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Â îáçîðå ñóììèðîâàíû äàííûå î ìåõàíèçìàõ ïåðåäà÷è ñòðåññîâûõ ñèãíàëîâ ïðè ó÷àñòèè ïðîòåèíêè-
íàçíûõ êàñêàäîâ â êëåòêàõ íèçøèõ ýóêàðèîò. Ðàññìàòðèâàåòñÿ ðîëü â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ ñåí-
ñîðíûõ ãèñòèäèíêèíàç, òèðîçèíêèíàç, PKC è êèíàç, çàâèñèìûõ îò öèêëè÷åñêèõ íóêëåîòèäîâ. Îñîáîå
âíèìàíèå óäåëÿåòñÿ ñðàâíèòåëüíîìó àíàëèçó ñïîñîáîâ ïåðåäà÷è ñòðåññîâûõ ñèãíàëîâ â êëåòêàõ íèçøèõ
è âûñøèõ ýóêàðèîò.

Ê ë þ ÷ å â û å ñ ë î â à: îäíîêëåòî÷íûå ýóêàðèîòû, âíóòðèêëåòî÷íàÿ ñèãíàëèçàöèÿ, ñòðåññ, ñåíñîðíûå
áåëêè, ãèñòèäèíêèíàçà, PKC, cAMP, PKA, MAP-êèíàçíûé êàñêàä.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÀÄÔ — àäåíîçèíäèôîñôàò; à. î. — àìèíîêèñëîòíûå îñòàòêè; ÀÒÔ —
àäåíîçèíòðèôîñôàò; ÃÄÔ — ãóàíîçèíäèôîñôàò; ÃÒÔ — ãóàíîçèíòðèôîñôàò; AC — àäåíèëàòöèêëàçà;
cAMP — öèêëè÷åñêèé àäåíîçèíìîíîôîñôàò; cGMP — öèêëè÷åñêèé ãóàíîçèíìîíîôîñôàò; c-Src — êëå-
òî÷íàÿ Src-òèðîçèíêèíàçà; DAG — äèàöèëãëèöåðèí; G-áåëîê — ãóàíèëíóêëåîòèäñâÿçûâàþùèé áåëîê;
GC — ãóàíèëàòöèêëàçà; HPt — ãèñòèäèíôîñôîòðàíñôåðàçà; MAP-êèíàçû — ìèòîãåíàêòèâèðóåìûå ïðî-
òåèíêèíàçû; MAP-êèíàçíûé êàñêàä — êàñêàä ìèòîãåíàêòèâèðóåìûõ ïðîòåèíêèíàç; NO — îêñèä àçîòà;
PDE — ôîñôîäèýñòåðàçà öèêëè÷åñêèõ íóêëåîòèäîâ; PKA — ïðîòåèíêèíàçà A; PKC, PKCç, PKC1 — èçî-
ôîðìû ïðîòåèíêèíàçû C; PKG — ïðîòåèíêèíàçà G, çàâèñèìàÿ îò cGMP; SAPK — ñòðåññàêòèâèðóåìûå
êèíàçû MAP-êèíàçíîãî êàñêàäà; sGC — öèòîçîëüíàÿ (ðàñòâîðèìàÿ) ãóàíèëàòöèêëàçà; TNF-á — ôàêòîð
íåêðîçà îïóõîëåé-á.

Âíóòðèêëåòî÷íûå ñèãíàëüíûå ñèñòåìû, îáåñïå÷èâà-
þùèå ñâîþ ôóíêöèþ ïóòåì ôîñôîðèëèðîâàíèÿ áåëêîâ
ïðè ó÷àñòèè ïðîòåèíêèíàç, ñ÷èòàþòñÿ íàèáîëåå ñïåöèà-
ëèçèðîâàííûìè è õàðàêòåðíû äëÿ êëåòîê âûñøèõ ýóêà-
ðèîò. Ôîñôîðèëèðîâàíèå ïî îñòàòêàì ñåðèíà, òðåîíèíà
è òèðîçèíà ÿâëÿåòñÿ îñíîâíîé ïîñòòðàíñëÿöèîííîé ìî-
äèôèêàöèåé, ó÷àñòâóþùåé â ðåãóëÿöèè ïðàêòè÷åñêè
âñåõ ïðîãðàììèðîâàííûõ êëåòî÷íûõ ïðîöåññîâ. Ðàáîòû
ïîñëåäíèõ ëåò ïîêàçàëè, ÷òî ïðîòåèíêèíàçû èãðàþò âàæ-
íóþ ðîëü è â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ. Îíè àêòèâè-
ðóþò ñèãíàëüíûå êàñêàäû, êîòîðûå â ñâîþ î÷åðåäü ðåãó-
ëèðóþò ýêñïðåññèþ ãåíîâ, ìåòàáîëèçì è àäàïòèâíîå ïî-
âåäåíèå êëåòîê (Kyriakis, Avruch, 2001; Vrana, Grant,
2001; Li et al., 2003; Abid et al., 2004; Zvalova et al., 2004).
Îñîáî âàæíîå çíà÷åíèå â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ
â ãåíîì ó âûñøèõ ýóêàðèîò âûïîëíÿþò SAPK — ñòðåññ-
àêòèâèðóåìûå êèíàçû MAP-êèíàçíîãî ïóòè, à èìåííî
Jun-N-òåðìèíàëüíûå êèíàçû (JNKs) è êèíàçà p38. SAPK
ìëåêîïèòàþùèõ àêòèâèðóþòñÿ ñ ïîìîùüþ øèðîêîãî
êðóãà ñòèìóëîâ (ÓÔ-îáëó÷åíèÿ, îñìîòè÷åñêîãî ñòðåññà,
ñôèíãîìèåëèíàçû, TNF-á è äð.), êîòîðûå ïðèâîäÿò ê
ôîñôîðèëèðîâàíèþ è àêòèâàöèè òðàíñêðèïöèîííûõ
ôàêòîðîâ è ýêñïðåññèè ìíîãî÷èñëåííûõ ãåíîâ, êîäèðóþ-
ùèõ áåëêè àäàïòèâíîãî îòâåòà (Su, Karin, 1996; Kyriakis,
Avruch, 2001; Pantos et al., 2003; Corre et al., 2004).

Â êëåòêàõ íèçøèõ ýóêàðèîò ñòðåññû, îáóñëîâëåííûå
ôàêòîðàìè âíåøíåé ñðåäû (ãèïåðîñìîòè÷íîñòüþ, òåïëî-
âûì è îêèñëèòåëüíûì øîêîì, ïèùåâûì ãîëîäàíèåì),

âûçûâàþò âðåìåííîå ôîñôîðèëèðîâàíèå áåëêîâ, îáåñïå-
÷èâàþùèõ êàê áûñòðûå, òàê è çíà÷èòåëüíî áîëåå ìåäëåí-
íûå ïðîãðàììèðîâàííûå îòâåòû êëåòêè. Ôîñôîðè-
ëèðîâàíèå áåëêîâ, ó÷àñòâóþùèõ â ïåðåäà÷å ñòðåññîâûõ
ñèãíàëîâ, ó ïðîòèñòîâ îñóùåñòâëÿåòñÿ ëèáî ïî îñòàòêàì
ñåðèíà, òðåîíèíà è òèðîçèíà (êàê â êëåòêàõ âûñøèõ ýóêà-
ðèîò), ëèáî ïî îñòàòêàì ãèñòèäèíà è àñïàðòàòà (êàê ó
ïðîêàðèîò), ÷òî óêàçûâàåò íà ïðååìñòâåííîñòü ìåõàíèç-
ìîâ ñèãíàëüíîé òðàíñäóêöèè â ýâîëþöèè ñåíñîðíûõ ñèñ-
òåì (Loomis et al., 1998; Gamper et al., 1999; Koretke et al.,
2000; Oehme, Schuster, 2001).

Ïîñëåäíèå íàïðàâëåíèÿ èññëåäîâàíèé íåäàâíî îò-
êðûòûõ ñòðåññàêòèâèðóåìûõ ñèãíàëüíûõ ïóòåé ó íèç-
øèõ ýóêàðèîò ñôîêóñèðîâàíû ïðåèìóùåñòâåííî íà âû-
ÿñíåíèè ðîëè ïðîòåèíêèíàçíûõ êàñêàäíûõ ðåàêöèé â ðå-
ãóëÿöèè îòâåòà êëåòîê íà ñòðåññ. Ê íàñòîÿùåìó âðåìåíè
ó÷àñòèå ïðîòåèíêèíàç â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ
óñòàíîâëåíî â îòíîøåíèè ìèêñîìèöåòîâ, äðîææåâûõ
ãðèáîâ è ïðîñòåéøèõ. Ìåõàíèçìû, ñ ïîìîùüþ êîòîðûõ
êëåòêè ýóêàðèîòè÷åñêèõ ìèêðîîðãàíèçìîâ ðàñïîçíàþò
ñòðåññîâûé ñèãíàë, òî÷íî íå îïðåäåëåíû. Ó íèçøèõ ãðè-
áîâ â ïëàçìàòè÷åñêîé ìåìáðàíå âûÿâëåíû îñìî- è òåð-
ìîñåíñîðíûå áåëêè, èçìåíÿþùèå ñâîþ àêòèâíîñòü ïîä
äåéñòâèåì ñòðåññîðà. Ó ïðîñòåéøèõ ñòðåññîâûå ñèãíàëû
ìîãóò âîñïðèíèìàòüñÿ ÷åðåç èçìåíåíèå òåêó÷åñòè ìåìá-
ðàí. Â ëþáîì ñëó÷àå ê àêòèâàöèè ñòðåññàêòèâèðóåìûõ
ïðîòåèíêèíàçíûõ êàñêàäîâ ó íèçøèõ ýóêàðèîò ïðèâîäÿò
êîíôîðìàöèîííûå èçìåíåíèÿ â ìåìáðàííûõ áåëêàõ, à
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öåëåíàïðàâëåííàÿ ïåðåäà÷à ñèãíàëà â ãåíîì îñóùåñòâ-
ëÿåòñÿ ÷åðåç àêòèâàöèþ òðàíñêðèïöèîííûõ ôàêòîðîâ,
êîíòðîëèðóþùèõ òðàíñêðèïöèþ ñòðåññðåãóëèðóåìûõ
ãåíîâ.

Ñëåäóåò ïîä÷åðêíóòü, ÷òî, íåñìîòðÿ íà ôóíêöèî-
íàëüíîå ñõîäñòâî ïðîòåèíêèíàç, îáåñïå÷èâàþùèõ ïåðå-
äà÷ó ñòðåññîâûõ ñèãíàëîâ â êëåòêàõ ðàçíîãî óðîâíÿ îð-
ãàíèçàöèè, êèíàçû îäíîêëåòî÷íûõ ìèêðîîðãàíèçìîâ
ñòðóêòóðíî îòëè÷íû îò òàêîâûõ ó âûñøèõ æèâîòíûõ,
÷òî íå ïîçâîëÿåò ïðîâîäèòü ÷åòêèå ïàðàëëåëè â îòíîøå-
íèè áèîõèìè÷åñêèõ ìåõàíèçìîâ ïåðåäà÷è ñòðåññîâûõ
ñèãíàëîâ â êëåòêàõ âûñøèõ è íèçøèõ ýóêàðèîò.

Öåëü íàñòîÿùåãî îáçîðà îãðàíè÷èâàåòñÿ ðàññìîòðåíèåì
ëèøü íåêîòîðûõ íàèáîëåå àêòóàëüíûõ âîïðîñîâ, ñâÿçàííûõ
ñ ðîëüþ ïðîòåèíêèíàç â ðåãóëÿöèè ñòðåññàêòèâèðóåìûõ ñèã-
íàëüíûõ ïóòåé â êëåòêàõ íèçøèõ ýóêàðèîò.

Ñèãíàëüíûå ïóòè, àêòèâèðóåìûå
ïðè ó÷àñòèè ðåöåïòîðíûõ ãèñòèäèíêèíàç

Íå òàê äàâíî ó ðÿäà ïðîòèñòîâ áûëè îáíàðóæåíû ãèñ-
òèäèíêèíàçû — ôåðìåíòû, øèðîêî ó÷àñòâóþùèå âî âíóò-

ðèêëåòî÷íûõ ñèãíàëüíûõ ïðîöåññàõ â äîÿäåðíûõ êëåò-
êàõ. Âûÿâëåííûå íàõîäêè íàâåëè èññëåäîâàòåëåé íà ìûñëü
î âîçìîæíîì ñõîäñòâå â ìåõàíèçìàõ ïåðåäà÷è ñèãíàëîâ ó
îäíîêëåòî÷íûõ ýóêàðèîò è áàêòåðèé è òåì ñàìûì ïî-
ñëóæèëè ìîùíûì ñòèìóëîì äëÿ äàëüíåéøåãî ðàçâèòèÿ
ýâîëþöèîííûõ ïðåäñòàâëåíèé î ïðîèñõîæäåíèè âíóò-
ðèêëåòî÷íîé ñèãíàëèçàöèè ýóêàðèîò èç èíôîðìàöèîííûõ
ñèñòåì äîÿäåðíûõ îðãàíèçìîâ (Ota, Varshavsky, 1993; San-
tos, Shiozaki, 2001; Stephenson, Hoch, 2002; Wolanin et al.,
2002).

Ãèñòèäèíêèíàçû ó ïðîêàðèîòè÷åñêèõ ìèêðîîðãàíèç-
ìîâ âûïîëíÿþò ôóíêöèè, ñõîäíûå ñ ôóíêöèÿìè ðåöåï-
òîðíûõ òèðîçèíêèíàç ïîçâîíî÷íûõ. Ýòè ôåðìåíòû îáåñ-
ïå÷èâàþò ðàñïîçíàâàíèå ïóñêîâîãî ñèãíàëà è åãî òðàíñ-
ìåìáðàííóþ ïåðåäà÷ó (Saier, 1993). Îñîáåííîñòüþ
ïåðåäà÷è ñèãíàëîâ ñ ïîìîùüþ òèïè÷íûõ ñåíñîðíûõ (ðå-
öåïòîðíûõ) ãèñòèäèíêèíàç (ðèñ. 1, À) ÿâëÿåòñÿ òî, ÷òî
ýòè ôåðìåíòû ó÷àñòâóþò â ôîñôîðèëèðîâàíèè áåëêîâ,
êîòîðûå ñëóæàò ïðÿìûìè ðåãóëÿòîðàìè ãåííîé òðàíñ-
êðèïöèè. Ñèãíàëüíûå ñèñòåìû, ïðåäñòàâëåííûå ýòèìè
ýëåìåíòàìè, íàçâàíû äâóõêîìïîíåíòíûìè, õîòÿ ó ïðîòè-
ñòîâ ïðàâèëüíåå ñ÷èòàòü èõ òðåõêîìïîíåíòíûìè, ïî-
ñêîëüêó â èõ ñòðóêòóðó âõîäèò äîïîëíèòåëüíûé êîìïî-

96 È. Â. Øåìàðîâà

Ðèñ. 1. Ñõåìà ïåðåäà÷è ñèãíàëîâ ïðè ó÷àñòèè ðåöåïòîðíûõ ãèñòèäèíêèíàç.

À — îäíîñòóïåí÷àòàÿ ïåðåäà÷à ïðè ó÷àñòèè òèïè÷íûõ ñåíñîðíûõ ãèñòèäèíêèíàç; Á — ìíîãîñòóïåí÷àòàÿ ïåðåäà÷à ïðè ó÷àñòèè ãèáðèäíûõ ãèñòèäèí-
êèíàç. S — ñåíñîðíûé äîìåí ãèñòèäèíêèíàçû; TM1 è ÒM2 — òðàíñìåìáðàííûå ó÷àñòêè ñåíñîðíîãî äîìåíà. Í1 — êèíàçíûé äîìåí ñîáñòâåííî ãèñòè-
äèíêèíàçû; N, G1, F, G2 — êîíñåðâàòèâíûå îñòàòêè àìèíîêèñëîò â ñîñòàâå öèòîïëàçìàòè÷åñêîãî äîìåíà; D1 — àêöåïòîðíûé äîìåí â ñîñòàâå ãèáðèä-
íîé ãèñòèäèíêèíàçû; H2 — càéò ôîñôîðèëèðîâàíèÿ ïî ãèñòèäèíó â ñîñòàâå ãèñòèäèíôîñôîòðàíñôåðàçû; D2 — àêöåïòîðíûé äîìåí â ñîñòàâå áåë-
êà-ðåãóëÿòîðà îòâåòà; R — ðåãóëÿòîðíûé äîìåí áåëêà-ðåãóëÿòîðà îòâåòà; PO3 — ôîñôàòíàÿ ãðóïïà. Îñòàëüíûå îáîçíà÷åíèÿ ñì. â ðàçäåëå «Ïðèíÿòûå

îáîçíà÷åíèÿ».



íåíò, âûïîëíÿþùèé ôóíêöèþ ïåðåíîñ÷èêà ôîñôàòíîé
ãðóïïû (ðèñ. 1, Á; ñì. íèæå).

Ãèñòèäèíêèíàçû ìèêðîîðãàíèçìîâ èìåþò ëèøü îò-
äàëåííîå ñõîäñòâî ïåðâè÷íîé ñòðóêòóðû ñ ñèãíàëóïðàâ-
ëÿåìûìè êèíàçàìè ìíîãîêëåòî÷íûõ îðãàíèçìîâ. Ñòðóê-
òóðíî ýòè êèíàçû áëèæå ÄÍÊ-òîïîèçîìåðàçå II è øàïå-
ðîíó Hsp90 (Bilwes et al., 1999; Stock, 1999; Matsumoto et
al., 2002).

Ñòðåññàêòèâèðóåìûé ñèãíàëüíûé ïóòü, ïðåäñòàâëåí-
íûé â êëåòêàõ íèçøèõ ýóêàðèîò ãèñòèäèí-àñïàðàãèíîâîé
ôîñôîòðàíñôåðàçíîé ñèñòåìîé, ñîäåðæèò äâà, êàê ó áîëü-
øèíñòâà áàêòåðèé, èëè òðè òèïà ñèãíàëüíûõ ýëåìåíòîâ.
Â ïîñëåäíåì ñëó÷àå âõîäÿùèå â ýòó ñèñòåìó ãèñòèäèíêè-
íàçû ïîëó÷èëè íàçâàíèå ãèáðèäíûõ, òàê êàê ïðåäñòàâëÿ-
þò ñîáîé êîìïëåêñ ñåíñîðíîé ãèñòèäèíêèíàçû è ãèñòè-
äèíôîñôîòðàíñôåðàçû. Âàæíî ïîä÷åðêíóòü, ÷òî â äàí-
íîì ñëó÷àå ïåðâîíà÷àëüíûé ïåðåíîñ ôîñôàòíîé ãðóïïû
ñ ãèñòèäèíà (H1) íà àñïàðàãèí (D1) ïðîèñõîäèò â ïðåäå-
ëàõ îäíîãî áåëêà (ðèñ. 1, Á), à íå ñ áåëêà íà áåëîê, êàê ó
òèïè÷íûõ ñåíñîðíûõ ãèñòèäèíêèíàç (ðèñ. 1, À). Ãèñòè-
äèí-àñïàðàãèíîâàÿ ôîñôîòðàíñôåðàçíàÿ ñèñòåìà ïðîòèñ-
òîâ ñîñòîèò èç ñëåäóþùèõ ýëåìåíòîâ. Âî-ïåðâûõ, ýòî
ñåíñîðíàÿ ãèñòèäèíêèíàçà, êîòîðàÿ èìååò ñàéòû àóòî-
ôîñôîðèëèðîâàíèÿ ãèñòèäèíà (H1) è âûïîëíÿåò îäíî-
âðåìåííî ôóíêöèþ ñåíñîðà è òðàíñìèòòåðà. Âî-âòîðûõ,
ýòî âçàèìîäåéñòâóþùàÿ ñ ñåíñîðíîé ãèñòèäèíêèíà-
çîé ãèñòèäèíôîñôîòðàíñôåðàçà ñ ñàéòîì ôîñôîðèëèðî-
âàíèÿ ïî ãèñòèäèíó (H2). Â-òðåòüèõ, ýòî ðåãóëÿòîð îòâå-
òà, îáëàäàþùèé àêöåïòîðíûì äîìåíîì (D2). Äîìåí ñî-
äåðæèò êîíñåðâàòèâíûé ñàéò ôîñôîðèëèðîâàíèÿ ïî
àñïàðòàòó è âûïîëíÿåò ðîëü ìîëåêóëÿðíîãî ïåðåêëþ-
÷àòåëÿ â ïðîöåññå áèîõèìè÷åñêîé òðàíñëÿöèè ñèãíàëà.
Öåíòðàëüíûì êîìïîíåíòîì â ýòîé ñèñòåìå ÿâëÿåòñÿ ãèñ-
òèäèíôîñôîòðàíñôåðàçà — ôåðìåíò, áèîëîãè÷åñêàÿ
ðîëü êîòîðîãî ñîñòîèò â ïåðåíîñå ôîñôàòíîé ãðóïïû

îò ãèñòèäèíà (H2) ê àêöåïòîðíîìó äîìåíó (D2) ýôôåê-
òîðíîãî áåëêà (ðåãóëÿòîðà îòâåòà; ðèñ. 1, Á). Ñëåäóåò
îòìåòèòü, ÷òî ïîìèìî âûøåíàçâàííûõ ôóíêöèé ìíî-
ãèå ãèñòèäèíêèíàçû ýóêàðèîòè÷åñêèõ ìèêðîîðãàíèç-
ìîâ âûïîëíÿþò è ôóíêöèþ ìîäóëÿòîðà ñèãíàëà. Ýòó
ðîëü ôåðìåíòû îñóùåñòâëÿþò, âûñòóïàÿ â êà÷åñòâå ôîñ-
ôàòàç äëÿ ñâîèõ ñóáñòðàòîâ. Äåôîñôîðèëèðîâàíèå ðåãó-
ëÿòîðîâ îòâåòà ïðèâîäèò ê èçìåíåíèþ îáùåãî áàëàíñà
êèíàçíîé è ôîñôàòàçíîé àêòèâíîñòåé ôåðìåíòà è ñîîò-
âåòñòâåííî ê ìîäóëÿöèè íèñõîäÿùåãî ñèãíàëà (Hoch,
2000).

Â êëåòêàõ íèçøèõ ýóêàðèîò (Saccharomyces cerevi-
siae, Schizosaccharomyces pombe, Dictyostelium discoide-
um, Neurospora crassa è äð.) èç îáøèðíîãî ñåìåéñòâà ãè-
ñòèäèíêèíàç, âêëþ÷àþùåãî â ñåáÿ 11 ïîäñåìåéñòâ, áûëî
îáíàðóæåíî ëèøü íåñêîëüêî ãèáðèäíûõ ðåöåïòîðíûõ
ãèñòèäèíêèíàç (Wolanin et al., 2002; Janiak-Spens, West,
2004, è äð.; ñì. òàáëèöó). Ýòè ãèñòèäèíêèíàçû, êàê è òè-
ïè÷íûå ñåíñîðíûå ãèñòèäèíêèíàçû ïðîêàðèîò, àêòèâè-
ðóþòñÿ âíåêëåòî÷íûìè ñòèìóëàìè è çàïóñêàþò ìåõà-
íèçì ñèãíàëüíîé òðàíñäóêöèè ïóòåì ïåðåäà÷è ôîñôàò-
íîé ãðóïïû ñ êèíàçíîãî äîìåíà (H1) ãèñòèäèíêèíàçû íà
àñïàðòàò. Â êëåòêàõ íèçøèõ ýóêàðèîò ãèñòèäèíêèíàçû
ñòèìóëèðóþòñÿ ïðè ðåçêîì èçìåíåíèè óñëîâèé âíåøíåé
ñðåäû è àêòèâèðóþò ñèãíàëüíûå ïóòè, êîíå÷íûìè çâåíü-
ÿìè êîòîðûõ ÿâëÿþòñÿ ãåíû àäàïòèâíîãî îòâåòà. Èíòå-
ðåñíî îòìåòèòü, ÷òî â êëåòêàõ ïðîòèñòîâ áîëüøèíñòâî
âûÿâëåííûõ ãèñòèäèí-àñïàðàãèíîâûõ ôîñôîòðàíñôåðàç-
íûõ ñèñòåì ÿâëÿåòñÿ ëèøü ÷àñòüþ ìíîãîêàñêàäíûõ
ñòðåññàêòèâèðóåìûõ ñèãíàëüíûõ ïóòåé è îáåñïå÷èâàåò
ðåöåïòîðíîå çâåíî ñèãíàëüíîé ïåðåäà÷è. Òàêèì îáðàçîì,
òåïåðü óæå íå ïîäëåæèò ñîìíåíèþ, ÷òî ó íèçøèõ ýóêà-
ðèîò èìåþòñÿ ðåöåïòîðíûå ãèñòèäèíêèíàçû, ðîëü êîòî-
ðûõ ñîñòîèò â àêòèâàöèè ñèãíàëüíûõ ïóòåé, çàïóñêàå-
ìûõ ñòðåññîì.
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Âèä
ìèêðîîðãàíèçìà

Îáùåïðèíÿòîå íàçâàíèå
ãèñòèäèíêèíàçû

Ôóíêöèÿ
Ëèòåðàòóðíûé

èñòî÷íèê

D. discoideum DokA Îñìîñåíñîð Shuster et al., 1996

DhkA Ðåöåïòîð àóòîêðèííîãî
ôàêòîðà SDF2 — ñòèìó-
ëÿòîðà òåðìèíàëüíîé
äèôôåðåíöèðîâêè

Wang et al., 1996, 1999

DhkB Ðåöåïòîð äèñêàäåíèòà —
èíãèáèòîðà ñïîðîâîãî
ðàçâèòèÿ

Zinda, Singleton, 1998

DhkC Ñåíñîð àììîíèÿ Singleton et al., 1998

DhkD Íåèçâåñòíà Aubry, Firtel, 1999

S. cerevisiae Sln1 Îñìîñåíñîð Ota, Varshavsky, 1993;
Maeda et al., 1994; Li
et al., 1998, 2002

Sch. pombe Mak2p/Mak3p Ðåäîêñ-÷óâñòâèòåëüíûå ñåí-
ñîðû

Buck et al., 2001

C. albicans Chk1p Ó÷àñòâóþò â ðåãóëÿöèè
ìîðôîãåíåçà è âèðóëåíò-
íîñòè

Calera, Calderone, 1999

N. crassa os-1 Îñìîñåíñîð è ðåãóëÿòîð
ìîðôîãåíåçà

Alex et al., 1996; Schuma-
cher et al., 1997

C. heterostrophus Dic1 Îñìîñåíñîð è ðåãóëÿòîð ðå-
çèñòåíòíîñòè ê êñåíî-
áèîòèêàì

Yoshimi et al., 2004



Â êëåòêàõ äðîææåé S. cerevisiae ñèãíàëüíûé ïóòü,
èíäóöèðóåìûé îñìîòè÷åñêèì øîêîì è îïîñðåäóåìûé
ãèáðèäíîé ãèñòèäèíêèíàçîé, èçó÷åí íàèáîëåå ïîäðîáíî
(Thomason, Kay, 2000; Li et al., 2002). Ê íàñòîÿùåìó âðå-
ìåíè îïðåäåëåíû êîìïîíåíòû ýòîãî ñèãíàëüíîãî ïóòè è
êëîíèðîâàí ãåí, êîäèðóþùèé ñåíñîðíóþ ãèñòèäèíêèí-
êèíàçó (Ota, Varshavsky, 1993).

Êàê è ó áàêòåðèé, ó êîòîðûõ â îñìîðåãóëÿöèþ âîâëå-
êàåòñÿ äâóõêîìïîíåíòíàÿ ôîñôîòðàíñôåðàçíàÿ ñèãíàëü-
íàÿ ñèñòåìà, ïðåäñòàâëåííàÿ ñåíñîðíîé ãèñòèäèíêèíà-
çîé EnvZ è ðåãóëÿòîðîì îòâåòà OmpR, ó äðîææåé S. ce-
revisiae îñìîòè÷íîñòü ñðåäû âîñïðèíèìàåòñÿ òðàíñìåìá-
ðàííîé ñåíñîðíîé ãèñòèäèíêèíàçîé Sln1 (Sln1) (Maeda et
al., 1994). Â îáû÷íûõ óñëîâèÿõ êóëüòèâèðîâàíèÿ ïðè
íèçêîé îñìîòè÷íîñòè ñðåäû Sln1 ïðîÿâëÿåò âûñîêóþ àê-
òèâíîñòü, àóòîôîñôîðèëèðóåòñÿ è ïåðåäàåò ôîñôàòíóþ
ãðóïïó ñ êîíñåðâàòèâíîãî îñòàòêà ãèñòèäèíà 576 êèíàç-
íîãî äîìåíà (H1) íà àñïàðòàò 1144 àêöåïòîðíîãî äîìåíà
(D1), ëîêàëèçîâàííîãî â C-òåðìèíàëüíîé ÷àñòè ìîëåêó-
ëû Sln1, à çàòåì ÷åðåç îñòàòîê ãèñòèäèíà 64 (H2), ðàñïî-
ëîæåííûé â Hpt-äîìåíå ãèñòèäèíôîñôîòðàíñôåðàçû
Ypd1p, íà êîíñåðâàòèâíûé àñïàðòàò 554 (D2) àêöåïòîð-
íîãî äîìåíà áåëêà Ssk1p, âûïîëíÿþùåãî ôóíêöèþ ðåãó-

ëÿòîðà îòâåòà (RR; Posas et al., 1996; Wungler-Murphy,
Saito, 1997). Ïðè ýòîì ôîñôîðèëèðîâàííûé Ssk1p íåàê-
òèâåí, è åãî ôóíêöèîíàëüíàÿ ðîëü ñîñòîèò â ïðåäîòâðà-
ùåíèè àêòèâàöèè ðåãóëÿòîðíûõ êèíàç MAP-êèíàçíîãî
êàñêàäà. Â óñëîâèÿõ ïîâûøåííîé îñìîòè÷íîñòè ãèñòè-
äèíêèíàçà Sln1 âðåìåííî èíàêòèâèðóåòñÿ (ìåõàíèçì èíàê-
òèâàöèè íåèçâåñòåí), ÷òî ïðèâîäèò ê ïîíèæåíèþ óðîâíÿ
ôîñôîðèëèðîâàííîãî Ssk1p. Äåôîñôîðèëèðîâàííûé áå-
ëîê Ssk1p ìîæåò âçàèìîäåéñòâîâàòü ñ N-òåðìèíàëüíûì
ðåãóëÿòîðíûì äîìåíîì MAPKK-êèíàçû Ssk2p èëè
Ssk22p. Ssk2p/Ssk22p ôîñôîðèëèðóþò ïî îñòàòêàì ñåðè-
íà 514 è òðåîíèíà 518 íèñõîäÿùóþ MAPK-êèíàçó PBS2
(Pbs2p), êîòîðàÿ â ñâîþ î÷åðåäü ôîñôîðèëèðóåò MAP-
êèíàçó HOG1 (Hog1p) (Posas, Saito, 1998). Ïîñëåäíåå ñî-
áûòèå ñëóæèò ñèãíàëîì ê òðàíñëîêàöèè HOG1 â ÿäðî,
ãäå MAP-êèíàçà èíèöèèðóåò ýêñïðåññèþ ãåíîâ àäàïòèâ-
íîãî îòâåòà (ðèñ. 2). Òî÷íûé ìåõàíèçì, ñ ïîìîùüþ êîòî-
ðîãî Sln1 äåòåêòèðóåò èçìåíåíèÿ îñìîòè÷åñêîãî äàâëå-
íèÿ, íåèçâåñòåí, íî, ïî-âèäèìîìó, â åãî îñíîâå ëåæàò
êîíôîðìàöèîííûå èçìåíåíèÿ êëåòî÷íîé ìåìáðàíû (Tao
et al., 1999). Â óñëîâèÿõ ãèïîîñìîòè÷åñêîãî ñòðåññà ñèã-
íàë ñ Sln1 ïåðåäàåòñÿ íà àêöåïòîðíûé äîìåí äðóãîãî
ðåãóëÿòîðà îòâåòà — áåëêà Skn7p, ÿâëÿþùåãîñÿ îäíî-
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Ðèñ. 2. Ñèãíàëüíûå ïóòè, àêòèâèðóåìûå ïðè ó÷àñòèè ãèñòèäèíêèíàç.

Sln1, Mak2p/Mak3p, DokA — ñåíñîðíûå ãèñòèäèíêèíàçû; Ypd1p, RdeA — ãèñòèäèíôîñôîòðàíñôåðàçû; Ssk1p, Mcs4p , RegA — ðåãóëÿòîðû îòâåòà;
Sho1p è «?» — èäåíòèôèöèðîâàííûé è íåèäåíòèôèöèðîâàííûé ìåìáðàííûå ñåíñîðû; Ste50p, Ste11p, Ssk2/Ssk22p, PBS2, Wis1p, Wak1p — ðåãóëÿòîð-
íûå MAP-êèíàçû; HOG1, Sty1p — èíòåãðèðóþùèå ÌÀÐ-êèíàçû; Skn7p, Msn2/4p, Sko1p, Hot1p, Pap1, Atl1, SrfA — ôàêòîðû òðàíñêðèïöèè. Òî÷êàìè

âûäåëåíû êèíàçû ÌÀÐ-êèíàçíîãî êàñêàäà, øòðèõîâêîé — ôàêòîðû òðàíñêðèïöèè. Îñòàëüíûå îáîçíà÷åíèÿ ñì. â ðàçäåëå «Ïðèíÿòûå îáîçíà÷åíèÿ».



âðåìåííî ôàêòîðîì òðàíñêðèïöèè (Li et al., 2002). Â íå-
àêòèâíîì (äåôîñôîðèëèðîâàííîì) ñîñòîÿíèè Skn7p íà-
õîäèòñÿ â öèòîïëàçìå. Â óñëîâèÿõ ãèïîîñìîòè÷åñêîãî
ñòðåññà Skn7p ôîñôîðèëèðóåòñÿ è òðàíñëîöèðóåòñÿ â
ÿäðî, ãäå ÷åðåç ÄÍÊ-ñâÿçûâàþùèé äîìåí âçàèìîäåéñò-
âóåò ñî ñâîèìè ÿäåðíûìè ìèøåíÿìè. Îòìå÷åíà èíòåãðè-
ðóþùàÿ ðîëü ýòîãî áåëêà è ïðè ïåðåäà÷å ñèãíàëîâ, çàïó-
ñêàåìûõ îêèñëèòåëüíûì ñòðåññîì (Li et al., 1998).

Íåäàâíî áûëî îáíàðóæåíî, ÷òî â êëåòêàõ äðîææåé
Sch. pombe ôóíêöèîíèðóåò î÷åíü ïîõîæèé íà îïèñàííûé
ó S. cerevisiae ñèãíàëüíûé ïóòü, àêòèâèðóåìûé îêèñëè-
òåëüíûì ñòðåññîì. Â äàííîì ñëó÷àå ðåãóëÿòîðíûé áåëîê
Mcs4p, ÿâëÿþùèéñÿ ãîìîëîãîì áåëêà Ssk1p (Shieh et al.,
1997; Shiozaki et al., 1997), àêòèâèðóåò êàñêàä MAP-êèíàç
Wak1p, Win1p, Wis1p è Sty1p (ðèñ. 2). Ýòîò ñèãíàëüíûé
ïóòü èíèöèèðóåòñÿ äâóìÿ ãèñòèäèíêèíàçàìè Mak2p è
Mak3p, îáðàçóþùèìè ãåòåðîäèìåð (ñì. òàáëèöó). Êàæ-
äàÿ èç íèõ ñîäåðæèò ïî îäíîìó PAS- èëè PAC-ìîòèâó, à
òàêæå GAF-äîìåí, êîòîðûå ó÷àñòâóþò â äåòåêòèðîâàíèè
ñòðåññîâîãî ñèãíàëà (Buck et al., 2001). Íèñõîäÿùåé ìè-
øåíüþ äåéñòâèÿ ýòèõ êèíàç ÿâëÿåòñÿ ãèñòèäèíôîñôîò-
ðàíñôåðàçà Ypd1p (ó øèçîìèöåòîâ íàçûâàåìàÿ òàêæå
Mpr1p), êîòîðàÿ â ñâîþ î÷åðåäü ôîñôîðèëèðóåò áåëîê
Mcs4p (Nguyen et al., 2000). Èíòåðåñíî îòìåòèòü, ÷òî ýêñ-
ïðåññèÿ ãåíà Mcs4 + òðåáóåòñÿ äëÿ àêòèâàöèè MAP-êè-
íàçû Sty1p â îòâåò è íà äðóãèå âèäû ñòðåññà, à èìåííî íà
òåìïåðàòóðíûé øîê, ãèïåðîñìîòè÷íîñòü è ÓÔ-îáëó÷å-
íèå, îäíàêî ïðè ýòîì â ïåðåäà÷ó ñèãíàëà íå âîâëåêàåòñÿ
ïðîöåññ ôîñôîðèëèðîâàíèÿ àñïàðàãèíà â àêöåïòîðíîì
äîìåíå Mcs4p (Shich et al., 1997; Shiozaki et al., 1997).
Âîçìîæíî, â äàííîì ñëó÷àå ïðè ïåðåäà÷å ñòðåññîâîãî
ñèãíàëà èñïîëüçóåòñÿ ìåõàíèçì àêòèâàöèè ðåãóëÿòîðà
îòâåòà ïî îñòàòêàì ñåðèíà, òðåîíèíà è òèðîçèíà — ïî
àíàëîãèè ñ òàêîâûì â êëåòêàõ S. cerevisiae, çàïóñêàåìûì
îêèñëèòåëüíûì ñòðåññîì (Morgan et al., 1997; Bouquin et
al., 1999; Li et al., 1998, 2002).

Ó Sch. pombe îáíàðóæåí åùå îäèí ðåãóëÿòîð îòâå-
òà — áåëîê Prr1p, èìåþùèé âûñîêóþ ãîìîëîãèþ ñ áåë-
êîì Skn7p S. cerevisiae (Ohmiya et al., 1999). Ýòîò ðåãóëÿ-
òîð îòâåòà âîâëåêàåòñÿ â àäàïòàöèþ, èíäóöèðîâàííóþ
îêèñëèòåëüíûì ñòðåññîì, íî â îòëè÷èå îò Mcs4p íå ðåãó-
ëèðóåòñÿ ãèñòèäèíêèíàçàìè Mak2p è Mak3p. Ìåõàíèçì
åãî àêòèâàöèè íå ñîâñåì ÿñåí. Â îòëè÷èå îò ðåãóëÿòîðà
îòâåòà Mcs4p, ñòèìóëèðóåìîãî ãèñòèäèíêèíàçàìè ÷åðåç
ðåàêöèþ òðàíñôîñôîðèëèðîâàíèÿ ïî îñòàòêàì àñïàðàãè-
íèíà, ïðåäïîëàãàåòñÿ, ÷òî ôîñôîðèëèðîâàíèå Prr1p
îáåñïå÷èâàåòñÿ ìåõàíèçìîì, êîòîðûé íå çàâèñèò îò àê-
òèâàöèè ãèñòèäèíôîñôîòðàíñôåðàçû Ypd1p (Thomason,
Kay, 2000).

Òàêèì îáðàçîì, ðåöåïòîðíûå ãèñòèäèíêèíàçû â
êëåòêàõ äðîææåé, òàê æå êàê è òèðîçèíêèíàçû ìëåêîïè-
òàþùèõ, àêòèâèðóþò äâà ïóòè ïåðåäà÷è ñòðåññîâîãî ñèã-
íàëà. Ïåðâûé ïóòü, ïîäîáíî STAT-ïóòè â êëåòêàõ ìëåêî-
ïèòàþùèõ, îäíîêàñêàäíûé, ïðè êîòîðîì àêòèâàöèÿ ðå-
öåïòîðà ïðèâîäèò ê ïîñëåäóþùåé íåïîñðåäñòâåííîé
àêòèâàöèè òðàíñêðèïöèîííûõ ôàêòîðîâ, ëîêàëèçîâàí-
íûõ â öèòîïëàçìå. Âòîðîé ïóòü — ìíîãîêàñêàäíûé.
Â äàííîì ñëó÷àå àêòèâàöèÿ ðåöåïòîðà ñòèìóëèðóåò
SAPK — êàñêàä MAP-êèíàç, èíòåãðèðóþùóþ ðîëü â êî-
òîðîì èãðàþò ñòðåññàêòèâèðóåìûå êèíàçû (p38 è JNKs —
ó ìëåêîïèòàþùèõ, HOG1 — ó S. cerevisiae è Sty1p — ó
Sch. pombe). Ôîñôîðèëèðîâàííûå MAP-êèíàçû ïåðåìå-
ùàþòñÿ â ÿäðî è àêòèâèðóþò ÿäåðíûå ôàêòîðû òðàíñ-
êðèïöèè (ïîäðîáíåå ýòè ñîáûòèÿ ðàññìîòðåíû â ñëåäóþ-
ùåì ðàçäåëå îáçîðà).

Ñåíñîðíûå ãèñòèäèíêèíàçû îáíàðóæåíû è â êëåòêàõ
íèçøèõ ñëèçèñòûõ ãðèáîâ Dictyostelium discoideum
(Schuster et al., 1996; Zinda, Singleton, 1998; Wang et al.,
1999). Ñèãíàëüíûå ïóòè, àêòèâèðóåìûå ïðè ó÷àñòèè ýòèõ
êèíàç, âîâëåêàþòñÿ â îñìîðåãóëÿöèþ, ïðîðàñòàíèå ñïîð
è òåðìèíàëüíóþ äèôôåðåíöèðîâêó (Schuster et al., 1996;
Wang et al., 1996; Ott et al., 2000; Tekinay et al., 2003; Ka-
ton et al., 2004). Êðîìå ãèñòèäèíêèíàç â êëåòêàõ D. disco-
ideum îáíàðóæåíû ãèñòèäèíôîñôîòðàíñôåðàçà RdeA è
ðåãóëÿòîð îòâåòà RegA, âûïîëíÿþùèé ôóíêöèþ ôîñôî-
äèýñòåðàçû öèêëè÷åñêèõ íóêëåîòèäîâ (ðèñ. 2; Chang et
al., 1998; Shaulsky et al., 1998; Thomason et al., 1998).

Íàèáîëåå èçó÷åííàÿ ó D. discoideum îñìîðåãóëèðóå-
ìàÿ ãèñòèäèíêèíàçà DokA ñîäåðæèò N-òåðìèíàëüíûé
ñåíñîðíûé äîìåí, äâà PAS-äîìåíà, òàêæå ó÷àñòâóþùèõ
â äåòåêòèðîâàíèè ñòðåññîâîãî ñèãíàëà, êèíàçíûé äîìåí,
âêëþ÷àþùèé â ñåáÿ ñàéò ôîñôîðèëèðîâàíèÿ ïî ãèñòèäè-
íó (H1053), è C-àêöåïòîðíûé äîìåí ñ ñàéòîì ôîñôîðè-
ëèðîâàíèÿ ïî àñïàðàãèíó (D1567). Â ïåðåäà÷å ñèãíàëà ñ
êèíàçíîãî äîìåíà ãèñòèäèíêèíàçû íà àêöåïòîðíûé äî-
ìåí ðåãóëÿòîðà îòâåòà â êëåòêàõ ìèêñîìèöåòîâ è äðîæ-
æåé ìíîãî îáùåãî. Ó îáîèõ ñðàâíèâàåìûõ ôåðìåíòîâ
ïóñêîâîé ñèãíàë ñ ãèñòèäèíêèíàç ïåðåäàåòñÿ íà ðåãóëÿ-
òîð îòâåòà â ïðîöåññå ðåàêöèé òðàíñôîñôîðèëèðîâàíèÿ
ïðè ó÷àñòèè ãèñòèäèíôîñôîòðàíñôåðàç. Ó D. discoideum
ýòó ôóíêöèþ âûïîëíÿåò áåëîê RdeA, âçàèìîäåéñòâóþ-
ùèé ñ ôîñôîäèýñòåðàçîé RegA, èìåþùåé â ñâîåé ñòðóê-
òóðå êîíñåðâàòèâíûé àêöåïòîðíûé äîìåí RR (Thomason
et al., 1998). Íà÷èíàÿ ñ ýòîãî çâåíà ïóòè ìíîãîêàñêàäíîé
ïåðåäà÷è ñèãíàëà ó ìèêñîìèöåòîâ è äðîææåé ðàñõîäÿò-
ñÿ. Åñëè ó äðîææåé ñèãíàë ñ ðåãóëÿòîðà îòâåòà ïåðåäàåò-
ñÿ íà êàñêàä ñòðåññóïðàâëÿåìûõ MAP-êèíàç, òî ó ìèêñî-
ìèöåòîâ îí èíèöèèðóåò íåãàòèâíóþ ðåãóëÿöèþ PDE, ÷òî
ïðèâîäèò ê àêòèâàöèè cAMP-PKA-ñèãíàëüíîãî ïóòè.
Èíòåðåñíî îòìåòèòü, ÷òî ïðè âñåé âíåøíåé íåñõîæåñòè
çàêëþ÷èòåëüíûõ ýòàïîâ ïåðåäà÷è ñèãíàëà ïî ñòðåññàêòè-
âèðóåìûì ïóòÿì ó äðîææåé è ìèêñîìèöåòîâ ñóòü îòêðû-
òûõ ïðîöåññîâ îäíà è òà æå. Îíà ñîñòîèò â òîì, ÷òî ïðè
òàêîé ïåðåäà÷å ñèãíàëà â ÿäðî èíäóöèðóþòñÿ ãåíû, îáåñ-
ïå÷èâàþùèå ìîðôîôóíêöèîíàëüíóþ ïåðåñòðîéêó êëå-
òîê â óñëîâèÿõ ñòðåññà. Ñëåäóåò íàïîìíèòü, ÷òî èìåííî
ïðîöåññû ðåìîäåëèðîâàíèÿ áåëêîâ ëåæàò â îñíîâå ìîëå-
êóëÿðíûõ ìåõàíèçìîâ çàùèòû êëåòîê îò ñòðåññà.

Ê èçó÷åíèþ ìîëåêóëÿðíûõ ìåõàíèçìîâ ïåðåäà÷è
ñòðåññîâûõ ñèãíàëîâ â êëåòêàõ ïðîñòåéøèõ ïðèñòóïèëè
ëèøü â ïîñëåäíåå âðåìÿ. Â ðåçóëüòàòå òàêèõ èññëåäîâà-
íèé áûëè âûÿâëåíû ñòðåññàêòèâèðóåìûå ñèãíàëüíûå
ïóòè ó èíôóçîðèé Tetrahymena thermophila è T. pyrifor-
mis (Nakashima et al., 1999). Óñòàíîâëåíî, ÷òî ýòè ïó-
òè àêòèâèðóþòñÿ íèçêîé òåìïåðàòóðîé èëè ïîâûøåíè-
åì îñìîìîëÿðíîñòè ñðåäû è ñâÿçàíû ñî ñòèìóëÿöèåé
MAP-êèíàç (Nakashima et al., 1999). Íà÷àëüíûå çâåíüÿ
ñòðåññàêòèâèðóåìûõ ïóòåé ó èíôóçîðèé íåèçâåñòíû, îò-
ñóòñòâóþò ñâåäåíèÿ è î ñóùåñòâîâàíèè ó ïðîñòåéøèõ ðå-
öåïòîðíûõ ãèñòèäèíêèíàç. Ìîæíî ïðåäïîëîæèòü, ÷òî ó
ýòèõ ìèêðîîðãàíèçìîâ, èìåþùèõ ìíîæåñòâî ÷åðò ñõîä-
ñòâà â ìîëåêóëÿðíîé îðãàíèçàöèè ñ êëåòêàìè íèçøèõ
ðàñòåíèé è ãðèáîâ, òàêæå èìåþòñÿ ðåöåïòîðíûå ãèñòè-
äèíêèíàçû. Â òàêîì ñëó÷àå èõ âûÿâëåíèå è èäåíòèôèêà-
öèÿ — çàäà÷à áëèæàéøåãî áóäóùåãî. Â ñâåòå æå ôàêòîâ,
îáñóæäàåìûõ â äàííîì ðàçäåëå îáçîðà, îñîáîãî âíèìà-
íèÿ çàñëóæèâàåò ñðàâíèòåëüíûé àíàëèç ïåðâè÷íîé
ñòðóêòóðû MAP-êèíàç ìëåêîïèòàþùèõ è òåòðàõèìåí.
Îêàçûâàåòñÿ, â îòëè÷èå îò òèïè÷íûõ MAP-êèíàç ìëåêî-
ïèòàþùèõ ó MAP-êèíàç èíôóçîðèé (MRK-êèíàç) òèðî-
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çàìåùåí íà ãèñòèäèí (òð226-ãëè-ãèñ228). Çàìåíà ãèñòè-
äèíà â àêòèâíîì ñàéòå ôåðìåíòà íà òèðîçèí â õîäå ýâî-
ëþöèè ìîæåò íîñèòü êàê ñëó÷àéíûé, òàê è çàêîíîìåð-
íûé õàðàêòåð. Â ïîñëåäíåì ñëó÷àå âûÿâëåííûé ôàêò ìî-
æåò ñëóæèòü âàæíûì àðãóìåíòîì â ïîëüçó âçãëÿäîâ î
ïðîãðåññèâíîé ìîëåêóëÿðíîé ýâîëþöèè ôåðìåíòîâ, îá-
ëàäàþùèõ êèíàçíîé àêòèâíîñòüþ, è äàåò îñíîâàíèå
ïðåäïîëàãàòü, ÷òî íà ðàííèõ ýòàïàõ ýâîëþöèè ðîëü èí-
òåãðèðóþùèõ MAP-êèíàç âûïîëíÿëè ôåðìåíòû, ñîâìå-
ùàþùèå ôóíêöèè ãèñòèäèí- è òèðîçèíêèíàç. Ïðîÿñíèòü
ýòîò âîïðîñ ïîìîãóò äàëüíåéøèå ìîëåêóëÿðíî-ôèëîãå-
íåòè÷åñêèå èññëåäîâàíèÿ ñèãíàëóïðàâëÿåìûõ ïðî-
òåèíêèíàç.

Ðîëü òèðîçèíêèíàç è SH2- è
SH3-ìóëüòèäîìåííûõ áåëêîâ

â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ
ó íèçøèõ ýóêàðèîò

Áîëüøèíñòâî ïðîòèñòîâ ñóùåñòâóþò â ñðåäå, äàëå-
êîé îò ïîñòîÿíñòâà, ïîýòîìó ó íèõ èìåþòñÿ ñèãíàëüíûå
ìåõàíèçìû, áûñòðî è àäåêâàòíî ðåàãèðóþùèå íà ëþáîå
èçìåíåíèå óñëîâèé âíåøíåé ñðåäû. Îäèí èç òàêèõ ìåõà-
íèçìîâ, ðàñïðîñòðàíåííûé ó äðîææåé è ìèêñîìèöåòîâ è
ýâîëþöèîííî ñáëèæàþùèé ñòðåññàêòèâèðóåìûå ñèã-
íàëüíûå ñèñòåìû ïðîòèñòîâ è ïðîêàðèîò, ìû îïèñàëè â
ïðåäûäóùåì ðàçäåëå îáçîðà. Çäåñü ìû îñòàíîâèìñÿ íà
îïèñàíèè äðóãîãî ñïîñîáà ïåðåäà÷è ñòðåññîâîãî ñèãíà-
ëà. Îí ñâÿçàí ñ ïðîöåññàìè ôîñôîðèëèðîâàíèÿ ïî òèðî-
çèíó è ìîäóëüíûìè âçàèìîäåéñòâèÿìè ñèãíàëüíûõ áåë-
êîâ è õàðàêòåðåí äëÿ êëåòîê âûñøèõ ýóêàðèîò.

Ñóòü ìîäóëüíîé ïåðåäà÷è ñèãíàëà ñîñòîèò â ñëåäóþ-
ùåì. Ñèãíàë îò àêòèâèðîâàííûõ ðåöåïòîðîâ êëåòî÷íîé
ïîâåðõíîñòè ïåðåäàåòñÿ íà ôåðìåíòû, ñîäåðæàùèå ñïå-
öèôè÷åñêèå SH2- è SH3-äîìåíû, õàðàêòåðíûå äëÿ ìóëü-
òèäîìåííûõ ñèãíàëüíûõ áåëêîâ. Ñ ýòèìè ôåðìåíòàìè,
ïðåèìóùåñòâåííî Src-òèðîçèíêèíàçàìè, âçàèìîäåéñòâó-
þò öèòîçîëüíûå áåëêè, îáëàäàþùèå ñàéòàìè ñâÿçûâàíèÿ
ñ SH2- èëè SH3-äîìåíàìè (src-homology). Ñîïðÿæåíèå
Src-òèðîçèíêèíàç ñ áåëêàìè-ìèøåíÿìè ïðèâîäèò ê ôîñ-
ôîðèëèðîâàíèþ ïîñëåäíèõ, â ðåçóëüòàòå ÷åãî áåëêè ñòà-
íîâÿòñÿ àêòèâíûìè è ñïîñîáíûìè ê äàëüíåéøåé ïåðåäà-
÷å ñèãíàëà. Ïîäðîáíåå î Src-òèðîçèíêèíàçàõ è SH2- è
SH3-äîìåííûõ áåëêàõ ìîæíî ïðî÷èòàòü â îáçîðå Ïîñîíà
(Pawson, 1995). Ñóáñòðàòàìè SH2-ñîäåðæàùèõ áåëêîâ
ÿâëÿþòñÿ àêòèâèðîâàííûå ôàêòîðû ðîñòà èëè öèòîïëàç-
ìàòè÷åñêèå ôîñôîïðîòåèíû. Îíè ñîäåðæàò ñàéòû ôîñ-
ôîðèëèðîâàíèÿ ïî òèðîçèíó, êîòîðûå è ÿâëÿþòñÿ ìåñòîì
ñâÿçûâàíèÿ ñ SH2-äîìåíîì ñèãíàëüíîãî áåëêà. Ìîëåêó-
ëÿðíûìè ìèøåíÿìè SH3-ñîäåðæàùèõ áåëêîâ ñëóæàò
áåëêè, îáîãàùåííûå ïðîëèíàìè è îáëàäàþùèå SH3-ñâÿ-
çûâàþùèìè ñàéòàìè. Òàêèå áåëêè â êà÷åñòâå ñîñòàâëÿþ-
ùèõ ýëåìåíòîâ ïðîòåèíêèíàçíûõ êàñêàäîâ ÷àñòî âõîäÿò
â ñèãíàëüíóþ ñåòü áåëêîâ, çàâèñèìûõ îò ïðîöåññîâ ôîñ-
ôîðèëèðîâàíèÿ ïî òèðîçèíó (Pawson, 1995).

Áëàãîäàðÿ èññëåäîâàíèÿì, ïðîâåäåííûì â ñåðåäèíå
1990-õ ãîäîâ, áûëî óñòàíîâëåíî, ÷òî Src-òèðîçèíêèíàçû
àêòèâèðóþò ñèãíàëüíûå ïóòè, êëþ÷åâûìè êîìïîíåíòà-
ìè êîòîðûõ ÿâëÿþòñÿ MAP-êèíàçû. Ïîñëåäíèå îáðàçóþò
îáøèðíîå ñåìåéñòâî ðåãóëÿòîðíûõ áåëêîâ, â ñîñòàâ êî-
òîðîãî âõîäÿò è ñòðåññàêòèâèðóåìûå êèíàçû p38 è JNK
(Davis, 1994; Derijard et al., 1994; Kyriakis et al., 1995; Zhu
et al., 1999; Pantos et al., 2003). Äëÿ áîëüøèíñòâà èç íèõ

èíäóêòîðàìè ñòðåññîâîãî ñèãíàëà ÿâëÿþòñÿ ëèãàíäû, àê-
òèâèðóþùèå ñèãíàëüíûé ïóòü ÷åðåç âçàèìîäåéñòâèå ñ
ðåöåïòîðàìè êëåòî÷íîé ïîâåðõíîñòè, äëÿ äðóãèõ — ôè-
çèêî-õèìè÷åñêèå ôàêòîðû âíåøíåé ñðåäû, ìîäèôèöèðó-
þùèå ïëàçìàòè÷åñêóþ ìåìáðàíó (Lazou et al., 1998; Ky-
riakis, Avruch, 2001; Nishina et al., 2003; Puig et al., 2004).

Â êëåòêàõ ïðîòèñòîâ áîëüøèíñòâî ñòðåññàêòèâèðóå-
ìûõ ñèãíàëüíûõ ïóòåé àêòèâèðóåòñÿ èçìåíåíèåì óñëî-
âèé îêðóæàþùåé ñðåäû. Ïîýòîìó ïðåäñòàâëÿåòñÿ èíòå-
ðåñíûì ñðàâíèòü ñïîñîáû ïåðåäà÷è ñèãíàëîâ, çàïóñêàå-
ìûõ ôèçèêî-õèìè÷åñêèìè ôàêòîðàìè ñòðåññà, â êëåòêàõ
âûñøèõ è íèçøèõ ýóêàðèîò è âûÿñíèòü, èñïîëüçóþò ëè
îäíîêëåòî÷íûå ýóêàðèîòû äëÿ ïåðåäà÷è ñòðåññîâûõ ñèã-
íàëîâ ìóëüòèäîìåííûå SH2-, SH3-áåëêè è ïðîöåññû
ôîñôîðèëèðîâàíèÿ ïî òèðîçèíó.

Ðàíåå áûëî óñòàíîâëåíî, ÷òî ó ïðîòèñòîâ èìåþòñÿ
îòäåëüíûå êîìïîíåíòû ñèãíàëüíûõ ïóòåé, â ñòðóêòóðó
êîòîðûõ âõîäÿò òèðîçèíêèíàçû è àêòèâèðóåìûå èìè
ôîñôîïðîòåèíû. Ôóíêöèè ýòèõ áåëêîâ èíòåíñèâíî èçó-
÷àþòñÿ. Ê íàñòîÿùåìó âðåìåíè íàêîïèëîñü óæå ìíîãî
äàííûõ, óêàçûâàþùèõ íà âîâëå÷åíèå òèðîçèíêèíàç â ðå-
ãóëÿöèþ êëåòî÷íîé äèôôåðåíöèðîâêè è ðîñòà ýóêàðèî-
òè÷åñêèõ ìèêðîîðãàíèçìîâ (Øåìàðîâà, 2003). Íåîæè-
äàííî îêàçàëîñü, ÷òî ó îòäåëüíûõ ïðåäñòàâèòåëåé ïðîòè-
ñòîâ áåëêè, ñîäåðæàùèå SH2- è SH3-äîìåíû, ó÷àñòâóþò
è â ïåðåäà÷å ñèãíàëîâ îá èçìåíåíèè óñëîâèé âíåøíåé
ñðåäû (Kong, Pollard, 2002; Soulard et al., 2002; Araki et
al., 2003; Sharma et al., 2003). Ê ãðóïïå áåëêîâ, îáëàäàþ-
ùèõ íåêàòàëèòè÷åñêèìè SH-äîìåíàìè Src-òèðîçèíêè-
íàç, îòíîñèòñÿ ìåìáðàííûé ñåíñîð Sho1p äðîææåé (Po-
sas, Saito, 1997; Posas et al., 1998; Siderius et al., 2000; Ne-
lson et al., 2004), à òàêæå ðÿä öèòîïëàçìàòè÷åñêèõ
ðåãóëÿòîðíûõ è ìîòîðíûõ áåëêîâ ìèêñîìèöåòîâ, äðîæ-
æåé è ïðîñòåéøèõ (Drubin et al., 1990; Araki et al., 2003;
Remmert et al., 2004). Âñå SH2- è SH3-äîìåííûå áåëêè
ïðîòèñòîâ ñâÿçàíû ñ ïåðåäà÷åé âíåêëåòî÷íûõ ñòðåññî-
âûõ ñèãíàëîâ, íî îäíè èç íèõ (STATa, ìèîçèíû I) âõîäÿò
â ñòðóêòóðó ïóòåé, îòâåòñòâåííûõ çà ðåîðãàíèçàöèþ öè-
òîñêåëåòà è êëåòî÷íóþ äèôôåðåíöèðîâêó, à äðóãèå
(Sho1p, STATc) ÿâëÿþòñÿ êîìïîíåíòàìè ñèãíàëüíûõ ñè-
ñòåì, îáåñïå÷èâàþùèõ âûæèâàåìîñòü êëåòîê â óñëîâèÿõ
îñìîòè÷åñêîãî, òåìïåðàòóðíîãî è îêèñëèòåëüíîãî ñòðåñ-
ñîâ.

Ñèãíàëüíûé ïóòü, çàïóñêàåìûé àêòèâàöèåé îñìîñåí-
ñîðíîãî SH3-äîìåííîãî áåëêà Sho1p, ïîäðîáíî èçó÷åí â
êëåòêàõ S. cerevisiae. Íà ïåðâûé âçãëÿä ýòîò ïóòü ïðåä-
ñòàâëÿåòñÿ ôóíêöèîíàëüíî èçáûòî÷íûì, òàê êàê ïî íåìó
ïåðåäàþòñÿ òå æå ñèãíàëû, ÷òî è ïî ïóòè, áåðóùåìó íà-
÷àëî îò îñìîðåãóëèðóåìîé ãèñòèäèíêèíàçû Sln1. Îäíàêî
àíàëèç ïîñëåäíèõ ðàáîò ïîêàçàë, ÷òî ýòè ñèãíàëüíûå
ïóòè íå ÿâëÿþòñÿ âçàèìîçàìåíÿåìûìè (Van Wuytswinkel
et al., 2000). Èç ïðåäñòàâëåííîé íà ðèñ. 2 óñëîâíîé ñõå-
ìû, ïîêàçûâàþùåé ïîñëåäîâàòåëüíîñòü àêòèâàöèè êè-
íàç, âèäíî, ÷òî íà÷àëüíûå ýòàïû ïåðåäà÷è ñèãíàëà ïî
äàííîìó áèôóðêàöèîííîìó ïóòè íå ñîâïàäàþò. Â îäíîì
ñëó÷àå îíè ðåãóëèðóþòñÿ áåëêàìè, âõîäÿùèìè â ñòðóê-
òóðó ãèñòèäèí-àñïàðàãèíîâîé ôîñôîòðàíñôåðàçíîé ñèñ-
òåìû (ñì. âûøå), â äðóãîì — êèíàçàìè, îáðàçóþùèìè
MAP-êèíàçíûé êàñêàä.

Ó÷àñòèå Sho1p â ïðîòåèíêèíàçíûõ ìîäóëüíûõ âçàè-
ìîäåéñòâèÿõ, ïîëó÷èâøèõ øèðîêîå ðàñïðîñòðàíåíèå â
êëåòêàõ Metazoa, îáóñëîâëåíî åãî ìîëåêóëÿðíîé îðãàíè-
çàöèåé. Sho1p ñîäåðæèò 4 òðàíñìåìáðàííûõ äîìåíà, âû-
ïîëíÿþùèõ îäíîâðåìåííî ñåíñîðíóþ è çàÿêîðèâàþùóþ
ôóíêöèè (Raitt et al., 2000), à òàêæå SH3-äîìåí (Maeda et
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al., 1995). Ïîñëåäíèé âõîäèò â ñîñòàâ COOH-òåðìèíàëü-
íîé ÷àñòè ìîëåêóëû è ó÷àñòâóåò â ïðèñîåäèíåíèè ê
Sho1p îáîãàùåííîãî ïðîëèíàìè ó÷àñòêà MAPK-êèíàçû
PBS2. Âçàèìîäåéñòâèå PBS2 ñ SH3-äîìåíîì áåëêà Sho1p
èãðàåò öåíòðàëüíóþ ðîëü â òðàíñìåìáðàííîé ïåðåäà÷å
ñèãíàëà, òàê êàê íåîáõîäèìî äëÿ àêòèâàöèè êàñêàäà
MAP-êèíàç è òðàíñëÿöèè ñèãíàëà â ãåíîì (Posas, Saito,
1997). Ïðÿìîé íèñõîäÿùåé ìèøåíüþ äåéñòâèÿ Sho1p
ñëóæèò áåëîê Ste50, ÿâëÿþùèéñÿ ñóáúåäèíèöåé MAPKK-
êèíàçû Ste11. Êèíàçà Ste20, ñ êîòîðîé òàêæå âçàèìîäåéñò-
âóåò Sho1p (íà ðèñ. 2 íå ïîêàçàíà) â äàííîì ìîäóëå, âû-
ïîëíÿåò ôóíêöèþ êàðêàñíîãî áåëêà, îòâåòñòâåííîãî ó
S. cerevisiae çà ñáîðêó ñèãíàëüíûõ áåëêîâ â ñóïðàìîëå-
êóëÿðíûé êîìïëåêñ. Ìèøåíüþ Ste11 ÿâëÿåòñÿ ðåãóëÿ-
òîðíàÿ MAPK-êèíàçà PBS2. Èíòåðåñíî, ÷òî Ste11 ôîñôî-
ðèëèðóåò PBS2 ïî òåì æå îñòàòêàì ñåðèíà è òðåîíèíà,
÷òî è Ssk2p/22p. Ýòî ãîâîðèò î òîì, ÷òî PBS2 ÿâëÿåòñÿ
áåëêîì, èíòåãðèðóþùèì ñèãíàëû, ïîñòóïàþùèå îò äâóõ
âåòâåé åäèíîãî ñèãíàëüíîãî ïóòè.

Äàëåå ïóòü ñèãíàëà ñâÿçàí ñ ôîñôîðèëèðîâàíèåì
MAP-êèíàçû HOG1, èìåþùåé âûñîêóþ ñòåïåíü ãîìîëîãèè
ñ ïîñëåäîâàòåëüíîñòÿìè â êèíàçíîì äîìåíå MAP-êèíàç
èç êëåòîê âûñøèõ ïîçâîíî÷íûõ. Êàê è êëàññè÷åñêèå
MAP-êèíàçû, HOG1 èç êëåòîê S. cerevisiae èìååò ñàéòû
ôîñôîðèëèðîâàíèÿ ïî òðåîíèíó 174 è òèðîçèíó 176 â êè-
íàçíîì ñóáäîìåíå VIII (Brewster et al., 1993). Àêòèâèðî-
âàííàÿ HOG1 òðàíñëîöèðóåòñÿ â ÿäðî, ãäå âîâëåêàåòñÿ â
òðàíñêðèïöèþ áîëåå 150 ãåíîâ (Posas et al., 2000; Rep
et al., 2000). Îñíîâíûì ÿäåðíûì ñóáñòðàòîì êèíàçû
HOG1 ÿâëÿåòñÿ òðàíñêðèïöèîííûé ôàêòîð Sko1p (Proft,
Serrano, 1999; Boorsma et al., 2004). Sko1p èçâåñòåí êàê
CRE-ñâÿçûâàþùèé áåëîê (cAMP-response element bin-
ding protein) è âûïîëíÿåò â êëåòêàõ ïðåèìóùåñòâåííî
ôóíêöèþ ðåïðåññîðà òðàíñêðèïöèè (Proft, Serrano, 1999;
Pascual-Ahuir et al., 2001; Rep et al., 2001). Â àíòèñòðåññî-
âóþ ïðîãðàììó Sko1p âêëþ÷àåòñÿ ÷åðåç êîíòðîëü ýêñï-
ðåññèè ãðóïïû ãåíîâ, êîäèðóþùèõ îñìîïðîòåêòîðíûå
áåëêè (Gaxiola et al., 1992; Banuelos et al., 1998; Proft, Ser-
rano, 1999; Rep et al., 2001). Hot1p — äðóãîé òðàíñêðèï-
öèîííûé ôàêòîð â êëåòêàõ S. cerevisiae, êîòîðûé âçàèìî-
äåéñòâóåò ñ HOG1. Hot1p êîíòðîëèðóåò ýêñïðåññèþ ãå-
íîâ GPD1 è GPP2. Ýòè ãåíû êîäèðóþò ãëèöåðîë-
3-ôîñôàòäåãèäðîãåíàçû — ôåðìåíòû, ó÷àñòâóþùèå â
ñèíòåçå ãëèöåðèíà (Rep et al., 1999; Thome, 2004). Îñîáî
âàæíóþ ðîëü â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ, ïîñòóïàþ-
ùèõ â ãåíîì ÷åðåç MAP-êèíàçíûé êàñêàä, èãðàþò òðàíñ-
êðèïöèîííûå ôàêòîðû Msn2p è Msn4p. Ýòè áåëêè, àêòè-
âèðóÿñü ïðè ó÷àñòèè HOG1-êèíàçû, ïðèñîåäèíÿþòñÿ ê
òàê íàçûâàåìûì ñòðåññóïðàâëÿåìûì ýëåìåíòàì (stress
response elements — STRE) ïðîìîòîðîâ ìíîãèõ ãåíîâ è
ñòèìóëèðóþò èõ ýêñïðåññèþ (Schuller et al., 1994; Marti-
nez-Pastor et al., 1996; Moskvina et al., 1998). Â ÷àñòíîñòè,
áûëî óñòàíîâëåíî, ÷òî Msn2p è Msn4p S. cerevisiae ó÷à-
ñòâóþò â ýêñïðåññèè áîëåå 50 ãåíîâ, àêòèâèðóåìûõ
îñìîòè÷åñêèì øîêîì (Rep et al., 2000; Hohmann, 2002).

Â êîíöå XX ñòîëåòèÿ â êëåòêàõ ìëåêîïèòàþùèõ áûë
âûÿâëåí îñîáûé JAK-STAT-ñèãíàëüíûé ïóòü, àêòèâèðó-
åìûé â óñëîâèÿõ îñìîòè÷åñêîãî è îêèñëèòåëüíîãî ñòðåñ-
ñîâ. Îò äðóãèõ èçâåñòíûõ òðàíñäóêöèîííûõ ñèñòåì â
êëåòêàõ ïîçâîíî÷íûõ åãî îòëè÷àåò îäíîêàñêàäíûé õà-
ðàêòåð ïåðåäà÷è ñèãíàëà, êîãäà àêòèâàöèÿ ðåöåïòîðà
ïðèâîäèò ê ïîñëåäóþùåé íåïîñðåäñòâåííîé àêòèâàöèè
òðàíñêðèïöèîííûõ ôàêòîðîâ. Óñòàíîâëåíî, ÷òî îí èíè-
öèèðóåòñÿ ñòðåññàêòèâèðóåìûìè Janus-òèðîçèíêèíàçàìè
(JAK) è òàê íàçûâàåìûìè ñèãíàëüíûìè òðàíñäóêòîðàìè

è àêòèâàòîðàìè òðàíñêðèïöèè — áåëêàìè STAT (Gatsios
et al., 1998; Bode et al., 1999; Carballo et al., 1999). Âàæíî
ïîä÷åðêíóòü, ÷òî îáà ýòè êîìïîíåíòà ñîäåðæàò ñàéòû
ôîñôîðèëèðîâàíèÿ ïî òèðîçèíó, èìåþùèå ïåðâîñòåïåí-
íîå çíà÷åíèå â ìîäóëüíîé ñèñòåìå ïåðåäà÷è ñèãíàëà
(Chatterjee-Kishore et al., 2000; Horvath, 2000; Bromberg,
Chen, 2001). Áåëêè STAT ïîìèìî ñàéòà ôîñôîðèëèðîâà-
íèÿ ïî òèðîçèíó ñîäåðæàò ÄÍÊ-ñâÿçûâàþùèå ñàéòû è
SH2-äîìåí, ôóíêöèÿ êîòîðîãî ñîñòîèò â îáðàçîâàíèè
êîìïëåêñîâ ñ äðóãèìè áåëêàìè, ñîäåðæàùèìè ôîñôîðè-
ëèðîâàííûé òèðîçèí.

Èç öèòîïëàçìàòè÷åñêèõ êîìïîíåíòîâ ýòîãî ñòðåññàê-
òèâèðóåìîãî ïóòè, îáíàðóæåííîãî ó âûñøèõ ýóêàðèîò, â
êëåòêàõ D. discoideum ïîëíîñòüþ èäåíòèôèöèðîâàíû
òîëüêî áåëêè STAT (Araki et al., 2003). Ó ìèêñîìèöåòîâ ê
íàñòîÿùåìó âðåìåíè îïðåäåëåíû äâå èçîôîðìû áåëêà
STAT — Dd-STATa è Dd-STATc. Ïåðâûé èç íèõ àêòèâè-
ðóåòñÿ â ïðîöåññå ìíîãîêëåòî÷íîãî ðàçâèòèÿ îðãàíèç-
ìîâ; âòîðîé — â óñëîâèÿõ îñìîòè÷åñêîãî, òåìïåðàòóðíî-
ãî è îêèñëèòåëüíîãî ñòðåññîâ è ñîïðÿæåí ñ ñèãíàëüíîé
ñèñòåìîé, ðåãóëèðóåìîé öèêëè÷åñêèìè íóêëåîòèäàìè
(Kawata et al., 1997; Araki et al., 1998, 2003).

Ïîêà åùå ìàëî èçâåñòíî î òîì, êàê ïåðåäàåòñÿ ñòðåñ-
ñîâûé ñèãíàë ïî ýòîìó ïóòè ó ìèêðîîðãàíèçìîâ. Íå
óñòàíîâëåíû íà÷àëüíûå ýòàïû STAT-ïóòè, íå èäåíòèôè-
öèðîâàíà òèðîçèíêèíàçà è íåèçâåñòåí ìåõàíèçì àêòèâà-
öèè Dd-STATc. Âîçìîæíî, ÷òî â îñíîâå ýòîãî ìåõàíèçìà
ó D. discoideum ëåæèò ñïîñîáíîñòü Dd-STATc, òàê æå
êàê è STAT5 ìëåêîïèòàþùèõ, ñâÿçûâàòüñÿ ñ JAK-òèðî-
çèíêèíàçîé (Araki et al., 2003). Ïî-âèäèìîìó, èìåííî àñ-
ñîöèàöèÿ Dd-STATc ñ òèðîçèíêèíàçîé ïðèâîäèò ê àêòè-
âàöèè STAT-áåëêà è ïîñëåäóþùåìó åãî ïåðåìåùåíèþ â
ÿäðî. Ïîêà ñîâåðøåííî íåÿñíî, êàêèì îáðàçîì îñóùåñò-
âëÿåòñÿ è ïðîöåññ âçàèìîäåéñòâèÿ Dd-STATc ñ ãåíàìè.
Èìåþòñÿ ëèøü äàííûå î òîì, ÷òî STAT-áåëîê ó ìèêñî-
ìèöåòîâ âûçûâàåò òðàíñêðèïöèþ äâóõ ãåíîâ — gapA è
rtoA (Araki et al., 2003). Êîäèðóåìûé ãåíîì gapA îäíî-
èìåííûé áåëîê ïðåäñòàâëÿåò ñîáîé RasGAP-ïîäîáíûé
ïðîòåèí, íåîáõîäèìûé äëÿ íîðìàëüíîãî öèòîêèíåçà
(Adachi et al., 1997; Lee etal., 1997; Sakurai et al., 2001).
GAPA èìååò ãîìîëîãèþ ïåðâè÷íîé ñòðóêòóðû ñ áåëêàìè
IQGAP ìëåêîïèòàþùèõ è ïîäîáíî ñâîèì ãîìîëîãàì èç
êëåòîê âûñøèõ ýóêàðèîò ÿâëÿåòñÿ ýôôåêòîðîì äëÿ áåë-
êîâ Rac è Cdc42, ó÷àñòâóþùèõ â ðåãóëÿöèè àêòèíîâîãî
öèòîñêåëåòà (Epp, Chant, 1997; Osman, Cerione, 1998; Ku-
roda et al., 2003). Áåëîê RtoA, êîäèðóåìûé ãåíîì rtoA,
ïðèíèìàåò ó÷àñòèå â ðåãóëÿöèè êëåòî÷íîãî öèêëà. Îáà
áåëêà èãðàþò ñóùåñòâåííóþ ðîëü â ðåñòðóêòóðèðîâàíèè
êëåòîê ïîñëå ñòðåññîâîãî âîçäåéñòâèÿ è òåì ñàìûì ó÷à-
ñòâóþò â ñèñòåìíîì îòâåòå êëåòîê íà ñòðåññ.

Òàêèì îáðàçîì, íà ïðèìåðå ðàñïðîñòðàíåííûõ ïðî-
òèñòîëîãè÷åñêèõ îáúåêòîâ — êëåòîê S. cerevisiae è
D. discoideum — áûëà äîêàçàíà îáùíîñòü ìåõàíèçìîâ
ìîäóëüíîé ïåðåäà÷è ñòðåññîâûõ ñèãíàëîâ ïðè ó÷àñòèè
SH2- è SH3-ìóëüòèäîìåííûõ áåëêîâ â êëåòêàõ âûñøèõ è
íèçøèõ ýóêàðèîò.

Ðîëü PKC â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ
â êëåòêàõ íèçøèõ ýóêàðèîò

Â ïîñëåäíåå âðåìÿ â ëèòåðàòóðå ïîÿâëÿåòñÿ âñå áîëü-
øå äàííûõ, ñâèäåòåëüñòâóþùèõ îá ó÷àñòèè PKC â ñèã-
íàëüíûõ ïóòÿõ, àêòèâèðóåìûõ ñòðåññîì. Îòìå÷åíî, ÷òî â
êëåòêàõ ìëåêîïèòàþùèõ àêòèâíîñòü ôåðìåíòà ïîâûøà-
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åòñÿ â îòâåò íà äåéñòâèå ìåõàíè÷åñêîãî (Li et al., 2003),
îêèñëèòåëüíîãî (Abid et al., 2004; Li et al., 2004; Otani,
2004), òåìïåðàòóðíîãî (Arnaud et al., 2004) è òîêñè÷åñêîãî
(Stadheim, Kucera, 1998; Yuan, 2002) ñòðåññà. Ýêñïåðèìåí-
òàëüíûå äàííûå, ïîëó÷åííûå íà êëåòêàõ Metazoa, ãîâîðÿò
î òîì, ÷òî ïåðåäà÷à äàííûõ ñòðåññîâûõ ñèãíàëîâ îñóùå-
ñòâëÿåòñÿ â ðåçóëüòàòå ñòèìóëÿöèè ôîñôîèíîçèòèäíîãî
ïóòè èëè ñîïðÿæåííûõ ñ íèì ñèãíàëüíûõ êàñêàäîâ (Zhu-
ang et al., 2000; Amin et al., 2003; Abid et al., 2003, 2004; Je
et al., 2004). Íà ñåãîäíÿøíèé äåíü ìíîãèå ñòðåññàêòèâè-
ðóåìûå ñèãíàëüíûå êàñêàäû, â ñòðóêòóðó êîòîðûõ âõîäèò
PKC, èçó÷åíû åùå íåäîñòàòî÷íî. Áîëüøèíñòâî èç íèõ ñî-
äåðæèò íåèçâåñòíûå ïðîìåæóòî÷íûå è êîíå÷íûå ýëåìåí-
òû. Ðàñøèôðîâêó ìåõàíèçìîâ ïåðåäà÷è ñèãíàëîâ ïî ýòèì
ïóòÿì çàòðóäíÿåò è ìíîæåñòâåííîñòü ôîðì PKC, êàæäàÿ
èç êîòîðûõ ñïåöèôè÷íà â îòíîøåíèè ýôôåêòîðîâ.

Îäèí èç íàèáîëåå èçó÷åííûõ PKC-çàâèñèìûõ ïóòåé
ïåðåäà÷è ñèãíàëîâ ó ïîçâîíî÷íûõ — ýòî ïóòü ïåðåäà÷è
ñèãíàëîâ, èíèöèèðóåìûõ îêèñëèòåëüíûì ñòðåññîì. Ìû
ïðèâåäåì åãî êðàòêîå îïèñàíèå â êà÷åñòâå ýòàëîíà äëÿ
ñðàâíåíèÿ ñ àíàëîãè÷íûìè ïóòÿìè ó îäíîêëåòî÷íûõ
ýóêàðèîò. Ýòîò ïóòü îñíîâàí íà ðåäîêñçàâèñèìîé àêòèâà-
öèè G-áåëêà p21ras è ïîñëåäóþùåé àêòèâàöèè PKC, ìåì-
áðàííîé ôîñôàòèäèëèíîçèòîë-3-êèíàçû è çàâèñèìîé îò
ôîñôàòèäèëèíîçèòîë-3,4,5-òðèôîñôàòà ïðîòåèíêèíàçû

PKB (Janssen-Heininger et al., 2000). Êîíå÷íûì çâåíîì
ýòîãî ïóòè ÿâëÿåòñÿ òðàíñêðèïöèîííûé ôàêòîð Nf-êB
(ðèñ. 3). Â ðåãóëÿöèè Nf-êB ïðè îêèñëèòåëüíîì ñòðåññå
ó÷àñòâóþò òàêæå ïðîòåèíêèíàçû MEKK1, TAK1 è MKK6,
âõîäÿùèå â MAP-êèíàçíûå êàñêàäû JNK è p38, à òàêæå
Src-òèðîçèíêèíàçà (íà ðèñ. 3 íå ïîêàçàíû).

Ïðè äðóãèõ ñòðåññîâûõ âîçäåéñòâèÿõ íà êëåòêó ñèã-
íàë, ïî-âèäèìîìó, ðàñïîçíàåòñÿ ïðè ó÷àñòèè èíûõ ìîëå-
êóëÿðíûõ ìåõàíèçìîâ, â ÷àñòíîñòè â ðåçóëüòàòå àññîöèà-
öèè Src-òèðîçèíêèíàç ñ ðåöåïòîðàìè ôàêòîðîâ ðîñòà ëèáî
ñ PKCå (Yoshida et al., 1998; Zhuang et al., 2000; Abid et al.,
2004; Otani, 2004). Ïðè ýòîì àêòèâèðóþòñÿ êèíàçû, âõîäÿ-
ùèå â ñòðóêòóðó êàê ôîñôîèíîçèòèäíîãî, òàê è MAP-êè-
íàçíîãî êàñêàäîâ. Ñ äðóãîé ñòîðîíû, íàêàïëèâàåòñÿ âñå
áîëüøå äàííûõ, óêàçûâàþùèõ íà âîçìîæíîñòü ñòðåññî-
âîé ñòèìóëÿöèè îáîèõ ïðîòåèíêèíàçíûõ êàñêàäîâ ðàç-
äåëüíî — ÷åðåç âîçäåéñòâèå íà ìåõàíî÷óâñòâèòåëüíûå
ìåìáðàííûå ðåöåïòîðû (Correa-Meyer et al., 2002; Lodyga
et al., 2002; Li et al., 2003; Hofmann et al., 2004).

Òàêèì îáðàçîì, â êëåòêàõ âûñøèõ ýóêàðèîò ñóùåñò-
âóþò ïî êðàéíåé ìåðå òðè âàðèàíòà ïðîâåäåíèÿ ñòðåññî-
âîãî ñèãíàëà ïðè ó÷àñòèè ïðîòåèíêèíàç. Îäèí èç íèõ
ñâÿçàí ñ àêòèâàöèåé MAP-êèíàçíîãî êàñêàäà, äðóãîé — ñ
àêòèâàöèåé ôîñôîèíîçèòèäíîãî êàñêàäà è PKC, à òðå-
òèé — ñ àêòèâàöèåé êîìïëåêñíîãî PKC-MAP-êèíàçíîãî
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RS — ðåäîêñ-÷óâñòâèòåëüíûé ñåíñîð; Wsc1p, Mid2p — îñìîñåíñîðíûå áåëêè; «?» — íåèäåíòèôèöèðîâàííûå ìèøåíè; Ñà2+ — èîíû êàëüöèÿ; PI3K —
ôîñôîèíîçèòèä-3-êèíàçà; ð21ras, RHO1 — ìàëûå G-áåëêè; PKB — ïðîòåèíêèíàçà B; PKCæ è PKC1 — èçîôîðìû ïðîòåèíêèíàçû Ñ; BCK1, MKK1/2,
Skn 7, p53 — êèíàçû ñòðåññóïðàâëÿåìûõ MAP-êèíàçíûõ êàñêàäîâ; Nf-êB, R1m1 — ôàêòîðû òðàíñêðèïöèè. Òî÷êàìè âûäåëåíû ÌÀÐ-êèíàçû, øòðè-

õîâêîé — ôàêòîðû òðàíñêðèïöèè. Ïîäðîáíîñòè ñì. â òåêñòå.



êàñêàäà. Î÷åâèäíî, ÷òî íàèáîëåå âåëèêî çíà÷åíèå êîìï-
ëåêñíîãî PKC-MAP-êèíàçíîãî ïóòè ïðîâåäåíèÿ ñòðåññî-
âîãî ñèãíàëà, òàê êàê îí îáåñïå÷èâàåò íå òîëüêî ïåðåäà-
÷ó ñèãíàëà â ãåíîì, íî è ïðÿìóþ ðåãóëÿöèþ áåëêîâ êîð-
òèêàëüíîãî öèòîñêåëåòà êëåòêè.

Èíòåðåñíî, ÷òî â êëåòêàõ íèçøèõ ýóêàðèîò (ó äðîæ-
æåé S. cerevisiae) òàêæå èìååòñÿ êîìïëåêñíûé PKC1-
MAP-êèíàçíûé ïóòü ïåðåäà÷è ñòðåññîâûõ ñèãíàëîâ.
Ýòîò ñèãíàëüíûé ïóòü (â îòëè÷èå îò Sln1-MAP-êèíàçíî-
ãî ïóòè, îïèñàííîãî ðàíåå) àêòèâèðóåòñÿ ãèïîîñìîòè÷å-
ñêèì øîêîì, ïîâûøåííîé òåìïåðàòóðîé, à òàêæå íåêîòî-
ðûìè àíòèãðèáêîâûìè ïðåïàðàòàìè (Davenport et al.,
1995; Kamada et al., 1995; Heinisch et al., 1999; Reino-
so-Martin et al., 2003). Â äàííîì ñëó÷àå ôóíêöèþ òåðìî-
è ìåõàíîñåíñîðîâ íàðÿäó ñî ñïåöèàëèçèðîâàííûìè èîí-
íûìè êàíàëàìè ìîãóò âûïîëíÿòü áåëêè Mid2p, Wsc1p è
íåêîòîðûå äðóãèå (Verna et al., 1997; Ketela et al., 1999;
Lodder et al., 1999; Raboy et al., 1999), ñ êîòîðûìè âçàè-
ìîäåéñòâóþò ôàêòîðû îáìåíà ÃÄÔ íà ÃÒÔ Rom1p è
Rom2p è ÃÒÔ-ñâÿçûâàþùèé G-áåëîê Rho1p (Qadota et
al., 1992; Nonaka et al., 1995; Ozaki et al., 1996). Ýòîò áëîê
ôåðìåíòîâ, ðàñïîëîæåííûõ â ìåìáðàíå, îáåñïå÷èâàåò
ôîñôîðèëèðîâàíèå è òåì ñàìûì àêòèâàöèþ íèñõîäÿùèõ
áåëêîâ ôîñôîèíîçèòèäíîãî ñèãíàëüíîãî êàñêàäà, êëþ÷å-
âûì ôåðìåíòîì êîòîðîãî ÿâëÿåòñÿ PKC1.

Âàæíîå çíà÷åíèå PKC1 â ïåðåäà÷å ñòðåññîâûõ ñèã-
íàëîâ áûëà óñòàíîâëåíà ïðè ïîñëåäîâàòåëüíîì àíàëèçå
ìóòàíòîâ S. cerevisiae, íåãàòèâíûõ ïî ðÿäó ñèãíàëüíûõ
áåëêîâ, âõîäÿùèõ â ñòðóêòóðó êîìïëåêñíîãî PKC1-
MAP-êèíàçíîãî ïóòè (Levin, Bartlett-Heubusch, 1992).
Îêàçàëîñü, PKC1 èãðàåò ïðèîðèòåòíóþ ðîëü â ðåãóëÿöèè
ïðîöåññîâ ñèíòåçà è ñáîðêè áåëêîâûõ êîìïîíåíòîâ êëå-
òî÷íîé ñòåíêè è òåì ñàìûì îáåñïå÷èâàåò æèçíåñïîñîá-
íîñòü êëåòîê â óñëîâèÿõ ãèïîîñìîòè÷åñêîãî ñòðåññà (De
Nobel et al., 2000; Cabib et al., 2001; Smits et al., 2001).
Ê íàñòîÿùåìó âðåìåíè íàêîïèëîñü óæå ìíîãî äîêàçà-
òåëüñòâ òîãî, ÷òî ó ìóòàíòîâ S. cerevisiae, íåãàòèâíûõ ïî
PKC1, ïîâûøåííàÿ îñìî÷óâñòâèòåëüíîñòü îáóñëîâëåíà
èçìåíåíèåì ñîñòàâà êëåòî÷íîé ñòåíêè, à èìåííî åå
îñëàáëåíèåì (Roemer et al., 1994; Shimizu et al., 1994;
Kapteyn et al., 2001; Boorsma et al., 2004).

Êîãäà êëåòêà íàõîäèòñÿ â ñîñòîÿíèè ôèçèîëîãè÷å-
ñêîãî ïîêîÿ, PKC íåàêòèâíà. Ôóíêöèîíàëüíî àêòèâíîé
PKC1 ñòàíîâèòñÿ â ðåçóëüòàòå êîíôîðìàöèîííîé ìîäè-
ôèêàöèè, êîòîðóþ ïðèîáðåòàåò â ðåçóëüòàòå ñîïðÿæåíèÿ
ñ àêòèâèðóþùèìè àãåíòàìè, òàêèìè êàê èîíû Ca2+, DAG
èëè PKC-ñâÿçûâàþùèå áåëêè. Îïðåäåëÿþùèì ôàêòîðîì
â ìåõàíèçìå àêòèâàöèè òîé èëè èíîé èçîôîðìû ýòîãî
ôåðìåíòà ÿâëÿþòñÿ îñîáåííîñòè åãî äîìåííîé îðãàíèçà-
öèè. Òàê, PKC1 S. cerevisiae ïî ñòðóêòóðå è áèîõèìè÷å-
ñêèì ñâîéñòâàì íàèáîëåå áëèçêà ê nPKCç ìëåêîïèòàþ-
ùèõ, êîòîðàÿ àêòèâèðóåòñÿ àäàïòåðíûìè PKC-ñâÿçûâàþ-
ùèìè áåëêàìè (Nomoto et al., 1997). Òî÷íûé ìåõàíèçì
àêòèâàöèè ýòîãî ôåðìåíòà ó äðîææåé ïîêà íåÿñåí. Ñ îä-
íîé ñòîðîíû, ó PKC1 (Pkc1p) âûÿâëåíû ñàéòû ñâÿçûâà-
íèÿ Ca2+, ÷òî óêàçûâàåò íà âîçìîæíóþ ðîëü èîíîâ Ca2+ â
àêòèâàöèè ôåðìåíòà, êàê ó êëàññè÷åñêèõ èçîôîðì PKC
ìëåêîïèòàþùèõ (Antonsson et al., 1994; Schmitz, Hei-
nisch, 2003). Ñ äðóãîé ñòîðîíû, óñòàíîâëåíî, ÷òî PKC1
âçàèìîäåéñòâóåò ñ ÃÒÔ-ñâÿçûâàþùèì áåëêîì Rho1p
(Nonaka et al., 1995), ÷òî ìîæåò óêàçûâàòü íà âîâëå÷åíèå
â àêòèâàöèþ ôåðìåíòà àäàïòîðíûõ áåëêîâ, êàê ó àòèïè÷-
íûõ èçîôîðì PKC (é, ë, æ; Nishimura et al., 2005). Ïðåäïî-
ëàãàåòñÿ âîçìîæíîñòü ïðÿìîé ðåãóëÿöèè àêòèâíîñòè
ôåðìåíòà ÷åðåç àññîöèàöèþ ÃÒÔ-ñâÿçûâàþùåãî áåëêà

Rho1p ñ C1-äîìåíîì PKC1 (Schmitz et al., 2002). Íà âàæ-
íóþ ðîëü Rho1p â àêòèâàöèè PKC1 óêàçûâàåò è åãî âîçðàñ-
òàþùåå çíà÷åíèå äëÿ êëåòêè â ïåðèîäû ôóíêöèîíàëüíîé
àêòèâíîñòè PKC1-MAP-êèíàçíîãî ïóòè. Ïîêàçàíî, íà-
ïðèìåð, ÷òî Rho1p òðåáóåòñÿ äëÿ îáåñïå÷åíèÿ áûñòðîãî
ïåðåìåùåíèÿ PKC1 ê ìåñòàì ïîëÿðíîãî ðîñòà è äåñòðóê-
òèâíî èçìåíåííûì ýëåìåíòàì êëåòî÷íîé ñòåíêè S. cere-
visiae (Andrews, Stark, 2000). Èíòåðåñíî îòìåòèòü, ÷òî ó
ìíîãîêëåòî÷íûõ PAR-aPKC-ñèãíàëüíûå êîìïëåêñû, ñî-
ïðÿãàþùèì êîìïîíåíòîì êîòîðûõ ÿâëÿåòñÿ ÃÒÔ-ñâÿçû-
âàþùèé áåëîê Cdc42, òàêæå ó÷àñòâóþò â ðåãóëÿöèè ïðî-
öåññîâ ïîëÿðíîãî ðîñòà êëåòîê (Ohno, 2001).

Ïîñêîëüêó íå âñå ýëåìåíòû PKC1-çàâèñèìûõ ñèãíàëü-
íûõ ïóòåé ó S. cerevisiae èäåíòèôèöèðîâàíû, ïîêà íåÿñíî,
îäèí èëè íåñêîëüêî PKC1-MAP-êèíàçíûõ êàñêàäîâ ó÷àñò-
âóþò â ïåðåäà÷å ðàçíîòèïíûõ ñòðåññîâûõ ñèãíàëîâ. Òàê,
íàïðèìåð, èçâåñòíûå ïðîìåæóòî÷íûå êîìïîíåíòû PKC1-
MAP-êèíàçíîãî ïóòè, àêòèâèðóåìîãî ãèïîîñìîòè÷åñêèì
øîêîì è òåïëîâûì øîêîì, îäíè è òå æå. Èìè ÿâëÿþòñÿ êè-
íàçû MAP-êèíàçíîãî êàñêàäà Bck1p, Mkk1p/Mkk2p è Slt2p
(ðèñ. 3; Lee, Levin, 1992; Irie et al., 1993; Lee et al., 1993; Le-
vin et al., 1994; Kawada et al., 1995; Soler et al., 1995; Martin
et al., 2000). Ïî-âèäèìîìó, ñõîäåí è ñïîñîá àêòèâàöèè ýòèõ
ïóòåé ÷åðåç ïîâûøåíèå òåêó÷åñòè ìåìáðàí, êîòîðîå ïðè-
âîäèò ê îòêðûâàíèþ Ca2+-êàíàëîâ ëèáî ê àêòèâàöèè òåðìî-
èëè ìåõàíî÷óâñòâèòåëüíûõ ñåíñîðíûõ áåëêîâ, ðàñïîëî-
æåííûõ â ïëàçìàòè÷åñêîé ìåìáðàíå (Parsell, Lindquist,
1994; Ketela et al., 1999; Lodder et al., 1999).

Âûÿâëåííûå íà ñåãîäíÿøíèé äåíü ðàçëè÷èÿ ìåæäó
PKC1-MAP-êèíàçíûìè ïóòÿìè, èíèöèèðóåìûìè òåìïåðà-
òóðíûì è ãèïîîñìîòè÷åñêèì ñòðåññîì, ïîêà ñâÿçàíû òîëü-
êî ñ ìåõàíèçìàìè àêòèâàöèè PKC. Ìåõàíèçì àêòèâàöèè
PKC1 ïîä äåéñòâèåì ãèïîîñìîòè÷åñêîãî ñòðåññà ìû óæå
ðàññìîòðåëè. Â ñëó÷àå ñòèìóëÿöèè PKC1-MAP-êèíàçíîãî
ïóòè ó S. cerevisiae òåïëîâûì øîêîì ïðåäïîëàãàåòñÿ, ÷òî
PKC1 (âîçìîæíî, åå èçîôîðìà) àêòèâèðóåòñÿ ïîâûøåíèåì
âíóòðèêëåòî÷íîé êîíöåíòðàöèè Ca2+. Ñîãëàñíî ïðåäëîæåí-
íîé ìîäåëè (Kamada et al., 1995), òåìïåðàòóðíûé ñòðåññ ó
S. cerevisiae âûçûâàåò ðàñòÿæåíèå êëåòî÷íîé ñòåíêè, êîòî-
ðîå ïðèâîäèò ê îòêðûâàíèþ òåðìî÷óâñòâèòåëüíûõ Ca2+-êà-
íàëîâ. Â ðåçóëüòàòå ïîñòóïëåíèÿ â êëåòêó âíåêëåòî÷íîãî
Ca2+ ïîâûøàåòñÿ åãî öèòîïëàçìàòè÷åñêèé óðîâåíü è ïðîèñ-
õîäèò àêòèâàöèÿ PKC1 è çàâèñèìûõ îò Ca2+ MAP-êèíàç
(Kamada et al., 1995). Êàê óæå îòìå÷àëîñü âûøå, ïåðåäà÷à
ñèãíàëà â ãåíîì ïî ýòîìó ïóòè ðåàëèçóåòñÿ ïðè ó÷àñòèè òåõ
æå êèíàç, ÷òî è ïðè àêòèâàöèè ãèïîîñìîòè÷åñêîãî ïóòè.
ßäåðíîé ìèøåíüþ èíòåãðàëüíîé MAP-êèíàçû Slt2p ÿâëÿ-
åòñÿ ôàêòîð òðàíñêðèïöèè Rlm1p (Martin-Yken et al., 2003).
×åðåç âçàèìîäåéñòâèå ñ ýòèì òðàíñêðèïöèîííûì ôàêòî-
ðîì Slt2p ðåãóëèðóåò ýêñïðåññèþ ãåíîâ, êîäèðóþùèõ ôåð-
ìåíòû, îáåñïå÷èâàþùèå ìåòàáîëèçì â êëåòî÷íîé ñòåíêå
(Jung, Levin, 1999). Äðóãîé ÿäåðíîé ìèøåíüþ Slt2p ñëóæèò
êîìïëåêñíûé òðàíñêðèïöèîííûé ôàêòîð SBF, êîòîðûé
òðåáóåòñÿ äëÿ ýêñïðåññèè ãåíîâ, ó÷àñòâóþùèõ â èíèöèà-
öèè ðàííèõ ñîáûòèé êëåòî÷íîãî öèêëà (Martin-Ykenet et
al., 2003). Ó÷àñòèå ýòîãî òðàíñêðèïöèîííîãî ôàêòîðà â
ïåðåäà÷å ñèãíàëîâ, èíäóöèðóåìûõ òåïëîâûì øîêîì,
îáúÿñíÿåò ïðè÷èíó çàäåðæêè êëåòî÷íîãî ðîñòà S. cerevi-
siae â óñëîâèÿõ òåìïåðàòóðíîãî ñòðåññà. Îáíàðóæåíî
òàêæå, ÷òî òåïëîâîé øîê ÷åðåç ñòèìóëÿöèþ PKC1-
MAP-êèíàçíîãî ïóòè èíäóöèðóåò HSE- è STRE-óïðàâ-
ëÿåìûå ýëåìåíòû ïðîìîòîðîâ ìíîãèõ ãåíîâ (Kamada et
al., 1995). Ñâÿçü PKC1-MAP-ïóòè ñ ãåíàìè, îòâåòñòâåí-
íûìè çà ñèíòåç áåëêîâ òåïëîâîãî øîêà, óêàçûâàåò íà åãî
âàæíóþ ðîëü â èíäóêöèè òåðìîòîëåðàíòíîñòè, â îñíîâå
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êîòîðîé ëåæàò ìåõàíèçìû âîññòàíîâëåíèÿ ñòðóêòóðû è
ñâîéñòâ ïîâðåæäåííûõ ìåìáðàí (Parsell, Lindquist,
1994).

Åñëè ÿäåðíûå ìèøåíè áåëêîâ, ó÷àñòâóþùèõ â ïåðå-
äà÷å ñòðåññîâûõ ñèãíàëîâ ïî PKC1-MAP-êèíàçíîìó
ïóòè, äîñòàòî÷íî õîðîøî îïèñàíû, òî èõ öèòîïëàçìàòè÷å-
ñêèå ñóáñòðàòû îñòàþòñÿ åùå ìàëîèçó÷åííûìè. Òðåáóþò
ðàñøèôðîâêè è ìåõàíèçìû ðåãóëÿòîðíîãî äåéñòâèÿ ñèã-
íàëüíûõ áåëêîâ ñòðåññàêòèâèðóåìîãî PKC1-MAP-ïóòè íà
ýôôåêòîðû. Òàê, íàïðèìåð, ïîëíîé íåîæèäàííîñòüþ
îêàçàëîñü âûÿâëåíèå ïðÿìîãî âçàèìîäåéñòâèÿ ìàëîãî
G-áåëêà Rho1p ñ ãëþêàíñèíòàçíûì êîìïëåêñîì (Qadota
et al., 1992; Valdivia, Schekman, 2003).

Â êëåòêàõ äðóãîãî ýóêàðèîòè÷åñêîãî ìèêðîîðãàíèç-
ìà — ìèêñîìèöåòû D. discoideum — PKC âõîäèò â ñòðóê-
òóðó ñèãíàëüíûõ ïóòåé, çàâèñèìûõ îò öèêëè÷åñêèõ íóêëå-
îòèäîâ (ðèñ. 4). Ïî ýòèì ïóòÿì ïåðåäàþòñÿ ðàçíîîáðàçíûå
âíåêëåòî÷íûå ñèãíàëû, â òîì ÷èñëå è ñòðåññîâûå (îá èçìå-
íåíèè îñìîòè÷íîñòè ñðåäû). Áèîëîãè÷åñêàÿ ðîëü PKC ïðè
ïåðåäà÷å îñìîñòðåññîðíûõ ñèãíàëîâ ñîñòîèò â êîàêòèâà-
öèè òÿæåëûõ öåïåé ìèîçèíà II, ÷òî ïðèâîäèò ê ïåðåñòðîéêå
êîðòèêàëüíîãî öèòîñêåëåòà è óìåíüøåíèþ ðàçìåðîâ êëåò-
êè. Â óñëîâèÿõ ñòðåññà ðåîðãàíèçàöèÿ êîðòèêàëüíîãî öèòî-
ñêåëåòà ÿâëÿåòñÿ îäíîé èç âàæíåéøèõ çàùèòíûõ ðåàêöèé
êëåòêè. Ê ðåìîäåëèðîâàíèþ öèòîñêåëåòà ó íèçøèõ ãðèáîâ
ïðèâîäèò àêòèâàöèÿ íåñêîëüêèõ ñèãíàëüíûõ ïóòåé, â òîì
÷èñëå è îòâåòñòâåííîãî çà ìîòîðíóþ àêòèâíîñòü ìèîçèíîâ
I è II (Goodson, Spudich, 1995; Novak, Titus, 1997; De la Roc-
he, Cote, 2001; Remmert et al., 2004). Ñèãíàëüíîé ìîëåêó-
ëîé, îáåñïå÷èâàþùåé ïåðåäà÷ó ïóñêîâîãî ñèãíàëà ïî ýòî-
ìó ïóòè, ÿâëÿåòñÿ cGMP. Âòîðè÷íûé ìåññåíäæåð âçàèìî-
äåéñòâóåò ñ cGMP-àêòèâèðóåìîé êèíàçîé GbpÑ, ñóá-
ñòðàòàìè êîòîðîé ñëóæàò äâå êèíàçû — êèíàçà ëåãêîé
öåïè ìèîçèíà (MLCK-A) è óíèêàëüíàÿ PKC òÿæåëîé öåïè
ìèîçèíà (MHC-PKC). Ïåðâàÿ ôîñôîëèðèðóåò ìèîçèí II ïî
ñåðèíó 13, âòîðàÿ — ïî òðåîíèíó 1823.

MHC-PKC D. discoideum ïðåäñòàâëÿåò ñîáîé íèçêî-
ìîëåêóëÿðíûé áåëîê ñ ìîë. ìàññîé 89 êÄà, êîòîðûé ñî-

äåðæèò äâà Zn-ñâÿçûâàþùèõ ó÷àñòêà, áîãàòûõ öèñòåèíî-
âûìè îñòàòêàìè, êàòàëèòè÷åñêèå äîìåíû, èìåþùèå
ñòðóêòóðíîå ñõîäñòâî êàê ñ äèàöèëãëèöåðèíêèíàçíûì
äîìåíîì, òàê è ñ êàòàëèòè÷åñêèì äîìåíîì PKC, è îáîãà-
ùåííûé îñòàòêàìè ñåðèíà è òðåîíèíà ðåãóëÿòîðíûé äî-
ìåí. Äàííûå ôèëîãåíåòè÷åñêîãî àíàëèçà, à òàêæå ñòðóê-
òóðíî-ôóíêöèîíàëüíûõ èññëåäîâàíèé ïîêàçàëè, ÷òî
ñòðîåíèå MHC-PKC îáåñïå÷èâàåò ôåðìåíòó êàòàëèòè÷å-
ñêèå ñâîéñòâà êàê ëèïèäêèíàçû, òàê è ïðîòåèíêèíàçû
(Thanos, Bowie, 1996). Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëü-
òàòîâ àâòîðàìè áûëî ñäåëàíî ïðåäïîëîæåíèå î òîì, ÷òî
ýòîò áåëîê ÿâëÿåòñÿ ïðîäóêòîì ñëèâøèõñÿ ãåíîâ DGK è
PKC. Áåëêà, ãîìîëîãè÷íîãî MHC-PKC â êëåòêàõ ìëåêî-
ïèòàþùèõ, íå îáíàðóæåíî.

Îñìîðåãóëèðóåìûé cGMP-çàâèñèìûé ñèãíàëüíûé
ïóòü, â êîòîðîì ó÷àñòâóåò MHC-PKC â êëåòêàõ ìèêñîìè-
öåòîâ, îõàðàêòåðèçîâàí åùå íåäîñòàòî÷íî (Kuwayama,
Van Haastert, 1998). Åñëè íà÷àëüíûå ýòàïû ýòîãî ïóòè îò-
íîñèòåëüíî èçó÷åíû (ñì. ñëåäóþùèé ðàçäåë îáçîðà), òî
ýòàïû ïåðåäà÷è ñòðåññîâîãî ñèãíàëà íà ýôôåêòîðíûå ìè-
øåíè èññëåäîâàíû â çíà÷èòåëüíî ìåíüøåé ñòåïåíè. Íàè-
áîëåå ïîäðîáíî èçó÷åí ìåõàíèçì ïåðåäà÷è ñòðåññîâîãî
ñèãíàëà ïðè ó÷àñòèè MHC-PKC íà òÿæåëóþ öåïü ìèîçè-
íà II. Êàê óæå îòìå÷àëîñü ðàíåå, MHC-PKC ôîñôîðèëè-
ðóåò òðåîíèí 1823, ðàñïîëîæåííûé â õâîñòîâîé ÷àñòè
ìèîçèíà II. Ôîñôîðèëèðîâàíèå ýòîãî îñòàòêà òðåîíèíà, à
òàêæå äâóõ äðóãèõ áëèçêîðàñïîëîæåííûõ òðåîíèíîâ
(ò-1833 è ò-2029), ôîñôîðèëèðóåìûõ êèíàçàìè òÿæåëûõ
öåïåé ìèîçèíà A è B ñîîòâåòñòâåííî, ïðèâîäèò ê ïîâû-
øåíèþ óðîâíÿ ôîñôîðèëèðîâàíèÿ òÿæåëûõ öåïåé ìèî-
çèíà è ðàçáîðêå åãî áèïîëÿðíûõ ôèëàìåíòîâ (Abu-Elneel
et al., 1996; De la Roche, Cote, 2001; Rubin, Ravid, 2002).
Ôóíêöèîíàëüíîå çíà÷åíèå ôîñôîðèëèðîâàíèÿ ýòîãî áåë-
êà â óñëîâèÿõ îñìîòè÷åñêîãî ñòðåññà ñîñòîèò â ïîääåð-
æàíèè îïòèìàëüíîé ôîðìû è ïîäâèæíîñòè êëåòîê, ÷òî
ÿâëÿåòñÿ âàæíîé ñîñòàâëÿþùåé â êîìïëåêñíîì ìåõàíèç-
ìå îñìîàäàïòèâíîãî ïîâåäåíèÿ êëåòîê.
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Ðèñ. 4. Ïåðåäà÷à ñòðåññîâûõ ñèãíàëîâ ïðè ó÷àñòèè ïðîòåèíêèíàç, çàâèñèìûõ îò öèêëè÷åñêèõ íóêëåîòèäîâ.

NO — îêñèä àçîòà; RS è OS — ìåìáðàííûå ðåäîêñ- è îñìî÷óâñòâèòåëüíûé ñåíñîðû ñîîòâåòñòâåííî; Ras — ìàëûé G-áåëîê èç ñåìåéñòâà Ras; ACG,
Cyr1p — àäåíèëàòöèêëàçû; GbpC — cèãíàëüíûé ìóëüòèäîìåííûé áåëîê; MLCK-A — êèíàçà ëåãêîé öåïè ìèîçèíà; MHC-PKC — ãèáðèäíàÿ êèíàçà òÿ-
æåëîé öåïè ìèîçèíà; Msn2/4p — ôàêòîðû òðàíñêðèïöèè. Îñòàëüíûå îáîçíà÷åíèÿ ñì. â ðàçäåëå «Ïðèíÿòûå îáîçíà÷åíèÿ». Øòðèõîâûìè ëèíèÿìè îò-

ìå÷åíû ïðåäïîëàãàåìûå ó÷àñòíèêè îïèñûâàåìûõ ñèãíàëüíûõ ïóòåé. Ïîäðîáíîñòè ñì. â òåêñòå.



PKC îáíàðóæåíà è â êëåòêàõ ïðîñòåéøèõ (Entamoe-
ba histolytica, E. invadens, Tetrahymena piriformis è Toxop-
lasma gondii). Ó ýòèõ ìèêðîîðãàíèçìîâ PKC, òàê æå êàê è
â äðóãèõ òèïàõ êëåòîê, îáåñïå÷èâàåò ñâÿçü ìåæäó ñèã-
íàëüíîé è ýôôåêòîðíûìè ñèñòåìàìè. Ñòðóêòóðà, ñâîéñò-
âà è ìåõàíèçìû àêòèâàöèè ôåðìåíòà ó ïðîñòåéøèõ ïðàê-
òè÷åñêè íå èçó÷åíû. Èìåþòñÿ ëèøü åäèíè÷íûå ðàáîòû, â
êîòîðûõ îòìå÷åíî ñòèìóëèðóþùåå âëèÿíèå Ca2+ íà àê-
òèâíîñòü PKC è MAP-êèíàç èç êëåòîê ïðîñòåéøèõ
(De Meester et al., 1990; Hegyesi, Csaba, 1994; Roisin et al.,
2003; ðèñ. 3). «×åðíûì ÿùèêîì» îñòàåòñÿ è ïóòü ïåðåäà-
÷è ñèãíàëà â ãåíîì. Òîëüêî â ïîñëåäíåå âðåìÿ íà ïðèìå-
ðå Entamoeba histolytica ñòàëî èçâåñòíî, ÷òî ó ïðîñòåé-
øèõ PKC ðåàëèçóåò ñâîå äåéñòâèå ÷åðåç ïåðåäà÷ó ñèãíà-
ëîâ íà òðàíñêðèïöèîííûå ôàêòîðû, îòâåòñòâåííûå çà
èíäóêöèþ ãåíîâ, êîäèðóþùèõ àêòèíû (Onyia et al., 1994;
Meza, 2000; Ortiz et al., 2000). Àêòèíû âõîäÿò â ñîñòàâ
êîðòèêàëüíîãî öèòîñêåëåòà è íàðÿäó ñ äðóãèìè ñòðóê-
òóðíûìè áåëêàìè îáåñïå÷èâàþò èçìåíåíèå ðàçìåðà è
ôîðìû êëåòêè.

Òàêèì îáðàçîì, PKC â êëåòêàõ íèçøèõ ýóêàðèîò ïðè-
íèìàåò ó÷àñòèå â ðåãóëÿöèè àäàïòèâíûõ ïðîöåññîâ, ñâÿ-
çàííûõ ñ êëåòî÷íûì îòâåòîì íà ñòðåññ. Ýòè ïðîöåññû
ìîãóò áûòü êàê áûñòðûìè è íå çàâèñÿùèìè îò ýêñïðåñ-
ñèè ãåíîâ àäàïòèâíîãî îòâåòà, òàê è ìåäëåííûìè, ÿâëÿ-
ÿñü ÷àñòüþ ïðîãðàììèðîâàííîãî îòâåòà êëåòêè íà ñòðåññ.

Ðîëü ïðîòåèíêèíàç, çàâèñèìûõ
îò öèêëè÷åñêèõ íóêëåîòèäîâ,

â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ

Èçâåñòíî, ÷òî â êëåòêàõ îäíîêëåòî÷íûõ ìèêðîîðãà-
íèçìîâ, òàê æå êàê è â êëåòêàõ âûñøèõ ýóêàðèîò, öèêëè-
÷åñêèå íóêëåîòèäû (cAMP è cGMP) âûñòóïàþò â êà÷åñòâå
âòîðè÷íûõ ìåññåíäæåðîâ è àêòèâèðóþò ñèãíàëüíûå ñèñ-
òåìû, êîíòðîëèðóþùèå äèôôåðåíöèðîâêó è õåìîòàêñèñ-
íîå ïîâåäåíèå êëåòîê. Â ïîñëåäíåå âðåìÿ â ëèòåðàòóðå
ïîÿâèëèñü äàííûå î òîì, ÷òî â êëåòêàõ ïðîòèñòîâ èìåþò-
ñÿ ñòðåññàêòèâèðóåìûå ñèãíàëüíûå ïóòè, ðåãóëèðóåìûå
ïðè ó÷àñòèè öèêëîíóêëåîòèäçàâèñèìûõ ïðîòåèíêèíàç.

Â ñåðåäèíå 1990-õ ãîäîâ áûëî óñòàíîâëåíî, ÷òî èç-
ìåíåíèå ôîðìû êëåòîê D. discoideum â óñëîâèÿõ îñìîòè-
÷åñêîãî ñòðåññà êîððåëèðóåò ñ ïîâûøåíèåì óðîâíÿ
cGMP â öèòîïëàçìå êëåòîê (Oyama, 1996; Kuwayama,
Van Haastert, 1998). Ýòî íàáëþäåíèå íàâåëî èññëåäîâàòå-
ëåé íà ìûñëü î òîì, ÷òî îñìîòè÷åñêèé ñòðåññ ÿâëÿåòñÿ
âíåêëåòî÷íûì ñòèìóëîì, àêòèâèðóþùèì ñèãíàëüíûé
ïóòü, óïðàâëÿåìûé cGMP. Äåéñòâèòåëüíî, â ñêîðîì âðå-
ìåíè ïîÿâèëèñü äîêàçàòåëüñòâà âîâëå÷åíèÿ â òðàíñìåìá-
ðàííóþ ïåðåäà÷ó ñòðåññîâîãî ñèãíàëà GC (èçîôîðìû,
ëîêàëèçîâàííîé â öèòîïëàçìå) è ñèãíàëüíûõ áåëêîâ, ðå-
ãóëèðóåìûõ ýòèì öèêëîíóêëåîòèäíûì ìåññåíäæåðîì
(Abu-Elneel et al., 1996; Kuwayama et al., 1998). Âûÿñíè-
ëîñü, ÷òî â ïåðåäà÷ó ñèãíàëà ïî cGMP-çàâèñèìîìó ïóòè
â êëåòêàõ D. dictyostelium âêëþ÷åíû 4 ñèãíàëüíûõ ìóëü-
òèäîìåííûõ áåëêà (GbpA—GbpD), îäèí èç êîòîðûõ
(GbpC) èìååò ñòðóêòóðíîå ñõîäñòâî ñ PKC ìëåêîïèòàþ-
ùèõ (Goldberg et al., 2002). Ïðèìå÷àòåëüíî, ÷òî ìåõà-
íèçìû ïåðåäà÷è ñèãíàëà ïðè ó÷àñòèè çàâèñèìûõ îò
cGMP ïðîòåèíêèíàç ó ïðîòèñòîâ è ó Metazoa â êîðíå
ðàçëè÷íû. Ðàçëè÷èÿ íà÷èíàþòñÿ óæå ñ íà÷àëüíûõ ýòàïîâ
ïðîâåäåíèÿ ñèãíàëà. Ó ìëåêîïèòàþùèõ ñòðåññàêòèâèðó-
åìûé cGMP-çàâèñèìûé ñèãíàëüíûé ïóòü ñòèìóëèðóåòñÿ
îêèñüþ àçîòà (Torreilles, 2001). Ïðè ýòîì ñïåöèôè÷åñêèì

ðåöåïòîðîì NO ÿâëÿåòñÿ öèòîçîëüíàÿ GC, è ýòî íå ñëó-
÷àéíî. Â ñîñòàâ öèêëàçû âõîäèò ãåìîâàÿ ïðîñòåòè÷åñêàÿ
ãðóïïà, èìåþùàÿ âûñîêîå ñðîäñòâî ê NO [Ks < 250 íÌ]
(Stone, Marletta, 1996). Â ïðèñóòñòâèè ýòîé ñèãíàëüíîé
ìîëåêóëû ñèíòåç cGMP ãóàíèëàòöèêëàçîé âîçðàñòàåò
ïðèìåðíî â 400 ðàç. Ìîëåêóëÿðíîé ìèøåíüþ äåéñòâèÿ
cGMP ó ïîçâîíî÷íûõ ÿâëÿåòñÿ êèíàçà PKG, ôóíêöèÿ êî-
òîðîé ñîñòîèò â ôîñôîðèëèðîâàíèè è àêòèâàöèè áåë-
êîâ-ýôôåêòîðîâ. Îñíîâíàÿ ìèøåíü PKG — èîííûå êàíà-
ëû (D’Ascenzo et al., 2002; Gragasin et al., 2004; Grassi et
al., 2004). Èìåííî ýòèì îáúÿñíÿåòñÿ áûñòðûé îòâåò êëåò-
êè íà âëèÿíèå NO.

Â êëåòêàõ íèçøèõ ýóêàðèîò (íà ïðèìåðå D. dictyosteli-
um) cGMP-GbpC-ïóòü àêòèâèðóåò íå ñèãíàëüíàÿ ìîëåêóëà,
à ïóñêîâîé îñìîñòðåññîðíûé ñèãíàë. Ñåíñîð ýòîãî ïóòè ó
ìèêñîìèöåòîâ ïîêà íå èäåíòèôèöèðîâàí. Åãî ìèøåíüþ,
êàê è â ðàññìîòðåííîì cGMP-çàâèñèìîì ïóòè ó ìëåêîïè-
òàþùèõ, ñëóæèò sGC, èìåþùàÿ ñòðóêòóðíîå ñõîäñòâî íå
ñî ñâîèì àíàëîãîì èç êëåòîê ïîçâîíî÷íûõ, à ñ ðàñòâîðèìîé
AC ìëåêîïèòàþùèõ (Roelofs, Van Haastert, 2002). Àêòèâà-
öèÿ ôåðìåíòà ïðèâîäèò ê ñèíòåçó è àêêóìóëÿöèè cGMP
(Kuwayama et al., 1996; Oyma, 1996), êîòîðûé òðåáóåòñÿ â
ïåðâóþ î÷åðåäü äëÿ ôîñôîðèëèðîâàíèÿ ìèîçèíà II (Ku-
wayama et al., 1996). Ñ÷èòàåòñÿ, ÷òî ïîâûøåíèå âíóòðèêëå-
òî÷íîé êîíöåíòðàöèè cGMP ïåðâîíà÷àëüíî èíèöèèðóåò
àêòèâàöèþ êèíàçû GbpC, ñóáñòðàòàìè êîòîðîé ñëóæàò êè-
íàçû ëåãêîé è òÿæåëîé öåïåé ìèîçèíà. Òàêèì îáðàçîì,
áèîëîãè÷åñêàÿ ðîëü GbpC ó ìèêñîìèöåòîâ ñîñòîèò â ôîñ-
ôîðèëèðîâàíèè êèíàç MLCK-A è MHC-PKC. Èõ àêòèâà-
öèÿ ïðèâîäèò ê èçìåíåíèþ ìîòîðíîé àêòèâíîñòè ìèîçè-
íà II è â ðåçóëüòàòå — ê èçìåíåíèþ ôîðìû êëåòîê (ïîäðîá-
íåå ñì. â ïðåäûäóùåì ðàçäåëå îáçîðà).

Êèíàçà GbpC (2631 àìèíîêèñëîòíûõ îñòàòêà) ïðåä-
ñòàâëÿåò ñîáîé êðóïíûé ìóëüòèäîìåííûé áåëîê. Ïåðâûå
òðè äîìåíà, à èìåííî LRRs-äîìåí, ñîäåðæàùèé ïîâòî-
ðû, îáîãàùåííûå ëåéöèíàìè, Ras- è MEK-êèíàçíûé äî-
ìåíû, óíèêàëüíû äëÿ GbpC, â òî âðåìÿ êàê RasGEF- è
cGMP-ñâÿçûâàþùèå äîìåíû, ðàñïîëîæåííûå â C-òåðìè-
íàëüíîé ÷àñòè ìîëåêóëû GbpC, ìàëî îòëè÷àþòñÿ îò ãî-
ìîëîãè÷íûõ äîìåíîâ â áëèçêîðîäñòâåííîì áåëêå GbpD
(Bosgraaf et al., 2002; Goldberg et al., 2002).

Äîìåí, ñîäåðæàùèé ïîâòîðû, îáîãàùåííûå ëåéöè-
íàìè, îáíàðóæåí âî ìíîãèõ ñèãíàëüíûõ áåëêàõ ýóêàðèî-
òè÷åñêèõ îðãàíèçìîâ è ñëóæèò äëÿ îáðàçîâàíèÿ áå-
ëîê-áåëêîâûõ êîìïëåêñîâ (Kobe, Deisenhofer, 1994; And-
rade et al., 2001). Ras-äîìåí GbpC ïî ñòðóêòóðå ñõîäåí ñ
òàêîâûì âñåõ áåëêîâ Ras, íî â íàèáîëüøåé ñòåïåíè — ñ
ïðîäóêòîì ãåíà CG5483 äðîçîôèëû. Â ýòîì äîìåíå
GbpC íàõîäèòñÿ êîíñåðâàòèâíàÿ ïîñëåäîâàòåëüíîñòü àìè-
íîêèñëîò, îòâåòñòâåííàÿ çà áàçàëüíóþ ÃÒÔàçíóþ àêòèâ-
íîñòü Ras, èç ÷åãî ìîæíî ïðåäïîëîæèòü, ÷òî ýòîò äîìåí
âûïîëíÿåò ôóíêöèþ ÃÒÔàçû.

Êèíàçíûé äîìåí GbpC âûñîêîêîíñåðâàòèâåí. Íàè-
áîëüøàÿ ãîìîëîãèÿ ïåðâè÷íîé ñòðóêòóðû (31—34 %
èäåíòè÷íîñòè) îáíàðóæåíà ìåæäó ýòèì äîìåíîì è àíà-
ëîãè÷íûì äîìåíîì êèíàçû CTR1 Arabidopsis, íåñêîëüêî
ìåíüøàÿ — ìåæäó íèì è êèíàçíûì äîìåíîì êèíàçû 1,
àêòèâèðóåìîé â-òðàíñôîðìèðóþùèì ôàêòîðîì ðîñòà
ìëåêîïèòàþùèõ, à òàêæå êèíàçíûì äîìåíîì, èìåþùèì-
ñÿ âî âñåõ ñèãíàëóïðàâëÿåìûõ êèíàçàõ MEKK ìëåêîïè-
òàþùèõ. Ñðàâíèòåëüíûé àíàëèç ïåðâè÷íîé ñòðóêòóðû
êèíàçíûõ äîìåíîâ MAP-êèíàç è ñîîòâåòñòâóþùåãî äî-
ìåíà áåëêà GbpC ïîêàçàë, ÷òî ïîñëåäíèé ïðåäñòàâëÿåò
ñîáîé ãèáðèä ìåæäó òèðîçèí- è ñåðèí(òðåîíèí)êèíàçà-
ìè, õîòÿ â ôóíêöèîíàëüíîì îòíîøåíèè GbpC ìèêñîìè-
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öåòîâ áëèæå ê ñåðèí(òðåîíèí)êèíàçàì MEKK (Goldberg
et al., 2002).

DEP-äîìåí ðàñïîëîæåí íåïîñðåäñòâåííî ïåðåä Ras-
GEF-äîìåíîì è èç cGMP-ñâÿçûâàþùèõ áåëêîâ D. dicty-
ostelium èìååòñÿ òîëüêî â áåëêå GbpC. Ýòîò äîìåí ðàíåå
áûë âûÿâëåí â òðåõ áåëêàõ Metazoa: disheveled, Egl-10 è
pleckstrin, ïî ïåðâûì áóêâàì êîòîðûõ è ïîëó÷èë ñâîå íà-
çâàíèå (Ponting, Bork, 1996). Âûñêàçûâàåòñÿ ïðåäïîëî-
æåíèå î òîì, ÷òî ñ ïîìîùüþ DEP-äîìåíà GbpC çàêðåï-
ëÿåòñÿ íà ïëàçìàòè÷åñêîé ìåìáðàíå, íî ïîñëåäîâàòåëü-
íîñòè àìèíîêèñëîò, êîòîðûå îáåñïå÷èâàþò ýòó ôóíêöèþ,
ïîêà íå îïðåäåëåíû (Goldberg et al., 2002). Êðîìå òîãî,
DEP-äîìåíû GbpC îïîñðåäóþò áåëîê-áåëêîâûå âçàèìî-
äåéñòâèÿ è òåì ñàìûì ó÷àñòâóþò â äàëüíåéøåé ïåðåäà÷å
ñòðåññîâîãî ñèãíàëà (Wong et al., 2000).

Ìóëüòèäîìåííûå áåëêè GbpA -B è -D òàêæå ÿâëÿ-
þòñÿ ìèøåíÿìè cGMP. Ïåðâûå äâà áåëêà ÿâëÿþòñÿ
cGMP-ñòèìóëèðóåìûìè ôîñôîäèýñòåðàçàìè è îáåñïå÷è-
âàþò ãèäðîëèç cGMP, à áåëîê GbpD íàðÿäó ñ GbpC âû-
ïîëíÿåò ôóíêöèþ êîàêòèâàòîðà MHC-PKC (Goldberg et
al., 2002).

Òàêèì îáðàçîì, âñå 4 áåëêà GbpA—GbpD ó÷àñòâóþò
â ïåðåäà÷å ñèãíàëîâ ïî cGMP-çàâèñèìîìó ñèãíàëüíîìó
ïóòè. GbpA è GbpB ìîäóëèðóþò âõîäÿùèé ñèãíàë ÷åðåç
ãèäðîëèç cGMP, à GbpC è GbpD îòâå÷àþò çà äàëüíåé-
øóþ ïåðåäà÷ó ñèãíàëîâ íà íèñõîäÿùèå ìèøåíè, â òîì
÷èñëå è íà MHC-PKC. Ñëåäóåò íàïîìíèòü, ÷òî â ñòðóê-
òóðó âûøåíàçâàííûõ ìóëüòèäîìåííûõ áåëêîâ ìèêñîìè-
öåòîâ âõîäÿò äîìåíû ñïåöèôè÷åñêèõ ñèãíàëüíûõ áåëêîâ
ìëåêîïèòàþùèõ, ó÷àñòâóþùèõ â ïåðåäà÷å ñèãíàëà ïî
Ras-ïóòè. Èìåííî ýòè áåëêè (GEF, Ras è MEKK) îáðàçó-
þò ñèãíàëüíûé ìîäóëü äëÿ ïåðåäà÷è ñèãíàëîâ íà èíòåã-
ðàëüíóþ MAP-êèíàçó, àêòèâíîñòü êîòîðîé çàâèñèò îò
âíåêëåòî÷íûõ ñèãíàëîâ, â òîì ÷èñëå è îò ñòðåññîâûõ.
Ïî-âèäèìîìó, íàëè÷èå ýòèõ äîìåíîâ â áåëêàõ GbpC è
GbpD D. dictyostelium ïîçâîëÿåò ïåðåäàâàòü ñèãíàë â ãå-
íîì äëÿ çàïóñêà ïðîãðàììèðîâàííîãî àäàïòèâíîãî îòâå-
òà êëåòêè íà ñòðåññ.

Ìåõàíèçì áûñòðîãî îòâåòà êëåòêè íà îñìîòè÷åñêèé
ñòðåññ (÷åðåç ðåãóëÿöèþ àêòèâíîñòè ìèîçèíà II ñ ïîìî-
ùüþ MHC-PKC), îïîñðåäîâàííûé áåëêàìè GbpC è
GbpD, ðàññìîòðåí íàìè ðàíåå. Âàæíî ïîä÷åðêíóòü, ÷òî
ðåçóëüòàòîì ïîâûøåíèÿ ñòåïåíè ôîñôîðèëèðîâàíèÿ ìè-
îçèíà II ÿâëÿþòñÿ ðàçáîðêà ñîñòàâëÿþùèõ åãî ôèëà-
ìåíòîâ è ïîíèæåíèå àêòîìèîçèíîâîãî âçàèìîäåéñòâèÿ.
Èìåííî ýòè ñòðóêòóðíûå èçìåíåíèÿ â êîðòèêàëüíîì öè-
òîñêåëåòå êëåòêè èãðàþò êëþ÷åâóþ ðîëü â ïðîöåññå êëå-
òî÷íîé àäàïòàöèè è ñóùåñòâåííû äëÿ âûæèâàíèÿ ìèêñî-
ìèöåòîâ â óñëîâèÿõ ãèïåðîñìîòè÷åñêîãî ñòðåññà (Ku-
wayama et al., 1996).

Ìåíåå ÿñíîé ïðåäñòàâëÿåòñÿ ïåðåäà÷à ñòðåññîâîãî
ñèãíàëà ó ïðîòèñòîâ ïî cAMP-çàâèñèìîìó ïóòè. Ê íà-
ñòîÿùåìó âðåìåíè ïîÿâèëèñü ïåðâûå óêàçàíèÿ íà òî, ÷òî
cAMP è ðÿä êîìïîíåíòîâ êëàññè÷åñêîãî cAMP-PKA-
ñèãíàëüíîãî ïóòè, íàïðèìåð ó íèçøèõ ãðèáîâ (S. cerevi-
siae è D. dictyostelium), ó÷àñòâóþò â ïåðåäà÷å ñèãíàëîâ,
èíèöèèðóåìûõ îñìîòè÷åñêèì, îêèñëèòåëüíûì, ïèùå-
âûì è òåìïåðàòóðíûì ñòðåññîì (Hasan et al., 2002; Tami-
nato et al., 2002). Îòäåëüíûå ó÷àñòíèêè ýòèõ ïóòåé âûÿâ-
ëåíû è â êëåòêàõ ïðîñòåéøèõ (Kirkman et al., 2001; Fran-
co et al., 2002).

Ðåöåïòîðíûå ìåõàíèçìû àêòèâàöèè ñòðåññàêòèâèðó-
åìûõ ïóòåé, çàâèñèìûõ îò cAMP, â êëåòêàõ ïðîòèñòîâ
èçó÷åíû íåäîñòàòî÷íî. Îäèí èç ìåõàíèçìîâ ðàññìîòðåí
â ðàçäåëå îáçîðà, ïîñâÿùåííîì ðåöåïòîðíûì ãèñòèäèí-

êèíàçàì (ðèñ. 2). Ëîãè÷íî äîïóñòèòü, ÷òî íà÷àëüíûì
çâåíîì ïóòåé, áåðóùèõ íà÷àëî îò ïëàçìàòè÷åñêîé ìåìá-
ðàíû, ó ìèêðîîðãàíèçìîâ ÿâëÿþòñÿ ëèáî ïèùåâûå ñåíñî-
ðû, ðåàãèðóþùèå íà ïîíèæåíèå âíåêëåòî÷íîé êîíöåíò-
ðàöèè ãëþêîçû è äðóãèõ ïèòàòåëüíûõ âåùåñòâ, ëèáî ñåí-
ñîðû, âîñïðèíèìàþùèå èçìåíåíèå ôèçèêî-õèìè÷åñêèõ
ñâîéñòâ îêðóæàþùåé ñðåäû. Îäíàêî, íåñìîòðÿ íà èñê-
ëþ÷èòåëüíûé èíòåðåñ ê ýòîé ïðîáëåìå, ê íàñòîÿùåìó
ìîìåíòó ó îäíîêëåòî÷íûõ ýóêàðèîò (íà ïðèìåðå D. dicty-
ostelium) îáíàðóæåí è îïèñàí ëèøü îäèí ìåìáðàííûé
ñåíñîð, íåïîñðåäñòâåííî ñâÿçàííûé ñ ïåðåäà÷åé ñèãíàëà
ïî cAMP-PKA-ñèãíàëüíîìó ïóòè. Îí ó÷àñòâóåò â òðàíñ-
äóêöèè ñòðåññîâûõ ñèãíàëîâ, ïðèâîäÿùèõ ê ðàçâèòèþ
ñïîð. Ðå÷ü èäåò î ìåìáðàíîàññîöèèðîâàííîé àäåíèëàò-
öèêëàçå ACG, êîòîðàÿ ýêñïðåññèðóåòñÿ â êëåòêàõ D. dis-
coideum â îòâåò íà ãèïåðîñìîòè÷åñêèé ñòðåññ (Van Es et
al., 1996). Ïðåäïîëàãàåòñÿ, ÷òî íà÷àëüíûì çâåíîì ýòîãî
ïóòè ó ýóêàðèîòè÷åñêèõ ìèêðîîðãàíèçìîâ ìîãóò áûòü è
ìåõàíî÷óâñòâèòåëüíûå èîííûå êàíàëû, àêòèâèðóåìûå
ðàñòÿæåíèåì ïëàçìàòè÷åñêîé ìåìáðàíû (Gustin et al.,
1988; Vieira et al., 1997).

Â êëåòêàõ ïðîòèñòîâ îïèñàíî íåñêîëüêî êàñêàäíûõ,
ðàçâåòâëÿþùèõñÿ ïóòåé ïåðåäà÷è ñòðåññîâîãî ñèãíàëà
ïðè ó÷àñòèè êîìïîíåíòîâ êëàññè÷åñêîãî cAMP-PKA-ïó-
òè. Îäèí èç íèõ, âûÿâëåííûé ó D. discoideum, ñâÿçàí ñ
ïåðåäà÷åé îñìîñòðåññîðíîãî ñèãíàëà â ãåíîì ÷åðåç àêòè-
âàöèþ AC-ñèãíàëüíîãî ìåõàíèçìà, PKA è ãåíîâ àäàï-
òèâíîãî îòâåòà, ðåãóëèðóåìûõ êàòàëèòè÷åñêîé ñóáúåäè-
íèöåé PKA (ACG � cAMP � PKA; ðèñ. 4). Åùå îäèí
ïóòü, îáíàðóæåííûé ó ýòîãî æå ìèêðîîðãàíèçìà, àêòèâè-
ðóåòñÿ â îòâåò íà ïîíèæåíèå êîíöåíòðàöèè ïèòàòåëüíûõ
âåùåñòâ â ñðåäå, îêèñëèòåëüíûé è îñìîòè÷åñêèé ñòðåññ
(íà ðèñ. 4 íå ïîêàçàí). Â äàííîì ñëó÷àå ñòèìóëÿöèÿ ãè-
ïîòåòè÷åñêîãî ðåöåïòîðà, à âîçìîæíî, è ðåöåïòîðà
cAMP (Van Es et al., 2001) ïðèâîäèò ê ïîâûøåíèþ àêòèâ-
íîñòè êèíàçû YakA, êîòîðàÿ ÿâëÿåòñÿ íåãàòèâíûì ðåãó-
ëÿòîðîì àêòèâíîñòè áåëêà PufA, ñèíòåçèðóåìîãî â ïðî-
öåññå âåãåòàòèâíîãî ðîñòà ìèêñîìèöåòîâ (Taminato et al.,
2002). Â ðåçóëüòàòå ïåðåäà÷è ñèãíàëà â ãåíîì ïî ýòîìó
ïóòè ïðîèñõîäèò ïîíèæåíèå ýêñïðåññèè ãåíà pufA è, íà-
ïðîòèâ, èíäóêöèÿ ãåíà pkaC, ÷òî â èòîãå òàêæå ïðèâîäèò
ê àêòèâàöèè PKA è èíèöèàöèè âíóòðèêëåòî÷íûõ ñîáû-
òèé, çàâèñèìûõ îò àêòèâíîñòè ýòîãî ôåðìåíòà. PKA èã-
ðàåò êëþ÷åâóþ ðîëü â ïåðåäà÷å ñèãíàëîâ ïî êëàññè-
÷åñêîìó cAMP-PKA-ïóòè. Åå âàæíîå çíà÷åíèå â ñèã-
íàëüíûõ ïðîöåññàõ îáóñëîâëåíî âëèÿíèåì íà øèðîêèé
ñïåêòð ãåíîâ, îòâåòñòâåííûõ çà ñèíòåç áåëêîâ, êîòîðûå
îáåñïå÷èâàþò ìåõàíèçìû ñòðóêòóðíîé è áèîõèìè÷åñêîé
àäàïòàöèè. Àêòèâíîñòü PKA ìèêñîìèöåòîâ íàõîäèòñÿ
ïîä êîíòðîëåì ðåãóëÿòîðíîé êèíàçû YakA (Souza et al.,
1998; Van Es et al., 2001). Ïðè èñïîëüçîâàíèè íàïðàâëåí-
íîãî ìóòàãåíåçà áûëî óñòàíîâëåíî, ÷òî â øòàììàõ D. dis-
coideum ñ ïîâûøåííîé ýêñïðåññèåé YakA íàáëþäàåòñÿ
çàäåðæêà êëåòî÷íîãî ðîñòà, â òî âðåìÿ êàê â êëåòêàõ, íå-
ãàòèâíûõ ïî YakA, íàïðîòèâ, îòìå÷àåòñÿ ïðîãðåññèÿ â
ïðîõîæäåíèè êëåòî÷íîãî öèêëà. Òàêèå êëåòêè íå âñòóïà-
þò â ôàçó ìíîãîêëåòî÷íîãî ñïîðîâîãî ðàçâèòèÿ (Souza et
al., 1998). YakA ïðèíàäëåæèò ê ñåìåéñòâó êèíàç, êîòîðîå
âêëþ÷àåò â ñåáÿ Yak1 äðîææåé, Dyrk/MNB-ðîäñòâåííûå
êèíàçû è íåñêîëüêî êèíàç, âûäåëåííûõ èç êëåòîê Arabi-
dopsis, Caenorhabsitis elegans, äðîçîôèëû è ÷åëîâåêà
(Garrett, Broach, 1989; Garrett et al., 1991; Souza et al.,
1998; Guimera et al., 1999; Mao et al., 2002; Branchi et al.,
2004). Óñòàíîâëåíà ðîëü ýòèõ êèíàç â ðåãóëÿöèè êëåòî÷-
íîãî öèêëà.
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Â êëåòêàõ äðîææåé S. cerevisiae (ïðîòèñòîëîãè÷åñêî-
ãî îáúåêòà, ãåíîì êîòîðîãî ïîëíîñòüþ îõàðàêòåðèçîâàí)
ïîä êîíòðîëåì PKA íàõîäèòñÿ ýêñïðåññèÿ ÷åòâåðòîé ÷à-
ñòè âñåõ áåëêîâ (Boy-Marcotte et al., 1996; Norbeck,
Blomberg, 2000). Èññëåäîâàíèå ìîëåêóëÿðíîé ñòðóêòóðû
ñèãíàëüíûõ áåëêîâ, â òîì ÷èñëå PKA, ÿâëÿåòñÿ íàèáîëåå
èçó÷åííûì àñïåêòîì ïðîáëåìû âíóòðèêëåòî÷íîé ñèã-
íàëèçàöèè. Ñòðóêòóðíî-ôóíêöèîíàëüíûé àíàëèç PKA
S. cerevisiae ïîêàçàë, ÷òî ýòîò ôåðìåíò ïîäîáíî ñâîåìó
àíàëîãó èç êëåòîê âûñøèõ ýóêàðèîò ñîñòîèò èç êàòàëèòè-
÷åñêîé è ðåãóëÿòîðíîé ñóáúåäèíèö, ïðè÷åì êàòàëèòè÷å-
ñêàÿ ñóáúåäèíèöà áåëêà ñïîñîáíà ê ÿäåðíîé òðàíñëîêà-
öèè (Toda et al., 1987, 1988). Ñ ïîìîùüþ íàïðàâëåííîãî
ìóòàãåíåçà óñòàíîâëåíî ó÷àñòèå PKA äðîææåé â ðåãóëÿ-
öèè êëåòî÷íîãî ðîñòà, ìåòàáîëèçìà è àäàïòàöèè (Theve-
lein, 1991; Thevelein, de Winde, 1999). Âûñîêàÿ àêòèâ-
íîñòü ôåðìåíòà êàê â áûñòðî ðàñòóùèõ êëåòêàõ, òàê è â
ìóòàíòàõ, íåãàòèâíûõ ïî ãåíó BCY1, êîäèðóþùåìó ðåãó-
ëÿòîðíóþ, cAMP-ñâÿçûâàþùóþ ñóáúåäèíèöó PKA, àññî-
öèèðóåòñÿ ñ îáùåé ÷óâñòâèòåëüíîñòüþ ê ñòðåññó, â òî
âðåìÿ êàê íèçêàÿ àêòèâíîñòü PKA â ìåäëåííî ðàñòóùèõ
èëè ïîêîÿùèõñÿ êëåòêàõ, à òàêæå â ìóòàíòàõ, íåãàòèâ-
íûõ ïî ãåíó TPK, êîäèðóþùåìó êàòàëèòè÷åñêóþ ñóáúå-
äèíèöó PKA, ïî-âèäèìîìó, íàïðîòèâ, ñâÿçàíà ñ îáùåé
óñòîé÷èâîñòüþ ê ñòðåññó (Thevelein, 1994; Thevelein et
at., 2000; Hohmann, 2002). Ïóòè, îáåñïå÷èâàþùèå ïåðå-
äà÷ó ñòðåññîâûõ ñèãíàëîâ è òîëåðàíòíîñòü ê ñòðåññó â
êëåòêàõ äðîææåé, èçó÷åíû åùå íåäîñòàòî÷íî. Èçâåñòíî,
÷òî ïî êðàéíåé ìåðå îäèí èç ñòðåññàêòèâèðóåìûõ ñèã-
íàëüíûõ ìåõàíèçìîâ, â êîòîðîì ó÷àñòâóåò PKA, ðåãóëè-
ðóåòñÿ òðàíñêðèïöèîííûìè ôàêòîðàìè Msn2p è Msn4p
(Martinez-Pastor et al., 1996; Estruch, 2000; Garreau et al.,
2000; Hasan et al., 2002). Ýòè äâà Zn2+-ñîäåðæàùèõ áåëêà,
êàê óæå îòìå÷àëîñü âûøå, èìåþò 32 % èäåíòè÷íîñòè â
ïåðâè÷íîé ñòðóêòóðå è, âåðîÿòíî, ñâÿçàííóþ ñ ýòèì
ñòðóêòóðíûì ñõîäñòâîì íåêîòîðóþ ôóíêöèîíàëüíóþ ãî-
ìîëîãèþ (Estruch, 2000; Hohmann, 2002). Ôóíêöèÿ PKA â
ýòîì ñèãíàëüíîì ïóòè, ïî-âèäèìîìó, ñîñòîèò â ôîñôîðè-
ëèðîâàíèè äàííûõ òðàíñêðèïöèîííûõ ôàêòîðîâ, ÷òî
ñëóæèò ñèãíàëîì ê èõ ïåðåìåùåíèþ èç öèòîïëàçìû â
ÿäðî. Â ÿäðå Msn2p è Msn4p àêòèâèðóþò ýêñïðåññèþ òàê
íàçûâàåìûõ ñòðåññðåãóëèðóåìûõ ãåíîâ (STRE-controlled
genes; Gorner et al., 1998; Estruch, 2000). Ïðîìîòîðû ýòèõ
ãåíîâ ñîäåðæàò íåñêîëüêî STRE-ýëåìåíòîâ, êîòîðûå
èìåþò êàíîíè÷åñêèå ïîñëåäîâàòåëüíîñòè CCCCT èëè
AGGGG (Kobayashi, McEntee, 1993; Marchler et al., 1993;
Schuller et al., 1994; Martinez-Pastor et al., 1996; Schmitt,
McEntee, 1996). Ïðåäïîëàãàåòñÿ, ÷òî ñèãíàëüíûé ïóòü,
êîìïîíåíòàìè êîòîðîãî ÿâëÿþòñÿ PKA, òðàíñêðèïöèîí-
íûå ôàêòîðû Msn2p/Msn4p è STRE-ýëåìåíòû, àêòèâèðó-
åòñÿ ðàçëè÷íûìè ôàêòîðàìè ñòðåññà, âêëþ÷àÿ ãîëîäà-
íèå, òåïëîâîé øîê, îêèñëèòåëüíûé, êèñëîòíûé è îñìî-
òè÷åñêèé ñòðåññû (ò. å. óñëîâèÿìè, êîòîðûå ïðèâîäÿò ê
ïîíèæåíèþ àêòèâíîñòè PKA).

STRE-ðåãóëèðóåìûå ãåíû êîäèðóþò áåëêè, êîòîðûå
âîâëåêàþòñÿ â îáùèé àäàïòèâíûé îòâåò êëåòêè è âêëþ-
÷àþò â ñåáÿ áåëêè òåïëîâîãî øîêà, êàòàëàçó, òðåãàëîçó è
äðóãèå áåëêè (Moskvina et al., 1998; Hasan et al., 2002).
Êàê óêàçûâàëîñü âûøå, ýêñïðåññèÿ ýòèõ ãåíîâ ñâÿçàíà ñ
ïîíèæåíèåì àêòèâíîñòè PKA è àêòèâàöèåé òðàíñêðèï-
öèîííûõ ôàêòîðîâ Msn2p/Msn4p (Rep et al., 2000). Ïðè
ïîâûøåíèè àêòèâíîñòè PKA èíäóöèáåëüíîñòü ýòèõ ãå-
íîâ ïîíèæàåòñÿ, ÷òî, ïî âñåé âåðîÿòíîñòè, ñâÿçàíî ñ óìåíü-
øåíèåì ñêîðîñòè ïåðåìåùåíèÿ âûøåíàçâàííûõ òðàíñ-
êðèïöèîííûõ ôàêòîðîâ â ÿäðî (Norbeck, Blomberg,

2000). Îäíàêî, êàê ïîêàçàëè èññëåäîâàíèÿ ïîñëåäíèõ
ëåò, òðàíñëîêàöèÿ Msn2p/Msn4p â ÿäðî íå ÿâëÿåòñÿ åäèí-
ñòâåííûì óñëîâèåì äëÿ íîðìàëüíîé èíäóêöèè STRE-
êîíòðîëèðóåìûõ ãåíîâ ïðè ñòðåññå. Îêàçûâàåòñÿ, ÷òî
äëÿ ñòèìóëÿöèè ãåííîé ýêñïðåññèè òðåáóåòñÿ äîïîëíè-
òåëüíàÿ àêòèâàöèÿ MAP-êèíàçíîãî êàñêàäà (Schuller et
al., 1994; Rep et al., 2000). Ìåõàíèçìû ñîïðÿæåíèÿ ýòèõ
ñèãíàëüíûõ ïóòåé åùå ïðåäñòîèò âûÿñíèòü.

Ïðè èñïîëüçîâàíèè íàïðàâëåííîãî ìóòàãåíåçà áûëî
óñòàíîâëåíî, ÷òî PKA îòâå÷àåò çà ïîíèæåíèå ÷óâñòâèòåëü-
íîñòè êëåòîê ê äåéñòâèþ ñòðåññîâûõ ôàêòîðîâ. Âàæíîé
ôóíêöèåé PKA, îáåñïå÷èâàþùåé âûæèâàåìîñòü êëåòîê
äðîææåé ïðè ñòðåññå, ÿâëÿåòñÿ åå èíãèáèðóþùåå âëèÿ-
íèå íà êëåòî÷íûé öèêë (Thevelein, de Winde, 1999).

Òàêèì îáðàçîì, ïåðåäà÷à ñòðåññîâûõ ñèãíàëîâ ïî
cAMP-PKA-ñèãíàëüíîìó ïóòè â êëåòêàõ íèçøèõ ýóêàðè-
îò òåñíî ñâÿçàíà ñ ìåõàíèçìàìè ðåãóëÿöèè êëåòî÷íîãî
öèêëà. Òîëåðàíòíîñòü ê ñòðåññó êîððåëèðóåò ñ íèçêîé
ïðîëèôåðàòèâíîé àêòèâíîñòüþ êëåòîê, êîòîðóþ ìîäóëè-
ðóåò îïðåäåëåííûé óðîâåíü PKA. Ðåçêîå ïîâûøåíèå àê-
òèâíîñòè PKA ñëóæèò ñèãíàëîì ê ðîñòó êëåòîê, íî â òî
æå âðåìÿ ïðèâîäèò ê ïîíèæåíèþ îáùåé ðåçèñòåíòíîñòè
êëåòîê â óñëîâèÿõ ñòðåññà.

Ïðèâåäåííûå ïðèìåðû óêàçûâàþò íà òî, ÷òî çíà÷å-
íèå ñòðåññàêòèâèðóåìîãî cAMP-PKA-ñèãíàëüíîãî ïóòè
ó íèçøèõ ýóêàðèîò ñîñòîèò â èíäóêöèè ãåíåòè÷åñêîé
ïðîãðàììû àäàïòèâíîãî îòâåòà ÷åðåç àêòèâàöèþ ñîîò-
âåòñòâóþùèõ òðàíñêðèïöèîííûõ ôàêòîðîâ è ýêñïðåññèþ
ïîä÷èíåííûõ èì ãåíîâ. Â çàêëþ÷åíèå ýòîãî ðàçäåëà ñëå-
äóåò ïîä÷åðêíóòü ðàçíèöó â ìåõàíèçìàõ ñèãíàëüíîé ïå-
ðåäà÷è ïî cGMP- è cAMP-çàâèñèìîìó ïóòè. Â ïåðâîì
ñëó÷àå êëåòêà ðåàãèðóåò íà ñòðåññîâûå ñèãíàëû ïðåèìó-
ùåñòâåííî â ðåçóëüòàòå ïðÿìîé àêòèâàöèè ýôôåêòîðíûõ
áåëêîâ, âî âòîðîì — ÷åðåç èíäóêöèþ ãåíîâ àäàïòèâíîãî
îòâåòà.

Çàêëþ÷åíèå

Â ïîñëåäíèå ãîäû îòìå÷àåòñÿ ïîâûøåííûé èíòåðåñ
ê ïðîáëåìàì ïåðåäà÷è ñòðåññîâûõ ñèãíàëîâ â êëåòêó.
Ýòî ñâÿçàíî ñ îáíàðóæåíèåì ñïåöèàëèçèðîâàííûõ ñèã-
íàëüíûõ ïóòåé, â ñòðóêòóðó êîòîðûõ âõîäÿò ñòðåññàêòè-
âèðóåìûå ïðîòåèíêèíàçû. Â êëåòêàõ ïîçâîíî÷íûõ æè-
âîòíûõ è ÷åëîâåêà èíòåãðèðóþùóþ ðîëü â ïåðåäà÷å
âíåøíèõ ñòðåññîâûõ ñèãíàëîâ â ãåíîì âûïîëíÿþò
SAPK/JNK- è p38-êèíàçû. Îíè àêòèâèðóþòñÿ ñ ïîìîùüþ
øèðîêîãî ñïåêòðà ñòèìóëîâ (ÓÔ-îáëó÷åíèÿ, îñìîòè÷å-
ñêîãî ñòðåññà, ñôèíãîìèåëèíàçû, TNF-á è äð.), êîòîðûå
ïðèâîäÿò ê ôîñôîðèëèðîâàíèþ è àêòèâàöèè òðàíñêðèï-
öèîííûõ ôàêòîðîâ è ýêñïðåññèè ãåíîâ, êîäèðóþùèõ
áåëêè àäàïòèâíîãî îòâåòà.

Ê íàñòîÿùåìó âðåìåíè óæå äîñòèãíóò ñóùåñòâåííûé
ïðîãðåññ â ïîíèìàíèè ñòðóêòóðíûõ è ìîëåêóëÿðíûõ
îñíîâ ôóíêöèîíèðîâàíèÿ ñòðåññàêòèâèðóåìûõ ïðîòåèí-
êèíàç êàñêàäîâ â êëåòêàõ ìëåêîïèòàþùèõ. Äîñòàòî÷íî
ïîëíî èññëåäîâàíû ìåõàíèçìû ðåãóëÿöèè àêòèâíîñòè
ýòèõ ïóòåé. Âûÿâëåíû äîìåíû ðåöåïòîðîâ è ñèãíàëüíûõ
áåëêîâ, îòâåòñòâåííûå çà ýòîò ïðîöåññ. Òàêæå óñòàíîâëå-
íû ïðîòåèíêèíàçû, ó÷àñòâóþùèå â ïåðåäà÷å ñèãíàëîâ íà
ýôôåêòîðíûå öèòîïëàçìàòè÷åñêèå è ÿäåðíûå ìèøåíè.
Îäíàêî ìíîãèå àñïåêòû ïðîáëåìû ïåðåäà÷è ñòðåññîâûõ
ñèãíàëîâ îñòàþòñÿ íåÿñíûìè. Òàê, ïðàêòè÷åñêè íå èçó-
÷åí ìåõàíèçì ðàñïîçíàâàíèÿ ñòðåññîâûõ ñèãíàëîâ, èíè-
öèèðóåìûõ èçìåíåíèåì õèìè÷åñêîãî ñîñòàâà è ôèçè÷å-
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ñêèõ ñâîéñòâ òêàíåâîé ñðåäû, â êîòîðîé ôóíêöèîíèðóþò
êëåòêè ìíîãîêëåòî÷íîãî îðãàíèçìà. Ïðîÿñíèòü ýòîò âî-
ïðîñ ìîæåò ïîìî÷ü àíàëèç ñïîñîáîâ ïåðâè÷íîé ðåöåï-
öèè ñèãíàëà â êëåòêàõ ñâîáîäíîæèâóùèõ è ïàðàçèòè÷å-
ñêèõ îäíîêëåòî÷íûõ ìèêðîîðãàíèçìîâ. Èìåííî ó ýòèõ
ýóêàðèîòè÷åñêèõ îðãàíèçìîâ èçìåíåíèÿ ïàðàìåòðîâ
îêðóæàþùåé ñðåäû âîñïðèíèìàþòñÿ â êà÷åñòâå ôèçèî-
ëîãè÷åñêèõ àêòèâàòîðîâ ñïåöèàëèçèðîâàííûõ ñòðåññàê-
òèâèðóåìûõ ñèãíàëüíûõ ïóòåé. Àíàëèç èìåþùåéñÿ ëè-
òåðàòóðû îáíàðóæèë âûñîêóþ êîíñåðâàòèâíîñòü â îðãà-
íèçàöèè âíóòðèêëåòî÷íûõ ñòðåññàêòèâèðóåìûõ ñèãíàëü-
íûõ ñèñòåì, ÷òî îòêðûâàåò øèðîêîå ïîëå äåÿòåëüíîñòè
äëÿ ïîäîáíûõ èññëåäîâàíèé.

Â ñòðóêòóðå ñèãíàëüíûõ áåëêîâ ðÿäà ïðîòèñòîâ âû-
ÿâëåíû SH2- è SH3-äîìåíû c-Src-òèðîçèíêèíàç, ñå-
ðèí-òðåîíèíîâûå ïðîòåèíêèíàçû, ãîìîëîãè÷íûå PKA
è PKC ìëåêîïèòàþùèõ, à òàêæå ñòðåññàêòèâèðóåìûå
MAP-êèíàçû, ó÷àñòâóþùèå â ïðèåìå ñòðåññîâîãî ñèãíà-
ëà è ïåðåäà÷å åãî â ãåíîì. Ýòè âàæíûå íàõîäêè ïîçâîëÿ-
þò ðàññìàòðèâàòü ñòðåññàêòèâèðóåìûå ñèãíàëüíûå ñèñ-
òåìû ïðîòèñòîâ â êà÷åñòâå ïðîòîòèïîâ àíàëîãè÷íûõ ñèñ-
òåì, ôóíêöèîíèðóþùèõ â êëåòêàõ ñîâðåìåííûõ âèäîâ
âûñøèõ ýóêàðèîò. Âîçìîæíî, íàèáîëåå ïðîñòûå è áûñò-
ðûå ìåõàíèçìû ïåðåäà÷è ñòðåññîâûõ ñèãíàëîâ, êîãäà íå
òðåáóåòñÿ çàïóñêà áîëüøîãî ÷èñëà êàñêàäíûõ ðåàêöèé,
ñîõðàíèëèñü â êëåòêàõ âûñøèõ ýóêàðèîò â íåèçìåííîì
âèäå. Â òàêîì ñëó÷àå ïðîòèñòû ìîãóò ñëóæèòü óäîáíûìè
ýêñïåðèìåíòàëüíûìè îáúåêòàìè äëÿ èçó÷åíèÿ ñèãíàëü-
íûõ ïðîöåññîâ, îáùèõ äëÿ âñåõ òèïîâ ýóêàðèîòè÷åñêèõ
êëåòîê.

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Øåìàðîâà È. Â. 2003. Ðîëü ôîñôîðèëèðîâàíèÿ ïî òèðîçè-
íó â ðåãóëÿöèè ïðîëèôåðàöèè è êëåòî÷íîé äèôôåðåíöèðîâêè ó
íèçøèõ ýóêàðèîò. Öèòîëîãèÿ. 45 (2) : 196—215.

Abid M. R., Guo S., Minami T., Spokes K. C., Ueki K.,
Skurk C., Walsh K., Aird W. C. 2004. Vascular endothelial growth
factor activates PI3K/Akt/forkhead signaling in endothelial cells.
Arterioscler. Thromb. Vasc. Biol. 24 : 294—300.

Abid M. R., Schoots I. G., Spokes K. C., Wu S. Q., Mawhin-
ney C., Aird W. C. 2004. Vascular endothelial growth factor-media-
ted induction of manganese superoxide dismutase occurs through
redox-dependent regulation of forkhead and I{kappa}B/NF—{kap-
pa}B. J. Biol. Chem. 279 : 44 030—44 038.

Abu-Elneel K., Karchi M., Ravid S. 1996. Dictyostelium myo-
sin II is regulated during chemotaxis by a novel protein kinase C.
J. Biol. Chem. 271 : 977—984.

Adachi H., Takahashi Y., Hasebe T., Shirouzu M., Yokoyama S.,
Sutoh K. 1997. Dictyostelium IQGAP-related protein specifically in-
volved in the completion of cytokinesis. J. Cell Biol. 137 : 891—998.

Alex L. A., Borkovich K. A., Simon M. I. 1996. Hyphal deve-
lopment in Neurospora crassa: involvement of a two-component
histidine kinase. Proc. Nat. Acad. Sci. USA. 93 : 3416—3421.

Amin A. R., Ichigotani Y., Oo M. L., Biswas M. H., Yuan H.,
Huang P., Mon N. N., Hamaguchi M. 2003. The PLC-PKC cascade
is required for IL-1 beta-dependent Erk and Akt activation: their
role in proliferation. Int. J. Oncol. 23 : 1727—1731.

Andrade M. A., Perez-Iratxeta C., Ponting C. P. 2001. Protein re-
peats: structures, functions, and evolution. J. Struct. Biol. 134 :
117—131.

Andrews P. D., Stark M. J. 2000. Dynamic, Rho1p-dependent
localization of Pkc1p to sites of polarized growth. J. Cell Sci. 113 :
2685—2693.

Antonsson B., Montessuit S., Friedli L., Payton M. A., Paravi-
cini G. 1994. Protein kinase C in yeast. Characteristics of the Sac-
charomyces cerevisiae PKC1 gene product. J. Biol. Chem. 269 :
16 821—16 828.

Araki T., Gamper M., Early A., Fukuzawa M., Abe T., Kawa-
ta T., Kim E., Firtel R. A., Williams J. G. 1998. Developmentally
and spatially regulated activation of a Dictyostelium STAT protein
by a serpentine receptor. EMBO J. 17 : 4018—4028.

Araki T., Tsujioka M., Abe T., Fukuzawa M., Meima M., Scha-
ap P., Morio T., Urushihara H., Katoh M., Maeda M., Tanaka Y.,
Takeuchi I., Williams J. G. 2003. A STAT-regulated, stress-indu-
ced signalling pathway in Dictyostelium. J. Cell Sci. 116 : 2907—
2915.

Arnaud C., Joyeux-Faure M., Bottari S., Godin-Ribuot D., Ri-
buot C. 2004. New insight into the signalling pathways of heat
stress-induced myocardial preconditioning: protein kinase C epsi-
lon translocation and heat shock protein 27 phosphorylation. Clin.
Exp. Pharmacol. Physiol. 31 : 129—133.

Aubry L., Firtel R. 1999. Integration of signaling networks that
regulate Dictyostelium differentiation. Annu. Rev. Cell Develop.
Biol. 15 : 469—517.

Banuelos M. A., Sychrova H., Bleykasten-Grosshans C., Souci-
et J. L., Potier S. 1998. The Nha1 antiporter of Saccharomyces ce-
revisiae mediates sodium and potassium efflux. Microbiology.
144 : 2749—2758.

Bilwes A. M., Alex L. A., Crane B. R., Simon M. I. 1999. Struc-
ture of CheA, a signal-transducing histidine kinase. Cell. 96 :
131—141.

Bode J. G., Schweigart J., Kehrmann J., Ehlting C., Scha-
per F., Heinrich P. C., Haussinger D. 2003. TNF-alpha induces ty-
rosine phosphorylation and recruitment of the Src homology prote-
in-tyrosine phosphatase 2 to the gp130 signal-transducing subunit
of the IL-6 receptor complex J. Immunol. 171 : 257—266.

Boorsma A., de Nobel H., ter Riet B., Bargmann B., Brul S.,
Hellingwerf K. J., Klis F. M. 2004. Characterization of the transc-
riptional response to cell wall stress in Saccharomyces cerevisiae.
Yeast. 21 : 413—427.

Bosgraaf L., Russcher H., Smith J. L., Wessels D., Soll D. R.,
Van Haastert P. J. 2002. A novel cGMP signalling pathway media-
ting myosin phosphorylation and chemotaxis in Dictyostelium.
EMBO J. 21 : 4560—4570.

Bouquin N., Johnson A. L., Morgan B. A., Johnston L. H.
1999. Association of the cell cycle transcription factor Mbp1 with
the Skn7 response regulator in budding yeast. Mol. Biol. Cell. 10 :
3389—3400.

Boy-Marcotte E., Tadi D., Perrot M., Boucherie H., Jacqu-
et M. 1996. High cAMP levels antagonize the reprogramming of
gene expression that occurs at the diauxic shift in Saccharomyces
cerevisiae. Microbiology. 142 : 459—467.

Branchi I., Bichler Z., Minghetti L., Delabar J. M., Malchio-
di-Albedi F., Gonzalez M. C., Chettouh Z., Nicolini A., Chabert C.,
Smith D. J., Rubin E. M., Migliore-Samour D., Alleva E. 2004.
Transgenic mouse in vivo library of human Down syndrome critical
region 1: association between DYRK1A overexpression, brain de-
velopment abnormalities, and cell cycle protein alteration. J. Neu-
ropathol. Exp. Neurol. 63 : 429—440.

Brewster J. L., de Valoir T., Dwyer N. D., Winter E., Gus-
tin M. C. 1993. An osmosensing signal transduction pathway in
yeast. Science. 259 : 1760—1763.

Bromberg J., Chen X. 2001. STAT proteins: signal tranducers
and activation of transcription. Methods Enzymol. 333 : 138—151.

Buck V., Quinn J., Soto Pino T., Martin H., Saldanha J., Maki-
no K., Morgan B. A., Millar J. B. 2001. Peroxide sensors for the fis-
sion yeast stress-activated mitogen-activated protein kinase path-
way. Mol. Biol. Cell. 12 : 407—419.

Cabib E., Roh D. H., Schmidt M., Crotti L. B., Varma A. 2001.
The yeast cell wall and septum as paradigms of cell growth and
morphogenesis. J. Biol. Chem. 276 : 19 679—19 682.

Calera J. A., Calderone R. 1999. Histidine kinase, two-compo-
nent signal transduction proteins of Candida albicans and the pat-
hogenesis of candidosis. Mycoses. 42 : 49—53.

Carballo M., Conde M., El Bekay R., Martin-Nieto J., Camac-
ho M. J., Monteseirin J., Conde J., Bedoya F. J., Sobrino F. 1999.
Oxidative stress triggers STAT3 tyrosine phosphorylation and nuc-
lear translocation in human lymphocytes. J. Biol. Chem. 274 :
17 580—17 586.

108 È. Â. Øåìàðîâà



Chang W. T., Thomason P. A., Gross J. D., Neweil P. C. 1998.
Evidence that the RdeA protein is a component of a multistep phos-
phorelay modulating rate of development in Dictyostelium.
EMBO J. 17 : 2809—2816.

Chatterjee-Kishore M., Van den Akker F., Stark G. R. 2000.
Association of STATs with relatives and friends. Trends Cell Biol.
10 : 106—111.

Corre S., Primot A., Sviderskaya E., Bennett D. C., Vaulont S.,
Goding C. R., Galibert M. D. 2004. UV-induced expression of key
component of the tanning process, the POMC and MC1R genes, is
dependent on the p38 activated upstream stimulating factor-1
(USF-1). J. Biol. Chem. 279 : 51 226—51 233.

Correa-Meyer E., Pesce L., Guerrero C., Sznajder J. I. 2002.
Cyclic stretch activates ERK1/2 via G protein and EGFR in alveolar
epithelial cells. Amer. J. Physiol. Lung Cell Mol. Physiol. 282 :
L883—L891.

D’Ascenzo M., Martinotti G., Azzena G. B., Grassi C. 2002.
cGMP/protein kinase G-dependent inhibition of N-type Ca2+ chan-
nels induced by nitric oxide in human neuroblastoma IMR32 cells.
J. Neurosci. 22 : 7485—7492.

Davenport K. R., Sohaskey M., Kamada Y., Levin D. E., Gus-
tin M. C. 1995. A second osmosensing signal transduction pathway
in yeast. Hypotonic shock activates the PKC1 protein kinase-regu-
lated cell integrity pathway. J. Biol. Chem. 270 : 30 157—30 161.

Davis R. J. 1994. MAPKs: new JNK expands the group.
Trends Biochem. Sci. 19 : 470—473.

De la Roche M. A., Cote G. P. 2001. Regulation of Dictyosteli-
um myosin I and II. Biochim. biophys. acta. 1525 : 245—261.

De Meester F., Mirelman D., Stolarsky T., Lester D. S. 1990.
Identification of protein kinase C and its potential substrate in Enta-
moeba histolytica. Comp. Biochem. Physiol. B. 97 : 707—711.

De Nobel H., Ruiz C., Martin H., Morris W., Brul S., Moli-
na M., Klis F. M. 2000. Cell wall perturbation in yeast results in
dual phosphorylation of the Slt2/Mpk1 MAP kinase and in an
Slt2-mediated increase in FKS2-lacZ expression, glucanase resis-
tance and thermotolerance. Microbiology. 146 : 2121—2132.

Derijard B., Hibi M., Wu I. H., Barrett T., Su B., Deng T., Ka-
rin M., Davis R. J. 1994. Jnk 1: a protein kinase stimulated by UV
light and Ha-Ras that binds and phosphorylates the c-Jun activation
domain. Cell. 76 : 1025—1037.

Drubin D. G., Mulholland J., Zhu Z. M., Botstein D. 1990. Ho-
mology of a yeast actin-binding protein to signal transduction pro-
teins and myosin-I. Nature. 343 : 288—290.

Epp J. A., Chant J. 1997. An IQGAP-related protein controls
actin-ring formation and cytokinesis in yeast. Curr. Biol. 7 :
921—929.

Estruch F. 2000. Stress-controlled transcription factors,
stress-induced genes and stress tolerance in budding yeast. FEMS
Microbiol. Rev. 24 : 469—486.

Franco E., Manning-Cela R., Meza I. 2002. Signal transducti-
on in Entamoeba histolytica induced by interaction with fibronec-
tin: presence and activation of phosphokinase A and its possible re-
lation to invasiveness. Arch. Med. Res. 33 : 389—397.

Gamper M., Kim E., Howard P. K., Ma H., Hunter T. 1999.
Regulation of Dictyostelium protein-tyrosine phosphatase-3 (PTP3)
through osmotic shock and stress stimulation and identification of
pp130 as a PTP3 substrate. J. Biol. Chem. 274 : 12 129—12 138.

Garreau H., Hasan R. N., Renault G., Estruch F., Boy-Marcot-
te E., Jacquet M. 2000. Hyperphosphorylation of Msn2p and
Msn4p in response to heat shock and the diauxic shift is inhibited
by cAMP in Saccharomyces cerevisiae. Microbiology. 146 :
2113—2120.

Garrett S., Broach J. 1989. Loss of Ras activity in Saccharo-
myces cerevisiae is suppressed by disruptions of a new kinase gene,
YAK1, whose product may act downstream of the cAMP-depen-
dent protein kinase. Genes Develop. 3 : 1336—1348.

Garrett S., Menold M. M., Broach J. R. 1991. The Saccharo-
myces cerevisiae YAK1 gene encodes a protein kinase that is indu-
ced by arrest early in the cell cycle. Mol. Cell. Biol. 11 :
4045—4052.

Gatsios P., Terstegen L., Schliess F., Haussinger D., Kerr I. M.,
Heinrich P. C., Graeve L. 1998. Activation of the Janus kinase/sig-

nal transducer and activator of transcription pathway by osmotic
shock. J. Biol. Chem. 27 : 22 962—22 968.

Gaxiola R., de Larrinoa I. F., Villalba J. M., Serrano R. 1992.
A novel and conserved salt-induced protein is an important determi-
nant of salt tolerance in yeast. EMBO J. 11 : 3157—3164.

Goldberg J. M., Bosgraaf L., Van Haastert P. J., Smith J. L.
2002. Identification of four candiclate cGMP targets in Dictyosteli-
um. Proc. Nat. Acad. Sci. USA. 9 : 6749—6754.

Goodson H. V., Spudich J. A. 1995. Identification and molecu-
lar characterization of a yeast myosin I. Cell Motil. Cytoskeleton.
30 : 73—84.

Gorner W., Durchschlag E., Martinez-Pastor M. T., Est-
ruch F., Ammerer G., Hamilton B., Ruis H., Schuller C. 1998. Nuc-
lear localization of the C2H2 zinc finger protein Msn2p is regulated
by stress and protein kinase A activity. Genes Develop. 12 :
586—597.

Gragasin F. S., Michelakis E. D., Hogan A., Moudgil R., Has-
himoto K., Wu X., Bonnet S., Haromy A., Archer S. 2004. The neu-
rovascular mechanism of clitoral erection: nitric oxide and
cGMP-stimulated activation of BKCa channels. FASEB J. 18 :
1382—1391.

Grassi C., D’Ascenzo M., Azzena G. B. 2004. Modulation of
Ca(v)1 and Ca(v)2.2 channels induced by nitric oxide via
cGMP-dependent protein kinase. Neurochem. Int. 45 : 885—893.

Guimera J., Casas C., Estivill X., Pritchard M. 1999. Human
minibrain homologue (MNBH/DYRK1): characterization, alterna-
tive splicing, differential tissue expression, and overexpression in
Down syndrome. Genomics. 57 : 407—418.

Gustin M. C., Zhou X. L., Martinac B., Kung C. 1988. A mec-
hanosensitive ion channel in the yeast plasma membrane. Science.
242 : 762—765.

Hasan R., Leroy C., Isnard A. D., Labarre J., Boy-Marcot-
te E., Toledano M. B. 2002. The control of the yeast H202 respon-
se by the Msn2/4 transcription factors. Mol. Microbiol. 45 : 233—
241.

Hegyesi H., Csaba G. 1994. A calcium-dependent protein ki-
nase is present in Tetrahymena. Cell Biochem. Funct. 12 :
221—226.

Heinisch J. J., Lorberg A., Schmitz H. P., Jacoby J. J. 1999.
The protein kinase C-mediated MAP kinase pathway involved in
the maintenance of cellular integrity in Saccharomyces cerevisiae.
Mol. Microbiol. 32 : 671—680.

Hoch J. A. 2000. Two-component and phosphorelay signal
transduction. Curr. Opin. Microbiol. 3 : 165—170.

Hofmann M., Zaper J., Bernd A., Bereiter-Hahn J., Kauf-
mann R., Kippenberger S. 2004. Mechanical pressure-induced
phosphorylation of p38 mitogen-activated protein kinase in epithe-
lial cells via Src and protein kinase C. Biochem. Biophys. Res.
Commun. 316 : 673—679.

Hohmann S. 2002. Osmotic stress signaling and osmoadaptati-
on in yeasts. Microbiol. Mol. Biol. Rev. 66 : 300—372.

Horvath C. M. 2000. STAT proteins and transcriptional res-
ponses to extracellular signals. Trends. Biochem. Sci. 25 :
496—502.

Irie K., Takase M., Lee K. S., Levin D. E., Araki H., Matsumo-
to K., Oshima Y. 1993. MKK1 and MKK2, which encode Saccha-
romyces cerevisiae mitogen-activated protein kinase-kinase ho-
mologs, function in the pathway mediated by protein kinase C. Mol.
Cell. Biol. 13 : 3076—3083.

Janiak-Spens F., West A. H. 2004. Histidine kinases. In: Hand-
book of cell signaling. 1 : 563—566.

Janssen-Heininger Y. M., Poynter M. E., Baeuerle P. A. 2000.
Recent advances towards understanding redox mechanisms in the
activation of nuclear factor kappaB. Free Radic. Biol. Med. 28 :
1317—1327.

Je J. H., Lee J. Y., Jung K. J., Sung B., Go E. K., Yu B. P.,
Chung H. Y. 2004. NF-kappaB activation mechanism of 4-hydroxy-
hexenal via NIK/IKK and p38 MAPK pathway. FEBS Lett. 566 :
183—189.

Jung U. S., Levin D. E. 1999. Genome-wide analysis of gene
expression regulated by the yeast cell wall integrity signalling path-
way. Mol. Microbiol. 34 : 1049—1057.

Ðîëü ïðîòåèíêèíàçíûõ êàñêàäîâ â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ â êëåòêàõ íèçøèõ ýóêàðèîò 109



Kamada Y., Jung U. S., Piotrowski J., Levin D. E. 1995. The
protein kinase C-activated MAP kinase pathway of Saccharomyces
cerevisiae mediates a novel aspect of the heat shock response. Ge-
nes Develop. 9 : 1559—1571.

Kapteyn J. C., ter Riet B., Vink E., Blad S., De Nobel H.,
Van Den Ende H., Klis F. M. 2001. Low external pH induces
HOG1-dependent changes in the organization of the Saccharomy-
ces cerevisiae cell wall. Mol. Microbiol. 39 : 469—479.

Katoh M., Shaw C., Xu Q., Van Driessche N., Morio T., Ku-
wayama H., Obara S., Urushihara H., Tanaka Y., Shaulsky G.
2004. An orderly retreat: dedifferentiation is a regulated process.
Proc. Nat. Acad. Sci. USA. 101 : 7005—7010.

Kawata T., Shevchenko A., Fukuzawa M., Jermyn K. A., Tot-
ty N. F., Zhukovskaya N. V., Sterling A. E., Mann M., Willi-
ams J. G. 1997. SH2 signaling in a lower eukaryote: a STAT prote-
in that regulates stalk cell differentiation in Dictyostelium. Cell. 89 :
909—916.

Ketela T., Green R., Bussey H. 1999. Saccharomyces cerevisiae
mid2p is a potential cell wall stress sensor and upstream activator of the
PKC1-MPK1 cell integrity pathway. J. Bacteriol. 18 : 3330—3340.

Kirkman L. A., Weiss L. M., Kim K. 2001. Cyclic nucleotide
signaling in Toxoplasma gondii bradyzoite differentiation. Infect.
Immun. 69 : 148—153.

Kobayashi N., McEntee K. 1993. Identification of cis and trans
components of a novel heat shock stress regulatory pathway in Sac-
charomyces cerevisiae. Mol. Cell. Biol. 13 : 248—256.

Kobe B., Deisenhofer J. 1995. Proteins with leucine-rich repe-
ats. Curr. Opin. Struct. Biol. 5 : 409—416.

Kong H. H., Pollard T. D. 2002. Intracellular localization and
dynamics of myosin-II and myosin-IC in live Acanthamoeba by
transient transfection of EGFP fusion proteins. J. Cell Sci. 115 :
4993—5002.

Koretke K. K., Lupas A. N., Warren P. V., Rosenberg M.,
Brown J. R. 2000. Evolution of two-component signal transduction.
Mol. Biol. Evol. 17 : 1956—1970.

Kuroda T. S., Ariga H., Fukuda M. 2003. The actin-binding
domain of Slac2-a/melanophilin is requires for melanosome distri-
bution in melanocytes. Mol. Cell. Biol. 23 : 5245—5255.

Kuwayama H., Van Haastert P. J. 1998. Chemotactic and os-
motic signals share a cGMP transduction pathway in Dictyostelium
discoideum. FEBS Lett. 424 : 248—252.

Kyriakis J. M., Avruch J. 2001. Mammalian mitogen-activated
protein kinase signal transduction pathways activated by stress and
inflammation. Physiol. Rev. 81 : 807—869.

Kyriakis J. M., Banerjee P., Nikolakaki E., Dai T., Rubie E. A.,
Ahmad M. F., Avruch J., Woodgett J. R. 1994. The stress-activated
protein kinase subfamily of c-Jun kinases. Nature. 369 : 156—160.

Lazou A., Sugden P. H., Clerk A. 1998. Activation of mito-
gen-activated protein kinases (p38-MAPKs, SAPKs/JNKs and
ERKs) by the G-protein-coupled receptor agonist phenylephrine in
the perfused rat heart. Biochem. J. 332 : 459—465.

Lee K. S., Irie K., Gotoh Y., Watanabe Y., Araki H., Nishi-
da E., Matsumoto K., Levin D. E. 1993. A yeast mitogen-activated
protein kinase homolog (Mpk1p) mediates signalling by protein ki-
nase C. Mol. Cell. Biol. 13 : 3067—3075.

Lee K. S., Levin D. E. 1992. Dominant mutations in a gene en-
coding a putative protein kinase (BCK1) bypass the requirement for
a Saccharomyces cerevisiae protein kinase C homolog. Mol. Cell.
Biol. 12 : 172—182.

Lee S., Escalante R., Firtel R. A. 1997. A Ras GAP is essential
for cytokinesis and spatial patterning in Dictyostelium. Develop-
ment. 124 : 983—996.

Levin D. E., Bartlett-Heubusch E. 1992. Mutants in the S. ce-
revisiae PKC1 gene display a cell cycle-specific osmotic stability
defect. J. Cell Biol. 116 : 1221—1229.

Levin D. E., Bowers B., Chen C. Y., Kamada Y., Watanabe M.
1994. Dissecting the protein kinase C/MAP kinase signalling pathway
of Saccharomyces cerevisiae. Cell. Mol. Biol. Res. 40 : 229—239.

Li B., Wang X., Rasheed N., Hu Y., Boast S., Ishii T., Nakaya-
ma K., Nakayama K. I., Goff S. P. 2004. Distinct roles of c-ABl and
Atm in oxidative stress response are mediated by protein kinase C
delta. Genes Develop. 18 : 1824—1837.

Li C., Wernig F., Leitges M., Hu Y., Xu Q. 2003. Mechanical
stress-activated PKCdelta regulates smooth muscle cell migration.
FASEB J. 17 : 2106—2108.

Li S., Ault A., Malone C. L., Raitt D., Dean S., Johnston L. H.,
Deschenes R. J., Fassler J. S. 1998. The yeast histidine protein ki-
nase, Sln1p, mediates phosphotransfer to two response regulators,
Ssk1p and Skn7p. EMBO J. 17 : 6952—6962.

Li S., Dean S., Li Z., Horecka J., Deschenes R. J., Fassler J. S.
2002. The eukaryotic two-component histidine kinase Sln1p regula-
tes OCH1 via the transcription factor, Skn7p. Mol. Biol. Cell. 13 :
412—424.

Lodder A. L., Lee T. K., Ballester R. 1999. Characterization of
the Wsc1 protein, a putative receptor in the stress response of Sac-
charomyces cerevisiae. Genetics. 152 : 1487—1499.

Lodyga M., Bai X. H., Mourgeon E., Han B., Keshavjee S.,
Liu M. 2002. Molecular cloning of actin filament-associated prote-
in: a putative adaptor in stretch-induced Src activation. Amer.
J. Physiol. Lung Cell. Mol. Physiol. 283 : L265—L274.

Loomis W. F., Kuspa A., Shaulsky G. 1998. Two-component
signal transduction systems in eukaryotic microorganisms. Curr.
Opin. Microbiol. 1 : 643—648.

Maeda T., Takekawa M., Saito H. 1995. Activation of yeast
PBS2 MAPKK by MAPKKKs or by binding of an SH3-containing
osmosensor. Science. 269 : 554—558.

Maeda T., Wurgler-Murphy S. M., Saito H. 1994. A two-com-
ponent system that regulates an osmosensing MAP kinase cascade
in yeast. Nature. 369 : 242—245.

Mao J., Maye P., Kogerman P., Tejedor F. J., Toftgard R.,
Xie W., Wu G., Wu D. 2002. Regulation of Gli1 transcriptional acti-
vity in the nucleus by Dyrk1. J. Biol. Chem. 277 : 35 156—35 161.

Marchler G., Schuller C., Adam G., Ruis H. 1993. Saccharo-
myces cerevisiae UAS element controlled by protein kinase A acti-
vates transcription in response to a variety of stress conditions.
EMBO J. 12 : 1997—2003.

Martin H., Rodriguez-Pachon J. M., Ruiz C., Nombela C., Mo-
lina M. 2000. Regulatory mechanisms for modulation of signaling
through the cell integrity Slt2-mediated pathway in Saccharomyces
cerevisiae. J. Biol. Chem. 275 : 1511—1519.

Martinez-Pastor M. T., Marchler G., Schuller C., March-
ler-Bauer A., Ruis H., Estruch F. 1996. The Saccharomyces cerevi-
siae zinc finger protein Msn2p and Msn4p are required for transc-
riptional induction through the stress response element (STRE).
EMBO J. 15 : 2227—2235.

Martin-Yken H., Dagkessamanskaia A., Basmaji F., La-
gorce A., Francois J. 2003. The interaction of Slt2 MAP kinase
with Knr4 is necessary for signalling through the cell wall integri-
ty pathway in Saccharomyces cerevisiae. Mol. Microbiol. 49 :
23—35.

Matsumoto S., Tanaka E., Nemoto T. K., Ono T., Takagi T.,
Imai J., Kimura Y., Yahara I., Kobayakawa T., Ayuse T., Oi K., Mi-
zuno A. 2002. Interaction between the N-terminal and middle regi-
ons is essential for the in vivo function of HSP90 molecular chape-
rone. J. Biol. Chem. 277 : 34 959—34 966.

Meza I. 2000. Extracellular matrix-induced signaling in Enta-
moeba histolytica: its role in invasiveness. Parasitol. Today. 16 :
23—28.

Morgan B. A., Banks G. R., Toone W. M., Raitt D., Kuge S.,
Johnston L. H. 1997. The Skn7 response regulator controls gene ex-
pression in the oxidative stress response of the budding yeast Sac-
charomyces cerevisiae. EMBO J. 16 : 1035—1044.

Moskvina E., Schuller C., Maurer C. T., Mager W. H., Ruis H.
1998. A search in the genome of Saccharomyces cerevisiae for ge-
nes regulated via stress response elements. Yeast. 14 : 1041—1050.

Nakashima S., Wang S., Hisamoto N., Sakai H., Andoh M.,
Matsumoto K., Nozawa Y. 1999. Molecular cloning and expression
of a stressresponsive mitogen-activated protein kinase-related kina-
se from Tetrahymena cells. J. Biol. Chem. 274 : 9976—9983.

Nelson B., Parsons A. B., Evangelista M., Schaefer K., Kenne-
dy K., Ritchie S., Petryshen T. L., Boone C. 2004. Fus1p interacts
with components of the HOG1p mitogen-activated protein kinase
and Cdc42p morphogenesis signaling pathways to control cell fusi-
on during yeast mating. Genetics. 166 : 67—77.

110 È. Â. Øåìàðîâà



Nguyen A. N., Lee A., Place W., Shiozaki K. 2000. Multistep
phosphorelay proteins transmit oxidative stress signals to the fissi-
on yeast stress-activated protein kinase. Mol. Biol. Cell. 11 :
1169— 1181.

Nishimura T., Yamaguchi T., Kato K., Yoshizawa M., Nabeshi-
ma Y., Ohno S., Hoshino M., Kaibuchi K. 2005. PAR-6-PAR-3 me-
diates Cdc42-induced Rac activation through the Rac GEFs
STEF/Tiam1. Nat. Cell Biol. 7 : 270—277.

Nishina H., Nakagawa K., Azuma N., Katada T. 2003. Acriva-
tion mechanism and physiological roles of stress-activated protein
kinase/c-Jun NH2-terminal kinase in mammalian cells. J. Biol. Re-
gul. Homeost. Agents. 17 : 295—302.

Nomoto S., Watanabe Y., Ninomiya-Tsuji J., Yang L. X., Na-
kai Y., Kiuchi K., Hagiwara M., Hidaka H., Matsumoto K., Irie K.
1997. Functional analyses of mammalian protein kinase C isozymes
in budding yeast and mammalian fibroblasts. Genes Cells. 2 :
601—614.

Nonaka H., Tanaka K., Hirano H., Fujiwara T., Kohno H.,
Umikawa M., Mino A., Takai Y. 1995. A downstream target of
RHO1 small GTP-binding protein is PKC1, a homolog of protein
kinase C, which leads to activation of the MAP kinase cascade in
Saccharomyces cerevisiae. EMBO J. 14 : 5931—5938.

Norbeck J., Blomberg A. 2000. The level of cAMP-dependent
protein kinase A activity strongly affects osmotolerance and os-
mo-instigated gene expression changes in Saccharomyces cerevi-
siae. Yeast. 16 : 121—137.

Novak K. D., Titus M. A. 1997. Myosin I overexpression impa-
irs cell migration. J. Cell Biol. 136 : 633—647.

Oehme F., Schuster S. C. 2001. Osmotic stress-dependent seri-
ne phosphorylation of the histidine kinase homologue DokA. BMC
Biochem. 2 : 2.

Ohmiya R., Kato C., Yamada H., Aiba H., Mizuno T. 1999.
A fission yeast gene (prr1(+)) that encodes a response regulator imp-
licated in oxidative stress response. J. Biochem. 125 : 1061—1066.

Ohno S. 2001. Intercellular junctions and cellular polarity: the
PAR-aPKC complex, a conserved core cassette playing fundamen-
tal roles in cell polarity. Curr. Opin. Cell Biol. 13 : 641—648.

Onyia J. E., Halladay D. L., Massina J. L. 1994. Identification
of beta-actin sequences necessary for induction by phorbol esters
and calcium ionophores. Oncogene. 9 : 1713—1722.

Ortiz D., del Carmen Dominguez-Robles M., Villegas-Sepulve-
da N., Meza I. 2000. Actin induction during PMA and cAMP-de-
pendent signal pathway activation in Entamoeba histolytica tropho-
zoites. Cell Microbiol. 2 : 391—400.

Osman M. A., Konopka J. B., Cerione R. A. 2002. Iqg1p links
spatial and secretion landmarks to polarity and cytokenesis. J. Cell
Biol. 159 : 601—611.

Ota I., Varshavsky A. 1993. A yeast protein similar to bacterial
two-component regulators. Science. 262 : 566—560.

Otani H. 2004. Reactive oxygen species as mediators of signal
transuction in ischemic preconditioning. Antioxid. Redox Signal.
6 : 449—469.

Ott A., Oehme F., Keller H., Schuster S. C. 2000. Osmotic
stress response in Dictyostelium is mediated by cAMP. EMBO J.
19 : 5782—5792.

Oyama M. 1996. cGMP accumulation induced by hypertonic
stress in Dictyostelium discoideum. J. Biol. Chem. 271 : 5574—5579.

Ozaki K., Tanaka K., Imamura H., Hihara T., Kameyama T.,
Nonaka H., Hirano H., Matsuura Y., Takai Y. 1996. Rom1p and
Rom2p are GDP/GTP exchange proteins (GEPs) for the Rho1p
small GTP binding protein in Saccharomyces cerevisiae. EMBO J.
15 : 2196—2207.

Pantos C., Malliopoulou V., Mourouzis I., Moraitis P., Tze-
is S., Thempeyioti A., Paizis I., Cokkinos A., Carageorgiou H., Va-
ronos D. D., Cokkinos D. V. 2003. Involvement of p38 MAPK and
JNK in heat stress-induced cardioprotection. Basic Res. Cardiol.
98 : 158—164.

Parsell D. A., Kowal A. S., Lindquist S. 1994. Saccharomyces
cerevisiae Hsp104 protein. Purification and characterization of
ATP-induced structural changes. J. Biol. Chem. 269 : 4480—4487.

Pascual-Ahuir A., Serrano R., Proft M. 2001. The Sko1p re-
pressor and Gcn4p activation antagonistically modulate stress-regu-

lated transcription in Saccharomyces cerevisiae. Mol. Cell. Biol.
21 : 16—25.

Pawson T. 1995. Protein modules and signalling networks. Na-
ture. 373 : 573—579.

Ponting C. P., Bork P. 1996. Pleckstrin’s repeat performance:
a novel domain in G-protein signaling? Trends Biochem. Sci. 21 :
245—246.

Posas F., Saito H. 1997. Osmotic activation of the HOG
MAPK pathway via Ste11p MAPKKK-Scaffold role of Pbs2p
MAPKK. Science. 276 : 1702—1705.

Posas F., Takekawa M., Saito H. 1998. Signal transduction by
MAP kinase cascades in budding yeast. Curr. Opin. Microbiol. 1 :
175—182.

Posas F., Wurgler-Murphy S. M., Maeda T., Witten E. A.,
Thai T. C., Saito H. 1996. Yeast HOG1 MAP kinase cascade is re-
gulated by a multistep phosphorelay mechanism in the SLN1-
YPD1-SSK1 «two-component» osmosensor. Cell. 86 : 865—
875.

Proft M., Serrano R. 1999. Repressors and upstream repressing
sequences of the stress-regulated ENA1 gene in Saccharomyces ce-
revisiae: bZIP protein Sko1p confers HOG-dependent osmotic re-
gulation. Mol. Cell. Biol. 19 : 537—546.

Puig B., Gomez-Isla T., Ribe E., Cuadrado M., Torrejon-Esc-
ribano B., Dalfo E., Ferrer I. 2004. Expression of stress-activated
kinases c-Jun N-terminal kinase (SAPK/JNK-P) and p38 kinase
(p38-P), and tau hyperphosphorylation in neurites surrounding be-
taA plaques in APP Tg2576 mice. Neuropathol. Appl. Neurobiol.
30 : 491—502.

Qadota H., Ishii I., Fujiyama A., Ohya Y., Anraku Y. 1992.
RHO gene products, putative small GTP-binding proteins, are im-
portant for activation of the CAL1/CDC43 gene product, a protein
geranylgeranyltransferase in Saccharomyces cerevisiae. Yeast. 8 :
735—741.

Raboy B., Marom A., Dor Y., Kulka R. G. 1999. Heat-induced
cell cycle arrest of Saccharomyces cerevisiae: involvement of the
RAD6/UBC2 and WSC2 genes in its reversal. Mol. Microbiol. 32 :
729—739.

Raitt D. C., Johnson A. L., Erkine A. M., Makino K., Mor-
gan B., Gross D. S., Johnston L. H. 2000. The Skn7 response regu-
lator of Saccharomyces cerevisiae interacts with Hsf1 in vivo and is
required for the induction of heat shock genes by oxidative stress.
Mol. Biol. Cell. 11 : 2335—2347.

Reinoso-Martin C., Schuller C., Schuetzer-Muehlbauer M.,
Kuchler K. 2003. The yeast protein kinase C cell integrity pathway
mediates tolerance to the antifungal drug caspofungin through acti-
vation of Slt2p mitogen-activated protein kinase signaling. Eukary-
ot. Cell. 2 : 1200—1210.

Remmert K., Olszewski T. E., Bowers M. B., Dimitrova M.,
Ginsburg A., Hammer J. A., 3rd. 2004. CARMIL is a bona fide cap-
ping protein interactant. J. Biol. Chem. 279 : 3068—3077.

Rep M., Krantz M., Thevelein J. M., Hohmann S. 2000. The
transcriptional response of Saccharomyces cerevisiae to osmotic
shock. Hot1p and Msn2p/Msn4p are required for the induction of
subsets of high osmolarity glycerol pathway-dependent genes.
J. Biol. Chem. 275 : 8290—8300.

Rep M., Proft M., Remize F., Tamas M., Serrano R., Thevele-
in J. M., Hohmann S. 2001. The Saccharomyces cerevisiae Sko1p
transcription factor mediates HOG pathway-dependent osmotic re-
gulation of a set of genes encoding enzymes implicated in protecti-
on from oxidative damage. Mol. Microbiol. 40 : 1067—1083.

Rep M., Reiser V., Gartner U., Thevelein J. M., Hohmann S.,
Ammerer G., Ruis H. 1999. Osmotic stress-induced gene expression
in Saccharomyces cerevisiae requires Msn1p and the novel nuclear
factor Hot1p. Mol. Cell. Biol. 19 : 5474—5485.

Roelofs J., Van Haastert P. J. 2002. Characterization of two
unusual guanylyl cyclases from Dictyostelium. J. Biol. Chem. 277 :
9167—9174.

Roemer T., Paravicini G., Payton M. A., Bussey H. 1994. Cha-
racterization of the yeast (1->6)-beta-glucan biosynthetic compo-
nents, Kre6p and Skn1p, and genetic interactions between the
PKC1 pathway and extracellular matrix assembly. J. Cell Biol.
127 : 567—579.

Ðîëü ïðîòåèíêèíàçíûõ êàñêàäîâ â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ â êëåòêàõ íèçøèõ ýóêàðèîò 111



Roisin M. P., Robert-Gangneux F., Creuzet C., Dupouy-Ca-
mel J. 2000. Biochemical characterization of mitogen-activated
protein (MAP) kinase activity in Toxoplasma gondii. Parasitol. Res.
86 : 588—598.

Rubin H., Ravid S. 2002. Polarization of myosin II heavy cha-
in-protein kinase C in chemotaxing Dictyostelium cells. J. Biol.
Chem. 277 : 36 005—36 008.

Saier M. 1993. Protein phosphorylation and signal transducti-
on in bacteria. J. Cell. Biochem. 51 : 1—6.

Sakurai M., Adachi H., Suton K. 2001. Mutational analyses of
Dictyostelium IQGAP-related protein GAPA: possible interaction
with small GTPases in cytokinesis. Biosci. Biotechnol. Biochem.
65 : 1912—1916.

Santos J. L., Shiozaki K. 2001. Fungal histidine kinases. Sci.
STKE. 98 : RE1.

Schmitt A. P., McEntee K. 1996. Msn2p, a zinc finger
DNA-binding protein, is the transcriptional activator of the multist-
ress response in Saccharomyces cerevisiae. Proc. Nat. Acad. Sci.
USA. 93 : 5777—5782.

Schmitz H. P., Heinisch J. J. 2003. Evolution, biochemistry and
genetics of protein kinase C in fungi. Curr. Genet. 43 : 245—254.

Schmitz H. P., Lorberg A., Heinisch J. J. 2002. Regulation of
yeast protein kinase C activity by interaction with the small GTPase
Rho1p through its amino-terminal HR1 domain Mol. Microbiol.
44 : 829—840.

Schuller C., Brewster J. L., Alexander M. R., Gustin M. C.,
Ruis H. 1994. The HOG pathway controls osmotic regulation of
transcription via the stress response element (STRE) of the Saccha-
romyces cerevisiae CTT1 gene. EMBO J. 13 : 4282—4389.

Schumacher M. M., Enderlin C. S., Selitrennikoff C. P. 1997.
The osmotic-1 locus of Neurospora crassa encodes a putative histi-
dine kinase similar to osmosensors of bacteria and yeast. Curr. Mic-
robiol. 34 : 340—347.

Schuster S. C., Noegel A. A., Oehme F., Gerisch G., Si-
mon M. I. 1996. The hybrid histidine kinase DokA is part of the os-
motic response system of Dictyostelium. EMBO J. 15 : 3880—
3889.

Sharma A., Sharma I., Kogkasuriyachai D., Kumar N. 2003.
Structure of a gametocyte protein essential for sexual development
in Plasmodium falciparum. Nat. Struct. Biol. 10 : 197—203.

Shaulsky G., Escalante R., Fuller D., Loomis W. F. 1998. A
cAMP-phosphodiesterase controls PKA-dependent differentiation.
Development. 125 : 691—699.

Shieh J.-C., Wilkinson M. G., Buck V., Morgan B. A., Maki-
no K., Millar J. B. 1997. The Mcs4 response regulator coordinately
controls the stress-activated Wak1-Wis1-Sty1 MAP kinase pathway
and fission yeast cell cycle. Genes Develop. 10 : 2276—2288.

Shimizu J., Yoda K., Yamasaki M. 1994. The hypo-osmolari-
ty-sensitive phenotype of the Saccharomyces cerevisiae hpo2 mu-
tant is due to a mutation in PKC1, which regulates expression of be-
ta-glucanase. Mol. Gen. Genet. 242 : 641—648.

Shiozaki K., Shiozaki M., Russell P. 1997. Mcs4 mitotic catast-
rophe suppressor regulates the fission yeast cell cycle through the
Wik1-Wis1-Spc1 kinase cascade. Mol. Biol. Cell. 8 : 409—419.

Siderius M., Kolen C. P., van Heerikhuizen H., Mager W. N.
2000. Candidate osmosensors from Candida utilis and Kluyveromy-
ces lactis: structural and functional homology to the Sho1p putative
osmosensor from Saccharomyces cerevisiae. Biochim. biophys.
acta. 1517 : 143—147.

Singleton C. K., Zinda M. J., Mykytka B., Yang P. 1998. The
histidine kinase dnkC regulates the choice between migrating slugs
and terminal differentiation in Dictyostelium discoideum. Biol.
Bull. 102 : 273—277.

Smits G. J., Van den Ende H., Klis F. M. 2001. Differential re-
gulation of cell wall biogenesis during growth and development in
yeast. Muicrobiology. 147 : 781—794.

Soler M., Plovins A., Martin H., Molina M., Nombela C. 1995.
Characterization of domains in the yeast MAP kinase Slt2 (Mpk1)
required for functional activity and in vivo interaction with protein
kinase Mkk1 and Mkk2. Mol. Microbiol. 17 : 833—842.

Soulard A., Lechler T., Spiridonov V., Shevchenko A., Li R.,
Winsor B. 2002. Saccharomyces cerevisiae Bzz1p is implicated

with type I myosins in actin patch polarization and is able to recruit
actin-polymerizing machinery in vitro. Mol. Cell. Biol. 22 :
7889—7906.

Souza G. M., Lu S., Kuspa A. 1998. YakA, a protein kinase re-
quired for the transition from growth to development in Dictyosteli-
um. Development. 125 : 2291—2302.

Stadheim T. A., Kucera G. L. 1998. Extracellular signal-regu-
lated kinase (ERK) activity is required for TPA-mediated inhibition
of drug-induced apoptosis. Biochem. Biophys. Res. Commun. 245 :
266—271.

Stephenson K., Hoch J. A. 2002. Evolution of signalling in the
sporulation phosphorelay. Mol. Microbiol. 46 : 297—304.

Stock J. 1999. Signal transduction: gyrating protein kinases.
Curr. Biol. 9 : R364—R367.

Stone J. R., Marletta M. A. 1996. Spectral and kinetic studies
on the activation of soluble guanylate cyclase by nitric oxide. Bioc-
hemistry. 35 : 1093—1099.

Su B., Karin M. 1996. Mitogen-activated protein kinase casca-
des and regulation of gene expression. Curr. Opin. Immunol. 8 :
402—411.

Taminato A., Bagattini R., Gorjao R., Chen G., Kuspa A., Sou-
za G. M. 2002. Role for YakA, cAMP, and protein kinase A in re-
gulation of stress responses of Dictyostelium discoideum cells. Mol.
Biol. Cell. 13 : 2266—2275.

Tao W., Deschenes R. J., Fassler J. S. 1999. Intracellular gly-
cerol levels modulate the activity of Sln1p, a Saccharomyces cere-
visiae two-component regulator. J. Biol. Chem. 274 : 360—367.

Tekinay T., Ennis H. L., Wu M. Y., Nelson M., Kessin R. H.,
Ratner D. I. 2003. Genetic interactions of the E3 ubiquitin ligase
component FbxA with cyclic AMP metabolism and a histidine ki-
nase signaling pathway during Dictyostelium discoideum develop-
ment. Eukaryot. Cell. 2 : 618—626.

Thanos C. D., Bowie J. U. 1996. Developmentally expressed
myosin heavy-chain kinase possesses a diacylglycerol kinase doma-
in. Protein Sci. 5 : 782—785.

Thevelein J. M. 1994. Signal transduction in yeast. Yeast. 10 :
1753—1757.

Thevelein J. M., Cauwenberg L., Colombo S., De Winde J. H.,
Donation M., Dumortier F., Kraakman L., Lemaire K., Ma P., Nau-
welaers D., Rolland F., Teunissen A., Van Dijck P., Versele M.,
Wera S., Winderickx J. 2000. Nutrient-induced signal transduction
through the protein kinase A pathway and its role in the control of
metabolism, stress resistance, and growth in yeast. Enzyme Microb.
Technol. 26 : 819—825.

Thevelein J. M., De Winde J. H. 1999. Novel sensing mecha-
nisms and targets for the cAMP-protein kinase A pathway in
the yeast Saccharomyces cerevisiae. Mol. Microbiol. 33 : 904—
918.

Thomason P., Kay R. 2000. Eukaryotic signal transduction via
histidine—aspartate phosphorilation. J. Cell Sci. 113 : 3141—3150.

Thomason P. A., Traynor D., Cavet G., Chang W. T., Harwo-
od A. J., Kay R. R. 1998. An intersection of the cAMP/PKA and
two-component signal transduction systems in Dictyostelium.
EMBO J. 17 : 2838—2845.

Thome P. E. 2004. Isolation of a GPD gene from Debaryomy-
ces hansenii encoding a glycerol 3-phosphate dehydrogenase
(NAD+). Yeast. 21 : 119—126.

Toda T., Cameron S., Sass P., Zoller M., Wigler M. 1987.
Three different genes in S. cerevisiae encode the catalytic subunits
of the cAMP-dependent protein kinase. Cell. 50 : 277—287.

Toda T., Sass P. 1988. The cAMP-dependent protein kinase
genes in yeast. Oxf. Surv. Eukaryot. Genes. 5 : 133—161.

Torreilles J. 2001. Nitric oxide: one of the more conserved and
widespread signaling molecules. Front Biosci. 6 : D1161—D1172.

Valdivia R. H., Schekman R. 2003. The yeasts Rho1p and
Pkc1p regulate the transport of chitin synthase III (Chs3p) from in-
ternal stores to the plasma membrane. Proc. Nat. Acad. Sci. USA.
100 : 10 287—10 292.

Van Es S., Virdy K. J., Pitt G. S., Meima M., Sands T. W., Dev-
reotes P. N., Cotter D. A., Schaap P. 1996. Adenylyl cyclase G, an
osmosensor controlling germination of Dictyostelium spores.
J. Biol. Chem. 271 : 23 623—23 625.

112 È. Â. Øåìàðîâà



Van Es S., Weening K. E., Devreotes P. N. 2001. The protein
kinase YakA regulates G-protein-linked signaling responses during
growth and development of Dictyostelium. J. Biol. Chem. 276 :
30 761—30 765.

Van Wuytswinkel O., Reiser V., Siderius M., Kelders M. C.,
Ammerer G., Ruis H., Mager W. H. 2000. Response of Saccharo-
myces cerevisiae to severe osmotic stress: evidence for a novel acti-
vation mechanism of the HOG MAP kinase pathway. Mol. Microbi-
ol. 37 : 382—397.

Verna J., Lodder A., Lee K., Vagts A., Ballester R. 1997. A fa-
mily of genes required for maintenance of cell wall integrity and for
the stress response in Saccharomyces cerevisiae. Proc. Nat. Acad.
Sci. USA. 94 : 13 804—13 809.

Vieira L. L., Lafuente E., Blum J., Cabantchik Z. I. 1997. Mo-
dulation of the swelling-activated amino acid channel of Leshmania
major promastigotes by protein kinase. Mol. Biochem. Parasitol.
90 : 449—461.

Vrana J. A., Grant S. 2001. Synergistic induction of apoptosis
in human leukemia cells (U937) exposed to bryostatin 1 and the
proteasome inhibitor lactacystin involves dysregulation of the
PKC/MAPK cascade. Blood. 97 : 2105—2114.

Wang N., Shaulsky G., Escalante R., Loomis W. F. 1996. A
two-component histidine kinase gene that functions in Dictyosteli-
um development. EMBO J. 15 : 3890—3898.

Wang N., Soderbom F., Anjard C., Shaulsky G., Loomis W. F.
1999. SDF-2 induction of terminal differentiation in Dictyostelium
discoideum is mediated by the membrane-spanning sensor kinase
DhkA. Mol. Cell. Biol. 19 : 4750—4756.

Wolanin P. M., Thomason P. A., Stock J. B. 2002. Histidine
protein kinases: key signal transducers outside the animal kingdom.
Genome Biol. 3 : S3013.

Wong H. C., Mao J., Nguyen J. T., Srinivas S., Zhang W.,
Liu B., Li L., Wu D., Zheng J. 2000. Structural basis of the recogni-
tion of the dishevelled DEP domain in the Wnt signaling pathway.
Nat. Struct. Biol. 7 : 1178—1184.

Wu G. S. 2004. The functional interactions between the p53
and MAPK signaling pathways. Cancer Biol. Ther. 3 : 156—161.

Wurgler-Murphy S. M., Saito H. 1997. Two-component signal
transducers and MAPK cascades. Trends. Biochem. Sci. 22 :
172—176.

Yoshimi A., Tsuda M., Tanaka C. 2004. Cloning and characte-
rization of the histidine kinase gene Dic1 from Cochliobolus hete-
rostrophus that confers dicarboximide resistance and osmotic adap-
tation. Mol. Genet. Genomics. 271 : 228—236.

Yuan S. Y. 2002. Protein kinase signaling in the modulation of
microvascular permeability. Vascul. Pharmacol. 39 : 213—223.

Zhu W., Zou Y., Aikawa R., Harada K., Kudoh S., Uozumi H.,
Hayashi D., Gu Y., Yamazaki T., Nagai R., Yazaki Y., Komuro I.
1999. MAPK superfamily plays an important role in daunomy-
cin-induced apoptosis of cardiac myocytes. Circulation. 100 :
2100—2107.

Zhuang S., Hirai S. I., Ohno S. 2000. Hyperosmolality induces
activation of cPKC and nPKC, a requirement for ERK1/2 activation
in NIH/3T3 cells. Amer. J. Physiol. Cell Physiol. 278 : C102—
C109.

Zinda M. J., Singleton C. K. 1998. The hybrid histidine kinase
dhkB regulates spore germination in Dictyostelium discoideum. De-
velop. Biol. 196 : 171—183.

Zvalova D., Cordier J., Mesnil M., Junier M. P., Chneiwe-
iss H. 2004. p38/SAPK2 control gap junction closure in astrocytes.
Glia. 46 : 323—333.

Ïîñòóïèëà 14 IV 2005

THE ROLE OF PROTEIN KINASE CASCADES IN STRESS SIGNAL TRANSDUCTION

IN UNICELLULAR EUKARYOTES

I. V. Shemarova

Sechenov Institute of Evolutionary Physiology and Biochemistry RAS, St. Petersburg; e-mail: irina@lis.mail.iephb.ru

The review summarizes current data on transduction mechanisms of stress signals by protein kinase casca-
des in unicellular eukaryotes. The role of sensor histidine kinases, tyrosine kinases, PKC, and cyclic nucleo-
tid-dependent kinases are reviewed. Special attention is paid to a comparative analysis of transduction mecha-
nisms of stress signals in vertebrates and unicellular eukaryotes.

K e y w o r d s: unicellular eukaryotes, intracellular signaling, stress, sensor proteins, cAMP, histidine kina-
se, PKC, PKA, MAP-kinase cascade.

Ðîëü ïðîòåèíêèíàçíûõ êàñêàäîâ â ïåðåäà÷å ñòðåññîâûõ ñèãíàëîâ â êëåòêàõ íèçøèõ ýóêàðèîò 113


