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Õàðàêòåðèñòèêà âíåêëåòî÷íûõ ïðîòåàñîì è àññîöèèðîâàííûõ ñ íèìè áåëêîâ

Ïðîâåäåí iTRAQ-ìàññ-ñïåêòðîìåòðè÷åñêèé àíàëèç âíåêëåòî÷íûõ ïðîòåàñîì è âûÿâëåíû ïîñòòðàíñ-
ëÿöèîííûå ìîäèôèêàöèè (ÏÒÌ) ñóáúåäèíèö âíåêëåòî÷íûõ 26S ïðîòåàñîì. Âûÿâëåíû íîâûå ñàéòû
óáèêâèòèíèðîâàíèÿ è àöåòèëèðîâàíèÿ ïðîòåàñîìíûõ ñóáúåäèíèö a2 (K196), a4 (K189 è K234), a6
(K217) è Rpn6 (A2). Îáíàðóæåíî, ÷òî â ñîñòàâå âíåêëåòî÷íûõ ïðîòåàñîì ïðèñóòñòâóåò ñòàíäàðòíûé íà-
áîð èç ñóáúåäèíèö 26S ïðîòåàñîìû, à òàêæå ðåãóëÿòîð PA200, êîòîðûé, êàê ïîëàãàëè ðàíåå, ëîêàëèçóåò-
ñÿ ëèøü â ÿäðå êëåòîê. Ïîëó÷åí ïåðâè÷íûé ñêðèíèíã áåëêîâ, âçàèìîäåéñòâóþùèõ ñ âíåêëåòî÷íûìè
ïðîòåàñîìàìè. Ïîêàçàíî, ÷òî ñ ïðîòåàñîìàìè àññîöèèðîâàíû áåëêè, ó÷àñòâóþùèå â òàêèõ îñíîâíûõ
êëåòî÷íûõ ïðîöåññàõ, êàê òðàíñêðèïöèÿ, ðåïàðàöèÿ ÄÍÊ, òðàíñëÿöèÿ, à òàêæå áåëêè öèòîñêåëåòà è
óáèêâèòèí-ïðîòåàñîìíîé ñèñòåìû (ÓÏÑ). Ìåòîäîì èììóíîáëîòèíãà ïîäòâåðäèëè âçàèìîäåéñòâèå ïðî-
òåàñîì ñ äåâÿòüþ áåëêàìè, âûáðàííûìè èç ïîëó÷åííîãî áåëêîâîãî ñêðèíèíãà ñëó÷àéíûì îáðàçîì.

Ê ë þ ÷ å â û å ñ ë î â à: âíåêëåòî÷íûå ïðîòåàñîìû, iTRAQ-ìàññ-ñïåêòðîìåòðèÿ, ïîñòòðàíñëÿöèîííûå
ìîäèôèêàöèè, óáèêâèòèíèðîâàíèå.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÄÑÍ — äîäåöèëñóëüôàò íàòðèÿ, ÏÀÀÃ — ïîëèàêðèëàìèäíûé ãåëü,
ÏÒÌ — ïîñòòðàíñëÿöèîííûå ìîäèôèêàöèè, ÓÏÑ — óáèêâèòèí-ïðîòåàñîìíàÿ ñèñòåìà.

Óáèêâèòèí-ïðîòåàñîìíàÿ ñèñòåìà (ÓÏÑ) îñóùåñòâ-
ëÿåò ïðîãðàììèðîâàííûé ïðîòåîëèç è ïðîöåññèíã ðàç-
ëè÷íûõ ðåãóëÿòîðíûõ áåëêîâ, ó÷àñòâóþùèõ âî ìíî-
æåñòâå êëåòî÷íûõ ïðîöåññîâ, âêëþ÷àÿ ðåãóëÿöèþ òðàíñ-
êðèïöèè, ðåïàðàöèþ ÄÍÊ, ïðîäâèæåíèå êëåòêè ïî
êëåòî÷íîìó öèêëó, èììóííûé îòâåò, àïîïòîç (Konstanti-
nova et al., 2008; Ìîèñååâà è äð., 2010à; Öèìîõà, 2010).
Ïðîòåîëèòè÷åñêèì «ÿäðîì» ýòîé ñèñòåìû ÿâëÿåòñÿ ìóëü-
òèñóáúåäèíè÷íûé áåëêîâûé êîìïëåêñ — 26S ïðîòåàñîìà,
÷àñòî íàçûâàåìûé ïðîñòî ïðîòåàñîìà. 26S ïðîòåàñîìà ñî-
ñòîèò èç ïðîòåîëèòè÷åñêîé êîðîâîé ÷àñòèöû (20S ïðîòåà-
ñîìû) è îäíîãî èëè äâóõ 19S ðåãóëÿòîðîâ. 20S ïðîòåàñî-
ìà ïðåäñòàâëÿåò ñîáîé ïîëûé öèëèíäð, îáðàçîâàííûé ÷å-
òûðüìÿ ñåìè÷ëåííûìè êîëüöàìè: äâà âíóòðåííèõ êîëüöà
ñîáðàíû èç ñóáúåäèíèö b-òèïà, äâà âíåøíèõ — èç ñóáúåäè-
íèö a-òèïà. Òðè b-ñóáúåäèíèöû (b1, b2 è b5) îòâåòñòâåí-
íû çà ïðîòåîëèòè÷åñêóþ àêòèâíîñòü ïðîòåàñîì; îñíîâíîé
ôóíêöèåé a-êîëüöà ÿâëÿåòñÿ ðåãóëèðîâàíèå äîñòóïà ñóáñò-
ðàòà â ïðîòåîëèòè÷åñêóþ êàìåðó 20S ïðîòåàñîìû è âçàèìî-
äåéñòâèå ñ 19S ðåãóëÿòîðíûìè êîìïëåêñàìè (è äðóãèìè ðå-
ãóëÿòîðàìè), à òàêæå ñ äðóãèìè áåëêàìè, êîòîðûå, ñîãëàñíî
ëèòåðàòóðíûì äàííûì, âçàèìîäåéñòâóþò ñ ïðîòåàñîìàìè â
ñëó÷àå óáèêâèòèí-íåçàâèñèìîãî ïðîòåîëèçà (Murakami
et al., 2000; Touitou et al., 2001; Zhang et al., 2003).

Ñîãëàñíî íàøèì äàííûì (Fedorova et al., 2011), ñ
PSMA3 (a7) ñóáúåäèíèöåé 20S ïðîòåàñîìû ñâÿçûâàþòñÿ

in vitro áåëêè, âîâëå÷åííûå â ðåãóëÿöèþ òðàíñêðèïöèè,
ðåïàðàöèþ ÄÍÊ, ðàçëè÷íûå àñïåêòû ìåòàáîëèçìà ÐÍÊ, à
òàêæå áåëêè öèòîñêåëåòà, óáèêâèòèí-ïðîòåàñîìíîé ñèñ-
òåìû (ÓÏÑ) è øàïåðîíû. Èíòåðåñíî, ÷òî àíàëèç ñ ïî-
ìîùüþ òàíäåìíîé ìàññ-ñïåêòðîìåòðèè áåëêîâ, àññîöèè-
ðîâàííûõ ñ ïðîòåàñîìàìè êðûñû, âûÿâèë ñâûøå 25 áåë-
êîâ, â ÷èñëå êîòîðûõ òàêæå áûëè øàïåðîíû è áåëêè
öèòîñêåëåòà è ÓÏÑ (Scanlon et al., 2009; Tai et al., 2010).
Êàê è ñëåäîâàëî îæèäàòü, àâòîðû îãðàíè÷èâàþòñÿ ïðåä-
ïîëîæåíèåì î ìîäóëèðóþùåì ïðîòåàñîìíûå ñâîéñòâà
ôóíêöèîíèðîâàíèè äàííûõ áåëêîâ, ðàâíî êàê è îá àññî-
öèàöèè áåëêîâ ñ ïðîòåàñîìàìè ñ öåëüþ äåãðàäàöèè èõ ïî
óáèêâèòèí-íåçàâèñèìîìó ïóòè.

Â ïîñëåäíåå âðåìÿ â ëèòåðàòóðå ïîÿâèëèñü äàííûå î
ïðèñóòñòâèè ïðîòåàñîì âî âíåêëåòî÷íîì ïðîñòðàíñòâå
(Lavabre-Bertrand et al., 2001; Stoebner et al., 2005; Sixt
et al., 2007, 2009; Sixt, Dahlmann, 2008; Albright et al.,
2009; Henry et al., 2009; Sixt, Peters, 2010). Ìåòîäîì ýëåê-
òðîííîé ìèêðîñêîïèè ïîêàçàíî, ÷òî âíåêëåòî÷íûå ïðîòå-
àñîìû èìåþò àíàëîãè÷íóþ êëåòî÷íûì ÷àñòèöàì öèëèíä-
ðè÷åñêóþ ñòðóêòóðó, ñ îäíîãî èëè äâóõ êîíöîâ îãðàíè-
÷åííóþ ðåãóëÿòîðíûìè êîìïëåêñàìè (Zoeger et al., 2006).
Áèîëîãè÷åñêèå ôóíêöèè âíåêëåòî÷íûõ ïðîòåàñîì â íà-
ñòîÿùåå âðåìÿ íåÿñíû. Ðàíåå ìû ïîêàçàëè, ÷òî âûäåëÿå-
ìûå â êóëüòóðàëüíóþ ñðåäó êëåòêàìè ëèíèè À431 ïðî-
òåàñîìû îòëè÷àþòñÿ îò öèòîïëàçìàòè÷åñêèõ ÷àñòèö íå
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òîëüêî ïî óäåëüíîé ýíäîðèáîíóêëåàçíîé àêòèâíîñòè, íî
è ïî åå çàâèñèìîñòè îò äâóõâàëåíòíûõ êàòèîíîâ (Êóëè÷-
êîâà è äð., 2004). Êðîìå òîãî, ìû îáíàðóæèëè, ÷òî âíå-
êëåòî÷íûå ïðîòåàñîìû àêòèâíåå ïî òèïó õèìîòðèïñèíà, à
âíóòðèêëåòî÷íûå — ïî òèïó òðèïñèíà (Çàéêîâà è äð.,
2011). Ìû âûÿâèëè ïîñòòðàíñëÿöèîííûå ìîäèôèêàöèè
(ÏÒÌ) ñóáúåäèíèö 20S ïðîòåàñîì ìåòîäîì èììóíîáëî-
òèíãà ñ ïîìîùüþ ñïåöèôè÷åñêèõ àíòèòåë ê ïðîòåàñîì-
íûì áåëêàì. Èñïîëüçóÿ àíòèòåëà ê ôîñôîàìèíîêèñëîòàì,
ìû ïîäòâåðäèëè ïðèñóòñòâèå ôîñôîðèëèðîâàíèÿ â ñïåêò-
ðå ÏÒÌ ïðîòåàñîì (Çàéêîâà è äð., 2011). Îäíàêî àöåòè-
ëèðîâàíèå èëè óáèêâèòèíèðîâàíèå âíåêëåòî÷íûõ ïðîòåà-
ñîì ìû íà òîò ìîìåíò íå ñìîãëè âûÿâèòü. Êðîìå òîãî, íåò
äàííûõ â ëèòåðàòóðå î áåëêàõ, âçàèìîäåéñòâóþùèõ ñ
âíåêëåòî÷íûìè ïðîòåàñîìàìè.

Ïîýòîìó â äàííîé ðàáîòå ìû ïîñòàâèëè ïåðåä ñîáîé
çàäà÷ó ïîëó÷èòü ïåðâè÷íûé ñêðèíèíã áåëêîâ, âçàèìîäåé-
ñòâóþùèõ ñ âíåêëåòî÷íûìè ïðîòåàñîìàìè, à òàêæå ïîêà-
çàòü íàëè÷èå àöåòèëèðîâàíèÿ è óáèêâèòèíèðîâàíèÿ ñóáú-
åäèíèö âíåêëåòî÷íûõ ïðîòåàñîì.

Ìàòåðèàë è ìåòîäèêà

K ë å ò ê è ïðîýðèòðîëåéêåìèè ÷åëîâåêà ëèíèè Ê562,
ïîëó÷åííûå èç Ðîññèéñêîé êîëëåêöèè êëåòî÷íûõ êóëüòóð
(Èíñòèòóò öèòîëîãèè ÐÀÍ) êóëüòèâèðîâàëè ïðè 37 °Ñ â
ñðåäå RPMI 1640, ñîäåðæàùåé 10 % ýìáðèîíàëüíîé òå-
ëÿ÷üåé ñûâîðîòêè, â ïðèñóòñòâèè 0.004 % ãåíòàìèöèíà.

Ï ð î ò å à ñ î ì û âûäåëÿëè èç öèòîïëàçìû è êîíäèöè-
îíèðîâàííîé êëåòêàìè ðîñòîâîé ñðåäû ñ ïîìîùüþ öåíò-
ðèôóãèðîâàíèÿ â ãðàäèåíòå êîíöåíòðàöèè ñàõàðîçû
(15—30 %) è èîíîîáìåííîé õðîìàòîãðàôèè íà öåëëþëî-
çå DE-52 (Hough et al., 1987).

i T R A Q - ì à ñ ñ - ñ ï å ê ò ð î ì å ò ð è ÷ å ñ ê è é à í à -
ë è ç ï ð î ò å à ñ î ì ïðîâîäèëè ñîãëàñíî îïèñàííîìó ðà-
íåå ìåòîäó (Gazzah et al., 2012). Îáðàçöû î÷èùåííûõ
ïðîòåàñîì èç êîíäèöèîíèðîâàííîé êëåòêàìè ñðåäû è
êëåòîê K562 íîðìèðîâàëè ìåæäó ñîáîé ìåòîäîì Âåñ-
òåðí-áëîòèíãà ñ ïîìîùüþ ñïåöèôè÷åñêèõ àíòèòåë ê áåë-
êàì ïðîòåàñîì (ðèñ. 1). Äàëåå ïðåïàðàòû âíå- è âíóòðè-
êëåòî÷íûõ ïðîòåàñîì â êîëè÷åñòâå 75 ìêã êàæäîãî ïîä-
âåðãàëè òðèïñèíîëèçó, ïîëó÷åííûé íàáîð ïåïòèäîâ
ìåòèëè TMT (Tandem Mass Tags) ðåàãåíòàìè ñîãëàñíî ðå-

êîìåíäàöèÿì ôèðìû-èçãîòîâèòåëÿ (Termo Scientific,
ÑØÀ). Àíàëèç LC-MS/MS áûë ñäåëàí ñ ïîìîùüþ õðîìà-
òîãðàôè÷åñêîé ñèñòåìû RSLCnano HPLC system (Dionex,
Âåëèêîáðèòàíèÿ) è ìàññ-ñïåêòðîìåòðà LTQ-Orbitrap-Ve-
los (Thermo Scientific, ÑØÀ). Æèäêîñòíóþ õðîìàòîãðà-
ôèþ (LC) ïðîâîäèëè íà îáðàòíî-ôàçîâûõ êîëîíêàõ ñ Ac-
claim PepMap (Dionex, Âåëèêîáðèòàíèÿ) è ñ Symmetry
C18 100 A (Waters, Âåëèêîáðèòàíèÿ). Äàííûå, ïîëó÷åí-
íûå ñ ìàññ-ñïåêòðîìåòðà, ôîðìèðîâàëè â ôàéë ñ ðàñøè-
ðåíèåì raw ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ Proteo-
me Discoverer 1.3 (Thermo Scientific, ÑØÀ). Àíàëèç ïîëó-
÷åííûõ èîííûõ ñïåêòðîâ ïðîâîäèëè ñ ïîìîùüþ ïðîãðàì-
ìû Mascot 2.2.04 (Matrix Science Ltd., ÑØÀ) (Perkins et al.,
1999) è áàçû äàííûõ UniProtKB/Swissprot. Êîíå÷íóþ îáðà-
áîòêó äàííûõ ïðîâîäèëè ñ ïîìîùüþ ïðîãðàììû Scaffold
Q+S 3.6.0 (Proteome Software) (Searle, 2010). Äàííûå ïîñëå
èìïîðòà â ïðîãðàììó àíàëèçèðîâàëè X!Tandem (The Glo-
bal Proteome Machine Organization) (Craig, Beavis, 2004).

Â å ñ ò å ð í - á ë î ò è í ã áåëêîâ ïðîòåàñîì ñ ïðèìåíå-
íèåì âòîðè÷íûõ àíòèòåë, êîíúþãèðîâàííûõ ñ ïåðîêñèäà-
çîé õðåíà, âûïîëíÿëè, ñëåäóÿ ðåêîìåíäàöèÿì ôèðìû
(Sigma, ÑØÀ). Ïåðîêñèäàçó âûÿâëÿëè ñ ïîìîùüþ êèòà
SuperSignal (Pierce, ÑØÀ). Ïðîòåàñîìû ôðàêöèîíèðîâà-
ëè íà áåëêîâûå ñóáúåäèíèöû â äåíàòóðèðóþùåì
12%-íîì ÏÀÀÃ (Laemmli, 1970). Ïîëó÷åííûå ôðàêöèè
ýëåêòðîôîðåòè÷åñêè ïåðåíîñèëè íà íèòðîöåëëþëîçíûå
ôèëüòðû (Hybond C extra, GE Healthcare) â ñîîòâåòñòâèè
ñî ñòàíäàðòíîé ìåòîäèêîé è áëîêèðîâàëè öåíòðû íåñïå-
öèôè÷åñêîãî ñâÿçûâàíèÿ àíòèòåë 5%-íûì ðàñòâîðîì
îáåçæèðåííîãî ìîëîêà. Èçáûòîê áëîêèðóþùåãî àãåíòà
îòìûâàëè áóôåðîì PBS è ìåìáðàíó èíêóáèðîâàëè ñî
ñïåöèôè÷åñêèìè àíòèòåëàìè ïðîòèâ Filamin-A, Myosin-9,
Alpha-actinin-4, hnRNP L, Tubulin alpha, hnRNP F/H, Be-
ta-actin, Tropomyosin alpha-3, Rpn7, a5.

Ðåçóëüòàòû è îáñóæäåíèå

iTRAQ-ìàññ-ñïåêòðîìåòðèÿ — íîâîå êðóïíîå äîñòè-
æåíèå â îáëàñòè ïðîòåîìèêè. Äîñòîâåðíîñòü è âîñïðîèç-
âîäèìîñòü ðåçóëüòàòîâ iTRAQ-ìàññ-ñïåêòðîìåòðèè
î÷åíü õîðîøèå. Êèò iTRAQ ñîñòîèò èç äâóõ èçîáàðè÷å-
ñêèõ (îäèíàêîâîé ìàññû) àìèíî-ðåàêòèâíûõ ðåàãåíòîâ,
êîòîðûå ìîãóò ìàðêèðîâàòü ïåïòèäû â áåëêîâîì äàé-
äæåñòå è, ñëåäîâàòåëüíî, ïîçâîëÿþò òî÷íî èäåíòèôèöè-
ðîâàòü è êîëè÷åñòâåííî îïðåäåëèòü ïåïòèäû ñ ïîìîùüþ
òàíäåìíîé ìàññ-ñïåêòðîìåòðèè. Îáùèé ïîðÿäîê èñïîëü-
çîâàíèÿ iTRAQ-ìàññ-ñïåêòðîìåòðèè çàêëþ÷àåòñÿ â ñëå-
äóþùåì: áåëêîâûå ïðîáû ðàñùåïëÿþòñÿ íà ïåïòèäû, êî-
òîðûå çàòåì äèôôåðåíöèàëüíî ìåòÿòñÿ ðåàãåíòàìè iTRAQ,
ïîñëå ÷åãî îáúåäèíÿþòñÿ äëÿ ñðàâíèòåëüíîãî àíàëèçà è
ïîäâåðãàþòñÿ æèäêîñòíîé õðîìàòîãðàôèè ñ ïîñëåäóþùåé
òàíäåìíîé ìàññ-ñïåêòðîìåòðèåé (Gazzah et al., 2012).

Ïðåïàðàòû î÷èùåííûõ ïðîòåàñîì íîðìèðîâàëè ìå-
òîäîì Âåñòåðí-áëîòèíãà ïðè ïîìîùè ñïåöèôè÷åñêèõ àí-
òèòåë ê ñóáúåäèíèöàì ïðîòåàñîì: Rpn2 (áåëîê 19S ðåãó-
ëÿòîðíîãî êîìïëåêñà) è b1 (ñóáúåäèíèöà 20S êîìïëåêñà).
Êàê ìîæíî çàìåòèòü íà ðèñ. 1, ñîîòíîøåíèå ìåæäó 19S
è 20S êîìïëåêñàìè ó âíå- è âíóòðèêëåòî÷íûõ ïðîòåàñîì
îáðàòíîå. Ìû ïðèíÿëè ðåøåíèå íîðìèðîâàòü îáðàçöû ñ
ó÷åòîì êîýôôèöèåíòà ïîïðàâêè, âûñ÷èòûâàåìîãî ïðè
ñðàâíåíèè êîëè÷åñòâà ñóáúåäèíèöû b1 â ïðåïàðàòàõ âíå-
è âíóòðèêëåòî÷íûõ ïðîòåàñîì. Ðåçóëüòàòû iTRAQ-
ìàññ-ñïåêòðîìåòðè÷åñêîãî àíàëèçà ïðåïàðàòîâ âíåêëå-
òî÷íûõ ïðîòåàñîì ïðåäñòàâëåíû â òàáë. 1. Â îáùåé ñëîæ-
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Ðèñ. 1. Èììóíîõèìè÷åñêàÿ îêðàñêà ñóáúåäèíèö 19S êîìïëåêñà
Rpn2 è 20S ïðîòåàñîìû b1 â ñîñòàâå ïðîòåàñîì, âûäåëåííûõ
èç öèòîïëàçìû (ÖÏ) êëåòîê K562 è êîíäèöèîíèðîâàííîé êëåò-

êàìè K562 ñðåäû.
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Ò à á ë è ö à 1

Âûÿâëåííûå ñ ïîìîùüþ iTRAQ-ìàññ-ñïåêòðîìåòðèè áåëêè, àññîöèèðîâàííûå ñ âíåêëåòî÷íûìè ïðîòåàñîìàìè

Ãðóïïà áåëêîâ Íîìåð áåëêà Íàçâàíèå áåëêà Íàçâàíèå ãåíà

Áåëêè, àññîöèèðî-
âàííûå ñ ÓÏÑ

P62333 26S protease regulatory subunit 10B (Rpt4) PSMC6

P62191 26S protease regulatory subunit 4 (Rpt2) PSMC1

P17980 26S protease regulatory subunit 6A (Rpt5) PSMC3

P43686 26S protease regulatory subunit 6B (Rpt3) PSMC4

P35998 26S protease regulatory subunit 7 (Rpt1) PSMC2

P62195 26S protease regulatory subunit 8 (Rpt6) PSMC5

P61289 Proteasome activator complex subunit 3 (PA28g) PSME3

Q14997 Proteasome activator complex subunit 4 (PA200) PSME4

Q99460 26S proteasome non-ATPase regulatory subunit 1 (Rpn2) PSMD1

O75832 26S proteasome non-ATPase regulatory subunit 10 (Gankyrin) PSMD10

O00231 26S proteasome non-ATPase regulatory subunit 11 (Rpn6) PSMD11

O00232 26S proteasome non-ATPase regulatory subunit 12 (Rpn5) PSMD12

Q9UNM6 26S proteasome non-ATPase regulatory subunit 13 (Rpn9) PSMD13

O00487 26S proteasome non-ATPase regulatory subunit 14 (Rpn11) PSMD14

Q13200 26S proteasome non-ATPase regulatory subunit 2 (Rpn1) PSMD2

O43242 26S proteasome non-ATPase regulatory subunit 3 (Rpn3) PSMD3

P55036 26S proteasome non-ATPase regulatory subunit 4 (Rpn10 èëè S5A) PSMD4

Q16401 26S proteasome non-ATPase regulatory subunit 5 (S5B) PSMD5

Q15008 26S proteasome non-ATPase regulatory subunit 6 (Rpn7) PSMD6

P51665 26S proteasome non-ATPase regulatory subunit 7 (Rpn8) PSMD7

P48556 26S proteasome non-ATPase regulatory subunit 8 (Rpn12) PSMD8

P25786 Proteasome subunit alpha type-1 (a6) PSMA1

P25787 Proteasome subunit alpha type-2 (a2) PSMA2

P25788 Proteasome subunit alpha type-3 (a7) PSMA3

P25789 Proteasome subunit alpha type-4 (a3) PSMA4

P28066 Proteasome subunit alpha type-5 (a5) PSMA5

P60900 Proteasome subunit alpha type-6 (a1) PSMA6

O14818 Proteasome subunit alpha type-7 (a3) PSMA7

P20618 Proteasome subunit beta type-1 (b6) PSMB1

P49721 Proteasome subunit beta type-2 (b4) PSMB2

P49720 Proteasome subunit beta type-3 (b3) PSMB3

P28070 Proteasome subunit beta type-4 (b7) PSMB4

P28074 Proteasome subunit beta type-5 (b5) PSMB5

P28072 Proteasome subunit beta type-6 (b1) PSMB6

Q99436 Proteasome subunit beta type-7 (b2) PSMB7

Q16186 Proteasomal ubiquitin receptor ADRM1 (Rpn13) ADRM1

P27348 14-3-3 protein theta YWHAQ

P54578 Ubiquitin carboxy1-terminal hydrolase 14 USP14

Q93008 Probable ubiquitin carboxyl-terminal hydrolase FAF-X USP9X

Q9Y5K5 Ubiquitin carboxy1-terminal hydrolase isozyme L5 UCHL5

P22314 Ubiquitin-like modifier-activating enzyme 1 UBA1

Q9UBE0 SUMO-activating enzyme subunit 1 SAE1

Q9UBT2 SUMO-activating enzyme subunit 2 UBA2

A0AVT1 Ubiquitin-like modifier-activating enzyme 6 UBA6

Q9UNE7 E3 ubiquitin-protein ligase CHIP STUB1

Q7Z6Z7 E3 ubiquitin-protein ligase HUWE1 HUWE1

Q5T4S7 E3 ubiquitin-protein ligase UBR4 UBR4

Q13616 Cullin-1 CUL1

Q13620 Cullin-4B CUL4B

Q86VP6 Cullin-associated NEDD8-dissociated protein 1 CAND1

Q13098 COP9 signalosome complex subunit 1 GPS1

P61201 COP9 signalosome complex subunit 2 COPS2

Q9UNS2 COP9 signalosome complex subunit 3 COPS3

Q9BT78 COP9 signalosome complex subunit 4 COPS4

Q92905 COP9 signalosome complex subunit 5 COPS5
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Ò à á ë è ö à 1 (ïðîäîëæåíèå)

Ãðóïïà áåëêîâ Íîìåð áåëêà Íàçâàíèå áåëêà Íàçâàíèå ãåíà

Áåëêè, àññîöèèðî-
âàííûå ñ ÓÏÑ

Q7L5N1 COP9 signalosome commplex subunit 6 COPS6

Q9H9Q2 COP9 signalosome commplex subunit 7b COPS7B

Q99627 COP9 signalosome commplex subunit 8 COPS8

Q13867 Bleomycin hydrolase BLMH

O43396 Thioredoxin-like protein 1 TXNL1

P68104 Elongation factor 1-alpha 1 EEF1A1

Øàïåðîíû P10809 60 kDa heat shock protein, mitochondrial HSPD1

P09107 Heat shock 70 kDa protein 1A/1B HSPA1A

P34932 Heat shock 70 kDa protein 4 HSPA4

P11142 Heat shock cognate 71 kDa protein HSPA8

Q92598 Heat shock protein 105 HSPH1

P04792 Heat shock protein beta-1 HSPB1

P07900 Heat shock protein HSP 90-alpha HSP90AA1

P08238 Heat shock protein HSP 90-beta HSP90AB1

P17987 T-complex protein 1 subunit alpha TCP1

P78371 T-complex protein 1 subunit beta CCT2

P50991 T-complex protein 1 subunit delta CCT4

P48643 T-complex protein 1 subunit epsilon CCT5

Q99832 T-complex protein 1 subunit eta CCT7

P49368 T-complex protein 1 subunit gamma CCT3

P50990 T-complex protein 1 subunit theta CCT8

P40227 T-complex protein 1 subunit zeta CCT6A

P14625 Endoplasmin HSP90B1

P11021 78 kDa glucose-regulated protein HSPA5

P30101 Protein disulfide-isomerase A3 PDIA3

P13667 Protein disulfide-isomerase A4 PDIA4

Q15084 Protein disulfide-isomerase A6 PDIA6

P07237 Protein disulfide-isomerase P4HB

P27797 Calreticulin CALR

Öèòîñêåëåò è
ìèîôèáðèëëÿð-
íûå áåëêè

P68363 Tubulin alpha-1B chain TUBA1B

P07437 Tubulin beta chain TUBB

P60709 Actin, cytoplasmic 1 ACTB

O43707 Alpha-actinin-4 ACTN4

P08670 Vimentin VIM

P52907 F-actin-capping protein subunit alpha-1 CAPZA1

P47756 F-actin-capping protein subunit beta CAPZB

O60610 Protein diaphanous homolog 1 DIAPH1

Q01082 Spectrin beta chain, brain 1 SPTBN1

P06753 Tropomyosin alpha-3 chain TPM3

P35580 Myosin-10 MYH10

P35579 Myosin-9 MYH9

P26038 Moesin MSN

P21333 Filamin-A FZNA

Q9ULV4 Coronin-1C CORO1C

P61163 Alpha-centractin ACTR1A

Q70Z35 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 2 protein PREX2

Áåëêè, ó÷àñòâóþ-
ùèå â ðåïàðàöèè
ÄÍÊ è â îòâåòå íà
ïîâðåæäåíèÿ
ÄÍÊ

Q08211 ATP-dependent RNA helicase DHX9

Q9Y265 RuvB-like 1 RUVBL1

Q9Y230 RuvB-like 2 RUVBL2

P13010 X-ray repair cross-complementing protein 5 XRCC5

P12956 X-ray repair cross-complementing protein 6 XRCC6

P31948 Stress-induced-phosphoprotein 1 STIP1

Q16531 DNA damage-binding protein 1 DDB1

Q8WZ42 Titin TTN

P55072 Transitional endoplasmic reticulum ATPase VCP
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Ò à á ë è ö à 1 (ïðîäîëæåíèå)

Ãðóïïà áåëêîâ Íîìåð áåëêà Íàçâàíèå áåëêà Íàçâàíèå ãåíà

Q9H2J4 Phosducin-like protein 3 PDCL3

Q5VST9 Obscurin OBSCN

P06748 Nucleophosmin NPM1

P63244 Guanine nucleotide-binding protein subunit beta-2-like 1 GNB2L1

P78527 DNA-dependent protein kinase catalytic subunit PRKDC

Òðàíñêðèïöèÿ,
ðåïëèêàöèÿ

Q9Y265 RuvB-like 1 RUVBL1

Q9Y230 RuvB-like 2 RUVBL2

Q92769 Histone deacetylase 2 HDAC2

P49736 DNA replication licensing factor MCM2 MCM2

P25205 DNA replication licensing factor MCM3 MCM3

P33991 DNA replication licensing factor MCM4 MCM4

P33992 DNA replication licensing factor MCM5 MCM5

Q14566 DNA replication licensing factor MCM6 MCM6

P33993 DNA replication licensing factor MCM7 MCM7

Q13263 Transcription intermediary factor 1-beta TRIM28

Q09028 Histone-binding protein RBBP4 RBBP4

P05455 Lupus La protein SSB

Q99873 Protein arginine N-methyltransferase 1 PRMT1

O14744 Protein arginine N-methyltransferase 5 PRMT5

Q9BXP5 Serrate RNA effector molecule homolog SRRT

Q15020 Squamous cell carcinoma antigen recognized by T-cells 3 SART3

Q7KZF4 Staphylococcal nuclease domain-containing protein 1 SND1

Q15631 Translin TSN

Q99598 Translin-associated protein X TSNAX

P42704 Leucine-rich PPR motif-containing protein, mitochondrial LRPPRC

Q12905 Interleukin enhancer-binding factor 2 ILF2

Q12906 Interleukin enhancer-binding factor 3 ILF3

P62826 GTP-binding nuclear protein Ran RAN

P68400 Casein kinase II subunit alpha CSNK2A1

P46321 Nuclear autoantigenic sperm protein NASP

Q3V6T2 Girdin CCDC88A

Ñïëàéñèíã è ïðî-
öåññèíã ÐÍÊ

Q15029 116 kDa U5 small nuclear ribonucleoprotein component EFTUD2

Q13838 Spliceosome RNA helicase BAT1 BAT1

Q15459 Splicing factor 3A subunit 1 SF3A1

O75533 Splicing factor 3B subunit 1 SF3B1

P52597 Heterogeneous nuclear ribonucleoprotein F HNRNPF

P31943 Heterogeneous nuclear ribonucleoprotein H HNRNPH1

P61978 Heterogeneous nuclear ribonucleoprotein K HNRNPK

P14866 Heterogeneous nuclear ribonucleoprotein L HNRNPL

O60506 Heterogeneous nuclear ribonucleoprotein Q SYNCRIP

Q00839 Heterogeneous nuclear ribonucleoprotein U HNRNPU

P22626 Heterogeneous nuclear ribonucleoprotein A2/B1 HNRNPA2B1

P62314 Small nuclear ribonucleoprotein Sm D1 SNRPD1

P62316 Small nuclear ribonucleoprotein Sm D2 SNRPD2

P62318 Small nuclear ribonucleoprotein Sm D3 SNRPD3

P14678 Small nuclear ribonucleoprotein-associated proteins B and BR SNRPB

P08621 U1 small nuclear ribonucleoprotein 70 kDa SNRNP70

P09012 U1 small nuclear ribonucleoprotein A SNRPA

O75643 U5 small nuclear ribonucleoprotein 200 kDa helicase SNRNP200

Q15020 Squamous cell carcinoma antigen recognized by T-cells 3 SART3

Q92973 Transportin-1 TNPO1

Q9Y5L0 Transportin-3 TNPO3

P11940 Polyadenylate-binding protein 1 PABPC1

P19338 Nucleolin NCL

Q9BQA1 Methylosome protein 50 WDR77
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Ò à á ë è ö à 1 (ïðîäîëæåíèå)

Ãðóïïà áåëêîâ Íîìåð áåëêà Íàçâàíèå áåëêà Íàçâàíèå ãåíà

Ñïëàéñèíã è ïðî-
öåññèíã ÐÍÊ

Q8TEQ6 Gem-associated protein 5 GEMIN5

P30153 Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform PPP2R1A

Òðàíñëÿöèÿ P68104 Elongation factor 1-alpha 1 EEF1A1

P24534 Elongation factor 1-beta EEF1B2

P29692 Elongation factor 1-delta EEF1D

P26641 Elongation factor 1-gamma EEF1G

P13639 Elongation factor 2 EEF2

P49411 Elongation factor Tu, mitochondrial TUFM

P60842 Eukaryotic initiation factor 4A-I EIF4A1

P62495 Eukaryotic peptide chain release factor subunit 1 ETF1

P55884 Eukaryotic translation initiation factor 3 subunit B EIF3B

Q99613 Eukaryotic translation initiation factor 3 subunit C EIF3C

Q13347 Eukaryotic translation initiation factor 3 subunit I EIF3I

O75822 Eukaryotic translation initiation factor 3 subunit J EIF3J

Q9Y262 Eukaryotic translation initiation factor 3 subunit L EIF3L

P63241 Eukaryotic translation initiation factor 5A-1 EIF5A

P12081 Histiday-tRNA synthetase, cytoplasmic HARS

P07814 Bifunctional aminoacyl-tRNA synthease EPRS

P26639 Threonyl-tRNA synthetase, cytoplasmic TARS

Q9P2J5 Leucyl-tRNA synthetase, cytoplasmic LARS

Q15046 Lysyl-tRNA synthetase KARS

P49588 Alanyl-tRNA synthetase, cytoplasmic AARS

Q13155 Aminoacyl tRNA synthase complex-interacting multifunctional protein 2 AIMP2

O43776 Asparaginyl-tRNA synthetase, cytoplasmic NARS

P14868 Aspartyi-tRNA synthetase, cytoplasmic DARS

P41250 Glycyl-tRNA synthetase GARS

Q9NXH9 N(2),N(2)-dimethylguanosine tRNA methyltransferase TRMT1

P23381 Tryptophanyl-tRNA synthetase, cytoplasmic WARS

P54577 Tyrosyl-tRNA synthetase, cytoplasmic YARS

P26640 Valyl-tRNA synthetase VARS

P62979 Ubiquitin-40S ribosomal protein S27a RPS27A

P08865 40S ribosomal protein SA RPSA

P05388 60S acidic ribosomal protein P0 RPLP0

P05387 60S acidic ribosomal protein P2 RPLP2

P62913 60S ribosomal protein L11 RPL11

P18621 60S ribosomal protein L7 RPL17

P62829 60S ribosomal protein L23 RPL23

P37108 Signal recognition particle 14 kDa protein SRP14

P06748 Nucleophosmin NPM1

Ìåòàáîëèçì P11021 78 kDa glucose-regulated protein HSPA5

Q06210 Glucosamine-fructose-6-phosphate aminotransferase [isomerizing] 1 GFPT1

P11413 Glucose-6-phosphate 1-dehydrogenase G6PD

P14314 Glucosidase 2 subunit beta PRKCSH

Q14697 Neutral alpha-glucosidase AB GANAB

Q9NYU2 UDP-glucose:glycoprotein glucosyltransferase 1 UGGT1

P36776 Lon protease homolog, mitochondrial LONP1

O15067 Phosphoribosylformylglycinamidine synthase PFAS

P31153 S-adenosylmethionine synthase isoform type-2 MAT2A

P25705 ATP synthase subunit alpha, mitochondrial ATP5A1

P06576 ATP synthase subunit beta, mitochondrial ATP5B

P53396 ATP-citrate synthase ACLY

P35520 Cystathionine beta-synthase CBS

P49327 Fatty acid synthase FASN

Q9NPH2 Inositol-3-phosphate synthase 1 ISYNA1

P08559 Pyruvate dehydrogenase E1 component subunit alpha, somatic form, mitochondrial PDHA1
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Ò à á ë è ö à 1 (ïðîäîëæåíèå)

Ãðóïïà áåëêîâ Íîìåð áåëêà Íàçâàíèå áåëêà Íàçâàíèå ãåíà

Ìåòàáîëèçì P00367 Glutamate dehydrogenase 1, mitochondrial GLUD1

P49448 Glutamate dehydrogenase 2, mitochondrial GLUD2

P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH

P12268 Inosine-5R-monophosphate dehydrogenase 2 IMPDH2

P00338 L-lactate dehydrogenase A chain LDHA

P07195 L-lactate dehydrogenase B chain LDHB

P11310 Medium-chain specific acyl-CoA dehydrogenase, mitochondrial ACADM

P12277 Creatine kinase B-type CKB

P36776 Lon protease homolog, mitochondrial LONP1

P14618 Pyruvate kinase isozymes M1/M2 PKM2

P60891 Ribose-phosphate pyrophosphokinase 1 PRPS1

Q02952-R A-kinase anchor protein 12 AKAP12

P15531 Nucleoside diphosphate kinase A NME1

Q15274 Nicotinate-nucleotide pyrophosphorylase QPRT

Q06203 Amidophosphoribosyltransferase PPAT

Q9UKK9 ADP-sugar perophosphatase NUDT5

Q9H773 dCTP pyrophosphatase 1 DCTPP1

Q70Z35 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 2 protein PREX2

P36959 GMP reductase 1 GMPR

Q9P2T1 GMP reductase 2 GMPR2

P38606 V-type proton ATPase catalytic subunit A ATP6V1A

P21281 V-type proton ATPase subunit B, brain isoform ATP6V1B2

P36543 V-type proton ATPase subunit E1 ATP6V1E1

Q9UI12 V-type proton ATPase subunit H ATP6V1H

Q13085 Acetyl-CoA carboxylase 1 ACACA

P30566 Adenylosuccinate lyase ADSL

P13798 Acylamino-acid-releasing enzyme APEH

P23526 Adenosylhomocysteinase AHCY

Q8NBS9 Thioredoxin domain-containing protein 5 TXNDC5

P10599 Thioredoxin TXN

O43396 Thioredoxin-like protein 1 TXNL1

P40939 Trifunctional enzyme subunit alpha, mitochondrial HADHA

P55084 Trifunctional enzyme subunit beta, mitochondrial HADHB

P22234 Multifunctional protein ADE2 PAICS

Q9BS26 Endoplasmic reticulum resident protein 44 ERP44

Ïåðåäà÷à ñèãíàëà
è òðàíñïîðò

P43487 Ran-specific GTPase-activating protein RANBP1

Q96QK1 Vacuolar protein sorting-associated protein 35 VPS35

P13796 Plastin-2 LCP1

P06748 Nucleophosmin NPM1

P52292 Importin subunit alpha-2 KPNA2

O00629 Importin subunit alpha-4 KPNA4

Q14974 Importin subunit beta-1 KPNB1

O00410 Importin-5 IPO5

O95373 Importin-7 IPO7

P02794 Ferritin heavy chain FTH1

O14980 Exportin-1 XPO1

P55060 Exportin-2 CSE1L

Q14203 Dynactin subunit 1 DCTN1

Q13561 Dynactin subunit 2 DCTN2

O75935 Dynactin subunit 3 DCTN3

Q14204 Cytoplasmic dynein 1 heavy chain 1 DYNC1H1

P53618 Coatomer subunit beta COPB1

Q9Y678 Coatomer subunit gamma COPG

Q00610 Clathrin heavy chain 1 CLTC

O00299 Chloride intracellular channel protein 1 CLIC1
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Ò à á ë è ö à 1 (ïðîäîëæåíèå)

Ãðóïïà áåëêîâ Íîìåð áåëêà Íàçâàíèå áåëêà Íàçâàíèå ãåíà

Ïåðåäà÷à ñèãíàëà
è òðàíñïîðò

Q10567 AP-1 complex subunit beta-1 AP1B1

P61163 Alpha-centractin ACTR1A

Q01518 Adenylyl cyclase-associated protein 1 CAP1

P31946 14-3-3 protein beta/alpha YWHAB

P62258 14-3-3 protein epsilon YWHAE

P63104 14-3-3 protein zeta/delta YWHAZ

P61981 14-3-3 protein gamma YWHAG

Q70Z35 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 2 protein PREX2

Äðóãèå Q92545 Transmembrane protein 131 TMEM131

Q14166 Tubulin-tyrosine ligase-like protein 12 TTLL12

Ò à á ë è ö à 2

Ïðîïîðöèè ïðîòåàñîìíûõ ñóáúåäèíèö â öèòîïëàçìå è ñðåäå ïî äàííûì iTRAQ-ìàññ-ñïåêòðîìåòðèè

Íàçâàíèå áåëêà Ñóáêîìïëåêñ ïðîòåàñîìû

Ñîîòíîøåíèå ìåæäó
êîëè÷åñòâîì áåëêà
â ïðîòåàñîìàõ èç

öèòîïëàçìû è ñðåäûà

26S protease regulatory subunit 10B (Rpt4) 0.4

26S protease regulatory subunit 4 (Rpt2) 0.5

26S protease regulatory subunit 6A (Rpt5) 0.6

26S protease regulatory subunit 6B (Rpt3) 0.4

26S protease regulatory subunit 7 (Rpt1) 0.5

26S protease regulatory subunit 8 (Rpt6) 0.4

26S proteasome non-ATPase regulatory subunit 1 (Rpn2) 0.6

26S proteasome non-ATPase regulatory subunit 10 (Gankyrin) 2.0

26S proteasome non-ATPase regulatory subunit 11 (Rpn6) 0.4

26S proteasome non-ATPase regulatory subunit 12 (Rpn5) 19S (PA700) 0.7

26S proteasome non-ATPase regulatory subunit 13 (Rpn9) ðåãóëÿòîðíûé êîìïëåêñ 0.3

26S proteasome non-ATPase regulatory subunit 14 (Rpn11) 0.3

26S proteasome non-ATPase regulatory subunit 2 (Rpn1) 0.8

26S proteasome non-ATPase regulatory subunit 3 (Rpn3) 0.7

26S proteasome non-ATPase regulatory subunit 4 (Rpn10 èëè S5A) 1.1

26S proteasome non-ATPase regulatory subunit 5 (S5B) 0.4

26S proteasome non-ATPase regulatory subunit 6 (Rpn7) 0.4

26S proteasome non-ATPase regulatory subunit 7 (Rpn8) 1.1

26S proteasome non-ATPase regulatory subunit 8 (Rpn12) 0.0

Proteasomal ubiquitin receptor ADRM1 (Rpn13) 0.9

Proteasome activator complex subunit 3 (PA28g) 11S (PA28) ðåãóëÿòîðíûé êîìïëåêñ –0.3

Proteasome activator complex subunit 4 (PA200) PA200 ðåãóëÿòîðíûé êîìïëåêñ –1.7

Proteasome subunit alpha type-1 (a6) 20S ïðîòåàñîìà –1.0

Proteasome subunit alpha type-2 (a2) –1.0

Proteasome subunit alpha type-3 (a7) –1.7

Proteasome subunit alpha type-4 (a3) –1.0

Proteasome subunit alpha type-5 (a5) –0.7

Proteasome subunit alpha type-6 (a1) –1.3

Proteasome subunit alpha type-7 (a3) –1.7

Proteasome subunit beta type-1 (b6) –1.0

Proteasome subunit beta type-2 (b4) –0.7

Proteasome subunit beta type-3 (b3) –1.3

Proteasome subunit beta type-4 (b7) –1.0

Proteasome subunit beta type-5 (b5) –1.0

Proteasome subunit beta type-6 (b1) –1.7

Proteasome subunit beta type-7 (b2) –0.7

à Ëîãàðèôì (ïðè îñíîâàíèè 2) îòíîøåíèÿ êîëè÷åñòâà áåëêà â ïðåïàðàòå öèòîïëàçìàòè÷åñêèõ ïðîòåàñîì ê êîëè÷åñòâó áåëêà â ïðîòåàñîìàõ èç
ñðåäû, íîðìèðîâàííîå îòíîñèòåëüíî êîëè÷åñòâà áåëêà â ïðåïàðàòàõ ïðîòåàñîì èç êîíäèöèîíèðîâàííîé êëåòêàìè ñðåäû.



íîñòè îïðåäåëåíû 284 áåëêà, èç íèõ 35 — ïðîòåàñîìíûå
áåëêè.

Êàê óæå óïîìèíàëîñü, iTRAQ-ìàññ-ñïåêòðîìåòðèÿ —
êîëè÷åñòâåííûé àíàëèç áåëêà, ïîýòîìó ìû ìîæåì îïðå-
äåëèòü ñîîòíîøåíèå ìåæäó êîëè÷åñòâîì áåëêà â ðàçíûõ
ïðåïàðàòàõ. Äàííûå òàêîãî ñðàâíèòåëüíîãî àíàëèçà ïðî-
òåàñîìíûõ áåëêîâ â ïðåïàðàòàõ ïðîòåàñîì, î÷èùåííûõ
èç öèòîïëàçìû è êîíäèöèîíèðîâàííîé êëåòêàìè ñðåäû,
ïðåäñòàâëåíû â òàáë. 2. Èíòåðåñíî, ÷òî êîëè÷åñòâî ñóáú-
åäèíèö 20S ïðîòåàñîìû â ñðåäå â 2 ðàçà âûøå, ÷åì â öè-
òîïëàçìå, îäíàêî áåëêîâ 19S ðåãóëÿòîðà, íàïðîòèâ, ïî÷òè
â 1.5 ðàçà ìåíüøå. Ýòî îçíà÷àåò, ÷òî â ñðåäå ïîïóëÿöèÿ
ïðîòåàñîì îáîãàùåíà 20S ïðîòåàñîìàìè è (èëè) 19S êîì-
ïëåêñ çàìåíåí íà äðóãîé ïðîòåàñîìíûé ðåãóëÿòîð, íàïðè-
ìåð 11S èëè PA200 êîìïëåêñû, ÷òî òàêæå ïîäòâåðæäàåò-
ñÿ ïîâûøåííûì ñîäåðæàíèåì ýòèõ ðåãóëÿòîðîâ â ñðåäå
(òàáë. 2).

Ðåçóëüòàòû ìàññ-ñïåêòðîìåòðè÷åñêîãî èññëåäîâàíèÿ
ïîêàçàëè, ÷òî íåêîòîðûå ñóáúåäèíèöû âíåêëåòî÷íûõ
ïðîòåàñîì ïîäâåðãàþòñÿ àöåòèëèðîâàíèþ è óáèêâèòèíè-
ðîâàíèþ (òàáë. 3). Ìû âïåðâûå èäåíòèôèöèðîâàëè íå-
ñêîëüêî ñàéòîâ óáèêâèòèíèðîâàíèÿ íà ñóáúåäèíèöàõ a2,
a4 è a6. Íàì òàêæå óäàëîñü îáíàðóæèòü íîâûé ñàéò àöå-
òèëèðîâàíèÿ íà ñóáúåäèíèöå Rpn6. Ìû íå îáíàðóæèëè
ðàíåå îïóáëèêîâàííîãî óáèêâèòèíèðîâàíèÿ ñóáúåäèíèö
a5, a6, a7 è b1 â êëåòêàõ K562 (Ìîèñååâà è äð., 2010á),
÷òî, ñêîðåå âñåãî, ñâèäåòåëüñòâóåò î ðàçíèöå â ôèçèîëî-
ãè÷åñêîì ñîñòîÿíèè êëåòîê, à òàêæå çàâèñèò îò ñïîñîáà
î÷èñòêè ïðîòåàñîì è ìåòîäà äåòåêöèè ýòîé ÏÒÌ.

Ìû ñãðóïïèðîâàëè áåëêè, âçàèìîäåéñòâóþùèå ñ âíå-
êëåòî÷íûìè ïðîòåàñîìàìè, â ñîîòâåòñòâèè ñ èõ ôóíêöèÿ-
ìè â êëåòêå ñîãëàñíî áàçå äàííûõ UniProt, è îêàçàëîñü,
÷òî ïîìèìî àññîöèèðîâàííûõ ñ ÓÏÑ áåëêîâ ìû íàáëþ-
äàåì áåëêè, ó÷àñòâóþùèå â ðåãóëÿöèè òðàíñêðèïöèè è
ðåïëèêàöèè, â ðåïàðàöèè ÄÍÊ è â îòâåòå íà ïîâðåæäåíèÿ
ÄÍÊ, â ñïëàéñèíãå è ïðîöåññèíãå ÐÍÊ, â òðàíñëÿöèè,
ïåðåäà÷å ñèãíàëà è òðàíñïîðòå (òàáë. 1; ðèñ. 2). Êðîìå
òîãî, ÷àñòü àññîöèèðîâàííûõ ñ ïðîòåàñîìàìè áåëêîâ —
ýòî øàïåðîíû, áåëêè öèòîñêåëåòà è ìèîôèáðèëëÿðíûå
áåëêè, à òàêæå áåëêè, ó÷àñòâóþùèå â êëåòî÷íîì ìåòà-
áîëèçìå. Îñíîâíûå ñôîðìèðîâàííûå íàìè ãðóïïû âçàè-
ìîäåéñòâóþùèõ áåëêîâ ñîñòîÿò èç áåëêîâ, ó÷àñòâóþùèõ
â ìåòàáîëèçìå (21 %), òðàíñëÿöèè (15 %), òðàíñêðèï-
öèè è ðåïëèêàöèè (11 %), ñïëàéñèíãå è ïðîöåññèíãå
ÐÍÊ (11 %), à òàêæå â ïåðåäà÷å ñèãíàëà è òðàíñïîðòå
(11 %).

Äëÿ íàñ íå ñòàë ñþðïðèçîì òîò ôàêò, ÷òî â ÷èñëå
âçàèìîäåéñòâóþùèõ ñ ïðîòåàñîìàìè áåëêîâ ïðèñóòñòâó-
åò áîëüøîå êîëè÷åñòâî áåëêîâ, ó÷àñòâóþùèõ â êëåòî÷-
íîì ìåòàáîëèçìå, ïîñêîëüêó, ñîãëàñíî íàøèì ðàííèì
äàííûì ïî ñâÿçûâàíèþ in vitro áåëêîâ ñ ïðîòåàñîìíîé
ñóáúåäèíèöåé PSMA3 (a7), ýòà ãðóïïà áåëêîâ òàêæå áûëà
âíóøèòåëüíîé (Fedorova et al., 2011). Êðîìå òîãî, ïðè
èçó÷åíèè áåëêîâ, âçàèìîäåéñòâóþùèõ ñ ïðîòåàñîìàìè
äðîææåé (Guerrero et al., 2006) è êðûñ (Besche et al.,
2009), òàêæå áûëè îáíàðóæåíû áåëêè ýòîé ôóíêöèîíàëü-
íîé ãðóïïû. Îäíàêî â ñèëó íåäîñòàòêà äàííûõ ìû íå ìî-
æåì îòâåòèòü íà âîïðîñ î òîì, ÿâëÿþòñÿ ýòè áåëêè ðåãó-

Õàðàêòåðèñòèêà âíåêëåòî÷íûõ ïðîòåàñîì è àññîöèèðîâàííûõ ñ íèìè áåëêîâ 119
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Ïîñòòðàíñëÿöèîííûå ìîäèôèêàöèè (ÏÒÌ) ïðîòåàñîìíûõ áåëêîâ,
âûÿâëåííûå ñ ïîìîùüþ iTRAQ-ìàññ-ñïåêòðîìåòðèè

Íîìåð
áåëêà

Íàçâàíèå áåëêà
Àëüòåð-

íàòèâíîå
íàçâàíèå

Íàçâàíèå
ãåíà

Àìèíîêèñ-
ëîòíûé
îñòàòîê

ÏÒÌ
Ïîñëåäîâàòåëüíîñòü

ïåïòèäîâ

Q99460 26S proteasome non-ATPase regulatory
subunit 1

Rpn2 PSMD1 K869a Ub KKEPEPNFQLLDNPAR

O00231 26S proteasome non-ATPase regulatory
subunit 11

Rpn6 PSMD1 A2 Ac AAAAVVEFQR

P25786 Proteasome subunit alpha type-1 a6 PSMA1 K208á—ã Ub ETLPAEQDLTTK

K217 Ub VSIGIVGK

P25787 Proteasome subunit alpha type-2 a2 PSMA2 K39 Ub LVQIEYALLAAVAGGAPSVGIK

K50à Ub AANGVVLATEK

K196 Ub YNEDLELEDAIHTAILTIK

P25789 Proteasome subunit alpha type-4 a3 PSMA4 K238à Ub EVEQLIK

P28066 Proteasome subunit alpha type-5 a5 PSMA5 K187à Ub AIGSADEGAQSSLQEVYHK

P60900 Proteasome subunit alpha type-6 a1 PSMA6 K30 Ub LYQVEYAFK

K164à Ub CDPAGYYCGFK

O14818 Proteasome subunit alpha type-7 a4 PSMA7 K189 Ub NYTDEAIETDDLTIK

K204à Ub ALLEVVQSGGK

K234 Ub YVAEIEK

P20618 Proteasome subunit beta type-1 b6 PSMB1 K228à, á Ub ICIVTK

P49721 Proteasome subunit beta type-2 b4 PSMB2 K29à, á Ub VAASNIVQMK

P49720 Proteasome subunit beta type-3 b3 PSMB3 K41à Ub FGIQAQMVTTDFQK

P28072 Proteasome subunit beta type-6 b1 PSMB6 K230à Ub QVLLGDQIPK

Q99436 Proteasome subunit beta type-7 b2 PSMB7 K72à Ub ATEGMVVADK

Ï ð è ì å ÷ à í è å. Ïîä÷åðêèâàíèåì âûäåëåíû âïåðâûå îáíàðóæåííûå ñàéòû ìîäèôèöèðîâàíèÿ áåëêîâ, æèðíûì øðèôòîì óêàçàíî ïîëîæåíèå
àìèíîêèñëîòíîãî îñòàòêà, íåñóùåãî âûÿâëåííóþ ìîäèôèêàöèþ. Ub — óáèêâèòèíèðîâàíèå, Ac — àöåòèëèðîâàíèå. Êëåòêè ëèíèé, â êîòîðûõ
îáíàðóæåíû äàííûå ñàéòû óáèêèòèíèðîâàíèÿ: à HEK293T è HCT116 (Kim et al., 2011), á HEK293T (Wagner et al., 2011), â HELA (Meierhofer et al.,
2008) è ã K562 (Ìîèñååâà è äð., 2010á).



ëÿòîðàìè èëè îíè ïðåäíàçíà÷åíû äëÿ äåãðàäàöèè ïðîòåà-
ñîìàìè.

Ôàêò èäåíòèôèêàöèè â ÷èñëå áåëêîâ, àññîöèèðîâàí-
íûõ ñ ïðîòåàñîìàìè, øàïåðîíîâ è áåëêîâ öèòîñêåëåòà òàê-
æå íå ïðîòèâîðå÷èò ëèòåðàòóðíûì äàííûì (Goldberg,
2003; Besche et al., 2009; Scanlon et al., 2009; Tai et al., 2010;
Fedorova et al., 2011). Îäíàêî ýòî ìîæíî òàêæå îáúÿñíèòü
êîíòàìèíàöèåé â ïðîöåññå âûäåëåíèÿ è î÷èñòêè íàøèõ
ïðîòåàñîì ñ áåëêàìè öèòîñêåëåòà è ìèîôèáðèëëÿðíûìè
áåëêàìè â ñèëó ïîâûøåííîãî ñîäåðæàíèÿ èõ â êëåòêå. Øà-
ïåðîíû, êàê ïîëàãàþò, îáåñïå÷èâàþò ïðàâèëüíóþ ñáîðêó
ñàìèõ ïðîòåàñîì (Öèìîõà, 2010) è îáëåã÷àþò âçàèìîäåé-
ñòâèå áåëêîâ-ìèøåíåé ñ ïðîòåàñîìàìè (Goldberg, 2003).

Èíòåðåñåí òîò ôàêò, ÷òî ìû âèäèì â ÷èñëå íàøèõ
ãðóïï áåëêè, ó÷àñòâóþùèå â ñïëàéñèíãå è ïðîöåññèíãå
ÐÍÊ (ðèñ. 2). Â íàøåì ðàííåì èññëåäîâàíèè áåëêîâ, ñâÿ-
çûâàþùèõñÿ in vitro ñ ïðîòåàñîìíîé ñóáúåäèíèöåé PSMA3
(a7), ìû òàêæå îáíàðóæèëè áåëêè ýòîé ãðóïïû (Fedorova
et al., 2011). Áîëåå òîãî, ìû ïîêàçàëè ó÷àñòèå ïðîòåàñîì â
àëüòåðíàòèâíîì ñïëàéñèíãå in vitro (Fedorova et al., 2011).

Â ëèòåðàòóðå òàêæå âñòðå÷àþòñÿ äàííûå î âçàèìî-
äåéñòâèè ñ ïðîòåàñîìàìè áåëêîâ, ó÷àñòâóþùèõ â òðàíñ-
êðèïöèè, òðàíñëÿöèè èëè ðåïàðàöèè ÄÍÊ (Besche et al.,
2010; Tai et al., 2010). Àâòîðû ïðåäïîëàãàþò ðåãóëÿòîð-
íîå çíà÷åíèå äàííûõ áåëêîâ, îäíàêî íå îòðèöàþò âåðîÿò-
íîñòü òîãî, ÷òî àññîöèàöèÿ ýòèõ áåëêîâ ñ ïðîòåàñîìàìè
îáúÿñíÿåòñÿ èõ ïîñëåäóþùåé äåãðàäàöèåé ïðîòåàñîìàìè.

Íåñìîòðÿ íà âûñîêóþ äîñòîâåðíîñòü èñïîëüçóåìîãî
íàìè ìåòîäà iTRAQ-ìàññ-ñïåêòðîìåòðèè, ìû ïîäòâåðäè-
ëè ðåçóëüòàòû ìàññ-ñïåêòðîìåòðèè Âåñòåðí-áëîòèíãîì ñ
èñïîëüçîâàíèåì ñïåöèôè÷åñêèõ àíòèòåë ê âûáðàííûì

íàìè ñëó÷àéíûì îáðàçîì áåëêàì (ðèñ. 3). Ìû èñïîëüçî-
âàëè àíòèòåëà ê áåëêàì öèòîñêåëåòà Filamin-A, Myosin-9,
Alpha-actinin-4, Beta-actin, Tubulin alpha, Tropomyosin al-
pha-3, ïðîòåàñîìíûì áåëêàì Rpn7, a5 è áåëêàì hnRNP L,
hnRNP F/H, êîòîðûå ó÷àñòâóþò â ñïëàéñèíãå. Ìû ñðàâ-

120 Þ. ß. Çàéêîâà è äð.

Ðèñ. 2. Äèàãðàììà ðàñïðåäåëåíèÿ ïî ôóíêöèîíàëüíûì ãðóïïàì
áåëêîâ, àññîöèèðîâàííûõ ñ âíåêëåòî÷íûìè ïðîòåàñîìàìè.

1 — áåëêè, àññîöèèðîâàííûå ñ ÓÏÑ (9 % îò îáùåãî êîëè÷åñòâà àññîöèè-
ðîâàííûõ ñ ïðîòåàñîìàìè áåëêîâ), 2 — øàïåðîíû (9 %), 3 — öèòîñêåëåò
è ìèîôèáðèëëÿðíûå áåëêè (7 %), 4 — áåëêè, ó÷àñòâóþùèå â ðåïàðàöèè
ÄÍÊ è â îòâåòå íà ïîâðåæäåíèÿ ÄÍÊ (4 %), 5 — áåëêè, ó÷àñòâóþùèå â
òðàíñêðèïöèè è ðåïëèêàöèè (11 %), 6 — áåëêè, îñóùåñòâëÿþùèå ñïëàé-
ñèíã è ïðîöåññèíã ÐÍÊ (11 %), 7 — âîâëå÷åííûå â òðàíñëÿöèþ áåëêè
(15 %), 8 — áåëêè-ó÷àñòíèêè êëåòî÷íîãî ìåòàáîëèçìà (21 %), 9 — áåë-

êè, îñóùåñòâëÿþùèå ïåðåäà÷ó ñèãíàëà è òðàíñïîðò (11 %).

Ðèñ. 3. Âåñòåðí-áëîò áåëêîâ, àññîöèèðîâàííûõ ñ öèòîïëàçìà-
òè÷åñêèìè (ÖÏ) è âíåêëåòî÷íûìè (Ñðåäà) ïðîòåàñîìàìè.



íèâàëè áåëêè, àññîöèèðîâàííûå ñ ïðîòåàñîìàìè, î÷è-
ùåííûìè èç ñðåäû è öèòîïëàçìû. Êàê îêàçàëîñü, âñå áåë-
êè, êîòîðûå ìû àíàëèçèðîâàëè Âåñòåðí-áëîòèíãîì, âçàè-
ìîäåéñòâóþò ñ ïðîòåàñîìàìè. Èíòåðåñåí òîò ôàêò, ÷òî ñ
ïðîòåàñîìàìè èç ñðåäû àññîöèèðóþòñÿ áîëüøå òàêèå
áåëêè, êàê Tubulin alpha, hnRNP H è Tropomyosin alpha-3,
â òî âðåìÿ êàê â öèòîïëàçìå ñ ïðîòåàñîìàìè âçàèìîäåé-
ñòâóþò Filamin-A è Myosin-9. Ìû îáðàòèëè âíèìàíèå íà
òîò ôàêò, ÷òî Tubulin alpha â öèòîïëàçìå ïðåäñòàâëåí
äâóìÿ èçîôîðìàìè (ðèñ. 3), ÷òî ìîæåò áûòü îáóñëîâëåíî
ïðîòåîëèçîì áåëêà ïðîòåàñîìàìè.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåê-
òû 10-04-01234 è 12-04-01397), ôåäåðàëüíîé öåëåâîé ïðî-
ãðàììû «Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèå êàäðû èííî-
âàöèîííîé Ðîññèè» íà 2009—2013 ãã. (¹ 16.740.11.0366,
8280 è 8787) è ïðàâèòåëüñòâà Ñàíêò-Ïåòåðáóðãà.
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CHARACTERIZATION OF THE EXTRACELLULAR PROTEASOMES

AND ITS INTERACTING PROTEINS BY iTRAQ MASS SPECTROMETRY
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The analysis of the extracellular proteasomes by isobaric tagging for relative and absolute quantifications
(iTRAQ) mass spectrometry has been carried out. Here we show a standard set of 26S proteasomal subunits in
the composition of the extracellular proteasomes. Moreover, extracellular proteasomes have a number of
PA200 activators, which, as previously thought, are localized in the cell nucleus. Posttranslational modificati-
ons (PTMs) of subunits of the extracellular proteasomes were revealed by iTRAQ mass spectrometry. For the
first time we have identified several ubiquitination and acetylation sites on subunits a2 (K196), a4 (K189 and
K234), a6 (K217), and Rpn6 (A2). We have revealed a large number of proteasome-interacting proteins that
are involved in various cell processes, such as transcription, DNA repair, translation, cytoskeletal proteins and
the proteins of the ubiquitin-proteasome system (UPS). Immunoblot analysis has confirmed the interactions
between purified extracellular proteasomes and nine proteins which were randomly selected from the set of in-
teracting proteins.

K e y w o r d s: extracellular proteasomes, iTRAQ mass spectrometry, posttranslational modifications, ubi-
quitination.
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