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Àêòèâàöèÿ ðåöåïòîðà ýïèäåðìàëüíîãî ôàêòîðà ðîñòà (EGF) ïðîèñõîäèò íå òîëüêî ïðè äåéñòâèè ñïå-
öèôè÷åñêîãî ëèãàíäà, íî è â ðåçóëüòàòå àêòèâàöèè ðåöåïòîðîâ öèòîêèíîâ, ðåöåïòîðîâ, ñîïðÿæåííûõ ñ
G-áåëêàìè, à òàêæå ïðè äåéñòâèè íà êëåòêó ñòðåññîâûõ ôàêòîðîâ. Ðàíåå íàìè áûëà óñòàíîâëåíà àêòèâà-
öèÿ ðåöåïòîðà EGF è òðàíñêðèïöèîííîãî ôàêòîðà STAT3 (íî íå STAT1) ïðè äåéñòâèè îêèñëåííîãî ãëó-
òàòèîíà (GSSG) è ïðåïàðàòà ãëóòîêñèì íà êëåòêè ýïèäåðìîèäíîé êàðöèíîìû ÷åëîâåêà ëèíèè A431. Ãëó-
òîêñèì® (Ôàðìà-ÂÀÌ, Ìîñêâà) ÿâëÿåòñÿ ôàðìàêîëîãè÷åñêèì ñèíòåòè÷åñêèì àíàëîãîì GSSG è ïðèìå-
íÿåòñÿ â ìåäèöèíå êàê èììóíîìîäóëÿòîð. Â íàñòîÿùåé ðàáîòå èçó÷åíà äèíàìèêà àêòèâàöèè ðåöåïòîðà
EGF ïðè ñòèìóëÿöèè êëåòîê A431 îêèñëåííûì ãëóòàòèîíîì è ãëóòîêñèìîì â êîíöåíòðàöèè îò 0.1 äî
500 ìêã/ìë. Îáíàðóæåíî, ÷òî ýòîò ïðîöåññ èìååò âîëíîîáðàçíûé õàðàêòåð. Óñòàíîâëåíî, ÷òî ñîáñòâåí-
íàÿ òèðîçèíêèíàçà ðåöåïòîðà EGF îòâåòñòâåííà çà ôîñôîðèëèðîâàíèå ðåöåïòîðà â îòâåò íà äåéñòâèå
GSSG è ãëóòîêñèìà. Ïðîäåìîíñòðèðîâàíà àêòèâàöèÿ MAP-êèíàç ERK 1,2 ïðè äåéñòâèè îáîèõ ïðåïàðà-
òîâ íà êëåòêè ëèíèé A431 è HER14 (ìûøèíûå ôèáðîáëàñòû NIH 3T3, òðàíñôèöèðîâàííûå ãåíîì ðåöåï-
òîðà EGF ÷åëîâåêà). Àêòèâàöèÿ ERK 1,2 â êëåòêàõ A431, ñòèìóëèðîâàííûõ ïðåïàðàòàìè â ñðåäå êóëüòè-
âèðîâàíèÿ, ïðîèñõîäèò ïîçäíåå (÷åðåç 24 ÷), ÷åì â ñðåäå ñ ïîíèæåííûì ñîäåðæàíèåì ñûâîðîòêè (÷åðåç
8 ÷). Èñïîëüçóÿ ñïåöèôè÷åñêèé èíãèáèòîð òèðîçèíêèíàçû ðåöåïòîðà EGF òèðôîñòèí AG1478, ìû äîêà-
çàëè, ÷òî òèðîçèíêèíàçíàÿ àêòèâíîñòü ðåöåïòîðà EGF íåîáõîäèìà äëÿ àêòèâàöèè ERK 1,2 ïðè äåéñòâèè
êàê GSSG, òàê è ãëóòîêñèìà.

Ê ë þ ÷ å â û å ñ ë î â à: âíóòðèêëåòî÷íàÿ ïåðåäà÷à ñèãíàëà, ðåöåïòîð ýïèäåðìàëüíîãî ôàêòîðà ðîñòà,
òðàíñàêòèâàöèÿ, îêèñëåííûé ãëóòàòèîí, MAP-êèíàçû ERK 1,2, ôîñôîðèëèðîâàíèå ïî òèðîçèíó.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÀÔÊ — àêòèâíûå ôîðìû êèñëîðîäà, MAP-êèíèçà — ìèòîãåíàêòèâè-
ðóåìûå ïðîòåèíêèíàçû, EGF — ýïèäåðìàëüíûé ôàêòîð ðîñòà, GH — ãîðìîí ðîñòà, GPCR — ðåöåïòîðû,
ñîïðÿæåííûå ñ G-áåëêàìè, GSH — âîññòàíîâëåííûé ãëóòàòèîí, GSSG — îêèñëåííûé ãëóòàòèîí,
STAT — signal transducer and activator of transcription.

Â ïîñëåäíèå ãîäû çíà÷èòåëüíî âîçðîñ èíòåðåñ ê ôóí-
êöèîíèðîâàíèþ îêèñëèòåëüíî-âîññòàíîâèòåëüíûõ ñèñ-
òåì êëåòîê, â ÷àñòíîñòè ê ðîëè îêèñëåííîãî è âîññòàíîâ-
ëåííîãî ãëóòàòèîíà (GSSG è GSH ñîîòâåòñòâåííî). Îêî-
ëî 95 % âíóòðèêëåòî÷íîãî ãëóòàòèîíà íàõîäèòñÿ â âîñ-
ñòàíîâëåííîé ôîðìå. GSH ÿâëÿåòñÿ âàæíåéøèì âíóòðè-
êëåòî÷íûì àíòèîêñèäàíòîì è ñïîñîáåí ê ðåãóëÿòîðíîìó
S-ãëóòàòèîíèëèðîâàíèþ áåëêîâ (Pompella et al., 2003).
Î ðîëè êàê âíóòðèêëåòî÷íîãî, òàê è âíåêëåòî÷íîãî GSSG
èçâåñòíî íåìíîãî. Ïðîäåìîíñòðèðîâàíî, ÷òî GSSG èç-
ìåíÿåò àêòèâíîñòü ðÿäà î÷èùåííûõ ôåðìåíòîâ, òàêèõ
êàê êàðáîàíãèäðàçà III (Cabiscol, Levine, 1995), ïðîòåèí-
êèíàçà C (Ward et al., 1998; Chu et al., 2003), àëüäîçîðå-
äóêòàçà ÷åëîâåêà (Cappiello et al., 1996) è ïðîòåàçà I òèïà
âèðóñà èììóíîäåôèöèòà ÷åëîâåêà (Davis et al., 1996).
Ïðè ýêçîãåííîì äîáàâëåíèè GSSG â âûñîêîé êîíöåíòðà-
öèè ê êëåòêàì ëåéêåìèè ÷åëîâåêà U937 íàáëþäàþòñÿ äà-
óí-ðåãóëÿöèÿ àíòèàïîïòîòè÷åñêîãî áåëêà Bcl-2, àêòèâà-
öèÿ MAP-êèíàçû p38 è ïîñëåäóþùèé àïîïòîç ñ ó÷àñòè-
åì êàñïàç 3 è 9 (Filomeni et al., 2003). Ñëåäóåò îòìåòèòü,
÷òî GSSG èçâíå íå ïðîíèêàåò ÷åðåç ïëàçìàòè÷åñêóþ
ìåìáðàíó, è ðàíåå íå áûëè èçâåñòíû ðåöåïòîðíûå èëè
äðóãèå ìåìáðàííûå ìèøåíè åãî äåéñòâèÿ.

Ôàðìàêîëîãè÷åñêèé àíàëîã îêèñëåííîãî ãëóòàòèîíà
ãëóòîêñèì êàê èììóíîìîäóëÿòîð øèðîêîãî ñïåêòðà äåé-
ñòâèÿ ñòèìóëèðóåò ïðîöåññû êîñòíîìîçãîâîãî êðîâåòâî-
ðåíèÿ, àêòèâèðóåò ñèñòåìû ôàãîöèòîçà, â òîì ÷èñëå â
óñëîâèÿõ èììóíîäåôèöèòíûõ ñîñòîÿíèé, ñïîñîáñòâóåò
âîññòàíîâëåíèþ óðîâíÿ íåéòðîôèëîâ, ìîíîöèòîâ, ëèì-
ôîöèòîâ â ïåðèôåðè÷åñêîé êðîâè è ôóíêöèîíàëüíîé
äååñïîñîáíîñòè òêàíåâûõ ìàêðîôàãîâ (Ìèõàéëåíêî è
äð., 2003). Ãëóòîêñèì ïðèìåíÿåòñÿ â êîìïëåêñíîé ôàð-
ìàêîòåðàïèè òÿæåëûõ ôîðì ïñîðèàçà (Íîâèêîâ è äð.,
2003), àíòèáèîòèêîðåçèñòåíòíûõ ôîðì òóáåðêóëåçà (Ñî-
êîëîâà è äð., 2002), âíóòðèêëåòî÷íûõ èíôåêöèé ïîëîâûõ
ïóòåé, â ïðîôèëàêòèêå è ëå÷åíèè ðàññòðîéñòâ êðîâåòâî-
ðåíèÿ, ñîïóòñòâóþùèõ çëîêà÷åñòâåííîìó ðîñòó, õèìèî-
è ëó÷åâîé òåðàïèè.

Ïî ñîâðåìåííûì ïðåäñòàâëåíèÿì, òðàíñàêòèâàöèÿ
(ëèãàíäíåçàâèñèìàÿ àêòèâàöèÿ) ðåöåïòîðà EGF ÿâëÿåòñÿ
÷àñòüþ ñèñòåìû ðåãóëÿöèè ïåðåäà÷è ñèãíàëà â êëåòêå è
èãðàåò âàæíóþ ðîëü â ðåàêöèè êëåòîê íà ðàçëè÷íûå
âíåøíèå âîçäåéñòâèÿ. Òðàíñàêòèâàöèþ âûçûâàþò ðàç-
ëè÷íûå öèòîêèíû è àêòèâàòîðû ðåöåïòîðîâ, ñîïðÿæåí-
íûõ ñ G-áåëêàìè (GPCR) (Fischer et al., 2003). Ê ñòðåññî-
âûì ôàêòîðàì, ïðèâîäÿùèì ê òðàíñàêòèâàöèè, îòíîñÿò-
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ñÿ ÓÔ- è ãàììà-èçëó÷åíèå, îñìîòè÷åñêèé è òåïëîâîé
ñòðåññ, îêèñëèòåëè è òÿæåëûå ìåòàëëû (Zwick et al.,
1999; Gschwind et al., 2001). Íàøè íåäàâíèå èññëåäîâà-
íèÿ ïðîäåìîíñòðèðîâàëè ôîñôîðèëèðîâàíèå ðåöåïòîðà
EGF ïî òèðîçèíó ïðè äåéñòâèè GSSG è ãëóòîêñèìà íà
êëåòêè A431 (Áóðîâà è äð., 2005). Ïðè ýòîì òàêæå áûëà
âûÿâëåíà àêòèâàöèÿ òðàíñêðèïöèîííîãî ôàêòîðà STAT3,
íî íå STAT1, îäíàêî íàáëþäàåìàÿ ñòåïåíü àêòèâàöèè
STAT3 áûëà íåâåëèêà.

Â íàñòîÿùåé ðàáîòå áûëè èçó÷åíû àêòèâàöèÿ ðåöåï-
òîðà EGF ïðè äåéñòâèè GSSG è ãëóòîêñèìà â øèðîêîì
äèàïàçîíå êîíöåíòðàöèé è äèíàìèêà ýòîãî ïðîöåññà, à
òàêæå àêòèâàöèÿ MAP-êèíàç ERK 1,2.

Ìàòåðèàë è ìåòîäèêà

Ð å à ê ò è â û. Â ðàáîòå èñïîëüçîâàëè îêèñëåííûé
ãëóòàòèîí (ICN, ÑØÀ), ëèîôèëèçèðîâàííûé ãëóòîê-
ñèì® (Ôàðìà-ÂÀÌ, Ìîñêâà), íåîðãàíè÷åñêèå ñîëè
(«Âåêòîí», Ñàíêò-Ïåòåðáóðã) è äðóãèå ðåàêòèâû (Sigma,
ÑØÀ).

Ê ó ë ü ò è â è ð î â à í è å ê ë å ò î ê. Êëåòêè ýïèäåðìîèä-
íîé êàðöèíîìû ÷åëîâåêà ëèíèè A431 áûëè ïîëó÷åíû èç
Ðîññèéñêîé êîëëåêöèè êëåòî÷íûõ êóëüòóð (Èíñòèòóò öè-
òîëîãèè ÐÀÍ). Ôèáðîáëàñòû NIH 3T3, òðàíñôèöèðîâàíû
ïîëíîðàçìåðíûì ãåíîì ðåöåïòîðà EGF ÷åëîâåêà (ëèíèÿ
HER14), ëþáåçíî ïðåäîñòàâëåíû ïðîô. Äæ. Øëåññèíãå-
ðîì (J. Schlessinger, New York University, USA). Êëåòêè
êóëüòèâèðîâàëè, êàê îïèñàíî ðàíåå (Áóðîâà è äð., 2003).
Â îïûòàõ èñïîëüçîâàëè êóëüòóðû, äîñòèãøèå ñóáêîíô-
ëþåíòíîãî ñîñòîÿíèÿ; çà 1 ñóò äî íà÷àëà ýêñïåðèìåíòà
êëåòêè îáû÷íî ïåðåâîäèëè â ñðåäó ÄÌÅÌ ñ ïîíèæåí-
íûì ñîäåðæàíèåì (0.5 âìåñòî 10.0 %) ýìáðèîíàëüíîé
ñûâîðîòêè — óñëîâèÿ ñûâîðîòî÷íîãî ãîëîäàíèÿ. Â îòäå-
ëüíîì ýêñïåðèìåíòå êëåòêè íå ïåðåâîäèëè íà ñðåäó ñ ïî-
íèæåííûì ñîäåðæàíèåì ñûâîðîòêè — «ñûâîðîòî÷íûå»
óñëîâèÿ.

Ï ð î â å ä å í è å ý ê ñ ï å ð è ì å í ò à. Ñâåæåïðèãî-
òîâëåííûå âîäíûå ðàñòâîðû îêèñëåííîãî ãëóòàòèîíà
è ãëóòîêñèìà äîáàâëÿëè â ñðåäó äëÿ êóëüòèâèðîâà-
íèÿ êëåòîê ïðè 37° C íà óêàçàííîå âðåìÿ. Ñïåöèôè÷å-
ñêèé èíãèáèòîð òèðîçèíêèíàçû ðåöåïòîðà EGF AG1478
(5 ìêÌ) äîáàâëÿëè â êóëüòóðàëüíóþ ñðåäó çà 1 ÷ äî ñòè-
ìóëÿöèè. Ïðèãîòîâëåíèå êëåòî÷íûõ ëèçàòîâ, ýëåêòðî-
ôîðåòè÷åñêîå ðàçäåëåíèå, ýëåêòðîïåðåíîñ, èììóíîîê-
ðàøèâàíèå áåëêîâ è óäàëåíèå ñ ìåìáðàíû ñâÿçàâøèõñÿ
àíòèòåë ïðîâîäèëè, êàê îïèñàíî ðàíåå (Áóðîâà è äð.,
2003).

À í ò è ò å ë à. Äëÿ ñïåöèôè÷åñêîãî âûÿâëåíèÿ áåëêîâ
íà ìåìáðàíå èñïîëüçîâàëè ìîíîêëîíàëüíûå àíòèòåëà
ïðîòèâ ðåöåïòîðà EGF 2760 (Sigma, ÑØÀ) è ïîëèêëî-
íàëüíûå êðîëè÷üè àíòèòåëà ïðîòèâ MAP-êèíàç ERK 1,2
(Santa Cruz, ÑØÀ). Äëÿ âûÿâëåíèÿ ôîñôîðèëèðîâàííîãî
ðåöåïòîðà EGF èñïîëüçîâàëè ìîíîêëîíàëüíûå àíòèòåëà
ïðîòèâ ôîñôîòèðîçèíà PY20 (Sigma, ÑØÀ). Àêòèâèðî-
âàííûå êèíàçû ERK 1,2 âûÿâëÿëè ñ ïîìîùüþ ïîëèêëî-
íàëüíûõ êðîëè÷üèõ àíòèòåë ïðîòèâ ôîñôîðèëèðîâàí-
íûõ ERK 1,2 (Cell Signaling Technology, ÑØÀ). Â êà÷åñò-
âå âòîðûõ àíòèòåë ïðè èììóíîáëîòèíãå èñïîëüçîâàëè
êîçüè àíòèòåëà, ïîëó÷åííûå ïðîòèâ èììóíîãëîáóëèíîâ
êðîëèêà, ñêîíúþãèðîâàííûå ñ ïåðîêñèäàçîé (GAR-HRP)
(Cell Signaling, ÑØÀ), è êîçüè àíòèòåëà, ïîëó÷åííûå
ïðîòèâ èììóíîãëîáóëèíîâ ìûøè, ñêîíúþãèðîâàííûå ñ
ïåðîêñèäàçîé (GAM-HRP) (Sigma, ÑØÀ).

Ðåçóëüòàòû

Ìû ïðîòåñòèðîâàëè ñïîñîáíîñòü GSSG è ãëóòîêñèìà â
ðàçëè÷íûõ êîíöåíòðàöèÿõ àêòèâèðîâàòü ðåöåïòîð EGF.
Îñíîâûâàÿñü íà ðåçóëüòàòàõ ïðåäûäóùèõ èññëåäîâàíèé
(Áóðîâà è äð., 2005), èíêóáàöèþ êëåòîê ñ ïðåïàðàòàìè ïðî-
âîäèëè â òå÷åíèå 1 ÷. Êàê âèäíî íà ðèñ. 1, è îêèñëåííûé
ãëóòàòèîí, è ãëóòîêñèì â ðàçëè÷íûõ êîíöåíòðàöèÿõ âûçûâà-
þò ôîñôîðèëèðîâàíèå ðåöåïòîðà EGF ïî òèðîçèíó â êëåò-
êàõ A431. Îäíàêî íàèáîëüøèé óðîâåíü ôîñôîðèëèðîâàíèÿ
íàáëþäàåòñÿ ïðè äåéñòâèè GSSG â êîíöåíòðàöèÿõ 1 è
100 ìêã/ìë, à ïðè äåéñòâèè ãëóòîêñèìà — â êîíöåíòðàöèÿõ
1, 10 è 500 ìêã/ìë. Òàêèì îáðàçîì, îáà èññëåäîâàííûõ ïðå-
ïàðàòà â øèðîêîì äèàïàçîíå êîíöåíòðàöèé èíäóöèðóþò àê-
òèâàöèþ ðåöåïòîðà EGF, õîòÿ ñòåïåíü ýòîé àêòèâàöèè ðàç-
ëè÷íà ó îáîèõ ïðåïàðàòîâ â îäèíàêîâûõ êîíöåíòðàöèÿõ.

Äàëåå èññëåäîâàëè äèíàìèêó àêòèâàöèè ðåöåïòîðà
EGF ïðè äåéñòâèè äàííûõ ïðåïàðàòîâ. Â íàøåé ïðåäû-
äóùåé ðàáîòå áûë èçó÷åí ïðîöåññ àêòèâàöèè ðåöåïòîðà
EGF â èíòåðâàëå îò 5 ìèí äî 1 ÷ (Áóðîâà è äð., 2005).
Áûëî ïîêàçàíî, ÷òî îáà ïðåïàðàòà âûçûâàþò ôîñôîðèëè-
ðîâàíèå ðåöåïòîðà EGF ÷åðåç 5—10 ìèí, ÷åðåç 30 ìèí
àêòèâàöèè íå íàáëþäàåòñÿ, à äàëåå ôîñôîðèëèðîâàííûé
ðåöåïòîð îáíàðóæèâàåòñÿ ÷åðåç 1 ÷ ïîñëå íà÷àëà âîçäåé-
ñòâèÿ. Â íàñòîÿùåé ðàáîòå áûë èññëåäîâàí áîëåå äëè-
òåëüíûé (äî 8 ÷) ýôôåêò ïðåïàðàòîâ â êîíöåíòðàöèÿõ 1 è
10 ìêã/ìë íà àêòèâàöèþ ðåöåïòîðà EGF (ðèñ. 2). Îêàçà-
ëîñü, ÷òî ôîñôîðèëèðîâàíèå ðåöåïòîðà EGF, îáíàðóæåí-
íîå ÷åðåç 1 ÷ ïîñëå íà÷àëà âîçäåéñòâèÿ òîãî èëè äðóãîãî
ïðåïàðàòà, íàáëþäàåòñÿ è äàëåå — ÷åðåç 4 è 8 ÷, è òîëüêî
ïðè îáðàáîòêå êëåòîê GSSG â êîíöåíòðàöèè 10 ìêã/ìë
óðîâåíü ôîñôîðèëèðîâàíèÿ ðåöåïòîðà, ïîñòåïåííî ñíè-
æàÿñü, èñ÷åçàåò ÷åðåç 8 ÷. Îñíîâûâàÿñü íà ýòèõ äàííûõ,
ìîæíî ãîâîðèòü î äëèòåëüíîì ýôôåêòå GSSG è ãëóòîêñè-
ìà íà àêòèâàöèþ ðåöåïòîðà EGF â êëåòêàõ A431.

Äëÿ áîëåå ïîëíîãî èçó÷åíèÿ ïóòåé ïåðåäà÷è ñèãíàëà
îò ðåöåïòîðà EGF ïðè äåéñòâèè äàííûõ àãåíòîâ íàìè
áûë âûáðàí MAP-êèíàçíûé êàñêàä, ïðèâîäÿùèé ê àêòè-
âàöèè êèíàç ERK 1,2. Êàê âèäíî íà ðèñ. 3, äåéñòâèå
GSSG è ãëóòîêñèìà â òåõ æå êîíöåíòðàöèÿõ è âðå-
ìåíí �ûõ èíòåðâàëàõ, êàê íà ðèñ. 2, âûçûâàåò ôîñôîðèëè-
ðîâàíèå êàê ERK1, òàê è ERK2 â êëåòêàõ A431. Àíàëî-
ãè÷íî äèíàìèêå àêòèâàöèè ðåöåïòîðà EGF â ýòîì ñëó÷àå
òàêæå íàáëþäàþòñÿ äâå âîëíû àêòèâàöèè ERK 1,2, íî âðå-
ìÿ èõ ïîÿâëåíèÿ ðàçëè÷àåòñÿ. Ðàííÿÿ àêòèâàöèÿ ERK 1,2
íàáëþäàåòñÿ ÷åðåç 5—10 ìèí, ïðè÷åì ïðè äåéñòâèè
GSSG â îáåèõ èññëåäîâàííûõ êîíöåíòðàöèÿõ îíà âûðà-
æåíà ñëàáî, òîãäà êàê ïðè äåéñòâèè ãëóòîêñèìà èìååò îò-
÷åòëèâûé õàðàêòåð. ×åðåç 1 è 4 ÷ âîçäåéñòâèÿ ïðåïàðàòà-
ìè ôîñôîðèëèðîâàíèå ERK 1,2 íå äåòåêòèðóåòñÿ, òîãäà
êàê â ýòî æå âðåìÿ ðåöåïòîð EGF àêòèâèðîâàí. Âòîðàÿ,
ìàêñèìàëüíàÿ, âîëíà àêòèâàöèè ERK 1,2 íàáëþäàåòñÿ
÷åðåç 8 ÷ ñ íà÷àëà âîçäåéñòâèÿ, ïðè÷åì ñòåïåíü àêòèâà-
öèè ïðàêòè÷åñêè îäèíàêîâà äëÿ îáîèõ âåùåñòâ â èñïîëü-
çîâàííûõ êîíöåíòðàöèÿõ.

Äëÿ âûÿâëåíèÿ àêòèâàöèè ñèãíàëüíûõ áåëêîâ ðàçëè÷-
íûìè àãåíòàìè òðàäèöèîííî èñïîëüçóþò óñëîâèÿ ñûâîðî-
òî÷íîãî ãîëîäàíèÿ êëåòîê, ò. å. ïðåäâàðèòåëüíóþ äëè-
òåëüíóþ (â òå÷åíèå 10 èëè 24 ÷) èíêóáàöèþ êëåòîê â ñðå-
äå ñ ïîíèæåííûì ñîäåðæàíèåì ñûâîðîòêè êðîâè (0.5
âìåñòî 10.0 %). Ýòî íåîáõîäèìî äëÿ ñíèæåíèÿ áàçàëüíîé
àêòèâàöèè áåëêîâ ðàçëè÷íûìè ðîñòîâûìè ôàêòîðàìè,
ïðèñóòñòâóþùèìè â ñûâîðîòêå êðîâè, è äëÿ ïîëó÷åíèÿ
áîëåå âûðàæåííîãî ýôôåêòà ñòèìóëÿöèè; ïðè ýòîì êëåòêè
áîëüøèíñòâà ëèíèé îñòàíàâëèâàþòñÿ â êëåòî÷íîì öèêëå.
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Ðèñ. 1. Àêòèâàöèÿ ðåöåïòîðà EGF â êëåòêàõ A431 îêèñëåííûì ãëóòàòèîíîì (GSSG) èëè ãëóòîêñèìîì â ðàçëè÷íûõ êîíöåíòðàöèÿõ.

Êëåòêè îáðàáàòûâàëè GSSG èëè ãëóòîêñèìîì â óêàçàííûõ êîíöåíòðàöèÿõ â òå÷åíèå 1 ÷. Ê — íåîáðàáîòàííûå êëåòêè. Èììóíîáëîòèíã ýëåêòðîôîðå-
òè÷åñêè ðàçäåëåííûõ òîòàëüíûõ êëåòî÷íûõ ëèçàòîâ ïðîâîäèëè ñ èñïîëüçîâàíèåì ìîíîêëîíàëüíûõ àíòèòåë ïðîòèâ ôîñôîòèðîçèíà (PY20). Ñòðåëêîé

óêàçàíî ïîëîæåíèå ôîñôîðèëèðîâàííîãî ïî òèðîçèíó ðåöåïòîðà EGF (pY-EGFR).

Fig. 1. EGF receptor activation depending on GSSG and glutoxim concentrations in A431 cells.

A431 cells were treated with GSSG or glutoxim at indicated concentrations for 1 h and then were lysed, as described in «Materials and Methods». K — control (un-
stimulated) cells. Immunoblot of whole cell lysates was carried out using anti-phosphotyrosine antibody (pY20, Sigma). Arrow — position phosphorylated of

EGF receptor (pY-EGFR).

Ðèñ. 2. Äèíàìèêà ôîñôîðèëèðîâàíèÿ ðåöåïòîðà EGF ïðè äåéñòâèè GSSG èëè ãëóòîêñèìà íà êëåòêè A431.

Êëåòêè èíêóáèðîâàëè ñ GSSG èëè ãëóòîêñèìîì â êîíöåíòðàöèè 1 èëè 10 ìêã/ìë â òå÷åíèå 5, 10 ìèí, 1, 4 èëè 8 ÷. Óñëîâèÿ ïðîâåäåíèÿ èììóíîáëîòà
óêàçàíû â ïîäïèñè ê ðèñ. 1.

Fig. 2. Dynamics of GSSG- and glutoxim-induced EGF receptor phosphorylation in A431 cells.

A431 cells were treated with 1 or 10 ìg/ml of GSSG or glutoxim for 5 or 10 min and 1, 4 or 8 h. Immunoblot was carried out as indicated in Fig. 1.

Ðèñ. 3. Àêòèâàöèÿ MAP-êèíàç ERK 1,2 ïðè äåéñòâèè GSSG èëè ãëóòîêñèìà íà êëåòêè A431.

Óñëîâèÿ ñòèìóëÿöèè êëåòîê è îáîçíà÷åíèÿ ñì. â ïîäïèñè ê ðèñ. 2. Èììóíîáëîòèíã ïðîâîäèëè ñ èñïîëüçîâàíèåì àíòèòåë ïðîòèâ ôîñôîðèëèðîâàííûõ
ERK 1,2.

Fig. 3. Effect of GSSG and glutoxim on the activation of MAP kinases ERK 1,2 in A431 cells.

A431 cells were treated as indicated in Fig. 2. Antibodies that recognize double phosphorylated forms of ERK1 and ERK2 (Cell Signaling) were used for immu-
nobloting.



Â íàñòîÿùåé ðàáîòå îñíîâíàÿ ÷àñòü ðåçóëüòàòîâ ïîëó÷åíà
íà êëåòêàõ â óñëîâèÿõ ñûâîðîòî÷íîãî ãîëîäàíèÿ. Îäíàêî
ãëóòîêñèì êàê ëåêàðñòâåííûé ïðåïàðàò ââîäèòñÿ ïàöèåí-
òàì ïàðåíòåðàëüíî, ïîýòîìó áîëåå ïðèáëèæåííûì ê ôè-
çèîëîãè÷åñêîé íîðìå ÿâëÿåòñÿ èññëåäîâàíèå íà êëåòêàõ â
ñûâîðîòî÷íûõ óñëîâèÿõ. Ìû ñðàâíèëè äèíàìèêó àêòèâà-
öèè ERK 1,2 ïðè äåéñòâèè GSSG è ãëóòîêñèìà íà êëåòêè
â íîðìàëüíûõ óñëîâèÿõ è ïðè ñûâîðîòî÷íîì ãîëîäàíèè.
Îêàçàëîñü, ÷òî ïðè äåéñòâèè ïðåïàðàòîâ íà êëåòêè A431 â
íîðìàëüíûõ óñëîâèÿõ àêòèâàöèÿ ERK 1,2 ïðîèñõîäèò íå
÷åðåç 8 ÷, êàê â óñëîâèÿõ ãîëîäàíèÿ, à ÷åðåç 24 ÷ (ðèñ. 4).
Íà îñíîâàíèè ïîëó÷åííûõ äàííûõ ìîæíî ïðåäïîëîæèòü,

÷òî â îðãàíèçìå àêòèâàöèÿ âíóòðèêëåòî÷íûõ ñèãíàëüíûõ
ïóòåé ïîä äåéñòâèåì GSSG èëè ãëóòîêñèìà ïðîèñõîäèò
íàìíîãî ìåäëåííåå, ÷åì â ýêñïåðèìåíòàëüíûõ óñëîâèÿõ
ñûâîðîòî÷íîãî ãîëîäàíèÿ (ñì. ðèñ. 3).

Êëåòêè ýïèäåðìîèäíîé êàðöèíîìû ÷åëîâåêà A431
ÿâëÿþòñÿ òðàäèöèîííîé ìîäåëüþ äëÿ èññëåäîâàíèé ðå-
öåïòîðà EGF, òàê êàê â íèõ àíîìàëüíî âûñîê óðîâåíü ýê-
ñïðåññèè ðåöåïòîðà EGF (2 ìëí ìîëåêóë íà êëåòêó).
Ñ îäíîé ñòîðîíû, ýòî çíà÷èòåëüíî îáëåã÷àåò ïîäîáíûå
èññëåäîâàíèÿ, ñ äðóãîé — ñîçäàåò òðóäíîñòè â èíòåðïðå-
òàöèè ðåçóëüòàòîâ è ðàñïðîñòðàíåíèè ïîëó÷åííûõ âûâî-
äîâ íà êëåòêè äðóãèõ òèïîâ. Äëÿ ïðåîäîëåíèÿ ýòîé ïðîá-
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Ðèñ. 4. Çàìåäëåíèå ïðîöåññà àêòèâàöèè ERK 1,2 ïðè äåéñòâèè
GSSG èëè ãëóòîêñèìà íà êëåòêè A431 â ñðåäå, ñîäåðæàùåé

10 % ñûâîðîòêè.

Êëåòêè A431, ïåðåâåäåííûå â ñðåäó ñ ïîíèæåííûì ñîäåðæàíèåì ñûâî-
ðîòêè (0.5 %, âåðõíÿÿ ïàíåëü) èëè îñòàâëåííûå â íîðìàëüíîé ñðåäå êóëü-
òèâèðîâàíèÿ (10 % ñûâîðîòêè, íèæíÿÿ ïàíåëü), èíêóáèðîâàëè ñ ãëóòîê-
ñèìîì èëè GSSG â êîíöåíòðàöèè 100 ìêã/ìë â òå÷åíèå 8 èëè 24 ÷. Óñëî-
âèÿ ïðîâåäåíèÿ èììóíîáëîòèíãà óêàçàíû â ïîäïèñè ê ðèñ. 3. Ñòðåëêîé

óêàçàíî ïîëîæåíèå ôîñôîðèëèðîâàííûõ ERK 1,2 (pERK 1,2).

Fig. 4. Effect of a high serum concentration in cell culture medium
on GSSG- and glutoxim-induced activation of ERK 1,2 in A431

cells.

A431 cells were incubated in media with a decreased (0.5 %) and a high
(10 %) fetal calf serum content — top and bottom, respectively. Then A431
cells were treated with GSSG or glutoxim (100 ìg/ml) for 8 or 24 h. Immublot
was carried out as indicated in Fig. 3. Arrow — position of ERK 1,2 phospho-

rylated (pERK 1,2).

Ðèñ. 5. Àêòèâàöèÿ ERK 1,2 ïðè äåéñòâèè GSSG (à, á) èëè ãëóòîêñèìà (â, ã) íà êëåòêè ëèíèè HER14.

Êëåòêè â óñëîâèÿõ ñûâîðîòî÷íîãî ãîëîäàíèÿ (0.5 % ñûâîðîòêè) èíêóáèðîâàëè ñ GSSG (à, á) èëè ãëóòîêñèìîì (â, ã) â êîíöåíòðàöèè 1 ìêã/ìë â òå÷åíèå
5, 15, 30 ìèí, 1, 2, 4, 8 èëè 16 ÷. Èììóíîáëîòèíã ïðîâîäèëè ñ èñïîëüçîâàíèåì àíòèòåë ïðîòèâ ôîñôîðèëèðîâàííûõ ERK 1,2 (à, â), à ïîñëå óäàëåíèÿ ñâÿ-

çàâøèõñÿ àíòèòåë íèòðîöåëëþëîçíûå ìåìáðàíû ïîâòîðíî îêðàøèâàëè àíòèòåëàìè ïðîòèâ ERK 1,2 (á, ã).

Fig. 5. GSSG- and glutoxim-induced ERK 1,2, activation in HER14 cells.

HER14 cells were incubated in a medium with a decreased (0.5 %) serum content with GSSG (à, á) or glutoxim (â, ã) at a concentration of 1 ìg/ml for 5, 15 or 30
min and 1, 2, 4, 8 or 16 h. à, â — antibodies against phosphorylated ERK 1,2 were used for immunobloting. á, ã — after stripping, both membranes were reprobed

with ERK 1,2 specific antibodies.



ëåìû ìû èçó÷èëè äèíàìèêó àêòèâàöèè ERK 1,2 ïðè äåé-
ñòâèè GSSG è ãëóòîêñèìà íà ôèáðîáëàñòû NIH 3T3,
òðàíñôèöèðîâàííûå ïîëíîðàçìåðíûì ãåíîì ðåöåïòîðà
EGF ÷åëîâåêà (ëèíèÿ HER14), ýêñïðåññèðóþùèå îêîëî
400 òûñ. ìîëåêóë ðåöåïòîðà. Îêàçàëîñü, ÷òî GSSG â êîí-
öåíòðàöèè 1 ìêã/ìë âûçûâàåò àêòèâàöèþ ERK 1,2 â êëåò-
êàõ HER14 â óñëîâèÿõ ñûâîðîòî÷íîãî ãîëîäàíèÿ, ïðè-
÷åì ìàêñèìàëüíàÿ àêòèâàöèÿ íàáëþäàåòñÿ ÷åðåç 15 ìèí
è 2 ÷ ïîñëå íà÷àëà âîçäåéñòâèÿ, à ÷åðåç 30 ìèí è 16 ÷ óðî-
âåíü ôîñôîðèëèðîâàíèÿ ñíèæàåòñÿ äî êîíòðîëüíîãî çíà-
÷åíèÿ (ðèñ. 5, à). Ãëóòîêñèì òîæå âûçûâàåò àêòèâàöèþ
ERK 1,2, íî ìàêñèìàëüíàÿ àêòèâàöèÿ â îòëè÷èå îò äåéñò-
âèÿ GSSG íàáëþäàåòñÿ ÷åðåç 15 ìèí, 1 è 4—8 ÷ (ðèñ. 5, â).
Íàïðîòèâ, îòñóòñòâèå ôîñôîðèëèðîâàíèÿ ERK 1,2 çàôèê-
ñèðîâàíî â òî æå âðåìÿ (30 ìèí è 16 ÷), ÷òî è ïðè äåéñòâèè
GSSG. Òàêèì îáðàçîì, GSSG è ãëóòîêñèì âûçûâàþò àêòè-
âàöèþ ERK 1,2 íå òîëüêî â êëåòêàõ A431, íî è â êëåòêàõ
HER14. Ýòîò ïðîöåññ â îáîèõ òèïàõ êëåòîê õàðàêòåðèçóåò-
ñÿ îáùèìè ÷åðòàìè: íàëè÷èå êîðîòêîé (ìèíóòíîé) è äëè-
òåëüíîé (÷àñîâîé) âîëí àêòèâàöèè.

Äëÿ äîêàçàòåëüñòâà íåîáõîäèìîñòè òèðîçèíêèíàçíîé
àêòèâíîñòè ðåöåïòîðà EGF äëÿ ôîñôîðèëèðîâàíèÿ åãî
ïî òèðîçèíó, à òàêæå äëÿ àêòèâàöèè ERK 1,2 ïðè äåéñò-
âèè íà êëåòêè GSSG è ãëóòîêñèìà ìû èñïîëüçîâàëè
ñïåöèôè÷åñêèé ñèíòåòè÷åñêèé èíãèáèòîð òèðîçèíêèíà-
çû ðåöåïòîðà EGF òèðôîñòèí AG1478. Êàê âèäíî íà
ðèñ. 6, à, äåéñòâèå ýòîãî èíãèáèòîðà óìåíüøàåò äî êîíò-
ðîëüíîãî óðîâíÿ èíäóöèðîâàííîå îáîèìè ïðåïàðàòàìè
ôîñôîðèëèðîâàíèå ðåöåïòîðà EGF ïî òèðîçèíó â êëåò-
êàõ A431. Ñëåäîâàòåëüíî, è GSSG, è ãëóòîêñèì âûçû-
âàþò ôîñôîðèëèðîâàíèå ðåöåïòîðà EGF ïî òèðîçèíó çà
ñ÷åò åãî ñîáñòâåííîé òèðîçèíêèíàçíîé àêòèâíîñòè.
Ïðåäâàðèòåëüíàÿ îáðàáîòêà êëåòîê èíãèáèòîðîì AG1478
òàêæå ïîëíîñòüþ áëîêèðóåò âûçûâàåìóþ GSSG è ãëó-
òîêñèìîì àêòèâàöèþ ERK 1,2 (ðèñ. 6, â). Ýòî îçíà÷àåò,
÷òî â äàííîì ñëó÷àå àêòèâíàÿ òèðîçèíêèíàçà ðåöåïòîðà
EGF íåîáõîäèìà äëÿ àêòèâàöèè ERK 1,2.

Îáñóæäåíèå

Ïîâûøåííûé èíòåðåñ ê ðåöåïòîðó EGF â ïîñëåäíèå
ãîäû ñâÿçàí ñ îòêðûòèåì ïðîöåññà òðàíñàêòèâàöèè (ëè-
ãàíä-íåçàâèñèìîé àêòèâàöèè) ðåöåïòîðà EGF. Áûëî ïî-
êàçàíî, ÷òî àêòèâàöèÿ ðåöåïòîðà EGF ÿâëÿåòñÿ ñëåäñòâè-
åì àêòèâàöèè ñïåöèôè÷åñêèõ ðåöåïòîðîâ öèòîêèíîâ è
ðåöåïòîðîâ, ñîïðÿæåííûõ ñ G-áåëêàìè ñâîèìè ëèãàíäà-
ìè (òðîìáèí, ýíäîòåëèí, áîìáåçèí, ëèçîôîñôàòèäèëîâàÿ
êèñëîòà, àíãèîòåíçèè II è äð.) (Carpenter, 1999). Àêòèâà-
öèÿ ðåöåïòîðà EGF òàêæå âûçûâàåòñÿ ñòðåññîâûìè âîç-
äåéñòâèÿìè (ÓÔ- è ãàììà-èçëó÷åíèå, îêèñëèòåëè, ãèïåð-
îñìîòè÷åñêèé è òåïëîâîé øîê, àëêèëèðóþùèå àãåíòû) è
ìåìáðàííîé äåïîëÿðèçàöèåé (Gschwind et al., 2001). Ïðè
ýòîì íàáëþäàåìàÿ àêòèâàöèÿ ðåöåïòîðà EGF íå ÿâëÿåòñÿ
ïîáî÷íûì ýôôåêòîì àêòèâàöèè ñèãíàëüíûõ ïóòåé, à íå-
îáõîäèìà äëÿ ìèòîãåííîãî ýôôåêòà, íàïðèìåð, ïðè àêòè-
âàöèè GPCR (Gschwind et al., 2001; Liebmann, 2001). Â
ðåçóëüòàòå ýòèõ èññëåäîâàíèé ñëîæèëîñü ïðåäñòàâëåíèå
î òîì, ÷òî ðåöåïòîð EGF çàíèìàåò öåíòðàëüíîå ìåñòî â
èíòåãðàöèè ìíîæåñòâà ñèãíàëîâ ðàçëè÷íîé ïðèðîäû è âî
ìíîãèõ ñëó÷àÿõ âíîñèò ðåøàþùèé âêëàä â îïðåäåëåíèå
êëåòî÷íîé ñóäüáû ïðè òàêèõ âîçäåéñòâèÿõ.

Ìåõàíèçìû òðàíñàêòèâàöèè ðåöåïòîðà EGF, ïî-âè-
äèìîìó, ðàçíîîáðàçíû, íî èçó÷åíû íåäîñòàòî÷íî. Ïîêà-
çàíî, ÷òî â ýòîì ïðîöåññå ìîãóò ó÷àñòâîâàòü ôîñôîëèïà-
çà C, êèíàçû Src-ñåìåéñòâà, êèíàçû PYK2, PKC, JAK2 è
äðóãèå ñèãíàëüíûå áåëêè (Gutkind, 1998; Zwick et al.,
1999; Liebmann, 2001). Â öåëîì ðÿäå ñëó÷àåâ ïîêàçàí
àóòîêðèííûé ìåõàíèçì òðàíñàêòèâàöèè ðåöåïòîðà EGF,
êîòîðûé çàêëþ÷àåòñÿ â âûñâîáîæäåíèè ñ ïîâåðõíîñòè
êëåòêè ëèãàíäîâ ðåöåïòîðà EGF — HB-EGF, TGF-a è
äðóãèå — ïðè ó÷àñòèè ðàçëè÷íûõ ìåòàëëîïðîòåàç ñåìåé-
ñòâà ADAM (Izumi et al., 1998; Gschwind et al., 2003).

Â íàñòîÿùåì èññëåäîâàíèè ïðîäåìîíñòðèðîâàíà àê-
òèâàöèÿ ðåöåïòîðà EGF ïðè äåéñòâèè íà êëåòêè A431
îêèñëåííîãî ãëóòàòèîíà è åãî ôàðìàêîëîãè÷åñêîãî àíà-
ëîãà ãëóòîêñèìà â øèðîêîì äèàïàçîíå êîíöåíòðàöèé.
Îäíàêî ýòà àêòèâàöèÿ èìååò âîëíîîáðàçíûé õàðàêòåð â
ïðîòèâîïîëîæíîñòü îáû÷íî áûñòðîé è âðåìåííîé àêòè-
âàöèè ðåöåïòîðà EGF â îòâåò íà ñòèìóëÿöèþ åãî ôèçèî-
ëîãè÷åñêèì ëèãàíäîì EGF. Óðîâåíü ôîñôîðèëèðîâàíèÿ
ðåöåïòîðà ïîâûøàåòñÿ â òå÷åíèå ïåðâûõ 5—10 ìèí ïî-
ñëå íà÷àëà ñòèìóëÿöèè GSSG èëè ãëóòîêñèìîì è îñòàåò-
ñÿ ïîâûøåííûì â òå÷åíèå äëèòåëüíîãî âðåìåíè (1—8 ÷).
Ýòî òàêæå îòëè÷àåòñÿ îò áûñòðîé àêòèâàöèè ðåöåïòîðà

504 Ê. Ï. Âàñèëåíêî, Å. Á. Áóðîâà è äð.

Ðèñ. 6. Âëèÿíèå èíãèáèòîðà òèðîçèíêèíàçû ðåöåïòîðà EGF íà
àêòèâàöèþ ðåöåïòîðà EGF è ERK 1,2, âûçûâàåìóþ GSSG èëè

ãëóòîêñèìîì.

Êëåòêè A431 èíêóáèðîâàëè ñ ãëóòîêñèìîì èëè GSSG â êîíöåíòðàöèè
1 ìêã/ìë â òå÷åíèå 5 ìèí èëè ïðåäâàðèòåëüíî èíêóáèðîâàëè ñ èíãèáèòîðîì
òèðîçèíêèíàçû ðåöåïòîðà EGF AG1478 (AG) â òå÷åíèå 1 ÷ ñ ïîñëåäóþùåé
ñòèìóëÿöèåé ïðåïàðàòàìè. Ê — íåîáðàáîòàííûå êëåòêè. à — ôîñôîðèëè-
ðîâàííûé ïî òèðîçèíó ðåöåïòîð EGF âûÿâëÿëè àíòèòåëàìè PY20; á — ðå-
öåïòîð EGF âûÿâëÿëè ìîíîêëîíàëüíûìè ñïåöèôè÷åñêèìè àíòèòåëàìè
2760; â — èììóíîáëîòèíã ïðîâîäèëè àíòèòåëàìè ïðîòèâ ôîñôîðèëèðîâàí-

íûõ ERK 1,2; ã — ERK 1,2 âûÿâëÿëè ñïåöèôè÷åñêèìè àíòèòåëàìè.

Fig. 6. Inhibitor AG1478 blocks GSSG- and glutoxim-induced acti-
vation of EGF receptor and ERK 1,2 in A431 cells.

A431 cells were treated with GSSG or glutoxim (1 ìg/ml) for 5 min. In some
cases, as indicated, cells were pretreated with EGF receptor kinase inhibitor
(tyrphostin AG1478) for 1 h. Ê — control (unstimulated) cells. à — phospho-
rylated EGF receptor was detected by immunoblotting using anti-phosphoty-
rosine antibody (pY20); á — after stripping, membrane à was reprobed with
EGF receptor specific antibody (mAb 2760, Sigma); â — phosphorylated
ERK 1,2 was detected by immunobloting using specific anti-phospho
ERK 1,2 antibody; ã — after stripping, membrane â was reprobed with

ERK 1,2 specific antibody (Santa Cruz).



EGF, èíäóöèðîâàííîé ÓÔ-èçëó÷åíèåì, àëêèëèðóþùèìè
àãåíòàìè (Knebel et al., 1996) è H2O2 (Áóðîâà è äð., 2003).

Â íàñòîÿùåé ðàáîòå äîêàçàíî, ÷òî ôîñôîðèëèðîâà-
íèå ðåöåïòîðà EGF ïî òèðîçèíó îñóùåñòâëÿåòñÿ åãî ñîá-
ñòâåííîé òèðîçèíêèíàçîé. Àíàëîãè÷íóþ êàðòèíó ìû íà-
áëþäàëè ðàíåå ïðè ëèãàíäíåçàâèñèìîé àêòèâàöèè ðå-
öåïòîðà EGF â îòâåò íà äåéñòâèå ýêçîãåííîé H2O2 â
êëåòêàõ A431 (Áóðîâà è äð., 2003).

Óñòàíîâëåííûé íàìè ôàêò íåîáõîäèìîñòè ðåöåïòîð-
íîé òèðîçèíêèíàçû äëÿ ëèãàíäíåçàâèñèìîé òðàíñàêòèâà-
öèè ðåöåïòîðà EGF âàæåí äëÿ ïîíèìàíèÿ ìîëåêóëÿðíîãî
ìåõàíèçìà äåéñòâèÿ GSSG è ãëóòîêñèìà, êîòîðûé ïðàê-
òè÷åñêè íå èçó÷åí. Èíòåðåñíî îòìåòèòü, ÷òî õîòÿ GSSG
è íå ñïîñîáåí ïðîíèêàòü â êëåòêó ÷åðåç ìåìáðàíó, íî â
âûñîêîé êîíöåíòðàöèè îí âûçûâàåò êàêèì-òî îáðàçîì
îêèñëåíèå áåëêîâ êàê ñíàðóæè êëåòêè, òàê è âíóòðè (Fi-
lomeni et al., 2002). Ðåçóëüòàòû íàøèõ èññëåäîâàíèé èìå-
þò ýëåìåíò íîâèçíû, ïîñêîëüêó àíàëèç ëèòåðàòóðû ïîêà-
çàë îòñóòñòâèå èíôîðìàöèè î âîçäåéñòâèè ýòèõ ïðåïàðà-
òîâ íà êàêèå-ëèáî êîíêðåòíûå áåëêè-ìèøåíè êëåòî÷íîé
ïîâåðõíîñòè, â òîì ÷èñëå íà ðåöåïòîðíûå ñèñòåìû. Èç-
âåñòíî ëèøü, ÷òî GSSG â ìèêðîìîëÿðíûõ êîíöåíòðàöè-
ÿõ ñïîñîáåí àêòèâèðîâàòü âûäåëåííûé ðèàíîäèíîâûé
ðåöåïòîð, ÿâëÿþùèéñÿ êàíàëîì âûõîäà Ca2+ è íàõîäÿ-
ùèéñÿ íà ìåìáðàíå ñàðêîïëàçìàòè÷åñêîãî ðåòèêóëóìà
ñêåëåòíûõ ìûøö (Zable et al., 1997).

Äëÿ îáúÿñíåíèÿ ôåíîìåíà òðàíñàêòèâàöèè ðåöåïòî-
ðà EGF ðàññìîòðèì ñëåäóþùèå ãèïîòåçû. Âîçìîæíîé
ïðè÷èíîé àêòèâàöèè ðåöåïòîðà EGF ÿâëÿåòñÿ ïåðâîíà÷à-
ëüíàÿ àêòèâàöèÿ êàêîãî-ëèáî ñïåöèôè÷åñêîãî äëÿ GSSG
è ãëóòîêñèìà ìåìáðàííîãî ðåöåïòîðà ñ ïîñëåäóþùåé
ïåðåäà÷åé ñèãíàëà íà ðåöåïòîð EGF. Â ýòîò ïðîöåññ ìî-
ãóò áûòü âîâëå÷åíû ðàçëè÷íûå öèòîïëàçìàòè÷åñêèå êè-
íàçû, à òàêæå àóòîêðèííàÿ ðåãóëÿöèÿ ðåöåïòîðà EGF,
îñîáåííî ïðè äëèòåëüíûõ èíêóáàöèÿõ êëåòîê ñ ïðåïàðà-
òàìè. Íåëüçÿ èñêëþ÷èòü ñïîñîáíîñòü GSSG è ãëóòîêñè-
ìà îêèñëÿòü ðåöåïòîð EGF, ÷òî ìîæåò ïðèâîäèòü ê äèìå-
ðèçàöèè ïîñëåäíåãî. Äëÿ îêîí÷àòåëüíîãî ïîíèìàíèÿ
ïðîöåññà òðàíñàêòèâàöèè ðåöåïòîðà EGF, èíäóöèðîâàí-
íîãî GSSG è ãëóòîêñèìîì, ïîêà íåäîñòàòî÷íî ýêñïåðè-
ìåíòàëüíûõ äàííûõ.

Àêòèâàöèÿ ðåöåïòîðà EGF â îòâåò íà äåéñòâèå GSSG
è ãëóòîêñèìà ïðîÿâëÿåòñÿ äâîÿêèì îáðàçîì: âî-ïåðâûõ,
ïðîèñõîäèò ôîñôîðèëèðîâàíèå ïî îïðåäåëåííûì îñòàò-
êàì òèðîçèíà íà C-êîíöå ðåöåïòîðà, êàê áûëî ïîêàçà-
íî íàìè ðàíåå (Áóðîâà è äð., 2005); âî-âòîðûõ, òðàíñàê-
òèâèðîâàííûé ðåöåïòîð ñïîñîáåí ïåðåäàòü ñèãíàë íà
áåëêè-ìèøåíè. Èçâåñòíî, ÷òî Ras-çàâèñèìàÿ àêòèâà-
öèÿ MAP-êèíàç ERK 1,2 ïðîèñõîäèò â êëåòêàõ â îòâåò íà
äåéñòâèå ðàçíîîáðàçíûõ ýêñòðàêëåòî÷íûõ ñòèìóëîâ, â
òîì ÷èñëå öèòîêèíîâ, ýêçîãåííûõ îêèñëèòåëåé è äð. Äå-
òàëüíîå èçó÷åíèå ìåõàíèçìîâ äåéñòâèÿ ýêçîãåííûõ àê-
òèâíûõ ôîðì êèñëîðîäà (ÀÔÊ) ïîçâîëèëî óñòàíîâèòü
ôîñôîðèëèðîâàíèå îñòàòêîâ òèðîçèíà íà ðåöåïòîðå EGF
(Gamou, Shimizu, 1995) ñ ïîñëåäóþùèì ñâÿçûâàíèåì
ôîñôîëèïàçû Cg, àäàïòîðíîãî áåëêà Shc è êîìïëåêñà
Grb2-Sos (Rao, 1996). Ñëåäîâàòåëüíî, ôóíêöèîíàëüíàÿ
àêòèâíîñòü ðåöåïòîðà EGF èìååò îáùèå ÷åðòû ïðè ëè-
ãàíä- è ÀÔÊ-çàâèñèìîé àêòèâàöèè. Ìîæíî ïðåäïîëî-
æèòü, ÷òî è â ñëó÷àå GSSG-èíäóöèðîâàííîé àêòèâàöèè
ðåöåïòîð EGF ôóíêöèîíèðóåò ñõîäíûì îáðàçîì. Äåéñò-
âèòåëüíî, êàê ïîêàçûâàþò ðåçóëüòàòû íàøåé ðàáîòû,
ïðè äåéñòâèè è GSSG, è ãëóòîêñèìà ïðîèñõîäèò àêòèâà-
öèÿ MAP-êèíàç ERK 1,2, ïðè÷åì ýòîò ïðîöåññ èìååò âîë-
íîîáðàçíûé õàðàêòåð. Èñïîëüçîâàíèå ñïåöèôè÷åñêîãî

èíãèáèòîðà òèðîçèíêèíàçû ðåöåïòîðà EGF AG1478 ïî-
çâîëèëî äîêàçàòü íåîáõîäèìîñòü àêòèâíîé òèðîçèíêèíà-
çû ðåöåïòîðà EGF äëÿ àêòèâàöèè ERK 1,2. Ýòîò ôàêò
âàæíî ïîä÷åðêíóòü, ïîñêîëüêó èçâåñòíû ñëó÷àè íåçàâè-
ñèìîãî îò òèðîçèíêèíàçíîé àêòèâíîñòè ðåöåïòîðà EGF
ó÷àñòèÿ ýòîãî ðåöåïòîðà â ïåðåäà÷å ñèãíàëà, íàïðèìåð,
â àêòèâàöèè ERK 1,2 ïðè äåéñòâèè ãîðìîíà ðîñòà (GH).
Áûëî ïîêàçàíî in vivo íà ïå÷åíè ìûøåé è íà êóëüòóðå
êëåòîê ïå÷åíè, ÷òî ñâÿçûâàíèå GH ñ åãî ðåöåïòîðîì âû-
çûâàåò àêòèâàöèþ êèíàçû JAK2, êîòîðàÿ äàëåå ôîñôîðè-
ëèðóåò ðåöåïòîð EGF ïî òèðîçèíó 1068 (Yamauchi et al.,
1997). Ýòî ïðèâîäèò ê àññîöèàöèè àäàïòîðíîãî áåëêà
Grb2 ñ ðåöåïòîðîì EGF ñ ïîñëåäóþùåé àêòèâàöèåé êè-
íàç ERK 1,2 è èíäóêöèåé ýêñïðåññèè ãåíà c-fos. Äàííàÿ
àêòèâàöèÿ ïðîèñõîäèëà è â ñëó÷àå ýêñïðåññèè ðåöåïòîðà
EGF ñ íåàêòèâíîé òèðîçèíêèíàçîé, íî áëîêèðîâàëàñü
ìóòàöèåé ïî òèðîçèíó 1068. Ýòî îçíà÷àåò, ÷òî ðåöåïòîð
EGF ñëóæèò òîëüêî ñàéòîì ñâÿçûâàíèÿ Grb2, è åãî êèíà-
çà íå ó÷àñòâóåò â ýòîì ïðîöåññå.

Â íàøåé ïðåäûäóùåé ðàáîòå ìû óñòàíîâèëè ôàêò
ôîñôîðèëèðîâàíèÿ ðåöåïòîðà EGF ïî íåñêîëüêèì ñàé-
òàì, â òîì ÷èñëå ïî òèðîçèíó 1068, ïðè äåéñòâèè GSSG è
ãëóòîêñèìà (Áóðîâà è äð., 2005). Ñ ýòèì ñàéòîì, êàê èç-
âåñòíî, âçàèìîäåéñòâóþò êàê òðàíñêðèïöèîííûé ôàê-
òîð STAT3, òàê è àäàïòîðíûé áåëîê Grb2 — ðåãóëÿòîð
àêòèâàöèè ERK 1,2. Ñëåäóåò îòìåòèòü, ÷òî àêòèâàöèÿ
MAP-êèíàç ERK 1,2 íàáëþäàåòñÿ â áîëüøèíñòâå ñëó÷àåâ
òðàíñàêòèâàöèè ðåöåïòîðà EGF, ÷òî, âèäèìî, ñâÿçàíî ñ
âàæíîé ðîëüþ ERK 1,2 â ðåãóëÿöèè ïðîëèôåðàöèè è
àïîïòîçà. Òàê, íàïðèìåð, óæå óïîìèíàâøèéñÿ GH ïðåäîò-
âðàùàåò àïîïòîç êàðäèîìèîöèòîâ, âûçûâàåìûé îêèñëè-
òåëüíûì ñòðåññîì, ïðè÷åì äàííûé ýôôåêò îáóñëîâëåí
ôîñôîðèëèðîâàíèåì ðåöåïòîðà EGF è ïîñëåäóþùåé àê-
òèâàöèåé ERK 1,2 (Gu et al., 2001).

Ïîêàçàíî, ÷òî GSSG â âûñîêîé êîíöåíòðàöèè âûçû-
âàåò àïîïòîç â êëåòêàõ U937 (Filomeni et al., 2002). Ïîñëå
îáðàáîòêè êëåòîê 1 ìÌ GSSG (îêîëî 600 ìêã/ìë) ÷åðåç
3 ÷ àêòèâèðóåòñÿ MKK3/6, ÷åðåç 6 ÷ îáíàðóæèâàåòñÿ àê-
òèâèðîâàííàÿ MAP-êèíàçà p38, à ÷åðåç 24 ÷ âîçðàñòàåò
àêòèâíîñòü êàñïàçû 3. Îáðàáîòêà êëåòîê SB203580 (èí-
ãèáèòîðîì MKK3/6) â 3 ðàçà ñíèæàåò òîêñè÷íîñòü GSSG
äëÿ êëåòîê. Â íàøèõ èññëåäîâàíèÿõ ïðè äåéñòâèè êàê
GSSG, òàê è ãëóòîêñèìà íàáëþäàëàñü àêòèâàöèÿ äðóãèõ
ñèãíàëüíûõ ïóòåé ñ ñóùåñòâåííî ðàçëè÷àþùåéñÿ äèíà-
ìèêîé. Ìû ïðîäåìîíñòðèðîâàëè àêòèâàöèþ ðåöåïòîðà
EGF è MAP-êèíàç ERK 1,2 óæå ÷åðåç 5—10 ìèí ïîñëå
íà÷àëà âîçäåéñòâèÿ ïðåïàðàòàìè, ïðè÷åì GSSG è ãëó-
òîêñèì îêàçûâàëè ýôôåêò â äîñòàòî÷íî íèçêîé ôèçèîëî-
ãè÷åñêîé êîíöåíòðàöèè — 1 ìêã/ìë (1.5 ìêÌ). Äàííûé
ýôôåêò ïðîÿâëÿëñÿ íå òîëüêî íà êëåòêàõ ëèíèè A431,
èìåþùèõ ýêñòðàîðäèíàðíî âûñîêèé óðîâåíü ýêñïðåññèè
ðåöåïòîðà EGF, íî è íà ôèáðîáëàñòàõ ëèíèè HER14. Òà-
êèì îáðàçîì, îñíîâûâàÿñü íà ðåçóëüòàòàõ íàøåãî èññëå-
äîâàíèÿ, ìîæíî ñäåëàòü âûâîä î òîì, ÷òî GSSG àêòèâè-
ðóåò íå òîëüêî ïðîãðàììó ðåàëèçàöèè àïîïòîçà, êàê ýòî
ïîêàçàíî äëÿ êëåòîê U937, íî è ñèãíàëüíûå ïóòè, âåäó-
ùèå ê ïîâûøåíèþ âûæèâàåìîñòè, ïðîëèôåðàöèè èëè ê
äèôôåðåíöèðîâêå êëåòîê. Ýòèì ìîãóò îáúÿñíÿòüñÿ òåðà-
ïåâòè÷åñêèå ýôôåêòû ãëóòîêñèìà, êîòîðûé ÿâëÿåòñÿ ôàð-
ìàêîëîãè÷åñêèì àíàëîãîì GSSG è èñïîëüçóåòñÿ â êëè-
íèêå êàê èììóíîìîäóëÿòîð øèðîêîãî ñïåêòðà äåéñòâèÿ.
Îñíîâûâàÿñü íà ïîëó÷åííûõ íàìè äàííûõ î ñïîñîáíîñòè
ãëóòîêñèìà òðàíñàêòèâèðîâàòü ðåöåïòîð EGF, ìîæíî
ïðåäïîëîæèòü âîçìîæíîñòü àêòèâàöèè (èëè òðàíñàêòè-
âàöèè) ðåöåïòîðîâ öèòîêèíîâ ãëóòîêñèìîì â êëåòêàõ
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ðàçíûõ òèïîâ, ÷òî ïðèâîäèò ê ñòèìóëÿöèè êðîâåòâîðå-
íèÿ è ìîäóëÿöèè èììóííîé ñèñòåìû.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü ïðîô. Äæ Øëåñ-
ñèíãåðó (J. Schlessinger, New York University, USA) çà
ïðåäîñòàâëåíèå êëåòî÷íîé ëèíèè HER14.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåêò
05-04-49773), Ôåäåðàëüíîé öåëåâîé ïðîãðàììû «ÈÐÏÍÐÍÒ»
(êîíòðàêò ¹ 43.073.1.1.2507) è Ïðîãðàììû èññëåäîâàíèé
âåäóùèõ íàó÷íûõ øêîë (ÍØ-2231.2003.4).
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OXIDIZED GLUTATHIONE INDUCES ACTIVATION OF THE EPIDERMAL GROWTH FACTOR

RECEPTOR AND EXTRACELLULAR SIGNAL-REGULATED KINASES ERK 1,2

K. P. Vasilenko,1,* E. B. Burova,1 V. G. Antonov,2 N. N. Nikolsky1

1 Institute of Cytology RAS and 2 Military Medical Academy, St. Petersburg;

* e-mail: shambala@mail.cytspb.rssi.ru

Ligand-independent activation («transactivation») of the epidermal growth factor receptor (EGFR) was de-
monstrated upon cell stimulation with cytokines, activators of G-protein-coupled receptors and various stres-
sors. Recently, we showed transactivation of EGFR and activation of transcription factor STAT3, rather than
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STAT1, induced by glutathione disulfide (GSSG) and glutoxim in epidermoid carcinoma A431 cells (Burova et
al., Dokl. Akad. Nauk., 2005, 404 : 1—3). Glutoxim® (PHARMA-VAM, Moscow) is a pharmacological synthe-
tic analogue of GSSG, whose therapeutic use as an immunomodulator has been permitted. In this study, we in-
vestigated dynamics of EGFR activation upon A431 cell stimulation with GSSG and glutoxim. The time course
of activation has a sinuous pattern. It has been shown that the intrinsic EGFR tyrosine kinase is responsible for
the receptor phosphorylation induced by GSSG and glutoxim. Here, we also demonstrated the activation of
ERK 1,2 upon treatment of A431 cells and HER14 cells (HIN 3T3 fibroblasts transfected with full-length
EGFR) with these drugs. ERK 1,2 activation was abolished by AG1478, a pharmacological inhibitor of EGFR
tyrosine kinase, implicating intrinsic EGFR tyrosine kinase in this process.

K e y w o r d s: signal transduction, epidermal growth factor receptor, transactivation, glutathione disulfide,
MAP-kinase ERK 1,2, tyrosine phosphorylation.

A b b r e v i a t i o n s: EGF — epidermal growth factor, GPCR — G protein-coupled receptor, STAT — signal
transducer and activator of transcription, ERK 1,2 — extracellular signal regulated kinase 1,2, GSSG — gluta-
thione disulfide, GSH — reduced glutathione.
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