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Íàðàç³ â³äîìà çíà÷íà ê³ëüê³ñòü ³íã³á³òîð³â áàêòåð³àëü-
íîãî FtsZ á³ëêà, á³îëîã³÷íà àêòèâí³ñòü ÿêèõ ï³äòâåð-
äæåíà á³îõ³ì³÷íî, îäíàê ö³ëüîâ³ ñàéòè ë³ãàíä-á³ëêîâî¿ 
âçàºìîä³¿ ó á³ëüøîñò³ âèïàäê³â çàëèøàþòüñÿ íåâ³äî-
ìèìè. Öå çíà÷íî óñêëàäíþº ïîäàëüøèé êîìá³íàòîð-
íèé äèçàéí, ùî ³ îáóìîâèëî íåîáõ³äí³ñòü á³î³íôîðìà-
òè÷íîãî ïîøóêó åôåêòîð³â ñàéòó ì³æäîìåííî¿ ù³ëèíè 
öüîãî á³ëêà (Inter-Domain Cleft = IDC). Àêòóàëüíå äî-
ñë³äæåííÿ áàçóâàëîñü íà ðåçóëüòàòàõ ôàðìàêîôîð-
íîãî ñêðèí³íãó çà äîïîìîãîþ ñåðâ³ñó Pharmit ³ ðå-
çóëüòàòàõ ìîëåêóëÿðíîãî äîê³íãó ç âèêîðèñòàííÿì 
ïðîãðàì CCDC GOLD ³ iGEMDOCK. Ö³ëüîâîþ ãðó-
ïîþ áóëà îá’ºäíàíà á³áë³îòåêà ç 379 ðå÷îâèí, ñôîðìî-
âàíà çà ðåçóëüòàòàìè ðåâ³ç³¿ ñòðóêòóðíî¿ áàçè äàíèõ 
RCSB Protein Data Bank ³ ðå÷îâèí áàçè äàíèõ ChEMBL, 
äëÿ ÿêèõ áåçïîñåðåäíÿ âçàºìîä³ÿ ç FtsZ á³ëêîì äîâåäå-
íà á³îõ³ì³÷íî. Çà ðåçóëüòàòàìè ôàðìàêîôîðíîãî ïî-
øóêó, äîê³íãó ³ ñòðóêòóðíî-á³îëîã³÷íîãî àíàë³çó áóëî 
âèçíà÷åíî 88 åôåêòîð³â ñàéòó IDC. Ùå îäíà ñïîëóêà 
ðÿäó êóðêóì³íîéä³â áóëà âèçíà÷åíà ÿê ïîòåíö³éíèé 
åôåêòîð ñàéòó IDC. 

Êëþ÷îâ³ ñëîâà: FtsZ, á³ëîê, ìæäîìêååà ù³ëèíà, IDC, 
åôåêòîðè, ë³ãàíä-á³ëêîâà âçàºìîä³ÿ, ôàðìàêîôîðíèé 
ïîøóê, ìîëåêóëÿðíèé äîê³íã.

Âñòóï. Àïàðàò á³íàðíîãî ïîä³ëó áàêòåð³é óò-
âîðþºòüñÿ ñêëàäíèì àíñàìáëåì á³ëê³â êîìï-
ëåêñó äèâ³ñîìè. Ïðîòå, ñàìå FtsZ (Filamenting 
temperature-sensitive mutant Z) á³ëîê º êëþ÷î-
âèì êîìïîíåíòîì Z-ê³ëüöÿ, ùî ðåêðóòóº ³íø³ 
á³ëêè êîìïëåêñó (Wang et al, 2020). Öå âèçíà-
÷àº FtsZ ÿê âàæëèâó ³ ïåðñïåêòèâíó ìîëåêó-
ëÿðíó ì³øåíü ë³ãàíä-çàëåæíîãî ³íã³áóâàííÿ á³-

íàðíîãî ïîä³ëó áàêòåð³é (Karpov et al, 2016; 
Pradhan et al, 2021).

²ñíóº çíà÷íà ³ äîñèòü ãåòåðîãåííà ãðóïà ñïî-
ëóê, äëÿ ÿêèõ äîâåäåíà áåçïîñåðåäíÿ âçàºìîä³ÿ 
ç FtsZ á³ëêîì (Kifayat et al, 2023). Íåçâàæàþ÷è 
íà ïåðñïåêòèâí³ñòü òàêèõ åôåêòîð³â, äëÿ ðÿäó 
ñïîëóê â³äîì³ ôàêòè òîêñè÷íîñò³ (Stokes et al, 
2012). Ïåðåâàæíî, öå ñòîñóºòüñÿ ðå÷îâèí, ÿê³ 
ä³þòü çà ÃÒÔ-êîíêóðåíòíèì ìåõàí³çìîì (Han 
et al, 2021). Âíàñë³äîê ïîä³áíîñò³ ñàéò³â ã³äðî-
ë³çó ÃÒÔ (NBS – Nucleotide Binding Site) ó FtsZ 
á³ëê³â, áàêòåð³é ³ åóêàð³îòè÷íîãî òóáóë³íó ïå-
ðåâàæíà á³ëüø³ñòü åôåêòîð³â ñàéòó NBS ïðî-
ÿâëÿº íåñïåöèô³÷í³ñòü âçàºìîä³¿ (Andreu et al,
2022). Öåé ôàêò îáóìîâëþº òîêñè÷í³ñòü çàç-
íà÷åíèõ åôåêòîð³â, ùî çíà÷íî ñòðèìóº ¿õ êë³í³÷-
íå âïðîâàäæåííÿ. Ñàìå òîìó, îñòàíí³ì ÷àñîì 
çðîñòàº ³íòåðåñ äî åôåêòîð³â àëüòåðíàòèâíèõ 
ñàéò³â, ÿê³ ä³þòü çà ìåõàí³çìàìè àëîñòåðè÷íèõ 
çñóâ³â (Andreu et al, 2022). Çà äàíèìè êðèñ-
òàëîãðàô³÷íîãî àíàë³çó â³äîìî äâ³ ãðóïè òàêèõ 
ñïîëóê: 1) åôåêòîðè ñàéòó çâ’ÿçóâàííÿ áåíçà-
ì³ä³â, â³äîìîãî ÿê ñàéò ì³æäîìåííî¿ ù³ëèíè 
(Pradhan et al, 2021), ³ 2) åôåêòîðè îäíîãî ç 
äâîõ ñàéò³â çâ’ÿçóâàííÿ ã³äðîêñêóìàðèí³â (Al-
nami et al, 2021).

Íà ñüîãîäí³ åôåêòîðè ñàéòó ì³æäîìåííî¿ 
ù³ëèíè (Inter-Domain Cleft = IDC) ïðèâåðòà-
þòü îñîáëèâó óâàãó. Äî ïîÿâè ñòðóêòóðíî-á³î-
ëîã³÷íèõ äîêàç³â áåçïîñåðåäíüî¿ âçàºìîä³¿ ç
FtsZ 2,6-äèôòîðáåíçàì³äíà ñïîëóêà PC190723
(3-[(6-chloro[1,3]thiazolo[5,4-b]pyridin-2-yl)met
hoxy]-2,6-difluo-robenzamide) ïîçèö³îíóâàëàñü ÿê
åôåêòèâíèé ³íã³á³òîð ïîä³ëó áàêòåð³é (Andreu



4 ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2024. Ò. 58. ¹ 5

Ï.À. Êàðïîâ, Ä.Ñ. Îæåðºäîâ, Ñ.Ï. Îæåðºäîâ òà ³í.

4

et al, 2010). Çîêðåìà, åôåêòèâí³ñòü äàíî¿ ñïî-
ëóêè áóëà ïîêàçàíà íà øòàìàõ Staphylococcus 
aureus òà Bacillus subtilis (Matsui et al, 2012; 
Gurnani et al, 2022). Âàæëèâî, ùî PC190723 
ïðîÿâèâ ñåáå ÿê ïîòóæíèé àíòèñòàô³ëîêî-
êîâèé àãåíò, çäàòíèé ïðèãí³÷óâàòè ìåòèöèë³í-
ðåçèñòåíòí³ øòàìè S. aureus MRSA (Methicillin-
Resistant Staphylococcus Aureus) (Tan et al, 
2012). Íà â³äì³íó â³ä ñóïðåñèâíî¿ ä³¿ ÃÒÔ-
êîíêóðåíòíèõ ñïîëóê, PC190723 ä³º ÿê ³íäóê-
òîð çáèðàííÿ òà êîíäåíñàö³¿ ïðîòîô³ëàìåíò³â, 
ùî ïðèçâîäèòü äî îïîñåðåäêîâàíîãî ³íã³áó-
âàííÿ ÃÒÔàçíî¿ àêòèâíîñò³, ³íäóêö³¿ ïîë³ìå-
ðèçàö³¿ ³ ñòàá³ë³çàö³¿ ô³ëàìåíò³â (Andreu et al, 
2010; Andreu et al, 2022; Sharma et al, 2023). 
²ñíóâàëà ã³ïîòåçà, ùî çâ’ÿçóâàííÿ áåíçàì³äíèõ 
ïîõ³äíèõ ç FtsZ â³äáóâàòèñÿ ó ñàéò³, åêâ³âàëåíò-
íîìó ñàéòó çâ’ÿçóâàííÿ òàêñîëó ó β-òóáóë³íó 
(Haydon et al, 2008). Ïåðøèì åêñïåðèìåíòàëü-
íèì êîìïëåêñîì, íà ï³äñòàâ³ ÿêîãî áóëà äîâå-
äåíà öÿ ã³ïîòåçà ³ ï³äòâåðäæåíå ³ñíóâàííÿ àëî-
ñòåðè÷íèõ çñóâ³â åëåìåíò³â ñòðóêòóðè FtsZ á³ë-
êà, ñòàëà ðåíòãåí³âñüêà ñòðóêòóðà 3VOB êîìï-
ëåêñó FtsZ S. aureus subsp. aureus Mu50 ç 
PC190723 (Matsui et al, 2012). Áóëî ï³äòâåðä-
æåíî, ùî PC190723 çâ’ÿçóºòüñÿ ó ñàéò³, ðîçòà-
øîâàíîìó ó ù³ëèí³ ùî óòâîðþºòüñÿ ì³æ ñóá-
äîìåíàìè «N» òà «C» (Matsui et al, 2012). Çà 
ðåçóëüòàòàìè äîñë³äæåííÿ, àâòîðàìè áóëî äå-
ïîíîâàíî ê³ëüêà PDB-ñòðóêòóð FtsZ (3VO8, 
3VO9, 3VOA, 3VOB, 3VPA) ó àïî- òà GDP-
çâ’ÿçàíî¿ ôîðìàõ, ÿê³ ñâ³ä÷èëè ïðî íàÿâí³ñòü 
êîíôîðìàö³éíèõ ïåðåáóäîâ ïðîòîô³ëàìåíò³â, 
àíàëîã³÷íèõ îïèñàíèì ó òóáóë³íó (Matsui et al,
2012). Áóëî ïîêàçàíî, ùî çàâäÿêè âíóòð³øí³ì 
ë³ãàíä-³íäóêîâàíèì çñóâàì ìîëåêóë FtsZ äå-
ôîðìóþòüñÿ âíóòð³øí³ êîíòàêòè ïðîòîô³ëà-
ìåíò³â, ùî ïðèçâîäèòü äî óòâîðåííÿ õàîòè÷íèõ 
ïñåâäîöåíòð³â çàì³ñòü êàíîí³÷íîãî Z-ê³ëüöÿ
(Adams et al, 2011). Ñàéò IDC òàêîæ ï³äòâåðä-
æóºòüñÿ ñòðóêòóðîþ PDB-êîìïëåêñó 4DXD, îò-
ðèìàíîãî ³íøîþ äîñë³äíèöüêîþ ãðóïîþ íà 
ïðèêëàä³ ìåòèöèë³í-ðåçèñòåíòíîãî øòàìó S. 
aureus MRSA (Tan et al, 2012) 

Çà äîïîìîãîþ ôëþîðåñöåíòíèõ çîíä³â ó ÿêèõ
ôëóîðîôîðíèé ôðàãìåíò çàì³íþâàâ õëîðò³àçîëî-
ï³ðèäèíîâèé ôðàãìåíò PC190723, çîêðåìà, çîí-
äó 4-õëîð-7-í³òðî-2,1,3-áåíçîêñàä³àçîëó (NBD),
áóëî ï³äòâåðäæåíî ïåðåìèêàííÿ ïîë³ìåðèçàö³¿ 
ó ðîç÷èí³, çà óìîâ ÿêî¿ ù³ëèíà IDC âèÿâëÿ-

ëàñü â³äêðèòîþ ó ïîë³ìåðèçîâàíîãî FtsZ ³ çà-
êðèòîþ ó ìîíîìåð³â (Huecas et al, 2021). Ïà-
ðàëåëüíî áóëî îòðèìàíî ðåíòãåí³âñüê³ ñòðóê-
òóðè ìîíîìåð³â FtsZ á³ëêà ç S. aureus (Fujita
et al, 2017a; Wagstaff et al, 2017), ÿê³ ïðîÿñíè-
ëè ôîðìóâàííÿ â³äêðèòî¿ ³ çàêðèòî¿ êîíôîðìà-
ö³é ñàéòó IDC (Ramírez-Aportela et al, 2014) ³ 
¿õ çâ’ÿçîê ç ôóíêö³îíàëüíî-äèíàì³÷íèìè ïå-
ðåáóäîâàìè öèòîñêåëåòó áàêòåð³é ï³ä ÷àñ á³-
íàðíîãî ïîä³ëó (Wagstaff et al, 2017).

Ç ñòðóêòóðíî¿ òî÷êè çîðó, ïëàíàðíà êîíôîð-
ìàö³ÿ PC190723 ù³ëüíî ïðèëÿãàº äî «íèæíüî¿» 
÷àñòèíè êèøåí³ IDC (äèñòàëüíà ïî â³äíî-
øåííþ äî ñàéòó ÃÄÔ ³ âçàºìîä³¿ ç Ca2+ PDB-
ñòðóêòóðà 3VOB, ðèñ. 1) (Tan et al, 2012; Mat-
sui et al, 2012). Ç³ ñòðóêòóðíî¿ òî÷êè çîðó öå
ñóòòºâî îáìåæóº ïðîñò³ð êîìá³íàòîðíèõ ìîäè-
ô³êàö³é (Huecas et al, 2021), àëå ç ïðîòèëåæ-
íîãî ïîëþñó ñàéò IDC ìàº äîñòàòí³é â³ëüíèé 
îá’ºì ñóáêèøåí³ (Löwe and Amos, 1998). Ïðîòå, 
ñë³ä çàóâàæèòè, ùî ë³ãàíäè, êîòð³ ïðîÿâëÿþòü 
ñïîð³äíåí³ñòü âèêëþ÷íî äî ö³é ä³ëÿíö³ ñàéòó, 
íàðàç³ íåâ³äîì³, àëå öåé îá’ºì íàäàº ïîòåíö³àë 
ïîäàëüøîãî êîìá³íàòîðíîãî äèçàéíó (Huecas 
et al, 2021). Íà íàø ïîãëÿä, öå òâåðäæåííÿ º 
äèñêóñ³éíèì, îñê³ëüêè ðåçóëüòàòè òåñòîâîãî 
äîê³íãó ç IDC-êèøåíÿìè äèñêðåòíèõ PDB-
ñòðóêòóð FtsZ (PDB êîìïëåêñè ç ð³çíèìè 
åôåêòîðàìè IDC) íå ñâ³ä÷èëè ïðî ïîâíó ³ êî-
ðåêòíó ïîñàäêó óñ³º¿ ãðóïè êîíòðîëüíèõ ë³ãàí-
ä³â (PDB: 9PC, DVX, OLQ, OM8, OMW, ZI1, 
ZI6, ZI7, ZI9). Ïðè öüîìó äëÿ âñ³õ çàçíà÷åíèõ 
ðå÷îâèí ³ñíóþòü íåñïðîñòîâí³ êðèñòàëîãðàô³÷-
í³ äîêàçè âçàºìîä³¿ ñàìå ³ç ñàéòîì IDC (PDB-
ñòðóêòóðè: 8HTB, 6YD1, 6YD5, 6YD6, 5XDT,
5XDU, 5XDV, 6KVP, 4DXD, 3VOB òà 6KVP).
Çà äîïîìîãîþ ìåòîäó «point-cloud» íàìè áóëî
ïîáóäîâàíî 3D-ìîäåë³ êèøåíü ñàéòó IDC ³ âè-
êîíàíî ¿õ ðàíæóâàííÿ íà ïðèêëàä³ çàçíà÷å-
íèõ êîìïëåêñ³â (Ozheriedov et al, 2024). 3D-
çë³ïêè êèøåíü IDC ï³äòâåðäèëè ì³íëèâ³ñòü 
îá’ºìó ³ ôîðìè, ùî âèíèêàº ï³ä âïëèâîì ³í-
äèâ³äóàëüíî¿ àäàïòàö³¿ äî ë³ãàíäó òà âèçíà÷èëè
äîì³íóþ÷³ êîíôîðìàö³¿ êèøåí³ ñàéòó. Áóëî çðîá-
ëåíî âèñíîâîê, ùî äîê³íã ë³ãàíä³â ³ç âèêî-
ðèñòàííÿì ³íäèâ³äóàëüíèõ PDB ñòðóêòóð àáî 
ìîäåëåé FtsZ á³ëêó ìîæå áóòè íå åôåêòèâ-
íèì, àëå ðåçóëüòàòè â³ðòóàëüíîãî ñêðèí³íãó 
ìîæóòü áóòè ïîêðàùåí³ çà ðàõóíîê âèêîðèñ-
òàííÿ àíñàìáëþ ì³øåíåé, ÿê³é ìàêñèìàëüíî 
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Ðèñ. 1. Ì³íëèâ³ñòü êèøåí³ ñàéòó ì³æäîìåííî¿ ù³ëèíè IDC FtsZ á³ëêó S. aureus íà ïðèêëàä³ äâîõ åêñ-
ïåðèìåíòàëüíèõ (RCSB Protein Data Bank) êîìïëåêñ³â ç êàíîí³÷íèì àëîñòåðè÷íèì åôåêòîðîì – 9PC 
(PC190723) ³ 2,6-äèôòîð-3-ìåòîêñèáåíçàì³äíèì ïîõ³äíèì ZI7 ðÿäó çàíòðèí³â: à – â³äì³ííîñò³ ïîç ë³ãàíä³â ó 
ñàéò³; ã – 2D-êàðòà âçàºìîä³¿ ZI7 ç FtsZ á³ëêîì S. aureus (êîìïëåêñ 5XDT); á ³ â – «point-cloud» çë³ïîê êèøåí³ 
ñàéòó IDC êîìïëåêñó 3VOB (FtsZ+9PC) ç êàðòóâàííÿì ã³äðîôîáíèõ (á) ³ åëåêòðîñòàòè÷íèõ (â) âëàñòèâîñòåé 
êèøåí³ IDC; ä ³ å – àíàëîã³÷íèé «point-cloud» çë³ïîê êèøåí³ ñàéòó IDC êîìïëåêñó 5XDT (FtsZ+ZI7)

âðàõîâóº âàð³àö³¿ ôîðìè ³ îá’ºìó êèøåí³ ñàéòó 
(Ozheriedov et al, 2024).

Çàðàç â³äîìà çíà÷íà ê³ëüê³ñòü ³íã³á³òîð³â 
FtsZ, á³îëîã³÷íà àêòèâí³ñòü ÿêèõ ï³äòâåðäæåíà 

á³îõ³ì³÷íî, ïðîòå ¿õ çâ’ÿçîê ç òèì ÷è ³íøèì 
ñàéòîì çàëèøàºòüñÿ íåâèçíà÷íèì. Ðåâ³ç³ÿ áàçè 
äàíèõ ChEMBL (www.ebi.ac.uk/chembl/) äî-
çâîëèëà âèÿâèòè 379 åôåêòîð³â FtsZ, ïðîòå 
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ö³ëüîâ³ ñàéòè á³ëüøîñò³ ðå÷îâèí àáî â³äîì³ íà 
ð³âí³ ïðîãíîçó àáî íåâ³äîì³ âçàãàë³. Âîäíî÷àñ, 
ó RCSB Protein Data Bank äåïîíîâàíî 85 ñòðóê-
òóð FtsZ á³ëê³â â êîìïëåêñ³ ç 61 óí³êàëüíèì 
ë³ãàíäîì. Ñàìå òîìó â ìåæàõ àêòóàëüíîãî äî-
ñë³äæåííÿ áóâ âèêîíàíèé â³äá³ð åôåêòîð³â 
ñàéòó IDC íà îñíîâ³ ðåçóëüòàò³â ôàðìàêîôîð-
íîãî ñêðèí³íãó ³ ìîëåêóëÿðíîãî äîê³íãó. Ö³-
ëüîâîþ ãðóïîþ áóëà çâåäåíà á³áë³îòåêà ðå÷î-
âèí, ñôîðìîâàíà íà ï³äñòàâ³ ðåçóëüòàò³â ðåâ³ç³¿ 
ñòðóêòóðíî¿ áàçè äàíèõ RCSB Protein Data 
Bank ³ ðå÷îâèí ç áàçè äàíèõ ChEMBL, äëÿ 
ÿêèõ áåçïîñåðåäíÿ âçàºìîä³ÿ ç FtsZ äîâåäåíà 
á³îõ³ì³÷íî.

Ìàòåð³àëè ³ ìåòîäè. Îá’ºêòàìè äîñë³äæåííÿ 
áóëè ñòðóêòóðè RCSB Protein Data Bank (www.
rcsb.org) áàêòåð³àëüíîãî FtsZ á³ëêà S. aureus 
â êîìïëåêñ³ ç àëîñòåðè÷íèìè åôåêòîðàìè: 
4DXD, 3VOB (Matsui et al, 2012; Tan et al, 2012),
6YD1, 6YD5, 6YD6 (Huecas et al, 2021), 5XDU,
5XDV (Fujita et al, 2017b), 8HTB (Bryan et al,
2023), 6KVP òà 6KVQ (Ferrer-González et al,
2019). Ñòðóêòóðíó ìîäåëü àïîôîðìè SaFtsZ
(UniProtKB: P0A029/FTSZ_STAAM) ³ç çàêðè-
òîþ êîíôîðìàö³ºþ ñàéòó IDC áóëî îòðèìàíî
ç ðåïîçèòîð³þ ìîäåëåé AlphaFold (UniProtKB:
AF-P0A029-F1) ðåñóðñó UniProtKB (UniProt
Consortium, 2023; Cramer, 2021; Jumper et 
al, 2021). Äîäàòêîâ³ ïîâíîàòîìí³ ñòðóêòóðí³ 
ìîäåë³ SaFtsZ ç â³äêðèòèìè êîíôîðìàö³ÿìè 
ñàéòó IDC áóëè ïîáóäîâàí³ çà äîïîìîãîþ ñåð-
âåðó Swiss-Model (https://swissmodel.expasy.org) 
ç âèêîðèñòàííÿì â³äïîâ³äíèõ øàáëîí³â ç PDB-
ñòðóêòóð (Waterhouse et al, 2018).

Â³çóàë³çàö³þ òà àíàë³ç ìîëåêóëÿðíèõ ñòðóê-
òóð âèêîíóâàëè ç âèêîðèñòàííÿì ïðîãðàìíîãî 
çàáåçïå÷åííÿ PyMOL v.2.5.5 (Schrödinger LLC, 
www.pymol.org) ³ BIOVIA Discovery Studio 2021 
Client (https://discover.3ds.com/). Àíàë³ç îá’ºì³â 
³ ãåîìåòð³¿ êèøåí³ ñàéòó çä³éñíþâàëè çà äîïî-
ìîãîþ òåõíîëîã³¿ CatalophoreTM, ðåàë³çîâàíîþ çà 
äîïîìîãîþ ïëàã³íó Innophore CavitOmiX (âåðñ³ÿ 
1.0, 2022, Innophore GmbH – https://innophore.
com/cavitomix), ³íòåãðîâàíîãî â ïðîãðàìó 
PyMOL. Ïðè öüîìó ã³äðîôîáí³ñòü ïîðîæíèí 
ðîçðàõîâóâàëè ç âèêîðèñòàííÿì ³íòåãðîâàíîãî 
ìîäóëÿ VASCo (Steinkellner et al, 2009), à îá’ºì 
ñàéò³â âèçíà÷àëè ç âèêîðèñòàííÿì ìîäèô³êîâà-
íîãî àëãîðèòìó LIGSITE (Hendlich et al, 1997). 

Ôàðìàêîôîðíèé ïîøóê çä³éñíþâàëè çà äî-
ïîìîãîþ ³íòåðàêòèâíîãî On-Line ñåðâ³ñó Phar-
mit (https://pharmit.csb.pitt.edu/), ÿêèé äîçâîëÿº 
çä³éñíþâàòè â³ðòóàëüíèé ñêðèí³íã âåëèêèõ á³á-
ë³îòåê ë³ãàíä³â íà ï³äñòàâ³ ôàðìàêîôîðíèõ äå-
ñêðèïòîð³â, ìîëåêóëÿðíèõ ôîðì ³ ì³í³ì³çàö³¿ 
åíåðã³¿ (Sunseri and Koes, 2016).

Ìîëåêóëÿðíèé äîê³íã ñïîëóê, â³ä³áðàíèõ çà
ðåçóëüòàòàìè ôàðìàêîôîðíîãî ïîøóêó, çä³éñ-
íþâàëè çà äîïîìîãîþ ïðîãðàìè CCDC GOLD 
2023.2.0 (Build 382240; www.ccdc.cam.ac.uk, un-
der Licence and Support Agreement of CCDC
FAIRE programme grant ID: 21554) (Jones et al, 
1997). Ïðè öüîìó, ðàíæóâàííÿ ã³ïîòåç çä³éñ-
íþâàëè íà ï³äñòàâ³ ïîêàçíèê³â îö³íþâàëüíèõ
ô³òíåñ-ôóíêö³é: ChemPLP (îñíîâàíà) ³ ASP
(ôóíêö³ÿ ðåñêîð³íãó). Âíåñîê âîäíåâèõ çâ’ÿç-
ê³â, Âàí-äåð-Âààëüñîâèõ ñèë òà ³íøèõ ôàêòî-
ð³â ôîðìóâàííÿ ë³ãàíä-á³ëêîâîãî êîìïëåêñó
îö³íþâàëè íà ï³äñòàâ³ ðåçóëüòàò³â äîê³íãó çà
äîïîìîãîþ ïðîãðàìè iGEMDOCKv2.1 (Yang 
and Chen, 2004). Íà ï³äñòàâ³ îðèã³íàëüíîãî
ìåòîäó (Generic Evolutionary Method for mole-
cular DOCKing) öÿ ïðîãðàìà äîçâîëÿº ðîçðàõó-
âàòè ê³ëüê³ñí³ ô³òíåñ-ïîêàçíèêè ñïîð³äíåíîñò³ 
ñïîëóê äî ñàéòó íà ï³äñòàâ³ âíåñêó âîäíåâèõ 
çâ’ÿçê³â (Hbond), ñèë Âàí-äåð-Âààëüñà (vdW) 
³ åëåêòðîñòàòèêè (Elec): Fitness = vdW + 
+ Hbond + Elec (Yang and Chen, 2004; Bellaver 
et al, 2024), ùî íàäàº äîäàòêîâ³ àðãóìåíòè 
ï³ä ÷àñ â³äáîðó åôåêòîð³â ñàéòó IDC. Ìîëå-
êóëÿðíèìè ì³øåíÿìè äîê³íãó áóëè PDB-
ñòðóêòóðè: 3VOB, 5XDT, 6YD1 ³ 5XDU, ÿê³ äî-
ñòàòíüîþ ì³ðîþ îõîïëþþòü ôëóêòóàö³¿ îá’ºìó
³ ãåîìåòð³¿ ñàéòó IDC, îïèñàí³ ó íàøîìó ïî-
ïåðåäíüîìó äîñë³äæåíí³ (Ozheriedov et al, 2024). 

Îñòàòî÷íó îáðîáêó ñêîðèíãîâèõ ïîêàçíè-
ê³â ôàðìàêîôîðíîãî ïîøóêó ³ ìîëåêóëÿðíîãî 
äîê³íãó çä³éñíþâàëàñü çà äîïîìîãîþ ïðîãðàìè 
Microsoft Excel 2016. 

Ðåçóëüòàòè òà îáãîâîðåííÿ. Çà ðåçóëüòàòàìè 
ðåâ³ç³¿ RCSB Protein Data Bank áóëî â³ä³áðàíî 
11 êîìïëåêñ³â FtsZ á³ëêó ç åôåêòîðàìè ñàéòó 
IDC, ïðåäñòàâëåíèõ äåâ’ÿòüîìà ïîõ³äíèìè 2,6-
äèôòîðáåíçàì³äíîãî ðÿäó (ðèñ. 2). Â³ä³áðàí³ 
ñïîëóêè (çà âèêëþ÷åííÿì ôëþîðåñöåíòíîãî 
çîíäó DVX) áóëè âèêîðèñòàí³ ÿê ïîçèòèâíèé 
êîíòðîëü ôàðìàêîôîðíîãî ïîøóêó ³ ìîëåêó-
ëÿðíîãî äîê³íãó. Ùå ø³ñòü ñïîëóê, ùî º åôåê-
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òîðàìè ñàéòó ã³äðîë³çó ÃÒÔ ³ ñàéòó ã³äðîêñè-
êóìàðèí³â, áóëî âèêîðèñòàíî ÿê íåãàòèâíèé 
êîíòðîëü. Ö³ëüîâîþ ãðóïîþ â³ðòóàëüíîãî ñêðè-
í³íãó áóëè åôåêòîðè FtsZ ç áàçè äàíèõ ChEMBL 
(www.ebi.ac.uk/chembl/), ùî áóëè äåïîíîâàí³ 
íà ï³äñòàâ³ ðåçóëüòàò³â á³îõ³ì³÷íèõ äîñë³äæåíü. 
Çà ðåçóëüòàòàìè ðåâ³ç³¿ äàíèõ RCSB Protein 
Data Bank ³ ChEMBL áóëî ñòâîðåíî óçàãàëü-
íåíó á³áë³îòåêó, ÿêà íà ìîìåíò äîñë³äæåííÿ 

íàðàõîâóâàëà 379 åôåêòîð³â FtsZ. Á³áë³îòåêà âè-
êîðèñòîâóâàëàñü àáî áåçïîñåðåäíüî, ÿêùî àíà-
ë³òè÷í³ ïðîãðàìè äîçâîëÿëè âðàõîâóâàòè êîí-
ôîðìàö³éíó ðóõëèâ³ñòü ³ ñòåðåî³çîìåð³þ, àáî
áóëà îñíîâîþ äëÿ ãåíåðàö³¿ ïîõ³äíèõ á³áë³îòåê,
ÿê³ âðàõîâóâàëè êîíôîðìàö³éíó ãíó÷ê³ñòü ³ ³çî-
ìåð³þ ë³ãàíä³â. Òàê, äëÿ ôàðìàêîôîðíîãî ïî-
øóêó çàñîáàìè Pharmit (https://pharmit.csb.pitt.
edu/) áóëà ñôîðìîâàíà á³áë³îòåêà êîíôîðìî-

Ðèñ. 2. Ãðóïà ðåôåðåíñíèõ ñïîëóê, äëÿ ÿêèõ ³ñíóþòü êðèñòàëîãðàô³÷í³ äîêàçè âçàºìîä³¿ ³ç ñàéòîì 
ì³æäîìåííî¿ ù³ëèíè (IDC) FtsZ á³ëêà, âèêîðèñòàíèõ äëÿ ìîäåëþâàííÿ ôàðìàêîôîð³â ³ êîíòðîëþ ðå-
çóëüòàò³â ìîëåêóëÿðíîãî äîê³íãó: OLQ – 2,6-ä³ôòîð-3-ìåòîêñèáåíçàì³ä, OM8 – 3-[(3-õëîðôåí³ë)ìå-
òîêñè]-2,6-á³ñ(ôëóîðàí³ë)áåíçàì³ä, OMW – 2,6-á³ñ(ôëóîðàí³ë)-3-[[3-(òðèôòîðìåòèë)ôåí³ë]ìåòîêñè]áåí-
çàì³ä, 9PC – 3-[(6-õëîðî[1,3]ò³àçîëî[5,4-b]ï³ðèäèí-2-³ë)ìåòîêñè]-2,6-äèôòîðáåíçàì³ä, ZI1 – 3-[(1R)-1-
[5-áðîìàí³ë-4-[4-(òðèôòîðìåòèë)ôåí³ë]-1,3-îêñàçîë-2-³ë]åòîêñè]-2,6-á³ñ(ôëóîðàí³ë)áåíçàì³ä, ZI6 – 3-[[5-
áðîìàí³ë-4-[4-(òðèôòîðìåòèë)ôåí³ë]-1,3-îêñàçîë-2-³ë]ìåòîêñè]-2,6-á³ñ(ôëóîðàí³ë)áåíçàì³ä, ZI7 – 2,6-á³ñ
(ôëóîðàí³ë)-3-[[6-(òðèôòîðìåòèë)-[1,3]ò³àçîëî[5,4-b]ï³ðèäèí-2-³ë]ìåòîêñè]áåíçàì³ä, ZI9 – 3-[(6-åòèí³ë-
[1,3]ò³àçîëî[5,4-b]ï³ðèäèí-2-³ë)ìåòîêñè]-2,6-á³ñ(ôëóîðàí³ë)áåíçàì³ä ³ DVX – ôëþîðåñöåíòíèé çîíä íà 
îñíîâ³ ZI1 ³ áîð-äèï³ðîìåòåíîâîãî ôëóîðîôîðó (BODIPY). Ñ³ðèì êîëüîðîì ïîçíà÷åíî 2,6-äèôòîð-3-
ìåòîêñèáåíçàì³äíèé ôðàãìåíò
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ìåð³â, ÿêà âèêîðèñòîâóâàëàñü äëÿ ñêðèí³íãó ³ 
çàðàç äîñòóïíà íà ñåðâ³ñ³ Pharmit ÿê IFBG: Public 
Library «PDB+ChEMBL» çà êîäîì VBS30O74 
UAMW00AL8EML.

Íåçâàæàþ÷è íà íàÿâí³ñòü ó ðåôåðåíñíèõ 
ñïîëóê êîíñåðâàòèâíîãî ôóíêö³îíàëüíî âàæ-
ëèâîãî 2,6-äèôòîð-3-ìåòîêñèáåíçàì³äíîãî ôðàã-
ìåíòó (ðèñ. 1), âèêîðèñòàííÿ óçàãàëüíåíî-
ãî ôàðìàêîôîðó âèçíà÷èëîñü íååôåêòèâíèì, 
ùî çà íàøîþ äóìêîþ º íàñë³äêîì àäîïòàö³é-
íèõ çñóâ³â ë³ãàíä-á³ëêîâîãî ï³çíàâàííÿ (Ozhe-
riedov et al, 2024). Ïðî öå ñâ³ä÷èòü íàÿâí³ñòü ó 
ñïèñêó õ³ò³â ñïîëóê íåãàòèâíîãî êîíòðîëþ, à 
òàêîæ, â³äñóòí³ñòü îêðåìèõ êðèñòàëîãðàô³÷íî 
äîâåäåíèõ åôåêòîð³â ñàéòó IDC. Òîìó ïîäàëü-
øà ñòðàòåã³ÿ ôàðìàêîôîðíîãî ñêðèí³íãó áàçó-
âàëàñü íà âèêîðèñòàíí³ ³íäèâ³äóàëüíèõ ôàð-
ìàêîôîð³â äëÿ êîæíî¿ ñòðóêòóðè ç RCSB Protein 
Data Bank: 6YD1 (êîìïëåêñ ç OLQ), 6YD5 
(êîìïëåêñ ç OM8), 6YD6 (êîìïëåêñ ç OMW), 
6KVP (êîìïëåêñ ç ZI1), 5XDU (êîìïëåêñ ç 
ZI6), 5XDV (êîìïëåêñ ç ZI6), 5XDT (êîìïëåêñ 
ç ZI7), 8HTB (êîìïëåêñ ç ZI9), 4DXD (êîìï-
ëåêñ ç 9PC = PC190723), 3VOB (êîìïëåêñ ç 
9PC = PC190723) ³ 6KVQ (êîìïëåêñ ç DVX =
= ZI1+BODIPY). 

Äëÿ êîðåêòíîãî âèçíà÷åííÿ ôóíêö³îíàëüíî 
âàæëèâèõ äåñêðèïòîð³â ôàðìàêîôîð³â, ¿õ ä³à-
ìåòð³â ³ âåêòîð³â íàìè âèêîðèñòîâóâàëèñü ÿê 
³íñòðóìåíòè ñåðâ³ñó Pharmit, òàê ³ ðåçóëüòàòè 
àíàë³çó ë³ãàíä-á³ëêîâèõ âçàºìîä³é â ïðîãðàì³ 
BIOVIA Discovery Studio 2021 Client. Áóëî âðà-
õîâàíî âíåñîê âîäíåâèõ çàâ’ÿçê³â (H-Bonds), 
ã³äðîôîáí³ âçàºìîä³¿ (Hydrophobicity), âíåñîê 
çàðÿä³â (Interpolated Charge), åëåêòðîñòàòè÷íèõ 
âçàºìîä³é (Electrostatics), äîñòóïí³ñòü ðîç÷èí-
íèêó (SAS) ³ óçàãàëüíþþ÷³ 2D-êàðòè âçàºìî-
ä³é (Interactions). Ïðèêëàä àíàë³çó äëÿ êîìï-
ëåêñó 3VOB êàíîí³÷íîãî àëîñòåðè÷íîãî åôåê-
òîðó – 9PC (PC190723) ³ FtsZ á³ëêó S. aureus 
subsp. aureus Mu50 (NCBI Taxonomy ID: 
158878) ïðåäñòàâëåíî íà ðèñ. 3. Êëþ÷îâèì ïî-
êàçíèêîì ÿêîñò³ ôàðìàêîôîðíî¿ ìîäåë³ áóâ 
ïîâíèé îõâàò ãðóïè ñïîëóê ïîçèòèâíîãî êîíò-
ðîëþ ³ â³äñóòí³ñòü õ³ò³â íåãàòèâíîãî êîíòðîëþ
(çà óìîâ ìàêñèìàëüíî¿ â³äïîâ³äíîñò³ 2D-êàðò³ 
ë³ãàíä-á³ëêîâèõ âçàºìîä³é). Ç âðàõóâàííÿì ôëóê-
òóàö³é ôîðìè ³ îá’ºìó êèøåí³ ñàéòó IDC 
(ðèñ. 4) (Ozheriedov et al, 2024) áóëî çàäàíî 
îáìåæåííÿ ïîâåðõí³ ñàéòó: Shape > Exclusive 

Shape > Receptor (Tolerance = 1), ùî çìåíøó-
âàëî ê³ëüê³ñòü õèáíî-ïîçèòèâíèõ õ³ò³â. Ïðè
îáðîáö³ ðåçóëüòàò³â ñêðèí³íãó õ³òè ô³ëüòðóâà-
ëèñü çà ïîêàçíèêàìè ñêîð³íãó. Òàêèì ÷èíîì, 
ó îñòàòî÷íîìó çâ³ò³ ñåðâ³ñ íàäàâàâ ëèøå îäíó 
ë³äåð-âåðñ³þ äëÿ êîæíî¿ ñïîëóêè.

Ïî çàâåðøåíí³ ñåñ³é ñêðèí³íãó (11 ñåñ³é –
çà ê³ëüê³ñòþ çàëó÷åíèõ ó äîñë³äæåííÿ PDB-
êîìïëåêñ³â), çâ³òè áóëî åêñïîðòîâàíî ó Mic-
rosoft Excel, äå ï³ñëÿ óçàãàëüíåííÿ ñïèñê³â õ³-
ò³â ³ âèêëþ÷åííÿ äóáë³êàò³â, îñòàòî÷íà âèá³ðêà 
ñêëàëà 89 ³íäèâ³äóàëüíèõ ñïîëóê. Íàñòóïíå 
äîñë³äæåííÿ ïîòåíö³àëó çâ’ÿçóâàííÿ â³ä³áðà-
íèõ ñïîëóê ³ç ñàéòîì IDC çä³éñíþâàëè íà 
ï³äñòàâ³ ðåçóëüòàò³â ìîëåêóëÿðíîãî äîê³íãó. Â³ä-
ïîâ³äíî áóëè ñôîðìîâàí³ á³áë³îòåêè, àäàïòîâà-
í³ äî âèìîã ïðîãðàì CCDC GOLD 2023.2.0 ³ 
iGEMDOCK v2.1 (ó ôîðìàòàõ *.sdf ³ *.mol2).

Ìîëåêóëÿðíèé äîê³íã ó ïðîãðàì³ CCDC 
GOLD çä³éñíþâàëè ç âèêîðèñòàííÿì ÷îòèðüîõ
PDB-ñòðóêòóð: 3VOB, 5XDT, 6YD1 ³ 5XDU. 
Ðåçóëüòàòè äîê³íãó ï³äòâåðäèëè ïîïåðåäí³ âèñ-
íîâêè, ³ íàá³ð äîêîâàíèõ ë³ãàíä³â ïîì³òíî âà-
ð³þâàâ â çàëåæíîñò³ â³ä ì³øåí³. Öå ùå ðàç ï³ä-
òâåðäèëî íåîáõ³äí³ñòü âèêîðèñòàííÿ àíñàìáëþ 
ì³øåíåé ó ïðîòîêîëàõ â³ðòóàëüíîãî ñêðèí³íãó 
åôåêòîð³â ñàéòó IDC. Òàê, ðåçóëüòàòè äîê³íãó 
ç âèêîðèñòàííÿì PDB-ñòðóêòóðè 3VOB (êîìï-
ëåêñ FtsZ S. aureus ç 9PC/PC190723), ñâ³ä÷àòü 
ïðî òå, ùî äåÿê³ ç ðå÷îâèí, â³ä³áðàíèõ çà ðå-
çóëüòàòàìè ôàðìàêîôîðíîãî ïîøóêó, íå ïîêà-
çàëè äîñòîâ³ðí³ ïîëîæåííÿ ïîñàäêè:

ZI1, ZI6, ZI9, CHEMBL116438
(CURCUMIN), CHEMBL1096127,
CHEMBL1097433, CHEMBL1097439, 
CHEMBL3098781, CHEMBL3098782, 
CHEMBL3098784, CHEMBL3098786,
CHEMBL4097421, CHEMBL4104165, 
CHEMBL4207571 ³ CHEMBL4281701.

Ïðèì³òíî, ùî äî ö³º¿ ãðóïè ïîòðàïèëè òðè ç
÷îòèðüîõ çàíòðèí³â (ZI1, ZI6 ³ ZI9), äëÿ ÿêèõ,
âçàºìîä³ÿ ç ñàéòîì IDC ï³äòâåðäæåíà êðèñòàëî-
ãðàôè÷íî: ZI1 (PDB: 6KVP), ZI6 (PDB:5XDU, 
5XDV), ZI7 (PDB: 5XDT) òà ZI9 (PDB:8HTB). Âè-
ð³âíþâàííÿ ñòðóêòóð êîìïëåêñ³â 3VOB (ç 9PC)
³ 5XDT (ç ZI7) ï³äòâåðäèëî ñóòòºâó â³äì³íí³ñòü 
àêòèâíèõ êîíôîðìàö³é 9PC òà ZI7, õî÷à ¿õ 
2,6-äèôòîð-3-ã³äðîêñèáåíçàì³äí³ ôðàãìåíòè ïî-
êàçàëè êîíñåðâàòèâí³ñòü ¿õ ðîçòàøóâàííÿ òà
âçàºìîä³é (ðèñ. 1). Ïîð³âíÿííÿ îá’ºì³â IDC



9ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2024. Ò. 58. ¹ 5

Âèçíà÷åííÿ åôåêòîð³â ñàéòó ì³æäîìåííî¿ ù³ëèíè FtsZ á³ëêó 

êèøåíü ñòðóêòóð 3VOB ³ 5XDT ³ç çàñòîñóâàí-
íÿì ïëàã³íó CaviOmiX ï³äòâåðäèëî î÷åâèä-
í³ñòü ë³ãàíä-á³ëêîâîãî ï³çíàâàííÿ (ðèñ. 1,
á/ä ³ â/å), à äîê³íã ³ç âèêîðèñòàííÿì ñòðóêòóðè 
5XDT ïîêàçàâ êîðåêòí³ ïîçèö³¿ ïîñàäêè âñ³õ 

÷îòèðüîõ çàíòðèí³â. Çàãàëîì, âèêîðèñòàííÿ 
ñòðóêòóð 3VOB, 5XDT, 6YD1 òà 5XDU äîñòàòíüî 
îõîïëþº êîíôîðìàö³éí³ ôëóêòóàö³¿ êèøåí³ IDC 
³ â ñóêóïíîñò³ äàâàëî êîðåêòíå â³äîáðàæåííÿ 
ïîñàäêè äëÿ âñ³º¿ ãðóïè ë³ãàíä³â, â³ä³áðàíèõ 

Ðèñ. 3. Ðåçóëüòàòè àíàë³çó âçàºìîä³é ë³ãàíäó ç êèøåíåþ ñàéòó ì³æäîìåííî¿ ù³ëèíè (IDC) FtsZ-á³ëêó íà 
ïðèêëàä³ PDB-ñòðóêòóðè 3VOB (êîìïëåêñ 9PC (PC190723) ³ FtsZ á³ëêó S. aureus subsp. aureus Mu50): à –
ñòðóêòóðíå âèð³âíþâàííÿ PDB-êîìïëåêñ³â FtsZ ç 9PC ³ ³íøèìè ðåôðåíñíèìè ë³ãàíäàìè; á – âíåñîê 
âîäíåâèõ çâ’ÿçê³â; â – âíåñîê ³íòåðïîëÿðíèõ çàðÿä³â (çà óìîâè âèêîðèñòàííÿ ñèëîâîãî ïîëþ Charmm ff); 
ã – âíåñîê ã³äðîôîáíèõ âëàñòèâîñòåé ñàéòó; ä – äîñòóïí³ñòü êèøåí³ ñàéòó äëÿ ñîëüâåíòó; å – óçàãàëüíþþ÷à 
2D-êàðòà âçàºìîä³é íà ïðèêëàä³ PC190723 ³ FtsZ á³ëêó S. aureus êîìïëåêñó 3VOB
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íà ï³äñòàâ³ ðåçóëüòàò³â ôàðìàêîôîðíîãî ñêðè-
í³íãó. Ïðè öüîìó â³çóàëüíà îö³íêà ðîçòàøóâàí-
íÿ ë³ã³íä³â ó êèøåí³ ñàéòó çä³éñíþâàëàñü çà 
äîïîìîãîþ ïðîãðàìè PyMOL øëÿõîì ïîð³âíÿí-
íÿ êîíôîðìàö³é ç êîíòðîëüíèì ë³ãàíäîì (ë³ãàíä 
PDB-ñòðóêòóðè). Íàéêðàù³ ïîêàçíèêè ô³òíåñ-
ôóíêö³é CCDC GOLD: ChemPLP (PLP.Fitness 
³ PLP.PLP) òà ASP (ASP.Fitness ³ ASP.ASP) óçà-
ãàëüíåí³ ³ íàâåäåí³ â òàáëèö³. Ïîêàçíèêè CCDC 
GOLD ïîð³âíþâàëè ç ïîëîæåííÿì ë³ãàíä³â, ùî 

ïîêàçàëè íàéá³ëüøó êîíôîðìàö³éíó ïîä³áí³ñòü 
äî ðåôåðåíñíèõ ñïîëóê ç PDB. Öå äîçâîëèëî 
ì³í³ì³çóâàòè õèáíå çàâèùåííÿ ÷è çàíèæåííÿ 
ïîêàçíèê³â ô³òíåñ-ôóíêö³é. Çàãàëîì, ïîêàç-
íèêè ö³ëüîâî¿ ãðóïè ç³ñòàâëÿëè ç ïîêàçíè-
êàìè ðåôåðåíñíèõ ë³ãàíä³â êîíòðîëþ (ðåäîê³íã 
ë³ãàíä³â ç PDB-ñòðóêòóð). Ïîãàíè çíà÷åííÿ 
ô³òíåñ-ôóíêö³é ïîêàçàëà ëèøå îäíà ðå÷îâè-
íà – êóðêóì³íî¿ä CHEMBL116438 (PubChem 
ID: 103340697), õî÷à íàâ³òü öÿ ñïîëóêà ìàëà 

Ðèñ. 4. Ôëóêòóàö³¿ ôîðìè ³ îá’ºìó êèøåí³ ñàéòó ì³æäîìåííî¿ ù³ëèíè íà ïðèêëàä³ ñòðóêòóðíîãî âèð³âíþâàííÿ 
«point-cloud» çë³ïê³â êë³øåíü IDC òðüîõ ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â FtsZ á³ëêó S. aureus, äåïîíîâàíèõ â 
RCSB Protein Data Bank: 3VOB – êîìïëåêñ FtsZ á³ëêó ç àëëîñòåðè÷íèì ³íã³á³òîðîì PC190723 (ïîçíà÷åíî 
ïîìàðàí÷åâèì êîëüîðîì), 5XDT – êîìïëåêñ FtsZ á³ëêó ç çàíòðèíîì ZI7 = TXA707 (ïîçíà÷åíî áëàêèòíèì 
êîëüîðîì) ³ 5XDU – êîìïëåêñ FtsZ á³ëêó ç çàíòðèíîì ZI6 = TXA6101 (ïîçíà÷åíî æîâòèì êîëüîðîì)

Óçàãàëüíåí³ ðåçóëüòàòè äîê³íãó õ³ò³â ôàðìàêîôîðíîãî ïîøóêó åôåêòîð³â 
ñàéòó IDC çàñîáàìè ïðîãðàìè CCDC GOLD

N Ñïîëóêà 
(PDB + ChEMBL)

PubChem ID:

Êîðåêòí³ñòü ïî-
ñàäêè â³äíîñíî 
ðåôåðåíòíî¿ 

ñïîëóêè
(+/–)

PLP.
Fitness

PLP.PLP
ASP.

Fitness
ASP.ASP

Êîíòðîëüíà ãðóïà åôåêòîð³â ñàéòó IDC íà ï³äñòàâ³ äàíèõ RCSB Protein Data Bank

1
2
3
4
5
6
7
8

9PC (CHEMBL511201)
OLQ (CHEMBL453452)
OM8 (CHEMBL5092442)
OMW (CHEMBL5080731)
ZI1 (–)
ZI6 (CHEMBL3098779)
ZI7 (CHEMBL3909654)
ZI9 (–)

25016417
3544383
59402956
156022394
90123239
72947301
90135655
167312464

+
+
+
+
+
+
+
+

80,79
57,80
73,74
87,51
104,07
103,55
90,89
93,93

–78,09
–53,63
–69,74
–84,02
–99,27
–96,58
–85,26
–88,27

40,77
24,82
33,77
35,75
47,33
46,96
41,44
26,57

44,77
28,53
39,21
43,96
53,96
52,79
45,47
41,67

Áåíçàì³äè 2,6– äèôëþðîáåíçàì³äè

9
10
11

CHEMBL1096127
CHEMBL3098684
CHEMBL1094205

46237011
72947707
46236897

+
+
+

102,19
101,26
86,07

–96,07
–95,93
–80,84

46,81
47,79
39,34

51,29
59,29
46,81
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Ïðîäîâæåííÿ òàáëèö³

N Ñïîëóêà 
(PDB + ChEMBL)

PubChem 
ID:

Êîðåêòí³ñòü ïî-
ñàäêè â³äíîñíî 
ðåôåðåíòíî¿ 

ñïîëóêè
(+/–)

PLP.
Fitness

PLP.PLP
ASP.

Fitness
ASP.ASP

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
45
46
47
48
49 
50
51
52
53
54
55
56
57
58
59

CHEMBL1094222
CHEMBL1095807
CHEMBL1095808
CHEMBL1094221
CHEMBL1094513
CHEMBL1095809
CHEMBL1095213
CHEMBL1096673
CHEMBL1095810
CHEMBL1096128
CHEMBL1096337
CHEMBL1096342
CHEMBL1097098
CHEMBL1097434
CHEMBL1097435
CHEMBL1097440
CHEMBL1097446
CHEMBL1097447
CHEMBL1097767
CHEMBL1097796
CHEMBL1098877
CHEMBL3098677
CHEMBL3098682
CHEMBL3098781
CHEMBL3098782
CHEMBL3098784
CHEMBL3098785
CHEMBL3098786
CHEMBL3098787
CHEMBL3098791
CHEMBL3098792
CHEMBL3098793
CHEMBL3098796
CHEMBL3098797
CHEMBL3098798
CHEMBL3098804
CHEMBL4066282
CHEMBL4066482
CHEMBL4068471
CHEMBL4069189
CHEMBL4070966
CHEMBL4071289
CHEMBL4079385
CHEMBL4080788
CHEMBL4086219
CHEMBL4086284
CHEMBL4087184
CHEMBL4093857

46237137
46237267
46237133
46237138
46237009
46237268
46236896
46237139
46236764
46237270
46236891
46236898
46237273
46888549
46236615
46236763
46237014
46237015
46236611
46236892
46236767
70980286
72947706
72947303
72947304
72947500
66574494
66574450
66575003
59402677
59402713
59402953
72946294
72946469
72946470
72946673
137632995
137633583
66548710
137634017
74762762
137638354
137651549
137647127
66546027
137643844
137644599
137654481

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+ 
+
+
+
+
+
+
+
+
+
+
+
+
+

76,73
76,03
74,34
74,49
64,97
73,63
73,12
72,24
71,37
98,73
60,74
70,25
71,50
71,83
96,49
72,30
77,04
76,22
72,58
61,99
66,04
70,95
82,61
86,22
99,25
87,40
72,41
101,61
72,31
83,95
83,85
94,87
82,63
94,42
79,47
98,53
69,13
65,97
67,07
67,85
69,50
73,76
67,90
74,31
66,41
78,27
71,88
69,09

–74,62
–73,05
–74,53
–71,65
–61,34
–71,48
–72,21
–68,44
–68,65
–93,39
–58,26
–70,38
–68,66
–68,51
–90,59
–71,28
–74,12
–73,27
–70,16
–59,27
–62,88
–74,32
–82,83
–85,81
–92,11
–82,49
–73,02
–97,52
–71,10
–81,24
–80,90
–91,60
–79,78
–92,34
–77,32
–94,40
–68,54
–61,86
–64,53
–64,71
–64,62
–73,32
–68,04
–75,15
–62,16
–79,91
–70,99
–66,22

39,43
39,12
32,45
39,22
30,61
36,74
36,17
38,47
38,33
45,26
30,38
34,50
38,99
41,86
47,89
38,03
38,72
40,49
41,74
29,06
25,91
37,66
40,48
43,24
47,16
38,46
33,95
47,49
34,42
45,53
46,81
43,66
39,74
45,26
43,71
43,17
35,09
26,55
26,56
26,02
34,94
32,39
28,34
31,08
26,53
31,87
26,56
42,10

45,86
46,17
36,69
46,01
35,64
42,95
38,06
46,14
45,90
51,72
34,72
39,04
47,14
51,48
52,21
41,09
44,98
48,98
48,69
36,16
31,35
48,96
52,34
51,08
54,80
50,37
39,32
56,93
43,21
52,46
54,51
52,00
50,17
54,08
57,19
54,50
39,26
30,78
31,26
31,50
46,02
37,73
33,36
36,21
31,30
37,05
31,41
50,50
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Ïðîäîâæåííÿ òàáëèö³

N Ñïîëóêà 
(PDB + ChEMBL)

PubChem 
ID:

Êîðåêòí³ñòü ïî-
ñàäêè â³äíîñíî 
ðåôåðåíòíî¿ 

ñïîëóêè
(+/–)

PLP.
Fitness

PLP.PLP
ASP.

Fitness
ASP.ASP

60
61
62
63
64
65
66
67
68
69
70
71
72
73

CHEMBL4094865
CHEMBL4095585
CHEMBL4096436
CHEMBL4097421
CHEMBL4098327
CHEMBL4104165
CHEMBL4104199
CHEMBL4105027
CHEMBL4281701
CHEMBL4282358
CHEMBL4459453
CHEMBL4513993
CHEMBL4569747
CHEMBL503648

66548708
137654075
137655753
137661086
137658758
66546026
137658012
66546028
145981065
145980206
155527102
155539112
155552112
17999360

+
+
+
+
+
+
+
+
+
+
+
+
+
+

64,62
82,60
65,95
93,75
72,19
86,53
67,83
67,24
98,05
91,30
95,06
96,45
70,30
54,35

–60,65
–79,31
–62,69
–86,45
–69,63
–80,63
–67,67
–64,58
–92,01
–86,06
–92,22
–93,02
–70,67
–50,46

25,68
40,67
25,83
39,87
37,36
17,04
36,39
26,67
44,31
40,31
41,39
45,24
23,60
22,02

30,80
46,27
31,12
46,46
50,92
30,23
47,63
31,67
49,62
46,11
47,81
51,17
37,72
25,97

Îêñàçîë-áåíçàì³äè

74
75

CHEMBL3098683
CHEMBL3098777

66574575
72947090

+
+

82,40
89,47

–80,64
–84,27

42,52
30,47

52,50
39,51

1,3-áåíçîò³àçîë-5-êàðáîêñèëàòè

76
77
78

CHEMBL1097433
CHEMBL1097442
CHEMBL1097443

46237136
46236761
46236616

+
+
+

102,25
76,31
72,90

–96,80
–73,79
–69,86

29,32
35,69
40,59

43,46
50,12
47,73

S-ãë³êîçèëüí³ ïîõ³äí³

79 CHEMBL1200588 446598 + 54,22 –56,23 15,93 23,28

Ïîõ³äí³ ã³äðîõ³íîíó (áåíçîë-1,3–³îëè)

80 CHEMBL2418096 60164930 + 68,37 –66,84 26,92 34,58

Ïîõ³äí³ õëîðïóðèí-àì³í³â

81 CHEMBL242079 44428643 + 80,91 –77,40 33,80 43,62

Êàðáàìî¿ë-äèôòîðôåíîêñ³àöåòàòè

82
83

CHEMBL4084055
CHEMBL4089418

137648670
137641881

+
+

61,74
60,48

–62,56
–61,71

32,52
24,04

30,48
30,62

2,6-äèôòîðáåíçîëñóëüôîíàì³äè

84 CHEMBL4091815 74762761 + 73,80 –68,79 35,53 46,83

Ïîõ³äí³ 3-ìåòîêñèáåíçàì³äó (3-MBA) (Bi et al, 2018)

85 CHEMBL4207571 145977194 + 73,06 –65,81 29,43 33,46

Àëê³ëáåíçàì³äè

86
87

CHEMBL459965
CHEMBL461450

44581343
44581341

+
+

72,63
77,25

–71,70
–74,97

18,55
24,59

23,29
30,46
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äîñòàòí³é çá³ã ôàðìàêîôîðíèõ äåñêðèïòîð³â ³ 
ðåçóëüòàò³â äîê³íãó (òàáëèöÿ, äèâ. n.n. 89).

Äëÿ ïåðåâ³ðêè â³ä³áðàíèõ åôåêòîð³â ñàéòó
IDC, à òàêîæ ê³ëüê³ñíîãî îö³íþâàííÿ åíåðã³¿
âçàºìîä³¿ òà âíåñêó âîäíåâèõ çâ’ÿçê³â (H-Bond),
Âàí-äåð-Âààëüñîâèõ ñèë (VDW) òà åëåêòðîñòà-
òèêè (Elec) ó ôîðìóâàííÿ êîìïëåêñ³â ç FtsZ
á³ëêîì, íàìè áóëî çä³éñíåíî ðåäîê³íã á³áë³î-
òåêè ë³ãàíä³â çà äîïîìîãîþ ïðîãðàìè 
iGEMDOCK v2.1 (Yang and Chen, 2004; Bel-
laver et al, 2024), â ÿê³é âèêîðèñòîâóºòüñÿ åì-
ï³ðè÷íà ôóíêö³ÿ ï³äðàõóíêó áàë³â ³ åâîëþö³é-
íèé ìåòîä (Bellaver et al, 2024; Yang, 2004; 
Wang et al, 2024). Îðèã³íàëüíà óçàãàëüíþþ÷à 
åíåðãåòè÷íà ôóíêö³ÿ GEMDOCK (TotalEnergy)
ñêëàäàºòüñÿ ç ïîòåíö³àë³â âíåñêó åëåêòðîñòà-
òèêè, ñòåðè÷íîãî ïîòåíö³àëó ³ ïîòåíö³àëó âîäíå-
âèõ çâ’ÿçê³â (ðèñ. 5, à). Ñòåðè÷í³ ïîòåíö³àëè
òà ïîòåíö³àëè âîäíåâèõ çâ’ÿçê³â âèêîðèñòîâó-
þòü ë³í³éíó ìîäåëü, ÿêà ³äåíòèô³êóº ïåðñïåê-
òèâí³ êîìïëåêñè (Yangand Chen, 2004). Îñîá-
ëèâ³ñòü àëãîðèòìó GEMDOCK ïîëÿãàº â âèêî-
ðèñòàíí³ àíñàìáëþ îïåðàòîð³â, ÿê³ ñï³âïðàöþ-
þòü, âèêîðèñòîâóþ÷è ïàðàäèãìó ðîäèííî¿ êîí-
êóðåíö³¿, çà àíàëîã³ºþ äî àëãîðèòì³â ëîêàëü-
íîãî ïîøóêó (Bellaver et al, 2024). Òàêîæ ñë³ä
çàçíà÷èòè, ùî øòàòíà ôóíêö³ÿ iGEMDOCK –
«AverConPair» äîçâîëÿº ê³ëüê³ñíî îö³íèòè ëî-
êàëüíó êîíôîðìàö³éíó ãíó÷ê³ñòü âçàºìîä³¿ ë³-
ãàíä-á³ëîê ó êèøåí³ ö³ëüîâîãî ñàéòó (Bellaver
et al, 2024). Öå îïòèìàëüíî ï³äõîäèòü ÿê 
ê³ëüê³ñíèé êðèòåð³é îö³íêè åôåêòèâíîñò³ ë³-
ãàíä-á³ëêîâî¿ âçàºìîä³¿ ó ñàéò³ IDC (Ozherie-
dov et al, 2024).

Çàãàëîì ðåçóëüòàòè ðåäîê³íãó ñâ³ä÷àòü ïðî 
òå, ùî âèð³øàëüíèé âíåñîê ó çâ’ÿçóâàííÿ 
åôåêòîð³â êèøåí³ IDC âíîñÿòü âîäíåâ³ çâ’ÿç-
êè (ðèñ. 5, á) ³ ñèëè Âàí-äåð-Âààëüñà (ðèñ. 5, 
â). Ïðè öüîìó, âíåñîê åëåêòðîñòàòèêè º ì³í³-

ìàëüíèì àáî â³äñóòí³é (ðèñ. 5, ã). Òàê, æîäíî-
ãî âíåñêó åëåêòðîñòàòè÷íèõ ñèë íå â³äáóâà-
ëîñü ó âèïàäêó áóäü ÿêî¿ êîíòðîëüíî¿ ñïîëóêè. 
Öå ïîãîäæóºòüñÿ ç ðåçóëüòàòàìè àíàë³çó âëàñ-
òèâîñòåé êèøåí³ IDC åêñïåðèìåíòàëüíèõ êîì-
ïëåêñ³â ç RCSB Protein Data Bank (ðèñ. 3). 
Çàãàëîì îòðèìàí³ ðåçóëüòàòè, âèãëÿäàþòü ìàê-
ñèìàëüíî êîðåêòíèìè ³ ñêîðèíãîâ³ êîìïî-
íåíòè ï³äñóìêîâî¿ îö³íþâàëüíî¿ ôóíêö³¿ «To-
talEnergy» ÷³òêî êîðåëþþòü ç äàíèìè àíàë³çó 
ñòðóêòóð ç RCSB Protein Data Bank. Òàê, íàé-
ìåíøèé êîíòðîëüíèé ë³ãàíä OLQ (2,6-äèôòîð-
3-ìåòîêñèáåíçàì³ä) º ì³í³ìàëüíî ìîæëèâîþ 
ñïîëóêîþ öüîãî õ³ì³÷íîãî ðÿäó. 

Ó ðåçóëüòàò³ íàøèõ ïîïåðåäí³õ äîñë³äæåíü 
âñòàíîâëåíî, ùî ñàìå öåé ôðàãìåíò º ñï³ëü-
íèì äëÿ âñ³õ â³äîìèõ åôåêòîð³â êèøåí³ IDC 
(Ozheriedov et al, 2024). Íà ïðèêëàä³ àíàë³çó 
PDB-ñòðóêòóð áóëî ïîêàçàíî, ùî ëèøå 2,6-
äèôòîð-3-ìåòîêñèáåíçàì³äíèé ôðàãìåíò ôîð-
ìóº âîäíåâ³ çâ’ÿçêè ³ ìàº êîíñåðâàòèâíó ëî-
êàë³çàö³þ ïðèâ’ÿçàíó äî çàãëèáëåíî¿ ÷àñòèíè
êèøåí³. Ñàìå öåé ôðàãìåíò ôîðìóº êîíñåð-
âàòèâí³ âîäíåâ³ çâ’ÿçêè ç àì³íîêèñëîòíèìè 
çàëèøêàìè êèøåí³ (Val207, Leu209 ³ Asn263,
äèâ. PDB-ñòðóêòóðó 6YD1), à òàêîæ êîíñåð-
âàòèâíèé ìåòàëåâèé çâ’ÿçîê ç êîôàêòîðîì (³îí
K+ àáî Ca2+). Ç ³íøîãî áîêó, âñ³ ³íø³ ôóíê-
ö³îíàëüí³ ãðóïè êîíòðîëüíèõ ë³ãàíä³â âçàºìî-
ä³þòü ç äèñòàëüíèìè äîìåíàìè êèøåí³ ÷å-
ðåç ð³çíîìàí³òí³ Âàí-äåð-Âààëüñîâ³ âçàºìîä³¿,
ùî òàêîæ ïîçíà÷åíî íà ðèñ. 1, ã ³ ðèñ. 3, å.
Â³äïîâ³äíî, ñåðåä êîíòðîëüíèõ åôåêòîð³â ñàé-
òó IDC OLQ ïîêàçóº íàéêðàù³ ïîêàçíèêè «H-
Bonds»(ðèñ. 5, á) ³ íàéã³ðø³ ïîêàçíèêè «vdW» 
(ðèñ. 5, â). Â òîé æå ÷àñ êîíòðîëüí³ ë³ãàíäè, 
ç âåëèêèìè äèñòàëüíèìè ãðóïàìè, îñîáëèâî ò³ 
ùî íåñóòü öèêë³÷í³ ôðàãìåíòè ñõ³ëüí³ äî π-π òà 
³íøèõ Âàí-äåð-Âààëüñîâèõ âçàºìîä³é áóëè ë³-

Çàê³í÷åííÿ òàáëèö³

N Ñïîëóêà 
(PDB + ChEMBL)

PubChem 
ID:

Êîðåêòí³ñòü ïî-
ñàäêè â³äíîñíî 
ðåôåðåíòíî¿ 

ñïîëóêè
(+/–)

PLP.
Fitness

PLP.PLP
ASP.

Fitness
ASP.ASP

Ïîë³ôåíîëè (êóðêóì³íî¿äè)

88
89

CHEMBL140
CHEMBL116438

969516
103340697

+
+

80,84
–21,3

–71,68
30,96

29,37
–20,06

35,39
17,43
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Ðèñ. 5. Ðåçóëüòàòè äîê³íãó ñïîëóê-ë³äåð³â â ïðîãðàì³ iGEMDOCK. Ïðåäñòàâëåíèé ðîçïîä³ë ïîêàçíè-
ê³â îö³íþâàëüíèõ ôóíêö³é â³äîáðàæàº ñåðåäí³ çíà÷åííÿ íåçàëåæíèõ ñåàíñ³â äîê³íãó, âèêîíàíèõ ç âè-
êîðèñòàííÿì á³ëêîâèõ êîìïîíåíò³â ÷îòèðüîõ PDB-ñòðóêòóð: 3VOB, 5XDT, 6YD1 òà 5XDU. à – óçàãàëüíþ-
þ÷à îö³íþâàëüíà ôóíêö³ÿ ë³ãàíä-á³ëêîâî¿ âçàºìîä³¿ (TotalEnergy), ÿêà ñêëàäàºòüñÿ ç òðüîõ ïîêàçíèê³â: 
á – âíåñêó âîäíåâèõ çâ’ÿçê³â (H-Bonds), â – âíåñêó ñèë Âàí äåð Âààëüñà (vdW), ã – âíåñêó åëåêòðîñòàòè-
êè (Elec), ä – «AverConPair», àáî ñåðåäíÿ åíåðã³ÿ êîíôîðìàö³éíî¿ ïàðè, âèçíà÷àº ñòóïåíü âçàºìíî¿ êîí-
ôîðìàö³éíî¿ ì³íëèâîñò³ ë³ãàíäó ³ êèøåí³ ñàéòó, ùî ìàòåìàòè÷íî â³äîáðàæàº ïîòåíö³àë ë³ãàíä-á³ëêîâîãî 
ï³çíàâàííÿ
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äåðàìè ñàìå çà ïîêàçíèêîì «vdW». Òàê, ë³äå-
ðàìè çà ïîêàçíèêîì «vdW» ñåðåä ñïîëóê êîíò-
ðîëþ âèçíà÷èëèñü çàíòðèíè ZI9 ³ ZI1, à òàêîæ 
êàíîí³÷íèé åôåêòîð IDC – 9PC (PC190723) 
(ðèñ. 5, â). Ö³ ñïîëóêè ìàþòü â³äïîâ³äí³ âåëèê³ 
äèñòàëüí³ ãðóïè, ñõèëüí³ äî ð³çíîìàí³òíèõ Âàí-
äåð-Âààëüñîâèõ âçàºìîä³é (ðèñ. 2). 

Íà íàøó äóìêó, ñë³ä òàêîæ çâåðíóòè óâàãó
íà ïîêàçíèê ñåðåäíüî¿ åíåðã³¿ êîíôîðìàö³éíî¿ 
ïàðè – «AverConPar» (ðèñ. 5, ä). Çàçíà÷åíèé 
ïîêàçíèê ââàæàºòüñÿ ³íäèêàòîðîì ðóõëèâîñò³ 
êèøåí³ ñàéòó çâ’ÿçóâàííÿ (Bellaver et al, 2024;
Yang and Chen, 2004), à çíà÷í³ ïîçèòèâí³
ïîêàçíèêè «AverConPar» ïîâí³ñòþ êîðåëþþòü
³ç ðåçóëüòàòàìè íàøèõ äîñë³äæåíü ôëóêòóàö³¿ 
îá’ºì³â ³ ôîðìè ñàéòó IDC, ùî âèíèêàþòü 
âíàñë³äîê ë³ãàíä-á³ëêîâîãî ï³çíàâàííÿ (Ozhe-
riedov et al, 2024). Âîäíî÷àñ, ôîðìà êèøåí³ 
ñàéòó ïðè çâ’ÿçóâàíí³ ë³ãàíäó º äîñèòü êîí-
ñåðâàòèâíîþ, ùî îáóìîâëþºòüñÿ ñòàá³ë³çàö³ºþ 
êîëèâàíü êèøåí³ ó êîìïëåêñ³ (Hirano et al, 
2021). Öå âïèñóºòüñÿ â îòðèìàí³ ðåçóëüòàòè,
ùî ïðîÿâëÿºòüñÿ ó ìàêñèìàëüíîìó ïîêàçíèêó 
«AverConPar» äëÿ êîìïëåêñó ç íàéìåíøèì ïðåä-
ñòàâíèêîì ðÿäó 2,6-äèôòîð-3-ìåòîêñèáåíçà-
ì³ä³â – OLQ. Ìè ââàæàºìî, ùî ñàìå âíàñë³äîê 
ðîçì³ð³â OLQ ³ éîãî ñèëüíî¿ ïðèâ’ÿçêè äî äî-
ìåíó êîôàêòîðó á³ëüøà ÷àñòèíà êèøåí³ ñàéòó 
IDC çáåð³ãàº ðóõëèâ³ñòü. Â³äïîâ³äíî öå ïîâ-
í³ñòþ êîðåëþº ç íàéâèùèì ïîêàçíèêîì ôóíê-
ö³¿ «AverConPar» äëÿ OLQ (ðèñ. 5, ä). 

Òàêèì ÷èíîì, ïîêàçíèêè êîíòðîëüíèõ ñïî-
ëóê êîðåëþâàëè ç ¿õ âëàñòèâîñòÿìè ³ ìàëè ëî-
ã³÷íå ïîÿñíåííÿ ç ïîçèö³¿ ñòðóêòóð ðåôå-
ðåíñíèõ ë³ãàíä³â ³ ¿õ êîìïëåêñ³â ç FtsZ á³ëêîì. 
Öå äîçâîëÿº îá´ðóíòîâàíî åêñòðàïîëþâàòè äà-
í³ êîðåëÿö³¿ íà âñþ òåñòîâó ãðóïó. Çàãàëîì, 
ï³äâîäÿ÷è ï³äñóìêè äîñë³äæåííÿ, ìè ââàæàºìî, 
ùî íà ï³äñòàâ³ ðåçóëüòàò³â ôàðìàêîôîðíîãî 
ïîøóêó ³ äâîõ ïðîòîêîë³â ìîëåêóëÿðíîãî äî-
ê³íãó íàì âäàëîñÿ â³ä³áðàòè ç 379 á³îõ³ì³÷-
íî äîâåäåíèõ åôåêòîð³â FtsZ á³ëêó 89 ñïî-
ëóê, ÿê³ çâ’ÿçóþòüñÿ ç àëîñòåðè÷íèì ñàéòîì 
ì³æäîìåííî¿ ù³ëèíè (Inter-Domain Cleft =
= IDC). ²ç çàçíà÷åíèõ ñïîëóê 88 ïîâí³ñòþ
â³äïîâ³äàþòü äåñêðèïòîðàì, ô³òíåñ ôóíêö³ÿì, 
óìîâàì ³ îáìåæåííÿì çàñòîñîâàíîãî ïðîòî-
êîëó ñêðèí³íãó. Ùå îäíà ñïîëóêà – êóðêóì³-
íîéä CHEMBL116438 (PubChem ID: 103340697,
(1E,4Z,6E)-5-hydroxy-1,7-bis(4-hydroxy-3-

methoxy-phenyl)hepta-1,4,6-tr ien-3-one) 
ïðîäåìîíñòðóâàëà àíîìàëüí³ ïîêàçíèêè ô³ò-
íåñ ôóíêö³é CCDC GOLD, íàéã³ðø³ ïîêàç-
íèêè âîäíåâèõ çâ’ÿçê³â ³ vdW-âçàºìîä³é 
(ðèñ. 5, à, á ³ â). Ïðîòå ñë³ä çàçíà÷èòè, ùî ïî-
êàçíèêè ³íøîãî êóðêóì³íîéäó – CHEMBL140 
(PubChem ID:969516, (1E,6E)-1,7-bis(4-hydroxy-
3-methoxyphenyl)hepta-1,6-diene-3,5-dione)) 
áóëè äîñòàòíüî âåëèê³, ³ çà çàãàëüíèì ðåéòèí-
ãîì iGEMDOCK çàçíà÷åíà ñïîëóêà çàéìàº 
ïîëîæåííÿ ì³æ ë³äåðàìè êîíòðîëüíèõ ñïî-
ëóê – ZI9 ³ OM8 (ðèñ. 5, à). Òîìó íà ñüîãîä-
í³ ñë³ä âèçíà÷èòè êóðêóì³íîéä CHEMBL116438 
ÿê ìîæëèâèé åôåêòîð ñàéòó IDC, àëå öÿ âçà-
ºìîä³ÿ ìàº áóòè äîñë³äæåíà îêðåìî. 

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 Prog-
ram, 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). 

IDENTIFICATION OF FtsZ INTERDOMAIN 
CLEFT EFFECTORS BASED
ON PHARMACOPHORE SEARCH
AND MOLECULAR DOCKING
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There are a significant number of inhibitors of the 
bacterial FtsZ protein, the biological activity of which 
has been confirmed biochemically, but their binding sites 
remain unclear. This significantly complicates further 
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combinatorial design, and in the current study we present 
the results of a computational search for effectors of the 
Inter-Domain Cleft (IDC) site. The actual research was 
based on the results of pharmacophore screening using 
the Pharmit service and molecular docking with CCDC 
GOLD and iGEMDOCK programs. The objective 
group was a combined library of 379 compounds, which 
was designed based on revision of the structural database 
of the RCSB Protein Data Bank and compounds from 
the ChEMBL database, for which direct interaction with 
FtsZ has been proven biochemically. According to the 
results of pharmacophore search, docking and structural 
analysis, 88 effectors of the IDC site were identified. 
One more curcumin compound has been identified as a 
potential IDC site effector.
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