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Âçàèìîäåéñòâèå ïðîäóêòà ãåíà HIM1 ñ ãåëèêàçàìè Srs2 (RadH) è Mph1 äðîææåé Saccharomyces cerevisiae

Â íàñòîÿùåé ðàáîòå ìû ðàññìîòðåëè âçàèìîäåéñòâèå ïîêà åùå íå äî êîíöà èçó÷åííîãî áåëêà Him1,
ñ ãåëèêàçàìè Srs2 è Mph1. Ýòè ãåëèêàçû ó÷àñòâóþò â ïðîöåññèíãå D-ïåòëè, êîòîðàÿ ÿâëÿåòñÿ îñíîâíûì
èíòåðìåäèàòîì áåçîøèáî÷íîé âåòâè ïîñòðåïëèêàòèâíîé ðåïàðàöèè (ÏÐÐ), îñóùåñòâëÿþùåéñÿ ïî ðå-
êîìáèíàöèîííîìó ìåõàíèçìó ñìåíû ìàòðèö. Ïî íàøèì äàííûì, ãåí HIM1, ïðîäóêòîì êîòîðîãî ÿâëÿåò-
ñÿ áåëîê Him1, ìîæåò ó÷àñòâîâàòü â ðåãóëÿöèè áåçîøèáî÷íîé âåòâè ÏÐÐ. Ïîñëåäíÿÿ ÿâëÿåòñÿ îñíîâíîé
ñèñòåìîé ðåïàðàöèè êëåòêè, îñóùåñòâëÿþùåéñÿ ïðè íîðìàëüíîì ìåòàáîëèçìå â ïðîöåññå ðåïëèêàöèè.
Íàðóøåíèÿ â ðàáîòå ÏÐÐ ìîãóò ïðèâîäèòü ê âîçíèêíîâåíèþ ó ÷åëîâåêà ìíîãèõ íàñëåäñòâåííûõ çàáîëå-
âàíèé è êàíöåðîãåíåçó.

Ê ë þ ÷ å â û å ñ ë î â à: HIM1, äðîææè, ïîñòðåïëèêàòèâíàÿ ðåïàðàöèÿ, ÓÔ-èíäóöèðîâàííûé ìóòàãå-
íåç

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÏÐÐ — ïîñòðåïëèêàòèâíàÿ ðåïàðàöèÿ, ÓÔ — óëüòðàôèîëåòîâîå èçëó-
÷åíèå, High Induced Mutagenesis, Srs2 -Suppressor of Rad Six, Mph1 — Mutator PHenotype.

Ýôôåêòèâíàÿ è òî÷íàÿ ðåïàðàöèÿ ÄÍÊ ÿâëÿåòñÿ âàæ-
íûì ïðîöåññîì äëÿ ïîääåðæàíèÿ ñòàáèëüíîñòè ãåíîìà
êëåòêè. Àêòèâíî äåëÿùèåñÿ êëåòêè â îòâåò íà ïîâðåæäå-
íèÿ ãåíîìà èñïîëüçóþò â ïåðâóþ î÷åðåäü ðåïàðàöèîííûå
ñèñòåìû, êîòîðûå óäàëÿþò ïîâðåæäåíèÿ ÄÍÊ âî âñåõ
ó÷àñòêàõ. Ïîâðåæäåíèÿ ÄÍÊ, êîòîðûå îñòàëèñü íåëèêâè-
äèðîâàííûìè ïåðåä âõîäîì â ôàçó S êëåòî÷íîãî öèêëà,
ïðåäñòàâëÿþò ñåðüåçíóþ ïðîáëåìó â õîäå ðåïëèêàöèè,
ïîýòîìó â ïðîöåññå ýâîëþöèè êëåòêè âûðàáîòàëè óíèêà-
ëüíóþ ñèñòåìó òîëåðàíòíîñòè ê ïîâðåæäåíèÿì ÄÍÊ. Ìå-
õàíèçìû òîëåðàíòíîñòè ê ïîâðåæäåíèÿì ÄÍÊ èãðàþò
êëþ÷åâóþ ðîëü â îðãàíèçàöèè çàâåðøåíèÿ ðåïëèêàöèè
ïîâðåæäåííîé ìàòðè÷íîé ÄÍÊ. Â ýóêàðèîòàõ òîëåðàíò-
íîñòü ê ïîâðåæäåíèÿì, êîòîðàÿ êîíòðîëèðóåòñÿ
RAD6-ýïèñòàòè÷åñêîé ãðóïïîé ãåíîâ, îáû÷íî íàçûâàþò
ïîñòðåïëèêàòèâíîé ðåïàðàöèåé (ÏÐÐ).

Ãåíåòè÷åñêèå èññëåäîâàíèÿ íà ìîäåëè äðîææåé Sac-
charomyces cerevisiae ïîêàçàëè, ÷òî ÏÐÐ ðàçäåëÿåòñÿ íà
äâà êîíêóðèðóþùèõ ïóòè — îøèáî÷íóþ è áåçîøèáî÷-
íóþ âåòâè ðåïàðàöèè. Áåçîøèáî÷íàÿ âåòâü ÏÐÐ îñóùåñò-
âëÿåòñÿ ïî ðåêîìáèíàöèîííîìó ìåõàíèçìó ñìåíû ìàòðè-
öû. Êëþ÷åâûì èíòåðìåäèàòîì ýòîãî ïðîöåññà ÿâëÿåòñÿ
D-ïåòëÿ, êîòîðàÿ âîçíèêàåò íà ðàííåé ñòàäèè ðåêîìáèíà-
öèîííîãî ïðîöåññà.

Ðàíåå â íàøåé ëàáîðàòîðèè ïîëó÷åíà êîëëåêöèÿ ìó-
òàíòîâ äðîææåé ñ âûñîêîé ÷óâñòâèòåëüíîñòüþ ê ìóòà-
ãåííîìó äåéñòâèþ ðàçëè÷íûõ ÄÍÊ-òðîïíûõ àãåíòîâ. Ãå-
íåòè÷åñêèé àíàëèç ïîêàçàë, ÷òî ýòè ìóòàíòû ìîæíî ðàç-

äåëèòü íà ÷åòûðå ýïèñòàòè÷åñêèå ãðóïïû. Â õîäå ïîñëå-
äóþùåãî èçó÷åíèÿ âûÿñíåíî, ÷òî ãåíû HSM2, HSM3,
HSM6 è HIM1 êîíòðîëèðóþò áåçîøèáî÷íóþ âåòâü ÏÐÐ è
âõîäÿò â îäíó ýïèñòàòè÷åñêóþ ãðóïïó â îòíîøåíèè êîíò-
ðîëÿ ÓÔ-èíäóöèðîâàííîãî ìóòàãåíåçà.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ñòàëî èçó÷åíèå ñâÿ-
çè ôåíîòèïè÷åñêîãî ïðîÿâëåíèÿ ìóòàöèé â ãåíå HIM1
(High Induced Mutagenesis) ñ îáðàçîâàíèåì D-ïåòëè.
HIM1 êîäèðóåò áåëîê Him1, áèîõèìè÷åñêàÿ ôóíêöèÿ êî-
òîðîãî â íàñòîÿùåå âðåìÿ íåèçâåñòíà. Èçâåñòíî, ÷òî ìó-
òàöèè â HIM1 ïðèâîäÿò ê óâåëè÷åíèþ êàê ñïîíòàííîãî,
òàê è ÓÔ-èíäóöèðîâàííîãî ìóòàãåíåçà. Òàêæå ìóòàöèÿ
him1 ïðèâîäèò ê óâåëè÷åíèþ ÷àñòîòû êîíâåðñèé è óìåíü-
øåíèþ ÷àñòîòû êðîññèíãîâåðà (Kelberg et al., 2005).

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è ìû èñïîëüçîâàëè
øòàììû, ìóòàíòíûå ïî ãåíàì, êîäèðóþùèì ãåëèêàçû
Srs2 è Mph1, êîíòðîëèðóþùèå ðàçíûå ñòàäèè îáðàçîâà-
íèÿ D-ïåòëè. Srs2 îáëàäàåò ãåëèêàçíîé è ÄÍÊ-çàâèñèìîé
ÀÒÔàçíîé àêòèâíîñòüþ è ÿâëÿåòñÿ ôóíêöèîíàëüíûì àíà-
ëîãîì áåëêà ÷åëîâåêà RTEL1. Ýòà ãåëèêàçà ñïîñîáíà âû-
òåñíÿòü áåëîê Rad51 èç ðåêîìáèíàöèîííûõ èíòåðìåäèà-
òîâ, ÷òî ïðèâîäèò ê ïîäàâëåíèþ ãîìîëîãè÷íîé ðåêîìáè-
íàöèè (Kolesar et al., 2016).

Îñíîâíàÿ ôóíêöèÿ ãåëèêàçû Mph1, ôóíêöèîíàëüíîãî
àíàëîãà áåëêà ÷åëîâåêà FANCM, ñîñòîèò â ðàçðóøåíèè
èçëèøíèõ èëè íåïðîäóêòèâíûõ D-ïåòåëü. Ìóòàöèè â ãåíå
FANCM ìîãóò ïðèâîäèòü ê âîçíèêíîâåíèþ íàñëåäñòâåí-
íûõ çàáîëåâàíèé, íàïðèìåð ê àíåìèè Ôàíêîíè è íåêîòî-
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ðûì äðóãèì, ñâÿçàííûì ñ íàðóøåíèÿìè â ðàáîòå ãåíîâ
ðåïàðàöèîííûõ ñèñòåì (Zheng et al., 2011; Stafa et al.,
2014).

Ìàòåðèàë è ìåòîäèêà

Ø ò à ì ì û è ê ó ë ü ò è â è ð î â à í è å. Îäèíî÷íûå ìó-
òàíòû him1, srs2 è mph1 ïîëó÷èëè ðàçðóøåíèåì ñîîòâåò-
ñòâóþùèõ ãåíîâ â øòàììå äèêîãî òèïà (2D-3034). Äâîé-
íûå ìóòàíòû him1srs2 è mph1him1 ïîëó÷èëè ðàçðóøåíè-
åì ñîîòâåòñòâóþùèõ ãåíîâ â øòàììàõ him1 è mph1.
Â ðàáîòå èñïîëüçîâàëè ñòàíäàðòíûå ñðåäû ïîëíîãî è ìè-
íèìàëüíîãî ñîñòàâîâ (Çàõàðîâ è äð., 1984). Â íåêîòî-
ðûõ ýêñïåðèìåíòàõ èñïîëüçîâàëè æèäêóþ ïîëíóþ ñðåäó
áåç äîáàâëåíèÿ àãàðà. Ïðè ðàáîòå ñ àóêñîòðîôíûìè ìó-
òàíòàìè â ìèíèìàëüíóþ ñðåäó äîáàâëÿëè íåîáõîäèìûå
äëÿ ðîñòà ìåòàáîëèòû èç ðàñ÷åòà 20 ìã/ë äëÿ àìèíîêèñëîò
è àçîòèñòûõ îñíîâàíèé. Ïðè ó÷åòå ÷àñòîòû ÓÔ-èíäóöè-
ðîâàííûõ ìóòàöèé ïî 5 ëîêóñàì ADE4—ADE8 èñïîëüçî-
âàëè ñðåäó, ñîäåðæàùóþ ñïèðò (Êîâàëüöîâà, Êîðîëåâ,
1996).

Ì ó ò à ö è î í í û å ò å ñ ò û. ×óâñòâèòåëüíîñòü ê ëåòà-
ëüíîìó äåéñòâèþ ÓÔ îïðåäåëÿëè, ñíèìàÿ êðèâûå âûæè-
âàåìîñòè â çàâèñèìîñòè îò äîçû ìóòàãåíà (Çàõàðîâ è äð.,
1984). ×óâñòâèòåëüíîñòü ê ìóòàãåííîìó äåéñòâèþ îïðå-
äåëÿëè ïî èíäóêöèè ïðÿìûõ ìóòàöèé â ïÿòè ëîêóñàõ ADE
(Roman, 1956). Ïðîâîäèëè íå ìåíåå 4 ïîâòîðíîñòåé ýêñ-
ïåðèìåíòà äëÿ êàæäîãî èç èññëåäóåìûõ øòàììîâ. Íà ãðà-
ôèêàõ ïðèâåäåíû ñðåäíèå çíà÷åíèÿ ñ 95%-íûìè äîâåðè-
òåëüíûìè èíòåðâàëàìè.

Ðåçóëüòàòû è îáñóæäåíèå

×òîáû âûÿñíèòü, êàê âçàèìîäåéñòâóåò ïðîäóêò HIM1
ñ ãåëèêàçàìè Srs2 è Mph1 äðîææåé S. cerevisiae, ìû îïðå-
äåëèëè âûæèâàåìîñòü è óðîâåíü ÓÔ-èíäóöèðîâàííîãî
ìóòàãåíåçà ó äâîéíûõ ìóòàíòîâ him1srs2 è mph1him1 è
îäèíî÷íûõ ìóòàíòîâ srs2 è mph1.

Ñîâìåùåíèå ìóòàöèé srs2 è him1 â îäíîé êëåòêå ïðè-
âåëî ê ðåçêîìó óâåëè÷åíèþ âûæèâàåìîñòè êëåòîê äâîé-
íîãî ìóòàíòà ïî ñðàâíåíèþ ñ îäèíî÷íûì ìóòàíòîì srs2
(ñì. ðèñóíîê, à). Óðîâåíü ÓÔ-èíäóöèðîâàííîãî ìóòàãå-
íåçà ó äâîéíîãî ìóòàíòà srs2him1 íå îòëè÷àëñÿ îò òàêîâî-
ãî äëÿ îäèíî÷íîãî ìóòàíòà srs2 (ñì. ðèñóíîê, á). Òàê êàê
ìóòàöèÿ srs2 ïðèâîäèò ê èçáûòî÷íîìó êîëè÷åñòâó èíòåð-

ìåäèàòîâ ãîìîëîãè÷íîé ðåêîìáèíàöèè, êîòîðûå öèòîòîê-
ñè÷íû, èç ïîëó÷åííûõ äàííûõ ìîæíî ñäåëàòü âûâîä î
òîì, ÷òî ìóòàöèÿ him1 ïðîòèâîäåéñòâóåò îáðàçîâàíèþ
ýòîé èçáûòî÷íîñòè, òåì ñàìûì ñïàñàÿ êëåòêè îò ãèáåëè.
Ýòî ïðîòèâîäåéñòâèå, âîçìîæíî, ñâÿçàíî ñ äåñòàáèëèçà-
öèåé D-ïåòëè, âûçâàííîé ìóòàöèåé him1.

Äëÿ ïðîâåðêè ýòîãî ïðåäïîëîæåíèÿ ìû îöåíèëè âçàè-
ìîäåéñòâèå ìóòàöèè him1 ñ ìóòàöèåé mph1. Èçâåñòíî,
÷òî ìóòàöèÿ mph1 èíàêòèâèðóåò ãåëèêàçó, êîòîðàÿ ðàçðó-
øàåò D-ïåòëè, â ðåçóëüòàòå ðàâíîâåñèå ìåæäó îøèáî÷íîé
è áåçîøèáî÷íîé âåòâÿìè ÏÐÐ ñäâèãàåòñÿ â ñòîðîíó áåçî-
øèáî÷íîé âåòâè. Äâîéíîé ìóòàíò mph1him1 ïîêàçàë
ÓÔ-ðåçèñòåíòíîñòü, íåîòëè÷èìóþ îò îäèíî÷íûõ ìóòàí-
òîâ (ñì. ðèñóíîê, à). Â òî æå âðåìÿ óðîâåíü ÓÔ-ìóòàãåíå-
çà ó äâîéíîãî ìóòàíòà îêàçàëñÿ íèæå, ÷åì ó îäèíî÷íîãî
ìóòàíòà (ñì. ðèñóíîê, á).

Ðåçóëüòàòû íàøèõ ýêñïåðèìåíòîâ ïîêàçûâàþò, ÷òî
ïîâûøåííîå ÓÔ-èíäóöèðîâàííîå äåéñòâèå ìóòàöèè him1
ïîëíîñòüþ êîìïåíñèðóåòñÿ ââåäåíèåì ìóòàöèè mph1.
Ñëåäîâàòåëüíî, ìóòàòîðíûé ôåíîòèï ìóòàöèè him1 ìîæ-
íî îáúÿñíèòü òåì, ÷òî îíà äåñòàáèëèçèðóåò D-ïåòëþ.

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ñäåëàòü âûâîä î
òîì, ÷òî ôóíêöèÿ áåëêà Him1 èìååò îòíîøåíèå ê ñòàáè-
ëèçàöèè D-ïåòëè, âîçíèêàþùåé ïðè îáõîäå ïîâðåæäåíèé
ÄÍÊ â ïðîöåññå ÏÐÐ.

Ðàáîòà ïîääåðæàíà ãðàíòîì ÐÔÔÈ ¹ 18-34-00540.
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INTERACTION OF THE HIM1 GENE PRODUCT WITH HELICASES Srs2 (RadH)

AND Mph1 YEAST SACCHAROMYCES CEREVISIAE

E. A. Alekseeva,* Ò. À Evstyukhina, V. T. Peshekhonov, V. G. Korolev
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We examined the interaction of the Him1 protein with the Srs2 and Mph1 helicases. These helicases are in-
volved in the process of D-loop formation, which is the main intermediate of the error-free post-replicative re-
pair (PRR) branch, carried out by the recombination mechanism of matrix replacement. According to our data,
the HIM1 gene, the product of which is the Him1 protein, can participate in the regulation of the error-free
post-replicative repair branch. PRR is the main repair system that is carried out under normal cell metabolism
during replication. Disturbances in the work of PRR can lead to the appearance in humans of many inherited di-
seases and carcinogenesis.
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Âçàèìîäåéñòâèå ïðîäóêòà ãåíà HIM1 ñ ãåëèêàçàìè Srs2 (RadH) è Mph1 äðîææåé Saccharomyces cerevisiae 557


