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Ïðè èñïûòàíèè áèîëîãè÷åñêèõ ëåêàðñòâåííûõ ñðåäñòâ ïî ïîêàçàòåëÿì «Ïîäëèííîñòü», «×èñòîòà», «Ìîëåêóëÿðíàÿ
ìàññà» ïðîâîäÿò ñðàâíèòåëüíóþ îöåíêó èññëåäóåìîãî è ñòàíäàðòíîãî îáðàçöîâ ðàçëè÷íûìè ôèçèêî-õèìè÷åñêèìè
ìåòîäàìè, â òîì ÷èñëå ìåòîäîì ýëåêòðîôîðåçà â ïîëèàêðèëàìèäíîì ãåëå (ÏÀÀÃ) ñ äîäåöèëñóëüôàòîì íàòðèÿ (SDS)
â âîññòàíàâëèâàþùèõ/íåâîññòàíàâëèâàþùèõ óñëîâèÿõ. Äëÿ îöåíêè ìîëåêóëÿðíîé ìàññû êîìïîíåíòîâ ñòàíäàðòíî-
ãî è èññëåäóåìîãî îáðàçöîâ íåîáõîäèìî ïîñòðîåíèå êàëèáðîâî÷íîãî ãðàôèêà ñ èñïîëüçîâàíèåì áåëêîâ-ìàðêåðîâ.
Ïðîâåäåíî 4 ýêñïåðèìåíòà ïî ýëåêòðîôîðåòè÷åñêîìó ðàçäåëåíèþ íà îäíîì ãåëå íàèáîëåå ÷àñòî èñïîëüçóåìûõ íà-
áîðîâ ìàðêåðîâ ìîëåêóëÿðíûõ ìàññ ðàçëè÷íûõ ïðîèçâîäèòåëåé (Amersham™ LMW Calibration Kit for SDS
Electrophoresis (Am), SDS PAGE Molecular Weight Standards, low range (BR), Unstained Protein Molecular Weight
Marker (Th), BenchMark™ Protein Ladder (BM), Mark12™ Unstained Standard (M12) (îáùåå êîëè÷åñòâî áåëêîâ — 45).
Ðàáîòà âûïîëíåíà ñ öåëüþ îïòèìèçàöèè ñïîñîáîâ ìàòåìàòè÷åñêîé îáðàáîòêè êàëèáðîâî÷íûõ êðèâûõ äëÿ óêàçàí-
íûõ íàáîðîâ è îöåíêè âîçìîæíîñòè èõ âçàèìîçàìåíÿåìîñòè. Ýëåêòðîôîðåç â ÏÀÀÃ ñ SDS ïðîâîäèëè â âîññòàíàâëè-
âàþùèõ óñëîâèÿõ ñ èñïîëüçîâàíèåì òðèñ-ãëèöèíîâûõ çàëèâíûõ ãåëåé. Äëÿ ñðàâíåíèÿ ðàññ÷èòûâàåìûõ (Ì) è íîìè-
íàëüíûõ (Ì0) (óêàçàííûõ â èíñòðóêöèè ïî ïðèìåíåíèþ íàáîðà ìàðêåðîâ) çíà÷åíèé ìîëåêóëÿðíîé ìàññû (ÌÌ)
áåëêîâ-ìàðêåðîâ íàìè èñïîëüçîâàíî îòêëîíåíèå ÌÌ â ïåðåñ÷åòå íà åäèíèöó ìîëåêóëÿðíîé ìàññû (äàëåå — îòíî-
ñèòåëüíîå îòêëîíåíèå). Îöåíêà ñðåäíåãî îòíîñèòåëüíîãî îòêëîíåíèÿ ìîëåêóëÿðíîé ìàññû ìàðêåðîâ íàáîðîâ äèà-
ïàçîíà ÌÌ 10–100 êÄà (íàáîðû Am, BR, Th) ïðè èñïîëüçîâàíèè óðàâíåíèé ëèíåéíîé ðåãðåññèè ïîêàçàëà çíà÷åíèÿ
îêîëî 10 % (îò 8,3 äî 12,0 %). Äëÿ íàáîðîâ ðàñøèðåííîãî äèàïàçîíà ÌÌ 10–220 êÄà (íàáîðû BM, M12) ñðåäíåå îò-
íîñèòåëüíîå îòêëîíåíèå (16,5–20,3 %) áûëî ïðàêòè÷åñêè âäâîå áîëüøå. Ñ öåëüþ îïòèìèçàöèè ìàòåìàòè÷åñêîé îá-
ðàáîòêè äëÿ ðàñ÷åòà êàëèáðîâî÷íîé çàâèñèìîñòè ìû ïðèìåíèëè ïîëèíîìèàëüíîå óðàâíåíèå ðåãðåññèè òðåòüåé ñòå-
ïåíè. Ýòî ïîçâîëèëî ñíèçèòü îòíîñèòåëüíîå îòêëîíåíèå ÌÌ äî 2,3–3,5 % ïðè èñïîëüçîâàíèè íàáîðîâ äèàïàçîíà
10–100 êÄà è äî 3,7–4,0 % ïðè èñïîëüçîâàíèè íàáîðîâ ðàñøèðåííîãî äèàïàçîíà, ÷òî âàæíî ïðè îöåíêå ñîïîñòàâè-
ìîñòè ðàçëè÷íûõ ïðîäóêòîâ.

Êëþ÷åâûå ñëîâà: ýëåêòðîôîðåç â ïîëèàêðèëàìèäíîì ãåëå ñ SDS; ìîëåêóëÿðíàÿ ìàññà; êàëèáðîâî÷íûé ãðàôèê; ëè-
íåéíàÿ ðåãðåññèÿ; ïîëèíîì.

Áèáëèîãðàôè÷åñêîå îïèñàíèå: Òîìèëèí ÂÀ, Èâàíþòèíà ÍË, Ýëüáåðò ÅÂ, Âîëêîâà ÐÀ. Îïòèìèçàöèÿ ñïîñîáîâ ìà-
òåìàòè÷åñêîé îáðàáîòêè êàëèáðîâî÷íûõ êðèâûõ ïðè îöåíêå ìîëåêóëÿðíîé ìàññû áèîëîãè÷åñêèõ ëåêàðñòâåííûõ
ñðåäñòâ ìåòîäîì ýëåêòðîôîðåçà â ïîëèàêðèëàìèäíîì ãåëå ñ SDS. ÁÈÎïðåïàðàòû. Ïðîôèëàêòèêà, äèàãíîñòèêà,
ëå÷åíèå 2017; 17(3): 165–172.

Ïðè èñïûòàíèè áèîòåõíîëîãè÷åñêèõ ëåêàðñòâåííûõ
ñðåäñòâ ïî ïîêàçàòåëÿì «Ïîäëèííîñòü», «×èñòîòà», «Ìî-
ëåêóëÿðíàÿ ìàññà» ïðîâîäÿò ñðàâíèòåëüíóþ îöåíêó èñïû-
òóåìîãî è ñòàíäàðòíîãî îáðàçöîâ ðàçëè÷íûìè ôèçèêî-
õèìè÷åñêèìè ìåòîäàìè, â òîì ÷èñëå ìåòîäîì ýëåêòðî-
ôîðåçà â ïîëèàêðèëàìèäíîì ãåëå (ÏÀÀÃ) ñ äîäåöèëñóëü-
ôàòîì íàòðèÿ (SDS) â âîññòàíàâëèâàþùèõ/íåâîññòàíàâ-
ëèâàþùèõ óñëîâèÿõ, êîòîðûé âêëþ÷åí â ÃÔ XIII
(ÎÔÑ.1.2.1.0023.15) [1]. ÎÔÑ «Ýëåêòðîôîðåç â ïîëèàêðèëà-
ìèäíîì ãåëå» äîïóñêàåò âûáîð óñëîâèé ýëåêòðîôîðåçà è
èñïîëüçóåìûå ðåàãåíòû â çàâèñèìîñòè îò ðåøàåìûõ çà-
äà÷ áåç îïðåäåëåíèÿ êðèòåðèÿ äëÿ èõ âûáîðà. Äîïóñêàåò-
ñÿ èñïîëüçîâàíèå ãåëåé ðàçëè÷íîãî ñîñòàâà, ðàçëè÷íûõ
áåëêîâ-ìàðêåðîâ ìîëåêóëÿðíûõ ìàññ (ÌÌ), áóôåðíûõ è
îêðàøèâàþùèõ ðàñòâîðîâ, âîçìîæíû âàðèàíòû îáðàáîò-
êè îáðàçöîâ è äðóãèå ðàçëè÷èÿ.

Àíàëèç íîðìàòèâíûõ äîêóìåíòîâ íà ðàçëè÷íûå ëå-
êàðñòâåííûå ïðåïàðàòû ïîêàçàë, ÷òî ìåòîä ýëåêòðîôîðå-

çà â ïîëèàêðèëàìèäíîì ãåëå ñ äîäåöèëñóëüôàòîì íàòðèÿ
øèðîêî èñïîëüçóåòñÿ äëÿ êîíòðîëÿ êà÷åñòâà áèîòåõíîëî-
ãè÷åñêèõ ïðåïàðàòîâ. ×àñòü ïðåïàðàòîâ ðàíåå êîíòðîëè-
ðîâàëàñü ïî óíèôèöèðîâàííîé ìåòîäèêå [2]. Îäíàêî â íà-
ñòîÿùåå âðåìÿ â ÍÄ íà ëåêàðñòâåííûå ñðåäñòâà ïðèâåäå-
íû êîíêðåòíûå ìåòîäèêè, â êîòîðûõ ðàçëè÷àþòñÿ
èñïîëüçóåìûå ãåëè (çàëèâíûå è êîììåð÷åñêèå, ðàçíîãî
ðàçìåðà è êîíöåíòðàöèè, â òîì ÷èñëå ãðàäèåíòíûå ãåëè),
êîíöåíòðàöèÿ è ñîñòàâ áóôåðíûõ è îêðàøèâàþùèõ ðàñ-
òâîðîâ, äîïóñêàåòñÿ èñïîëüçîâàíèå ðàçëè÷íûõ íàáîðîâ
ìàðêåðîâ ìîëåêóëÿðíûõ ìàññ è äð.

Îöåíêà ìîëåêóëÿðíîé ìàññû ïîëèïåïòèäîâ ñ ïîìî-
ùüþ ýëåêòðîôîðåçà â ïîëèàêðèëàìèäíîì ãåëå â ïðèñóòñò-
âèè äîäåöèëñóëüôàòà íàòðèÿ îñíîâàíà íà òîì, ÷òî ìèãðà-
öèÿ áåëêîâ â ïðèñóòñòâèè èçáûòêà àíèîííîãî äåòåðãåíòà
(SDS) çàâèñèò, ãëàâíûì îáðàçîì, îò èõ ìîëåêóëÿðíîé ìàñ-
ñû [3–5]. Îøèáêà îïðåäåëåíèÿ ÌÌ â äèàïàçîíå îò 12 äî
220 êÄà, ðàññ÷èòàííàÿ ïî äàííûì K. Weber è M. Osborn
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äîñòèãàëà 10 % [4]. Áëèçêèå çíà÷åíèÿ îøèáêè áûëè ïîëó-
÷åíû è â èññëåäîâàòåëüñêîì öåíòðå êîìïàíèè Invitrogen
[6] ïðè èñïûòàíèè êîììåð÷åñêèõ ãåëåé (Novex®/NuPAGE®
Bis-Tris, Tris-Glycine è äðóãèå) ïðè óñëîâèè ó÷åòà âñåõ ðå-
çóëüòàòîâ.

Äëÿ îöåíêè ìîëåêóëÿðíîé ìàññû â íàñòîÿùåå âðåìÿ
ðàçëè÷íûìè ïðîèçâîäèòåëÿìè âûïóñêàåòñÿ øèðîêèé
ñïåêòð ãîòîâûõ ñìåñåé áåëêîâ-ìàðêåðîâ â ðàçíûõ äèàïà-
çîíàõ ìîëåêóëÿðíûõ ìàññ. Àíàëèç íîðìàòèâíîé äîêóìåí-
òàöèè (ÍÄ) íà áèîòåõíîëîãè÷åñêèå ëåêàðñòâåííûå ñðåäñòâà
ïîêàçàë, ÷òî èñïîëüçóþòñÿ íàáîðû ìàðêåðîâ ðàçëè÷íûõ
ïðîèçâîäèòåëåé, ïðè ýòîì äîïóñêàåòñÿ èñïîëüçîâàíèå
àíàëîãè÷íûõ íàáîðîâ áåç óêàçàíèÿ êðèòåðèåâ ïðèçíàíèÿ
àíàëîãè÷íîñòè.

Íàø îïûò ïðèìåíåíèÿ ðàçëè÷íûõ íàáîðîâ ìàðêåðîâ
ïðè ïðîâåäåíèè ýëåêòðîôîðåçà â ÔÃÁÓ «ÍÖÝÑÌÏ» Ìèí-
çäðàâà Ðîññèè ïðè êîíòðîëå êà÷åñòâà áèîòåõíîëîãè÷å-
ñêèõ ëåêàðñòâåííûõ ñðåäñòâ è ïðè àòòåñòàöèè ñòàíäàðòíûõ
îáðàçöîâ ñîîòâåòñòâóþùèõ ïðåïàðàòîâ ïîêàçàë, ÷òî íà
çàëèâíûõ è ãîòîâûõ êîììåð÷åñêèõ ãåëÿõ äëÿ ìàðêåðîâ
êàê øèðîêîãî, òàê è óçêîãî äèàïàçîíà ÌÌ êîýôôèöèåíò
äåòåðìèíàöèè ëèíåéíîé çàâèñèìîñòè íå âñåãäà óäîâëå-
òâîðÿåò òðåáîâàíèþ R2 � 0,98.

Öåëü íàñòîÿùåé ðàáîòû — îïòèìèçàöèÿ ìàòåìàòè÷å-
ñêîé îáðàáîòêè ñ öåëüþ îöåíêè âçàèìîçàìåíÿåìîñòè íàè-
áîëåå øèðîêî èñïîëüçóåìûõ íàáîðîâ ìàðêåðîâ ìîëåêó-
ëÿðíîé ìàññû äëÿ ñòàíäàðòèçàöèè ïðîöåäóðû ó÷åòà ðå-
çóëüòàòîâ ïðè èñïîëüçîâàíèè ìåòîäèêè ýëåêòðîôîðåçà â
ÏÀÀÃ ñ SDS. Äëÿ äîñòèæåíèÿ óêàçàííîé öåëè íåîáõîäèìî
áûëî ðåøèòü ñëåäóþùèå çàäà÷è:

– îöåíèòü âîçìîæíîñòü îïòèìèçàöèè ñïîñîáîâ ìàòå-
ìàòè÷åñêîé îáðàáîòêè ïîëó÷àåìûõ äàííûõ;

– ïðîâåñòè ñðàâíèòåëüíóþ îöåíêó ðåçóëüòàòîâ îïðå-
äåëåíèÿ ÌÌ áåëêîâ-ìàðêåðîâ íàáîðîâ, ïîëó÷èâøèõ íàè-
áîëåå øèðîêîå ðàñïðîñòðàíåíèå.

Ìàòåðèàëû è ìåòîäû

Â ðàáîòå èñïîëüçîâàíà ñèñòåìà äëÿ âåðòèêàëüíîãî ýëåê-
òðîôîðåçà PROTEAN II xi Cell (16 � 20 ñì) («BioRad», ÑØÀ) â
ïîëèàêðèëàìèäíîì ãåëå ñ äîäåöèëñóëüôàòîì íàòðèÿ

(SDS) â âîññòàíàâëèâàþùèõ óñëîâèÿõ (â ïðèñóòñòâèè
�-ìåðêàïòîýòàíîëà). Ïðèãîòîâëåíèå 12 %-íîãî òðèñ-ãëè-
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Ðèñ. 1. Ýëåêòðîôîðåãðàììà ¹ 1. 12 % Òðèñ-ãëèöèíîâûé çàëèâíîé
ãåëü. Îáðàçöû íàáîðîâ Am, Br, Th, BM, M12 áûëè ïîäãîòîâëåíû è
íàíåñåíû íà ãåëü â ñîîòâåòñòâèè ñ ðåêîìåíäàöèåé ïðîèçâîäèòåëåé
ñ ïðîïóñêîì ëóíîê. Â ñâîáîäíûå ëóíêè âíîñèëè áóôåðíûé ðàñòâîð
äëÿ ïðîá. Ïðèâåäåíû íîìèíàëüíûå çíà÷åíèÿ ÌÌ áåëêîâ-ìàðêåðîâ
(â êÄà).

Ðèñ. 2. Êàëèáðîâî÷íûå êðèâûå, ïîñòðîåííûå ïî ìàðêåðàì íàáîðîâ óçêîãî (Am) è øèðîêîãî (BM) äèàïàçîíîâ ìîëåêóëÿðíûõ ìàññ â ÷åòûðåõ
èñïûòàíèÿõ.



öèíîâîãî ïîëèàêðèëàìèäíîãî ãåëÿ, ýëåêòðîôîðåç è âè-
çóàëèçàöèþ ìàðêåðîâ êðàñèòåëåì Êóìàññè R-250 îñóùå-
ñòâëÿëè ïî ÎÔÑ.1.2.1.0023.15. [1].

Â êà÷åñòâå èñòî÷íèêîâ áåëêîâ ñ èçâåñòíîé ìîëåêó-
ëÿðíîé ìàññîé èñïîëüçîâàíû íàáîðû ìàðêåðîâ ìîëåêó-
ëÿðíîé ìàññû Amersham™ LMW Calibration Kit for SDS
Electrophoresis («GE Healthcare», (Am), ìàðêåðû 14,4; 20,1;
30; 45; 66 è 97 êÄà), SDS PAGE Molecular Weight Standarts,
low range («BioRad», (BR), ìàðêåðû 14,4; 21,5; 31; 45; 66,2 è
97,4 êÄà), Unstained Protein Molecular Weight Marker
(«Thermo», (Th), ìàðêåðû 14,4; 18,4; 25; 35; 45; 66,2 è

116 êÄà), BenchMark™ Protein Ladder(«Novex», (BM)*, ìàð-
êåðû 10; 15; 20; 25; 30; 40; 50; 60; 70; 80; 90; 100; 120; 160 è
220 êÄà) Mark12™ Unstained Standart («Novex», (M12)*,
ìàðêåðû 6; 14,4; 21,5; 31; 36,5; 55,4; 66,3; 97,4; 116,3 è
200 êÄà). Ïîäãîòîâêà îáðàçöîâ ïðîâåäåíà â ñîîòâåòñòâèè
ñ ðåêîìåíäàöèÿìè ïðîèçâîäèòåëåé íàáîðîâ ìàðêåðîâ.

Îïòèìèçàöèÿ ñïîñîáîâ ìàòåìàòè÷åñêîé îáðàáîòêè êàëèáðîâî÷íûõ êðèâûõ
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* Íàáîðû ìàðêåðîâ ðàñøèðåííîãî äèàïàçîíà (BM è M12) ïðåäíà-
çíà÷åíû äëÿ ðàáîòû ñ ãîòîâûìè êîììåð÷åñêèìè ãåëÿìè, â ñâÿçè
ñ ÷åì çíà÷åíèÿ îòíîñèòåëüíîãî îòêëîíåíèÿ äëÿ ýòèõ íàáîðîâ
ïðåäñòàâëåíû ñ èíôîðìàöèîííîé öåëüþ.

Ðèñ. 3. Ðàñïðåäåëåíèå îòíîñèòåëüíîãî îòêëîíåíèÿ (	)
ìîëåêóëÿðíîé ìàññû ìàðêåðîâ, ðàññ÷èòàííûõ ïî óðàâ-
íåíèÿì ëèíåéíîé ðåãðåññèè äëÿ êàæäîãî íàáîðà ìàð-
êåðîâ â ÷åòûðåõ èñïûòàíèÿõ (I, II, III, IV), äëÿ M12 —
â äâóõ èñïûòàíèÿõ (I, II).



Ñêàíèðîâàíèå, ïåðâè÷íàÿ îáðàáîòêà ãåëåé è îïðåäå-
ëåíèå îòíîñèòåëüíîé ïîäâèæíîñòè áåëêîâ Rf (îòíîøåíèå
ðàññòîÿíèÿ, ïðîéäåííîãî ìàðêåðîì, ê ðàññòîÿíèþ, ïðîé-
äåííîìó èíäèêàòîðîì ôðîíòà) ïðîâîäèëè â ïîëóàâòîìà-
òè÷åñêîì ðåæèìå â ïðîãðàììå Quantity One ñèñòåìû
VersaDoc. Ïîñòðîåíèå êàëèáðîâî÷íûõ ãðàôèêîâ îñóùåñò-
âëÿëè â ñèñòåìå êîîðäèíàò (lgM0/Rf), àïïðîêñèìàöèÿ çàâè-
ñèìîñòè, ðàñ÷åòû è ñòàòèñòè÷åñêàÿ îáðàáîòêà ðåçóëüòàòîâ
ðåàëèçîâûâàëèñü ñ èñïîëüçîâàíèåì ïàêåòà Microsoft
Office Excel. Äëÿ ñðàâíåíèÿ ðàññ÷èòûâàåìûõ (Ì ) è íîìè-
íàëüíûõ (Ì0) (óêàçàííûõ â èíñòðóêöèè ïî ïðèìåíåíèþ íà-
áîðà ìàðêåðîâ) çíà÷åíèé ìîëåêóëÿðíîé ìàññû áåë-
êîâ-ìàðêåðîâ íàìè èñïîëüçîâàíî àáñîëþòíîå çíà÷åíèå
âåëè÷èíû îòêëîíåíèÿ ÌÌ â ïåðåñ÷åòå íà åäèíèöó ìîëåêó-

ëÿðíîé ìàññû (äàëåå — îòíîñèòåëüíîå îòêëîíåíèå) 	, êî-
òîðûé íàõîäèëè ïî ôîðìóëå:

	(%)
| |

�
�



M M

M
0

0

100, (1)

Ñõåìà ýêñïåðèìåíòà — ïðîâîäèëè ýëåêòðîôîðåòè÷å-
ñêîå ðàçäåëåíèå íà îäíîì ãåëå âñåõ óêàçàííûõ íàáîðîâ
ìàðêåðîâ (îáùåå êîëè÷åñòâî áåëêîâ — 45). Ýêñïåðèìåíò
ïðîâîäèëè 4 ðàçà. Ïî çíà÷åíèþ ïîäâèæíîñòè áåëêîâ (Rf)
ðàññ÷èòûâàëè óðàâíåíèå êàëèáðîâî÷íîé çàâèñèìîñòè äëÿ
êàæäîãî íàáîðà ìàðêåðîâ. Êàæóùóþñÿ ìîëåêóëÿðíóþ
ìàññó (Ì ) è åå îòíîñèòåëüíîå îòêëîíåíèå îò íîìèíàëüíî-
ãî çíà÷åíèÿ (Ì0) ðàññ÷èòûâàëè äëÿ êàæäîãî áåëêà ïî âñåì
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Ðèñ 5. Àïïðîêñèìàöèÿ ëèíèè ðåãðåññèè ñ èñïîëüçîâàíèåì ïîëèíîìèàëüíîé (à ) è ëèíåéíîé (á ) çàâèñèìîñòåé äëÿ âñåõ ìàðêåðîâ íàáîðà è
äëÿ ìàðêåðîâ âèçóàëüíî ëèíåéíîãî ó÷àñòêà íàáîðîâ óçêîãî (Am) è øèðîêîãî (BM) äèàïàçîíîâ ÌÌ (â ).

Ðèñ. 4. Ñðàâíåíèå ñðåäíèõ çíà÷åíèé (ïî ÷åòûðåì èñïûòàíèÿì, M12 — ïî äâóì) îòíîñèòåëüíîãî îòêëîíåíèÿ ÌÌ (ñ îáîçíà÷åíèåì îøèáêè
ñðåäíåãî) íàáîðîâ ìàðêåðîâ, ðàññ÷èòàííûõ ïî ëèíåéíûì óðàâíåíèÿì çàâèñèìîñòè íàáîðîâ Am, Br, Th, BM è M12.



êàëèáðîâêàì. Ñðåäíåå îòíîñèòåëüíîå îòêëîíåíèå ìîëåêó-
ëÿðíîé ìàññû ìàðêåðîâ ó÷èòûâàëè êàê äëÿ áåëêîâ êîí-
êðåòíîãî íàáîðà, òàê è äëÿ âñåõ áåëêîâ ñ íîìèíàëüíîé ìî-
ëåêóëÿðíîé ìàññîé îò 10 äî 100 êÄà.

Ðåçóëüòàòû è îáñóæäåíèå

Íàøè ýêñïåðèìåíòû ñ îäíîâðåìåííûì ðàçäåëåíèåì ïÿòè
íàáîðîâ ìàðêåðîâ MW äèàïàçîíîâ 10–100 êÄà è
10–220 êÄà â ïðèñóòñòâèè SDS â âîññòàíàâëèâàþùèõ óñëî-
âèÿõ ñ èñïîëüçîâàíèåì òðèñ-ãëèöèíîâûõ çàëèâíûõ ãåëåé
(ðèñ. 1) ïîêàçàëè ðàçëè÷èÿ â ðàññòîÿíèè ìèãðàöèè áåë-
êîâ-êîìïîíåíòîâ ðàçíûõ íàáîðîâ ñ ðàâíîé/áëèçêîé ìîëå-
êóëÿðíîé ìàññîé, íàïðèìåð, äëÿ ïîëîñû, ñîîòâåòñòâóþ-
ùåé ìîëåêóëÿðíîé ìàññå 14,4 êÄà.

Êàëèáðîâî÷íûå ãðàôèêè â ñèñòåìå êîîðäèíàò
(lgM0/Rf) è ëèíåéíàÿ àïïðîêñèìàöèÿ êàëèáðîâî÷íîé çàâè-
ñèìîñòè êàæäîãî èç íàáîðîâ ìàðêåðîâ âî âñåõ 4 èñïûòà-
íèÿõ äåìîíñòðèðóþò S-îáðàçíûé õàðàêòåð ðàñïîëîæåíèÿ
òî÷åê êàëèáðîâî÷íîãî ðÿäà, ìåíåå âûðàæåííûé äëÿ íàáî-
ðîâ äèàïàçîíà 10–100 êÄà è áîëåå ÿâíûé äëÿ ðàñøèðåí-
íîãî äèàïàçîíà (ðèñ. 2). Õàðàêòåð ðàñïðåäåëåíèÿ çíà÷å-
íèé îòíîñèòåëüíîãî îòêëîíåíèÿ ÌÌ, ðàññ÷èòàííûõ ïî
óðàâíåíèÿì ëèíåéíîé ðåãðåññèè, â âîçðàñòàþùåì ðÿäó
ìîëåêóëÿðíîé ìàññû ìàðêåðîâ ñîõðàíÿëñÿ âî âñåõ èñïû-
òàíèÿõ äëÿ âñåõ íàáîðîâ (ðèñ. 3).

Ðàñ÷åò ñðåäíåãî îòíîñèòåëüíîãî îòêëîíåíèÿ çíà÷å-
íèé ìîëåêóëÿðíîé ìàññû ìàðêåðîâ íàáîðîâ ïî âñåì êà-
ëèáðîâêàì (ðèñ. 4) ïîêàçàë, ÷òî îíî áëèçêî ê 10 % äëÿ íà-
áîðîâ äèàïàçîíà 10–100 êÄà è âäâîå áîëüøå äëÿ íàáîðîâ
ðàñøèðåííîãî äèàïàçîíà.

Äëÿ ñíèæåíèÿ îøèáêè ïðè îïðåäåëåíèè ìîëåêóëÿð-
íîé ìàññû M. Sadeghi ñ ñîàâò. [6] áûëî ïðåäëîæåíî äâà

ïîäõîäà: ïåðâûé — èñïîëüçîâàíèå òîëüêî âèçóàëüíî ëè-
íåéíûõ ó÷àñòêîâ êàëèáðîâîê, âòîðîé — èñïîëüçîâàíèå
ïîëèíîìèàëüíîãî óðàâíåíèÿ ðåãðåññèè òðåòüåé ñòåïåíè.
Ãðàôè÷åñêîå ñðàâíåíèå ïðèìåíåíèÿ ýòèõ ïîäõîäîâ ïðåä-
ñòàâëåíî íà ðèñóíêå 5. Ñëåäóåò îòìåòèòü, ÷òî äëÿ âèçóàëü-
íî ëèíåéíûõ ó÷àñòêîâ ñòàòèñòè÷åñêè îïðàâäàííîå èñêëþ-
÷åíèå ìàðêåðà èç âûáîðêè (çíà÷åíèå îòíîñèòåëüíîãî îò-
êëîíåíèÿ áîëåå 3ó) âîçìîæíî ëèøü äëÿ ìàðêåðà ñ ÌÌ
220 êÄà íàáîðà BM.

Âîçìîæíîñòü àïïðîêñèìàöèè êàëèáðîâî÷íîãî ãðàôè-
êà íåëèíåéíîé ôóíêöèåé ïðåäóñìîòðåíà òàêæå â ÃÔ XIII
(ÎÔÑ.1.1.0012.15) [7]. Ïðè àïïðîêñèìàöèè èñïîëüçóþò ìå-
òîä íàèìåíüøèõ êâàäðàòîâ, ñóòü êîòîðîãî çàêëþ÷àåòñÿ â
íàõîæäåíèè êîýôôèöèåíòîâ, îáåñïå÷èâàþùèõ äëÿ èñõîä-
íîãî óðàâíåíèÿ:
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Ïîèñê çíà÷åíèé êîýôôèöèåíòîâ îñóùåñòâëÿåòñÿ ïó-
òåì ðåøåíèÿ ñèñòåìû èç n = (k + 1) óðàâíåíèé:
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Îïòèìèçàöèÿ ñïîñîáîâ ìàòåìàòè÷åñêîé îáðàáîòêè êàëèáðîâî÷íûõ êðèâûõ
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Ðèñ. 6. Ñðàâíåíèå ñðåäíèõ çíà÷åíèé (ïî ÷åòûðåì èñïûòàíèÿì) îòíîñèòåëüíîãî îòêëîíåíèÿ ÌÌ (ñ îáîçíà÷åíèåì îøèáêè ñðåäíåãî) íàáî-
ðîâ ìàðêåðîâ, ðàññ÷èòàííûõ ïî ïîëèíîìèàëüíûì (y=f(x³)) óðàâíåíèÿì çàâèñèìîñòè äëÿ íàáîðîâ Am, Br, Th, BM è äâóì èñïûòàíèÿì íàáî-
ðà M12.



Ïàêåò MS Excel ïðåäîñòàâëÿåò âîçìîæíîñòü ðåøåíèÿ
òàêîãî ðîäà óðàâíåíèé ïðè k � 6, ïîçâîëÿÿ ðàññ÷èòûâàòü
êîýôôèöèåíòû óðàâíåíèÿ è ïîêàçàòåëü R2, õàðàêòåðèçóþ-
ùèé äîñòîâåðíîñòü àïïðîêñèìàöèè:
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Îöåíêà ðåçóëüòàòîâ ïðèìåíåíèÿ óðàâíåíèé êàëèáðî-
âî÷íîé çàâèñèìîñòè íà îñíîâå ïîëèíîìà òðåòüåé ñòåïåíè
ïîêàçàëà, ÷òî ìèíèìàëüíûå ñðåäíèå çíà÷åíèÿ îòíîñè-
òåëüíîãî îòêëîíåíèÿ ÌÌ ìàðêåðîâ íàáîðîâ íàáëþäàþòñÿ

â ñëó÷àå èñïîëüçîâàíèÿ óðàâíåíèÿ çàâèñèìîñòè, ðàññ÷è-
òàííîãî ïî ìàðêåðàì ýòîãî æå ðÿäà (ðèñ. 6).

Èñïîëüçîâàíèå ïîëèíîìèàëüíîãî óðàâíåíèÿ ðåãðåñ-
ñèè òðåòüåé ñòåïåíè ïîçâîëèëî ñíèçèòü ñðåäíåå îòíîñè-
òåëüíîå îòêëîíåíèå ìîëåêóëÿðíîé ìàññû ìàðêåðîâ íàáî-
ðîâ Am, BR è Th (äèàïàçîí 10–100 êÄà) ñ 8,3–12,0 % äî
2,3–3,5 %, à äëÿ ðàñøèðåííîãî äèàïàçîíà (íàáîðû BM è
M12) ñ 16,5–20,3 % äî 3,7–4,0 % (ðèñ. 6, òàáë. 1).

Óìåíüøåíèå îòíîñèòåëüíîãî îòêëîíåíèÿ (	) ìîëåêó-
ëÿðíîé ìàññû ìàðêåðîâ, ðàññ÷èòàííîå ïî óðàâíåíèþ ïî-
ëèíîìèàëüíîé ðåãðåññèè äëÿ êàæäîãî íàáîðà ìàðêåðîâ â
÷åòûðåõ èñïûòàíèÿõ, ïðåäñòàâëåíî íà ðèñóíêå 7.

Òàêèì îáðàçîì, ïðèìåíåíèå ïîëèíîìèàëüíîãî óðàâ-
íåíèÿ ðåãðåññèè òðåòüåé ñòåïåíè, áëàãîäàðÿ óìåíüøåíèþ
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Ðèñ. 7. Ðàñïðåäåëåíèå îòíîñèòåëüíîãî îòêëîíåíèÿ (Ä) ìî-
ëåêóëÿðíîé ìàññû ìàðêåðîâ, ðàññ÷èòàííûå ïî óðàâíåíèÿì
ïîëèíîìèàëüíîé ðåãðåññèè òðåòüåé ñòåïåíè äëÿ êàæäîãî íà-
áîðà ìàðêåðîâ â ÷åòûðåõ èñïûòàíèÿõ (I, II, III, IV), äëÿ M12 —
â äâóõ èñïûòàíèÿõ (I, II). Ìàñøòàá îñè îðäèíàò ñîîòâåòñòâóåò
ìàñøòàáó îñè íà ðèñ. 3.



îòíîñèòåëüíîãî îòêëîíåíèÿ, ïîçâîëÿåò ïîâûñèòü òî÷íîñòü
îïðåäåëåíèÿ ìîëåêóëÿðíîé ìàññû áåëêîâ, ÷òî îñîáåííî
âàæíî ïðè îöåíêå ñîïîñòàâèìîñòè ðàçëè÷íûõ ïðîäóêòîâ
[8, 9], à òàêæå ïîçâîëÿåò äîïóñòèòü âîçìîæíîñòü èñïîëü-
çîâàíèÿ íàáîðîâ ìàðêåðîâ ðàñøèðåííîãî äèàïàçîíà ñ çà-
ëèâíûìè ãåëÿìè ïîñëå âàëèäàöèè ìåòîäèêè ñ ó÷åòîì âû-
øåèçëîæåííîãî. Çàìåíà íàáîðîâ ìàðêåðîâ ÌÌ, ðåêîìåí-
äîâàííûõ íîðìàòèâíîé äîêóìåíòàöèåé, íà àíàëîãè÷íûå
òðåáóåò ðàçðàáîòêè êðèòåðèåâ äëÿ ïðèçíàíèÿ àíàëîãè÷-
íîñòè, êîòîðûå äîëæíû ó÷èòûâàòü óñëîâèÿ ïðîâåäåíèÿ
èñïûòàíèÿ è òðåáîâàíèÿ ê òî÷íîñòè ðåçóëüòàòîâ àíàëèçà.

ÂÛÂÎÄÛ

1. Ïðèìåíåíèå ïîëèíîìà òðåòüåé ñòåïåíè ïðè àïðîê-
ñèìàöèè êàëèáðîâî÷íîé çàâèñèìîñòè ñíèæàåò îòíîñè-
òåëüíîå îòêëîíåíèå ïðè îïðåäåëåíèè ìîëåêóëÿðíîé ìàñ-
ñû áåëêîâ äî 4 %: ñ 8,3–12,5 % äî 2,2–3,5 % äëÿ äèàïàçîíà
10–100 êÄà, ñ 16,5–20,3 % äî 3,7–4,0 % äëÿ ðàñøèðåííîãî
äèàïàçîíà ìîëåêóëÿðíîé ìàññû 10–220 êÄà, ÷òî îáåñïå-
÷èâàåò áîëüøóþ òî÷íîñòü ïðè ñðàâíåíèè ðåçóëüòàòîâ îï-
ðåäåëåíèÿ ìîëåêóëÿðíîé ìàññû áåëêîâ, ÷òî îñîáåííî
âàæíî ïðè îöåíêå ñîïîñòàâèìîñòè ðàçëè÷íûõ ïðîäóêòîâ.

2. Ïðèìåíåíèå ïîëèíîìà òðåòüåé ñòåïåíè ïðè àï-
ïðîêñèìàöèè êàëèáðîâî÷íîé çàâèñèìîñòè äîïóñêàåò âîç-
ìîæíîñòü èñïîëüçîâàíèÿ íàáîðîâ ìàðêåðîâ BM è M12 ñ
çàëèâíûìè ãåëÿìè.

3. Çàìåíà íàáîðîâ ìàðêåðîâ ÌÌ, ðåêîìåíäîâàííûõ
íîðìàòèâíîé äîêóìåíòàöèåé, íà àíàëîãè÷íûå äîëæíà
ïðîèçâîäèòüñÿ ñ ó÷åòîì óñëîâèé ïðîâåäåíèÿ èñïûòàíèÿ è
òðåáîâàíèé ê òî÷íîñòè àíàëèçà.
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Òàáëèöà 1. Ñðåäíåå çíà÷åíèå îòíîñèòåëüíîãî îòêëîíåíèÿ ìîëå-
êóëÿðíîé ìàññû áåëêîâ-ìàðêåðîâ íàáîðîâ óçêîãî (Am, BR, Th) è
øèðîêîãî (BM è M12) äèàïàçîíîâ ÌÌ ïðè èñïîëüçîâàíèè ëèíåé-
íîé (y = f(x)) è ïîëèíîìèàëüíîé ðåãðåññèè (y = f(x³))

Íàáîð
ìàðêåðîâ

Ñðåäíåå îòíîñèòåëüíîå îòêëîíåíèå
îò íîìèíàëüíîé ìàññû ìàðêåðîâ (	), %

y = f(x) y = f(x3)

M ± m n M ± m n

Am 8,3 ± 1,2 24 3,0 ± 0,4 24

BR 8,7 ± 1,4 24 2,3 ± 0,4 24

Th 12,0 ± 0,6 28 3,5 ± 0,2 28

BM 16,5 ± 1,4 59 3,7 ± 0,4 59

M12 20,3 ± 2,6 20 4,0 ± 0,8 20



Optimization of mathematical processing of calibration curves
when determining molecular mass of biologicals by SDS-polyacrylamide
gel electrophoresis

V. A. Tomilin, N. L. Ivanyutina, E. V. Elbert, R. A. Volkova

Federal State Budgetary Institution
«Scientific Centre for Expert Evaluation of Medicinal Products»
of the Ministry of Health of the Russian Federation
Petrovsky boulevard 8, bld. 2, Moscow 127051, Russian Federation

Identification and purity testing of biologicals as well as determination of their molecular mass are performed on the basis
of comparison of test and reference samples by various physico-chemical methods, including Sodium Dodecyl Sul-
phate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) under reducing or non-reducing conditions. In order to assess the
molecular weight of the test sample and reference sample components a calibration curve is drawn using protein markers.
The article describes 4 experiments in which gel electrophoresis was used for separation of the most widely used sets of
molecular weight markers produced by various manufacturers (Amersham™ LMW Calibration Kit for SDS Electrophoresis
(Am), SDS PAGE Molecular Weight Standards, low range (BR), Unstained Protein Molecular Weight Marker (Th), Bench-
Mark™ Protein Ladder (BM), Mark12™ Unstained Standard (M12) (total number of proteins — 45)). The aim of the study
was to optimize mathematical processing of calibration curves generated for the above-mentioned sets of markers and to
assess their interchangeability. SDS PAGE was performed under reducing conditions using Tris-Glycine gels. The real cal-
culated (M) and nominal (M0) values (indicated in the set of markers instructions for use) of the protein markers molecular
mass (MM) were compared using the MM deviation expressed in terms of a molecular mass unit (hereinafter — relative
deviation). The estimated average MM relative deviation for sets of markers ranging from 10 to 100 kDa (Am, BR, Th sets),
which was calculated using linear regression equations, was equal to about 10 % (8.3 – 12.0 %). In the case of the ex-
tended MM range of 10 – 220 kDa (BM, M12 sets) the average relative deviation was almost twice as high (16.5 – 20.3 %).
A third-order polynomial regression equation was used to optimize mathematical processing methods used during calcu-
lation of the calibration function. This made it possible to reduce the MM relative deviation down to 2.3 – 3.5 % when using
sets ranging from 10 to 100 kDa, and to 3.7 – 4.0 % when using the extended range sets, which is important for assessing
similarity of different products.

Key words: SDS-polyacrylamide gel electrophoresis; molecular mass; calibration curve; linear regression; polynomial.
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