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Â³äîìî, ùî ï³äðîäèíà ïðîòå¿íê³íàç SnRK1 áåðå ó÷àñòü 
ó ðåãóëþâàíí³ âóãëåâîäíîãî îáì³íó òà åíåðãåòè÷íîãî 
áàëàíñó. Ö³ ôåðìåíòè õàðàêòåðèçóþòüñÿ ñâîºþ áàãà-
òîôóíêö³îíàëüí³ñòþ òà ìîæóòü ïðèéìàòè ó÷àñòü â 
áàãàòüîõ ³íøèõ âàæëèâèõ ïðîöåñàõ ó êë³òèí³. Â äà-
í³é ðîáîò³ âèâ÷àëè ðîëü ïðîòå¿íê³íàç SnRK1 (KIN10 
òà KIN11) ó ðåãóëÿö³¿ êë³òèííîãî ïîä³ëó Arabidopsis 
thaliana. Äëÿ öüîãî âèêîðèñòîâóâàëè ìóòàíòí³ ë³í³¿ 
kin10/kin11 A. thaliana (http://arabidopsis.info/), íî-
êàóòí³ ïî ãåíàõ KIN10 òà KIN11. Â öèõ ìóòàíòàõ 
áóëî çàô³êñîâàíî íèçüêèé ì³òîòè÷íèé ³íäåêñ òà ïî-
êàçàíî çíèæåíèé ð³âåíü åêñïðåñ³¿ ìàðêåð³â êë³òèííî¿ 
ïðîë³ôåðàö³¿ – ãåí³â CYCB1;1 (öèêë³í Â) òà ðîñëèííî-
ãî ãîìîëîãà BRCA1 (Breast Cancer Suppressor Protein). 
Çíà÷íî íèæ÷èé ì³òîòè÷íèé ³íäåêñ òà ð³âåíü åêñïðåñ³¿ 
CYCB1;1 ³ BRCA1 ñïîñòåð³ãàëè ñàìå ó ìóòàíòàõ, ÿê³ 
áóëè âèðîùåí³ çà óìîâ åíåðãåòè÷íîãî ãîëîäóâàííÿ. Òà-
êîæ áóëî çàô³êñîâàíî ï³äâèùåíó åêñïðåñ³þ CYCB1;1/
BRCA1 òà KIN10/KIN11 ó ñóñïåíç³éí³é êóëüòóð³ 
A. thaliana â ïîð³âíÿíí³ ç ³íòàêòíèìè ïðîðîñòêàìè. 
Òàê³ äàí³ ìîæóòü ñâ³ä÷èòè ïðî ìîæëèâó ðîëü ïðî-
òå¿íê³íàç KIN10/KIN11 ó ðåãóëÿö³¿ ïðîë³ôåðàòèâíî¿ 
àêòèâíîñò³.

Êëþ÷îâ³ ñëîâà: ïðîòå¿íê³íàçè, Arabidopsis thaliana, 
SnRK1, KIN10, KIN11, åêñïðåñ³ÿ ãåí³â, ìàðêåðè ì³òî-
çó, êë³òèííèé ïîä³ë.

Âñòóï. Ïðîòå¿íê³íàçè ðîäèíè SnRK º âàæëèâè-
ìè êîìïîíåíòàìè ñèãíàëüíèõ òà ðåãóëÿòîðíèõ 
ïðîöåñ³â âèùèõ ðîñëèí [1, 2]. Ï³äòâåðäæåíî, ùî 
ö³ ôåðìåíòè â³ä³ãðàþòü êëþ÷îâó ðîëü ó ôîðìó-
âàíí³ àäàïòèâíî¿ â³äïîâ³ä³ ðîñëèí íà ä³þ ñòðå-
ñ³â á³îòè÷íî¿ òà àá³îòè÷íî¿ ïðèðîäè [3]. Îäíå 

ç íàéá³ëüø âàæëèâèõ ôóíêö³îíàëüíèõ çíà÷åíü 
ìàº ï³äðîäèíà ïðîòå¿íê³íàç SnRK1 òàêîæ â³äî-
ìèõ, ÿê SnRK�, – íàéáëèæ÷èõ ðîñëèííèõ ãîìî-
ëîã³â AMÔ-àêòèâîâàíèõ ïðîòå¿íê³íàç òâàðèí 
(AMP activated protein kinases) òà ïðîòå¿íê³íàç 
êîìïëåêñó SNF1 (Sucrose non-fermenting 1) ç 
äð³æäæ³â [4-6]. Ôóíêö³îíàëüíî àêòèâí³ ðîñëèí-
í³ ïðîòå¿íê³íàçè SnRK1 – öå ãåòåðîòðèìåðè, 
äî ñêëàäó ÿêèõ îáîâ’ÿçêîâî âõîäÿòü êàòàë³òè÷í³ 
ñóáîäèíèö³ SnRK� (SnRK�-1/KIN10/At3g01090 
àáî SnRK�-2/KIN11/At3g29160) [7].

Íåçâàæàþ÷è íà çíà÷íó ê³ëüê³ñòü ðîá³ò, ïðè-
ñâÿ÷åíèõ ðîñëèííèì ïðîòå¿íê³íàçàì SnRK1, ¿õ 
ôóíêö³îíàëüíà ðîëü ðîçêðèòà ëèøå ÷àñòêîâî. 
Âñòàíîâëåíî, ùî ïðîòå¿íê³íàçè SnRK1 º îäíèì 
ç êëþ÷îâèõ êîìïîíåíò³â ñèãíàëüíèõ êàñêàä³â 
åíåðãåòè÷íîãî ãîìåîñòàçó ðîñëèííî¿ êë³òèíè 
[8–11]. Äîâåäåíî, ùî ö³ ôåðìåíòè ³í³ö³þþòü 
ïðîöåñè, ùî ñïðèÿþòü ïåðåìèêàííþ â³ä àíà-
áîë³çìó äî êàòàáîë³çìó òà º âàæëèâèìè ðåãóëÿ-
òîðàìè òðàíñêðèïö³¿. Â³äîìî, ùî ïðîòå¿íê³íàçè 
SnRK1 âïëèâàþòü íà åêñïðåñ³þ ãåí³â, ÿê³ áåðóòü 
ó÷àñòü ó ðåãóëÿö³¿ ðîñòó, îíòîãåíåçó, àóòîôàã³¿ 
òà ³í. [12–15]. Áóëî ïðîäåìîíñòðîâàíî âàæëè-
âó ðîëü öèõ ôåðìåíò³â ó ôîðìóâàíí³ â³äïîâ³-
ä³ ðîñëèí íà ä³þ ñòðåñîâèõ ôàêòîð³â, çîêðåìà 
òåìðÿâè, äåô³öèòó ïîæèâíèõ ðå÷îâèí, õîëîäó, 
ïîñóõè òà ³í. [16–18]. Òàêîæ º ï³äòâåðäæåííÿ 
ó÷àñò³ ïðîòå¿íê³íàç SnRK1 ó ôîðìóâàíí³ ñò³é-
êîñò³ ðîñëèí äî ñîëüîâîãî òà îñìîòè÷íîãî ñòðå-
ñ³â [19]. Òàêèì ÷èíîì, ô³ç³îëîã³÷íà â³äïîâ³äü 
ðîñëèí íà ä³þ ñòðåñîâèõ ÷èííèê³â ìîæå ðå-
ãóëþâàòèñÿ çà äîïîìîãîþ ïðîòå¿íê³íàç KIN10 
(SnRK1.1) òà KIN11(SnRK1.2).
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Íåùîäàâíî íàìè çà äîïîìîãîþ á³î³íôîðìà-
òè÷íèõ ìåòîä³â áóëî âñòàíîâëåíî ãîìîëîã³þ ì³æ 
ïðîòå¿íê³íàçàìè SnRK1 ðîñëèííîãî ïîõîäæåííÿ 
³ ïðîòå¿íê³íàçàìè BRSK ññàâö³â [7]. Òàê, ³ñ-
íóº çíà÷íà ïîä³áí³ñòü àì³íîêèñëîòíèõ ïîñë³-
äîâíîñòåé, äîìåííî¿ àðõ³òåêòóðè òà ïðîñòîðî-
âî¿ ñòðóêòóðè êàòàë³òè÷íèõ äîìåí³â ðîñëèííèõ 
SnRK1 ³ BRSK1 ëþäèíè [7, 20]. Çà ðåçóëüòàòàìè 
ñï³ëüíî¿ ô³ëîãåíåòè÷íî¿ êëàñòåðèçàö³¿ ïîâíîãî 
ê³íîìó A. thaliana ³ ïðîòå¿íê³íàç BSRK ëþäèíè, 
íàéâèùèé ð³âåíü ãîìîëîã³¿ áóëî çíàéäåíî äëÿ 
ïðîòå¿íê³íàçè BRSK1 òà äâîõ ðîñëèííèõ ïðî-
òå¿íê³íàç SnRK1 – SnRK�-1/KIN10 ³ SnRK�-2/
KIN11. Îòæå, îñê³ëüêè ö³ ïðîòå¿íê³íàçè º íàé-
áëèæ÷èìè ðîñëèííèìè ãîìîëîãàìè ïðîòå¿íê³-
íàçè BRSK1, ìîæíà ïðèïóñòèòè, ùî SnRK1 ïî-
òåíö³éíî çäàòí³ âèêîíóâàòè ïîä³áí³ äî BRSK1 
ôóíêö³¿ ³ â ðîñëèííèõ êë³òèíàõ. Òàê, âðàõîâó-
þ÷è êîíñåðâàòèâí³ñòü àì³íîêèñëîòíèõ ïîñë³-
äîâíîñòåé �-òóáóë³íó ðîñëèí òà òâàðèí [21], 
íàìè áóëî âèñóíóòî ïðèïóùåííÿ ùîäî ìîæëè-
â³ñò³ ôîñôîðèëþâàííÿ ïðîòå¿íê³íàçîþ KIN10 
àì³íîêèñëîòíîãî çàëèøêó Ser131 �-òóáóë³íó 
A. thaliana [7], à òàêîæ ùîäî ìîæëèâî¿ ó÷àñò³ 
öèõ ôåðìåíò³â ó ïðîöåñàõ, ïîâ’ÿçàíèõ ç êë³-
òèííèì ïîä³ëîì. 

Ç ìåòîþ ï³äòâåðäæåííÿ àáî ñïðîñòóâàííÿ 
äàíîãî ïðèïóùåííÿ ùîäî ó÷àñò³ ïðîòå¿íê³íàç 
KIN10 (SnRK�-1/KIN10/At3g01090) òà KIN11 
(SnRK�-2/KIN11/At3g29160) ó êë³òèííîìó ïî-
ä³ë³ òà ó ôîñôîðèëþâàíí³ �-òóáóë³íó, íàìè áóëî 
äîñë³äæåíî ìóòàíòí³ ë³í³¿ A. thaliana, íîêàóòí³ 
ïî ãåíàõ KIN10 òà KIN11. Çîêðåìà, ðîçðàõî-
âó-âàëè ì³òîòè÷íèé ³íäåêñ òà äîñë³äæóâàëè êî-
ðåëÿö³þ ð³âí³â åêñïðåñ³¿ ìàðêåðíèõ ãåí³â êë³-
òèííî¿ ïðîë³ôåðàö³¿, à, ñàìå, CYCB1 òà BRCA1 
[22, 23] çà íîðìàëüíèõ óìîâ òà çà óìîâ åíåðãå-
òè÷íîãî äåô³öèòó. Òàêîæ áóëî ïîð³âíÿíî ð³âí³ 
åêñïðåñ³¿ öèõ ìàðêåðíèõ ãåí³â òà ãåí³â ïðîòå-
¿íê³íàç KIN10 òà KIN11 ó ñóñïåíç³éí³é êóëü-
òóð³ êë³òèí [24, 25] òà ³íòàêòíèõ ïðîðîñòêàõ 
A. thaliana.

Ìàòåð³àëè òà ìåòîäè. Ó äîñë³äæåíí³ áóëî 
âèêîðèñòàíî íàñ³ííÿ ìóòàíòíèõ ë³í³é kin10 òà 
kin11 A. thaliana (SALK_139618C òà SALK_
127939C), îòðèìàíèõ ç ªâðîïåéñüêîãî ñòîêî-
âîãî öåíòðó àðàá³äîïñèñà (The European Arabi-
dopsis Stock Centre, http://arabidopsis.info/), òà, 
ÿê êîíòðîëü, äèêîãî åêîòèïó A. thaliana (Col-0). 
Íàñ³ííÿ ñòåðèë³çóâàëè ïðîòÿãîì 10-òè õâ â ã³-

ïîõëîðèò³ íàòð³þ, òðè÷³ â³äìèâàëè ñòåðèëüíîþ 
âîäîþ òà âèñàäæóâàëè íà æèâèëüíå ñåðåäîâè-
ùå Ìóðàñ³ãå-Ñêóãà, ÌÑ (Murashige and Skoog 
salts, Duchefa, Í³äåðëàíäè), ùî ì³ñòèëî ïîëî-
âèííèé íàá³ð ì³êðî- ³ ìàêðîñîëåé ÌÑ, â³òàì³íè 
(ò³àì³í ³ ì³î³íîçèòîë) (2 ã/ë), 10 ã/ë ñàõàðîçè 
òà 8 ã/ë àãàðó, pH 5,7. Ó âèïàäêó ìîäåëþâàííÿ 
óìîâ åíåðãåòè÷íîãî äåô³öèòó íàñ³ííÿ ìóòàíò-
íèõ ë³í³é òà äèêîãî òèïó âèñàäæóâàëè íà àíà-
ëîã³÷íå ñåðåäîâèùå, îäíàê áåç äîäàâàííÿ ñàõà-
ðîçè. Âèñàäæåíå íàñ³ííÿ ñïî÷àòêó ñòðàòèô³êó-
âàëè ïðè òåìïåðàòóð³ +4 °C ïðîòÿãîì 24 ãîä, 
à äàë³ êóëüòèâóâàëè ïðîòÿãîì 7 òà 14 ä³á ïðè 
+22 °C òà äîâæèí³ ñâ³òëîâîãî ïåð³îäó 16 ãîä 
íà äîáó. 

Àíàë³ç íîêàóòíèõ ìóòàíòíèõ ë³í³é kin10 òà 
kin11 ïðîâîäèëè çà äîïîìîãîþ ÏËÐ ç³ çâîðîò-
íîþ òðàíñêðèïö³ºþ (ÇÒ-ÏËÐ). 

Äëÿ ï³äðàõóíêó ê³ëüêîñò³ êë³òèí ó ñòàä³¿ ì³-
òîçó êîðåí³ 14-äåííèõ ïðîðîñòê³â âèòðèìóâàëè 
2 ãîä ó õîëîäí³é âîä³ (+4 °Ñ) äëÿ ñèíõðîí³çà-
ö³¿ ì³òîç³â, ï³ñëÿ ÷îãî ô³êñóâàëè çà äîïîìîãîþ 
ìîäèô³êîâàíîãî íàìè ô³êñàòîðà Êëàðêà (ëüî-
äÿíà îöòîâà êèñëîòà 1 : 3, àöåòîàëêîãîëü 96 %) 
âïðîäîâæ 24 ãîä. Ï³ñëÿ 3-êðàòíîãî ïðîìèâàííÿ 
ó 70%-íîìó åòèëîâîìó ñïèðò³, êîðåí³ ïîì³ùàëè 
ó 4%-íèé àöåòîîðñå¿í ³ íàãð³âàëè íà ñïèðò³â-
ö³ äî «ïðèõîâàíîãî» êèï³ííÿ ç íàñòóïíîþ âè-
òðèìêîþ ó áàðâíèêó âïðîäîâæ 1 ãîä. Äàâëåí³ 
ïðåïàðàòè âèãîòîâëÿëè â 45%-íîìó ðîç÷èí³ ìî-
ëî÷íî¿ êèñëîòè. Ì³òîòè÷íèé ³íäåêñ îáðàõîâó-
âàëè çà ôîðìóëîþ:

äå � (Ï + Ì + À + Ò) – ñóìàðíà ê³ëüê³ñòü êë³-
òèí, ÿê³ çíàõîäÿòüñÿ ó ïðîôàç³ (Ï), ìåòàôàç³ 
(Ì), àíàôàç³ (À), òåëîôàç³ (Ò), � (² + Ï + Ì + 
+ À + Ò) – ñóìàðíà ê³ëüê³ñòü êë³òèí, ÿê³ çíà-
õîäÿòüñÿ ó ³íòåðôàç³ (²), ïðîôàç³ (Ï), ìåòàôàç³ 
(Ì), àíàôàç³ (À), òåëîôàç³ (Ò).

Çíà÷åííÿ ÊÌ² îáðàõîâóâàëè ÿê ñï³ââ³äíî-
øåííÿ çíà÷åíü Ì² äëÿ îáðîáëåíèõ âàð³àíò³â ç 
êîíòðîëåì:

Ï³äðàõóíîê ì³òîòè÷íîãî ³íäåêñó òà öèòîëî-
ã³÷íèé àíàë³ç çä³éñíþâàëè çà äîïîìîãîþ ì³-
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êðîñêîïó Axioskop 40 (Carl Zeiss, Í³ìå÷÷èíà) 
ç îá’ºêòèâàìè Plan-Neofluar 40x/1.3 ³ 100x/2.6 
Immersion Oil. Îòðèìàí³ äàí³ îáðîáëÿëè çà
äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ Axio-
VisionsRel4.7 (CarlZeiss, Í³ìå÷÷èíà). Ìàòåìà-
òè÷íó îáðîáêó äàíèõ çä³éñíþâàëè ìåòîäîì 
äèñïåðñ³éíîãî àíàë³çó ç âèêîðèñòàííÿì MS 
Excel (2010).

Äëÿ äîñë³äæåííÿ êîðåëÿö³¿ ð³âí³â åêñïðåñ³¿ 
ö³ëüîâèõ ãåí³â â³äáèðàëè 7-ìè äåíí³ ïðîðîñòêè 
A. thaliana.

Ñóñïåíç³éíó êóëüòóðó A. thaliana. [24, 25] 
âèðîùóâàëè âðîäîâæ 7-ìè ä³á íà ìîäèô³êî-
âàíîìó ñåðåäîâèù³ Ãàìáîðãà [26], ùî ì³ñòèëî 
2,5 ìã/ìë 2.4-Ä, 2,5 ìã/ìë ê³íåòèíó, à òàêîæ 
10 ã/ë ñàõàðîçè òà 8 ã/ë àãàðó, pH 5,7. 

Çàãàëüíó ÐÍÊ âèä³ëÿëè çà äîïîìîãîþ TRIsol-
ðåàãåíòó (Termo Fisher Scientific, ÑØÀ) â³äïî-
â³äíî äî ïðîòîêîëó, ðåêîìåíäîâàíîãî êîìïà-
í³ºþ-âèðîáíèêîì. ßê³ñòü âèä³ëåíî¿ ÐÍÊ âè-
çíà÷àëè ñïåêòðîôîòîìåòðè÷íî òà çà äîïîìî-
ãîþ åëåêòðîôîðåçó ó àãàðîçíîìó ãåë³. Êîí-
öåíòðàö³þ ÐÍÊ ó ð³çíèõ çðàçêàõ äîâîäèëè äî 
ð³âíîãî çíà÷åííÿ. Ñèíòåç êÄÍÊ ïðîâîäèëè ç
âèêîðèñòàííÿì íàáîðó RevertAid RT cDNA 
Synthesis Kit (Termo Fisher Scientific, ÑØÀ) 
â³äïîâ³äíî äî ïðîòîêîëó êîìïàí³¿-âèðîáíèêà. 

Ð³âåíü åêñïðåñ³¿ ãåí³â CYCB1;1/BRCA1 òà 
KIN10/KIN11 âèçíà÷àëè çà äîïîìîãîþ ê³ëüê³ñ-
íî¿ ÏËÐ (��Ct ìåòîä) [27]. Àìïë³ô³êàö³þ ñïå-
öèô³÷íèõ ôðàãìåíò³â ãåí³â ïðîâîäèëè çà âèêî-
ðèñòàííÿ íàáîðó SYBR® Green JumpStart™Taq 
ReadyMix™ (Sigma-Aldrich, ÑØÀ). Ðåàêö³éíà 
ñóì³ø çàãàëüíèì îá’ºìîì 25 ìêë ì³ñòèëà 2 ìêë 
êÄÍÊ, 1 ìêë ïðÿìîãî òà çâîðîòíüîãî ïðàéìå-
ð³â. ÏËÐ ïðîâîäèëè ç ³íòåðêàëþþ÷èì áàðâíè-
êîì SybrGreen (490 íì) íà àìïë³ô³êàòîð³ iQ5 
(Bio-Rad, ÑØÀ) çà íàñòóïíèì ïðîòîêîëîì: 
95 °C 5õâ; íàñòóïí³ 40 öèêë³â àìïë³ô³êàö³¿ áóëè 
âèêîíàí³ òàêèì ÷èíîì: 30 ñ ïðè 95 °C, 30 ñ 
ïðè 55 °C òà 30 ñ ïðè 72 °C, ô³íàëüíà åëîíãà-
ö³ÿ – ïðè 72 °C âïðîäîâæ 4 õâ. Ð³âåíü ôëþî-
ðåñöåíö³¿ âèì³ðþâàëè íà ñòàä³¿ ñèíòåçó àìïë³-
êîí³â. Äëÿ ïîð³âíÿííÿ ð³âí³â åêñïðåñ³¿ ãåí³â, 
ÿê ðåôåðåíòíèé âèêîðèñòîâóâàëè ãåí àêòèíó 
(AtActin). Ôðàãìåíòè ãåí³â CYCB1;1, BRCA1 òà 
KIN10, KIN11 àìïë³ô³êóâàëè ç âèêîðèñòàííÿì 
íàñòóïíèõ ïðàéìåð³â:

CYCB1;1_for 5�CTGTTGAGAGTGAATGGA-
GG3�,

CYCB1;1_rev 5�TAACCGACAAGAACCGATCC3�;
BRCA1_for 5�CATTGATTGGATTAAGGCG-
TG3�,
BRCA1_rev TAAGGTCCTTCTCGTATTCC3�;
KIN10_for 5�CCTCAAGCCTGAAAACTTGC3�,
KIN10_rev 5�TGCATACGGGGAGTACCTTC3�;
KIN11_for 5�GCGGGATGGTCATTTTCTAA3�,

Ðèñ. 1. Àíàë³ç åêñïðåñ³¿ KIN10 òà KIN11 ó íîêàóò-
íèõ ë³í³ÿõ SALK_139618C òà SALK_127939C. 1 – 
êîíòðîëü KIN10, 2 – êîíòðîëü KIN10, 3 – SALK_
139618C (kin10), 4 – SALK_127939C (kin11)

Ðèñ. 2. Ì³òîòè÷íà àêòèâí³ñòü êë³òèí êîðåíåâî¿ àï³-
êàëüíî¿ ìåðèñòåìè A. thaliana (Col-0) òà ìóòàíòíèõ 
ë³í³é kin10/kin11, çà íîðìàëüíèõ óìîâ, òà çà óìîâ 
åíåðãåòè÷íîãî äåô³öèòó (áåç äîäàâàííÿ ñàõàðîçè)
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KIN11_rev 5�AATCCAG�CCCTCAGCACATT-
CCAGCA3�,
AtAct_rev GGACTAAAACGCAAAACGAA3�.

Ï³ñëÿ àìïë³ô³êàö³¿ ÿê³ñòü ïðîäóêò³â îö³íþ-
âàëè íà ï³äñòàâ³ àíàë³çó êðèâî¿ ïëàâëåííÿ ïðî-
äóêò³â ÏËÐ. Ð³âí³ åêñïðåñ³¿ ãåí³â âèçíà÷àëè 
îêðåìî äëÿ êîæíî¿ ïàðè ïðàéìåð³â. Äëÿ îö³íêè
ÿêîñò³ òà ï³äòâåðäæåííÿ â³äòâîðþâàíîñò³ ðå-
çóëüòàò³â ðåàêö³¿, åêñïåðèìåíòè ïðîâîäèëè ó 
òðüîõ ïîâòîðàõ.

Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ. Â õîä³ ïðîâå-
äåííÿ àíàë³çó ìóòàíòíèõ ë³í³é kin10 òà kin11 
áóëî ï³äòâåðäæåíî â³äñóòí³ñòü ïðîäóêò³â ãåí³â 
KIN10 òà KIN11 çà äîïîìîãîþ ÇÒ-ÏËÐ (ðèñ. 1).

Äëÿ âèâ÷åííÿ ðîë³ ïðîòå¿íê³íàç SnRK1 ó 
ïðîöåñàõ êë³òèííîãî ïîä³ëó âèçíà÷àëè ì³òîòè÷-

íèé ³íäåêñ êë³òèí êîðåíåâî¿ àï³êàëüíî¿ ìåðè-
ñòåìè ó kin10/kin11-íîêàóòíèõ ë³í³ÿõ A. thaliana 
çà íîðìàëüíèõ óìîâ òà çà óìîâ åíåðãåòè÷íîãî 
äåô³öèòó. Ïîð³âíÿíî ç êîíòðîëåì, áóëî çàô³ê-
ñîâàíî íàáàãàòî íèæ÷èé ì³òîòè÷íèé ³íäåêñ ó 
ìóòàíòíèõ ë³í³é ÿê çà íîðìàëüíèõ óìîâ, òàê ³ 
çà óìîâ åíåðãåòè÷íîãî äåô³öèòó (ðèñ. 2). 

Òàêîæ ó kin10/kin11-íîêàóòíèõ ë³í³ÿõ äîñë³-
äæóâàëè êîðåëÿö³þ ð³âí³â åêñïðåñ³¿ ìàðêåðíèõ 
ãåí³â êë³òèííî¿ ïðîë³ôåðàö³¿ CYCB1;1 òà BRCA1 
[22, 23, 28] çà íîðìàëüíèõ óìîâ òà çà óìîâ åíåð-
ãåòè÷íîãî äåô³öèòó (ðèñ. 3). Âñòàíîâëåíî, ùî 
ó îáîõ ìóòàíòíèõ ë³í³ÿõ ð³âí³ åêñïðåñ³¿ ãåí³â 
CYCB1;1 òà BRCA1 áóëè çíà÷íî íèæ÷èìè, í³æ 
ó äèêîãî òèïó. 

Ãîìîëîãè BRCA1 ññàâö³â áóëî çíàéäåíî ó 
ðîñëèííèõ îðãàí³çìàõ, à ñàìå â A. thaliana. Áó-
ëî ïîêàçàíî, ùî ïîä³áíî äî òâàðèííîãî BRCA1 
ðîñëèííèé ãîìîëîã áåðå ó÷àñòü â ðåãóëÿö³¿ êë³-
òèííîãî öèêëó òà äóáëþâàíí³ öåíòðîñîì [23]. 
²ñíóþòü åêñïåðèìåíòàëüí³ äàíí³, ùî ñâ³ä÷àòü 
ïðî ó÷àñòü öüîãî á³ëêó â ïðîöåñàõ íóêëåàö³¿
ì³êðîòðóáî÷îê øëÿõîì óá³êâ³òèíóâàííÿ �-òó-
áóë³íó [29]. Îòæå, çíèæåííÿ ð³âíÿ åêñïðåñ³¿ ãå-
íó öüîãî ôåðìåíòó ìîæå íåãàòèâíî âïëèâàòè íà 
ôóíêö³îíóâàííÿ �-òóáóë³íó. Çàãàëîì çíèæåííÿ 
ð³âí³â åêñïðåñ³¿ ãåí³â CYCB1;1 òà BRCA1 ñâ³ä-
÷èòü ïðî çàòðèìêó êë³òèííî¿ ïðîë³ôåðàö³¿ òà 
ïîðóøåííÿ ïðîöåñ³â íóêëåàö³¿ ì³êðîòðóáî÷îê 
[22, 23]. 

Âàðòî çàçíà÷èòè, ùî ó ìóòàíòíèõ ë³í³ÿõ 
kin10 òà kin11, âèðîùåíèõ â óìîâàõ åíåðãåòè÷-
íîãî äåô³öèòó, åêñïðåñ³ÿ CYCB1;1 òà BRCA1 áó-
ëà çíà÷íî íèæ÷îþ, í³æ ó ðîñëèí, âèðîùåíèõ 
çà íîðìàëüíèõ óìîâ. Â³äîìî, ùî ïðåäñòàâíè-
êè ïðîòå¿íê³íàç SnRK1 çä³éñíþþòü îñîáëèâî 
âàæëèâ³ ôóíêö³¿ ï³ä ÷àñ åíåðãåòè÷íîãî ãîëî-
äóâàííÿ. Àäæå àêòèâí³ñòü öèõ ôåðìåíò³â çàëå-
æèòü â³ä åíåðãåòè÷íîãî áàëàíñó êë³òèíè [30]. 
Çíèæåííÿ åíåðãåòè÷íîãî áàëàíñó ïðèçâîäèòü 
äî àêòèâàö³¿ KIN10 òà KIN11, ÿê³ ñïðèÿþòü 
âìèêàííþ ïðîöåñ³â êàòàáîë³çìó â êë³òèí³, âè-
ìèêàþ÷è âñ³ ìîæëèâ³ åíåðãîçàòðàòí³ ìåõàí³ç-
ìè. Òîìó íîêàóòí³ ë³í³¿ ìóòàíò³â öèõ ãåí³â, ùî 
áóëè âèðîùåí³ â óìîâàõ åíåðãåòè÷íîãî äåô³-
öèòó çíà÷íî âðàçëèâ³ø³, í³æ âèðîùåí³ çà íîð-
ìàëüíèõ óìîâ. Â³äïîâ³äíî, êë³òèíè òàêèõ ðîñ-
ëèíè ìîæóòü ìàòè íèæ÷èé ð³âåíü êë³òèííî¿ 
ïðîë³ôåðàö³¿. Òàêèì ÷èíîì ìîæíà ïðèïóñòèòè, 

Ðèñ. 3. Ð³âí³ åêñïðåñ³¿ ìàðêåðíèõ ãåí³â CYCB1 òà 
BRCA1 (%) ïî â³äíîøåííþ äî êîíñòèòóòèâíîãî 
ð³âíÿ åêñïðåñ³¿ ãåíà àêòèíó (AtActin) ó êîíòðîëüí³é 
òà ìóòàíòíèõ ë³í³ÿõ A. thaliana ç íîêàóòîâàíîþ 
åêñïðåñ³ºþ KIN10 òà KIN11 çà íîðìàëüíèõ óìîâ (à) 
òà çà óìîâ åíåðãåòè÷íîãî äåô³öèòó (á)
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ùî àêòèâí³ñòü ãåí³â KIN10 òà KIN11 ïîâ’ÿçàíà 
ç êë³òèííèì ïîä³ëîì.

Äëÿ ï³äòâåðäæåííÿ ã³ïîòåçè ïðî ìîæëèâ³ñòü 
³ñíóâàííÿ ïåâíî¿ ïîçèòèâíî¿ êîðåëÿö³¿ ì³æ ³í-
òåíñèâí³ñòþ êë³òèííîãî ïîä³ëó òà ð³âíåì åêñ-
ïðåñ³¿ ãåí³â KIN10 òà KIN11 áóëî ïðîâåäåíî òà-
êîæ ïîð³âíÿííÿ ð³âí³â åêñïðåñ³¿ ö³ëüîâèõ ãåí³â 
ó ñóñïåíç³éíî¿ êóëüòóðè êë³òèí A. thaliana òà â 
³íòàêòíèõ ïðîðîñòêàõ. Â³äîìî, ùî ñóñïåíç³é-
í³ êë³òèíè A. thaliana õàðàêòåðèçóþòüñÿ çíà-
÷íî âèùèì ì³òîòè÷íèì ³íäåêñîì ó ïîð³âíÿíí³ 
³ç êë³òèíàìè ïðîðîñòê³â [24]. Íà íàøó äóìêó, 
öåé ïîêàçíèê òàêîæ ìîæå êîðåëþâàòè ç ð³âíåì 
åêñïðåñ³¿ ãåí³â äîñë³äæóâàíèõ ïðîòå¿íê³íàç 
KIN10 òà KIN11.

Òàê, ó êë³òèíàõ ñóñïåíç³éíî¿ êóëüòóðè A. tha-
liana íàìè áóëî çàô³êñîâàíî á³ëüøå, í³æ â 
äâà ðàçè âèù³ ð³âí³ åêñïðåñ³¿ ãåí³â KIN10 òà 
KIN11 ó ïîð³âíÿíí³ ç ïðîðîñòêàìè àðàá³äîï-
ñèñó (ðèñ. 4.). Âðàõîâóþ÷è çíà÷íå ïåðåâèùåí-
íÿ ð³âí³â åêñïðåñ³¿ ãåí³â KIN10 òà KIN11 ó 
ñóñïåíç³éí³é êóëüòóð³, ìîæíà ïðèïóñòèòè, ùî 
îäèí ç ìåõàí³çì³â ä³¿ öèõ ïðîòå¿íê³íàç ìîæå 
áóòè ïîâ’ÿçàíèé ñàìå ç êë³òèííèì ïðîä³ëîì.

Äëÿ ï³äòâåðäæåííÿ òîãî, ùî ñóñïåíç³éíà 
êóëüòóðà ìàº âèñîêèé ì³òîòè÷íèé ³íäåêñ, ïî-
ð³âíþâàëè òàêîæ ð³âí³ åêñïðåñ³¿ ìàðêåðíèõ ãå-
í³â êë³òèííî¿ ïðîë³ôåðàö³¿ – CYCB1;1 òà BRCA1  
ó ñóñïåíç³éíî¿ êóëüòóðè êë³òèí A. thaliana òà â 
³íòàêòíèõ ïðîðîñòêàõ (ðèñ. 5). Áóëî âñòàíîâ-
ëåíî âèùèé ð³âåíü åêñïðåñ³¿ CYCB1;1 òà BRCA1 
ñàìå ó ñóñïåíç³éí³é êóëüòóð³, ùî ìîæå ñâ³ä÷è-
òè ïðî âèñîêèé ð³âåíü êë³òèííî¿ ïðîë³ôåðàö³¿. 
Ïîñèëåíà êë³òèííà ïðîë³ôåðàö³ÿ òà âèñîêèé 
ð³âåíü åêñïðåñ³¿ ãåí³â êàòàë³òè÷íèõ ñóáîäèíèöü 
KIN10/KIN11 ïðîòå¿íê³íàç SnRK1 ó ñóñïåíç³é-
í³é êóëüòóð³ ï³äòâåðäæóº ìîæëèâ³ñòü ó÷àñò³ öèõ 
ôåðìåíò³â ó ðåãóëÿö³¿ êë³òèííîãî ïîä³ëó.

Íà ñüîãîäí³ â³äñóòí³ áóäü-ÿê³ äàíí³, ÿê³ åêñ-
ïåðèìåíòàëüíî ï³äòâåðäæóâàëè áè íàøó ã³ïî-
òåçó ñòîñîâíî ó÷àñò³ ïðîòå¿íê³íàç SnRK1 ó ðå-
ãóëÿö³¿ êë³òèííîãî ïîä³ëó. Ö³êàâèì ôàêòîì º
òàêîæ òå, ùî íàéáëèæ÷èì ãîìîëîãîì ïðîòå-
¿íê³íàç SnRK1 ó òâàðèíí³é êë³òèí³ ââàæàºòüñÿ 
AMÔ-àêòèâîâàíà ïðîòå¿íê³íàçà BRSK1 [20].
Öåé ôåðìåíò ïîâ’ÿçàíèé ç ðåãóëÿö³ºþ êë³òèí-
íîãî ïîä³ëó ó òâàðèííèõ êë³òèíàõ [31–33]. Ôîñ-
ôîðèëþþ÷è �-òóáóë³í, ïðîòå¿íê³íàçà BRSK1 ðå-
ãóëþº ïîäâîºííÿ öåíòðîñîì. Â³äîìî, ùî ñàìå 

�-òóáóë³í º îäíèì ç íàéá³ëüø âàæëèâèõ åëå-
ìåíò³â, ùî ðåãóëþþòü çáèðàííÿ ì³êðîòðóáî-
÷îê òà óòâîðåííÿ âåðåòåíà ïîä³ëó [34]. Îñê³ëü-
êè ïðîòå¿íê³íàçè SnRK1 áóëî âèçíà÷åíî ÿê 
íàéáëèæ÷³ ðîñëèíí³ ãîìîëîãè ïðîòå¿íê³íàçè 
BRSK1, ìîæíà ïðèïóñòèòè, ùî âîíè ïîòåí-
ö³éíî çäàòí³ âèêîíóâàòè ïîä³áí³ ôóíêö³¿ òàêîæ 
ó êë³òèíàõ ðîñëèí (ðèñ. 6). Ïîïåðåäí³ á³î³í-
ôîðìàòè÷í³ äîñë³äæåííÿ ï³äòâåðäèëè çíà÷íó 
ñòðóêòóðíó ïîä³áí³ñòü ïðîòå¿íê³íàç BRSK1 òà 
SnRK1 [7]. Â³äïîâ³äíî äî îòðèìàíèõ íàìè äà-
íèõ, íàìè áóëî âèñóíóòî ïðèïóùåííÿ, ùî ñà-
ìå ïðåäñòàâíèêè SnRK1, ìîæóòü áðàòè ó÷àñòü 
ó ðåãóëÿö³¿ ïðîöåñ³â êë³òèííîãî ïîä³ëó çà ïîä³-
áíèì äî òâàðèííèõ BRSK1 ñöåíàð³ºì.

Îòðèìàí³ íàìè ðåçóëüòàòè ïîêàçóþòü, ùî 
ì³òîòè÷íèé ³íäåêñ òà ð³âí³ åêñïðåñ³¿ ìàðêåð³â 

Ðèñ. 4. Ð³âí³ åêñïðåñ³¿ ãåí³â KIN10 òà KIN11 (%) ïî 
â³äíîøåííþ äî êîíñòèòóòèâíîãî ð³âíÿ åêñïðåñ³¿ ãå-
íà àêòèíó (AtActin) â ïðîðîñòêàõ A. thaliana (Col-0) 
òà ñóñïåíç³éí³é êóëüòóð³ A. thaliana 

Ðèñ. 5. Ð³âí³ åêñïðåñ³¿ ìàðêåðíèõ ãåí³â CYCB1 òà 
BRCA1 (%) ïî â³äíîøåííþ äî êîíñòèòóòèâíîãî 
ð³âíÿ åêñïðåñ³¿ ãåíà àêòèíó (AtActin) ó ïðîðîñòêàõ 
A. thaliana (Col-0) òà ñóñïåíç³éí³é êóëüòóð³ A. thaliana
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êë³òèííî¿ ïðîë³ôåðàö³¿ CYCB1;1 òà BRCA1 ó 
íîêàóòíèõ ë³í³ÿõ SALK_139618C òà SALK_
127939C A. thaliana, ìàþòü çíà÷íî íèæ÷³ ïî-
êàçíèêè í³æ ó êîíòðîëüí³é ë³í³¿. Çà óìîâ åíåð-
ãåòè÷íîãî äåô³öèòó åêñïðåñ³ÿ äàíèõ ãåí³â òà-
êîæ çíèæóâàëàñü. Ó ñóñïåíç³éí³é êóëüòóð³ A. tha-
liana, ÿêà õàðàêòåðèçóºòüñÿ ³íòåíñèâíèì êë³òèí-
íèì ïîä³ëîì, áóëî âñòàíîâëåíî âèñîêèé ð³-
âåíü åêñïðåñ³¿ ÿê ìàðêåðíèõ ãåí³â, òàê ³ KIN10/
KIN11, ó ïîð³âíÿíí³ ç ðîñëèíàìè äèêîãî òèïó 
(êîíòðîëü). 

Îòæå, îòðèìàí³ äàí³ ìîæóòü ðîçãëÿäàòèñü 
ÿê äîäàòêîâå ï³äòâåðäæåííÿ íàøîãî ïîïåðå-
äíüîãî ïðèïóùåííÿ ñòîñîâíî ìîæëèâî¿ ó÷àñò³ 
êàòàë³òè÷íèõ ñóáîäèíèöü ïðîòå¿íê³íàç SnRK1 
(KIN10 òà KIN11) ó ðåãóëÿö³¿ ïðîöåñ³â êë³òèí-
íî¿ ïðîë³ôåðàö³¿ âèùèõ ðîñëèí, øëÿõîì ôîñ-
ôîðèëþâàííÿ �-òóáóë³íó. Òàêîæ ìîæíà ïðèïóñ-

òèòè âàæëèâó ðîëü öèõ ôåðìåíò³â ó êë³òèííî-
ìó ïîä³ë³ ðîñëèí, ùî çðîñòàþòü çà óìîâ åíåðãå-
òè÷íîãî äåô³öèòó.

POTENTIAL ROLE OF PROTEIN KINASES 
SnRK1 IN REGULATION OF CELL DIVISION 
OF ARABIDOPSIS THALIANA

E.E. Krasnoperova, D.D. Buy, I.I. Goriunova, 
S.V. Isayenkov, P.A. Karpov, Ya.B. Blume, A.I. Yemets 

Institute of Food Biotechnology and Genomics 
NAS of Ukraine Osypovskogo Street 2a

Å-mail: krasnopio524@gmail.com, 
denisbuy90@gmail.com, 
inna.horiunova.ukr@gmail.com, 
stan.isayenkov@gmail.com, karpov.p.a@gmail.com, 
yemets.alla@gmail.com, cellbio@cellbio.freenet.viaduk.net 

It is well known that the SNF1-related protein kinase-1 
(SnRK1) subfamily is involved in the regulation of 

Р

Ðèñ. 6. Ã³ïîòåòè÷íà ñõåìà âçàºìîä³¿ ïðîòå¿íê³íàçè SnRK1(SnRK�) ó ïîð³âíÿíí³ ç ïðîòå¿íê³íàçîþ BRSK1 
ç³ ñâî¿ìè ì³øåíÿìè ó ðîñëèííèõ êë³òèíàõ íà ï³äñòàâ³ ë³òåðàòóðíèõ äàíèõ òà ðåçóëüòàò³â íàøèõ ïîïåðåäí³õ 
á³î³íôîðìàòè÷íèõ äîñë³äæåíü [7] 
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carbohydrate metabolism and energy balance. These 
enzymes are multifunctional and can participate in 
many other important cellular processes. In this work, 
the role of protein kinases SnRK1 (KIN10 and KIN11) 
in the regulation of the cell division of Arabidopsis tha-
liana was studied. For this purpose, A. thaliana kin10 
and kin11 knockout lines (http://arabidopsis.info/) we-
re used. The cells of these mutant lines exhibited the 
low mitotic index. The expression level of the cell pro-
liferation markers – CYCB1, 1 (cyclin B) and plant 
BRCA1 homolog (Breast Cancer Suppressor Protein) 
was reduced too. A significantly smaller mitotic index 
and expression level of CYCB1, 1 and BRCA1 genes 
were found in the mutants that were grown under 
energy starvation conditions. High level of expression 
of CYCB1, 1/BRCA1 and KIN10/KIN11 genes in A.
thaliana cell suspension culture was also revealed in 
comparison to Arabidopsis seedlings. Obtained data may 
indicate the possible role of protein kinases KIN10/
KIN11 in regulation of cell proliferative activity.

ÏÎÒÅÍÖÈÀËÜÍÀß ÐÎËÜ SnRK1 
ÏÐÎÒÅÈÍÊÈÍÀÇ Â ÐÅÃÓËßÖÈÈ 
ÊËÅÒÎ×ÍÎÃÎ ÄÅËÅÍÈß 
ARABIDOPSIS THALIANA

Å.Å. Êðàñíîï¸ðîâà, Ä.Ä. Áóé, È.È. Ãîðþíîâà, 
Ñ.Â. Èñàåíêîâ, Ï.À. Êàðïîâ, ß.Á. Áëþì, À.È. Åìåö 

Èçâåñòíî, ÷òî ïîäñåìåéñòâî ïðîòåèíêèíàç SnRK1
ó÷àñòâóåò â ðåãóëÿöèè óãëåâîäíîãî îáìåíà è ýíåð-
ãåòè÷åñêîãî áàëàíñà. Ýòè ôåðìåíòû ìíîãîôóíê-
öèîíàëüíû è ìîãóò ïðèíèìàòü ó÷àñòèå âî ìíîãèõ 
äðóãèõ âàæíûõ êëåòî÷íûõ ïðîöåññàõ. Â äàííîé ðà-
áîòå èçó÷àëè ðîëü ïðîòåèíêèíàç SnRK1 (KIN10 è 
KIN11) â ðåãóëÿöèè êëåòî÷íîãî äåëåíèÿ Arabidopsis 
thaliana. Äëÿ ýòîãî èñïîëüçîâàëè ìóòàíòíûå ëèíèè
kin10/kin11 A. thaliana, íîêàóòíûå ïî ãåíàì KIN10
è KIN11 (http://arabidopsis.info/). Â äàííûõ ìóòàíòàõ 
áûë óñòàíîâëåí íèçêèé ìèòîòè÷åñêèé èíäåêñ è ïî-
êàçàíî ñíèæåíèå óðîâíÿ ýêñïðåññèè ìàðêåðîâ êëå-
òî÷íîé ïðîëèôåðàöèè – CYCB1, 1 (öèêëèí Â) è
ðàñòèòåëüíîãî ãîìîëîãà BRCA1 (Breast Cancer Sup-
pressor Protein). Çíà÷èòåëüíî ìåíüøèé ìèòîòè÷åñ-
êèé èíäåêñ è óðîâåíü ýêñïðåññèè CYCB1, 1 è 
BRCA1 íàáëþäàëè èìåííî â ìóòàíòàõ, êîòîðûå 
âûðàùèâàëè â óñëîâèÿõ ýíåðãåòè÷åñêîãî ãîëîäàíèÿ. 
Òàêæå áûëî çàôèêñèðîâàíî âûñîêóþ ýêñïðåññèþ 
ãåíîâ CYCB1, 1/BRCA1 è KIN10/KIN11 â ñóñïåí-
çèîííîé êóëüòóðå A. thaliana ïî ñðàâíåíèþ ñ ïðî-
ðîñòêàìè àðàáèäîïñèñà. Òàêèå äàííûå ìîãóò ñâèäå-
òåëüñòâîâàòü î âîçìîæíîé ðîëè ïðîòåèíêèíàç 
KIN10/KIN11 â ðåãóëÿöèè êëåòî÷íîé ïðîëèôåðà-
òèâíîé àêòèâíîñòè.
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ÑÊÎÐÎ×ÅÍÍß: 

PRL1 – Protein pleiotropic regulatory locus
FUS3 – B3 domain-containing transcription factor
SKP1 S-phase kinase-associated protein 1
WRI1 – WRINKLED1 transcription factor
bZIP – Basic Leucine Zipper Domain
IDD8 – INDETERMINATE DOMAIN-containing
transcription factor
GRIK1/2 – Glutamate ionotropic receptor kainate
type subunit 1/2
PAD1 – Proteasome subunit alpha type-7-A
SNF4 – SNF1-related protein kinase regulatory su-
bunit beta-2
AT4G1 – SNF1-related protein kinase regulatory su-
bunit beta-2
CDK1 – Cyclin-dependent kinase 1
RIMS1 – Regulating synaptic membrane exocytosis 1
WEE1 – Well-like protein kinase
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