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²íã³á³òîðè íàòð³éçàëåæíîãî êîíòðàíñïîðòåðó ãëþêî-
çè SGLT2, â³äîì³ ÿê ãë³ôëîçèíè, º îäíèì ç íàéá³ëüø 
ïåðñïåêòèâíèõ êëàñ³â ñó÷àñíèõ ã³ïîãë³êåì³÷íèõ çàñîá³â.
Àêòóàëüíå äîñë³äæåííÿ ï³äòâåðäèëî çíà÷íó âàð³àáåëü-
í³ñòü êèøåí³ ö³ëüîâîãî ñàéòó ó ïðåäñòàâíèê³â ðîäèíè 
SLC5 ëþäèíè ³ ï³äòâåðäèëî ìîæëèâ³ñòü ñåëåêòèâíîãî 
³íã³áóâàííÿ SGLT2. Âðàõîâóþ÷è óí³êàëüí³ñòü ö³ëüîâîãî 
ñàéòó, â³ðòóàëüíèé ñêðèí³íã õ³ì³÷íî¿ á³áë³îòåêè êîì-
ïàí³¿ Enamine Ltd âèçíà÷èâ 36 ïåðñïåêòèâíèõ ³íã³á³òî-
ð³â SGLT2. Ðàíæóâàííÿ çà ïîêàçíèêàìè îö³íþâàëü-
íèõ ôóíêö³é ³ åíåðã³é ë³ãàíä-á³ëêîâèõ âçàºìîä³é âèçíà-
÷èëî 5 ë³äåð³â, ïîêàçíèêè ÿêèõ íàáëèæåí³ äî â³äîìèõ 
çàêîðäîííèõ ïðåïàðàò³â, à ñïîëóêè Z2195993226 ³ 
Z2195993230 áóëè â³ä³áðàí³ ÿê íîâ³ ïîòåíö³éí³ ³íã³á³òî-
ðè SGLT2. Ùå îäíà ñïîëóêà – Z1494829516 (Puerarin),
ðàí³øå îïèñàíà ÿê ³íäóêòîð àóòîôàã³¿, ³íã³á³òîð ôåð-
ðîïòîçó, êàðä³îïðîòåêòîð, àíòèîêñèäàíò, ïðîòèçà-
ïàëüíèé òà æàðîçíèæóâàëüíèé çàñ³á, âïåðøå ïîçè-
ö³îíóºòüñÿ ÿê ïîòåíö³éíèé ³íã³á³òîð SGLT2. Ñïîëóêà 
Z2417819595 áóëà âèêëþ÷åíà ç³ ñïèñêó çà ðåçóëüòàòà-
ìè ñòðóêòóðíî¿ åêñïåðòèçè, à ñïîëóêà Z2235801995 ³äåí-
òèô³êîâàíà ÿê â³äîìà ä³þ÷à ðå÷îâèíà ïðåïàðàòó 
NVOKAMET (FDA ID: 4129180), ùî ï³äòâåðäæóº êîðåê-
òí³ñòü çàñòîñîâàíîãî ïðîòîêîëó â³ðòóàëüíîãî ñêðèí³íãó.

Êëþ÷îâ³ ñëîâà: ä³àáåò, ã³ïåðãë³êåì³ÿ, ãë³ôëîçèíè, ³íã³-
á³òîðè, SLC5A2, SGLT2, â³ðòóàëüíèé ñêðèí³íã.

Âñòóï. Êîíòðîëü ð³âíþ ãëþêîçè êðîâ³ º íàé-
âàæëèâ³øèì ôàêòîðîì òåðàï³¿ ä³àáåòó I ³ II òè-
ï³â. Ó â³äñóòíîñò³ íàëåæíîãî êîíòðîëþ, õðîí³÷-
íà ã³ïåðãë³êåì³ÿ ïðèçâîäèòü äî êîìïëåêñíîãî 
ïîøêîäæåííÿ ñèñòåì îðãàí³çìó, ³ ïðîâîêóº ïà-
òîëîã³¿ ñåðöÿ, êðîâîíîñíèõ ñóäèí, î÷åé, íèðîê 
òà íåéðîí³â. (WHO’2025) Åôåêòèâíèì çàñîáîì 
ìåäèêàìåíòîçíîãî êîíòðîëþ ã³ïåðãë³êåì³¿ º 
çàñòîñîâóâàííÿ ³íã³á³òîð³â íàòð³é-ãëþêîçíèõ 
êîòðàíñïîðòåð³â, òàêîæ â³äîìèõ ÿê ïðåïàðàòè 
ãðóïè ãë³ôëîçèí³â (Zayyad et al., 2025).

Â³äîìî òðè ðîäèíè òðàíñïîðòåð³â çäàòíèõ ïå-
ðåíîñèòè ìîëåêóëè ãëþêîçè: ïîëåãøåí³ òðàíñ-

ïîðòåðè SLC2 (GLUT), äåÿê³ «àêòèâí³» òðàíñ-
ïîðòåðè ðîäèíè SLC5 ³ óí³ïîðòåðè SLC50 
(SWEET) (Chen et al., 2010). Íåçâàæàþ÷è íà 
ñï³ëüíå ïîõîäæåííÿ, ðîäèíà SLC5 îá’ºäíóº 
òðàíñïîðòåðè ð³çíîìàí³òíèõ ñóáñòðàò³â, â³ä 
³íîçèòîë³â äî ³îí³â (éîäèä, ëàêòàò, õîë³í òîùî) 
(Wright, 2013). Ç ôàðìàöåâòè÷íî¿ òî÷êè çîðó, 
îñîáëèâî¿ óâàãè çàñëóãîâóþòü êîòðàíñïîðòåðè 
íàòð³þ ³ ãëþêîçè, ùî ïðåäñòàâëåí³ ³çîòèïàìè 
SLC5A1 (SGLT1) ³ SLC5A2 (SGLT2) (Azizogli 
et al., 2023; Levchuk et al., 2023). Ïåðø³é, 
SGLT1, êîäóºòüñÿ ãåíîì SLC5A1 ³ â³äïîâ³äàº çà 
«àêòèâíå» âñìîêòóâàííÿ ãëþêîçè ó êèøå÷íèêó, 
ãëþêîçî-ãàëàêòîçíó ìàëüàáñîðáö³þ ³ º ì³øåí-
íþ ïåðîðàëüíî¿ ðåã³äðàòàö³éíî¿ òåðàï³¿ ä³àðå¿ 
(Lehmann et al., 2016). Äðóãèé, SGLT2, êîäó-
ºòüñÿ ãåíîì SLC5A2 ³ â³äïîâ³äàº çà ðåàáñîðá-
ö³þ ãëþêîçè â íèðêàõ òà º ïåðñïåêòèâíîþ 
ì³øåííþ ìåäèêàìåíòîçíîãî êîíòðîëþ ã³ïåð-
ãë³êåì³¿ (Hiraizumi et al., 2024; Saravana Kumar 
et al., 2025; Padda et al., 2025; Prybyla et al, 2021; 
Levchuk et al., 2023). Ïîêàçàíî, ùî ìàêñèìàëü-
íà åêñïðåñ³ÿ ãåíó SLC5A2 â³äáóâàºòüñÿ ñàìå 
íà ìåìáðàí³ ù³òêîâî¿ îáëÿì³âêè êë³òèí ðàíí³õ 
ïðîêñèìàëüíèõ êàíàëüö³â êîðè íèðîê (ðèñ. 1) 
(Vallon et al., 2011; Niu et al., 2022). Òàê, 
ïàö³ºíòàì ³ç ñ³ìåéíîþ íèðêîâîþ ãëþêîçóð³ºþ 
(FRG OMIM # 233100) ïðèòàìàíí³ ìóòàö³¿ ñàìå 
ãåíó SLC5A2, à íîêàóò çàçíà÷åíîãî ãåíó ïðè-
çâîäèòü äî øòó÷íî¿ ãëþêîçóð³¿ (Vallon et al., 
2011; Wright, 2021).

Â³äîìî äåê³ëüêà ïðèðîäíèõ ³ ñèíòåòè÷íèõ 
³íã³á³òîð³â SGLT2, âêëþ÷àþ÷è ïðèðîäíèé ãëþ-
êîçèä ôëîðåòèíó – ôëîðèçèí, ÿêèé íàëåæèòü 
äî êëàñó äèã³äðîõàëêîí³â (ðèñ. 2, à, á). Çàçíà-
÷åíèé êëàñ ðå÷îâèí âõîäèòü äî ãðóïè ôëàâî-
íî¿ä³â, áëèçüêèõ çà ñòðóêòóðîþ äî õàëêîí³â, 
àëå ç íàñè÷åíèì ïðîïàíîâèì ôðàãìåíòîì –
α/β (ðèñ. 2, a) (Hiraizumi et al., 2024). Äîñë³ä-
íèöüêà ãðóïà ä-ðà Ðàëüôà äåÔðîíçî (deFron-
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zo’s group), áóëà ïåðøîþ õòî ïîêàçàâ, ùî ôëî-
ðèçèí íîðìàë³çóº ð³âåíü öóêðó ó ìîäåë³ ä³à-
áåòè÷íèõ ùóð³â (Oku et al., 1999). Òðèâàëèé 
÷àñ, ôëîðèçèí âèâ÷àâñÿ, ÿê ïîòåíö³éíèé ë³-
êàðñüêèé çàñ³á ë³êóâàííÿ ä³àáåòó 2-ãî òèïó. 
Çãîäîì áóëî ïîêàçàíî, ùî ïðè ïåðîðàëüíîìó 
ïðèéîì³ ã³äðîë³òè÷í³ ôåðìåíòè òîíêîãî êè-
øå÷íèêà ìàéæå ïîâí³ñòþ ïåðåòâîðþþòü ôëî-
ðèçèí íà íåàêòèâíó ôîðìó – ôëîðåòèí (Idris 
and Donnelly, 2009; Crespy et al., 2001). Â íà-
ñë³äîê öüîãî, çàçíà÷åíà ïðèðîäíà ñïîëóêà áó-
ëà çàì³ùåíà á³ëüø ñò³éêèìè ³ ñïåöèô³÷íèìè 
ñèíòåòè÷íèìè àíàëîãàìè (åìïàãë³ôëîçèí, êà-
íàãë³ôëîçèí, äàïàãë³ôëîç³í, òîùî) (ðèñ. 2, á).

Çãîäîì, âèêîðèñòîâóþ÷è ôëîðèçèí ÿê îïîð-
íó ñïîëóêó, ÿïîíñüêà ôàðìàöåâòè÷íà êîìïàí³ÿ 
Mitsubishi Tanabe Pharma Corporation (www.
mt-pharma.co.jp) ñèíòåçóâàëà ³íã³á³òîð T-1095, 
ÿêèé ïðèãí³÷óâàâ SGLT1 òà SGLT2 ëþäèíè ç 
IC50 â ä³àïàçîí³ 50–200 íÌ (Tsujihara et al., 
1996; Oku et al., 1999). Ó ìîäåë³ «ä³àáåòè÷íèõ» 
ùóð³â ïðåïàðàò âèêëèêàâ äîçîçàëåæíó åêñêðå-

ö³þ ãëþêîçè ³ç ñå÷åþ, çíèæåííÿ ð³âíÿ ãëþêî-
çè êðîâ³ ³ ïðîëîíãîâàíå çíèæåííÿ ð³âíÿ ãë³êî-
çèëüîâàíîãî ãåìîãëîá³íó (HbA1C) (Oku et al., 
1999). Òàêîæ áóëî äîâåäåíî ùî ó ïëàçì³, T-1095 
ïåðåòâîðþºòüñÿ íà á³ëüø àêòèâíó ôîðìó T-
1095A. (ðèñ. 2, á) 

Â³äòîä³ ï’ÿòü ïåðîðàëüíèõ ³íã³á³òîð³â SGLT2
áóëè ñõâàëåí³ FDA äëÿ êë³í³÷íîãî âïðîâàäæåí-
íÿ (ðèñ. 2, á) (Chao and Henry, 2010; Kipnes, 2011;
Cai et al., 2015; Meng et al., 2008; Nomura et
al., 2010; WHO’2025). Âñ³ çàçíà÷åí³ ñïîëóêè
íàëåæàòü äî ãðóïè àðèëãëþêîçèä³â ³ â³äð³çíÿ-
þòüñÿ õàðàêòåðíèì C–C ë³íêåðîì öóêðîâîãî 
ôðàãìåíòó ³ ôåí³ëüíî¿ ãðóïè àãë³êîíó, ùî çà-
ïîá³ãàº ðîçùåïëåííþ ëàêòàçà-ôëîðèçèí ã³äðî-
ëàçîþ (LPH). Òàê³ ñïîëóêè ïðîäåìîíñòðóâàëè 
á³ëüøó åôåêòèâí³ñòü (IC50 = 1 íÌ) òà ñïå-
öèô³÷í³ñòü (1200 : 1) ïî â³äíîøåííþ äî 
SGLT2 ëþäèíè, ïîð³âíÿíî ³ç SGLT1 (Meng 
et al., 2008; Nomura et al., 2010). Ó çäîðîâî¿ 
ëþäèíè, äàïàãë³ôëîçèí âèêëèêàº äîçîçàëåæíó 
åêñêðåö³þ ãëþêîçè ³ç ñå÷åþ, ÿêà äîñÿãàº 50 % 
â³ä ô³ëüòðîâàíîãî íàâàíòàæåííÿ, à ó ïàö³ºíò³â
³ç ä³àáåòîì, ïðèçâîäèòü äî øâèäêîãî ïîêðà-
ùåííÿ ãë³êåì³÷íîãî êîíòðîëþ (Komoroski et 
al., 2009; Ferrannini et al., 2010). Òàêîæ ïîêà-
çàíî, ùî äàïàãë³ôëîçèí çìåíøóº ã³ïåðãë³êåì³þ 
³ ð³âåíü HbA1C ó ïàö³ºíò³â ³ç ëàá³ëüíèìè ôîð-
ìàìè ä³àáåòó (Ferrannini et al., 2010)

Ðåâ³ç³ÿ RCSB Protein Data Bank (www.rcsb.
org), ïîêàçàëà, ùî ïåðøà ñòðóêòóðà êîìïëåê-
ñó SGLT2-³íã³á³òîð (åìïàãë³ôëîçèí), áóëà äå-
ïîíîâàíà ó 2021 ðîö³: 7VSI «Structure of hu-
man SGLT2-MAP17 complex bound with empa-
gliflozin» (2021-12-15) (Niu et al., 2022). Íà ñüî-
ãîäí³, â RCSB äåïîíîâàíî 8 ñòðóêòóð SGLT2 
ëþäèíè: 7VSI, 7YNJ, 7YNK, 8HB0, 8HDH, 
8HEZ, 8HG7, 8HIN, ç ÿêèõ ëèøå 6 îòðèìàí³ 
ó êîìïëåêñ³ ç ³íã³á³òîðàìè. Êð³ì òîãî, ðåâ³ç³ÿ 
áàçè äàíèõ ChEMBL (www.ebi.ac.uk/chembl/) 
âèÿâèëà 14 åôåêòîð³â SGLT2, ÿê³ ìàþòü ñòàòóñ 
ñõâàëåíèõ ïðåïàðàò³â àáî êë³í³÷íèõ êàíäèäàò³â 
(«Approved Drugs and Clinical Candidates»). Çà 
êðèòåð³ºì àñîö³éîâàíî¿ á³îëîã³÷íî¿ àêòèâíîñ-
ò³ – «Associated Bioactivities», â ChEMBL äå-
ïîíîâàíî 2023 ñïîëóêè, ç ÿêèõ 1601 åôåêòîð³â 
SGLT2 âèçíà÷åí³ íà ï³äñòàâ³ ïîêàçíèêó IC50, à 
äëÿ 132-õ ñïîëóê äîâåäåíà çäàòí³ñòü ôîðìóâà-
òè êîìïëåêñè ³ç çàçíà÷åíîþ ìîëåêóëÿðíîþ ì³-
øåííþ («Associated Assays»).

Ðèñ. 1. Ìàêñèìàëüíà åêñïðåñ³ÿ ãåí³â SLC5A2 ï³ä-
òâåðäæåíà â êë³òèíàõ êîð³ íèðîê, äå ïåðåâàæíà ê³ëü-
ê³ñòü çàçíà÷åíèõ òðàíñïîðòåð³â SGLT2 ëîêàë³çîâàíà 
íà ìåìáðàí³ ù³òêîâî¿ îáëÿì³âêè êë³òèí ðàíí³õ ïðîê-
ñèìàëüíèõ êàíàëüö³â (ïîçíà÷åíî áëàêèòíèì êîëüî-
ðîì). (Neuen et al., 2019)
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Ðèñ. 2. Â³äîì³ ïðèðîäí³ ³ ñèíòåòè÷í³ ãë³ôëîçèíè: à – ñïîëóêè-ïîïåðåäíèêè: õàëêîí ³ ãëþêîçà; á – ïðèðîä-
íèé ãë³ôëîçèí ôëîðèçèí, ñèíòåòè÷íå ïîõ³äíå T-1095, à òàêîæ, á³ëüø àêòèâíèé ìåòàáîë³ò T-1095À, ùî 
ôîðìóºòüñÿ ó ïëàçì³ êðîâ³ ç T-1095: Phlorizin = 1-[2,4-dihydroxy-6-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-yl]oxyphenyl]-3-(4-hydroxyphenyl)propan-1-one; T-1095 = [(2R,3S,4S,5R,6S)-6-[2-[3-(1-
benzofuran-5-yl)propanoyl]-3-hydroxy-5-methylphenoxy]-3,4,5-trihydroxyoxan-2-yl]methyl methyl carbonate; T-
1095A = 3-(1-benzofuran-5-yl)-1-[2-hydroxy-4-methyl-6-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)
oxan-2-yl]oxyphenyl]propan-1-one.); â – ãë³ôëîçèíè ùî áóëè ñõâàëåí³ FDA äëÿ êë³í³÷íîãî âïðîâàäæåííÿ: 
Canagliflozin = (2S,3R,4R,5S,6R)-2-[3-[[5-(4-fluorophenyl)thiophen-2-yl]methyl]-4-methylphenyl]-6-(hydroxy-
methyl)oxane-3,4,5-triol [39]; Dapagliflozin = (2S,3R,4R,5S,6R)-2-[4-chloro-3-[(4-ethoxyphenyl)methyl]phenyl]-
6-(hydroxymethyl)oxane-3,4,5-triol [34]; Bexagliflozin (EGT-1442) = (2S,3R,4R,5S,6R)-2-[4-chloro-3-[[4-(2-
cyclopropyloxyethoxy)phenyl]methyl]phenyl]-6-(hydroxymethyl)oxane-3,4,5-triol; Empagliflozin = (2S,3R,4R,5S,
6R)-2-[4-chloro-3-[[4-[(3S)-oxolan-3-yl]oxyphenyl]methyl]phenyl]-6-(hydroxymethyl)oxane-3,4,5-triol. Ïðèì³ò-
êà: ÷åðâîíà ñòð³ëêà – ñàéò ã³äðîë³çó; çåëåíà ñòð³ëêà – ñò³éêèé Ñ-Ñ çâ’ÿçîê
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Âñ³ êîìåðö³éíî äîñòóïí³ ãë³ôëîçèí³ íàëå-
æàòü âèêëþ÷íî çàêîðäîííèì êîìïàí³ÿì, ùî
îáóìîâëþº ¿õ âèñîêó âàðò³ñòü íà ôàðìàöåâòè÷-
íîìó ðèíêó Óêðà¿íè (EMA, 2023; Drugs@FDA, 
2025). Âèð³øåííÿì äàíî¿ ïðîáëåìè ìîæå áóòè 
ðîçðîáêà â³ò÷èçíÿíèõ àíàëîã³â, ùî â³äïîâ³äíî 
âèìàãàº ³äåíòèô³êàö³¿ àëüòåðíàòèâíèõ ä³þ÷èõ 
ðå÷îâèí. Ìåòîþ àêòóàëüíîãî äîñë³äæåííÿ áóëî 
âèçíà÷åííÿ ïåðñïåêòèâíèõ ³íã³á³òîð³â SGLT2 
íà ï³äñòàâ³ ðåçóëüòàò³â ôàðìàêîôîðíîãî ïîøó-
êó, ìîëåêóëÿðíîãî äîê³íãó òà ñòðóêòóðíîãî 
àíàë³çó ñïîëóê, ÿê³ äåïîíîâàí³ â ðåïîçèòîð³¿ 
óêðà¿íñüêî¿ êîìïàí³¿ Enamine Ltd. (https://ena
mine.net/)

Ìàòåð³àëè ³ ìåòîäè. Îá’ºêòîì äîñë³äæåííÿ 
áóëè ïîñë³äîâíîñò³, ñòðóêòóðè ³ ë³ãàíä-á³ëêîâ³ 
êîìïëåêñè íàòð³é-ãëþêîçíîãî êîòðàíñïîðòåðó 
SGLT2. Ö³ëüîâîþ ãðóïîþ äîñë³äæåííÿ áóëà 
êîíòðîëüíà á³áë³îòåêà ðå÷îâèí, ñôîðìîâàíà çà 
ðåçóëüòàòàìè ðåâ³ç³¿ RCSB Protein Data Bank 
(Berman et al., 2003; Burley et al., 2025), à òà-
êîæ á³áë³îòåêà ñïîëóê ç ðåïîçèòîð³þ êîìïàí³¿ 
Enamine Ltd. (https://enamine.net/). Â ðîáîò³ 
âèêîðèñòîâóâàëè ñòðóêòóðè ë³ãàíä³â, ÿê³ áóëè 
çàâàíòàæåí³ ç PubChem (https://pubchem.ncbi.
nlm.nih.gov/). Á³áë³îòåêè ë³ãàíä³â çáåð³ãàëèñü 
ó ôîðìàòàõ *.mol2 ³ *.SD/*.sdf, ùî â³äïîâ³äàº 
âèìîãàì ïðîãðàì CCDC GOLD (Jones et al, 
1997) òà iGEMDOCK (Yang and Chen, 2004).

Äëÿ â³çóàë³çàö³¿ òà àíàë³çó ìîëåêóëÿðíèõ 
ñòðóêòóð áóëè âèêîðèñòàí³ ïðîãðàìè PyMOL 
v.2.5.5 (Schrödinger LLC, www.pymol.org) ³ 
BIOVIA Discovery Studio 2024 Client (https://
discover.3ds.com/). Ðåêîíñòðóêö³þ 2D-êàðò ë³-
ãàíä-á³ëêîâèõ âçàºìîä³é áóëî âèêîíàíî ó ïðî-
ãðàì³ BIOVIA Discovery Studio 2024 Client.

Ó äîñë³äæåííÿ áóëî çàëó÷åíî êð³îåëåêòðîí-
í³ ñòðóêòóðè ç RCSB Protein Data Bank (www.
rcsb.org), ìîäåë³ ïîáóäîâàí³ ³ç âèêîðèñòàí-
íÿì ìåðåæåâîãî ñåðâ³ñó Swiss-Model – https://
swissmodel.expasy.org/ (Waterhouse et al., 2018), 
à òàêîæ, ìîäåë³, ïîáóäîâàí³ ³ç âèêîðèñòàííÿì
øòó÷íîãî ³íòåëåêòó (À²), ³ç çàëó÷åííÿì ïðîãðà-
ìè AlphaFold3 – https://alphafoldserver.com/ 
(Thangamalai et al., 2025). Ïîâíîàòîìíà AI-
ìîäåëü «AF-P31639-F1-v4» SGLT2 (SC5A2_
HUMAN, P31639, GN = SLC5A2) Homo sa-
piens áóëà îòðèìàíà ç ðåïîçèòîð³ÿ UniProtKB 
(äåïîíóâàííÿ Google DeepMind) [https://alpha
fold.ebi.ac.uk/entry/P31639]. Îïòèì³çàö³ÿ òà ïå-

ðåâ³ðêà ñòàá³ëüíîñò³ ïîâíîàòîìíèõ ìîäåëåé âè-
êîíóâàëèñü çà ìåòîäîì ìîëåêóëÿðíî¿ äèíàì³-
êè (MD) â ïðîãðàìè Gromacs v. 2024.5 (www.
gromacs.org). Ñèìóëÿö³¿ ìîëåêóëÿðíî¿ äèíàì³êè 
âèêîíóâàëàñü çà óìîâó âèêîðèñòàííÿ ñèëîâî-
ãî ïîëÿ CHARMM36ff, ìîäåë³ ñîëüâåíòó Tip3 
³ òåìïåðàòóðè 310 K (Abraham et al., 2024). Ô³-
ç³îëîã³÷íèé ñòàí ñèñòåì â³äòâîðþâàâñÿ øëÿ-
õîì çàì³ùåííÿ ÷àñòèíè ìîëåêóë âîäè ³îíàìè 
Na+(NA) ³ Cl–(CL). Òðèâàë³ñòü ñèìóëÿö³é ñêëà-
äàëà 210 ns. 

Îá’ºì ³ ãåîìåòð³ÿ êèøåíü ñàéò³â çâ’ÿçóâàííÿ 
àíàë³çóâàëèñü çà òåõíîëîã³ºþ 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 ðîçðàõîâó-
âàëàñü ³ç âèêîðèñòàííÿì ³íòåãðîâàíîãî ìîäóëÿ 
VASCo (Steinkellner et al, 2009), à îá’ºì ñàéò³â 
âèçíà÷àâñÿ ³ç âèêîðèñòàííÿì ìîäèô³êîâàíîãî 
àëãîðèòìó LIGSITE (Hendlich et al, 1997). 

Äëÿ ôàðìàêîôîðíîãî ïîøóêó çàñòîñîâóâà-
ëè ³íòåðàêòèâíèé on-line ñåðâ³ñ Pharmit (https://
pharmit.csb.pitt.edu/), ÿêèé äîçâîëÿº âèêîíóâà-
òè â³ðòóàëüíèé ñêðèí³íã âåëèêèõ á³áë³îòåê ë³-
ãàíä³â íà ï³äñòàâ³ ôàðìàêîôîðíèõ äåñêðèïòî-
ð³â, ìîëåêóëÿðíèõ ôîðì òà ì³í³ì³çàö³¿ 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, äëÿ ðàíæóâàí-
íÿ ã³ïîòåç âèêîðèñòîâóâàëè ïîêàçíèêè îö³íþ-
âàëüíèõ ô³òíåñ-ôóíêö³é: ChemPLP (îñíîâàíà) 
òà ASP (ôóíêö³ÿ ðåñêîðèíãó).

Ê³ëüê³ñíó îö³íêó âíåñê³â âîäíåâèõ çâ’ÿçê³â, 
Âàí-äåð-Âààëüñîâèõ ñèë òà ³íøèõ ôàêòîð³â ôîð-
ìóâàííÿ ë³ãàíä-á³ëêîâîãî êîìïëåêñó çä³éñíþ-
âàëè çà ðåçóëüòàòàìè ïîâòîðíîãî äîê³íãó â 
ïðîãðàì³ iGEMDOCK v2.1. (Yang and Chen, 
2004) Íà ï³äñòàâ³ îðèã³íàëüíîãî ìåòîäó – 
«Generic Evolutionary Method for molecular 
DOCKing», iGEMDOCK äîçâîëÿº îáðàõóâàòè 
ê³ëüê³ñí³ ô³òíåñ-ïîêàçíèêè ñïîð³äíåíîñò³ ñïî-
ëóê äî ö³ëüîâîãî ñàéòó (Fitness/Binding Energy) 
çà âíåñêîì âîäíåâèõ çâ’ÿçê³â (Hbond), ñèë 
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Âàí-äåð-Âààëüñà (vdW) ³ åëåêòðîñòàòèêè (Elec): 
Fitness = vdW + Hbond + Elec (Yang and Chen, 
2004; Bellaver et al., 2024). Îñòàòî÷íó îáðîáêó 
òà àíàë³ç ñêîðèíãîâèõ ïîêàçíèê³â ôàðìàêî-
ôîðíîãî ïîøóêó, ìîëåêóëÿðíîãî äîê³íãó ³ ìî-
ëåêóëÿðíî¿ äèíàì³êè âèêîíóâàëè çà äîïîìî-
ãîþ ïðîãðàìè Microsoft Excel 2016.

Õåìîãåíîìíó êëàñòåðèçàö³þ ñàéò³â çâ’ÿçó-
âàííÿ âèêîíóâàëè ³ç âèêîðèñòàííÿì àì³íî-
êèñëîòíèõ ïîñë³äîâíîñòåé ôðàãìåíò³â êèøåíü 
ö³ëüîâèõ ñàéò³â, ÿê³ áóëè âèçíà÷åí³ íà ï³äñòàâ³ 
äèñòàíö³¿ 5 Å â³ä êëàñòåðà ðåôåðåíòíèõ ë³-
ãàíä³â (ë³ãàíäè ç PDB-ñòðóêòóð). Â³äïîâ³äí³ 
àì³íîêèñëîòí³ ïîñë³äîâíîñò³ áóëè îòðèìàí³ ç
ðåïîçèòîð³þ UniProtKB (www.uniprot.org). Âè-
ð³âíþâàííÿ àì³íîêèñëîòíèõ ïîñë³äîâíîñòåé 
âèêîíóâàëîñü â ïðîãðàì³ ClustalX2 ³ç çàëó÷åí-
íÿì âàãîâî¿ ìàòðèö³ Blossum ³ êëàñòåðèçàö³¿ çà 
àëãîðèòìîì çâ’ÿçóâàííÿ íàéáëèæ÷èõ ñóñ³ä³â 
(NJ) (Larkin et al., 2007). Â³çóàë³çàö³ÿ ³ àíàë³ç 
ô³ëîãåíåòè÷íèõ äåðåâ çä³éñíþâàëèñü â ïðîãðà-
ì³ MEGA12 (Kumar et al., 2024).

Ðåçóëüòàòè òà îáãîâîðåííÿ. Ïåðøèì ëîã³÷-
íèì ïèòàííÿì àêòóàëüíîãî äîñë³äæåííÿ áóëî
ç’ÿñóâàííÿ íàñê³ëüêè êîíñåðâàòèâí³ ö³ëüîâ³ 
ñàéòè çâ’ÿçóâàííÿ ñóáñòðàò³â ó ð³çíèõ ïðåäñòàâ-
íèê³â ðîäèíè SLC5. Äëÿ âèâ÷åííÿ öüîãî ïè-
òàííÿ áóëî âèêîíàíî êëàñòåðèçàö³þ êèøåíü 
ñóáñòðàò-ç’âÿçóþ÷èõ ñàéò³â âñ³õ 12 ³çîòèï³â 
SLC5 ëþäèíè. Äëÿ öüîãî, â ïðîãðàìàõ Swiss-
Model ³ AlphaFold3, áóëî ðåêîíñòðóéîâàíî 
ñòðóêòóðí³ ìîäåë³ âñ³õ â³äîìèõ ³çîòèï³â SLC5. 
Ñòðóêòóðíå âèð³âíþâàííÿ ïîáóäîâàíèõ ìîäå-
ëåé ³ ñòðóêòóð ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â äå-
ïîíîâàíèõ â RCSB Protein Data Bank: 7VSI ç 
7R3 (Empagliflozin), 7YNJ ç GYP (methyl alpha-
D-glucopyranoside), 8HB0 ç KZ3 (³íã³á³òîð TA-
1887), 8HDH ç L3R (Canagliflozin), 8HEZ ç LE6 
(Dapagliflozin) ³ 8HG7 ç LFL (Sotagliflozin), ïî-
êàçàëî, ùî çâ’ÿçàí³ ë³ãàíäè äåìîíñòðóþòü çíà÷-
íó ïîä³áí³ñòü ïîç, êëþ÷îâèõ ñóáñòðóêòóð òà 
ôîðìóþòü êîìïàêòíèé êëàñòåð (ðèñ. 3). 

Çà äîïîìîãîþ ïðîãðàìè PyMol áóëè â³ä³á-
ðàí³ àì³íîêèñëîòè, ÿê³ çíàõîäÿòüñÿ íà äèñòàí-
ö³¿ 5 Å â³ä êëàñòåðó ðåôåðåíòíèõ ë³ãàíä³â ³
áåçïîñåðåäíüî çàëó÷åí³ äî ôîðìóâàííÿ êèøåí³ 
ñàéòó. NJ-êëàñòåðèçàö³ÿ îòðèìàíèõ ôðàãìåí-
ò³â (ðèñ. 4) çàñâ³ä÷èëà, ùî âñ³ ³çîòèïè SLC5 
äåìîíñòðóþòü çíà÷í³ âàð³àö³¿ àì³íîêèñëîòíîãî
ñêëàäó ö³ëüîâî¿ êèøåí³, ùî âêàçóº íà ìîæëè-

â³ñòü ³ñíóâàííÿ ñåëåêòèâíèõ ³íã³á³òîð³â íàòð³é-
ãëþêîçíîãî êîòðàíñïîðòåðà SLC5A2 (ðèñ. 4, á).
Äëÿ ðîçóì³ííÿ ðóõëèâîñò³ êèøåí³ ö³ëüîâîãî ñàé-
òó, AI-ìîäåëü àïî-ôîðìè SGLT2 (AlphaFold), à 
òàêîæ, RMSF-ñòðóêòóðà îòðèìàíà çà ðåçóëü-
òàòàìè >200 í.ñ. ìîëåêóëÿðíî¿ äèíàì³êè, áóëè 
ñòðóêòóðíî ïîð³âíÿí³ ç ë³ãàíä-á³ëêîâèìè êîìï-
ëåêñàìè äåïîíîâàíèìè â RCSB: 7YNJ ç ì³ìå-
òèêîì ãëþêîçè GYP (methyl alpha-D-gluco-
pyranoside) ³ 7VSI ç åìïàãë³ôëîçèíîì (PDB ID: 
7R3) (ðèñ. 5).

Ñòðóêòóðíå âèð³âíþâàííÿ ï³äòâåðäèëî ïî-
ä³áí³ñòü ìîäåë³ ïîáóäîâàíî¿ çà äîïîìîãîþ 
AlphaFold òà óñåðåäíåíî¿ RMSF-ñòðóêòóðè ùî 
çàçíàëà 210 í.ñ. ìîëåêóëÿðíî¿ äèíàì³êè (ðèñ. 5, 
à). Àíàëîã³÷íèé ðåçóëüòàò áóâ îòðèìàíèé ïðè 
ñòðóêòóðíîìó âèð³âíþâàíí³ çàçíà÷åíèõ ìîäå-
ëåé òà PDB-ñòðóêòóðè 7YNK SGLT2 ëþäèíè 
ùî íå ì³ñòèòü ë³ãàíäó (ðèñ. 7, á). Öå äîçâîëÿº 
âèçíà÷èòè çàçíà÷åíó êîíôîðìàö³þ, ÿê ïð³î-

Ðèñ. 3. Êëàñòåð ë³ãàíä³â, ùî ôîðìóâàâñÿ ïðè ñòðóê-
òóðíîìó âèð³âíþâàíí³ á³ëêîâèõ êîìïîíåíò³â êîìï-
ëåêñ³â SGLT2 ç ³íã³á³òîðàìè, ùî äåïîíîâàí³ â RCSB
Protein Data Bank. Â³äì³÷àþòüñÿ ñï³ëüí³ ðèñè ó ðîç-
òàøóâàíí³ öèêë³÷íèõ ôðàãìåíò³â, à òàêîæ äîíîð³â ³
àêöåïòîð³â âîäíåâèõ çâ’ÿçê³â ìîëåêóë â³äîìèõ ³íã³-
á³òîð³â SGLT2
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ðèòåòíó äëÿ àïî-ôîðìè. Êð³ì òîãî, íàñòóïíå 
ïîð³âíÿííÿ âèùåçàçíà÷åíèõ ñòðóêòóð ³ PDB-
êîìïëåêñó 7YNJ, ÿêèé ñêëàäàºòüñÿ ç SGLT2 

ëþäèíè òà ìåòèë àëüôà-D-ãëþêîï³ðàíîçèäó 
(PDB: GYP), âêàçàëî íà â³äñóòí³ñòü êðèòè÷íèõ 
äåôîðìàö³é á³ëêîâîãî êîìïîíåíòó êîìïëåêñó 

Ðèñ. 4. Ðåçóëüòàòè ô³ëîãåíåòè÷íîãî ïîð³âíÿííÿ ïîâíèõ àì³íîêèñëîòíèõ ïîñë³äîâíîñòåé ïðåäñòàâíèê³â 
ðîäèíè Na+-çàëåæíèõ êîòðàíñïîðòåð³â SLC5 (à), à òàêîæ õåìîãåíîìíà êëàñòåðèçàö³ÿ êàðìàí³â ö³ëüîâîãî 
ñàéòó (á). Ï³äòâåðäæåíà óí³êàëüí³ñòü àì³íîêèñëîòíîãî ñêëàäó ö³ëüîâî¿ êèøåí³ êîòðàíñïîðòåðó SLC5A2/
SGLT2, ùî ï³äòâåðäæóº ìîæëèâ³ñòü ñïåöèô³÷íîãî ³íã³áóâàííÿ çàçíà÷åíîãî ³çîòèïó

Ðèñ. 5. Âèçíà÷åííÿ ñòðóêòóðíèõ ïåðåáóäîâ SGLT2, îáóìîâëåíèõ âçàºìîä³ºþ ç 7R3 – åìïàãë³ôëîçèí 
(Empagliflozin). Íà ðèñóíêàõ à ³ á – ë³ãàíä 7R3 âêàçóºòüñÿ äëÿ ïîçíà÷åííÿ ïîëîæåííÿ ö³ëüîâîãî ñàéòó 
³ â³í íå º ÷àñòèíîþ íàâåäåíî¿ ñòðóêòóðè. ×åðâîíà ñòð³ëêà ïîçíà÷àº íàïðÿìîê ñòðóêòóðíèõ çì³ùåíü, ùî 
âèíèêàþòü ïðè çâ’ÿçóâàíí³ ³íã³á³òîðó. (á³ëüø äîêëàäíî ó òåêñò³)



19

Ïîøóê íîâèõ ³íã³á³òîð³â SGLT2 ëþäèíè íà îñíîâ³ ðåçóëüòàò³â â³ðòóàëüíîãî ñêðèí³íãó 

ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2026. Ò. 60. ¹ 3

(ðèñ. 5, ã). Ùî ëîã³÷íå, îñê³ëüêè àëüôà-D-
ãëþêîï³ðàíîçèä âèêîðèñòîâóâàâñÿ ÿê çîíä ïðè 
äîñë³äæåíí³ ôóíêö³îíóâàííÿ SGLT2 (Zayyad et 
al., 2025), ³ ñòðóêòóðíî áëèçüêèé äî ãëþêîçè. 
Öå äîçâîëÿº çðîáèòè âèñíîâîê, ùî ôóíêö³î-
íóâàííÿ Na+-çàëåæíîãî êîòðàíñïîðòåðó SGLT2 
íå àñîö³þºòüñÿ ³ç êðèòè÷íèìè ñòðóêòóðíèìè 
ïåðåáóäîâàìè ï³ä ÷àñ òðàíñïîðòó ãëþêîçè. Îä-
íàê, âèð³âíþâàííÿ öèõ ñòðóêòóð ç PDB-êîì-
ïëåêñîì 7VSI – SGLT2 ëþäèíè ³ â³äîìèé ³í-
ã³á³òîð åìïàãë³ôëîçèí (Empagliflozin, PDB ID:
7R3), ñâ³ä÷èòü ïðî êðèòè÷í³ ñòðóêòóðí³ ïåðå-
áóäîâè SGLT2, ÿê³, â ïåðøó ÷åðãó, ïîâ’ÿçàí³ ³ç 
çì³ùåííÿì ñï³ðàë³ Í20 (ðèñ. 5, â, ä). Àíàëîã³÷-
í³ ïåðåáóäîâè òàêîæ ñïîñòåð³ãàþòüñÿ ó PDB-
ñòðóêòóð ³ç ³íøèìè ³íã³á³òîðàìè SGLT2: 7VSI 
ç 7R3 (Empagliflozin), 8HB0 ç KZ3 (³íã³á³òîð 
TA-1887), 8HDH ç L3R (Canagliflozin), 8HEZ 
ç LE6 (Dapagliflozin) ³ 8HG7 ç LFL. Ç ìåòîþ 
îö³íêè ïîòåíö³éíèõ ôëóêòóàö³é îá’ºìó êèøåí³ 
ñàéòó, ÿê³ âèíèêàþòü âíàñë³äîê ôîðìóâàííÿ 
ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â ç ³íã³á³òîðîì, áóâ 
çàñòîñîâàíèé ìåòîä êàòàëîôîðíèõ çë³ïê³â ³ç
âèêîðèñòàííÿì ïëàã³íó CavitOmiX, ïðîãðàìè
PyMOL (Gruber et al., 2015; Hetmann et al., 2023;
Parigger et al., 2024). Ó âèïàäêó ñòðóêòóðè 
7YNJ (êîìïëåêñ SLC5A2 ç àëüôà-D-ãëþêîï³-
ðàíîçèäîì = GYP) (ðèñ. 6, à) ³ àïî-ôîðìè 

SGLT2 (óñåðåäíåíà RMSF ìîäåëü ïîáóäîâàíà 
çà ðåçóëüòàòàìè àíàë³çó ñòàá³ëüíîãî ôðàãìåí-
òó òðàºêòîð³¿ ìîëåêóëÿðíî¿ äèíàì³êè) îá’ºì 
êèøåí³ ìàéæå íåâ³äð³çíÿâñÿ (ðèñ. 6, á). Ïðè 
öüîìó, äëÿ êîìïëåêñó SGLT2 ç åìïàãë³ôëîçè-
íîì (Empagliflozin, PDB ID: 7VSI, ë³ãàíä –
7R3) áóëî êîíñòàòîâàíî ùî îá’ºì êèøåí³ çá³ëü-
øóâàâñÿ â ðàçè (ðèñ. 6, â), ùî ï³äòâåðäæóº 
ïîïåðåäí³ âèñíîâêè, çðîáëåí³ çà ðåçóëüòàòàìè 
àíàë³çó çì³ùåíü α-ñï³ðàë³ Í20.

Òàêèì ÷èíîì, áóëî êîíñòàòîâàíî ôàêò çíà÷-
íèõ ë³ãàíä-á³ëêîâèõ ïðèïàñóâàíü, ùî âêàçóº íà
íåîáõ³äí³ñòü âðàõóâàííÿ êîíôîðìàö³éíî¿ ãíó÷-
êîñò³ êèøåí³ ö³ëüîâîãî ñàéòó, ³ ï³ä ÷àñ â³ðòó-
àëüíîãî ñêðèí³íãó ìîæå áóòè âèð³øåíî ÷åðåç 
çàñòîñóâàííÿ àíñàìáëþ êîíôîðìàö³é. (Du et 
al., 2016) Ïðè öüîìó, âèêîðèñòàííÿ äëÿ íà-
ñòóïíîãî ñêðèí³íãó PDB-ñòðóêòóð àïî-ôîðìè
SGLT2, à òàêîæ 3D-ìîäåëåé, ÿê³ áóëè ïîáóäî-
âàí³ áåç âðàõóâàííÿ ïðèñóòíîñò³ ë³ãàíäó (ìîäå-
ë³ AlphaFold), áóëî âèçíà÷åíî íåäîðå÷íèì.

Âèçíà÷åííÿ àì³íîêèñëîò, ÿê³ ôîðìóþòü êè-
øåíþ ö³ëüîâîãî ñàéòó çâ’ÿçóâàííÿ ë³ãàíä³â ç 
SGLT2 ëþäèíè. Äëÿ ðåàë³çàö³¿ íàñòóïíîãî ìî-
ëåêóëÿðíîãî äîê³íãó â ïðîãðàì³ CCDC GOLD 
áóâ îáðàíèé ïðîòîêîë, ÿêèé ïåðåäáà÷àâ íà-
ëàøòóâàííÿ ñèñòåìè ³ç âðàõóâàííÿì àì³íî-
êèñëîòíîãî ñêëàäó ö³ëüîâî¿ êèøåí³ òà íàÿâíîñò³ 

Ðèñ. 6. Àíàë³ç çì³í îá’ºìó òà ôîðìè êèøåí³ ö³ëüîâîãî ñàéòó çâ’ÿçóâàííÿ âèÿâèâ çíà÷í³ ïåðåáóäîâè ë³ãàíä-
á³ëêîâîãî ïðèïàñóâàííÿ ïðè ôîðìóâàíí³ êîìïëåêñó SGLT2 ç â³äîìèìè ³íã³á³òîðàìè. à – SGLT2 (SLC5A2) 
ëþäèíè ç àíàëîãîì íàòèâíîãî ñóáñòðàòó – methyl alpha-D-glucopyranoside = GYP (êð³îåëåêòðîííà ñòðóê-
òóðà 7YNJ ç RCSB Protein Data Bank); á – àïî-ôîðìà SGLT2 ëþäèíè ï³ñëÿ 120 í.ñ. ìîëåêóëÿðíî¿ äèíàì³êè 
â ïðîãðàì³ Gromacs (ñèëîâå ïîëå Charmm36; ìîäåëü ñîëüâåíòó Tip3, ô³ç³îëîã³÷íèé ð³âåíü Na+ ³ Cl-); â –
êèøåíÿ, ðîçêðèòà â ðåçóëüòàò³ ôîðìóâàííÿ êîìïëåêñó ç ³íã³á³òîðîì. Íà ïðèêëàä³ ìîäåë³ êîìïëåêñó SGLT2 
ç 7R3 (Empagliflozin) îòðèìàíîãî ìåòîäîì êð³îåëåêòðîííî¿ ì³êðîñêîï³¿
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ðåôåðåíòíîãî ë³ãàíäó. Äëÿ îòðèìàííÿ ñïèñêó 
àì³íîêèñëîò, ÿê³ ôîðìóþòü çàçíà÷åíó êèøåíþ, 
áóëè âèêîðèñòàí³ PDB ñòðóêòóðè ë³ãàíä-á³ë-
êîâèõ êîìïëåêñ³â SGLT2: 7VSI ç 7R3 (Empa-
gliflozin), 7YNJ ç GYP (methyl alpha-D-gluco-
pyranoside), 7YNK (áåç ë³ãàíäó = àïîôîðìà), 
8HB0 ç KZ3 (³íã³á³òîð TA-1887), 8HDH ç L3R 
(Canagliflozin), 8HEZ ç LE6 (Dapagliflozin), 8HG7
ç LFL (Sotagliflozin), à òàêîæ, ñòðóêòóðà 8HIN 
(áåç ë³ãàíäó = àïîôîðìà). Òàêîæ äî äîñë³äæåí-
íÿ áóëî çàëó÷åíî ïîâíîàòîìíó AI-ìîäåëü àïî-
ôîðìè SGLT2 ëþäèíè, ÿêà áóëà îòðèìàíà 
øëÿõîì óñåðåäíåííÿ (RMSF) ñòàá³ëüíèõ ôðåé-
ì³â 210 íñ. ìîëåêóëÿðíî¿ äèíàì³êè â Gromacs. 

Ï³ñëÿ 3D-âèð³âíþâàííÿ çàçíà÷åíèõ ñòðóê-
òóð â ïðîãðàì³ PyMol áóëà âèçíà÷åíà ñóêóï-
í³ñòü àì³íîêèñëîò ö³ëüîâîãî êàðìàíó ñàéòó, ÿê³ 
çíàõîäèëèñÿ íà â³äñòàí³ 5 Å â³ä êëàñòåðó ñî-
êðèñòàë³çîâàíèõ ë³ãàíä³â. 

Êîíñòðóþâàííÿ ôàðìàêîôîð³â. Îñê³ëüêè 
SGLT2 ëþäèíè äåìîíñòðóº çíà÷íèé ïîòåíö³-
àë ë³ãàíä-á³ëêîâîãî ïðèïàñóâàííÿ êèøåí³ ö³-
ëüîâîãî ñàéòó, íàìè áóëà îáðàíà ñòðàòåã³ÿ 
â³ðòóàëüíîãî ñêðèí³íãó ³ç âèêîðèñòàííÿì ñåð³¿ 
äèñêðåòíèõ ôàðìàêîôîð³â. Ôàðìàêîôîðè áóëè
ïîáóäîâàí³ ³ç âèêîðèñòàííÿì øîñò³ PDB-ñòðóê-
òóð ë³ãàíä-á³ëêîâèõ êîìïëåêñ³â SGLT2: 7VSI â 
êîìïëåêñ³ ç 7R3 (Empagliflozin), 7YNJ â êîìï-
ëåêñ³ ç GYP (methyl alpha-D-glucopyranoside), 
8HB0 â êîìïëåêñ³ ç KZ3 (³íã³á³òîð TA-1887), 
8HDH â êîìïëåêñ³ ç L3R (Canagliflozin), 8HEZ 
â êîìïëåêñ³ ç LE6 (Dapagliflozin) ³ 8HG7 â 
êîìïëåêñ³ ç LFL (Sotagliflozin).

Ïðè öüîìó, âèçíà÷åííÿ âçàºìîä³é ³ òèï³â 
äåñêðèïòîð³â, ´ðóíòóâàëîñü íà ðåçóëüòàòàõ àíà-
ë³çó ë³ãàíä-á³ëêîâèõ âçàºìîä³é çàçíà÷åíèõ åêñ-
ïåðèìåíòàëüíèõ êîìïëåêñ³â. Äëÿ öüîãî, â ïðî-
ãðàì³ BIOVIA Discovery Studio 2024 Client, âè-
çíà÷àëèñü êëþ÷îâ³ ë³ãàíä-á³ëêîâ³ âçàºìîä³¿ íà 
ï³äñòàâ³ àíàë³çó 3D-ìîäåëåé åêñïåðèìåíòàëü-
íèõ êîìïëåêñ³â, ³ â³äïîâ³äíèõ 2D-êàðò âçàºìîä³é. 

Ïåðâèííèé ôàðìàêîôîð ìîäåëþâàâñÿ àâòî-
ìàòè÷íî, çà äîïîìîãîþ on-line ñåðâ³ñó Pharmit
(http://pharmit.csb.pitt.edu/), ï³ñëÿ ÷îãî ôàðìà-
êîôîðíà ìîäåëü êîðåãóâàëàñü ³ç âðàõóâàííÿì 
âèçíà÷åíèõ âçàºìîä³é. Ïðè öüîìó, ñôåðà êîæ-
íîãî äåñêðèïòîðà ìàëà ðàä³óñ (r) = 1 Å. Òàêîæ 
â ñèñòåìà äîïîâíþâàëàñü îáìåæåííÿìè îá’ºìó
ïðîñòîðó êèøåí³ ïî ïîâåðõí³ êàðìàíó ìîëå-
êóëÿðíî¿ ì³øåí³ (Exclusive Shape = «Receptor»), 

à òîëåðàíòí³ñòü ïîâåðõí³ ðåöåïòîðó ñêëàäàëà 
1 Å. Íàïðÿìîê âçàºìîä³é âèçíà÷àâñÿ ÿê âåêòî-
ðè â³ä öåíòð³â â³äïîâ³äíèõ ñôåð äåñêðèïòîð³â, 
à ê³ëüê³ñòü ã³ïîòåç îáìåæóâàëàñü çà ïðèíöè-
ïîì, 1 ã³ïîòåçà íà 1 ñïîëóêó.

Ðåçóëüòàòè ôàðìàêîôîðíîãî ñêðèí³íãó á³áë³î-
òåêè ñïîëóê êîìïàí³¿ Enamine Ltd. Ôàðìàêî-
ôîðíèé ïîøóê ïîòåíö³éíèõ åôåêòîð³â SLC5A2 
ëþäèíè áóëî âèêîíàíî ³ç âèêîðèñòàííÿì á³á-
ë³îòåêè óêðà¿íñüêî¿ êîìïàí³¿ Enamine Ltd. (https://
enamine.net). Àêòóàëüíà á³áë³îòåêà êîìïàí³¿ 
Enamine ³íòåãðîâàíà ³ç web-ñåðâ³ñîì Pharmit 
³ ì³ñòèòü 4.117.328 ñïîëóê, ÿê³ ïðåäñòàâëåí³ ó 
âèãëÿä³ 60.516.302 ï³äãîòîâëåíèõ êîíôîðìåð³â 
(ðåë³ç â³ä 27 æîâòíÿ 2023 ðîêó). Ïðåäñòàâëåí³ 
ñïîëóêè äîñòóïí³ äëÿ çàìîâëåííÿ, ùî â³äêðèâàº 
ìîæëèâîñò³ äëÿ ïîäàëüøîãî ôàðìàöåâòè÷íîãî 
òåñòóâàííÿ îáðàíèõ ñïîëóê in vitro òà in vivo.

Íàëàøòóâàííÿ ñèñòåìè ñêðèí³íãó çä³éñíþ-
âàëàñü çà ðàí³øå îïèñàíèì ïðîòîêîëîì. Ê³ëü-
ê³ñòü õ³ò³â ñêðèí³íãó, ñêîðî÷óâàëèñü çà äîïî-
ìîãîþ ïîñò-ô³ëüòðàö³¿: Max Score â³ä –6 äî –8 
(âèçíà÷àëîñü ïî ðåôåðåíòíî¿ ñïîëóêè), Max 
mRMSD = 1, Single Conformer = 1. Òàêîæ, çà-
ñòîñîâóâàëàñü â³çóàëüíà îö³íêà õ³òà â³äíîñíî 
ñòðóêòóðè ðåôåðåíòíîãî ë³ãàíäà ïåðâèííî¿ PDB-
ñòðóêòóðè.

Ðåçóëüòàòè øåñòè ñêðèí³íã³â (ïî ê³ëüêîñò³ 
âèêîðèñòàíèõ PDB-ñòðóêòóð: 7VSI, 7YNJ, 8HB0,
8HDH, 8HEZ ³ 8HG7) áóëè îá’ºäíàí³ â ñï³ëü-
íó á³áë³îòåêó MS Excel, ùî äîçâîëèëî âèäàëèòè 
ïîâòîðè òà âèçíà÷èòè 36 óí³êàëüíèõ ñïîëóê 
(òàáë. 1). Â³ä³áðàí³ ñïîëóêè, áóëè ³äåíòèô³êî-
âàí³ çã³äíî äåïîíóâàííþ â PubChem, çàâàíòà-
æåí³ òà çáåðåæåí³ ó ôîðìàòàõ *.sdf ³ *.mol2, äëÿ 
ïîäàëüøîãî ìîëåêóëÿðíîãî äîê³íãó â ïðîãðà-
ìàõ CCDC GOLD ³ iGEMDOCK.

Ðåçóëüòàòè ìîëåêóëÿðíîãî äîê³íãó â³ä³áðàíèõ 
ë³äåð³â â ïðîãðàìàõ CCDC GOLD ³ iGEMDOCK. 
Ìîëåêóëÿðíèé äîê³íã õ³ò³â ôàðìàêîôîðíîãî 
ïîøóêó çä³éñíþâàâñÿ ³ç âèêîðèñòàííÿì á³ë-
êîâèõ ôðàãìåíò³â PDB-ñòðóêòóð: 7VSI, 7YNJ, 
8HB0, 8HDH, 8HEZ ³ 8HG7. Ïðè öüîìó, ï³ä 
÷àñ äîê³íãó â CCDC GOLD, íàìè áóëà çàäàíà 
ìàêñèìàëüíà ãíó÷ê³ñòü ë³ãàíä³â, à îö³íþâàëüí³ 
ôóíêö³¿ ïðîãðàìè áóëè ïðåäñòàâëåíí³ ô³òíåñ-
ôóíêö³ÿìè ChemPLP (îñíîâíà) òà ASP (ôóíê-
ö³ÿ ðåñêîð³íãó). Ïîçèö³îíóâàííÿ äîñë³äæóâà-
íèõ ñïîëóê çä³éñíþâàëè â³äíîñíî ðåôåðåíò-
íîãî ë³ãàíäó – Empagliflozin (PDB ID:7R3) 
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ñòðóêòóðè 7VSI. Ñàéò çàäàâàâñÿ ïåðåë³êîì 
àì³íîêèñëîò ö³ëüîâî¿ êèøåí³. Íàéêðàù³ äîê³íã-
ïîçè ë³ãàíä³â áóëè â³ä³áðàí³ íà ï³äñòàâ³ ïîêàç-
íèê³â ChemPLP, à òàêîæ ðåçóëüòàò³â îö³íêè ¿õ 
ïîç â³äíîñíî ðåôåðåíòíèõ ë³ãàíä³â (ñïîëóêè 
ç êîìïëåêñ³â PDB). Íàéêðàù³ ïðîãíîçîâàí³ 
êîìïëåêñè áóëè çáåðåæåí³ ó ôîðìàò³ *.pdb, çà-
âàíòàæåí³ â ïðîãðàìó PyMol ³ ñòðóêòóðíî ïîð³â-
íÿí³ ç åêñïåðèìåíòàëüíèìè ñòðóêòóðàìè, äëÿ 
ï³äòâåðäæåííÿ êîðåêòíîñò³ ïîñàäêè (ðèñ. 7)

Äëÿ ðîçðàõóíêó åíåðã³¿ çâ’ÿçóâàííÿ â³ä³áðà-
íèõ ñïîëóê ³ç ö³ëüîâèì ñàéòîì SGLT2 ëþ-
äèíè áóëî çàñòîñîâàíî ðåäîê³íã â ïðîãðàì³ 
iGEMDOCK. Äëÿ öüîãî áóëà ñòâîðåíà îá’ºäíà-
íà á³áë³îòåêà, ÿêà âêëþ÷àëà 36 ñïîëóê â³ä³áðà-
íèõ ç á³áë³îòåêè Enamine Ltd òà êîíòðîëüí³ 
ðå÷îâèíè ç øîñò³ ðàí³øå çàçíà÷åíèõ PDB-
ñòðóêòóð: 7R3 (Empagliflozin), GYP (methyl 
alpha-D-glucopyranoside), KZ3 (³íã³á³òîð TA-
1887), L3R (Canagliflozin), LE6 (Dapagliflozin) ³ 
LFL (Sotagliflozin). 

Â³äïîâ³äíî äî óìîâ ïðîãðàìè iGEMDOCK 
á³áë³îòåêà ë³ãàíä³â áóëà çáåðåæåíà â ôîðìàò³ 
*.mol2. Ìîëåêóëÿðíèìè ì³øåíÿìè äîê³íãó áó-
ëè PDB-ñòðóêòóðè: 7VSI, 7YNJ, 8HB0, 8HDH, 
8HEZ ³ 8HG7. Â³äïîâ³äíî, áóëî âèêîíàíî ø³ñòü 
äèñêðåòíèõ ñåàíñ³â äîê³íãó, ùî âðàõîâóâàëî 
êîíôîðìàö³éí³ ôëóêòóàö³¿ ö³ëüîâîãî êàðìàíó. 
Ðàíæóâàííÿ ðåçóëüòàò³â äîê³íãó çä³éñíþâàëîñü 

íà ï³äñòàâ³ øòàòíî¿ ô³òíåñ ôóíêö³¿ TotalEnergy 
ïðîãðàìè iGEMDOCK ÿêà º ïîõ³äíîþ êîí-
ñîë³äàö³¿ ïðîãíîç³â âíåñê³â âîäíåâèõ çâ’ÿçê³â 
(HBond), ñèë Âàí-äåð-Âààëüñà (VDW) òà åëåê-
òðîñòàòè÷íèõ âçàºìîä³é (Elec): TotalEnergy = 
= HBond+VDW+Elec. Äëÿ îñòàòî÷íî¿ îö³íêè, 
ðåçóëüòàòè äèñêðåòíèõ ñåñ³é äîê³íãó áóëè 
ïåðåíåñåí³ â MS Excel, äå áóëî âèçíà÷åíî 
ñåðåäí³ çíà÷åííÿ ô³òíåñ-ôóíêö³é ³ âèêîíàíî 
ðàíæóâàííÿ çà ïîêàçíèêîì åíåðã³¿ çâ’ÿçóâàííÿ 
«TotalEnergy» (ðèñ. 8). 

Çã³äíî ³ç ðåçóëüòàòàìè ðàíæóâàííÿ ë³äåðàìè 
áóëî âèçíà÷åíî äâ³ êîíòðîëüí³ ñïîëóêè: KZ3 
(³íã³á³òîð TA-1887) òà L3R (Canagliflozin). Ãàðí³ 
ðåçóëüòàò³ òàêîæ ïîêàçàëè ³íø³ êîíòðîëüí³ ñïî-
ëóêè. Òàê, 7R3 (Empagliflozin) çàéíÿâ ÷åòâåðòå 
ì³ñöå, LE6 (Dapagliflozin) – ï’ÿòå ì³ñöå, à LFL 
(Sotagliflozin) âèçíà÷èâñÿ íà äåñÿòîìó ì³ñö³. 
GYP (methyl alpha-D-glucopyranoside) çàéíÿâ 
39 ì³ñöå ç 43-õ ðå÷îâèí, ùî ïîÿñíþºòüñÿ ò³ì, 
ùî çàçíà÷åíà ñïîëóêà ðîçðîáëÿëàñü íå ÿê ³í-
ã³á³òîð, à ÿê çîíä äëÿ äîñë³äæåííÿ ðîáîòè êî-
òðàíñïîðòåð³â SGLT1 ³ SGLT2 (Zayyad et al., 
2025). Òàêèì ÷èíîì, GYP çíà÷íîþ ì³ðîþ ³ì³-
òóº ïîâåä³íêó ìîëåêóëè ãëþêîçè.

Íåçâàæàþ÷è íà òå, ùî æîäíà ³ç ñïîëóê ç 
á³áë³îòåêè Enamine Ltd. íå ìàëà ïîêàçíèêà 
TotalEnergy êðàùîãî çà TA-1887 ³ Canagliflozin, 
ï’ÿòü ñïîëóê âèçíà÷èëèñü íà ð³âí³ ïîêàçíèê³â 

Òàáëèöÿ 1. Óçàãàëüíåí³ ðåçóëüòàòè ôàðìàêîôîðíîãî ïîøóêó ³íã³á³òîð³â SGLT2 
³ç âèêîðèñòàííÿì ìåðåæåâîãî ñåðâ³ñó PharmIT

Enamine ID:
PubChem 

ID:
IUPAC

1. Z120161882

2. Z125538678

3. Z142050431

4. Z149482951

5. Z149482951

6. Z151538508

7. Z166564748

8. Z174198266

441477

54445

71851105

5281417

5281807

3000540

6036

656894

(2S,3S,4S,5R,6R)-3,4,5,6-tetrahydroxyoxane-2-carboxylic acid

(1S,6S,7R,8R,8aR)-1,2,3,5,6,7,8,8a-octahydroindolizine-1,6,7,8-tetrol

1-[(2-cyclobutyl-1,3-thiazol-5-yl)methylamino]-3-(3-methylphenoxy)propan-
2-ol
7-hydroxy-6-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-
2-yl]oxychromen-2-one
7-hydroxy-3-(4-hydroxyphenyl)-8-[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-yl]chromen-4-one
(2S,4R)-N-[(1R,2R)-2-hydroxy-1-[(2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
methylsulfanyloxan-2-yl]propyl]-1-methyl-4-propylpyrrolidine-2-carboxamide
(3R,4S,5R,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrol

(2R,3R,4S,5R,6S)-2-(hydroxymethyl)-6-propan-2-ylsulfanyloxane-3,4,5-triol
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Ïðîäîâæåííÿ òàáë. 1

Enamine ID:
PubChem 

ID:
IUPAC

9. Z180131867

10. Z180131873

11. Z219599321
 
12. Z219599322

13. Z219599322

14. Z219599323

15. Z219599323

16. Z219599324

17. Z219599324

18. Z219599325

19. Z219599326

20. Z219599328

21. Z223580199

22. Z237981005

23. Z238546327

24. Z238546420

25. Z238863906

26. Z241781959

27. Z256934543

28. Z296031426

29. Z31336157
30. Z317919377

31. Z322358875
4
32. Z351064262
33. Z57040505
34. Z57728537
35. Z57728538
36. Z905052654

151063

5293140

119053147 

119053149

119053163

119053153

119053167

119053146

119053154

119053162

119053168

119053158

24812758

51634

137970000

167758193

137880957

7427

132327287

138023751

45793711
136575701

9859210

28773302
1547664
3734378
3772719
79025

(2S,3R,4S,5R,6R)-2-(4-chlorophenoxy)-6-(hydroxymethyl)oxane-3,4,5-triol

(2S,3R,4S,5R,6R)-2-(2,4-dichlorophenoxy)-6-(hydroxymethyl)oxane-3,4,5-triol

6-(2-hydroxy-2-pyridin-2-ylethyl)-1-methyl-8H-pteridine-2,4,7-trione 

6-[2-hydroxy-2-(4-methylphenyl)ethyl]-1-methyl-8H-pteridine-2,4,7-trione

6-[2-hydroxy-2-(3,4,5-trimethoxyphenyl)ethyl]-1-methyl-8H-pteridine-
2,4,7-trione
6-[2-(1-benzofuran-2-yl)-2-hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-
trione
6-[2-(2,4-difluorophenyl)-2-hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-
trione
6-[2-hydroxy-2-(2-methylphenyl)ethyl]-1-methyl-8H-pteridine-2,4,7-trione

6-[2-(4-fluorophenyl)-2-hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-trione

6-[2-(2-fluorophenyl)-2-hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-trione

6-[2-(2-bromophenyl)-2-hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-trione

6-[2-(2-chlorophenyl)-2-hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-trione
(2S,3R,4R,5S,6R)-2-[3-[[5-(4-fluorophenyl)thiophen-2-yl]methyl]-4-
methylphenyl]-6-(hydroxymethyl)oxane-3,4,5-triol

(2R,3R,4R,5S)-1-butyl-2-(hydroxymethyl)piperidine-3,4,5-triol

(1R,2R,3S)-3-[(1-methylbenzimidazol-5-yl)methylamino]-2-(4-methylpyrazol-
1-yl)cyclobutan-1-ol
(1R,2R,3S)-3-[(1-tert-butyltriazol-4-yl)methylamino]-2-(4-methylpyrazol-
1-yl)cyclobutan-1-ol
(1R,2R,3S)-3-[1-(5-methylfuran-2-yl)ethylamino]-2-(4-methylpyrazol-1-yl)
cyclobutan-1-ol
(2R,3S,4S,5R,6R)-2-(hydroxymethyl)-6-[(2R,3R,4S,5S,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxyoxane-3,4,5-triol
3-[[5-[hydroxy(phenyl)methyl]-1,2,4-triazol-1-yl]methyl]oxan-3-ol

N-[(2R,3R)-1,3-dihydroxybutan-2-yl]-6-methylpyrimidine-4-carboxamide

1-(2,6-dimethylphenoxy)-3-[2-(hydroxymethyl)benzimidazol-1-yl]propan-2-ol
2-amino-6-(2-hydroxy-2-phenylethyl)-3,8-dihydropteridine-4,7-dione

(2R,3R,4R,5S,6R)-3-amino-6-(hydroxymethyl)oxane-2,4,5-triol;hydrochloride

2-[(2,4-dioxo-1H-pyrimidine-5-carbonyl)amino]acetic acid
3-(3,4-diamino-5-oxo-1,2,4-triazin-6-yl)propanoic acid
2-(2-chlorophenoxy)-6-(hydroxymethyl)oxane-3,4,5-triol
2-(2,4-dichlorophenoxy)-6-(hydroxymethyl)oxane-3,4,5-triol
(2S,3R,4S,5S,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrol
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êîíòðîëüíî¿ ãðóïè. Òàê, ñïîëóêà 24812758 (Ena-
mine: Z2235801995) çàéíÿëà ïî÷åñíå òðåòå ì³ñ-
öå, ëèøå òðîõè ïîñòóïàþ÷èñü äâîì ë³äåðàì. 
Î÷³êóâàíà ³íã³áóþ÷à àêòèâí³ñòü ö³º¿ ñïîëóêè 
ìàº íå ïîñòóïàòèñü 7R3 (Empagliflozin) ³ LE6
(Dapagliflozin). Ùå ÷îòèðè ñïîëóêè – 5281807 
(Enamine: Z1494829516), 119053163 (Enamine: 
Z2195993226), 119053153 (Enamine: Z2195993230) 
³ 7427 (Enamine: Z2417819595), çàéíÿëè 6, 7, 8 ³ 
9 ì³ñöÿ, ³ çà åíåðã³ºþ çâ’ÿçóâàííÿ ïîçèö³îíóþ-
òüñÿ ì³æ LE6 (Dapagliflozin) ³ LFL (Sotagliflozin).

Ñë³ä çàçíà÷èòè, ùî çã³äíî ïðîãíîçó ïðî-
ãðàìè CCDC GOLD, ñïîëóêè Z2235801995, 
Z1494829516 ³ Z2417819595 ïðîÿâëÿþòü ìàíå-
ðó çâ’ÿçóâàííÿ ïîä³áíó äî êîíòðîëüíèõ ³í-
ã³á³òîð³â ³ íåñóòü ïîä³áí³ ôóíêö³îíàëüí³ ãðóïè 
(ðèñ. 9). Ïðîòå, ïðîô³ë³ âçàºìîä³¿ Z2195993226 
³ Z2195993230 ïîì³òíî â³äð³çíÿþòüñÿ (ðèñ. 9). 

Àíàë³ç àêòóàëüíîãî ñòàòóñó ñïîëóê-ë³äåð³â. 
Äëÿ ÷èñòîòè åêñïåðèìåíòó íà âñ³õ åòàïàõ 
â³ðòóàëüíîãî ñêðèí³íãó ñïîëóêè ç á³áë³îòåêè 
Enamine Ltd. ðîçãëÿäàëèñü ÿê àíîí³ìí³. Äî 
óâàãè áðàëèñü âèêëþ÷íî íîìåðè äåïîíóâàíü 
â ðåïîçèòîð³¿ êîìïàí³¿, íîìåð â PubChem ID 
(CID:), íîìåíêëàòóðà IUPAC (International Uni-
on of Pure and Applied Chemistry), à òàêîæ, 
õ³ì³÷íà ñòðóêòóðà (ôàéëè *.sdf ³ *.mol2). Ïå-
ðåâ³ðêà ñòàòóñó â³ä³áðàíèõ ï’ÿòè ë³äåð³â çä³éñ-

íþâàëàñü âèêëþ÷íî íà çàêëþ÷íîìó åòàï³ äîñ-
ë³äæåííÿ, íà ï³äñòàâ³ àíîòàö³é PubChem (https://
pubchem.ncbi.nlm.nih.gov/), DrugBank (https://
go.drugbank.com/) ³ U.S. FDA (www.fda.gov).

Ðèñ. 7. Ïð³îðèòåòí³ ïîçè äîê³íãó ë³ãàíä³â, â³ä³áðàíèõ 
ç á³áë³îòåêè êîìïàí³¿ Enamine Ltd., ó ïîð³âíÿíí³ ³ç 
ïîçîþ êîíòðîëüíîãî ë³ãàíäó – Empagliflozin (PDB 
ID:7R3) åêñïåðèìåíòàëüíî¿ ñòðóêòóðè 7VSI (RCSB 
Protein Data Bank). Ïîçè äîê³íãó ñïîëóê áóëè â³ä³-
áðàí³ çà íàéêðàùèìè ïîêàçíèêàìè ô³òíåñ-ôóíêö³¿
ChemPLP. Îòðèìàí³ ðåçóëüòàòè ïîêàçàëè êîðåêò-
í³ñòü ïîñàäêè âñ³õ 36 ñïîëóê ë³äåð³â ³ â³äñóòí³ñòü 
â³äâåðòèõ êëåø-êîíôë³êò³â

Ðèñ. 8. Ðåçóëüòàòè ðàíæóâàííÿ ñï³ëüíî¿ ãðóïè êîíòðîëüíèõ ³íã³á³òîð³â SGLT2 (SLC5A2) ëþäèíè ³ 36 ñïîëóê, 
ùî áóëè â³ä³áðàí³ ç á³áë³îòåêè êîìïàí³¿ Enamine Ltd. çà ïîêàçíèêîì ðîçðàõîâàíî¿ åíåðã³¿ ë³ãàíä-á³ëêîâî¿ 
âçàºìîä³¿ (TotalEnergy). ×åðâîíèì êîëüîðîì ïîçíà÷åíî êîíòðîëüí³ ³íã³á³òîðè, äëÿ ÿêèõ ³ñíóþòü êîìïëåêñè 
ç SGLT2 ëþäèíè, äåïîíîâàí³ â RCSB Protein Data Bank. Áëàêèòíèì êîëüîðîì ïîçíà÷åíî ë³äåð³â ³ç ñïîëóê 
êîìïàí³¿ Enamine Ltd. Ñâ³òëî-ñ³ðèì êîëüîðîì ïîçíà÷åíî ÷îòèðè àóòñàéäåðà, ïðîãíîçîâàíà àêòèâí³ñòü 
ÿêèõ ïîñòóïàºòüñÿ GYP (methyl alpha-D-glucopyranoside). ²íø³ 28 ñïîëóê êîìïàí³¿ Enamine Ltd. óòâîðþþòü 
«ñóò³íêîâó çîíó» àêòóàëüíîãî ñêðèí³íãó
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Ðèñ. 9. Ñòðóêòóðíî-á³îëîã³÷íèé ïðîãíîç ë³ãàíä á³ëêîâèõ âçàºìîä³é ï’ÿòè ñïîëóê-ë³äåð³â îáðàíèõ ç á³áë³îòå-
êè êîìïàí³¿ Enamine Ltd. ³ ö³ëüîâîãî ñàéòó SGLT2 ëþäèíè



25

Ïîøóê íîâèõ ³íã³á³òîð³â SGLT2 ëþäèíè íà îñíîâ³ ðåçóëüòàò³â â³ðòóàëüíîãî ñêðèí³íãó 

ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2026. Ò. 60. ¹ 3

Ïåðø çà âñå, ë³äåðà ç ðåïîçèòîð³þ Enami-
ne – Z2235801995 (PubChem – CID: 24812758) 
áóëî ³äåíòèô³êîâàíî, ÿê êàíàãë³ôëîçèí (Ca-
nagliflozin). Òàêîæ â³äîìèé ÿê Invokana, êà-
íàãë³ôëîçèí áóâ çàðåºñòðîâàíèé Johnson and
Johnson, ÿê ä³þ÷à ðå÷îâèíà ïðåïàðàòó NVO-
KAMET (TABLET; ORAL; JANSSEN PHARMS 
08/23/2024), ÿê³é º êîìá³íàö³ºþ êàíàãë³ôëîçè-
íó ³ ìåòôîðì³íó. Ó 2014 ð. NVOKAMET áóâ 
ñõâàëåíèé FDA [ID: 4129180], ÿê êîìá³íîâà-
íèé ïðåïàðàò ³íã³á³òîð³â íàòð³é-ãëþêîçíîãî 
êîòðàíñïîðòåðà 2 òèïó (SGLT2) òà á³ãóàí³äó. 
Äàíèé ïðåïàðàò ðåêîìåíäîâàíèé äëÿ ïîêðà-
ùåííÿ ãë³êåì³÷íîãî êîíòðîëþ ó äîðîñëèõ ç 
öóêðîâèì ä³àáåòîì 2 òèïó, êîëè äîö³ëüíå ë³-
êóâàííÿ êàíàãë³ôëîçèíîì òà ìåòôîðì³íîì. 
Ñë³ä çàçíà÷èòè, ùî ïðåïàðàò íå ðåêîìåíäî-
âàíèé äëÿ ë³êóâàííÿ öóêðîâîãî ä³àáåòó 1 òèïó 
àáî ä³àáåòè÷íîãî êåòîàöèäîçó [FDA Reference 
ID: 4129180], ùî ñï³âïàäàº ç äàíèìè ñòîñîâíî 
âèá³ðêîâî¿ ä³¿ ðÿäó ³íã³á³òîð³â SGLT2. Òàêèì 
÷èíîì, çàçíà÷åíà ñïîëóêà íå º íîâèì ³íã³á³òî-
ðîì SGLT2, ïðîòå, ï³äòâåðäæóº êîðåêòí³ñòü 
ðåçóëüòàò³â çàñòîñîâàíîãî ñë³ïîãî ñêðèí³íãó ³ 
âèñòóïàº äîäàòêîâèì êîíòðîëåì àêòóàëüíîãî 
äîñë³äæåííÿ.

Z1494829516, òàêîæ äåïîíîâàíèé â Pub-
Chem, ÿê CID: 5281807, â³äîìèé ÿê ïóåðàðèí 
(Puerarin), àáî êàêîíå¿í (Kakonein). Çà ñòðóê-
òóðîþ, öå ã³äðîêñè³çîôëàâîí, òîáòî ³çîôëàâîí 
³ç çàì³ùåíèìè ã³äðîêñèãðóïàìè â ïîëîæåííÿõ 7 
òà 4′ òà áåòà-D-ãëþêîï³ðàíîçèëüíèì çàëèøêîì 
ó ïîëîæåíí³ 8 ÷åðåç C-ãë³êîçèäíèé çâ’ÿçîê. 
Öå ðîñëèííèé ìåòàáîë³ò, â³äîìèé ÿê ³íäóêòîð
àóòîôàã³¿, êàðä³îïðîòåêòîð, àíòèîêñèäàíò, ïðîòè-
çàïàëüíèé çàñ³á, æàðîçíèæóâàëüíèé çàñ³á òà ³íã³-
á³òîð çàë³çîëåæíî¿ ôîðìè ðåãóëüîâàíî¿ çàãèáåë³
êë³òèí (ôåðîïòîçó). Òàêîæ, ïóåðàðèí äîñë³äæó-
âàâñÿ, ÿê çàñ³á ë³êóâàííÿ àëêîãîëüíî¿ çàëåæíîñ-
ò³. (²äåíòèô³êàòîð DrugBank: DB08907). Â RCSB 
Protein Data Bank ïðåäñòàâëåíî Êð³îÅÌ ñòðóê-
òóðó êîìïëåêñó ïóåðàðèíó ç ðåöåïòîðîì GABA 
(γ-Aminobutyric acid) ëþäèíè – PDB: 9EQG (2,
4 Å). Ïðîòå ìîæëèâ³ñòü âçàºìîä³¿ Z1494829516 
ç SGLT2 ïðîäåìîíñòðîâàíî âïåðøå.

Äëÿ äâîõ íàñòóïíèõ ñïîëóê – Z2195993226 
(CID: 119053163) ³ Z2195993230 (CID: 119053153), 
äîñòóïíà ³íôîðìàö³ÿ ñòîñîâíî á³îëîã³÷íî¿ ä³¿ 
â³äñóòíÿ. Òàêèì ÷èíîì, âîíè âïåðøå ïîçèö³î-
íóþòüñÿ, ÿê ïîòåíö³éí³ ³íã³á³òîðè SGLT2 ³ ïåð-
ñïåêòèâí³ öóêîðîçíèæóþ÷³ àãåíòè.

Òàáëèöÿ 2. Ïîòåíö³éí³ ³íã³á³òîðè SGLT2 ëþäèíè, ÿê³ áóëè â³ä³áðàí³ çà ðåçóëüòàòàìè àêòóàëüíîãî äîñë³äæåííÿ

Enamine ID: PubChem CID: 2D IUPAC Name

Z1494829516

Z2195993226

Z2195993230

5281807

119053163

119053153

7-hydroxy-3-(4-hydroxyphenyl)-8-[(2S,3R,
4R,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)
oxan-2-yl]chromen-4-one

6-[2-hydroxy-2-(3,4,5-trimethoxyphenyl)ethyl]-
1-methyl-8H-pteridine-2,4,7-trione

6-[2-(1-benzofuran-2-yl)-2-hydroxyethyl]-1-
methyl-8H-pteridine-2,4,7-trione
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Îñòàííÿ ñïîëóêà – Z2417819595 (CID: 7427),
ïîêàçàëà íàéíèæ÷ó ñïîð³äíåí³ñòü äî ö³ëüîâîãî 
ñàéòó, â³äîìà, ÿê α/α-òðåãàëîçà àáî êàáàëåòòà 
(Cabaletta), ñêëàäàºòüñÿ ç äâîõ çàëèøê³â ãëþ-
êîçè, ùî ç’ºäíàþòüñÿ â àëüôà-êîíô³ãóðàö³¿ 
åô³ðíèì çâ’ÿçêîì. Âîíà â³äîìà, ÿê ìåòàáîë³ò 
ëþäèíè òà ³íøèõ ññàâö³â, ìåòàáîë³ò Saccha-
romyces cerevisiae òà Escherichia coli. Òàêîæ âîíà 
ïîçèö³îíóºòüñÿ, ÿê ïîòåíö³éíèé ãåðîïðîòåê-
òîð, òîáòî ââàæàºòüñÿ, ùî ¿¿ ä³ÿ ìîæå ñïî-
â³ëüíþâàòè ïðîöåñè ñòàð³ííÿ ³ ñïðèÿòè ïî-
äîâæåííþ òðèâàëîñò³ æèòòÿ. Çàðàç çàçíà÷åíà 
ñïîëóêà äîñë³äæóºòüñÿ, ÿê ïîòåíö³éíèé çàñ³á 
ë³êóâàííÿ îêóëîôàðèíãåàëüíî¿ ì’ÿçîâî¿ äèñ-
òðîô³¿, à ¿¿ ïðåïàðàò, çàðåºñòðîâàíî â DrugBank: 
DB12310. Òàêîæ, ïðåïàðàò Z2417819595 ïðåä-
ñòàâëåíî â FDA, ÿê ïîòåíö³éíèé ë³êàðñüêèé 
çàñ³á ïðîô³ëàêòèêè êàòàðàêòè, ñèíäðîìó ñóõîãî 
îêà (DES), ùî çàâåðøèâ 4 ñòàä³þ êë³í³÷íèõ 
âèïðîáóâàíü (https://www.fda.gov/media/153916/
download). ßê ìîæëèâèé ³íã³á³òîð SGLT2, çà-
çíà÷åíà ñïîëóêà íå äîñë³äæóâàëàñü. Ïðîòå, âðà-
õîâóþ÷è îñîáëèâîñò³ õ³ì³÷íî¿ ñòðóêòóðè, ÿêà 
ÿâëÿº ñîáîþ äâ³ ìîëåêóëè ãëþêîçè (R-O-R), 
ùî áóäóòü ñêîð³ø çà âñå ã³äðîë³çóâàòèñü äî ìî-
íîìåð³â ï³ä ÷àñ òðàâëåííÿ (êèñëîòíèé ã³äðîë³ç 
ó øëóíêó, ôåðìåíòàòèâíå ðîçùåïëåííÿ), ïî-
äàëüøå äîñë³äæåííÿ Z2417819595, ÿê ïîòåíö³é-
íîãî ïåðîðàëüíîãî öóêðîçíèæóþ÷îãî àãåíòó, 
íå ìàº ñåíñó.

Òàêèì ÷èíîì, ³ç âðàõóâàííÿì õ³ì³÷íî¿ ñòðóê-
òóðè ³ àêòóàëüíîãî ñòàòóñó àíîòàö³¿ á³îëîã³÷íî¿ 
àêòèâíîñò³, äîö³ëüíèìè îá’ºêòàìè ïîäàëüøîãî 
äîñë³äæåííÿ ãë³ôëîçèíîâîãî ïîòåíö³àëó ý òðè 
ñïîëóêè ç àêòóàëüíîãî ðåïîçèòîð³þ êîìïàí³¿ 
Enamine Ltd. (òàáë. 2): Z1494829516 (7-hydroxy-
3-(4-hydroxyphenyl)-8-[(2S,3R,4R,5S,6R)-3,4,
5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]chromen-
4-one), Z2195993226 (6-[2-hydroxy-2-(3,4,5-trime
thoxyphenyl)ethyl]-1-methyl-8H-pteridine-2,4,7-
trione) ³ Z2195993230 (6-[2-(1-benzofuran-2-yl)-2-
hydroxyethyl]-1-methyl-8H-pteridine-2,4,7-trione).

Äîñë³äæåííÿ ç ìîëåêóëÿðíîãî äîê³íãó áóëî âèêî-
íàíî çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ 
CCDC GOLD, ëþá’ÿçíî íàäàíîãî Êåìáðèäæñüêèì 
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. / The molecular docking study 
was compiled using CCDC GOLD software, kindly 
provided by the Cambridge Crystallographic Data 
Center (CCDC) as part of a grant from the Frank H. 
Allen International Research and Illumination Pro-
gram. 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. Öå äîñë³äæåííÿ íå îòðèìóâàëî 
áóäü-ÿêîãî êîíêðåòíîãî ãðàíòó â³ä ô³íàíñóþ-
÷èõ óñòàíîâ ó äåðæàâíîìó, êîìåðö³éíîìó àáî 
íåêîìåðö³éíîìó ñåêòîðàõ.

SEARCH FOR NEW INHIBITORS 
OF SGLT2 BASED ON VIRTUAL SCREENING 
AND STRUCTURAL ANALYSIS

A.P. Karpova, L.M. Shmagai, Karpov
Institute of Food Biotechnology 
and Genomics NAS of Ukraine, 
Baidy-Vyshnevetskoho str., 2A, Kyiv, 04123, Ukraine

E-mail: karpov@nas.gov.ua; karpov@ifbg.org.ua

Sodium-GLucose Cotransporter 2 (SGLT2) inhibitors, 
known as gliflozins, are the new effective class of hy-
poglycemic drugs. This study has revealed the major 
variability in the pockets of target site for all human 
SLC5 family members and confirmed possibility for 
SGLT2 selective inhibition. Considering uniqueness of
the site, the virtual screening of Enamine Ltd che-
mical space identifies 36 perspective inhibitors of 
SGLT2. The ranking of selected compounds based 
on docking scorring and binding energies identified 5 
leaders with predicted activity comparable with known 
approved drugs. For the first time, the compounds 
Z2195993226 and Z2195993230 were identified as 
potential gliflozins. One more compound, Z1494829516 
(Puerarin), previously known as an autophagy inducer, 
ferroptosis inhibitor, cardioprotector, antioxidant, anti-
inflammatory and antipyretic, was proposed as poten-
tial gliflozin. Compound Z2417819595 was excluded 
from the list of possible SGLT2 inhibitors based on 
structural consideration. Furthermore, Z2235801995 
was identified as the active compound of FDA approved 
gliflozin NVOKAMET (FDA ID: 4129180), confirming 
correctness of screening protocol.
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