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Çàðàç ³ñíóº çíà÷íà ê³ëüê³ñòü ³íã³á³òîð³â áàêòåð³àëü-
íîãî FtsZ á³ëêó, á³îëîã³÷íà àêòèâí³ñòü ÿêèõ ï³ä-
òâåðäæåíà á³îõ³ì³÷íî, îäíàê ö³ëüîâ³ ñàéòè ë³ãàíä-
á³ëêîâî¿ âçàºìîä³¿ ó á³ëüøîñò³ âèïàäê³â çàëèøàþòüñÿ 
íåâ³äîìèìè. Öå çíà÷íî óñêëàäíþº ïîäàëüøèé ïîøóê
òà êîìá³íàòîðíèé äèçàéí ³íã³á³òîð³â FtsZ. Â öüîìó
äîñë³äæåíí³ ïðåäñòàâëåí³ ðåçóëüòàòè á³î³íôîðìàòè÷-
íîãî àíàë³çó åôåêòîð³â áàêòåð³àëüíèõ FtsZ, âçàºìî-
ä³þ ÿêèõ äîâåäåíî òà çàäîêóìåíòîâàíî ó áàç³ äàíèõ 
á³îëîã³÷íî àêòèâíèõ ìîëåêóë ChEMBL. Çà äîïîìîãîþ 
êîìïëåêñíîãî ï³äõîäó ç âèêîðèñòàííÿì õåìî- ³ á³î-
³íôîðìàö³éíèõ ìåòîä³â, à òàêîæ ìîäåëþâàííÿ ³ç 
çàëó÷åííÿì øòó÷íîãî ³íòåëåêòó ³äåíòèô³êîâàíî 23 
³íã³á³òîðè íóêëåîòèä-çâ’ÿçóþ÷îãî ñàéòó (Nucleotide-
Binding Site, NBS), à òàêîæ 16 íîâèõ åôåêòîð³â ñàéòó 
³íòåðäîìåííî¿ ù³ëèíè (Inter-Domain Cleft, IDC).

Êëþ÷îâ³ ñëîâà: FtsZ, íóêëåîòèä-çâ’ÿçóþ÷èé ñàéò, ñàéò 
³íòåðäîìåííî¿ ù³ëèíè, åôåêòîðè, ë³ãàíä-á³ëêîâà âçàº-
ìîä³ÿ, FragFp, ôàðìàêîôîðíèé ïîøóê, ìîëåêóëÿðíèé 
äîê³íã, øòó÷íèé ³íòåëåêò.

Âñòóï. Âèð³øàëüíó ðîëü ó ôîðìóâàíí³ Z-ê³ëü-
öÿ ï³ä ÷àñ á³íàðíîãî ïîä³ëó áàêòåð³é â³ä³ãðà-
þòü FtsZ á³ëêè (Filamenting temperature-sensitive 
mu-tant Z), ùî âèçíà÷àº ¿õ ÿê ïåðñïåêòèâíó 
ìîëåêóëÿðíó ì³øåíü ôàðìàêîëîã³÷íîãî ñêðè-
í³íãó àáî êîìá³íàòîðíîãî äèçàéíó àíòèá³îòèê³â 
(Karpov et al., 2016; Fujimori et al., 2017; Sogawa 
et al., 2020; Karpov et al., 2024b; Ozheriedov and 
Karpov, 2023). Ñàìå FtsZ á³ëîê ïåðøèì ì³ãðóº 
äî ä³ëÿíêè, äå â³äáóâàºòüñÿ çáèðàííÿ àïàðàòó 
á³íàðíîãî ïîä³ëó (Adams and Errington, 2009), 
ïîë³ìåðèçóºòüñÿ ó ïðîòîô³ëàìåíòè òà ôîðìóº 
Z-ê³ëüöå, ÿêå âèçíà÷àº «ïëàí» ìàéáóòíüîãî 
ïîä³ëó êë³òèíè (Tripathy and Sahu, 2019; Peters 
et al., 2007; Thanedar and Margolin, 2004; Walker 
et al., 2020). ²íø³ á³ëêè àïàðàòó á³íàðíîãî ïî-
ä³ëó ðåêðóòóþòüñÿ äî çàçíà÷åíîãî äîìåíó áåç-
ïîñåðåäíüî ïåðåä ñêîðî÷åííÿì Z-ê³ëüöÿ, ôîð-

ìóâàííÿì ïåðåãîðîäêè ì³æ äî÷³ðí³ìè êë³òè-
íàìè ³ óòâîðåííÿì ³íäèâ³äóàëüíèõ êë³òèííèõ 
ñò³íîê (Adams and Errington, 2009; Sogawa et 
al., 2020).

Àíàëîã³÷íî äî òóáóë³í³â åóêàð³îò, àãðåãàö³ÿ 
FtsZ á³ëê³â ó ïðîòîô³ëàìåíòè â³äáóâàºòüñÿ çà
ÃÒÔ-çàëåæíèì ìåõàí³çìîì (Nyporko and Blu-
me, 2001; Demchuk and Blume, 2006; Demchuk 
et al., 2011). Ïðè öüîìó ïðîöåñ ïîë³ìåðèçàö³¿ 
ìàº âèðàæåíó ïîëÿðí³ñòü, òîáòî ôîðìóâàí-
íÿ ïðîòîô³ëàìåíò³â â³äáóâàºòüñÿ â³ä ãîëîâíîãî 
ê³íöÿ (ïåðøî¿ ñóáîäèíèö³) ó íàïðÿìêó «õâîñòà» 
(Li et al., 2007). Â ñâîþ ÷åðãó, ëàòåðàëüí³ âçàº-
ìîä³¿ çàáåçïå÷óþòü êîìïàêòíå çáèðàííÿ ³ ïà-
êóâàííÿ äèñêðåòíèõ ïðîòîô³ëàìåíò³â. Ó ïîë³-
ìåðèçîâàíîìó ñòàí³ êîìïëåêñè FtsZ á³ëêà â³ä-
ð³çíÿþòüñÿ çà ñï³ââ³äíîøåííÿì GTP/GDP òà 
çäàòí³ äèñîö³þâàòè ÷åðåç ã³äðîë³ç GTP (Ramirez-
Diaz et al., 2021). Îòæå, ðåãóëÿö³ÿ áàëàíñó ïðî-
öåñ³â ïîë³ìåðèçàö³¿/äåïîë³ìåðèçàö³¿ FtsZ á³ëêà 
äåòåðì³íóºòüñÿ çíà÷íîþ ì³ðîþ êîíöåíòðàö³ÿ-
ìè GTP ³ GDP (Small and Addinall, 2003). Òàê, 
çðîñòàííÿ ê³ëüêîñò³ ìîëåêóë GTP ïðèñêîðþº 
ïîë³ìåðèçàö³þ ³ ãàëüìóº äåïîë³ìåðèçàö³þ ³ñ-
íóþ÷èõ ïðîòîô³ëàìåíò³â (Hou et al., 2012). 
Ïðè öüîìó, GTP ñïðèÿº ôîðìóâàííþ ïðÿìèõ 
ïðîòîô³ëàìåíò³â, òîä³ ÿê ó êîìïëåêñ³ ç GDP 
â³äáóâàºòüñÿ â³äõèëåííÿ â³ä îñíîâíî¿ îñ³, ùî 
ïðèçâîäèòü äî ôîðìóâàííÿ ïðîòîô³ëàìåíò³â 
âèãíóòî¿ ôîðìè (Lu et al., 2000). 

Òàêèì ÷èíîì, ñàìå FtsZ á³ëîê º «íàð³æ-
íèì êàìåíåì» òà çàêëàäàº ñòðóêòóðíî-ôóíêö³î-
íàëüíèé ôóíäàìåíò àïàðàòó á³íàðíîãî ïîä³ëó 
áàêòåð³é (van Ooij et al., 2008). Òàðãåòíèé âïëèâ 
ñïåöèô³÷íèõ åôåêòîð³â FtsZ á³ëê³â îáóìîâëþº 
ïðèãí³÷åííÿ àáî ïîðóøåííÿ ïðîöåñ³â «íîð-
ìàëüíîãî» ç³áðàííÿ Z-ê³ëüöÿ òà ôîðìóâàííÿ 
ñåïòóìà (Demchuk et al., 2012; Karpov et al., 
2016; Rayevsky et al., 2022). Á³ëüø³ñòü âèïàä-
ê³â ë³ãàíä-³íäóêîâàíîãî ³íã³áóâàííÿ FtsZ á³ëê³â 
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ïðèçâîäèòü äî ô³ëàìåíòàö³¿ òà çàãèáåë³ áàêòå-
ð³àëüíèõ êë³òèí (Ma and Ma, 2012). Ââàæàºòü-
ñÿ, ùî ìåõàí³çì ä³¿ ïåðåâàæíî¿ á³ëüøîñò³ ³í-
ã³á³òîð³â FtsZ á³ëê³â, çäàòíèõ ³íäóêóâàòè çàãè-
áåëü áàêòåð³àëüíî¿ êë³òèíè, ðåàë³çóºòüñÿ ÷åðåç
âçàºìîä³þ ç ðîçòàøîâàíîþ íà N-ê³íö³ ìîëå-
êóëè FtsZ íóêëåîòèä-çâ’ÿçóþ÷îþ êèøåíåþ 
(Nucleotide Binding Site, NBS) àáî ç àëîñòå-
ðè÷íèì ñàéòîì ³íòåðäîìåííî¿ ù³ëèíè (Inter-
Domain Cleft, IDC), ÿêà óòâîðþºòüñÿ ì³æ ñï³-
ðàëëþ H7 òà C-ê³íöåâèì ôðàãìåíòîì ìîëåêóëè 
(Karpov et al., 2024; Ozheriedov et al., 2023; 
Ozheriedov et al., 2024; Haranahalli et al., 2016; 
Carro 2019; Tripathy and Sahu, 2019; Fujimori 
et al., 2017; Sogawa et al., 2020).

²ñíóþ÷³ ñòðàòåã³¿ ëàáîðàòîðíîãî ñêðèí³íãó 
àíòèá³îòèê³â ìîæíà äèôåðåíö³þâàòè ÿê: in 
vivo, êîëè ä³ÿ ðå÷îâèí ïåðåâ³ðÿºòüñÿ áåçïî-
ñåðåäíüî íà øòàìàõ áàêòåð³é (Gonzalez-Pastor 
et al., 2023) òà in vitro, êîëè çà äîïîìîãîþ á³î-
õ³ì³÷íèõ ìåòîä³â â³äòâîðþþòü ïðîöåñè âçàº-
ìîä³¿ äîñë³äæóâàíèõ ñïîëóê ³ç ìîëåêóëÿðíîþ 
ì³øåííþ (Zdrazil, 2025), òà ñòðóêòóðíî-á³îëî-
ã³÷íèé àíàë³ç, êîëè äîêàçîì óòâîðåííÿ ë³ãàíä-
á³ëêîâîãî êîìïëåêñó º ðåçóëüòàòè, îòðèìàí³ ç
âèêîðèñòàííÿì ðåíòãåíî-ñòðóêòóðíîãî àáî 
ßMR ìåòîä³â äîñë³äæåíü (Berman et al., 2000; 
Berman et al, 2003). Íà íàø ÷àñ ³ñíóº çíà÷íà 
ãðóïà ³íã³á³òîð³â FtsZ á³ëê³â, á³îëîã³÷íó àêòèâ-
í³ñòü ÿêèõ äîâåäåíî á³îõ³ì³÷íî ³ç âèêîðèñ-
òàííÿì in vivo àáî in vitro ìåòîä³â. Ïðîòå, ö³-
ëüîâ³ ñàéòè ¿õ âçàºìîä³¿ çàëèøàþòüñÿ íåâè-
çíà÷åíèìè (Karpov et al., 2024; Mathew et al., 
2016). Çã³äíî ç äàíèìè ðåñóðñó ChEMBL ñòà-
íîì íà ïî÷àòîê 2025 ð. ê³ëüê³ñòü òàêèõ åôåêòîð³â 
FtsZ íàáëèæàºòüñÿ äî 400 ñïîëóê (Zdrazil, 
2025). Â òîé æå ÷àñ, çà âèêëþ÷åííÿì íàòèâíèõ 
ñóáñòðàò³â – GDP ³ GTP, ê³ëüê³ñòü ðå÷îâèí, äëÿ 
ÿêèõ â RCSB Protein Data Bank ïðåäñòàâëåí³ 
ñòðóêòóðè á³ëîê-ë³ãàíäíèõ êîìïëåêñ³â ç FtsZ, 
íå ïåðåâèùóº 20 ñïîëóê (Karpov et al., 2024; 
Ozheriedov et al., 2024). Òàêèì ÷èíîì, äëÿ áà-
ãàòüîõ ïåðñïåêòèâíèõ åôåêòîð³â FtsZ, ä³þ ÿêèõ 
äîâåäåíî in vitro, ìåõàí³çìè âçàºìîä³¿ ç ì³øåí-
íþ çàëèøàþòüñÿ íåâèçíà÷åíèìè (Ozheriedov 
et al., 2023). Öå çíà÷íî óñêëàäíþº çàëó÷åííÿ 
òàêèõ åôåêòîð³â, ÿê îïîðíèõ ñòðóêòóð äëÿ ðà-
ö³îíàëüíîãî äðàã-äèçàéíó. Ïåâíîþ ì³ðîþ çà-
çíà÷åíèé ïðîá³ë ìîæóòü êîìïåíñóâàòè ìåòîäè 
CADD (Computer-Aided Drug Design) (Karpov 

et al., 2016). Ðàí³øå ç âèêîðèñòàííÿì ìåòîä³â 
ôàðìàêîôîðíîãî ïîøóêó òà ìîëåêóëÿðíîãî äî-
ê³íãó íàì âäàëîñÿ âèçíà÷èòè ñåðåä äåïîíóâàíü 
ChEMBL ðÿä ³íã³á³òîð³â àëîñòåðè÷íîãî òèïó ä³¿ 
òà àñîö³þâàòè ¿õ ³ç ñàéòîì IDC (Karpov et al., 
2024). Ìåòîþ öüîãî äîñë³äæåííÿ áóëî âèçíà÷åí-
íÿ çà äîïîìîãîþ ìåòîä³â õåìî³íôîðìàö³éíîãî 
ðàíæóâàííÿ, ìîëåêóëÿðíîãî äîê³íãó, ôàðìàêî-
ôîðíîãî ïîøóêó òà êîíêóðåíòíîãî ìîäåëþ-
âàííÿ á³ëîê-ë³ãàíäíèõ êîìïëåêñ³â ³ç çàëó-
÷åííÿì øòó÷íîãî ³íòåëåêòó åôåêòîð³â FtsZ, 
ä³ÿ ÿêèõ ïîâ’ÿçàíà ³ç áëîêóâàííÿì ñàéòó NBS 
(Nucleotide-Binding Site) ÷åðåç ÃÒÔ-êîíêóðåíò-
íèé ìåõàí³çì.

Ìàòåð³àëè ³ ìåòîäè. Ö³ëüîâîþ ãðóïîþ äî-
ñë³äæåííÿ áóëà ñóêóïíà á³áë³îòåêà ðå÷îâèí-
åôåêòîð³â FtsZ-á³ëê³â, ñôîðìîâàíà íà ï³äñòàâ³ 
ðåçóëüòàò³â ðåâ³ç³¿ ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â 
äåïîíîâàíèõ â RCSB Protein Data Bank (www.
rcsb.org) (Berman et al., 2000; Burley et al., 
2025), à òàêîæ ðå÷îâèí ç áàçè äàíèõ ChEMBL 
(www.ebi.ac.uk/chembl/) (Zdrazil et al., 2025), äëÿ
ÿêèõ áåçïîñåðåäíÿ âçàºìîä³ÿ ç ìîëåêóëîþ 
FtsZ äîâåäåíà á³îõ³ì³÷íî.

Õåìî³íôîðìàö³éíà êëàñòåðèçàö³ÿ ³ ðàíæó-
âàííÿ ðå÷îâèí çä³éñíþâàëèñü ³ç âèêîðèñòàí-
íÿì ïðîãðàìè DataWarrior v.06.04.01. (Sander 
et al., 2015) Äëÿ ðàíæóâàííÿ ñïîëóê áóâ âè-
êîðèñòàíèé äåñêðèïòîð FragFp, äå ïîä³áí³ñòü 
ì³æ äâîìà ìîëåêóëàìè âèçíà÷àºòüñÿ ÿê ê³ëü-
ê³ñòü ñï³ëüíèõ ôðàãìåíò³â, ïîä³ëåíà íà çà-
ãàëüíó ê³ëüê³ñòü ôðàãìåíò³â, ïðèñóòí³õ ó îáîõ
ìîëåêóë (Brunst et al., 2021). Ïðè öüîìó áóâ
çàä³ÿíèé ìåòîä àíàë³çó îñíîâíèõ êîìïîíåíò
(Principal Component Analysis, PCA), ÿêèé äî-
çâîëÿº ìàñøòàáóâàòè ÷èñëåííó ãðóïó çíà÷óùî 
êîðåëþþ÷èõ ïîêàçíèê³â ó ìåíøó ê³ëüê³ñòü äå-
ñêðèïòîð³â òà âèêîíóâàòè ðàíæóâàííÿ ñïîëóê 
çà ïîä³áí³ñòþ ó 2D ³ 3D ïðîñòîðàõ (Osolodkin 
et al., 2015).

Â³çóàë³çàö³ÿ, àíàë³ç ìîëåêóëÿðíèõ ñòðóêòóð 
òà ë³ãàíä-á³ëêîâèõ âçàºìîä³é âèêîíóâàëèñü ³ç
âèêîðèñòàííÿì ïðîãðàìíîãî çàáåçïå÷åííÿ 
PyMOL v.3.1.3 (Schrödinger LLC, www.pymol.org) 
³ BIOVIA Discovery Studio 2021 Client (https://
discover.3ds.com/).

Ôàðìàêîôîðíèé ïîøóê çä³éñíþâàëè ç âè-
êîðèñòàííÿì ³íòåðàêòèâíîãî ìåðåæåâîãî ñåð-
â³ñó Pharmit (https://pharmit.csb.pitt.edu/), ÿêèé 
äîçâîëÿº çä³éñíþâàòè â³ðòóàëüíèé ñêðèí³íã 
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Âèçíà÷åííÿ åôåêòîð³â íóêëåîòèä-çâ’ÿçóþ÷îãî ñàéòó FtsZ á³ëêó íà ï³äñòàâ³ ðåçóëüòàò³â 

âåëèêèõ á³áë³îòåê ðå÷îâèí íà ï³äñòàâ³ ôàðìà-
êîôîðíèõ äåñêðèïòîð³â, ìîëåêóëÿðíèõ ôîðì ³ 
ì³í³ì³çàö³¿ åíåðã³é (Sunseri and Koes, 2016). Ï³ä
÷àñ êîíñòðóþâàííÿ ôàðìàêîôîð³â áóëî âðàõî-
âàíî âíåñîê âîäíåâèõ çàâ’ÿçê³â, ã³äðîôîáíèõ 
âçàºìîä³é, çàðÿä³â, åëåêòðîñòàòè÷íèõ âçàºìî-
ä³é, äîñòóïí³ñòü ðîç÷èííèêó òà ðåçóëüòàòè àíà-
ë³çó 2D-êàðò ë³ãàíä-á³ëêîâèõ âçàºìîä³é. Ïðè 
âèêîíàíí³ ôàðìàêîôîðíîãî ñêðèí³íãó, áóëè çà-
ñòîñîâàí³ ñòåðè÷í³ îáìåæåííÿ ïðîñòîðó ö³-
ëüîâî¿ êèøåí³. Ðàä³óñ äåñêðèïòîð³â äîð³âíþâàâ 
1, à ìàêñèìàëüíà ê³ëüê³ñòü õ³ò³â íà ìîëåêóëó 
îáìåæóâàëàñü íàéêðàùîþ ã³ïîòåçîþ. Îñòàí-
íº îáìåæåííÿ, äîçâîëèëî ñêîðîòèòè ê³ëüê³ñòü 
êîíôîðìîìåð³â ³íäèâ³äóàëüíîãî ë³ãàíäó äî îä-
íîãî íàéêðàùîãî õ³òà.

Äëÿ îêðåìèõ âèïàäê³â çä³éñíþâàëè ðåêîí-
ñòðóêö³þ á³ëîê-ë³ãàíäíèõ êîìïëåêñ³â çà äî-
ïîìîãîþ ïðîãðàìè CCDC GOLD 2023.2.0 
(Build 382240; www.ccdc.cam.ac.uk) (Jones et al.,
1997). Ðàíæóâàííÿ ã³ïîòåç êîìïëåêñ³â çä³éñ-
íþâàëè íà ï³äñòàâ³ ïîêàçíèê³â îö³íþâàëüíèõ 
ô³òíåñ-ôóíêö³é ChemPLP, ÿê îñíîâíî¿, òà 
ASP (Astex Statistical Potential), ÿê äîïîì³æíî¿. 
Ïðè öüîìó, äî êèøåí³ ñàéòó âçàºìîä³¿ âêëþ-
÷àëè àì³íîêèñëîòè, ùî çíàõîäèëèñÿ íà â³äñòà-
í³ 6 Å â³ä ë³ãàíäó PDB-ñòðóêòóðè, ÿêèé òàêîæ 
äîäàâàâñÿ ÿê êëþ÷îâèé êîíòðîëü ïîçèö³îíó-
âàííÿ ³ îö³íêè ðåçóëüòàò³â äîê³íãó. Îö³íêó 
âíåñêó âîäíåâèõ çâ’ÿçê³â, Âàí-äåð-Âààëüñîâèõ 
ñèë òà ³íøèõ ôàêòîð³â ôîðìóâàííÿ ë³ãàíä-
á³ëêîâîãî êîìïëåêñó çä³éñíþâàëè çà ðåçóëüòà-
òàìè äîê³íãó â ïðîãðàì³ iGEMDOCK v. 2.1 
(Yang and Chen, 2004). Ìåòîä iGEMDOCK 
(Generic Evolutionary Method for molecular 
DOCKing), äîçâîëÿº ðîçðàõóâàòè ê³ëüê³ñí³ 
ô³òíåñ-ïîêàçíèêè ñïîð³äíåíîñò³ ñïîëóê äî 
ö³ëüîâîãî ñàéòó, íà ï³äñòàâ³ âíåñêó âîäíåâèõ 
çâ’ÿçê³â (Hbond), ñèë Âàí-äåð-Âààëüñà (vdW) 
³ åëåêòðîñòàòèêè (Elec): Fitness = vdW + 
+ Hbond + Elec (Yang and Chen, 2004; Bella-
ver et al., 2024). Öå äîçâîëèëî îòðèìàòè äî-
äàòêîâ³ àðãóìåíòè ï³ä ÷àñ â³äáîðó åôåêòîð³â
ñïåöèô³÷íèõ äî ö³ëüîâîãî ñàéòó. Ìîëåêóëÿð-
íèìè ì³øåíÿìè äîê³íãó ³ ôàðìàêîôîðíîãî 
ïîøóêó áóëè 15 PDB-ñòðóêòóð, äåïîíîâàíèõ â 
RCSB Protein Data Bank: 2R75 (ë³ãàíä – 01G) 
ç Aquifex aeolicus (Läppchen et al., 2008); 1W5F 
³ 1W58 (ë³ãàíä – G2P) ç Thermotoga maritima 

(Oliva et al., 2004); 7OMJ, 7OMP (ë³ãàíä – GCP) 
ç Staphylococcus aureus (Ruiz et al., 2022); 1RQ7 
(ë³ãàíä – GDP) ç Mycobacterium tuberculosis 
(Leung et al., 2004), 2VAW (ë³ãàíä – GDP) ç 
Pseudomonas aeruginosa (Oliva et al., 2007), 3VOB 
(ë³ãàíä – GDP) ç Staphylococcus aureus (Matsui 
et al., 2012); 3WGK, 3WGM (ë³ãàíä – GDP) ç
S. aureus subsp. aureus Mu50 (Matsui et al., 2014); 
7OJZ (ë³ãàíä – GP2) ç S. aureus (Ruiz et al., 2022); 
1RLU (ë³ãàíä – GSP) ç M. tuberculosis (Leung et 
al., 2004); 2RHO (ë³ãàíä – GSP) ç Bacillus subtilis 
(Raymond et al., 2009); 5MN5 (ë³ãàíä – GTP) ç 
S. aureus (Wagstaff et al., 2017); 6UNX (ë³ãàíä – 
GTP) ç Escherichia coli (Schumacher et al., 2020). 

Êîíêóðåíòíå ìîäåëþâàííÿ ë³ãàíä-á³ëêîâèõ
âçàºìîä³é âèêîíóâàëè ³ç çàëó÷åííÿì ³íñòðóìåí-
ò³â øòó÷íîãî ³íòåëåêòó íà îñíîâ³ AlphaFold3 
(Abramson et al., 2024). Áåçïîñåðåäíº ìîäåëþ-
âàííÿ êîìïëåêñ³â áóëî âèêîíàíî çà äîïîìîãîþ 
ñåðâ³ñó Protenix Server (https://protenix-server.com/
add-prediction) (ByteDance AML AI4Science Team,
2025). Îö³íêà ÿêîñò³ òà äîñòîâ³ðíîñò³ ïîáóäî-
âàíèõ ìîäåëåé êîìïëåêñ³â âðàõîâóâàëà òàê³ ïî-
êàçíèêè, ÿê pTM (predicted Template Modelling) 
³ ipTM (interface predicted Template Modelling), 
ÿê³ áàçóþòüñÿ íà êàíîí³÷íîìó ïîêàçíèêó TM 
 (Template Modelling) (Xu and Zhang, 2010), 
 ïîêàçíèêó òåñòó ïðîãíîçóâàííÿ â³äì³ííîñòåé 
ëîêàëüíèõ äèñòàíö³é pLDDT (predicted Local 
Distance Difference Test) (Mariani et al., 2013) 
òà ïîêàçíèêó äîñòîâ³ðíîñò³ (ïîõèáêè) ïðîãíî-
çó PAE (Predicted Aligned Error) (Elfmann and 
Stülke, 2023).

Ìàòåìàòè÷íó îáðîáêó ³ óçàãàëüíåííÿ ñêî-
ðèíãîâèõ ïîêàçíèê³â ôàðìàêîôîðíîãî ïîøó-
êó ³ ìîëåêóëÿðíîãî äîê³íãó çä³éñíþâàëè çà 
äîïîìîãîþ àíàë³òè÷íèõ ³íñòðóìåíò³â ïðîãðà-
ìè Microsoft Excel 2016 (www.microsoft.com). 

Ðåçóëüòàòè òà îáãîâîðåííÿ. Äëÿ õåìî³íôîð-
ìàö³éíî¿ êëàñòåðèçàö³¿ åôåêòîð³â áàêòåð³àëü-
íèõ FtsZ á³ëê³â áóëè ñôîðìîâàí³ äâ³ á³áë³îòåêè 
ë³ãàíä³â. Ïåðøà á³áë³îòåêà ñëóãóâàëà êîíòðî-
ëåì ³ âêëþ÷àëà ñïîëóêè, äëÿ ÿêèõ êîìïëåêñè 
ç FtsZ-á³ëêîì äåïîíîâàí³ â RCSB Protein Data 
Bank. Ïðè öüîìó åôåêòîðè ñàéòó NBS áóëè 
ïðèéíÿò³ çà ïîçèòèâíèé êîíòðîëü, à åôåêòîðè 
àëîñòåðè÷íèõ ñàéò³â (IDC ³ ñàéò çâ’ÿçóâàííÿ 
ïîõ³äíèõ êóìàðèíîâîãî ðÿäó) – çà íåãàòèâíèé 
êîíòðîëü. Äðóãà á³áë³îòåêà âêëþ÷àëà ñïîëóêè
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ç áàçè äàíèõ ChEMBL, äëÿ ÿêèõ ³ñíóþòü á³î-
õ³ì³÷í³ äîêàçè ¿õ áåçïîñåðåäíüî¿ âçàºìîä³¿ ç 
FtsZ á³ëêîì, àëå â³äñóòí³ ñòðóêòóðíî-á³îëîã³÷-
í³ äàí³ ë³ãàíä-á³ëêîâî¿ âçàºìîä³¿. Á³áë³îòåêè 
áóëè çáåðåæåí³ ó ôîðìàòàõ *.mol2 ³ *.SD/*.sdf, 
ùî â³äïîâ³äàº âèìîãàì ïðîãðàì CCDC GOLD 
(Jones et al., 1997) ³ iGEMDOCK (Yang and 
Chen, 2004). Âèêîðèñòàííÿ çàçíà÷åíèõ á³áë³î-
òåê, äîçâîëèëî ñòâîðèòè îá’ºäíàíó á³áë³îòåêó, 
ÿêà âðàõîâóº êîíôîðìàö³éíó ðóõëèâ³ñòü ³ ³çî-
ìåð³þ ñïîëóê. Íà ìîìåíò äîñë³äæåííÿ öÿ 
á³áë³îòåêà íàðàõîâóâàëà 21270 êîíôîðìîìåð³â 
³ áóëà ³íòåãðîâàíà ó ïåðñîíàëüíèé êàá³íåò 
ìåðåæåâîãî ³íñòðóìåíòó Pharmit (IFBG: Public 
Library «PDB+ChEMBL», äîñòóï çà êîäîì: 
VBS30O74UAMW00AL8EML).

Äëÿ ïåðâèííîãî ðàíæóâàííÿ á³îõ³ì³÷íî äî-
âåäåíèõ åôåêòîð³â FtsZ á³ëêó çà ñàéòîì çâ’ÿ-
çóâàííÿ áóâ çàñòîñîâàíèé êîìïëåêñíèé ï³äõ³ä, 
ÿê³é âêëþ÷àâ õåìî³íôîðìàö³éíó êëàñòåðèçà-
ö³þ íà ï³äñòàâ³ õ³ì³÷íî¿ ïîä³áíîñò³, à òàêîæ, 
ïîøóê íà ï³äñòàâ³ âåêòîðíî-äåñêðèïòîðíî¿ ïî-
ä³áíîñò³ ôàðìàêîôîð³â. 

Õåìî³íôîðìàö³éíèé ïîøóê. Õåìî³íôîðìàö³é-
íó êëàñòåðèçàö³þ çä³éñíþâàëè íà ï³äñòàâ³ ïî-
ä³áíîñò³ äåñêðèïòîð³â FragFp (Brunst et al., 2021).

Çà äîïîìîãîþ ìåòîäó PCA (Principal Com-
ponent Analysis), ñóêóïíèé ìàñèâ äåñêðèïòî-
ð³â îá’ºäíàíîãî õ³ì³÷íîãî ïðîñòîðó (PDB+
+ChEMBL) ìàñøòàáóâàâñÿ äî ïîõ³äíèõ äå-
ñêðèïòîð³â îñíîâíèõ êîìïîíåíò (pc1, pc2 ³
pc3), ùî äîçâîëèëî îö³íèòè äèñïåðñ³þ ó äâî-
âèì³ðíîìó òà òðèâèì³ðíîìó ïðîñòîðàõ. Òàêà 
êëàñòåðèçàö³ÿ âèçíà÷èëà ³çîëüîâàíèé êëàñòåð
ç 27 ñïîëóê, ç ÿêèõ 5 (GDP, GCP, GSP, G2P ³
GP2) º ïîõ³äíèìè GTP/GDP òà â³äïîâ³äàþòü 
ïîçèòèâíîìó êîíòðîëþ. Ïðè öüîìó, íåçâàæà-
þ÷è íà êîìïàêòí³ñòü ó äâîâèì³ðíîìó ïðîñòîð³ 
(ðèñ. 1, à), ðåçóëüòàòè 3D-àíàë³çó çàñâ³ä÷èëè íà-
ÿâí³ñòü òðüîõ ñóáêëàñòåð³â (ðèñ. 1, á). Óçàãàëü-
íåí³ ðåçóëüòàòè õåìî³íôîðìàö³éíîãî ðàíæóâàí-
íÿ íàâåäåíî ó ï³äñóìêîâ³é òàáëèö³ àêòóàëüíîãî 
äîñë³äæåííÿ (òàáë. 2, êîëîíêà «DataWarrior»). 

Ôàðìàêîôîðíèé ïîøóê. Ñë³ä çàóâàæèòè, ùî
ìåòîä ðàíæóâàííÿ çà ïîä³áí³ñòþ á³íàðíèõ ô³í-
ãåðïðèíò³â âèçíà÷àº, ïåðø çà âñå, ñïîëóêè, ÿê³ 
çá³æí³ çà õ³ì³÷íîþ ïðèðîäîþ, áóäîâîþ ³ ìàþòü 
ïîä³áíèé íàá³ð ôóíêö³îíàëüíèõ ãðóï. Ïðè öüî-
ìó, åôåêòîðè, ÿê³ â³äð³çíÿþòüñÿ çà ãåòåðîöèê-
ë³÷íèì ñêåëåòîì ³ õ³ì³÷íîþ ïðèðîäîþ, ìîæóòü 
çàëèøàòèñü ó «ìåðòâsq çîí³» â³ðòóàëüíîãî ñêðè-
í³íãó (Burcham et al., 2024). Òàêèì ÷èíîì, 

Ðèñ. 1. Ðåçóëüòàòè ñï³ëüíî¿ êëàñòåðèçàö³¿ ñïîëóê, äåïîíîâàíèõ â áàçàõ äàíèõ ChEMBL (ö³ëüîâà á³áë³îòåêà) 
³ RCSB Protein Data Bank (êîíòðîëüíà á³áë³îòåêà), çà ìåòîäîì PCA (Principal Component Analysis). Çà 
äîïîìîãîþ îñíîâíèõ êîìïîíåíò (pc1, pc2 ³ pc3), ìàñøòàáîâàíèõ ç ïåðâèííèõ äåñêðèïòîð³â FragFp, áóëî 
âèêîíàíî 2D- (ðèñ. 1, à) ³ 3D- (ðèñ. 1, á) êëàñòåðèçàö³¿ ðå÷îâèí çà ïîä³áí³ñòþ. Âèçíà÷åíî ñï³ëüíèé êëàñòåð 
åôåêòîð³â ñàéòó ã³äðîë³çó GTP ³ ñïîëóê, äëÿ ÿêèõ áåçïîñåðåäíÿ âçàºìîä³ÿ ç FtsZ-á³ëêîì äîâåäåíà á³îõ³ì³÷íî. 
Îá’ºì ñï³ëüíîãî êëàñòåðó ñêëàâ 27 ³íäèâ³äóàëüíèõ ñïîëóê
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ôàðìàêîôîðíèé ïîøóê ³ç çàëó÷åííÿì àáñ-
òðàêòíî¿ âåêòîðíî-äåñêðèïòîðíî¿ ìîäåë³ ìàº
ïåâí³ ïåðåâàãè (Sunseri and Koes, 2016). Äëÿ 
êîðåêòíîãî âèçíà÷åííÿ ôóíêö³îíàëüíî-âàæ-
ëèâèõ äåñêðèïòîð³â, ¿õ ðàä³óñ³â òà âåêòîð³â 
âçàºìîä³é, íàìè áóëè âèêîðèñòàí³ øòàòí³ ³í-
ñòðóìåíòè ñåðâ³ñó Pharmit òà ðåçóëüòàòè àíàë³çó 
ë³ãàíä-á³ëêîâèõ âçàºìîä³é â ïðîãðàì³ BIOVIA 
Discovery Studio 2021 Client. 

Ç âèêîðèñòàííÿì 15 êîìïëåêñ³â ç RCSB
PDB áóëè ïîáóäîâàí³ ³íäèâ³äóàëüí³ ôàðìàêî-
ôîðè ³ âèêîíàíî 15 ðàóíä³â ñêðèí³íãó îá’ºä-
íàíî¿ á³áë³îòåêè çà äîïîìîãîþ ìåðåæåâîãî 

³íñòðóìåíòó Pharmit. Ïðè öüîìó ê³ëüê³ñòü õ³-
ò³â ³íäèâ³äóàëüíîãî ë³ãàíäó ñêîðî÷óâàëàñü äî 
íàéêðàùîãî êîíôîðìîìåðà. Ï³ñëÿ çàâåðøåí-
íÿ ñêðèí³íãó áóëî çàñòîñîâàíî øòàòí³ ô³ëü-
òðè ðàíæóâàííÿ ³ ïîðîãîâîãî îáìåæåííÿ: 
MaxScore = 0; Max mRMSD = 1; Single confor-
mer = ON. Óçàãàëüíåí³ ðåçóëüòàòè ôàðìàêî-
ôîðíîãî ñêðèí³íãó ïðåäñòàâëåí³ ó òàáë. 1 òà 
2. Çàãàëîì, çà ðåçóëüòàòàìè ôàðìàêîôîðíîãî 
ïîøóêó áóëî â³ä³áðàíî 32 ïîòåíö³éíèõ åôåê-
òîðà ñàéòó NBS, ç ÿêèõ íàéêðàù³ ïîêàçíèêè
MaxScore ³ Max mRMSD ìàëè ø³ñòü ñïîëóê 
ïîçèòèâíîãî êîíòðîëþ (òàáë. 1).

Òàáëèöÿ 1. Óçàãàëüíåí³ õ³òè ôàðìàêîôîðíîãî ïîøóêó â ïðîãðàì³ Pharmit, ðàíæîâàí³ 
çà ïîêàçíèêîì ïðîãíîçîâàíî¿ àô³ííîñò³ äî ñàéòó NBS

Ïðèì³òêà. Æèðíèì øðèôòîì ïîçíà÷åí³ ðå÷îâèíè ïîçèòèâíîãî êîíòðîëþ, äëÿ ÿêèõ º êðèñòàëîãðàô³÷íå 
ï³äòâåðäæåííÿ âçàºìîä³¿ ³ç ñàéòîì NBS.

¹ ï/ï Ñïîëóêà minimizedAffinity minimizedRMSD

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

O1G (PDB: 2R75)
GCP (PDB: 7OMP)
GSP (PDB: 2Q1Y)
G2P (PDB: 1W58)
GP2 (PDB: 7OJZ)
GDP (PDB: 2RHL)
CHEMBL819
CHEMBL1201369
CHEMBL378789
CHEMBL243602
CHEMBL262636
CHEMBL3416818
CHEMBL293740
CHEMBL3098798
CHEMBL1926724
CHEMBL243601
CHEMBL436765
CHEMBL3098797
CHEMBL575
CHEMBL242301
CHEMBL325441
CHEMBL371957
CHEMBL242079
CHEMBL395254
CHEMBL3416949
CHEMBL3098682
CHEMBL1926714
CHEMBL201208
CHEMBL1926725
CHEMBL3416950
CHEMBL1926715
CHEMBL299041

–11,4774
–11,1094
–10,7158
–10,5282
–10,4747
–10,2136
–9,54271
–9,46181
–9,27133
–8,28417
–8,27509
–7,85229
–7,68402
–7,45358
–7,16939
–6,98333
–6,96233
–6,93033
–6,90134
–6,88388
–6,80792
–6,76997
–6,42684
–6,4245
–6,37688
–5,87003
–5,64759
–4,88513
–4,66417
–3,8028
–3,36585
–1,54899

0,80433
1,52203
0,78689
0,57475
0,37282
0,98036
1,96022
1,72362
3,19912
2,98991
3,67215
2,07878
2,04865
2,63378
2,67838
1,39665
3,40443
1,59408
1,72853
2,9231
0,78803
2,47004
3,47442
2,69019
3,64464
3,78681
6,44259
4,09712
2,82603
5,48322
7,62583
2,37137
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Òàáëèöÿ 2. Óçàãàëüíåí³ ðåçóëüòàòè êîìïëåêñíîãî ïîøóêó åôåêòîð³â ñàéòó IDC

¹ 
ï/ï

Compound
Data

Warrior
ParmIT

Protenix 
Server 
(AI)

NBS (�G) IDC (�G) GOLD NBS GOLD IDC

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

01G
G2P
GCP
GDP
GP2
GSP
CHEMBL177
CHEMBL575
CHEMBL819
CHEMBL58623
CHEMBL199932
CHEMBL201208
CHEMBL201300
CHEMBL242079*
CHEMBL242301
CHEMBL243601
CHEMBL243602
CHEMBL262636
CHEMBL293740
CHEMBL299041
CHEMBL325441
CHEMBL371957
CHEMBL378789
CHEMBL380340
CHEMBL381090
CHEMBL381790
CHEMBL382226
CHEMBL395254
CHEMBL436765
CHEMBL438250
CHEMBL1200588
CHEMBL1200758
CHEMBL1201369
CHEMBL1204628*
CHEMBL1926714
CHEMBL1926715
CHEMBL1926724
CHEMBL1926725
CHEMBL3098682*
CHEMBL3098797*
CHEMBL3098798*
CHEMBL3416818
CHEMBL3416949
CHEMBL3416950

+
+
+
+
+
+
+
+
+
+
+
+
+
–
–
–
–
+
+
+
–
+
+
+
+
+
+
–
+
+
+
+
+
+
–
–
–
–
–
–
–
–
–
–

+
+
+
+
+
+
–
+
+
–
–
+
–
+
+
+
+
+
+
+
+
+
+
–
–
–
–
+
+
–
–
–
+
 +
+
+
+
+
+
+
+
+
+
+

GDP
GDP
GDP
GDP
GDP
GDP
GDP
IDC
IDC
GDP
GDP
GDP
GDP
IDC
IDC
GDP
IDC
IDC
GDP
GDP
IDC
GDP
GDP
GDP
GDP
GDP
GDP
IDC
GDP
GDP
IDC
IDC
GDP
GDP
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC

–165,9
–152,88
–153,21
–143,13
–149,17

–149
–160,86
–105,95
–112,73
–148,44
–157,2

–158,23
–155

–122,14
–122,13
–125,3

–121,45
–114,15
–150,13
–144,52
–106,44
–150,81
–155,25
–162,81
–162,17
–163,21
–157,13
–120,81
–159,41
–154,28
–119,74
–99,48
–156,7

–153,25
–123,36
–124,97
–131,61
–124,26
–115,03
–104,31
–117,2

–148,23
–117,23
–118,6

–145,94
–123,78
–125,26
–128,44
–129,09
–132,35
–155,88
–114,04
–118,67
–134,5

–139,31
–142,99
–133,57
–134,24
–130,39
–123,54
–136,11
–106,32
–128,6

–126,43
–128,52
–135,51

–139
–138,85
–143,66
–143,73
–132,03
–125,5

–138,72
–125,21
–113,93
–106,07
–123,75
–138,9
–127,2

–136,07
–141,28
–135,92
–125,73
–114,71
–120,9

–146,44
–119,17
–131,58

62,62438
62,67957
58,31063
55,26915
59,20178
56,66383
72,97135
40,96022
48,66267
71,2857

67,86912
76,99778
71,22483
67,71825
60,61913
53,39015
67,85372
42,12007
57,10455
68,19143
63,00287
78,12773
63,10353
69,71417
75,91575
78,19762
63,94587
60,3615

76,20522
74,38948
54,19708
49,91407
52,03902
53,65598
58,70488
59,5082

63,73713
63,70932
73,17993
54,89243
52,34722
69,39687
44,2318

44,17488

56,94118
48,33263
50,98863
49,81115
51,92092
52,78708
69,2966

52,45367
58,53325
36,98943
48,52565
34,12268
50,33367
72,13538
65,72923
53,12803
71,53073
56,38972
36,68453
14,04892
73,90303
62,13673
56,7432

31,13818
43,64378
26,93655
22,14923
61,51812
39,97087
35,5114

55,33982
56,89712
44,76795
49,58717
68,06048
70,1324

74,36417
79,12368
80,12262
68,56568
65,27942
70,28303
52,22743
59,50153

Ïðèì³òêà. Æèðíèì øðèôòîì ïîçíà÷åí³ åôåêòîðè ñàéòó NBS. * – ñïîëóêè, ðàí³øå âèçíà÷åí³ ÿê åôåêòîðè 
ñàéòó IDC. 
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Çàãàëîì, çà ðåçóëüòàòàìè óçàãàëüíåííÿ äàíèõ
õåìî³íôîðìàö³éíîãî ³ ôàðìàêîôîðíîãî ïîøó-
êó îá’ºäíàíà á³áë³îòåêà â³ä³áðàíèõ ñïîëóê 
ñêëàëà 44 ðå÷îâèíè.

Êîíêóðåíòíå ìîäåëþâàííÿ ë³ãàíä-á³ëêîâèõ êîì-
ïëåêñ³â ³ç çàëó÷åííÿì ³íñòðóìåíò³â øòó÷íîãî 
³íòåëåêòó. Äëÿ ïðîãíîçóâàííÿ ìîæëèâîñò³ óò-
âîðåííÿ òà ïðîñòîðîâî¿ ñòðóêòóðè ë³ãàíä-
á³ëêîâèõ êîìïëåêñ³â íàìè áóâ çàñòîñîâàíèé 
ñåðâ³ñ Protenix. Åôåêòèâí³ñòü öüîãî ï³äõîäó ï³ä-
òâåðäæåíî íà ïðèêëàä³ ñåò³â òåñòîâèõ çàäà÷: 
PoseBusters V2, òåñòó íà îñíîâ³ PDB ñòðóêòóð 
ç íèçüêîþ ãîìîëîã³ºþ ³ íàáîðó CASP15 äëÿ 
ÐÍÊ (Abramson et al., 2024). Íà ìîìåíò çà-
ñòîñóâàííÿ ³íñòðóìåíò ïðîéøîâ íàâ÷àííÿ ç 
âèêîðèñòàííÿì ñòðóêòóð ç Protein Data Bank, 
à òàêîæ ÀI-ñòðóêòóð, ðàí³øå ïðîãíîçîâàíèõ 
AlphaFold2 (Jumper et al., 2021) ³ OpenFold 
(Ahdritz et al., 2024). Îêðåìà óâàãà ðîçðîáíèêà-
ìè íàäàºòüñÿ ïèòàííþ ïðîãíîçóâàííÿ âçàºìî-
ä³é á³ëîê-ë³ãàíä (ByteDance AML AI4Science 
Team et al., 2025). Ñë³ä çàóâàæèòè, ùî àêòóàëü-
í³ îïðèëþäíåí³ ðåçóëüòàòè òåñò³â ïîêàçàëè, 
ùî íàâ³òü ó ðàç³ â³äñóòíîñò³ ó íàâ÷àëüíîìó ñå-
ò³ ãîìîëîã³÷íèõ ñòðóêòóð çàâäÿêè àêòóàëüíîìó 
ð³âíþ òðåíîâàíîñò³ AI-ìîäåë³ Protenix çäàòåí 
ðîáèòè ïðîãíîçè ç âèñîêèì ð³âíåì äîñòîâ³ð-
íîñò³. Çàâäÿêè àëãîðèòìó âíóòð³øíüîãî ðàí-
æóâàííÿ ïðîãðàìà åôåêòèâíî â³äáèðàº íàé-
êðàù³ ã³ïîòåçè êîìïëåêñó ³ âèäàº ¿õ â³äïîâ³äíî 
ðåéòèíãàì ÿêîñò³ ìîäåëåé (ByteDance AML 
AI4Science Team et al., 2025).

Ïðîâåäåíå íàìè òåñòîâå ìîäåëþâàííÿ ïî-
êàçàëî åôåêòèâí³ñòü âèêîðèñòàííÿ Protenix ïðè
ðåêîíñòðóêö³¿ êîìïëåêñ³â FtsZ ç ðÿäîì êîíò-
ðîëüíèõ åôåêòîð³â ñàéò³â IDC ³ NBS. Òàêîæ 
ïðîáí³ ìîäåëþâàííÿ á³ëüø ñêëàäíèõ âçàºìî-
ä³é ³ç çàëó÷åííÿì ïàð ë³ãàíä³â (åôåêòîð IDC +
+ GDP/GTP) äîçâîëèëî ðåêîíñòðóþâàòè êîìï-
ëåêñè, ÿê³ êîðåêòíî â³äòâîðèëè êðèñòàëîãðà-
ô³÷íî äîâåäåí³ àëîñòåðè÷í³ çì³ùåííÿ ³ äåôîð-
ìàö³¿ ñòðóêòóð (Ozheredov and Karpov, 2024). 
Ïðè öüîìó, ìîäåëþâàííÿ çà ñõåìîþ «á³ëîê +
+ ë³ãàíä», ïîêàçàëî, ùî ïîñàäêà ÷àñòèíè ñïî-
ëóê ³ç çâåäåíî¿ á³áë³îòåêè â³äáóâàºòüñÿ ó ñàéò³ 
IDC (ðèñ. 2).

Âðàõîâóþ÷è âíóòð³øí³é òèñê â³äáîðó ã³ïî-
òåç êîìïëåêñ³â íà ï³äñòàâ³ ðåéòèíã³â îö³-
íþâàëüíèõ ôóíêö³é AI-ìîäåëþâàííÿ (pTM, 
ipTM, òîùî), íàìè áóëè â³äòâîðåí³ óìîâè

âçàºìîä³¿ ë³ãàíä³â ó ñàéò³ çà íàÿâíîñò³ ë³-
ãàíäà-êîíêóðåíòà. Ï³ä ÷àñ ìîäåëþâàííÿ äî 
ñèñòåìè, ÿêà ì³ñòèëà FtsZ S. aureus (UniProtKB: 
P0A029), ö³ëüîâèé åôåêòîð òà ³îí Ca2+, ìè
òàêîæ äîäàâàëè ìîëåêóëó GDP ³ IDC-
ñïåöèô³÷íèé ³íã³á³òîð PC190723 (3-((6-chlo-
rothiazolo[5,4-b]pyridin-2-yl)methoxy)-2,6-diflu-
orobenzamide). Îòðèìàí³ ðåçóëüòàòè ñâ³ä÷àòü 
ïðî òå, ùî ç 44-õ ðàí³øå â³ä³áðàíèõ ë³ãàíä³â 
ëèøå 24 äèôåðåíö³þâàëèñü ÿê åôåêòîðè GTP/
GDP-êîíêóðåíòíîãî òèïó, à ³íø³ 20 âçàºìî-
ä³ÿëè ³ç ñàéòîì IDC (òàáë. 2). 

Ðàíæóâàííÿ ë³ãàíä³â çà ö³ëüîâèì ñàéòîì íà 
ï³äñòàâ³ ðåçóëüòàò³â ìîëåêóëÿðíîãî äîê³íãó. Ðå-
çóëüòàòè, îòðèìàí³ íà ïîïåðåäí³õ åòàïàõ äîñ-
ë³äæåííÿ, ñâ³ä÷àòü ïðî òå, ùî á³ëüø³ñòü ç â³-
ä³áðàíèõ ñïîëóê âèçíà÷àþòüñÿ ÿê åôåêòîðè 
ñàéòó NBS. Â òîé æå ÷àñ, ìîäåëþâàííÿ ë³-
ãàíä-á³ëêîâèõ âçàºìîä³é ³ç âèêîðèñòàííÿì Pro-
tenix âêàçóº íà òå, ùî 20 ç 44-x ñïîëóê º 
ïîòåíö³éíèìè åôåêòîðàìè ñàéòó IDC. Á³ëüø 
òîãî, äî ïåðâèííî¿ âèá³ðêè ïîòðàïèëè ï’ÿòü 

Ðèñ. 2. Ïðèêëàä ðåçóëüòàò³â òåñòîâîãî ìîäåëþâàí-
íÿ êîìïëåêñó FtsZ+GDP, à òàêîæ êîìïëåêñó 
FtsZ+GDP+PC190723, äå îñòàíí³é º êàíîí³÷íèì 
åôåêòîðîì àëîñòåðè÷íîãî ñàéòó IDC. Ñòðóêòóðíå 
âèð³âíþâàííÿ ïîêàçàëî íàÿâí³ñòü çì³ùåíü ³ äå-
ôîðìàö³é, ÿê³ ðàí³øå áóëè ïîêàçàí³ çà äîïîìîãîþ 
êðèñòàëîãðàô³¿
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ñïîëóê, ÿê³ áóëè ðàí³øå ³äåíòèô³êîâàí³ íà-
ìè ÿê åôåêòîðè ñàéòó IDC (CHEMBL242079, 
CHEMBL1200758, CHEMBL3098682, CHEMBL
3098797 ³ CHEMBL3098798) (Karpov et al., 2024).

Ç ìåòîþ îñòàòî÷íîãî ðàíæóâàííÿ ë³ãàíä³â 
çà ñàéòîì çâ’ÿçóâàííÿ íàìè áóëî âèêîíàíî ñå-
ð³þ äîê³íã³â ³ç âèêîðèñòàííÿì ïðîãðàì 
iGEMDOCK ³ CCDC GOLD. Îñòàòî÷íó îö³í-
êó îòðèìàíèõ ðåçóëüòàò³â çä³éñíþâàëè íà ï³ä-
ñòàâ³ åìï³ðè÷íî¿ ôóíêö³¿ îö³íêè åíåðã³¿ 
çâ’ÿçóâàííÿ (TotalEnergy = Fitnes �G) ïðîãðà-
ìè iGEMDOCK (Yang and Chen, 2004) òà 
ô³òíåñ-ôóíêö³é ïðîãðàìè CCDC GOLD 
(ChemPLP i ASP) (Jones et al., 1997). Îäíî-
÷àñíî, çà äîïîìîãîþ ïðîãðàì³ PyMOL âè-
êîíóâàëè â³çóàëüíèé êîíòðîëü êîðåêòíîñò³ ïî-
ëîæåííÿ ë³ãàíä³â â ñàéò³ âçàºìîä³¿. Äëÿ äîê³íãó 
ë³ãàíä³â â ñàéò GTP çà äîïîìîãîþ ïðîãðàìè 
iGEMDOCK áóëè âèêîðèñòàí³ 15 ñòðóêòóð ç 
ðåïîçèòîð³þ RCSB PDB (äèâ. Ìàòåð³àëè ³ ìå-
òîäè). Äëÿ àíàëîã³÷íîãî ïðîòîêîëó äîê³íãó â 
ñàéò IDC áóëè âèêîðèñòàí³ PDB-ñòðóêòóðè, 

ÿê³ ðîçãëÿäàëèñÿ íàìè ó ïîïåðåäíüîìó äîñ-
ë³äæåíí³ 4DXD, 3VOB, 6YD1, 6YD5, 6YD6, 
5XDU, 5XDV, 8HTB, 6KVP òà 6KVQ (Karpov 
et al., 2024). 

Ñèëüíîþ ñòîðîíîþ äîê³íãó ç âèêîðèñòàí-
íÿì iGEMDOCK º êîìïëåêñíà îö³íêà âíåñêó 
ó ôîðìóâàííÿ êîìïëåêñó âîäíåâèõ çâ’ÿçê³â, 
åëåêòðîñòàòèêè òà ñèë Âàí-äåð-Âààëüñà, ÿê³, 
íà ô³íàëüíîìó åòàï³ êîíñîë³äóþòüñÿ ó ô³òíåñ-
ôóíêö³þ – TotalEnergy, íàáëèæåíó äî êàíî-
í³÷íîãî ðîçðàõóíêó ïîêàçíèêó �G (Hsu et al., 
2011). Äëÿ îö³íêè äîñòîâ³ðíîñò³ ïðîãíîçó, 
øòàòíèé àíàë³ç ïðîãðàìè äîïîâíþâàëè ñòà-
òèñòè÷íîþ îáðîáêîþ (Karpov et al., 2024). Äëÿ 
öüîãî êîæíó ç çàëó÷åíèõ äî äîñë³äæåííÿ PDB-
ñòðóêòóð áóëî âèêîðèñòàíî ÿê ì³øåíü îêðå-
ìîãî ñåòó ìîëåêóëÿðíîãî äîê³íãó. Ðåçóëüòàòè 
äèñêðåòíèõ ñåñ³é ç³áðàëèñü â ìàñèâ äàíèõ, äå 
êîíñîë³äóâàëèñü òà ñòàòèñòè÷íî îáðîáëÿëèñÿ 
³ç âèêîðèñòàííÿì MS Excel. Îòðèìàí³ óçà-
ãàëüíåí³ ïîêàçíèêè êîíñîë³äîâàíî¿ ôóíêö³¿ 
TotalEnergy (�G) áóëè âèêîðèñòàí³ ÿê êðèòå-

Ðèñ. 3. Ñåðåäí³ ïîêàçíèêè åíåðã³é çâ’ÿçóâàííÿ ë³ãàíä³â (TotalEnergy, �G) ç ñàéòîì ã³äðîë³çó ÃÒÔ. ×åðâîíèì 
êîëüîðîì ïîçíà÷åí³ ðåçóëüòàòè äëÿ êîíòðîëüíèõ ë³ãàíä³â, âçàºìîä³ÿ ÿêèõ ç ñàéòîì NBS áåççàïåðå÷íî 
ï³äòâåðäæóºòüñÿ äàíèìè RCSB Protein Data Bank. Çåëåíèì êîëüîðîì – ñïîëóêè, äëÿ ÿêèõ AI-ïðîãíîç 
ïîêàçàâ ìîæëèâ³ñòü çâ’ÿçóâàííÿ ³ç ñàéòîì NBS. Æîâòèì êîëüîðîì ïîçíà÷åí³ äàí³ ñïîëóê, äëÿ ÿêèõ AI-
ïðîãíîç ïîêàçàâ ìîæëèâå çâ’ÿçóâàííÿ ³ç ñàéòîì IDC. Æîâòî-á³ëèé øòðèõ ìàðêóº ñïîëóêè, äëÿ ÿêèõ AI-
ðåêîíñòðóêö³ÿ íå äàëà ÷³òêî¿ â³äïîâ³ä³ ùîäî íàÿâíîñò³ àáî â³äñóòíîñò³ ¿õ àñîö³àö³¿ ç ñàéòîì
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ð³é äëÿ ðàíæóâàííÿ ñïîëóêè çà ñàéòàìè âçàº-
ìîä³¿ (NBS àáî IDC) (òàáë. 2, ðèñ. 3). 

Äî äîñë³äæåíü ³ç âèêîðèñòàííÿì ïðîãðàìíî-
ãî ïàêåòó CCDC GOLD áóëè çàëó÷åí³ PDB

ñòðóêòóðè, ÿê³ ðàí³øå áóëè âèêîðèñòàí³ äëÿ äî-
ê³íãó â ïðîãðàì³ iGEMDOCK. Äëÿ îö³íêè âèêî-
ðèñòîâóâàëè øòàòí³ ô³òíåñ-ôóíêö³¿ ChemPLP
i ASP. Ïðè öüîìó ãåíåòè÷íèé àëãîðèòì ïðî-

Ðèñ. 4. Ðàíæóâàííÿ ñïîëóê íà ï³äñòàâ³ ñåðåäíüîãî ïîêàçíèêà ChemPLP – ãîëîâíî¿ ô³òíåñ-ôóíêö³¿ ïðîãðà-
ìè CCDC GOLD. Äîê³íã ë³ãàíä³â âèêîíóâàâñÿ â êèøåíþ ñàéòó ã³äðîë³çó ÃÒÔ (GTP) ³ êèøåíþ àëîñòåðè÷-
íîãî ñàéòó ³íòåðäîìåííî¿ ù³ëèíè (IDC). ×åðâîíèì êîëüîðîì ïîçíà÷åí³ êîíòðîëüí³ ë³ãàíäè, äëÿ ÿêèõ ³ñíóº 
êðèñòàëîãðàô³÷íå ï³äòâåðäæåííÿ çâ’ÿçóâàííÿ â ñàéò³ ã³äðîë³çó ÃÒÔ (äàíí³ RCSB Protein Data Bank)
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ãðàìè íàëàøòîâóâàâñÿ íà ìàêñèìàëüíî ãíó÷-
êèé äîê³íã ³ç ïîäâ³éíîþ åôåêòèâí³ñòþ (200 %).
Íà â³äì³íó â³ä îö³íþâàëüíèõ ôóíêö³é 
iGEMDOCK, á³ëüø ñïðÿìîâàíèõ íà îáðàõó-
íîê á³îô³çè÷íèõ ñêëàäîâèõ âçàºìîä³¿, ô³òíåñ-
ôóíêö³ÿ ChemPLP íàäàº êëþ÷îâó óâàãó êîìï-
ëåêñó ôàêòîð³â, ÿê³ âèçíà÷àþòü íàéêðàùó ãåî-
ìåòð³þ êîíôîðìàö³¿ òà ïîçè ë³ãàíäó ó êèøåí³ 
ñàéòó (Agu et al., 2023). Êð³ì òîãî, ChemPLP 
âðàõîâóº âíåñîê âîäíåâèõ çâ’ÿçê³â, à òàêîæ 
ïîòåíö³àëüíèé âíåñîê âàí-äåð-Âààëüñîâèõ ³
ã³äðîôîáíèõ âçàºìîä³é. Ïðè öüîìó òàêîæ âðà-
õîâóþòüñÿ â³äõèëåííÿ RMSD, íàÿâí³ñòü êëåø-
êîíôë³êò³â, à òàêîæ àíñàìáëü ñòåðè÷íèõ êîíô-
ë³êò³â ³ îáìåæåíü, ùî ó ñóêóïíîñò³ çàáåçïå÷óº 
àêóðàòí³ñòü ïðîãíîçó êîìïëåêñó (Korb et al., 
2009; Liebeschuetz et al., 2012). 

Ñàìå òîìó âàãà ChemPLP áóëà îáðàíà ÿê 
êëþ÷îâèé êðèòåð³é ðàíæóâàííÿ ñïîëóê çà ñïî-
ð³äíåí³ñòþ äî ö³ëüîâîãî ñàéòó. Àíàëîã³÷íî äà-
íèì iGEMDOCK ðåçóëüòàòè äèñêðåòíèõ ñåñ³é 
äîê³íãó â CCDC GOLD êîíñîë³äóâàëè ³ 
àíàë³çóâàëè â MS Excel äëÿ îòðèìàííÿ óñå-
ðåäíåíèõ ïîêàçíèê³â îö³íþâàëüíèõ ôóíêö³é. 
Ô³íàëüíå ðàíæóâàííÿ åôåêòîð³â FtsZ á³ëêó çà 
ñàéòàìè çâ’ÿçóâàííÿ çä³éñíþâàëîñü íà ï³äñòà-
â³ íàéêðàùèõ ïîêàçíèê³â ñåðåäíüîãî çíà÷åííÿ 
ChemPLP. Äëÿ ïîë³ïøåííÿ ïðîãíîçó ðàçîì ³ç
ChemPLP áóâ çàñòîñîâàíèé ðåñêîð³íã ³ç âèêî-
ðèñòàííÿì ô³òíåñ-ôóíêö³¿ ASP. Îñòàííÿ äî-
çâîëÿº ðîçðàõóâàòè â³äïîâ³äí³ ñòàòèñòè÷í³ ïî-
òåíö³àëè âçàºìîä³¿ (Mooij et al., 2005). 

Çà ïîêàçíèêîì ChemPLP ç 44-õ ë³ãàíä³â 23 
ç íèõ ïîêàçàëè êðàùó ñïîð³äíåí³ñòü äî ñàéòó 
NBS, à 21 – äî ñàéòó IDC (ðèñ. 4). Íàéêðàùèé 
ïîêàçíèê (62,68) ñåðåä êîíòðîëüíèõ ñïîëóê íà-
ëåæàâ ãóàí³ëàòíîìó åñòåðó ôîñôîìåòèëôîñôîíî-
âî¿ êèñëîòè – G2P (DrugBank ID: DB03532). 
Ïðè öüîìó 14 ç âèçíà÷åíèõ åôåêòîð³â ñàé-
òó ìàëè ïîêàçíèêè ChemPLP êðàù³ çà G2P. 
Îäíà ñïîëóêà (CHEMBL293740) ìàëà ïîêàç-
íèê íà ð³âí³ êîíòðîëüíî¿ ãðóïè (ChemPLP =
= 55,269–62,68), à ùå òðè (CHEMBL1204628, 
CHEMBL243601 ³ CHEMBL1201369) íèæ÷å çà 
êîíòðîëü (ChemPLP � 55,269). 

Ñë³ä çàóâàæèòè, ùî ìàéæå ïîëîâèíà ñïî-
ëóê, âèçíà÷åíèõ íà åòàïàõ õåìî³íôîðìàö³é-
íîãî ³ ôàðìàêîôîðíîãî ïîøóêó ïîêàçàëà êðà-
ùó ñïîð³äíåí³ñòü äî ñàéòó IDC, ùî äåìîíñò-
ðóº îáìåæåííÿ õåìî³íôîðìàö³éíîãî ³ ôàðìà-

êîôîðíîãî ñêðèí³íã³â ó ðàç³ ¿õ âèêîðèñòàííÿ 
ÿê ñàìîñò³éíèõ ìåòîä³â ðàíæóâàííÿ ðå÷îâèí. 
ßê áóëî çàçíà÷åíî ðàí³øå, äî á³áë³îòåêè 
ïåðâèííîãî ñêðèí³íãó òàêîæ ïîòðàïèëè ï’ÿòü 
ñïîëóê, ÿê³ âæå áóëè ³äåíòèô³êîâàí³ ÿê åôåê-
òîðè ñàéòó IDC. Ô³íàëüí³ ðåçóëüòàòè àíàë³-
çó ùå ðàç ï³äòâåðäèëè ¿õ íàëåæí³ñòü äî ³íã³-
á³òîð³â àëîñòåðè÷íîãî ñàéòó IDC (Karpov et 
al., 2024). Ïðè öüîìó, äæåðåëîì çàçíà÷åíî¿ 
ïîìèëêè, ïåðåâàæíî, áóâ ôàðìàêîôîðíèé ïî-
øóê (4 õèáíèõ õ³òà: CHEMBL242079, CHEMBL
3098682, CHEMBL3098797 ³ CHEMBL3098798), à 
õåìî³íôîðìàö³éíå ðàíæóâàííÿ ïðîÿâëÿëî ïî-
ìèëêó ëèøå ó âèïàäêó ñïîëóêè CHEMBL1200758. 
Ñë³ä çàçíà÷èòè, ùî âèïàäêè îäíî÷àñíèõ ïî-
õèáîê îáîõ ìåòîä³â íàìè íå ô³êñóâàëèñÿ. 
Öå äîâîäèòü ïðàâèëüí³ñòü ñòðàòåã³¿ ïàðíîãî 
çàñòîñóâàííÿ öèõ ìåòîä³â, äå õåìî³íôîðìà-
ö³éíà êëàñòåðèçàö³ÿ âèçíà÷àº ñïîëóêè, áëèçüê³ 
çà õ³ì³÷íîþ ñòðóêòóðîþ äî êîíòðîëþ, à 
äåñêðèïòîðíî-âåêòîðíà ìîäåëü ôàðìàêîôîðó 
äîçâîëÿº ³äåíòèô³êóâàòè íîâ³ åôåêòîðè, ÿê³ 
íàëåæàòü äî êëàñ³â ñïîëóê, â³äì³ííèõ â³ä êîíò-
ðîëüíèõ çðàçê³â. Ñõîæå ïîºäíàííÿ ìåòîä³â 
÷àñòêîâî ðåàë³çîâàíî â DataWarrior ó á³ëüø 
ñêëàäíèõ ïðîòîêîëàõ ñêðèí³íãó (Sander et al., 
2015; López-López et al., 2019).

Òàêîæ, ñë³ä â³äçíà÷èòè, äîñèòü íåïîãàíèé 
ðåçóëüòàò, ÿêèé äàëî êîíêóðåíòíå ìîäåëþâàí-
íÿ â Protenix, ³ç çàëó÷åííÿì øòó÷íîãî ³íòåëåê-
òó. Íåçâàæàþ÷è íà òå, ùî ðåçóëüòàòè òàêîãî de
novo ìîäåëþâàííÿ íå ³äåàëüí³, òî÷í³ñòü ïðîã-
íîçó º âèùîþ çà ðåçóëüòàòè õåìî³íôîðìàö³éíî¿ 
êëàñòåðèçàö³¿ ³ ôàðìàêîôîðíîãî ïîøóêó. Ïå-
ðåâàæíà á³ëüø³ñòü ïðîãíîç³â ñåðâ³ñó Protenix 
ñï³âïàäàº ç ô³íàëüíèìè ðåçóëüòàòàìè íàøîãî 
ðàíæóâàííÿ ³, çîêðåìà, ç ðåçóëüòàòàìè äîê³íãó
â CCDC GOLD. Òàê, æîäíà ç ðàí³øå â³äì³-
÷åíèõ ïîõèáîê õåìî³íôîðìàö³éíîãî ³ ôàðìàêî-
ôîðíîãî ïîøóêó íå áóëà çàô³êñîâàíà ï³ä ÷àñ 
ðåêîíñòðóêö³¿ ³ç âèêîðèñòàííÿì À². Òàêèì ÷è-
íîì, ìè ââàæàºìî, ùî çà óìîâ àâòîìàòèçàö³¿
³ ïðèñêîðåííÿ ïîä³áíèõ îáðàõóíê³â ìåòîäè
AI çäàòí³ íå ëèøå ê³ëüê³ñíî, àëå ³ ÿê³ñíî
êîíêóðóâàòè òà äîïîâíþâàòè ìåòîäè òðàäèö³é-
íîãî â³ðòóàëüíîãî ñêðèí³íãó (Karpov et al., 2016).

Ï³äâîäÿ÷è ï³äñóìêè ïðîâåäåíîãî äîñë³äæåí-
íÿ, ìîæíà êîíñòàòóâàòè, ùî çàâäÿêè êîìï-
ëåêñíîìó ï³äõîäó ç 379 á³îõ³ì³÷íî äîâåäåíèõ 
åôåêòîð³â FtsZ ëèøå äëÿ 23 ç íèõ îòðèìàíî 
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ï³äòâåðäæåííÿ ñòàòóñó åôåêòîð³â ñàéòó NBS. 
Âîäíî÷àñ, çàâäÿêè àëüòåðíàòèâíîìó ïðîòîêîëó 
ñêðèí³íãó ³ âåðèô³êàö³¿, äî ñïèñêó åôåêòîð³â 
ñàéòó ³íòåðäîìåííî¿ ù³ëèíè (IDC) áóëî â³ä-
íåñåíî ùå 16 íîâèõ åôåêòîð³â. Ðàçîì ³ç ðå-
çóëüòàòàìè ïîïåðåäíüîãî äîñë³äæåííÿ, äå âæå 
áóëî ³äåíòèô³êîâàíî 88 åôåêòîð³â ñàéòó IDC 
(Karpov et al. , 2024), ñïèñîê àëîñòåðè÷íèõ ³í-
ã³á³òîð³â FtsZ-á³ëêó áóëî çá³ëüøåíî äî 104 
ðå÷îâèí. Òàêèì ÷èíîì, àêòóàëüí³ ðåçóëüòàòè 
ñïðîñòîâóþòü óÿâëåííÿ, ùî ïåðåâàæíà ÷àñòè-
íà â³äîìèõ ³íã³á³òîð³â áàêòåð³àëüíèõ FtsZ – öå 
åôåêòîðè ÃÒÔ-êîíêóðåíòíîãî òèïó, ³ íàäàþòü 
ïåðø³ñòü åôåêòîðàì àëîñòåðè÷íîãî ñàéòó IDC.

Äîñë³äæåííÿ ç ìîëåêóëÿðíîãî äîê³íãó áóëî âè-
êîíàíî çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ 
CCDC GOLD, ëþá’ÿçíî íàäàíîãî Êåìáðèäæñü-
êèì öåíòðîì êðèñòàëîãðàô³÷íèõ äàíèõ (CCDC) 
ó ðàìêàõ ãðàíòó Ì³æíàðîäíî¿ ïðîãðàìè Ôðåíêà 
Àëëåíà äëÿ ï³äòðèìêè äîñë³äæåíü ³ îñâ³òè (Frank 
Allen International Research 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, 
2020-24). 
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BASED ON CHEMINFORMATICS AND 
STRUCTURAL BIOLOGICAL ANALYSIS
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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, the 
interaction of which has been proven and documented in 
the ChEMBL database of biologically active molecules. 
Using an integrated approach, based on chemo- and 
bioinformatic methods, and AI-based predictions, 23 
inhibitors of Nucleotide-Binding Site (NBS), as well as 
16 new effectors of the Inter-Domain Cleft (IDC) site, 
were identified.
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