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Â íàñòîÿùåå âðåìÿ øèðîêî èçó÷àåòñÿ ó÷àñòèå ïðîòåàñîì â ïðîãðàììèðóåìîé êëåòî÷íîé ãèáåëè.
Ïðè÷åì ïðè èñïîëüçîâàíèè èíãèáèòîðîâ ïðîòåàñîì áûëè âûÿâëåíû êàê ïðîàïîïòîòè÷åñêèå, òàê è àíòè-
àïîïòîòè÷åñêèå ôóíêöèè ïðîòåàñîì. Òàêàÿ ïðîòèâîïîëîæíàÿ ôóíêöèîíàëüíîñòü ïðîòåàñîì, ïî-âèäèìî-
ìó, îïðåäåëÿåòñÿ ïðîëèôåðàòèâíûì ñòàòóñîì êëåòêè. Èíäóöèðîâàííûé ïðè ïîìîùè äèýòèëìàëåàòà
àïîïòîç â êëåòêàõ ëèíèè K562 ìû èñïîëüçîâàëè â êà÷åñòâå ìîäåëè äëÿ èññëåäîâàíèÿ ñóáúåäèíè÷íîãî ñî-
ñòàâà, ôîñôîðèëèðîâàíèÿ ñóáúåäèíèö è ôåðìåíòàòèâíûõ àêòèâíîñòåé 26S-ïðîòåàñîì. Íàìè ïîêàçàíî,
÷òî ïðîòåàñîìû, âûäåëåííûå èç öèòîïëàçìû êîíòðîëüíûõ è èíäóöèðîâàííûõ êëåòîê K562, ðàçëè÷àþòñÿ
ïî ñóáúåäèíè÷íîìó ñîñòàâó, à òàêæå ïî ôîñôîðèëèðîâàíèþ ñóáúåäèíèö ïî òðåîíèíó è òèðîçèíó. Íà-
áëþäàåòñÿ ñíèæåíèå ïðîòåîëèòè÷åñêîé è èçìåíåíèå ýíäîðèáîíóêëåàçíîé àêòèâíîñòè ïðîòåàñîì ïî îò-
íîøåíèþ ê ìÐÍÊ c-fos ïîä äåéñòâèåì äèýòèëìàëåàòà. Âûÿâëåíî, ÷òî ïðè èíäóêöèè àïîïòîçà â êëåòêàõ
K562 ìîäèôèöèðóåòñÿ ñóáúåäèíèöà ïðîòåàñîì (zeta/a5), àññîöèèðîâàííàÿ ñ ÐÍÊàçíîé àêòèâíîñòüþ. Ïî-
ëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò â ïîëüçó èçìåíåíèé ñîñòàâà è àêòèâíîñòè ïðîòåàñîì ïðè èíäóê-
öèè àïîïòîçà â êëåòêàõ K562 è ó÷àñòèÿ ñïåöèôè÷åñêèõ âèäîâ ïðîòåàñîì â ðåàëèçàöèè ïðîãðàììû ãèáåëè
ýòèõ êëåòîê.

Ê ë þ ÷ å â û å ñ ë î â à: àïîïòîç, äèýòèëìàëåàò, ïðîòåàñîìû, ðèáîíóêëåàçû, ñòàáèëüíîñòü èíôîðìàöè-
îííûõ ÐÍÊ, òèðîçèí, òðåîíèí, ôîñôîðèëèðîâàíèå.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÄÝÌ — äèýòèëìàëåàò, ÏÀÀÃ — ïîëèàêðèëàìèäíûé ãåëü, DTT — äè-
òèîòðåèòîë, EDTA — ýòèëåíäèàìèíòåòðàóêñóñíàÿ êèñëîòà, HEPES — [2-ãèäðîêñèýòèë] ïèïåðà-
çèí-N'-[2-ýòàíñóëüôîíîâàÿ êèñëîòà], PMSF — ôåíèëìåòèëñóëüôîíèëôòîðèä.

Àïîïòîç, èëè ïðîãðàììèðóåìàÿ êëåòî÷íàÿ ãèáåëü, —
ñëîæíî ðåãóëèðóåìûé êëåòî÷íûé ïðîöåññ, êîòîðûé ïðè-
íÿòî ïîäðàçäåëÿòü íà äâå ñòàäèè — çàïóñê è âûïîëíåíèå
ïðîãðàììû (Earnshaw, 1995). Ìîëåêóëÿðíûå ìåõàíèçìû,
çàäåéñòâîâàííûå â ýòîì ïðîöåññå, äî ñèõ ïîð îêîí÷àòå-
ëüíî íå èññëåäîâàíû. Íåñïîñîáíîñòü êëåòîê ïðåòåðïå-
âàòü àïîïòîç — ýòî îäèí èç êëþ÷åâûõ ìîìåíòîâ â îïó-
õîëåîáðàçîâàíèè. Ñòàäèÿ âûïîëíåíèÿ èíèöèèðóåòñÿ àê-
òèâàöèåé êàñïàç (ñåìåéñòâî öèòîïëàçìàòè÷åñêèõ öèñ-
òåèíîâûõ ïðîòåàç), êîòîðûå äåãðàäèðóþò ñïåöèôè÷åñêèå
êëåòî÷íûå áåëêè, òàêèå êàê ïîëè-(ÀÄÔ-ðèáîçà)-ïîëèìå-
ðàçà (PARP) (Martin, Green, 1995). Ýòî ïðèâîäèò ê ìîð-
ôîëîãè÷åñêèì èçìåíåíèÿì, õàðàêòåðíûì äëÿ àïîïòîçà
(íàïðèìåð, ÿäåðíîé ôðàãìåíòàöèè).

Ïðîòåàñîìû îñóùåñòâëÿþò ïðîãðàììèðîâàííûé ïðî-
òåîëèç è ïðîöåññèíã ðàçëè÷íûõ ðåãóëÿòîðíûõ áåëêîâ â
êëåòêå è, òàêèì îáðàçîì, èãðàþò êëþ÷åâóþ ðîëü â ðàçëè÷-
íûõ êëåòî÷íûõ ïðîöåññàõ, òàêèõ êàê ðåãóëÿöèÿ òðàíñ-
êðèïöèè, ïðîäâèæåíèå êëåòêè ïî êëåòî÷íîìó öèêëó, ïðî-
âåäåíèå ñèãíàëà, èììóííûé îòâåò è àïîïòîç. Â ïîñëåäíåå
âðåìÿ ïðè èñïîëüçîâàíèè èíãèáèòîðîâ ïðîòåàñîì îáíàðó-
æèëè êàê ïðîàïîïòîçíîå, òàê è àíòèàïîïòîçíîå ôóíêöèî-
íèðîâàíèå ïðîòåàñîì (Grimm et al., 1996; Lopes et al.,

1997; Dou et al., 1999). Òàêèå ïðîòèâîïîëîæíûå ðîëè ïðî-
òåàñîì â ðåãóëÿöèè àïîïòîçà, ïî-âèäèìîìó, îáóñëîâëåíû
ïðîëèôåðàòèâíûì ñòàòóñîì êëåòêè (Naujokat, Hoffmann,
2002; Wojcik, DeMartino, 2003; Chen, Lin, 2004).

26S ïðîòåàñîìà ñîñòîèò èç 20S-êàòàëèòè÷åñêîé êîðî-
âîé ÷àñòèöû è äâóõ àññîöèèðîâàííûõ ñ íåé 19S ðåãóëÿ-
òîðíûõ êîìïëåêñîâ è îñóùåñòâëÿåò îñíîâíîé íåëèçîñî-
ìàëüíûé ïðîòåîëèòè÷åñêèé ïóòü â êëåòêå. 20S ïðî-
òåàñîì (700 êÄà) ïðåäñòàâëÿåò ñîáîé ïîëûé öèëèíäð,
ñîñòîÿùèé èç ÷åòûðåõ ëåæàùèõ äðóã íà äðóãå êîëåö,
êàæäîå èç êîòîðûõ îáðàçîâàíî ñåìüþ a- èëè b-ñóáúåäè-
íèöàìè (Coux et al., 1996; Groll et al., 1997; Bajorek, Glic-
kman, 2004). Ýóêàðèîòè÷åñêèå 20S-ïðîòåàñîìû ïðîÿâëÿ-
þò ïî êðàéíåé ìåðå ïåïòèäèëãëþòàìèí-ãèäðîëàçíóþ,
òðèïñèí- è õèìîòðèïñèí-ïîäîáíûå àêòèâíîñòè (Coux et
al., 1996). 19S-ðåãóëÿòîðíûé êîìïëåêñ ñîñòîèò èç øåñòè
ÀÒÔàçíûõ è íå ìåíüøå ÷åì îäèííàäöàòè íå-ÀÒÔàçíûõ
ñóáúåäèíèö (Glickman et al., 1998).

Ïîìèìî ïðîòåîëèòè÷åñêîé 20S ïðîòåàñîìà îáëàäàåò
åùå è ýíäîðèáîíóêëåàçíîé àêòèâíîñòüþ (Petit et al.,
1997a, 1997b; Jarrousse et al., 1999; Ballut et al., 2003).
Íàìè áûëà îáíàðóæåíà ñïåöèôè÷åñêàÿ ýíäîðèáîíóêëå-
àçíàÿ àêòèâíîñòü 26S ïðîòåàñîì (Åâòååâà è äð., 2000) è
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èññëåäîâàíà ðåãóëÿöèÿ ýòîé àêòèâíîñòè, ñïåöèôè÷íîé ïî
îòíîøåíèþ ê ðèáîñîìíûì ÐÍÊ ïðè ïðîâåäåíèè ñèãíàëà îò
ðåöåïòîðà ÝÔÐ â êëåòêàõ ëèíèè À431 (Åâòååâà è äð., 2003).
Êðîìå òîãî, ìû ïîêàçàëè íàëè÷èå ÐÍÊàçíîé àêòèâíîñòè ó
26S-ïðîòåàñîì èç êëåòîê ëèíèè K562, èíäóöèðîâàííûõ ê
àïîïòîçó (Òîêòàðîâà è äð., 2004), à òàêæå ê äèôôåðåíöè-
ðîâêå ïî ýðèòðîèäíîìó òèïó (Ìèòòåíáåðã è äð., 2002à,
2002á). Èçâåñòíî, ÷òî îäíîé èç îñíîâíûõ ñòàäèé ðåãóëÿöèè
ýêñïðåññèè ãåíîâ ÿâëÿåòñÿ êîíòðîëü ñòàáèëüíîñòè ÐÍÊ â
ýóêàðèîòè÷åñêîé êëåòêå (Tourriere et al., 2002). Ïðè÷åì ðå-
ãóëÿöèÿ ñòàáèëüíîñòè èíôîðìàöèîííûõ ÐÍÊ òàêæå íà-
áëþäàåòñÿ è â àïîïòîçíûõ êëåòêàõ (Shchors et al., 2002).

Äëÿ îñóùåñòâëåíèÿ ñòîëü ðàçíîîáðàçíûõ ôóíêöèé â
êëåòêå ïðîòåàñîìû äîëæíû áûòü ïîäâåðæåíû ñòðîãîìó
ðåãóëÿòîðíîìó êîíòðîëþ. Ôîñôîðèëèðîâàíèå ïî ñåðè-
íîâûì, òðåîíèíîâûì èëè òèðîçèíîâûì àìèíîêèñëîòàì
ðåãóëÿòîðíûõ áåëêîâ (íàïðèìåð, êèíàç) ÿâëÿåòñÿ êëþ÷å-
âûì ìîìåíòîì â ïåðåäà÷å ñèãíàëà, ïðîäâèæåíèè êëåòêè
ïî êëåòî÷íîìó öèêëó è â àïîïòîçå (Bandyopadhyay et al.,
2004; Sabatini et al., 2004; Contri et al., 2005; Jin et al.,
2005; Wang et al., 2005). Ôîñôîðèëèðîâàíèå ñóáñòðàòîâ è
ôåðìåíòîâ òàêæå èãðàåò âàæíóþ ðîëü â óáèêâèòèí-ïðî-
òåàñîìíîì ïóòè (Glickman, Ciechanover, 2002; Wojcik,
DeMartino, 2003). Èçâåñòíî òàêæå, ÷òî 26S-ïðîòåàñîìû
ïîñòòðàíñëÿöèîííî ìîäèôèöèðóþòñÿ â ðàçëè÷íûõ ñëó-
÷àÿõ êàê ôîñôîðèëèðîâàíèåì, òàê è àöåòèëèðîâàíèåì
(Bose et al., 1999, 2004; Kimura et al., 2000; Claverol et al.,
2002; Fernandez Murray et al., 2002).

Îáíàðóæåíû ñàéòû ïîòåíöèàëüíîãî ôîñôîðèëèðîâà-
íèÿ íà ñóáúåäèíèöàõ 20S ïðîòåàñîìû è 19S-ðåãóëÿòîðíûõ
êîìïëåêñîâ è èñõîäÿ èç ýòîãî âûäâèíóòî ïðåäïîëîæåíèå î
âîçìîæíîì êîíòðîëå ôåðìåíòàòèâíûõ àêòèâíîñòåé ïðîòåà-
ñîì ïîñðåäñòâîì ôîñôîðèëèðîâàíèÿ (Bose et al., 1999; Fer-
nandez Murray et al ., 2002). Òàê, íàïðèìåð, äåôîñôîðèëè-
ðîâàíèå a3 è a7 ñóáúåäèíèö ïðîòåàñîì ïðèâîäèëî ê ñíè-
æåíèþ äâóõ ïåïòèäàçíûõ àêòèâíîñòåé ïðîòåàñîì (Mason
et al., 1996). Êðîìå òîãî, ôîñôîðèëèðîâàíèå ñóáúåäèíèö
ïðîòåàñîì îòâåòñòâåííî çà àññîöèàöèþ 20S ïðîòåàñîìû è
19S-ðåãóëÿòîðíûõ êîìïëåêñîâ (Rivett et al., 2001).

Èçâåñòíî, ÷òî ðàçëè÷íûå êëåòî÷íûå ñèãíàëû âûçû-
âàþò èçìåíåíèÿ â ôîñôîðèëèðîâàííîñòè ñóáúåäèíèö
ïðîòåàñîì (Bose et al., 2001; Rivett et al., 2001; Bar-
dag-Gorce et al., 2004). Îäíàêî âëèÿíèå èíäóêòîðîâ àïîï-
òîçà íà ôîñôîðèëèðîâàíèå è(èëè) äåôîñôîðèëèðîâàíèå
ïðîòåàñîì íå èññëåäîâàëîñü. Êðîìå òîãî, åùå íå áûëî
èññëåäîâàíî è èçìåíåíèå ñóáúåäèíè÷íîãî ñîñòàâà ïðîòå-
àñîì â êëåòêàõ îïóõîëåâîãî ïðîèñõîæäåíèÿ.

Çàäà÷åé íàñòîÿùåé ðàáîòû ÿâèëîñü èññëåäîâàíèå
ñïåöèôè÷åñêèõ èçìåíåíèé ñóáúåäèíè÷íîãî ñîñòàâà è
ñòàòóñà ôîñôîðèëèðîâàíèÿ ïðîòåàñîì èç öèòîïëàçìû
êëåòîê ïðîýðèòðîëåéêåìèè ÷åëîâåêà ëèíèè K562 ïîä
äåéñòâèåì èíäóêòîðà àïîïòîçà — äèýòèëìàëåàòà (ÄÝÌ).
Òàêæå ìû àíàëèçèðîâàëè âëèÿíèå äàííîãî àãåíòà íà ïðî-
òåîëèòè÷åñêóþ àêòèâíîñòü ïðîòåàñîì è íóêëåîëèç ýòèìè
÷àñòèöàìè èíäèâèäóàëüíîé ìÐÍÊ (c-fos). Êðîìå òîãî, ñ
öåëüþ èçó÷åíèÿ ìåõàíèçìîâ ðåãóëÿöèè ôåðìåíòàòèâíûõ
àêòèâíîñòåé ïðîòåàñîì íàìè áûëî èññëåäîâàíî âëèÿíèå
íà íèõ äåôîñôîðèëèðîâàíèÿ ïðîòåàñîìíûõ ñóáúåäèíèö.

Ìàòåðèàë è ìåòîäèêà

Ê ë å ò ê è ïðîýðèòðîëåéêåìèè ÷åëîâåêà ëèíèè K562,
ïîëó÷åííûå èç Ðîññèéñêîé êîëëåêöèè êëåòî÷íûõ êóëü-
òóð (Èíñòèòóò öèòîëîãèè ÐÀÍ), êóëüòèâèðîâàëè ïðè

37 °Ñ â ñðåäå RPMI 1640, ñîäåðæàùåé 10 % ýìáðèîíàëü-
íîé òåëÿ÷üåé ñûâîðîòêè, â ïðèñóòñòâèè 0.004 % ãåíòà-
ìèöèíà. Äëÿ èíäóêöèè ïðîãðàììèðîâàííîé êëåòî÷íîé
ãèáåëè â êóëüòóðàëüíóþ æèäêîñòü äîáàâëÿëè ÄÝÌ äî
êîíå÷íîé êîíöåíòðàöèè 1 ìÌ è èíêóáèðîâàëè êëåòêè â
òå÷åíèå 24 ÷ (Castelli et al., 1998).

È í ä ó ê ö è þ à ï î ï ò î ç à îöåíèâàëè ïî èçìåíåíèþ
ìîðôîëîãèè ÿäåð è ïî ìåæíóêëåîñîìíîé ôðàãìåíòàöèè
ÄÍÊ. Äëÿ àíàëèçà èçìåíåíèÿ ÿäåðíîé ìîðôîëîãèè êëåò-
êè K562, âûðàùåííûå íà ïîêðîâíûõ ñòåêëàõ, ïðîìûâàëè
ôîñôàòíî-ñîëåâûì áóôåðíûì ðàñòâîðîì (PBS), ôèêñè-
ðîâàëè 2%-íûì ïàðàôîðìàëüäåãèäîì â òå÷åíèå 10 ìèí è
îêðàøèâàëè êðàñèòåëåì Õ¸õñòîì 33258 (Hoehst 33258;
1 ìêÌ) â òå÷åíèå 30 ìèí. Ïðåïàðàòû ïðîñìàòðèâàëè âî
ôëóîðåñöåíòíîì ìèêðîñêîïå Zeiss (Ãåðìàíèÿ) è ôîòî-
ãðàôèðîâàëè ñ ïîìîùüþ CD-êàìåðû (ðèñ. 1). Ïðåïàðàòû
ÄÍÊ äëÿ àíàëèçà ìåæíóêëåîñîìíîé ôðàãìåíòàöèè ÄÍÊ
âûäåëÿëè â ñîîòâåòñòâèè ñ îïèñàííîé â ëèòåðàòóðå ìåòî-
äèêîé (Miller et al., 1988) è ðàçäåëÿëè ýëåêòðîôîðåòè÷å-
ñêè â 2%-íîì àãàðîçíîì ãåëå (Maniatis et al., 1982)
(ðèñ. 2).

Ò ð à í ñ ê ð è ï ö è ÿ i n v i t r o. Ïîñëåäîâàòåëüíîñòü, ñî-
äåðæàùàÿ 3’-íåòðàíñëèðóåìóþ îáëàñòü ìÐÍÊ c-fos ÷åëî-
âåêà, ìå÷åííàÿ [a-32P] ÖÒÔ, áûëà ñèíòåçèðîâàíà ñ ïîìî-
ùüþ òðàíñêðèïöèè in vitro ïëàçìèäû pGEM-3’- c-fos, â
êîòîðóþ ïî ñàéòàì HincII âñòàâëåíà 3’-íåòðàíñëèðóåìàÿ
ïîñëåäîâàòåëüíîñòü ìÐÍÊ c-fos ÷åëîâåêà. Ïëàçìèäó ðàñ-
ùåïëÿëè ðåñòðèêòàçàìè äëÿ ïðåâðàùåíèÿ â ëèíåéíóþ
ôîðìó, ïîñëå ÷åãî òðàíñêðèáèðîâàëè ÐÍÊ-ïîëèìåðàçîé
SÐ6 ñîãëàñíî èíñòðóêöèÿì ôèðìû-èçãîòîâèòåëÿ (MBI
Fermentas, Ëèòâà). Òðàíñêðèáèðîâàííóþ ÐÍÊ îáðàáàòû-
âàëè ÄÍÊàçîé I è î÷èùàëè äåïðîòåèíèçàöèåé ñ ïîìî-
ùüþ ñìåñè ôåíîë—õëîðîôîðì.

Ý ë å ê ò ð î ô î ð å ç Ð Í Ê ïðîâîäèëè â 5%-íîì ÏÀÀÃ,
ñîäåðæàùåì 7 Ì ìî÷åâèíû â Òðèñ-áîðàòíîì áóôåðíîì
ðàñòâîðå ÒBE: 45 ìÌ Òðèñ-HCl, 45 ìÌ áîðíîé êèñëîòû,
0.5 ìÌ ÝÄÒÀ, ðÍ 8.3 (Maniatis et al., 1975).

Â û ä å ë å í è å ï ð î ò å à ñ î ì. Öèòîïëàçìàòè÷åñêèå
26S-ïðîòåàñîìû âûäåëÿëè è î÷èùàëè èç ïîñòìèòîõîíä-
ðèàëüíîãî ñóïåðíàòàíòà öèòîçîëÿ êëåòîê ñ ïîìîùüþ
óëüòðàöåíòðèôóãèðîâàíèÿ â ãðàäèåíòå êîíöåíòðàöèè ñà-
õàðîçû (15—30 %) è èîíîîáìåííîé õðîìàòîãðàôèè íà
öåëëþëîçå DE-52 (Hough et al., 1987; Ãàëêèí è äð., 1998).

Ï å ï ò è ä à ç í ó þ à ê ò è â í î ñ ò ü ï ð î ò å à ñ î ì ïåïòè-
äèë-ãëþòàìèëãèäðîëàçíîãî òèïà îïðåäåëÿëè ïî ãèäðî-
ëèçó ôëóîðîãåííîãî ïåïòèäà — Bz-Ala-Ala-Phe-AMC.
Äëÿ ýòîãî 0.5 ìÌ ñóáñòðàòà èíêóáèðîâàëè ñ 3 ìêã ïðîòå-
àñîì â òå÷åíèå 45 ìèí ïðè 37 °Ñ â áóôåðíîì ðàñòâîðå,
ñîäåðæàùåì 50 ìÌ Òðèñ-HCl, pH 7.5, 1 ìÌ MgCl2,
10 ìÌ KCl, 1 ìÌ DTT è 5 ìÌ ÀÒÐ. Ðåàêöèþ îñòàíàâëè-
âàëè, äîáàâëÿÿ ðàâíûé îáúåì ñìåñè 70 ìÌ óêñóñíîé êèñ-
ëîòû, 100 ìÌ Na-õëîðàöåòàòà è 30 ìÌ àöåòàòà íàòðèÿ
(Barret, 1980). Êîíöåíòðàöèþ ïðîäóêòà ãèäðîëèçà
(7-àìèíî-4-ìåòèëêóìàðèíà) îïðåäåëÿëè íà ôëóîðèìåòðå
ñîáñòâåííîãî èçãîòîâëåíèÿ (Òóðîâåðîâ è äð., 1998), èç-
ìåðÿÿ ýêñòèíêöèþ ïðè äëèíå âîëíû 365 íì è ýìèññèþ
ïðè 440 íì (Barret, 1980).

Ä ë ÿ ä å ô î ñ ô î ð è ë è ð î â à í è ÿ ï ð î ò å à ñ î ì èõ îá-
ðàáàòûâàëè ùåëî÷íîé ôîñôàòàçîé êèøå÷íèêà òåëåíêà
(Fermentas Life Sciences, Ëèòâà) â êîëè÷åñòâå 2 åä. íà
1 ìêã áåëêà â òå÷åíèå 1 ÷ ïðè 37 °Ñ â 10 ìÌ Òðèñ-HCl-
áóôåðíîì ðàñòâîðå, ðÍ 7.5, ñîäåðæàùåì 10 ìÌ MgCl2.

Î á ð à á î ò ê ó Ð Í Ê ñ ïîìîùüþ ïðîòåàñîì ïðîâîäè-
ëè â òå÷åíèå 30 ìèí ïðè 37 °Ñ â áóôåðíîì ðàñòâîðå, ñî-
äåðæàùåì 20 ìÌ HEPES, pH 7.6, 50 ìÌ KCl, 0.1 ìÌ
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ÝÄÒÀ, 10 % ãëèöåðèíà, 1 ìÌ ÀÒÔ, 0.5 ìÌ PMSF è
2 ìÌ DTT.

Ä â ó õ ì å ð í û é ý ë å ê ò ð î ô î ð å ç áåëêîâ ïðîòåàñîì
ïðîâîäèëè â ñîîòâåòñòâèè ñ èçâåñòíîé ìåòîäèêîé (O’Far-
rell, 1975). Â ïåðâîì íàïðàâëåíèè ÏÀÀÃ ñîäåðæàë àìôî-
ëèíû ðÍ 3—10. Âî âòîðîì íàïðàâëåíèè (ïîñëå èçîôîêó-
ñèðîâàíèÿ) ñóáúåäèíèöû ïðîòåàñîì ôðàêöèîíèðîâàëè
ïî ìîëåêóëÿðíûì ìàññàì â äåíàòóðèðóþùåì 10%-íîì
ÏÀÀÃ (Laemmli, 1970).

Â å ñ ò å ð í - á ë î ò è í ã áåëêîâ ïðîòåàñîì ñ ïðèìåíå-
íèåì âòîðè÷íûõ àíòèòåë, êîíúþãèðîâàííûõ ñ ïåðîêñè-
äàçîé õðåíà, âûïîëíÿëè, ñëåäóÿ ðåêîìåíäàöèÿì ôèðìû
Sigma. Ïåðîêñèäàçó âûÿâëÿëè ñ ïîìîùüþ ðåàêòèâîâ
ECL (ICN Pharmaceuticals). Ïðîòåàñîìû ôðàêöèîíèðîâà-
ëè íà áåëêîâûå ñóáúåäèíèöû â äåíàòóðèðóþùåì
10%-íîì èëè 12%-íîì ÏÀÀÃ (Laemmli, 1970). Ïîëó÷åí-
íûå ôðàêöèè ýëåêòðîôîðåòè÷åñêè ïåðåíîñèëè íà íèòðî-
öåëëþëîçíûå ôèëüòðû (Hybond C extra, Amersham) â áó-
ôåðíîì ðàñòâîðå Ò (25 ìÌ Òðèñ-HCl, 190 ìÌ ãëèöèí,
0.05%-íûé äîäåöèëñóëüôàò íàòðèÿ è 20%-íûé ìåòàíîë,
ðÍ 7.3). Ìåìáðàíó îòìûâàëè â áóôåðíîì ðàñòâîðå TBS
(10 ìÌ Òðèñ-HCl, pH 7.5, 150 ìÌ NaCl) è áëîêèðîâàëè
öåíòðû íåñïåöèôè÷åñêîãî ñâÿçûâàíèÿ àíòèòåë 5%-íûì
ðàñòâîðîì áû÷üåãî ñûâîðîòî÷íîãî àëüáóìèíà (BSA) â
ýòîì æå áóôåðíîì ðàñòâîðå. Èçáûòîê BSA îòìûâàëè
ÒBS è ìåìáðàíó èíêóáèðîâàëè ñ ïîëèêëîíàëüíûìè àí-

òèòåëàìè ïðîòèâ ôîñôîòðåîíèíà (Cell Signaling), ñ ìîíî-
êëîíàëüíûìè àíòèòåëàìè ïðîòèâ ôîñôîòèðîçèíà (Cell
Signaling) èëè ïðîòèâ zeta/a5 ñóáúåäèíèöû ïðîòåàñîì
(Affiniti, UK).

Ð å à ê ò è â û. Â ðàáîòå èñïîëüçîâàëè ñðåäó RPMI 1640,
ãëóòàìèí, ýìáðèîíàëüíóþ òåëÿ÷üþ ñûâîðîòêó è ñûâî-
ðîòêó êðîâè êðóïíîãî ðîãàòîãî ñêîòà («ÁèîëîÒ», Ðîñ-
ñèÿ); ãåíòàìèöèí (KPKA, Þãîñëàâèÿ); áðîìèñòûé ýòè-
äèé è Hoehst 33258 (Serva, Ãåðìàíèÿ); ôåíîë, õëîðî-
ôîðì, NaH2PO4, Na-õëîðàöåòàò, ìåòàíîë, ýòàíîë,
óêñóñíóþ êèñëîòó, ãëèöåðèí, KCl, H2O2, NaOH è îðòî-
ôîñôîðíóþ êèñëîòó (Ðîññèÿ); ëþìèíîë, êóìàðîâóþ êèñ-
ëîòó, àêðèëàìèä, äèòèîòðåèòîë, Òðèñ-ãèäðîêñèìåòèëà-
ìèíîìåòàí, ãëèöèí, MgCl2, ÀÒÔ, äîäåöèëñóëüôàò íàò-
ðèÿ, b-ìåðêàïòîýòàíîë, îðòîâàíàäàò íàòðèÿ è Isolyte 3-10
(MP Biomedicals, ÑØÀ); äèýòèëìàëåàò, ìåòèëåí-áèñ-àê-
ðèëàìèä, NaF, ÝÄÒÀ, àïðîòèíèí, ëåóïåïòèí, ïåïñòàòèí,
ôåíèëìåòèëñóëüôîíèëôòîðèä, ÒÅÌÅÄ, ïåðñóëüôàò àì-
ìîíèÿ, ìî÷åâèíó, áîðíóþ êèñëîòó, tween-20, àöåòàò ìàã-
íèÿ, áû÷èé ñûâîðîòî÷íûé àëüáóìèí, êîçüè àíòèòåëà
ïðîòèâ èììóíîãëîáóëèíîâ ìûøè, êîíúþãèðîâàííûå ñ
ïåðîêñèäàçîé õðåíà, è êîçüè àíòèòåëà ïðîòèâ èììóíî-
ãëîáóëèíîâ êðîëèêà, êîíúþãèðîâàííûå ñ ïåðîêñèäàçîé
õðåíà (Sigma, ÑØÀ); NaCl, àöåòàò íàòðèÿ è b-ãëèöåðî-
ôîñôàò íàòðèÿ (Merck, Ãåðìàíèÿ); HEPES (Biochrom KG,
Ãåðìàíèÿ).
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Ðèñ. 1. ßäåðíàÿ ôðàãìåíòàöèÿ è îëèãîíóêëåîñîìíàÿ ôðàãìåíòàöèÿ ÄÍÊ ïðè äåéñòâèè äèýòèëìàëåàòà (ÄÝÌ) íà ïðîýðèòðîëåéêå-
ìè÷åñêèå êëåòêè ÷åëîâåêà K562.

Êëåòêè (K) îáðàáàòûâàëè ÄÝÌ è ÷åðåç 24 ÷ îêðàøèâàëè ðàñòâîðîì Õ¸õñòà 33258, ïîëó÷àëè òèïè÷íóþ êàðòèíó ôðàãìåíòàöèè ÿäåð (à); á — îëèãîíóê-
ëåîñîìàëüíàÿ ôðàãìåíòàöèÿ ÄÍÊ. Ì — ìàðêåðû ÄÍÊ (Fermentas Life Sciences, Ëèòâà). 1 — ÄÍÊ êîíòðîëüíûõ êëåòîê, 2 — ÄÍÊ èç êëåòîê, ïîäâåðãíó-

òûõ äåéñòâèþ ÄÝÌ.

Fig. 1. Diethylmaleate induces apoptosis in K562 human chronic myelogenous leukemia cells. Fluorescent microscopy of K562 cell nuclei.

a — nuclear staining assay. K562 cells were treated with 1 mM diethylmaleate (DEM) for 24 h, followed by measuring apoptotic nuclear changes (see «Materials
and Methods»). á — DNA fragmentation assay. Exponentially grown K562 cells (0 h) were treated with 1 mM DEM for 24 h, followed by measuring apoptotic

DNA ladder formation. M — molecular masses of DNA markers (Fermentas Life Sciences, Lithuania).



Ðåçóëüòàòû è îáñóæäåíèå

Êëåòêè ïðîýðèòðîëåéêåìèè ÷åëîâåêà ëèíèè K562,
èñïîëüçîâàííûå íàìè â êà÷åñòâå ìîäåëè, ïðåäñòàâëÿþò
ñîáîé ïðåêðàñíóþ ìèøåíü äëÿ èíäóêòîðà àïîïòîçà äèý-
òèëìàëåàòà (ÄÝÌ). Îí âûçûâàåò ôðàãìåíòàöèþ ÿäåð, êî-
òîðóþ íàáëþäàëè â êëåòêàõ, îêðàøåííûõ Hoechst 33258
(ðèñ. 1, à). Îëèãîíóêëåîñîìíóþ ôðàãìåíòàöèþ õðîìàòèíà
ïîäòâåðäèëè ñ ïîìîùüþ ýëåêòðîôîðåçà ÄÍÊ (ðèñ. 1, á).

Äëÿ âûÿñíåíèÿ âîïðîñà î òîì, ïðîèñõîäÿò ëè èçìå-
íåíèÿ ñóáúåäèíè÷íîãî ñîñòàâà ïðîòåàñîì, èõ ôîñôîðè-
ëèðîâàíèÿ è ôåðìåíòàòèâíûõ àêòèâíîñòåé ïðè èíäóêöèè
ïðîãðàììèðîâàííîé ãèáåëè êëåòîê K562, ÷àñòèöû âûäå-
ëÿëè èç íåîáðàáîòàííûõ (êîíòðîëüíûõ) êëåòîê K562 è èç
êëåòîê, îáðàáîòàííûõ ÄÝÌ.

Äëÿ àíàëèçà èçìåíåíèÿ ñóáúåäèíè÷íîãî ñîñòàâà ïðî-
òåàñîì ïîä äåéñòâèåì èíäóêòîðà àïîïòîçà ïðåïàðàòû
î÷èùåííûõ 26S-ïðîòåàñîì, âûäåëåííûå èç öèòîïëàçìû

êëåòîê K562, ôðàêöèîíèðîâàëè ïðè ïîìîùè ìåòîäà
äâóõìåðíîãî ýëåêòðîôîðåçà áåëêîâ. Êàê âèäíî íà ðèñ. 2,
à, ïîñëå âîçäåéñòâèÿ íà êëåòêè ÄÝÌ êîëè÷åñòâî íåêîòî-
ðûõ ñóáúåäèíèö â ïîïóëÿöèè ïðîòåàñîì, ìèãðèðóþùèõ
â ýëåêòðîôîðåçå ñ ïîäâèæíîñòüþ, ñîîòâåòñòâóþùåé áåë-
êàì ñ ìîë. ìàññàìè 20—30 è 45—80 êÄà, çíà÷èòåëüíî
óìåíüøàåòñÿ (íà ðèñóíêå îòìå÷åíû ÷åðíûìè ñòðåëêà-
ìè), à ñîäåðæàíèå íåêîòîðûõ äðóãèõ ñóáúåäèíèö ñ îòíî-
ñèòåëüíûìè ìîë. ìàññàìè 27, 40 è 90 êÄà, íàïðîòèâ, óâå-
ëè÷èâàåòñÿ (íà ðèñóíêå îòìå÷åíû ïðîçðà÷íûìè ñòðåë-
êàìè). Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî
ïðîòåàñîìû îñîáûì îáðàçîì èçìåíÿþòñÿ ïîä äåéñòâèåì
èíäóêòîðà àïîïòîçà è ÷òî åñòü ñïåöèôè÷åñêèå ñóáïîïó-
ëÿöèè ïðîòåàñîì, âîâëå÷åííûå â ðåàëèçàöèþ ïðîãðàììû
êëåòî÷íîé ãèáåëè. Èçîëèðîâàííûé èç äàííîé êëåòî÷íîé
ëèíèè (èëè òêàíè) ìàòåðèàë î÷èùåííûõ ïðîòåàñîì âñå-
ãäà ñîäåðæèò â ñåáå ïðîòåàñîìû ðàçëè÷íûõ ñóáïîïóëÿ-
öèé. Ãåòåðîãåííîñòü ñóáúåäèíè÷íîãî ñîñòàâà ïðîòåàñîì
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Ðèñ. 2. Äâóõìåðíîå ýëåêòðîôîðåòè÷åñêîå ðàçäåëåíèå ñóáúåäèíèö 26S ïðîòåàñîì, î÷èùåííûõ èç öèòîïëàçìû êîíòðîëüíûõ (K, cëå-
âà) è îáðàáîòàííûõ ÄÝÌ (ñïðàâà) êëåòîê K562.

a — îêðàñêà ãåëÿ Êóìàññè G-250. ×åðíûìè ñòðåëêàìè óêàçàíû ïîëîæåíèÿ ñóáúåäèíèö ïðîòåàñîì, îáùåå ñîäåðæàíèå êîòîðûõ óâåëè÷èâàåòñÿ; áåëûìè
ñòðåëêàìè — ñóáúåäèíèöû ïðîòåàñîì, ñîäåðæàíèå êîòîðûõ óìåíüøàåòñÿ. Ïîëîæåíèå zeta/á5-cóáúåäèíèöû ïðîòåàñîì îáîçíà÷åíî ÷åðíîé ñòðåëêîé ñ

öèôðîé 1. á — èììóíîõèìè÷åñêîå âûÿâëåíèå zeta/á5-ñóáúåäèíèöû ïðîòåàñîì èç êîíòðîëüíûõ è îáðàáîòàííûõ ÄÝÌ êëåòîê.

Fig. 2. Isolated 26S proteasomes from the control K562 cells (to the left), and DEM treated K562 cells (to the right).

a — two-dimensional PAGE of 26S proteasomes purified from the cytoplasm of Coomassie blue stained K562 cells. Black arrows — position of subunits, whose
contents increased, white arrows — position of subunits, whose contents were reduced. Markers of molecular weight of MBI Fermentas were used. á — Western
blot of 26S proteasomes purified from the cytoplasm of K562 cells and probed with anti-zeta proteasomal subunit. Black arrow with number 1 — position of zeta

subunit.



â êëåòêå îáóñëîâëåíà, íàïðèìåð, çàìåùåíèåì êîíñòèòó-
òèâíûõ ñóáúåäèíèö íà èíäóöèáåëüíûå ïîä äåéñòâèåì
g-èíòåðôåðîíà ñ ôîðìèðîâàíèåì «èììóíîïðîòåàñîìû»
(Stohwasser et al., 2000; Rivett et al., 2001; Bose et al.,
2004; Rivett, Hearn, 2004) èëè çàìåùåíèåì íà èçîôîðìû
ñóáúåäèíèö â ðåçóëüòàòå àëüòåðíàòèâíîãî ñïëàéñèíãà
(Dahlmann et al., 2001; Gille et al., 2003; Merforth et al.,
2003; Wojcik, DeMartino, 2003). Êðîìå çàìåùåíèÿ ñóáúå-
äèíèö ïðîòåàñîìû ìîãóò ìîäèôèöèðîâàòüñÿ è ïîñòòðàí-
ñëÿöèîííî, íàïðèìåð ïóòåì ôîñôîðèëèðîâàíèÿ ñóáúåäè-
íèö (Mason et al., 1996; Bose et al., 1999, 2001, 2004; Iwa-
fune et al., 2002; Bardag-Gorce et al., 2004; Fernandez
Murray et al., 2004). Îäíàêî âîïðîñ î òîì, ïðîèñõîäÿò ëè
íàáëþäàåìûå èçìåíåíèÿ â ñóáúåäèíè÷íîì ñîñòàâå ïðî-
òåàñîì ïîä äåéñòâèåì èíäóêòîðà àïîïòîçà áëàãîäàðÿ ìî-
äèôèêàöèÿì èëè èçìåíåíèÿì ýêñïðåññèè ïðîòåàñîìíûõ
ñóáúåäèíèö, åùå ïîäëåæèò äàëüíåéøåìó èññëåäîâàíèþ.

Èçâåñòíî, ÷òî ôîñôîðèëèðîâàíèå ñóáúåäèíèö ïðîòå-
àñîì ðåãóëèðóåòñÿ ïðè èçìåíåíèè ôóíêöèîíàëüíîãî ñî-
ñòîÿíèÿ êëåòîê (Bardag-Gorce et al., 2004). Äëÿ òîãî ÷òî-
áû îöåíèòü âîçìîæíûå èçìåíåíèÿ â ôîñôîðèëèðîâàíèè
ïðîòåàñîìíûõ ñóáúåäèíèö ïîñëå èíäóêöèè àïîïòîçà,

ïðîòåàñîìû ðàçäåëÿëè ïðè ïîìîùè ýëåêòðîôîðåçà è àíà-
ëèçèðîâàëè ñ ïîìîùüþ èììóíîáëîòèíãà ñ ïðèìåíåíèåì
ïîëèêëîíàëüíûõ àíòèòåë ïðîòèâ ôîñôîòðåîíèíà è ìîíî-
êëîíàëüíûõ àíòèòåë ïðîòèâ ôîñôîòèðîçèíà. Êàê âèäíî
íà ðèñ. 3, â ñëó÷àå òðåîíèíà ÄÝÌ âûçûâàåò äåôîñôîðè-
ëèðîâàíèå íåêîòîðûõ ñóáúåäèíèö ïðîòåàñîì ñ ìîë. ìàñ-
ñàìè îêîëî 30, 29, 28, 27 è 25 êÄà, ÷òî ñâèäåòåëüñòâóåò â
ïîëüçó ó÷àñòèÿ ñïåöèôè÷åñêèõ ôîñôàòàç â ýòîì ïðîöåñ-
ñå. Ñ äðóãîé ñòîðîíû, íàáëþäàåìîå óâåëè÷åíèå ïîä äåé-
ñòâèåì ÄÝÌ ñòåïåíè ôîñôîðèëèðîâàíèÿ ñóáúåäèíèö ïî
òðåîíèíó ñ ìîë. ìàññàìè îêîëî 33, 36 è 43 êÄà ïðåäïîëà-
ãàåò âîâëå÷åíèå â ïðîöåññ îïðåäåëåííûõ ïðîòåèíêèíàç.
Êðîìå òîãî, ñòåïåíü ôîñôîðèëèðîâàíèÿ ñóáúåäèíèö
ïðîòåàñîì ñ ìîë. ìàññàìè â îáëàñòè 31—33 êÄà íå èçìå-
íÿåòñÿ, è, âåðîÿòíî, ôîñôîðèëèðîâàíèå èëè äåôîñôîðè-
ëèðîâàíèå èõ íå âîâëå÷åíî â ÄÝÌ-èíäóöèðîâàííûé
àïîïòîç êëåòîê K562. Íåêîòîðûå ôîñôîðèëèðîâàííûå
ïî òðåîíèíó ñóáúåäèíèöû ïðîòåàñîì òàêæå ôîñôîðèëè-
ðîâàíû è ïî òèðîçèíó. Ôóíêöèîíàëüíûé ñìûñë ýòîãî ÿâ-
ëåíèÿ åùå ïðåäñòîèò èññëåäîâàòü. Òàê, íàáëþäàþòñÿ
ôîñôîðèëèðîâàííûå ïî òèðîçèíó íåñêîëüêî ñóáúåäèíèö
â îáëàñòè 31—33 êÄà è ñóáúåäèíèöà ñ ìîë. ìàññîé îêîëî

Ñïåöèôè÷íîñòü èçìåíåíèé â ïðîòåàñîìàõ êëåòîê K562 ïðè àïîïòîçå 137

Ðèñ. 3. Ýëåêòðîôîðåòè÷åñêîå ðàçäåëåíèå ñóáúåäèíèö 26S ïðîòåàñîì, î÷èùåííûõ èç öèòîïëàçìû êîíòðîëüíûõ (1) è îáðàáîòàííûõ
ÄÝÌ (2) êëåòîê K562, è ñðàâíèòåëüíûé àíàëèç ñóáúåäèíèö ýòèõ ïðîòåàñîì, ôîñôîðèëèðîâàííûõ ïî òðåîíèíó è òèðîçèíó.

Ìàðêåðû ìîëåêóëÿðíûõ ìàññ áûëè ïîëó÷åíû îò MBI Fermentas (Ëèòâà). à — îêðàñêà ãåëÿ Êóìàññè G -250; á — èììóíîõèìè÷åñêîå âûÿâëåíèå ôîñôî-
ðèëèðîâàííûõ ïî òðåîíèíó ñóáúåäèíèö â ñîñòàâå î÷èùåííûõ öèòîïëàçìàòè÷åñêèõ 26S ïðîòåàñîì; â — èììóíîõèìè÷åñêîå âûÿâëåíèå ôîñôîðèëèðî-

âàííûõ ïî òèðîçèíó ñóáúåäèíèö â ñîñòàâå î÷èùåííûõ öèòîïëàçìàòè÷åñêèõ 26S ïðîòåàñîì.

Fig. 3. PAGE of 26S proteasomes purified from the cytoplasm of control and apoptotic K562 cells, and Western blotting with anti-phos-
phothreonine and anti-phosphotyrosine antibodies. 26S proteasomes were isolated from control K562 cells (1) and from DEM treated K562

cells (2).

a — SDS-PAGE separation of 26S proteasomes, and Coomassie blue staining. á — Western blot of 26S proteasomes, and phosphothreanine staining. On the
left — markers of molecular weight (Fermentas Life Sciences, Lithuania). â — Western blot of 26S proteasomes, and phosphotyrosine staining. On the left — mar-

kers of molecular weight (Fermentas Life Sciences, Lithuania).



27 êÄà, ïðè÷åì ñòåïåíü èõ ôîñôîðèëèðîâàííîñòè ïîä
äåéñòâèåì ÄÝÌ íå èçìåíÿåòñÿ. Êðîìå òîãî, ïðîèñõîäèò
äåôîñôîðèëèðîâàíèå ñóáúåäèíèöû ñ ìîë. ìàññîé îêîëî
25 êÄà è ôîñôîðèëèðîâàíèå ñóáúåäèíèöû 37 êÄà. Ïîëó-
÷åííûå íàìè äàííûå îá èçìåíåíèè ôîñôîðèëèðîâàíèÿ
ïðîòåàñîì óêàçûâàþò íà òî, ÷òî òàêàÿ ìîäèôèêàöèÿ
ñóáúåäèíèö îïðåäåëÿåò ñïåöèôè÷íîñòü ôóíêöèé ïðîòåà-
ñîì â àïîïòîòè÷åñêèõ êëåòêàõ K562.

Âûçûâàÿ èçìåíåíèÿ â ñóáúåäèíè÷íîì ñîñòàâå è ñòå-
ïåíè ôîñôîðèëèðîâàíèÿ öèòîïëàçìàòè÷åñêèõ ïðîòåà-
ñîì, ÄÝÌ, âåðîÿòíî, îïðåäåëÿåò è èõ ôåðìåíòàòèâíûå
àêòèâíîñòè. Áûëî ïîêàçàíî (Beyette et al., 1998), ÷òî â
èíäóöèðîâàííûõ äåêñàìåòàçîíîì àïîïòîòè÷åñêèõ òèìî-
öèòàõ ïðîòåîëèòè÷åñêàÿ àêòèâíîñòü ïðîòåàñîì ïàäàåò.
×òîáû îöåíèòü âëèÿíèå ÄÝÌ íà ïðîòåîëèòè÷åñêóþ àê-
òèâíîñòü ïðîòåàñîì, èññëåäîâàëè ïåïòèäèë-ãëþòàìèë-
ãèäðîëàçíûé òèï ïåïòèäàçíîé àêòèâíîñòè î÷èùåííûõ
öèòîïëàçìàòè÷åñêèõ 26S-ïðîòåàñîì. Ðåçóëüòàòû, ïðåä-
ñòàâëåííûå â òàáëèöå, ñâèäåòåëüñòâóþò î òîì, ÷òî ïðè
äåéñòâèè íà êëåòêè ÄÝÌ íàáëþäàåòñÿ ñíèæåíèå ïðîòåî-
ëèòè÷åñêîé àêòèâíîñòè ïðîòåàñîì. Îäíàêî â ñâÿçè ñ ãå-
òåðîãåííîñòüþ ïîïóëÿöèè ïðîòåàñîì â êëåòêå óìåíüøå-
íèå àêòèâíîñòè ñóììàðíîãî êîëè÷åñòâà âûäåëåííûõ
ïðîòåàñîì íå èñêëþ÷àåò óâåëè÷åíèÿ àêòèâíîñòè êà-
êîé-ëèáî îòäåëüíîé ïîïóëÿöèè ïðîòåàñîì ïîñëå âîçäåé-
ñòâèÿ èíäóêòîðà àïîïòîçà.

Ðàíåå íàìè áûëî èññëåäîâàíî âëèÿíèå ÄÝÌ íà ýíäî-
ðèáîíóêëåàçíóþ àêòèâíîñòü 26S-ïðîòåàñîì ïî îòíîøå-
íèþ ê ðèáîñîìíûì âûñîêîìîëåêóëÿðíûì ÐÍÊ êëåòîê
K562 (Òîêòàðîâà è äð., 2004). Äëÿ äàëüíåéøåãî àíàëèçà
âëèÿíèÿ èíäóêòîðà àïîïòîçà íà ýíäîðèáîíóêëåàçíóþ àê-
òèâíîñòü ïðîòåàñîì ìû èñïîëüçîâàëè â êà÷åñòâå ñóáñò-
ðàòà èíäèâèäóàëüíóþ èíôîðìàöèîííóþ ÐÍÊ c-fos. Äëÿ
ýòîãî ìÐÍÊ èíêóáèðîâàëè ñ èññëåäóåìûìè ÷àñòèöàìè.
Ýëåêòðîôîðåòè÷åñêèé àíàëèç ñâèäåòåëüñòâóåò î òîì, ÷òî
âîçäåéñòâèå íà êëåòêè ÄÝÌ ïðèâîäèò ê èíãèáèðîâàíèþ
ÐÍÊàçíîé àêòèâíîñòè ïðîòåàñîì ïî îòíîøåíèþ ê ìÐÍÊ
c-fos (ðèñ. 4). Ýòî ïîçâîëÿåò ñäåëàòü ïðåäïîëîæåíèå î
âîâëå÷åíèè ïðîòåàñîì â ðåãóëÿöèþ ñòàáèëüíîñòè ñïåöè-
ôè÷åñêèõ èíôîðìàöèîííûõ ÐÍÊ â èíäóöèðîâàííûõ ê
àïîïòîçó êëåòêàõ K562.

Èç ëèòåðàòóðíûõ èñòî÷íèêîâ (Petit et al., 1997b) èç-
âåñòíî, ÷òî äâå ñóáúåäèíèöû a-òèïà â ñîñòàâå ïðîòåàñîì
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Âëèÿíèå äèýòèëìàëåàòà (ÄÝÌ)
íà ïðîòåîëèòè÷åñêóþ àêòèâíîñòü 26S ïðîòåàñîì êëåòîê
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Bz-Ala-Ala-Phe-NH-Mec 70.8�4.3 49.5�2.9 59.3�3.1

Ï ð è ì å ÷ à í è å. Ïðèâåäåíû ñðåäíèå çíà÷åíèÿ è ñòàíäàðòíûå îò-
êëîíåíèÿ òðåõ íåçàâèñèìûõ îïðåäåëåíèé ôëóîðåñöåíöèè îñâîáîæäåí-
íîãî (7-àìèíî)-4-ìåòèëêóìàðèíà. 100 åä. Ôëóîðåñöåíöèè ñîîòâåòñòâó-
þò îñâîáîæäåíèþ 50 ïìîëü ïðîäóêòà ((7-àìèíî)-4-ìåòèëêóìàðèíà).
Êîíöåíòðàöèÿ ïðîòåàñîì âî âñåõ ïðîáàõ ñîñòàâëÿåò 3 ìêã.

Ðèñ. 4. Ðàäèîàâòîãðàôû ýëåêòðîôîðåãðàìì òðàíñêðèáèðîâàí-
íîé in vitro ìÐÍÊ ñ-fos, ìå÷åííîé [á-32Ð] ÖÒÔ, îáðàáîòàííîé
26S-ïðîòåàñîìàìè, î÷èùåííûìè èç öèòîïëàçìû êîíòðîëüíûõ

è îáðàáîòàííûõ ÄÝÌ êëåòîê K562.

1 — íåîáðàáîòàííàÿ ÐÍÊ; 2 — ÐÍÊ, îáðàáîòàííàÿ ïðîòåàñîìàìè èç êîí-
òðîëüíûõ êëåòîê; 3 — ÐÍÊ, îáðàáîòàííàÿ ïðîòåàñîìàìè èç êîíòðîëüíûõ
êëåòîê, íî ïðåäâàðèòåëüíî äåôîñôîðèëèðîâàííûìè ùåëî÷íîé ôîñôàòà-
çîé; 4 — ÐÍÊ, îáðàáîòàííàÿ ïðîòåàñîìàìè èç îáðàáîòàííûõ ÄÝÌ êëå-
òîê; 5 — ÐÍÊ, îáðàáîòàííàÿ ïðîòåàñîìàìè èç îáðàáîòàííûõ ÄÝÌ êëå-
òîê, íî ïðåäâàðèòåëüíî äåôîñôîðèëèðîâàííûìè ùåëî÷íîé ôîñôàòàçîé.

Fig. 4. Electrophoregrams of [á-32Ð] CTP-labeled in vitro transcri-
bed mRNAs (3’UTR of c-fos) treated with 26S proteasomes purifi-

ed from the cytoplasm of control and apoptotic K562 cells.

In order to assay the specificity of RNase activity of 26S proteasomes and the
effect of the inductor of apoptosis on this activity, [á-32Ð] CTP-labeled 3’UTR
c-fos mRNA fragment was incubated with 26S proteasomes and separated by
5 % PAGE. The in vitro transcribed mRNA, incubated under the same conditi-
ons, was used as a control (1). The in vitro transcribed mRNA was incubated
with 26S proteasomes isolated from control K562 (2), with the same proteaso-
mes pretreated with CIAP (3), with 26S proteasomes isolated from DEM trea-

ted K562 cells (4), and with the same proteasomes pretreated with CIAP (5).



îòâåòñòâåííû çà èõ ðèáîíóêëåàçíóþ àêòèâíîñòü. Ïðè÷åì
îäíà èç ýòèõ äâóõ ñóáúåäèíèö — zeta/a5. Íàìè áûëî ïî-
êàçàíî âûøå (ðèñ. 4) è ðàíåå (Òîêòàðîâà è äð., 2004), ÷òî
èíäóêöèÿ àïîïòîçà ÄÝÌ èçáèðàòåëüíî èçìåíÿëà ÐÍÊàç-
íóþ àêòèâíîñòü ïðîòåàñîì, è, âîçìîæíî, îäèí èç ìåõà-
íèçìîâ êîíòðîëÿ íóêëåàçíîé àêòèâíîñòè ïðîòåàñîì çà-
êëþ÷àåòñÿ èìåííî â ìîäèôèêàöèè ñóáúåäèíèö, àññîöèè-
ðîâàííûõ ñ ýòîé àêòèâíîñòüþ. Ðåçóëüòàò èììóíîáëîòèíãà
ïîêàçàë, ÷òî ïðîòåàñîìíàÿ ñóáúåäèíèöà zeta/a5 ïðåòåð-
ïåâàåò çíà÷èòåëüíûå ìîäèôèêàöèè ïîñëå âîçäåéñòâèÿ
ÄÝÌ íà êëåòêè K562 (ðèñ. 2, á). Îäíàêî ïðèðîäó è õà-
ðàêòåð òàêèõ ìîäèôèêàöèé åùå ïðåäñòîèò èññëåäîâàòü.

Äëÿ ðåøåíèÿ âîïðîñà î âîçìîæíûõ ìåõàíèçìàõ ðåãó-
ëÿöèè ýíäîðèáîíóêëåàçíîé àêòèâíîñòè ïðîòåàñîì ìû
èññëåäîâàëè âëèÿíèå äåôîñôîðèëèðîâàíèÿ ñóáúåäèíèö
ïðîòåàñîì íà èõ àêòèâíîñòü. Â ðÿäå ðàáîò (Mason et al.,
1996; Iwafune et al., 2002) óæå áûëî ïîêàçàíî, ÷òî äåôîñ-
ôîðèëèðîâàíèå ïðîòåàñîìíûõ ñóáúåäèíèö ïðèâîäèò ê
èçìåíåíèþ èõ ïåïòèäàçíûõ àêòèâíîñòåé. Ðåçóëüòàòû,
ïðåäñòàâëåííûå â òàáëèöå, ïîäòâåðæäàþò ýòîò ôàêò è
äåìîíñòðèðóþò ñíèæåíèå ïåïòèäàçíîé àêòèâíîñòè ïðî-
òåàñîì, âûäåëåííûõ èç êîíòðîëüíûõ êëåòîê, ïîñëå îáðà-
áîòêè èõ ñ ïîìîùüþ ùåëî÷íîé ôîñôàòàçû èç êèøå÷íèêà
òåëåíêà. Áîëåå òîãî, íàìè áûëî ïîêàçàíî âëèÿíèå äåôîñ-
ôîðèëèðîâàíèÿ ïðîòåàñîì íà èõ ÐÍÊàçíóþ àêòèâíîñòü
ïî îòíîøåíèþ ê âûñîêîìîëåêóëÿðíîé ðèáîñîìíîé ÐÍÊ
(Òîêòàðîâà è äð., 2004). Â íàñòîÿùåé ðàáîòå ìû òàêæå
èññëåäîâàëè ýòîò âîïðîñ, íî óæå ïî îòíîøåíèþ ê èíäè-
âèäóàëüíîé ìÐÍÊ. Îêàçàëîñü, ÷òî ïðåäâàðèòåëüíàÿ îá-
ðàáîòêà ïðîòåàñîì ùåëî÷íîé ôîñôàòàçîé íå îêàçûâàåò
âëèÿíèÿ íà ÐÍÊàçíóþ àêòèâíîñòü ïðîòåàñîì èç êîíòðî-
ëüíûõ êëåòîê K562 ïî îòíîøåíèþ ê ìÐÍÊ c-fos , íî ñòè-
ìóëèðóåò íóêëåîëèç ýòîé ÐÍÊ (c-fos) ïðîòåàñîìàìè èç
èíäóöèðîâàííûõ êëåòîê (ðèñ. 4). Èñõîäÿ èç ýòîãî ìîæíî
ïðåäïîëîæèòü, ÷òî ôîñôîðèëèðîâàíèå îïðåäåëåííûõ
ñóáúåäèíèö ïðîòåàñîì ïîä äåéñòâèåì ÄÝÌ ìîæåò èíãè-
áèðîâàòü íóêëåîëèç íåêîòîðûõ ìîëåêóë ÐÍÊ (êàê â ñëó-
÷àå ñ c-fos). Ýòè ðåçóëüòàòû ñâèäåòåëüñòâóþò î òîì, ÷òî
ñòåïåíü ôîñôîðèëèðîâàíèÿ ñóáúåäèíèö ïðîòåàñîì îêà-
çûâàåò âëèÿíèå íà ðèáîíóêëåàçíûå öåíòðû ïðîòåàñîì è
÷òî èçìåíåíèå ôîñôîðèëèðîâàíèÿ ñóáúåäèíèö ìîæåò ÿâ-
ëÿòüñÿ ìåõàíèçìîì êîíòðîëÿ äåãðàäàöèè ÐÍÊ ïðîòåàñî-
ìàìè ïðè èíäóêöèè àïîïòîçà.

Ðàíåå äåëàëèñü ïîïûòêè èññëåäîâàòü ïðîòåàñîìû
ïðè èíäóêöèè àïîïòîçà, îäíàêî òàêèå èññëåäîâàíèÿ êà-
ñàëèñü òîëüêî èçó÷åíèÿ èçìåíåíèé ñóáúåäèíè÷íîãî ñî-
ñòàâà è ïðîòåîëèòè÷åñêîé àêòèâíîñòè ïðîòåàñîì è òîëü-
êî â íîðìàëüíûõ (à íå áûñòðî ïðîëèôåðèðóþùèõ) êëåò-
êàõ (Beyette et al., 1998; Low et al., 2000, 2001). Â
íàñòîÿùåé ðàáîòå âïåðâûå îáíàðóæåíû èçìåíåíèÿ ôîñ-
ôîðèëèðîâàíèÿ ñóáúåäèíèö ïðîòåàñîì ïðè èíäóêöèè
ïðîãðàììèðîâàííîé êëåòî÷íîé ãèáåëè. Êðîìå òîãî,
âïåðâûå ïîëó÷åíû ðåçóëüòàòû, ñâèäåòåëüñòâóþùèå
îá èçìåíåíèè ñîñòàâà è àêòèâíîñòåé ïðîòåàñîì â èíäó-
öèðîâàííûõ ê àïîïòîçó êëåòêàõ îïóõîëåâîãî ïðîèñõîæ-
äåíèÿ.

Àâòîðû âûðàæàþò ãëóáîêóþ ïðèçíàòåëüíîñòü íàó÷-
íûì ñîòðóäíèêàì Èíñòèòóòà öèòîëîãèè ÐÀÍ Ê. Ê. Òóðî-
âåðîâó è È. Ì. Êóçíåöîâîé çà èçìåðåíèÿ ôëóîðåñöåíöèè
íà îáîðóäîâàíèè Öåíòðà êîëëåêòèâíîãî ïîëüçîâàíèÿ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåê-
òû 05-04-49606 è 2231.2003.4) è Ñ.-Ïåòåðáóðãñêîãî íàó÷-
íîãî öåíòðà (2005 ã.).

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Ãàëêèí Â. Ý., Òóðîâåðîâà Ë. Â., Êîíñòàíòèíîâà È. Ì., Ïè-
íàåâ Ã. Ï. 1998. 26S-êîìïëåêñ (26S-ïðîòåàñîìà) íåïîñðåäñò-
âåííî âçàèìîäåéñòâóåò ñ ôèáðèëëÿðíûì àêòèíîì. Öèòîëîãèÿ.
40 (7) : 618—626.

Åâòååâà È. Í., Êóëè÷êîâà Â. À., Âîëêîâà È. Â., Åðìîëàå-
âà Þ. Á., Ìèòòåíáåðã À. Ã., Òåñëåíêî Ë. Â., Îáóõîâà À. Ä., Ïåí-
íèÿéíåí Â. À., Ãàóçå Ë. Í., Êîíñòàíòèíîâà È. Ì. 2000. Íîâàÿ
ýíäîðèáîíóêëåàçíàÿ àêòèâíîñòü 26S-ïðîòåàñîì èç êëåòîê ëè-
íèè À-241. Öèòîëîãèÿ. 42 (7) : 675—680.

Åâòååâà È. Í., Êóëè÷êîâà Â. À., Îáóõîâà À. Ä., Ìèòòåí-
áåðã À. Ã., Âîëêîâà È. Â., Åðìîëàåâà Þ. Á., Òîêòàðîâà Ì. Â.,
Òåñëåíêî Ë. Â., Ãàóçå Ë. Í., Êîíñòàíòèíîâà È. Ì. 2003. Ðåãó-
ëÿöèÿ ÝÔÐ ýíäîðèáîíóêëåàçíîé àêòèâíîñòè 26S-ïðîòåàñîì â
êëåòêàõ ëèíèè À-431: âîçìîæíîå ó÷àñòèå ïðîòåàñîì â êîíòðî-
ëå íàä ñòàáèëüíîñòüþ ÐÍÊ ýïèäåðìàëüíûì ôàêòîðîì ðîñòà.
Öèòîëîãèÿ. 45 (5) : 488—492.

Ìèòòåíáåðã À. Ã., Êóëè÷êîâà Â. À., Ìåäâåäåâà Í. Ä., Âîë-
êîâà È. Â., Åðìîëàåâà Þ. Á., Êîíñòàíòèíîâà È. Ì. 2002à. Õà-
ðàêòåðèñòèêè ýíäîðèáîíóêëåàçíîé àêòèâíîñòè ïðîòåàñîì èç
êëåòîê ëèíèè K562. II. Àíàëèç íóêëåîëèçà ñïåöèôè÷åñêèõ
ìÐÍÊ ïðîòåàñîìàìè. Öèòîëîãèÿ. 44 (4) : 357—363.

Ìèòòåíáåðã À. Ã., Êóëè÷êîâà Â. À., Ìåäâåäåâà Í. Ä., Ïåí-
íèÿéíåí Â. À., Ãàóçå Ë. Í., Êîíñòàíòèíîâà È. Ì. 2002á. Õàðàê-
òåðèñòèêè ýíäîðèáîíóêëåàçíîé àêòèâíîñòè ïðîòåàñîì èç êëå-
òîê ëèíèè K562. I . Çàâèñèìîñòü ÐÍÊàçíîé àêòèâíîñòè ïðîòåà-
ñîì è a-ÐÍÏ îò óñëîâèé ðåàêöèè ýíäîíóêëåîëèçà. Öèòîëîãèÿ.
44 (2) : 181—187.

Òîêòàðîâà Ì. Â., Êóëè÷êîâà Â. À., Ìèòòåíáåðã À. Ã., Êî-
æóõàðîâà È. Â., Âîëêîâà È. Â., Åðìîëàåâà Þ. Á., Ïåøåõî-
íîâ À. Â., Èãíàòîâà Ò. Í., Ãàóçå Ë. Í., Êîíñòàíòèíîâà È. Ì.
2004. Äèôôåðåíöèàëüíàÿ ðåãóëÿöèÿ ýíäîðèáîíóêëåàçíîé àê-
òèâíîñòè 26S-ïðîòåàñîì è a-ÐÍÏ ÷àñòîò ïðè äåéñòâèè èíäóê-
òîðîâ àïîïòîçà íà êëåòêè ëèíèè K562: ó÷àñòèå a-ÐÍÏ-÷àñòèö è
ïðîòåàñîì â êîíòðîëå íàä ñòàáèëüíîñòüþ ÐÍÊ ïðè ïðîãðàììè-
ðîâàííîé êëåòî÷íîé ãèáåëè. Öèòîëîãèÿ. 46 (3) : 283—290.

Òóðîâåðîâ Ê. Ê., Áèêòàøåâ À. Ã., Äîðîôåíþê À. Â., Êóçíå-
öîâà È. Ì. 1998. Êîìïëåêñ àïïàðàòíûõ è ïðîãðàììíûõ ñðåäñòâ
äëÿ èçìåðåíèÿ ñïåêòðàëüíûõ è ïîëÿðèçàöèîííûõ êèíåòè÷åñêèõ
õàðàêòåðèñòèê ôëóîðåñöåíöèè â ðàñòâîðå. Öèòîëîãèÿ. 40 (8/9) :
806—814.

Bajorek M., Glickman M. H. 2004. Keepers at the final gates:
regulatory complexes and gating of the proteasome channel. Cell
Mol. Life Sci. 61 : 1579—1588.

Ballut L., Petit F., Mouzeeyar S., Le Gall O., Candresse T.,
Schmid P., Nicolas P., Badaoui S. 2003. Biochemical identification
of proteasome-associated endonuclease activity in sunflower. Bioc-
him. biophys. acta. 1645 : 30—39.

Bandyopadhyay G., Biswas T., Roy K. C., Mandal S., Man-
dal C., Pal B. C., Bhattacharya S., Rakshit S., Bhattacharya D. K.,
Chaudhuri U., Konar A., Bandyopadhyay S. 2004. Chlorogenic
acid inhibits Bcr-Abl tyrosine kinase and triggers p38 mitogen-acti-
vated protein kinase-dependent apoptosis in chronic myelogenous
leukemic cells. Blood. 104 : 2514—2522.

Bardag-Gorce F., Venkatesh R., Li J., French B. A., French S. W.
2004. Hyperphosphorylation of rat liver proteasome subunits: the
effects of ethanol and okadaic acid are compared. Life Sci. 75 :
585—597.

Barret A. J. 1980. Fluorimetric assays for cathepsin B and cat-
hepsin H with methylcoumarylamide substrates. Biochem. J. 187 :
909—912.

Beyette J., Mason G., Murray R., Cohen G., Rivett J. 1998.
Proteasome activities decrease during dexamethasone-induced
apoptosis of thymocytes. Biochem. J. 332 : 315—320.

Bose S., Brooks P., Mason G. G., Rivett A. J. 2001. a-Interfe-
ron decreases the level of 26S proteasomes and changes the pattern
of phosphorylation. Biochem. J. 353 : 291—297.

Bose S., Mason G. G., Rivett A. J. 1999. Phosphorylation of
proteasomes in mammalian cells. Mol. Biol. Rep. 26 : 11—14.

Bose S., Stratford F. L., Broadfoot K. I., Mason G. G., Ri-
vett A. J. 2004. Phosphorylation of 20S proteasome alpha subunit

Ñïåöèôè÷íîñòü èçìåíåíèé â ïðîòåàñîìàõ êëåòîê K562 ïðè àïîïòîçå 139



C8 (alpha7) stabilizes the 26S proteasome and plays a role in the re-
gulation of proteasome complexes by gamma-interferon. Biochem.
J. 378 : 177—184.

Castelli J. C., Hassel B. A., Maran A., Paranjape J., He-
witt J. A., Li X. L., Hsu Y. T., Silverman R. H., Youle R. J. 1998.
The role of 2’-5’ oligoadenylate-activated ribonuclease L in apop-
tosis. Cell Death Differ. 5 : 313—320.

Chen W. J., Lin J. K. 2004. Induction of G1 arrest and apopto-
sis in human jurkat T cells by pentagalloylglucose through inhibi-
ting proteasome activity and elevating p27Kip1, p21Cip1/WAF1,
and Bax proteins. J. Biol. Chem. 279 : 13 496—13 505.

Claverol S., Burlet-Schilts O., Girbal-Neuhauser E., Gai-
rin J. E., Monsarrat B. 2002. Mapping and structural dissection of
human 20S proteasome using proteomic approaches. Mol. Cell Pro-
teomics. 1 : 567—578.

Contri A., Brunati A. M., Trentin L., Cabrelle A., Miorin M.,
Cesaro L., Pinna L. A., Zambello R., Semenzato G., Donella-Dea-
na A. 2005. Chronic lymphocytic leukemia B cells contain anoma-
lous Lyn tyrosine kinase, a putative contribution to defective apop-
tosis. J. Clin. Invest. 115 : 369—378.

Coux O., Tanaka K., Goldberg A. L. 1996. Structure and func-
tions of the 20S and 26S proteasomes. Annu. Rev. Biochem. 65 :
801—847.

Dahlmann B., Ruppert T., Kloetzel P. M., Kuehn L. 2001. Subtypes
of 20S proteasomes from skeletal muscle. Biochimie. 83 : 295—299.

Dou Q. P., McGuire T. F., Peng Y., An B. 1999. Proteasome
inhibition leads to significant reduction of Bcr-Abl expression and
subsequent induction of apoptosis in K562 human chronic myelo-
genous leukemia cells. J. Pharmacol. Exp. Ther. 289 : 781—790.

Earnshaw W. C. 1995. Nuclear changes in apoptosis. Curr.
Opin. Cell Biol. 7 : 337—343.

Fernandez Murray P., Biscoglio M. J., Passeron S. 2002. In vi-
vo and in vitro phosphorylation of Candida albicans 20S proteaso-
me. Arch. Biochem. Biophys. 404 : 116—125.

Gille C., Goede A., Schloetelburg C., Preissner R., Kloet-
zel P. M., Gobel U. B., Frommel C. 2003. A comprehensive view
on proteasomal sequences: implications for the evolution of the
proteasome. J. Mol. Biol. 326 : 1437—1448.

Glickman M. H., Ciechanover A. 2002. The ubiquitin-protea-
some proteolytic pathway: destruction for the sake of construction.
Physiol. Rev. 82 : 273—428.

Glickman M. H., Rubin D. W., Fried V. A., Finley D. 1998.
The regulatory particle of the Saccharomyces cerevisiae proteaso-
me. Mol. Cell. Biol. 18 : 3149—3162.

Grimm L. M., Goldberg A. L., Poirier G. G., Schwartz L. M.,
Osborne B. A. 1996. Proteasomes play an essential role in thymocy-
te apoptosis. EMBO J. 15 : 3835—3844.

Groll M., Ditzel L., Lowe J., Stock D., Bochtler M., Bartu-
nik H. D., Huber R. 1997. Structure of 20S proteasome from yeast
at 2.4 A resolution. Nature. 386 : 463—471.

Hough R., Pratt G., Rechsteiner M. 1987. Purification of two
high molecular weight proteases from rabbit reticulocyte lysates. J.
Biol. Chem. 262 : 8303—8313.

Iwafune Y., Kawasaki H., Hirano H. 2002. Electrophoretic
analysis of phosphorylation of the yeast 20S proteasome. Electrop-
horesis. 23 : 329—338.

Jarrousse A. S., Petit F., Kreutzer-Schmid K., Gaedigk R.,
Schmid H. P. 1999. Possible involvement of proteasomes (proso-
mes) in AUUUA-mediated mRNA decay. J. Biol. Chem. 274 :
22 023—22 028.

Jin Z. H., Kurosu T., Yamaguchi M., Arai A., Miura O. 2005.
Hematopoietic cytokines enhance Chk1-dependent G2/M checkpo-
int activation by etoposide through the Akt/GSK3 pathway to inhi-
bit apoptosis. Oncogene. 24 : 1973—1981.

Kimura Y., Takaoka M., Tanaka S. et al. 2000. N(alpha)-acety-
lation and proteolytic activity of the yeast 20S proteasome. J. Biol.
Chem. 275 : 4635—4639.

Laemmli U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature. 227 : 680—685.

Lopes U. G., Erhardt P., Yao R., Cooper G. M. 1997. p53-de-
pendent induction of apoptosis by proteasome inhibitors. J. Biol.
Chem. 272 : 12 893—12 896.

Low P., Hastings R. A., Dawson S. P., Sass M., Billett M. A.,
Mayer R. J., Reynolds S. E. 2000. Localisation of 26S proteasomes
with different subunit composition in insect muscles undergoing
programmed cell death. Cell Death Differ. 7 : 1210—1217.

Low P., Reynolds S. E., Sass M. 2001. Proteolytic activity of
26S proteasomes isolated from muscles of the tobacco hornworm,
Manduca sexta: differences between surviving muscles and those
undergoing developmentally programmed cell death. Acta biol.
Hung. 52 : 435—442.

Maniatis T., Fritsch E. F., Sambrook J. 1982. Molecular clo-
ning: a laboratory manual. In: Gel electrophoresis. New York: Cold
Spring Harbor Lab. 150—162.

Maniatis T., Jeffrey A., van deSande H. 1975. Chain length de-
termination of small double- and single-stranded DNA molecules
by polyacrylamide gel electrophoresis. Biochemistry. 14 : 3787—
3794.

Martin S. J., Green D. R. 1995. Protease activation during
apoptosis: death by a thousand cuts? Cell. 82 : 349—352.

Mason G. G., Hendil K. B., Rivett A. J. 1996. Phosphorylation
of proteasomes in mammalian cells. Identification of two phospho-
rylated subunits and the effect of phosphorylation on activity. Eur.
J. Biochem. 238 : 453—462.

Merforth S., Kuehn L., Osmers A., Dahlmann B. 2003. Altera-
tion of 20S proteasome-subtypes and proteasome activator PA28 in
skeletal muscle of rat after induction of diabetes mellitus. Int. J. Bi-
ochem. Cell Biol. 35 : 740—748.

Miller S. A., Dykes D. D., Polesky H. F. 1988. A simple salting
out procedure for extracting DNA from human nucleated cells.
Nucl. Acids Res. 16 : 1215—1219.

Naujokat C., Hoffmann S. 2002. Role and function of the 26S
proteasome in proliferation and apoptosis. Lab. Invest. 82 :
965—980.

O’Farrell P. H. 1975. High resolution two-dimensional elect-
rophoresis of proteins. J. Biol. Chem. 250 : 4007—4021.

Petit F., Jarrousse A. S., Boissonnet G., Dadet M. H., Buri J.,
Briand Y., Schmid H. P. 1997a. Proteasome (prosome) associated
endonuclease activity. Mol. Biol. Rep. 24 : 113—117.

Petit F., Jarrousse A. S., Dahlman B., Sobek A., Hendil K. B.,
Buri J., Briand Y., Schmid H. P. 1997b. Involvement of proteaso-
mal subunits zeta and iota in RNA degradation. Biochem. J. 325 :
93—98.

Rivett A. J., Bose S., Brooks P., Broadfoot K. I. 2001. Regula-
tion of proteasome complexes by gamma-interferon and phosphory-
lation. Biochimie. 83 : 363—366.

Rivett A. J., Hearn A. R. 2004. Proteasome function in antigen
presentation: immunoproteasome complexes, peptide production,
and interactions with viral proteins. Curr. Protein Pept. Sci. 5 :
153—161.

Sabatini N., Di Pietro R., Rapino M., Sancilio S., Comani S.,
Cataldi A. 2004. PI-3-kinase/NE-kappaB mediated response of Jur-
kat T leukemic cells to two different chemotherapeutic drugs, eto-
poside and TRAIL. J. Cell Biochem. 93 : 301—311.

Shchors K., Yehiely F., Kular R. K., Kotlo K. U., Brewer G.,
Deiss L. P. 2002. Cell death inhibiting RNA (CDIR) derived from a
3’-untranslated region binds. AUF1 and heat shock protein 27. J.
Biol. Chem. 277 : 47 061—47 072.

Stohwasser R., Giesebrecht J., Kraft R., Muller E. C., Haus-
ler K. G., Kettenmann H., Hanisch U. K., Kloetzel P. M. 2000. Bi-
ochemical analysis of proteasomes from mouse microglia: inducti-
on of immunoproteasomes by interferon-gamma and lipopolysac-
charide. Glia. 29 : 355—365.

Tourriere H., Chebli K., Tazi J. 2002. mRNA degradation
machines in eukaryotic cells. Biochimie. 84 : 821—837.

Wang L., Chen L., Benincosa J., Fortney J., Gibson L. F.
2005. VEGF-induced phosphorylation of Bcl-2 influences B linea-
ge leukemic cell response to apoptotic stimuli. Leukemia. 19 :
344—353.

Wojcik C., DeMartino G. N. 2003. Intracellular localization of
proteasomes. Int. J. Biochem. Cell. Biol. 35 : 579—589.

Ïîñòóïèëà 22 IX 2005

140 À. Ñ. Öèìîõà, À. Ã. Ìèòòåíáåðã è äð.



SPECIFICITY OF CHANGES IN PROTEASOME PROPERTIES
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The participation of proteasome in the programmed cells death is now extensively investigated. Studies
using selective inhibitors of proteasomes have provided a direct evidence of both pro- and anti-apoptotic functi-
ons of proteasomes. Such opposite roles of 26S proteasomes in regulation of apoptosis may be defined by the
proliferative state of cell. The induction of apoptosis in K562 cells by diethylmaleate was used as a model to in-
vestigate changes in the subunit composition, phosphorylation state and enzymatic activities of 26S proteasomes
undergoing the programmed cell death. Here we have shown that proteasomes isolated from the cytoplasm of
control and diethylmaleate treated K562 cells differ in their subunit patterns, as well as in the phosphorylation
state of subunits on threonine and tyrosine residues. It has been shown for the first time that proteolytic activity
of 26S proteasomes is decreased, and endoribonuclease activity of 26S proteasomes is affected under diethylma-
leate action on K562 cells. Treatment of K562 cells with an inductor of apoptosis — diethylmaleate — leads to
modification of a proteasomal subunit (zeta/a5) associated with RNase activity of proteasomes. These data sug-
gest the subunit composition and enzymatic activities of 26S proteasomes to be changed in K562 cells undergo-
ing apoptosis, and that specific subtypes of 26S proteasomes participate in execution of programmed death of
these cells.

K e y w o r d s: apoptosis, diethylmaleate, K562 cells, mRNA stability, phosphorylation, proteasomes, ribo-
nucleases, threonine, tyrosine.
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