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Èçó÷åíèå ÀÒÔ-çàâèñèìûõ ôàêòîðîâ ñáîðêè è ðåìîäåëèðîâàíèÿ õðîìàòèíà äðîçîôèëûÀ. Þ. Êîíåâ è äð.

Ñáîðêà õðîìàòèíà — ýòî ôóíäàìåíòàëüíûé ïðîöåññ, íåîáõîäèìûé äëÿ âîññòàíîâëåíèÿ õðîìàòèíî-
âîé ñòðóêòóðû ïîñëå ðåïëèêàöèè ÄÍÊ, à òàêæå ïðîèñõîäÿùèé â òå÷åíèå âñåãî êëåòî÷íîãî öèêëà â õîäå
òðàíñêðèïöèè, ðåïàðàöèè èëè ðåêîìáèíàöèè. Èññëåäîâàíèÿ in vitro ñâèäåòåëüñòâóþò î òîì, ÷òî äëÿ ýô-
ôåêòèâíîé ñáîðêè ïðîòÿæåííûõ íóêëåîñîìíûõ ïîâòîðîâ íåîáõîäèìî âçàèìîäåéñòâèå áåëêîâûõ ôàêòî-
ðîâ, îòíîñÿùèõñÿ ê äâóì ðàçëè÷íûì êëàññàì — ãèñòîíîâûõ øàïåðîíîâ è ÀÒÔ-çàâèñèìûõ õðîìàòèíðå-
ìîäóëèðóþùèõ ôàêòîðîâ. Èññëåäîâàíèå ôóíêöèé õðîìàòèíðåìîäåëèðóþùåãî áåëêà CHD1 in vivo âûÿ-
âèëî êëþ÷åâóþ ðîëü ýòîãî ôàêòîðà â íåçàâèñèìîé îò ðåïëèêàöèè ñáîðêå õðîìàòèíà, ñîäåðæàùåãî
âàðèàíòíûé ãèñòîí Í3.3. Âûÿâëåí íîâûé ÀÒÔ-çàâèñèìûé ôàêòîð ñáîðêè õðîìàòèíà — êîìïëåêñ ToRC,
îáðàçîâàííûé áåëêàìè Toutatis, CtBP è ISWI. ÀÒÔ-çàâèñèìûå ôàêòîðû, âîâëå÷åííûå â ñáîðêó õðîìàòè-
íà ó äðîçîôèëû (CHD1, dRsf1, Tou è Acf1), îáðàçóþò ñåòü ãåíåòè÷åñêè âçàèìîäåéñòâóþùèõ ôàêòîðîâ,
ñïîñîáíûõ ÷àñòè÷íî êîìïåíñèðîâàòü îòñóòñòâèå äðóã äðóãà. Èññëåäîâàíèÿ ôóíêöèé ôàêòîðîâ ñáîðêè
õðîìàòèíà äðîçîôèëû in vivo ïîêàçûâàþò, ÷òî ÀÒÔ-çàâèñèìûå õðîìàòèíðåìîäåëèðóþùèå ôàêòîðû, òà-
êèå êàê CHD1, ó÷àñòâóþò íå òîëüêî â ðåìîäåëèðîâàíèè ñóùåñòâóþùåãî õðîìàòèíà, íî è â ñáîðêå õðî-
ìàòèíà èç ÄÍÊ è ãèñòîíîâ de novo.

Ê ë þ ÷ å â û å ñ ë î â à: õðîìàòèí, ñáîðêà õðîìàòèíà, õðîìàòèíðåìîäåëèðóþùèå ôàêòîðû, ãèñòîíî-
âûå øàïåðîíû, âàðèàíòíûå ãèñòîíû, CHD1, Acf1, Toutatis.

Âñå ïðîöåññû ìåòàáîëèçìà ÄÍÊ, òàêèå êàê ðåïëèêà-
öèÿ, òðàíñêðèïöèÿ, ðåêîìáèíàöèÿ è ðåïàðàöèÿ, ïðîèñõî-
äÿò â ýóêàðèîòè÷åñêîé êëåòêå ñ ÄÍÊ â ñîñòàâå õðîìàòèíà,
âñå îíè â òîé èëè èíîé ñòåïåíè òðåáóþò åãî ðàçáîðêè è
ñáîðêè. Îñíîâíîé ïîâòîðÿþùåéñÿ åäèíèöåé õðîìàòèíà
ÿâëÿåòñÿ íóêëåîñîìà, îáðàçîâàííàÿ 147 ïàðàìè îñíîâà-
íèé ÄÍÊ, çàêðó÷åííûìè âîêðóã îêòàìåðà, îáðàçîâàííîãî
êîðîâûìè ãèñòîíàìè H2A, H2B, H3 è H4. Äëÿ âñåõ ãèñòî-
íîâ, êðîìå H4, ïîêàçàíî ñóùåñòâîâàíèå àëüòåðíàòèâíûõ
âàðèàíòíûõ ãèñòîíîâ, êîòîðûå ìîãóò çàìåíÿòü êàíîíè÷å-
ñêèå ãèñòîíû â ñîñòàâå íóêëåîñîì. Âàðèàíòíûå ãèñòîíû
è ôàêòîðû, âîâëå÷åííûå â èíêîðïîðèðîâàíèå çàìåùàþ-
ùèõ ãèñòîíîâ â õðîìàòèí, èãðàþò ñóùåñòâåííóþ ðîëü â
êîíòðîëå õðîìîñîìíîé àðõèòåêòóðû, ýêñïðåññèè ãåíîâ,
ôîðìèðîâàíèè ýïèãåíåòè÷åñêîé ïàìÿòè êëåòêè è â ðåãó-
ëÿöèè ðåïàðàöèè ÄÍÊ (Henikoff, Ahmad, 2005; Jin et al.,
2005; Kush, Workman, 2007). Ïðîöåññ ñáîðêè õðîìàòèíà
ÿâëÿåòñÿ âàæíåéøèì êîìïîíåíòîì ðåãóëÿòîðíîé ñåòè,
êîíòðîëèðóþùåé ïðîäâèæåíèå êëåòîê ïî êëåòî÷íîìó
öèêëó è ïðîöåññû, ïðîèñõîäÿùèå â õîäå ðàçâèòèÿ îðãà-
íèçìà.

Â äåëÿùèõñÿ êëåòêàõ, ñáîðêà õðîìàòèíà ïðîèñõîäèò
â õîäå ðåïëèêàöèè ÄÍÊ, êîãäà «ðîäèòåëüñêèå» è âíîâü
ñèíòåçèðîâàííûå ãèñòîíû ðàñïðåäåëÿþòñÿ ìåæäó äî÷åð-
íèìè íèòÿìè ÄÍÊ (Krude, Keller, 2001). Êðîìå òîãî,
ñáîðêà íóêëåîñîì òðåáóåòñÿ ïðè îáìåíå ãèñòîíîâ è â
õîäå ðåïàðàöèè. Ñ÷èòàåòñÿ, ÷òî íåçàâèñèìàÿ îò ðåïëèêà-
öèè ñáîðêà õðîìàòèíà âîâëåêàåò èñêëþ÷èòåëüíî ãèñòîíî-

âûå âàðèàíòû (íàïðèìåð, H3.3, H2A. Z è CenpA), â òî
âðåìÿ êàíîíè÷åñêèå ãèñòîíû ìîãóò áûòü âêëþ÷åíû òîëü-
êî âî âðåìÿ ðåïëèêàöèè (Krude, Keller, 2001; Jin et al.,
2005). Äëÿ ýôôåêòèâíîé ñáîðêè õðîìàòèíà íåîáõîäèìî
âçàèìîäåéñòâèå ôàêòîðîâ, îòíîñÿùèõñÿ ê äâóì ðàçëè÷-
íûì êëàññàì: ãèñòîíîâûõ øàïåðîíîâ è ÀÒÔ-çàâèñèìûõ
SWI/SNF-ïîäîáíûõ õðîìàòèíðåìîäóëèðóþùèõ ôàêòî-
ðîâ (Haushalter, Kadonaga, 2003; Polo, Almouzni, 2006).
Ãèñòîíîâûå øàïåðîíû èãðàþò ðîëü â äîñòàâêå âíîâü ñèí-
òåçèðîâàííûõ ãèñòîíîâ â ÿäðî è ó÷àñòâóþò âî âêëþ÷åíèè
ãèñòîíîâ â ÄÍÊ (Tyler, 2002). Áûëè èäåíòèôèöèðîâàíû
øàïåðîíû, êîòîðûå ñïåöèôè÷åñêè âçàèìîäåéñòâóþò ñ
îïðåäåëåííûìè âàðèàíòàìè ãèñòîíîâ, è èìåííî ó÷àñòèå
ñïåöèôè÷åñêèõ øàïåðîíîâ îïðåäåëÿåò ðåïëèêàòèâíî- àñ-
ñîöèèðîâàííûé è íåçàâèñèìûé îò ðåïëèêàöèè ïóòü ñáîð-
êè õðîìàòèíà (Tagami et al., 2004).

Íåñìîòðÿ íà ñóùåñòâåííóþ ðîëü øàïåðîíîâ, áèîõè-
ìè÷åñêèå èññëåäîâàíèÿ ïðîöåññà ñáîðêè õðîìàòèíà in vit-
ro ïîêàçàëè, ÷òî ýòîò ïðîöåññ òðåáóåò ó÷àñòèÿ ãèäðîëèçó-
þùèõ ÀÒÔ õðîìàòèíðåìîäåëèðóþùèõ ôàêòîðîâ (Ito
et al., 1997). Ýòè ôàêòîðû óâåëè÷èâàþò ýôôåêòèâíîñòü
âêëþ÷åíèÿ ãèñòîíîâ â õðîìàòèí, à òàêæå ðåãóëèðóþò ðàñ-
ñòîÿíèå ìåæäó íóêëåîñîìàìè â õðîìàòèíå (Ito et al.,
1997; Varga-Weisz et al., 1997; Ito et al., 1999; Loyola et al.,
2001; Lusser et al., 2005). Íåäàâíî áûëî ïîêàçàíî, ÷òî â òî
âðåìÿ êàê ãèñòîíîâûå øàïåðîíû îïîñðåäóþò ôîðìèðî-
âàíèå ïðåíóêëåîñîìíûõ ñòðóêòóð, ÀÒÔ-çàâèñèìûå ôàê-
òîðû íåîáõîäèìû äëÿ èõ ïðåîáðàçîâàíèÿ â ïåðèîäè-
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÷åñêèå ïîâòîðû çðåëûõ íóêëåîñîì (Torigoe et al., 2011).
Âñå ÀÒÔ-çàâèñèìûå ôàêòîðû ñáîðêè õðîìàòèíà ñîäåð-
æàò õðîìàòèí-ðåìîäåëèðóþùèå ìîòîðíûå áåëêè
(ISWI/SNF2H, CHD1 èëè ATRX) èç SNF2-ñåìåéñòâà ÀÒ-
Ôàç â êà÷åñòâå êàòàëèòè÷åñêèõ ñóáúåäèíèö (Ito et al.,
1997; Loyola et al., 2001; Lusser et al., 2005; Lewis et al.,
2010). ÀÒÔ-çàâèñèìàÿ ñáîðêà ïðîòÿæåííûõ ïåðèîäè÷å-
ñêèõ ïîâòîðîâ íóêëåîñîì in vitro ê íàñòîÿùåìó âðåìåíè
ïîêàçàíà äëÿ ôàêòîðîâ ACF è CHRAC äðîçîôèëû, êîìï-
ëåêñà RSF èç êëåòîê ÷åëîâåêà è áåëêà CHD1 äðîçîôèëû
(Ito et al., 1997; Loyola et al., 2003; Kukimoto et al., 2004;
Lusser et al., 2005). Êàòàëèòè÷åñêàÿ ñóáúåäèíèöà êîìï-
ëåêñîâ ACF, CHRAC è RSF îòíîñèòñÿ ê ISWI-ïîäñåìåé-
ñòâó SNF2-ïîäîáíûõ áåëêîâ. ACF è CHRAC ñîäåðæàò
äîïîëíèòåëüíóþ ñóáúåäèíèöó Acf1, êîòîðàÿ ñòèìóëèðó-
åò ïðèñóùèå ISWI àêòèâíîñòè ñáîðêè è ðåìîäåëèðîâàíèÿ
õðîìàòèíà (Lusser et al., 2005). Êîìïëåêñ RSF ñîäåðæèò
ïîëèïåïòèä Rsf-1, ñõîæèé ñ Acf1 (íî íå ãîìîëîãè÷íûé)
(Loyola et al., 2003). Ó äðîçîôèëû ISWI ÿâëÿåòñÿ æèçíåí-
íî âàæíûì ãåíîì, åãî ìóòàöèè âûçûâàþò ãëîáàëüíûå èç-
ìåíåíèÿ â ñòðóêòóðå õðîìîñîì, îñîáåííî X-õðîìîñîìû ó
ñàìöîâ (Deuring et al., 2000). ISWI ó÷àñòâóåò âî âêëþ÷å-
íèè ëèíêåðíîãî ãèñòîíà H1 â õðîìàòèí in vivo (Corona
et al., 2007). Õðîìîäîìåíñîäåðæàùèé áåëîê CHD1 îòíî-
ñèòñÿ ê CHD-ïîäñåìåéñòâó ÀÒÔàç, ðîäñòâåííîìó IS-
WI-ïîäñåìåéñòâó (Kelley et al., 1999).

Íåñìîòðÿ íà òî ÷òî èññëåäîâàíèÿ in vitro ñâèäåòåëü-
ñòâóþò î òîì, ÷òî ÀÒÔ-çàâèñèìûå ôàêòîðû íåîáõîäèìû
äëÿ ýôôåêòèâíîé ñáîðêè õðîìàòèíà, ðîëü ýòèõ ôàêòîðîâ
â ñáîðêå õðîìàòèíà in vivo ïðîäåìîíñòðèðîâàíà íå áûëà.
Êîíåâûì ñ ñîàâòîðàìè áûëè îõàðàêòåðèçîâàíû ìóòàöèè
ãåíà Chd1 äðîçîôèëû (Konev et al., 2007). Íóëü-ìóòàíò-
íûå ïî ïî ãåíó Chd1 îñîáè âûæèâàþò, íî îíè ñòåðèëüíû.
Ïîòîìêè ìóòàíòíûõ ñàìîê ÿâëÿþòñÿ ãàïëîèäíûìè è ãèá-
íóò íà ýìáðèîíàëüíîé ñòàäèè ðàçâèòèÿ. Ó äðîçîôèëû
ñëèÿíèå ìóæñêîãî è æåíñêîãî ãåíîìîâ ïîñëå îïëîäîòâî-
ðåíèÿ ïðîèñõîäèò òîëüêî ïîñëå ïåðâîãî ìèòîçà, ïðîèñõî-
äÿùåãî íåçàâèñèìî â ìóæñêîì è æåíñêîì ïðîíóêëåóñàõ.
Îòñóòñòâèå ôàêòîðà ÑHD1 â ïîòîìñòâå ìóòàíòíûõ ñàìîê
ïðèâîäèò ê íåñïîñîáíîñòè îòöîâñêîãî ãåíîìà ïðåîäîëåòü
ïåðâûé çèãîòè÷åñêèé ìèòîç è ðàçâèòèþ íåæèçíåñïîñîá-
íûõ ãàïëîèäíûõ ýìáðèîíîâ. Â ïðîöåññå îáðàçîâàíèÿ
ìóæñêîãî ïðîíóêëåóñà ïðîèñõîäèò óäàëåíèå ïðîòàìèíîâ,
ïîñëå ÷åãî ñëåäóåò íåçàâèñèìàÿ îò ðåïëèêàöèè ñáîðêà
õðîìàòèíà îòöîâñêîãî ãåíîìà, è èìåííî ýòîò ïðîöåññ íà-
ðóøåí ó îñîáåé, íóëü-ìóòàíòíûõ ïî ãåíó Chd1.

Â äåêîíäåíñèðóþùèéñÿ ñïåðìèé âêëþ÷àåòñÿ íå êà-
íîíè÷åñêèé, à âàðèàíòíûé ãèñòîí H3.3, è â ýòîì ïðîöåññå
ó÷àñòâóåò ãèñòîíîâûé øàïåðîí HIRA (Loppin et al.,
2005). Íàìè ïîêàçàíî, ÷òî CHD1 è HIRA ôèçè÷åñêè âçàè-
ìîäåéñòâóþò äðóã ñ äðóãîì. Â îòëè÷èå îò ìóòàíòîâ Hira,
ó êîòîðûõ ìóæñêîé ïðîíóêëåóñ ëèøåí ãèñòîíîâ, â ìóæ-
ñêîì ïðîíóêëåóñå Ñhd1-ìóòàíòíûõ ýìáðèîíîâ íà ïåðè-
ôåðèè ÿäðà äåòåêòèðóåòñÿ ãèñòîí H3.3, îäíàêî îí íå
âñòðàèâàåòñÿ â õðîìàòèí. Òàêèì îáðàçîì, CHD1 êîîïåðè-
ðóåò ñ HIRA äëÿ îñóùåñòâëåíèÿ íåçàâèñèìîé îò ðåïëèêà-
öèè ñáîðêè íóêëåîñîì íà óðîâíå âñåãî ãåíîìà â òðàíñ-
êðèïöèîííî íåàêòèâíîì ìóæñêîì ïðîíóêëåóñå. Â òî æå
âðåìÿ ýòîò ôàêòîð ñóùåñòâåí äëÿ èíêîðïîðàöèè H3.3 è íà
áîëåå ïîçäíèõ ýòàïàõ ýìáðèîãåíåçà, ñîâïàäàþùèõ ñ íà÷à-
ëîì çèãîòè÷åñêîé òðàíñêðèïöèè. Äàííîå èññëåäîâàíèå
âûÿâèëî, ÷òî CHD1 ÿâëÿåòñÿ êëþ÷åâûì ôàêòîðîì â íåçà-
âèñèìîé îò ðåïëèêàöèè ñáîðêå õðîìàòèíà è âïåðâûå ïðî-
äåìîíñòðèðîâàëî íåîáõîäèìîñòü ÀÒÔ-çàâèñèìûõ ôàêòî-
ðîâ äëÿ ñáîðêè õðîìàòèíà in vivo.

Â ñîâìåñòíûõ èññëåäîâàíèÿõ ñ ëàáîðàòîðèåé ä-ðà
Ä. Â. Ôåäîðîâà íàìè âûÿâëåí íîâûé ÀÒÔ-çàâèñèìûé
ôàêòîð ñáîðêè õðîìàòèíà — êîìïëåêñ ToRC, îáðàçîâàí-
íûé áåëêàìè Toutatis, ISWI è áåëêîì êîðåïðåññîðîì
òðàíñêðèïöèè CtBP (Emelyanov et al., 2012). Ñõîäñòâî äî-
ìåííîé ñòðóêòóðû áåëêîâ Tou è Acf1 ïîçâîëèëî ïðåäïî-
ëîæèòü, ÷òî Tou òàêæå ìîæåò áûòü êîìïîíåíòîì ñîáèðà-
þùåãî õðîìàòèí êîìïëåêñà. Äåéñòâèòåëüíî, áûëî óñòà-
íîâëåíî, ÷òî êîìïëåêñ ToRC, â ñî÷åòàíèè ñ ãèñòîíîâûì
øàïåðîíîì NAP-1 ñïîñîáñòâóåò îñóùåñòâëåíèþ ÀÒÔ-çà-
âèñèìîé ñáîðêè ïðîòÿæåííûõ ïåðèîäè÷åñêèõ íóêëåîñîì-
íûõ ïîâòîðîâ in vitro.

Íàëè÷èå âñåõ òðåõ êîìïîíåíòîâ êîìïëåêñà ToRC íå-
îáõîäèìî äëÿ åãî îïòèìàëüíîé ôåðìåíòàòèâíîé àêòèâíî-
ñòè. Íàìè ïîêàçàíî, ÷òî èìåííî CtBP îòâå÷àåò çà ïðèâëå-
÷åíèå êîìïëåêñà ê ñïåöèôè÷åñêèì ñàéòàì õðîìîñîì.
Ó ìóòàíòîâ ïî ãåíó CtBP â ïîëèòåííûõ õðîìîñîìàõ ïîë-
íîñòüþ èñ÷åçàëà ñïåöèôè÷åñêàÿ îêðàñêà ñ ïîìîùüþ àí-
òèòåë íà áåëîê Tou; â äèïëîèäíûõ êëåòêàõ íåéðîáëàñòîâ
è èìàãèíàëüíûõ äèñêîâ ìóòàíòîâ áåëîê Tou ðàññðåäîòî-
÷åí ïî âñåé êëåòêå, à íå ëîêàëèçîâàí â ÿäðå. Ó ìóòàíòîâ
tou èçìåíåíèé â ëîêàëèçàöèè áåëêà CtBP íå íàáëþäàåòñÿ.
Tou, êàê è CtBP, ôóíêöèîíèðóåò êàê ðåïðåññîð ãåíîâ
êîìïëåêñà achaete—scute. Ðåïðåññèâíàÿ ôóíêöèÿ CtBP
îïîñðåäîâàíà, ïî êðàéíåé ìåðå ÷àñòè÷íî, ïðèâëå÷åíèåì
ôàêòîðà ñáîðêè è ðåìîäåëèðîâàíèÿ õðîìàòèíà ToRC ê
ñàéòàì åãî àêòèâíîñòè.

Ñáîðêà õðîìàòèíà ÿâëÿåòñÿ ôóíäàìåíòàëüíûì ïðî-
öåññîì, è êàæåòñÿ ïàðàäîêñàëüíûì, ÷òî ìóòàöèè â êëþ÷å-
âûõ ÀÒÔ-çàâèñèìûõ ôàêòîðàõ ñáîðêè õðîìàòèíà, òàêèõ
êàê CHD1 èëè Acf1 (Fyodorov et al., 2004), ëèøü íåçíà÷è-
òåëüíî âëèÿþò íà æèçíåñïîñîáíîñòü îñîáåé. Ìû ïðåäïî-
ëîæèëè, ÷òî ñëàáûå ýôôåêòû ìóòàöèé òàêèõ ãåíîâ ìîãóò
áûòü ñëåäñòâèåì íàëè÷èÿ ñóùåñòâåííîãî êîìïåíñàòîðíî-
ãî ïîòåíöèàëà â ìåõàíèçìàõ ñáîðêè è ðåìîäåëèðîâàíèÿ
õðîìàòèíà. Äëÿ ïðîâåðêè ýòîãî ïðåäïîëîæåíèÿ íàìè èçó-
÷åíà æèçíåñïîñîáíîñòü îäèíî÷íûõ è äâîéíûõ ìóòàíòîâ
ïî ãåíàì, êîäèðóþùèì ñóáúåäèíèöû ÀÒÔ-çàâèñèìûõ
ôàêòîðîâ ñáîðêè õðîìàòèíà, — Chd1, acf1, dRsf, tou è
ISWI. C ïîìîùüþ ìåòîäà íåòî÷íîãî âûðåçàíèÿ P-ýëåìåí-
òà è ïðÿìîé èäåíòèôèêàöèè ìóòàíòíûõ àëëåëåé ñ ïîìî-
ùüþ ÏÖÐ-àíàëèçà ñ èñïîëüçîâàíèåì ãåí-ñïåöèôè÷íûõ
ïðàéìåðîâ íàìè ïîëó÷åíû 3 íîâûå äåëåöèîííûå àëëåëè
ãåíà Acf1 è 2 äåëåöèè â ãåíå tou. Âñå âûäåëåííûå ìóòàöèè
ÿâëÿþòñÿ íóëü-àëëåëÿìè ïî ðåçóëüòàòàì Âåñòåðí-áëîò-
àíàëèçà, îäíàêî âñå îíè ëèøü íåçíà÷èòåëüíî ñíèæàþò
æèçíåñïîñîáíîñòü.

Àíàëîãè÷íûì îáðàçîì, ñ ïîìîùüþ P-ýëåìåíò-èíäó-
öèðîâàííîãî âûðåçàíèÿ èíñåðöèè â ïåðâûé èíòðîí ãåíà
CG8677 (dRsf1), ãîìîëîãà ãåíà RSF1 ó äðîçîôèëû, íàìè
ïîëó÷åíû 2 ìóòàöèè ãåíà dRsf1, êîòîðûå óäàëÿþò ÷àñòü
5R-êîíöà ãåíà. Îáå ìóòàöèè âûçûâàþò ñäâèã ðàìêè ñ÷èòû-
âàíèÿ, ïðèâîäÿùèé ê ïîÿâëåíèþ ñòîï-êîäîíà, è ÿâëÿþòñÿ
íóëü-ìóòàöèÿìè ïî ðåçóëüòàòàì Âåñòåðí-áëîò-àíàëèçà.
Ìóõè, ìóòàíòíûå ïî ãåíó dRsf1, æèçíåñïîñîáíû è ôåðòè-
ëüíû. Ñî÷åòàíèå ìóòàöèé â êàòàëèòè÷åñêèõ ñóáúåäèíè-
öàõ ôàêòîðîâ ñáîðêè õðîìàòèíà CHD1 è ISWI ïðèâîäèò ê
ñóùåñòâåííî áîëåå ðàííåé (ýìáðèîíàëüíîé) ãèáåëè äâîé-
íûõ ìóòàíòîâ ïî ñðàâíåíèþ ñ îäèíî÷íûìè ìóòàíòàìè IS-
WI (äîæèâàþò äî òðåòüåé ëè÷èíî÷íîé ñòàäèè). Ðåçóëüòà-
òû àíàëèçà âçàèìîäåéñòâèÿ ìóòàöèé Chd1 ñ ìóòàöèÿìè â
ãåíàõ, êîäèðóþùèõ íåêàòàëèòè÷åñêèå ñóáúåäèíèöû òðåõ
ISWI-ñîäåðæàùèõ êîìïëåêñîâ (Acf1, Tou è Rsf1) ïðèâåäå-
íû â òàáëèöå. Ïîêàçàíî, ÷òî â òî âðåìÿ êàê îäèíî÷íûå
ìóòàíòû ëèøü îòíîñèòåëüíî íåçíà÷èòåëüíî ñíèæàþò

Èçó÷åíèå ÀÒÔ-çàâèñèìûõ ôàêòîðîâ ñáîðêè è ðåìîäåëèðîâàíèÿ õðîìàòèíà äðîçîôèëû 195



æèçíåñïîñîáíîñòü îñîáåé, äâîéíûå ìóòàíòû ÿâëÿþòñÿ
ñèíòåòè÷åñêèìè ëåòàëÿìè.

Òàêèì îáðàçîì, ôàêòîðû, âîâëå÷åííûå â ñáîðêó õðî-
ìàòèíà ó äðîçîôèëû, ñïîñîáíû êîìïåíñèðîâàòü îòñóòñò-
âèå äðóã äðóãà. Èññëåäîâàíèÿ, ïðîâåäåííûå íà äðîææàõ
Saccharomyces cerevisiae, òàêæå ïîêàçàëè âûñîêèé óðî-
âåíü äóáëèðîâàíèÿ ôóíêöèé áåëêîâ ISWI è CHD1 (Gki-
kopoulos et al., 2011). Èçáûòî÷íîñòü õàðàêòåðíà è äëÿ äðó-
ãîãî êëàññà ôàêòîðîâ ñáîðêè õðîìàòèíà — ãèñòîíîâûõ
øàïåðîíîâ (Bonnefoy et al, 2007). Ñèíòåòè÷åñêàÿ ëåòàëü-
íîñòü äâîéíûõ ìóòàíòîâ, êàæäûé èç êîòîðûõ ñëàáî âëèÿ-
åò íà æèçíåñïîñîáíîñòü îñîáåé, íåäàâíî ïîêàçàíà äëÿ ìó-
òàíòîâ xnp (ãîìîëîãà ôàêòîðà ATRX, âîâëå÷åííîãî âî
âêëþ÷åíèå ãèñòîíà H3.3 â òåëîìåðíûé è öåíòðîìåðíûé
õðîìàòèí ó ìëåêîïèòàþùèõ) è øàïåðîíà hira (Schneider-
man at al., 2012). Ïðè ýòîì ó äâîéíûõ ìóòàíòîâ hira; xnp
íàðóøåíî âñòðàèâàíèå ãèñòîíà H3.3 â õðîìàòèí ïîëèòåí-
íûõ õðîìîñîì. Áîëåå òîãî, è ãèñòîí H3.3, êîòîðûé ÿâëÿ-
åòñÿ êðàéíå ýâîëþöèîííî êîíñåðâàòèâíûì, íå ÿâëÿåòñÿ
íåîáõîäèìûì äëÿ æèçíåñïîñîáíîñòè îðãàíèçìà è ìîæåò
áûòü çàìåíåí ãèñòîíîì H3 â íåðåïëèêàòèâíîé ñáîðêå
õðîìàòèíà (Sakai et al., 2009). Âåðîÿòíî, ñóùåñòâîâàíèå
ðàçëè÷íûõ, ÷àñòè÷íî ïåðåêðûâàþùèõñÿ äðóã ñ äðóãîì
ïóòåé ñáîðêè õðîìàòèíà, âîâëåêàþùèõ ðàçëè÷íûå
ÀÒÔ-çàâèñèìûå ôàêòîðû, ãèñòîíîâûå øàïåðîíû è âàðè-
àíòû ãèñòîíîâ, íåîáõîäèìî äëÿ òîíêîé ðåãóëÿöèè ïðî-
öåññîâ, ñîïðîâîæäàþùèõñÿ îáìåíîì íóêëåîñîì â õîäå
ðàçâèòèÿ ìíîãîêëåòî÷íûõ îðãàíèçìîâ.

Â öåëîì èññëåäîâàíèÿ ôóíêöèé ôàêòîðîâ ñáîðêè
õðîìàòèíà äðîçîôèëû in vivo ïîêàçûâàþò, ÷òî ÀÒÔ-çàâè-
ñèìûå õðîìàòèíðåìîäåëèðóþùèå ôàêòîðû, òàêèå êàê
CHD1, ó÷àñòâóþò íå òîëüêî â ðåìîäåëèðîâàíèè ñóùåñò-
âóþùåãî õðîìàòèíà, íî è â ñáîðêå õðîìàòèíà èç ÄÍÊ è
ãèñòîíîâ de novo.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåêò

09-04-01676, ïðîåêòû ìîë_à 12-04-32101, 12-04-31566 è
12-04-31900), Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè ÐÔ
(2012-1.2.2-12-000-1013-069, Ãîñêîíòðàêò ¹ 8131) è
ïðàâèòåëüñòâà Ñàíêò-Ïåòåðáóðãà.
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Âçàèìîäåéñòâèå ìóòàöèé â ãåíå Ñhd1 ñ ìóòàöèÿìè
â äðóãèõ õðîìàòèí-àññåìáëèðóþùèõ ôàêòîðàõ

Ãåíîòèïà Ná Âûæèâàåìîñòü,
% îò îæèäàåìîé

Ñhd1[1]/Ñhd 1[1] 411 23

Ñhd1[3]/Ñhd1[3] 307 22

Ñhd1[1]/Df(2L)Exel7014] 201 51

acf1[1]/acf1[1] 213 64

tou[1]/tou[1] 340 49

tou[1]/Df(2R)ED2219 232 2.6

dRsf1[1]/dRsf1[1] 543 84

dRsf1[1]/Df(2L)Exel6047 435 96

Ñhd1[3]/Ñhd1[3]; acf1[1]/acf1[1] 257 0

Ñhd1[1] tou[1]/Ñhd1[1] tou[1] 241 0

Ñhd1[1] tou[1]/Df(2L) Exel7014] tou[1] 212 0

Df(2L)Exel7014 tou[1]/Ñhd1[1] Df(2R)ED2219 378 0

Ñhd1[1] tou[1]/Ñhd1[1] Df(2R)ED2219 52 0

Df(2L)Exel7014 dRsf1[1]/Ñhd1[1] dRsf1[1] 357 0.6

Ñhd1[1] dRsf1[1]/Ñhd1[1] dRsf1[1] 147 4.2

Df(2L)Exel7014 dRsf1[1]/Chd1[1]Df(2L)Exe6047 376 2

Chd1[1] dRsf1[1]/Chd1[1] Df(2L)Exe6047 127 4.8

à Äåëåöèè Df(2L)Exel7014, Df(2L)Exel6047 è Df(2R)ED2219 óäàëÿþò ãåíû Ñhd1, dRsf1 è tou ñîîòâåò-
ñòâåííî. á Êîëè÷åñòâî îñîáåé, ïðîàíàëèçèðîâàííûõ â ñîîòâåòñòâóþùèõ ñêðåùèâàíèÿõ.
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Chromatin assembly is a fundamentally important process that is essential for chromosome duplication
subsequent to DNA replication. In addition, histone removal and incorporation take place constantly throughout
the cell cycle in the course of DNA-utilizing processes, such as transcription, damage repair or recombination.
In vitro, chromatin assembly requires the concerned action of histone chaperones and ATP-utilizing chromatin
assembly factors. A novel, evolutionary conserved. ISWI-containing ATP-dependent chromatin assembly com-
plex termed ToRC has been described. ToRC comprises ISWI, Toutatis and the transcriptional corepressor
CtBP. In vivo studies have identified the Drosophila ATP-dependent chromatin-remodeling protein CHD1 as a
key factor in the replication independent assembly of nucleosomes containing the variant histone H3.3. CHD1
functions within the network of partially redundant factors: mutations in individual chromatin assembly factors
are viable, but combination of Chd1 mutations with mutations of other ATP-dependent chromatin assembly
factors (acf1, dRsf1, tou) causes synthetic lethality. Thus, ATP-dependent molecular motor proteins, such as
CHD1, function not only in remodeling of existing nucleosomes but also in de novo nucleosome assembly from
DNA and histones.

K e y w o r d s: chromatin, chromatin assemble, chromatin-remodeling factors, histone chaperones, variant
histones, CHD1, Acf1, Toutatis.
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