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Ïðîòå¿íê³íàçè º îäí³ºþ ç íàéá³ëüøèõ òà ð³çíîìàí³ò-
íèõ ñóïåððîäèí åóêàð³îòè÷íèõ ôåðìåíò³â. Ïðîòå, ëè-
øå äåÿê³ ç íèõ çäàòí³ áðàòè áåçïîñåðåäíþ ó÷àñòü ó 
ôîñôîðèëþâàíí³ òóáóë³íó ³ ôîðìóâàíí³ «òóáóë³íîâîãî 
êîäó». Ðàí³øå íàìè áóëî âñòàíîâëåíî ñòðóêòóðíó 
òà ôóíêö³îíàëüíó ãîìîëîã³þ ðîñëèííî¿ ïðîòå¿íê³íàçè 
IREH1 ³ òâàðèííèõ ïðîòå¿íê³íàç ðîäèíè MAST, à
òàêîæ åêñïåðèìåíòàëüíî äîâåäåíî ¿õíþ ó÷àñòü ó 
ðåãóëÿö³¿ ì³êðîòðóáî÷êîâîãî öèòîñêåëåòó âèùèõ ðîñ-
ëèí ³ òâàðèí. Â òîé æå ÷àñ, áåçïîñåðåäí³é âíåñîê 
MAST/IRE-ñïåöèô³÷íîãî ôîñôîðèëþâàííÿ ó «òóáóë³-
íîâèé êîä» çàëèøàºòüñÿ íåäîñòàòíüî çðîçóì³ëèì. 
Â ìåæàõ àêòóàëüíîãî äîñë³äæåííÿ, áóëî âèêîíàíî 
á³î³íôîðìàòè÷íó òà ñòðóêòóðíî-á³îëîã³÷íó îö³íêó 
éìîâ³ðíîñò³ òàêèõ âçàºìîä³é,  à ñàìå ³äåíòèô³êîâàí³ 
ñàéòè ôîñôîðèëþâàííÿ òóáóë³íó, ÿê³ ìàþòü íàéá³ëü-
øó ïîä³áí³ñòü äî ïðîô³ë³â ñïåöèô³÷íîãî ôîñôîðèëþ-
âàííÿ àì³íîêèñëîò ïðîòå¿íê³íàçàìè MAST/IRE. Òà-
êîæ áóëè âèçíà÷åí³ êîíñåðâàòèâí³ ñàéòè MAST/IRE-
ñïåöèô³÷íîãî ôîñôîðèëþâàííÿ òóáóë³í³â ëþäèíè òà 
Arabidopsis: Thr73 (80), ÿêèé ìàº á³ëüø³ñòü ³çîòèï³â 
�-òóáóë³íó, òà Ser115, õàðàêòåðíèé äëÿ á³ëüøîñò³ 
³çîòèï³â �-òóáóë³íó òâàðèí ³ ðîñëèí. Çã³äíî òîïîëîã³¿, 
ïåðøèé ìîæå âïëèâàòè íà ñòðóêòóðó ãåòåðîäèìåðó 
�-/�-òóáóë³íó, à äðóãèé, íà âçàºìîä³þ ì³æ ïðîòî-
ô³ëàìåíòàìè ì³êðîòðóáî÷îê. Òàêîæ â ö³é ðîáîò³ áó-
ëî âèçíà÷åíî ùå îäèí ñàéò ïîòåíö³éíîãî ôîñôîðè-
ëþâàííÿ – Ser433, ÿêèé áóâ âèçíà÷åíèé ó îáîõ ³çîòèï³â 
�-òóáóë³íó Arabidopsis thaliana, àëå â³äñóòí³é ó ññàâ-
ö³â. Çîâí³øíº ïîëîæåííÿ Ser433 â ðîñëèííîìó �-òó-
áóë³í³ äîçâîëÿº ïðèïóñòèòè, ùî éîãî ôîñôîðèëþâàííÿ 
ìîæå âïëèâàòè íà ñòðóêòóðó êîìïëåêñó �TuRC, 
àëå íå âïëèâàº íà âíóòð³øí³ êîíòàêòè ³ âçàºìîä³¿ 
ìàëèõ êîìïëåêñ³â �TuSC.

Êëþ÷îâ³ ñëîâà: ïðîòå¿íê³íàçè, MAST, IREH1, òóáóë³í, 
ôîñôîðèëþâàííÿ, ñàéò ôîñôîðèëþâàííÿ.

Âñòóï. Ì³êðîòðóáî÷êè (ÌÒ) º êëþ÷îâèì åëå-
ìåíòîì öèòîñêåëåòó, ÿêèé áåðå ó÷àñòü ó áà-

ãàòüîõ âàæëèâèõ êë³òèííèõ ïðîöåñàõ, òàêèõ ÿê
ïîä³ë êë³òèí, ï³äòðèìàííÿ ¿õ ïîëÿðíîñò³, âíóò-
ð³øíüîêë³òèííèé òðàíñïîðò ³ ðóõ (Amos and 
Schlieper, 2005; Desai and Mitchison, 1997; Ho-
ward and Hyman, 2003; Lansbergen and Akh-
manova, 2006). Òóáóë³í, ÿê îñíîâíèé á³ëîê 
ÌÒ, º âàæëèâèì ñóáñòðàòîì äëÿ ïîñòòðàíñ-
ëÿö³éíèõ ìîäèô³êàö³é (ÏÒÌ) (Gadadhar et al, 
2017; Janke, 2014; Wloga et al, 2017; Yu et al, 
2015). Ñï³ëüíî ³ç åêñïðåñ³ºþ ð³çíèõ ³çîòèï³â 
òóáóë³íó, ð³çíîìàí³òí³ ÏÒÌ ôîðìóþòü îñíî-
âó «òóáóë³íîâîãî êîäó», ÿê îñíîâíîãî äæåðåëà 
ôóíêö³îíàëüíîãî ð³çíîìàí³òòÿ ÌÒ. Çì³íè çà-
ðÿä³â, ëîêàëüíèõ êîíôîðìàö³é ³ îá’ºì³â ó ä³-
ëÿíêàõ ö³ëüîâèõ ñàéò³â, ùî ñïðè÷èíÿþòüñÿ 
äîäàâàííÿì àáî âèäàëåííÿì ð³çíèõ õ³ì³÷íèõ 
ãðóï, ôîðìóþòü ³ êîíòðîëþþòü ôóíêö³îíàëü-
íó ñïåö³àë³çàö³þ òà ïëàñòè÷í³ñòü ÌÒ (Gadad-
har et al, 2017; Smertenko et al, 1997). Â³äîì³ 
ÏÒÌ òóáóë³íó âêëþ÷àþòü ôîñôîðèëþâàííÿ, 
àöåòèëþâàííÿ, ïîë³ãëóòàì³ëþâàííÿ, óá³õ³òèíè-
ëþâàííÿ, òèðîçèëþâàííÿ/äåòèðîçèëþâàííÿ, ìå-
òèëóâàííÿ, óòâîðåííÿ �2-òóáóë³íó, í³òðóâàííÿ
òèðîçèíó, ïîë³àì³íóâàííÿ, ãë³öèëþâàííÿ òà 
³í. (Blume et al, 2010; Chakraborti et al, 2016; 
Wloga et al, 2017; Smertenko et al, 1997; Yemets
et al, 2011). Çîêðåìà, ôîñôîðèëþâàííÿ º íàä-
çâè÷àéíî âàæëèâîþ ìîäèô³êàö³ºþ, ÿêà ³íòåã-
ðóº ð³çí³ øëÿõè ïåðåäà÷³ ñèãíàë³â, ùî âïëèâà-
þòü íà êë³òèííèé ïîä³ë, ïðîë³ôåðàö³þ, äè-
ôåðåíö³àö³þ, ðóõ, òðàíñêðèïö³þ ãåí³â, ìåòà-
áîë³çì, àäàïòàö³þ äî óìîâ ñåðåäîâèùà, òîùî 
(Sawyer, 2007).

Ó ðîñëèí ôîñôîðèëþâàííÿ çä³éñíþºòüñÿ 
÷èñëåííèìè ïðîòå¿íê³íàçàìè. Òàê, ê³íîì A. tha-
liana ïðåäñòàâëåíèé ïîíàä 1000 ãåí³â ïðîòå¿í-
ê³íàç (çà íàøèìè äàíèìè – 1021 ãåí) (Chudi-
nova et al, 2017; Karpov et al, 2017; Wang et al, 
2003, 2007; Zulawski et al, 2014). Îäíàê, ëèøå 
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Êàðïîâ Ï.À., Îæåðºäîâ Ñ.Ï., Ñòåøåíêî À.Î. òà ³í.

íåçíà÷íà ¿õ ÷àñòèíà ïîâ’ÿçàíà ç ðåãóëÿö³ºþ 
öèòîñêåëåòó òà êë³òèííîãî ïîä³ëó, ³ ëèøå äå-
ÿê³ ç íèõ ìîæóòü áðàòè áåçïîñåðåäíþ ó÷àñòü 
ó ôîñôîðèëþâàíí³ òóáóë³íó (Hornbeck et al,
2015; Magiera et al, 2014). Çã³äíî ç åêñïåðè-
ìåíòàëüíèìè äàíèìè äëÿ á³ëüøîñò³ ïðîòå¿í-
ê³íàç, çàëó÷åíèõ äî ðåãóëÿö³¿ öèòîñêåëåòó òà
êë³òèííîãî ïîä³ëó, ö³ëüîâ³ á³ëêè, à òàêîæ 
ñàéòè ¿õ ôîñôîðèëþâàííÿ äîñèòü ÷àñòî 
âèçíà÷åí³ íåäîñòàòíüî ÷³òêî àáî íåâ³äîì³ 
(Hornbeck et al, 2015). Öå ö³ëêîì ñòîñóºòüñÿ 
ãðóïè àñîö³éîâàíèõ ç ì³êðîòðóáî÷êàìè ñåðèí/
òðåîí³íîâèõ ïðîòå¿íê³íàç (MAST = Microtu-
bule-Associated Serine/Threonine Kinases), ùî
íàëåæàòü äî ðîäèíè ïðîòå¿íê³íàç AGC Ser/
Thr. Ó ññàâö³â ³ ïëîäîâèõ ìóøîê ïðîòå¿íê³-
íàçè MAST áåðóòü àêòèâíó ó÷àñòü ó ïðîöåñàõ 
ðåãóëÿö³¿ ð³çíèõ ì³êðîòðóáî÷êîâèõ ñòðóêòóð 
(³íòåðôàçíèõ ì³êðîòðóáî÷îê, ïðåïðîôàçíî¿ ñòð³÷-
êè ³ ì³òîòè÷íîãî âåðåòåíà). Âèù³ ðîñëèíè òà-
êîæ ìàþòü ïðîòå¿íê³íàçè, ãîìîëîã³÷í³ MAST, 
àëå ñòðóêòóðíî-ôóíêö³îíàëüí³ ìåõàí³çìè âçàº-
ìîä³¿ ¿õ ç öèòîñêåëåòîì çàëèøàþòüñÿ íåäîñ-
òàòíüî âèâ÷åíèìè (Bryantseva et al, 2010; Chu-
dinova et al, 2017; Karpov et al, 2009, 2010). 
Ðàí³øå íàìè áóëî ï³äòâåðäæåíî ïîä³áí³ñòü 
ïîñë³äîâíîñòåé òà ñòðóêòóð ðîñëèííî¿ ïðîòå¿í-
ê³íàçè IREH1 (Incomplete Root Hair Elongation 
1; At3g17850) òà òâàðèííèõ ïðîòå¿íê³íàç ðîäè-
íè MAST (Karpov et al, 2010; Chudinova et al, 
2017). Òàêîæ íàìè áóëî êëîíóâàíî ôðàãìåíò 
MAST2-ïîä³áíî¿ ê³íàçè âèíîãðàäó, ùî ì³ñòèâ 
êàòàë³òè÷íèé äîìåí òà ïîâíîðîçì³ðíî¿ êÄÍÊ 
IREH1 ç A. thaliana (Bryantseva et al, 2010; 
Chudinova et al, 2017). Ðåêîìá³íàíòíèé á³ëîê 
GFP-IREH1, ùî åêñïðåñóâàâñÿ ó êë³òèíàõ 
ññàâö³â, âèÿâèâ êîëîêàë³çàö³þ ðîñëèííîãî ãî-
ìîëîãà ç öåíòðîñîìîþ. Ïðè öüîìó, áóëî ïðî-
äåìîíñòðîâàíî, ùî öåíòðîñîìàëüíà êîëîêàë³-
çàö³ÿ ðîñëèííî¿ IREH1 ïîâ’ÿçàíà ç N-ê³íöå-
âîþ ä³ëÿíêîþ çàçíà÷åíî¿ ïðîòå¿íê³íàçè (Chu-
dinova et al, 2017). Îäíàê, â òîé æå ÷àñ ñàéòè 
ôîñôîðèëþâàííÿ ³çîòèï³â òóáóë³íó ïðîòå¿íê³-
íàçàìè MAST/IRE çàëèøàþòüñÿ íåâ³äîìèìè.

Äëÿ ðîñëèí îäí³ºþ ç íàéá³ëüø ÷óòëèâèõ 
òåñòîâèõ ñèñòåì, ùî äåìîíñòðóþòü âïëèâ ôîñ-
ôîðèëþâàííÿ òóáóë³íó íà ìîðôî-ô³ç³îëîãè÷-
í³ õàðàêòåðèñòèêè êë³òèí, º êîðåíåâ³ âîëîñêè 
(Yemets et al, 2008; Karpov et al, 2019). Oyama
et al (2002). Âèÿâëåíî, ùî çíèæåííÿ ð³âí³â 

åêñïðåñ³¿ ïðîòå¿íê³íàçè IREH1 ïîã³ðøóº ð³ñò 
êîðåíåâèõ âîëîñê³â àðàá³äîïñèñó (Oyama et 
al, 2002). Ó íîðì³ ð³ñò êîðåíåâîãî âîëîñêà 
ïî÷èíàºòüñÿ ç ðîçøèðåííÿ âàêóîë³, à çãîäîì
ó ñóáàï³êàëüí³é ä³ëÿíö³, á³ëÿ âàêóîë³, â³äáóâàº-
òüñÿ çá³ëüøåííÿ ê³ëüêîñò³ ÌÒ, ÿê³ ïîçèö³î-
íóþòüñÿ ïàðàëåëüíî ïîçäîâæí³é îñ³ (Grierson 
et al, 2014). ²íôîðìàö³ÿ ïðî òå, ÿêèì ÷èíîì 
â³äáóâàºòüñÿ ðåëîêàë³çàö³ÿ ÌÒ öèòîïëàçì³ òà 
ÿêèì ÷èíîì öå ïîâ’ÿçàíî ç ðåãóëÿö³ºþ îíòî-
ãåíåçó êîðåíåâîãî âîëîñó, â³äñóòíÿ. Îäíàê ³ñ-
íóº ïðèïóùåííÿ, ùî öå ìîæå áóòè ïîâ’ÿçàíî 
ñàìå ç IREH1, îñê³ëüêè ãîìîëîã³÷í³ IREH1, 
MAST ëþäèíè, ðåãóëþþòü ôîðìóâàííÿ ìîðôî-
ëîã³÷íî ïîä³áíèõ ñòðóêòóð – ïàðàëåëüíèõ ÌÒ
â «ìàíæåòàõ» ñïåðìàòèä³â (Chudinova et al,
2017; Walden and Millette 1996). Êð³ì òîãî,
àêòèâí³ñòü MAST2 áóëà çàô³êñîâàíà â êðóã-
ëèõ ñïåðìàòîçî¿äàõ íà ïî÷àòêó ôîðìóâàííÿ
«ìàíæåò³â», ÿê ³ ¿¿ ð³çêå çíèæåííÿ íà çàêëþ÷-
íèõ ñòàä³ÿõ ñïåðìàòîãåíåçó (Walden et al, 1993). 
Òàêîæ â³äîìî, ùî ó ðàíí³õ åìáð³îíàõ äðîçî-
ô³ëè MAST-ïîä³áíà ïðîòå¿íê³íàçà «Drop out»
(dop) ðåãóëþº ìåìáðàíí³ öåíòðè ïåðâèííî¿ 
íóêëåàö³¿ ì³êðîòðóáî÷îê øëÿõîì ôîñôîðèëþ-
âàííÿ ìîëåêóë äèíå¿íó (Hain et al, 2014; Pelis-
sier et al, 2003). Â ñâîþ ÷åðãó, íàìè âèÿâëåíî, 
ùî ðîñëèííà IREH1 êîëîêàë³çóºòüñÿ ç öåíò-
ðàìè îðãàí³çàö³¿ ì³êðîòðóáî÷îê ó êë³òèíàõ 
òâàðèí ³ ïîòåíö³éíî ïðè÷åòíà äî ðåãóëÿö³¿ 
ì³êðîòðóáî÷îê (Chudinova et al, 2017). Â òîé
æå ÷àñ, ïèòàííÿ, ÷è ïîâ’ÿçàíà öÿ ðåãóëÿö³ÿ ç 
áåçïîñåðåäí³ì ôîñôîðèëþâàííÿì òóáóë³íó, ³
÷è ä³éñíî ðîñëèíí³ IRE-ïîä³áí³ ïðîòå¿íê³íàçè
íàëåæàòü äî óí³êàëüíî¿ ãðóïè ìîäóëÿòîð³â 
«òóáóë³íîâîãî êîäó» ðîñëèí, çàëèøàºòüñÿ íå-
âèâ÷åíèì. Òîìó â ö³é ðîáîò³ íàìè, íà ï³ä-
ñòàâ³ ðåçóëüòàò³â á³î³íôîðìàòè÷íèõ òà ñòðóê-
òóðíî-á³îëîã³÷íèõ äîñë³äæåíü, áóëî âèçíà÷åíî
íàéá³ëüø â³ðîã³äí³ ñàéòè MAST/IRE-ñïåöèô³÷-
íîãî ôîñôîðèëþâàííÿ ³çîòèï³â òóáóë³íó ëþ-
äèíè ³ A. thaliana.

Ìàòåð³àëè òà ìåòîäè. Êîíòðîëüí³ ñàéòè MAST-
ñïåöèô³÷íîãî ôîñôîðèëþâàííÿ. ßê îñíîâí³ êîíò-
ðîëüí³ ñàéòè MAST-ñïåöèô³÷íîãî ôîñôîðè-
ëþâàííÿ âèêîðèñòîâóâàëè åêñïåðèìåíòàëüíî 
ï³äòâåðäæåí³ ñàéòè, â³äîì³ äëÿ ïðîòå¿íê³íàçè 
Greatwall ëþäèíè (MASTL, GWL, UniProtKB: 
Q96GX5): 55-KGQKYFDSGDYNMAK-69, ³äåí-
òèô³êîâàíèé ó cAMP-çàëåæíîìó ôîñôîïðîòå-
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Á³î³íôîðìàòè÷íà îö³íêà ðîë³ MAST/IRE-çàëåæíîãî ôîñôîðèëþâàííÿ òóáóë³íó

¿í³ 19 (ARP19, UniProtKB: P56211) òà 60-
KGQKYFDSGDYNMAK-74, ³äåíòèô³êîâàíèé ó
àëüôà-åíäîñóëüô³í³ (ENSA, UniProtKB: O43768)
(ðèñ. 1). ßê äîäàòêîâå äæåðåëî ³íôîðìàö³¿ 
ïðî MAST-ñïåöèô³÷íå ôîñôîðèëþâàííÿ áó-
ëè âèêîðèñòàí³ áàçè äàíèõ PhosphoNetworks 
(www.phosphonetworks.org), ÿê³ ì³ñòÿòü ³íôîð-
ìàö³þ, îòðèìàíó ç âèêîðèñòàííÿì êîìá³íàö³¿ 
á³î³íôîðìàòè÷íèõ ìåòîä³â òà âåðèô³êîâàíèõ ³ç 
çàëó÷åííÿì ìåòîäó á³ëêîâèõ ÷èï³â (Hu et al, 
2014a,b; Newman et al, 2013). 

MAST1-ñïåöèô³÷í³ ñàéòè ôîñôîðèëþâàííÿ 
á³ëê³â ëþäèíè, äåïîíîâàí³ â PhosphoNetworks,

âêëþ÷àëè:
   SSBP3 (IDGLPKNSPNNISGI),
 CHEK2 (SHGSSACSQPHGSVT), 
        C14orf106 (VQGVPLESSNNDIFL),
               NCL (TPAKAVTTPGKKGAT), 
   TFDP1 (VFIDQNLSPGKGVVS),
     NCL (TPAKKTVT PAKAVTT),
    NOL7 (SQTNIKKSPGKVKEV),
    RPA2 (VDTDDTSSENTVVPP), 
 C14orf106 (SIVATTKSKKDTFVL), 
     EIF4B (SRTGSESSQTGTSTT), 
   NOL7 (VQKVQSVSQNKSYLA), 
  CSDE1 (FSNPKTTSPNKGKEK), 

Ðèñ. 1. Åêñïåðèìåíòàëüíî ï³äòâåðäæåí³ ñàéòè Greatwall-ê³íàçè òâàðèí, ³äåíòèô³êîâàí³ â cAMP-ðåãóëüîâàíèõ 
ôîñôîïðîòå¿í³ 19 (ARP19) òà àëüôà-åíäîñóëüô³í³ (ENSA), äåïîíîâàíèõ â UniProtKÂ
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 ERCC6L (PSGETLSS ENKSSWL),
   ERCC6L (FSSQIPSSVNKSMNS), 
     EIF4B (EKSLENETLNKEEDC),
  EIF2AK2 (VSPLLLTTTNSSEGL), 
     GRK5 (VLDIEQFSTVKGVNL),
    ORC1L (VAFSEIT SPSKRSQP),
  CSDE1 (VRLLGRNSNSKRLLG), 
         EIF2AK2 (TLTVWKKSPEKNERH),
     ERAL1 (LDTPGIISPGKQKRH),
     PHB2 (SFTRGSDSLIKGKK-),
      MTA1 (SSVLSSL TPAKVAPV), 
  CXXC1 (MLARGSASPHKSSPQ),
  NOC2L (SRRKGRASEHKDQLS), 
    MDM4 (DIPTLPT SEHKCIHS), 
   NOC2L (PGGSPSA SRRKGRAS),
  FOXP4 (PKMTGSPT LVKNMIS), 
    RPA2 (QLKHMSVSSIKQAVD),
  EIF4A3 (ATMATSGSARKRLLK),
   TFDP1 (LMAMNIISKEKKEIK),
       PPP1R13L (EPFGSRGS PRKAATD),
  FOXP4 (GGPARRRSSDKFCSP).

MAST2-ñïåöèô³÷í³ ñàéòè ôîñôîðèëþâàííÿ 
á³ëê³â ëþäèíè, äåïîíîâàí³ â PhosphoNetworks, 
âêëþ÷àëè:

   SMARCA4 (DDSEGEESEEEEEGE),
    SMARCA4 (SDSEESG SEEEEEEE),
       NUP133 (DELFSSHSDLDSDSE), 
      ERCC6L (TCLSWEFSEKDDEPE), 
    ERCC6L (DGEDEDD SFKDTSSI), 
       CHGB (KGERGED SSEEKHLE),
        CHGB (GERGEDSSEEKHLEE),
       NUP133 (VVDELFSSHSDLDSD), 
         EPHB3 (SDPTYTSSLGGKIPI),
      NFATC4 (PALSRRGSLGEEGSE),
        CTTN (GKTEKHA SQKDYSSG)
         CTTN (EKLQLHESQKDYSKG).

Êîíñòðóþâàííÿ ìîòèâ³â ñàéò³â MAST-ñïåöè-
ô³÷íîãî ôîñôîðèëþâàííÿ. Ìîòèâè MAST-ñïå-
öèô³÷íèõ ñàéò³â ôîñôîðèëþâàííÿ êîíñòðóþ-
âàëè çã³äíî ç ðåêîìåíäàö³ÿìè ñåðâ³ñó PROSITE 
(https://prosite.expasy.org) (Sigrist et al, 2013). 
Ï³ä ÷àñ ñêàíóâàííÿ á³ëê³â çà äîïîìîãîþ ïðî-
ãðàìè ScanProsite áóëî çàñòîñîâàíî îïö³þ ïî-
øóêó ó âèçíà÷åíî¿ êîðèñòóâà÷åì êîëåêö³¿ ìî-
òèâ³â òà á³ëê³â-ì³øåíåé (Option 3 – Submit 
PROTEIN sequences and MOTIFS to scan them 
against each other) (Sigrist et al, 2013). ßê á³ëêè-
ì³øåí³ âèêîðèñòîâóâàëè àêòóàëüí³ ðåäàêö³¿ ïî-
ñë³äîâíîñòåé ³çîòèï³â �-, �- ³ �-òóáóë³íó ëþ-

äèíè òà àðàá³äîïñèñó, äåïîíîâàíèõ â UniProtKB 
(www.uniprot.org, UniProt Consortium, 2023): 
H. sapiens – ³çîòèïè �-òóáóë³íó:

TBA1A (Q71U36), TBA1B (P68363),
TBA1C (Q9BQE3), TBA3C (P0DPH7),
TBA3E (Q6PEY2), TBA4A (P68366),
TBA8 (Q9NY65) ³ TBAL3 (A6NHL2);

³çîòèïè �-òóáóë³íó:

TBB1 (Q9H4B7), TBB2B (Q9BVA1),
TBB2A (Q13885), TBB4A (P04350),
TBB4B (P68371), TBB5 (P07437),
TBB3 (Q13509), TBB6 (Q9BUF5)
TBB8 (Q3ZCM7);

³çîòèïè �-òóáóë³íó:

TBG1 (P23258) ³ TBG2 (Q9NRH3).

A. thaliana – ³çîòèïè �-òóáóë³íó:

BA1 (P11139), TBA2 (B9DGT7),
TBA3 (Q56WH1), TBA4 (Q0WV25),
TBA5 (B9DHQ0), TBA6 (P29511);

³çîòèïè �-òóáóë³íó:

TBB1 (P12411), TBB2 (Q56YW9),
TBB3 (Q9ASR0), TBB4 (P24636),
TBB5 (P29513), TBB6 (P29514),
TBB7 (P29515), TBB8 (P29516), 
TBB9 (P29517);

³çîòèïè �-òóáóë³íó:

TBG1 (P38557) ³ TBG2 (P38558). 

Ô³ëîãåíåòè÷íà êëàñòåðèçàö³ÿ. Êëàñòåðèçàö³þ
êîíòðîëüíîãî òà ïîòåíö³éíèõ ñàéò³â ôîñôîðè-
ëþâàííÿ, âèçíà÷åíèõ ç âèêîðèñòàííÿì ïðî-
ô³ëüíîãî ïîøóêó, âèêîíóâàëè øëÿõîì âèð³â-
íþâàííÿ â³äïîâ³äíèõ àì³íîêèñëîòíèõ ïîñë³-
äîâíîñòåé çà äîïîìîãîþ ïðîãðàìè ClustalX 
(v.2.0.10) ³ç çàëó÷åííÿì UPGMA-êëàñòåðèçàö³¿ 
(Atteson et al, 1997) òà áóòñòðåï³íãó (Efron et 
al, 1996). Ïîäàëüøà â³çóàë³çàö³ÿ òà àíàë³ç äåí-
äðîãðàìè áóëè âèêîíàí³ çà äîïîìîãîþ ïðîãðàì 
MEGA v.11 (www.megasoftware.net) (Tamura et 
al, 2021) òà FigTree (Tree Figure Drawing Tool) 
âåðñ³¿ 1.4.4 (http://tree.bio.ed.ac.uk). Ïåðåäáà÷å-
í³ ïîçèö³¿ ìîòèâ³â ïîð³âíþâàëè ç åêñïåðèìåí-
òàëüíî ï³äòâåðäæåíèìè ñàéòàìè ç áàçè äàíèõ 
PhosphoSitePlus (http://www.phosphosite.org) ³ 
çáåð³ãàëè ó ôîðìàò³ Xp ± 7 (*.fasta) (Hornbeck 
et al, 2015). 

Ñòðóêòóðíî-á³îëîã³÷í³ äîñë³äæåííÿ. Â³çóà-
ë³çàö³þ ñòðóêòóðíèõ ìîäåëåé, àíàë³ç á³ëêîâèõ 
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êîìïëåêñ³â ³ òîïîëîã³¿ ñàéò³â ôîñôîðèëþâàí-
íÿ áóëî âèêîíàíî çà äîïîìîãîþ ïðîãðàìè 
PyMOL v.1.5.0.5 (www.pymol.org). Ñòðóêòóðíèé 
àíàë³ç ´ðóíòóâàâñÿ íà âèêîðèñòàíí³ ñòðóêòóð 
RCSB Protein Data Bank – 6BR1, 6BRF, 6BRY, 
6BS2 (äëÿ �- òà �-òóáóë³í³â) (Banerjee et a., 
2018) ðàí³øå ïîáóäîâàíî¿ 3D-ìîäåë³ ðîñëèí-
íîãî êîìïëåêñó �TuSC (Karpov et al, 2017) òà 
ìîäåëÿõ, ïîáóäîâàíèõ çà äîïîìîãîþ ñåðâåð³â 
ãîìîëîã³÷íîãî ìîäåëþâàííÿ á³ëêîâèõ ñòðóêòóð 
I-Tasser (Yang et al, 2015) òà Swiss-Model (Bienert 
et al, 2017).

Ðåçóëüòàòè. Äëÿ ïðîãíîçóâàííÿ ñàéò³â ñïå-
öèô³÷íîãî ôîñôîðèëþâàííÿ �-, �- òà �-òóáóë³-
í³â H. sapiens òà A. thaliana, ïåðø çà âñå, áóëî 
ïîáóäîâàíî óçàãàëüíåíèé ìîòèâ íà ï³äñòàâ³ ïî-
ñë³äîâíîñòåé åêñïåðèìåíòàëüíî ï³äòâåðäæåíèõ 
ñàéò³â ïðîòå¿íê³íàç ðîäèíè MAST. Ïåðâèííà
âèá³ðêà âêëþ÷àëà åêñïåðèìåíòàëüíî ï³äòâåðä-
æåí³ ñàéòè ñïåöèô³÷íîãî ôîñôîðèëþâàííÿ ïðî-
òå¿íê³íàçîþ GWL (Greatwall/MASTL), – ñïå-
öèô³÷í³ ñàéòè ôîñôîðèëþâàííÿ â³äîì³ äëÿ
öÀÌÔ-ðåãóëüîâàíîãî ôîñôîïðîòå¿íó 19 (ARP19)
òà àëüôà-åíäîñóëüô³íó (ENSA) (ðèñ. 1). Êð³ì 
òîãî, äî âèá³ðêè áóëè äîäàí³ ñàéòè ç ïðîåêòó
PhosphoNetworks, àñîö³éîâàí³ ç ïðîòå¿íê³íàçà-
ìè MAST1 ³ MAST2 ëþäèíè (www.phospho-
networks.org) (Hu et al, 2014a,b; Newman et al, 
2013) (äîêëàäí³øå äèâ. ðîçä³ë «Ìàòåð³àëè òà 
ìåòîäè»). Ïîâíà âèá³ðêà âêëþ÷àëà 77 ñàéò³â 
ôîñôîðèëþâàííÿ: 31 äëÿ GWL, 33 äëÿ MAST1
³ 12 äëÿ MAST2. Íà ï³äñòàâ³ ðåçóëüòàò³â âèð³â-
íþâàííÿ êîíòðîëüíèõ ñàéò³â, çà óìîâè ðåñòðèê-
ö³¿ â³äêðèòòÿ ãåï³â, íàìè áóëî ñòâîðåíî â³äïî-
â³äíèé ïîøóêîâèé ìîòèâ (çã³äíî ³ç ïðàâèëà-
ìè PROSITE): {CHNRWY}-{NWY}-{CHQWY}-
{CWY}-{CFHV}-{CGMWY}-{MQRWY}-[ST]-
{CIMWY}-{CFMQWY}-[DEGHKNSTY]-
{MPW}-{NPTW}-{CMY}-{FMNRWY}.

Íà íàñòóïíîìó åòàï³ äîñë³äæåíü çàçíà÷å-
íèé ìîòèâ áóâ âèêîðèñòàíèé äëÿ ³äåíòèô³êà-
ö³¿ ïåðñïåêòèâíèõ êîíñåíñóñíèõ ä³ëÿíîê ó ïîâ-
íîìó íàáîð³ ïîñë³äîâíîñòåé ³çîòèï³â �-, �- òà 
�-òóáóë³í³â H. sapiens òà A. thaliana (äèâ. ðîçä³ë 
«Ìàòåð³àëè òà ìåòîäè»). Çà ðåçóëüòàòàìè ïî-
øóêó ç âèêîðèñòàííÿì ³íñòðóìåíòó ScanProsite 
âèÿâëåíî 51 ïîòåíö³éíèé ñàéò MAST-ñïåöè-
ô³÷íîãî ôîñôîðèëþâàííÿ òóáóë³í³â äëÿ H. sa-
piens ³ 66 äëÿ A. thaliana. Ðåçóëüòàòè ïîð³â-
íÿëüíîãî àíàë³çó ³äåíòèô³êîâàíèõ ñàéò³â ôîñ-

ôîðèëþâàííÿ òóáóë³í³â ëþäèíè ç äàíèìè 
PhosphoSitePlus (www.phosphosite.org) ï³äòâåð-
äèëè ¿õ çá³ã ç ðåçóëüòàòàìè ìàñ-ñïåêòðîìåòð³¿. 
Îñê³ëüêè öåé ìîòèâ âèÿâëÿº äåãðàäîâàíó ïðè-
ðîäó, ê³ëüê³ñòü ïåðåäáà÷åíèõ ñàéò³â MAST/IRE-
ôîñôîðèëþâàííÿ áóëà íàäì³ðíîþ. Ó çâ’ÿçêó 
ç öèì íà íàñòóïíîìó åòàï³ áóëî ïðîâåäåíî 
ñï³ëüíó êëàñòåðèçàö³þ ïðîãíîçîâàíèõ òà åêñ-
ïåðèìåíòàëüíî ï³äòâåðäæåíèõ ñàéò³â GWL. Îñ-
ê³ëüêè ïîñë³äîâíîñò³ âñ³õ GWL-ñàéò³â ç á³ë-
ê³â ARP19 òà ENSA âèÿâèëèñÿ ³äåíòè÷íèìè, 
êëàñòåðèçàö³þ ïðîâîäèëè ç âèêîðèñòàííÿì îä-
í³º¿ ñï³ëüíî¿ ïîñë³äîâíîñò³: KGQKYFD GD
YNMAK (55-KGQKYFDSGDYNMAK-69 ç
ARP19 ëþäèíè/UniProtKB: P56211 òà 60-
KGQKYFDSGDYNMAK-74 ç ENSA ëþäèíè/
UniProtKB: O43768) (ðèñ. 1). Äëÿ ñï³ëüíî¿ êëàñ-
òåðèçàö³¿ âñ³ ñàéòè âèá³ðêè áóëè ï³äãîòîâëå-
í³ ó çàãàëüíîïðèéíÿòîìó ôîðì³ S/T ± 7 ³ 
çáåðåæåí³ ó ôîðìàò³ ôàéëó *.fasta. Ïðè öüî-
ìó, ïðè âèð³âíþâàíí³ ä³ëÿíîê ÏÒÌ, â³ä-
êðèòòÿ ãå-ï³â áóëî çàáîðîíåíî. Òàêèì ÷èíîì, 
áóëà çàñòîñîâàíà êëàñòåðèçàö³ÿ â ClustalX íà 
îñíîâ³ UPGMA òà áóòñòðåï³íãó áåç çâè÷àé-
íîãî âèð³âíþâàííÿ ïîñë³äîâíîñòåé (ðèñ. 2). 
Ïîáóäîâàíå äåðåâî äîçâîëèëî âèçíà÷èòè íàé-
á³ëüø ïåðñïåêòèâí³ ñàéòè ôîñôîðèëþâàííÿ 
�-, �- òà �-òóáóë³í³â, ÿê³ óòâîðþâàëè ñï³ëüíó 
êëàäó ç êîíòðîëüíîþ ïîñë³äîâí³ñòþ. Äëÿ �- òà 
�-òóáóë³í³â áóëî â³ä³áðàíî ïî îäíîìó ñàéòó äëÿ 
³çîòèï³â �- òà �-òóáóë³í³â. Ö³ ñàéòè ìàëè ñï³ëü-
íå ðîçòàøóâàííÿ äëÿ á³ëüøîñò³ ³çîòèï³â �- òà 
�-òóáóë³í³â ó H. sapiens òà A. thaliana. 

Äëÿ �-òóáóë³íó íàéáëèæ÷èé êëàñòåð ôîð-
ìóâàëà ãðóïà ôðàãìåíò³â, ÿêà â³äïîâ³äàëà ñàé-
òó Thr73 (Thr81 ó TBAL3 (A6NHL2) ëþäèíè). 
Çàçíà÷åíèé ñàéò áóâ âèÿâëåíèé ìàéæå ó âñ³õ 
�-òóáóë³í³â ëþäèíè (TBA1A, TBA1B, TBA3C, 
TBA3E, TBA8 ³ TBAL3) ³ âñ³õ �-òóáóë³í³â àðà-
á³äîïñèñó (TBA1, TBA2, TBA3, TBA4, TBA5 
³ TBA6) (ðèñ. 3). Âèíÿòêîì áóâ ëèøå ³çîòèï 
TBA4A ëþäèíè. Çà ðåçóëüòàòàìè àíàë³çó ñòðóê-
òóðíèõ ìîäåëåé ôðàãìåíò³â ì³êðîòðóáî÷îê H. 
sapiens òà A. thaliana (ðèñ. 4, à) áóëî âñòàíîâëåíî 
ëîêàë³çàö³þ Thr73 íà âíóòð³øíüî¿ êîíòàêòí³é 
ä³ëÿíö³ ãåòåðîäèìåð³â �/�-òóáóë³íó (ðèñ. 4, á). 
Òàêèì ÷èíîì, îòðèìàí³ ðåçóëüòàòè ñâ³ä÷àòü ïðî 
òå, ùî ôîñôîðèëþâàííÿ Thr73 ìîæå âïëèâàòè 
íà çáèðàííÿ òà ö³ë³ñí³ñòü ãåòåðîäèìåð³â òóáóë³-
íó ó òâàðèí ³ âèùèõ ðîñëèí.
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Ðèñ. 2. Ðåçóëüòàòè ñï³ëüíî¿ êëàñòåðèçàö³¿ (bootstrapping ìåòîäîì UPGMA ç îáìåæåííÿì â³äêðèòòÿ ãå-
ï³â) ñàéò³â MAST/IRE-ñïåöèô³÷íîãî ôîñôîðèëþ-âàííÿ, ïåðåäáà÷åíèõ äëÿ ³çîòèï³â òóáóë³íó ëþäèíè òà àðà-
á³äîïñèñó ³ åêñïåðèìåíòàëüíî äîâåäåíîãî êîíñåðâàòèâíîãî ñàéòó MASTL (GWL – Serine/threonine-protein 
kinase greatwall) ç ARP19 (cAMP-ðåãóëüîâàíèé ôîñôîïðîòå¿í 19) òà ENSA_HUMAN (Àëüôà-åíäîñóëüô³í)
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Äëÿ �-òóáóë³íó íàéáëèæ÷èì êëàñòåðîì âèÿ-
âèëàñü ãðóïà ôðàãìåíò³â, ùî â³äïîâ³äàþòü ñàé-

òó Ser115 òà îá’ºäíóþòü á³ëüø³ñòü �-òóáóë³í³â 
A. thaliana (TBB2, TBB3, TBB4, TBB7, TBB8 ³ 

Ðèñ. 3. Ä³ëÿíêè ïîòåíö³éíèõ ñàéò³â ôîñôîðèëþâàííÿ, ÿê³ âèÿâèëè íàéá³ëüøó ïîä³áí³ñòü äî êîíòðîëüíèõ 
ñàéò³â GWL-ê³íàçè, ³äåíòèô³êîâàíèõ äëÿ �-, �- òà �-òóáóë³í³â. Â³äá³ð áóëî çä³éñíåíî íà ï³äñòàâ³ ìàêñèìàëüíî¿ 
ïîä³áíîñò³ ïîøóêîâèì ïàòåðíàì, à òàêîæ, çà ðåçóëüòàòàìè ñï³ëüíî¿ êëàñòåðèçàö³¿
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Ðèñ. 4. Àíàë³ç ñòðóêòóðíî¿ òîïîëîã³¿ âèçíà÷åíèõ ñàéò³â MAST/IREH1 ó ì³êðîòðóáî÷êàõ ññàâö³â  òà ðîñëèí:   
à – òîïîëîã³ÿ Thr73(81) �-òóáóë³íó òà Ser115 �-òóáóë³íó â ïðîòîô³ëàìåíò³ ì³êðîòðóáî÷îê ññàâö³â (çâåðõó) 
òà ðîñëèí (çíèçó); á – ðîçòàøóâàííÿ Thr73 �-òóáóë³íó ó âíóòð³øíüîäèìåðíîìó êîíòàêò³ ìîëåêóë �- òà 
�-òóáóë³íó åêñïåðèìåíòàëüíî âèð³øåíî¿ ñòðóêòóðè ññàâö³â (PDB: 6BR1, çë³âà) òà ðîñëèííî¿ ìîäåë³ (ñïðàâà)
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Ðèñ. 5. Ñòðóêòóðíå ðîçòàøóâàííÿ Ser115 â �-òóáóë³í³ òà Ser433 â �-òóáóë³í³. Ðîçòàøóâàííÿ çàëèøêó Ser115 
íà ïîâåðõí³ ìîëåêóëè �-òóáóë³íó âêàçóº íà òå, ùî éîãî ôîñôîðèëþâàííÿ ìîæå âïëèâàòè íà âçàºìîä³þ 
ì³æ ñóñ³äí³ìè ïðîòîô³ëàìåíòàìè ì³êðîòðóáî÷êè (à). Ïîëîæåííÿ Ser433 â ìîëåêóë³ �-òóáóë³íó ïîÿñíþº, 
ùî öåé çàëèøîê ÿâíî íå âïëèâàº íà âíóòð³øí³ êîíòàêòí³ ïîâåðõí³ ìàëîãî êîìïëåêñó �-òóáóë³íó (�TuSC) 
òà ¿õ ïîë³ìåðèçàö³þ (a, á). Îäíàê çîâí³øíÿ ëîêàë³çàö³ÿ çàëèøêó Ser433 äîçâîëÿº ïðèïóñòèòè, ùî ó âèùèõ 
ðîñëèí ôîñôîðèëþâàííÿ ö³º¿ àì³íîêèñëîòè ìîæå âïëèâàòè íà âçàºìîä³þ âåëèêîãî êîìïëåêñó (�TuRC) ç 
àñîö³éîâàíèìè á³ëêàìè
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TBB9) ³ H. sapiens (TBB5, TBB3, TBB4B, TBB2B 
³ TBB2A) (ðèñ. 3). Âîäíî÷àñ, äàíèé ñàéò íå 
³äåíòèô³êîâàíî ó ³çîòèï³â TBB1, TBB5 ³ TBB6 
ç A. thaliana òà TBB4A, TBB6, TBB8 ³ TBB1 ç H. 
sapiens. Òîïîëîã³ÿ ðîçòàøóâàííÿ Ser115 íà ïî-
âåðõí³ ìîëåêóëè á³ëêà äîçâîëÿº ïðèïóñòèòè, ùî 
éîãî ôîñôîðèëþâàííÿ ìàº âïëèâàòè íà ëàòå-
ðàëüí³ âçàºìîä³¿ ñóñ³äí³õ ïðîòîô³ëàìåíò³â (ðèñ. 
4, à òà ðèñ. 5, à).

Îêðåìà êëàäà, ùî â³äïîâ³äàº ñàéòó Ser433, 
âèÿâëÿëàñÿ ó âèïàäêó �-òóáóë³íó (ðèñ. 3). Ñàé-
òè ç ö³º¿ êëàäè äåìîíñòðóþòü ì³í³ìàëüíó â³ä-
ñòàíü äî êîíòðîëþ (ñàéòó GWL-ñïåöèô³÷íîãî 
ôîñôîðèëþâàííÿ) ³ ïðåäñòàâëåí³ ëèøå äâîìà 
³äåíòè÷íèìè ñàéòàìè ç �-òóáóë³íó àðàá³äîïñè-
ñó: TBG1 ³ TBG2. Ïðè öüîìó, öåé ñàéò â³äñóò-
í³é ó �-òóáóë³í³â ëþäèíè. Ðåçóëüòàòè Blastp-ïî-
øóêó ö³º¿ ä³ëÿíêè â ðîçä³ë³ «reviewed» UniProtKB 
çàñâ³ä÷èëè, ùî ïåðø³ 100 õ³ò³â ïðåäñòàâëåí³ âè-
êëþ÷íî ïîñë³äîâíîñòÿìè �-òóáóë³íó 71-ãî ïðåä-
ñòàâíèêà êâ³òêîâèõ ðîñëèí (Magnoliophyta). Òà-
êèì ÷èíîì, ÿêùî ó ìàéáóòíüîìó ôîñôîðè-
ëþâàííÿ çàëèøêó S433 â A. thaliana áóäå ï³ä-
òâåðäæåíî åêñïåðèìåíòàëüíî, öå áóäå ñâ³ä÷àòè 
ïðî íàÿâí³ñòü IRE-çàëåæíîãî ìåõàí³çìó ïîñò-
òðàíñëÿö³éíî¿ ðåãóëÿö³¿, ÿêèé ïðèòàìàííèé âè-
êëþ÷íî âèùèì ðîñëèíàì.

Äëÿ àíàë³çó ñòðóêòóðíî¿ ëîêàë³çàö³¿ Ser433 
íàìè áóëî äîïîâíåíî ðàí³øå ïîáóäîâàíó ìî-
äåëü öåíòðó ïåðâèííî¿ íóêëåàö³¿ ì³êðîòðó-
áî÷îê A. thaliana (ôðàãìåíò, ïðåäñòàâëåíèé 
êîìïëåêñîì ç òðüîõ ãåòåðîòåòðàìåð³â �TuSC)
(Karpov et al, 2017). Äëÿ îòðèìàííÿ á³ëüø ïîâ-
íî¿ êàðòèíè äî êîìïëåêñó �TuSC áóëî äîäàíî 
äâà ãåòåðîäèìåðà �/�-òóáóë³íó. Àíàë³ç ïîëî-
æåííÿ ñàéòó Ser433 ïîêàçàâ, ùî ôîñôîðèëþ-
âàííÿ çàçíà÷åíîãî àì³íîêèñëîòíîãî çàëèøêó íå 
ìîæå âïëèâàòè íà âíóòð³øí³ ³ ê³ëüöåâ³ êîíòàê-
òí³ ³íòåðôåéñè ìàëèõ êîìïëåêñ³â �TuSC (ðèñ. 
5, à, á). Ïðîòå éîãî çîâí³øíÿ ëîêàë³çàö³ÿ âêà-
çóº íà òå, ùî ôîñôîðèëþâàííÿ çàëèøêó Ser433 
ìîæå âïëèâàòè íà çîâí³øí³ âçàºìîä³¿ ñòðóêòó-
ðè âåëèêîãî êîìïëåêñó �TuRC ðîñëèííèõ öåí-
òð³â ïåðâèííî¿ íóêëåàö³¿ ì³êðîòðóáî÷îê (Yemets 
et al, 2008).

Îáãîâîðåííÿ. ßê ñâ³ä÷àòü îòðèìàí³ ðåçóëü-
òàòè, äâà ç âèçíà÷åíèõ ïîòåíö³éíèõ ñàéò³â 
MAST/IRE-ñïåöèô³÷íîãî ôîñôîðèëþâàííÿ º 
êîíñåðâàòèâíèìè ó ëþäèíè òà àðàá³äîïñèñó: 
çàëèøîê Thr73 (80), ïðèòàìàííèé á³ëüøîñò³ 

³çîòèï³â �-òóáóë³íó, òà çàëèøîê Ser115, âèÿâ-
ëåíèé ó á³ëüøîñò³ ³çîòèï³â �-òóáóë³íó òâàðèí 
³ ðîñëèí. Òðåò³é ïîòåíö³éíèé ñàéò ôîñôîðè-
ëþâàííÿ çàëèøîê Ser433 âèÿâëåíèé ó îáîõ 
³çîòèï³â �-òóáóë³íó A. thaliana, àëå â³äñóòí³é ó 
�-òóáóë³í³â ññàâö³â. Ñë³ä çàçíà÷èòè, ùî Ser433 
òà éîãî àì³íîêèñëîòíå îòî÷åííÿ çáåð³ãàþòü 
êîíñåðâàòèâí³ñòü ó á³ëüøîñò³ ïðåäñòàâíèê³â 
Magnoliophyta (The UniProt Consortium T, 2023). 
Âèä³ëåí³ àì³íîêèñëîòí³ çàëèøêè â³äïîâ³äàþòü 
êàíîí³÷íèì ìîòèâàì ñàéò³â ôîñôîðèëþâàííÿ, 
à ñòðóêòóðíà òîïîëîã³ÿ ï³äòâåðäæóº ¿õ äîñòóï-
í³ñòü äëÿ ìîäèô³êàö³¿.

Ôóíêö³îíàëüíå çíà÷åííÿ çàëèø êó Thr73 
�-òóáóë³íó ï³äòâåðäæóºòüñÿ òèì, ùî öåé çà-
ëèøîê ëîêàë³çîâàíèé â ä³ëÿíö³ âíóòð³øíüîãî 
³íòåðôåéñó äèìåðó �/�-òóáóë³íó (Prota et al, 
2014). Ïîëîæåííÿ çàëèøêó Thr73 ñâ³ä÷èòü ïðî 
òå, ùî éîãî ôîñôîðèëþâàííÿ ìîæå íå ëèøå 
âïëèâàòè íà ñòðóêòóðó ãåòåðîäèìåðó òóáóë³íó, 
ñòðóêòóðó GTP/GDP-îáì³ííîãî ñàéòó òà âçà-
ºìîä³þ ç êîôàêòîðîì (Mg2+), à òàêîæ âïëèâà-
òè íà âëàñòèâîñò³ ì³æäèìåðíîãî ïðîñòîðó êà-
íîí³÷íîãî ñàéòó çâ’ÿçóâàííÿ êîëõ³öèíó (Prota 
et al, 2014; Vela-Corcía et al, 2018). Çà äàíèìè 
PhospoSitePlus ôîñôîðèëþâàííÿ �-òóáóë³íó ëþ-
äèíè çà çàëèøêîì Thr73 áóëî ðàí³øå ï³äòâåð-
äæåíî çà äîïîìîãîþ ìàñ-ñïåêòðîìåòð³¿ (ID: 
14582260) (Hornbeck et al, 2015; Mertins et al, 
2016). Êð³ì òîãî, ôóíäàìåíòàëüíà ðîëü çàëèø-
êó Thr73 áóëà ï³äòâåðäæåíà åêñïåðèìåíòàìè 
íà êóëüòóðàõ ïóõëèííèõ êë³òèí ìîëî÷íî¿ çà-
ëîçè HeLa, Jurkat ³ K562 (Hornbeck et al, 2015; 
Kettenbach et al, 2011; Mertins et al, 2016; Zhou 
et al, 2013).

²íøèé ñàéò – çàëèøîê Ser115 �-òóáóë³íó –
ðîçòàøîâàíèé ó ëàòåðàëüí³é êîíòàêòí³é çîí³
ì³æ ïðîòîô³ëàìåíòàìè ì³êðîòðóáî÷îê, ³ éîãî
ôîñôîðèëþâàííÿ ó ññàâö³â áóëî ðàí³øå ï³ä-
òâåðäæåíî äàíèìè ôîñôîïðîòåîìíîãî àíàë³çó 
á³ëê³â êë³òèí HeLa (Liu et al, 2015). Ôîñôîðè-
ëþâàííÿ çàëèøêó Ser115 �-òó-áóë³íó ó ññàâö³â 
òàêîæ áóëî äåòåêòîâàíî çà äîïîìîãîþ ìàñ-
ñïåêòðîìåòð³¿ (ID: 4713923) (Hornbeck et al, 
2015; Klammer et al, 2012; Mertins et al, 2016), 
à òàêîæ äîâåäåíî åêñïåðèìåíòàìè íà êóëüòó-
ðàõ ïóõëèííèõ êë³òèí ìîëî÷íî¿ çàëîçè, H2009, 
H2887, HeLa, Jurkat ³ MKN-45 (Hornbeck et al, 
2015, Kettenbach et al, 2011; Klammer et al, 2012; 
Mertins et al, 2016). Êð³ì òîãî, íåùîäàâíî áóëî 
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ïîêàçàíî, ùî çàëèøîê Ser115 �-òóáóë³íó A. 
thaliana ìîæå òàêîæ ôîñôîðèëþâàòèñÿ NIMA-
ñïîð³äíåíîþ ê³íàçîþ 6 (NEK6) (Takatani et al, 
2017).

Ðàí³øå íàìè áóëî òðàíñô³êóâàíî êë³òèí-
íó ë³í³þ íèðîê àôðèêàíñüêî¿ çåëåíî¿ ìàâï³ 
(Vero) ïëàçì³äíîþ êîíñòðóêö³ºþ, ùî åêñïðå-
ñóº õèìåðíèé ãåí GFP-IREH1 ³ ïîêàçàíî, ùî 
ïðîäóêò éîãî åêñïðåñ³¿ ðîçïîä³ëÿºòüñÿ â öèòî-
ïëàçì³, ïåðåâàæíî êîëîêàë³çóþ÷èñü ç öåíòðîñî-
ìîþ. Ïðîòå ïîäàëüø³ åêñïåðèìåíòè çàñâ³ä-
÷èëè â³äñóòí³ñòü êîëîêàë³çàö³¿ IREH1 ç öåí-
òðîñîìàìè â êë³òèíàõ ç³ çðóéíîâàíèìè ÌÒ 
òà ¿¿ â³äíîâëåííÿ ï³ñëÿ ïîâòîðíî¿ ïîÿâè ÌÒ. 
Îòæå, çâ’ÿçóâàííÿ ðîñëèííî¿ ïðîòå¿íê³íàçè 
IREH1 ç öåíòðîñîìîþ òâàðèí çàëåæèòü â³ä ÌÒ 
(Chudinova et al, 2017). Öå òàêîæ ï³äòâåðäæó-
âàëîñü ³ìóíîïðåöèï³òàö³þ õèìåðíèõ ïðîäóêò³â 
åêñïðåñ³¿ ãåí³â pEGFP-IREH1 òà pEGFP-C3 ç 
ë³çàò³â êë³òèí HEK293 ç àíòèò³ëàìè äî GFP. 
Â ðåçóëüòàò³ ³ìóíîïðåöèï³òàö³¿ ç �-òóáóë³íîì 
ññàâö³â óòâîðåííÿ êîìïëåêñó íå âèÿâëåíî. Òà-
êèì ÷èíîì, ðîñëèííà ïðîòå¿íê³íàçà IREH1 â 
êë³òèíàõ ëþäèíè âèÿâëÿº ïðÿìó àáî îïîñå-
ðåäêîâàíó ñïîð³äíåí³ñòü äî ì³êðîòðóáî÷êîâî-
ãî, àëå íå äî öåíòðîñîìàëüíîãî òóáóë³íó (Chu-
dinova et al, 2017).

Ïîð³âíþþ÷è äàí³ ïîïåðåäí³õ åêñïåðèìåí-
ò³â òà àêòóàëüíîãî á³î³íôîðìàòè÷íîãî äîñë³ä-
æåííÿ, ìîæíà çðîáèòè âèñíîâîê, ùî çàëè-
øîê Thr73 (80) �-òóáóë³íó òà çàëèøîê Ser115 
�-òóáóë³íó º íàéá³ëüø â³ðîã³äíèìè ö³ëüîâèìè 
ñàéòàìè ðîñëèííî¿ ïðîòå¿íê³íàçè IREH1 òà 
òâàðèííî¿ ïðîòå¿íê³íàçè MAST. Íåçâàæàþ÷è 
íà òå, ùî ðàí³øå áóëî åêñïåðèìåíòàëüíî äîâå-
äåíî, ùî ö³ ñàéòè º ÷àñòèíî «òóáóë³íîâîãî êîäó» 
³ ôîñôîðèëþþòüñÿ in vitro (Hornbeck et al, 2015; 
Klammer et al, 2012; Mertins et al, 2016), ã³ïîòåçà 
ïðî ¿õíþ àñîö³àö³þ ç ïðîòå¿íê³íàçàìè IREH1 ³ 
MAST âèñóíóòà âïåðøå. Êîíñåðâàòèâí³ñòü öèõ 
ä³ëÿíîê ó òóáóë³í³â ðîñëèí ³ òâàðèí ï³äòâåð-
äæóº íàøó òåîð³þ ïðî íå ëèøå ñòðóêòóðíó, àëå 
é ïåâíó ôóíêö³îíàëüíó êîíñåðâàòèâí³ñòü ðîñ-
ëèííî¿ IREH1 òà òâàðèííî¿ MAST (Bryantseva 
et al, 2010; Chudinova et al, 2017; Karpov et al, 
2009a, 2009b, 2010). 

Íå ñë³ä òàêîæ ³ãíîðóâàòè ìîæëèâ³ñòü áåç-
ïîñåðåäíüîãî ôîñôîðèëþâàííÿ ðîñëèííîãî �-
òóáóë³íó çà ó÷àñòþ IREH1. Íåçâàæàþ÷è íà òå, 
ùî Ser433 ïðèñóòí³é ëèøå ó g-òóáóë³íó ðîñ-

ëèí, ñë³ä âðàõîâóâàòè, ùî öåé ñàéò âèÿâèâñÿ 
íàéá³ëüø ïîä³áíèì äî åêñïåðèìåíòàëüíî äîâå-
äåíèõ ñàéò³â òâàðèííî¿ ïðîòå¿íê³íàçè MASTL 
(GW – Serine/threonine-protein kinase greatwall) 
(ðèñ. 1 òà ðèñ. 3). Ïðîòå íà öüîìó åòàï³ öÿ ã³ïî-
òåçà ïåâíîþ ì³ðîþ çàëèøàºòüñÿ äèñêóñ³éíîþ, 
àëå, áåçñóìí³âíî, ïîòðåáóº ïîäàëüøîãî äîñë³-
äæåííÿ ³ç âèêîðèñòàííÿì åêñïåðèìåíòàëüíèõ 
ìåòîä³â.

Äîòðèìàííÿ åòè÷íèõ ñòàíäàðò³â. Ñòàòòÿ íå 
ì³ñòèòü æîäíèõ äîñë³äæåíü, ÿê³ áóëè âèêîíà-
í³ ³ç âèêîðèñòàííÿì ëàáîðàòîðíèõ ïðåïàðàò³â, 
êë³òèííèõ ë³í³é àáî ³íòàêòíèõ îðãàí³çì³â òâà-
ðèí àáî 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.
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Protein kinases represents one of the largest eukaryo-
tic enzyme superfamilies. However, only a few of them 
can directly phosphorylate tubulin and contribute in 
modulation of ‘tubulin code’. Previously, we confirmed 
the structural and functional homology of the plant 
protein kinase IREH1 and members of the mammalian 
MAST kinase family. Also, it was experimentally con-
firmed their participation in the regulation of the 
microtubule system in plant and animal cells. At the 
same time, the direct contribution of MAST/IRE to the 
«tubulin code» rem ains unclear. In the current work, 
based on bioinformatical and structural biology methods 
it was evaluated the possibility of such an interaction. 
The target sites of MAST/IRE-phosphorylation of tu-
bulin were predicted based on similarity to the gene-
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ralized specific profiles. Two potential MAST/IRE-
specific sites, conserved in human and Arabidopsis tu-
bulins were selected: Thr73 (80) existing in most isotypes 
of �-tubulin and Ser115 found in majority of human 
and plant isotypes of �-tubulin. It was predicted that 
phosphorylation of the first can affect assembly of 
�-/�-tubulin heterodimer and phosphorylation of the 
second, may affect interaction between neighboring 
protofilaments of microtubules. The last one – Ser433, 
was found in both �-tubulin isotypes of A. thaliana, but 
it was absent in mammals. External position of Ser433 
in plant �-tubulin make it possible, that phosphorylation 
of this amino acid can affect the structure of �TuRC 
complex but it does not affect inner contacts of �TuSC 
and their interaction in the ring.
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