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Ðîñëèíè ðåàãóþòü íà çì³íè ãðàâ³òàö³éíèõ óìîâ ïîðóøåííÿìè ó ïðîô³ëÿõ åêñïðåñ³¿ ãåí³â, ùî º ³íäèêàòî-

ðîì çàãàëüíîãî ñòðåñîâîãî ñòàíó. Îäíèì ³ç ìåõàí³çì³â àäàïòàö³¿ êë³òèíè äî ñòðåñîâèõ óìîâ º ñèíòåç

íèçüêîìîëåêóëÿðíèõ á³ëê³â òåïëîâîãî øîêó (small heat shock proteins, sHsp), ÿê³ âèêîíóþòü ôóíêö³¿ ìîëå-

êóëÿðíèõ øàïåðîí³â. Ìåòà. Ç’ÿñóâàííÿ âïëèâó ìîäåëüîâàíèõ ì³êðîãðàâ³òàö³¿ (êë³íîñòàòóâàííÿ) òà ã³ïåð-

ãðàâ³òàö³¿ (öåíòðèôóãóâàííÿ) íà ãåííó åêñïðåñ³þ sHsp â åò³îëüîâàíèõ ïðîðîñòêàõ ãîðîõó. Ìåòîäè. Ð³-

âåíü åêñïðåñ³¿ ãåí³â âèçíà÷àëè ³ç çàëó÷åííÿì ìåòîä³â çâîðîòíî¿ òðàíñêðèïö³¿ ³ ÏËÐ, à òàêîæ ê³ëüê³ñíî¿

ÏËÐ. Ðåçóëüòàòè. Ïîêàçàíî â³äñóòí³ñòü ä³¿ ìîäåëüîâàíèõ óìîâ çì³íåíî¿ ãðàâ³òàö³¿ íà åêñïðåñ³þ ãåí³â

sHsp ð³çíî¿ êë³òèííî¿ ëîêàë³çàö³¿ – öèòîçîëüíî-ÿäåðíèõ Pshsp17.1-Ñ²² ³ Pshsp18.1-Ñ², ïëàñòèäíîãî –

Pshsp26.2-P, åíäîïëàçìàòè÷íîãî ðåòèêóëóìó – Pshsp22.7-ER òà ì³òîõîíäð³àëüíîãî – Pshsp22.9-M. Âèñ-

íîâêè. Â³äíîñíèé ð³âåíü òðàíñêðèïò³â ãåí³â sHsp çà âïëèâó êë³íîñòàòóâàííÿ, öåíòðèôóãóâàííÿ ³ ï³äâè-

ùåíî¿ òåìïåðàòóðè ñâ³ä÷èòü ïðî ð³çíèé õàðàêòåð ä³¿ öèõ ÷èííèê³â íà êë³òèíè. Çì³íåíà ãðàâ³òàö³ÿ íà

â³äì³íó â³ä òåïëîâîãî ñòðåñó íå ñïðè÷èíÿº óøêîäæåííÿ/äåíàòóðàö³¿ á³ëê³â òà, â³äïîâ³äíî, íå ìîäóëþº

åêñïðåñ³¿ ãåí³â sHsp.

Êëþ÷îâ³ ñëîâà: íèçüêîìîëåêóëÿðí³ á³ëêè òåïëîâîãî øîêó, êë³íîñòàòóâàííÿ, ã³ïåðãðàâ³òàö³ÿ, åò³îëüîâàí³

ïðîðîñòêè, Pisum sativum.

Âñòóï. Ôóíäàìåíòàëüíîþ ïðîáëåìîþ êîñì³÷íî¿

á³îëîã³¿ º ïèòàííÿ ùîäî ìîæëèâîñò³ ³ ìåõàí³çì³â

àäàïòàö³¿ æèâèõ ñèñòåì äî óìîâ êîñì³÷íîãî ïîëüî-

òó. Ïîñò³éíî ä³þ÷èì ÷èííèêîì êîñì³÷íîãî ïîëüîòó

º íåâàãîì³ñòü (ì³êðîãðàâ³òàö³ÿ), òîáòî ñèëà òÿæ³ííÿ

Çåìë³, ùî ä³º íà êîñìîíàâò³â, êîìïåíñîâàíà â³äöåíò-

ðîâîþ ñèëîþ. Âîíà âèíèêàº âíàñë³äîê ðóõó êîñ-

ì³÷íîãî àïàðàòó ïî êðóãîâ³é îðá³ò³ ç ïåðøîþ êîñ-

ì³÷íîþ øâèäê³ñòþ. Ï³äéîì ³ ñïóñê êîñì³÷íîãî àïà-

ðàòó ñóïðîâîäæóþòüñÿ ã³ïåðãðàâ³òàö³ºþ, âåëè÷èíà

ÿêî¿ çà ï³äéîìó ï³ëîòîâàíèõ êîñì³÷íèõ àïàðàò³â íå

ïîâèííà ïåðåâèùóâàòè 8 g. Ðåçóëüòàòè áàãàòîð³÷-

íèõ êîñì³÷íèõ åêñïåðèìåíò³â ç ðîñëèíàìè ñâ³ä÷àòü

ïðî òå, ùî â îïòèìàëüíèõ óìîâàõ êóëüòèâóâàííÿ

ïðè îðá³òàëüíîìó êîñì³÷íîìó ïîëüîò³ ãåíåòè÷íà

³íôîðìàö³ÿ çáåð³ãàºòüñÿ ³ ðåàë³çóºòüñÿ â îíòîãåíåç³

ðîñëèí.

Âñòàíîâëåíî, ùî 1) âèù³ ðîñëèíè çà óìîâ êîñ-

ì³÷íîãî ïîëüîòó ðîñòóòü ³ ðîçâèâàþòüñÿ; 2) ïðîöå-

ñè ìîðôîãåíåçó, öèòîê³íåçó ³ äèôåðåíö³þâàííÿ êë³-

òèí ïðîõîäÿòü áåç ñóòòºâèõ â³äõèëåíü â³ä íîðìè; 3)

çíà÷í³ çì³íè â³äáóâàþòüñÿ ó êë³òèííîìó ìåòàáîë³ç-

ì³ ïîð³âíÿíî ç íàçåìíèì êîíòðîëåì, ùî â³äîáðà-

æàºòüñÿ ó ïåðåáóäîâ³ óëüòðàñòðóêòóðíî¿ îðãàí³çà-

ö³¿ êë³òèí ³ ñâ³ä÷èòü ïðî ÷óòëèâ³ñòü îêðåìî¿ êë³òèíè

äî ãðàâ³òàö³¿; 4) ïîðóøóºòüñÿ âíóòð³øíüîêë³òèí-

íèé áàëàíñ êàëüö³þ; 5) ìîæëèâà àäàïòàö³ÿ áàçîâèõ

êë³òèííèõ ïðîöåñ³â äî ì³êðîãðàâ³òàö³¿ [1, 2].

Ðîçâèòîê ìîëåêóëÿðíî-ãåíåòè÷íèõ ìåòîä³â òà

íàêîïè÷åí³ ðåçóëüòàòè âèâ÷åííÿ ìîëåêóëÿðíèõ îñ-

íîâ â³äïîâ³ä³ ðîñëèí íà ð³çí³ ñòèìóëè çà óìîâ Çåìë³

îáóìîâèëè íîâèé íàïðÿìîê äîñë³äæåíü. ²äåíòè-
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ô³êàö³ÿ ãåí³â, åêñïðåñ³ÿ ÿêèõ ìîäóëþºòüñÿ çà êîñì³÷-

íîãî ïîëüîòó òà ÷àñòêîâîãî â³äòâîðåííÿ éîãî åôåê-

ò³â ó íàçåìíèõ ëàáîðàòîð³ÿõ, à òàêîæ îö³íêà ñïåöè-

ô³÷íîñò³ â³äïîâ³äåé º íîâèìè ïåðñïåêòèâíèìè îá’ºê-

òàìè äîñë³äæåíÿ êîñì³÷íî¿ á³îëîã³¿. Òàê, îñòàíí³ìè

ðîêàìè ïîêàçàíî, ùî çà ðåàëüíî¿ ³ çìîäåëüîâàíî¿

ì³êðîãðàâ³òàö³¿ çì³íþºòüñÿ åêñïðåñ³ÿ áàãàòüîõ ãå-

í³â, ÿê³ áåðóòü ó÷àñòü ó ïðîöåñàõ àäàïòàö³¿ ðîñëèí

äî ñòðåñîâèõ óìîâ [3–10]. Öåíòðèôóãóâàííÿ ç ð³ç-

íèìè ïðèñêîðåííÿìè, ó ñâîþ ÷åðãó, òàêîæ àêòèâóº

åêñïðåñ³þ íèçêè ãåí³â, ïîâ’ÿçàíèõ ç³ ñòðåñîâîþ â³ä-

ïîâ³ääþ [7, 9–11].

Âàæëèâèì åëåìåíòîì àäàïòàö³¿ ðîñëèí äî íå-

ñïðèÿòëèâèõ âïëèâ³â íàâêîëèøíüîãî ñåðåäîâèùà º

ñèñòåìà êîíòðîëþ ÿêîñò³ êë³òèííèõ á³ëê³â. Êîìïî-

íåíòîì ö³º¿ ñèñòåìè º ³ âåëèêà ðîäèíà íèçüêîìîëå-

êóëÿðíèõ á³ëê³â òåïëîâîãî øîêó (small heat shock

proteins, sHsp), ùî âèêîíóþòü ó êë³òèí³ ôóíêö³¿ ìî-

ëåêóëÿðíèõ øàïåðîí³â, òîáòî çäàòí³ çâ’ÿçóâàòè ³ ñòà-

á³ë³çóâàòè ÷àñòêîâî ïîøêîäæåí³ êë³òèíí³ á³ëêè, çà-

ïîá³ãàþ÷è, òàêèì ÷èíîì, ¿õí³é íåçâîðîòí³é àãðåãà-

ö³¿ [12, 13]. sHsp ó ðîñëèíàõ ïðåäñòàâëåí³ óí³êàëü-

íèì ð³çíîìàí³òòÿì ñóáðîäèí, ùî ôóíêö³îíóþòü ó

ð³çíèõ êîìïàðòìåíòàõ êë³òèíè. Íà ñüîãîäí³ ó ïîêðè-

òîíàñ³ííèõ ðîñëèí ³äåíòèô³êîâàíî 11 ñóáðîäèí: öè-

òîçîëüíî-ÿäåðí³ ñóáðîäèíè C², C²², C²²², CIV, CV ³

CVII, ñóáðîäèíà ïëàñòèäíèõ sHsp (Ð), ñóáðîäèíà

sHsp åíäîïëàçìàòè÷íîãî ðåòèêóëóìó (ER), ñóáðî-

äèíà ïåðîêñèñîìíèõ sHsp (Ðî) ³ äâ³ ñóáðîäèíè ì³-

òîõîíäð³àëüíèõ sHsp (Ì² ³ Ì²²) [14, 15]. Ð³çíîìà-

í³òí³ñòü ðîñëèííèõ sHsp â³äîáðàæàº óí³êàëüí³ñòü

â³äïîâ³ä³ ðîñëèí íà ñòðåñ ³, íàïåâíî, º íàñë³äêîì

íåðóõîìîãî ñïîñîáó æèòòÿ ðîñëèí. Ïðåäñòàâíèêè

çàçíà÷åíèõ ðîäèí áåðóòü ó÷àñòü ó â³äïîâ³äÿõ ðîñ-

ëèíè íà çîâí³øí³ ñòðåñîâ³ âïëèâè (ï³äâèùåíà òåì-

ïåðàòóðà, õîëîä, ðàä³àö³ÿ, óëüòðàô³îëåòîâå âèïðî-

ì³íþâàííÿ, âàæê³ ìåòàëè òîùî), êîíñòèòóòèâíî íà-

êîïè÷óþòüñÿ íà ð³çíèõ ñòàä³ÿõ îíòîãåíåçó ó ð³çíèõ

îðãàíàõ ³ òêàíèíàõ òà ìàþòü ñêëàäí³ ñõåìè ðåãóëþ-

âàííÿ åêñïðåñ³¿. Òîìó äîñë³äæåííÿ åêñïðåñ³¿ ãåí³â

sHsp ð³çíî¿ êë³òèííî¿ ëîêàë³çàö³¿ çà óìîâ ñèìóëüî-

âàíî¿ ì³êðî- ³ ã³ïåðãðàâ³òàö³¿ äîçâîëèòü äåòàë³çóâà-

òè ìåõàí³çì êë³òèííî¿ àäàïòàö³¿ äî öèõ óìîâ.

Ìåòà äàíî¿ ðîáîòè ïîëÿãàëà ó âèâ÷åíí³ åêñïðå-

ñ³¿ ãåí³â sHsp ð³çíî¿ êë³òèííî¿ ëîêàë³çàö³¿ – öèòî-

çîëüíî-ÿäåðíèõ Pshsp17.1-Ñ²² ³ Pshsp18.1-Ñ², ïëàñ-

òèäíîãî – Pshsp26.2-P, ER – Pshsp22.7-ER ³ ì³òî-

õîíäð³àëüíîãî – Pshsp22.9-M íà ïîñë³äîâíèõ åòà-

ïàõ ðîñòó åò³îëüîâàíèõ ïðîðîñòê³â ãîðîõó ó ñòàö³î-

íàðíîìó êîíòðîë³ çà óìîâ ïîñòóïîâîãî ï³äâèùåííÿ

òåìïåðàòóðè òà çìîäåëüîâàíî¿ çì³íåíî¿ ãðàâ³òàö³¿.

Ãîðîõ ÿê âàæëèâó ñ³ëüñüêîãîñïîäàðñüêó êóëüòóðó

âèêîðèñòîâóâàëè â áàãàòüîõ êîñì³÷íèõ åêñïåðèìåí-

òàõ, äå â³í ïðîäåìîíñòðóâàâ çäàòí³ñòü ïðîõîäèòè

ïîâíèé æèòòºâèé öèêë çà óìîâ òðèâàëèõ îðá³òàëü-

íèõ ïîëüîò³â. Äîñë³äè ñàìå íà åò³îëüîâàíèõ ïðî-

ðîñòêàõ äîçâîëèëè âèêëþ÷èòè âïëèâ ñâ³òëà ÿê ìîæ-

ëèâîãî ³íäóêòîðà åêñïðåñ³¿ ãåí³â.

Ìàòåð³àëè ³ ìåòîäè. Íàñ³ííÿ ãîðîõó ñòåðèë³çó-

âàëè ïðîòÿãîì 15 õâ ó 5 %-ìó ðîç÷èí³ ã³ïîõëîðèòó

íàòð³þ òà òðè÷³ ïðîìèâàëè ñòåðèëüíîþ äèñòèëüî-

âàíîþ âîäîþ, çàëèøàëè ó âîä³ çà ê³ìíàòíî¿ òåìïåðà-

òóðè íà 3 ãîä äëÿ íàáóõàííÿ. Íàñ³íèíè çàãîðòàëè â

òðóáî÷êè ³ç çâîëîæåíîãî ô³ëüòðóâàëüíîãî ïàïåðó ³

âèòðèìóâàëè ïðîòÿãîì äâîõ ä³á çà òåìïåðàòóðè 4
îÑ

äëÿ ð³âíîì³ðíî¿ ñõîæîñò³. Ð³ñò ïðîðîñòê³â çà óìîâ

ïîâ³ëüíîãî êë³íîñòàòóâàííÿ (2 îá/õâ) òà â ñòàö³îíàð-

íîìó êîíòðîë³ ïðîõîäèâ ó òåìðÿâ³ óïðîäîâæ 5 ä³á

(òåìïåðàòóðà 24–26 îÑ, â³äíîñíà âîëîã³ñòü ïîâ³òðÿ

45–64 %). Êîæí³ 24 ãîä ô³ëüòðóâàëüíèé ïàï³ð çâî-

ëîæóâàëè, äîäàþ÷è 0,5 ìë âîäè â êîæíó òðóáî÷êó.

Âñ³ åêñïåðèìåíòè âèêîíóâàëè ùîíàéìåíøå ó

òðüîõ á³îëîã³÷íèõ (n � 3) òà äâîõ òåõí³÷íèõ (n � 2)

ïîâòîðíîñòÿõ. Äëÿ äîñë³äæåííÿ âïëèâó òåïëîâîãî

øîêó ³ ã³ïåðãðàâ³òàö³¿ âèêîðèñòîâóâàëè ï’ÿòèäîáî-

â³ ïðîðîñòêè, ÿê³ öåíòðèôóãóâàëè ç ïðèñêîðåííÿìè

3, 7, 10 òà 14 g ïðîòÿãîì 1 ãîä. Óìîâè ïîñòóïîâîãî

ï³äâèùåííÿ òåìïåðàòóðè ìîäåëþâàëè çà ìåòîäè-

êîþ, îïèñàíîþ â ðîáîò³ [16]. ÐÍÊ âèä³ëÿëè çà äî-

ïîìîãîþ Spectrum™ Plant Total RNA Kit («Sigma»,

Í³ìå÷÷èíà, íîìåð çà êàòàëîãîì STRN50-1KT), çã³ä-

íî ç ïðîòîêîëîì âèðîáíèêà. Äëÿ âèä³ëåííÿ ôðàêö³¿

ñóìàðíî¿ ÐÍÊ åêñïåðèìåíòàëüíèé ìàòåð³àë ô³êñó-

âàëè ³ ãîìîãåí³çóâàëè â ð³äêîìó àçîò³. Ìàñà ïðîáè

ñòàíîâèëà 100 ìã ñóìàðíî¿ òêàíèíè, îòðèìàíî¿ ðîç-

òèðàííÿì íå ìåíø í³æ ñåìè ïðîðîñòê³â. ×èñòîòó ³

ö³ë³ñí³ñòü ïðåïàðàòó ÐÍÊ îö³íþâàëè ïðè âèì³ðþ-

âàíí³ íà ñïåêòðîôîòîìåòð³ (çà ðîçðàõóíêàìè ñï³â-

â³äíîøåííÿ ïîêàçíèê³â îïòè÷íî¿ àáñîðáö³¿ À260/280 ³

À260/230) òà äàíèìè äåíàòóðóâàëüíîãî ãåëü-åëåêòðî-

ôîðåçó â³äïîâ³äíî. êÄÍÊ îäåðæóâàëè ç 1 ìêã îá-

ðîáëåíî¿ DNAse I («Fermentas», Ëèòâà, EN0525) òî-
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òàëüíî¿ ôðàêö³¿ ÐÍÊ ó ðåàêö³¿ çâîðîòíî¿ òðàíñêðèï-

ö³¿ ç âèêîðèñòàííÿì RevertAid™ H Minus Reverse

Transcriptase («Fermentas», EP0451) òà îë³ãî-d(T)18

ïðàéìåðà â êîíöåíòðàö³¿ 1 ìÌ.

ÏËÐ ó ðåàëüíîìó ÷àñ³ ïðîâîäèëè íà ÏËÐ-àìïë³-

ô³êàòîðàõ («BioRad», ÑØÀ) – IQ-Cycler ³ Chromo4

³ç çàñòîñóâàííÿì ãîòîâî¿ ñóì³ø³ äëÿ ÏËÐ ó ðåàëüíî-

ìó ÷àñ³ Maxima™ Sybr Green Real Time PCR 2 � Mas-

ter Mix («Fermentas», K0242) ç³ ñïåöèô³÷íèìè ïàðà-

ìè ïðàéìåð³â äîâæèíîþ 20–24 íóêëåîòèä³â, ñêîíñò-

ðóéîâàíèõ íà îñíîâ³ áàçè äàíèõ NCBI (http://www.

ncbi.nlm.nih.gov) òà ñïåö³àë³çîâàíîãî ïðîãðàìíîãî

çàáåçïå÷åííÿ PerlPrimer (http://perlprimer.sourceforge.

net). Äëÿ íîðìàë³çàö³¿ âèêîðèñòàíî åêñïðåñ³þ ãåíà

àêòèíó (Psactin3), â³äíîñíèé ð³âåíü ÿêî¿ çàëèøàâñÿ

íåçì³ííèì â óñ³õ åêñïåðèìåíòàõ. Ïîñë³äîâíîñò³ çà-

çíà÷åíèõ ïàð ïðàéìåð³â íàâåäåíî â òàáëèö³.

Ðåçóëüòàòè ê³ëüê³ñíèõ ÏËÐ àíàë³çóâàëè, îö³íþ-

þ÷è â³äíîñíó åêñïðåñ³þ çà äîïîìîãîþ ìàòåìàòè÷-

íî¿ ìîäåë³ ç êîðåêö³ºþ åôåêòèâíîñò³ àìïë³ô³êàö³¿,

îïèñàíî¿ â [17]. Ð³âåíü åêñïðåñ³¿ ðîçðàõîâóâàëè

â³äíîñíî ïîêàçíèê³â Ct ï’ÿòèäîáîâèõ ïðîðîñòê³â.

Ñòàòèñòè÷íå ïîð³âíÿííÿ ðåçóëüòàò³â ê³ëüê³ñíèõ

ÏËÐ çä³éñíþâàëè ³ç çàñòîñóâàííÿì äèñïåðñ³éíîãî

àíàë³çó (ANOVA) ç ð³âíåì ñòàòèñòè÷íî¿ çíà÷óùîñò³

5 % (ð � 0,05). Ñòàòèñòè÷íó îáðîáêó òà ïîáóäîâó

ãðàô³ê³â âèêîíàíî ó ïðîãðàì³ Microsoft Excel 2007.

Ðåçóëüòàòè ³ îáãîâîðåííÿ. Åêñïðåñ³þ íèçüêî-

ìîëåêóëÿðíèõ á³ëê³â òåïëîâîãî øîêó ó ï’ÿòèäîáî-

âèõ åò³îëüîâàíèõ ïðîðîñòêàõ ãîðîõó âèâ÷àëè çà äå-

ê³ëüêîõ òåìïåðàòóðíèõ ðåæèì³â: 26, 30, 34, 38 ³

42 îÑ. Ðåçóëüòàòè äîñë³äæåííÿ ð³âíÿ â³äíîñíî¿ åêñ-

ïðåñ³¿ sHsp çà äîïîìîãîþ ÏËÐ-Ð× ïðåäñòàâëåíî íà

ðèñ. 1 ³ 2.

Àíàë³ç âïëèâó ïîñòóïîâîãî ï³äâèùåííÿ òåìïå-

ðàòóðè ï³äòâåðäæóº ÷óòëèâ³ñòü ãåí³â íèçüêîìîëå-

êóëÿðíèõ á³ëê³â òåïëîâîãî øîêó äî êîëèâàíü òåìïå-

ðàòóðè ïîâ³òðÿ íàâêîëèøíüîãî ñåðåäîâèùà. Çà îäåð-

æàíèìè ðåçóëüòàòàìè, åêñïðåñ³ÿ âñ³õ ãåí³â ð³çêî çðî-

ñòàº ç ï³äâèùåííÿì òåìïåðàòóðè ñåðåäîâèùà äî

30 îÑ òà ñÿãàº ìàêñèìóìó çà òåìïåðàòóðè 42 îÑ.

Íàéâèù³ çíà÷åííÿ â³äíîñíî¿ åêñïðåñ³¿ çà t = 42 îÑ

ñïîñòåð³ãàëè äëÿ Pshsp22.7 ñóáðîäèíè ER, Pshsp22.9

ñóáðîäèíè ì³òîõîíäð³é ³ Psshp26.2 ñóáðîäèíè ïëà-

ñòèäíèõ sHsp, åêñïðåñ³ÿ ÿêèõ ï³äâèùóºòüñÿ â òèñÿ÷³

ðàç³â â³äíîñíî êîíòðîëüíîãî ð³âíÿ (ðèñ. 1).

Òðàíñêðèïö³ÿ ãåí³â öèòîçîëüíî-ÿäåðíèõ sHsp çà

ìàêñèìàëüíèõ òåìïåðàòóð õàðàêòåðèçóºòüñÿ íèæ÷è-

ìè ïîêàçíèêàìè â³äíîñíî¿ åêñïðåñ³¿ (ðèñ. 2). Òàêà

ð³çíèöÿ ó ïîêàçíèêàõ äëÿ ïðåäñòàâíèê³â ñóáðîäèí
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Íàçâà òà ñóáðîäèíà sHsp ²íâåíòàðíèé íîìåð NCBI Ïîñë³äîâíîñò³ ïðàéìåð³â

Pshsp 18.1-CI M33899.1 5'-ttcaccttccgcttcattccct-3'; 5'-ttctcaacgcttctctctccgctt-3'

Pshsp17.1-CII M33901.1 5'-ataatggacctcaccgacgacaca-3'; 5'-tcttctctcttcctctcgccacct-3'

Pshsp 22.7-ÅR M33898.1 5'-gattctcccaacactctcttatcgg-3'; 5'-ttcctctcaccactcactcttagcac-3'

Pshsp26.2-P X07187.1 5'-gtagaaagaaagcctcgagaag-3'; 5'cacgaatctcacctcctccaatgt-3'

Pshsp22.9-M X86222 5'-atgtttatcgtcactccttcc-3'; 5'-attgtccgtcagtaaatcca-3'

Psactin3 U81046.1 5'-tggctacactttcaccacttctgc-3'; 5'-ttcagggcatcggaatctttcagc-3'
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Ðèñ. 1. Â³äíîñíà åêñïðåñ³ÿ ãåí³â sHsp ñóáðîäèí êë³òèííèõ îðãàíåë çà óìîâ ïîñòóïîâîãî ï³äâèùåííÿ òåìïåðàòóðè, âèçíà÷åíà ìåòîäîì

ÏËÐ ó ðåàëüíîìó ÷àñ³ (óìîâè åêñïåðèìåíòó äèâ. ó ðîçä³ë³ Ìàòåð³àëè ³ ìåòîäè): à – Pshsp26.2-P; á – Pshsp22.7-ER; â – Pshsp22.9-M



öèòîçîëüíî-ÿäåðíèõ ³ îðãàíåëüíèõ sHsp ïåðåäáà÷àº

á³ëüøó âèõ³äíó ê³ëüê³ñòü ìÐÍÊ Pshsp18.1 ³ Pshsp17.1

ÿê ãåí³â ç êîíñòèòóòèâíîþ åêñïðåñ³þ òà ñâ³ä÷èòü

ïðî âàæëèâó ðîëü öèõ á³ëê³â ó çàõèñò³ êîìïîíåíò³â

êë³òèííèõ îðãàíåë ñàìå çà óìîâ òåïëîâîãî øîêó.

Êîíñòèòóòèâíå íàêîïè÷åííÿ sHsp ïðîäåìîíñò-

ðîâàíî äëÿ áàãàòüîõ âèä³â ðîñëèí [14–16, 18]. Ñóò-

òºâîþ çàãàëüíîþ îçíàêîþ, ÿêó â³äì³÷àþòü â ë³òåðà-

òóð³, º òå, ùî êîíñòèòóòèâíà åêñïðåñ³ÿ sHsp íåîäíà-

êîâà ó ïðåäñòàâíèê³â ð³çíèõ ñóáðîäèí ³ íàâ³òü â ìå-

æàõ îäí³º¿ ñóáðîäèíè ð³çíèõ âèä³â ðîñëèí [13, 15].

Äëÿ ãîðîõó ðàí³øå ïîêàçàíî êîíñòèòóòèâíå íà-

êîïè÷åííÿ ìÐÍÊ ³ ñèíòåçîâàíèõ sHsp ó ñóõîìó íà-

ñ³íí³ òà íà ðàíí³õ ñòàä³ÿõ ðîñòó ïðîðîñòê³â [13, 18].

Ïðîòå ö³ äîñë³äæåííÿ çäåá³ëüøîãî ñòîñóâàëèñÿ öè-

òîçîëüíî-ÿäåðíèõ ñóáðîäèí sHsp P. sativum ³ íå ìà-

ëè íà ìåò³ ê³ëüê³ñíî îö³íèòè äèíàì³êó åêñïðåñ³¿ ãå-

í³â sHsp òà âïëèâ íà íå¿ çîâí³øí³õ ôàêòîð³â.

Íà ðèñ. 3 ³ 4 ïðåäñòàâëåíî ðåçóëüòàòè ÏËÐ-àíà-

ë³çó åêñïðåñ³¿ ãåí³â íèçüêîìîëåêóëÿðíèõ á³ëê³â òåï-

ëîâîãî øîêó â åò³îëüîâàíèõ ïðîðîñòêàõ ãîðîõó çà

óìîâ êë³íîñòàòóâàííÿ. Íàÿâí³ñòü òðàíñêðèïò³â äî-

ñë³äæóâàíèõ ãåí³â sHsp ô³êñóâàëè âïðîäîâæ óñüîãî

åêñïåðèìåíòó, òîáòî â ïðîðîñòêàõ â³êîì â³ä 1-¿ äî

5-¿ äîáè. Íàéá³ëüøó ê³ëüê³ñòü ìÐÍÊ ³ â³äïîâ³äíî

íàéâèùèé ð³âåíü â³äíîñíî¿ åêñïðåñ³¿ äëÿ âñ³õ ãåí³â

ñïîñòåð³ãàëè íà ïåðøó äîáó ðîñòó ïðîðîñòê³â. Íà-

äàë³ ê³ëüê³ñòü ìÐÍÊ çìåíøóâàëàñÿ, ñÿãàþ÷è íàé-

ìåíøèõ çíà÷åíü íà 4–5-òó äîáó. Âàðòî òàêîæ çàçíà-

÷èòè, ùî íàéâèù³ ïîêàçíèêè â³äíîñíî¿ åêñïðåñ³¿

ìàëè Pshsp17.1 (ðèñ. 4, à) ³ Pshsp18.1 (ðèñ. 4, á), ÿê³

ïðåçåíòóþòü öèòîçîëüíî-ÿäåðí³ ñóáðîäèíè, à òà-

êîæ Pshsp22.7 (ðèñ. 3, á), ùî íàëåæèòü äî ñïîð³äíå-

íî¿ ñóáðîäèíè ER. ²íø³ îðãàíåëüí³ ôîðìè ìàëè çíà÷-

íî ìåíø³ ïîêàçíèêè – � 3 óì. îä. (ðèñ. 3).

Ðåçóëüòàòè ñòàö³îíàðíîãî êîíòðîëþ ï³äòâåðäè-

ëè ë³òåðàòóðí³ äàí³ ùîäî íàÿâíîñò³ òðàíñêðèïò³â

ãåí³â sHsp ó ïåðø³ äí³ ðîñòó ïðîðîñòê³â. ²ñíóº äóì-

êà, ùî íåâåëèêà ê³ëüê³ñòü á³ëê³â ³ òðàíñêðèïò³â ãå-

í³â sHsp ó ïðîðîñòêàõ â ïåðø³ äí³ ï³ñëÿ ïðîðîñòàííÿ

íàñ³ííÿ º çàëèøêîì öèõ á³ëê³â ³ òðàíñêðèïò³â, íàêî-

ïè÷åíèõ ó íàñ³íí³ íà ï³çí³õ ñòàä³ÿõ äîçð³âàííÿ [13,

16]. Ïðîòå îòðèìàí³ ðåçóëüòàòè äîçâîëÿþòü ïðèïó-

ñòèòè, ùî â ïåâíèõ îðãàíàõ ÷è òêàíèíàõ ïðîðîñòê³â

íà ðàíí³õ åòàïàõ îíòîãåíåçó ìàº ì³ñöå ìîäóëÿö³ÿ åêñ-

ïðåñ³¿ äîñë³äæóâàíèõ ãåí³â de novo çà ãåíåòè÷íîþ

ïðîãðàìîþ ðîçâèòêó.

Êë³íîñòàòóâàííÿ, ó ñâîþ ÷åðãó, íå ìàº ñòàòèñòè÷-

íî äîñòîâ³ðíîãî âïëèâó íà åêñïðåñ³þ ãåí³â sHsp. Â³-

äîìî, ùî çà êë³íîñòàòóâàííÿ â³äáóâàþòüñÿ óëüòðàñò-

ðóêòóðí³ ³ ô³ç³îëîãî-á³îõ³ì³÷í³ çì³íè. Îäíàê ìîæíà

ïðèïóñòèòè, ùî âîíè íå òîðêàþòüñÿ ðåãóëÿòîðíèõ

øëÿõ³â êîíòðîëþ åêñïðåñ³¿ ãåí³â sHsp òà íå ïðèçâî-

äÿòü äî ïîðóøåíü ó ñèíòåç³ á³ëê³â ³ ïîÿâè äåíàòóðî-
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Ðèñ. 2. Â³äíîñíà åêñïðåñ³ÿ ãåí³â

sHsp öèòîçîëüíî-ÿäåðíèõ ñóáðî-

äèí çà óìîâ ïîñòóïîâîãî ï³äâè-

ùåííÿ òåìïåðàòóðè, âèçíà÷åíà

ìåòîäîì ÏËÐ ó ðåàëüíîìó ÷àñ³

(óìîâè äèâ. ó ðîçä³ë³ Ìàòåð³àëè ³

ìåòîäè): à – Pshsp18.1-CI; á –

Pshsp17.1-CII
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Ðèñ. 3. Â³äíîñíà åêñïðåñ³ÿ ãåí³â sHsp ñóáðîäèí êë³òèííèõ îðãàíåë çà óìîâ ñòàö³îíàðíîãî êîíòðîëþ (1) òà ïðè êë³íîñòàòóâàíí³ (2), âèçíà÷å-

íà ìå- òîäîì ÏËÐó ðåàëüíîìó ÷àñ³ (óìîâè äèâ. ó ðîçä³ë³ Ìàòåð³àëè ³ ìåòîäè): à – Pshsp26.2-P; á – Pshsp22.7-ER; â – Pshsp22.9-M



âàíèõ á³ëê³â-ñóáñòðàò³â, ÿê³ òàêîæ ìîæóòü âèêîíó-

âàòè ðåãóëþâàëüíó ôóíêö³þ â³äíîñíî sHsp.

Âðàõîâóþ÷è ðåçóëüòàòè ïîïåðåäí³õ äîñë³æåíü, ÿê³

ñâ³ä÷àòü, ùî íàéíèæ÷èé ð³âåíü íàêîïè÷åííÿ ìÐÍÊ

óñ³õ äîñë³äæóâàíèõ ãåí³â sHsp ñïîñòåð³ãàºòüñÿ ó

ï’ÿòèäîáîâèõ ïðîðîñòêàõ, à òàêîæ òå, ùî àêóìóëþ-

âàííÿ ïåïòèä³â öèòîçîëüíî-ÿäåðíèõ á³ëê³â òåïëîâî-

ãî øîêó íå â³äáóâàºòüñÿ, åêñïåðèìåíòè ç âèâ÷åííÿ

âïëèâó ã³ïåðãðàâ³òàö³¿ âèêîíóâàëè ëèøå íà ï’ÿòèäî-

áîâèõ åò³îëüîâàíèõ ïðîðîñòêàõ. ÏËÐ ç îòðèìàíîþ

êÄÍÊ ïðîâîäèëè ó ðåæèì³ 33 öèêë³â, ùî, íà íàøó

äóìêó, äàº ï³äñòàâó ïðèïóñòèòè íàÿâí³ñòü àáî â³ä-

ñóòí³ñòü ðåãóëÿö³¿ â³äïîâ³äíèõ ìÐÍÊ ï³ñëÿ öåíòðè-

ôóãóâàííÿ, íå âèêîðèñòîâóþ÷è ê³ëüê³ñíî¿ ÏËÐ.

Íà ðèñ. 5 ïðåäñòàâëåíî òèïîâ³ åëåêòðîôîðåãðà-

ìè ðîçä³ëåííÿ ïðîäóêò³â ÇÒ-ÏËÐ àêòèíó ³ sHsp ï³ñëÿ

öåíòðèôóãóâàííÿ 5-äîáîâèõ åò³îëüîâàíèõ ïðîðîñò-

ê³â ïðîòÿãîì 1 ãîä. Ïîêàçàíî, ùî öåíòðèôóãóâàííÿ

ç ïðèñêîðåííÿìè 3, 7, 10 ³ 14 g íå âïëèâàº íà åêñïðå-

ñ³þ ãåí³â íèçüêîìîëåêóëÿðíèõ á³ëê³â òåïëîâîãî øî-

êó ÿê öèòîçîëüíî-ÿäåðíèõ Pshsp18.1 ³ Pshsp17.1

(ðèñ. 5, á, â), òàê ³ öèòîïëàçìàòè÷íèõ îðãàíåë ãîðî-

õó Pshsp26.2, Pshsp22.7 ³ Pshsp22.9 (ðèñ. 5, ã–º).

Âèñíîâêè. Åêñïðåñ³ÿ ãåí³â íèçüêîìîëåêóëÿð-

íèõ á³ëê³â òåïëîâîãî øîêó àêòèâóºòüñÿ ó ï’ÿòèäî-

áîâèõ ïðîðîñòêàõ ãîðîõó ç ï³äâèùåííÿì òåìïåðà-

òóðè íàâêîëèøíüîãî ñåðåäîâèùà äî 30 îC ³ äîñÿãàº

ìàêñèìàëüíîãî ð³âíÿ çà òåìïåðàòóðè 42 îC, ùî ï³ä-

òâåðäæóº ÷óòëèâ³ñòü çàçíà÷åíõ ãåí³â äî òåìïåðàòó-

ðè òà ¿õíþ îñîáëèâó ðîëü ó êë³òèí³ çà öèõ óìîâ.

Äèíàì³êà åêñïðåñ³¿ ãåí³â sHsp ó 1–5-äîáîâèõ

åò³îëüîâàíèõ ïðîðîñòêàõ ãîðîõó çà óìîâ êë³íîñòà-

òóâàííÿ ïîä³áíà äî òàêî¿ â ñòàö³îíàðíîìó êîíòðîë³.

Â³äñóòí³ñòü ï³äâèùåííÿ åêñïðåñ³¿ ãåí³â sHsp ó

ïðîðîñòêàõ ãîðîõó çà ä³¿ êë³íîñòàòóâàííÿ òà öåíò-

ðèôóãóâàííÿ äîçâîëÿº çðîáèòè âèñíîâîê ñòîñîâíî

òîãî, ùî ìîäåëüîâàí³ óìîâè çì³íåíî¿ ãðàâ³òàö³¿ íà

â³äì³íó â³ä òåïëîâîãî ñòðåñó íå º ìîäóëþþ÷èì ôàê-

òîðîì â³äíîñíî åêñïðåñ³¿ ãåí³â íèçüêîìîëåêóëÿð-

íèõ á³ëê³â òåïëîâîãî øîêó.

A. S. Talalaiev

Expression of small heat shock proteins in Pisum sativum L. under

gravity altered conditions

M. G. Kholodny Institute of Botany, NAS of Ukraine

2, Tereshchenkivska Str., Kyiv, Ukraine, 01601

Summary

Altered gravity induces significant changes in the gene expression

profiles of the plant cell, which are indicative of stress conditions. One

of the molecular mechanisms of cell adaptation is synthesis of small

497

ÅÑÏÐÅÑ²ß ÍÈÇÜÊÎÌÎËÅÊÓËßÐÍÈÕ Á²ËÊ²Â ÒÅÏËÎÂÎÃÎ ØÎÊÓ Ó ÏÐÎÐÎÑÒÊÀÕ Pisum sativum L.

0

1

2

3

4

5

6

7

8

9

1 2 3 4 5 äîáà

Â
³ä

í
î

ñí
à

åê
ñï

ð
åñ

³ÿ
,
ó.

î
.

0

10

20

30

40

50

60

1 2 3 4 5 äîáà

Â
³ä

í
î

ñí
à

åê
ñï

ð
åñ

³ÿ
,
ó.

î
.

à á
1

2
1 2

Ðèñ. 4. Â³äíîñíà åêñïðåñ³ÿ ãåí³â

sHsp öèòîçîëüíî-ÿäåðíèõ ñóáðî-

äèí çà óìîâ ñòàö³îíàðíîãî êîíò-

ðîëþ (1) òà ïðè êë³íîñòàòóâàíí³

(2), âèçíà÷åíà ìåòîäîì ÏËÐ ó

ðåàëüíîìó ÷àñ³ (óìîâè äèâ. ó ðîç-

ä³ë³ Ìàòåð³àëè ³ ìåòîäè): à –

Pshsp18.1-CI; á – Pshsp17.1-CI
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Ðèñ. 5. Åêñïðåñ³ÿ ãåí³â íèçüêîìî-

ëåêóëÿðíèõ á³ëê³â òåïëîâîãî øî-

êó çà óìîâ öåíòðèôóãóâàííÿ: à –

Psactin3; á – Pshsp18.1-CI; â –

Pshsp17.1-CI; ã – Pshsp26.2-P; ä –

Pshsp22.7-ER; å – Pshsp22.9-M.

Ïðîäóêòè çâîðîòíî¿ òðàíñêðèïö³¿

³ ÏËÐ ï³ñëÿ ðîçä³ëåííÿ ó 2 %-ìó

àãàðîçíîìó ãåë³. Ê – êîíòðîëüí³

åò³îëüîâàí³ ïðîðîñòêè; Ì – ìàðêåð

ìîëåêóëÿðíî¿ ìàñè (FastRuler
™

DNA ladder, «Fermentas», Ëèòâà)



heat shock proteins (sHsp). The sHsps are chaperones, and as such,

they assist in the protein folding and prevent the irreversible protein

aggregation. Aim. Determination the effect of simulated microgravity

(clinorotation) and hypergravity (centrifugation) on the sHsp genes

expression in the etiolated pea seedlings. Methods. The gene expres-

sion was examined with the reverse transcription and real-time PCR.

Results. The qPCR results demonstrated that the altered gravity condi-

tions do not change the expression of sHsp genes which belong to the

subfamilies of different subcellular localization – cytosolic-nuclear

Pshsp 17.1-Ñ²² and Pshsp18.1-Ñ², plastid – Pshsp26.2-P, endoplas-

mic reticulum – Pshsp22.7-ER and mitochond- rial – Pshsp22.9-M.

Conclusions. The relative qPCR results demonstrate that altered gra-

vity and temperature elevation have different effects on the sHsp

genes: unlike high temperature, altered gravity does not lead to the

denaturation of cell proteins and, therefore, does not modulate the

sHsp genes expression.

Keywords: small heat shock proteins, microgravity, hypergra-

vity, etiolated seedlings, Pisum sativum.

À. Ñ. Òàëàëàåâ

Âëèÿíèå óñëîâèé èçìåíåííîé ãðàâèòàöèè íà ýêñïðåññèþ

íèçêîìîëåêóëÿðíûõ áåëêîâ òåïëîâîãî øîêà Pisum sativum L.

Ðåçþìå

Ðàñòåíèÿ ðåàãèðóþò íà èçìåíåíèÿ ãðàâèòàöèîííûõ óñëîâèé íà-

ðóøåíèÿìè â ïðîôèëëÿõ ýêñïðåññèè ãåíîâ, ÷òî ÿâëÿåòñÿ èíäèêà-

òîðîì ñîñòîÿíèÿ îáùåãî ñòðåññà. Îäíèì èç ìåõàíèçìîâ àäàï-

òàöèè êëåòêè ê óñëîâèÿì ñòðåññà ÿâëÿåòñÿ ñèíòåç íèçêîìîëåêó-

ëÿðíûõ áåëêîâ òåïëîâîãî øîêà (small heat shock proteins, sHsp), âû-

ïîëíÿþùèõ ôóíêöèþ ìîëåêóëÿðíûõ øàïåðîíîâ. Öåëü. Îïðåäåëå-

íèå âëèÿíèÿ ìîäåëèðîâàííûõ ìèêðîãðàâèòàöèè (êëèíîñòàòèðîâà-

íèÿ) è ãèïåðãðàâèòàöèè (öåíòðèôóãèðîâàíèÿ) íà ýêñïðåññèþ ãå-

íîâ sHsp â ýòèîëèðîâàííûõ ïðîðîñòêàõ ãîðîõà. Ìåòîäû. Óðî-

âåíü ýêñïðåññèè ãåíîâ îïðåäåëÿëè, èñïîëüçóÿ ìåòîäû îáðàòíîé

òðàíñêðèïöèè è ÏÖÐ, êîëè÷åñòâåííóþ ÏÖÐ. Ðåçóëüòàòû. Ïîêà-

çàíî îòñóòñòâèå âëèÿíèÿ ìîäåëèðîâàííûõ óñëîâèé èçìåíåííîé

ãðàâèòàöèè íà ýêñïðåññèþ ãåíîâ sHsp ðàçíîé êëåòî÷íîé ëîêàëè-

çàöèè – öèòîçîëüíî-ÿäåðíûõ Pshsp 17.1-Ñ²² è Pshsp18.1-Ñ², ïëà-

ñòèäíîãî – Pshsp26.2-P, ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà –

Pshsp22.7-ER è ìèòîõîíäðèàëüíîãî – Pshsp22.9-M. Âûâîäû. Îò-

íîñèòåëüíûé óðîâåíü òðàíñêðèïòîâ sHsp ãåíîâ ïðè äåéñòâèè êëè-

íîñòàòèðîâàíèÿ, öåíòðèôóãèðîâàíèÿ è ïîâûøåííîé òåìïåðàòó-

ðû ñâèäåòåëüñòâóåò î ðàçíîì õàðàêòåðå âëèÿíèÿ ýòèõ ôàêòîðîâ

íà êëåòêè, òî åñòü óñëîâèÿ èçìåíåííîé ãðàâèòàöèè â îòëè÷èå îò

òåïëîâîãî øîêà íå ïðèâîäÿò ê ïîâðåæäåíèþ/äåíàòóðàöèè áåëêîâ

è, ñîîòâåòñòâåííî, íå ìîäóëèðóþò ýêñïðåññèè ãåíîâ sHsp.

Êëþ÷åâûå ñëîâà: íèçêîìîëåêóëÿðíûå áåëêè òåïëîâîãî øîêà,

ìèêðîãðàâèòàöèÿ, ãèïåðãðàâèòàöèÿ, ýòèîëèðîâàííûå ïðîðîñòêè,

Pisum sativum.
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