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Â ñòàòüå ïðèíÿòû ñëåäóþùèå ñîêðàùåíèÿ: ÂÃÏ-1
(âèðóñ ãåðïåñà ïðîñòîãî òèïà 1); ÂÈ× (âèðóñ èììóíî-
äåôèöèòà ÷åëîâåêà); ÎÒ ÂÈ× (îáðàòíàÿ òðàíñêðèïòà-
çà); PMEA (9-[2-(ôîñôîíîìåòîêñè)ýòèë]àäåíèí);
PAAG (ïîëèàêðèëàìèäíûé ãåëü).

Ââåäåíèå
Ôîñôîíàòû íóêëåîçèäîâ è èõ àöèêëè÷åñêèå àíàëîãè

(ANPs), â êîòîðûõ ôîñôîíàòíàÿ ãðóïïà ñâÿçàíà ñ ïó-
ðèíîâûì èëè ïèðèìèäèíîâûì îñíîâàíèÿìè ÷åðåç àëè-
ôàòè÷åñêèé îñòàòîê, èãðàþò êëþ÷åâóþ ðîëü ïðè ñî-
çäàíèè àíòèâèðóñíûõ ïðåïàðàòîâ. Îïèñàíû íåñêîëüêî
êëàññîâ ANPs, ïðîÿâëÿþùèõ àêòèâíîñòü ïðîòèâ ðàç-
ëè÷íûõ âèðóñîâ [1, 2]. Ñïåöèàëüíûì êëàññîì ANPs
ÿâëÿþòñÿ àíàëîãè, ñîäåðæàùèå íåíàñûùåííóþ àöèê-
ëè÷åñêóþ öåïü [3–5]. Ôîñôîíàòû íóêëåîçèäîâ ìåòà-
áîëèçèðóþòñÿ ôåðìåíòàìè êëåòîê äî ñîîòâåòñòâóþ-
ùèõ 5'-äèôîñôàòîâ, êîòîðûå ÿâëÿþòñÿ ñóáñòðàòàìè
ÄÍÊ èëè ÐÍÊ âèðóñíûõ ïîëèìåðàç è, ïîñëå âñòðàè-
âàíèÿ â öåïü âèðóñíîé ÄÍÊ èëè ÐÍÊ òåðìèíèðóþò
èõ ñèíòåç [6, 7].

Â äàííîé ðàáîòå ñèíòåçèðîâàíû äâà íîâûõ òèïà
ôîñôîíàòíûõ ïðîèçâîäíûõ íóêëåîçèäîâ: (Z)- è
(E)-9-[3-(ôîñôîíîìåòîêñèïðîï)-1-åí-1-èë]àäåíèíû è
êàðáîöèêëè÷åñêèé èçîñòåðíûé àíàëîã ãóàíîçèíà è èõ
äèôîñôàòû. Èçó÷åíû àíòè-ÂÈ× è àíòè-ÂÃÏ ñâîéñòâà
â êóëüòóðå êëåòîê. Äèôîñôàòû èñïûòàíû êàê ñóá-
ñòðàòû ðåêîìáèíàíòíîé ÄÍÊ-ïîëèìåðàçû ÂÃÏ è ÎÒ
ÂÈ×-1. Íàéäåíà êîððåëÿöèÿ ìåæäó àíòèâèðóñíîé àê-
òèâíîñòüþ è ñóáñòðàòíûìè ñâîéñòâàìè ñîîòâåòñòâó-
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Ñèíòåçèðîâàíû äâà íîâûõ òèïà ïðîèçâîäíûõ íóêëåîòèäîâ: (Z)- è (E)-9-[3-(ôîñôîíîìåòî-
êñèïðîï-1-eí-1-èë]àäåíèíû è êàðáîöèêëè÷åñêèé èçîñòåðíûé àíàëîã ãóàíîçèíà. (Z)- è (E) -
èçîìåðû ïîäàâëÿëè ðåïëèêàöèþ ÂÃÏ è ÂÈ× è áûëè íåòîêñè÷íû äëÿ êëåòîê. Àêòèâíîñòü
(Z)-èçîìåðà áûëà âûøå ïî ñðàâíåíèþ ñ (Å)-èçîìåðîì ïðîòèâ îáîèõ âèðóñîâ.  Äèôîñôàòû
ñîåäèíåíèé áûëè ñóáñòðàòàìè ðåêîìáèíàíòíîé ÄÍÊ-ïîëèìåðàçû ÂÃÏ è îáðàòíîé òðàíñ-
êðèïòàçû (ÎÒ) ÂÈ×. Äèôîñôàò êàðáîöèêëè÷åñêîãî àíàëîãà ãóàíîçèíà íå ïðîÿâëÿë ñóáñòðàò-
íûõ ñâîéñòâ ïî îòíîøåíèþ ê ÄÍÊ- ïîëèìåðàçå ÂÃÏ, íî áûë àêòèâåí êàê ñóáñòðàò ÎÒ.

þùèõ äèôîñôàòîâ ïî îòíîøåíèþ ê âèðóñíûì ôåð-
ìåíòàì.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü
Êëåòî÷íûå êóëüòóðû Vero and CEMss, ÂÈ×-1

(EVK), ÂÃÏ-1/L2 è àöèêëîâèð ðåçèñòåíòíûé
øòàìì ÂÃÏ-1/ACVR ïîëó÷åíû èç Èíñòèòóòà âèðó-
ñîëîãèè èì. Èâàíîâñêîãî ÐÀÌÍ, [γ-32P]ATP (6000
Ci/mM) – îò ôèðìû “Èçîòîï” (Ðîññèÿ). Â ðàáîòå
èñïîëüçîâàíû ñèíòåòè÷åñêèå îëèãîíóêëåîòèäû ïðî-
èçâîäñòâà “Litech” (Ðîññèÿ); ÂÈ×-1 ÎÒ è T4 ïîëè-
íóêëåîòèäêèíàçà ôèðìû “Amersham BioSciences”;
[5'-32P]-ìå÷åíûé ïðàéìåð-ìàòðè÷íûé êîìïëåêñ ïî-
ëó÷åí ïî ìåòîäèêå [8]. Àíòèâèðóñíóþ àêòèâíîñòü è
öèòîòîêñè÷íîñòü ñîåäèíåíèé îïðåäåëÿëè, êàê îïèñà-
íî ðàíåå [9, 10].

ÄÍÊ-ïîëèìåðàçó ÂÃÏ ýêñïðåññèðîâàëè â áàêóëîâè-
ðóñíîé ñèñòåìå, êàê îïèñàíî íèæå. Àêòèâíîñòè ÎÒ
ÂÈ× è ÄÍÊ-ïîëèìåðàçû àëüôà îïðåäåëÿëè ïî ìåòî-
äèêàì [11, 12]. Ñèíòåç íóêëåîçèäíûõ ïðîèçâîäíûõ è
èõ õàðàêòåðèñòèêè ïðèâåäåíû â ðàáîòå [10], à ñîîò-
âåòñòâóþùèå äèôîñôàòû ñèíòåçèðîâàëè ïî ìåòîäó
[13] . Ñîåäèíåíèÿ âûäåëÿëè õðîìàòîãðàôèåé íà êî-
ëîíêå ñ DEAE-Toyeperl è ìåòîäîì ÂÝÆÕ íà êîëîíêå
Lichrosorb RP-18.

Äèôîñôàò (E)-èçîìåðà: λìàêñ = 262 íì; 1H ßÌÐ
(D2O): 8.22 (1H, s, H8), 8.08 (1H, s, H2), 7.13 (1H, d,
3J1',2' 14.3 Hz, H1'), 6.35 (1H, dt, 3J2',3', 6.2 Hz, H2'),
4.23 (2H, d, H3'), 3.74 (2H, d, 2JCH2,P 8.7 Hz, PCH2),
2.99 (18H, q, 3JCH2,CH3 7.5 Hz, CH2(Et3NH), 1.09 (27H,
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t, CH3(Et3NH); 31P ßÌÐ (D2O): 8.59 (1P, d, 2JPα,Pβ
25.4 Hz, Pα), –5.87 (1P, br.s, Pγ), –21.96 (1P, br.s, Pβ).
Äèôîñôàò (Z)-èçîìåðà: λìàêñ = 261 íì; 1H ßÌÐ
(D2O): 8.10 + 8.07 (2H, 2s, H8+H2), 6.84 (1 H, d, 3J1',2'
8.7 Hz, H1'), 5.99 (1H, dt, 3J2,3', 6.5 Hz, H2'), 4.14 (2H,
dt, H3'), 3.65 (2H, d, 2JCH2,P 9.0 Hz, PCH2), 3.04  (18H,
q, 3JCH2,CH3

, 7.5 Hz, CH2(Et3NH)), 1.12 (27H, t,
CH3(Et3NH)); 31P ßÌÐ (D2O): 8.50 (1P, d, 2JPα,Pβ 25.4
Hz, Pα), –8.59 (1P, br.s, Pγ), –22.52  (1P, br.s, Pβ).

Ðåçóëüòàòû
Ñòðóêòóðû ïîëó÷åííûõ ñîåäèíåíèé ïðèâåäåíû íà

ñõåìå. Àíòèâèðóñíàÿ àêòèâíîñòü è òîêñè÷íîñòü ñî-
åäèíåíèé â êóëüòóðå êëåòîê ïðåäñòàâëåíû â òàáëèöå.
Âèäíî, ÷òî îáà èçîìåðà Ia è Ib ïîäàâëÿëè ðåïëèêà-
öèþ êàê ÂÈ×, òàê è ÂÃÏ â êóëüòóðå êëåòîê, ïðè-
÷åì Z-èçîìåð áûë àêòèâíåå ïî ñðàâíåíèþ ñ E-èçî-
ìåðîì è ñðàâíèì ïî àêòèâíîñòè ñ êîíòðîëüíûì ñî-
åäèíåíèåì PMEA; Z-èçîìåð áûë òàêæå àêòèâåí ïðî-
òèâ àöèêëîâèð ðåçèñòåíòíîãî øòàììà HSV-1/ACVR.

Äèôîñôàòû ñîåäèíåíèé áûëè èñïûòàíû â îäíîñóá-
ñòðàòíûõ ðåàêöèÿõ óäëèíåíèÿ ïðàéìåðà, êàòàëèçèðóå-
ìûõ ÎÒ ÂÈ× è ÄÍÊ-ïîëèìåðàçàì àëüôà ÷åëîâåêà è
ÂÃÏ, ýêñïðåññèðîâàííîé â áàêóëîâèðóñíîé ñèñòåìå

(ðèñ. 1). Ãåí ÄÍÊ-ïîëèìåðàçû ÂÃÏ êëîíèðîâàëè ñ
ïîìîùüþ ïîëèìåðàçíîé ðåàêöèè (ÏÖÐ) èç ãåíîìà
ÂÏÃ è âñòàâëÿëè â ïëàçìèäó pFastBac HT B òàê, ÷òî
íà N-êîíöå ãåíà ÄÍÊ-ïîëèìåðàçû íàõîäèëàñü ïîñëå-
äîâàòåëüíîñòü, êîäèðóþùàÿ ãåêñàãèñòèäèíîâûé ôðàã-
ìåíò, êîòîðûé ïîçâîëèë ïðîâîäèòü î÷èñòêó ôåðìåíòà
ñ ïîìîùüþ àôôèííîé êîëîíêè. Ïîëó÷åííîé ïëàçìèäîé
òðàíñôîðìèðîâàëè êëåòêè E. coli, ñîäåðæàùèå áàêó-
ëîâèðóñíûé øàòòë-âåêòîð. Ïîñëå ñåëåêöèè îòáèðàëè
êëîíû, ñîäåðæàùèå ãåí ÄÍÊ-ïîëèìåðàçû, è ïðîâîäè-
ëè òðàíñôåêöèþ êëåòîê íàñåêîìûõ Sf9; ÄÍÊ-ïîëèìå-
ðàçó âûäåëÿëè õðîìàòîãðàôèåé íà êîëîíêàõ ñ Ni-
NTA-àãàðîçîé è ãåïàðèí-àãàðîçîé. Õàðàêòåðèñòèêè
ôåðìåíòà ñîâïàäàëè ñ îïèñàííûìè â ëèòåðàòóðå.

Íà ðèñ. 2 ïðåäñòàâëåíî âêëþ÷åíèå äèôîñôàòîâ
ñîåäèíåíèé â 3'-êîíåö ïðàéìåðà ÄÍÊ-ïîëèìåðàçàìè
ÂÃÏ, àëüôîé ÷åëîâåêà (a) è ÎÒ ÂÈ× (á). Ñðàâíåíèå
èíòåíñèâíîñòè ïîëîñ, ðàñïîëîæåííûõ âûøå ïðàéìåðà,
ïðè îäèíàêîâîé êîíöåíòðàöèè ñóáñòðàòîâ ïîêàçûâàåò,
÷òî äèôîñôàò Ia áîëåå ýôôåêòèâíûé ñóáñòðàò ïî
ñðàâíåíèþ ñ äèôîñôàòîì Ib äëÿ îáîèõ âèðóñíûõ ôåð-
ìåíòîâ, íî íå ÿâëÿåòñÿ ñóáñòðàòîì äëÿ ÄÍÊ-ïîëè-
ìåðàçû àëüôà ÷åëîâåêà. Ïîëîñû, íàõîäÿùèåñÿ íèæå
ïðàéìåðà, â ñëó÷àå ÄÍÊ-ïîëèìåðàçû ÂÏÃ ïîÿâëÿþò-

Ïðèìå÷àíèå. CD50 –  êëåòî÷íàÿ òîêñè÷íîñòü, ID50 –  àêòèâíîñòü ñîåäèíåíèé.

Àíòèâèðóñíàÿ àêòèâíîñòü ñîåäèíåíèé Ia è Ib â êóëüòóðå êëåòîê

Àíòè-ÂÃÏ àêòèâíîñòü â êëåòêàõ Vero, ìêÌ Àíòè-ÂÈ× àêòèâíîñòü â 
êëåòêàõ CEMss, ìêÌ 

ÂÃÏ-1/L2 ÂÃÏ-1/ACVR 

Ñîåäèíåíèå 

CD50 ID50 CD50 ID50 ID50 

Z-isomer (Ia) >3300 81 >3100 95 106 

E-isomer(Ib) >3300 660 >3100 387 437 

PMEA 2860 182 >344 80 77 
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Ðèñ. 1. Ýêñïðåññèÿ ÄÍÊ-ïîëèìåðàçû ÂÃÏ-1 â áàêóëîâèðóñíîé
ñèñòåìå. Òðåê 1 – ÄÍÊ-ïîëèìåðàçà (ìîë. ìàññà 136 êÄà); òðåê 2 –

êëåòî÷íûé ýêñòðàêò áåç âèðóñà; òðåê 3 – ñâèäåòåëè

Ðèñ. 2. Ðàäèîàâòîãðàô ÏÀÀÃ ïîñëå ðàçäåëåíèÿ ïðîäóêòîâ ðåàêöèè âêëþ÷åíèÿ ñèíòåçèðîâàííûõ
ñîåäèíåíèé â 3'-êîíåö [5'-32P] ïðàéìåð-ìàòðè÷íîãî êîìïëåêñà: (À) ÄÍÊ-ïîëèìåðàçîé ÂÃÏ  (òðåêè 1–
7) è ÄÍÊ-ïîëèìåðàçîé àëüôà (òðåêè 11–13). Òðåê 8 ïîêàçûâàåò ðàñïîëîæåíèå ïðàéìåðà; (Á) ÎÒ
ÂÈ×.  Ïðàéìåð-ìàòðè÷íûé êîìïëåêñ äëÿ âêëþ÷åíèÿ äèôîñôàòîâ Ia è Ib: ïðàéìåð (5'-CCG TCA ATT

CCT GTA GTC TCG-3'), ìàòðèöà (3'-GGC AGT TAA GGA CAT CAG AGC TCG GAA-5')

ñÿ â ðåçóëüòàòå 3' → 5' ýêçîíóêëåàçíîé àêòèâíîñòè
ôåðìåíòà. Äèôîñôàò êàðáîöèêëè÷åñêîãî àíàëîãà ãóà-
íîçèíà (III) îêàçàëñÿ íåàêòèâíûì ïî îòíîøåíèþ ê
ÄÍÊ-ïîëèìåðàçå ÂÃÏ (äàííûå íå ïðèâåäåíû), íî
áûë ñóáñòðàòîì ÎÒ ÂÈ× (á). Ñåëåêòèâíîå ïîäàâëå-
íèå âèðóñíûõ, íî íå êëåòî÷íûõ ôåðìåíòîâ, ÿâëÿåòñÿ

íåîáõîäèìûì óñëîâèåì äëÿ ïîòåíöèàëüíîãî èñïîëüçî-
âàíèÿ èõ â ìåäèöèíå.

Îáñóæäåíèå
Àöèêëè÷åñêèå íóêëåîçèäôîñôîíàòû èìåþò øèðî-

êèé ñïåêòð àêòèâíîñòè ïðîòèâ ÄÍÊ-âèðóñîâ è ðåòðî-
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âèðóñîâ [1, 2]. Ïîñëå ïîïàäàíèÿ â êëåòêè îíè ïîäâåð-
ãàþòñÿ ôîñôîðèëèðîâàíèþ êëåòî÷íûìè êèíàçàìè äî
ñîîòâåòñòâóþùèõ äèôîñôàòîâ, êîòîðûå âçàèìîäåé-
ñòâóþò ñ âèðóñíûìè ôåðìåíòàìè, è ïîñëå âêëþ÷åíèÿ
â öåïü âèðóñíûõ ÄÍÊ èëè ÐÍÊ ïðåêðàùàþò èõ ñèí-
òåç. Ïðåèìóùåñòâîì òàêèõ ñîåäèíåíèé ÿâëÿåòñÿ èõ
ñòàáèëüíîñòü â ñûâîðîòêå êðîâè è ñïîñîáíîñòü ïî-
äàâëÿòü âèðóñû íåçàâèñèìî îò íóêëåîçèä êèíàçû
êëåòêè. Ïðåäñòàâëåííûé â ðàáîòå (Z)-èçîìåð ñïîñî-

áåí ïîäàâëÿòü ðåïëèêàöèè êàê ÂÈ×, òàê è âèðóñà
ãåðïåñà, ÷àñòî ñîïðîâîæäàþùåãî ÂÈ×-èíôåêöèþ.
Ñëåäóåò òàêæå îòìåòèòü íèçêóþ êëåòî÷íóþ òîê-
ñè÷íîñòü Z-èçîìåðà, ÷òî ÿâëÿåòñÿ íåîáõîäèìûì óñ-
ëîâèåì ïðèìåíåíèÿ ëåêàðñòâåííûõ ïðåïàðàòîâ. Àí-
òèâèðóñíàÿ àêòèâíîñòü Ia è Ib êîððåëèðóåò ñ ýô-
ôåêòèâíîñòüþ âêëþ÷åíèÿ èõ äèôîñôàòîâ â öåïü
ÄÍÊ ïðè äåéñòâèè âèðóñíûõ ôåðìåíòîâ è òåðìèíè-
ðóåò åå ñèíòåç.

Ðàáîòà ïîääåðæàíà ãðàíòàìè ÐÔÔÈ 06-04-48-248, 08-04-00-552, 07-04-01-141 è ïðîãðàììîé Ïðåçèäåíòà
äëÿ ìîëîäûõ ó÷åíûõ ÌÊ-4427.2007.4.

NEW HSV AND HIV REPLICATION INHIBITORS ON THE BASE OF
PHOSPHONATE NUCLEOSIDE ANALOGS
 A.N. Korovina, M.V. Yasco,  A.V. Ivanov,  A.L. Khandazhinskaya, E.V. Karamov,
G.V. Kornilayeva, M.K. Kukhanova

(Engelhardt Institute of Molecular Biology RAS, 119991 Moscow, Russia; University of Oslo,
Centre for medical studies in Russia, Moscow, Russia; Ivanovskii Institute of Virology RAMS,
Moscw; e-mail: lhba-imb@mail.ru)

Two types of nucleoside analogs were synthesized: acyclic Z- and E-isomers of 9-[3-
(phosphonomethoxy)prop-1-en-1-yl]adenine and carbocyclic isosteric analog of guanosine
monophosphate. Acyclic (Z)- and (E)- isomers suppressed HSV and HIV replication and were not
toxic for eukaryotic cells. The activity of (Z)- isomer against both viruses was higher than that of
(E)- isomer. Diphosphates of these compounds demonstrated high substrate activity towards the
recombinant HSV DNA polymerase and HIV reverse transcriptase. The diphosphatephosphonate
of the carbocyclic guanosine analog didn’t display notable substrate activity towards HSV DNA
polymerase but acted as a substrate of HIV RT.
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