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Óïðîäîâæ îñòàíí³õ ðîê³â çá³ëüøèâñÿ ïîïèò íà òåõ-
í³÷íèé åòàíîë çà ðàõóíîê éîãî âèêîðèñòàííÿ ó
òðàíñïîðòíîìó ñåêòîð³. Êñèëîçà º îñíîâíèì ï’ÿòè-
âóãëåöåâèì öóêðîì îòðèìàíèì ó ðåçóëüòàò³ ã³äðîë³çó 
ë³ãíîöåëþëîçè, ïðîòå ïðîìèñëîâèé ïðîäóöåíò ñïèðòó 
äð³æäæ³ Saccharomyces cerevisiae ôåðìåíòóþòü âè-
êëþ÷íî ãåêñîçè. Íà îñíîâ³ ðåêîìá³íàíòíîãî øòàìó, 
çäàòíîãî äî ìåòàáîë³çìó êñèëîçè, ñêîíñòðóéîâàíî 
ïîõ³äí³ ç ïîñèëåíîþ åêñïðåñ³ºþ ãåíà ZNF1 òà äåëåö³-
ºþ ãåíà SIP4, ùî êîäóþòü òðàíñêðèïö³éí³ ôàêòîðè. 
Âñòàíîâëåíî, ùî ïîñèëåííÿ åêñïðåñ³¿ ãåíà ZNF1 íå 
âïëèâàëî íà çáðîäæóâàííÿ ÿê ãëþêîçè, òàê ³ êñèëîçè. 
Äåëåö³ÿ ãåíà SIP4 íå âïëèâàëà íà ôåðìåíòàö³þ ãëþêîçè, 
îäíàê ïðèçâîäèëà äî çíèæåííÿ ïðîäóêö³¿ åòàíîëó íà
29 % ïðè ôåðìåíòàö³¿ êñèëîçè ó ïîð³âíÿíí³ ç âèõ³ä-
íèì øòàìîì.

Êëþ÷îâ³ ñëîâà: òðàíñêðèïö³éí³ ôàêòîðè, S. cerevisiae, 
åêñïðåñ³ÿ ãåí³â, êñèëîçà, àëêîãîëüíà ôåðìåíòàö³ÿ. 

Âñòóï. Ðîñëèííà á³îìàñà – íàéá³ëüø ïîøèðå-
íèé ïîíîâëþâàëüíèé ðåñóðñ íà ïëàíåò³, ùî 
ðîçãëÿäàºòüñÿ ÿê àëüòåðíàòèâà ïðîäóêòàì 
íàôòîïåðåðîáêè. Ïðîäóêò ¿¿ á³îòåõíîëîã³÷íî¿ 
êîíâåðñ³¿ – åòàíîë âèêîðèñòîâóºòüñÿ ÿê äî-
äàòîê äî áåíçèíî-åòàíîëüíèõ ñóì³øåé àáî ó 
÷èñòîìó âèãëÿä³ â ñïåö³àë³çîâàíèõ äâèãóíàõ. 
Âèêèäè äâèãóí³â âíóòð³øíüîãî çãîðàííÿ öå íå-
áåçïå÷í³ àíòðîïîãåíí³ çàáðóäíþâà÷³, ÿê³ âè-
êëèêàþòü çì³íè â åêîñèñòåìàõ, à åì³ñ³ÿ ÑÎ2

çàãîñòðþº ïàðíèêîâèé åôåêò, òîìó ç åêîëî-
ã³÷íèõ ì³ðêóâàíü ñïàëþâàííÿ åòàíîëó ìàº ïå-
ðåâàãè. Àíàë³òè÷í³ ðîçðàõóíêè âêàçóþòü, ùî 
÷èñòèé åòàíîë ìàº êðàù³ àíòèäåòîíàö³éí³ 
âëàñòèâîñò³, òîìó ìîæëèâå éîãî âèêîðèñòàííÿ 
ó ïîòóæíèõ ñèëîâèõ óñòàíîâêàõ ³ç âèñîêèì 
ñòóïåíåì ñòèñíåííÿ, ï³äâèùèâøè ê.ê.ä. [1].
Íà ñüîãîäí³, ïðàêòè÷íî âåñü åòàíîë îòðèìóº-

òüñÿ øëÿõîì ì³êðîáíî¿ ôåðìåíòàö³¿ çà ó÷àñò³ 
ñïèðòîâèõ äð³æäæ³â S. cerevisiae ç òðàäèö³éíî¿ 
ñèðîâèíè, ÿêîþ º ã³äðîë³çàòè êðîõìàëþ òà 
öóêîð (ñàõàðîçà), îäåðæàí³ øëÿõîì ïåðåðîáêè 
õàð÷îâèõ êóëüòóð.

Âèðîáíèöòâî åòàíîëó ç íåõàð÷îâî¿ ñèðîâè-
íè – öåëþëîçîâì³ñíèõ â³äõîä³â ñ³ëüñüêîãî ãîñ-
ïîäàðñòâà òà äåðåâîîáðîáíî¿ ïðîìèñëîâîñò³ º 
óñêëàäíåíå êîìïëåêñí³ñòþ ë³ãíîöåëþëîçíî¿ 
ñòðóêòóðè. Äî ¿¿ ñêëàäó âõîäÿòü òðè îñíîâí³ 
êîìïîíåíòè: ïîë³ìåðè öóêð³â öåëþëîçà 45 %
òà ãåì³öåëþëîçà 30 %, ³ àðîìàòè÷íèé ãåòåðî-
ïîë³ìåð ë³ãí³í 25 %. Ôåðìåíòàö³ÿ ë³ãíîöåëþ-
ëîçè çä³éñíþºòüñÿ ó äåê³ëüêà òåõíîëîã³÷íèõ 
åòàï³â, ÿê³ âêëþ÷àþòü ïîïåðåäíþ îáðîáêó, 
ã³äðîë³ç òà ôåðìåíòàö³þ. Êñèëîçà º îñíîâíèì 
ï’ÿòèâóãëåöåâèì öóêðîì îòðèìàíèì ó ðåçóëü-
òàò³ ã³äðîë³çó, òà äðóãèì çà ê³ëüê³ñòþ ìîíîñà-
õàðèäîì ï³ñëÿ ãëþêîçè. Äåÿê³ îðãàí³çìè âîëî-
ä³þòü ïðèðîäíîþ çäàòí³ñòþ äî ¿¿ ôåðìåíòàö³¿, 
ïðîòå ð³âåíü ñèíòåçó åòàíîëó äóæå íèçüêèé 
[2]. Äî òîãî æ âñ³ âîíè çíà÷íî ïîñòóïàþòüñÿ 
Saccharomyces cerevisiae çà ñò³éê³ñòþ äî åêñ-
òðåìàëüíèõ, ïðîìèñëîâèõ óìîâ ôåðìåíòàö³¿. 
Ïðîòå á³ëüø³ñòü øòàì³â äð³æäæ³â S. cerevisiae 
íå çäàòí³ íå ò³ëüêè ôåðìåíòóâàòè, àëå é ðîñòè 
íà ñåðåäîâèù³ ç êñèëîçîþ. 

Ç ìåòîþ êîíñòðóþâàííÿ êñèëîçî-óòèë³çóþ-
÷èõ øòàì³â ó ãåíîì S. cerevisiae áóëî ââåäåíî ãå-
íè, ÿê³ êîäóþòü ôåðìåíòè ïåðåòâîðåííÿ êñèëî-
çè äî êñèëóëîçî-5-ôîñôàòó. Ó äèêèé øòàì S. 
cerevisiae CEN.PK 113-7D ââåäåíî öåíòðîìåðíó 
ïëàçì³äó pRS314-X123 äëÿ ïîñèëåííÿ åêñïðåñ³¿ 
ãåí³â XYL1; XYL2, ùî êîäóþòü ôåðìåíòè êñè-
ëîçîðåäóêòàçó òà êñèë³òîëäåã³äðîãåíàçó, à òà-
êîæ XYL3, ùî êîäóº êñèëóëîê³íàçó, òðè ãåíè 
îòðèìàí³ ç ïðèðîäíîãî ôåðìåíòàòîðà êñèëî-
çè, äð³æäæ³â Scheffersomyces stipitis. Íàñòóïíèé 
åòàï ðîáîòè ïåðåäáà÷àâ äåê³ëüêà ïîâòîðþâàíèõ 
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Âïëèâ òðàíñêðèïö³éíèõ ôàêòîð³â Znf1 òà Sip4 íà àëêîãîëüíó ôåðìåíòàö³þ êñèëîçè 

öèêë³â êóëüòèâóâàííÿ ç ïåð³îäè÷íèì ïåðåíî-
ñîì êóëüòóðè ó ì³íåðàëüíå ñåðåäîâèùå, ùî 
ì³ñòèëî êñèëîçó. ²çîëüîâàíèé øòàì GS010 õà-
ðàêòåðèçóâàâñÿ øâèäêèì ðîñòîì íà êñèëîç³ òà 
øâèäêèì ñïîæèâàííÿì öüîãî ñóáñòðàòó [3]. Äà-
íèé øòàì áóâ âèêîðèñòàíèé ó íàø³é ðîáîò³ ÿê 
âèõ³äíèé.

Íåçâàæàþ÷è íà ³íòåíñèâíó ðîáîòó íàïðàâëå-
íó íà ³íæåíåð³þ øòàì³â S. cerevisiae âèõ³ä åòàíî-
ëó ç êñèëîçè âñå ùå çàëèøàºòüñÿ íèæ÷èì, í³æ 
äëÿ ãëþêîçè. Òîìó âèÿâëåííÿ íîâèõ ìåõàí³çì³â 
ðåãóëÿö³¿ çáðîäæóâàííÿ ÷óæîð³äíîãî ñóáñòðàòó 
êñèëîçè äî åòàíîëó ó ðåêîìá³íàíòíèõ äð³æä-
æ³â, ÿê³ ìîæóòü áóòè ì³øåíÿìè äëÿ ïîë³ïøåí-
íÿ õàðàêòåðèñòèê àëêîãîëüíî¿ ôåðìåíòàö³¿ ö³º¿ 
ïåíòîçè º àêòóàëüíèì çàâäàííÿì.

Ó S. cerevisiae âèÿâëåíî 200 òðàíñêðèïö³é-
íèõ ôàêòîð³â, ³ç íèõ 55 ì³ñòÿòü ñïåöèô³÷íèé 
äëÿ ãðèá³â ìîòèâ êëàñòåðà öèíêó (Zn2 Cys6), òà 
áåðóòü ó÷àñòü ó ñêëàäíèõ ³ äîáðå ðåãóëüîâàíèõ 
ìåòàáîë³÷íèõ øëÿõàõ [4]. Òðàíñêðèïö³éíèé ôàê-
òîð Znf1 S. cerevisiae íàëåæèòü äî ðîäèíè òðàíñ-
êðèïö³éíèõ àêòèâàòîð³â öèíêîâîãî êëàñòåðó. 
Znf1 çâ’ÿçóºòüñÿ ç ïðîìîòîðàìè ãåí³â, ïðî-
äóêòè ÿêèõ áåðóòü ó÷àñòü ó êë³òèííîìó äè-
õàíí³, ãëþêîíåîãåíåç³, öèêë³ òðèêàðáîíîâèõ 
êèñëîò òà ãë³îêñèëàòíîìó øóíò³. Öåé òðàíñ-
êðèïö³éíèé ôàêòîð íåîáõ³äíèé äëÿ ï³äòðèìàí-
íÿ íîðìàëüíî¿ ìîðôîëîã³¿ òà ôóíêö³îíóâàíí³ 
ì³òîõîíäð³é ïðè ðîñò³ íà äèõàëüíèõ ñóáñòðà-
òàõ, à òàêîæ çàëó÷åíèé ó â³äïîâ³äü íà îñìî-
òè÷íèé ñòðåñ, òà ñòðåñ ñïðè÷èíåíèé â³äõè-
ëåííÿì â³ä íåéòðàëüíîãî çíà÷åííÿ ðÍ [5]. 
Òðàíñêðèïö³éíèé ôàêòîð Sip4 S. cerevisiae òà-
êîæ íàëåæèòü äî ðîäèíè òðàíñêðèïö³éíèõ àê-
òèâàòîð³â öèíêîâîãî êëàñòåðó. Sip4 àêòèâóº 
òðàíñêðèïö³þ ãåí³â ãëþêîíåîãåíåçó øëÿõîì 
âçàºìîä³¿ ç â³äïîâ³äíèìè ïðîìîòîðàìè. Åêñ-
ïðåñ³ÿ SIP4 àêòèâóºòüñÿ ï³ñëÿ âè÷åðïàííÿ ãëþ-
êîçè â ñåðåäîâèù³, ÿê öå âëàñòèâî ãåíàì 
ãëþêîíåîãåíåçó [6]. Sip4 º ñóáñòðàòîì ïðîòå¿í-
ê³íàçè Snf1, ÿêà ôóíêö³îíóº ó êîìïëåêñ³ ç
äîïîì³æíèìè á³ëêàìè Snf4, Sip1, Sip2 òà Gal83.
Ïðîòå øòàì sip4� (íàâ³òü ç äîäàòêîâèìè äå-
ëåö³ÿìè sip1� sip2� sip3�) íå â³äçíà÷àâñÿ ôåíî-
òèïîâèìè çì³íàìè, öå íàøòîâõóº íà äóìêó ïðî 
³ñíóâàííÿ ôóíêö³îíàëüíîãî ãîìîëîãà SIP4 [7].

Ðåêîìá³íàíòí³ äð³æäæ³ S. cerevisiae êàòàáîë³-
çóþòü êñèëîçó ï³ñëÿ ¿¿ ïåðåòâîðåííÿ äî êñèëó-

ëîçî-5-ôîñôàòó ÷åðåç ïåíòîçîôîñôàòíèé øëÿõ.
Ó ïåíòîçîôîñôàòíîìó øëÿõó ñèíòåçóþòüñÿ 
ôðóêòîçî-6-ôîñôàò òà ãë³öåðàëüäåã³ä-3-ôîñôàò 
ÿê³ ìîæóòü áðàòè ó÷àñòü ó ñèíòåç³ ãëþêîçè ÷å-
ðåç ãëþêîíåîãåíåç. Ïðè ôåðìåíòàö³¿ êñèëîçè
ðåêîìá³íàíòíèì øòàìîì S. cerevisiae â³äáóâà-
ºòüñÿ àêòèâàö³ÿ ãë³îêñèëàòíîãî øóíòó [3], ùî 
ñâ³ä÷èòü ïðî àêòèâàö³þ äèõàëüíîãî ìåòàáîë³ç-
ìó. Òðàíñêðèïö³éí³ ôàêòîðè Znf1 òà Sip4 çàëó-
÷åí³ â ðåãóëÿö³þ ãëþêîíåîãåíåçó òà ìåòàáîë³çì 
äèõàëüíèõ ñóáñòðàò³â òà ìîæóòü ìàòè ïîòåí-
ö³éíèé âïëèâ íà êàòàáîë³çì êñèëîçè. Âïëèâ 
öèõ òðàíñêðèïö³éíèõ ôàêòîð³â íà àëêîãîëüíó 
ôåðìåíòàö³þ êñèëîçè ðåêîìá³íàíòíèìè øòà-
ìàìè S. cerevisiae íå äîñë³äæóâàâñÿ. Ó äàí³é ðî-
áîò³ îïèñàíî êîíñòðóþâàííÿ òà á³îõ³ì³÷íó õà-
ðàêòåðèñòèêó ðåêîìá³íàíòíèõ øòàì³â ç ïîñèëå-
íîþ åêñïðåñ³ºþ ãåíà ZNF1, òà äåëåö³ºþ ãåíà 
SIP4 íà îñíîâ³ êñèëîçî-ôåðìåíòóþ÷îãî øòàìó 
S. cerevisiae.

Ìàòåð³àëè ³ ìåòîäè. Øòàìè ³ óìîâè êóëü-
òèâóâàííÿ. Ó ðîáîò³ âèêîðèñòîâóâàëè øòàìè 
äð³æäæ³â S. cerevisiae S288C ³ øòàì S. cerevisiae 
CMB.GS010 (GS010) [3]. Äð³æäæ³ âèðîùóâàëè 
íà áàãàòîìó ñåðåäîâèù³ YPD (10 ã/ë äð³æäæî-
âèé åêñòðàêò, 10 ã/ë ïåïòîí, 20 ã/ë ãëþêîçà); 
YPÕ (1 ã/ë äð³æäæîâèé åêñòðàêò, 10 ã/ë ïåïòîí, 
20 ã/ë êñèëîçà); àáî íà ì³íåðàëüíîìó ñåðåäîâèù³ 
(YNB – 1,7 ã/ë; (NH4)2SO2 – 5 ã/ë êñèëîçà –
20 ã/ë). Áàêòåð³éíèé øòàì E. coli DH5� 
(�80dlacZ�M15, recA1, endA1, gyrA96, thi-1, 
hsdR17(r–

K m
+

K), supE44, relA1, deoR, �(lacZYA-
argF)U169) âèðîùóâàëè ïðè 37 °Ñ íà áàãàòîìó 
ñåðåäîâèù³ LB (5 ã/ë äð³æäæîâèé åêñòðàêò, 
15 ã/ë ïåïòîí, 10 ã/ë NaCl) [8]. Äëÿ ñåëåêö³¿ 
ïëàçì³äîâì³ñíèõ áàêòåð³é âèêîðèñòîâóâàëè àì-
ï³öèë³í ó êîíöåíòðàö³¿ 0,1 ìã/ë. Äëÿ ïðîâå-
äåííÿ àëêîãîëüíî¿ ôåðìåíòàö³¿ ãëþêîçè ³ êñè-
ëîçè äð³æäæîâó á³îìàñó íàðîùóâàëè íà ïîâ-
íîìó ñåðåäîâèù³ YPD/YPÕ (10 ã/ë äð³æäæîâèé 
åêñòðàêò, 10 ã/ë ïåïòîí, 20 ã/ë ãëþêîçà/êñèëîçà) 
óïðîäîâæ îäí³º¿ äîáè íà îðá³òàëüíîìó øåé-
êåð³ (200 îá./õâ) ïðè òåìïåðàòóð³ 30 îÑ. Êë³-
òèíè îñàäæóâàëè öåíòðèôóãóâàííÿì òà ïðîìè-
âàëè âîäîþ. Á³îìàñó ïåðåíîñèëè â ì³íåðàëüíå 
ñåðåäîâèùå YNB ç äîäàâàííÿì 80 ã/ë ãëþêîçè 
(0,5 ìã/ìë êë³òèí) àáî 40 ã/ë êñèëîçè (1 ã/ë 
êë³òèí). Àëêîãîëüíó ôåðìåíòàö³þ ïðîâîäèëè 
íà îðá³òàëüíîìó øåéêåð³ ïðè òåìïåðàòóð³ 30 °Ñ
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çà óìîâ îáìåæåíî¿ àåðàö³¿ (100 îá./õâ) óïðî-
äîâæ 3 ä³á. Îïòè÷íó ãóñòèíó ñóñïåíç³¿ êë³òèí 
äð³æäæ³â òà áàêòåð³é âèì³ðþâàëè çà äîïîìîãîþ 
ñïåêòðîôîòîìåòðà Helios gamma (OD, 600 íì; 
êþâåòà, 10 ìì) ç ãðàâ³ìåòðè÷íèì êàë³áðóâàííÿì. 
Êîíöåíòðàö³¿ àíàë³ò³â â ñåðåäîâèù³ âèçíà÷àëè-
ñÿ ìåòîäîì HPLC (PerkinElmer, Series 2000, 
USA) ç Aminex HPX-87H ³îíîîáì³ííîþ êîëîí-

êîþ (Bio-Rad, Hercules, USA). Øâèäê³ñòü ïî-
òîêó ðóõîìî¿ ôàçè (4 ìÌ H2SO4) ñòàíîâèëà
0,6 ìë/õâ; òåìïåðàòóðà êîëîíêè 35 °C. 

Ìîëåêóëÿðíî-ãåíåòè÷í³ ìåòîäè. Ó ðîáîò³ áó-
ëè âèêîðèñòàí³ ñòàíäàðòí³ ìîëåêóëÿðíî-ãåíå-
òè÷í³ ìåòîäè [8]. Î÷èñòêó ÄÍÊ ïðîâîäèëè 
íà êîëîíêàõ ô³ðìè «Quiagen» (Quiagen PCR 
Purification Kit). Ïðè àìïë³ô³êàö³¿ ôðàãìåíò³â 
ÄÍÊ âèêîðèñòîâóâàëè ñèíòåòè÷í³ îë³ãîíó-
êëåîòèäí³ ïðàéìåðè ô³ðì «IDT Technologies» 
àáî «Sigma» (ÑØÀ). Âèçíà÷åííÿ íóêëåîòèäíî¿ 
ïîñë³äîâíîñò³ ôðàãìåíò³â ÄÍÊ ïðîâîäèëè íà 
ô³ðì³ «Biocentrium» òà «Genomed». Òðàíñ-
ôîðìàö³þ äð³æäæ³â S. cerevisiae ïðîâîäèëè õ³-
ì³÷íèì ìåòîäîì ç âèêîðèñòàííÿì àöåòàòó ë³-
ò³þ [9]. Äëÿ ñåëåêö³¿ äð³æäæîâèõ òðàíñôîð-
ìàíò³â YPÕ ñåðåäîâèùå ì³ñòèëî 0,2 ã/ë ãåíå-
òèöèíó. Ê³ëüê³ñíó ÏËÐ (ÏËÐ ó ðåàëüíîìó ÷àñ³) 
ïðîâîäèëè íà ïðèëàä³ Applied Biosystems 7500 
Fast Real-Time PCR System ç âèêîðèñòàííÿì 
íàáîðó Maxima SYBR Green/ROX qPCR Mas-
ter Mix «Thermo scientific» çã³äíî ³íñòðóêö³é 
âèðîáíèêà. 100 íã ÐÍÊ áóëî âèêîðèñòàíî â 
20 ìêë ðåàêö³éíî¿ ñóì³ø³, ùî ì³ñòèòü 1 ìêÌ 
êîæíîãî ïðàéìåðà. Âèêîðèñòîâóâàëè íàñòóï-
í³ ïàðàìåòðè àìïë³ô³êàö³¿: 20 ñ ïðè 50 °Ñ òà
10 õâ ïðè 95 °Ñ ï³äãîòîâêà, 40 öèêë³â 10 ñ ïðè
95 °Ñ òà 1 õâ ïðè 60 °Ñ. Êðàòíó çì³íó àìïë³êî-
íà â äîñë³äíîìó çðàçêó ó ïîð³âíÿíí³ ç êîíò-
ðîëüíèì çðàçêîì âèì³ðþâàëè â äâîõ ïîâòîðàõ, 
ùî áóëè íîðìîâàí³ çà êîíòðîëüíèì ãåíîì ACT1 ³ 
ðîçðàõîâóâàëè ç âèêîðèñòàííÿì ïîð³âíÿëüíîãî 
ìåòîäó Ct (��Ct).

Êîíñòðóþâàííÿ øòàì³â. ÂÐÒ ZNF1 ç âëàñ-
íèì òåðì³íàòîðîì, ðîçì³ðîì 1700 ï.í. áóëî 
àìïë³ô³êîâàíî ç âèêîðèñòàííÿì ïàðè ïðàéìå-
ð³â Ko916/Ko917 ç ãåíîìíî¿ ÄÍÊ S. cerevisiae 
S288C. Àìïë³ô³êîâàíèé ôðàãìåíò áóëî îáðîá-
ëåíî åíäîíóêëåàçîþ ðåñòðèêö³¿ NdeI ³ êëîíî-
âàíî â Nde²-ë³íåàðèçîâàíèé òà äåôîñôîðèëüî-
âàíèé âåêòîð pX-2-Lox-KanMX-pADH1 [10]. 
Â ðåçóëüòàò³ ñêîíñòðóéîâàíî âåêòîð äëÿ ïîñè-
ëåííÿ åêñïðåñ³¿ ãåíà ZNF1 ùî îòðèìàâ íàçâó pX-
2-Lox-KanMX-pADH1-ZNF1 (ðèñ. 1, à). Ï³ä-
òâåðäæåííÿ êîðåêòíîñò³ ñêîíñòðóéîâàíîãî âåê-
òîðà áóëî çä³éñíåíî çà äîïîìîãîþ ðåñòðèê-
ö³éíîãî àíàë³çó (ðèñ. 1, á). Ïëàçì³äó pX-2-Lox-
KanMX-pADH1-ZNF1 áóëî îáðîáëåíî NotI
òà òðàíñôîðìîâàíî â êë³òèíè êñèëîçî-ôåðìåí-
òóþ÷îãî øòàìó GS010. Íàÿâí³ñòü ö³ëüîâî¿ êà-

Ðèñ. 1. Ê³ëüöåâà ñõåìà ïëàçì³äè pX-2-Lox-KanMX-
pADH1-ZNF1. kanMX4 – ãåí, ùî çàáåçïå÷óº ðåçèñ-
òåíòí³ñòü äî ãåíåòèöèíó ïîçíà÷åíî ÷îðíîþ ñòð³ë-
êîþ; Lox ïîñë³äîâíîñò³ ïîçíà÷åí³ ñìóãàìè ç êðàï-
êàìè; ÂÐÒ ZNF1 ç âëàñíèì òåðì³íàòîðîì ï³ä 
êîíòðîëåì ïðîìîòîðà ãåíà ADH1 ïîçíà÷åí³ ñ³ðîþ 
ñòð³ëêîþ òà ÷îðíîþ ñìóãîþ â³äïîâ³äíî; ChX – íåéò-
ðàëüíèé ëîêóñ íà õðîìîñîì³ Õ äëÿ ³íòåãðàö³¿ ïî-
çíà÷åíèé ÷îðíîþ ñìóãîþ; áàêòåð³éíà ÷àñòèíà, ùî 
ì³ñòèòü ãåí ðåçèñòåíòíîñò³ äî àìï³öèë³íó (bla) ³
ORI – ïîñë³äîâí³ñòü ïîêàçàí³ òîíêèìè ñòð³ëêàìè
(à); åëåêòðîôîðåãðàìà ðåñòðèêö³éíîãî àíàë³çó âåê-
òîðó; 1. pX-2-Lox-KanMX-pADH1-ZNF1 íàòèâíà 
ôîðìà; 2. pX-2-Lox-KanMX-pADH1-ZNF1/NcoI/
PstI (4541 ï.í., 1575 ï.í., 1236 ï.í., 561 ï.í., 275 ï.í., 
173 ï.í.); 3. pX-2-Lox-KanMX-pADH1-ZNF1/PstI 
(4541 ï.í., 2136 ï.í., 1409 ï.í., 275 ï.í.); 4. ìàðêåð 
ìîëåêóëÿðíî¿ ìàñè ôðàãìåíò³â (á); åëåêòðîôîðå-
ãðàìà ÏËÐ-àíàë³çó òðàíñôîðìàíò³â øòàìó GS010/
ZNF1 ç âèêîðèñòàííÿì ïàðè ïðàéìåð³â Êî914/Êî918
(1, 2 – òðàíñôîðìàíòè GS010/ZNF1; 3 – íåãàòèâíèé 
êîíòðîëü (õðîìîñîìíà ÄÍÊ GS010); 4 – ìàðêåð 
ìîëåêóëÿðíî¿ ìàñè ôðàãìåíò³â (â) 
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ñåòè åêñïðåñ³¿ â ãåíîì³ òðàíñôîðìàíò³â áóëî 
ï³äòâåðäæåíî çà äîïîìîãîþ ÏËÐ ç âèêîðèñ-
òàííÿì ïàðè ïðàéìåð³â Êî914/Êî918 (ðèñ. 1, â).

Äëÿ äåëåö³¿ ãåíà SIP4 âèêîðèñòàíî äâîêîì-
ïîíåíòíó ñèñòåìó íà îñíîâ³ äâîõ ôðàãìåíò³â, 
ÿê³ ðåêîìá³íóþòü in vivo ³ ôîðìóþòü ôóíêö³î-
íàëüíèé ãåí kanMX4, ùî çàáåçïå÷óº ñåëåêö³þ 
òðàíñôîðìàíò³â íà ñåðåäîâèù³ ç ãåíåòèöèíîì. 
Ïåðøèé ôðàãìåíò ì³ñòèâ 50 íóêëåîòèä³â ï³ñ-
ëÿ ñòàðò-êîäîíó ÂÐÒ SIP4 òà ÷àñòèíó ìàðêåðà 
kanMX4. Öåé ôðàãìåíò àìïë³ô³êîâàíî ç êàñå-

òè 1 [11] çà äîïîìîãîþ ïàðè ïðàéìåð³â Ko857/
Ko808 (Ïîñë³äîâíîñò³ âñ³õ ïðàéìåð³â ïðåäñòàâ-
ëåí³ â òàáë. 1). Äðóãèé ôðàãìåíò ì³ñòèâ ÷àñòèíó 
ìàðêåðà kanMX4, ãåí Cre, ùî êîäóº ðåêîìá³íàçó 
ï³ä êîíòðîëåì ïðîìîòîðà S. cerevisiae GAL1 òà 
50 íóêëåîòèä³â ïåðåä ñòîï-êîäîíîì ÂÐÒ SIP4, 
àìïë³ô³êîâàíî ç êàñåòè 2 [11] ç âèêîðèñòàííÿì 
ïàðè ïðàéìåð³â Ko858/Ko809 (ðèñ. 2, à). Îáè-
äâà ôðàãìåíòè áóëè êî-òðàíñôîðìîâàí³ ó 
øòàì GS010. Ïîøóê øòàì³â, â ÿêèõ â³äáóëàñÿ 
ãîìîëîã³÷íà ðåêîìá³íàö³ÿ 5�- òà 3�-êîäóþ÷èõ ä³-

Ðèñ. 2. Ñõåìà äâîêîìïîíåíòíî¿ ñèñòåìè äëÿ äåëåö³¿ ãåíà SIP4 S. cerevisiae; Lox ïîñë³äîâíîñò³ ïîçíà÷åí³ 
ñìóãàìè ç êðàïêàìè; Cre ðåêîìá³íàçà ï³ä êîíòðîëåì ïðîìîòîðà ãåíà GAL1 ïîçíà÷åí³ òåìíî-ñ³ðîþ ñòð³ëêîþ 
òà ñ³ðîþ ñìóãîþ â³äïîâ³äíî (à); åëåêòðîôîðåãðàìà ÏËÐ ïðîäóêò³â ç âèêîðèñòàííÿì ïàð ïðàéìåð³â Ko811R/
Ko859 òà Ko873F/Ko860 ³ ãåíîìíî¿ ÄÍÊ øòàìó GS010/sip4� ÿê ìàòðèö³ äëÿ ï³äòâåðäæåííÿ êîðåêòíîñò³ 
äåëåö³¿ ãåíà SIP4; íåãàòèâíèé êîíòðîëü (õðîìîñîìíà ÄÍÊ øòàìó GS010) ïîçíà÷åíèé ÿê «–»; L – ìàðêåð 
ìîëåêóëÿðíî¿ ìàñè ôðàãìåíò³â (âåëè÷èíè ôðàãìåíò³â ïîäàíî â ò.ï.í.) (á)

Ðèñ. 3. Ê³íåòèêà íàãðîìàäæåííÿ á³îìàñè øòàìàìè S. cerevisiae GS010; GS010/sip4� òà GS010/ZNF1 ï³ä ÷àñ 
àåðîáíîãî êóëüòèâóâàííÿ (200 îá/õâ) íà ñåðåäîâèù³ YNB ³ç äîäàâàííÿì êñèëîçè (2 %), ïî÷àòêîâà á³îìàñà 
0,009 ã/ë (OD 0,03 �600) ïðè 30 °Ñ (à); êðàïåëüíèé ðîñòîâèé òåñò íà àãàðèçîâàíîìó ì³íåðàëüíîìó ñåðåäîâèù³ 
ç 1 % êñèëîçîþ ÿê äæåðåëîì âóãëåöþ (á)
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ëÿíîê ãåíà SIP4 äîâæèíîþ 50 íóêëåîòèä³â ó 
ñêëàä³ ÏËÐ-ôðàãìåíò³â ç â³äïîâ³äíèìè ëîêó-
ñàìè õðîìîñîìíî¿ ÄÍÊ ðåöèï³ºíòà òà çàì³-

ùåííÿ ãåíà SIP4 íà ìàðêåðíèé ãåí kanMX4, 
ïðîâîäèâñÿ çà äîïîìîãîþ ÏËÐ. Áóëî âèêî-
ðèñòàíî ïðàéìåðè, ãîìîëîã³÷í³ ä³ëÿíêàì ÄÍÊ, 

Òàáëèöÿ 1. Ïåðåë³ê ïðàéìåð³â âèêîðèñòàíèõ ó ðîáîò³

Íàçâà ïðàéìåðà Ïîñë³äîâí³ñòü ïðàéìåðà 5�-3�

Ko857

Ko808

Ko858

Ko 809

Ko859
Ko811R
Ko873F
Ko860
Ko916
Ko917
Êî914
Êî918
ADH1F
ADH1R
TKL1F
TKL1R
TAL1F
TAL1R
RKI1F
RKI1R
RPE1F
RPE1R
ACO1F
ACO1R
FUM1F
FUM1R
CIT1F
CIT1R
MDH1F
MDH1R
PYC1F
PYC1R
FBP1F
FBP1R
PCK1F
PCK1R
MAE1F
MAE1R
ICL1F
ICL1R
PDC1F
PDC1R

ATG GCC AAG AGG AAA TAT GGC AGG TCT TAT TCC CTC GAT GAT ACA GAT 
TCG ACA ACC CTT AAT TAC CGT TC
CAA CCT ATT AAT TTC CCC TCG TCA AAA ATA AGG TTA TCA AGT GAG AAA TCA
CCA TGA G
TTA GAA GGT CGA GTT CAA AAT ATT CTG GAT CTT GAA TTT TTG TTT ACT GGG
GAT CTG ATA TAC CGT TCG TAT AGC ATA C
GGC AAA ACA GCA TTC CAG GTA TTA GAA GAA TAT CCT GAT TCA GGT GAA 
AAT ATT G
CTT TTT TTC TTC TCG CTA CTC TG
CCC ATA TAA ATC AGC ATC CAT G
CTG CTG GAA GAT GGC GAT TAG
CTG AAT GAG TAA TAC GAA GGA G
GGG AAT TCC ATA TGG CCC GCA ATA GAC AAG CG
GGG AAT TCC ATA TGT ATA ACC AAG TAC AAA TCG CAC GAC
ATC ATC ATA TCG AAG TTT CAC TAC
ACG GGT TTT GGA CCT CTT TTC
CAA GTG TTG TTC TGA TGT CTT C 
ATT TGA CCC TTT TCC ATC TTT TC
CAA CGT TCC AAT CAT GTC TG 
TTT GAG CTC TTT CAG CAA CAC
TCA AAA ACT TGG CTG GTG TTG 
CAG AGA ATT TTC TGA TAC CTT C
AAG TTG ACA TCA GAC AAG GAG 
TAC CGA AGT AGG CTT TTG AAG
ATG GCT CTT GTT ATG ACT GTG 
TAC CAG CGA CAA TAA CGT TG
AAA AAA CAA GGT CTA TTG CCA TTG  
GCT CAT CGT TGA AAG TAT GG
TAT CAA AGC CAA TGA GCC TC 
AAA TTC CTT TTC AGT CAA TAC ACC
TGT TGA TTC ACA TTC CGG TG  
ATT TTT CGG TGG AGA ATG ATT TTG
AGG CAT CGA ATT CTT TGC ATC 
TCT TCA AGG TTT CTT TAC ATT TTT G
TGA TCC ATT ACA CAT TGG TGC  
GTC CAC ATT TTC ACC ATC AGA
AGA GCC CCA ACG GAA AAC 
ATT TCA CCT GAA GAA CCC AAC
CAT TCT GGA TTC TAT TCA TGA TG 
GAA ATT TTG AAC AAA CAA GTT GGC
TAT CGA GCA AGA ACA AGT ACC  
CTT GAT CAT AGG TCT GTA CAC
TAC ACA CTA ACG CTT TAG CTG 
GCT AAC TTC AAT AAC CCA TCG
CTA TCC TTG TTG CCA ACT TTC 
ATC GAA GAC TGG CAA CAT AAC
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ïîçà ìåæàìè 5�- òà 3�-êîäóþ÷èõ ôðàãìåíò³â ãå-
íà SIP4 òà ïðàéìåðè, êîìïëåìåíòàðí³ ïîñë³-
äîâíîñò³ ãåíà kanMX4 òà Cre ðåêîìá³íàçè
(Ko859/Ko811R òà Ko873F/Ko860). Â ðåçóëü-
òàò³ ÏËÐ-ñêðèí³íãó áóëî â³ä³áðàíî sip4� øòàì, 
ç õðîìîñîìíî¿ ÄÍÊ ÿêîãî, áóëî àìïë³ô³êîâàíî 
ôðàãìåíòè î÷³êóâàíî¿ âåëè÷èíè (ðèñ. 2, á), ùî 
ñëóãóâàëî äîêàçîì çàì³ùåííÿ ãåíà SIP4 íà ãåí 
kanMX4.

Ðåçóëüòàòè òà îáãîâîðåííÿ. Øòàìè ç ïîñè-
ëåíîþ åêñïðåñ³ºþ ãåíà ZNF1 (GS010/ZNF1) òà
äåëåö³ºþ ãåíà SIP4 (GS010/sip4�), ñêîíñòðó-
éîâàí³ íà îñíîâ³ êñèëîçî-ôåìåíòóþ÷îãî øòàìó 
GS010, áóëî âèêîðèñòàíî äëÿ àíàë³çó ôåðìåí-

òàòèâíî¿ àêòèâíîñò³ òà âèçíà÷åííÿ åêñïðåñ³¿ 
êëþ÷îâèõ ãåí³â öèêëó òðèêàðáîíîâèõ êèñëîò, 
ãë³îêñèëàòíîãî øóíòó, ãëþêîíåîãåíåçó, ïåí-
òîçôîñôàòíîãî øëÿõó òà ãåí³â, ïðîäóêòè ÿêèõ 
áåðóòü ó÷àñòü ó çàêëþ÷íîìó åòàï³ ïðîäóêö³¿ 
åòàíîëó. 

Øòàì GS010/ZNF1 õàðàêòåðèçóâàâñÿ íå-
çíà÷íèì çíèæåííÿì íàãðîìàäæåííÿ á³îìàñè
ÿê ïðè àåðîáíîìó êóëüòèâóâàíí³ íà êñèëîç³ òàê
³ çà ðåçóëüòàòàìè êðàïåëüíîãî ðîñòîâîãî òåñòó
íà öüîìó æ âóãëåöåâîìó ñóáñòðàò³, ïðè ïîð³â-
íÿíí³ ç âèõ³äíèì øòàìîì (ðèñ. 3). Îäíàê çà 
óìîâ àëêîãîëüíî¿ ôåðìåíòàö³¿, â³äì³ííîñò³ ó
íàêîïè÷åíí³ á³îìàñè ì³æ øòàìàìè GS010/

Ðèñ. 4. Ê³íåòèêà íàãðîìàäæåííÿ á³îìàñè, ïðîäóêö³¿ åòàíîëó, êñèë³òó, ãë³öåðîëó, àöåòàòó, òà ñïîæèâàííÿ 
êñèëîçè øòàìàìè S. cerevisiae GS010; GS010/sip4� òà GS010/ZNF1 ïðîòÿãîì ôåðìåíòàö³¿ êñèëîçè

Òàáëèöÿ 2. Îñíîâí³ ïàðàìåòðè ôåðìåíòàö³¿ êñèëîçè øòàìàìè S. cerevisiae GS010; GS010/sip4� òà GS010/ZNF1 
çà óìîâ îáìåæåíî¿ àåðàö³¿ ïðè 30 °C

Ïðèì³òêà: * – äàí³ ïðåäñòàâëåí³ íà 62 ãîä ôåðìåíòàö³¿; ** 14 ãîä ôåðìåíòàö³¿.

Øòàì
Åòàíîë,

ã/ë*
Âèõ³ä åòàíîëó

(ã/ã ñïîæèòî¿ êñèëîçè)*
Ð³âåíü ïðîäóêö³¿ åòàíîëó 

(ã/ã á³îìàñè/ãîä)**
Ïðîäóêòèâí³ñòü ñèíòåçó 

åòàíîëó (ã/ë/ãîä)**

GS010

GS010/sip4�
GS010/ZNF1

7,48 ± 0,17

5,34 ± 0,18

7,36 ± 0,17

0,294 ± 0,004

0,250 ± 0,005

0,305 ± 0,004

0,357 ± 0,008

0,274 ± 0,009

0,344 ± 0,008

0,196 ± 0,005

0,142 ± 0,006

0,189 ± 0,005
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ZNF1 òà GS010 íå ñïîñòåð³ãàëîñü (ðèñ. 4). Íàé-
âèùèé âèõ³ä åòàíîëó ç êñèëîçè ñïîñòåð³ãàëè íà 
òðåòþ äîáó ôåðìåíòàö³¿. Ïðîäóêö³ÿ åòàíîëó ç 
êñèëîçè íà 62 ãîä ôåðìåíòàö³¿ íå â³äð³çíÿëàñü 
â³ä ïðîäóêö³¿ åòàíîëó áàòüê³âñüêèì øòàìîì ³ 
ñòàíîâèëà 7,36 ã/ë (ðèñ. 4; òàáë. 2). Ïðîäóêö³ÿ 
êñèë³òó çðîñòàëà íà 17 %, à ãë³öåðèíó òà àöåòàòó 
çíèæóâàëàñü íà 15 % ïðè ïîð³âíÿíí³ ç âèõ³äíèì 
øòàìîì (ðèñ. 4). Â³äì³ííîñò³ ó ïðîäóêö³¿ åòà-
íîëó ïðè ôåðìåíòàö³¿ ãëþêîçè ì³æ øòàìàìè 
GS010 òà GS010/ZNF1 íå ñïîñòåð³ãàëîñü. Ð³-
âåíü åêñïðåñ³¿ ãåí³â øòàìó GS010/ZNF1 âèçíà-
÷àëè çà äîïîìîãîþ ê³ëüê³ñíîãî ÏËÐ-àíàë³çó 
çà óìîâ ôåðìåíòàö³¿ êñèëîçè. Çà ðåçóëüòàòàìè 
àíàë³çó qRT-PCR øòàì GS010/ZNF1 õàðàê-
òåðèçóâàâñÿ çíèæåíîþ òðàíñêðèïö³ºþ ãåí³â 
ICL1 (â 1,48 ðàçà); FUM1 (â 1,43 ðàçà); FBP1 
(â 1,33 ðàçà); MAE1 (â 1,33 ðàçà); RKI1 (â 1,32 
ðàçà); PCK1 (â 1,3 ðàçà) òà RPI1 (â 1,21 ðàçà). 
Íåçíà÷íå â³äõèëåííÿ â³ä êîíòðîëþ çàô³êñîâà-
íî ó TAL1 (â 1,16 ðàçà); ACO1 (â 1,1 ðàçà); CIT1 
(â 1,1 ðàçà); PDC1 (â 1,12 ðàçà) òà ADH1 (â 1,12 

ðàçà) (ðèñ. 5). Ïîñèëåííÿ åêñïðåñ³¿ ZNF1 õî÷ ³ 
ìàëî íåãàòèâíèé âïëèâ íà òðàíñêðèïö³þ ðÿäó 
ãåí³â, ïðîòå öå íå çíèæóâàëî ïðîäóêö³þ åòà-
íîëó ç êñèëîçè.

Øòàì sip4� íà â³äì³íó â³ä GS010/ZNF1 õà-
ðàêòåðèçóâàâñÿ íà 6 % çíèæåíèì íàêîïè÷åí-
íÿì á³îìàñè ïðè ôåðìåíòàö³¿ êñèëîçè (ðèñ. 4),
òîä³ ÿê ïðè àåðîáíîìó êóëüòèâóâàíí³ ÷è êóëü-
òèâóâàíí³ íà ÷àøêàõ, â³äì³ííîñòåé ó ðîñò³ 
ì³æ sip4� òà GS010 íå ñïîñòåð³ãàëîñü (ðèñ. 3). 
Âñòàíîâëåíî, ùî ïðîäóêö³ÿ åòàíîëó ïðè ôåð-
ìåíòàö³¿ êñèëîçè øòàìîì sip4� áóëà çíèæåíà 
íà 29 % ó ïîð³âíÿíí³ ç áàòüê³âñüêèì øòàìîì ³ 
ñòàíîâèëà 5,34 ã/ë (ðèñ. 4; òàáë. 2). Ïðîäóêö³ÿ 
ãë³öåðèíó òà àöåòàòó áóëà çíèæåíà íà 40 òà
23 %, â³äïîâ³äíî, òîä³ ÿê ïðîäóêö³ÿ êñèë³òó 
çðîñòàëà íà 24 % (ðèñ. 4). Äåëåö³ÿ ãåíà SIP4
íå ìàëà âïëèâó íà ïðîäóêö³þ åòàíîëó òà íàêî-
ïè÷åííÿ á³îìàñè ïðè àëêîãîëüí³é ôåðìåíòàö³¿ 
ãëþêîçè. Çà ðåçóëüòàòàìè ê³ëüê³ñíîãî ÏËÐ àíà-
ë³çó â ðåàëüíîìó ÷àñ³ âñòàíîâëåíî, ùî íàéá³ëü-
øèì çíèæåííÿì òðàíñêðèïö³¿ â³äçíà÷èëèñü ãåíè 

Ðèñ. 5. Ê³ëüê³ñíèé ÏËÐ-àíàë³ç ó ðåàëüíîìó ÷àñ³ (qRT-PCR) øòàì³â S. cerevisiae GS010; GS010/sip4� òà 
GS010/ZNF1 â óìîâàõ ôåðìåíòàö³¿ êñèëîçè íà 36 ãîä: ICL1 – ³çîöèòðàò ë³àçà; ACO1 – àêîí³òàçà; MAE1 –
ìàëàòäåêàðáîêñèëàçà; FBP1 – ôðóêòîçî1,6-á³ñôîñôàòàçà; PCK1 – ôîñôîåíîëï³ðóâàò êàðáîêñèê³íàçà; CIT1 –
öèòðàò ñèíòàçà; FUM1 – ôóìàðàçà; MDH1 – ìàëàòäåã³äðîãåíàçà; PYC1 – ï³ðóâàòêàðáîêñèëàçà; ADH1 – 
àëêîãîëü-äåã³äðîãåíàçà; PDC1 – ï³ðóâàòäåêàðáîêñèëàçà; TAL1 – òðàíñàëüäîëàçà; TKL1 – òðàíñêåòîëàçà; 
RKI1 – ðèáîçî-5-ôîñôàò ³çîìåðàçà; RPE1 – ðèáóëîçî-5-ôîñôàò åï³ìåðàçà
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Âïëèâ òðàíñêðèïö³éíèõ ôàêòîð³â Znf1 òà Sip4 íà àëêîãîëüíó ôåðìåíòàö³þ êñèëîçè 

ICL1 (â 1,46 ðàçà); FBP1 (â 1,38 ðàçà) òà CIT1 
(â 1,37 ðàçà). Ï³äâèùåííÿ òðàíñêðèïö³¿ âèÿâ-
ëåíî äëÿ ãåíà RPE1 (â 1,34 ðàçà). Â³äõèëåí-
íÿ â åêñïðåñ³¿ ³íøèõ ãåí³â áóëè íåçíà÷íèìè: 
FUM1 (â 1,2 ðàçà); RKI1 (â 1,2 ðàçà); MAE1 (â 
1,18 ðàçà); ADH1 (â 1,17 ðàçà); MDH1 (â 1,15 
ðàçà); PCK1 (â 1,14 ðàçà); ACO1 (â 1,14 ðàçà); 
PYC1 (â 1,13 ðàçà) (ðèñ. 5). Îòæå, òðàíñêðèï-
ö³éíèé àêòèâàòîð Sip4 áåðå ó÷àñòü ó ðåãóëÿ-
ö³¿ àëêîãîëüíî¿ ôåðìåíòàö³¿ êñèëîçè ó S. ce-
revisiae. Â³äñóòí³ñòü öüîãî á³ëêà íåãàòèâíî ïî-
çíà÷èëàñü íà ð³âí³ åêñïðåñ³¿ äåÿêèõ ãåí³â ÖÒÊ, 
ãëþêîíåîãåíåçó òà ãë³îêñèëàòíîãî öèêëó. Îò-
ðèìàí³ ðåçóëüòàòè äîáðå óçãîäæóþòüñÿ ³ç çíè-
æåííÿì ïðîäóêö³¿ åòàíîëó ïðè àëêîãîëüí³é 
ôåðìåíòàö³¿ êñèëîçè.

Âèñíîâîê. Ó ðåçóëüòàò³ ïðîâåäåíî¿ ðîáîòè 
áóëî ñêîíñòðóéîâàíî ðåêîìá³íàíòí³ øòàìè S. 
cerevisiae ç ïîñèëåíîþ åêñïðåñ³ºþ ãåíà ZNF1, 
òà äåëåö³ºþ ãåíà SIP4 íà îñíîâ³ êñèëîçî-ôåð-
ìåíòóþ÷îãî øòàìó S. cerevisiae. Âñòàíîâëåíî, 
ùî øòàì ç ïîñèëåíîþ åêñïðåñ³ºþ ãåíà ZNF1 
çà ïðîäóêö³ºþ åòàíîëó íå â³äð³çíÿâñÿ â³ä âè-
õ³äíîãî øòàìó ïðè ôåðìåíòàö³¿ ÿê êñèëîçè 
òàê ³ ãëþêîçè. Ïðîòå, âèõ³ä åòàíîëó ç êñèëîçè 
øòàìîì sip4� áóâ çíèæåíèé íà 29 % ó ïîð³â-
íÿíí³ ç áàòüê³âñüêèì øòàìîì ³ ñòàíîâèâ 5,34 ã/ë. 

Äîòðèìàííÿ åòè÷íèõ ñòàíäàðò³â. Öÿ ðîáîòà âè-
êîíàíà ç äîòðèìàííÿì åòè÷íèõ âèìîã êîæíèì 
³ç àâòîð³â òà íå ïåðåäáà÷àº äîñë³äæåíü, ó ÿê³ çà-
ëó÷åíî òâàðèí àáî ëþäåé.
Êîíôë³êò ³íòåðåñ³â. Àâòîðè äåêëàðóþòü â³äñóò-
í³ñòü êîíôë³êòó ³íòåðåñ³â.
Ô³íàíñóâàííÿ. Ðîáîòó âèêîíàíî çà ÷àñòêîâî¿ 
ô³íàíñîâî¿ ï³äòðèìêè ïîëüñüêîãî ãðàíòó Íà-
ö³îíàëüíîãî íàóêîâîãî öåíòðó (NCN) DEC-
2012/05/B/NZ1/01657. 

THE IMPACT OF TRANSCRIPTIONAL FACTORS 
ZNF1 AND SIP4 ON XYLOSE ALCOHOLIC 
FERMENTATION IN RECOMBINANT STRAINS 
OF YEAST SACCHAROMYCES CEREVISIAE

L.S. Dzanajewa, J. Ruchala,
A.A. Sibirny, K.V. Dmytruk 

Institute of Cell Biology, NAS of Ukraine, 
Drahomanov Street, 14/16, Lviv 79005, Ukraine
University of Rzeszow, Zelwerowicza 4,
Rzeszow 35-601, Poland

*E-mail: dmytruk77@gmail.com

In recent years the demand for technical ethanol has 
increased due to its use in the transportation sector. 
Xylose is the major five-carbon sugar obtained as a 
result of lignocellulose hydrolysis, however, an industrial 
producer of alcohol – S. cerevisiae yeast – ferments 
exclusively hexoses. Based on a recombinant strain 
capable of xylose metabolism, the derivatives with 
increased expression of the ZNF1 gene and deletion 
of the SIP4 gene, encoding transcription factors, were 
constructed. It was found that overexpression of ZNF1 
gene did not affect the fermentation of glucose or 
xylose. The deletion of the SIP4 gene did not affect the 
fermentation of glucose, but resulted in a 29 % decrease 
in ethanol production during xylose fermentation as 
compared to the parental strain.

ÂËÈßÍÈÅ ÒÐÀÍÑÊÐÈÏÖÈÎÍÍÛÕ 
ÔÀÊÒÎÐÎÂ ZNF1 È SIP4 ÍÀ ÀËÊÎÃÎËÜÍÓÞ 
ÔÅÐÌÅÍÒÀÖÈÞ ÊÑÈËÎÇÛ
Ó ÐÅÊÎÌÁÈÍÀÍÒÍÛÕ ØÒÀÌÌÎÂ ÄÐÎÆÆÅÉ 
SACCHAROMYCES CEREVISIAE

Ë.Ñ. Äçàíàåâà, Þ. Ðóõàëà,
À.À. Ñèáèðíûé, Ê.Â. Äìèòðóê 

Â ïîñëåäíèå ãîäû óâåëè÷èëñÿ ñïðîñ íà òåõíè÷åñ-
êèé ýòàíîë çà ñ÷åò åãî èñïîëüçîâàíèÿ â òðàíñ-
ïîðòíîì ñåêòîðå. Êñèëîçà ÿâëÿåòñÿ îñíîâíûì ïÿòè-
óãëåðîäíûì ñàõàðîì ïîëó÷åííûì â ðåçóëüòàòå ãèäðî-
ëèçà ëèãíîöåëëþëîçû, îäíàêî ïðîìûøëåííûé ïðî-
äóöåíò ñïèðòà äðîææè S. cerevisiae ôåðìåíòèðóþò 
òîëüêî ãåêñîçû. Íà îñíîâå ðåêîìáèíàíòíîãî øòàì-
ìà, ñïîñîáíîãî ê ìåòàáîëèçìó êñèëîçû, ñêîíñòðóè-
ðîâàíû ïðîèçâîäíûå ñ óñèëåííîé ýêñïðåññèåé ãåíà
ZNF1 è äåëåöèåé ãåíà SIP4, êîäèðóþùèõ òðàíñêðèï-
öèîííûå ôàêòîðû. Óñòàíîâëåíî, ÷òî óñèëåíèå ýêñ-
ïðåññèè ãåíà ZNF1 íå âëèÿëî íà ñáðàæèâàíèÿ êàê 
ãëþêîçû, òàê è êñèëîçû. Äåëåöèÿ ãåíà SIP4 íå 
âëèÿëà íà ôåðìåíòàöèþ ãëþêîçû, îäíàêî ïðèâîäè-
ëà ê ñíèæåíèþ ïðîäóêöèè ýòàíîëà íà 29 % ïðè 
ôåðìåíòàöèè êñèëîçû ïî ñðàâíåíèþ ñ èñõîäíûì 
øòàììîì.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

1. Dias, De Oliveira, M.E., Burton, E., Vaughan, B.E., 
and Rykiel, E.J., Ethanol as fuel: energy, carbon 
dioxide balances, and ecological footprint. BioSci-
ence. 2005, vol, 55, no. 7, pp. 593–602. https://doi.
org/10.1641/0006-3568(2005)055[0593:EAFECD]2.
0.CO;2

2. Sybirnyi, A., Bio-fuel ethanol of lignocellulose (veg-
etable biomass): achievments, problems, prospects. 
Visnyk NAN Ukraine. 2006, no. 3. ISSN 0372-6436.

3. Scalcinati, G., Otero, J.M., Van, Vleet, J.R., Jeffries, 
T.W., Olsson, L., and Nielsen, J., Evolutionary 
engineering of Saccharomyces cerevisiae for efficient 



20 ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2020. Ò. 54. ¹ 5

Ë.Ñ. Äçàíàºâà, Þ. Ðóõàëà, À.À. Ñèá³ðíèé, Ê.Â. Äìèòðóê

aerobic xylose consumption. FEMS Yeast Research. 
2012, vol. 12, no. 5, pp. 582–97. https://doi.org/
10.1111/j.15671364.2012.00808.x.

4. MacPherson, S., Larochelle, M., and Turcotte, B., 
A fungal family of transcriptional regulators: the 
zinc cluster croteins. Microbiol. Mol. Biol. Rev. 2006,
vol. 70, no. 3, pp. 583–604. https://doi.org/10.1128/
MMBR.00015-06.

5. Tangsombatvichit, P., Semkiv, M.V., Sibirny, A.A., 
Jensen, L.T., Ratanakhanokchai, K., and Soontorn-
gun, N., Zinc cluster protein Znf1, a novel tran-
scription factor of non-fermentative metabolism in 
Saccharomyces cerevisiae. FEMS Yeast Res. 2015,
vol. 15, no. 2, pii: fou002. https://doi.org/10.1093/
femsyr/fou002.

6. Vincent, O., Carlson, M., Sip4, a Snf1 kinase-de-
pendent transcriptional activator, binds to the carbon 
source-responsive element of gluconeogenic genes. 
EMBO J. 1998, vol. 17, no. 23, pp. 7002–8. https://
doi.org/10.1093/emboj/17.23.7002. 

7. Gancedo, J.M. Yeast carbon catabolite repres-
sion. Microbiol. Mol. Biol. Rev. 1998, vol. 62, no. 2,
pp. 334–61. 

8. Sambrook, J., Fritsh, E.F., and Maniatis, T., Mole-
cular cloning: a laboratory manual. Cold Spring Har-
bor, NY: Cold Spring Harbor Laboratory Press, 
1989. 

9. Gietz, R.D., Woods, R.A., Transformation of yeast 
by lithium acetate/single stranded carrier DNA/
polyethylene glycol method. Methods in Enzymology. 
2002, vol. 350, pp. 87–96. https://doi.org/10.1016/
S0076-6879(02)50957-5.

10. Ferreira, R., Teixeira, P.G., Gossing, M., David, F., 
Siewers, V., and Nielsen, J., Metabolic engineering of 
Saccharomyces cerevisiae for overproduction of tria-
cylglycerols. Metab. Engin. Commun. 2018, vol. 6,
pp. 22–7. https://doi.org/10.1016/j.meteno.2018.01.002.

11. Wenning, L., Yu, T., David, F., Nielsen, J., and 
Siewers, V., Establishing very long-chain fatty al-
cohol and wax ester biosynthesis in Saccharomyces 
cerevisiae. Biotechnol.Bioengin. 2017, vol. 114, no. 5, 
pp. 1025–35. https://doi.org/10.1002/bit.26220. 

Íàä³éøëà â ðåäàêö³þ 10.03.20
Ï³ñëÿ äîîïðàöþâàííÿ 24.03.20

Ïðèéíÿòà äî äðóêó 18.09.20



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /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 false
  /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 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /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 (None)
  /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 <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /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.)
    /RUS <>
    /UKR <>
  >>
  /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


