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�8A5@B0FVO <VAB8Bь @57C;ьB0B8 2;0A=8E 4>A;V465=ь. �8:>@8AB0==O V459, 

@57C;ьB0BV2 V B5:ABV2 V=H8E 02B>@V2 <0NBь ?>A8;0==O =0 2V4?>2V4=5 

465@5;>___________ �. �. �46>;0                   

!0C:>289 :5@V2=8: 3  0;0=GC: ":A0=0  8:>;0W2=0, :0=4840B 1V>;>3VG=8E =0C:, 

AB0@H89 =0C:>289 A?V2@>1VB=8: 2V44V;C A83=0;ь=8E A8AB5< :;VB8=8 �=AB8BCBC 
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�8:B?4 �.�. �>�;N20==O :V=078 @81>A><=>3> 1V;:0 S6 B0 9>3> 
@53C;OB>@=0 @>;ь 3 �20;VDV:0FV9=0 =0C:>20 ?@0FO =0 ?@020E @C:>?8AC. 

�8A5@B0FVO =0 74>1CBBO =0C:>2>3> ABC?5=O 4>:B>@0 DV;>A>DVW 70 

A?5FV0;ь=VABN 091 �V>;>3VO. 3 �=AB8BCB <>;5:C;O@=>W 1V>;>3VW V 35=5B8:8 !�! 

':@0W=8, �8W2, 2024.  

�8A5@B0FVO ?@8A2OG5=0 4>A;V465==N =>2>3> B8?C ?>ABB@0=A;OFV9=>W 

<>48DV:0FVW :V=078 @81>A><=>3> 1V;:0 S6 (S6K1) 3 �>�;N20==N B0 9>3> 2?;82C =0 

DC=:FV>=0;ь=C 0:B82=VABь FVєW :V=078. S6K1 є >4=8< V7 :;NG>28E :><?>=5=BV2 

mTOR/Akt1/S6K-70;56=>3> A83=0;ь=>3> H;OEC, I> @53C;Nє :;VB8==89 @VAB, 

?@>;VD5@0FVN, <5B01>;V7< B0 48D5@5=FV0FVN. #>@CH5==O 2 @53C;OFVW Fь>3> H;OEC 

G0AB> 0A>FVNNBьAO 7 @>728B:>< >=:>;>3VG=8E, A5@F52>-AC48==8E B0 <5B01>;VG=8E 

70E2>@N20=ь, B><C 282G5==O <5E0=V7<V2 :>=B@>;N 0:B82=>ABV p70S6K1 <0є 7=0G=89 

=0C:>289 V ?@8:;04=89 V=B5@5A. ":@V< =091V;ьH 282G5=>3> D>AD>@8;N20==O, 

p70S6K1 707=0є @O4C V=H8E ?>ABB@0=A;OFV9=8E <>48DV:0FV9, 7>:@5<0 �>�;N20==O, 

O:5 <>65 2?;820B8 =0 WW DC=:FV>=0;ь=VABь V AB01V;ь=VABь. *5 V AB0;> >A=>2=8< 

?@54<5B>< 4>A;V465==O. 

' E>4V 4>A;V465==O 1C;> >E0@0:B5@87>20=> <>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 

�>5=78<C � (�>�), >B@8<0=V 70 4>?>8>3>N 0;ьB5@=0B82=>3> ?V4E>4C 4> AB2>@5==O 

0=B835=C. �=B8BV;0 ?@>45<>=AB@C20;8 28A>:C A?5F8DVG=VABь 4> �>�;ь>20=8E 

1V;:V2 V <>6CBь =040;V A;C3C20B8 ?>BC6=8< V=AB@C<5=B>< 4;O 45B5:FVW F8E 

<>48DV:0FV9 2 =87FV V<C=>;>3VG=8E <5B>4V2, B0:8E O: @V48==0 E@><0B>3@0DVO/<0A-

A?5:B@><5B@VO, V<C=>D5@<5=B=89 B0 25AB5@=-1;>B 0=0;V78, V<C=>F8B>- B0 

V<C=>3VAB>EV<VO. 

�0 4>?><>3>N $)- % 0=0;V7C A5@54 7030;ь=>3> ?C;C �>�;ь>20=8E 1V;:V2 7 

;V70BV2 :;VB8==>W ;V=VW HEK293/Pank1³, >1@>1;5=8E 4V0<V4><, 1C;> 28O2;5=> 



?5?B84=C ?>A;V4>2=VABь LTDFGLC*K, I> =0;568Bь @>48=V S6K. �45=B8DV:0FVO 

A09BV2 �>�;N20==O ?>:070;0, I> є48=8< <>48DV:>20=8< 0<V=>:8A;>B=8< 

70;8H:>< S6K1 є F8AB5W= C ?>;>65==V 217. *59 F8AB5W= є >4=8< V7 H5AB8, I> 

<VABOBьAO 2 S6K1, V @>7B0H>20=89 2 0:B820FV9=V9 ?5B;V ?>@CG V7 B@8?5?B84=8< 

<>B82>< DFG :V=07=>3> 4><5=C, O:89 2V4V3@0є :;NG>2C @>;ь C @53C;OFVW 0:B82=>ABV 

:V=078. �>A;V465==O in cellular �>�;N20==O V<C=>?@5F8?VB>20=>W 

=045:A?@5A>20=>W p70S6K1 7 ;V70BV2 :;VB8= HEK293/Pank1³, >1@>1;5=8E 4V0<V4><, 

?V4B25@48;>, I> >:A840B82=89 AB@5A 7=0G=> ?V428ICє @V25=ь �>�;N20==O :V=078 

?>@V2=O=> 7 :;VB8=0<8, O:V :C;ьB82C20;8 2 =>@<0;ь=8E C<>20E. ":@V< B>3>, 1C;> 

?@>2545=> 5:A?5@8<5=B8 4;O 287=0G5==O @V2=O �>�;N20==O 5=4>35==>W p70S6K1 

?V4 2?;82>< @V7=8E AB@5A>28E G8==8:V2. �8:>@8AB>2CNG8 <5B>48 

V<C=>D;N>@5AF5=B=>3> 0=0;V7C B0 PLA, 1C;> ?@>45<>=AB@>20=>, I> �>�;N20==O 

5=4>35==>3> 1V;:0 p70S6K1 2V41C20єBьAO C 2V4?>2V4ь =0 <5B01>;VG=89 AB@5A @V7=>3> 

?>E>465==O, 0 B0:>6 =0 >:A840B82=89 AB@5A, V=4C:>20=89 @V7=><0=VB=8<8 

>:8A=N20;ь=8<8 035=B0<8. *5 40є ?V4AB028 22060B8, I> �>�;N20==O 28:>=Cє 

?@>B5:B>@=C @>;ь, 70E8I0NG8 S6K1 2V4 =04<V@=>3> >:8A;5==O V ?>40;ьH>W 

V=0:B820FVW G8 453@040FVW 70 C<>2 ?V428I5==O @V2=O 0:B82=8E D>@< :8A=N (�(�) C 

A5@54>28IV. 

�A=C20==O 4>40B:>2>3> :>=A5@20B82=>3> F8AB5W=C Cys231 2 :0B0;VB8G=><C 

F5=B@V S6K1 2 ?>;>65==V «T+2» ?5@5410G0є <>6;82VABь CB2>@5==O 

2=CB@VH=ь><>;5:C;O@=>3> 48AC;ьDV4=>3> 729O7:C <V6 =8< B0 Cys217, I> <>65 

?5@5H:>460B8 ?@8є4=0==N <>;5:C;8 �>� 4> A09BC 729O7C20==O 70 F8AB5W=>< 217. 

�;O 79OAC20==O Fь>3> ?8B0==O 1C;> 28:>@8AB0=> <5B>4 A09B-A?@O<>20=>3> 

<CB035=57C V 4>A;V465=> 7<V=8 @V2=O �>�;N20==O S6K1 2 70;56=>ABV 2V4 <CB0FVW 

>4=>3> 7 ?5@5@0E>20=8E F8AB5W=V2 C 0:B820FV9=V9 ?5B;V. "B65, 70 @57C;ьB0B0<8 

5:A?5@8<5=BV2 7 5:A?@5AVW <CB0=B=8E D>@< S6K1 2 :;VB8=0E HEK293/Pank1³, I> 

<VAB8;8 2V4?>2V4=> %217� B0 %231� 70<V=8, 2 C<>20E in cellular 1C;> 

?@>45<>=AB@>20=>, I> 2V4ACB=VABь A09BC �>�;N20==O Cys217 7=86Cє @V25=ь 

�>�;N20==O :V=078 =0 30% ?>@V2=O=> 7 =5<CB>20=>N p70S6K1. �>4=>G0A, <CB0FVO 



F8AB5W=C 2 ?>78FVW 231 A?@8Oє ?V428I5==N @V2=O �>�;N20==O p70S6K1 =0 40%, 

9<>2V@=>, 70 @0EC=>:  72V;ь=5==O BV>;ь=>W 3@C?8 Cys217 4;O <>;5:C;8 �>�, C 

28?04:C VA=C20==O V=B@0<>;5:C;O@=>3> 48AC;ьDV4=>3> 729O7:C <V6 Cys217 B0 

Cys231. "B@8<0=V @57C;ьB0B8 ?V4B25@46CNBь �>A;N20==O F8AB5W=C 217 S6K1 V 

2:07CNBь =0 <>6;82C @53C;OB>@=C @>;ь Cys231 2 Fь><C ?@>F5AV. 

�;O ?>40;ьH8E 4>A;V465=ь 2?;82C �>�;N20==O =0 DC=:FV>=0;ь=C 

0:B82=VABь p70S6K1, V7 28:>@8AB0==O< Bac-to-Bac 10:C;>2V@CA=>W A8AB5<8 5:A?@5AVW 

1C;> >B@8<0=> B0 >E0@0:B5@87>20=> @5:><1V=0=B=C D>@<C :>=AB8BCB82=> 0:B82=>W 

p70S6K1. !>20B>@AB2> Fь>3> ?V4E>4C ?>;O30;> C 28:>@8AB0==V «4C0;ь=>3>» 

25:B>@C, I> 4>72>;Oє V=DV:>20=V9 :;VB8=V 5:A?@5AC20B8 FV;ь>289 1V;>: p70S6K1 2 

0:B82=V9 D>@<V 70 @0EC=>: :>-5:A?@5AVW PDK1 :V=078, O:0 є WW :;NG>28< 0:B820B>@>< 

V 70157?5GCє D>AD>@8;N20==O 70 :@8B8G=8< Thr229 A09B><. �>=AB8BCB82=0 

0:B82=VABь >B@8<0=>3> @5:><1V=0=B=>3> ?@>4C:BC B0:>6 є @57C;ьB0B>< 2840;5==O 

%-B5@<V=0;ь=>3> 4><5=C p70S6K1, I> <VAB8Bь 0CB>V=3V1VB>@=C 4V;O=:C, B0 

70?@>20465==N <CB0FVW &389D, I> <V<V:@Cє mTOR-70;56=5 D>AD>@8;N20==O 70 

A09B>< Thr389. "B@8<0=0 D>@<0 p70S6K1 (6His-p70S6K1(ΔAID)-T389D, A:>@>G5=> 

His-actS6K1) 1C;0 28:>@8AB0=0 4;O 4>A;V465==O >A>1;82>AB59 �>�;N20==O 2 

C<>20E in vitro. �C;> 28O2;5=>, I> ABC?V=ь �>�;N20==O @5:><1V=0=B=>3> 1V;:0 є 

4>7>- B0 G0A>70;56=8<, B>1B> V=B5=A82=VABь �>�;N20==O 7@>AB0;0 7V 71V;ьH5==O< 

:V;ь:>ABV 2V;ь=>3> �>� C @50:FV9=V9 AC<VHV B0 71V;ьH5==O< B@820;>ABV V=:C10FVW. 

*V @57C;ьB0B8 ?V4B25@46CNBь 40=V ;VB5@0BC@8 ?@> B5, I> ?@>F5A �>�;N20==O є 

=091V;ьH 5D5:B82=8< 2 :;VB8=0E :0@4V><V>F8BV2 B0 35?0B>F8BV2, O:V <VABOBь 

=0928I89 @V25=ь �>� B0 9>3> ?>EV4=8E A5@54 CAVE B:0=8= AA02FV2.  

"A:V;ь:8 2V4><>, I> ?>ABB@0=A;OFV9=V <>48DV:0FVW S6K1, ?5@H 70 2A5 

D>AD>@8;N20==O, є :;NG>28<8 2 @53C;OFVW 0:B82=>ABV :V=078, 1C;> 4>A;V465=> 

<>6;82VABь 2?;82C ?@>F5AC �>�;N20==O =0 0:B82=VABь :V=078 S6K1 (His-actS6K1) 

2 C<>20E in vitro. �=0;V7CNG8 @V25=ь D>AD>@8;N20==O @81>A><=>3> 1V;:0 S6, I> 

28:>@8AB>2C202AO O: AC1AB@0B 2 in vitro :V=07=V9 @50:FVW, 1C;> ?@>45<>=AB@>20=>, 



I> �>�;ь>20=0 D>@<0 His-actS6K1 є =0 40% <5=H 0:B82=>N ?>@V2=O=> 7 

=5<>48DV:>20=8< 5=78<><.   

 �;O @>7C<V==O <5E0=V7<C 729O7C20==O �>� 7 p70S6K1 C ?@>F5AV 

�>�;N20==O, B0 45B0;ь=VH>3> 282G5==O V=3V1CNG>3> 2?;82C �>� =0 0:B82=VABь 

:V=078, 1C;8 70AB>A>20=V 1V>V=D>@<0B8G=V <5B>48, A5@54 O:8E <>;5:C;O@=89 4>:V=3 

V <>;5:C;O@=0 48=0<V:0. $57C;ьB0B8 <>;5:C;O@=>3> 4>:V=3C ?V4B25@46CNBь 

<>6;82VABь D>@<C20==O 48AC;ьDV4=>3> :>20;5=B=>3> 729O7:C <V6 BV>;ь=8<8 

3@C?0<8 ?0=B5B5W=>2>3> E2>ABC �>� B0 Cys217 2 0:B820FV9=V9 ?5B;V  p70S6K1. 

#@>B5, >:@V< Fь>3>, A?>AB5@V30єBьAO CB2>@5==O 2>4=52>3> 72'O7:C <V6 NH2-3@C?>N 

045=>78=>2>3> :V;ьFO �oA B0 70;8H:>< 3;CB0<V=>2>W :8A;>B8 >A=>2=>3> ;0=FN30 

S6K1. %B01V;V70FVO ��( 70;8H:C �>� 2V41C20єBьAO B0:>6 C=0A;V4>: G8A;5==8E 

3V4@>D>1=8E B0 9>==8E 270є<>4V9 2A5@548=V �&(-729O7CNG>W :8H5=V. &0:89 A?>AV1 

?@8є4=0==O �>� 4> 5=78<C =0304Cє <5E0=V7< «?>42V9=>3> O:>@O», I> є >A=>2>N  

V=3V1CNG>3> 2?;82C �>�;N20==O =0 0:B82=VABь �2@>@8 :V=078 �. �=0A;V4>: 

CB2>@5==O B0:>3> :><?;5:AC 2V41C20єBьAO :>=:C@5=FVO <V6 <>;5:C;>N �>� B0 �&( 

70 0:B82=89 F5=B@ D5@<5=BC, I> ?@872>48Bь  4> 7=865==O 5=78<0B8G=>W 0:B82=>ABV 

:V=078. 

 5B>4>< A8<C;OFVW <>;5:C;O@=>W-48=0<V:8 1C;> 2AB0=>2;5=>, I> :><?;5:A 

�>� 7 0:B82>20=>N D>@<>N :V=078 (D>AD>@8;ь>20=>W 70 A09B0<8 Thr229 B0 Thr389) 

1V;ьH AB01V;ь=89 C ?>@V2=O==V 7 :><?;5:A>< 7 =5D>AD>@8;ь>20=>N D>@<>N 

D5@<5=BC. "B@8<0=V 40=V A2V4G0Bь ?@> B5, I> D>AD>@8;N20==O є :@8B8G=> 

206;828< 4;O AB01V;V70FVW 270є<>4VW <V6 p70S6K1 V �>�, I> ?V4:@5A;Nє 7=0G5==O 

�>�;N20==O C @53C;OFVW 0:B82>20=>W D>@<8 :V=078. 

$57C;ьB0B8, >B@8<0=V 2=0A;V4>: ?@>2545=>W @>1>B8, A2V4G0Bь, I> �>�;N20==O 

S6K1 ?5@H 70 2A5 є 206;828< <5E0=V7<>< 70E8ABC 1V;:0 2V4 =04<V@=>3> >:8A;5==O, 

0465 V=B5=A82=VABь FVєW <>48DV:0FVW :@8B8G=> 7@>AB0є ?@8 V=4C:FVW AB@5AC, 

28:;8:0=>3> >:8A;N20;ь=8<8 035=B0<8 @V7=>3> <5E0=V7<C 4VW, B0:8<8 O: ?5@5:8A 

2>4=N, 0@A5=VB, 4V0<V4 B>I>. �V4=>A=89 @V25=ь �>�;N20==O S6K1 A?>AB5@V30єBьAO 



70 C<>2 <5B01>;VG=>3> AB@5AC, 0465 2V= є B0:>6 ?@8G8=>N CB2>@5==O =04;8H:C 

�(�. ":@V< B>3>, �>�;N20==O S6K1 70 Cys217 <0є ?>B5=FV0; 4> @53C;OFVW 

0:B82=>ABV S6K1, 0 A0<5 4> WW V=3V1C20==O. �<>2V@=> B0:89 <5E0=V7< @53C;OFVW 

?>29O70=89 7 B8?>< 270є<>4VW <>;5:C;8 �>� 7 S6K1 ?V4 G0A ?@>F5AC �>�;N20==O, 

0465, >:@V< CB2>@5==O 48AC;ьDV4=>3> 729O7:C <V6 BV>;ь=8<8 3@C?0<8 

?0=B5B5W=>2>3> E2>AB0 �>� B0 F8AB5W=C :V=078, �>� B0:>6 AB01V;V7Cє A2V9 ��( 

D@03<5=B 2 :0B0;VB8G=><C F5=B@V, ?5@5H:>460NG8 729O7C20==N <>;5:C;8 �&( B0 

?>40;ьHV9 DC=:FV>=0;ь=V9 0:B82=>ABV D5@<5=BC. *V @57C;ьB0B8 70:;040NBь >A=>2C 

4;O 4>A;V465==O @>;V �>� B0 �>�;N20==O C @53C;OFVW V=H8E 1V;:V2 B0 2V4:@820NBь 

=>2V <>6;82>ABV 4;O @>7@>1:8 5D5:B82=8E B5@0?52B8G=8E AB@0B53V9 :>@5:FVW 

?0B>;>3V9, I> 28=8:0NBь 2=0A;V4>: =04<V@=>W 0:B82=>ABV S6K1. 

 

Ключові слова: p70S6K1, 2=CB@VH=ь>:;VB8==0 ;>:0;V70FVO, :;VB8==89 

A83=0;V=3, �>�;N20==O 1V;:V2, :C;ьBC@0 :;VB8=, <CB0FVW, >:8A;N20;ь=89 

<5B01>;V7<, >:8A;N20;ь=89 AB@5A, ?5@>:A84 2>4=N, ?>ABB@0=A;OFV9=V <>48DV:0FVW, 

?@>AB>@>20 >@30=V70FVO 1V;:V2, @0: <>;>G=>W 70;>78, @50:B82=V D>@<8 :8A=N, 

B>:A8G=VABь, DC=:FV>=0;ь=89 AB0= :;VB8=. 
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10.3390/ijms25168747. Q1, Impact Factor 6,7 

ОEB5<EF<= 6A9EB> ;8B5G64K4: CDB6989AAO GEVI 8BE?V8V6 in cellular F4 in vitro, 

EF4F<EF<KA4 B5DB5>4 D9;G?ьF4FV6, A4C<E4AAO @4AGE>D<CFG. *-DV6A<= 6A9EB> 

46FBDV6. 
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SUMMARY 

 

Bdzhola A.V. CoAlation of Ribosomal Protein S6 Kinase 1 and its regulation 

by this modification. 3 The manuscript.   

A dissertation submitted in fulfillment of the requirements for the degree of Doctor 

of Philosophy (091 Biology). 3 Institute of Molecular Biology and Genetics of the 

National Academy of Sciences of Ukraine, Kyiv, 2024.   

The thesis investigates a novel post-translational modification of ribosomal protein 

kinase S6 (S6K1) known as CoAlation, which occurs under metabolic and oxidative 

stress, and explores its impact on the kinase's functional activity. S6K1 is a crucial 

component of the mTOR/Akt1/S6K-dependent signaling pathway, which regulates cell 

growth, proliferation, metabolism, and differentiation. Dysregulation of this pathway is 

frequently associated with cancer, cardiovascular diseases, and metabolic disorders, 

highlighting the importance of understanding the mechanisms controlling p70S6K1 

activity from both scientific and practical perspectives. 

Beyond the well-studied phosphorylation, p70S6K1 also undergoes other post-

translational modifications, including CoAlation, which can affect the kinase's 

functionality and stability. This study focused on these modifications. 

Monoclonal antibodies against Coenzyme A (CoA) were characterized using an 

innovative approach to antigen creation. These antibodies exhibited high specificity for 

CoAlated proteins and have the potential to serve as powerful tools for detecting these 

modifications through various immunological techniques, such as liquid 

chromatography/mass spectrometry (LC-MS), enzyme-linked immunosorbent assay 

(ELISA), Western blotting, immunocytochemistry, and immunohistochemistry. 

LC-MS analysis identified a peptide sequence, LTDFGLC*K, from the total pool 

of CoAlated proteins in HEK293/Pank1³ cell lysates treated with diamide. This peptide 

belongs to the S6K family. The identification of CoAlation sites revealed that the only 



modified amino acid residue in S6K1 was cysteine at position 217. This cysteine, one of 

six in S6K1, is situated in the activation loop near the DFG tripeptide motif of the kinase 

domain, which is critical for regulating kinase activity. 

In cellular studies, CoAlation of immunoprecipitated overexpressed p70S6K1 from 

HEK293/Pank1³ cell lysates treated with diamide was shown to be significantly 

increased under oxidative stress compared to cells cultured under normal conditions. 

Further experiments determined the CoAlation level of endogenous p70S6K1 under 

various stress factors. Using immunofluorescence and proximity ligation assay (PLA) 

methods, it was demonstrated that CoAlation of endogenous p70S6K1 occurs in response 

to metabolic and oxidative stress induced by different agents. These findings suggest that 

CoAlation functions as a protective mechanism, shielding S6K1 from excessive oxidation 

and subsequent inactivation or degradation in environments with elevated reactive 

oxygen species (ROS). 

The presence of an additional conserved cysteine, Cys231, at the "T+2" position 

within the catalytic center of S6K1, suggests the potential for forming an intramolecular 

disulfide bond between Cys231 and Cys217. This bond could potentially obstruct CoA 

binding to Cys217. To explore this, site-directed mutagenesis was utilized to analyze 

changes in S6K1 CoAlation levels based on mutations in the activation loop cysteines. 

Mutant forms of S6K1 were expressed in HEK293/Pank1³ cells, followed by 

immunoprecipitation and western blot analysis. The results showed that the absence of 

the Cys217 CoAlation site reduced CoAlation by 30% compared to the wild-type 

p70S6K1. In contrast, mutating Cys231 increased p70S6K1 CoAlation by 40%, likely 

due to the availability of the Cys217 thiol group for CoA binding. These findings confirm 

the CoAlation of Cys217 in S6K1 and suggest a regulatory role for Cys231 in this process. 

To further explore the impact of CoAlation on the functional activity of p70S6K1, 

a recombinant form of constitutively active p70S6K1 was generated and characterized 

using the Bac-to-Bac baculovirus expression system. The novelty of this approach lies in 

the use of a "dual" vector, enabling the infected cells to co-express PDK1 kinase, a crucial 



upstream activator of p70S6K1, which facilitates phosphorylation at the critical Thr229 

site. The constitutively active state of the kinase was achieved by removing the C-terminal 

domain of p70S6K1, which houses an autoinhibitory region, and introducing a T389D 

mutation that mimics mTOR-dependent phosphorylation at Thr389. The resulting form 

of p70S6K1 (6His-p70S6K1(ΔAID)-T389D, later termed His-actS6K1) was used to 

investigate CoAlation in vitro. The findings revealed that CoAlation of the recombinant 

protein is both dose- and time-dependent, with the modification increasing proportionally 

to the amount of free CoA in the reaction mixture and the incubation time. These results 

corroborate literature data indicating that CoAlation is most prominent in cardiomyocytes 

and hepatocytes, which have the highest levels of CoA and its derivatives among 

mammalian tissues. 

Since post-translational modifications of S6K1, particularly phosphorylation, are 

essential for regulating kinase activity, the effect of CoAlation on S6K1 activity was 

examined in vitro. The phosphorylation level of ribosomal protein S6, used as a substrate 

in the in vitro kinase assay, revealed that the CoAlated form of His-actS6K1 exhibits 40% 

reduced activity compared to the unmodified enzyme. 

To elucidate the mechanism of CoA binding to p70S6K1 during CoAlation and to 

further explore CoA's inhibitory effect on kinase activity, bioinformatics techniques, 

including molecular docking and molecular dynamics, were employed. The molecular 

docking results confirm that a disulfide covalent bond can form between the thiol groups 

of the CoA pantetheine tail and Cys217 in the activation loop of p70S6K1. Additionally, 

a hydrogen bond is observed between the NH₂ group of the CoA adenine ring and a 

glutamic acid residue in the S6K1 backbone. The stabilization of the CoA ADP-moiety 

is also supported by multiple hydrophobic and ionic interactions within the ATP-binding 

pocket. This mode of CoA binding to the enzyme mirrors the "dual anchor" mechanism, 

which is the basis for the inhibitory effect of CoAlation on Aurora kinase A. The 

formation of this complex results in competition between CoA and ATP for the enzyme's 

active site, leading to a reduction in kinase activity. 



Molecular dynamics simulations revealed that the CoA complex with the 

phosphorylated form of the kinase (phosphorylated at Thr229 and Thr389) is significantly 

more stable than the complex with the non-phosphorylated form of the enzyme. These 

findings underscore the critical role of phosphorylation in stabilizing the interaction 

between p70S6K1 and CoA, highlighting the importance of CoAlation in regulating the 

activated kinase. 

Overall, this study shows that CoAlation of S6K1 primarily functions as a 

protective mechanism against excessive oxidation. The intensity of CoAlation 

significantly increases under stress induced by various oxidative agents, such as hydrogen 

peroxide, arsenite, and diamide. Additionally, elevated levels of CoAlation are observed 

under metabolic stress, which is associated with increased production of reactive oxygen 

species (ROS). CoAlation at Cys217 appears to regulate S6K1 activity, specifically by 

inhibiting it. This regulatory effect is likely related to the interaction between CoA and 

S6K1 during CoAlation. Besides forming a disulfide bond between the thiol groups of 

the CoA pantetheine tail and the kinase cysteine, CoA also stabilizes its ADP fragment 

in the catalytic center, preventing ATP binding and reducing enzymatic activity. These 

results provide a foundation for further investigation into the role of CoA and CoAlation 

in regulating other proteins and open new avenues for developing therapeutic strategies 

to address conditions associated with excessive S6K1 activity. 

Key words: breast cancer, cell culture, cell functional state, cell signalling, 

hydrogen peroxide, intracellular localization, mutations, oxidative metabolism, oxidative 

stress, p70S6K1, post-translational modifications, protein CoAlation, protein spatial 

organization, reactive oxygen species, toxicity. 
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�:BC0;ь=VABь B5<8. �V=070 @81>A><=>3> 1V;:0 S6 (p70S6K1) є 

A5@8=/B@5>=V=>2>N :V=07>N, I> 2V4V3@0є :;NG>2C @>;ь C @53C;OFVW :;VB8==>3> 

@>ABC, ?@>;VD5@0FVW, <5B01>;V7<C B0 48D5@5=FV0FVW. p70S6K1 є >4=8< V7 :;NG>28E 

:><?>=5=BV2 PI3K/Akt/mTOR-70;56=>3> A83=0;ь=>3> H;OEC, O:89 2V4?>2V40є 70 

:>>@48=0FVN :;VB8==>W 2V4?>2V4V =0 @V7=V 5:7>35==V A83=0;8, B0:V O: =0O2=VABь 

?>682=8E @5G>28=, D0:B>@8 @>ABC, @V25=ь 5=5@3VW B0 AB@5A>2V G8==8:8. "4=8< V7 

>A=>2=8E AC1AB@0BV2 p70S6K1 є @81>A><=89 1V;>: S6, D>AD>@8;N20==O O:>3> 
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[47]. �> 0=B8>:A840=B=8E A8AB5< =0;560Bь D5@<5=B8 B0 =87ь:><>;5:C;O@=V BV>;8, 

O:V ?V4B@8<CNBь :;VB8==89 3><5>AB07 H;OE>< (0) 70157?5G5==O 70E8ABC :;VB8==8E 

:><?>=5=BV2 ?V4 G0A >:A840B82=>3> AB@5AC, (1) H;OE>< 157?>A5@54=ь>W 

=59B@0;V70FVW �(� B0 (2) H;OE>< 70157?5G5==O @54>:A-A83=0;V70FVW @07>< 7 �(�. 

�=B8>:A840=B8 <0NBь 28@VH0;ь=5 7=0G5==O ?@8 ?@>B84VW @V7=8< 1V>EV<VG=8< 

@50:FVO<, I> 1C;8 V=VFV9>20=V 28A>:8<8 @V2=O<8 �(�. *O ?@>B84VO 28:>=CєBьAO 

B@ь><0 A?>A>10<8: 0) V=3V1C20==O D5@<5=BV2, O:V 28@>1;ONBь �(� 01> E5;0BC20==O 

B0:8E <5B0;V2 O: E@>< (Cr), 70;V7> (Fe) V <V4ь (Cu), I> :0B0;V7CNBь CB2>@5==O 

2V;ь=8E @048:0;V2, 1) ?@O<5 7=5H:>465==O �(�, V 2) ?V4A8;5==O 0=B8>:A840=B=>3> 

70E8ABC [48].   

 

1.1.3.1. �0B0;070. #5@H8< V45=B8DV:>20=8< 0=B8>:A840=B=8< 

D5@<5=B>< 1C;0 :0B0;070, 0 WW <5E0=V7< @>7I5?;5==O H2O2 4> <>;5:C;O@=>3> :8A=N 

V 2>48 1C2 2?5@H5 >?8A0=89 I5 C 1900 @>FV [49], [50]. �0B0;070 <0є =0928IC 

H284:VABь :0B0;V7C A5@54 CAVE D5@<5=BV2, ?5@5B2>@NNG8 ~ 6×106 <>;5:C; 

?5@>:A84C 2>4=N 70 E28;8=C, 28:>@8AB>2CNG8 !��( O: 2V4=>2=8: [51]. �0B0;070 

AA02FV2 <VAB8BьAO 28:;NG=> 2 ?5@>:A8A><0E, 0 =5 2 <VB>E>=4@VOE, 5:A?@5ACєBьAO C 

2AVE B:0=8=0E, 0 WW =0928I0 0:B82=VABь A?>AB5@V30єBьAO 2 5@8B@>F8B0E V ?5GV=FV.  



1.1.3.2. %C?5@>:A8448A<CB070. %C?5@>:A8448A<CB070 (%"�, SOD) є 
?5@H>N ;V=VєN 70E8ABC 2V4 �(�, :0B0;V7CNG8 V=0:B820FVN AC?5@>:A84C (·O2

-), I> 

CB2>@NєBьAO ?@8 2B@0BV <>;5:C;>N :8A=C >4=>3> 5;5:B@>=C. %"� ?>H8@5=0 C 

?5@5206=V9 1V;ьH>ABV >@30=V7<V2, O:V 682CBь 70 05@>1=8E C<>2. �A=Cє B@8 :;0A8 

%"�, O:V :0B53>@87CNBьAO 2 70;56=>ABV 2V4 B>3>, O:89 9>= <5B0;C є WW :0B0;VB8G=8< 

:>D0:B>@><: Cu/Zn, Mn/Fe 01> Ni [52]. �;VB8=8 AA02FV2 5:A?@5ACNBь ;8H5 420 7 

B0:8E :;0AV2 %"�, 0;5 2>=8 28@065=V C 283;O4V B@ь>E AB@C:BC@=> 2V4<V==8E 

V7>D5@<5=BV2, O:V <0NBь @V7=C AC1:;VB8==C ;>:0;V70FVN: %"�1 3 F8B>?;07<0B8G=0, 

Cu/ZnSOD; %"�2 3 <VB>E>=4@V0;ь=0 MnSOD [53] B0 SOD3 3 ?>70:;VB8==0 

Cu/ZnSOD.  

 

1.1.3.3.  �;CB0BV>=?5@>:A84070. �;CB0BV>=?5@>:A84078 (GPX) є 

206;828<8 D5@<5=B0<8 4;O ?V4B@8<:8 :;VB8==>3> >:8A=>-2V4=>2=>3> 10;0=AC. 

�>=8 2V4=>2;NNBь H2O2 B0 0;:V;ь=V 3V4@>?5@>:A848 (R-OOH) 4> 2>48 B0 

2V4?>2V4=8E A?8@BV2 [54]. ' AA02FV2 VA=Cє 8 ?@54AB02=8:V2 @>48=8 GPX, O:V <0NBь 

45I> @V7=V <5E0=V7<8 4VW B0 0:B82=V F5=B@8, E>G0 2AV 2>=8 28:>@8AB>2CNBь 3;CB0BV>= 

O: 2V4=>2=8:. GPX1-4 V GPX6 28:>@8AB>2CNBь A5;5=>F8AB5W= (Secys) O: 

:0B0;VB8G=89 70;8H>:, B>4V O: GPX5, GPX7 V GPX8 28:>@8AB>2CNBь 70;8H:8 

F8AB5W=C O: 0:B82=V F5=B@8. GPX6 ?@8B0<0==89 ;8H5 >@30=V7<C ;N48=8 [54]. %;V4 

707=0G8B8, I> GPX4, =0 2V4<V=C 2V4 V=H8E 3;CB0BV>=?5@>:A8407, 2V4V3@0є 4>40B:>2C 

@>;ь C 157?>A5@54=ь><C @>7I5?;5==V A:;04=8E 3V4@>?5@>:A84V2 ;V?V4V2, 

2:;NG0NG8 E>;5AB5@8=, D>AD>;V?V48 B0 5DV@8 E>;5AB5@8=C, 70E8I0NG8 :;VB8==V 

<5<1@0=8 2V4 ?5@5>:8A;5==O [55]. 

 

1.1.3.4.  %8AB5<0 BV>@54>:A8=C. %8AB5<0 BV>@54>:A8=C (Trx) 3 :;NG>20 
0=B8>:A840=B=0 A8AB5<0 4;O 70E8ABC 2V4 >:8A;N20;ь=>3> AB@5AC H;OE>< A2>єW 

48AC;ьDV4@54C:B07=>W 0:B82=>ABV, I> @53C;Nє 48BV>;/48AC;ьDV4=89 10;0=A, 

71V;ьHCNG8 :V;ь:VABь 2V4=>2;5=8E BV>;V2 [56]. �> FVєW A8AB5<8 =0;560Bь !��(, 

D5@<5=B8 BV>@54>:A8= (Trx) B0 BV>@54>:A8=-@54C:B070 (TrxR).  5E0=V7< 4VW A8AB5<8 



Trx C 2V4=>2;5==V V=VFVNєBьAO BV>@54>:A8=><, O:89 <VAB8Bь 420 :0B0;VB8G=V 

F8AB5W=>2V 70;8H:8 C A2>є<C 0:B82=><C F5=B@V. !01;86CNG8Aь 4> >:8A=5=>W 

<>;5:C;8, Trx AB0є 4>=>@>< 0B><V2 2>4=N, CB2>@NNG8 48AC;ьDV4=89 729O7>: <V6 

A2>W<8 :0B0;VB8G=8<8 4><5=0<8, 0;5 2>4=>G0A 2V4=>2;NNG8 1V;>: <VH5=ь [57]. 

#>BV< 2=CB@VH=ь><>;5:C;O@=89 48AC;ьDV4=89 729O7>: 2 <>;5:C;V BV>@54>:A8=C 

2V4=>2;NєBьAO BV>@54>:A8=-@54C:B07>N 70 4>?><>3>N !��( O: :V=F52>3> 4>=>@0 

5;5:B@>=V2 4;O TrxR. 

&V>@54>:A8=8 є 68BBє2> 206;828<8 D5@<5=B0<8 0=B8>:A840=B=>3> 70E8ABC, 

0 =>:0CB Trx є 5<1@V>=0;ь=> ;5B0;ь=8< C <8H59 [58].  0NG8 740B=VABь 270є<>4VOB8 

V <>4C;N20B8 @54>:A AB0BCA 1V;:V2, Trx 15@5 CG0ABь C @O4V A83=0;ь=8E DC=:FV9, 

<>4C;NNG8 0?>?B>7, @VAB, 48D5@5=FV0FVN V 72'O7C20==O �!� 7 G8A;5==8<8 

D0:B>@0<8 B@0=A:@8?FVW [59]. !0?@8:;04, 70 =>@<0;ь=8E C<>2 2V4=>2;5=89 Trx1 

72'O7CєBьAO 7 0?>?B>7=>N A83=0;ь=>N :V=07>N 1 (ASK1), ?@83=VGCNG8 B0:8< G8=>< 

0:B820FVN :V=078 Jun (JNK) V 70?>1V30NG8 0?>?B>7C [60]. #@>45<>=AB@>20=>, I> Trx 

V TrxR 15@CBь CG0ABь C @>728B:C @0:C, 0;5 <>6CBь 2V4V3@020B8 O: AB8<C;NNGC, B0: V 

?@83=VGCNGC @>;ь, 70;56=> 2V4 AB04VW 70E2>@N20==O [61]. +0AB> 28O2;OєBьAO, I> 

Trx/TrxR =04<V@=> 5:A?@5ACNBьAO 2 ?CE;8==8E B:0=8=0E [62], [63]. �V;ьH B>3>, 

=045:A?@5AVO Trx/TrxR 2 45O:8E 2840E @0:C ?@872>48;0 4> @578AB5=B=>ABV 4> 

EV<V>B5@0?VW [64]. &><C 4;O ;V:C20==O @0:C 1C;8 AB2>@5=V V=3V1VB>@8 ?@>B8 Trx/TrxR 

[65], [66]. $>7@>1;ONBьAO B0:>6 =>2V AB@0B53VW ;V:C20==O @0:C, A?@O<>20=V =0 

A8AB5<C Trx, >A:V;ь:8 1030B> >7=0: @0:C <>4C;NNBьAO 70 4>?><>3>N >:8A=>-

2V4=>2=>W A83=0;V70FVW. 

 

1.1.3.5. %8AB5<0 3;CB0@54>:A8=V2. �;CB0@54>:A8=8 (Grx) 3 1V;:8, 
DC=:FVO O:8E ?>;O30є 2 2V4=>2;5==V 1V;:>2>-3;CB0BV>=>28E 7<VH0=8E 48AC;ьDV4V2 

(R-SS-G) [67], [68], [69], [70]. %8AB5<0 Grx є 68BBє2> 206;82>N 4;O :;VB8==>3> 

70E8ABC 2V4 >:A840B82=>3> AB@5AC, <5E0=V7< O:>W ?5@5410G0є 270є<>4VN <V6 A>1>N 



B0:8E :;NG>28E D5@<5=BV2, O: 3;CB0BV>=-S-B@0=AD5@070 (GST), 3;CB0BV>=@54C:B070 

(GR) V 3;CB0@54>:A8= (Grx).  

%8AB5<0 3;CB0@54>:A8=V2 =0304Cє A8AB5<C BV>@54>:A8=V2, 0;5 @V7=8FO ?>;O30є 

2 B><C, I> =0 2V4<V=C 2V4 Trx, O:V 2V4=>2;NNBьAO B5@>:A8@54>:A8=-@54C:B07>N, 

3;CB0@54>:A8= 2V4=>2;NєBьAO 3;CB0BV>=>< (GSH). Grx <>6=0 @>74V;8B8 =0 42V 

3@C?8, 70;56=> 2V4 :V;ь:>ABV :0B0;VB8G=8E 70;8H:V2 F8AB5W=C 2 WE=ь><C 0:B82=><C 

F5=B@V, 0 A0<5 <>=>BV>;8 (CXXS) B0 48BV>;8 (CXXC). Grx ?5@5206=> 

28:>@8AB>2CNBь <>=>BV>;>289 <5E0=V7< 4;O 2V4=>2;5==O 1V;>:-3;CB0BV>= 

48AC;ьDV4=8E :><?;5:AV2 (R-SS-G) V 48BV>;>289 <5E0=V7< 4;O 2V4=>2;5==O 

2=CB@VH=ь><>;5:C;O@=8E 1V;:>28E 48AC;ьDV4V2 (R-SS-R). � >1>E 28?04:0E 

:0B0;VB8G=89 Cys-SH 3;CB0@54>:A8=C 0B0:Cє 48AC;ьDV4=89 72'O7>: AC1AB@0BC, V 2 

E>4V @50:FVW, 70 CG0ABV 3;CB0BV>=-S-B@0=AD5@078, CB2>@Nє ?@><V6=89 ?@>4C:B          

Grx-SS-G. "B@8<0=0 D>@<0 Grx 2V4=>2;NєBьAO V=H>N <>;5:C;>N GSH 

(282V;ь=ONG8 48<5@ GSSG) V ?>25@B0єBьAO 2 0:B82=89 AB0=. �8AC;ьDV4 3;CB0BV>=C 

(GSSG) 7@5HB>N 2V4=>2;NєBьAO :0B0;VB8G=8< A5;5=>F8AB5W=>< 

3;CB0BV>=@54C:B078 (GR) 70 4>?><>3>N :>D5@<5=BC !��( [70].  

(C=:FVO Grx C 2V4=>2;5==V 2=CB@VH=ь>- B0 <V6<>;5:C;O@=8E 48AC;ьDV4V2 2 

:><?;5:AV 1V;>:-3;CB0BV>= 206;820 4;O @53C;OFVW ?@>;VD5@0FVW B0 48D5@5=FV0FVW 

:;VB8= G5@57 MAPK-H;OE, 0?>?B>7C G5@57 V=3V1C20==O 0:B820FVW :0A?078 B0 

282V;ь=5==O F8B>E@><C %, 0 B0:>6 B@0=A:@8?FVW G5@57 <>4C;OFVN NF-»B V H2O2 [69] 

B>I>. 

�;CB0BV>=-S-B@0=AD5@070 

�;CB0BV>=-S-B@0=AD5@070 (GST) 1C;0 2?5@H5 28O2;5=0 C B20@8= G5@57 WE 

206;82VABь C <5B01>;V7<V B0 45B>:A8:0FVW ;V:0@Aь:8E 70A>1V2/5;5:B@>;VBV2 [71], [72], 

[73]. �5O:8<8 5:7>35==8<8 AC1AB@0B0<8 4;O GST є @V7=>3> 284C EV<VG=V @5G>28=8 

=02:>;8H=ь>3> A5@54>28I0, 35@1VF848, :0=F5@>35=8, D0@<0F52B8G=V ?@5?0@0B8, 

EV<V>B5@0?52B8G=V 70A>18 4;O ;V:C20==O @0:C [74], [75], [76], [77]. ":@V< 

45B>:A8:0FVW, GST 28:>=CNBь @V7=><0=VB=V :;VB8==V DC=:FVW: <>48DV:0FVO 1V;:V2 



H;OE>< ?@8є4=0==O 3;CB0BV>=C, :;VB8==89 A83=0;V=3, 0=B8>:A840B=0 4VO, 

V7><5@870FVO <>;5:C;. �5O:V F8B>7>;ь=V GST <0NBь 0:B82=VABь 3;CB0BV>=@54C:B078 

V <>6CBь :0B0;V7C20B8 GSH-70;56=5 2V4=>2;5==O H2O2 V >@30=VG=8E ?5@>:A84V2 4> 

2>48 B0 A?8@BC, 2V4?>2V4=> 7 282V;ь=5==O< GSSG O: ?>1VG=>3> ?@>4C:BC [78], [79].  

 

1.1.4. !87ь:><>;5:C;O@=V BV>;8 

!87ь:><>;5:C;O@=V BV>;8 ?@8ACB=V C 25;8:V9 :V;ь:>ABV 2 :;VB8=0E V 4VNBь 

4>40B:>2> 4> V=H8E 0=B8>:A840=B=8E D5@<5=BV2 O: ?V4B@8<:0 3><5>AB07C         

>:8A=>-2V4=>2=>3> A5@54>28I0 2 AC1:;VB8==8E :><?0@B<5=B0E. 

!87ь:><>;5:C;O@=V BV>;8 <0NBь DC=40<5=B0;ь=5 7=0G5==O 4;O 2AVE D>@< 68BBO, 

>A:V;ь:8 2>=8 15@CBь CG0ABь C @53C;OFVW >:8A=>-2V4=>2=8E/<5B01>;VG=8E ?@>F5AV2 

G5@57 A2>W @50:FV9=>740B=V BV>;ь=V (-SH) 3@C?8. �> =87ь:><>;5:C;O@=8E BV>;V2 

=0;560Bь F8AB5W= (Cys), 3;CB0BV>= (GSH), 5@3>BV>=5W= (ERG), 10F8;VBV>; (BSH), 

<V:>BV>; (MSH), :>5=78< � (�oA), >2>BV>; (OSH) V B@8?0=>BV>= (T(SH)2)  [80]. 

 

1.1.4.1. �;CB0BV>=. �V4:@8B89 ?@81;87=> 150 @>:V2 B><C B@8?5?B84              

L-´-3;CB0<V;-L-F8AB5W=V;-3;VF8=, B0:>6 2V4><89 O: 3;CB0BV>= (GSH), є :;NG>28< 

:;VB8==8< 0=B8>:A840=B><, I> <VAB8BьAO 2 >@30=V7<0E @>A;8=, B20@8= V 

3@0<=530B82=8E 10:B5@V9 [81], [82]. �V= 15@5 CG0ABь C @V7=><0=VB=8E :;VB8==8E 

DC=:FVOE, 2:;NG0NG8 0=B8>:A840=B=C 2V4?>2V4ь, >:8A=>-2V4=>2=C @53C;OFVN, 

45B>:A8:0FVN :A5=>1V>B8:V2, <5B01>;V7< 70;V70, A83=0;ь=C B@0=A4C:FVN B0 

5:A?@5AVN 35=V2 [83], [84], [85], [86]. GSH B0:>6 15@5 CG0ABь C 3;CB0BV>=C20==V 

1V;:V2 3 72>@>B=><C ?@>F5AV CB2>@5==O 7<VH0=8E 48AC;ьDV4=8E 72'O7:V2 3;CB0BV>=C 

7 F8AB5W=0<8 1V;:V2 (R-S-S-G) ?V4 G0A :;VB8==>3> AB@5AC. #@>F5A 3;CB0BV>=C20==O 

7451V;ьH>3> ?@83=VGCє :0B0;VB8G=C 0:B82=VABь 1V;:V2, 70E8I0NG8 1V;:8 2V4 

=04<V@=>3> >:8A;5==O V =572>@>B=>3> ?>H:>465==O 2 C<>20E B@820;>3> AB@5AC. 

 



1.1.4.2. �>5=78< �. �>5=78< � (�oA) є C=V25@A0;ь=8< :>D5@<5=B><, 

O:89 28:>=Cє DC=:FVW ?5@5=5A5==O 0F8;ь=8E 3@C? B0 0:B820FVW :0@1>=V;ь=8E 3@C? 

<>;5:C; 2 @V7=><0=VB=8E 1V>EV<VG=8E @50:FVOE (@8A. 1.2) [87].  >;5:C;0 �>� 

A:;040єBьAO V7 70;8H:V2 045=V;>2>W :8A;>B8 B0 ?0=B>B5=>2>W :8A;>B8, 72'O70=8E 

?V@>D>AD0B><.  

 

$8A. 1.2. )V<VG=0 AB@C:BC@0 <>;5:C;8 �>5=78<C �, I> A:;040єBьAO V7 
70;8H:V2 045=V;>2>W :8A;>B8 B0 ?0=B>B5=>2>W :8A;>B8, 72'O70=8E ?V@>D>AD0B>< 

 

1.2. �>5=78< � –  :;NG>289 <5B01>;VG=89 V=B53@0B>@ 

 

1.2.1. �>5=78< �, 9>3> <5B01>;V7< B0 9>3> ?>EV4=V 

(@VF �V?<0== 2V4:@82 �>� 2 A5@548=V <8=C;>3> AB>;VBBO V ?>:0702, I> 2>=0 є 

DC=40<5=B0;ь=>N :0B0;VB8G=>N <>;5:C;>N 2 :;VB8==><C ?5@5B2>@5==V ?>682=8E 

@5G>28= 2 5=5@3VN V 206;828< CG0A=8:>< ?@><V6=>3> <5B01>;V7<C [87]. �0 F5 

2V4:@8BBO �V?<0== >B@8<02 !>15;V2Aь:C ?@5<VN, O:C 2V= @>74V;82 7 �0=A>< 

�@51A><, 2V47=0G5=8< 70 2V4:@8BBO F8:;C B@8:0@1>=>28E :8A;>B. 

 



1.2.1.1. �V>A8=B57 �>�. �V>A8=B57 <>;5:C;8 �>� 2V41C20єBьAO 2 ?'OBь 

5B0?V2 7 ?0=B>B5=>2>W :8A;>B8, B0:>6 2V4><>W O: 2VB0<V= B5 (@8A.1.3). #5@H89 :@>: 

- D>AD>@8;N20==O ?0=B>B5=0BC 4> 4'-D>AD>?0=B>B5=0BC 70 4>?><>3>N 5=78<C 

?0=B>B5=0B:V=070 (#�!�, PANK). !0ABC?=8< є 5B0? :>=45=A0FVW            

4'-D>AD>?0=B>B5=0BC 7 F8AB5W=>< (4'-D>AD>?0=B>B5=>W;F8AB5W=A8=B5B070, (#*%), 

I> AC?@>2>46CєBьAO @50:FVєN 45:0@1>:A8;N20==O 7 CB2>@5==O<             

4'-D>AD>?0=B5B5W=C (4'-D>AD>?0=B>B5=>W;F8AB5W= 45:0@1>:A8;070, (#*��). 

"AB0==V 42V @50:FVW C ?@>:0@V>BV2 ?@>BV:0NBь 70 @0EC=>: @V7=8E 4><5=V2 

1VDC=:FV>=0;ь=>3> 5=78<C, B>4V O: C 5C:0@V>BV2 :0B0;V7CNBьAO 42><0 >:@5<8<8 

D5@<5=B0<8. �0;V 4>  4'-D>AD>?0=B5B5W=C 2V4 4>=>@Aь:>W �&( ?@8є4=CєBьAO          

� (-D@03<5=B (D>AD>?0=B5W=-045=V;0BB@0=AD5@070) 7 CB2>@5==O< 45D>AD>-�>�, 

O:89 73>4>< D>AD>@8;NєBьAO (45D>AD>-�>�-:V=070) 2 ?>78FVW 3'-3V4@>:A8;C 

@81>78; F5 @57C;ьBCє 2 D>@<C20==V FV;ь>2>W <>;5:C;8 �>�. #@>BV:0==O >AB0==VE 

42>E @50:FV9 2V41C20єBьAO >:@5<8<8 D5@<5=B0<8 C ?@>:0@V>BV2 V C @>A;8=, 0;5 C 

AA02FV2 ?5@51V3 F8E 42>E ?@>F5AV2 70157?5GCє 1VDC=:FV>=0;ь=89 D5@<5=B �>�-

A8=B070 (�>�%�, CoASY) [88].  

 

1.2.1.2. $>7I5?;5==O �>�. #>@V2=O=> 7 45B0;ь=> 4>A;V465=8< 

1V>A8=B57>< �>�, 2V4=>A=> <0;> 2V4><> ?@> 9>3> 453@040FVN. ' AA02FV2 �>� <>65 

45D>AD>@8;N20B8AO ;V7>A><0;ь=>N D>AD0B07>N 4> 45D>AD>-�>� [89], V O: �>�, 

B0: V 45D>AD>-�>� @>7I5?;NNBьAO =C:;5>B84?V@>D>AD0B07>N ?;07<0B8G=>W 

<5<1@0=8. "4=0: FV 0:B82=>ABV 22060NBьAO =5A?5F8DVG=8<8 G5@57 WE=N 

;>:0;V70FVN 2 :;VB8=V, H8@>:C AC1AB@0B=C A5;5:B82=VABь V =87ь:C A?>@V4=5=VABь 4> 

=50F8;ь>20=>3> �>� [90].  

 

 



 

$8A. 1.3. �V>A8=B5B8G=89 H;OE :>5=78<C �. �>� A:;040єBьAO 7 ?0=B>B5=0BC 
(2VB0<V= �5), 2'-D>AD>045=>78=-5'-48D>AD0BC (��() B0 F8AB5W=C, I> <0є 0:B82=C 

BV>;ь=C 3@C?C (-SH). �>� A8=B57CєBьAO 70 4>?><>3>N 52>;NFV9=> :>=A5@20B82=>3>, 

5-5B0?=>3> D5@<5=B0B82=>3> V �&(-70;56=>3> H;OEC. #5@H8< V >AB0==V< 

D5@<5=B0<8 Fь>3> H;OEC є D5@<5=B8, I> @53C;NNBь H284:VABь A8=B57C 3 

;V<VBCNGV D5@<5=B8: ?0=B>B5=0B:V=070 (#�!�) V �>�-A8=B070 (�>�%�) 2V4?>2V4=>. 

$>6528< 284V;5=0 7<V=0 AB@C:BC@8 <>;5:C;8 2V4?>2V4=> 4> 5=78<0B8G=>W 4VW 

 



#5@>:A8A><0;ь=0 �>�-48D>AD0B070, B0:>6 2V4><0 O: Nudix-3V4@>;070, 

<>6;82> є A?5F8DVG=8< D5@<5=B><, I> @>7I5?;Nє �>�, V =5I>402=> 1C;0 

:;>=>20=0 7 S. cerevisiae. �@V646>20 Nudix-3V4@>;070 PCD1 0:B82=0 ?> 2V4=>H5==N 

4> �>�, ?@8G><C ?5@5206=8< AC1AB@0B>< є >:8A;5=0 D>@<0 :>5=78<C - 48AC;ьDV4 

�>� (�>�-SS-�>�) [88]. 

�53@040FVO ?0=B>B5W=C 4> ?0=B>B5=0BC V F8AB50<V=C (<0є 0=B8>:A840=B=V 

2;0AB82>ABV), є B0:>6 206;828< H;OE>< <5B01>;V7<C �>�. *O 1V>EV<VG=0 @50:FVO 

74V9A=NєBьAO AV<59AB2>< 3;V:>78;D>AD0B848;V=>78B>;-72'O70=8E ?>70:;VB8==8E 

?0=B>B5W=07, O:V =07820NBь 20=V=0<8 (Vanins). ' ;N48=8 є B@8 B8?8 20=V=V2 (20=V= 

1, 2 V 3), 0 C <8H59 - 420 B8?8 (20=V= 1 V 3) [91]. 

 

1.2.1.3. &V>5DV@=V ?>EV4=V �>�. !0O2=VABь 28A>:>@50:B82=>W BV>;ь=>W 

3@C?8 B0 =C:;5>B84=>3> D@03<5=B0 2 AB@C:BC@V �>� є :;NG>28<8 D@03<5=B0<8, I> 

;560Bь 2 >A=>2V 9>3> :;VB8==8E DC=:FV9. *O C=V:0;ь=0 EV<VG=0 AB@C:BC@0 4>72>;Oє 

�>� 0:B82C20B8 :0@1>=V;2<VA=V (C=O) <>;5:C;8 2 :0B01>;VG=8E B0 0=01>;VG=8E 

@50:FVOE, 0 B0:>6 72'O7C20B8 @V7=><0=VB=V >@30=VG=V <>;5:C;8 7 CB2>@5==O< 

0:B82=8E BV>5DV@=8E ?>EV4=8E, B0:8E O: 0F5B8;-�>�, <0;>=V;-�>�,          

3-3V4@>:A83-<5B8;3;CB0@8;-�>�, 0F8;-�>� B>I>. �0 :>=A5@20B82=8<8 >FV=:0<8, 

�>� B0 9>3> BV>5DV@=V ?>EV4=V 15@CBь CG0ABь ?@81;87=> 2 4% :;VB8==8E @50:FV9 

10:B5@VW Escherichia coli, V є 0=0;>3VG=> ?>H8@5=8<8 2 5C:0@V>BV2, DC=:FV>=CNG8 

?@0:B8G=> 2 :>6=><C :><?0@B<5=BV :;VB8=8. �> B0:8E ?@>F5AV2 =0;560Bь 1V>A8=B57 

V 453@040FVO ;V?V4V2, 1030B> 2B>@8==8E <5B01>;VG=8E H;OEV2, 0 B0:>6 1V>A8=B57 

0<V=>:8A;>B, E>;5AB5@8=C V =59@><54V0B>@0 0F5B8;E>;V=C [92], [93], [94].  

 

1.2.2. (C=FV>=0;ь=5 7=0G5==O �>5=78<C � 

�030;ь=89 ?C; �>� 2:;NG0є 2V4=>2;5=89 �>� (�oASH), @O4 ?>EV4=8E �>�, 

CB2>@5=8E G5@57 9>3> 0:B82=C -SH 3@C?C (0F8;-�>� B>I>), 48AC;ьDV4 �>�           



(�oA-SS-�oA) 01> 35B5@>48<5@8 �>� (R-SS-�oA), 1V;>:-SS-�>� V 48<5@8                 

�>�-3;CB0BV>=C (�oA-SS-G). 

+8A5;ь=V EV<VG=V @50:FVW <>6CBь 2V41C20B8AO A0<5 7024O:8 28A>:>@50:B82=V9 

AC;ьD3V4@8;ь=V9 3@C?V. �>� 28:>@8AB>2Cє WW 4;O CB2>@5==O @V7=8E BV>5DV@=8E 

?>EV4=8E B0 0:B820FVW :0@1>=V;2<VA=8E A?>;C: [92]. �>3> AB@C:BC@=0 :>=D>@<0FVO, 

@>7<V@8 B0 ?>;O@=VABь <0NBь 7=0G5==O 4;O, ?5@H5, B@0=A?>@BC20==O <>;5:C;8 <V6 

:;VB8==8<8 :><?0@B<5=B0<8; 4@C35, 4;O 287=0G5==O WW DC=:FV9 C :;VB8==><C 

<5B01>;V7<V. �0;CG5=VABь <>;5:C;8 �>� 4> <5B01>;VG=8E H;OEV2 @V7=><0=VB=0, 

=0?@8:;04, A8=B57 V >:8A;5==O 68@=8E :8A;>B, F8:; B@8:0@1>=>28E :8A;>B, 

28@>1=8FB2> 5=5@3VW, <5B01>;V7< ;V?V4V2 V 0<V=>:8A;>B, :5B>35=57 [95] (@8A.1.4). 

"@V< 157?>A5@54=ь>3> 2?;82C =0 <5B01>;V7<, �>� B0 9>3> ?>EV4=V B0:>6 

15@CBь CG0ABь C @53C;OFVW 1V;:V2 H;OE>< ?>ABB@0=A;OFV9=8E <>48DV:0FV9 (#& ) 

[96] (@8A.1.4). 

!09?>H8@5=VH8< ?>EV4=8< �>� є 0F5B8;-�>�, O:89 є <5B01>;VG=8< 

?@><V6=8< ?@>4C:B>< C 28@>1=8FB2V 5=5@3VW ?@8 :0B01>;V7<V 2C3;52>4V2, ;V?V4V2, 

1V;:V2 B0 5B0=>;C. %?V22V4=>H5==O 0F5B8;-�>�/�>� 2V4>1@060є V :>=B@>;Nє 

7030;ь=89 5=5@35B8G=89 AB0= :;VB8=8. #@8 Fь><C 0F5B8;-�>� 4Vє O: 

=09?>H8@5=VH89 2=CB@VH=ь>:;VB8==89 4>=>@ 0F5B8;ь=8E 3@C? [97]. +8A;5==V 

AB@C:BC@=V 1V;:8 B0 <5B01>;VG=V D5@<5=B8 <>6CBь @53C;N20B8AO 70 4>?><>3>N 

?5@5=5A5==O 70;8H:V2 0F5B8;ь=>W 3@C?8 =0 70;8H:8 ;V78=C [98]. �F5B8;N20==O 

1V;:0 <>65 2?;820B8 =0 9>3> DC=:FVN, 7<V=NNG8 :0B0;VB8G=C 0:B82=VABь, 

;>:0;V70FVN, 270є<>4VN 7 V=H8<8 <>;5:C;0<8 B0 ?5@V>4 =0?V2@>7?04C [99]. 

!0?@8:;04, 0F5B8;N20==O 3VAB>=V2, ?5@H89 V45=B8DV:>20=89 V =091V;ьH 282G5=89 

?@>F5A 0F5B8;N20==O 1V;:V2, є DC=40<5=B0;ь=8< <5E0=V7<><, O:89 :>=B@>;Nє 

4>ABC?=VABь E@><0B8=C B0 5:A?@5AVN 35=V2, 28:>@8AB>2CNG8 ?C; 0F5B8;-�>� O4@0 

[100]. #5@H8< 28O2;5=8< AC1AB@0B>< 0F5B8;N20==O, >:@V< 3VAB>=V2, 1C2 BC1C;V=, 

1V;>:, I> 2V4V3@0є AB@C:BC@=C @>;ь C F8B>?;07<V [101]. 



�>� B0:>6 >?>A5@54:>2Cє :>20;5=B=5 ?5@5=5A5==O V=H8E 0F8;ь=8E 

D@03<5=BV2 4> 1V;:V2 4;O 48=0<VG=>W <>4C;OFVW WE=ь>W 0:B82=>ABV. �V;ь:0 

<5B01>;VBV2 0F8;-�>�, 2:;NG=> 7 AC:F8=V;-�>�, ?@>?V>=V;-�>� B0          

?0;ь<VB>V;-�>�, <>6CBь 1CB8 :>20;5=B=> ?@8є4=0=V 4> 1VG=8E ;0=FN3V2 ;V78=V2 

1V;:V2 C @V7=8E :;VB8==8E :><?0@B<5=B0E. �F8;N20==O 1V;:V2 2V4V3@0є 206;82C 

@>;ь C @53C;OFVW :;VB8==8E ?@>F5AV2, B0:8E O: 5:A?@5AVO 35=V2 V 4>ABC?=VABь 

E@><0B8=C, @53C;OFVO <5B01>;V7<C, 1V;>:-<5<1@0==V 270є<>4VW, AB01V;ь=VABь 1V;:V2 V 

D>;48=3 [102]. 

�=H>N �>�-70;56=>N ?>ABB@0=A;OFV9=>N <>48DV:0FVєN 1V;:V2 є         

4'-D>AD>?0=B>B5=VW;N20==O (4((#&). �>=> ?>;O30є C :>20;5=B=><C ?@8є4=0==V             

4′-D>AD>?0=B>B5W=C 2V4 �>� 4> A?5F8DVG=8E 70;8H:V2 A5@8=C 2 ?52=8E 1V;:0E, I> 

?@872>48Bь 4> WE=ь>W 0:B820FVW [103].  

!5I>402=> 1C;> >?8A0=> =>289 <5E0=V7< <>48DV:0FVW 1V;:V2 =0 >A=>2V 

@54>:A-@53C;OFVW, O:89 >B@8<02 =072C �>�;N20==O V ?>;O30є 2 :>20;5=B=V9 

<>48DV:0FVW :;VB8==8E 1V;:V2 70 4>?><>3>N �>�. � C<>20E >:8A;N20;ь=>3> B0 

<5B01>;VG=>3> AB@5AC �>� <>65 DC=:FV>=C20B8 O: =87ь:><>;5:C;O@=89 

0=B8>:A840=B, I> 70?>1V30є ?5@5>:8A;5==N 1V;:V2 [13]. �@V< B>3>, �>� <>48DV:Cє 

<>;5:C;O@=C <0AC V 70@O4 1V;:V2, I> <>65 2?;820B8 =0 WE=N AB01V;ь=VABь, 

AC1:;VB8==C ;>:0;V70FVN B0 D5@<5=B0B82=C 0:B82=VABь [90]. 

!0?@8:V=FV 1970-E @>:V2 7'O28;8AO 4>:078 B>3>, I> �>� CB2>@Nє 48AC;ьDV4=V 

729O7:8 7 3SH 3@C?0<8 F8AB5W=>28E 70;8H:V2 1V;:V2. �>:@5<0, 1C;> 28O2;5=>, I> 2 

A?>@0E 10:B5@V9 42% 2V4 7030;ь=>3> :;VB8==>3> ?C;C �>� 7=0E>48BьAO A0<5 2 

48AC;ьDV4=><C 72'O7:C 7 1V;:0<8 [104], [105]. +5@57 2V4ACB=VABь B5E=>;>3VG=>3> 

?@>3@5AC 2 <5B>4>;>3VW 4>A;V465=ь =0A;V4:8 FVєW <>48DV:0FVW =5 282G0;8AO 4> 

=5402=ь>3> G0AC, I> 2V4:@8;> ?>B5=FV0; �>� O: 0=B8>:A840=BC B0           

@54>:A-A83=0;V70FVW =5 ;8H5 C 10:B5@V9, 0;5 9 C 28I8E >@30=V7<V2 [13], [106], [107], 

[108]. 

 



 

$8A. 1.4. (C=:FVW :>5=78<C �. �>� 15@5 CG0ABь C @V7=><0=VB=8E :;VB8==8E 
?@>F5A0E, O:V <>6=0 @>74V;8B8 =0 <5B01>;VG=V B0 DC=:FVW <>48DV:0FVW 1V;:V2 

 

1.2.3. #0B>;>3VW ?@8 ?>@CH5==V <5B01>;V7<C �>� 

+8A;5==V 4>A;V465==O 4>25;8, I> 7030;ь=89 @V25=ь :;VB8==>3> �>� 

7<V=NєBьAO 70;56=> 2V4 465@5;0 ?>682=8E @5G>28=, 4>ABC?=8E >@30=V7<C 01> 

:;VB8=0<. �40B=VABь :;VB8= @53C;N20B8 @V25=ь �>� є 68BBє2> 206;82>N 4;O 

<5B01>;V7<C B:0=8= V >@30=V2. !091V;ьH 282G5=8< <5E0=V7<>< @53C;OFVW �>� є 

<5E0=V7< 70 CG0ABN ?0=B>B5=>2>W :V=078 #�!�. �0728G09, @>7I5?;5==O 



<5B01>;VBV2, O:V 35=5@CNBь 5=5@3VN, 7>:@5<0 ?V@C20BC, 68@=8E :8A;>B, 3>@<>=C 

V=AC;V=C B0 3;N:>78, 7=86Cє 1V>A8=B57 �>�. � =02?0:8, 3;N:>:>@B8:>W48, 3;N:03>= 

V 3V?>;V?V45<VG=V ?@5?0@0B8, O:V 15@CBь CG0ABь C :0B01>;VG=8E ?@>F5A0E, 

?V428ICNBь ?@>4C:FVN �>� [109], [110]. �V4?>2V4=>, 3><5>AB07 �>� ?>@CHCєBьAO 

70 ?0B>;>3V9, ?>2'O70=8E 7 <5B01>;VG=8< AB@5A><, B0:8E O: 4V015B [111] B0 

3>;>4C20==O [112], =04<V@=5 A?>6820==O 0;:>3>;N [113] B0 @0: [114]. �@V< B>3>, 

740B=VABь =0;56=8< G8=>< @53C;N20B8 @V25=ь �>� 2 :;VB8=0E <0є 28@VH0;ь=5 

7=0G5==O, 0 ?>@CH5==O @53C;OFVW A8=B57C �>� 0A>FVNєBьAO 7 :V;ь:><0 

=59@>4535=5@0B82=8<8 70E2>@N20==O<8. !0?@8:;04, <CB0FVW 2 35=0E #�!�2 V 

�>�%� <>6CBь ?@8725AB8 4> 7=865==O @V2=O �>� V G0AB> A?>AB5@V30NBьAO ?@8 

206:><C =59@>4535=5@0B82=><C @>7;04V, 2V4><><C O: =59@>4535=5@0FVO 7 

=0:>?8G5==O< 70;V70 2 <>7:C (NBIA) [115]. 

�F5B8;-�>�, O: :;NG>20 <>;5:C;0 <5B01>;V7<C B0 >A=>2=89 28@>1=8: 

5=5@3VW, 2V4V3@0є 206;82C @>;ь 2 V=207VW B0 <V3@0FVW @0:C. ":@V< A2>єW @>;V C 

70157?5G5==V F8:;C �@51A0 B0 1V>A8=B57V 68@=8E :8A;>B, 0F5B8;-�>� є 

>=:><5B01>;VB>< V @07>< 7 α-:5B>3;CB0@0B>< B0 S-045=>78;<5BV>=V=>< 15@5 CG0ABь 

2 5?V35=5B8G=><C @5?@>3@0<C20==V, O:5 7 G0A>< <>65 V=4C:C20B8 35=5B8G=V 7<V=8 

F8E <5B01>;VBV2 C ?CE;8=0E, I> A?@8ONB8<CBь WE CB2>@5==N [116]. (0:B8G=>, 

0F5B8;-�>� ?>2'O7Cє <5B01>;V7< ;V?V4V2 7 0F5B8;N20==O< 3VAB>=V2, AB2>@NNG8 

1V;ьH A:;04=C @53C;OB>@=C A8AB5<C, O:0 2?;820є =0 @VAB, 03@5A82=VABь V ;V:0@Aь:C 

ABV9:VABь 7;>O:VA=8E ?CE;8=, B0:8E O: 3;V>1;0AB><0, @0: <>;>G=>W 70;>78 V 

35?0B>F5;N;O@=0 :0@F8=><0. 

%83=0;ь=89 H;OE D>AD>V=>78B84-3-:V=078 (PI3K) G0AB> 28O2;OєBьAO 

?0B>;>3VG=> 0:B82>20=8< ?@8 @0:>2V. !5I>402=є 4>A;V465==O ?>:070;>, I> 

0:B82>20=0 PI3K @53C;Nє 1V>A8=B57 �>� de novo, 45 ;V<VBCNGV D5@<5=B8 1V>A8=B57C 

�>�, #�!�2 V #�!�4, є ?@O<8<8 AC1AB@0B0<8 PI3K [117]. �V4><>, I> 45O:V 

<5B01>;VB8, B0:V O: DC<0@0B, <>6CBь :>20;5=B=> 72'O7C20B8AO 7 BV>;>28<8 3@C?0<8 

1V;:V2, B0:8E O: PTEN, B0 ?5?B84V2, B0:8E O: 3;CB0BV>=, V 73>4>< 7<V=N20B8 WE 

DC=:FVN B0 A?@8OB8 @>728B:C 7;>O:VA=8E D5=>B8?V2 [118], [119]. 



1.3. �>�;N20==O 1V;:V2  
 

1.3.1. �>�;N20==O O: =>20 ?>ABB@0=A;OFV9=0 <>48DV:0FVO 
1V;:V2. *8AB5W= є >4=VєN 7 =091V;ьH 52>;NFV9=> :>=A5@20B82=8E 0<V=>:8A;>B V 
=09<5=H ?>H8@5=>N 2 ?@>B5><V ;N48=8 [120]. !572060NG8 =0 F5, 70;8H:8 

F8AB5W=C 2V4V3@0NBь 206;82C @>;ь C 287=0G5==V AB@C:BC@8 B0 DC=:FVW 1V;:0, 

CB2>@NNG8 <V6- B0 2=CB@VH=ь><>;5:C;O@=V 48AC;ьDV4=V 72'O7:8, :>>@48=CNG8 

V>=8 <5B0;V2 B0 15@CG8 CG0ABь C :0B0;VB8G=8E @50:FVOE. �@V< B>3>, 1V;:>2V F8AB5W=8 

є <VH5=O<8 4;O G8A;5==8E ?>ABB@0=A;OFV9=8E <>48DV:0FV9, O:V A;C3CNBь 4;O 

<>4C;OFVW 0:B82=>ABV, @53C;OB>@=8E 270є<>4V9 B0 ;>:0;V70FVW @V7=><0=VB=8E 1V;:V2. 

�> =8E =0;560Bь S-0F8;N20==O, >:8A=5==O, S-=VB@>7C20==O, ?5@AC;ьD3V4@C20==O B0 

S-BV>;C20==O [121]. !5I>402=> A?V;ь=8<8 7CA8;;O<8 :V;ь:>E ;01>@0B>@V9 1C;> 

2V4:@8B> =>289 A?>AV1 @53C;OFVW >:8A=>-2V4=>2=8E ?@>F5AV2, I> 2:;NG0є 

:>20;5=B=C <>48DV:0FVN F8AB5W=>28E 70;8H:V2 :;VB8==8E 1V;:V2 70 4>?><>3>N 

�>�, FO <>48DV:0FVO 1C;0 =0720=0 �>�;N20==O< 1V;:V2 [13]. 

$>7@>1:0 <5B>48:8 B0=45<=>W <0A-A?5:B@><5B@VW 7 @V48==>N E@><0B>3@0DVєN 

($)- %) [13] B0 >B@8<0==O C=V:0;ь=8E <>=>:;>=0;ь=8E 0=B8-�oA 0=B8BV;, 

A?5F8DVG=8E 4> �>�;ь>20=8E 1V;:V2 [122], =040;8 <>6;82>ABV ?@>25AB8 A:@8=V=3 

1V;:V2, :>=9N3>20=8E 7 �>�, C @V7=8E <>45;ь=8E >@30=V7<0E =0 @V2=V 2Aь>3> 

?@>B5><C. !0 Aь>3>4=VH=V9 45=ь V45=B8DV:>20=> ?>=04 2100 �>�;ь>20=8E 1V;:V2 2 

:;VB8=0E V B:0=8=0E 10:B5@V9 V AA02FV2, O:V ?V4;O30;8 >:A840B82=><C 01> 

<5B01>;VG=><C AB@5A>2V [13], [108]. #@>F5A �>�;N20==O 1V;:V2 A?>AB5@V302AO B0:>6 

?@8 4>A;V465==O 0<518 Dictyostelium discoideum [107], C. elegans, @>A;8= (40=V =5 

>?C1;V:>20=V) B0 A?>@ 10:B5@V9 [104], [105], [106]. *V:02>N 7=0EV4:>N AB02 D0:B 

B>3>, I> 2 :;VB8=0E V B:0=8=0E, C 2V4?>2V4ь =0 >:A840B82=89 AB@5A, ?0B5@= 

�>�;ь>20=8E 1V;:V2 2V4@V7=OєBьAO 2V4 ?0B5@=C B8E 1V;:V2, 4> O:8E ?@8є4=CєBьAO 

0=B8>:A840=B 3;CB0BV>=. *5 A2V4G8Bь ?@> B5, I> GSH V �>� @53C;NNBь          

>:8A=>-2V4=>2=V ?@>F5A8 G5@57 @V7=V 1V;:>2V <VH5=V [13]. 



�>A;V465==O ?@>45<>=AB@C20;8, I> �>� <>65 5D5:B82=> <>48DV:C20B8 

F8AB5W=8 1V;:V2 2 C<>20E in vitro 2 ?@8ACB=>ABV 48<5@C �oA-SS-�oA 01> 

>:8A;N20;ь=8E 035=BV2, B0:8E O: H2O2. ' :;VB8=0E 1C;> 28O2;5=> 1030B> 

A83=0;ь=8E 1V;:V2, �>�;ь>20=8E C 2V4?>2V4ь =0 >:8A;N20;ь=89 01> <5B01>;VG=89 

AB@5A, A5@54 O:8E 3;VF5@0;ь453V4D>AD0B453V4@>35=070 (GAPDH) [15], 

?5@>:A8@54>:A8= 5 (PRDX5) [123], �2@>@0 :V=070 � (AurKA) [14], B@0=A:@8?FV9=89 

D0:B>@ AgrA [124], =C:;5>78448D>AD0B:V=070 (NDPK) [125], 1V;>:-AC?@5A>@ 

?CE;8= p53 B>I>. %C:C?=VABь �>�;ь>20=8E 1V;:V2 C :;VB8=0E 7 V=4C:>20=8< 

AB@5A>< 1C;> =0720=> �>�;><>< (CoAlome).  

 

1.3.2.  >;5:C;O@=V <5E0=V7<8 ?@>F5AV2 
�>�;N20==O/45�>�;N20==O. !0 Aь>3>4=VH=V9 45=ь <>;5:C;O@=V <5E0=V7<8 
F8:;V2 �>�;N20==O/45�>�;N20==O 1V;:V2 =5 1C;8 ?>2=VABN 4>A;V465=V. 

#@8?CA:0є<>, I> 70 0=0;>3VєN 4> A8AB5<8 GSH/Grx, 70?@>?>=>20=0 A8AB5<0 

�oA/�oArx <0є 2:;NG0B8 �>�-B@0=AD5@078 (�oAST), �>�-@54>:A8= (�oArx) B0 

�>�-48AC;ьDV4@54C:B078 (�oA�$). "4=0:, V45=B8DV:C20B8 B0 >E0@0:B5@87C20B8 FV 

D5@<5=B8 2A5 I5 =0;568Bь 2 <091CB=ь><C, >A>1;82> 2 :;VB8=0E V B:0=8=0E AA02FV2. 

�V4=>A=> 28A>:0 :>=AB0=B0 0A>FV0FVW BV>;>2>W :@C?8 (@�0 = 9,8) <>;5:C;8 �>� 

<>65 ?>B@51C20B8 4>?><>38 A?5FV0;ь=8E D5@<5=BV2, O:V 1 0A8ABC20;8 2V4I5?;5==N 

2>4=V2 V ?5@5=5A5==O �>� =0 BV>;8 F8AB5W=C, B0: O:, =0?@8:;04, ?>B@51Cє 3;CB0BV>=, 

I> 28:>@8AB>2Cє 3;CB0BV>=B@0=AD5@07C 4;O <>48DV:0FVW 1V;:V2. #@>B5 

1V>V=D>@<0FV9=89 0=0;V7 �>�;ь>20=8E ?5?B84V2 28O282, I> <>48DV:>20=89 

F8AB5W= (7 28A>:8< @�0) >B>G5=89 ?5@5206=> 3V4@>D>1=8<8 V ?>78B82=> 

70@O465=8<8 0<V=>:8A;>B0<8, O:V 7=86CNBь @�0 B0 @>1;OBь F8AB5W= B0 BV>;>2C 

3@C?C �>�, I> ?>B@0?;Oє C 1;87ь:VABь 4> Fь>3> F8AB5W=C, 1V;ьH @50:FV9=> 740B=8<8 

4> A0<>ABV9=>3> 4>=>@AB20 0B><V2 2>4=N. !0 >A=>2V F8E 40=8E B0 5D5:B82=>3> 

<5B>4C �>�;N20==O 1V;:V2 in vitro 157 70;CG5==O A?5FV0;ь=8E 5=78<V2, 1C;> 

?@8?CI5=>, I> 70 C<>2 >:A840B82=>3> AB@5AC �oASH <>65 :>20;5=B=> 



<>48DV:C20B8 70;8H:8 F8AB5W=C 2 A5@54>28IV >A=>2=8E 0<V=>:8A;>B, >A:V;ь:8 

2>=8 7=86CNBь 7030;ь=89 @�0 V ?V428ICNBь H284:VABь @50:FVW 7 H2O2 B0 V=H8<8 

>:8A=N20;ь=8<8 A?>;C:0<8 [126], [127]. 

-> AB>ACєBьAO A8AB5<8 @54C:B07, B> >:8A=>-2V4=>2=0 A8AB5<0 �>� 

?>B5=FV9=> <>65 2:;NG0B8 D5@<5=B8 4;O 2840;5==O �>� <>48DV:0FVW 7 1V;:V2 ?VA;O 

B>3>, O: C<>28 ?>25@B0NBьAO 4> =>@<8. �>�-48AC;ьDV4@54C:B078 1C;8 

>E0@0:B5@87>20=V V 282G5=V C 1030Bь>E 10:B5@V0;ь=8E V 45O:8E 0@E59=8E 284V2, 0;5 

=5 1C;8 28O2;5=V 2 :;VB8=0E AA02FV2. �>=8 ?V4B@8<CNBь A?V22V4=>H5==O 

�oASH/�oA-SS-�oA, :0B0;V7CNG8 2V4=>2;5==O 48AC;ьDV4V2 �oA 4> �oASH 7 

28:>@8AB0==O< !��( O: 4>=>@0 5;5:B@>=V2. #@>:0@V>B8G=V �>��$ - F5 ?5@5206=> 

3><>48<5@=V D5@<5=B8, I> =0;560Bь 4> ?V43@C?8 ?5@>:A84070->:A84070-@54C:B070 

(#"$) AV<59AB20 D;02V=48AC;ьDV4@54C:B07 [128]. !0B><VABь 2>=8 28:>@8AB>2CNBь 

>48= >:8A=>-2V4=>2=89 0:B82=89 F8AB5W= 4;O CB2>@5==O 7<VH0=>3> 48AC;ьDV4C 7 

�>� 2 O:>ABV =5D;02V=>2>3> >:8A=>-2V4=>2=>3> F5=B@C. &0:>6 =5I>402=> 70 

4>?><>3>N E@><0B>3@0DVW B0 �(� 1C;> 28O2;5=>, I> D5@<5=B8 7 ;V70BV2 B. subtilis, 

0 A0<5 YtpP V BV>@54>:A8= � (TrxA), <0NBь 740B=VABь 2V4I5?;N20B8 �>� 2V4 1V;:V2 

(?>B5=FV9=V �>�@54>:A8=8) [129], ?@>B5, WE A?5F8DVG=VABь I>4> 2840;5==O �>� =5 

1C;0 ?5@52V@5=0.  

 

1.3.3. &8?8 270є<>4VW <>;5:C;8 �>� 7 1V;:0<8. �;O 3;81H>3> @>7:@8BBO 

0=B8>:A840=B=>W @>;V ?@>F5AC �>�;N20==O 2 :;VB8=V 206;828< є @>7C<V==O B>3>, 

O: 40=0 #&  2?;820є =0 ?>40;ьHC A83=0;V70FVN B0 DC=:FVW <>48DV:>20=8E 1V;:V2 

[130]. !0 >A=>2V ACG0A=8E ;VB5@0BC@=8E 40=8E B0 0=0;V7C AB01V;V70FV9=8E 270є<>4V9 

�>� 7 1V;:0<8 C 2V4><8E AB@C:BC@0E 1C;> 70?@>?>=>20=> B@8 ?V4E>48 4> 

:;0A8DV:0FVW A?>A>1V2 72'O7C20==O �>� 7 1V;:0<8-<VH5=O<8 [130] (@8A. 1.5). #5@H89 

70?@>?>=>20=89 A?>AV1 V=VFVNєBьAO AB01V;V70FVєN 3'-D>AD>@8;ь>20=>3> D@03<5=B0 

A�( �>� 2 <560E 3V4@>D>1=>W 4V;O=:8, I> A:;040єBьAO 7 0@><0B8G=8E B0/01> 

=5?>;O@=8E 0;VD0B8G=8E 0<V=>:8A;>B (=0?@. �&(-729O7CNG89 A09B). #@8є4=0==O 



045=V=>2>3> :V;ьFO 28:;8:0є :>=D>@<0FV9=V 7<V=8, O:V 4>72>;ONBь ?0=B5B5W=>2><C 

E2>ABC ?@89=OB8 >?B8<0;ь=5 ?>;>65==O 4;O >B@8<0==O 4>ABC?C 4> 70=C@5=>3> 01> 

?>25@E=52>3> 1V;:>2>3> F8AB5W=C 7 ?>40;ьH8< CB2>@5==O< 48AC;ьDV4=>3> 72'O7:C 

(@8A.1.5 - &8? I). *59 A?>AV1 1C2 70?@>?>=>20=89 O: <5E0=V7< ?@8є4=0==O <>;5:C;8 

�>� 4>, =0?@8:;04, 1V;:0 �2@>@8 :V=078 � [14]. �@C389 70?@>?>=>20=89 A?>AV1 

�>�;N20==O ?5@5410G0є A?>G0B:C 72'O7C20==O V AB01V;V70FVN ?0=B5B5W=>2>3> E2>AB0 

�>�. *5 AB2>@Nє >A=>2C 4;O 72'O7C20==O D@03<5=B0 ��( 7 ?>40;ьH8< CB2>@5==O< 

48AC;ьDV4=>3> 72'O7:C (@8A.1.5 - &8? II). �0;8H:8, @>7B0H>20=V ?>@CG V7 A09B>< 

72'O7C20==O �>�, 2V4V3@0NBь 206;82C @>;ь C ?@028;ь=V9 >@Vє=B0FVW ?0=B5B5W=>2>3> 

E2>AB0 4;O >B@8<0==O 4>ABC?C 4> F8AB5W=>2>3> 70;8H:C ?@>B5W=C. &8? III 28<030є 

>4=>G0A=>3> 72'O7C20==O V AB01V;V70FVW D@03<5=B0 ��( V ?0=B5B5W=>2>3> E2>AB0 �>� 

(@8A.1.5 - &8? I��). $>7B0HC20==O ?0=B5B5W=>2>3> E2>AB0 <0є 1CB8 >?B8<0;ь=8< 4;O 

?@8є4=0==O BV>;ь=>W 3@C?8 Cys 70;8H:C 1V;:0 B0 ?>;53H5=>3> CB2>@5==O 

<V6<>;5:C;O@=>3> 48AC;ьDV4=>3> 72'O7:C <V6 �>� V 1V;:><. *59 A?>AV1 72'O7C20==O 

�>� 1C2 70?@>?>=>20=89 4;O �>�;N20==O GAPDH [108]. 

 

1.3.4. �030;ь=V DC=:FVW 1V;:>2>3> �>�;N20==O. !0 Aь>3>4=VH=V9 45=ь 
E0@0:B5@8AB8:0 V ?>B5=FV9=89 DC=:FV>=0; ?@>F5AC �>�;N20==O ?>;O30є 2 

=0ABC?=><C (@8A.1.6): 0) 28=8:0є O: 0=B8>:A840=B=0 2V4?>2V4ь ?V4 G0A 

>:8A;N20;ь=>3> B0 <5B01>;VG=>3> AB@5AC V 5D5:B82=> @54C:CєBьAO ?VA;O 

2V4=>2;5==O :;VB8==>3> >:8A;N20;ь=>-2V4=>2=>3> 10;0=AC, 1) ABC?V=ь 

�>�;N20==O 1V;:V2 70;568Bь 2V4 @V2=O �oA 2 :;VB8=0E. !0?@8:;04, :;VB8=8 

HEK293/Pank1³, :>=F5=B@0FVO �>� 2 O:8E C 6-8 @07V2 28I0, =V6 C 10Bь:V2Aь:8E 

:;VB8=0E HEK293, 45<>=AB@CNBь 7=0G=> 28I89 @V25=ь �>�;ь>20=8E 1V;:V2 [13], 2) 

?@8є4=0==O �>� ?@83=VGCє 0:B82=VABь <>48DV:>20=8E 5=78<V2, 0 2 45O:8E 28?04:0E 

?V4A8;Nє WE 0:B82=VABь, =0?@8:;04, @38 :V=070 0:B82CєBьAO G5@57 0;>AB5@8G=5 

72'O7C20==O �>�, 3) 72'O7C20==O �>� <>65 @53C;N20B8 AC1:;VB8==C ;>:0;V70FVN, 

AB01V;ь=VABь 01> 270є<>4VW �>�;ь>20=8E 1V;:V2 <V6 A>1>N, >A:V;ь:8 ?0=B>B5W= B0 

��(-D@03<5=B �>� <>6CBь 1CB8 A:0DD>;40<8 <V6 1V;:0<8 [124]. 



 

$8A.1.5.%?>A>18 72'O7C20==O �>� 7 1V;:0<8. ' ?5@H><C A?>A>1V A?>G0B:C 
7 1V;:>< 72'O7CєBьAO ��(-D@03<5=B �>�, I> AB2>@Nє ?5@54C<>28 4;O AB01V;V70FVW 

?0=B5B5W=>2>3> E2>AB0 7 ?>40;ьH8< CB2>@5==O< 7<VH0=>3> 48AC;ьDV4=>3> 72'O7:C. 

' II A?>A>1V �>�;N20==O 1V;:0 V=VFVNєBьAO AB01V;V70FVєN ?0=B5B5W=>2>3> E2>AB0 

�>�, I> AB2>@Nє ?5@54C<>28 4;O 72'O7C20==O V AB01V;V70FVW ��(-D@03<5=B0 �>� B0 

CB2>@5==O 7<VH0=>3> 48AC;ьDV4=>3> 72'O7:C. ' @568<V III >4=>G0A=> 72'O7CNBьAO V 

��(-D@03<5=B, V ?0=B5B5W=>289 E2VAB 1V;:0, ?VA;O G>3> CB2>@NєBьAO 7<VH0=89 

48AC;ьDV4=89 72'O7>:. $V7=V 5B0?8 �>�;N20==O ?>7=0G5=V F8D@0<8 [130] 

 



�V>V=D>@<0FV9=89 0=0;V7 �>�;ь>20=8E 1V;:V2 ?>:0702, I> <>48DV:>20=V 

<>;5:C;>N �>� 70;8H:8 F8AB5W=C G0AB> @>7B0H>20=V 2 157?>A5@54=V9 1;87ь:>ABV 

4> <>B82V2, O:V 287=0G0NBь WE AC1:;VB8==C ;>:0;V70FVN, 2:;NG=> 7 A83=0;>< O45@=>W 

;>:0;V70FVW.  CB0FV9=89 0=0;V7 >4=>3> 7 B0:8E 70;8H:V2 F8AB5W=C 2 ?@>B5W=:V=07V, 

I> 15@5 CG0ABь C @53C;OFVW :;VB8==>3> F8:;C, ?>:0702, I> 2V= <>4C;Nє WW O45@=C 

;>:0;V70FVN O: :;VB8==C 2V4?>2V4ь =0 2?;82 >:A840B82=8E 035=BV2 (=5>?C1;V:>20=V 

40=V). 

#@>F5A �>�;N20==O 1V;:0 ?@825@B0є G8<0;C C203C G5@57 9>3> ?>B5=FV9=89 

2?;82 =0 @V7=V 70E2>@N20==O, 2:;NG=> 7 <5B01>;VG=8<8 @>7;040<8, B0:8<8 O: 

>68@V==O [13], B0 =59@>4535=5@0B82=8<8, =0?@8:;04, E2>@>1>N �;ьF359<5@0 [131]. 

�V;ьH5 B>3>, =5I>402=V 40=V 2:07CNBь =0 72'O7>: <V6 �>�;N20==O< 1V;:V2 B0 

G>;>2VG8< 157?;V44O<, 2?;820NG8 =0 >:8A=>-2V4=>2=C @53C;OFVN ?V4 G0A 

4>7@V20==O A?5@<0B>7>W4V2 [132]. #@>B5 V =040;V 715@V30єBьAO ?@>30;8=0 2 @>7C<V==V 

A:;04=8E <>;5:C;O@=8E <5E0=V7<V2, I> ;560Bь 2 >A=>2V �>�;N20==O 1V;:V2 C 

DV7V>;>3VG=><C :>=B5:ABV B0 9>3> 72'O7>: 7 ?0B>DV7V>;>3VєN 70E2>@N20=ь. 

 

1.3.5. �?;82 �>�;N20==O =0 0:B82=VABь 1V;:V2. �C;> ?@>45<>=AB@>20=>, 
I> �>�;N20==O in vitro V=3V1Cє D5@<5=B0B82=C 0:B82=VABь :V;ь:>E <5B01>;VG=8E B0 

A83=0;ь=8E 1V;:V2, O:V <VABOBь 70;8H>: F8AB5W=C 2 :0B0;VB8G=V9 :8H5=V [13]. �> =8E 

=0;560Bь 0:>=VB070, :@50B8=:V=070, ?V@C20B453V4@>35=070 :V=070 2 (PDK2), 

3;VF5@0;ь453V4-3-D>AD0B453V4@>35=070 (GAPDH),  3V4@>:A8<5B8;3;CB0@8;-�>�-

A8=B070 (HMGCS2), :V=070 �2@>@0 A V 1V;>:-AC?@5A>@ <5B0AB07C20==O NME1 [13], 

[14], [123], [125]. �;O 45O:8E V=H8E ?@>B5W=:V=07, I> �>�;NNBьAO 2 C<>20E 

>:A840B82=>3> AB@5AC 70 70;8H:0<8 F8AB5W=C, O:V =5 @>7B0H>20=V 2 4V;O=FV 

0:B820FV9=>W :8H5=V, A?>AB5@V302AO 0;>AB5@8G=89 A?>AV1 0:B820FVW. �C;> ?>:070=>, 

I> 1030B> D0:B>@V2 B@0=A:@8?FVW B0 @53C;OB>@V2 B@0=A:@8?FVW, >A>1;82> C 10:B5@V9, 

�>�;NNBьAO C 2V4?>2V4ь =0 >:A840B82=89 AB@5A C :;VB8=0E. Іn vitro �>�;N20==O 

@54>:A-GCB;82>3> B@0=A:@8?FV9=>3> D0:B>@0 AgrA 70 70;8H:>< F8AB5W=C 2          



�!�-72'O7CNG><C 4><5=V ?@8725;> 4> ?@83=VG5==O 9>3> 72'O7C20==O 7 �!�, I>, 

=09V<>2V@=VH5, 1C;> >?>A5@54:>20=8< AB5@8G=>N V=B5@D5@5=FVєN [124]. 

 

 

$8A.1.6. (C=:FVW �>�;ь>20=8E 1V;:V2. �>�;N20==O 1V;:V2 - F5 :>20;5=B=5 
?@8є4=0==O �>� 4> BV>;ь=>W 3@C?8 F8AB5W=C 1V;:0 G5@57 <V6<>;5:C;O@=89 

48AC;ьDV4=89 72'O7>: ?V4 G0A >:8A=>3> AB@5AC. *5 0=B8>:A840=B=0 @50:FVO, O:0 

70E8I0є 1V;>: 2V4 =04<V@=>3> >:8A;5==O V @53C;Nє 0:B82=VABь <>48DV:>20=>3> 

1V;:0 H;OE>< 1;>:C20==O :0B0;VB8G=>W G0AB8=8 01> V=4C:FVW :>=D>@<0FV9=8E 7<V=. 

*5 <>65 7<V=N20B8 @53C;OB>@=V 270є<>4VW <V6 1V;:0<8, CB2>@NNG8 =>2V 

=5:>20;5=B=V 270є<>4VW 7 V=H8<8 1V;:0<8 

�AB0=>2;5=>, I> B@820;89 >:A840B82=89 AB@5A <>65 A?@8G8=OB8 

=04;8H:>25 >:8A;5==O ?>25@E=528E AC;ьD3V4@8;ь=8E 70;8H:V2 F8AB5W=C 4> 

AC;ьD>:8A;>B, I> ?@872>48Bь 4> V=0:B820FVW B0 ?>40;ьH>W 453@040FVW 

<>48DV:>20=8E 1V;:V2. �C;> ?@>45<>=AB@>20=>, I> in vitro �>�;N20==O 

@5:><1V=0=B=>3> GAPDH S. aureus 70E8I0є D5@<5=B 2V4 =572>@>B=>3> >:8A;5==O 

?5@>:A84>< 2>4=N B0 ?>29O70=>W 7 =8< 2B@0B8 0:B82=>ABV [15]. #@83=VG5==O 



0:B82=>ABV GAPDH, I> A?>AB5@V30;>Aь ?V4 G0A �>� <>48DV:0FVW, ?>2=VABN 

2V4=>2;N20;>AO ?VA;O 4>4020==O 035=BC �&&, B>1B> AB0= V=3V1C20==O 0:B82=>ABV 

D5@<5=BC �>� <>48DV:0FVєN 1C2 >15@=5=8<; 70 I> <>6;82> є 2V4?>2V40;ь=>N 

�>��$ 70 DV7V>;>3VG=8E C<>2. 

&0:>6 ?@>45<>=AB@>20=>, I> @5:><1V=0=B=89 NME1 5D5:B82=> �>�;NєBьAO 

in vitro, 0 V=4C:FVO >:A840B82=>3> G8 <5B01>;VG=>3> AB@5A A?@8ONBь �>�;N20==N 

NME1 2 :;VB8=0E 2 C<>20E in vivo [125]. �@V< B>3>, ?@8 ?@>2545==V in vitro 

�>�;N20==O @5:><1V=0=B=>3> NME1 A?>AB5@V30;>AO V=3V1C20==O NDPK (=C:;5>784 

48D>AD0B :V=07=>W)-0:B82=>ABV, B0:89 <5E0=V7< V=3V1C20==O є 72>@>B=V< B0 

2V4=>2;NєBьAO 70 4>?><>3>N 4>4020==O �&&. �8O2;5=>, I> <>;5:C;0 �>� <>65 

DC=:FV>=C20B8 O: :>=:C@5=B=89 �&(-72'O7CNG89 V=3V1VB>@ NDPK-0:B82=>ABV 

NME1.  

�V4><>, I> :>20;5=B=V #&  V=4C:CNBь 7=0G=V :>=D>@<0FV9=V 7<V=8 

<>48DV:>20=8E 1V;:V2, B0:C A0<C 2;0AB82VABь <0є V ?@>F5A �>�;N20==O. �V>EV<VG=V, 

1V>DV78G=V, :@8AB0;>3@0DVG=V B0 :;VB8==V ?V4E>48 1C;8 28:>@8AB0=V 4;O 28O2;5==O 

C=V:0;ь=>3> A?>A>1C 72'O7C20==O B0 @53C;OFVW :V=078 �2@>@0 A 70 4>?><>3>N �oA, 

I> 2:;NG0є 7=0G=V :>=D>@<0FV9=V 7<V=8 [14]. �C;> 28O2;5=>, I> �>� є 

A?5F8DVG=8< �&(-:>=:C@5=B=8< V=3V1VB>@>< �2@>@8 � in vitro. %B@C:BC@=0 

20;V40FVO A?>A>1C 72'O7C20==O �>� ?V4B25@46Cє I> 3′-D>AD>-��(-D@03<5=B 

<>;5:C;8 �>� 28:>@8AB>2Cє Thr217 C A09BV 72'O7C20==O �&( 4;O AB01V;V70FVW, 

2>7=>G0A ?>78FV>=CNG8 ?0=B5B5W=>289 E2VAB B0:, I>1 9>3> BV>;>289 70;8H>: <V3 

CB2>@8B8 48AC;ьDV4=89 729O7>: 7 BV>;>< Cys290, @>7B0H>20=8< C ?5B;V 0:B820FVW. 

�=0A;V4>: B0:>3> ?@8є4=0==O, <>45;ь O:>3> 1C;> =0720=> <5E0=V7<>< «?>42V9=>3> 

O:>@O» («dual anchor»), A?>AB5@V30єBьAO 7=0G=5 V=3V1C20==O 0:B82=>ABV �2@>@8 A, 

0465 AB0є =5<>6;828< D>AD>@8;N20==O 70 A09B>< Thr288 (@8A.1.7). &0:8< G8=>< 

FV 40=V A2V4G0Bь ?@> B5, I> �2@>@0 A є =>2>N <VH5==N 4;O :;NG>2>3> 

<5B01>;VG=>3> @53C;OB>@0 �>�, I> 2V4:@820є 425@V 4;O @>7@>1:8 =>2>3> :;0AC 

=87ь:><>;5:C;O@=8E V=3V1VB>@V2, O:V 28:>@8AB>2CNBь <5E0=V7< «?>42V9=>3> O:>@O». 



 

$8A. 1.7. %E5<0B8G=0 V;NAB@0FVO, I> 45<>=AB@Cє :;NG>2V >A>1;82>ABV 
<5E0=V7<C «?>42V9=>3> O:>@O» 270є<>4VW �>� 7 Thr217 B0 Cys290 2 �2@>@V � 70 

=>@<0;ь=8E C<>2 B0 C<>2 >:A840B82=>3> AB@5AC [14] 

 

1.4. �V=070 @81>A><0;ь=>3> 1V;:0 S6 

S6K F5 A5@8=-B@5>=V=>20 :V=078, I> =0;568Bь 4> :V=07=>W @>48=8 AGC, 

=0720=0 B0: 2 G5ABь B@ь>E WW A:;04>28E :><?>=5=BV2: ?@>B5W=:V=070 �, ?@>B5W=:V=070 

G B0 c� (-70;56=0 ?@>B5W=:V=070. $>48=0 1V;:V2 S6-:V=078 AA02FV2 (S6K) 

A:;040єBьAO 7 42>E 1V;:V2: S6K1 V S6K2.  

� 7030;ь=><C 283;O4V S6K1 A:;040єBьAO 7 :V=07=>3> 4><5=C, <5=H>3>             

N-B5@<V=0;ь=>3> 4><5=C B0 1V;ьH>3> C-B5@<V=0;ь=>3> 4><5=C, O:89 740B5= 

729O7C20B8Aь 7 �&( [133]. �V4><> 45:V;ь:0 V7>D>@< FVєW :V=078, O:V 2V4@V7=ONBьAO O: 

70 1C4>2>N, B0: V 70 DC=:FVO<8. p70S6K1 - F5 ?5@5206=0 V7>D>@<0 S6K1, I> 

A8=B57CєBьAO 7 35=0 RPS6KB1 [134], [135], A0<5 =0 p70S6K1 1C45 0:F5=B>20=0  C2030 

2 40=V9 @>1>BV. ' B>9 G0A B0:>6 VA=CNBь B0:V V7>D>@<8 O: p85S6K1 V p60S6K1 [136], 

[137], [138], I> B@0=A;NNBьAO 7 B>3> 6 7@V;>3> B@0=A:@8?BC <$!�, I> 9 p70S6K1, 

?@>B5 7 28:>@8AB0==O< 0;ьB5@=0B82=8E AB0@B>28E A09BV2 B@0=A;OFVW. 

S6K2 :>4CєBьAO 35=>< RPS6KB2 V, ?>4V1=> 4> S6K1, VA=Cє 2 :;VB8=V C 42>E 

@V7=8E V7>D>@<0E: p54S6K2 V p56S6K2, O:V B@0=A;NNBьAO 7 >4=>3> V B>3> 6 7@V;>3> 



B@0=A:@8?BC <$!� 70 4>?><>3>N 28:>@8AB0==O 0;ьB5@=0B82=8E A09BV2 AB0@BC 

B@0=A;OFVW [139], [140].  

 

1.4.1. �><5==0 AB@C:BC@0 V7>D>@< S6K1. �V;>: S6K1 ?>1C4>20=89 7 :V;ь:>E 
206;828E @53C;OB>@=8E 4><5=V2. #>A;V4>2=VABь :V=078 ?>G8=0єBьAO 7 :8A;>3>                

N-:V=F52>3> 4><5=C, O:89 <VAB8Bь A83=0;ь=89 <>B82 TOR (TOS) 4;O 72'O7C20==O 

1V;:0 Raptor C :><?;5:AV 7 TOR-:V=07>N. �7>D>@<0 p85S6K1 <0є 4>40B:>2V 23 

0<V=>:8A;>B8 =0 N-B5@<V=0;ь=><C 4><5=V, I> <VABOBь A83=0; O45@=>W ;>:0;V70FVW 

(NLS), ?@>B5 2AV ?>40;ьHV =C<5@0FVW 0<V=>:8A;>B B0 ?>A;V4>2=>AB59 1C4CBь 

=02545=V 2V4=>A=> p70S6K1. #VA;O N-:V=F52>3> 7=0E>48BьAO :0B0;VB8G=89 4><5=. 

#>4V1=> 4> V=H8E :V=07 @>48=8 AGC, :0B0;VB8G=89 4><5= <VAB8Bь &-?5B;N (T229), 

O:0 =5>1EV4=0 4;O <0:A8<0;ь=>W 0:B820FVW p70S6K 2=0A;V4>: D>AD>@8;N20==O 

PDK1. �0;V 945 ;V=:5@=0 4V;O=:0, O:0 <VAB8Bь 420 A09B8 D>AD>@8;N20==O: T389 =0 

3V4@>D>1=><C <>B82V, A09B D>AD>@8;N20==O 4;O mTOR, B0 S371 =0 ?>2>@>B=><C 

<>B82V («turn motif»). !0@5HBV, %-:V=F5289 4><5=, O:89 <0є G>B8@8 A09B8 

D>AD>@8;N20==O (S411, S418, S421 V S424) I> A>1>N D>@<Cє 02B>V=3V1VB>@=89 

4><5=, O:89 2 =50:B82=V9 :>=D>@<0FVW 270є<>4Vє 7 N-:V=F528<, I>1 AB5@8G=> 

70?>1V3B8 :V=07=><C 4><5=C ?@8є4=C20B8AO 4> FV;ь>2>3> AC1AB@0BC [9] (@8A.1.8). 

 

 

$8A.1.8. �><5==0 AB@C:BC@0 V7>D>@< S6K1 (p70-S6K1, p85-S6K1, p60-S6K1) 

B0 A09B8 D>AD>@8;N20==O [9] 

 



1.4.2. (C=:FV>=0;ь=0 @>;ь S6K1 B0 70;CG5=VABь C ?0B>;>3VOE. S6K1 

=091V;ьH 2V4><0 A2>єN @53C;OB>@=>N @>;;N 2 A8=B57V 1V;:0 B0 @>ABV :;VB8=, I> 

4>AO30єBьAO H;OE>< D>AD>@8;N20==O A2>3> ?5@28==>3> AC1AB@0BC, 

@81>A><0;ь=>3> 1V;:0 S6, ?VA;O AB8<C;OFVW <VB>35=0<8 G8 @>AB>28<8 D0:B>@0<8. 

�> 3>;>2=8E <VH5=59 Fь>3> ?@>B5W=C =0;560Bь PDCD4 (1V;>: ?@>3@0<C20==O 

A<5@BV :;VB8=8 4), eIF4B (5C:0@V>B8G=89 D0:B>@ V=VFV0FVW B@0=A;OFVW 4B), B0 eEF2K 

(:V=070 5C:0@V>B8G=>3> D0:B>@0 5;>=30FVW-2), A0<5 D>AD>@8;N20==O F8E <VH5=59 

70157?5GCє AB8<C;OFVN A8=B57C 1V;:C. &0:>6 4>A;V48 2:07CNBь, I> S6K1 

70157?5GCє 286820==O :;VB8=8 1;>:C20==O< 0?>?B>7C, 0 A0<5 D>AD>@8;N20==O< 7 

?>40;ьH8< V=3V1C20==O< ?@>B5W=V2 A83=0;ь=8E H;OEV2, I> ?@>3@0<CNBь A<5@Bь 

:;VB8=8. !0?@8:;04, S6K1 740B=0 D>AD>@8;N20B8 B0 V=3V1C20B8 1V;>: GSK3 

(3;V:>35= A8=D07=0 :V=070 3) 01> ?@>0?>?B>7=89 1V;>: BAD (Bcl-2-?>2'O70=89 7V 

A<5@BN ?@><>B5@) [141], [142]. S6K1 70;CG5=0 B0:>6 4> @53C;OFVW B@0=A:@8?FV9=8E 

?@>F5AV2 B0 ?@>F5AC A?;09A8=3C <$!� [143], ?@89<0є CG0ABь 2 >@30=V70FVW 

F8B>A:5;5B0. (>AD>@8;ь>20=0 S6K1 729O7CєBьAO 7 0:B8=>< B0 A?@8G8=Nє 9>3> 

@5>@30=V70FVN, I> <>65 70157?5GC20B8 <V3@0FVN :;VB8= [143]. 

�024O:8 A2>W9 :;NG>2V9 @>;V 2 A8=B57V 1V;:0 B0 @53C;OFVW :;VB8==>3> F8:;C, 

p70S6K1 є 70;CG5=>N 4> 25;8:>W :V;ь:>ABV 70E2>@N20=ь ;N48=8, B0:8E O: 

>68@V==O, 4V015B B0 @0:. #V428I5=0 0:B82=VABь p70S6K1 A?>AB5@V30;0AO C ?0FVє=BV2 

7 @0:>< <>;>G=>W 70;>78 [144], H89:8 <0B:8 [145], B>2AB>W :8H:8 [146], ?5GV=:8 

[147], H;C=:C [148], 6>2G=>3> <VEC@0 [149] B0 V=H8E B8?0E ?CE;8==8E 

70E2>@N20=ь. �A=CNBь B0:>6 @V7=V <0@:5@8 ?@>3@5AVW @0:C, =0 O:V <>65 2?;820B8 

@53C;OFVO 0:B82=>ABV p70S6K 01> WW :>=AB8BCB82=0 0:B820FVO, B0:V O: AB>21C@>2VABь 

@0:>28E :;VB8= (@0:>2V :;VB8=, I> =0304CNBь AB>21C@>2V, 7>:@5<0 WE 740B=VABь 4> 

A0<>2V4=>2;5==O V V=VFVN20==O @>ABC ?CE;8=), 5?VB5;V0;ь=>-<575=EV<0;ь=89 

?5@5EV4 [150], [151], [152] B0 @578AB5=B=VABь 4> ;V:0@Aь:8E ?@5?0@0BV2 [153].  

 

 



1.4.3. $53C;OFVO S6K1 ?>ABB@0=A;OFV9=8<8 <>48DV:0FVO<8 

 

1.4.3.1. (>AD>@8;N20==O/45D>AD>@8;N20==O S6K1. �:B820FVO 

p70S6K 2:;NG0є ?>ABC?>2V :>=D>@<0FV9=V 7<V=8 B0 D>AD>@8;N20==O 70 1030Bь<0 

A09B0<8. /: C65 7304C20;>AO, 1V;>: <0є 2VAV< 2V4><8E A09BV2 D>AD>@8;N20==O 

A5@8=C/B@5>=V=C, 7 O:8E B@8 (T229, S371 B0 T389) є :@8B8G=8<8 4;O 0:B82=>ABV 

:V=078. %83=0;ь=89 H;OE V=AC;V=C 0:B82Cє mTOR G5@57 PI3K/PDK/AKT 4;O 

0:B820FVW p70S6K. "4=0: 1C;> ?>:070=>, I> V=HV 40C=AB@V< 5D5:B>@8 PI3K, B0:V O: 

PKCζ V PKC¼, 0 B0:>6 G-1V;:8 @>48=8 Rho (Cdc42 B0 Rac), B0:>6 A?@8ONBь 

<0:A8<0;ь=V9 0:B820FVW p70S6K [1], [154]. !0 Aь>3>4=V VA=CNBь 42V <>45;V 0:B820FVW 

p70S6K 3 B@048FV9=0 <>45;ь B0 0;ьB5@=0B82=0 <>45;ь, O:V 2V4@V7=ONBьAO 

?>A;V4>2=VABN 5B0?V2 D>AD>@8;N20==O. �5B0;V ?>A;V4>2=8E :@>:V2 0:B820FVW >1>E 

<>45;59 7>1@065=V B0 >?8A0=V =0 @8A. 1.9.  

":@V< Ser/Thr :V=07, p70S6K B0:>6 <>65 D>AD>@8;N20B8AO @5F5?B>@=8<8 

B8@>78=:V=070<8. !0?@8:;04, 2>=0 <>65 1CB8 D>AD>@8;ь>20=>N 70 B8@>78=>< C 

?>78FVW Y39 70 CG0ABV H;OEC PDGFR/Src [155]. �2060;>AO, I> AC1:;VB8==0 

;>:0;V70FVO p70S6K є F8B>?;07<0B8G=>N, 4>?>:8 40=V 4>A;V465=ь =5 2:070;8 =0 B5, 

I> p70S6K <>65 B@0=A?>@BC20B8AO 2 O4@>, V F59 ?@>F5A <>65 1CB8 AB8<C;ь>20=89 

D>AD>@8;N20==O< T389 [156], [157]. 

 



 

$8A.1.9. #>:@>:>20 0:B820FVO S6K1 G5@57 D>AD>@8;N20==O 70 1030Bь<0 
A09B0<8. (A)  >45;ь 1: B@048FV9=0 <>45;ь. �70є<>4VO <V6 C- V N-:V=F528<8 

4><5=0<8 ?@872>48Bь 4> 0CB>V=3V1C20==O S6K1. �@>: 1: <VB>35=8 A?@8ONBь 

D>AD>@8;N20==N C-:V=F52>3> 4><5=C (C) =0 :V;ь:>E 4V;O=:0E, I> V=4C:Cє 1V;ьH 

@>7A;01;5=C :>=D>@<0FVN. �@>: 2: 282V;ь=5==O 0CB>V=3V1VB>@=>3> C-:V=F52>3> 

4><5=C (CTD) 4>72>;Oє :V=07V mTORC1 >B@8<0B8 4>ABC? 4> HM, V B0:8< G8=>< 

D>AD>@8;N20B8 A09B Thr389. �@>: 3: 282V;ь=5==O 0CB>V=3V1VB>@=>3> CTD B0 

D>AD>@8;N20==O Thr389 4>72>;Oє D>AD>@8;N20==O C T-?5B;V A09BC Thr229 ?V4 

2?;82>< PDK1, I> ?@872>48Bь 4> ?>2=>W 0:B820FVW S6K1. (>AD>-Thr389 A;C68Bь 

O: <VAF5 729O7C20==O 4;O PDK1.(B)  >45;ь 2: 0;ьB5@=0B82=0 <>45;ь. �@>: 1: 

=52V4><0 :V=070 D>AD>@8;Nє =50:B82=C D>@<C S6K 70 A09B>< TM Ser371. �@>: 2: 

<VB>35=8 A?@8ONBь D>AD>@8;N20==N C-:V=F52>3> 4><5=C (C) =0 :V;ь:>E 4V;O=:0E, 

I> V=4C:Cє 1V;ьH @>7A;01;5=C :>=D>@<0FVN. �@>: 3: 282V;ь=5==O 

0CB>V=3V1VB>@=>3> C-:V=F52>3> 4><5=C =040є 4>ABC? PDK1 4> T-?5B;V B0 70157?5GCє 

D>AD>@8;C20==O A09BC Thr229. �@>: 4: D>AD>@8;N20==O Thr229 A?@8Oє 

D>AD>@8;N20==N HM 70 A09B>< Thr389 70 CG0ABV mTORC1. KD 4 :V=07=89 4><5=; 

N 4 N-:V=F5289 4><5= [1] 



� V=H>3> 1>:C, ?@>F5A 450:B820FVW p70S6K 2V41C20єBьAO 70 4>?><>3>N 

45D>AD>@8;N20==O. "4=0:, =0 2V4<V=C 2V4 D>AD>@8;N20==O, <5E0=V7<8 

45D>AD>@8;N20==O p70S6K <5=H 45B0;ь=> >E0@0:B5@87>20=V. (>AD0B078, O:V, O: 

1C;> ?>:070=>, 270є<>4VNBь 7 p70S6K B0 45D>AD>@8;NNBь 9>3>, 2:;NG0NBь 

1V;:>2C D>AD0B07C 2� (PP2A) V PHLPP [158], [159]. *V:02> 4>40B8, I> H;OE PI3K 

=5 BV;ь:8 2?;820є =0 D>AD>@8;N20==O p70S6K, 0;5 9 2>4=>G0A V=3V1Cє 

45D>AD>@8;N20==O :V=078, B0:8< G8=>< ?V4A8;NNG8 WW 0:B82=VABь. #>:070=> [160], 

I> AC1>48=8FO p85 PI3K <>65 >?>A5@54:>2C20B8 CB2>@5==O B@ь>E:><?>=5=B=>3> 

:><?;5:AC 7 p70S6K B0 1V;:>< FKBP-12, 0A>FV9>20=8< 7 @0?0<VF8=>< (FRAP), B8< 

A0<8< V=3V1CNG8 45D>AD>@8;N20==O :V=078 70 4>?><>3>N PP2A B0 ?V4B@8<CNG8 

ABV9:C 0:B820FVN p70S6K. 

":@V< D>AD>@8;N20==O, S6K1 @53C;NєBьAO =87:>N V=H8E #TM C :;VB8=0E: 

C1V:2VB8=C20==O<, 0F5B8;N20==O< B0 O-�;:NAF8;N20==O< ((GlcNAcylation), 

D>@<0 3;V:>78;N20==O), O:V 1C;8 28O2;5=V =0 Aь>3>4=VH=V9 45=ь. 

 

1.4.3.2. '1V:2VB8=C20==O S6K. �A=Cє 420 A?>A>18 :>20;5=B=>3> 

?@8є4=0==O C1V:2VB8=C 4> :;VB8==8E 1V;:V2: <>=>- B0 ?>;VC1V:2VB8=C20==O. 

 >=>C1V:2VB8=C20==O 1V;:V2 =0@07V @>73;O40єBьAO O: A83=0;, I> 70?CA:0є 

2=CB@VH=ь>:;VB8==89 B@0=A?>@B. &>4V O: >4=VєN 7 =091V;ьH 282G5=8E DC=:FV9 

?>;VC1V:2VB8=C20==O є 453@040FVO 1V;:V2. �024O:8 FV9 <>48DV:0FVW 1V;:8 

A?@O<>2CNBьAO 4> ?@>B50A><8, O:0 453@04Cє 9 CB8;V7CNє ?>H:>465=V 01> 

=5?@028;ь=> A:;045=V 1V;:8. #@>F5A C1V:2VB8=C20==O <0є H8@>:89 A?5:B@ DC=:FV9, 

2:;NG0NG8 :;VB8==C A83=0;V70FVN, 0?>?B>7, ?@>F5A8=3 1V;:V2, V<C==C 2V4?>2V4ь B0 

@5?0@0FVN �!�. �C;> ?@>45<>=AB@>20=>, I> ?@>F5A ?>;VC1V:2VB8=C20==O 

?@8B0<0==89 >1>< V7>D>@<0< :V=078, O: S6K1, B0: V S6K2. �>2545=>, I> 

<>48DV:0FVO C1V:2VB8=C20==O 2V41C20єBьAO 2 :V=07=><C 4><5=V S6K V 7=0G=> 

?V428ICєBьAO ?@8 45;5FVOE N- 01> %-:V=F528E @53C;OB>@=8E 4><5=V2, I> 2:07Cє =0 

@>;ь F8E 42>E 4V;O=>: C 70E8ABV S6K 2V4 C1V:2VB8=C20==O V ?>40;ьH>W 453@040FVW 



[161]. '1V:2VB8=C20==O V7>D>@< S6K :>>@48=CєBьAO A83=0;ь=8<8 H;OE0<8, 

V=4C:>20=8<8 <VB>35==8<8 AB8<C;0<8 B0 ?>70:;VB8==8<8 AB@5A0<8. �=4C:FVO 

A83=0;ь=>W B@0=A4C:FVW A8@>20B:>N B0 @>AB>28<8 D0:B>@0<8 7=0G=> ?V428ICє 

@V25=ь C1V:2VB8=C20==O S6K, B>4V O: >1@>1:0 :;VB8= C;ьB@0DV>;5B>< 01> 

AB0C@>A?>@8=>< <0є ?@>B8;56=89 5D5:B. �@V< B>3>, 1C;> 28O2;5=>, I> @V25=ь 

D>AD>@8;N20==O/0:B820FVW S6K, I> 28=8:0є C 2V4?>2V4ь =0 @V7=V :;VB8==V AB8<C;8 

=5 <0є 157?>A5@54=ь>3> 2?;82C =0 ?@>F5A C1V:2VB8=C20==O. *5 4>A;V465==O 

4>72>;Oє ?@8?CAB8B8, I> C1V:2VB8=C20==O V ?>40;ьH0 ?@>B50A><=0 453@040FVO S6K 

:>=B@>;NNBьAO A83=0;ь=8<8 H;OE0<8, I> 2V4?>2V40NBь =0 AB8<C;8 ?>682=8E 

@5G>28= 01> AB@5AV2, V O:V є 0A>FV9>20=8<8 7 :><?>=5=B0<8 <5E0=V7<C C1V:2VB8=0FVW 

[10]. &0:>6 є 40=V, O:V 2:07CNBь =0 B5, I> S6K1 A?5F8DVG=> 270є<>4Vє 7 

C1V:2VB8=;V307>N ROC1 2 C<>20E in vitro B0 in vivo. �@V< B>3>, =04<V@=0 5:A?@5AVO 

ROC1 ?@872>48Bь 4> 71V;ьH5==O C1V:2VB8=C20==O S6K1 [162]. 

 

1.4.3.3. �F5B8;N20==O S6K. S6K B0:>6 707=0NBь 0F5B8;N20==O 70 

70;8H:0<8 ;V78=C. �F5B8;N20==O S6K1 V45=B8DV:C20;8 70 ;V78=>< 516 - 4V;O=:8, 

1;87ь:>W 4> %-:V=FO :V=078, O:0 є 28A>:>:>=A5@20B82=>N A5@54 >@B>;>3V2 S6K1 

E@515B=8E B20@8=. �F5B8;N20==O 5=4>35==>W S6K1 C FV9 4V;O=FV ?>BC6=> 

V=4C:CєBьAO ?@8 AB8<C;OFVW D0:B>@0<8 @>ABC. )>G0 4;O V=4C:FVW >1>E <>48DV:0FV9 

V 0F5B8;N20==O, V D>AD>@8;N20==O S6K1 =5>1EV4=0 AB8<C;OFVO D0:B>@0<8 @>ABC, 

FV ?>4VW 28O2;ONBьAO DC=:FV>=0;ь=> =570;56=8<8. �V9A=>, 5:A?5@8<5=B8 7 

28:>@8AB0==O< V=3V1VB>@V2 0:B820FVW S6K1 B0 2?;82C =0 :;VB8=8 @V7=8E AB@5AV2 

2:07CNBь =0 B5, I> 0F5B8;N20==O S6K1 <>65 2V41C20B8AO 70 2V4ACB=>ABV 

D>AD>@8;N20==O V =02?0:8. #@8?CA:0єBьAO, I> 0F5B8;N20==O K516 <>65 

A;C3C20B8 4;O <>4C;OFVW 206;828E :V=07>=570;56=8E DC=:FV9 S6K1 C 2V4?>2V4ь =0 

A83=0;8 2V4 D0:B>@V2 @>ABC [11]. 

->4> 157?>A5@54=ь> <5E0=V7<C @53C;OFVW S6K H;OE>< 0F5B8;N20==O, 1C;> 

?>:070=>, I> ?VA;O AB8<C;OFVW <VB>35=8<8 D0:B>@0<8 S6K 270є<>4VNBь 7 



0F5B8;B@0=AD5@070<8 p300 B0 p300/CBP-0A>FV9>20=8< D0:B>@>< (PCAF). #@8 

4>4020==V 035=BC B@8E>AB0B8=C � V=3V1CNBьAO 3VAB>=>2V 450F5B8;078 :;0AC I/II 

(HDAC), 0 ?@8 >1@>1FV =V:>B8=0<V4>< V=3V1CNBьAO A8@BCW=>2V 450F5B8;078, :>65= 

7 ?@>F5AV2 70157?5GCє ?V4A8;5==O 0F5B8;N20==O S6K1 V S6K2 70 @0EC=>: 7=865==O 

@V2=N WE 450F5B8;N20==O [163]. 

 

1.4.3.4. O-�;:NAF8;N20==O S6K. �V;ь:0 4>A;V465=ь ?@8?CAB8;8, I> 

>68@V==O ?>2'O70=5 7 ?V428I5=>N 0:B82=VABN mTOR, V 45DVF8BC 9>3> 40C=AB@V< 

<54V0B>@0 S6K1 <>65 70E8AB8B8 <8H59 2V4 V=AC;V=>@578AB5=B=>ABV, A?@8G8=5=>W 

E0@GC20==O< B0 2V:><, 0 B0:>6 70157?5G8B8 ?@83=VG5==O 70?0;ь=8E ?@>F5AV2, 

28:;8:0=8E 0:B820FVєN <0:@>D03V2. �C;> 287=0G5=>, I> O�T          

(O-�;:NAF B@0=AD5@070) є :;NG>28< @53C;OB>@>< H;OEC mTOR/S6K1. #>:070=>, 

I> O-�;:NAF8;N20==O ?@83=VGCє mTORC1 A83=0;ь=89 H;OE, ?@O<> 2?;820NG8 

=0 S6K1. O-�;:NAF8;N20==O <>48DV:0FVO S6K1 V=3V1Cє ?>A;V4>2=V 5B0?8 

D>AD>@8;N20==O :V=078, I> =5>1EV4=V 4;O WW 0:B820FVW, F5 ?@872>48Bь 4> 

?@83=VG5==O B@0=A:@8?FVW ?@>70?0;ь=8E 35=V2 [12]. 

 

1.4.3.5. �>�;N20==O S6K1. ' A?V2@>1VB=8FB2V 7 ;01>@0B>@VєN 

%B@C:BC@=>W B0 <>;5:C;O@=>W 1V>;>3VW 2 UCL 1C;> 28O2;5=> �>�;N20==O 1030Bь>E 

:V=07, AC1AB@0B=0 A?5F8DVG=VABь O:8E 20@VN20;0 2V4 1V;:V2 4> ;V?V4V2, 2C3;52>4V2 V 

=C:;5>B84V2 [13], [130]. "4=8< V7 287=0G5=8E 5=78<V2, I> ?V440NBьAO �>�;N20==N 

C 2V4?>2V4ь =0 >:A840B82=89 AB@5A, 28O28;0AO :V=070 @81>A><0;ь=>3> 1V;:0 S6 

(S6K1). *V:02>, I> A0<5 7024OGCNG8 S6K1, 1C;> V45=B8DV:>20=> 35= D5@<5=BC, I> 

70;CG5=89 2 420 >AB0==V 5B0?8 1V>A8=B57C �>� - �>�-A8=B078, I> 28O28;0AO 

1V;:>28< ?0@B=5@>< S6K1 70 40=8<8 7 28:>@8AB0==O< 42>3V1@84=>W A8AB5<8 

4@V646V2 [164]. "4=0: =0 60;ь 4>:07V2 DC=:FV>=0;ь=>W 7=0G8<>ABV FVєW 270є<>4VW 

?>:8 =5 2AB0=>2;5=>. 

 



$"���� 2 

 �&�$���� �  �&"�� 

2.1.  0B5@V0;8 B0 >1;04=0==O 
 

'AV 28:>@8AB0=V @5035=B8 2V4?>2V40;8 28<>30<, ?@89=OB8< 4;O 70AB>A>20=8E 

<5B>4V2. � @>1>BV 28:>@8AB>2C20;8 EV<VG=V @50:B828 :><?0=V9 <Sigma= (%,�), 

<%erva= (!V<5GG8=0), <NEB= (�5;8:>1@8B0=VO), <Bio Rad= (%,�), <Amersham 

Pharmacia Biotech= (,25FVO/�5;8:>1@8B0=VO), Roche (!V<5GG8=0), Abcam 

(�5;8:>1@8B0=VO), <Fermentas=  (�8B20) 01> 2VBG87=O=V @50:B828 :20;VDV:0FVW <E.G.= 

V <>A.G.=. �CD5@=V A8AB5<8 B0 @>7G8=8 3>BC20;8 =0 >A=>2V 2>48 =0428A>:>W G8AB>B8, 

>G8I5=>W 2V4 >@30=VG=8E B0 =5>@30=VG=8E 4><VH>: 70 4>?><>3>N A5@B8DV:>20=>W 

A8AB5<8 >G8AB:8 2>48 28@>1=8FB20 <Millipore= (%,�). pH @>7G8=V2 :>=B@>;N20;8 

70 4>?><>3>N F8D@>2>W 28<V@N20;ь=>W A8AB5<8 7 :><1V=>20=8< 2>4=528< 

5;5:B@>4>< 2V4 :><?0=VW <Beckman Coulter= (%,�), I> 70157?5GCє B>G=VABь 4> 0,01 

pH. %5@54>28I0, 0=B81V>B8:8, B@8?A8= B0 3;NB0<V= 4;O :C;ьB82C20==O 

5C:0@V>B8G=8E :;VB8==8E ;V=V9 1C;8 28@>1=8FB20 :><?0=V9 <Invitrogen=, <HyClone= 

B0 <Lonza XpressTM= (%,�). �;O @>1>B8 C AB5@8;ь=8E C<>20E 28:>@8AB>2C20;8 

25@B8:0;ь=89 ;0<V=0@=89 1>:A �� :;0AC 70E8ABC 7 HEPA DV;ьB@>< 28@>1=8FB20 

<Nuaire= (%,�). �C;ьB82C20==O ?@>2>48;8 C %"2-V=:C10B>@V <Nuaire= (%,�). 

&0:>6, 4;O ?@>2545==O 4>A;V465=ь 28:>@8AB>2C20;8 02B>:;02 =0ABV;ь=89 GSM 200 

(,259F0@VO). �;O <>@D>;>3VG=8E 4>A;V465=ь :C;ьBC@8 :;VB8= 28:>@8AB>2C20;8 

V=25@B>20=89 <V:@>A:>? CETI Versus (CETI, �5;ь3VO) 7 <>6;82VABN 28:>@8AB0==O 

5D5:BC D07>2>3> :>=B@0ABC B0 ;N<V=5AF5=B=89 <V:@>A:>? Leica DM 1000 

(!V<5GG8=0), >1;04=0=89 F8D@>2>N D>B>:0<5@>N Canon Power Shot S70 (/?>=VO). 

�82G5==O V<C=>D;N>@5AF5=FVW B0 AC1:;VB8==>W ;>:0;V70FVW ?@>2>48;8 70 

4>?><>3>N ;075@=>3> A:0=CNG>W Leica TCS SPE :>=D>:0;ь=>W A8AB5<8 7 DMi8 

V=25@B>20=8< <V:@>A:>?>< (Leica, !V<5GG8=0). 'AV ?@>F54C@8, ?>2'O70=V 7 



?@83>BC20==O<, B@0=A?>@BC20==O< V 715@V30==O< EV<VG=8E @5G>28= B0 @>7G8=V2, 

?@>2>48;8 7 28:>@8AB0==O< A5@B8DV:>20=>3> ?;0AB8:>2>3> V A:;O=>3> 

;01>@0B>@=>3> ?>AC4C 28A>:>W G8AB>B8, >4=>@07>28E 3C<>28E @C:028G>:, :V=G8:V2 

4;O ?V?5B>: V 02B><0B8G=8E ?V?5B>: DV@<8 «Eppendorf». �;O @>1>B8 7 :C;ьBC@0<8 

:;VB8= 28:>@8AB>2C20;8 AB5@8;ь=89 >4=>@07>289 ?>AC4 &$$ (,259F0@VO). 

�=B8BV;0: $0=VH5 1C;> >?8A0=> >B@8<0==O B0 E0@0:B5@8AB8:0 <8H0G8E 

<>=>:;>=0;ь=8E 0=B8-�oA 0=B8BV; 1F10 [122] (@>72545==O �� 1:6000), 0 B0:>6 

:@>;OG8E ?>;V:;>=0;ь=8E 0=B8-S6K1 %-:V=F528E 0=B8BV; (@>72545==O �� 1:4000) 

[165].  8H0GV 0=B8BV;0 ?@>B8 �� (@>72545==O �� 1:6000) 1C;8 >B@8<0=V, 

>E0@0:B5@87>20=V B0 ;N1'O7=> =040=V ?@>D5A>@>< #VB5@>< #0@:5@>< (�>@>;V2Aь:89 

:>;546 �>=4>=0 B0 �=AB8BCB (@5=AVA0 �@V:0); 0=B8BV;0 ?@>B8 @81>A><=>3> 1V;:0 

phospho-rpS6 S235/236 B0 phospho-rpS6 Ser240/244, 0 B0:>6 0=B8BV;0 ?@>B8 phospho-

Thr229 S6K1 1C;8 ?@8410=V C :><?0=VW Cell Signaling Technology (@>72545==O �� 

1:5000, №2211, Cell Signaling Technology, Inc., %,�). 

 

2.2.  5B>48 @>1>B8 7 ?;07<V4=>N �!� 

 

2.2.1. %B2>@5==O :><?5B5=B=8E :;VB8= E.coli. �;O ?@83>BC20==O 

:><?5B5=B=8E :;VB8= E.coli HB0<C XL 10-Gold A?5@HC =0@>IC20;8 =VG=C :C;ьBC@C, 

V=>:C;N202H8 0;V:2>BC :;VB8= 7 :@V>:>=A5@2>20=>3> 3;VF5@8=>2>3> AB>:C 2 5 <; 

?>682=>3> A5@54>28I0 LB 7 B5B@0F8:;V=>< (10 <:3/<;) B0 V=:C1C202H8 70 C<>2 

+37°C 7 4>AB0B=ь>N 05@0FVєN ?@8 250 >1/E2 ?@>BO3>< =>GV. !0 =0ABC?=89 45=ь 2 

:>6=V 100 <; A5@54>28I0 LB V=>:C;N20;8 =VG=C :C;ьBC@C 2 A?V22V4=>H5==V 1/100 

B0 V=:C1C20;8 70 C<>2 +37°C ?@8 250 >1/E2 4>?>:8 OD600 = 0,4 3 0,6 (2V4?>2V40є 

;>30@8D<VG=V9 D07V @>ABC :C;ьBC@8 E.coli). ->9=> :>=F5=B@0FVO :;VB8= 4>AO30;0 

=5>1EV4=>W, :>;1C 7 :C;ьBC@>N 70;8H0;8 =0 ;ь>4C =0 15 E2, 40;V ?5@5=>A8;8 

ACA?5=7VN 2 42V 50 <; ?@>1V@:8 B0 F5=B@8DC3C20;8 ?@8 4000 g 70 B5<?5@0BC@8 +4°C 

?@>BO3>< 10 E2. #>40;ьHV 5B0?8 4;O AB2>@5==O 5;5:B@>- B0 EV<VG=> :><?5B5=B=8E 

:;VB8= >?8A0=V >:@5<>. 



�;5:B@>:><?5B5=B=V :;VB8=8. "B@8<0=89 ?VA;O F5=B@8DC3C20==O >A04 
:>6=>W ?@>1V@:8 @5ACA?5=4C20;8 2 20 <; :@860=>W 02B>:;02>20=>W 2>48 B0 7=>2C 

F5=B@8DC3C20;8 ?@8 4000 g 70 B5<?5@0BC@8 +4°C ?@>BO3>< 10 E2. "AB0==V9 5B0? 

?>2B>@N20;8 B@8GV. #VA;O DV=0;ь=>3> F5=B@8DC3C20==O >A048 >19є4=C20;8 2 >4=C 

?@>1V@:C, 4>4020;8 40 <; 02B>:;02>20=>3> :@860=>3> 10% 3;VF5@8=C, 

@5ACA?5=4C20;8 B0 7=>2C F5=B@8DC3C20;8 ?@8 4000 g 70 B5<?5@0BC@8 +4°C ?@>BO3>< 

10 E2. �V418@0;8 =04>A04 B0 4>4020;8 >19є< 10% 3;VF5@8=C 2 @>7@0EC=:C 4> 

DV=0;ь=>W :>=F5=B@0FVW ACA?5=7VW 3 2×1011 :;VB8=/<;, O:I> ?@8 OD600=1 

:>=F5=B@0FVO 8×108 :;VB8=/<;. �;V:2>B8;8 ?> 50-100 <:; C ?>?5@54=ь> >E>;>465=C 

?@>1V@:C B0 715@V30;8 ?@8 -80°C. 

)V<VG=> :><?5B5=B=V :;VB8=8. "B@8<0=89 ?VA;O F5=B@8DC3C20==O >A04 
:>6=>W ?@>1V@:8 @5ACA?5=4C20;8 2 20 <; :@860=>3> 100 < CaCl2 B0 V=:C1C20;8 =0 

;ь>4C ?@>BO3>< 16 3>4. *5=B@8DC3C20;8 ?@8 4000 g 70 B5<?5@0BC@8 +4°C ?@>BO3>< 

10 E2, 4> >A04C :>6=>W ?@>1V@:8 4>4020;8 2 <; :@860=>3> 85 <M CaCl2, I> <VAB82 

15% 3;VF5@8=, @5ACA?5=4C20;8 B0 0;V:2>B8;8 ?> 50-100 <:; C ?>?5@54=ь> 

>E>;>465=C ?@>1V@:C, 715@V30;8 ?@8 -80°C.  

 

2.2.2. &@0=AD>@<0FVO :;VB8= E.coli ?;07<V4=>N �!�. � 

5:A?5@8<5=B0E 40=>W @>1>B8 B@0=AD>@<0FVN 25:B>@V2 2 10:B5@V0;ь=V :><?5B5=B=V 

:;VB8=8 ?@>2>48;8 <5B>40<8 5;5:B@>?>@0FVW 01> B5?;>2>3> H>:C. 

�;5:B@>?>@0FVO. �;V:2>BC >19є<>< 50 <:; :@V>:>=A5@2>20=>3> 

3;VF5@8=>2>3> AB>:C :><?5B5=B=8E :;VB8= E.coli HB0<C XL 10-Gold @>7<>@>6C20;8 

C :@860=V9 10=V B0 2=>A8;8 4> =8E 2 ?@>1V@:C 2-10 =3 @5:><1V=0=B=>W �!�, 

>15@56=> ?5@5<VHC20;8 ?V?5BC20==O<. %C<VH :><?5B5=B=8E :;VB8= V ?;07<V48 

V=:C1C20;8 =0 ;ь>4C ?@>BO3>< 5 E2. �0;V 2=>A8;8 ACA?5=7VN 2 702G0A=> >E>;>465=C 

:N25BC (SLS Flowgen, �5;8:0 �@8B0=VO) B0 ?@>2>48;8 5;5:B@>?>@0FVN ?@8 1,8 :� 

4;O :N25B8 7 1 << IV;8=>N. "1@>1;5=V :;VB8=8 7 :N25B8 ?5@5=>A8;8 2 ?@>1V@:C. 



&5?;>289 H>:. �;V:2>BC >19є<>< 50 <:; :@V>:>=A5@2>20=>3> 

3;VF5@8=>2>3> AB>:C :><?5B5=B=8E :;VB8= E.coli HB0<C XL 10-Gold @>7<>@>6C20;8 

=0 :@860=V9 10=V, ?>BV< 4>4020;8 2-10 =3 ?;07<V4=>W �!� C ?@>1V@:C B0 >15@56=> 

?5@5<VHC20;8 70 4>?><>3>N ?V?5BC20==O. %C<VH :><?5B5=B=8E :;VB8= 7 

@5:><1V=0=B=>N �!� B@8<0;8 =0 ;ь>4C 30 E2. #@>2>48;8 B5?;>289 H>: ?@8 +42°C 

?@>BO3>< 90 A5:, 40;V >E>;>46C20;8 =0 ;ь>4C I5 2 E2.  

�> :;VB8==>W ACA?5=7VW ?VA;O 1C4ь-O:>3> 7 28I573040=8E 20@V0=BV2 4>4020;8 

1 <; A5@54>28I0 LB :V<=0B=>W B5<?5@0BC@8, 157 0=B81V>B8:C. �=:C1C20;8 40 E2 70 

B5<?5@0BC@8 +37°C ?@8 250 >1/E2. %CA?5=7VN :;VB8= F5=B@8DC3C20;8 5 E2 ?@8             

3000 g B0 2V418@0;8 =04>A04, 70;8H0NG8 1/5 >19є<C A5@54>28I0. $5ACA?5=4>20=89 

>A04 28AV20;8 28A=06C20;ь=8< HB@8E>< =0 ?>?5@54=ь> 70;8BV ?>682=8< 

A5@54>28I5< 10 A< G0H:8 #5B@V. #>682=5 A5@54>28I5 4;O G0H>: <VAB8;> LB 7 

1,5% 10:030@>< B0 A5;5:B82=89 0=B81V>B8:, 2V4?>2V4=89 4> 35=C @578AB5=B=>ABV 

?;07<V48. �5:B>@ pcDNA3.1 <0є 0<?VF8;V=>2C @578AB5=B=VABь, 2 40=8E 

4>A;V465==OE 4;O A5;5:FVW =>AVWW2 Fь>3> 25:B>@0 28:>@8AB>2C202AO :0@15=VF8;V= 

(100 <:3/<;). +0H:8 #5B@V 7 28AVO=>N :C;ьBC@>N V=:C1C20;8 ?@>BO3>< =>GV ?@8 

+37°C. "B@8<0=V :>;>=VW 281V@:>2> V=>:C;N20;8 2 5 <; A5@54>28I0 LB 7 

A5;5:B82=8< 0=B81V>B8:>< B0 V=:C1C20;8 70 B5<?5@0BC@8 +37°C ?@8 250 >1/E2 

?@>BO3>< =>GV. %CA?5=7VW :C;ьBC@8 :;VB8= F5=B@8DC3C20;8 5 E2 ?@8 <0:A8<0;ь=8E 

>15@B0E B0 284V;O;8 @5:><1V=0=B=C �!�, 28:>@8AB>2CNG8 ZymoPURE Plasmid Kit 

(Zymo Research, %,�) 73V4=> @5:><5=40FV9 28@>1=8:0. �>=F5=B@0FVN 284V;5=>W 

?;07<V48 28<V@N20;8 =0=>4@>?><.  

 

2.2.3. %09B A?@O<>20=89 <CB035=57. %09B-A?@O<>20=89 <CB035=57 

?@>2>48;8, 28:>@8AB>2CNG8 QuikChange II-E Site-Directed Mutagenesis Kit (Agilent 

Technologies, %,�), 73V4=> V=AB@C:FVW 28@>1=8:0. �> @50:FV9=>W AC<VHV 2E>48;8 

PfuUltra High-Fidelity �!� ?>;V<5@070 (2,5 U/ <:;), 1E @50:FV9=89 1CD5@, AC<VH 

4!&(, <0B@8G=0 ?;07<V40 pcDNA3.1-EEp70S6K1 B0 ?0@0 ?@09<5@V2 (?@O<89 B0 



72>@>B=V9), ?V4V1@0=0 4;O AB2>@5==O <CB0=B=>W D>@<8 p70S6K1 (B01;.2.2.3.1.). 

#>;V<5@07=> ;0=FN3>2C @50:FVN AC<VHV ?@>2>48;8 2 16 F8:;V2, 70 AE5<>N:                

30 A5:C=4 45=0BC@0FVO ?@8 +95º%; 1 E2 2V4?0; ?@09<5@V2 ?@8 +55º%; 8 E2 5;>=30FVO 

?@8 +68º%. #VA;O 7025@H5==O F8:;V2 #�$ 4> AC<VHV 4>4020;8 @5AB@8:B07C Dpn I          

(10 U/<:;) B0 V=:C1C20;8 ?@8 +37 º% ?@>BO3>< =>GV. Dpn I 2?V7=0є <5B8;ь>20=V A09B8 

Gm6A^TC B0 @>7@V70є <0B@8G=C �!�, 70;8H0NG8 C AC<VHV ;8H5 #�$ D@03<5=B8, 

I> <VABOBь <CB0FVW. "B@8<0=C �!� 7 B>G:>28<8 <CB0FVO<8 B@0=AD>@<C20;8 2 E.coli 

HB0<C XL 10-Gold B0 28AV20;8 =0 G0H:8 #5B@V 7 2V4?>2V4=8< A5;5:B82=8< 

0=B81V>B8:>< (:0@15=VF8;V=><). � >B@8<0=8E :>;>=V9 284V;O;8 �!�, =0O2=VABь V 

2V4?>2V4=VABь <CB>20=8E A09BV2 ?V4B25@46C20;8 H;OE>< A5:25=C20==O.  

&45?<JO 2.2.3.1. 

#5@5;V: ?@09<5@V2 4;O A09B-A?@O<>20=>3> <CB035=57C p70S6K1 

%09B 
<CB0FVW 
p70S6K1 

#@09<5@ !C:;5>B84=0 ?>A;V4>2=VABь 

%217� 
#@O<89 59-AACAGACTTTGGACTAGCCAAAGAATCTATTCAT 

�2>@>B=V9 58-ATGAATAGATTCTTTGGCTAGTCCAAAGTCTGTT 

%231� 
#@O<89 59-AGTCACACACACATTTGCTGGAACAATAGAATAC 

�2>@>B=V9 59-GTATTCTATTGTTCCAGCAAATGTGTGTGTGACT 

 

 

2.2.4. "B@8<0==O @5:><1V=0=B=>W 10:<V4=>W �!�. �>=AB@C:B, I> 

A:;0402AO 7 pFastBac-DUAL (Invitrogen, %,�) 25:B>@C B0 70:>4>20=8E 2 =ь><C 42>E 

35=0E V=B5@5AC, B@0=AD>@<C20;8 2 :;VB8=8 DH10Bac E. coli H;OE>< 5;5:B@>?>@0FVW. 

�> B@0=AD>@<>20=>W ACA?5=7VW 4>4020;8 1 <; A5@54>28I0 LB B0 V=:C1C20;8 

?@>BO3>< 2 3>4 70 B5<?5@0BC@8 +37 º% ?@8 250 >1/E2. �C;ьBC@C :;VB8= 

F5=B@8DC3C20;8 5 E2 ?@8 3500 >1/E2 B0 2V418@0;8 =04>A04, 70;8H0NG8 1/5 >19є<C 



A5@54>28I0. �>BC20;8 G0H:8 #5B@V 7 ?>682=8< A5@54>28I5< LB B0 1,5% 030@><, 

I> <VAB8;> =0ABC?=V :><?>=5=B8: 50 <:3/<; :0=0<VF8=, 7 <:3/<; 35=B0<VF8=,           

10 <:3/<; B5B@0F8:;V=, 100 <:3/<; X-gal, 40 <:3/<; �#&�. $5ACA?5=4>20=89 >A04 

:;VB8= 28AV20;8 28A=06C20;ь=8< HB@8E>< =0 10 A< G0H:8 #5B@V. +0H:8 

V=:C1C20;8 ?@>BO3>< =>GV ?@8 +37 º%. #VA;O 48 3>4 V=:C10FVW A?>AB5@V30;8 

CB2>@5==O 1;0:8B=8E B0 1V;8E :>;>=V9, 1V;V :>;>=VW 5:A?@5AC20;8 @5:><1V=0=B=C 

10:<V4C. 

 �>;>=VW, I> 5:A?@5AC20;8 10:<V4C, V=>:C;N20;8 2 5 <; @V4:>3> ?>682=>3> 

A5@54>28I0 LB, 2 O:5 4>4020;8 A5;5:B82=V 0=B81V>B8:8 :0=0<VF8=, B5B@0F8:;V= B0 

35=B0<VF8=. !0@>IC20;8 =VG=C :C;ьBC@C 70 B5<?5@0BC@8 +37º% ?@8 4>AB0B=V9 

05@0FVW. !0 =0ABC?=89 45=ь F5=B@8DC3C20;8 5 E2 ?@8 5000 g. "A04 :;VB8= 

@5ACA?5=4C20;8 2 300 <:; $>7G8=C I (15 <  B@VA-HCl (pH 8,0), 10 <  ��&�,          

100 <:3/<:; $!�070 �). �0;V 4>4020;8 300 <:; $>7G8=C II (0,2   NaOH, 1% SDS), 

>15@56=> ?5@5<VHC20;8 B0 V=:C1C20;8 5 E2 70 :V<=0B=>W B5<?5@0BC@8. #>2V;ь=> 

4>4020;8 300 <:; 3   0F5B0BC :0;VN (pH 5,5), >15@56=> ?5@5<VHC20;8 >15@B0==O< 

?@>1V@:8, 70;8H0;8 =0 ;ь>4C =0 5-10 E2 B0 F5=B@8DC3C20;8 10 E2 ?@8 14000 g. � 

>:@5<C ?@>1V@:C 4>4020;8 800 <:; V7>?@>?0=>;>2>3> A?8@BC. �0;V =04>A04>2C 

D@0:FVN >15@56=> ?5@5=>A8;8 2 ?@>1V@:C 7 V7>?@>?0=>;><, ?5@5<VHC20;8 H;OE>< 

>15@B0==O ?@>1V@:8 B0 AB028;8 C ;V4 =0 5-10 E2. *5=B@8DC3C20;8 15 E2 ?@8 14000 g 

70 :V<=0B=>W B5<?5@0BC@8. !0ABC?=8< 2840;O;8 =04>A04 B0 4>4020;8 500 <:; 70% 

5B0=>;C, F5=B@8DC3C20;8 5 E2 ?@8 14000 g. �840;O;8 AC?5@=0B0=B B0 70;8H0;8 

?@>1V@:C 2V4:@8B>N =0 15 E2 70 :V<=0B=>W B5<?5@0BC@8 4> ?>2=>3> 28A8E0==O >A04C. 

$5ACA?5=4C20;8 >A04 2  30 <:; &� 1CD5@C.  

 

2.2.5. �0:B5@V0;ь=0 A8AB5<0 5:A?@5AVW @5:><1V=0=B=>3> 1V;:0. #@>2V2H8 
B@0=AD>@<0FVN ?;07<V48, I> =5A5 35= 1V;:0 V=B5@5AC, 2 :><?5B5=B=V :;VB8==V ;V=VW 

HB0<C BLR E. Coli B0 >B@8<02H8 >48=8G=V :>;>=VW, 3>BC20;8 =VG=C :C;ьBC@C 2 5 <; 

A5@54>28I0 LB 7 A5;5:B82=8<8 0=B81V>B8:0<8. !0 =0ABC?=89 45=ь :C;ьBC@C 



10:B5@V9 V=>:C;N20;8 2 A2V65 LB (157 0=B81V>B8:0) 2 A?V22V4=>H5==V 1:100 B0 

V=:C1C20;8 ?@8 +37°% 7 ?5@5<VHC20==O< 4> 4>AO3=5==O OD = 0,6 3 0,8.  �:A?@5AVN 

1V;:0 V=4C:C20;8 H;OE>< 4>4020==O 1 <  �#&� 2 10:B5@V0;ь=C ACA?5=7VN B0 

V=:C1C20;8 3 3>4 ?@8 +24°% 7 ?>ABV9=8< ?5@5<VHC20==O<. �0 70:V=G5==O< V=4C:FVW 

:C;ьBC@C >A046C20;8 ?@8 1200 g ?@>BO3>< 20 E2 2 >E>;>465=V9 4> +4°% F5=B@8DC7V. 

� O:>ABV :>=B@>;N 5:A?@5AVW 1V;:0 28:>@8AB>2C20;8 =5V=4C:>20=C �#&� 

10:B5@V0;ь=C :C;ьBC@C. "B@8<0=89 >A04 10:B5@V9 715@V30;8 ?@8 -80°%. 

 

2.2.6. �;5:B@>D>@57 �!� 2 030@>7=><C 35;V. �;O @>74V;5==O �!� 
D@03<5=BV2 2 40=V9 @>1>BV 28:>@8AB>2C20;8 0,5% 030@>7=89 35;ь, I> 3>BC20;8 

H;OE>< @>7G8=5==O 2V4?>2V4=>W :V;ь:>ABV 030@>78 2 1E &�� 1CD5@V (40 <  B@VA,                

20 <  ;ь>4O=0 >FB>20 :8A;>B0, 1 <  ��&�), F59 1CD5@ B0:>6 28:>@8AB>2C20;8 O: 

5;5:B@>4=89. �> 7@07:V2 �!� 4>4020;8, =0=>A8;8 =0 35;ь B0 @>74V;O;8 70 =0?@C38 

5 �/A<. �;O 2V7C0;V70FVW D@03<5=BV2 ?V4 C;ьB@0DV>;5B>28< 28?@><V=N20==O< 

28:>@8AB>2C20;8 SYBR™ Safe DNA Gel Stain (Invitrogen, %,�). 

 

2.3.  5B>48 @>1>B8 7 :C;ьBC@0<8 :;VB8= 5C:0@V>BV2 
 

2.3.1. �C;ьB82C20==O :;VB8==8E ;V=V9 AA02FV2. ' E>4V 28:>=0==O 
48A5@B0FV9=>W @>1>B8 1C;8 28:>@8AB0==V 5?VB5;V0;ь=V :;VB8==V ;V=VW 5<1@V>=0;ь=>W 

=8@:8 ;N48=8 HEK293 B0 <>45;ь=0 :;VB8==0 ;V=VO 7 AB01V;ь=>N =045:A?@5AVєN 

?0=B>B5=>2>W :V=078 HEK293/Pank1³ [13]. �@V>:>=A5@2>20=V 2 @V4:><C 07>BV               

(-196º%) :;VB8=8, I> 715@V30;8AO 2 @>7G8=V DMEM/FBS (1:1) 7 4>4020==O< 10% 

48<5B8;AC;ьD>:A84C, ?0A06C20;8 C AB5@8;ь=C G0H:C #5B@V. !040;V :;VB8=8 

:C;ьB82C20;8 C A5@54>28IV DMEM (Lonza, ,259F0@VO) 7 28A>:8< 2<VAB>< 3;N:>78 

(4,5 3/;), 2 O:5 4>4020;8 10% 5<1@V>=0;ь=>W A8@>20B:8 18:0 (FBS) (HyClone, %,�), 

2 <  L-3;CB0<V=C, 50 >4/<; ?5=VF8;V=C B0 0,25 <:3/<; AB@5?B><VF8=C (Lonza, 

,259F0@VO). �545==O :;VB8==8E ;V=V9 2V41C20;>AO 70 C<>2 B5<?5@0BC@8 +37º%, 2 

72>;>65=V9 0B<>AD5@V, C ?@8ACB=>ABV 5% %"2. #@8 4>AO3=5==V ~80% :;VB8=8 



?5@5A046C20;8 7 =5>1EV4=>N :>=F5=B@0FVєN =0 =>2V AB5@8;ь=V G0H:8 #5B@V 01> 

<V:@>?;0=H5B8. �;O 2V4:@V?;5==O 0435782=>3> <>=>H0@C 7 ?>25@E=V ?;0AB8:C, 

:;VB8=8 A?5@HC 2V4<820;8 PBS (157 :0BV>=V2 �0;ьFVN B0  03=VN), 40;V 01> 7=V<0;8 

<5E0=VG=> AB@C<5=5< (C 28?04:C :;VB8= 7 =87ь:8< @V2=5< 04357VW (HEK293, 

HEK293/Pank1³)), 01> 4>4020;8 @>7G8= 7 0,25% B@8?A8=C B0 0,02% ��&� (Gibco 

BRL, %,�) B0 V=:C1C20;8 ?@>BO3>< 2-4 E2 ?@8 +37º%. #VA;O >1@>1:8 :;VB8= 

?@>B5>;VB8G=8< @>7G8=>< 4> G0H>: 4>4020;8 :C;ьBC@0;ь=5 A5@54>28I5 7 10% FBS, 

@5ACA?5=4C20;8, B0 2=>A8;8 C =>2V G0H:8 #5B@V G8 718@0;8 ACA?5=7VW 4;O 

?>40;ьH8E 4>A;V465=ь. #5@54 28:>@8AB0==O< CAV :;VB8==V ;V=VW 1C;8 ?@>B5AB>20=V 

=0 =0O2=VABь :>=B0<V=C20==O <V:>?;07<>N. 

 

2.3.2. &@0=AD5:FVO :;VB8= AA02FV2 ?;07<V4=>N �!�. �;VB8==C ;V=VN 

HEK293/Pank1³ :C;ьB82C20;8 =0 6 A< G0H:0E #5B@V 4> ~50% :>=D;N5=B=>ABV 

<>=>H0@C B0 B@0=ADV:C20;8 25:B>@>< pcDNA3.1/EE-p70S6K1, I> :>4Cє 

?>2=>@>7<V@=C p70S6K1 ;N48=8, :>=9N3>20=C 7 ��-B03><. &@0=AD5:FVO ?;07<V4>N 

2V41C20;0AO 70 4>?><>3>N @5035=B0 TurboFect (Thermo Scientific, %,�) 73V4=> 

@5:><5=40FV9 28@>1=8:0. +5@57 24 3>4 B@0=AD5:FVW :;VB8=0< 7<V=N20;8 ?>682=5 

A5@54>28I5 =0 10% FBS DMEM 7 =87ь:8< 2<VAB>< 3;N:>78 (1 3/;) B0 157 ?V@C20BC 

=0B@VN, B0 V=:C1C20;8 I5 24 3>4, I>1 ?V43>BC20B8 :;VB8==C ;V=VN 4> ?>40;ьH>W 

V=4C:FVW >:A840B82=>3> AB@5AC. 

 

2.3.3. �=4C:FVO <5B01>;VG=>3> B0 >:A840B82=>3> AB@5AC 2 :;VB8=0E 
AA02FV2.  >=>H0@ :;VB8=, I> 4>AO3=C2 :>=D;N5=B=>ABV ~70% ?;>IV ?>25@E=V 
?;0AB8:C 3>BC20;8 4> ?>40;ьH>W V=4C:FVW <5B01>;VG=>3> B0/01> >:A840B82=>3> 

AB@5AV2. �;O Fь>3> ?@>2>48;8 7<V=C A5@54>28I0 2 G0H:0E G8 <V:@>?;0=H5B0E =0 

10% FBS DMEM 7 =87ь:8< 2<VAB>< 3;N:>78 (1 3/;) B0 157 ?V@C20BC =0B@VN (>A:V;ь:8 

?V@C20B 4Vє O: 0=B8>:A840=B, 7<5=HCNG8 2?;82 2V;ь=8E @048:0;V2 =0 :;VB8=C), B0 

V=:C1C20;8 ?@>BO3>< 24 3>4. �;O V=4C:FVW 1V;ьH V=B5=A82=>3> <5B01>;VG=>3> AB@5AC 



:;VB8=8 V=:C1C20;8 2 0% FBS DMEM 7 =87ь:8< 2<VAB>< 3;N:>78 (1 3/;) B0 157 

?V@C20BC =0B@VN. ":8A=89 AB@5A V=4C:C20;8 4>4020==O< 0,5 <  ?5@>:A84 2>4=N 

(Sigma-Aldrich, %,�) 01> 0,5 <  4V0<V4C (Sigma-Aldrich, %,�), @>72545=8<8 C 

B><C 6 A5@54>28IV, =0 30 E2 ?@8 +37º%. ":A840B82=89 AB@5A, 28:;8:0=89 

4>4020==O< 0@A5=VBC ?>4V;O2AO =0 3>AB@89 (500 <:  ?@>BO3>< 30 E2) B0 E@>=VG=89 

(30 <:  ?@>BO3>< 2 3>4). #VA;O 70:V=G5==O G0AC V=:C10FVW :;VB8=8 42VGV ?@><820;8 

PBS B0 718@0;8 2 ?@>1V@:8 01> DV:AC20;8 =0 ?@54<5B=8E A:5;ьFOE, 70;56=> 2V4 B8?C 

5:A?5@8<5=BC.  

�;O 4>A;V4V2, <5B>N O:8E є 45B5:FVO @V2=O �>�;N20==O, ?>40;ьH5 

?@83>BC20==O ;V70BV2 7 V=4C:>20=8E :;VB8= B0 DV:AC20==O B0:8E :;VB8= =0 A:5;ьFOE 

4;O V<C=>D;C>@5AF5=B=8E ?@5?0@0BV2 <0є 2V41C20B8AO H284:>, >A:V;ь:8 @50:FVO 

�>�;N20==O є >15@=5=>N. 

 

2.3.4. �C;ьB82C20==O :;VB8==8E ;V=V9 :><0E. �;VB8==C ;V=VN :><0E Sf9 
(Spodoptera frugiperda) ?V4B@8<C20;8 01> O: ACA?5=7VN 2 :>=VG=8E :>;10E 

�@;5=<595@0, 01> O: <>=>H0@ 2 :C;ьBC@0;ь=8E D;0:>=0E T25 70 C<>2 ?>ABV9=>3> 

?5@5<VHC20==O (~120 >1/E2) ?@8 +27°C. #>682=5 A5@54>28I5 Insect-XPRESS 

(Lonza, ,259F0@VO) <VAB8;> 10% FBS B0 1% 0=B81V>B8: ?5=VF8;V=/AB@5?B><VF8= 

(Cytiva, �5;8:0 �@8B0=VO).  

 

2.3.5. �=D5:FVO :;VB8= :><0E 10:<V4=>N �!�. �;O ?5@28==>3> >B@8<0==O 

@5:><1V=0=B=>3> 1V;:0 A8AB5<>N 5:A?@5AVW Bac-to-Bac :;VB8=8 Sf9 2 :V;ь:>ABV             

2,5 × 106 AVO;8 =0 :C;ьBC@0;ь=V D;0:>=8 T25 B0 70;8H0;8 4;O 04357VW =0 I>=09<5=H5 

1 3>4 ?@8 +27°C. $5035=B 4;O B@0=AD5:FVW CellFECTIN (Gibco BRL, %,�) 

28:>@8AB>2C20;8 73V4=> V=AB@C:FVW 28@>1=8:0. %?5@HC CellFECTIN B0 10:<V4=C 

�!� @>7G8=O;8 >:@5<> 2 A5@54>28IV 157 A8@>20B:8, ?>BV< @>7G8=8 >19є4=C20;8 

<V6 A>1>N 4;O D>@<C20==O ;V?V4-�!�>28E :><?;5:AV2 B0 V=:C1C20;8 AC<VH 

?@>BO3>< 30 E2 70 :V<=0B=>W B5<?5@0BC@8. "15@56=> 2=>A8;8 AC<VH 4;O B@0=AD5:FVW 



4> :;VB8=, V=:C1C20;8 5-7 3>4 B0 7<V=N20;8 ?>682=5 A5@54>28I5 =0 A2V65, 157 

B@0=ADV:CNG8E 035=BV2. +5@57 =0ABC?=V 72 3>4 =5V=DV:>20=V :>=B@>;ь=V :;VB8=8 B0 

V=DV:>20=V :;VB8=8 718@0;8 B0 B5ABC20;8; A5@54>28I5, I> <VAB8;> 2V@CA, 715@V30;8 

?@8 +4°C.  

�;O @CB8==>W 5:A?@5AVW @5:><1V=0=B=>3> 1V;:0 Sf9 :;VB8=8 2 AB0@B>2V9 

:>=F5=B@0FVW 2 × 106 :;VB8=/<; AVO;8 2 :>;18 �@;5=<595@0 B0 V=DV:C20;8 

A5@54>28I5<, I> <VAB8;> 10:C;>2V@CA 7V 7=0G5==O< :@0B=>ABV V=D5:FVW (MOI) 4 3 5. 

#VA;O 48 3>4 V=:C10FVW 70 C<>2 ?>ABV9=>3> ?5@5<VHC20==O B0 B5<?5@0BC@8 +27°C 

:;VB8=8 718@0;8 B0 F5=B@8DC3C20;8 30 E2 ?@8 1200 g 2 >E>;>465=><C 4> +4°C 

@>B>@V. 

 

2.4.  5B>48 @>1>B8 7 1V;:0<8 

 

2.4.1. #@83>BC20==O 5:AB@0:BV2 7 :;VB8= AA02FV2. �C:0@V>B8G=V :;VB8=8 

:C;ьB82C20;8 =0 G0H:0E #5B@V, 42VGV ?@><820;8 PBS B0 ;V7C20;8 1CD5@><, I> 

<VAB82 50 <  B@VA-HCl (pH 7,5), 150 <  NaCl, 5 <  ��&�, 50 <  NaF, 5 <  

Na4P2O7, 1 % Triton X-100, 7 4>4020==O< :>:B59;N V=3V1VB>@V2 ?@>B507 B0 D>AD0B07 

(Roche, ,259F0@VO), 0 B0:>6 0,1 M NE , I> ?5@5H:>460є CB2>@5==N =>28E 

48AC;ьDV4=8E 729O7:V2. �:AB@0:FVO C ;V7CNG><C 1CD5@V 2V41C20;0AO ?@>BO3><             

20 E28;8= =0 ;ь>4C, ?VA;O G>3> :;VB8==V ;V70B8 F5=B@8DC3C20;8 ?@8 16000 g 70 

B5<?5@0BC@8 +4°% 7 <5B>N 2840;5==O =5@>7G8==>W D@0:FVW. !04>A04, I> <VAB82 

@>7G8==C D@0:FVN 1V;:V2, 28:>@8AB>2C20;8 2 ?>40;ьH8E 4>A;V40E 4;O 

?@83>BC20==O ?@>1 4;O 5;5:B@>D>@57C 01> 2 V<C=>?@5F8?VB0FVW. �>=F5=B@0FVN 

1V;:V2 C @>7G8=V 28<V@N20;8 :>;>@8<5B@8G=> 70 <5B>4>< �@54D>@4 =0 

<V:@>?;0=H5B=><C D>B><5B@V 70 ?>3;8=0==O< ?@8 4>268=V E28;V 595 =<. 

$>7@0E>2C20;8 :>=F5=B@0FVN 2V4=>A=> :@82>W ?>3;8=0==O AB0=40@B=8E @>7G8=V2  

�%�. "B@8<0=V 1V;:>2V 5:AB@0:B8 01> 28:>@8AB>2C20;8 2 ?>40;ьHV9 

V<C=>?@5F8?VB0FVW, 01> 3>BC20;8 7 =8E ?@>18 4;O =0=5A5==O =0 ?>;V0:@8;0<V4=89 



35;ь (#���), 4>40NG8 5) 1CD5@ �5<;V (200 <  &@VA, 5% SDS, 50% 3;VF5@>;, 0,1% 

1@><D5=>;>289 A8=V9, 250 <  �&&) 7 =0ABC?=8< :8?9OBV==O< ?@>BO3>< 5 E2. 

 

2.4.2. �<C=>?@5F8?VB0FVO 1V;:V2. �> A5D0@>78 ?@>B5W= G (Generon, �5;8:0 
�@8B0=VO), ?>?5@54=ь> B@8GV 2V4<8B>W PBS, 4>4020;8 <>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 

��-B03C B0 V=:C1C20;8 ?@>BO3>< 2 3>4 =0 @>B0B>@V ?@8 +4°%. �0;V ?@>2>48;8 

G5@3>2C A5@VN 2V4<82>: B0 4>4020;8 4> :><?;5:AC 7 0=B8BV;0<8 1V;:>2V 5:AB@0:B8 

:;VB8=, 7 @>7@0EC=:C 1 <3 B>B0;ь=>3> 1V;:0 =0 7@07>:, B0 V=:C1C20;8 ?@>BO3>< =>GV 

=0 @>B0B>@V ?@8 +4°%. "B@8<0=V ?VA;O 729O7C20==O V<C==V :><?;5:A8 5 @07V2 

2V4<820;8 PBS.  *5=B@8DC3C20==O 7@07:V2, I> <VAB8;8 A5D0@>7C, ?VA;O V=:C10FV9 B0 

2V4<82>: ?@>2>48;8 ?@8 3000 g 70 B5<?5@0BC@8 +4°%. /: :>=B@>;ь ?@>B8 

=5A?5F8DVG=>3> 729O7C20==O 28:>@8AB>2C20;8 ?@>B5W= G, V=:C1>20=C ;8H5 7 

0=B8BV;0<8, B0 ?@>B5W= G, V=:C1>20=C ;8H5 7 ;V70B0<8 :;VB8=. �> CAVE 7@07:V2 B0 

:>=B@>;V2 ?VA;O DV=0;ь=>W 2V4<82:8 4>4020;8 2E 1CD5@ �5<;V, :8?9OB8;8 ?@>BO3>< 

5 E2, F5=B@8DC3C20;8 =0 <0:A8<0;ь=8E >15@B0E, =0=>A8;8 =0 #�� 35;ь B0 

0=0;V7C20;8 <5B>4>< 25AB5@=-1;>BC. 

 

2.4.3. $50:FVO in vitro �>�;N20==O. �;O ?@>2545==O @50:FVW in vitro 

�>�;N20==O, I> 1C;0 @>7@>1;5=0 @0=VH5 C :>;01>@0FVW [13], 1 <3 >G8I5=>3> 

@5:><1V=0=B=>3> 1V;:0 His-actS6K1 V=:C1C20;8 7 100 <:  48AC;ьDV4>< �>�         

(�>�-SS-�>�) C 1CD5@V, I> <VAB82 20 <  B@VA-HCl (pH 7,5), 100 <  NaCl, ?@>BO3>< 

30 E28;8= 70 :V<=0B=>W B5<?5@0BC@8 C B5@<><V:A5@V 70 =87ь:8E >15@BV2 (600 >1/E2). 

�;O ?V4B25@465==O A?5F8DVG=>ABV @50:FVW 3>BC20;8 :>=B@>;ь=89 7@07>:, 2 O:89 

4>4020;8 10 <  �&&, 035=BC, I> 70157?5GCє 2V4=>2;5==O 48AC;ьDV4=8E 729O7:V2, 

CB2>@5=8E <V6 F8AB5W=>< 1V;:0 B0 AC;ьD3V4@8;ь=>N 3@C?>N �>�, B0 V=:C1C20;8          

10 E28;8= 70 :V<=0B=>W B5<?5@0BC@8. $50:FVN 7C?8=O;8 4>4020==O< 5E 1CD5@C 

�5<;V 7 100 <:  NEM 70 2V4ACB=>ABV �&&. � ?>40;ьH><C 7@07:8 1C;8 4>A;V465=V 

<5B>4>< 25AB5@=-1;>BC. 



2.4.4. In vitro :V=07=0 @50:FVO. �;O 287=0G5==O 0:B82=>ABV S6K1 

70AB>A>2C20;8 in vitro :V=07=C @50:FVN.  5B>48:C ?@>2>48;8 70 B5<?5@0BC@8 +37°% 

?@>BO3>< 30 E28;8= C B5@<><V:A5@V, 28:>@8AB>2CNG8 1 <:3 @5:><1V=0=B=>W             

His-actS6K1, 1 <:3 @5:><1V=0=B=>3> GST-rpS6(Ct) O: AC1AB@0BC B0 100 <:  �&( 2 

1CD5@V 4;O :V=07=>W @50:FVW (25 <  B@VA-HCl (pH 8,0), 10 <  MgCl2, 5 <            

³-3;VF5@>D>AD0B). $50:FVN 7C?8=O;8 4>4020==O< 5E 1CD5@C �5<;V. � O:>ABV 

=530B82=>3> :>=B@>;N 28:>@8AB>2C20;8 7@07>: 7 2V4ACB=V< �&(. ' 28?04:C 

4>A;V465==O 0:B82=>ABV His-actS6K1 <>48DV:>20=>W �>�, :V=07=V9 @50:FVW 

?5@54C20;0 @50:FVO in vitro �>�;N20==O, I> 1C;0 74V9A=5=0 H;OE>< 4>4020==O 4> 

AC<VHV 48<5@C �>� (�>�-SS-�>�), O: 707=0G5=> 28I5 C ?C=:BV (2.4.3). � 

?>40;ьH><C 7@07:8 4>A;V46C20;8 <5B>4>< 25AB5@=-1;>BC, A83=0;8 45B5:BC20;8 

0=B8BV;0<8 ?@>B8 D>AD>@8;ь>20=8E A5@8=V2 @81>A><0;ь=>3> 1V;:0 S6 (pSer235/236 

B0 pSer240/244). ' 45O:8E 28?04:0E 28<V@N202AO @V25=ь D>AD>@8;N20==O, 70 

@0EC=>: 270є<>4VW 2B>@8==8E 0=B8BV;, :>=9N3>20=8E 7 ?5@>:A8407>N E@>=C, 7 

1CD5@>< ECL. 'B2>@5=89 E5<V;N<5=VAF5=B=89 A83=0; 2 @57C;ьB0BV 45B5:BC202AO 

@5=B35=V2Aь:>N ?;V2:>N, A:0=C202AO Odyssey XF B0 >1G8A;N202AO ?@>3@0<>N 

Image Studio.  

 

2.4.5. �;5:B@>D>@57 1V;:V2 C ?>;V0:@8;0<V4=><C 35;V 2 45=0BC@CNG8E 
C<>20E. �=0;V7 1V;:V2 <5B>4>< 5;5:B@>D>@5B8G=>3> @>74V;5==O ?@>2>48;8 
28:>@8AB>2CNG8 45=0BC@CNGV C<>28 7 4>4020==O< SDS 70 <5B>4>< �5<;V. %?5@HC 

3>BC20;8 @>7G8=8 4;O @>74V;ONG>3> (B01;. 2.4.5.1) B0 :>=F5=B@CNG>3> 35;V2          

(B01;. 2.4.5.2), 4>40NG8 TEMED 157?>A5@54=ь> ?5@54 =0=5A5==O<. �0;V 2 7V1@0=C 

25@B8:0;ь=C :0<5@C 4;O D>@57C <><5=B0;ь=> 70;820;8 AC<VH @>74V;ONG>3> 35;N, 

2V4A>B:>2VABь O:>3> ?V418@0;8 70;56=> 2V4 @>7<V@C 1V;:>28E D@03<5=BV2 V=B5@5AC, 

70;8H0NG8 <VAF5 4;O :>=F5=B@CNG>3>. �5;ь ?>;V<5@87C202AO ?V4 H0@>< 2>48 

?@>BO3>< 10 E2 70 B5<?5@0BC@8 +37°%. #VA;O 70AB830==O 35;N 2840;O;8 2>4C B0 

2=>A8;8 B5D;>=>2C 3@51V=:C 4;O D>@<C20==O ;C=>:, ?@>ABV@, I> 70;8H82AO, 

70?>2=N20;8 :>=F5=B@CNG8< 5% 35;5<. "?VA;O ?>;V<5@870FVW 3@51V=:C >15@56=> 



2840;O;8, ;C=:8 ?@><820;8 2>4>N. � :0<5@C 70;820;8 B@VA-3;VF8=>289 1CD5@ 4;O 

5;5:B@>D>@57C, 70 ?@>B>:>;>< QIAGEN (0,1   B@VA, 385 <  3;VF8=, 0,1% SDS), 0 2 

;C=:8 2=>A8;8 7@07:8 7 =020=B065==O< 20 3 40 <:3 B>B0;ь=>3> 1V;:0 =0 :><V@:C. � 

O:>ABV <0@:5@0 28:>@8AB>2C20;8 PageRuler Plus Prestained Protein Ladder 

(ThermoFischer Scientific, %,�). 

� A5@VW 4>A;V4V2 B0:>6 28:>@8AB>2C20;8 :><5@FV9=89 3@04Vє=B=89 #���             

4320% Precast Gel (Sigma-Aldrich, %,�), O:89 ?><VI0;8 2 5;5:B@>D>@5B8G=C 

:0<5@C Bio-Rad (C,�) B0 ?@>2>48;8 D>@57 C MOPS 1CD5@V (Millipore, !V<5GG8=0). 

� O:>ABV <0@:5@0 28:>@8AB>2C20;8 Precision Plus Protein Dual Color Standards (Bio-

Rad, %,�). 

�;5:B@>D>@57 C >1>E 28?04:0E ?@>2>48;8 A?5@HC 70 DV:A>20=>W A8;8 AB@C<C 

17 <�, 70 2E>465==O< 7@07:V2 2 @>74V;ONG89 35;ь ?V428IC20;8 AB@C< 4> 25 <�. 

#VA;O 70:V=G5==O ?@>F5AC 35;ь 2V7C0;V7C20;8 10@2=8:>< InstantBlue Coomassie 

(Abcam, %,�) 01> 28:>@8AB>2C20;8 2 ?>40;ьH><C V<C=>1;>BV. 

&45?<JO 2.4.5.1. 

�><?>78FVO @>74V;ONG>3> #�� 35;N 

%:;04=8:8 "1’є< (<;) 

 8%-9 35;ь 10%-9 35;ь 12%-9 35;ь 

�>40 4,6 4,0 3,3 

30% AC<VH 0:@8;0<V4C (A?V22V4=>H5==O 

0:@8;0<V4C B0 1VA-0:@8;0<V4C 29:1) 
2,7 3,3 4,0 

1,5   B@VA, @! 8,8 2,5 2,5 2,5 

10% SDS 0,1 0,1 0,1 

10% ?5@AC;ьD0B 0<>=VN 0,1 0,1 0,1 

TEMED 0,006 0,004 0,004 

 

 



&45?<JO 2.4.5.2. 

�><?>78FVO :>=F5=B@CNNG>3> 5% #�� 35;N 

%:;04=8:8 "1’є< (<;) 

�>40 1,4 

30% AC<VH 0:@8;0<V4C (A?V22V4=>H5==O 0:@8;0<V4C B0 1VA-

0:@8;0<V4C 29:1) 
0,33 

1   B@VA, @! 6,8 0,25 

10% SDS 0,02 

10% ?5@AC;ьD0B 0<>=VN 0,02 

TEMED 0,002 

 

 

2.4.6. �5AB5@=-1;>B 0=0;V7. �;O ?@>2545==O V<C=>1;>BC 1V;:8 ?VA;O 
5;5:B@>D>@5B8G=>3> @>74V;5==O ?5@5=>A8;8 7 35;N =0 ?>;V2V=V;V45=DB>@84=C 

(PVDF) <5<1@0=C Immobilon-P (Millipore, !V<5GG8=0), ?>?5@54=ь> V=:C1>20=C 2 

100% <5B0=>;V ?@>BO3>< 15 A5:. ' @07V ?>40;ьH>3> 28:>@8AB0==O 2B>@8==8E 

0=B8BV; 7 D;C>@5AF5=B=8<8 <VB:0<8, PVDF <5<1@0=0 <CA8;0 1CB8 7 =87ь:8< @V2=5< 

D>=>2>W D;C>@5AF5=FVW Immobilon-FL PVDF (Millipore, !V<5GG8=0). �0;V <5<1@0=C 

:0;V1@C20;8 ?@>BO3>< 5 E2 C 1CD5@V 4;O ?5@5=>AC, I> 3>BC20;8 70 ?@>B>:>;>< 

QIAGEN, <VAB82 25 <  B@VA, 150 <  3;VF8=, 20% <5B0=>;, pH 8,3. 

�;5:B@>?5@5=5A5==O ?@>2>48;8 ?@>BO3>< 1 3>4 30 E2 ?@8 ?>ABV9=><C AB@C<V         

250 <� 2 :0<5@V 4;O <>:@>3> ?5@5=5A5==O Bio-Rad (%,�). #VA;O ?5@5=5A5==O 

<5<1@0=C ?@><820;8 1 E2 2 1CD5@V TBS-Tween (20 <  B@VA-HCl (pH 7,5), 150 <  

NaCl, 0,1% Tween-20) B0 1;>:C20;8 A09B8 =5A?5F8DVG=>3> 729O7C20==O H;OE>< 

V=:C10FVW 2 5% @>7G8=V 7=568@5=>3> <>;>:0 01> �%� 2 TBS-T ?@>BO3>< 30 E2 70 

:V<=0B=>W B5<?5@0BC@8. #VA;O 70:V=G5==O ?@>F5AC 1;>:C20==O <5<1@0=C B@8GV 

2V4<820;8 2 TBS-T B0 =0=>A8;8 @>7G8= ?5@28==8E 0=B8BV; (1<:3/<; C &BS-T 

1CD5@V), V=:C1C20;8 ?@>BO3>< =>GV 70 B5<?5@0BC@8 +4º%. �0 7025@H5==O< V=:C10FVW 



2 ?5@28==8E 0=B8BV;0E <5<1@0=C ?@><820;8 5 @07V2 ?> 7 E2 C TBS-T B0 =0=>A8;8 

@>7G8= 284>A?5F8DVG=8E, <8H8=8E 01> :@>;OG8E, 2B>@8==8E 0=B8BV;, 

:>=9N3>20=8E 7 ?5@>:A8407>N E@>=C (Jackson ImmunoResearch, �5;8:0 �@8B0=VO) 

01> 7 D;C>@5AF5=B=>N <VB:>N 2V4?>2V4=>W 4>268=8 E28;V (Alexa Fluor, Invitrogen, 

�5;8:0 �@8B0=VO), V=:C1C20;8 ?@>BO3>< 40 E2 70 :V<=0B=>W B5<?5@0BC@8. #VA;O 

G5@3>2>W A5@VW 2V4<82>: <5<1@0=8 C TBS-T A?5F8DVG=V A83=0;8 45B5:BC20;8 70 

4>?><>3>N @50:FVW ?V428I5=>W E5<V;N<5=VAF5=FVW (ECL) 01> D;C>@5AF5=B=8< 

<5B>4><, 2V4?>2V4=> 4> B8?C 28:>@8AB0=8E 2B>@8==8E 0=B8BV;. �5B5:BC20==O 

<5B>4>< @50:FVW ECL ?>;O30;> 2 V=:C1C20==V <5<1@0=8 2 @>7G8=V, I> <VAB82           

100 <  B@VA (@! 8,8), 0,002% ;N<V=>; (Sigma, %,�), 0,004% :C<0@>2C :8A;>BC 

(Sigma, %,�) B0 0,001% ?5@>:A84 2>4=N (Sigma, %,�); B0 5:A?>=C20==V A83=0;V2 

=0 @5=B35=V2Aь:C ?;V2:C (Afga, %,�). ' 28?04:C 28:>@8AB0==O D;C>@5AF5=B=8E 

<VB>: V<C==V A83=0;8 45B5:BC20;8 =0 ?@8;04V Odyssey Scanner CLx 7 28:>@8AB0==O< 

?@>3@0<=>3> 70157?5G5==O Image Studio Lite (LI-COR Biosciences, %,�). 

�5=A8B><5B@VN A83=0;V2 28<V@N20;8 70 4>?><>3>N ?@>3@0<=>3> 70157?5G5==O 

ImageJ. 

 

2.4.7. �84V;5==O B0 >G8AB:0 @5:><1V=0=B=>3> 1V;:0 28:>@8AB>2CNG8 Ni-
NTA 0DV==C E@><0B>3@0DVN. "A048 :>=B@>;ь=8E =5V=DV:>20=8E B0 V=DV:>20=8E 

10:C;>2V@CA>< Sf9 :;VB8= @5ACA?5=4C20;8 2 E>;>4=><C ;V7CNG><C 1CD5@V, I> 

<VAB82 20 <M B@VA3HCl (pH 8,0), 200 <M NaCl, 2 <M MgCl2, 2 <M NaF,          

10% 3;VF5@8=, 10 <M V<V407>;, 1% Nonidet P40, 1<M PMSF,          

50 <M ³-3;VF5@>D>AD0B, 1x :>:B59;ь V=3V1VB>@V2 ?@>B507 (157 ��&�), 25 U/<; 

15=7>=078. �AV ?>40;ьHV :@>:8 >G8AB:8 28:>=C20;8Aь 70 B5<?5@0BC@8 +4°C. 

�;VB8=8 ;V7C20;8 =0 ;ь>4C ?@>BO3>< 30 E2 7 ?5@V>48G=8< ?5@5<VHC20==O< B0 

F5=B@8DC3C20;8 30 E2 ?@8 13 000 g. !04>A048, I> <VAB8;8 @5:><1V=0=B=89 

?@>4C:B, 718@0;8 B0 =0=>A8;8 =0 ?>?5@54=ь> 2V4<8BC (20 <M B@VA3HCl (pH 8,0),            

200 <M NaCl) Ni-NTA 030@>7C (Neo Biotech, (@0=FVO). �29O7C20==O ;V70BC 7 

A5D0@>7>N 2V41C20;>Aь ?@>BO3>< 2-E 3>4 7 ?>ABV9=>N ?>2V;ь=>N @>B0FVєN. �0;V 



729O70=89 :><?;5:A ?@><820;8 5 @07V2 1CD5@><, I> <VAB82 20 <M B@VA3HCl (pH 8,0), 

200 <M NaCl, 20 <M V<V407>;. #@>F5A 5;NN20==O 1V;:0 7 Ni-NTA 030@>78 

?@>2>48;8 28:>@8AB>2CNG8 1CD5@, :><?>78FVO O:>3> 1C;0 20 <M B@VA3HCl (pH 8,0), 

200 <M NaCl, 350 <M V<V407>;. �V0;V7 >G8I5=>3> ?@>4C:BC ?@>2>48;8 2 420 5B0?8, 

70<VICNG8 1CD5@ 4;O 5;NFVW 1CD5@>< 4;O 715@V30==O (20 <M B@VA3HCl (pH 7,5),          

200 <M NaCl, 50% 3;VF5@8=), 7 28:>@8AB0==O< <5<1@0=8 4;O 4V0;V7C Spectra/Por 

MWCO 3,5 :�a (Thermo Scientific, %,�). 

 

2.4.8. �84V;5==O B0 >G8AB:0 @5:><1V=0=B=>3> 1V;:0, :>=’N3>20=>3> 7 
GST-B03><. "A04 7 10:B5@V9, I> 5:A?@5AC20;8 7;8B89 7 GST-B03>< 1V;>: V=B5@5AC, 

;V7C20;8 ?@>BO3>< 1 3>4 C E>;>4=><C 1CD5@V, I> <VAB82 20 <  B@VA-HCl (pH 8,0), 

250 <M NaCl, 1 <M ³-<5@:0?B>5B0=>;, 3 <M MgCl2, 5 <M V<V407>;, �!�07C         

50 <:3/<;, ?@>B507=V V=3V1VB>@8 (157 ��&�). �0;V ?@>2>48;8 ;V78A C;ьB@072C:>< B0 

F5=B@8DC3C20;8 =0 <0:A8<0;ь=V9 H284:>ABV ?@>BO3>< 20 E2 2 >E>;>465=><C 4> 

+4º% @>B>@V. !04>A04, I> <VAB82 1V;:>2C D@0:FVN, =0=>A8;8 =0 ?>?5@54=ь> 2V4<8BC 

1CD5@>< (1x PBS, 1 <M MgCl2) GST-A5D0@>7C B0 729O7C20;8 ?@>BO3>< 1 3>4 ?@8 

+4º% =0 >15@B0;ь=><C :>;5AV. #VA;O 729O7C20==O :><?;5:A ?>2B>@=> 2V4<820;8 

B@8GV B0 ?@>2>48;8 5;NN20==O 1V;:0 7 A5D0@>78 1CD5@>< 7 50 <M B@VA-HCl (pH 8,0), 

10% 3;VF5@8=><, 10 <M 2V4=>2;5=8< 3;CB0BV>=><. �V0;V7 7 1CD5@C 4;O 5;NFVW 2 

1CD5@ 4;O 715@V30==O (50 <M B@VA3HCl (pH 8,0), 150 <M NaCl, 50% 3;VF5@8=) 

2V41C202AO 2 B@8 5B0?8 7 28:>@8AB0==O< <5<1@0=8 4;O 4V0;V7C Spectra/Por MWCO 

3,5 :�a (Thermo Scientific, %,�). 

 

2.5.  5B>48 D;C>@5AF5=B=>3> 0=0;V7C 1V;>:-1V;:>28E 270є<>4V9 

 

2.5.1. �<C=>D;C>@5AF5=B=89 0=0;V7 B0 :>=D>:0;ь=0 <V:@>A:>?VO. �;VB8=8 
AA02FV2 :C;ьB82C20;8 =0 ?>:@82=8E A:5;ьFOE (Menzel-Gläser, !V<5GG8=0) 2         

24-;C=:>2><C ?;0=H5BV (TPP, ,259F0@VO) 4> 4>AO3=5==O @V2=O :>=D;N5=B=>ABV 



<>=>H0@C ~80%, >1@>1;O;8 2V4?>2V4=8<8 @5035=B0<8 2 70;56=>ABV 2V4 

5:A?5@8<5=BC, 2840;O;8 A5@54>28I5 B0 2V4<820;8 PBS. �010@2;5==O <VB>E>=4@V9 

?@>2>48;8 H;OE>< WE ?@868BBє2>3> <VG5==O, V=:C1CNG8 :;VB8=8 ?@>BO3>< 30 E2 

?@8 +37º% 2 A5@54>28IV 7 0,05 <  MitoTrackerTM Red CMXRos (Invitrogen, %,�).

(V:AC20==O :;VB8= =0 A:5;ьFOE 2V41C20;>AO ?@>BO3>< 15 E2 C 10% D>@<0;V=V (Sigma, 

%,�) 7 4>4020==O< 100 <  NEM. (V:A0FVO B0 CAV ?>40;ьHV :@>:8 1C;8 28:>=0=V 

70 :V<=0B=>W B5<?5@0BC@8, O:I> =5 707=0G5=> V=0:H5. �04;O ?V428I5==O 

?@>=8:=>ABV :;VB8==8E <5<1@0= 2 ;C=:8 4>4020;8 0,2 % Triton X-100 C PBS 

2?@>4>26 15 E2. �;O 1;>:C20==O A83=0;V2 02B>D;C>@5AF5=FVW, I> <>6CBь 1CB8 

7C<>2;5=V =0O2=VABN 35B5@>F8:;VG=8E A?>;C: (!��(, @81>D;02V= B>I>), 

0@><0B8G=8E 0<V=>:8A;>B, :;VB8==8E >@30=5; (<VB>E>=4@VW, ;V7>A><8), A:5;ьFO 7V 

7@07:0<8 V=:C1C20;8 2 1CD5@V 7 10 <  :C?@C< AC;ьD0BC (CuSO4) B0 50 <  0F5B0BC 

0<>=VN (C₂H₇NO₂) @>7G8=5=8E C 2>4V, pH 5,0 ?@>BO3>< 15 E2. !040;V ?@>2>48;8 

1;>:C20==O 2V;ь=8E A09BV2 729O7C20==O, V=:C1CNG8 7@07:8 2 10% FBS 2 PBS 

?@>BO3>< 30 E2 ?@8 +37º%, B0:8< G8=>< 70?>1V30NG8 ?>40;ьH><C =5A?5F8DVG=><C 

729O7C20==N 0=B8BV;. �0;V A:5;ьFO V=:C1C20;8 2 ?5@28==8E 0=B8BV;0E (<�B          

0=B8-�>�, ?>;V:;>=0;ь=V 0=B8BV;0 ?@>B8 %-:V=FO S6K1) ?@>BO3>< =>GV ?@8 +4º% C 

2>;>3V9 :0<5@V. �B>@8==V 0=B8BV;0 FITC, :>=9N3>20=V :>78=V 0=B8-<8H8=V (Jackson 

ImmunoResearch Laboratories, %,�);  Cyanine5, :>=9N3>20=V :>78=V 0=B8-<8H8=V 

IgG (H+L) (Invitrogen, Thermo Fisher Scientific Inc., %,�), 4>4020;8 4> ?@5?0@0BV2 

C A?V22V4=>H5==V 1:400 (2 10% FBS/PBS) =0 1 3>4 ?@8 +37º% C 2>;>3V9 :0<5@V. 

�0D0@1>2C20==O O45@ 2V41C20;>AO H;OE>< =0=5A5==O =0 :;VB8=8 10@2=8:0 Hoechst 

33342 (Molecular Probes, %,�) C :V=F52V9 :>=F5=B@0FVW 5 <:3/<; ?@>BO3>< 30 E2. 

!0?@8:V=FV 7@07:8 DV:AC20;8 2 A5@54>28IV 4;O 70:;NG5==O Mowiol 4-88 (Sigma, 

%,�) C ?@8ACB=>ABV 0,1 % DABCO (Sigma, %,�). �>6=><C 5B0?>2V ?5@54C20;> 

B@8@07>25 2V4<820==O A:5;5Fь PBS 2V4 ?>?5@54=ь>3> @5035=BC. �@07:8 0=0;V7C20;8 

28:>@8AB>2CNG8 Leica TCS SPE :>=D>:0;ь=C A8AB5<C 7 21C4>20=8< DMi8 

V=25@B>20=8< <V:@>A:>?>< (Leica, !V<5GG8=0) . 

 



2.5.2. In situ proximity ligation assay.  5B>4 =01;865=>3> ;V3C20==O 01> 

proximity ligation assay (PLA) 74V9A=N20;8 28:>@8AB>2CNG8 Duolink In Situ Red 

Starter Kit Mouse/ Rabbit (Sigma-Aldrich, Dorset, �5;8:0 �@8B0=VO) 73V4=> V=AB@C:FVW 

28@>1=8:0. �;VB8=8 HEK293/Pank1³, I> 1C;8 :C;ьB82>20=V =0 ?@5?0@0B82=8E 

A:5;ьFOE (Menzel-Gläser, !V<5GG8=0) 2 24-;C=:>2><C ?;0=H5BV (TPP, ,259F0@VO), 

DV:AC20;8 ?@>BO3>< 15 E2 C 10% D>@<0;V=V (Sigma, %,�) 7 4>4020==O< 100 <  

NEM. (V:A0FVO B0 CAV =0ABC?=V :@>:8 1C;8 28:>=0=V 70 :V<=0B=>W B5<?5@0BC@8, O:I> 

=5 707=0G5=> V=H5. #5@<501V;V70FVN <5<1@0= :;VB8= B0 45<0A:C20==O 0=B835=C 

?@>2>48;8 H;OE>< 4>4020==O =0 A:5;ьFO 0,2 % Triton X-100 C PBS ?@>BO3>< 15 E2. 

�;O CAC=5==O 02B>D;C>@5AF5=FVW 7@07:8 V=:C1C20;8 2 1CD5@V 7 10 <  :C?@C< 

AC;ьD0BC (CuSO4) B0 50 <  0F5B0BC 0<>=VN (C₂H₇NO₂), pH 5,0 ?@>BO3>< 15 E2. �;O 

70?>1V30==O =5A?5F8DVG=>3> 729O7C20==O 0=B8BV; :;VB8=8 1C;8 V=:C1C20=V 2 PBS 7 

Duolink 1;>:CNG8< 1CD5@>< ?@>BO3>< 30 E2 ?@8 +30 °C.  V6 CAV<0 V=:C10FVO<8 

?@5?0@0B8 B@8GV ?@><820;8 PBS. #5@28==V <8H0GV <>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 

�>� (1F10/B11 [122]) B0 :@>;OGV ?>;V:;>=0;ь=V 0=B8BV;0 ?@>B8 S6K1 4>4020;8 4> 

:>6=>W ;C=:8 7V A:5;ьF5< C ?@>?>@FVW 1:100 7 Duolink @5035=B>< 4;O @>72545==O. /: 

=530B82=89 :>=B@>;ь 28:>@8AB>2C20;8 7@07>: >1@>1;5=89 ;8H5 Duolink @5035=B>< 

4;O @>72545==O. %:5;ьFO V=:C1C20;8 2 2>;>3V9 :0<5@V ?@8 +4 °C ?@>BO3>< =>GV. 

�3>4>< 7@07:8 ?@><820;8 1CD5@><, I> <VAB82 10 <M T@VA-HCl pH 7,4, 150 <M NaCl, 

0,05 % &2V=-20 B0 =0=>A8;8 2B>@8==V 0=B8BV;0 2 A?V22V4=>H5==V 1:5 7 Duolink 

@5035=B>< 4;O @>72545==O =0 1 3>4 ?@8 +37 °C 2 2>;>3V9 :0<5@V. � <5B>4V 

=01;865=>3> ;V3C20==O 2B>@8==V 0=B8BV;0 :>=9N3>20=V 7 PLA ?@>10<8 #�.% B0 

 �!'%, O:V =5ACBь =C:;5>B84=V ?>A;V4>2=>ABV :><?;5<5=B0@=V >4=0 >4=V9. #VA;O 

A5@VW ?>A;V4>2=8E ?@><82>: ?@5?0@0B8 V=:C1C20;8 2 @5035=BV 4;O 3V1@84870FVW 

?@>BO3>< 15 E2. !0 =0ABC?=><C 5B0?V ;V307C (?>?5@54=ь> @>72545=C 2 Duolink 

@5035=BV 4;O ;V3C20==O 2 A?V22V4=>H5==V 1:40) =0=>A8;8 =0 A:5;ьFO B0 ?@>2>48;8 

V=:C10FVN ?@>BO3>< 30 E2, 2?@>4>26 O:>W 2V41C20;>AO 79є4=0==O B0 F8@:C;O@870FVO 

�!� >;V3>=C:;5>B84V2 <V6 =01;865=8<8 <>;5:C;0<8. �<?;VDV:0FVO 

74V9A=N20;0Aь 70 @0EC=>: 4>4020==O 2 ;C=:8 �!�-?>;V<5@078, @>72545=>W 2 Duolink 



@5035=BV 4;O 0<?;VDV:0FVW (1:80), 7@07:8 V=:C1C20;8 ?@>BO3>< 100 E2. %:5;ьFO 

?@><820;8 1CD5@>< 70 2V4ACB=>ABV &2V=-20 V 70;8H0;8 ACH8B8AO =0 =VG. #>BV< 7=>2C 

2V4<820;8 PBS 1CD5@>< B0 70:@V?;N20;8 ?@5?0@0B8 =0 ?>:@82=8E A:5;ьFOE, 

4>40NG8 Duolink A5@54>28I5 4;O 70:@V?;5==O, I> <VAB82 DAPI 4;O D0@1C20==O 

O4@0. �@07:8 0=0;V7C20;8 28:>@8AB>2CNG8 Leica TCS SPE :>=D>:0;ь=C A8AB5<C 7 

21C4>20=8< DMi8 V=25@B>20=8< <V:@>A:>?>< (Leica, Germany). 

 

2.6. %B0B8AB8G=89 0=0;V7 
 

�;O :V;ь:VA=8E >1@0EC=:V2 45=A8B><5B@VW A83=0;V2 25AB5@=-1;>BC, 

:>;>:0;V70FVW 1V;:V2 2 V<C=>D;N>@5AF5=B=><C 0=0;V7V B0 4;O ?V4@0EC=:C A83=0;V2 

PLA 28:>@8AB>2C20;8 ?@>3@0<=5 70157?5G5==O ImageJ 7 2V4?>2V4=8<8 ?;03V=0<8. 

"1@>1:C >B@8<0=8E @57C;ьB0BV2 ?@>2>48;8 7 28:>@8AB0==O< ?@>3@0<8 Excel 2016. 

'AV 5:A?5@8<5=B8 2V4B2>@N20;8 2 336 ?>2B>@0E. �0=V ?@54AB02;5=V C 283;O4V 

AB>2?G8:>28E  4V03@0< A5@54=ь>3> 0@8D<5B8G=>3> 7=0G5==O V7 7>1@065==O< 

AB0=40@B=>3> 2V4E8;5==O (±SD). $57C;ьB0B8 4>A;V465=ь 2V4?>2V4=> 4> 

=5?0@0<5B@8G=>3> 42>AB>@>==ь>3> t-:@8B5@VN %BьN45=B0 1C;8 AB0B8AB8G=> 

4>AB>2V@=8<8, :@8B8G=89 @V25=ь 4>AB>2V@=>ABV ?@8 ?5@52V@FV AB0B8AB8G=8E 3V?>B57 

?@89<0;8 @ f 0,05 B0 @ f 0,01. %BC?V=ь :>;>:0;V70FVW 1V;:V2 287=0G0;8 73V4=> 

:@8B5@VN #V@A>=0. 

  



$"���� 3 

$��'�Ь&�&� ��%#�$� �!&��Ь!�) �"%�����!Ь &� 
"��"�"$�!!/ 

3.1. "B@8<0==O B0 E0@0:B5@8AB8:0 =>28E <>=>:;>=0;ь=8E 0=B8BV; ?@>B8 
�>5=78<C � 

 

 �;O ?@>2545==O O:VA=8E 4>A;V465=ь =5>1EV4=> 2>;>4VB8 ?>BC6=8< 

V=AB@C<5=B0@Vє<. %0<5 B><C ?5@H8< 7 ?>AB02;5=8E C @>1>BV 70240=ь AB0;0 

E0@0:B5@8AB8:0 =>28E 0=B8-�>� <�B, O:V 1 <>6;82> 1C;> 28:>@8AB>2C20B8 C 

282G5==V ?@>F5AV2 �>�;N20==O G8 =87:8 V=H8E 4>A;V465=ь, ?>29O70=8E 7 �>�. 

$0=VH5 C 2V44V;V 265 1C;> 704>:C<5=B>20=> >B@8<0==O A?5F8DVG=8E 

<>=>:;>=0;ь=8E 0=B8BV; ?@>B8 :>5=78<C � (1F10) [122], I> @>7?V7=020;8 �>� 2 

@V7=8E V<C=>;>3VG=8E 0=0;V70E, 2:;NG=> 7 25AB5@=-1;>B><, V<C=>?@5F8?VB0FVєN, 

V<C=>F8B>- B0 V<C=>3VAB>EV<VєN. /: 0=B835= 4;O @>7?V7=020==O 0=B8BV;0<8 

28:>@8AB>2C20;8 =572>@>B=> :@>A;V=:>20=C AC;ьD3V4@8;ь=>N 3@C?>N <>;5:C;C 

�>� 4> <0;5V<V4 0:B82>20=>3> 35<>FV0=V=C <>;NA:0 (Keyhole Limpet Hemocyanin, 

KLH). �57?>A5@54=V< 0=B835==8< 5?VB>?>< @>7?V7=020==O 4;O 0=B8BV; 1F10 

A;C3C202 :;NG>289 39-D>AD0B 457>:A8@81>7=>3> :V;ьFO <>;5:C;8 �>�. "4=0:, 

?>?@8 VA=C20==O A?5F8DVG=8E 4> �>� <�B, >4=8< V7 70240=ь <>єW @>1>B8 1C;0 

E0@0:B5@8AB8:0 =>28E 0=B8-�>� <�B 7 0;ьB5@=0B82=8< A?>A>1>< AB2>@5==O 

0=B835==>3> 5?VB>?C ?>@V2=O=> 4> VA=CNG>3>.  0NG8 0=B8BV;0 @V7=>W 

A?5F8DVG=>ABV, <8, =0?@8:;04, <>3;8 1 AB2>@8B8 ?V4EV4 4;O 287=0G5==O @V2=O 

2V;ь=>3> �>� 2 @V7=8E 1V>;>3VG=8E 7@07:0E, 28:>@8AB>2CNG8 V<C=>;>3VG=V B5AB8.  

 "B65, C 2V44V;V 1C;> 28:>@8AB0=> =>289 ?V4EV4 4> AB2>@5==O 0=B8-�>� <�B, 

0 A0<5 72>@>B=5 :@>A;V=:C20==O  �>� 4> KLH 70 4>?><>3>N EV<VG=>3> :@>A;V=:5@0 

SPDP (N-Succinimidyl 3-(2-pyridyldithio) propionate) G5@57 AC;ьD3V4@8;ь=C 3@C?C 

�>� (KLH-S-S-�oA). !>289 A?>AV1 ?@575=B0FVW 0=B835=C ?@8 V<C=V70FVW, 9<>2V@=>, 

<V3 18 =04020B8 4>ABC?C 4> V=H8E 0=B835==8E 4V;O=>: �>�, 7<V=NNG8 



A?5F8DVG=VABь 0=B8BV; B0 7030;ь=89 ?C; @>7?V7=0=8E <>;5:C;. �=B835=              

KLH-S-S-�oA 1C2 28:>@8AB0=89 4;O V<C=V70FVW <8H59 B0 >B@8<0==O 3V1@84><=8E 

:;>=V2, I> ?@>4C:C20;8 <>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 �>�. #VA;O 42>E @0C=4V2 

�(� 1C;> 2V4V1@0=> ?>78B82=C :>;>=VN �11, O:C =040;V B5ABC20;8 B0 

E0@0:B5@87C20;8 <5B>40<8 25AB5@= 1;>BC, V<C=>?@5F8?VB0FVW B0 V<C=>F8B>EV<VW. 

 �;O ?>40;ьH>3> 4>A;V465==O A?5F8DVG=>ABV A?5@HC 1C;> :@>A;V=:>20=> 

�%� 7 AC;ьD3V4@8;ь=>N 3@C?>N �>� (7 CB2>@5==O< �%�-S-S-�oA) 0=0;>3VG=8< 

A?>A>1><, I> 28:>@8AB>2C202AO 4;O AB2>@5==O =>2>3> 0=B835=C 3 =572>@>B=>3> 

7H820==O 70 4>?><>3>N :@>A;V=:5@0 SPDP. �3V4=> 40=8E, 7>1@065=8E =0 @8A.3.1.4, 

=0 O:><C ?@>45<>=AB@>20=> A?5F8DVG=5 @>7?V7=020==O 0=B8BV;0<8 �%A-S-S-�oA, 

<�B >B@8<0=V 7 3V1@84><8 �11 28O2;ONBь 28A>:89 @V25=ь @>7?V7=020==O �%�, 

:>=9N3>20=>3> 7 �>�, C 25AB5@=-1;>BV. &0:>6 A?5F8DVG=VABь >B@8<0=8E 0=B8BV; 

?V4B25@46Cє 7=8:=5==O A83=0;C ?VA;O >1@>1:8 7@07:0 2V4=>2;N20;ь=8< 035=B>< 

�&&, I> @C9=Cє 48AC;ьDV4=V 729O7:8 <V6 <>;5:C;0<8. !040;V 4>A;V46C20;8 

<>6;82VABь A?5F8DVG=>W ?@5F8?VB0FVW >B@8<0=8<8 0=B8BV;0<8 �>�-<>48DV:>20=8E 

<>;5:C;. $57C;ьB0B8 ?@>2545=>W V<C=>?@5F8?VB0FVW (�#), I> 7>1@065=V =0 @8A.3.1.5, 

45<>=AB@CNBь 740B=VABь 0=B8BV; �11 729O7C20B8 �>�-<>48DV:>20=89 �%�, I> 40є 

?V4AB028 ?@8?CA:0B8 <>6;82VABь >B@8<0=8E <�B ?@5F8?VBC20B8 V V=HV                

�>�-<>48DV:>20=V ?@>B5W=8.  

�;O ?>40;ьH>3> 0=0;V7C 740B=>ABV <�B �11 45B5:BC20B8 5=4>35==V 

�>�;ь>20=V 1V;:8, 1C;> ?@>2545=> 25AB5@=-1;>B 7 ;V70BV2 HEK293/Pank1³ :;VB8=, 

:C;ьB82>20=8E 70 =>@<0;ь=8E C<>2 B0 C<>2 >:A840B82=>3> AB@5AC, V=4C:>20=>3> 

4>4020==O< H2O2. �C;> ?@>45<>=AB@>20=>, I> O: =>2V �11, B0: V @0=VH5 

>E0@0:B5@87>20=V 1F10 0=B8BV;0 <0NBь ?>4V1=89 ?0B5@= @>7?V7=020==O 5=4>35==8E 

�>�;ь>20=8E 1V;:V2 7 ;V70BV2 AB@5A>20=8E :;VB8= (@8A.3.2.4). !0 @8AC=:C B0:>6 

?@>V;NAB@>20=0 A?5F8DVG=0 70;56=VABь V<C=>@50:B82=>3> A83=0;C 2V4 =0O2=>ABV C 

7@07:C �&&. )0@0:B5@87CNG8 @0=VH5 >45@60=V 0=B8BV;0 1F10, 1C;> 28O2;5=>, I> 

0=B835==89 5?VB>? @>7?V7=020==O <�B =0 <>;5:C;V �>� @>7B0H>20=89 2 

457>:A8@81>7=><C :V;ьFV B0 70;568Bь 2V4 D>AD>@8;N20==O 457>:A8@81>78 2          



3' ?>;>65==V. &><C 4;O 287=0G5==O 0=B835==>3> 5?VB>?C �11 <�B <8 4>A;V46C20;8 

WE 740B=VABь @>7?V7=020B8 45D>AD>@8;ь>20=C D>@<C �>�. �V4?>2V4=> 4> 40=8E, 

7>1@065=8E =0 @8A.3.2.5, 0=B8BV;0 �11, 0=0;>3VG=> 4> 1F10, =5 45B5:BCNBь �%�, 

:>=9N3>20=>3> 7 45D>AD>-�>�, 4>72>;ONG8 ?@8?CAB8B8, I> D>AD0B=0 3@C?0 2          

3' ?>;>65==V 457>:A8@81>78 <0є 28@VH0;ь=5 7=0G5==O 4;O D>@<C20==O 0=B835==>3> 

5?VB>?C 2 >1>E 28?04:0E. 

 

$8A. 3.1. �;>B>3@0<8 0=0;V7C A?5F8DVG=>ABV �11 �>�-0=B8BV;; 4 3  2 25AB5@=-

1;>BV ?@>B8 �%A-S-S-�oA; 5 3 2 V<C=>?@5F8?VB0FVW ?@>B8 �%A-S-S-�oA 

"4=VєN 7 206;828E 2;0AB82>AB59 0=B8BV; є WE=O <>6;82VABь A?5F8DVG=> 

@>7?V7=020B8 0=B835= 2 V<C=>D;C>@5AF5=B=8E 0=0;V70E. &><C =0ABC?=8< :@>:><  

4;O E0@0:B5@8AB8:8 0=B8-�>� �11 0=B8BV; 1C;> ?@>2545==O V<C=>F8B>EV<VW =0 

DV:A>20=8E <>45;ь=8E :;VB8=0E HEK293/Pank1³ 70 =>@<0;ь=8E C<>2 B0 70 C<>2 

V=4C:FVW >:A840B82=>3> AB@5AC. !0 @8A. 3.3 <>65<> A?>AB5@V30B8 ?V428I5==O 

V=B5=A82=>ABV D;C>@5AF5=B=>3> A83=0;C C 2V4?>2V4ь =0 >1@>1:C :;VB8= 

>:8A;N20;ь=8<8 035=B0<8 H2O2 (@8A.3.3.5) B0 4V0<V4>< (@8A.3.3.6), C ?>@V2=O==V 7 

V=B0:B=8<8 :;VB8=0<8 (@8A.3.3.4), I> A?V2?040є 7 >GV:C20=8< @57C;ьB0B><. ":@V< 

B>3>, @>7?>4V; 45B5:B>20=8E A83=0;V2 <�B �11 2V4?>2V40є @>7?V7=020==N A83=0;V2 

0=B8BV;0<8 1F10 (@8A.3.3.7), O:V є 28A>:>A?5F8DVG=8<8 2 V<C=>D;C>@5AF5=B=8E 

0=0;V70E. 



 

$8A. 3.2. �;>B>3@0<8 0=0;V7C A?5F8DVG=>ABV �11 �>�-0=B8BV;;         

4 3 ?>@V2=O;ь=89 0=0;V7 A?5:B@C @>7?V7=020==O 5=4>35==8E 1V;:V2 7 ;V70BV2 :;VB8= 

0=B8BV;0<8 �11 B0 1F10, :>=B@>;ь =020=B065==O BC1C;V=><; 5 3 �� ?@>B8            

�%A-SS-45D>AD>�>� 

"B65, >B@8<CNG8 =>2V <>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 :>5=78<C � 7 

28:>@8AB0==O< <>48DV:>20=>3> ?V4E>4C 4> AB2>@5==O 0=B835=C, <8 >GV:C20;8 

28O28B8 4>ABC? 4> V=H8E 0=B835==8E 5?VB>?V2 �>�, O:18 B0:V VA=C20;8. � @57C;ьB0BV 

?@>2545=>W G0AB8=8 @>1>B8 <>6=0 7@>18B8 28A=>2>:, I> >15@=5=5 7H820==O �>� 7 

KLH 70 4>?><>3>N SPDP, B0: A0<> O: V =572>@>B=5 :@>A;V=:C20==O �>� 7 

0:B82>20=8< <0;5V<V4>< KLH, <>65 1CB8 28:>@8AB0=> 4;O >B@8<0==O 

28A>:>A?5F8DVG=8E <�B. �=B8BV;0 45<>=AB@CNBь AE>6C 28A>:C A?5F8DVG=VABь, I> 

є 7C<>2;5=>N @>7?V7=020==O< >4=>3> 9 B>3> 6 0=B835==>3> 5?VB>?C.  8 

?@8?CA:0є<>, I> �>�, H284H5 70 2A5, <0є ;8H5 >48= 0=B835==89 5?VB>?, 0         

3'-D>AD0B 457>:A8@81>7=>3> :V;ьFO 9<>2V@=> є :;NG>2>N <>;5:C;>N 2 CB2>@5==V 

5?VB>?V2 4;O >1>E B8?V2 <�B. "B@8<0=V @57C;ьB0B8 1C4CBь :>@8A=8<8 4;O 

?>40;ьH>3> 4>A;V465==O �>�;N20==O 1V;:V2 70 4>?><>3>N >1>E B8?V2 <�B. 

 



 

$8A. 3.3.  V:@>?@5?0@0B8 :;VB8==>W ;V=VW HEK293/Pank1³, :C;ьB82>20=>W 70 

=>@<0;ь=8E (4) B0 AB@5A>28E C<>2 ?@8 >1@>1FV ?5@5:8A>< 2>4=N (5) 01> 4V0<V4>< 

(6, 7). �5B5:FVO �>�;ь>20=8E ?@>B5W=V2 2V41C20;0AO 0=B8BV;0<8 �11 01> 1F10 B0 

2B>@8==8<8 0=B8BV;0<8 Cyanine 5 (G5@2>=89). �!� :;VB8= 2V7C0;V7C20;8 

10@2=8:>< Hoechst 33342 (A8=V9).  0AHB01 10 <:< 

  

$57C;ьB0B8, 28:;045=V C ?V4@>74V;V, >?C1;V:>20=> 2 =0ABC?=8E @>1>B0E:  

1) Malanchuk OM, Bdzhola AV, Tykhonkova IO, Gout IT, Filonenko VV (2022) 

Monoclonal antibodies to Coenzyme A. Biopolym Cell 38:2153223; 



2) Bdzhola A, Filonenko V, Malanchuk O 8Generation and characterization of novel 

antibodies specific to Coenzyme A9. Materials of the XVII International 

conference of young scientists, Kyiv, IMBG. 3 2023 3 p.65.

 

3.2. �>�;N20==O O: =>289 B8? ?>ABB@0=A;OFV9=>W <>48DV:0FVW :V=078 
@81>A><=>3> 1V;:0 S6 

 

!0O2=VABь C AB@C:BC@V <>;5:C;8 �>� 28A>:>@50:B82=>W BV>;ь=>W 3@C?8 B0 

D@03<5=B0 ��( 70157?5GCє WW 70;CG5==O 4> @V7=><0=VB=8E DC=:FV9 2 1V>EV<VG=8E 

?@>F5A0E. �3V4=> ?>?5@54=VE A?>AB5@565=ь 1C;> 28O2;5=> V=B5=A82=C <>48DV:0FVN 

�>5=78<>< � ?@>B5W=V2 C :;VB8=0E V B:0=8=0E AA02FV2, I> ?V4;O30;8 2?;82C 

>:A840B82=>3> B0 <5B01>;VG=>3> AB@5AV2. *5 2V41C;>AO 7024O:8 @>7@>1;5=8< C 

2V44V;V, 2 :>;01>@0FVW 7 ;01>@0B>@VєN AB@C:BC@=>W B0 <>;5:C;O@=>W 1V>;>3VW UCL, 

V=AB@C<5=B0< 4>A;V465==O, A5@54 O:8E, >B@8<0=V @0=VH5 2 =0HV9 ;01>@0B>@VW 

<>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 �>� [122] B0 <>48DV:>20=0 <5B>48:0 $)- % 

(@V48==0 E@><0B>3@0DVO 4 <0A-A?5:B@><5B@VO) [13]. �8:>@8AB0==O 

28I5?5@5@0E>20=>3> V=AB@C<5=B0@VN 4>72>;8;> V45=B8DV:C20B8 58 �>�;ь>20=8E 

1V;:V2 2 B:0=8=0E A5@FO IC@0 70 5:A?5@8<5=B0;ь=>W ?5@DC7VW 7 28:>@8AB0==O< 

?5@5:8AC 2>4=N [13]. �V>V=D>@<0B82=8< 0=0;V7>< ?C;C �>�;ь>20=8E ?@>B5W=V2 

2AB0=>2;5=>, I> 1V;ьHVABь 7 =8E 15@CBь CG0ABь C @V7=><0=VB=8E :;VB8==8E 

?@>F5A0E, 2:;NG0NG8 :;VB8==89 <5B01>;V7< (1;87ь:> 60%), A8=B57 1V;:V2, @50:FVN 

=0 AB@5A, I> є A2V4G5==O< 206;82>ABV <>;5:C;8 �>� 2 ?V4B@8<FV DC=:FV>=C20==O 

=87:8 1V;:V2 B0 @53C;OFVW 0:B82=>ABV D5@<5=BV2. #>40;ьH8<8 4>A;V465==O<8 2 

:;VB8=0E S. aureus  1C;> 28O2;5=> 356 1V;:8, I> �>�;NNBьAO C 2V4?>2V4ь =0 

>:8A=89 AB@5A. � F8E 4>A;V465==OE AB@5A V=4C:C20;8 4V0<V4><, I> 28O282AO 1V;ьH 

?>BC6=8< >:8A=N20G5< =V6 ?5@>:A84 2>4=N, I> 1C;> ?V4B25@465=> =0<8 V 4;O 

:;VB8= AA02FV2. !0 @8A. 3.4.4 ?@54AB02;5=> 40=V �� 0=0;V7C ;V70BV2 :;VB8= 

HEK293/Pank1³ ?VA;O WE=ь>W >1@>1:8 500 <:  ?5@>:A84>< 2>4=N B0 500 <:  



4V0<V4><. %0<5 B><C 4V0<V4 28:>@8AB>2C20;8 =040;V 4;O 287=0G5==O A?5:B@C 1V;:V2, 

�>�;N20==O O:8E V=VFVNєBьAO >:8A=8< AB@5A><. �07=0G5=89 ?V4EV4 4>72>;82 

V45=B8DV:C20B8 1V;O 2000 1V;:V2 AA02FV2 2 :;VB8=0E HEK293/Pank1³ ?VA;O >1@>1:8 

4V0<V4><. �;VB8=8 HEK293/Pank1³ 28:>@8AB>2C20B8<CBьAO 2 ?>40;ьH8E 

5:A?5@8<5=B0E O: <>45;ь=0 :;VB8==0 ;V=VO 7V AB01V;ь=>N =045:A?@5AVєN 

?0=B>B5=0B:V=078 1³ (PANK1³), I> є >A=>2=8< ;V<VBCNG8< D5@<5=B>< H284:>ABV 

1V>A8=B57C �>�. 

%5@54 V45=B8DV:>20=8E 1V;:V2 1C;> 28O2;5=> �>�;N20==O 1030Bь>E :V=07, 

AC1AB@0B=0 A?5F8DVG=VABь O:8E 20@VN20;0 2V4 1V;:V2 4> ;V?V4V2, 2C3;52>4V2 V 

=C:;5>B84V2 [130]. "4=8< V7 287=0G5=8E 5=78<V2, I> ?V440NBьAO �>�;N20==N C 

2V4?>2V4ь =0 >:A840B82=89 AB@5A, 28O28;0AO :V=070 @81>A><0;ь=>3> 1V;:0 S6 

(S6K1), I> є ?@54<5B>< 1030B>@VG=8E 4>A;V465=ь 2 =0H><C 2V44V;V. *V:02>, I> A0<5 

7024OGCNG8 S6K1, 1C;> V45=B8DV:>20=> 35= 5=78<C, I> 70;CG5=89 2 420 >AB0==V 

5B0?8 1V>A8=B57C �>� - �>�-A8=B078, I> 28O28;0AO 1V;:>28< ?0@B=5@>< S6K1 70 

40=8<8 7 28:>@8AB0==O< 42>3V1@84=>W A8AB5<8 4@V646V2 [164]. "4=0:, =0 60;ь 

4>:07V2  DC=:FV>=0;ь=>W 7=0G8<>ABV FVєW 270є<>4VW ?>:8 =5 2AB0=>2;5=>.  

 /: 2V4><> ?>ABB@0=A;OFV9=V <>48DV:0FVW S6K1, O: B> D>AD>@8;N20==O, 

0F5B8;N20==O [10], [103], [143], [149], [163] 2V4V3@0NBь 206;82C @>;ь 2 @53C;OFVW 

DC=:Fi>=0;ь=>W 0:B82=>ABV S6K1, 2 B><C G8A;V V 287=0G5==V WW A?5F8DVG=>ABV 4> 

<=>68==8E AC1AB@0BV2. !0<8 1C;> 28AC=CB> ?@8?CI5==O, I> :>20;5=B=0 

<>48DV:0FVO S6K1 <>;5:C;>N �>� (�>�;N20==O) B0:>6 <>65 28:>=C20B8 206;82C  

@53C;OB>@=C @>;ь. *O 3V?>B570 ґ@C=BC20;0AO =0 =0ABC?=8E :@8B5@VOE. #>-?5@H5, C 

:;VB8=0E HEK293/Pank1³, >1@>1;5=8E 4V0<V4><, 1C;> 28O2;5=> �>�;ь>20=89 

?5?B84, I> 2V4?>2V40є p70S6K1. !0 @8AC=:C 3.4.6 ?>:070=> A?5:B@8 $)- % 

>B@8<0=V 7 p70S6K1 �>�;ь>20=>3> ?5?B84C (LTDFGLC*K), I> <VAB8Bь F8AB5W= C 

?>;>65==V 217. #>-4@C35, �>�;ь>20=89 Cys217 @>7B0H>20=89 2 0:B820FV9=V9 ?5B;V 

B0 є 2V440;5=8< ;8H5 =0 >4=C 0<V=>:8A;>BC 2V4 :>=A5@20B82=>3> <>B82C DFG, 

B@8?5?B84C I> є =5>1EV4=8< 4;O :0B0;VB8G=>W 0:B82=>ABV :V=078. �@V< B>3>, A09B 

D>AD>@8;N20==O PDK1 (Thr229), O:89 є :@8B8G=> 206;828< 4;O 0:B820FVW 



p70S6K1, B0:>6 @>7B0H>20=89 2 0:B820FV9=V9 ?5B;V, 2 157?>A5@54=V9 1;87ь:>ABV 4> 

Cys217. &><C =5 28:;NG5=>, I> �>�;N20==O 70 A09B>< Cys217 <>65 @53C;N20B8 

0:B82=VABь p70S6K1 H;OE>< 2?;82C =0 D>AD>@8;N20==O A09BC Thr229, I> 

2V41C20єBьAO 70 CG0ABV PDK1. #>;>65==O Cys217 2V4=>A=> 7030;ь=>W AB@C:BC@8 

p70S6K1 AE5<0B8G=> 7>1@065=0 =0 @8AC=:C 3.4.5. !0@5HBV, 70 0=0;>3VєN 4> 

�>�;N20==O :V=078 �2@>@0 A, 4;O O:>W 1C;> ?@>45<>=AB@>20=> 1;>:C20==O                 

�&(-729O7CNG>3> A09BC, H;OE>< CB2>@5==O :><?;5:AC 7 <>;5:C;>N �>� [14], <8 

?5@5410G0;8 9<>2V@=VABь V=3V1CNG>3> 2?;82C �>�;N20==O =0 0:B82=VABь, 

?>40;ьHC A83=0;V70FVN B0 DC=:FVN p70S6K1 70 C<>2 >:A840B82=>3> AB@5AC. 

"B65, 2=0A;V4>: ?@>2545=>3> C A?V2?@0FV $)- % 0=0;V7C ;V70BV2 :;VB8= 

HEK293/Pank1³ 7 V=4C:FVєN >:A840B82=>3> AB@5AC 4V0<V4><, 1C;> 28O2;5=> 

?5?B84=C ?>A;V4>2=VABь LTDFGLC*K, F8AB5W= (Cys217) O:>W CB2>@Nє 48AC;ьDV4=89 

72'O7>: 7 <>;5:C;>N �>�. 

 

$57C;ьB0B8 28:;045=V C ?V4@>74V;V, 28A2VB;5=> C =0C:>2V9 ?C1;V:0FVW: 

Malanchuk O, Bdzhola A, Palchevskyi S, et al (2024) Investigating the Regulation of 

Ribosomal Protein S6 Kinase 1 by CoAlation. IJMS 25:8747 DOI:

10.3390/ijms25168747. 

 



 

$8A. 3.4. �8O2;5==O �>�;N20==O p70S6K1 C :;VB8=0E HEK293/Pank1³, 

>1@>1;5=8E 4V0<V4><, 70 4>?><>3>N $)- %; 4 3 25AB5@=-1;>B 0=0;V7>< 7 

28:>@8AB0==O< 0=B8-�>� <�B 28O2;5=> 7=0G=5 ?V428I5==O @V2=O �>�;N20==O 

?@>B5W=V2 2 :;VB8=0E HEK293/Pank1³, >1@>1;5=8E 500 <:  H2O2 (4>@V6:0 2) B0            

500 <:  4V0<V4C (4>@V6:0 3) ?@>BO3>< 30 E2, 2 ?>@V2=O==V 7 =5>1@>1;5=8<8 

:>=B@>;ь=8<8 :;VB8=0<8 (4>@V6:0 1). �:A?5@8<5=B ?>2B>@N20;8 I>=09<5=H5 

B@8GV 7 >B@8<0==O< ?>4V1=8E @57C;ьB0BV2; 5 3 AE5<0B8G=0 4><5==0 AB@C:BC@0 

p70S6K1. �>�;ь>20=89 Cys217 (G5@2>=8<) 7=0E>48BьAO 2 0:B820FV9=V9 ?5B;V, B0: 

A0<> O: V Cys231. Thr229 D>AD>@8;NєBьAO PDK1, I> є :@8B8G=> 206;828< 4;O 

0:B820FVW S6K1; 6 3 A?5:B@ $)- % �>�;ь>20=>3> ?5?B84C (LTDFGLC*K), I> 

2V4?>2V40є p70S6K1 



3.3. �=0;V7 �>�;N20==O S6K1 in cellular 

 

3.3.1. &@0=7Vє=B=0 5:A?@5AVO EE-p70S6K1 2 :;VB8=0E HEK293/Pank1β B0 WW 
�>�;N20==O 70 C<>2 >:A840B82=>3> AB@5AC. �8O2;5==O �>�;ь>20=>W p70S6K1 70 
4>?><>3>N <0A-A?5:B@><5B@VW 2 :;VB8=0E HEK293/Pank1³, >1@>1;5=8E 4V0<V4><, 

A?>=C:0;> =0A 4> ?>40;ьH8E 4>A;V465=ь �>�-<>48DV:>20=>W S6K1 in cellular. /: 

?>:070=> =0 @8A. 3.5, V=4C:FVO >:A840B82=>3> AB@5AC, ?@8 4>4020==V 4> :;VB8= 

4V0<V4C, A?@8Oє ?V428I5=><C 7030;ь=><C @V2=N �>�;ь>20=8E 1V;:V2 C B>B0;ь=><C 

;V70BV :;VB8= (4>@V6:0 6), ?>@V2=O=> 7 =5>1@>1;5=8<8 :;VB8=0<8 (4>@V6:0 5). �;O 

V45=B8DV:0FVW �>�;N20==O 157?>A5@54=ь> 4>A;V46C20=>W S6K1 A?5@HC 1C;0 

?@>2545=0 B@0=7Vє=B=0 B@0=AD5:FVO :;VB8= HEK293/Pank1³ ?;07<V4>N, I> :>4Cє 

p70S6K1, :>=9N3>20=C 7 ��-B03>< (Glu-Glu B03). �:A?5@8<5=B8 7 �>�;N20==O< 

?@5F8?VB>20=>W 5=4>35==>W p70S6K1 7 :;VB8= HEK293/Pank1³ =5 45<>=AB@C20;8 

2848<>3> A83=0;C ?@8 28:>@8AB0==V <5B>4C 25AB5@=-1;>BC, C 729O7:C 7 

=54>AB0B=ь>N GCB;82VABN B5E=>;>3VW (�>40B>: �). &><C =040;V 4>A;V46C20;8 

=045:A?@5A>20=C :V=07C, O:C A?5F8DVG=> ?@5F8?VBC20;8 7 =5>1@>1;5=8E B0 

>1@>1;5=8E 4V0<V4>< :;VB8= 0=B8BV;0<8 ?@>B8 EE-B03C. !0 25AB5@=-1;>BV, 

7>1@065=><C =0 @8A.3.5.4, GVB:> ?@>45<>=AB@>20=>, I> V<C=>?@5F8?VB>20=0 EE-

@70S6K1, 7 <>;5:C;O@=>N <0A>N ~70 :�0, є �>�;ь>20=>N C :;VB8=0E, >1@>1;5=8E 

4V0<V4>< (4>@V6:0 4), ?>@V2=O=> 7 =5>1@>1;5=8<8 B@0=ADV:>20=8<8 :;VB8=0<8 

(4>@V6:0 3). �04;O ?V4B25@465==O 5:A?@5AVW EE-@70S6K1 (4>@V6:8 3-6) B0 

5D5:B82=>ABV V<C=>?@5F8?VB0FVW (4>@V6:8 3 V 4) <5<1@0=C V=:C1C20;8 7 0=B8-S6K1 

(%-:V=F528<) ?>;V:;>=0;ь=8<8 0=B8BV;0<8. � @57C;ьB0BV 28A>:89 @V25=ь 5:A?@5AVW 

@70S6K1 2=0A;V4>: B@0=7Vє=B=>W B@0=AD5:FVW 1C2 =0>G=> ?@>45<>=AB@>20=89. 

,8DB @70S6K1 2 5;5:B@>D>@5B8G=><C @>74V;5==V =0 4>@V6:0E 4 B0 6, C ?>@V2=O==V 

7 4>@V6:0<8 3 B0 5, <>6=0 ?>OA=8B8 =0O2=VABN V=B5=A82=>3> �>�;N20==O 

2=0A;V4>: >:A840B82=>3> AB@5AC, 0465 ?@8є4=0==O <>;5:C;8 �>� 4> 1V;:V2 7<V=Nє 

O: WE=N <>;5:C;O@=C <0AC, B0: V 70@O4. !530B82=8<8 :>=B@>;O<8 1C;8 



V<C=>?@5F8?VB0B8 0=B8-�� <�B 7 >1@>1;5=8E 4V0<V4>< =5B@0=ADV:>20=8E :;VB8= 

(4>@V6:0 2) B0 A5D0@>78 Protein G 729O70=>W ;8H5 7 0=B8-�� 0=B8BV;0<8 (4>@V6:0 1). 

�;O 1V;ьH =0>G=>3> ?V4B25@465==O �>�;N20==O EE-p70S6K1 2 :;VB8=0E 

HEK293/Pank1³, >1@>1;5=8E 4V0<V4><, <5<1@0=0 1C;0 ?@>0=0;V7>20=0 70 

4>?><>3>N 1;86=ь>W V=D@0G5@2>=>W D;C>@5AF5=B=>W A8AB5<8 45B5:BC20==O. !0 

@8AC=:C 3.5.5 ?@>V;NAB@>20=89 @V25=ь V<C=>?@5F8?VB>20=8E 1V;:V2 EE-p70S6K1 

(75;5=8< :>;ь>@><) B0 �>�;ь>20=8E 1V;:V2 (G5@2>=8< :>;ь>@><). !0:;040==O 

D;C>@5AF5=B=8E A83=0;V2 (6>2B89) <V6 V<C=>@50:B82=>ABO<8 0=B8-�oA B0 0=B8-

S6K1 2V4?>2V40є �>�;ь>20=V9 EE-p70S6K1.  

"B65, 4>A;V46CNG8 �>�;N20==O p70S6K1 2 C<>20E in cellular, 1C;> 

?@>45<>=AB@>20=>, I> ?@8 ?@5F8?VB0FVW =045:A?@5A>20=>W :V=078 7 :;VB8=, I> 

?V44020;8AO 2?;82C V=4C:>20=>3> 4V0<V4>< >:A840B82=>3> AB@5AC, A?>AB5@V30єBьAO 

7=0G=89 @V25=ь WW <>48DV:0FVW <>;5:C;>N �>�. #V4B25@465==O< 1C;8, >B@8<0=V C 

25AB5@=-1;>BV, A83=0;8 0=B8-�>� <�B, I> =0;560;8 1V;:C 7 <>;5:C;O@=>N <0A>N 

~70 :�0, =0:;040==O A83=0;V2 0=B8-�>� B0 0=B8-S6K1 0=B8BV; ?@8 45B5:FVW 

1;86=ь>N V=D@0G5@2>=>N D;C>@5AF5=FVєN, B0 H8DB @CE;82>ABV <>48DV:>20=8E 

1V;:V2 ?@8 ?@>E>465==V 35;ь-5;5:B@>D>@5B8G=>3> @>74V;5==O 70 45=0BC@CNG8E 

C<>2. 

 

$57C;ьB0B8 28:;045=V C ?V4@>74V;V, >?C1;V:>20=> 2 =0ABC?=8E @>1>B0E: 

1) Malanchuk O, Bdzhola A, Palchevskyi S, et al (2024) Investigating the Regulation 

of Ribosomal Protein S6 Kinase 1 by CoAlation. IJMS 25:8747 DOI:

10.3390/ijms25168747. 

2) Bdzhola A, Filonenko V, Malanchuk O (2024) S6K1 CoAlation as cellular 

response to oxidative stress.  Materials of the XVIII All Ukrainian conference of 

young scientists, Kyiv, IMBG (p.8). 

 



 

$8A. 3.5. �;>B>3@0<0 0=0;V7C B@0=7Vє=B=> =045:A?@5A>20=>W EE-p70S6K1, I> 

�>�;NєBьAO 2 :;VB8=0E HEK293/Pank1³ 70 C<>2 >:A840B82=>3> AB@5AC;         

4 3 �>�;N20==O B@0=7Vє=B=> =045:A?@5A>20=>W ?@5F8?VB>20=>W EE-p70S6K1 B0 

1V;:V2 B>B0;ь=>3> ;V70BC 2 =5>1@>1;5=8E B0 >1@>1;5=8E 4V0<V4>< :;VB8= 

4>A;V46C20;8 70 4>?><>3>N 25AB5@=-1;>B8=3C (��) 7 0=B8BV;0<8 ?@>B8 �>�. 

'A?VH=VABь B@0=AD5:FVW 45B5:BC20;8 0=B8BV;0<8 ?@>B8 S6K1. �>@V6:0 7 - 1V;:>2V 

<0@:5@8; 5 3 �>�;N20==O EE-p70S6K1 C :;VB8=0E HEK293/Pank1³ 7 28:>@8AB0==O< 

A8AB5<8 1;86=ь>W V=D@0G5@2>=>W D;C>@5AF5=B=>W 45B5:FVW. $V25=ь 

V<C=>?@5F8?VB>20=>3> EE-p70S6K1 ?>:070=> 75;5=8< :>;ь>@><, �>�;ь>20=8E 

1V;:V2 - G5@2>=8<. �>2B89 :>;V@ 45<>=AB@Cє =0:;040==O D;C>@5AF5=B=8E A83=0;V2 

<V6 0=B8-�oA B0 0=B8-S6K1, 2V4?>2V40є �>�;ь>20=V9 EE-p70S6K1. %B@V;:0<8 

2:070=0 EE-p70S6K1. �>=B@>;ь =020=B065==O 70 4>?><>3>N InstantBlue Coomassie 

D0@1C20==O 35;N ?VA;O 5;5:B@>?5@5=>AC. �:A?5@8<5=B 1C;> 2V4B2>@5=> HVABь @07V2 

 

 

 



3.3.2. �?;82  <CB0FV9  C217A B0 C231A C p70S6K1 =0 @V25=ь WW  
�>�;N20==O 2 :;VB8=0E HEK293/Pank1β 70 C<>2 >:A840B82=>3> AB@5AC. 
�>1@065=0 =0 @8A.3.4.5 AE5<0 4><5==>W >@30=V70FVW :V=078 45<>=AB@Cє =0O2=VABь 

H5AB8 F8AB5W=V2 (Cys46, Cys67, Cys173, Cys217, Cys231, Cys285) C 0<V=>:8A;>B=V9 
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7>:@5<0, 45DVF8B>< 01> =04;8H:>< ?>682=8E @5G>28E, 01> 2V4ACB=VABN G8 =87ь:8< 

@V2=5< 3;N:>78 C A5@54>28IV [108]. !0 ?5@H><C 5B0?V <8 4>A;V46C20;8 2?;82 A0<5 

<5B01>;VG=>3> AB@5AC =0 @V25=ь �>�;N20==O S6K1. !0 @8A.3.7.6, ?@54AB02;5=> 

@57C;ьB0B8 V<C=>D;C>@5AF5=B=>3> 0=0;V7C :;VB8= HEK293/Pank1³, I> ?V44020;8AO   

<5B01>;VG=><C AB@5A>2V 70 C<>2 :C;ьB82C20==O 2 A5@54>28IV 7 10% FBS B0 =87ь:8< 

@V2=5< 3;N:>78 (1 3/;) ?@>BO3>< 24 3>4. #5@H 70 2A5 20@B> 2V4<VB8B8 4>A8Bь 28A>:89 

@V25=ь �>�;N20==O F8B>?;07<0B8G=8E 1V;:V2 70 C<>2 V=4C:FVW =87ь:>3;N:>7=>3> 

<5B01>;VG=>3> AB@5AC. !0 7>1@065=V9 <V:@>D>B>3@0DVW A?>AB5@V30є<> G0AB:>2C 

A?V2;>:0;V70FVN (>@0=65289, 6>2B89) A83=0;V2 2V4 S6K1 (G5@2>=89), I> 

45B5:BC20;0AO 0=B8BV;0<8 ?@>B8 C-:V=F52>W 4V;O=:8 :V=078, B0  ?C;C  �>�;ь>20=8E 

1V;:V2 :;VB8=8 (75;5=89), I> 2V7C0;V7C20;8AO A?5F8DVG=8<8 <>=>:;>=0;ь=8<8 

0=B8BV;0<8. !040;V ?@>2>48;8 28<V@N20==O :>5DVFVє=BC A?V2;>:0;V70FVW 7 

28:>@8AB0==O< ?@>3@0<=>3> 70157?5G5==O ImageJ B0 ?;03V=C JACoP. �>5DVFVє=B 

#V@A>=0 4;O A?V2;>:0;V70FVW 70 C<>2 <5B01>;VG=>3> AB@5AC C Fь><C 28?04:C  

AB0=>282 0,7. �>5DVFVє=B #V@A>=0 =040є <>6;82VABь @>7@0EC20B8 ABC?V=ь 

:>;>:0;V70FVW 42>E <>;5:C;, 20@VNє 2V4 1 4> -1, G8< 1;86G5 >B@8<0=5 7=0G5==O 4> 

1, B8< 28I89 ABC?V=ь A?V2;>:0;V70FVW 1V;:V2 G8 <>;5:C; V=B5@5AC. ' 28?04:C 

<5B01>;VG=>3> AB@5AC, V=4C:>20=>3> O: =87ь:8< @V2=5< 3;N:>78, B0: V 2V4ACB=VABN 

?>682=8E @5G>28= ?@>BO3>< 24 3>48= (@8A.3.7.7), :;VB8=8 45<>=AB@C20;8 28I89 

@V25=ь 7030;ь=>3> �>�;N20==O 1V;:V2, V 2V4?>2V4=> 28I89 @V25=ь WE=ь>W 



:>;>:0;V70FVW :V=078 7 S6K1 B0 �>5=78<C �, I> 2:07Cє =0 V=B5=A82=VH5 �>�;N20==O 

:V=078 70 C<>28 =5AB0GV ?>682=8E @5G>28= 4;O ?V4B@8<:8 =>@<0;ь=>3> <5B01>;V7<C 

:;VB8=>N. �>5DVFVє=B A?V2;>:0;V70FVW #V@A>=0 2 C<>20E 40=>3> 284C AB@5AC 

AB0=>282 3 0,765. �;O ?>@V2=O==O, :>5DVFVє=B A?V2;>:0;V70FVW #V@A>=0 4;O 

V<C=>D;C>@5AF5=B=8E A83=0;V2 2 :;VB8=0E, I> :C;ьB82C20;8AO 70 =>@<0;ь=8E C<>2, 

AB0=>282 0,562 (@8A.3.7.5).         

!0ABC?=8< 5B0?>< 4>A;V46C20;8 :>;>:0;V70FVN S6K1 7 �>� 70 C<>2 

>:A840B82=>3> AB@5AC, 28:;8:0=>3> 4>4020==O< 0@A5=VBC. �8:>@8AB0==O 

0;ьB5@=0B82=>3> >:A840B82=>3> 035=BC 3 0@A5=VBC, >1C<>2;NєBьAO B8<, I> 4V0<V4, 

?5@>:A84 2>4=N B0 0@A5=VB 2V4@V7=ONBьAO <5E0=V7<>< 4VW, 0 >B65 :>65= V7 =8E <>65 

V=VFVN20B8 �>�;N20==O B0 ?>2'O70=V V7 =8< ?@>F5A8 @V7=8<8 H;OE0<8. &0:, H₂O₂, 

=0A0<?5@54, 2?;820є =0 1V;:8, I> <VABOBь BV>;>2V 3@C?8, F5 ?@872>48Bь 4> 

>:8A;5==O 70;8H:V2 F8AB5W=C 7 CB2>@5==O< 48AC;ьDV4=8E 72'O7:V2. �V0<V4 є BV>;-

A?5F8DVG=8< >:8A;N20G5<, O:89 157?>A5@54=ь> 2?;820є =0 7030;ь=89 BV>;>289 ?C; 

:;VB8=8, 7>:@5<0 =0 3;CB0BV>= (GSH), >:8A;NNG8 9>3> 4> 3;CB0BV>=-48AC;ьDV4C 

(GSSG). �V0<V4 =5 35=5@Cє 0:B82=8E D>@< :8A=N, O: H₂O₂, 0;5 =0B><VABь 28:;8:0є 

>:A840B82=89 AB@5A H;OE>< =0:>?8G5==O >:8A;5=>3> GSSG, O:89 =5 740B5= 

CB2>@8B8 3;CB0BV>=?5@>:A84078, I> V A?@8Oє 0:C<C;N20==N H₂O₂ B0 2V4?>2V4=> 

�(� 2 :;VB8=V [167]. �@A5=VB, 2 A2>N G5@3C, 72'O7CєBьAO 7 -SH 3@C?0<8 1V;:V2, 

>A>1;82> B8E, I> <VABOBь 1;87ь:> @>7B0H>20=V BV>;8 (?0@8 F8AB5W=V2), ?>@CHCNG8 

WE=N AB@C:BC@C B0 DC=:FVN, >?>A5@54:>20=> 28:;8:0NG8 >:A840B82=89 AB@5A G5@57 

V=3V1C20==O 0=B8>:A840=B=8E A8AB5< (3;CB0BV>=>2C, BV>:A8@54>:A8=>2C B>I>). 

�>65= V7 F8E >:8A;N20;ь=8E 035=BV2 <0є A2V9 02B5=B8G=89 2?;82 =0 <5B01>;VG=89 

AB0= :;VB8=8 B0 WW 3><5>AB07 2 FV;><C, B><C 206;82> 282G0B8 WE=V 5D5:B8 =0@V7=> 

�>A;V465==O F8E 2V4<V==>AB59 <>65 =040B8 1V;ьH ?>2=5 @>7C<V==O @>;V 

�>�;N20==O 2 :;VB8==V9 2V4?>2V4V =0 AB@5A. 

     



  

$8A. 3.7. �<C=>D;C>@5AF5=B=89 0=0;V7 2=CB@VH=ь>:;VB8==>W S6K1 B0 @V25=ь WW 
A?V2;>:0;V70FVW 7 �>� 70 C<>2 <5B01>;VG=>3> AB@5AC C :;VB8=0E ;V=VW 

HEK293/Pank1³; 4 3 =530B82=89 :>=B@>;ь 157 4>4020==O ?5@28==8E 0=B8BV;;                            

5 3 �>�;N20==O S6K1 70 =>@<0;ь=8E C<>2 :C;ьB82C20==O :;VB8=;  6 3 �>�;N20==O 

S6K1 70 C<>2 <5B01>;VG=>3> AB@5AC, A?@8G8=5=>3> :C;ьB82C20==O< C A5@54>28IV 7 

10% FBS B0 =87ь:8< 2<VAB>< 3;N:>78 (1 3/;) ?@>BO3>< 24 3>48=; 73 �>�;N20==O 

S6K1 70 C<>2 <5B01>;VG=>3> AB@5AC, 28:;8:0=>3> :C;ьB82C20==O< C A5@54>28IV 7 

0% FBS B0 =87ь:8< 2<VAB>< 3;N:>78 (1 3/;) ?@>BO3>< 24 3>48=. �=B8BV;0 ?@>B8                

C-:V=F52>W 4V;O=:8 S6K1 3 G5@2>=89 (FITC).  >=>:;>=0;ь=V 0=B8BV;0 ?@>B8 �>� 3 

75;5=89 (TRITC). �>2B89 (>@0=65289) :>;V@ 2V4?>2V40є A?V2;>:0;V70FVW �>� 7 

S6K1. /4@0 :;VB8= 2V7C0;V7C20;8 10@2=8:>< Hoechst (A8=V9).  0AHB01 10 <:< 



#@8 3>AB@><C >:A840B82=><C AB@5AV, 28:;8:0=><C 4>4020==O< 500 <:  

0@A5=VBC ?@>BO3>< 30 E2 (@8A.3.8.4), <8 A?>AB5@V30;8 28I89 @V25=ь �>�;N20==O 

1V;:V2 ?>@V2=O=> 7 E@>=VG=8< AB@5A>< (@8A.3.8.5), I> 1C;> ?V4B25@465=> <5B>4>< 

V<C=>D;C>@5AF5=FVW. *V:028< A?>AB5@565==O< ?@8 3>AB@><C AB@5AV, 28:;8:0=><C 

0@A5=VB><, є :>=45=A0FVO A83=0;V2 0=B8-�>� 0=B8BV; 2 :;VB8=0E, I> =0304CNBь 

AB@5A>2V 3@0=C;8. �@V< B>3>, C 40=8E 7@07:0E 1C;> 28O2;5=> 28I89 @V25=ь 

:>;>:0;V70FVW S6K1 7 �>�;ь>20=8<8 1V;:0<8  ?>@V2=O=> 7 E@>=VG=8<. �>5DVFVє=B 

#V@A>=0    4;O   3>AB@>3>  AB@5AC 3  0,828,    4;O   E@>=VG=>3> 3 0,793.  *V 40=V B0:>6    

 

$8A. 3.8. �<C=>D;C>@5AF5=B=89 0=0;V7 2=CB@VH=ь>:;VB8==>W S6K1 B0 @V25=ь WW 

A?V2;>:0;V70FVW 7 �>� 70 C<>2 >:A840B82=>3> AB@5AC C :;VB8=0E ;V=VW 

HEK293/Pank1³; 4 3 �>�;N20==O S6K1 70 C<>2 3>AB@>3> >:A840B82=>3> AB@5AC, 

A?@8G8=5=>3> 4>4020==O< 500 <:  0@A5=VBC ?@>BO3>< 30 E2; 5 3 �>�;N20==O S6K1 

70 C<>2 E@>=VG=>3> >:A840B82=>3> AB@5AC, A?@8G8=5=>3> 4>4020==O< 30 <:  

0@A5=VBC ?@>BO3>< 2 3>4. �=B8BV;0 ?@>B8 C-:V=F52>W 4V;O=:8 S6K1 3 G5@2>=89 

(FITC).  >=>:;>=0;ь=V 0=B8BV;0 ?@>B8 �>� 3 75;5=89 (TRITC). �>2B89 :>;V@ 

A?V2;>:0;V70FVW 2V4?>2V40є �>�;ь>20=V9 S6K1. /4@0 :;VB8= 2V7C0;V7C20;8 

10@2=8:>< Hoechst (A8=V9).  0AHB01 10 <:< 



?@>45<>=AB@C20;8, I> @V25=ь �>�;N20==O   S6K1 є 28I8< 70 C<>2 >:A840B82=>3> 

AB@5AC, =V6 <5B01>;VG=>3>. *5 <>65 1CB8 ?>2'O70=> 7 B8<, I> >:A840B82=89 AB@5A 

28:;8:0є 1V;ьH V=B5=A82=5 CB2>@5==O @50:B82=8E D>@< :8A=N, O:V 157?>A5@54=ь> 

2?;820NBь =0 <>48DV:0FVW 1V;:V2, 7>:@5<0 =0 �>�;N20==O, I> 2 A2>N G5@3C A?@8Oє 

WE 70E8ABC 2V4 =572>@>B=8E >:8A;N20;ь=8E ?>H:>465=ь. 

&0:>6 206;828< 0A?5:B>< є 287=0G5==O @>7?>4V;C �>�;ь>20=8E 1V;:V2, 2 

40=><C 28?04:C �oA-SS-S6K1 C :;VB8=V. "B@8<0=V @0=VH5 C 2V44V;V 40=V [Malanchuk 

O, Bdzhola A et al. «Immunofluorescent detection of Protein CoAlation in mammalian 

cells», Biology Open, in press] 45<>=AB@C20;8 ?5@5206=C ;>:0;V70FVN �>�;ь>20=8E 

1V;:V2 C <VB>E>=4@VOE :;VB8=8, I> FV;:>< ?>OA=NєBьAO 28A>:8< 2<VAB>< 2V;ь=>3> 

�>� (2 10 3 30 @07V2 28I8< 2 ?>@V2=O==V 7 F8B>?;07<>N) B0 <5B01>;VG=8E 5=78<V2 

2 40=><C :><?0@B<5=BV [88]. *V @57C;ьB0B8 1C;8 =0>G=> ?@>45<>=AB@>20=V 

<5B>40<8 V<C=>D;C>@5AF5=B=>3> 0=0;V7C, ?V4 G0A O:>3> A?>AB5@V30;0Aь 

A?V2;>:0;V70FVO �>�;ь>20=8E 1V;:V2 B0 <VB>E>=4@V9 C :;VB8=0E, I> ?V4;O30;8 

>:A840B82=><C AB@5A>2V, 0 B0:>6 <5B>4>< :;VB8==>3> D@0:FV>=C20==O, 2 O:><C 

A83=0;8 �>�;ь>20=8E ?@>B5W=V2 ?5@5206=> 45B5:BC20;8Aь C <VB>E>=4@VOE, ?@>B5 

?52=0 :V;ь:VABь �>�;ь>20=8E 1C;0 28O2;5=0 2 F8B>7>;V. �V4><>, I> 70 AB@5A>28E 

C<>2 S6K1 >4=>G0A=> :0B0;VB8G=> V=0:B82CєBьAO B0 45D>AD>@8;NєBьAO 70 

70;8H:>< Thr389, 0 D>AD>@8;N20==O 70 F8< A09B>< =5 BV;ь:8 =5>1EV4=5 4;O 

:V=07=>W 0:B82=>ABV S6K1, 0;5 9 B0:>6 @53C;Nє O45@=>-F8B>?;07<0B8G=C 

;>:0;V70FVN 1V;:0, 7<VICNG8 :V=07C  2 >A=>2=><C 2 F8B>?;07<C [168]. !0 @8AC=:0E 

3.5 B0 3.6 A?>AB5@V30є<> F8B>?;07<0B8G=89 @>7?>4V; :>;>:0;V70FVV S6K1 7 �>�.  8 

B0:>6 <>65<> ?@8?CAB8B8, I> <V3@0FVO :V=078 7 O45@=>W 2 F8B>?;07<0B8G=89 

:><?0@B<5=B C 2V4?>2V4ь =0 AB@5A <>65 1CB8 ?>29O70=0 B0:>6 7 =5>1EV4=VABN 

70E8AB8B8 A515 2V4 =572>@>B=>W 2B@0B8 DC=:FVW, H;OE>< 729O7C20==O 7 �>�. 

"B65, <5B>4>< V<C=>D;C>@5AF5=B=>3> 0=0;V7C 7 28:>@8AB0==O< ?@8=F8?C 

:>;>:0;V70FVW <8 287=0G8;8, I> A?V2;>:0;V70FVO <>;5:C;, O:0 <0є 2V4?>2V40B8 

�>�;N20==N S6K1 28=8:0є O: C 2V4?>2V4ь =0 <5B01>;VG=89, B0: V >:A840B82=89 

AB@5A, 2 70;56=>ABV 2V4 C<>2 :C;ьB82C20==O :;VB8=. 



3.4.2. PLA 0=0;V7 �>�;N20==O S6K1 70 C<>28 >:A840B82=>3> AB@5AC. ' 
=0ABC?=><C 4>A;V465==V <8 70AB>AC20;8 in situ <5B>4 ?@>:A8<0;ь=>3> ;V3C20==O 

(PLA, proximity ligation assay) O: 0;ьB5@=0B82=89 <5B>4 45B5:FVW �>�;N20==O S6K1 

C :;VB8=0E HEK293/Pank1³, I> 1C;8 :C;ьB82>20=V 70 C<>2 >:8A;N20;ь=>3> AB@5AC. 

PLA <5B>4 <>65 4>?>2=N20B8 V<C=>D;C>@5AF5=B=89 0=0;V7, >A:V;ь:8 2V= є 

GCB;828< 4> 28O2;5==O B0 :V;ь:VA=>3> 287=0G5==O ABC?5=N 270є<>4VW <V6 42><0 

<>;5:C;0<8. �>3> ?5@52038 ?>;O30NBь C 7<5=H5==V D>=>2>3> B0 =5A?5F8DVG=>3> 

7010@2;5==O, I> <>65 A?>AB5@V30B8Aь ?@8 28:>@8AB0==V B@048FV9=8E <5B>4V2 

V<C=>D;C>@5AF5=FVW. &0:>6, 45B5:BCNG8 =01;865=V <V6 A>1>N <>;5:C;8, PLA 

4>72>;Oє 28O28B8 ?>ABB@0=A;OFV9=V <>48DV:0FVW (#& ), O:V 206:> 2AB0=>28B8 70 

4>?><>3>N ?@>AB8E 4>A;V465=ь A?V2;>:0;V70FVW. 

�;O 28O2;5==O #&  <5B>4>< PLA =5>1EV4=V 420 B8?8 ?5@28==8E 0=B8BV;, I> 

1C;8 >B@8<0=V 7 B20@8= @V7=8E 284V2. "4=8< 7 B0:8E 0=B8BV; <0є 1C;8 0=B8BV;>, 

A?5F8DVG=5 4> 1V;:0-<VH5=V, 2 =0H><C 28?04:C %-:V=F52V 0=B8-S6K1; V=H5 B0:5, I> 

@>7?V7=0є 157?>A5@54=ь> ?>ABB@0=A;OFV9=C <>48DV:0FVN, 2 =0H><C 28?04:C F5 

�>�;N20===O V 2V4?>2V4=> 0=B8-�>� <�B. PLA ?@>10<8 є 2B>@8==V 0=B8BV;0, 

>B@8<0=V 7 @V7=8E 284V2 B20@8=, B0 :>=9N3>20=V 7 =C:;5>B84=8<8 <VB:0<8, I> є 

:><?;5<5=B0@=8<8 >4=0 4> >4=>W (@8A.3.9). ' 28?04:C, O:I> PLA ?@>18 

7=0E>4OBьAO 2 157?>A5@54=V9 1;87ь:>ABV >4=0 2V4 >4=>W, :><?;5<5=B0@=V 

?>A;V4>2=>ABV 3V1@8487CNBьAO B0 70157?5GCєBьAO WE 79є4=0==O ?@8 4>4020==V 

D5@<5=BC ;V3078. !0ABC?=5 4>4020==O �!�-?>;V<5@078 A?@8Oє CB2>@5==N :V;ьF52>W 

�!�, I> <VAB8Bь D;C>@5AF5=B=> <VG5=V >;V3>=C:;5>B848. /:I> #&  ?@8ACB=O =0 

1V;:C, 35=5@CєBьAO D;C>@5AF5=B=89 A83=0;, I> 45B5:BCєBьAO C 283;O4V B>G:8 [169]. 

 0:A8<0;ь=0 2V4AB0=ь <V6 42><0 <>;5:C;0<8, O:V <>6CBь 2 ?>40;ьH><C 

35=5@C20B8 A83=0; 4;O 45B5:FVW, AB0=>28Bь 2V4 15 4> 40 =< 70;56=> 2V4 4>268=8 

>;V3><5@V2 V B>3>, G8 1C;> 28:>@8AB0=> ?5@28==V 0=B8BV;0 157?>A5@54=ь> 

:>='N3>20=V 7 >;V3><5@><, G8 4>40B:>2> =0=>A8;8 :>='N3>20=V 2B>@8==V 0=B8BV;0 

[170]. 



 

$8A. 3.9. %E5<0 PLA 4;O 4>A;V465==O �>�;N20==O S6K1; 4 3 4>4020==O 

?5@28==8E 0=B8BV; ?@>B8 S6K1 B0 �oA, 2V4?>2V4=>; 5 3 4>4020==O 2B>@8==8E 

0=B8BV; 7 PLA-?@>10<8 PLUS �!� B0 MINUS �!� 2V4?>2V4=>; 6 3 4>4020==O ;V3078 

B0 F8@:C;O@870FVW 42>E �!� >;V3>=C:;5>B84V2; 7 3 4>4020==O �!�-?>;V<5@078 B0 

0<?;VDV:0FVO. (;C>@5AF5=B=> <VG5=V :><?;5<5=B0@=V >;V3>=C:;5>B84=V ?@>18 

72'O7CNBьAO 7 0<?;VDV:>20=>N �!�. %83=0; 7'O2;OєBьAO C 283;O4V GVB:>W B>G:8 V  

<>65 1CB8 2V7C0;V7>20=89 70 4>?><>3>N D;C>@5AF5=B=>W <V:@>A:>?VW 

 �0=V, ?@54AB02;5=V =0 @8A. 3.10, 2:07CNBь ?@> =87ь:89 D;C>@5AF5=B=89 PLA 

A83=0; 270є<>4VW <>;5:C;8 �oA 7 S6K1 2 :;VB8=0E HEK293/Pank1³, =5 >1@>1;5=8E 

H2O2 (@8A.3.10.5). �=0G=5 71V;ьH5==O V<C=>@50:B82=>3> A83=0;C A?>AB5@V30є<> 2 

:;VB8=0E, I> ?V4;O30;8 >:A840B82=><C AB@5AC ?@8 4>4020==V ?5@>:A84C 2>4=N 

(@8A.3.10.6). !530B82=8< :>=B@>;5< (@8A.3.10.4), 73V4=> O:>3> 28@0E>2C202AO 

ABC?V=ь �>�;N20==O :V=078, 1C2 7@07>:, I> =5 V=:C1C202AO 2 ?5@28==8E 0=B8BV;0E. 

�V;ь:VA=89 0=0;V7 V<C=>D;C>@5AF5=B=>W 0:B82=>ABV PLA (@8A.3.10.7), I> 

28@0E>2C202AO 2 ?@>3@0<V >1@>1:8 7>1@065=ь ImageJ, ?>;O302 C @>7@0EC=:C 

:V;ь:>ABV B>G>: D;C>@5AF5=B=>3> A83=0;C =0 :;VB8=C. �3V4=> 0=0;V7C >45@60=8E 

<V:@>D>B>3@0DV9 2V41C20єBьAO 42>:@0B=5 71V;ьH5==O :V;ь:>ABV B>G>: 4;O 7@07:V2, 



I> 707=0;8 V=4C:>20=>3> ?5@>:A84>< 2>4=N >:A840B82=>3> AB@5AC          

(362±22 B>G:8/:;VB8=C) 2V4=>A=> =5>1@>1;5=8E :;VB8= (177±12 B>G:8/:;VB8=C). &0:V 

?>:07=8:8 A2V4G0Bь ?@> 28I89 @V25=ь 0A>FV0FVW CB2>@5==O �oA-SS-S6K1 ?@8 

71V;ьH5==V :V;ь:>ABV �(� C A5@54>28IV 70 C<>28 >:A840B82=>3> AB@5AC. 

� @57C;ьB0BV ?@>2545=8E 5:A?5@8<5=BV2 <5B>4>< PLA 1C;8 ?V4B25@465=V 40=V 

I>4> �>�;N20==O S6K1 2 C<>20E in cellular, I> C73>46CNBьAO 7 ?>?5@54=V<8 

2V4><>ABO<8, >B@8<0=8<8  <0A-A?5:B@><5B@VєN, V<C=>D;C>@5AF5=B=8< 0=0;V7><, 

V<<C=>?@5F8?VB0FVєN B0 25AB5@= 1;>B 0=0;V7><. 

 "B65, H;OE>< <5B>4V2 V<C=>D;C>@5AF5=FVW B0 70AB>AC20==O< ?@>B>:>;V2 PLA 

B0 :>=D>:0;ь=>W <V:@>A:>?VW, 1C;> 28O2;5=> 7=0G=89 @V25=ь �>�;N20==O S6K1 in 

vivo C @V7=8E :;VB8==8E ;V=VOE 70 C<>2 >:A840B82=>3> AB@5AC, V=4C:>20=>3> =87:>N 

035=BV2. 

 

$57C;ьB0B8 28:;045=V C ?V4@>74V;V, >?C1;V:>20=> 2 =0ABC?=8E @>1>B0E: 

1) Bdzhola AV, Filonenko VV, Gout IT, Malanchuk OM (2023) The use of the in situ 

proximity ligation assay for validating S6 kinase 1 CoAlation under oxidative 

stress. Biopolym Cell 39:2773282 

2) Bdzhola A, Filonenko V, Malanchuk O (2024) S6K1 CoAlation as cellular 

response to oxidative stress.  Materials of the XVIII All Ukrainian conference of 

young scientists, Kyiv, IMBG (p.8). 

 



 

$8A.3.10. �8:>@8AB0==O <5B>4V PLA 4;O 45B5:FVW �>�;ь>20=>W S6K1;          

4 3=530B82=89 :>=B@>;ь; >:A840B82=89 AB@5A, V=4C:>20=89 >1@>1:>N :;VB8= 

HEK293/Pank1³ H2O2 (6) ?>A8;Nє @V25=ь �>�;N20==O p70S6K1 ?>@V2=O=> 7 

:>=B@>;5< 70 =>@<0;ь=8E C<>2 :C;ьB82C20==O (5). PLA 4;O �oA-SS-p70S6K1 

(G5@2>=89); O4@0 7010@2;5=V DAPI (A8=V9).  0AHB01: 10 <:<; 7 3 �@0DV: 40=8E 

:V;ь:VA=>3> 287=0G5==O PLA 2 B>G:0E =0 :;VB8=C. �V;ь:VA=89 0=0;V7 ?@>2>48;8 70 

4>?><>3>N ?@>3@0<=>3> 70157?5G5==O ImageJ, 4;O AB0B8AB8G=>3> 0=0;V7C 

28:>@8AB>2C20;8 =5?0@0<5B@8G=89 42>AB>@>==V9 t-:@8B5@V9 %BьN45=B0, p < 0,05. 

�:A?5@8<5=B ?@>2>48;8 2 B@ь>E ?>2B>@0E 



3.5. �>A;V465==O in vitro �>�;N20==O @5:><1V=0=B=>3> 1V;:0 p70S6K1 

3.5.1. "B@8<0==O :>=AB8BCB82=> 0:B82=>W @5:><1V=0=B=>W D>@<8 
p70S6K1, 7 28:>@8AB0==O< A?V25:A?@5AVW 35=V2 RPS6KB1 B0  PDPK1 2 Bac-to-Bac 

10:C;>2V@CA=V9 A8AB5<V 5:A?@5AVW. �;O 282G5==O >A>1;82>AB59 �>�;N20==O 
@5:><1V=0=B=>W D>@<8 :V=078, 0 B0:>6 4;O 287=0G5==O 2?;82C FVєW <>48DV:0FVW =0 

0:B82=VABь p70S6K1, ?@V>@8B5B><   =0ABC?=>3> 70240==O 1C;0 @>7@>1:0 

C=V25@A0;ь=>3> <5B>4C 5:A?@5AVW B0 >G8I5==O 28A>:>0:B82=>W p70S6K1. "A:V;ь:8, 

O: 7304C20;>Aь @0=VH5, 0:B820FVO S6K1 є 4>A8Bь A:;04=8< <5E0=V7<><, I> 2:;NG0є 

?>5B0?=5 D>AD>@8;N20==O 70 1030Bь<0 A09B0<8 [1], ?@>F5A AB2>@5==O 

@5:><1V=0=B=>W :>=AB8BCB82=> 0:B82=>W D>@<8 S6K1 ?>B@51Cє 45B0;ь=>3> 

@>7C<V==O =87:8 ?>4V9, I> 2V41C20NBьAO 7 FV;ь>2>N :V=07>N C 2V4?>2V4ь =0 D0:B>@8 

@>ABC, F8B>:V=8 B>I>.  5E0=V7< 0:B820FVW :V=078 <0є 420 :;NG>28E ?>A;V4>2=8E 

5B0?8: D>AD>@8;N20==O 3V4@>D>1=>3> <>B82C (HM) 2 ?>;>65==V &hr389 7 1>:C 

:V=078 mTORC1 B0 D>AD>@8;N20==O &hr229 2 &-?5B;V :V=078 70 4>?><>3>N PDK1. 

"4=0: C =50:B82=V9 :>=D>@<0FVW %-:V=F5289 02B>V=3V1VB>@=89 4><5= (AID) S6K1 

AB5@8G=> 1;>:Cє 4>ABC? 4> 3V4@>D>1=>3> <>B82C V &-?5B;V, V, B0:8< G8=><, 

?@83=VGCє 0:B820FVN :V=078. &><C A?5@HC 2V41C20єBьAO D>AD>@8;N20==O 

G8A;5==8E A09BV2 2 AID, I> ?@872>4OBь 4> :>=D>@<0FV9=8E 7<V=, O:V =040NBь 

<>6;82VABь mTORC1 B0 PDK1  D>AD>@8;N20B8 Thr389 V Thr229 2 HM V T-?5B;V, 

2V4?>2V4=> [154]. �3V4=> VA=CNG8E 40=8E, 2V4><>, I> 5B0? D>AD>@8;N20==O Thr389 

C 3V4@>D>1=><C <>B82V =5 є >1>29O7:>28< 4;O ?>40;ьH>W              

?@><>FVW D>AD>@8;N20==O Thr229 2 ?5B;V 0:B820FVW 7 1>:C PDK1. !0B><VABь 

D>AD>@8;N20==O A09BC Thr229 є :@8B8G=8< 4;O B>3>, I>1 mTORC1             

<V3 D>AD>@8;N20B8 3V4@>D>1=89 <>B82 [171], [172]. 

!0@07V VA=Cє 45:V;ь:0 20@V0=BV2 >B@8<0==O @5:><1V=0=B=>W S6K1 7 28A>:8< 

@V2=5< 0:B82=>ABV. !0?@8:;04, :><5@FV9=> 4>ABC?=C 0:B82=C D>@<C p70S6K1 

(Thermo Fisher Scientific, #PV3815) A?5@HC 5:A?@5AC20;8 2 10:C;>2V@CA=V9 A8AB5<V, 



0 ?>BV< in vitro 0:B82C20;8, D>AD>@8;NNG8 A09B Thr229 70 4>?><>3>N 

@5:><1V=0=B=>W PDK1. �8A>:>0:B82=0 D>@<0 S6K1 B0:>6 1C;0 >B@8<0=0 7 

B@0=7Vє=B=> B@0=ADV:>20=>W :C;ьBC@8 :;VB8= AA02FV2 HEK293 [173]. !572060NG8 =0 

28A>:C O:VABь D5@<5=BV2, >B@8<0=8E 70 4>?><>3>N B0:8E ?V4E>4V2, 28I573040=V 

<5B>4>;>3VW є A:;04=8<8, B@C4><VAB:8<8 B0 20@BVA=8<8.  

 "?>A5@54:>20=0 10:C;>2V@CA>< 5:A?@5AVO :>=AB8BCB82=> 0:B82=>W 

@5:><1V=0=B=>W p70S6K1, >B@8<0=>W H;OE>< :>-V=D5:FVW 7 2V@CA><, I> =5A5 35= 

@5:><1V=0=B=>W PDK1, 1C;0 >?8A0=0 �5H20=V B0 V=. [174], [175]. $0=VH5 C 2V44V;V 

B0:>6 B5ABC20;8 5:A?@5AVN 0:B82=>W S6K1 70 @0EC=>: :>-V=D5:FVW 7 2V@CA><, I> =5A5 

PDK1 (40=V =5 >?C1;V:>20=>).  8 28O28;8, I> O:VABь B0 :V;ь:VABь 5:A?@5A>20=>W 

S6K1, >45@60=>W 2=0A;V4>: :>-V=D5:FVW, ?@O<> 70;560;8 2V4 >?B8<0;ь=>3> 

A?V22V4=>H5==O 42>E 2V@CAV2 V 7030;ь=>3> MOI (multiplicity of infection, 7=0G5==O 

:@0B=>ABV V=D5:FVW), O:V 20@VN20;8 4;O 2V@CAV2 7 @V7=8E AB>:V2. ->1 C=5<>6;828B8 

28=8:=5==O B0:8E ?@>1;5<, 1C;> 28@VH5=> AB2>@8B8 є48=C :>=AB@C:FVN, O:0 1 

2>4=>G0A 5:A?@5AC20;0 1V;:8 S6K1 B0 PDK1. "B65, 2 @57C;ьB0BV, =0<8 2?5@H5 1C;> 

>B@8<0=> 5:A?@5AVN :>=AB8BCB82=> 0:B82=>W p70S6K1 7 28:>@8AB0==O< 25:B>@0 

pFastBac™ Dual  C A8AB5<V 10:C;>2V@CA=>W 5:A?@5AVW Bac-to-Bac. 

 �5:B>@ pFastBac™ Dual <0є 420 A09B8 :;>=C20==O, >48= 7 O:8E 

:>=B@>;NNBьAO ?>;V54@8=>28< ?@><>B>@>< (Ppol), V=H89 ?@><>B>@>< p10, 

70157?5GCNG8 >4=>G0A=C 5:A?@5AVN 42>E 35B5@>;>3VG=8E 35=V2. %?5@HC 1C;0 

A:>=AB@C9>20=0 ?;07<V40 70 >A=>2V 25:B>@C pFastBac™ Dual 4;O 5:A?@5AVW <CB0=B=>W 

D>@<8 S6K1, I> 1C;0 ?>7102;5=0 0CB>V=3V1VB>@=>3> 4><5=C B0 <VAB8;0 70<V=C 

T389D, I>, 2 A2>N G5@3C <V<V:@C20;0 D>AD>@8;N20==O Thr389 (6His-

p70S6K1(ΔAID)-T389D); B0 <CB0=B=>W D>@<8 PDK1, I> <VAB8;0 45;5FVN $! 

4><5=C 2V4?>2V40;ь=>3> 70 70O:>@N20==O :V=078 =0 ?;07<0B8G=V9 <5<1@0=V 

(PDK1ΔPH) (@8A.3.11.4).  

PDK1-70;56=5 D>AD>@8;N20==O A09BC Thr229 є :@8B8G=8< 5B0?>< 2 

0:B820FVW S6K1 (@8A.3.11.5), V =0 2V4<V=C 2V4 Thr389 9>3> D>AD>@8;N20==O  



=5<>6;82> V<VBC20B8 70<V=>N =0 D>AD><V<V:@CNGV 0<V=>:8A;>B=V 70;8H:8. �C;> 

28O2;5=>, I> 0:B82=VABь S6K1 4;O 42VGV <CB>20=>3> (T389E, T229E) 1V;:0, 

5:A?@5A>20=>3>  10:C;>2V@CAC, є 4C65 =87ь:>N [176]. "B65, 4;O 0:B820FVW S6K1 

=5>1EV4=> ;8H5 157?>A5@54=є D>AD>@8;N20==O Thr229 WW ?@O<8<   @53C;OB>@>< 

PDK1. %E5<0B8G=0 AB@C:BC@0 >B@8<0=>3> @5:><1V=0=B=>3> �!� :>=AB@C:BC 

?@54AB02;5=0 =0 @8AC=:C 3.11.5, 45 7>1@065=> �!� ?>A;V4>2=VABь =0B82=>W D>@<8 

p70S6K1, I> 1C;0 <>48DV:>20=0 4>4020==O< 6His-<VB:8 4> N-:V=F52>3> 

@53C;OB>@=>3> 4><5=C (NR), 2840;5==O< %-:V=F52>3> 4><5=C, I> <VAB8Bь 

02B>V=3V1VB>@=89 <>B82 (AID), B0 <CB0FVєN 4V;O=:8 T389 =0 D389 4;O V<VB0FVW 

mTORC1-70;56=>3> D>AD>@8;N20==O. "B@8<0=C @5:><1V=0=B=C ?;07<V4C 1C;> 

28:>@8AB0=> 4;O :;>=C20==O 6xHis-<VG5=>3> S6K1 (70;8H:8 3-398, T389D), ?V4 

:>=B@>;5< ?@><>B>@0 Ppol, B0 =5<VG5=>3> PDK1, 157 <5<1@0=>72'O7CNG>3> PH 

4><5=C (70;8H:8 51-359), ?V4 :>=B@>;5< ?@><>B>@0 p10 (@8A.3.11.4).   

 

 

$8A. 3.11. %E5<0B8G=5 7>1@065==O @5:><1V=0=B=>3> 10:C;>2V@CA=>3> �!� 
:>=AB@C:BC; 4 3 4><5==0 AB@C:BC@0 =0B82=8E B0 @5:><1V=0=B=8E D>@< PDK1 B0 

p70S6K1; 5 3 AE5<0 �!� :>=AB@C:BC @5:><1V=0=B=>W ?;07<V48 4;O :>-5:A?@5AVW 

<>48DV:>20=>W  p70S6K1 @07>< 7 PDK1 2 pFastBac™ Dual 25:B>@V 

�8:>@8AB>2CNG8 B@048FV9=89 <5B>4 :C;ьB82C20==O :;VB8= Sf9 2 ACA?5=7VW, 

Ni-NTA 0DV==C E@><0B>3@0DVN B0 ?>40;ьH89 4V0;V7, 1C;> >B@8<0=> 



@5:><1V=0=B=89 ?@>4C:B (=040;V His-actS6K1) 28A>:>W G8AB>B8 7 @>7@0E>20=>N 

<>;5:C;O@=>N <0A>N 46,4 :�0  (@8A.3.12.4). /: ?>:070=> =0 @8AC=:C 3.12.5, 1V;>: 

2V4?>2V4=>3> @>7<V@C 1C2 @>7?V7=0=89 C 25AB5@=-1;>B 0=0;V7V 7 28:>@8AB0==O< 

A?5F8DVG=8E 0=B8-pT229 S6K1 0=B8BV;,  O: 2  ;V70BV V=DV:>20=8E :;VB8= Sf9              

(4>@V6:0 2), B0: V >G8I5=><C ?@5?0@0BV @5:><1V=0=B=>3> His-actS6K1 (4>@V6:0 3). 

$5:><1V=0=B=89 1V;>: =5 1C2 28O2;5=89 C 20 <:3 7030;ь=>3> ;V70BC =5V=DV:>20=8E 

:;VB8= (4>@V6:0 1). �<C=>1;>B, 7>1@065=89 =0 @8AC=:C 3.12.5, ?@>45<>=AB@C202 =5 

;8H5 A?5F8DVG=VABь >B@8<0=>3> 1V;:0, 0;5 V 9>3> 5D5:B82=5 D>AD>@8;N20==O 70 

A09B>< Thr229 70 CG0ABV A?V25:A?@5A>20=>W PDK1(ΔPH), I> є 28@VH0;ь=8< 4;O 

0:B820FVW S6K1. $>7@>1;5=89 ?@>B>:>; ?>;53HCє >G8I5==O 265 D>AD>@8;ь>20=>W 

@5:><1V=0=B=>W S6K1, 5:A?@5A>20=>W C 7=0G=V9 :V;ь:>ABV, 70157?5GCNG8 5D5:B82=5 

B0 A?@>I5=5 284V;5==O :V=078 4;O ?>40;ьH8E 4>A;V465=ь. 

�;O  ?5@52V@:8 0:B82=>ABV 5:A?@5A>20=>W :V=078 1C;> ?@>2545=> in vitro 

:V=07=89 B5AB 7 28:>@8AB0==O<, O: AC1AB@0BC, ?5?B84C S6 @81>A><=>3> 1V;:0, I> 

<VAB8Bь A?5F8DVG=V 4;O S6K1 A09B8 D>AD>@8;N20==O Ser235/236 B0 Ser240/244. 

$57C;ьB0B8 25AB5@=-1;>B 0=0;V7C 7 28:>@8AB0==O< D>AD>A?5F8DVG=8E 0=B8BV; 

pSer235/236 :V=078, =02545=V =0 @8AC=:C 3.13.4, 45<>=AB@CNBь 28A>:89 @V25=ь 

D>AD>@8;N20==O @81>A><=>3> 1V;:0 S6 >G8I5=>N His-actS6K1. &0:>6 1C;> 

?@>2545=> ?>@V2=O;ь=89   0=0;V7 @V2=O 0:B82=>ABV :V;ь:>E >G8I5=8E ?@5?0@0BV2      

His-actS6K1 B0  :><5@FV9=>W p70S6K1 (Enzo Life Sciences, #SE-345) 7 

28:>@8AB0==O< V=H8E D>AD>A?5F8DVG=8E 0=B8BV; AC1AB@0B=>3> 1V;:0 (pSer240/244)  

(@8A.3.13.5). #@5?0@0B8, >B@8<0=V 70 4>?><>3>N <5B>4C A?V25:A?@5AVW, 

?@>45<>=AB@C20;8 7=0G=> 28IC 0:B82=VABь ?>@V2=O=> 7 :><5@FV9=8< D5@<5=B>< 

(@8A. 3.13.5). %5@54=O 0:B82=VABь B@ь>E ?@5?0@0BV2 AB0=>28;0 137,9±13,7 ("4/<3) 

?>@V2=O=> 7 69±3,2 ("4/<3) :><5@FV9=>3> AB0=40@BC. $57C;ьB0B8 0=0;V7C A2V4G0Bь 

?@> 740B=VABь >G8I5=>W :V=078 (His-actS6K1) D>AD>@8;N20B8 AC1AB@0B 70 CAV<0 

2V4><8<8 A09B0<8 D>AD>@8;N20==O S6K1.  

 



 

$8A. 3.12. His-actS6K1 5D5:B82=> 5:A?@5ACєBьAO 7 @5:><1V=0=B=>3> 

10:C;>2V@CAC B0 D>AD>@8;NєBьAO 70 PDK1-A?5F8DVG=8< A09B>< Thr229; 4 3 #�� 

35;ь >G8I5=>3> 1V;:0 His-actS6K1, 7010@2;5=>3> Coomassie InstantBlue.             

�>@V6:0 1 3 1 <:3 >G8I5=>3> 1V;:0; 4>@V6:0 2 3 2 <:3 �%�; 5 3 25AB5@=-1;>B 0=0;V7 

D>AD>@8;N20==O >G8I5=>3> His-actS6K1 7 28:>@8AB0==O< D>AD>-T229 0=B8BV;.          

1 3 ;V70B (20 <:3) =5V=DV:>20=8E :;VB8= Sf9; 2 3 ;V70B (20 <:3) :;VB8= Sf9, 

V=DV:>20=8E @5:><1V=0=B=8< 10:C;>2V@CA>< His-actS6K1; 3 - >G8I5=89            

His-actS6K1 (1 <:3) 

&0:8< G8=><, <8 28O28;8, I> A?V25:A?@5AVO 35=V2 RPS6KB1 V PDPK1, I> 

74V9A=NєBьAO є48=8< 10:C;>2V@CA=8< 25:B>@>< 2 Bac-to-Bac A8AB5<V 5:A?@5AVW, 

70157?5GCє =04V9=89 B0 ?@>4C:B82=89 28EV4 p70S6K1, O:0 <0є 28A>:C :0B0;VB8G=C 

0:B82=VABь B0 <>65 1CB8 28:>@8AB0=0 C =87FV 5=78<0B8G=8E @50:FV9 B0 V=H8E in vitro 

4>A;V465=ь. 

 



 

$8A. 3.13. �=0;V7 0:B82=>ABV His-actS6K1 2 in vitro :V=07=8E @50:FVOE 7 

28:>@8AB0==O< O: AC1AB@0BC GST-rpS6; 4 3 1;>B>3@0<0 D>AD>@8;N20==O 

@5:><1V=0=B=>3> 1V;:0 GST-rpS6 70 4>?><>3>N D>AD>-rpS6 (Ser235/236) 0=B8BV;;                  

5 3 1;>B>3@0<0, I> 45<>=AB@Cє :V=07=C 0:B82=VABь ?@5?0@0BV2 His-actS6K1 B0 

:><5@FV9=>3> S6K1 2 A5@V9=8E @>72545==OE 1:5 7 28:>@8AB0==O< 0=0;>3VG=>3> 

AC1AB@0BC B0 D>AD>-rpS6 (Ser240/244) 0=B8BV;. �>=B@>;ь =020=B065==O 70 

4>?><>3>N InstantBlue Coomassie D0@1C20==O 35;N ?VA;O 5;5:B@>?5@5=>AC 

&0:8< G8=><, <8 28O28;8, I> A?V25:A?@5AVO 35=V2 RPS6KB1 V PDPK1, I> 

74V9A=NєBьAO є48=8< 10:C;>2V@CA=8< 25:B>@>< 2 Bac-to-Bac A8AB5<V 5:A?@5AVW, 

70157?5GCє =04V9=89 B0 ?@>4C:B82=89 28EV4 p70S6K1, I> <0є 28A>:C :0B0;VB8G=C 

0:B82=VABь B0 <>65 1CB8 28:>@8AB0=>N C =87FV 5=78<0B8G=8E @50:FV9 B0 V=H8E in 

vitro 4>A;V465=ь. 

�3V4=> @57C;ьB0BV2, 28:;045=8E C ?V4@>74V;V, 1C4CBь >?C1;V:>20=V AB0BBO 

(Bdzhola A et al «Co-expression of the RPS6KB1 and PDPK1 genes for production of 

activated p70S6K1 using Bac-to-Bac baculovirus expression system», Molecular Biology 

Reports, 2024, in press) B0 B578 (Expression and purification of constutituvely active 

S6K1 using Dual Bac-to-Bac protein expression system, BioGENext conference, �8W2, 

2024) 



3.5.2. In vitro �>�;N20==O @5:><1V=0=B=>W p70S6K1. �>A;V46CNG8 
�>�;N20==O =045:A?@5A>20=>W ?@5F8?VB>20=>W D>@<8 ��-p70S6K1 2 C<>20E in 

cellular, I> 28=8:0;> C 2V4?>2V4ь =0 >:A840B82=89 AB@5A 2 :;VB8=V, <8 

7VHB>2E=C;8AO 7 :V;ь:><0 ;V<VBCNG8<8 D0:B>@0<8 <5B>48:8. #@>F5A �>�;N20==O 

є >15@=5=>N <>48DV:0FVєN, I> 4>A8Bь H284:> @54C:CєBьAO 01> 70 C<>2 4>4020==O 

2V4=>2;N20;ь=>3> 035=BC, I> @C9=Cє 48AC;ьDV4=V 729O7:8, 01> 70 CG0ABV 

157?>A5@54=VE ?@>F5AV2 2 :;VB8=V 70 C<>2 2840;5==O >:8A;N20;ь=8E 035=BV2 7 

A5@54>28I0. "A:V;ь:8 <5B>4 V<C=>?@5F8?VB0FVW ?>B@51Cє B@820;>W V=:C10FVW B0 

G8A5;ь=8E 2V4<82>:, 729O7>: <V6 <>;5:C;>N �>� B0 FV;ь>28< F8AB5W=>< <>65 1CB8 

7@C9=>20=8< 2=0A;V4>: AC:C?=>ABV D0:B>@V2: 0) <>6;82VABN 5=78<0B8G=>3> 

2V4I5?;5==O �>� 2=0A;V4>: VA=C20==O �>�-A?5F8DVG=>W @54C:B078; 1) ?@>F5AC 

48AC;ьDV4=>3> >1<V=C, ?V4 G0A O:>3> BV>;ь=0 3@C?0 V=H>W <>;5:C;8 «0B0:Cє» S-S 

<VAB>: <V6 �>� B0 Cys217, @C9=CNG8 F59 48AC;ьDV4=89 729O7>: B0 D>@<CNG8 

2;0A=89; 2) ?@8ACB=VABь 2 :;VB8==><C :><?0@B<5=BV DV7V>;>3VG=8E 0=B8>:A840=BV2, 

B0:8E O: ?V@C20B, !��(!, 3;CB0BV>= B0 V=HV 5=4>35==V 5=78<0B8G=V B0 

=55=78<0B8G=V 70E8A=V <5E0=V7<8. &0:>6 =0@07V =52V4><0 45B0;ь=0 AB>EV><5B@VO 

�>�;N20==O. 'A5 28I5=02545=5 <>65 1CB8 ?@8G8=>N =55D5:B82=>W 

V<C=>?@5F8?VB0FVW �>�;ь>20=>W 5=4>35==>W D>@<8 p70S6K1. &0:8< G8=><, <8 

?>B@51C20;8 :V;ь:>E ?V4E>4V2 4> 282G5==O �>�;N20==O S6K1, >4=8< 7 O:8E AB0;> 

4>A;V465==O �>�;N20==O @5:><1V=0=B=>W D>@<8 p70S6K1 2 C<>20E in vitro. 

#@>2545==O 4>A;V465=ь in vitro V7 28:>@8AB0==O< @5:><1V=0=B=>W His-actS6K1 є 

206;828< 5B0?>< 4;O @>7H8@5==O B0 ?V4B25@465==O ?>?5@54=VE @57C;ьB0BV2, 

>B@8<0=8E  in cellular. In vitro 28:>@8AB0==O, AB2>@5=>W =0<8 :>=AB8BCB82=> 

0:B82=>W @5:><1V=0=B=>W D>@<8 :V=078, 4>72>;Oє V7>;N20B8 A8AB5<C 2V4 2?;82C 

:;VB8==8E :><?>=5=BV2, 70157?5GCNG8 1V;ьH :>=B@>;ь>20=5 A5@54>28I5 4;O 

282G5==O 2?;82C ?@>F5AC �>�;N20==O =0 DC=:FV>=0;ь=C 0:B82=VABь p70S6K1. 

�@V< B>3>, 4>A;V465==O in vitro 7 28:>@8AB0==O< @5:><1V=0=B=>3> 1V;:0 є 

=5>1EV4=8<8 4;O ?>40;ьH>W ?5@52V@:8 3V?>B57, O:V 28=8:;8 =0 >A=>2V :;VB8==8E 



5:A?5@8<5=BV2, 0 B0:>6 <>6CBь ?>B5=FV9=> A;C3C20B8 >A=>2>N 4;O @>7@>1:8 =>28E 

B5@0?52B8G=8E AB@0B53V9 01> 1V><0@:5@V2 C <091CB=ь><C. 

"B65, =0ABC?=8< 70240==O< 1C;> ?V4B25@48B8 <>6;82VABь @5:><1V=0=B=>3> 

1V;:0 p70S6K1 �>�;N20B8AO in vitro. ' Fь><C 4>A;V465==V 1C;> 28:>@8AB0=> 

:>=AB8BCB82=> 0:B82=C D>@<C p70S6K1 (His-actS6K1), >B@8<0=C 70 4>?><>3>N 

A8AB5<8 5:A?@5AVW 1V;:0 Dual Bac-to-Bac (#.3.5.1) (Bdzhola et al., Co-expression of the 

RPS6KB1 and PDPK1 genes for production of activated p70S6K1 using Bac-to-Bac 

baculovirus expression system, Molecular Biology Reports, @C:>?8A ?>40=> 4> 4@C:C). 

!5I>402=> <8 @>7@>18;8 5D5:B82=89 ?@>B>:>; �>�;N20==O in vitro, O:89 

4>72>;Oє 7 28A>:>N B>G=VABN 79OAC20B8 G8 740B5= 1V;>: V=B5@5AC �>�;N20B8AO [13]. 

�;NG>28< є 28:>@8AB0==O 265 >:8A=5=>W, 48<5@=>W D>@<8 �>� (�>�-SS-�>�), I> 

?>71C20є =5>1EV4=>ABV 28:>@8AB0==O >:@5<> >:A840=B0 C @50:FV9=V9 AC<VHV. �0 

4>?><>3>N Fь>3> <5B>4C <8 ?@>45<>=AB@C20;8, I> �>�;N20==O @5:><1V=0=B=>W 

D>@<8 His-actS6K1 2V41C20єBьAO 4>7>70;56=8< G8=><, B>1B> 7V 71V;ьH5==O< 

:>=F5=B@0FVW �>� 7@>AB0є V=B5=A82=VABь �>�;N20==O :V=078 (@8A. 3.14.4). 

!09>?B8<0;ь=VH>N <V=V<0;ь=>N 4>7>N 48<5@C �>� 4;O @50:FV9 in vitro B0 

?>40;ьH>W 45B5:FVW <5B>4>< 25AB5@=-1;>BC 28O28;0Aь :>=F5=B@0FVO 10 <: , I> 

45<>=AB@Cє 8-:@0B=5 7@>AB0==O V=B5=A82=>ABV A83=0;C, C ?>@V2=O==V 7 1 <:  �>�. 

#>40;ьH5 71V;ьH5==O :>=F5=B@0FVW 4> 50 <:  B0 100 <:  70157?5GC20;> 7@>AB0==O 

A83=0;C 2 1,6 B0 1,2 @078, 2V4?>2V4=>, 2V4=>A=> ?>?5@54=ь>3> 7=0G5==O. &0:V 

A?>AB5@565==O ?V4B25@46CNBь 3V?>B57C B>3>, I> @V25=ь �>�;N20==O 28I89 C 

B:0=8=0E B0 :;VB8=0E 7 28A>:8<  @V2=5< 2V;ь=>3> �>�, =0?@8:;04 :0@4V><V>F8B0E 

G8 35?0B>F8B0E [13]  #@8ACB=VABь 100 <  �&& C @50:FV9=V9 AC<VHV ?>2=VABN 

CAC20;0 �>�;N20==O His-actS6K1, I> є 4>40B:>28< 4>:07>< CB2>@5==O 

48AC;ьDV4=>3> 72'O7:C <V6 >:8A=5=8< 70;8H:>< F8AB5W=C B0 AC;ьD3V4@8;ь=>N 

3@C?>N �>�.  "B@8<0=V 40=V 40NBь @>7C<V==O B>3>, I> <>;5:C;0 �>� =5 ?>B@51Cє 

>1>29O7:>2>W =0O2=>ABV ?52=>3> 5=78<C �>�-B@0=AD5@078 (V45=B8DV:0FVO O:>W 

B@820є =040;V) 4;O 5D5:B82=>W <>48DV:0FVW ?@>B5W=V2, 2 40=><C 28?04:C          



His-actS6K1.  5E0=V7<>< �>�;N20==O 2 C<>20E in vitro 2V@>3V4=VH5 70 2A5 є @50:FVO 

:>20;5=B=>3> ?@8є4=0==O <>;5:C;8 �>�, I> 2V41C20єBьAO 2=0A;V4>:            

BV>;-48AC;ьDV4=>3> >1<V=C. 

&0:>6 1C;> ?@>45<>=AB@>20=> 71V;ьH5==O @V2=N �>�;N20==O 7V 7@>AB0==O< 

G0AC V=:C10FVW @5:><1V=0=B=>3> 1V;:0 7 >:8A=5=>N D>@<>N �>� (@8A.3.14.5). �0 

@57C;ьB0B0<8 45=A8B><5B@VW, ?@>2545=>W 2 ?@>3@0<=><C 70157?5G5==O ImageJ, 

48=0<V:0 7@>AB0==O ABC?5=N �>�;N20==O AB0=>28;0 ~30% :>6=V 2 3>48=8. *V 40=V 

2 C<>20E in vitro 4;O �>�;N20==O S6K1 B0:>6 ?>2B>@NNBь @57C;ьB0B8, >B@8<0=V 

4;O 7030;ь=>3> ?C;C 1V;:V2 2 :;VB8=0E HEK293/Pank1³, 2 :>B@8E A83=0;8 

�>�;N20==O 79O2;O;8AO 265 ?VA;O 5 E2 V=4C:FVW >:A840B82=>3> AB@5AC, B0 

?@>?>@FV9=> 7@>AB0;8 7V 71V;ьH5==O< ?5@V>4C V=:C10FVW [13]. 

$8A. 3.14. �;>B>3@0<0 in vitro �>�;N20==O @5:><1V=0=B=>3> p70S6K1               

(His-actS6K1); 0 3 4>7>70;56=5 71V;ьH5==O @V2=N �>�;N20==O; 1 3 71V;ьH5==O 

ABC?5=N �>�;N20==O 7V 7@>AB0==O< G0AC V=:C10FVW. �>=B@>;ь =020=B065==O :V=078 

70 4>?><>3>N InstantBlue Coomassie D0@1C20==O 35;N ?VA;O 5;5:B@>?5@5=>AC 

"B65, CA?VH=VABь in vitro �>�;N20==O >B@8<0=>3> @5:><1V=0=B=>3> 1V;:0 

His-actS6K1, 4>72>;Oє 7@>18B8 28A=>2>:, I>4> <>6;82>ABV 28:>@8AB>2C20B8 

=02545=89 ?V4EV4 4;O 282G5==O 1V;ьH 45B0;ь=>3> 2?;82C 40=>W #&  =0 

DC=:FV>=0;ь=C 0:B82=VABь  p70S6K1. 



3.6. �?;82 in vitro �>�;N20==O =0 :V=07=C 0:B82=VABь @5:><1V=0=B=>W 
p70S6K1. 

 

�V4><>, I> 0:B82=VABь V DC=:FVW p70S6K1 @53C;NNBьAO ?>ABB@0=A;OFV9=8<8 

<>48DV:0FVO<8, B0:8<8 O: 0F5B8;N20==O, C1V:2VB8=C20==O B0 O-�;:NAF8;N20==O 

(GlcNAcylation). �3V4=> 40=8E <0A-A?5:B@0;ь=>3> 0=0;V7C C :;VB8=0E V B:0=8=0E 

AA02FV2 70 C<>2 >:A840B82=>3> AB@5AC 28O2;5=> �>�;N20==O 35 ?@>B5W=:V=07 [130], 

A5@54 O:8E V >19є:B 4>A;V465=ь p70S6K1, I>, O: 265 707=0G5=>, 28O28;0Aь 

�>�;ь>20=>N 70 A09B>< Cys217 C :;VB8=0E HEK293/Pank1³, >1@>1;5=8E 4V0<V4><. 

� >3;O4C =0 B5, I> Cys217 @>7B0H>20=89 2 0:B820FV9=V9 &-?5B;V :V=07=>3> 4><5=C V 

7=0E>48BьAO =0 2V4AB0=V >4=VєW 0<V=>:8A;>B8 2V4 B@8?5?B84=>3> DFG-<>B82C 

(:>=A5@20B82=>W ?>A;V4>2=>ABV, =5>1EV4=>W 4;O 0:B820FVW :V=078, :>>@48=CNG8 9>= 

<03=VN 4;O ?@8є4=0==O �&(), 1C;> 28AC=CB> ?@8?CI5==O I>4> <>6;82>3> 2?;82C   

�>�;N20==O Cys217 =0 0:B82=VABь :V=078. 

�>A;V465==O<8, ?@>2545=8<8 C 2V44V;V, C A?V2?@0FV 7 ;01>@0B>@VєN 

AB@C:BC@=>W B0 <>;5:C;O@=>W 1V>;>3VW UCL, 1C;> 28O2;5=> C=V:0;ь=89 A?>AV1 

V=3V1C20==O �2@>@0 � :V=078 2=0A;V4>: ?@8є4=0==O 4> =5W <>;5:C;8 �>�. &0:89 

<5E0=V7< 1;>:C20==O 0:B82=>ABV 1C;> =0720=> «dual anchor» («?>42V9=89 O:V@») 

[14]. � ?@>F5AV B0:>3> V=3V1C20==O ��(-D@03<5=B <>;5:C;8 �>� A5;5:B82=> 

?@8є4=CєBьAO 4> �&(-72'O7C20;ь=>W :8H5=V :V=078, I> 7V A2>3> 1>:C 4>72>;Oє 

AC;ьD3V4@8;ь=V9 3@C?V 3=CG:>3> ?0=B5B5W=>2>3> E2>AB0 �>� CB2>@N20B8 

48AC;ьDV4=89 72'O7>: 7 Cys290 2 0:B820FV9=V9 ?5B;V. /: =0A;V4>:, �>5=78< � <0є 

420 <VAFO ?@8є4=0==O («O:>@O») 2 0:B820FV9=V9 ?5B;V �2@>@8 �, ?5@5H:>460NG8 

729O7C20==N �&( V B8< A0<8< 1;>:CNG8 WW 0:B82=VABь. ' ?>40;ьH8E 4>A;V465==OE 

1C;> B0:>6 ?@>45<>=AB@>20=>, I> 1V;>:-AC?@5A>@ <5B0AB07C20==O NME1 є 

>A=>2=8< �>�-72'O7CNG8< 1V;:><, V 9>3> =C:;5>78448D>AD0B:V=07=0 0:B82=VABь 

B0:>6 V=3V1CєBьAO 70 4>?><>3>N :>20;5=B=8E 01> =5:>20;5=B=8E 270є<>4V9 7 

<>;5:C;>N �>� [125]. %5@54 V=H8E D5@<5=BV2, I> 72>@>B=> V=0:B82CNBьAO 

2=0A;V4>: �>�;N20==O (7 @V7=8< ABC?5=5< V=3V1C20==O) є :@50B8=D>AD>:V=070 



AA02FV2, 3;VF5@0;ь453V4-3-D>AD0B453V4@>35=070 (��(��), V7>F8B@0B453V4@>35=070 

B0 ?V@C20B453V4@>35=070 :V=070 [13]. 

->1 ?5@52V@8B8 2?;82 �>�;N20==O =0 0:B82=VABь S6K1, @5:><1V=0=B=89 

1V;>: His-actS6K1 �>�;N20;8 in vitro 70 265 >?8A0=8< 28I5 ?@>B>:>;><. 

�D5:B82=VABь �>�;N20==O 1C;> ?V4B25@465=> 70 4>?><>3>N V<C=>1;>BC 7                       

0=B8-�>� 0=B8BV;0<8 (@8A.3.15.4). Іn vitro :V=07=C 0:B82=VABь �>�;ь>20=>W B0 

:>=B@>;ь=>W =5<>48DV:>20=>W :V=078 His-actS6K1 ?@>B8 AC1AB@0BC GST-rpS6(Ct) 

45B5:BC20;8 C 25AB5@=-1;>BV 0=B8BV;0<8 4> @S6 (pS235/pS236) (@8A.3.15.4).  �3V4=> 

40=8E ?@54AB02;5=8E =0 @8A.3.15.5, in vitro �>�;N20==O His-actS6K1 ?@872>48Bь 4> 

7=0G=>3> ?@83=VG5==O 0:B82=>ABV :V=078 (~40%) ?>@V2=O=> 7 =5<>48DV:>20=8< 

:>=B@>;5<.  

' ?52=8E 1V;:0E =0O2=VABь 70;8H:C F8AB5W=C, I> 7=0E>48BьAO ?>@CG 7 A09B>< 

�>�;N20==O, <>65 :>=:C@C20B8 7 �>� 70 CB2>@5==O 0) 2=CB@VH=ь><>;5:C;O@=>3> 

48AC;ьDV4=>3> 72'O7:C <V6 42><0 F8AB5W=0<8, 1) 7<VH0=>3> 48AC;ьDV4=>3> 72'O7:C 

�>�-F8AB5W=, 2V4?>2V4=>. *5 <>65 70;560B8 2V4 ?@8ACB=>ABV @V7=8E >:8A;N20;ь=8E 

035=BV2 G8 <V:@>>B>G5==O 70;8H:C F8AB5W=C. &><C, =0O2=VABь 4@C3>3> F8AB5W=C 2 

157?>A5@54=V9 1;87ь:>ABV <>65 2V4V3@020B8 @>;ь C 287=0G5==V AB0=C >:8A=5==O 

1V;:0 (�>�-SS-Cys G8 Cys-SS-Cys). �2060NG8 =0 VA=C20==O 2 0:B820FV9=V9 ?5B;V 

S6K1 4>40B:>2>3> Cys231, @>7B0H>20=>3> ?>@CG 7 >A=>2=8< A09B>< 0:B820FVW 

Thr229, =5 <>6=0 28:;NG0B8, I> �>�;N20==O 70;8H:C Cys217 <>65 A;C3C20B8 

70E8AB>< 2V4 CB2>@5==O 2=CB@VH=ь><>;5:C;O@=>3> 48AC;ьDV4=>3> 729O7:C, I> 

CB2>@NєBьAO 2=0A;V4>: =04<V@=>3> >:8A=5==O :V=078 ?V4 G0A >:A840B82=>3> AB@5AC. 

#>4V1=5 CB2>@5==O 48AC;ьDV4=8E 729O7:V2 2A5@548=V 0:B820FV9=>W ?5B;V 1C;> 

?@>45<>=AB@>20=> 4;O 1030Bь>E V=H8E :V=07, =0?@8:;04, AKT, MELK B0 BRSK1/2, 

C 28?04:C O:8E A?>AB5@V30;0AO FV;:>28B0 V=0:B820FVO D5@<5=BC [177], [178], [179], 

[180].  

&0:89 <5E0=V7< 70E8ABC 2V4 450:B820FVW :V=078 :>=B@0ABCє 7 >B@8<0=8<8 =0<8 

@57C;ьB0B0<8 I>4> 7=865==O 0:B82=>ABV :V=078 =0 40% ?VA;O �>�;N20==O 



p70S6K1. *5 4>72>;Oє ?@8?CAB8B8, I> 40=0 #&  <>65 @53C;N20B8 0:B82=VABь 

:V=078 70 C<>28 >:A840B82=>3> AB@5AC. �@V< B>3>, O: F5 265 1C;> ?>:070=> 4;O =87:8 

<5B01>;VG=8E 5=78<V2, �>�;N20==O <>65 28:>=C20B8 V DC=:FVN 70E8ABC :;NG>28E 

F8AB5W=V2 2V4 =04<V@=>3> >:8A=5==O [13] V =5<8=CG>W =572>@>B=>W V=0:B820FVW 

5=78<C. �8@VH5==O F8E B0 V=H8E =0C:>28E ?8B0=ь I>4> DC=:FV>=0;ь=>W @>;V 

�>�;N20==O p70S6K1 70;8H0єBьAO C D>:CAV ?>40;ьH8E 4>A;V465=ь. 

 

$8A. 3.15. �>A;V465=O 2?;82C �>�;N20==O S6K1 =0 WW 0:B82=VABь. In vitro 

�>�;N20==O B0 in vitro :V=07=0 @50:FVO @5:><1V=0=B=>W p70S6K1 7 28:>@8AB0==O< 

GST-rpS6(Ct) O: AC1AB@0BC; 4 3 1;>B>3@0<0 :V=07=>W @50:FVW 70 ?@8ACB=>ABV V=B0:B=>W 

(4>@V6:0 2) B0 �>�;ь>20=>W (4>@V6:0 3) His-actS6K1 45B5:B>20=0              

0=B8-D>AD>-Ser234/235 rpS6 B0 0=B8-�>�. /: :>=B@>;ь A?5F8DVG=>ABV <5B>4C 

28:>@8AB>2C20;8 7@07:8 70 2V4ACB=>ABV 2 @50:FV9=V9 AC<VHV :V=078 (4>@V6:0 1),  01> 

�&( 2 @50:FV9=V9 AC<VHV V=B0:B=>W (4>@V6:0 4) B0 �>�;ь>20=>W (4>@V6:0 5) His-

actS6K1. �>=B@>;ь =020=B065==O AC1AB@0BC 0=0;V7C20;8 70 4>?><>3>N InstantBlue 

Coomassie D0@1C20==O 35;N; 5 3 @57C;ьB0B8 45=A8B><5B@8G=>3> 0=0;V7C :V=07=>W 

0:B82=>ABV in vitro �>�;ь>20=>W B0 :>=B@>;ь=>W V=B0:B=>W His-actS6K1 (4 =570;56=V 

5:A?5@8<5=B8). �V;ь:VA=89 0=0;V7 ?@>2>48;8 70 4>?><>3>N ImageJ, 4;O 

AB0B8AB8G=>3> 0=0;V7C 28:>@8AB>2C20;8 =5?0@=89 t-:@8B5@V9 %BьN45=B0, p < 0,01 



"B65, >B@8<0=89 @57C;ьB0B A2V4G8Bь ?@> B5, I> :>20;5=B=0 <>48DV:0FVO 

:0B0;VB8G=> 0:B82=>W His-actS6K1 70 4>?><>3>N �>� ?@872>48Bь 4> V=3V1C20==O WW 
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@>7B0HC20=ь 4>:V=3>28E ?>7 �>� B0 7=V<:8 :>6=V 50 =A C :><?;5:AV                

p70S6K1-2P3 �>� ?V4 G0A <>45;N20==O  �. #>G0B:>20 ?>70 4>:V=3C (1;0:8B=89), 

50 =A (1>@4>289), 100 =A (A8=V9), 150 =A (@>65289), 200 =A (G5@2>=89) V 250 =A 

(75;5=89) 



->4> 48=0<V:8 157?>A5@54=ь> %α 0B><V2 <>;5:C;8 4>A;V46C20=>W :V=078, 

4V;O=:0 0<V=>:8A;>B=>W ?>A;V4>2=>ABV 220 3 226 C ?5B;V 0:B820FVW 5=78<C 

45<>=AB@C20;0 28I89 @V25=ь RMSF (A5@54=ь>:204@0B8G=5 :>;820==O), B>1B> 28IV 

:>>@48=0FV9=V :>;820==O, O: 4;O p70S6K1, B0: V 4;O p70S6K1-2P D>@< 1V;:0 

(@8A.3.19.5). #>:07=8: RMSF, 2 A2>N G5@3C, =5 2:07Cє =0 ?>78FV9=V 7<V=8 2 G0AV =0 

2V4<V=C 2V4 RMSD, 0 28<V@Nє V=482V4C0;ь=C 3=CG:VABь 0<V=>:8A;>B=8E 70;8H:V2, 

B>1B> =0A:V;ь:8 A8;ь=> ?52=89 70;8H>: 7<V=Nє A2>є ?>;>65==O ?V4 G0A A8<C;OFVW. 

&0:8< G8=><, 3@0DV: RMSD 1C2 ?>1C4>20=89 ?@>B8 G0AC, 0 RMSF ?@>B8 =><5@0 

70;8H:C. 

 

$8A. 3.19.  >;5:C;O@=>-48=0<VG=5 <>45;N20==O :><?;5:AC p70S6K1-�oA;          

4 3 71V;ьH5=5 7>1@065==O �>� C :><?;5:AV 7 p70S6K1-2P G5@57 :>6=V 50 =A ?V4 G0A 

<>45;N20==O  �. �VG=89 ;0=FN3 Cys217 ?>7=0G5=89 C 283;O4V :C;ь>: V ?0;8G>:, 

0B><8 AV@:8 7>1@065=V 6>2B8< :>;ь>@><. �B>< AV@:8 Cys217 70;8H0єBьAO 1;87ь:> 

4> S-0B><0 �oA; 5 3 3@0DV:8 RMSF 4;O :><?;5:AC p70S6K1-�oA (DV0;:>289) B0 

p70S6K1-2P (>@0=65289) 7 �oA 

"B65, ?V4 G0A ?@>2545=8E C A?V2?@0FV <>;5:C;O@=>-48=0<VG=8E A8<C;OFV9 <8 

A?>AB5@V30;8, I> <>45;ь 0:B82>20=>W D>@<8 p70S6K1 (7 D>AD>@8;ь>20=8<8 Thr229 

B0 Thr389) CB2>@Nє AB01V;ь=V S-S 270є<>4VW 2 :><?;5:AV 7 �>�, 2 B>9 G0A O: 2 

:><?;5:AV 7 =5D>AD>@8;ь>20=>N D>@<>N D5@<5=BC ABV9:VABь B0:8E 270є<>4V9 =5 



A?>AB5@V30;0AO. !0 >A=>2V F8E A?>AB5@565=ь 1C;> ?><VG5=>, I> ?0=B5B5W=>289 E2VAB 

�>� 70;8H02AO 1;87ь:8< 4> Cys217, I> 7=0E>48BьAO 2 0:B820FV9=V9 ?5B;V, 

D>AD>@8;ь>20=>W :V=078 ?@>BO3>< CAь>3> G0AC <>45;N20==O  �, B>4V O:          

��(-D@03<5=B :>5=78<C 1C2 AB01V;ь=> >@Vє=B>20=89 C 1V: H0@=V@=>W 4V;O=:8 

:V=078. �2060NG8 =0 FV @57C;ьB0B8 <8 28AC=C;8 3V?>B57C, I> @CE;82VABь H0@=V@=>W 

4V;O=:8 :V=078 p70S6K1-2P 4>72>;Oє �>� AB01V;V7C20B8 :>20;5=B=89 48AC;ьDV4=89 

72'O7>: 7 Cys217 C ?5B;V 0:B820FVW, I> 28O28;>Aь =5<>6;828< 4;O 7 

=5D>AD>@8;ь>20=>W D>@<8 :V=078. 

"B@8<0=V @57C;ьB0B8 2:07CNBь, I> 70 C<>28 >:A840B82=>3> AB@5AC <0є 

�>�;N20B8AO A0<5 0:B82>20=0, D>AD>@8;ь>20=0 D>@<0 :V=078, 0 >B65 �>�;N20==O 

S6K1 70 Cys217 <>6=0 22060B8 =>28< <5E0=V7<>< =530B82=>W @53C;OFVW 0:B82=>ABV 

:V=078 A0<5 70 C<>28 >:A840B82=>3> AB@5AC, I> є 0;ьB5@=0B82>N 

45D>AD>@8;N20==N. !5 <>6=0 28:;NG0B8, I> B0:89 <5E0=V7< VA=Cє V 70 

=>@<0;ь=8E C<>2 70 CG0ABV @50:B82=8E D>@< :8A=N, 2V4><8E 2B>@8==8E 

?>A5@54=8:V2 2 :;VB8==><C A83=0;N20==V.  

 

$57C;ьB0B8 28:;045=V C ?V4@>74V;V, >?C1;V:>20=> C =0C:>2V9 ?@0FV: 

Malanchuk O, Bdzhola A, Palchevskyi S, et al (2024) Investigating the Regulation of 

Ribosomal Protein S6 Kinase 1 by CoAlation. IJMS 25:8747 DOI:

10.3390/ijms25168747. 
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' 48A5@B0FV9=V9 @>1>BV  4>A;V465=> �>�;N20==O ?@>B5W=:V=078 @81>A><=>3> 

1V;:0 S6 (S6K1) 70 C<>2 V=4C:FVW >:A840B82=>3> B0 <5B01>;VG=>3> AB@5AV2.  "B@8<0=V 

@57C;ьB0B8 2:07CNBь, I> �>�;N20==O 2V4V3@0є 206;82C @>;ь C @53C;OFVW 

DC=:FV>=0;ь=>W 0:B82=>ABV :V=078 S6K1. 

1. "E0@0:B5@87>20=> <>=>:;>=0;ь=V 0=B8BV;0 ?@>B8 �>�, I> 1C;8 

>B@8<0=V <5B>4>< 3V1@84><=>W B5E=>;>3VW. �AB0=>2;5=>, I> 0=B8-�>� 0=B8BV;0 

A?5F8DVG=> @>7?V7=0NBь �>�;ь>20=V 1V;:8 2 ;V70B0E :;VB8= AA02FV2 7 

28:>@8AB0==O< <5B>4V2 V<C=>?@5F8?VB0FVW, 25AB5@=-1;>B 0=0;V7C, 

V<C=>D;C>@5AF5=FVW B0 PLA. �87=0G5=>, I> 3'-D>AD0B 457>:A8@81>7=>3> :V;ьFO 

�>� 2E>48Bь 4> A:;04C 0=B835==>W 45B5@<V=0=B8 V є :;NG>28< 4;O @>7?V7=020==O 

0=B8BV;0<8.   

2.  5B>4>< $)- % 0=0;V7C 1C;> 2AB0=>2;5=> �>�;N20==O S6K1 2 

:;VB8=0E !��293/Pank1³ 70 C<>2 >:A840B82=>3> AB@5AC. %09B>< �>�;N20==O 

1C;> 287=0G5=> F8AB5W= C ?>;>65==V 217, I> 7=0E>48BьAO 2 0:B820FV9=V9 ?5B;V 

:V=07=>3> 4><5=C S6K1, =0 2V4AB0=V 42>E 0<V=>:8A;>B 2V4 DFG 4><5=C. 

3. �>2545=> in cellular �>�;N20==O =045:?@5A>20=>W @70S6K1 2 :;VB8=0E 

!��293/Pank1³ 70 C<>2 >:A840B82=>3> AB@5AC, V=4C:>20=>3> 4V0<V4><. 

4. �AB0=>2;5=>, I> <CB0FVO Cys217 (%217�), :;NG>2>3> A09BC 

�>�;N20==O, ?@872>48Bь ;8H5 4> G0AB:>2>3> ?@83=VG5==O �>�;N20==O S6K1 2 

:;VB8=0E 70 C<>2 >:A840B82=>3> AB@5AC, I> A2V4G8Bь ?@> <>6;82VABь VA=C20==O 

4>40B:>28E A09BV2 �>�;N20==O, 7>:@5<0 B0:8E, I> <>6CBь 28=8:0B8 ;8H5 C 

28?04:C <CB0FVW. !0B><VABь <CB0FVO F8AB5W=C, @>7B0H>20=>3> 2 <560E 

0:B820FV9=>W ?5B;V :V=078, %ys231 (C231A) =02?0:8 ?@872>48Bь 4> ?V428I5==O 

@V2=N �>�;N20==O, 9<>2V@=> 7024O:8 =5<>6;82>ABV CB2>@5==O 

V=B@0<>;5:C;O@=8E 48AC;ьDV4=8E 729O7:V2 <V6 Cys 217 B0 Cys231, O:V <>3;8 1 

?5@5H:>460B8 �>�;N20==N Cys217.  



5. �0 4>?><>3>N 28:>@8AB0==O V<C=>D;N>@5AF5=B=>3> 0=0;V7C B0 

<5B>48:8 PLA 1C;> ?V4B25@465=> V=4C:FVN �>�;N20==O S6K1 ?V4 2?;82>< 

>:8A=>3> B0 <5B01>;VG=>3> AB@5AV2 @V7=>3> ?>E>465==O. 

6. ' ?@>F5AV 28:>=0==O @>1>B8 7 28:>@8AB0==O< Bac-to-Bac 

10:C;>2V@CA=>W A8AB5<8 5:A?@5AVW B0 «4C0;ь=>3>» 25:B>@0, I> <VAB82 35==V 

?>A;V4>2=>ABV @5:><1V=0=B=>W S6K1 V WW 0:B820B>@0 :V=078 PDK1, 1C;> 

5:A?@5A>20=> B0 >G8I5=> :>=AB8BCB82=> 0:B82=C p70S6K1. $>7@>1;5=0 <5B>48:0 

:>-5:A?@5AVW 42>E 35=V2 RPS6KB1 B0 PDPK1 >4=VєN 10:<V4>N 28O28;0Aь 1V;ьH 

5D5:B82=>N 70 VA=CNGV 704>:C<5=B>20=V ?@>B>:>;8 AB2>@5==O :>=AB8BCB82=> 

0:B82=>W S6K1. 

7. !0 >A=>2V ?@>2545=8E in vitro 4>A;V465=ь 7 28:>@8AB0==O< 

@5:><1V=0=B=>W His-actS6K1 1C;> 2AB0=>2;5=>, I> ?@>F5A �>�;N20==O є 

4>7>70;56=8<, B>1B> @V25=ь <>48DV:0FVW 71V;ьHC202AO ?@>?>@FV9=> 4> 

:>=F5=B@0FVW 2V;ь=>3> :>5=78<C A (�>�) C @50:FV9=V9 AC<VHV, 0 B0:>6 

G0A>70;56=8<, I> >7=0G0є 7@>AB0==O @V2=O �>�;N20==O 7 ?>4>265==O< G0AC 

V=:C10FVW. 

8. �8O2;5=>, I> 0:B82=VABь �>�;ь>20=>W @5:><1V=0=B=>W His-actS6K1 2 in 

vitro :V=07=V9 @50:FVW 7=865=0 =0 40% ?>@V2=O=> 7 =5<>48DV:>20=8< 5=78<><, I> 

A2V4G8Bь ?@> V=3V1CNG89 2?;82 �>�;N20==O =0 DC=:FV>=0;ь=C 0:B82=VABь :V=078. 

9.  5B>4>< <>;5:C;O@=>3> 4>:V=3C ?@>V;NAB@>20=>, I>  ?0=B5B5W=>289 

E2VAB �>� CB2>@Nє 48AC;ьDV4=89 729O7>: 7 BV>;ь=>N 3@C?>N Cys217 :V=078, 7 

>4=>G0A=>N AB01V;V70FVєN ��(-D@03<5=BC <>;5:C;8 �>� 2 �&(-729O7C20;ь=V9 

:8H5=V :V=078 70 4>?><>3>N 3V4@>D>1=8E, 9>==8E V 2>4=528E 729O7:V2. "B@8<0=V 

@57C;ьB0B8 =0304CNBь A?>AV1 V=3V1C20==O D5@<5=BC 70 <5E0=V7<>< «?>42V9=>3> 

O:>@O», I> 70157?5GCє AB01V;ь=5 729O7C20==O �>� 7 0:B82=8< F5=B@>< :V=078, V 

O:89 1C;> >?8A0=> @0=VH5 4;O �2@>@0 � :V=078.    

10.  5B>4>< A8<C;OFVW <>;5:C;O@=>W-48=0<V:8 1C;> 2AB0=>2;5=>, I> 

:><?;5:A �>� 7 0:B82>20=>N D>@<>N :V=078 (D>AD>@8;ь>20=>W 70 A09B0<8 Thr229 

B0 Thr389) 1V;ьH AB01V;ь=89 2 ?>@V2=O==V 7 :><?;5:A>< 7 =5D>AD>@8;ь>20=>N 



D>@<>N D5@<5=BC. "B@8<0=V 40=V A2V4G0Bь ?@> B5, I> D>AD>@8;N20==O є 

:@8B8G=> 206;828< 4;O AB01V;V70FVW 270є<>4VW <V6 p70S6K1 V �>�, I> ?V4:@5A;Nє 

7=0G5==O �>�;N20==O 2 @53C;OFVW 0:B82>20=>W D>@<8 :V=078.  
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