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Çà äîïîìîãîþ á³î³íôîðìàòè÷íèõ ìåòîä³â ³äåíòèô³êî-
âàíî ïîòåíö³éí³ äîñêîíàë³ G-êâàäðóïëåêñè (G4s) òà 
ïîòð³éí³ ç’ºäíàííÿ 3WJs (three-way junctions) â ãåíîì³ 
ñïóìàâ³ðóñó âåëèêî¿ ðîãàòî¿ õóäîáè (ÑÂ ÂÐÕ). Øòó÷-
íèé ³íòåëåêò AlphaFold 3 âèêîðèñòàíî äëÿ ï³äòâåð-
äæåííÿ ïîòåíö³éíèõ G4s òà 3WJs ÷åðåç ïîáóäîâó 3D 
ìîäåëåé öèõ íåêàíîí³÷íèõ ñòðóêòóð. G4s – âòîðèíí³ 
ñòðóêòóðè, ÿê³ óòâîðåíî G-áàãàòèìè ïîñë³äîâíîñ-
òÿìè. Ìóëüòèñï³ðàëüíe ç’ºäíàííÿ 3WJ (ÿêå óòâîðåíî 
òðüîìà ç’ºäíàíèìè ó òî÷ö³ äóïëåêñàìè), ÿê ³ G4s, â³ä-
íîñÿòü äî àëüòåðíàòèâíèõ ñòðóêòóð â ÄÍÊ òà ÐÍÊ, 
ÿê³ â³äð³çíÿþòüñÿ â³ä êëàñè÷íî¿ äâîëàíöþãîâî¿ Â-ÄÍÊ. 
Â ðîáîò³ ñòâîðåíî êàðòó ëîêàë³çàö³¿ íà ãåíîì³ ÑÂ ÂÐÕ 
ïîòåíö³éíèõ êîíñåðâàòèâíèõ âíóòð³øíüîìîëåêóëÿðíèõ 
G4s, ÿê³ óòâîðåíî äâîìà G-òåòðàäàìè. Íà ï³äñòàâ³ 
ìíîæèííîãî âèð³âíþâàííÿ 37 ³çîëÿò³â ÑÂ ÂÐÕ ç ïîâíèì 
ãåíîìîì â ñåíñîâ³é íèòö³ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ çíà-
éäåíî 7 ïîòåíö³éíèõ êîíñåðâàòèâíèõ G-êâàäðóïëåêñ³â, 
â àíòèñåíñîâ³é íèòö³ – 22 G4s, ùî óòâîðåíî äâîìà 
G-òåòðàäàìè, G-ðàõóíîê ÿêèõ ñòàíîâèòü â³ä 32 äî 36. 
Äëÿ ñåíñîâî¿ íèòêè ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ ù³ëüí³ñòü 
G4s ñòàíîâèëà 0,6 G4/òèñÿ÷à íóêëåîòä³â (ò.í.), â òîé 
÷àñ ÿê äëÿ àíòèñåíñîâî¿ íèòêè – 1.8 G4/ò.í. Äëÿ íàáî-
ðó ç 37 ³çîëÿò³â ÑÂ ÂÐÕ çíàéäåíî îäèí êîíñåðâàòèâíèé 
ìîòèâ 3WJ äîâæèíîþ 73 í. ç³ 100%-âèì ð³âíåì ïîä³-
áíîñò³, ÿêèé ëîêàë³çîâàíî â 5 ′-íåòðàíñëüîâàí³é îáëàñ-
ò³ ³ ÷àñòêîâî íà 5 ′-ê³íö³ ãåíà gag. Ñòðóêòóðó 3WJ â 
ÐÍÊ ÑÂ ÂÐÕ ñòàá³ë³çîâàíî 20 êîìïëåìåíòàðíèìè ï.í. 
ç â³ëüíîþ åíåðã³ºþ ΔG, ùî ñòàíîâèòü – 19,8 êêàë/ìîëü. 
Äîâåäåíî çíà÷óù³ñòü äàíî¿ ñòðóêòóðè äëÿ ôóíêö³îíó-
âàííÿ ñïóìàâ³ðóñó ÂÐÕ. Çàñòîñóâàííÿ AlphaFold 3 äëÿ 
ïîáóäîâè 3D ìîäåëåé òåîðåòè÷íî âèçíà÷åíèõ äîñêî-
íàëèõ ïîòåíö³éíèõ G4s òà 3WJs â ãåíîì³ ÑÂ ÂÐÕ äî-
çâîëèëî íàä³éíî âèçíà÷àòè ïîòåíö³éí³ àëüòåðíàòèâí³ 
ñòðóêòóðè â íóêëå¿íîâèõ êèñëîòàõ.

Êëþ÷îâ³ ñëîâà: àëüòåðíàòèâíà ñòðóêòóðà, á³î³íôîð-
ìàòèêà, AlphaFold 3, ñïóìàâ³ðóñ âåëèêî¿ ðîãàòî¿ õó-

äîáè, G-êâàäðóïëåêñ (G4), ïîòð³éíå ç’ºäíàííÿ (3WJ), 
ïåðåäáà÷åííÿ íåêàíîí³÷íèõ ñòðóêòóð.

Âñòóï. Íåêàíîí³÷í³ ñòðóêòóðè, ÿê³ óòâîðþþòü-
ñÿ â ìîëåêóëàõ íóêëå¿íîâèõ êèñëîò (øïèëüêè, 
õðåñòè, òðèïëåêñè, ìóëüòèñï³ðàëüí³ ç’ºäíàííÿ 
3WJs (three-way junctions), 4WJs, 5WJs, G-êâà-
äðóïëåêñè (G4s), ³-ìîòèâè), º ðåãóëÿòîðíèìè 
åëåìåíòàìè, ÿê³ âïëèâàþòü íà ôóíêö³îíóâàí-
íÿ ãåíîìó òà êîíòðîëþþòü ð³çíîìàí³òí³ á³îëî-
ã³÷í³ ïðîöåñè (Kardrmas et al., 1995). 

Ìóëüòèñï³ðàëüíå ç’ºäíàííÿ 3WJ – öå õà-
ðàêòåðíèé äëÿ âòîðèííî¿ ñòðóêòóðè ìîëåêóë 
íóêëå¿íîâèõ êèñëîò ëàá³ëüíèé ãíó÷êèé ôðàã-
ìåíò, ùî ñêëàäàºòüñÿ ç òðüîõ ç’ºäíàíèõ ó òî÷ö³ 
äóïëåêñ³â (Wu et al., 2004). 

Âñòàíîâëåíî, ùî 3WJs º êîíñåðâàòèâíèìè 
ìîòèâàìè âíóòð³øíüîãî ñàéòó âõîäó ðèáîñîìè 
â³ðóñ³â ãåïàòèòó À òà Ñ ³ â³ä³ãðàþòü ïåâíó ðîëü 
ó âíóòð³øí³é ³í³ö³àö³¿ òðàíñëÿö³¿ çà ìåõàí³ç-
ìîì, ÿêèé º àëüòåðíàòèâíèì êåï-çàëåæí³é 
òðàíñëÿö³¿ (Ouellet et al., 2010; Koirala et al., 
2019). Íåêàíîí³÷íîìó ìåõàí³çìó òðàíñëÿö³¿ 
ñïðèÿþòü òàêîæ 3WJs, ÿê³ ëîêàë³çîâàíî ó ïî-
ñë³äîâíîñòÿõ ãåíîìíèõ ÐÍÊ äåÿêèõ â³ðóñ³â 
ðîñëèí (Ojha et al., 2024).

²íôîðìàö³ÿ ùîäî ìîæëèâîñò³ ôîðìóâàííÿ 
3WJ ó ãåíîì³ â³ðóñ³â òâàðèí íà öåé ÷àñ º äîâîë³ 
îáìåæåíîþ (Heng et al., 2024). 

G-êâàäðóïëåêñè (G4s) – öå íåêàíîí³÷í³ 
ñòðóêòóðè, ôîëäèíã ÿêèõ â³äáóâàºòüñÿ ó çáà-
ãà÷åíèõ ãóàí³ä³íîì ïîñë³äîâíîñòÿõ ìîëåêóë 
ÄÍÊ àáî ÐÍÊ çà íàÿâíîñò³ ñîëüâàòîâàíèõ êà-
ò³îí³â. Îñíîâíîþ îäèíèöåþ G-êâàäðóïëåêñó 
º G-òåòðàäà, óòâîðåíà ÷îòèðìà ãóàí³ä³íàìè ÷åðåç 
Õóãñòèí³âñüê³ âçàºìîä³¿. G-êâàäðóïëåêñè ñòà-
á³ë³çîâàíî ñòåê³íã-âçàºìîä³ºþ ïëîñêèõ G-òåò-
ðàä òà äîäàòêîâî ³îíàìè ô³ç³îëîã³÷íî çíà÷ó-
ùèõ îäíîâàëåíòíèõ ìåòàë³â, íàñàìïåðåä, Ê+ 
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Íåêàíîí³÷í³ ñòðóêòóðè â ãåíîì³ ñïóìàâ³ðóñó âåëèêî¿ ðîãàòî¿ õóäîáè

òà â ìåíø³é ì³ð³ – Na+, à òàêîæ äâîâàëåíòíèõ 
ìåòàë³â (çîêðåìà, Sr2+, Ba2+) (Lu et al., 2015; 
Fay et al., 2017) (ðèñ. 1).     

G4s â³ä³ãðàþòü âàæëèâó ðîëü ó òàêèõ ïðî-
öåñàõ, ÿê ìóòàãåíåç, ïàòîãåíåç, òðàíñêðèïö³ÿ, 
òðàíñëÿö³ÿ, ðåïë³êàö³ÿ, ðåêîìá³íàö³ÿ òîùî 
(Belotserkovskii et al., 2013;Varshney et al., 2020), 
âïëèâàþòü íà ñòàá³ëüí³ñòü ãåíîìó òà ìîæóòü 
áóòè àñîö³éîâàíèìè ç îíêîëîã³÷íèìè, ñåðöåâî-
ñóäèííèìè, íåâðîëîã³÷íèìè çàõâîðþâàííÿìè, 
ùî äîçâîëÿº ðîçãëÿäàòè ö³ íåêàíîí³÷í³ ñòðóê-
òóðè ÿê ïåðñïåêòèâí³ òåðàïåâòè÷í³ ì³øåí³ òà 
íå âèêëþ÷àº ¿õ âèêîðèñòàííÿ ó ìîëåêóëÿðí³é
ä³àãíîñòèö³. G4s âèêîíóþòü ðåãóëÿòîðíó ôóíê-
ö³þ çàâäÿêè çäàòíîñò³ G-ìîòèâ³â çà ïåâíèõ óìîâ 
ïåðåõîäèòè ç êëàñè÷íî¿ B-ÄÍÊ â ôîðìó G4. 

Ñïóìàâ³ðóñè (ÑÂ) íàëåæàòü äî ðîäèíè Reo-
viridae ï³äðîäèíè Spumaretrovirinae, çóñòð³÷àþ-
òüñÿ ó áàãàòüîõ âèä³â òâàðèí, ó òîìó ÷èñë³ ó 
âåëèêî¿ ðîãàòî¿ õóäîáè (ÂÐÕ), òà º íàéá³ëüø 
äàâí³ìè ñåðåä óñ³õ â³äîìèõ ðåòðîâ³ðóñ³â (Reth-
wilm et al., 2013; Pinto-Santini et al., 2017). 

²íôîðìàö³ÿ ùîäî ³ñíóâàííÿ ó ãåíîì³ ñïó-
ìàâ³ðóñ³â íåêàíîí³÷íèõ ñòðóêòóð ç ïîòåíö³àëîì 
óòâîðåííÿ G4s òà 3WJs ó ë³òåðàòóð³ íà öåé ÷àñ 
º â³äñóòíüîþ. 

Â äàí³é ðîáîò³ çíàéäåíî êîíñåðâàòèâíó
3WJ ñòðóêòóðó â ãåíîìí³é ÐÍÊ ÑÂ ÂÐÕ òà âè-
çíà÷åíî ïîòåíö³éí³ êîíñåðâàòèâí³ äîñêîíàë³
G-êâàäðóïëåêñè, ÿê³ óòâîðåíî äâîìà G-òåòðà-
äàìè â (+)- òà (–)-íèòêàõ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ 

ÂÐÕ ³ ï³äòâåðäæåíî 3D ìîäåëÿìè, îòðèìàíèìè 
çà äîïîìîãîþ øòó÷íîãî ³íòåëåêòó AlphaFold 3.   

Ìàòåð³àëè ³ ìåòîäè. Íóêëåîòèäí³ ïîñë³äîâ-
íîñò³ 37 ³çîëÿò³â cïóìàâ³ðóñó ÂÐÕ ó ôîðìàò³ 
FASTA îòðèìàíî ÷åðåç ïîøóê òàêñîíîì³÷íî-
ãî ³äåíòèô³êàòîðà (txid) 207343 â ãåíîìí³é áàç³ 
äàíèõ GenBank Íàö³îíàëüíîãî öåíòðó á³îòåõ-
íîëîã³÷íî¿ ³íôîðìàö³¿ (ÑØÀ) ñòàíîì íà ñ³-
÷åíü 2025 ð. 

Ïîøóê ìîòèâ³â GGG â ïðîâ³ðóñí³é ÄÍÊ 
ÑÂ ÂÐÕ, ìàí³ïóëþâàííÿ ç íóêëåîòèäíèìè ïî-
ñë³äîâíîñòÿìè (çâîðîòíà, êîìïëåìåíòàðíà) òà 
ìíîæèííå âèð³âíþâàííÿ ïðîâåäåíî çà äîïî-
ìîãîþ ïðîãðàìè Molecular Evolutionary Ge-
netics Analysis MEGA12 (âåðñ³ÿ 12.0.9) (Kumar 
et al., 2024). Ïðîãðàìó BioEdit (âåðñ³ÿ 7.2.5) 
(Hall, 1999) âèêîðèñòàíî äëÿ ïîáóäîâè êîí-
ñåíñóñíî¿ ïîâíîãåíîìíî¿ ïîñë³äîâíîñò³ ïðîâ³-
ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ.

Äëÿ ïîøóêó ìîòèâ³â âíóòð³øíüîìîëåêóëÿð-
íèõ G-êâàäðóïëåêñ³â â (+)- òà (–)-íèòêàõ ïðî-
â³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ, à òàêîæ äëÿ âèçíà÷åííÿ 
G-ðàõóíêó (ïàðàìåòðà, ÿêèé õàðàêòåðèçóº ñòà-
á³ëüí³ñòü G-êâàäðóïëåêñó ó â³äíîñíèõ îäèíè-
öÿõ) âèêîðèñòàíî ïðîãðàìó äëÿ àíàë³çó êâàäðó-
ïëåêñ³â QGRS Mapper íà âåá-ñåðâåð³ (https://
bioinformatics.ramapo.edu/QGRS/analyze.php) 
(Kikin et al., 2006; Menendez et al., 2012) çà íà-
ñòóïíèõ ïàðàìåòð³â: ìàêñèìàëüíà äîâæèíà G-
êâàäðóïëåêñó – 45 í., ì³í³ìàëüíèé ðîçì³ð G-
òåòðàäè – 2, ïåòëÿ – â³ä 0 äî 20 í. 

Ðèñ. 1. Ñòðóêòóðà âíóòð³øíüîìîëåêóëÿðíèõ ïàðàëåëüíèõ G-êâàäðóïëåêñ³â, ùî óòâîðåíî ÷åðåç ñòåê³íã äâîõ 
G-òåòðàä ç ìîòèâîì 5′-(CGG)4-3′ (Wolfe et al., 2014) (à) ³ ñòåê³íã òðüîõ G-òåòðàä, ÿê³ ì³ñòÿòü òðè ôðàãìåíòè 
GGG, G òà GG â ãåí³ L ÐÍÊ â³ðóñó Åáîëà (Wang et al., 2016), òà ñòàá³ë³çîâàíî öåíòðàëüíèì ñîëüâàòîâàíèì 
ìîíîâàëåíòíèì êàò³îíîì (K+ > Na+ > Li+) (á). G-êâàðòåò ì³ñòèòü ÷îòèðè êîïëàíàðíèõ ãóàí³ä³íè, ÿê³ ñòàá³-
ë³çîâàíî âîäíåâèìè çâ’ÿçêàìè
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O.Þ. Ëèìàíñüêà, Î.Ê. Áàëàê, Î.Ï. Ëèìàíñüêèé 

Äëÿ ïîøóêó ïîòåíö³éíèõ äîñêîíàëèõ G4s 
çàñòîñîâàíî ïðîãðàìó QGRS Mapper ÷åðåç 
íàéêðàù³ ïîêàçíèêè ïîð³âíÿíî ç ³íøèìè ïðî-
ãðàìàìè â ÷àñòèí³ ïîìèëêîâî òà ïðàâèëüíî 
íàéäåíèõ, ïîìèëêîâî òà ïðàâèëüíî íåíàéäå-
íèõ G4s ïðè òåñòóâàíí³ íà îäíîìó é òîìó æå 
G-ìîòèâ³ (Lombardi et al., 2020). 

Ïîñë³äîâí³ñòü, ÿêó âèêîðèñòîâóþòü äëÿ ïå-
ðåäáà÷åííÿ G4s çà äîïîìîãîþ á³î³íôîðìàòè÷-
íèõ ìåòîä³â, ìîæíà îïèñàòè ìîòèâîì G3–6-Nõ-
G3–6-Nõ-G3–6-Nõ-G3–6, äå N â³äïîâ³äàº áóäü-
ÿêîìó íóêëåîòèäó ó ñêëàä³ ïåòë³, õ – äîâæèíà 
ïåòë³ (â³ä 0 äî 12 í.) (Lombardi et al., 2020).

Äîäàòêîâî ïîòåíö³éí³ G4s ³äåíòèô³êîâàíî 
çà äîïîìîãîþ ïðîãðàìè G4Hunter íà âåá-
ñåðâåð³ http://bioinformatics.ibp.cz (Bedrat et al., 
2016; Brazda et al., 2019) çà íàñòóïíèõ ïàðà-
ìåòð³â: â³êíî ïîøóêó – 25 í., ïîð³ã – 1.2.

Äëÿ âèçíà÷åííÿ òåðìîäèíàì³÷íèõ ïàðàìå-
òð³â øïèëüêîâî¿ ñòðóêòóðè (òåìïåðàòóðè ïëàâ-
ëåííÿ (Tm) òà â³ëüíî¿ åíåðã³¿ Ã³ááñà ΔG) âèêî-
ðèñòîâóâàëè ïðîãðàìó Mfold (Zuker, 2003).

Â ÿêîñò³ êîíòðîëþ êîðåêòíîñò³ ïîøóêó 
G4-ìîòèâ³â âèêîðèñòîâóâàëè ïîñë³äîâíîñò³, 
ùî óòâîðþþòü G-êâàäðóïëåêñè, ÿê³ åêñïåðè-
ìåíòàëüíî ï³äòâåðäæåíî äëÿ íèçêè â³ðóñ³â òà 
áàêòåð³é. Äëÿ òàêèõ ïîñë³äîâíîñòåé, çîêðåìà, 
äëÿ ³çîëÿòó AJ320484 â³ðóñó ³ìóíîäåô³öèòó 
ëþäèíè (Â²Ë) (Piekna-Przybylska et al., 2014), 
â³ðóñó Åáîëà (Wang et al., 2016) íàìè ðîçðà-
õîâàíî G-ðàõóíîê, ÿêèé ñòàíîâèòü 64, 71 òà 
33 â³äïîâ³äíî. 13 G4s áóëî çíàéäåíî â ãåíîì³ 
â³ðóñó ãåïàòèòó Â (HBV), äëÿ 7 ç ÿêèõ çíà÷åí-
íÿ G-ðàõóíêó âàð³þâàëî â³ä 19 äî 35. 

Çíà÷åííÿ G-ðàõóíêó äëÿ G4s â ãåíàõ murE, 
ftsB, mexC Pseudomonas aeruginosa, ÿê³ àâòîðè
(Evans et al., 2023) âèçíà÷àëè äëÿ äîâæèíè 
G-êâàäðóïëåêñó äî 30 í., íàìè ðîçðàõîâàíî äëÿ 
äîâæèíè G-êâàäðóïëåêñó äî 45 í. òà ñòàíîâèëî 
32, 35 òà 35 â³äïîâ³äíî.

Áåðó÷è äî óâàãè åêñïåðèìåíòàëüí³ äàí³ ùîäî 
ïàðàìåòð³â G4s, ÿê³ áóëî äåòåêòîâàíî â ãåíîì³ 
HBV, Â²Ë, Pseudomonas aeruginosa, àíàë³çóâàëè 
ò³ëüêè êîíñåðâàòèâí³ ôðàãìåíòè ³çîëÿò³â ÑÂ 
ÂÐÕ, ÿê³ ìîæóòü óòâîðþâàòè G4s ç G-ðàõóíêîì 
32. Äëÿ ïåðåäáà÷åííÿ ïîòåíö³éíèõ G4s âèêî-
ðèñòàíî ìîòèâ GxNyGxNyGxNyGx ç ìàêñèìàëü-
íîþ äîâæèíîþ 45 í. òà 2  x  4, 1  y  10 
(Kikin et al., 2006).

3D ìîäåë³ G4s áóäóâàëè çà äîïîìîãîþ 
øòó÷íîãî ³íòåëåêòó AlphaFold 3 (Abramson et 
al., 2024) çà 10 ³îí³â K+. Äëÿ îö³íêè íàä³éíîñò³ 
ïåðåäáà÷åííÿ ìîäåë³ â AlphaFold 3 âèêîðèñòà-
íî ïàðàìåòð pIDDT, çíà÷åííÿ ÿêîãî äëÿ âè-
ñîêîãî ð³âíÿ äîñòîâ³ðíîñò³ ìîäåë³ ìàº ñòàíî-
âèòè ïîíàä 90 çà øêàëîþ â³ä 0 äî 100. Çíà÷åí-
íÿ pIDDT â³ä 70 äî 90 â³äïîâ³äàº ñåðåäíüîìó 
ð³âíþ íàä³éíîñò³ ìîäåë³, à 70 > pIDDT > 50 –
íèçüêîìó ð³âíþ. Äëÿ â³çóàë³çàö³¿ íåêàíîí³÷-
íèõ ñòðóêòóð âèêîðèñòîâóâàëè òàêîæ ïðîãðà-
ìó RasWin Molecular Graphycs (âåðñ³ÿ 2.7.5.2; 
www.openrasmol.org).

Äëÿ ïîøóêó âíóòð³øíüîìîëåêóëÿðíèõ 3WJs 
â ãåíîìí³é ÐÍÊ ÑÂ ÂÐÕ âèêîðèñòàíî ïðî-
ãðàìó Vfold2D (http://rna.physics.missouri.edu) 
(Xu et al., 2016). Äëÿ ï³äòâåðäæåííÿ âòîðèííî¿ 
ñòðóêòóðè òà âèçíà÷åííÿ òåðìîäèíàì³÷íèõ ïà-
ðàìåòð³â 3WJs âèêîðèñòîâóâàëè ïðîãðàìó Mfold 
(Zuker, 2003). Ìíîæèííå âèð³âíþâàííÿ íóê-
ëåîòèäíèõ ïîñë³äîâíîñòåé òà ïîøóê êîíñåð-
âàòèâíèõ ìîòèâ³â 3WJ-ñòðóêòóð äëÿ 37 ³çîëÿ-
ò³â ÑÂ ÂÐÕ ç ïîâíèì ãåíîìîì ç áàçè äàíèõ 
GenBank ïðîâåäåíî â ïàêåò³ ïðîãðàì MEGA 
(âåðñ³ÿ 6.06) çà äîïîìîãîþ ïðîãðàìè Clustal W 
(Higgins et al., 1994).

Ïîøóê íåêàíîí³÷íèõ ñòðóêòóð ó ãåíîì³ ÑÂ 
ÂÐÕ òà âèçíà÷åííÿ ¿õ òåìïåðàòóð ïëàâëåííÿ 
ïðîâîäèëè çà ô³ç³îëîã³÷íèõ óìîâ: ³îííà ñèëà 
I = 0,2 M Na+, [Mg]2+ = 0,0 ìM àáî I = 0,15 M 
Na+, [Mg]2+ = 0,2 ìM.

Ïîøóê íåêàíîí³÷íèõ 3WJ-ñòðóêòóð ïðîâî-
äèëè äëÿ ³íäèâ³äóàëüíî¿ ïîñë³äîâíîñò³ ìîëåêó-
ëè ìÐÍÊ ³çîëÿòó JX307861 ÑÂ ÂÐÕ (âèä³ëåíî â 
Ïîëüù³; äîâæèíà ñòàíîâèòü 12010 í.), ÿêó áóëî 
ðîçð³çàíî íà 114 ôðàãìåíò³â äîâæèíîþ 145 í., 
ùî ïåðåêðèâàþòüñÿ íà 40 í. Äàë³ íàá³ð ç 37 
³çîëÿò³â ÑÂ ÂÐÕ àíàë³çóâàëè íà íàÿâí³ñòü 3WJs. 

Ðåçóëüòàòè äîñë³äæåíü òà ¿õ îáãîâîðåííÿ. Íå-
çâàæàþ÷è íà ÷èñëåíí³ äàí³ ùîäî âëàñòèâîñòåé 
ãóàí³ä³íîâèõ êâàäðóïëåêñ³â, íàø³ çíàííÿ ïðî 
íàÿâí³ñòü öèõ ñòðóêòóð â ãåíîì³ ïàòîãåí³â âñå 
ùå çàëèøàþòüñÿ íåïîâíèìè. 

Ïîòåíö³éí³ G4s ó ãåíîì³ ñïóìàâ³ðóñó ÂÐÕ. G4s 
â ÄÍÊ òà ÐÍÊ ìàþòü ð³çíó òîïîëîã³þ. G4s â 
ÄÍÊ ìîæóòü ïðèéìàòè ïàðàëåëüíó, àíòèïà-
ðàëåëüíó àáî çì³øàíó êîíôîðìàö³¿. Òîïîëîã³ÿ 
ì³æìîëåêóëÿðíèõ G4s â ÐÍÊ îáìåæåíà ïàðà-
ëåëüíîþ êîíôîðìàö³ºþ, â ÿê³é âñ³ ÷îòèðè íèò-
êè îð³ºíòîâàíî â îäíîìó íàïðÿìêó. Âíóòð³ø-
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íüîìîëåêóëÿðí³ âçàºìîä³¿ â G4s â ÐÍÊ âåäóòü 
äî ï³äâèùåííÿ ¿õíüî¿ ñòàá³ëüíîñò³ ïîð³âíÿíî ç 
G4s â ÄÍÊ (Fay et al., 2017).    

G4s ìîæóòü âïëèâàòè íà åêñïðåñ³þ ãåí³â 
òàêîæ çà óìîâè ëîêàë³çàö³¿ íà (–)-íèòö³ ïî 
â³äíîøåííþ äî íàïðÿìêó òðàíñêðèïö³¿. Áåðó-
÷è äî óâàãè íàâåäåíó âèùå îáñòàâèíó, ïîøóê 
ìîòèâ³â ïîòåíö³éíèõ G4s çä³éñíþâàëè äëÿ 
ìÐÍÊ, (+)- ³ (–)-íèòêè ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ 
ÂÐÕ. Â³äíîñíî íåäàâíî â åêñïåðèìåíòàõ in vitro 
òà in vivo áóëî ï³äòâåðäæåíî ³ñíóâàííÿ íåäî-
ñêîíàëèõ G4s (De Nicola et al., 2016; Piazza et 
al., 2017). Äëÿ ïåðåäáà÷åííÿ G4s, ÿê³ ìàþòü 
âèïóêëîñò³, ïîìèëêè â G-ìîòèâ³, íåäîñêîíà-
ë³ G-òåòðàäè, áóëî ðîçðîáëåíî íîâ³ á³î³íôîð-
ìàòè÷í³ ìåòîäè, ÿê³ äîïóñêàþòü ³ñíóâàííÿ äî 
òðüîõ íåäîñêîíàëîñòåé â îêðåì³é ïîñë³äîâíîñ-
ò³ (ïîìèëêè, âèïóêëîñò³ òà/àáî ïåòë³ äîâæèíîþ 
ïîíàä 9 í.). Â äàí³é ðîáîò³ ðîçãëÿíóòî ò³ëüêè 
äîñêîíàë³ G4s â ãåíîì³ ÑÂ ÂÐÕ.  

Íà ïåðøîìó åòàï³ íà ï³äñòàâ³ ìíîæèííîãî 
âèð³âíþâàííÿ 37 ³çîëÿò³â ñïóìàâ³ðóñó ÂÐÕ ç 
ïîâíèì ãåíîìîì â ñåíñîâ³é íèòö³ ïðîâ³ðóñíî¿ 
ÄÍÊ ÑÂ ÂÐÕ çíàéäåíî 19 ïîòåíö³éíèõ êîí-
ñåðâàòèâíèõ G-êâàäðóïëåêñ³â ç äâîõ G-òåò-
ðàä, G-ðàõóíîê ÿêèõ ñòàíîâèâ â³ä 32 äî 36 
(òàáë. 1). Äëÿ àíòèñåíñîâî¿ íèòêè çíàéäåíî 
31 G4s, ÿê³ óòâîðåíî äâîìà G-òåòðàäàìè, ç 
G-ðàõóíêîì â³ä 30 äî 36 òà 2 G4s, ùî óòâîðåíî 
òðüîìà G-òåòðàäàìè, G-ðàõóíîê ÿêèõ ñòàíî-
âèâ 53. Ö³ äâà G4s º ïðÿìèìè ïîâòîðàìè DR1, 
ÿê³ ëîêàë³çîâàíî â 5′- òà 3′-LTR. 

Íà äðóãîìó åòàï³ âèêîðèñòàíî AlphaFold 3 
äëÿ ïîáóäîâè 3D ìîäåëåé ïîòåíö³éíèõ G4s â 

ãåíîì³ ÑÂ ÂÐÕ. Â ÿêîñò³ êîíòðîëþ êîðåêò-
íîñò³ ïîáóäîâè öèõ ìîäåëåé âèêîðèñòîâóâàëè 
3D ìîäåëü G4, óòâîðåííÿ ÿêîãî åêñïåðèìåí-
òàëüíî ï³äòâåðäæåíî â ãåí³ mexC ãðàìïîçè-
òèâíî¿ áàêòåð³¿ P. aeruginosa.  

Ç òåîðåòè÷íî âèçíà÷åíèõ íà ïåðøîìó åòàï³ 
19 êîíñåðâàòèâíèõ G-êâàäðóïëåêñ³â â ñåíñî-
â³é íèòö³ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ ïîáóäî-
âàíî 3D ìîäåë³ G4, ÿê³ ì³ñòÿòü äâ³ G-òåòðàäè, 
ò³ëüêè äëÿ 7 (òàáë. 1). Äëÿ àíòèñåíñîâî¿ íèòêè 
ç 31-ãî G4s, ÿê³ óòâîðåíî äâîìà G-òåòðàäàìè, 
òà 2-õ G4s, ùî óòâîðåíî òðüîìà G-òåòðàäàìè, 
ïîáóäîâàíî 3D ìîäåë³ G4 ò³ëüêè äëÿ 22-õ, ÿê³ 
óòâîðåíî äâîìà G-òåòðàäàìè (òàáë. 2 òà ðèñ. 2). 

Äëÿ ìÐÍÊ ÑÂ ÂÐÕ ³ñíóâàííÿ G4s íå ï³ä-
òâåðäæåíî, îñê³ëüêè äëÿ æîäíîãî ç 23 òåîðå-
òè÷íî âèçíà÷åíèõ G4s â ìÐÍÊ 3D ìîäåë³ ïî-
òåíö³éíèõ G4s AlphaFold 3 íå ïîáóäóâàâ.

Ïðè âèçíà÷åíí³ ïîòåíö³éíèõ G4s âðàõîâóâà-
ëè (³) âïëèâ íà ¿õíþ ñòðóêòóðó äîâæèíè ïåòë³, 
çá³ëüøåííÿ ÿêî¿ âåäå äî çìåíøåííÿ ñòàá³ëü-
íîñò³ G4, (³³) äåñòàá³ë³çóþ÷èé åôåêò àäåíîçèíà 
äëÿ îäíîíóêëåîòèäíî¿ ïåòë³ àáî â 5′-ïîëîæåí-
í³ êîðîòêî¿ ïåòë³ ïîð³âíÿíî ç òèì³ä³íîì òà öè-
òèä³íîì (Jana et al., 2021).

Ïðîâåäåíî ïîð³âíÿííÿ åôåêòèâíîñò³ ïîøó-
êó G4s çà äîïîìîãîþ äâîõ ïðîãðàì – QGRS 
Mapper òà G4Hunter çà ðåêîìåíäîâàíèõ àâ-
òîðàìè ïàðàìåòð³â. Çà äîïîìîãîþ ïðîãðàìè 
QGRS Mapper âèÿâëåíî 7 ïîòåíö³éíèõ G4s 
äëÿ ìÐÍÊ òà (+)-íèòêè ïðîâ³ðóñíî¿ ÄÍÊ 
ÑÂ ÂÐÕ (òàáë. 1), â òîé ÷àñ ÿê çà äîïîìîãîþ 
ïðîãðàìè G4Hunter íå âèÿâëåíî æîäíîãî G4. 
Äëÿ (–)-íèòêè ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ çà 

Òàáëèöÿ 1. Êîíñåðâàòèâí³ ìîòèâè ïîòåíö³éíèõ G-êâàäðóïëåêñ³â ó ñåíñîâ³é íèòö³ ïðîâ³ðóñíî¿ ÄÍÊ ñïóìàâ³ðóñó 
âåëèêî¿ ðîãàòî¿ õóäîáè. G-áàãàò³ ôðàãìåíòè ïîñë³äîâíîñòåé ï³äêðåñëåíî. Ïîçèö³¿ ãåí³â íàâåäåíî äëÿ ñåíñîâî¿ 
íèòêè ³çîëÿòó JX307861 ÑÂ ÂÐÕ. DR3, DR4, DR5 – ïðÿì³ ïîâòîðè. Ïàðàìåòð pIDDT õàðàêòåðèçóº íàä³é-
í³ñòü ïåðåäáà÷åííÿ ìîäåë³ â AlphaFold 3

Ïîëîæåííÿ
Ãåí/

åëåìåíò
Ìîòèâ G-êâàäðóïëåêñó

G-
ðàõóíîê

56-69
10754-10767
486-499
11184-11197
574-590
11272-11288
7309-7349

U3 
U3
U3
U3
U3
U3
env

GGAGGATTGGCTGG            pIDDT > 90            DR3 
GGAGGATTGGCTGG                  pIDDT > 90      DR3
GGTTCGGAGGATGG           90 > pIDDT > 70      DR4
GGTTCGGAGGATGG           90 > pIDDT > 70      DR4
GGTTCGAGGTCAGGCGG   90 > pIDDT > 70       DR5
GGTTCGAGGTCAGGCGG    90 > pIDDT > 70      DR5
GGcactgttacgtGGtacatattccgGGGggaaaagaatGG   70 > pIDDT > 50

34 
34
34
34
32
32
36
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äîïîìîãîþ ïðîãðàìè QGRS Mapper âèÿâëåíî 
22 ïîòåíö³éí³ G4s, â òîé ÷àñ ÿê çà äîïîìîãîþ 
ïðîãðàìè G4Hunter ³äåíòèô³êîâàíî ÷îòèðè 
G4s (òàáë. 2, ìîòèâè âèä³ëåíî), ÿê³ º ôðàã-
ìåíòàìè G4s, ùî âèÿâëåíî çà äîïîìîãîþ ïðî-
ãðàìè QGRS Mapper.

Íà ãåíîìí³é êàðò³ ÑÂ ÂÐÕ, ÿêà ïîêàçóº ïî-
çèö³¿ ñòðóêòóðíèõ ãåí³â, ðåãóëÿòîðíèõ åëåìåí-
ò³â, ãåíåòè÷íèõ ìàðêåð³â òà â³äñòàíü ì³æ íèìè, 
íàìè çàçíà÷åíî ñàéòè ïîòåíö³éíèõ G4s (ðèñ. 
3). Â ãåíàõ bel1, bel2, gag, pol, env (–)-íèòêè 
³äåíòèô³êîâàíî 1, 1, 9, 1 òà 3 G4s, â òîé ÷àñ ÿê 
(+)-íèòêè – ò³ëüêè îäèí G4 â ãåí³ gag. Íàâå-
äåí³ äàí³ ñâ³ä÷àòü, ùî óòâîðåííÿ G4s â (+)- òà 
(–)-íèòêàõ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ â³äáóâà-
ºòüñÿ àñèìåòðè÷íî, ùî ìîæå âåñòè äî ð³çíî-
ãî âïëèâó G4s, ÿê³ ³äåíòèô³êîâàíî â (+)- òà 
(–)-íèòêàõ, íà òðàíñêðèïö³þ.

Â³äîìî, ùî G4s â (–)-íèòö³, îäèí ç ÿêèõ 
íàâåäåíî íà ðèñ. 3 (á, â), ³ñòîòíèì ÷èíîì ³íã³-
áóþòü òðàíñêðèïö³þ íà â³äì³íó â³ä G4s â 
(+)-íèòö³, ÿê³ íå âïëèâàþòü íà òðàíñêðèïö³þ 
(Agarwal et al., 2014). Ïðîâåäåíèé êîìï’þòåð-
íèé àíàë³ç 37 ³çîëÿò³â ÑÂ ÂÐÕ ç ïîâíèì ãåíî-
ìîì ïîêàçàâ, ùî G4s íåð³âíîì³ðíî ðîçïîä³ëå-
íî ÿê ñåðåä ñòðóêòóðíèõ ãåí³â, òàê ³ â (+)- òà 
(–)-íèòêàõ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ. 

Ñòâîðåíà ãåíîìíà êàðòà ñàéò³â ïîòåíö³é-
íèõ G4s äîçâîëèëà âèÿâèòè îñîáëèâîñò³ ñòðóê-
òóðíî¿ îðãàí³çàö³¿ (+)-íèòêè ïîð³âíÿíî ç 
(–)-íèòêîþ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ. Äëÿ 
(+)-íèòêè âèÿâëåíî 3 ïðÿìèõ ïîâòîðè (DR3 
– DR5), äëÿ (–)-íèòêè – 1 ïðÿìèé ïîâòîð 
DR1, ÿê³ ì³ñòÿòü G-êâàäðóïëåêñè, ùî óòâîðåíî 
äâîìà G-òåòðàäàìè, G-ðàõóíîê ÿêèõ ñòàíîâèòü 
32 – 34.

Ðèñ. 2. 3D ìîäåë³ ïîòåíö³éíèõ G-êâàäðóïëåêñ³â â àíòèñåíñîâ³é íèòö³ ïðîâ³ðóñíî¿ ÄÍÊ ³çîëÿòó JX307861 
ÑÂ ÂÐÕ (à, â, ã) òà åêñïåðèìåíòàëüíî âèçíà÷åíîãî G4 â ãåí³ mexC P. aeruginosa (á), ÿê³ ïîáóäîâàíî çà äî-
ïîìîãîþ AlphaFold 3. à, á – ñòåðåîçîáðàæåííÿ. Ïîëîæåííÿ íà ãåíîì³ ³çîëÿòó JX307861: à – 7061-7082 (90 
> pIDDT > 70); â – 4250-4274 (90 > pIDDT > 70); ã – 2986-3020 (70 > pIDDT > 50) 
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Tàáëèöÿ 2. Êîíñåðâàòèâí³ ìîòèâè ïîòåíö³éíèõ G-êâàäðóïëåêñ³â â àíòèñåíñîâ³é íèòö³ ïðîâ³ðóñíî¿ ÄÍÊ 
ñïóìàâ³ðóñó âåëèêî¿ ðîãàòî¿ õóäîáè. G-áàãàò³ ôðàãìåíòè ïîñë³äîâíîñòåé ï³äêðåñëåíî. Ïîçèö³¿ ãåí³â íàâåäåíî 
äëÿ ñåíñîâî¿ íèòêè ³çîëÿòó JX307861 ÑÂ ÂÐÕ. W =a/t, y = c/t. DR1– ïðÿìèé ïîâòîð. Ìîòèâè, ÿê³ 
³äåíòèô³êîâàíî ïðîãðàìîþ G4Hunter, âèä³ëåíî. G-ðàõóíîê âèçíà÷åíî çà äîïîìîãîþ ïðîãðàì QGRS Mapper 
òà G4Hunter (â êðóãëèõ äóæêàõ). Ïàðàìåòð pIDDT õàðàêòåðèçóº íàä³éí³ñòü ïåðåäáà÷åííÿ ìîäåë³ â AlphaFold 3 

Ñòðóêòóðí³ ãåíè (+)-íèòêè ïîð³âíÿíî ç 
(–)-íèòêîþ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ õàðàê-
òåðèçóþòüñÿ ð³çíîþ ù³ëüí³ñòþ G4s. Äëÿ ãåíà 
gag (–)-íèòêè ù³ëüí³ñòü G4s ñòàíîâèëà 5.5 G4/
ò.í., äëÿ ãåíà pol – 1.6 G4/ò.í., äëÿ ãåíà env – 
1.0 G4/ò.í., â òîé ÷àñ ÿê äëÿ ãåíà gag (+)-íèò-
êè – 0.6 G4/ò.í.

Äëÿ (–)-íèòêè ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ 
º õàðàêòåðíîþ íàäçâè÷àéíî âèñîêà ù³ëüí³ñòü 
G4s äëÿ îêðåìèõ ôðàãìåíò³â ãåí³â, ùî íå ñïî-
ñòåð³ãàºòüñÿ äëÿ (+)-íèòêè. Çîêðåìà, ó ôðàã-
ìåíò³ ãåíà gag äîæèíîþ 116 í. (ïîçèö³¿ 1891-
2006 í.) ³äåíòèô³êîâàíî 5 G4s, ³ ù³ëüí³ñòü G4s 
ñòàíîâèëà 43.1 G4/ò.í. Äëÿ ôðàãìåíòà ãåíà gag 
á³ëüøî¿ äîâæèíè (1448 í., ïîçèö³¿ 1573-3020 í.) 
ç óðàõóâàííÿì äîäàòêîâî âèÿâëåíèõ ÷îòèðüîõ 
G4s ¿õíÿ ù³ëüí³ñòü ñòàíîâèëà 6.2 G4/ò.í. Äëÿ 
ñåíñîâî¿ íèòêè ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ ù³ëü-
í³ñòü G4s ñòàíîâèëà 0.6 G4/ò.í., â òîé ÷àñ ÿê 
äëÿ àíòèñåíñîâî¿ íèòêè – 1.8 G4/ò.í.

Ïîëîæåííÿ
Ãåí/
åëå-
ìåíò

Ìîòèâ G-êâàäðóïëåêñó
G-ðàõó-

íîê

10715-10753
17-55
10671-10685
10092-10121
8234-8250 
7561-7586
7061-7082
6193-6218
5743-5773
5669-5683
5165-5178
4250-4274
2986-3020
2874-2889
2746-2771
1987-2006
1969-1979
1939-1958
1915-1932
1891-1918
1633-1652
1573-1610

U3
U3
bel2
bel1
env
env
env
pol
pol
pol
pol
pol
pol
gag
gag
gag
gag
gag
gag
gag
gag
gag

GGGCAAGTAAAGGGGGGCTGGccyttgctwatttcyGGG  DR1
GGGCAAGTAAAGGGGGGCTGGccyttgctwatttcyGGG  DR1
GGAGGGCATGGCTGG                                          pIDDT > 90
GGTCATCCCTGGCACATTGGCACAAAGAGG            90 > pIDDT > 70
GGAGGGAGAAGGCTCGG                           90 > pIDDT > 70
GGAGTATAGGGTAGGGCTACAGAAGG  90 > pIDDT >70
GGGTTTTGGGTGAGGTTCCAGG              90 > pIDDT > 70
GGGCAGTGGTCTGTGAAGGAGAAGGG  70 > pIDDT >50
GGTTGCGTTGGCAGTTTGCAGTTTGGGCCTTGGTCCTTGGTGGGG (33)GG (33)    70 > pIDDT > 50
GGAGGGAGGGAGTGG                                        pIDDT > 90
GGTTGGTGGCCTGG                                    90 > pIDDT > 70
GGATACATTGGCCTTTGGCTTTGGG     90 > pIDDT > 70
GGCGGAGTGCCGGCATCTTGTGGGGGTATGGGTGG (34) 70 > pIDDT > 50
GGGGGCGGGACCTCGG                             90 > pIDDT > 70
GGGGATTGATTGGGGGCCTGAGGCCTGAGGGGGGATAACGAGG (31))          70 > pIDDT > 50
GGCCCTGGAGCAGGTGCAGG                  90 > pIDDT > 70
GGTGGAGGAGG                                                     pIDDT > 90
GGAGCAGGCAATGGAGCTGG                  70 > pIDDT > 50
GGCTGGAGGTGGTGGAGG (36)  TGGAGG (36)                90 > pIDDT > 70
GGAGGAGCAGGTCCTTGTGGAGCCGCTGG   70 > pIDDT > 50
GGGTAAGGTTGGGTCCGAGG                           pIDDT > 90
GGTTCCCATTGAGGAATAGGCAAGGGTTGCCCTGCAGG 70 > pIDDT > 50

32
32
35
34
34
32
35
33
36
35
34
34
36
32
33
36
36
36
35
36
34
36

²çîëÿò JX307861 ÑÂ ÂÐÕ, ÿê ³ ³íøèé íà-
ÿâíèé â áàç³ äàíèõ GenBank ³çîëÿò JX307862 
(çíàéäåíî â Í³ìå÷÷èí³), ì³ñòèòü äâà ïðîìîòî-
ðè – êàíîí³÷íèé â äîâãîìó ê³íöåâîìó ïîâòîð³ 
(LTR) òà âíóòð³øí³é (â ïîçèö³¿ 9261–9360 ãåíà 
env) (Wu et al., 2010; Hechler et al., 2012). Òðàíñ-
êðèïö³ÿ ñïóìàâ³ðóñó ðåãóëþºòüñÿ íà ðàíí³é òà 
ï³çí³é ôàçàõ, ÿê³ ðîçä³ëåíî âèêîðèñòàííÿì 
äâîõ ïðîìîòîð³â. 5′- òà 3′-LTR ñåíñîâî¿ íèòêè 
ì³ñòÿòü ø³ñòü G4s, ÿê³ º ïðÿìèìè ïîâòîðàìè 
(DR3 – DR5, òàáë. 1), à 5′- òà 3′-LTR àíòè-
ñåíñîâî¿ íèòêè ì³ñòèòü äâà G4s, ÿê³ òàêîæ º 
ïðÿìèìè ïîâòîðàìè (DR1, òàáë. 2), äëÿ ÿêèõ 
ïîáóäîâàíî 3D ìîäåë³ ç äâîìà G-òåòðàäàìè çà 
äîïîìîãîþ AlphaFold 3 (ðåçóëüòàò íå ïîêàçà-
íî). Äëÿ ðàí³øå òåîðåòè÷íî âèçíà÷åíèõ äâîõ 
G4, ÿê³ º ïðÿìèìè ïîâòîðàìè DR2 â 5′- òà 3′-
LTR ñåíñîâî¿ íèòêè òà çàäîâîëüíÿëè êðèòåð³-
ÿì âèçíà÷åííÿ G4, íå ïîáóäîâàíî òðèâèì³ðí³ 
àëüòåðíàòèâí³ ñòðóêòóðè.   
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Â ãåíîì³ òàáàêà (Nicotiana tabacum) áóëî 
âèçíà÷åíî îáëàñò³ ïðîìîòîð³â ÿê îáëàñò³ âèùå 
ãåí³â íà 2000 í.ï., 1500 í.ï., 1000 í.ï. òà 
500 í.ï., ðîçðàõîâàíî ê³ëüê³ñòü G4s äëÿ êîæíî¿ 

îáëàñò³ òà âñòàíîâëåíî, ùî ïðîìîòîðè 60,4 % 
ãåí³â ì³ñòÿòü, ïðèíàéìí³, îäèí G4 (Song et al., 
2024). Â ðîáîò³ (Stefos et al., 2022) ïðîìîòîðíó 
îáëàñòü âèçíà÷èëè ÿê îáëàñòü, ÿêà ëîêàë³çî-

Ðèñ. 3. Ô³çè÷íà êàðòà ãåíîìó ñïóìàâ³ðóñó ÂÐÕ ç íàâåäåíèìè ïîçèö³ÿìè â³äîìèõ (Hamann et al., 2016) òà 
äîäàòêîâèõ ãåí³â bel1 ³ bel2 (Mekata et al., 2021). Ñòð³ëêàìè òà âåðòèêàëüíèìè ë³í³ÿìè ïîêàçàíî ìîòèâè 
G-êâàäðóïëåêñ³â â (+)- òà (–)-íèòêàõ ïðîâ³ðóñíî¿ ÄÍÊ â³äïîâ³äíî. DR1 – ïðÿìèé ïîâòîð â (–)-íèòö³, 
DR3 – DR5 – ïðÿì³ ïîâòîðè â (+)-íèòö³ ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ. 3WJ – â ïîëîæåíí³ 1388-1460 ³çîëÿòó 
JX307861 ÑÂ ÂÐÕ (à). G4 â ïîëîæåí³ 5669-5683 ïðîâ³ðóñíî¿ ÄÍÊ ÑÂ ÂÐÕ (pIDDT>90): âèä çáîêó (á) òà 
âèä çâåðõó (â)
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âàíà íà 500 í. âèùå ñàéòó ñòàðòó òðàíñêðèï-
ö³¿. Âñ³ ïðîìîòîðè áåçïîñåðåäíüî ðàíí³õ ãåí³â 
â³ðóñó ïðîñòîãî ãåðïåñà ïåðøîãî òèïó ì³ñòÿòü 
êîíñåðâàòèâí³ ïîñë³äîâíîñò³, ÿê³ ìîæóòü óòâî-
ðþâàòè G4s (Frasson et al., 2019), ùî ï³äêðåñ-
ëþº ìîæëèâó ðîëü G4s â òðàíñêðèïö³éíîìó òà 
òðàíñëÿö³éíîìó ðåãóëþâàíí³ â³ðóñíèõ ãåí³â, à 
òàêîæ â ïîøêîäæåíí³ òà â³äíîâëåíí³ ïðîâ³ðóñ-
íî¿ ÄÍÊ (Monsen et al., 2022).

Ïîð³âíÿííÿ âèçíà÷åíèõ ïàðàìåòð³â – G-ðà-
õóíê³â – äëÿ G4s, â³äîìèõ ç ë³òåðàòóðíèõ åêñ-
ïåðèìåíòàëüíî âèçíà÷åíèõ äàíèõ, òà äëÿ ÑÂ 
ÂÐÕ ïîêàçóº, ùî G-ðàõóíîê äëÿ ïîòåíö³éíèõ 
êâàäðóïëåêñ³â â ãåíîì³ ÑÂ ÂÐÕ (32–36) çà ïî-
ðÿäêîì âåëè÷èíè çá³ãàºòüñÿ ç G-ðàõóíêîì äëÿ 
â³ðóñó ãåïàòèòó Â, Â²Ë (Piekna-Przybylska et 
al., 2014; Wang et al., 2023). 

Ñòâîðåíà êàðòà ðîçïîä³ëó ïîòåíö³éíèõ G4s 
ï³ä³éìàº äåê³ëüêà ïèòàíü, îñê³ëüêè á³îëîã³÷íà 
ôóíêö³ÿ ïåðåâàæíî¿ á³ëüøîñò³ çíàéäåíèõ G4s 
º íåâèçíà÷åíîþ. Â³äîìî, ùî G4s, ÿê³ ëîêàë³-
çîâàíî â 5′- òà 3′-LTR, ìàþòü ð³çíèé âïëèâ íà 
òðàíñëÿö³þ (Whisnant et al., 2014). G4s â àí-
òèñåíñîâ³é íèòö³ íà â³äì³íó â³ä G4s â ñåíñî-
â³é íèòö³ ìîæóòü ñòâîðþâàòè áëîêè äëÿ ÐÍÊ-
ïîë³ìåðàçè ²² ³ òàêèì ÷èíîì çìåíøóâàòè ð³âåíü 
òðàíñêðèïö³¿ (Agarwal et al., 2014).

Ïîòåíö³éí³ 3WJ-ñòðóêòóðè ó ãåíîì³ ñïóìàâ³-
ðóñó ÂÐÕ. Íà ïåðøîìó åòàï³ áóëî çíàéäåíî 17 
ïîòåíö³éíèõ 3WJ-ñòðóêòóð äëÿ ïîñë³äîâíîñò³ 
ìÐÍÊ ³çîëÿòó JX307861 (Hechler et al., 2012). 
Ïîñë³äîâí³ñòü, ùî óòâîðþº 3WJ â ÐÍÊ áàê-
òåð³îôàãà phi29 ó Bacillus subtilis (Zhang et al., 
2013), ìè âèêîðèñòîâóâàëè ÿê êîíòðîëü äëÿ êî-
ðåêòíîñò³ á³î³íôîðìàòè÷íîãî ïîøóêó ìîòèâ³â 
3WJ (ðèñ. 4). 

Çàçíà÷åíà ìàëà ìîëåêóëà ÐÍÊ äîâæèíîþ 
ïðèáëèçíî 120 í. â³ä³ãðàº ³ñòîòíó ðîëü ó êîì-
ïàêòèçàö³¿ ÄÍÊ phi29 in vitro (Guo et al., 1987). 
Òðè äóïëåêñè öüîãî 3WJ-ìîòèâó, êðèñòàë³÷íà 
ñòðóêòóðà ÿêîãî áóëà ðàí³øå ï³äòâåðäæåíà åê-
ñïåðèìåíòàëüíî ç ðîçä³ëüíîþ çäàòí³ñòþ 0,3 
íì (Zhang et al., 2013; PDB: 4KZ2), ì³ñòÿòü 
20 êîìïëåìåíòàðíèõ ïàð íóêëåîòèä³â (ðèñ. 4, 
à). Â³ëüíà åíåðã³ÿ ΔG ö³º¿ 3WJ-ñòðóêòóðè, ÿêó 
âèçíà÷åíî çà äîïîìîãîþ ïðîãðàìè Mfold (àëå 
ëèøå ç ïðèìóñîâèì óòâîðåííÿì êîìïëåìåí-
òàðíèõ ïàð çà íàñòóïíèõ ïàðàìåòð³â F 1 78 1), 
ñòàíîâèòü – 20,9 êêàë/ìîëü (ðèñ. 4, á).

Íà äðóãîìó åòàï³ ñåðåä ³äåíòèô³êîâàíèõ 
3WJs äëÿ ïîäàëüøîãî àíàë³çó âèáèðàëè òàê³, ùî 
çà ïàðàìåòðàìè â³äïîâ³äàëè 3WJ-ñòðóêòóð³, ÿêó 
åêñïåðèìåíòàëüíî äîñë³äæåíî â ðîáîò³ (Zhang 
et al., 2013) (ðèñ. 4, à). Âàðòî çàçíà÷èòè, ùî 
3D ìîäåëü ö³º¿ 3WJ, ÿêó ïîáóäóâàâ AlphaFold 
3, íå ï³äòâåðäæóº ³ñíóâàííÿ êëàñè÷íî¿ 3WJ ç 
òðüîìà äóïëåêñàìè. Çàì³ñòü òðüîõ äóïëåêñ³â äëÿ 
ö³º¿ ñòðóêòóðè AlphaFold 3 âèçíà÷àº ÷îòèðè äó-
ïëåêñè (ðèñ. 4 â, ã), ùî çàéâèé ðàç ï³äêðåñëþº 
ïîòóæí³ ìîæëèâîñò³ AlphaFold 3. Ö³ â³äîìîñò³ 
çá³ãàþòüñÿ ç ðåçóëüòàòàìè ïðîâåäåíîãî íàìè á³-
î³íôîðìàòè÷íîãî àíàë³çó 3WJ ç ðîáîòè (Zhang 
et al., 2013) (ðèñ. 4, á), ÿêèé òàêîæ âêàçóº íà íà-
ÿâí³ñòü ÷îòèðüîõ äóïëåêñ³â â ö³é ñòðóêòóð³, ÿêà 
äî òîãî æ º åíåðãåòè÷íî íåâèã³äíîþ, îñê³ëüêè 
¿¿ íåìîæëèâî îòðèìàòè áåç ïðèìóñîâîãî óòâî-
ðåííÿ êîìïëåìåíòàðíèõ ïàð (ðèñ. 4, á).  

Â³ëüíà åíåðã³ÿ âèáðàíèõ 3WJs ñòàíîâèëà íå 
ìåíøå – 18 êêàë/ìîëü, à çàãàëüíà ê³ëüê³ñòü 
êîìïëåìåíòàðíèõ ïàð ñòàíîâèëà íå ìåíøå 20. 

Íàìè çíàéäåíî 6 ïîòåíö³éíèõ 3WJs â ìÐÍÊ 
³çîëÿòó JX307861 ÑÂ ÂÐÕ, ÿê³ ñòàá³ë³çîâàíî 
20–26 êîìïëåìåíòàðíèìè íóêëåîòèäàìè òà 
ëîêàë³çîâàíî â 5’LTR (2 ñòðóêòóðè), ãåíàõ gag 
(2 ñòðóêòóðè), env, bel2 (òàáë. 3), à òàêîæ òðè 
4WJ-ñòðóêòóðè, äâ³ 5WJ-ñòðóêòóðè (ðåçóëüòàòè 
íå ïîêàçàíî). Îäíàê ëèøå äâ³ 3WJ-ñòðóêòóðè 
(ó ãåíàõ gag (ïîçèö³ÿ 1388-1460) òà env (ïîçèö³ÿ 
8112-8174)) ñåðåä 6-òè âèùåçãàäàíèõ, ÿê³ çìî-
äåëüîâàíî çà äîïîìîãîþ ïðîãðàìè Vfold2D, 
çá³ãàþòüñÿ ç 3WJ-ñòðóêòóðàìè, ÿê³ âèçíà÷åíî 
çà äîïîìîãîþ ïðîãðàìè Mfold (áåç ïðèìóñîâî-
ãî óòâîðåííÿ êîìïëåìåíòàðíèõ ïàð) (òàáë. 3). 

Ï’ÿòü ³ç 6 ³äåíòèô³êîâàíèõ 3WJs íå º êîí-
ñåðâàòèâíèìè äëÿ íàáîðó ç 37 ³çîëÿò³â ÑÂ ÂÐÕ. 
Âèçíà÷åíî ò³ëüêè îäèí âèñîêîêîíñåðâàòèâ-
íèé ìîòèâ 3WJ (ïîçèö³ÿ 1388-1460 äëÿ ³çîëÿòó 
JX307861 ÑÂ ÂÐÕ, ðèñ. 5) äîâæèíîþ 73 í. ç³ 
100%-âèì ð³âíåì ïîä³áíîñò³ (ðèñ. 5), ÿêèé 
ëîêàë³çîâàíî ì³æ 5’-LTR (ïîçèö³ÿ 1-1312) òà 
5’-ê³íöåì ãåíà gag (ïîçèö³ÿ 1420-3054) ³ ÷àñò-
êîâî íà 5’-ê³íö³ ãåíà gag. Êð³ì òîãî, äîâøèé 
ôðàãìåíò äîâæèíîþ 103 í. (ïîçèö³ÿ 1382-1484 
äëÿ ³çîëÿòó JX307861 ÑÂ ÂÐÕ) òàêîæ ìàº 100 
%-âó ïîä³áí³ñòü äëÿ 37 ³çîëÿò³â ÑÂ ÂÐÕ. 

Ìè âèêîðèñòàëè 3WJ ó ÐÍÊ Â²Ë-1 (Song et 
al., 2021) ÿê êîíòðîëü äëÿ âèçíà÷åííÿ ïîòåíö³é-
íèõ 3WJs, îñê³ëüêè öþ íåêàíîí³÷íó ñòðóêòóðó 
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Ðèñ. 4. Âòîðèííà ñòðóêòóðà – 3WJ-ñòðóêòóðà, – ÿêó çíàéäåíî â ÐÍÊ ïàêóâàëüíîãî ìîòîðó áàêòåð³îôàãà 
phi29, ùî ç÷åïëåíèé ç ïàêóâàííÿì ÄÍÊ (Zhang et al, 2013) (à). Âòîðèííó ñòðóêòóðó 3WJ ïîáóäîâàíî çà äîïî-
ìîãîþ ïðîãðàìè Mfold (RNA Folding Form) (á), 3D ìîäåëü – øòó÷íèì ³íòåëåêòîì AlphaFold 3 ç â³çóàë³çàö³ºþ 
AlphaFold 3 (â) òà ïðîãðàìè RasWin Molecular Graphycs (ã – çâ’ÿçêè, ä – îñòîâ)



79ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2025. Ò. 59. ¹ 5

Íåêàíîí³÷í³ ñòðóêòóðè â ãåíîì³ ñïóìàâ³ðóñó âåëèêî¿ ðîãàòî¿ õóäîáè

Òàáëèöÿ 3. 3D ìîäåë³, ÿê³ îòðèìàíî çà äîïîìîãîþ AlphaFold 3. Ïàðàìåòðè 3WJ-ñòðóêòóð â ãåíîì³ ³çîëÿòó 
JX307861 ÑÂ ÂÐÕ ³ ÷èñëî êîìïëåìåíòàðíèõ ïàð íóêëåîòèä³â ó íàïðÿìêó 5′→3′ äëÿ òðüîõ äóïëåêñ³â, 
ÿê³ óòâîðþþòü 3WJ. Ï³äêðåñëåíî ïàðàìåòðè êîíñåðâàòèâíî¿ 3WJ-ñòðóêòóðè (¹ 2) äëÿ âñ³õ 37 ³çîëÿò³â 
ÑÂ ÂÐÕ, ùî äîñë³äæåíî

AlphaFold 3 Ïîëîæåííÿ 
íà ãåíîì³; 

pIDDT
Ãåí/åëåìåíò

×èñëî êîìïëåìåí-
òàðíèõ ïàðçâ’ÿçêè îñòîâ

72-135 
70>pIDDT>50

5′-LTR 6-7-4

1388-1460
70>pIDDT>50

5′-ÍÒÎ
gag

9-6-5

2100-2245
70>pIDDT>50

gag –

2138-2224
70>pIDDT>50

gag 4-12-10

8112-8174
90>pIDDT>70

env 9-5-6

10644-10717
70>pIDDT>50

bel2 5-9-10
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Ðèñ. 5. Êîíñåðâàòèâíà äëÿ 37 ³çîëÿò³â ÑÂ ÂÐÕ ñòðóêòóðà 3WJ (ïîçèö³ÿ 1388-1460 äëÿ ³çîëÿòó JX307861), 
ÿêó çíàéäåíî â 5′-ÍÒÎ òà 5′-ê³íö³ ãåíà gag ÑÂ ÂÐÕ, ùî âèçíà÷åíî çà äîïîìîãîþ ïðîãðàì Vfold2D (à) òà 
Mfold (á). 3D ìîäåëü ïîáóäîâàíî çà äîïîìîãîþ AlphaFold 3 ç â³çóàë³çàö³ºþ AlphaFold 3 (â) òà ïðîãðàìè 
RasWin Molecular Graphycs (ã – çâ’ÿçêè, ä – îñòîâ). 3WJ õàðàêòåðèçóºòüñÿ 20 êîìïëåìåíòàðíèìè ïàðàìè 
íóêëåîòèä³â, ÿê³ ïîêàçàíî â³äð³çêàìè ç êðàïêîþ (9-6-5 êîìïëåìåíòàðíèõ ïàð ó íàïðÿìêó 5′→3′ äëÿ òðüîõ 
äóïëåêñ³â â³äïîâ³äíî). Íà âñòàâö³ ïîêàçàíî ñõåìó 3WJ-ñòðóêòóðè, ÿêà ñêëàäàºòüñÿ ç òðüîõ äóïëåêñ³â – äâîõ 
øïèëüîê òà ñòåáëà
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ï³äòâåðäæåíî ïîáóäîâîþ 3D ìîäåë³ çà äîïî-
ìîãîþ AlphaFold 3, íåçâàæàþ÷è íà òå, ùî çà-
çíà÷åíà 3WJ ìîæå áóòè ñôîðìîâàíîþ ëèøå çà 
óìîâ ïðèìóñîâîãî óòâîðåííÿ êîìïëåìåíòàð-
íèõ ïàð òà º åíåðãåòè÷íî â³äíîñíî íåâèã³ä-
íîþ (ðèñ. 6). Â³ëüíà åíåðã³ÿ ΔG öüîãî 3WJ-

ìîòèâó äîð³âíþº – 28,8 êêàë/ìîëü, òîä³ ÿê ΔG 
á³ëüø âèã³äíî¿ âòîðèííî¿ ñòðóêòóðè, ÿêà íå 
óòâîðþº 3WJ äëÿ öüîãî ôðàãìåíòà ÐÍÊ Â²Ë-1, 
äîð³âíþº – 37,8 êêàë/ìîëü. 

Íåäàâíî 43 ïîñë³äîâíîñò³ ãåíà gag äåïî-
íîâàíî â áàçó äàíèõ GenBank (Bao et al., 

Ðèñ. 6. 3WJ ñòðóêòóðà (äîâæèíîþ 103 í.), ùî ì³ñòèòü ñàéò çâ’ÿçóâàííÿ ïðàéìåðà, ç ÿêîãî â³äáóâàºòüñÿ ³í³ö³-
àö³ÿ çâîðîòíî¿ òðàíñêðèïö³¿ Â²Ë-1 (Song et al, 2021; PDB: 7lva) (à), ÿêó ðîçðàõîâàíî çà äîïîìîãîþ ïðîãðàìè 
Mfold çà íàñòóïíèõ ïàðàìåòð³â: ïðèìóñîâå óòâîðåííÿ êîìïëåìåíòàðíèõ ïàð: F 12 56 8, F 20 45 2, F 65 75 
3 (á). 3D ìîäåëü ïîáóäîâàíî çà äîïîìîãîþ AlphaFold 3 ç â³çóàë³çàö³ºþ AlphaFold 3 (â) òà ïðîãðàìè RasWin 
Molecular Graphycs (ã – çâ’ÿçêè, ä – îñòîâ)
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2020). Ôðàãìåíò ãåíà gag öèõ 43 ³çîëÿò³â ÑÂ 
ÂÐÕ íà 40 í. ïåðåêðèâàºòüñÿ ç íóêëåîòèäíîþ 
ïîñë³äîâí³ñòþ âèçíà÷åíî¿ íàìè êîíñåðâàòèâ-
íî¿ 3WJ-ñòðóêòóðè (äîâæèíîþ 73 í., òàáë. 3).

Äîäàòêîâî íàìè ïðîâåäåíî àíàë³ç âïëè-
âó ÷èñëà ïàñàæ³â ë³í³¿ êë³òèí íèðêè ÂÐÕ, ùî 
ïåðåâèâàºòüñÿ, MDBK (Madin Darby Bovine 
Kidney), ³íô³êîâàíèõ øòàìîì Riems ÑÂ ÂÐÕ 
(Bao et al., 2020), íà êîíôîðìàö³þ çíàéäåíî¿ 
êîíñåðâàòèâíî¿ 3WJ-ñòðóêòóðè. Äëÿ äîñë³ä-
æåííÿ íà äîäàòîê äî 37 ³çîëÿò³â ÑÂ ÂÐÕ ç 
ïîâíèì ãåíîìîì íàìè âèêîðèñòàíî 43 ïî-
ñë³äîâíîñò³ ãåíà gag äîâæèíîþ â³ä 1620 í. äî 
1665 í., ùî îòðèìàíî ç ïðîâ³ðóñíî¿ ÄÍÊ 43 
³çîëÿò³â ÑÂ ÂÐÕ, ÿêó âèä³ëåíî ï³ñëÿ ñåð³¿ 
ïàñàæ³â ë³í³¿ êë³òèí MDBK (Bao et al., 2020).

Âèêîíàíèé íàìè àíàë³ç îäíîíóêëåîòèäíèõ 
ïîë³ìîðô³çì³â, ÿê³ âèíèêëè ï³ñëÿ ïðîâåäåííÿ 
ñåð³¿ ïàñàæ³â ë³í³¿ êë³òèí MDBK, ³íô³êîâà-
íèõ øòàìîì Riems ÑÂ ÂÐÕ (Bao et al., 2020), 
ïîêàçàâ, ùî çíàéäåíà 3WJ-ñòðóêòóðà çáåð³ãà-
ºòüñÿ, ùî âêàçóº íà ¿¿ çíà÷óù³ñòü äëÿ ôóíê-
ö³îíóâàííÿ ÑÂ ÂÐÕ. Âèçíà÷åíèé êîíñåðâà-
òèâíèé ñòðóêòóðíèé 3WJ-ìîòèâ â ÐÍÊ ÑÂ 
ÂÐÕ º åíåðãåòè÷íî âèã³äí³øèì ïîð³âíÿíî ç 
³íøèìè ïîòåíö³éíèìè ñòðóêòóðàìè 3WJ äëÿ 
ö³º¿ ïîñë³äîâíîñò³, îñê³ëüêè â³í áóâ ðîçðàõî-
âàíèé áåç ïðèìóñîâîãî óòâîðåííÿ êîìïëå-
ìåíòàðíèõ ïàð ó òðüîõ äóïëåêñàõ, ùî óòâî-
ðþþòü öþ âòîðèííó ñòðóêòóðó. Ïðåäñòàâëåí³ 
äàí³ ï³äòâåðäæóþòü âèñíîâîê ïðî òå, ùî ÑÂ 
ÂÐÕ º óí³êàëüíèì òà íåñòàíäàðòíèì â³ðóñîì, 
à ìîëåêóëÿðíà ñòðóêòóðà ãåíà gag ÷åðåç íàÿâ-
í³ñòü 10 íåêàíîí³÷íèõ ñòðóêòóð (9 G4s òà 3WJ) 
çíà÷íî â³äð³çíÿºòüñÿ ïîð³âíÿíî ç òàêîþ ³íøèõ 
ðåòðîâ³ðóñ³â (Lindemann et al., 2021). Ïîä³áíî 
äî òèõ àðáîâ³ðóñ³â, ãåíîì ÿêèõ, ÿê ³ ãåíîì ÑÂ 
ÂÐÕ, ïðåäñòàâëåíî ïîçèòèâíîþ îäíîëàíöþ-
ãîâîþ ÐÍÊ (Nicoletto et al., 2023), ñïóìàâ³ðóñ 
ÂÐÕ õàðàêòåðèçóºòüñÿ çíà÷íîþ ê³ëüê³ñòþ ïî-
òåíö³éíèõ G4s, ÿê³ ëîêàë³çîâàíî â êîäóþ÷èõ 
ïîñë³äîâíîñòÿõ òà ÍÒÎ (UTRs).   

Àâòîðè âèñëîâëþþòü ùèðó ïîäÿêó ä-ðó J. Chari-
ker (Óí³âåðñèòåò Ëó³ñâ³ëëÿ, ÑØÀ; University of 
Louisville, USA) çà êîðèñí³ êîìåíòàð³, çàóâàæåí-
íÿ òà ïðîïîçèö³¿ ùîäî âèçíà÷åííÿ G-êâàäðóïëåê-
ñ³â òà ðåöåíçåíòó çà êîíñòðóêòèâí³ çàóâàæåííÿ, 
ÿê³ íàïðàâëåíî íà ³ñòîòíå ïîêðàùåííÿ ñòàòò³.

Äîòðèìàííÿ åòè÷íèõ ñòàíäàðò³â. Öÿ ñòàòòÿ íå 
ì³ñòèòü áóäü-ÿêèõ äîñë³äæåíü ç âèêîðèñòàííÿì 
ëþäåé ³ òâàðèí ÿê îá’ºêò³â.
Êîíôë³êò ³íòåðåñ³â. Àâòîðè çàÿâëÿþòü, ùî íå 
ìàþòü êîíôë³êòó ³íòåðåñ³â.
Ô³íàíñóâàííÿ. Ðîáîòó ÷àñòêîâî ï³äòðèìàíî 
ãðàíòîì 34.02.01.01Ô Íàö³îíàëüíî¿ àêàäåì³¿ 
àãðàðíèõ íàóê Óêðà¿íè.
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Bioinformatics methods have been used to identify 
putative perfect G-quadruplexes (G4s) and three-way 
junctions (3WJs) in bovine foamy virus (BFV) genome. 
Artificial intelligence (AI) AlphaFold 3 was used to 
confirm putative G4s and 3WJs by building 3D models 
of these non-canonical structures. G4s are secondary 
structures formed by G-rich sequences. Multihelical 
3WJs formed by three duplexes connected at the binding 
point and G4s are considered as alternative structures 
in DNA and RNA that differ from the classical double-
stranded B-DNA. In the present paper, the localization 
map of putative conservative intramolecular G4s formed 
by two G-tetrads on the BFV genome was created. 7 
putative conservative G-quadruplexes in the sense strand 
of BFV proviral DNA and 22 G4s in the antisense 
strand formed by two G-tetrads with G-score from 32 
to 36 were found by the multiple alignment of 37 BFV 
isolates with complete genome. The density of G4s 
was 0.6 G4/kb for the sense strand of the BFV proviral 
DNA, while it was 1.8 G4/kb for the antisense strand. 
One conservative 3WJ motif with length of 73 bp with 
100 % homology localized in the 5′-untranslated region 
and partially on the 5′-end of the gag gene was found 
for a set of 37 BFV isolates. The 3WJ structure in BFV 
RNA is stabilized by 20 complementary bp with a free 
energy ΔG of – 19.8 kcal/mol. The significance of this 
structure for BFV functioning has been proven. The use 
of AI AlphaFold 3 to build 3D models of theoretically 
determined perfect G4s and 3WJs in the BFV genome 
allowed us to reliably determine putative alternative 
structures in nucleic acids.
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