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Ïàðàëëåëèçàöèÿ ñêàíèðîâàíèÿ ãåíîâ íà êëàñòåðíîé ïëàòôîðìå: ïðîãðàììà

MirTarget

Â íàñòîÿùåå âðåìÿ â ãåíîìå ÷åëîâåêà èçâåñòíî áîëåå 2500 miRNA, íåîáõîäèìî äëÿ êàæ-
äîé miRNA íàéòè ãåíû ìèøåíè ñðåäè 30 òûñÿ÷ ãåíîâ ÷åëîâåêà. Áîëüøîé îáú¼ì âû÷èñëåíèé
òðåáóåò ñîçäàíèÿ ïðîãðàììû, ïîçâîëÿþùåé îáðàáàòûâàòü ýòè îãðîìíûå ìàññèâû äàííûõ. Â
ïðåäñòàâëåííîé ñòàòüå ïðåäëîæåíî ðåøåíèå çàäà÷è ñêàíèðîâàíèÿ ãåíîâ ñ öåëüþ ïðåäñêàçà-
íèÿ ñàéòîâ ñâÿçûâàíèÿ miRNA ñ ìàòðè÷íîé ÐÍÊ (mRNA). Ðàçðàáîòàííàÿ ïðîãðàììà áûëà
èñïîëüçîâàíà äëÿ ïðîâåäåíèÿ èññëåäîâàíèé ïðè ïîèñêå ñàéòîâ ñâÿçûâàíèÿ miRNA ñ ìàòðè÷-
íîé ÐÍÊ (mRNA). Â õîäå ïðîâåä¼ííîãî èññëåäîâàíèÿ àâòîðàìè áûëè ïîëó÷åíû ñëåäóþùèå
ðåçóëüòàòû:

• ðàçðàáîòàí è ïðîàíàëèçèðîâàí àëãîðèòì ñêàíèðîâàíèÿ ãåíîâ ñ miRNA ñ ó÷¼òîì îäíîãî
ðàçðûâà â miRNA è ìàêñèìàëüíîé (â ïðîöåíòíîì ñîîòíîøåíèè) ñâîáîäíîé ýíåðãèè ïðè
ñîâïàäåíèè miRNA è ó÷àñòêà ãåíà íà îñíîâå ñâîéñòâ êîìïëåìåíòàðíîñòè;

• ïîñòðîåííûé àëãîðèòì ñêàíèðîâàíèÿ ãåíîâ ñ miRNA ðàñïàðàëëåëåí íà êëàñòåðíîé
ïëàòôîðìå ñ èñïîëüçîâàíèåì ñðåäñòâ MPJ (Java MPI);

• ïðîâåäåíà îöåíêà ýôôåêòèâíîñòè ðàáîòû ðàñïàðàëëåëåííîãî àëãîðèòìà íà êëàñòåðíîé
ïëàòôîðìå ñ ïîñëåäîâàòåëüíûì àëãîðèòìîì ïðè îáðàáîòêå áîëüøèõ îáú¼ìîâ äàííûõ.

Êëþ÷åâûå ñëîâà: miRNA è mRNA, àëãîðèòì, Java MPI, êëàñòåðíàÿ ïëàòôîðìà, ðàñïàðàë-
ëåëåííûé àëãîðèòì, ñêàíèðîâàíèå, êîìïëåìåíòàðíîñòü.
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Parallelization of scanning genes on the cluster platform: MirTarget program

Today in the human genome of the person more than 2500 miRNA are known, it is necessary
for each miRNA to �nd target genes among 30 thousands genes of the human. Large amount
of calculations demands creation of the program, allowing processing these huge data �les. In
presented article the solution of the problem of gene scanning for the purpose of prediction of sites
of binding of miRNA with matrix RNA (mRNA) is proposed. The developed program was used for
performing researches by search of sites of binding of miRNA from matrix RNA (mRNA). During
the conducted research by authors the following results were received:

• the algorithm of scanning of genes with miRNA with a glance one gap in miRNA and
maximum (in a percentage ratio) free energy is developed and analysed at coincidence of
miRNA and a gene site on the basis of complementarity properties;

• the constructed algorithm of scanning of genes with miRNA is parallelized on the cluster
platform with use of MPJ tools (Java MPI);

• the assessment of overall performance of the parallelized algorithm on the cluster platform
with consecutive algorithm is performed when processing large volumes of data.

Key words: miRNA and mRNA, algorithm, Java MPI, the cluster platform, the parallelized
algorithm, scanning, complementarity.
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Êëàñòåðëi ïëàòôîðìàäà ãåíäåðäi ñêàíåðëåóäi ïàðàëëåëäåó: MirTarget ïðîãðàììàñû
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Îñû óà©ûòòà àäàì ãåíîìûíäà 2500 àðòû© miRNA áåëãiëi, 30 ìû àäàì ãåíîìûíû àðàñûíàí
ºðáið miRNA ³øií íûñàíà ãåíií òàáó ©àæåò. Åñåïòåóëåðäi ³ëêåí ê°ëåìi, àó©ûìäû äåðåêòåð
ìàññèâií °äåóãå ð´©ñàò åòåòií ïðîãðàììà ©´ðóäû òàëàï åòåäi. �ñûíûë¡àí ìà©àëàäà ÐÍÊ
(mRNA) ìàòðèöàñûìåí miRNA áàéëàíûñûí ãåíäåðäi ñêàíåðëåó åñåáiíi øåøiìi ñàéòòàðäû
áîëæàó ìà©ñàòûìåí ´ñûíûë¡àí. �´ðûë¡àí ïðîãðàììà ÐÍÊ (mRNA) ìàòðèöàñû miRNA áàé-
ëàíûñ ñàéòòàðûí çåðòòåó æ³ðãiçó ³øií içäåó êåçiíäå ©îëäàíûë¡àí. Æ´ìûñ áàðûñûíäà æ³ð-
ãiçiëãåí çåðòòåóëåð íºòèæåñiíäå àâòîðëàð ò°ìåíäåãiäåé íºòèæåëåðãå ©îë æåêiçäi:

• miRNA ãåíäåðiìåí miRNA-äà¡û áið á°ëiêòi ³çiëói åñåáiíäå æºíå ìàêñèìàëäû (ïàé-
ûçäû© ©àòûíàñòà) áîñ ýíåðãèÿ miRNA-ìåí ñºéêåñ êåëãåíäå æºíå ãåí òåëiìäåðiíi
êîìïëåìåíòàðëû© ©àñèåòòåðäi íåãiçiíäå ñêàíåðëåó àëãîðèòìäåði ©´ðûë¡àí æºíå òàë-
äàí¡àí;

• MPJ (Java MPI) ©´ðàëäàðûí ©îëäàíó àð©ûëû êëàñòåðëi ïëàòôîðìàäà ïàðàëëåëäåíãåí
miRNA ãåíäåðií ñêàíåðëåó àëãîðèòìi ©´ðûë¡àí;

• ³ëêåí ê°ëåìäi äåðåêòåðäi °äåó ³øií êëàñòåðëi ïëàòôîðìàäà òiçáåêòåëãåí àëãî-
ðèòìäåðäi ïàðàëëåëäåó æ´ìûñûíû òèiìäiëåó áà¡àñûí æ³ðãiçó.

Ò³éií ñ°çäåð: miRNA æºíå mRNA, àëãîðèòì, Java MPI, êëàñòåðëi ïëàòôîðìà, ïàðàëëåë-
äåíãåí àëãîðèòì, ñêàíåðëåó, êîìïëåìåíòàðëû©.

Ââåäåíèå

Ïîñëå îòêðûòèÿ âàæíîé ðîëè ìèêðîÐÍÊ (miRNA) â ðåãóëÿöèè ýêñïðåññèè ãåíîâ âîç-
íèêëà ïðîáëåìà ïðåäñêàçàíèÿ ñàéòîâ ñâÿçûâàíèÿ miRNA ñ ìàòðè÷íîé ÐÍÊ (mRNA).
Áûëî ñîçäàíî íåñêîëüêî ïðîãðàìì, êîòîðûå ïðåäñêàçûâàëè ñàéòû ñâÿçûâàíèÿ ñ miRNA.
Îäíàêî ìíîãèå èç íèõ èìåëè íåîáîñíîâàííûå îãðàíè÷åíèÿ ïðè ïîèñêå ñàéòîâ ñâÿçûâà-
íèÿ. Ðàíåå óòâåðæäàëîñü, ÷òî ñàéòû ñâÿçûâàíèÿ ëîêàëèçîâàíû èñêëþ÷èòåëüíî â 3'UTR.
Ïîçæå áûëî óñòàíîâëåíî, ÷òî ñàéòû ñâÿçûâàíèÿ ëîêàëèçîâàíû â 5'UTR è CDS. Äðóãèå
ïðîãðàììû áûëè îñíîâàíû íà âûÿâëåíèè ñàéòîâ ñâÿçûâàíèÿ ñ îáÿçàòåëüíûì òðåáîâàíè-
åì èìåòü êîìïëåìåíòàðíûå âçàèìîäåéñòâèÿ ãóàíèíà (G) è àäåíèíà (À) â ó÷àñòêå ¾seed¿,
êîòîðûé ñîîòâåòñòâóåò 5'-êîíöó miRNA. Ìíîãèå òàêèå ïðîãðàììû ïðåäñêàçûâàëè áîëü-
øîå ÷èñëî ëîæíî-ïîëîæèòåëüíûõ ñàéòîâ è íå ïîçâîëÿëè âûÿâëÿòü ñàéòû ñâÿçûâàíèÿ,
ðàñïîëîæåííûå â 5'UTR è CDS. Ïî ýòîé è äðóãèì ïðè÷èíàì íåòî÷íî óñòàíàâëèâàëîñü
íà÷àëî ñàéòîâ ñâÿçûâàíèÿ è íåêîððåêòíî ñîñòàâëÿëèñü ñõåìû âçàèìîäåéñòâèÿ miRNA ñ
mRNA. Â íàñòîÿùåå âðåìÿ, â ãåíîìå ÷åëîâåêà èçâåñòíî áîëåå 2500 miRNA è íåîáõîäèìî
äëÿ êàæäîé èç íèõ íàéòè ãåíû ìèøåíè ñðåäè 30 òûñÿ÷ ãåíîâ ÷åëîâåêà. Áîëüøîé îáú-
åì âû÷èñëåíèé òðåáóåò ñîçäàíèÿ ïðîãðàììû, ïîçâîëÿþùåé îáðàáàòûâàòü ýòè îãðîìíûå
ìàññèâû äàííûõ. Íàìè ñîçäàíà ïðîãðàììà MirTarget, êîòîðàÿ íå èìååò ïðèâåäåííûõ
âûøå íåäîñòàòêîâ è ñ áîëüøîé äîñòîâåðíîñòüþ íàõîäèò ñàéòû ñâÿçûâàíèÿ miRNA ñ
mRNA.

Ïîñòàíîâêà çàäà÷è ñêàíèðîâàíèÿ ãåíîâ

Ñêàíèðîâàíèå ãåíîâ [1, 2] � ýòî ïðîöåññ ïîñëåäîâàòåëüíîãî ñîïîñòàâëåíèÿ ó÷àñòêîâ
ãåíà ñ miRNA ñ âîçìîæíîñòüþ âíåñåíèÿ îäíîãî ïðîáåëà â miRNA â ïîçèöèÿõ ñ 3 ïî
n-2, ãäå n � äëèíà miRNA â íóêëåîòèäàõ. Ïðè ýòîì ïðîèñõîäèò îöåíêà âñå âîçìîæíûõ
ñîïîñòàâëåíèé íà îäíîì ó÷àñòêå mRNA ñ miRNA, êîòîðàÿ îïðåäåëÿåòñÿ ñîãëàñíî âå-
ëè÷èíå ñâîáîäíîé ýíåðãèè ñðàâíèâàåìûõ ïîñëåäîâàòåëüíîñòåé. Ëó÷øèì ñ÷èòàåòñÿ òîò
âàðèàíò, êîòîðûé áëèæå (â ïðîöåíòíîì ñîîòíîøåíèè) ïî ñâîáîäíîé ýíåðãèè äëÿ ñîâ-
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ïàäåíèÿ miRNA è ó÷àñòêà ãåíà íà îñíîâå êîìïëåìåíòàðíîñòè. Ñêàíèðîâàíèå ãåíîìà
ïîçâîëÿåò âûÿâèòü ñîòíè âîçìîæíûõ ìèøåíåé [3, 4] äëÿ òåðàïèè ðàçëè÷íûõ çàáîëåâà-
íèé. Òàêîå ñêàíèðîâàíèå âàæíî ïîòîìó, ÷òî çíàíèå âçàèìîäåéñòâóþùèõ ãåíîâ ïîçâîëèò
îïðåäåëèòü òî, çà ÷òî îòâå÷àåò òîò èëè èíîé áåëîê è, ñîîòâåòñòâåííî, êàêèå âíóòðèêëå-
òî÷íûå ïðîöåññû ìîãóò íàðóøàòüñÿ ïðè äàííîì çàáîëåâàíèè.

Àëãîðèòì ñêàíèðîâàíèÿ ãåíîâ íà êëàñòåðå

1 øàã. Ïðîâåðêà íàëè÷èÿ àòðèáóòîâ â êîìàíäíîé ñòðîêå.
mpjrun.bat -np êîëè÷åñòâî_ïàðàëëåëüíûõ_ïðîöåññîâ /ïóòü/ê/Base ìèíèìàëüíûé

_ïðîöåíò_ñõîäèìîñòè ïàïêà_ñ_ãåíàìè ïàïêà_ñ_miRNA èìÿ_ôàéëà_ðåçóëüòàòà_mres
èìÿ_ôàéëà_ðåçóëüòàòà_xls

Íàïðèìåð, mpjrun.bat -np 10 Base 80 gene mir ResultsFull ResultsBrief
2 øàã. Ãëàâíûé ïðîöåññ (MASTER) âûçûâàåò ôóíêöèþ, êîòîðàÿ ôîðìèðóåò ìàññèâ

geneName ôàéëîâ, ñîäåðæàùèõ ãåíû.

Ðèñóíîê 1 � Ïðîòîêîë îáìåíà ñîîáùåíèÿìè ìåæäó MPJ-ïðîöåññàìè

3 øàã. Ãëàâíûé ïðîöåññ (MASTER) âûçûâàåò ôóíêöèþ, êîòîðàÿ ôîðìèðóåò äâà ìàñ-
ñèâà ïî miRNA:

1) ìàññèâ miRNKName èì¼í miRNA;
2) ìàññèâ miRNK ñàìèõ miRNA ïîñëåäîâàòåëüíîñòåé. Ïðè ýòîì ïðîèñõîäèò ïðîâåðêà

ôîðìàòà ôàéëà miRNA.

Ðèñóíîê 2 � Ñòðóêòóðà ôàéëà ñ miRNA (.mir)

4 øàã. Ãëàâíûì è ïàðàëëåëüíûìè ïðîöåññàìè ñîçäàþòñÿ ôàéëû ñ èìåíàìè args[6]
⟨task_id⟩.mres è args[7]⟨task_id⟩.xls äëÿ çàïèñè ðåçóëüòàòà.
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5 øàã. Ãëàâíûé ïðîöåññ (MASTER) ðàçäåëÿåò ãåíû ìåæäó ïàðàëëåëüíûìè è ïðî-
öåññàìè è ðàññûëàåò îïðåäåë¼ííóþ ÷àñòü ìàññèâà geneName è ìàññèâû miRNKName è
miRNK. Ãëàâíûé ïðîöåññ òàêæå ïîëó÷àåò ÷àñòü ãåíîâ äëÿ ñêàíèðîâàíèÿ.

6 øàã. Ïðîöåññû ñ÷èòûâàþò ïîñëåäîâàòåëüíî ãåíû èç ôàéëîâ ìàññèâà geneName è
ïðîâåðÿþò ôîðìàò ôàéëà ñ ãåíîì.

Ðèñóíîê 3 � Ñòðóêòóðà ôàéëà ñ ãåíîì (.gene)

7 øàã. Ïðîöåññû ñêàíèðóþò âûäåëåííûå èì ãåíû ïîñëåäîâàòåëüíî ñ miRNA, äîïóñ-
êàÿ îäèí ðàçðûâ â miRNA â ïîçèöèÿõ ñ 3 ïî n-2, ãäå n �äëèíà miRNA è âûáèðàÿ òîò
âàðèàíò, êîòîðûé áëèæå (â ïðîöåíòíîì ñîîòíîøåíèè) ïî ñâîáîäíîé ýíåðãèè äëÿ ñîâïà-
äåíèÿ miRNA è ó÷àñòêà ãåíà íà îñíîâå êîìïëåìåíòàðíîñòè.

Ðèñóíîê 4 � Çàãðóæåííîñòü êëàñòåðà (Äëÿ áàçû, ñîäåðæàùåé 13016 ãåíîâ è 100 miRNA, âðåìÿ

ðàáîòû ñîñòàâèëî 7 ÷àñîâ 27 ìèíóò 6 ñåêóíä)

8 øàã. Ïðîöåññû ôîðìèðóþò ñâîè ôàéëû args[6]⟨task_id⟩.mres è args[7]⟨task_id⟩.xls
è ïî ìåðå çàâåðøåíèÿ îáðàáîòêè ñâîåé ÷àñòè ãåíîâ îòïðàâëÿþò ñîîáùåíèÿ î çàâåðøåíèè
ãëàâíîìó ïðîöåññó.
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9 øàã. Ãëàâíûé ïðîöåññ (MASTER) ïîëó÷àåò ñîîáùåíèÿ îò ïàðàëëåëüíûõ ïðîöåñ-
ñîâ, êîïèðóåò èíôîðìàöèþ èç ñîîòâåòñòâóþùèõ ôàéëîâ args[6]⟨task_id⟩.mres è args[7]
⟨task_id⟩.xls â ôàéëû args[6].mres è args[7].xls, à ôàéëû args[6]⟨task_id⟩.mres è args[7]
⟨task_id⟩.xls óäàëÿåò.

Ðåçóëüòàòû è îáñóæäåíèå

Ïðîãðàììà MirTarget èìååò äîñòîèíñòâà, êîòîðûõ íåò â èçâåñòíûõ ïðîãðàììàõ ïðåä-
ñêàçûâàíèÿ ñàéòîâ ñâÿçûâàíèÿ miRNA ñ mRNA. Â ëèòåðàòóðå èìååòñÿ ìíîãî ñâåäåíèé
î âåëè÷èíå ñâîáîäíîé ýíåðãèè âîäîðîäíîé ñâÿçè ìåæäó íóêëåîòèäàìè â âîäíîì ðàñòâî-
ðå [5]. Îäíàêî ñóùåñòâóåò áîëüøîé ðàçáðîñ âåëè÷èí ñâîáîäíîé ýíåðãèè ýòîé ñâÿçè è
òðóäíî îòäàòü ïðåäïî÷òåíèå îïðåäåëåííûì äàííûì [6, 7]. Âàæíî çíàòü îòíîñèòåëüíûå
îòíîøåíèÿ ñâîáîäíîé ýíåðãèè âîäîðîäíîé ñâÿçè ìåæäó íóêëåîòèäàìè, ïîñêîëüêó îíè
íåîáõîäèìû ïðè îáðàçîâàíèè RNA âòîðè÷íîé è òðåòè÷íîé ñòðóêòóð. Àíàëèç ñâîáîäíîé
ýíåðãèè âîäîðîäíîé ñâÿçè, âîçíèêàþùåé ìåæäó íóêëåîòèäàìè ïðè âíóòðèìîëåêóëÿðíîì
âçàèìîäåéñòâèè mRNA ïðè îáðàçîâàíèè å¼ âòîðè÷íîé ñòðóêòóðû ïîêàçàë, ÷òî ìåæäó
íóêëåîòèäàìè G-C îáðàçóåòñÿ òðè, ìåæäó À-U � äâå è ìåæäó G-U è À-Ñ � ïî îäíîé
âîäîðîäíîé ñâÿçè. Îòíîøåíèå ñâîáîäíîé ýíåðãèè âîäîðîäíîé ñâÿçè â ïàðàõ G-C è À-U
ïðèìåðíî ñîîòâåòñòâóåò îòíîøåíèþ ñèë èõ âçàèìîäåéñòâèÿ 3:2 (0.188 nNewton è 0.125
nNewton) [8]. Âåëè÷èíà ñâîáîäíîé ýíåðãèè îäíîé âîäîðîäíîé ñâÿçè ìåæäó íóêëåîòèäàìè
èçìåíÿåòñÿ â äèàïàçîíå îò -0.7 äî -1.6 êêàë/ìîëü [9]. Â ïðîãðàììå MirTarget ñâîáîäíóþ
ýíåðãèþ âçàèìîäåéñòâèÿ íóêëåîòèäîâ çà ñ÷åò âîäîðîäíûõ ñâÿçåé ñ÷èòàëè ðàâíîé 6.368
êÄæ/ìîëü è 4.246 êÄæ/ìîëü äëÿ ïàð G-C è À-U, è 2.123 êÄæ/ìîëü äëÿ ïàð G-U è À-Ñ,
ñîîòâåòñòâåííî.

Ðàññòîÿíèå ìåæäó íóêëåîòèäàìè ïàð G-C è À-U ñîñòàâëÿåò 1.03 nm, ìåæäó íóê-
ëåîòèäàìè ïàðû G-U îíî ðàâíî 1.02 nm è ìåæäó íóêëåîòèäàìè ïàðû À-Ñ ðàâíî 1.04
nm [10]. Ñëåäîâàòåëüíî, îáðàçîâàíèå âîäîðîäíûõ ñâÿçåé ìåæäó ýòèìè ïàðàìè íóêëåî-
òèäîâ ïîçâîëÿåò äâóõöåïî÷å÷íîé ñòðóêòóðå mRNA èìåòü ñïèðàëüíóþ ôîðìó àíàëîãè÷-
íóþ ðåãóëÿðíîé ñòðóêòóðå ÄÍÊ. Òàêàÿ ñòðóêòóðà mRNA êðîìå âîäîðîäíûõ ñâÿçåé ñòà-
áèëèçèðîâàíà ñòýêèíã-âçàèìîäåéñòâèÿìè ìåæäó àçîòèñòûìè îñíîâàíèÿìè [11]. Ìåæäó
íóêëåîòèäàìè ïàð ïóðèí-ïóðèí è ïèðèìèäèí-ïèðèìèäèí ðàññòîÿíèÿ ñóùåñòâåííî îò-
ëè÷àþòñÿ îò 1.03 íì: ðàññòîÿíèÿ A-A, G-A è G-G ðàâíû 1.23 nm, 1.25 nm è 1.25 nm,
ñîîòâåòñòâåííî. Â ïàðàõ ïèðèìèäèí-ïèðèìèäèí ðàññòîÿíèÿ ìåæäó íóêëåîòèäàìè òîæå
ñóùåñòâåííî îòëè÷àþòñÿ îò 1.03 íì: ðàññòîÿíèÿ C-C, U-U è U-C ðàâíû 0.85 nm, 0.81 nm
è 1.18 nm, ñîîòâåòñòâåííî. Ñëåäîâàòåëüíî, â òàêèõ ïàðàõ âîäîðîäíûå ñâÿçè íå îáðàçóþò-
ñÿ, è ýòè ïàðû áóäóò íàðóøàòü ðåãóëÿðíóþ ñòðóêòóðó äâóõöåïî÷å÷íîé miRNA ñ mRNA
óìåíüøàÿ ñòàáèëüíîñòü êîìïëåêñà RISC (RNA-induced silencing complex). Ïîýòîìó, â
ïðîãðàììå òàêèå ïàðû âîäîðîäíîé ñâÿçè íå ó÷èòûâàëèñü.

Ïðè âûðàâíèâàíèè íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé miRNA ñ mRNA ìû äîïóñêà-
åì íàëè÷èå òîëüêî îäíîãî ïðîïóñêà íà miRNA (îòñóòñòâèå êîìïëåìåíòàðíîé ïàðû âîäî-
ðîäíîé ñâÿçè), ÷òî ïîçâîëÿåò ó÷èòûâàòü ñàéòû ñâÿçûâàíèÿ íà mRNA äëèííåå miRNA íà
îäèí íóêëåîòèä. Â ýòîì ñëó÷àå íàðóøàåòñÿ ðåãóëÿðíàÿ ñòðóêòóðà ñïèðàëè è âîçíèêàåò
åå èçãèá (bulg).

ISSN 1563�0285 KazNU Bulletin. Mathematics, Mechanics, Computer Science Series �4(83)2014



Ïàðàëëåëèçàöèÿ ñêàíèðîâàíèÿ ãåíîâ . . . 73

Ðèñóíîê 5 � Ðåçóëüòèðóþùèé ôàéë (.mres)

Ðèñóíîê 6 � Ðåçóëüòèðóþùèé ôàéë (.xls)
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74 À.Þ. Ïûðêîâà è äð.

Ñâîáîäíàÿ ýíåðãèÿ ñâÿçûâàíèÿ miRNA ñ mRNA òàêîé ñòðóêòóðû ìåíüøå, ÷åì â àëü-
òåðíàòèâíîì âàðèàíòå. Ïðîãðàììà îïðåäåëÿåò ñâîáîäíóþ ýíåðãèþ ãèáðèäèçàöèè (△G,
100 kJ/mole) miRNA ñ mRNA è ñõåìû èõ âçàèìîäåéñòâèé, ðàñ÷åò îòíîøåíèé△G/△Gm,
óðîâíè äîñòîâåðíîñòè (p) è îáëàñòè mRNA, ãäå ðàñïîëîæåí ñàéò (5'UTR, CDS èëè
3'UTR), íà÷èíàÿ ñ ïåðâîãî íóêëåîòèäà 5'UTR. △Gm ðàâíî ñâîáîäíîé ýíåðãèè ñâÿçûâà-
íèÿ miRNA ñ ïîëíîñòüþ êîìïëåìåíòàðíûì åé ó÷àñòêîì íóêëåîòèäíîé ïîñëåäîâàòåëü-
íîñòè mRNA. Óðîâåíü äîñòîâåðíîñòè (p) îïðåäåëÿëñÿ íà îñíîâå âåëè÷èíû △G è å¼
ñòàíäàðòíîãî îòêëîíåíèÿ. Ïðîãðàììà âûäàåò ñõåìó âçàèìîäåéñòâèÿ miRNA ñ mRNA,
ïîçèöèþ ñàéòà â 5'UTR, CDS èëè 3'UTR, ñâîáîäíóþ ýíåðãèþ âçàèìîäåéñòâèÿ miRNA ñ
mRNA, è å¼ îòíîñèòåëüíóþ âåëè÷èíó îò ìàêñèìàëüíîé ýíåðãèè ñâÿçûâàíèÿ miRNA. Â
ïðîãðàììå çàäàåòñÿ ïîðîãîâàÿ âåëè÷èíà ýòîãî îòíîøåíèÿ, ÷òî ïîçâîëÿåò íå ó÷èòûâàòü
ñàéòû ñî ñëàáîé ñâîáîäíîé ýíåðãèåé ñâÿçûâàíèÿ.
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