uzyskanego 

modelu z modelami gRNA Ty1 in vitro oraz in virio. ScharakteryzowaBam kontekst strukturalny 

sekwencji funkcjonalnych zaanga}owanych w oddziaBywania RNA-RNA istotne dla 

retrotranspozycji. WskazaBam, które oddziaBywania mog� zachodzić przed pakowaniem gRNA do 

cz�stek wirusopodobnych. Dodatkowo przeprowadziBam eksperymenty w warunkach 

zahamowanej translacji, pokazuj�c wpByw rybosomów na destabilizację i reorganizację struktury 

gRNA Ty1. W publikacji Andrzejewska-Romanowska i in., NAR, 2024 zastosowaBam strategię 

SHAPE-MaP do ustalenia struktury gRNA Ty3 (5,1 kz) w warunkach in vivo oraz ex vivo. 

ZidentyfikowaBam motywy strukturalne specyficzne dla danego stanu eksperymentalnego, a tak}e 

stabilnie zwinięty rdzeń tworz�cy się niezale}nie od \rodowiska komórkowego. OpisaBam 

kontekst strukturalny znanych sekwencji funkcjonalnych i zaproponowaBam now� sekwencję 

istotn� dla dimeryzacji gRNA Ty3. Na koniec scharakteryzowaBam kluczowe cechy strukturalne 

gRNA wspólne dla reprezentatywnych retroelementów (Ty1, Ty3 i HIV-1). Cykl publikacji 

wchodz�cych w skBad rozprawy doktorskiej rozpoczyna praca przegl�dowa Andrzejewska i in., 

IJMS, 2020, podsumowuj�ca dostępn� wiedzę na temat struktury mRNA in vivo, wynikaj�c� z 

najnowszych badań w komórkach ró}nych organizmów. Skupili\my się na czynnikach 

reguluj�cych strukturę RNA wewn�trz komórek oraz na zwi�zkach pomiędzy struktur� cz�steczek 

RNA a ich funkcj�. 
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4 ABSTRACT 

LTR (long terminal repeat)-retrotransposons replicate via genomic RNA (gRNA), which serves 

as a template for protein synthesis and reverse transcription. Similar to RNA viruses, both the 

sequence and structure of gRNA retrotransposons carry the instructions necessary for replication. 

The advancement of RNA structure chemical mapping methods helps us learn more about the 

natural structure of RNA molecules within cells. This understanding is crucial for gaining a 

comprehensive picture of how RNA's architecture influences its function. Despite the growing 

number of RNA structural models, data on the in vivo structure of retrotransposon gRNA have not 

been available.  

The primary objective of my studies was to determine the gRNA structure of active LTR-

retrotransposons during replication in cells for the first time. My research models were 

retrotransposons Ty1 (Pseudoviridae) and Ty3 (Metaviridae), naturally occurring in the 

Saccharomyces cerevisiae genome. The studies on yeast Ty element biology are essential sources 

of information about the mechanisms of retrotransposition. My doctoral dissertation comprises 

three thematically related publications. In the work by Andrzejewska et al., NAR, 2021, I used 

the SHAPE-CE method to examine the gRNA structure of the Ty1 retrotransposon (5.7 kb) in 

vivo. I also conducted a comparative analysis of the obtained model with the in vitro and in virio 

Ty1 gRNA models. I characterized the structural properties of functional sequences involved in 

RNA-RNA interactions significant for retrotransposition, indicating those that may occur before 

gRNA packaging into virus-like particles. Additionally, I performed experiments in yeast inhibited 

for translation, showing the influence of ribosomes on the destabilization and remodeling of the 

Ty1 gRNA structure. In the publication by Andrzejewska-Romanowska et al., NAR, 2024, I 

used the SHAPE-MaP strategy to determine the structure of gRNA Ty3 (5.1 kb) in vivo and ex 

vivo. I identified the state-specific structural motifs and a well-folded core forming independently 

from the cellular environment. I described the structural context of known functional sequences 

and proposed a novel Ty3 gRNA dimerization sequence. Finally, I characterized gRNA key 

structural features shared between representative retroelements (Ty1, Ty3, and HIV-1). The series 

of publications included in the doctoral dissertation begins with a review by Andrzejewska et al., 

IJMS, 2020, summarizing the available knowledge about mRNA structure in vivo resulting from 

the most recent studies in different organism cells. We focused on factors regulating the structure 

of RNA inside cells and the relationships between the structure of RNA molecules and their 

function.  
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5 WPROWADZENIE 

5.1 Retrotranspozony LTR 

Retrotranspozony LTR to grupa ruchomych elementów genetycznych (ang. mobile genetic 

elements), które replikuj� za po\rednictwem genomowego RNA (gRNA). Wyró}nia je obecno\ć 

dBugich końcowych powtórzeń sekwencji (LTRs, ang. long terminal repeats), które bezpo\rednio 

otaczaj� wewnętrzny rejon koduj�cy. Retrotranspozony LTR s� szeroko rozpowszechnione w 

genomach eukariotycznych, odgrywaj�c istotn� rolę w ich funkcjonowaniu (Havecker i in., 2004). 

Wstawienie kopii retroelementu mo}e zmieniać ekspresję s�siednich genów, prowadzić do 

mutacji i ró}nych chorób genetycznych (Mita & Boeke, 2016). Ponadto ich aktywno\ć mo}e być 

{ródBem przegrupowań genomowych i niestabilno\ci chromatyny. Z drugiej strony 

retrotranspozony LTR mog� być korzystne dla swoich gospodarzy, zapewniaj�c regulacyjne 

elementy genetyczne i napędzaj�c ewolucję genomów. Du}a czę\ć retrotranspozonów utraciBa 

zdolno\ć do mobilno\ci, ale jednocze\nie zachowaBy one aktywn�, otwart� ramkę odczytu (ORF, 

ang. open reading frame). Dobrze znane s� przykBady kooptacji takich sekwencji w genomach 

ró}nych organizmów i aktualnie koduj� one biaBka wykorzystywane w ró}nych szlakach 

biologicznych komórek gospodarza. W genomie ludzkim du}a grupa zaadaptowanych sekwencji 

pochodzi z genu GAG retrotranspozonów Ty3/Gypsy (Kaneko-Ishino & Ishino, 2012; Volff i in., 

2001). Na przykBad neuronalny gen ARC pochodz�cy z Ty3 GAG jest niezbędny do regulacji 

plastyczno\ci synaptycznej, kluczowej dla procesów pamięciowych i jest powi�zany z wieloma 

zaburzeniami neurologicznymi (Pastuzyn i in., 2018). Ponadto sekwencje retrotranspozonów LTR 

bogate w sygnaBy wzmacniacza, promotora lub poliadenylacji s� często wykorzystywane do 

regulacji ekspresji genów komórkowych, promuj�c adaptację gospodarza do ró}nych warunków 

stresowych (Curcio, 2019; Zawadzka & Pachulska-Wieczorek, 2019). 

5.1.1 Retrotranspozony Ty1/Copia i Ty3/Gypsy 

Ty1/Copia (Pseudoviridae) i Ty3/Gypsy (Metaviridae) to najwa}niejsze i najbardziej 

reprezentatywne rodziny retroelementów LTR u eukariotów. Nale}� one do rzędu Ortervirales, 

gromadz�cego wirusy przeprowadzaj�ce odwrotn� transkrypcję jednoniciowego RNA (ssRNA-

RT), w tym czBonków rodziny Retroviridae, takich jak HIV-1 (Krupovic i in., 2018). Ty3/Gypsy i 

Ty1/Copia dziel� homologiczne biaBka oraz wa}ne cechy strukturalne i funkcjonalne z 

retrowirusami. Ponadto z uwagi na organizację genomu i podobieństwa w sekwencji biaBkowej, 

elementy Ty3/Gypsy uwa}ane s� za prekursorów retrowirusów (Llorens i in., 2008). 

Znaczn� reprezentację sekwencji retrotranspozonów Ty3/Gypsy i Ty1/Copia stwierdzono 

w genomach ro\lin, grzybów, zwierz�t, alg i protistów. Obfito\ć sekwencji retrotranspozonów (ale 

nie ich typ) koreluje z rozmiarem genomu gospodarza. OkoBo 85% sekwencji du}ego genomu 

kukurydzy stanowi� retrotranspozony, gBównie typu LTR (Bonchev, 2016). W przypadku genomu 
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ludzkiego, retrotranspozony zajmuj� ∼37% sekwencji i s� to w większo\ci elementy typu nie-

LTR (LINE i SINE). Kompaktowy genom dro}d}y zawiera tylko niewielk� ilo\ć sekwencji 

retrotranspozonowych (1,3–3,4%), wszystkie s� typu LTR (retrotranspozony Ty1–5). Ty1 jest 

najliczniejszym mobilnym elementem genetycznym w wielu szczepach S. cerevisiae (Curcio i in., 

2015). PrzykBadowo referencyjny szczep S. cerevisiae BY4741 zawiera 32 kopie peBnej dBugo\ci 

Ty1 na komórkę, ale tylko dwie peBne kopie elementu Ty3, z których tylko jedna, YGRWTy3-1, 

jest transpozycyjnie aktywna (S. Sandmeyer i in., 2015). Systemy dro}d}owe Ty s� szeroko 

wykorzystywane jako modele do zrozumienia, w jaki sposób retroelementy typu LTR replikuj�, 

ksztaBtuj� genom gospodarza, oddziaBuj� z czynnikami kodowanymi przez gospodarza oraz w jaki 

sposób ich aktywacja wpBywa na ekspresję s�siednich genów.  

5.1.2 Organizacja i cykl replikacyjny drożdżowych retrotranspozonów Ty1 i Ty3 

PeBna zintegrowana z genomem gospodarza kopia DNA Ty1 (∼5,9 kpz) i Ty3 (∼5,4 kpz) zawiera 

dwie nakBadaj�ce się otwarte ramki odczytu, GAG i POL, flankowane dBugimi powtórzeniami 

końcowymi (Rysunek 1). ORF GAG koduje strukturalne biaBko Gag, funkcjonalnie homologiczne 

do poliproteiny Gag retrowirusów. Gag Ty3, w odró}nieniu od Gag Ty1,  zawiera 

charakterystyczn� dla retrowirusów domenę nukleokapsydow� z motywem palca cynkowego 

(Orlinsky & Sandmeyer, 1994; S. B. Sandmeyer & Clemens, 2010). ORF POL koduje biaBka 

katalityczne wymagane do retrotranspozycji: proteazę (PR), odwrotn� transkryptazę (RT) i 

integrazę (IN). ORF POL Ty3 jest zorganizowany podobnie do retrowirusów (PR-RT-IN), 

podczas gdy kolejno\ć sekwencji w ORF POL Ty1 jest inna (PR-IN-RT). W przeciwieństwie do 

retrowirusów, retrotranspozony Ty przewa}nie nie maj� genów dla biaBka otoczki (Env), tym 

samym nie ma etapu pozakomórkowego w ich cyklu replikacji.  

 

 

Rysunek 1. Organizacja DNA, RNA i biaBek dro}d}owych elementów Ty1 oraz Ty3. Elementy Ty 
zawieraj� dwie nakBadaj�ce się sekwencje ORF w rejonie centralnym: GAG i POL. Sekwencje LTR znajduj� 
się na granicach i obejmuj� rejony U3, R i U5. gRNA zawiera rejony nieulegaj�ce translacji (UTR), 
czapeczkę (ang. cap) na końcu 59 oraz ogon poli(A) na końcu 39. Produktami translacji s� poliproteiny Gag 
i Gag-Pol. Gag Ty3 ulega cięciu potranslacyjnemu na biaBko kapsydu (CA), krótki peptyd SP i biaBko 
nukleokapsydu (NC). Gag Ty1 jest cięty na Gag-p45 i peptyd p4. Poliproteina Gag-Pol, będ�ca wynikiem 
przesunięcia ramki odczytu (ang. frameshift), jest cięta dodatkowo na proteazę (PR), odwrotn� transkryptazę 
(RT) i integrazę (IN). W przypadku Ty3 powstaje tak}e maBy peptyd B�cznikowy (J). 
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Podczas retrotranspozycji, zintegrowany z genomem komórki element Ty ulega 

transkrypcji od LTR do LTR przez polimerazę RNA II gospodarza, czego wynikiem jest gRNA o 

dBugo\ci okoBo 5,7 kz w przypadku Ty1 i 5,1 kz dla Ty3 (Rysunek 2). Po eksporcie z j�dra do 

cytoplazmy peBni on rolę mRNA, staj�c się matryc� do translacji prekursorowych poliprotein Gag 

i Gag-Pol. Jednocze\nie, czę\ć gRNA jest kierowana do cytoplazmatycznych ognisk, zwanych 

retrosomami, akumuluj�cych biaBka i gRNA retroelemenu, które następnie B�cz� się w cz�stki 

wirusopodobne (VLPs, ang. virus-like particles) (Malagon & Jensen, 2011; S. B. Sandmeyer & 

Clemens, 2010). W VLPs biaBka prekursorowe dojrzewaj� poprzez cięcie proteolityczne. DojrzaBe 

VLPs zawieraj� biaBka strukturalne pochodz�ce z Gag, enzymy kodowane przez POL, gRNA w 

formie dimeru i niektóre czynniki komórkowe (np. tRNAi
Met). Struktura VLP Ty3 wykazuje du}e 

podobieństwo do dojrzaBego kapsydu retrowirusa HIV-1 (Dodonova i in., 2019). Spakowany 

gRNA sBu}y jako matryca do odwrotnej transkrypcji, która jest przeprowadzana przy u}yciu 

odwrotnej transkryptazy elementu Ty i komórkowego tRNAi
Met jako startera (Keeney i in., 1995). 

Wytworzona zostaje w ten sposób dwuniciowa kopia DNA retrotranspozonu, która jest 

transportowana do j�dra komórkowego i integruje się z genomem gospodarza. Miejscem integracji 

obu elementów jest rejon inicjacji transkrypcji genów transkrybowanych przez polimerazę RNA 

III (Bonnet & Lesage, 2021; Devine & Boeke, 1996; Qi i in., 2012). 

 

 

Rysunek 2. Cykl replikacyjny retrotranspozonów Ty.  

Mimo }e retrotranspozony Ty1 i Ty3 dziel� tego samego gospodarza i replikuj� w bardzo 

podobny sposób, to zajmuj� odrębne nisze podczas retrotranspozycji (Lesage & Todeschini, 

2005). W komórkach haploidalnych obserwuje się wysoki poziom gRNA Ty1, a transkrypcja i 

retrotranspozycja Ty1 s� aktywowane przez czynniki stresowe, takie jak warunki ograniczonego 
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wzrostu (niedobór glukozy, azotu lub węgla w po}ywce). Poziom gRNA Ty3 jest ledwie 

wykrywalny w komórkach haploidalnych, ale jego transkrypcja i transpozycja s� w du}ym stopniu 

indukowane przez stymulację dro}d}y feromonem godowym (czynnik a/α, ang. a/α-factor), 

wydzielanym przez komórki haploidalne podczas parowania (ang. mating). Feromony nie 

aktywuj� ekspresji Ty1 i silnie hamuj� jego retrotranspozycję na poziomie potranskrypcyjnym. 

Transkrypcja obu elementów jest natomiast hamowana w komórkach diploidalnych. 

5.1.3 Sekwencje regulatorowe w gRNA drożdżowych retrotranspozonów Ty1 i Ty3 

Wielofunkcyjne genomy RNA retrotranspozonów Ty1 i Ty3 wykazuj� wiele 

podobieństw, zarówno na poziomie organizacyjnym, jak i funkcjonalnym. Analogicznie do 

retrowirusów, końce 5' i 3' gRNA retrotranspozonów Ty1 i Ty3 s� bogate w sekwencje 

regulatorowe bezpo\rednio zaanga}owane w odwrotn� transkrypcję, cyklizację i dimeryzację 

gRNA (Rysunek 3). Obydwa elementy Ty zawieraj� kilkuczBonowe miejsce wi�zania startera do 

odwrotnej transkrypcji (PBS, ang. primer binding site), jednak PBS Ty1 jest zlokalizowany w 

ORF GAG, podczas gdy czę\ci 5' i 3' PBS Ty3 znajduj� się na przeciwlegBych końcach genomu 

(Gabus i in., 1998; Keeney i in., 1995). Ponadto zaproponowano, }e w przypadku Ty3 

przyB�czanie tRNAi
Met do PBS po\redniczy w cyklizacji gRNA wymaganej do wydajnej inicjacji 

odwrotnej transkrypcji (Gabus i in., 1998). Natomiast w gRNA Ty1 znajduj� się dodatkowe, 

komplementarne sekwencje cyklizacji, zlokalizowane na końcach 59 i 39 (CYC5 i CYC3) 

(Cristofari i in., 2002). Wczesne analizy sugerowaBy, }e w odró}nieniu od retrowirusów, 

dimeryzacja gRNA elementów Ty nie zachodzi przez bezpo\rednie oddziaBywanie dwóch nici 

gRNA, lecz poprzez utworzenie dimeru tRNAi
Met, który jednocze\nie oddziaBuje z rejonami PBS 

w dwóch cz�steczkach gRNA (Cristofari i in., 2000; Gabus i in., 1998). Nowsze badania wykazaBy 

jednak obecno\ć sekwencji palindromowych zaanga}owanych w bezpo\redni� dimeryzację 

gRNA, zarówno dla Ty1, jak i Ty3 (Andrzejewska-Romanowska i in., 2024; Gumna i in., 2019; 

Purzycka i in., 2013). W gRNA elementów Ty znajduje się równie} specyficzna 7-nt sekwencja 

(FS, ang. frameshift), w której dochodzi do przesunięcia ramki odczytu na pozycję +1, 

koniecznego do translacji ORF POL (Belcourt & Farabaugh, 1990; Farabaugh i in., 1993). gRNA 

Ty1 i Ty3 zawieraj� tak}e polipurynowe trakty (PPT), ró}ni�ce się rozmiarem i sekwencj�, które 

rozpoznaj� i wi�}� RT, powoduj�c inicjację syntezy drugiego Bańcucha DNA (Dash i in., 2006; 

Lener i in., 2003). Struktura krystalograficzna RT Ty3 byBa pierwsz� rozwi�zan� dla 

retrotranspozonu (Nowak i in., 2014). Pokazano, }e choć ogólne konformacje RT Ty3 i HIV-1 s� 

porównywalne, krytyczn� ró}nic� jest, indukowane przyB�czeniem substratu, utworzenie 

asymetrycznego homodimeru RT Ty3, w odró}nieniu od stabilnego niezale}nie od substratu 

heterodimeru RT HIV-1. 
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Rysunek 3. Sekwencje regulatorowe w gRNA elementów Ty1 i Ty3. PAL1, PAL2, DS – miejsca 

dimeryzacji gRNA; PBS, BOX0, BOX1 – miejsca wi�zania tRNAi
Met, jako startera do odwrotnej 

transkrypcji; CYC5, CYC3 – miejsca cyklizacji gRNA Ty1; FS – miejsce przesunięcia ramki odczytu; PPT 
– trakt polipurynowy. 

5.2 Badanie struktury drugorzędowej RNA in vivo 

Wiedza na temat natywnej struktury cz�steczek RNA w \rodowisku komórkowym jest niezbędna 

do kompleksowego zrozumienia roli architektury RNA w regulacji procesów biologicznych. 

Istnieje wiele metod badania struktury drugorzędowej RNA, które opieraj� się zarówno na 

podej\ciach eksperymentalnych, jak i na coraz bardziej zaawansowanych algorytmach do 

predykcji modeli strukturalnych i ich analizy bioinformatycznej (Strobel i in., 2018; J. Zhang i in., 

2022). Przez dBugi czas techniki eksperymentalne pozwalaBy jedynie na badanie struktury RNA in 

vitro, a zrozumienie, w jaki sposób zachodzi zwijanie RNA in vivo, byBo ograniczone do badań w 

warunkach co najwy}ej imituj�cych \rodowisko komórki (np. w lizatach komórkowych). Metod�, 

która umo}liwiBa badania struktury RNA w }ywych komórkach, byBo chemiczne mapowanie RNA 

z u}yciem maBych elektrofilowych reagentów Batwo przenikaj�cych przez bBony biologiczne, które 

na przestrzeni ostatniej dekady zrewolucjonizowaBo dziedzinę badań strukturalnych i 

funkcjonalnych RNA (Assmann i in., 2023; Kubota i in., 2015; Xu i in., 2022). Dane pochodz�ce 

z eksperymentów w komórkach lub in vivo dostarczaj� wielu przydatnych informacji na temat 

wpBywu \rodowiska komórkowego na strukturę RNA. Tak kompleksowe zagadnienie najlepiej 

analizować w sposób porównawczy do danych pochodz�cych z RNA mapowanych w warunkach 

pozbawionych czynników komórkowych. Kompleksowa analiza dwóch ró}nych stanów 

eksperymentalnych, mo}e wskazać motywy strukturalne RNA występuj�ce zale}nie lub 

niezale}nie od \rodowiska komórki, wpByw maszynerii translacyjnej i degradacyjnej, czy te} 

potencjalne miejsca wi�zania biaBek. 

W pracach przedstawionych w rozprawie doktorskiej zastosowaBam metody SHAPE-CE 

(ang. selective 2′ hydroxyl acylation analyzed by primer extension and cappilary electrophoresis) 

oraz SHAPE-MaP (ang. SHAPE and mutational profiling) do mapowania struktury RNA in vivo, 

ex vivo i in vitro (Rysunek 4), dlatego w kolejnych rozdziaBach skupiBam się gBównie na 

dokBadniejszym wyja\nieniu tych strategii oraz opisaniu ich zalet i ograniczeń.  
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Rysunek 4. Schematyczna prezentacja zastosowanych strategii mapowania struktury drugorzędowej RNA 
– SHAPE-CE oraz SHAPE-MaP. Czę\ci schematu przedstawiaj�ce etapy analizy danych z wykorzystaniem 
programów ShapeFinder oraz Shapemapper 2 zostaBy zaczerpnięte z oryginalnych publikacji (Busan & 

Weeks, 2018; Vasa i in., 2008). 
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5.2.1 Mapowanie chemiczne struktury drugorzędowej RNA in vivo 

Metoda mapowania chemicznego polega na wykorzystaniu maBych specyficznych zwi�zków 

chemicznych, które selektywnie reaguj� z nukleotydami w cz�steczce RNA w zale}no\ci od ich 

konformacji. Aktualnie, jedn� z najczę\ciej stosowanych i najlepiej zwalidowanych technik w tej 

grupie jest SHAPE (Merino i in., 2005). Technika ta wykorzystuje maBe odczynniki elektrofilowe 

do pomiaru konformacji ka}dej reszty nukleotydowej w RNA poprzez tworzenie kowalencyjnych 

adduktów na dostępnej grupie 29-OH rybozy, tym samym modyfikacja następuje niezale}nie od 

typu zasady azotowej (Rysunek 5). Oznacza to, }e nukleotydy z wysokim poziomem modyfikacji 

(wykazuj�ce wysoki poziom reaktywno\ci SHAPE) będ� najprawdopodobniej niesparowane b�d{ 

strukturalnie dynamiczne w cz�steczce RNA, podczas gdy niski poziom modyfikacji (niska 

reaktywno\ć SHAPE) wska}e nukleotydy, które s� strukturalnie ograniczone lub zaanga}owane 

w oddziaBywania. Do tej pory opracowano szerok� gamę odczynników SHAPE, takich jak, np. 

bezwodnik kwasu 1-metylo-7-nitroizatowego (1M7), bezwodnik kwasu N-metyloizatowego 

(NMIA), imidazolid kwasu 2-metylonikotynowego (NAI), czy cyjanek benzoilu (BzCN), które 

ró}ni� się rozpuszczalno\ci�, czasem poBowicznego rozpadu, jak równie} pewn� swoist� 

preferencj� dla poszczególnych nukleotydów (Busan i in., 2019). W\ród nich największ� 

popularno\ć zdobyBy te ze zdolno\ci� Batwego przenikania przez bBony i \ciany komórkowe, jak 

na przykBad NAI, wydajnie modyfikuj�cy cz�steczki RNA wewn�trz komórek (Spitale i in., 2013). 

 

 

Rysunek 5. Schemat ilustruj�cy reakcję modyfikacji RNA odczynnikiem SHAPE.  

Jednym z nowszych odczynników SHAPE jest imidazolid kwasu 2-aminopirydyno-3-

karboksylowego (2A3), którego raportowana czuBo\ć jest nawet dwa razy większa ni} NAI 

(Marinus i in., 2021). Jednak odczynnik ten nie zdobyB jeszcze du}ej popularno\ci w badaniach in 

vivo, co mo}e wynikać z faktu, }e jego podwy}szona aktywno\ć zostaBa zaprezentowana tylko dla 

rybosomalnych RNA. Tym samym nie jest do końca jasne, czy 2A3 równie wydajnie modyfikuje 

transkrypty mniej liczne w komórce. Oprócz odczynników SHAPE, zwi�zkiem zdolnym do 
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modyfikacji RNA in vivo, jest siarczek dimetylu (DMS), który bezpo\rednio oddziaBuje z zasad� 

azotow� rybonukleotydów, które nie s� zaanga}owane w kanoniczne pary zasad Watsona-Cricka 

(Tijerina i in., 2007). Jednak w przeciwieństwie do odczynników SHAPE, DMS dostarcza 

informacji o kanonicznych parach tylko reszt nukleotydowych A i C, gdy} wprowadza 

modyfikację na atomach N1 adenozyny i N3 cytozyny. Ponadto DMS modyfikuje pozycję N7 

guanozyny, jednak jej dostępno\ć nie zale}y od udziaBu w parowaniu zasad Watsona-Cricka. 

Istniej� doniesienia wskazuj�ce, }e w podwy}szonym pH roztworu (~8), DMS jest w stanie 

modyfikować tak}e pozycje N1 guanozyny  i N3 uracylu w sposób zale}ny od ich zaanga}owania 

w kanoniczne pary zasad, jednak z du}o mniejsz� wydajno\ci� (Mitchell i in., 2023; Mustoe i in., 

2019). Najnowszym odczynnikiem zaproponowanym do mapowania struktury RNA in vivo jest 

jodometan 1-etylo-3-(3-dimetyloaminopropylo) karbodiimidu (ETC), który modyfikuj�c 

niesparowane reszty G i U, dostarcza informacji uzupeBniaj�cych dla modyfikacji DMS (Douds i 

in., 2024). 

Mapowanie chemiczne RNA przeprowadza się zwyczajowo w  komórkach w 

logarytmicznej fazie wzrostu. Do zawiesiny komórek dodaje się \ci\le okre\lon� ilo\ć odczynnika 

mapuj�cego, rozpuszczonego najczę\ciej w DMSO (bezwodny dimetylosulfotlenek) i 

przeprowadza się inkubację w okre\lonym czasie. Dla odczynników SHAPE z dBu}szym czasem 

póBtrwania zakończenie reakcji wymaga etapu neutralizacji (ang. quenching) z u}yciem 

ditiotreitolu (DTT) lub β-merkaptoetanolu. Równolegle przeprowadza się równie} kontrolne 

mapowanie RNA, stosuj�c tylko rozpuszczalnik danego odczynnika mapuj�cego. Wynik reakcji 

kontrolnej stanowi tBo podczas analizy próby modyfikowanej. Po reakcji modyfikacji 

przeprowadzana jest izolacja RNA, osobno z próby modyfikowanej i niemodyfikowanej. Planuj�c 

eksperymenty mapowania chemicznego RNA in vivo trzeba mieć na względzie typ badanych 

komórek. Ze względu na brak \ciany, komórki zwierzęce cechuje większa przepuszczalno\ć dla 

odczynnika modyfikuj�cego. Nale}y jednak pamiętać, }e komórki adherentne s� trudniejszym 

celem ni} komórki rosn�ce w zawiesinie (Busan i in., 2019; Smola & Weeks, 2018). W przypadku 

bakterii czy dro}d}y odczynnik musi spenetrować nie tylko póBprzepuszczaln� bBonę, ale te} 

\cianę komórkow�, co mo}e wymagać zwiększenia jego stę}enia lub wydBu}enia czasu 

modyfikacji. Dlatego przy wyborze odczynnika mapuj�cego nale}y brać pod uwagę jego 

wBa\ciwo\ci, w szczególno\ci rozpuszczalno\ć oraz czas póBtrwania. Du}e znaczenie ma równie} 

pH po}ywki hodowlanej, gdy} optymalnym zakresem dziaBania dla odczynników SHAPE jest 

7,4–8,3 (Smola & Weeks, 2018). W niektórych przypadkach mo}e być konieczna wymiana 

medium na takie o dostosowanym pH lub zawieszenie komórek w roztworze PBS bezpo\rednio 

przed modyfikacj� SHAPE. Ze względu na powy}sze kwestie wymagane jest wykonanie 

dokBadnych testów dla ka}dego badanego typu komórek przed rozpoczęciem wBa\ciwych 

eksperymentów. Zarówno zbyt intensywna, jak i niewystarczaj�ca modyfikacja SHAPE jest 

efektem niepo}�danym, rzutuj�cym na dalsze etapy eksperymentu oraz finalny wynik. Zbyt sBaba 
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modyfikacja mo}e dostarczyć profil reaktywno\ci gorszej rozdzielczo\ci, a nawet nieodró}nialny 

od tBa, co mo}e być bBędnie zinterpretowane jako wysoce ustrukturyzowany RNA. Zbyt 

intensywna modyfikacja mo}e utrudnić dalsze etapy pracy, poniewa} częste addukty w RNA 

nadmiarowo zmniejszaj� procesywno\ć odwrotnej transkryptazy w kolejnym kroku procedury 

SHAPE. Ponadto w przypadku niektórych technik detekcji modyfikacji (np. elektroforeza 

kapilarna), zbyt du}a reaktywno\ć nukleotydów mo}e sztucznie zawy}ać reaktywno\ć 

nukleotydów s�siednich.  

5.2.2 Detekcja modyfikacji SHAPE 

Kolejnym kluczowym krokiem jest dokBadne wykrycie miejsc modyfikacji w cz�steczce RNA. W 

tym celu wykorzystuje się reakcję odwrotnej transkrypcji, podczas której enzym napotykaj�c 

resztę nukleotydow� z adduktem oddysocjowuje od RNA tworz�c skrócony produkt cDNA (ang. 

RT-stop) lub wprowadza mutację w cDNA, którego synteza jest dalej kontynuowana (ang. RT-

mutate) (Rysunek 4). W podej\ciu RT-stop wytworzona jest pula ró}nej dBugo\ci produktów 

cDNA, których końce wskazuj� miejsca modyfikacji w cz�steczce RNA. Z uwagi na spadek 

procesywno\ci odwrotnej transkryptazy w obecno\ci modyfikacji w RNA, enzym nie jest w stanie 

wyprodukować fragmentów dBu}szych ni} 500 nt. W celu odczytania modyfikacji z dBu}szych 

cz�steczek RNA (na przykBad ponad 5000-nt gRNA retrotranspozonów Ty) wymagane jest 

przeprowadzenie nawet kilkunastu reakcji odwrotnej transkrypcji z ró}nymi starterami w celu 

wygenerowania produktów cDNA nakBadaj�cych się wzdBu} caBej cz�steczki RNA. Pierwotnie do 

analizy uzyskanej puli cDNA wykorzystywano klasyczn� metodę rozdziaBu elektroforetycznego 

w }elu poliakrylamidowym, któr� pó{niej zast�piBa elektroforeza kapilarna (SHAPE-CE) 

(Wilkinson i in., 2008). Podej\cie RT-stop jest tak}e wykorzystywane w nowszych technikach 

SHAPE (np. SHAPE-seq), gdzie z puli cDNA przygotowywana jest biblioteka dsDNA, która jest 

następnie analizowana z wykorzystaniem sekwencjonowania nowej generacji (NGS, ang. next 

generation sequencing) (Lucks i in., 2011).  

Ograniczeniem technik elektroforetycznych jest konieczno\ć u}ycia podczas odwrotnej 

transkrypcji starterów o specyficznej sekwencji, gdy} analizowana jest dBugo\ć produktów cDNA, 

a więc pocz�tek sekwencji musi być staBy. Ogranicza to ich stosowanie do detekcji modyfikacji w 

konkretnych RNA. Wprowadzenie do protokoBu SHAPE technik NGS pozwoliBo na stosowanie 

starterów o sekwencji losowej zarówno w podej\ciu RT-stop, jak i RT-mutate (opisanym poni}ej), 

gdy} odczytywana jest caBa sekwencja produktów. Umo}liwia to badanie od jednej do wielu 

cz�steczek RNA w heterogennej puli, a nawet caBych transkryptomów. Gdy celem badań jest RNA 

o niskiej frekwencji w puli, równie} stosuje się specyficzne startery w celu zwiększenia czuBo\ci 

detekcji. 

W przypadku metody SHAPE-CE podczas odwrotnej transkrypcji stosuje się  

fluorescencyjnie znakowane startery, dzięki czemu ka}da cz�steczka cDNA wzbudza swoisty 
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sygnaB podczas rozdziaBu, który jest zapisywany jako pik na elektroferogramie (Vasa i in., 2008). 

W ten sposób ka}dy koniec cz�steczki cDNA wskazuj�cy miejsce oddysocjowania enzymu, a tym 

samym miejsce modyfikacji SHAPE, zostaje wykryty. W pojedynczej próbie poddawanej 

rozdziaBowi znajduje się próba modyfikowana, próba kontrolna oraz jedna lub dwie reakcje 

sekwencjonowania z zastosowaniem dideoksynukleotydów (np. ddCTP i ddATP), które s� 

potrzebne do zidentyfikowania miejsc modyfikacji w sekwencji badanego RNA. Ka}da z reakcji 

zawiera inny znacznik fluorescencyjny, więc mog� być one jednocze\nie odczytywane przez laser 

podczas jednego rozdziaBu. Wysoka przepustowo\ć i czuBo\ć elektroforezy kapilarnej pozwala 

uzyskać informację o intensywno\ci wykrywanego sygnaBu, która podczas analizy przeliczana jest 

na poziom modyfikacji nukleotydu. 

Du}ym przeBomem byB rozwój techniki SHAPE-MaP, która bazuje na podej\ciu RT-

mutate (Siegfried i in., 2014). GBówna zmiana polega na zast�pieniu jonów Mg2+ jonami Mn2+ w 

reakcji odwrotnej transkrypcji. SpowodowaBo to większ� tolerancję enzymu na obecno\ć 

modyfikacji w cz�steczce RNA, dzięki czemu napotykaj�c addukt wprowadza on preferencyjnie 

punktow� mutację w powstaj�cym cDNA, rzadziej oddysocjowuj�c od matrycy RNA. Ta z pozoru 

niewielka zmiana umo}liwiBa otrzymanie informacji o więcej ni} jednej modyfikacji w 

pojedynczej cz�steczce RNA, znacznie zwiększaj�c czuBo\ć metody. Informacja o modyfikacjach 

wspóBistniej�cych w jednej nici RNA umo}liwia tak}e badanie oddziaBywań w przestrzeni oraz 

wykrywanie wspóBistniej�cych konformacji RNA. PrzykBadami takich zastosowań s� metody 

RING-MaP (ang. RNA interaction groups by mutational profiling) i DANCE-MaP (ang. 

deconvolution and annotation of ribonucleic conformational ensembles by mutational profiling) 

(Homan i in., 2014; Mustoe i in., 2023). Strategia MaP mo}e być równie} wykorzystana do 

wykrywania miejsc niektórych modyfikacji epigenetycznych w RNA (Y. Zhang i in., 2022). Co 

wa}ne, w przypadku metody SHAPE-MaP informacja o miejscu modyfikacji reagentem SHAPE 

nie znajduje się na końcu cz�steczki cDNA, co sprawia, }e nie wpBywa na ni� proces 

przygotowania bibliotek do sekwencjonowania (Smola, Rice, i in., 2015). W tym podej\ciu 

modyfikacje w RNA oraz obecno\ć jonów Mn2+ równie} znacznie obni}aj� procesywno\ć 

odwrotnej transkryptazy, jednak przy odpowiednio dopasowanych warunkach reakcji 

modyfikacji, mo}liwe jest uzyskanie cDNA o dBugo\ci dochodz�cej do 1 000 nt. Opracowano 

równie} warunki pozwalaj�ce na zwiększenie dBugo\ci generowanych produktów nawet do 2 500 

nt, dzięki zastosowaniu odwrotnej transkryptazy o większej procesywno\ci – MarathonRT (Guo i 

in., 2020). To podej\cie zostaBo wykorzystane do zbadania struktury gRNA SARS-CoV-2, który 

liczy ponad 30 000 nt, z u}yciem jedynie 16 nakBadaj�cych się amplikonów (Huston i in., 2021). 

Przy ka}dej zmianie warunków reakcji wa}ne jest zachowanie wydajnego poziomu wykrywanych 

modyfikacji w RNA i, jak na razie, MarathonRT nie wyparBa oryginalnie stosowanej odwrotnej 

transkryptazy SuperScript II (firmy Invitrogen). Następnym etapem po odwrotnej transkrypcji jest 

synteza drugiej nici DNA, która w przypadku analizy pojedynczych cz�steczek RNA mo}e 
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odbywać się poprzez standardow� reakcję Bańcuchow� polimerazy (PCR, ang. polymerase chain 

reaction) z zastosowaniem specyficznych starterów. Z powstaBych w ten sposób produktów 

dsDNA (tzw. amplikonów) przygotowywane s� fragmentowane biblioteki, które s� 

sekwencjonowane technik� krótkich odczytów (technologia firmy Illumina) w celu 

zidentyfikowania miejsc mutacji, a tym samym modyfikacji w cz�steczkach RNA. 

5.2.3 Analiza bioinformatyczna danych z eksperymentów SHAPE 

NieodB�cznym elementem opisanych metod jest analiza bioinformatyczna uzyskanych danych w 

celu otrzymania finalnych reaktywno\ci SHAPE dla poszczególnych reszt nukleotydowych w 

cz�steczce RNA. W przypadku metody SHAPE-CE, wyniki rozdziaBu elektroforetycznego 

analizowane s� z zastosowaniem np. programu ShapeFinder (Vasa i in., 2008), w którym 

przeprowadza się dopasowywanie pików do sekwencji referencyjnej oraz kilkuetapow� 

normalizację (Rysunek 4). Program ma za zadanie obliczyć powierzchnię ka}dego z pików dla 

próby modyfikowanej, traktuj�c sygnaB z próby kontrolnej jako tBo. Następnie dane liczbowe 

eksportowane s� do programu Microsoft Excel, gdzie dane poddaje się dodatkowej normalizacji, 

a powierzchnie pików przelicza się na finalne reaktywno\ci SHAPE. Mo}na wykorzystać do tego 

celu tak}e narzędzie RNAthor, opracowane w naszym zakBadzie we wspóBpracy z ZakBadem 

Bioinformatyki Strukturalnej ICHB PAN, które przeprowadza zautomatyzowan� normalizację, 

wizualizację oraz analizę statystyczn� danych (Gumna i in., 2020). 

W strategii SHAPE-MaP końcowym rezultatem czę\ci eksperymentalnej jest wynik 

sekwencjonowania NGS, osobny dla próby modyfikowanej i kontrolnej. GBównym celem analizy 

danych jest porównanie wszystkich odczytanych sekwencji do sekwencji referencyjnej badanego 

RNA i wskazanie miejsc oraz poziomu wprowadzonych mutacji. Poziom mutacji ka}dego 

nukleotydu skorelowany jest z poziomem jego modyfikacji przez odczynnik SHAPE. Do analizy 

uzyskanych danych NGS mo}na wykorzystać dedykowane oprogramowanie Shapemapper 2 

(Busan & Weeks, 2018). Do przeprowadzenia poszczególnych etapów analizy korzysta on z 

towarzysz�cych programów i kontroluje ich dziaBanie, umo}liwiaj�c spójn� pracę i przekazywanie 

danych po\rednich (Rysunek 4). Plikami wej\ciowymi s� w tym przypadku pliki z odczytami 

sekwencji (format .fastq) oraz sekwencj� referencyjn� (format .fasta). Etapy analizy obejmuj� 

przycinanie odczytów wedBug jako\ci, scalanie sparowanych odczytów, dopasowywanie do 

sekwencji referencyjnej, a następnie kilkuetapowe obliczanie wspóBczynnika mutacji dla ka}dej 

pozycji w DNA. Finalnym wynikiem jest profil reaktywno\ci SHAPE, któremu towarzysz� dane 

analityczne, takie jak gBęboko\ć sekwencjonowania, wspóBczynnik mutacji, odchylenie 

standardowe dla ka}dej pozycji, a tak}e bardziej szczegóBowe dane liczbowe.  
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5.2.4 Analiza i interpretacja reaktywności SHAPE 

Z zaBo}enia otrzymany profil reaktywno\ci SHAPE zawiera zbiór informacji o poziomie 

modyfikacji dla ka}dej reszty nukleotydowej, co odpowiada jej dostępno\ci w strukturze danego 

RNA (Rysunek 6). Podczas analizy reaktywno\ci SHAPE przyjmuje się skalę kolorystyczn�, 

gdzie czarne pozycje wskazuj� najni}sze reaktywno\ci (0–0,4), }óBte – reaktywno\ci po\rednie 

(0,4–0,85), a czerwone – najwy}sze warto\ci (>0,85). W ten sposób wizualna analiza otrzymanego 

profilu jest w stanie wskazać rejony sparowane i  jednoniciowe. 

 

Rysunek 6. PrzykBadowy profil reaktywno\ci SHAPE oraz model struktury drugorzędowej. 

Przydatnymi parametrami podczas wstępnej analizy wBa\ciwo\ci strukturalnych RNA s� 

mediana reaktywno\ci SHAPE i indeks (wspóBczynnik) Giniego (Rysunek 7). Mediana, jako 

powszechna miara statystyczna, wskazuje \rodkow� warto\ć reaktywno\ci SHAPE w zbiorze 

wszystkich reaktywno\ci występuj�cych w danej cz�steczce, uporz�dkowanych od warto\ci 

najmniejszej do największej. Porównanie median reaktywno\ci SHAPE pozwala szybko ocenić, 

czy dwie cz�steczki RNA maj� podobny ogólny poziom struktury. Indeks Giniego analizuje 

dysproporcje w profilach reaktywno\ci SHAPE. Wysoce ustrukturyzowane rejony RNA maj� 

nierównomierny rozkBad wysokich i niskich reaktywno\ci, a tym samym wykazuj� wysoki indeks 

Giniego. Rejony RNA o niskim poziomie struktury maj� większo\ć zasad dostępnych dla 

modyfikacji odczynnikiem SHAPE i tym samym wykazuj� niski indeks Giniego. PrzykBadowo, 

profil reaktywno\ci dla cz�steczki rybosomalnego RNA o bardzo wysokim poziomie 

ustrukturyzowania (Giannetti i in., 2019; Petrov i in., 2014), będzie odznaczaB się nisk� median� 

SHAPE oraz wysokim indeksem Giniego. Obydwie miary dostarczaj� informacji, które pomagaj� 

wstępnie zaklasyfikować dan� cz�steczkę RNA jako wysoce lub nisko ustrukturyzowan� w 

danych warunkach eksperymentalnych. Ponadto, takie metryki s� szczególnie przydatne w 

przypadku analizy caBych transkryptomów, gdy mamy do czynienia z tysi�cami cz�steczek RNA. 
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Rysunek 7. Schematyczny opis i interpretacja mediany reaktywno\ci oraz indeksu Giniego w analizie 
danych SHAPE (na podstawie publikacji (Burkhardt i in., 2017)). 

W celu porównania profili reaktywno\ci SHAPE, zarówno dla dwóch sekwencji RNA tej 

samej dBugo\ci, jak i dla tej samej cz�steczki RNA badanej w ró}nych warunkach, stosuje się 

równie} wspóBczynnik korelacji (r), który informuje o stopniu podobieństwa między zestawami 

danych, zale}nym od pozycji. Wysoka warto\ć korelacji oznacza du}e podobieństwo wzoru 

reaktywno\ci, natomiast niska korelacja oznacza ró}nice. Oprócz ogólnej warto\ci korelacji 

pomiędzy profilami, warto obliczyć korelację w oknie przesuwaj�cym się wzdBu} sekwencji RNA 

(ang. sliding window), która ma na celu dokBadniejsze wskazanie lokalnych wzrostów i spadków 

podobieństwa w reaktywno\ci SHAPE. 

5.2.5 Predykcja oraz interpretacja modeli struktury drugorzędowej RNA 

Zdolno\ć RNA do tworzenia par zasad, w tym kanonicznych par zasad Watsona-Cricka i 

niekanonicznych par zasad (na przykBad G:U), powoduje tworzenie drugorzędowych struktur 

RNA, w których nukleotydy tworz� motywy strukturalne, takie jak trzony, pętle, wybrzuszenia, 

czy te} pseudowęzBy. Te interakcje tworz� następnie podstawę do oddziaBywań przestrzennych, 

tworz�c struktury trzeciorzędowe RNA. Rozwój algorytmów do predykcji modeli strukturalnych 

staB się wa}nym elementem badania struktur RNA (J. Zhang i in., 2022). W\ród nich znalazB się 

między innymi powszechnie stosowany model obliczeniowy, który poszukuje struktur 

drugorzędowych RNA o minimalnej energii swobodnej (MFE, ang. minimum free energy), czyli 

teoretycznie najbardziej stabilnych. Obliczenia dokonywane s� na podstawie sekwencji i w 

oparciu o zestaw eksperymentalnie okre\lonych parametrów termodynamicznych, znanych jako 

model najbli}szego s�siada (NN, ang. nearest neighbor) lub reguBy Turnera (Xia i in., 1998). 

Algorytm ten jest wykorzystywany między innymi przez program RNAstructure (Reuter & 

Mathews, 2010). Choć opiera się on na zaBo}eniach dotycz�cych obliczeń energii w roztworze, co 
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nie do końca odzwierciedla sposób zwijania się cz�steczek RNA w komórkach, opracowano 

wydajne metody wB�czania do modelowania eksperymentalnych danych strukturalnych w celu 

poprawy dokBadno\ci predykcji (Cordero i in., 2012; Deigan i in., 2009; Hajdin i in., 2013; 

Mathews, 2004).  

W mojej pracy do modelowania struktury drugorzędowej cz�steczek RNA wykorzystaBam 

algorytmy zawarte w programie RNAstructure, a otrzymane dane SHAPE zastosowaBam jako 

liczbowe ograniczenia pseudoenergetyczne do wsparcia obliczeń. Analizy wykonaBam za pomoc� 

oprogramowania SuperFold, które wykorzystuje funkcje zaimplementowane w programie 

RNAstructure, wykonuj�c obliczenia w przesuwaj�cym się oknie, co usprawnia predykcję dBugich 

cz�steczek RNA (Siegfried i in., 2014; Smola, Rice, i in., 2015). Pierwszym etapem jest obliczenie 

prawdopodobieństwa tworzenia się par zasad i entropii Shannona dla poszczególnych 

nukleotydów RNA (Mathews, 2004). Prawdopodobieństwo par zasad pokazuje, z jak� często\ci� 

występuj� one w puli mo}liwych koegzystuj�cych konformacji RNA (Rysunek 8). Natomiast 

warto\ć entropii Shannona podsumowuje liczbę mo}liwych konformacji dla ka}dego nukleotydu, 

okre\laj�c poziom uporz�dkowania ka}dej pozycji w cz�steczce RNA w danych warunkach 

eksperymentalnych. Niska warto\ć entropii informuje o wysokim poziomie uporz�dkowania, 

natomiast dla rejonów dynamicznych strukturalnie jej warto\ć będzie wysoka. 

 

 

Rysunek 8. Schemat ilustruj�cy prawdopodobieństwo występowania par zasad w cz�steczce RNA. 
Przedstawiony po lewej stronie Bukowy model wraz z kolorystyczn� skal� prezentuje często\ć występowania 
poszczególnych par zasad w zbiorze wspóBistniej�cych konformacji RNA zaprezentowanym obok.  

Kolejnym etapem analizy jest predykcja modelu struktury drugorzędowej MFE, podczas 

której oprócz danych eksperymentalnych, oprogramowanie SuperFold wykorzystuje informację z 

poprzedniego etapu o parach zasad tworzonych z prawdopodobieństwem powy}ej 99%, aby 

dodatkowo wzmocnić ich predykcję w ostatecznym modelu. Pary zasad przewidywane s� osobno 

w ka}dym z dziesi�tek analizowanych okien, a te występuj�ce w większo\ci okien s� wB�czane do 

finalnego modelu strukturalnego cz�steczki RNA. Takie podej\cie ogranicza wyniki predykcji 

tylko do jednego konsensusowego modelu, w porównaniu do kilkunastu modeli o podobnej 

energii swobodnej, generowanych przez program RNAstructure. Ostatnim etapem analizy 
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SuperFold jest przeskanowanie uzyskanego modelu w celu znalezienia rejonów o stabilnej i 

dobrze zdefiniowanej strukturze.  Następuje to poprzez wyselekcjonowanie rejonów o dBugo\ci co 

najmniej 40 reszt nukleotydowych, charakteryzuj�cych się lokaln� reaktywno\ci� SHAPE oraz 

entropi� Shannona ni}sz� ni} globalne warto\ci mediany dla tych parametrów – strategia lowSS 

(ang. low-SHAPE, low-Shannon) (Siegfried i in., 2014). 

Analiza porównawcza modeli struktury RNA otrzymanych w ró}nych stanach 

eksperymentalnych mo}e dostarczyć wiele informacji na temat dynamiki strukturalnej danej 

cz�steczki. Do okre\lenia stopnia podobieństwa dwóch modeli strukturalnych sBu}� metryki 

wykorzystywane równie} do oceny poprawno\ci predykcji, gdy struktura referencyjna jest znana, 

takie jak czuBo\ć (ang. sensitivity / true positive rate, TPR) i PPV (ang. predictive positive value). 

Wskazuj� one procentow� liczbę par zasad wspólnych dla porównywanych modeli. CzuBo\ć 

wskazuje  liczbę wspólnych par zasad w stosunku do struktury referencyjnej, a PPV w stosunku 

do struktury przewidzianej. Nawet przy wysokiej warto\ci tych parametrów, nie nale}y pomijać 

faktu, }e poszczególne pary mog� tworzyć się z nierównym prawdopodobieństwem. Ponadto 

nale}y pamiętać, }e powszechnie stosowany do prezentacji drugorzędowej struktury RNA 

pojedynczy model MFE reprezentuje tylko jedn� konformację ze zbioru mo}liwych o podobnych 

energiach swobodnych. Dlatego modelowi MFE powinny towarzyszyć opisane powy}ej analizy, 

bior�ce pod uwagę dynamikę strukturaln� RNA, która wraz z porównaniem modeli otrzymanych 

w ró}nych stanach eksperymentalnych stanowi kompleksowe podej\cie podczas interpretacji 

struktury drugorzędowej RNA. 

5.2.6 Aktualne wyzwania w badaniach struktury drugorzędowej RNA 

PoB�czenie chemicznego mapowania RNA z sekwencjonowaniem nowej generacji i 

zaawansowanymi narzędziami bioinformatycznymi zwiększyBo przepustowo\ć badań struktury 

RNA, pozwalaj�c na badanie cz�steczek o dBugo\ci nawet kilkudziesięciu tysięcy nukleotydów, 

daj�c wynik wysokiej rozdzielczo\ci dla ka}dego rybonukleotydu w zBo}onym \rodowisku 

komórkowym. Badania coraz większej ilo\ci cz�steczek RNA rzuciBy nowe \wiatBo na 

niedocenian� wcze\niej zBo}ono\ć i dynamikę ich strukturalnej organizacji (Vicens & Kieft, 2022; 

Weeks, 2021).  

Jednym z aktualnych wyzwań w dziedzinie badań strukturalnych RNA jest próba 

rekonstrukcji wspóBistniej�cych alternatywnych konformacji RNA (Bose i in., 2024; Spitale & 

Incarnato, 2023). Zarówno wewn�trz komórki, jak i w roztworze, wiele kopii tego samego RNA 

mo}e przyjmować ró}ne konformacje, które dodatkowo mog� zmieniać się w czasie. Taka 

zdolno\ć cz�steczek RNA mo}e regulować ró}ne procesy komórkowe, co ma miejsce między 

innymi dla genomów RNA wirusów (Lan i in., 2022; Larman i in., 2017; Tomezsko i in., 2020). 

Aby sprostać temu zagadnieniu, opracowywane s� metody eksperymentalne, takie jak chemiczne 

mapowanie produktów po\rednich transkrypcji, które tworz� krótkotrwaBe motywy. Do takich 
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metod nale}� przykBadowo SHAPE-seq w czasie transkrypcji (ang. cotranscriptional SHAPE-seq) 

(Watters i in., 2016) i SPET-seq (ang. structural probing of elongating transcripts) (Incarnato i 

in., 2017). Rozwijane s� równie} metody obliczeniowe oparte zarówno na termodynamicznej 

selekcji struktur RNA najlepiej pasuj�cych do danych eksperymentalnych, jak i algorytmy 

próbuj�ce bezpo\rednio przypisać odczyty sekwencjonowania do odrębnych klastrów, 

reprezentuj�cych wspóBistniej�ce konformacje RNA (Aviran & Incarnato, 2022).  

Innym kierunkiem podejmowanych wyzwań jest tak}e wykorzystanie technologii 

sekwencjonowania dBugich odczytów, czy te} bezpo\redniego sekwencjonowania RNA. W 

porównaniu do sekwencjonowania technologi� krótkich odczytów, dBugie odczyty mog� 

dostarczyć informacji o caBej cz�steczce RNA w jednym odczycie, co umo}liwia detekcję 

wspóBistniej�cych modyfikacji na dBugich odcinkach sekwencji, uBatwiaj�c analizę 

wspóBistniej�cych konformerów. PojawiBy się ju} pierwsze próby zastosowania 

sekwencjonowania RNA do zbadania jego struktury przy u}yciu platformy Oxford Nanopore (Aw 

i in., 2021; Bizuayehu i in., 2022; Bohn i in., 2023; Stephenson i in., 2022). W jednym z ostatnich 

badań wyselekcjonowano acetyloimidazol (AcIm), jako najbardziej obiecuj�cy odczynnik 

SHAPE do tego zastosowania, z uwagi na maBy rozmiar generowanych adduktów (Stephenson i 

in., 2022). W pracy tej pokazano równie}, }e technologia Nanopore jest w stanie wykryć 

jednocze\nie endogenne, jak i egzogenne modyfikacje RNA.   

Atrakcyjn� alternatyw� dla eksperymentalnego badania struktury drugorzędowej RNA 

jest predykcja struktury oparta na samej sekwencji. NiezwykBy sukces w rozwoju technik uczenia 

maszynowego i ich zastosowanie do przewidywania struktury biaBek (algorytmy AlphaFold –– 

(Abramson i in., 2024; Jumper i in., 2021)) stanowi ogromn� motywację do stworzenia podobnego 

podej\cia do przewidywania struktury RNA. Choć przewidywania modeli struktury 

drugorzędowej RNA oparte na termodynamice osi�gnęBy znacz�cy postęp, uwa}a się, }e ich 

dokBadno\ć jest wci�} niezadowalaj�ca przez ograniczon� liczbę eksperymentalnie wyznaczonych 

parametrów termodynamicznych, przez co w dalszym ci�gu wyzwaniem jest prawidBowa 

predykcja pseudowęzBów, czy niekanonicznych par zasad (S. Zhang i in., 2024). Dodatkowo 

istnieje du}a luka między liczb� ustalonych eksperymentalnie struktur a liczb� znanych sekwencji 

RNA. Pozyskanie danych eksperymentalnych, które mog� znacz�co poprawić dokBadno\ć 

predykcji, wymaga czasu. W ostatnich latach pojawiBo się kilka obiecuj�cych podej\ć 

wykorzystuj�cych techniki uczenia maszynowego do przewidywania struktur RNA, które s� 

intensywnie rozwijane i testowane, jak na przykBad SPOT-RNA, CONTRAfold, ATTfold, czy 

ostatnio  udostępniony sincFold (Bugnon i in., 2024; Justyna i in., 2023; K. E. Wu i in., 2023; Yu 

i in., 2022). Choć przeprowadzaj� one coraz celniejsze predykcje modeli RNA, na podstawie 

których byBy uczone, to nadal jednym z gBównych problemów jest nadmierne dopasowanie (tzw. 

przeuczenie, ang. overfitting), co oznacza zbyt du}e wyspecjalizowanie na dane treningowe i tym 

samym bBędne analizowanie nowych danych. GBównym powodem tego zjawiska jest zbyt maBy i 
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jednorodny zestaw danych treningowych, co w przypadku struktur drugorzędowych RNA jest 

nadal problemem, gdy} zbiór wiarygodnych i eksperymentalnie potwierdzonych modeli RNA jest 

du}o mniejszy ni} dla biaBek. Dlatego do dopracowania tych metod kluczowe jest powiększenie 

bazy eksperymentalnych zestawów danych o strukturze RNA w ró}nych organizmach i 

warunkach.  

5.3 Struktura gRNA wirusów i retrotranspozonów oraz RNA drożdży in vivo 

W odró}nieniu od licznych modeli in vitro, dotychczas ustalono struktury genomu RNA in vivo 

lub in cellulo tylko dla kilku wirusów – Dengue, Zika i HCV (Flaviviridae), HIV-1 (Retroviridae), 

RVA (Reoviridae), CHIKV (Togaviridae), a tak}e SARS-CoV-2 (Coronaviridae) (Coria i in., 

2022; Huber i in., 2019; Huston i in., 2021; Lan i in., 2022; Li i in., 2018; Madden i in., 2020; 

Manfredonia i in., 2020; Sun i in., 2021; Tomezsko i in., 2020; Wan i in., 2022; Y. Zhang i in., 

2021). Otrzymane dane dostarczyBy dodatkowych informacji na temat roli struktury gRNA w 

procesie replikacji wirusów. Co wa}ne, zwróciBy te} uwagę na istotne ró}nice w zwijaniu się 

wirusowych gRNA in vivo i in vitro oraz wykazaBy, }e funkcjonalnie wa}ne sekwencje RNA maj� 

tendencję do lokalizowania się w rejonach o stabilnej strukturze drugorzędowej. Jednocze\nie 

badania te wskazaBy rejony gRNA, które mog� sBu}yć jako potencjalne cele dla nakierowanych na 

RNA leków przeciwwirusowych.  

W momencie rozpoczęcia moich badań nie byBo dostępnych danych na temat struktury 

genomów RNA retrotranspozonów wewn�trz komórki. Otwarte pozostawaBo więc pytanie, czy 

gRNA retrotranspozonów będ� odzwierciedlać cechy strukturalne wirusów infekcyjnych, czy te} 

raczej będ� podobne do transkryptów swojego gospodarza. Modele struktury drugorzędowej 

gRNA dro}d}owego retrotranspozonu Ty1 (uzyskane metod� SHAPE-CE) zostaBy 

zaproponowane jedynie dla pierwszych 1482 nt (26%) w warunkach ex virio, in virio i in vitro 

(Purzycka i in., 2013) oraz dla stanów monomerycznych i dimerycznych in vitro transkryptu 

obejmuj�cego rejon +1–560 nt gRNA Ty1 (Gamache i in., 2017; Gumna i in., 2019; Huang i in., 

2013). Z kolei dla retrotranspozonu Ty3 brakowaBo jakichkolwiek danych eksperymentalnych 

dotycz�cych struktury drugorzędowej genomu RNA, nawet w warunkach in vitro.  

W porównaniu do E. coli, ro\lin lub ssaków, znacznie mniej wiadomo o zwijaniu mRNA 

w dro}d}ach, które s� gospodarzem badanych przeze mnie retrotranspozonów. Co ciekawe, 

dro}d}e S. cerevisiae byBy pierwszym organizmem, w którym przeprowadzono mapowanie 

struktury transkryptomu in vivo (Rouskin i in., 2014). Do tego celu zastosowano strategię DMS-

seq, a uzyskane wyniki zasugerowaBy, }e mRNA w dro}d}ach s� w du}ej mierze rozwinięte w 

porównaniu do stanu in vitro. Nie znaleziono równie} globalnej ró}nicy w poziomie struktury 

drugorzędowej pomiędzy CDS (ang. coding DNA sequence) i UTR transkryptów in vivo. ByBo to 

sprzeczne z poprzednimi danymi in vitro pochodz�cymi z eksperymentów PARS (ang. parallel 

analysis of RNA structure) wskazuj�cymi, }e mRNA dro}d}y wykazuj� wy}szy poziom struktury 
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w CDS (Kertesz i in., 2010). Analiza DMS-seq in vivo nie wykryBa równie} korelacji między 

struktur� CDS a jego statusem translacyjnym (Rouskin i in., 2014). Pó{niejsza analiza mapowania 

oddziaBywań RNA-RNA w transkryptomie dro}d}y in vivo przy u}yciu biotynylowanego 

psoralenu i ligacji zbli}eniowej – SPLASH (ang. sequencing of psoralen crosslinked, ligated, and 

selected hybrids) pokazaBa, }e stabilne struktury w 59 UTR zmniejszaj� wydajno\ć translacji i 

okres póBtrwania mRNA, natomiast ich obecno\ć w 39 UTR zwiększa stabilno\ć mRNA, 

najprawdopodobniej poprzez hamowanie kompleksu egzosomu podczas degradacji RNA (Aw i 

in., 2016). Pozytywny wpByw struktury 39 UTR na stabilno\ć mRNA dro}d}y zostaB potwierdzony 

in vivo tak}e przy u}yciu zmodyfikowanych wersji DMS-seq (DREADS, ang. DMS region 

extraction and deep sequencing) i SHAPE-seq (SHREADS, ang. SHAPE region extraction and 

deep sequencing), które s� przeznaczone do okre\lania struktury drugorzędowej 

poliadenylowanych końców 39 RNA (Moqtaderi i in., 2018). Analogiczne wyniki uzyskano w 

kilku badaniach obejmuj�cych caBy transkryptom w komórkach ssaków, co sugeruje, }e regulacja 

funkcji mRNA za po\rednictwem struktur w UTR jest ewolucyjnie konserwowana (Sun i in., 

2019; X. Wu & Bartel, 2017). Podczas gdy rola drugorzędowej struktury UTR w regulacji 

ekspresji genów byBa szeroko badana, zakres, w jakim struktura CDS wpBywa na wydajno\ć 

translacji i stabilno\ć dro}d}owych mRNA in vivo, jest znacznie mniej poznany. Globalna analiza 

struktury RNA na komórkach ssaków poB�czona z zastosowaniem substytucji modyfikowanymi 

nukleotydami i obliczeniowym projektowaniem sekwencji wykazaBa, }e wysoki poziom struktury 

drugorzędowej w CDS koreluje dodatnio z syntez� biaBka i okresem póBtrwania mRNA (Mauger 

i in., 2019). Korelacja między struktur� CDS a wydajno\ci� translacji i stabilno\ci� mRNA zostaBa 

zaobserwowana u ni}szych kręgowców (Danio rerio), bakterii (Escherichia coli), a tak}e u ro\lin 

(Oryza sativa i Arabidopsis thaliana) (Beaudoin i in., 2018; Burkhardt i in., 2017; Deng i in., 

2018; Ding i in., 2014; Mustoe i in., 2018). 
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6 CEL NAUKOWY PRZEDSTAWIONEGO CYKLU PRAC 

Nadrzędnym celem przedstawionego cyklu prac byBo ustalenie struktury drugorzędowej 

cz�steczek genomowego RNA retrotranspozonów LTR w dro}d}ach. Badania obejmowaBy 

równie} analizę struktury gRNA poza komórk� w celu identyfikacji zmian strukturalnych 

spowodowanych \rodowiskiem komórki, a tak}e analizy korelacji pomiędzy struktur� gRNA a 

funkcj� peBnion� w czasie cyklu replikacyjnego retrotranspozonu. Finalnie, wyniki moich badań 

miaBy na celu poszerzenie wiedzy na temat zwijania się dBugich cz�steczek RNA in vivo. Cele 

szczegóBowe moich badań pokrywaj� się z tematyk� trzech publikacji wchodz�cych w skBad cyklu 

tworz�cego rozprawę doktorsk�: 

1. Praca przegl�dowa Andrzejewska, Zawadzka i in., IJMS, 2020 miaBa na celu zebranie 

i usystematyzowanie dostępnej wiedzy na temat wpBywu \rodowiska komórki na strukturę 

cz�steczek mRNA oraz wzajemnej relacji między struktur� mRNA a jego funkcj� w 

procesach komórkowych. 

2. Badania przedstawione w pracy Andrzejewska i in., NAR, 2021 byBy ukierunkowane na 

dostarczenie pierwszego modelu struktury genomu RNA aktywnego retrotranspozonu 

Ty1 in vivo oraz porównanie go z modelami struktury otrzymanymi w warunkach in vitro 

oraz in virio. Istotna byBa równie} charakterystyka kontekstu strukturalnego znanych 

sekwencji funkcjonalnych zaanga}owanych w oddziaBywania RNA-RNA istotne dla 

retrotranspozycji. Moim dodatkowym celem byBa analiza wpBywu aktywnych rybosomów 

na strukturę gRNA. 

3. Celem pracy Andrzejewska-Romanowska i in., NAR, 2024 byBo ustalenie struktury 

genomu RNA retrotranspozonu Ty3 w warunkach in vivo, jak i poza komórk�, oraz 

charakterystyka porównawcza dynamiki strukturalnej gRNA Ty3 w ró}nych stanach. 

Moim zadaniem byBa tak}e szczegóBowa analiza struktury rejonów wa}nych 

funkcjonalnie oraz wytypowanie najbardziej stabilnych motywów strukturalnych w 

gRNA Ty3. Ide� pracy byBo równie} dostarczenie strukturalno-funkcjonalnego 

porównania gRNA reprezentantów trzech ewolucyjnie spokrewnionych rodzin 

retroelementów –  retrotranspozonów Ty1 oraz Ty3, a tak}e wirusa HIV-1. 
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7 KRÓTKIE OMÓWIENIE PRAC NAUKOWYCH WCHODZĄCYCH W SKŁAD 

ROZPRAWY DOKTORSKIEJ 

7.1 On the way to understanding the interplay between the RNA structure and functions 

in cells: a genome-wide perspective 

Angelika Andrzejewska*, MaBgorzata Zawadzka*, Katarzyna Pachulska-Wieczorek 

International Journal Of Molecular Sciences, 2020, 21(18), 6770 

* równorzędny pierwszy autor 

 

RNA uczestniczy w niemal ka}dym procesie zachodz�cym w komórce i dziaBa jako centralny 

no\nik wymiany informacji. Informacje te s� zawarte zarówno w sekwencji nukleotydowej RNA, 

jak i jego strukturze. Powszechna dostępno\ć technik sekwencjonowania nowej generacji 

zrewolucjonizowaBa wiele obszarów badań RNA, wliczaj�c badania strukturalne. Umo}liwiBo to 

przesunięcie perspektywy z pojedynczych transkryptów na tysi�ce heterogennych RNA, w tym 

caBe transkryptomy w zBo}onym \rodowisku komórkowym. Rosn�ca liczba danych strukturalnych 

dla  transkryptomów ró}nych organizmów, w tym ssaków, dro}d}y, ro\lin i bakterii oraz pByn�ce 

z nich czasami sprzeczne wnioski stworzyBy potrzebę usystematyzowania zgromadzonej wiedzy. 

Podjęli\my się tego w niniejszej pracy przegl�dowej, której przygotowanie pozwoliBo mi na 

zdobycie niezbędnej wiedzy w dziedzinie badań strukturalnych RNA. 

W pierwszej czę\ci zebrali\my, przeprowadzone do momentu przygotowania pracy, 

badania struktury drugorzędowej transkryptomów oraz zastosowane w nich metody. Wszystkie 

najwa}niejsze informacje z tego rozdziaBu zostaBy zebrane w Tabeli 1 w publikacji. Następnie, 

podjęli\my się uporz�dkowania wniosków pByn�cych z zebranych badań. W pierwszej kolejno\ci 

podsumowali\my obserwacje dotycz�ce wzajemnego oddziaBywania pomiędzy struktur� mRNA 

a procesem translacji podkre\laj�c, }e kierunek tej relacji nadal stanowi kwestię sporn�. 

Dokonali\my równie} podziaBu zebranych wyników w zale}no\ci od tego, czy obserwacje 

dotyczyBy rejonów koduj�cych, czy nieulegaj�cych translacji. W dalszej czę\ci pracy zestawili\my 

najnowsze obserwacje dotycz�ce zale}no\ci między struktur� mRNA a jego stabilno\ci� i 

procesem degradacji, zwracaj�c szczególn� uwagę na liczne wnioski dotycz�ce znaczenia 

struktury 39 UTR. Kolejny rozdziaB skupia się na badaniach dotycz�cych aktywno\ci biaBek 

wi�}�cych RNA, zarówno w sposób specyficzny jak i  niezale}ny od konkretnych sekwencji b�d{ 

motywów RNA. Badanie tych oddziaBywań  jest wci�} du}ym wyzwaniem w skali caBego 

proteomu i transkryptomu in vivo. Ostatni rozdziaB po\więcili\my podsumowaniu badań 

dotycz�cych obecno\ci modyfikacji potranskrypcyjnych w RNA i ich wpBywu na strukturę 

drugorzędow�.  
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7.2 In vivo structure of the Ty1 retrotransposon RNA genome 

Angelika Andrzejewska, MaBgorzata Zawadzka, Julita Gumna, David J. Garfinkel, Katarzyna 

Pachulska-Wieczorek 

Nucleic Acids Research, 2021, 49(5), 2878–2893       

 

Wieloletnie badania dotycz�ce biologii Ty1 podkre\liBy kluczow� rolę funkcjonalnych sekwencji 

w jego gRNA dla oddziaBywań RNA-RNA i RNA-biaBko niezbędnych do procesu 

retrotranspozycji (Curcio i in., 2015). Mimo to, dane strukturalne dla gRNA Ty1 byBy ograniczone 

tylko do 59-końcowego fragmentu w warunkach in vitro i in virio (Gamache i in., 2017; Gumna i 

in., 2019; Purzycka i in., 2013). Odpowied{ na pytanie, jak architektura genomu RNA wpBywa na 

replikację Ty1 oraz które interakcje mog� zachodzić przed utworzeniem cz�stek 

wirusopodobnych, wymagaBa zbadania struktury niespakowanego gRNA Ty1 w warunkach in 

vivo.   

W niniejszej pracy nasz zespóB podj�B się scharakteryzowania struktury drugorzędowej 

peBnej dBugo\ci gRNA retrotranspozonu Ty1 (5652 nt) in vivo oraz odpowiadaj�cego mu 

transkryptu in vitro, zwijanego w \ci\le ustalonych warunkach (Rysunek 1A w publikacji) . 

Wykorzystuj�c metodę SHAPE-CE w dro}d}ach oraz narzędzia bioinformatyczne dedykowane 

analizie dBugich RNA, dostarczyBam informacji na temat struktury gRNA Ty1 w jego natywnym 

stanie in vivo. Do mapowania chemicznego wykorzystaBam odczynnik NMIA z uwagi na to, }e 

zostaB on zastosowany we wcze\niejszych badaniach tego RNA in vitro i in virio. Istotnym etapem 

pracy byBy eksperymenty porównuj�ce zdolno\ć ró}nych odczynników SHAPE do mapowania 

struktury RNA w dro}d}ach (Rysunki 1B, C w publikacji). UdowodniBam, wbrew wcze\niejszym 

danym (Spitale i in., 2013), }e NMIA mo}e być z powodzeniem stosowany do badań struktury 

RNA in vivo. Z wykorzystaniem analogicznego podej\cia dr MaBgorzata Zawadzka wykonaBa 

mapowanie chemiczne transkryptu in vitro, co pozwoliBo na przeprowadzenie szczegóBowej 

analizy struktury gRNA Ty1 w dwóch stanach eksperymentalnych. 

Przeprowadzone przeze mnie eksperymenty dostarczyBy wysokiej jako\ci danych 

strukturalnych dla 98% reszt nukleotydowych gRNA Ty1, z czego a} 53% nukleotydów 

wykazywaBo wysokie (powy}ej 0,85) lub po\rednie (0,4–0,85) reaktywno\ci SHAPE. Taka 

proporcja sugerowaBa wysok� ilo\ć strukturalnie dynamicznych, jednoniciowych rejonów gRNA. 

Dodatkowo, zaobserwowaBam, }e wiele rejonów gRNA Ty1 in vivo odznaczaBo się wy}szymi 

reaktywno\ciami SHAPE ni} in vitro, co skutkowaBo znacz�co wy}sz� ogóln� median� 

reaktywno\ci (0,42 vs 0,35) (Rysunki 2A, C, D, F w publikacji). Wykorzystuj�c oprogramowanie 

Superfold oraz otrzymane dane eksperymentalne, jako liczbowe ograniczenia 

pseudoenergetyczne, obliczyBam prawdopodobieństwa tworzenia par zasad i entropii Shannona 
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dla poszczególnych nukleotydów. Mediany obu parametrów wskazaBy na ni}szy poziom 

uporz�dkowania gRNA Ty1 in vivo w porównaniu do stanu in vitro (Rysunki 2G, H w publikacji). 

W następnym etapie przeprowadziBam modelowanie konsensusowej struktury MFE 

gRNA Ty1 (Rysunek 3C w publikacji). Analiza otrzymanego modelu sugerowaBa, }e 44% 

wszystkich nukleotydów w gRNA jest sparowane in vivo (Rysunki 4B, E w publikacji). Podobny 

wynik uzyskano dla modelu in vitro. Spo\ród przewidzianych par zasad jedynie 55% byBo 

obecnych tak}e in vitro, tym samym du}a czę\ć sparowań byBa specyficzna dla stanu in vivo 

(Rysunki 4A, B w publikacji). Co ciekawe, model in vivo posiadaB dwa razy mniej wysoce 

prawdopodobnych par zasad (prawdopodobieństwo >80%) i stanowiBy one jedynie 37,5% 

wszystkich obecnych w modelu MFE (Rysunki 3C, 4E, F, G w publikacji). OznaczaBo to, }e 

pozostaBe sparowania mog� występować przej\ciowo lub być obecne tylko w czę\ci 

wspóBistniej�cych konformacji. Uzyskane wyniki ujawniBy silny wpByw \rodowiska 

komórkowego na zwijanie gRNA retrotranspozonu, wskazuj�c jednocze\nie na wy}sz� dynamikę 

i ni}szy poziom struktury in vivo.  

Dodatkowo, zbadaBam obecno\ć potencjalnych motywów pseudowęzBa w gRNA Ty1 

wykorzystuj�c otrzymane in vivo reaktywno\ci SHAPE jako dane wej\ciowe do  predykcji 

struktury programem ShapeKnots (Hajdin i in., 2013). Funkcjonalnie wa}ny pseudowęzeB zostaB 

wcze\niej zidentyfikowany w rejonie 59 końca gRNA Ty1 mapowanego w cz�stkach 

wirusopodobnych (Huang i in., 2013; Purzycka i in., 2013). PozostawaBo jednak niejasne, czy 

motyw ten tworzy się tylko w VLP. Wykonane przeze mnie analizy wskazaBy na obecno\ć tego 

motywu w badanej puli gRNA Ty1, która pochodzi gBównie z niespakowanej frakcji 

cytoplazmatycznej i retrosomów, wspieraj�c formowanie się pseudowęzBa przed pakowaniem 

gRNA do VLP (Rysunki 3C, D w publikacji). 

Mimo dynamicznego charakteru struktury gRNA Ty1 wewn�trz komórki, 

zidentyfikowaBam 11 rejonów o stabilnej i dobrze zdefiniowanej strukturze, wykorzystuj�c do 

tego strategię lowSS (Rysunki 3B, D w publikacji). WskazaBo to na mozaikowy charakter 

architektury gRNA Ty1, zauwa}ony wcze\niej dla innych dBugich wirusowych i komórkowych 

RNA (Dethoff i in., 2018; Mustoe i in., 2018; Siegfried i in., 2014; Smola i in., 2016). PokazaBam 

równie}, }e struktura tych rejonów jest zachowana pomiędzy stanami in vivo i in vitro w większym 

stopniu ni} dla reszty gRNA Ty1 (Rysunek 4C w publikacji). Co wa}ne, rejony stabilne znajduj�ce 

się na 59 i 39 końcach gRNA zawieraBy większo\ć znanych sekwencji funkcjonalnych, w tym 

sekwencje palindromowe PAL1 i PAL2 po\rednicz�ce w dimeryzacji gRNA, sekwencje CYC5 i 

CYC3 bior�ce udziaB w cyklizacji gRNA, a tak}e PBS, BOX0 i BOX1 będ�ce miejscem 

przyB�czenia tRNAi
Met (Rysunek 3D w publikacji). Znaczenie pozostaBych zidentyfikowanych 

rejonów stabilnych pozostaje na razie niejasne, i stanowi� one atrakcyjne cele do dalszych badań 

funkcjonalnych.  
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Dla ustalenia, czy kluczowe dla retrotranspozycji oddziaBywania RNA-RNA, takie jak 

dimeryzacja i cyklizacja gRNA oraz przyB�czanie tRNAi
Met, mog� zachodzić przed pakowaniem 

gRNA do VLP, przeprowadzili\my szczegóBow� analizę zmian reaktywno\ci SHAPE w rejonie 

końca 59 gRNA Ty1. W tym celu porównali\my dane in vivo z danymi uzyskanymi dla stanu in 

virio, gdzie wszystkie powy}sze interakcje s� obecne (Purzycka i in., 2013) oraz stanu in vitro 

pozbawionego tych interakcji, z uwagi na brak biaBka Gag i tRNA (Rysunek 5A w publikacji). Na 

tej podstawie wykryli\my charakterystyczne zmiany w reaktywno\ci nukleotydów, wskazuj�ce na 

obecno\ć frakcji dimerycznej w puli gRNA in vivo, jak równie} międzycz�steczkowej interakcji 

z tRNAi
Met (Rysunki 5A, B w publikacji). Obserwowane rozkBady reaktywno\ci SHAPE wspieraj� 

równie} występowanie interakcji CYC5-CYC3 w gRNA Ty1 przed spakowaniem do VLP.   

W ostatnim etapie zbadaBam relację między struktur� gRNA Ty1 a procesem translacji, 

gdy} przed spakowaniem gRNA stanowi matrycę do produkcji biaBek retrotranspozonu. Dane, 

które uzyskaBam z eksperymentów SHAPE-CE w komórkach w stanie zahamowanej translacji, 

wskazywaBy na znacz�c� stabilizację struktury gRNA Ty1 w rejonie koduj�cym (Rysunki 6B, C 

w publikacji) oraz reorganizację par zasad w porównaniu do kontrolnego stanu in vivo (Rysunki 

6D, E, F w publikacji). Sugeruje to, }e aktywne rybosomy mog� uczestniczyć zarówno w 

rozwijaniu, jak i remodelowaniu struktury gRNA retrotranspozonu.  
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7.3 Mapping the structural landscape of the yeast Ty3 retrotransposon RNA genome 

Angelika Andrzejewska-Romanowska, Julita Gumna, Ewa Tykwińska, Katarzyna Pachulska-

Wieczorek 

Nucleic Acids Research, 2024, doi: 10.1093/nar/gkae494 

 

W niniejszej pracy wykorzystaBam nowsz� metodę mapowania chemicznego – SHAPE-MaP – 

wraz z  zaawansowanymi narzędziami bioinformatycznymi do ustalenia struktury drugorzędowej 

gRNA dro}d}owego retrotranspozonu Ty3 (5052 nt) w natywnym stanie in vivo oraz w warunkach 

pozakomórkowych (Rysunek 1B w publikacji). Dla uzyskania wysokiej jako\ci danych 

strukturalnych do mapowania chemicznego wykorzystaBam odczynnik NAI, który cechuje się 

poziomem wydajno\ci modyfikacji RNA in vivo optymalnym dla zapewnienia efektywnego 

wspóBczynnika mutacji w podej\ciu RT-mutate (Busan i in., 2019). Optymalizacja warunków 

modyfikacji RNA oraz dBugo\ci analizowanych amplikonów umo}liwiBa uzyskanie 

powtarzalnych danych o wysokiej rozdzielczo\ci, co finalnie przeBo}yBo się na efektywn� 

reaktywno\ć SHAPE dla 99,1% nukleotydów w gRNA Ty3 (Rysunki 1C, D w publikacji).  

 W pierwszej kolejno\ci przeprowadziBam analizę porównawcz� reaktywno\ci SHAPE 

otrzymanych w warunkach in vivo i ex vivo. Obydwa zestawy danych SHAPE wykazaBy bardzo 

siln� korelację globaln�, natomiast ró}nica w warto\ciach mediany reaktywno\ci zasugerowaBa 

nieco bardziej rozwinięt� strukturę gRNA Ty3 in vivo (Rysunki 2A, B w publikacji). Aby 

uchwycić lokalne cechy strukturalne obu stanów gRNA Ty3, przeprowadziBam obliczenia 

mediany reaktywno\ci, indeksu Giniego oraz korelacji w przesuwaj�cych się oknach, a tak}e 

zastosowaBam algorytm statystyczny ∆SHAPE (Smola, Calabrese, i in., 2015). To kompleksowe 

podej\cie pozwoliBo mi zidentyfikować statystycznie istotne ró}nice w wielu rejonach gRNA, 

poB�czone z miejscowymi spadkami korelacji oraz potwierdziBo ni}szy poziom struktury gRNA w 

stanie in vivo (Rysunki 2C, D w publikacji).  

 Następnie otrzymane reaktywno\ci SHAPE wykorzystaBam do modelowania struktury 

drugorzędowej badanego gRNA z wykorzystaniem oprogramowania SuperFold (Siegfried i in., 

2014). Konsensusowy model MFE struktury drugorzędowej gRNA Ty3 in vivo zawieraB nieco 

mniej par zasad, w tym par G-C ni} model struktury ex vivo (Rysunki 3A, B, oraz Tabela 1 w 

publikacji). Dodatkowo 31% par zasad byBo specyficznych tylko dla modelu in vivo, a 40% dla 

modelu ex vivo wskazuj�c, }e struktura gRNA w analizowanych stanach ró}ni się bardziej ni} 

sugerowaBa globalna korelacja reaktywno\ci SHAPE. Co ciekawe, w obu stanach porównywalna 

liczba nukleotydów (∼24%) byBa zaanga}owana w wysoce prawdopodobne pary zasad, a ich du}a 

czę\ć jest obecna niezale}nie od \rodowiska (Rysunek 3D w publikacji).  

 Dalsza analiza miaBa na celu identyfikację rejonów gRNA Ty3 z najbardziej stabilnymi 

motywami strukturalnymi. W tym celu posBu}yBam się strategi� lowSS, która pozwoliBa mi na 
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znalezienie 14 takich rejonów dla stanu in vivo oraz 12 dla stanu ex vivo (Rysunki 3A, B w 

publikacji). ZawieraBy one większo\ć funkcjonalnych sekwencji Ty3, w tym 5' PBS (Gabus i in., 

1998), FS (Farabaugh i in., 1993) oraz miejsce dimeryzacji (DS), zidentyfikowane w niniejszej 

pracy. Zauwa}yBam, }e a} 9 rejonów stabilnych nakBadaBo się pomiędzy stanami 

eksperymentalnymi, a 7 spo\ród nich zawieraBo te same motywy strukturalne, bogate z wysoce 

prawdopodobne pary zasad (Rysunek 3C w publikacji). ZaproponowaBam, }e motywy te stanowi� 

stabilnie zwinięty rdzeń (ang. well-folded core), tworz�cy się niezale}nie od \rodowiska 

komórkowego. Rdzeń obejmuje 19,4% sekwencji gRNA Ty3 i, co ciekawe, du}a czę\ć 

tworz�cych go motywów gromadzi  się w obrębie lub w pobli}u rejonu koduj�cego odwrotn� 

transkryptazę, najbardziej ewolucyjnie zachowawcz� domenę biaBkow� w\ród retroelementów 

(Xiong & Eickbush, 1990). 

Aby lepiej zrozumieć międzycz�steczkowe interakcje RNA-RNA, które zachodz� 

podczas replikacji Ty3, razem z dr Julit� Gumn� zastosowaBy\my uproszczony system in vitro, 

który opieraB się na wykorzystaniu dwóch krótkich transkryptów obejmuj�cych końce 5' lub 3' 

elementu Ty3 (Ty3 59 RNA i Ty3 39 RNA) oraz biaBka nukleokapsydu Ty3 (NCp9) (Rysunek 4A 

w publikacji). Eksperymenty dr Julity Gumnej wykazaBy, }e Ty3 39 RNA wi�}e tRNAi
Met du}o 

wydajniej ni} Ty3 59 RNA (Rysunek 4B w publikacji). Przeprowadzone przeze mnie analizy 

SHAPE-MaP krótkich transkryptów wskazaBy dokBadnie miejsce interakcji z tRNAi
Met in vitro 

(Rysunek 4C w publikacji). PrzypadaBo ono w obrębie 39 PBS, wyznaczonego wcze\niej na 

podstawie funkcjonalnych analiz mutacyjnych (Gabus i in., 1998). Rozwi�zanie problemu 

wi�zania tRNAi
Met w rejonie 59 końca byBo trudne ze względu nisk� reaktywno\ć 59 PBS we 

wszystkich stanach eksperymentalnych i jego tendencję do alternatywnych oddziaBywań 

wewn�trzcz�steczkowych (Rysunki 6A, B, C i S7 w publikacji). Niemniej wyniki SHAPE 

uzyskane dla 3′ PBS sugeruj�, }e tylko niewielka czę\ć gRNA Ty3 oddziaBuje z tRNAi
Met in vivo 

i ex vivo. 

Choć wcze\niejsze badania proponowaBy, }e zwi�zany tRNAi
Met po\redniczy 

jednocze\nie w dimeryzacji gRNA Ty3, eksperymenty przeprowadzone przez dr Julitę Gumn� 

pokazaBy, }e Ty3 59 RNA  ulega indukowanej NCp9 dimeryzacji bez po\rednictwa tRNA 

(Rysunek 4B w publikacji). Wynik ten zachęciB nas do poszukania sekwencji Ty3, która bierze 

bezpo\redni udziaB w tworzeniu dimeru. SkupiBy\my się na analizie sekwencji palindromowych, 

gdy} ich udziaB w bezpo\rednim oddziaBywaniu dwóch nici gRNA byB ju} wcze\niej pokazany dla 

innych retroelementów (Dubois i in., 2018; Gumna i in., 2019). Porównawcza analiza profili 

reaktywno\ci z eksperymentów SHAPE-MaP dla monomeru i dimeru Ty3 59 RNA wskazaBa 

miejsca spadków reaktywno\ci w dimerze, które mog� wskazywać na tworzenie interakcji 

międzycz�steczkowych (Figura 5A i S8 w publikacji). Spo\ród sze\ciu zidentyfikowanych 

sekwencji palindromowych, sekwencja PAL6 wskazywaBa najbardziej istotny spadek 

reaktywno\ci. Dalsze eksperymenty pokazaBy, }e usunięcie sekwencji PAL6 caBkowicie hamuje 
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dimeryzację Ty3 59 RNA in vitro. Analizy SHAPE-MaP dla tego skróconego transkryptu nie 

wykazaBy globalnych ró}nic w jego strukturze wskazuj�c, }e delecja ma efekt lokalny i 

bezpo\rednio wpBywa na zahamowanie dimeryzacji (Rysunki 5B, C w publikacji). Istotne 

statystycznie spadki reaktywno\ci w obrębie PAL6 zaobserwowaBam równie} w przypadku gRNA 

Ty3 in vivo w porównaniu do stanu ex vivo, którego warunki uniemo}liwiaBy formowanie dimeru 

z powodu braku indukuj�cego ten proces biaBka (Rysunki 6A B, C i S9 w publikacji). Wynik ten 

wskazuje na obecno\ć frakcji dimerycznej in vivo i wzmacnia, sugerowane przez nas na podstawie 

danych in vitro, funkcjonalne znaczenie PAL6 jako sekwencji dimeryzacyjnej (DS). 

Na podstawie analizy porównawczej otrzymanych danych scharakteryzowaBam równie} 

kontekst strukturalny pozostaBych znanych sekwencji funkcjonalnych gRNA Ty3 w stanie 

natywnym (Rysunki 6A, B, C w publikacji). PokazaBam, }e 7-nt sekwencja FS jest niereaktywna 

in vivo i zlokalizowana w trzonie wysoce prawdopodobnego motywu spinki do wBosów. 

Następuj�ca po niej regulacyjna sekwencja „kontekstu= jest wysoce reaktywna i w większo\ci 

niesparowana in vivo i ex vivo. Sekwencja PPT byBa umiarkowanie reaktywna i zaanga}owana w 

pary zasad o ni}szym prawdopodobieństwie, co mo}e przyczyniać się do jej większej dostępno\ci 

dla RNazy H. Uzyskane dane strukturalne wyja\niaj� pewne obserwacje z badań funkcjonalnych, 

jednak dokBadna rola ustalonych struktur sekwencji regulatorowych w przebiegu cyklu 

replikacyjnego Ty3 wymaga bardziej zaawansowanych analiz funkcjonalno-strukturalnych.  

PrzeprowadziBam równie} analizę gRNA Ty3 pod k�tem obecno\ci motywów typu 

pseudowęzeB oraz G-kwadrupleks (Rysunek 7 w publikacji). Do tego celu zastosowaBam programy 

ShapeKnots oraz QGRS Mapper (Hajdin i in., 2013; Kikin i in., 2006). Predykcja przeprowadzona 

z wykorzystaniem danych SHAPE in vivo wskazaBa na potencjaln� obecno\ć dwóch 

pseudowęzBów – w ORF GAG (GAGPK) i ORF POL (POLPK). GAGPK zostaB równie} przewidziany 

w oparciu o dane ex vivo. Analiza przy u}yciu QGRS Mapper wskazaBa jedno miejsce w gRNA 

Ty3 z sekwencj� bogat� w guanozyny zdoln� do utworzenia G-kwadrupleksu, zlokalizowane 12 

nt po kodonie AUG. Wyniki obu tych analiz byBy zgodne z otrzymanym wzorem reaktywno\ci 

SHAPE uzyskanym in vivo oraz ex vivo. 

W ostatniej czę\ci pracy przeprowadziBam kompleksow� analizę wspólnych i 

specyficznych cech strukturalnych dla gRNA trzech modelowych reprezentantów retroelementów 

– retrotranspozonów Ty1 (Pseudoviridae) i Ty3 (Metaviridae) oraz retrowirusa HIV-1 

(Retroviridae). ZestawiBam, między innymi, korelację pomiędzy wzbogaceniem w guanozyny a 

lokalizacj� sekwencji funkcjonalnych oraz rozmieszczenie rejonów wysoko ustrukturyzowanych 

(Rysunki 8A, C w publikacji). Zestawienie to pokazaBo, }e charakterystyczna dla HIV-1 korelacja 

między skBadem sekwencji a lokalizacj� elementów funkcjonalnych, jest czę\ciowo zachowana 

dla Ty3, ale nie dla Ty1. Dla otrzymanych przeze mnie modeli struktury gRNA Ty1 i Ty3 

przeprowadziBam dodatkow� analizę porównawcz� liczby i dystansu tworzonych par zasad 

(Rysunek 8B w publikacji). PotwierdziBa ona, }e struktura gRNA obu elementów jest bardziej 
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rozlu{niona in vivo, ale mniej ró}ni się od stanu ex vivo (Ty3) ni} in vitro gRNA (Ty1). W 

odró}nieniu od HIV-1, dla obu retrotranspozonów nie zaobserwowaBam tendencji do lokalnego 

wzrostu poziomu struktury gRNA na granicach kodowanych domen biaBkowych (Rysunek S10 w 

publikacji). 
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8 PODSUMOWANIE 

Dwie prace oryginalne wspóBtworz�ce niniejsz� rozprawę doktorsk� (Andrzejewska i in., 2021; 

Andrzejewska-Romanowska i in., 2024) dostarczaj� pierwszej charakterystyki struktury 

drugorzędowej genomów RNA retrotranspozonów LTR w warunkach in vivo. Przeprowadzona 

przeze mnie kompleksowa analiza porównawcza danych strukturalnych otrzymanych w ró}nych 

stanach eksperymentalnych dla reprezentantów dwóch rodzin retrotranspozonów dro}d}owych – 

Ty1 (Pseudoviridae) i Ty3 (Metaviridae), znacz�co wzbogaca wiedzę na temat ró}norodno\ci 

strukturalnej genomów RNA i ich relacji ze \rodowiskiem gospodarza. Uwa}am, }e stanowi to 

solidn� podstawę do dalszego badania zale}no\ci między struktur� genomów RNA a ich funkcj� 

w replikacji retroelementów. Wyniki moich badań s� równie} warto\ciowe dla zrozumienia 

problemu zwijania się dBugich, wielofunkcyjnych RNA w }ywych komórkach. Prace 

eksperymentalne poprzedza praca przegl�dowa (Andrzejewska i in., 2020), która stanowi 

wnikliw� analizę i usystematyzowanie ówczesnej wiedzy na temat wpBywu \rodowiska 

komórkowego na zwijanie cz�steczek mRNA oraz istniej�cych zale}no\ci między struktur� 

mRNA a jego funkcj� w komórkach ró}nych organizmów.  

Najwa}niejszymi rezultatami badań eksperymentalnych i analiz bioinformatycznych 

przedstawionych w niniejszej rozprawie doktorskiej s�: 

● dostarczenie pierwszych, wspartych eksperymentalnie, modeli struktury drugorzędowej 

genomów RNA dro}d}owych retrotranspozonów Ty1 in vivo oraz Ty3 in vivo i ex vivo,  

● identyfikacja cech strukturalnych gRNA Ty1 i Ty3 zale}nych i niezale}nych od 

\rodowiska komórki, a tak}e najbardziej stabilnych motywów RNA,  

● wskazanie znacz�cego udziaBu aktywnych rybosomów w rozwijaniu i remodelowaniu 

struktury gRNA Ty1,  

● szczegóBowa charakterystyka kontekstu strukturalnego sekwencji funkcjonalnych w 

gRNA Ty1 i Ty3 w warunkach in vivo,  

● zaproponowanie nowego mechanizmu dimeryzacji gRNA Ty3 (we wspóBpracy z dr Julit� 

Gumn�),  

● identyfikacja cech strukturalnych wspólnych lub odrębnych dla genomów RNA 

reprezentantów trzech ewolucyjnie powi�zanych rodzin retroelementów, 

● udowodnienie, }e NMIA mo}e być z powodzeniem stosowany do badań struktury RNA 

w dro}d}ach i bakteriach, 

● wprowadzenie eksperymentów i analizy danych SHAPE-MaP do wachlarza metod 

badania struktury RNA w ZakBadzie Struktury i Funkcji RNA ICHB PAN. 
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9 WYKAZ SKRÓTÓW  

Wykaz obejmuje skróty nieobjaśnione w tekście pracy 

CHIKV  wirus Chikungunya (ang. Chikungunya virus) 

ddATP  trifosforan 2',3'-dideoksyadenozyny 

ddCTP  trifosforan 2',3'-dideoksycytozyny 

ddNTP  dideoksynukleotyd 

DNA  kwas deoksyrybonukleinowy (ang. deoxyribonucleic acid) 

dsDNA  dwuniciowy DNA (ang. double-stranded) 

HCV  wirus zapalenia w�troby typu C (ang. hepatitis C virus) 

HIV-1  ludzki wirus niedoboru odporno\ci typu 1  

(ang. human immunodeficiency virus type 1) 

LINE  dBugie rozproszone elementy j�drowe  (ang. long interspersed nuclear elements) 

mRNA  informacyjny RNA (ang. messenger RNA) 

R  rejon powtórzonej sekwencji w LTR lub UTR retroelementów (ang. repetitive) 

RNA  kwas rybonukleinowy (ang. ribonucleic acid) 

RVA  rotawirus grupy A (ang. group A rotavirus) 

SARS-CoV-2 drugi koronawirus cię}kiego ostrego zespoBu oddechowego (ang. severe acute  

respiratory syndrome coronavirus 2) 

SINE  krótkie rozproszone elementy j�drowe  (ang. short interspersed nuclear  

elements) 

tRNA  transportuj�cy RNA (ang. transfer RNA) 

U3, U5  rejony unikalnej sekwencji w LTR lub UTR retroelementów (ang. unique) 

UTR  rejon nieulegaj�cy translacji (ang. untranslated region) 
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Abstract: RNAs adopt specific structures in order to perform their biological activities. The structure

of RNA is an important layer of gene expression regulation, and can impact a plethora of cellular

processes, starting with transcription, RNA processing, and translation, and ending with RNA

turnover. The development of high-throughput technologies has enabled a deeper insight into

the sophisticated interplay between the structure of the cellular transcriptome and the living cells

environment. In this review, we present the current view on the RNA structure in vivo resulting from

the most recent transcriptome-wide studies in different organisms, including mammalians, yeast,

plants, and bacteria. We focus on the relationship between the mRNA structure and translation,

mRNA stability and degradation, protein binding, and RNA posttranscriptional modifications.

Keywords: transcriptome-wide studies; RNA structure in cells; structure-function relationship;

translation; RNA stability and degradation; RNA binding proteome; RNA modifications

1. Introduction

RNA molecules fulfill a number of important functions. They take part in not only gene expression,

as the intermediate between the DNA and protein, but also in many other cellular processes. It has

emerged that the RNA structure, which single stranded RNA can fold into [1], adds another layer of

information needed for the regulation of mechanisms such as the transcription, post-transcriptional

processing, translation and protein folding, cellular localization, stability, and decay of RNA [2–6].

Although in vitro studies have enabled determination of the secondary structure of many RNAs,

and the majority of the RNA secondary structure information is encoded within RNA sequence [7],

plenty of results have shown that the RNA structures determined in vitro are not fully consistent

with those in the cellular environment [4,8–11]. Thus, studying RNA architecture and its interactions

with other RNA or protein partners in living cells has become fundamental to understanding the

biochemical pathways of RNA acting.

In the last decade, the development of new, sophisticated methods for the measurement

of RNA structures in living cells has revolutionized the field of structural and functional RNA

studies. Coupling RNA chemical probing in vivo with next generation sequencing and advanced

bioinformatics tools has allowed for shifting the perspective from low-throughput studies to thousands

of heterogeneous RNAs, and even whole transcriptomes, in complex cellular environments (reviewed

in [12–15]). First genome-wide studies have been published for plant [8] and yeast [9] transcriptomes,

and have suggested that RNAs are highly unfolded in vivo. Nevertheless, with the increasing number
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of in vivo studies, a view of the cell RNA structure as “wet spaghetti” has been displaced [16].

A growing amount of evidence has indicated that the RNA structure can be affected by various cellular

factors, but RNA still contains well-defined structural motifs that often display important regulatory

functions (Figure 1). The interplay between the cellular environment and RNA structure has become

an important question that needs to be resolved.

Figure 1. Schematic view on the relationship between the RNA secondary structure and cellular

environment elements.

Here, we present the current view on the RNA secondary structure in vivo resulting from the

most recent transcriptome-wide studies. We summarize and discuss new findings about the impact of

cellular factors on the folding of RNA and the relationship between RNA structure and its functioning

in the cell. We focus on the correlation between RNA structure and translation, protein binding,

RNA stability, and degradation and the role of RNA modifications in the folding of RNA molecules in

the cell. However, this review also shows that despite the growing number of transcriptome-wide RNA

structural studies in vivo, there are still large gaps in the understanding of RNA folding in living cells.

2. Approaches for RNA Structure Determination

For a long time, our knowledge on RNA secondary structure was based mainly on in silico

methods that calculate the most thermodynamically favorable states of RNA or predict the consensus

structures conserved in multiple homologous RNA sequences [17–20]. Although the computational

predictions are still developed, they are often not effective for long RNAs with complex structural motifs

and usually do not to take into account physiological conditions and cellular factors that can impact

RNA folding [21]. However, the advancement of techniques for enzymatic and chemical probing of

RNA structure and incorporation of experimental-based data into the folding algorithms allowed to

significantly improve the accuracy of computational RNA structure predictions [22–24]. Nowadays,

RNA probing techniques rely mostly on chemical modifications of RNA in a base- or sugar-specific way,

which are detected by the reverse transcriptase enzyme (RT), which either truncates synthetized cDNA

one nucleotide before or inserts the mutation at the site of modifications on the RNA strand [13,21,25].

Coupling of RNA chemical probing with next generation sequencing and advanced bioinformatics tools

expands the number of available protocols for the high-throughput effective studying of RNA structure

in vitro as well as in vivo (Table 1) [10,26–29]. For in cell RNA structural studies, the ability of chemicals

to penetrate the cell membrane is crucial. To date, there are only few reagents that can be used for RNA

secondary structure determination in vivo [30]. Among them, DMS (dimethyl sulfate) and reagents

developed for the SHAPE method (selective 2′-hydroxyl acylation analyzed by primer extension) are

most widely used in studies in vivo. DMS modifies unpaired adenine and cytosine, but uracil and

guanine remain without structural information [3,31,32]. SHAPE reagents act in a base-independent
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manner and provide structural data for all four nucleotide residues [25,33,34]. Moreover, the methods

for incorporation of SHAPE and DMS probing data into RNA structure prediction algorithms are well

established [22,35,36].

Table 1. High-Throughput RNA Structure Probing Methods Used in Studies Described in this Review.

Method
Application

Described in This
Review

Used Probe
Modification

Readout
Condition

icSHAPE
Mouse [10,37],

human [37],
zebrafish [38]

NAI-N3 RT-stop In vivo and in vitro

DMS-seq
Yeast [9], zebrafish

[39], E. coli [40]
DMS RT-stop In vivo and in vitro

SHAPE-
Structure-seq

A. thaliana [41] NAI RT-stop In vivo and in vitro

Structure-seq
A. thaliana [8], rice

[42]
DMS RT-stop In vivo

SHAPE-MaP E. coli [43] 1M7 RT-mutate In vivo and in vitro

SPLASH
Human and yeast

[44]
Biotinylated

psoralen
Mapping of ligated

junctions
In vivo

PARS E. coli [45]
RNase V1 (dsRNA)

and S1 (ssRNA)
Fragments analysis In vitro

CIRS-seq Mouse [46] DMS and CMCT RT-stop In vitro

1M7, 1-methyl-7-nitroisatoic anhydride; CIRS, chemical inference of RNA structures; CMCT,
N-cyclohexyl-N-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate; DMS, dimethyl sulfate; icSHAPE,
in vivo click SHAPE; NAI, 2-methylnicotinic acid imidazolide; NAI-N3, 2-(azidomethyl)nicotinic acid acyl imidazole;
PARS, parallel analysis of RNA structure, RT, reverse transcriptase; SHAPE-MaP, selective 2′-hydroxyl acylation
analyzed by primer extension and mutational profiling; SPLASH, sequencing of psoralen crosslinked, ligated,
and selected hybrids.

3. The Correlation between mRNA Structure and Translation

In addition to their protein-coding functions, mRNAs contain cis-acting sequences with a specific

secondary structure that may regulate the translation efficiency (TE). The interplay between the

translation and RNA structure constitutes the subject of discussion, and it remains an open question

whether the RNA structure guides translation or whether translation guides the RNA structure in cells

(Table 2 and Figure 2). In general, stable mRNA structural elements tend to reduce the rate of TE,

probably by hampering ribosome binding or slowing down its movement [6,40]; however, on the other

hand, the ribosome possesses a helicase activity [47], and has been proposed as a major remodeler of

the mRNA structure in cells [39,43].
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Table 2. The Critical Conclusions from Reviewed Transcriptome-Wide Studies.

Work Organism Main Conclusions

Del Campo et al., 2015 [45] E. coli
The unstructured sequence upstream of the start codon

is a general feature of E. coli genes and is positively
correlated with gene expression.

Mustoe et al., 2018 [43] E. coli

Translation is the main source of mRNA structural
destabilization in cells.

The structure in RBS is a strong determinant of TE.
CDS structure is not critical for TE.

Burkhardt et al., 2017 [40] E. coli
The structure in RBS does not determine TE.

The intrinsic CDS structure plays the critical role in TE
tuning.

Beaudoin et al., 2018 [39] Zebrafish

Translation guides RNA structure rather than structure
guiding translation.

The ribosome is a major remodeler of RNA structure.
Structural elements in the 3′ UTR are major regulators of

transcript stability during the MZT.

Shi et al., 2020 [38] Zebrafish TE is correlated with RNA unfolding.

Rouskin et al., 2014 [9] Yeast
ATP-dependent processes strongly contribute to the

unfolded state of mRNAs inside cells.

Geisberg et al., 2014 [48] Yeast
The double-stranded structures at the 3′-ends, involving
or not involving poly(A) tails, are a critical determinant

of mRNA stability.

Moqtaderi et al., 2018 [49] Yeast

The single-strandedness in the proximity of 3′-end,
double-strandedness of the poly(A) tail, together with
low Pab1 binding, are linked with mRNA stability and

are evolutionarily conserved.

Aw et al., 2016 [44]
Human and

yeast

The structure of 5′-UTRs is negatively correlated with
mRNA stability, whereas the secondary structure in 3′

UTRs is associated with longer mRNA half-life.

Wu et al., 2017 [50] Human

In cells, 3′-ends are generally more folded than are other
mRNA regions and their structure regulates mRNA

metabolic stability.
Specific structure of the 3′-end can facilitate cleavage and

polyadenylation of mRNAs.

Roost et al., 2015 [51] Human

Ex vivo studies of human transcriptome confirmed the
structural RNA changes at the m6A modification sites,
with a strong tendency for unwinding RNA secondary

structure.

Sun et al., 2019 [37]
Mouse and

human

The intrinsic RNA structure plays a central role in
connecting transcription, translation, and RNA

degradation.
The majority of the transcripts preserve their structure as

they transfer from chromatin to the nucleoplasm and
cytoplasm.

RBPs and RNA modifications account for local RNA
structure changes between cellular compartments.
CDS structure and TE are only weakly correlated.

More-structured RNAs tended to have shorter half-lives.
RNA degradation is not RNA-region specific.

Spitale et al., 2015 [10] Mouse
m6A modifications impact RNA structure in vivo,

favoring the transition from paired to unpaired RNA.
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Table 2. Cont.

Work Organism Main Conclusions

Deng et al., 2018 [42] Rice
Higher m6A modification tends to have less RNA structure

in the 3′ UTR in plants.

Su et al., 2018 [52] Rice
Transcripts are subjected to degradation by a mechanism
involving secondary structure unfolding in 5′ and 3′ UTRs.

Ding et al., 2014 [8] A. thaliana
Less structured regions immediately upstream the start

codon region facilitate ribosome binding and increase TE.

Liu et al., 2019 [41] A. thaliana Nuclear mRNAs fold differently from cytosolic mRNAs.

Sanchez De Groot et al., 2019 [53] Various Highly structured RNAs bind a large amount of proteins.

Figure 2. Schematic representation of the interplay between the translation and RNA structure.

(A) Translation shapes the RNA structure in the cells by ribosome helicase activity and (B) the RNA

structure guides translation by modulating ribosome binding.

3.1. The 5′ and 3′ UTRs

Numerous studies have shown that the stable structures in the 5′ UTR and near the start codon of

mRNA can repress the effective initiation of translation in bacteria and eukaryotes [54,55]. The first

parallel analysis of RNA structure (PARS; which combines digestion of RNA fragments in vitro

by structure-specific enzymes with deep sequencing) on E. coli transcriptome complemented with

ribosome profiling has indicated that the unstructured sequence upstream of the start codon is a

general feature of E. coli genes and the secondary structure in this region is negatively correlated with

gene expression [45]. Consistent findings were found in recent SHAPE-MaP experiments in living

E. coli cells that showed that the translation efficiency is regulated by unfolding kinetics of structures

overlapping the ribosome binding site (RBS) [43]. According to the RBS kinetic unfolding model,

genes with unstructured RBSs have high TE, whereas low TE was observed for those with highly

structured RBS. In contrast, DMS-seq analysis of the E. coli transcriptome in vivo suggests that TE

is only weakly correlated with local RBS structure and is rather regulated by structure of the entire

coding sequence (CDS) [40] (see below).

A negative correlation between the high structure of cytoplasmic 5′ UTRs and TE was observed in

the mouse and human mRNAs studies using icSHAPE [10,37]. In mouse mRNAs, AUG codons are

preceded by a 5-nt sequence with increased accessibility, both in vitro and in vivo, suggesting that the

structures around translational start sites are programmed by RNA sequences [10]. Consistent findings

have been reported in structural studies of the Arabidopsis thaliana transcriptome [8]. By applying

structure-seq protocol, they showed that decreases in the average mRNA structure near the start codon

facilitate ribosome binding and the start of the translation machinery. The structures that 5′ UTRs

fold into may regulate both the cap-dependent and cap-independent initiation of translation [54].

A variety of higher-order RNA structures in the cap region, including pseudoknots, hairpins, and RNA

G-quadruplexes, tend to inhibit translation [56,57]. However, cap-independent regulatory RNA
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structures, including IRES (internal ribosome binding site) or eIF3-binding stem-loop structures,

can stimulate translation by promoting loading the translation machinery on the mRNA [58–60].

The direct influence of the structural elements within 3′ UTRs on translation remains incompletely

discovered, and these structures are usually explored in the context of RNA stability (see below).

Nevertheless, the RNA stability and translation efficiency are undeniably inseparable and very often,

factors, including 3′ UTR binding proteins that control transcript stability and decay, are also engaged

in TE regulation [61–63].

3.2. The Coding Sequence (CDS)

In general, mRNAs have a lower structure in cells than in vitro, but different RNA structural

patterns between species have been found. Across E. coli transcripts, especially the coding regions

of mRNA tend to be less structured in vivo [40,43]. A strong destabilization of the CDS was also

observed in zebrafish in vivo [39]. In addition, global profiling of deproteinized mouse transcripts

showed lower degree of structure in CDS compared with UTRs [46]. In contrast, in Arabidopsis thaliana

and yeast, the average in vivo structure of CDSs was higher or not distinguishable from the UTRs,

respectively [8,9]. Additionally, in rice (Oryza sativa), the structure of the CDS regions is higher than

3′ UTR, but lower than 5′ UTR [39,42].

The correlation between CDS structure and ribosome density was not found in the PARS study

of E. coli transcriptome in vitro [45], but the transcriptome-wide analyses in vivo based on DMS-seq

or SHAPE-MaP and the ribosome profiling in E. coli showed a strong negative correlation between

the mRNA structure and TE [40,43]. In cells, the highly translated ORFs appear to have a lower

RNA structure and, inversely, those poorly translated ORFs exhibit a high level of RNA structure.

In addition, these studies have shown that inhibition of translation (by kasugamycin treatment) leads to

stabilization of CDS structure and the greatest structural difference tends to appear precisely in highly

translated genes. These observations thus suggest that the ribosome-induced unfolding contributes to

mRNA structure destabilization in cells. Mustoe et al. have also found that the correlation between

TE and the structure of CDS in vivo is much weaker than those between RBS structure and TE and

proposed that TE is rather unaffected by downstream CDS structure (see also Section 3.1). In contrast,

the Burkhardt et al. study pointed to the critical role of the intrinsic CDS structure in TE tuning,

whereas other features, such as secondary structure and the strength of the RBS, or the codon usage,

are only weakly correlated with mRNA translatability [40]. Furthermore, ORF mRNAs have been

shown to have modular structures, and the structures and TE of adjacent ORFs inside the one operon

can differ significantly.

A strong correlation between the RNA structure and TE was also observed in transcriptome-wide

DMS-seq analysis of zebrafish embryos during maternal to zygotic transition (MZT) [39]. A decreased

TE of the maternal transcripts has been found to be connected to reduced DMS reactivity, suggesting

an increase in the RNA structure and vice versa; transcripts with a higher TE rate were less structured.

In addition, in highly translated mRNAs, the CDS regions are much more accessible than 5′ UTRs.

Moreover, in embryos treated with an inhibitor of translation initiation (pateamine A), both TE and

CDS accessibility to DMS significantly decreased. However, in embryos treated with an inhibitor

of translation elongation (cycloheximide), such an effect was not observed. These findings suggest

that the initiation of translation and ribosomal entry are crucial for unwinding mRNA into less

stable, more open structures. A recent study (icSHAPE) further supports that translation efficiency

is correlated with mRNA unfolding in zebrafish embryos [38]. Together, existing data indicate that,

at least in some cases, ribosomes have a profound effect on the RNA architecture, and the inherent

structure of the coding region appears to have little effect on the translation efficiency.

In contrast to the above studies, the early genome-wide DMS-seq RNA structure analysis in yeast

suggested the global unfolding of RNA in vivo, which is not correlated with translation machinery [9].

In this study, the average in vivo RNA structure of CDS does not differ from the structure of UTRs,

and a decrease in the RNA structure is not linked to ribosome occupancy, thus suggesting that the
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translation and RNA structure are not correlated in yeast. Based on the observation of the RNA

structure stabilization under ATP-depleted conditions, the authors proposed the strong contribution

of energy-dependent factors, such as ATP-dependent helicases in the unfolding of yeast mRNA.

Nevertheless, translation is a one of the main energy-consuming processes, and ATP-depletion can

also inhibit the action of the ribosomes [64,65].

Furthermore, a recent study of mammalian RNA structures across subcellular compartments has

shown that the majority of the transcripts preserve their structure as they transfer from chromatin to

the nucleoplasm and cytoplasm [37]. This suggests that the intrinsic RNA structure plays a central

role in connecting transcription, translation, and RNA degradation. Although a general trend was

observed, where RNA with a lower TE rate tends to be more structured, this study challenges the link

between CDS structure and translation efficiency, and highlights the role of RNA binding proteins

and RNA posttranscriptional modifications for local RNA structural changes. In contrast, structural

differences between nuclear and cytosolic mRNAs were found in the genome-wide analysis of the

A. thaliana transcriptome [8,41].

An intriguing feature of the coding region detected in diverse organisms in vivo, including,

mouse, Arabidopsis thaliana, and rice (Oryza sativa), is a three-nucleotide periodicity in the mRNA

secondary structure [8,10,42,66]. These studies have found that this periodic repeat pattern is

significantly associated with ribosome density in vivo, and thus could facilitate translation. However,

a three-nucleotide periodicity was not observed in the recent E. coli transcriptome-wide study [43].

4. RNA Structure in Relation to RNA Stability and Degradation

The stability and fate of mRNA molecules in the cell are under strict control, and at the end of their

life cycle, RNAs undergo a carefully regulated degradation. The cap at the 5′-end and the poly(A) tail

at the 3′-end are considered as major determinants of mRNA stability, but it can be also regulated by

the other intrinsic features of transcripts, such as the sequence, length, and structure of UTRs and RNA

modifications in UTRs [3,48,49,67,68]. Transcriptome-wide studies in vivo provide a growing number

of evidence that RNA structural features can govern the RNA lifespan (Table 2). The sequences located

in UTRs constitute binding sites for diverse trans-acting cellular factors, including RNA-binding

proteins (RBPs) and microRNAs [69,70], and the alterations in structure of UTRs might impact their

binding and stability of RNA in either positive or negative way [71,72]. The length of mRNA is

negatively correlated with its stability in cell and longer transcripts have shorter half-lives in many

species [48,73].

In human and yeast, the structure of 5′ UTRs is negatively correlated with mRNA stability,

whereas the secondary structure in 3′ UTRs is associated with longer half-lives and higher abundance

of mRNAs [44,50,68]. The stable structural elements in the 3′ UTR may block the exosome complex

that mainly account for RNA degradation in eukaryotes [74]. In human cells, mRNA 3′-ends tend to be

less unfolded than other mRNA regions and specific structure of the 3′-end can facilitate cleavage and

polyadenylation of human mRNAs by juxtaposing poly(A) signals (PASs) and cleavage sites that are

otherwise too far apart [50]. Interestingly, another study found a negative correlation between RNA

structure and RNA half-life in human and mouse cells: more-structured RNAs tended to have shorter

half-lives in both the nucleus and cytoplasm [37]. They also proposed that the RNA degradation is not

RNA-region specific since the same trends were observed in 5′ UTRs, CDS, and 3′ UTRs.

In contrast to human mRNAs, in yeast, RNA structure content in 3′-ends is similar to other mRNA

regions [9]. However, a global analysis of the clusters of yeast mRNA isoforms with different half-lives

showed that the double-stranded structures at the 3′-ends, involving or not involving poly(A) tails,

are a critical determinant of mRNA stability in yeast [48]. It was also found that the formation of a

stable polyU–poly(A) stem-loop can inhibit the association of poly(A)-binding proteins (e.g., Pab1,

Ski2, and Xrn1) and lead to increased mRNA stability. Similar findings were obtained in a more recent

study of yeast transcriptome, which confirmed the correlation between structure of the 3′-end and

mRNA isoform stability, and showed that even closely related mRNA isoforms can form radically



Int. J. Mol. Sci. 2020, 21, 6770 8 of 15

different structures in the 3′ UTR in vivo, and they can occur far from the poly(A) site. This study also

showed that single-strandedness in the proximity of 3′-end, double-strandedness of the poly(A) tail,

together with low Pab1 binding, are linked with mRNA stability and are evolutionarily conserved [49].

An important role of the 3′-end structure for mRNA stability was also observed in zebrafish

in vivo. The 3′ UTRs of zebrafish mRNAs are structurally dynamic and changes in their structure

can regulate the stability of mRNAs during MZT by modulating miRNA activity [39]. In addition,

the 3′ UTRs of zebrafish mRNAs are enriched in cis-acting regulatory elements that control mRNA

decay during MZT and have been characterized in detail using a high-throughput RNA-element

selection assay (RESA), which enables to identify sequences regulating RNA stability with near

nucleotide resolution [75]. An in vivo study of heat-regulated RNA structuromes in rice showed that

mRNA unfolding is correlated with RNA half-life and supports the importance of both UTRs for mRNA

stability in plants [52]. It was found that heat-induced structural change is greater in UTRs than in other

RNA regions and unfolding of 5′- and 3′- ends facilitates access to the RNA degradation machinery.

Moreover, genome-wide RNA decay analysis indicates that codon optimality is also critical for

mRNA stability in many organisms, including E. coli [76], yeast [77], zebrafish [78], D. melanogaster [79],

and human [80]. The stable mRNAs are enriched in optimal codons, whereas less stable mRNAs

contain predominately non-optimal codons and possess shorter poly(A)-tails.

5. The Relationship between RNA Structure and Proteins Binding

Modern technologies combining high-throughput sequencing with in vivo UV crosslinking and

RNA immunoprecipitation (e.g., CLIP-seq, RIP-seq, and RIP-Chip), together with new computational

approaches provided new insights into the landscape of the RNA binding proteome [81]. To date,

1753 proteins have been identified in the human RNA-binding proteome, including 978 proteins

interacting with poly(A) RNA and 775 proteins that bind non-poly(A) RNA, highlighting the complexity

of RNA–protein interactions in vivo [82]. RNA-binding proteins (RBPs) coordinate all of the essential

cellular processes, and are an indispensable element in the co- and post-transcriptional regulation of

mRNAs and ncRNAs. Various RBPs can dynamically bind RNAs across cellular compartments and

during different steps of the lifecycle, including RNA transcription, post-transcriptional processing,

translation, stability, and decay [70,83]. A comparative analysis of the human and yeast RNA-binding

proteome showed that the RNA-binding activity in vivo and the structural features of many RBPs are

strongly conserved in Eukaryotes [84].

Many RBPs need to recognize a specific RNA sequence or structure for their function in a

cell [85–87], but other proteins can bind RNA in nonspecific manner, including diverse cellular and

viral RNA chaperones that can remodel the RNA structure and facilitate interactions with other partners,

as has been shown in studies in vitro [88,89]. However, the regulatory networks between the cellular

transcriptome and proteome are only beginning to be understood, and little is known about the target

RNA sequences and structural preferences of RBPs in vivo. Genome-wide studies of the sophisticated

interplay in the RNA interactome in vivo are still challenging, as RNA–protein complexes tend to be

dynamic and change during the RNA lifetime. Advanced global studies correlate the large-scale studies

of the RNA-binding proteome with structural information from the transcriptome-wide RNA structure

probing in vivo. They confirm the binding of RBPs to specific sequences in the 5′ and 3′ UTRs, and the

critical role of these interactions for the initiation of translation, RNA processing, and its stability in cells

(Table 2, and see above). These studies also show that a significant fraction of RNA-binding motifs are

present in the coding region and introns [90,91]. The association of individual RNA structures within

S. cerevisiae transcripts with their interacting proteins revealed that many RBPs recognize evolutionary

conserved RNA structures in CDS, possibly formed by the degenerated codons [90]. These interactions

have been proposed to regulate post-transcriptional processes, such as tRNA binding and ribosomal

biosynthesis, or that these RBPs may act as metabolic enzymes or kinases.

A recent investigation of human transcriptome focused on the interplay between the structure of

RNA and its ability to facilitate protein binding revealed a relationship called the RNA structure-driven
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protein interactivity, which has an important functional role [53]. According to this theory, the structural

content in RNA molecules regulates the number of protein bindings. RBPs interact more with the

highly structured RNAs that are rich in double-stranded regions, whereas an opposite trend has been

found for poorly structured transcripts. Furthermore, highly structured transcripts preferentially bind

polypeptides and encode the regulatory proteins involved in a large number of cellular networks.

These findings indicate functional differences between highly and poorly structured RNAs, and suggest

the existence of a new, sophisticated layer of post-transcriptional regulation of genes expression.

Although this relationship needs to be more closely investigated, a recent comparative analysis of

114 in vivo RBP interaction maps from multiple PAR-CLIP experiments performed in HEK293 cells

identified the modules of RBPs that are constituted by subsets of proteins that preferentially bind to

specific sets of RNAs and targeted regions, and possibly play role in posttranscriptional regulation [91].

In contrast, other genome-wide studies in mammalian cells point to the contribution of RBPs

to the RNA structural rearrangements that are distinct from ribosome—or ATP-helicase induced

RNA unwinding [10,37]. As diverse subsets of RBPs can bind RNA in specific cellular compartments,

they have been proposed to account for local RNA structural changes observed between chromatin,

nucleoplasm, and cytoplasm [37]. For example, the heterogeneous nuclear ribonucleoprotein C

(HNRNPC) splicing factor, which preferentially recognizes single-stranded uridine tracts [92], is directly

involved in the destabilization of the RNA structure around its binding site that, together with m6A

modification, facilitates HNRNPC-binding in the chromatin RNA fraction [37]. In contrast, the Staufen

homolog I, which is a double-stranded-binding RBP involved in the transport and localization of

mRNAs to different subcellular compartments [93], seems to participate in stabilizing the RNA structure

after RNA release from the chromatin [37].

6. Impact of RNA Modifications on RNA Structure In Vivo

As the RNA, in its life cycle, undergoes numerous post-transcriptional modifications,

adding various chemical groups to their bases can significantly influence the RNA folding, stability,

and interactions with cellular factors [94–96]. The aberration of RNA modification patterns has been

associated with various diseases in human, such as cancerogenesis [97]. Among the hundreds of

possible RNA chemical modifications, the most abundant across the mRNA is N6-methyladenosine

(m6A). Thus, it is not surprising that m6A modification is of particular interest in research. Development

of an m6A RNA immunoprecipitation approach followed by high-throughput sequencing (MeRIP–seq)

allowed to study m6A modification landscape in a transcriptome-wide manner [98,99]. These studies

identify over 12,000 m6A sites, mainly in the context of the sequence GGm6ACU, in more than

7000 human transcripts. The sites of m6A modification are highly conserved between humans and mice

and preferentially appear in internal long exons, around the stop codons, and in the 3′ UTRs. However,

the exact functions and, in particular, the effects on RNA folding are still not completely understood.

The regulatory function of m6A mRNA modification has been shown in transcription, splicing,

mRNA export and stability, and translation [37,99–102]. It can also impact various physiological

processes, such as the clearance of maternal mRNAs during zebrafish MZT [103], mammalian cortical

neurogenesis [104], and plays regulatory role in human cancer [105,106].

Thermodynamic study has shown that m6A influences the RNA structure because of the rotation

of the methlyloamino group, from syn to anti conformation, with a higher energy, thus destabilizing

the RNA duplexes by 0.5–1.7 kcal/mol [51]. The opposite effect was observed in the single stranded

region of RNA, where m6A can contribute to increasing the stability of the RNA molecule, probably by

base stacking. Ex vivo studies of human transcriptome confirmed the structural RNA changes at

the m6A modification sites, with a strong tendency for unwinding RNA secondary structure [51].

Therefore, the appearance of m6A in RNA has been proposed to work as a “molecular switch” for the

RNA structure [107]. Spitale et al. first comprised the in vivo SHAPE reactivities of m6A-modified vs.

unmodified transcripts, and showed that in the cell RNA regions, both surrounding and including

the modified A residues, tend to be unpaired [10]. To check whether decreased base-pairing at the
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modification sites is caused by the m6A destabilizing effect on RNA duplexes or the modification

machinery preferentially methylate adenosine at single-stranded sites of RNA, they performed genetic

knockout of N6-adenosine-methyltransferase (Mettl3) in mouse ES cells. The depletion of Mettl3 led to

a transcriptome-wide reduction of the SHAPE signal at the m6A modification sites, confirming the

RNA destabilizing properties of m6A modification in vivo.

Recent transcriptome-wide studies across the three different cellular compartments in mammalian

cells further supported that m6A enriched regions in transcripts are far less structured than the

same, but unmethylated, sites of RNAs, and the patterns of m6A-induced structural destabilization

are similar in chromatin, nucleoplasm, and cytoplasm [37]. However, the RNA structure is more

open after RNA release from the chromatin to nucleoplasm, consistent with METTL3-METTL14

complex’s localization to specific nuclear loci [102,108]. Furthermore, across all of the analyzed

compartments, RNA modifications significantly overlap with both structural-change sites and RBP

bindings, suggesting that many RBPs require induced by the m6A local destabilization of RNA for

their binding. For example, in the chromatin fraction, m6A modification can facilitate the binding of

HNRNPC by the disruption of the local RNA secondary structure in close proximity to the binding

sites [37,107]. In addition, m6A can work as an “RNA molecular switch” in plants [42]. However,

the significant correlation between the structural changes and m6A in rice has been observed only in

3′ UTR and not in the CDS or 5′ UTR regions.

7. Conclusions and Future Perspectives

Recent transcriptome-wide studies have significantly increased the knowledge about the interplay

between the RNA secondary structure and RNA functions in cells. They allow for considering the

influence of various cellular factors on RNA folding in vivo, and vice versa, as well as the impact

of the RNA structure on critical biological processes. However, there are still many unanswered

questions and challenges. For example, it remains unclear whether the RNA folding pattern is

species-specific or observed differences result from application of various RNA structure probing

methods. An important area for advancement is further development of methods for more accurate

studying of the coexisting RNA conformers, RNA co-transcriptional folding, and differentiation of

intramolecular RNA interactions and intermolecular RNA–protein or RNA–RNA bindings. Together,

with continuous experimental/technical development, there is also a need to advance the computational

tools not only for high-throughput data analysis, but also for the experimentally supported accurate

modeling of the RNA structure in the native in vivo form.
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ABSTRACT

Long terminal repeat (LTR)-retrotransposons consti-

tute a significant part of eukaryotic genomes and in-

fluence their function and evolution. Like other RNA

viruses, LTR-retrotransposons efficiently utilize their

RNA genome to interact with host cell machinery dur-

ing replication. Here, we provide the first genome-

wide RNA secondary structure model for a LTR-

retrotransposon in living cells. Using SHAPE prob-

ing, we explore the secondary structure of the yeast

Ty1 retrotransposon RNA genome in its native in vivo
state and under defined in vitro conditions. Compar-

ative analyses reveal the strong impact of the cel-

lular environment on folding of Ty1 RNA. In vivo,

Ty1 genome RNA is significantly less structured and

more dynamic but retains specific well-structured re-

gions harboring functional cis-acting sequences. Ri-

bosomes participate in the unfolding and remodeling

of Ty1 RNA, and inhibition of translation initiation

stabilizes Ty1 RNA structure. Together, our findings

support the dual role of Ty1 genomic RNA as a tem-

plate for protein synthesis and reverse transcription.

This study also contributes to understanding how a

complex multifunctional RNA genome folds in vivo,

and strengthens the need for studying RNA structure

in its natural cellular context.

INTRODUCTION

LTR-retrotransposons and RNA viruses possess a compact
RNA genome that encodes information required for repli-
cation and encapsidation in nucleotide sequence and sec-
ondary and tertiary structures. Genome-wide in vitro, in
virio and ex virio RNA structure models were presented
for several infectious RNA viruses (1). However, since these
RNA structure models may not renect conditions in vivo,

elucidating the native structure of viral RNA genomes ex-
posed to the cellular environment is necessary to reach a
comprehensive view for how genome architecture innuences
viral replication. In vivoRNA structuremodels are available
for Zika and Dengue viruses (Flaviviridae), and the coron-
avirus SARS-CoV-2 (2–5). There is also a transcriptome-
wide in vivo secondary structure model of innuenza A virus
(IAV) mRNAs (Orthomyxoviridae) (6). These studies reveal
important differences in the in vivo folding of viral RNAs,
but it remains unclear what factors account for remodeling
of the structure of viral RNAs in cells.

Reverse-transcribing single strandRNAviruses (ssRNA-
RT viruses) are widespread in diverse eukaryotes. The most
extensively studied are Pseudoviridae andMetaviridae fam-
ilies, better known as Ty1/Copia and Ty3/Gypsy long
terminal repeat (LTR)-retrotransposons, respectively, and
the Retroviridae family, which contains prominent human
pathogens such as HIV-1 (7). These families share homolo-
gous proteins and show mechanistic similarities in genome
replication, polyprotein processing and virus particle for-
mation (8–11). As critical steps of their replication cy-
cle, these retroelements encapsidate two copies of single-
stranded RNA genome (gRNA), synthetize DNA copy of
genome utilizing host tRNA as primers and integrate into
host DNA (12,13).
Saccharomyces cerevisiae Ty1-5 retrotransposons con-

tinue to provide fundamental insights into the mechanism
of retrotransposition and the impact of retroelements on eu-
karyotic cells (8,9,14). Compared to other eukaryotes, the
compact yeast genome contains a relatively small fraction
of transposon sequences (1.3–3.4%) (15). Except for Ty3,
yeast Ty elements belong to Ty1/Copia family, and Ty1 is
the most abundant mobile genetic element in many S. cere-
visiae strains (16). Ty1 resembles simple retroviruses, but
lacks an ENV (envelope) gene required for infectivity (17).
Ty1 gRNA is 5.6-kb long and contains two partially over-
lapping GAG and POL ORFs, nanked by a 53-nt 5′UTR
and 318-nt 3′UTR (18). Ty1 transcripts are not spliced and
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about 15%of total Ty1 gRNA is polyadenylated.Unlike cel-
lular mRNAs, however, Ty1 transcripts lacking a poly(A)
tail do not undergo rapid degradation (19,20). Ty1 gRNA’s
unusual stability (21) contributes to its high abundance,
comprising about 0.8% of total cellular RNA (22). Cyto-
plasmic Ty1 gRNA is utilized as mRNA for translation of
Gag and Gag-Pol polyprotein or is directed to cytoplasmic
foci, termed retrosomes (19), where full-length Ty1 gRNA
and proteins assemble into virus like particles (VLPs) (23).
Within the VLP, Ty1 gRNA is reverse transcribed to a lin-
ear dsDNAcopy that integrates predominantly upstreamof
genes transcribed by RNA polymerase III (23–27). Numer-
ous functional studies show that analogous to retroviruses,
the 5′ and 3′ termini of Ty1 gRNA are rich in regulatory
sequences directly involved in encapsidation, dimerization,
cyclization and reverse transcription (25,28–32).
Secondary structure models of Ty1 gRNA derived by

SHAPE (Selective 2′ Hydroxyl Acylation analyzed by
Primer Extension) probing have been proposed for the orst
1482 nts (26%) of ex virio, in virio and in vitro Ty1 gRNA
(33), and for monomeric and dimeric states of the orst
560 nts of the transcript in vitro (30–32). However, the in
vivo structure of Ty1 gRNA or other LTR-retrotransposon
transcripts has not been determined. Moreover, as com-
pared to Escherichia coli, plant or mammalian cells, much
less is known about the folding of mRNA in yeast (34).
The orst transcriptome-wide measurement of yeast mRNA
structure was performed in vitro using an enzymatic PARS
method (Parallel Analysis of RNA Structure), which sug-
gested that mRNA transcripts with similar biological func-
tions or cellular localization have common structural fea-
tures (35). PARS analysis also suggests that yeast mRNAs
contain more secondary structure in the coding sequences
(CDSs) compared to the untranslated regions (UTRs), and
unstructured sequences adjacent to the start codon is pos-
itively correlated with translation efociency (TE). In con-
trast, transcriptome-wide DMS-seq mapping in vivo sug-
gests that yeast mRNAs are largely unfolded, and sec-
ondary structures are similar in the CDS and the UTRs
(36). Also, the correlation between the CDS structure and
ribosome occupancy is not detected. Therefore, reconciling
RNA structures determined in vitro with those determined
in vivo is required to understand how structure relates to
function.
Here, we provide the orst genome-wide in vivo RNA sec-

ondary structure model for the endogenous yeast ssRNA-
RT virus Ty1. Using SHAPE probing, we establish the sec-
ondary structure of the entire Ty1RNAgenome in its native
in vivo state as well as under deoned in vitro conditions. We
ond that in vivo Ty1 gRNA undergoes signiocant remod-
eling, is more dynamic and strongly destabilized, in large
part by translating ribosomes. Nevertheless, Ty1 gRNA still
contains well-structured regions harboring functional cis-
sequences. The present work increases our understanding of
viral RNA folding in living cells, and helps explain the inter-
play between translation and RNA structure. Furthermore,
we show that commonly used SHAPE reagents, NMIA,
NAI and 1M7 robustly modify RNA in yeast, as evidenced
by strong correlations between position-dependent reactiv-
ities in vivo for all three reagents.

MATERIALS AND METHODS

Yeast strain, media and growth conditions

Strain DG3412 used in this study is Ty1-less Sac-
charomyces paradoxus strain (DG1768) (MATα his3-
Δ200hisG ura3 gal3 Spo−) containing pBDG202 (pGTy1-
H3CLA/URA3/2�), a multicopy plasmid with Ty1 under
the control of the GAL1 promoter (37,38). Strain DG3412
was grown in SC-Ura 2% rafonose broth at 30◦C with con-
stant shaking at 250 rpm. Saturated cultures were diluted
to OD600 nm of approximately 0.2 with SC-Ura 2% galac-
tose broth to induce Ty1 expression from the GAL1 pro-
moter. Cultures were grown to a onal OD600 nm of 1.0 at
22◦Cwith constant shaking at 250 rpm. For antibiotic treat-
ment, 10 mg/ml kasugamycin solution (Enzo Life Sciences)
was added to onal concentration of 1 mg/ml when the cul-
ture OD600 nm reached 1.0, and cells were incubated with
shaking for 20 min. The reference strain BY4742 (MATα

his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) was used for NMIA testing
in S. cerevisiae and the growth conditions were as above ex-
cept that SC medium was used instead of SC-Ura.

E. coli strain, media and growth conditions

Escherichia coli DH5� cells (Invitrogen) were grown in LB
medium without antibiotics at 37◦C overnight with con-
stant shaking at 225 rpm.

In vivo RNA modiocation

A 100 ml culture of exponentially growing yeast cells or 1
ml overnight culture of E. coli cells were centrifuged, the
cell pellet was washed with PBS and resuspended in 720
�l of PBS or PBS with 1 mg/ml kasugamycin. Each sam-
ple was divided into two equal amounts and treated with
40 �l SHAPE reagent in DMSO (10 mM NMIA, 10 mM
1M7 or 20 mM NAI, onal concentration) or 40 �l DMSO
alone. For each reagent, different concentrationswere tested
and the concentration yielding repeatable, high quality re-
sults, without over-modiocation signals, were chosen for o-
nal experiments. The modiocation reactions were carried at
37◦C for 15 min (NMIA and NAI) or for 5 min (1M7). For
NMIA, longer reaction time (45 min) was also tested and
signiocant differences in the reactivity patterns were not ob-
served.RNAmodiocation reactionwithNAIwas quenched
by adding 400 �l of 1 M DTT. Cells were collected at 8000
× g (10◦C) for 7 min followed by total RNA isolation.

Isolation of total RNA from cells

Yeast pellets were resuspended in 1 ml of lysis buffer (10
mM Tris–HCl, pH 8.5, 5 mM EDTA, 2% SDS, 2% 2-
mercaptoethanol) and incubated at 83◦C for 20 min with
constant shaking at 450 rpm. The tubes were centrifuged
at 12 000 × g for 5 min. The supernatants were transferred
to a fresh tubes and RNA was extracted twice with phenol
(pH 8.0), followed by two extractions with phenol: chloro-
form (pH 4.5). RNA was recovered by LiCl precipitation
overnight at –20◦C. RNA pellets were washed twice in 70%
ethanol and resuspended in 30 �l of water. Purioed RNA
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samples were stored at –20◦C. RNA from E. coli cells was
isolated using Direct-zol RNA MiniPrep Kit (Zymo Re-
search) according to the manufacturer’s protocol, and addi-
tionally purioed by ethanol precipitation and resuspended
in 10 �l of water.

In vitro transcription

pBDG433, which contains full-length Ty1 DNA under the
control of the SP6 promoter, was digested with BamHI re-
striction enzyme (Thermo Scientioc) to generate a linear
sense-strand template for transcription in vitro. DNA was
phenol–chloroform extracted, ethanol precipitated and re-
suspended in 20 �l of water. Ty1 RNA was synthetized us-
ing MEGAscript™ SP6 Transcription Kit (Invitrogen) and
recovered by LiCl precipitation overnight at –20◦C, and
then washed twice in 70% ethanol. Purioed RNA was re-
suspended in 30 �l of water. The integrity of the RNA was
determined by high-resolution gel electrophoresis (1.5%
agarose gel with formaldehyde). RNAwas stored at−20◦C.

In vitro NMIA modiocation

Ty1 in vitro transcript (3 pmol) was incubated in 100 �l of
refolding buffer (10 mM Tris–HCl, pH 8.0, 100 mM KCl,
0.1mMEDTA) at 95◦C for 3min, then cooled by placing on
ice. RNAwas incubated at 37◦C for 30min following the ad-
dition 50�l of 3× folding buffer (120mMTris–HCl, pH8.0,
600 mM KCl, 1.5 mM EDTA, 15 mM MgCl2). The RNA
sample was divided into two separate tubes and treated with
8�l ofNMIA inDMSO (1mMNMIA, onal concentration)
or DMSO alone. The reaction was performed as described
above for modiocation of RNA in vivo. RNAwas recovered
by ethanol precipitation and resuspended in 10 �l of water.

Primer extension and data processing

The optimal amounts of modioed (+) and control (−)
RNAs were mixed with 1 �l of 10 �M nuorescently labeled
primer [Cy5 (+) or Cy5.5 (−)] and 1 �l 2 mM EDTA (for
in vivo additionally with 3.84 �l of 5M betaine) to a onal
volume 12 �l. Primer–template solutions were incubated at
95◦C for 3 min, 37◦C for 10 min and 55◦C for 2 min, then 8
�l of reverse transcriptase mix (SuperScript III, Invitrogen)
was added to each tube and RNA was reverse transcribed
at 50◦C for 45 min (in vitro) or 90 min (in vivo) to pro-
vide optimal reaction efociency. Sequencing ladders were
prepared using primers labeled with WellRed D2 (ddC) or
LicorIRD-800 (ddA) and a Thermo Sequenase Cycle Se-
quencing kit (Applied Biosystems) according to the man-
ufacturer’s protocol. Samples and sequencing ladders were
purioed using ZR DNA Sequencing Clean-up Kit (Zymo
Research) and analyzed on a GenomeLab GeXP Analysis
System (Beckman-Coulter). Electropherograms were pro-
cessed using ShapeFinder software (39), normalized as de-
scribed previously (40). Exemplary raw electropherograms
are presented on Supplementary Figure S1. Reactivity in-
formation was obtained from eighteen overlapping reads of
∼350 nts each and at least two independent experiments
were obtained for each read. Primers are listed in Supple-
mentary Table S1.

Signal-to-background ratio and correlation calculation

Signal-to-background (S/B) ratio (Figure 1B) was calcu-
lated based on the output oles from ShapeFinder. Medians
for signal and background were estimated from the aver-
aged values of signal or background peak areas for each
nucleotide. S/B is the ratio of the obtained signal and back-
ground medians. Spearman’s correlations and linear regres-
sions were computed using the GraphPad Prism 8 software.

RNA secondary structure modeling and analysis

SuperFold software (41) was used for minimum free energy
(MFE) secondary structure prediction, calculation of base
pairing probabilities for all possible canonical base pairs
and identiocation of regions with well-deoned structures.
SuperFold uses Partition and Fold functions implemented
inRNAstructure (42) and the SHAPE reactivities were used
as a pseudo-energy constraints. For all calculations slope
and intercept folding parameters were set to 1.8 and –0.6
kcal mol−1, respectively.

Prediction of RNA pseudoknots. ShapeKnots (imple-
mented in RNAstructure) was used to identify pseudoknots
in the in vivo and in vitroTy1RNAs. Folding was performed
in 600-nt sliding windows with 100-nt increments. Four ad-
ditional folds were computed at the 5′ and 3′ ends to in-
crease sampling of terminal regions. Pseudoknots occurring
in >50% of the windows were included in the MFE struc-
ture.

Partition function calculation. Partition was run in 1200-
nt sliding windows, incremented by 100 nts, with four ad-
ditional calculations performed on the 5′ and 3′ ends of
the Ty1 RNA. Next, 300 nts were trimmed from the 5′ and
3′ ends of each window to eliminate end effects. The base-
pairing distance was limited to 600 nts. Base-pair probabili-
ties from themultiple partition functionwindowswere com-
bined and pseudoknot nucleotides were involved. Shan-
non entropies were calculated from individual base-pairing
probabilities and combined into a single proole in 55-nt slid-
ing windows.

Minimum free energy structure prediction. The MFE
structure models were predicted using the Fold function
with pseudo-energy constraints, and base pairs with >99%
probability were used as hard pairing constraints. Fold was
performed in 3000-nt sliding windows, incremented by 300
nts to predict individualMFE structures over each window,
with four additional fold calculations on the 5′ and 3′ ends
of the genome. Next, 300 nts were trimmed from the 5′ and
3′ ends of eachwindow to eliminate end effects. Thesemulti-
ple folds were then combined into a onal MFE structure by
requiring that base pairs appeared in a majority of the win-
dowed folds. The pseudoknotted helices were added to the
onal RNA structure. The maximum pairing distance was
set to 600 nts. Additional prediction of Ty1 MFE struc-
ture was performed with tRNAi

Met binding, dimerization
and cyclization sequences forced to be single-stranded. The
MFE structure model of the in virio Ty1 RNA + 1–1482 re-
gion was generated based on previously published SHAPE
data (33), using the RNAstructure.
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Figure 1. Experimental worknow and SHAPE reagent comparison. (A) Experimental worknow. (B) Box plot analysis of RT-stop rate (CE peaks area)
measurement with medians for signal and background from capillary electrophoresis experiments for different SHAPE reagents and different cells. Plots
present data for approximately 600 nts of Ty1 gRNA in vitro and in S. paradoxus and approximately 400 nts of Ty1 gRNA in S. cerevisiae and 400 nts of
16S r RNA in E. coli. (C) Correlation of position-dependent NMIA, NAI and 1M7 reactivities from in vivo probing of Ty1 gRNA in S. paradoxus and 16S
rRNA in E.coli.

Identiocation of regions with well-deoned structures. Well-
deoned regions (lowSS) were identioed by selecting regions
of at least 40 nts with both median SHAPE reactivities
and median Shannon entropies below the global medians,
as described previously (43). Some lowSS regions were ex-
panded or combined to preserve the entirety of helices pre-
dicted in the MFE structure. The pseudoknot helix was ig-
nored in lowSS regions identiocation, because its presence
caused the lowSS region 1 extension to high entropy and
low base-pair probability regions. RNA structures were vi-
sualized with VARNA (http://varna-gui.software.informer.
com/) (44).

Sensitivity and positive prediction value (PPV) calculations.
The sensitivity and PPV for the obtainedMFEmodels were
calculated using Scorer function (implemented in RNAs-
tructure). If the region of interest contained only half the
predicted helix, calculations were performed with the man-
ual addition of nucleotides from disrupted helix. For the
entire Ty1 RNA and identioed lowSS regions, the in vitro
structure was used as the reference state while in other cases
the reference structure was indicated in the ogures. Sensi-
tivity is deoned as the percentage of base pairs in the refer-
ence MFE structure that are also present in the compared
MFE structure, and the PPV represents the percentage of
base pairs in the MFE structure that are also present in the
reference model (45).

RESULTS

High-resolution probing of Ty1 genome under in vivo and in
vitro conditions

Weused SHAPE followed by capillary electrophoresis to ex-
plore the structure of gRNA of an active Ty1 retrotranspo-
son at single-nucleotide resolution. We probed Ty1 gRNA
structure under three experimental conditions: in S. para-
doxus cells expressing an active Ty1 element, in vitro in the
absence of cellular components, and in cells partially inhib-
ited for translation following treatment with kasugamycin
(Figure 1A). The parental yeast strain DG1768 lacks full-
length chromosomal Ty1 sequences [(37) andGaronkel and
Bergman, unpublished results], and expression of Ty1 oc-
curs exclusively from a multicopy pGTy1 plasmid driven
by the inducible GAL1 promoter (23,46). Galactose induc-
tion produces a high level of correctly initiated Ty1 RNA
that participates in all steps of the replication cycle, includ-
ing translation, co-localization into retrosomes, encapsida-
tion into VLPs, and reverse transcription (38). The result-
ing cDNA copy integrates into host DNA, and a high fre-
quency of Ty1 retromobility can be measured. Based on the
available data, we assume that the major fraction of Ty1
RNA is present in the cytoplasm or associated with retro-
somes, and a much smaller amount is packaged in VLPs
(38). As this approach allowed us to obtain SHAPE reac-
tivity data from a homogenous Ty1 gRNA population, a
more reliable RNA secondary structure model was gener-

http://varna-gui.software.informer.com/
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ated. In contrast, the widely used S. cerevisiae S288c labora-
tory strain background contains 32 full length Ty1 elements
comprised of three subfamilies: Ty1, Ty1/Ty2 hybrids, and
the ancestral Ty1′ element (15,47,48). Ty1 elements are ex-
pressed at different levels that vary up to 50-fold, with 75%
of total Ty1 expression coming from eleven highly expressed
elements, and eight of these are Ty1/Ty2 hybrids (49). Addi-
tionally, some full length Ty1 copies contain deletions and
mutations thatmay affect transposition, but they can be still
expressed.
SHAPE exploits 2′-hydroxyl-selective reagents to interro-

gate local backbone nexibility in RNA by forming covalent
2′-O-adducts at nexible nucleotides (50). Generally, SHAPE
reactivities are inversely proportional to local nucleotide
conformations, such that nexible or unpaired nucleotides
are reactive, while structurally constrained or base-paired
nucleotides tend to be less reactive (51). Diverse cell types
have different permeabilities to SHAPE reagents, and in
general, those growing in a suspension culture are more
permeable than adherent cell lines (52). Surprisingly lit-
tle is known about yeast permeability to SHAPE reagents
and onlyNAI (2-methylnicotinic acid imidazolide) has been
used in SHAPE analyses in yeast (53–55). To the best of our
knowledge, other well-validated SHAPE reagents, such as
NMIA (N-methylisatoic anhydride) or closely related 1M7
(1-methyl-7-nitroisatoic anhydride) have not been used for
RNA structure mapping in yeast, however, their ability to
modify RNA occurs in other cell types (52,56–59). In con-
trast, one group reports that NMIA reactivity is not de-
tected in an adherent mouse cell line (mESCs) (53), and a
very low 1M7 signal is detected in mESCs cells and E. coli
(60).

SHAPE reagents have local-structure and nucleobase bi-
ases that can impact reactivity prooles (52,61,62). All prior
studies of Ty1 RNA structure have been performed us-
ing NMIA as the probing reagent (30,32,33,63). We rea-
soned that the application of the same SHAPE reagent for
Ty1 RNA structure mapping in vivo would allow for di-
rect and unbiased comparison of reactivity patterns with
those presented for Ty1 RNA 5′ terminal region in virio
and ex virio (33). This approach also facilitates detection
of NMIA reactivity changes in vivo that result from Gag-
induced RNA dimerization (30), pseudoknot formation
(32,33), and primer tRNA annealing (30,33). Therefore,
we initially tested the ability of NMIA to modify the 5′

end of Ty1 gRNA in yeast, and compared this data with
that obtained from NAI and 1M7 probing. We clearly de-
tected high reactivity signals well above background for all
three reagents using capillary electrophoresis for analysis
of adduct-induced cDNA truncations (Figure 1B). Since
the signal-to-background ratio is the raw measurement of
structure-dependent RNA modiocation, these results show
that NMIA, NAI and 1M7 robustly modify RNA in S.
paradoxus. Additionally, E. coli and S. cerevisiae treated
with NMIA also displayed high reactivity above the back-
ground (Figure 1B). Our data indicate that NAI is slightly
more efocient than NMIA in both yeast and E. coli, but a
recent study suggests that NAI has stronger nucleotide bi-
ases and less effectively differentiates paired and unpaired C
andG residues (52). Despite that, we observed strong corre-
lations between position-dependent NMIA, 1M7 and NAI

reactivities in vivo, but some local single-nucleotide reactiv-
ity differences were also detected (Figure 1C). Therefore, the
reactivity patterns obtained with the same SHAPE reagents
are more informative for detailed analysis of RNA struc-
ture alterations specioc for diverse biological or experimen-
tal states. Using NMIA, we obtained high-quality SHAPE
data for 98% of the nucleotides in the Ty1 gRNA in vivo
and under deoned conditions in vitro. SHAPE data derived
from in vivo and in vitro experiments were used for structural
modeling of Ty1 gRNA using SuperFold pipeline, which in-
corporates a windowing approach along with the Partition
and Fold functions implemented in RNAstructure (41,42).

Impact of cell environment on SHAPE reactivities, base-
pairing probabilities and Shannon entropies

To determine the impact of cell environment on Ty1 gRNA
folding, we compared the in vivo and in vitro SHAPE re-
activities and base-pairing probabilities combined with the
Shannon entropy calculation. The difference in overall me-
dian SHAPE reactivities between in vivo and in vitro Ty1
gRNAs was smaller than expected (0.07) for such distinct
environmental conditions (Figure 2A). However, the corre-
lation between datasets from these two states was moder-
ate (r = 0.49), which indicates a signiocant change in the
pattern of SHAPE modiocations in vivo (Figure 2B). In
contrast to experiments under deoned in vitro conditions,
SHAPE reactivities in vivo are dependent not only on local
nucleotide nexibility, but also on interactions with proteins
or other RNA molecules (59,64). In general, increased in
vivo SHAPE reactivities, relative to the in vitro state, usually
renect RNA conformational changes induced by the cellu-
lar environment, whereas decreased reactivity in vivo tends
to renect the binding of proteins and other biomolecules
(65). The comparison of median SHAPE reactivity prooles
across the Ty1 RNA genome showed that many regions
were signiocantly more reactive in vivo than in vitro, some
were less modioed in vivo, and several had quite similar re-
activity in both states (Figure 2C, D). Overall, the differ-
ences in SHAPE reactivity between both states (�SHAPE,
Figure 2D) suggest there is a strong destabilization of Ty1
gRNA in the cellular environment, and the few specioc re-
gions protected from NMIA modiocation in vivomay serve
as protein binding sites. However, all protected regions are
probably not detected due to strong destabilization of RNA
structure in vivo that reduces the impact of protein binding
on the total SHAPE reactivity measurement.

The difference in SHAPE reactivity between in vivo and
in vitro measurements was the most evident for adenosine
residues and the smallest difference was calculated for cy-
tidines (Figure 2E). Since Ty1 gRNA is particularly rich in
A-residues (35.5%) while the C-content is low (21.9%), spe-
cioc Ty1 gRNA nucleotide content likely contributes to dif-
ferences between in vivo and in vitro SHAPE reactivity pro-
oles.

Ty1 gRNA contained almost 50% less unreactive nu-
cleotides in vivo, but was richer in nucleotides with inter-
mediate SHAPE reactivity (0.4 > 0.85) (Figure 2F). The
SHAPE reactivity at any given nucleotide position does
not provide information about a single RNA structure
but represents the average reactivity over the ensemble of
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Figure 2. SHAPE reactivities, pairing probabilities and Shannon entropies for in vivo and in vitro Ty1 gRNAs. (A) Box plot analysis of SHAPE reactivity
distributions withmedians. Signiocance was computed by unpaired two-tailedMann–Whitney test; ****P< 0.0001. (B) Correlation of position-dependent
NMIA reactivities for in vivo and in vitro Ty1 gRNA states. (C) The median SHAPE reactivity prooles smoothed with a 75-nt window. (D) The median
�SHAPE proole calculated by subtracting the in vivo reactivities from those of the in vitro RNA, smoothed with a 75-nt window. Gray shadings indicate
regions that may serve as protein binding sites. (E) Distribution of the absolute difference in reactivity between in vitro and in vivo SHAPE measurements,
calculated for each nucleotide type. (F) NMIA reactivity distributions with medians (dashed lines). (G) Base pair probability distributions with medians.
(H) Shannon entropy distributions with medians.

all coexisting RNA structures (66,67). Nucleotides with
low SHAPE reactivity (<0.4) are conformationally con-
strained and likely to be double-stranded in most conform-
ers, whereas those with intermediate reactivity may be in-
volved in diverse coexisting RNA conformations (68). To
consider the entire structural ensemble, we calculated a
probability for each base pair across all SHAPE-directed
structures predicted for the Ty1 RNA in vitro and in vivo
(45). A signiocant increase in the number of low-probability
base pairs and a concurrent decrease of high-probability
pairings was detected in vivo (Figures 2G and 3C, F). Con-
sistent with these ondings, Shannon (base-pairing) entropy
distributions indicated that 2-fold fewer nucleotides form
well-deoned structures (with low entropy) in vivo and the
median entropy was signiocantly higher than in vitro (0.11
and 0.04, respectively) (Figures 2H and 3B, E). Taken to-
gether, these results strongly suggest that Ty1 gRNA struc-
ture is destabilized in yeast cells and is more heterogeneous
than under in vitro conditions.

We queried theRASPdatabase (69) to determinewhether
structural information for Ty1 transcripts can be retrieved
from published transcriptome-wide studies in yeast. The
only available data are from DMS-MaPseq experiments in
vitro and in vivo (70). However, in all Ty1 transcripts, only

about 30% of nucleotides are mapped and all transcripts
contain many long 100–200 nts sequences without struc-
tural data. In addition, we observe a low correlation be-
tween SHAPE and DMS reactivity patterns for fragments
with higher DMS data coverage. This may result from dif-
ferent probing reagents and methods of adduct detection.

Identiocation of Ty1 RNA regions with well-determined sec-
ondary structure

Long RNA molecules often adopt a mosaic structure,
such that conformationally dynamic regions are inter-
spaced with regions with well-determined secondary struc-
ture (43,66,71,72). Importantly, RNA regions with persis-
tent stable structural motifs tend to be functionally impor-
tant and contain cis-acting regulatory sequences (73–75).
Based on low SHAPE and low Shannon entropy metrics
(lowSS regions), we identioed 11 lowSS regions within in
vivo and in vitro Ty1 RNAs (Figure 3B,E; numbered dark
violet strips). They were separated by conformationally dy-
namic regions that exhibited higher Shannon entropy even
if SHAPE values remained below the global median reac-
tivity. The 5′ and 3′ terminal lowSS regions (regions 1 and
11) detected in vivo correspondwell with sequences required
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for transposition of a minimal Ty1 element when Gag and
Gag-Pol are provided in trans (28,76). The 5′ and 3′ ends of
Ty1 RNA contain cis-acting sequences directly involved in
retromobility, such as palindromes (PAL) required for Ty1
RNAdimerization, PBS, BOX0 and BOX1 that anneal with
primer tRNAi

Met, CYC5 and CYC3 required for genome
cyclization, and the polypurine tract, which is required for
plus-strand synthesis (23,25,28–30,32) (Figure 3A). These
important RNA sequences were embedded in low SS re-
gions identioed in vivo. Thus, our data highlight the cor-
relation between well-determined RNA conformation and
biological function. An interesting but expected exception
is the sequence mediating Ty1 translational frameshifting.
Although the frameshift heptamer is not nested within a
well-structured region, Ty1 frameshifting depends on the
low abundance of a specioc isoacceptor tRNA and does not
require a specioc RNA structure (77).

Only 5 lowSS regions detected in vivo overlapped with
those identioed in vitro (Figure 3B,E; strips marked with as-
terisks), while others were unique to the in vivo or in vitro
state. Interestingly, the 5′ terminus containing the major-
ity of known cis-acting sequences was well-structured both
in vivo and in vitro. However, the 3′ terminal region with
CYC3 andPPT1waswell-structured only in the in vivo state.
Thus, our data suggest that detection of regionsmeeting low
SHAPE and low entropy criteria in vivo might enable more
precise identiocation of the positions of unknown regula-
tory RNA sequences. Here, we identioed eight lowSS re-
gions in the POLORF of in vivo Ty1 RNA. Although their
functions remain to be determined, four of them (regions 3,
6, 7 and 8) overlapped well with the regions protected from
NMIA modiocation in vivo, perhaps resulting from protein
binding (Figure 2D).

A prior study of the entire HIV-1 RNA genome structure
in vitro shows decreases in SHAPE at RNA regions that en-
code protein domain junctions (78). These more structured
RNA regions are proposed to induce ribosome pausing that
facilitates proper protein folding. However, we do not de-
tect decreases in SHAPE reactivity in regions of Ty1 gRNA
that encode protein domain boundaries in vivo or in vitro.
Our data indicate that such regions in Ty1 gRNA exhibit
equal or higher reactivity values than the median reactiv-
ity in each state. A decrease in SHAPE reactivity at bound-
ary RNA regions is also not detected for Zika and Dengue
gRNA in vivo, suggesting different strategies of ribosome
elongation regulation (3). Indeed, RNA structure is one of
the mechanisms promoting ribosome pausing, but there are
also other contributors to this process, such as mRNA se-
quence, charged tRNA and translation factor availability,
and the nascent protein chain itself (79).

Comparison of minimum free energy structure models of the
in vivo and in vitro Ty RNA genome

The consensus minimum free energy (MFE) secondary
structure of Ty1 gRNAanalyzed in vivo and in vitrowas pre-
dicted using the SuperFold pipeline, which is dedicated to
modeling structures of large RNAs (Figure 3C, F and Sup-
plementary Figure S3) (41). SuperFold takes a windowing
approach, combines base pairs predicted for overlapping
windows, incorporates base pairs with the highest probabili-

ties (>99%), and the onal structure is predicted by requiring
base pairs that occur in more than one-half of the windows.
Comparing the resulting MFE structures in terms of sensi-
tivity and positive predictive value (PPV) showed a signio-
cant difference in the folding of Ty1 RNAs. Both parame-
ters were in the range of 49–55%, which indicated that only
about half of the base pairs were shared between in vitro
and in vivoMFE structures, while the rest of the parings re-
mained unique for eachmodel (Figure 4A, B). Despite these
differences, roughly 50% of the nucleotides were predicted
to be base-paired in both MFE structures, suggesting sim-
ilar levels of Ty1 gRNA structure in vitro and in vivo (Fig-
ure 4E). In contrast, analysis of SHAPE reactivities, base-
pairing probabilities and Shannon entropies strongly sug-
gest that Ty1 gRNA structure is destabilized in yeast cells.
A single MFE model, even predicted as a consensus struc-
ture, represents one conformer froman ensemble of possible
RNA conformers with similar free energies (�G) (42,45).
Thus, focusing on a single MFE structure can lead to an
incomplete or biased understanding of RNA folding, espe-
cially for structurally dynamic long RNAs.

We reasoned that alterations occurring in well-structured
regions (lowSS) may better renect changes in Ty1 gRNA
folding under different experimental conditions. Therefore,
we compared the MFE structures of Ty1 RNAs across all
identioed in vivo and in vitro lowSS regions by calculating a
sensitivity value and PPV for these selected RNA segments.
Most of the base pairs predicted in the in vivo lowSS regions
were retained in the in vitroMFE structure, even if theywere
not in lowSS regions of the in vitroRNA (median sensitivity
and PPV – 92% and 76%) (Figure 4C). This trend was not
observed when we compared base pairs from in vitro lowSS
regions with the in vivo MFE structure (median sensitivity
and PPV – 30.5% and 38.5%) (Figure 4D). However, higher
structural similarity was found for lowSS regions that par-
tially overlapped in in vitro and in vivo Ty1 gRNA. Lower
sensitivity and PPV metrics for overlapping region 1 can be
caused by cis-acting sequences thatmediate inter- and intra-
molecular RNA interactions that may occur in vivo but not
in vitro (see below). Together, these analyses suggest that a
large fraction of well-deoned structural motifs detected in
vivo are preserved in vitro, but not vice versa.

Analysis of base-pairing probabilities supports destabiliza-
tion of Ty1 RNA in vivo

To better understand Ty1 gRNA folding, we repeated the
comparative analysis of the in vivo and in vitro Ty1 gRNA
structures considering only highly-probable base pairs (HP
bps, pairing probability > 80%). HP bps are predicted with
the highest conodence and are more likely to be present
in the gRNA structure (45). Although a similar number of
MFE base pairs was predicted for both Ty1 gRNA states,
the contribution of high-probability base pairs in the in
vivo MFE structure was much lower. Accordingly, 17% of
Ty1 gRNA nucleotides participated in HP bps in vivo, rep-
resenting 37.5% of the base pairs in the MFE structure,
whereas 34.1% of nucleotides were involved in HP bps in
vitro, and they represented 68% of theMFE base pairs (Fig-
ure 4E, F). We found that only 39% of in vitroHP bps were
also predicted to occur in the in vivo MFE structure, while
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Figure 4. Comparison of SHAPE-directed MFE structures predicted for in vivo and in vitro Ty1 gRNAs. (A) Calculation of sensitivity (sens) and PPV
parameters for theMFE structures of in vivo and in vitroTy1RNAs. In vitroTy1 gRNAMFE structure was used as a reference structure. Values are colored
from low (red) to high (green). (B) Combined model of MFE structures of in vivo and in vitro Ty1 gRNAs. Common base pairs are indicated by black
arcs, base pairs present only in vivo by pink arcs and those unique for in vitro gRNA by dark green arcs. Calculation of sensitivity and PPV parameters for
lowSS regions identioed in vivo (C) and in vitro (D). (E) Percentages of paired nucleotides in the predicted MFE structures, including high probability base
pairs (HP bps, pairing probability > 80%). (F) Venn diagram showing overlap of highly probable base pairs between in vivo and in vitroMFE structures.
(G) Comparison of high probability base pairs in the in vivo and in vitroMFE structure models of Ty1 gRNA.

almost 80% of in vivoHP bps were shared with in vitroMFE
structure (Figure 4F). This disparity arises from the lower
number of HP bps predicted for the in vivo model of Ty1
gRNA.We observed that amongHP bps the short-range in-
teractions representing locally stable secondary RNA struc-
tures were preferentially shared between both Ty1 gRNA
states (Figure 4G). In contrast, a majority of highly proba-
ble longer-range base pairings in vitro were disrupted or be-
came less probable in vivo. These analyses conorm that Ty1
gRNA possesses a signiocantly lower and more dynamic
structure in vivo, and show that only part of stable (highly
probable) base pairs in vitro are retained in vivo, consistent
with the ondings from comparison of the MFE structures
across lowSS regions.

Ty1 RNA dimerization, cyclization and tRNAi
Met annealing

in vivo

We analyzed SHAPE reactivity changes in the 5′-end of Ty1
gRNA in more detail to establish whether critical RNA -
RNA interactions could occur in vivo prior to packaging

into VLPs. Ty1 gRNA dimerization, cyclization or primer
tRNA annealing do not occur under the in vitro condi-
tions employed here because Ty1 proteins such as Gag
and tRNA are absent in the analysis. RNA sequences in-
volved in tRNAi

Met binding (PBS, BOX0, and BOX1) and
genome dimerization (PAL1 and PAL2) were engaged in in-
tramolecular base-pairing in vitro, and we did not detect
changes in reactivity patterns that could directly support
these processes occurring in vivo (Figure 5A). This prob-
lem arises from a limitation of the SHAPEmethod that, like
other classical RNA structure mapping techniques, cannot
discriminate intra- from intermolecular base-pairing. How-
ever, changes in reactivity of nucleotides separating PALs
were detected in vivo, analogous to those detected in VLPs
and in Gag-induced Ty1 RNA dimerization in vitro, and
supporting PALs involvement in the intermolecular PAL1 -
PAL2 interactions (30,33). We also detected SHAPE reac-
tivity increases for nucleotides between the PBS and BOX0
(105 – 107) that occur in Gag- or temperature-induced
tRNAi

Met/Ty1 RNA in vitro complexes and that are also
observed in VLPs (30,33). Highly signiocant reactivity in-
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A

B

Figure 5. SHAPE-based analysis of Ty1 gRNA dimerization, cyclization and tRNAi
Met annealing. (A) The step plot (top) of NMIA reactivity for in

vivo and in vitro gRNAs and the difference plot (bottom) calculated by subtracting the in vitro reactivities from those of the in vivo gRNA. Negative
values indicate nucleotides that are less reactive in vivo. Locations of cis-acting sequences are indicated by gray stripes. (B) Ty1 gRNA in its dimeric and
circular form with annealed tRNAi

Met. Cis-acting sequences are marked with colored boxes, nucleotides are colored by SHAPE reactivity according to
the scale presented in Figure 2. For simplicity, only 5′ and 3′ ends are shown. The present RNA structure was predicted with PAL, CYC and tRNAi

Met

binding sequences forced to be single-stranded. The intermolecular base-pairs and long-range CYC5/CYC3 interaction were introduced manually based
on differences in SHAPE reactivity patterns in vitro and in vivo and published data (30,32,33).
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creases were also observed in vivo in the sequence (88–94)
preceding the PBS (compare Figure 3D and G, leftmost
structures). The majority of this sequence was base-paired
and unreactive in vitro. In vivo SHAPE reactivity increases
likely renect disruption of the helical region preceding the
PBS caused by tRNAi

Met hybridization (Figure 5A, B). This
interpretation is further supported by reactivity increases
in the opposite strand (173–176) of the helix. In addition,
destabilization of this helix may be enhanced by CYC5 in-
teraction with CYC3. In the absence of tRNAi

Met, CYC5
base-paired with the PBS and BOX1 in vitro, thus the re-
activity increases in CYC5 were expected as a consequence
of tRNAi

Met hybridization in vivo. Since CYC5 remains un-
reactive in vivo, this region may be involved in long-range
base-pairing with CYC3 at the 3′ end of Ty1 gRNA (Fig-
ure 5B), as suggested by genetic studies (29). Although
SHAPE can detect RNA structure changes resulting from
long-range interactions, the prediction of such interactions
is challenging because the accuracy of the predicted RNA
structure model decreases with distance between base-pairs
(80).

Importantly, the SHAPE data supported the presence of
the functionally important pseudoknot at the 5′ terminus
of Ty1 gRNA in vivo (Figures 3D and 5A, B). The 5′ pseu-
doknot was identioed in virio, and mutations disrupting its
structure inhibit reverse transcription (32,33). Additionally,
our current ondings support previous work (33) indicating
that the pseudoknot is not formed in the full-length Ty1
transcript in vitro.
Together, our data raise the possibility that functionally

important RNA intramolecular interactions such as cy-
clization and pseudoknot formation occur in retrosomes
or the cytoplasm prior to packaging of Ty1 gRNA into
VLPs. The primer for reverse transcriptionmay be annealed
prior to packaging, which also occurs with primer tRNALys

annealing during HIV-1 propagation (81). Like retroviral
RNA genomes, Ty1 gRNAmay undergo dimerization prior
to being packaged into VLPs. However, further conorma-
tion of these observations is required.

Ty1 RNA structure changes during translation

Ty1 gRNA is both the template for reverse transcription
and the mRNA for translation of Gag and the Gag-Pol
polyprotein, thus translation may contribute to differences
between Ty1 RNA structures in vivo and in vitro. The cor-
relation between translation and in vivo mRNA structure
is observed in transcriptome-wide structure probing experi-
ments inEscherichia coli and zebraosh (73,82). However, in-
terplay between ongoing translation and mRNA structure
in vivo is not detected in global yeast transcriptome map-
ping, and the average in vivo structure of coding regions is
not distinguishable from that of the UTRs (36). Interest-
ingly, our results suggest Ty1 gRNA may not ot this pat-
tern. The in vivo median SHAPE reactivities of GAG and
POL ORFs were higher than that of UTRs, indicating that
the Ty1 RNA coding region was less structured in cells than
non-coding sequences, while this correlation was not de-
tected in vitro (Figure 6A).

To analyze the relationship between translation and
RNA structure, we probed Ty1 gRNA structure in vivo fol-

lowing addition of the aminoglycoside kasugamycin, an an-
tibiotic that speciocally inhibits the initial step of protein
synthesis by preventing formation of the translation initi-
ation complex (83). This experimental approach was used
recently to show the impact of translating ribosomes on
mRNA structure in E. coli (73). Cells were treated with ka-
sugamycin for 20 min to allow ongoing translation elonga-
tion cycles to onish (84) followed by the addition of NMIA.
Comparison of median SHAPE reactivity prooles revealed
that in cells treated with kasugamycin Ty1 gRNA was less
reactive toward NMIA, and thus is likely more structured
than under native in vivo conditions (Figure 6B). As ex-
pected for mRNA undergoing translation, statistically rele-
vant decreases in SHAPE reactivity was observed for ORFs
(P < 0.0001) but not for UTRs (Figure 6C). To better un-
derstand the effect of translating ribosomes on RNA con-
formation, MFE structures of a +1–2500 fragment of Ty1
RNAwere compared in each probing condition. Ty1 gRNA
from kasugamycin-treated cells contains more MFE and
HP base pairs than RNA in vivo, but less than RNA in
vitro (Figure 6D). The structural model of +1–2500 Ty1
gRNA from kasugamycin-treated cells shared roughly 60%
of MFE base pairs with the in vivo or in vitro RNA model
(Figure 6E). Nevertheless, the Ty1 gRNA in kasugamycin-
treated cells appearedmore similar to the in vitro state, since
the gRNAs sharedmore highly probable base pairs with the
in vitro than in vivo structure (70% and 50%, respectively)
(Figure 6F). Together, our results show that ribosomes par-
ticipate in the unfolding and remodeling of Ty1 gRNA in
vivo, and support the idea that inhibition of translation ini-
tiation partially stabilizes Ty1 gRNA structure.

DISCUSSION

We took advantage of the well-developed Ty1 experimen-
tal system to deone the orst genome-wide RNA secondary
structuremodel for a retrovirus-like retrotransposon in vivo.
To reveal the effect of the cellular environment on folding
of the Ty1 RNA genome, we directly compare the SHAPE-
derived in vivo structure with that obtained under deoned in
vitro conditions. Furthermore, we analyze the role of active
ribosomes in RNA structural remodeling by probing Ty1
gRNA structure in yeast treated with a translation initia-
tion inhibitor. We ond a strong impact of the cellular en-
vironment on folding Ty1 gRNA and show that ribosomes
participate in the unfolding and remodeling of Ty1 gRNA.
In support of previous observationsmade for viral RNAs

(2,6) and cellular transcripts (36,53,82), we detect a mod-
erate correlation between the in vivo and in vitro structure
of Ty1 gRNA. About half of the MFE and <40% of HP
base pairs are shared between in vivo and in vitro struc-
turemodels, indicating signiocant remodeling of Ty1 gRNA
occurs in vivo. Base-pairing probabilities and Shannon en-
tropy calculations suggest that Ty1 gRNA adopts a signio-
cantly lower and more dynamic structure in vivowhen com-
pared to the structure in vitro. In the in vivo state, Ty1 gRNA
contains 50% less HP base pairs, and is more likely to form
alternative less probable pairings. The observed increase in
structural heterogeneity in vivomay result from the parallel
occurrence of various Ty1 gRNA conformers or from struc-
tural transitions through different stages of the replication
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Figure 6. CorrelatingTy1RNAstructure and translation. (A) Box plot analysis of SHAPE reactivity distributionswithmedians for coding and untranslated
regions of in vivo and in vitro Ty1 gRNAs. (B) Median SHAPE reactivity prooles (smoothed with a 75-nt window) for Ty1 gRNA from cells treated with
kasugamycin or not. The start codon (AUG), frameshift site (FS) and stop codon (UAG) were marked by grey strips. (C) Box plot analysis of SHAPE
reactivity distributions with medians for coding and untranslated regions of Ty1 gRNA from cells treated with kasugamycin-treated (ksg) or not. The
POL ORF* calculation was performed for fragments presented in panel (B). Signiocance was computed by unpaired two-tailed Mann–Whitney test; *P
< 0.05, ****P < 0.0001, n.s., not signiocant. (D) Percentages of paired nucleotides in the predicted MFE structures of +1–2500 region of Ty1 gRNAs,
including high probability base pairs (HP bps). (E) Sensitivity and PPV parameters calculated for the MFE structure models of +1–2500 Ty1 gRNA from
cells with and without kasugamycin treatment or synthesized in vitro (colored as in Figure 3). (F) Venn diagram showing overlap of highly probable base
pairs between MFE structures of +1–2500 region of Ty1 gRNAs.

cycle. Our results are in agreement with recent studies inves-
tigating in vivo and in vitro structures of viral RNAs, which
suggest a more open structure for ZIKV gRNA (2) and a
large unfolding of IAV mRNAs in infected cells (6). ZIKV
and DENV gRNAs are also less structured in infected cells
than in virio (3). Consistent with these ondings, comparison
of in vivo SHAPE reactivity data with those obtained previ-
ously in virio and ex virio for the orst 1482 nts of Ty1 RNA
(33) show that Ty1 gRNA is also less structured in cells
than in VLPs (Supplementary Figure S4A). Additionally,
the overall similarity between in virio, ex virio and in vitro
MFE structures of Ty1 gRNA is quite high despite the fact
that in virio RNA is probed in a protein-bound state (Sup-
plementary Figure S4B). Whereas the in vivo structure dif-
fers signiocantly from those observed in other experimental
states (Supplementary Figure S4B).
Not only are viral RNAs less structured in infected cells,

transcriptome-wide structure probing analyses indicate a
global decrease in the in vivo structure of eukaryotic and
prokaryotic mRNAs (36,73,82,85). However, the reasons
for RNA structural alteration in vivo are poorly under-
stood. Whereas some studies show that ribosomes account

for RNA remodeling in vivo (73,82), others suggest a more
signiocant role for RNA binding proteins, ATP-dependent
helicases and covalent RNA modiocations (36,85,86). To
date, the mechanisms underlying viral RNA destabiliza-
tion in vivo have not been thoroughly studied. Our obser-
vations indicate that ribosomes play an important role in
Ty1 gRNA structure remodeling in yeast. First, the cod-
ing region of in vivo Ty1 gRNA is less structured than the
UTRs. Secondly, kasugamycin treatment leads to stabiliza-
tion of Ty1 gRNA structure. An analogous effect of trans-
lation initiation inhibitors is also observed for E.coli and
zebraosh mRNAs (73,82). In yeast, a marked increase in
mRNA structure is detected under ATP-depleted condi-
tions, and the strong contribution of energy-dependent pro-
cesses other than translation to mRNA remodeling in vivo
is proposed (36). However translation is one of the major
energy-consuming cellular processes, and upon ATP deple-
tion yeast shut global protein synthesis (87,88). Thus, we
conclude that translation is one of several energy-dependent
processes contributing to mRNA structure destabilization
in yeast. In addition, other cellular and viral factors may
be involved in Ty1 gRNA structure remodeling in vivo.
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Ty1 replication requires direct interactions between the
RNA genome and Ty1 Gag (19,38), which displays nucleic
acid chaperone activity and likely promotes structural re-
arrangements of genomic RNA and interactions between
RNA partners, analogous to retroviral Gag polyproteins
(40,89).
Although Ty1 gRNA is generally less structured in vivo,

it retains well-structured 5′ and 3′ terminal regions that
contain functional cis-acting sequences directly involved in
dimerization, cyclization and packaging of the Ty1 genome,
primer tRNA annealing, and reverse transcription (8,11).
However, our results suggest that Ty1 gRNA may contain
additional functional cis-acting sequences inPOLwhere we
identify eight well-structured regions. Recent studies show
that low-SHAPEand low-entropy analyses can identify pre-
viously unknown functional motifs in viral RNA and cellu-
lar transcripts (43,74,75,90). Perhaps the stableRNAmotifs
in POL serve as specioc binding sites for cellular proteins,
as multiple cellular factors innuence Ty1 replication (8). Al-
ternatively, these well-structured motifs might contribute to
the stability of Ty1 gRNA in vivo since cis-elements within
the coding region help stabilize certain yeast transcripts in
addition to the poly(A) tail (91). Although a small fraction
of Ty1 transcripts are polyadenylated, Ty1 gRNAhalf-life is
longer than the average half-life of many cellular transcripts
(19–21), suggesting the presence of additional stabilizing el-
ements. The correlation between the CDS structure in vivo
and yeast RNA half-life remains unclear, and codon opti-
mality is proposed as amajor determinant of mRNA stabil-
ity in yeast (92). A signiocant increase of yeast mRNA half-
life is detected when non-optimal codons are converted to
optimal codons in a manner minimizing changes in the GC
content and the predicted RNA secondary structure (92).
Interestingly codon-optimized Ty1 gRNA (CO-Ty1 gRNA)
is about as stable as Ty1 gRNA (93). The secondary struc-
ture of CO-Ty1 RNA has not been analyzed, but the lack
of an increase in stability suggests that the positive effect
of codon optimization may be masked by recoding-induced
changes in other Ty1 transcript features, such as RNA sec-
ondary structure in the CDS. Furthermore, Ty1 gRNA sta-
bility is enhanced by interactions with Ty1 Gag (38). Thus,
the 1209 base changes inCO-Ty1 gRNAmay also induce se-
quence or structure changes that alter Gag or cellular factor
binding. Although extensive sequence recoding in the CO-
Ty1 element does not alter the level of retrotransposition
or protein expression, there are examples of mutations that
strongly inhibit Ty1 mobility located in coding sequences
and the UTRs (30,31,76). Indeed, a Rap1 binding site for-
tuitously introduced into CO-Ty1 during recoding dramat-
ically alters Ty1 gRNA expression (93). Therefore, it stands
to reason that RNA structural elements mimicking func-
tions of natural Ty1 gRNA could also have been introduced
in CO-Ty1.
Ty1 gRNA also shares structural properties with yeast

mRNAs that contribute to stability. There is growing ev-
idence that the low structure (high �G) of 5′UTRs and
the high structure (low �G) of 3′UTRs are associated with
longer half-lives and a higher abundance of yeast tran-
scripts (94,95). The 5′UTR of Ty1 RNA has a low GC-
content (30%) and is very short (53 nts), consequently, its
folding free energy is relatively high. Our data also sup-

port the formation of a long stem-loop structure within the
3′UTRof Ty1RNA in vivo and vitro (Figure 3C, F and Sup-
plementary Figure S3). Previous work indicates that sta-
ble stem-loop motifs in the 3′UTR but outside the poly(A)
tail increase the stability of yeast mRNAs (96). Additional
analyses will be required to address the function of well-
structured regions in POL and the 3′ stem-loop motif in the
Ty1 life cycle. Future work on RNA folding in the powerful
yeast model will also be enhanced by our discovery that di-
verse SHAPE reagents can be used successfully in growing
yeast cultures.
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SUPPLEMENTARY TABLES AND FIGURES 

 

In vivo structure of the Ty1 retrotransposon RNA genome 

 

Table S1 . Reverse transcription primers. 

PRIMER SEQUENCE (5’-3’) 

Ty1 PR_1 TCAGGTGATGGAGTGCTCAG 

Ty1 PR_2 TCGTTTGCCTCTTGGGTATC 

Ty1 PR_3 CATCACTCGGATTTCTCCTG 

Ty1 PR_4 TTGGTGTTGTCCTGGAAGTGA 

Ty1 PR_5 TCGAATTGTCTGTGCATTGG 

Ty1 PR_6 AGACACTGGCCTGAAACTGG 

Ty1 PR_7 GCCACGAGGATGTATTTTGG 

Ty1 PR_8 GGAGGTGTGGAATCGGTTGG 

Ty1 PR_9 GGTACGTTTGTATGATTAGTCTCA 

Ty1 PR_10 GTCTCGTGATACCTTAATTTCAG 

Ty1 PR_11 TGCTGAATATCACCTCTTGC 

Ty1 PR_12 CAAATTGTCACTTGACTG 

Ty1 PR_13 TGCATTTCATGTACCTTCTC 

Ty1 PR_14 GCTTCCGTAGTTGAAGTACAT 

Ty1 PR_15 TCTATTCCAACATACCACCC 

Ty1 PR_16 CTCCTCAAGGATTTAGGAATCC 

Ty1 PR_17 CATTGTTGATAAAGGCTATA 

16S rRNA PR_559 CTTTACGCCCAGTAATT 
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Supplementary Figure Legends 

 

Figure S1. Exemplary preprocessed SHAPE data from capillary electrophoresis. For clarity, (+) reagent 

channels (blue) are offset from (-) control channels (green). Sequencing ladders are not shown. 

Figure S2. High-resolution secondary structures of lowSS regions identified for in vivo (Panel 1) and in 

vitro (Panel 2) Ty1 gRNAs. Structures are numbered and labelled with nucleotide identity and are 

colored by SHAPE reactivity (see scale). Pseudoknot (PK) is shown as blue lines. Positions of known 

functional RNA elements are indicated with colored boxes. 

Figure S3. MFE structure models of entire Ty1 RNA genome in the in vivo and in vitro states. 

Nucleotides are colored by SHAPE reactivity (see scale) and pseudoknot is shown as blue lines. 

Positions of known functional RNA elements are indicated with colored boxes. 

Figure S4. Comparison of Ty1 gRNA structure in four experimental states. Analysis was limited to the 

region with available in virio and ex virio SHAPE data. The ex virio structure of +1–1482 region and 

SHAPE reactivity data for in virio MFE structure prediction (this study) were taken from 33. (A) The 

median SHAPE reactivity profiles for +1–1482 of Ty1 gRNA smoothed with a 75-nt window (left). Box 

plot analysis of SHAPE reactivity distributions in +1–1482 region, with medians (right). Median ex virio 

reactivity was taken from 33, box plot is not shown since ex virio reactivity values were not provided. 

(B) Sensitivity and PPV parameters calculated for the MFE structure models of +1–1482 of Ty1 gRNA 

in vivo, in vitro, in virio and ex virio. Values are colored from low (red) to high (green). 
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Figure S1. 

NMIA in vivo, Ty1 PR_1 

 

NAI in vivo, Ty1 PR_1 

 

1M7 in vivo, Ty1 PR_1 

 

NMIA in vitro, Ty1 PR_1  
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Abstract 

Long terminal repeat (LTR)-retrotransposons are signiocant contributors to the evolution and diversity of eukaryotic genomes. Their RNA 

genomes (gRNA) serve as a template for protein synthesis and re v erse transcription to a DNA copy, which can integrate into the host genome. 
Here, we used the SHAPE-MaP strategy to explore Ty3 retrotransposon gRNA str uct ure in yeast and under cell-free conditions. Our study re v eals 
the str uct ural dynamics of Ty3 gRNA and the w ell-f olded core, f ormed independently of the cellular en vironment. B ased on the detailed map 
of Ty3 gRNA str uct ure, w e characteriz ed the str uct ural context of cis -acting sequences in v olv ed in re v erse transcription and frameshifting. We 
also identioed a no v el functional sequence as a potential initiator for Ty3 gRNA dimerization. Our data indicate that the dimer is maintained by 
direct interaction between short palindromic sequences at the 5 ′ ends of the two Ty3 gRNAs, resembling the model characteristic for other 
retroelements like HIV-1 and Ty1. This work points out a range of cell-dependent and -independent Ty3 gRNA str uct ural changes that provide a 
solid background for studies on RNA structure-function relationships important for retroelement biology. 

Gr aphical abstr act 

Introduction 

LTR-retrotransposons are endogenous reverse-transcribing 
single-stranded RNA viruses widely distributed in plants, 
fungi, and animals ( 1 ,2 ). Their RNA genome, akin to infec- 
tious RNA viruses, carries all essential instructions for repli- 
cation and interactions with host cell machinery. In addition to 
genome function, it also serves as mRNA for element-encoded 
proteins. LTR-retrotransposons use a 8copy-and-paste9 mech- 
anism to propagate and spread within the host genome. New 

insertions of their copies lead to host genome remodeling and 

instability but may also be beneocial by providing regulatory 
sequences ( 3 ,4 ). 

Among mobile genetic elements, the Ty3 / Gypsy retrotrans- 
posons ( Metaviridae family) are a prominent and evolution- 
arily important group, considered progenitors of retroviruses 
( 5 ). Recently, their potential involvement in the process of 
sex chromosome differentiation was suggested ( 6 ). Also, one 
of the neuronal proteins, Arc, crucial for memory processes 
and synaptic plasticity, was indicated to be derived from 

T y3 / Gypsy , and like T y3 Gag protein, can self-assemble into 
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virus-like particles (VLPs) that encapsulate Arc mRNA ( 7 ,8 ). 
The biology of the Ty3 / Gypsy class has been extensively stud- 
ied. The Ty3 retrotransposon is their sole representative in 
the Saccharomyces cerevisiae. This element is one of the most 
characterized and broadly utilized models to understand how 

LTR-retroelements mobilize, interact with the cell machinery, 
and shape the host genome. 

The S. cerevisiae Ty3 gRNA is over 5 kb in length and con- 
tains two overlapping open reading frames (ORFs), GAG and 
POL , encoding structural and catalytic proteins, nanked by 5 ′ 

and 3 ′ UTRs (193 and 214 nts, respectively) ( 5 ) (Figure 1 A). 
The orst step of Ty3 replication involves element transcrip- 
tion from the DNA copy integrated with the host genome. 
After export from the nucleus to the cytoplasm, Ty3 gRNA 

is utilized as mRNA for translation of Gag and Gag-Pol or is 
directed to cytoplasmic foci, termed retrosomes ( 9 ,10 ), where 
a full-length Ty3 gRNA and proteins assemble into VLPs. Fi- 
nally, mature VLPs contain Gag-derived structural proteins, 
enzymes encoded by POL , at least two copies of Ty3 gRNA 

in the dimeric form, and some cellular factors (e.g. tRNA i 
Met ) 

( 11–13 ). Ty3 capsid morphology and structure display strik- 
ing similarities to mature HIV-1 capsids ( 14 ). In mature VLPs, 
gRNA is reverse transcribed to cDNA using self-encoded re- 
verse transcriptase and cellular tRNA i 

Met as a primer. The o- 
nal step of the replication includes integrating Ty3 DNA copy 
into the transcription start site of genes transcribed by RNA 

polymerase III ( 15 ). 
Analogous to retroviruses, the 5 ′ and 3 ′ termini of Ty3 

gRNA are rich in regulatory sequences directly involved in 
replication. The minimal Ty3 element capable of retrotrans- 
position, when Ty3 proteins are provided in trans, encom- 
passes the entire 5 ′ UTR and part of both GAG ORF and 
3 ′ UTR (miniTy3: +1–426 nt and + 4980–5052 nt) ( 16 ). Ty3 
contains a bipartite primer binding site (PBS) with the 5 ′ and 
3 ′ portions located at opposite ends of the gRNA ( 17 ) (Fig- 
ure 1 A). This specioc tRNA i 

Met binding is proposed to medi- 
ate gRNA cyclization and dimerization. Replication of Ty3 re- 
quires direct interaction between retrotransposon gRNA and 
Gag3 ( 18 ). Moreover, it was shown in vitro that the nucleic 
acid chaperone activity of Gag3-derived nucleocapsid protein 
(NCp9) facilitates tRNA i 

Met annealing, cyclization and Ty3 
gRNA dimerization via tRNA i 

Met –tRNA i 
Met bridge ( 17 ,19 ). 

However, the in vivo studies do not support PBS role in dimer- 
ization and packaging of Ty3 gRNA ( 13 ,20 ). Cis -acting se- 
quences essential for Ty3 gRNA localization in retrosomes 
and packaging to VLPs are not precisely deoned, but both 
UTRs and POL are needed for the proper functioning of these 
processes ( 20 ,21 ). 

Recent studies have highlighted the importance of investi- 
gating the relationship between RNA structure and function 
to better understand RNA-mediated cellular processes and vi- 
ral RNA acting ( 22 ,23 ). Hence, the knowledge of the native 
structure of retrotransposon RNA genomes exposed to the 
cellular environment is necessary to understand comprehen- 
sively how genome architecture innuences the retrotransposi- 
tion process. However, there is still very little known about 
the folding of retrotransposon RNA genomes, and the only 
gRNA in vivo structure model is currently available for yeast 
Ty1 LTR-retrotransposon ( Pseudoviridae family) ( 24 ,25 ). Un- 
til now, the structure of the Ty3 RNA genome remains 
unknown. 

Here, we report the complete secondary structure model 
of the Ty3 retrotransposon RNA genome in living cells and 

under cell-free conditions. Using the SHAPE-MaP (Selective 
2 ′ -Hydroxyl Acylation analyzed by Primer Extension and 
Mutational Prooling) strategy, we characterized the state- 
specioc structural folding of the retrotransposon gRNA. In 
Ty3 gRNA, we have identioed a well-folded core that forms in- 
dependently from the cellular environment and encompasses 
almost 20% of the sequence. We show the structural con- 
text of the known Ty3 cis -acting primer binding site (PBS), 
polypurine tract (PPT), and frameshift (FS) sequence. We also 
point out stable gRNA motifs, which may possess a func- 
tional role during retrotransposition. Finally, we identify a 
novel functional sequence critical for Ty3 gRNA dimer for- 
mation in vitro —dimerization site (DS). We also characterize 
gRNA key structural features shared between representative 
retroelements. 

Materials and methods 

Yeast strain and growth conditions 

S. cerevisiae strain BY4741 ( MA T a his3 Δ1 leu2 Δ0 met15 Δ0 
ura3 Δ0 ) (Horizon Discovery) were transformed with 
pDLC201 (Addgene plasmid #113388; formerly pEGTy3-1, 
2 µ, URA3, galactose inducible Ty3-1) ( 11 ). Yeast transforma- 
tion was performed by the lithium acetate procedure ( 26 ,27 ). 
Esc heric hia coli strain DH5 α (F – ϕ 80 lac Z �M15 �( lac ZYA- 
arg F)U169 rec A1 end A1 hsd R17(r K 

–, m K 
+ ) pho A sup E44 

λ–thi -1 gyr A96 rel A1) (Invitrogen) was used for DNA cloning 
and plasmid preparation. E. coli cells were grown in LB 

broth + 0.1 mg / ml Ampicillin (or plates). For non-selective 
growth, yeast cells were grown on a YPDA medium (BioShop). 
Plasmid selection used a synthetic yeast growth medium with 
a drop-out mix (SC-Ura). The presence of plasmid in the 
transformed yeast strain was conormed by colony PCR. Used 
primer sequences are listed in Supplementary Table S1 . 

For SHAPE-MaP experiments, BY4741 containing 
pDLC201 plasmid was grown in SC-Ura 2% rafonose 
broth at 30 ◦C with constant shaking at 200 rpm. Saturated 
cultures were diluted to OD 600 nm of approximately 0.1 with 
SC-Ura 2% galactose broth to induce Ty3 expression from 

the GAL promoter. Cultures were grown to a onal OD 600 nm 

of 0.7–0.8 at 30 ◦C with constant shaking at 200 rpm. 

DNA, RNA and protein substrates 

The template for transcription of unmodioed yeast tRNA i 
Met 

was generated by PCR, and RNA was synthesized using 
MEGAshortscript T7 Transcription Kit (Invitrogen). RNA 

was purioed by denaturing gel electrophoresis (8 M urea) in 
1 × TBE buffer, eluted from the gel matrix, and concentrated 
by ethanol precipitation. The DNA templates for in vitro tran- 
scription of Ty3 5 ′ RNA (+1–429 nt), 3 ′ RNA (+4624–5052 
nt), and �PAL6 5 ′ RNA (+1–390 nt) were obtained by PCR 

ampliocation from plasmid pDLC201. All primers are listed 
in Supplementary Table S1 . Transcripts were synthesized us- 
ing MAXIscript T7 Transcription Kit (Invitrogen) according 
to the manufacturer9s protocols and purioed using a Monarch 
RNA Cleanup Kit (New England BioLabs). Transcripts in- 
tegrity was monitored by agarose gel electrophoresis under 
denaturing conditions. RNA 3 ′ -end labeling with nuorescent 
dye was carried out overnight at 4 ◦C in an 18 µL reaction 
containing 20U of T4 RNA Ligase (Thermo Fisher Scientioc 
Inc.), 1 × T4 RNA Ligase Buffer, 20 µM ATP, 20 µM pCp-Cy5 
or pCp-Cy3 (Jena Bioscience), and 30 pmol of RNA. Labeled 
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Figure 1. Ty3 DNA and gRNA organization, experimental strategy, and quality assessment of SHAPE-MaP data. ( A ) Organization of the Ty3 DNA and 

RNA genome. LTR – long terminal repeat, UTR - untranslated region, PBS - primer binding site, PPT - polypurine tract, FS – frameshift, CA - capsid 

domain, SP - short spacer, NC – nucleocapsid, PR – protease, J - junction domain, RT - reverse transcriptase, and IN - integrase. ( B ) Schematic 

presentation of the applied strategy. ( C ) Pearson correlation ( r ) plot of normalized SHAPE reactivities from two biological replicates for the in vivo and ex 

vivo SHAPE datasets, ( r 2 ) coefocient of determination. ( D ) Box plot analysis of mutation rates for modioed and untreated samples from Ty3 gRNA 

probing under in vivo and ex vivo conditions. The boxes represent the interquartile range; a line indicates the median. Signiocance was computed by the 

Wilco x on rank-sum test; **** P < 0.0001. The analysis for each nucleotide type separately is presented in Supplementary Figure S2 . 

RNA was purioed using a Monarch RNA Cleanup Kit (New 

England BioLabs). Purioed transcripts were stored at –20 ◦C. 
The Ty3 NCp9 protein (57 amino acids: 

TVR TRR SYNKPMSNHRNRRNNNPSREECIKNRLCFY- 
CKKEGHRLNECRARKASSNRS) was prepared by chemical 
synthesis and purioed by high-performance liquid chromatog- 
raphy (HPLC) (GenScript). NCp9 stocks were reconstituted 
at 0.8 mg / ml in a buffer containing 20 mM HEPES pH 6.5, 
30 mM NaCl, 5 mM dithiothreitol, 0.15 mM ZnCl 2 and 
10% glycerol. 

Ty3 RNA dimerization and tRNA i 
Met annealing 

assays 

Cy3-labeled Ty3 RNA (0.5 pmol) was refolded in buffer con- 
taining 40 mM Tris–HCl pH 8.0 and 130 mM KCl by heating 

at 95 ◦C for 3 minutes, slowly cooled to 60 ◦C, placed on ice for 
2 minutes, and then incubated at 37 ◦C for 30 min following 
the addition of MgCl 2 to 4 mM. For assays in the presence of 
tRNA i 

Met , Cy5-labeled tRNA was folded separately in equiv- 
alent conditions. Ty3 RNA was combined with tRNA i 

Met at 
a 1:1 molar ratio before adding NCp9. RNAs were incubated 
with increasing protein concentrations at 37 ◦C for 30 min. 
The reactions were stopped by incubation with a quenching 
solution (1% SDS, 5 mM EDTA) at room temperature for 
5 min. The samples were phenol / chloroform extracted, and 
15 µl of aqueous phase was mixed with 3 µl of 25% Ficoll 
400. RNA was resolved on a 1.3% agarose gel in 0.5 × TB 

at room temperature. The gels were quantioed by imaging us- 
ing Amersham Typhoon 5 Biomolecular Imager with Image- 
QuantTL v10.1 software (Cytiva). The obtained data were an- 
alyzed using GraphPad Prism 8 (GraphPad Software). In all 
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cases, at least four independent experiments were performed, 
and the data presented are representative of the whole. The 
reproducibility of the experiments was assessed by standard 
deviation. 

In vivo SHAPE modiocation 

A 150 ml culture of exponentially growing yeast cells was 
centrifuged, and the cell pellet was washed once with cold 
PBS and then resuspended in the desired amount of PBS. Each 
sample was divided into two equal amounts, and 1 M NAI 
in DMSO (Merck) was added at a onal concentration of 100 
mM. A corresponding amount of DMSO was added to a con- 
trol sample. The modiocation reactions were conducted at 
30 ◦C for 20 min, followed by quenching of NAI by adding 
DTT at a onal concentration of 500 mM. Cells were col- 
lected at 8000 × g (10 ◦C) for 5 min, followed by total RNA 

extraction. 
For both experimental states ( in vivo and ex vivo refolded 

states), different NAI concentrations and modiocation times 
were tested, and conditions yielding the efocient NAI-induced 
mutation rate were chosen for onal experiments. 

Extraction of total RNA 

RNA isolation was performed as previously described ( 24 ). 
Brieny, yeast pellets were resuspended in 1 ml of lysis buffer 
(10 mM Tris–HCl, pH 8.5, 5 mM EDTA, 2% SDS, 2% 2- 
mercaptoethanol) and incubated at 83 ◦C for 20 min with 
constant shaking at 450 rpm. The tubes were centrifuged at 
12 000 × g for 5 min. The supernatants were transferred to 
fresh tubes, and RNA was extracted twice with phenol (pH 

8.0), followed by two extractions with phenol : chloroform 

(pH 4.5). RNA was recovered by LiCl precipitation overnight 
at –20 ◦C. RNA pellets were washed twice in 70% ethanol 
and resuspended in 30 µl of water. After in vivo SHAPE 

modiocation, samples were treated with DNase I (Ambion) 
and purioed on an afonity column (RNeasy Mini Kit; QIA- 
GEN). The integrity of the total RNA was evaluated using 
Qubit™ RNA IQ Assay (Invitrogen), and RNA IQ numbers 
were > 8.5 for all samples. Purioed RNA samples were stored 
at –20 ◦C. 

Ex vivo RNA folding and SHAPE modiocation 

For RNA folding, ∼40 µg of total RNA in a volume of 120 
µl was denatured at 95 ◦C for 2 min, then transferred imme- 
diately to ice and incubated for 2 min. Then, 60 µl of 3.3 
x RNA folding buffer (333 mM HEPES, pH 8.0; 333 mM 

NaCl; 20 mM MgCl 2 ) was added. RNA was then incubated 
for 20 min at 30 ◦C to allow secondary structure formation. 
For ex vivo SHAPE modiocation, each sample of refolded 
RNA was divided into two equal amounts, and 1 M NAI 
in DMSO was added at a onal concentration of 100 mM. 
A corresponding amount of DMSO was added to a control 
sample. The modiocation reactions were carried at 30 ◦C for 
15 min, followed by quenching with DTT. RNA was recov- 
ered by ethanol precipitation overnight at -20 ◦C. RNA pel- 
lets were washed twice in 70% ethanol and resuspended in 
30 µl of water. Samples were then treated with DNase I (Am- 
bion) and purioed on an afonity column (RNeasy Mini Kit; 
QIAGEN). 

In vitro SHAPE modiocation 

Ty3 RNA (3 pmol) in the presence or absence of tRNA i 
Met (3 

pmol) was folded as described for dimerization / annealing as- 
says. Subsequently, 600 pmol of NCp9 or an equal volume of 
protein buffer were added to the RNA mixture. The reaction 
was incubated at 37 ◦C for 30 min and stopped by incubation 
with a quenching solution at room temperature for 5 min, fol- 
lowed by phenol / chloroform extraction. Each reaction was 
divided into two tubes and treated with NAI in DMSO at a 
onal concentration of 100 mM or DMSO alone. The modio- 
cation reactions were carried out for 15 min at 24 ◦C, due to 
Ty3 5 ′ RNA dimer instability at 30 ◦C after protein removal 
( Supplementary Figure S4 ). The same modiocation conditions 
were used for Ty3 3 ′ RNA. SHAPE modiocation was followed 
by quenching with DTT. To verify the efociency of the reac- 
tion, one-third of the RNA was resolved on a 1.3% agarose 
gel in 0.5 × TB. The rest of the RNA was recovered by ethanol 
precipitation overnight at –20 ◦C. RNA pellets were washed 
twice in 70% ethanol and resuspended in 30 µl of water. De- 
tection of 2 ′ - O -adducts and data processing were performed 
as described below. The contribution of RNA dimer to the en- 
semble SHAPE reactivity proole was calculated as previously 
described ( 28 ,29 ). Brieny, the SHAPE reactivity value of each 
nucleotide obtained for the mixture of RNA monomer and 
dimer is a sum of reactivity values of both states, weighted 
according to the fractional contribution of each to the total 
RNA population. 

Amplicon SHAPE-MaP 

To apply the SHAPE-MaP strategy to the Ty3 gRNA under in 
vivo and ex vivo states, eight pairs of primers for overlapping 
amplicons, tiling the entire genome length, were designed. For 
in vitro experiments, two additional shortened amplicons for 
5 ′ and 3 ′ ends were also designed. Amplicon-specioc reverse 
transcription was performed as described previously ( 30 ). In 
brief, 1 ug of total RNA or 1 pmol of in vitro transcribed 
RNA was mixed with 1 µl of the corresponding 2 µM re- 
verse primer. Primers were annealed at 65 ◦C for 5 min and 
then cooled to 4 ◦C, followed by the addition of 8 µl of 2.5 ×
MaP buffer (125 mM Tris, pH 8.0; 187.5 mM KCl; 15 mM 

MnCl 2 ; 25 mM DTT and 1.25 mM dNTPs) and incubation 
at 42 ◦C for 2 min. After the addition of 1 µl of SuperScript 
II reverse transcriptase (Invitrogen), the reaction in 20 µl of 
total was incubated at 42 ◦C for 3 h, and then RT was heat- 
inactivated at 70 ◦C for 15 min. The generated cDNA was pu- 
rioed using ZR DNA Sequencing Clean-Up Kit (Zymo Re- 
search). 2 µl 2 M NaOH was added to each reaction and in- 
cubated at 95 ◦C for 5 min to degrade the RNA, followed by 
cooling on ice and the addition of 2 µl 2 M HCl to neutral- 
ize the reaction. cDNA was again purioed using the ZR DNA 

Sequencing Clean-Up Kit. dsDNA amplicons, tilling the Ty3 
genome, were generated using NEBNext Ultra II Q5 Master 
Mix (New England BioLabs), amplicon-specioc forward and 
reverse primers, and 1 / 10 of purioed cDNA. PCR products 
were visualized on 1.2% agarose gel to conorm the production 
of correct-sized amplicons, and the desired amplicon prod- 
ucts were extracted using Monarch DNA Gel Extraction Kit 
(New England BioLabs). Accurate concentration of dsDNA 

amplicons was measured by Qubit dsDNA High Sensitivity 
assay (Thermo Fisher Scientioc Inc.). All primers are listed in 
Supplementary Table S1 . 
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Illumina sequencing 

The dsDNA amplicons were equimolarly pooled to yield the 
onal odd and even sets. Obtained pools were fragmented 
and proceeded toward downstream library preparation by 
Genomed (Poland) or Novogene (UK). Sequencing was per- 
formed on Illumina MiSeq and NovaSeq instruments, out- 
putting 2 × 300 or 2 × 250 paired-end data sets. 

MaP analysis 

Read quality assessment was performed using the FastQC 

( https:// www.bioinformatics.babraham.ac.uk/ projects/ 
fastqc/). All SHAPE-MaP data were analyzed using the 
ShapeMapper 2 pipeline ( 42 ) and aligned to the sequence of 
the Ty3 RNA genome (YGRWTy3-1, SGD database). Due to 
repeated sequence (R) at both ends of the Ty3 genome, odd 
and even libraries were analyzed separately. The read-depth 
threshold setting of 5000 × was used as a quality control 
benchmark. All libraries passed the three quality-control 
checks of ShapeMapper 2. 

RNA structure modeling 

To Ty3 RNA genome MFE structure prediction, pairing prob- 
abilities calculation and lowSS regions identiocation, the Su- 
perFold software ( 30 ) using functions implemented in RNAs- 
tructure ( 31 ) was applied. Obtained SHAPE reactivities for 
replicates were averaged and used as pseudo-energy con- 
straints. A default value of maximum pairing distance of 600 
nt was imposed to force the prediction of local base pairs. 
Slope and intercept folding parameters were set to 1.8 and 
–0.6 kcal mol –1 , respectively. RNA structures were visualized 
with StructureEditor, a tool in the RNAstructure package, and 
VARNA ( 31 ,32 ). 

To de novo identify pseudoknots in the in vivo and ex 
vivo Ty3 genome, the ShapeKnots software with experimental 
SHAPE constraints was used ( 33 ). Folding was performed in 
a 600-nt sliding window with 100-nt increments, which min- 
imized biases resulting from sequence shortening and enabled 
the prediction of multiple pseudoknots in one RNA molecule. 
Two additional folds in different window sizes (800-nt and 
1000-nt) were computed at the 5 ′ and 3 ′ ends to increase the 
sampling of terminal regions. To in silico prediction of poten- 
tial RNA G-quadruplexes, QGRS Mapper was applied ( 34 ). 

Sensitivity and positive predictive value (PPV) 

The sensitivity and PPV for the obtained MFE models were 
calculated using the Scorer function (implemented in RNAs- 
tructure). Sensitivity deones the percentage of base pairs in the 
reference MFE structure that are also present in the compared 
MFE structure, and the PPV describes the percentage of base 
pairs in the MFE structure that are present in the reference 
model. If the region contained only part of the predicted he- 
lix, calculations were performed with the manual addition of 
nucleotides from the disrupted helix. 

Gini index 

The Gini index was calculated using the R package (R Core 
Team, 2021). Based on the assessment of SHAPE reactivity 
proole inequality, this metric deones the level of RNA struc- 
ture. A relatively even distribution of SHAPE modiocations 
is renected by a Gini index close to zero, and occurs when 
RNA is unfolded or RNA structure is highly heterogeneous. 

A Gini index close to one occurs when a subset of residues is 
strongly protected from SHAPE, and indicates a highly stable 
RNA structure. 

Local MFE and HP bps content 

Local bps content was computed by calculating the percentage 
of nucleotides engaged in MFE or HP base pairs within a 75- 
nt sliding window across the Ty3 genome (in steps of 1 nt). 
Local bps content values were plotted in a heatmap using the 
R package (R Core Team, 2021). 

Statistical analysis 

Statistical analysis of SHAPE-MaP data, including Pearson9s 
correlation, Student9s t -test, and Wilcoxon rank sum test, was 
computed using statistical functions in Microsoft Excel and 
the R package (R Core Team, 2021). The �SHAPE framework 
was applied to detect statistically signiocant RNA structural 
differences between states ( 35 ). Data visualization was per- 
formed using the OriginLab and R package. 

Results 

In vivo and ex vivo mapping of the Ty3 gRNA 

secondary structure 

To explore the secondary structure of the Ty3 retrotrans- 
poson gRNA, we utilized a high-throughput SHAPE-MaP 
strategy ( 36 ) (Figure 1 B). In general, SHAPE uses small elec- 
trophilic reagents to measure the conformation of each nu- 
cleotide by forming covalent adducts at the nexible RNA ri- 
bose 2 ′ -OH group ( 37 ). Thus, high SHAPE reactivities (a high 
level of SHAPE modiocation) indicate nexible or unpaired 
nucleotides, while low SHAPE reactivities point out struc- 
turally constrained or base-paired nucleotides. To probe RNA 

molecules, we used NAI (2-methylnicotinic acid imidazolide), 
the SHAPE reagent known to effectively penetrate the cell wall 
and membranes ( 38 ). In the applied strategy, modiocations are 
read out by mutational prooling (MaP). Under appropriate 
experimental conditions, the modioed nucleotides induce the 
mutations in the cDNA sequence during reverse transcription 
rather than a stop. Combining this experimental approach 
with NGS allows the readout of multiple modiocations from a 
single sequencing read, making the method very sensitive and 
accurate in determining the structure of RNA and enabling 
the study of the secondary structure, even of rare or less sta- 
ble RNAs ( 30 ). 

The reference S. cerevisiae strain BY4741 genome contains 
only two full-length Ty3 elements, one of which, YGRWTy3- 
1, is transpositionally active ( 5 ,11 ). However, multiple incom- 
plete Ty3 sequences, including solo LTRs, are also present. In 
nature, transcription and replication of the Ty3 are induced 
by pheromone stimulation in mating yeast, but retrotranspo- 
sition is a relatively rare event ( 39 ). To obtain structural data 
for an active and more homogenous pool of Ty3, we used the 
yeast strain BY4741 with Ty3-1 expressed from the galactose- 
inducible promoter on a high-copy plasmid (Figure 1 B). This 
system enables synchronous Ty3 expression and retrotranspo- 
sition regardless of the cell cycle ( 11 ). Ty3 gRNA participates 
in all replication steps, and its major pool is present in the cy- 
toplasm or retrosomes, while about 25% is packaged to VLPs 
( 40 ,41 ). To determine the impact of cell environment on Ty3 
gRNA architecture, we performed RNA structure mapping in 
living cells ( in vivo state) or after extraction and refolding of 
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Figure 2. SHAPE-based comparison between in vivo and ex vivo str uct ure of the Ty3 gRNA. ( A ) > Pearson correlation ( r ) plot of normalized SHAPE 

reactivities between in vivo and ex vivo datasets. ( B ) Box plot analysis of SHAPE reactivity distributions with medians. ( C ) Violin plot analysis of Gini 

index distributions calculated in a 51-nt sliding window with medians. Signiocance was computed by the Wilcoxon rank-sum test; **** P < 0.0 0 01; 

** P < 0.01. ( D ) Prooles of the median SHAPE (upper plot), �SHAPE ( in vivo – ex vivo , upper middle plot), Pearson correlation (lower middle plot), and 

Gini inde x es distributions (lo w er plot), smoothed with a 51-nt sliding windo w. A more det ailed present ation of �SHAPE analy sis w as presented in 

Supplementary Figure S3 . The cis -acting sequences are indicated. The dimerization site (DS) was identioed in this work. Localization of miniTy3 

sequences was marked as dark green boxes. The nucleotide numbering in the text and all ogures refers to the Ty3 gRNA sequence. 

total yeast RNA (refolded ex vivo state). Ty3 gRNA isolated 
from cells is devoid of all protein factors that can impact RNA 

folding but bears the same post-transcriptional RNA modio- 
cations as probed under in vivo conditions. 

To analyze the complete retrotransposon gRNA, which 
spans 5052 nucleotide residues, we created eight overlapping 
amplicons, each covering approximately 730 nucleotides of 
the Ty3 gRNA sequence. During the optimization step, var- 
ious NAI concentrations and SHAPE reaction times were 
tested ( Supplementary Figure S1 ). We produced several bi- 
ological and technical replicates, resulting in highly repro- 
ducible data. Finally, two independent biological replicates of 
SHAPE-MaP experiments in yeast and under ex vivo con- 
ditions were conducted using NAI at a onal concentration 
of 100 mM for 20 and 15 min, respectively. All data were 
analyzed using the ShapeMapper2 pipeline ( 42 ). The result- 
ing mutation prooles indicated a strong correlation between 
the replicates ( in vivo replicates r = 0.98; ex vivo replicates 

r = 0.98; Figure 1 C). Importantly, we observed signiocantly 
elevated mutation rates in NAI-treated samples, compared to 
untreated samples, proving a high efociency of SHAPE modi- 
ocation in both experimental states ( P < 0.0001; Figures 1 D 

and Supplementary Figure S2 ). Finally, the SHAPE-MaP data 
with a median effective depth > 50 000 reads per site in each 
replicate provided effective reactivity information for 99.1% 

of nucleotides in the Ty3 gRNA. That guaranteed the correct- 
ness of our strategy, and we used these datasets for further 
analyses in this work. 

Model-free analysis of the structural propensity in 

the Ty3 RNA genome 

First, we conducted the model-free analysis of the SHAPE- 
MaP data obtained for Ty3 gRNA. The in vivo and ex vivo 
SHAPE reactivity datasets exhibited a very strong global cor- 
relation ( r = 0.94, Figure 2 A). Concurrently, the global me- 
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dian SHAPE reactivity was higher in the cell (Figure 2 B), sug- 
gesting a slightly more unfolded RNA structure. As single- 
value results may not accurately renect local characteristics 
of long RNA, we used a sliding window algorithm to capture 
unique structural features of Ty3 gRNA states. Based on the 
analysis of median SHAPE and �SHAPE ( in vivo – ex vivo ) 
reactivity prooles, we identioed statistically important differ- 
ences in many gRNA regions (Figure 2 D and Supplementary 
Figure S3 ) ( 35 ). These differences were evident independently 
of the applied window size ( Supplementary Figure S3 ). Also, 
the correlation proole dropped below the global value in many 
regions, indicating sites of decreased structural similarity (Fig- 
ure 2 D). Furthermore, the distribution of Gini indexes—a 
metric used to measure inequality - had higher ex vivo val- 
ues than the in vivo state (median Gini - in vivo : 0.56; ex vivo : 
0.59; Figure 2 C and D). This additionally implied a lower level 
of the Ty3 gRNA structural organization in vivo . Together, 
model-free analyses have revealed both environment-specioc 
features and regions of exceptionally high similarity within 
Ty3 gRNA. 

SHAPE-directed structure prediction revealed a 

well-folded core of Ty3 gRNA 

Next, using obtained SHAPE-MaP data as constraints, we 
modeled the secondary structure of the Ty3 retrotranspo- 
son gRNA with the SuperFold pipeline (Figure 3 ) ( 30 ). The 
consensus minimum-free energy (MFE) secondary structure 
model of Ty3 gRNA predicted with in vivo data contained 
slightly fewer base-paired nucleotides, lower GC bp content, 
and accordingly, exhibited a weaker folding strength, than the 
ex vivo model (Table 1 and Figure 3 A, B, and D). The positive 
predictive value (PPV) and the sensitivity—metrics of RNA 

structure similarity—were 68.6% and 59.6%, respectively 
(Figure 3 A and B, black arcs). Consequently, the predicted 
MFE structure models differed more than the global SHAPE 

reactivity correlation suggested. These comparisons indicate 
that minor and local SHAPE reactivity changes, which did not 
impact correlation value, can signiocantly affect RNA struc- 
ture prediction. 

To account for the structural dynamics of the Ty3 gRNA 

in both states, we conducted a thorough analysis of the prob- 
ability of forming each base pair. This approach allowed us 
to characterize the structural heterogeneity across the RNA 

molecule and differentiate between RNA regions with non- 
mutually exclusive base pairs that fold into one stable con- 
formation versus highly dynamic regions. Our calculations re- 
vealed that in both states, a comparable number of nucleotides 
( ∼24%) were involved in highly probable base pairs (HP bps, 
deoned as having over 80% probability) (Figure 3 A, B and 
D). Over 76% of the predicted HP bps were common for 
the in vivo and ex vivo Ty3 gRNA states. These results show 

that there is a signiocant group of HP bps that are formed 
regardless of the RNA folding environment. Consistent with 
the model-free analysis, in the predicted MFE structure, the 5 ′ 

region of Ty3 gRNA is much more stabilized in vivo than ex 
vivo (higher content of HP bps, low level of alternative pair- 
ings) (Figure 3 A). 

To search for more stable and structured regions, we identi- 
oed RNA positions with both low SHAPE reactivity and low 

Shannon entropy (lowSS regions) ( 30 ). For Ty3 gRNA, we 
identioed 14 and 12 well-folded regions under in vivo and ex 
vivo states, respectively (Figure 3 A and B, light orange and vi- 

olet shadings). The 1st and 2nd lowSS regions were contained 
within the miniTy3 sequence ( 16 ). We found that most of the 
functional cis -acting sequences of Ty3, including the 5 ′ PBS 
( 17 ), FS ( 43 ) and DS (this work) were localized within lowSS 
regions identioed in vivo . Furthermore, we dissected 9 lowSS 
regions that overlapped between states. Among them, seven 
shared the same secondary structure motifs enriched in the 
HP bps (Figure 3 C). Therefore, we propose that these lowSS 
regions form a state-independent well-folded gRNA core. The 
core covered about 19.4% of the Ty3 gRNA sequence and in- 
cluded the most common HP base pairs (Figure 3 D). Much 
of the core sequence accumulated within or in the vicinity of 
the region coding reverse transcriptase, which is known to be 
the most conserved domain among retroelements ( 44 ). Even 
outside of the identioed well-folded core, the RT-coding re- 
gion exhibits a very high level of structural similarity across 
the states (PPV – 90.5%, sensitivity – 82.8%). 

In vitro analysis of RNA–RNA interactions essential 
for Ty3 replication 

Efocient retroelement replication relies on intermolecular 
RNA–RNA interactions, such as forming a gRNA dimer or 
a gRNA-tRNA complex. To better comprehend these pro- 
cesses for Ty3, we utilized a simplioed in vitro system anal- 
ogous to the one employed for characterizing these interac- 
tions in Ty1 ( 28 ,45 ). We prepared two short transcripts cov- 
ering the 5 ′ or 3 ′ part of the mini Ty3 element—5 ′ RNA: +1–
429 nt and 3 ′ RNA: +4624–5052 nt. We then incubated nu- 
orescently labeled transcripts and tRNA i 

Met (Cy3 and Cy5, 
respectively) with increasing amounts of NCp9 protein, and 
RNA complex formation was assayed by gel electrophoresis 
(Figure 4 A). Consistent with prior study ( 17 ), we observed ef- 
ocient tRNA i 

Met annealing to the 3 ′ RNA ( ∼80% of bound 
tRNA) and to a signiocantly lesser extent to 5 ′ RNA ( ∼3% of 
bound tRNA) (Figure 4 B, Supplementary Figure S5 ). It may be 
caused by the shorter sequence complementary to tRNA i 

Met 

than in the 3 ′ RNA (8 versus 24 nt) and its lower GC con- 
tent (Table 1 ). It results in a stronger folding energy of 3 ′ 

PBS-tRNA i 
Met (summed parts 1 and 2) than 5 ′ PBS-tRNA i 

Met . 
Moreover, the folding energy of 3 ′ PBS-tRNA i 

Met is compara- 
ble to tRNA i 

Met . We also detected specioc tRNA i 
Met dimers 

formed via the interaction of palindromic sequences at their 
5 ′ ends. The tRNA i 

Met dimer co-linked to the 5 ′ and 3 ′ PBS se- 
quences in two gRNA strands is thought to maintain the Ty3 
gRNA dimeric state ( 17 ). Indeed, our in vitro assays showed 
the 3 ′ RNA dimers and the higher order multimers formed 
only when tRNA i 

Met was present in the mixture (Figure 4 B). 
Interestingly, in contrast to others, we found a more signio- 
cant conversion toward the dimeric state for the 5 ′ RNA (up 
to 40%), independent of tRNA i 

Met addition. This observation 
suggested that the Ty3 gRNA can dimerize via direct base- 
pairing of sequences located within its 5 ′ end, similar to Ty1 
and retroviruses ( 28 ,46 ). 

The SHAPE-MaP data for 5 ′ and 3 ′ transcripts in vitro 
showed a strong correlation with those obtained for the cor- 
responding regions in the Ty3 gRNA in vivo ( Supplementary 
Figure S6 ). The correlations suggested their similar folding 
to the full-length gRNA, with only a few differences result- 
ing from the sequence shortening. Further comparative anal- 
ysis of SHAPE-MaP reactivity prooles for 3 ′ RNA mapped 
in the absence or presence of tRNA i 

Met revealed local changes 
strictly in the 3 ′ PBS region, proving the exact site of tRNA i 

Met 
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Figure 3. SHAPE – based prediction of the Ty3 gRNA str uct ure and w ell-f olded core. ( A ) > Str uct ure map of the Ty3 gRNA in vivo depicting: arc plots of 

predicted MFE str uct ure and base-pairing probabilities (see scale); median SHAPE reactivity proole with respect to the global median reactivity and 

Shannon entropy proole (both in 51-nt sliding window). Shadings mark lowSS regions. ( B ) shows the analogous analysis performed for ex vivo Ty3 gRNA. 

( C ) Well-folded core identiocation. Black arcs represent the MFE str uct ure of the core regions. Detailed secondary str uct ure models are presented 

below. Nucleotides are colored by SHAPE reactivity (see scale), HP bps are marked in green. ( D ) Percentages of paired nucleotides in the predicted MFE 

str uct ures, including HP bps and w ell-f olded core. 
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Table 1. �G energy and base pair content calculations for predicted RNA 

MFE models and RNA–RNA interactions 

�G energy 
(kcal / mol) Total bp GC bp 

RNA 

Ty3 gRNA in vivo –769 .2 1095 481 
Ty3 gRNA ex vivo –844 .3 1260 546 
tRNA i 

Met –33 .9 21 18 
RN A–RN A inter actions 
Ty3 5 ′ PBS-tRNA i 

Met –12 .2 8 5 
Ty3 3 ′ PBS-tRNA i 

Met (part 1) –14 .8 12 6 
Ty3 3 ′ PBS-tRNA i 

Met (part 2) –20 .5 11 8 

binding (Figure 4 C). The highest SHAPE reactivity changes 
were observed for the second part of 3 ′ PBS, which agrees 
with its higher GC bp content and stronger folding energy 
(Table 1 ). However, we could not characterize the structural 
properties of the 5 ′ RNA bound by tRNA i 

Met due to the 
low efocacy of this complex formation in vitro. In a tRNA- 
free state, 5 ′ PBS was unreactive, most probably due to en- 
gagement in intramolecular base-pairing with nt + 172–191 
( Supplementary Figure S7 ). Similar to 5 ′ PBS, this sequence 
was also protected toward the SHAPE reagent independently 
of tRNA i 

Met presence or absence in the mixture. 

Identiocation of a candidate Ty3 gRNA dimerization 

site 

To identify the dimerization site, we initially searched for the 
palindromic sequences in the 5 ′ end of Ty3 gRNA. This was 
based on the assumption that Ty3 could follow a retrovi- 
ral dimerization paradigm, where two gRNA strands inter- 
act via short palindromic sequences from their 5 ′ ends ( 46 ). 
We identioed six palindromic sequences, three in 5 ′ UTR and 
three in GAG ORF (Figure 5 A). To determine palindromes 
that may be functional, we performed a structural analysis 
of the NCp9-induced Ty3 5 ′ RNA monomer and dimer us- 
ing SHAPE-MaP. Since the maximal efociency of dimerization 
was ∼40%, we applied a mathematical data deconvolution 
that allows one to determine the secondary structures of indi- 
vidual RNAs in a mixture of the conformers ( 28 ,29 ). We de- 
tected a very strong correlation between the SHAPE reactivity 
datasets obtained for monomer and dimer in vitro (r = 0.98). 
However, the in-depth analysis of SHAPE prooles revealed sta- 
tistically signiocant reactivity decreases for the palindrome 6 
in the dimeric state (Figures 5 A and Supplementary Figure S8 ). 
Concurrently, we did not ond statistically relevant reactivity 
drops in other palindromic sequences that could support their 
involvement in the Ty3 5 ′ RNA dimerization. 

These observations prompted us to further verify the in- 
volvement of selected palindromes in Ty3 gRNA dimerization. 
We found that deletion of the palindrome 6 (PAL6) results 
in complete inhibition of dimerization in vitro , even though 
the �PAL6 5 ′ RNA still contained the other ove palindromes 
(Figure 5 B). SHAPE-MaP analysis revealed that the 5 ′ RNA 

shortening has no signiocant impact on its folding ( r = 0.98, 
Figure 5 C), indicating that dimerization inhibition is not due 
to the overall 5 ′ RNA structure rearrangement. The PAL6 
( 391 CUGCAG 396 ) is located within the Ty3 gRNA lowSS re- 
gion, further supporting its potential functional importance 
(Figure 3 A, B). Taken together, the GC-rich PAL6 is required 
to form the Ty3 5 ′ RNA dimer , and we propose that it might 
serve as the primary dimerization site (DS) in vitro . 

Structural analysis of Ty3 gRNA cis -acting elements 
in vivo 

As a result of the parallel occurrence of Ty3 at different stages 
of the replication in yeast, the in vivo SHAPE data represented 
the average score from the nucleus, cytoplasm, retrosomes, 
and VLPs. Moreover, it is unclear how much of the in vivo Ty3 
gRNA pool is in dimerized or tRNA i 

Met -bound form. In total 
yeast RNA probed ex vivo , tRNA i 

Met is still present and can 
bind to Ty3 3 ′ RNA spontaneously even without the support 
of proteins (Figure 4 B). In Ty3 gRNA, the 5 ′ PBS exhibited 
a low level of SHAPE reactivity in vivo and ex vivo, resem- 
bling the SHAPE pattern obtained for in vitro probed Ty3 5 ′ 

RNA (Figures 6 A and Supplementary Figure S7 ). However, 
it was challenging to dissect whether the 5 ′ PBS is occupied 
by tRNA i 

Met or intramolecularly constrained in Ty3 gRNA. 
SHAPE–based structure predictions suggested highly proba- 
ble base-pairing of PBS with nt + 641–647 (Figure 6 B, C). In- 
deed, nt + 641–647 were mainly unreactive in vivo and ex vivo 
(Figure 6 A). This interaction cannot occur in the 5 ′ RNA (+1–
429), where an alternative 5 ′ PBS base-pairing with nt + 172–
191 is created ( Supplementary Figure S6 ). Nevertheless, these 
data showed that apart from tRNA i 

Met binding, the 5 ′ PBS has 
a high tendency for intramolecular base-pairing. In contrast, 
the 3 ′ PBS segments of Ty3 gRNA were mainly reactive in vivo 
and ex vivo (Figure 6 A). It suggests their weaker propensity to 
internal base-pairing but does not exclude tRNA i 

Met binding 
to the 3 ′ end of gRNA. It is highly probable that the unbound 
Ty3 gRNA fraction dominates over that with tRNA i 

Met an- 
nealed and camounages the effect of intermolecular tRNA i 

Met - 
Ty3 gRNA interaction in SHAPE reactivity prooles. We found 
evidence to support our hypothesis through in vitro experi- 
ments on Ty3 3 ′ RNA (Figure 4 C). As a result of very efo- 
cient tRNA i 

Met binding, we observed a strong SHAPE reac- 
tivity drop in the 3 ′ PBS but not complete protection. This is 
because some unbound Ty3 3 ′ RNA was still present in the 
mixture. 

In contrast to the tRNA i 
Met -Ty3 gRNA complex, the recon- 

stitution of the Ty3 gRNA dimers in the protein-free ex vivo 
conditions is highly unlikely. These dimers are heat-sensitive 
( 13 ) and thus disrupted during the applied RNA isolation 
procedure. Moreover, Ty3 protein is needed for efocient Ty3 
RNA dimerization (Figure 4 B). For Ty3 gRNA in vivo , we de- 
tected statistically signiocant drops in SHAPE reactivity for 
the newly identioed DS / PAL6 sequence, compared to the ex 
vivo state (Figures 6 A and Supplementary Figure S9 ). This ef- 
fect was not observed for other palindromic sequences. This 
result additionally supports DS involvement in Ty3 gRNA 

dimerization. The DS is located in vivo in the apical part of 
the highly probable short hairpin (Figure 6 B, C), which sug- 
gests that the kissing-loop dimer is orst formed, similar to the 
dimerization model proposed for retroviruses ( 46 ,47 ). 

Like in other retroelements, Ty3 POL ORF undergoes 
translation as a result of +1 frameshifting (FS). The Ty3 FS 
event is mediated by a 7-nt sequence ( 1046 GCGAGUU 1052 ) and 
stimulated by the low availability of the tRNA specioc for the 
hungry serine codon (AGU) ( 43 ). Additionally, a 12-nt stimu- 
latory 8context9 sequence nearby prolongs translational pause 
and increases the frameshifting about 7.5-fold ( 48 ). The exact 
mechanism underlying the stimulation in Ty3 frameshifting 
remains unknown, but it was postulated that the primary se- 
quence of the 8context9, not its secondary structure, stimulates 
frameshifting. We found the 8context9 sequence highly reac- 
tive and mainly unpaired in both gRNA states. Inversely, the 
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Figure 4. Analysis of NCp9-induced RNA–RNA interactions. ( A ) > Schematic presentation of the applied strategy. ( B ) NCp9-mediated Ty3 5 ′ –5 ′ and 3 ′ –3 ′ 

RNA dimerization and tRNA i 
Met annealing assa y s. T he graphs represent the percentage of bound tRNA i 

Met (left) and dimeriz ed Ty3 RNA (right) with 

increasing concentrations of NCp9. R epresentativ e agarose gels for experiments with the addition or without tRNA i 
Met are presented below. Ty3 RNAs 

were labeled with Cy3, tRNA i 
Met with Cy5. Lanes C represent protein-free control reactions. Cy3 scan of gels are shown in Supplementary Figure S5 . 

( C ) The step plot (top) and difference plot (bottom) of NAI reactivities for Ty3 3 ′ RNA in the presence and absence of tRNA i 
Met . Cis -acting sequences are 

marked with colored boxes. Nucleotide positions with statistically signiocant differential reactivity were marked by asterisks (SHAPE reactivity drop in 

tRNA i 
Met presence > 0.15 and a P -value < 0.05, using the Student’s t -test). The MFE model for the Ty3 3 ′ RNA in vitro with the tRNA i 

Met annealed is 

presented on the right. HP bps are marked in green. 
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Figure 5. Identiocation of cis -acting sequence important for Ty3 5 ′ RNA dimerization. ( A ) > The step plot (top) and difference plot (bottom) of NAI 

reactivities for the Ty3 5 ′ RNA in vitro in the monomeric and NCp9-induced dimeric state. PBS and palindromic sequences ( 18 A UUAA U 23 , 99 CUCGAG 104 , 

174 U AGCU A 179 , 345 ACAUGU 350 , 355 GAUAUC 360 , 391 CUGCAG 396 ) are marked with colored boxes. Nucleotide positions with statistically signiocant 

differential reactivity were marked by asterisks (SHAPE reactivity drop in dimer > 0.15 and a P -value < 0.05, using the Student’s t -test). ( B ) 

Protein-mediated dimerization assay for WT and �PAL6 5 ′ RNAs; concentrations of NCp9: 5 and 10 µM. Lanes C represent protein-free control 

reactions. ( C ) Pearson correlation ( r ) plot of normalized SHAPE reactivities between WT and �PAL6 5 ′ RNAs in vitro datasets. 

FS sequence remained unreactive toward SHAPE reagent both 
in vivo and ex vivo and is localized in the stem of the highly 
probable hairpin (Figure 6 A–C). 

We also found that the polypurine tract (PPT, 

4776 GA GA GA GA GGAA GA 4789 ), which serves as a primer 
for Ty3 plus-strand synthesis, is located in a base-paired 
region in both gRNA states (Figure 6 A–C). However, these 
pairings were predicted with lower probability, and boundary 
nucleotides exhibited high or moderate SHAPE modiocation 
levels. Studies indicate that the 5 ′ and 3 ′ ends of PPT con- 
tribute to RNase H recognition and are more sensitive to 
substitutions than internal positions, which may suggest the 
need for their higher accessibility ( 49 ,50 ). 

Ty3 gRNA possesses potential pseudoknots and 

G-quadruplex motifs 

Many RNA viruses utilize pseudoknot structures to control 
replication, translation, and the switching between these pro- 
cesses ( 51–53 ). Ty1 and HIV-1 gRNA contain experimentally 
validated pseudoknots, which are functionally important, as 
their disruption results in an inhibition of replication ( 45 ,54–
56 ). Also, RNA G-quadruplexes regulate the life cycle of mul- 
tiple viruses, including HIV-1 and S AR S-CoV-2, by modu- 
lating the efociency of reverse transcription or translation 
( 57 ,58 ). De novo prediction and experimental validation of G- 
quadruplexes and pseudoknots, especially in vivo , is challeng- 
ing. MFE structure algorithms are not able to identify such 
RNA motifs. Therefore, to identify de novo potential RNA 

pseudoknots in Ty3 gRNA, we used the SHAPE-MaP data as 
constraints for the dedicated ShapeKnots software ( 33 ). This 
analysis revealed two potential pseudoknots in vivo – in the 
GAG ORF ( GAG PK) and the POL ORF ( POL PK) in the prox- 
imity of the FS (Figure 7 ). In contrast to POL PK, the GAG PK was 
also predicted to be formed ex vivo . The ShapeKnots results 
were sustained by SHAPE-MaP data since nucleotides en- 
gaged in both pseudoknots were mainly unreactive in SHAPE- 
MaP experiments. In addition, we performed in silico predic- 
tions of potential RNA G-quadruplexes using QGRS Mapper 

( 34 ). We found only one potential G-quadruplex in Ty3 gRNA 

at the very beginning of the GAG ORF (12 nt after the AUG 

codon) (Figure 7 ). In this case, SHAPE data also supported 
the computational prediction result since guanosines engaged 
in potential G-quadruplex motif formation remained unreac- 
tive in Ty3 gRNA under both experimental conditions. Never- 
theless, these RNA motifs9 existence in the cells needs further 
experimental validation. 

Identiocation of common structural features of 
retroelement RNA genomes 

We searched for common gRNA secondary structure charac- 
teristics across diverse retroelements as there are deep evo- 
lutionarily relationships between retroelements ( 59 ). For this 
purpose, we compared the SHAPE data obtained for Ty3 
gRNA with those determined for yeast Ty1 retrotransposon 
and the HIV-1 retrovirus ( 24 , 25 , 36 , 60 ). These retroelements 
share important similarities in genome organization and repli- 
cation cycle, but the HIV-1 gRNA is almost twice as long (9.2 
kb) and encodes additional regulatory proteins and the Env, 
responsible for infectivity. 

The gRNA of Ty3 is highly enriched in adenosines ( ∼36%), 
similar to Ty1 and HIV-1 (Figure 8 A). The overall base com- 
position of the viral genome was shown to be related to local 
RNA structure stability ( 61 ,62 ). A-rich structures may facili- 
tate RNA unfolding and refolding, resulting in less stable sec- 
ondary structures prone to the formation of alternative con- 
formers, while regions rich in Gs may stabilize functionally 
critical structures. In HIV-1 gRNA, accumulation of Gs was 
found in the 5 ′ and 3 ′ UTRs and the functional cis -acting se- 
quences across the coding sequence—FS and the Rev response 
element (RRE) (Figure 8 A, C). In contrast to HIV-1, we ob- 
served guanosine accumulation neither in 5 ′ nor in 3 ′ UTRs of 
both Ty elements (Figure 8 A). However, we found Ty3 FS and 
DS are enriched in Gs, even though there is a lack of G domi- 
nation over A (Figure 8 C). This analysis indicates that the Ty3 
retrotransposon, as evolutionarily more related to HIV-1, dis- 
plays a better correlation between the sequence composition 
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Figure 6. SHAPE-MaP-based analysis of Ty3 gRNA cis -acting elements. ( A ) > The step plot of in vivo and ex vivo SHAPE reactivities for the selected 

regions of gRNA. Cis -acting sequences and 5 ′ PBS interaction partner are marked with colored boxes. ( B ) Comparative analysis of base-pairing 

probabilities, represented by arc plots for regions containing cis -acting sequences. Cis -acting sequences and start or stop codons are marked with 

colored bo x es. ( C ) Str uct ural conte xt of Ty3 gRNA cis -acting sequences. In viv o HP bps are mark ed in green. 

and the location of cis -elements, in contrast to Ty1, where this 
correlation was very low. 

SHAPE-directed structure models of Ty1 and Ty3 gRNA 

in vivo were characterized by a lower number and distance 
of MFE pairings, compared to cell-free state (Figure 8 B). 
The more detailed heatmap of the local MFE bps content 
showed that highly structured regions are dispersed across 
these genomes, and their location is extensively shared be- 
tween experimental states (Figure 8 C). Interestingly, the analy- 
sis focused on in vivo HP bps revealed that the Ty3 gRNA pos- 
sesses more regions of HP bps accumulation than Ty1 gRNA 

(Figure 8 B, C). Simultaneously, we found higher similarity in 

HP bps content, distance, and distribution prooles between 
the Ty3 in vivo and ex vivo states, compared to in vivo state 
and in vitro transcribed Ty1 gRNAs (Figure 8 B, C). A com- 
mon characteristic for the in vivo state of both Ty elements 
was a high accumulation of HP bps within the RT domain. 

Furthermore, our studies showed that stable and highly 
structured (lowSS) regions constitute up to 30% of Ty1 and 
Ty3 gRNAs (Figure 8 C) ( 24 ,25 ). For HIV-1 gRNA, identioca- 
tion of lowSS regions was performed only for cell-free state 
and they encompass about 40% of the sequence ( 36 ) (Figure 
8 C). More recently, a high structural heterogeneity across the 
entire HIV-1 gRNA was also shown in cells using the DREEM 
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Figure 7. Potential pseudoknots and G-quadruplex predicted in Ty3 gRNA. The GAG PK and POL PK interactions are presented as black arcs. Black frames 

indicate nts in v olv ed in PK or G-quadruple x es, with their SHAPE reactivity. Base-pairing probabilities and SHAPE reactivities are colored with respect to 

scale in Figure 3 . 

algorithm ( 60 ). Altogether, these sequence and structural com- 
parisons demonstrate that gRNAs from diverse retroelements 
possess a mosaic secondary structure with regions of higher 
structural stability interspersed with dynamic ones. Impor- 
tantly, Ty1, Ty3, and HIV-1 have well-characterized and func- 
tionally analogous cis -acting sequences in their gRNAs. The 
common feature is a localization of sequences involved in 
tRNA annealing, gRNA dimerization, cyclization and pack- 
aging in the well-structured 5 ′ end of gRNA (Figure 8 C). In 
contrast, the FS is located in a structurally stable region of 
gRNA for Ty3 and HIV-1 but not for Ty1. 

We also looked for the correlation between the location 
of retrotransposon protein domain boundaries and the lo- 
cal level of gRNA structure, as it was previously clearly ob- 
served for HIV-1 ( 63 ). For Ty3, we observed an evident in- 
crease in RNA structure level in the region linking the J and 
RT domains in POL ORF, and a little increase at the begin- 
ning of the CA in GAG ORF ( Supplementary Figure S10 ). 
Thus, the correlation is much less evident than observed for 
HIV-1. For Ty1 retrotransposon, most protein domain bound- 
aries do not exhibit a higher level of RNA structure, ex- 
cluding the correlation between RNA structure and protein 
folding. 

Discussion 

The yeast Ty3 LTR-retrotransposon is an informative model 
system for studying retrotransposition mechanisms and the 
impact of transposable elements on host genomes ( 5 ). In 
this work, we present the complete structural map for the 
yeast Ty3 retrotransposon RNA genome using the SHAPE- 
MaP strategy both in living cells and ex vivo . A compara- 
tive analysis of Ty3 gRNA structure in different experimental 
states facilitates a more correct interpretation of the relation- 
ship between RNA structure, function, and cellular factors. 
Only several studies provide such comparisons for viral RNAs 

( 24 ,64–69 ). Consistent with these studies, we observed a slight 
shift in Ty3 gRNA structure towards a more unfolded state in 
vivo. Nevertheless, over half of the predicted MFE bps and 
three-fourths of the HP bps are shared between the in vivo 
and ex vivo Ty3 gRNA states. This structural similarity in- 
dicates that many interactions are independent of the fold- 
ing environment Ty3 gRNA encounters in vivo . Like other 
single-stranded RNA viruses, Ty3 gRNA has a complex sec- 
ondary structure enriched in stable, specioc structural motifs. 
We identioed a well-folded core formed by more stable re- 
gions without the support of cellular factors, and it encom- 
passes about 20% of the Ty3 gRNA sequence. Among identi- 
oed structurally stable regions with low SHAPE reactivity and 
Shannon entropy (lowSS regions), half is included in the well- 
folded core, but the others are specioc for each experimental 
state. The stable motifs were shown to be functionally nec- 
essary for the replication of RNA viruses ( 36 , 67 , 70–72 ). Ac- 
cordingly, Ty3 lowSS regions encompass cis -acting sequences, 
like 5 ′ PBS, FS, and DS, but the role of other gRNA stable 
motifs remains to be explored. 

Analogous to other retroelements, Ty3 gRNA is present in 
the dimeric form in VLP ( 13 ). The sequences involved in Ty3 
gRNA dimerization were not clearly identioed, and it remains 
unknown whether, like in retroviruses, dimerization is essen- 
tial for Ty3 RNA packaging into VLP. An early study suggests 
that the Ty3 gRNA dimer in vitro is maintained by the in- 
teraction between two tRNA i 

Met molecules co-linked to the 
5 ′ and 3 ′ PBS sequences ( 17 ). However, further study demon- 
strates that deletion of 5 ′ and 3 ′ PBS does not prevent Ty3 
gRNA packaging ( 20 ). Therefore, either tRNA i 

Met is unnec- 
essary for Ty3 gRNA dimerization or dimerization is not a 
pre-requisite for this RNA packaging. Alternatively, different 
mechanisms of dimerization are also possible. We showed that 
the transcript encompassing Ty3 gRNA 5 ′ end dimerizes ef- 
ociently without tRNA i 

Met mediation. This onding indicates 
that Ty3 retrotransposon follows the common mechanism of 
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Figure 8. Comparative analysis of Ty3, Ty1, and HIV-1 RNA genomes. ( A ) > Bar plot analysis of nucleotide composition in CDS, 5 ′ UTR, and 3 ′ UTR. ( B ) 

Distribution of MFE and HP bp distances with medians and the percentage of nucleotides engaged in these pairings. ( C ) Prooles of G minus A 

comparison for gRNA sequences. The number of As was subtracted from the number of Gs (G minus A) in a 75-nt sliding window. The green solid line 

indicates the median, and the black dashed line indicates where the difference between the number of Gs and As is zero. Values above the dashed line 

indicate a higher G concentration than A. Heatmaps representing Ty3 or Ty1 bp content (MFE and HP) are shown below the G minus A prooles. The 

lowSS regions are shown on the bottom. Their locations for Ty3 gRNA were taken from this work, for Ty1 gRNA from ( 24 , 25 ); and for HIV-1 gRNA from 

( 36 ). PBS, BO X0, BO X1 – primer binding sites, DS, PAL1, PAL2, and DIS – dimerization sequences, CYC5, CYC3 – cyclization sequences, FS – frameshift 

sequence, PPT – polypurine tract, RRE – R e v response element. 
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retroelement gRNA dimerization, which occurs through the 
direct interaction of cis -acting palindromic sequences from the 
5 ′ end. And importantly, we propose a novel functional Ty3 
RNA sequence – DS / PAL6, that directly drives the dimeriza- 
tion process. We also showed that DS / PAL6 is less reactive 
in vivo than ex vivo, suggesting its involvement in Ty3 gRNA 

dimerization in yeast. Further studies are needed to explain 
the role of dimerization via DS / PAL6 for Ty3 gRNA packag- 
ing into VLPs. 

The primary function of tRNA i 
Met in Ty3 replication is the 

initiation of gRNA reverse transcription, and its annealing to 
both 5 ′ and 3 ′ PBS sequences is necessary for this process ( 17 ). 
Since SHAPE does not discriminate intra- and intermolecular 
RNA interactions, resolving the issue of tRNA i 

Met annealing 
to 5 ′ PBS is challenging due to its low reactivity in all ex- 
perimental states and tendency to intramolecular interactions. 
Nevertheless, SHAPE results obtained for 3 ′ PBS suggest that 
only a tiny fraction of Ty3 gRNA interacts with tRNA i 

Met in 
vivo and ex vivo . 

Studies for other RNA viruses highlight the role of -1 FS 
structural context in modulating frameshifting efociency ( 53 ). 
In contrast, the +1 frameshift mechanism in Ty3 is postu- 
lated to rely mainly on the specioc peptidyl-tRNA availabil- 
ity but can be additionally induced by the 8context9 sequence 
( 48 ). Our results provide a structural basis to further under- 
stand how the stable secondary structure of the Ty3 FS ele- 
ment along with the single-stranded 8context9 sequence regu- 
late frameshifting. However, further experimental validation 
is required to conorm this hypothesis, such as studying the 
frameshift rate when a well-folded hairpin with FS sequence 
is disrupted, or some stable motifs are incorporated within the 
8context9 sequence. 

In the cytoplasm, Ty3 gRNA co-localizes with Ty3 proteins 
in P-body-associated foci (termed retrosomes), where VLP as- 
sembly occurs ( 9 ,16 ). Apart from the UTRs, the POL region 
plays an independent role in the localization of Ty3 gRNA 

in the cytoplasmic foci ( 20 ). A level of ribosome occupancy of 
POL was shown to be inversely correlated with Ty3 gRNA lo- 
calization in cytoplasmic foci. It was proposed that ribosomes 
may impede access to located in POL sequences important 
for binding host factors involved in Ty3 localization. How- 
ever, these sequences are not distinguished explicitly so far. 
We identioed several stable lowSS regions across Ty3 POL , 
which represent attractive candidates for further Ty3 gRNA 

localization studies. 
To date, Ty3 is the orst endogenous retroelement in the 

Metaviridae family, along with the yeast Ty1 retrotransposon 
in the Pseudoviridae family, whose gRNA structure has been 
determined in a native in vivo state ( 24 ,25 ). RNA genomes of 
both Ty retrotransposons are signiocantly enriched in A nu- 
cleobases and exhibit some general structural similarities, in- 
cluding a mosaic RNA structure, which is more open in vivo 
than under cell-free conditions. Nevertheless, due to higher 
HP bp content, Ty3 gRNA structural motifs may be more sta- 
ble in vivo than Ty1 gRNA. These HP bps, together with the 
same RNA posttranscriptional processing, may contribute to 
better structural similarity between Ty3 gRNA in vivo and ex 
vivo states. Moreover, only Ty3 gRNA is enriched for G nucle- 
obases in functionally essential sequences, similar to the HIV-1 
gRNA ( 61 ). However, there is no evident correlation between 
RNA structure level and protein domain boundaries as was 
found in HIV-1 ( 63 ). 

Overall, the comprehensive characterization of Ty3 gRNA 

secondary structure, along with a comparative analysis with 
diverse retroelements, broadens our understanding of the rela- 
tionship between gRNA architecture and the replication pro- 
cess. This study also provides the basis for understanding the 
function of retrotransposon RNA transactions at a molecular 
level. 
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SUPPLEMENTARY TABLES AND FIGURES 

Mapping the structural landscape of the yeast Ty3 retrotransposon RNA genome 

Table S1. Primers used in the study. 

PRIMER SEQUENCE (5’-3’) 
Colony PCR 

PF_Gal_Ty3_part GCTTCTAATCCGTACTTCAATATAG 

PR_Ty3_part CGTCTTTTAATGTCTCTGGTTTG 

PF_AMP_part CCTATCTCAGCGATCTGTCTAT 

PR_AMP_part GAGTATTCAACATTTCCGTGTCG 

Reverse transcription and PCR 

PF_amp1 TAAGTAACATTCCGTG 

PR_amp1 CGTCTTTTAATGTCTC 

PF_amp2 GACCGAAAAAGCTGCCATAAT 

PR_amp2 CTAAAGTTATATGCAGGTCATTGAT 

PF_amp3 TCAAATACGAAATCTACGAGACC 

PR_amp3 GCCAGGTTTAATTTCAATATCATG 

PF_amp4 ACAACAGAAGTATAGAGAGATCATAC 

PR_amp4 TAGTGGAGCTATTTTCTGGATTC 

PF_amp5 CATTGGAAACATTTAGACACGG 

PR_amp5 CATCTGCGACAACGTTCTTG 

PF_amp6 TATCATTACAAAACAAGAACGAACC 

PR_amp6 GTTTTCCTTGTAGCTATGAAGTG 

PF_amp7 TATCAATGGATTTTGTGACAGGATT 

PR_amp7 GAAATGGTCCGACGTATATTTG 

PF_amp8 TTATTGTTAAACATAGGAGATCACG 

PR_amp8 GTCAAAACAGTTTATCAGATTAATTCAC 

PF_invitro_5end TAAGTAACATTCCGTG 

PR_invitro_5end_16 GCCCACTGAGCAGCGG 

PR_invitro_5end_12 GCCCACTGAGCA 

PR_invitro_5end_ΔPAL6 TACACAATACGACTGGCATCATT 

PF_invitro_3end CTACACACAAAACTTACT 

PR_invitro_3end GTCAAAACAGTTTATCAG 

PCR for in vitro transcription templates 

PF_5’_Ty3 TAATACGACTCACTATAGTAAGTAACATTCCGT 

PR_5’_Ty3 GCCCACTGAGCAGCGGGGTT 

PR_5’_Ty3ΔPAL6 TACACAATACGACTGGCATCATT 

PF_3’_Ty3 TAATACGACTCACTATAGAGGGGCCAGC 

PR_3’_Ty3 GTCAAAACAGTTTATCAGATTAATTCACGGAATG 

 

 

 



Supplementary Figure Legends 

Figure S1. Pearson correlation (r) plots of normalized SHAPE reactivities between different 

NAI concentrations and modification times in vivo and ex vivo Tests were performed for the 

first amplicon.  

Figure S2. Box plot analysis of mutation rates for each nucleotide identity for modified and 

untreated samples from Ty3 gRNA probing under in vivo and ex vivo conditions. The boxes 

represent the interquartile range; a line indicates the median. Significance was computed by 

the Wilcoxon rank-sum test; ****P < 0.0001. 

Figure S3. Identification of significant SHAPE reactivity differences between in vivo and ex 

vivo Ty3 gRNA states using the ΔSHAPE framework. To identify local and global differences, 

SHAPE profiles were smoothed with 3-nt and 51-nt sliding windows, respectively. Regions that 

meet the standard score and Z-factor criteria are marked with green and violet shadings.  

Figure S4. Thermal stability of NCp9-induced Ty3 5’-5’ and 3’-3’ RNA dimers after protein 

removal. For 3’ RNA, tRNAi
Met was present in the reaction. Ty3 RNAs were labeled with Cy3, 

tRNAi
Met with Cy5.  

Figure S5. Cy3 scan (signal for Ty3 5’ or 3’ RNA) of representative agarose gels for NCp9-

mediated 5’-5’ and 3’-3’ Ty3 RNA dimerization assays in the presence of tRNAi
Met. Lanes 

marked C represent protein-free samples. 

Figure S6. Base-pairing probabilities for Ty3 5’ RNA and Ty3 3’ RNAs in vitro compared to 

Ty3 gRNA in vivo. Cis-acting sequences and start or stop codons are marked with colored 

boxes. Pearson correlation (r) plot of normalized SHAPE reactivities between in vivo and in 

vitro datasets.  

Figure S7. The step plot of NAI reactivities for Ty3 5’ RNA in vitro in the presence and absence 

of tRNAi
Met. PBS and predicted interaction partner are marked with colored boxes. The arc plot 

of this interaction is presented below.  

Figure S8. Identification of significant SHAPE reactivity differences between monomeric and 

dimeric states of Ty3 5’ RNA in vitro using the ΔSHAPE framework. Before ΔSHAPE 

calculation, SHAPE profiles were smoothed with a 3-nt sliding window. Regions that meet the 

standard score and Z-factor criteria are marked with green and violet shadings. PBS and 

palindromic sequences are marked with colored boxes. 

Figure S9. The step plot (top) and difference plot (bottom) of NAI reactivities for the 5’ end of 

Ty3 gRNA in vivo and ex vivo. Nucleotide positions that exhibit statistically significant 

differential reactivity (SHAPE reactivity drop in vivo > 0.15 and a P-value < 0.05, using the 



Student’s t-test) were marked by asterisks according to statistical significance. PBS and 

palindromic sequences are marked with colored boxes.  

Figure S10. Comparative analysis of the gRNA structure level (median SHAPE and Gini index 

profiles) and the protein domain boundaries for Ty3 and Ty1 genomes.  
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