https://doi.org/10.15388/vu.thesis.184
https://orcid.org/0000-0003-1078-6492

VILNIAUS UNIVERSITETAS

Lina
AITMANAITE

Virusy suderinamumo tyrimai
Saccharomyces cerevisiae LA ir M
virusinese sistemose

DAKTARO DISERTACIJA

Gamtos mokslai
Biochemija (N 004)

VILNIUS 2021



Daktaro disertacija rengta 2015 — 2021 metais Vilniaus universiteto Gyvybés
moksly centro Biomoksly institute Biochemijos ir molekulinés biologijos
katedroje.

Disertacija ginama eksternu.

Mokslinis konsultantas:
prof. dr. Saulius Serva (Vilniaus universitetas, gamtos mokslai, biochemija
— N 004)

Gynimo taryba:
Pirmininkas — prof. dr. Rolandas Meskys (Vilniaus universitetas, gamtos
mokslai, biochemija — N 004).

Nariai:

doc. dr. Eglé Lastauskiené (Vilniaus universitetas, gamtos mokslai,
biologija— N 010);

dr. Ausra RazZanskiené (Vilniaus universitetas, gamtos mokslai, biochemija
— N 004);

prof. dr. Vytauté Starkuviené-Erfle (Heidelbergo universitetas, Vokietija,
gamtos mokslai, biochemija — N 004);

dr. Zivilé Strazdaité-Zieliené (Gamtos tyrimy centras, gamtos mokslai,
biochemija — N 004).

Disertacija ginama vieS$ame Gynimo tarybos posédyje 2021 m. liepos mén. 2
d. 11 val. Gyvybés moksly centro (Vilniaus universitetas) R401 auditorijoje.

Adresas: Saulétekio al. 7 LT-10257 Vilnius, Lietuva.

Disertacijg galima perzitréti Vilniaus Universiteto bibliotekose ir VU
interneto svetainéje adresu: https://www.vu.lt/naujienos/ivykiu-kalendorius



https://www.vu.lt/naujienos/ivykiu-kalendorius

https://doi.org/10.15388/vu.thesis.184
https://orcid.org/0000-0003-1078-6492

VILNIUS UNIVERSITY

Lina
AITMANAITE

Virus compatibility in Saccharomyces
cerevisiae LA and M virus systems

DOCTORAL DISSERTATION

Life sciences,
Biochemistry (N 004)

VILNIUS 2021



This dissertation was written between 2015 and 2021 at the Institute of
Biosciences, Vilnius University.

The dissertation is defended on an external basis.
Academic consultant:

Prof. Dr. Saulius Serva (Vilnius University, life sciences, biochemistry — N
004).

Dissertation Defence Panel:
Chairman — Prof. Dr. Rolandas Meskys (Vilnius University, life sciences,
biochemistry — N 004).

Members:

Assoc. Prof. Dr. Eglé Lastauskiené (Vilnius University, life sciences,
biology — N 010);

dr. Ausra Razanskiené (Vilnius University, life sciences, biochemistry — N
004);

prof. dr. Vytauté Starkuviené-Erfle (Heidelberg University, Germany, life
sciences, biochemistry — N 004);

dr. Zivilé Strazdaité-Zieliené (Nature Research Centre, life sciences,
biochemistry — N 004).

The dissertation shall be defended at a public meeting of the Dissertation
Defence Panel at 11:00 on 2 July 2021 in R401 auditorium of the Life
Sciences Center (Vilnius University).

Address: Saulétekio av. 7, LT-10257 Vilnius, Lithuania.

The text of this dissertation can be accessed at the libraries of Vilnius
University, as well as on the website of Vilnius University:
www.vu.It/It/naujienos/ivykiu-kalendorius



TURINYS

SANTRUMPOS. ..o 8
TVADAS ..o 9
1. LITERATUROS APZVALGA ....coovvvirinirineiesiseisssiesessssee 13
1.1 Saccharomyces genties mieliy Totiviridae Seimos virusai.... 13
1.1.1 LA ir M VITUSY JVAITOVE ...vveiiiieeiiiieiiiee e siee e e 16
1.1.2 LA ir M virusy genomai bei jy koduojami baltymai ......... 18
1.1.3 LA viruso viriono Struktlira ........ccccceevveveneeniieninniee e 23
1.2 Totiviridae Seimos virusy palaikymas mielése...................... 26
1.2.1 LA ir M virusy replikacija ........cccooveviiiinieiininiciinces 26
1.2.2 Lastelés-Seimininkés baltymai dalyvaujantys LA ir M
VITUSY PALATKYIME ... 27
1.3 LA ir M virusy jtaka lastelés-Seimininkés molekuliniams
PIOCESAIMS ...vvvieieiiie sttt e sibeeesite e et e et e e e e et e e bb e e bb e e s be e e enbeeennaeas 32
1.3.1 LA ir M virusy jtaka lgstelés-Seimininkés geny raiskai..... 32
1.3.2 M virusy toksiny jtaka S. cerevisiae geny raiskai.............. 33
1.4 LA ir M virusy eliminacijos fenomenas .............................. 35
1.4.1 Defektyviy interferuojanciy RNR elementy sukeliama
ElIMINACTA. . .cuveiiiecie e e 35
1.4.2. Nefunkcionaliy kapsidiniy baltymy sukeliama eliminacija
..................................................................................................... 36
1.4.3 Laukinio tipo virusiniy baltymy sukeliama eliminacija..... 38
1.4.4 Virusy tarpusavio konkurencijos sglygota eliminacija ...... 41
2. MEDZIAGOS IR METODAL........ovviriiriniiiniieniissisesessiones 42
2.0 MEdZIAOS ........cvveviiiiiiiiiiiie e 42
2.1.1 REAGENTAL.....ccueeiieiieie ettt 42
2.1.2 Fermentai ir molekuliniai dydzio standartai ...................... 43
2.1.3 Komerciniai rinkinial ...........ccocovvniiniiiiniicc e 43
2.1.4 Mitybin€s teIPeS.....ccovvereiriierieiieesie e 43
2.1.5 Mikroorganizmy Kamienai...........ccceevrvriieiinincnnennsneen 44
2.1.6 OligoNUKIEOLIAAT ...c.vvveveeieieciie e 45
2.1.7 Plazmid@s .......ccoeeviiiiiiiiiiiii i 47



2.1.8 TIPAIAI....c.ceiieiiiieceee e 53

2.2 METOTAI ... 53
2.2.1 Suminés RNR gryninimas i§ mieliy lastelig ............coccunee. 53
2.2.2 dgRNR issodinimas i§ suminés RNR méginiy .................. 54
2.2.3 Mieliy kompetentiniy lgsteliy ruoS$imas.........ccceeveerveenne 54
2.2.4. Mieliy transformacija..........ccovrerreieeiieneneseseseseeeeeens 54
2.2.5 E. coli kompetentiniy Igsteliy ruo$imas..........c.ccceevvrnennnnn 55
2.2.6 E. coli transformacija........ccccceeveveeiesiiese e 55
2.2.7 Plazmidinés DNR gryninimas i$ E. coli lasteliy................ 56
2.2.8 Mieliy zudymo fenotipo analizé ...........cccoccevviiiivennennnnne. 56
2.2.9 M1 viruso eliminacija is K7 (LA-1, M1) kamieno............. 57
2.2.10 Densitometring analizé.............ccceveerviieiersiieenieeniiee e 57
2.2.11 Statisting analizeé ..........cocovereriieeenieniie e 57

2.2.12 LA virusiniy baltymy variabiliy sri¢iy identifikavimas... 58

3. TYRIMU REZULTATAI IR JU APTARIMAS.......ccccoiiieiiene 59
3.1. LA virusy trumpinty kapsidiniy baltymy sintezés jtaka LA
ir M virusy palaikymui mielése...................cccooiiiininin, 59

3.1.1 LA-1 viruso trumpinto kapsidinio baltymo sintezés jtaka LA
ir M virusy palaikymui miel€se .........c.ccoeviriiiiiiiiiiiiiien 60

3.1.2 LA-2, LA-lus ir LA-28 virusy trumpinty kapsidiniy baltymy
sintezés jtaka natyviy LA ir M virusy palaikymui mielése......... 63

3.1.3 Universalus natyviy LA ir M virusy eliminacijos metodas 64

3.2 Rekombinantiniy Gag ir GagPol baltymuy saveika su
natyviomis LA ir M virusy sistemomis.................ccceevniiniinnnn. 65

3.2.1. Skirtingy LA virusy Gag ir GagPol baltymy sintezés jtaka
LA ir M virusy palaikymui miel€se ..........ccoovvvivviiiiiiniiinnne 66

3.2.2. M viruso reik§me LA virusy replikacijos interferencijoje 72

3.3 LA virusy sgveikos su LA ir M virusy sistemomis
specifiSkumo determinantés..................coccooiiiiinniinic i 74

3.3.1 LA-1 viruso Gag ir GagPol chimeriniy baltymy raiskos
VEKtOTTY KTITMAS ...eoiviiiiiiieesiec e 75



3.3.2. Gag baltymo N-galinio (R1) variabilaus regiono reik§mé

LA it M VIrusy SGVeIKal ......eevuviruieiieiiiesiic et 77
3.3.3 GagPol baltymo Pol domeno N-galinio (R2) variabilaus
regiono reikSmeé LA ir M virusy sgveikai ........occvevvveeiiiieniineenne 79
3.3.4 GagPol baltymo Pol domeno C-galinio (R3) variabilaus
regiono reikSmeé LA ir M virusy sgveikai ........occcevvveeiiieeniineenne 81
3.3.5 Chimeriniy GagPol baltymy, su pakeista Pol seka, sintezés
jtaka LA ir M virusy palaikymui miel€se .........cccoovvvivieiinennnnnn. 84
3.4 Rezultaty apibendrinimas..................ccccoviiiiiiiiiin e, 89
ISVADOS ..ottt 93
LITERATUROS SARASAS.....coovieeieeieeeeeeeeeeee e eeves e 94
SANTRAUKA ... s 110
PADEKA ..ottt 152
MOKSLINIU DARBU SARASAS ..o e 153
MOKSLINIAT STRAIPSNIAL. ..ottt 155



SANTRUMPOS

(+) vgRNR — koduojanti virusiné viengrandininé RNR
a.r. —aminoragstis

AT-PGR — atvirkstinés transkripcijos polimeraziné grandininé
reakcija

bp — nukleotidiniy baziy pora

dgRNR — dvigrandininé RNR

DMSO — dimetilsulfoksidas

EDTA — etilendiamintetraacto ruigstis

G418 — geneticinas, aminoglikozidy grupés antibiotikas
iRNR — informaciné RNR

kb — kilobazé (nukleotidais)

kDa — kilodaltonas

LB — Luria-Bertani bakterijy mitybiné terpé

m’GMP — 7-metilguanozino 5'-monofosfatas

MD — metileno mé¢liu papildyta mieliy mitybiné terpé
NDS — natrio dodecilsulfatas

nt — nukleotidas

0.v. — santyKkiniai optinio tankio vienetai

REaz¢ — restrikcijos endonukleazé

RpRp — nuo RNR priklausoma RNR polimerazé
VJRNR — viengrandininé¢ RNR

wt — laukinis tipas (angl. wild type)

YPD — mieliy ekstrakto peptono dekstrozés mieliy mitybiné

terpe



IVADAS

Saccharomyces cerevisiae mielés itin placiai pritaikomos pramonéje
bei fundamentiniuose tyrimuose. Mielés — patrauklus eukariotinis modelinis
organizmas, nes yra lengvai kultivuojamos laboratorinémis sglygomis bei
turi salyginai kompaktiska genomg. S. cerevisiae genomas yra pirmasis
pilnai nuskaitytas eukariotinis genomas, o0 net 40 % i$ anotuoty geny turi
atitikmenis zmogaus genome (Alves-Rodrigues et al., 2006). Atlikti
mokslinius tyrimus, naudojant S. cerevisiae mieles, patogu dél sukurty
pavieniy geny iskrity, padidintos raiskos, batinyjy geny ir dihibridiniy
sistemy biblioteky bei jvairiy duomeny baziy. Mieliy tyrimai suteiké svarbiy
ziniy apie eukariotinés lgstelés ciklo reguliacija, informacinés RNR
transkripcijos, transliacijos ir degradacijos mechanizmus, priony biologija,
baltymy sekrecijos kelius, autofagija ir lastelés senéjimo procesus (Alves-
Rodrigues et al., 2006; Wickner et al., 2015; He et al., 2018; Nielsen, 2019).
S. cerevisiae taikomos ir virusy biologijos tyrimuose, nes jose galima
replikuoti jvairiy augaly bei gyviiny virusy geneting medziagg (Nagy, 2008).
Vykdant tyrimus mielése nustatytos patogeniniy virusy, tokiy kaip ZIV,
Epsteino-Baro, Hepatito C pavieniy baltymy funkcijos (Blanco et al., 2003;
Demarini et al., 2003; Kapoor et al., 2005). Taip pat identifikuoti
lastelés-Seimininkés faktoriai, svarbiis jvairiy augaly (Nagy, 2008;
Nawaz-ul-rehman et al., 2013), vabzdziy (Huang et al., 2020) ir Zinduoliy
(Naito et al., 2007; Stellberger et al., 2010) virusy palaikymui Igsteléje.
Molekuliniai mieliy transpozoniniy elementy tyrimai suteiké ziniy apie
retrovirusy funkcionavimo mechanizmus (Risler et al., 2012; Rausch et al.,
2017).

Saccharomyces cerevisiae ir kitose Saccharomyces genties mielése
aptinkami jvairas RNR virusai (Drinnenberg et al., 2011; Wickner et al.,
2013). Ttin didelio susidoméjimo yra sulauke Totiviridae Seimai priskiriami
LA ir nuo jy priklausomi satelitiniai M virusai. Siy virusy sistema suteikia
mieléms Seimininkéms zudymo fenotipa. M virusai koduoja toksing, kuris
yra iSskiriamas j aplinkg ir lemia aplink esanciy jautriy mieliy zatj (Wickner
etal.,, 2013). Siuo metu yra Zinoma visa eilé skirtingy LA ir M virusy.
Iprastai gamtoje tam tikro tipo M virusas palaikomas jam specifisko LA
viruso (Vepstaité-Monstavicé et al.,, 2018). Ar toks specifiniy virusiniy
sistemy iSsivystymas yra kryptingas, ar atsitiktinis procesas, néra zinoma.
Tiek LA virusy tarpusavio saveikos, tiek ir sgveikos su M virusais néra
galutinai atskleistos, o jy determinantés nezinomos. Siy sgveiky atskleidimas
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yra svarbus ne tik biocidinio mieliy fenotipo supratimui, bet ir bendriems
virusy ontogenezés mechanizmams isaiskinti.

Darbo tikslas

Istirti S. cerevisiae ir S. paradoxus mielése aptinkamy Totiviridae
Seimos LA ir M virusy tarpusavio saveiky specifiSkuma ir nustatyti galimas
specifiSkumo determinantes.

Darbo uzdaviniai

1. Jvertinti LA virusy rekombinantiniy trumpinty kapsidiniy
baltymy sintezés jtaka jvairiy endogeniniy LA ir M virusy
palaikymui mielése.

2. Apibudinti LA-1, LA-lus, LA-28 virusy rekombinantiniy Gag ir
GagPol baltymy sudaromy virusiniy daleliy saveikas su
endogeniniais LA ir M virusais.

3. Istirti LA  virusy baltymy variabiliy seky reikSme
rekombinantiniy baltymy saveikai su endogeniniais LA ir M
virusais.

Darbo naujumas ir reik§meé

LA ir M virusai yra paplite ne tik tarp laukinio tipo S. cerevisiae, bet
ir tarp klinikiniy, industriniy ir laboratoriniy mieliy kamieny (Pieczynska et
al., 2013). Nors LA ir M virusy palaikymas nesukelia akivaizdziy
fenotipiniy lgstelés-Seimininkés pokycCiy, yra zinoma, jog bendras lastelés
geny raiskos profilis pakinta (McBride et al., 2013; Luksa et al., 2017).
Vykdant jvairiy molekuliniy procesy tyrimus mielése, svarbu atsizvelgti ir |
natyviy virusy palaikymo mielése jtakg lgstelei-Seimininkei. Virusy jtakg
savo Seimininkui galima efektyviai jvertinti atliekant didelés nasos tyrimus
(pvz.: transkriptomika, proteomika ir pan.). Iprastai LA ir M virusy
eliminacija i$ Iastelés yra vykdoma j mieliy mitybing terp¢ pridedant
cikloheksimido, 5-fluoruracilo ar mieles veikiant kars¢iu (Fink ir Styles,
1972; Tipper ir Schmitt, 1991; Weinstein et al., 1993). Visi §ie metodai yra
citotoksiski, tad jy taikymas ruoSiant tiriamuosius méginius —0mikos
eksperimentams gali lemti klaidingus tyrimy rezultatus. D¢l Sio priezasties
buvo svarbu sukurti mieliy lgsteléms nekenksmingg LA ir M virusy
eliminacijos metoda. Siame darbe nustatyta, jog visi tirti trumpinti LA virusy
kapsidiniai baltymai, nepriklausomai nuo LA virusy riiSies, eliminuoja
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natyvius LA ir M virusus i§ mieliy Igsteliy. Sis universalus LA ir M virusy
eliminavimo  i§  lastelés  metodas  buvo  pritaikytas  ruoSiant
transkriptominiuose ir proteominiuose tyrimuose naudotus mieliy kamienus
(Luksa et al., 2017; Konovalovas, 2018). Duomenys, gauti tiriant jvairiy LA
virusy trumpinty kapsidiniy baltymy sintezés jtakg natyviems virusams,
leidzia daryti prielaida, jog skirtingy LA virusy kapsidiniai baltymai gali
saveikauti tarpusavyje nepriklausomai nuo virusy riisies.

Siuo metu yra zinomi keli LA ir M virusy kombinacijy variantai
(Vepstaitée-Monstavice et al., 2018). Kadangi gamtoje M virusai aptinkami
tik su sau specifiniu LA virusu, buvo iskelta virusy koevoliucijos hipotezé.
Manoma, jog LA virusai dél koevoliucijos su savo palydovu tame paciame
Seimininke  yra  iSvyste  specifiSkumg  konkreCiam M  virusui
(Rodriguez-Cousino ir Esteban, 2017). Nepaisant to, LA virusy specifiskuma
savo palydovui uztikrinantys mechanizmai néra Zinomi. Taip pat néra
7inoma, kaip LA virusai saveikauja tarpusavyje. Siame darbe sistemiskai
jvertintos skirtingy LA virusy kapsidiniy baltymy saveikos su visoms iki §iol
zinomomis S. cerevisiae aptinkamomis LA ir M virusy sistemomis, bei viena
S. paradoxus LA ir M virusy sistema. Tyrimams pritaikyta virusy tarpusavio
sgveiky jvertinimo metodika, kuri suteiké galimybe eksperimentus atlikti
homogeniskoje aplinkoje. Nustatytos LA-1, LA-lus ir LA-28 virusy
koduojamy baltymy saveikos su jvairiais endogeniniais LA ir M virusais
specifiskumas, kuris gali buti susietas su rekombinantiniy baltymy gebéjimu
atpazinti konkre¢ius M virusus ir taip uztikrinti jy genomo replikacija.
Parodyta, jog satelitiniy M virusy palaikymas lgsteléje yra svarbus veiksnys
rekombinantiniy virusiniy baltymy ir natyviy LA virusy saveikoje.
Remiantis $iais duomenimis galime teigti, kad LA ir M virusai funkcionuoja
kaip itin glaudziai susijusi sistema. Taip pat tyrimo rezultaty analizé parodé,
jog skirtingi LA virusai geba palaikyti jvairius M palydovus, dél to galima
iSkelti prielaida, jog konkreciy LA ir M virusy sistemy egzistavimas yra
atsitiktinis evoliucinis jvykis.

Kaip jau minéta, galimos LA virusy saveiky specifiSkumo priezastys
néra zinomos. Skirtingy LA virusy baltymy sekos yra labai panaSios (seky
identiSkumas siekia 87-97 %), taciau seky palyginiuose taip pat aptinkamos
itin variabilios sritys (Vepstaité-Monstaviéé et al., 2018). Siame darbe
iSkelta prielaida, jog variabilios baltyminés sritys galéty buti svarbios
specifinéje LA virusy tarpusavio ar LA ir M virusy sgveikoje. Pirmg karta
sukurti chimerinius LA-1 viruso baltymus koduojantys raiSkos vektoriai,
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kuriuose variabilios virusiniy baltymy sekos buvo pakeistos atitinkamomis
kity LA virusy sekomis. [vertinta tokiy chimeriniy baltymy sintezés jtaka
natyviy virusy palaikymui mielése, taip jgaunant ziniy apie LA koduojamy
baltymy variabiliy sri¢iy svarbg baltymy funkcijy palaikymui bei specifinés
saveikos su satelitiniais virusais susidarymui. Gauti duomenys reik§mingai
papildo zinias apie LA koduojamy baltymy savity regiony funkcinj vaidmenj
specifinéje virusy tarpusavio sgveikoje.

Ginamieji teiginiai

1. LA virusy trumpinty kapsidiniy baltymy sintezés sukeliama
natyviy LA virusy eliminacija i§ lastelés yra nespecifiskas
procesas.

2. Skirtingy LA virusy Gag ir GagPol baltymy sudaromos
virusinés dalelés pasizymi dalinai specifine sgveika su LA ir M
virusais.

3. Skirtingy LA virusy baltymy sudaromos virusinés dalelés geba
atpazinti endogeninius M virusus ir juos padauginti, galimai dél
to yra eliminuojami natyviis LA virusai.

4. LA virusy Gag ir GagPol baltymy variabilios sritys pasizymi
skirtingu reik§mingumu LA virusy tarpusavio ar LA ir M virusy
sgveikai bei viriony funkcionalumo palaikymui.
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1. LITERATUROS APZVALGA

1.1 Saccharomyces genties mieliy Totiviridae Seimos virusai

Saccharomyces mieliy genéiai, kuriy bendras protévis egzistavo
prie§ 10-20 milijony mety, Siuo metu priskiriamos 8 rasys (1.1 pav.)
(Alsammar ir Delneri, 2020). Anksciausiai $ioje grupéje atsiskyré S. uvarum
ir S. eubayanus raisys, tuo tarpu S. cerevisiae ir S. paradoxus rusys atsiskyré
salyginai neseniai. Be natiiraliai gamtoje aptinkamy, egzistuoja ir hibridinés
industrijoje naudojamos rasys: S. pastorianus ir S. bayanus. Saccharomyces
genties mielés funkciskai yra labai jvairios. S. cerevisiae naudojamos
laboratoriniuose tyrimuose, bei alaus, vyno, kepiniy gamyboje, S. uvarum
naudojamos sidro ir vyno gamyboje. Hibridinés raSys taip pat pritaikomos
jvairiuose fermentaciniuose procesuose (Borneman ir Pretorius, 2015). Tuo
tarpu S. paradoxus raSies mielés zmogaus tkinéje veikloje jprastai néra
pritaikomos ir yra isskirtinai aptinkamos gamtinése buveinése, dazniausiai
Siauriniame pusrutulyje ir yra siejamos su gzuolais (Carter et al., 2009).
Priklausomai nuo geografinés vietovés S. paradoxus gali biti aptinkamos

— S. cerevisine ——

S. paradoxus
(S. cariocanus )

— §. mikatae

S. pastorianus
(S. carlsbergensis)
(S. monacensis)

— . jurei

- 8. kudriavzevii

S. arboricola
— (S. arboricolus)

— S. eubayanus

| S. bayanus

(S. bavanusvar. bavanus)
LS. uvarum — ' :

(S. bayanus var. uvarum)

1.1 pav. Saccharomyces genties rasiy filogenetinis medis (Alsammar and Delneri, 2020).
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kartu su S. cerevisiae mielémis (Sniegowski et al., 2002; Sampaio ir
Goncalves, 2008). Nepaisant skirtingo $ios genties mieliy rasiy paplitimo ir
funkcionalumo, jos visos yra patraukliis modeliniai organizmai evoliucinés ir
funkcinés genomikos tyrimams, nes turi salyginai nedidelj genoma,
nesudétingai auginamos laboratorinémis salygomis bei greitai dalijasi
(Borneman ir Pretorius, 2015).

Daugiau nei prie$ puse¢ amziaus aptikta, jog kai kurios S. cerevisiae
mielés turi zudymo fenotipa, t.y. geba eliminuoti aplink esancias jautrias
mieliy lasteles (Bevan ir Makower, 1963). Jautriy mieliy Zatis sukeliama dél
mielés zudikés | aplinka iSskiriamo toksino, toksing produkuojancios mielés
jam yra atsparios. Pagal minéta aspekta buvo isskirti keli mieliy fenotipai:
zudymo, zudymo/jautrumo (iSskiria toksing, bet yra jautri kito tipo
toksinams), jautrumo ir neutralumo (neiSskiria toksino, bet yra atspari
aplinkoje esanciam toksinui) (Rogers ir Bevan, 1978). Taip pat nustatyta, jog
zudymo fenotipui pasireiksti batinos specifinés aplinkos salygos (tinkama
temperatara ir pH) (Bevan ir Makower, 1963). Tiriant mieliy Zudikiy
fenomeng pirmiausia jis buvo susietas su dgRNR LA ir M virusais (Bevan
et. al., 1973). Tad 70-tieji metai gali buti laikomi mieliy virusologijos
pradzia. Siuo metu yra Zinoma, jog zudymo fenotipa gali sukelti ne tik
dgRNR virusai, bet ir linijinése DNR plazmidése ar mieliy genome
koduojami toksinai (Gunge et al., 1981; Goto et al., 1990; Starmer et al.,
1992; Satwika et al., 2012; Boynton, 2019). Toksinus koduojantys virusai
aptinkami ne tik S. cerevisiae, bet ir kitose Saccharomyces genties mielése
(S. uvarum, S. paradoxus, S. kudriavzevii, S. mikatae, S. bayanus ) bei
kitoms gentims priskiriamy mieliy rasyse (pvz.: Ustilago mayadis,
Zygosaccharomyces  bailii, Hanseniaspora  uvarum, Torulaspora
delbrueckii) (Park et al., 1994; Schmitt ir Neuhausen, 1994; Ivannikova et
al., 2007; Drinnenberg et al., 2011; Pieczynska et al., 2013; Chang et al.,
2015; Ramirez et al., 2015; Rowley et al., 2016).

DgRNR virusy sistema mieléms suteikianti zudymo fenotipa,
sudaryta i§ LA ir satelitinio M virusy (Wickner et al., 2013). Sie virusai yra
priskiriami placiai augaluose, pirmuonyse bei grybuose paplitusiai
Totiviridae virusy Seimai. Kaip ir dauguma kity gryby karalystéje paplitusiy
virusy, LA ir M virusai neturi uzlastelinés fazés ir plinta lgsteléms dalijantis,
ar mieliy lytinio dauginimosi metu (Rowley, 2017). Sie virusai neturi
iSorinio apvalkalo, kuris jprastai yra buidingas panaSiems, uzlasteling faze
turintiems, virusams (Wickner et al., 2013). LA ir M virusai Igsteléje
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Seimininkéje yra palaikomi stabiliai ir nesukelia jokio akivaizdaus
fenotipinio poveikio savo Seimininkui (Ghabrial, 1998), kas yra badinga ir
kitiems gryby karalystéje paplitusiems virusams (Ghabrial et al., 2015).

LA viruso dgRNR genomas koduoja kapsidinj baltymg Gag, bei dél
ribosominio skaitymo rémelio poslinkio susidarantj sulietinj nuo RNR
priklausomos RNR polimerazés (RpRp) funkcija atlickantj baltymg GagPol
(Hopper et al., 1977; Fujimura ir Wickner, 1988; Icho ir Wickner, 1989). LA
virusiniai baltymai yra butini LA ir M virusy replikacijai lasteléje vykti
(Bostian et al., 1980; El-sherbeini et al., 1984; Schmitt ir Tipper, 1992). M
satelitinio viruso dgRNR genomas koduoja preprotoksing. Preprotoksinas
yra proteoliskai skaldomas iki toksino, kuris yra sekretuojamas j aplinka, kur
sukelia aplink esan¢iy jautriy mieliy zati. M virusy koduojami
preprotoksinai suteikia lgstelei Seimininkei imunitetg susidaranc¢iam toksinui
(Schmitt ir Breinig, 2006). Tiriant preprotoksino brendima ir sekrecijos kelia
buvo jgauta daug naudingy ziniy apie eukariotiniy baltymy potransliacinj
brendima sekreciniame kelyje (Ghabrial et al., 2015).

Mielése, be LA virusy taip pat aptinkami Totiviridae virusy Seimai
priskiriami L-BC virusai. Siy virusy genomo sandara bei replikacija panasi
LA virusy: dgRNR genomas koduoja kapsidinj baltyma Gag ir sulietinj
RpRp funkcijg atlickantj baltyma GagPol (Park et al., 1996). Néra aptikta,
jog L-BC uztikrinty satelitiniy virusy genomo replikacijg ar bty reik§mingi
zudymo fenotipo pasireiskimui. LA ir L-BC virusai gali biti aptinkami toje
pacioje mielés lasteléje, taciau L-BC kiekis lasteléje yra kur kas mazesnis,
jprastai sudarantis apie 10-20 % lgsteléje aptinkamo LA viruso kiekio (Field
et al., 1982; Sommer ir Wickner, 1982). Kaip ir kiti gryby virusai, L-BC
neturi ekstralgstelinés fazés ir plinta mieliy lasteléms dalijantis (Wickner et
al., 2013).

Idomu, jog tiriant mieliy RNR interferencijos mechanizmus
nustatyta, kad Saccharomyces mielése RNR interferencijos sistema yra
iSnykusi  (Drinnenberg et al.,, 2011). Iprastai RNR interferencijos
mechanizmai naudojami apsaugai nuo virusiniy infekcijy, geny raisSkos
reguliacijai, transpozoniniy elementy slopinimui, heterochromatino
formavimui ir DNR eliminacijai (Ketting, 2011). I S. cerevisiae mieles
jterpus artimos S. castellii (dabar priskiriama Naumovozyma genciai) rtsies
RNR interferencijos baltymus, §i sistema atstatoma, todél prarandami LA-1
ir M1 virusai (Drinnenberg et al., 2009; Drinnenberg et al., 2011). Tuo tarpu
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L-BC virusy palaikymas lasteléje dél interferencijos procesy néra
sutrikdomas. Interferencijos atstatymas taip pat nepakeifia jprasto
S. cerevisiae mieliy augimo ar geny raiskos profilio. ISsamesnés analizés
metu nustatyta, jog gryby rasys, kuriuose aptinkami dgRNR LA virusai
neturi RNR interferencija uztikrinanciy baltymy (1.2 pav.). Manoma, jog
minétos sistemos praradimas leido Saccharomyces genties mieléms palaikyti
LA ir M virusus taip jgyjant evoliucinj pranasuma pries kitas, RNR
interferencija islaikiusiais, raisis (Drinnenberg et al., 2011).

Scer - Saccharomyces cerevisiae
Spar - Saccharomyces paradoxus
Smik - Saccharomyces mikatae
Skud - Saccharomyces kudriavzevii
Sbay - Saccharomyces bayanus
Scas - Saccharomyces castellii
Cgla - Candida glabrata

Kpol - Kluyveromyces polysporus
Zbai - Zygosaccharomyces bailii
Sklu - Saccharomyces kluyveri
Kwal - Kluyveromyces waltii

Klac - Kluyveromyces lactis

Agos - Ashbya gossypii

Huva - Hanseniaspora uvarum
Calb - Candida albicans

Dhan - Debaryomyces hansenii
Mgri - Magnaporthe grisea

Sjap - Schizosaccharomyces japonicus
Spom - Schizosaccharomyces pombe
Cneo - Cryptococcus neoformans
Uhor - Ustilago hordei

Umay - Ustilago maydis

Rory - Rhizopus oryzae

1.2 pav. RNR interferencijos nesuderinamumas su dgRNR virusais. Filogenetinis jvairiy
gryby risiy medis, kuriame Zalia spalva zymimos riisys iSlaikiusios RNR interferencija,
mélyna — rasys, kuriose aptinkami dgRNR virusai (S. kudriavzevii aptinkamas dgRNR
virusas nepazymétas (Rowley et al., 2016)), raudonu kryzeliu — RNR interferencija
praradusios rasys ar §iy rasiy bendras protévis (Drinnenberg et al., 2011).

1.1.1 LA ir M virusy jvairové

Pirmieji S. cerevesiae mielése identifikuoti dgRNR virusai, kuriy
genomo sekos buvo nuskaitytos, yra LA-1 ir M1 (Icho ir Wickner, 1989).
Per pastarajj deSimtmetj nustatyti nauji S. cerevisiae ir S. paradoxus riiSyse
paplite LA virusy variantai: LA-2, LA-lus, LA-28, LA-66, LA-21, LA-45,
LA-62, LA-74 (Konovalovas et al., 2016; Rodriguez-Cousino et al., 2013;
Rodriguez-Cousino ir Esteban et al., 2017; Vepstaité-Monstavi¢é et al.,

16



2018). LA virusy genominés sekos tarpusavyje yra itin panasios, skirtumai
svyruoja tarp 10-26 % (Vepstaité-Monstavice et al., 2018).

Siuo metu yra zinomi keli M satelitiniai virusai. S. cerevisiae
kamienuose aptinkami: M1, M2, Mlus, M28 virusai; S. paradoxus: M1,
M28, M66, M21, M45, M74, M62 (Schmitt ir Breinig, 2006; Chang et al.,
2015; Rodriguez-Cousifio et al., 2017; Vepstaité-Monstavicé et al., 2018).
Idomu, jog M1 ir M28 satelitiniai virusai aptinkami tiek S. cerevisiae, tiek S.
paradoxus rasyse (Pieczynska et al., 2013; Chang et al., 2015). Kaip jau
buvo minéta, Sios riiSys gamtoje gali buiti aptinkamos kartu, tad galéty
tarpusavyje kryzmintis ir perduoti virusus (Sniegowski et al., 2002; Sampaio
ir Goncalves, 2008). Tiesa, nustatyta, jog S. paradoxus mielés labai retai
kryZzminasi su kitos ruSies mielémis, o susidariusios sporos daznai yra
negyvybingos (Borneman ir Pretorius, 2015). Ty paciy satelitiniy virusy
paplitimas skirtingose mieliy riSyse yra gincytinas, kadangi skirtingos tyréjy
grupés pateikia nesutampancius rezultatus (Rodriguez-Cousifio et al., 2017).
M virusy genomy koduojami baltymai tarpusavyje skiriasi, taéiau M1, M2 ir
Mlus virusy toksiny baltyminés sekos yra homologiskos keliems
S. cerevisiae ar kity giminingy mieliy baltymams. Aptinkama homologija
galéty reiksti, jog M virusai yra kile i§ lastelés-Seimininkés iRNR molekuliy,
kurios jgavo virusines sekas biitinas RNR pakavimui j virionus ir replikacijai
vykti (Rodriguez-Cousino et al., 2013). Satelitiniai virusai iSskiriami j
atskiras grupes pagal koduojamy toksiny molekulines charakteristikas,
zudymo fenotipo ir imuni$kumo specifikg bei genetines determinantes. Visi
M satelitiniai virusai yra panasiis savo genomine sandara, bei jy koduojamy
toksiny sintezés, brendimo ir sekrecijos molekuliniais mechanizmais
(El-sahn ir Shehata, 2014).

Gamtoje LA virusas dazniausiai yra aptinkamas tik su konkreciu,
jam budingu satelitiniu virusu (1.1 lentelé). ISkelta hipotezé, jog stebimas
LA virusy specifiSkumas savo palydovams issivysté dél LA ir M virusy
koevoliucijos bendrame Seimininke (Rodriguez-Cousino ir Esteban, 2017) .
Siai hipotezei priestarauja tyrimai, kuriy metu nustatyta, jog LA-1 palaiko
M28, LA-2 palaiko M1, o LA-lus virusas palaiko M1 ir M2 satelitus
(Hannig et al., 1985; Schmittt ir Tipper, 1990; Rodriguez-Cousifio et al.,
2013; Luksa et al., 2017).
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1.1 lentelé. S. cerevisiae ir S. paradoxus mielése aptinkami LA ir M virusy variantai.

LA M Ruisis
LA-1 M1 S. cerevisiae
(S. paradoxus)
LA-2 M2 S. cerevisiae
LA-lus M2, Mlus S. cerevisiae
LA-28 M28 S. cerevisiae
(S. paradoxus)
LA-66 M66 S. paradoxus
LA-21 M21 S. paradoxus
LA-45 M45 S. paradoxus
LA-62 M62 S. paradoxus
LA-74 M74 S. paradoxus

1.1.2 LA ir M virusy genomai bei ju koduojami baltymai

LA genomas yra sudarytas i§ viensegmentés 4,6 kb dydzio dgRNR.
Jame aptinkami du 114 nt persidengiantys atviro skaitymo rémeliai
koduojantys kapsidinj baltymg Gag (76 kDa) bei sulietinj baltyma GagPol
(180 kDa) (Fujimura ir Wickner, 1987; Icho ir Wickner, 1989). Isskiriamos
kelios funkcinés LA genomo sritys (1.3 pav.). Sulietinio GagPol baltymo
transliacija vyksta dél -1 ribosominio rémelio poslinkio, toks sulietiniy
baltymy transliacijos mechanizmas taip pat aptinkamas retrovirusuose ir
kituose dgRNR ar koduojancios (+) VGRNR virusuose. Rémelio poslinkiui
jvykti ties atviry skaitymo rémeliy persidengimo vieta biitina ,,slidi“ seka bei
pseudomazgo antriné struktora. Vykstant transliacijai ribosoma trumpam
sustoja prie§ pseudomazgo strukttirg, dél to vyksta ribosomos poslinkis atgal
per 1 nukleotida ir susintetinamas sulietinis baltymas. I$ visy virusinés RNR
transliacijos jvykiy rémelio poslinkis jvyksta tik 2 % atvejy (Dinman et al.,
1991). Toks Gag ir GagPol baltymy santykis lasteléje yra butinas efektyviam
virusy palaikymui (Dinman ir Wickner, 1992). Visy $iuo metu zinomy LA
virusy rémelio poslinkio sekos yra konservatyvios. Kitos konservatyvios
funkcinés genomo sritys — pakavimo j virusines daleles ir replikacijos
signalai (Rodriguez-Cousino ir Esteban, 2017; Rodriguez-Cousifio et al.,
2017; Vepstaite-Monstavice et al., 2018). Pakavimo | virusines daleles
signalas yra i$sidéstes 400 nt atstumu nuo koduojanc¢ios RNR 3" galo ir yra
sudarytas i§ stiebo-kilpos antrinés strukttiros turincios funkciskai svarbig
adenino i8kyS$g stiebo 5™ puséje (Esteban et al., 1988; Fujimura et al., 1990).
Su pakavimo signalu persidengia vidinis replikacijos signalas, kuriam taip
pat bidinga stiebo-kilpos antriné struktara (Esteban et al., 1989).
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1.3 pav. LA-1 viruso genomo ir jo koduojamy baltymy sandara ir funkciniai regionai
(Wickner et al., 2013).

LA koduojami baltymai yra batini LA ir M virusy replikacijai
lasteléje. Kapsidinis baltymas Gag ne tik formuoja virusines kapsides, bet ir
turi kepurés nugvelbimo (angl. cap snatching) aktyvuma (Blanc et al., 1992;
Blanc et al., 1994). Kepurés nugvelbimo metu Gag baltymas nuskelia m’Gp
lieckang nuo lgsteliniy iRNR ir perkelig ja ant virusinio transkripto 5 gale
esancio difosforilinto guanidino (Fujimura ir Esteban, 2010, 2011; Fujimura
et al., 2012; Fujimura ir Esteban, 2019). Tokia virusiniy transkripty
modifikacija yra butina efektyviai virusiniy baltymy sintezei. Neseniai buvo
nustatyta, jog kepurés nugvelbimas gali buti grjztamas procesas. Nepaisant
to, m’'Gp liekana perkeliama i$imtinai ant difosforilinto guanidino, o
didziojoje daugumoje lgsteliniy iRNR uz kepurés struktiiros issidésto
adeninas (Fujimura ir Esteban, 2019). Kepurés nugvelbimo procesa galima
suskirstyti j kelis Zingsnius: pirmiausia m’Gp struktiira nuskeliama nuo
lasteliniy iRNR; tarp konservatyvios Gag His-154 aminoriigSties Soninés
grupés ir m'Gp susidaro kovalentiniai rysiai; m’Gp perkeliamas ant virusinio
transkripto (Blanc et al., 1992; Blanc et al., 1994) (1.4 pav.).
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Rekombinantiniai Gag baltymai turintys mutacija ties His-154 a.r. geba
palaikyti M1 viruso replikacija, ta¢iau jo koduojamo toksino sintezé sutrinka
(Blanc et al., 1994). Uz kepurés nugvelbimg atsakingas Gag baltymo
regionas aktyvus tiek Gag, tiek ir GagPol baltymuose (Fujimura ir Esteban,
2019).

GagPol baltymo Pol domeno nuo RNR priklausomg RNR
polimerazinj (RpRp) aktyvumg uZtikrina konservatyvus polimerazinis
domenas, kuris taip pat aptinkamas ir kity koduojancios (+) vgRNR ar
dgRNR virusy RpRp polimerazése (Icho ir Wickner et al., 1989). Pol
baltymo polimerazinio domeno mutagenezés tyrimai parodé, jog labiausiai
konservatyviis regionai yra butini M1 satelito palaikymui. Pakeitus
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1.4 pav. Hipotetine LA viruso kepurés nugvelbimo reakcijos schema. Atviros
konformacijos biisenoje LA viriono Gag baltymas prisijungia lasteling iRNR (a), Gag
peréjimas j uzdarg konformacija lemia m’Gp perkélima ant Gag His-154 a.r. (b), atviroje
konformacijoje Gag paleidzia lasteling iRNR (c), prisijungus LA transkriptui (d) Gag
pereina j uzdara konformacijg ir pernesa m'Gp ant virusinés RNR (e), Gag pereina j atvirg
konformacija ir paleidzia LA transkripta su kepurés strukttira (f). Atvira Gag konformacija
zymima didziosiomis raidémis (GAG), uzdara — mazosiomis (gag) (Fujimura ir Esteban,
2012).
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konservatyvias aminortigsciy liekanas alanino aminoriigs¢iy liekanomis
polimerazinis baltymo aktyvumas sutrinka, ta¢iau konservatyvias sekas
pakeitus reoviruso ar Sindbis viruso atitinkamomis sekomis polimerazinis
aktyvumas iSlicka (Ribas ir Wickner, 1992). Be polimerazinio domeno
iSskiriami trys funkciniai su vgRNR saveikaujantys domenai: N-galinis,
centrinis ir C-galinis (1.3 pav.).

Tarp 67-213 Pol baltymo aminortigs¢iy iSsidéstgs VGRNR pakavimo
] virusines daleles regionas, kuriame aptinkamas N-galinis sgveikos su RNR
domenas (172-190 a.r.). Aplink N-galinj saveikos su vgRNR domeng
i8sidésciusios baltyminés sekos galéty buti svarbios specifiskai saveikai su
VgRNR. Manoma, jog butent Sis domenas sgveikauja su vgRNR pakavimo
signalu (Fujimura et al., 1992; Ribas et al., 1994a). Centrinis sgveikos su
VgRNR domenas (374-432 a.r.) iSsiskiria, tuo, jog jo funkcionalumas
aptinkamas tik esant dalinei Pol baltymo C-galo (506-546 a.r.) iskritai. Sis
domenas issidéstes Salia konservatyvaus polimerazinio domeno, tad jo
funkcijos siejamos su polimeraziniu baltymo aktyvumu. Centrinis domenas
svarbus M1 viruso palaikymui lgsteléje, taCiau jtakos virusiniy daleliy
susirinkimui ar virusinés koduojancios (+) vgRNR pakavimui j Sias daleles
neturi (Ribas et al., 1994b). Pol baltymo C-gale (770-819 a.r.) iSsidéstes
trediasis sgveikos su VgRNR domenas. Sis domenas bitinas M1 viruso
palaikymui lasteléje, tadiau néra reikalingas vgRNR pakavimui j virionus.
C-galinis sgveikos su RNR domenas gali biiti svarbus virusinés RNR
replikacijos ir/ar transkripcijos procesuose (Ribas et al., 1994a).

Skirtingg M virusy genomo dydis varijuoja tarp 1,5-2,4 kb.
Nepaisant to visiems zinomiems M virusams bidinga panaSi genomo
struktiira (Bevan et al., 1973; Hannig ir Leibowitz, 1985; Schmittt ir Tipper,
1990; Schmitt ir Breinig, 2002; Rodriguez-Cousino et al., 2011; Rodriguez-
Cousifio et al., 2017). Koduojancios grandinés 5 gale yra stiebo-kilpos
antriné strukttira, kuri galimai susijusi su virusinés RNR transliacija
(Magliani et al., 1997). Toliau iSsidéstes atviro skaitymo rémelis koduojantis
preprotoksing. Uz preprotoksing koduojancios sekos, aptinkama viding,
adeninais praturtinta, seka. 3° gale yra ilga nekoduojanti sritis, kurioje
i§sidésciusios stiebo-kilpos antrinés struktiiros reikalingos satelitinio viruso
genomo replikacijai ir pakavimui j susidarancius virionus (1.5 pav.) (Schmitt
ir Tipper, 1995; Schmitt ir Breinig, 2006; Rodriguez-Cousino et al., 2011,
Rodriguez-Cousino et al., 2017).
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M virusai koduoja savitus, skirtingais veikimo mechanizmais
pasizymincius toksinus. M1 ir M2 virusy koduojami toksinai (K1 ir K2)
lemia mieliy Igsteliy membranos pazaidas, tuo tarpu M28 viruso koduojamas
toksinas (K28) slopina DNR replikacija taip sustabdydamas lastelés cikla
(Busseytt ir Kung, 1990; Schmitt et al., 1996; Luksa et al., 2015; Orentaité
et al., 2016). Nepaisant to, visy Zinomy toksiny brendimo procesai yra
panasiis. Siuo metu daugiausia Zinoma apie K1 ir K28 toksiny brendimo ir
veikimo molekulinius mechanizmus. Preprotoksinas sudarytas i§ keleto
regiony. N-galiné signaliné¢ seka (preregionas) lemia baltymo patekima i}
endoplazminj tinklg. Uz N-signalinés sekos, i§sidéste proregionas bei y seka
atskirti a ir B baltymo subvienetai (1.5 pav.). Toksino funkcijg atlicka o
subvienetas, [ subvienetas svarbus sgveikai su taikinine lastele, o 7y
subvienetas galimai atlicka vidinio Saperono funkcija (Bostian et al., 1984;
Riffer et al., 2002). Endoplazminiame tinkle, signaliné N-galiné seka
nukerpama, tuomet vyksta numanomas y subvieneto glikozilinimas, tarp
toksino o ir B subvienety susiformuoja disulfidinis rySys (Bostian et al.,
1984; Riffer et al., 2002; Gier et al., 2019a). Tolimesnis toksino brendimas
vyksta Goldzio komplekse. Kexlp ir Kex2p peptidazés proteolitiSkai
modifikuoja baltyma, susidaro aktyvus heterodimerinis toksinas. Subrendes
toksinis baltymas yra sekretuojamas j aplinka (Bostian et al., 1984; Riffer et
al., 2002).
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1.5 pav. M1 viruso genomo ir jo koduojamo preprotoksino sandara ir funkciniai regionai
(Wickner et al., 2013)
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Molekuliniai mechanizmai suteikiantys imunitetg toksinui néra
pilnai zinomi. Atsparumas K28 toksinui siejamas su toksino prekursoriaus ir
internalizuoto toksino sgveika lastelés citoplazmoje, dél to vyksta
susidariusio komplekso proteosominis degradavimas (Breinig et al., 2006).
Imunitetas K1 toksinui galimai susidaro dél preprotoksino o subvieneto
sgveikos su internalizuotu toksinu (Gier et al., 2017; Gier et al., 2019a).
Proregionas ir y domenai svarbiis K1 toksing produkuojanciy lasteliy
apsaugai nuo Igstelés viduje sintetinamo toksino (Gier et al., 2020a).

1.1.3 LA viruso viriono struktiira

LA viriono struktira buvo nustatyta tridimensinés Krioelektroninés
mikroskopijos (16 A raiska) ir rengenostruktiirinés analizés metodais (3,4 A
raiska) (Caston et al., 1997; Naitow et al., 2002). LA virionai yra
ikosaedrinés 400 A skersmens T1 simetrijos struktiros, sudarytos i§ 60
asimetriniy Gag baltymo dimery, kapsidés storis — 46 A. (Terceros ir
Wickner, 1992; Caston et al., 1997; Naitow et al., 2002) (1.6 pav. A.). Tokia
struktiira biidinga dgRNR reovirusy ir cistovirusy vidiniam baltyminiam
apvalkalui ir gali buti susijusi Su unikalia $iy virusy replikacija ir
transkripcija (Luque et al., 2018). Viriono struktiroje aptinkami 1-2
sulietiniai GagPol baltymai, kurioje Pol baltymas iSsidésto viriono viduje ir
atlieka virusinés RNR transkripcija bei replikacija (Wickner, 1996; Ribas ir
Wickner, 1998). Struktiirizuota Gag baltymo dalis tarp 1-651 aminorigsciy
yra sudaryta i§ dviejy o spiraliy ir keliy B klos¢iy, likusios C-galo 29
aminorugstys yra nestruktrizuotos ir iSsidésto kapsidés viduje. Kiekvienas
Gag monomeras gali turéti vieng i$ dviejy, pavirSiaus regiony struktira
besiskirian¢iy, konformacijy, kurios atitinkamai vadinamos A ir B
subvienetais (1.6 pav. B). Penki A subvienetai issidésto aplink 5-to laipsnio
simetrijos a§j, sudarydami 18 A skersmens ertmes, pro kurias j vidy gali
patekti nukleotidai ir j lastelés citozolj iSeiti virusinés RNR transkriptai
(Naitow et al., 2002). Be ertmiy ties 5-to laipsnio asimi, virionuose
aptinkamos jvairaus dydzio ertmés ties 3-¢io laipsnio asimi ir tarp dimery
jung¢iy (Tang et al., 2005). B subvienetai i$sidésto tarp A subvienety, taip
kartu sudarydami dekamera (Naitow et al., 2002).

Kepurés nugvelbimui vykti bitina Gag baltymo His-154
aminoragsties liekana yra kapsidés pavir§iuje esan¢iame griovyje (Naitow et
al., 2002; Tang et al., 2005) (1.6 pav. C). His-154 aminortigsties lickana
i$sidésCiusi ant virSutinéje griovio dalyje esancios kilpos (144-163 a.r.)
vir§iinés. Tang su grupe aprasé galimg Gag baltymo vykdoma kepures
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Kapsidés iSorinis
pavirsius

Kapsidés vidinis
pavirsius

\N-galas

.\@ C-galas

Griovys

1.6 pav. LA viruso kapsidés struktlira. A. Bendra LA viruso kapsidés struktiira, mélyna
spalva pazyméti Gag baltymo A subvienetai, raudona — B subvienetai. Linijos zymi ikosaedro
simetrijos asis. B. Gag baltymo asimetrinis dimeras sudarytas i§ A ir B subvienety. Spalvinis
Zzymeéjimas pereinantis i§ mélyno j raudong spalvg nurodo kylantj B-faktoriaus jvertj (didesnis
B-faktoriaus jvertis reprezentuoja paslankesne struktiirg). Raudona spalva Zymi mobilias
baltymo sritis. C. Gag monomero struktiira. Spalvinis Zyméjimas pereinantis i§ mélynos ]
raudong nurodo dviejy subvienety strukttirinius pokycius, kur raudona zymi didziausia pokyti
(Tang et al., 2005).

nugvelbimo reakcijos modelj. Prisijungus m'GDP griovio struktiira pereina
uzdarg konformacijg. Griovyje 3alia prisijungusio m’GDP i3sidés¢iusios
Tyr-150, Asp-152, Tyr-452 ir Tyr-538 aminortgséiy liekanos, kurios yra
butinos sékmingai kepurés nugvelbimo reakcijai ir galimai dalyvauja
kepurés atpazinimo procese. Remiantis potencialiu kepurés nugvelbimo
modeliu, Tyr-538 per stekingo sgveika saveikauja su kepurés struktiiros
guanozinu, o Tyr-150 jungiasi su guanozinu per hidroksigrupe susidarant
vandeniliniams rySiams. Tyr-452 veikia kaip protony donoras, perduodamas
protong prie deguonies prisijungusiam fosfatui aktyviajame centre. Tokiu
budu palengvinama His-154 aminortig§ties azoto vykdoma nukleofiliné
ataka ir tarp m’GMP bei His-154 susidaro kovalentinis rysys (1.7 pav.).
Manoma, jog su kapsidéje esanCiu groviu saveikauja lastelinés iRNR.
Griovio struktiiroje aplink aktyvyjj kepurés nugvelbimo centrg i§sidés¢iusios
teigiamg kruvj turinCios lizino ir arginino aminortgsciy liekanos, kurios
galimai sgveikauja su iRNR fosfaty grupémis (Tang et al., 2005).

Kepurés nugvelbimg vykdancioje guanililtransferazéje aptinkama j
Gag baltymo formuojamg griovj pana$i struktiira, galinti jgauti atvirg ar
uzdarg konformacijas (Chu et al., 2011). Aplink guanililtransferazés
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Stekingo saveika
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Stekingo saveika
1.7 pav. Kepurés nugvelbimo reakcijos modelis. Zalia spalva — iRNR, raudona —

aminoriig&iy liekanos. Tyr-538 ir Tyr-150 saveikauja su m’GDP, Tyr-452 hidroksilo grupés
sgveika su fosfato grupe, paruosia fosfatg His-154 atliekamai nukleofilinei atakai, o lizino ir
arginino aminorag$¢iy liekanos saveikauja su iRNR; * - galimas kravio perkélimo
kompleksas (Tang et al., 2005).

griov] i8sidéste struktiiriniai elementai, primena Gag baltymo struktiirinius
elementus (Naitow et al., 2002). Guanililtransferazé saveikauja su GTP ir
pernesa Gp ant difosforilinty 5° Pollll RNR polimerazés transkripty. LA
virusy vykdomas kepurés perkélimo mechanizmas panaSus |
guanililtransferazés vykdoma reakcija. Siy baltymy atliekamy reakcijy
panaSumas galéty biti lemtas konvergentinés evoliucijos (Wickner et al.,
2013).
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1.2 Totiviridae Seimos virusy palaikymas mielése

1.2.1 LA ir M virusy replikacija

LA virusy genome koduojama nuo RNR priklausanti RNR
polimerazé atlieka abiejy LA ir M virusy genomo replikacija bei
transkripcija (Wickner, 1993) (1.8 pav.). LA ir M virusy replikacijos
mechanizmai yra identiski, tac¢iau jy genomy replikacija ir transkripcija
vyksta atskiruose virionuose (Bostian et al., 1980).

Konservatyvi
Mak3 koduojancios
P RNR sintezé
vykdomas . _ Ksm 76
Gag N-galo SIS ;
acetilinimas y
N BN N
% SKI o
w LA
replikacijos ciklas /' Nekoduojantios

RNR sintezé
' , GagPo]
/ Ty
RNR sqvelka
su GagPol
/ SKI Preprotoksinas

— W —’f%w“"‘””v-

X
™ Kexlpir
MarX . Kex2p
+ pilnos galvos
replikacijos ciklas '
+
N
Galva nepilna,
koduojanti @ —
grandinéitlieka o

kapsidés viduje

Pilna galva,
nauja koduojanti
grandiné 15stumiama

1.8 pav. LA ir M virusy replikacijos ciklas (pagal Wickner et al., 2013).

LA virusy transkripcijos procesas yra konservatyvus, t.y. motininés
dgRNR grandinés lieka susijungusios (Fujimura et al., 1986). Transkripcijos
metu nuo LA dgRNR genomo susidar¢ nauji koduojantys transkriptai
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iSstumiami ] lgstelés citozolj, kur jie yra panaudojami transliacijoje ir/arba
pakuojami j naujai susidarancius virionus (Wickner, 1993). Koduojancioje
grandingje esanc¢io pakavimo signalo sgveika su GagPol baltymo pakavimo
regionu lemia (+) vgRNR molekulés pakavimg j naujai susidarancias
kapsides. Manoma, jog butent GagPol sgveika su koduojanc¢ia (+) VgRNR
inicijuoja naujy virusiniy daleliy susidarymg. ] virionus supakuoti
transkriptai panaudojami nekoduojancios grandinés sintezei ir virusinio
dgRNR genomo atstatymui (Fujimura ir Wickner, 1987; Wickner, 1988).
Replikacijos metu polimerazé pirmiausia sgveikauja su vidiniu replikacijos
signalu, taip priartédama prie 3" gale esancio replikacijos signalo, nuo kurio
prasideda nekoduojancios RNR sintezé (Esteba et al., 1989; Fujimuras and
Wickner, 1992).

M virusy replikacijai biidingas ,pilnos galvos® modelis. Sis
replikacijos modelis buvo pasitilytas tiriant virusines daleles pakuojancias
delecinj LA variantg vadinamg X arba M1 viruso genomg. Pagal ,pilnos
galvos® modelj po koduojan¢ios RNR grandinés supakavimo, vyksta jos
replikacija, kol virusiné dalelé uzsipildo dgRNR. Tuomet nauji RNR
transkriptai per kapsidéje esancias ertmes iSstumiami ] lastelés citoplazma.
M1 viruso atveju, kuomet virione randama viena dgRNR molekulé, naujai
susintetinta koduojanti virusiné RNR yra iSlaikoma kapsidéje. Jeigu viriono
struktiroje randamos dvi dgRNR molekulés, naujai susintetintos
koduojanéios grandinés i§ viriono yra iSstumiamos (Esteban ir Wickner,
1986; Esteban et al., 1988). Zinoma, jog naujai susidarancios kapsidés
pakuoja tik vieng koduojan¢ig RNR molekule (Fujimura et al., 1990) (1.8

pav.).

1.2.2 Lastelés-Seimininkés baltymai dalyvaujantys LA ir M virusu
palaikyme

Virusy genomai lyginant su lgstelés-Seimininkés genomu yra itin
mazi ir jprastai koduoja ribotg kiekj baltymy. Dél Sios priezasties virusy
replikacijai lasteléje vykti daznai reikalingi lastelés-Seimininkés baltymai.
Vienas i§ pavyzdziy yra bakteriofagas Qb, kurio replikacinis kompleksas
susideda ne tik i virusinés RpRp, bet ir Seimininko transliacijos elongacijos
faktoriy Ts ir T (Blumenthal ir Carmichael, 1979). LA ir M virusy
palaikymas mielése, virusiniy baltymy sintezé ir genomo replikacija taip pat
priklauso nuo lastelés-Seimininkés koduojamy baltymy (Wickner, 1996).
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Viena i§ LA ir M virusy palaikymui mielése biitiny Seimininko geny
grupiy yra MAK genai (angl. MAK - maintenance of the killer phenotype).
LA ir M virusinés kapsidés susiformavimui bitinas Gag baltymo N-galo
acetilinimas, kurj atlicka N-acetiltransferazinis kompleksas sudarytas i$
MAK3, MAK10 ir MAK31 geny koduojamy baltymy (Sommer ir Wickner,
1982; Terceros ir Wickner, 1992; Rigaut et al., 1999). GagPol baltymo Gag
dalies acetilinimas virusiniy daleliy susidarymui néra butinas (Ribas et al.,
1998). Mak3p yra katalitinis komplekso subvienetas (Terceros ir Wickner,
1992), jis atpazjsta paskutines keturias N-galines Gag baltymo aminoragséiy
liekanas ir acetilina pirmajg metionino liekang (Carlos et al., 1993). Mak3p
mutacijg turinc¢ios mielés praranda dgRNR virusus. Taip pat yra Zinoma, jog
Mak3p acetilina bent tris mitochondrinius baltymus, o tai yra siejama su $ia
mutacija turin¢iy mieliy negebéjimu augti ant nefermentuojamy anglies
Saltiniy (Tercero et al., 1992). Mak10p taip pat svarbus mieliy augimui ant
nefermentuojamy anglies $altiniy bei lemia virusiniy daleliy su dgRNR
stabilizavima (Lee ir Wickner, 1992). Mak3p, Makl10p ir Mak31p
homologai randami jvairiuose organizmuose, taip pat ir zmoguje (Starheim
et al., 2009).

Bent 30 MAK geny koduojamy baltymy yra svarbiis satelitiniy M
virusy palaikymui mielése. Jy mutacijos sukelia satelitiniy virusy eliminacija
bei LA genomo kopijy sumazéjimg (Sommer ir Wickner, 1982; Schmitt ir
Tipper, 1992). Nepaisant to, kai M1 virusas palaikomas nuo raiskos
vektoriaus sintetinamy rekombinantiniy LA baltymy, dalies MAK baltymy
funkcionalumas satelitinio viruso palaikymui nebereikalingas (Wickner et
al., 1991). Toks pats efektas stebimas SKI baltymy (aptariami Zemiau)
mutacijy atveju (Toh-e and Wickner, 1980). Dauguma MAK geny koduoja
60S ribosominiy subvienety susirinkimui svarbius ribosominius baltymus.
Mutacijos MAK genuose lemia laisvy ribosominiy 60S subvienety
sumaz¢jimg arba silpnesng ribosominiy subvienety tarpusavio asociacija
(Wickner, 1995; Edskes et al., 1998). Literatiroje aptariama potenciali
satelitiniy virusy eliminacijos dél MAK geny mutacijy priezastis. Lasteliniy
iIRNR poliA uodegos gali biiti svarbios ribosominiy subvienety saveikoje
(Searfoss ir Dever, 2001; Kahvejian et al., 2005). Nustatyta, jog Mak21-1p
mutacijg turinCiose mielése LA transkripty transliacija yra apie 2 kartus
sumazéjusi (Edskes et al., 1998). Kadangi virusiniai transkriptai poliA
uodegy neturi, pakitus laisvy 60S ribosominiy subvienety kiekiui lastelgje,
galimai efektyviau vykdoma Iasteliniy iRNR transliacija ir virusas
eliminuojamas. Bitent M, bet ne LA, virusy eliminacija aiSkinama tuo, jog
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galbiit LA virusiniai baltymai dalyvauja satelitiniy virusy palaikyme tik tada,
kai lgsteléje yra pakankamas Gag ir GagPol baltymy kiekis. MAK geny
mutacijos galéty lemti pakitusj viruso kapsidiniy baltymy kiekj ar S$iy
baltymy santykj, todél satelitiniai virusai nebepalaikomi ir eliminuojami i$
lastelés (Schmitt ir Breinig, 2002; Wickner et al., 2013).

2004 metais nustatyta, jog LA-1 virusy Gag baltymas saveikauja su
DexD/H-box transliacijos faktoriumi Dedlp ir §i sgveika nepriklauso nuo
virusinés RNR. In vitro Dedlp lemia greitesng nekoduojancios virusinés
RNR sintezg ir aktyvesng LA viruso replikacija (Chong et al., 2004).
Zinoma, jog Dedlp baltymas bitinas dirsés mozaikos viruso RNA2
koduojancios (+) VQRNR transliacijai, o zmogaus Dedlp baltymo ortologas
sagveikauja su hepatito C virusiniais baltymais (Owsianka ir Patel, 1999;
Noueiry et al., 2000). Gali biti, jog Ded1p yra lgstelés-Seimininkés baltymas
svarbus jvairiy RNR virusy palaikymui (Chong et al., 2004).

Lastelése jprastos struktiiros neatitinkanc¢ios iRNR molekulés yra
degraduojamas. LA ir M virusinés RNR pasizymi isskirtine struktiira, nes
neturi poliA uodegos bei kepurés strukttros, tad gali bati veikiamos
lastelinés iRNR degradacijos procesy (Hannig et al., 1984; Fujimura ir
Esteban, 2010). Nustatyta, jog iRNR degradacijg vykdanc¢iy septyniy SKI
(angl. SKI - superkillers) geny grupés koduojami baltymai sumazina LA ir
M virusy genomo kopijy kiekj lasteléje (Toh et al., 1978; Wickner, 1986).
Mielése SKI geny mutacijos lemia padidéjusj LA ir M virusy genomy kiekj
ir aktyvesng¢ toksino gamyba (padidéjusio Zudymo fenotipas — angl.
superkiller) (Toh et al., 1978; Wickner, 1984; Masison et al., 1995). Vienas
i§ SKI grupei priskiriamy geny yra kepurés struktiiros neturinéioms RNR
specifiska 5" 23" egzoribonukleazé SKI1/XRN1 (Hsu ir Stevens, 1993; Sheth
ir Parker, 2003) (1.9 pav.). Xrnlp sukelia RNR virusy transkripty
degradacija (Esteban et al., 2008). Neseniai nustatyta specifiné nuo rasies
priklausoma saveika tarp Xrnlp ir LA totivirusy randamy skirtingose
Saccharomyces rusyse. Pavyzdziui, S. cerevisiae koduojamas Xrnlp
aktyviausiai reguliuoja tose paciose mielése paplitusius LA virusus, tuo
tarpu S. kudriavzevii aktyviausiai reguliuoja S. kudriavzevii aptinkamus LA
tipo virusus. Imunoprecipitacijos tyrimai parodé, jog LA Gag baltymas
fiziSkai sgveikauja su Xrnlp. Kaip minéta, virusiniai LA ir M transkriptai 5°
gale turi difosfatg, kuris néra optimalus substratas Xrnlp baltymui. Sie du
faktoriai gali reiksti, jog Xrnpl atlieka papildomas su RNR degradacija
nesusijusias funkcijas. Saveika tarp Gag ir Xrnlp baltymy gali lemti
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efektyvesnj virusinés RNR degradacijos procesa dél lengvesnio nukleazés
priéjimo prie virusiniy transkripty. Kita galima minétosios sgveikos funkcija
galéty buti Gag baltymy vykdomas Xrnlp slopinimas (Rowley et al., 2016).
Lasteliniy poliA uodegos neturin¢iy iRNR degradacija 3°>5 kryptimi
vykdo citoplazminis egzosomos kompleksas (Anderson ir Parker, 1998;
Halbach et al., 2013). Virusiniy RNR 35" degradacijai vykti svarbis
Ski2p, Ski3p, Ski6p, Ski7p ir Ski8p baltymai (Winder and Wickner, 1993;
Masison et al., 1995; Benard et al., 1998, 1999). Ski2p, Ski3p ir Ski8p
sudaro citoplazminj SKI kompleksg, Ski2p turi helikazinj aktyvumg (Brown
et al., 2000). SKI kompleksas per Ski7p baltyma jungiasi su egzosoma ir
lemia virusiniy RNR patekimg | egzosomos aktyvyji centra (Araki et al.,
2001; Halbach et al., 2013). Skidp ir Ski6p baltymai jeina | egzosomos
komplekso sudétj (Mitchell ir Tollervey, 2000) (1.9 pav.).

1.9 pav. Xrnlp ir SKl/egzosomos atliekamos RNR degradacijos schema (Rowley et al.,
2016).

S. cerevisiae mielése LA-1 ir M1 virusy kiekio reguliacija taip pat
atlicka mitochondriné Nuclp nukleazé (Gao et al., 2019). Nuclp yra
zinduoliy su apoptoze siejamos mitochondrinés nukleazés EndoGp
homologas (Eastwood et al., 2012). Mielése sporuliacijos metu motininéje
lasteléje vyksta vidinis mejozinis dalijimasis (Neiman, 2011). Likusi
motininé lastelé Ziista nuo mejozés priklausomos programuotos lgstelés
zuties budu, vyksta vakuolés suirimas ir lastelés autolizé (Eastwood et al.,
2012; Eastwood ir Meneghini, 2015). Susidariusios sporos dél apsauginio
apvalkalo §j procesg iSgyvena (Eastwood ir Meneghini, 2015). Biitent nuo
mejozeés priklausomos programuotos lgstelés ztties metu i§ mitochondrijy ]
lastelés citozolj iSskiriamas Nuclp baltymas. Nuclp baltymo patekimui j
citozolj reikalingi mitochondriniai nuo jtampos priklausanciy anijoniniy
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kanaly Porl/2p baltymai. Nuclp reguliuoja virusy kiekj kartu su Ski3p,
sutrikdzius Siy baltymy veikla stebimas K1 toksino kaupimasis ir
susidaranciy spory zitis (1.10 pav.). Tiriant Nuclp baltymo funkcijas
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: !
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-+ 8 valandos NU(:, 1 p/EndOGP
l 1§skyrimas
B ®e _—
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1.10 pav. Nuo mejozés priklausomo antivirusinio Nuclp poveikio modelis. Kairéje puséje
atidétas laikas nuo sporuliacijos indukcijos pradzios ir stebima sporuliacijos fazé (Gao et al.,
2019).

S. cerevisiae kamiene, kuriame M1 virusas pasalintas, nustatyta, jog Nuclp
kartu su Ski3p, nepriklausomai nuo M1, reguliuoja LA-1 viruso kiekj
lasteléje (Gao et al., 2019). Nuclp ir Ski3p mutacijas turinciose mielése
stebimas LA-1 genomo ir kapsidinio baltymo kiekio padidéjimas (Liu ir
Dieckmann, 1989; Gao et al., 2019). Taip pat nustatyta jog Aski3 Anucl
mielés auga léCiau nei jprasta. Sis fenotipas sustipréja mieles auginat
aukstesnéje temperatiiroje arba ant nefermentuojamy anglies Saltiniy. Esant
tokioms nepalankioms salygoms, normaliam augimui bitini efektyvis
mitochondrinés respiracijos mechanizmai, tad manoma, jog LA kaupimasis
lasteléje sutrikdo mitochondrijy funkcijas. Sio tyrimo autoriai iskélé jdomia
hipotezg, teigiancia, jog programuota lgstelés zutis vienalgsCiuose
organizmuose galéjo iSsivystyti kaip apsauga nuo virusiniy infekcijy (Gao et
al., 2019).
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1.3 LA ir M virusy jtaka lastelés-Seimininkés molekuliniams procesams
1.3.1 LA ir M virusy jtaka lastelés-Seimininkés genu raiskai

S. cerevisiae mieliy LA-1 ir M1 virusai be suteikiamo zudymo
fenotipo, kity stebimy fenotipiniy poky¢iy savo Seimininkui nesukelia
(Ghabrial, 1998). Nepaisant to, transkriptominiy tyrimy metu, naudojant
mikrogardeles ar RNR sekoskaita, buvo nustatyti genai, kuriy raiska kinta
priklausomai nuo LA ar M virusy palaikymo lgsteléje (McBride et al., 2013;
Luksa et al., 2017).

LA-1 ir M1 virusy palaikymo jtaka lgstelés-Seimininkés geny
raiSkos poky¢iams buvo jvertinta mikrogardeliy metodu. Lastelése, kuriose
aptinkami LA-1 ir M1 virusai, lyginant su lastelémis i§ kuriy Sie virusai
eliminuoti, daugiausiai identifikuoti sustipréjusios raiskos genai. Pakito net
1408 geny raiska, taciau daugumos raiska kito nezymiai (iki dviejy karty).
LA-1 ir M1 virusy palaikymas lastel¢je lemia aktyvesng su mitochondriniy
baltymy sinteze ir molekuliniu katabolizmu susijusiy geny raiska. Tuo tarpu
virusy praradimas aktyvina su organiniy riigs§¢iy metabolizmu susijusiy geny
raiska. I8 SKI geny grupés, virusiné infekcija, sukelia tik SKI6 geno raiskos
sustipréjimg. MAK geny grupés atzvilgiu virusiné infekcija lemia padidéjusia
MAKS3, MAK16 ir sumazéjusia MAK7, MAKS8 geny raiska (McBride et al.,
2013). LA-1 ir M1 virusy palaikymas lemia iSaugusig dalies SEC geny
(SEC12, 13, 15, 17, 28, 32, 34, 59, 62, 65, 66) raiska ir sumazéjusig SEC11,
SEC61 geny raiska (McBride et al., 2013). SEC geny grupés koduojami
baltymai yra svarbiis M1 virusy toksiny bei kity Igsteliniy baltymy sekrecijai
(Bussey et al., 1983).

RNR sekoskaitos biidu tirtas bendras geny raiskos profilis
S. cerevisiae mielése turinCiose LA-lus ir M2 virusus. Satelitinio M2 viruso
praradimas lemia 486, o abiejy LA-lus ir M-2 virusy praradimas lemia 715
geny raiskos pokycCius. Pakitusios raiskos genai yra susije su ribosomy
biogeneze, mitochondrijy funkcijomis, atsaku j stresg, lipidy ir aminortigsciy
biosinteze. Lastelése, kuriose palaikomi dgRNR virusai lyginat su lastelémis
i§ kuriy virusai eliminuoti, molekuliniai procesai susij¢ su aminoriigs¢iy ir
lipidy biosinteze, transportu ir energijos produkcija yra aktyvesni, tuo tarpu
procesai susije su ribosomy biogeneze ir atsaku j stresg pasyvesni (Luksa et
al., 2017). Skirtingos virusinés sistemos (LA-1 ir M1 arba LA-lus ir M2)
sukelia ty paciy 180 geny raiSkos pokyCius mielése. Abiejose tirtose
sistemose padidintos raiskos genai dalyvauja mitochondrijy funkcionavime,
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citozoliniame ir transmembraniniame transporte. Tuo tarpu genai susij¢ su
organiniy rig8éiy metabolizmu reguliuojami skirtingai (McBride et al.,
2013; Luksa et al., 2017). Nesutampantys rezultatai galé¢jo buti gauti dél
skirtingy tirty virusiniy sistemy skirtinguose mieliy kamienuose ar
nevienodos metodikos taikymo (Luksa et al., 2017).

Abiejy  tyrimy autoriai mini, jog stebimas neZymus
lastelés-Seimininkés geny raiSkos pokytis, dél virusy palaikymo, gali buti
susijes su mieliy ir jy virusy adaptacija funkcionuoti kooperatyviai. Taip pat,
svarbu paminéti, kad dauguma geny reikalingy virusy palaikymui, atlieka
gyvybiskai svarbias lastelines funkcijas. LA ir M virusy iSgyvenamumas
tiesiogiai priklauso nuo lastelés-Seimininkés, tad evoliucijos eigoje galéjo
buti atrinkti Seimininkui nekenksmingi virusai (McBride et al., 2013; Luksa
etal., 2017).

1.3.2 M virusy toksiny jtaka S. cerevisiae geny raiskai

K1 toksinas lemia katijonams specifisky kanaly susidaryma jautriy
mieliy lgsteliy membranoje, tokiu biidu paZeisdamas membranos struktiira.
D¢l susidariusiy jony kanaly sutrinka protony sukuriamas transmembraninis
gradientas ir sukeliama lgsteliy zatis (Martinac et al., 1990; Breinig et al.,
2002). Nepaisant to, lgsteliy zatis po poveikio toksinu sukeliama ne i$ karto.
Norint detaliau issiaiSkinti M virusy toksiny jtaka jautriems mieliy
kamienams, atlikti K1 toksinu paveikty lasteliy transkriptominiai tyrimai.
Poveikis toksinu lemia pakitusia 1189 geny raiska. K1 toksinas slopina
transkripcijos ir transliacijos procesus. Stebima sumazéjusi ribosomy
biogenezéje ir RNR procesavime dalyvaujanéiy geny raiska. Siy procesy
slopinimas gali veikti kaip atsakas j stresg sumazinant ATP suvartojimg arba
sutelkiant lgstelés resursus j apsauginiy baltymy sinteze. Dél poveikio
toksinu sustipréja geny dalyvaujanciy atsake j oksidacinj, hiperosmotinj,
lastelés sienelés pazaidy stresg raiSka. Taip pat nustatyta, jog toksinas
paveikia su energijos metabolizmu susijusius procesus: padidéja gliukozés
transporto, trikarboksirtig§¢iy ciklo (TCA) fermenty, citochromy, puriny de
novo sintezés ir tetrahidrofolato metabolizmo geny raiSka. Nustatyta, jog
sumaz¢ja geny raiSka susijusi su inozino monofosfato vertimu j GTP, dél to
lastelése aktyviau sintetinamos ATP molekulés (Gier et al., 2019b).
Osmolity, tokiy kaip trehalozé, glikogenas ir glicerolis, kaupimasis lasteléje
yra siejamas su gynybiniu atsaku ] stresg. Trehalozé ir glikogenas yra
naudingi detoksifikacijos procesuose ir lgsteliniy baltymy stabilizavime
(YYancey, 2005). Trehalozé funkcionuoja ne tik kaip energijos rezervas, bet ir
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dalyvauja aktyviy deguonies formy (angl. ROS — reactive oxygen species)
detoksifikacijoje, galimai slopina lipidy peroksidacijg ir stabilizuoja
membranas streso salygomis (Benaroudj et al., 2001; Pereira et al., 2003,;
Morato et al., 2008). K1 toksinu paveiktose lastelése padidéja su trehalozés
ir glikogeno metabolizmu susijusiy geny raiska, o tai galéty apsaugoti mieliy
Iasteles nuo toksino sukeliamo poveikio. Sio tyrimo autoriai taip pat nustaté
pakitusig jvairiuose lastelés procesuose dalyvaujanciy transkripcijos faktoriy
(MSN4, SW14, ACE2, SKN7, SWI5, BAS1, CIN5, HAP4 ir TEC1) raiska
(Gier et al., 2019b).

K1 produkuojanciy lasteliy atsakas j toksing tirtas izogeniniuose,
taciau toksino produkcijos efektyvumu besiskirian¢iuose S. cerevisiae
kamienuose. KIMO1 kamienas pasizymi aktyvia K1 produkcija ir atsparumu
Siam toksinui, tuo tarpu KIMO1s kamienas produkuoja nedidelius K1 toksino
kiekius, kurie zudymo efekta sukelia tik jautrioms neturinCioms sienelés
lasteléms (sferoplastams). Taip pat, mazus toksino kiekius produkuojantis
kamienas yra jautrus pridétiniam K1 toksinui. Siy kamieny palyginamieji
transkriptominiai tyrimai parodé, jog didesnj toksino kiekj gaminanciose
mielése vyksta efektyvesné su energijos metabolizmu, Iastelés adhezija,
inozino monofosfato (IMP) metabolizmu ir DNR integracija susijusiy geny
raiska. KIMO1 kamieno geny raiska galimai prisitaikiusi prie aktyvios
toksino sekrecijos ir internalizacijos (Gier et al., 2020b). Lyginat $iy
kamieny transkriptomus po poveikio pridétiniu toksinu, kitaip nei jautriy
kamieny atveju, nustatyti tik nedaugelio geny raiskos poky¢iai. Dauguma
pakitusios raiSkos geny sutapo su anks¢iau minéto jautriy lasteliy tyrimo
metu identifikuotais genais. Tiek jautriose, tiek atspariose mielése po
poveikio toksinu nustatyta pakitusi streso atsako ir angliavandeniy
metabolizmo geny raiska. Jdomu, jog abiejy tyrimy metu nustatyta
padidéjusi CIN5, HAP4, MSN4 ir TECL1 transkripcijos faktoriy raiska, o tai
galéty reiksti, jog egzistuoja bendri atsako j stresag mechanizmai (Gier et al.,
2019b; Gier et al., 2020b). Poveikis didesnémis toksino dozémis lemia
papildomy geny raiskos poky¢ius. KIMO1 kamiene padidéja su puriny de
novo sinteze ir tetrahidrofolato (THF) metabolizmu susijusiy geny raiska,
nezymiai aktyvesné $iy geny rai$ka lyginat su KIMO1s kamienu stebima ir
be poveikio toksinu (Gier et al., 2020b). Jautrios toksinui lastelés i§ karto po
poveikio toksinu iSlaiko stabilius ATP kiekius, taip pat ATP galimai
palengvina lgsteliniy pazaidy taisymg ir dél hidrotopinio veikimo palaiko
baltymy tirpuma (Patel et al., 2017; Gier et al., 2019b). Remdamiesi Siais
duomenimis, autoriai puriny de novo sintezés ir THF metabolzimo geny
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raiSkos pokycius sieja su ATP sinteze (Gier et al., 2020b). Kaip ir jautriy
lasteliy atsako j toksing atveju, KIMOI1 Igstelése po poveikio toksinu
padidéjo trehalozés ir glikogeno sintezés geny raiska (Gier et al., 2019b;
Gier et al.,, 2020b). Atlikus lipidominius KIMO1 ir KIMOls kamieny
tyrimus, nustatyta, jog jautraus KIMO1s kamieno membranoje aptinkama
daugiau ergosterolio (Gier et al., 2020b). Deleciniai S. cerevisiae kamienai,
kuriy steroliy sintezés kelias yra defektyvus, yra atsparesni K1 toksinui
(Page et al., 2003). Sumazéjes ergosterolio kiekis 1gstelés membranoje taip
pat gali bati susijgs Su pasyvesne endocitoze ir sutrikusia sekrecine funkcija,
0 tai galéty lemti dalinj atsparumg toksinui (Page et al., 2003; Degreif et al.,
2019). KIMO1 kamieno aktyvi atsako j stresg geny raiSka bei specifiné
membranos struktiira gali biiti adaptaciniai mechanizmai leidziantys vykdyti
padidintg toksino sinteze (Gier et al., 2020b).

1.4 LA ir M virusy eliminacijos fenomenas

Literatiiroje apraSomas natyviy LA ir M virusy eliminacijos
fenomenas. I$skiriamos keturios zinomos eliminacijos priezastys: defektyviy
interferuojan¢iy RNR (DI elementai) raiska, rekombinantiniy nefunkcionaliy
kapsidiniy baltymy sintezé, rekombinantiniy laukinio tipo LA viruso Gag ir
GagPol baltymy sintezé ir virusy tarpusavio konkurencija (Ridley ir
Wickner, 1983; Esteban ir Wickner, 1988; Valle ir Wickner, 1993; Yao ir
Bruenn, 1995; Ribas ir Wickner, 1998; Taylor ir Bruenn, 20009;
Rodriguez-Cousifio et al., 2013; Rodriguez-Cousino ir Esteban, 2017).

1.4.1 Defektyviy interferuojanc¢iy RNR elementy sukeliama eliminacija

RNR virusai gali buti parazituojami defektyviy interferuojanciy
RNR (DI). Tai i§ parazituojamo (motininio) viruso genomo kilusios RNR
molekulés. DI elementai dazniausiai nekoduoja jokiy baltymy, o jy
replikacija priklauso nuo baltymy koduojamy pagalbinio viruso. Sios RNR
vadinamos interferuojan¢iomis, kadangi gali slopinti pagalbinio viruso
replikacija ar sukeliamus patogeninius simptomus. DI elementai gali
konkuruoti su pagalbiniu virusu dél jo ar lastelés-Seimininkés koduojamy
baltymy, skatinti RNR interferencijos procesus ar koduoti defektyvius
polipeptidus saveikaujancius su pagalbinio viruso baltymais (Pathak ir Nagy,
2009).

Satelitiniams M1 virusams buidingi DI elementai vadinami S (angl.
S — supressive). Tai jvairiis deleciniai M1 viruso variantai, kuriy dydis
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varijuoja nuo 0,6 iki 1,6 kb dydzio (Somers, 1973; Vodkin et al., 1974;
Sweeney et al., 1976; Bruenn ir Kane, 1978; Kane et al., 1979). S dgRNR
nekoduoja funkcionalaus preprotoksino ar kity baltymy. Sie DI elementai
interferuoja su laukinio tipo M1 virusais ir sukelia jy eliminacijg i lastelés
(Ridley ir Wickner, 1983). Skirtingiems S elementams btidinga bendra
trumpa 5 galo seka ir gan ilga 500 bp dydZio 3" galo seka. Nuskai¢ius S14
elementa, nustatyta, jog pirmosios 253 bp kilusios i§ M1 viruso genomo 5°
galo, o likusios 543 bp kilusios i§ M1 viruso genomo 3" galo (Lee et al.,
1986). Pagalbinio viruso replikacijos interferencija lemia 132 nt ilgio seka,
nuo S14 RNR 3" galo nutolusi apie 400 nt. Sioje sekoje i§sidés¢iusios LA-1
ir M1 genomuose aptinkamos dvi plauky segtuko struktiiros (stiebas-kilpa)
reikalingos virusinés RNR replikacijai bei pakavimui j virionus. M1 viruso
eliminacija dél DI elemento raiskos galimai vyksta dél DI ir M1 virusinés
RNR konkurencijos vykstancios RNR pakavimo j virusines daleles metu
(Huan et al., 1991). Spontaninés fermentacijos metu S. cerevisiae mieliy
kamienuose buvo aptiktos i§ M2 virusy kilusios 1,3 kb dydzio RNR
molekulés. Sie elementai buvo pavadinti NS (angl. NS — non supressive),
kadangi kitaip nei S RNR, satelitinio viruso neeliminuoja. Nepaisant to, NS
elementai pakuojami j virusines daleles (Cansado et al., 1999).

LA-1 virusams specifinis DI elementas vadinamas X. Jis sudarytas
i§ LA-1 genomo 5" galo 25 bp ir 3° galo 505 bp, kuriame iSsidéstes LA-1
pakavimo signalas (Esteban et al., 1988; Esteban ir Wickner, 1988). X
elementy raiska sumazina LA-1 viruso genomo kopijy kiekj lasteléje, taciau
viruso eliminacijos nesukelia. X RNR geba isstumti M1 virusg i$ lastelés. S,
X ir M1 palaikymui bitini ties patys MAK genai, tad Sios RNR gali
konkuruoti tiek dél pagalbinio viruso, tiek dél Iastelés-Seimininkeés
koduojamy baltymy. DI elementai turintys uz replikacija atsakingas sekas,
taciau prarade transkripcijos signalus, galéty buti lengviau replikuojami
pagalbinio viruso baltymy ir tokiu budu sukelti natyvaus viruso genomo
kiekio redukcijg ar eliminacija (Esteban ir Wickner, 1988).

1.4.2. Nefunkcionaliy kapsidiniuy baltymy sukeliama eliminacija

Konstitutyvi LA-1 trumpinty kapsidiniy baltymy sintezé sukelia
natyvaus LA-1 viruso eliminacijg (Yao ir Bruenn, 1995). Kaip jau buvo
minéta 1.1.3 skyriuje, LA-1 virusy kapsidé sudaryta i§ asimetriniy Gag
baltymo dimery. Dviejy Gag subvienety saveikoje daugiausiai dalyvauja
pirmosios 435 aminoraigstys (Naitow et al., 2002). Vykdant padidinta bent
475 aminoriigsCiy ilgio LA kapsidinio baltymo raiska vyksta natyviy
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pagalbinio ir satelitinio virusy eliminacija. Ilgesniy nei 603 aminortigsciy
arba trumpesniy nei 475 aminortig8¢iy Gag baltymo deleciniy varianty
sintezé natyvaus LA-1 viruso palaikymo lasteléje nesutrikdo. Eliminacijos
proceso priklausymas nuo trumpinty Gag baltymy sintezés, o ne jy
transkripty, patvirtintas naudojant Gag baltymo raiSkos vektorius Su jterptais
iSankstiniais STOP kodonais. Iterptus iSankstinius STOP kodonus turinéiy
transkripty sintezé nezymiai sumazino LA dgRNR kopijy kiekj. Tokiy
transkripty kiekis lyginant su papildomy STOP kodony neturin¢iy baltymy
transkripty kiekiu yra mazesnis. Mutantinio F4740 Gag varianto, kuriame
likusi C-galo dalis yra deletuota, sintez¢ eliminuoja natyvy virusg, tuo tarpu
mutantinio Gag F4740 varianto be delecijos sintezé, eliminacijos nesukelia.
Sis netikétas rezultatas aiskinamas galima Gag baltymo iRNR 3° galo
sgveika su STOP kodonu transliacijos metu (Yao ir Bruenn, 1995). Aptarti
duomenys i§ dalies nesutampa su kity tyrimy metu gautais rezultatais.
Wickner su grupe tyré deleciniy Gag baltymy jtakg M1 palaikymui, kai $is
virusas replikuojamas rekombinantiniy laukinio tipo Gag ir GagPol baltymy.
Trumpinty Gag baltymy, turin¢iy nuo 15 iki 45 aminortgs¢iy C-galo
delecijas, sintezé lemia M1 viruso praradima. Gag baltymas turintis 52 a.r.
C-galo delecija neturi jtakos M1 viruso palaikymui. Nesutampantys
rezultatai galé¢jo biiti gauti dél skirtingos metodikos taikymo ir/ar
besiskirian¢io rekombinantiniy baltymy sintezés efektyvumo (Ribas ir
Wickner, 1998).

Laukinio tipo Gag baltymai sintetinami nuo raiSkos vektoriy
formuoja tus¢ias kapsides, tuo tarpu deleciniai kapsidinio baltymo variantai
kapsidziy nesudaro (Yao ir Bruenn, 1995). Deleciniai Gag baltymai turintys
iki 33 a.r. C-galo delecijg gali formuoti chimerines virusines daleles kartu su
sulietiniu GagPol baltymu (Ribas and Wickner, 1998). Deleciniai Gag
baltymai, turintys iki 77 a.r. C-galo delecija geba sudaryti chimerines
virusines daleles su laukinio tipo Gag baltymais (Yao ir Bruenn, 1995). Gag
baltymai turintys 39 a.r. C-galo delecija sudaro virusines daleles su laukinio
tipo Gag baltymu, taCiau nepakuoja virusinés RNR. Tokios chimerinés
dalelés galimai neinkorporuoja sulietiniy GagPol baltymy, dél to virusinés
RNR | kapsides nepakuojamos (Konovalovas, 2018). Trumpinti Gag
baltymai sgveikauja su laukinio tipo Gag baltymais ir galimai sutrikdo
normaliy virusiniy daleliy susidaryma ar jy funkcionaluma. Sis procesas
vadinamas neigiama komplementacija. LA-1 virusams artimo L-BC
totiviruso trumpinty kapsidiniy (iki 443 a.r.) baltymy sintezé lemia L-BC
viruso eliminacijg i$ Igstelés, ta¢iau neveikia LA-1 viruso. Atitinkamai LA-1
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trumpinty kapsidiniy baltymy sintezé neturi jtakos L-BC palaikymui
lasteléje (Yao ir Bruenn, 1995).

Natyvaus pagalbinio LA-1 viruso eliminacija i$ lastelés taip pat gali
vykti dél mieliy genome koduojamy virusinés kilmés baltymy sintezés.
Eukarioty genomuose aptinkami ne retrovirusinés kilmés RNR virusy genai
ar jy dalys (angl. NIRV — non-retroviral integrated genome RNA virus).
Viena i§ galimy tokiy geny funkcijy yra apsauga nuo virusiniy infekcijy.
Apsaugos mechanizmai gali veikti per RNR interferencijos procesus ar
nefunkcionaliy virusiniy baltymy raiska (Warner et al., 2018). Debaromyces
hansenii mieliy genome aptinkami totivirusy kilmés genai, koduojantys
pilno ilgio totiviruso genoma bei du tarpusavyje panaSius kapsidinius
baltymus Cplp ir Cp2p. Sie genai yra panasis j LA-1 viruso koduojamus
genus. 42 % LA-1 Gag ir Cplp baltymy seky yra identiskos (Taylor ir
Bruenn, 2009). Nepaisant to, D. hansenii mielése totivirusai iki $iol néra
aptikti. | S. cerevisiae mieles turincias LA-1 virusa, jterpus raiskos vektoriy
koduojanti Cplp baltyma, stebima natyvaus LA-1 viruso eliminacija.
Nustatyta, jog Cplp baltymai geba sgveikauti su laukinio tipo Gag
baltymais, taip sutrikdydami normaliy virusiniy daleliy susirinkimg (Warner
et al., 2018). PanaSig funkcija atlickag endogeniniy retrovirusy ir
retrotranspozony koduojami kapsidiniai baltymai (Mura et al., 2004; Tucker
ir Gar, 2016). D. hansenii koduojamas Cplp baltymas galimai apsaugo
mieles nuo LA-1 viruso infekcijos horizontalios pernasos badu (Warner et
al., 2018).

1.4.3 Laukinio tipo virusiniy baltymy sukeliama eliminacija

Nuo raiSkos vektoriy sintetinami rekombinantiniai LA-1 viruso Gag
ir GagPol baltymai geba palaikyti satelitinj M1 virusg, ta¢iau sukelia natyviy
LA-1 virusy eliminacijg (Fujimura et al., 1992; Wickner et al., 1991; Valle ir
Wickner, 1993). Tik rekombinantinio kapsidinio baltymo sintezé, kitaip nei
L-BC ar kai kuriy augaly RNR virusy atveju, lemia natyvaus LA-1 viruso
genomo kiekio padidéjima (Wickner et al., 1991; Fitchen ir Beachy, 1993;
Valle ir Wickner, 1993; Yao et al., 1995).

Siekiant istirti ar natyvaus LA-1 viruso eliminacija yra sukeliama
padidintos rekombinantiniy LA-1 baltymy sintezés, ar virusiniy RNR
transkripty, panaudoti raiskos vektoriai Gag arba Pol baltymy atviro
skaitymo rémelio pradzioje turintys STOP kodonus. Tokiy transkripty ar
koduojanc¢ios RNR grandinés 3'- gale esanc¢io pakavimo signalo sekos raiska
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neturi jtakos natyvaus LA-1 viruso palaikymui lasteléje. Taigi Gag ir GagPol
baltymy iRNR raiSka LA-1 viruso eliminacijos nesukelia. Deleciniy Gag ir
GagPol baltymy varianty sintezé taip pat néra pakankama eliminacijos
procesui vykti. Virusiniy baltymy su inaktyvuotu 3" galo pakavimo signalu
(jvedamos mutacijos sutrikdancios antrinés RNR strukttiros susidaryma)
sintezé sukelia eliminacijg, taCiau ne taip efektyviai, kaip laukinio tipo
baltymy sintezés atveju. Tik sulietiniy GagPol baltymy sintezé (sutrikdomas
rémelio poslinkio regionas) lemia satelitinio M1 viruso praradima, taciau
natyvus LA-1 virusas nepaveikiamas (Valle ir Wickner, 1993). Chimeriniy
rekombinantiniy GagPol baltymy sintez¢, kuriy Gag koduojanti seka kilusi i$
LA-1, o Pol koduojanti seka kilusi i§ LA-lus virusy, lemia natyvaus LA-2
viruso eliminacija. Tokie chimeriniai baltymai palaiko M2 satelitinj virusa
(Rodriguez-Cousifio ir Esteban, 2017). Laukinio tipo LA-1 rekombinantiniy
baltymy  sintezé lemia  natyvaus LA-28  viruso  eliminacija
(Rodriguez-Cousifio et al., 2017). Remiantis aptartais rezultatais, galima
teigti, jog LA virusy eliminacijos procesg isskirtinai lemia funkcionaliy
laukinio tipo rekombinantiniy LA baltymy sintezé.

Tiriant konservatyviy GagPol baltymo Pol domeno seky jtaka
natyvaus LA viruso eliminacijai bei M viruso palaikymui sukurti chimeriniai
raiskos vektoriai, kuriuose pavieniai konservatyviis polimerazinio domeno
regionai pakeisti atitinkamais dgRNR viruso, infekuojanéio Giardia lamblia,
regionais (1.11 pav. A.). Chimeriniy baltymy tyrimai parodé, jog
endogeninio LA-1 viruso replikacijos interferencija néra tik nuo
rekombinantiniy baltymy polimerazinio aktyvumo priklausomas procesas.
M1 viruso palaikymui lgsteléje svarbios RpRp domene ir aplink jj
i§sidéscCiusios sekos (3—6 regionai; 418-586 a.r.), chimeriniai baltymai
turintys pokycius Sioje srityje nepalaiké M1 viruso replikacijos. Tuo tarpu
LA-1 viruso eliminacijos procesui svarblis papildomi, su polimerazine
funkcija nesusije regionai esantys Pol N-gale (1-2 regionai). LA-1 viruso
palaikyma lasteléje sutrikdé tik tie chimeriniai baltymai, kuriuose buvo
pakeistos Pol domeno C-gale nuo 620 a.r. iSsidésCiusios sekos (7-8
regionai). Svarbu paminéti, jog visi chimeriniai baltymai geba pakuoti
virusing RNR, tad natyviy virusy eliminacijos procesas priklauso nuo
papildomy ir vis dar nezinomy mechanizmy (Routhier ir Bruenn, 1998). Su
Siais duomenimis koreliuoja rezultatai gauti tiriant LA-1 ir L-BC virusy
chimerinius baltymus. Chimeriniai baltymai, kuriuose Gag ir Pol domeny
N-galin¢ seka (iki 135 a.r.) yra i§ L-BC, o likusi Pol dalis i§ LA-1 viruso,
geba palaikyti M-1 virusa, taciau LA-1 eliminacijos nesukelia (1.11 pav. B.).
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Tiesa, chimeriniai baltymai M1 virusa palaiko nestabiliai (ilgainiui M1
virusas prarandamas) ir ne taip efektyviai kaip laukinio tipo virusiniai
baltymai. Pol domeno N-gale (A123D ir S211P) mutacijas turintys baltymai
taip pat palaiko M1 virusa ir pakuoja M1 dgRNR genoma j virusines daleles,
taciau neeliminuoja natyvaus LA viruso (Yao et al., 1995).

A RpRp aktyvusis centras
* —

Pol
Gag
1 2 3 4 5678
L )
T

301641 ar.

L-BC LA-1

Pol

1.11 pav. GagPol rekombinantiniy baltymy sintezés sukeltos natyviy virusy eliminacijos
tyrimuose naudoti konstruktai. A. LA-1 GagPol polimerazinio domeno sri¢iy (Zymimos
oranzinémis rodyklémis ir numeriu), pakeisty atitinkamomis Giardia lamblia infekuojancio
viruso polimerazinio baltymo sritimis, schema (pagal Routhier ir Bruenn, 1998); B. LA-1 ir
L-BC virusy baltymy chimerinis konstruktas (pagal Yao et. al., 1995).

Viena i§ galimy natyvaus LA-1 viruso eliminacijg lemianciy
priezasCiy galéty biiti rekombinantiniy baltymy konkurencija su natyviais
virusiniais baltymais dél lastelés-Seimininkés baltymy reikalingy viruso
replikacijai ir/ar transkripcijai vykti (Valle ir Wickner, 1993). Kaip jau
minéta anks¢iau, Mak10p baltymai yra biitini LA viruso palaikymui Igsteléje
(Lee ir Wickner, 1992). Mieles transformavus Mak10p baltymo padidintos
raiSkos vektoriumi, eliminacijos procesas dél rekombinantiniy LA baltymy
sintezés nebuvo sutrikdytas. Tad galima teigti, jog Mak10p néra ribojantis
faktorius sukeliantis natyvaus viruso eliminacijg. Tiriant ski2 mutantus,
kuriuose yra itin iSauges natyvaus viruso kiekis, eliminacijos procesas yra
stabdomas. Rekombinantiniy LA baltymy sintezés sukelta eliminacija
stebéta tik 4 % i§ tirty transformanty. Toks efektas, galéty biti sukeliamas,
jeigu SKI sistema identifikuoja padidéjusj GagPol baltymy kiekj ir vykdo
virusinés iRNR degradacijag, taip pat SKI sistema galéty sumazinti Viruso
palaikymui bitino Iastelés-Seimininkés faktoriaus ar faktoriy raiska (Valle ir
Wickner, 1993).
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1.4.4 Virusy tarpusavio konkurencijos salygota eliminacija

S. cerevisiae mieliy lastelése tuo paciu metu aptinkamas tik vieno
tipo M satelitinis virusas. Sukryzminus haploidines mieles, kuriy viena turi
M1 virusg, o kita M2 virusa, susidariusios diploidinés mielés islaiko tik M1
virusg. Taigi, M1 virusas lemia M2 viruso iSsttmima (Wickner, 1980).
Analogiskas procesas stebimas suliejant mieles turin¢ias M1 arba Mlus
virusus, naujai susidariusiose lgstelése palaikomas tik vieno tipo virusas
(Rodriguez-Cousifio et al., 2013).

LA virusai taip pat konkuruoja tarpusavyje. SukryZminus ar
citodukcijos budu suliejus lgsteles turinéias LA-2 ir M2 virusus su lastelémis
turin¢iomis LA-1 arba LA-lus virusus, nustatyta, jog natyvus LA-2 virusas
yra iSstumiamas. LA-2 viruso eliminacija dél LA-1 arba LA-lus virusy
jvedimo | lasteles vyksta nepriklausomai nuo M2 palaikymo lasteléje. Mieliy
kamienai, kuriuose aptinkami salyginai nedideli LA-1 viruso Kiekiali,
nepalaiko M2 viruso replikacijos. Tuo tarpu mieliy kamienai, kuriuose
palaikomi dideli LA-1 viruso kiekiai arba LA-lus virusas, geba palaikyti M2
satelita. Nepaisant to, LA-1 ir LA-lus virusai M2 satelitus palaiko nestabiliai
ir ilgainiui M2  sukeliamas Zudymo fenotipas  prarandamas
(Rodriguez-Cousino ir Esteban, 2017). Siy tyrimy autoriy teigimu, LA
virusai geba palaikyti sau nespecifinius M virusus tik tuo atveju, jeigu
stebima padidéjusi LA virusy baltymy sintezé dél SKI mutacijy arba jterpto
rekombinantiniy baltymy raiskos vektoriaus (Rodriguez-Cousino ir Esteban,
2017). Konkurencija nustatyta ir tarp LA-1 ir LA-lus virusy. ] kamieng
turintj LA-1 virusa jvedus LA-lus virusus, LA-1 virusai dazniausiai
iSstumiami. Suliejant haploidines mieles, kai kurios i§ jy sugeba iSlaikyti
LA-1 virusg, taCiau niekada nepalaiko abiejy virusy toje pacioje lasteléje
(Rodriguez-Cousino et al., 2013).
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2. MEDZIAGOS IR METODAI

2.1 Medziagos

2.1.1 Reagentai

2.1 lentelé. Tyrimams naudoti reagentai.

Gamintojas Reagentai
] kalcio chloridas, fenolis,
Applichem o o ) )
tris(hidroksimetil)aminometanas (Tris)
Biolife D-gliukozé

Fisher Scientific

geneticinas (G418)

Liofilchem agaras, mieliy ekstraktas, peptonas

Lonza agaroze
acto rugstis, chloroformas, druskos riigstis,
izopropanolis, natrio acetatas, natrio chloridas,

Merck natrio hidroksidas, polietilenglikolis 4000 (PEG
4000)

Reachem o _ o

Slovakia citriny raigstis, natrio hidrofosfatas
2-merkaptoetanolis, ampicilinas, etidzio bromidas,
etilendiamintetraacto rugstis (EDTA), li¢io

Roth chloridas, li¢io acetatas, natrio dodecilsulfatas
(NDS), magnio chloridas, metileno mélynasis

Sigma dimetilsulfoksidas (DMSO)

Thermo

Scientific agaroze, NTP, ANTP

Vilniaus degtiné

etanolis
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2.1.2 Fermentai ir molekuliniai dydzio standartai

DNR polimerazés ,Phusion” ir ,DreamTaq“, atvirkstiné
transkriptazé ,,Maxima*, polinukleotidkinazé ,,T4 PNK*, Sarminé fosfatazé
,»FastAP“, dezoksiribonukleazé ,,DNasel, T4 DNR ligazé, restrikcijos
endonukleazés, DNR dydzio standartai ,,0‘GeneRuler DNA Ladder Mix* ir
,»GeneRuler™ 1kb DNA ladder mix*. Fermentai ir molekuliniai dydzio
standartai jsigyti i§ “Thermo Scientific” ir naudoti pagal gamintojo
rekomendacijas.

2.1.3 Komerciniai rinkiniai

DNR gryninimo rinkiniai ,,GeneJET Gel Extraction Kit*“ ir
,GeneJET Miniprep Kit*“ jsigyti i§ “Thermo Scientific” ir naudoti pagal
gamintojo rekomendacijas.

2.1.4 Mitybinés terpés

2.2 lentelé. Tyrimams naudotos mitybinés terpés ir jy sudétis.

Terpé | Sudétis

1 % peptono, 0,5 % mieliy ekstrakto, 0,5 % NaCl. Standziai

-8 terpei pridedama 2 % agaro.

2 % peptono, 1 % mieliy ekstrakto, 2 % gliukozés. Standziai
YPD terpei pridedama 2 % agaro.

0,5 % mieliy ekstrakto, 0,5 % peptono, 0,95 % citriny riigsties,
MD 1,4 % natrio hidrofosfato, 2 % gliukozés, 2 % agaro ir 0,015 %

metileno mélynojo (pH 4,7-5,2 priklausomai nuo tiriamojo

mieliy kamieno).
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2.3 lentelé. Tyrimuose naudoti mikroorganizmy kamienai.

2.1.5 Mikroorganizmy kamienai

Pavadinimas Rusis Genotipas Nuoroda
F- endAl deoR+ recAl galE15 galK16 nupG rpsL ]
] Invitrogen
DH10B E. coli A(lac)X74 p80lacZAM15 araD139 A(ara,leu)7697
mcrA A(mrr-hsdRMS-mcrBC) StrR A—
BY4741 S. cerevisiae MATa his341 leu240 met1540 ura340, ScV-LA-1 Brachmann et al., 1998
BY4741ALA S. cerevisiae MATa his341 leu240 met1540 ura340, LA-0 Konovalovas, 2018
o Citavicius ir Inge-Ve&tomov,
a'l S. cerevisiae MATa, leu2-2
1972
K7 S. cerevisiae MATa, arg9, kil-K1 Somers ir Bevan, 1969
K7 M1-null S. cerevisiae MATa, arg9, kil-K1-0 Sis darbas
Rom K-100 S. cerevisiae ScV-LA-2, M-2 Jokantaité et al., 1982
M437 S. cerevisiae ScV-LA-lus, M-2 Naumova ir Naumov, 1973
M437ALA S. cerevisiae | ScV-LA-lus-0, M-2-0 Sis darbas
o Vepstaité-Monstavice et al.,
SRB-15-4 S. cerevisiae ScV-LA-lus, M-lus
2018
K28 S. paradoxus | SpV-LA-28, M-28 Pfeiffer ir Radler, 1984
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2.1.6 Oligonukleotidai

2.4 lentelé. Tyrimuose naudoti oligonukleotidai.

Pavadinimas Seka (5°— 3") Aprasymas
VCEH.AK3 GCGGATCCTTAAAAATGTTGAGATTCGTTA | Pradmenys skirti Gag baltyma (iki 641 a.r.) koduojancios sekos
CCAAAAACTCTCAAG padauginimui.
CTCACGCGGCCGCAGATCTGAAACCCTGCT
YCFH-AK4
GCGTACGGCGTACACTAC
LA-1.R1.F | AAGTCAATTTCGTGCTTATG Pradmenys skirti pYAK-G-LA-1 plazmidiné sekos padauginimui,
LA-1.R1.R | CGTGATTGTCATACCAAC iSskyrus LA-1 seka tarp 383-629 bp.
Pradmuo skirtas LA-lus viruso Gag baltymo C-galo variabilios sekos
LA-lus.R1.F | TGACATTACTCATGAATATG o
padauginimui.
Pradmuo skirtas LA-28 viruso Gag baltymo C-galo variabilios sekos
LA-28.R1.R | CAGTAACGGTCAGTGGTC L
padauginimui.
LA-1.R2.F | GATGTTCTCACTCACAAG Pradmenys skirti pYAK-G-LA-1 plazmidinés sekos padauginimui,
iSskyrus LA-1 seka tarp 1929-3267 bp. LA-1.R2.F pradmuo
LA-1.R2.R | TGCTGAGTACGACGC pritaikytas AT-PGR reakcijai jvertinti ar natyvus LA-1 virusas yra
eliminuotas i§ BY4741 ir K7 kamieny.
Pradmuo skirtas LA-lus viruso Pol domeng koduojancios sekos
LA-lus.R2.F | GGGTTTAGGAGTGGTAGG o
padauginimui.
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LA-28.R2.F | GGGTTTAGGAGTGGTAGG Pradmenys skirti LA-28 viruso Pol domeno N-galo variabilios sekos
LA-28.R2.R | CTCGCACCTGAACATAG padauginimui.
LA-1.R3.F | AGGTCATACTGTAATTGCC Pradmenys skirti pYAK-G-LA-1 plazmidinés sekos padauginimui,
iSskyrus LA-1 seka nuo 3273 bp. LA-1.R3.R pradmuo pritaikytas
LA-1.R3.R | GCGTCCATTATTCTTACTG AT-PGR reakcijai jvertinti ar natyvus LA-1 virusas yra eliminuotas i§
BY4741 ir K7 kamieny.
Pradmuo skirtas LA-lus viruso Pol domena koduojancios sekos (huo
LA-lus.R3.F | GATGCATAGAATCAATG 3273 bp) padauginimui. Pradmuo pritaikytas AT-PGR reakcijai
jvertinti ar natyvus LA-lus virusas yra eliminuotas i§ M437 kamieno.
LAISRIR | GTAGTGCTCTTAAAGG Pradmuo pritaikytas AT-PGR reakcijai jvertinti ar natyvus LA-lus
virusas yra eliminuotas i§ M437 kamieno.
LA28RIE | TATGCACAACATTAATGC Pradmuo skirtas LA-28 viruso Pol domeng koduojanéios sekos (nuo
3273 bp) padauginimui.
TEF CATTAGAAAGAAAGCATAGC TEF1 (P™™™) promotoriaus sekai komplementarus pradmuo.
CYC1 GCGTGAATGTAAGCGTGA CYC1 terminatoriaus sekai komplementarus pradmuo.
M1-dir GAAAAATAAAGAAATGACGAAGCC Pradmenys skirti M1 viruso preprotoksing koduojanéios sekos
M1-rev CCCTAGTGGCCTGTGTCAC padauginimui.
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2.1.7 Plazmidés

2.5 lentelé. Tyrimams naudoti plazmidiniai vektoriai.

Pavadinimas Aprasymas Nuoroda
pYM-14 Chromosominés integracijos plazmideé. Euroscarf
LA viruso dgRNR i§ S. cerevisiae Rom K-100 kamieno DNR kopija, jterpta | Smal
pUC19-romL Konovalovas, 2018

REaze linerizuotg pUC19 vektoriy.

pUC-19-m437L

LA viruso dgRNR i§ S. cerevisiae M437 kamieno DNR kopija, jterpta j Smal REaze
linerizuota pUC19 vektoriy.

Konovalovas, 2018

LA viruso dgRNR i§ S. pradoxus K28 kamieno DNR kopija, jterpta j Smal REaze

pUC19-28L linerizuotg pUCIO vektoriy. Konovalovas, 2018
Vektorius sukonstruotas pYES2 (Invitrogen) plazmidéje pakeitus P®*-" — promotoriy
PTE _ promotoriumi i§ pYM-N20 plazmidés ir pakeitus klonavimo regiona naujai

pYAK3 sukonstruotu klonavimo regionu, turin¢iu FLAG ir HIS6 afininius inkarus Konovalovas, 2018

koduojanéias sekas. Pagrindinés funkcings sekos: ColE1 ori, 2mkm, AmpR, P57,

TCYCl.

pYAK3-LAcds

LA-1 viruso baltymus koduojantis raiskos vektorius.

Konovalovas, 2018

pYAK3-GagA

LA-1 viruso trumpinto Gag baltymo raiskos vektorius (1-641 a.r.) su prilietais FLAG

Konovalovas, 2018
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pYAK3-LA-lus-GagA

LA-lus viruso trumpinto Gag baltymo raiskos vektorius (1-641 a.r.) su prilietais FLAG

Konovalovas, 2018

2.6 lentelé. Darbe sukonstruoty rekombinantiniy plazmidiniy vektoriy konstravimo schemos.

Fermentai ir Fermentai ir
Pradinis pradmenys DNR pradmenys
Plazmidinis vektorius plazmidinis naudoti fragmento naudoti DNR Paskirtis
vektorius vektoriaus Saltinis fragmento
paruoSimui paruoSimui
. Mieliy baltymy raiskos vektorius
pYAK-G pYAKS3 Smil REazé pYM-14 SmalRllrEEZcéISl%II koduojantis atsparumo geneticinui
(G148) gena.
LA-1 viruso trumpinto Gag
) . . ) Smal ir Ecl136l1 baltymo raiSkos vektorius (1-641
pYAK-G-LA-1AGag pYAK3-GagA Smil REazé pYM-14 REazes ar) su prilietais FLAG ir HIS6
afininiais inkarais.
Pradmenys: LA-2 viruso trumpinto Gag
BamHI ir Notl pUC19- YCFH-AKS, baltymo raiskos vektorius (1-644
PYAK-G-LA-2AGag PYAK-G REazés romL YCFH-AK4. a.r.) su prilietais FLAG ir HIS6
BamHI ir Notl afininiais inkarais.
REazes

48




LA-lus viruso trumpinto Gag

A1 A pYAK3- . ) i Smal ir Ecl13611 baltymo raiSkos vektorius (1-641
PYAK-G-LAlusAGag | | A jis.Gagn | ST REaze pPYM-14 REazés ar) su prilietais FLAG ir HIS6
afininiais inkarais.
Pradmenys: LA-28 viruso trumpinto  Gag
YAK-G BamHI ir Notl UC19-28L zg;g_ﬁﬁi’ baltymo raiSkos vektorius (1-644
PYAK-G-LA-28AGag PYAR- REazés P ) B AR, ar) su prilietais FLAG ir HIS6
amH| 'r_NOtI afininiais inkarais.
REazes
A AL ) . pYAK3- . LA-1 viruso baltymy raiskos
pYAK-G-LA-1 pYAK-G BamHI REazé L Acds BamHI REazé vektorius.
A AL i . pUC19- . LA-lus viruso baltymy raiskos
pYAK-G-LA-lus pYAK-G BamHI REazé mA37L BamHI REazé vektorius.
PYAK-G-LA-28 PYAK-G BamHI Reazé | pUC19-28L |  BamHI REazé bﬁ(’éﬁusv'ms" baltymy  raiskos
Pradmenys: Pradmenys:
LAFEIélKLGA:Ius PYAK-G- LA-LRLF, PYAK-G- LA-lus.RLF, Pagalbinis klonavimo vektorius
a' albinis LA-1 LA-1.R1.R. LA-lus CYCL. g '
pag Xhol REazé Xhol REazé
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pYAK-G- Pradmenys: Pradmenvs: LA-1 viruso baltymy, kuriuose Gag
pYAK-G- LA-1.R1. LA-1.R1.R, pYAK-G- LA-LRLE éYCl baltymo C-galo variabili sritis
LA-1.R1.LA-lus LAlus LA-lus.R3.F. LA-1 Xilol 'RiEazé " | (383-629 bp) pakeista j atitinkama
pagalbinis Xhol REazé LA-lus viruso sekg, raiSkos
vektorius.
Pradmenys:
pYAK-G- A - A Pradmenys:
LA-1.R1.LA-28 PYAK-G LA-LRLR, PYAK-G LA-28.R1.R, TEF. | Pagalbinis klonavimo vektorius.
agalbinis LA-L LA-LRLR LA-28 Bcul REazé
pag Bcul REazé
LA-1 viruso baltymy, kuriuose Gag
PYAK-G- Pradmenys: : baltymo C-galo variabili sritis
PYAK-G- LA-1LRL. | LA-LRLLA-28, | pYAK-G- Pradmenys: y gao vanaori
LA-1R1LA-28 LA-28 LA-28 RLR LA-1 LA-1.R1.R, TEF. | (383-629 bp) pakeista j atitinkama
b oo e ] Bcul REazé LA-28 viruso seka, raidkos
pagalbinis Bcul Reazé vektorius
DYAK-G- Pradmer;ys: Pratljmen%/s:
LA-1.R2.LA-lus PYAK-G- LA-LR2F, PYAK-G- LAlus.R2.F, Pagalbinis klonavimo vektorius
a. albinis LA-1 LA-1.R2.R LA-lus CYC1. )
pag Xhol REazé Xhol REazé
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LA-1 viruso baltymy, kuriuose Pol

PYAK-G- Pradmenys: Pradmenys: domeno N-galo variabili (1929-
N LALRE PALRER ] PYAKST | LA-LR2F, CYCL. | 3267 bp) sritis pakeista j atitinkama
LA-LR2.LA-lus us -Ius. R ] Xhol REazé LA-lus viruso seka, raikos
pagalbinis Xhol REazé vektorius
Pradmenys:
pYAK-G- A - A Pradmenys:
LA-1.R2.LA-28 PYAK-G LA-LRLR, PYAK-G LA-28.R2.R, TEF. | Pagalbinis klonavimo vektorius.
agalbinis LA-L LA-LR2.R LA-28 Bcul REazé
pag Bcul REazé
PYAK-G- Pradmenys: Pradmenys: Id_?rén\gruslg-bgllct)ym\%rli(;t:;:Jiosesthci)sl
PYAK-G- LA-1.R2. LA-28.R2.F, PYAK-G- ys- no- -9 .
LA-1.R2.R, TEF. | pakeista | atitinkama LA-28 viruso
LA-1.R2.LA-28 LA-28 LA-28.R1.R LA-1 . oy
L . Bcul REazé seka (1929-3267 Dbp), raiskos
pagalbinis Bcul Reazé .
vektorius.
pYAK-G- pYAK-G- LA-1.R3.F, pYAK-G- LA-lus.R3.F, Keista i tignk ma LA-IUS Viruso
LA-1.R3.LA-lus LA-1 LA-1.R3R LA-lus CYCL1. pake s ? ta 323;34 bo),  raisk
Xhol REazé Xhol REazé sexa - (nuo P),  TAISkos

vektorius.
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LA-1 viruso baltymy, kuriuose Pol

Pradmenys: Pradmenys: domeno C-galo variabili sritis
pYAK-G- pYAK-G- LA-1.R3.F, pYAK-G- LA-28.R3.F, pakeista  atitinkama LA-28 Viruso
LA-1.R3.LA-28 LA-1 LA-1.R3.R LA-28 CYCL. K 973 b <k
Xhol REazé Xhol REaze | S¢k& (nuo p),  raiskos
vektorius.
Pradmenys: Pradmenys: Raiskos  vektorius  koduojantis
pYAK-G- pYAK-G- LA-1.R2.F, pYAK-G- LA-lus.R? F.ir dalinj LA-1 kapsidinj baltyma Gag
LA-1.G.LA-lus.P LA-1 LA-1.R2.R. LA-lus CYIC1. (iki 642 a.r)) ir pilno ilgio LA-lus
Xhol REaz¢ ' RpRp baltyma Pol.
Pradmenys: Pradmenys: Raiskos  vektorius  koduojantis
pYAK-G- pYAK-G- LA-1R? CYél pYAK-G- LA-28.R2.F, dalinj LA-1 kapsidinj baltyma Gag
LA-1.G.LA-28.P LA-1 thl l,{Eazé ' LA-28 CYCL. (iki 642 a.r.) ir pilno ilgio LA-28
REaz¢ Xhol RpRp baltyma Pol.
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2.1.8 Tirpalai

2.7 lentelé. Tyrimams naudoti tirpalai.

Tirpalo pavadinimas Sudétis

50 mM Tris-HCI (pH 9,3), 1 %

TB buferinis tirpalas )
B-merkaptoetanolio.

10 mM Tris-HCI (pH 7,3), 10 mM EDTA,

TES buferinis tirpalas
100 mM NacCl, 0,2 % NDS.

100 mM li¢io acetato (pH 7,5), 10 mM TrisHCI
(pH 7,5), 1 mM EDTA (pH 8).

IXLiAC/IXTE

100 mM lig¢io acetato (pH 7,5), 10 mM TrisHCI
(pH 7,5), 1 mM EDTA (pH 8), 40 % PEG 4000.

IXLiAc/1XTE/40%PEG4000

5 mM Tris-HCI (pH 8), 100 mM NaCl, 5 mM

,»Na tirpalas®
) 5 mM Tris-HCI (pH 8), 100 mM CaCl,, 5 mM
,,Ca tirplas®
MgCl,.
1x TE buferis 10 mM Tris-HCI (pH 7,5), 1 mM EDTA (pH 8).
NaOH/NDS tirpalas 100 mM NaOH, 1 % NDS.
2.2 Metodai

2.2.1 Suminés RNR gryninimas i§ mieliy lasteliy

Nuo agarizuotos terpés nedidelis kiekis mieliy perkeliamas j 4 mL
skystos YPD terpés ir auginamas purtant 16-20 val. 30 °C temperataroje.
Jeigu RNR gryninama i§ mieliy transformanty ] skysta YPD terpe
pridedamas atitinkamas kiekis geneticino (G418). 1 mL uZaugusios mieliy
kultiros perkeliamas | 1,5 mL mégintuvélj, Iastelés surenkamos
centrifuguojant 1 min. 6000xg kambario temperatiiroje. Supernatantas
pasalinamas ir lastelés resuspenduojamos 1 mL 50 mM EDTA tirpalo.
Centrifuguojama tomis paciomis sglygomis. Supernatantas pasalinamas,
lastelés resuspenduojamos 1 mL TB buferinio tirpalo ir inkubuojamos
15 min. kambario temperatiroje. Po inkubacijos lastelés surenkamos
centrifuguojant 1 min. 6000xg kambario temperatiiroje. Supernatantas
pasalinamas, lgstelés resuspenduojamos 800 uL. TES buferinio tirpalo,
pridedama 600 uL rtgstinio fenolio tirpalo (pH 5,2). Lastelés inkubuojamos
purtant 45 min. kambario temperatiroje. Vandeniné ir organiné fazés
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atskiriamos centrifuguojant 30 min. 20000 xg 4 °C temperattroje. 600 puL
vandeninés fazés perkeliama ] naujg mégintuvélj, pridedama 60 uL 3 M
NaAc (pH 5,2) ir 660 uL 100 % izopropanolio, méginiai sumaiSomi. Suminé
RNR iSsodinama centrifuguojant 10 min. 20000xg kambario temperattroje.
Supernatantas pasalinamas, nuosédos plaunamos 150 pL 70 % etanolio
tirpalu, centrifuguojama 5 min. 20000xg kambario temperatiiroje. Nuosédos
dziovinamos ir tirpinamos 20 pL vandens.

2.2.2 dgRNR issodinimas i§ suminés RNR méginiy

DgRNR i$sodinimui naudojama 10-15 pL suminés RNR méginio.
Meéginiai papildomi vandeniu iki 30 pL, pridedama 70 uL 4 M LiCl tirpalo
iki galutinés 2,8 M koncentracijos. Méginiai sumaiSomi ir inkubuojami 4 °C
temperattiroje 16-20 val. Po inkubacijos vgRNR iSsodinama méginius
centrifuguojant 45 min. 20000xg 4 °C temperatiiroje. 90 uL supernatanto,
Kuriame yra istirpusios dvigrandininés nukleortgstys, perkeliama j nauja
mégintuvélj, pridedama 9 puL 3M NaCl ir 99 uL 100 % izopropanolio.
Dvigrandininés nukleorfigtys i$§sodinamos centrifuguojami 10 min. 20000xg
kambario temperatiiroje. Supernatantas paSalinamas, nuosédos plaunamos
150 pL 70% etanolio tirpalu. Centrifuguojama 5 min. kambario
temperatiiroje, susidariusios nuosédos dziovinamos ir tirpinamos atitinkamai
10-15 pL vandens.

2.2.3 Mieliy kompetentiniy Igsteliy ruo$imas

Pasirinktas mieliy kamienas nuo agarizuotos terpés perkeliamas j
4mL skystos YPD terpés ir auginamas purtant 16-20val. 30 °C
temperatiroje. 500 pL uZzaugusios kultiiros perkeliama j 50 mL skystos YPD
terpés ir auginama 3-5 val. purtant 30 °C temperatiiroje, kol kulttira pasiekia
0,6-0,7 o.v. optinj tankj (A = 600). Po auginimo mieliy lastelés surenkamos
centrifuguojant 5 min. 1000xg kambario temperatiiroje. Supernatantas
pasalinamas, lastelés plaunamos 2 mL vandens ir surenkamos
centrifuguojant tomis paciomis sglygomis. PaSalinus supernatantg lastelés
uzpilamos 300 pL 1XLIAC/IXTE buferinio tirpalo, méginiai $velniai
sumaiSomi.

2.2.4. Mieliy transformacija

Kiekvienai transformacijai naudojama 100 upL  paruosty
kompetentiniy Igsteliy. | kompetentines lasteles pridedama 0,5-1 ug
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plazmidinés DNR ir 600 uL 1xLiAc/1XTE/40%PEG4000 buferinio tirpalo.
Meéginiai $velniai sumaiSomi ir inkubuojami purtant 30 min. 30 °C
temperattiroje. Po inkubacijos pridedama 70 pL DMSO tirpalo, Svelniai
sumaiSoma. Méginiai veikiami kar$¢io Soku inkubuojant 15 min. 42 °C
temperattiroje, iskart po inkubacijos méginiai perkeliami 2 min. j 4 °C
temperatiira. Lastelés surenkamos centrifuguojant 10 s 14000xg kambario
temperatiiroje. Supernatantas pasalinamas ir lastelés resuspenduojamos 1 mL
skystos YPD. Lastelés gaivinamos purtant 1 val 30 min. 30 °C
temperatiiroje. Po gaivinimo lastelés surenkamos centrifuguojant 10 s
14000xg kambario temperatiroje. Supernatantas pasalinamas, lastelés
resuspenduojamos 50 pL 1x TE buferio ir i$s¢jamos ant agarizuoty YPD
leksteliy su pridétu geneticinu. K7 kamieno atrankai geneticino pridedama
iki galutinés 400 ug/mL  koncentracijos, BY4741 - 300 pg/mL,
Rom K-100/M437/SRB-15-4 —200 pg/mL, K28 — 100 pg/mL.
Transformantai auginami dvi paras 30 °C temperatiiroje.

2.2.5 E. coli kompetentiniy lasteliy ruosimas

Pasirinktas bakterijy kamienas nuo agarizuotos terpés perkeliamas j
4 mL skystos LB terpés ir auginamas purtant 16-20 val. 37 °C
temperatiroje. 50 uL uzaugusios kultiiros perkeliama j 10 mL skystos LB
terpés ir auginama purtant 1-2 val. 37 °C temperatiiroje, kol kulttira pasiekia
0,5-0,7 o.v. optinj tankj (A = 600). Uzaugusi lgsteliy kultiira perkeliama j
leda, visos tolimesnés procediiros atliekamos méginius laikant lede. Lastelés
surenkamos centrifuguojant 1000xg 10 min. 4 °C temperatiroje.
Supernatantas nupilamas, lastelés resuspenduojamos Y% tiirio atSaldyto ,,Na*
tirpalo. Lastelés sumaiSomos ir surenkamos centrifuguojant tomis paciomis
salygomis. Supernatantas pasalinamas ir pridedama ' turio atSaldyto ,,Ca“
tirpalo, lastelés S$velniai sumaiSomos ir inkubuojamos 30-60 min. 4 °C
temperattroje. Po inkubacijos Iastelés surenkamos centrifuguojant tomis
paciomis salygomis. Supernatantas paSalinamas, lastelés resuspenduojamos
1/20 turio atsaldyto ,,Ca“ tirpalo ir iki transformacijos laikomos 4 °C
temperattroje.

2.2.6 E. coli transformacija

Kiekvienai transformacijai naudojama 50-100 pL kompetentiniy
lasteliy. Kompetentinés Igstelés sumaiSomos su 1-100 ng DNR ir
inkubuojamos lede 15-30 min. Po inkubacijos méginiai veikiami kar$¢io
Soku inkubuojant 2 min. 42 °C temperatiiroje. IS karto po kar$¢io Soko
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méginiai perkeliami j 4 °C temperatirg ir laikomi 2 min. Méginiai
sumaiSomi su skysta LB terpe santykiu 1:10 ir 15-30 min. inkubuojami
purtant 37 °C temperatiiroje. Po inkubacijos 1/10 méginio tiirio i§séjama ant
LB léksteliy su pridétu ampicilinu iki galutinés 100 pg/mL koncentracijos.
Jeigu  transformuojamas ligavimo miSinys, lastelés  surenkamos
centrifuguojant  6000xg kambario temperatiiroje, 9/10 supernatanto
pasSalinama, Iastelés resuspenduojamos likusioje LB terpéje ir iSs¢jamos ant
LB léksteliy su pridétu ampicilinu (100 pg/mL). ISsétos lastelés auginamos
16-20 val. 37 °C temperatiiroje.

2.2.7 Plazmidinés DNR gryninimas i$ E. coli 1asteliy

Nedideli plazmidinés DNR kiekiai i§ E. coli lasteliy buvo gryninami
organinés ekstrakcijos biidu. Nedidelis kiekis (apie 0,5 cm? plotas) bakterijy
nuo agarizuotos lékstelés resuspenduojamas 100 uL. 2X TE buferio. |
méginius pridedama 200 pL. NaOH/NDS tirpalo, méginai sumaiSomi
mégintuvélius invertuojant 4—6 kartus. Pridedama 150 uL 3 M NaAc (pH 7)
ir 450 pL CHCls;, méginiai sumaiSomi meégintuvélius invertuojant 4-6
kartus. Organiné frakcija su lgsteliy nuolauzomis atskiriama nuo vandeninés
fazés méginius centrifuguojant 10 min. 20000xg kambario temperatiiroje.
350 pL virSutinés vandeninés fazés perkeliama j naujg mégintuvélj ir DNR
i8sodinimui pridedama 350 puL. 100 % izopropanolio. Centrifuguojama 10
min. 20000xg kambario temperatiiroje, supernatantas pasalinamas. Nuosédos
plaunamos 150 pL 70 % etanolio. Centrifuguojama 5 min. 20000xg,
supernatantas pasalinamas, nuosédos dziovinamos ir tirpinamos 10-20 pL
vandens.

2.2.8 Mieliy Zudymo fenotipo analizé

Mieliy zudymo fenotipo analizei naudojami jautriis mieliy kamienai.
I$ literatiriniy Saltiniy yra zinoma, jog S. cerevisiae a‘1 kamienas yra jautrus
jvairiems dgRNR virusy koduojamiems toksinams (Orentaité et al., 2016).
Sio darbo metu Zudymo fenotipo analizei atlikti, 10 uL naktinés
S. cerevisiae a‘l kamieno kultiros buvo sumaiSoma su 15 mL agarizuotos
MD terpés ir paskleidziama Petri 1¢ksteléje. Terpei Sustingus uzpilamas
papildomas 3-5 mm storio MD terpés sluoksnis. Uzauginama naktiné
testinio kamieno kultiira, 3 uL naktinés kultiiros séjama ant paruo$tos
agarizuotos MD terpés. Priklausomai nuo testuojamo kamieno naudojama
skirtingo ragStingumo MD terpé. K7, Rom K-100, M437, SRB-15-4
kamienams — MD pH 4,7, K28 kamienui — MD pH 5,2. Lékstelés
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inkubuojamos 2-3 paras kambario temperatiiroje. Jautrus mieliy kamienas
sudaro gilumine kultiirg standzioje terpéje, o aplink mieles turin¢ias Zudymo
fenotipu susidaro skirtingo dydzio skaidrios lizés zonos.

2.2.9 M1 viruso eliminacija i§ K7 (LA-1, M1) kamieno

M1 viruso eliminacija i§ K7 kamieno vykdyta auginat mieles
aukstesnéje nei jprasta temperatiiroje. K7 kamieno lgstelés s¢jamos iki
pavieniy kolonijy ant agarizuotos YPD terpés ir auginamos 37 °C
temperattroje dvi dienas. UZaugusios kolonijos perséjamos ant SvieZios
agarizuotos YPD terpés ir auginamos dar dvi dienas 37 °C temperatiiroje.
Vykdoma iSgyvenusiy kolonijy Zudymo fenotipo analizé jas persé¢jant ant
agarizuotos MD terpés turincios giluming jautraus S. cerevisiae o1 kamieno
kultiirg agare ir auginant 3 paras kambario temperatiiroje. I§ kolonijy, kurios
neturéjo zudymo fenotipo iSgrynintos suminés ir dvigrandininés RNR
frakcijos. M1 viruso eliminacija patvirtina atliekant RNR méginiy analize
elektroforezés agaroziniame gelyje metodu ir AT-PGR (reakcijai naudoti
pradmenys M1-dir, M1-rev).

2.2.10 Densitometriné analizé

Santykiniai LA ir M virusy dgRNR kiekiai buvo jvertinti
densitometrinés analizés budu. Santykiniai nukleortig§¢iy kiekiai gali buti
nustatomi i§ agaroziniy geliy vaizdy dél tiesinés nukleoriigs¢iy sudaromos
juostelés rySkumo priklausomybés nuo joje esanciy nukleoriigsciy kiekio.
Suminés RNR arba dgRNR méginiy elektroforezés agaroziniy geliy vaizdai
buvo analizuojami ImageJ (versija 1.52a) programine jranga. LA ir M
dgRNR kiekis méginyje normalizuojamas pagal to paties méginio 18S
ribosominés RNR kiekj (LA dgRNR arba M dgRNR kiekis dalinamas i§ 18S
RNR kiekio). Tiriamojo méginio dgRNR kiekis lyginamas su kontrolinio
méginio dgRNR kiekiu (tiriamojo méginio dgRNR kiekis dalinamas is$
kontrolinio méginio atitinkamos dgRNR kiekio). Kiekvieno mieliy
transformanto santykinis dgRNR kiekis apskaic¢iuojamas i§ trijy biologiniy
repliky, kuriy kiekvienai naudojamos trys techninés replikos (i§ viso 9
meéginiai).

2.2.11 Statistiné analizé

Densitometrinés analizés metu gauti santykiniai virusinés RNR
kiekiai buvo jvertini statistiSkai naudojant R programine jrangg (versija
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R-3.6.2). Santykiniy jverciy pasiskirstymo normalumas vienoje tiriamojoje
grupéje jvertinas atliekant Shapiro-Wilk‘o testa. Tiriamosios grupés ir
kontrolinio méginio jveréiy skirtumo statistinis patikimumas jvertintas
Stjudento t testu. P jverciai Zemesni uz 0,05 laikomi statistiskai patikimais
(*P<0.05, **P<0.01, ***P<0.001). Staciakampés diagramos nubraiZytos
naudojant R programinés jrangos paketa ggplot2.

2.2.12 LA virusiniy baltymuy variabiliy sri¢iy identifikavimas

Keturiy skirtingy LA virusy (LA-1, identifikavimo nr. J04692;
LA-2, identifikavimo nr. KC677754; LA-lus, identifikavimo nr. JN819511;
LA-28, identifikavimo nr. KU845301) baltyminiy seky palyginys sukurtas
Unipro UGene programine jranga (versija 34.0), taikyti automatiniai
nustatymai. Sekos turinios maziausiag procentinj identiskumag buvo
pasirinktos konstruojant chimeriniy baltymy raiskos vektorius.
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3. TYRIMU REZULTATAI IR JU APTARIMAS

3.1. LA virusy trumpinty kapsidiniy baltymy sintezés jtaka LA ir M
virusy palaikymui mielése

Saccharomyces genties mielése aptinkami Totiviridae Seimai
priskiriami LA ir M virusai (Drinnenberg et al., 2011; Rowley et al., 2016).
Sie ekstralgstelinés fazés neturintys virusai mielése jprastai palaikomi
stabiliai ir plinta lasteliy dalijimosi ar susiliejimo metu (Rowley, 2017).
Nepaisant to, literatiiroje minimi jvairas LA ir M replikacija trikdantys
veiksniai (Ridley ir Wickner, 1983; Esteban ir Wickner, 1988; Valle ir
Wickner, 1993; Yao ir Bruenn, 1995; Ribas ir Wickner, 1998; Taylor ir
Bruenn, 2009; Rodriguez-Cousifio et al., 2013; Rodriguez-Cousino ir
Esteban, 2017). Vienas i§ jy yra konstitutyvi LA-1 viruso trumpinto
kapsidinio Gag baltymo sintezé (Yao ir Bruenn, 1995; Ribas ir Wickner,
1998). Pilno ilgio Gag kapsidinis baltymas yra sudarytas i§ 680 a.r., i§ kuriy
pirmosios 651 a.r. sudaro struktiirizuotg baltymo dalj, o C-galinés 29
aminorugstys yra nestrukttrizuotos (Naitow et al., 2002). Yao ir kolegy
atlikty tyrimy metu nustatyta, jog padidinta 473 a.r. ilgio Gag baltymo
sintezé sukelia natyviy LA-1 ir M1 virusy eliminacijg, taciau ilgesniy nei
603 a.r. ar trumpesniy nei 473 a.r., Gag baltymy sintezé neturi jtakos
natyvaus LA-1 viruso palaikymui Iasteléje (Yao ir Bruenn, 1995). Tuo tarpu
kitos mokslinés grupés tyrimai parodé, jog 635-665 a.r. ilgio kapsidinio
baltymo sintezé lemia M virusy eliminacijg i§ mieliy lasteliy. Trumpesniy,
52 a.r. C-galo delecijg turin¢iy Gag baltymy sintezé, M1 viruso palaikymo
mielése nesutrikdo (Ribas ir Wickner, 1998). Nesutampantys rezultatai
galéjo buti gauti dél skirtingos taikytos metodikos ir besiskirian¢iy tyrimy
objekty. Taip pat buvo nustatyta, jog pavieniai trumpinti Gag baltymai
kapsidziy nesudaro, taCiau geba sudaryti chimerines virusines daleles su
laukinio tipo virusiniais Gag ir GagPol baltymais. Tiesa, Gag baltymai,
turintys didesne nei 73 a.r. C-galo delecija chimeriniy virusiniy daleliy su
laukinio tipo baltymais nesudaro (Yao ir Bruenn, 1995; Ribas ir Wickner,
1998).

Misy grupés atlikty tyrimy metu buvo nustatyta, jog LA-1 viruso
Gag baltymo, kurio 39 a.r. C-galo pakeistos 21 a.r. ilgio afininiy gryninimo
inkary seka, sintezé lemia natyvaus LA-1 viruso eliminacija i$ laboratorinio
S. cerevisaie BY4741 (LA-1) kamieno. Trumpinti LA-1 viruso kapsidiniai
baltymai kartu su laukinio tipo LA-1 viruso kapsidiniais baltymais formuoja
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tuscias, genomo nepakuojancias, virusines daleles. Tokios virusinés dalelés,
galéty susidaryti, jeigu sulietiniai GagPol baltymai bity nejtraukiami j
susidarancig virusing dalelg (Konovalovas, 2018). Iki Siol nebuvo Zinoma, ar
toks natyviy LA ir M virusy eliminacijos procesas yra priklausomas nuo
specifinés LA ir M virusy sistemos. Sio darbo metu, siekiant istirti trumpinty
kapsidiniy baltymy sgveikos su natyviais LA ir M virusais specifiSkuma,
buvo jvertinta skirtingy LA virusy trumpinty kapsidiniy baltymy sintezés
jitaka jvairiy S. cerevisiae ir S. paradoxus kamienuose aptinkamy LA ir M
virusy palaikymui mielése.

3.1.1 LA-1 viruso trumpinto kapsidinio baltymo sintezés jtaka LA ir M
virusy palaikymui mielése

Gamtoje aptinkami skirtingose Saccharomyces mieliy rasyse paplite
LA ir M virusy variantai. Musy grupés darbai sutelkti j S. cerevisiae ir
S. paradoxus mielése aptinkamy LA ir M virusy sistemy tyrimus. Remiantis
filogenetine S. cerevisiae ir S. paradoxus kamienuose aptinkamy LA virusy
analize nustatyta, jog S. paradoxus aptinkami virusai grupuojasi kartu taip
sudarydami dvi filogenetines grupes. ISimtinis atvejis yra SpV-LA-45
virusas, Kkuris su kitais S. paradoxus rusies LA virusais nesigrupuoja.
S. cerevisiae aptinkami LA virusai, lyginant su S. paradoxus rasiai buidingais
virusais, yra labiau nutolg vienas nuo kito ir taip pat sudaro dvi filogenetines
grupes (Vepstaite-Monstaviceé et al., 2018) (3.1 pav.). Siame darbe aprasomi
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3.1 pav. S. cerevisiae ir S. paradoxus mielése aptinkamy LA virusy filogenetinis medis
(Vepstaité-Monstavicé et al., 2018). Siame darbe tirti virusai pazyméti raudona spalva.
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visy iki Siol Zinomy S. cerevisiae mieléms budingy LA virusy (LA-1, LA-2,
LA-lus) ir vieno S. paradoxus mieléms badingo LA-28 viruso tyrimai. Tirti
virusai, pagal jy koduojamy baltymy panaSumg, priskiriami trims
filogenetinéms grupéms.

Siekiant jvertinti trumpinto LA-1 Gag baltymo sintezés jtaka
skirtingiems natyviems LA virusams, sukurtas Gag baltymo turin¢io 39 a.r.
C-galo delecija raiskos vektorius. Trumpintg kapsidinj baltyma koduojancios
RNR raiska nuo vektoriaus yra reguliuojama stipriu konstitutyviu TEF1
(P™™) promotoriumi. PYAK-G-LA1AGag ir pYAK-G (,,tus¢ia“ kontroliné
plazmidé) raiSkos vektoriais transformuoti penki, skirtingas virusines
sistemas palaikantys, S. cerevisiae kamienai (BY4741 (LA-1), K7 (LA-1,
M1), Rom K-100 (LA-2, M2), M437 (LA-lus, M2), SRB-15-4 (LA-lus,
Mlus)) ir vienas S. paradoxus kamienas (K28 (LA-28, M28)).
BY4741 (LA-1) ir K7 (LA-1, M1) kamienai yra placiai jvairiuose tyrimuose
ar industrijoje pritaikomi laboratoriniai kamienai, tuo tarpu visi Kiti tyrimo
metu naudoti kamienai yra i§ gamtiniy buveiniy i$skirti laukiniai kamienai.
Trumpinto kapsidinio baltymo sintezés jtaka natyviy LA ir M virusy
palaikymui mielése stebéta analizuojant transformanty suminés (3.2 pav.) ir
dvigrandininés RNR (3.3 pav.) frakcijas elektroforezés agaroziniame gelyje
metodu. Suminés RNR méginiy elektroforeziniuose gelivose, kuomet
kamienai transformuojami kontroliniu tu$¢iu vektoriumi, matoma aiski LA
virusy dgRNR genomo sudaroma juostelé. Vykdant trumpinto Gag baltymo
sinteze, natyvus LA virusas eliminuojamas ir viruso genominés dgRNR
frakcija nestebima. Analogiski rezultatai gauti ir M viruso atveju.
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3.2 pav. Suminés RNR méginiai, gryninti i§ pYAK-G-LA1AGag (paveiksle Zymima —
LA-1AGag) ir pYAK-G (paveiksle zymima — K) plazmidémis transformuoty mieliy
kamieny. Paveiksly apacioje nurodyti kamienai, M — DNR dydzio standartas (,,GeneRuler
DNA Ladder Mix*, Thermo Scientific) baziy poromis.
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3.3 pav. DgRNR issodinta i§ i§ pYAK-G-LA1AGag (paveiksle zymima — LA-1AGag) ir
pYAK-G (paveiksle Zzymima — K) plazmidémis transformuoty mieliy kamieny. Paveiksly
apacioje nurodyti kamienai. LA ir M Zymi atitinkamas virusinés dgRNR frakcijas, M —
DNR dydzio standartas (,,GeneRuler DNA Ladder Mix“, Thermo Scientific ) baziy
poromis.

Satelitiniy M  virusy  eliminacijos  patvirtinimui tirtas
pYAK-G-LA-1AGag plazmide transformuoty kamieny zudymo fenotipas
(3.4 pav.,, A). Ant agarizuotos MD terpés turinios giluming jautraus
S. cerevisisae a‘l mieliy kamieno kultlirg séti tiriamieji kamienai. Mielés,
palaikan¢ios LA ir M virusus, turi biocidinj aktyvumg, todél formuoja
skaidrias lizés zonas. Visi tyrime naudoti kamienai transformuoti
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3.4 pav. A. Mieliy kamieny, transformuoty pYAK-G-LA-1AGag (paveiksle zZymima —
LA-1AGag), pYAK-G (paveiksle zymima — K) raiskos vektoriais, Zudymo fenotipo
tyrimas. Kontroliniuose méginiuose matomos skaidrios dél biocidinio aktyvumo
susiformavusios lizés zonos. B. LA-1 (461 bp) ir LA-lus (776 bp) virusy genomy regiony
amplifikacijos AT-PGR metodu rezultatai, reakcijoje naudota RNR iSskirta i§ mieliy
kamieny transformuoty pY AK-G-LA-1AGag (paveiksle zymima — LA-1AGag) ir pYAK-G
(paveiksle zymima — K) rai§kos vektoriais. M — DNR dydzio standartas (,,GeneRuler DNA
Ladder Mix“, Thermo Scientific) baziy poromis (bp).
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pYAK-G-LA-1AGag raiskos vektoriais prarado zudymo fenotipa (duomenys
nepateikti).

LA virusy eliminacija i§ BY4741 (LA-1), K7 (LA-1, M1) ir M437
(LA-lus, M2) kamieny taip pat tirta AT-PGR metodu. Tiksliniai nuo LA-1
arba LA-lus viruso kopijinés DNR PGR metodu padauginami fragmentai
gauti tik kontroliniuose méginiuose, tuo tarpu pYAK-G-LA-1AGag raiskos
vektoriumi transformuoty mieliy méginiuose tikslinio dydzio fragmentas
nesusidaré (3.4 pav., B.). AT-PGR duomenys patvirtina, jog trumpinty
kapsidiniy baltymy sintezé sukelia jvairiy natyviy LA virusy eliminacijg i$
skirtingy mieliy kamieny.

39 a.r. C-galo delecijg turin¢io LA-1 Gag baltymo sintezé lemia
skirtingy natyviy LA virusy eliminacija, dél to vyksta ir satelitinio M viruso
praradimas. LA-1 viruso trumpinto Gag baltymo sintezés sukeliama natyviy
virusy eliminacija nepriklauso nuo natyvaus viruso tipo. Taigi galima daryti
prielaida, jog trumpinti LA-1 kapsidiniai baltymai geba saveikauti su kity
tipy LA virusy kapsidiniais baltymais, taip sudarydami nefunkcionalias
virusines daleles ir lemdami natyviy virusy eliminacija.

3.1.2 LA-2, LA-lus ir LA-28 virusy trumpinty kapsidiniy baltymy
sintezés jtaka natyviy LA ir M virusy palaikymui mielése

LA-1 trumpinto rekombinantinio kapsidinio baltymo sintezé,
nepriklausomai nuo natyvaus LA viruso tipo, sutrikdo natyviy LA virusy
palaikyma lasteléje. ISsamesniems Sio fenomeno tyrimams pagal
pYAK-G-LA1AGag vektoriy sukurti raiSkos vektoriai koduojantys
trumpintus LA-2, LA-lus ir LA-28 virusy Gag baltymus. Siais vektoriais ir
kontroliniu vektoriumi transformuoti anks¢iau paminéti kamienai ((BY4741
(LA-1), K7 (LA-1, M1), Rom K-100 (LA-2, M2), M437 (LA-lus, M2),
SRB-15-4 (LA-lus, Mlus), K28 (LA-28, M28)). I§ gauty transformanty
iSgrynintos suminés ir dvigrandininés RNR elektroforezés agaroziniame
gelyje analizé parodé, jog visy tyrimo metu naudoty baltymy sintezé sukelia
natyviy LA ir M virusy eliminacijg i§ lastelés (3.5 pav.). Minétais baltymy
raiSkos vektoriais transformuoti kamienai prarado Zudymo fenotipg
(duomenys nepateikti). Gauti duomenys patvirtina, jog trumpinty LA virusy
Gag baltymy sintezés sukeliama natyviy virusy eliminacija nepriklauso nuo
endogeninio LA viruso ar rekombinantiniy kapsidiniy baltymy tipo.
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3.5 pav. Suminés RNR méginiai, i§gryninti i§ K7 kamieno transformuoto skirtingus LA
virusy trumpintus kapsidinius baltymus koduojanciais (Zzymima LA-1AGag, LA-2AGag,
LA-lusAGag, LA-28AGag) ir kontroliniu (pYAK-G —zymima K) vektoriais. Rodykle
zymimas LA dgRNR genomas. M — DNR dydzio standartas (,,GeneRuler DNA Ladder
Mix“, Thermo Scientific) baziy poromis.

3.1.3 Universalus natyviy LA ir M virusy eliminacijos metodas

Literatiiroje dazniausiai minimi keli LA virusy eliminacijos metodai:
mieliy auginimas aukStesnéje nei optimali temperatiira, veikimas
cikloheksimidu arba 5-fluoruracilu (Fink ir Styles, 1972; Tipper ir Schmitt,
1991; Weinstein et al., 1993). Visi Sie metodai gali veikti mieliy lgsteles
citotoksiSkai (Sakaki et al., 2003; Seiple et al., 2006; Hoskins ir Butler,
2007; Saint-Georges et al., 2008; Herrero et al., 2011; Santos et al., 2019).
Taip pat zinoma, jog kai kurie LA virusy variantai yra atspariis kar§¢iui ir jy
eliminacija §iuo metodu néra galima (Weinstein et al., 1993;
Rodriguez-Cousifio et al., 2013). Minéti natyviy LA ir M virusy eliminacijos
metodai taip pat yra sunkiai valdomi, daznai tik nedidelé mieliy kolonijy
dalis praranda virusus, arba mielés biina pazeidziamos per stipriai.

Natyviy LA ir M virusy eliminacijos metodas naudojant
rekombinantiniy trumpinty kapsidiniy baltymy sinteze yra itin efektyvus ir
neturéty mieliy lasteliy veikti citotoksiskai. Vykdant jvairius -omikos
tyrimus, dél jy jautrumo, ruoSiant tiriamuosius méginius ypatingai svarbu
pasirinkti tinkamg metodika. Siekiant jvertini LA ir M virusy jtaka
lastelés-Seimininkés geny raiskai musy grupé kartu su E. Servienés grupe
atliko palyginamuosius M437 (LA-lus, M2) kamieno transkriptominius
tyrimus (LukSsa et al., 2017). LA-lus virusas yra atsparus kars¢iui
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(Rodriguez-Cousifio et al., 2013), todél norint sékmingai eliminuoti LA-lus
virusg reikéjo pasirinkti alternatyvy virusy eliminacijos metodg. Natyviy LA
ir M virusy eliminacijos dél trumpinty kapsidiniy baltymy sintezés metodas
buvo pritaikytas ruoSiant M437 kamieng be endogeniniy LA-lus ir M2
virusy. Paruostas kamienas panaudotas palyginamuosiuose
transkriptominiuose tyrimuose. Transkriptominiai tyrimai parodé, jog virusy
palaikymas mielése lemia iSaugusia su aminoriig§¢iy ir lipidy biosinteze,
lasteliniu transportu ir energijos produkcija susijusiy geny raiska bei
sumazéjusig ribosomy biogenezes ir atsako | stresg geny raiska (Luksa et al.,
2017). Sis metodas taip pat buvo pritaikytas ruogiant proteominiuose
tyrimuose pritaikyta kontrolinj LA-1 viruso neturinti BY4741 (ALA-1)
kamieng. Proteominiy tyrimy metu identifikuoti 329, galimai su LA viruso
kapside sgveikaujantys lastelés-Seimininkés baltymai, kurie buvo priskirti
trims sgveikos grupéms: su Gag baltymu, su Gag baltymo C-galu ir su viruso
nuokleokapsidés vidaus struktiiromis saveikaujantys baltymai. Nustatyta, jog
i§ identifikuoty baltymy, trylika jy, reguliuoja natyvaus LA viruso genomo
kieki lastel¢je (Konovalovas, 2018).

3.2 Rekombinantiniy Gag ir GagPol baltymy saveika su natyviomis LA
ir M virusy sistemomis

Mielése jprastai aptinkama tik vieno tipo LA ir M virusy sistema.
Skirtingus LA virusus palaikan¢iy mieliy citodukciniy ir kryzminimo
eksperimenty metu pastebéta LA virusy tarpusavio konkurencija. Po mieliy
lasteliy suliejimo, naujai susidariusioje lasteléje palaikomas tik vieno tipo
LA virusas (Rodriguez-Cousifio et al., 2013; Rodriguez-Cousino ir Esteban,
2017). Panasus konkurencinis efektas pastebétas rekombinantiniy LA-1
viruso baltymy sintezés metu. Rekombinantiniy LA-1 viruso Gag ir GagPol
baltymy sintez¢ sutrikdo natyvaus LA-1 viruso palaikyma lasteléje (Valle ir
Wickner, 1993). Nepaisant to, nuo raiSkos vektoriaus sintetinami LA-1
virusiniai baltymai yra funkcionalis ir geba palaikyti M1 viruso replikacija
(Wickner et al., 1991). I§samesniy tyrimy metu nustatyta, jog natyviy LA-1
virusy eliminacija vyksta dél rekombinantiniy virusiniy baltymy sintezés, bet
ne iRNR raiskos (Valle ir Wickner, 1993). Taip pat Siam procesui vykti
butini funkcionaltis Gag ir GagPol baltymai (Valle ir Wickner, 1993; Yao et
al., 1995). Tik Gag arba tik GagPol baltymy sintezé néra pakankamas
veiksnys natyviy LA-1 virusy palaikymui mielése sutrikdyti (Valle and
Wickner, 1993). Tyrimy autoriai endogeninio LA-1 viruso replikacijos
interferencijg sieja su rekombinantiniy baltymy ir natyviy virusiniy baltymy
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tarpusavio konkurencija dél Iastelés-Seimininkés baltymy, biitiny virusy
transkripcijai bei replikacijai vykti.

LA virusy sgveikos su skirtingomis LA ir M virusy sistemomis
specifiSkumas ir ji lemiancCios priezastys iki Siol néra pilnai iStirtos.
Literatiiroje aprasomi skirtingy LA virusy tarpusavio konkurencijos tyrimai
mieles kryZzminant tarpusavyje ar jas suliejant citodukcijos biidu (Rodriguez-
Cousifio et al., 2013; Rodriguez-Cousino ir Esteban, 2017). Suliejant mieliy
lasteles perduodami ne tik natyvis LA virusai, bet ir mitochondrijos bei kiti
citoplazminiai elementai, o tai gali sukelti jvairius fenotipinius poky¢ius ir
tokiu buidu apsunkinti virusy tarpusavio saveikos tyrimus (Mazar et al.,
2000; Montanari et al., 2014; Suzuki et al., 2015). Siame darbe LA virusy
sgveikos su natyviais LA ir M virusais tyrimams pritaikyti LA virusy
baltymus koduojantys raiskos vektoriai, taip nesukeliant papildomy poky¢iy
tiriamuosiuose kamienuose ir i§laikant nekintan¢ig genetine aplinka. Taip pat
jvertinta M viruso palaikymo mielése jtaka rekombinantiniy LA baltymy
saveikai su natyviais LA virusais.

3.2.1. Skirtingy LA virusy Gag ir GagPol baltymy sintezés jtaka LA ir
M virusy palaikymui mielése

Siekiant istirti LA-1 viruso koduojamy Gag ir GagPol baltymy
sgveikos su natyviais LA ir M virusais specifiSkuma, buvo sukurtas LA-1
virusiniy baltymy raiSkos vektorius ir jvertinta rekombinantiniy baltymy
jtaka natyviy virusiniy sistemy palaikymui mielése. LA-1 viruso
koduojanc¢ios RNR kopijinés DNR seka jklonuota j pYAK-G raiskos
plazmid¢. Rekombinantinius baltymus koduojan¢ios RNR raiska nuo
plazmidés kontroliuojama konstitutyviu TEF1 (PT5™") promotoriumi. Sukurtu
raiSkos vektoriumi transformuoti skirtingus LA ir M virusus palaikantys
kamienai ((BY4741 (LA-1), K7 (LA-1, M1), Rom K-100 (LA-2, M2), M437
(LA-lus, M2), SRB-15-4 (LA-lus, Mlus), K28 (LA-28, M28)).
Rekombinantiniy baltymy sintezés jtaka natyviems LA ir M virusams
jvertinta, analizuojant suminés ir dvigrandininés RNR frakcijas
elektroforezés agaroziniame gelyje metodu.

Rezultaty analizé parodé, jog rekombinantiniy LA-1 virusiniy
baltymy sintezé lemia K7 (LA-1, M1), Rom K-100 (LA-2, M2), SRB-15-4
(LA-lus, Mlus) ir K28 (LA-28, M28) kamienuose palaikomy endogeniniy
LA virusy eliminacijg bei padidéjusj satelitiniy M virusy genomy kopijy
kiekj (isskyrus K28 (LA-28, M28) kamiena) (3.6 pav.).
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3.6 pav. DgRNR méginiai, i§gryninti i§ tiriamyjy kamieny (nurodyta paveikslo apacioje)
transformuoty LA-1 virusiniy Gag ir GagPol baltymy raiskos bei kontroliniu vektoriumi.
K — kontroliné plazmidé¢ (pYAK-G), LA1-GagPol — LA-1 virusiniy baltymy raiskos
vektorius. M — DNR dydzio standartas (,,GeneRuler DNA Ladder Mix*, Thermo
Scientific) baziy poromis.

Rezultatai gauti vykdant LA-1 rekombinantiniy baltymy sinteze, dél
kurios sukeliama natyviy LA-28 virusy eliminacija, atitinka neseniai
literatiiros Saltiniuose publikuotus rezultatus. Rodriguez-Cousino su
kolegomis nustaté, jog LA-1 rekombinantiniy baltymy sintezé sutrikdo
natyvaus LA-28 viruso palaikymg mielése ir lemia iSaugusj M28 satelito
dgRNR genomo kiekj (Rodriguez-Cousifio et al., 2017). Siame darbe
atliktuose tyrimuose M28 viruso genomo akumuliacija dél LA-1 virusiniy
baltymy sintezés nestebima. Nesutampantys rezultatai galéjo buti gauti dél
tyrimuose naudoty genetine aplinka besiskirian¢iy kamieny.

LA-1 rekombinantiniy baltymy sintezé nesutrikdo natyviy LA virusy
palaikymo M437 (LA-lus, M2) kamiene, o BY4741 (LA-1) kamiene net
stebima natyvaus LA-1 viruso dgRNR genomo akumuliacija (3.6 pav.).
Natyviy LA virusy eliminacija dél Gag ir GagPol baltymy sintezés gali bati
priklausoma nuo mieliy kamieny genetinés aplinkos ar specifinés skirtingy
virusy sgveikos, tai galéty biiti priezastis lemianti LA virusy eliminacijg tik
tam tikruose tirtuose kamienuose.

Detalesniems endogeniniy LA virusy palaikymo mielése sutrikdymo
dél rekombinantiniy Gag ir GagPol baltymy sintezés tyrimams pritaikyta
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natyviy virusy genomo kiekio pokycio skaitinio ir statistinio jvertinimo
metodika. Natyviy LA ir M virusy genomo kiekio pokyciai dél
rekombinantiniy baltymy sintezés vertinti analizuojant suminés ir/ar
dvigrandininés RNR frakcijas elektroforezés agaroziniame gelyje budu.
Kiekvieno transformanto atveju gryninta po tris suminés RNR méginius i$
trijy pavieniy kolonijy (i§ viso devyni méginiai). Natyviy virusy santykiniai
genomo kiekiai apskai¢iuoti densitometrinés analizés biidu, 0 dgRNR Kiekis
normalizuotas pagal 18S rRNR kiekj. Santykiniai virusiniy genomy dgRNR
kiekiai lyginti su kontroliniais méginiais.

Eliminacijos proceso specifiSkumo tyrimams pagal anks¢iau minéta
schemg sukurti LA-lus ir LA-28 virusy baltymus koduojantys raiskos
vektoriai. Siais rai§kos vektoriais transformuoti visi anks¢iau minéti,
skirtingus LA ir M virusus palaikantys, kamienai. Gauti rezultatai parode¢,
jog LA-lus ir LA-28 virusy, kaip ir LA-1 viruso, rekombinantiniy baltymy
sintezé eliminuoja ne visus laukiniuose kamienuose palaikomus LA virusus.
BY4741 (LA-1) ir M437 (LA-lus, M2) kamienuose nepriklausomai nuo
rekombinantiniy baltymy sintezés endogeniniai LA-1 ir LA-lus virusai
palaikomi stabiliai. M437 (LA-lus, M2) kamiene rekombinantiniy baltymy
sintezé lemia natyvaus LA-lus viruso genomo kiekio redukcija. Tuo tarpu
BY4741 (LA-1) kamiene, vykstant LA-1 ir LA-lus baltymy sintezei,
stebimas natyvaus LA-1 genomo kiekio padidéjimas (3.7 pav.). Toks
rezultatas atitinka literatiiroje apraSomus tyrimus, Kuriais nustatyta, jog
padidinta LA-1 Gag baltymo sintezé sukelia natyvaus LA-1 viruso genomo
akumuliacija (Wickner et al., 1991). Padidinta kapsidiniy baltymy sintezé
BY4741 (LA-1) kamiene galéty lemti efektyvesne natyviy virusy replikacija,
todeél isaugty virusinés dgRNR kiekis. Toks isskirtinis rekombinantiniy Gag
ir GagPol baltymy sintezés efektas minétame kamiene gali buti susijgs su
tuo, jog jame nepalaikomas M1 satelitas. Nesant M viruso, nesukeliama
konkurencija tarp LA-1 ir M1 virusy dél replikacijai butiny LA viruso
koduojamy baltymy. Tokia konkurencija galéty biiti vienas i§ natyvaus LA
viruso palaikyma lgsteléje sutrikdanciy veiksniy. K7 (LA-1, M1) kamiene
rekombinantiniy LA-lus virusiniy baltymy sintezé¢ sukelia natyvaus LA-1
genomo dgRNR kiekio padidéjima. LA-28 viruso rekombinantiniy baltymy
sintezé neeliminuoja natyviy LA virusy K7 (LA-1, M1) ir K28 (LA-28,
M28) kamienuose (3.7 pav.).
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Remiantis gautais rezultatais galima teigti, jog endogeniniy virusy
palaikymo lgsteléje sutrikdymas dél rekombinantiniy Gag ir GagPol baltymy
sintezés priklauso nuo specifinés virusy sistemos ar mieliy kamieno
genetinés aplinkos. Molekuliniai procesai, lemiantys §io tipo natyviy virusy
eliminacijg, skiriasi nuo trumpinty kapsidiniy baltymy sintezés sukeliamo
natyviy virusy eliminacijos proceso, kuris vyksta nepriklausomai nuo virusy
tipo ar jy Seimininky genetinés aplinkos. Idomu, jog nei vienomis atlikto
tyrimo salygomis, dviejuose i§ tirty kamieny (BY4741 (LA-1) ir M437
(LA-lus, M2)) natyviy LA virusy replikacija mielése dél rekombinantiniy
Gag ir GagPol baltymy sintezés nesutrikdoma. BY4741 (LA-1) kamienas
nuo kity tyrime naudoty kamieny i$siskiria tuo, jog jame néra palaikomas
satelitinis M virusas. Tuo tarpu M437 (LA-lus, M2) kamiene aptinkama
unikali virusiné sistema, sudaryta i§ LA-lus viruso ir M2 palydovo, nors
gamtoje paprastai LA-lus virusai aptinkami tik su sau budingais Mlus
palydovais (LukSa et al., 2017). Nejprastos LA ir M virusy sistemos
palaikymas M437 (LA-lus, M2) kamiene galéty biiti susijes su specifine
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3.7 pav. Santykiniai natyviy LA virusy dgRNR genomy kiekio poky¢iai sukelti LA virusy
rekombinantiniy baltymy sintezés. Santykinis LA genomo kiekio pokytis nepateikiamas
K7 (LA-1, M1) ir K28 (LA-28, M28) kamieny transformuoty atitinkamai LA-1 ir LA-1
bei LA-lus virusy baltymy rai§kos vektoriais, nes natyvaus LA dgRNR genomo frakcija
Siuose meéginiuose nestebima. StaCiakampés histogramos virSuje nurodyti tiriamieji
kamienai, x a$yje nurodomi naudoti LA virusy baltymy raiskos vektoriai (K — kontrolinis
vektorius pYAK-G), y asyje nurodomas santykinis LA dgRNR kiekio pokytis kartais
(log, skaléje), pilkais tagkais Zymimi pavieniy méginiy jveréiai, raudonais taskais Zymimi
i analize nejtraukti jverciai (angl. outliers). Duomeny statistinis patikimumas jvertintas
pagal Stjudento t testa: * - p < 0.05, ** - 0.001 < p < 0.01, *** - p < 0.001.
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kamieno genetine aplinka. Specifiné genetiné aplinka ir isskirtiné M437
(LA-lus, M2) kamieno virusiné sistema galéty lemti stabily, rekombinantiniy
LA baltymy raiskos nesutrikdoma, virusy palaikyma mielése.

I$ literattiriniy Saltiniy yra Zinoma, jog rekombinantiniai LA-1 viruso
baltymai gali palaikyti M1 satelitinio viruso replikacija (Wickner et al.,
1991). Sio tyrimo metu, pritaikant densitometring analize, buvo jvertinas
LA-1, LA-lus ir LA-28 virusy rekombinantiniy baltymy gebéjimas replikuoti
skirtingus M satelitinius virusus. LA-1 ir LA-lus rekombinantiniy baltymy
sintezé visuose tirtuose kamienuose, i§skyrus K28 (LA-28, M28) kamiena,
lémé zymy natyvaus M viruso genomo kiekio padidéjima nuo 3,8 iki 8,5
karty. Kadangi tiriamuosiuose kamienuose daugeliu atvejy eliminuojamas
natyvus LA virusas, galima teigti, jog LA-1 ir LA-lus virusy
rekombinantiniai baltymai geba efektyviai atpazinti ir padauginti skirtingus
M satelitinius virusus. Tuo tarpu LA-28 viruso rekombinantiniy baltymy
sintezé, iSskyrus SRB-15-4 (LA-lus, Mlus) ir K28 (LA-28, M28)
kamienuose, zymiy natyviy M virusy genomy kiekio poky¢iy nesukélé.
Toks, isskirtinis, rekombinantiniy LA-28 viruso baltymy efektas natyviems
M virusams gali biiti lemtas specifinés LA-28 viruso sgsajos su S. paradoxus
mielémis. Nepaisant to, LA-28 viruso rekombinantiniy baltymy sintezé
sukelia natyviy LA virusy eliminacija Rom K-100 (LA-2, M2) ir SRB-15-4
(LA-lus, Mlus) kamienuose, tac¢iau M virusai palaikomi stabiliai (3.8 pav.).
Remiantis gautais rezultatais, galima teigti, jog rekombinantiniai LA-28
viruso baltymai geba atpazinti ir replikuoti sau nespecifinius M2 ir Mlus
satelitinius virusus. K28 (LA-28, M28) kamiene rekombinantiniy LA-28
viruso baltymy sintezé lemia M28 viruso genomo kiekio redukcijg. ToOKS
rezultatas yra netikétas, kadangi LA-28 viruso rekombinantiniai baltymai
turéty sekmingai palaikyti sau specifiSka M28 palydova. Misy laboratorijoje
buvo pastebéta, jog K28 (LA-28, M28) kamiene M28 virusas gali buti
pametamas spontaniskai, o tai gali reiksti, jog Siame kamiene palaikoma
virusy sistema yra jautri bet kokiems aplinkoje ar lastelés viduje
vykstantiems pokyCiams. Tai galéty buti viena i§ priezas¢iy, kodél LA-28
viruso rekombinantiniy baltymy sintezé sukelia M28 viruso genomo kiekio
sumazgéjima.

Gamtoje LA virusai daZniausiai lydimi jiems savity satelitiniy M
virusy. Esteban su kolegomis iskélé LA ir M virusy koevoliucijos hipoteze,
kuri teigia, jog LA ir M virusai dél koevoliucijos bendrame Seimininke
i8vysté specifiskuma, dél to LA virusai geba palaikyti tik sau budingus M
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virusus (Rodriguez-Cousino ir Esteban, 2017). Taciau literatiiros Saltiniuose
minimas ne vienas atvejis, kai LA virusai geba replikuoti jiems nespecifinius
M palydovus (Hannig et al., 1985; Schmitt ir Tipper, 1990; Rodriguez-
Cousifio et al., 2013; Luksa et al., 2017). Koevoliucijos hipotezés autoriy
teigimu, LA virusai geba palaikyti nespecifinius M virusus tik
rekombinantiniy baltymy sintezés ar sSki geny mutacijy atvejais
(Rodriguez-Cousino ir Esteban, 2017). Nepaisant to, jeigu LA virusai itin
specifiski savo satelitams, aktyvesné virusiniy baltymy sintezé neturéty bti
pakankama skirtingy satelity replikacijai ir palaikymui lgsteléje. Remiantis
Sio darbo rezultatais, skirtingi LA virusai geba palaikyti jvairius, net su
skirtingomis mieliy rii§imis siejamus, M virusus.
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3.8 pav. Santykiniai natyviy M virusy dgRNR genomy kiekio poky¢iai sukelti LA virusy
rekombinantiniy baltymy sintezés. Staciakampés histogramos virSuje nurodyti tiriamieji
kamienai, x asyje nurodomi naudoti LA virusy baltymy rai§kos vektoriai (K — kontrolinis
vektorius pYAK-G), y asyje nurodomas santykinis M dgRNR kiekio pokytis kartais (log,
skalgje), pilkais taskais zymimi pavieniy méginiy jverciai, raudonais taskais zymimi j
analize nejtraukti jverciai (angl. outliers). Duomeny statistinis patikimumas jvertintas
pagal Stjudento t testa: * - p < 0.05, ** - 0.001<p<0.01,*** - p < 0.001.

Natyviy LA virusy palaikymo mielése sutrikdymas deél
rekombinantiniy Gag ir GagPol baltymy sintezés galimai yra glaudziai
susijes su M satelitinio viruso palaikymu lasteléje ir rekombinantiniy
baltymy gebé¢jimu atpazinti ir replikuoti natyvy M virusa. LA-1 ir LA-lus
virusy rekombinantiniy baltymy sintezé daugeliu atvejy sukelia natyviy LA
virusy eliminacijg ir itin stipry M virusy genomy kopijy kiekio padidéjima
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(3.9 pav.). Sios tendencijos neatitinka LA-lus rekombinantiniy baltymy
sintezés sukelta natyvaus LA-1 ir M1 virusy genomy akumuliacija.
Nepaisant to, M1 viruso genomo kiekio akumuliacija K7 (LA-1, M1)
kamiene gali vykti dél padidéjusio natyvaus LA-1 viruso kiekio, bet ne
rekombinantiniy baltymy sintezés. Tuo tarpu LA-28 viruso rekombinantiniy
baltymy sintezé sutrikdo natyviy LA virusy palaikyma tik dviejuose (Rom
K-100 (LA-2, M2), SRB-15-4 (LA-lus, Mlus)) i$ penkiy tirty kamieny. Taip
pat, $iy baltymy sintezé nesukelia stipraus natyviy M virusy genomo kiekio
padidéjimo. Gali biti, jog LA-28 viruso rekombinantiniy baltymy sintezé
sutrikdo tik keliy tirty natyviy LA virusy palaikymg lasteléje dél
nepakankamai stiprios rekombinantiniy baltymy sgveikos su natyviais M
virusais. Kaip jau minéta anksCiau, LA-28 virusas yra priskiriamas
S. paradoxus risies mieléms. Dél Sios prieZzasties LA-28 viruso koduojami
baltymai galimai nesudaro specifinés saveikos su tam tikrais S. cerevisiae
mieliy rasiai budingais M virusais arba sudaroma saveika yra silpna.
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A M .. ..
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(LA-2, M2)
M437 . . . Eliminacija
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3.9 pav. Virusiniy rekombinantiniy baltymy sintezés sukelty endogeniniy LA ir M virusy
genomy kiekio poky¢iy schema. Apacioje — baltymy raiskos vektoriai, kairéje — mieliy
kamienai. Schemoje zymimi genomo kiekio poky¢iai siekiantys bent du kartus.

3.2.2. M viruso reik§mé LA virusy replikacijos interferencijoje

Remiantis jzvalga, jog endogeniniy LA virusy eliminacija dél
rekombinantiniy Gag ir GagPol baltymy sintezés daugeliu atvejy sutampa su
zymia M palydovy dgRNR akumuliacija, tirta natyvaus M viruso palaikymo
lasteléje jtaka rekombinantiniy virusiniy baltymy saveikai su natyviu LA-1
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virusu. I8 K7 (LA-1, M1) kamieno buvo eliminuotas satelitinis M1 virusas,
Sio kamieno lgsteles Keturias paras auginat 37 °C temperatiroje. Palydovinio
viruso eliminacija patvirtina, atlikus i§gyvenusiy kolonijy zudymo fenotipo
analize, suminés ir dvigrandininés RNR meéginiy analize elektroforezés
agaroziniame gelyje ir atlikus AT-PGR. Pasirinktas zudymo fenotipo
neturintis K7 (LA-1, M1-null) kamieno klonas, kuriame aptinkama LA-1
viruso dgRNR, tafiau néra M1 viruso dgRNR. Gautas kamienas
transformuotas LA-1 ir LA-lus virusy baltymus koduojanciais raiskos
vektoriais bei kontroliniu ,,tus¢iu“ vektoriumi. Natyvaus LA-1 genomo
poky¢iai jvertinti 3.2.1 skyriuje aprasyta metodika.

K7 (LA-1, M1-null) kamiene, kuriame eliminuotas natyvus M1
virusas, natyvaus LA-1 viruso replikacija dél rekombinantiniy Gag ir GagPol
baltymy sintezés nesutrikdoma (3.10 pav.). BY4741 (LA-1) kamiene,
kuriame néra satelitinio M viruso, rekombinantiniy Gag ir GagPol baltymy
sintez¢é taip pat nesutrikdo natyvaus LA-1 viruso palaikymo mielése. Gauti
rezultatai atitinka prielaida, jog natyviy LA virusy replikacijos interferencija
dél rekombinantiniy baltymy sintezés yra susijusi su M satelitiniy virusy
palaikymu lasteléje. LA virusy rekombinantiniai baltymai galimai efektyviau

K7 K7
(LA-1, M1) (LA-1, M1-null)

LA-1 dgRNR kiekio pokytis kartais (log2)

3.10 pav. Santykiniai natyviy LA virusy dgRNR genomy kiekio pokyciai sukelti LA
virusy rekombinantiniy baltymy sintezés. Santykinis LA genomo kiekio pokytis
nepateikiamas K7 (LA-1, M1) kamieno transformuoto LA-1 viruso baltymy raiskos
vektoriumi, nes natyvaus LA dgRNR genomo frakcija Siuose méginiuose nestebima.
Staciakampés histogramos virSuje nurodyti tiriamieji kamienai, x asyje nurodomi naudoti
LA virusy baltymy raiskos vektoriai (K — kontrolinis vektorius pYAK-G), y aSyje
nurodomas santykinis LA dgRNR kiekio pokytis kartais (log, skaléje), pilkais taskais
zymimi pavieniy méginiy jverCiai. Duomeny statistinis patikimumas jvertintas pagal
Stjudento t testa: * - p < 0.05, ** - 0.001 < p £ 0.01, *** - p < 0.001.
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sgveikauja su M viruso genomu ir vykdo jo replikacija, tokiu budu
atitraukdami  natyvaus LA viruso genomo replikacijai  bitinus
lastelés-Seimininkés baltymus. M1 viruso praradimas K7 (LA-1, M1)
kamiene lemia natyvaus LA-1 viruso genomo akumuliacijg. Tad negalima
atmesti galimybés, jog K7 (LA-1, M1-null) kamiene natyvaus LA-1 viruso
eliminacija nevyksta ne dél M1 viruso praradimo, bet dél padidéjusio
natyvaus LA-1 viruso genomo kiekio. Literatiiros Saltiniuose teigiama, jog
mielése turin¢iose SKi2 geno mutacija, kuri lemia natyvaus LA viruso
dgRNR akumuliacijg, natyviy virusy eliminacijos procesas dél
rekombinantiniy Gag ir GagPol baltymy sintezés yra neefektyvus (Valle ir
Wickner, 1993).

3.3 LA virusy saveikos su LA ir M virusy sistemomis specifiSkumo
determinantés

S. cerevisiae ir S. paradoxus mielése aptinkamy LA virusy baltymy
sekos tarpusavyje panaSios 87-98 % (Vepstaite-Monstavicé et al., 2018).
Visuose iki $iol zinomuose LA virusuose aptinkami Kkeli konservatyvis
baltyminiai domenai: RpRp polimerazinis domenas, N-galinis, centrinis ir
C-galinis sgveikos su vgRNR domenai (Icho ir Wickner, 1989; Ribas et al.,
1994a; Ribas et al., 1994b). Konservatyviis LA virusy baltyminiai domenai
batini LA ir M virusy replikacijai mielése. Kolega A. Konovalovas
bioinformatiniais metodais sukiiré daugybinj visy iki $iol zinomy LA virusy
genomy koduojamy baltyminiy seky palyginj. Identifikuotos kelios itin
variabilios virusiniy baltymy sritys. Manoma, jog variabilios LA virusy
baltymy sritys galéty biiti svarbios specifinei LA virusy saveikai su
lastelés-Seimininkés baltymais (Konovalovas, 2018).

Sio darbo metu iskelta prielaida, jog variabilios LA virusy baltymy
sritys gali buti svarbios ne tik specifinei sgveikai su lgstelés-Seimininkés
baltymais, bet ir specifinei sgveikai su LA ir/ar M virusais. 3.2 skyriuje
apraSyty tyrimy metu nustatyta, jog rekombinantiniai LA-1, LA-lus ir LA-28
viruso baltymai specifiskai sgveikauja su skirtingomis virusinémis
sistemomis. Norint istirti LA virusy baltymy variabiliy seky reik§me¢ minétai
specifinei sgveikai, sukurti chimerinius LA-1 viruso baltymus koduojantys
raiSkos vektoriai ir jvertinta tokiy baltymy sintezés jtaka jvairiy natyviy LA
ir M virusy sistemy palaikymui mielése.

74



3.3.1 LA-1viruso Gag ir GagPol chimeriniy baltymy rai$kos vektoriy
kiirimas

Skirtingy LA virusy koduojami baltymai tarpusavyje yra itin
panasiis, tadiau baltyminése sekose galima iSskirti kelis labai variabilius
regionus. Siame darbe tirta trijy variabiliy baltyminiy seky jtaka LA-1 viruso
koduojamy baltymy specifiskumui. Pasirinkti seky regionai atitinkamai
pavadinti R1, R2 ir R3 (3.11 pav.).
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R R
440 a.r. | 263 a.r.

R1
89 a.r.

3.11 pav. LA-1, LA-2, LA-lus ir LA-28 virusy koduojamy baltymy seky palyginys.
Sviesiai pilka ar balta spalva pazymétos sritys yra variabilios. R1/R2/R3 — tyrimui
pasirinkti regionai. Raudoni staciakampiai vir§ seky palyginio — sgveikos su vgRNR
domenai, mélynas sta¢iakampis — nukleortig§¢iy pakavimo sritis.

Gag baltymo N-gale issidéstes R1 regionas (121-210 a.r.) yra
eksponuojamas j viriono pavirsiy (Naitow et al., 2002). R1 srityje aptinkama
konservatyvi kepurés nugvelbimo procese dalyvaujanti His-154 a.r. (Blanc
et al., 1992; Blanc et al., 1994). Kitos, aplink i$sidésCiusios aminortigstys,
néra konservatyvios. Didziausiu variabilumu issiskiria seka tarp 160-180 a.r.

R2 regionas (1-446 a.r.) issidéstes Pol domeno N-gale, j ji patenka
kelios funkcinés GagPol sekos. Seka tarp 67-213 a.r. yra svarbi
koduojancios (+) vgRNR pakavimo j virusines daleles procese, §ioje srityje
iSsidéstes N-galinis saveikos su vgRNR domenas (172-190 a.r.). Aplink
N-galinj sgveikos su vgRNR domeng i§sidés¢iusios aminortigstys galéty buti
svarbios specifinei saveikai su vgRNR (Ribas et al., 1994a). Centrinis
papildomas saveikos su vgRNR domenas (374432 a.r.) svarbus M1 viruso
palaikymui lasteléje. Du konservatyviis ] §] domeng jeinantys seky
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fragmentai yra aptinkami tarp skirtingy koduojanc¢iy (+) VgRNR ir dgRNR
virusy. Centrinio sgveikos su vgRNR domeno funkcija yra sicjama su
polimeraziniu Pol domeno aktyvumu. Nepaisant to, $is domenas neturi
itakos virusiniy daleliy susirinkimui ar virusinés koduojancios (+) VJRNR
pakavimui | Sias daleles (Ribas et al., 1994b). R2 regiono variabilumas
pasiskirstes per visa sekos ilgj.

R3 regionas (600-863 a.r.) issidestes Pol domeno C-gale. Sioje
srityje aptinkamas treCiasis sgveikos su vgRNR domenas (770-819 a.r.).
C-galinis saveikos su vgRNR domenas néra reikalingas vgRNR pakavimui j
virionus, ta¢iau biitinas M1 viruso palaikymui lasteléje. Sis domenas gali
buti svarbus virusinés RNR replikacijos ir/ar transkripcijos procesuose
(Ribas et al., 1994a). R3 regione itin dideliu variabilumu issiskiria seka
i§sidésciusi tarp 678 ir 709 Pol domeno aminoriigsciy, kita variabili seka
i8sidésciusi tarp 793-801 a.r.

LA-1, LA-lus ir LA-28 virusai pagal genominiy ir baltyminiy seky
panaSumg grupuojasi j tris filogenetines grupes, $ie virusai yra asocijuojami
su skirtingais satelitiniais virusais (atitinkamai M1, Milus ir M28)
(Vepstaitée-Monstavicé et al., 2018). Geriausiai i$ $iy virusy yra iStirtas LA-1
virusas. Norint jvertinti GagPol baltymy variabiliy regiony jtaka natyviy
virusy palaikymui Igsteléje ir galimg reikSme¢ specifinés saveikos su
skirtingais LA ir M virusais susidarymui, sukurti chimerinius LA GagPol
baltymus koduojantys raiskos vektoriai (3.12 pav.). LA-1 baltyma

LA-lus LA-1 LA-28
) ) )
—_— —_—D
LA-1/LA-lus R1 LA-1/LA-28 R1
- Gag 3 Gag N
[ 2 Pol 3 ] - 2 Pol 3 ]
LA-1/LA-lus R2 LA-1/LA-28 R2
Gag Gag
_—
Pol _._)Pf"
LA-1/LA-lus R3 LA-1/LA-28 R3
Gag Gag
——— ——
Pol - Pol >
LA-1 Gag/ LA-lus Pol LA-1 Gag/ LA-28 Pol
[ Gag Gag
> pol a ——————————>  pol

3.12 pav. Chimeriniy LA-1 baltymy raiSkos vektoriy schema.
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koduojancioje  sekoje  variabilumu pasiZymintys regionai pakeisti
atitinkamomis LA-lus arba LA-28 virusy genominémis sekomis. Taip pat
sukonstruoti raiskos vektoriai, koduojantys dalinj LA-1 kapsidinio baltymo
Gag domeng (iki 642 a.r.) ir pilno ilgio LA-lus arba LA-28 Pol domena.
Minétus baltyminius konstruktus koduojancios sekos buvo jterptos j pY AK-
G plazmideg, jy raiska nuo vektoriaus reguliuojama konstitutyviu TEF1
(P promotoriumi.

Sukurtais raiSkos vektoriais transformuoti laukiniai mieliy kamienai,
palaikantys skirtingas LA ir M virusy sistemas: K7 (LA-1, M1), Rom K-100
(LA-2, M2), M437 (LA-lus, M-2), SRB-15-4 (LA-lus, Mlus), K28 (LA-28,
M28). Rekombinantiniy baltymy sintezés jtaka natyviems virusams jvertinta
3.2.1. skyriuje aprasytu densitometrinés analizés metodu.

3.3.2. Gag baltymo N-galinio (R1) variabilaus regiono reiksmé LA ir M
virusy saveikai

LA-1 viruso rekombinantiniy baltymy sintezé sutrikdo natyviy LA
virusy palaikymg daugelyje Siame darbe tirty kamieny (K7 (LA-1, M1),
Rom K-100 (LA-2, M2), SRB-15-4 (LA-lus, Mlus), K28 (LA-28, M28))
(3.7 pav.). Chimeriniy LA-1 baltymy, kuriuose Gag baltymo variablus R1
regionas (121-210 a.r.) pakeistas atitinkamais LA-lus arba LA-28 virusy
regionais (toliau LAlus-R1, LAZ28-R1) kaip ir laukinio tipo LA-1
rekombinantiniy baltymy sintezé sukelia endogeniniy LA virusy eliminacija
i§ visy tirty kamieny isskyrus M437 (LAlus, M2) (3.13 pav.). Tiesa, kitaip

M437
(LA-lus, M2)

LA dgRNR kiekio pokytis kartais (log2)
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3.13 pav. Santykiniai natyvaus LA-lus viruso dgRNR genomo kiekio poky¢iai M437 (LA-lus,
Mlus) kamiene sukelti LA-1 R1 chimeriniy rekombinantiniy baltymy sintezés. X aSyje
nurodomi naudoti LA virusy baltymy rai$kos vektoriai (K — kontrolinis vektorius pYAK-G),
y asyje nurodomas santykinis LA-lus dgRNR kiekio pokytis kartais (log, skaléje), pilkais
taSkais Zymimi pavieniy méginiy jveréiai. Duomeny statistinis patikimumas jvertintas pagal
Stjudento t testg: * - p < 0.05, **-0.001 < p £ 0.01, *** - p <0.001.
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nei laukinio tipo LA-1 baltymy sintezé, chimeriniy baltymy sintezé
nesukelia natyvaus LA-lus viruso genomo dgRNR kiekio sumazéjimo.

Chimeriniy baltymy sintezés jtakos natyviy M virusy palaikymui
mielése tyrimo rezultatai i§ dalies sutampa su rezultatais, gautais tiriant
laukinio tipo LA-1 baltymy sintezés jtaka (3.8 pav.). Chimeriniai baltymai
geba efektyviai palaikyti endogeninius M virusus ir daugeliu atvejy lemia M
satelito dgRNR akumuliacijg lasteléje. IS gauty rezultaty issiskiria LA28-R1
chimeriniy baltymy sintezés jtaka endogeniniams M palydovams. K7 (LA-1,
M1), Rom K-100 (LA-2, M2) ir M437 (LA-lus, M2) kamienuose $iy
chimeriniy baltymy, kitaip nei laukinio tipo baltymy, sintezé nesukelia
natyviy M virusy dgRNR kiekio padidéjimo (3.14 pav.).
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3.14 pav. Santykiniai natyviy M virusy dgRNR genomy kiekio poky¢iai sukelti LAlus-R1
ir LA28-R1 chimeriniy rekombinantiniy baltymy sintezés. Sta¢iakampés histogramos
vir§uje nurodyti tiriamieji kamienai, X asyje nurodomi naudoti LA virusy baltymy raiSkos
vektoriai (K — kontrolinis vektorius pYAK-G), y aSyje nurodomas santykinis M dgRNR
kiekio pokytis Kkartais (log, skaléje), pilkais taskais Zymimi pavieniy méginiy jverdiai,
raudonais taSkais Zymimi j analiz¢ nejtraukti jverciai (angl. outliers). Duomeny statistinis
patikimumas jvertintas pagal Stjudento ttesta: * - p < 0.05, ** - 0.001 € p < 0.0,
*** . p<0.001.
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M dgRNR kiekio pokytis kartais (log2)

Remiantis gautais rezultatais galima teigti, jog R1 regiono
pakeitimas nesutrikdo Gag ir GagPol baltymy atliekamy funkcijy, nes
eliminavus natyvius LA virusus stebima efektyvi endogeniniy M virusy
replikacija. Nepaisant to, LA-1 viruso R1 regiono pakeitimas j LA-28 viruso
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R1 regiong lemia silpnesng M1 ir M2 virusy replikacija lasteléje, o tai leidzia
daryti prielaida, jog R1 regionas gali biiti svarbus specifinés LA ir M virusy
saveikos susidarymui (3.15 pav.).
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3.15 pav. Virusiniy rekombinantiniy baltymy sintezés sukelty endogeniniy LA ir M virusy
genomy kiekio poky¢iy schema. Apacioje — baltymy raiskos vektoriai, kairéje — mieliy
kamienai. Schemoje Zymimi genomo kiekio poky¢iai siekiantys bent du kartus.

3.3.3 GagPol baltymo Pol domeno N-galinio (R2) variabilaus regiono
reikSmeé LA ir M virusy saveikai

LA-1 R2 chimeriniy baltymy, kuriuose GagPol baltymo Pol domeno
N-galinis variabilus regionas (1-446 a.r.) pakeistas atitinkamais LA-lus arba
LA-28 virusy baltymy regionais (toliau LAIus-R2 ir LA28-R2), sintezé
efektyviai stabdo natyviy LA virusy palaikymg K7 (LA-1, M1), Rom K-100
(LA-2, M2), SRB-15-4 (LA-lus, Mlus) ir K28 (LA-28, M28) kamienuose
(3.16 pav.). M437 (LA-lus, M2) kamiene LAlus-R2 chimeriniai baltymai
nedaro jtakos endogeninio LA-lus viruso replikacijai. LA28-R2 chimeriniy
baltymy sintezé, lyginat su laukinio tipo LA-1 baltymy sinteze, M437
(LA-lus, M2) kamiene lemia salyginai stipria natyvaus LA-lus viruso
genomo kiekio redukcija. Toks rezultatas gali reiksti, jog LA28-R2
chimeriniy baltymy funkcionalumas yra dalinai pakites.

R2 chimeriniai baltymai, kaip ir LA-1 laukinio tipo ar R1
chimeriniai baltymai, geba palaikyti natyvius M virusus (3.17 pav.).
Kamienuose, transformuotuose R2 chimeriniy baltymy raiskos vektoriais,
stebimas natyviy M virusy genomo kiekio padidéjimas yra artimas
rezultatams, gautiems mieles transformuojant laukinio tipo LA-1 baltymy
raiSkos vektoriais (3.8 pav.).
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3.16 pav. Santykiniai natyvaus LA-lus viruso dgRNR genomo kiekio poky¢iai M437 (LA-lus,
Mlus) kamiene sukelti LAlus-R2 ir LA28-R2 chimeriniy rekombinantiniy baltymy sintezés. X
aSyje nurodomi naudoti LA virusy baltymy raiSkos vektoriai (K — kontrolinis vektorius
pYAK-G), y aSyje nurodomas santykinis LA-lus dgRNR kiekio pokytis kartais (log, skaléje),
pilkais taskais Zymimi pavieniy méginiy jverciai. Duomeny statistinis patikimumas jvertintas
pagal Stjudento t testa: * - p < 0.05, ** - 0.001 < p < 0.01, *** - p <0.001.
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3.17 pav. Santykiniai natyviy M virusy dgRNR genomy kiekio poky¢iai sukelti LAlus-R2 ir
LA28-R2 chimeriniy rekombinantiniy baltymy sintezés. Staciakampés histogramos virSuje
nurodyti tiriamieji kamienai, x aSyje nurodomi naudoti LA virusy baltymy raiskos vektoriai
(K — kontrolinis vektorius pYAK-G), y asyje nurodomas santykinis M dgRNR kiekio pokytis
kartais (log, skaléje), pilkais taskais zymimi pavieniy méginiy jveréiai, raudonais taSkais
zymimi | analize nejtraukti jveréiai (angl. outliers). Duomeny statistinis patikimumas
jvertintas pagal Stjudento t testa: * - p < 0.05, ** - 0.001 < p £ 0.01, *** - p <0.001.

Kadangi R2 chimeriniai baltymai efektyviai replikuoja endogeninius
M virusus, galima teigti, jog baltyminés sekos pokyc¢iai nesutrikdo jy
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funkcionalumo. R2 chimeriniy baltymy sintezés sukeliami natyviy LA ir M
virusy genomy kiekio poky¢iai yra itin artimi dél laukinio tipo LA-1 baltymy
sintezés vykstantiems pokyciams (3.18 pav.), tad i§ gauty duomeny galima
teigti, jog R2 regionas neturi jtakos specifinei LA virusy tarpusavio ar LA ir
M virusy saveikai.
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3.18 pav. Virusiniy rekombinantiniy baltymy sintezés sukelty endogeniniy LA ir M virusy
genomy kiekio poky¢iy schema. Apacioje nurodyti baltymy raiskos vektoriai, kairéje
puséje — mieliy kamienai. Schemoje Zymimi genomo kiekio poky¢iai siekiantys bent du
kartus.

3.3.4 GagPol baltymo Pol domeno C-galinio (R3) variabilaus regiono
reik§mé LA ir M virusy saveikai

LA-1 viruso GagPol baltymo Pol domeno C-galinio variabilaus
regiono (R3) chimeriniy baltymy (toliau LAlus-R3 ir LA28-R3) saveika su
endogeniniais LA ir M virusais Zymiai skiriasi nuo laukinio tipo
rekombinantiniy baltymy sudaromy sgveiky. LAIus-R3 chimeriniy baltymy
sintezé nesutrikdo natyviy LA virusy palaikymo nei viename i§ tirty
kamieny (3.19 pav.). Santykinis natyviy LA virusy genomy kiekis daugeliu
atvejy yra artimas kontroliniy méginiy LA virusy genomy kiekiui. LA28-R3
chimeriniy baltymy sintez¢ sukelia natyvaus LA genomo kiekio sumazéjima
K7 (LA-1, M1) ir Rom K-100 (LA-2, M2) kamienuose, tuo tarpu SRB-15-4
(LA-lus, Mlus) kamiene $iy chimeriniy baltymy sintezé lemia natyvaus
LA-lus viruso eliminacija.

Kadangi LAlus-R3 chimeriniy baltymy sintezé nesutrikdo natyviy
LA virusy palaikymo mielése, 1§ gauty rezultaty negalima vertini $iy
baltymy gebé¢jimo replikuoti endogeninius M satelitus. Visuose tirtuose
kamienuose, i$skyrus K28 (LA-28, M28) kamieng, santykiniai natyviy M
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virusy genomy kiekiai yra artimi kontroliniy méginiy M virusy genomy
kiekiams (3.8 ir 3.20 pav.). LAlus-R3 chimeriniy baltymy sintezé lemia itin
stiprig K28 (LA-28, M28) kamiene palaikomo M28 viruso genomo kiekio
redukcija. Sis rezultatas galéty biiti siejamas su minétu K28 (LA-28, M28)
kamiene aptinkamos virusy sistemos nestabilumu.
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3.19 pav. Santykiniai natyviy LA virusy dgRNR genomo kiekio poky¢iai sukelti LAlus-R3 ir
LA28-R3 chimeriniy rekombinantiniy baltymy sintezés. Santykinis LA genomo kiekio
pokytis nepateikiamas SRB-15-4 (LA-lus, Mlus) kamiene transformuotame chimerinio
LA28-R3 baltymo raiskos vektoriumi, nes natyvaus LA dgRNR genomo frakcija Siuose
méginiuose nestebima. Staciakampés histogramos virSuje nurodyti tiriamieji kamienai, x
aSyje nurodomi naudoti LA virusy baltymy raiSkos vektoriai (K — kontrolinis vektorius
pPYAK-G), y asyje nurodomas santykinis LA dgRNR kiekio pokytis kartais (log, skaléje),
pilkais taskais zymimi pavieniy méginiy jverciai, raudonais taskais Zymimi j analiz¢ nejtraukti
jveréiai (angl. outliers). Duomeny statistinis patikimumas jvertintas pagal Stjudento t testa:
*-p<0.05 **-0.001 < p<0.01, **-p<0.001.

LA28-R3 chimeriniy baltymy sintezé lemia padidéjusj M1 ir Mlus
virusy genomo kiekj K7 (LA-1, M1) ir SRB-15-4 (LA-lus, Mlus)
kamienuose. Kadangi SRB-15-4 (LA-lus, Mlus) kamiene stebima LA-lus
viruso eliminacija, galima daryti prielaida, jog LA28-R3 chimeriniai
baltymai yra funkcionaliis ir gali palaikyti Mlus virusus. Toks rezultatas
koreliuoja su Siame darbe iskelta prielaida, jog natyviy LA virusy
eliminacijos procesui vykti biitina efektyvi rekombinantiniy baltymy sgveika
su satelitiniu M virusu. Nepaisant to, rezultatai gauti vykdant LA28-R3
chimeriniy baltymy raiska K7 (LA-1, M1) kamiene neatitinka Sios
prielaidos. Nors chimeriniy baltymy sintezé lemia M1 viruso genomo kiekio
akumuliacijg, natyvaus LA-1 viruso eliminacija néra stebima.

82



K7 Rom K-100 M437 SRB-15-4 K28
(LA-1, M1) (LA-2, M2) (LA-lus, M2)  (LA-lus, Mlus) (LA-28, M28)

2 - %33

M dgRNR kiekio pokytis kartais (log2)
o -
r
-
— I
- =
-
L]
-
S
.
A

AR SR - SR R SR RS - 4
Sl & P

7 28 28
N W N W
NN JF NN NN o NNy

3.20 pav. Santykiniai natyviy M virusy dgRNR genomo kiekio poky¢iai sukelti LAlus-R3 ir
LA28-R3 chimeriniy rekombinantiniy baltymy sintezés. Santykinis M genomo kiekio pokytis
nepateikiamas K28 (LA-28, M28) kamiene transformuoto chimerinio LAlus-R3 baltymo
raiSkos vektoriumi, nes natyvaus M dgRNR genomo frakcija Siuose méginiuose nestebima.
Stadiakampés histogramos virSuje nurodyti tiriamieji kamienai, x a$yje nurodomi naudoti LA
virusy baltymy raiSkos vektoriai (K — kontrolinis vektorius pYAK-G), y asyje nurodomas
santykinis M dgRNR kiekio pokytis kartais (log, skaléje), pilkais taskais Zymimi pavieniy
meéginiy jverCiai, raudonais ta$kais Zymimi | analize nejtraukti jveréiai (angl. outliers).
Duomeny statistinis patikimumas jvertintas pagal Stjudento t testa: * - p < 0.05,

**-0.001 < p<0.01, ***-p<0.001.

Apibendrinus rezultatus, gautus tiriant R3 chimeriniy baltymy
sintezés jtaka natyviems LA ir M virusams, galima daryti prielaida, jog
LA dgRNR M dgRNR
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3.21 pav. Virusiniy rekombinantiniy baltymy sintezés sukelty endogeniniy LA ir M virusy

genomy kiekio poky¢iy schema. Apacioje nurodyti baltymy raiskos vektoriai, kairéje puséje —

mieliy kamienai. Schemoje Zymimi genomo kiekio poky¢iai siekiantys bent du kartus.
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savita R3 regiono seka yra svarbi LA virusiniy baltymy sintezés sukeliamai
endogeniniy virusy eliminacijai vykti bei bendram virusiniy baltymy
funkcionalumui palaikyti (3.21 pav.). R3 regionas galimai saveikauja su
kitomis LA virusiniy baltymy sritimis, taip uztikrindamas specifing LA
virusy sgveika su satelitiniais M virusais.

3.3.5 Chimeriniy GagPol baltymuy, su pakeista Pol seka, sintezés jtaka
LA ir M virusy palaikymui mielése

Chimeriniy virusiniy baltymy, kuriy daliné Gag domeno seka (iki
642 a.r.) savita LA-1 virusui, o GagPol baltymo Pol domeno seka savita
LA-lus virusui (toliau LA1-G-LAlus-P), sintezé nesutrikdo natyviy LA
virusy palaikymo nei viename i$ tirty kamieny, o K7 (LA-1, M1) kamiene
net sukelia natyvaus LA-1 viruso genomo akumuliacija (3.22 pav.). Sis
efektas atitinka natyvaus LA-1 viruso genomo kiekio poky¢ius dél LA-lus
laukinio tipo baltymy sintezés K7 (LA-1, M1) kamiene (3.7 pav.). Remiantis
minétais duomenimis galima daryti prielaida, jog LA1-G-LAlus-P
chimeriniai baltymai yra nefunkcionalis arba jy specifiskumas yra pakites.
Panasiis rezultatai gauti tiriant LAIus-R3 chimeriniy baltymy sintezés jtaka
natyviems LA ir M virusams (3.19 pav. ir 3.20 pav.). Rodriguez-Cousino su
kolegomis tirdami chimeriniy LAL-G-LAlus-P baltymy sintezés jtaka
natyviems LA virusams nustaté, jog tokie chimeriniai baltymai eliminuoja
endogeninius LA-2 virusus (Rodriguez-Cousino ir Esteban, 2017). Tyrimo
autoriy naudotas LA1-G-LAlus-P baltyminis konstruktas sudarytas is pilnos
LA-1 Gag baltymo sekos ir dalinés LA-lus GagPol baltymo Pol domeno
sekos (nuo 48 a.r.). Skirtingi minéto tyrimo ir §io darbo metu naudoti
chimeriniai baltymai bei genetine aplinka besiskiriantys mieliy kamienai
galéjo nulemti nesutampancius rezultatus. Remiantis miisy tyrimo
duomenimis galima daryti prielaida, jog su Pol sritimi persidengianti 38 a.r.
ilgio Gag baltymo seka yra svarbi specifinégje LA virusy saveikoje su
natyviais LA ir/ar M virusais. Sig prielaida atitinka ir 3.1. skyriuje aprasyty
tyrimy rezultatai parodantys, jog C-galo delecijg turin¢iy Gag baltymy
sintezé sukelia natyviy LA ir M virusy eliminacijg i$ lastelés.

LA1-G-LAlus-P chimeriniams baltymams analogisky baltymy,
kuriy Pol seka atitinka LA-28 viruso Pol seka (toliau LA1-G-LA28-P),
sintezé lemia natyviy LA virusy eliminacijg i§ K7 (LA-1, M1) ir SRB-15-4
(LAlus, Mlus) kamieny. Tokiy chimeriniy baltymy sintezé taip pat sukelia
nezymig genomo redukcija Rom K-100 (LA-2, M2) ir K28 (LA-28, M28)
kamienuose (3.22 pav.). Sie rezultatai i§ dalies atitinka duomenis, gautus
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tiriant LA28-R3 chimeriniy baltymy jtaka natyviems LA virusams (3.19
pav.). Tadiau, kitaip nei LAL1-G-LA28-P baltymy sintezés atveju, LA28-R3
chimeriniy baltymy sintezé nesutrikdo natyvaus LA-1 viruso palaikymo K7
(LA-1, M1) kamiene. Kadangi LA-28 viruso laukinio tipo baltymy sintezé
nesukelia natyvaus LA-1 viruso eliminacijos bei yra zinoma, jog LA-1
kapsidinio baltymo sintezé néra pakankamas veiksnys Siam procesui vykti
(Wickner et al., 1991), galima daryti prielaida, jog endogeniniy LA virusy
palaikymo sutrikdymas dél rekombinantiniy Gag ir GagPol baltymy sintezés
priklauso nuo kapsidinio ir polimerazinio domeny tarpusavio saveikos. Sia
prielaida atitinka ir kituose tiriamuosiuose kamienuose stebimi natyviy
virusy kiekio pokyciai dél LAL-G-LAlus/LA28-P chimeriniy baltymy
sintezés. Jeigu natyviy LA virusy eliminacija dél rekombinantiniy baltymy
sintezés bty specifiskai priklausoma tik nuo GagPol baltymo Pol domeno,
vykstant minéty chimeriniy baltymy sintezei stebimi natyviy LA virusy
poky¢iai turéty buti atitinkami poky¢iams gaunamiems vykstant laukinio
tipo LA-lus ar LA-28 virusy baltymy sintezei.
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3.22 pav. Santykiniai natyviy LA virusy dgRNR genomy kiekio pokyciai sukelti
LAL1-G-LAIus/LA28-P chimeriniy rekombinantiniy baltymy sintezés. Santykinis LA genomo
kiekio pokytis nepateikiamas K7 (LA-1, M1) ir SRB-15-4 (LA-lus, Mlus) kamienuose
transformuotuose chimerinio LAL1-G-LA28-P baltymo raiskos vektoriumi, nes natyvaus LA
dgRNR genomo frakcija Siuose méginiuose nestebima. Staciakampés histogramos virSuje
nurodyti tiriamieji kamienai, x aSyje nurodomi naudoti LA virusy baltymy raiskos vektoriai
(K — kontrolinis vektorius pYAK-G), y aSyje nurodomas santykinis LA dgRNR kiekio
pokytis Kkartais (log, skaléje), pilkais tagkais zymimi pavieniy méginiy jverciai, raudonais
taskais zymimi j analiz¢ nejtraukti jver¢iai (angl. outliers). Duomeny statistinis patikimumas
jvertintas pagal Stjudento t testa: * - p < 0.05, ** - 0.001 < p £ 0.01, *** - p <0.001.
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LA1-G-LAlus-P chimeriniy baltymy sintezé sukelia natyviy M
virusy genomy kiekio redukcija ar eliminacijg M437 (LA-lus, M2) ir K28
(LA-28, M28) kamienuose (3.23 pav.). M virusy dgRNR kiekio
sumazéjimas K28 (LA-28, M28) kamiene vyksta ir LAlus-R3
rekombinantiniy baltymy sintezés atveju (3.20 pav.). Toks rezultatas gali
bati siejamas su K28 (LA-28, M28) kamieno virusinés sistemos
nestabilumu. Tuo tarpu M2 virusy genomo eliminacija i§ M437 (LA-lus,
M2) kamieno §io darbo metu dar nebuvo stebéta. LA1-G-LAlus-P baltymy
funkcionalumas galimai yra stipriai pakitgs ar net prarastas, 0 tai gali lemti
natyviy M virusy eliminacijg. Rodriguez-Cousino su kolegomis nustaté, jog
chimeriniai LA1-G-LAlus-P baltymai, kuriuose pilna Gag seka savita LA-1
virusui ir likusi (nuo 48 a.r.) Pol seka savita LA-lus virusui, geba palaikyti
natyvius M1, M2 ir Mlus virusus (Rodriguez-Cousifio et al., 2013;
Rodriguez-Cousino and Esteban, 2017). Kaip ir natyviy LA virusy
eliminacijos atveju, Sio darbo ir Rodriguez-Cousino grupés tyrimy rezultatai
galéjo nesutapti dél skirtingy tyrimuose naudoty baltyminiy konstrukty bei
genetine aplinka besiskirian¢iy kamieny. Patikimai jvertinti, ar $io darbo
metu naudoti LAL-G-LAlus-P  chimeriniai baltymai yra islaike
funkcionalumg negalime, kadangi jy sintezé nesukelia natyviy LA virusy
eliminacijos. K7 (LA-1, M1) ir SRB-15-4 (LAlus, Mlus) kamienuose
vykstant LAL1-G-LAlus-P rekombinantiniy baltymy sintezei, padidéja
natyviy M virusy genomy kopijy skaicius (3.23 pav.). Tiesa, K7 (LA-1, M1)
kamiene dél rekombinantiniy baltymy sintezés stebima natyvaus LA-1
viruso genomo akumuliacija, o tai gali lemti padidéjus;j satelitinio M1 viruso
kiekj. SRB-15-4 (LA-lus, Mlus) kamiene natyvaus LA-lus genomo kiekis
dél rekombinantiniy baltymy sintezés nepakinta, tad padidéjes Mlus satelito
genomo kiekis galéty biiti siejamas su chimeriniy baltymy sinteze. Gali biiti,
jog LA1-G-LAlus-P chimeriniai baltymai geba replikuoti tik Mlus
palydovus.

Chimeriniai LA1-G-LA28-P baltymai yra funkci$kai aktyvis. Jy
sintezé sukelia natyviy LA virusy eliminacijg i§ K7 (LA-1, M1) ir SRB-15-4
(LA-lus, Mlus) kamieny, ta¢iau M satelitiniai virusai neprarandami. Siy
chimeriniy baltymy sintezé lemia padidéjusj palydoviniy virusy kiekj K7
(LA-1, M1), Rom K-100 (LA-2, M2) ir SRB-15-4 (LA-lus, Mlus)
kamienuose (3.23 pav.). LA1-G-LA28-P, LA28-R3 ir LA28-R1chimeriniy
baltymy sintezés sukelti endogeniniy M virusy genomy kiekio pokyciai,
lyginant su laukinio tipo LA-1 ir LA-28 baltymy sintezés sukeliamais
poky¢iais, leidzia kelti prielaida, jog LA-28 virusas galimai stipriau
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saveikauja su Mlus palydovu nei su M1 ar M2 palydovais. LA-1 virusiniy
baltymy, kuriy R1, R3 ar Pol sritys pakeistos j atitinkamas LA-28 viruso
sritis sintezé, kitaip nei laukinio tipo LA-1 baltymy sintezé, daugeliu atvejy
nesukelia natyviy M1 ar M2 virusy genomy akumuliacijos K7 (LA-1, M1),
Rom K-100 (LA-2, M2) ir M437 (LA-lus, M2) kamienuose. Tuo tarpu tokiy
chimeriniy baltymy sintezé visada sukelia natyvaus Mlus viruso genomo
kiekio padidéjimg SRB-15-4 (LA-lus, Mlus) kamiene. Negalima atmesti
galimybés, jog tokie rezultatai yra susij¢ ne tik su LA-28 viruso
specifiSkumu tam tikram palydovui, bet ir skirtinga tirty kamieny genetine
aplinka.
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3.23 pav. Santykiniai natyviy M virusy dgRNR genomy kiekio pokyciai salygoti
LA1-G-LAIus/LA28-P chimeriniy rekombinantiniy baltymy sintezés. Santykinis M genomo
kiekio pokytis nepateikiamas M437 (LA-lus, M2) ir K28 (LA-28, M28) kamienuose
transformuotuose chimerinio LA1-G-LAlus-P baltymo rai§kos vektoriumi, nes natyvaus M
dgRNR genomo frakcija Siuose méginiuose nestebima. Staciakampés histogramos virSuje
nurodyti tiriamieji kamienai, x aSyje nurodomi naudoti LA virusy baltymy raiskos vektoriai
(K — kontrolinis vektorius pY AK-G), y asyje nurodomas santykinis M dgRNR kiekio pokytis
kartais (log, skaléje), pilkais taskais zymimi pavieniy méginiy jverCiai, raudonais taskais
zymimi | analiz¢ nejtraukti jverciai (angl. outliers). Duomeny statistinis patikimumas
jvertintas pagal Stjudento t testa: * - p < 0.05, ** - 0.001 < p < 0.01, *** - p < 0.001.

Remiantis natyviy LA ir M virusy genomo kiekio pokyciais
sukeltais chimeriniy LA1-G-LAIlus/LA28-P baltymy sintezés, galima daryti
prielaida, jog virusiniy baltymy funkcionalumas yra glaudziai susijes su Gag
ir GagPol baltymy tarpusavio saveika (3.24 pav.). Chimeriniai virusiniai
baltymai, kuriy Gag baltyma koduojanti seka yra savita LA-1 virusui, o Pol
domeng koduojanti seka savita LA-lus ar LA-28 virusams, daznu atveju
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praranda laukinio tipo baltymams biidingg funkcionalumg. Minéti
baltyminiy seky pokyciai galimai sutrikdo normaly virusiniy baltymy
susilankstyma, todél gali sutrikti baltymy funkcionalumas ar sgveika su
natyviais virusais ir/ar 1gstelés-Seimininkés baltymais.
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3.24 pav. Virusiniy rekombinantiniy baltymy sintezés sukelty endogeniniy LA ir M virusy
genomy kiekio poky¢iy schema. Apacioje nurodyti baltymy raikos vektoriai, kairéje
puséje — mieliy kamienai. Schemoje Zymimi genomo kiekio poky¢iai siekiantys bent du
kartus.
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3.4 Rezultaty apibendrinimas

Siame darbe aprasomi S. cerevisiae ir S. paradoxus mieliy risyse
paplitusiy Totiviridae Seimos LA ir M virusy tarpusavio sgveikos tyrimai.
Norint istirti specifines virusy sgveikas, pritaikyti jvairiy LA tipy virusiniy
baltymy raiSkos vektoriai ir jvertinta rekombinantiniy baltymy sudaromy
virusiniy daleliy jtaka natyviems, lasteléje aptinkamiems, LA ir M virusams.

Literatiiroje aprasomas trumpinty kapsidiniy baltymy sintezés
sukeliamas natyviy LA ir M virusy eliminacijos fenomenas (Yao ir Bruenn,
1995; Ribas ir Wickner, 1998). Norint jvertinti §io proceso priklausomybe
nuo LA ir M virusy sistemos tipo, sukurti skirtingoms filogenetinéms
grupéms priskiriamy LA-1, LA-2, LA-lus ir LA-28 virusy kapsidiniy
baltymy, turin¢iy C-galo delecija, raiSkos vektoriai ir jvertinta tokiy
trumpinty kapsidiniy baltymy sintezés jtaka natyviy LA ir M virusy
palaikymui. Visy tirty trumpinty kapsidiniy baltymy sintezé sukelia jvairiy
endogeniniy LA ir M virusy eliminacija. Sie rezultatai parodo, jog natyviy
virusy eliminacija dél trumpinty kapsidiniy baltymy sintezés yra nuo LA
viruso rasies nepriklausantis procesas (3.1.1 ir 3.1.2 skyriai). Misy
laboratorijoje atlikty tyrimy metu nustatyta, jog 39 a.r. C-galo delecija
turintis LA-1 viruso Kkapsidinis baltymas sudaro chimerines, genomo
nepakuojancias kapsides su laukinio tipo virusiniais baltymais. ISkelta
hipotezé, jog trumpinti kapsidiniai baltymai sutrikdo sulietiniy GagPol
baltymy jtraukima j susidarancia kapside, taip sukeldami natyviy virusy
eliminacija (Konovalovas, 2018). Sio darbo metu gauti rezultatai leidzia
daryti prielaida, jog skirtingy LA virusy trumpinti kapsidiniai baltymai
sgveikaudami su jvairiy natyviy LA virusy kapsidiniais baltymais sudaro
nefunkcionalias kapsides, todél natyvis virusai prarandami.

LA ir M virusai i§ mieliy lasteliy jprastai eliminuojami, auginant
mieles aukStesnéje nei optimali temperatiira ar j augimo terpe pridedant
lastelinius procesus stabdancias medZiagas (5-fluoruracilas,
cikloheksimidas) (Fink ir Styles, 1972; Tipper ir Schmitt, 1991; Weinstein et
al., 1993). Sie eliminacijos metodai yra citotoksiski mieliy lasteléms ir gali
lemti klaidingus rezultatus atliekant jvairius —omikos eksperimentus (Sakaki
et al., 2003; Seiple et al., 2006; Hoskins ir Butler, 2007; Saint-Georges et
al., 2008; Herrero et al., 2011; Santos et al., 2019). Trumpinty kapsidiniy
baltymy sintezés sukeltas natyviy virusy eliminacijos fenomenas buvo
pritaikytas universaliam endogeniniy LA ir M virusy eliminavimui (3.1.3
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skyrius). Taip paruosti transkriptominiuose ir proteominiuose tyrimuose
naudoti mieliy kamienai be LA ir/ar M virusy (LukSa et al., 2017;
Konovalovas, 2018). Natyviy LA ir M virusy eliminacija vykdant LA virusy
trumpinty kapsidiniy baltymy sinteze yra itin efektyvi ir nesukelia
citotoksinio efekto mieliy lasteléms.

LA-1 virusy replikacija lasteléje taip pat gali  sutrikdyti
rekombinantiniy LA-1 Gag ir GagPol baltymy sintezé (Valle ir Wickner,
1993). Norint istirti jvairiy LA virusy baltymy specifiskuma natyvioms LA ir
M virusy sistemoms, Siame darbe tirtos skirtingoms filogenetinéms grupéms
priskiriamy LA-1, LA-lus ir LA-28 virusy rekombinantiniy Gag ir GagPol
baltymy saveikos su endogeniniais LA ir M virusais (3.2.1 skyrius).
Nustatyta, jog skirtingy LA virusy koduojami baltymai specifiskai
sgveikauja su tam tikromis virusinémis sistemomis. Minétoji saveika galimai
priklauso ne tik nuo natyvios virusinés sistemos tipo, bet ir nuo lastelés
genetinés aplinkos — tai issiaiskinta tiriant laukinio tipo mieliy kamienus.
Skirtingy LA virusy Gag ir GagPol baltymai geba replikuoti jiems
nebudingus satelitinius virusus, tad LA virusai galimai néra specifiski
konkre¢iam palydovui. Taip pat parodyta, jog natyviy LA virusy replikacijos
sutrikdymas dél rekombinantiniy Gag ir GagPol baltymy sintezés priklauso
nuo M viruso palaikymo Igsteléje (3.2.2 skyrius). Mielése, kuriose M virusai
neaptinkami, LA virusy palaikymas dél rekombinantiniy Gag ir GagPol
baltymy sintezés nesutrikdomas. LA ir M virusai tarpusavyje konkuruoja dél
virusy replikacijai butiny LA viruso koduojamy bei lgstelés-Seimininkés
baltymy. Rekombinantiniy baltymy sgveika su satelitiniais virusais galimai
yra vienas i$ veiksniy, sukelian¢iy natyviy LA virusy eliminacijg i§ lastelés.

Skirtingy LA virusy koduojami baltymai yra panasis, taciau tam
tikri baltyminiy seky regionai yra itin variabiliis (3.2.3 skyrius). ISkelta
prielaida, jog wvariabilios virusiniy baltymy sritys galéty buti svarbios
specifinei LA virusy tarpusavio ar LA ir M virusy sgveikai. Variabiliy sri¢iy
itaka virusy tarpusavio sgveikai tirta pritaikant chimeriniy LA virusy
baltymy raiskos vektorius, kuriuose LA-1 genomo variabilios sekos
pakeistos atitinkamomis LA-lus arba LA-28 virusy sekomis. Nustatyta, jog
Gag baltymo N-gale iSsidéstes variabilus regionas (R1; Gag baltymo
121-210 a.r.) yra galimai svarbus virusiniy baltymy funkcionalumui ir/ar
specifiSkumui uztikrinti (3.2.4 skyrius). Tuo tarpu variabilus regionas,
i$sidéstes GagPol baltymo Pol domeno N-galingje dalyje (R2; Pol domeno
1-446 a.r.), gali buti kei¢iamas tarp skirtingy LA virusy nesutrikdant jprasto
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virusiniy baltymy funkcionalumo (3.2.5 skyrius). Remiantis gautais
rezultatais galima teigti, jog savitas Pol domeno N-galo variabilus regionas
néra svarbus LA virusy specifinei sgveikai su natyviais LA ar M virusais
uztikrinti. Chimeriniai baltymai, turintys GagPol baltymo Pol domeno
C-galinio variabilaus regiono (R3; Pol domeno 600-863 a.r.) pakitimus, yra
prarade laukinio tipo baltymams buidingas funkcijas. R3 chimeriniy baltymy
sintezé, Kitaip nei laukinio tipo baltymy sintezé, daugeliu atvejy nesukelia
natyviy LA virusy eliminacijos ir natyvaus M viruso genomo akumuliacijos
(3.2.6 skyrius). Savitas Pol domeno C-galinis variabilus regionas galimai
svarbus LA virusiniy baltymy funkcionalumui palaikyti ar sgveikai su
natyviais virusais uztikrinti.

Sio darbo metu taip pat buvo jvertintas chimeriniy baltymy, kuriy
visa GagPol baltymo Pol domeno seka pakeista kito tipo LA virusy Pol
domeno seka, jtaka satelitiniy virusy ir natyviy LA virusy palaikymui (3.2.7
skyrius). Tyrimo rezultatai parodé, jog Gag ir GagPol baltymy tarpusavio
sgveika yra itin svarbi LA virusiniy baltymy funkcionalumui uZztikrinti. Viso
Pol domeno pakeitimas galimai sutrikdo normaly GagPol baltymo
susilankstyma ar sgveikag su Gag baltymais, taip paZeidziant Chimeriniy
baltymy funkcionaluma arba pakeiCiant virusiniy baltymy sgveika su
natyviais virusais bei lastelés-Seimininkés baltymais. Rodriguez-Cousino su
kolegomis atlikty tyrimy metu buvo nustatyta, jog chimeriniai baltymai,
sudaryti i§ pilno ilgio LA-1 Gag sekos ir dalinés LA-lus Pol sekos (nuo 35
a.r.) islaiko funkcionalumg, sukelia natyviy LA-2 virusy eliminacijg bei
palaiko satelitinius M1, M2 ir Mlus virusus (Rodriguez-Cousifo et al., 2013;
Rodriguez-Cousino ir Esteban, 2017). Sio darbo metu tirti chimeriniai
baltymai sudaryti i§ dalinés LA-1 Gag sekos (iki 642 a.r.) ir pilno ilgio
LA-lus Pol sekos. Tokie chimeriniai baltymai natyviy LA virusy
eliminacijos ir natyviy M virusy genomo akumuliacijos nesukelia. Remiantis
gautais duomenimis galima daryti prielaida, jog persidengian¢ios Gag ir Pol
domeny sekos yra itin svarbios virusiniy baltymy funkcionalumui palaikyti.
Si prielaida koreliuoja ir su anks¢iau miisy grupéje atliktais tyrimais, kuriy
metu nustatyta, jog su Sia Sritimi galimai saveikauja bent trys
lastelés-Seimininkés baltymai, biitini viruso replikacijai vykti (Konovalovas,
2018).

Remiantis Sio darbo rezultatais galima isskirti kelis LA virusiniy
baltymy sgveikos su endogeniniais LA ir M virusais specifiSkumo lygmenis.
Skirtingy LA virusy trumpinti kapsidiniai baltymai galimai sgveikauja su
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endogeniniy LA virusy baltymais nepriklausomai nuo jy tipo, taip
sudarydami nefunkcionalias kapsides ir sukeldami endogeniniy virusy
eliminacijg 1§ lgstelés. Tuo tarpu LA laukinio tipo baltymy sudaromy
virusiniy daleliy saveika su endogeniniais LA ir M virusais pasiZymi tam
tikru rusiniu specifiSkumu. Pastebéta bendra tendencija, jog rekombinantiniy
Gag ir GagPol baltymy sintezé iSstumia endogeninius LA virusus ir
efektyviai palaiko M palydovus. Kai Igsteléje M virusai néra palaikomi,
rekombinantiniy virusiniy baltymy sintezé endogeniniy LA virusy
replikacijos nesutrikdo. Atsizvelgiant | gautus duomenis galima iskelti
prielaida, jog mielése LA ir M virusy replikacija yra tarpusavyje
konkuruojantys procesai. Rekombinantiniai baltymai efektyviai replikuoja
bitent natyviy M, o ne LA virusy genomus galimai dél to, jog M genomai
yra trumpesni, taip pat juose aptinkama poliA sritis, kuri galéty apsaugoti
virusing RNR nuo lgsteliniy nukleaziy. Chimeriniy LA virusy baltymy
tyrimy rezultaty analizé parodé, jog variabilios virusiniy baltymy sritys yra
funkciskai svarbios specifinés sgveikos tarp virusiniy baltymy ir natyviy
virusy susidarymui. Taip pat galima daryti prielaida, jog specifinéje virusiniy
baltymy saveikoje su endogeniniais virusais dalyvauja tiek Gag, tiek ir
GagPol baltymai.
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ISVADOS

LA virusy rekombinantiniy Gag baltymy, kuriy 36-39 C-galo
aminortgstys yra pakeistos 21 a.r. ilgio seka koduojancia afininius
gryninimo inkarus, sintezé sukelia mieliy lastelése aptinkamy
natyviy LA ir M virusy eliminacijg nepriklausomai nuo LA virusy
tipo.

LA virusy Gag ir GagPol baltymy sintezés sukeltas natyviy LA
virusy eliminacijos fenomenas yra i§ dalies nuo specifinés virusy
sistemos priklausomas procesas.

Rekombinantiniy LA virusy Gag ir GagPol baltymy sintezés
sukeltas endogeniniy LA virusy palaikymo lasteléje sutrikdymas
galimai priklauso nuo satelitiniy M virusy palaikymo lasteléje ir/ar
rekombinantiniy baltymy saveikos su satelitais.

Savitas LA virusy Gag baltymo N-galinis variabilus regionas
(121-210 a.r.) galimai svarbus virusiniy baltymy funkcionalumo
ir/ar specifinés saveikos su satelitiniais virusais palaikymui.

Savitas LA virusy GagPol baltymo Pol domeno N-galinis variabilus
regionas (1-446 a.r.) néra svarbus rekombinantiniy Gag ir GagPol
baltymy sintezés sukeliamai natyviy virusy eliminacijai ar specifinei
sgveikai su satelitiniais M virusais.

Savitas LA virusy GagPol baltymo Pol domeno C-galinis variabilus
regionas (600-863 ar.) yra batinas virusiniy  baltymy
funkcionalumui palaikyti ir/ar dalyvauja specifingje saveikoje su
satelitiniais M virusais.

LA virusy rekombinantiniy Gag ir GagPol baltymy saveika su

endogeniniais LA ir M virusais priklauso nuo GagPol baltymy Pol
domeno suderinamumo su Gag domenu arba Gag baltymais.
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Introduction

Saccharomyces cerevisiae is a genuine model organism in industry
and fundamental research. Yeast has a relatively small genome, and it was
the first fully sequenced eukaryotic genome ever. Some 40% of annotated
yeast genes find homologs in a human genome (Alves-Rodrigues et al.,
2006). S. cerevisiae is an attractive model organism due to its small genome
and ease of cultivation under laboratory conditions. The research involving
baking yeast as a model organism is also convenient because of a broad
range of available molecular biology tools — deletion, overexpression, down-
regulatable essential-gene libraries, and various databases. Yeast research
substantiated insights on numerous critical molecular processes: cell cycle
regulation, transcription, degradation, and translation pathways of mMRNA,
the biology of prions, protein secretion pathways, autophagy, and cell
senescence (Alves-Rodrigues et al., 2006; Wickner et al., 2013; He et al.,
2018; Nielsen, 2019). S. cerevisiae is a desirable model organism in virus
research. Yeast cells are competent for replication of various plant and
animal virus genomes (Nagy, 2008). Using S. cerevisiae as a model
organism, the functionality of proteins from pathogenic viruses such as HIV,
Epstein-Barr, and Hepatitis C was revealed (Blanco et al., 2003; Demarini et
al., 2003; Kapoor et al., 2005). It was also used to identify host factors
involved in the replication of various plant (Nagy, 2008), insect (Huang et
al., 2020), and mammal (Naito et al., 2007; Stellberger et al., 2010) viruses.
Studies of yeast transposons elucidated the mechanism involved in
retroviruses' functioning (Risler et al., 2012; Rausch et al., 2017).

S. cerevisiae and other yeast species of the Saccharomyces genus
possess endogenous sSRNA and dsRNA viruses (Drinnenberg et al., 2011,
Wickner et al., 2013). The best-known are killer phenotype-encoding LA
and M dsRNA viruses of the Totiviridae family. LA genome encodes capsid
protein Gag and a fusion protein GagPol, which functions as
RNA-dependent RNA polymerase; these proteins are necessary for LA and
M virus replication. M virus genome encodes toxin and immunity to that
toxin (Wickner et al., 2013). Up to now, a range of different LA and M
viruses have been identified. In nature, M viruses are detected altogether
with their specific helper virus LA (Vepstaité-Monstaviéé et al., 2018). It is
unknown if the observed specificity is a random evolutionary event or has a
particular role in different viral systems' functioning. The interplay between
LA viruses and M viruses and the specificity determinants are not fully
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understood. The research of the mentioned aspects is essential for
understanding the biocidic phenotype of yeasts and revealing the ontogenesis
mechanism of these viruses.

Research aim

The investigation of compatibility of LA and M viruses in S.
cerevisiae and identification of potential specificity determinants.

Objectives

1. Evaluation of the impact of expression of truncated Gag proteins
from different LA viruses on the maintenance of endogenous
LA and M viruses.

2. Examination of the interactions of various endogenous LA and
M viruses with heterologous LA-1, LA-lus, and LA-28 viral
particles.

3. Investigation of the role of variable sequences of LA proteins in
interactions between recombinant viral proteins and endogenous
LA and M viruses.

Scientific novelty

This study evaluated the impact of recombinant LA viral protein
expression on all known S. cerevisiae LA and M viral systems and one
related, belonging to the S. paradoxus viral system. It was found that the
expression of truncated LA capsid protein Gag causes the elimination of
native yeast viruses despite their type. For the first time, the interactions of
LA-1, LA-lus, and LA-28 viral proteins with native viral systems were
studied systematically. To achieve this, we used viral protein expression
vectors, which allowed us to exclude the impact of external cellular factors
resulting from cytoplasm fusion, a standard method to study interactions
between viruses. The results indicate that the specificity of interactions
between recombinant LA proteins and endogenous Yyeast viral systems could
depend on the specific type of M virus. The M satellite's maintenance is an
essential factor in the interplay of LA recombinant protein with native LA
virus. The expression vectors of chimeric LA viral proteins were constructed
to examine the mechanism of specific LA protein interactions within native
viral systems. The chimeric proteins are designed to change the variable
protein sequences from one LA virus into a corresponding sequence of
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another LA virus. The studies of the impact of chimeric protein expression
on native viral systems provided insights into the functionality of variable
viral protein sequences and their role in establishing the specific interactions
between different viruses.

Research significance

LA and M viruses are broadly spread in wild-type and laboratory
S. cerevisiae strains (Pieczynska et al., 2013). Since yeast is a classical
model organism used to investigate various molecular processes, it is crucial
to evaluate the overall impact of LA and M virus maintenance on a cell.
Until now, LA and M viruses from host cells are typically eliminated by
treatment with 5-FU, cycloheximide, or by growing yeast at elevated
temperature (Fink and Styles, 1972; Tipper and Schmitt, 1991; Weinstein et
al., 1993). These treatments are cytotoxic and could result in false positive or
false negative hits in various -omics experiments (Sakaki et al., 2003; Seiple
et al., 2006; Hoskins and Butler, 2007; Saint-Georges et al., 2008; Herrero et
al., 2011; Santos et al., 2019). The method for elimination of native LA and
M viruses from cells developed during this work was used to prepare yeast
strains for transcriptomics and proteomics studies (Luksa et al., 2017
Konovalovas, 2018). The results obtained in this study also indicate that
capsid proteins of different LA types can directly interact with each other.

In nature, different M viruses are found along with specific LA
viruses (Vepstaité-Monstaviceé et al., 2018). As a result of this phenomenon,
researchers proposed the coevolution hypothesis, which states that LA
viruses evolved to propagate only a particular M virus (Rodriguez-Cousino
and Esteban, 2017). The mechanisms ensuring this kind of distinction are
unknown. The interactions of different LA viruses are unidentified as well.
We developed the methodology to analyze LA viral protein interactions with
endogenous LA and M viral systems. It was found that different LA viruses
can propagate various M viruses, suggesting partially non-specific LA and
M virus interactions. On the other hand, the impact of viral proteins from
various LA viruses on endogenous LA viruses differed depending on the
native viral system type. If the satellite virus is absent, the observed
interactions of ectopically expressed proteins and endogenous LA virus
change. With that in mind, it seems that LA and M viruses function as an
intertwined system. As was mentioned before, the reasons for observed
specificity are unknown. The viral protein sequences of different LA types
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are vastly similar (87-98 % identity) (Vepstaité-Monstavicé et al., 2018),
although in alignment of viral proteins sequences, highly variable regions
could be identified. We raised the idea that variable viral proteins regions
could establish specific interactions between different viruses. The impact of
chimeric LA viral protein expression on native viral systems was addressed.
The obtained results enlightened specific LA protein sequence
functionalities and their role in the specificity of interactions between
Viruses.
Findings presented for the defense

1. The expression of truncated LA capsid proteins causes the
non-specific elimination of endogenous LA and M viruses.

2. The Gag and GagPol proteins encoded by genomes of different LA
viruses interact with endogenous LA and M viruses in a partially
specific manner.

3. The impact of recombinant viral proteins on the replication of
endogenous LA viruses is linked to the type of endogenous M virus
and its maintenance in a host cell.

4. The variable sequences of LA Gag and GagPol proteins have
different roles in the interaction between LA and M viruses and
assurance of viral protein functioning.
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1. Materials and methods
1.1 Materials

1.1.1 Reagents
All reagents used in this study were of the highest quality available.
1.1.2 Enzymes and DNA ladders

DNA polymerases "Phusion™ and "DreamTaq", reverse transcriptase
"Maxima", polynucleotide kinase "T4 PNK ", alkaline phosphatase
"FastAP", deoxyribonuclease"DNasel”, T4 DNA ligase, restriction
endonucleases, DNA ladders "O'GeneRuler DNA Ladder Mix "and
"GeneRuler™ 1kb DNA ladder mix ". Enzymes and DNA ladders were
obtained from "Thermo Scientific" and used according to the manufacturer's
recommendations.

1.1.3 Molecular biology kits

DNA purification kits "GeneJET Gel Extraction Kit "and
"GeneJETMiniprep Kit "were obtained from "Thermo Scientific "and used
according to the manufacturer's recommendations.

1.1.4 Growth media

Table 1.1 Growth medias used in this study.

Medium | Composition

LB 1 % peptone, 0,5 % yeast extract, 0,5 % NaCl. For agarized media, 2
% of agar was added.

2 % peptone, 1% yeast extract, 2 % glucose. For agarised media, 2 %

YPD of agar was added.

0,5 % yeast extract, 0,5 % peptone, 0,95 % citric acid, 1,4 %
MD Na,HPO, x 12H,0, 2 % glucose, 2 % agar and 0,015 % methylene
blue (depending on strain tested pH adjusted to 4,7 — 5,2).
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1.1.5 Bacterial and yeast strains

Table 1.2 Bacterial and yeast strains used in this study.

Strain

name Species Genotype Reference

F- endAl deoR+ recAl
galE15 galK16 nupGrpsL
A(lac)X74 p80lacZAM15 Invitrogen
araD139 A(ara,leu)7697
mcrA A(mrr-hsdRMS-
mcrBC) StrR A—

DH10B E. coli

. MATahis341 leu240 Brachmann et al.,
BY474l | S.cerevisiae | 1540 wra340, ScV-LA-1 | 1998
BY4741AL S, cerevisiae MATahis341 leu240 Konovalovas,
A ' metl1540 ura340, LA-0 2018
Citavi&ius and
a'l S. cerevisiae MATa, leu2-2 Inge-Vectomov,
1972
. . Somers and
K7 S. cerevisiae MATa, arg9, kil-K1 Bevan, 1969
K7AM S. cerevisiae MATa, arg9, kil-K1-0 This work
Rom K- . Jokantaiteet al.,
100 S. cerevisiae ScV-LA-2, M-2 1982
.. Naumova
M437 S. cerevisiae ScV-LA-lus, M-2 andNaumov, 1973
M437ALA | S. cerevisiae ScV-LA-lus-0, M-2-0 This work
Vepstaité-
SRB-15-4 S. cerevisiae ScV-LA-lus, M-lus Monstavicéeéet al.,
2018
Pfeiffer and
K28 S. paradoxus | SpV-LA-28, M-28 Radler, 1984
1.1.6 Oligonucleotides
Table 1.3 Oligonucleotides used in this study.
Name Sequence (5'—3") Remarks
GCGGATCCTTAAAAATGTT
YCFH-AK3 | GAGATTCGTTACCAAAAAC
TCTCAAG Primers for amplification of LA-1

CTCACGCGGCCGCAGATCT | Gag coding sequence (to 641 aa)
YCFH-AK4 | GAAACCCTGCTGCGTACGG
CGTACACTAC

AAGTCAATTTCGTGCTTAT
G Primers for amplification of
partial pY AK-G plasmid
LA-1.R1.R CGTGATTGTCATACCAAC sequence.

LA-1.RL.F
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Primers for amplification of
LA-lus.R1.F ;GACATTACTCATGAATAT C-terminal variable coding
sequence of LA-lus Gag protein.
Primers for amplification of
LA-28.R1.R | CAGTAACGGTCAGTGGTC C-terminal variable coding
sequence of LA-28 Gag protein.
LA-1.R2.F GATGTTCTCACTCACAAG Primers for amplification of
LA-LR2R | TGCTGAGTACGACGC partial pYAK-G-LA-1 plasmid
sequence.
Primers for amplification of
LA-lus.R2.F | GGGTTTAGGAGTGGTAGG | coding sequence of LA-lus Pol
protein.
LA-28.R2.F | GGGTTTAGGAGTGGTAGG Primers for amplification of
N-terminal variable coding
LA-28.R2.R | CTCGCACCTGAACATAG sequence of LA-28 Pol protein.
LA-1.R3.F AGGTCATACTGTAATTGCC | Primers for amplification of
LA-LR3R | GCGTCCATTATTCTTACTG | Partial PYAK-G-LA-1 plasmid
sequence.
Primers for amplification of
LA-lus.R3.F | GATGCATAGAATCAATG coding sequence of LA-lus Pol
protein (from 3723 bp).
Primers for amplification of
LA-28.R3.F | TATGCACAACATTAATGC coding sequence of LA-28 Pol
protein (from 3723 bp).
TEE CATTAGAAAGAAAGCATA | Primer complement to TEF1
GC (P promoter sequence.
cycl GCGTGAATGTAAGCGTGA | Frimer complement to CYC1
terminator sequence.
M1-dir GAAAAATAAAGAAATGAC | Primers for amplification of
GAAGCC coding sequence of preprotoxin of
M1-rev CCCTAGTGGCCTGTGTCAC | M1.
1.1.7 Plasmids
Table 1.4 Plasmids used in this study.
Plasmid Description Reference
pYM-14 Chromosomal integration plasmid. Euroscarf
~ DNA copy of dsSRNA LA virus genome from Konovalovas,
pUC19-romL S. cerevisiae Rom K-100 strain. 2018
pUC-19- DNA copy of dsRNA LA virus genome from Konovalovas,
m437L S. cerevisiae M437 strain. 2018
_ DNA copy of dsSRNA LA virus genome from Konovalovas,
pUC19-28L S. paradoxusK28 strain. 2018
YAK3 Yeast expression vector: ColE1 ori, 2mkm, AmpR, Konovalovas,
P URA, PTEFL TeveL 2018
pYAKS3- . . i . Konovalovas,
L Acds Yeast expression vector coding LA-1 viral proteins. 2018
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Yeast expression vector: ColE1 ori, 2mkm, AmpR,

pYAK-G URA, KanMX, PTEFl, TCYCl. This work
) Yeast expression vector coding truncated LA-1 Gag Konovalovas,
PYAK3-GagA protein (1-641 aa). 2018
pYAK3-LA- Yeast expression vector coding truncated LA-lus Konovalovas,
lus-GagA Gag protein (1-641 aa). unpublished
pYAK-G-LA- | Yeast expression vector coding truncated LA-1 Gag -
1AGag protein (1-641 aa). This work
pYAK-G-LA- | Yeast expression vector coding truncated LA-2 Gag This work
2AGag protein (1-644 aa).
PYAK-G-LA- | Yeast expression vector coding truncated LA-lus This work
lusAGag Gag protein (1-641 aa).
PYAK-G-LA- | Yeast expression vector coding truncated LA-28 Gag This work
28AGag protein (1-644 aa).
EYAK‘G_LA- Yeast expression vector coding LA-1 viral proteins. | This work
pPYAK-G-LA- Yeast_ expression vector coding LA-lus viral This work
lus proteins.
pYAK-G-LA- | Yeast expression vector coding LA-28 viral .
. This work
28 proteins.
Yeast expression vector coding chimeric LA-1 viral
YAK-G-LA proteins. The variable C-terminal coding sequence of
E R1 L-A I "~ | LA-1 Gag protein (383 — 629 bp) is changed to the This work
RLLAUS corresponding sequence of LA-lus Gag protein-
coding sequence.
Yeast expression vector coding chimeric LA-1 viral
_~_1 A_ | proteins. The variable C-terminal coding sequence of
rl)YRAl‘PEE ZIEBA LA-1 Gag protein (383 — 629 bp) is changed to the This work
S corresponding sequence of LA-28 Gag protein-
coding sequence.
Yeast expression vector coding chimeric LA-1 viral
_~_1 A_ | proteins. The variable N-terminal coding sequence of
ET{;PEE ILA LA-1 Pol protein (1929 — 3267 bp) is changed to the | This work
ReLAAUS corresponding sequence of LA-lus Pol protein-
coding sequence.
Yeast expression vector coding chimeric LA-1 viral
_~_1 A_ | proteins. The variable N-terminal coding sequence of
E\EQTE ZIEBA LA-1 Pol protein (1929 — 3267 bp) is changed to the | This work
e =M corresponding sequence of LA-28 Pol protein-coding
sequence.
Yeast expression vector coding chimeric LA-1 viral
_~.1 A. | proteins. The variable C-terminal coding sequence of
ET??PEA(\; ILA LA-1 Pol protein (from 3273 bp) is changed to the This work
Ro.LA-IUS corresponding sequence of LA-lus Pol protein-
coding sequence.
Yeast expression vector coding chimeric LA-1 viral
_~.1 A. | proteins. The variable C-terminal coding sequence of
ET??PEA(\;-ZIESA LA-1 Pol protein (from 3273 bp) is changed to the This work

corresponding sequence of LA-28 Pol protein-coding
sequence.
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Yeast expression vector coding chimeric LA-1 viral
pYAK-G-LA- | proteins. The coding sequence of LA-1 Pol protein is This work
1.G.LA-lus.P changed to the corresponding sequence of LA-lus

Pol protein-coding sequence.

Yeast expression vector coding chimeric LA-1 viral
PYAK-G-LA- | proteins. The coding sequence of LA-1 Pol protein is This work
1.G.LA-28.P changed to the corresponding sequence of LA-28 Pol

protein-coding sequence.

1.1.8 Solutions

1.5 Solutions used in this study

Solution Composition

TB buffer

50 mMTris-HCI (pH 9,3),
1% B-mercaptoethanol.

TES buffer

10 mMTris-HCI (pH 7,3), 10mM EDTA, 100
mMNaCl, 0.2% SDS

IXLIAC/IXTE

100 mM lithium acetate (pH 7,5),
10 mMTrisHCI(pH 7,5), 1 mM EDTA (pH 8)

IXLiAc/1XTE/40%PEG4000

40% PEG-4000

100 mM lithium acetate (pH 7,5),
10 mMTrisHCI (pH 7,5), 1 mM EDTA (pH 8),

,»Sodium solution*

MgClz

5 mMTris-HCI (pH 8), 100 mMNaCl, 5 mM

,,Calcium solution®

MgCl,

5 mMTris-HCI (pH 8), 100 mM CaCl,, 5 mM

1X TE buffer

10 mMTris-HCI(pH 7,5), 1 mM EDTA (pH 8)

NaOH/SDS solution

100 NaOH, 1% SDS

1.2 Methods

1.2.1 Protein expression vectors

Expression vectors were constructed by standard cloning methods.
All constructed vectors for correct coding sequences were confirmed by

sequencing.

1.2.2 Identification of variable regions of LA viral proteins

Sequences of 4 different LA viruses (LA-1 (accession no. J04692),
LA-2 (accession no. KC677754), LA-lus (accession no. JN819511), LA-28
(accession no. KU845301) proteins were aligned to each other with
UniproUGene software (version 34.0). Regions with the lowest percentage
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identity were chosen for the construction of chimeric protein expression
vectors.

1.2.3 Total RNA and dsRNA extraction

Yeast strains were inoculated into 4 mL YPD and grown for 16-20
hours at 30 °C on a shaker at 200 rpm. 1 mL of resulting culture was
collected by 1 min centrifugation at 6000xg and washed with 1 mL of
50 mM EDTA. Collected cells were suspended in 1 mL TB buffer and
incubated for 15 min at room temperature. After incubation, yeast were
collected by centrifugation, resuspended in 800 uLL TES buffer and 600 pL
phenol solution (pH 5,2), and incubated for 45 min on a shaker. After
incubation, samples were centrifuged for 30 min at 20000xg at 4 °C. The
aqueous phase was transferred to a new tube, 60 uL of sodium acetate
(pH 5.2), and 660 pL was added. Nucleic acids were pelleted by
centrifugation at 20000xg for 10 min at room temperature. Pellet washed
with 70% ethanol, dried, and dissolved in 20 puL of nuclease-free water.

DsRNA was extracted by treatment with 2.8 M LiCl. The total RNA
sample was mixed with LiCl and incubated overnight at 4 °C. After
incubation, ssRNAwas pelleted by centrifugation at 20000xg for 45 min at
4 °C. dsRNA pelleted from the supernatant by mixing it with 1/10 volume of
3M NaCl and 1 volume of isopropanol. Pellet washed with 70% ethanol,
dried, and dissolved in 10-20 pL of nuclease-free water.

1.2.4 Yeast transformation

Yeast were transformed by lithium, acetate, and polyethylene glycol
method (Agatep et al., 1998) with adjustments. Yeast strain was inoculated
into 4 mL YPD and grown for 16-20 hours at 30 °C on a shaker at 200 rpm.
500 uL of resulting culture was transferred to 50 mL of fresh YPD medium
and incubated at 30 °C on a shaker at 200 rpm until it reached ODggo- 0.7.
Yeast cells were collected by 5 min centrifugation at 1000xg and washed
with 2 mL of sterile water. Collected cells were resuspended with
300 puL1XLiAc/IXTE buffer (100 mMLiAc (pH 7.5), 10 mMTris-HCI (pH
7.5), 0.5 mM EDTA (pH 8). For each transformation, 100 puL of competent
yeast cells were mixed with 0.5-1 pg of plasmid and 600 pL of
IXLiAC/1XTE/40% PEG buffer (100 mMLIiAc (pH 7.5), 10 mMTris-HCI
(pH 7.5), 0.5 mM EDTA, 40% PEG 4000). The resulting mixture was
incubated for 30 min at 30 °C on a shaker at 200 rpm. Before heat shock, 70
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uL of DMSO was added. Heat shock was carried out by heating a sample for
15 min at 42 °C temperature. After heat shock, cells were collected by brief
centrifugation of 10 s at 14000xg and resuspended in 1 mL of YPD medium.
Cells incubated for 2 hours at 30 °C on a shaker at 200 rpm to express the
resistance gene. After incubation, cells were collected by brief centrifugation
and plated on YPD plates supplemented with G418 for selection.

1.2.5 Elimination of M1 virus from K7 strain

M1 virus elimination from the K7 yeast strain was performed by
growing yeast cells at elevated temperatures. Yeast were streaked on YPD
agar plates and grown at 37 °C for two days. Grown colonies were streaked
on new YPD agar plates and grown at 30 °C for two more days. For killer
phenotype examination, the resulting colonies were transferred on MBA
plates with an overlay of a'1 K1 sensitive strain and grown at 20 °C for three
days. Colonies not exhibiting killer phenotype (no formation of halos) were
selected for total RNA and dsRNA purification. The elimination of the M1
virus was confirmed by analyzing dsRNA in agarose gel electrophoresis (the
M1 dsRNA fraction was not observed) and 2-step RT-PCR using primers
specific for the M1 coding sequence.

1.2.6 Densitometric analysis

Densitometric analysis was used to quantify the relative amount of
LA and M virus dsRNA genomes. Total RNA or dsRNA electrophoresis
gels were analyzed by ImageJ software (version 1.52a). LA and M virus
dsRNA amount for each sample was normalized by 18S rRNA and
compared to control samples' values. For each yeast transformation, three
biological replicates with three technical replicates per sample (total 9) were
used.

1.2.7 Statistical analysis

Statistical analysis was performed using R software (version R-
3.6.2). The obtained values from the densitometric analysis were checked for
normality by the Shapiro-Wilk test. To examine if values between the
control sample and specific transformants differ significantly, we applied
Student's t-test. P values below 0.05 were considered statistically significant
(*P<0.05, **P<0.01, ***P<0.001). Box plots were drawn by R package

ggplot2.
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2. Results

2.1 The impact of expression of truncated Gag proteins from different
LA viruses on inherent LA and M viruses

LA and M viruses are widespread in the Saccharomyces genus
(Drinnenberg et al., 2009; Chang et al., 2015). Usually, these viruses are
maintained stably in cells and spread only by cell division or mating
(Rowley, 2017). However, it is known that LA and M viruses could be
eliminated from yeast by constitutive expression of truncated LA-1 capsid
proteins (Yao and Bruenn, 1995; Ribas and Wickner, 1998). Wild type LA-1
capsid protein Gag is composed of 680 aa; the first 651 aa makes a
structured part of Gag protein while the last 29 C-terminal aa are disordered
(Naitow et al., 2002). The expression of truncated Gag protein (473 aa)
eliminates LA-1 and M1 viruses; however, shorter or longer versions of Gag
protein do not affect endogenous LA-1 virus maintenance in a cell (Yao and
Bruenn, 1995). According to the Wickners' group research, the expression of
635-665 aa long Gag protein causes the loss of the M1 virus; shorter Gag
versions do not affect M1 virus maintenance in a cell (Ribas and Wickner,
1998). It is also known that truncated Gag proteins cannot form a viral
capsid solely, but they could be incorporated into viral particles together
with wild-type Gag and GagPol proteins (Yao and Bruenn, 1995; Ribas and
Wickner, 1998).

The research of our group has shown that the expression of truncated
LA-1 capsid protein (deletion of the C-terminal 39 aa.) causes the loss of
LA-1 viruses from the laboratory strain BY4741. Truncated Gag proteins
can form empty viral particles together with wild-type Gag proteins. Empty
(without viral RNA) viral particles could be formed if GagPol proteins are
not incorporated into a viral particle (Konovalovas, 2018). Until now, it was
unclear if the elimination of endogenous viruses by expression of truncated
Gag proteins depends on a type of native viral system. We evaluated the
impact of different truncated Gag proteins expression on various endogenous
viral systems inS. cerevisiae and S. paradoxus strains to address this
problem.
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2.1.1 The impact of the truncated LA-1, LA-2, LA-lus, and LA-28 capsid
proteins expression on endogenous LA and M viruses

Currently, different LA and M viral systems are found in
the Saccharomyces genus. According to phylogenetic analysis of LA viruses
found inS. cerevisiae and S. paradoxus strains, LA viruses associated
with S. paradoxus are more homogenous than S. cerevisiae LA viruses
(Vepstaité-Monstavicé et al., 2018). During this work, we studied all
known S. cerevisiae LA and M viral systems (LA-1, M1; LA-2, M2; LA-lus,
M2; LA-lus, Mlus) and one S. paradoxus viral system (LA-28, M28).
Studied LA viruses fall into three different phylogenetic clusters (Fig. 1).
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Figure 1. The phylogenetic tree of LA viral proteins fromS. cerevisiae and S. paradoxus
yeast (Vepstaité-Monstavicé et al., 2018). The red outline marks viruses studied in this
work.

To evaluate the impact of truncated LA-1 capsid protein expression
on native LA viruses, the constitutive expression vector (P"=') of truncated
LA-1 Gag protein (39 C-terminal aa were changed to 21 aa long affinity tag
sequence) was constructed. S. cerevisiae and S. paradoxus strains harbouring
different LA and M viruses were transformed by truncated LA-1 Gag protein
expression vector (pYAK-G-LA1AGag) and an empty control vector
(PYAK-G). Two of the strains named BY4741 (LA1) and K7 (LA-1, M1)
used in this study are commonly employed for research and industry
purposes. The other strains, Rom K-100 (LA-2, M2), M437 (LA-lus, M2),
SRB-15-4 (LA-lus, Mlus), and K28 (LA-28, M28), are wild type strains
isolated from natural habitats. The impact of truncated Gag protein
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expression on native viruses was evaluated by electrophoretic analysis of
total RNA (Fig. 2A) and dsRNA (Fig. 2B) extracted from yeast
transformants. In control samples, the distinct band of LA dsRNA is
observed, while in test samples, no dsRNA of LA virus can be detected.
RT-PCR confirmed the elimination of native LA viruses from BY4741, K7,
and M437 strains (data not shown). In the case of M viruses, the same effect
is observed: dsRNA of M viruses were not detected, and transformed strains
lost the killer phenotype.

For more detailed studies of this phenomenon, expression vectors of
truncated LA-2, LA-lus, and LA-28 capsid proteins were constructed. The
yeast strains mentioned above were transformed by resulting protein
expression vectors. The impact of recombinant proteins on endogenous viral
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Figure 2. The impact of truncated LA-1 Gag protein overexpression on native LA and M
viruses maintenance in Rom K-100, SRB-15-4, M437, K28 yeast strains. Agarose gel
electrophoresis of total RNA (A.) and dsRNA (B.) isolated from from respective yeast
strain transformants; LA-1AGag — samples transformed with truncated LA-1 Gag protein
expression vector, - — control samples; M column is the molecular size marker
(GeneRuler DNA Ladder Mix, Thermo Scientific).
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systems was estimated by analyzing ssRNA and dsRNA extracted from
yeast transformants. All the yeast transformants lost native LA and M
viruses (Fig. 3).
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Figure 3. The impact of truncated LA-1, LA-2, LA-lus, and LA-28 Gag proteins
overexpression on native LA and M viruses maintenance in K7 yeast strain. Agarose gel
electrophoresis of total RNA isolated from respective yeast strain transformants;
LA-1/LA-2/LA-lus/LA-28AGag — samples transformed with truncated LA Gag protein
expression vectors, - — control sample; M column is the molecular size marker
(GeneRuler DNA Ladder Mix, Thermo Scientific).

The expression of truncated LA capsid proteins causes the loss of
native LA viruses; consequently, M viruses are lost. This process is not
dependent on the type of endogenous viral system. Analysis of obtained
results suggests that truncated LA capsid proteins can interact with wild type
Gag proteins of different LA origins and form non-functional viral particles,
which eventually lead to the loss of native LA and M viruses.

2.1.2 The universal method for endogenous LA and M virus elimination

Usually, LA viruses are eliminated from yeast cells by treatment
with 5-FU, cycloheximide, or growing yeast at elevated temperatures (Fink
and Styles, 1972; Tipper and Schmitt, 1991; Weinstein et al., 1993). These
treatments are cytotoxic (Sakaki et al., 2003; Seiple et al., 2006; Hoskins
and Butler, 2007; Saint-Georges et al., 2008; Herrero et al., 2011; Santos et
al., 2019). Furthermore, some LA types are resistant to heat treatment and
cannot be eliminated by growing yeast at elevated temperatures
(Rodriguez-Cousifio et al., 2013). The elimination of endogenous LA and M
viruses by expressing truncated LA capsid proteins is beneficial and does not
have a cytotoxic effect. Therefore it is a suitable method for preparing yeast
strains without viruses, which could be used in various —omics experiments.
To study the impact of LA-lus and M2 virus maintenance on host cell gene
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expression, our research group, together with the E. Serviené group, carried
out transcriptomic studies of the M437 (LA-lus, M2) strain. The LA-lus
virus is resistant to heat treatment, so the alternative method for eliminating
the virus was chosen. The truncated LA-1 capsid protein expression let us
eliminate native LA-lus and M2 viruses from the M437 strain. The resulting
virus-free strain was used in transcriptomics studies. It was shown that the
maintenance of LA viruses causes the upregulation of genes involved in
amino acid and lipid biosynthesis, cellular transport, energy production, and
downregulation of genes involved in ribosome biogenesis and stress
response (Luksa et al., 2017). The same method for eliminating endogenous
viruses was used to prepare the BY4741 yeast strain without the LA-1 virus.
The virus-free BY4741 strain was used in proteomic studies. Based on the
preliminary result of proteomic studies, LA viral proteins interact with 329
host proteins. All host proteins interacting with viral proteins were assigned
to three groups: interacting with Gag protein, interacting with the C-terminal
part of Gag protein, and interacting with virus particle inner structures. The
thirteen identified proteins modulate the amount of endogenous LA-1
dsRNA in a cell (Konovalovas, 2018).

2.2 The interaction of recombinant Gag and GagPol proteins with
endogenous viral systems

Typically, only one type of LA and M viral system is maintained in
a yeast strain. If yeast cells with different LA viruses are fused by mating or
cytoduction, only one type of LA virus remains (Rodriguez-Cousifio et al.,
2013; Rodriguez-Cousino and Esteban, 2017). A similar effect was observed
when LA-1 viral proteins were expressed from a plasmid. The expression of
functional recombinant LA-1 Gag and GagPol proteins causes loss of
endogenous LA-1 virus. Nevertheless, the M1 virus is maintained by
functional recombinant proteins. The elimination of endogenous LA-1 virus
happens only if both Gag and GagPol proteins are expressed (Valle and
Wickner, 1993; Yao et al., 1995). This competition between LA viruses
could act through interactions with host proteins needed for viral RNA
replication or transcription.

The specificity of different LA virus interactions with various LA
and M viral systems is not fully explored. To study that by mating yeast cells
or cytoduction is problematic because, during these processes, viruses are
transferred together with various cellular factors, which could have a
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phenotypical impact on yeast cells (Mazar et al., 2000; Montanari et al.,
2014; Suzuki et al., 2015). In this work, to study the specificity of LA
interactions with various LA and M viral systems, we used expression
vectors of different LA virus proteins. In this way, a homogenous
environment is ensured. The impact of M virus maintenance in a cell for the
recombinant proteins interactions with native viruses was also addressed.

2.2.1 The impact of different LA virus Gag and GagPol protein
expression on endogenous LA and M viruses

The constitutive expression vectors of LA-1, LA-lus, LA-28 viral
proteins were constructed and used to study the specificity of interactions
between different LA and M viruses. S. cerevisiae (BY4741 (LA-1), K7
(LA-1, M1), Rom K-100 (LA-2, M2), M437 (LA-lus, M2), SRB-15-4
(LA-lus, Mlus)) and S. paradoxus (K28 (LA-28, M28)) strains maintaining
different viral systems were transformed by the constructed vectors. The
impact of recombinant proteins expression on endogenous viruses was
evaluated by analysis of total RNA and dsRNA isolated from transformants.
For detailed analysis, three biological replicates with three technical
replicates of each transformant were used. DsSRNA amount was normalized
by 18S rRNA amount.

Expression of recombinant LA-1 viral proteins eliminates native LA
viruses from K7 (LA-1, M1), Rom K-100 (LA-2, M2), SRB-15-4 (LA-lus,
Mlus), and K28 (LA-28, M28) strains; on the contrary, the amount of
endogenous M viruses genomes increases (except K28 (LA-28, M28) strain)
(Fig. 3, Fig. 4 and Fig. 5). The impact of LA-1 viral proteins expression on
endogenous K28 (LA-28, M28) LA-28 virus meets recently published
results. On the other hand, studies done by Rodriguez Cousino and his group
show that LA-1 viral protein expression causes the increase of the M28 virus
genome amount (Rodriguez-Cousino et al., 2017). The use of genetically
distinct strains could be the reason for discrepancies between the published
results and results obtained in this work. The impact of recombinant LA-1
viral proteins on endogenous viruses of BY4741 (LA-1) and M437 (LA-lus,
M2) contrasts with the results described above (Fig. 4 and Fig. 5). In this
case, endogenous LA viruses are not lost, and in BY4741 (LA-1) strain, even
the increase of LA-1 dsRNA genome amount is observed. Different effects
of recombinant LA-1 Gag and GagPol proteins expression on endogenous
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viruses could be determined by the diverse genetic background of tested
strains or specific recombinant proteins interactions with particular viruses.
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Figure 4. The impact of LA-1 Gag and GagPol proteins overexpression on native LA and
M viruses maintenance in BY4741, K7, Rom K-100, SRB-15-4, M437, and K28 yeast
strains. Agarose gel electrophoresis of dsRNA isolated from respective yeast strain
transformants; LA1-GagPol — samples transformed with LA-1 proteins expression vector,
- — control samples; M column is the molecular size marker (GeneRuler DNA Ladder
Mix, Thermo Scientific).

Results obtained with LA-lus and LA-28 recombinant proteins were
somewhat similar (Fig. 5). The endogenous LA viruses of BY4741 (LA-1)
and M437 (LA-lus, M2) strains are maintained stably in a host cell
regardless of different recombinant LA proteins expression. In BY4741
(LA-1), the native LA-1 viral genome's amount increases when LA-1 or
LA-lus viral proteins are expressed. This phenomenon could be related to the
fact that only Gag protein expression results in the accumulation of
endogenous LA-1 virus genome (Wickner et al., 1991). It could be that LA
recombinant proteins cause more efficient replication of viruses. The
exclusive effect of recombinant proteins on the BY4741 (LA-1) endogenous
LA-1 virus is possibly associated with the absence of the M1 virus in a cell.
LA and M viruses could be competing for cellular factors or viral proteins
needed for their replication, so the absence of the M virus creates a
competition-free environment. M437 (LA-lus, M2) yeast strain is unique
because it maintains the unusual LA-lus virus and M2 satellite's viral system.
However, ordinarily, LA-lus viruses are accompanied by Mlus viruses in
nature. The M437 (LA-lus, M2) strain may have a specific genetic
environment that enables the stable maintenance of the unique LA and M
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viral system, which is not disturbed by the expression of recombinant viral
proteins. The expression of LA-lus viral proteins causes the accumulation of
LA-1 viral genome in K7 (LA-1, M1) strain, while LA-28 recombinant
proteins do not strongly affect endogenous LA viruses of K7 (LA-1, M) and
K28 (LA-28, M28) strains.
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Figure 5. The impact of LA-1, LA-lus, LA-28 Gag and GagPol proteins overexpression
on native LA viruses maintenance in BY4741, K7, Rom K-100, SRB-15-4, M437, and
K28 yeast strains. Relative change of native LA virus dsSRNA genome amount compared
to control samples (-). Examined yeast strains specified at the top, protein expression
vectors used are listed below. Grey dots indicate individual samples, red dots denote
outliers. Statistical significance evaluated by Student’s t-test. P values below 0.05 were
considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

In terms of recombinant LA proteins expression impact on
endogenous M viruses, various effects were observed. The expression of
LA-1 and LA-lus proteins resulted in the accumulation of M viruses
genomes (from 3,8 to 8,5 fold increase) in all tested strains, except K28
(LA-28, M28) (Fig. 6). Since in most of the tested strains, endogenous LA
viruses are eliminated, it could be stated that recombinant LA-1 and LA-lus
proteins can interact with different M viruses and replicate them. On the
other hand, the expression of LA-28 recombinant proteins, in most cases,
had no impact on native M viruses. The increase of endogenous Milus
satellite genome is observed only in SRB-15-4 (LA-lus, Mlus) strain, while
in the K28 (LA-28, M28) strain, the amount of endogenous M28 genome is
decreased. The latter result is unexpected since recombinant LA-28 viral
proteins should replicate its M28 satellite. We noticed that the viral system
of the K28 (LA-28, M28) strain is generally unstable, so it is probable that
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any changes in a host cell could lead to the decrease of native viruses'
genome amount. The expression of LA-28 viral proteins leads to the loss of
native LA viruses in Rom K-100 (LA2, M2) and SRB-15-4 (LA-lus, Mlus)
strains. However, satellite viruses are not lost, which means that recombinant
LA-28 viral proteins replicate its atypical M2 and Mlus viruses. Generally,
the distinctive impact of LA-28 recombinant proteins on native viral systems
could be explained by the fact that LA-28 viruses are attributed
to S. paradoxus species. In contrast, other LA viruses studied in this work
belong to the S. cerevisiae species.
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Figure 6. The impact of LA-1, LA-lus, LA-28 Gag and GagPol proteins overexpression
on native M viruses maintenance in BY4741, K7, Rom K-100, SRB-15-4, M437, and K28
yeast strains. Relative change of native M virus dsSRNA genome amount compared to
control samples (-). Examined yeast strains specified at the top, protein expression vectors
used are listed below. Grey dots indicate individual samples, red dots denote outliers.
Statistical significance evaluated by Student’s t-test. P values below 0.05 were considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

Based on the discussed results, it is likely that the interactions
between different LA viruses depend on their type, the host cell's genetic
environment, and the presence of M viruses and their type. The molecular
mechanism involved in interactions between LA wild-type viral proteins and
endogenous LA viruses and interaction between truncated LA capsid
proteins and endogenous LA viruses differs. Contrasting with the specific
impact of wild type LA viral proteins expression on different native viral
systems, expression of all LA truncated capsid proteins used in this study
unspecifically eliminates endogenous LA and M viruses. The loss of
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endogenous LA viruses due to recombinant wild type LA viral proteins
expression could be related to the type of M virus maintained in a host cell
and recombinant proteins' ability to replicate it. The expression of LA-1 and
LA-lus proteins, in most cases, results in loss of endogenous LA viruses and
the increase of inherent M viruses genomes amount at the same time. While
the expression of LA-28 proteins negatively impacts only two of the studied
LA viruses.

Furthermore, recombinant LA-28 proteins do not induce the
accumulation of endogenous M viruses. LA-28 recombinant proteins may
cause loss of just a few LA viruses because they cannot interact with
inherent M viruses, or the interaction is too weak. As mentioned, LA-28
viruses belong to S. paradoxus species, so specific species-related
interactions between viruses or viruses and host proteins could be involved
in this phenomenon.

2.2.2 The role of M virus maintenance for interactions between LA
recombinant proteins and endogenous LA viruses

Based on the observation that the expression of recombinant Gag
and GagPol proteins in most cases causes the accumulation of M dsRNA and
the elimination of endogenous LA viruses, we decided to evaluate the M
virus maintenance role in the interplay between viral recombinant proteins
and endogenous viruses. For this, we eliminated the M1 virus from K7
(LA-1, M1) strain by growing yeast at elevated temperatures. RT-PCR and
killer assay confirmed the loss of the M1 satellite. The resulting strain K7
(LA-1, M1-null) was transformed by LA-1, LA-lus proteins expression
vectors, and control plasmid. Analysis of total and dsRNA isolated from
transformants showed that loss of M1 virus disrupts endogenous LA-1 virus
replication interference caused by recombinant viral protein expression;
native LA viruses are not lost (Fig. 7). These results match the idea that the
interactions between LA viruses strongly depend on M viruses. It is possible
that recombinant LA proteins can interact with M viruses more efficiently
than with endogenous LA viruses in that the host factors needed for LA
replication are depleted, and endogenous LA viruses are lost. Another
interesting detail is that eliminating M viruses from the K7 strain increases
the endogenous LA virus genome amount. Previous research showed that
ski2 mutant strains have an increased amount of LA virus, and in these
strains, the expression of LA-1 viral proteins does not cause loss of
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Figure 7. The role of M1 maintenance on native LA-1 virus replication interference by
LA Gag and GagPol proteins overexpression. Relative change of native LA virus dsRNA
genome amount compared to control samples is depicted (-). Examined yeast strains
specified at the top, protein expression vectors used are listed below. Grey dots indicate
individual samples. Statistical significance evaluated by Student’s t-test. P values below
0.05 were considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

endogenous viruses. Thus there is a chance that the direct reason for the
resistance of tested strain K7 (LA-1, M1-null) endogenous LA-1 virus to
LA-1 recombinant proteins is the increase of viral genome amount and not
the loss of M1 satellite.

2.3 The specificity determinants of interactions between LA viruses

S. cerevisiae and S. paradoxus LA viral proteins sequences are
highly similar (Vepstaité-Monstavicé et al., 2018). The conservative protein
domains of Gag and GagPol are essential for LA and M virus replication in
yeasts. Nevertheless, in our previous analysis of viral protein sequences,
highly variable regions were identified (Konovalovas, 2018). Variable
regions could be significant in interactions between LA viruses and host
proteins or interactions between different LA and M viruses. The expression
vectors of chimeric LA proteins were constructed by replacing the LA-1
virus variable regions with appropriate sequences from LA-lus or LA-28
viruses to delve into this hypothesis. The impact of chimeric protein
expression on endogenous viral systems was examined.

134



2.3.1 The construction of chimeric LA-1 viral proteins expression
vectors

In this work, we have chosen to evaluate the role of three variable
regions of LA proteins sequences in the specificity of interactions between
different LA and M viruses (Fig. 8).
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Figure 8. Alignment of LA-1, LA-2, LA-lus, and LA-28 viral protein sequences. Variable
sequences are marked light grey or white colour. R1/R2/R3 — regions studied in this work.
Red lines — RNA binding domains, blue line — nucleic acid packaging site.

R1 region is situated in the Gag protein N-terminal part
(121-210 aa), exposed to the virion surface (Naitow et al., 2002). The
essential residue in the decapping process His-154 is located in this region
(Blanc et al., 1992; Blanc et al., 1994). Another variable region named R2
(1-466 aa) is located at the Pol protein N-terminal part. In this region, few
conservative sequences are found: sequence between 67-213 aa is essential
for encapsidation of ssRNA, and sequence between 172-190 aa, called
central RNA binding domain, is needed for the M1 virus maintenance. The
later sequence could be necessary for polymerase functionality; nevertheless,
it does not participate in the assembly of virions or ssSRNA encapsidation
(Ribas et al., 1994a; Ribas et al., 1994b). R3 region is situated at Pol
C-terminal part (600-863 aa). The third RNA binding domain (770-819 aa)
is located in this region. C-terminal RNA binding domain is not needed for
encapsidation of viral SSRNA but is critical for maintaining the M1 virus in a
cell (Ribas et al., 1994a).

LA-1, LA-lus, and LA-28 viruses are attributed to different
phylogenetic groups; further on, they are associated with different satellite
viruses: M1, Mlus, and M28, respectively (Vepstaité-Monstavicé et al.,
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2018). The expression vectors of chimeric LA-1 proteins were constructed to
change one of the variable regions to respective LA-lus or LA-28 regions.
Also, expression vectors coding partial LA-1 Gag protein (until 642 aa) and
full-length LA-lus or LA-28 Pol protein were constructed. The coding
sequences of chimeric proteins were cloned under the constitutive TEF
(PT*™") promoter. S. cerevisiae and S. paradoxus strains maintaining different
viral systems were transformed by constructed vectors. The impact of
chimeric protein expression on native viral systems was evaluated by
densitometric analysis of total and dsRNA isolated from yeast transformants.

2.3.2 The impact of chimeric LA-1 viral proteins expression on inherent
LA and M viruses

The results obtained by LA-1 R1 chimeric proteins (R1 sequence is
changed to respective sequences of LA-lus or LA-28, named LAIlus-R1 and
LA28-R1 respectively) expression matched the data collected after
expression of LA-1 wild type proteins (Fig. 5). Chimeric LA-1 R1 proteins
cause the loss of endogenous LA viruses in all tested strains, but M437. The
slight difference is that R1 chimeric proteins do not trigger a decrease of the
inherent LA-lus dsRNA genome amount. Chimeric LA-1 R1 proteins are
competent for the replication of endogenous M viruses (Fig. 9). The primary
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Figure 9. The impact of LA-1 R1 chimeric proteins overexpression on native M viruses
maintenance in K7, Rom K-100, SRB-15-4, M437, and K28 yeast strains. Relative change of
native M virus dsRNA genome amount compared to control samples (-). Examined yeast
strains specified at the top, protein expression vectors used listed below. Grey dots indicate
individual samples, red dots denote outliers. Statistical significance evaluated by Student’s t-
test. P values below 0.05 were considered statistically significant (*P < 0.05, **P < 0.01,
***P < 0.001).
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difference from the results discussed above is that LA28-R1 chimeric
proteins do not cause accumulation of inherent M viruses genomes in K7,
Rom K-100, and M437 strains, and the wild type LA-1 proteins do (Fig. 6
and 9).

The change of R1 variable sequence in wild type LA-1 proteins does
not disrupt Gag and GagPol proteins' functions since, after the loss of
inherent LA viruses, M viruses are maintained stably by recombinant
proteins. On the other hand, chimeric LA28-R1 proteins show weaker
potential in replicating M1 and M2 satellites, which points to the possibility
that the R1 sequence could be important for specific interactions between
LA and M viruses.

LA-1 R2 chimeric proteins expression, where R2 sequence is
changed to corresponding sequences of LA-lus or LA-28 (named LAIlus-R2
and LA28-R1 respectively), gives phenotype resembling phenotype we got
by expressing LA-1 wild type proteins (Fig. 5). In all tested strains except
M437, endogenous LA viruses are lost due to chimeric LA-1 R2 protein
expression. The satellite viruses are maintained stably by recombinant
proteins, which show that chimeric proteins are functional (Fig. 10). The
only more significant difference compared to wild type LA-1 proteins is that
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Figure 10. The impact of LA-1 R2 chimeric proteins overexpression on native M viruses
maintenance in K7, Rom K-100, SRB-15-4, M437, and K28 yeast strains. Relative change of
native M virus dsRNA genome amount compared to control samples (-). Examined yeast
strains specified at the top, protein expression vectors used are listed below. Grey dots
indicate individual samples, red dots denote outliers. Statistical significance evaluated by
Student’s t-test. P values below 0.05 were considered statistically significant (*P < 0.05,
**p < 0.01, ***P < 0.001).
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LA28-R2 proteins expression causes a notable reduction of the inherent
LA-lus genome amount in the M437 strain (Fig. 6 and 10). To conclude, the
R2 sequence is not functionally involved in specific interactions between LA
and M viruses.

The changes in the R3 variable sequence of LA-1 viral protein
(named LAIlus-R3 and LA28-R3) significantly impair the functionality of
LA-1 proteins. The expression of LAlus-R3 chimeric proteins does not
interfere with endogenous LA virus maintenance in tested strains, while
expression of LA28-R3 chimeric proteins causes a reduction of inherent
LA-1 and LA-2 virus genome amounts and the loss of inherent LA-lus virus
in SRB-15-4 strain (Fig. 11). Since LAIlus-R3 expression does not cause loss
of inherent LA viruses in any tested strains, it is impossible to determine if
these chimeric proteins could replicate satellite viruses. The amount of
inherent M satellites dSRNAs increases due to LA28-R3 protein expression
(Fig. 12). Considering that native LA-lus viruses from SRB-15-4 are lost due
to LA28-R3 expression, but M viruses are maintained, it could be safe to
conclude that the LA28-R3 chimera is functional.
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Figure 11. The impact of LA-1 R3 chimeric proteins overexpression on native LA viruses
maintenance in K7, Rom K-100, SRB-15-4, M437, and K28 yeast strains. Relative
change of native LA virus dsRNA genome amount compared to control samples (-).
Examined yeast strains specified at the top, protein expression vectors used are listed
below. Grey dots indicate individual samples, red dots denote outliers. Statistical
significance evaluated by Student’s t-test. P values below 0.05 were considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 12. The impact of LA-1 R3 chimeric proteins overexpression on native M viruses
maintenance in K7, Rom K-100, SRB-15-4, M437, and K28 yeast strains. Relative
change of native M virus dsSRNA genome amount compared to control samples (-).
Examined yeast strains specified at the top, protein expression vectors used are listed
below. Grey dots indicate individual samples, red dots denote outliers. Statistical
significance evaluated by Student’s t-test. P values below 0.05 were considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

The original R3 variable sequence is essential for the functionality
of LA-1 viral proteins. The R3 sequence may interact with other Gag or
GagPol proteins sequences so that specific interactions between LA and M
viruses are ensured.

The expression of chimeric viral proteins, which have partial LA-1
Gag sequence (to 642 aa) and the entire sequence of LA-lus Pol
(LA1-G-LAlus-P), do not influence the maintenance of inherent LA viruses
in any tested strains; what is more, it even increases the amount of
endogenous LA-1 dsRNA in K7 strain (Fig. 13). The latter result matches
the results obtained by the expression of wild-type LA-lus proteins. With
this in mind, it appears that LA1-G-LAlus-P chimeric proteins are either
unfunctional or interact differently with inherent viruses than wild-type
LA-1 or LA-lus proteins. The impact of LA1-G-LAlus-P chimeric proteins
on native viruses is similar to the effect of LAlus-R3 chimeric proteins. The
analogous chimeric proteins with the Pol sequence of LA-28
(LAL1-G-LA28-P) eliminate endogenous LA viruses from K7 and SRB-15-4
strains and reduce the amount of Rom K-100 and K28 LAs dsRNAs. These
results also resemble the results we got with LA-R3 chimeric proteins. Since
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wild-type LA-28 viral protein expression does not exclude inherent LA-1
viruses, endogenous LA virus elimination may depend on specific
interactions between the Pol domain with Gag domain or Gag proteins.

K7 Rom K-100 M437 SRB-15-4 K28
(LA-1, M) (LA-2, M2) (LA-us, M2)  (LA-lus, Mlus)  (LA-28, M28)
2- ¥k

-
 §

L
i

¥

|_
. =

-

1 ==
Q2 2 2 2 Q2 .Q 2 2
& ¥ & F & & & &
e\/"} O\Y O,\F} G\y- 0\? 0\'& \? oﬁ \3} O\y‘}
NN NN N N N
\? \?" \Y \r?h \? \y‘ \Y \S‘“ \,?‘ \Y

Figure 13. The impact of LAL1-G-LAlusP and LA-G-LA28-P chimeric proteins
overexpression on native LA viruses maintenance in K7, Rom K-100, SRB-15-4, M437,
and K28 yeast strains. Relative change of native LA virus dsRNA genome amount
compared to control samples (-). Examined yeast strains specified at the top, protein
expression vectors used are listed below. Grey dots indicate individual samples, red dots
denote outliers. Statistical significance evaluated by Student’s t-test. P values below 0.05
were considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

The expression of LA1-G-LAlus-P chimeric proteins leads to an
exceedingly substantial reduction or elimination of inherent M satellites in
M437 and K28 strains (Fig. 14). The effect mentioned above is exclusive in
this study since M virus loss resulting from the expression of other chimeric
proteins was not observed. It could be that LA1-G-LAlus-P proteins interfere
with inherent LA viruses during M replication and disrupts it. On the other
hand, the amount of K7 and SRB-15-4 M satellite dSRNAs increases due to
LA1-G-LAlus-P protein expression. In the K7 strain, the inherent LA-1
amount also increases; therefore, it could explain the rise of M1 dsRNA,
while the amount of LA-lus in SRB-15-4 dsRNA is the same in test samples
and control samples, which could mean that increase of Mlus dsRNA is
caused by expression of chimeric proteins. It remains unclear if
LA1-G-LAlus-P proteins are functional.

On the contrary, LA1-G-LA28P proteins are functional since they
replicate the inherent viruses of K7 and SRB-15-4 strain, where LA viruses
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Figure 14. The impact of LA1-G-LAlusP and LA1-GLAZ28-P chimeric proteins
overexpression on native M viruses maintenance in K7, Rom K-100, SRB-15-4, M437,
and K28 yeast strains. Relative change of native LA virus dsRNA genome amount
compared to control samples (-). Examined yeast strains specified at the top, protein
expression vectors used are listed below. Grey dots indicate individual samples, red dots
denote outliers. Statistical significance evaluated by Student’s t-test. P values below 0.05
is considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

are lost (Fig. 14). The expression of LAL-G-LA28-P also increases the
amount of M2 satellite dSRNA in the Rom K100 strain. The expression of
LA28-R1, LA28-R3, and LA1-G-LA28-P chimeric proteins mostly increases
inherent Mlus dsRNA in SRB-15-4, while the amount of M2 dsRNA in Rom
K-100 and M437 stays relatively the same. Based on these results, we could
assume that LA-28 viruses interact with Mlus viruses more strongly than M2
viruses. The observed specificity of LA-28 viruses to particular satellite
could also be determined by the different genetic environments of tested
strains.
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3. Discussion

This study focuses on interactions between LA and M viruses found
in S. cerevisiae and S. paradoxus yeast. To evaluate the compatibility and
specificity of various LA and M viruses, we employed the expression
vectors of different viral proteins and analyzed the impact of ectopically
expressed viral particles on endogenous yeast viruses.

The expression of recombinant truncated LA-1 capsid proteins
causes loss of inherent LA-1 and M1 viruses (Yao and Bruenn, 1995; Ribas
and Wickner, 1998). Expression vectors of truncated capsid proteins from
different LA viruses (LA-1, LA-2, LA-lus, and LA-28) were constructed to
evaluate the specificity of this process. Yeast strains harbouring various LA
and M viruses were transformed by resulting vectors. The expression of
recombinant proteins was followed by the loss of endogenous LA and M
viruses in all tested strains (2.1.1). The exclusion of inherent LA and M
viruses by expression of truncated Gag protein is a non-specific process. Gag
proteins of different LA viruses might form non-functional capsids, leading
to the loss of inherent viruses.

Usually, inherent LA viruses are eliminated from yeast strains by
heat treatment or supplementing yeast growth media with mutagenic
compounds (5-FU, cycloheximide). These methods are of limited value for
preparation of yeast strains for various -omics experiments. The expression
of truncated LA Gag proteins for eliminating native LA viruses was used to
prepare virus-free yeast strains used in transcriptomics and proteomics
studies (Luksa et al., 2017; Konovalovas, 2018) (2.1.2). Removing inherent
LA and M viruses by expressing truncated capsid protein is therefore
beneficial and has no mutagenic effect.

For further studies of LA and M virus interactions, we constructed
expression vectors of LA-1, LA-lus, and LA-28 viral proteins. It was shown
that the impact of different LA viral protein expression on the maintenance
of endogenous LA and M viruses depends on their type (2.2.1). It is also
possible that specific interactions depend not only on LA and M viral system
type but also on a particular yeast strain's genetic environment. Gag and
GagPol proteins of different LA viruses can maintain various M satellites,
which indicate that LA viruses are not highly specific to a particular M virus.
On the other hand, it was shown that the elimination of inherent LA viruses

142



by expression of Gag and GagPol proteins occurs only if the M virus is
maintained in a host cell (2.2.2). Specific interactions of recombinant viral
proteins with M viruses could be causing the loss of inherent LA viruses.

LA viral protein-coding sequences are highly similar, although some
sequences are vastly variable. We hypothesized that variable protein
sequences could be important for establishing specific interactions between
LA and M viruses. To test this idea, we constructed expression vectors of
chimeric LA-1 viral proteins so that variable sequences would be changed to
corresponding sequences of LA-lus or LA-28 (2.3.2). It was shown that the
N-terminal (R1; 121-210 aa) variable sequence of Gag protein could be
necessary for the functionality of viral proteins or has a role in specific
interactions between the viruses. The N-terminal (R2; 1-446 aa) variable
sequence of Pol protein could be interchanged between different viral
proteins without impacting proteins' functionality. Changes in the C-terminal
(R3; 600-863 aa) part of Pol protein leads to a partial loss of viral protein
functionality. This type of chimeric protein expression does not cause loss of
inherent LA viruses and M dsRNA accumulation in most cases.

To study the importance of Pol sequence in the interaction between
LA and M viruses, expression vectors of chimeric LA viral proteins, where
complete coding sequence of Pol protein is changed to different LA virus
Pol coding sequences, were constructed (2.3.2). In most cases, this type of
chimeric proteins did not eliminate endogenous LA viruses and did not cause
accumulation of M dsRNAs in tested strains. It could be that replacing the
complete Pol coding sequence disrupts proper folding of GagPol proteins or
interactions between GagPol and Gag proteins, leading to loss of protein
functionality or changes in interactions with host factors or inherent viruses.

The results obtained in this study suggest different levels of
specificity of LA viral protein interactions with endogenous LA and viruses.
It appears convincing that truncated Gag proteins of different LA origins
non-specifically interact with capsid proteins of endogenous LA viruses
forming defective viral capsids, causing the eliminations of endogenous LA
and M viruses. In contrast, the viral particles formed from recombinant
wild-type proteins interact with endogenous yeast viruses in a partially
specific manner. The general trend is that the expression of recombinant Gag
and GagPol proteins eliminates the endogenous LA viruses and causes the
accumulation of M viruses dsRNA. If a yeast cell satellite virus is absent, the
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endogenous LA virus replication is not affected by the expression of
recombinant LA viral proteins. Recombinant Gag and GagPol proteins may
replicate M dsRNA instead of LA because of its genome features: it is
smaller in size and possesses a polyA stretch, which could protect dsSRNA
from cellular nucleases. The research of chimeric LA proteins shows that
variable protein sequences could play a functional role in establishing
interactions between LA viral proteins and endogenous yeast viruses.
Moreover, it is plausible that both Gag and GagPol proteins are involved in
establishing specific interactions between viral proteins and endogenous
yeast viruses.
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Conclusions

Truncated LA Gag proteins cause the unspecific elimination of
endogenous LA and M viruses.

The impact of LA Gag and GagPol protein expression on
endogenous LA and M viruses is a viral system type-dependent
process.

The elimination of endogenous LA viruses by expression of
recombinant Gag and GagPol proteins may depend on M satellite
maintenance in a cell or/and interactions between recombinant
proteins and endogenous M viruses.

Distinctive variable N-terminal sequence of LA Gag protein or
GagPol Gag domain (121-210 aa) could be relevant in establishing
specific interactions between the recombinant viral proteins and
endogenous LA and M viruses.

Distinctive variable N-terminal sequence of LA Pol domain
(1-466 aa) does not have a role in specific interactions between the
recombinant viral proteins and endogenous LA and M viruses.
Distinctive variable C-terminal sequence of LA Pol domain
(600-863 aa) is crucial for the functionality of viral proteins and
their interactions with endogenous LA and M viruses.

The interactions between the LA viral recombinant proteins and
endogenous LA and M viruses depend on the compatibility of the
Pol domain with particular Gag domain or Gag proteins.
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Abstract: Competitive and naturally occurring yeast killer phenotype is governed by coinfection
with dsRNA viruses. Long-term relationship between the host cell and viruses appear to be beneficial
and co-adaptive; however, the impact of viral dsSRNA on the host gene expression has barely been
investigated. Here, we determined the transcriptomic profiles of the host Saccharomyces cerevisiae
upon the loss of the M-2 dsRNA alone and the M-2 along with the L-A-lus dsRNAs. We provide
a comprehensive study based on the high-throughput RNA-Seq data, Gene Ontology and the
analysis of the interaction networks. We identified 486 genes differentially expressed after curing
yeast cells of the M-2 dsRNA and 715 genes affected by the elimination of both M-2 and L-A-lus
dsRNAs. We report that most of the transcriptional responses induced by viral dSRNAs are moderate.
Differently expressed genes are related to ribosome biogenesis, mitochondrial functions, stress
response, biosynthesis of lipids and amino acids. Our study also provided insight into the virus-host
and virus—virus interplays.

Keywords: Saccharomyces cerevisiae; dsSRNA viruses; host gene expression; RNA-Seq

1. Introduction

Mycoviruses are common in fungi and typically possess dsSRNA genome [1]. Fungal viruses
lack the extracellular phase; they are inherited vertically either after cell division or through mating
with a donor cell [2,3]. It has been demonstrated that genes of dsRNA viruses (i.e., Totiviridae and
Partitiviridae) have widespread homologs in the nuclear genomes of eukaryotic organisms, such as
plants, arthropods, fungi, nematodes, and protozoa, suggesting that viral genes might have been
transferred horizontally from viral to eukaryotic genomes [3,4]. Totiviridae viruses in yeast are generally
associated with symptomless and persistent infections [1], affecting host fitness in various ways by
changing the virulence of fungal plant pathogens [5,6] and/or inducing toxin production [7-9].

Budding yeast is one of the best-described unicellular eukaryotic model organisms. It hosts
Totiviridae dsRNA viruses such as L (L-A-1, L-A-2, L-A-28, L-A-lus, and L-BC) and M (M-1, M-2,
M-28, and M-lus) [2,10,11]. These relatively small (around 4.6 kb for L; 1.5-2.3 kb for M) dsRNA
determine yeast killer phenotype discovered almost 50 years ago [12]. The genome of the L-A virus
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typically encompasses two ORFs, one for the capsid protein another one for the RNA-dependent
RNA polymerase, latter encoded as a frameshift-dependent read-through protein. M dsRNA genome
contains a single ORF encoding precursor of the toxin, processed into the secreted toxin and the
preprotoxin providing self-immunity [2]. The killer phenotype, which may also be determined by
chromosome- or plasmid-encoded toxins, is known to be widespread in nature [13]. The killer
system confers increase competitiveness toward sensitive strains contending for resources in the
environment [14]. This attractive property encouraged the application of killer yeast in many industrial
and therapeutic processes [15-20]. Screening for yeast genes related to altered cell susceptibility to
certain M dsRNA-encoded killer toxins (K1, K2, and K28) addressed the killing mechanisms in further
details [21-23]. In contrast, the role of the L virus, maintained in yeast cells lacking killer phenotype,
remains obscure. There is no current agreement whether the residual L virus is a relic of a killer system,
which has lost the M dsRNA, or if it grants yet uncovered benefits for the host cell. One example of
such beneficial relationship is dsSRNA of mycoviruses, providing the host with virulence-associated
traits such as increase in growth rate and sporulation [5]. Loss of the M dsRNA would be unfavorable
in killer yeast populations, since a virus-free cell would be vulnerable to the toxin produced by the
surrounding cells [14].

Yeasts and their dsRNA viruses provide a convenient model system for studying the host-virus
interactions. In terms of phylogeny, recent studies revealed killer strains to be more related to
each other than to the non-killer kins [24], suggesting co-adaptation of natural yeast killer strains
and their viruses [25]. Gene expression analysis has been employed to examine the impact of
viral infections on host cells of various organisms (bacteria [26,27]; plants [28]; and animals [29,30]
including human [31,32]). Previously, transcriptional responses related to fungal viruses have been
investigated [33-35]. Meanwhile, data on transcriptional responses induced by the elimination of
dsRNA viruses from their yeasts hosts are scarce. To the best of our knowledge, the only report
concerned the impact of yeast L-A-1 and M-1 dsRNA viruses on the host transcription alteration of
S. cerevisiae utilized a microarray approach to assay transcriptional changes [36].

In this study, we provide an overview of yeast (S. cerevisiae) gene expression changes in M437
strain cured of the M-2 exclusively or from both M-2 and L-A-lus dsRNA viruses analyzed by
Next-Generation Sequencing technique. Differently expressed genes were subjected to Gene Ontology
(GO) analysis and their physical and/or functional interaction networks were established. Our results
provide new insights into the virus-host and virus-virus interactions and the bases of co-adaptation.

2. Results

2.1. Differential Gene Expression Induced by Elimination of Viral DsRNA(s)

To study the transcriptional response to the loss of viruses, yeast cells lacking either M-2
(M437 [L+M—]) or both L-A-lus and M-2 dsRNA viruses (M437 [L—M—]) were generated. The absence
of corresponding dsRNA(s) in particular cells was confirmed by functional tests, dsSRNA gel
electrophoresis and RT-PCR (Figure S1).

To elucidate changes in gene transcription of the yeast strain induced by different sets of dsRNA
viruses, whole transcriptome profiling was performed. Transcriptional changes induced by the absence
of viral dsSRNA(s) in M437 [L+M—] and M437 [L—M—] cells were compared to the wild type S. cerevisiae
M437 [L+M+] K2-killer strain, which naturally possesses L-A-lus and M-2 dsRNAs. Hereafter,
upregulation indicates higher and downregulation lower transcription levels in dsRNA(s)-free cells
compared to M437 [L+M+].

In total, 486 genes were shown to be differentially expressed (at least 1.5-fold change; Benjamini
and Hochberg False Discovery Rate corrected, with p < 0.05 significance level) after eliminating the M-2
dsRNA (Table S1). Out of these, 239 and 247 genes were significantly up- and downregulated compared
to the reference strain M437 [L+M+], respectively. Elimination of both M-2 and L-A-lus dsRNAs
affected transcriptional changes of 715 genes (about 1.5 times more genes compared to the M-2 loss
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alone) (Table S1). In M437 [L—M—] cells, 291 and 424 genes were up- and downregulated, respectively.
Interestingly, while elimination of M-2 dsRNA caused upregulation and downregulation of similar
number of genes, simultaneous removal of both viruses increased the proportion of negatively
regulated genes about 1.5 times, compared to the M-2-free cells.

Most changes in host gene expression in response to the loss of viral dsRNA(s) were moderate
and did not exceed the limit of four-fold change (Figure 1).
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Figure 1. Distribution of expression fold differences induced by the loss of viral dsSRNA(s). Distribution
of expression fold changes induced by elimination: of M-2 dsRNA (L+M—) (A); or of both L-A-lus and
M-2 dsRNAs (L—-M—) (B). Range of represented fold changes is from —4 to 4. Red dashed lines mark
the threshold of significant fold change value (1.5-fold change) in our analyses. Bar heights represent
percentage of genes showing corresponding fold change compared to the S. cerevisiae S288C reference
genome (6008 genes in total).

Only 19 genes in M437 [L+M—] and 22 genes in M437 [L—M—] cells were upregulated four-fold
or more, while downregulation for more than four-fold was documented for 39 genes in M437 [L+M—]
and 66 genes in M437 [L—M—] cells in comparison to the reference strain.

Representative examples of the up- and down-regulated genes were evaluated by qRT-PCR
confirming the data obtained in whole-transcriptome profiling experiments (Figure S2).

2.2. Transcriptional Response to M-2 DsRNA Elimination

To characterize the cellular activities connected with the viral dsRNA elimination, we calculated
the enrichment of “biological process”, “cellular component” and “function” gene ontology (GO) terms
associated with genes of altered transcription. We identified 363 and 231 statistically enriched GO
terms of genes altered by the elimination of M-2 and both M-2 and L-A-lus, respectively (Tables S2-54).

In transcriptional response to the M-2 dsRNA elimination, RNA-related processes such as
ribosome biogenesis and assembly (Fold enrichment (F.E.) of 7.5 and 8.4, respectively); metabolic
processes of rRNA, ncRNA, and tRNA (EE. of 6.9, 5.5, and 3, respectively); and RNA 5'-end and rRNA

processing (EE. of 10.0 and 7.5, respectively) were positively stimulated (Figure 2A).
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Figure 2. Statistically significant enriched gene ontology terms associated with the functioning of M-2
virus. Fold enrichment (FE.) was calculated by dividing the frequency of specific gene cluster to the
total frequency for each GO term, according to the data presented in Tables S2-54: (A) enriched GO
terms associated with biological processes; (B) functions; and (C) cellular components. Color coding
is as follows: red, upregulated genes; blue, downregulated. snoRNA: small nucleolar RNA; rRNA:
ribosomal RNA; SSU: small ribosome subunit; LSU: large ribosome subunit; TM: transmembrane; IMS:
intermembrane space; Cytc-cytochrome c.

Nucleoside biosynthetic and metabolic processes were highly enriched (FE. of 9.5 and 7,
respectively), including GMP biosynthesis and nucleoside salvage (FE. of 17 and 10.5, respectively).
Genes involved in RNA secondary structure unwinding, ribosomal subunit and protein export from
the nucleus (EE. of 9.5, 10.7 and 4.4, respectively) were upregulated in response to the M-2 virus
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loss. Functional allocation of the upregulated genes fell into the activities of RNA methyltransferase
(EE. of 10.8), RNA-dependent ATPase and RNA helicase (EE of 7 of each), and RNA polymerase
I and IIT (F.E of 12.5 of each) (Figure 2B, Table S3). GO terms defining localization were consistent
with the assigned RNA-related processes (Table S4). Enriched cellular component terms included
nuclear lumen (EE. of 3.8), nucleolus (EE. of 8.53) and preribosome (EE. of 11.15). Complexes such as
DNA-directed RNA polymerase I and RNA polymerase III (EE. of 12.5 of each) and Rix1 (FE. of 31.05)
were also highly represented (Figure 2C, Table S54).

Elimination of the M-2 dsRNA resulted in downregulation of genes involved in distinct biological
processes (Figure 2A, Table S2). Genes involved in energy production (electron transport chain
and cellular respiration with respective EE. of 14.2 and 9.2), cellular lipid biosynthesis and sterol
metabolism (FE. of 18.3 and 15.6, respectively), and biosynthesis of cellular amino acids (EE. of 7.4)
were downregulated. The decreased activity of mentioned above systems are consistent with
diminished demand for energy, amino acids and lipids in the absence of the M-2 virus. Sulfate
assimilation (EE. of 28) and sulfur amino acid biosynthetic processes (FE. of 15.4) along with
mitochondrial electron transport (ubiquinol to cytochrome c) (EE. of 22.5), acyl-CoA, acetyl-CoA
and sterol metabolic processes (EE. of 18.01, 12.0 and 15.6, respectively) were among the most enriched
GO terms (Figure 2A). Function ontology confirmed downregulation of electron carrier, oxidoreductase,
cytochrome c oxidase, NADH dehydrogenase and CoA-ligase with respective FE. of 7.6, 5.3, 9.3, 12
and 12 activities, related to mitochondria (Figure 2B, Table S3). Localization enrichment also supports
the importance of mitochondria in the functioning of M-2 virus (mitochondrial respiratory chain
(EE. of 17.3), cytochrome complex (EE. of 20.3), mitochondrial envelope (FE. of 3.4), mitochondrial
protein complex (EE. of 6.6), and respiratory chain complexes Il and IV (E.E. of 18 and 12, respectively)
were all downregulated) (Figure 2C, Table S4).

2.3. Transcriptional Response to Elimination of Both M-2 and L-A-lus

While genes upregulated in the M-2-free cells positioned within highly enriched and quite specific
categories, elimination of the L-A-lus and M-2 dsRNAs triggered fewer number of broader processes
in terms of upregulation (Figure 3A). More than 50 out of 291 upregulated genes in M437 [L-M—]
cells are listed as uncharacterized. This is the largest number of uncharacterized genes among all four
sets of differently expressed genes described in our study. Enriched GO terms of positively regulated
genes are related to stress response, namely cellular response to oxidative stress, oxidation-reduction
process, carbohydrate metabolic process and UDP-N-acetylglucosamine metabolic process (E.E. of 4.06,
2.02,2.27 and 14, respectively) (Figure 3A). Proteins involved in UDP-N-acetylglucosamine metabolic
process are related to cell wall biogenesis (synthesis of chitin, GPI anchor and mannoproteins) [37].
Response to stress is supported by function ontology enrichment of structural constituent of cell wall
(EE. of 5.7) and related L-glutamine aminotransferase activity (FE. of 23.9), as well as antioxidant
(EE. of 5.4) and related thioredoxin peroxidases (EE. of 14) (Figure 3B).

Downregulated genes are involved in highly similar processes in response to elimination of
the M-2 dsRNA alone or both L-A-lus and M-2 viruses (Figures 2A and 3A). M437 [L+M—] and
M437 [L—M—] cells share negative regulation of genes related to more than 50% of total number
of enriched processes (assigned to downregulated genes in both cell types), namely cellular amino
acid biosynthetic process (E.E. of 7.4 and 9.3, respectively), cellular lipid biosynthetic process (E.E. of
18.25 and 13, respectively), cellular respiration (F.E. of 9.2 and 3, respectively) (Figures 2 and 3). Total
number of downregulated genes was higher in M437 [L—M—] than in M437 [L+M—] cells (424 and
247 genes, respectively), indicating that the fold enrichment values tend to be lesser despite the greater
number of genes assigned to the same process.

Nevertheless, judging by FE. values and assigned number of genes, amino acid biosynthesis
was clearly downregulated in M437 [L—M—] in a greater extent than in M437 [L+M—] cells. The
expression of genes related to overall and specific amino acid biosynthesis (arginine (F.E. of 12),
histidine (EE. of 17), leucine (EE. of 12), and lysine (F.E. of 13)) and transport (FE. of 4.4) were
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highly repressed upon elimination of both viruses (Figure 3A). Negatively regulated processes were
related to ATP synthesis (such as aerobic respiration, tricarboxylic acid metabolism, mitochondrial
electron transport (ubiquinol to cytochrome c) and proton transport with respective FE. of 8.8, 11.3,
22.5, 4.1) were more specific to M437 [L+M—] cells (Figure 2A). Functional ontology confirmed
downregulation of oxidoreductases, transaminases and lyases (FE. of 3.3, 8.0, 4.0, respectively),
functions of transmembrane transporters (of amino acids, organic acids and ions, with respective F.E.
5.2,4.2 and 2.2) and binding activities (of various cofactors (EE. 4.4), amino acids (EE. 6.3), vitamins
(6.5)) were more typical to M437 [L—M—] cells (Figure 3B). However, more specific assignment of
oxidoreductase function confirms that oxidoreductase activity in M437 [L—M—] cells is related to
synthesis of amino acids and sterols by acting on CH-NH, CH-NH, groups and on paired donors, with
incorporation or reduction of molecular oxygen (Table S3). In M437 [L+M—] cells, the oxidoreductase
activity was linked to ubiquinol and cytochrome ¢, by acting on CH-CH and CH-OH groups of
donors (Table S3). This indicates that M-2 disposal significantly reduces cellular energy costs, but
L-A-lus dsRNA possessing cells still require elevated synthesis of amino acids comparing to that of
dsRNA-free cells.
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Figure 3. Statistically significant enriched gene ontology terms associated with the functioning
of both M-2 and L-A-lus viruses: (A) statistically significant enriched GO terms associated with
biological process; and (B) functioning and cellular components. Red color represents upregulated
genes in both virus-free cells, blue-downregulated genes. Fold enrichment (FE.) was calculated by
dividing the frequency of specific gene cluster to the total frequency for each GO term, according
to the data presented in Tables S2-S4. Trx: thioredoxin; CW: cell wall; IMS: intermembrane space;
TM: transmembrane; UDP-NAG: UDP-N-acetylglucosamine; L-GIn: L-glutamine.
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2.4. Gene Products Involved in M-2 and L-A-lus Virus Biology Are Physically and Functionally Highly
Interconnected In Vivo

The physical and/or functional interaction of gene products identified in RNA-Seq. analysis was
addressed next. For this, a STRING database of known and predicted protein interactions was used to
analyze gene products involved in processes altered by elimination of M-2 (Figure 4) and both L-A-lus
and M-2 viral dsRNAs (Figure 5).

Products of genes with altered expression level in M-2-free cells and related to ribosome
biogenesis, oxidation-reduction and lipid metabolism were shown to be highly interconnected
(Figure 4). Interconnections formed highly-reliable hub between members of ribosome biogenesis
group. Most of the genes encoding these proteins are essential. They are related to ribosomal RNA
processing (Rrpl, -5, -12, and -14); ATP-dependent RNA helicases of the DEAD-box protein family
(Dbp2, -8, and -10); components of the Rix1 complex and pre-replicative complexes Ipil and Ipi3;
components of RNA polymerases (Rpb8, and Rpc10 and -19); many nucleolar proteins (e.g., Nop1,
-4,-7,-8, and -10); and others. In terms of fold change, NSR1, RRS1 and ALB1 were the most (almost
three-fold) upregulated genes in this group. Among the closely interconnected gene products involved
in ribosome biogenesis, we noted those that are also required for maintenance of M-1 dsRNA (Mak5,
Mak11, Mak16) [38-40] and involved in susceptibility to K1 (Kre33) [21] or both K1 and K2 killer toxins
(Fyv7) [23].

The products of downregulated genes in M437 [L+M—] cells showed interconnections of high
confidence level between members related to cellular energetic processes (Figure 4B). Most genes
are directly involved in mitochondrial structure and function, such as cytochrome b and ¢ (CYB2,
CYB-5, CYT1, CYC1 and CYC7), cytochrome ¢ oxidase complex subunits (COX4, COX5A, COX6-7,
COX12-13 and COX15), and ubiquinol cytochrome c reductase subunits (COR1, RIP1, QCR2 and
QCR6-10) encoding genes. There are also many genes involved in various cellular processes associated
with the generation of energy, such as sulfate assimilation and methionine metabolism (MET1, -3, -5, -8,
-10,-13, -14 and -16), lipid metabolism and genes that may be related to stress response (MRX1, SOD2,
HMX1, NDI1, MIX17, and ZWF1). Among downregulated genes, clustered into group associated
with oxidation-reduction processes and generation of energy, a sub-network of highly interconnected
29 gene products involved in lipid metabolism was evident (high confidence level). Most of them
were associated with ergosterol biosynthesis and metabolism (Mcr1; Erg4, -5, - 9, -10, -24, -26, and
-27; Osh6 and -7; Idil; and Mvd1) and homeostasis of lipid particles (Are2, Yehl, Tgl4, Ehtl, Faal)
(Figure 4B). TAR1 is the most downregulated (almost nine-fold) gene in the group of cellular energetic
processes. Interestingly, it is encoded in the antisense strand of the nuclear 255 rDNA. TARI and
rDNA transcription might be inversely regulated consistent with the finding that ribosome biogenesis
is highly upregulated in M-2 dsRNA-free cells. Even though Tarl function is still unknown, this
regulation could provide means to coordinate rDNA transcription and mitochondrial function in
response to changing cellular needs or energy demands [41].

Among the gene products, differently expressed in M437 [L—M—] cells, three interconnected
groups related to oxidation-reduction, amino acid biosynthesis and transmembrane transport were
built (Figure 5). Products of represented genes possess high (0.7) interaction confidence level.

Numerous upregulated genes assigned to oxidation-reduction group encoded reductases (Gor1,
Mxr2, and Rnr2), dehydrogenases (Imd2, Imd4, Adhl, Adh2, Ald4, and Gcy1) and peroxidases (Tsa2,
Hyrl, and Gpx1). PRX1-encoded mitochondrial peroxiredoxin with thioredoxin peroxidase activity
has most interactions in the group and is known to be induced during oxidative stress (Figure 5A).

Importantly, elimination of either M-2 or M-2 and L-A-lus dsRNA altered expression of several
genes, related to oxidation-reduction processes. However, these genes do not overlap and were shown
to be involved in distinct processes: in M-2 dsRNA-free cells they are associated with energy generation
and in M-2 and L-A-lus free cells they are related to stress response.

Interactions among gene products of downregulated genes related to amino acid biosynthesis
were represented by the highest confidence level (Figure 5B). Certain enzymes, involved in biosynthesis
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of more than one amino acid (e.g., enzymes of TCA cycle (Aco2, Idh1, and Idh2), Ade3 (required for
biosynthesis of methionine and histidine), Hom2 and -3 (for methionine and threonine biosynthesis),
Arol—4 (for aromatic amino acids), and others) strengthen interactions among group members.
Connections between gene products, related to biosynthesis of glutamate (Idh1 and Glt1), arginine
(Ortl, Argl-4, Arg5-6, Arg7-8, and Cpal-2), methionine and cysteine (Met1-3, -5, -8, -10, -13, -14, -16,
-17, and -22; Sam4; Cys4; and Str2), leucine, isoleucine and valine (Leul, -3, -4, and -9 and Ilv1-3, and
-6), serine and glycine (Ser33 and Gly1), threonine (Thr1 and -4), aromatic amino acids (Trp2-5, and
His1-5, and -7), were also well represented. Genes involved in arginine biosynthesis (ARG1, -7 and
-5,6) were the most downregulated (more than five-fold) in this group.
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Figure 4. Networks of interconnected gene products involved in viral M-2 dsRNA biology. Networks
of physically and/or functionally interacting gene products were established with STRING (see
Materials and Methods). Gene products are depicted as color-coded nodes, according to cellular
processes, and are connected by edges. Color coding is as follows: blue, ribosomal biogenesis; yellow,
oxidation-reduction processes and energy generation; orange, lipid metabolism. (A) Gene products
upregulated in response to loss of M2 virus; and (B) downregulated gene products in M2 virus-free cells.
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Interactions of negatively regulated genes in transmembrane transport group were represented
at medium confidence level (Figure 5B). Most of the highly-interconnected genes were related to
mitochondria. Some were connected to respiratory chain and ATP synthesis (e.g., CYT1, RIP1, COX5A,
COX15, OLI1, and PETY), transporters of amino acids and their biosynthesis intermediates (MMP1,
MUP1, MCH4, VBA4, RTC2, GNP1, BAP2 and -3, AGP1, AQRI, and VBA4), phosphate transporters
(PHOB84 and PHO90), transporters of divalent metal ions of iron, copper, zinc (FTR1, SMF3, CCC2,
and COT1), ABC transporters (AUS1, SNQ2, and PDR12) and other multidrug transporters (QDR3,
ERC1, and YCR023C). Thus, majority of genes were involved in transport of amino acid, consistent
with downregulated biosynthesis of these molecules.
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Figure 5. Networks of interconnected gene products involved in biology of L-A-lus and M-2 dsRNAs.
Physical and/or functional networks were established with STRING (see Materials and Methods). Gene
products are depicted as color-coded nodes, according to cellular processes, and are connected by edges.
Color coding is as follows: green, oxidation-reduction and stress response; purple, transmembrane
transport; red, amino acid biosynthesis. (A) Gene products upregulated in response to loss of M2 and
L-A-lus viruses; and (B) downregulated gene products in M2 and L-A-lus-free cells.

2.5. Link between Host Gene Expression Altered by Viral DsSRNA and Cell Sensitivity to K2 Toxin

We compared the list of differently expressed genes of virus hosting cells, with the genes conferring
increased resistance or sensitivity of target cell to the K2 killer toxin [23]. There were 42 common genes,
dispersed in upregulated and downregulated processes, as well as those involved in an increased
toxin susceptibility and resistance. Elimination of the M-2 virus deprives cells of both K2 toxin
production and immunity to the toxin. M437 [L+M—] cells boost expression of genes, whose absence
confers increased sensitivity for the K2 toxin (LTV1, BUD23, NSR1, FYV5, FYV7, LRP1, MRT4 and
HGH1). The majority of those upregulated genes are related to ribosomes and RNA processing. In line
with previous observation, part of genes conferring increased resistance of target-cell to K2 toxin in
corresponding knockout strains were downregulated upon M-2 dsRNA elimination (namely BIO3,
MCR1, COR1, COX7,COX15, CWH41, VTC2, SEL1, SNZ1, ARR2, YCP4 and ECM1). These negatively
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regulated genes are involved in several processes (e.g., oxidation-reduction, membrane trafficking,
glycosylation, and ER-associated protein degradation). Genes, whose deletions were shown to confer
either increased susceptibility (VPS41, SNX41, SIT1, ARO1, SCS7, GCV1, CAF17 and YPRO13C) or
resistance (YOR010C, YOL136C, YOR154W, DIE2, FKH1, ARG4, SML1 and ISU1) to K2 toxin, were
preferentially downregulated upon elimination of both L-A-lus and M-2 viruses.

3. Discussion

In this study, we addressed the impact of dsRNA viruses on transcriptional status of native
strain M437 [L+M+]. Prolonged infection of yeast with L-A-lus and M-2 viruses resulted in versatile
coadaptation of viruses and host, thus the strains representing virus-naive conditions—either M-2
free or L-A-lus and M-2 free—were prepared manually. In such a way, transcriptional alterations
of wild type strain M437 were described from the perspective of dsRNA-cured cells. We measured
transcript levels using RNA-Seq, a robust and an extremely sensitive standard for analysis of global
gene expression [23,42—-44]. We have demonstrated that curing cells from either M-2 or L-A-lus
simultaneously with M-2 resulted in moderate alterations of host gene expression.

The Venn diagram represents numbers of differently expressed genes identified in M437 [L+M—]
and M437 [L—M—] cells (Figure 6A).
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Figure 6. Number of genes differently expressed in virus-free cells: (A) Response to the loss of M2
dsRNA (L+M—) or both L-A-lus and M2 dsRNA'’s (L—M—). Red color represents set of upregulated
genes, blue-downregulated. (B) Overlap of genes impacted by L-A-1/MI1 (green color) and L-A-lus/M2
viruses (yellow).

Elimination of M-2 dsRNA alone led to exclusive upregulation and downregulation of 189 and
104 genes, respectively. Combined removal of the L-A-lus and M-2 dsRNAs resulted in unique
upregulation and downregulation of 246 and 276 genes, respectively, suggesting that L-A-lus virus has
a more profound impact on host gene expression. M437 [L+M—] cells share number of downregulated
and upregulated genes (141 and 43, respectively) with M437 [L—M—] cells. It might be the consequence
of co-adaptation and additive effects of small transcriptional changes induced by the elimination of
both dsRNA viruses. There was also a small number of differently expressed genes that were oppositely
regulated in M437 [L+M—] and M437 [L—M—] cells, further confirming high compatibility of L-A-lus
and M-2 dsRNA viruses.

M-2 dsRNA is responsible for toxin and immunity-ensuring component production. Maintenance
of K2 toxin demands higher cellular energy production; thus, M-2 removal should be associated with a
relief for a host cell by lowering energy costs for synthesis of viral RNA and proteins. Propagation of
L-A-lus dsRNA and capsid proteins in host cells also requires more resources than completely cured,
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dsRNA-free cells. Our study uncovers the processes related to amino acid and lipid biosynthesis,
transport and energy production to be positively regulated upon infection with L-A-lus and M-2
dsRNAs, whereas ribosome biogenesis and stress responses are downregulated following the infection.
This observation is consistent with the notion that killer cells could be more competitive and less
stress-aware due to the presence of the host protection system. It is also possible that dsRNA viruses
might have yet unrevealed roles in controlling of cellular RNA metabolism and other processes, not
linked directly to the maintenance of a virus in the cell.

Upregulation or downregulation of genes do not necessarily mean that elimination of viral
dsRNA is altering “normal” gene expression levels. It might be just the opposite, when the presence
of virus is attenuating or boosting the expression of certain genes. In this case, transcription of genes
related to ribosome biogenesis and RNA processing could be normally suppressed, while amino
acid biosynthesis might be stimulated to produce killer toxin and capsid proteins in natural K2 killer
cells. Ribosome biogenesis might be repressed in native K2 killer strain for mobilizing of the host
cell resources for killer toxin maintenance while following the M-2 elimination it returns to normal
state. Alternatively, elimination of the M-2 dsRNA might change the L-A-lus induced transcription
to compensate the loss of M-2, thus upregulating the ribosome biogenesis. From the perspective of
L-A-lus virus, M-2 acts like a parasite by utilizing resources from the host and helper virus. It has been
demonstrated that dsRNA satellite benefits from the drop in the L-A virus copy number [14,45]. Critical
dependence of yeast virus propagation on the concentration of ribosomal content was previously
reported, suggesting that most mak mutations affect M-1 virus propagation by targeting the supply
of proteins from the L-A virus and that the translation of the L-A mRNA depends critically on the
amount of free 60S ribosomal subunits [46]. Indeed, in our study, MAK5, MAK11, MAK16 and PET18
genes, required for maintenance of M-1 dsRNA, were found upregulated exclusively in the presence
of the L-A-lus dsRNA and absence of M-2 dsRNA, in agreement with altered transcription of these
four genes reported previously [36].

The magnitude of the impact of dsSRNA viruses on gene expression of Saccharomyces cerevisiae observed
in our study was consistent with findings of microarray data published by McBride et al. (2013) [36].
The alterations of host gene expression affected by L-A-lus and M2 viruses were moderate, usually
not exceeding the limit of four-fold change. Similarly, the loss of L-A-1 and the M-1 viruses resulted
in the change to host gene expression pattern, mostly not exceeding three-fold [36]. We found
that 180 genes, detected in the analysis of L-A-lus and M2 viruses, significantly affecting gene
expression, overlapped with uncovered in the L-A-1/M1 study, while the other 535 genes were
uniquely upregulated and downregulated in our study (Figure 6B). Comparative analysis of strains
possessing different viral systems found the enriched GO terms of positively regulated genes related
to mitochondria functioning, cytosolic and transmembrane transport. However, genes associated with
organic acid metabolism, including amino acid metabolism, were affected differently. In response to the
loss of L-A-lus and M2 viruses, small molecule metabolic process was downregulated, while, in L-A-1
and the M-1 viruses-free cells, overexpressed. Typical differences were highlighted for biosynthesis
of valine, leucine and isoleucine (Figure S3). Such discrepancy could be attributed to different viral
systems in different strains targeted, as well as alternative experimental techniques, e.g., RNA-Seq and
microarray, employed.

Long lasting coadaptation of dsRNA viruses and host cells led to moderate transcriptional
responses induced by the elimination of viral dsSRNA. Disruption of tightly linked killer system
by removing either M or L-A along with M dsRNAs resulted in stress response, alterations in
the biosynthesis of ribosomes, lipids and amino acids. Our study is the first attempt to employ
high-throughput RNA-Seq. for evaluation of the impact of individual mycoviral dsRNAs on baking
yeast gene expression. The roles of M and L-A dsRNAs in the individual biological pathways of the
cell have been deciphered. Insights on alteration of host gene expression will help to understand the
biology of dsSRNA mycoviruses and their impact on the host cells.
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4. Materials and Methods

4.1. Yeast Strains and Culture Media

S. cerevisiae strain M437 (wt HM/HM [kil-K2]) [47], harboring L-A-lus and M-2 dsRNA viruses,
and isogenic strains M437 [L+M—] (wt, HM/HM [kil-0]) and M437 [L—M—] (wt, HM/HM [kil-0]), cured
of the M-2 dsRNA and both L-A-lus and M-2 viruses, respectively, were used for gene expression
profiling. S. cerevisiae yeast strain i'l (MAT] leu2-2 [kil-0]) was used as the sensitive strain for testing of
killing phenotype [48].

Yeast cells were grown in standard YPD medium (1% yeast extract, 2% peptone, 2% dextrose, and
2% agar). To test the K2 activity, MBA medium (0.5% yeast extract, 0.5% peptone, and 2% dextrose),
adjusted to pH 4 with 75 mM phosphate-citrate buffer and supplemented with 0.002% methylene blue
dye, was used.

4.2. Curing Yeast Strain from M-2 DsRNA

M-2 dsRNA was eliminated from the M437 cells by means of moderate heat treatment. Yeast
cells were spread onto YPD-agar plates and incubated at 37 °C for 4-5 days. The surviving colonies
were replica-plated on MB-agar plates overlaid with sensitive to K2 toxin S. cerevisiae strain {'1 and
grown for 2 days at 25 °C. Colonies lacking killer phenotype (not forming lysis zones) were selected
for dsRNA isolation and visual inspection by gel electrophoresis. Absence of M-2 dsRNA was also
confirmed by 2-step RT-PCR.

4.3. Curing Yeast Strain from L-A-lus DsSRNA

S. cerevisiae strain M437 was transformed with pYAK-G-LA-1gag [49] expression vector with
truncated version of the L-A-1 GAG gene. Constitutive overexpression of the truncated GAG resulted
in both L-A-lus and M-2 dsRNAs elimination from yeast cells. The absence of viral genome in yeast
was examined and confirmed by agarose gel electrophoresis of dsSRNA and by RT-PCR. The absence
of killing phenotype was confirmed by the killing assay. The L-A-1 GAG expression vector was
eliminated by several passages for 24 h in liquid YPD medium. Elimination of vector was confirmed by
non-growth of yeast cells on selective YPD medium supplemented with 200 pg/mL of G418 (geneticin)
and by PCRs with primers specific for pYAK-G-LA-1gag vector (5'-CATTAGAAAGAAAGCATAGC
and 5'-TCATGTAAGGACTGCAAG) and for GAG gene sequences (5'-CGGAATTATGTCGTCTC and
5-TCATGTAAGGACTGCAAG). PCR cycling parameters consisted of an initial denaturation at 98 °C
for 30 s; following as 30 cycles of 98 °C for 10's, 58 °C for 20 s and 72 °C for 45 s; and a final extension
step at 72 °C for 5 min.

4.4. Detection of Killing Phenotype

K2 toxin producing yeast strain M437 [L+M+] and yeast colonies after the dsSRNA curing process
were spotted onto MBA medium seeded with sensitive yeast strain {'1 (1 x 10° cells/plate). Plates
were incubated for 2 days at 25 °C. Non-growth zones around the colonies tested were attributed to
the presence of killing phenotype [50].

4.5. Total RNA and DsRNA Extraction

Yeast cells were grown in liquid YPD medium at 25 °C for 16 h with shaking at 250 rpm. Collected
cells (2 x 108 cells) were washed with 1 mL 50 mM EDTA solution, resuspended in 1 mL 50 mM
TrisCl pH 8.8 containing 1% a-mercaptoethanol and incubated at room temperature (RT) for 15 min.
Cells were precipitated and mixed with 800 gL TES (0.1 M NaCl, 0.01 M Tris-Cl pH 7.5, 0.01 M EDTA,
0.2% SDS) solution, then 600 gL phenol added and incubated for 30 min by using moderate shaking.
The upper aqueous phase, separated by centrifugation at 15,000 g for 30 min, was treated with 60 gL
3M NaAc pH 5.2 and 660 gL 2-propanol. The pellet was collected by centrifugation at 15,000 g for
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10 min, washed with cold 75% ethanol and resuspended in 16 gL of nuclease-free water. For DNA
elimination, additional incubation with DNAse I at 37 °C for 30 min was performed. DNAse I was
inactivated by adding EDTA to final concentration of 5 mM and incubating at 65 °C for 10 min. Total
RNA was used for cDNA synthesis and subsequent PCR reaction for checking M-2 and L-A-lus
dsRNA presence. After total RNA isolation, rRNA and other single-stranded RNAs were subsequently
removed by precipitation with 2.8 M LiCl for 16 h at 4 °C and centrifugation at 15,000 g for 45 min at
4 °C. Double-stranded RNR was precipitated from the aqueous phase by ethanol [51].

4.6. Detection of L-A-lus and M-2 DsRNAs by 2-step RT-PCR

Total RNA was used as a template for cDNA synthesis carried out with RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher, Vilnius, Lithuania), according to the manufacturer’s
instructions. L-A-lus-specific primers (5'-CATGCATTTAAAAAGTTCTGGAC and 5-GTGCTAACT
AGAGCATGTGTAAGG) and M-2-specific primers (5-GGGAAAAAATGAAAGAGACTACCACCAG
and 5'-GGGCTAGCCGCTGTCACATTC) accordingly were used in cDNA synthesis. The same primers
were used to detect L-A-lus and M-2 virus specific cDNAs conducting PCRs with DreamTaq DNA
Polymerase (Thermo Fisher, Vilnius, Lithuania). PCR cycling parameters for L-A-lus detection
consisted of an initial denaturation at 95 °C for 3 min; following as 30 cycles of 95 °C for 30 s,
54 °C for 30 s and 72 °C for 2 min; and a final extension step at 72 °C for 5 min. The following
thermocycler conditions were used for M-2 dsRNA detection: 95 °C initial denaturation for 3 min,
followed by 30 cycles of 95 °C for 30 s, 72 °C for 80 s; and a final extension step at 72 °C for 5 min. PCR
products analyzed by electrophoresis on 1% agarose gel.

4.7. Preparation of Total RNA for Next-Generation Sequencing

The total RNA was isolated using GeneJET RNA Purification Kit (Thermo Fisher, Vilnius,
Lithuania), according to the Yeast Total RNA Purification Protocol. DNA from total RNA samples was
eliminated by DNAse I (Thermo Fisher, Vilnius, Lithuania) treatment at 37 °C for 30 min. RNA quantity
and integrity were primarily evaluated by agarose gel electrophoresis (see Figure S1). Additionally,
RNA quantity and quality was assessed by Macrogene Inc., Seoul, Korea (https://dna.macrogen.com/)
using the Agilent Technologies 2100 Bioanalyzer prior proceeding to RNA-Seq. The RNA integrity
number (RIN) of total RNA was greater than 8.0.

4.8. RNA Sequencing and Data Analysis

cDNA library construction, quality control and sequencing were performed by Macrogene Inc.,
South Korea (https://dna.macrogen.com/). The cDNA libraries were constructed and sequenced
for three independent biological replicates with 100 bp paired-end reads on the Illumina HiSeq 2000
platform (Macrogen Inc., Seoul, Korea). All resulting RNA-Seq data have been made available in GEO,
with accession number GSE100290.

Prior to assembly, reads were subjected to trimming and filtering using CLC Genomics Workbench
v. 85 (CLC Inc., Aarhus, Denmark). Low quality reads were discarded (quality limit of 0.01).
We also removed: ambiguous nucleotides (ambiguities 1), adapter sequences and sequences less
than 50 nucleotides in length. Reads were mapped to the S. cerevisize S288C reference genome
(NCBI reference sequence: GCF_000146045.2_R64_genomic_20170309) with the following alignment
parameters: maximum number of mismatches 2; minimum length fraction 0.9; minimum identity
within the mapped sequence 0.95; maximum number of best-scoring hits for a read 30. The expression
values for each transcript were calculated as Reads Per Kilobase of transcript per Million mapped
reads (RPKM). The “Exact Test” for two-group comparisons was implemented and the Empirical
analysis of DGE tool was applied. Transcripts with expression fold change >1.5 and an FDR-corrected
p-value < 0.05 (false-discovery rate of 5%) were chosen for further analyses.

Specific gene functions and biological pathways were annotated according to SGD (Saccharomyces
Genome Database, http://www.yeastgenome.org). Differentially expressed transcripts were
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subjected to term enrichment analysis using GOTermFinder (http://go.princeton.edu/cgi-bin/
GOTermFinder) [52]. Significance p values were calculated with the hypergeometric test, using
the Benjamini and Hochberg false discovery rate (FDR) correction for the enrichment of each GO term.
Fold enrichment (E.E.) was determined by dividing the frequency of specific gene cluster to the total
frequency for each GO term.

The protein network was created by STRING v. 10 [53] and imported in Cytoscape v. 3.5.1 [54,55].
Associations between proteins are represented by thick lines based on chosen confidence score
(0.5, medium; 0.7, high; or 0.9, highest confidence level). The Venn diagram was created manually,
comparing set of genes differently expressed in M437 [L—M—] and M437 [L+M—] cells as well as in
A364AXS7 K1 killer strain and virus—cured cells [36]. Amino acids metabolic pathways were drawn
using as a reference the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [56].

4.9. QRT-PCR Analysis

Quantitative PCRs for FYV7, ARO10 and TAF10 genes were performed using Luminaris HiGreen
qPCR Master Mix (Thermo Fisher, Vilnius, Lithuania), and the protocol according to the manufacturer’s
instructions. The following primer pairs were used: TAF10 (5-CCTATCATTCCCGATGCAGT-3'
and 5'-AGCTCTCGCCTGACTGTTGT-3'), ARO10 (5'-CCTGGTGATGTTGTCGTTTG-3' and 5'-TGA
GCGTTTGAGTGGTCTTG-3'), FYV7 (5-GGGTACAGCCAAGCAAAATC-3' and 5'-ATTGCCCT
GGCTTCCTTAAT-3'). All measurements were taken in triplicates. The expression ratios were
calculated using the 2—AACT method [57].

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/8/233/s1.
Figure S1: Quality control of RNA extraction and elimination of L-A-lus and M-2 viral dsSRNA from independently
isolated clones, Figure S2: qRT-PCR validation of FYV7 and ARO10 expression compared to the RNA-Seq values
for [L+M—] and [L+M+] cells, Figure S3. Fragment of amino acid metabolism pathways. Pathways constructed
according to KEGG database [56], Table S1: The list of differentially expressed genes in response to the loss of
either M-2 dsRNA or both L-A-lus and M-2 dsRNA viruses, Table S2: GO terms in biological process for genes
with altered expression level in response to elimination of viral RNAs, Table S3: GO terms in molecular functions
for genes induced or repressed in host cells with eliminated viral RNAs, Table S4: GO terms in cellular localization
of genes induced or repressed in host cells with eliminated viral RNAs.
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Abstract: Saccharomyces yeasts are widely distributed in the environment and microbiota of higher
organisms. The killer phenotype of yeast, encoded by double-stranded RNA (dsRNA) virus systems,
is a valuable trait for host survival. The mutual relationship between the different yet clearly defined
LA and M virus pairs suggests complex fitting context. To define the basis of this compatibility, we
established a system devoted to challenging inherent yeast viruses using viral proteins expressed
in trans. Virus exclusion by abridged capsid proteins was found to be complete and nonspecific,
indicating the presence of generic mechanisms of Totiviridae maintenance in yeast cells. Indications
of specificity in both the exclusion of LA viruses and the maintenance of M viruses by viral capsid
proteins expressed in trans were observed. This precise specificity was further established by
demonstrating the importance of the satellite virus in the maintenance of LA virus, suggesting the
selfish behavior of M dsRNA.

Keywords: Saccharontyces yeast; Totiviridae; dsSRNA; LA virus; killer virus

1. Introduction

Saccharomyces yeasts are widely distributed in the environment and microbiota of
higher organisms, including humans [1,2]. Historically, yeasts were employed in fermenta-
tion industries, and current research has made yeast a profitable host for the production of
biotechnologically and pharmaceutically relevant proteins [3]. The biocidal property of
yeast—known as its killer phenotype—was found to be a highly desirable trait in industrial
strains for the restraining of spoilage microorganisms and preservation of the quality of
food products and beverages [4]. Yeast’s killer trait is often determined by two viruses, LA,
and M, ensuring killer toxin production and maintenance in a host cell. The frequency of
killer M viruses among S. cerevisiae strains is estimated to be relatively low [5], whereas the
LA virus is prevalent in various wild, industrial and laboratory yeasts [6].

The double-stranded RNA (dsRNA) genome of the LA virus encodes the coat protein
Gag and RNA-dependent RNA polymerase GagPol. These two proteins assemble into
capsids, hosting the replication and transcription of LA itself and satellite M virus to
provide a killer phenotype to the host cell [7]. The extracellular phase of LA virus is
unknown [8], and the presence of LA alone appears to be symptomless in yeast cells [9].
The amount of 4.6 kbp size LA dsRNA was found comparable to that of cellular rRNA [10],
making a significant contribution to the total RNA content. The killer virus M hijacks
LA capsids for its maintenance, encoding preprotoxin targeting virus-free cells after the
maturation and secretion [7]. This mutual relationship makes LA and M dsRNA viruses
functionally linked in precise synergy with the host cell.

Structurally, LA viruses comprise a uniform group featuring a short 5 untranslated
region, followed by a two partially overlapping ORFs and a 3’ untranslated region. The
capsid protein Gag is encoded on the 5 part of the genome, whereas 101 nt from its CDS
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end, there is a robust secondary structure, a region resulting in a —1 frameshift of the
ribosome and synthesis of the fusion protein GagPol [11,12]. M dsRNA features the short
5’ untranslated region followed by ORF of K toxin, synthesized in preprotoxin form, with
a 3’ polyA stretch of several hundred nucleotides and a 3’ untranslated region, hosting
encapsidation and replication signals [8]. By far the best explored K1 toxin binds to yeast
cell envelope glucans, as does the K2 toxin [13-15], and both of them form pores in the
cytoplasmic membrane of sensitive cells. K28 penetrates into the cell and further into
the nucleus to block DNA synthesis [16], whereas the Klus” mode of action remains to be
uncovered.

Several Totiviridae LA variants have been described in Saccharomyces cerevisiae [17-19].
Despite the average 74% nucleotide sequence identity shared by LA viruses, their compati-
bility with sequence-unrelated M satellites is complex [18,19]. Currently, four LA family
viruses, namely LA-1, LA-2, LA-lus and LA-28, have been described to associate with
respective M1, M2, Mlus and M28 satellites, although the number of following pairs was
found to be larger than four [17,20]. Among the wild-type S. cerevisiae strains, LA-1 was
found to exclusively maintain the M1 satellite, whereas LA-2 maintains M2 and LA-28
maintains the M28 satellite. LA-lus was reported to maintain either Mlus or M2 in wild-type
strains [20]. The association of distinct LA viruses with different M viruses is interpreted to
stem from coevolution, driven by the toxin encoded by the satellite virus [17]. Totiviridae
viruses have moderate impact on host gene expression, yet the transcriptional response to
viral dsRNA elimination is broad, supporting the idea of long-lasting coadaption [20,21].
The importance of the host background was revealed by different killer phenotypes of dis-
tinct strains bearing dsRNA viruses of the same type, which is also explained by a virus and
host coevolution in different populations [5]. Specific S. cerevisiae host cell lipidomic and
transcriptomic adaptations were found to occur in cells producing the K1 killer toxin [22].
The LA virus appears to be less demanding than the satellite M, since only a few host genes
were described as crucial for LA maintenance [8]. In addition, LA tends to be more resilient
to elimination than M, suggesting a more vital interconnection with the host [8].

In this study, we took advantage of the current repertoire of Saccharomyces cerevisiae
killer systems to address the foundations of the specificity within the complete range of
LA and M virus pairs. For this, we cloned the representatives of all known Saccharontyces
cerevisine LA viruses. A plasmid-based system, devoted to challenging the inherent yeast
dsRNA viruses in trans expressing viral proteins from either the same or related viruses,
was established. Expression of the abridged capsid protein led to complete and nonspecific
virus exclusion within the LA range, pointing to generic mechanisms of Totiviridae main-
tenance in yeast cells. Indications of specificity in both the exclusion of LA viruses and
the maintenance of M viruses by viral capsid proteins expressed in trans were observed.
The concurrent mode of M1 dsRNA in the maintenance of LA-1 in a wild-type strain was
uncovered, suggesting selfish behavior by M dsRNA, with a yet-unknown mechanism.

2. Materials and Methods
2.1. Strains and Growth Medium

Yeast strains used in this study are summarized in Table 1. Yeast cells were grown in
YPD medium (1% yeast extract, 2% peptone, 2% glucose; for plates, 2% of agar was added).
For the selection of yeast transformants, YPD medium was supplemented with different
G418 concentrations (K7—400 pg/mL; Rom K-100/ SRB-15-4/ M437—200 ug/mL; K28—
100 pg/mL). For killer assays, MBA medium was used (0.5% yeast extract, 0.5% peptone,
1.05% citric acid, 3.53% disodium phosphate, 2% glucose, 2% agar, 0.003% methylene
blue). The medium was adjusted to pH 4.2. Yeast cells for the purification of viral particles
were grown in SD medium (0.67% yeast nitrogen base, 2% glucose). According to need,
uracil (10 ug/mL) and amino acids L-leucine (60 pg/mL), L-methionine (10 pg/mL) and
L-histidine (10 ug/mL) were added.
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Table 1. Yeast strains used in this study.

Strain Species Genotype Reference
BY4741 S. cerevisiae MATa, his3A1, leu2 A0, met15A0, ura3A0, ScV-LA-1 [23]
K7 S. cerevisiae MATa, arg9, [kil-K1], ScV-LA-1, M-1 [24]

K7 M1_null S. cerevisiae MATa, arg9, [kil-K0], ScV-LA-1, M1-0 This study
Rom K-100 S. cerevisiae Wt, HM/HM, [kil-K2], ScV-LA-2, M-2 [25]
M437 S. cerevisiae Wt, HM/HM, [kil-K2], ScV-LA-lus, M-2 [26]
SRB-15-4 S. cerevisiae Wt, [kil-Mlus], ScV-LA-lus, M-lus [19]
K28 S. paradoxus W, [kil-K28], SpV-LA-28, M-28 [27]
a’'l S. cerevisiae MAT«, leu2-2, [Kil-0] [28]

2.2. Protein Expression Vectors

Expression vectors were constructed following the standard cloning methods. The
PpYAK-3 plasmid was used as a starting construct [29]. This includes the replication origin
of S. cerevisiae 2 um plasmid and the URA3 gene for selection. The KanMX gene from
pYM14 (Scientific Research and Development GmbH, Oberursel, Germany) was cloned
into pYAK-3, resulting in the pYAK-G vector. The wild-type LA-1 Gag protein expression
vector (LA1-Gag-wt) was constructed by cloning the Gag coding sequence (accession no.
J04692) to the pYAK-G plasmid under strong constitutive promoter TEF1. Expression
vectors of truncated LA-1, LA-2 (accession no. KC677754), LA-lus (accession no. JN819511)
and LA-28 Gag (accession no. KU845301) proteins were constructed by cloning partial Gag
proteins coding sequences (LA1-Gag-delta and LAlus-Gag-delta — 1-1923 nt; LA2-Gag-delta
and LA28-Gag-delta — 1-1932 nt) to the pYAK-G plasmid. The truncated Gag protein’s
coding sequences were fused to FLAG-tag, linker GSGGS and HIS-6 coding sequences.
To construct the wild-type viral protein expression vectors, the coding sequences of LA-
1 (LA1-GagPol), LA-lus (LAlus-GagPol), and LA-28 (LA28-GagPol) viral proteins were
cloned to the pYAK-G plasmid. Correct coding sequences of all constructed vectors were
confirmed by sequencing.

2.3. Yeast Tansformation

Yeasts were transformed using the lithium acetate and polyethylene glycol method [30],
with adjustments. The yeast strain was inoculated into 4 mL YPD and grown for 16-20 h at
30 °C on a shaker at 200 rpm. Five hundred microliters of resulting culture were transferred
to 50 mL of fresh YPD medium and incubated at 30 °C on a shaker at 200 rpm until it
reached ODgp 0.7. Yeast cells were collected by 5 min centrifugation at 1000 x g and washed
with 2 mL of sterile water. Collected cells were resuspended in 300 uL 1xLiAc/1xTE buffer
(100 mM LiAc pH 7.5, 10 mM Tris-HCl pH 7.5, 0.5 mM EDTA). For each transformation,
100 pL of competent yeast cells were mixed with 0.5-1 ug of plasmid DNA and 600 uL
of 1xLiAc/1xTE/40% PEG buffer (100 mM LiAc pH 7.5, 10 mM Tris-HCl pH 7.5, 0.5 mM
EDTA, 40% PEG 4000). The resulting mixture was incubated for 30 min at 30 °C on a shaker
at 200 rpm. Before heat shock, 70 uL of DMSO was added. Heat shock was carried out by
heating a sample for 15 min at 42 °C. Cells were collected by brief centrifugation of 10 s
at 14,000x g, resuspended in 1 mL of YPD medium and incubated for 2 h at 30 °C on a
shaker at 200 rpm to allow expression of the resistance gene. After the incubation, cells
were collected by brief centrifugation and plated on YPD plates supplemented with G418
for selection.

2.4. Total RNA and dsRNA Extraction
Total RNA and dsRNA were extracted as described previously [20].

2.5. Purification of Viral Particles

Yeast strain BY4741 transformed by expression vectors of LA-1 abridged (LA1-Gag-
delta) and wild-type (LA1-Gag-wt) Gag proteins were grown in SD medium overnight at
30 °C. Cells were harvested by centrifugation at 6000 x g for 10 min at 4 °C, resuspended
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in 0.1 part of initial volume of sterile water and pelleted by centrifugation under the same
conditions. Yeast were resuspended in lysis buffer (50 mM Tris-HCl pH 7.4, 200 mM
NaCl, 1 mM PMSF), 5 mL buffer for 1 g of yeast and ground with glass beads, then
centrifugated at 12,000 g for 10 min at 4 °C. The collected supernatant was loaded
onto a chilled 45% sucrose cushion in centrifuge tubes and ultracentrifuged for 16 h at
70,000x g at 4 °C (Kontron TST 28.38 rotor and Sanyo MSE MS60 ultracentrifuge). The
supernatant was discarded, and the pellet resuspended in 500 uL lysis buffer without
PMSF for further analysis.

2.6. TEM Analysis

Electron microscopy was performed using a Morgagni 268 (D) transmission electron
microscope (FEI, Hillsboro, OR, USA). First, 0.2 ug of protein of interest was poured on a
copper grid coated with carbon. After 1 min, the grids were dried with filter paper, washed
with water, and dried again using filter paper. A 2% uranyl acetate solution was applied to the
grid for 2 min. The grid was dried with filter paper and additionally dried for 5 min in the air.

2.7. Elimination of M1 Virus from K7 Strain

M1 virus elimination from the K7 yeast strain was performed by streaking on YPD
agar plates and growing at 37 °C for two days. The individual colonies were streaked
on new YPD agar plates and grown at 30 °C for two more days. For killer phenotype
examination, the resulting colonies were transferred on MBA plates with an overlay of a1
Kl-sensitive strain and grown at 20 °C for three days. Colonies not exhibiting the killer
phenotype (with absent halos) were selected for total RNA and subsequent dsRNA purifi-
cation. The elimination of the M1 virus was confirmed by analysis of dSRNA by agarose gel
electrophoresis and two-step RT-PCR using primers specific for M1 coding sequence (M1-dir —
5-GAAAAATAAAGAAATGACGAAGCC-3; M1-rev - 5'- CCCTAGTGGCCTGTGTCAC-3').

2.8. Two-Step RT-PCR on Total RNA from Strains BY4741, K7 and M437

To confirm the LA-1 and LA-lus virus elimination from BY4741, K7 and M437 strains,
two-step PCR was performed. First-strand cDNA synthesis was carried out with a SensiFast
cDNA Synthesis Kit (Bioline, Memphis, TN, USA), following the manufacturer’s recom-
mendations. To identify specific LA-1 or LA-lus cDNA sequences, PCR was performed with
a Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Vilnius, Lithuania). Primers
used for PCR: for LA-1 sequence-specific—LA 1.F — 5-GATGTTCTCACTCACAAG-3,
LA-1.R - 5-GCGTCCATTATTCTTACTG-3’; for LA-lus sequence-specific—LA-lus.F - 5'-
GATGCATAGAATCAATG-3/, LA-lus.R - 5-GTAGTGCTCTTAAAGG-3'.

2.9. Densitometric Analysis

Densitometric analysis was performed to quantify the relative amount of LA and M
virus dsRNA genomes. The gels of total RNA or dsRNA electrophoresis were analyzed
using Image] software, version 1.52a (National Institutes of Health, Bethesda, MD, USA).
The dsRNA amount of LA and M virus for each sample was normalized by 18S rRNA and
compared to the values of control samples. For each yeast transformation, three biological
replicates with three technical replicates per sample (nine in total) were used.

2.10. Statistical Analysis

Statistical analysis was accomplished by R software, version R-3.6.2 (University of
Auckland, Auckland, New Zealand). The values obtained from the densitometric analysis
were checked for normality using the Shapiro-Wilk test. To examine if values between
the control sample and specific transformants differed significantly, we applied Student’s
t-test. p-values below 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01,
*** p < 0.001). Box plots were drawn using R package ggplot2.
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3. Results

To address the compatibility of LA and M viruses, we cloned cDNAs of complete LA
dsRNA genomes present in different killer strains and LA-1 dsRNA, present in laboratory
strain BY4741 (Table 1). LA dsRNAs were first isolated by phenol treatment, gel-purified
and used as a substrate for primer ligation, subsequent reverse transcription and cDNA
amplification [19]. LA-1 capsid protein Gag from the K7 strain was selected to prepare its
truncated version by replacing the 39 C-terminal amino acids with a 21-aa-long fragment
including FLAG-tag, linker GSGGS and the His6 motif. The resulting LA1-Gag-delta
was expressed under the control of a strong constitutive TEF1 promoter (Figure S1A).
The virions’ structure was verified using ultracentrifugation-based purification of capsid
proteins in BY4741 cells with subsequent TEM analysis, which confirmed the production of
capsids of the same size as for the LA-1 virus (Figure S1B).

Following the transformation of the BY4741 strain by plasmid encoding LA1-Gag-
delta, a rapid loss of LA-1 viral dsRNA was observed using agarose gel electrophoresis
analysis of total nucleic acids (Figure 1A) and confirmed using RT-PCR (Figure S2). LA-1
dsRNA remained intact in the same strain transformed by the cloning vector lacking LA1-
Gag-delta CDS Figure 1A and Figure S2. The loss of LA-1 was definitive— recovery of
dsRNA is not observed after the loss of the plasmid coding for LA1-Gag-delta by growing
the strain under nonselective conditions in YPD media (not shown).
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Figure 1. The impact of LA1-Gag-delta overexpression on the maintenance of LA and M dsRNAs. (A) Agarose gel

electrophoresis of total RNA isolated from the BY4741 strain; LA1-Gag-delta is the sample of the strain transformed by

truncated LA-1 Gag protein expression vector, — is the control sample. (B) Agarose gel electrophoresis of total RNA
(1) and dsRNA (2) isolated from K7 strain transformants. (C) Killer phenotype assay of K7 yeast strain transformant.
M column is the molecular size marker (GeneRuler DNA Ladder Mix, Thermo Scientific, Vilnius, Lithuania); yeast strains

with corresponding genotypes are indicated below the pictures.

Removal of LA-1 dsRNA also occurred in the K1 killer strain K7 (LA-1, M1), as
demonstrated in Figure 1B, and was followed by the loss of the killer phenotype, as shown
in Figure 1C. In order to address the specificity of the LA-1 exclusion, LA1-Gag-delta
was introduced into the wild-type killer strains Rom K-100 (LA-2, M2), SRB-15-4 (LA-lus,
Mlus), M437 (LA-lus, M2) and K28 (LA-28, M28). Electrophoretic analysis of total RNA
and dsRNA fractions (Figure 2A,B) demonstrated the loss of the corresponding LA dsRNA
fraction altogether with M dsRNA, indicating virtually complete clearance of all employed
strains from the viral dsRNA genomes. The elimination of LA viruses from BY4741, K7
and M437 strains was verified using RT-PCR (Figure S2) and further confirmed by analysis
of killer sensitivity of the resulting strains; expression of LA1-Gag-delta resulted in a loss
of killing capacity for all killer strains (not shown).
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Figure 2. The impact of LA1-Gag-delta overexpression on the maintenance of LA and M dsRNAs in Rom K-100, SRB-15-4,
M437 and K28 yeast strains. Agarose gel electrophoresis of total RNA (A) and dsRNA (B) isolated from respective yeast
strain transformants; LA1-Gag-delta refers to samples transformed by truncated LA-1 Gag protein expression vector,
— signifies control samples. M column is molecular size marker (GeneRuler DNA Ladder Mix, Thermo Scientific, Vilnius,

Lithuania); yeast strains with corresponding genotypes are indicated below the pictures.

To better understand the specificity of dsRNA exclusion, we prepared plasmids
encoding the truncated capsid protein Gag originating from LA-2, LA-lus and LA-28
viruses. Given the uniform organization of known Saccharomyces spp. LA viruses, the
most 5’ CDS was employed. These constructs, and the expression vector used as a control,
were introduced into strains BY4741, K7, Rom K-100, M437, SRB-15-4 and K28. The
analysis of total RNA and dsRNA content confirmed the complete loss of both LA and M
dsRNA fractions, corresponding to loss of the killer phenotype, in all transformed strains.
Figure 3 illustrates the total RNA content of the K7 strain transformed by plasmids coding
for LA1-Gag-delta, LA2-Gag-delta, LAlus-Gag-delta and LA28-Gag-delta, or an empty
expression vector.
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Figure 3. The impact of overexpression of truncated LA-1, LA-2, LA-lus and LA-28 Gag proteins on
the maintenance of LA dsRNA in the K7 strain. Agarose gel electrophoresis of total RNA isolated from
respective yeast transformants: LA1/LA2/LAlus/LA28-Gag-delta refers to samples transformed by
truncated LA Gag protein expression vectors, — denotes the control sample. M column is molecular
size marker (GeneRuler DNA Ladder Mix, Thermo Scientific, Vilnius, Lithuania); yeast strain with
corresponding genotype is indicated below the picture.
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We next addressed the compatibility of the viral capsid proteins, encoded by the LA-1
virus from the K7 strain, with the inherent Totiviridae viruses from the wild-type killer
strains. The vector encoding GagPol under the TEF1 promoter was used for transformation
of strains BY4741, K7, Rom K-100, SRB-15-4, M437 and K28. Strains considered as controls
were transformed by an empty expression vector, grown under the same conditions and
processed in parallel. Notably, the amount of LA dsRNA increased in BY4741, lacking M
dsRNA (Figure 4). In the killer strains, the amount of LA either diminished (as for M437)
or entirely disappeared, as in the K7 and K28 strains. In contrast to LA, the amount of M
dsRNA generally increased, with the exception of that from the K28 strain (Figure 4).
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Figure 4. The impact of overexpression of LA-1 capsid proteins on the maintenance of LA and M
dsRNAs in BY4741, K7, Rom K-100, SRB-15-4, M437 and K28 strains. Agarose gel electrophoresis
of dsRNA isolated from respective yeast strain transformants; LA1-GagPol refers to samples trans-
formed with LA-1 proteins expression vector, — denotes control samples. M column is molecular
size marker (GeneRuler DNA Ladder Mix, Thermo Scientific, Vilnius, Lithuania); yeast strains with
corresponding genotypes are indicated below the pictures.

Following the same scheme, the expression plasmids bearing LA-lus and LA-28
complete coding sequences were prepared and were used to transform the BY4741 along
with killer strains K7, Rom K-100, M437, SRB-15-4 and K28. LA dsRNA was quantified from
the total nucleic acid preparation (Figure 5A), whereas the dsRNA fraction was used for M
dsRNA quantification for a more precise analysis of dSSRNA maintenance (Figure 5B). Three
samples from three separate colonies (nine samples for every transformed strain) were
used to obtain the nucleic acid preparations and were resolved in agarose gel. Amounts of
viral dsRNA were quantified by densitometric analysis and normalized with respect to 185
rRNA. The expression of GagPols from different LA viruses in the BY4741 strain resulted in
a different outcome as compared to the killer strains. The amount of LA-1 dsRNA in BY4741
was either increased (for LA1-GagPol and LAlus-GagPol expression) or remained at the
same level (LA28-GagPol) (Figure 5A). For killer strains, occasional exclusion of parental LA
dsRNA was observed: K7 strain lost LA-1 following the expression of LA1-GagPol, K28 lost
LA-28 following the expression of LA1-GagPol or LAlus-GagPol. For other combinations,
the trend towards diminishing the amount of the parental LA dsRNA was observed; the
only exception was the K7 strain, of which the LA-1 dsRNA level was boosted 2.45-fold by
the expression of LAlus-GagPol. Of note, Rom K-100 and SRB-15-4 strains lost inherent
LA completely under the expression of any of the employed GagPols—encoded by either
LA-1, LA-lus or LA-28—and therefore are omitted from Figure 5A.
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Figure 5. The impact of overexpression of LA-1, LA-lus, LA-28 capsid proteins on the maintenance of
LA and M dsRNAs in BY4741, K7, Rom K-100, SRB-15-4, M437 and K28 strains. (A) Relative change
in the amount of native LA virus dsRNA genome as compared to control samples (-). (B) Relative
change in the amount of native M virus dsRNA genome as compared to control samples (-). Examined
yeast strains are specified at the top, protein expression vectors used are listed below. Gray dots
indicate individual samples, red dots denote outliers. Statistical significance was evaluated using
Student'’s t-test. p values below 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01,
***p <0.001).

Contrary to generally diminished LA dsRNA levels, the expression of capsid proteins
led to elevation of the M dsRNA level 3.8-8.5 fold (Figure 5B). LA1-GagPol and LAlus-
GagPol displayed the similar effect by boosting M dsRNA levels in K7, Rom, M437 and
SRB-15-4 strains; they also had no effect in the K28 strain. In contrast, LA28-GagPol
displayed only a moderate increase in the amount of the Mlus dsRNA in the SRB-15-4
strain, while it reduced the amount of the M dsRNA 7.8-fold in the parental K28 strain.

Plasmid-encoded LA1-GagPol and LAlus-GagPol clearly differed in compatibility
with the LA-1 present in the K7 strain, though both were able to maintain the M1 dsRNA
at comparable rates (Figure 5, panels A and B). Therefore, we decided to address the role
of the killer virus present in the K7 strain. We excluded M1 dsRNA from the K7 strain by
growing the parental killer strain at 37 °C for several days in a row and selecting killing-
negative colonies with LA-1 dsRNA present. The elimination of M1 dsRNA was confirmed
using RT-PCR (Figure S3). The M1-cured (M1-null) strain obtained was transformed using
LA1-GagPol or LAlus-GagPol expression vectors and compared to the wild-type K7 strain
transformed in parallel. Control strains were prepared by transformation with an empty
expression vector. In contrast to the wild-type K7 strain, the K7 M1-null strain did not lose
the LA-1 dsRNA in the presence of LA1-GagPol expressed in trans (Figure 6 and Figure S3).
Moreover, in the K7 M1-null strain the level of LA-1 dsRNA did not increase upon the
expression of LAlus-GagPol, in sharp contrast to a 2.45-fold increase seen in the wild-type
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K7 strain. Strikingly, the expression of this construct in the K7 M1-null strain had virtually
the same effect as the expression of LA1-GagPol or the presence of the empty expression
vector (Figure 6).

K7 K7
(LA-1, M1) (LA-1, M1-null)
$%%

Log2 fold change

3 |
J
i

Figure 6. The role of M1 dsRNA in maintenance of the LA-1 virus following the overexpression of
LA1-GagPol and LAlus-GagPol proteins. Relative change in the amount of LA dsRNA compared to
control samples is depicted (-). Examined yeast strains are specified at the top; protein expression vectors
are listed below. Gray dots correspond to individual samples. Statistical significance was evaluated
using Student’s t-test. P values below 0.05 were considered statistically significant (** p < 0.001).

4. Discussion

Saccharomyces cerevisine dSSRNA LA viruses comprise a group of viruses highly similar
by sequence. In biocidic, or killer strains, they are responsible for maintenance of several
unrelated satellite M viruses. Killer strains have been found to display a particular con-
nection between LA and M dsRNAs, interpreted as “specificity” between the helper and
satellite viruses, respectively. The determinants of such specificity remain unknown and
are an object of ongoing debates. Recently, yeast exoribonuclease Xrnl was proclaimed to
undergo positive selection toward totiviruses to enable species-level specificity of antiviral
defense mechanisms [31]; however, this finding was questioned by another study [32].
The idea of coevolution of Totiviridae LA and M viruses is based on the observation that
pair members are functionally linked [18]. Meanwhile, the advances in virus discovery
and particularly the use of high throughput sequencing have continued to uncover the
range of new entries in the Totiviridae family [32,33]. The full landscape of diversity of the
LA and M pairs is yet to be discovered. Analysis of individual pair members provides
evidence that the former paradigm “one LA-one M satellite” is no longer valid [17,20]. At
the same time, previously established and well-grounded coupling of virus pairs indicates
the cellular mechanisms capable of ensuring certain viruses’ survival and outcompeting
others, if provided in trans [17,18].

It is technically challenging to estimate the functional compatibility of the Totiviridae
viruses in vivo. We chose to establish a straightforward and manageable plasmid-based
system, where inherent viruses would be challenged by in trans expressed viral proteins of
any available origin, whether it was the same or a related virus. This approach allowed us
to exclude the impact of external cellular factors resulting from cytoplasm fusion, a classic
method used to explore the viral compatibility [34,35], and also to take control of the dose
of supplied proteins. For the first time, all entries in the current LA virus list identified
in S. cerevisine were addressed in order to uncover specificity determinants within the
complete range of corresponding LA and M virus pairs. Representatives of genes from all
previously known S. cerevisiae LA viruses were cloned under the strong constitutive TEF1
promoter, sequenced and expressed. We started by preparing a truncated version of the LA-
1 virus capsid protein Gag from the well-described S. cerevisiae K7 strain. Previous research
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reported by [36,37] uncovered the importance of the length of the deletion in the C terminus.
Capsid proteins were shown to serve as an elimination factor for the inherent LA-1 virus
when truncated by at least 77 amino acids [36]. The circumstances of the virus elimination,
however, remained unclear. We observed the exclusion effect of LA-1 Gag, lacking the
39 C-terminal amino acids replaced by a multifunctional 21-aa fragment, and employed it
to address the compatibility with other LA family viruses. The expression of this protein in
a range of K1, K2, Klus type killer strains and Saccharomyces paradoxus K28 resulted in the
exclusion of inherent LA and M viruses. Importantly, the same result was observed when
similarly engineered Gags originating from LA-2, LA-lus and LA-28 viruses were used.
The loss of LA dsRNA was definite, pointing to immediate and irreversible action since no
recovery of LA dsRNA was observed after the loss of plasmids and the subsequent culti-
vation of resulting strain. When GAL1 or weaker ADH1 promoters were used to express
the LA1-Gag-delta, various attenuation levels instead of exclusion of LA-1 dsRNA were
observed (not shown). TEM investigation of strains expressing Gag-delta (under the control
of the TEF1 promoter) confirmed the presence of viral particles resembling those formed
by endogenous LA-1. Therefore, dsRNA virus exclusion by the Gag-delta protein appears
to be universal and complete under saturating amounts of Gag-delta, presenting a conve-
nient tool to prepare the dsRNA-free Saccharomyces cerevisine and Saccharomyces paradoxus
strains under the nonmutagenic conditions [20]. The presence of a generic mechanism(s)
of Totiviridae maintenance, approached by the involved system in a nonspecific fashion, is
an obvious interpretation of the observed phenomenon. One apparent possibility for LA
exclusion is the ablation of cellular proteins required for viral dsRNA transcription and/or
replication by nonfunctional VLP structures formed by a plasmid-borne Gag-delta [36],
along with removal of other compounds vital for virus maintenance. Further research on
the host factors involved in this process is currently underway.

To investigate the compatibility of inherent dsSRNA viruses with heterologous virions,
we expressed the full-length GagPol ORFs encoded by LA-1, LA-lus and LA-28 viruses.
As established for the LA-1 virus, ribosomal frameshift frequency ensures translation of
~98% of Gag and the remaining ~2% of the fusion GagPol protein [38]. This system allows
investigation of the impact of heterologous native virions, providing the transcription
and replication-competent environment for both LA and M viruses, addressed in both
laboratory and wild-type strains. We observed the general trend for incompatibility of
heterologous virions toward inherent LA dsRNA and the opposite—supporting—effect
for a M dsRNA (Figure 7). The effects of GagPols from LA-1 and LA-lus on the main-
tenance of inherent Totiviridae viruses were essentially overlapping; notable exceptions
are the accumulation of LA-1 dsRNA in the K7 strain, transformed by the LAlus-GagPol
expressing plasmid, and the minute change in the amount of M28 dsRNA in the K28
strain, transformed by the LA1-GagPol plasmid. In this context, LA28-GagPol triggers
no effect on the presence of LA-1 dsRNA in the K7 strain and the reduction in the LA-28
dsRNA amount in the K28 strain. In strains transformed by the LA28-GagPol plasmid,
the accumulation of M dsRNA is found in the SRB-15-4 strain only, with no effect on K7
and Rom K-100 strains and a reduction in the amount observed in M437 and K28 strains.
Here, we likely encounter specificity-driven virus cross-fitting. As demonstrated, LA-lus
dsRNA present in the M437 strain is generally more resilient to exclusion by any of the
GagPols expressed in this strain, including its own LAlus-GagPol. We attribute this ef-
fect to the “hybrid” combination of LA-lus and M2 dsRNA in the M437 strain, making
virus relations shifted from the general fitting context. The differing sensitivity of LA-1
dsRNA in the K7 strain toward LA-1 and LA-lus GagPols expressed in trans attracted our
attention and was explored further, see below for discussion. Although the maintenance
of LA-28 dsRNA in the K28 strain generally follows an exclusion trend (except in case of
LA28-GagPol overexpression), the amount of M28 dsRNA is either affected insignificantly
(LA1 and LAlus GagPol overexpression) or reduced (LA28-GagPol overexpression). We
attribute the difference in M28 dsRNA maintenance to species origin—K28 was found
to be Saccharomyces paradoxus, not the S. cerevisiae [20,32]. Therefore, GagPols originating
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from different viruses appear to display particular specificity in excluding LA viruses and
maintaining M viruses. This observation needs to be further verified by the analysis of new
Saccharomyces killer systems, identified by next-generation sequencing [32,33].

LA dsRNA M dsRNA
BY4741 )
(LA-I) .- o o "
K7
(LA-1, M1-null)

Rom K-100
(LA-2, M2)

. Elimination

M437
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(LA-lus, Mlus) . Accumulation
K28
(LA-28, M28) .. . O No effect
>
o%% o o°°§ o®°§ s 07"%
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VT VY AT

Figure 7. Summary of the LA and M dsRNA amount alterations determined by overexpression
of LA-1, LA-lus and LA-28 GagPols. Examined yeast strains specified at the left side of the panel,
protein expression vectors listed below.

Prompted by the different outcomes of LA-1 and LA-lus GagPols in maintaining the
inherent LA-1 dsRNA in the K7 strain, we addressed the role of the M1 killer virus. We
prepared an M1-null strain using an established technique involving the cultivation of
killer strain K7 at an elevated temperature (+37 °C) and observed the distinct role for
M1 dsRNA. In the K7 M1-null strain, the expression of LA-1 and LA-lus GagPols results
in essentially the same level of LA-1 dsRNA as in the control strain. In the presence
of M1 dsRNA, LA-1 GagPol expels the original virus, while LA-lus GagPol boosts its
synthesis 2.45-fold; the M1 dsRNA amount is boosted by 3.8 and 4.65-fold, respectively.
The different maintaining capability of the K1 killer phenotype by LA-lus compared to
LA-1 was demonstrated previously by [17]; the former is lost if both are combined in one
cell. This out-competition was attributed to the relevance of native cellular content [17];
other mechanisms might be inferred as well. In particular, the expression of the plasmid-
borne LA-1 GagPol is independent of the inherent LA machinery; therefore, M dsRNA
maintenance becomes uncoupled from LA virus-provided capsids. Given the high level
of heterogeneous GagPol expressed under the strong TEF1 promoter in the context of the
high copy number 2-micron-based plasmid, competition for cellular resources between
the inherent virus and an additional replication-competent structure might be significant,
resulting in the rapid loss of selective pressure-free counterpart LA-1 dsRNA. Lack of LA-1
dsRNA exclusion in the K7 strain expressing the LA-lus GagPol suggests the presence of
nonoverlapping host factor(s), critical for the maintenance of inherent LA virus, and precise
specificity in factor selection, allowing the coexistence of both the LA-1 virus and LA-lus
GagPol-originated capsids in the same cell. Our data contradicts certain observation of
LA-1 and LA-lus incompatibility, as published before [17]. However, the involved strains
and expression systems, particularly those for external GagPols, are markedly different
for direct comparison. Of note, the stable coexistence of LA-1 and L-BC dsRNA in BY4741
strain and others is well documented [23,39].
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We have observed the elevated level of the M1 dsRNA in both LA1-GagPol- and
LAlus-GagPol- expressing K7 strains. The loss of LA-1 dsRNA occurs only in the presence
of M1 dsRNA; thus, the preference to replicate one substrate over another should be based
on inherent features of sequence or structure. In particular, all killer viruses identified so-far
possess a polyA stretch, not found in the LA viruses, and constitute a possible selectivity
factor, obviously present in plasmid-originated Gag and GagPol mRNAs. Of note is also an
elevated level of both LA-1 and M1 dsRNAs in strain with an external LA-lus GagPol. Here
we likely encounter a complicated interplay of specificity and availability aspects of host
factors, involved in the dsRNA replication machinery. The ability of M1 dsRNA to restrict
the copy number of the LA-1 virus has been documented [10]. Even if a lowered amount
of LA dsRNA constitutes a price that the host cell pays to acquire the killer phenotype, it
is not inevitable—as shown in the case of LA-lus GagPol overexpression in the K7 strain.
The alleviation of the LA dsRNA amount determined by the presence of M dsRNA in a
cell might result in the clearance of LA, once M gets over-replicated—the exact situation
observed for most killer strains featuring heterogeneous virions. Further research is needed
to define the relevant cellular factors and to understand the interactions between the
helper LA and the satellite M viruses in the native environment. We suggest the presence
of mechanisms, ensuring a balance between particular dsRNA replicating structures in
the context of availability and specificity of host factors involved in the maintenance of
totiviruses in yeast cells.

In summary, we established a plasmid-based system to challenge the inherent yeast
dsRNA viruses using viral proteins provided in trans. The exclusion of the viruses by a
truncated capsid protein was found to be complete and nonspecific within the tested LA
range, pointing to the generic mechanisms of Totiviridae maintenance in yeasts. Indications
of specificity in both the exclusion of LA viruses and the maintenance of M viruses by
heterologous virions were observed. The concurrent role of M1 dsRNA in the maintenance
of LA-1 suggests selfish behavior with a yet-unknown mechanism, possessing a precise
specificity of action.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-260
7/9/2/236/s1, Figure S1: Virions extracted from BY4741 (LA-1) strain, transformed by LA-1 wild-
type (LA1-Gag-wt) and truncated (LA1-Gag-delta) Gag protein expression vectors in comparison to
endogenous LA-1 virions. Figure S2: RT-PCR analysis of total RNA isolated from BY4741, K7 and
M437 yeast strains. Figure S3: RT-PCR analysis of total RNA isolated from K7 yeast strains.
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