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1. STRESZCZENIE

Tyl jest retroelementem naturalnie wystgpujacym w genomie drozdzy
Saccharomyces cerevisiae. Pod wieloma wzgledami przypomina on proste retrowirusy,
jednak w czasie cyklu zyciowego nie opuszcza komodrki gospodarza. Tyl replikuje poprzez
czasteczke RNA o dhugosci 5652 reszt nukleotydowych, petnigca funkcje zar6wno matrycy
do syntezy biatek Tyl, jak i genomu RNA (gRNA), ktory pakowany jest do czasteczek
wirusopodobnych (VLPs, ang. virus like particles), gdzie ulega odwrotnej transkrypcji do
cDNA, ktory moze integrowa¢ do chromosomalnego DNA gospodarza. W odr6znieniu od
gRNA wiruséw dla ktérych coraz czesciej publikowane sg kompletne struktury in vitro, in
virio, ex virio, a takze in vivo, bardzo malo wiadomo na temat struktury gRNA
retrotranspozonéw LTR. Zupelnie niezbadany pozostaje rowniez temat zmian strukturalnych
gRNA wirusow i retrotranspozondéw, zachodzacych podczas ich replikacji w poszczegdlnych
kompartmentach komorki.

Badania podjete w ramach niniejszej rozprawy doktorskiej umozliwity poznanie
drugorzedowej struktury Tyl gRNA w warunkach in vitro, a takze na wybranych etapach
replikacji Tyl w drozdzach. Wykorzystujac metode SHAPE (ang. selective 2'-hydroksyl
acylation and primer extension) otrzymatam model struktury catego gRNA retrotranspozonu
Tyl w warunkach in vitro (Andrzejewska, Zawadzka et al. NAR, 2021). Wykazatam, ze
struktura ta rozni si¢ istotnie od struktury in vivo, jednoczesnie pozostaje bardziej stabilna i
strukturalnie homogenna. Nastepnie podjetam si¢ scharakteryzowania zmian strukturalnych
Tyl gRNA zachodzacych w trakcie replikacji retrotranspozonu w komorce (Zawadzka et
al. Viruses, 2022). Metodg SHAPE, otrzymatam po raz pierwszy, jadrowa struktur¢ gRNA
retrotranspozonu LTR. Na podstawie doglebnej analizy poréwnawczej otrzymanych danych,
ze strukturami Tyl gRNA w cytoplazmie, in virio oraz in vitro wykazatam, ze gRNA
retrotranspozonu podlega licznym rearanzacjom strukturalnym, i jego architektura jest $cisle
zalezna od srodowiska kompartmentu komorki, w ktorym si¢ znajduje. Aby lepiej zrozumiec
temat zwijania si¢ czgsteczek RNA w roznych stanach biologicznych wraz z zespotem
przygotowaliSmy obszerna prace przegladowa podsumowujaca najnowsza wiedze na temat
struktury RNA w komoérkach 1 wzajemnej korelacji pomigdzy strukturg i funkcja RNA
(Andrzejewska, Zawadzka et al. IIMS, 2020).




2. ABSTRACT

Tyl is a retroelement that naturally occurs in the genome of the yeast Saccharomyces
cerevisiae. It resembles simple retroviruses but replicates without leaving the host cells.
Tyl replicates via RNA intermediate, which is 5652nt long and fulfills a dual role:
template for proteins synthesis and gRNA that is packed in dimeric form into virus like
particles (VLPs) and reverse transcribed to a cONA copy that later integrates into host
DNA. Unlike viral gRNA for which complete structures in vitro, in virio, ex virio and
also in vivo are increasingly presented, little is known about the gRNA structure of LTR
retrotransposons. Also, it remains unexplored how the structure of viral and
retrotransposon gRNA changes during replication in the cellular compartments.

The research undertaken in this doctoral dissertation allowed for discovering Tyl
gRNA secondary structure in the in vitro condition as well as on the particular steps of
Tyl replication in yeast cells. Using the SHAPE method, | provided the secondary
structure model of the entire Tyl gRNA under defined in vitro conditions
(Andrzejewska, Zawadzka et al. NAR, 2021). | showed that this structure differs
significantly from in vivo state and is more stable and structurally homogenous. | also
characterized structural alterations of Tyl gRNA during retrotransposon replication in
the cell (Zawadzka et al. Viruses, 2022). Using SHAPE probing, | provided the first,
nuclear structure of LTR retrotransposon gRNA. Through a detailed comparison with the
Tyl gRNA structures established in the cytoplasm, VLPs, and in vitro, | found that LTR
retrotransposon gRNA undergoes many significant structural rearrangements, and its
architecture is closely dependent on the environment of cellular compartments. To better
understand RNA folding in distinct biological states, together with the team, we prepared
a comprehensive review to summarize the up-to-date knowledge about the RNA structure
in the cell and RNA structure to function correlation (Andrzejewska, Zawadzka et al.
1IMS,2020).




3. WPROWADZENIE

3.1 Zarys historyczny oraz podzial elementow transpozycyjnych

W 1950 roku $wiatlo ujrzat historyczny artykut pt. ,,Pochodzenie i zachowanie
mutowalnych loci w kukurydzy” autorstwa Barbary MecClintock, przedstawiajacy
zaskakujgce wyniki jej dlugoletniej pracy nad mechanizmem powstawania i niestabilnym
dziedziczeniem mozaikowatosci nasion kukurydzy [4]. Rezultaty prowadzonych przez
McClintock badan sugerowaly istnienie elementow genetycznych zdolnych do
autonomicznego przemieszczania si¢ w genomie. Ta kontrowersyjna, jak na tamten okres,
teoria zostala zaakceptowana przez szerokie grono naukowcow dopiero w latach 70.
ubiegtego wieku, po odkryciu mobilnych elementéw genetycznych najpierw u bakteriofagow
i samych bakterii, a pdzniej takze u bardziej ztozonych organizméow jak Drosophila [5-7]. W
1983 roku Barbara McClintock za swoje odkrycie sprzed ponad dwoch dekad, zostata
uhonorowana zastluzong nagroda Nobla w dziedzinie fizjologii i medycyny. Dzigki
trwajacym od tamtej pory intensywnym badaniom nad autonomicznymi elementami
genetycznymi, dzi§ wiadomo zZe sg one istotnym sktadnikiem genomoéw niemal wszystkich
zyjacych obecnie gatunkow, poczawszy od wiruséw, przez prokariotyczne i eukariotyczne
organizmy jednokomoérkowe, na ssakach w tym cztowieku konczac [8-10]. Z czasem
poznano takze dwa gldwne mechanizmy propagacji elementow transpozycyjnych (TE; ang.
transposable elements). Transpozony DNA (klasa Il TE), pierwotnie odkryte przez
McClintock w genomie kukurydzy, propaguja niereplikacyjnym mechanizmem typu
»wytnij-wklej”. Wykorzystuja przy tym kodowany przez siebie enzym - transpozaze
rozpoznajaca i przecinajaca dwuniciowe DNA w obrebie sekwencji TIR (ang. terminal
inverted repeats) [11]. Duzo bardziej ztozong grupe mobilnych elementéw genetycznych
stanowig wystepujace tylko w genomach eukariontow — retrotranspozony (klasa I TE)
propagujace metoda ,,kopiuj-wklej”. Ze wzgledu na ich organizacjg strukturalng wyrdzniono
retrotranspozony typu LTR, zawierajace dlugie, terminalne powtérzenia flankujace ich
genom (ang. long terminal repeats) oraz pozbawione tych powtorzen retrotranspozony non-
LTR do ktorych naleza m.in. LINE (ang. long interspersed nuclear element) oraz
nieautonomiczne elementy SINE (ang. short interspersed nuclear element) [12, 13].




3.2 Ogolna charakterystyka i podzial retrotranspozonéw LTR

Retrotranspozony LTR reprezentowane sg przez trzy giowne rodziny: Tyl/Copia
(Pseudoviridae), Ty3/Gypsy (Metaviridae) oraz BEL/Pao (Belpaoviridae) nalezace do rzedu
(Ortervirales) klasyfikujacego wszystkie wirusy SSRNA-RT [14]. Pod wzglgdem organizacji
strukturalnej genomu, jak i mechanizmu propagacji wykazujg one istotne podobienstwa do
infekcyjnych retrowirusoéw  (Retroviridae), nalezagcych do tego samego rzedu
taksonomicznego (Rys.1) [14]. Oprocz posiadania dlugich terminalnych powtorzen, wspolna
dla wszystkich wymienionych rodzin jest obecnos¢ czgsciowo naktadajacych si¢ ramek
odczytu dla dwoch genow gag oraz pol. Gen gag koduje biatko strukturalne o tej same;j
nazwie (Gag), odpowiedzialne za formowanie wiriondw u wirusow lub czasteczek
wirusopodobnych VLPs u retrotranspozonéw. Produktami genu pol sa natomiast biatka
enzymatyczne niezbedne dla zachodzenia retrotranspozycji: proteaza (PR), integraza (IN)
oraz odwrotna transkryptaza z domeng RNazy H (RT/RH), ktére w zaleznosci od rodziny,
kodowane sg w innej kolejnosci. Istotng cecha odrdzniajaca retrowirusy i retrotranspozony
jest posiadanie przez te pierwsze genu env kodujacego glikoproteiny otoczki lipidowej,
umozliwiajace retrowirusom fuzje z btong komorkowa gospodarza [15]. Retrotranspozony
LTR w wigkszos$ci nie zawierajg funkcjonalnego genu env badz zawierajg jego szczatkowe

fragmenty i ich cykl zyciowy zachodzi wytacznie w obrebie jednej komorki [16].
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Rysunek 1. Uproszczony schemat organizacji genetycznej retroelementéw nalezacych do rzedu Ortervirales.
We wszystkich rodzinach wystepuja rejony LTR zaznaczone czarnymi trdjkatami. Niektore retrotranspozony z
rodziny Metaviridae moga zawiera¢ gen podobny do env (ang. env-like), przedstawiony na rycinie jako env*.
Funkcjonalny gen env obecny jest jedynie w rodzinie Retroviridae, tak samo jak dodatkowe geny regulatorowe:

vif, vpr, ref, tat i nef.




Fundamentalng cecha taczaca wszystkie retroelementy LTR jest fakt, ze replikujg one
poprzez czasteczkg RNA [17]. Wewnatrz wirionu lub VLPs, RNA w wieloetapowej reakcji
odwrotnej transkrypcji kopiowany jest do dwuniciowej czasteczki c¢DNA, przy
wykorzystaniu komorkowego tRNA jako startera [18]. Kodowana przez retroelement
integraza rozpoznaje i wigze terminalne powtorzenia na obu koncach nowopowstalej
czasteczki cDNA. Kompleks IN:cDNA transportowany jest nastepnie do jadra komorki
gospodarza gdzie IN przeprowadza ciecie chromosomalnego DNA, a nast¢pnie liguje do
niego kopie cDNA retroelementu [19]. Procesy te r6znig si¢ jednak w szczegdtach u r6znych
retroelementow.

Jednym z pierwszych badanych retrotranspozonow byt element Tyl, naturalnie
wystepujacy w genomach m.in. drozdzy Saccharomyces cerevisiae, muszki Drosophila
melanogaster, a takze wielu gatunkow roslin [17]. Obecnie nalezy on do najlepiej
scharakteryzowanych retrotranspozonéw LTR, pozostajacym niezwykle cennym zrodtem

wiedzy na temat zaréwno funkcjonalnych, jak i strukturalnych aspektow retrotranspozycji.

3.3 Charakterystyka oraz cykl zyciowy retrotranspozonu Tyl

W genomie referencyjnego szczepu S. cerevisiae S288c znajduje si¢ ok. 313 insercji
pochodzacych od elementu Ty1, z czego wigkszo$¢ stanowia jego pozostatosci w formie tzw.
solo-LTR. Zidentyfikowano jednak 32 insercje pelnej dtugosci, na ktore oprocz Tyl sktadaja
si¢ takze hybrydy Ty1/Ty2 oraz ancestralny element Ty1’ [20, 21]. Pelnej dtugosci insercja
Tyl w genomie drozdzy liczy 5918 par zasad 1 na obu swoich koncach zawiera powtorzenia
LTR o dtugosci 334 par zasad kazde. Fragmenty LTR Tyl, analogicznie do LTR
wirusowych, zawierajg 3 domeny: U3 (ang. unique 3' terminus), U5 (ang. unique 5' terminus)
I R (ang. repeat) o dlugosci odpowiednio 240nt, 38nt i 56nt (Rys.2) . Sekwencje U3 oraz U5
sg unikalne dla koncow 3’ i 5°, natomiast sekwencja R jest taka sama na obu koncach
genomu. Pomigdzy sekwencjami LTR znajduja si¢ dwie czeSciowo naktadajace si¢ ramki
odczytu gag oraz pol (Rys.2) [22]. Cykl replikacyjny Tyl (Rys. 3) rozpoczyna si¢ w jadrze
komorkowym, gdzie polimeraza RNA II przeprowadza transkrypcje Tyl zaczynajac
doktadnie od 1. nukleotydu powtorzenia R z 5’LTR, a konczac na ostatnim nukleotydzie
powtorzenia R z 3°’LTR (Rys. 2). Powstate transkrypty, nie podlegaja splicingowi i tylko ok.
15% z nich jest poliadenylowanych [23]. Mimo to, RNA Tyl cechuja si¢ bardzo wysoka




stabilno$cig I stanowig nawet do 0,8% wszystkich RNA w komorce [24]. Transkrypty Tyl
opuszczaja jadro komodrkowe w szlaku wykorzystujacym receptor Mex67p, a w cytoplazmie
kierowane sg do specyficznych miejsc nazywanych ciatkami T (ang. T bodies) lub
retrosomami, bedgcymi miejscem akumulacji Tyl RNA i jego biatek przed sktadaniem VLP
[25, 26]. W wyniku translacji Tyl RNA, powstaja dwa produkty biatkowe: p49-Gag oraz
p199-Gag-Pol (Rys. 2).

LTR

_Us [R]Us
e

pol
DNA PR IN RT/RH]
RNA 5'UTR >\>® 3UTR
p49-Gag p199-Gag-Pol
BIALKA [ p45 p4 [ p45 pdPR] IN | RT/RH]|
c2 L e

Rysunek 2. Drozdzowy retrotranspozon Tyl. DNA zawiera powtorzenia LTR flankujace ramki odczytu dla
genow gag i pol. Transkrypty Tyl zawieraja na koncu 5° czapeczke, a €z¢$¢ z nich moze zawiera¢ takze ogon
poli(A) na koncu 3°. Na obu koncach Tyl RNA znajduja si¢ rejony nieulegajace translacji UTR (ang.
untranslated region). W wyniku translacji powstajg dwie poliproteiny p49-Gag oraz p199-Gag-Pol, ulegajace

enzymatycznemu cigciu przez proteaz¢ Tyl do dojrzatych biatek strukturalnych i enzymatycznych .

Gag-Pol jest efektem zaprogramowanego przesunig¢cia ramki odczytu, do ktorego
dochodzi na siedmionukleotydowej sekwencji CUU-AGG-C [27]. Tyl wykorzystuje przy
tym mechanizm polegajacy na zapauzowaniu rybosomu, gdy w jego miejscu A znajdzie si¢
kodon AGG, rozpoznawany przez nielicznie wystepujacy w komorce, dekodujacy go

tRNACYY [28]. Pauza umozliwia znajdujacemu sie w miejscu P tRNAYAC

, T0Zpoznajacego
kodon CUU, przesuniecie si¢ o +1 nukleotyd na kodon UUA. Proces ten zachodzi jednak z
niskg wydajnos$cia, a stosunek biatek Gag do Gag-Pol wynosi ok. 20:1 [29]. W retrosomach,
p49-Gag i p199-Gag-Pol sktadane sa w przypominajgce wirusowy nukleokapsyd czastki
wirusopodobne do ktorych pakowane sg po dwie czasteczki gRNA Tyl oraz komorkowe
tRNA™" [22]. W niedojrzatych VLPs, w pierwszej kolejnosci PR ulega autokatalitycznego
wycieciu z poliproteiny p199-Gag-Pol, a nastgpnie katalizuje szereg dodatkowych cig¢,

skutkujacych powstaniem dojrzatych produktéw biatkowych: p20-PR, p71-IN, p63-RT/RH,
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p45-Gag, a takze p4-Gag o nieznanej funkcji (Rys. 2) [30]. W dojrzatym VLP gRNA Tyl
ulega odwrotnej transkrypcji. Kopia cDNA Tyl w kompleksie preintegracyjnym, tworzonym
razem z p71-IN, importowana jest do jadra komoérkowego, gdzie ulega integracji do
chromosomalnego DNA gospodarza, w poblizu genow transkrybowanych przez polimeraze
RNA 111 [31]. Petna retrotranspozycja zachodzi jednak niezmiernie rzadko, z szacowang

czestotliwoécig na poziomie 10°— 107 na element w pokoleniu [32].

Eksport

_ gl L
~ g M
gRNA m

<r<m>m,[~1a
M GAG ] POL

JADRO
KOMORKOWE
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Rysunek 3. Schemat cyklu replikacyjnego retrotranspozonu Tyl. Transkrypcje Tyl przeprowadza komorkowa
polimeraza RNA 11. Po eksporcie z jadra transkrypty Tyl stuzg jako matryca do syntezy biatek Gag i Gag-Pol.
W cytoplazmie akumulujg one wraz z gRNA Tyl tworzac retrosomy, bedgce miejscem sktadania VLP. W
dojrzatym VLP zachodzi odwrotna transkrypcja gRNA, a powstate cDNA wraz z integrazg importowane jest

do jadra komorkowego, gdzie ulega integracji do chromosomalnego DNA gospodarza.




3.4 Rola bialka Gag w wybranych aspektach retrotranspozycji Tyl

Pomimo niskiej homologii sekwencji, Gag Tyl jest funkcjonalnie podobne do
retrowirusowych poliprotein Gag [33]. Petni ono role gtdéwnego komponentu strukturalnego
VLPs, jak rowniez aktywnie uczestniczy w regulacji procesu replikacji Tyl. Wykazano, ze
bezposrednie odzialywanie Gag z gRNA Tyl jest kluczowe dla zachodzenia
retrotranspozycji [26, 34]. Mutacje w wigzacej RNA C-koncowej domenie Gag istotnie
zaktocaly formowanie si¢ retrosomow i sktadanie VLPs [26, 34]. Co wiecej, Gag odgrywa
istotng rol¢ w transporcie jadrowym i stabilnosci cytoplazmatycznej gRNA Tyl [35]. Pod
nieobecnos¢ biatka Gag, transkrypty Tyl akumuluja w jadrze komdrkowym, a ich stabilnosé¢
cytoplazmatyczna istotnie spada i retrosomy nie sa wykrywane. Dostarczenie Gag w trans
skutkowato przywroceniem eksportu RNA Tyl do cytoplazmy i wydajnym formowaniem
si¢ retrosomow [35]. Gag Tyl nie zawiera sygnatu lokalizacji jadrowej ale lokalizuje si¢ w
sgsiedztwie otoczki jadrowej wychwytujgc i stabilizujgc transkrypt Tyl [25, 35]. Sugeruje
si¢, ze oddziatywanie z Gag odpowiada za dtugi czas zycia czasteczek RNA Tyl [35].
Ponadto, Gag Tyl wykazuje aktywnos$¢ opiekuncza wzgledem do kwaséw nukleinowych.
Na podstawie badan in vitro zauwazono, ze wigze si¢ on do gRNA Tyl i promuje kluczowe
dla retrotranspozycji interakcje RNA:RNA — dimeryzacje¢ i cyklizacje gRNA Tyl, a takze
przylaczanie do niego starterowego tRNA™' [36-39]. Brakuje jednak danych

potwierdzajacych zaangazowanie biatka Gag Tyl w te odziatywania in vivo.

3.5 Funkcja i struktura Tyl gRNA

Pelnej ditugosci Tyl RNA pelni podwojng role w retrotranspozycji: matrycy do
syntezy bialek retrotranspozonu oraz genomu RNA pakowanego do czastek
wirusopodobnych. Genomowy RNA Tyl zawiera liczne sekwencje cis-regulatorowe
ulokowane gtéwnie na koncach 5” i 3’ [37, 40, 41]. Ich obecno$¢ umozliwia zachodzenie
waznych dla retrotranspozycji Tyl wewnatrz- 1 miedzy- czasteczkowych odzialywan
RNA:RNA (Rys. 4). Analogicznie do gRNA infekcyjnych retrowirusow, gRNA Tyl
pakowany jest do VLPs w formie dimerycznej [42]. Na przestrzeni lat proponowano kilka
réznych modeli powstawania dimeru Tyl gRNA [36, 43], jednak najnowsze badania

przeprowadzone m. in. w naszej grupie wskazuja, ze dimer ten utrzymywany jest przez
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mig¢dzyczasteczkowe oddzialywania krétkich sekwencji palindromowych z konca 5° gRNA
Tyl [39, 44]. W rejonie 5’ zlokalizowana jest takze 10-nukleotydowa sekwencja PBS (ang.
Primer Binding Site) komplementarna do ramienia akceptorowego komorkowego tRNA;™
petnigcego funkcje startera w odwrotnej transkrypcji [45]. W wigzanie tRNAM™!
zaangazowane s3 takze dodatkowe sekwencje zlokalizowane w poblizu PBS: BOXO0 oraz
BOX1, komplementarne odpowiednio do ramion TWC oraz DHU, stabilizujagce wigzanie
tRNA™ do Tyl gRNA i wspomagajace jego pakowanie do VLPs [46]. W sasiedztwie
sekwencji wigzacych starter znajduje si¢ 14-nukleotydowa sekwencja CYC5 oddziatujgca z
komplementarng sekwencjag CYC3 umiejscowiong na koncu 3’ Tyl gRNA. Oddziatywanie
CYC5/CYC3 umozliwia cyklizacje gRNA, wspomagajac tym samym transfer nici(-) CONA
w trakcie odwrotnej transkrypcji [37].

Element Tyl jest pierwszym retrotranspozonem LTR dla ktorego podj¢to proby
ustalenia struktury jego genomowego RNA. W 2013 roku na podstawie danych
strukturalnych otrzymanych metoda SHAPE (dokladny opis metody przedstawiono w
podrozdziale 5.6) zaproponowano model struktury drugorzedowej rejonu 5° Tyl gRNA (+1
— 1482) upakowanego do czgstek wirusopodobnych (Rys. 4), a takze w warunkach ex virio
oraz in vitro [44]. Badania te wykazatly, ze rejon ten jest wysoce ustrukturyzowany i zawiera
szereg ztozonych motywow spinkowych o roznej dlugosci trzonéw 1 petli. Zauwazono
réwniez, ze koniec 5° Tyl gRNA jest stabilizowany przez odziatywania dalekiego zasiggu,
tworzace motyw pseudowezta typu H, zawigzanego pomigdzy resztami nukleotydowymi, 1-
7 a 264-270 (trzon 1) oraz 256-262 a 319-325 (trzon 2). Mutacje zaburzajace tworzenie
pseudowezta istotnie hamowaty proces retrotranspozycji, gldéwnie na etapie inicjacji
odwrotnej transkrypcji, potwierdzajac jego istotno$¢ funkcjonalng [43, 47]. Na podstawie
roznic W reaktywnosci SHAPE pomiedzy dimerem gRNA w VLPs a monomerem in vitro
zasugerowano takze, ze w dimeryzacje Tyl gRNA zaangazowane sa trzy palindromowe
sekwencje - PAL1, PAL2 oraz PAL3. Co wazne, eksperymenty SHAPE w VLP pozwolity
takze ustali¢ wzor reaktywnosci charakterystyczny dla Tyl gRNA w formie cyklicznej i z
przylaczonym do niego tRNA;™,

Kiedy rozpoczynalam swoje badania dostgpnych bylo takze kilka modeli
strukturalnych in vitro dla fragmentu +1 — 560, reprezentujacego cze¢$¢ 5° minimalnego

funkcjonalnego elementu Tyl zdolnego do retrotranspozycji po dostarczeniu niezb¢dnych
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biatek in trans (tzw. mini-Ty1) [40]. Struktury te zaréwno w formie monomerycznej [43,
47], jak i formie indukowanego przez Gag dimeru [39] w wysokim stopniu przypominaja
analogiczny rejon Tyl gRNA w VLPs i wszystkie zawieraja motyw pseudowezta. Jednak
struktura kompletnego gRNA retrotranspozonu Ty1, podobnie jak innych retrotranspozonow

LTR, nie byta poznana.

" Gag-Pol
frameshift

1430. f‘
H Q: 3

NMIA reactivity

l 0.7

-05
03

-0
M not analysed

Rysunek 4. Model struktury drugorzgdowej rejonu +1 — 1482 Tyl gRNA wraz z reaktywnosciami SHAPE w

VLPs, na podstawie [44]. Na rysunku zaznaczono kluczowe dla retrotranspozycji odziatywania RNA:RNA.
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3.6 Badanie struktury wirusowych RNA

W ciggu ostatnich dekad zaproponowano szereg podejs¢ pozwalajacych z rézng
doktadnoscig badac strukture czasteczek RNA. Zastosowanie wigkszosci z nich jest jednak
ograniczone do warunkéw in Vvitro. Przelomowa metoda pozwalajaca na wydajane
mapowanie struktury czasteczek RNA nie tylko w warunkach in vitro, ale takze in vivo
okazala si¢ wcigz rozwijana, metoda SHAPE [48]. Wykorzystuje si¢ w nigj
niskoczasteczkowe zwigzki chemiczne, ktore kowalencyjnie modyfikuja wolne grupy
hydroksylowe przy weglu 2’ rybozy niesparowanych lub dynamicznych konformacyjnie
reszt nukleotydowych [49, 50]. Odczynniki SHAPE nie wykazujg przy tym powinowactwa
do zasady azotowej i z poréwnywalna wydajnos$cia modyfikujg wszystkie cztery rodzaje
reszt nukleotydowych. Do detekcji miejsc modyfikacji wykorzystuje si¢ odwrotng
transkryptazg, ktora zatrzymuje si¢ lub wprowadza mutacj¢ w miejscu powstatego w wyniku
modyfikacji adduktu. Pul¢ roznej dlugosci fragmentow c¢DNA analizuje si¢ z
wykorzystaniem elektroforezy kapilarnej (ang. capillary electrophoresis) (SHAPE-CE) lub
metodami sekwencjonowania nowej generacji (NGS; ang. next generation sequencing)
(SHAPE-Seq) [51, 52]. Indukowane adduktem mutacje w cDNA wykrywane sa tylko przy
zyciu technik NGS - SHAPE-MaP [53]. Intensywne prace nad rozwojem metodologii
SHAPE, zaowocowaty powstaniem szeregu reagentow modyfikujacych charakteryzujacych
si¢ r0znym czasem poOhtrwania i zdolnoscig do przenikania przez blony komorkowe, np.
bezwodnik kwasu 1-metyloizatoinowego (NMIA), imidazolid kwasu 2-metylonikotynowego
(NAI) i jego modyfikacja NAI-N3, bezwodnik 1-metylo-7-nitroizatowego (1M7), czy
imidazolid kwasu 2-aminopirydyno-3-karboksylowego (2A3) [54-56]. Innym powszechnie
stosowanym odczynnikiem znajdujacym zastosowanie w badaniach struktur RNA in vivo
jest siarczan dimetylu (DMS) [57]. W przeciwienstwie jednak do reagentow SHAPE
wprowadza on modyfikacje na zasadzie azotowej i w fizjologicznym pH wykazuje silng
preferencje w kierunku modyfikowania niesparowanych adenin i cytozyn [58]. Nie mniej
jednak SHAPE i mapowanie DMS pozostajg obecnie gldwnymi metodami stosowanymi do
badan strukturalnych RNA w zywych komorkach umozliwiajgc badania struktur zarowno
indywidualnych czasteczek RNA, a dzigki polgczeniu z technikami NGS, takze catych
transkryptomow [3].
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Rozw¢j metod SHAPE i DMS umozliwil poznanie struktur dlugich czasteczek
wirusowych RNA w r6znych stanach eksperymentalnych i biologicznych. Istotnym punktem
w badaniach strukturalnych wirusowych RNA bylo wykorzystanic SHAPE-CE do
zmapowania struktury pelnego gRNA HIV-1 wyizolowanego z wirionu [59]. W kolejnych
latach SHAPE-CE zostatl wykorzystany do ustalenia struktury ex virio catego gRNA wirusa
Polio [60] oraz gRNA wirusa zottaczki (HCV) w warunkach in vitro [61]. Rozwoj technik
SHAPE-MaP oraz SHAPE-Seq utatwit poznanie struktur kilku kolejnych wirusowych RNA,
np. Dengi, Ziki, HCV czy grypy typu A (IAV) nie tylko in vitro, in virio i ex virio, ale rowniez
w zainfekowanych komorkach (in vivo) [62-68]. Ponadto, w ciggu ostatnich dwoch lat kilka
niezaleznych grup badawczych, wykorzystujac zaréwno techniki SHAPE, jak i DMS,
dostarczyto modele struktury dla gRNA SARS-CoV-2, najdtuzszego znanego wirusowego
RNA (~30000 nt), w zainfekowanych komorkach [69-72], in virio [73] i in vitro [71].

Powyzsze badania wskazuja, ze wirusowe RNA przyjmuja zlozong strukturg i
efektywne wykorzystanie kompaktowego genomu RNA mozliwe jest, nie tylko dzigki
informacji genetycznej zakodowanej w sekwencji nukleotydowej, ale roéwniez w strukturze
wyzszego rzedu, jaka to RNA przyjmuje [74]. Wysoce ustrukturyzowane domeny
wirusowych RNA sg czgsto bogate w kluczowe sekwencje regulatorowe [59]. Jednoczes$nie
zauwazono, ze RNA wirusow cechuje mozaikowa budowa, a domeny charakteryzujace si¢
wysokim stopniem ustrukturyzowania sg przeplatane rejonami o bardziej dynamicznej
strukturze. Wykazano takze istotne roznice w zwijaniu wirusowych RNA w r6znych stanach
eksperymentalnych. Dla przyktadu, RNA wirusa Ziki, a takze mRNA IAV w
zainfekowanych komorkach przyjmuja inng struktur¢ niz in virio, ex virio oraz in vitro,
jedoczesnie wykazujac mniejszy stopien ustrukturyzowania i wigeksza heterogenno$é
strukturalng [64, 68]. Dla kontrastu, RNA wirusa HCV w komorce zachowuje poziom
ustrukturyzowania charakterystyczny dla stanu in vitro [66]. Przyczyny tych réznic nie
zostaly jednak jednoznacznie zidentyfikowane, gdyz wcigz jeszcze niewiele jest badan
kompleksowo porownujacych zwijanie si¢ czasteczek RNA w roznych warunkach
eksperymentalnych. Nie wiadomo takze czy, a jesli tak to jak zmienia sSi¢ struktura
wirusowych RNA w trakcie podrézy przez kompartmenty komorki. Wiedza ta jest
limitowana rowniez dla komorkowych RNA. Pojedyncze badania poruszajgce problem

zmian strukturalnych RNA w trakcie jego cyklu zyciowego dostepne sg dla ssaczych

16



komoérek HEK293 i mECSs [75] oraz rosliny Arabidopsis thaliana [76, 77]. W komorkach
ssaczych zauwazono tylko niewielkie 1 lokalne zmiany strukturalne pomiedzy
kompartmentami komorki wynikajace z wigzania si¢ RBP oraz modyfikacji RNA, sugerujac,
ze struktura RNA przyjmowana w trakcie transkrypcji nie zmienia si¢ w trakcie cyklu
zyciowego RNA, laczac i1 regulujac wszystkie procesy w ktore dany RNA jest
zaangazowany. Natomiast, w A. thaliana zauwazono istotne rdznice strukturalne pomiedzy
jadrem a cytoplazmg w obrgbie kodonow stop i start, oraz rejonow kluczowych dla

potranskrypcyjnej obrobki RNA.
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4. CEL NAUKOWY PRZEDSTAWIONEGO CYKLU PRAC

Glownym celem niniejszej rozprawy doktorskiej byto pozyskanie nowej wiedzy na
temat molekularnych aspektoéw procesu replikacji retrotranspozonéw LTR, poprzez
scharakteryzowanie zmian strukturalnych zachodzacych w gRNA retrotranspozonu Tyl w
trakcie replikacji 1 podrézy przez kompartmenty komorki. Tym samym, moim celem bylo
réwniez poszerzenie wiedzy na temat procesOw zwijania si¢ czasteczek RNA w réznych

stanach eksperymentalnych i biologicznych.

W pracy Andrzejewska, Zawadzka et al., NAR, 2021 — Publikacja [1] moim celem
byto zbadanie struktury Tyl gRNA w warunkach in vitro oraz szczegétowe porownywanie

uzyskanego modelu struktury drugorzedowej do modelu struktury Tyl gRNA in vivo.

Badania zaprezentowane w pracy Zawadzka et al., Viruses, 2022 — Publikacja [2]
ukierunkowane byly na ustalenie struktury gRNA Tyl w jadrze komoérek drozdzowych, a
nastepnie jej szczegotowe porownanie do struktury w cytoplazmie, VLP oraz in vitro, celem
poznania zmian strukturalnych zachodzacych trakcie cyklu replikacyjnego retrotranspozonu

LTR w komorce.

Celem pracy przegladowej Andrzejewska, Zawadzka et al., 1JMS, 2020 —
Publikacja [3] bylo zglebienie i usystematyzowanie aktualnej wiedzy na temat wplywu
czynnikow komoérkowych na zwijanie si¢ struktur RNA, a takze wzajemnej regulacji

pomiedzy strukturg, a funkcja RNA w komorkach r6znych organizmow.
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5. SKROTOWY OPIS PRAC NAUKOWYCH WCHODZACYCH W
SKELAD ROZPRAWY DOKTORSKIEJ

5.1 In vivo structure of the Tyl retrotransposon RNA genome

Angelika Andrzejewska, Maltgorzata Zawadzka, Julita Gumna, David J. Garfinkel,
Katarzyna Pachulska-Wieczorek
Nucleic Acids Research, 2021; 49(5):2878-2893

Czasteczki RNA zaangazowane s3 w liczne mechanizmy komorkowe, a pelnione
przez nie funkcje nierozerwalnie zwigzane sg z ich strukturg. Doktadne poznanie jak zwija
si¢ RNA niezbedne jest wiec do pelnego zrozumienia roli RNA w procesach, w ktore jest on
zaangazowany. W ciggu ostatnich lat coraz wigcej badan, w tym nad wirusowymi RNA,
wskazuje na istotne rdznice strukturalne pomig¢dzy czasteczkami RNA w warunkach in vitro
oraz in vivo. Chociaz poziom tych ro6znic oraz ich przyczyna wciaz nie jest do konca jasna,
to bezposrednie pordwnanie danych otrzymanych w odrgbnych kontekstach
srodowiskowych, umozliwia zaobserwowanie kluczowych dla funkcji RNA zmian
strukturalnych wynikajacych z bezposredniego odzialywania $rodowiska komoérkowego
m.in. wigzania ligandow 1 bialek, czy aktywnos$ci rybosoméw. Z tego powodu, w pierwszej
pracy wchodzacej w sktad mojej rozprawy doktorskiej wraz z zespolem podjelismy si¢
scharakteryzowania roznic pomi¢dzy strukturg drugorzedowa gRNA retrotranspozonu Tyl
zwijanego w $ci§le zdefiniowanych warunkach in vitro oraz w natywnym s$rodowisku
komoérkowym. Wykorzystujac metode SHAPE i1 zaawansowane narzg¢dzia bioinformatyczne
ustalitam strukture genomowego RNA retrotranspozonu Tyl in vitro. Stosujac analogiczne
podejscie  Angelika Andrzejewska-Romanowska wuzyskata dane strukturalne oraz
przewidziata strukture Tyl gRNA w komorkach drozdzy, gdzie glowna frakcja Tyl gRNA
znajdowala si¢ w cytoplazmie.

Przeprowadzone przeze mnie eksperymenty pozwolity na uzyskanie wysokiej jakosci
danych SHAPE dla 98% nukleotydow Tyl gRNA. Ustalitam, ze w zdefiniowanych
warunkach in vitro, badany RNA jest bogaty w niereaktywne nukleotydy (reaktywnosc¢
SHAPE < 0,4; udziat 54%), ktére zwyczajowo biorg udziat w odzialywaniach typu Watsona-
Cricka. 35% nukleotydow wykazywato posrednie reaktywnosci SHAPE (0,4 - 0,85),

sugerujagce ich zaangazowanie w mniej stabilne odziatywania, charakterystyczne dla
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koegzystujacych ze soba konformeréw RNA. Natomiast nukleotydy wykazujace wysoka
reaktywno$¢ SHAPE (> 0,85), charakterystyczna dla rejonéw jednoniciowych, stanowity
tylko 9% wszystkich nukleotydow w analizowanym RNA. Obserwowany przeze mnie
rozktad reaktywnosci SHAPE in vitro réznit si¢ od tego uzyskanego in vivo, a zalezna od
pozycji nukleotydéw korelacja reaktywnosci pomiedzy tymi dwoma stanami byla
umiarkowana (r = 0,49) (Rys. 2B,F w [1]). In vitro globalne mediany reaktywnosci SHAPE
(0,35) oraz entropii Shannona (0,04) byty znaczaco nizsze niz w warunkach komorkowych
(Rys. 2A;C w [1]). Ponadto, na podstawie analizy rozktadu entropii Shanonna wykazatam,
ze w warunkach in vitro dwa razy wigcej reszt nukleotydowych zaangazowanych jest w
tworzenie rejondéw o stabilnej strukturze (Rys. 2H w [1]). Wyniki te sugeruja, ze Tyl gRNA
w Scisle zdefiniowanych warunkach in vitro jest bardziej stabilny i mniej heterogenny
strukturalnie niz w warunkach in vivo.

W nastgpnym etapie badan, uzyskane dane liczbowe SHAPE wykorzystatam do
ustalenia wspartego eksperymentalnie modelu struktury drugorzedowej o najnizszej energii
swobodnej - MFE (ang. minimum free energy) Tyl gRNA in vitro (Rys. 3E;F;G —w [1]). W
tym celu uzylam oprogramowania SuperFold, dedykowanego modelowaniu dlugich
czasteczek RNA [78]. SuperFold wykorzystuje funkcje Partition oraz Fold
zaimplementowane w programie RNAstructure [79] oraz reaktywnos$ci SHAPE, jako
ograniczenia pseudoenergetyczne. Modelowanie struktury RNA odbywa si¢ w
przesuwajacym sie¢ oknie (ang. sliding window), a konsensusowy model MFE struktury
drugorzgdowej badanego RNA przewidywany jest z uwzglednieniem par zasad 0
najwickszym prawdopodobienstwie (> 99%), ktore wystepuja w co najmniej potowie
wszystkich okien zwijania. Na podstawie analizy otrzymanego modelu struktury MFE
zauwazytam, ze prawie 50% wszystkich nukleotydow Tyl gRNA w warunkach in vitro
zaangazowanych jest w tworzenie par zasad (Rys. 4E w [1]). Podobna zawarto$¢
sparowanych nukleotydow obserwowana byta w strukturze in vivo, jednak na podstawie miar
precyzji (PPV, ang. positive predictive value) oraz czutosci (ang. sensitivity) ustalitam, ze
prawie potowa par zasad przewidziana w strukturze in vitro jest inna niz w strukturze in vivo
(Rys. 4A w [1]). Nastepnie, aby rozwazy¢ pary zasad wystepujace w wigkszosci mozliwych
konformerow Tyl gRNA in vitro, przeanalizowatam pary przewidziane z wysokim

prawdopodobienstwem (> 80%). W strukturze MFE Tyl gRNA in vitro, tego typu pary zasad
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stanowity az 68% wszystkich przewidzianych par zasad, 30% wigcej niz in vivo (Rys. 4E,F
w [1]). Zauwazylam rowniez, ze tylko 39% wysoce prawdopodobnych par zasad
przewidzianych in vitro, obecnych jest takze w strukturze in vivo i wspélne dla obu stanow
sg gtownie odzialywania krotkiego zasiegu (Rys. 4G w [1]). Powyzsze wyniki pokazuja, ze
analizowane struktury s3 inne i w warunkach in vitro Tyl gRNA jest wysoce
ustrukturyzowany, a liczba wspotistniejgcych konformerow strukturalnych jest nizsza, niz w
srodowisku komorkowym.

Dostepne dane wskazuja, ze rejony RNA bogate w stabilne motywy strukturalne
czesto zawierajg istotne funkcjonalnie sekwencje regulatorowe [53]. Na podstawie analizy
entropii par zasad (entropii Shanonna) i wartosci reaktywnosci SHAPE, zidentyfikowatam
11 stabilnych strukturalnie rejonéw w Tyl gRNA in vitro, z czego 5 czesciowo pokrywato
si¢ z rejonami silnie ustrukturyzowanymi zidentyfikowanymi in vivo (Rys. 3B;E w [1]).
Najdhuzszy rejon, wspdlny dla obu stanéw badanego RNA, znajdowat si¢ na koncu 5’ i
pokrywat si¢ z lokalizacja kluczowych dla retrotranspozycji sekwencji regulatorowych jak
PAL1, PAL2 oraz CYCS5, zaangazowanych odpowiednio w dimeryzacje¢ i cyklizacj¢ genomu
Tyl RNA, czy PBS, BOX0 i BOXI, bedacych miejscami przylgczania tRNAMe — startera
dla odwrotnej transkrypcji. Na podstawie poréwnania uzyskanego profilu reaktywnosci
SHAPE, do tego otrzymanego w VLP [44], nie zaobserwowalismy jednak dimeryzacji i
cyklizacji badanego RNA w warunkach in vitro. Nie zauwazyliSmy takze
charakterystycznych zmian w reaktywnosci SHAPE przemawiajacych za tworzeniem si¢
motywu pseudowezta (Rys. 5w [1]).

Podsumowujac, dzigki swoim badaniom zaprezentowatam model struktury
genomowego RNA retrotranspozonu Tyl w warunkach in vitro. Zgodnie z dostepng mi
wiedza, na chwilg obecng jest to jedyna poznana struktura in vitro pelnej dtugosci gRNA
retrotranspozonu LTR. Na podstawie szczegélowego pordwnania uzyskanych danych do
struktury in vivo wykazatam, ze w warunkach in vitro gRNA Tyl przyjmuje odmienng
strukture drugorzedowa, a takze jest ona bardziej stabilna i homogenna. Omédwiona praca w
istotny sposob wzbogaca wiedzg dotyczaca roéznic w zwijaniu si¢ RNA w odmiennych
warunkach eksperymentalnych. Jest to szczegdlnie wazne zwazywszy, ze wciaz dostepnych
jest niewiele tego typu analiz porownawczych dla innych wirusowych, a takze komorkowych
czasteczek RNA.
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5.2 Cell compartment-specific folding of Tyl Long Terminal Repeat
retrotransposon RNA genome

Malgorzata Zawadzka, Angelika Andrzejewska-Romanowska, Julita Gumna, David
J. Garfinkel, Katarzyna Pachulska-Wieczorek
Viruses, 2022; 14(9):2007

W komorce, czasteczki RNA przechodzg przez ztozony cykl Zyciowy obejmujacy ich
podréz z miejsca powstania w jadrze komorkowym do docelowego miejsca przeznaczenia.
Przewazajgca wickszos$¢ dostepnych struktur RNA in vivo, przedstawia jednak usredniony
obraz struktury danego RNA we wszystkich kompartmentach, a wiedza dotyczaca zmian
strukturalnych zachodzacych podczas cyklu zyciowego RNA i jego podrozy w komorce jest
wigz znikoma. Sktonito mnie to do zglebienia tej tematyki i zbadania zmian strukturalnych
zachodzacych w Tyl gRNA podczas jego replikacji w drozdzach. W tym celu
wykorzystalam metod¢ SHAPE 1 ustalitam drugorzedowa struktur¢ Tyl gRNA
zakumulowanego w jadrze komorki drozdzowej. Nastepnie przeprowadzitam szczegdétows
analiz¢ poréwnawcza jadrowej struktury Tyl gRNA z otrzymanymi wcze$niej strukturami
tego RNA w cytoplazmie, czastce wirusopodobnej (VLP) oraz in vitro [1, 44].

Reagenty SHAPE r6znig si¢ czasem poéltrwania i zdolno$cig przenikania przez btony
komorkowe, ponadto niektére z nich moga wykazywac pewne preferencje w modyfikowaniu
konkretnych reszt nukleotydowych [55]. Wszystkie dotychczasowe badania strukturalne Tyl
RNA zostaty przeprowadzone z uzyciem NMIA jako odczynnika modyfikujgcego [1, 39, 43,
44, A7]. Zatem aby ograniczy¢ wprowadzanie zmiennych migdzy eksperymentami oraz
umozliwi¢ najbardziej wiarygodng analiz¢ otrzymanych wynikow, zdecydowatam si¢ na
uzycie NMIA takze do probkowania struktury jadrowego Tyl gRNA. Wbrew wczesniejszym
doniesieniom literaturowym [54] w naszej poprzedniej pracy udowodnili$my, ze NMIA
wydajnie modyfikuje RNA in vivo [1], jednak jego zdolno$¢ przenikania do jadra
komorkowego nie byla wczesniej wykazana. Dlatego, w pierwszym etapie badan
porownatam efektywnos¢ NMIA oraz NAI (odczynnik wydajnie modyfikujacy RNA w
jadrze komorek ssaczych [80]) w mapowaniu U1 snRNA w S. cerevisiae. Dla obu uzytych
odczynnikow otrzymatam poréwnywalnie wysoki stosunek sygnatu modyfikacji do tla,

wykazujac tym samym, ze zar6wno NMIA, jak i NAIL wydajnie modyfikuja RNA w jadrze
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komorek drozdzowych (Rys. 1A;B w [2]) . Do docelowego mapowania struktury jadrowego
Tyl gRNA wykorzystalam szczep drozdzowy S. paradoxus DG3408, dostarczony przez
naszego wspotpracownika prof. Davida Garfinkel’a. W tym szczepie ekspresja Tyl zachodzi
wylacznie z indukowanego galaktoza plazmidu pGfs, zawierajacego w sekwencji Tyl
delecj¢ jednej adeniny w bezposrednim sasiedztwie kodonu ,,start” biatka Gag (Rys. 1C w
[2]) [35]. W wyniku tej mutacji powstaje pelnej dlugosci transkrypt Tyl, natomiast nie
powstaje funkcjonalne biatko Gag, co silnie wplywa na lokalizacj¢ Tyl RNA w komorce.
Pod nieobecnos¢ Gag, Tyl RNA akumuluje w jadrze koméorkowym, a retrosomy i VLPs w
cytoplazmie nie sg wykrywane. Dodatkowo, Tylfs zawiera przedwczesny kodon ,,stop” i w
przypadku ewentualnego przedostania si¢ do cytoplazmy jest on jest rozpoznawany i
degradowany przez system kontroli RNA - NMD (ang. Nonsense-Mediated Decay) [35].
Wykorzystujac mapowanie NMIA uzyskalam wysokiej jako$ci dane strukturalne dla
93% reszt nukleotydowych Tyl RNA w jadrze komoérkowym. Globalna mediana oraz
rozktad reaktywnosci SHAPE jadrowego RNA poréwnywalne byly do tych
zaobserwowanych wczesniej w cytoplazmie, natomiast znaczaco rdznily si¢ od tych
charakterystycznych dla Tyl RNA in vitro czy upakowanego do VLPs (Rys. 2A w [2]).
Takze procentowy rozklad reaktywnosci SHAPE w jadrze (11% nukleotydow wysoce
reaktywnych; 43% S$rednioreaktywnych; 39% niereaktywnych) podobny byl do tego
obserwowanego w cytoplazmie, ale istotnie odbiegat od uzyskanego w warunkach in vitro
(Rys. 1B w [2]). Sugeruje to, ze niezaleznie od kompartmentu, Tyl gRNA w komorce jest
mniej ustrukturyzowany niz po spakowaniu do VLPs czy w warunkach in vitro. Nastepnie
obliczylam zalezng od pozycji nukleotydow korelacj¢ reaktywnosci SHAPE dla wszystkich
analizowanych stanow RNA (Rys. 2C w [2]). Korelacja reaktywno$ci pomiedzy RNA
jadrowym a cytoplazmatycznym byta umiarkowana (r = 0,55), a pomiedzy RNA jadrowym
a tym z VLPs znaczaco nizsza (r = 0,22), sugerujac zachodzenie istotnych rearanzacji
strukturalnych po eksporcie Tyl gRNA z jadra i podczas jego przechodzenia przez kolejne
etapy cyklu zyciowego. Przeprowadzone przez nas analizy wskazuja, ze rdznice strukturalne
w Tyl RNA nie wynikaja z aktywnosci rybosomow podczas translacji — brak wzrostu
korelacji migdzy stanem jadrowym i cytoplazmatycznym po zablokowaniu translacji. Nie
zauwazytam takze zwigkszonej korelacji reaktywnosci SHAPE miedzy stanem jadrowym 1
in vitro. Ponadto, na podstawie bezwzglednej roznicy reaktywnosci SHAPE pomiedzy
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jadrem 1 cytoplazma zidentyfikowalam jedenascie, rejonéw o diugosci ponad 100nt
wykazujacych najwigksza zmienno$¢ (Rys. 1E w [2]). Obserwacja ta przemawia za
specyficznym dla kompartmentu zwijaniem si¢ Tyl RNA, poniewaz r6znice wynikajace z
odmiennego odziatywania z biatkami czy wystepowania modyfikacji RNA indukuja raczej
duzo mniejsze, bardziej lokalne zmiany [75].

Analogicznie do swoich poprzednich badan wykorzystalam oprogramowanie
SuperFold i uzyskane dane SHAPE do predykcji modelu struktury MFE jadrowego Tyl
gRNA (Rys. 3A [2]). Analiza reaktywnosci w rejonach jedno- i dwuniciowych wykazata
wysoka zgodno$¢ przewidzianego modelu z eksperymentalnie uzyskanymi danymi (Rys. 3B
w [2]). W celu uwidocznienia zmian strukturalnych gRNA w trakcie replikacji Tyl,
otrzymany model struktury jadrowej poréwnalam do modelu MFE struktury
cytoplazmatycznej oraz modelu MFE in vitro. Wykazatam, ze we wszystkich analizowanych
modelach, podobna ilo$¢ nukleotydow zaangazowana jest w tworzenie par zasad (Rys. 3C w
[2]). Nie zauwazylam znaczacych r6znic w medianie zasiggu sparowan oraz ilo$ci parowan
dalekiego zasiggu (> 100 nt) (Rys. 3D w [2]). Pomimo tych podobienstw, na podstawie
parametru PPV 1 miary czulo$ci ustalitam, ze okoto 40% par zasad przewidzianych w
strukturze jadrowego Tyl gRNA nie zostaje zachowanych po eksporcie RNA do cytoplazmy.
Wykazatam, ze pary zasad wspdlne dla obu kompartmentdéw stanowig gtownie odziatywania
krétkiego zasiggu, natomiast oddziatywania dalekiego zasiegu zdaja si¢ by¢ specyficzne dla
danego kompartmentu (Rys. 3A;D w [2]). Natomiast w poréwnaniu do struktury in vitro,
miary precyzji i czutosci wyniosty ok 50% wskazujac, ze potowa przewidzianych w niej par
zasad wystepuje rowniez w strukturze jadrowej (Sup. Rys. 1 w [2]).

Nastepnie, w celu analizy catej puli mozliwych konformeréw Tyl RNA w jadrze,
obliczytam prawdopodobiefistwo wystgpowania wszystkich mozliwych par zasad, a
nastepnie powtdrzylam analiz¢ porownawcza uwzgledniajac tylko wysoce prawdopodobne
pary zasad, wystepujagce w wigkszoSci mozliwych konformeréow. Na tej podstawie
zidentyfikowatam 407 wysoce prawdopodobnych par zasad w Tyl RNA w jadrze, co
stanowi 31% wszystkich par zasad przewidzianych w strukturze MFE. Dla poréwnania
struktura cytoplazmatyczna zawierata okoto 100, a in vitro ponad 535 wigcej wysoce
prawdopodobnych par zasad, co stanowito odpowiednio 41% i 66% wszystkich sparowan w

danych modelach MFE (Rys. 3F w [2]). Co ciekawe, zauwazylam, ze Tyl RNA w jadrze jest
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zubozony o wysoce prawdopodobne odziatywania dalekiego zasiggu (> 100 nt) (Rys. 3E w
[2]). W zgodzie z powyzszymi wynikami, mediana entropii Shanonna w jadrze
komoérkowym byta wyzsza niz w cytoplazmie i w warunkach in vitro.

Aby lepiej zrozumie¢ zaobserwowang heterogenno$¢ struktury jadrowego Tyl
gRNA, na podstawie entropii Shanonna i wartosci reaktywnosci SHAPE, wyznaczytam
rejony charakteryzujace si¢ wysokim stopniem ustrukturyzowania. Zidentyfikowatam 11
takich rejonow, z ktorych wigkszos¢, przynajmniej cze$ciowo, pokrywata si¢ Wysoko
ustrukturyzowanymi rejonami zidentyfikowanymi wcze$niej w cytoplazmie, a cztery z
rejonami zidentyfikowanymi in vitro (Rys. 3H oraz Sup. Rys. S1 w [2]) . Podobnie do innych
stanow eksperymentalnych, najdtuzszy silnie ustrukturyzowany rejon jadrowego Tyl gRNA
znajdowat si¢ na istotnym funkcjonalnie koncu 5°. Analiza rejondw stabilnych strukturalnie
zardwno w jadrze jak i cytoplazmie wskazata na ich wyzsze podobienstwo strukturalne, niz
w przypadku rozpatrywania calych struktur MFE (Rys. 3G w [2]). Razem, otrzymane
rezultaty sugeruja, ze Tyl gRNA w jadrze wykazuje nizszy poziom ustrukturyzowania i jest
bardziej heterogenny strukturalnie niz w cytoplazmie. Niemniej jednak, pewne stabilne 1
wysoce ustrukturyzowane motywy RNA sa zachowane pomi¢dzy kompartmentami komorki.

Analizy in vitro sugeruja, ze biatko Gag Tyl zaangazowane jest w promowanie
Kluczowych dla retrotranspozycji odziatywan RNA:RNA [37-39, 81]. Brakowato jednak
danych potwierdzajacych role Tyl Gag w tych oddziatywaniach in vivo. Dlatego tez,
przeprowadzilam szczegdtowa analiz¢ porownawcza profili reaktywnosci SHAPE
uzyskanych dla Tyl RNA probkowanego w szczepie drozdzy pozbawionym biatka Gag, w
czastkach wirusopodobnych, gdzie zachodzi indukowana przez Gag dimeryzacja i cyklizacja
gRNA a takze przylaczanie tRNAM®, oraz w warunkach in vitro, gdzie nie dochodzi do
wymienionych interakcji RNA:RNA. Skupitam si¢ na poszukiwaniu specyficznych zmian
reaktywnosci w obrebie istotnych dla retrotranspozycji sekwencji cis-regulatorowych, ktore
moga Sswiadczy¢ o zachodzeniu tych odziatywan, badz je wykluczy¢ (Rys. 4A w [2]).
Przeprowadzone analizy wykazatly, ze w jadrze komorkowym nie dochodzi zaréwno do
przytaczania tRNAMe do trojcztonowego miejsca wigzania startera, cyklizacji Tyl gRNA,
ani jego dimeryzacji. Nie zauwazylam takze zmian reaktywno$ci przemawiajacych za

powstawaniem funkcjonalnie waznej struktury pseudowezta na koncu 5° gRNA Tyl (Rys.
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4B w [2]). Tym samym dostarczytam dowodoéw wskazujacych, ze biatko Gag Tyl odgrywa
istotng rolg w promowaniu kluczowych dla retrotranspozycji interakcji RNA:RNA in vivo.
Podsumowujac, prowadzone przeze mnie badania pozwolily na otrzymanie pierwszej
struktury gRNA retrotranspozonu LTR w jadrze komorkowym. Dzigki obszernej analizie
poréwnawczej otrzymanej struktury z poprzednio rozwigzanymi strukturami Tyl gRNA w
cytoplazmie, czgstce wirusopodobnej oraz in Vitro, po raz pierwszy zaprezentowalam, jak
zmienia si¢ struktura RNA retroelementu w trakcie cyklu replikacyjnego w komorce.
Zaobserwowane przeze mnie rozlegle zmiany strukturalne wskazujg na istotny wptyw
lokalnego srodowiska kompartmentow komorkowych na zwijanie si¢ czasteczki RNA,
podkreslajac wazno$¢ podobnych badan w przysztosci. Uzyskane przeze mnie wyniki
dostarczaja takze pierwszych dowodow in vivo na kluczows role biatka Gag w waznych dla

retrotranspozycji Tyl oddziatywaniach RNA-RNA.
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5.3 On the way to understanding the interplay between the RNA structure and

functions in cells: A genome-wide perspective

Angelika Andrzejewska*, Matgorzata Zawadzka*, Katarzyna Pachulska-Wieczorek
International Journal of Molecular Sciences, 2020; 21(18):6770

*autorzy mieli rownorzedny wktad w przygotowanie pracy

W ciagu ostatniej dekady stalo si¢ jasne, ze struktura w jaka zwija si¢ jednoniciowe
RNA odgrywa krytyczng rol¢ w regulacji wielu procesow komorkowych takich jak
transkrypcja, obrobka posttranskrypcyjna, translacja i dojrzewanie biatek, a takze w
lokalizacji, stabilnosci, czy degradacji RNA. Postgpujacy rozwdj technologii
wysokoprzepustowych badan strukturalnych RNA pozwolitl na poznanie struktur catych
transkryptomow w zywych komorkach, umozliwiajac przy tym spojrzenie na wzajemna
korelacje pomiedzy strukturg RNA, a procesami w ktore jest on zaangazowany. Rosnaca
liczba transkryptomowych analiz strukturalnych in vivo, sktonita nas do usystematyzowania
dostepnej wiedzy, czego efektem jest niniejsza praca przegladowa. Podsumowujemy i
dyskutujemy w niej najnowsze odkrycia dotyczace wptywu czynnikow komoérkowych na
zwijanie si¢ struktur RNA, a takze relacji pomigdzy struktura RNA, a jego funkcja w
komoérce. W pierwszej kolejnosci zaprezentowaliSmy i omowiliSmy dostepne metody
umozliwiajagce wysokoprzepustowe badania struktury transkryptomow in vivo. W
nastgpnych rozdziatach dokonaliSmy przegladu najnowszych prac na temat korelacji
pomigdzy strukturg RNA a translacja, odzialywaniem z biatkami oraz stabilno$cig RNA 1
jego degradacja. PoruszyliSmy takze temat wplywu naturalnie wystepujacych modyfikacji
RNA, w szczegdlnosci najbardziej rozpowszechnionej w mRNA N°-methyloadenozyny, na
strukture mRNA. Nasza praca pokazuje réwniez, ze pomimo rosngcej liczby doniesien
naukowych prezentujgcych wyniki transkryptomowych badan strukturalnych in vivo, wiele
kwestii wcigz pozostaje niejasnych 1 do pelnego zrozumienia korelacji miedzy strukturg

RNA a jego funkcja w Zzywych komorkach niezbedne sg dalsze badania.
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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 Tyl 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 Tyl RNA, and inhibition of translation initiation
stabilizes Ty1 RNA structure. Together, our findings
support the dual role of Tyl 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 reflect 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 influences
viral replication. In vivo RNA structure models 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 influenza 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 strand RNA viruses (ssRNA-
RT viruses) are widespread in diverse eukaryotes. The most
extensively studied are Pseudoviridae and Metaviridae fam-
ilies, better known as Tyl/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 Tyl-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 Tyl/Copia family, and Tyl is
the most abundant mobile genetic element in many S. cere-
visiae strains (16). Tyl resembles simple retroviruses, but
lacks an ENV (envelope) gene required for infectivity (17).
Tyl gRNA is 5.6-kb long and contains two partially over-
lapping GAG and POL ORFs, flanked by a 53-nt SUTR
and 318-nt 3'UTR (18). Tyl transcripts are not spliced and
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about 15% of total Tyl gRNA is polyadenylated. Unlike cel-
lular mRNAs, however, Tyl transcripts lacking a poly(A)
tail do not undergo rapid degradation (19,20). Tyl gRNA’s
unusual stability (21) contributes to its high abundance,
comprising about 0.8% of total cellular RNA (22). Cyto-
plasmic Tyl 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 Tyl gRNA
and proteins assemble into virus like particles (VLPs) (23).
Within the VLP, Tyl gRNA is reverse transcribed to a lin-
ear dsDNA copy that integrates predominantly upstream of
genes transcribed by RNA polymerase I11 (23-27). Numer-
ous functional studies show that analogous to retroviruses,
the 5 and 3’ termini of Tyl gRNA are rich in regulatory
sequences directly involved in encapsidation, dimerization,
cyclization and reverse transcription (25,28-32).

Secondary structure models of Tyl gRNA derived by
SHAPE (Selective 2’ Hydroxyl Acylation analyzed by
Primer Extension) probing have been proposed for the first
1482 nts (26%) of ex virio, in virio and in vitro Tyl gRNA
(33), and for monomeric and dimeric states of the first
560 nts of the transcript in vitro (30-32). However, the in
vivo structure of Tyl 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 first 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 efficiency (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 first genome-wide in vivo RNA sec-
ondary structure model for the endogenous yeast ssSRNA-
RT virus Tyl. Using SHAPE probing, we establish the sec-
ondary structure of the entire Tyl RNA genome in its native
in vivo state as well as under defined in vitro conditions. We
find that in vivo Tyl gRNA undergoes significant remod-
eling, is more dynamic and strongly destabilized, in large
part by translating ribosomes. Nevertheless, Tyl 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.

Nucleic Acids Research, 2021, Vol. 49, No. 5 2879

MATERIALS AND METHODS
Yeast strain, media and growth conditions

Strain DG3412 used in this study is Tyl-less Sac-
charomyces paradoxus strain (DG1768) (MAT«a his3-
A200hisG ura3 gal3 Spo~) containing pBDG202 (pGTyl-
H3CLA/URA3/2), a multicopy plasmid with Tyl under
the control of the GALI promoter (37,38). Strain DG3412
was grown in SC-Ura 2% raffinose broth at 30°C with con-
stant shaking at 250 rpm. Saturated cultures were diluted
to ODgponm of approximately 0.2 with SC-Ura 2% galac-
tose broth to induce Tyl expression from the GALI pro-
moter. Cultures were grown to a final ODgypnm of 1.0 at
22°C with constant shaking at 250 rpm. For antibiotic treat-
ment, 10 mg/ml kasugamycin solution (Enzo Life Sciences)
was added to final concentration of 1 mg/ml when the cul-
ture ODgpo nm reached 1.0, and cells were incubated with
shaking for 20 min. The reference strain BY4742 (M AT«
his3 Al leu2 A0 lys2 AO ura3 A0) 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 modification

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
wl of PBS or PBS with 1 mg/ml kasugamycin. Each sam-
ple was divided into two equal amounts and treated with
40 pl SHAPE reagent in DMSO (10 mM NMIA, 10 mM
1IM7 or 20 mM NAI, final concentration) or 40 wl DMSO
alone. For each reagent, different concentrations were tested
and the concentration yielding repeatable, high quality re-
sults, without over-modification signals, were chosen for fi-
nal experiments. The modification 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
significant differences in the reactivity patterns were not ob-
served. RNA modification reaction with NAT was quenched
by adding 400 wl of 1 M DTT. Cells were collected at 8000
x 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-HCI, 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 x 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 wl of water. Purified 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 purified by ethanol precipitation and resuspended
in 10 pl of water.

In vitro transcription

pBDG433, which contains full-length Tyl DNA under the
control of the SP6 promoter, was digested with BamHI re-
striction enzyme (Thermo Scientific) to generate a linear
sense-strand template for transcription in vitro. DNA was
phenol-chloroform extracted, ethanol precipitated and re-
suspended in 20 wl of water. Tyl 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. Purified RNA was re-
suspended in 30 w1 of water. The integrity of the RNA was
determined by high-resolution gel electrophoresis (1.5%
agarose gel with formaldehyde). RNA was stored at —20°C.

In vitro NMIA modification

Tyl in vitro transcript (3 pmol) was incubated in 100 .l of
refolding buffer (10 mM Tris—-HCI, pH 8.0, 100 mM KClI,
0.1mM EDTA) at 95°C for 3 min, then cooled by placing on
ice. RNA was incubated at 37°C for 30 min following the ad-
dition 50 pl of 3x folding buffer (120 mM Tris—HCI, pH 8.0,
600 mM KCI, 1.5 mM EDTA, 15 mM MgCl,). The RNA
sample was divided into two separate tubes and treated with
8 wlof NMIA in DMSO (ImM NMIA, final concentration)
or DMSO alone. The reaction was performed as described
above for modification of RNA in vivo. RNA was recovered
by ethanol precipitation and resuspended in 10 .l of water.

Primer extension and data processing

The optimal amounts of modified (+) and control (—)
RNAs were mixed with 1 pl of 10 pM fluorescently labeled
primer [Cy5 (+) or Cy5.5 (—)]and 1 pl 2 mM EDTA (for
in vivo additionally with 3.84 wl of 5M betaine) to a final
volume 12 wl. Primer—template solutions were incubated at
95°C for 3 min, 37°C for 10 min and 55°C for 2 min, then 8
wl of reverse transcriptase mix (SuperScript I11, 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 efficiency. 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
purified 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 files 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 identification of regions with well-defined structures.
SuperFold uses Partition and Fold functions implemented
in RNAstructure (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~!, respectively.

Prediction of RNA pseudoknots. ShapeKnots (imple-
mented in RNAstructure) was used to identify pseudoknots
in the in vivo and in vitro Tyl RNAs. 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 Tyl 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 the multiple partition function windows were com-
bined and pseudoknot nucleotides were involved. Shan-
non entropies were calculated from individual base-pairing
probabilities and combined into a single profile 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 individual MFE 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 each window to eliminate end effects. These multi-
ple folds were then combined into a final MFE structure by
requiring that base pairs appeared in a majority of the win-
dowed folds. The pseudoknotted helices were added to the
final RNA structure. The maximum pairing distance was
set to 600 nts. Additional prediction of Tyl MFE struc-
ture was performed with tRNA;M¢t binding, dimerization
and cyclization sequences forced to be single-stranded. The
MFE structure model of the in virio Tyl RNA + 1-1482 re-
gion was generated based on previously published SHAPE
data (33), using the RNAstructure.
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Identification of regions with well-defined structures. Well-
defined regions (lowSS) were identified 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 identification, 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 obtained MFE models 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 Tyl RNA and identified lowSS regions, the in vitro
structure was used as the reference state while in other cases
the reference structure was indicated in the figures. Sensi-
tivity is defined 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 Tyl genome under ir vivo and in
vitro conditions

We used SHAPE followed by capillary electrophoresis to ex-
plore the structure of gRNA of an active Tyl retrotranspo-
son at single-nucleotide resolution. We probed Tyl gRNA
structure under three experimental conditions: in S. para-
doxus cells expressing an active Tyl 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 Tyl sequences [(37) and Garfinkel and
Bergman, unpublished results], and expression of Tyl oc-
curs exclusively from a multicopy pGTyl plasmid driven
by the inducible GA LI promoter (23,46). Galactose induc-
tion produces a high level of correctly initiated Tyl 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 Tyl
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 Tyl gRNA population, a
more reliable RNA secondary structure model was gener-
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ated. In contrast, the widely used S. cerevisiae S288c labora-
tory strain background contains 32 full length Tyl elements
comprised of three subfamilies: Tyl, Tyl/Ty2 hybrids, and
the ancestral Tyl’ element (15,47,48). Tyl elements are ex-
pressed at different levels that vary up to 50-fold, with 75%
of total Tyl expression coming from eleven highly expressed
elements, and eight of these are Tyl /Ty2 hybrids (49). Addi-
tionally, some full length Tyl copies contain deletions and
mutations that may affect transposition, but they can be still
expressed.

SHAPE exploits 2’-hydroxyl-selective reagents to interro-
gate local backbone flexibility in RNA by forming covalent
2'-0-adducts at flexible nucleotides (50). Generally, SHAPE
reactivities are inversely proportional to local nucleotide
conformations, such that flexible 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 only NAI (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 profiles (52,61,62). All prior
studies of Tyl 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
Tyl RNA structure mapping in vivo would allow for di-
rect and unbiased comparison of reactivity patterns with
those presented for Tyl 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 Tyl 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 modification, 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 efficient 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
and G 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 specific for diverse biological or experimen-
tal states. Using NMIA, we obtained high-quality SHAPE
data for 98% of the nucleotides in the Tyl gRNA in vivo
and under defined conditions in vitro. SHAPE data derived
from in vivo and in vitro experiments were used for structural
modeling of Tyl 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 Tyl 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 Tyl
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 significant change in the
pattern of SHAPE modifications in vivo (Figure 2B). In
contrast to experiments under defined in vitro conditions,
SHAPE reactivities in vivo are dependent not only on local
nucleotide flexibility, 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
reflect RNA conformational changes induced by the cellu-
lar environment, whereas decreased reactivity in vivo tends
to reflect the binding of proteins and other biomolecules
(65). The comparison of median SHAPE reactivity profiles
across the Tyl RNA genome showed that many regions
were significantly more reactive in vivo than in vitro, some
were less modified 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 (ASHAPE,
Figure 2D) suggest there is a strong destabilization of Tyl
gRNA in the cellular environment, and the few specific re-
gions protected from NMIA modification in vivo may 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 Tyl gRNA is particularly rich in
A-residues (35.5%) while the C-content is low (21.9%), spe-
cific Tyl gRNA nucleotide content likely contributes to dif-
ferences between in vivo and in vitro SHAPE reactivity pro-
files.

Tyl 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 Tyl gRNAs. (A) Box plot analysis of SHAPE reactivity
distributions with medians. Significance was computed by unpaired two-tailed Mann—Whitney test; ****P < 0.0001. (B) Correlation of position-dependent
NMIA reactivities for in vivo and in vitro Tyl gRNA states. (C) The median SHAPE reactivity profiles smoothed with a 75-nt window. (D) The median
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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 Tyl RNA in vitro and in vivo
(45). A significant 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 findings, Shannon (base-pairing) entropy
distributions indicated that 2-fold fewer nucleotides form
well-defined structures (with low entropy) in vivo and the
median entropy was significantly higher than in vitro (0.11
and 0.04, respectively) (Figures 2H and 3B, E). Taken to-
gether, these results strongly suggest that Tyl gRNA struc-
ture is destabilized in yeast cells and is more heterogeneous
than under in vitro conditions.

We queried the RASP database (69) to determine whether
structural information for Tyl 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 Tyl 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.

Identification of Tyl 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 identified 11 lowSS regions within in
vivo and in vitro Tyl 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 correspond well with sequences required

2202 Joquialdas | uo Jasn Nvd feuzolueBioolg iwayD ImAIsul Aq 9/ 1811.9/8/82/G/6v/2191HE/IEU/WO00 N0 dIWapede//:sdny Wwolj papeojumoq



2884 Nucleic Acids Research, 2021, Vol. 49, No. 5

A PAL1,2
PBS, BOX0, BOX1
| lCYCS FS PPT2 PPT1 CYC3
1 1 1 1 1
1 1 L 1 1
1 ' ! e 5(’352
UTR GAG
s pd5 4] POL UTR
PR | IN I RT ] 3
* * * * *
B Lowes | 2 3 4 5 6 7_ 8 9 10 11

:M"*-‘v#”w**ﬂ*‘v‘%ﬁwﬂﬁ

TN I LY [ Ty TP v Py

IN VIVO

1000 2000 3000 4000 5000 5652
C Base pair
probability -
T N A uwuk/"wv\” yee
MFE structure w”
D — _,i
) p— "~ e
BOX03 1y p= ']
R / g 5
»-:\ \ 5 =t
.ﬁ’“ et s - 27582851
‘. BOX1 106155‘1239 é
*«Q. l \.‘ X Ho
o 3
;Y,Y. -
PAL2, — & 3
PK
PALY
13 5] %Q'"\'
e -
5
Lowss ¥
E 5% 1
SHAPE
o
E
Sl v
=

Shannon

en'mpyLl Ahda. ‘Am ook b Mu.L AAM‘A.A Lm‘kﬁﬂ

1000 2000 3000 4000 5000 5652
|: o
probability
A W\J"W"' o
MFEslructure

}

7y

B

Emvw)m o

[/&* .'
A

” { -
739*813‘%} i ?J. D » . %
SE aie g Y
# fH Y8 & { o
- '? H. 3 < g «;{ Probability [%] -
1038 1212 B Af’-"' 310 3_0 o
' SHAPE reactivity
3080?3361 n/d 0.0 0.4 0.85

Figure 3. SHAPE-directed structure models and structurally well-defined regions for in vivo and in vitro Tyl gRNAs. (A) Functional organization of Tyl
gRNA. The known cis-acting sequences are indicated: dimerization sequences (PAL1, PAL2), primer-binding sites (PBS, BOX0, BOX1), cyclization sites
(CYCS, CYC3), frameshift site (FS) and polypurine tracts (PPT1, PPT2). (B) In vivo median SHAPE reactivity and Shannon entropy profiles smoothed
with a 55-nt window. LowSS regions are marked by dark violet shadings with light violet shadings extended to encompass entire intersecting helices from
MFE structures. Grey shadings indicate regions without experimental data. Stars mark regions that overlap in both Tyl gRNAs and black horizontal lines
indicate overlapping fragments. (C) Arc plots showing the base-pairing probabilities and the predicted MFE structure for in vivo Tyl gRNA. At the top
base pairs are colored with respect to their probabilities (see scale), black arcs indicate a predicted pseudoknot (PK). (D) Secondary structure models for
in vivo lowSS regions. Nucleotides are colored by SHAPE reactivity (see scale). Panels (E), (F) and (G) show the analogous analysis performed for in vitro
Tyl gRNA. The MFE structure models were predicted with the maximum pairing distance of 600 nts, and they do not include CYC5/CYC3 long-range
interaction. High-resolution structures of lowSS regions and entire Tyl gRNAs are provided in Supplementary Figures S2 and S3.
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for transposition of a minimal Tyl element when Gag and
Gag-Pol are provided in trans (28,76). The 5 and 3’ ends of
Tyl RNA contain cis-acting sequences directly involved in
retromobility, such as palindromes (PAL) required for Tyl
RNA dimerization, PBS, BOX0 and BOX1 that anneal with
primer tRNA;Me, 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 identified 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 Tyl translational frameshifting.
Although the frameshift heptamer is not nested within a
well-structured region, Tyl frameshifting depends on the
low abundance of a specific isoacceptor tRNA and does not
require a specific RNA structure (77).

Only 5 lowSS regions detected in vivo overlapped with
those identified 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 and PPT1 was well-structured only in the in vivo state.
Thus, our data suggest that detection of regions meeting low
SHAPE and low entropy criteria in vivo might enable more
precise identification of the positions of unknown regula-
tory RNA sequences. Here, we identified eight lowSS re-
gions in the POL ORF of in vivo Tyl 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 modification 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 Tyl gRNA
that encode protein domain boundaries in vivo or in vitro.
Our data indicate that such regions in Tyl 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 Tyl gRNA analyzed in vivo and in vitro was 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-

Nucleic Acids Research, 2021, Vol. 49, No. 5 2885

ties (>99%), and the final 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 signifi-
cant difference in the folding of Tyl 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 vivo MFE structures, while the rest of the parings re-
mained unique for each model (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 Tyl 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 Tyl gRNA structure is destabilized in yeast cells.
A single MFE model, even predicted as a consensus struc-
ture, represents one conformer from an ensemble of possible
RNA conformers with similar free energies (AG) (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 reflect changes in Tyl gRNA
folding under different experimental conditions. Therefore,
we compared the MFE structures of Tyl RNAs across all
identified 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 vitro MFE structure, even if they were
not in lowSS regions of the in vitro RNA (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 Tyl gRNA. Lower
sensitivity and PPV metrics for overlapping region 1 can be
caused by cis-acting sequences that mediate 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-defined structural motifs detected in
vivo are preserved in vitro, but not vice versa.

Analysis of base-pairing probabilities supports destabiliza-
tion of Tyl RNA in vivo

To better understand Tyl gRNA folding, we repeated the
comparative analysis of the in vivo and in vitro Tyl gRNA
structures considering only highly-probable base pairs (HP
bps, pairing probability > 80%). HP bps are predicted with
the highest confidence and are more likely to be present
in the gRNA structure (45). Although a similar number of
MFE base pairs was predicted for both Tyl gRNA states,
the contribution of high-probability base pairs in the in
vivo MFE structure was much lower. Accordingly, 17% of
Tyl 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 the MFE base pairs (Fig-
ure 4E, F). We found that only 39% of in vitro HP 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 Tyl gRNAs. (A) Calculation of sensitivity (sens) and PPV
parameters for the MFE structures of in vivo and in vitro Tyl RNAs. In vitro Tyl gRNA MFE 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 Tyl 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 identified 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 vitro MFE structures.
(G) Comparison of high probability base pairs in the in vivo and in vitro MFE structure models of Tyl gRNA.

almost 80% of in vivo HP bps were shared with in vitro MFE
structure (Figure 4F). This disparity arises from the lower
number of HP bps predicted for the in vivo model of Tyl
gRNA. We observed that among HP bps the short-range in-
teractions representing locally stable secondary RNA struc-
tures were preferentially shared between both Tyl 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 confirm that Tyl
gRNA possesses a significantly 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 findings from comparison of the MFE structures
across lowSS regions.

Tyl RNA dimerization, cyclization and tRNA;V 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. Tyl gRNA dimerization, cyclization or primer
tRNA annealing do not occur under the in vitro condi-
tions employed here because Tyl proteins such as Gag
and tRNA are absent in the analysis. RNA sequences in-
volved in tRNA;M¢! 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 SHAPE method 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 Tyl RNA dimerization in vitro, and
supporting PALs involvement in the intermolecular PALI1 -
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
tRNA;Mt /Tyl RNA in vitro complexes and that are also
observed in VLPs (30,33). Highly significant reactivity in-
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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 reflect disruption of the helical region preceding the
PBS caused by tRNA;M¢t 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 CYCS in-
teraction with CYC3. In the absence of tRNA;Met, CYC5
base-paired with the PBS and BOXI1 in vitro, thus the re-
activity increases in CYCS were expected as a consequence
of tRNA;M¢t hybridization in vivo. Since CYCS5 remains un-
reactive in vivo, this region may be involved in long-range
base-pairing with CYC3 at the 3’ end of Tyl 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 Tyl gRNA in vivo (Figures 3D and 5A, B). The 5 pseu-
doknot was identified in virio, and mutations disrupting its
structure inhibit reverse transcription (32,33). Additionally,
our current findings support previous work (33) indicating
that the pseudoknot is not formed in the full-length Tyl
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 Tyl gRNA into
VLPs. The primer for reverse transcription may be annealed
prior to packaging, which also occurs with primer tRNAY
annealing during HIV-1 propagation (81). Like retroviral
RNA genomes, Tyl gRNA may undergo dimerization prior
to being packaged into VLPs. However, further confirma-
tion of these observations is required.

Tyl RNA structure changes during translation

Tyl 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 Tyl 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 in Escherichia coli and zebrafish (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 Tyl gRNA may not fit this pat-
tern. The in vivo median SHAPE reactivities of GAG and
POL ORFs were higher than that of UTRs, indicating that
the Tyl 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 Tyl gRNA structure in vivo fol-

lowing addition of the aminoglycoside kasugamycin, an an-
tibiotic that specifically 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 finish (84) followed by the addition of NMIA.
Comparison of median SHAPE reactivity profiles revealed
that in cells treated with kasugamycin Tyl 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 Tyl
RNA were compared in each probing condition. Tyl 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 Tyl
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 Tyl gRNA in kasugamycin-
treated cells appeared more similar to the in vitro state, since
the gRNAs shared more 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 Tyl gRNA in
vivo, and support the idea that inhibition of translation ini-
tiation partially stabilizes Tyl gRNA structure.

DISCUSSION

We took advantage of the well-developed Tyl experimen-
tal system to define the first genome-wide RNA secondary
structure model for a retrovirus-like retrotransposon in vivo.
To reveal the effect of the cellular environment on folding
of the Tyl RNA genome, we directly compare the SHAPE-
derived in vivo structure with that obtained under defined in
vitro conditions. Furthermore, we analyze the role of active
ribosomes in RNA structural remodeling by probing Tyl
gRNA structure in yeast treated with a translation initia-
tion inhibitor. We find a strong impact of the cellular en-
vironment on folding Tyl gRNA and show that ribosomes
participate in the unfolding and remodeling of Tyl gRNA.

In support of previous observations made 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 Tyl gRNA. About half of the MFE and <40% of HP
base pairs are shared between in vivo and in vitro struc-
ture models, indicating significant remodeling of Tyl gRNA
occurs in vivo. Base-pairing probabilities and Shannon en-
tropy calculations suggest that Tyl gRNA adopts a signifi-
cantly lower and more dynamic structure in vivo when com-
pared to the structure in vitro. In the in vivo state, Tyl gRNA
contains 50% less HP base pairs, and is more likely to form
alternative less probable pairings. The observed increase in
structural heterogeneity in vivo may result from the parallel
occurrence of various Tyl gRNA conformers or from struc-
tural transitions through different stages of the replication
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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 TAV mRNAs in infected cells (6). ZIKV
and DENV gRNAs are also less structured in infected cells
than in virio (3). Consistent with these findings, comparison
of in vivo SHAPE reactivity data with those obtained previ-
ously in virio and ex virio for the first 1482 nts of Tyl RNA
(33) show that Tyl 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 Tyl 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 significantly 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
significant role for RNA binding proteins, ATP-dependent
helicases and covalent RNA modifications (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
Tyl gRNA structure remodeling in yeast. First, the cod-
ing region of in vivo Tyl gRNA is less structured than the
UTRs. Secondly, kasugamycin treatment leads to stabiliza-
tion of Tyl gRNA structure. An analogous effect of trans-
lation initiation inhibitors is also observed for E.coli and
zebrafish 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 Tyl gRNA structure remodeling in vivo.
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Tyl replication requires direct interactions between the
RNA genome and Tyl 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 Tyl 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 Tyl genome,
primer tRNA annealing, and reverse transcription (8,11).
However, our results suggest that Tyl gRNA may contain
additional functional cis-acting sequences in POL where we
identify eight well-structured regions. Recent studies show
that low-SHAPE and low-entropy analyses can identify pre-
viously unknown functional motifs in viral RNA and cellu-
lar transcripts (43,74,75,90). Perhaps the stable RNA motifs
in POL serve as specific binding sites for cellular proteins,
as multiple cellular factors influence Tyl replication (8). Al-
ternatively, these well-structured motifs might contribute to
the stability of Tyl 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 Tyl transcripts are polyadenylated, Tyl gRNA half-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 a major determinant of mRNA stabil-
ity in yeast (92). A significant 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 Tyl gRNA (CO-Tyl gRNA)
is about as stable as Tyl gRNA (93). The secondary struc-
ture of CO-Tyl 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 Tyl transcript features, such as RNA sec-
ondary structure in the CDS. Furthermore, Tyl gRNA sta-
bility is enhanced by interactions with Tyl Gag (38). Thus,
the 1209 base changes in CO-Tyl gRNA may also induce se-
quence or structure changes that alter Gag or cellular factor
binding. Although extensive sequence recoding in the CO-
Tyl element does not alter the level of retrotransposition
or protein expression, there are examples of mutations that
strongly inhibit Tyl mobility located in coding sequences
and the UTRs (30,31,76). Indeed, a Rap1 binding site for-
tuitously introduced into CO-Tyl during recoding dramat-
ically alters Tyl gRNA expression (93). Therefore, it stands
to reason that RNA structural elements mimicking func-
tions of natural Tyl gRNA could also have been introduced
in CO-Tyl.

Tyl gRNA also shares structural properties with yeast
mRNAs that contribute to stability. There is growing ev-
idence that the low structure (high AG) of SUTRs and
the high structure (low AG) of 3’UTRs are associated with
longer half-lives and a higher abundance of yeast tran-
scripts (94,95). The SUTR of Tyl 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’'UTR of Tyl RNA 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
Tyl 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




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) Tyl 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 Tyl 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 Tyl 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 S2. Panel 1
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Figure S3.
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Abstract: The structural transitions RNAs undergo during trafficking are not well understood. Here,
we used the well-developed yeast Tyl retrotransposon to provide the first structural model of genome
(g) RNA in the nucleus from a retrovirus-like transposon. Through a detailed comparison of nuclear
Tyl gRNA structure with those established in the cytoplasm, virus-like particles (VLPs), and those
synthesized in vitro, we detected Tyl gRNA structural alterations that occur during retrotransposition.
Full-length Tyl gRNA serves as the mRNA for Gag and Gag-Pol proteins and as the genome that is
reverse transcribed within VLPs. We show that about 60% of base pairs predicted for the nuclear Tyl
gRNA appear in the cytoplasm, and active translation does not account for such structural differences.
Most of the shared base pairs are represented by short-range interactions, whereas the long-distance
pairings seem unique for each compartment. Highly structured motifs tend to be preserved after
nuclear export of Tyl gRNA. In addition, our study highlights the important role of Tyl Gag in
mediating critical RNA-RNA interactions required for retrotransposition.

Keywords: RNA genome; RNA structure; cell compartment-specific folding; LTR-retrotransposon;
gRNA dimerization; gRNA cyclization; tRNA annealing; Ty1; Gag

1. Introduction

Eukaryotic genomes are rich in transposable elements [1]. One prevalent group
contains the long terminal repeat (LTR)-retrotransposon families Ty1/Copia (Pseudoviridae),
Ty3/Gypsy (Metaviridae), and BEL/Pao (Belpaoviridae) [2]. Their genomic organization
resembles that of simple retroviruses, but most lack a functional envelope gene required for
extracellular transmission [3]. One of the best characterized LTR-retrotransposons is Ty1,
which is present in many Saccharomyces cerevisiae strains [4,5] and propagates via an RNA
intermediate [6,7]. The integrated Tyl element is transcribed by the RNA polymerase II,
producing a gRNA that comprises two partially overlapped GAG and POL ORFs flanked
by untranslated regions [8]. After export to the cytoplasm, Tyl gRNA fulfills a dual role,
serving as the template for Gag and Gag-Pol protein synthesis and as a genome that is
packaged in a dimeric form into VLPs where reverse transcription occurs. In VLPs, Gag and
Gag-Pol undergo proteolytic maturation, gRNA is reversed transcribed using tRNA;Met
as a primer, and the resulting cDNA is imported into the nucleus and integrated into host
DNA, usually upstream of the genes transcribed by RNA polymerase III [9-11].

Ty1 Gag is the structural component of VLPs and mediates RNA transactions during
the process of Tyl retrotransposition. Direct interactions with Gag are needed for Tyl
RNA trafficking to preassembly sites termed retrosomes, as well as VLP assembly [12].
Gag also enhances the stability and nuclear export of the Tyl gRNA [13]. Like retroviral
Gag polyproteins, Tyl Gag displays nucleic acid chaperone activity in vitro and facilitates
RNA-RNA interactions such as dimerization and cyclization of Tyl gRNA, annealing of
tRNA;Met and initiation of reverse transcription [14-17].
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Ty1 gRNA is 5.6-kb long, is not spliced, and ~15% of the transcripts undergo polyadeny-
lation [18]. However, Ty1 transcripts are highly abundant and can comprise ~0.8% of total
RNA, in part because Tyl RNA is more stable than other mRNAs [19,20]. Like retroviruses,
the Tyl gRNA 5’ and 3’ termini contain cis-acting sequences directly involved in retro-
transposition [15,16,21-23]. Recently, we showed that cytoplasmic Tyl gRNA adopts a
significantly different and more heterogeneous structure than when synthesized under
in vitro conditions, but it retains specific well-structured regions containing functional
cis-acting sequences [24]. We also provided evidence that critical RNA-RNA interactions
required for retrotransposition occur prior to VLP assembly.

Here, we used SHAPE (Selective 2’ Hydroxyl Acylation analyzed by Primer Exten-
sion) mapping to explore the Tyl gRNA structure inside the nucleus of living yeast cells.
Using complementary and synergistic experimental and bioinformatics approaches, we
compared structural elements of nuclear Tyl gRNA with that in the cytoplasm, VLPs, and
in vitro. These analyses reveal cell compartment-specific structural transitions that Tyl
gRNA undergoes during the retrotransposon replication cycle. We also demonstrate the
importance of Tyl Gag in functionally important RNA-RNA interactions. Together, our
work provides the first RNA structure model for a retroviral-like nuclear gRNA and the
structural rearrangements that occur during its cellular journey, further increasing our
understanding of RNA folding.

2. Materials and Methods
2.1. Yeast Strains, Media, and Growth Conditions

Strains DG3408 (MAC483) and DG3412 (MAC520) [13] are derived from Tyl-less S.
paradoxus strain DG1768 (MAT« his3-A200hisG ura3 gal3 Spo”) and contain multicopy
plasmids pGTylfs (pBDG1112, pGTylgag-ATGfs) and pGTyl (pBDG202, wild type), re-
spectively, under the control of GAL1 promoter [25-27]. DG3408 was grown overnight to
OD600 of 1.0 in SC-Ura 2% raffinose broth at 30 °C with shaking at 250 rpm. The saturated
yeast culture was centrifuged at 7500 x g for 5 min, the pellet was washed once in PBS buffer,
and then it was resuspended in SC-Ura 2% galactose broth. The culture was grown for
2-4 h at 22 °C with 250 rpm shaking to induce “Tylfs” expression from the GAL1 promoter.
The S. cerevisiae reference strain BY4742 (MAT « his3A1 leu2A0 lys2A0 ura3A0) [28,29] was
used for testing the effectivity of RNA modification by NMIA, and NAI in the nucleus was
grown in conditions similar to those mentioned above using SC-complete broth instead of
SC-Ura.

2.2. RNA Modification

A total of 100 mL of galactose-induced yeast culture (DG3408 or BY4742) was cen-
trifuged at 7500x g for 5 min, the cell pellet was washed with PBS, and then it was
resuspended in 720 puL of fresh PBS. Samples were divided into two equal parts and treated
with either 40 pL of SHAPE reagent in DMSO [final concentration: 10 mM NMIA, 10 mM
NATJL (+)] or 40 uL. DMSO alone (-). The modification reactions were carried out at 37 °C for
15 min. RNA modification reactions with NAI were additionally quenched by adding 1 M
DTT at a 1:1 ratio to the reaction volume. Cells were collected by centrifugation at 8000x g
for 5 min.

2.3. Isolation of Total RNA

RNA isolation was performed as previously described [24]. Briefly, the cell pellet was
resuspended in 1 ml of lysis buffer (10 mM Tris-HCI, 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.
Then, samples were centrifuged at 12,000 g for 5 min, supernatants were transferred
to fresh tubes, and RNA was extracted twice with phenol (pH 8.0) and twice with acid
phenol:chloroform (pH 4.5). RNA was recovered by LiCl precipitation overnight at —20 °C,
pellets were washed twice with 70% ethanol, and then they were resuspended in an
appropriate amount of water.
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2.4. Primer Extension and Data Processing

The optimal amount of SHAPE modified (+) or control (—) RNA sample was combined
with 1 pL of 10 uM fluorescently labeled primer [Cy5 (+) or Cy5.5(—)] and 1 pL 2 mM
EDTA pH 8.0, 3.84 pL of 5 M betaine and water to a final volume of 12 pL. Primer-template
solutions were initially incubated at 95 °C for 3 min, 37 °C for 10 min, and 55 °C for 2 min.
A total of 8 uL of reverse transcriptase mix (SuperSript III, Invitrogen, Waltham, MA, USA)
was added to each reaction tube, followed by an additional 90 min incubation at 50 °C.
Sequencing ladders were prepared using labeled primer: WellRed D2 (ddA) or IRD-800
(ddT) and a Thermo Sequenase Cycle Sequencing kit (Applied Biosystems, Waltham, MA,
USA) as recommended by the manufacturer. Reverse transcribed samples and sequencing
ladders were purified using ZR DNA Sequencing Clean-Up Kit (Zymo Research, Irvine, CA,
USA) and analyzed on a GenomeLab GeXP Analysis System (Beckman-Coulter, Pasadena,
CA, USA). Raw electropherograms were processed using ShapeFinder software [30] and
normalized using RNAthor software [31]. Data for each read were obtained from at least
two independent experiments. All primers are listed in Table S1.

2.5. RNA Secondary Structure Modeling and Analysis

A SHAPE-derived minimum free energy (MFE) secondary structure model for nuclear
Tyl gRNA was predicted using an updated version of SuperFold (v1.1) [32]. The previously
obtained SHAPE data for Tyl gRNA in the cytoplasm and the in vitro state [24] were
recalculated using the SuperFold v1.1 to avoid biases resulting from algorithm differences.
In brief, SuperFold v1.1 software uses Partition and Fold functions implemented in RNA
structure together with the SHAPE reactivities input as pseudo-energy constraints [32,33]
for prediction of the MFE structure model, calculation of base pairing probabilities for all
possible canonical base pairs, and identification of well-defined regions (lowSS). Slope and
intercept folding parameters were set as the default (1.8 and —0.6 kcal mol~!, respectively)
for each calculation. A partition function was computed in 1200-nt sliding windows with
the increment of 100 nts, the pairing distance was limited to 600 nts, and the four additional
calculations were performed on the 5 and 3’ ends of the nuclear Tyl gRNA. Moreover,
300 nts were trimmed from each window to exclude the end effect. Base-pair probabilities
from multiple windows were combined. Shannon entropies were calculated from individ-
ual base-pairing probabilities and combined into a single, 55-nt sliding windows profile.
The MEFE structure was predicted with the SHAPE data as pseudo-energy constraints, and
base pairs with >99% probability were added as hard constraints. Fold was run in 3000-nt
sliding windows with 300 nt-increments, and the pairing distance was set to 600 nts. Four
additional fold calculations were performed on the 5" and 3’ ends, as described above.
The final MFE structure was combined from multiple windows with the requirement that
base pairs must appear in a majority of the windowed folds. Well-defined regions (lowSS)
were identified by selecting regions with at least 40 nts with both median SHAPE and
median Shannon entropy values below their respective medians. Some lowSS regions were
combined or expanded to include the entirety of helixes predicted in MFE. RNA structures
were visualized using VARNA [34]. Additionally, potential pseudoknot formation was
analyzed with ShapeKnots [35], in which full-length nuclear Tyl gRNA was folded in
600-nt sliding windows with 100-nt increments. Pseudoknots occurring in >50% of the
windows were included in the MFE structure.

2.6. Signal-To-Background Ratio and Correlation Calculation

The signal-to-background (S/B) ratio for NMIA and NAI modification in the yeast
nucleus was calculated based on ShapeFinder raw output files. The signal and background
peak area values for each nucleotide were averaged, and their medians were estimated. S/B
was then calculated as the ratio between the medians of signal and background. Spearman’s
correlations and linear regressions were computed with GraphPad Prism 8 software.
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2.7. Comparison of SHAPE Reactivities and SHAPE-Directed Structural Models of Tyl gRNA

Sensitivity and PPV values for the entire nuclear Tyl gRNA MFE model were cal-
culated relative to the cytoplasmic or in vitro Tyl gRNA MFE using the Scorer function
implemented in RNAStructure. To ensure that compared structures have identical se-
quence, the adenine at position 58 in the frameshift mutant Ty1lfs was manually deleted
from cytoplasmic and in vitro Tyl MFE structures. For identified lowSS regions, sensitivity
and PPV values were computed relative to the nuclear Tyl gRNA MFE. If the region of
interest holds only a half of the predicted base pairings, nucleotides from the disrupted
helix were added manually to the calculations. SHAPE reactivities for Tyl gRNA in virio
were reported previously [36]. For comparative analysis of nuclear and in virio Tyl gRNAs,
deconvolution of in virio SHAPE reactivities was performed by multiplying them by 0.6,
the ratio between SHAPE reactivity medians for nuclear and in virio gRNAs.

2.8. Computing Regions of Large Absolute SHAPE Reactivities Changes

The absolute value of the SHAPE reactivity difference between nuclear and cy-
toplasmic compartments was summed over 75-nt sliding windows. Spans of at least
100 consecutive nucleotides in which absolute reactivity changes were above the global
median change were characterized as regions with the largest SHAPE reactivity differences.

3. Results
3.1. NMIA Successfully Modifies RNA in the Yeast Cell Nucleus

SHAPE mapping using an appropriate electrophile to acylate the ribose 2'-hydroxyl
groups efficiently interrogates the flexibility of local RNA structures in vitro and in vivo [37].
Several well-validated SHAPE reagents with different cell permeabilities, half-lives, and
nucleotide biases are currently used for RNA structure mapping in cells [38—40]. In the
case of Tyl gRNA, all prior structural studies were performed using N-methylisatoic an-
hydride (NMIA) [15,22,24,36,41,42]. For structural comparisons, we also used NMIA to
determine the secondary structure of nuclear Tyl gRNA. Application of the same probing
reagent allowed more reliable comparisons of Tyl gRNA structural transitions between cell
compartments or biological states. Recently, we showed that NMIA penetrates yeast cells
and effectively modifies cytoplasmic transcripts [24], but its capacity to modify nuclear
RNA was not investigated. To that end, we performed structural mapping of the Ul small
nuclear RNA (snRNA) in the well-characterized S. cerevisiae strain BY4742 using NMIA
and 2-methylnicotinic acid imidazolide (NAI)—SHAPE reagent previously shown to be
suitable for RNA probing inside the nucleus of mammalian cells [40]. Using capillary elec-
trophoresis to detect modification-induced reverse transcriptase-stops, we obtained high
and comparable signal-to-background (S/B) ratios for both SHAPE reagents, showing that
NMIA robustly modifies nuclear RNAs in yeast with efficiency similar to NAI (Figure 1A).
The correlation between position-dependent NMIA and NAI reactivities in Ul snRNA
(r =0.77) showed that there is a strong similarity in the modification patterns (Figure 1B),
but some nucleotide biases were also observed.
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Figure 1. Yeast strains used for Tyl gRNA structural studies and analysis of the ability of NMIA
to modify yeast nuclear RNA. (A) Box plot analysis of RT-stop rate measurement with medians for
signal and background for Ul snRNA and Tyl gRNA. Plots present data for approximately 340 nts
and 400 nts of U1 snRNA and Tyl gRNA, respectively. (B) Correlation of position-dependent NMIA
and NAI reactivities for Ul snRNA (data for 230 nts). (C) Comparison of DG3408 (pGTylfs) and
DG3412 (pGTyl wild type) yeast strains.

3.2. The Experimental Strategy Used to Explore Tyl gRNA Structure in the Nucleus

To determine the structure of Tyl gRNA in the yeast nucleus, we used a previously-
characterized yeast strain—DG3408—that naturally lacks chromosomal Tyl elements,
and expression of Tyl occurs exclusively from a galactose inducible plasmid pGTylfs
(pBDG1112, pGTylgag-ATGfs) [13] (Figure 1C). Tylfs contains a single “A” deletion ad-
jacent to the GAG start codon, which profoundly affects Tyl gRNA localization in the
cell. After galactose induction, pGTylgag-ATGfs produces full-length Tylfs transcripts
(5651 nts) but, as expected for a frame-shift mutation, does not synthesize complete Gag
and Pol proteins. Due to the lack of functional Gag, Tyl gRNA accumulates in the nucleus,
its cytoplasmic level and stability are greatly decreased, and retrosomes and VLDPs are
not detected [13]. This strain enabled us to obtain a more homogenous pool of correctly
initiated nuclear Tyl transcripts that were subjected to SHAPE analysis using NMIA. We
obtained high-quality SHAPE data (S/B = 3.8) for over 93% of the nucleotides in nuclear
Tyl gRNA, further demonstrating that NMIA is suitable for mapping RNA structure in the
yeast nucleus (Figure 1A).

To investigate how the structure of LTR-retrotransposon gRNA changes during repli-
cation in host cells, we performed a detailed comparison of SHAPE data for the nuclear
and cytoplasmic Tyl gRNA states [24]. We can exclude the impact of strain-specific cellu-
lar factors on gRNA folding because yeast strains applied here and for cytoplasmic Ty1
gRNA studies are based on the same parental yeast strain (DG1768) [43] and differ only
by the point mutation in the pGTylfs plasmid. In contrast, wild type pGTy1 transcripts
expressed in DG3412 are efficiently exported from the nucleus, the majority of gRNA is in
the cytoplasmic compartment, and small fractions are detected in the nucleus or in VLPs
(Figure 1C). We also compared the structure of nuclear Tylfs gRNA to those determined in
VLPs or under in vitro conditions [24,36].
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3.3. Analysis of SHAPE Structural Data for Nuclear Tyl Grna

We compared the overall SHAPE reactivity distribution in different Tyl gRNA states
(Figure 2A). The distribution of reactivity in the nuclear RNA was more similar to the
cytoplasmic state than the in vitro or in virio (within a VLP) states [24,36]. Accordingly,
the median SHAPE reactivity of the nuclear Tyl gRNA was comparable to cytoplasmic
gRNA (0.45 and 0.42, respectively), and they were higher than in vitro gRNA (0.35) or in
VLPs (0.29) (Figure 2A). Analysis of the percentage reactivity distributions showed that
~11% of nucleotides displayed a high SHAPE reactivity (>0.85), 43% were intermediate
(0.4-0.85), and the remaining 39% were unreactive (< 0.4) in the nuclear state (Figure 2B).
This SHAPE reactivity content is comparable to the cytoplasmic Tyl gRNA but different
from gRNA transcribed and folded in vitro. Nucleotides with a low SHAPE reactivity
are likely base-paired, and highly reactive nucleotides are placed in single-stranded RNA
regions, whereas those with intermediate SHAPE reactivity can be involved in alternate
pairing. Together, these results suggest that independent of the compartment, Tyl gRNA is
less structured than after packaging into VLPs or under in vitro conditions.
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Figure 2. Analysis of SHAPE reactivities for nuclear Tyl gRNA compared to cytoplasmic and in vitro
full-length Tyl gRNAs, the inhibition of translation initiation state (for 2500 nts), and the in virio state
(for 1482 nts). (A) Violin plot analysis of SHAPE reactivity distributions with medians. (B) Pie chart
analysis of SHAPE reactivity percentage distribution. (C) Correlation of position-dependent NMIA
reactivities. (D) The median SHAPE reactivity profiles smoothed within a 75-nt window. (E) The
median profile of absolute SHAPE reactivity change between nuclear and cytoplasmic datasets,
smoothed within a 75-nt window. Light-red shadings indicate regions with the greatest absolute
differences above the global median change (marked in red) (see Section 2).

To follow Tyl gRNA structural changes between cell compartments, we calculated
the position-dependent correlation between their SHAPE reactivities (Figure 2C). We
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found that this correlation was moderate (r = 0.55), suggesting that significant Tyl gRNA
structure remodeling occurred after nuclear export. The reactivity correlation between
nuclear and VLPs states was even lower (r = 0.22), implying increased structural differences.
Interestingly, the correlation between reactivities in the cytoplasm and VLPs was 0.42 and
suggested a slightly higher similarity in Tyl gRINA structure than that observed between
nuclear and in virio states. In an attempt to identify factors contributing to the differences
observed between nuclear and cytoplasmic Tyl gRNA structures, we compared SHAPE
data for nuclear Tyl gRNA with those obtained in cells partially inhibited for translation
by kasugamycin treatment [24]. However, we did not detect an increase in the position-
dependent correlation between SHAPE reactivities that would indicate a higher structural
similarity between nuclear and cytoplasmic Tyl gRNA in the presence of kasugamycin,
which blocks translation initiation [44] (Figure 2C). Moreover, we did not detect any increase
in correlation when nuclear data were compared to those from the in vitro state.

Analysis of SHAPE reactivity profiles confirmed the substantial differences detected
between many regions of the nuclear, cytoplasmic, or in vitro Tyl gRNA states (Figure 2D).
To estimate the range of SHAPE reactivity alterations between compartments, we calculated
the absolute reactivity changes between them, and we searched for Tyl gRNA regions
of at least 100 consecutive nucleotides with the absolute change exceeding the median
change (Figure 2E). Based on this approach, we detected 11 regions evenly distributed
across the GAG and POL ORFs. Such extensive reactivity alterations support compartment-
specific folding of Tyl gRNA rather than differences in RNA /protein interactions or RNA
modification patterns that usually induce more local changes [45].

3.4. The MFE Structure Model of the Nuclear Tyl RNA Genome

To better understand Tyl gRNA folding inside the nucleus, we used the SuperFold
pipeline to perform SHAPE-directed windowed modeling of the minimum free energy
(MFE) RNA structure [32] (Figure 3A). Examination of SHAPE reactivities in single- and
double-stranded regions confirmed the agreement between the predicted structural model
and the SHAPE data (Figure 3B). By comparing the nuclear MFE structure to that of
cytoplasmic Tyl gRNA in terms of sensitivity (sens) and positive predictive value (PPV),
we found that about 60% of MFE bps predicted for the nuclear state also appeared in the
cytoplasmic state (Figure 3A). Most of these shared bps represented short-range interactions,
whereas the long-distance pairings seemed unique for each compartment. About 46% of
nucleotides are involved in base-pairing in both MFE structure models (Figure 3C), and
we did not find significant differences in the median pairing distances or numbers of
long-distance pairings (Figure 3D).

To consider the complete ensemble of possible Tyl gRNA structures in the nucleus,
we calculated the probability of each base-pairing in the MFE model (Figure 3A). Highly
probable base pairs (HP bps; >80% of probability) are the most likely to be present in all
coexisting structural conformers of an RNA molecule, whereas those with a low probability
are much rarer. We identified 407 HP bps, which constitute 31% of all MFE bps (Figure 3F).
For comparison, about 100 more HP bps have been identified in the cytoplasmic Tyl gRNA,
and they constituted 41% of all MFE bps [24]. Interestingly, we did not observe a tendency
to preserve HP bps between compartments (63% of shared HP bps) compared to other
bps. Also, nuclear Tyl gRNA was depleted for long-range HP bps (>100 nt) (Figure 3A).
The median HP pairing distances in both compartments remained similar (20 and 22,
respectively), and they were much lower than the median distances calculated for MFE
bps (Figure 3E). In agreement with the above findings, the median Shannon entropy of
nuclear Tyl gRNA was higher than that calculated for the cytoplasmic state (0.13 and 0.10,
respectively) (Figure 3H) [24]. Taken together, our data suggests that nuclear Tyl gRNA is
less structured and in a more heterogenous state.
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Figure 3. SHAPE-directed structure model of the nuclear Tyl gRNA and its comparison with MFE
structures predicted for cytoplasmic or in vitro Tyl gRNAs. (A) Genomic organization of Tyl gRNA.
(B) Box plot analysis of SHAPE reactivities mapped to single- and double-stranded regions of the
nuclear Tyl gRNA MFE structure. (C) Pie chart analysis of percentage distributions of nucleotide
pairings in the MFE structures, including high probability base pairs (HP bps, pairing probability
> 80%). (D) Box plot analysis of MFE bps and (E) HP bps distance with medians. (F) Venn diagram
showing overlap of HP bps. (G) Sensitivity and PPV parameters for lowSS regions identified in
nuclear Tyl gRNA. (H) LowSS regions analysis. Light shadings indicate extending to encompass
entire intersecting helices from MFE structures. The bottom bars present locations of lowSS regions
in the cytoplasmic Tyl gRNA. Overlapped regions are marked by *. Significance was computed by
unpaired two-tailed Mann-Whitney test; **** p < 0.0001. * p < 0.05; n.s., not significant.

To better understand the structural heterogeneity of nuclear Tyl gRNA, we determined
the most compact and thermodynamically stable RNA regions. Based on low SHAPE
reactivity and Shannon entropy values (lowSS framework) [46], we identified 11 well-
structured regions that cover about 19% of Tyl gRNA in the nucleus (Figure 3H). We found
that most overlap, at least partially, with lowSS regions detected in cytoplasmic Tyl gRNA.
For most lowSS regions, the PPV and sensitivity metrics are higher than for the entire MFE
structure, indicating that stable, highly structured motifs tend to be preserved after the
export of Tyl gRNA from the nucleus to the cytoplasm (Figure 3G).
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We also compared the nuclear Tyl gRNA MFE structure to that determined under
defined in vitro conditions [24]. Calculated PPV and sensitivity parameters were 51% and
47%, respectively, indicating that only about half of MFE bps are shared between the nuclear
and the in vitro Tyl gRNA structure models (Figure S1). Even though the percentage of
nucleotides engaged in base-pairings in both structures was similar, the nuclear MFE model
has 535 fewer HP bps than the in vitro model (Figure 3C,F). Consistently, the median
Shannon entropy for gRNA in the nucleus was much higher than in vitro (Agpannon = 0.09).
Based on the lowSS approach, we were able to identify 4 lowSS regions that were partially
shared in these states of Tyl gRNA (Figure S1). Therefore, our results further support the
idea that there are substantial differences in Tyl gRNA folding in vivo and in vitro.

3.5. RNA-RNA Interactions Mediated by Gag In Vivo

The 5’ terminus of Tyl gRNA contains well-characterized cis-acting sequences re-
quired for the efficient gene expression and propagation of the element. These include the
following motifs: PBS, BOX0, and BOX1 necessary for tRN A Met binding; CYC5 involved
in genome cyclization; and palindromes PAL1 and PAL2 required for Tyl gRNA dimeriza-
tion [9,11] (Figure 4). In vitro analyses suggest that these crucial RNA-RNA interactions
are promoted by Tyl Gag [14,15,17]. However, Tyl Gag’s role during retrotransposition
has not been demonstrated. To address this issue based on changes in Tyl gRNA structure,
we compared SHAPE data obtained in vivo in the absence of Gag to that from VLPs and
the cytoplasm, where Tyl gRNA is dimerized, cyclized, and tRNA is annealed, and to the
in vitro state, where Gag-mediated RNA-RNA interactions do not occur [24,36].

In the absence of tRNA;Met in vitro, the PBS is unreactive due to an intramolecular
interaction with CYC5, and segments of BOX0 and BOX1 remain unpaired and accessible
to SHAPE modification [36]. Although the PBS remains unreactive independent of primer
binding, SHAPE can detect disruption of helical regions adjacent to PBS resulting from
tRNA;Met hybridization [24,36]. Therefore, increased reactivity in these regions can serve as
an indicator for tRNA;Met binding. In the nucleus, we did not detect increases in reactivity
in the region proceeding PBS or in the 3-nt sequence linking PBS and BOXO0 (Figure 4A,B—
black frames). Also, we observed increased reactivity in BOX0 and BOX1. These data do
not support Tyl gRNA /tRNA;Met complex formation in the nucleus and strongly agree
with other studies suggesting that complex formation occurs in the cytoplasm [47-49]
(Figure 4B). Our results also argue against Tyl gRNA cyclization occurring in the nucleus,
as engagement of CYCS5 in interaction with CYC3 would lead to increased reactivity of the
PBS when tRNAiMet is not annealed.

Tyl gRNA dimerization is mediated by cis-acting palindromic sequences PAL1 and
PAL2 [15,36]. In the dimeric state, these sequences remain unreactive due to Gag-mediated
PAL1/PAL2 intermolecular interactions. In monomeric gRNA, PALs are also unreactive
due to their intramolecular interaction, leading to stem-loop formation. These two distinct
interactions can be distinguished based on reactivity changes in nucleotides linking PAL1
and PAL2 (21UCU23). For nuclear Tyl gRNA, we observed 21UCU23 reactivity similar to
that in the dimeric state; however, we also detected increased SHAPE-reactivity in the PALs
(Figure 4A). Thus, our data suggest that in the absence of Gag, PAL1/PAL2 intermolecular
duplexes are not formed, and the stem-loop with PALs is labile in the Tyl gRNA monomer
(Figure 4B).

In VLPs and the cytoplasmic state, the 5'end of Tyl gRNA forms a functionally
important H-type pseudoknot (PK), where nucleotides at positions 1-7 and 256-262 form
base pairs with nucleotides 264-270 and 319-325, respectively [36,41]. The PK has not been
detected under in vitro conditions [24,36]. With nuclear Tyl gRNA, we observed slightly
increased reactivity in the sequences involved in PK formation when compared to VLPs
(Figure 4A). Also, we did not detect this important PK interaction in nuclear Tyl gRNA
using ShapeKnot software and nuclear SHAPE data as constraints (Figure 4B).
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Figure 4. Comparative analysis of Tyl gRNA regions containing cis-acting sequences. (A) The step
plot (top) and the difference plot (down) calculated by subtracting the in virio NMIA reactivities
from those of the nuclear Tyl gRNA. (B) The MFE models of nuclear and cytoplasmic Tyl gRNA 5’
end. Cis-acting sequences are marked with colored boxes. Neighboring regions affected by tRNA;Met
annealing are boxed.

4. Discussion

Due to the rapid development of RNA probing techniques, the structures of several
viral RNAs in distinct experimental conditions have been resolved, e.g., [50-54]. These
studies reveal meaningful differences between RNA folding in vitro and in cells and high-
light the importance of studying RNA structures in their native cellular context. However,
they provide an averaged “steady-state” picture of viral RNA in the cell that may fail
to resolve functionally important structural transitions during replication. Consequently,
little is known about whether and how the structure of viral RNAs change in specific
cellular compartments.
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Here, we took advantage of a well-developed Tyl experimental system to resolve
the first structure of a retroviral-like RNA in the nucleus. To avoid problems concerning
inefficient purification of intact yeast nuclei and the low level of wild type nuclear Tyl
RNA, we utilized a genetically modified element that does not produce Tyl Gag and
accumulates GAL1-promoted Tylfs RNA in the nucleus [13]. In the absence of Tyl Gag,
Tylfs RNA that enters the cytoplasm is subjected to robust RNA-turnover pathways
including nonsense-mediated decay and degradation by P-body components. We assumed
that only a very small, if any, fraction of cytoplasmic Ty1lfs RNA could be mapped together
with nuclear Tylfs RNA and strongly believe that the modification signals from this
small cytoplasmic fraction do not significantly interfere with our data. Through a direct
comparison of SHAPE-derived nuclear Tyl gRNA structure with those available for Tyl
gRNA in the cytoplasm, within purified VLPs, or synthesized and folded in vitro [24,36],
we characterized gRNA structural alterations that occur during Ty1 retrotransposition.
Finally, we confirm and extend the role of Gag during RNA-RNA interactions crucial to
Ty1 replication in budding yeast.

In support of our previous findings that the cellular environment greatly impacts Tyl
RNA architecture [24], we observe significant structural differences between nuclear and
in vitro Tyl gRNAs. We also discovered large regions with extensive structural alterations
between nuclear and cytoplasmic Tyl gRNAs, indicating compartment-specific folding.
mRNA structural changes between compartments have been identified by transcriptome-
wide study in the mammalian cells, but in contrast to our observations, most are relatively
small and mainly local, suggesting that RNA structures formed during transcription remain
largely unchanged during the mRNA life span [45]. However, transcriptome-wide analyses
may not reveal the extent of all structural variations for individual RNAs. Thus, Tyl gRNA
is an example of a transcript sensitive to the local nuclear and cytoplasmic environments,
and its structure undergoes significant remodeling during the transition between cell
compartments. Based on base-pairing probabilities and Shannon entropy calculations, we
show that Tyl gRNA inside the nucleus adopts a more heterogeneous structure than in the
cytoplasm. Interestingly, we show that short-range interactions represent the majority of
nuclear HP bps, whereas long-range HP bps likely form once Tyl gRNA exits the nucleus.
Our observations are consistent with previous findings regarding cotranscriptional RNA
folding, suggesting that short-range base pairs are formed immediately after transcription,
whereas long-range interactions are more likely to form transitory, less-probable structures,
which refold during RNA maturation and transition between cell compartments [55-57].

Although Tyl gRNA displays a higher degree of structural heterogeneity in the nu-
cleus, we identified 11 thermodynamically stable regions (lowSS regions) that signifi-
cantly overlap with those in the cytoplasm [24]. Prior studies show that such struc-
turally stable motifs are often overrepresented with functionally important cis-acting
sequences [46,53,58—-60]. Most of the cis-acting Tyl sequences are also placed in lowSS
regions of the gRNA, but the functions of other stable regions remain unknown. Our
observations suggest that gRNA regions likely necessary for Ty1 retrotransposition adopt
well-defined structures during or just after transcription, and they remain unchanged
across compartments. However, we also noticed that several nuclear lowSS regions are
no longer detected in the cytoplasm where new lowSS regions are detected. Therefore,
our results also support a recent study suggesting that some functionally important RNA
structural motifs fold differently in the nucleus and cytoplasm [61].

The exact mechanisms by which RNA structures are modulated in vivo are not well
understood. While some studies suggest that translation is the primary force responsible for
the RNA structural remodeling, others highlight the importance of RNA binding proteins
or RNA modifications [45,62]. We previously found that the ribosomes are an important
factor shaping the Tyl RNA structure in the cytoplasm [24]. However, here we show that
active translation does not explain Tyl gRNA structural alterations in different cellular
compartments. On the other hand, we detected greater structural similarities between Ty1
gRNA in the cytoplasm and VLPs than between nuclear Tyl gRNA and VLPs. As Tyl
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Gag protein displays RNA chaperone activity and is present in the cytoplasm and VLPs,
but not in the nucleus, we conclude that Gag may account for the higher gRNA structural
similarity between the cytoplasm and VLPs. Analogous to HIV-1 Gag, interactions between
Ty1 Gag and retrotransposon gRNA may vary at different stages of retrotransposition and
induce diverse structural effects [63]. Although we cannot fully explain a Gag’s role in
Tyl gRNA structure remodeling, our comparative analyses of SHAPE data confirmed and
extended the critical role for Gag in Tyl gRNA dimerization, cyclization, and primer tRNA
annealing in vivo. Tyl Gag does not contain a nuclear localization signal and is detected
near but not within the nuclei of cells expressing Tyl [13]. Thus, we show RNA-RNA
interactions essential for retrotransposition cannot occur prior to Tyl gRNA nuclear export
to the cytoplasm and interaction with Gag.

Studying RNA structures in cellular compartments is essential to gain a comprehen-
sive view of the complex interplay between RNA structure and function. Our work is
the first to present the nuclear structure of a viral-like gRNA, although it may be pre-
mature to conclude whether compartment-specific gRNA folding is a general feature of
LTR-retrotransposons or other reverse-transcribing single-strand RNA viruses. However,
additional RNA structural studies across cellular compartments are needed to define the
common or specific mechanisms of viral and retrotransposon gRNA structure modulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v14092007 /s1. Table S1. Reverse transcription primers. Figure S1.
Comparison of SHAPE-directed MFE model predicted for nuclear and Tyl gRNA in vitro.
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Table S1 . Reverse transcription primers.

PRIMER SEQUENCE (5’-3’)
Tyl PR 1 TCAGGTGATGGAGTGCTCAG

Tyl PR 2 TCGTTTGCCTCTTGGGTATC

Tyl PR _3 CATCACTCGGATTTCTCCTG

Tyl PR _4 TTGGTGTTGTCCTGGAAGTGA
TyL1PR 5 TCGAATTGTCTGTGCATTGG

Tyl PR _6 AGACACTGGCCTGAAACTGG

Tyl PR 7 GCCACGAGGATGTATTTTGG

Tyl PR_8 GGAGGTGTGGAATCGGTTGG
Tyl PR_9 GGTACGTTTGTATGATTAGTCTCA
Tyl PR_10 GTCTCGTGATACCTTAATTTCAG
Tyl PR_11 TGCTGAATATCACCTCTTGC
Tyl PR_12 CAAATTGTCACTTGACTG
Tyl PR 13 TGCATTTCATGTACCTTCTC
Tyl PR 14 GCTTCCGTAGTTGAAGTACAT
Tyl PR_15 TCTATTCCAACATACCACCC
Tyl PR_16 CTCCTCAAGGATTTAGGAATCC
Tyl PR_17 CATTGTTGATAAAGGCTATA

U1 PR TAAGATCCACCCGTTCTAC
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Figure S1. Comparison of SHAPE-directed MFE model predicted for nuclear and Tyl gRNA

in vitro. Location of lowSS regions identified for nuclear and in vitro Tyl gRNA are presented.

Overlapped regions are marked by asterix *.
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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.

| )
) RNA
Translation ‘% 7 stability &

machinery /V degradation

RNA
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/ structure \ meA
/

RNA-binding RNA
proteins modifications

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.

Application e
Method Described in This Used Probe Modification Condition
. Readout
Review
Mouse [10,37],
icSHAPE human [37], NAI-N3 RT-stop In vivo and in vitro
zebrafish [38]
DMS-seq Ye[z;sgt] [()E], CZOE;?IEZSI]Sh DMS RT-stop In vivo and in vitro
SHAPE- A. thaliana [41] NAI RT-stop In vivo and in vitro
Structure-seq
Structure-seq A HMZITZZ][S]’ rice DMS RT-stop In vivo
SHAPE-MaP E. coli [43] M7 RT-mutate In vivo and in vitro
SPLASH Human and yeast Biotinylated Mappmg Qf ligated In vivo
[44] psoralen junctions
) RNase V1 (dsRNA) . .
PARS E. coli [45] 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 mRINA structure in cells [39,43].



Int. ]. Mol. Sci. 2020, 21, 6770

40f15

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.

Mogqtaderi 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 m®A 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 RN A 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

m®A 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

Higher m®A modification tends to have less RNA structure

Deng et al., 2018 [42] Rice in the 3’ UTR in plants.
. Transcripts are subjected to degradation by a mechanism
Suetal, 2018 [52] Rice involving secondary structure unfolding in 5" and 3’ UTRs.
. . Less structured regions immediately upstream the start
Ding etal., 2014 [8] A- thaliana 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.

A Translation shapes RNA structure B RNA structure guides translation

D P
s Co® L= Vg

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 elF3-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 nRNA
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 mRINA 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., Pabl,
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
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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 m°®A
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 N®-methyladenosine
(mPA). Thus, it is not surprising that m® A modification is of particular interest in research. Development
of an m® A RNA immunoprecipitation approach followed by high-throughput sequencing (MeRIP-seq)
allowed to study m®A modification landscape in a transcriptome-wide manner [98,99]. These studies
identify over 12,000 mPbA sites, mainly in the context of the sequence GGmPACU, in more than
7000 human transcripts. The sites of m® A 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 m®A 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 m®A 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 m®A 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 m®A modification sites, with a strong tendency for unwinding RNA secondary structure [51].
Therefore, the appearance of m®A 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 m® A-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 m°A destabilizing effect on RNA duplexes or the modification
machinery preferentially methylate adenosine at single-stranded sites of RNA, they performed genetic
knockout of N®-adenosine-methyltransferase (MettI3) in mouse ES cells. The depletion of MettI3 led to
a transcriptome-wide reduction of the SHAPE signal at the m® A modification sites, confirming the
RNA destabilizing properties of m®A modification in vivo.

Recent transcriptome-wide studies across the three different cellular compartments in mammalian
cells further supported that m®A enriched regions in transcripts are far less structured than the
same, but unmethylated, sites of RNAs, and the patterns of mPA-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 m®A local destabilization of RNA for
their binding. For example, in the chromatin fraction, m®A 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, m®A can work as an “RNA molecular switch” in plants [42]. However,
the significant correlation between the structural changes and m®A 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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