
Ââåäåíèå
Ñîâðåìåííûå äîñòèæåíèÿ â îáëàñòè ãåíîìíî-

ãî ñåêâåíèðîâàíèÿ è áèîèíôîðìàòèêè íîâîãî

ïîêîëåíèÿ âûÿâèëè âûñîêóþ ðàñïðîñòðàí¸í-

íîñòü áàêòåðèàëüíûõ òîêñèí-àíòèòîêñèíîâûõ

ñèñòåì (TAÑ), ÷òî ïîñëóæèëî ìîùíûì ñòèìóëîì

äëÿ àêòèâèçàöèè ãëóáîêèõ èññëåäîâàíèé ýòèõ

óíèêàëüíûõ áåëêîâûõ ñòðóêòóð [1—4]. Ãåíû, êî-

äèðóþùèå ÒÀÑ, áûëè âïåðâûå èäåíòèôèöèðîâà-

íû â 80-õ ãîäàõ ÕÕ â. Ogura T. è Hiraga S. (1983) íà

ìèíè-F-ïëàçìèäå Escherichia coli êàê âàæíûå ãå-

íåòè÷åñêèå ýëåìåíòû, îòâåòñòâåííûå çà ïîääåð-

æàíèå è ñòàáèëüíîñòü ïëàçìèäû â äî÷åðíèõ êëåò-

êàõ [5—7]. Áàêòåðèàëüíûå êëåòêè áûëè «çàâèñè-

ìûìè» îò ïðèñóòñòâèÿ ýòèõ ïëàçìèä, è ïîýòîìó

ÒÀÑ íàçâàëè «ìîäóëÿìè çàâèñèìîñòè» [7—9].

Äàëüíåéøèå èññëåäîâàíèÿ [2, 10—13] ïîêàçà-

ëè, ÷òî ïëàçìèäíûå ãåíû TAÑ èãðàþò âàæíåéøóþ

ðîëü íå òîëüêî â êîäèðîâàíèè ñèñòåì ïîñòñåãðåãà-

öèîííîãî óáèéñòâà äî÷åðíèõ êëåòîê, ïîòåðÿâøèõ

ïëàçìèäó, íî è â ôîðìèðîâàíèè àíòèáèîòèêîðå-

çèñòåíòíîñòè. Óñòàíîâëåíî, ÷òî îíè ïðèíèìàþò

àêòèâíîå ó÷àñòèå â îáðàçîâàíèè áèîïë¸íîê, ìîãóò

ïåðåíîñèòüñÿ ãîðèçîíòàëüíî, ïðèäàâàÿ ïàòîãåí-

Èíòåíñèâíûå èññëåäîâàíèÿ áàêòåðèàëüíûõ òîêñèí-àíòèòîêñèíîâûõ ñèñòåì (ÒÀÑ) â ïîñëåäíèå äåñÿòèëåòèÿ ïîçâîëèëè
çíà÷èòåëüíî ðàñøèðèòü è óãëóáèòü çíàíèÿ î íèõ. Ïî ìåðå îòêðûòèÿ ìîäóëåé ÒÀÑ âíà÷àëå â ïëàçìèäàõ, à â äàëüíåéøåì â
õðîìîñîìàõ áàêòåðèé, è ïîñëåäóþùåãî èçó÷åíèÿ ñïåöèôè÷åñêîé ðåãóëÿöèè àêòèâàöèè è ôóíêöèé ïðîèñõîäèëà òðàíñôîð-
ìàöèÿ îòíîøåíèÿ ê íèì êàê îò ïðîñòî ëþáîïûòíûõ ãåíåòè÷åñêèõ îáúåêòîâ äî îäíîãî èç âàæíåéøèõ èíñòðóìåíòîâ, èãðà-
þùèõ ðåøàþùóþ ðîëü â áàêòåðèàëüíîé çàùèòå è àäàïòàöèè ê íåáëàãîïðèÿòíûì óñëîâèÿì ðîñòà, â òîì ÷èñëå, ìèêðîáíîé
ïåðñèñòåíöèè è õðîíèçàöèè èíôåêöèîííûõ ïðîöåññîâ, ôîðìèðîâàíèè àíòèáèîòèêîðåçèñòåíòíîñòè. Ñòàëî ïîíÿòíî, ÷òî
ýòè íåáîëüøèå ãåíåòè÷åñêèå ìîäóëè, ðàñïðîñòðàí¸ííûå ïî÷òè ïîâñåìåñòíî â ãåíîìàõ áàêòåðèé, îáëàäàþò âûñîêèì ïîòåí-
öèàëîì äëÿ áèîòåõíîëîãè÷åñêèõ è áèîìåäèöèíñêèõ èííîâàöèîííûõ èññëåäîâàíèé, à òàêæå ïåðñïåêòèâíû äëÿ ðàçâèòèÿ
ïðèíöèïèàëüíî íîâûõ àíòèáàêòåðèàëüíûõ òåõíîëîãèé. Ñ ó÷¸òîì âåäóùåé ðîëè TAÑ â âûæèâàíèè ïàòîãåííûõ áàêòåðèé è
ðàçâèòèè èíôåêöèîííîãî ïðîöåññà, ñîâðåìåííûå òåõíîëîãèè ñîçäàíèÿ àëüòåðíàòèâíûõ àíòèáàêòåðèàëüíûõ ñòðàòåãèé
ðàññìàòðèâàþò ýòè ñèñòåìû â êà÷åñòâå ïåðñïåêòèâíûõ ìèøåíåé äëÿ ðàçðàáîòêè íîâûõ àíòèìèêðîáíûõ ïðåïàðàòîâ.

Êëþ÷åâûå ñëîâà: òîêñèí-àíòèòîêñèíîâûå ñèñòåìû, àíòèáàêòåðèàëüíàÿ ðåçèñòåíòíîñòü, àíòèáèîòèêîòåðàïèÿ, àëü-
òåðíàòèâû.

Intensive research of bacterial toxin-antitoxin systems (TAS) in recent decades has significantly expanded and deepened
knowldge about them. As TAS modules were first discovered in the plasmids and later in the chromosomes of bacteria, and after
subsequent study of their specific regulation of activation and functions, their image has changed from simple curious genetic
objects to one of the most important tools. They play a decisive role in bacterial protection and adaptation to unfavorable growth
conditions, including microbial persistence and chronic infection processes, formation of antibiotic resistance. It became clear
that these small genetic modules, which can be found almost everywhere in the bacterial genomes, have a high potential for
biotechnological and biomedical innovation research, as well as the prospect of developing fundamentally new antibacterial
technologies. Given the leading role of TAS for the survival of pathogenic bacteria and the development of the infectious
process, modern technologies for creating alternative antibacterial strategies consider these systems to be promising targets for
the development of new antimicrobial agents.

Keywords: toxin-antitoxin system, antibacterial resistance, antibiotic therapy, alternatives.
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ООББЗЗООРРЫЫ

íûì áàêòåðèÿì ìíîæåñòâåí-

íóþ ëåêàðñòâåííóþ óñòîé÷è-

âîñòü è âèðóëåíòíîñòü [2,

13—16].

Â òå÷åíèå ïîñëåäíåãî äå-

ñÿòèëåòèÿ áûëè îõàðàêòåðè-

çîâàíû ñòðóêòóðû è ôóíê-

öèè áîëüøîãî êîëè÷åñòâà

áàêòåðèàëüíûõ ÒÀÑ. Âïîñ-

ëåäñòâèè ãåíû, êîäèðóþùèå

TAC, áûëè îáíàðóæåíû è íà

õðîìîñîìàõ (âïåðâûå èäåí-

òèôèöèðîâàíû â Escherichia
coli) [5, 6]. Îíè àêòèâèðóþò-

ñÿ â îòâåò íà ðàçëè÷íûå

ñòðåññîâûå óñëîâèÿ ðîñòà

áàêòåðèé, òàêèå êàê äåôèöèò

ïèòàòåëüíûõ âåùåñòâ, äåéñò-

âèå àíòèáèîòèêîâ, áàêòåðèîôàãîâ è êîìïîíåíòîâ

èììóííîé çàùèòû, îêèñëèòåëüíûé ñòðåññ è âû-

ñîêàÿ òåìïåðàòóðà [4, 13].

Íàïðèìåð, óñòàíîâëåíî, ÷òî õðîìîñîìíûé

ãåíåòè÷åñêèé ìîäóëü ÒÀÑ mazEF, êîäèðóþùèé

àíòèòîêñèí mazE è òîêñèí mazF, èãðàåò ãëàâíóþ

ðîëü â îïîñðåäîâàíèè çàïðîãðàììèðîâàííîé ãè-

áåëè áàêòåðèàëüíûõ êëåòîê â óñëîâèÿõ ãîëîäàíèÿ

è ïðè äåôèöèòå ïèòàòåëüíûõ âåùåñòâ [10, 11]. Â

ïîñëåäóþùèå ãîäû áûëî îáíàðóæåíî, ÷òî ýòè ñè-

ñòåìû âûïîëíÿþò ðàçíîîáðàçíûå êëåòî÷íûå

ôóíêöèè: èíãèáèðîâàíèå ñèíòåçà áåëêà, ðåïëè-

êàöèÿ ÄÍÊ â îòâåò íà âîçíèêíîâåíèå íåáëàãî-

ïðèÿòíûõ óñëîâèé ðîñòà, çàùèòà áàêòåðèé îò áàê-

òåðèîôàãîâ (àáîðòèâíàÿ èíôåêöèÿ) [1—3, 17]. 

Öåëü îáçîðà — íà îñíîâå àíàëèçà ðåçóëüòàòîâ

ïîñëåäíèõ ôóíäàìåíòàëüíûõ èññëåäîâàíèé î

ñòðóêòóðàõ è ôóíêöèÿõ ÒÀÑ îöåíèòü èõ ïîòåíöè-

àë äëÿ áèîòåõíîëîãè÷åñêèõ è áèîìåäèöèíñêèõ

èííîâàöèîííûõ ðàçðàáîòîê, ðàçâèòèÿ ïðèíöè-

ïèàëüíî íîâûõ àíòèáàêòåðèàëüíûõ ñòðàòåãèé.

Ãåíåòè÷åñêèå ìîäóëè ÒÀÑ. Èçâåñòíî, ÷òî ãå-

íåòè÷åñêèå ìîäóëè, îòâåòñòâåííûå çà ýêñïðåñ-

ñèþ ÒÀÑ, ñîäåðæàò ïàðó ðîäñòâåííûõ ãåíîâ.

Ýòè ìîäóëè êîäèðóþò ñòàáèëüíûé òîêñèí, âëè-

ÿþùèé íà æèçíåííî âàæíûå ïðîöåññû â áàêòå-

ðèàëüíîé êëåòêå, òàêèå êàê òðàíñêðèïöèÿ,

òðàíñëÿöèÿ, ðåïëèêàöèÿ ÄÍÊ è ìåìáðàííûé

ãîìåîñòàç, à òàêæå ëàáèëüíûé àíòèòîêñèí, èí-

ãèáèðóþùèé ýòè ýôôåêòû â áëàãîïðèÿòíûõ óñ-

ëîâèÿõ ðîñòà ïóò¸ì ñâÿçûâàíèÿ òîêñèíà è îáðà-

çîâàíèÿ áèîëîãè÷åñêè íåàêòèâíîãî êîìïëåêñà

ÒÀÑ [10, 11, 14] (ðèñ. 1). 

Ðàíåå èññëåäîâàòåëè TAÑ ïîçèöèîíèðîâàëè

èõ èñêëþ÷èòåëüíî êàê êëåòî÷íûå ñóèöèäàëüíûå

ôàêòîðû [5, 6], îäíàêî â íàñòîÿùåå âðåìÿ ïîëó÷è-

ëî øèðîêîå ïðèçíàíèå ÒÀÑ êàê ñòðåññ-ðåàëèçóþ-

ùåé ñèñòåìû. Ïðè âîçíèêíîâåíèè íåáëàãîïðèÿò-

íûõ óñëîâèé äëÿ ðîñòà áàêòåðèé (ýêîëîãè÷åñêèå

ñòðåññû, âîçäåéñòâèå àíòèáàêòåðèàëüíûõ ïðåïà-

ðàòîâ) ïðîèñõîäèò ðåçêîå ïàäåíèå óðîâíÿ íåñòà-

áèëüíûõ áåëêîâ-àíòèòîêñèíîâ, ãëàâíûì îáðàçîì

âñëåäñòâèå èõ äåãðàäàöèè öèòîïëàçìàòè÷åñêèìè

ïðîòåàçàìè, ÷òî ïðèâîäèò ê àêòèâàöèè îñâîáî-

äèâøåãîñÿ òîêñèíà. Áåëêè-òîêñèíû, êëàññèôè-

öèðóåìûå ïî èõ êëåòî÷íûì ìèøåíÿì, âëèÿþò íà

ìíîãèå ðàçëè÷íûå è ôèçèîëîãè÷åñêè âàæíûå êëå-

òî÷íûå ïðîöåññû. Â ÷àñòíîñòè, íåêîòîðûå èç íèõ,

òàêèå êàê RelE è VapC, èíãèáèðóþò òðàíñëÿöèþ

áåëêîâ ïóò¸ì ðàçðóøåíèÿ ÐÍÊ, òîãäà êàê äðóãèå,

íàïðèìåð, MazF è ToxN, íàöåëåíû íà êëåòî÷íóþ

ðåïëèêàöèþ èëè öåëîñòíîñòü ìåìáðàíû. Ýòè ýô-

ôåêòû, â ñâîþ î÷åðåäü, âûçûâàþò ëèáî ãèáåëü

êëåòîê, ëèáî êëåòî÷íûé ñòàç [1, 3, 14, 17].

Ãåíîìíûé àíàëèç òîêñèíîâ ðàçëè÷íûõ òèïîâ

ÒÀÑ ñ ïîñëåäóþùåé ýêñïåðèìåíòàëüíîé âàëèäà-

öèåé âûÿâèëè âûñîêèé ñòðóêòóðíûé êîíñåðâà-

òèçì, íåñìîòðÿ íà ðàçëè÷èå âî âíóòðèêëåòî÷íûõ

ìèøåíÿõ è ìåõàíèçìàõ äåéñòâèÿ [14, 16].

Òàêèì îáðàçîì, ñ òî÷êè çðåíèÿ çíà÷åíèÿ äëÿ

áàêòåðèé, ðîëü ìîäóëåé ÒÀÑ â èíôåêöèîííîì ïðî-

öåññå ìîæåò áûòü êàê ïîëîæèòåëüíîé (ãèáåëü áàê-

òåðèàëüíûõ êëåòîê èëè ïîòåðÿ ãåíåòè÷åñêîãî ìàòå-

ðèàëà), òàê è îòðèöàòåëüíîé (ôîðìèðîâàíèå óñòîé-

÷èâîé àíòèáèîòèêîðåçèñòåíòíîñòè, ôîðìèðîâàíèå

áèîïë¸íêè è ïåðñèñòåíöèÿ áàêòåðèé) [18, 19]. 

Ïîâñåìåñòíîå ðàñïðîñòðàíåíèå óñòîé÷èâîñòè

ê àíòèáèîòèêàì ó áàêòåðèé ñòèìóëèðóåò ïîèñê

àëüòåðíàòèâíûõ àíòèáàêòåðèàëüíûõ ñòðàòåãèé.

Îäíîé èç âîçìîæíûõ àëüòåðíàòèâ ÿâëÿåòñÿ èí-

äóêöèÿ ïðåæäåâðåìåííîé àêòèâàöèè òîêñèíà,

÷òî ìîæåò áûòü èñïîëüçîâàíî äëÿ óíè÷òîæåíèÿ

áàêòåðèàëüíûõ êëåòîê. Îäíàêî ïðàêòè÷åñêàÿ ðåà-

ëèçàöèÿ ýòîé àíòèáàêòåðèàëüíîé ñòðàòåãèè òðå-

áóåò ïîíèìàíèÿ ìåõàíèçìîâ äåéñòâèÿ êîìïîíåí-

òîâ ÒÀÑ, èññëåäîâàíèå èõ ôóíêöèé.

Òàê, â èññëåäîâàíèÿõ, ïðîâåä¸ííûõ Â. Pimentel

et al [19] áûëà îáíàðóæåíà ñâÿçü èíãèáèðîâàíèÿ

ðåïëèêàöèè ïëàçìèä R1 E.coli è ïîñëåäóþùåãî áàê-

òåðèöèäíîãî è áàêòåðèîñòàòè÷åñêîãî ýôôåêòà

âñëåäñòâèå ðàçðóøåíèÿ êîìïëåêñà ÒÀÑ Kid-Kis.

Рис. 1. Образование биологически инертного комплекса ТАС (рис. авторов)



Êðîìå òîãî, ëèø¸ííûå ïëàçìèä áàêòåðèàëüíûå

êëåòêè òåðÿëè ñïîñîáíîñòü ê êîäèðîâàíèþ ãðóïïû

ôåðìåíòîâ β-ëàêòàìàç, ÿâëÿþùèõñÿ êëþ÷åâûìè

èíñòðóìåíòàìè, íàïðàâëåííûìè íà áîðüáó ñ β-ëàê-

òàìíûìè àíòèáèîòèêàìè (ïåíèöèëëèíû, öåôàëîñ-

ïîðèíû è äð.) — íàèáîëåå øèðîêî èñïîëüçóåìûì

êëàññîì âåùåñòâ äëÿ àíòèìèêðîáíîé õèìèîòåðà-

ïèè [19]. Ðåçèñòåíòíîñòü ê óêàçàííîé ãðóïïå àíòè-

áèîòèêîâ â íàøè äíè ÿâëÿåòñÿ îñíîâíîé êëèíè÷å-

ñêîé ïðîáëåìîé âî âñåì ìèðå [13, 14, 19].

Ðàíåå áûëî ïîêàçàíî, ÷òî ïëàçìèäû, íåñóùèå

ãåíû, ïðèäàþùèå óñòîé÷èâîñòü ýíòåðîêîêêîâ ê

âàíêîìèöèíó, òàêæå êîäèðóþò è êîíñåðâàòèâíûå

ãîìîëîãè÷íûå êîìïëåêñû ÒÀÑ Kid è Kis [20].

Ñëåäîâàòåëüíî, èõ ôàðìàêîëîãè÷åñêàÿ àêòèâàöèÿ

òàêæå ïåðñïåêòèâíà â ïëàíå àëüòåðíàòèâíîé

ñòðàòåãèè èíäèâèäóàëüíîé òåðàïèè ïðîòèâ âàí-

êîìèöèíîðåçèñòåíòíûõ ýíòåðîêîêêîâ [14, 19].

ÒÀÑ è ïåðñèñòèðóþùèå êëåòêè. Èññëåäîâàíèÿ,

ïðîâåä¸ííûå â ïîñëåäíåå äåñÿòèëåòèå, ïðèâåëè ê

ïîçíàíèþ ìíîæåñòâà ïðîöåññîâ, ñïîñîáñòâóþ-

ùèõ ñîõðàíåíèþ áàêòåðèé. Ó÷èòûâàÿ ôèçèîëîãè-

÷åñêóþ ñëîæíîñòü áàêòåðèàëüíîé êëåòêè, ïðåä-

ñòàâëÿåòñÿ ïðàâäîïîäîáíûì, ÷òî àíòèáàêòåðèàëü-

íàÿ ðåçèñòåíòíîñòü ìîæåò áûòü ðåçóëüòàòîì ìîäó-

ëÿöèè ðàçëè÷íûõ êëåòî÷íûõ ïðîöåññîâ, ñâÿçàí-

íûõ ñ òîëåðàíòíîñòüþ. Â ñâÿçè ñ ýòèì, äðóãèì ìå-

õàíèçìîì ôîðìèðîâàíèÿ àíòèáàêòåðèàëüíîé ðå-

çèñòåíòíîñòè, èìåþùèì çàâèñèìîñòü îò ìîäóëåé

ÒÀÑ, ÿâëÿåòñÿ îáðàçîâàíèå óñòîé÷èâûõ ê àíòèáè-

îòèêàì ïåðñèñòèðóþùèõ (äðåìëþùèõ) êëåòîê

[21—25]. Ýòè îòêðûòèÿ ñòàëè îñíîâíîé ïðè÷èíîé

âîçðîæäåíèÿ èíòåðåñà ê êëåòêàì-ïåðñèñòåðàì,

êîòîðûå áûëè âïåðâûå îïèñàíû J. W. Bigger åù¸ â

ñåðåäèíå ïðîøëîãî âåêà [26].

Îòêðûòèå â ñåðåäèíå ÕÕ â. ïåíèöèëëèíà è

äðóãèõ ýôôåêòèâíûõ àíòèáèîòèêîâ è èõ àêòèâíîå

èñïîëüçîâàíèå ïðîòèâ èíôåêöèîííûõ çàáîëåâà-

íèé îçíàìåíîâàëî íà÷àëî íîâîé àíòèáàêòåðèàëü-

íîé ýðû. Ïîÿâèëàñü óâåðåííîñòü â òîì, ÷òî ìíîãèå

ñåðü¸çíûå èíôåêöèè áóäóò ëåãêî èçëå÷èâàòüñÿ, è

âñêîðå áóäóò ïîëíîñòüþ ëèêâèäèðîâàíû. Â èòîãå â

òå÷åíèå íåñêîëüêèõ äåñÿòèëåòèé àêòèâíîñòü èñ-

ñëåäîâàíèé ïî ðàçðàáîòêå íîâûõ ïðèðîäíûõ àíòè-

áèîòèêîâ ïîñòåïåííî ñíèæàëàñü. Îäíàêî âñêîðå

ñòàëî î÷åâèäíûì ñíèæåíèå ýôôåêòèâíîñòè àíòè-

áèîòèêîòåðàïèè, ÷òî äîëãîå âðåìÿ ñâÿçûâàëè ñ áû-

ñòðûì ðàçâèòèåì ó áàêòåðèé ëåêàðñòâåííîé óñòîé-

÷èâîñòè ê áîëüøèíñòâó èçâåñòíûõ àíòèáèîòèêîâ,

èñïîëüçóåìûõ ñ êëèíè÷åñêèìè öåëÿìè.

Â íàøè äíè, íåñìîòðÿ íà øèðîêèé ñïåêòð ïðè-

ìåíÿåìûõ àíòèáàêòåðèàëüíûõ ïðåïàðàòîâ, èí-

ôåêöèîííûå çàáîëåâàíèÿ îñòàþòñÿ îäíîé èç âåäó-

ùèõ ïðè÷èí ÷åëîâå÷åñêîé ñìåðòíîñòè âî âñåì ìè-

ðå. Â çíà÷èòåëüíîé ñòåïåíè ýòî ñâÿçàíî ñ íàðàñòà-

þùåé àíòèìèêðîáíîé ðåçèñòåíòíîñòüþ ïàòîãåíîâ

è ïîÿâëåíèåì óñòîé÷èâûõ ê òðàäèöèîííîé õèìèî-

òåðàïèè ìèêðîîðãàíèçìîâ, ÷òî ñòàíîâèòñÿ ãëî-

áàëüíûì âûçîâîì è îäíîé èç îñíîâíûõ ïðîáëåì

äëÿ îáùåñòâåííîãî çäðàâîîõðàíåíèÿ. 

Ðàçâèòèå áàêòåðèàëüíîé ðåçèñòåíòíîñòè ê

àíòèáèîòèêàì â òå÷åíèå äëèòåëüíîãî âðåìåíè

ðàññìàòðèâàëîñü â êà÷åñòâå îñíîâíîé ïðè÷èíû

êëèíè÷åñêèõ íåóäà÷. Îäíàêî â ïîñëåäíåå âðåìÿ

áûëè âûÿâëåíû è ìåíåå î÷åâèäíûå ôàêòîðû.

Íàïðèìåð, áàêòåðèè ôîðìèðóþò êëåòî÷íûå

êàïñóëû è ìíîãîêëåòî÷íûå áèîïë¸íêè, êîòîðûå

ñïîñîáíû çàùèùàòü èõ îò áàêòåðèöèäíûõ ýô-

ôåêòîâ àíòèáèîòèêîâ. Êðîìå òîãî, áûëè îòêðû-

òû è áîëåå ñëîæíûå êëåòî÷íûå ñòðàòåãèè, ñ ïî-

ìîùüþ êîòîðûõ áàêòåðèÿì óäà¸òñÿ óêëîíèòüñÿ

îò äåéñòâèÿ àíòèáèîòèêîâ. Ýòî ñòðàòåãèè ñâÿçà-

íû ñ òåì, ÷òî ïîïóëÿöèè áàêòåðèé, ÷óâñòâèòåëü-

íûõ ê äàííîìó àíòèáèîòèêó, ïî÷òè âñåãäà ñîäåð-

æàò ìåäëåííî ðàñòóùèå èëè ïåðñèñòèðóþùèå

êëåòêè, óñòîé÷èâûå ê äàííîìó àíòèáàêòåðèàëü-

íîìó ïðåïàðàòó [27—29]. 

Ýôôåêòèâíîñòü àíòèáàêòåðèàëüíîãî ìåõà-

íèçìà äåéñòâèÿ áîëüøèíñòâà àíòèáèîòèêîâ çàâè-

ñèò îò ôèçèîëîãè÷åñêîãî ñîñòîÿíèÿ áàêòåðèé —

ìåäëåííî ðàñòóùèå áàêòåðèè, êàê ïðàâèëî, ìåíåå

÷óâñòâèòåëüíû ê àíòèìèêðîáíûì ïðåïàðàòàì

[28, 30], à íà êëåòêè-ïåðñèñòåðû àíòèáèîòèêè

îáû÷íî íå âëèÿþò [28, 31, 32]. 

Íà ðóáåæå ÕÕ è XXI ââ. áûëà âûñêàçàíà ãèïîòå-

çà, ñîãëàñíî êîòîðîé â îäíîé ïîïóëÿöèè áàêòåðèé

ìîãóò áûòü íåñêîëüêî òèïîâ êëåòîê-ïåðñèñòåðîâ,

êàæäûé èç êîòîðûõ èìååò ÷¸òêèå ìåõàíèçìû äëÿ

óêëîíåíèÿ îò áàêòåðèöèäíûõ ýôôåêòîâ àíòèáèî-

òèêîâ [33]. Óñïåõè ìîëåêóëÿðíîé áèîëîãèè è ãåíå-

òèêè â èçó÷åíèè ôóíêöèîíèðîâàíèÿ êîìïëåêñîâ

ÒÀÑ ïîçâîëèëè ïðîâåðèòü ýòó ãèïîòåçó è ïîìî÷ü â

âûÿñíåíèè ìåõàíèçìîâ ôîðìèðîâàíèÿ áàêòåðè-

àëüíîé ïåðñèñòåíòíîñòè â ìîäåëè àíòèáàêòåðèàëü-

íîé óñòîé÷èâîñòè. Â ïåðñèñòèðóþùåé ìèêðîáíîé

êëåòêå ïîä äåéñòâèåì òîêñèíîâ ïîäàâëÿþòñÿ êëþ-

÷åâûå êëåòî÷íûå ïðîöåññû, òàêèå êàê ðåïëèêàöèÿ

ÄÍÊ è òðàíñëÿöèÿ áåëêà. Ýòî èíãèáèðîâàíèå ïðè-

âîäèò ê áûñòðîé îñòàíîâêå ðîñòà è ðåçêîìó ñíèæå-

íèþ ìåòàáîëè÷åñêîé àêòèâíîñòè, ôîðìèðîâàíèþ

÷àñòè÷íîé èëè ïîëíîé ðåçèñòåíòíîñòè ê àíòèáèî-

òèêàì, äåëàåò èõ óñòîé÷èâûìè ê áîëüøèíñòâó àí-

òèáàêòåðèàëüíûõ ñðåäñòâ [17, 22—25, 34]. Ïîñëå

ïðåêðàùåíèÿ äåéñòâèÿ ëåêàðñòâåííûõ ïðåïàðàòîâ

äðåìëþùèå êëåòêè âíîâü âîçâðàùàþòñÿ â àêòèâ-

íîå ñîñòîÿíèå. Â ðåçóëüòàòå áàêòåðèàëüíàÿ ïåðñèñ-

òåíöèÿ ïðåäñòàâëÿåò ñîáîé ãåòåðîãåííóþ ïîïóëÿ-

öèþ ôåíîòèïè÷åñêè ðåçèñòåíòíûõ ê àíòèáèîòè-

êàì è äðóãèì ýêîëîãè÷åñêèì ñòðåññàì êëåòîê [17,

34, 35]. Òàêèì îáðàçîì, áàêòåðèàëüíàÿ ïåðñèñòåí-

öèÿ ÿâëÿåòñÿ ñåðü¸çíûì ïðåïÿòñòâèåì äëÿ ýôôåê-

òèâíîãî ëå÷åíèÿ àíòèáèîòèêàìè ïðè ìíîãèõ èí-

ôåêöèîííûõ çàáîëåâàíèÿõ. Ïðè ýòîì ïåðñèñòèðó-

þùàÿ êëåòêà èìååò ôèçèîëîãè÷åñêèå îòëè÷èÿ îò

àíòèáèîòèêîðåçèñòåíòíûõ ìóòàíòîâ, ðàçìíîæàþ-

ùèõñÿ â ïðèñóòñòâèè àíòèáèîòèêîâ [21—23]. Äëÿ

АНТИБИОТИКИ И ХИМИОТЕРАПИЯ, 2018, 63; 3—452



АНТИБИОТИКИ И ХИМИОТЕРАПИЯ, 2018, 63; 3—4 53

ОБЗОРЫ

ïîíèìàíèÿ ðåøàþùåé ðîëè

TAÑ â ðåãóëÿöèè ïåðñèñòåíò-

íîñòè áàêòåðèé íåîáõîäèìî

áîëåå äåòàëüíîå îñâåùåíèå

ñòðóêòóðû è ôóíêöèè ýòèõ

ñèñòåì.

Ñòðóêòóðà è ôóíêöèÿ
ÒÀÑ. Ê íàñòîÿùåìó âðåìåíè

îõàðàêòåðèçîâàíû øåñòü òè-

ïîâ ÒÀÑ â çàâèñèìîñòè îò

õàðàêòåðà àíòèòîêñèíà è

ñïîñîáà âçàèìîäåéñòâèÿ

òîêñèíà ñ àíòèòîêñèíîì [3,

36—39] (ðèñ. 2, 3). Âî âñåõ

òèïàõ òîêñèíû ïðåäñòàâëÿ-

þò ñîáîé áåëêè, òîãäà êàê

àíòèòîêñèíû â ñèñòåìàõ

TAÑ òèïà I è III ïðåäñòàâëÿ-

þò ñîáîé ìîëåêóëû ÐÍÊ, à â

ñèñòåìàõ TA II, IV—VI —

áåëêè. Â ñèñòåìàõ òèïà I àí-

òèòîêñèí ïîäàâëÿåò àêòèâ-

íîñòü áåëêà òîêñèíà ïóò¸ì

ñâÿçûâàíèÿ ìÐÍÊ, òîãäà êàê

â ñèñòåìàõ òèïà II è III TAC

(ðèñ. 2, à, á, â) òîêñèííûå

áåëêè áëîêèðóþòñÿ ïðÿìûì

ñâÿçûâàíèåì àíòèòîêñèíî-

âûõ áåëêîâ è àíòèòîêñèíî-

âîé ÐÍÊ, ñîîòâåòñòâåííî

[12, 15, 40]. Â ÒÀÑ IV òèïà

(ðèñ. 3, à) áåëîê àíòèòîêñèíà

ïðåäîòâðàùàåò àêòèâíîñòü

òîêñèíà ïóò¸ì ñâÿçûâàíèÿ ñ

ñóáñòðàòîì è, íàêîíåö, â ñè-

ñòåìàõ òèïà V, àíòèòîêñèíî-

âàÿ ÐÍÊàçà âûçûâàåò ñïåöè-

ôè÷åñêóþ äåãðàäàöèþ ìÐÍÊ

òîêñèíà (ðèñ. 3, á) [41, 42]. Â

ñðàâíèòåëüíî íåäàâíî îò-

êðûòîì VI òèïå ÒÀÑ [43, 44]

áåëîê-òîêñèí äåãðàäèðóåòñÿ

êëåòî÷íûìè ïðîòåàçàìè, à

àíòèòîêñèí ñâÿçûâàåòñÿ ñ

áåëêàìè ñêîëüçÿùåãî çàæè-

ìà, ÿâëÿþùèìèñÿ êîìïî-

íåíòîì ÄÍÊ-ïîëèìåðàçû

(ðèñ. 3, â) [45].

Â çàâèñèìîñòè îò òèïà

ÒÀÑ, àêòèâàöèÿ âõîäÿùåãî â

íèõ òîêñèíà ñïîñîáíà ïðè-

âåñòè ê çàìåäëåíèþ ðîñòà

áàêòåðèé èëè ïîëíîé îñòà-

íîâêå êëåòî÷íîãî öèêëà, ÷òî

÷àñòî íàáëþäàåòñÿ â íåàêòèâíûõ ïåðñèñòèðóþ-

ùèõ êëåòêàõ [2, 23, 42, 46]. Ãèáåëü êëåòîê, âûçâàí-

íàÿ ÷ðåçìåðíîé ýêñïðåññèåé òîêñèíà, ìîæåò ïðè-

íåñòè ïîëüçó âñåé áàêòåðèàëüíîé ïîïóëÿöèè, îñî-

áåííî â óñëîâèÿõ îãðàíè÷åííûõ ïèòàòåëüíûõ ðå-

ñóðñîâ. Ïðè ïîÿâëåíèè áëàãîïðèÿòíûõ óñëîâèé

ïðîèñõîäèò ýêñïðåññèÿ àíòèòîêñèíà, íåéòðàëèçó-

þùåãî âèðóëåíòíîñòü òîêñèíà, è áàêòåðèè-ïåðñè-

Рис. 2. Схема регуляторного механизма токсин�антитоксических систем

(ТАС) I (a) [12], II (б) [15] и  III (в) [40] типов (рис. авторов)

a                                            б                                               в

Рис. 3. Схема регуляторного механизма токсин�антитоксических систем

(ТАС) IV (а) [41], V (б) [42] и  VI (в) [45] типов (рис. авторов)

a                                            б                                               в



ñòåðû âíîâü âîññòàíàâëèâàþò êîëè÷åñòâåííûå õà-

ðàêòåðèñòèêè ðîñòà [47, 48].

Ýòà âàæíåéøàÿ ôóíêöèÿ ÒÀÑ â ïîñëåäóþ-

ùåì áûëà ìíîãîêðàòíî ïîäòâåðæäåíà ðåçóëüòà-

òàìè èññëåäîâàíèé ïàòîãåííîñòè áàêòåðèé, ñïî-

ñîáíûõ ê äëèòåëüíîé ïåðñèñòåíöèè. Íàïðèìåð,

Mycobacterium tuberculosis ñîäåðæàò áîëåå 30 îïå-

ðîíîâ, êîäèðóþùèõ ïÿòü òèïîâ TAÑ, òîãäà êàê

åãî íåïàòîãåííûé àíàëîã, áîëåå áûñòðî ðàñòó-

ùèé Mycobacterium smegmatis, èìååò òðè àíàëî-

ãè÷íûõ îïåðîíà [49—51]. Ýòîò ôèçèîëîãè÷åñêèé

ôåíîìåí ïîëó÷èë íàçâàíèå áàêòåðèàëüíîé ïåð-

ñèñòåíöèè, è ïðèâåä¸ííûé ïðèìåð ïîêàçûâàåò,

÷òî ýòî ÿâëåíèå èìååò óíèâåðñàëüíûé õàðàêòåð è

ñâîéñòâåííî êàê ïàòîãåííûì áàêòåðèÿì, òàê è

ñàïðîôèòàì [17, 52]. 

Ïîñëåäóþùèå èññëåäîâàíèÿ ìîëåêóëÿðíî-ãå-

íåòè÷åñêèõ ìåõàíèçìîâ àíòèìèêðîáíîé ðåçèñ-

òåíòíîñòè ïåðñèñòåíöèè íà ìîäåëÿõ Escherichia
coli [22, 53—55] è Salmonella enterica [23, 56] ïîçâî-

ëèëè óñòàíîâèòü èõ ñâÿçü ñ ïðîòåèíîì âûñîêîé

ñòîéêîñòè À (HipA), êîäèðóåìûì îäíèì èç ëîêó-

ñîâ ÒÀÑ I è II òèïà âûçûâàþùåãî äåãðàäàöèþ àí-

òèòîêñèíà è èíäóêöèþ âðåìåííîé îñòàíîâêè

ðîñòà áàêòåðèàëüíîé êëåòêè, è âûæèâàíèå ïåðñè-

ñòèðóþùèõ êëåòîê âíóòðè ìàêðîôàãîâ [55, 56].

Íàèáîëåå õîðîøî îõàðàêòåðèçîâàíû ìîäóëè ÒÀÑ

I òèïà íà ìîäåëÿõ Escherichia coli [12, 57]. 

Êàê óæå óêàçûâàëîñü, âïåðâûå ýòè ìîäóëè áû-

ëè îáíàðóæåíû íà ïëàçìèäå (sok-hok) [57], ãäå îíè

áûëè òðàíñêðèáèðîâàíû â äâå íåáîëüøèå ÐÍÊ:

êîäèðóþùèå òîêñèí (ÐÍÊ I) è àíòèòîêñèí (ÐÍÊ

II). Òîêñèí Hok ìîäóëÿ sok-hok ïðèíèìàåò ó÷àñòèå

â ðåãóëèðîâàíèè ñêîðîñòè ðîñòà áàêòåðèé ïðè

ñòðåññå, âûçâàííîì óõóäøåíèåì ïàðàìåòðîâ îêðó-

æàþùåé ñðåäû (âûñîêàÿ òåìïåðàòóðà è àíòèáèî-

òèêîòåðàïèÿ) [57]. Êðîìå òîãî, â E.coli áûëè îáíà-

ðóæåíû è õðîìîñîìíûå ÒÀÑ I òèïà (ohsC-shoB)

[58], istR-tisB [59], rdlD-ldrD [60], agrB-dinQ [61],

sibC-ibsC [58], orzO-zorO [62] è symR-symE) [63]. 

Äðóãîé ìåõàíèçì ôîðìèðîâàíèÿ àíòèáèîòè-

êîðåçèñòåíòíîñòè ñâÿçàí ñ ó÷àñòèåì ÒÀÑ â ôîð-

ìèðîâàíèè ïàòîãåííûìè áàêòåðèÿìè áèîïë¸íîê,

ïîçâîëÿþùèì ïðîòèâîñòîÿòü àíòèáàêòåðèàëü-

íûì ïðåïàðàòàì è èììóííîé ñèñòåìå îðãàíèç-

ìîâ-õîçÿåâ [38, 42, 46, 61]. Áàêòåðèè â ñîñòàâå áè-

îïë¸íîê èìåþò áîëåå íèçêèå òåìïû ðîñòà êëåòîê

ïî ñðàâíåíèþ ñ ïëàíêòîííûìè ôîðìàìè, à òàêæå

ýêñïðåññèðóþò ñïåöèôè÷åñêèå òîêñèíû ðàçëè÷-

íûõ òèïîâ ìîäóëåé ÒÀÑ, ðåãóëèðóþùèõ îáðàçî-

âàíèå ïîëèìåðíîãî ìàòðèêñà [64—68].

Òàêèì îáðàçîì, ðîëü òîêñèíîâ ÒÀÑ â ìîäóëÿ-

öèè ìåòàáîëè÷åñêîé àêòèâíîñòè, ðîñòà êëåòîê è

ôîðìèðîâàíèè àíòèáèîòèêîðåçèñòåíòíîñòè çà-

âèñèò îò ñâÿçûâàíèÿ ñ îïðåäåë¸ííûìè ìîëåêó-

ëÿðíî-ãåíåòè÷åñêèìè âíóòðèêëåòî÷íûìè ñòðóê-

òóðàìè, à ìåõàíèçìû ôîðìèðîâàíèÿ àíòèáèîòè-

êîðåçèñòåíòíîñòè èìåþò ñïåöèôè÷åñêèå îñîáåí-

íîñòè â çàâèñèìîñòè îò òèïà òîêñèí-àíòèòîêñè-

íîâûõ ìîäóëåé. Íåêîòîðûå èç îõàðàêòåðèçîâàí-

íûõ TAC è ìåõàíèçìû äåéñòâèÿ òîêñèíîâ ïðèâå-

äåíû â òàáëèöå.

Â îïåðîíå ãåí òîêñèíà òðàíñêðèáèðóåòñÿ íà íèç-

êîì óðîâíå è êîäèðóåòñÿ êàê îòíîñèòåëüíî íåñòà-

áèëüíûé êîðîòêîæèâóùèé áåëîê. Âûñîêîóðîâíåâàÿ

òðàíñêðèïöèÿ àíòèäîò-ãåíà â êëåòêàõ, îáåñïå÷èâàåò

íåàêòèâíîå ñîñòîÿíèå òîêñèíà [12, 23, 77, 78].

ÒÀÑ â êà÷åñòâå ïåðñïåêòèâíûõ àíòèáàêòåðè-
àëüíûõ ìèøåíåé. Ñíèæåíèå ýôôåêòèâíîñòè ñî-

âðåìåííûõ ïðîòèâîìèêðîáíûõ ñðåäñòâ òðåáóåò

èçó÷åíèÿ ìåõàíèçìîâ ïîÿâëåíèÿ ðåçèñòåíòíîñòè

ìíîæåñòâåííûõ ëåêàðñòâåííî-óñòîé÷èâûõ øòàì-

ìîâ ìèêðîîðãàíèçìîâ, à òàêæå àêòèâèçàöèè ðàç-

ðàáîòêè íîâûõ ñòðàòåãèé ñîçäàíèÿ ïðîòèâîìè-

êðîáíûõ ñðåäñòâ äëÿ áîðüáû ñ èíôåêöèÿìè, ïî-

èñêà ïðèíöèïèàëüíî èíûõ àíòèáàêòåðèàëüíûõ

âíóòðèêëåòî÷íûõ ìèøåíåé äëÿ òåðàïèè. Ýòî ÿâ-

ëÿåòñÿ îñíîâíûì íàïðàâëåíèåì ñîâðåìåííûõ íà-

ó÷íûõ èññëåäîâàíèé [35, 51, 67, 78—80].

Â ïîñëåäíåå äåñÿòèëåòèå ÒÀÑ ïðèâëåêàþò

áîëüøîå âíèìàíèå â êà÷åñòâå ïåðñïåêòèâíûõ àí-

òèáàêòåðèàëüíûõ ìèøåíåé [81—84]. Â ïðîöåññå

ýâîëþöèè ÷åëîâå÷åñêèå ïàòîãåíû ðàçâèëè ìíî-

æåñòâî ÒÀÑ äëÿ çàùèòû îò ñòðåññà, íåáëàãîïðè-

ÿòíûõ óñëîâèé ðîñòà â îðãàíèçìå-õîçÿèíå, è òîì

÷èñëå, îò àíòèáèîòèêîòåðàïèè. Îäíîé èç ìîù-
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Òèïû ÒÀÑ Ìîäóëü ÒÀÑ Òîêñèí Àíòèòîêñèí Àêòèâèðóåò òîêñèí Èíãèáèðóåò òîêñèí Èñòî÷íèê
I sibC-ibsC IbsC sibC (ÐÍÊ) Äåïîëÿðèçàöèÿ Ñèíòåç ATÔ [69], [70]

êëåòî÷íîé ìåìáðàíû

I istR-tisB TisB istR (ÐÍÊ) Äåïîëÿðèçàöèÿ

êëåòî÷íîé ìåìáðàíû Ñèíòåç ATÔ [71], [72]

II mazEF MazF MazE (áåëîê) Ðàñùåïëåíèå mÐÍÊ Ïåðåìåùåíèå [73]

II kis-kid Kis Kid (áåëîê) Ðàñùåïëåíèå mÐÍÊ Ïåðåìåùåíèå [74]

III toxIN ToxN toxI (ÐÍÊ) Ðàñùåïëåíèå ÐÍÊ Ïåðåìåùåíèå [75]

IV yeeUV YeeV YeeU (áåëîê) Âçàèìîäåéñòâèå ñ áåëêàìè Âçàèìîäåéñòâèå [41]

öèòîñêåëåòà FtsZ è MreB ñ îòäåëàìè êëåòîê

IV cptBA CptA CptB (protein) Âçàèìîäåéñòâèå ñ áåëêàìè Âçàèìîäåéñòâèå [41]

öèòîñêåëåòà FtsZ è MreB ñ îòäåëàìè êëåòîê

V ghoST GhoT GhoS (protein) Ïîâðåæäåíèå Íåò äàííûõ [42]

êëåòî÷íîé ìåìáðàíû

VI socAB SocB SocA (protein) Ïîâðåæäåíèå Ðåïëèêàöèÿ [45]

êëåòî÷íîé ìåìáðàíû

Механизмы действия токсинов некоторых токсин�антитоксиновых систем 
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íûõ àíòèáàêòåðèàëüíûõ ñòðàòåãèé ÿâëÿåòñÿ èñ-

êóññòâåííàÿ àêòèâàöèÿ òîêñèíà, êîòîðàÿ ìîæåò

áûòü äîñòèãíóòà ñ èñïîëüçîâàíèåì íåáîëüøèõ

ñîåäèíåíèé èëè ïåïòèäîâ â êà÷åñòâå èíãèáèòî-

ðîâ òîêñèí-àíòèòîêñèíîâîãî âçàèìîäåéñòâèÿ.

Îäíàêî àíòèáàêòåðèàëüíûå òåðàïåâòè÷åñêèå

ñðåäñòâà äëÿ öåëåâîãî âîçäåéñòâèÿ íà ÒÀÑ ïîêà

îòñóòñòâóþò [3, 36, 67]. 

Â íàñòîÿùåå âðåìÿ ðàññìàòðèâàåòñÿ ðÿä àíòè-

áàêòåðèàëüíûõ ñòðàòåãèé, îñíîâàííûõ íà èñ-

ïîëüçîâàíèè TAC (ðèñ. 4). Îäíà èç íèõ ñâÿçàíà ñ

ðàçðóøåíèåì êîìïëåêñà TAC, ñ ïîñëåäóþùåé

ïðÿìîé àêòèâàöèåé îñâîáîäèâøåãîñÿ òîêñèíà

èëè èíãèáèðîâàíèåì îáðàçîâàíèÿ êîìïëåêñà.

Ýòî äîñòèãàåòñÿ ïóò¸ì ââåäåíèÿ áèîìîëåêóë äëÿ

ñâÿçûâàíèÿ ñ àíòèòîêñèíîì [85]. Äðóãàÿ ñòðàòå-

ãèÿ ñâÿçàíà ñ àêòèâàöèåé êëåòî÷íûõ ïðîòåîëèòè-

÷åñêèõ ôåðìåíòîâ (ãèäðîëàç), âûçûâàþùèõ äå-

ãðàäàöèþ ëàáèëüíîãî áåëêà àíòèòîêñèíà èç êîì-

ïëåêñà TAÑ ïóò¸ì ðàñùåïëåíèÿ ïåïòèäíîé ñâÿçè

ìåæäó àìèíîêèñëîòàìè, â ðåçóëüòàòå ÷åãî ïðîèñ-

õîäèò âûñâîáîæäåíèå òîêñèíà [51, 60]. Åùå îäèí

ïóòü ïðÿìîé àêòèâàöèè îñâîáîäèâøåãîñÿ òîêñè-

íà ñâÿçàí ñ èíãèáèðîâàíèåì òðàíñêðèïöèè ïðî-

ìîòîðà îïåðîíà TAÑ [38, 59]. Îñòàâøèéñÿ áåç ïî-

ïîëíåíèÿ, êîðîòêîæèâóùèé àíòèòîêñèí âñêîðå

äåãðàäèðóåò, à ñâîáîäíûé òîêñèí èíàêòèâèðóåò

ñîîòâåòñòâóþùèå ìèøåíè â áàêòåðèàëüíûõ êëåò-

êàõ. Òðè óïîìÿíóòûå âûøå ñòðàòåãèè èñïîëüçóþò

ìîäóëè TAÑ òèïà II, êîòîðûå îáíàðóæèâàþòñÿ ó

áîëüøîãî êîëè÷åñòâà áàêòåðèé [35, 59, 60, 85].

Íàêîíåö, âîçìîæíî ôàðìàöåâòè÷åñêîå èíãè-

áèðîâàíèå òðàíñëÿöèè àíòèòîêñèíîâ [37, 58, 86].

Àíòèñìûñëîâàÿ ÐÍÊ êîìïëåìåíòàðíî ñâÿçûâà-

åòñÿ ñ àíòèòîêñèíîâîé ìÐÍÊ, ÷òî èíãèáèðóåò

òðàíñëÿöèþ àíòèòîêñèíîâ è âûñâîáîæäåíèå òîê-

ñèíà. Òàêîé ïîäõîä ìîæåò áûòü ïðèìåí¸í êî âñåì

òèïàì ìîäóëåé ÒÀÑ. Òàêèì îáðàçîì, â îñíîâå ïå-

ðå÷èñëåííûõ âûøå ñòðàòåãèé ëåæèò âûñâîáîæäå-

íèå ñâîáîäíîãî òîêñèíà, èíàêòèâèðóþùåãî â

äàëüíåéøåì âíóòðèêëåòî÷íûå ìèøåíè áàêòåðè-

àëüíûõ êëåòîê è â êîíå÷íîì èòîãå âûçûâàþùåãî

èõ ãèáåëü (ðèñ. 4). 

Êàçàëîñü áû, ïðåïàðàòû, ñîäåðæàùèå áèîìî-

ëåêóëû òîêñèíà, — ðåàëüíûå êàíäèäàòû íà ðîëü

òåðàïåâòè÷åñêîãî ñðåäñòâà äëÿ ïîïîëíåíèÿ àíòè-

ìèêðîáíîãî àðñåíàëà ïðè ôîðìèðîâàíèè ó áàêòå-

ðèé ìíîæåñòâåííîé àíòèáèîòèêîðåçèñòåíòíîñ-

òè. Îäíàêî êëèíè÷åñêèå èñïûòàíèÿ áèîìîëåêó-

ëÿðíûõ ïðåïàðàòîâ âûÿâèëè ñåðü¸çíûå ïðåïÿòñò-

âèÿ äëÿ èõ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ: îòñóò-

ñòâèå ëåêàðñòâåííûõ ôîðì äëÿ îðàëüíîãî ïðèìå-

íåíèÿ è âûñîêóþ ñòîèìîñòü ïðåïàðàòîâ [36, 59].

Êðîìå òîãî, îñòàþòñÿ íåðåø¸ííûìè âîïðîñû öå-

ëåâîé äîñòàâêè òîêñèíîâ â ìåñòà îáèòàíèÿ ïàòî-

ãåííûõ áàêòåðèé â îðãàíèçìå áåç âðåäíîãî âîç-

äåéñòâèÿ íà ýóêàðèîòè÷åñêèå êëåòêè è íîðìàëü-

íóþ ìèêðîáèîòó ÷åëîâåêà [35, 59, 60, 85].

È, íàêîíåö, åù¸ îäíà, áîëåå ñëîæíàÿ ñòðàòå-

ãèÿ ïðåäóñìàòðèâàåò èíôèöèðîâàíèå ïàòîãåíîâ

áàêòåðèîôàãàìè, ñîäåðæàùèìè ðåêîìáèíàíòíûå

íóêëåèíîâûå êèñëîòû, ñîäåðæàùèå ãåí, êîäèðó-

þùèé áèîñèíòåç òîêñèíà: ÐÍÊ èëè ÄÍÊ èíòåã-

ðèðóþòñÿ â ëèçîãåííûé öèêë ãåíîìà ïàòîãåííîé

áàêòåðèè, ïðîäóöèðóåìûå ðåêîìáèíàíòíûå òîê-

ñèíû âûçûâàþò ãèáåëü áàêòåðèàëüíûõ êëåòîê

[87]. Ê íàñòîÿùåìó âðåìåíè ïîëó÷åíû ðåêîìáè-

íàíòíûå íóêëåèíîâûå êèñëîòû, ñîäåðæàùèå ðàç-

Рис. 4. Перспективные антибактериальные стратегии с использованием ТАС (рис. авторов)



ëè÷íûå ãåíû, êîäèðóþùèå ñèíòåç òîêñèíîâ ìíî-

ãèõ èçâåñòíûõ ìîäóëåé TAC. Îäíàêî èñïîëüçîâà-

íèå áàêòåðèîôàãîâ ïî-ïðåæíåìó îãðàíè÷åíî èç-

çà èõ âûñîêîé ñïåöèôè÷íîñòè ê îïðåäåë¸ííûì

ìèêðîîðãàíèçìàì [31, 87, 88].

Ñóùåñòâóåò îïàñåíèå, ÷òî èñêóññòâåííàÿ àê-

òèâàöèÿ òîêñèíîâ äî óìåðåííîãî óðîâíÿ ìîæåò

âûçâàòü îáðàçîâàíèå ïåðñèñòèðóþùèõ èëè ñïÿ-

ùèõ êëåòîê, êîòîðûå ñïîñîáñòâóþò õðîíèçàöèè

èíôåêöèîííîãî ïðîöåññà. Â ýòîé ñâÿçè ðàçðàáà-

òûâàåòñÿ äðóãàÿ ñòðàòåãèÿ, êîòîðàÿ «ðàçáóäèò»

ïåðñèñòèðóþùóþ áàêòåðèàëüíóþ êëåòêó, ÷òî äå-

ëàåò å¸ âîñïðèèì÷èâîé ê àíòèáèîòèêàì.

Çàêëþ÷åíèå
Òàêèì îáðàçîì, ñ ó÷¸òîì âåäóùåé ðîëè TAÑ

äëÿ âûæèâàíèÿ ïàòîãåííûõ áàêòåðèé è ðàçâèòèÿ

èíôåêöèîííîãî ïðîöåññà ñîâðåìåííûå òåõíîëî-

ãèè ñîçäàíèÿ àëüòåðíàòèâíûõ àíòèáàêòåðèàëü-

íûõ ñòðàòåãèé ðàññìàòðèâàþò ýòè ñèñòåìû â êà-

÷åñòâå ïåðñïåêòèâíûõ öåëåé äëÿ ðàçðàáîòêè íî-

âûõ àíòèìèêðîáíûõ ïðåïàðàòîâ. Âûñîêàÿ ñêî-

ðîñòü ïðèîáðåòåíèÿ ïàòîãåííûìè áàêòåðèÿìè

ìíîæåñòâåííîé ëåêàðñòâåííîé óñòîé÷èâîñòè îï-

ðåäåëÿåò àêòóàëüíîñòü è íåîáõîäèìîñòü ýòîãî íà-

ïðàâëåíèÿ èññëåäîâàíèé. Ó÷èòûâàÿ îòñóòñòâèå

ÒÀÑ ó ìëåêîïèòàþùèõ, áóäóùèå ïðåïàðàòû íà

îñíîâå òåõíîëîãèé, â îñíîâå êîòîðûõ ëåæàò ìåõà-

íèçìû âíóòðèêëåòî÷íûõ ýôôåêòîâ ÒÀÑ, ìîãóò

áûòü âûñîêîñïåöèôè÷åñêèìè. Òåì íå ìåíåå, îä-

íèì èç âîçìîæíûõ íåäîñòàòêîâ ýôôåêòèâíîñòè

ýòèõ àíòèìèêðîáíûõ ñòðàòåãèé ÿâëÿåòñÿ âûñîêàÿ

ðàñïðîñòðàí¸ííîñòü ýòèõ ñèñòåì â ãåíîìå áàêòå-

ðèé, ÷òî ïîòðåáóåò ñîçäàíèÿ ïðåïàðàòîâ, íàöå-

ëåííûå íà íåñêîëüêî ñèñòåì. Äðóãèì íåäîñòàò-

êîì ÿâëÿåòñÿ òî, ÷òî íåäîñòàòî÷íî ïðîñòî èíàê-

òèâèðîâàòü àíòèòîêñèíû äëÿ àêòèâàöèè òîêñè-

íîâ, êîòîðûå â äàëüíåéøåì íåîáõîäèìî èíàêòè-

âèðîâàòü äðóãèìè ïðåïàðàòàìè [31, 36]. Íåêîòî-

ðûå ïîáî÷íûå ýôôåêòû ýòèõ ìåòîäîâ ëå÷åíèÿ ìî-

ãóò áûòü ñâÿçàíû ñ èíàêòèâàöèåé TAÑ áàêòåðèé,

ïðèíàäëåæàùèõ ê íîðìàëüíîé ìèêðîáèîòå. Òåì

íå ìåíåå, ñòèìóëèðîâàíèå äàëüíåéøèõ ôóíäà-

ìåíòàëüíûõ èññëåäîâàíèé ÒÀÑ â ïàòîãåííûõ

áàêòåðèÿõ ìîæåò äàòü öåííóþ èíôîðìàöèþ äëÿ

áóäóùèõ àíòèáàêòåðèàëüíûõ àëüòåðíàòèâ.

Êîíôëèêò èíòåðåñîâ. Àâòîðû çàÿâëÿþò îá îò-

ñóòñòâèè êîíôëèêòà èíòåðåñîâ.

Ôèíàíñèðîâàíèå. Ðàáîòà âûïîëíåíà ïðè ïîä-

äåðæêå Êîìïëåêñíîé ïðîãðàììû ôóíäàìåíòàëü-

íûõ èññëåäîâàíèé Äàëüíåâîñòî÷íîãî îòäåëåíèÿ

ÐÀÍ «Äàëüíèé Âîñòîê», ïðîåêò ¹ 18-5-099.

АНТИБИОТИКИ И ХИМИОТЕРАПИЯ, 2018, 63; 3—456

ЛИТЕРАТУРА 

1. Kedzierska B., Hayes F. Emerging Roles of Toxin–Antitoxin Modules in
Bacterial Pathogenesis. Molecules 2016; 21. Doi: 10.3390/mole-
cules21060790. 

2. Van Melderen L., Saavedra de Bast M. Bacterial toxin–antitoxin systems:
More than selfish entities? PLoS Genet 2009; 5: 3: e1000437. Doi:
10.1371/journal.pgen.1000437.

3. Ki-Young Lee., Bong-Jin Lee. Structure, Biology, and Therapeutic
Application of Toxin–Antitoxin Systems in Pathogenic Bacteria. Toxins
2016; 8: 10: 305. Doi:10.3390/toxins8100305.

4. Goeders N., Chai R., Chen B., Day A. Salmond G. Structure, Evolution,
and Functions of Bacterial Type III Toxin-Antitoxin Systems. Toxins
2016; 8: 10: 282. Doi:10.3390/toxins8100282.

5. Aizenman E., Engelberg-Kulka H., Glaser G. An Escherichia coli chro-
mosomal «addiction module» regulated by guanosine 30,50-bispy-
rophosphate: a model for programmed bacterial cell death. Proc Natl
Acad Sci USA 1996; 93: 6059–6063.

6. Ogura T., Hiraga S. Mini-F plasmid genes that couple host cell division
to plasmid proliferation. Proc Natl Acad Sci USA 1983; 80: 4784–4788.

7. Van Melderen L., Bernard P. Couturier M. Lon-dependent proteolysis of
CcdA is the key control for activation of CcdB in plasmid-free segregant
bacteria. Mol Microbiol 1994; 11: 1151–1157.

8. Hayes F. Toxins-antitoxins: Plasmid maintenance, programmed cell
death, and cell cycle arrest. Science 2003; 301: 1496–1499. Doi:
10.1126/science.1088157.

9. Yarmolinsky M. B. Programmed cell death in bacterial populations.
Science 1995; 267: 836–837.

10. Engelberg-Kulka H., Glaser G. Addiction modules and programmed cell
death and antideath in bacterial cultures. Annu. Microbiol Rev 1999; 53:
43–70. Doi: 10.1146/annurev.micro.53.1.43.

11. Engelberg-Kulka H., Amitai S., Kolodkin-Gal I., Hazan R. Bacterial pro-
grammed cell death and multicellular behavior in bacteria. PLoS Genet
2006; 2: å135. Doi: 10.1371/journal.pgen.0020135. 

12. Erental A., Idith Sh. I., Engelberg-Kulka H. Two Programmed Cell Death
Systems in Escherichia coli: An Apoptotic-Like Dåath Is Inhibited by
the mazEF-Mediated Death Pathway. PLoS biology 2012; 3: 10:
e100128. 

13. Coussens N. P., Daines D. A. Wake me when it’s over—Bacterial toxin-
antitoxin proteins and induced dormancy. Exp Biol Med 2016; 241:
1332–1342. Doi: 10.1177/1535370216651938.

14. Muthuramalingam M., White J. C., Bourne C. R. Toxin-Antitoxin
Modules Are Pliable Switches Activated by Multiple Protease Pathways.
Toxins 2016; 8: 7: 214. Doi:10.3390/toxins8070214.

15. Makarova K. S., Wolf Y. I., Koonin E.V. Comprehensive comparative-
genomic analysis of type 2 toxin-antitoxin systems and related mobile
stress response systems in prokaryotes. Biol Direct 2009; 4: 11–19.

16. Makarova K. S., Wolf Y. I., Koonin E. V. Comparative genomics of
defense systems in archaea and bacteria. Nucleic Acids Res 2013; 41:
4360–4377. Doi: 10.1093/nar/gkt157.

17. Page R., Peti W. Toxin-antitoxin systems in bacterial growth arrest and
persistence. Nat Chem Biol 2016; 12: 208–214.

18. Allison K. R., Brynildsen M. P., Collins J. J. Heterogeneous bacterial per-
sisters and engineering approaches to eliminate them. Curr Opin
Microbiol 2011; 14: 593–598. Doi: 10.1016/j.mib.2011.09.002.

19. Pimentel B., Nair R., Bermejo-Rodriguez C., Preston M. A., Agu C. A.,
Wang X., Bernal J. A., Sherratt D. J., de la Cueva-Mendez G. Toxin Kid
uncouples DNA replication and cell division to enforce retention of plas-
mid R1 in Escherichia coli cells. Proc Natl Acad Sci USA 2014; 111:
2734–2739. Doi: 10.1073/pnas.1308241111.

20. Moritz E. M., Hergenrother P. J. Toxin-antitoxin systems are ubiquitous
and plasmid-encoded in vancomycin-resistant enterococci. Proc Natl
Acad Sci USA 2007; 104: 1: 311–316. Doi: 10.1073/pnas.0601168104.

21. Holden D.W. Microbiology. Persisters unmasked. Science 2015; 347: 30–32.

22. Maisonneuve E., Castro-Camargo M., Gerdes K. (p)ppGpp controls bac-
terial persistence by stochastic induction of toxin-antitoxin activity. Cell
2013; 154: 1140–1150.

23. Gerdes K., Maisonneuv, E. Remarkable functional convergence:
Alarmone ppGpp mediates persistence by activating type I and II toxin-
antitoxins. Mol Cell 2015; 59: 1–3. 

24. Meredith H. R., Srimani J. K., Lee A. J., Lopatkin A. J., You L. Collective
antibiotic tolerance: Mechanisms, dynamics and intervention. Nat
Chem Biol 2015; 11: 182–188. Doi: 10.1038/nchembio.1754.

25. Fasani R. A., Savageau M. A. Unrelated toxin-antitoxin systems cooperate to
induce persistence. J R Soc Interface 2015; 12. Doi: 10.1098/rsif.2015.0130.

26. Bigger J. W. Treatment of staphylococcal infections with penicillin by
intermittent sterilization. Lancet 1944; 294: 497–500.

27. Levin B. R., Rozen D. E. Non-inherited antibiotic resistance. Nat Rev
Microbiol 2006; 4: 556–562.

28. Shan Y., Lazinski D., Rowe S., Camilli A., Lewis K. Genetic basis of per-
sister tolerance to aminoglycosides in Escherichia coli. mBio 2015; 6.
Doi: 10.1128/mBio.00078-15.



АНТИБИОТИКИ И ХИМИОТЕРАПИЯ, 2018, 63; 3—4 57

ОБЗОРЫ

29. Harms A., Maisonneuve E., Gerdes K. Mechanisms of bacterial persist-
ence during stress and antibiotic exposure. Science 2016; 354: 6318: pii:
aaf4268. Doi: http://dx.doi.org/10.1101/200477.

30. Dhar N., McKinney J. D. Microbial phenotypic heterogeneity and antibi-
otic tolerance. Curr Opin Microbiol 2007; 10: 30–38. Doi:
10.1016/j.copbio.2017.12.007.

31. Liu S., Wu N., Zhang S., Yuan Y., Zhang W., Zhang Y. Variable Persister
Gene Interactions with (p)ppGpp for Persister Formation in Escherichia
coli. Front Microbiol 2017; 8: 1795. Doi: 10.3389/fmicb.2017.01795.

32. Marques C. N., Morozov A., Planzos P., Zelaya H. M. The fatty acid sig-
naling molecule cis-2-decenoic acid increases metabolic activity and
reverts persister cells to an antimicrobial-susceptible state. Appl Environ
Microbiol 2014; 80: 6976–6991.

33. Spoering A. L., Lewis K. Biofilms and planktonic cells of Pseudomonas
aeruginosa have similar resistance to killing by antimicrobials. J Bacteriol
2001; 183: 23: 6746–6751.

34. Wood T.K. Combatting bacterial persister cells. Biotechnol Bioeng 2016;
113: 476–483. Doi: 10,1002 / bit.25721.

35. Fisher R. A., Gollan B., Helaine S. Persistent bacterial infections and per-
sister cells. Nat Rev Microbiol 2017; 15: 8: 453–464. Doi: 10.1038/nrmi-
cro.2017.42.

36. Garland M., Loscher S., Bogyo M. Chemical Strategies To Target
Bacterial Virulence. Chem Rev 2017; 117: 5: 4422–4461. Doi:
10.1021/acs.chemrev.6b00676. 

37. Marsan D., Place A., Fucich D., Chen F. Toxin-Antitoxin Systems in
Estuarine Synechococcus Strain CB0101 and Their Transcriptomic
Responses to Environmental Stressors. Front Microbiol 2017; 8: 1213.
Doi: 10.3389/fmicb.2017.01213. 

38. Tian C., Semsey S., Mitarai N. Synchronized switching of multiple toxin-
antitoxin modules by (p)ppGpp fluctuation. Nucleic Acids Res 2017; 45:
14: 8180–8189. Doi: 10.1093/nar/gkx552.

39. Harms A., Fino C., Sørensen M. A., Semsey S., Gerdes K. Prophages and
Growth Dynamics Confound Experimental Results with Antibiotic-
Tolerant Persister Cells. MBio 2017; 8: 6: pii: e01964-17. Doi:
10.1128/mBio.01964-17.

40. Fineran P. C., Blower T. R., Foulds I. J., Humphreys D. P., Lilley K. S.
The phage abortive infection system, toxin, functions as a protein-RNA
toxin-antitoxin pair. Proc Natl Acad Sci USA 2009; 106: 894–899.

41. Masuda H., Tan Q., Awano N., Wu K. P., Inouye M. YeeU enhances the
bundling of cytoskeletal polymers of MreB and FtsZ, antagonizing the
CbtA (YeeV) toxicity in Escherichia coli. Mol Microbiol 2012; 84: 979–989. 

42. Wang X., Lord D. M., Cheng H. Y., Osbourne D. O., Hong S. H. A new
type V toxin-antitoxin system where mRNA for toxin GhoT is cleaved by
antitoxin GhoS. Nat Chem Biol 2012; 8: 855–861. 

43. Brooks T. M., Unterweger D., Bachmann V., Kostiuk B., Pukatzki S. Lytic
activity of the Vibrio cholerae type VI secretion toxin VgrG-3 is inhibit-
ed by the antitoxin TsaB. J Biol Chem 2013; 288: 11: 7618–7625. Doi:
10.1074/jbc.M112.436725.

44. Chan W. T., Espinosa M., Yeo C. C. Keeping the Wolves at Bay:
Antitoxins of Prokaryotic Type II Toxin-Antitoxin Systems. Front. Mol
Biosci 2016; 3. Doi: 10.3389/fmolb.2016.00009.

45. Aakre C. D., Phung T. N., Huang D., Laub M .T. A bacterial toxin inhibits
DNA replication elongation through a direct interaction with the â sliding
clamp. Mol Cell 2013; 52: 5: 617–628. Doi: 10.1016/j.molcel.2013.10.014.

46. Wen Y., Behiels E., Devreese B. Toxin-Antitoxin systems: their role in
persistence, biofilm formation, and pathogenicity. Pathog Dis 2014; 70:
3: 240-249. Doi: 10.1111/2049-632X.12145. 

47. Unterholzner S. J., Poppenberger B., Rozhon W. Toxin–antitoxin systems:
Biology, identification, and application. Mob Genet Elements 2013; 3.
Doi: 10.4161/mge.26219.

48. Schuster C. F., Bertram R. Toxin-Antitoxin Systems of Staphylococcus
aureus. Toxins (Basel) 2016; 8: 5: pii: E140. Doi: 10.3390/tox-
ins8050140.

49. Ramage H. R., Connolly L. E., Cox J. S. Comprehensive functional
analysis of Mycobacterium tuberculosis toxin-antitoxin systems: impli-
cations for pathogenesis, stress responses, and evolution. PLoS Genet
2009; 5: 12: e1000767. Doi: 10.1371/journal.pgen.1000767. 

50. Sala A., Bordes P., Genevaux P. Multiple toxin–antitoxin systems in
Mycobacterium tuberculosis. Toxins 2014; 6: 1002–1020. Doi:
10.3390/toxins6031002.

51. Deter H. S., Jensen R. V., Mather W. H., Butzin N. C. Mechanisms for
Differential Protein Production in Toxin-Antitoxin Systems. Toxins
(Basel) 2017; 9: 7: pii: E211. Doi: 10.3390/toxins9070211.

52. Áóõàðèí Î.Â. Ïåðñèñòåíöèÿ áàêòåðèàëüíûõ ïàòîãåíîâ êàê ôèçèî-
ëîãè÷åñêèé ôåíîìåí // Âåñòí. Ìîñê. Óí-òà. Ñåð 16. Áèîëîãèÿ.
2008; 1: 6–13.

53. Korch S. B., Henderson T. A., Hill T. M. Characterization of the hipA7
allele of Escherichia coli and evidence that high persistence is governed
by (p)ppGpp synthesis. Mol Microbiol 2003; 50: 4: 1199–1213.

54. Dörr T., Vuliæ M., Lewis K. Ciprofloxacin causes persister formation by
inducing the TisB toxin in Escherichia coli. PLoS Biol 2010; 8: 2:
e1000317. Doi: 10.1371/journal.pbio.1000317.

55. Verstraeten N., Knapen W. J., Fauvart M., Michiels J. Membrane depo-
larization-triggered responsive diversification leads to antibiotic toler-
ance. Microb Cell 2015; 2: 8: 299–301. Doi: 10.15698/mic2015.08.220.

56. Lobato-Márquez D., Moreno-Córdoba I., Figueroa V., Díaz-Orejas R.,
García-del Portillo F. Distinct type I and type II toxin-antitoxin modules
control Salmonella lifestyle inside eukaryotic cells. Sci Rep 2015; 5:
9374. Doi: 10.1038/srep09374.

57. Chukwudi C. U., Good L. The role of the hok/sok locus in bacterial
response to stressful growth conditions. Microb Pathog 2015; 79: 70–79.
Doi: 10.1016/j.micpath.2015.01.009. 

58. Sayed N., Nonin-Lecomte S., Rety S., Felden B. Functional and structur-
al insights of a Staphylococcus aureus apoptotic-like membrane peptide
from a toxin-antitoxin module. J Biol Chem 2012; 287: 43454–43463.
Doi: 10.1074/jbc.M112.402693.

59. Sass P., Josten M., Famulla K., Schiffer G., Sahl H. G., Hamoen L., Brotz-
Oesterhelt H. Antibiotic acyldepsipeptides activate ClpP peptidase to
degrade the cell division protein FtsZ. Proc Natl Acad Sci USA 2011;
108: 17474–17479. Doi: 10.1073/pnas.1110385108.

60. Leung E., Datti A., Cossette M., Goodreid J., McCaw S. E., Mah M.,
Nakhamchik A., Ogata K., El Bakkouri M., Cheng Y.Q. et al. Activators of
cylindrical proteases as antimicrobials: Identification and development
of small molecule activators of ClpP protease. Chem Biol 2011; 18:
1167–1178. Doi: 10.1016/j.chembiol.2011.07.023.

61. Williams J. J., Hergenrother P. J. Artificial activation of toxin-antitoxin
systems as an antibacterial strategy. Trends Microbiol 2012; 20:
291–298. Doi: 10.1016/j.tim.2012.02.005.

62. Bienstock R. J. Computational drug design targeting protein-protein
interactions. Curr Pharm Des 2012; 18: 1240–1254. Doi:
10.1111/j.1365-2731.2012.06564. x.

63. Justice S. S., Hunstad D. A., Cegelski L., Hultgren S. J. Morphological
plasticity as a bacterial survival strategy. Nat Rev Microbiol 2008; 6:
162–168. Doi: 10.1038/nrmicro1820.

64. Mutschler H., Meinhart A. Epsilon/zeta systems: Their role in resistance,
virulence, and their potential for antibiotic development. J Mol Med
2011;  89: 1183–1194. Doi: 10.1007/s00109-011-0797-4.

65. Zhang Y., Inouye M. RatA (YfjG), an Escherichia coli toxin, inhibits 70S
ribosome association to block translation initiation. Mol Microbiol 2011;
79: 1418–1429. Doi: 10.1111/j.1365-2958.2010.07506. x.

66. Al Refaii A., Alix J. H. Ribosome biogenesis is temperature-dependent
and delayed in Escherichia coli lacking the chaperones DnaK or DnaJ.
Mol Microbiol 2009; 71: 748–762. Doi: 10.1111/j.1365-
2958.2008.06561. x.

67. Hall A. M., Gollan B., Helaine S. Toxin-antitoxin systems: reversible tox-
icity. Curr Opin Microbiol 2017; 36: 102–110. Doi:
10.1016/j.mib.2017.02.003.

68. Dao-Thi M. H., Charlier D., Loris R., Maes D., Messens J., Wyns L.,
Backmann J. Intricate interactions within the ccd plasmid addiction sys-
tem. J. Biol Chem 2002; 277: 3733–3742. Doi: 10.1074/jbc.M105505200.

69. Mok W. W., Patel N. H., Li Y. Decoding toxicity: deducing the sequence
requirements of IbsC, a type I toxin in Escherichia coli. J Biol Chem
2010; 285: 53: 41627–41636. Doi: 10.1074/jbc.M110.149179. 

70. Fozo E. M., Kawano M., Fontaine F., Kaya Y., Mendieta K. S., Jones K.
L., Ocampo A., Rudd K. E., Storz G. Repression of small toxic protein
synthesis by the Sib and OhsC small RNAs. Mol Microbiol 2008; 70: 5:
1076–1093. Doi: 10.1111/j.1365-2958.2008.06394. x. 

71. Vogel J., Argaman L., Wagner E. G., Altuvia S. The small RNA IstR
inhibits synthesis of an SOS-induced toxic peptide. 2004; 14: 24:
2271–2276. Doi: 10.1016/j.cub.2004.12.003 

72. Unoson C., Wagner E. G. A small SOS-induced toxin is targeted against
the inner membrane in Escherichia coli. Mol Microbiol 2008; 70: 1:
258–270. Doi: 10.1111/j.1365-2958.2008.06416. x. 

73. Vesper O., Amitai S., Belitsky M., Byrgazov K., Kaberdina A.C.,
Engelberg-Kulka H., Moll I. Selective translation of leaderless mRNAs by
specialized ribosomes generated by MazF in Escherichia coli. Cell 2011;
147: 1: 147–157. Doi: 10.1016/j.cell.2011.07.047. 

74. Budde P. P., Davis B. M., Yuan J., Waldor M. K. Characterization of a
higBA toxin-antitoxin locus in Vibrio cholerae. J Bacteriol 2007; 189:
491–500. Doi: 10.1128/JB.00909-06.

75. Fineran P. C., Blower T. R., Foulds I. J., Humphreys D. P., Lilley K. S.,
Salmond G. P. The phage abortive infection system, ToxIN, functions as
a protein-RNA toxin-antitoxin pair. Proc Natl Acad Sci USA 2009; 106:
3: 894–899. Doi: 10.1073/pnas.0808832106. 

76. Aakre C. D., Phung T. N., Huang D., Laub M. T. A bacterial toxin inhibits
DNA replication elongation through a direct interaction with the â slid-
ing clamp. Mol Cell 2013; 52: 5: 617–628. Doi: 10.1016/j.mol-
cel.2013.10.014. 



77. Brielle R., Pinel-Marie M. L., Felden B. Linking bacterial type I toxins
with their actions. Curr Opin Microbiol 2016; 30: 114–121. Doi:
10.1016/j.mib.2016.01.009. 

78. Brantl S., Jahn N. sRNAs in bacterial type I and type III toxin-antitoxin
systems. FEMS Microbiol Rev 2015; 39: 3: 413–427. Doi: 10.1093/fem-
sre/fuv003. 

79. Crofts T. S., Gasparrini A. J., Dantas G. Next-generation approaches to
understand and combat the antibiotic resistome.  Nature Reviews
Microbiology 2017; 15: 422–434. Doi:10.1038/nrmicro.2017.28.

80. Gupta K., Tripathi A., Sahu A., Varadarajan R. Contribution of the
Chromosomal ccdAB Operon to Bacterial Drug Tolerance. J Bacteriol
2017; 199:19: pii: e00397-17. Doi: 10.1128/JB.00397-17.

81. Chan W. T., Balsa D., Espinosa M. One cannot rule them all: Are bacte-
rial toxins–antitoxins druggable? FEMS Microbiol Rev 2015; 39:
522–540. Doi: 10.1093/femsre/fuv002.

82. Mruk I., Kobayashi I. To be or not to be: Regulation of restriction-mod-
ification systems and other toxin-antitoxin systems. Nucleic Acids Res
2014; 42: 70–86. Doi: 10.1093/nar/gkt711.

83. Ainelo A., Tamman H., Leppik M., Remme J., Horak R. The toxin GraT
inhibits ribosome biogenesis. Mol Microbiol 2016; 100: 719–734. Doi:
10.1111/mmi.13344.  

84. Shapiro S. Speculative strategies for new antibacterials: All roads should
not lead to Rome. J Antibiot 2013; 66: 371–386. Doi:
10.1038/ja.2013.27.

85. Bienstock R. J. Computational drug design targeting protein-protein
interactions. Curr Pharm Des 2012; 18: 9: 1240–1254.

86. Solecki O., Mosbah A., Baudy Floc’h M., Felden B. Converting a
Staphylococcus aureus toxin into effective cyclic pseudopeptide antibi-
otics. Chem Biol 2015; 22: 329–335. Doi: 10.1016/j.chembi-
ol.2014.12.016.

87. Huys I., Pirnay J. P., Lavigne R., Jennes S., De Vos D., Casteels M.,
Verbeken G. Paving a regulatory pathway for phage therapy. Europe
should muster the resources to financially, technically and legally sup-
port the introduction of phage therapy. EMBO Rep 2013; 14: 951–954.
Doi: 10.1038/embor.2013.163.

88. Helaine S., Cheverton A. M., Watson K. G., Faure L. M., Matthews S. A.,
Holden D. W. Internalization of Salmonella by macrophages induces for-
mation of nonreplicating persisters. Science 2014; 343: 204–208.

АНТИБИОТИКИ И ХИМИОТЕРАПИЯ, 2018, 63; 3—458

СВЕДЕНИЯ ОБ АВТОРАХ: 

Àíäðþêîâ Áîðèñ Ãåîðãèåâè÷ — ä.ì.í., âåäóùèé íàó÷íûé ñî-

òðóäíèê ëàáîðàòîðèè ìîëåêóëÿðíîé ýïèäåìèîëîãèè è

ìèêðîáèîëîãèè ÍÈÈ ýïèäåìèîëîãèè è ìèêðîáèîëîãèè

èì. Ã. Ï. Ñîìîâà, Âëàäèâîñòîê

Áåñåäíîâà Íàòàëèÿ Íèêîëàåâíà — àêàäåìèê ÐÀÍ, ä. ì. í.,

ïðîôåññîð, ãëàâíûé íàó÷íûé ñîòðóäíèê ëàáîðàòîðèè

èììóíîëîãèè ÍÈÈ ýïèäåìèîëîãèè è ìèêðîáèîëîãèè

èì. Ã. Ï. Ñîìîâà, Âëàäèâîñòîê

Çàïîðîæåö Òàòüÿíà Ñòàíèñëàâîâíà — ä. ì. í., çàìåñòè-

òåëü äèðåêòîðà ïî íàó÷íîé ðàáîòå ÍÈÈ ýïèäåìèîëîãèè è

ìèêðîáèîëîãèè èì. Ã. Ï. Ñîìîâà, Âëàäèâîñòîê



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


