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²ñíóþòü ÷èñëåíí³ ³íã³á³òîðè áàêòåð³àëüíîãî FtsZ á³ë-
êà, á³îëîã³÷íà àêòèâí³ñòü ÿêèõ äîâåäåíà á³îõ³ì³÷íî, 
ïðîòå ö³ëüîâ³ ñàéòè ë³ãàíä-á³ëêîâî¿ âçàºìîä³¿ äëÿ á³ëü-
øîñò³ ç íèõ çàëèøàþòüñÿ íåâ³äîìèìè. Öå óñêëàäíþº 
ïîäàëüøèé êîìá³íàòîðíèé äèçàéí ³ ó àêòóàëüíîìó 
äîñë³äæåíí³ íàìè ïðåäñòàâëåíî ðåçóëüòàòè ïîøóêó 
åôåêòîð³â ñàéò³â çâ’ÿçóâàííÿ 4-ã³äðîêñ³êóìàðèíó (BP1
³ BP2). Ïðåäñòàâëåí³ äàí³ ́ ðóíòóþòüñÿ íà ðåçóëüòàòàõ 
ôàðìàêîôîðíîãî ñêðèí³íãó, õåìî³íôîðìàö³éíî¿ êëàñòå-
ðèçàö³¿, ìîëåêóëÿðíîìó äîê³íãó, ñèìóëÿö³ÿõ ìîëåêó-
ëÿðíî¿ äèíàì³êè, ìåòîäàõ øòó÷íîãî ³íòåëåêòó, òîùî.
Ö³ëüîâîþ ãðóïîþ áóëà îá’ºäíàíà á³áë³îòåêà ç 379 ðå-
÷îâèí, ÿêà ñôîðìîâàíà çà ðåçóëüòàòàìè ðåâ³ç³¿ ñòðóê-
òóðíî¿ áàçè äàíèõ RCSB Protein Data Bank ³ ðå÷îâèí 
ç áàçè äàíèõ ChEMBL, äëÿ ÿêèõ á³îõ³ì³÷íî äîâåäåíà 
âçàºìîä³ÿ ç FtsZ. Çà ðåçóëüòàòàìè êîìïëåêñíîãî äîñ-
ë³äæåííÿ â³ä³áðàíî 39 ñïîëóê, ç ÿêèõ 28 ³äåíòèô³-
êîâàí³ ÿê åôåêòîðè ñàéò³â BP1 ³ BP2, à ùå 11 ÿê 
ñïåöèô³÷í³ åôåêòîðè ñàéòó BP2, ðîçòàøîâàíîãî ó 
ñóïåðêèøåí³ BP2/IDC. 

Êëþ÷îâ³ ñëîâà: FtsZ, BP1, BP2, êóìàðèíè, ë³ãàíä-á³ë-
êîâà âçàºìîä³ÿ, õåìî³íôîðìàòèêà, ôàðìàêîôîðíèé ïî-
øóê, ìîëåêóëÿðíèé äîê³íã, øòó÷íèé ³íòåëåêò. 

Âñòóï. Ä³ÿ àíòèá³îòèê³â îáóìîâëåíà ¿õ õ³ì³÷-
íèì âòðó÷àííÿì â ïðîöåñè ñèíòåçó àáî ôóíê-
ö³îíóâàííÿ æèòòºâî âàæëèâèõ ñòðóêòóð áàêòå-
ð³àëüíî¿ êë³òèíè (Pham, 2018). Ìîëåêóëÿðí³ 
ì³øåí³ ³ñíóþ÷èõ ïðåïàðàò³â ïåðåâàæíî ïîâ’ÿ-
çàí³ ç ïðîöåñàìè á³îñèíòåçó á³ëê³â, ôîðìóâàííÿ 
êë³òèííî¿ ñò³íêè, ñèíòåçó íóêëå¿íîâèõ êèñëîò 
àáî ôóíêö³îíóâàííÿ ìåìáðàí áàêòåð³àëüíî¿ êë³-
òèíè (Monserrat-Martinez et al., 2019). Ïðîòå, ó 
çâ’ÿçêó ³ç çðîñòàííÿì ðåçèñòåíòíîñò³ áàêòåð³é 
äî ³ñíóþ÷èõ àíòèáàêòåð³àëüíèõ àãåíò³â, êëþ÷î-
âîþ çàäà÷åþ º ïîøóê íîâèõ ñòðàòåã³é ³ ìîëå-
êóëÿðíèõ ì³øåíåé ë³ãàíä-³íäóêîâàíîãî âïëèâó 
(Crunkhorn et al., 2025). Îäí³ºþ ç âàæëèâèõ 

àíòèáàêòåð³àëüíèõ ì³øåíåé º ô³ëàìåíòïîä³á-
íèé òåðìî÷óòëèâèé á³ëîê Z (FtsZ), ÿêèé âîäíî-
÷àñ º íàéáëèæ÷èì áàêòåð³àëüíèì ãîìîëîãîì 
òóáóë³íó ññàâö³â (Scheffers and Driessen, 2001; 
Faguy and Doolittle, 1998; Rayevsky et al., 2022). 
Ñòðóêòóðí³ ïîðóøåííÿ ³ ë³ãàíä-³íäóêîâàíå ³í-
ã³áóâàííÿ FtsZ ïðèçâîäÿòü äî óïîâ³ëüíåííÿ, 
ïîìèëîê àáî çóïèíêè ïîä³ëó áàêòåð³é òà ¿õ 
çàãèáåë³ (Suresh et al., 2023). Íåçâàæàþ÷è íà 
ïåðñïåêòèâí³ñòü ³íã³á³òîð³â FtsZ â çàëåæíîñò³ 
â³ä ñàéòó ë³ãàíä-á³ëêîâî¿ âçàºìîä³¿ çàçíà÷åíà 
ìîëåêóëÿðíà ì³øåíü ìàº ïåâí³ íåäîë³êè. Á³ëü-
ø³ñòü ç íèõ ïîâ’ÿçàíà ³ç ñòðóêòóðíîþ ïîä³á-
í³ñòþ ìîëåêóë FtsZ ³ ³çîòèï³â òóáóë³íó (Dyer, 
2009). Ïåðø çà âñå, öå ñòîñóºòüñÿ åôåêòîð³â 
ñàéòó ã³äðîë³çó ÃÒÔ (NBS – Nucleotide Binding 
Site), ÿê³é ó ñòðóêòóðíîìó ³ ôóíêö³îíàëüíîìó 
â³äíîøåíí³ çáåð³ãàº çíà÷íó ïîä³áí³ñòü ìîëåêóë 
FtsZ òà òóáóë³íó. Òàêèì ÷èíîì, íåçâàæàþ÷è 
íà ïðèêëàä³ åôåêòèâíîãî ³íã³áóâàííÿ FtsZ 
ÃÒÔ-êîíêóðåíòíèìè ³íã³á³òîðàìè, ¿õ âïðîâà-
äæåííÿ îáìåæåíî âèñîêèì ð³âíåì òîêñè÷íîñò³ 
äëÿ ïàö³ºíò³â (Scheffers D, Driessen, 2001; 
Andreu et al., 2022). Çàçíà÷åíà ïðîáëåìà ìîæå 
áóòè âèð³øåíà ÷åðåç çàñòîñóâàííÿ àãåíò³â, 
ñïðÿìîâàíèõ íà àëüòåðíàòèâí³ ñàéòè, ÿê³ íà 
â³äì³íó â³ä ñàéòó NBS ïðîÿâëÿþòü á³ëüøó 
â³äì³íí³ñòü ö³ëüîâèõ êèøåíü. 

Ïðèêëàäîì á³ëüø ñïåöèô³÷íîãî ³íã³áóâàí-
íÿ º àëîñòåðè÷í³ ³íã³á³òîðè FtsZ, ÿê³ ä³þòü ÷å-
ðåç ñàéò ³íòåðäîìåííî¿ ù³ëèíè (IDC, Inter-
Domain Cleft) (Pradhan et al., 2021). Òàê, ³ç 
ñàéòîì IDC ïîâ’ÿçàíà ä³ÿ ñïîëóê áåíçàì³ä-
íî¿ ãðóïè, ÿê³ ðàí³øå áóëè ³äåíòèô³êîâàí³ 
ïðè ïðîâåäåíí³ ñêðèí³íãó ïàíåë³ ñïîëóê íà 
êóëüòóðàõ áàêòåð³é in vitro. Êàíîí³÷íèì 
ïðèêëàäîì º 2,6-äèôòîðáåíçàì³ä PC190723: 3-
[(6-chloro[1,3]thiazolo[5,4-b]pyridin-2-yl)metho-
xy]-2,6-difluorobenzamide (Andreu et al., 2010),
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åôåêòèâí³ñòü ÿêîãî áóëà äîâåäåíà íà øòàìàõ 
Staphylococcus aureus òà Bacillus subtilis (Matsui et 
al., 2012; Gurnani et al., 2022). Òàêîæ, PC190723 
âèÿâèâ çäàòí³ñòü ïðèãí³÷óâàòè ìåòèöèë³í-ðå-
çèñòåíòí³ øòàìè S. aureus MRSA (Methicillin-
Resistant Staphylococcus Aureus) (Tan et al., 2012). 
Çãîäîì äàí³ êðèñòàëîãðàô³¿ äîâåëè, ùî ñàìå 
àëüòåðíàòèâíèé ìåõàí³çì âçàºìîä³¿ îáóìîâëþº 
åôåêòèâí³ñòü ³ ìåíøó òîêñè÷í³ñòü 2,6-äèôòîð-
áåíçàì³ä³â (Sharma et al., 2023).

Òàêèì ÷èíîì, êëþ÷îâèé ïîòåíö³àë FtsZ, 
ÿê ïåðñïåêòèâíî¿ ìîëåêóëÿðíî¿ ì³øåí³, ïîâ’ÿ-
çàíèé ñàìå ³ç ñïîëóêàìè, ñïðÿìîâàíèìè íà 
ñàéòè, ÿê³ º àëüòåðíàòèâíèìè NBS (Rayevsky 
et al., 2022; Karpov et al., 2024). Íàæàëü, íå-
çâàæàþ÷è íà çíà÷íå çðîñòàííÿ ê³ëüêîñò³ äåïî-
íóâàíü ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â â RCSB 
Protein Data Bank, äàí³ ñòîñîâíî ñàéò³â ³
ìåõàí³çì³â ë³ãàíä-³íäóêîâàíîãî âïëèâó ïðåä-
ñòàâëåí³ äëÿ FtsZ çíà÷íî ïîñòóïàþòüñÿ òóáó-
ë³íàì (Berman et al., 2003). Ïðîòå, çâåðòàþ÷è 
óâàãó íà ïîä³áí³ñòü ñòðóêòóðíî¿ îðãàí³çàö³¿ 
FtsZ ³ òóáóë³í³â, ìîæíà ðîçðàõîâóâàòè íà ³ñíó-
âàííÿ ùå íåâ³äîìèõ ñàéò³â ³ àãåíò³â ë³ãàíä-
³íäóêîâà-íîãî âïëèâó íà ìîëåêóëè FtsZ. 

Íåùîäàâíî ñë³äîì çà ñàéòîì IDC áóëè îòðè-
ìàí³ êðèñòàëîãðàô³÷í³ äîêàçè (PDB: 6Y1V ³ 
6Y1U) ³ñíóâàííÿ äâîõ ñàéò³â çâ’ÿçóâàííÿ ìîëå-
êóë 4-ã³äðîêñ³êóìàðèíó (4HC = 4-Hydroxy-2H-
chromen-2-one = 4-hydroxychromen-2-one = 
= 4-HYDROXYCOUMARIN = 4-hydroxychro-
men-2-one). Áóëî ïðîäåìîíñòðîâàíî, ùî çâ’ÿ-
çóâàííÿ 4HC ç FtsZ âèêëèêàº êðèòè÷í³ àëîñòå-
ðè÷í³ çäâèãè, àëå ¿õ ïðèðîäà â³äð³çíÿºòüñÿ â³ä 
ïåðåáóäîâ, ùî âèêëèêàþòü 2,6-äèôòîðáåíçà-
ì³ä³ (Ozheredov and Karpov, 2024). Òàêîæ áóëî 
äîâåäåíî, ùî 4HC çâ’ÿçóºòüñÿ ç êèøåíÿìè 
BP1 ³ BP2 ìîëåêóëè FtsZ âèêëþ÷íî ó íóêëåî-
òèä-â³ëüíîìó (GTP ³ GDP) ñòàí³. Ââàæàºòüñÿ, 
ùî öå ïîâ’ÿçàíî ³ç îñîáëèâîñòÿìè ïðîöåñó 
ôîðìóâàííÿ êèøåíü ö³ëüîâèõ ñàéò³â, à ñàìå ³ç
ãíó÷ê³ñòþ ñï³ðàë³ H7, ÿêà çì³íþºòüñÿ çà êîí-
ôîðìàö³ºþ ³ ïîëîæåííÿì â çàëåæíîñò³ â³ä ïðè-
ñóòíîñò³ ìîëåêóëè ãóàíîçèíôîñôàòó (GTP àáî 
GDP) ó ñàéò³ NBS. (Alnami et al., 2021; Ozhere-
dov and Karpov, 2024) 

Àíàëîã³÷íî äî åôåêòîð³â ñàéòó IDC, íà ïî-
÷àòêó 70-õ ðîê³â ìèíóëîãî ñòîð³÷÷ÿ, ùå äî ïîÿ-
âè ïåðøèõ êðèñòàëîãðàô³÷íèõ äàíèõ, 4-ã³äðî-
êñèêóìàðèí âæå ïîçèö³îíóâàâñÿ ÿê ïåðñïåê-

òèâíèé àíòèá³îòèê ïðèðîäíîãî ïîõîäæåííÿ 
(Bye and King, 1970). Çà ïîõîäæåííÿì, 4HC º
ãðèáíèì ìåòàáîë³òîì, ÿê³é ñèíòåçóºòüñÿ ç êóìà-
ðèíó, ³ çíàõîäèòü çàñòîñóâàííÿ ïðè ôåðìåíòà-
òèâíîìó âèðîáíèöòâ³ àíòèêîàãóëÿíòó äèêóìà-
ðîëó (Liu et al., 2010). Òàêîæ, 4HC áóëî çíàéäåíî 
â åêñòðàêòàõ äåÿêèõ ðîñëèí: Ruta gra-veolens, Vitis 
vinifera, Apis cerana, òîùî [https://pubchem.ncbi.
nlm.nih.gov/compound/54682930#section=Chem
ical-Gene-Co-Occurrences-in-Patents].

Íà â³äì³íó â³ä ñàéòó BP1, êàðìàí BP2 ìàº 
òîïîëîã³÷íå ïåðåêðèòòÿ ³ç ñàéòîì çâ’ÿçóâàííÿ 
òàêñîëó β-òóáóë³íîì, ùî íå ëèøå ï³äòâåðäæóº 
ñï³ëüíå åâîëþö³éíå ïîõîäæåííÿ FtsZ ³ òóáó-
ë³í³â, àëå é ï³äòâåðäæóº ã³ïîòåçó ãîìîëîã³¿ êàð-
ìàí³â ñàéò³â ë³ãàíä-á³ëêîâî¿ âçàºìîä³¿ (Alnami 
et al., 2021).

Ïîïåðåäí³ äîñë³äæåííÿ ïîêàçàëè, ùî íà 
â³äì³íó â³ä òîãî, ÿê çâ’ÿçóâàííÿ áåíçàì³äíèõ 
ñïîëóê âèêëèêàº çíà÷í³ çì³ùåííÿ ó ñòðóêòóð³ 
Ñ-òåðì³íàëüíîãî äîìåíó FtsZ ³ ñï³ðàë³ Í7, 
çâ’ÿçóâàííÿ 4-ã³äðîêñèêóìàðèíó âèêëèêàº á³ëüø
ïîì³òí³ äåôîðìàö³¿ ó ÃÒÔ-àçíîìó äîìåíó (Ozhe-
redov and Karpov, 2024; Ozheredov et al., 2024; 
Karpov et al, 2024). Ïðè öüîìó, åôåêòîðè 
îáîõ ñàéò³â ðåàë³çóþòü óí³êàëüí³ àëîñòåðè÷í³ 
ìåõàí³çìè, ÿê³ ïåðåâàæíî ðåàë³çóþòüñÿ ÷åðåç 
äåôîðìàö³¿ òà çì³ùåííÿ ñï³ðàë³ H7. Ìåõàí³çìè 
àëîñòåðè÷íèõ ïåðåáóäîâ, ³íäóêîâàíèõ çàçíà÷å-
íèìè åôåêòîðàìè, â³äð³çíÿþòüñÿ, àëå ó îáîõ 
âèïàäêàõ, ¿õ çâ’ÿçóâàííÿ ç FtsZ îáóìîâëþþòü 
âèíèêíåííÿ ïîðóøåíü êàðìàíó ÃÒÔ, çì³íè ó
çàãàëüíî¿ ãåîìåòð³¿ ìîëåêóë FtsZ, òà, ÿê íàñ-
ë³äîê, êðèòè÷íó äåôîðìàö³þ ³íòåðôåéñ³â ïðî-
òîô³ëàìåíò³â (Ozheredov and Karpov, 2024; 
Alnami et al., 2021). Ïð³ öüîìó, çâ’ÿçóâàííÿ 
4HC âèêëèêàº óòâîðåííÿ äåôîðìàö³éíîãî 
çëîìó ñï³ðàë³ H7 ç³ çì³ùåííÿì ¿¿ ÷àñòèíè ó 
íàïðÿìêó êèøåí³ NBS, ùî ñàìå ³ ïîðóøóº 
ïîñàäêó ìîëåêóë GTP/GDP (Ozheredov and 
Karpov, 2024).

Íà ñüîãîäí³ ³ñíóº äîñèòü âåëèêà ãðóïà ³íã³-
á³òîð³â FtsZ, á³îëîã³÷íó àêòèâí³ñòü ÿêèõ äîâå-
äåíî á³îõ³ì³÷íî, ïðîòå ñàéòè çâ’ÿçóâàííÿ äëÿ 
á³ëüøîñò³ åôåêòîð³â çàëèøàþòüñÿ íåâ³äîìèìè. 
Àêòóàëüíà ðåâ³ç³ÿ áàçè äàíèõ ChEMBL (www.
ebi.ac.uk/chembl/) âèÿâèëà 379 åôåêòîð³â FtsZ, 
ö³ëüîâ³ ñàéòè á³ëüøîñò³ ç íèõ, àáî íåâ³äîì³, 
àáî ³ñíóþòü íà ð³âí³ ïðîãíîçó. Íà ñüîãîäí³ â 
RCSB Protein Data Bank äåïîíîâàíî 85 ñòðóê-
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Âèçíà÷åííÿ åôåêòîð³â áàêòåð³àëüíîãî FtsZ á³ëêó, ñïðÿìîâàíèõ íà âçàºìîä³þ ³ç ñàéòàìè çâ’ÿçóâàííÿ 

òóð êîìïëåêñ³â FtsZ á³ëê³â ç 61 óí³êàëüíèì 
ë³ãàíäîì. 

Â ìåæàõ àêòóàëüíîãî äîñë³äæåííÿ íà ï³ä-
ñòàâ³ ³ñíóþ÷èõ ñòðóêòóðíèõ äàíèõ íàìè áóëî 
âèêîíàíî â³äá³ð åôåêòîð³â ñàéò³â çâ’ÿçóâàííÿ 
ã³äðîêñèêóìàðèí³â. Çà ðåçóëüòàòàìè ôàðìàêî-
ôîðíîãî ñêðèí³íãó, õåìî³íôîðìàö³éíî¿ êëàñ-
òåðèçàö³¿, ìîëåêóëÿðíîãî äîê³íãó, ìîëåêóëÿð-
íî¿ äèíàì³êè, à òàêîæ ³ç âèêîðèñòàííÿì ìåòî-
ä³â øòó÷íîãî ³íòåëåêòó, ñåðåä ãðóïè åôåêòîð³â 
FtsZ, ïðåäñòàâëåíèõ â ChEMBL, íàìè áóëè 
â³ä³áðàí³ åôåêòîðè ñàéò³â çâ’ÿçóâàííÿ ïîõ³äíèõ 
êóìàðèíó. Öå äîçâîëèòü ó ïîäàëüøîìó âèêî-
ðèñòîâóâàòè îòðèìàí³ äàí³ ï³ä ÷àñ ïðîâåäåí-
íÿ êîìá³íàòîðíîãî äèçàéíó ³ ñêðèí³íãó íîâèõ 
³íã³á³òîð³â á³íàðíîãî ïîä³ëó áàêòåð³é.

Ìàòåð³àëè ³ ìåòîäè. Ö³ëüîâîþ ãðóïîþ äîñ-
ë³äæåííÿ áóëà á³áë³îòåêà ðå÷îâèí, ñôîðìîâàíà 
çà ðåçóëüòàòàìè ðåâ³ç³¿ ñòðóêòóðíî¿ áàçè äàíèõ 
RCSB Protein Data Bank (Berman et al, 2003; 
Burley et al, 2025), à òàêîæ, ãðóïà á³îõ³ì³÷íî-
äîâåäåíèõ åôåêòîð³â FtsZ ç áàçè äàíèõ ChEMBL 
(Zdrazil et al, 2025). Ïðè öüîìó, êîíòðîëüíîþ 
ãðóïîþ âèñòóïàëè ë³ãàíäè ç RCSB, à òàêîæ, 
ïîõ³äí³ êóìàðèíó, äëÿ ÿêèõ çäàòí³ñòü ïðèãí³-
÷óâàòè ïîë³ìåðèçàö³þ FtsZ áóëà ï³äòâåðäæåíà 
á³îõ³ì³÷íî: KI è IC50 (Duggirala et al., 2014).

Á³áë³îòåêè ë³ãàíä³â áóëî çáåðåæåíî ó ôîð-
ìàòàõ *.mol2 ³ *.SD/*.sdf, ùî â³äïîâ³äàº âèìîãàì 
ïðîãðàì DataWarrior (Sander et al, 2015), CCDC 
GOLD (Jones et al, 1997) ³ iGEMDOCK (Yang 
and Chen, 2004). Âèêîðèñòàííÿ çàçíà÷åíèõ 
á³áë³îòåê, òàêîæ äîçâîëèëî ñòâîðèòè îá’ºä-
íàíó á³áë³îòåêó äëÿ ôàðìàêîôîðíîãî ñêðèí³í-
ãó, ÿêà âðàõîâóº êîíôîðìàö³éíó ðóõëèâ³ñòü ³ 
³çîìåð³þ ñïîëóê. Íà ìîìåíò äîñë³äæåííÿ öÿ 
á³áë³îòåêà íàðàõîâóâàëà 21270 êîíôîðìîìå-
ð³â ³ áóëà ³íòåãðîâàíà ó ïåðñîíàëüíèé êàá³-
íåò ìåðåæåâîãî ³íñòðóìåíòó Pharmit (IFBG: 
Public Library «PDB+ChEMBL», äîñòóï çà 
êîäîì: VBS30O74UAMW00AL8EML) (Sunseri 
and Koes, 2016).

Ó ÿêîñò³ ìîëåêóëÿðíèõ ì³øåíåé áóëî âè-
êîðèñòàíî ñòðóêòóðè FtsZ äåïîíîâàí³ â RCSB 
Protein Data Bank (www.rcsb.org), 3D-ìîäåë³ 
ïîáóäîâàí³ çà äîïîìîãîþ ñåðâ³ñ³â Swiss-
Modell – https://swissmodel.expasy.org (Water-
house et al., 2018), à òàêîæ ïîâíîàòîìí³ ìîäåë³ 
ïîáóäîâàí³ ³ç âèêîðèñòàííÿì øòó÷íîãî ³íòåëåê-
òó. Â îñòàííüîìó âèïàäêó áóëî âèêîðèñòàíî 

àëãîðèòì AlphaFold3 (Abramson et al, 2024), 
ðåàë³çîâàíèé çà äîïîìîãîþ çà äîïîìîãîþ ñåð-
â³ñó Protenix Server – https://protenix-server.
com/add-prediction (ByteDance AML AI4Science 
Team, 2025). Îö³íêà ÿêîñò³ òà äîñòîâ³ðíîñò³ 
ïîáóäîâàíèõ ìîäåëåé êîìïëåêñ³â âðàõîâóâàëà 
òàê³ ïîêàçíèêè, ÿê pTM (predicted Template 
Modelling) òà ipTM (interface predicted Template 
Modelling), ÿê³ áàçóþòüñÿ íà êàíîí³÷íîìó 
ïîêàçíèêó TM (Template Modelling) (Xu and 
Zhang, 2010), ïîêàçíèêó òåñòó ïðîãíîçóâàí-
íÿ â³äì³ííîñòåé ëîêàëüíèõ äèñòàíö³é pLDDT 
(predicted Local Distance Difference Test) (Ma-
riani et al, 2013) òà ïîêàçíèêó äîñòîâ³ðíîñ-
ò³ (ïîõèáêè) ïðîãíîçó PAE (Predicted Aligned 
Error) (Elfmann and Stülke, 2023).

Äëÿ â³çóàë³çàö³¿ òà àíàë³çó ìîëåêóëÿðíèõ 
ñòðóêòóð âèêîðèñòîâóâàëè ïàêåò ïðîãðàìíîãî 
çàáåçïå÷åííÿ PyMOL v.2.5.5 (Schrödinger LLC, 
www.pymol.org) ³ BIOVIA Discovery Studio 2024 
Client (https://discover.3ds.com/). Ïîáóäîâó 2D-
êàðò ë³ãàíä-á³ëêîâèõ âçàºìîä³é áóëî âèêîíà-
íî ³ç âèêîðèñòàííÿì ïðîãðàìíèõ ³íñòðóìåíò³â 
ïðîãðàì BIOVIA Discovery Studio 2024 Client ³ 
cLigPlus (Laskowski et al., 2011). 

Îïòèì³çàö³ÿ òà ïåðåâ³ðêà ñòàá³ëüíîñò³ ñòðóê-
òóð á³ëê³â ³ ïîáóäîâàíèõ ë³ãàíä-á³ëêîâèõ êîì-
ïëåêñ³â âèêîíóâàëèñü çà äîïîìîãîþ ìåòîä³â 
ìîëåêóëÿðíî¿ äèíàì³êè â ïðîãðàì³ Gromacs 
v. 2024.5 (Abraham et al., 2024) ³ç âèêîðèñòàí-
íÿì ñèëîâîãî ïîëÿ CHARMM36ff, ìîäåë³ ñîëü-
âåíòó Tip3 ³ òåìïåðàòóðè 310 K. Ô³ç³îëîã³÷-
íèé ñòàí ñèñòåì â³äòâîðþâàëè øëÿõîì çàì³-
ùåííÿ ÷àñòèíè ìîëåêóë âîäè ³îíàìè Na+(NA) 
³ Cl–(CL). Ìàêñèìàëüíèé ÷àñ ñèìóëÿö³é ñêëàäàâ 
210 ns. 

Àíàë³ç îá’ºì³â ³ ãåîìåòð³¿ êèøåíü ñàéò³â çä³é-
ñíþâàëè çà äîïîìîãîþ òåõíîëîã³¿ CatalophoreTM, 
ÿêà ðåàë³çîâàíà ó ïëàã³í³ Innophore CavitOmiX
(âåðñ³ÿ 1.0, 2022, Innophore GmbH – https://
innophore.com/cavitomix) ïðîãðàìè PyMOL (Gru-
ber et al., 2015; Hetmann et al., 2023; Parigger et 
al., 2024).

Ã³äðîôîáí³ñòü ïîðîæíèí ðîçðàõîâóâàëè ³ç 
âèêîðèñòàííÿì ³íòåãðîâàíîãî ìîäóëÿ VASCo 
(Steinkellner et al, 2009), à îá’ºì ñàéò³â âèçíà-
÷àâñÿ ³ç âèêîðèñòàííÿì ìîäèô³êîâàíîãî àëãî-
ðèòìó LIGSITE (Hendlich et al, 1997). 

Ôàðìàêîôîðíèé ïîøóê çä³éñíþâàëè çà äî-
ïîìîãîþ ³íòåðàêòèâíîãî On-Line ñåðâ³ñó 
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Pharmit (https://pharmit.csb.pitt.edu/), ÿêèé äîç-
âîëÿº çä³éñíþâàòè â³ðòóàëüíèé ñêðèí³íã âåëè-
êèõ á³áë³îòåê ë³ãàíä³â íà ï³äñòàâ³ ôàðìàêîôîð-
íèõ äåñêðèïòîð³â, ìîëåêóëÿðíèõ ôîðì ³ ì³í³-
ì³çàö³¿ åíåðã³é (Sunseri and Koes, 2016).

Ìîëåêóëÿðíèé äîê³íã ñïîëóê, â³ä³áðàíèõ çà
ðåçóëüòàòàìè ôàðìàêîôîðíîãî ïîøóêó, çä³éñ-
íþâàëè çà äîïîìîãîþ ïðîãðàìíîãî ïàêåòó 
CCDC GOLD 2023.2.0 (Build 382240; www.ccdc.
cam.ac.uk, under Licence and Support Agreement 
of CCDC FAIRE programme grant ID: 21554) 
(Jones et al, 1997). Ïðè öüîìó, ðàíæóâàííÿ ã³ïî-
òåç çä³éñíþâàëè íà ï³äñòàâ³ ïîêàçíèê³â îö³íþ-
âàëüíèõ ô³òíåñ-ôóíêö³é: ChemPLP (îñíîâàíà)
³ ASP (ôóíêö³ÿ ðåñêîðèíãó).

Ê³ëüê³ñíó îö³íêó âíåñêó âîäíåâèõ çâ’ÿçê³â, 
Âàí-äåð-Âààëüñîâèõ ñèë òà ³íøèõ ôàêòîð³â 
ôîðìóâàííÿ ë³ãàíä-á³ëêîâîãî êîìïëåêñó çä³éñ-
íþâàëè çà ðåçóëüòàòàìè äîê³íãó â ïðîãðàì³ 
iGEMDOCKv 2.1 (Yang and Chen, 2004). Íà
ï³äñòàâ³ îðèã³íàëüíîãî ìåòîäó (Generic Evo-
lutionary Method for molecular DOCKing), 
iGEMDOCK, ÿêèé äîçâîëÿº ðîçðàõóâàòè ê³ëü-
ê³ñí³ ô³òíåñ-ïîêàçíèêè ñïîð³äíåíîñò³ ñïîëóê
äî ñàéòó íà ï³äñòàâ³ âíåñêó âîäíåâèõ çâ’ÿç-
ê³â (Hbond), ñèë Âàí-äåð-Âààëüñà (vdW) ³
åëåêòðîñòàòèêè (Elec): Fitness = vdW + 
+ Hbond + Elec (Yang and Chen, 2004; Bellaver 
et al., 2024). Öå íàäàëî äîäàòêîâ³ àðãóìåíòè 
ï³ä ÷àñ â³äáîðó åôåêòîð³â ñàéò³â çâ’ÿçóâàííÿ 
4-ã³äðîêñ³êóìàðèíó. Ìîëåêóëÿðíèìè ì³øå-
íÿìè äîê³íãó áóëè PDB-ñòðóêòóðè 6Y1U.B, 
6Y1V.B ³ 2Q1X, à òàêîæ ñòðóêòóðí³ ìîäåë³ 
êîìïëåêñ³â FtsZ+4HC (M. tuberculosis ³ S. aure-
us), îòðèìàí³ ç ôðåéì³â ìîëåêóëÿðíî¿ äèíà-
ì³êè çàçíà÷åíèõ êîìïëåêñ³â â Gromacs 
(Charmm36 + Tip3). 

Îñòàòî÷íó îáðîáêó ³ àíàë³ç ñêîðèíãîâèõ 
ïîêàçíèê³â ôàðìàêîôîðíîãî ïîøóêó, ìîëåêó-
ëÿðíîãî äîê³íãó ³ ìîëåêóëÿðíî¿ äèíàì³êè çä³éñ-
íþâàëè ó ïðîãðàìè Microsoft Excel 2016. 

Õåìî³íôîðìàö³éíèé ïîøóê çä³éñíþâàâñÿ 
³ç çàëó÷åííÿì àëãîðèòì³â íåêîíòðîëüîâàíîãî 
ìàøèííîãî íàâ÷àííÿ ³ ðåêîíñòðóêö³¿ øòó÷íèõ 
íåéðîííèõ ìåðåæ, ðåàë³çîâàíèõ ó ïðîãðàì³ 
DataWarrior (Sander et al., 2015; Kleino et al.,
2022). Äëÿ êëàñòåðèçàö³¿ çâåäåíî¿ ãðóïè ë³ãàí-
ä³â, çàñòîñîâóâàëè ìåòîäè: PCA (Principal 
Component Analysis/àíàë³ç ãîëîâíèõ êîìïî-
íåíò) (Lever et al., 2017), UMAP (Uniform 

Manifold Approximation and Projection/àïðîê-
ñèìàö³¿ òà ïðîåêö³¿ îäíîð³äíîãî ð³çíîìàí³òòÿ)
(Healy and McInnes, 2024) òà SOM (Self-
Organizing Maps/êàðòè Êîõîíåíà) (Schneider 
et al., 2009).

Ïåðâèííó êëàñòåðèçàö³þ ñïîëóê áóëî ïðî-
âåäåíî íà ï³äñòàâ³ ãåíåðîâàíî¿ á³áë³îòåêè äåñ-
êðèïòîð³â FragFp (Sander et al., 2015; Klei-
no et al., 2022): Molweight, cLogP, cLogS, 
H-Acceptors, H-Donors, Total Surface Area, 
Relative PSA, Polar Surface Area, Shape In-
dex, Molecular Flexibility, Molecular Comple-
xity, Non-H Atoms, Non-C/H Atoms, Electro-
negative Atoms, Stereo Centers, Rotatable 
Bonds, Rings Closures, Aromatic Atoms, Sym-
metric atoms, Largest Ring Size, Small Rings, 
Carbo-Rings, Hetero-Rings, Saturated Rings, 
Non-Aromatic Rings, Aromatic Rings, Saturated 
Carbo-Rings, Non-Saturated Carbo-Rings, Carbo-
Aromatic Rings, Saturated Hetero-Rings, Non-
Aromatic Hetero-Rings, Hetero-Aromatic Rings, 
Amides, Amines, Alkyl-Amines, Aromatic Amines, 
Aromatic Nitrogens, Bacic Nitrogens ³ Acidic 
Oxygens.

Ðåçóëüòàòè òà îáãîâîðåííÿ. Íà ÷àñ äîñë³ä-
æåííÿ çà äàíèìè RCSB ºäèíèì åôåêòîðîì 
FtsZ), ñêðèñòàë³çîâàíèì ³ç ñàéòàìè çâ’ÿçóâàí-
íÿ êóìàðèí³â (BP1 ³ BP2), áóâ 4HC (Alma-
ni et al., 2021). Ïåðø çà âñå, íàìè áóâ ïðî-
âåäåíèé àíàë³ç â³äïîâ³äíèõ ñòðóêòóð (PDB: 
6Y1U.B ³ 6Y1V.B), îñê³ëüêè âíàñë³äîê â³äíîñ-
íî íåâåëèêîãî ðîçì³ðó 4HC, ³ îáìåæåíèõ äàíèõ 
êðèñòàëîãðàô³¿, ³ñíóþòü îá’ºêòèâí³ ïåðåïîíè 
äëÿ êîðåêòíî¿ ðåêîíñòðóêö³¿ ôàðìàêîôîð³â, 
ùî çíà÷íî çíèæóº ÿê³ñòü ôàðìàêîôîðíîãî 
ñêðèí³íãó. Êð³ì òîãî, çà äàíèìè Almani et al. 
(2021), ³ñíóº îá’ºêòèâíà íåð³âíîçíà÷í³ñòü ñèë 
âçàºìîä³¿, ìåõàí³çì³â òà ñòðóêòóðíî-á³îëîã³÷-
íèõ íàñë³äê³â çâ’ÿçóâàííÿ 4HC ³ç ñàéòàìè
BP1 (Site I) òà BP2 (Site II), ùî âêàçóº íà 
ïîòåíö³éíó â³äì³íí³ñòü ôàðìàêîôîðíîãî ïðî-
ô³ëþ âçàºìîä³é ë³ãàíäó ³ç çàçíà÷åíèìè ñàéòà-
ìè (Almani et al. 2021). Ó çâ’ÿçêó ç öèì, 
íàìè áóëî âèêîíàíî â³äïîâ³äíå ïîð³âíÿííÿ 
âçàºìîä³é 4HC ³ç ñàéòàìè BP1 ³ BP2, ùî äîç-
âîëèëî âèçíà÷èòè ïîòåíö³àë êîæíîãî ç ñàé-
ò³â ç ïîçèö³¿ îá´ðóíòóâàííÿ ïîäàëüøîãî â³ðòó-
àëüíîãî ñêðèí³íãó, êîìá³íàòîðíîãî äèçàéíó ³ 
ïåðñïåêòèâ ðîçâèòêó ³íã³á³òîð³â íà îñíîâ³ ñêå-
ôîëäó ïîõ³äíèõ êóìàðèíó. Çà ðåçóëüòàòàìè ïðî-
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Âèçíà÷åííÿ åôåêòîð³â áàêòåð³àëüíîãî FtsZ á³ëêó, ñïðÿìîâàíèõ íà âçàºìîä³þ ³ç ñàéòàìè çâ’ÿçóâàííÿ 

âåäåíîãî àíàë³çó áóëî âèçíà÷åíî, ùî íåçâà-
æàþ÷è íà íàÿâí³ñòü äâîõ êîíäåíñîâàíèõ öèê-
ë³â ó ñòðóêòóð³ ë³ãàíäó, ñàéò BP1 íå ì³ñòèòü
àì³íîêèñëîò, ÿê³ çäàòí³ ôîðìóâàòè êàíîí³÷í³ 
π-π âçàºìîä³¿, ùî, â³äïîâ³äíî, ðîáèòü áåççì³ñ-
òîâíèì âèêîðèñòàííÿ äåñêðèïòîð³â öèêë³÷-
íèõ ôðàãìåíò³â. Çâ’ÿçóâàííÿ 4HC â³äáóâàºòüñÿ 
ïåðåâàæíî çà ðàõóíîê ã³äðîôîáíèõ âçàºìî-
ä³é (Pi-Sigma ³ Pi-Alkyl), à òàêîæ âîäíåâîãî

çâ’ÿçêó, ÿêèé óòâîðþºòüñÿ ì³æ ë³ãàíäîì ³ Ser50
(ðèñ. 1, à, â). Ïðè öüîìó, ïðèíöèï êîìïë³-
ìåíòàðíîñò³ ë³ãàíäó ³ êèøåí³ ñàéòó BP1 ðåàë³-
çóºòüñÿ ëèøå ÷àñòêîâî, ùî âêàçóº íà ïîòåíö³àë 
êîìá³íàòîðíî¿ îïòèì³çàö³¿ ³ ìîæëèâ³ñòü ³ñíó-
âàííÿ á³ëüø ïåðñïåêòèâíèõ ñêåôîëä³â åôåê-
òîð³â çàçíà÷åíîãî ñàéòó. Ìè ïðèïóñêàºìî, ùî 
îñíîâà òàêèõ åôåêòîð³â ìîæå çíà÷íî â³äð³çíÿ-
òèñÿ â³ä ã³äðîêñèêóìàðèíó 4HC, ÿê³é ó íàøî-

Ðèñ. 1. Êàðòè ë³ãàíä-á³ëêîâèõ âçàºìîä³é 4-ã³äðîêñèêóìàðèíó (PDB: 4HC) ç êèøåíÿìè BP1 ³ BP2 FtsZ á³ëêó 
Mycobacterium tuberculosis. Àíàë³ç âèêîíàíî ³ç çàëó÷åííÿì ñòðóêòóðè 6Y1U, äåïîíîâàíî¿ â RCSB Protein Data 
Bank. Ðåêîíñòðóêö³¿ 2D-êàðò âèêîíàí³ ³ç âèêîðèñòàííÿì ïðîãðàìíèõ ïàêåò³â BIOVIA Discovery Studio 2024 
Client ³ cLigPlus
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ìó äîñë³äæåíí³ âèêîíóâàâ ôóíêö³þ îïîðíîãî 
ë³ãàíäó.

Óçàãàëüíåíèé àíàë³ç ñòðóêòóðíèõ äàíèõ ùîäî
êèøåí³ BP1 (ðèñ. 2) ïîêàçàâ, ùî êëþ÷îâèì 
ïîòåíö³àëîì êîìá³íàòîðíî¿ îïòèì³çàö³¿ òà äè-
çàéíó åôåêòîð³â çàçíà÷åíîãî ñàéòó ìîæå áóòè 
ðåàë³çàö³ÿ íåçàä³ÿíèõ äîíîð³â ³ àêöåïòîð³â âîä-
íåâèõ çâ’ÿçê³â. Çîêðåìà, ï³ä ÷àñ âçàºìîä³¿ ç 
4HC âèçíà÷àºòüñÿ ùîíàéìåíøå äâà â³ëüíèõ 
äîíîðà (Leu40 òà Asp75) òà òðè àêöåïòîðà 
(Leu48, Leu56 òà Lys55) âîäíåâèõ çâ’ÿçê³â 
(ðèñ. 2, à, H-bonds). Òàêîæ ïîòð³áíî âðàõîâó-
âàòè ¿¿ çàãàëüíó ã³äðîôîáí³ñòü (ðèñ. 2, â, Hydro-
phobicity), ÿêà çíèæóº äîñòóïí³ñòü äëÿ ñîëü-
âåíòó (ðèñ. 2, ä, SAS). 

Ó âèïàäêó ñàéòó BP2 (ðèñ. 1, á, ã), àíàë³ç 
êðèñòàëîãðàô³÷íèõ äàíèõ ïîêàçàâ íå ëèøå â³ä-
ñóòí³ñòü π-âçàºìîä³é, à é áåçïîñåðåäí³õ âîä-
íåâèõ çâ’ÿçê³â ç ë³ãàíäîì (4HC). Ïðè öüîìó, 
áóëè âèÿâëåí³ âîäí³ ì³ñòêè, çà äîïîìîãîþ 
ÿêèõ 4HC îïîñåðåäêîâàíî âçàºìîä³º ç Glu185 
³ Glu302 (ðèñ. 1, ã). Ñë³ä çàçíà÷èòè, ùî ó 
âèïàäêó 4HC ñàéò BP2 ïîì³òíî ïîñòóïàºòüñÿ 
ïîòåíö³àëîì ã³äðîôîáíèõ âçàºìîä³é ñàéòó BP1 
(ðèñ. 2, ã). Öå ñï³âïàäàº ³ç ïîïåðåäí³ìè äàíèìè 
ñòîñîâíî ìåíøî¿ ñïîð³äíåíîñò³ 4HC äî ñàéòó 
BP2 í³æ äî ñàéòó BP1 (Almani et al., 2021). Çà 
ðåçóëüòàòàìè àíàë³çó êèøåí³ BP2 íàìè áóëî 
âèÿâëåíî íå ìåíø 5 ïîòåíö³éíèõ äîíîð³â ³ 5 
àêöåïòîð³â, ùî ñâ³ä÷àòü ïðî çíà÷íèé ïîòåíö³àë 
íåðåàë³çîâàíèõ âîäíåâèõ çâ’ÿçê³â (ðèñ. 2, á).

Âèùå íàâåäåíå âêàçóº íà òå, ùî ïîòåí-
ö³àë îáîõ ñàéò³â ÿâíî íåâè÷åðïàíèé ³ ìîæóòü 
³ñíóâàòè ñïîëóêè, ÿê³ ìàþòü á³ëüø çíà÷íèé 
ð³âåíü ñïîð³äíåíîñò³ äî çàçíà÷åíèõ êèøåíü. 
Êð³ì òîãî, â³äñóòí³ñòü ïîòåíö³àëó π-π âçàº-
ìîä³é ñâ³ä÷èòü ïðî â³äñóòí³ñòü ïðèâ’ÿçêè ¿õ 
ñòðóêòóðè áåçïîñåðåäíüî äî êîíäåíñîâàíîãî 
ãåòåðîöèêë³÷íîãî ñêåôîëäó ïîõ³äíèõ êóìàðèíó.

ßê áóëî çàçíà÷åíî ðàí³øå, çâ’ÿçóâàííÿ 
4ÍÑ ìîæëèâî âèêëþ÷íî ç ìîëåêóëîþ FtsZ 
ÿêà íå ì³ñòèòü GTP/GDP. Íàÿâí³ñòü ë³ãàíä³â 
ó êèøåíÿõ BP1 ³ BP2 âèêëèêàº âíóòð³øí³ 
çì³ùåííÿ, çîêðåìà, äåôîðìàö³¿ α-ñï³ðàë³ H7.
Òàê³ çñóâè óíåìîæëèâëþþòü çâ’ÿçóâàííÿ ãóà-
íîçèíôîñôàò³â ³ç ñàéòîì NBS (Almani et al.,
2021). Ïðè öüîìó, âîíè àíàëîã³÷í³ çà ïðèí-
öèïîì, àëå â³äì³íí³ çà âåêòîðîì çñóâ³â, ÿê³ 
âèíèêàþòü ï³ä ÷àñ çâ’ÿçóâàííÿ ë³ãàíä³â â ñàéò³ 

IDC, äå ðåàë³çóºòüñÿ ôàêòîð ë³ãàíä-á³ëêîâî¿ 
àäàïòàö³¿ (Ozheredov et al., 2024; Karpov et al., 
2024). Òàêà ðóõëèâ³ñòü ñàéòó IDC çíà÷íîþ ì³-
ðîþ âèçíà÷àº ñòðàòåã³þ ñòâîðåííÿ ïðîòîêîë³â 
ïîäàëüøîãî â³ðòóàëüíîãî ñêðèí³íãó (Karpov et 
al., 2024; Ozheredov et al., 2024).

Ç ìåòîþ ç’ÿñóâàííÿ âíåñêó ë³ãàíä-á³ëêîâîãî
ô³òèíãó äî ïðîöåñó âçàºìîä³¿ åôåêòîð³â ç ñàé-
òàìè BP1 ³ BP2 íàìè áóëî âèêîíàíî ïîð³âíÿí-
íÿ çàçíà÷åíèõ êèøåíü êðèñòàëîãðàô³÷íî äîâå-
äåíèõ êîìïëåêñ³â FtsZ ç 4ÍÑ (PDB: 6Y1U.B
³ 6Y1V.B), à òàêîæ ñòðóêòóðè 2Q1X, ÿêà íå 
ì³ñòèòü åôåêòîð³â. Â³çóàëüíó òà ñòðóêòóðíî-
á³îëîã³÷íó îö³íêó äåôîðìàö³é ñàéò³â çä³éñ-
íþâàëè ³ç âèêîðèñòàííÿì ïëàã³íó CavitOmiX 
äî ïðîãðàìè PyMOL, ùî äîçâîëèëî çàðîáèòè 
çë³ïêè âíóòð³øíüîãî îá’ºìó êèøåíü BP1 ³ 
BP2 (Catalophore™ – https://innophore.com/
cavitomix/). Ïîð³âíÿëüíèé àíàë³ç ñòðóêòóð âêà-
çóº íà òå, ùî êèøåí³ BP1 ³ BP2 çàëèøàþòü-
ñÿ â³äêðèòèìè íàâ³òü çà óìîâ â³äñóòíîñò³ ë³ãàí-
ä³â (ðèñ. 3). Òàêèì ÷èíîì, çàçíà÷åí³ êèøåí³ 
ìîæíà îá´ðóíòîâàíî ââàæàòè â³äêðèòèìè ³ äîñ-
òóïíèìè äëÿ ë³ãàíä³â, àëå íåçíà÷íèé ôàêòîð
ë³ãàíä-á³ëêîâîãî ïðèïàñóâàííÿ òóò òàêîæ ïðè-
ñóòí³é.

Àíàë³ç âçàºìîä³¿ êóìàðèí³â ç êèøåíÿìè BP1 ³
BP2 íà ï³äñòàâ³ ðåçóëüòàò³â ìîëåêóëÿðíî¿ äèíà-
ì³êè. ßê ñâ³ä÷àòü äàí³ Almani et al. (2021), ó 
âèïàäêó FtsZ M. tuberculosis 4HC çâ’ÿçóºòüñÿ ³ç 
ñàéòîì BP2 ðàí³øå, í³æ ³ç ñàéòîì BP1 (Almani 
et al., 2021). Ïðè öüîìó, ÷åðåç ðÿä â³äì³ííîñ-
òåé ìåõàí³çì ¿õ çâ’ÿçóâàííÿ òàê ñàìî, ÿê ³ âçàºì-
íà ë³ãàíä-îáóìîâëåíà ðåãóëÿö³ÿ êèøåíü ñàé-
ò³â (NB/BP1/BP2) FtsZ á³ëê³â M. tuberculosis, 
S. aureus òà E. coli, ìîæå â³äð³çíÿòèñÿ (Almani 
et al., 2021; Duggirala et al., 2014; Chiang et al., 
2010). Ðåçóëüòàòè àíàë³çó ìîëåêóëÿðíî¿ äèíà-
ì³êè êîìïëåêñ³â FtsZ ç 4HC ï³äòâåðäèëè ïîñ-
ë³äîâí³ñòü òà ìåõàí³çìè ¿õ ôîðìóâàííÿ ó âè-
ïàäêó M. tuberculosis. Ïðîòå äëÿ S. aureus 
ðåçóëüòàò äåùî â³äð³çíÿâñÿ. Òàê, àíàë³ç ìîëå-
êóëÿðíî¿ äèíàì³êè ñâ³ä÷èòü ïðî òå, ùî êîìï-
ëåêñè, ÿê³ ì³ñòÿòü ïî îäíîìó ë³ãàíäó â ñàéò³ 
BP1 àáî BP2, íåìèíó÷å äèñîö³þþòü íà 10–
15 ³ 40–45 íñ, â³äïîâ³äíî. Ïðîòå, ïðè ñèìó-
ëÿö³¿ ìîäåë³ ç äâîìà ë³ãàíäàìè, êîìïëåêñ çáå-
ð³ãàºòüñÿ äî 40–50 íñ ï³ñëÿ ÷îãî â³äáóâàºòüñÿ 
äèñîö³àö³ÿ ë³ãàíäó ç ñàéòó BP2, à ë³ãàíä ó 
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Ðèñ. 2. Àíàë³ç âëàñòèâîñòåé ñàéò³â BP1 ³ BP2 FtsZ á³ëêó Mycobacterium tuberculosis íà ïðèêëàä³ êîìïëåêñ³â 
ç 4-ã³äðîêñèêóìàðèíîì (PDB: 4HC). Ïîêàçàíî, ùî êëþ÷îâó ðîëü ó çâ’ÿçóâàíí³ ìîëåêóë 4HC â³ä³ãðàþòü 
ã³äðîôîáí³ âëàñòèâîñò³ (Hydrophobicity, SAS) êàðìàí³â BP1 ³ BP2, à òàêîæ, âîäíåâ³ çâ’ÿçêè (H-bonds). Äëÿ 
îáîõ ñàéò³â ïîêàçàíà â³äñóòí³ñòü êàíîí³÷íèõ - âçàºìîä³é, à òàêîæ íàÿâí³ñòü íåðåàë³çîâàíèõ äîíîð³â 
³ àêöåïòîð³â âîäíåâèõ çâ’ÿçê³â. Öå ï³äòâåðäæóº ïåðñïåêòèâí³ñòü ïîäàëüøîãî êîìá³íàòîðíîãî äèçàéíó ³ 
ïîøóêó íîâèõ ñêåôîëä³â åôåêòîð³â çàçíà÷åíèõ ñàéò³â, ÿê³ íå ïðèâ’ÿçàí³ äî ñêåôîëäó êóìàðèí³â
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ñàéò³ BP1 çàëèøàºòüñÿ äî ïîâíîãî çàê³í÷åí-
íÿ ñèìóëÿö³¿ (210 íñ). Á³ëüø òîãî, ë³ãàíä ó 
ñàéò³ BP1 ïðèéìàº ïîçó, äóæå áëèçüêó äî 
çàäîêóìåíòîâàíî¿ â êðèñòàëîãðàô³÷íîìó êîìï-
ëåêñ³ ç FtsZ M. tuberculosis (ðèñ. 4).

Ö³êàâî òå, ùî ñàìå ³ç ñàéòîì BP1 ïîâ’ÿçàí³ 
êëþ÷îâ³ ïåðåáóäîâè ñòðóêòóðè á³ëêó, ÿê³ àñî-
ö³éîâàí³ ç íàÿâí³ñòþ àáî â³äñóòí³ñòþ GTP òà 
îáóìîâëþþòü êîíôîðìàö³éíèé ïåðåõ³ä β2/Í2.
Çîêðåìà, ï³ñëÿ äèñîö³àö³¿ ë³ãàíäó ç êèøåí³ 
BP1 ï³ä ÷àñ ñèìóëÿö³ÿ êîìïëåêñó ç 1 ë³ãàí-
äîì ñïîñòåð³ãàëè àíàëîã³÷íèé β2→Í2 ïåðåõ³ä 
ïðè ïîâåðòàíí³ á³ëêó ó àïîôîðìó. Ìè ïðè-
ïóñêàºìî, ùî ïîäâ³éíå çâ’ÿçóâàííÿ 4HC º
íåâ³ä’ºìíîþ óìîâîþ ôîðìóâàííÿ íåîáõ³äíî¿
êîíôîðìàö³¿ êèøåí³ ñàéòó BP1 òà åëåìåíòîì 
ðàí³øå îïèñàíîãî âçàºìíîãî âïëèâó êèøåíü 
ìîëåêóëè FtsZ, â³äîìîãî ÿê «pocket crosstalk» 
(Almani et al., 2021). Îñê³ëüêè âèÿâëåí³ àëîñ-

òåðè÷í³ êîìóí³êàö³¿ êèøåíü BP1 òà BP2 ðåà-
ë³çîâàí³ øëÿõîì äåôîðìàö³¿ α-ñï³ðàë³ H7, ìè
ïðèïóñêàºìî, ùî òèì÷àñîâå çâ’ÿçóâàííÿ ë³ãàí-
äó ó ñàéò³ BP2 º îáîâ’ÿçêîâîþ óìîâîþ ôîð-
ìóâàííÿ ñòàá³ëüíîãî êîìïëåêñó 4HC ³ç ñàé-
òîì BP1 (Almani et al., 2021, Ozheredov et 
al., 2024).

Âèçíà÷åííÿ êîíòðîëüíî¿ ãðóïè ðå÷îâèí. Íå-
ñïðîñòîâíèì ï³äòâåðäæåííÿì âçàºìîä³¿ ë³ãàí-
ä³â ç êèøåíÿìè BP1 ³ BP2 º ñòðóêòóðè 6Y1U 
³ 6Y1V êîìïëåêñ³â 4-ã³äðîêñèêóìàðèíó (4HC) 
ç äèìåðèçîâàíèì FtsZ á³ëêîì M. tuberculosis 
(Chiang et al., 2010; Almani et al., 2021). Êð³ì 
òîãî, ùå äî ïîÿâè x-ray ñòðóêòóð, áóëî âñòà-
íîâëåíî, ùî ïðèðîäí³ êóìàðèí³ çäàòí³ ïðîÿâ-
ëÿòè àíòèáàêòåð³àëüíó àêòèâí³ñòü ÷åðåç ïðèã-
í³÷åííÿ FtsZ-á³ëêó E. coli (Ma and Ma, 2012). 
Òàê, ïîõ³äí³ ðÿäó 1,2-áåíçîï³ðîíó ïðîÿâèëè çäàò-
í³ñòü åôåêòèâíî ïðèãí³÷óâàòè ÃÒÔàçíó àêòèâ-

Ðèñ. 3. Ï³äòâåðäæåííÿ äîñòóïíîñò³ êèøåíü BP1 ³ BP2 FtsZ Mycobacterium tuberculosis äëÿ ë³ãàíä³â ó àïîôîðì³. 
à – àíàë³ç îá’ºì³â êèøåíü BP1 ³ BP2 íà ïðèêëàä³ êîìïëåêñó ç äâîìà ìîëåêóëàìè 4ÍÑ (PDB: 6Y1U.B); á – 
àíàë³ç îá’ºì³â êèøåíü BP1 ³ BP2 íà ïðèêëàä³ â³ëüíîãî FtsZ á³ëêó (PDB: 2Q1X.B); â òà ã – åëåêòðîñòàòè÷í³ 
ïîâåðõí³ ä³ëÿíîê êèøåíü BP1 ³ BP2, ïîáóäîâàí³ çà äîïîìîãîþ ³íñòðóìåíòó APBS, íà ïðèêëàä³ â³ëüíîãî 
FtsZ á³ëêó (PDB: 2Q1X.B). Ïðèì³òêà. Ë³ãàíäè 4ÍÑ íà ðèñóíêàõ â òà ã áóëî ïåðåíåñåíî ó àïîôîðìó ç 
êîìïëåêñó 6Y1U.B øëÿõîì ñòðóêòóðíîãî âèð³âíþâàííÿ á³ëêîâèõ êîìïîíåíò³â ñòðóêòóð 
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í³ñòü òà íîðìàëüíó ïîë³ìåðèçàö³þ FtsZ. Çîê-
ðåìà áóëî âèçíà÷åíî äåñÿòü ïåðñïåêòèâíèõ 
ïîõ³äíèõ, ç ÿêèõ íàéêðàù³ ïîêàçíèêè IC50
ïîêàçàëè ñêîïîëåòèí (7-hydroxy-6-methoxychro-
men-2-one) òà äàôíåòèí (7,8-dihydroxychromen-
2-one) (Duggirala et al., 2014). Äîâåäåíî, ùî 
ñêîïîëåòèí ïðèãí³÷óº àêòèâí³ñòü FtsZ íå ÃÒÔ-
êîíêóðåíòíèì ÷èíîì, à ñòðóêòóðíî-á³îëîã³÷í³ 
äîñë³äæåííÿ ïîêàçàëè, ùî âçàºìîä³ÿ êóìàðè-
í³â ç FtsZ àñîö³éîâàíà ³ç ïåòëåþ T7 òà íåìàº 
áåçïîñåðåäíüîãî çâ’ÿçêó ³ç ñàéòîì NBS. Âîäíî-
÷àñ, æîäåí ç äîñë³äæåíèõ ïîõ³äíèõ êóìàðèíó
íå ìàâ öèòîòîêñè÷íîãî âïëèâó íà ë³í³¿ åìáð³î-
íàëüíèõ ô³áðîáëàñò³â ìèø³ (NIH/3T3) òà êóëü-
òóðè åìáð³îíàëüíèõ êë³òèí íèðêè ëþäèíè 
(Duggirala et al., 2014). Òàêîæ áóëî ïîêàçàíî, 
ùî äîâæèíà êë³òèí Bacillus subtilis çá³ëüøó-
ºòüñÿ ó ïðèñóòíîñò³ âñ³õ äîñë³äæåíèõ ïîõ³äíèõ 
êóìàðèíó, ùî ñâ³ä÷èòü ïðî êîíñåðâàòèâíèé 
ìåõàí³çì ¿õ âçàºìîä³¿ ç FtsZ òà ïîâ’ÿçóºòüñÿ 
àâòîðàìè ³ç áëîêóâàííÿì ôîðìóâàííÿ ñåïòè 
(Duggirala et al., 2014). 

Çàãàëîì íàìè áóëî â³ä³áðàíî 10 ñïîëóê ïîçè-
òèâíîãî êîíòðîëþ (òàáë. 1), äëÿ ÿêèõ ³ñíóþòü 
íåñïðîñòîâí³ äîêàçè áåçïîñåðåäíüî¿ âçàºìîä³¿
ç ìîëåêóëîþ FtsZ: x-Ray, IC50, ³íã³áóâàííÿ 
ïîë³ìåðèçàö³¿ ³ ÃÒÔàçíî¿ àêòèâíîñò³.

Âèçíà÷åííÿ åôåêòîð³â ñàéò³â BP1 ³ BP2 íà
ï³äñòàâ³ õåìî³íôîðìàö³éíî¿ êëàñòåðèçàö³¿ ë³ãàí-
ä³â. ßê áóëî çàçíà÷åíî ðàí³øå, ðåâ³ç³ÿ áàçè
äàíèõ ChEMBL (www.ebi.ac.uk/chembl/) âèÿâè-
ëà 379 åôåêòîð³â FtsZ. Â òîé æå ÷àñ, äîêàçè 
çâ’ÿçóâàííÿ ç FtsZ, çà âèêëþ÷åííÿì íàòèâíèõ 
ñóáñòðàò³â (GTP ³ GDP), ìåòîäàìè êðèñòàëî-
ãðàô³¿ òà ßÌÐ äîñòóïí³ ëèøå äëÿ 15 ñïîëóê. Ùå 
9 åôåêòîð³â â³ä³áðàí³ íà ï³äñòàâ³ á³îõ³ì³÷íèõ 
äîñë³ä³â, ïðåäñòàâëåíèõ Duggirala et al. (2014), 
³, ðàçîì ³ç 4HC, âèêîðèñòîâóâàëèñü ÿê ïîçè-
òèâíèé êîíòðîëü ï³ä ÷àñ ïðîâåäåííÿ äîñë³ä-
æåííÿ. Òàêîæ, ðàí³øå íàìè áóëî âèçíà÷åíî 104 
³íã³á³òîðà FtsZ, ÿê³ âçàºìîä³þòü ³ç ñàéòîì IDC, 
à òàêîæ, 23 GTP/GDP-êîíêóðåíòíèõ ³íã³á³òîðà 
ñàéòó NBS (Karpov et al, 2024; Ozheriedov et al, 
2024; Ozheriedov et al, 2025), ùî òàêîæ áóëî 
âðàõîâàíî ï³ä ÷àñ õåìî³íôîðìàö³éíîãî ïîøó-
êó åôåêòîð³â ñàéò³â BP1 ³ BP2.

Äëÿ â³äáîðó ñïîëóê, ñòðóêòóðíî áëèçüêèõ 
äî ïîçèòèâíîãî êîíòðîëþ, áóëè âèêîðèñòàí³ 
³íñòðóìåíòè ïðîãðàìè DataWarrior. Êëàñòåðèçà-
ö³þ çâåäåíî¿ ãðóïè çä³éñíþâàëè çà ðåçóëüòà-

Ðèñ. 4. Ïîð³âíÿííÿ ïîç 4-ã³äðîêñ³êóìàðèíó (4HC) â 
ñàéò³ BP1 FtsZ-á³ëêó Staphylococcus aureus (STAAU) 
íà îñòàííüîìó ôðåéì³ ìîëåêóëÿðíî¿ äèíàì³êè (Gro-
macs, Charmm36, 210 ns) òà åêñïåðèìåíòàëüíî¿ 
ñòðóêòóðè PDB: 6Y1U êîìïëåêñó 4HC ç FtsZ-á³ëêîì 
ç Mycobacterium tuberculosis (MYCTU)

òàìè àíàë³çó ãîëîâíèõ êîìïîíåíò (PCA), àïðî-
êñèìàö³¿ òà ïðîåêö³¿ îäíîð³äíîãî ð³çíîìàí³òòÿ 
(UMAP), à òàêîæ êàðò Êîõîíåíà (SOM). 

Ïåðâèííó êëàñòåðèçàö³þ ñïîëóê çä³éñíþâà-
ëè íà ï³äñòàâ³ ãåíåðîâàíî¿ á³áë³îòåêè äåñêðèï-
òîð³â FragFp, ÿêó ó ïîäàëüøîìó âèêîðèñòîâó-
âàëè äëÿ îòðèìàííÿ ìàñøòàáîâàíèõ äåñêðèï-
òîð³â ìåíøî¿ ðîçì³ðíîñò³: PCA (pc1, pc2, pc3, 
pc4, pc5, pc6, pc7 ³ pc8), UMAP (UMAP X, 
UMAP Y ³ UMAP Z) ³ SOM (SOM X ³ SOM 
Y), ùî äîçâîëèëî ïîçèö³îíóâàòè ðå÷îâèíè ó 
ïðîñòîð³ äåêàðòîâèõ êîîðäèíàò òà âèçíà÷àòè 
ñïîëóêè, áëèçüê³ çà âëàñòèâîñòÿìè. Íàéêðàù³
ðåçóëüòàòè áóëè îòðèìàí³ çà äîïîìîãîþ ìåòî-
ä³â UMAP ³ SOM. Ïðè öüîìó, ó âèïàäêó UMAP
çàñòîñîâóâàëè ïîçèö³îíóâàííÿ ó òðèâèì³ðíîìó
ïðîñòîð³ (x, y, z), à ó âèïàäêó SOM, ïîáóäî-
âó äâîâèì³ðíèõ ëàíäøàôòí³ êàðòè. Çà ðåçóëü-
òàòàìè ñï³ëüíî¿ UMAP-êëàñòåðèçàö³¿ (ðèñ. 5, à)
êîíòðîëüí³ ïîõ³äí³ ðÿäó êóìàðèíó ôîðìóþòü 
÷³òêî â³äîêðåìëåíèé êëàñòåð (ðå÷îâèíè ïî-
çèòèâíîãî êîíòðîëþ), ùî ï³äòâåðäæóº êîðåêò-
í³ñòü çàñòîñîâàíîãî ìåòîäó. Ïðè ìàñøòàáó-
âàíí³ êîíòðîëüíî¿ ãðóï³ òà âèçíà÷åí³ íàéáëèæ-
÷èõ çâ’ÿçê³â ïîä³áíîñò³ äî êëàñòåðó òàêîæ ïðè-
ºäíàëèñü 3 ðå÷îâèíè, ÿê³ äåïîíîâàí³ âèêëþ÷-
íî â ChEMBL (ðèñ. 5, á): quinoxaline (CHEMBL
39444), 2-phenylquinoxaline (CHEMBL69695) ³
curcumin (CHEMBL116438). Ïðè öüîìó, êðè-
òåð³ÿìè âíóòð³øíüî¿ ïîä³áíîñò³ ãðóïè áóëè 
ê³ëüê³ñòü ïîòåíö³éíèõ äîíîð³â (H-Donors) òà 
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àêöåïòîð³â âîäíåâèõ çâ’ÿçê³â (H-Acceptors), à
òàêîæ çàãàëüíà ê³ëüê³ñòü àòîì³â öèêë³÷íèõ ôðàã-
Äëÿ îñòàòî÷íîãî â³äáîðó ñïîëóê, ñòðóêòóðíî 

áëèçüêèõ äî ñêåôîëäó êóìàðèí³â, íàìè áóâ 
çàñòîñîâàíèé ìåòîä SOM, ÿêèé çàáåçïå÷óº 
á³ëüø àêóðàòíó äèôåðåíö³àö³þ ñêëàäíèõ ðå-

Ïðèì³òêà. [1] – Almani et al., 2021; RCSB Protein Data Bank: 6Y1U.b ³ 6YiV.b; [2] – Duggirala et al, 2014; 
IC50, IP (Inhibition of Polymerization), IGA (Inhibition of GTFase Activity)

Òàáëèöÿ 1. Ïðèðîäí³ êóìàðèí³, äëÿ ÿêèõ ³ñíóþòü åêñïåðèìåíòàëüí³ äîêàçè áåçïîñåðåäíüî¿ âçàºìîä³¿ ç FtsZ 
á³ëêîì (ïîçèòèâíèé êîíòðîëü äîñë³äæåííÿ)

Íàçâà Ñòðóêòóðà
PubChem 

ID
IUPAC

Äîêàç 
âçàºìîä³¿

4-Hydroxylcoumarin
(PDB: 4HC)

54682930 4-hydroxychromen-2-one

PDB [1]

IC50,
IP, 

IGA [2]

Esculetin 5281416
6,7-Dihydroxy-2H-chromen-

2-one

IC50,
IP, 

IGA [2]

Umbelliferon 5281426 7-hydroxychromen-2-one
IC50,
IP, 

IGA [2]

Hymecromone 
(Ñ³í. 4-Methylumbelliferon)

5280567
7-hydroxy-4-methylchromen-

2-one

IC50,
IP, 

IGA [2]

Coumarin 323 chromen-2-one
IC50,
IP, 

IGA [2]

7-Diethylamino-4-
methylcoumarin

7050
7-(diethylamino)-4-

methylchromen-2-one

IC50,
IP, 

IGA [2]

Scopoletin 5280460
7-hydroxy-6-

methoxychromen-2-one

IC50,
IP, 

IGA [2]

6-Methylcoumarin 7092 6-methylchromen-2-one
IC50,
IP, 

IGA [2]

Daphnetin 5280569 7,8-dihydroxychromen-2-one
IC50,
IP, 

IGA [2]

7-Dimethyl-4-methylcoumrin 6867
7-(dimethylamino)-4-
methylchromen-2-one

IC50,
IP, 

IGA [2]
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÷îâèí çà ïîä³áí³ñòþ (Egieyeh et al., 2022). Îò-
æå, ïîä³áí³ ðå÷îâèíè ðîçòàøîâóþòüñÿ ó ñï³ëü-
íèõ «äîëèíàõ» 2D-êàðòè, ³ â³äîêðåìëþþòüñÿ
â³ä ³íøèõ êëàñòåð³â «õðåáòàìè» õ³ì³÷íîãî ëàíä-
øàôòó, ùî íàðÿäó ³ç â³äñòàííþ â³äîáðàæóº 
ð³âåíü ñòðóêòóðíî¿ ïîä³áíîñò³.

Êîíòðîëüíà ãðóïà êóìàðèí³â ñôîðìóâàëà 2
áëèçüêèõ êëàñòåðà îá’ºäíàíèõ ñï³ëüíèì ëàíä-
øàôòîì (ðèñ. 6, à). Ïðè öüîìó, æîäíà íîâà 
ðå÷îâèíà íå óâ³éøëà äî «äîëèíè» êîíòðîëüíî¿ 
ãðóïè. Ïðîòå, íà êàðò³ SOM íàÿâí³ 9 êëàñ-
òåð³â, áëèçüêèõ äî ïîçèòèâíîãî êîíòðîëþ çà 
äèñòàíö³ºþ. Ç íèõ 4 êëàñòåðè (25 ðå÷îâèí) 
îá’ºäíàí³ âëàñíèì ëàíäøàôòîì ³ ìàêñèìàëü-
íî íàáëèæåí³ äî äîëèíè êîíòðîëþ (ðèñ. 6, á).
Òàêèì ÷èíîì, â³ä³áðàíî 47 ðå÷îâèí: 10 – ðå÷î-
âèí êîíòðîëþ ³ 37 ðå÷îâèí áëèçüêèõ çà ëàíä-
øàôòîì òà/àáî äèñòàíö³ºþ ìàïè (ðèñ. 6, á). 
Òàêîæ, êîíòðîëüí³ åôåêòîðè ñàéò³â IDC òà 
NBS óòâîðþâàëè ³çîëüîâàí³ ãðóïè, ðîçòàøîâà-

í³ ó âëàñíèõ ëàíäøàôòàõ (ðèñ. 6, à). Ïîêàçî-
âî, ùî åôåêòîðè ñàéò³â BP1 ³ BP2, ðàí³øå 
âèÿâëåí³ ³ç çàñòîñóâàííÿì ìåòîäó UMAP, 
òàêîæ óâ³éøëè äî çàçíà÷åíîãî ëàíäøàôòó 
ðåçóëüòóþ÷î¿ ãðóïè SOM.

Âèçíà÷åííÿ åôåêòîð³â ñàéò³â BP1 ³ BP2 íà 
ï³äñòàâ³ ðåçóëüòàò³â ôàðìàêîôîðíîãî ïîøóêó. 
Äëÿ êîíñòðóþâàííÿ ôàðìàêîôîð³â áóëè âèêî-
ðèñòàí³ PDB-ñòðóêòóðè 6Y1U.B ³ 6Y1V.B. Â³ä-
ïîâ³äí³ ìîäåë³ áóëè ïîáóäîâàí³ çà äîïîìîãîþ 
ìåðåæåâîãî ñåðâ³ñó Pharmit (https://pharmit.
csb.pitt.edu/) íà îñíîâ³ ñòðóêòóð 4-ã³äðîêñ³êó-
ìàðèíó (4HC). Ï³ä ÷àñ ðåêîíñòðóêö³¿ âðàõîâó-
âàëè îñîáëèâîñò³ âçàºìîä³é ³ç êèøåíÿìè ñàé-
ò³â BP1 ³ BP2, âèçíà÷åí³ íà ïîïåðåäíüîìó åòàï³ 
äîñë³äæåííÿ (ðèñ. 1). Äëÿ îáîõ ñàéò³â çàñòî-
ñîâàí³ ïî 2 äåñêðèïòîðà ã³äðîôîáíèõ âçàºìî-
ä³é, à òàêîæ äåñêðèïòîðè àêöåïòîð³â âîäíåâèõ 
çâ’ÿçê³â. Êëþ÷îâ³ â³äì³ííîñò³ ïîâ’ÿçàí³, â ïåð-
øó ÷åðãó, ³ç îáìåæåííÿìè êèøåí³ çà ôîð-

Ðèñ. 5. UMAP-êëàñòåðèçàö³ÿ åêñïåðèìåíòàëüíî äîâåäåíèõ åôåêòîð³â FtsZ: à – çàãàëüíà ðåïðåçåíòàö³ÿ 
õ³ì³÷íîãî ïðîñòîðó àêòóàëüíîãî äîñë³äæåííÿ; á – êëàñòåð ïîçèòèâíîãî êîíòðîëþ (ïîõ³äí³ êóìàðèíó). 
Ïîìàðàí÷åâ³ êóë³ â³äïîâ³äàþòü á³îõ³ì³÷íî äîâåäåíèì åôåêòîðàìè ñàéò³â BP1 ³ BP2 (äàí³ Duggirala et al., 
2014), ÷åðâîí³ êîíóñè – ñïîëóêè ñêðèñòàë³çîâàí³ ç FtsZ (çà äàíèìè RCSB Protein Data Bank), æîâò³ êâàäðà-
ò³ – åôåêòîðè FtsZ ç áàçè äàíèõ ChEMBL. Ïðèì³òêà. Ôîêóñóâàííÿ íà êëàñòåð ïîõ³äíèõ êóìàðèíó (ðèñ. «á») 
áóëî âèêîíàíî çà äîïîìîãîþ ôóíêö³¿ «Auto zoom» ³ç âðàõóâàííÿì ê³ëüêîñò³ äîíîð³â (H-Donors) ³ àêöåïòîð³â 
(H-Acceptors) âîäíåâèõ çâ’ÿçê³â, à òàêîæ, çàãàëüíî¿ ê³ëüêîñò³ àòîì³â öèêë³÷íèõ ôðàãìåíò³â ïîð³âíþâàíèõ 
ìîëåêóë
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Ðèñ. 6. Càìîîðãàí³çàö³éíà êàðòà Êîõîíåíà (SOM = Self-Organizing Map) ïîáóäîâàíà äëÿ ñóêóïíîñò³ 
åêñïåðèìåíòàëüíî äîâåäåíèõ åôåêòîð³â FtsZ: à – çàãàëüíà ðåïðåçåíòàö³ÿ SOM-ëàíäøàôòó; á – êîíòðîëüíà 
ãðóïà åôåêòîð³â ñàéò³â çâ’ÿçóâàííÿ ïîõ³äíèõ êóìàðèíó ³ êëàñòåðè ñïîëóê ìàêñèìàëüíî íàáëèæåí³ äî 
ðåôåðåíñíèõ êëàñòåð³â (ë³âîðó÷), à òàêîæ, ñóêóïí³ñòü ñïîëóê â³ä³áðàíèõ äëÿ ïîäàëüøî¿ ïåðåâ³ðêè (ïðàâîðó÷). 
Òðèêóòíèê/æîâòèé ôîí – êîíòðîëüí³ ë³ãàíäè 4ÍÑ. Êóëÿ/ñ³ðèé ôîí – á³îõ³ì³÷íî äîâåäåí³ åôåêòîðè ñàéò³â 
BP1 ³ BP2 (äàí³ Duggirala et al. 2014). Êâàäðàòè/á³ëèé ôîí – åôåêòîðè FtsZ ç áàçè äàíèõ ChEMBL
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ìîþ, ðîçì³ðîì äåñêðèïòîð³â òà âåêòîðàìè 
ïîòåíö³éíèõ âçàºìîä³é. Ðåçóëüòàòè ñêðèí³íãó 
îáìåæóâàëèñü íàéêðàùîþ ã³ïîòåçîþ, ïîêàç-
íèêàìè ïðîãíîçó ì³í³ìàëüíî¿ àô³ííîñò³ (Mini-
mized Affinity) ³ â³äõèëåííÿìè îïòèì³çîâàíèõ 
ñòðóêòóð õ³ò³â â³ä ôàðìàêîôîðó (Minimized 
RMSD). Çà ðåçóëüòàòàìè ôàðìàêîôîðíîãî 
ñêðèí³íãó îòðèìàí³ 16 õ³ò³â, âêëþ÷àþ÷è êîíò-
ðîëüíèé ë³ãàíä 4HC. Íàñòóïíèé ãíó÷êèé 
äîê³íã â ïðîãðàì³ CCDC GOLD ïîêàçàâ êî-
ðåêòíó ïîñàäêó ëèøå äëÿ 13 ñïîëóê, ÿê³ ïðåä-
ñòàâëåíî â òàáë. 2. Ñòðóêòóðè çàçíà÷åíèõ ñïî-
ëóê áóëè âíåñåí³ äî çâåäåíî¿ á³áë³îòåêè, ÿêà 
âêëþ÷àëà êîíòðîëüí³ ñïîëóêè (ïîõ³äí³ êóìà-
ðèíó), ðåçóëüòàòè õåìî³íôîðìàö³éíîãî ðàíæó-
âàííÿ ³ õ³òè ôàðìàêîôîðíîãî ñêðèí³íãó. 

Ìîëåêóëÿðíèé äîê³íã, AI-ðàíæóâàííÿ ³ ðåêîí-
ñòðóêö³ÿ ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â ç êèøåíÿìè
BP1 ³ BP2. Óçàãàëüíåííÿ ðåçóëüòàò³â õåìî³í-
ôîðìàö³éíî¿ êëàñòåðèçàö³¿ òà ôàðìàêîôîðíîãî 
ïîøóêó äîçâîëèëî íàì â³ä³áðàòè 36 ïîòåíö³é-
íèõ åôåêòîð³â ñàéò³â BP1 òà BP2. Òàêîæ, äî 
ö³º¿ ãðóïè áóëî äîäàíî 10 êîíòðîëüíèõ ë³ãàí-
ä³â (òàáë. 1). Òàêèì ÷èíîì, ï³äñóìêîâà á³áë³î-
òåêà ñêëàëà 46 óí³êàëüíèõ ðå÷îâèí, äëÿ ÿêèõ
áåçïîñåðåäíÿ âçàºìîä³ÿ ç FtsZ ï³äòâåðäæåíà 
á³îõ³ì³÷íî. Íàñòóïíèé äîê³íã âèêîíóâàâñÿ ³ç
çàñòîñóâàííÿì ïðîãðàì CCDC GOLD òà 
iGEMDOCK. Ïðè öüîìó, CCDC GOLD çàñ-
òîñîâóâàëè äëÿ ïåðåâ³ðêè ã³ïîòåç êîìïëåêñ³â, 
à iGEMDOCK – äëÿ îòðèìàííÿ äàíèõ ùîäî 
åíåðã³¿ çâ’ÿçóâàííÿ ë³ãàíä³â ç êèøåíÿìè BP1 
òà BP2.

Äîê³íã â ïðîãðàì³ CCDC GOLD âèêîíó-
âàëè ³ç çàñòîñóâàííÿì àíñàìáëþ ì³øåíåé, 
ÿêèé âêëþ÷àâ PDB-ñòðóêòóðè 6Y1U:B òà 
6U1V:B, à òàêîæ ñòðóêòóðè êîìïëåêñ³â FtsZ 
S. aureus òà M. tuberculosis ç 4HC, â³ä³áðàí³ ç 
ôðåéì³â ìîëåêóëÿðíî¿ äèíàì³êè. Íåçâàæàþ÷è 
íà òå, ùî êèøåí³ BP1 ³ BP2 º â³äêðèòèìè, 
³ñíóþòü ïåâí³ ôëóêòóàö³¿ ôîðìè òà îá’ºìó 
ñàéòó, ùî ÷àñòêîâî êîìïåíñóº àíñàìáëåâèé 
ïðîòîêîë äîê³íãó ³ç âèêîðèñòàííÿì ãðóïè 
ì³øåíåé. Â³äïîâ³äíî, äëÿ äîê³íãó â CCDC 
GOLD âèêîðèñòîâóâàëè ãðóïó ç 10 ì³øåíåé, 
à äëÿ iGEMDOCK áóëî çàñòîñîâàíî ðàí³øå
îïèñàíèé ïðîòîêîë ðîçðàõóíêó ñåðåäí³õ ïîêàç-
íèê³â åíåðã³¿ çâ’ÿçóâàííÿ äëÿ ³íäèâ³äóàëüíèõ 
ë³ãàíä³â (Karpov et al., 2024).

Ãíó÷êèé äîê³íã â CCDC GOLD ïîêàçàâ, ùî 
ç 46 â³ä³áðàíèõ ðå÷îâèí ëèøå 41 äåìîíñòðóº 
êîðåêòí³ ïîçè ðîçòàøóâàííÿ â êèøåí³ BP1. 
Ïðè öüîìó, 5 ðå÷îâèí (PubMed ÑID: 25101149, 
60164930, 718179885, 137638354 ³ 137648670) 
íå ìàþòü äîñòîâ³ðíî¿ ïîñàäêè â êèøåíþ BP1. 
Ùå îäíà ðå÷îâèíà (CID: 103961572) ìàëà ñòà-
á³ëüíî íèçüê³ ïîêàçíèêè ô³òíåñ-ôóíêö³¿ ChemPLP
³ ASP òà áóëà íåçäàòíîþ ñ³äàòè â êèøåíþ 
BP2. Òîìó çãàäàí³ ñïîëóêè áóëè âèêëþ÷åí³ ³ç 
ïåðåë³êà éìîâ³ðíèõ åôåêòîð³â ñàéòó BP1.

Ó âèïàäêó êèøåí³ BP2, äîê³íã â CCDC 
GOLD ñïðîãíîçóâàâ ³ñíóâàííÿ êîìïëåêñ³â äëÿ
45 ç 46 ë³ãàíä³â. Âèíÿòêîì ñòàëà ñïîëóêà 
CID: 103961572. Âîäíî÷àñ, 5 ë³ãàíä³â, ÿê³ íå
ñ³äàëè â êèøåíþ BP1, ïîêàçàëè äîñòîâ³ðí³ 
ïîçè ïîñàäêè â êèøåí³ BP2. Ïðîòå, ¿õ ïîëî-
æåííÿ â³äð³çíÿëàñü â³ä êëàñòåðà êîíòðîëüíèõ
ë³ãàíä³â ³ áóëî çì³ùåíî ó á³ê ñàéòó IDC. 
Ðåêîíñòðóêö³ÿ ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â äàíèõ
ðå÷îâèí ³ç çàñòîñóâàííÿì ñåðâ³ñó Protenix 
Server (https://protenix-server.com) ïîêàçàëà, 
ùî ðå÷îâèíè 25101149 òà 71817985 ðîçòàøî-
âóþòüñÿ ó ñàéò³ IDC, â³äîìîìó ÿê êàíîí³÷íèé 
ñàéò çâ’ÿçóâàííÿ 2,6-ä³ôòîð-3-ìåòîêñ³áåíçàì³-
ä³â (Ozheriedov et al., 2025; Karpov et al., 2025). 
Ùå òðè ðå÷îâèíè (CID: 60164930, 137638354 

Òàáëèöÿ 2. Óçàãàëüíåííÿ õ³ò³â ôàðìàêîôîðíîãî 
ïîøóêó ïîòåíö³éíèõ åôåêòîð³â ñàéò³â çâ’ÿçóâàííÿ 
ïîõ³äíèõ êóìàðèíó (BP1 ³ BP2)

Íàçâà

Pharmit

Minimized 
Affinity

Minimized 
RMSD

4HC
CHEMBL2413334
CHEMBL2152507
CHEMBL22425
CHEMBL468616
CHEMBL504829
CHEMBL442942
CHEMBL453180
CHEMBL4079927
CHEMBL39444
CHEMBL2207288
CHEMBL4102611
CHEMBL4098327

–6,85352
–3,19066
–3,27743
–3,82296
–4,35131
–5,16979
–4,70511
–5,27049
–4,35247
–5,69006
–6,54427
–5,42857
–6,23146

0,28145
0,2958
0,6118
0,68169
0,79999
0,87541
0,89552
0,89853
0,91603
0,98862
1,22565
1,25258
1,29622
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Ðèñ.7. Ðàíæóâàííÿ åôåêòîð³â ñàéò³â BP1 ³ BP2 íà ï³äñòàâ³ ïîêàçíèêà åíåðã³¿ çâ’ÿçóâàííÿ (TotalEnergy). 
Óçàãàëüíåíà âèá³ðêà ç ãðóïè åêñïåðèìåíòàëüíî-ï³äòâåðäæåíèõ åôåêòîð³â FtsZ-á³ëê³â (RCSB+ChEMBL) 
´ðóíòóºòüñÿ íà ðåçóëüòàòàõ õåìî³íôîðìàö³éíîãî ³ ôîðìàêîôîðíîãî ïîøóêó, ðåçóëüòàòàõ ìîëåêóëÿðíîãî 
äîê³íãó â ïðîãðàìàõ CCDC GOLD ³ iGEMDOCK, à òàêîæ óòî÷íåíÿ îêðåìèõ ã³ïîòåç øëÿõîì êîíêóðåíòíî¿ 
AI-ðåêîíñòðóêö³¿ êîìïëåêñ³â ³ç çàëó÷åííÿì ñåðâ³ñó Protenix Server. Íàâåäåí³ ñïîëóêè ðàíæîâàí³ çà 
ñïîð³äíåí³ñòþ äî êèøåí³ ñàéòó BP1. Ïðèì³òêà. ● – êîíòðîëüíà ãðóïà ïîõ³äíèõ êóìàðèíó, äëÿ ÿêèõ ³ñíóþòü 
á³îõ³ì³÷í³ (IC50, Duggirala et al. 2014), ³/àáî êðèñòàëîãðàô³÷í³ ï³äòâåðäæåííÿ âçàºìîä³¿ (Almani et al., 2021)



55ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2025. Ò. 59. ¹ 5

Âèçíà÷åííÿ åôåêòîð³â áàêòåð³àëüíîãî FtsZ á³ëêó, ñïðÿìîâàíèõ íà âçàºìîä³þ ³ç ñàéòàìè çâ’ÿçóâàííÿ 

òà 137648670) ïîêàçàëè àëüòåðíàòèâí³ ïîçè 
äîê³íãó òà AI-ðåêîíñòðóêö³¿ ³ áóëè âèêëþ÷åí³ 
ç³ ñïèñêó ìîæëèâèõ åôåêòîð³â ñàéò³â BP1 òà 
BP2. Òàêèì ÷èíîì, ñïèñîê áóëî ñêîðî÷åíî äî 
40 ðå÷îâèí.

Äëÿ îö³íêè ïîòåíö³éíî¿ åíåðã³¿ çâ’ÿçóâàííÿ 
â³ä³áðàíèõ ðå÷îâèí ³ç ñàéòàìè BP1 òà BP2 áóëî 
çàñòîñîâàíî ðåäîê³íã ó ïðîãðàì³ iGEMDOCK 
äëÿ çä³éñíåííÿ ê³ëüê³ñíî¿ îö³íêè ë³ãàíä-á³ë-
êîâèõ âçàºìîä³é (TotalEnergy) ³ç âðàõóâàííÿì 

Ðèñ. 8. Ïåðåêðèòòÿ îá’ºì³â ñàéòó BP2 (ñàéò çâ’ÿçóâàííÿ ïîõ³äíèõ êóìàðèíó) òà ñàéòó ³íòåðäîìåííî¿ ù³ëèíè 
(IDC) ïðè ñòðóêòóðíîìó âèð³âíþâàíí³ êðèñòàëîãðàô³÷íî-ï³äòâåðäæåíèõ êîìïëåêñ³â, îòðèìàíèõ ³ç RCSB 
Protein Data Bank: à – ñòðóêòóðíå âèð³âíþâàííÿ êîìïëåêñó FtsZ á³ëêó M. tuberculosis ç 4-ã³äðîêñ³êóìàðèíîì 
(4HC), òà êîìïëåêñó FtsZ á³ëêó S. aureus ç IDC-ñïåöèô³÷íèì ³íã³á³òîðîì PC190723; á – Ïåðåêðèòòÿ îá’ºì³â 
ñàéò³â BP2 òà IDC ïðè çóìóâàíí³ â ïðîãðàì³ PyMOL. Çë³ïêè îá’ºì³â ñàéò³â áóëî îòðèìàíî çà òåõíîëîã³ºþ 
CatalophoreTM ³ç âèêîðèñòàííÿì ïëàãè³íó CavitOmiX
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âíåñêó âîäíåâèõ çâ’ÿçê³â (H-Bonds), ñèë Âàí-
äåð-Âààëüñà (vdW) òà åëåêòðîñòàòèêè (Elec): 
TotalEnergy (Fitness) = H-Bonds + vdW + Elec 
(Yang and Chen, 2004; Bellaver et al., 2024). 
Îòðèìàí³ ðåçóëüòàòè ï³äòâåðäèëè ïîñàäêó â³-
ä³áðàíèõ ñïîëóê ó êèøåí³ BP1 ³ BP2. Ïî-
äàëüøå ðàíæóâàííÿ ðå÷îâèí âèêîíóâàëè çà 
ïîêàçíèêàìè «TotalEnergy», ðîçðàõîâàíèìè äëÿ
BP1, îñê³ëüêè ñàìå öåé ñàéò ïîâ’ÿçóþòü ³ç 
³íã³á³òîðíîþ ä³ºþ 4HC (Almani et al., 2021). 
Óñ³ ñïîëóêè êîíòðîëüíî¿ ãðóïè (òàáë. 1) ìàëè 
â³äíîñíî ñõîæ³ ïîêàçíèêè åíåðã³é çâ’ÿçóâàííÿ
ç BP1 òà BP2 ³ç íåçíà÷íîþ ïåðåâàãîþ íà êî-
ðèñòü BP1 (ðèñ. 7). Ðå÷îâèíà CHEMBL69695 
(CID: 78725) ïðàêòè÷íî íå ìàëà ñïîð³äíåíîñ-
ò³ äî êèøåí³ BP1 òà ìàëà íèçüêèé ïîêàçíèê 
åíåðã³¿ çâ’ÿçóâàííÿ ¿¿ ó êèøåí³ BP2. Íà ï³äñòàâ³ 
öüîãî ¿¿ áóëî âèêëþ÷åíî ³ç ñïèñêó ìîæëèâèõ 
åôåêòîð³â îáîõ ñàéò³â. Âîäíî÷àñ, äåÿê³ ç ðå-

÷îâèí ìàëè êðàù³ ïîêàçíèêè «TotalEnergy» 
âçàºìîä³¿ ç BP2. Ç îãëÿäó íà òå, ùî êèøåíÿ BP2 ó 
äåê³ëüêà ðàç³â ïåðåâèùóº çà îá’ºìîì êèøåíþ BP1 
(ðèñ. 3) òà äåìîíñòðóº á³ëüø âèã³äíó åíåðã³ºþ 
çâ’ÿçóâàííÿ îêðåìèõ ðå÷îâèí, äîçâîëÿº çðî-
áèòè ïðèïóùåííÿ ïðî òå, ùî ïîòåíö³àë êè-
øåí³ BP2 òà ¿¿ ñï³ëüíîãî ïðîñòîðó ç êèøåíåþ 
IDC, ÿêà òàêîæ íàëåæèòü äî ì³æäîìåííî¿ 
ù³ëèíè, çíà÷íîþ ì³ðîþ íåâè÷åðïàíèé. Ïî 
ñóò³, ö³ äâà ñàéò³ º ïîëþñàìè ºäèíî¿ ñóïåð-
êèøåí³, ÿê³ àñîö³þþòüñÿ ç ðå÷îâèíàìè ð³çíèõ 
ñêåôîëä³â. Òàê, êàòàëîôîðí³ çë³ïêè CavitOmiX, 
ïîáóäîâàí³ äëÿ ñòðóêòóð FtsZ M. tuberculosis â
êîìïëåêñ³ ç 4HÑ (PDB: 6Y1U.B) ³ FtsZ S. au-
reus â êîìïëåêñ³ ç PC190723, çàñâ³ä÷èëè çíà÷-
íå âçàºìíå ïåðåêðèòòÿ êèøåíü (ðèñ. 8, à), 
ùî ñâ³ä÷èòü íà êîðèñòü ³ñíóâàííÿ ºäèíîãî 
ôàðìàöåâòè÷íîãî ïðîñòîðó ñóïåðêèøåí³ BP2/
IDC (ðèñ. 8, á). Òàêèì ÷èíîì, ìîæíà ïðè-

Ðèñ. 9. Ðåçóëüòàò ìîëåêóëÿðíîãî äîê³íãó õ³ò³â õåìî³íôîðìàö³éíîãî ïîøóêó ³ ôàðìàêîôîðíîãî ñêðèí³íãó ó 
êèøåí³ BP2/IDC. Ìîëåêóëÿðíèé äîê³íã â ïðîãðàì³ CCDC GOLD ïîêàçàâ, ùî íåçâàæàþ÷è íà äîñòóïí³ñòü 
îá’ºìó âåëèêî¿ êèøåí³ BP2/IDC â³ä³áðàíèì ñïîëóêàì ïðèòàìàííà ëîêàë³çàö³ÿ ó ä³ëÿíö³ ñóáêèøåí³ BP2. Ïðè 
öüîìó, ÷àñòèíà åôåêòîð³â, ÿêà âèçíà÷èëàñü íåçäàòíîþ çâ’ÿçóâàòèñü ³ç êèøåíþ BP1, ïîêàçàëà êîìôîðòíå 
ïîçèö³îíóâàííÿ ó êèøåí³ BP2. Íà íàøó äóìêó öå îáóìîâëþºòüñÿ äîñòóïí³ñòþ ñï³ëüíîãî îá’ºìó âåëèêî¿ 
êèøåí³ BP2/IDC ³ âèçíà÷àº çàçíà÷åí³ ñïîëóêè ÿê ïîòåíö³éí³ ñïåöèô³÷í³ åôåêòîðè ñàéòó BP2
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Òàáëèöÿ 3. Ï³äñóìêîâà ãðóïà åôåêòîð³â ñàéò³â BP2 ³ BP2

ChEMBL/PDB PubChem Íàçâà (IUPAC Name)

Åôåêòîðè ñàéò³â BP1 ³ BP2

●CHEMBL301141
●CHEMBL244743
●CHEMBL244948
●CHEMBL12208
●CHEMBL71851
●CHEMBL51628
●CHEMBL443436
●CHEMBL3186529
●CHEMBL6466
CHEMBL2413346
CHEMBL2413352
CHEMBL2413351
CHEMBL3423282
CHEMBL417799

CHEMBL3126155

CHEMBL2413342
CHEMBL442942
CHEMBL2413336
CHEMBL450001
CHEMBL453452
CHEMBL2413340
CHEMBL22425
CHEMBL4102611
CHEMBL504829
CHEMBL39444
CHEMBL453180
CHEMBL468616
CHEMBL1885859

54682930
5281416
5280569
5280567
5280460
5281426
7092
6867
323
71817840
71657194
71657195
84377541
5154

72793845

73347578
72878
71817836
18403949
3544383
71817838
11461
45120136
16094695
7045
820515
17999355
162162

4HC = 4-Hydroxycoumarin = 4-hydroxychromen-2-one
Esculetin = 6,7-dihydroxychromen-2-one
7,8-dihydroxychromen-2-one
7-hydroxy-4-methylchromen-2-one
7-hydroxy-6-methoxychromen-2-one
7-hydroxychromen-2-one
6-methylchromen-2-one
7-(dimethylamino)-4-methylchromen-2-one
Ñoumarin = chromen-2-one
3-(4-tert-butylphenyl)-5-quinoxalin-2-ylbenzamide
2-[[2-(4-tert-butylphenyl)quinoxalin-5-yl]methyl]guanidine
2-[[2-(3-tert-butylphenyl)quinoxalin-5-yl]methyl]guanidine
(E)-3-(2,4-dichlorophenyl)-1-(2-methylbenzimidazol-1-yl)prop-2-en-1-one
24-methyl-5,7,18,20-tetraoxa-24-azoniahexacy
clo[11.11.0.02,10.04,8.014,22.017,21]tetracosa-
1(24),2,4(8),9,11,13,15,17(21),22-nonaene
2,2,2-trifluoroethyl N-[2-cyclohexyl-6-(dimethylamino)-3H-benzimidazol-
5-yl]carbamate
2-(4-tert-butylphenyl)quinoxaline
3,5-dimethoxybenzamide
2-(3-fluorophenyl)quinoxaline
5-methoxy-2-nitrobenzamide
2,6-difluoro-3-methoxybenzamide
2-(3-tert-butylphenyl)quinoxaline
3-methoxybenzoic acid
2,6-difluoro-3-hydroxybenzamide
3-methoxy-2-methylbenzamide
quinoxaline
3-methoxy-N-methylbenzamide
2-chloro-6-fluoro-3-methoxybenzamide
1-methylquinoxalin-1-ium

Åôåêòîðè ñàéòó BP2/IDC

CHEMBL3126358
CHEMBL1164137

CHEMBL3423278
CHEMBL1651202
CHEMBL3416825
CHEMBL2180485
CHEMBL2180486
CHEMBL2177138
CHEMBL458645
CHEMBL4079927
CHEMBL468614

71738318
46907295

84377669
25101148
60171588
71460998
71462731
71450208
320829
137652240
10630958

butyl N-[2-cyclohexyl-6-(dimethylamino)-3H-benzimidazol-5-yl]carbamate
16-[3-(4-chlorophenoxy)propoxy]-17-methoxy-5,7-dioxa-13-azoniapentac
yclo[11.8.0.02,10.04,8.015,20] henicosa-1(13),2,4(8),9,14,16,18,20-octaene
(E)-3-(4-fluorophenyl)-1-(2-methylbenzimidazol-1-yl)prop-2-en-1-one
butyl N-[2-cyclohexyl-6-(diethylamino)-3H-benzimidazol-5-yl]carbamate
2-chloro-5-[(E)-3-chloro-4-(3,5-dihydroxyphenyl)but-2-enyl]benzene-1,4-diol
2-[[4-(4-tert-butylphenyl)pyridin-2-yl]methyl]guanidine
2-[[3-(4-tert-butylphenyl)phenyl]methyl]guanidine
2-[[6-(4-tert-butylphenyl)pyrimidin-4-yl]methyl]guanidine
2,5-dimethoxybenzamide
2,6-difluoro-3-propan-2-yloxybenzamide
2-fluoro-3-methoxybenzamide

Ïðèì³òêà. ● – êîíòðîëüí³ åôåêòîðè ñàéò³â BP1 ³ BP2 äëÿ ÿêèõ ³ñíóþòü åêñïåðèìåíòàëüí³ äîêàçè âçàºìî-
ä³¿ ç FtsZ.
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ïóñòèòè, ³ñíóâàííÿ ñïåöèô³÷íèõ åôåêòîð³â êè-
øåí³ BP2. Íåçâàæàþ÷è íà íàÿâí³ñòü ó ¿õ 
ñòðóêòóð³ îçíàê ñêåôîëäó êóìàðèíó, ïåâí³ 
îñîáëèâîñò³ ñòðóêòóðè ³, çîêðåìà, ðîçì³ð òàêèõ 
ë³ãàíä³â óñêëàäíþþòü ¿õ âçàºìîä³þ ç êèøåíåþ 
ñàéòó BP1. Â³äîìî, ùî, ó ðàç³ áåíçàì³ä³â, ä³-
ëÿíêà êèøåí³ IDC ïðîòèëåæíà äîìåíó âçàº-
ìîä³¿ ç Ca2+ ðîçãëÿäàºòüñÿ ÿê îñíîâíèé ðåçåðâ 
êîìá³íàòîðíîãî äèçàéíó (Karpov et al., 2025; 
Huecas et al., 2021). Àíàëîã³÷íî, äëÿ ðÿäó ðå-
÷îâèí àêòóàëüíîãî äîñë³äæåííÿ ëèøå êèøåíÿ 
BP2 ìàº äîñòàòí³é îá’ºì äëÿ êîìôîðòíîãî ðîç-
òàøóâàííÿ òàêèõ ë³ãàíä³â. Ïðè öüîìó, íà â³ä-
ì³íó â³ä êèøåí³ BP1, äîê³íã â ïðîãðàì³ CCDC 
GOLD ï³äòâåðäæóº íàÿâí³ñòü êîìôîðòíèõ ïîç 
äëÿ âñ³õ â³ä³áðàíèõ ðå÷îâèí âèêëþ÷íî ó êèøå-
í³ BP2 (ðèñ. 9).

Òàêèì ÷èíîì, ãðóïó â³ä³áðàíèõ åôåêòîð³â 
ìîæíà ïîä³ëèòè íà äâ³ ï³äãðóïè: 1) «ñïðàâæí³» 
åôåêòîðè ïîä³áí³ 4HC, åôåêò ÿêèõ íàñàìïåðåä 
àñîö³þºòüñÿ ç êèøåíåþ BP1, ³ 2) ñïîëóêè, óìîâ-
íî âèçíà÷åí³ íàìè, ÿê åôåêòîðè ñóïåðêèøåí³ 
BP2/IDC, äî ÿêèõ íàëåæàòü ïîõ³äí³, ÿê³ ìàþòü 
âåëèêèé ðîçì³ð òà íå çäàòí³ çâ’ÿçóâàòèñÿ ç êè-
øåíåþ BP1 (òàáë. 3). Âðàõîâóþ÷è, ùî ñóáäî-
ìåí çâ’ÿçóâàííÿ îñòàíí³õ àñîö³éîâàíèé, íà-
ñàìïåðåä, ³ç ñàéòîì BP2, ìåõàí³çì ¿õ ä³¿ ïîâè-
íåí áóòè ïîâ’ÿçàíèì ç àëîñòåðè÷íèìè çäâè-
ãàìè, àëå ìàòè â³äì³ííîñò³ â³ä ä³¿ êàíîí³÷íèõ 
åôåêòîð³â ñàéòó IDC.

Äîñë³äæåííÿ ç ìîëåêóëÿðíîãî äîê³íãó áóëî âèêî-
íàíî çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ 
CCDC GOLD (CSD Software Portfolio), ëþá’ÿç-
íî íàäàíîãî Êåìáðèäæñüêèì öåíòðîì êðèñòàëî-
ãðàô³÷íèõ äàíèõ (CCDC) ó ðàìêàõ ãðàíòó Ì³æ-
íàðîäíî¿ ïðîãðàìè Ôðåíêà Àëëåíà äëÿ ï³äòðèìêè 
äîñë³äæåíü ³ îñâ³òè (Frank Allen International Re-
search and Education Program, FAIRE) – ID: 21554.

Äîòðèìàííÿ åòè÷íèõ ñòàíäàðò³â. Ñòàòòÿ íå 
ì³ñòèòü æîäíèõ äîñë³äæåíü, ÿê³ áóëè âèêîíà-
í³ ³ç âèêîðèñòàííÿì ëàáîðàòîðíèõ ïðåïàðàò³â, 
êë³òèííèõ ë³í³é àáî ³íòàêòíèõ îðãàí³çì³â òâà-
ðèí ÷è ëþäèíè.
Êîíôë³êò ³íòåðåñ³â. Àâòîðè çàÿâëÿþòü ïðî â³ä-
ñóòí³ñòü áóäü-ÿêîãî êîíôë³êòó ³íòåðåñ³â.
Ô³íàíñóâàííÿ. Ðîáîòà âèêîíàíà â ðàìêàõ áþä-
æåòíî¿ òåìè Íàö³îíàëüíî¿ àêàäåì³¿ íàóê Óêðà¿-
íè (íîìåð äåðæàâíî¿ ðåºñòðàö³¿ 0120U100937, 
2020-2024). 

IDENTIFICATION OF BACTERIAL FtsZ 
EFFECTORS TARGETING THE SITES 
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There is a large group of bacterial FtsZ inhibitors, the 
biological activity of which has been confirmed bio-
chemically. However, the sites of protein-ligand inter-
action for most of them remain unknown, significantly 
complicating the further search and combinatorial 
design of FtsZ inhibitors. This study presents the results 
of bioinformatic analysis of bacterial FtsZ effectors, 
targeting the sites of 4-hydroxycoumarin binding (BP1 
and BP2). Hear we present new data, based on original 
results of pharmacophore screening, chemoinformatics, 
molecular docking, molecular dynamics simulations, 
AI-predictions, etc. The object of the study was a 
combined library of 379 compounds, formed based on 
revision of the structural database RCSB Protein Data 
Bank and biochemically proven FtsZ effectors from 
ChEMBL. Based on the results of a comprehensive 
study, 39 compounds were selected, of which 28 were 
identified as effectors of the BP1 and BP2 sites, and 
another 11 as specific effectors of the BP2 site, located 
in the BP2/IDC superpocket.
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