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Ìåòîäû íåëîêàëüíîé ýëåêòðîñòàòèêè, ïðèìåíåííûå íàìè ðàíåå ê èîííûì êàíàëàì, èñïîëüçóþòñÿ
äëÿ àíàëèçà ñòàáèëèçàöèè K+ â âîäíîé ïîëîñòè K+-êàíàëà. Äðóãèå àâòîðû äëÿ ðàñ÷åòà ýíåðãèè K+ â âî-
äíîé ïîëîñòè KcsA-êàíàëà ïðèìåíÿëè ôîðìóëû êëàññè÷åñêîé ýëåêòðîñòàòèêè. Èñïîëüçóÿ íîâóþ ôîð-
ìóëèðîâêó íåëîêàëüíî-ýëåêòðîñòàòè÷åñêîé òåîðèè ìû ïîëó÷èëè ôîðìóëó äëÿ çàâèñèìîñòè ýíåðãèè ñèë
èçîáðàæåíèÿ, äåéñòâóþùèõ íà K+, íàõîäÿùèéñÿ â öåíòðå ñôåðè÷åñêîé ïîëîñòè K+-êàíàëà. Ïîêàçàíî,
÷òî íåëîêàëüíî-ýëåêòðîñòàòè÷åñêèå ýôôåêòû â âîäíîé ïîðå K+-êàíàëà ïðèâîäÿò ê ïîíèæåíèþ ýíåðãèè
K+ íà 4kT ïî ñðàâíåíèþ ñ ðàñ÷åòîì ïî ôîðìóëàì êëàññè÷åñêîé ýëåêòðîñòàòèêè.

Ê ë þ ÷ å â û å ñ ë î â à: K+-êàíàë, âîäíàÿ ïîðà, ýëåêòðîñòàòè÷åñêàÿ ñòàáèëèçàöèÿ, íåëîêàëüíàÿ ýëåêò-
ðîñòàòèêà.

Â êëàññè÷åñêîé ýëåêòðîñòàòèêå (ÑÅ) ýíåðãèÿ ñèë
èçîáðàæåíèÿ WCE, äåéñòâóþùèõ íà êàòèîí, íàõîäÿùèéñÿ
â öåíòðå ñôåðè÷åñêîé âîäíîé ïîëîñòè ðàäèóñà R, ðàâíà

WCE = {e2/(8p e0R)}(1/ep – 1/ew), (1)

ãäå ew — ñòàòè÷åñêàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü
âîäû, ep — äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü îêðóæàþ-
ùèõ ïîðó áåëêîâ, e0 — äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü
âàêóóìà. Ôîðìóëà (1) ïðèìåíÿëàñü äëÿ àíàëèçà ñòàáèëè-
çàöèè êàòèîíà K+ â âîäíîé ïîëîñòè KcsA-êàíàëà (Roux,
MacKinnon, 1999), ñóùåñòâîâàíèå êîòîðîé áûëî äîêàçà-
íî â ðàáîòå (Doyle et al., 1998). Ñõåìà âîäíîé ïîëîñòè â
K+-êàíàëå ïðèâåäåíà â ìîíîãðàôèè (Hille, 2001). Ðàäèóñ
âîäíîé ïîëîñòè â êàíàëå ïîðÿäêà 7 Å, à äëÿ ïîð òàêîãî
ìàëîãî ðàçìåðà íàäî èñïîëüçîâàòü ìåòîäû ýëåêòðîñòàòè-
êè ñðåä ñ ïðîñòðàíñòâåííîé äèñïåðñèåé (ò. å. ìåòîäû íå-
ëîêàëüíîé ýëåêòðîñòàòèêè, NE), ïîäðîáíî ðàññìîòðåí-
íûõ â ðàáîòàõ (Kornyshev, 1981; Âîðîòûíöåâ, Êîðíû-
øåâ, 1993). Ìåòîäû NE âïåðâûå áûëè ïðèìåíåíû ê
èîííûì êàíàëàì (Ðóáàøêèí, Èñåðîâè÷, 2007, 2011).
Â ïîðàõ ìàëîãî ðàçìåðà âîäà îáëàäàåò ïîíèæåííîé äèý-
ëåêòðè÷åñêîé ïðîíèöàåìîñòüþ (Êîðíûøåâ è äð., 1989),
ïîýòîìó â ôîðìóëó (1) íàäî âìåñòî ew ïîäñòàâëÿòü ýô-
ôåêòèâíóþ äèýëåêòðè÷åñêóþ ïðîíèöàåìîñòü, çàâèñÿ-
ùóþ îò ðàçìåðîâ ïîðû. Â NE ýíåðãèÿ èîíà WNE â âîäíîé
ïîðå ñôåðè÷åñêîé ôîðìû:

WNE = {e2/(8p e0R)}(1/ep – 1/eeff), (2)

ãäå çàâèñèìîñòü eeff îò ðàäèóñà ïîðû ìîæåò áûòü ïðåä-
ñòàâëåíà ôîðìóëîé (3), ïîëó÷åííîé íàìè íà îñíîâå ìå-
òîäà, ðàçâèòîãî â ðàáîòå (Hildebrandt et al., 2004, 2007):

eeff = 1/{1/ew + (1/e* – 1/ew)exp(–R/LC)}. (3)

Âûâîä ñîîòíîøåíèÿ (3) íå ïðèâîäèì ââèäó åãî ãðîìîçä-
êîñòè. Íîâàÿ ôîðìóëèðîâêà íåëîêàëüíîé ýëåêòðîñòàòè-
êè òàêæå èñïîëüçîâàëàñü â ðàáîòå (Bardhan, 2011) äëÿ
ðàñ÷åòà ýíåðãèè èîíà â áåëêàõ, îäíàêî â íåé íå áûëî ïî-
ëó÷åíî óäîáíûõ ôîðìóë (2)—(3). ×èñëåííûå çíà÷åíèÿ
ïàðàìåòðîâ â ôîðìóëå (3) ïðèâåäåíû â ðàáîòàõ (Âîðî-
òûíöåâ, Êîðíûøåâ, 1993; Kornyshev, 1981): ew — ñòàòè-
÷åñêàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü âîäû (ew = 78.5),
e* — êîðîòêîâîëíîâàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü
âîäû (e* = 5). Êîððåëÿöèîííàÿ äëèíà äëÿ âîäû LC âíóò-
ðè ïîðû âäâîå áîëüøå, ÷åì L â ñâîáîäíîé âîäå, ãäå L —
ðàäèóñ êîððåëÿöèè ôëóêòóàöèé îðèåíòàöèîííîé ïîëÿ-
ðèçàöèè âîäû (L = 7 Å) (Êîðíûøåâ è äð., 1989). Ïîýòîìó
ïðè ðàñ÷åòàõ ïî ôîðìóëå (3) ïðèíèìàåì LC = 14 Å.

Íà ðèñóíêå ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà ýíåð-
ãèé êàòèîíà K+, íàõîäÿùåãîñÿ â öåíòðå â âîäíîé ïîëîñòè
èîííîãî êàíàëà, îò äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè áåë-
êîâ, îêðóæàþùèõ âîäíóþ ïîëîñòü (ñì. ðèñóíîê, à), è îò
ðàäèóñà âîäíîé ïîðû (ñì. ðèñóíîê, á). Ïðè ep < 8 èìååò-
ñÿ ïîòåíöèàëüíûé áàðüåð (WNE > 0) (ñì. ðèñóíîê, à), ò. å.
âûòàëêèâàíèå èîíà èç âîäíîé ïîëîñòè. Ïðè ep > 8 — ïî-
òåíöèàëüíàÿ ÿìà (WNE < 0) (ñì. ðèñóíîê, à), ò. å. çàòÿãè-
âàíèå èîíà â ïîëîñòü. Â êëàññè÷åñêîé ýëåêòðîñòàòèêå
ýíåðãèÿ ñèë èçîáðàæåíèÿ â âîäíîé ïîëîñòè âñåãäà ïîëî-
æèòåëüíà WCE (ñì. ðèñóíîê, à), ÷òî ñîîòâåòñòâóåò ïîòåí-
öèàëüíîìó áàðüåðó äëÿ K+. Ðàçíèöà ìåæäó ýíåðãèÿìè,
ðàññ÷èòàííûìè ïî ôîðìóëàì íåëîêàëüíîé ýëåêòðîñòàòè-
êè è êëàññè÷åñêîé ýëåêòðîñòàòèêè, ðàâíà 4kT ïðè R = 7 Å

(ñì. ðèñóíîê, à). Íà ðèñóíêå, á ïðèâåäåíû çàâèñèìîñòè
ýíåðãèé WNE è WCE îò ðàäèóñà ïîëîñòè ïðè ep = 4. Ðàç-
íîñòü ýíåðãèé WCE è WNE óâåëè÷èâàåòñÿ ïðè óìåíüøåíèè
ðàäèóñà ïîðû, äîñòèãàÿ 7kT ïðè R = 5 Å. Òàêîå ïîíèæå-
íèå ýíåðãèè WNE çà ñ÷åò ýôôåêòîâ íåëîêàëüíîé ýëåêòðî-
ñòàòèêè íåîáõîäèìî ó÷èòûâàòü ïðè ïîñòðîåíèè ïîëíîé
òåîðèè ñòàáèëèçàöèè èîíîâ â êàíàëàõ.
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A NEW APPROACH TO THE ELECTROSTATIC STABILIZATION OF CATIONS IN THE AQUEOUS

CAVITY OF K+ CHANNEL: THE ROLE OF NONLOCAL-ELECTROSTATIC EFFECTS
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Methods of nonlocal electrostatics, applied to ion channels in our previous papers, are used to analyze the
stability of K+ in the aqueous cavity of K+ channel. Other authors used formulas of classical electrostatics to
calculate the energy of K+ in the aqueous cavity of KcsA. Using a new formulation of nonlocal-electrostatic
theory, we obtained a formula for the image force energy acting on K+, which is in the center of a spherical ca-
vity of K+ channel. It is shown that nonlocal-electrostatic effects in the aqueous cavity of K+ channel leads to a
decrease in the energy K+ on 4kT compared with the calculation by the formulas of classical electrostatics.
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Çàâèñèìîñòè ýíåðãèè ñèë èçîáðàæåíèÿ (WNE — â íåëîêàëüíîé ýëåêòðîñòàòèêå, WCE — â êëàññè÷åñêîé ýëåêòðîñòàòèêå), äåéñòâóþ-
ùåé íà êàòèîí K+, íàõîäÿùèéñÿ â öåíòðà â âîäíîé ïîëîñòè èîííîãî êàíàëà, îò äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè áåëêîâ, îêðóæàþ-

ùèõ âîäíóþ ïîëîñòü (à), è îò ðàäèóñà âîäíîé ïîëîñòè (á).

Êðèâûå 1 (à, á) ñîîòâåòñòâóþò íåëîêàëüíî-ýëåêòðîñòàòè÷åñêîé òåîðèè è ðàññ÷èòàíû ïî ôîðìóëàì (2)—(3) ïðè ew = 78.5, e* = 5, LC = 14 Å; êðèâûå 2
(à, á) ñîîòâåòñòâóþò êëàññè÷åñêîé ýëåêòðîñòàòèêå è ðàññ÷èòàíû ïî ôîðìóëå (1). Äëÿ êðèâûõ íà (à) R = 7 Å, äëÿ êðèâûõ íà (á) ep = 4. Ýíåðãèè WNE è

WCE (à, á) ïðèâåäåíû â åäèíèöàõ kT ïðè T = 310 °K.




