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6(19)-*1'/>! $%&! 6-+.)! *6! )%&.&! ;')(+')-*1! .)&7.! -.! 6+&R(&1)/0! '1! &14*+-5*1(9/&*)/0)-9!

cleavage of the 5’ leader sequence of 7+&9(+.*+! )OPQ.! I7+&J)OPQM8! 7&+6*+;&4! 50! '1!

&1@0;&!9'//&4!OP'.&!<>!

!

G0!<%=!,*+2!,'.!*1!)%&!9%'+'9)&+-@')-*1!*6!)%&!6(19)-*1'/!-1)&+'9)-*1.!*6!1(9/&'+!OP'.&!

<!-1!84#0(9/-)()*%3#:(#$#>!L1!)%-.!;*4&/!7/'1)8!OP'.&!<!'9)-3-)0!-.!7&+6*+;&4!-1!)%&!1(9/&(.!

50!),*!+&4(14'1)!7+*)&-1.!9'//&4!<OYO<"!'14!#>!$%&!*3&+'//!'-;!*6!;0!,*+2!,'.!)*!4&6-1&!

)%&! 7+*)&-1! 7'+)1&+.! *6! Q)<OYO<"! '14! #! -1! *+4&+! )*! -4&1)-60! %*,! OP'.&! <! '9)-3-)0! -.!

-1)&:+')&4!,-)%!*)%&+!9&//(/'+!7+*9&..&.!'14!)*!4&)&+;-1&!-6!7/'1)!1(9/&'+!OP'.&!<!%'.!

*)%&+!.(5.)+')&.!5&.-4&.!7+&9(+.*+!)OPQ.>!

!

L1! *+4&+! )*! 7+&.&1)! )%&! 9(++&1)! .)')&! *6! 21*,/&4:&! *1! )%&! 5-*/*:-9'/! 6(19)-*1.! '14!

;&9%'1-.;.!+&/')&4!)*!;0!<%=!7+*e&9)8!L!,-//!6-+.)!7+&.&1)!%*,!)OPQ.!'+&!)+'1.9+-5&4!'14!

;')(+')&4>!$%&1!)%&-+!.)+(9)(+&!'14!6(19)-*1!,-//!5&!4&.9+-5&4!ILM>!P&B)8!L!,-//!7+&.&1)!)%&!

4-.)+-5()-*18!4-3&+.-)0!'14!6(19)-*1.!*6!)OPQJ/-2&!.)+(9)(+&.!ILLM>!S-19&!1(9/&'+!)OPQ.!'+&!

)+'1.9+-5&4!50!OPQ!7*/0;&+'.&!LLL!IOPQ!7*/!LLLM8!L!,-//!7+&.&1)!)%&!.7&9-6-9!6&')(+&.!*6!)%-.!

&1@0;&8!'.!,&//!'.!)%&!3'+-&)0!*6!OPQ.!)%')!)%-.!7*/0;&+'.&!)+'1.9+-5&.!ILLLM>!GQAU!-.!)%&!

;'-1!21*,!1&:')-3&!+&:(/')*+!*6!OPQ!7*/!LLL8!'14!*(+!,*+2!%'.!(19*3&+&4!'!7*..-5/&!7/'1)!

.7&9-6-9!+&:(/')-*1!*6!-).!'9)-3-)0!50!1(9/&'+!OP'.&!<>!H*1.&R(&1)/08!L!,-//!7+&.&1)!GQAU!

6(19)-*1!'14!;*4&!*6!'9)-*1!')!)%&!9&//(/'+!'14!;*/&9(/'+!/&3&/!ILKM>!$%&1!L!,-//!7+&.&1)!-1!

'!/'.)!7'+)!*6!)%&!-1)+*4(9)-*18!),*!4-66&+&1)!.)&7.!*6!)OPQ!;')(+')-*1!)%')!'+&!.7&9-6-9'//0!

+&/')&4!)*!;0!<%=>!A-+.)8!L!,-//!7+&.&1)!-1!4&)'-/.!)%&!4-3&+.-)0!*6!OP'.&!<!&1@0;&.!)%')!

remove the 5’ leader sequence of precursor tRNA!IKM>!!$%&18!L!,-//!7+&.&1)!;*+&!5+-&6/0!

)%&! 9%&;-9'/! ;*4-6-9')-*1! *6! )OPQ.! 1(9/&*)-4&.! '14! ;*+&! .7&9-6-9'//08! )%&! +&'9)-*1!

9')'/0.&4!50!'1!&1@0;&!9'//&4!$+;U8!)%')!,'.!.%*,1!-1!)%-.!,*+28!)*!5&!'!7+*)&-1!7'+)1&+!

*6!Q)<OY<"d#!IKLM>!



! U_!

!

BO ,8@!-X./2%*($(-2-`.-,0L",L0(.3$).
WL$",2%$-.

!

First characterized in 1958 as “soluble ribonucleic acid intermediates in protein 

synthesis” (Hoagland et al., 1958), tRNAs were the first nonJ9*4-1:! OPQ.! I19OPQ.M!

4-.9*3&+&4>! )OPQ.! %'3&! '! 3&+0! .7&9-6-9! .)+(9)(+&! I'M8! )%')! -.! 9/*.&/0! +&/')&4! )*! )%&-+!

6(19)-*1>!$%&!;'-1!+*/&!*6!)OPQ.!-.!)*!4&/-3&+!';-1*!'9-4.8!'.!.7&9-6-&4!50!;&..&1:&+!OPQ!

I;OPQM! 9*4*1.8! )*! +-5*.*;&.>! ?*,&3&+8! )OPQ.! %'3&! '44-)-*1'/! 6(19)-*1.! )%')! '+&!

7+*:+&..-3&/0!(19*3&+&4!I5M>!A-1'//08!)%&!4-66&+&1)!7*.)J)+'1.9+-7)-*1'/!.)&7.!-13*/3&4!-1!

)OPQ!5-*:&1&.-.!'14!)(+1*3&+!,-//!5&!7+&.&1)&4!I9M>!

!

#? %@;8*)%4"<%"4.*
!
tRNAs have a conserved secondary structure often referred to as a “cloverleaf’. Their 3D 

'+9%-)&9)(+&! -.! '1! DJ.%'7&4! 6*/4! )%')! -.! '/.*! 9*1.&+3&4! IA-:(+&! UM>! ?*,&3&+8! )%-.! #=!

.)+(9)(+&!-.!+')%&+!401';-9!'14!1*)!6-B&48!'.!'1'/0.&.!*6!9+0.)'/!.)+(9)(+&!'14!9+0*JZG!

+&9*1.)+(9)-*1! *6! )OPQ.! .)+(9)(+&.! -1! 9*;7/&B! ,-)%! 4-66&+&1)! 7'+)1&+.! I7+*9&..-1:!

&1@0;&.8! +-5*.*;&.8! )OPQ! .01)%&)'.&.M! .%*,! )%')! )OPQ.! 9'1! 4-.7/'0! '! /'+:&! +'1:&! *6!

.)+(9)(+'/!'++'1:&;&1).!)*!7&+6*+;!)%&-+!6(19)-*1.!I]&.)%*6!'14!Q(66-1:&+8!"_U"M>!

)OPQ.!/&1:)%!3'+0!6+*;!'+*(14!g_!)*!U__!1(9/&*)-4&.>!Q.!1*)&4!50!]&.)%*6!'14!Q(66-1:&+8!

I"_U"M8!)%&0!'+&!&3*/()-*1'+0!9*1.)+'-1&4!50!),*!*77*.-)&!6*+9&.>!$%&0!;(.)!%'3&!(1-R(&!

6&')(+&.!-1!*+4&+!6*+!)%&-+!9*:1')&!)OPQ!.01)%&)'.&!)*!';-1*'90/')&!)%&!9*++&9)!)OPQ!,-)%!

)%&!.7&9-6-&4!';-1*!'9-4!9*++&.7*14-1:!)*!-).!'1)-9*4*1>!Q14!*1!)%&!*)%&+!%'148!)%&-+!#=!

.)+(9)(+&!-.!9*1.)+'-1&4!50!)%&!1&9&..-)0!)*!6-)!-1!)%&!+-5*.*;&.!5-14-1:!.-)&.8!-1!*+4&+!6*+!

9*++&9)! 7+*)&-1! .01)%&.-.! )*! *99(+>! Q.! .(9%8! )OPQ! .)+(9)(+&! %'+5*(+.! '! 9*;;*1!

'+9%-)&9)(+&!-1.-4&!,%-9%!;*/&9(/'+!4-3&+.-)0!&B-.).!)*!&1.(+&!)%&!(1-9-)0!*6!&'9%!)OPQ>!!

$%&!9/*3&+/&'6!.&9*14'+0!.)+(9)(+&!-.!;'4&!(7!*6!6*(+!%&/-9&.8!)%+&&!/**7.!'14!'!3'+-'5/&!

4*;'-1>!A-+.)8!)%&!'99&7)*+!.)&;!I'/.*!9'//&4!'99&7)*+!%&/-BM!)%')!9'++-&.!)%&!';-1*!'9-4!')!

its 3’ end is usually made of seven base pairs. The first four base pairs of the acceptor!



! UU!

.
.
F2*L0(.TN!45.3$).65.-"R(+3,2".0(P0(-($,3,2%$.%W.3.,8@!>!'M!H/*3&+/&'6!4-':+';!*6!)%&!"=!6*/4-1:!7'))&+1!
*6! '! )OPQ>!P(;5&+.! -14-9')&! )%&! 1(9/&*)-4&! 5'.&8! '/;*.)! (1-3&+.'//0! 6*(14! ')! )%-.! 7*.-)-*1! -1! '//! )OPQ!
.&R(&19&.! 21*,1! )*! 4')&>! Q! a! '4&1*.-1&j! \! a! :('1*.-1&j! H! a! 90)-4-1&j! E! a! (+-4-1&j! O! a! '4&1*.-1&! *+!
:('1*.-1&j!V!a!90)-4-1&!*+!(+-4-1&j!$!a!+-5*)%0;-4-1&j!'14!Y a!7.&(4*(+-4-1&>!5M!A*/4-1:!7'))&+18!-1!#=8!*6!
0&'.)!7%&10/'/'1-1&!)OPQ>!$%&!9*-/&4!)(5&!-14-9')&.!)%&!.(:'+J7%*.7%')&!5'925*1&!*6!)%&!;*/&9(/&>!$%&!
9+*..!+(1:.!+&7+&.&1)!)%&!1(9/&*)-4&!5'.&!7'-+.!,%-/&!)%&!.%*+)!+(1:.!4&7-9)!5'.&.!1*)!-13*/3&4!-1!5'.&J
5'.&!%04+*:&1!5*14-1:>!$%&!9*/*(+.!-1!)%&!#=!4-':+';!+&6&+!)*!)%&!"=!.)+(9)(+&>!=-':+';.!'+&!+&7+*4(9&4!
'14!'4'7)&4!6+*;!O-9%!'14!`-;!IUbgfM!'14!\*/4;'1!I"__fM>!
! !



! U"!

%&/-B!'+&!-;7*+)'1)!6*+!)OPQ!.01)%&)'.&!+&9*:1-)-*1!I\-&:F!&)!'/>!"_U"M!'.!1*)&4!'5*3&>!

Position 73, located just before the CCA is called the ‘discriminator’, due to its role in the 

9*++&9)! ';-1*'90/')-*1! *6! )OPQ.>! $%&1! *1! the 5’ side of the cloverleaf,! )%&! =!

I4-%04+*(+-4-1&M!'+;!-.!1';&4!'6)&+!)%-.!;*4-6-&4!5'.&!)%')!*99(+.!-1!-).!/**7>!$%&!6-+.)!

)%+&&!5'.&!7'-+.!*6!)%&!=!%&/-B!'/.*!9*1.)-)()&!-4&1)-)0!&/&;&1).!6*+!';-1*'90/!.01)%&)'.&.>!

$%&18!)%&!'1)-9*4*1!'+;!9*1)'-1.!-1!-).!/**7!)%&!'1)-9*4*1!)+-7/&)!)%')!,-//!7'-+!,-)%!)%&!

9*;7/&;&1)'+0!9*4*1!*6!)%&!;OPQ!4(+-1:!7+*)&-1!.01)%&.-.!-1!)%&!+-5*.*;&>!$%&!-4&1)-)0!

*6!)%&!+&.-4(&.!*6!)%&!'1)-9*4*1!/**7!'+&!'/.*!-;7*+)'1)!6*+!9*++&9)!';-1*'90/')-*1>!$%&!

'1)-9*4*1!'+;!-.!6*//*,&4!50!)%&!3'+-'5/&!+&:-*1!)%')!9*1)'-1.!5&),&&1!T!'14!"U!+&.-4(&.>!

$%-.!3'+-'5/&!/**7!-.!)%&!;'e*+!.*(+9&!*6!3'+-'5-/-)0!-1!)OPQ!.-@&.8!%&19&!-).!1';&>!$%&!/'.)!

9*1.&+3&4!4*;'-1!4&6-1-1:!)OPQ.!-.!)%&!$J'+;8!1';&4!'6)&+!'!)%0;-4-1&!7+&.&1)!-1!)%&!

9*1.&+3&4!$YC motif of its loop. Finally, the 3’end the mature tRNA is always termi1')&4!

50!)%&!HHQ!.&R(&19&!,%&+&!)%&!';-1*!'9-4!-.!'))'9%&4>!

)OPQ!.&R(&19&.!'/-:1;&1)!.%*,!)%')!-1!)%&!"=!.)+(9)(+&8!.*;&!7*.-)-*1.!1&'+/0!'/,'0.!

consist of the same type of base (called ‘invariants’). Some other positions are conserved 

'.!&-)%&+!7(+-1&.!*+!70+-;-4-1es (called ‘semiJinvariants’) (F-:(+&!"M>!L13'+-'1)!'14!.&;-J

-13'+-'1)!7*.-)-*1.!+&7+&.&1)!(7!)*!"_!1(9/&*)-4&.!-1!)OPQ.>!$%&!#=!.)+(9)(+&!*6!)OPQ.!

.)+*1:/0!+&/-&.!*1!)%&!6*(+!%&/-9&.!4&.9+-5&4!'5*3&>!$%&!'99&7)*+!%&/-B!'14!)%&!)%0;-4-1&!

'+;! .)'92! )*:&)%&+! )*! 6*+;! )%&! '99&7)*+!4*;'-1!,%-/&! )%&! 4-%04+*(+-4-1&! '+;! .)'92.!

)*:&)%&+!,-)%!)%&!'1)-9*4*1!'+;!)*!;'2&!)%&!'1)-9*4*1!4*;'-1>!$%-.!.)+(9)(+&!-.!*3&+'//!

.%'7&4!/-2&!'1!D8!'.!)%&!),*!4*;'-1.!6*+;.!'1!'1:/&!*6!'+*(14!b_k>!$%-.!#=!.)+(9)(+&!-.!

;'-1)'-1&4!50!/**7J/**7!)&+)-'+0!9*1)'9).!I5&),&&1!)%&!$!'14!=!/**7.M!'14!50!)&+)-'+0!

9*1)'9).! I-13*/3-1:! 1*1J]').*1JH+-92! 7'-+-1:.! '14! )%&! 6*+;')-*1! *6! 5'.&! )+-7/&).M!

5&),&&1!)%&!.-1:/&!.)+'14&4!e(19)-*1.!/-12-1:!)%&!%&/-9'/!4*;'-1.!'14!)%&!4&&7!:+**3&!*6!

)%&!=!%&/-B>! )OPQ!.)+(9)(+&.!'+&!'/.*! +-:-4-6-&4!50!;':1&.-(;!9')-*1.! IQ(66-1:&+!&)! '/>8!

"_UUM>!L14&&48!-)!,'.!.%*,1!)%')!-1!)%&!'5.&19&!*6!G:"c8!.*;&!)OPQ.!9*(/4!1*)!5&!';-1*J

'90/')&4!IG'4*+&!&)!'/>8!UbbbM>!$%&!+*/&!*6!;':1&.-(;!9')-*1.! -.!'/.*! -;7*+)'1)! 6*+8!'.!

.)')&4!'5*3&8!)%&!401';-9!.)+(9)(+'/!9%'1:&.!)%')!)OPQ.!9'1!'4'7)!,%&1!-1)&+'9)-1:!,-)%!

)%&-+!4-66&+&1)!7+*)&-1!7'+)1&+.!I]&.)%*6!'14!Q(66-1:&+8!"_U"M>!

Q//!)%&.&!&/&;&1).!7*-1)!*()!)%&!-;7*+)'19&!*6!)OPQ.!.)+(9)(+&>!L14&&48!-6!6*+!;OPQ!)%&!

.&R(&19&!-.!9*1.-4&+&4!'.!)%&!4&)&+;-1'1)!*6!-).!5-*/*:-9'/!6(19)-*18!6*+!)OPQ!-)!-.!)%&!!



! U#!

!

!
F2*L0(.4N!@%+($"'3,L0(.3$)./3-(.)2-,02/L,2%$-.2$.('%$*3,%0.,8@!>!I'M!P(;5&+.!-14-9')&!)%&!'99&7)&4!
1*;&19/')(+&!*6!)OPQ!;*/&9(/&.!'.!4&6-1&4!-1!S7+-1@/!&)!'/>8!Ubbf>!S)+'-:%)!5/'92!/-1&.!-14-9')&!.&9*14'+0!
5'.&!7'-+-1:!,%-/&!5+*2&1!/-1&.!-14-9')&.!(1(.('/!5'.&!7'-+-1:>!I5M!=-.)+-5()-*1!*6!)%&!6*(+!9*;;*1!5'.&.!
')!&'9%!7*.-)-*1!'.!9'/9(/')&4!6+*;!b#"!)OPQ!.&R(&19&.!50!Q(66-1:&+!'14!]&.)%*68!Ubbf>!L1!%&/-9&.8!)%&!
9*/*(+!9*4&!6*+!7'-+&4!+&.-4(&.!'+&!'++'1:&4!.*!'.!)*!6*//*,!]').*1JCrick pairings. The 5’ strand has a thin 
outer circle while the 3’ strand has a thick outer circle (fr*;!]&.)%*6!'14!Q(66-1:&+8!"_U"M>!
! !



! UT!

.)+(9)(+&!I->&!)%&!.7')-'/!6*/4!*6!)%&!OPQ!)*!6*+;!'!)&+)-'+0!.)+(9)(+&M!)%')!-.!)%&!5'.-.!*6!-).!

5-*/*:-9'/!'9)-3-)0!I]&.)%*6!'14!Q(66-1:&+8!"_U"M>!

!

0? %@;8)*0(/:/A(<#:*B"$<%(/$)*
!

)OPQ.! 9'1*1-9'/! 6(19)-*1! -.! )*! 4&/-3&+! ';-1*! '9-4.8! '.! .7&9-6-&4! 50! ;&..&1:&+! OPQ!

I;OPQM!9*4*1.!)*!)%&!7+*)&-1!.01)%&.-.!;'9%-1&+-&.j!-1!)%&!90)*7/'.;!I6*+!<+*2'+0*)&.!

'14!1(9/&'+!&(2'+0*)-9!;OPQM!'14!-1!*+:'1&//&.!I-1!Z(2'+0*)&.!*1/0M>!$*!7&+6*+;!)%-.!

.)&78!)OPQ.!1&&4!)*!5&!I9*++&9)/0M!';-1*J'90/')&4>!L14&&48!)OPQ.!9'1!5&!.(54-3-4&4!-1)*!

families of isoacceptors. Each defined by the corresponding (usually called “cognate”) 

';-1*! '9-4! -)! 9'++-&.>! Q;-1*'90/')-*1! -.! 7&+6*+;&4!50! '! .&)! *6! .7&9-6-9! 7+*)&-1.! 9'//&4!

';-1*'90/J)OPQ!.01)%&)'.&>!C'.&4!*1!.&R(&19&!'1'/0.-.!'14!'6)&+,'+4.!*1!.(5.&R(&1)!

.)+(9)(+&!-13&.)-:')-*1.!';-1*'90/J)OPQ!.01)%&)'.&.!I''OSM!'+&!4-3-4&4!-1!),*!4-.)-19)!

9/'..&.!I9/'..!L!'14!LLM8!5'.&4!*1!)%&-+!4-66&+&19&.!')!5*)%!)%&!.)+(9)(+'/!'14!.&R(&19&!/&3&/!

I`'-.&+!&)!'/>8!"_"_M>!D-12-1:!*6!)OPQ!;*/&9(/&.!,-)%!)%&-+!9*:1')&!';-1*!'9-4!-.!*1&!*6!

)%&!;*.)!9+(9-'/!.)&7!*6!7+*)&-1!.01)%&.-.8!'.!*19&!)%&!';-1*!'9-4!-.!9%'+:&4!)*!)%&!)OPQ8!

-)!,-//!5&!-19*+7*+')&4!-1!)%&!&/*1:')-1:!7&7)-4-9!9%'-1!-1!)%&!+-5*.*;&8!,%&)%&+!*+!1*)!-)!

-.!)%&!9*++&9)!*1&!I\-&:F!'14!Z+-'1-8!"_U"M>!Q;-1*'90/J)OPQ!.01)%&)'.&!+&9*:1-@&!)%&-+!

cognate tRNA by specific features defining “tRNA identity”. For some tRNAs, the major 

-4&1)-)0!&/&;&1)!-.!)%&!'1)-9*4*1!I\*/4;'18!"__fM>!?*,&3&+8!)%&!;'-1!6&')(+&.!9'1!'/.*!

5&! -1! )%&!'99&7)*+!.)&;!,-)%! /-))/&! )*!1*!.7&9-6-9-)0!9*16&++&4!50!)%&!'1)-9*4*1>!S)-//8! -1!

;*.)!9'.&.8!)%&!;'e*+!.7&9-6-9!6&')(+&!.&&;.!)*!5&!)%&!'1)-9*4*1!,-)%!'44-)-*1'/!-4&1)-)0!

&/&;&1).!+&.-4-1:!-1!)%&!'99&7)*+!.)&;8!'14d*+!)%&!=J/**7!I\*/4;'18!"__f8!]&.)%*6!'14!

Q(66-1:&+8!"_U"M!IA-:(+&!#M>!H%'+:-1:!*6!)%&!9*:1')&!';-1*!'9-4!)*!)%&!)OPQ!-.!'!),*J.)&7!

7+*9&..>!A-+.)!)%&!';-1*!'9-4!-.!'9)-3')&4!)*!'1!';-1*'90/!'4&10/')&!I,-)%!'!%-:%!&1&+:0!

5*14M>!$%&1!)%-.!'9)-3')&4!;*/&9(/&!-.!5*(14!)*!)%&!';-1*'90/!)OPQ!.01)%&)'.&!'14!)%&!

';-1*!'9-4! -.! )+'1.6&++&4!)*!)%&!)OPQ!I)%&!%-:%!&1&+:0!5*14!-.!7+&.&+3&48!'.! -)!,-//!5&!

1&9&..'+0! 6*+!7+*)&-1! .01)%&.-.M! IA-:(+&!TM>!=(&! )*!)%&!&B-.)&19&!*6!7+**6+&'4-1:! I'/.*!

called “editing”) mechanisms, that allow amino'90/!)OPQ!.01)%&)'.&!)*!+&e&9)!-19*++&9)!

';-1*'90/! '4&10/')&.8! )%&! ';-1*'90/')-*1! 7+*9&..! -.! %-:%/0! '99(+')&>! L14&&48! )%&!

;-.9%'+:-1:!6+&R(&190!%'.!5&&1!&.)-;')&4!')!/&..!)%'1!U_J[!I\*/4;'18!"__fM>!



! U^!

F2*L0(. 6N! ?'%1(0'(3W. 3$). 6A)2+($-2%$3'. W%')2$*. %W. 3. ,8@!. &2,R. ,R(. '%"3,2%$. %W. #$%&$. 2)($,2,D.
)(,(0+2$3$,-. Conventional numbering system is used. The • symbol indicates Watson–H+-92! 5'.&!
pairings, including G•U pairs; dotted green lines indicate other pairings, mostly between constant and/or 
.&;-J9*1.)'1)!+&.-4(&.!-;7*+)'1)!6*+!)OPQ!DJ.%'7&4!'+9%-)&9)(+&>!D*9')-*1!*6!-4&1)-)0!&/&;&1).!-1!)%&!)OPQ!
;*/&9(/&! -.! .%*,1! ,-)%! '! 4-.)-19)-*1! 5&),&&1! -4&1)-)-&.! *6! )OPQ.! +&9*:1-.&4! 50! 9/'..! L! '14! 9/'..! LL!
.01)%&)'.&.>!H%'+'9)&+-.&4!-14-3-4('/!;*4-6-&4!+&.-4(&.!)%')!'9)!'.!-4&1)-)0!4&)&+;-1'1).!-1!)OPQ!'1)-9*4*1!
/**7.! '+&! .%*,1! -1! )%&! -1.&)! I2"H8! /0.-4-1&j! ."E8! "J)%-*(+-4-1&j! ;1;^."E8! ^J;&)%0/';-1*;&)%0/J"J
)%-*(+-4-1&j! l8! R(&(*.-1&j! L8! -1*.-1&j! Ψ8! 7.&(4*(+-4-1&j! ;U\8! UJ;&)%0/:('1*.-1&j! )[Q8! P[J
)%+&*10/9'+5';*0/'4&1*.-1&j!0]8!,05()*.-1&M>!A+*;!\-&:F!'14!Z+-'1-!I"_U"M>!
!
! !



! U[!

H%'+:&4!)OPQ.!,-//!)%&1!7/'0!'!9&1)+'/!+*/&!-1!7+*)&-1!.01)%&.-.>!Z3&1!-6!'//!)%&!4&)'-/.!*6!

7+*)&-1!.01)%&.-.!'+&!1*)!0&)!6(//0!(14&+.)**48!1(;&+*(.!.)(4-&.8!-19/(4-1:!9+0*JZG!4')'!

'14!XJ+'0!9+0.)'//*:+'7%0!.)+(9)(+&.!%'3&!(19*3&+&4!)%&!;'-1!6&')(+&.!*6!)%-.!7+*9&..>!L1!

Z(2'+0*)&.8!-1-)-')-*1!*6!7+*)&-1!.01)%&.-.!.)'+).!,%&1!'!T_S!+-5*.*;&!.;'//!.(5(1-)!-.!

9*;5-1&4!,-)%!'1!;OPQ8!'1!-1-)-')*+!;&)%-*10/J)OPQ!IG&)J)OPQ-M!'14!-1-)-')-*1!6'9)*+.!

I=&3&+!'14!\+&&18!"_U"M>!Q6)&+!)%&!+&9+(-);&1)!*6!)%&![_S!/'+:&!.(5(1-)!*6!+-5*.*;&.8!)%&!

-1)&+'9)-*1!5&),&&1!)%&!9*4*1!*6!)%&!;&..&1:&+!OPQ!'14!)%&!'1)-9*4*1!*6!)%&!-1-)-')*+!

tRNA takes place in the peptidyl (‘P’ site) of the 80S ribosome, and allows the binding of 

'1!&/*1:')*+!';-1*'90/J)RNA to the aminoacyl (‘A’) site of the ribosome, this step being 

)%&!6-+.)!*6!)%&!&/*1:')-*1!7%'.&!*6!7+*)&-1!.01)%&.-.>!Q/)%*(:%!'77'+&1)/0!R(-)&!.-;7/&8!

)+'1./')-*1! -1-)-')-*1!+&R(-+&.8! -1!Z(2'+0*)&.8!1*! /&..! )%'1!U"!4&4-9')&4!7+*)&-1.!9'//&4!

&(2'+0*)-9!-1-)-')-*1!6'9)*+.!I&LA.M>!

L1!;*+&!4&)'-/.8!&LA"J\$<!,-//!6-+.)!5-14!G&)J)OPQ-!!)*!6*+;!)%&!)&+1'+0!9*;7/&B!I$HM>!$%&!

$H!,-//!5-14!,-)%!&LA^8!&LA#8!&LAU!'14!&LAUQ!)*!)%&!T_S!I.;'//M!+-5*.*;'/!.(5(1-)j!6*+;-1:!

)%&!7+&-1-)-)-*1!9*;7/&B!I<LHM>!Y1!)%&!*)%&+!%'148!)%&!;OPQ!-.!'9)-3')&4!50!5-14-1:!*6!

eIF4F (a complex formed of eIF4E, eIF4G and eIF4A) at its 5’ mg!IgJ;&)%0/:('1*.-1&M!9'7!

and of the PABP (poly(A) binding protein) on the 3’ poly(A) tail. After scanning of the PIC 

on the mRNA, a ‘closed’ complex will!6*+;!,%&1!5'.&!7'-+-1:!-.!&.)'5/-.%&4!5&),&&1!)%&!

'1)-9*4*1!*6!)%&!G&)J)OPQ-! -1!)%&!<J.-)&!'14!)%&!;OPQ!QE\!9*4*1!IA-:(+&!^M>!Q14!)%&!

.&9*14!9*4*1!*6!)%&!*7&1!+&'4-1:!6+';&!IYOAM!-.!-1!)%&!Q!.-)&!*6!)%&!+-5*.*;&>!L1! .)'+2!

9*1)+'.)!,-)%!)%&!-1-)-')-*1!.)&7!)%')!+&R(-+&.!;'10!-1-)-')-*1!6'9)*+.8!)%&!.&9*14!.)&7!*6!

protein synthesis (called “elongation”) requires only a minimal set of proteins (called 

&/*1:')-*1!6'9)*+.M>!Z/*1:')-*1!,-//!.)'+)!,%&1!)%&!9*:1')&!';-1*'90/J)OPQ8!5*(14!-1!'!

)&+1'+0!9*;7/&B!,-)%!&ZAUQ!'14!\$<8!,-//!5&!4&/-3&+&4!)*!)%-.!Q!.-)&!*6!)%&!+-5*.*;&>!\$<!

-.!)%&1!%04+*/0.&4!'14!)%&!&/*1:')-*1!6'9)*+!+&/&'.&4>!Q)!)%-.!.)':&8!)%&!''J)OPQ!-.!/*92&4!

-1! )%&!Q! .-)&!*6! )%&! /'+:&! .(5(1-)>!Q!7&7)-4&!5*14! 6*+;')-*1!,-//!*99(+!,-)%! )%&!<J.-)&!

7&7)-40/J)OPQ>!$%-.!+&'9)-*1!,-//!5&!9')'/0.&4!50!)%&!7&7)-40/!)+'1.6&+'.&!9&1)&+!I<$HM!

9*1.-.)-1:! *6! 9*1.&+3&4! +-5*.*;'/! OPQ! I+OPQM! *6! )%&! /'+:&! +-5*.*;'/! .(5(1-)>! $%&.&!

OPQ.! ,-//! 7*.-)-*1! )%&! .(5.)+')&.! 6*+! 9')'/0.-.>! $%&! 7&7)04-/J)OPQ! ,-//! )+'1.6&+! )%&!

:+*,-1:!7&7)-4&! )*! )%&!';-1*!'9-4!'))'9%&4! -1! )%&!Q! .-)&>!$%&!&1&+:0! 6*+! )%-.! +&'9)-*1!

(called the “peptidyl transferase” reaction or ‘peptide bond formation’)!9*;&.!6+*;!)%&!

%-:%!&1&+:0!5*14!9*1.&+3&4!5&),&&1!)%&!)OPQ!'14!-).!9*:1')&!';-1*!'9-4>!<&7)-4&!5*14!

6*+;')-*1!-.!)%&!%&'+)!*6!7+*)&-1!.01)%&.-.8!'14!,-//!5&!!



! Ug!

!

.
.
.
F2*L0(.YN!<R(.3+2$%3"D'3,2%$.0(3",2%$>!L1!)%&!6-+.)!.)&78!)%&!';-1*!'9-4!I5/(&M!-.!'9)-3')&4!,-)%!Q$<!I+&4M!
-1!)%&!.01)%&)'.&!'9)-3&!.-)&!I1*)!4&7-9)&4M8!6*+;-1:!)%&!';-1*'90/JQG<!'14!+&/&'.-1:!<<->!$%&!';-1*!'9-4!
-.!)+'1.6&++&4!)*!)%&!)OPQ!I:+&&1M!'14!QG<!-.!+&/&'.&4!I4&7-9)&4!-1!)%&!-;':&!-.!)%&!transfer to the 3’JY?!
characteristic of class I aaRS, while in class II transfer happens at the 2’JOH with a 3’JY?!'))'92!-1!)%&!.&9*14!
.)&7M>!$%&!4-':+';!-.!)'2&1!6+*;!O(5-*!\*;&@!'14!L55'!I"_"_M>! !



! Uf!

!
6*//*,&4!50! +-5*.*;'/! 9*16*+;')-*1'/! 9%'1:&.! )%')!,-//! /&'4! )%&! )OPQ! -1! )%&!Q! .-)&! )*!

translocate to the P site while the one in the P site will translocate to the exit (‘E’) site. 

$%-.! )+'1./*9')-*1! -.! 7+*;*)&4! 50! &ZA">! A*//*,-1:! )+'1./*9')-*18! '! 4&'90/')&4! )OPQ!

*99(7-&.!)%&!Z!.-)&!'14!7&7)-40/J)OPQ!-.!7*.-)-*1&4!-1!)%&!<!.-)&>!Q14!)%&!Q!.-)&!-.!'3'-/'5/&!

':'-1! 6*+! )%&! 1&B)! ';-1*'90/J)OPQ>! $%-.! &/*1:')-*1! 909/&! ,-//! )%&1! +&7&').! (1)-/! )%&!

1'.9&1)!7+*)&-1!-.!9*;7/&)&/0!6*+;&4!I=&3&+!&)!'/>8!"_UfM>!L)!-.!,*+)%!1*)-1:!)%')!-)!.&&;.!

)%')!)%&!4&'90/')&4!)OPQ!,-//!5&!+&/&'.&4!./*,/0!6+*;!)%&!Z!.-)&!I-1!%(;'1!+-5*.*;&.M!

6*//*,-1:!)+'1./*9')-*18!-14&7&14&1)/0!*6!)%&!5-14-1:!*6!QJ.-)&!''J)OPQ!IA&+:(.*1!&)!'/>8!

"_U^M>!!

$&+;-1')-*1!*6!&(2'+0*)-9! )+'1./')-*1!,-//!*99(+!,%&1!'!S$Y<!9*4*1!IEQQ8!EQ\8!E\QM!

,-//!&1)&+!)%&!Q!.-)&!*6!)%&!+-5*.*;&>!L)!-.!9')'/0.&4!50!),*!7+*)&-1.N!&OAU!'14!&OA#8!)%')!

'+&! )%*(:%)! )*! '9)! 9*//'5*+')-3&/0>! &OAU! -.! '! )OPQJ.%'7&4! 7+*)&-1! IS*1:! &)! '/>8! "___M!

9*;7*.&4!*6!)%+&&!4*;'-1.>!Q!6-+.)!4*;'-1!-.!+&.7*1.-5/&!6*+!9*4*1!+&9*:1-)-*1>!Q!;-44/&!

*1&!I'1'/*:*(.!)*!'!)OPQ!'99&7)*+!.)&;M!)%')!,-//!&B)&14!-1!)%&!<$H8!7+*;*)&.!7&7)-4&!

+&/&'.&! '14! '! HJ)&+;-1'/! 4*;'-1! -1)&+'9).!,-)%! &OA#>! $%&! 5-14-1:! *6! &OA#! )*! &OAU! -.!

)%*(:%)!)*!-19+&'.&!)%&!7&7)-4&!+&/&'.&!&66-9-&190!I=&3&+!'14!\+&&18!"_U"M>!

!

L)!-.!-;7*+)'1)!)*!1*)&!)%')8!+')%&+!)%'1!.)')-98!)%&!7**/!*6!)OPQ.!-.!1*,!9*1.-4&+&4!)*!5&!

401';-9>! =-66&+&1)! .)+&..&.! %'3&! 5&&1! .%*,1! )*! '/)&+! )%&! :/*5'/! )OPQ! 7**/>! $%-.! -.!

)+'4-)-*1'//0!3-&,&4!'.!'!;*4(/')-*1!7+&9-.&/0!4-+&9)&4!)*!9*16*+;!)*!)%&!&3*/()-*1!*6!)%&!

9*4*1!(.':&!*6!.)+&..J+&/')&4!:&1&.!I`-+9%1&+!'14!L:1')*3'8!"_UTM>!?*,&3&+8!)OPQ.!'/.*!

%'3&! '/)&+1')-3&! +*/&.! -1! .)+&..! .-:1'//-1:>! ! E14&+! 4&7+-3')-*1! *6! ';-1*! '9-4.8! 7'+)! *6!

90)*7/'.;-9!)OPQ.!,&+&!.%*,1!)*!7+*;7)/0!+&/*9')&!)*!)%&!1(9/&(.!-1!V&'.)8!)%(.!:/*5'//0!

+&7+&..-1:! )+'1./')-*1! I]%-)1&0! &)! '/>8! "__gM>! A+*;! '! 5+*'4&+! 7&+.7&9)-3&8! )OPQ.! '+&!

9*1.-4&+&4!)*!%'3&!'!+*/&!-1!)%&!:&1&+'/!';-1*!'9-4!9*1)+*/!7')%,'0!,%&+&!)%&0!,*(/4!

'9)! '.! .-:1'//-1:! ':&1).! I=&3&+! '14! ?-11&5(.9%8! "__^M>! L1! V&'.)8! 4(+-1:! ';-1*! '9-4!

.)'+3')-*18!1*1J9%'+:&4!)OPQ.!'9)-3')&!)%&!\HP"!2-1'.&!)%+*(:%!5-14-1:!)*!-).!HJ)&+;-1'/!

4*;'-18!,%-9%!-.!%*;*/*:*(.!)*!%-.)-40/!)OPQ!.01)%'.&>!\HP"!,-//!-1!)(+1!7%*.7%*+0/')&!

eIF2α>!!$%-.!7%*.7%*+0/')-*1!,-//!'9)-3')&!)%&!)+'1./')-*1!*6!;OPQ.!&19*4-1:!\HPT8!,%-9%!

-.!+&R(-+&4!6*+!)%&!.&/&9)-3&!)+'1.9+-7)-*1!*6!:&1&.!-1!';-1*!'9-4!5-*.01)%&.-.!7')%,'0.!

)*! -19+&'.&! ';-1*! '9-4! 5-*.01)%&.-.! IG(+:(-'! &)! '/>8! "_U"! '14! `-+9%1&+! '14! L:1')*3'8!

"_UTM>!



! Ub!

!

!
.
F2*L0(. ZN! J1(012(&. %W. ,R(. *($(03'. (L#30D%,2". ,03$-'3,2%$. 2$2,23,2%$. P3,R&3D>! $%&! 7')%,'0! 6*+!
+&9+(-)-1:!)%&!-1-)-')*+!)OPQ!)*!)%&!;OPQ!QE\!9*4*1!-1!)%&!9*1)&B)!*6!'!f_S!+-5*.*;&!I5*))*;!+-:%)M!-.!
4&7-9)&4!'.!'!.&+-&.!*6!;'e*+!.)&7.8!/'5&//&4!,-)%!5/(&!)&B)8!/-12&4!,-)%!5/'92!'++*,.>!L14-3-4('/!&(2'+0*)-9!
-1-)-')-*1! 6'9)*+! I&LAM! 9'+)**1.! '14! 9*;7/&B&.! '+&! /'5&//&4! ,-)%! 5/'92! )&B)! '14! 1(9/&*)-4&!
%04+*/0.-.d-1*+:'1-9! 7%*.7%')&! +&/&'.&! +&'9)-*1.! '+&! .%*,1! 50! 5/(&! '++*,.>! $%&! 5+*'4! :+&&1! '++*,!
-14-9')&.!)%&!4-+&9)-*1!*6!.9'11-1:!)*,'+4!)%&!QE\!9*4*1>!$%&! +&:(/')*+0!+&'9)-*1.!/&'4-1:!)*!&LA"!'14!
&LATZ!-1%-5-)-*1!'+&!.%*,1!,-)%!7/(;!'14!+&4!'++*,.>!$%&!)-;-1:!*6!+&/&'.&!*6!.*;&!6'9)*+.!6+*;!-1-)-')-1:!
+-5*.*;&.d;OPQ!I&LATA8!&LATC8!*+!&LA#M!-.!1*)!0&)!9/&'+8!'14!9*1.&R(&1)/0!-.!1*)!.%*,1>!A-:(+&!)'2&1!6+*;!
G&++-92!'14!<'3-))!I"_UfM>!



! "_!

Q44-)-*1'/!6(19)-*1.!*6!)OPQ.!5&0*14!7+*)&-1!.01)%&.-.!'+&!-1!6'9)!9(++&1)/0!9*1.)'1)/0!

&B)&14&4>!A*+!&B';7/&8!)OPQ.!'+&!1*,!9*1.-4&+&4!'.!'/.*!-;7/-9')&4!-1!)'+:&)-1:!7+*)&-1.!

6*+! 4&:+'4')-*1! 3-'! )%&! PJ&14! +(/&! 7')%,'0! IK'+.%'3.208! UbbgM8! *+! 9*1.-4&+&4! '.!

-;7*+)'1)!7/'0&+! -1!)%&! +&:(/')-*1!*6!'7*7)*.-.!50!5-14-1:! )*! 90)*9%+*;&! <! IG&-! &)! '/>!

"_U_M>!L)!9'1!5&!1*)&4!)%')!)OPQ.!9'1!'/.*!5&!-13*/3&4!-1!+&)+*3-+'/!+&7/-9')-*1!,%&+&!)%&0!

'9)!'.!+&3&+.&!)+'1.9+-7)-*1!7+-;&+.!IG'+R(&)!&)!'/>8!Ubb^j!<-&21'J<+@050/.2'!&)!'/>8!"_U_M>!

A*+!&B';7/&8!.7&9-6-9!)OPQ.8!.(9%!'.!)OPQD0.!6*+!?LK!'14!)OPQ<+*!6*+!;(+-1&!/&(2'&;-'!

3-+(.8! '+&! 7'92':&4! -1! 3-+-*1.! '14! .&+3&! '.! 7+-;&+.! I6*+! =PQ! .01)%&.-.M! 50! +&3&+.&!

)+'1.9+-7)-*1!IG'+2!&)!'/>8!Ubbg!'14!`/&-;'1!&)!'/>8!"_U_M>!!

D'.)8!5()!1*)!/&'.)8!1&,!7')%,'0.!)%')!:&1&+')&!)OPQ!6+':;&1).!I)OA.M!'+&!7+*:+&..-3&/0!

(19*3&+&4!'14!)%&!4-66&+&1)!+*/&.!*6!)%&.&!.;'//!1*1J9*4-1:!OPQ!I.19OPQ.M!-1!4-66&+&1)!

9&//(/'+!7+*9&..&.! .(9%!'.! )+'1./')-*1! +&:(/')-*1!'14! +&.7*1.&.! )*! .)+&..!'+&! 9(++&1)/0!

-13&.)-:')&4>!)OPQ!6+':;&1).!9'1!5&!6*(14!-1!'//!4*;'-1.!*6!/-6&!I`-+9%1&+!'14!L:1')*3'8!

"_UTM>!H/&'3':&!*6!)OPQ.!)*!:&1&+')&!)OA.!-.!9')'/0.&4!50!.)+&..!-14(9-5/&!&14*1(9/&'.&.!

.(9%!'.!O10U!I)%')!5&/*1:!)*!)%&!OP'.&!$"!6';-/0M!-1!V&'.)!I$%*;7.*1!&)!'/>8!"__bM!'14!

'1:-*:&1-1! I5&/*1:-1:! )*! )%&! OP'.&! Q! 6';-/0M! -1! %(;'1! I+,* '#-(.$)MIV';'.'2-! &)! '/>8!

"__bM>!L1!7/'1).8!-)!,'.!+&9&1)/0!.%*,1!)%')!)%&!;'e*+!7/'0&+.!-1!)OA.!5-*:&1&.-.!'+&!'/.*!

OP'.&.!$"!IG&:&/!&)!'/>8!"_UfM>!)OA.!9'1!*+-:-1')&!6+*;!)OPQ!7+&9(+.*+.8!5()!;*.)!.&&;!

)*! 4&+-3&! 6+*;!;')(+&! )OPQ.>! $,*!;'-1! 9/'..&.! *6! )OA.! 9'1! 5&! :&1&+')&4>!]%&1! )%&!

9/&'3':&!*99(+.!-1!)%&!'1)-9*4*1!+&:-*18!'!/*1:!)OA!I#_J#^!1(9/&*)-4&.M!,-//!5&!7+*4(9&4>!

Y1!)%&!9*1)+'+08!,%&1!9/&'3':&! -.! /*9')&4! -1!)%&!=!*+!)%&!$!+&:-*18!'!.%*+)! )OA!,-//!5&!

:&1&+')&4! IUbJ"^! 1(9/&*)-4&.M! IG&:&/! &)! '/>8! "_UfM>! L1! 7/'1).8! )%&! ;*.)! -1)&+&.)-1:!

&B';7/&! *6! )OA.! 6(19)-*1! -.8! )*! 4')&8! )%&! -13&.)-:')-*1! /&4! 50! O&1! '14! 9*//&':(&.! )%')!

.%*,&4!)%')!+%-@*5-'/!)OA.!'9)!'.!.-:1'//-1:!;*/&9(/&.!)*!+&:(/')&!7/'1)!1*4(/')-*1!IO&1!

&)!'/>8!"_UbM>!

!

<? %@;8)*0(/A.$.)()C*%"4$/7.4*#$9*($%4#<.::":#4*
9D$#&(<)*

!

S-;-/'+!)*!;*.)!OPQ.8!)OPQ.!'+&!)+'1.9+-5&4!'.!7+&9(+.*+!;*/&9(/&.!I7+&9(+.*+!)OPQ!*+!

7+&J)OPQM!'14!1&&4!)*!(14&+:*!&B)&1.-3&!7*.)J)+'1.9+-7)-*1'/!;')(+')-*1.! -1!*+4&+!)*!

5&9*;&!6(19)-*1'/>!$%&.&!7*.)J)+'1.9+-7)-*1'/!.)&7.!'+&!7&+6*+;&4!50!'!/'+:&!1(;5&+!*6!

6'9)*+.>!$%&.&!;')(+')-*1!7+*9&..&.!%'3&!5&&1!&B)&1.-3&/0!.)(4-&4!-1!)%&!5(44-1:!0&'.)!



! "U!

I'#<<3#4/&D<.)*<.4.7()(#.M8!-19/(4-1:!,*+2.!6+*;!)%&!)&';.!*6!<+*6.>!?*77&+8!<%-@-92-!'14!

V*.%-%-.'>!$%-.! /&4!)*!)%&!7+*:+&..-3&! -4&1)-6-9')-*1!*6!1&'+/0!'//!*6! )%&!:&1&.!&19*4-1:!

6'9)*+.! -13*/3&4! -1! 0&'.)! )OPQ!;')(+')-*1! '14! )*! )%&! 7+*:+&..-3&! &/(9-4')-*1! *6! )%&-+!

6(19)-*1.>!H*1.&R(&1)/08!,&!,-//!7+&.&1)!,%')!-.!21*,1!-1!0&'.)!'14!+&6&+8!,%&1&3&+!-)!-.!

7*..-5/&8!)*!)%&!7/'1)!%*;*/*:.>!!

)OPQ.!7*.)J)+'1.9+-7)-*1'/!;')(+')-*1!.)&7.!-nclude the removal of the 5’ leader and 3’ 

)+'-/&+!.&R(&19&.8!)%&!+&;*3'/!*6!-1)+*1.!I-1!-1)+*1!9*1)'-1-1:!7+&J)OPQ.M8!)%&!'44-)-*1!*6!

)%&!HHQ!)+-7/&)!'14!1(;&+*(.!9%&;-9'/!;*4-6-9')-*1.!*6!1(9/&*.-4&.>! L1!0&'.)!(7!)*!"^!

5'.&!;*4-6-9')-*1.!%'3&!5&&1!9%'+'9)&+-@&4!I?*77&+8!"_U#M!

Removal of the 5’ leader sequence is catalysed by RNase P in all domains *6!/-6&>!L1!0&'.)!

OP'.&! <! %'.! -1)&+&.)-1:! 6&')(+&.>! S-;-/'+! )*! )%&! '19&.)+'/! 5'9)&+-'/! +-5*1(9/&*7+*)&-1!

OP'.&!<8!5*)%!)%&!1(9/&'+!'14!;-)*9%*14+-'/!&1@0;&.!'+&!9*;7*.&4!*6!OPQ!'14!7+*)&-1.>!

]%-/&! 1(9/&'+! OP'.&! <! 9*1.-.).! *6! '! .-1:/&! 9')'/0)-9! OPQ! '14! 1-1&! 7+*)&-1.! I?*77&+8!

"_U#M8!;-)*9%*14+-'/!OP'.&!<!-.!9*;7*.&4!*6!'!4-66&+&1)!OPQ!'14!*1&!7+*)&-1!.(5(1-)!%'.!

5&&1!-4&1)-6-&4!)*!4')&!I='*(48!"_U"M>!L1)&+&.)-1:/08!;*.)!*6!)%&!7+*)&-1.!*6!0&'.)!I'14!

%(;'1M!OP'.&!<!'+&!.%'+&4!,-)%!OP'.&!GO<8!'1!&1@0;&!-13*/3&4!-1!7+&J+OPQ!7+*9&..-1:!

IX-'*!&)!'/>8!"__"j!m'++*(.!'14!\*7'/'18!"_U_M>!S-19&!OP'.&!<!-.!9&1)+'/!)*!;0!<%=!7+*e&9)8!

L!,-//!7+&.&1)!-).!4-3&+.-)08!->&>!7/'1)!OP'.&!<8!-1!;*+&!4&)'-/.!-1!'!.&7'+')&!.&9)-*1!IKM>!

The 3’ trailer sequence of preJ)OPQ.!-.!+&;*3&4!-1!0&'.)!50!5*)%!&B*1(9/&'.&.!ID?<U!'14!

OZXUM! '14! '1! &14*1(9/&'.&! I$OWUM>! $%&! ),*! &B*1(9/&'.&.! ,&+&! .%*,1! )*! 5&! 1*1J

&..&1)-'/!I?*77&+8!"_U#M8!,%&+&'.!$OWU!-.!&19*4&4!50!'1!&..&1)-'/!:&1&!I$'2'2(!&)!'/>8!

"__#M>!L1!7/'1).8!)%&!+&;*3'/!*6!)%e 3’ trailer is c')'/0.&4!50!)%&!&14*1(9/&'.&!OP'.&!W>!

OP'.&!W!&B-.).!-1!),*!6*+;.>!S%*+)!3&+.-*1.!*6!"__!)*!T__!';-1*!'9-4.!9*J&B-.)!,-)%!/*1:!

3&+.-*1.!*6!g__!)*!b__!''!IH'1-1*!&)!'/>8!"__bM>!Y1/0!)%&!.%*+)!6*+;!*6!OP'.&!W!-.!6*(14!-1!

<+*2'+0*)&.!,%&+&'.!Z(2'+0*)&.!7*..&..!)%&!/*1:!6*+;!'14!.*;&)-;&!5*)%!'.!6*(14!-1!

7/'1).>!OP'.&!W!5&/*1:.!)*!)%&!.(7&+6';-/0!*6!;&)'//*JβJ/'9)';'.&.!IGCD.M8!9%'+'9)&+-@&4!

50!)%&ir αJβdβJα 6*/4>!G&)'//*JβJ/'9)';'.&.!9*1)'-1!6-3&!%-:%/0!9*1.&+3&4!;*)-6.!)%')!'+&!

-13*/3&4!-1!)%&!;&)'/!9**+4-1')-*1!-1!)%&!'9)-3&!.-)&!IQ+'3-148!UbbbM>!]*+2!6+*;!H'1-1*!

&)!'/>8!"__b8!.%*,&4!)%')!84#0(9/)-)()*:&1*;&!&19*4&.!)%&!T!.%*+)!'14!/*1:!3&+.-*1.!*6!

OP'.&! W>! Q99*+4-1:! )*! )%&-+! 4')'8! Q)OP'.&W! .%*+)! 6*+;.! .U! '14! ."! '+&! /*9')&4! -1! )%&!

90)*7/'.;! '14! )%&! 9%/*+*7/'.)! +&.7&9)-3&/08! ,%-/&! )%&! /*1:! 6*+;! DU! -.! /*9')&4! -1!

;-)*9%*14+-'!'14!)%&!1(9/&(.8!'14!D"!*1/0!-1!;-)*9%*14+-'>!



! ""!

It is worth noting that RNase P’s action usually precedes RNase! W>!?*,&3&+8! )%&+&!'+&!

.*;&!21*,1!&B9&7)-*1.8!'.!4&.9+-5&4!&>:>!50!O’Connor and P&&5/&.!IUbbUM>!

A 3’ terminal CCA sequence is required in all tRNAs for aminoacylation. In most cases, this 

HHQ!.&R(&19&!-.!'44&4!7*.)J)+'1.9+-7)-*1'//0!50!'!)OPQ!1(9/&*)-40/!)+'1.6&+'.&>!L)!9'1!5&!

1*)&4! )%')! -1! .*;&!5'9)&+-'8! ->&>!E,* </:(8! )%&! HHQ! .&R(&19&! -.! &19*4&4!,-)%-1! )%&! )OPQ!

:&1&.8!%*,&3&+8!'!)OPQ!1(9/&*)-40/!)+'1.6&+'.&!.)-//!&B-.).!'14!,'.!.%*,1!)*!5&!-13*/3&4!

in tRNA 3’end repair (Zhu and Deutscher, 1987). In ',* <.4.7()(#.C* )OPQ! 1(9/&*)-40/!

)+'1.6&+'.&!-.!&19*4&4!50!'!.-1:/&!:&1&!IHHQU8!Q&5-!&)!'/>!Ubb_M>!HHQU!&19*4&.!#!-.*6*+;.!

:&1&+')&4!50!'/)&+1')-3&!)+'1.9+-7)-*1'/!'14!)+'1./')-*1'/!.)'+)!.-)&.8!'14!/*9')&4!-1!)%&!

90)*7/'.;8!)%&!1(9/&(.!'14!;-)*9%*14+-'!IG'+)-1!'14!?*77&+8!UbbTM>!L1!Q+'5-4*7.-.8!)%&!

)OPQ!1(9/&*)-40/)+'1.6&+'.&!,'.!'/.*!-4&1)-6-&4!IQ)U:""[[_M>!$%-.!7+*)&-1!/*9'/-@&.!)*!)%&!

90)*7/'.;8!7/'.)-4.!'14!;-)*9%*14+-'>!L).!4-.)+-5()-*1!'77&'+.!)*!5&!9*1)+*//&48!')!/&'.)!-1!

7'+)8!50!)%&!*99(++&19&!*6!'/)&+1')-3&!)+'1./')-*1!-1-)-')-*1!.-)&.!IK*1!C+'(1!&)!'/>8!"__gM>!

S7/-9-1:!-.!'1*)%&+!-;7*+)'1)!7*.)J)+'1.9+-7)-*1'/!.)&7!6*+!-1)+*1!9*1)'-1-1:!)OPQ.>!$%&!

1(;5&+!*6!-1)+*1J9*1)'-1-1:!)OPQ!:&1&!3'+0!9*1.-4&+'5/0!5&),&&1!*+:'1-.;.!'14!7%0/'>!

E,*</:(!)OPQ!:&1&.!4*!1*)!9*1)'-1!-1)+*1.>!L1!%(;'1!I+,*'#-(.$)M8!1,*.:.A#$)!*+!F4/)/3(:#!

)%-.!7&+9&1)':&!-.!'+*(14!^n8!'14!-)!9'1!5&!.(7&+-*+!)*!^_n!-1!.*;&!'+9%'&'/!:&1*;&!

I<%-@-920!'14!?*77&+8!"_U_M>!L1!Q+'5-4*7.-.8!'99*+4-1:!)*!)%&!7/'1)OPQ!4')'5'.&!IH*:1')!

&)!'/>8!"_U#M8!'+*(14!U"n!*6!1(9/&'+!)OPQ.!7*..&..!-1)+*1.>!$%&.&!-1)+*1.!'+&!'//!*99(++-1:!

-1!*1/0!),*!)OPQ.N!)OPQ;&)o&!&)!)OPQ)0+>!L1!.*;&!9'.&.8!*1/0!-1)+*1J9*1)'-1-1:!)OPQ!:&1&.!

'+&!;*4-6-&4!')!.7&9-6-9!5'.&.!Im*%1.*1!'14!Q5&/.*1!Ubf#M>!?*,&3&+8!-1)+*1!4&/&)-*1!,'.!

9'++-&4!*()!-1!0&'.)!-1!'!)OPQ!)%')!4-4!1*)!4&7&14!*1!)%&!7+&.&19&!*6!'1!-1)+*1!6*+!.7&9-6-9!

5'.&!;*4-6-9')-*1! '14!1*! *53-*(.! 9*1.&R(&19&.! 9*(/4! 5&!*5.&+3&4! 6+*;! )%-.! 4&/&)-*1!

IG*+-!&)!'/>8!"_U_M>!H*1.&R(&1)/08!)%&!&3*/()-*1'+0!+&'.*1!6*+!+&)'-1-1:!-1)+*1.!-1!.*;&!

)OPQ!:&1&.!+&;'-1.!'1!*7&1!R(&.)-*1>!L1!0&'.)8!7+&J)OPQ!.7/-9-1:!*99(+.!-1!)%+&&!.)&7.>!

L1!'!6-+.)!.)&78!'!)OPQ!.7/-9-1:!&14*1(9/&'.&!+&;*3&.!)%&!-1)+*1!6+*;!)%&!7+&J)OPQ>!$%-.!

&1@0;&!-.!-1!0&'.)!'!%&)&+*)&)+';&+!9*;7*.&4!*6!S&1"8!S&1#T8!.&1U^!'14!.&1^T!I$+*))'!

&)!'/>!Ubbgj!<'(.%2-1!&)!'/>8!"__TM>!S&1"!'14!S&1#T!'+&!9*1.&+3&4!6+*;!Q+9%'&'!)*!%(;'1!

'14!'+&!)%&!9')'/0)-9!.(5(1-).!*6! )%&!.7/-9-1:!&14*1(9/&'.&!+&.7*1.-5/&! 6*+!9/&'3':&!')8!

+&.7&9)-3&/08!)%&!^’!'14!#’ .7/-9&!.-)&.!I$+*))'!&)!'/>8!UbbgM>!$%&!.&9*14!.)&7!*6!)%&!+&'9)-*1!

-.!)%&!/-:')-*1!*6!)%&!^’!'14!#’!&B*1.>!L)!-.!9')'/0.&4!50!)%&!0&'.)!)OPQ!/-:'.&!$+/U!I<%-@-920!

&)!'/>8!Ubf[M>!
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!
F2*L0(.[X.521(0-2,D.%W.,8@!.+%)2W2"3,2%$->!$%&!(77&+!7'+)!*6!)%&!-;':&!&B7/'-1.!)%&!'55+&3-')-*1!.0.)&;!
(.&4! )*!4&.9+-5&!OPQ!;*4-6-9')-*1.8!,-)%!P"8P",2′JYJ)+-;&)%0/:('1*.-1&! I;""\;M!'.!'1!&B';7/&>!L)!'/.*!
.%*,.!)%&!')*;!1(;5&+-1:!-1!)%&!7(+-1&!'14!70+-;-4-1&!+-1:.!'.!,&//!'.!-1!)%&!+-5*.&>!Q1!'55+&3-')-*1!-1!
6+*1)! *6! )%&! 5'.&! /&))&+! 4&.9+-5&.! '! 5'.&! ;*4-6-9')-*18! ,%&+&'.! /&))&+.! '6)&+! )%&! 5'.&! .)'14! 6*+! +-5*.&!
'/)&+')-*1.>!S(7&+.9+-7)&4!1(;5&+.!.7&9-60!)%&!7*.-)-*1!')!)%&!5'.&!'14!.(5.9+-7)&4!1(;5&+.!-14-9')&!)%&!
6+&R(&190!*6!-4&1)-9'/!;*4-6-9')-*1.!')!)%&!.';&!7*.-)-*1>!Q55+&3-')-*1.!'+&!'.!6*//*,.N!'9—'9&)0/8!'97—
';-1*9'+5*B07+*70/8! 9%;—9'+5*B0%04+*B0;&)%0/8! 9;*—*B0'9&)-9! '9-48! 9;1;—
9'+5*B0;&)%0/';-1*;&)%0/8!6—6*+;0/8!:—:/09-10/8!:'/—:'/'9)*.0/8!%1—%04+*B01*+3'/0/9'+5';*0/8!%*—
%04+*B08! -—-.*7&1)&10/8! -1;—-.*7&1)&10/';-1*;&)%0/8! -*—9-.J%04+*B0-.*7&1)&10/8!;—;&)%0/8!;'1—
;'11*.0/8! ;9%;—9'+5*B0%04+*B0;&)%0/! ;&)%0/! &.)&+8! ;9;—;&)%*B09'+5*10/;&)%0/8! ;9;*—
*B0'9&)-9! '9-4! ;&)%0/! &.)&+8! ;1;—;&)%0/';-1*;&)%0/8! ;*—;&)%*B08! 19;—9'+5';*0/;&)%0/8! 1;—
';-1*;&)%0/8!+I7M!—^JYJ7%*.7%*1*J5J4J+-5*6(+'1*.0/8!.—)%-*8!.&—.&/&1*8!)—)%+&*10/9'+5';*0/8!);—
)'(+-1*;&)%0/>! $%&!K&11!4-':+';! .(;;'+-@&.! 4')'! 9*//&9)&4! 6+*;! )%&!OPQ!;*4-6-9')-*1!4')'5'.&! '14!
9*1)'-1.! )%&! b#! 7*.)J)+'1.9+-7)-*1'/! ;*4-6-9')-*1.! )%')! '+&! 6*(14! -1! )OPQ.! '99*+4-1:! )*! )%&! OPQ!
;*4-6-9')-*1!4')'5'.&! IOPQG=Cj!%))7.Ndd;*4.>+1'>'/5'10>&4(d! M>!S*;&!&B';7/&.!'+&!.%*,1!,-)%! )%&-+!
9%&;-9'/!.)+(9)(+&>!L;':&!)'2&1!6+*;!D*+&1@!&)!'/>8!I"_UgM>! !



! "T!

$%-.!.)&7!/&'3&.!'!+&.-4('/!"’!7%*.7%')&!')!)%&!.7/-9&!e(19)-*1!)%')!-.!+&;*3&4!-1!)%&!)%-+4!

.)&7!*6!.7/-9-1:8!9')'/0.&4!50!)%&!"’ 7%*.7%*)+'1.6&+'.&8!&19*4&4!50!$<$U!IS7-1&//-!&)!'/>8!

UbbgM>! $%-.! /-:')-*1! ;&9%'1-.;! -.! 9*1.&+3&4! -1! 7/'1).! I\&:&1%&-;&+! &)! '/>8! Ubf#j!

S9%,'+)@!&)!'/>8!Ubf#j!H(/3&+!&)!'/>8!UbbTj!Z1:/&+)!'14!C&-&+8!"__^M>!A-1'//08!*99(++-1:!')!

4-66&+&1)! )-;&! 4(+-1:! )%&! 7*.)J)+'1.9+-7)-*1'/! ;')(+')-*1! *6! )OPQ.8! '! ;(/)-)(4&! *6!

1(9/&*.-4&!;*4-6-9')-*1.!9'1!%'77&1!IA-:(+&![M>!G*+&!)%'1!f^!%'3&!5&&1!-4&1)-6-&4!-1!)%&!

)%+&&!2-1:4*;.!*6!/-6&!IZ/!0'9*(5-!&)!'/>8!"_U"M>!Q14!)%-.!1(;5&+!2&&7.!-19+&'.-1:!'.!1&,!

4-.9*3&+-&.!'+&!;'4&>!Y3&+'//8!-1!0&'.)8!5&9'(.&!*6!)OPQ!;*4-6-9')-*1.8!;*+&!)%'1!U^n!*6!

90)*7/'.;-9!)OPQ!1(9/&*)-4&.!'+&!1*)!*1&!*6!)%&!T!9'1*1-9'/!OPQ!1(9/&*)-4&.!I<%-@-920!

'14!?*77&+!"_U_M>!C'.&!;*4-6-9')-*1.!'+&!9*1.-4&+&4!)*!.&+3&!3'+-*(.!6(19)-*1.!.(9%!'.!

)+'1./')-*1! 6-4&/-)08! )OPQ! .)'5-/-)0! '14! )OPQ! 4-.9+-;-1')-*1>! $%&! ;*.)! ,&//! 21*,1!

&B';7/&!-.!)%&!4&';-1')-*1!*6!'4&1*.-1&!IQM!)*!-1*.-1&!ILM!')!)%&!,*55/&!7*.-)-*1!#T>!$%-.!

;*4-6-9')-*1!&B)&14.!9*4*1J'1)-9*4*1!7*..-5/&! -1)&+'9)-*1!'.! L!9'1!5'.&!7'-+!,-)%!E8!H!

'14!Q!I,%&+&'.!Q!*1/0!7'-+.!,-)%!EM!I\&+5&+!'14!`&//&+8!UbbbM>!)OPQ!;*4-6-9')-*1.!'+&!

'/.*! 2&0! 6*+! )OPQ! .)'5-/-)0>! L14&&48! -)! ,'.! .%*,1! )%')! )OPQ.! /'92-1:! &..&1)-'/!

;*4-6-9')-*1.!'+&!(1.)'5/&8!'14!9*1.&R(&1)/0!+'7-4/0!4&:+'4&4!IQ/&B'14+*3!&)!'/>8!"__[M>!

L1)&+&.)-1:/0!&3&1!-6!;'10!)OPQ!;*4-6-9')-*1!&1@0;&.!'+&!,&//!9*1.&+3&4!'14!4&.7-)&!)%&!

-;7*+)'1)!+*/&!*6!5'.&!;*4-6-9')-*1.!6*+!)OPQ.8!;*.)!:&1&.!9*4-1:!6*+!)OPQ!;*4-6-9')-*1!

&1@0;&.!'+&!1*)!&..&1)-'/>!L1!',*<.4.7()(#.!*1/0!T!:&1&.!I$Q="!'14!$Q=#8!+&.7*1.-5/&!6*+!

'4&1*.-1&! Q#T! )*! -1*.-1&! L#T! 4&';-1')-*1! '14! $OG[! '14! $OG[U8! +&.7*1.-5/&! 6*+!

;&)%0/')-*1! *6! '4&1*.-1&! ;UQ^fM! ,&+&! .%*,1! )*! 5&! &..&1)-'/! IQ14&+.*1! &)! '/>8! Ubbfj!

\&+5&+!'14!`&//&+8!UbbbM>!A-1'//08!-)!-.!,*+)%!1*)-1:!)%')!)OPQ!;*4-6-9')-*1.!'+&!401';-9>!

L1!0&'.)8!-)!,'.!.%*,1!I50!`';&1.2-!&)!'/>8!"__gj!H%'1!&)!'/>8!"_U"M!)%')!%&')!*+!*B-4')-3&!

.)+&..!+&.(/)!-1!9%'1:&.!-1!)OPQ!;*4-6-9')-*1.8!/&'4-1:!)*!)+'1./')-*1'/!+&7+*:+';;-1:>!

Y19&!6(//0!;')(+&8!)OPQ.!'+&!9*1.-4&+&4!3&+0!.)'5/&!,-)%!%'/6J/-3&.!&.)-;')&4!)*!5&!6+*;!

b!%*(+.!)*!(7!)*!4'0.!IQ14&+.*1!&)!'/>8!Ubbfj!<%-@-920!'14!?*77&+8!"_U_j!\(4-7')-!&)!'/>8!

"_U"M>!L1!0&'.)8!),*!.&7'+')&!7')%,'0.!6*+!)OPQ!)(+1*3&+!%'3&!5&&1!4-.9*3&+&4N!)%&!#’J

^’! &B*1(9/&*/0)-9! 4&:+'4')-*1! 50! )%&! 1(9/&'+! &B*.*;&! '14! )%&! ^’! )*! #’! &B*1(9/&*/0-9!

4&:+'4')-*1!50!)%&!O$=!7')%,'0!I6*+!'!+&3-&,!.&&!<%-@-920!'14!?*77&+8!"_U_M>!$%&.&!),*!

)OPQ!)(+1*3&+!7')%,'0.!'77&'+!)*!6(19)-*1!-1!)OPQ!R('/-)0!9*1)+*/8!&/-;-1')-1:!)OPQ.!

)%')!'+&!-1'77+*7+-')&/0!7+*9&..&48!;*4-6-&48!*+!6*/4&4!I?*77&+8!"_U#M>! !
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F2*L0(. \N!;%-,A,03$-"02P,2%$3'.+%)2W2"3,2%$-. 2$. 3. ,8@!. -R%&$. 2$. 65>! $%&! 9*/*(+&4! )OPQ! .)+(9)(+&!
.%*,.!)%&!;*4-6-9')-*1!6+&R(&190!*6!&'9%!5'.&>!$%&!;*4-6-9')-*1!4')'!,&+&!)'2&1!6+*;!)%&!)OPQ;*43-@!
4')'5'.&!'14!7/*))&4!*1!)%&!9+0.)'/!.)+(9)(+&!*6!)OPQ<%&!6+*;!S>!9&+&3-.-'&>!C/(&!9*/*(+&4!5'.&.!'+&!+'+&/0!
;*4-6-&4j!+&4!9*/*(+&4!5'.&.!'+&!;*4-6-9')-*1!%*).7*).>!)OPQ.!7*..&..!),*!+&:-*1.!,-)%!%-:%!;*4-6-9')-*1!
/&3&/.—)%&!'1)-9*4*1!/**7!I&.7&9-'//0!7*.-)-*1.!#T!'14!#gM!'14!)%&!9*+&!*+!&/5*,!+&:-*18!,%&+&!=J!'14!$J
/**7! 5'.&.! -1)&+'9)! ,-)%! &'9%! *)%&+! '14! .)'5-/-@&! )%&! )&+)-'+0! 6*/4>! A*+! .*;&! -;7*+)'1)! 7*.-)-*1.8! )%&!
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C&0*14!)%&!9'1*1-9'/!)OPQ.!4&.9+-5&4!-1!)%&!7+&3-*(.!.&9)-*18!'!1(;5&+!*6!/'+:&+!OPQ.!

9*1)'-1! -1! )%&-+! .&R(&19&! *+! .)+(9)(+&! &/&;&1).! )%')! +&.&;5/&! )OPQ.>! $%&.&! .*J9'//&4!

“tRNAJlike structures” or TLS were first discovered in 1970 in plant viruses. Pinck et al., 

'14!V*)!&)!'/>8!IUbg_M!4-.9*3&+&4!)%')!)he 3’end of the Turnip yellow mosaic virus (TYMV) 

OPQ!9'1!5&!';-1*'90/)&4!,-)%!3'/-1&>!S-19&!)%')!4')&8!$DS!%'3&!5&&1!4&6-1&4!'.!&-)%&+!'1!

OPQ!;*/&9(/&!)%')!9'1!+&'9)!&66-9-&1)/0!,-)%!*1&!*+!;*+&!)OPQJ.7&9-6-9!&1@0;&!*+!'.!'1!

OPQ!)%')!%'.!'!.&R(&19&!.-;-/'+!)*!)%&!*1&!*6!'!)OPQ8!;&'1-1:!)%')!-).!.&9*14'+0!'14!d!*+!

)&+)-'+0!.)+(9)(+&!9/*.&/0!+&.&;5/&.!)*!)%&!9'1*1-9'/!9/*3&+J/&'6!.&9*14'+0!.)+(9)(+&!*+!DJ

.%'7&4!)&+)-'+0!.)+(9)(+&!*6!'!)OPQ!IG'1.!&)!'/>8!UbbUM>!

Q.!;&1)-*1&4!'5*3&8!)OPQ!/-2&!.)+(9)(+&.!,&+&!-1-)-'//0!4-.9*3&+&4!^_!0&'+.!':*!-1!7/'1)!

3-+(.&.>! C&9'(.&! *6! )%&-+! &..&1)-'/! +*/&! 6*+! 3-+'/! -16&9)-*18! )%&0! '+&! .)-//! '9)-3&/0!

investigated today. More specifically, TLS are found at the 3’ end of the genome of some 

*6!7/'1)!7*.-)-3&!.)+'14!OPQ!3-+(.&.8!.(9%!'.!$0;*3-+(.&.!I$(+1-7!0&//*,!;*.'-9!3-+(.!

I$VGKM! :&1(.M8! $*5';*3-+(.&.! I$*5'99*! ;*.'-9! 3-+(.! I$GKM! :&1(.M8! C+*;*3-+(.&.!

IC+*;&!;*.'-9!3-+(.! ICGKM!:&1(.M!*+!H(9(;*3-+(.&.! IH(9(;5&+!;*.'-9!3-+(.! IHGKM!

:&1(.M!I=+&%&+8!"__bM>!!

L1)&+&.)-1:/08! $DS! 9'1! 5&! ';-1*'90/')&4! 50! ';-1*'90/! )OPQ! .01)%&)'.&.>! $*! 4')&8! $DS!

6+*;!7/'1)!3-+(.&.!%'3&!5&&1!.%*,1!)*!5&!.7&9-6-9'//0!';-1'90/')&4!50!3'/-1&8!%-.)-4-1&!*+!

)0+*.-1&!I=+&%&+8!"__bM>!

L)! -.! '/.*! -1)&+&.)-1:! )*! 1*)&! )%')! 7/'1)! 3-+(.!$DS! '+&! 9%'+'9)&+-.&4! 50! )%&-+! 4-3&+.-)0>!

Q/*1:.-4&! )%&! '/+&'40! 1*)&4! 4-3&+.-)0! -1! .7&9-6-9! ';-1*'90/')-*18! 7/'1)! 3-+(.! $DS! '+&!

4-3&+.&!-1!)&+;.!*6!.)+(9)(+&!'14!6(19)-*1.>!L14&&48!-6!.*;&!)OPQ!/-2&!.)+(9)(+&.!'+&!3&+0!

.-;-/'+!-1!)&+;!*6!"=!'14!#=!.)+(9)(+&!)*!0/$#*B(9.!)OPQ.!I)%&!3-+'/!$DS!*6!)%&!$VGK!6*+!

&B';7/&M8!*)%&+.!%'3&! .)+*1:/0!&3*/3&4!'14!1*,!%'3&!*1/0!9*1.&+3&4!“vestigial” tRNA 

/-2&!.)+(9)(+'/!9%'+'9)&+-.)-9.!I=+&%&+8!"__b8!?';;*14!&)!'/>8!"__bM>!Y1!'!6(19)-*1'/!7*-1)!

*6!3-&,8!)%&!+*/&.!*6!$DS!-1!7/'1)!3-+(.&.!+'1:&!6+*;!-13*/3&;&1)!-1!)%&!&19'7.-4')-*1!*6!

3-+'/! OPQ! )*! )%&! +&9+(-);&1)! *6! )%&! %*.)! HHQ! 1(9/&*)-40/)+'1.6&+'.&! IHH'.&M! '.! '!

telomerase to maintain intact 3’ CCA termini. Finally, they can also be involved in the 

7+&.&1)')-*1!*6!;-1(.!.)+'14!7+*;*)&+!&/&;&1).!6*+!3-+'/!+&7/-9')-*1!I=+&%&+8!"__bM>!
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L1!)%&!5&.)J.)(4-&4!;*4&/8!)%&!$VGK!$DS8!-)!%'.!5&&1!.%*,1!)%')!';-1*'90/')-*1!*6!)%&!

$DS!50!'!3'/-1&!+&.-4(&!-.!1&9&..'+0!6*+!-16&9)-*1>!Q.!-)!7/'0.!'!;'e*+!+*/&!-1!)+'1./')-*1'/!

&1%'19&;&1)!'14!4*,1!+&:(/')-*1!*6!;-1(.!.)+'14!-1-)-')-*1!I=+&%&+8!"__bM>!?*,&3&+8!

.*;&!7/'1)!3-+(.!$DS!%'3&!'/.*!5&&1!.%*,1!)*!5&!1*1J&..&1)-'/>!

P*)!+&.)+-9)&4!)*!7/'1)!3-+(.&.8!)OPQ!/-2&!.)+(9)(+&!%'3&!'/.*!5&&1!6*(14!-1!*)%&+!3-+(.&.8!

6*+!&B';7/&!?&7')-)-.!H!3-+(.!'14!+&/')&4!'1-;'/!7&.)-3-+(.!*+!-1!)%&!9+-92&)!7'+'/0.-.!3-+(.!

I=-'@J$*/&4'1*!'14!\*;&@8!"_U^M>! L1)&+&.)-1:/08!OP'.&! <! 6+*;!?&D'!9&//.!*+! 6+*;! )%&!

90'1*5'9)&+-(;!'D$.<3/<D)%()!.7>!,&+&!.%*,1!)*!9/&'3&!)%&!?HK!')!)%-.!$DS!.-)&>!?*,&3&+8!

*1/0! -1! 7(%4/8! '14! 1*! &3-4&19&! *6! )%-.! 9/&'3':&!,'.! 6*(14! -1! 7(7/! I=-'@J$*/&4'1*! '14!

\*;&@8!"_U^M>!!

?*,&3&+!$DS!'+&!1*)!6*(14!&B9/(.-3&/0!-1!3-+(.&.>!L14&&48!-)!,'.!.%*,1!)%')!-1!%(;'18!

)%&! -1)&+6&+*1J'/7%'! ^! ILAPQ^M!;OPQ!,'.! 9/&'3&4! ($* 7(%4/! 50!OP'.&! <! '14! 7+&4-9)&4!

9%&;-9'//0!'14!50!5-*-16*+;')-9.!)*!9*1)'-1!'1!$DS!')!)%&!OP'.&!<!9/&'3':&!.-)&!I=-'@J

$*/&4'1*!'14!\*;&@8!"_U^M>!

G*+&!-1)&+&.)-1:/08!),*!)OPQ!/-2&!;*/&9(/&.!%'3&!5&&1!.%*,1!)*!5&!:&1&+')&4!6+*;!)%&!

;';;'/-'1!/*1:!1*1Jcoding RNAs MALAT1 and MENβ ($*7(7/>!

]-/(.@! '14! '/>8! I"__fM! .%*,&4! )%')! )%&! 1'.9&1)! GQDQ$U! )+'1.9+-7)! 9*1)'-1.! '! $DS!

)'+:&)&4!50!OP'.&!<>!$%&!9/&'3':&!7+*4(9).!:&1&+')&!'!/19OPQ!21*,1!)*!5&!;-.+&:(/')&4!

in different human cancers (5’ end of the preJGQDQ$U!)+'1.9+-7).M!'14!'![U!1(9/&*)-4&.!

)OPQ!/-2&!.)+(9)(+&!5+*'4/0!&B7+&..&4!-1!%(;'1!)-..(&.>!

$%&!.';&!)&';!6(+)%&+!.%*,&4!)%')!),*!1*1J9*4-1:!OPQ!-.*6*+;.!'+&!7+*4(9&4!6+*;!'!

.-1:/&!OPQ!7*/0;&+'.&!LL!)+'1.9+-7)!')!)%&!G&1!ε/β locus in human (Sunwoo et al. 2009). 

$%-.!.-1:/&!7+&Jtranscript contains a 3’ polyJQ!+-9%!+&:-*1!/*9')&4!(7.)+&';!*6!'!)OPQJ/-2&!

.)+(9)(+&>!Q.!6*+!GQDQ$U8!9/&'3':&!50!OP'.&!<!')!)%&!$DS!.-)&!:&1&+')&.!'!$DS!)+(19')&4!

Menβ transcript containing a poly(A) rich 3’ end in addition to the Men ε that contains the 

$DS>!$%&!),*!1*1J9*4-1:!OPQ!-.*6*+;.!'+&!/*9')&4!-1!1(9/&'+!7'+'.7&92/&.!'14!4-+&9)/0!

-1)&+'9)!,-)%! )%&!7^Td1+5!9*;7/&B! I'!21*,1!7+*)&-1! 9*;7*1&1)!*6! )%&!7'+'.7&92/&.M>!

`1*924*,1!*6!)%&!G&1!ε/β transcripts led to the disruption of paraspeckles, highlighting 

)%&-+!-;7*+)'19&!IS(1,**!&)!'/>8!"__bM>!

$DS! '+&! '/.*! 6*(14! -1! 7/'1)! )+'1.9+-7).>! $%&0! 9'1! 5&! 6*(14! -1! 5*)%! 1(9/&'+! &19*4&4!

)+'1.9+-7).! '14! ;-)*9%*14+-'/! &19*4&4! )+'1.9+-7).>! A*+! 1(9/&'+! &19*4&4! )+'1.9+-7).8!

</&,2'!&)!'/>8!"_Uf!.%*,&4!)%')!),*!Q+'5-4*7.-.!/19OPQ.8!\E$U^!'14!HO"_JU!9*1)'-1!'!

$DS>!?*,&3&+8!*1/0!)%&!\E$U^!)+'1.9+-7)!,'.!.)(4-&4!-1!4&)'-/.!'14!)%&!'()%*+.!.%*,&4!
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)%')! \E$U^! -.! '! 7+&9(+.*+! *6! ),*! OPQ.8! '! )OPQJ/-2&! ;*/&9(/&! '14! '! )OPQJ4&+-3&4!

6+':;&1)8! \E$U^J)OAJA^>! $%&! '()%*+.! 6(+)%&+! .%*,&4! )%')! )%-.! )OPQJ/-2&! ;*/&9(/&!

9*1)'-1.! '! HHQ! ;*)-6! '14! %'.! '1! -1%-5-)-1:! &66&9)! *1! )%&! .7/-9-1:! *6! \E$U^! -1)+*1>!

?*,&3&+8! )%&0!4-4!1*)! -13&.)-:')&! )%&!;&9%'1-.;!50!,%-9%! )%-.! )OPQJ/-2&!;*/&9(/&! -.!

:&1&+')&48!1*+!-).!6(19)-*1>!!

In plant mitochondria, numerous TLS have been described, i.e. in the 5’ or 3’ untranslated 

+&:-*1.!*6!;-)*9%*14+-'/!;OPQ.!I?'1-9Jm*09&!&)!'/>8!Ubb_8!A*+1&+!&)!'/>8!"__g8!H'1-1*!&)!

'/>8!"__b8!\*5&+)!&)!'/>8!"_U_8!\();'11!&)!'/>8!"_U"8!A(e--!&)!'/>8!"_U[M>!$%&.&!.)+(9)(+&.!

.&+3&!'.!;')(+')-*1!.-:1'/.!6*+!&14*1(9/&*/0)-9!9/&'3':&.!)%')!9'1!5&!7&+6*+;&4!50!&-)%&+!

OP'.&!<!*+!W>!A*+!-1.)'19&8!;0!%*.)!/'5*+')*+0!9*(/4!.%*,!)%')!)%&!;-)*9%*14+-'/!OP'.&!

<!&1@0;&!Q)<OYO<U!9/&'3&.!5*)%!($*7(%4/!'14!($*7(7/!'!9*1.&+3&4!$DS!-1!1'4[!;OPQ!)*!

obtain the mature 3’ end of this mRNA (Gobert et al.8!"_U_8!\();'11!&)!'/>8!"_U"M>!

A-1'//08! )OPQ.! .&R(&19&.! %'3&! '1*)%&+! '44-)-*1'/! 6(19)-*1! -1! 7/'1).>! L14&&48! -1!

84#0(9/)-)()8! 9&//J)*J9&//! ;*5-/&! ;OPQ.! '+&! &1+-9%&4! -1! )OPQ! /-2&J;*)-6.! *+! '+&!

)+'1.9+-5&4!6+*;!:&1&.!/*9')&4!-1!9/*.&!7+*B-;-)0!)*!)OPQ!'11*)&4!/*9-8!,%-9%!6*+;!4-J

9-.)+*1-9! )OPQJ;OPQ! )+'1.9+-7).! ')! %-:%! 6+&R(&190! IW%'1:! &)! '/>8! "_U[M>! $%&-+! +&.(/)!

.(::&.).! )%')! )OPQ! 4&+-3&4! .&R(&19&.! '+&8! -1! 7/'1).8! .(66-9-&1)! )*! ;&4-')&! ;OPQ!

)+'1.7*+)>! G*+&*3&+8! )%&.&! )OPQJ4&+-3&4! .&R(&19&.! ,&+&! &B7&+-;&1)'//0! '44&4! )*!

1*1;*5-/&!)+'1.9+-7).!'14!.%*,&4!'.!.(66-9-&1)!)*!;&4-')&!)+'1.7*+)!*6!)%&.&!*)%&+,-.&!

1*1;*5-/&!)+'1.9+-7).!IW%'1:!&)!'/>8!"_U[M>!

$%&!+&.(/)!.&9)-*1!*6!;0!<%=!,*+2!,-//!7+*3-4&!'1*)%&+!&B';7/&!*6!%*,!'!9*1.&+3&4!)OPQ!

/-2&!.)+(9)(+&!-.!+&9*:1-@&4!'14!9/&'3&4!($*7(7/!50!'1!OP'.&!<!&1@0;&>!

! !
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BBBO .8@!.P%'D+(03-(.BBB.3$).2,-.
,03$-"02P,-.
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O-5*1(9/&-9!'9-4!7*/0;&+'.&.!IOPQ<.M!'+&!)%&!&1@0;&.!+&.7*1.-5/&!6*+!)%&!)+'1.9+-7)-*1!

*6!4&*B0+-5*1(9/&-9!'9-4!I=PQM!-1)*!OPQ>!=(+-1:!&3*/()-*18!OPQ<.!%'3&!4-3&+.-6-&4!'14!

)%&-+!1(;5&+!*6!7+*)&-1!.(5(1-)!%'.!:+&')/0!-19+&'.&4>!L!,-//!6-+.)!7+&.&1)!)%&!&3*/()-*1!*6!

OPQ!7*/0;&+'.&.!'14!)%&!.7&9-6-9!6&')(+&.!*6!OPQ!7*/!LLL!I'M>!$%&1!L!,-//!7+&.&1)!%*,!OPQ!

7*/!LLL!.01)%&.-@&.!OPQ!I5M!'14!)%&!3'+-&)0!*6!-).!7+*4(9).!I9M>!!

!

#? E7/:"%(/$C*9(7.4)(%D*#$9*)%4"<%"4.*/B*@;8*
-/:D&.4#).)*

!

L1!C'9)&+-'8!'!(1-R(&!OPQ!7*/0;&+'.&!-.!;'4&!(7!*6!^!.(5(1-).!,%&+&'.!-1!Z(2'+0*)&.8!

OPQ<.!'+&!9*;7*.&4!*6!')!/&'.)!U"!7+*)&-1.>!G*+&*3&+8!-6!-1!Q+9%'&'!'14!C'9)&+-'8!'!.-1:/&!

OPQ<! )+'1.9+-5&.! '//! )%&! OPQ! 9*4-1:! :&1&.8! -1! Z(2'+0*)&.! )%+&&! 4-66&+&1)! 1(9/&'+!

7*/0;&+'.&.!'+&!(.('//0!6*(148!'14!(7!)*!6-3&!-1!7/'1).>!

L1!Z(2'+0*)&.8!OPQ!7*/!L!)+'1.9+-5&.!)%&!UfS8!)%&!^>fS!'14!)%&!"fS!+-5*.*;'/!OPQ!I+OPQM!

:&1&.>!OPQ!7*/!LL!)+'1.9+-5&.!;&..&1:&+!OPQ.!*6!7+*)&-1J9*4-1:!:&1&.!'14!1(;&+*(.!1*1!

9*4-1:!I19MOPQ.>!]%-/&!OPQ!7*/!LLL!)+'1.9+-5&.!.;'//!1*1!9*4-1:!OPQ.!.(9%!'.!)+'1.6&+!

OPQ!I)OPQ.M8!^S!+OPQ8!E[!OPQ8!gSD!OPQ!IH+';&+8!"__"M>!

L1! 7/'1).8! ),*! '44-)-*1'/! OPQ! 7*/0;&+'.&.! &B-.)! ILK! '14! KM>! $%&0! ,&+&! .%*,1! )*! 5&!

1&9&..'+0!6*+!)%&!7+*4(9)-*1!'14!6(19)-*1!*6!.;'//!-1)&+6&+-1:!OPQ.!I<-2''+4!&)!'/>8!"__fj!

]-&+@5-92-! &)! '/>8! "__fM>! L)! -.! ,*+)%! 1*)-1:! )%')! -1! 7/'1).8! )%&! &B-.)&19&! *6! '! .-B)%!

7*/0;&+'.&!-.!7+&.&1)/0!4&5')&4!I$+(e-//*!&)!'/>8!"_UfM>!!

$%-.!9%'1:&!6+*;!'!.-1:/&!7*/0;&+'.&!)*!;(/)-7/&!.7&9-'/-@&4!&1@0;&.!,'.!'99*;7'1-&4!

50!'1!-19+&'.&!-1!)%&!1(;5&+!*6!.(5(1-).!*6!)%&!OPQ<.>!L14&&48!'.!1*)&4!7+&3-*(./08!)%&!

bacterial RNAP has 5 subunits (β and β’ subunits, an α subunit homodimer, and ω !
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F2*L0(.]N!9"R(+3,2".0(P0(-($,3,2%$.%W.,R(.(1%'L,2%$.%W.,R(.+32$."(''L'30.8@!.P%'D+(03-(->!$%&!6-3&!
.(5(1-).!7+&.&1)!-1!&(5'9)&+-'!'+&!9*/*(+&4!-1!/-:%)!5/(&8!,%&+&'.!)%&!.&3&1!.(5(1-).!)%')!,&+&!'44&4!)*!
6*+;!)%&!'19&.)+'/!9*+&!OPQ!7*/0;&+'.&!'+&!9*/*(+&4! -1!4'+2!5/(&>!$%&!*)%&+!.(5(1-).!7+&.&1)!-1!.*;&!
&1@0;&.!'+&!9*/*(+&4!-1!:+&&18!+&4!'14!0&//*,!'.!-14-9')&4>!$%&!7%0/*:&10!4&7-9)&48!,-)%!&(5'9)&+-'!5&-1:!
)%&!.-.)&+!:+*(7!*6!Q+9%'&'!'14!Z(2'+0*)&.!'14!,-)%!OPQ<L!5&-1:!)%&!.-.)&+!:+*(7!*6!OPQ<LL!'14!LLL8! -.!
:&1&+'//0!'99&7)&4!'.!5&-1:!;*.)!/-2&/0>!$%&!4-66&+&1)!5+'19%!/&1:)%.!*6!OPQ<L8!LL!'14!LLL!'/.*!+&7+&.&1)!)%&-+!
+&/')-3&!';-1*!'9-4!.(5.)-)()-*1!+')&.>!A-:(+&!)'2&1!6+*;!=+*(-1!&)!'/>!I"_U_M>! !



! #U!

.(5(1-)M>! L)! -.! 9*1.-4&+&4! )%')!4(+-1:!&3*/()-*18! )%&.&! 6-3&! .(5(1-).!,&+&! +&)'-1&4! '14!

.&3&1! *)%&+.!,&+&! '44&4! )*!;'2&! '! )*)'/! *6! U"! .(5(1-).! -1! )%&!OPQ<!*6! )%&! 9*;;*1!

'19&.)*+!*6!Q+9%'&'!'14!Z(2'+0*)&.!I`*+2%-1!&)!'/>8!"__gM>!!=+*(-1!'14!H'+)&+!I"__b!'14!

"_U_M!+&9'7-)(/')&4!)%&!&3*/()-*1!*6!OPQ<.>!$%&-+!+&.(/).!'+&!.%*,1!-1!A-:(+&!b>!Q.!-)!9'1!

5&!.&&1!-1!)%-.!A-:(+&8!&(2'+0*)-9!OPQ!7*/!LL!%'.!U"!.(5(1-).8!OPQ!7*/!L!%'.!UT!'14!OPQ!

7*/!LLL!(7!)*!Ug>!G*.)!*6!)%&.&!1&,!.(5(1-).!*+-:-1')&!6+*;!)%&!+&9+(-);&1)!*6!7+&J&B-.)-1:!

:&1&+'/!)+'1.9+-7)-*1!6'9)*+.!I=+*(-1!'14!H'+)&+>8!"_U_M>!$%&.&!7+*)&-1.!6(19)-*1.!'+&!)*!

+&9+(-)!)%&!7*/0;&+'.&!)*!)%&!=PQ!7+*;*)&+!,%&+&!)%&0!,-//!9*1)+-5()&!)*!)%&!7*/0;&+'.&!

5-14-1:! )*! =PQ! '14! )+'1.9+-7)-*1! -1-)-')-*1>! $%-.! .)'5/&! -1)&:+')-*1! *6! )+'1.9+-7)-*1!

6'9)*+.!-1!9*1.)-)()-3&!.(5(1-).!*6!OPQ!7*/!L!'14!LLL!/&'4.!)*!'!6'.)&+!'14!;*+&!&66-9-&1)!

)+'1.9+-7)-*1!-1-)-')-*1!9*;7'+&4!)*!OPQ!7*/!LL>!?*,&3&+8!OPQ!7*/!LL!.0.)&;!)%')!+&9+(-).!

)+'1.-&1)/0!)%&.&!-1-)-')-*1!6'9)*+.!*66&+.!'!.)+-9)&+!9*1)+*/>!$%-.!9'1!5&!.&&1!'.!'!)+'4&J*66!

,%&+&!OPQ!7*/!L!'14!LLL!7+*4(9&!;*+&!)+'1.9+-7).8!,%&+&'.!OPQ!<*/!LL8!,%-9%!)+'1.9+-7).!

9'1!5&!7*)&1)-'//0!%'+;6(/!)*!)%&!9&//!-6!(1+&:(/')&48!%'.!'!.)+-9)&+!9*1)+*/!*6!-).!'9)-3-)0!

I`%'))&+!&)!'/>8!"_UgM>!

A(+)%&+;*+&8!=+*(-1!'14!H'+)&+!.%*,&4!)%')!OPQ!7*/0;&+'.&.!/-2&/0!&3*/3&4!)*,'+4.!'1!

-19+&'.&!-1!)%&!)+'1.9+-7)-*1!&66-9-&190!*6!)%&!.7&9-6-9!)07&!*6!OPQ!)%&0!)+'1.9+-5&>!Q.!;*.)!

6(19)-*1'/!4-66&+&19&.!5&),&&1!OPQ!7*/!L8!LL!'14!LLL!'+&!9/(.)&+&4!1&'+!)%&-+!9')'/0)-9'//0!

'9)-3&!.-)&>!

A+*;! '! ;*+&! .)+(9)(+'/! 7*-1)! *6! 3-&,8! &(2'+0*)-9! OPQ<.! %'3&! '! 9*+&! *6! U_! 7+*)&-1.!

.(5(1-).!I6-3&!.(5(1-).!'+&!)%&!%*;*/*:.!*6!)%&!5'9)&+-'/!*1&8!7/(.!6-3&!'44-)-*1'/!*1&M>!

$%-.!9*+&!&19/*.&.!'!9&1)+'/!9/&6)!,%&+&!)%&!=PQ!,-//!5&!/*9')&4!4(+-1:!)+'1.9+-7)-*1!'.!

,&//!'.!),*!9%'11&/.8!*1&!6*+!)%&!OPQ!7+*4(9)!'14!*1&!6*+!)%&!P$<.!.(5.)+')&.>!$%-.!9*+&!

-.! 9*1.-4&+&48! 50! .)+(9)(+'/! 5-*/*gists, as having a “crabJclaw” shape! IA-:(+&! bM>! H*+&!

elements also consist of two “pincers” called “clamp” and “jaw”. Their function is to 

.)'5-/-@&!)%&!=PQ!')!)%&!4*,1.)+&';!&14!'14!)*!'//*,!9/*.-1:!'14!*7&1-1:!*6!)%&!9/&6)>!

=(+-1:! )+'1.9+-7)-*18! )%&! OPQ! 7*/0;&+'.&! ,-//! ;'-1)'-1! '! .*Jcalled “)+'1.9+-7)-*1!

5(55/&” with separated DNA strands. This will facilitate nucleotides addition, allow the 

&1@0;&!)*!)+'1./*9')&!'/*1:!)%&!)&;7/')&!'14!.)'5-/-@&!)%&!%05+-4!5&),&&1!)%&!1'.9&1)!

OPQ! )+'1.9+-7)! '14! )%&! =PQ! )&;7/')&! I`%'))&+! &)! '/>8! "_UgM>! L1! '44-)-*1! )*! )%-.! 9*+&8!

eukaryotic RNA polymerases share two additional subunits that will form the “stalk”. And 

'44-)-*1'/!7&+-7%&+-9!.(5(1-).!&B-.)!-1!7*/!L!'14!7*/!LLL!I2%'))&+!&)!'/>8!"_UgM>!!!



! #"!

.
.
F2*L0(.^N!J1(03''.30"R2,(",L0(.%W.3$.8@!.P%'D+(03-(>!Q//!-;7*+)'1)!.)+(9)(+'/!'14!6(19)-*1'/!
6&')(+&.!*6!'1!OPQ!7*/0;&+'.&!'+&!.%*,1>!G':&1)'!.7%&+&.! -14-9')&! )%&! ),*!'9)-3&J.-)&!G:"c! -*1.>!$%&!
.)+(9)(+'/!-16*+;')-*1!,'.!*5)'-1&4!6+*;!&(2'+0*)-9!OPQ<LL!<+*)&-1!=')'!C'12!&1)+0!UVU]>!L;':&!)'2&1!
6+*;!]&+1&+!'14!\+*%;'11!I"_UUM! !



! ##!

L1!9*1)+'.)!)*!)%&!9*+&!&/&;&1).!)%')!'+&!)%&!&..&1)-'/!7'+)!6*+!)+'1.9+-7)-*1!&/*1:')-*18!

)%&!;'-1!+*/&!*6!)%&.&!7&+-7%&+-9!.(5(1-).!-.!-1-)-')-*1!'14!)&+;-1')-*1!*6!)+'1.9+-7)-*1!

I`%'))&+!&)!'/>8!"_UgM>!A*+!&B';7/&8!-1!OPQ!7*/0;&+'.&!LLL8!)%+&&!.(5(1-).!IH#U8!H#T!'14!

Hf"M! 6*+;! '! 9*;7/&B! (1-R(&! )*! OPQ! 7*/0;&+'.&! LLL! )%')! 7/'0.! '1! -;7*+)'1)! +*/&! -1!

)+'1.9+-7)-*1!-1-)-')-*1!50!-1)&+'9)-1:!,-)%!-1-)-')-*1!6'9)*+!$ALLLC!I$%(-//-&+!&)!'/>8!Ubb^M>!

!

0? @;8*-/:D&.4#).*666*%4#$)<4(-%(/$*
!

</'1)! OPQ! 7*/0;&+'.&.! %'3&! 5&&1! .)(4-&4! -1! 4&)'-/.! 50! )%&! :+*(7! *6! H>S! <-2''+4! I')!

L14-'1'!E1-3&+.-)08!ESM>!E.-1:!'66-1-)0!7(+-6-9')-*1!'14!;'..!.7&9)+*;&)+08!)%&0!-4&1)-6-&4!

'//!)%&!.(5(1-).!*6!8,*%3#:(#$#!OPQ!7*/0;&+'.&.!L!'14!LLL!IO&';!&)!'/>8!"_U^M>!Q+'5-4*7.-.!

*+)%*/*:.!*6!'//!Ug!0&'.)!OPQ<!LLL!'14!U"!*()!*6!UT!OPQ<!L!.(5(1-).!,&+&!-4&1)-6-&4!-1!)%&-+!

.)(40>! $%-.! 6-14-1:! +&-16*+9&.! )%&! %07*)%&.-.! )%')! OPQ<! L! '14! LLL! '+&! .-;-/'+! -1!

9*;7*.-)-*1!)%+*(:%*()!Z(2'+0*)&.!IO&';!&)!'/>8!"_U^M>!?*,&3&+8!-6!-1!0&'.)!.-1:/&!:&1&.!

&19*4&!&'9%!OPQ!7*/0;&+'.&!.(5(1-)8!-1!Q+'5-4*7.-.8!-)!-.!9*;;*1!)%')!1(;&+*(.!OPQ!

7*/0;&+'.&!.(5(1-).!%'3&!1(;&+*(.!'/)&+1')-3&!6*+;.!IO&';!&)!'/>8!"_U^8!.&&!$'5/&!U!6*+!

4&)'-/.M>!

Q)!)%&!.)+(9)(+'/!/&3&/8!)%&!;*4&!*6!'9)-*1!*6!OPQ!7*/0;&+'.&!LLL!-.!/&..!,&//!21*,1!)%'1!

)%')!*6!OPQ!7*/!LL>!?*,&3&+8!9+0*JZG!.)+(9)(+&.!*6!(15*(14!'14!&/*1:')-1:!0&'.)!OPQ!7*/!

LLL!%'3&!5&&1!*5)'-1&4!I?*66;'11!&)!'/>8!"_U^M>!A*+!)%&!)+'1.9+-7)-*1!-1-)-')-*1!.)&78!OPQ!

7*/0;&+'.&!LLL!+&R(-+&.!$ALLLC!'14!$ALLLH!)*!)+'1.9+-5&!)OPQ!:&1&.>!$%&!$ALLLH!9*;7/&B!

,-//!5-14!)%&!-1)+':&1-9!7+*;*)&+!&/&;&1).!*6!)OPQ!:&1&.!'14!7*.-)-*1!)%&!$ALLLC!9*;7/&B!

I9*;7*.&4!*6!$C<8!$ALLJ+&/')&4!6'9)*+!IC+6UM!'14!C47UM!*1!)%&!)OPQ!6/'12-1:!7+*;*)&+!

I`%'))&+!&)!'/>8!"_UgM>!L)!.&&;.!)%')!$ALLLC!-.!)%&!;'-1!'9)*+!-1!OPQ!7*/!LLL!-1-)-')-*1!'.!-)!

,'.!.%*,1!)%')!$ALLLH! -.!*1/0!1&9&..'+0!)*!7*.-)-*1!9*++&9)/0!$ALLLC!I`'..'3&)-.!&)! '/>8!

Ubb_M>!$%&!9+0*JZG!.)+(9)(+&.!*6!V&'.)!OPQ!7*/!LLL!II?*66;'11!&)!'/>8!"_U^M!.%*,!)%')!

OPQ<!LLL!-.!'1!-1)&+9*11&9)&4!;'9%-1&+0!-1!,%-9%!)%&!;*3&;&1).!*6!)%&!9*+&!'+&!9/*.&/0!

9*19&+)&4!,-)%!)%&!7&+-7%&+'/!.(5(1-).8!)%')!9'1!.&1.&!-1-)-')-*1!'14!)&+;-1')-*1!.-:1'/.!

I`%'))&+!&)!'/>8!"_UgM>!

!

$&+;-1')-*1!*6!)+'1.9+-7)-*1!50!OPQ!7*/0;&+'.&!LLL!-.!R(-)&!.7&9-6-9>!L)!(.('//0!)&+;-1')&.!

,%&1!)+'1.9+-5-1:!.%*+)!.&R(&19&.!*6!$!I$pT!*+!̂ M!-1!)%&!'5.&19&!*6!'10!.7&9-6-9!'99&..*+0!

6'9)*+.!I=-&9-!&)!'/>8!"__gM>!O&9*:1-)-*1!50!OPQ!7*/!LLL!*6!)%-.!)&+;-1')-*1!.-:1'/!9'1!5&!



! #T!

-16/(&19&4! 50! )%&! +&:-*1! .(++*(14-1:! )%&! $! 9/(.)&+! IC+':/-'! &)! '/>8! "__^M>! Q/.*8! .*;&!

&B';7/&.!*6!OPQ!7*/!LLL!)+'1.9+-7).!)&+;-1')-1:!,-)%*()!*/-:*I4$M!)&+;-1')*+!+&:-*1!%'3&!

5&&1!+&7*+)&4!I]%-)&8!UbbfM>!$%&!;'-1!9*1.&R(&19&!*6!)%-.!(1-R(&!)&+;-1')-*1!.-:1'/!-.!

that the vast majority of RNA pol. III transcripts have a uniform 3’end composed of a 

.)+&)9%!of Us (Arimbasseri, 2018). The La proteins will bind to this 3’end, protecting it 

6+*;!&B*1(9/&'.&!4&:+'4')-*1>!A*+!)OPQ.!)%-.!.)&7!,-//!4-+&9)!)%&!5&:-11-1:!*6!)%&-+!7*.)J

)+'1.9+-7)-*1'/!;')(+')-*1>! D'! 5-14-1:!,-//! '/.*! 6'9-/-)')&! )%&! '..&;5/0! *6! .1OPQ! -1)*!

OPQJ7+*)&-1!9*;7/&B&.!'14!-)!,-//!/&'4!)*!1(9/&'+!+&)&1)-*1!*6!.*;&!.1OPQ.!I]*/-1!'14!

H&4&+3'//8!"__"M>!

A*+!)OPQ.8!)%&!D'!5-14-1:!,'.!.%*,1!)*!.&+3&!&..&1)-'//0!'.!'!9%'7&+*1&!IC'06-&/4!&)!'/>8!

2007) by protecting the 3’end against exonuclease.!and to direct it towards the 5’J6-+.)!

7+*9&..-1:!7')%,'0>!L14&&48!-1!0&'.)8!,%&1!)%&!D'!7+*)&-1!-.!'5.&1)8!7+&J)OPQ.!'+&!6-+.)!

matured at their 3’ end by exonuclease.!before removal of the 5’ leader (Yoo et al.8!UbbgM>!

H*19&+1-1:! D'! 7+*)&-1.8! -)! -.!,*+)%! 1*)-1:! )%')! )%&0! '+&! &3*/()-*1'+0! 9*1.&+3&4! -1! '//!

Z(2'+0*)&.8!5()!9*1)+'+0!)*!;';;'/.!,%&+&!)%&0!'+&!&..&1)-'/!:&1&.8!)%&-+!4&7/&)-*1!-.!

1*)!/&)%'/!-1!V&'.)!IQ+-;5'..&+-8!"_UfM>!

D'!7+*)&-1.!%'3&!'/.*!5&&1!.)(4-&4!-1!84#0(9/-)()>!$%&!Q+'5-4*7.-.!:&1*;&!&19*4&.!),*!

7()')-3&!D'!7+*)&-1.>!?*,&3&+8!*1/0!*1&!9*(/4!+&.9(&!',*<.4.7()(#.!D'!1(9/&'+!6(19)-*1.!

ID'!7+*)&-1!4&7/&)-*1!-.!1*)!/&)%'/!-1!]$!9&//.8!5()!-)!-.!-1!.7&9-6-9!:&1&)-9!5'92:+*(14.M!-1!

complementation assays and was able to bind to the 3’ poly(U) end of RNA pol III 

)+'1.9+-7).!($*7(7/>!$%-.!7+*)&-1!,'.!1';&4!Q)D'U!IQ)T:#"g"_M!'14!,'.!.%*,1!)*!5&!'1!

&..&1)-'/!:&1&!-1!84#0(9/-)()!IA/&(+4F7-1&!&)!'/>8!"__gM>!

!



! #^!

!
<3/'(TN!;(P,2)(."%1(03*(.W%0.!03/2)%P-2-.-L/L$2,-.%W.3WW2$2,DAPL02W2().;%'-.B`.BB`.BBB`.B>.%0!K!50!)%&!
<-2''+4!\+*(7!-1!84#0(9/-)()*%3#:(#$#!'14!)%&-+!7+*7*.&4!1*;&19/')(+&!6*+!)%&!4-66&+&1)!OPQ!7*/0;&+'.&!
.(5(1-).>!Q.!-)!9'1!5&!.&&18!.*;&!.(5(1-).!'+&!.%'+&4!5&),&&1!)%&!4-66&+&1)!7*/0;&+'.&.>!$'5/&!*+-:-1'//0!
7(5/-.%&4!50!O&';!&)!'/>8!I"_U^M>! !



! #[!

<? G3.*7#4(.%D*/B*@;8*-/:*666*%4#$)<4(-%)*
!

+OPQ.!'+&!;'-1/0!)+'1.9+-5&4!50!OPQ!7*/!L8!5()!)%&!^S!+OPQ8!)%')!,-//!6*+;!,-)%!)%&!^>fS!

'14!)%&!"fS!+OPQ.!)%&!/'+:&!.(5(1-)!*6!)%&!90)*.*/-9!+-5*.*;&!-.!)+'1.9+-5&4!50!OPQ!7*/!

LLL>!L1!Z(2'+0*)&.8!^S!+OPQ!:&1&.!'+&!*6)&1!*+:'1-@&4!-1!+&7&)-)-3&!9/(.)&+.>!$+'1.9+-7)-*1!

*6! )%&.&! :&1&.! -.! 5'.&4! *1! )%&! +&9+(-);&1)! *6! )%&! I:&1&J.7&9-6-9M! )+'1.9+-7)-*1! 6'9)*+!

$ALLLQ! )%')!,-//! 5-14! )%&! -1)&+1'/! 5*B!Q! '14! 5*B! H! 7+*;*)&+! &/&;&1).>! ^S! +OPQ! :&1&!

&B7+&..-*1!9'1!'/.*!5&!;*4(/')&4!50!(7.)+&';!7+*;*)&+!&/&;&1).>!^S!+OPQ!:&1&.!,&+&!

.)(4-&4! -1!4&)'-/.! -1!Q+'5-4*7.-.>! E.-1:!P&B)!\&1&+')-*1!S&R(&19-1:! IP\SM!4')'8!;*+&!

)%'1!"___!^S!+OPQ!:&1&.!,&+&!.%*,1!)*!5&!/*9')&4!-1!)%+&&!;'e*+!/*9-!*1!9%+*;*.*;&!

#8!T!'14!^>!C0!'1'/0.-1:!4-66&+&1)!&9*)07&.8! )%&!'()%*+.! 6(+)%&+!.%*,&4!)%')! )%&.&! /*9-!

&B%-5-)&4! 4-66&+&1)! &7-:&1&)-9.!;'+2.! '14! 4-66&+&1)! &B7+&..-*1! 7'))&+1.! IS-;*1! &)! '/>8!

"_UgM>! $%-.! +&.(/)! -14-9')&.! )%')! 4-66&+&1)-'/! (.':&! *6! ^S! +=PQ! /*9-! &B-.)! -1! 4-.)-19)!

84#0(9/-)()!&9*)07&.>!

OPQ!7*/0;&+'.&! LLL! '/.*! )+'1.9+-5&.! )%&!E[!.;'//!1(9/&'+! I.1M!OPQ>!E[! -.! '1!&..&1)-'/!

9*;7*1&1)! *6! )%&! .7/-9&*.*;&8! )%&! +-5*1(9/&*7+*)&-1! 9*;7/&B! -13*/3&4! -1! .7/-9-1:! -1!

Z(2'+0*)&.>!$%&!7+*;*)&+!*+:'1-@')-*1!*6!E[!:&1&.!-.!R(-)&!3'+-'5/&!5&),&&1!.7&9-&.>!E[!

:&1&.!,&+&! '/.*! .)(4-&4! ')! )%&!;*/&9(/'+! /&3&/! -1! Q+'5-4*7.-.>!]'-5&/! '14! A-/-7*,-9@!

.%*,&4!-1!Ubb_!)%')!E[!OPQ!-.!)+'1.9+-5&4!50!OPQ!7*/!LLL!-1!Q+'5-4*7.-.!'14!)%')!*1/0!'1!

(7.)+&';!&/&;&1)!'14!'!$Q$Q!5*B!.&R(&19&!'+&!1&9&..'+0!6*+!)%&!($*7(7/!)+'1.9+-7)-*1!*6!

)%&!)%+&&!Q+'5-4*7.-.!E[!:&1&.8!)%(.!.%*,-1:!)%')!)%&!4&)&+;-1'1).!*6!OPQ!7*/0;&+'.&!

LLL!5&),&&1!3&+)&5+')&.!'14!7/'1).!'+&!4-66&+&1)>!

$%&!gSD!OPQ8!)%')!6*+;.!)%&!.9'66*/4!*6!)%&!90)*7/'.;-9!.-:1'/!+&9*:1-)-*1!7'+)-9/&!ISO<M8!

'!+-5*1(9/&*7+*)&-1!9*;7/&B!6*(14!-1!'//!*+:'1-.;.!-.!'/.*!'1!OPQ!7*/!LLL!)+'1.9+-7)>!SO<!

9'1! '..*9-')&!,-)%! +-5*.*;&.>! C-14-1:! *6! )%&!SO<! )*! '! 1'.9&1)! 7+*)&-1!,-//! )'+:&)! )%-.!

7+*)&-1!)*!'!;&;5+'1&J5*(14!7+*)&-1!)+'1./*9')-*1!9*;7/&B>!S-;-/'+! )*!E[!:&1&.8!gSD!

OPQ! :&1&.! '+&! &3*/()-*1'+0! R(-)&! 4-3&+.&>! H*19&+1-1:! )%&! gSD! OPQ8! )%&-+! 7+*;*)&+!

.&R(&19&!,'.!9%'+'9)&+-@&4!-1!84#0(9/-)()*%3#:(#$#!IV(2','!&)!'/>8!"__^Mj!$%&0!.%*,&4!

)%')!Q+'5-4*7.-.!gSDJU!)+'1.9+-7)-*1!+&R(-+&.!5*)%!'1!(7.)+&';!.&R(&19&!&/&;&1)!'14!'!

9'1*1-9'/! $Q$Q! 5*B8! 5()! '/.*! ),*! -1)&+1'/! 9*1)+*/! +&:-*1.8! .-;-/'+! )*! )%&! )OPQ! :&1&!

.7&9-6-9!Q!'14!C!5*B&.>!



! #g!

K'(/)!OPQ.8!V!OPQ.!'14!3-+(.!&19*4&4!OPQ.!I/-2&!KQJL!'14!KQJLL!OPQ.!*6!'4&1*3-+(.M!'+&!

'/.*!)+'1.9+-5&4!50!OPQ!7*/0;&+'.&!LLL! I=-&9-!&)!'/>8!"__gM!'.!,&//!'.!OP'.&!<!9')'/0)-9!

OPQ!-1!'//!Z(2'+0*)&.!7*..&..-1:!)%&!OP<!6*+;!*6!)%-.!&1@0;&!I$*//&+3&08!"__^M>!

A-1'//08! )%&!;'-1!+*/&!*6!OPQ!7*/0;&+'.&!LLL! -.! )*!7&+6*+;!)%&!)+'1.9+-7)-*1!*6!1(9/&'+!

)OPQ!:&1&.!-1!Z(2'+0*)&.>!D'+:&!1(;5&+.!*6!)OPQ.!:&1&.!'+&!:&1&+'//0!4-.7&+.&4!-1!)%&!

1(9/&'+!:&1*;&!*6!Z(2'+0*)&.8!'/)%*(:%!.*;&!)OPQ.!:&1&.!9'1!5&!'++'1:&4!-1)*!9/(.)&+.!

I$*//&+3&08! "__^M>! $%&! )+'1.9+-7)-*1! *6! 1(9/&'+! )OPQ! :&1&.! -.! 9%'+'9)&+-@&4! 50! )%&!

+&R(-+&;&1)! 6*+! ),*! 7+*;*)&+! .&R(&19&.! ,-)%-1! )%&! )+'1.9+-5&4! .&R(&19&! I->&>!

4*,1.)+&';!*6!)%&!)+'1.9+-7)-*1!.)'+)M8!9'//&4!C*B!Q!'14!C*B!C>!C*B!Q!9*++&.7*14.!)*!)%&!

7*+)-*1! *6! )%&! )OPQ! :&1&! )%')! &19*4&.! )%&! =! '+;! I1(9/&*)-4&.! f–UbM8! ,%-/&! C*B! C!

generally corresponds to the portion of the tRNA gene that encodes the TΨC arm 

I1(9/&*)-4&.!^"–62). Flanking sequences, primarily on the 5’ side and m*.)! 6+&R(&1)/0!

-19/(4-1:! '! $Q$Q! &/&;&1)8! 9'1! '/.*! :*3&+1! )%&! &66-9-&190! *6! )%&! )+'1.9+-7)-*1! 7+*9&..!

I\*/4;'18!"_U_M>!Q!:+'7%-9'/!.(;;'+0!*6!)%&.&!&/&;&1).!-.!:-3&1!-1!A-:(+&!U_>!L1!7/'1).8!

)%&!JU!)*!JU_!+&:-*1!-.!7'+)-9(/'+/0!+-9%!-1!Q!'14!H!+&.-4(&.!'14!HQQ!)+-7/&).!,&+&!.%*,1!

)*!5&!)+'1.9+-7)-*1!-1-)-')-*1!.-)&.!IG-9%'(4!&)!'/>8!"_UUM>!

!

! !



! #f!

!

!
.
F2*L0(.TCN!9"R(+3,2".0(P0(-($,3,2%$.%W.,R(.,R0((.+32$.8@!.P%'D+(03-(.a;%'b.BBB.P0%+%,(0.,DP(->!$%&!
'77+*B-;')&!7*.-)-*1.!*6!(7.)+&';!'14!-1)&+1'/!9*1)+*/!&/&;&1).!'+&!-14-9')&4!+&/')-3&!)*!)%&!)+'1.9+-7)-*1!
.)'+)!.-)&!I4&7-9)&4!50!'1!'++*,M>!Q!.)'14.!6*+!5*B!Qj!C!6*+!5*B!Cj!H!6*+!5*B!H!'14!LZ!6*+!-1)&+;&4-')&!&/&;&1)>!
$$$$!-.!)%&!)+'1.9+-7)-*1!)&+;-1')-*1!.-:1'/>!SZ!.)'14.!6*+!.&R(&19&!&/&;&1)>!$Q$Q!-14-9')&.!$Q$Q!5*B!*+!
$Q$QJ/-2&! .&R(&19&>! S&3&+'/! ;-B&4! )07&! 7+*;*)&+.! %'3&! '/.*! 5&&1! +&7*+)&4! )%')! 3'+-*(./0! 9*;5-1&!
(7.)+&';! '14! -1)&+1'/! 9*1)+*/! &/&;&1).>! <'+&1)%&.&.! -14-9')&! )%&! 6'9)! )%')! 1*)! '//! )07&! U! '14! )07&! "!
7+*;*)&+.!9*1)'-1!'!$Q$Q!&/&;&1)>!ZB';7/&.!*6!OPQ.!,%*.&!:&1&.!4-.7/'0!)%&!4-66&+&1)!)07&.!*6!7+*;*)&+.!
'+&!-14-9')&4!*1!)%&!/&6)!IS9!a!',*<.4.7()(#.j!?.!a!+/&/*)#-(.$)M>!Q77+*B-;')&!.-@&!*6!)%&!:&1&!-.!-14-9')&4!')!
)he 3’ end of the gene. A-:(+&!'4'7)&4!6+*;!S9%+';;!'14!?&+1'14&@!I"__"M!'14!=-&9-!&)!'/>!I"__gM>!
! !



! #b!

B>O .:!FT.2-.,R(.+32$.$(*3,21(.0(*L'3,%0.
%W.8@!.P%'D+(03-(.BBB.

!

GQAU!,'.!*+-:-1'//0!-4&1)-6-&4!-1!'!+&3&+.&!:&1&)-9!.9+&&1!-1!'#<<3#4/&D<.)*<.4.7()(#.!'.!

'!+&7+&..*+!*6!OPQ!7*/0;&+'.&!I<*/M! LLL! )+'1.9+-7)-*1!IC*:()'!&)!'/>8!Ubbgj!</()'!&)!'/>8!

"__UM>! L)! -.! '! 7%*.7%*7+*)&-1! 9*1.&+3&4! -1! Z(2'+0*)&.>! L).! '9)-3-)0! -.! +&:(/')&4! 50!

7%*.7%*+0/')-*1!'14!4&7%*.7%*+0/')-*1>!!

L!,-//!6-+.)!7+&.&1)!GQAU!;*4&!*6!'9)-*1!'14!-).!6(19)-*1!-1!+&:(/')-1:!OPQ!7*/0;&+'.&!LLL!

I'M8!)%&1!)%&!.)+(9)(+'/!4&)'-/.!*6!-).!;*4&!*6!'9)-*1!'.!+&9&1)/0!+&7*+)&4!50!Kq+/'14&+!&)!

'/!I"_"_M!,-//!5&!4&.9+-5&4!I5M>!A-1'//08!L!,-//!6*9(.!;*+&!.7&9-6-9'//0!*1!,%')!-.!21*,1!*6!

GQAU!-1!7/'1).!I9M>!

!

#? H8=I*4/:.*#$9*&/9.*/B*#<%(/$*
*

OPQ! 7*/0;&+'.&! LLL! -.! )%&! &(2'+0*)-9! .7&9-6-9! 7*/0;&+'.&! )%')! )+'1.9+-5&.! )OPQ.8! ^S!

+-5*.*;'/!OPQ.!'14!*)%&+!.;'//!1*1J9*4-1:!OPQ.!I19OPQ.M!.(9%!'.!)%&!E[!.7/-9&*.*;'/!

OPQ!'14!)%&!gSD!OPQ>!

Q.!.(9%!-).!'9)-3-)0!-.!9+(9-'/!6*+!9&//!:+*,)%!'14!%*;&*.)'.-.>!H*1.&R(&1)/08!-)!1&&4.!)*!5&!

)-:%)/0! +&:(/')&4! )*!'3*-4! -1.(66-9-&1)!*+!&B9&..-3&! .(77/0!*6! )%&.&!&..&1)-'/!OPQ.>!A*+!

&B';7/&8! -)! %'.! 5&&1! &.)-;')&4! )%')! OPQ! 7*/! LLL! '9)-3-)0! ()-/-@&.! (7! )*! U^n! *6! )%&!

1(9/&*)-4&.!(.&4!50!4-3-4-1:!9&//.!6*+!1(9/&'+!:&1&!)+'1.9+-7)-*1!IG*-+!'14!]-//-.8!"_U#M>!A*+!

)%&.&! +&'.*1.8! '1! (19*1)+*//&4! -19+&'.&! *6! OPQ! 7*/! LLL! )+'1.9+-7)-*1! '9)-3-)0! -.! 9(++&1)/0!

9*1.-4&+&48!'.!7/'0-1:!'1!-;7*+)'1)!+*/&!-1!9'19&+!5-*/*:0!I.&&!6*+!&B';7/&!<'/-'18!"_UT!'14!

\+&,'/8!"_U^M>!

$*! 4')&8! )%&! ;'-1! 21*,1! 4-+&9)! +&:(/')*+! *6! OPQ! 7*/0;&+'.&! LLL! '9)-3-)0! -.! '!

7%*.7%*7+*)&-1!9'//&4!GQAU>!$%-.!:&1&!,'.!4-.9*3&+&4!50!G>!C*:()'!'14!9*,*+2&+.!-1!'!

+&3&+.&!:&1&)-9!.9+&&1!-1!'#<<3#4/&D<.)*<.4.7()(#.!'14!,'.!.%*,1!)*!'9)!'.!'!+&7+&..*+!

*6!OPQ!7*/0;&+'.&!LLL!)+'1.9+-7)-*1!IC*:()'!&)!'/>8!Ubbgj!</()'!&)!'/>8!"__UM!-1!+&.7*1.&!)*!

.)+&..!'14!:+*,)%!.-:1'/.>!S-19&!)%&18!GQAU!,'.!.%*,1!)*!5&!&3*/()-*1'+0!9*1.&+3&4!-1!

Z(2'+0*)&.! '14! .)(4-&4! -1! '! ,-4&! 3'+-&)0! *6! *+:'1-.;.! -19/(4-1:N! ,*+;.8! 6/-&.8!

;';;'/-'1!.0.)&;!'14!7/'1).!I6*+!'!+&3-&,!.&&!D&1-&,.2'!'14!C*:()'8!"_UgM>!



! T_!

$%&.&!+&.&'+9%&.!.%*,!)%')!GQAU!;*4&!*6!'9)-*1!-.!9*1.&+3&4!'9+*..!Z(2'+0*)&.>!GQAU!

-.!-1'9)-3&!,%&1!7%*.7%*+0/')&4>!L)!-.!'!.(5.)+')&!*6!3'+-*(.!2-1'.&.8!-19/(4-1:!)%&!)'+:&)!

*6!+'7';09-1!I$YOM!7')%,'0!*+!*)%&+!2-1'.&.>!A*+! -1.)'19&8! -1!0&'.)8!7+*)&-1!2-1'.&!Q!

I<`QM8!S9%b!IS[`!%*;*/*:M!'14!9'.&-1!2-1'.&!"!IH`"M!%'3&!5&&1!.%*,1!)*!7%*.7%*+0/')&!

GQAU! IG*-+! &)! '/>8! "__[j! D&&! &)! '/>8! "__bj!]&-! &)! '/>8! "__bj! \+'9@02! &)! '/>8! "_UUM>! $%-.!

7%*.7%*+0/')-*1!*99(+.!')!4-66&+&1)!.-)&.>!L)!-.!1*)!0&)!9/&'+!-6!&'9%!*6!)%&.&!2-1'.&.!%'.8!

-14-3-4('//08! )%&! '5-/-)0! )*! 7+&3&1)! GQAU! -1)&+'9)-*1! ,-)%! OPQ! <*/! LLL>! ]%&1!

4&7%*.7%*+0/')&48!GQAU!5&9*;&.!'9)-3&!'14!,-//!/*9'/-@&!)*!)%&!1(9/&(.!)*!+&7+&..!OPQ!

7*/0;&+'.&! LLL! '9)-3-)0>! L1! 0&'.)8! ),*! 7%*.7%')'.&! 7+*)&-1.! %'3&! 5&&1! .%*,1! )*!

4&7%*.7%*+0/')&!GQAUN!<<"Q! IY6-9e'/.2'J<%';!&)! '/>8! "__[M!'14! )%&!<<T!7%*.7%')'.&!

9*;7/&B! IY/&+! '14! H'-+1.8! "_U"M>! L)! -.! '/.*! ,*+)%! 1*)-1:8! )%')! ,%-/&! -1! 0&'.)8! )%&!

4&7%*.7%*+0/')-*1!*6!GQAU!/&'4.!)*!'!+&J/*9'/-@')-*1!*6!GQAU!-1!)%&!1(9/&(.! 6+*;!)%&!

90)*7/'.;8! '//*,-1:! '! ;&9%'1-.;! *6! 6-1&J)(1-1:! +&:(/')-*1! *6! GQAU! '9)-3-)08! -1!

;';;'/-'1!9&//.8!GQAU!.&&;.!)*!5&!9*1.)'1)/0!/*9'/-.&4!-1!)%&!1(9/&(.>!!

=-66&+&19&.! '/.*! '+-.&! -1! )%&! &66&9).! *6! GQAU! .(77+&..-*1! *+! *3&+J&B7+&..-*1! -1! )%&!

4-66&+&1)! *+:'1-.;.! .)(4-&4! )*! 4')&>! L6! -1! (1-9&//(/'+! *+:'1-.;.! I0&'.)M8! GQAU!

4*,1+&:(/')-*1!/&'4.!)*!'!:+*,)%!4&6&9)-3&!7%&1*)07&!I</()'!&)!'/>8!"__UM8!-1!;(/)-9&//(/'+!

*+:'1-.;.!)%&!&66&9).!.&&;!)*!5&!9*1)+'.)&4>!A*+!&B';7/&8!-1!1,*.:.A#$)C!4&7/&)-*1!*6!GQAU!

*+)%*/*:!-19+&'.&.!/-6&.7'1!IH'-!&)!'/>8!"_U[M>!Y1!)%&!9*1)+'+08!-)!-.!)%&!*3&+&B7+&..-*1!*6!

GQAU!)%')! -19+&'.&.! /-6&.7'1! -1!)%&!:()!*6! 6/-&.!IA-/&+!&)! '/>8!"_UgM>!Q1*)%&+! -1)&+&.)-1:!

&B';7/&!9'1!5&!6*(14!-1!;-9&8!,%&+&!C*1%*(+&!'14!9*,*+2&+.!I"_U^M!.%*,&4!)%')!)%&!

/*..!*6!GQAU!9*16&+.!*5&.-)0!+&.-.)'19&>!$%&.&!6-14-1:.!'+&!9(++&1)/0!&B7/'-1&4!-1!)&+;.!

*6!;&)'5*/-.;!'14!&1&+:0!&B7&1.&.>!L)!-.!)%*(:%)!)%')!6()-/&!909/&.!*6!)OPQ!.01)%&.-.!'14!

4&:+'4')-*1! /&'4.! )*! -1&66-9-&1)! 9&//(/'+! &1&+:0! (.&! '14! ($* B($.8! )*! 9&1)+'/! ;&)'5*/-9!

7')%,'0.!+&7+*:+';;-1:!I]-//-.!&)!'/>8!"_Uf!'14!C*1%*(+&!&)!'/>8!"_UbM>!!

Q)!)%&!;*/&9(/'+!/&3&/8!)%&!7+&9-.&!;*4&!*6!'9)-*1!*6!GQAU!%'4!+&;'-1&4! -19*;7/&)&/0!

(14&+.)**4!(1)-/!+&9&1)/0>!Q!H+0*JZG!.)(40!7(5/-.%&4!-1!"_"_!1*,!7+*3-4&.!;&9%'1-.)-9!

'14!;*/&9(/'+!4&)'-/.!*1!GQAU!;*4&!*6!'9)-*1>!L)!.%*,.!)%')!GQAU!5-14.!5&),&&1!)%&!

9/';78!,'//! '14! 7+*)+(.-*1! 4*;'-1.! *6! OPQ! 7*/0;&+'.&! LLL! '14! +&7+&..&.! -).! '9)-3-)0!

)%+*(:%!4-+&9)!9*;7&)-)-*1!,-)%!$ALLLC!IKq+/'14&+!&)!'/>8!"_"_M>!

!



! TU!

0? H8=I*-4/%.($*)%4"<%"4.*#$9*&/9.*/B*#<%(/$*#%*%3.*
&/:.<":#4*:.7.:*

!

H+0.)'/! .)+(9)(+&.! *6! GQAU! %'3&! 5&&1! *5)'-1&4! 6*+! 0&'.)! I'#<<3#4/&D<.)* <.4.7()(#.M8!

%(;'1!I+/&/*)#-(.$)M!'14!S,&&)!*+'1:&!I1(%4")*)($.$)()M!IA-:(+&!UU!'14!U"M>!

H*;7'+-.*1!*6!)%&.&!)%+&&!.)+(9)(+&.!.%*,.!'!9*1.&+3&4!:/*5(/'+!.)+(9)(+&!9%'+'9)&+-@&4!

50!'1!'/7%'J5&)'!.'14,-9%>!]%&+&!9&1)+'/!'1)-7'+'//&/!5&)'!.%&&).!'+&!6/'12&4!50!'/7%'!

%&/-9&.! *1! 5*)%! .-4&.>! GQAU! .)+(9)(+&! -.! *3&+'//! .)'5-/-@&4! 50! '! /'+:&! 1(;5&+! *6!

%04+*7%*5-9! -1)&+'9)-*1.! -13*/3-1:! 7+-;'+-/0! )%&! .-4&! 9%'-1! *6! '+*;')-9! +&.-4(&.!

IS*7+'1*! &)! '/>8! "_UgM>! C&0*14! )%&! *3&+'//! 9*1.&+3')-*1! *6! )%&! 7+*)&-1! 6*/48! 7+*)&-1!

.&R(&19&.!'/-:1;&1).!.%*,!)%')!),*!;*)-6.8!<=V=AS!'14!]SAPAAAVP8!'+&!7'+)-9(/'+/0!

,&//!9*1.&+3&4!'.!,&//!'.!)%&!O`D`O!;*)-6!9*;7*.-1:!GQAU!1(9/&'+!/*9'/-@')-*1!.-:1'/!

IS*7+'1*!&)!'/>8!"_UgM!IA-:(+&!UUM>!

A-1'//08! -)! -.! 1*)&,*+)%0! )%')! )%&.&! 9+0.)'/! .)+(9)(+&.! '.!,&//! '.! 4-66&+&1)! 5-*9%&;-9'/!

.)(4-&.!%'3&!.%*,1!)%')!GQAU!7%*.7%*+0/')-*1!.-)&.!'+&!/*9')&4!-1!'!7**+/0!9*1.&+3&4!

-1)&+1'/! +&:-*1! )%')! 9*11&9).! )%&! PJ! '14! HJ! )&+;-1'/! +&:-*1.! )%')! '+&! ;(9%! ;*+&!

9*1.&+3&4!IKq+/'14&+!&)!'/>8!"_"_M>!!

=&.7-)&!-).!9&1)+'/!+*/&!-1!OPQ!<*/!LLL!'9)-3-)08!GQAU!7+&9-.&!;*4&!*6!'9)-*1!,'.!/'+:&/0!

(121*,1! (1)-/! +&9&1)/0>! C'.&4! *1! '! /*,! +&.*/()-*1! Ir"_! sM! &/&9)+*1J;-9+*.9*70!

+&9*1.)+(9)-*1!*6!GQAU!5*(14!)*!<*/!LLL!7&+6*+;&4!50!K'11-1-!'14!9*J,*+2&+.!I"_U_M!)%&!

7+*7*.&4!;&9%'1-.;!*6!GQAU!+&7+&..-*1!*6!OPQ!7*/!LLL!'9)-3-)0!,'.!'!5-14-1:!*6!GQAU!)*!

)%&!9/';7!4*;'-1!*6!OPQ!7*/0;&+'.&!LLL!)%&+&6*+&!-1%-5-)-1:!)%&!'..&;5/0!*6!$ALLLC!*1!

=PQ!'14!)%&!+&9+(-);&1)!*6!OPQ!<*/!LLL!)*!)%&!$ALLLCJ=PQ!9*;7/&B!IK'11-1-!&)!'/>8!"_U_M>!

?*,&3&+8!)%&!9+0*JZG!.)(40!*6!Kq+/'14&+!'14!'/>8!,%*!*5)'-1&4!'!;(9%!%-:%&+!+&.*/()-*1!

I#>#!sM!*6!'!+&9*;5-1'1)!GQAU!5*(14!)*!'!7(+-6-&4!',*<.4.7()(#.!OPQ!7*/!LLL!7+&.&1).!'!3&+0!

4-66&+&1)!;*4&/>! Q99*+4-1:! )*! )%-.! 4')'8! )%&! &B'9)!;&9%'1-.;!*6! )%&! -1%-5-)-*1! *6!OPQ!

7*/0;&+'.&!LLL!)+'1.9+-7)-*1!50!GQAU!-.!1*)!)%&!*1&!7+*7*.&4!50!K'11-1-!'14!9*,*+2&+.>!

L1!6'9)8!-1!)%&!;*4&/!7+*7*.&4!50!Kq+/'14&+!&)!'/>8!)%&!&/&;&1).!-13*/3&4!-1!)+'1.9+-7)-*1!

-1-)-')-*1! *6! OPQ! 7*/0;&+'.&! LLL! '+&! .&R(&.)&+&4! -1! )%&! GQAUJ5*(14! .)')&8! '.! GQAU!

5-14-1:!.-)&!*3&+/'7.!,-)%!)%&!5-14-1:!.-)&!*6!)%&!)+'1.9+-7)-*1!6'9)*+!$ALLLC!'14!=PQ!-1!

)%&!7+&J-1-)-')-*1!9*;7/&B!IA-:(+&!U#M>!!

!



! T"!

!
F2*L0(.TTN!H/(.)'/!'/-:1;&1)!*6!)%&!7+*)&-1!.&R(&19&!*6!GQAU!-1!?(;'1!I+,*)#-(.$)M8!V&'.)!I',*-/&0.M!'14!
.,&&)!*+'1:&!I1,*)($.$)()M!.(;;'+-.-1:!)%&!+&.(/).!*6!S*7+'1*!&)!'/>8!"_U#!'14!"_Ug>!$%&!),*!9*1.&+3&4!
peptides called “MAF1 signature” are shown in black (PDYDFS) and blue box (WSFNFFFYN). The yellow 
9-+9/&!%-:%/-:%).!)%&!7+&4-9)&4!PDS>!Y3&+'//!)%&!/'+:&!9*1.&+3')-*1!*6!)%&!7+*)&-1!.&R(&19&!-1!)%&.&!)%+&&!
&3*/()-*1'+0!4-.)'1)!.7&9-&.!9'1!9/&'+/0!5&!.&&1>!

!
F2*L0(.T4X!Q/-:;&1)!(.-1:!<0;*/!*6!)%&!9+0.)'/!.)+(9)(+&!*6!GQAU!-1!%(;'1!I+,*)#-(.$)M!I<=C!#1+^8!-1!5/(&M!
'14!S,&&)!*+'1:&!I1,*)($.$)()M>!I<=C!^ETW8!-1!:+&&1M!$%&!*3&+'//!9*1.&+3')-*1!*6!GQAU!.)+(9)(+&!9'1!9/&'+/0!
5&!.&&18!%-:%/-:%)-1:!)%')!GQAU!.)+(9)(+&!-.!1&9&..'+0!6*+!-).!6(19)-*1>!
! !

7& 0!



! T#!

Q/.*8!)%&.&!'()%*+.!6*(14!50!;'77-1:!)%&!&/&9)+*.)')-9!7*)&1)-'/!*1)*!)%&!.(+6'9&!*6!GQAU!

that a conserved part of MAF1 structure (called by the authors “interface B”) is composed 

*6!'1!%&/-B!'14!),*!1&:')-3&/0!9%'+:&4!/**7.!'14!4*&.!;-;-9!'!)(+1!*6!CJ=PQ!5'925*1&!

IA-:(+&!U#M>!L)!-.!)%-.!-1)&+6'9&!C!)%')!,-//!5-14!)%&!H#T!]?"!4*;'-1!*6!OPQ!7*/!LLL>!

$%&1!)%&!'()%*+!*3&+/'-4!)%&!.)+(9)(+&!*6!GQAU!-1!9*;7/&B!,-)%!OPQ!7*/0;&+'.&!LLL!'14!

)%&!.)+(9)(+&!*6!OPQ!7*/!LLL!-1!)%&!7+&J-1-)-')-*1!9*;7/&B!.)')&!I$ALLLCJ<*/!LLLM!.%*,-1:!

)%')!)%&!7*.-)-*1!*6!$ALLLC!'14!7+*;*)&+!=PQ!-1!)%&!7+&J-1-)-')-*1!9*;7/&B!.)')&!*3&+/'7!

,-)%! GQAU! 5-14-1:! .-)&! IA-:(+&! UTM>! Q)! /'.)8! )%&-+! .)+(9)(+&! *6! GQAU! 5*(14! )*! OPQ!

7*/0;&+'.&!LLL!.%*,!)%')!)%&!7%*.7%*.-)&.!*6!GQAU!9'1!/-2&/0!+&;'-1!.(5.)+')&.!*6!)%&!

4-66&+&1)! 2-1'.&.! &3&1! -1! 9*;7/&B! ,-)%! OPQ! 7*/! LLL8! '//*,-1:! +'7-4! 4&J+&7+&..-*1! *6!

)+'1.9+-7)-*1>!



! TT!

!
F2*L0(.T6N!?0D%AE:.2+3*(-.%W.:!FT./%L$).,%.8@!.P%'D+(03-(.BBB>!<*/!LLL!-.!.%*,1!'.!'!.(+6'9&!'14!G'6U!
'.!'!+-55*1!+&7+&.&1)')-*1>!G'6U!I:+&&1M!-.!5*(14!5&),&&1!)%&!9/';7!I*9%&+M8!,'//!I5&-:&M8!7+*)+(.-*1!I4'+2!
:+'0M!'14!H#T!]?"!4*;'-1!I0&//*,M>!58!H/*.&J(7!*6!)%&!G'6U!5-14-1:!.-)&8!,-)%!&/&;&1).!+&6&++&4!)*!-1!)%&!
)&B)!/'5&/&4>!98!G'6U!/**7.!U!'14!"!;-;-9!=PQ!'14!5-14!)%&!;*5-/&!H#T!]?"!4*;'-1>!L;':&!)'2&1!6+*;!
Kq+/'14&+!&)!'/>!I"_"_M>!
!

!
F2*L0(.TYN!:3WT."'3-R(-.&2,R.<FBBB=.3$).5@!.2$.,R(.;B?>!S(7&+7*.-)-*1!*6!)%&!G'6U–<*/!LLL!.)+(9)(+&!
+&7*+)&4!%&+&!'14!)%&!<*/!LLL!7+&-1-)-')-*1!9*;7/&B!I<=C![AT_M!-1!),*!3-&,.>!G'6U!-.!.%*,1!'.!'!:+&&1!
)+'1.7'+&1)! .(+6'9&! '14! )%&! $ALLLC! '14! 7+*;*)&+! =PQ! -1! +-55*1! +&7+&.&1)')-*1>! L;':&! )'2&1! 6+*;!
Kq+/'14&+!&)!'/>!I"_"_M>! !



! T^!

<? @.).#4<3*/$*H8=I*($*-:#$%)*
!

L1!7/'1).8!)*!4')&8!)%&!7(5/-.%&4!+&.&'+9%!,*+2.!*1!GQAU!'+&!6+*;!)%&!C+'@-/-'1!+&.&'+9%!

:+*(7!*6!H>Z>!C&1&4&))-!IS*7+'1*!&)!'/>8!"_U#!'14!"_UgM!'14!6+*;!'!`*+&'1!:+*(7!IQ%1!&)!

'/>8! "_UfM>! <(5/-.%&4! '+)-9/&.! .%*,! )%')!GQAU! 6(19)-*1! I)%&! +&7+&..-*1! *6! OPQ! 7*/! LLL!

'9)-3-)0M!'14! -).!;*4&!*6!'9)-*1! I)%&! +&:(/')-*1!*6!GQAU!'9)-3-)0!50!7%*.7%*+0/')-*1!d!

4&7%*.7%*+0/')-*1!*6!-).!7%*.7%*.-)&.!'14!)%&!1(9/&'+!/*9'/-@')-*1!*6!GQAU!,%&1!-1!-).!

'9)-3&!.)')&M!'+&!'//!9*1.&+3&4!-1!7/'1).>!!

$%&!6-+.)!'+)-9/&!,'.!'!.)(40!*6!GQAU!&66&9)!*1!9'12&+!4&3&/*7;&1)!(7*1!-16&9)-*1!,-)%!

J#$%3/&/$#)*<(%4(*-1*1,*)($.$)()!IS*7+'1*!&)!'/>8!"_U#M>!$%&!+&.&'+9%!:+*(7!)%')!7&+6*+;&4!

)%-.! +&.&'+9%! ,'.! ,*+2-1:! *1! $+'1.9+-7)-*1! '9)-3')*+J/-2&! I$QDM! &66&9)*+.! 6+*;!

J#$%3/&/$#)!.7&9-&.>!$%&.&!pathogen’s proteins!'9)!'.!)+'1.9+-7)-*1!6'9)*+.!-1!7/'1)!9&//.>!

$%&-+!+&.&'+9%!6*9(.&4!*1!%*,!)%&.&!$QD!&66&9)*+.!'9)-3')&!)%&!%*.)!)+'1.9+-7)-*1>!L1!'!

7+&3-*(.!0&'.)J),*!%05+-4!.9+&&18!)%&!'()%*+.!%'4!6*(14!)%')!GQAU!-1)&+'9).!,-)%!'!$QD!

&66&9)*+!7+*)&-1!9'//&4!<)%QT!I4&!S*(@'!&)!'/>8!"_U"M>!E.-1:!7/'1).!*3&+&B7+&..-1:!H.GQAU!

I(14&+!)%&!9*1)+*/!*6!)%&!#^S!7+*;*)&+M!*+!4*,1J+&:(/')&4!6*+!H.GQAU!I(.-1:!/-1&.!,-)%!

OPQ!-1)&+6&+&19&!IOPQ-M!':'-1.)!H.GQAUM8! )%&!'()%*+.!+&7*+)&4!)%')!+&4(9&4! /&3&/.!*6!

H.GQAU!/&4!)*!'!4+';')-9!-19+&'.&! -1!)%&!1(;5&+!'14!.-@&!*6! /&.-*1.!9'(.&4!50!J,*<(%4(!

-16&9)-*1>! Y1! )%&! 9*1)+'+0! )%&! *3&+&B7+&..-1:! /-1&.! ,&+&! /&..! .(.9&7)-5/&! )*! J,* <(%4(!

-16&9)-*1>!L)!-.!,*+)%!1*)-1:!)%')!'99*+4-1:!)*!)%&.&!'()%*+.8!H.GQAU!*3&+&B7+&..-*1!,'.!

4&)+-;&1)'/!)*!.&&4/-1:!:+*,)%>!$%-.!4*&.!1*)!.&&;!)*!5&!)%&!9'.&!-1!84#0(9/-)()*%3#:(#$#!

IQ%1!&)!'/>!"_UfM>!

Y3&+'//8! )%&! '()%*+! 9*19/(4&4! )%')! <)%QT! 9*(1)&+'9).! H.GQAU! '9)-3-)0>! Q.! .(9%8! $QD!

&66&9)*+.! 6+*;! J,* <(%4(! )'+:&)! )%&! +&:(/')*+! *6!OPQ! <*/! LLL! )*! 9**+4-1')&/0! -19+&'.&! )%&!

)+'1.9+-7)-*1! *6! %*.)! :&1&.! -13*/3&4! -1! +-5*.*;&! 5-*:&1&.-.! '14! 9&//! 7+*/-6&+')-*1!

IS*7+'1*!&)!'/>8!"_U#M>!

L1! '! .&9*14! '+)-9/&! IS*7+'1*! &)! '/>8! "_UgM! )%&! .';&! +&.&'+9%! :+*(7! .*/3&4! )%&! 9+0.)'/!

.)+(9)(+&!*6!H.GQAU!'14!.%*,&4!)%')!)%&!+&:(/')-*1!7+*9&..!50!7+*)&-1!7%*.7%*+0/')-*1!

-.!9*1.&+3&4>!$%&0!'/.*!.%*,&4!)%')!GQAU!.)+(9)(+&!-.!9*1.&+3&4!'.!9*;7'+&4!,-)%!)%&!

0&'.)!'14!%(;'1!GQAU>!A(+)%&+;*+&8!)%&0!-13&.)-:')&4!)%&!&66&9)!*6!'(B-1!'.!-)!7+*;*)&.!

9'12&+!4&3&/*7;&1)!IH&+1'4'.!'14!C&1&4&))-8!"__bM!'14!)%&!&66&9)!*6!;$YO!-1%-5-)-*1!-1!

]$! '14!H.GQAUJ.-/&19&4! 7/'1).>! $%&0! *3&+'//! 9*19/(4&4! )%')! '(B-1! 7+&3&1).! H.GQAU!



! T[!

6+*;!5-14-1:!OPQ!<*/!LLL!-1!)%&!1(9/&*/(.!)%+*(:%!)%&!'9)-*1!*6!'!9-)+(.!;$YO!%*;*/*:!

IS*7+'1*!&)!'/>8!"_UgM>!

A-1'//08!)%&!/'.)!'+)-9/&!*1!7/'1)!GQAU!-13&.)-:')&4!)%&!6(19)-*1!*6!GQAU!-1!84#0(9/-)()*

%3#:(#$#>! $%&!;'-1! 9*19/(.-*1! -.! )%')! Q)G'6U! -.! +&:(/')&48! .-;-/'+! )*! *)%&+! .7&9-&.8! 50!

7%*.7%*+0/')-*1d4&7%*.7%*+0/')-*1! )%+*(:%! )%&! '9)-3-)0! *6! $YO! '14! <<Td<<"Q!

7%*.7%')'.&.! '14! )%')! -).! +&7+&..*+! '9)-3-)0! -.! 9+-)-9'/! 6*+! 7/'1)! .(+3-3'/! 4(+-1:!

&13-+*1;&1)'/! .)+&..&.! IQ%1! &)! '/>8! "_UfM>! ?*,&3&+8! ,%&1!,&! (.&4! 6*+! *(+! .)(40! )%&!

Q)GQAU!;()'1)!/-1&.!(.&4!50!Q%1!&)!'/>!I'!SQD`!$J=PQ!-1.&+)-*1!/-1&M8!,&!4-4!1*)!-4&1)-60!

)%&! $J=PQ! -1.&+)-*1! .-)&.! +&7*+)&4! 50! )%&! '()%*+.8! 5()! +')%&+! '1! -1.&+)-*1! .-)&!

-19*1.-.)&1)!,-)%!'!21*92J*()!;()')-*1!*6!&#BI!:&1&>!$%&+&6*+&!,&!4&9-4&4!1*)!)*!(.&!

)%&.&!/-1&.>!

!

Y3&+'//8!GQAU!.)+(9)(+&!'14!6(19)-*1.!.&&;.!)*!5&!9*1.&+3&4!-1!7/'1).!,%&1!9*;7'+&4!

)*! *)%&+! :+*(7.! *6! Z(2'+0*)&.>! ?*,&3&+8! )%&! 6(19)-*1! *6!GQAU! -1! *)%&+! 7%0.-*/*:-9'/!

.)+&..&.! 5&0*14! 5'9)&+-'/! -16&9)-*1! '14! -).! +*/&! -1! 7/'1)! 4&3&/*7;&1)! '+&! .)-//! *7&1!

R(&.)-*1.>! Q/.*8! ,&! %'3&! .&&1! )%')! GQAU! 9&//(/'+! /*9')-*1! -1! V&'.)! -.! '! 6-1&J)(1-1:!

+&:(/')-*1!;&9%'1-.;>!Y(+! -13&.)-:')-*1!*6!'!9*1.&+3&4!1*1J9*4-1:!.&R(&19&! -1!GQAU!

:&1&.!6+*;!)%&!:+&&1!/-1&':&!/&4!(.!)*!7+*7*.&!'1*)%&+!6-1&!)(1-1:!;&9%'1-.;!6*+!GQAU!

&B7+&..-*1!-1!7/'1).>!$%-.!,-//!5&!7+&.&1)&4!-1!4&)'-/.!-1!)%&!O&.(/).!.&9)-*1>!



! Tg!

!
F2*L0(. TZN! H/(.)'/! *;&:'! '/-:1;&1)! *6!GQAU! 7+*)&-1! .&R(&19&! -1! [! 7/'1)!;*4&/! .7&9-&.! I$%'/&! 9+&..!
I84#0(9/-)()*%3#:(#$#M8!)%&!:+&&1!'/:'&!13:#&D9/&/$#)*4.($3#49%((8!O-9&!IK4DL#*)#%(7#M8!\+'7&!3-1&!IM(%()*
7($(B.4#M8! )%&! C/'92! 9*))*1! ,**4! I2/-":")* %4(<3/<#4-#M! '14! S,&&)! *+'1:&! I1(%4")* )($.$)()M>! O&4! 9-+9/&.!
-14-9')&! .-)&.! &B7&+-;&1)'//0! 4&)&+;-1&4! '.! 7%*.7%*+0/')&4>! C/'92! 5*B&.! %-:%/-:%)! )%&! ),*! .&R(&19&.!
9onsidered as “MAF1 signature” in Soprano et al. Blue box show the putative NLS determined in Soprano et 
'/>!"_Ug>! !



! Tf!

>O 8@3-(.;.)21(0-2,D`.WL$",2%$.3$).+%)(.
%W.3",2%$.

!

OP'.&!<8! )%&!&1@0;&!)%')!7&+6*+;.!the 5’ maturation of tRNA precursors and of RNAs 

9*1)'-1-1:!)OPQJ/-2&!.)+(9)(+&.!%'.!5&&1!')!)%&!9&1)&+!*6!;0!<%=!+&.&'+9%!7+*e&9).>!

Q;*1:!)%&!;'10!;')(+')-*1!.)&7.!)%')!7+&J)OPQ.!(14&+:*!-1!*+4&+!)*!5&!6(//0!6(19)-*1'/8!

)%&! 6-+.)!.)&7!9*1.-.).! -1!)%&!removal of the 5’ leader sequence of precursors tRNAs!50!

OP'.&!<>!$%-.!&..&1)-'/!'9)-3-)0!-.!9*1.&+3&4!-1!'//!4*;'-1.!*6!/-6&!I?*77&+!&)!'/>8!"_U_M>!

OP'.&! <! -.8! )*! 4')&8! )%&! *1/0! 21*,1! &1@0;&! )%')! &B-.).! '.! 5*)%! '! O-5*P(9/&*<+*)&-1!

&1@0;&!IOP<M!'14!'!7+*)&-1J*1/0!&1@0;&!I'M>!$%&!.)+(9)(+&!'14!;*4&!*6!'9)-*1!*6!5*)%!

)07&.! *6! &1@0;&.! %'3&! 5&&1! .)(4-&4! -1! 4&)'-/.! I5M! .%*,-1:! '1! -1)&+&.)-1:! 9'.&! *6!

9*13&+:&1)!&3*/()-*1!5&),&&1!OP<!'14!7+*)&-1J*1/0!OP'.&!<>!A-1'//08! )%&!4-3&+.-)0!*6!

.(5.)+')&.! '14! *6! 6(19)-*1.! %&/4! 50! )%&! 4-66&+&1)! 2-14.! *6! OP'.&! <! &1@0;&.! -1! 5*)%!

Z(2'+0*)&.!'14!7+*2'+0*)&.!,-//!5&!4-.9(..&4!I9M>!

!

#? @;#).*2*()*%3.*"$(7.4)#:*.$LD&.*%3#%*<#%#:D).)*
removal of the 5’ leader sequence of precursorN%@;8),*
G3()*.$LD&.*.O()%)*#)*0/%3*#*@(0/$"<:./-4/%.($*#$9*#*
-4/%.($N/$:D*B/4&*

!

OP'.&!<!,'.! 6-+.)! -.*/')&4! -1!E,*</:(!'14!4&6-1&4! -1!Ubg"!'.!)%&!&14*1(9/&*/0)-9!OP'.&!

activity that by its cleavage “removes all extra nucleotides present at the 5’ terminus of 

the precursor (..) exposing the 5’ end of the mature tRNA” (Robertson et al.8!Ubg"M>! L1!

Ubf#8!OP'.&!<!,'.!-4&1)-6-&4!'.!'!+-5*@0;&!I,%-9%!.)'14!6*+!02/%1(9/&-9!'9-4!&1cD+(M>!

L14&&48! S-41&0! Q/);'1! '14! 9*//&':(&.! .%*,&4! )%')! -1! E,* </:(! '14!P,* )"0%(:(), “the RNA 

;*-&)-&.! I>>M! 9'1! 9/&'3&! )OPQ!7+&9(+.*+!;*/&9(/&.! I>>M>!$%&!OPQ!'9).!'.! '! )+(&! 9')'/0.)!

(14&+! )%&.&! 9*14-)-*1.! ,%&+&'.! )%&! 7+*)&-1! ;*-&)-&.! *6! )%&! &1@0;&.! '/*1&! .%*,! 1*!

catalytic activities” (GuerrierJ$'2'4'! &)! '/>8! Ubf#M>! $%-.! 6*+;! *6! OP'.&! <! ,'.! ,-4&/0!

9*1.-4&+&4!'.! )%&! .*/&! 6*+;!*6!OP'.&!<!(1)-/! '!4&9'4&!':*! IQ/);'11!"__gM>! L14&&48! -1!

Q+9%'&'8! C'9)&+-'! '14! Z(2'+0*)&.8! '//! OP'.&! <! 9%'+'9)&+-@&4! ,&+&8! (1)-/! "__f8!

+-5*1(9/&*7+*)&-1!IOP<M!7'+)-9/&.!9*1)'-1-1:!'!+-5*@0;&>!$%-.!6-14-1:!*6!'!9*1.&+3&4!OPQ!

%*/4-1:!)%&!9')'/0)-9!'9)-3-)0!*6!)%&!OP<!7'+)-9/&.!-1!)%&!)%+&&!4*;'-1.!*6!/-6&!/&4!)*!)%&!



! Tb!

%07*)%&.-.!)%')!OP'.&!<!,*(/4!5&!*1&!*6!)%&!.*/&!3&.)-:&!*6!)%&!7+*7*.&4!7+&J5-*)-9!“RNA 

world” (a term coined by Gilbert in 1986) and more controversially, to the assumption 

)%')!OP'.&!<!,*(/4!.*/&/0!'14!(1-3&+.'//0!*99(+!'.!'1!OP<!6*+;>!!

$%&!*99(++&19&!*6!'!1*3&/!6*+;!*6!7+*)&-1J*1/0!OP'.&!<!,'.!6-+.)!6*+;'//0!4&;*1.)+')&4!

-1!"__f!50!?*/@;'11!&)!'/>!I"__fM!)%')!9%'+'9)&+-@&4!%(;'1!;-)*9%*14+-'/!OP'.&!<>!$%-.!

&1@0;&!-.!9*;7*.&4!*6!#!7+*)&-1.!IGO<<U8!"!'14!#M8!,-)%!GO<<#!I/')&+!9'//&4!<OYO<!6*+!

“<O*)&-1JY1/0!OP'.&!<”)!%*/4-1:!)%&!9')'/0)-9!'9)-3-)0>!L1!6'9)8!-)!,'.!'/+&'40!.(.7&9)&4!

.-19&! '! ;(9%! /*1:&+! )-;&! )%')! OP'.&! <! '9)-3-)0! ,*(/4! 1*)! +&/0! -1! '//! *+:'1-.;.! *+!

9*;7'+);&1).! *1! '! 9*1.&+3&4! 9')'/0)-9! OP'.&! <! OPQ! I.&&! ?'+);'11! &)! '/>8! "__bM>! L1!

7'+)-9(/'+8! ),*!&'+/0!'+)-9/&.!4')-1:! 6+*;!Ubb^!'14!"___!50!$%*;'.!&)!'/8!%'4!'/+&'40!

.(::&.)&4!)%')!-1!S7-1'9%!I'-($#<(#*/:.4#<.#M!9%/*+*7/'.)8!OP'.&!<!'9)-3-)0!,'.!7()')-3&/0!

%&/4!50!'!.-1:/&!7+*)&-1!I$%*;'.!&)!'/>8!Ubb^M!'nd that furthermore, this enzyme did “not 

()-/-@&!)%&!+-5*@0;&J)07&!7+&JtRNA cleavage mechanism” (Thomas et al., 2000). ?*,&3&+8!

)%&.&!+&.(/).!,&+&!+&9&-3&4!,-)%!.9&7)-9-.;!'.!)%&!1')(+&!*6!)%&!7+*)&-1!'14!-).!9*4-1:!

:&1&!9*(/4!1*)!5&! -4&1)-6-&4>!P*1&)%&/&..8!,-)%! )%&!'43&1)!*6! )%&! 9'7'9-)0! )*! .&R(&19&!

;'..-3&/0! =PQ! '14! )%&! -;7*+)'1)! &66*+).! )*! .&R(&19&! 9*;7/&)&! :&1*;&.! 6+*;! '! 3'.)!

3'+-&)0!*6!.7&9-&.8!-)!'77&'+&4!9/&'+/0!)%')!)%&!9')'/0)-9!OPQ!6+*;!)%&!OP<!6*+;!*6!OP'.&!

<!,'.!1*)!9*1.&+3&4!-1!'!,-4&!3'+-&)0!*6!Z(2'+0*)&.>!Q.!.(9%8!)%&!*99(++&19&!*6!'1*)%&+!

6*+;!*6!)%-.!&1@0;&!5&9';&!%-:%/0!7/'(.-5/&!I<-12&+!&)!'/>8!"_U#M>!

$%&!4-.9*3&+0! )%')!OP'.&!<!&B-.).! -1! '!7+*)&-1J*1/0! 6*+;! -1!%(;'1!;-)*9%*14+-'!,'.!

6*//*,&4!50!)%&!9%'+'9)&+-.')-*1!-1!"_U_!'14!"_U"!*6!84#0(9/-)()!OP'.&!<!&1@0;&.!50!;0!

%*.)!/'5*+')*+0!I\*5&+)!&)!'/>!"_U_j!\();'11!&)!'/>!"_U"M>!L1!5+-&68!Q+'5-4*7.-.!&19*4&.!

)%+&&!<OYO<!7+*)&-1.>!<OYO<U!-.!+&.7*1.-5/&!6*+!OP'.&!<!'9)-3-)0!-1!;-)*9%*14+-'!'14!

9%/*+*7/'.).!,%-/&!<OYO<"! '14!#!7&+6*+;!1(9/&'+!OP'.&! <! '9)-3-)0>!Q99*+4-1:/08!OP<!

OP'.&! <! -.! 9*;7/&)&/0! '5.&1)! 6+*;! Q+'5-4*7.-.! :&1*;&>! H*1)+'+0! )*! %(;'1!

;-)*9%*14+-'8! 7/'1)! <OYO<! &1@0;&.! '+&! '9)-3&! '/*1&! '14! 4*! 1*)! +&R(-+&! '99&..*+0!

7+*)&-1.!6*+!)%&-+!'9)-3-)0!I6*+!'!+&3-&,!.&&!S9%&/9%&+!&)!'/>8!"_U[M>!<+*)&-1J*1/0!6*+;.!*6!

OP'.&!<!,&+&!)%&1!6(+)%&+!9%'+'9)&+-.&4!-1!'!/'+:&+!3'+-&)0!*6!*+:'1-.;.8!-1!G4D-#$/)/&#*

04"<.(! I$t.9%1&+! '14! '/>8! "_U"M! '14! -1! *)%&+! .7&9-&.! *6! )%&! :+&&1! /-1&':&! .(9%! '.!

K)%4./</<<")*%#"4(!ID'-&)!'/>8!"_UUM8!*1&!*6!)%&!7/'1)!;*4&/.!6*+!9&//!5-*/*:08!23D)</&(%4.::#*

-#%.$)! IS(:-)'! '14! '/>8! "_UTM! '14! )%&! ;*4&/! :+&&1! '/:'&! 13:#&D9/&/$#)* 4.($3#49%((*

IC*11'+4!&)!'/>8!"_U[M>!L1!"_U^8!'!7%0/*:&1&)-9!'1'/0.-.!ID&9%1&+!&)!'/>8!"_U^M!.%*,&4!)%')!

<OYO<!*99(+.!-1!T!*()!*6!)%&!^!;'-1!&(2'+0*)-9!7%0/'!'14!)%')!<OYO<!'14!OP<!OP'.&!<!



! ^_!

'+&!;()('//0!&B9/(.-3&8!-1!&1)-+&!*+:'1-.;.!*+!-1!9*;7'+);&1).!d!*+:'1&//&.!IA-:(+&!U[M>!

L1! /'14!7/'1).! )%')!9*1.)-)()&!*(+!;'-1!;*4&/.8!*1/0!)%&!7+*)&-1J*1/0! 6*+;!*6!OP'.&!<!

*99(+.!'14!OP<!OP'.&!<!,'.!&1)-+&/0!/*.)>!!

K&+0!+&9&1)/08!5&0*14!)%&!*99(++&19&!*6!<OYO<!-1!Z(2'+0*)&.8!)%&!4-3&+.-)0!*6!OP'.&!<!-1!

)%&! 4-66&+&1)! 4*;'-1.! *6! /-6&! ,'.! 9%'//&1:&4! ':'-1>! $%&! :+*(7! *6! O*/'14! ?'+);'11!

9%'+'9)&+-@&4!'1*)%&+! 6*+;!*6!7+*)&-1!*1/0!OP'.&!<! -1!7+*2'+0*)&.>!$%&0!1';&4!)%&.&!

proteins “?QO<”! I?*;*/*:.! *6! QR(-6&B! OP'.&! <M>! ?QO<! ,'.! 9%'+'9)&+-.&4! -1! '!

%07&+)%&+;*7%-/-9! 5'9)&+-(;! 8Q"(B.O* #./:(<")>! L)! -.! )%&! .;'//&.)! 7+*)&-1J*1/0! 6*+;! *6!

OP'.&!<!IP-92&/!&)!'/>8!"_UgM!'.!-)!-.!'!"#J2='!7*/07&7)-4&!9*;7+-.-1:!'!;&)'//*1(9/&'.&!

4*;'-1!*1/0!I,%-/&!<OYO<!'+&!(.('//0!'+*(14![_2='M>!L)!%'.!)%&1!5&&1!.%*,1!)%')!)%-.!

6';-/0! *6! 7+*)&-1.! -.! 4-.)+-5()&4! -1! 5*)%! C'9)&+-'! '14! Q+9%'&'>! ?*,&3&+8! )%-.! 6*+;! *6!

7+*)&-1!*1/0!OP'.&! <! *6)&1! 9*J&B-.).!,-)%! )%&!OP<! 6*+;!*6!OP'.&! <>! Q.! .(9%8! -)! -.! 0&)!

(19/&'+!,%')! -.! )%&!&B'9)! 6(19)-*1!*6!?QO<!'14!,%&)%&+!OP<!OP'.&!<!'14!?QO<!%'3&!

+&4(14'1)! 6(19)-*1.!*+!4-66&+&1)!.(5.)+')&!.7&9)+'! I='1-&/.!&)!'/>8!"_Ubj!S9%,'+@!&)!'/>8!

"_UbMIA-:(+&!UgM>!

$*!&14!)%-.!*3&+3-&,!*6!OP'.&!<!4-.)+-5()-*1!-1!)%&!)%+&&!4*;'-1.!*6!/-6&8!-)!-.!-;7*+)'1)!

)*! .)+&..! )%&! 7+*;-1&19&! *6! )%-.! &1@0;&>! L14&&48! 4&7/&)-*1! *6! OP'.&! <! -.! /&)%'/8! '.!

(17+*9&..&4!)OPQ.!9*1.&+3-1:!)%&-+!5’ leader sequence are not functional and protein 

.01)%&.-.!9'11*)!)'2&!7/'9&>!$%&!*1/0!21*,1!&B9&7)-*1!)*!)%-.!+(/&!*99(+.!-1!'1!'+9%&'!

I;#$/#4<3#."&*.Q"(%#$)M!,%&+&!)OPQ!)+'1.9+-7)-*1!.)'+).!')!7*.-)-*1!cU>!H*1.&R(&1)/08!

OP'.&!<!'9)-3-)0!-.!1*)!+&R(-+&4!'14!,'.!1*)!&3*/()-*1'+0!+&)'-1&4!-1!)%-.!*+:'1-.;>!

L1! 7/'1)! :&1*;&.8! )%&! 1(;5&+! *6! <OYO<! &1@0;&! 3'+-&.>! A*+! &B';7/&! 2,* -#%.$)! %'.! #!

<OYO<.! IS(:-)'! &)! '/>! "_UTM! .-;-/'+! )*! '/:#$"&* :D</-.4)(<"&* R>! I)*;')*M8! ,%-/&! 1,*

4.($3#49%((! &B7+&..&.! 4-66&+&1)! -.*6*+;.! *6! <OYO<! 6+*;! '! .-1:/&! :&1&! IC*11'+4! &)!

'/>!"_U[M>! L1! 84#0(9/-)()! 1(9/&'+! :&1*;&! #! <OYO<! 7+*)&-1.! '+&! &19*4&4>! <OYO<U! -.!

)'+:&)&4!)*!)%&!*+:'1&//&.!I;-)*9%*14+-'!'14!9%/*+*7/'.).M!'14!<OYO<"!'14!#!I,%-9%!'+&!

'!+&9&1)!4(7/-9')-*1M!'+&!1(9/&'+!IA-:(+&!Uf!'14!UbM>!!

G*+&! :&1&+'//08! '.! .%*,1! 50! .&R(&19&! '/-:1;&1).! *6! <OYO<! 7+*)&-1.! ID&9%1&+! &)! '/8!

"_U^M8!)%&.&!7+*)&-1.!9'1!5&!4-3-4&4!-1)*!)%+&&!:+*(7.>!\+*(7.!L!'14!LL!-19/(4&.!<OYO<!

'44+&..&4! )*! *+:'1&//&.! ,%-/&! <OYO<! 6+*;! :+*(7! LLL! '+&! 1(9/&'+>! L1! P4#))(<#<.#.C! 1*!

<OYO<!6+*;!:+*(7!LL!9'1!5&!6*(14>!

!

! !



! ^U!

!

!
.
F2*L0(.T[N!52-,02/L,2%$.%W.8@;.3$).;8J8;.8@3-(.;.($cD+(-.2$.,R(.(L#30D3'.)%+32$.%W.'2W(>!O!'14!<!
-14-9')&!)%&!*99(++&19&!*6!OP<!'14!<OYO<!OP'.&!<!&1@0;&.!-1!)%&!+&.7&9)-3&!:+*(7.8!5'.&4!*1!)%&!.)(40!
6+*;!D&9%1&+!&)!'/>8!"_U^>!H+*..-1:!*()!<!*+!O!-14-9')&.!7()')-3&!&3*/()-*1'+0!&3&1).!'..*9-')&4!,-)%!)%&!
/*..! *6! <OYO<! *+! OP<! OP'.&! <>! $%&! R(&.)-*1!;'+2! -14-9')&.! '1! &B';7/&!,%&+&! /-;-)&4! :&1*;-9! 4')'!
7+&3&1)&4!9*19/(.-*1.!'.!)*!)%&!*99(++&19&!*6!)%&!:-3&1!&1@0;&!)07&!-1!)%&!+&.7&9)-3&!:+*(7>!L;':&!)'2&1!
6+*;!D&9%1&+!&)!'/>!I"_U^M>!
!
!

! !



! ^"!

!
F2*L0(.T\N!!'2*$+($,.%W.!,;8J8;T!I/*9'/-@&4!-1!;-)*9%*14+-'!'14!9%/*+*7/'.).!-1!:+&&1M!3$).,R(.$L"'(30.
!,;8J8;4!I-1!5/(&M!(.-1:!<0;*/>!!S%*,-1:!)%')!)%&!7+*)&-1!#=!.)+(9)(+&!*6!)%&!1(9/&'+!'14!*+:'1&//&'+!
Q+'5-4*7.-.!<OYO<!&1@0;&.!-.!%-:%/0!9*1.&+3&4>!$%&!W1"c!5*(14!/-:'14!-.!+&7+&.&1)&4!50!'!:+&0!.7%&+&>!
<=C!.)+(9)(+&!6*+!Q)<OYO<U!-.!T:"#8!6*+!Q)<OYO<"!^6)b>!
!
!
.

.
.
F2*L0(.T]N!!'2*$+($,`.L-2$*.;D+%'`.%W.,R(.P0()2",().-,0L",L0(.%W.H!8;.3$).,R(."0D-,3'.-,0L",L0(.%W.
;8J8;4O!<+&4-9)&4!.)+(9)(+&!*6!?QO<!IQRoff_M!,'.!:&1&+')&4!(.-1:!)%&!<?VOZ!"!,&5.&+3&+!'14!-.!
.%*,1!-1!0&//*,>!<=C!6*+!Q)<OYO<"!9+0.)'/!.)+(9)(+&!-.!^6)b!I-1!5/(&M>!?QO<!4*&.!1*)!.%*,!'10!*53-*(.!
OPQ!5-14-1:!.-)&>!Q14!.&&;.!)*!5&!6*+;&4!*6!'!(1-R(&!9')'/0)-9!4*;'-1>!Q.7'+)')&!+&.-4(&.8!
&B7&+-;&1)'//0!.%*,1!'.!&..&1)-'/!6*+!9')'/0.-.!-1!Q)<OYO<!'+&!'/.*!6*(14!-1!)%-.!7+*)&-1!I.&&!P-92&/!&)!'/>8!
"_Ug!6*+!4&)'-/.M>!
!

! *



! ^#!

0? 2@K@2*)%4"<%"4.*#$9*&/9.*/B*#<%(/$*
!

S-19&!-1!84#0(9/-)()C!'14!;*+&!/'+:&/0!-1!/'14!7/'1).8!OP'.&!<!.*/&/0!&B-.)!'.!7+*)&-1J*1/0!

&1@0;&.8!L!,-//!6*9(.!)%-.!.&9)-*1!*1!<OYO<!.)+(9)(+&!'14!;*4&!*6!'9)-*1!')!)%&!;*/&9(/'+!

/&3&/!'14!*1/0!+&6&+!)*!)%&!OP<!6*+;8!,%&1!1&9&..'+08!)*!%-:%/-:%).!)%&!.-;-/-)(4&!*+!)%&!

4-66&+&19&.!5&),&&1!)%&.&!),*!)07&.!*6!&1@0;&>!!

$,*!9+0.)'/!.)+(9)(+&.!%'3&!5&&1!*5)'-1&4!6*+!Q+'5-4*7.-.!<OYO<"!I`'+'.-2!&)!'/>8!"_U[!

'14!<-12&+!&)!'/>8!"_U^!'14!"_UgM>!$%&0!.%*,!)%')!)%&!&1@0;&!-.!9*;7*.&4!*6!)%+&&!;'-1!

7'+).>! $%&! 9')'/0)-9! 4*;'-1! -.! '!;&)'//*1(9/&'.&! 4*;'-1! )%')! %*/4.! )%&! &14*1(9/&'.&!

'9)-3-)0! I\*5&+)! &)! '/>8! "_U_M>! L)! -.! /*9')&4! ')! )%&! HJ)&+;-1'/! 7'+)! *6! )%&! &1@0;&>! $%-.!

9')'/0)-9! 4*;'-1! 5&/*1:.! )*! )%&! PVP! IPTC<U! V'9<J/-2&! P(9/&'.&M! 6';-/0! 4&6-1&4! 50!

Q1'1)%'+';'1!'14!Q+'3-148!"__[8!I6*+!'!+&3-&,!.&&!\*5&+)!&)!'/>8!"_UbM!*6!)%&!<LPJ/-2&!

.(7&+J6';-/0! *6! 1(9/&'.&.>! PVP! 4*;'-1.! '+&! 9%'+'9)&+-@&4! 50! '! O*..;'1*-4! 6*/4! )%')!

consists of a central βJsheet, sandwiched with αJ%&/-ces at both sides (α/β/α sandwich 

6*/4M>!$%&!9')'/0)-9!4*;'-1!*6!<OYO<!7+*)&-1.!9*1)'-1.!6*(+!9*1.&+3&4!'.7'+)')&!+&.-4(&.>!

$%&0!'+&! -13*/3&4! -1! )%&!5-14-1:!*6!;&)'/! -*1.!4(+-1:! 9')'/0.-.!'14!,&+&! .%*,1! )*!5&!

&..&1)-'/!6*+!)OPQ!;')(+')-*1!I\*5&+)!&)!'/>8!"_U#M>!$%&!PJ)&+;-1'/!7'+)!*6!)%&!&1@0;&!

5&/*1:.!)*!)%&!OPQ!5-14-1:8!&(2'+0*)-9!.7&9-6-9!6';-/0!*6!7&1)')+-9*7&7)-4&!+&7&')!I<<OM!

7+*)&-1.!IS;'//!'14!<&&)&+.8!"___j!S;'//!'14!C'+2'18!"_UTM>!<<O!7+*)&-1.!'+&!21*,1!)*!

5&!-13*/3&4!-1!/'+:&!3'+-&)0!*6!;*.)/0!*+:'1&//'+!7*.)J)+'1.9+-7)-*1'/!7+*9&..&.8!.(9%!'.!

OPQ!&4-)-1:8!.7/-9-1:!'14!)%&!;')(+')-*1!*6!)+'1.9+-7).!)&+;-1-!I\-&:F8!"_U#j!H%&1:!&)!'/>8!

"_U[M>!$%&0!'+&!9*;7*.&4!*6!!#^J';-1*!'9-4!)'14&;!+&7&').8!,-)%!4&:&1&+')&!7+-;'+0!

.&R(&19&.! 5()! '! 9*1.&+3&4! %&/-BJ)(+1J%&/-B! .)+(9)(+&>! $%&! 9%'+'9)&+-@')-*1! *6! <<O!

7+*)&-1.! ;*4&! *6! '9)-*1! .%*,&4! )%')! ),*! +&.-4(&.! I')! 7*.-)-*1! ^! '14! #^M! /*9')&4!

+&.7&9)-3&/0!')!)%&!.)'+)!'14!)%&!&14!*6!<<O!;*)-6.!'+&!7'+)-9(/'+/0!-;7*+)'1)!)*!'9%-&3&!

OPQ!5-14-1:!.7&9-6-9-)0!IH%&1:!&)!'/>8!"_U[M>!$%&!<<O!4*;'-1!*6!<OYO<!-.!+&.7*1.-5/&!6*+!

)%&!.7&9-6-9!5-14-1:!*6!<OYO<!)*!7+&9(+.*+!)OPQ.>!S)+(9)(+'/!IXJ+'0!9+0.)'//*:+'7%0!'14!

SQXS! 4')'M! '14! 5-*9%&;-9'/! .)(4-&.! I&.7&9-'//0! 6**)7+-1)-1:! '..'0.M! .%*,&4! )%')!

Q)<OYO<!<<O!4*;'-1!-.!;'4&!*6!^!<<O!;*)-6.!I`'+'.-2!&)!'/>8!"_U[j!<-12&+!&)!'/>8!"_U^M!

'14!)%')!-)!-.!&..&1)-'//0!<<O!4*;'-1.!"!'14!#!*6!Q+'5-4*7.-.!<OYO<!)%')!'+&!1&9&..'+0!)*!

5-14!7+&J)OPQ.!I<-12&+!&)!'/>8!"_UgM>!L14&&48!7*.-)-*1.!^!'14!#^!*6!;*)-6.!<<O!"!'14!#!'+&!

&B)+&;&/0! 9*1.&+3&4! -1! 7/'1).! ID&9%1&+! &)! '/>8! "_U^M! '14! )%&-+! ;()')-*1! /&'4! )*! '1!

-;7*+)'1)!4&9+&'.&!*6!<OYO<"!($*7(%4/*'9)-3-)0!I<-12&+!&)!'/>8!"_UgM>!Q!+&9&1)!7(5/-9')-*1!



! ^T!

50! $&+';*)*! &)! '/>! I"_"_M! 4&.9+-5&4! )%&! 9+0.)'/! .)+(9)(+&! *6! <OYO<U! <<O! 4*;'-1! -1!

9*;7/&B!,-)%!'!)OPQ!'14!9*16-+;&4!)%&!7+-;'+0!+*/&!*6!;*)-6.!<<O"!&)!#!)*!5-14!)%&!)OPQ!

&/5*,>!?*,&3&+8!)%-.!'+)-9/&!'/.*!+&3&'/&4!)%')!<OYO<!<<O!;*)-6.!5-14!OPQ!,-)%!'!4-.)-19)!

,'0!'.!9*;7'+&4!)*!9'1*1-9'/!<<O!7+*)&-1.>!

A-1'//08!)%&!PVP!'14!<<O!4*;'-1.!'+&!9*11&9)&4!50!'!.)+(9)(+'/!@-19J5-14-1:!4*;'-1!)%')!

'//*,.!6/&B-5-/-)0!)*!)%&!&1@0;&!*3&+'//!L!.%'7&>!$%&!@-19J5-14-1:!4*;'-1!-.!')!)%&!.(;;-)!

*6!)%&!L!'14!)%&!<<O!'14!PVP!4*;'-1.!;'2&!-).!),*!'+;.>!$%&!6/&B-5-/-)0!5&),&&1!)%&!<<O!

'14!)%&!PVP!4*;'-1!-.!9*1.-4&+&4!)*!5&!9+(9-'/!6*+!)%&!9')'/0)-9!.-)&!)*!'99*;;*4')&!-).!

.(5.)+')&!'14!)*!+&/&'.&!-).!7+*4(9)!I<-12&+!&)!'/>8!"_UgM>!

$%&.&!.7&9-6-9-)-&.!*6!<OYO<!.)+(9)(+&!4&6-1&!<OYO<!;*4&!*6!'9)-*18!,%-9%!,'.!6*(14!)*!

5&!.-;-/'+!)*!)%&!*1&!*6!)%&!OP<!OP'.&!<>!$%&!<<O!4*;'-1.!*6!<OYO<!5-14.!)%&!7+&J)OPQ!

&/5*,8!')!)%&!/&3&/!*6!9*1.&+3&4!+&.-4(&.!-1!)%&!$!'14!=!/**7.8!.-;-/'+!)*!)%&!.7&9-6-9-)0!

4*;'-1!*6! )%&!<JOPQ!'14! )%&!PVP!4*;'-1!*6!<OYO<!9*1)'9).! )%&! )OPQ!'99&7)*+!'+;!

.-;-/'+!)*!)%&!9')'/0)-9!4*;'-1!*6!)%&!<JOPQ!I<-12&+!&)!'/>8!"_UgM>!

Y3&+'//8!)%&!4-66&+&1)!5-*9%&;-9'/!'14!.)+(9)(+'/!4')'!'3'-/'5/&! 6*+!Q)<OYO<"!.)+(9)(+&!

'14!;*4&!*6!'9)-*1!/&4!9*//&':(&.!6+*;!)%&!/'5!)*!5(-/4!'!;*4&/!IA-:(+&!"_M!*6!Q)<OYO<"!

-1!9*;7/&B!,-)%!'!7+&J)OPQ>!$%-.!;*4&/!-.!-1!'99*+4'19&!,-)%!'3'-/'5/&!SQXS!4')'!'14!

.%*,.!)%')!<<O!;*)-6!#!-1)&+'9).!,-)%!5'.&!\Uf!*6!)%&!7+&J)OPQ8!<<O!;*)-6!"!,-)%!5'.&!

H^[>! $%-.! ;*4&/! '/.*! .%*,.! )%')! ;'e*+! 9*16*+;')-*1'/! 9%'1:&.! )'2&! 7/'9&! ,%&1!

Q)<OYO<"! 5-14.! )%&! 7+&J)OPQ>! L14&&48! )%&! 7+*)&-1! %'.! )*! '9%-&3&! '! ;*+&! *7&1!

9*16*+;')-*18! -1! *+4&+! 6*+! )%&! 9')'/0)-9! 4*;'-1! )*! '99*;;*4')&! -).! .(5.)+')&>! $%-.!

7+*7*.&4!;*4&!*6!'9)-*1!-.!.-;-/'+!)*!)%&!*1&!*6!OP<!OP'.&!<!'.!9%'+'9)&+-.&4!50!O&-)&+!

&)!'/>8!Ubb^!'14!<'1!&)!'/>8!"_U_>!S-;-/'+/08!)%&!9')'/0)-9!;&9%'1-.;!.&&;.!)*!5&!.%'+&4!

5&),&&1!<OYO<!'14!OP<!OP'.&!<>!$%&0!5*)%!(.&!'!),*J;&)'/J-*1!;&9%'1-.;!-1!*+4&+!)*!

9')'/0.&!)%&!7%*.7%*4-&.)&+!5*14!9/&'3':&!*6!)%&!7+&J)OPQ>!

!

!

! !



! ^^!

!

!
F2*L0(. T^N! ?'L-,3'. %+(*3. 3'2*$+($,. %W. !,;8J8;4. 3$). 6. P0%,(2$. -(NL($"(->! O&4! 9-+9/&.! -14-9')&!
7%*.7%*+0/')-*1!.-)&.!4&)&9)&4!*1!)%&!Q)%&1'!=C!I'14!6*+!<OYO<"!'/.*!-1!*(+!&B7&+-;&1).M>!C/'92!9-+9/&!
-14-9')&!Q.7'+)')&! +&.-4(&.!&B7&+-;&1)'//0! .%*,1!'.!1&9&..'+0! 6*+!<OYO<!'9)-3-)0! I\*5&+)!&)!'/>8"_U_M>!
C/'92!5*B&.! -14-9')&! )%&!P(9/&'+!D*9'/-@')-*1!S-:1'/.! IPDSM!*6!<OYO<"!'14!#!7+&4-9)&4!(.-1:!D*9'/-@&+!
I%))7Ndd/*9'/-@&+>9.-+*>'(dM>!A*+! <OYO<#8! ),*!*3&+/'77-1:!PDS!,&+&! 7+&4-9)&4>! <(+7/&! 5'+! -14-9')&.! )%&!
OPQ!5-14-1:!4*;'-18!)%&!*+'1:&!*1&!)%&!9')'/0)-9!4*;'-1!*6!)%&!7+*)&-1!I\*5&+)!&)!'/>8!"_U#M>!



! ^[!

!

!
F2*L0(.4CN!9!S9A/3-().+%)('.%W.;8J8;4.2$."%+P'(d.&2,R.3.P0(A,8@!.-L/-,03,(>!C&.)!.*/()-*1!;*4&/!
*6!)%&!9*;7/&B!*5)'-1&4!(14&+!4-.)'19&!I<<O"!'14!J#!-1)&+'9)-1:!,-)%!H^[!'14!\Uf8!+&.7&9)-3&/0M!'14!SQXS!
9*1.)+'-1).>!$%-.!;*4&/!-.!9*16-+;&4!50!'!+&9&1)!+&7*+)!6+*;!$&+';*)*!&)!'/>8!"_"_>!L;':&!)'2&1!6+*;!<-12&+!
&)!'/>8!"_Ug>!
! !



! ^g!

?*,&3&+8! <OYO<! '14!OP<!OP'.&! <! &1@0;&.! 4*! 4-66&+! *1! *)%&+! '.7&9).>! A*+! &B';7/&8!

2-1&)-9!'1'/0.&.!*6!)%&-+!&1@0;')-9!'9)-3-)-&.!+&3&'/&4!)%')8!.(+7+-.-1:/08!)%&!OP<!&1@0;&.!

%'3&!.(7&+-*+!9')'/0)-9!&66-9-&19-&.!I<'3/*3'!&)!'/>8!"_U"M>!$%-.!9*1)+'4-9).!)%&!%07*)%&.-.!

)%')!&3*/()-*1!9*(/4!+&7/'9&!OP<.!50!<OYO<!&1@0;&.!5&9'(.&!)%&0!'+&!;*+&!&66-9-&1)>!

?*,&3&+8!'//!)%&.&!;&'.(+&.!,&+&!*6!9*(+.&!7&+6*+;&4!($*7(%4/>!H*1.&R(&1)/08!+&.(/).!4*!

1*)!1&9&..'+-/0!+&6/&9)!,%')!-.!+&'//0!%'77&1-1:!($*7(7/>!D-2&,-.&8!*)%&+!&3*/()-*1'+0!9(&.!

;-:%)!5&!-1!6'3*(+!*6!<OYO<8!6*+!-1.)'19&8!)%&!6'9)!)%')!-)!-.!&'.-&+!)*!&B7+&..!'14!+&:(/')&!

'! .-1:/&! 7+*)&-1! &1@0;&! '.! 9*;7'+&4! )*! OP<! &1@0;&.! 9*;7*.&4! *6! '! +-5*@0;&! '14!

.&3&+'/!7+*)&-1!.(5(1-).>!

Q/.*8! <OYO<! 7+*)&-1.! '14!OP<.! %'3&! 4-66&+&1)! 7+&JtRNA substrate requirements. If 5’ 

leader and 3’ trailer sequence were found to be involved in sub.)+')&!5-14-1:!-1!)%&!OP<!

OP'.&!<8! )%-.!4*&.!1*)!.&&;!)*!5&!)%&!9'.&! 6*+!<OYO<!IS9%&/9%&+!&)!'/>8!"_U[M>! 6$*7(%4/!
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'99*+4-1:! )*! L%.'1',')-! &)! '/>8! "__f8! -.!7+*7*.&4! )*!'9)! '.! '!:&1&+'/!5'.&! )*! +&;*3&! '!

7+*)*1!6+*;!)%&!)'+:&)!P"!';-1*!:+*(7>!L)!-.!,*+)%!1*)-1:!)%')!'99*+4-1:!)*!'1*)%&+!.)(40!

6+*;!)%&!.';&!:+*(78!8Q"(B.O*#./:(<")!$+;U!9')'/0.&.!)%&!)+'1.6&+!*6!;&)%0/!:+*(7.!)*!

:('1-1&!"g!*6!)OPQ.!-1!'44-)-*1!)*!:('1-1&!"[!IQ,'-!&)!'/>8!"_UUM>!

L1! 84#0(9/-)()* %3#:(#$#8! )%+&&! )OPQ! IP"8! P"J:('1-1&MJ4-;&)%0/)+'1.6&+'.&.! %'3&! 5&&1!

7+&4-9)&4N! $OGU! Q8! C! '14! H>! $+;UH! -.! 7+&4-9)&4! )*! 5&! )'+:&)&4! )*! *+:'1&//&.!

I;-)*9%*14+-'!'14!9%/*+*7/'.)M8!,%-/&!$OGUQ!'14!C!'+&!7+&4-9)&4!)*!5&!1(9/&'+>!$%&0!

%'3&!1*)!5&&1!6(19)-*1'//0!*+!.)+(9)(+'//0!9%'+'9)&+-@&4>!!

! !



! [T!

!
.
F2*L0(. 46N! 9"R(+3,2". %W. ,R(. 0(3",2%$. "3,3'D-(). /D. <8:T>! $'2&1! 6+*;!E1-7+*)! 4')'5.&8! IlbPX?b! J!
$OGUo?(;'1M>!
!

!
.
F2*L0(.4YN! S9%&;')-9! *6! )%&!P"8P"J4-;&)%0/:('1*.-1&! I;"8"\M!;*/&9(/&>! L;':&! )'2&1! 6+*;!;*4*;-9.!
I%))7.Ndd--;95>:&1&.-/-9*>7/d;*4*;-9.dM>!
!
!
! !



! [^!

:3,(023'.3$).+(,R%)-.
!
!
!
!

:3,(023'.
!
!
!
!
!

>BBO ;'3$,.'2$(-X.
!
Q//! &B7&+-;&1).!,&+&!7&+6*+;&4!(.-1:!84#0(9/-)()* %3#:(#$#! '.!'!;*4&/!*+:'1-.;>!$%&!
&9*)07&! H*/(;5-'! IH*/JO) was considered as the “Wild Type” (WT) reference in all 
&B7&+-;&1).>!
G()'1).! ,&+&! *5)'-1&4! 6+*;! )%&! $J=PQ! -1.&+)-*1! /-1&.N! S'/2! $J=PQ8! \QCLJ`Q$! '14!
]-.9=./*B>!L1!'//!9'.&.8!$J=PQ!-1.&+)-*1.!,&+&!9*16-+;&4!(.-1:!<HO!';7/-6-9')-*1.!'14!
.&R(&19-1:!*6! )%&!+&.(/)-1:!<HO!7+*4(9).>!$*!9*16-+;!)%')!'! /-1&!,'.!21*92*()! 6*+! )%&!
:&1&!*6!-1)&+&.)8!O$J<HO!,'.!7&+6*+;&4!)*!';7/-60!)%&!9*4-1:!.&R(&19&!IH=SM!'.!,&//!'.!
O$JR<HO!,-)%!7+-;&+.! /*9')&4!'6)&+! )%&!$J=PQ! -1.&+)-*1! .-)&>!O&/')-3&! &B7+&..-*1!,'.!
9'/9(/')&4!'14!9*;7'+&4!)*!]$>!
Q6)&+!:&+;-1')-*18!7/'1).!,&+&!:+*,1!-1!.*-/!(14&+!.%*+)!4'0.!9*14-)-*1.!IU"!%*(+.!/-:%)!
d!U"!%*(+.!4'+2M>!Q6)&+!)+'1.7/'1)-1:8!)%&0!,&+&!:+*,1!-1!/*1:!4'0.!9*14-)-*1.!IU[!%*(+.!
/-:%)!d!f!%*(+.!4'+2M>!
A*+! ($*7(%4/!:+*,)%8!.&&4.!,&+&! .)&+-/-@&4!I.&&!G&)%*4.M!'14!.*,1!*1!GS!;&4-'!c!Un!
.(9+*.&>!Q6)&+!.)+')-6-9')-*1!-1!)%&!4'+2!')!cTkH!6*+!Tf%8!7/'1).!,&+&!:+*,1!-1!/*1:!4'0.!
9*14-)-*1.!IU[%!/-:%)df%!4'+2M>!
A*+!/-R(-4!:+*,)%8!.&&4.!,&+&!.)&+-/-@&4!'14!)+'1.6&++&4!)*!U__!;D!*6!/-R(-4!GS!;&4-'!c!
"n! .(9+*.&>! Q6)&+! .)+')-6-9')-*1! 6*+! Tf! %*(+.! ')! TkH! -1! )%&! 4'+28! )%&0!,&+&! /&6)! (14&+!
':-)')-*1!-1!/*1:.!4'0.!9*14-)-*1.!IU[!%!/-:%)df!%!4'+2M>!
!
!
!
!
!
!
!
!
!



! [[!

>BBBO =3",(023'.-,032$-.
&

#? E)<3.4(<3(#*</:(W*
!
E,*</:(!-.!'!\+';J1&:')-3&!C'9)&+-'!9*;;*1/0!6*(14!-1!)%&!;-9+*5-*)'!*6!;';;'/.>!L)!%'.!
5&&1!(.&4!.-19&!4&9'4&.!-1!;-9+*5-*/*:0!'14!;*/&9(/'+!5-*/*:0>!`&0!6-14-1:.!-1!5-*/*:0!
%'3&!5&&1!;'4&!(.-1:!)%-.!;*4&/!*+:'1-.;!/-2&!)%&!4-.9*3&+0!*6!*7&+*1.!Im'9*5!&)!'/>8!
Ub[_!'14!Ub[UM8!)%&!'9%-&3&;&1)!*6!:&1&)-9'//0!;*4-6-&4!*+:'1-.;.!IH*%&1!&)!'/8!Ubg#M8!
%*,!=PQ!+&7/-9')&.!ID&%;'1!&)!'/>8!Ub^fM!'14!%*,!)%&!:&1&)-9!9*4&!6(19)-*1.!IH+-92!'14!
'/>8!Ub[UM>!
E,*</:(!.(5.)+'-1.!(.&4!-1!5-*/*:0!/'5*+')*+-&.!'//!*+-:-1')&!6+*;!),*!.)+'-1.!9'//&4!`JU"!
and B. For example, the two strains DH5α and DH10B (that was branded under the name 
$Y<U_! 50! $%&+;*A-.9%&+dL13-)+*:&1M! 5*)%! 4&+-3&! 6+*;! )%&! `JU"! .)+'-1>! $%&! CD"U!
.(5.)+'-1!4&+-3&.!6+*;!)%&!C!.)+'-1>!!
!
S)+'-1.!(.&4!6*+!7/'.;-4!';7/-6-9')-*1N!
!

· DH5α strain:!

$%&.&!E,*</:(!9&//.!,&+&!&1:-1&&+&4!)*!-19+&'.&!)+'1.6*+;')-*1!&66-9-&190>!$%&0!'+&!`Y!6*+!
&14*1(9/&'.&!L! I.$98IM!'14!4&6-9-&1)! 6*+!%*;*/*:*(.!+&9*;5-1')-*1!I4.<8IM>!$%&0!'+&!
9*1.-4&+&4!'.!(.&6(/!)*!9/*1&!/'+:&!7/'.;-4.>!
\&1*)07&N!=–*.$98I*A:$MXX*%3(N1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 

Δ(lacZYAN#4A=?YISUC*3)9@IZV4[–mK+), λ–!
!

· $Y<U_!.)+'-1>!

$Y<U_! 9&//.! '+&! 5+'14&4! 50! $%&+;*A-.9%&+>! $%&0! '+&! 7+*5'5/0! -4&1)-9'/! )*! =?U_C!
IL13-)+*:&1M!'14!PZC!U_J5&)'>!$%&0!'+&!'/.*!+&9*;5-1')-*1!'14!&14*1(9/&'.&!L!4&6-9-&1)!
I+&9QU! d! &14QUM>! H%&;-9'//0! 9*;7&)&1)! $Y<UY! 9&//.!,&+&! +*()-1&/0! (.&4! 6*+! 7/'.;-4!
';7/-6-9')-*1>!
\&1*)07&N! )%4,* [NIT* =–* Δ(araNleu)7697[Δ(rapA'Ncra' )] Δ(lac)X74[Δ('yahHN&3-E?\*
9"-:(<#%(/$V]IX^XINSTZS_I?`$&-1NA:%6\* A#:[IS* A#:EI]* .IX–V(<9aG* &<48?*
φ80dlacZΔM15 recA1 relA1 endA1 Tn10.10 nupG rpsL150(StrR) rph+ spoT1 Δ(mrrN
3)9@H'NmcrBC) λ–*H()).$).V9$#8*A:&'*A:D!*:-O[*&4.1*&"48?*;/$).$).V<3(8*A#%b*B3"8c*
D(A8*DA<d?*=4#&.)3(B%VB:31*&A:8*B4"P?!
!
!
!
S)+'-1.!(.&4!6*+!7+*)&-1!7+*4(9)-*1N!
!

· CD"UI=Z#M!.)+'-1N!

$%&.&!9%&;-9'//0!9*;7&)&1)!9&//.!9*1)'-1!)%&!$g!OPQ!7*/0;&+'.&!:&1&!-1!6(.-*1!,-)%!)%&!
L<$\J-14(9-5/&!7+*;*)&+>!$%&0!'+&!(.&4!)*!&B7+&..!7/'.;-4.!,-)%!)%&!$g!7+*;*)&+>!
\&1*)07&N!E,*</:(*)%4,*P*=–*/&-G*A#:*9<&*:/$*3)9'PV4P–&P–) λ(DE3 [lacI lacUV5NGZ-_Z*($9I*
)#&Z*$($]\?*`&#:Pe\[N12(λS)*
!



! [g!

· O*.&))'"I=Z#M!7D0.S!.)+'-1N!!

$%&.&! .)+'-1.! 4&+-3&! 6+*;! CD"U>! $%&0!,&+&! 4&.-:1&4! )*! &1%'19&! &(2'+0*)-9! 7+*)&-1.!
&B7+&..-*1>!A*+!)%-.!7(+7*.&8!)%&0!,&+&! .(77/&;&1)&4!,-)%!)%&!+'+&!9*4*1.!Q\\8!Q\Q8!
QEQ8!HEQ8!HHH!'14!\\Q>!$%&.&!)OPQ!:&1&.!'+&!9'++-&4!50!'!9%/*+';7%&1-9*/!+&.-.)'1)!
7/'.;-4>!
\&1*)07&N!E,*</:(*)%4,*P*=–*/&-G*A#:*9<&*:/$c*3)9'PV4P–&P–) λ(DE3 [lacI lacUV5NGZ-_Z*
($9I*)#&Z*$($]\?*`&#:Pe\[N12(λS) pLD)'@8@E`GZ-T_*(:.J*#4AY*%34Y*%D4Y*A:DG*%34G*#4Aa*
&.%G*:."a*-4/R*/4(-I]8\V1&@?*
!
!

0? 8A4/0#<%.4("&*%"&.B#<(.$)W*
!

· \K#U_U!

$%-.! .)+'-1! %'.! '! H^f! 9%+*;*.*;'/! 5'92:+*(14! I,-)%! O-6';7-9-1! +&.-.)'19&M>! $%&! $-!
7/'.;-4!7G<b_!%'.!:&1)';09-1&!+&.-.)'19&>!$J=PQ!.&R(&19&!,'.!+&;*3&4!6+*;!)%&!$-!
7/'.;-4>!Q.!.(9%8!*1/0!)+'1.6*+;')-*1!,-)%!'!5-1'+0!3&9)*+!9*1)'-1-1:!)%&!$-J+&:-*1!,-//!
:-3&!'!$J=PQ!5-1'+0!.0.)&;!'//*,-1:!)+'1.6&+!*6!=PQ!-1)*!)%&!:&1*;&!*6!)%&!)+'1.6*+;&4!
7/'1)>!$%&!\K#U_U!.)+'-1!%'.!\&1)';09-1!'14!O-6';7-9-1!+&.-.)'19&>!Q!)%-+4!'1)-5-*)-9!-.!
(.&4!6*+!)%&!5-1'+0!3&9)*+>!
!
!

BSO ;'3-+2)-X.
!
</'.;-4.!'+&!&B)+'9%+*;*.*;'/!=PQ!;*/&9(/&.!)%')!+&7/-9')&.!'()*1*;*(./0>!$%&!)&+;!
,'.!9*-1&4!50!m>!D&4&+5&+:!-1!Ub^">!</'.;-4.!9'1!5&!6*(14!-1!5'9)&+-'8!'+9%'&'!'14!.*;&!
Z(2'+0*)&.!IS(;;&+.8!Ubb[M>!
$%&!6-+.)!9/*1-1:!7/'.;-4.!,&+&!9+&')&4!-1!)%&!Ubg_.>!</'.;-4.!(.&4!-1!/'5*+')*+0!9*1)'-1!
.&3&+'/!-;7*+)'1)!6&')(+&.!-19/(4-1:N!.&/&9)-*1!;'+2&+.8!'!+&7/-9')-*1!*+-:-18!+&:(/')*+0!
&/&;&1).! )*! 9*1)+*/! &B7+&..-*1! '14! '! I+&/')-3&/0M! .;'//! .-@&! )*! 6'9-/-)')&! 5'9)&+-'/!
)+'1.6*+;')-*1>!
!

#? =/4*21@*<:/$($AW*
!

· 7\ZGiJ$!&'.0!I<+*;&:'MN!!

$%-.! 7+&Jlinearized vector contains 3’J! $! *3&+%'1:! ')! )%&! -1.&+)-*1! .-)&>! $g! 7+*;*)&+!
+&:-*1.!6/'12!)%&!;(/)-7/&!9/*1-1:!.-)&!IGHSM>!$%&!GHS!+&:-*1!-.!-1.&+)&4!-1!)%&!7&7)-4&!
coding region for βJ:'/'9)*.-4'.&>!Q//*,-1:!5/(&J,%-)&!.9+&&1!.&/&9)-*1!*6! )+'1.6*+;&4!
9/*1&.>!L1.&+)&4!=PQ!9'1!5&!+&;*3&4!50!'!.-1:/&!+&.)+-9)-*1!&1@0;&!4-:&.)-*1!,-)%!C.)WL8!
Z9*OL!*+!P*)L>!
!
!
!
!



! [f!

· 7=YPYO!"_g!

$%-.! 7/'.;-4! -.! '! \')&,'0I$GMJ'4'7)&4! &1)+0! 3&9)*+>! L)! -.! 4&.-:1&4! )*! :&1&+')&! '))D!
6/'12&4! &1)+0! 9/*1&.! 9*1)'-1-1:! )%&! :&1&! *6! -1)&+&.)>! L1.&+)-*1! *6! )%&! 4&.-+&4! =PQ!
.&R(&19&!-.!;'4&!50!+&9*;5-1')-*1!,-)%!'1!'))C!&B7+&..-*1!9/*1&!*+!<HO!7+*4(9)>!7"_g!
9*1)'-1.!)%&!.&R(&19&!*6!)%&!994C!:&1&!5&),&&1!)%&!'))<!.-)&.!6*+!1&:')-3&!.&/&9)-*1>!
$%-.!7/'.;-4!%'.!:&1)';09-1!+&.-.)'19&>!
!
!
<8!@9FJ8:!<BJ@.1(",%0X.
.

· 7Z'+/&0\')&!

7Z'+/&0\')&!3&9)*+.!'+&!\')&,'0iJ9*;7')-5/&!7/'1)!)+'1.6*+;')-*1!3&9)*+.>!$%&0!,&+&!
4&3&/*7&4! 50! )%&! /'5! *6! H+'-:! <-2''+4>! $%&0! '//*,! Q:+*5'9)&+-(;J;&4-')&4! 7/'1)!
)+'1.6*+;')-*1!)%')!)+'1./')-*1'//0!6(.&!4-66&+&1)!)':.!IADQ\8!?Q8!9G09!6*+!&B';7/&M!*+!
)'14&;!'66-1-)0! 7(+-6-9')-*1! &7-)*7&! )':.! *1)*! )'+:&)! 7+*)&-1.>! Q1! '4e'9&1)! 6/(*+&.9&1)!
7+*)&-1!9'1!'/.*!5&!'44&4>!
!
!
F%0.;8J<EB@.EdP0(--2%$.
.

· 7Z$"fC!6*+!Q)<OYO<"!'14!Q)$OW#!&B7+&..-*1!

$%-.!7/'.;-4! -.!'!C'9)&+-'/!&B7+&..-*1!3&9)*+! 9*1)'-1-1:!)%&!$g!7+*;*)&+>! L)!7*..&..&.!
2'1';09-1!+&.-.)'19&>!=PQ!-1.&+)-*1!-.!;'4&!50!+&.)+-9)-*1!&1@0;&!9/*1-1:>!
!
!
!
!

SO ;8B:E89X.
!
$%&!/-.)!*6!'//!7+-;&+.!(.&4!%&+&!-.!:-3&1!-1!$'5/&!">!
!
$*!4&.-:1!7+-;&+.8!,&!(.&4!4-66&+&1)!,&5.-)&.8!-19/(4-1:!5()!1*)!+&.)+-9)&4!)*!7+-;&+#7/(.!
I%))7.Ndd7+-;&+#7/(.>9*;d9:-J5-1d4&3d7+-;&+#7/(.>9:-M8!
!PHCL!7+-;&+.!I%))7.Ndd,,,>195->1/;>1-%>:*3d)**/.d7+-;&+J5/'.)d!M8!!R7+-;&+=C!!
I%))7.Ndd5-*45>.,(>&4(>91dR7+-;&+45dM!
$*! 4&.-:1! )%&! :&1*)07-1:! 7+-;&+.! *6! $J=PQ! -1.&+)-*1! /-1&.8! )%&!$J=PQ!7+-;&+! 4&.-:1!
.*6),'+&!'3'-/'5/&!*1!)%&!SL\1QD!,&5.-)&!,'.!(.&4>!
Primer specificity was checked using the “BLAST” tool on TAIR.!
!
<+-;&+.!,&+&!'//!*+4&+&4!6+*;!L=$i>!
!

! .



! [b!

;02+(0.B5. G($(.B5. ;02+(0.-(NL($"(.

8<AN;?8! ! !
! ! !
R<HO!Q)GQA!&[&g!A,! Q)^:U#"T_! H\Q!QQ\!\H$!$$\!Q$H!$QH!$$\!\!
R<HO!Q)GQA!&[&g!O3! Q)^:U#"T_! QQQ!\\$!\$H!HHQ!\H$!$$H!H$!
R<HO!Q)OP'.&W#!A,! Q)U\^"U[_! $$$!\H$!HQ\!Q\Q!HQ\!HQ\!\Q!
R<HO!Q)OP'.&!W#!O3! Q)U\^"U[_! HHH!HQ$!QHQ!$$H!QHH!\QQ!Q\!
R<HO!Q)PO<HU!A,. Q)^:[__T_! H\Q!QQH!Q\$!\Q\!H$Q!Q$Q!$HQ!\\Q!
R<HO!Q)PO<HU!O3! Q)^:[__T_! HH$!Q\Q!\\Q!QQQ!Q$Q!$H\!Q\$!\H$!Q!
R<HO!Q)PO<Hg!A,! Q)U:_[gb_! HQQ!Q\H!H$$!$$\!H$H!HQQ!$\!
R<HO!Q)PO<Hg!O3! Q)U:_[gb_! QQ\!QQQ!HQ\!\QH!HHQ!QQH!HQ!
R<HO!UfS!+OPQ!A,! ! $\\!Q\\!\HQ!Q\$!H$\!\$\!HH!
R<HO!UfS!+OPQ!O3! ! H\\!HH\!QHH!HQ$!HHH!QQ\!\!
R<HO!Q)GQAUoA,!IQ%1!&)!'/>M! Q)^:U#"T_! H\Q!\\Q!Q\\!Q\H!QQ$!Q$\!\$!
R<HO!Q)GQAUoO3!IQ%1!&)!'/>M! Q)^:U#"T_! $\H!Q$H!Q$$!$\H!HQ\!\$$!QH!
R<HOoECH!A,! Q)U:UTT__! H$\!H\Q!H$H!Q\\!\QQ!$H$!$H$!QQ!
R<HOoECH!O3! Q)U:UTT__! $$\!$\H!HQ$!$\Q!Q$$!\QQ!HHH!
R<HO!$ECT!A,! Q)^:TT#T_! QQH!\H$!\QH!\Q\!$\$!Q$\!\$$!
R<HO!$ECT!O3! Q)^:TT#T_! HHQ!QQ\!\$Q!\\Q!$$Q!\H\!Q\H!
R<HO!^S!+OPQ!A,!IQ%1!&)!'/>M! ! \\Q!$\H!\Q$!HQ$!QHH!Q\H!
R<HO!^S!+OPQ!O3!IQ%1!&)!'/>M. ! \Q\!\\Q!$\H!QQH!QH\!Q\\!
R<HO!^S!+OPQ!A,!IQ>!<+*5.)M!! ! \\Q!$\H!\Q$!HQ$!QHH!Q\!
R<HO!^S!+OPQ!O3!IQ>!<+*5.)M! ! \\\!Q\\!$HQ!HHH!Q$H!H$Q!\$!
R<HO!E[!.1OPQ!A,! ! $$\!$\\!$$$!\\H!HH$!HQH!Q$!
R<HO!E[!.1OPQ!O3! ! \\\!HHQ!Q$$!HQH!QQ\!HQQ!HH!
R<HO!gSD!SO<oA]oU! ! $Q\!$H\!H$\!H$H!$\$!\QQ!\H!
R<HO!gSD!SO<oO3!U! ! \Q$!H\\!$$H!$\Q!$\$!\\\!HQ!
R<HO!gSD!SO<oA]o"! ! Q\H!H$$!H\H!$HQ!QH$!HQQ!HQ!
R<HO!gSD!SO<oO3!"! ! \\$!$HH!$H\!\Q$!H\\!$$H!$\!
R<HO!Q)D'U!A,! Q)T:#"g"_! Q\Q!$H$!$QQ!\\H!$\$!$$$!H\\!
R<HO!Q)D'U!O3! Q)T:#"g"_! HQH!H$$!HQ$!$\\!H$Q!Q$Q!H$\!H!
R<HO!Q)D'"!A,! Q)U:gbff_! \\Q!\Q$!QQH!$HQ!$\$!\H$!Q\H!
R<HO!Q)D'"!O3! Q)U:gbff_! QHH!$HQ!\Q\!H$\!QHQ!\QQ!$$Q!H!
R<HO!Q)PO<H"!A,! Q)^:T^UT_! HHQ!H\$!\$$!Q$\!Q$\!QHQ!Q\Q!H!
R<HO!Q)PO<H"!O3! Q)^:T^UT_! $H$!H$$!$HH!Q$$!$H$!HHH!QH$!H!
R<HO!Q)HH'.&!A,! Q)U:""[[_! Q\H!QQQ!\$$!\H\!\Q$!$$Q!$\Q!HHQ!\!
R<HO!Q)HH'.&!O3! Q)U:""[[_! $\H!\\$!\HH!QQQ!$$$!HQ$!$\$!Q\\!
! ! !
! ! !
G($%,DP2$*! ! !
! ! !
D<!\QCLo_#UHU_! Q)^:U#"T_! \Q$!Q\\!HQQ!QHQ!$\H!Q\\!QQ\!
O<!\QCLo_#UHU_! Q)^:U#"T_! H$$!HH$!H\Q!\\Q!QQ\!\Q$!HQ\!
\QCL!o_#UHU_!#b0+! Q)^:U#"T_! H$H!Q$$!HH$!H$H!Q\$!HHQ!$$H!H$Q!
$J=PQ!fTgT!\'5-J`')! ! Q$Q!Q$Q!QH\!H$\!H\\!QHQ!$H$!QHQ!$$$!$!
GU#!A,! ! \$Q!QQQ!H\Q!H\\!HHQ!\$!
GU#!O3! ! HQ\\QQQHQ\H$Q$\QH!
D<oSQD`o_Uf^U"! Q)#:_"#"_! $\$!\H\!$H\!Q$Q!\$\!$$$!\QH!
O<oSQD`o_Uf^U"! Q)#:_"#"_! QHH!Q$$!\QH!$\H!$$H!Q$\!QHH!
D<oSQD`o"_[#fT! Q)^:U^fU_! \\H!$H$!$Q$!HHQ!H$\!QQQ!\\\!
O<oSQD`o"_[#fT! Q)^:U^fU_! Q$\!QHQ!$$H!QQQ!\H$!$\$!\HH!
D<o]-.9=.D*B"TT\_T! Q)^:U^fU_! $$H!\\\!H$H!$$H!$$H!$$H!$$H!
O<o]-.9=.D*B"TT\_T! Q)^:U^fU_! H$H!$HH!H$Q!Q\\!$$$!$\$!\\H!
D<!\QCLo[b[H_T! Q)U\gTg__! H$$!$H\!QHQ!$$\!\$H!\$!
O<!\QCLo[b[H_T! Q)U\gTg__! $Q\!Q\\!$$\!Q\$!$QH!HQH!H!



! g_!

\QCLo[b[H_ToDC! ! Q$Q$$\QHHQ$HQ$QH$HQ$$\H!
D<oHS?Do\$bf_g! Q)U\^"U[_! Q$\!Q$Q!QQH!$HQ!Q$\!HHH!$Q$!$$Q!HQH!
O<oHS?Do\$bf_g! Q)U\^"U[_! Q\$!Q\\!QH$!QH$!$\$!HQH!
=.#! ! QHH!H\Q!HH\!\Q$!H\$!Q$H!\\$!
D5CU>#! ! Q$$$$\HH\Q$$$H\\QQH!
<gT^!I6*+!]-.9=.D*BM! ! QQH\$HH\HQQ$\$\$$Q$$QQ\$$\$H!
D<o\gT! Q)":U[[^_! \\HQ$H$\$$QH$$HQ\$\\H$Q!
O<o\[[! Q)":U[[^_! HQ$$$\$$Q$$QHHQH$$$HQH\\!
D<o\#b!I<"J?QM! Q)":U[[^_! $\H$$\$\QHQQQ$\Q$\Q\!
O<o?Q!)':!IO3M! Q)":U[[^_! Q\H\$QQ$H$\\QQHQ$H\$Q$\\!
A/':JDCT! ! H\$\$\HHQ\\$\HHHQH\\QQ$Q\$!
D<o\UT! Q)T:"Ub__! Q\HH\\Q\HQ$QQ\$$H$HQ!
O<o\U#! Q)T:"Ub__! $\HQ$\$$HH$$QQQH\H$Q$\!
DC'U! ! $\\$$HQH\$Q\$\\\HHQ$H\!
! ! !
G($(.3+P'2W2"3,2%$. ! !
! ! !
<+*;*)&(+!Q)GQAU!A,! Q)^:U#"T_! $H$!$$H!$\H!Q$$!\HQ!$\$!HH!
<+*;*)&(+!Q)GQA!U!O3! Q)^:U#"T_! \\$!H\$!$QQ!$$$!HHQ!QQQ!$$$!\$Q!$$$!H$$!$\Q!QHH!\!
H=S!Q)GQA!U!A,! Q)^:U#"T_! Q$\!QQ\!$$H!$$\!\Q\!$QH!QH$!QQH!H!
H=S!Q)GQA!U!O3! Q)^:U#"T_! $HQ!HQ$!Q$H!HQ$!\$H!\\H!
Q)GQAU!.&R(&19-1:!A,oU! Q)^:U#"T_! \Q\!\Q\!QHQ!QHH!QQQ!Q$Q!\QQ!QQ$!$QQ!HHH!\Q\!
Q)GQAU!.&R(&19-1:!O3oU! Q)^:U#"T_! $H$!H$$!$H$!Q$$!QH\!Q\\!H$Q!Q\Q!$H$!HHH!
Q)GQAU!.&R(&19-1:!A,o"! Q)^:U#"T_! Q\Q!QQH!\QQ!QQH!HH\!HQQ!H\!
Q)GQAU!–!-[!*3&+/'77-1:!A,! Q)^:U#"T_! QH\!Q$$!$HQ!\H\!H$\!$HQ!QQ\!HQH!Q$H!Q\!
Q)GQAU!–!-[!*3&+/'77-1:!O3! Q)^:U#"T_! $$\!QHQ!\H\!H$\!QQQ!$H\!$Q\!$HH!\\Q!$QH!
Q)GQAU!–!$DS!*3&+/'77-1:!A,! Q)^:U#"T_! Q$Q!$\$!H$Q!QQQ!$H$!QQQ!QHQ!QQH!$$\!
Q)GQAU!–!$DS!*3&+/'77-1:!O3! Q)^:U#"T_! Q\Q!$$$!$Q\!QHQ!$Q$!$$Q!QQ\!\\\!\!
Q)$OGUQ!H=S!A,! Q)#:_"#"_! Q$\!\QQ!QH\!\Q$!H$\!QQ$!\!
Q)$OGUQ!H=S!O3! Q)#:_"#"_! $$Q!$\$!$\Q!\\$!QQ$!Q$$!Q$H!$\$!$\H!
Q)$OGUC!H=S!A,! Q)^:U^fU_! Q$\\QQQH\\Q$H$HQQ$\!
Q)$OGUC!H=S!O3! Q)^:U^fU_! H$Q$\Q$\$$\Q\\HQQQQ$H!
S&R(&19-1:!7+-;&+!Q)$OGUQdC!
A,!

Q)#:_"#"_!
Q)^:U^fU_!

$$$!\Q$!\$\!\$$!\Q$!H$$!\!

! ! !
5’ and 3’ RACE. ! !
! ! !
5’RACE Rv (RT + External PCR)! Q)^:U#"T_! $\Q!HQ\!H\H!$\\!QQQ!H\Q!\QQ!QQ$!Q\!
5’RACE O3!L1)&+1'/!<HO! Q)^:U#"T_! $\H!\Q$!\\$!\Q$!Q\Q!\$$!Q$Q!$QH!
3’RACE Fw External PCR! Q)^:U#"T_! HH\!\QH!$QH!\Q$!$$H!Q\\!$QQ!$$\!$\!
3’RACE Fw Internal PCR! Q)^:U#"T_! \$\!$$\!$QQ!QHH!$\Q!Q\\!\!
-//(;-1'!#u+'9&GQA!-1)&+1'/!<HO! Q)^:U#"T_! QQ$!\Q$!QH\!\H\!QHH!QHH!\Q\!Q$H!$QH!QH\!$$H!Q\Q!

\$$!H$Q!HQ\!$HH!\QH!\Q$!H\$!\$$!\$Q!QQH!H$\!QQ\!\\!
O"U!7+-;&+! ! d^+Q77dH$\QHPPPPPPPPPPPPPPP$\\QQ$$H$H\\\$

\HHQQ\\Hd#44Hd!
O3!7+-;&+!':'-1.)!O"U! ! HH$$\\HQHHH\Q\QQ$$HHQ!
5’RACE adapter primer! ! \QQHQHE\H\EEE\HE\\HEEE\QE\QQQ!
5’ RACE fw! ! \QQHQH$\H\$$$\H$\\H$$$\Q$\!
! ! !
;02+(0-.W%0."'%$2$*. ! !
! ! !
Q)GQA!H=S!'))5U!A,! Q)^:U#"T_! \\\!\QH!QQ\!$$$!\$Q!HQQ!QQQ!Q\H!Q\\!H$Q!$\Q!Q\$!

$H$!$\\!Q\$!QHQ!H$Q!QHH!
Q)GQA!H=S!'))5"!O3! Q)^:U#"T_! \\\!\QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$$!HQH!Q$Q!

$HH!Q$\!$H\!\H!
Q)GQA!A(//!D&1:)%!A,!Q))5U! Q)^:U#"T_! \\\!\QH!QQ\!$$$!\$Q!HQQ!QQQ!Q\H!Q\\!H$$!H$$!$H$!

\HQ!$$\!HQ$!\$H!H!



! gU!

Q)GQA!A(//!D&1:)%!O3!Q))5"! Q)^:U#"T_! \\\!\QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$H!\$Q!HQ$!
QQQ!HQH!QQQ!Q$H!$HQ!QH!

Q)GQAU!H=S!'))5U!A,!PJ)&+!)':! Q)^:U#"T_! \\\!\QH!QQ\!$$$!\$Q!HQQ!QQQ!Q\H!Q\\!H$$!HQ$!\QQ!
\$$!H$$!\\Q!\$Q!HQH!$QQ!HH!

Q)GQAU!H=S!'))5"!O3!HJ)&+!)':! Q)^:U#"T_! \\\!\QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$\!HQ$!Q$H!
HQ$!\$H!\\H!

Q)<OYO<"!H=S!'))5U!PJ)&+!)':! Q)":U[[^_! \\\!\QH!QQ\!$$$!\$Q!HQQ!QQQ!Q\H!Q\\!H$\!\Q$!\\H!
$\H!$$H!$\Q!$HQ!QH!

Q)<OYO<"!H=S!'))5"!HJ)&+!)':! Q)":U[[^_! \\\!\QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$$!Q\\!QQ$!
H$$!HHH!Q$$!QH$!H$$!

Q)$OW#!'))5U!H=S!PJ)&+!)':! Q)U\^"U[_! \\\!\QH!QQ\!$$$!\$Q!HQQ!QQQ!Q\H!Q\\!H$\!\Q$!\Q$!
QQQ!H$H!QQ$!\HH!H!

Q)$OW#!'))5"!H=S!HJ)&+!)':! Q)U\^"U[_! \\\!\QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$\!HQQ!Q\H!
$$H!$$H!H$$!$QQ!\$H!

Q)$OGUQ!'))5U!H=S!PJ)&+!)':!A,! Q)#:_"#"_! \\\\!QHQ!Q\$!$$\!$QH!QQQ!QQQ!\HQ!\\H!$$H!!
Q$\\QQQH\\!Q$H$\QQ$\!

Q)$OGUQ!'))5U!H=S!HJ)&+!)':!O3! Q)#:_"#"_! \\\\!QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$\!
$\$$\Q\\$QQ$Q$$Q$!H$\$$\H!

Q)$OGUQ!'))5U!H=S!O3!I,-)%!S)*7!
9*4*1M!

Q)#:_"#"_! \\\\!QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$$!$$Q!
$$Q$\$$\Q\\$QQ$Q$$Q$!H$\$$\H!

Q)$OGUC!'))5U!H=S!PJ)&+!)':!A,! Q)^:U^fU_! \\\\!QHQ!Q\$!$$\!$QH!QQQ!QQQ!\HQ!\\H!$$H!!
Q$\\QQQH\\Q$H$HQQ$\!

Q)$OGUC!'))5U!H=S!O3!I,-)%!S)*7!
9*4*1M!

Q)^:U^fU_! \\\\!QH!HQH!$$$!\$Q!HQQ!\QQ!Q\H!$\\!\$$!$$Q!
H$Q$\Q$\$$\Q\\HQQQQ$H!

! ! !
B$.12,0%."'(313*(.3$)."A8<A;?8! ! !
! ! !
Q)GQAUo&[oA,! Q)^:U#"T_! $H\!QQQ!\\H!$$$!\Q$!H$Q!H$$!\\!
Q)GQAUo&goO3! Q)^:U#"T_! $H$!\H$!$QQ!Q\\!$\$!HHH!Q\H!
Q)GQAUo&[o$goA,! Q)^:U#"T_! \QQ!$$\!$QQ!$QH!\QH!$HQ!H$Q!$Q\!\\$!H\Q!QQ\!\H$!

$$\!Q$H!$QH!$$\!\!
O$!&)!O3!9<HO! Q)^:U#"T_! $H$!QHQ!\$$!HQQ!$\Q!QHH!\!
A,!SoOPQ!9<HO! Q)^:U#"T_! $HQ!Q$$!H$H!$HH!Q$$!$HH!H!
A,!DoOPQ!9<HO! Q)^:U#"T_! \H$!\$H!QQQ!\HQ!HQ$!HQ\!
! ! !
!
<3/'(.4X!/-.)!*6!7+-;&+.!(.&4!-1!)%-.!.)(40!
.

! .



! g"!

SBO ;'3$,.<A5@!.'2$(-X.
!
!
$J=PQ! /-1&.! (.&4! -1! )%-.! .)(40! '+&! )%&! 6*//*,-1:>! $%&0!,&+&! '//! 3&+-6-&4! 50! <HO!(.-1:!
7+-;&+.!4&.-:1&4!50!)%&!SL\1'/!,&5.-)&!I%))7Ndd.-:1'/>.'/2>&4(d)41'7+-;&+.>">%);/M>!
!
Q)":U[[^_!N!-4/4-T!N!Z?loAT#^H_f!
Q)T:"Ub__!N!-4/4-^*N!S'/2oU"[#bg!
Q)^:U#"T_!N!&#BI!N!\'5-J`')o_#UHU_!
Q)U:gTg__!N!%4LI!N!\'5-J`')o[b[H_T!
Q)U:^"U[_!N!%4L^*N!HS?Do\$bf_g!
Q)#:_"#"_!N*%4&I8!N!S'/2o_Uf^U"!
Q)^:U^fU_!N!%4&IP!N!S'/2o"_[#fT!
Q)^:U^fU_!N!%4&IP!N!]-.9=.D*B"TT\_T! !
Q)":_[bb_!N!3.$TNT!N!\'5-J`')oggT?_g!
!
!
!
!
!
!

SBBO !$,2/%)2(-X.
!

· <+-;'+0!'1)-5*4-&.N!

$%&! 7+-;'+0! '1)-5*40! ':'-1.)!?Q!7&7)-4&!,'.! +'-.&4! -1!;*(.&>! L)!,'.! *5)'-1&4! 6+*;!
S-:;'JQ/4+-9%i>!L)!-.!'!;*1*9/*1'/!Q1)-J?Q!)':!'1)-5*40!7+*4(9&4!-1!;*(.&>!L)!&1'5/&.!
)%&! 4&)&9)-*1! *6! ?QJtagged proteins. Following the manufacturers ‘ instructions8! )%-.!
'1)-5*40!,'.!(.&48!6*+!]&.)&+1!C/*)8!')!'!4-/()-*1!*6!UdU_!___8!'14!'!4-/()-*1!*6!UdU__!6*+!
-;;(1*$ZG>!
!

· S&9*14'+0!'1)-5*4-&.N!

\QG!I\*')!':'-1.)!G*(.&M!*+!\QO!I\*')!':'-1.)!O'55-)M!.&9*14'+0!'1)-5*4-&.!,&+&!(.&4!
4&7&14-1:! *1! )%&! 7+-;'+0! '1)-5*4-&.>! $%&.&! .&9*14'+0! '1)-5*4-&.8! 9*1e(:')&4! ,-)%!
%*+.&+'4-.%!7&+*B-4'.&!,&+&!(.&4!')!'!UdU_!___!4-/()-*1!'14!3-.('/-@&4!,-)%!&1%'19&4!
9%&;-J/(;-1&.9&1)!+&':&1).!IO*9%&M>!!!
!
! !



! g#!

:(,R%)-.
!
!
!

SBBBO ;K!@<9X.
.

#? 14/))($AW*
!
Q+'5-4*7.-.!9+*..-1:!,'.!7&+6*+;&4!'99*+4-1:!)*!)%&!6*//*,-1:!7+*9&4(+&>!A/*,&+.!,&+&!
'77+*7+-')&!6*+!9+*..-1:!,%&1!)%&!.)-:;'!-.!e(.)!7*-1)-1:!*()!5()!)%&!.)';&1.!'+&!1*)!0&)!
;')(+&>!S(++*(14-1:!;')(+&!6/*,&+.!'+&!.1-77&4!','0!.*!)%')!)%&0!4*!1*)!7*//-1')&!)%&!
9%*.&1!6/*,&+>!$%&!.)-:;'!.%*(/4!/**2!9+0.)'//-1&!'14!)%&!.(++*(14-1:!'1)%&+.!.%*(/4!1*)!
%'3&!;')(+&4>!S(++*(14-1:!.-/-R(&.!'+&!+&;*3&4!.*!)%')!)%&!.&&4!6+*;!)%&!9+*..!-.!1*)!
9*1)';-1')&4>!S*;&!*6!)%&!6/*,&+!7&)'/.!9'1!5&!+&;*3&4! -6!7*..-5/&!1*)!)%&!.&7'/.>!$%&!
-;;')(+&!'1)%&+.!J!)%&+&!.%*(/4!5&![j!T!/*1:!'14!"!.%*+)!'+&!'/.*!+&;*3&4>!!
$%&! 6&;'/&! 6/*,&+! -.!%&/4!,-)%! ),&&@&+.!'14! )%&! 6/*,&+! .%*(/4! .7/'0!*()>! <*//&1! 6+*;!
9%*.&1! '1)%&+! -.! '77/-&4!,-)%! *)%&+! ),&&@&+.>! Q! /*)! *6! 7*//&1! -.! 1&&4&4! )*! &1.(+&! )%&!
;'B-;(;!7+*4(9)-*1!*6!T_!.&&4.!7&+!.-/-R(&>!$%&!5'.&!*6!)%&!6/*,&+!)+&')&4! -.!;'+2&4!
,-)%!-12>!C'::-1:!-.!7&+6*+;&4!*1&!,&&2!/')&+8!+&;*3-1:!'10!6/*,&+.!)%')!%'3&!6*+;&4!
.(5.&R(&1)/0>!H+*..&.!.%*(/4!5&!7&+6*+;&4!5*)%!,'0.!)*!9*16-+;!1(9/&'+!-1%&+-)'19&!->&!
;'/&!'14!6&;'/&!+*/&.!.,*77&4>!
!

0? 8A4/N%4#$)B/4&#%(/$*/B*84#0(9/-)()*0D*B:/4#:*9(-W*
.
A/*+'/! 4-7! ,'.! 7&+6*+;&4! 6*//*,-1:! )%&! ;&)%*4! &.)'5/-.%&4! 50! H/*(:%! &)! '/>8! Ubbf>!
8A4/0#<%.4("&!,&+&!:+*,1!*3&+1-:%)!-1!̂ !;/!DC!;&4-(;!,-)%!)%&!'77+*7+-')&!'1)-5-*)-9.!
')!"fkH!(14&+!':-)')-*1>!$%&!6*//*,-1:!4'08!U>^!;/!*6!*3&+1-:%)!9(/)(+&!,'.!-19(5')&4!-1)*!
U__!;/!*6!DC!;&4-(;!,-)%!'77+*7+-')&!'1)-5-*)-9.!'14!-19(5')-*1!9*1)-1(&4!')!"fkH!6*+!
"_!%*(+.>!Q:+*5'9)&+-(;!,&+&!9*//&9)&4!50!9&1)+-6(:')-*1!')!T___!+7;!6*+!U_!;-1>!$%&1!
+&.(.7&14&4! -1! &R('/! 3*/(;&! *6! -16-/)+')-*1!;&4-(;! '14! -19(5')&4! 6*+! U! %*(+! ')! O$>!
L16/*+&.9&19&.! *6! )%&! 7/'1).!,&+&! .*'2&4! -1! )%&! .*/()-*1! 6*+! #_! .&9*14.8! 4+'-1&4! '14!
5/'92&4!*()!6*+!"T!%*(+.>!$%&1!+&)(+1&4!)*!)%&-+!*+-:-1'/!9*14-)-*1.>!

.

.

.

.



! gT!

B$W2',03,2%$.+()2L+.X.

! "#$%&! '()*+! ,!-! .//!0&! 1//!0&! 2//!0&!

3'! 045#60! 7! 8#(! 7! 39'!

:3/2;;<!

=! ,! 2>,.;!

?

,>2@@!?! />A..!?! />1BB!?!

'6*C)D4! ;!E! ! ;/!?! B/!?! 2/!?! ,/!?!

'#&84(!-FGG! ,H2///! ! ;//!

-

B//!m&! 2//!m&! ,//!m&!

I*4()DJ$C#$?)$4! 2//!m3! 2//!03! ,!0&! .//!m&! 1//!m&! 2//!m&!

!

<? M6d'*
!
H*1.)+(9)-*1.!(.&4!,&+&!)%&!.';&!'.!-1!\();'11!&)!'/>!"_U">!$%&!;&)%*4!(.&4!)*!7&+6*+;!
K-+(.!L14(9&4!\&1&!S-/&19-1:!-.!'4'7)&4!6+*;!C(+9%JS;-)%!&)!'/>8!"__[>!
$%&!$OK!3-+(.!-.!9*;7*.&4!*6!"!:&1*;-9!OPQ.!&19*4&4!50!"!7/'.;-4.!7$OKU!'14!7$OK"!
)%')! ,-//! 5&! )+'1.6*+;&4! -1! Q+'5-4*7.-.! 7/'1).! 50! 8A4/0#<%.4("&! -16-/)+')-*1>! $%&!
.&R(&19&!*6!-1)&+&.)!9*++&.7*14-1:!)*!)%&!:&1&!)%')!.%*(/4!5&!4*,1J+&:(/')&4!($*7(7/!-.!
9/*1&4! -1! 7$OK">! C+-&6/08! 8A4/0#<%.4("&! ,&+&! :+*,1! -1! ^! ;D! DC! '14! '77+*7+-')&!
'1)-5-*)-9.! *3&+1-:%)>! $%&1! U! ;D! ,'.! (.&4! )*! -1*9(/')&! '! "_! ;D! 9(/)(+&! *6! DC! '14!
'77+*7+-')&!'1)-5-*)-9.>!$%-.!,'.!4*1&!6*+!7$OKU!'14!7$OK">!Q6)&+!9&1)+-6(:')-*1!T___!:!
6*+! U_! ;-1()&.8! 5'9)&+-'! ,&+&! +&.(.7&14&4! -1! ,')&+>! Q6)&+! 9&1)+-6(:')-*1! )%&0! ,&+&!
+&.(.7&14&4!-1!':+*-16-/)+')-*1!5(66&+!IGZS!U_!;G8!G:H/"!U_!;G!'14!Q9&)*.S0+-1:*1&!
U^_! vGM>!=Y[__!,'.! '4e(.)&4! )*! U8^! '14!Q:4/0#<%.4("&! 9*1)'-1-1:!7$OKU! '14!7$OK"!
,&+&!;-B&4!')!&R('/!3*/(;&>!Q6)&+!"!%*(+.!-19(5')-*1!')!O$8!#!/&'3&.!6+*;!0*(1:!7/'1)/&).!
IU^!)*!Ug!4'0.!7*.)!:&+;-1')-*1M!,&+&! -16-/)+')&4!,-)%!'!U!;D!.0+-1:&>!<%&1*)07&!,'.!
3-.-5/&!6+*;!U_!)*!U"!4'0.!7*.)!-16&9)-*1>!A*+!;*/&9(/'+!'1'/0.&.8!.';7/&.!,&+&!)'2&1!#!
,&&2.! '6)&+! -16-/)+')-*1>! 7$OK"! &;7)0! 3&9)*+! IZKM! -.! )%&! 1&:')-3&! 9*1)+*/>! 7$OK"!
&B7+&..-1:! '! ! 7%0)*&1&! 4&.')(+'.&! I<=SM! .&R(&19&! -.! )%&! 7*.-)-3&! 9*1)+*/>! $%&! 4*,1!
+&:(/')-*1!*6!<=S!:&1&!&B7+&..-*1!/&'4.!)*!'!,%-)&!/&'3&.!7%&1*)07&>!
!
!

9? 'EEF'*)%.4(:()#%(/$*
!
Q!;'B-;(;!*6!U__!v/!*6!Q+'5-4*7.-.!.&&4.!,'.!(.&4!7&+!)(5&>!Q//!.)&7.!,&+&!7&+6*+;&4!
(14&+!'!.)&+-/&! 6/*,!%**4>!U!;/!*6!g_n!&)%'1*/!,'.!'44&4>!Q6)&+!U!;-1()&8!.&&4.!,&+&!
,'.%&4!^!)-;&.!50!'44-1:!'14!+&;*3-1:!U!;D!*6!?"Y>!$%&1!U!;D!*6!5/&'9%!I^_nM!,'.!
'44&4>!$%&18!.&&4.!,&+&!+*)')&4!6*+!^!;-1()&.!*1!'!,%&&/>!Q6)&+!^!;-1()&.8!.&&4.!,&+&!
,'.%&4!^!)-;&.!50!'44-1:!'14!+&;*3-1:!U!;D!*6!?"Y>!
!



! g^!

!

SB>O 5@!.+(,R%)-X.
!

#? F;8*.O%4#<%(/$W*
!
=PQ!,'.!&B)+'9)&4!(.-1:!#!4-66&+&1)!;&)%*4.>!
!

UM O'7-4!Q+'5-4*7.-.!=PQ!&B)+'9)-*1!I'4'7)&4!6+*;!Z4,'+4.!&)!'/>!UbbUM!

Q77+*B-;')&/0!U__!v/!*6!.)&+-/&!:/'..!5&'4.!,&+&!7/'9&4!-1!'!.9+&,J9'7!)(5&!,-)%!T__!v/!
*6!&B)+'9)-*1!5(66&+! I"__!;G!$+-.J?HD!7?!g8^8!"^_!;G!P'H/8!"^!;G!Z=$QM>!U! 9;"!*6!
/&'3&.!,'.!'44&4!'14!9&//.!,&+&!4-.+(7)&4!50!"!909/&.!*6!#_!.&9*14.!')!^^__!+7;!,-)%!#_!
.&9*14.!5+&'2!-1!5&),&&18!-1!'!<+&9&//0.i!4&3-9&>!Q6)&+!9&1)+-6(:')-*1!')!U[!___!:!ITk9M!
6*+! ^! ;-1()&.8! "__! v/! *6! )%&! .(7&+1')'1)! ,'.! )+'1.6&++&4! )*! '! 1&,! Z77&14*+6! )(5&!
9*1)'-1-1:!U^_!v/!*6!9*/4!-.*7+*7'1*/>!Q6)&+!3*+)&B!'14!-19(5')-*1!^!;-1()&.!')!O$!)%&!
=PQ!-.!7&//&)&4!')!U[!___!:!ITkHM!6*+!U_!;-1()&.>!S(7&+1')'1)!,'.!+&;*3&4!'14!)%&!7&//&)!
,'.%&4!,-)%!U!;D!*6!g_n!&)%'1*/>!Q6)&+!9&1)+-6(:')-*1!')!U[!___!:!ITkHM!6*+!^!;-18!)%&!
.(7&+1')'1)!,'.!+&;*3&4!'14!)%&!7&//&)!'-+J4+-&4!5&6*+&!5&-1:!+&.(.7&14&4!-1!^_!v/!*6!
.)&+-/&!,')&+>!
!

"M H$QC!</'1)!:&1*;-9!=PQ!&B)+'9)-*1!I;*4-6-&4!50!O'%(/!<')%'+2'+M!

#__!v/!*6!"X!H$QC!5(66&+!I"n!I,d3M!H$QC8!U8T!G!P'H/8!U__!;G!$+-.J?HD!7?!f8!"_!;G!
Z=$QM!,'.!'44&4! )*!'!U>^!;D! )(5&>!$,*!.;'//! /&'3&.!,&+&!'44&4!'14!:+-14&4!,-)%!'!
7/'.)-9!7&.)/&.8!)%&1!-19(5')&4!')![^kH!6*+!U_!;-1()&.!I*+!/*1:&+M>!Q6)&+!9**/-1:8!#__!v/!*6!
9%/*+*6*+;!,'.!'44&4!'14!)%&!)(5&!,'.!3*+)&B&4>!Q6)&+!9&1)+-6(:')-*1!')!U[!___!:!ITkHM!
6*+! ^! ;-1()&.8! )%&! (77&+! 7%'.&! ,'.! )+'1.6&++&4! )*! '! 1&,! )(5&! 9*1)'-1-1:! Uf_! v/! *6!
-.*7+*7'1*/>! Q6)&+! 3*+)&B8! )%&! )(5&! ,'.! 9&1)+-6(:&4! ^! ;-1()&.! ')! U[!___! :! ITkHM>!
S(7&+1')'1)! ,'.! +&;*3&4! '14! )%&! 7&//&)! ,'.%&4! ,-)%! ^__! v/! *6! g_n! &)%'1*/>! Q6)&+!
9&1)+-6(:')-*1! ')! U[!___! :! ITkHM! 6*+! ^! ;-18! )%&! .(7&+1')'1)! ,'.! +&;*3&4>! $*! &1.(+&!
7+*7&+! +&;*3'/! *6! +&.-4('/! &)%'1*/8! '! .%*+)! .7-1! *6! ^! .&9*14.!,'.! 7&+6*+;&4! '14! )%&!
+&;'-1-1:! /-R(-4! ,'.! +&;*3&4>! $%&! 7&//&)! ,'.! '-+J4+-&4! 6*+! ^! ;-1()&.! 5&6*+&! 5&-1:!
+&.(.7&14&4!-1!U__!v/!*6!.)&+-/&!,')&+>!
P*)&N! U! v/! *6! /-1&'+! 7*/0'9+0/';-4&! ID<QM! "_! v:dv/! 9'1! 5&! '44&4! -1! )%&! 5(66&+! ')! )%&!
5&:-11-1:!*6!)%&!&B)+'9)-*1>!L)!'9).!'.!'!9'++-&+!6*+!=PQ!7+&9-7-)')-*1!'14!,-//!7+*4(9&!'!
3-.-5/&!,%-)&!7&//&)>!!
!

#M </'1)! =PQ! &B)+'9)-*1! ;&)%*4! IG&)%*4! 6+*;! )%&! /'5! *6! L'1! S;'//8! E]Q8! <&+)%8!
Q(.)+'/-'M>!

$%-.!;&)%*4!,'.!(.&4!,%&1&3&+!/'+:&!R('1)-)-&.!*6!%-:%JR('/-)0!=PQ!,&+&!+&R(-+&4>!L)!
,'.! (.&4! ,-)%! 4-66&+&1)! 7/'1)! .7&9-&.! I84#0(9/-)()* %3#:(#$#8! '/:#$"&* :D</-.4)(<"&*



! g[!

P4#<3D-/9("&*9()%#<3D/$M!'14!7+*3&4!)*!5&!)%&!;*.)!&66-9-&1)!=PQ!&B)+'9)-*1!;&)%*4!*()!
*6! )%&! )%+&&! 7+*)*9*/.! 4&.9+-5&4! %&+&>!?*,&3&+8! )%-.! 7+*9&4(+&! -.! '/.*! )%&!;*+&! )-;&!
9*1.(;-1:>!
\/'..!5&'4.!,&+&!7/'9&4!-1)*!<+&9&//0.!)(5&.!9*1)'-1-1:!^__!v/!*6!&B)+'9)-*1!5(66&+!I_>U!G!
$+-.J?H/!7?!f8!_>_^!G!Z=$Q8!_>^!G!P'H/8!U!n!I,d3M!<K<T_M>!$,*!U!9;"!/&'3&.!,&+&!'44&4!
'14!)(5&.!,&+&!;-B&4!')!^^__!:!"B!#_!.&9*14.!,-)%!U!5+&'2!*6!#_!.&9*14.>![[!v/!*6!U_!n!
S=S!,'.!'44&4!'14!;-B&4!,-)%!'!3*+)&B>!Q6)&+!-19(5')-*1!')!O$!6*+!U^!;-1()&.8!)(5&.!,&+&!
9&1)+-6(:&4!')!;'B!.7&&4!6*+!U_!;-1>!S(7&+1')'1)!I^^_!v/M!,'.!+&;*3&4!)*!'!1&,!U8^!;/!
)(5&! 9*1)'-1-1:! U[[! v/! ^!G!7*)'..-(;! '9&)')&! '14!;-B&4>! Q6)&+! 9&1)+-6(:')-*1! ')!;'B!
.7&&4!6*+!U^!;-1()&.!ITkHM8!)%&!.(7&+1')'1)!I[__!–!g__!v/M!,'.!9'+&6(//0!7-7&))&4!-1)*!'!
1&,! )(5&!9*1)'-1-1:!_>g!3*/(;&!*6! -.*7+*7'1*/! '14!;-B&4!50! -13&+)-1:! .&3&+'/! )-;&.>!
$(5&.!,&+&!-19(5')&4!')!J"_kH!6*+!U^!;-1()&.!'14!9&1)+-6(:&4!')!;'B-;(;!.7&&4!U^!;-1!
ITkHM>!$%&!-.*7+*7'1*/!,'.!9'+&6(//0!7*(+&4!*66!)*!+&)'-1!)%&!=PQ!7&//&)!')!)%&!5*))*;!*6!
)%&!)(5&>!^__!v/!*6!g_!n!&)%'1*/!,'.!'44&4!'14!;-B&4!:&1)/0!50!)(5&!-13&+.-*1.!)*!,'.%!
)%&!7&//&)>!Q6)&+!9&1)+-6(:')-*1!')!;'B-;(;!.7&&4!6*+!^!;-1()&.!ITkHM8!)%&!&)%'1*/!,'.!
7*(+&4!*668!'14!)%&!7&//&)!'-+!4+-&4>!^_v/!*6!.)&+-/&!?"_!,'.!(.&4!)*!+&.(.7&14!)%&!7&//&)>!
!
!

0? 23.$/:*f*13:/4/B/4&*.O%4#<%(/$W*
!
Q1!&R('/!3*/(;&!*6!$+-.J?HD!.')(+')&4!7%&1*/d9%/*+*6*+;!I7?!f!6*+!=PQ!'14!7?![8f!6*+!
OPQM!,'.!'44&4! )*!'!=PQ!*+!OPQ!.';7/&>!Q6)&+!3*+)&B-1:! 6*+!"_! .&9*14.8! )%&! )(5&! -.!
9&1)+-6(:&4! ^! ;-1! ')! 6(//! .7&&4>! $%&! 'R(&*(.! /'0&+8! 9*1)'-1-1:! )%&! 1(9/&-9! '9-4.! -.!
)+'1.6&++&4!)*!'!1&,!U8^!;D!)(5&>!
!

<? E%3#$/:*-4.<(-(%#%(/$*
!
$*! 9*19&1)+')&! 1(9/&-9! '9-4.8! UdU_! I3*/(;&d3*/(;&M! *6! #G! .*4-(;! '9&)')&! 7?! ^>"! -.!
'44&4>!$%&1!U!v/!*6!:/09*:&1!'14!)%+&&!3*/(;&.!U__n!&)%'1*/!'+&!'44&4>!$%&!;-B)(+&!-.!
%*;*:&1-@&4!50!7-7&))-1:!,&//!'14!-13&+)-1:!'14!-19(5')&4!')!Jf_kH!6*+!U!%*(+!*+!–!"_kH!
*3&+1-:%)>!$%&!.';7/&!-.!)%&1!9&1)+-6(:&4!')!U[___!:!6*+!"^!;-1!')!TkH>!S(7&+1')'1)!-.!
4-.9'+4&4!'14!)%&!7&//&)!,'.%&4!,-)%!g_n!&)%'1*/>!Q6)&+!9&1)+-6(:')-*1!U[___!:8!^!;-1!')!
TkH8! )%&! .(7&+1')'1)! -.! 4-.9'+4&4! '14! )%&! 7&//&)! '-+! 4+-&4>! A-1'//08! )%&! =PQdOPQ! -.!
+&.(.7&14&4!,-)%!?"Y>!
!
!

9? F;8*#&-:(B(<#%(/$*0D*-/:D&.4#).*<3#($*4.#<%(/$*
V21@?*

!
<HO!,'.!7&+6*+;&4!(.-1:!),*!4-66&+&1)!7*/0;&+'.&.>!
!



! gg!

'M \Y)'R!\"!6/&B-!=PQ!7*/0;&+'.&!I<+*;&:'M!

$%-.!7*/0;&+'.&!-.!(.&4!6*+!7/'1)!:&1*)07-1:!*+!9*/*10!<HO!I)*!9%&92!)%&!7+&.&19&!'14!
.-@&!*6!)%&!=PQ!-1.&+)M>!
O&'9)-*1!;-B!,'.!'.!6*//*,N!
^X!5(66&+!a!T!v/!
G:H/"!I"^!;GM!a!U8"!v/!
4P$<.!IU_!;GM!a!_8T!v/!
<+-;&+.!IA]!'14!OK8!U_;GMa_8T!v/!&'9%!
=PQ!a!U!v/!')!U__!1:dv/!
\*!$'R!7*/0;&+'.&!a!_8"!v/!
?"_!a!U"8T!v/!
K)*)'/!a!"_!v/!
!
<HO!7+*:+';N!
I-M!-1-)-'/!=PQ!4&1')(+')-*1!.)&7!b^kH!–!#!;-1!
I--M!=PQ!4&1')(+')-*1!b^kHJ!#_!.&9!
I---M!<+-;&+.!'11&'/-1:!XkH!–!#_!.&9!I)&;7&+')(+&!,'.!.&)!4&7&14-1:!*1!7+-;&+.!$GM!
I-3M!=PQ!&/*1:')-*1!g"kH!–!X!.&9!I&/*1:')-*1!)-;&!4&7&14.!*1!)%&!4&.-+&4!/&1:)%!*6!)%&!
<HO!7+*4(9).>!]&!(.('//0!(.&!U!;-1d`5!(.-1:!\*$'R!7*/0;&+'.&M!
S)&7.!--!)*!-3!'+&!+&7&')&4!5&),&&1!"^!'14!#^!)-;&.>!
I3M!=PQ!&/*1:')-*1!)&+;-1')-*1!g"kH!–!#!;-1()&.!I9'1!5&!.%*+)&1&4!*+!-19+&'.&4M!
U_kH!–!%*/4!
!

5M <%(.-*1!?-:%!A-4&/-)0!=PQ!7*/0;&+'.&!I$%&+;*!A-.9%&+MN!

$%-.! 7*/0;&+'.&! -.! (.&4! 6*+! %-:%! 6-4&/-)0! ';7/-6-9')-*1! *6!=PQ>! $%-.! -.! '9%-&3&4! 50! '1!
exonuclease 3’ to 5’ “proofreading” activity.!
$%&!<HO!;-B!(.&4!6*+!)%-.!7*/0;&+'.&!,'.!(.('//0N!
^X!5(66&+!a!T!v/!
IThe High fidelity (HF) buffer is the default buffer used for amplification. However, a “GC” 

5(66&+!-.!'/.*!7+*3-4&4!'14!.%*(/4!5&!(.&4!6*+!4-66-9(/)!*+!/*1:!=PQ!)&;7/')&.M!
4P$<S!IU_!;GM!a!_8T!v/!
<+-;&+.!IA,!'14!O3!–!U_!;GM!a!_8[!v/!&'9%!
=GSY!I-6!1&&4&4M!a!_8[!v/!
?"Y!a!U#8"!*+!U"8[!v/!I4&7&14-1:!-6!=GSY!-.!'44&4M>!
<%(.-*1!7*/0;&+'.&!a!_8"!v/!
K)*)'/!a!"_!v/!
!
$%&!<HO!7+*:+';!(.&4!,'.!'.!6*//*,>!
$%&+;'/!909/&+!,'.!7+&J%&')&4!)*!bfkH!
I-M!bfkH!!#_!.&9!
I--M!bfkH!U_!.&9!
I---M!XkH!#_!.&9!IQ11&'/-1:!)&;7&+')(+&!,'.!.&)!4&7&14-1:!*1!7+-;&+.!$GM!



! gf!

I-3M!g"kH!–!X!.&9!I&/*1:')-*1!)-;&!-.!4&7&14-1:!*1!)%&!4&.-+&4!/&1:)%!*6!)%&!<HO!7+*4(9).>!
]&!(.('//0!(.&!#_!.&9d`5!,-)%!<%(.-*1!7*/0;&+'.&M!
S)&7.!--!)*!-3!'+&!+&7&')&4!5&),&&1!"^!'14!#^!)-;&.>!
I3M!g"kH!–!#!;-1()&.!I9'1!5&!.%*+)&1&4!*+!-19+&'.&4M!
U_kH!–!%*/4!
!
!
!

.? 8A#4/).*d.:*E:.<%4/-3/4.)()*
!
Q:'+*.&! \&/! Z/&9)+*7%*+&.-.! '//*,.! .&7'+')-*1! *6! =PQ!;*/&9(/&.! 4&7&14-1:! *1! )%&-+!
;*/&9(/'+!,&-:%)>!D*'4-1:!5(66&+!-.!'44&4!)*!)%&!=PQ!.*/()-*1!I-6!1*)!'/+&'40!7+&.&1)8!'.!
-1!)%&!\*$'R!:+&&1!5(66&+!I<+*;&:'MM>!$%-.!.*/()-*1! -.! /*'4&4!*1!'1!_8g^!)*!"n!I,d3M!
':'+*.&!:&/!-1!_8^X!$QZ!5(66&+!IT_!;G!$+-.J'9&)')&!7?!f8!U!;G!Z=$QM>!Z/&9)+*7%*+&.-.!-.!
9'++-&4! *()! ')! ^_JU__!K! -1! _8^X!$QZ!5(66&+>! Z)%-4-(;!5+*;-4&8! '1! -1)&+9'/')-1:! ':&1)!
'44&4!)*!)%&!:&/8!'//*,.!3-.('/-.')-*1!*6!=PQ!;*/&9(/&.!(14&+!EK!/-:%)>!
!

B? ;"<:.(<*#<(9)*Q"#$%(B(<#%(/$*
!
=PQ!'14!OPQ!,&+&!R('1)-6-&4!')!"[_!1;!(.-1:!'!P'1*=+*7!"___9!.7&9)+*7%*)*;&)&+!
(ThermoFisher) according to manufacturer’s instructions.!
!
!

A? '#$A.4*F;8*'.Q".$<($A*
!
S'1:&+! .&R(&19-1:! ,'.! (.&4! )*! 4&)&+;-1&! )%&! .&R(&19&! *6! <HO! 7+*4(9).! *+! =PQ!
insertions in plasmids. It was performed at the IBMP “Gene expression Analysis” platform 

(.-1:!'1!Q77/-&4!C-*.0.)&;.!#U__!'77'+')(.>!
!

S>O 8@!.+(,R%)-X.
!

#? 2:#$%*%/%#:*@;8*.O%4#<%(/$W*
!
S;'//!';*(1).!*6!7/'1).!/&'3&.!,&+&!6/'.%!6+*@&1!-1!'!U8^!;D!)(5&!9*1)'-1-1:!U__!v/!*6!
.)&+-/&!:/'..!5&'4.>!S';7/&.!,&+&!:+-14&4!f!.&9*14.!,-)%!'!S-/';')i!:+-14&+!I-)!-.!'43-.&4!
)*!*7&1!)%&!)(5&!5&6*+&!:+-14-1:!)*!'3*-4!-).!&B7/*.-*1M>!$%&1!.';7/&.!,&+&!7()!*1!-9&!'14!
g^_! v/! *6! $+-J+&':&1)! IGOHM! ,'.! '44&4>! S';7/&.! ,&+&! :+-14&4! U"! .&9*14.! ,-)%! )%&!
S-/';')8!)%&1!3*+)&B&4!'14!-19(5')&4!')!O$!6*+!̂ !;-1>!"^_!v/!*6!9%/*+*6*+;!,'.!'44&4!'14!



! gb!

)%&!.';7/&!,'.!3*+)&B&4>!$(5&.!,&+&!9&1)+-6(:&4!^!;-1()&.!')!U[!___!:!ITkHM>!$%&!(77&+!
'R(&*(.! 7%'.&! 9*1)'-1-1:! )%&! OPQ.! ,'.! )+'1.6&++&4! )*! '! 1&,! )(5&! '14! "^_! v/! *6!
-.*7+*7'1*/!I_8^!;/dU;D!)+-@*/M!,'.!'44&4>!Q6)&+!3*+)&B-1:!'14!5’ -19(5')-*1!')!O$8!)(5&.!
,&+&! 9&1)+-6(:&4! f! ;-1()&.! ')! U[!___! :! ITkHM>! S(7&+1')'1)! ,'.! +&;*3&4! '14! 7&//&)!
,'.%&4!,-)%!^__!v/!*6!&)%'1*/!g_n>!Q6)&+!9&1)+-6(:')-*1!')!U[!___!:!ITkHM!6*+!^!;-18!)%&!
.(7&+1')'1)!,'.!+&;*3&4>!$*!&1.(+&!7+*7&+!+&;*3'/!*6!+&.-4('/!&)%'1*/8!'!.%*+)!.7-1!*6!
^!.&9*14.!,'.!7&+6*+;&4!'14!)%&!+&;'-1-1:!/-R(-4!,'.!+&;*3&4>!$%&!7&//&)!,'.!'-+J4+-&4!
5&6*+&!5&-1:!+&.(.7&14&4!-1!"_!v/!*6!.)&+-/&!,')&+>!
!

0? F;#).*%4.#%&.$%W*
!
=P'.&!)+&');&1)!,'.!7&+6*+;&4!(.-1:!)%&!=P'.&!L!&1@0;&>!O&'9)-*1!,'.!7&+6*+;&4!-1!'!
)*)'/!3*/(;&!*6!U__!v/>!U_!v/!*6!=P'.&!L!c!G:H/"!IU_X!5(66&+M!,'.!'44&4!)*!U!)*!U_!v:!*6!
OPQ>!=P'.&!L!I$%&+;*A-.%&+M!,'.!'44&4! -1!'! +')-*!*6!UE!7&+!U!v:!*6!OPQ!,-)%!.)&+-/&!
,')&+! )*! +&'9%!U__!v/>!O&'9)-*1!,'.! -19(5')&4!#_!;-1()&.!')!#gkH!'14!.)*77&4!(.-1:!
7%&1*/d9%/*+*6*+;!&B)+'9)-*1>!
!

<? 8A#4/).*A.:*%/*.$)"4.*@;8*($%.A4(%DW*
!
$*!9%&92!6*+!'10!OPQ!4&:+'4')-*18!)%&!(.('/!;&)%*4!-.!)*!+(1!U__!1:!*6!7(+-6-&4!OPQ!*1!
'!6*+;'/4&%04&!4&1')(+-1:!:&/>!?*,&3&+!)%-.!7+*9&..!-.!)-;&!9*1.(;-1:!'14!&13-+*1;&1)!
1*1J6+-&14/0>!A*+!+*()-1&!9%&92!*6!OPQ!-1)&:+-)08!'!.-;7/&!1*1!4&1')(+-1:!':'+*.&!:&/!9'1!
5&! used. 100 ng of RNA is simply added to 1 µl of “OPQ! .)*7” solution (40%(v/v 

6*+;';-4&8!U_!;G!Z=$Q8!_>__"^n!5+*;*7%&1*/!5/(&8!_>__"^n!B0/&1&!90'1*/M!/*'4-1:!
5(66&+!'14!&/&9)+*7%*+&.-.!-.!9'++-&4!*()!')!U__!K!6*+!U^!;-1>!Q6)&+!3-.('/-@')-*1!(14&+!EK!
/-:%)8!OPQ.!'+&!9*1.-4&+&4!'.!1*1J4&:+'4&4!-6!),*!4-.9+&)&!5'14.!9'1!5&!.&&1!6*+!)%&!UfS!
'14!"fS!+-5*.*;'/!OPQ.8!,-)%!1*!.;&'+>!

.

9? d.:*-"4(B(<#%(/$*/B*@;8W*
!
$*!&B)+'9)!OPQ!6+*;!'!4&1')(+-1:!:&/8!,&!(.&4!)%&!7+*)*9*/!*6!$>]>P-/.&18!"_U#>!C+-&6/08!
)%&! 5'14! *6! -1)&+&.)! -.! +&;*3&4! 6+*;! )%&! :&/! (.-1:! '! +'@*+! 5/'4&! '14! 7/'9&4! -1! '!
;-9+*9&1)+-6(:&!)(5&!,-)%!T__!v/!*6!:&/!&/()-*1!5(66&+!I"_!;G!$+-.J?H/!7?!g>^8!_8"^!G!
S*4-(;!'9&)')&8!U!;G!Z=$Q8!_8"^n!S=SM>!Q6)&+!6+&&@-1:!6*+!U^!;-1!')!Jf_kH8!)%&!OPQ!-.!
/&6)!)*!4-66(.&!*3&+1-:%)!50!/&'3-1:!)%&!)(5&!')!+**;!)&;7&+')(+&>!Q6)&+!9&1)+-6(:')-*1!')!
+**;!)&;7&+')(+&!6*+!U_!;-1!')!;'B-;(;!.7&&48!)%&!.(7&+1')'1)!-.!)+'1.6&++&4!)*!'!1&,!
)(5&!'14!OPQ!-.!+&)+-&3&4!(.-1:!7%&1*/J9%/*+*6*+;!6*//*,&4!50!&)%'1*/!7+&9-7-)')-*1>!
!
!



! f_!

.? @.7.4).*G4#$)<4(-%(/$W*
!
9=PQ.!.01)%&.-.!,'.!7&+6*+;&4!(.-1:!7(+-6-&4!OPQ.8!'6)&+!=PQ!+&;*3'/!(.-1:!=P'.&!L!
I$%&+;*A-.%&+M>!A*+!'//!7(+7*.&.!IO$JqPCR, 3’ or 5’ RACE), an equal quantity of RNA was 

(.&4!6*+!'//!.';7/&.>!O&3&+.&!$+'1.9+-7)-*1!,'.!7&+6*+;&4!(.-1:!&-)%&+!S(7&+.9+-7)!LK!O$!
I$%&+;*A-.%&+M! *+! GoScript™ Reverse Transcriptase! I<+*;&:'M>! L1! &'9%! 9'.&! )%&!
supplier’s instructions were followed. To achieve global reverse transcription of RNAs a 

;-B!*6!*/-:*!4$!7+-;&+.!'14!+'14*;!%&B';&+!7+-;&+.!,'.!(.&4>!A*+!+&3&+.&!)+'1.9+-7)-*1!
of specific RNAs (for example in 3’ and 5’ race) a specific primer was used.!
!

B? @GNQ21@W*
!
O$JR<HO!-.!'!;&)%*4!(.&4!)*!4&)&+;-1&!)%&!+&/')-3&!/&3&/!*6!&B7+&..-*1!*6!:-3&1!:&1&.>!
$%&!';*(1)!*6!9=PQ.!-.!;&'.(+&4!50!)%&!1(;5&+!*6!909/&!1&9&..'+0!)*!+&'9%!'!9+*..-1:!
)%+&.%*/4!IH)M8!4&6-1&4!'.!'!:-3&1!';*(1)!*6!6/(*+&.9&19&!;&'.(+&4>!C0!9*;7'+-1:!)*!)%&!
relative level of “housekeeping” genes (various endogenous controls were used, see 

7+-;&+.!/-.)!6*+!4&)'-/.M8!)%&!+&/')-3&!&B7+&..-*1!/&3&/!*6!4-66&+&1)!:&1&.!9'1!5&!9*;7'+&4!
5&),&&1!.';7/&.>!C+-&6/0!9=PQ.!,&+&!4-/()&4!U_!6*/4!'14!;-B&4!,-)%!"^_!;G!*6!.&1.&!
'14!'1)-.&1.&!7+-;&+.!'14!^!v/!*6!Eurogentec Takyon™ SYBR® 2X qPCR Mastermix Blue. 

O&'9)-*1.! ,&+&! 7&+6*+;&4! ,-)%! )%+&&! )&9%1-9'/! +&7/-9')&.! -1! #fTJ,&//! 7/')&.! ,-)%! '!
D-:%)H09/&+! Tf_! O&'/J$-;&! <HO! S0.)&;! IO*9%&M>! <HO! 7+*:+';! ,'.! '.! 6*//*,! I-1-)-'/!
4&1')(+')-*1!.)&7!*6!^!;-1()&.!6*//*,&4!50!T_!909/&.!*6!U_!.&9*14.!')!b^kH8!U^!.&9*14.!')!
[_kH!'14!U^!.&9*14.!')!g"kHM>!<HO!&66-9-&19-&.!,&+&!9'/9(/')&4!6*+!'//!+&'9)-*1.>!Y1/0!<HO!
&66-9-&19-&.!.(7&+-*+!)*!_8b!,&+&!+&)'-1&4>!Q6)&+!&1.(+-1:!)%')!'//!)&9%1-9'/!+&7/-9')&.!%'3&!
/&..! )%'1! _8^! H)! *6! 4-66&+&19&8! )%&! +&/')-3&! &B7+&..-*1! -.! 9'/9(/')&4! (.-1:! )%&! 4&/)'! H)!
;&)%*4>!
!

A? <@GN21@*
!
H/&'3&4!OPQ!,'.!&B)+'9)&4!6+*;!:&/!(.-1:!)%&!;&)%*4!4&.9+-5&4!50!$>]>P-/.&18!"_U#>!
$%&1!U!v:!*6!RNA was ligated using T4 RNA ligase (NEB) according to manufacturers’ 

-1.)+(9)-*1.>!O&'9)-*1!,'.!9'++-&4!')!#gkH!6*+!U!%*(+!'14!&1@0;&!%&')!-1'9)-3')&4!')![^kH!
6*+!U^!;-1>!O&3&+.&!)+'1.9+-7)-*18!(.-1:!9-+9(/'+-.&4!OPQ!'.!'!;')+-B!,'.!7&+6*+;&4!(.-1:!
Superscript IV (Thermo fisher) following manufacturers’ instructions.!Q!.7&9-6-9!7+-;&+!
,'.!4&.-:1&4!)*!;')9%!)%&!&B7&9)&4!9-+9(/'+-.&4!OPQ!.&R(&19&>!$%&1!1&.)&4!<HO!,'.!
7&+6*+;&4!(.-1:!Uv/!*6!9=PQ!'.!'!)&;7/')&>!$%&!6-1'/!<HO!+&'9)-*1!,'.!.(5;-))&4!)*!<HO!
9/&'1J(7! (.-1:! )%&!G'9%&+&0!P':&/! <HO! 9/&'1J(7! 2-)>! QJ)'-//-1:!,'.! 7&+6*+;&4! *1! )%&!
&/()&4!=PQ!(.-1:!\*!$'R!<*/0;&+'.&! I<+*;&:'M!'14!=PQ!,'.! )%&1! -1.&+)&4! -1!7\ZG!
I<+*;&:'M! '99*+4-1:! )*!;'1(6'9)(+&+.’ instructions. Insert was sequenced using M13 

7+-;&+.!50!S'1:&+!.&R(&19-1:>!
!
!



! fU!

3? 3’ and 5’ 4#-(9*#&-:(B(<#%(/$*/B*<F;8*.$9)*V@81E?W*
!
3’RACEN!
!
3’ RACE was performed by adapting the protocol of Scheer et al., 2020. Total RNA 

&B)+'9)-*1!'14!=P'.&!)+&');&1)!,'.!7&+6*+;&4!'.!-14-9')&4!'5*3&>!Q6)&+!OPQ!-1)&:+-)0!
,'.!9%&92&4!*1!'1!':'+*.&!:&/8!^!v:!*6!7(+-6-&4!OPQ!,'.! /-:')&4!)*!U!v/!*6!U_!vG!O"U!
'47')*+>!$%-.!7+-;&+!<+-;&+!-.!5’adenylated (5’rAppM!'14!'.!.(9%!9'1!'9)!'.!.(5.)+')&.!6*+!
$T! /-:'.&.! -1! )%&! '5.&19&! *6! Q$<8! 7+&3&1)-1:! 6+*;! '4&10/')-*1! *6! (1,'1)&4! 7+*4(9)!
I+OPQ8!)OPQ!'14!;-OPQM>!Q44-)-*1'//0!)%-.!primer is blocked in 3’ by a dideoxycytosine, 

7+&3&1)-1:! )%&! 6*+;')-*1! *6! 7+-;&+! 9*19')&;&+>! <+-;&+! .&R(&19&! -.!
d^+Q77dH$\QHPPPPPPPPPPPPPPP$\\QQ$$H$H\\\$\HHQQ\\Hd#44Hd!
]')&+!,'.! '44&4! )*! '! 3*/(;&! *6! TT! v/! '14! )%&! +&'9)-*1!,'.! -19(5')&4! ')! [^kH! 6*+! #!
;-1()&.!'14!)%&1!7()!*1!-9&!6*+!"!;-1()&.>!^v/!*6!$T!OPQ!/-:'.&!5(66&+!IPZCM!,'.!'44&4!
'.!,&//!'.!U!v/!*6!$T!OPQ!/-:'.&!U!I..OPQ8!PZCM>!Q6)&+!-19(5')-*1!6*+!U!%*(+!')!#gkH8!)%&!
/-:')&4!OPQ!7+*4(9).!,&+&!7(+-6-&4!(.-1:!)%&!G'9%&/&0!P':&/!P(9/&*.7-1!OPQ!7/'1)!2-)!
"8^!v:!*6!/-:')&4!OPQ!,'.!(.&4!6*+!+&3&+.&!)+'1.9+-7)-*1!IO$M>!O$!,'.!7&+6*+;&4!(.-1:!
SSIV (Thermo) according to the manufacturer’s instruction. For this reaction, a RT short 

7+-;&+! IQUT[gM! ,'.! (.&48! '//*,-1:! *1/0! ';7/-6-9')-*1! *6! '4'7)&+J/-:')&4! OPQ.>!
Q;7/-6-9')-*1!,'.!7&+6*+;&4!')!^[kH8!,%-9%! -.! )%&!;'B-;'/! )&;7&+')(+&!')!,%-9%! )%&!
&1@0;&!%'.!U__n!&66-9-&1908!'99*+4-1:!)*!)%&!;'1(6'9)(+&+>!
Q6)&+!O$8!OP'.&!?!,'.!'44&4!IUv/!d!+&'9)-*1M>!$%&!+&.(/)-1:!9=PQ.!*6!),*!O$!+&'9)-*1!d!
.';7/&!,&+&!7**/&48!.(5e&9)&4!)*!7%&1*/J9%/*+*6*+;!'14!U!v/!,'.!(.&4!'.!)&;7/')&!6*+!
1&.)&4!<HO>! A-1'/! <HO!7+*4(9).!,&+&! 7(+-6-&4! (.-1:! QG<(+&! 5&'4.! IQ:&19*(+)M>! =PQ!
R('1)-)0!,'.!4&)&+;-1&4!(.-1:!l(5-)i!'14!7+*6-/&!,'.!9%&92&+!(.-1:!'!C-*'1'/0&+i!9%-7>!
Q6)&+!/-5+'-+0!7+&7'+')-*18!7(+-6-&4!<HO!7+*4(9).!,&+&!.&R(&19&4!,-)%!)%&!L//(;-1'!G-S&R!
.0.)&;>!
!
5’ RACEN!
!
$*)'/!OPQ!&B)+'9)-*18!=P'.&!)+&');&1)!'14!'4'7)*+!/-:')-*1!,'.!7&+6*+;&4!'.!-14-9')&4!
for 3’ RACE. As we were investigating the termini of a cleaved RNA, no dephosphorylation 

*+!4&9'77-1:!.)&7!,'.!1&&4&4>!O$!,'.!7&+6*+;&4!&..&1tially as for 3’ RACE except that 

)%&!.7&9-6-9!7+-;&+!6*+!O$!,'.!4&.-:1&4!':'-1.)!)%&!+&:-*1!*6!-1)&+&.)!*6!)%&!GQAU!:&1&!
I*(+!7+-;&+!,'.! /*9')&4!')! )%&! e(19)-*1!*6!)%&!$DS!9*1)'-1-1:! -1)+*1!'14!)%&! 6*//*,-1:!
&B*1M>!P&.)&4!<HO!,'.! )%&1! 7&+6*+;&4! '14! )%&! +&.(/)-1:! <HO!7+*4(9).!,&+&! 7(+-6-&4!
(.-1:!)%&!G'9%&+&0!P':&/!<HO!9/&'1J(7!2-)>!Q6)&+!-1.&+)-*1!-1!7\ZGJ$J&'.0!I<+*;&:'M8!
9*/*1-&.!,&+&!.&R(&19&4!-1!b[!,&//!7/')&.!(.-1:!S'1:&+!S&R(&19-1:>!S&R(&19-1:!+&.(/).!
,&+&!'/-:1&4!)*!)%&!.&R(&19&!*6!+&6&+&19&!(.-1:!G'9K&9)*+i>!
!
!



! f"!

(? F.$#%"4($A*#<4D:#&(9.*A.:*
!
=&1')(+-1:!'9+0/';-4&!:&/.!,&+&!(.&4!)*!.&7'+')&!OPQ.!*6! .;'//!.-@&.>!"^_!1:!*6!OPQ!
,&+&!(.('//0!(.&4>!Q6)&+!+&.(.7&1.-*1! -1! /*'4-1:!5(66&+!IT_nI3d3M! 6*+;';-4&8!U_!;G!
Z=$Q8!_>__"^n!5+*;*7%&1*/!5/(&8!_>__"^n!B0/&1&!90'1*/M8!.';7/&.!,&+&!4&1')(+&4!^!
;-1!')!g_kH!'14!/*'4&4!*1!'!:&/!I9*19&1)+')-*1!*6!)%&!:&/!4&7&14.!*1!)%&!.-@&!*6!)%&!OPQM!
'14!;-:+')-*1!,'.!7&+6*+;&4!')!"__!K8!"^!;Q8!U_!]8!6*+!U%!JU%#_>!G-:+')-*1!)'2&.!7/'9&!
-1!$CZ!5(66&+!Ib_!;G!$+-.J?H/!7?!f8!"!;G!Z=$Q8!b_!;G!5*+')&M>!
$%&!)'5/&!5&/*,!/-.).!)%&!4-66&+&1)!&/&;&1).!(.&4!4&7&14-1:!*1!)%&!9*19&1)+')-*1!1&&4&4>!
!
!
!
!
!
!
!

g? F.$#%"4($A*8A#4/).*A.:*
!
$%&!)'5/&!5&/*,!/-.).!)%&!4-66&+&1)!&/&;&1).!(.&4!4&7&14-1:!*1!)%&!9*19&1)+')-*1!1&&4&4>!

! ,>2E! ,>;E!!

! K)6C!,//!0&! K)6C!,//!0&! ,2!L4&&D! .!L4&&D!

I?%C)D4!:?<! ,>2! ,>;! ,>2! />G;!

M2N!:0&<! ! G2! ;G>.! B.!

3NK'!,/O!:0&<! ,/! ,/! A! ;!

")C0%&5PQJ54!:0&<! ;! ,A! ,1>1! @!

R)&604!S#$%&!:0&<! ,//! ,//! A/! ;/!

T%0U)$!54!0#?C%(#)$! ! ! ! !

3NK'! ,O! ,O!

")C0%&5PQJ54! ;E! !2>;E!

A*+;'/4&%04&!-.!'44&4!(14&+!)%&!6(;&!%**48!'6)&+!':'+*.&!,'.!;&/)&4>!\&/!-.!7+&7'+&4!

'14!+(1!(14&+!)%&!%**4>!

S';7/&.! '+&!;-B&4!,-)%!OPQ! /*'4-1:! 5(66&+! I^_n! 6*+;';-4&8! U_n! 6*+;'/4&%04&8! UB!

GY<S8! U_n! :/09&+*/8! "^! 1:dμ/! CZ$8! CC<M! '14! 4&1')(+&4! ^!;-1! ')! g_kH! 5&6*+&! 5&-1:!

/*'4&4>!

!

!

! .E!:;/!0&<! AE!:;/!0&<! ,2E!:;/!0&<! ,GE!:;/!0&<!

VC4%!G3! 2,!?! 2,!?! 2,!?! 2,!?!

I*CJ&!,@>,!1/E! G>;!0&! ,/!0&! ,;!0&! 2,>B!0&!

TW9!;O! ,/!0&! ,/!0&! ,/!0&! ,/!0&!



! f#!

5? GZ*@;8*6$*7(%4/*%4#$)<4(-%(/$* *
!

$g! OPQ! )+'1.9+-7)-*1!,'.! 7&+6*+;&4! (.-1:! )%&! $%&+;*A-.%&+! $+'1.9+-7)Q-4! $g! ?-:%!

V-&/4!$+'1.9+-7)-*1!`-)!6*//*,-1:!)%&!;'1(6'9)(+&+!-1.)+(9)-*1>!<HO!,'.!7&+6*+;&4!,-)%!

A,!7+-;&+!9*1)'-1-1:!)%&!$g!7+*;*)&+!*1!=PQ!*6!-1)&+&.)!-1.&+)&4!-1!'!7/'.;-4!I(.('//0!

7\ZGJ$J&'.0M>!<HO!7+*4(9).!,&+&!(.&4!'.!)&;7/')&.!6*+!-1!3-)+*!)+'1.9+-7)-*1>!

!

!

S>BO ?KJ@B@G.e.=!?<E8B!K.
<8!@9FJ8:!<BJ@.

!

#? 1/&-.%.$%*E,*</:(*-4.-#4#%(/$*
!

Q!.-1:/&!9*/*10!,'.!:+*,1!*3&+1-:%)!-1)*!^!;/!DC!')!#gkH>!$%&!1&B)!4'08!U!;/!9(/)(+&!,'.!

)+'1.6&++&4!-1)*!^__!;/!IDC!c!^!;/!U!G!G:H/"M8!:+*,1!')!UfkH!(1)-/!Y=^b[!a!_>"^J_>g!I$%-.!

)'2&.!"J#!4'0.!I.)'+)!^__!;/!9(/)(+&!b>__!';!4'0!Uj!4'0!#!')!b>__!';!Y=^b[!a!_>^g_M>!

H(/)(+&!,'.!)%&1!7/'9&4!*1!-9&!#_!;-1()&.!'14!%'+3&.)&4!')!T^__!+7;!6*+!U_!;-1!')!TkH>!

C'9)&+-'!,&+&!+&.(.7&14&4!-1!f_!;/!$C!5(66&+!I-9&J9*/4M!'14!7()!*1!-9&!6*+!U_!;-1>!

C'9)&+-'!,&+&!%'+3&.)&4!'//!':'-1!'14!+&.(.7&14&4!-1!"_!;/!$C!I-9&J9*/4M!cU>T!;/!*6!=GSY!

I9*/4M!I6-1'/!9*19&1)+')-*1N!gnM8!)%&1!7()!*1!-9&!6*+!U_!;-1>!

Q/-R(*)!IU__!v/M!,&+&!;'4&8!)%&1!6/'.%!6+*@&1!-1!/-R(-4!1-)+*:&18!'14!2&7)!')!Jf_kH!

!

$C!5(66&+!

! A-1'/!9*19&1)+')-*1! G,! :dU__;/!

<-7&.! U_!;G! #_">T! _>#_"!

G1H/"! ^^!;G! Ubg>b"! U>_ff!

H'H/"! U^!;G! UTg>_"! _>""!

`H/! "^_!;G! gT>^^! U>f[!

!



! fT!

=-..*/3&!'//!9*;7*1&1).!&B9&7)!G1H/"8!'+&!4-..*/3&4!'14!7?!'4e(.)&4!)*![>g!,-)%!`Y?>!

$%&1!G1H/"!-.!'44&4!'14!.*/()-*1!-.!.)&+-/-.&4!(.-1:!'!7+&J+-1.&4!6-/)&+>!

 

0? 1/&-.%.$%*8,*%"&.B#<(.$)*-4.-#4#%(/$*

!

"!8A4/0#<%.4("&!9*/*1-&.!I.)+'-1!\K#U_UNN7G<b_M!,&+&!:+*,1!YdP!')!"fkH8!"__!+7;!-1!

T!;D!*6!DC!c!'77+*7+-')&!'1)-5-*)-9>!$%-.!7+&J9(/)(+&!,'.!)%&1!)+'1.6&++&4!)*!U__!;D!*6!

DC! c! '77+*7+-')&! '1)-5-*)-98! '14! -19(5')&4! ')! "fkH8! "__! +7;! (1)-/! Y=[__1;! +&'9%&4!

5&),&&1!_>^!'14!U!I(.('//0!')!/&'.)![M>!H(/)(+&!,'.!)%&1!9%-//&4!*1!-9&!6*+!U_!)*!#_!;-1()&.!

'14!9&1)+-6(:&4!')!#___!:!^!;-1()&.!ITkHM>!<&//&)!,'.!+&.(.7&14&4!-1!"_!;D!*6!-9&!9*/4!"w!

;G! H'HD"! .*/()-*1>! Q6)&+! ^! ;-1()&.! 9&1)+-6(:')-*1! ')! #___! :! ITkHM8! 7&//&).! ,&+&!

+&.(.7&14&4!-1!"!;D!*6!"_!;G!-9&J9*/4!"_!;G!H'H/">!U__!v/!'/-R(*).!,&+&!;'4&!'14!6/'.%!

6+*@&1!-1!/-R(-4!1-)+*:&18!'14!)%&1!.)*+&4!')!Jf_kH>!

<? 1:/$($A*

.

L1)*!7\ZGJ$J&'.0N!

Cloning was performed according to the manufacturer’s instructions. Briefly, a 1:3 

3&9)*+d-1.&+)!;*/'+! +')-*!,'.! (.('//0! (.&4>! $%&! 4&.-+&4! R('1)-)0! *6! -1.&+)! I=PQM!,'.!

'44&4!)*!U!v!*6!7\ZG8!U!v!*6!$T!=PQ!/-:'.&8!^!v!"X!5(66&+!'14!?"Y!R.7!U_!v/>!

O&'9)-*1!,'.! /&6)!&-)%&+! 6*+!U!%*(+!')!O$!*+!*3&+1-:%)!')!TkH>!Q14!)%&1!)+'1.6*+;&4!-1!

E,</:(!>!

!

L1)*!7=YPYO"_gN!

7=YPYO"_g!,'.!(.&4!'.!)%&!&1)+0!7/'.;-4!6*+!\')&,'0!9/*1-1:>!\')&,'0i!-.!'!5+'14&4!

9/*1-1:! )&9%1*/*:0! 5'.&4! *1! )%&! .-)&J.7&9-6-9! +&9*;5-1')-*1! 7+*7&+)-&.! *6! )%&! /';54'!

bacteriophage. First, attB sites have to be added. attB1 site is added in 5’ of the DNA of 

interest and attb2 site in 3’. Then, using BP clonase II enzyme (Thermo), the attBJ<HO!

7+*4(9)!I*+!'!3&9)*+!9*1)'-1-1:!)%&!'))CJ<HO!7+*4(9)M!,-//!+&9*;5-1&!,-)%!7=YPYO"_g>!



! f^!

$%&!+&.(/)-1:!7+*4(9)!,-//!9*1)'-1!)%&!=PQ!.&R(&19&!*6!-1)&+&.)&4!6/'12&4!50!'))D!.-)&.>!

A-1'//08!)%-.!&1)+0!9/*1&!,-)%!)%&!'))D!.-)&.!,-//!+&9*;5-1&8!(.-1:!DO!9/*1'.&!LL!I$%&+;*M!

,-)%!'10!4&.)-1')-*1!3&9)*+!9*1)'-1-1:!)%&!'))O!.-)&.>!

!

9? P#<%.4(#:*%4#$)B/4&#%(/$*
 

E,</:(*–*+.#%*)3/<5*%4#$)B/4&#%(/$*

!

H*;7&)&1)!9&//.!,&+&!)%',&4!*1!-9&!6*+!U_!;-1()&.>!$%&1!/-:')-*1!7+*4(9)!,'.!'44&4!(≤5 

v/M!)*!^_!v/!9*;7&)&1)!9&//.!IE,*</:(M>!Q14!+&'9)-*1!,'.!-19(5')&4!*1!-9&!6*+!#_!;-1!5&6*+&!

%&')!.%*92>!

?&')!.%*92!,'.!7&+6*+;&4!')!T"kH!6*+!#_!)*!T^!.&9*14.!'14!)%&1!+&'9)-*1!,'.!7/'9&4!*1!

-9&!':'-1! 6*+!"!;-1>!Q6)&+! )%-.!.)&78!f__!v/! )*!U!;D!*6!DC!,'.!'44&4!'14!5'9)&+-'!,&+&!

-19(5')&4!')!#gkH!6*+!')!/&'.)!U!%*(+>!

L6! 1&&4&48! C'9)&+-'! ,&+&! 9*//&9)&4! 50! 9&1)+-6(:')-*1! U_!;-1()&.! ')! T!___! :! IO$M! '14!

+&.(.7&14&4! -1! "__! v/! *6! DC>! U__! v/! ,'.! 7/')&4! *1! .&/&9)-3&! ;&4-'! 9*1)'-1-1:! )%&!

'77+*7+-')&!'1)-5-*)-98!)*!.&/&9)!)%&!)+'1.6*+;&4!9*/*1-&.!'14!-19(5')&4!YdP!')!#gkH>!

!

E,</:(*–*E:.<%4/*%4#$)B/4&#%(/$*

A*+!&/&9)+*!)+'1.6*+;')-*18!E,*1/:(!G_U_""!,&+&!(.&4>!D-:')-*1!7+*4(9).!,&+&!7(+-6-&4!50!

7%&1*/J9%/*+*6*+;!'14!+&.(.7&14&4! -1!'!.;'//!3*/(;&!I^!v/M!*6!,')&+>!"!v/!*6!7(+-6-&4!

/-:')-*1! 7+*4(9).! ,&+&! '44&4! )*! T_! v/! *6! &/&9)+*J9*;7&)&1)! 5'9)&+-'>! $%&! 9&//d=PQ!

;-B)(+&!,'.! )+'1.6&++&4! )*! '! 9%-//&4! &/&9)+*7*+')-*1! 9(3&))&! '14! &/&9)+*7*+')-*1!,'.!

7&+6*+;&4!(.-1:! )%&! 6*//*,-1:! 9*14-)-*1.N! ">U! 2K8!100 Ω, and 25 μF. The typical time 

9*1.)'1)! -.! r">[! ;-//-.&9*14.>! =-+&9)/0! '6)&+! &/&9)+*7*+')-*18! f__! v/! *6! DC! I,-)%! 1*!

'1)-5-*)-9M!,'.! '44&4! '14! )%&! +&'9)-*1! )+'1.6&++&4! )*! '! 1&,! )(5&! '14! -19(5')&4!,-)%!

.%'2-1:! ')! #gkH! 6*+! U! %*(+>! L6! 1&&4&48! C'9)&+-'! ,&+&! 9*//&9)&4! 50! 9&1)+-6(:')-*1!

U_!;-1()&.!')!T!___!:!IO$M!'14!+&.(.7&14&4!-1!"__!v/!*6!DC>!U__!v/!,'.!7/')&4!*1!.&/&9)-3&!

;&4-'! 9*1)'-1-1:! )%&! '77+*7+-')&! '1)-5-*)-98! )*! .&/&9)! )%&! )+'1.6*+;&4! 9*/*1-&.! '14!

-19(5')&4!YdP!')!#gkH>!

!



! f[!

8,*%"&.B#<(.$)*–*+.#%*)3/<5*%4#$)B/4&#%(/$*

!

H*;7&)&1)!5'9)&+-'!,&+&!)%',1!*1!-9&>!#__!1:!)*!U!v:!*6!7/'.;-4!,'.!'44&4!)*!U__!vD!*6!

9*;7&)&1)!Q:+*5'9)&+-(;!9&//.>!Q6)&+!^!;-1()&.!*1!-9&8!)(5&.!,&+&!7/'9&4!6*+!^!;-1()&.!

-1!/-R(-4!1-)+*:&1!'14!)%&1!I'6)&+!*7&1-1:!*6!)%&!9'78!)*!'3*-4!7*77-1:M!4-+&9)/0!7/'9&4!')!

#gkH!6*+!^!;-1()&.>!$%&1!U!;/!DC!,'.!'44&4!'14!+&'9)-*1!,'.!-19(5')&4!6*+!"!%*(+.!')!

"fkH>!

"__!)*!"^_!v/!*6!)%&!+&'9)-*1!,'.!7/')&4!*1!.&/&9)-3&!;&4-'!'14!9*/*1-&.!,&+&!:+*,1!')!

"fkH!6*+!"!4'0.>!

S>BBO ;8J<EB@.
!

#? 24/%.($*.O%4#<%(/$W*

!

$%+&&!4-66&+&1)!;&)%*4.!,&+&!(.&4!6*+!7+*)&-1!&B)+'9)-*1>!$%&.&!)%+&&!7+*)*9*/.!9'1!5&!

(.&4!)*!&B)+'9)!7+*)&-1.!6+*;!'10!7/'1)!.';7/&.!I/&'3&.8!.&&4/-1:.8!6/*,&+!5(4.M>!

!

· G&)%*4!6+*;!Z3+'+4!&)!'/8!"__"!

!

$%&!7/'1)!.';7/&!,'.!'44&4!)*!'!)(5&!9*1)'-1-1:!U__!v/!*6!.)&+-/&!:/'..!5&'4.!'14!6/'.%!

6+*@&1>!$%&1!)%&!.';7/&.!,&+&!:+-14&4!(.-1:!)%&!S-/';')i!4&3-9&>!"__!v/!*6!%*)!If_kHM!

7+*)&-1!&B)+'9)-*1!5(66&+!IU__!;G!$+-.J?HD!7?![8f8!Un!:/09&+*/8!"nS=S8!U__!;G!=$$8!T!

G!(+&'M!,'.!'44&4!'14!.';7/&.!,&+&!3*+)&B&4>!Q6)&+!9&1)+-6(:')-*1!^!;-1()&.!')!U[!___!

:! I')!O$M8! )%&! .(7&+1')'1)!,'.! )+'1.6&++&4! )*!'!1&,! )(5&!9*1)'-1-1:!#!3*/(;&!*6! 9*/4!

'9&)*1&>! S';7/&.! ,&+&! )%&1! 7/'9&4! ')! J"_kH! 6*+! "_! ;-1()&.>! Q6)&+! U_! ;-1()&.! *6!

9&1)+-6(:')-*1!')!U_!___!:! ITkHM! )%&!7&//&)!,'.!,'.%&4!,-)%!f_n!'9&)*1&>!$%&18! '6)&+!

5&-1:!'-+!4+-&48!)%&!7&//&)!,'.!+&.(.7&14&4!-1!)%&!'4&R(')&!5(66&+8!4&7&14-1:!*1!6(+)%&+!

(.&!IS=SJ<Q\Z!*+!GS!'1'/0.-.!6*+!&B';7/&M>!

!

!

!



! fg!

· $+-@*/i!d!$+-J+&':&1)!IGOHM!

!

$%&!5&:-11-1:!*6!)%-.!7+*)*9*/!-.!-4&1)-9'/!)*!)%&!*1&!(.&4!6*+!OPQ!&B)+'9)-*1!I.&&!'5*3&M>!

Q6)&+! )%&! 6-+.)! 9&1)+-6(:')-*1! )%')! '//*,.! 7%'.&! .&7'+')-*18! )%&! *+:'1-9! 7%'.&! I')! )%&!

5*))*;!*6!)%&!)(5&M!,'.!+&)+-&3&4>!$%&1!=PQ!,'.!7+&9-7-)')&4!50!'44-1:!U__n!&)%'1*/!

I3*/(;&! d! 3*/(;&M! '14! ;-B-1:>! Q6)&+! U^! ;-1()&.! *6! -19(5')-*1! ')! O$8! )(5&.! ,&+&!

9&1)+-6(:')&4!^!;-1()&.!')!U[!___!:!ITkHM>!$%&!.(7&+1')'1)!9*1)'-1-1:!)%&!7+*)&-1.!,'.!

)+'1.6&++&4! )*! '! 1&,! )(5&! '14! 7+*)&-1.!,&+&! 7+&9-7-)')&4!,-)%! '9&)*1&! '.! 7+&3-*(./0!

4&.9+-5&4!>!

!

!

· G&)%*4!'4'7)&4!6+*;!$.(:';'!&)!'/>!I"_UUM!

!

"!7-&9&.!*6!Q+'5-4*7.-.! /&'3&.! I9*//&9)&4!(.-1:!'!7(19%&+M!,&+&!4-..*/3&4! -1!U^_!v/!*6!

7+*)&-1!&B)+'9)-*1!5(66&+!IU_n!3d3!:/09&+*/8!_>U"!G!$+-.!?HD!7?![8f8!Tn!,d3!S=S8!_8__^n!

,d3!5+*;*7%&1*/!5/(&8!U,25% v/v βJ;&+9'7)*&)%'1*/M!'14!5+-&6/0!:+-14&4!,-)%!'!7/'.)-9!

7&.)/&>!Q6)&+!5*-/-1:! 6*+!U_!;-1!')!b^kH8! )(5&.!,&+&!.7-11&4!6*+!^!;-1()&!')!;'B-;(;!

.7&&4!'14!U__!v/!*6!.(7&+1')'1)!,'.!9*//&9)&4!'14!(.&4!'.!7+*)&-1!&B)+'9)>!

!

Y3&+'//8! )%-.! ;&)%*4! 7+*3&4! )*! 5&! 5*)%! )%&! ;*.)! &66-9-&1)! '14! )%&! 6'.)&.)! )*! &B)+'9)!

84#0(9/-)()!)*)'/!7+*)&-1.>!

0? 24/%.($*Q"#$%(B(<#%(/$W*

!

P'1*4+*7iN!

P'1*4+*7!,'.! (.&4! 6*+! 7+*)&-1! R('1)-6-9')-*1! ')! "f_! 1;! (.-1:! '! P'1*=+*7! "___9$G!

.7&9)+*7%*)*;&)&+!I$%&+;*A-.%&+M>!

!

C+'46*+4!'..'0N!

<+*)&-1.! ,&+&! R('1)-6-&4! (.-1:! )%&! 9*/*+-;&)+-9! C+'46*+4! '..'0>! $%&! 7+*)&-1! '..'0!

.*/()-*1!,'.!7(+9%'.&4!6+*;!C-*JO'4i>!U!)*!"_!v/!*6!.';7/&.!I&3&1)('//0!4-/()&4M!,'.!



! ff!

(.&4>! Q14!;-B&4! )*! "__! v/! *6! )%&! 7+*)&-1! '..'0! .*/()-*1! '14! ,')&+! R.7! f__v/>! Q6)&+!

-19(5')-*1!6*+!'!6&,!;-1()&.!')!O$8!Y=^b^!,'.!;&'.(+&4!'14!9*;7'+&4!)*!'1!&.)'5/-.%&4!

.)'14'+4!+'1:&>!E.-1:!)%-.!.)'14'+48!<+*)&-1!9*19&1)+')-*1!,'.!4&)&+;-1&4>!

L)!-.!,*+)%!1*)-1:!)%')!7+*)&-1!9*19&1)+')-*1!4&)&+;-1&4!(.-1:!)%-.!;&)%*4!-.!1*)!'5.*/()&!

'14! C+'46*+4! '..'0! +&'9)-*1.! )&14! )*! 5&! 4-66-9(/)! )*! (.&! ,%&1! 4-66&+&1)! 9%&;-9'/.8!

6+&R(&1)/0!*99(++-1:!-1!5-*/*:-9'/!&B7&+-;&1).8!/-2&!S=S!'+&!7+&.&1)!-1!)%&!.*/()-*1>!

!

<? 24/%.($*.O-4.))(/$W*

.

#? 6$9"<%(/$*%.)%*

!

$%-.!)&.)!-.!7&+6*+;&4!'6)&+!9/*1-1:!'14!)+'1.6*+;')-*1!)*!9*16-+;!)%&!9*++&9)!&B7+&..-*1!

*6!)%&!7+*)&-1!*6!-1)&+&.)>!!

U!9*/*10!,'.!(.&4!)*!-1*9(/')&!#!;D!*6!DC!9*1)'-1-1:!)%&!'77+*7+-')&!'1)-5-*)-9!'14!Un!

:/(9*.&!I)*!+&7+&..!7+*)&-1!&B7+&..-*1!50!-1%-5-)-1:!)%&!$g!OPQ!7*/0;&+'.&!'9)-3-)0M!'14!

9(/)-3')&4!')!#gkH>!$%-.!9(/)(+&!,'.!4-3-4&4!-1!),*!.(5J9(/)(+&.!,%&1!Y=[__!%'4!+&'9%&4!

_8g>!Q6)&+!9&1)+-6(:')-*18!C'9)&+-'!,&+&!+&.(.7&14&4!-1!#!;D!DC!9*;7/&;&1)&4!,-)%!)%&!

'77+*7+-')&! '1)-5-*)-9>! L1! )%&! 1&:')-3&! 9*1)+*/8! .(9+*.&! ,'.! '44&4! )*! +&7+&..! 7+*)&-1!

&B7+&..-*1>!L1!)%&!-14(9&4!9(/)(+&8!U!;G!L<$\!,'.!'44&4>!Q6)&+!-19(5')-*1!6*+!Uf!%!')!/*,!

)&;7&+')(+&! I(.('//0! UgkHM8! 5'9)&+-'! ,&+&! 9&1)+-6(:&4! IU_! ;-1()&.8! ^!___! :M>! $%&18!

5'9)&+-'!,&+&!+&.(.7&14&4! -1!7+*)&-1! /*'4-1:!5(66&+!I"_!v/M>!$%-.!.)&7!'//*,.!5'9)&+-'/!

/0.-.>!$*)'/!7+*)&-1.!,&+&! )%&1! +(1!*1!'1!S=SJ<Q\Z!'14! )%&!&B7+&..-*1!*6! )%&!4&.-+&4!

7+*)&-1!9'1!50!3-.('/-@&4!&-)%&+!*1!'!.)'-1&4!:&/!*+!4&)&9)&4!50!]&.)&+1JC/*)!'1'/0.-.>!

!

0? 24/%.($*-"4(B(<#%(/$*

!

<OYO<"!9*4-1:! .&R(&19&!,'.! 9/*1&4! -1)*!7Z$"fJ5IcM! IP*3':&1M! )*!*5)'-1!H! )&+;-1'/!

6(.-*1.!,-)%!%-.)-4-1&!'66-1-)0!)':.>!$%&!9')'/0)-9'//0!-1'9)-3&!;()'1)!%'.!PVP!'9)-3&!.-)&.!

Q.7'+)')&.!T"U!'14!T""!;()')&4!)*!Q/'1-1&.>!<+*)&-1.!,&+&!&B7+&..&4!*3&+!1-:%)!')!UfkH!

-1!CD"UI=Z#M!Z>!H*/-!9&//.!-14(9&4!,-)%!U!;G!L<$\>!C'9)&+-'!,&+&!/0.&4!'14!9&1)+-6(:&4!



! fb!

#_!;-1!')!#_!___!+7;!ITkHM>!$%&!9/&'+&4!5'9)&+-'/!/0.')&.!,&+&!-19(5')&4!,-)%!)%&!P-!P$Q!

+&.-1! Il-':&1M>! $%&! 5*(14! 7+*)&-1.! ,&+&! ,'.%&4! ,-)%! 5(66&+.! 9*1)'-1-1:! ^_! ;G!

-;-4'@*/&8!"_!;G!GY<S!7?!g8f8!U^_!;G!P'H/!'14!U_!n!3d3!:/09&+*/!'14!)%&1!g^!;G!

-;-4'@*/&8!"_!;G!GY<S!7?!g8f8!U^_!;G!P'H/!'14!U_n!3d3!:/09&+*/>!<+*)&-1.!,&+&!&/()&4!

6+*;!)%&!9*/(;1!(.-1:!"__!;G!-;-4'@*/&!'14!^__!;G!-;-4'@*/&!5(66&+.>!<+*)&-1.!,&+&!

6(+)%&+!7(+-6-&4!50!.-@&!&B9/(.-*1!9%+*;')*:+'7%08!*1!'!S(7&+4&B!"__!U_d#__!L19+&'.&!

9*/(;18!(.-1:!'1!'()*;')&4!x2)'!7(+&!.0.)&;!-1!5(66&+!9*1)'-1-1:!"_!;G!GY<S!7?!g>f8!

U^_!;G!P'H/!'14!U_n!3d3!:/09&+*/>!

9? 'F'N28dE*V'/9("&*F/<.<D:*)":B#%.N-/:D#<4D:#&(9.*
A.:*.:.<%4/-3/4.)()?*

!

$%-.!;&)%*4!-.!(.&4!)*!.&7'+')&!7+*)&-1.!'99*+4-1:!)*!)%&-+!;*/&9(/'+!,&-:%)>!<+*)&-1.!

,&+&!+&.(.7&14&4!-1!^X!/*'4-1:!5(66&+!IU__!;G!$+-.J?HD!7?![>f8!"n!I,d3M!S=S8!U_n!

(v/v) glycerol, 3% (v/v) βJ;&+9'7)*&)%'1*/8!_>_Un!I,d3M!5+*;*7%&1*/!5/(&M8!4&1')(+&4!

')!b_kH!6*+!^!;-1()&.!'14!/*'4&4!*1!'1!S=SJ<Q\Z!:&/>!<+*)&-1!;-:+')-*1!,'.!9'++-&4!*()!

(14&+!9*1.)'1)!';7&+':&!*6!"^!;Q!-1!D'&;;/-!5(66&+!I"^!;G!$+-.!?HD!7?!f>#8!"__!;G!

:/09-1&8!_8UnI,d3M!S=SM>!$%&18!-1!*+4&+!)*!3-.('/-@&!)%&!7+*)&-1.8!)%&!:&/!9'1!5&!.)'-1&4!

,-)%!H**;'..-&!C+-//-'1)!C/(&!*+!7+*)&-1.!9'1!5&!)+'1.6&++&4!)*!'!<K=A!;&;5+'1&!6*+!

6(+)%&+!'1'/0.-.>!

!

'%#<5($A*A.:*]hN! !^n!'9+0/';-4&d5-.'9+0/';-4&!#g>^dU8!_>U"^!G!$+-.J?H/!7?![8f8!_>Un!

I,d3M!S=S8!_>Un!I3d3M!Q<S8!_>_Un!$ZGZ=!

'.-#4#%(/$* A.:* V-h?N!Sn! '9+0/';-4&d5-.'9+0/';-4&! #g8^dUj! _>#g^! G! $+-.J?H/! 7?! f>f8!

_>Un!I,d3M!S=S8!_>Un!I3d3M!Q<S!j!_>_Un!$ZGZ=!

!

!



! b_!

.? 24/%.($*%4#$)B.4*%/*#*2MF=*&.&04#$.*Va.%N
&.%3/9?*

!

$%-.!;&)%*4!,'.! 7&+6*+;&4! )*! &/&9)+*J)+'1.6&+! 7+*)&-1.! 6+*;! )%&! S=S! :&/! *1! '! <K=A!

;&;5+'1&!IL;;*5-/*1J<8!_8T^!v;8!G-//-7*+&M! -1!*+4&+!6*+!)%&!7+*)&-1.!)*!5&!'99&..-5/&!

6*+!'1)-5*40!4&)&9)-*1>!

$%&! <K=A! ;&;5+'1&! ,'.! '9)-3')&4! (.-1:! &)%'1*/! )%&1! &R(-/-5+')&4! ,-)%! )%&! :&/! -1!

)+'1.6&+! 5(66&+! IU^n! &)%'1*/8! "_! ;G! $+-.8! "__!;G! \/09-1&M! 6*+! U^! ;-1()&.>! <+*)&-1!

)+'1.6&+!,'.!9'++-&4!*()!(14&+!'!#[_!;Q!9*1.)'1)!';7&+':&!')!TkH!6*+!U!%*(+!-1!'!G-1-J

$+'1.JC/*)! H&//! IC-*JO'4iM! '77'+')(.>! $%&! ;&;5+'1&! ,'.! )%&1! &-)%&+! .)'-1&4! -1!

;&;5+'1&!.)'-1-1:!.*/()-*1!I_>Un!H**;'..-&!C/(&!OJ"^_8!^_n!;&)%'1*/8!gn!'9&)')&M!)*!

3-.('/-@&!)%&!9*++&9)!7+*)&-1!)+'1.6&+!'14!)%&1!,'.%&4!,-)%!)%&!G&;5+'1&!,'.%!.*/()-*1!

I^_n!;&)%'1*/8!gn!'9&)')&M8!*+!4-+&9)/0!(.&4!6*+!-;;(1*4&)&9)-*1.>!

B? a.)%.4$*P:/%*–*6&&"$/9.%.<%(/$*/B*-4/%.($)*

!

$%-.!)&9%1-R(&!-.!(.&4!)*!4&)&9)!'!7+*)&-1!*6!-1)&+&.)!-1!'!:-3&1!7+*)&-1!&B)+'9)>!

G&;5+'1&!,'.!6-+.)!5/*92&4!-1!'!.*/()-*1!*6!$CSJ$,&&1!_>"n!I3d3M!I$CSJ$M!,-)%!^n!CSQ!

I*+!;-/2M!I,d3M!6*+!*1&!%*(+!')!+**;!)&;7&+')(+&>!C/*92-1:!.*/()-*1!,'.!)%&1!4-.9'+4&4!

'14!)%&!;&;5+'1&!,'.!-19(5')&4!-1!'!$CSJ$!.*/()-*1!'14!^n!CSQ!I*+!;-/2M!9*1)'-1-1:!

)%&!7+-;'+0!'1)-5*40!4-+&9)&4!':'-1.)!)%&!7+*)&-1!*6!-1)&+&.)>!$%-.!-19(5')-*1!.)&7!,'.!

7+&6&+&1)-'//0!7&+6*+;&4!*3&+1-:%)!')!TkH>!C()!-)!9'1!'/.*!5&!7&+6*+;&4!6*+!U!%!')!+**;!

)&;7&+')(+&>!$%&!7+-;'+0!'1)-5*40!.*/()-*1!,'.!)%&1!+&;*3&4!I(.('//0!-)!-.!9*1.&+3&4!')!

J"_kH!'14!9'1!5&!+&J(.&4M!'14!)%&!;&;5+'1&!,'.%&4!#!)-;&.!^!;-1()&.!-1!$CSJ$>!Q6)&+!

)%&!)%-+4!,'.%8!)%&!;&;5+'1&!,'.!-19(5')&4!6*+!T_!;-1()&.!)*!U!%*(+!,-)%!)%&!.&9*14'+0!

'1)-5*40!9*(7/&4!)*!7&+*B-4'.&!'14!4-/()&4!)*!Ud!U_!___!-1!$CSJ$>!$%&1!)%&!;&;5+'1&!-.!

,'.%&4! ':'-1! #! )-;&.! -1! $CSJ$! '14! )%&! 7&+*B-4'.&! .(5.)+')&! ID(;-JD-:%)! ]&.)&+1!

C/*))-1:!S(5.)+')&8!O*9%&iM!,'.!'44&4>!$%&!7&+*B-4'.&! .(5.)+')&! &;-).! /-:%)!,%&1! -1!

9*1)'9)! ,-)%! )%&! .&9*14'+0! '1)-5*40>! D-:%)! &;-))&4! 50! )%-.! +&'9)-*1! ,-//! )%&1! &-)%&+!

-;7+&..!'!7%*)*:+'7%-9!6-/;!*+!5&!4&)&9)&4!50!'1!'77'+')(.!.(9%!'.!)%&!A(.-*1AX!IK-/5&+M8!



! bU!

+&3&'/-1:!)%&!7+&.&19&!*6!)%&!7+*)&-1!*6!-1)&+&.)!I7+*3-4&4!)%')!)%&!.-@&!*6!)%&!4&)&9)&4!

5'14!-.!-4&1)-9'/!)*!)%&!&B7&9)&4!.-@&!*6!)%&!7+*)&-1!*6!-1)&+&.)M!'14!-).!+&/')-3&!R('1)-)0>!

A? 24/%.($*</N(&&"$/-4.<(-(%#%(/$*V1/N62?*

!

$%&!'-;!*6!)%-.!)&9%1-R(&!-.!)*!4&)&9)!)%&!7+*)&-1!7'+)1&+.!*6!'!:-3&1!7+*)&-1>!L;;(1*J

7+&9-7-)')-*1!'..'0.!,&+&!7&+6*+;&4!,-)%!84#0(9/-)()!7+*)&-1!&B)+'9).!(.-1:!)%&!vGQHS!

?QJ)'::&4!<+*)&-1!L.*/')-*1!`-)!IG-/)&10-!C-*)&9M>!

$%+&&!4-66&+&1)!;&)%*4.!,&+&!(.&4! )*!7&+6*+;!H*JL<!':'-1.)! <OYO<"J?Q>!Q//!*6! )%&;!

,&+&!&66-9-&1)!)*!*5)'-1!'1!&1+-9%&4!6+'9)-*1!*6!*(+!7+*)&-1!*6!-1)&+&.)>!?*,&3&+!*1/0!)%&!

/'))&+!,'.!&66-9-&1)!)*!-4&1)-60!<OYO<"!7+*)&-1!7'+)1&+.>!

L1! '//! 9'.&.8! )%&! .)'+)-1:!;')&+-'/!,'.! 84#0(9/-)()! 6/*+'/! 5(4.! )%')!,&+&! 9*//&9)&4! '14!

4-+&9)/0!6/'.%!6+*@&1>!$%&18!.';7/&.!,&+&!&-)%&+!.)*+&4!')!Jf_kH!*+!4-+&9)/0!7+*9&..&4>!=')'!

'1'/0.-.! .%*,&4! 1*! 4-66&+&19&! 5&),&&1! .';7/&.! 2&7)! ')! Jf_k9! I&3&1! 6*+! ;*1)%.M!

9*;7'+&4!)*!.';7/&.!4-+&9)/0!7+*9&..&4>!

!

!

1/N62*>(%3*Ih*G4(%/$N!

!

U!:!*6!6/*,&+!5(4.!,'.!:+-14&4!-1!/-R(-4!1-)+*:&1!(1)-/!*5)'-1-1:!'!7'/&!7*,4&+>!$%&18!)%-.!

7*,4&+!,'.!)+'1.6&++&4!-1!/0.-.!5(66&+!I^_!;G!$+-.!?H/!7?!f8!^_!;G!P'H/8!Un!$+-)*1!'14!

7+*)&'.&.! -1%-5-)*+.! IH*;7/&)&! Z=$QJ6+&&! O*9%&iM! '14! +*)')&4! *1! '! ,%&&/! 6*+! #_!

;-1()&.!')!TkH>!Q6)&+!U_!;-1()&.!9&1)+-6(:')-*1!')!TkH!')!U_!___!:8!)%&!.(7&+1')'1)!,'.!

)+'1.6&++&4! )*! '! 1&,! )(5&! '14!;-B&4!,-)%! ^_! v/! *6! '1)-J?Q!;':1&)-9! 5&'4.>! Q6)&+! T^!

;-1()&.!+*)')-*1!')!TkH8!)%&!.*/()-*1!,'.!/*'4&4!*1!'!;':1&)-9!9*/(;1>!Q6)&+!/*'4-1:8!)%&!

9*/(;1!,'.!,'.%&4!T!)-;&.!,-)%!^__!v/!*6!,'.%!5(66&+!I^_!;G!$+-.!7?!f8!^_!;G!P'H/8!

_8Un!$+-)*1! c! 7+*)&'.&.! -1%-5-)*+.! IH*;7/&)&! Z=$QJ6+&&!O*9%&iMM>! $%&1! &/()-*1!,'.!

7&+6*+;&4!,-)%!U"_!v/!*6!&/()-*1!5(66&+!IG-/)&10-!C-*)&9M!%&')&4!')!b^kH>!$%&!7+*)&-1.!

,&+&!)%&1!'1'/0.&4!&-)%&+!50!DHJGSdGS!*+!50!]&.)&+1!C/*)>!

!

!



! b"!

=/4&#:9.3D9.*<4/)):($5*&.%3/9N!

!

U!:!*6!6/*,&+!5(4.!,'.!:+-14&4!-1!/-R(-4!1-)+*:&1!6*+!^!;-1()&.>!]%&1!'!7'/&!7*,4&+!,'.!

*5)'-1&48!-)!,'.!)+'1.6&++&4!)*!'!1&,!;*+)'+!'14!:+-14&4!6*+!U_!;-1()&.!-1!U_!;D!*6!D0.-.!

5(66&+!c!_8#n!6*+;'/4&%04&!IUn!)+-)*18!^_!;G!?&7&.!7?!f8!P'H/!^_!;G!'14!7+*)&'.&!

-1%-5-)*+.! IO*9%&! 9*;7/&)&iMM>! Ub"! v/! *6! U[n! 6*+;'/4&%04&!,'.! '44&4! -1! )%&! 5(66&+!

4-+&9)/0!5&6*+&!(.&>!$%&1!##_!v/!*6!:/09-1&!"G!I-1! )+-.!7?!fM!,'.!'44&4!)*!R(&19%!)%&!

+&'9)-*1!'14!:+-14-1:!,'.!9*1)-1(&4!6*+!^!;-1()&.>!$,*!+*(14.!*6!9&1)+-6(:')-*1!,&+&!

9'++-&4!*()!')!U_!___!:!ITkHM!6*+!U^!;-1()&.>!Z'9%!)&9%1-9'/!+&7/-9')&!I)*)'/!1a#M!9*1)'-1&4!

U8"!;D!*6! 6-1'/! .(7&+1')'1)>!U#!v/!*6!=$$! I_8U!G! I;'4&! 6+&.%MM!,'.!'44&4!'14!'6)&+!^!

;-1()&.!+*)')-*1!*1!,%&&/!-1!9*/4!+**;8!^_!v/!*6!'1)-J?Q!5&'4.!IG-/)&10iM!,&+&!'44&4!

'14!+*)')-*1!')!./*,!.7&&4!ITkHM!,'.!9*1)-1(&4!6*+!T^!;-1()&.>!$%-.!.*/()-*1!,'.!(.&4!'.!

-17()!6*+!H*JL<>!Z'9%!9*/(;1.!,'.!,'.%&4!T!)-;&.!,-)%!T__!v/!*6!,'.%-1:!5(66&+!I_>Un!

)+-)*18! ^_!;G!?&7&.! 7?! f8! P'H/! ^_!;G! '14! 7+*)&'.&! -1%-5-)*+! IO*9%&! 9*;7/&)&iMM>!

A-1'//08!&/()-*1!,'.!9'++-&4!*()!(.-1:!U"^!v/!*6!%&')&4!I')!b^kHM!&/()-*1!5(66&+!IG-/)&10-!

C-*)&9%M>!$%&!7+*)&-1.!,&+&!)%&1!'1'/0.&4!&-)%&+!50!DHJGSdGS!*+!50!]&.)&+1!C/*)>!

!

!

1/N62*6A.-#:*0"BB.4N!

!

U8^!:!*6!6/*,&+!5(4.!,&+&!:+-14&4!-1!/-R(-4!1-)+*:&1!6*+!^!;-1()&.>!]%&1!'!7'/&!7*,4&+!

,'.!*5)'-1&48!-)!,'.!)+'1.6&++&4!)*!'!1&,!;*+)'+!'!:+-14&4!6*+!U^!;-1()&.!-1!T8^!;D!*6!

7+*)&-1!&B)+'9)-*1!5(66&+!I^_!;G!$-.J?9/!7?!g8^j!^!;G!G:H/"8!_8Un!L:&7'/8!U_n!:/09&+*/8!

^! ;G! =$$! '14! 7+*)&'.&! -1%-5-)*+! IO*9%&! 9*;7/&)&iMM! ')! TkH>! $%-.! 7+&7'+')-*1! ,'.!

9&1)+-6(:&4!),-9&!U^!;-1()&.!')!TkH8!U[!___!:>!"!;D!*6!7+*)&-1!&B)+'9)!,'.!(.&4!'.!-17()!

6*+!H*JL<>!^_!v/!*6!;-/)&10!5&'4.!,&+&!'44&4!'14!+*)')&4!*1!,%&&/!6*+!U!%*(+!')!TkH>!Z'9%!

9*/(;1!,'.!,'.%&4!T!)-;&.!,-)%!T__!v/!*6!)%&!7+*)&-1!&B)+'9)-*1!5(66&+>!A-1'//08!&/()-*1!

,'.! 9'++-&4! *()!(.-1:! U"^! v/! *6! %&')&4! I')! b^kHM! &/()-*1! 5(66&+! IG-/)&10-!C-*)&9M>! $%&!

7+*)&-1.!,&+&!)%&1!'1'/0.&4!&-)%&+!50!DHJGSdGS!*+!50!]&.)&+1!C/*)>!

!



! b#!

3? R1NH'fH'*#$#:D)()*

!

Q//! )%&! ;'..! .7&9)+*;&)+0! '1'/0.&.! ,&+&! 7&+6*+;&4! ')! )%&! S)+'.5*(+:JZ.7/'1'4&!

7+*)&*;-9!7/')6*+;!50!)%&!7/')6*+;!.)'66>!!

<+*)&-1.!&B)+'9).!,&+&!7+&9-7-)')&4!-1!9*/4!_>U!G!';;*1-(;!'9&)')&!-1!U__n!;&)%'1*/!

'14!4-:&.)&4!,-)%!.&R(&19-1:J:+'4&!)+07.-1>!Z'9%!.';7/&!,'.!'1'/0@&4!50!1'1*DHJZSLJ

GSdGS!*1!'!lZB'9)-3&c!;'..!.7&9)+*;&)&+!9*(7/&4!)*!'1!ZQSVJ1*1DHJU___!I$%&+;*J

A-.%&+!S9-&1)-6-9M!,-)%!'!U[_J;-1!:+'4-&1)>!=')'!,&+&!.&'+9%&4!':'-1.)!)%&!$QLO!4')'5'.&!

,-)%!'!4&9*0!.)+')&:0!I+&/&'.&!$QLO3U_8!"g"fU!6*+,'+4!7+*)&-1!.&R(&19&.M>!<&7)-4&.!'14!

7+*)&-1.!,&+&! -4&1)-6-&4!,-)%!G'.9*)! '/:*+-)%;!I3&+.-*1">^>U8!G')+-B!S9-&19&!'14!4')'!

,&+&!-;7*+)&4!-1)*!<+*/-1&!3U>T!.*6),'+&>!$*)'/!1(;5&+!*6!GSdGS!6+':;&1)')-*1!.7&9)+'!

,'.!(.&4!)*!R('1)-60!&'9%!7+*)&-1!IS7&9)+'/!H*(1)!/'5&/J6+&&!+&/')-3&!R('1)-6-9')-*1M>!L1!

)%&!9'.&!*6!H*JL<8!)*!-4&1)-60!.-:1-6-9'1)/0!&1+-9%&4!7+*)&-1.8!'!.)')-.)-9'/!'1'/0.-.!(.-1:!)%&!

;.;.$&.).!O!7'92':&!,'.!9'++-&4!*()!(.-1:!.7&9)+'/!9*(1).!I\+&:*+-m8!S'19%&@!Q8!"_U#M>!

$%&!,%*/&!GS!4')'.&)!,'.!6-+.)!1*+;'/-@&4!50!)%&!)*)'/!1(;5&+!*6!GSdGS!.7&9)+'!I9*/(;J

,-.&!1*+;'/-@')-*1M>!$%&! -;7/&;&1)&4!1&:')-3&!5-1*;-'/!;*4&/8!5'.&4!*1!)%&!.*/()-*1!

7+*3-4&4! 50! )%&! &4:&O! 7'92':&!,'.! (.&4! IO*5-1.*1! &)! '/>8"_U_M>! <J3'/(&.!,&+&! )%&1!

'4e(.)&4!(.-1:!)%&!C&1e';-1-!h!?*9%5&+:!;&)%*4>!<+*)&-1.!)%')!,&+&!*3&+J+&7+&.&1)&4!

-1! H*JL<!,&+&! 3-.('/-@&4! '.! '! 3*/9'1*! 7/*)! )%')! 4-.7/'0.! /*:"J6*/4J9%'1:&! '14! J/*:U_J

p.value on, respectively, the x and y axes. The graphic was plotted using the Plotly’s R 

:+'7%-1:!/-5+'+0>!

S>BBBO E'(",0%$.+2"0%-"%PDX.

!

G4#$)&())(/$*.:.<%4/$*&(<4/)</-D*VGEH?N!

!

Q+'5-4*7.-.!/&'3&.!,&+&!6-B&4!*3&+1-:%)!ITkHM!-1!"n!:/()'+'/4&%04&!'14!)+&')&4!6*+!"!%!

,-)%!"n!*.;-(;!'14!)%&1!-1!"n!(+'10/!'9&)')&!')!TkH!YP>!S';7/&.!,&+&!4&%04+')&4!,-)%!

ethanol and infiltrated with EPON812 medium grade resin. 90 μm!.&9)-*1.!,&+&!9()!,-)%!

'1!(/)+'9()!Z!;-9+*)*;&!IO&-9%&+)M!'14!9*//&9)&4!*1!:+-4.!9*')&4!,-)%! 6*+;3'+!IZGSM>!



! bT!

S';7/&.! ,&+&! 3-.('/-@&4! ,-)%! '! ?-)'9%-! ?J[__! )+'1.;-..-*1! &/&9)+*1! ;-9+*.9*7&!

*7&+')-1:!')!g^!2K>!

!

6&&"$/NGEHN!

!

L;;(1*JZ/&9)+*1!;-9+*.9*70!9'1!5&!(.&4!)*!4&)&9)!7+*)&-1.!-1!)-..(&.!*+!9&//.>!E/)+')%-1!

.&9)-*1.! 9'1! 5&! 4&9*+')&4! ,-)%! :*/4! 7'+)-9/&.! I.-@&! +'1:&.! 6+*;! ^! )*! "_! 1;M! )%')!

.7&9-6-9'//0!7-17*-1)!)%&!/*9'/-@')-*1!*6!'1)-5*40!'14!)%(.!'!7+*)&-1!*6!-1)&+&.)>!$%-.!,'0!

.(59&//(/'+8!.(+6'9&8!&14*90)-9!7+*)&-1.!d;'+2&+.!9'1!5&!4&)&9)&4!)*!'!+&.*/()-*1!*6!^!1;!

A*+!-;;(1*J4&)&9)-*18!.';7/&.!,&+&!5+-&6/0!%04+')&4!-1!,')&+!'14!)%&1!.')(+')&4!-1!<CS!

c!Un!CSQ!6*+!#_!;-1()&.>!$%&18!)%&!7+-;'+0!'1)-5*40!,'.!'44&4!I4-/()&4!'99*+4-1:!)*!)%&!

manufacturer’s instr(9)-*1.! -1!<CS!c!Un!CSQM!'14! -19(5')-*1!,'.!9'++-&4! 6*+!"!%*(+.>!

Q6)&+!#!,'.%&.!,-)%!<CS8!)%&!.&9*14'+0!'1)-5*40!9*(7/&4!*1!:*/4!7'+)-9/&.!I4-/()&4!-1!<CS!

c!CSQM!,'.!'44&4!6*+!"!%*(+.>!S';7/&.!,&+&!)%&1!,'.%&4!#!)-;&.!,-)%!<CS!'14!#!)-;&.!

,-)%!,')&+>!A-1'//08!.';7/&.!,&+&!3-.('/-@&4!,-)%!'!?-)'9%-!?J[__!&/&9)+*1!;-9+*.9*7&!

*7&+')-1:!')!g^!2K>!

!

!

SBSO 9JF<V!8E.f./2%2$W%0+3,2".

!

$%&!6*//*,-1:!.*6),'+&.!d!,&5.-)&.!,&+&!(.&4!4(+-1:!;0!<%=>!

!

23D4.TN!

Q!6+&&!,&5J5'.&4!.&+3-9&!6*+!7+*)&-1!#=!.)+(9)(+&!7+&4-9)-*1>!<%0+&!.)'14.!6*+!I;+*)&-1!

H*;*/*:0dQ1'/*:M!8&9*:1-)-*1!E1:-1&M>!

L)!-.!'99&..-5/&!')!)%&!6*//*,-1:!'44+&..N!

%))7Ndd,,,>.5:>5-*>-9>'9>(2dr7%0+&"d%);/d7':&>9:-y-4a-14&B!

!

!

!



! b^!

2D&/:N!

Q1!*7&1J.*(+9&!;*4&/!3-.('/-@')-*1!)**/!)*!7+*4(9&!#=!-;':&.!*6!5-*/*:-9'/!;*/&9(/&.>!

<0;*/!-.!9(++&1)/0!4-.)+-5()&4!50!S9%+q4-1:&+8!L19>!C()!'!6+&&!3&+.-*1!-.!'3'-/'5/&!)*!'//!')N!

%))7.Ndd:-)%(5>9*;d.9%+*4-1:&+d70;*/J*7&1J.*(+9&!

!

'"0#XN!

SUBA stands for “Subcellular localisation Database for Arabidopsis proteins”. It provides 

'!,&5J5'.&4!.(59&//(/'+!4')'!R(&+0!7/')6*+;!6*+!Q+'5-4*7.-.!7+*)&-1.>!

L)!9'1!5&!'99&..&4!')N!

%))7Ndd.(5'>/-3&d!

!

PR8'GN!

S)'14.!6*+!5'.-9!/*9'/!'/-:1;&1)!.&'+9%!)**/>!$%-.!'/:*+-)%;!-.!'!,&5J'99&..-5/&!7+*:+';!

)*!9*;7'+&!7+-;'+0!5-*/*:-9'/!.&R(&19&.!*6!1(9/&-9!'9-4.!*+!';-1*J'9-4.>!

L)!-.!'99&..-5/&!')N!%))7.Ndd5/'.)>195->1/;>1-%>:*3dC/'.)>9:-!

!

<%0*/*:&10!>!6+*

;RD'%*($DOW0! -.! '!,&5!.&+3-9&!4&4-9')&4! )*! +&9*1.)+(9)-1:!'14!'1'/0.-1:!7%0/*:&1&)-9!

+&/')-*1.%-7.!5&),&&1!;*/&9(/'+!.&R(&19&.>>!

L)!-.!'99&..-5/&!')!N!%))7.Ndd1:7%0/*:&10>6+d!

! !



! b[!

8E9UK<9.

.

!"#$%$&'()#*+%,#$&
!

!

G0!)%&.-.!,*+2!9*;&.!'.!'!6*//*,!(7!)*!)%&!6(19)-*1'/!'1'/0.-.!*6!)%&!OP'.&!<!&1@0;&.!

9'//&4! <OYO<! -1! Q+'5-4*7.-.! 7&+6*+;&4! 50! ;0! %*.)! /'5*+')*+0>! ]%-/&! .-:1-6-9'1)!

7+*:+&..&.! %'4! 5&&1! ;'4&! )*! (14&+.)'14! )%&! 6(19)-*1.8! )%&! ;*4&! *6! '9)-*1! '14! )%&!

&3*/()-*1!*6!<OYO<!&1@0;&.8!-;7*+)'1)!R(&.)-*1.!+&;'-1&4>!A*+!-1.)'19&8!)%&!-1)&:+')-*1!

*6!<OYO<! 6(19)-*1.!,-)%!*)%&+!:&1&!&B7+&..-*1!7+*9&..&.! +&;'-1&4! )*!5&!&.)'5/-.%&4>!

D-2&,-.&8! )%&! 9*;7+&%&1.-3&! OPQ! .(5.)+')&.! .7&9)+'! *6! <OYO<! &1@0;&.! ,'.! 1*)!

&.)'5/-.%&4>!G0!)%&.-.!,*+2!'-;&4!')!9*1)+-5()-1:!)*!'1.,&+!)%&.&!R(&.)-*1.>!

O&.(/).!'+&!7+&.&1)&4!-1!),*!.&9)-*1.>!L1!)%&!6-+.)!*1&8!)%&!R(&.)-*1!*6!)%&!4-3&+.-)0!*6!)%&!

1(9/&'+! <OYO<"! OPQ! .(5.)+')&.! -.! '44+&..&4>! L1-)-'//08! ,&! %'4! &13-.':&4! )*! /**2! 6*+!

<OYO<"! 1*3&/! OPQ! .(5.)+')&.! ,-)%*()! #* -4(/4(! '14! )%+*(:%! '! 9'14-4')&! '77+*'9%>!

C&9'(.&!*6!)-;&!9*1.)+'-1).8!*1/0!)%&!/'))&+!'77+*'9%!,'.!4&3&/*7&4>!G*.)!*6!)%&!)%&.-.!

,*+2!9*19&1)+')&4!*1!<OYO<"!9/&'3':&!')!)%&!/&3&/!*6!'!9*1.&+3&4!)OPQJ/-2&!.)+(9)(+&!

7+&.&1)! -1! '1! -1)+*1! *6! )%&! 7+&J;OPQ! &19*4-1:! GQAU8! )%&! ;'-1! +&7+&..*+! *6! OPQ!

7*/0;&+'.&!LLL>!!

L1! )%&! .&9*14! +&.(/).! .&9)-*1! <OYO<"! 7+*)&-1! 7'+)1&+.! ,&+&! -13&.)-:')&4! 50! '! 9*J

-;;(1*7+&9-7-)')-*1!'77+*'9%8!+&3&'/-1:!'!9*;7/&B!.&&;-1:/0!-13*/3&4!-1!)%&!&'+/0!.)&7!

*6!7+&J)OPQ!;')(+')-*1!9*1)'-1-1:!<OYO<"!'14!$OGUQ!'14!C!;*4-60-1:!&1@0;&.>!

!

Q/)*:&)%&+8! )%&! +&.(/).! *5)'-1&4! 4(+-1:! )%-.! 4*9)*+'/! )%&.-.! &1'5/&4! )*! -;7+*3&! *(+!

21*,/&4:&!*1!)%&!5-*:&1&.-.!*6!90)*.*/-9!)+'1.6&+!OPQ.!-1!7/'1).!'14!;*+&!-;7*+)'1)/0!

-4&1)-6-&4!'!1&,!OPQ!.(5.)+')&!6*+!<OYO<"!)%')!7*-1)&4!*()!'!7*..-5/&!-14-+&9)!+&:(/')-*1!

*6!OPQ!7*/0;&+'.&!LLL!)%+*(:%!)%&!9*1)+*/!*6!-).!;'-1!+&7+&..*+!GQAU>!

!

!



! bg!

!,;8J8;4.+3D.0(*L'3,(.!,:!FT. '(1('. ,R0%L*R.
,R(. "'(313*(. %W. 2,-. P0(A+8@!. 3,. ,R(. '(1('. %W. 3.
"%$-(01().,8@!A'2#(.-,0L",L0(.

!

#? H8=I*($%4/$(<*%@;8*:(5.*)%4"<%"4.*VGR'?*()*
</$).47.9*($*'%4.-%/-3D%#*

!
S&'+9%-1:! 6*+! 9*1.&+3&4! *+)%*/*:*(.! -1)+*1.! -1! 6-3&! 7/'1).8! Q22(+')*3! '14! 9*//&':(&.!

I"_UTM!4-.9*3&+&4!)%')! )%&!;*.)!&3*/()-*1'+-/0!9*1.&+3&4! -1)+*1-9!+&:-*1!'9+*..!)%&.&!

7/'1)!:&1*;&.!,'.!'!7()')-3&!)OPQJ/-2&!19OPQ!/*9')&4!-1!)%&!.&R(&19&!*6!'1!-1)+*1!*6!)%&!

MAF1 gene. They hypothesized that this conserved intronic region was “unlikely an 

alternative splicing exon” as it could not be found in MAF1 mature mRNA in all plant 

)+'1.9+-7).!.)(4-&48!5()!'!1&,!19OPQ>!?*,&3&+8!)%&0!9*(/4!1*)!4&)&9)!-)!50!'!1*+)%&+1!5/*)!

'77+*'9%>!S-19&!GQAU!-.!)%&!5&.)!21*,1!1&:')-3&!+&:(/')*+!*6!OPQ!7*/0;&+'.&!LLL!I=&.'-!

&)!'/>8!"__^M!9*1.&+3&4!-1!'//!Z(2'+0*)&.8!,&!4&9-4&4!)*!-13&.)-:')&!)%&!6(19)-*1!*6!)%-.!

9*1.&+3&4!)OPQJ/-2&!.)+(9)(+&!I$DSM>!$%&!$DS!7+&.&1)!-1!84#0(9/-)()*%3#:(#$#!GQAU!:&1&!

IA-:(+&!"^Q8!CM!9'1!5&!;*4&/&4!-1!"=!'14!#=!(.-1:!OPQ6*/4!.*6),'+&!+&3&'/-1:!'!.)+(9)(+&!

3&+0!.-;-/'+!)*!'!9'1*1-9'/!)OPQ!IA-:(+&!"^H8!=M>!!

<+&3-*(./08!<OYO<!,'.!.%*,1!)*!9')'/0.&!)%&!9/&'3':&!*6!5*)%!7+&9(+.*+!)OPQ!'14!)OPQJ

/-2&!.)+(9)(+&!-1!;-)*9%*14+-'!I\*5&+)!&)!'/>8!"_U_j!\();'11!&)!'/>8!"_U"M!,&!%07*)%&.-@&4!

)%')!)%-.!-1)+*1-9!1(9/&'+!$DS!9*(/4!5&!'!1&,!.(5.)+')&!6*+!1(9/&'+!OP'.&!<!I<OYO<"d#M!

-1!84#0(9/-)()>!G*+&*3&+8!'.!GQAU!-.!)%&!;'-1!1&:')-3&!+&:(/')*+!*6!OPQ!7*/0;&+'.&!LLL8!

,&! 6(+)%&+! %07*)%&.-.&4! )%')! )%-.! 9/&'3':&!;-:%)! 9*1.)-)()&! '! +&:(/')-*1! /**7! *6!OPQ!

7*/0;&+'.&!LLL!'9)-3-)0>!

A-+.)8!,&!4&9-4&4!)*!9*16-+;!)%')!)%-.!19OPQ!.&R(&19&!-.!-14&&4!,-4&/0!9*1.&+3&4!-1!)%&!

:+&&1!/-1&':&>!]&!6*(14!)%')!-).!9*1.&+3')-*1!-.!1*)!+&.)+-9)&4!)*!Q1:-*.7&+;.>!$%-.!+&:-*1!

-.! '/.*! 9*1.&+3&4! -1! )%&! ;*.)! 5'.'/! S)+&7)*7%0)'! I[:.0)/4&(9("&! '/:'M! IA-:(+&! "[M>!

?*,&3&+8!-)!4*&.!1*)!.&&;!)*!5&!9*1.&+3&4!-1!)%&!H%/*+*7%0)'!9/'4&>!$%-.!9*1.&+3')-*1!

'9+*..! '//! .)+&7)*7%0)&.! /-1&':&! .)+&1:)%&1.! )%&! %07*)%&.-.! )%')! GQAU! $DS! 9*(/4! 5&!

6(19)-*1'/!'14!)%')!)%-.!6(19)-*1!,'.!'9R(-+&4!&'+/0!-1!)%&!&3*/()-*1!*6!)%&!7/'1)!/-1&':&>!



! bf!

!

F2*L0(. 4ZN! G($(,2". "%$,(d,`. -(NL($"(. 3$). -,0L",L0(. %W. !03/2)%P-2-. :!FT. <K9>! Q)GQAU!

(At5g1320) gene is depicted with its 5’!and 3’ UTR region as grey boxes, exons as black boxes and 

-1)+*1.! '+&! +&7+&.&1)&4! 50! /-1&.! 50! /-1&.>! S9'/&! 5'+! +&7+&.&1).! U__! 1(9/&*)-4&.! IQM>! $%&! gT!

1(9/&*)-4&.!$DS!.&R(&19&8!/*9')&4!-1!Q)GQAU![)%!-1)+*1!-.!.%*,1!-1!+&4!ICM>!$%&!7+&4-9)&4!.)+(9)(+&!

*6!Q)GQAU!$DS!-.!.%*,1!,-)%!)%&!9*++&.7*14-1:!0/$.*B(9.!)OPQ!4*;'-1.!'14!/**7.!-14-9')&4>!$%&!

"=! .)+(9)(+&! *6! <%&10/'/'1-1&! )OPQ! 6+*;! V&'.)! IS,* <.4.7()(#.! 6+*;! /'5*+')*+0! .)+'-1! S"ffHM! -.!

.%*,1! )*! %-:%/-:%)! )%&! +&.&;5/'19&! 5&),&&1! )%&! 7+&4-9)&4!"=! .)+(9)(+&! *6! Q)GQAU!$DS!'14! '!

“canonical” tRNA (C). #=!.)+(9)(+&.!*6!)%&!9*1.&+3&4!-1)+*1-9!)OPQ!/-2&!S)+(9)(+&!*6!Q+'5-4*7.-.!

GQAU!I/&6)M!'14!*6!<%&10/'/'1-1&! )OPQ! 6+*;!V&'.)! IS,* <.4.7()(#.! 6+*;! /'5*+')*+0!.)+'-1!S"ffHM!

I+-:%)M!,&+&!4&)&+;-1&4!(.-1:!)%&!OPQ9*;7*.&+!I#=M!,&5.&+3&+!'14!)%&!-;':&.!,&+&!4+',1!,-)%!

<0;*/!I=M>!



! bb!

$%-.! '1'/0.-.! '/.*! /&4! (.! )*! 4&)&+;-1&! )%')! -1! '44-)-*1! )*! )%&! )OPQJ/-2&! .)+(9)(+&8! '1!

(7.)+&';!.&R(&19&!,'.!'/.*!&3*/()-*1'+0!9*1.&+3&4>!$%-.!.&R(&19&!-.!/*9')&4!5&),&&1!

U#!'14!"_!5'.&.!(7.)+&';!*6!)%&!$DS!.)'+)!.-)&>!E.-1:!OPQ6*/48!,&!6*(14!)%')!)%-.!OPQ!

.&R(&19&!%'.!'!%'-+7-1!.)+(9)(+&>!$%')!-.!)*!.'0!)%')!)%&!OPQ!6*/4.!*1!-).&/6!-1!4(7/&B!,-)%!

'!/**7>!S%*+)!?'-+7-1!OPQ!'+&!*6)&1!6*(14!)*!5&!-13*/3&4!-1!OPQ!.-/&19-1:8!'.!)%&0!9'1!5&!

7+*9&..&4! -1)*!.-OPQ.!50!'!=-9&+!&1@0;&!IC+(;;&/2';7!&)!'/>8!"__"j!G9G'1(.!&)!'/>8!

"__"j!<'44-.*1!&)!'/>8!"__"M>!?*,&3&+8!,&!6*9(.&4!-1!)%-.!,*+2!*1/0!*1!)%&!$DS!*6!GQAU!

7+&9(+.*+!;OPQ!'14!1*)!*1!)%-.!9*1.&+3&4!%'-+7-1!.)+(9)(+&>!H*1.&R(&1)/08!6(+)%&+!,*+2!

-.!+&R(-+&4!)*!-13&.)-:')&!)%&!7*..-5/&!6(19)-*1!*6!)%-.!OPQ!%'-+7-1>!

`1*,-1:! )%')! GQAU! -.! )%&! ;'-1! 1&:')-3&! +&:(/')*+! *6! OPQ! 7*/0;&+'.&! LLL! ,%-9%!

)+'1.9+-5&.!)OPQ!'14!*)%&+!19OPQ!I^S!+-5*.*;'/!OPQ8!E[!.7/-9&*.*;'/!OPQ!'14!gSD!6*+!

&B';7/&M!'14! )%')!1(9/&'+!<OYO<"!'14!#! -1!84#0(9/-)()* %3#:(#$#! %'3&!5&&1! .%*,1! )*!

cleave 5’ leader sequences of precursors tRNA and of a tRNAJ.1*OPQ!7+&9(+.*+!($*7(7/!

I\*5&+)!&)!'/>!"_U_j!\();'11!&)!'/>!"_U"M!,&!4&9-4&4!)*!-13&.)-:')&!,%&)%&+!Q)<OYO<"d#!

9*(/4!9/&'3&!Q)GQAU!$DS!($*7(%4/*'14!($*7(7/>!Q/.*!,&!,'1)&4!)*!4&)&+;-1&!-6!)%-.!'9)-3-)0!

,*(/4! '66&9)! Q)GQAU!;OPQ! /&3&/! '14! 50! &B)&1.-*1! OPQ! 7*/0;&+'.&! LLL! '9)-3-)0>! Y(+!

*3&+'//!%07*)%&.-.!5&-1:!)%')!-6!Q+'5-4*7.-.!1(9/&'+!OP'.&!<!,*(/4!9/&'3&!Q)GQAU!$DS8!

)%-.!,*(/4!-14-+&9)/0!-;7'9)!OPQ!7*/0;&+'.&!LLL!'9)-3-)0>!

!

! !



! U__!

!

F2*L0(.4[X!8(P0(-($,3,21(.PRD'%*($(,2".,0((.%W.,R(.-,0(P,%PRD,(-.'2$(3*(.-R%&2$*.,R(."%$-(013,2%$.

%W.,R(.<K9.P0(-($,.2$.:!FT!-1)+*1!-1!.)+&7)*7%0)&.!)%+*(:%!)%&!"=!.)+(9)(+&!;*4&/-.')-*1!*6!&B&;7/'+0!

$DS>!$%&!$DS!"=!.)+(9)(+&.!6+*;!84#0(9/-)()*%3#:(#$#!I4-9*).M8!8&0/4.::#*%4(<3/-/9#!I5'.'/!;':1*/-*7%0)'M8!

'#:7($(#* <"<"::#%#! I6&+1.M8! 23D)</&(%4.::#* -#%.$)! I;*..&.M8! H#4<3#$%(#* -/:D&/4-3#! I/-3&+,*+).M! '14!

[:.0)/4&(9("&*$(%.$)!I2/&5.*+;-4-*7%09&'&M!,&+&!;*4&/-@&4!(.-1:!OPQ6*/4>!

! !



! U_U!

0? 84#0(9/-)()*2@K@2T*<#$*<:.#7.*H8=I*GR'*($*7(%4/*
!

Q.! '! 6-+.)! .)&78! ,&! -13&.)-:')&4! ,%&)%&+! 84#0(9/-)()! <OYO<"! I+&6&++&4! %&+&'6)&+! '.!

Q)<OYO<"M! 9*(/4! 9/&'3&! )%-.! 9*1.&+3&4! )OPQJ/-2&! .)+(9)(+&! 4(+-1:! ($* 7(%4/! 9/&'3':&!

'..'0.>! A*+! )%-.8! ),*! +&:-*1.! 9*1)'-1-1:! Q)GQAU! $DS! ,&+&! .&/&9)&4>! Q! /'+:&+! +&:-*1!

9*1)'-1.! )%&!$DS! -1! -).! -1)+*1-9! 9*1)&B)>! L)! -.!T#f!1(9/&*)-4&.! /*1:!'14!9*3&+.!Q)GQAU!

-1)+*1![!'14!7'+).!*6!&B*1.![!'14!g>!Q!.%*+)&+!*1&!*6!U^T!1(9/&*)-4&.!9*;7+-.&!)%&!$DS!

.(++*(14&4!,-)%!̂ U!'14!"f!1(9/&*)-4&.!(7.)+&';!'14!4*,1.)+&';!+&.7&9)-3&/0!'14!%'3&!

'!.-@&!9*;7'+'5/&!)*!*(+!7+&J)OPQ!7*.-)-3&!9*1)+*/>!$%&.&!),*!+&:-*1.!,&+&!9/*1&4!'14!

7/'9&4!(14&+!)%&!9*1)+*/!*6!'!$g!OPQ!7*/0;&+'.&!7+*;*)&+>!Q6)&+! ($*7(%4/!)+'1.9+-7)-*18!

5*)%! OPQ.! ,&+&! (.&4! '.! .(5.)+')&.! -1! OP'.&! <! 9/&'3':&! '..'0.! (.-1:! '! +&9*;5-1'1)!

Q)<OYO<"!7+*)&-1>! $%&! +&9*;5-1'1)!Q)<OYO<"!,'.! 7+*4(9&48! 6*//*,-1:! )%&! 7+*)*9*/!

4&)'-/&4!-1!)%&!G')&+-'/!'14!;&)%*4.!.&9)-*1>!C+-&6/08!)%&!H=S!6*+!Q)<OYO<"!,'.!9/*1&4!

-1)*!7&)"f5!'14!&B7+&..&4!6+*;!O*.&))'!=Z#!9&//.>!Q!+&7+&.&1)')-3&!:&/!*6!)%&!4-66&+&1)!

6+'9)-*1.!*5)'-1&4!')!&'9%!.)&7!9'1!5&!.&&1!-1!A-:(+&!#>!Q)<OYO<"!9*(/4!5&!7(+-6-&4!)*!

1&'+!%*;*:&1&-)0!'.!3&+-6-&4!*1!:&/!'14!50!;'..!.7&9)+*;&)+0!'1'/0.-.>!$%&!.';7/&!6+*;!

Q)<OYO<"!&/()-*1!"!,'.!(.&4!6*+!'9)-3-)0!'..'0.>!

Q.!'!1&:')-3&!9*1)+*/!6*+!'9)-3-)0!'..'0.8!'!9')'/0)-9!;()'1)!*6!Q)<OYO<"!,'.!(.&4>!$%-.!

9')'/0)-9!;()'1)!%'.!),*!'.7'+)')&!';-1*!'9-4.!I')!7*.-)-*1!T"U!'14!T""M!)%')!%'3&!5&&1!

;()')&4!)*!'/'1-1&>!$%&.&!),*!'.7'+)')&.!%'3&!5&&1!.%*,1!50!\();'11!&)!'/>!"_U"!)*!5&!

&..&1)-'/!6*+!<OYO<"!'9)-3-)0>!H*1.&R(&1)/08!)%&!9')'/0)-9!;()'1)!-.!'1!-;7*+)'1)!9*1)+*/!

'.!-)!.%*,.!)%')!)%&!9/&'3':&!*5.&+3&4!-1!)%&!&B7&+-;&1)!-.!1*)!4(&!)*!'!5'9)&+-'/!OP'.&!

9*1)';-1')-*1!)%')!,*(/4!%'3&!5&&1!9*J7(+-6-&4!,-)%!<OYO<!4(+-1:!)%&!&B7+&..-*1!*6!)%&!

+&9*;5-1'1)!7+*)&-1>!$%&18!'.!'!7*.-)-3&!9*1)+*/8!9/&'3':&.!,&+&!'/.*!7&+6*+;&4!,-)%!'!

9'1*1-9'/!7+&J)OPQ!.(5.)+')&>!!

H/&'3':&!'..'0.!*6!<OYO<"!,-)%!5*)%!/*1:!'14!.%*+)!GQAU!)+'1.9+-7).!+&.(/)&4!-1!),*!

4-.)-19)! 5'14.! *6! '77'+&1)! .-@&.! *6! "#f! '14! "__! '.! ,&//! '.! U_#! '14! ^U! 1(9/&*)-4&.!

+&.7&9)-3&/0>!$%&.&.!.-@&.!'+&!-1!'99*+4'19&!,-)%!9'1*1-9'/!OP'.&!<!9/&'3':&.!'.!*5.&+3&4!

,-)%! )%&! 9*1)+*/! 7+&J)OPQ>! D-2&,-.&8! 1*! OPQ! 9/&'3':&! ,'.! *5.&+3&4! ,-)%! <OYO<"!

9')'/0)-9!;()'1)>!Q/)*:&)%&+8!+&.(/).!9/&'+/0!.%*,&4!)%')!<OYO<"!-.!'5/&!)*!9/&'3&!)%-.!$DS!

-1!)%&!9*1)&B)!*6!GQAU!-1)+*1![!($*7(%4/!IA-:(+&!TQM>!!

! !



! U_"!

!

!

!

!

F2*L0(.4\X!;L02W2"3,2%$.%W.0("%+/2$3$,.;8J8;4>!<%*)*!*6!'!<K=A8!H**;'..-&!.)'-1&4!;&;5+'1&!'6)&+!

)+'1.6&+!*6! )%&!7+*)&-1!6+'9)-*1.!+'1!*1!'1!S=SJ<Q\Z>A+'9)-*1.!9*++&.7*14!)*N!$!a!)*)'/! 6+'9)-*1!I4-/()&4!

5'9)&+-'/!/0.')&M8!A$!a!6/*,!)%+*(:%8!]!a!,'.%!8!ZD!a!&/()-*1!6+*;!)%&!LGQH!7(+-6-9')-*1>!!$%&!;*/&9(/'+!

;'..&.!*6!)%&!7+*)&-1!;'+2&+!'+&!-14-9')&4!*1!)%&!/&6)!-1!2='>!$%&!+&9*;5-1'1)!<OYO<"!7+*)&-1!I^b8"!2='M!

-.!-14-9')&4!50!'!5/(&!'++*,>!

!

!

* *



! U_#!

6$* 7(%4/! OP'.&! <! 9/&'3':&! '..'0.!,&+&! (.('//0! +*()-1&/0! 7&+6*+;&4!,-)%! )%&! +&'9)-*1!

*99(++-1:! 6*+!U^!;-1()&.>! S)-//8! '.!,&!,&+&! *7)-;-.-1:! )%&!OP'.&! <! 9/&'3':&! 7+*)*9*/8!

+&'9)-*1.!,&+&!7&+6*+;&4!,-)%!4-66&+&1)!)-;&!7*-1).!I6+*;!U_!)*![_!;-1()&.!-19(5')-*1M>!

L1!)%&.&!'..'0.!1*!4-66&+&19&.!9*(/4!5&!.&&1!4&7&14-1:!*1!)%&!)-;&!)%&!+&'9)-*1!*99(++&4>!

S-;-/'+!)*!7+&9(+.*+!)OPQ.8!)%&!+&'9)-*1!-.!3&+0!+'7-4!'14!*3&+!U_!;-1()&.!-19(5')-*18!1*!

;*4-6-9')-*1!*6! )%&!OPQ!9/&'3':&!7'))&+1!9*(/4!5&!*5.&+3&4>!$%&!+&;'-1-1:!(19/&'3&4!

.(5.)+')&!6*+;-1:!)%&!%-:%&+!;*/&9(/'+!,&-:%)!5'14.!*1!)%&!:&/.!3&+0!/-2&/0!9*++&.7*14!

)*!($*7(%4/!)+'1.9+-7).!)%')!'+&!1*)!6*/4&4!'.!'!)OPQ.!'14!'.!.(9%!'+&!1*)!7+*9&..&4>!L14&&48!

'6)&+!/*1:&+!-19(5')-*1.8!'1!-4&1)-9'/!7+*7*+)-*1!*6!1*1J9/&'3&4!OPQ!.(5.)+')&!9*(/4!.)-//!

5&!*5.&+3&4>!

<*.-)-3&!9*1)+*/.!&B7&+-;&1).!,&+&!7&+6*+;&4!,-)%!'!7+&9(+.*+!)OPQ!9*++&.7*14-1:!)*!

Q+'5-4*7.-.! ;-)*9%*14+-'/! 7+&9(+.*+! )OPQ! H0.)&-1&! ,-)%! '! 5’ /&'4&+! .&R(&19&! *6! ^_!

1(9/&*)-4&.!'14!'!3’ )+'-/&+!.&R(&19&!*6!"^!1(9/&*)-4&.>!L).!9/&'3':&!+&.(/).!-1!6+':;&1).!

*6!bb!'14!^_!1(9/&*)-4&.8!9*++&.7*14-1:!)*!'!9'1*1-9'/!OP'.&!<!+&'9)-*1!I\*5&+)!&)!'/>8!

"_U_M>!

!

<? H#--($A*/B*%3.*($*7(%4/*<:.#7#A.*/B*H8=I*GR'*0D*
2@K@2T**

!
Q.!'!1&B)!.)&78!'!9-+9(/'+!O$J<HO!IHJO$J<HOM!'1'/0.-.!,'.!7&+6*+;&4!)*!7+&9-.&/0!;'7!)%&!

OPQ!9/&'3':&!.-)&.!*6!)%&!($*7(%4/!&B7&+-;&1).!IA-:(+&!"fCM>!A*+!)%-.8!)%&!(77&+!5'14!*6!

)%&! 9/&'3':&! +&'9)-*1! 7&+6*+;&4! ,-)%! )%&! /*1:&.)! )+'1.9+-7).! I&B'9)! .-@&! a! T#f!

1(9/&*)-4&.M!,'.!&B)+'9)&4!6+*;!:&/!'14!+&)+-&3&4!(.-1:!'!7+*)*9*/!6+*;!P-/.&1!$]!I9*/4!

.7+-1:! %'+5*(+! 7+*)*9*/M>! $%-.! OPQ! ,'.! 9-+9(/'+-@&4! (.-1:! $T! OPQ! /-:'.&>! Q! +&3&+.&!

)+'1.9+-7)-*1!,'.!)%&1!7&+6*+;&4!(.-1:!'!7+-;&+!4&.-:1&4!)*!5-14!)%-.!/-:')&4!OPQ>!$%&18!

1&.)&4!<HO!,'.!7&+6*+;&4>!$%&!A*+,'+4!'14!O&3&+.&!7+-;&+.!5&-1:!'/.*!4&.-:1&4! )*!

';7/-60!)%&!9=PQ!.7'11-1:!)%&!OPQ!/-:')-*1!.-)&>!A-1'//08!)%&!+&.(/)-1:!<HO!7+*4(9).!,&+&!

-1.&+)&4!-1)*!7\ZGJ$J&'.0!3&9)*+!'14!)%&1!.&R(&19&4!,-)%!S'1:&+!;&)%*4>!!

$%&! '1'/0.-.! *6! "#! revealed cleavage sites corresponding to the 3’end of the ($* 7(%4/!

)+'1.9+-7).!9*19')&1')&d to the TLS 5’ start site. This showed that PRORP2 cleavage had 

7+&9-.&/0!*99(++&4!')!)%&!JU!.-)&!*6!)%&!$DS!.)'+)!.-)&>!L)!-.!,*+)%!1*)-1:!)%')!&-)%&+!!



! U_T!

!

F2*L0(.4]N! ./&,%+0'. "'(313*(.3--3D-.%W.:!FT.,8@!. '2#(.-,0L",L0(./D.;8J8;4>!Q! /*1:!OPQ!ID!OPQM8!
9*++&.7*14-1:!)*!'!+&:-*1!9*1)'-1-1:!7'+)!*6!&B*1[8!-1)+*1[!'14!7'+)!*6!&B*1g!*6!84#0(9/)-)()!GQAU!'14!'!
.%*+)!+&:-*1!IS!OPQM!9*++&.7*14-1:!)*!'!7*+)-*1!'+*(14!)%&!$DS!*6!-1)+*1[!*6!GQAU!,&+&!)+'1.9+-5&4! ($*
7(%4/! '14! -19(5')&4!,-)%! +&9*;5-1'1)! <OYO<"! I<"M>! Q.! 1&:')-3&! 9*1)+*/.8! )%&! +&'9)-*1!,'.!7&+6*+;&4!
,-)%*()!7+*)&-1!IJM!*+!,-)%!'!9')'/0)-9!;()'1)!*6!<OYO<"!IHGM>!Q.!'!7*.-)-3&!9*1)+*/8!'!7+&9(+.*+!)OPQ!I)%&!
;-)*9%*14+-'/! 7+&9(+.*+! )OPQ! H0.)&-1&8! ;)!7+&J)OPQ!H0.M! ,'.! (.&48! .%*,-1:! )%')! )%&! +&9*;5-1'1)!
<OYO<"!-.!9')'/0)-9'//0!'9)-3&>!$%&!+&'9)-*1!7+*4(9).!,&+&!+(1!*1!'!U_n!4&1')(+-1:!'9+0/';-4&!:&/!'14!
3-.('/-@&4!(14&+!EK!'6)&+!&)%-4-(;!5+*;-4&!.)'-1-1:>!S9%&;')-9!4+',-1:!*6!"=!)OPQ!-14-9')&!)*!,%-9%!7'+)!
*6! )%&! )+'1.9+-5&4! OPQ.! )%&! *5.&+3&4! 5'14.! 9*++&.7*14>! G*/&9(/'+! ,&-:%)! ;'+2&+.! '+&! -14-9')&4! -1!
1(9/&*)-4&.!IQM>!S9%&;')-9!4+',-1:.!*6!)%&!4-66&+&1)!.)&7.!7&+6*+;&4!-1!)%&!HJO$!<HO!'..'0!'+&!4&7-9)&4>!
$%&!+&4!4*)!-14-9')&.!)%&!9/&'3':&!.-)&!4&)&+;-1&4!50!HJO$J<HO>!Q!+&7+&.&1)')-3&!+&.(/)!*6!)%&!9*1.&1.(.!
sequence obtained after sequencing of the PCR products is shown, highlighting that the 3’ end of the 
)+'1.9+-5&4!OPQ!-.!/-:')&4!)*!)%&!&B'9)!.)'+)!.-)&!*6!)%&!$DS!ICM>!



! U_^!

'4&1-1&!IQM!*+!90)*.-1&!IHM!,&+&!6*(14!)*!5&!'44&4!5&),&&1!)%&!),*!&B)+&;-)-&.!*6!)%&!

9/&'3&4! )+'1.9+-7).! I-1!U_!'14!U#!9/*1&.! +&.7&9)-3&/0M>!$%&.&!1(9/&*)-4&.!4*!1*)! 9*;&!

6+*;!)%&!-1-)-'/!$g!)+'1.9+-7)!'14!,&+&!;*.)!7+*5'5/0!-1.&+)&4!4(+-1:!)%&!OPQ!/-:')-*1!

.)&7!*6!)%&!HJO$J<HO!'1'/0.-.>!

L1!9*19/(.-*18!*(+!.&R(&19-1:! +&.(/).!.%*,&4!)%')!<OYO<"!9/&'3':&!,'.8!'.!7+&4-9)&48!

)'2-1:!7/'9&!')!'!7*.-)-*1!-;;&4-')&/0!(7.)+&';!*6!)%&!$DS!IA-:(+&!"fCM8!9*16-+;-1:!)%')!

84#0(9/-)()*%3#:(#$#!GQAU!7+&9(+.*+!;OPQ!$DS!-.8!($*7(%4/8!'!.(5.)+')&!*6!OP'.&!<>!

!

9? F/>$N4.A":#%(/$*/B*84#0(9/-)()*2@K@2T*#$9*^*
:.#9)*%/*#$*"-N4.A":#%(/$*/B*8%H8=I*#%*%3.*
%4#$)<4(-%(/$#:*:.7.:*

!
!
OP'.&!<!-.!'1!&..&1)-'/!6(19)-*1!'14!)%&!4*(5/&!;()'1)!-4/4-Td-4/4-^!,'.!.%*,1!)*!5&!

/&)%'/! I\();'11!&)! '/>8! "_U"M>!$%(.! -1!*+4&+! )*! -13&.)-:')&! )%&!&66&9)I.M!*6! )%&!7()')-3&!

9/&'3':&! *6! GQAU! $DS! ($* 7(7/8! ,&! 4*,1J+&:(/')&4! Q)<OYO<"! 50! 3-+(.! -14(9&4! :&1&!

.-/&19-1:!IKL\SM!-1!'!-4/4-^!21*92J*()!5'92:+*(14!I'.!7+&3-*(./0!7&+6*+;&4!-1!\();'11!

&)! '/>8! "_U"M>! $%-.! )&9%1*/*:0! -.! 5'.&4! *1! )%&! -16&9)-*1! *6! 7/'1).! ,-)%! 3-+'/! 3&9)*+.!

&B7+&..-1:!)%&!)*5'99*!+'))/&!3-+(.!I$OKM!OPQ!'.!,&//!'.!'!.&R(&19&!*6!-1)&+&.)!)%')!,&!

,-.%! )*! 4*,1J+&:(/')&! IC(+9%JS;-)%! &)! '/>8! "__[M>! $%&! 4*,1J+&:(/')-*1!;()'1).!,&+&!

)%&1!'..'0&4!')! )%&!)+'1.9+-7)-*1'/! /&3&/! )*!4&)&+;-1&!)%&!+&/')-3&!&B7+&..-*1! /&3&/.!*6!

GQAU!'14!*)%&+!)OPQ!+&/')&4!:&1&.!50!R('1)-)')-3&!O$J<HO!IO$JR<HOM>!$%&!&66-9-&190!*6!

)%&!3-+(.!-16&9)-*1!,'.!;*1-)*+&4!50!'!7*.-)-3&!9*1)+*/!Ic<=SM8!4*,1+&:(/')-1:!)%&!/&3&/!

*6! )%&! <%0)*&1&! 4&.')(+'.&! :&1&>! L1! 5+-&68! )%-.! 9*1)+*/! ,*+2.! '.! 6*//*,.>! <%0)*&1&!

4&.')(+'.&! -.! '! :&1&! -13*/3&4! -1! 9'+*)&1*-4! 5-*.01)%&.-.>! H'+*)&1*-4.! '+&! 7-:;&1).!

'))'9%&4!)*!)%&!;&;5+'1&!,-)%-1!)%&!9&//>!<-:;&1).!'+&!9%&;-9'/!9*;7*(14.!+&6/&9)-1:!

*1/0!9&+)'-1!,'3&/&1:)%.!*6!3-.-5/&!/-:%)>!L1!7/'1).!I'.!,&//!'.!'/:'&!'14!90'1*5'9)&+-'M!

)%&0! '+&! )%&! ;&'1! 50! ,%-9%! )%&! &1&+:0! *6! .(1/-:%)! -.! 9'7)(+&4! 6*+! 7%*)*.01)%&.-.>!

H'+*)&1*-4.! '+&! 9'//&4! '99&..*+0! 7-:;&1).! '.! 4(+-1:! 7%*)*.01)%&.-.! )%&0! 7'..! )%&-+!

'5.*+5&4! &1&+:0! )*! 9%/*+*7%0//>! L1! '44-)-*1! )*! )%&-+! +*/&! '.! 7%*)*.01)%&)-9! 7-:;&1).8!

9'+*)&1*-4.! '+&! '/.*! 7%*)*7+*)&9)*+.>! H%/*+*7/'.).! 9'11*)! 6(19)-*1! 7+*7&+/0! ,-)%*()!

9'+*)&1*-4.!IS(1!&)!'/>8!"_UfM>!Q.!.(9%8!)%&!4*,1+&:(/')-*1!*6!<=S!/&'4.!)*!'!,%-)-.%!/&'3&.!



! U_[!

7%&1*)07&! -1! -16&9)&4! 7/'1).! 7+*5-1:! )%')! )%&! -16&9)-*1!,'.! &66&9)-3&! '14! &1'5/-1:! )*!

;*1-)*+!-1!)-;&!)%&!7+*:+&..-*1!*6!3-+(.!-16&9)-*1!-1!/&'3&.!I6-:(+&!#_M>!

Q.! '! 1&:')-3&! 9*1)+*/8! -16&9)-*1!,-)%! '! 3-+'/! &;7)0! 3&9)*+! IZKM!,'.! 7&+6*+;&4>! $%&.&!

7/'1).!4*!1*)!&B%-5-)!'!.)+*1:!.7&9-6-9!7%&1*)07&!I-)!9'1!.-;7/0!5&!.&&1!)%')!)%&0!%'4!'!

3-+'/! -16&9)-*1M! ,%&1! )%&! .';7/&.! '+&! %'+3&.)&4! I#! ,&&2.! '6)&+! -16&9)-*1M>! Q)! )%&!

;*/&9(/'+! /&3&/8! '//! &B7&+-;&1).!7&+6*+;&4!,&+&!4*1&!(.-1:! )%-.!1&:')-3&! 9*1)+*/! '.!'!

+&6&+&19&>!

$%&!4*,1+&:(/')-*1!*6!Q)<OYO<"!I-1!-4/4-^!5'92:+*(14M!,'.!;*1-)*+&4!50!O$JR<HO!-1!

)%+&&! 5-*/*:-9'//0! -14&7&14&1)! +&7/-9')&! &B7&+-;&1).>! Y(+! +&.(/)! .%*,! )%')! Q)<OYO<"!

&B7+&..-*1!,'.!*1/0!T_n!*6!Q)<OYO<"!&B7+&..-*1!/&3&/8!-1!&B7&+-;&1)!7/'1)!9*;7'+&4!

)*! 9*1)+*/! 7/'1).! I-4/4-^* 2*! -16&9)&4! ,-)%! &;7)0! 3&9)*+M>! L1)&+&.)-1:/0! )%-.!

4*,1+&:(/')-*1! *6! <OYO<"d#! 4-4! 1*)! .&&;! )*! '66&9)8! ')! )%&! )+'1.9+-7)-*1'/! /&3&/8! )%&!

&B7+&..-*1!/&3&/.!*6!*)%&+!)OPQ!+&/')&4!:&1&.!)%')!,&!'..'0&4!.(9%!'.8!DQ!7+*)&-1.!IQ)DQU!

IQ$T\#"g"_M! '14! Q)D'"! IQ$U\gbff_MM8! 84#0(9/)-)()! )OPQ! 1(9/&*)-40/)+'1.6&+'.&!

(At1g22660) also called “CCase”, and RNA polymerase III subunits NRPC 1 (AT5G60040), 

PO<H!"! IQ$^\T^UT_M! '14!PO<H!g! IQ$U\_[gb_MM>! L1! 9*1)+'.)8! Q)GQAU! '77&'+.! )*! 5&!

(7+&:(/')&4>! L14&&48! -).! &B7+&..-*1!')! )%&! )+'1.9+-7)*;-9! /&3&/! -.!#! )-;&.!%-:%&+! -1! )%&!

)&.)&4!7/'1).!9*;7'+&4!)*!)%&!9*1)+*/!IA-:(+&!"bM>!$%-.!/&4!(.!)*!7+*7*.&!'!;*4&/!,%&+&8!

)%&!4*,1J+&:(/')-*1!*6!Q+'5-4*7.-.!1(9/&'+!OP'.&!<!+&.(/).!-1!'1!-;7'-+&4!9/&'3':&!*6!

Q)GQAU!$DS!I->&>!)*!'!4&9+&'.&4!4&:+'4')-*1!*6!Q)GQAU!;OPQ!7+&9(+.*+M8!/&'4-1:!)*!'1!

*3&+! '99(;(/')-*1! *6! GQAU! ;')(+&! ;OPQ8! '14! 9*1.&R(&1)/08! )%&! -19+&'.&! *6! -).!

)+'1.9+-7)*;-9!.)&'40!.)')&!/&3&/>!!



! U_g!

!

!

F2*L0(. 4^N! 8('3,21(. ,03$-"02P,. W%'). "R3$*(-. 2$. (dP0(--2%$. '(1('-. %W. !,:!FT. 3$). %,R(0. 8@!.

P%'D+(03-(.BBB.0('3,().*($(-.2$.P'3$,-.&2,R.>BG9.3*32$-,.;8J8;4!-1!-4/4-^!5'92:+*(14!9*;7'+&4!)*!

7/'1).!,-)%!KL\S!50!'1!&;7)0!3&9)*+!'..'0&4!50!O$JR<HO>!S)'14'+4!4&3-')-*1!*6!#!-14&7&14&1)!&B7&+-;&1).!

'+&!-14-9')&4!50!7*.-)-3&!&++*+!5'+.>!O&/')-3&!6*/4!9%'1:&!&B7+&..-*1!/&3&/.!9*;7'+&4!)*!9*1)+*/8!-14-9')&4!

*1!)%&!V!'B-.8!,&+&!9'/9(/')&4!(.-1:!)%&!4&/)'J4&/)'!H)!;&)%*4>!Q)DQU!'14!"!'+&!)%&!),*!DQ!7+*)&-1.!6*(14!

-1! Q+'5-4*7.-.>! HH'.&! -.! 84#0(9/)-)()! )OPQ! HHQ! 1(9/&*)-40/)+'1.6&+'.&8! PO<H! .)'14.! 6*+! P(9/&'+! OPQ!

<*/0;&+'.&! LLL8! )%&!1(;5&+! -14-9')-1:! )%&!.(5J(1-).! I%&+&!U8!"!'14!gM>!=-66&+&19&! -1! /&3&/!*6!&B7+&..-*1!

5&),&&1!)%&!),*!9*14-)-*1.!IKL\S!':'-1.)!<OYO<"!9*;7'+&4!)*!KL\S!':'-1.)!&;7)0!3&9)*+M!,'.!'..'0&4!

using student’s tJ)&.)!'14!9*1.-4&+&4!.)')-.)-9'//0!.-:1-6-9'1)!-6!7!z!_8_^!I-14-9')&4!50!'!.)'+M>!Y)%&+,-.&8!

4-66&+&19&!,'.!9*1.-4&+&4!1*)!.)')-.)-9'//0!.-:1-6-9'1)!I1>.M>!

!

! !

1>.!



! U_f!

C&0*14! )%&!;*/&9(/'+!7%&1*)07&.!*6!7/'1).!4*,1J+&:(/')&4!50!KL\S! 6*+!Q)<OY<"! -1!'!

-4/4-^! 21*92J*()! 5'92:+*(148! ,&! '/.*! ;*1-)*+&4! ;'9+*.9*7-9! 7%&1*)07&.! '14! )%&!

&66&9).!*6!OP'.&!<!4*,1J+&:(/')-*1!')!)%&!9&//(/'+!/&3&/>!<OYO<"!4*,1J+&:(/')&4!7/'1).!

.%*,&4!9/&'+!:+*,)%!7%&1*)07&.!,-)%!3'+-&:')&4!/&'3&.!-1!9*;7'+-.*1!)*!9*1)+*/!7/'1).!

IA-:(+&!#_!'14!#UM>!

L1!*+4&+!)*!;*1-)*+!9&//(/'+!7%&1*)07&.8!,&!.';7/&4!/&'3&.!')!#!,&&2.!7*.)J-16&9)-*1!I->&>!

.';7/&.!,&+&!9*//&9)&4!')!)%&!.';&!)-;&!6*+!O$JR<HO!'1'/0.&.M>!Q6)&+!+&.-1!&;5&44-1:8!

.';7/&.!,&+&!'1'/0.&4!50!)+'1.;-..-*1!&/&9)+*1!;-9+*.9*70>!O&.(/).!IA-:(+&!#UM!.%*,!

)%')!4*,1J+&:(/')-*1!*6!<OYO<"d#!9/&'+/0!'66&9).!)%&!.)+(9)(+'/!*+:'1-@')-*1!*6!)%&!9&//!

-1!)%&!;*.)!'66&9)&4!7'+).!*6!)%&!/&'3&.!')!)%-.!.)':&N!)%&!;-4+-5!*6!7&)-*/&J/&..!/&'3&.!I.&&!

7-9)(+&! -1!A-:(+&!#UM>!$%&!*/4&+!)%&! /&'68! )%&!.)+*1:&+!)%&!7%&1*)07&N!,%-)&1-1:!*6! )%&!

;'-1! 3&-1>! ]%-)&! 3&-1! 9&//.! I)*7! 7%*)*8! A-:(+&! #UM! .%*,8! -1! 7/'.)-4.8! (1.)+(9)(+&4!

)%0/'2*-4.!'14!/'+:&!.-@&!7/'.)*:/*5(/-!'99(;(/')-*1>!$%&!90)*7/'.;!*6!)%&!9&//!-.!6(//!*6!

.;'//! 3&.-9/&.>! $%&.&! *5.&+3')-*1.! '+&! 9%'+'9)&+-.)-9! *6! .&1&.9-1:! 9&//.>! C0! 9*1)+'.)8!

0*(1:&+! 7&)-*/&J/&..! /&'3&.! )%')! '+&! 1*)! 4-.7/'0-1:! .(9%! '! .)+*1:! ,%-)&1-1:! ! I;-44/&!

7%*)*8! A-:(+&! #UM! %'3&! '! 9&//(/'+! 9*1)&1)! )%')! '77&'+.! .-;-/'+! )*! )%&! 9*1)+*/! I5*))*;!

7%*)*8!A-:(+&!#UM>!H*1.&R(&1)/08!)*!'3*-4!'10!5-'.!-1!*(+!'1'/0.-.8!9'+&!,'.!)'2&1!,%&1!

.';7/-1:!/&'3&.8!)*!9*//&9)!*1/0!)%&!*1&.!4-.7/'0-1:!'!;-/4!;'9+*.9*7-9!7%&1*)07&!-1!)%&!

7/'1).!4*,1J+&:(/')&4!6*+!Q)<OYO<"d#>!

!

! !



! U_b!

!

!

F2*L0(.6CN!8(P0(-($,3,21(.2+3*(-.%W.P'3$,-.3W,(0.120L-.2$)L"().*($(.-2'($"2$*.a>BG9b.3*32$-,.;8J8;4!

-1!]$!IH*/JYM!'14!-4/4-^! 21*92J*()! I`YM!5'92:+*(14>!L;':&.!,&+&! )'2&1!Uf!4'0.!'6)&+!KL\S! -16&9)-*1>!

</'1).!,&+&!9*1.&R(&1)/0!"f!4'0.!'6)&+!:&+;-1')-*1!IS)':&!^!6+*;!C*0/&.!'14!'/>M>!Q//!7/'1).!,&+&!.*,1!')!

)%&!.';&!)-;&!'14!:+*,1!-1!)%&!.';&!9*14-)-*1.>!]$!a!,-/4!)07&8!7"!a!<OYO<"8!7#!a!7+*+7#8!ZK!a!&;7)0!

3&9)*+8!74.!a!7%0)*&1&!4&.')(+'.&>!

!!



! UU_!

!

F2*L0(.6TN!8(P0(-($,3,21(.2+3*(-.%W.P'3$,-.6.&((#-.3W,(0.>BG9.2$W(",2%$.3$).2,-.(WW(",.3,.,R(."(''L'30.

'(1('>!O&7+&.&1)')-3&!7%*)*:+'7%.!*6!7/'1).!#!,&&2.!'6)&+!KL\S!-16&9)-*1!':'-1.)!<OYO<"!I'5*3&M!*+!,-)%!

'1! &;7)0! 3&9)*+! I5&/*,M! '+&! .%*,1! I/&6)M>! C/'92! 5*B&.! *1! /&'3&.! -14-9')&.!,%&+&! '! _>^!;;! 5'14!,'.!

4-..&9)&4!-1!)%&!/&'6!;-4+-5!'14!6(+)%&+!7+*9&..&4!)*!5&!*5.&+3&4!50!)+'1.;-..-*1!&/&9)+*1-9!;-9+*.9*7&!

I$ZGM>!O&7+&.&1)')-3&!-;':&.!'6)&+!3-.('/-.')-*1!*1!'!?-)'9%-!?!g^__!)+'1.;-..-*1!&/&9)+*1!;-9+*.9*7&!'+&!

.%*,1!6*+!KL\S!':'-1.)!<OYO<"!I(77&+!'14!;-44/&M!*+!6*+!)%&!&;7)0!3&9)*+!I/*,&+M!*1!)%&!+-:%)>!S9'/&!5'+!

-.!-4&1)-9'/!6*+!)%&!)%+&&!$ZG!-;':&.>!H&//(/'+!9*;7'+);&1).!'+&!-14-9')&4!(.-1:!5/'92!'++*,.>!

!

! !



! UUU!

$%-.!+&.(/)!1-9&/0!9*;7/&;&1).!)%&!*1&!7+&3-*(./0!*5)'-1&4!-1!)%&!+&.&'+9%!:+*(7>!L14&&48!

\();'11!&)!'/>!I"_U"M8!%'4!.%*,1!.&3&+&!9&//(/'+!4&6&9).!-1!7/'1).!-16&9)&4!,-)%!'!7$OK"!

7/'.;-4!9*1)'-1-1:!'!.&R(&19&!4&.-:1&4!)*!.-/&19&!Q)<OYO<U!I)%&!*+:'1&//'+!OP'.&!<!-1!

84#0(9/-)()M>!?*,&3&+8!1*! 9/&'+! 9&//(/'+!7%&1*)07&!9*(/4!5&!*5.&+3&4! -1!7/'1).!,-)%!'!

KL\S!':'-1.)!Q)<OYO<">!Q99*+4-1:!)*!*(+!+&.(/)8!)%-.!-.!3&+0!/-2&/0!4(&!)*!'!4-66&+&19&!-1!

)%&!7'+)!*6!)%&!7/'1)!.';7/&4!)*!7&+6*+;!$ZG!*5.&+3')-*1.>!

L14&&48!,%&1!.';7/-1:!)%&!;*.)!'66&9)&4!7'+)!*6!)%&!/&'68!'!9/&'+!7%&1*)07&!9'1!5&!.&&1!')!

)%&!9&//(/'+!/&3&/8!%-:%/-:%)-1:!)%&!-;7*+)'19&!*6!1(9/&'+!OP'.&!<>!?*,&3&+8!-1!7'+).!*6!)%&!

/&'3&.!)%')!4*!1*)!&B%-5-)!'!.&3&+&!;'9+*.9*7-9!7%&1*)07&8!)%&!9&//(/'+!4&6&9).!'+&!*1/0!

;-/4! IA-:(+&! #UM8! -14-9')-1:! )%')! -1! )%&.&! /&'3&.8! )%&! /&3&/! *6! 1(9/&'+! OP'.&! <8! '/5&-)!

4&9+&'.&4!-.!.)-//!.(66-9-&1)!6*+!9&//.!)*!6(19)-*1!7+*7&+/0>!

!

Q/)*:&)%&+8!)%&!O$JR<HO!4')'!'14!)%&!9&//(/'+!*5.&+3')-*1!*6!7/'1).!4*,1J+&:(/')&4!6*+!

1(9/&'+!OP'.&!<!.(::&.)!)%')!Q)GQAU!-.!-14&&4!*3&+J&B7+&..&4!')!)%&!)+'1.9+-7)*;-9!/&3&/!

,%&1! 1(9/&'+! OP'.&! <! -.! 4*,1J+&:(/')&4>! ?*,&3&+8! 4*,1J+&:(/')-*1! *6! 84#0(9/-)()!

1(9/&'+! OP'.&! <! /&'4.! )*! '1! -;7*+)'1)! .)+&..! ')! )%&! 9&//(/'+! /&3&/! '14! 6*+! )%&! &1)-+&!

*+:'1-.;>!$%(.8!.-19&!GQAU!-.!21*,1!)*!5&!'!.)+&..!+&:(/')&4!7+*)&-18!')!)%-.!.)':&8!,&!

9*(/4!1*)!+(/&!*()!)%')!)%&!-19+&'.&!-1!Q)GQAU!;OPQ!/&3&/!-.!.*/&/0!4(&!)*!'!/*,&+!';*(1)!

*6! Q)<OYO<"d#8! 5()!;-:%)! '/.*! 5&! '! +&.7*1.&! )*! )%&! .)+&..! 9'(.&4! 50! )%-.! 4&7/&)-*1>!

H*1.&R(&1)/08!-1!*+4&+!)*!)&.)!)%&!4-+&9)!&66&9)!*6!Q)<OYO<"d#!'9)-3-)0!*1!Q)GQAU!$DS8!

we used 3’RACE to test whether AtMAF1 TLS is indeed cleaved ($*7(7/!')!-).!.)'+)!.-)&>!

!

.? 3’ RACE reveals accumulation of MAF1 transcripts 

termini at the 5’ extremity of the TLS*
!
Before selecting 3’ RACEJS&R!)*!'1'/0.&!Q)GQAU!)+'1.9+-7)!&14.8!,&!-1-)-'//0!7&+6*+;&4!

5’ RACE. In a pilot assay we had used Sanger sequencing of multiple 5'9)&+-'/!9*/*1-&.!

containing an insert with the 5’ RACE final PCR products. We could not conclude from 

)%&.&!6-+.)!+&.(/).8!'.!,&!4-4!1*)!21*,!-6!)%&!;*+&!)%'1!*1&!%(14+&4!.&R(&19&.!'1'/0.&4!

9*++&.7*14&4! *+! 1*)! )*! <HO! 4(7/-9')&.>! L1! '44-)-*1! S'1:&+! .&R(&19-1:! 4-4! 1*)! 0-&/4!

&1*(:%!4&7)%!)*!9*++&9)/0!'..&..!Q)GQAU!;OPQ!)+'1.9+-7)!&14.>!$%&!;'-1!7+*5/&;!/-&.!



! UU"!

-1! )%')! )%&!$DS! -.! 6*(14! -1! '1! -1)+*1! *6!GQAU! '14! -1! 9*1.&R(&19&! *1/0! *1! 7+&J;OPQ!

.&R(&19&.!)%')!'+&!1*)!'5(14'1)!9*;7'+&!)*!)%&!;')(+&!;OPQ>!

$%(.!-1!*+4&+!)*!4&)&+;-1&!-6!Q)GQAU!$DS!-.!7+*9&..&4! ($*7(7/!'14!;-:%)!)%(.!+&:(/')&!

AtMAF1 transcriptional level, we decided to analyse the 3’ ends of the AtMAF1 transcripts 

using 3’ rapid amplification of complementary ends followed by NGS sequencing (3’RACEJ

S&RM>! $*)'/! OPQ! ,'.! &B)+'9)&4! 6+*;!]$! 7/'1).8! 6+*;! 7/'1).! 21*92&4! *()! 6*+! -4/4-^!

IQ$T\"Ub__M8!'14!'6)&+!-16&9)-*1!&-)%&+!50!'!KL\S!9*1.)+(9)!)*!4*,1J+&:(/')&!Q)<OYO<"!

IQ$"\U[[^_M! *+! ,-)%! '1! &;7)0! 3&9)*+! IZKM>! A-1'//08! '! 3.$TNT! ;()'1)! I$J=PQ! /-1&!

\`oggT?_g!IPTgT"bbM!9%'+'9)&+-.&4!50!D'1:&!&)!'/>8!"_UUM!,'.!'/.*!(.&4>!$%&!'9)-3-)0!*6!

)%&!1(9/&'+!&B*.*;&!)%')!;&4-')&.!3’J5’ RNA degradation activity is reduced in this line>!

]&!&B7&9)!)%')!4&:+'4')-*1!507+*4(9).!*6!<OYO<!9/&'3':&!*6!GQAU!$DS!'+&!4&9+&'.&4!-1!

)%-.!/-1&>!L1!9*1.&R(&19&8!-)!.%*(/4! -;7+*3&!4&)&9)-*1!of the true 3’ end of the cleavage 

7+*4(9)! *6! <OYO<>! In the 3’ RACE assays we used a 3’ adaptor containing a random 

.&R(&19&!*6!U^!1(9/&*)-4&.!'//*,-1:!)*!+&;*3&!<HO!4(7/-9')&.!6+*;!)%&!'1'/0.-.!'6)&+!P\S!

.&R(&19-1:!*6!)%&!6-1'/!<HO!7+*4(9).>!

Results from the 3’ RACEJS&R!'+&!.%*,&4!'.!'!9/*.&J(7!6*+!)%&!-1)+*1![!I6+*;!7*.-)-*1!UU8!

6*+,'+4!7+-;&+!/*9')-*18!)*!#U[8!)%&!&14!*6!)%&!-1)+*1![M!5()!7&+9&1)':&.!'+&!9'/9(/')&4!

6+*;! )%&! )*)'/! *6! 1(;5&+! *6! +&'4.! 6*(14! '/*1:! )%&! #_[! 1(9/&*)-4&.! /*1:! ';7/-6-&4!

.&quence analysed by 3’RACEJS&R!IA-:(+&!#"Q8!H8!=M>!$%&!$DS!-.!/*9'/-.&4!')!7*.-)-*1!U#^J

"_b! -1!*(+! .1'7J.%*)! I5/(&!5'92:+*(14! -1!A-:(+&!fM>!]&!9'1! 3-.('/-@&!7&'2.! 6+*;! )%&!

7*.-)-*1.!JU!)*!J#!6+*;!)%&!.)'+)!*6!)%&!$DS!I7*.-)-*1!U#T8!U##8!U#"M!-1!)%&!]$8!-4/4-^*I7#!

`YM8!-4/4-^J3-:.ZK!I7#!`Y!c!3-:.!ZKM!'14!3.$"!5'92:+*(14.!IA-:(+&!#"M>!$%&!9/*.&J(7!

3-&w around the TLS 5’ extremity (F-:(+&!#"C8!H8!=M8!.%*,.!)%')!)%&!.(;.!*6!)%&.&!7&'2.!

+&7+&.&1)! '+*(14! T_n! *6! )*)'/! +&'4.! -1!]$! IA-:(+&! #"Q8! CM8! T"n! -1! 7#! `Y8! [fn! -1!

7#!`Y!c!3-:.!ZK! IA-:(+&!#"HM!'14!gUn! -1!3.$"!5'92:+*(14.! IA-:(+&!#"=M>!?&19&8! -)! -.!

9/&'+!)%')!'1!&14*+-5*1(9/&*/0)-9!9/&'3':&!*99(+.!'+*(14!)%&!.)')&4!7*.-)-*1.>!?*,&3&+8!

)%&!3’end byJ7+*4(9).!+&.(/)-1:!6+*;!)%&!9/&'3':&!'+&!1*)!')!'!7+&9-.&!7*.-)-*1!3'+0-1:!

5&),&&1! J#! )*! J1 in our results. The 3’ extremity in 3.$"!5'92:+*(14!,%&+&! &B*.*;&!

activity on the 3’ end should be abolished is also not clear between these positions while 

)%&! 7&+9&1)':&! *6! +&'4.! -.! )%&! %-:hest compare to other backgrounds. The blurred 3’ 

&B)+&;-)0! 9*(/4! 5&! )%&! +&.(/)! *6! )%&! 1-55/-1:! 50! &B*+-5*1(9/&'.&.! '6)&+! )%&!

&14*+-5*1(9/&*/0)-9! 9/&'3':&! *+! '1! -;7+&9-.&! 9/&'3':&! 50! )%&! &14*+-5*1(9/&'.&!



! UU#!

+&.7*1.-5/&!*6! )%-.! 9()>! L!,*(/4! /-2&! )*! .)+&..! )%')!<OYO<!&1@0;&.!9'1!%'3&! -;7+&9-.&!

9/&'3':&! /&'4-1:! 6*+! &B';7/&! )*! )%&! &B)+'! 1(9/&*)-4&! 6*(14! ')! 7*.-)-*1! JU! -1! )OPQ!?-.!

I</'9-4*!&)!'/>!"_U_M>!$%&!4*,1+&:(/')-*1!*6!<OYO<"!-1!-4/4-^!I7#!`Y!c!3-:.!<"!-1!A-:(+&!

#"Q8!CM!.&&;.!)*!+&.(/)!-1!'!+&4(9)-*1!*6!)%&!7&+9&1)':&!*6!)+'1.9+-7)!&14.!')!7*.-)-*1!U#"8!

U##!'14!U#T>!?*,&3&+8! )%&! )%-+4!+&7/-9')&!5&%'3&!1*)! /-2&! )%&! ),*! 6-+.)!*1&!'14!&B)+'!

+&7/-9')&.!'+&!1&&4&4!)*!9*16-+;!)%&!+&.(/)>!L1!'10!9'.&8!)%&!)%+&&!7&'2.!+&7+&.&1)!*1/0!"^!

n!*6!)*)'/!+&'4.!-1!)%&!),*!6-+.)!+&7/-9')&.!5()!^_!n!-1!)%&!/'.)!+&7/-9')&>!L6!,&!)'2&!-1)*!

'99*(1)! *1/0! )%&! ),*! 6-+.)! +&7/-9')&.8! -)! -.! '! #gn! 4&9+&'.&! 9*;7'+&! )*! )%&!]$8! ^"n!

9*;7'+&!)*!7#!`Y!'14![#n!9*;7'+&!)*!7#!`Y!c!3-:.!ZK>!$%-.!+&.(/)!.&&;.!)*!.(77*+)!*(+!

%07*)%&.-.!)%')!Q)<OYO<"d#!'+&!-14&&4!+&.7*1.-5/&!6*+!)%&!9/&'3':&!*6!Q)GQAU!$DS! ($*

7(7/>!A(+)%&+!+&7/-9')&.!'+&!1&&4&4!6*+!'//!)%&!:&1*)07&.!)*!.)+&1:)%&1!)%&!+&.(/)>!!

$%&!'1'/0.-.!*6!3’ &14.!50J7+*4(9).!'//!'/*1:!)%&!.)(4-&4!.&R(&19&!I-1)+*1![!–!&B*1!gM!

.%*,.!)%')!7*/0JQ!)'-/!IQJ+-9%!c!*1/0QM!-.!)%&!;'e*+!'44-)-*1!I-1!+&48!A-:(+&!#"!'14!A-:(+&!

##QM>!]%&1!)%&!&B*.*;&!'9)-3-)0!-.!+&4(9&4!I3.$"!5'92:+*(14M8!)%&!7&+9&1)':&!*6!7*/0JQ!

-19+&'.&.!'5*3&!g_n!5&9'(.&!)%&.&!7*/0JQ!)'-/&4!50J7+*4(9).!'+&!'99(;(/')-1:!IA-:(+&!

##QM>!$%&.&!'+&!,&//!21*,1!.(5.)+')&.!*6!)%&!&B*.*;&!ID'1:&!&)!'/>8!"__bM>!$%&!6*9(.!*1!

;*4-6-9')-*1.!')!7*.-)-*1.!U#"8!U##8!U#T!5&6*+&!)%&!$DS!IA-:(+&!##CM!9/&'+/0!.%*,.!7*/0J

Q!)'-/!'.!)%&!;'-1!;*4-6-9')-*1>!$%&!9/&'3':&!50J7+*4(9).!'+&!)%&+&6*+&!)%&!)'+:&)!*6!)%&!

&B*.*;&>!S-19&!)%&!'44-)-*1!*6!7*/0JQ!)'-/.!,'.!4&.9+-5&4!'.!'!.-:1'/!6*+!OPQ!4&:+'4')-*1!

ID'1:&!&)!'/>8!"__bM8!)%-.!.)+&1:)%&1.!)%&!-4&'!)%')!)%&.&!)+'1.9+-7).!'+&!4&:+'4&4!50!)%&!

OPQ!4&9'0!;'9%-1&+0! '6)&+! &14*+-5*1(9/&*/0)-9! 9/&'3':&>! ! Y3&+'//8! )%&! +&.(/).! .(::&.)!

)%')!1(9/&'+!<OYO<.!'+&!+&.7*1.-5/&!6*+!)%&!&14*+-5*1(9/&*/0)-9!9/&'3':&!*6!GQAU!7+&J

mRNA at the 5’ end of a TLS in intron 6. Upon cleavage, the byJ7+*4(9)!/*9')&4!(7.)+&';!

)%&!9/&'3':&!.-)&!-.!4&:+'4&4!50!)%&!1(9/&'+!&B*.*;&!'..*9-')&4!,-)%!)%&!%&/-9'.&!?ZP">!

]&!9*(/4!1*)&!)%')!)%&!9/&'3':&!*99(+.!-1!)%&!]$!-1!.)'14'+4!:+*,)%!9*14-)-*1.>!
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! UU^!

F2*L0(.64N!Analysis of the 3’RACEA-(N.0(-L',-.-R%&2$*."'(313*(./DAproducts 3’ ends along the intron 

[!IQ8!'14!/&6)!7'1&/.!*6!H!'14!=M!'14!6*+!'!9/*.&Jup around the 5’ end of the TLS (B, right panels of C and D) 

6*+! )%&! 4-66&+&1)! :&1*)07&.>! O&.(/).! '+&! &B7+&..&4! '.! 7&+9&1)':&! *6! )*)'/! +&'4.! 6*+! )%&!,%*/&! .&R(&19&!

'1'/0.&4! -1! )%-.! &B7&+-;&1)>! $%&! 9*/*(+.! &B7+&..! )%&! +&'4.! (1;*4-6-&4! I5/'92M8! +&'4.! ,-)%! 7*/0JQ!

(1)&;7/')&4!'44&4!1(9/&*)-4&.!IQJ+-9%!*+!*1/0!Q!-1!+&4!9*/*(+.M!'14!+&'4.!,-)%!*)%&+!)07&.!*6!(1)&;7/')&4!

'44&4!1(9/&*)-4&.!I-1!:+&0M>!$%+&&!+&7/-9')&.!*6!)%&!&B7&+-;&1)!6*+!]$!'14!7#!`Y!c!3-:.!<"!'+&!7+&.&1)&4!

-1!Q!'14!C8!*1&!&B7&+-;&1)!,'.!4*1&!6*+!7#!`Y!'14!7#!`Y!c!3-:.!ZK!IHM!'14!),*!+&7/-9')&.!,&+&!4*1&!6*+!

3.$"!I=M>!

!

F2*L0(. 66N! !))2,2%$. %W. (d,03A$L"'(%,2)(-. 3,. ,R(. ($). %W. "'(313*(. /DAP0%)L",-! '/*1:! )%&! '1'/0.&4!

.&R(&19&!IQM!'14!')!7*.-)-*1!U#"8U##8!U#T!9*++&.7*14-1:!)*!JU!)*!J3 upstream the 5’end of the TLS (B) for 

)%&!4-66&+&1)!:&1*)07&.!)&.)&4>!$%&!9*/*(+!9*4&!-.!4&.9+-5&4!*1!)%&!+-:%)>!



! UU[!

!!

F2*L0(. 6YN!G03PR2"3'. 0(P0(-($,3,2%$. %W. ;!8EA-(N. )3,3. W0%+. !03/2)%P-2-. @(d,AG($. )3,3/3-(. W%0.

!,:!FT.*($(!IQ)^:U#"T_M>!$%&!7*.-)-*1!*6!)%&!$DS8!-1!GQAU!-1)+*1![!-.!-14-9')&4!50!'1!'++*,!IQM>!$DS!

.&R(&19&!-.!-14-9')&4!-1!+&48!'14!)%&!.&R(&19&!*6!)%&!+&'4!6*(14!-1!)%&!P&B)J\&1!4')'5'.&!-.!-14-9')&4!5&/*,!

-1!:+&&1>!$%&!.)'+)!.-)&!*6!)%&!$DS!-.!-14-9')&4!50!'1!'++*,!ICM>!

!

! !



! UUg!

C&0*14! *(+! *,1! &B7&+-;&1)'/! 3’OQHZJS&R! +&.(/).8! ,&! '/.*! (.&4! '3'-/'5/&! <QOZJ.&R!

I7'+'//&/! '1'/0.-.! *6! OPQ! &14.M! 4')'! produced by the Pamela Green’s lab (publicly 

'3'-/'5/&!')!1&B)J:&1!.&R(&19&M>!<QOZJ.&R!-.!'!)&9%1-R(&!(.&4!)*!.)(40!OPQ!4&:+'4')-*1!

'14!-4&1)-60!6*+!&B';7/&!;-OPQ!9/&'3':&!.-)&.>!!]%&1!6*9(.-1:!*1!GQAU8!)%&!1(;5&+!*6!

)+'1.9+-7)!&14.!.)'+).!)*!5&!'5*3&!5'92:+*(14!')!)%&!&xact 5’ start site of the TLS (F-:(+&!

#TM!'14!)%-.! -.! )%&!*1/0!7&'2! /*9'/-.&4! -1!'1! -1)+*1>! L!,*(/4! /-2&!)*!.)+&..!)%')! )%&!$DS!

.&R(&19&!-.!4-66&+&1)!&1*(:%!6+*;!)%&!)OPQ!.&R(&19&.!6*+!)%&!+&'4.!)*!5&!.7&9-6-9>!$%-.!-.!

'1! '44-)-*1'/! 7+**6! )%')! '! &14*+-5*1(9/&*/0)-9! 9/&'3':&! +&'//0! *99(+.! -1! )%-.! -1)+*1! [!

&B'9)/0!at the 5’ end of the transcript.!

!

B? 8$#:D)()*/B*@;8*-/:D&.4#).*666*%4#$)<4(-%)*>3.$*
2@K@2Tf^*()*9/>$4.A":#%.9*

!
Q.! '! 1&B)! .)&78! '6)&+! .%*,-1:! )%')! Q)GQAU! ;OPQ! /&3&/! ,'.! /-2&/0! '/.*! +&:(/')&4! 50!

Q+'5-4*7.-.!1(9/&'+!OP'.&!<!,&!4&9-4&4!)*!-13&.)-:')&!-68!-1!*(+!KL\S!9*14-)-*1.!,%&+&!

Q)<OYO<#! -.! '5.&1)! '14! Q)<OYO<"! -.! 4*,1J+&:(/')&48! OPQ! )+'1.9+-7).! 6+*;! OPQ!

7*/0;&+'.&! LLL! '+&! '/.*! 4*,1J+&:(/')&4>! L14&&48! -1! *(+! 7+*7*.&4!;*4&/8! Q)<OYO<"d#!

9')'/0.&!)%&!9/&'3':&!*6!Q)GQAU!7+&9(+.*+!;OPQ8!)%&+&50!+&4(9-1:!)%&!/&3&/!*6!-).!;')(+&!

;OPQ!'14!9*1.&R(&1)/0!7*..-5/0!-).!'5(14'19&!')!)%&!7+*)&-1!/&3&/!'14!-).!+&7+&..-*1!*6!

OPQ!7*/! LLL>!Q99*+4-1:/08!,&!%07*)%&.-.&4! )%')! )%&!4*,1+&:(/')-*1!*6!Q)<OYO<"d#!50!

KL\S!;-:%)! /&'4! )*!'1!*3&+'//!4&9+&'.&!*6! OPQ!7*/! LLL! )+'1.9+-7).>! L)!%'4!'/+&'40!5&&1!

.%*,1!50!7+&3-*(.!,*+2!6+*;!)%&!)&';!)%')!,%&1!Q)<OYO<"d#!'+&!4*,1+&:(/')&48!)%&!

';*(1)! *6! .*;&!;')(+&! )OPQ.! -.! '/.*! 4&9+&'.&4! I\();'11! &)! '/>8! "_U"M8! '/)%*(:%!1*!

)+'1.9+-7)*;&!,-4&!'1'/0.-.!%'4!5&&1!7&+6*+;&4>!S*!,&!4&9-4&4!)*!-13&.)-:')&!-6!)%-.!,'.!

'/.*!)%&!9'.&! 6*+!*)%&+!OPQ!7*/! LLL! )+'1.9+-7).>!E.-1:!O$JR<HO!,&!'..'0&4!)%&!+&/')-3&!

&B7+&..-*1!/&3&/!*6!)%+&&!*)%&+!OPQ!7*/!LLL!)+'1.9+-7).N!^S!+-5*.*;'/!OPQ8!gSD!OPQ!'14!

E[!.7/-9&*.*;'/!OPQ>!$%&!'1'/0.-.!*6! )%+&&! -14&7&14&1)!&B7&+-;&1).!+&3&'/&4!)%')!^S!

+OPQ8!E[!.1OPQ!'14!gSD!OPQ!/&3&/.!,&+&!1*)!.-:1-6-9'1)/0!4&9+&'.&4!-1!-4/4-^*[K!7/'1).!

,-)%!3-:.!':'-1.)!<OYO<"!.';7/&.!9*;7'+&4!)*!-4/4-^!`Y!7/'1).!,-)%!3-:.!50!'1!Z;7)0!

K&9)*+!.';7/&.!IA-:(+&!#^M>!?*,&3&+8!)%&.&!;&'.(+&.!;'0!+&3&'/!)%&!.)&'40J.)')&!/&3&/!

*6!)%&.&!)+'1.9+-7).8!'14!1*)!4-+&9)/0!OPQ!7*/!LLL!'9)-3-)0>!!

!



! UUf!

!

F2*L0(. 6ZX. 8('3,21(. 8@!. P%'. BBB. ,03$-"02P,-. '(1('-. 2$. P'3$,-.&2,R. >BG9. 3*32$-,. ;8J8;4! -1! -4/4-^!

5'92:+*(14! 9*;7'+&4! )*! 7/'1).! ,-)%! KL\S! 50! '1! &;7)0! 3&9)*+! IZKM! '..'0&4! 50! O$JR<HO>! S)'14'+4!

4&3-')-*1.!'+&!-14-9')&4!50!7*.-)-3&!&++*+!5'+.>!O&/')-3&!6*/4!9%'1:&!&B7+&..-*1!/&3&/!9*;7'+&4!)*!9*1)+*/8!

-14-9')&4!*1!)%&!V!'B-.8!,'.!9'/9(/')&4!(.-1:!)%&!4&/)'J4&/)'!H)!;&)%*4>!=-66&+&19&!-1!/&3&/!*6!&B7+&..-*1!

5&),&&1!)%&!),*!9*14-)-*1.!IKL\S!':'-1.)!<OYO<"!9*;7'+&4!)*!KL\S!':'-1.)!&;7)0!3&9)*+M!,'.!'..'0&4!

using student’s tJ)&.)!'14!9*1.-4&+&4!.)')-.)-9'//0!.-:1-6-9'1)!-6!7!z!_8_^!I-14-9')&4!50!'!.)'+M>!Y)%&+,-.&8!

4-66&+&19&!,'.!9*1.-4&+&4!1*)!.)')-.)-9'//0!.-:1-6-9'1)!I1>.M>!

!

! !



! UUb!

A? 8)).))&.$%*/B*#*-/))(0:.*B"$<%(/$*/B*@;#).*b*B/4*%3.*
<:.#7#A.*/B*H8=I*GR'**

!
As presented in the introduction, precursor tRNAs are matured in 5’ by RNase P and in 3’ 

50!OP'.&!W>!]%-/&!,&!%'4!-4&1)-6-&4!)%')!OP'.&!<!9/&'3&.!)%&!9*1.&+3&4!Q)GQAU!$DS!-1!

*+4&+!)*!+&:(/')&!Q)GQAU!/&3&/.8!-)!,'.!'/.*!-;':-1'5/&!)%')!OP'.&!W!,*(/4!%'3&!'!.-;-/'+!

regulatory function through a cleavage of the 3’ extremity of AtMAF1 TLS. We therefore 

4&9-4&4!)*!'44+&..!)%-.!%07*)%&.-.!5*)%!($*7(%4/!'14!($*7(7/>!

Q.!'!6-+.)!.)&78!,&!-13&.)-:')&4!-6!Q)GQAU!$DS!9*(/4!5&!9/&'3&4!50!'!+&9*;5-1'1)!Q)OP'.&!

W#!7+*)&-1!I)%&!1(9/&'+!Q+'5-4*7.-.!OP'.&!W!'99*+4-1:!)*!H'1-1*!&)!'/>8!"__bM! ($*7(%4/>!

O&9*;5-1'1)!Q)OP'.&!W#!,'.!7+*4(9&48!6*//*,-1:!)%&!7+*)*9*/!4&)'-/&4!-1!)%&!G')&+-'/!

'14!;&)%*4.!.&9)-*18!,-)%!)%&!H=S!6*+!Q)OP'.&!W#!9/*1&4!-1)*!7&)"f5!'14!&B7+&..&4!6+*;!

O*.&))'!=Z#!9&//.>!Q)OP'.&!W#!9*(/4!5&!7(+-6-&4!)*!1&'+!%*;*:&1&-)0!'.!3&+-6-&4!*1!:&/!

'14!50! -;;(1*4&)&9)-*1! IA-:(+&!#[M8! '14!50!;'..! .7&9)+*;&)+0!'1'/0.-.>!$%&! .';7/&!

6+*;!$OW#!&/()-*1!U!,'.!(.&4!6*+!'9)-3-)0!'..'0.>!

H/&'3':&! '..'0.! ,&+&! 7&+6*+;&4! '.! 4&.9+-5&4! '5*3&8! ,-)%! )%&! .%*+)! )+'1.9+-7)!

+&7+&.&1)-1:!GQAU!$DS!'14!'!7+&J)OPQ!'.!'!7*.-)-3&!9*1)+*/>!$+'1.9+-7).!,&+&!-19(5')&4!

,-)%!&-)%&+!Q)OP'.&!W#!'/*1&8!Q)<OYO<"!'/*1&!*+!,-)%!5*)%!7+*)&-1.>!O&.(/)!.%*,&4!)%')!

Q)GQAU!$DS!9*(/4! -14&&4!5&!9/&'3&4!50!Q)OP'.&!W#!5()!;(9%!;*+&!&66&9)-3&/0! -1!)%&!

7+&.&19&!*6!Q)<OYO<"!IA-:(+&!#gM>!Q!.-;-/'+!+&.(/)!,'.!*5.&+3&4!,-)%!)%&!9*1)+*/!)OPQ>!

$%-.!.(::&.).!)%')!OP'.&!<!'9)-3-)0!;(.)!7+&9&4&!OP'.&!W!9/&'3':&!'14!)%')!only 5’ mature 

)OPQ.!*+!$DS!'+&!:**4!.(5.)+')&.!6*+!OP'.&!W>!P(9/&'+!7+&9(+.*+!)OPQ.!'+&!5*(14!($*7(7/!

by the LA protein at their 3’ extremity. This protein was proposed to prevent RNase Z 

&14*1(9/&*/0)-9!9/&'3':&!'14!)%(.!)*!*+-&1)!7+&J)OPQ.!)*,'+4.!;')(+ation of their 5’ end 

6-+.)!IC/&,&))!'14!G'+'-'8!"_UfM>!Y(+!+&.(/).!*5)'-1&4!($*7(%4/!.(::&.)!)%')!)%&!DQ!7+*)&-1!

-.!1*)!)%&!;'-1!7/'0&+!)*!4+-3&!)%&!7+&6&+&1)-'/!9/&'3':&!50!OP'.&!<!6-+.)>!$%&!1')(+&!*6!

)%&!7+&J)OPQ!.(5.)+')&! -).&/6! .&&;.! )*!5&! .(66-9-&1)! )*! -14(9&!7+&6&+&1)-'/! 9/&'3':&! 50!

OP'.&!<!6-+.)8!-1!'99*+4'19&!,-)%!7+&3-*(.!/-)&+')(+&!I?*77&+8!"_U#M>!

!

!



! U"_!

!

F2*L0(.6[X.V(-,(0$./'%,.3$3'D-2-.%W.!,<8Q6AHB9!I9'/9(/')&4!G]N!bf8[!`4'M!'6)&+!7+*)&-1!&B7+&..-*1!-1!

5'9)&+-'/!9&//.!'14!5')9%!7(+-6-9')-*1>!]'.%!I]M8!Z/()-*1!IZDM!'14!A/*,!$%+*(:%!IA$M!.';7/&.!,&+&!+(1!*1!

'1!fn!S=SJ<Q\Z!:&/>!Q6)&+!)+'1.6&+!)*!'!<K=A!;&;5+'1&8!,&.)&+1!5/*))-1:!,'.!7&+6*+;&4!(.-1:!'1)-5*40!

':'-1.)!?LS>!G-:+')-*1!7*.-)-*1.!*6!)%&!;*/&9(/'+!;'..!;'+2&+.!'+&!-14-9')&4!*1!)%&!/&6)!IGM>!!

!

F2*L0(.6\X.B$.12,0%."'(313*(.3--3D.%W.:!FT.<K9./D.!,;8J8;4.3$).!,8@3-(.Q6O!Q!.%*+)!+&:-*1!9'//&4!S!

OPQ!I9*++&.7*14-1:!)*!'!7*+)-*1!'+*(14!)%&!$DS!*6!-1)+*1![!*6!GQAUM!,'.!)+'1.9+-5&4!($*7(%4/!'14!(.&4!'.!

'!.(5.)+')&!6*+!+&9*;5-1'1)!<OYO<"!I<"M!'14d*+!OP'.&!W#!IW#M>!Q.!'!1&:')-3&!9*1)+*/8!)%&!+&'9)-*1!,'.!

7&+6*+;&4! ,-)%*()! 7+*)&-1! IJM>! Q.! '! 7*.-)-3&! 9*1)+*/8! '! 7+&9(+.*+! )OPQ! I)%&! 1(9/&'+! 7+&9(+.*+! )OPQ!

H0.)&-1&M!,'.!(.&4!'.!'!.(5.)+')&8!.%*,-1:!)%')!)%&!+&9*;5-1'1)!<OYO<"!'14!OP'.&!W#!'+&!9')'/0)-9'//0!

'9)-3&>! $%&! +&'9)-*1! 7+*4(9).! ,&+&! +(1! *1! '1! '9+0/';-4&! :&/! '14! 3-.('/-@&4! (14&+! EK! '6)&+! &)%-4-(;!

5+*;-4&!.)'-1-1:>!

$OW#!J!?LS!



! U"U!

$%&18!'.!'!1&B)!.)&78!,&!-13&.)-:')&4!,%&)%&+!.(9%!'1!OP'.&!W!9/&'3':&!9*(/4!*99(+!')!)%&!

/&3&/!*6!GQAU!$DS!($*7(7/. For this, we analysed our 3’ RACE Seq assays. This data did not 

+&3&'/!'10!'99(;(/')-*1!*6!GQAU!)+'1.cripts at the specific site at the 3’ end of the TLS!

I7*.-)-*1!"_bM!5()!,&!9'1!*5.&+3&!'!.;'//!-19+&'.&!-1!7&+9&1)':&!*6!+&'4.!')!7*.-)-*1!"UU!

*1/0!6*+!7#!`Y!3-:.!<"!+&7/-9')&!"!IA-:(+&!#"QM>!

?*,&3&+8!-6!)%&!+&.(/).!6+*;!*(+!7+&3-*(.!($*7(%4/!'..'0.!IA-:(+&!#gM!'+&!9*++&9)!'14!)%')!

($*7(7/8!OP'.&!W!9/&'3':&!'/.*!;'-1/0!6*//*,.!OP'.&!<!9/&'3':&8!-)!-.!/*:-9'/!)%')!,&!9'11*)!

detect any RNase Z cleavage using 3’ RACE. Indeed, the adapter would then ligate itsel6!-1!

3’ of the TLS, but we would not be able t*!';7/-60!)%-.!6+':;&1)!'.!*(+!A*+,'+4!7+-;&+.!

are located in 5’ of the TLS. Consequently, once an RNase P cleavage has happened, if 

another cleavage occurs, catalysed by RNase Z, we cannot amplify by PCR until the 3’end 

*6!)%&!$DS8!'.!)%&1!)%&!OPQ!-.!'/+&ady cleaved. Consequently, with 3’RACE we are only 

'5/&!)*!4&)&9)!OP'.&!W!9/&'3':&!-6!-)!*99(+.!5&6*+&!OP'.&!<!9/&'3':&>!Q14!,&!%'3&!.%*,1!

($* 7(%4/! )%')! )%-.! -.!(1/-2&/0! )%&! 9'.&>!H*1.&R(&1)/08! -6!,&!,'1)! )*! -13&.)-:')&! ($* 7(7/! -6!

Q)GQAU!$DS!-.!9/&'3&4!50!RNase Z, it is necessary to perform a 5’ RACE assay.!!D-2&,-.&8!

,&!'/.*!-1)&++*:')&4!7(5/-9!4')'5'.&.>!A*+!-1.)'19&8!)%&!'1'/0.-.!*6!)%&!19OPQ!9*//&9)&4!

'14! ! '..&;5/&4! *1! )%&! Q+'5-4*7.-.! P&B)J\&1! .&R(&19&! =')'C'.&.! 6*+! )%&! Q)GQAU!

IQ)^:U#"T_M!.%*,&4!)%')!1*!.;'//!OPQ8!->&>!)%')!,*(/4!9*++&.7*14!)*!GQAU!$DS8!'77&'+.!

)*!5&!:&1&+')&4!6+*;!)%-.!:&1&>!A(+)%&+;*+&8!Q22(+')*3!&)!'/>!I"_UTM!%'4!'/.*!.&'+9%&4!

6*+!'!1*1J9*4-1:!OPQ!9*1.-.)-1:!*6!)%&!)OPQ!/-2&!+&:-*1!*6!GQAU!'14!9*(/4!1*)!4&)&9)!.(9%!

'1!OPQ!(.-1:!OPQ!5/*)!%05+-4-@')-*1.>! L1! 9*19/(.-*18!,&!4-4!1*)! 6-14!'10!&3-4&19&! )*!

.(77*+)!)%&!%07*)%&.-.!)%')!OP'.&!W!,*(/4!'/.*!9/&'3&!Q)GQAU!$DS8!'14!9*1.&R(&1)/0!

:&1&+')&! '! 1*1J9*4-1:! OPQ>! ?*,&3&+8! ,&! ,*(/4! 1&&4! )*! 7&+6*+;! '44-)-*1'/! '..'0.!

(especially 5’ RACE) to be a5/&!)*!9*13-19-1:/0!+&e&9)!)%-.!%07*)%&.-.>!

!

3? 6$7.)%(A#%(/$*/B*#:%.4$#%(7.*3D-/%3.)()*%/*.O-:#($*
/"4*B($9($A)*

!
Q1*)%&+! '/)&+1')-3&! -1)&+7+&)')-*1! *6! )%&! <QOZ! S&R! +&.(/).! 9*(/4! %'3&! 5&&1! )%')!OPQ!

7*/0;&+'.&!LL!,*(/4!.)'//!')!)%&!.7&9-6-9!$DS!.)'+)!.-)&8!/&'4-1:!)*!'5*+)&4!)+'1.9+-7)-*1!

'14!9*1.&R(&1)/0!)%&!'5(14'19&!-1!9&//.!*6!'1!Q)GQAU!7+&J;OPQ!)+'1.9+-7).!'.!*5.&+3&4!

in our 3’RACE assays. To test this %07*)%&.-.8!,&!/**2&4!')!'3'-/'5/&!H%-7JS&R!!



! U""!

!

!

!

.

F2*L0(.6]N!?RB;A-(N.P0%W2'(-.%W.8@!;BBA94;.3$).8@!;BBA9Z;.3,.,R(.!,Z*T64YC!/*9(.!(7*1!5J&.)+'4-*/!

3&+.(.!;*92!)+&');&1)>!</*).!,&+&!:&1&+')&4!,-)%!)%&!L1)&:+')-3&!\&1*;-9.!C+*,.&+!(.-1:!+&7+&.&1)')-3&!

5-*/*:-9'/!+&7/-9')&.>!L1!:&1&!;*4&/.8!)%-1!5'+.!+&7+&.&1)!-1)+*1.!'14!)%-92!5'+.!&B*1.>!<*.-)-*1!*6!-1)+*1![8!

9*1)'-1-1:!)%&!$DS!-1!Q)GQAU!-.!-14-9')&4!50!'!+&4!5*B>!Q!9/*.&J(7!3-&,!*1!Q)GQAU!IQ)^:U#"T_M!-.!7+*3-4&4!

-1!)%&!5*))*;!7'1&/>!

4')'!6*+!84#0(9/-)()!OPQ!7*/0;&+'.&!LL!IQ1)*.@!&)!'/>8!"_"_M>!Q1'/0.-.!*6!)%&-+!4')'!9/&'+/0!

.%*,.!)%')!OPQ!7*/!LL!*99(7'190!.&&;.!R(-)&!%*;*:&1*(.!,-)%-1!)%&!,%*/&!:&1&!5*40!



! U"#!

IA-:(+&! #fM>! G*+&*3&+! )%-.! +&.(/)! -.! .-;-/'+! 6*+! )%&! ),*! '1)-5*40! (.&4! I)%&.&! ),*!

'1)-5*4-&.8!1';&4!OPQ<LLJS"<!'14!OPQ<LLJS^<8!'+&!.7&9-6-9!6*+!)%&!7%*.7%*+0/')&4!6*+;.!

*6! OPQ<LLJH$=! I)%&! 9'+5*B0J)&+;-1'/! 4*;'-1! *6! )%&! /'+:&! .(5(1-)! *6! OPQ<LLMM>!

Q44-)-*1'//08!-)!-.!,*+)%!1*)-1:!)%')!)%&.&!4')'!,&+&!:&1&+')&4!50!(.-1:!'!;()')&4!3&+.-*1!

*6!)%&!&/*1:')-*1!6'9)*+!$ALLS!,%-9%!-.!+&R(-+&4!6*+!&66-9-&1)!+&.9(&!*6!'++&.)&4!OPQ!<*/>!LL!

50!.)-;(/')-1:!)%&!-1)+-1.-9!)+'1.9+-7)!9/&'3':&!'9)-3-)0!*6!)%&!7*/0;&+'.&>!H*1.&R(&1)/08!

-1!)%&-+!/-1&.8!$ALLS!'9)-3-)0!-.!5/*92&4!,-)%*()!)%&!'44-)-*1!*6!βJ&.)+'4-*/>!L1)&+&.)-1:/08!

6*+! )%&!Q)GQAU!:&1&8!OPQ!7*/>! LL!*99(7'190!4*&.!1*)! .&&;! )*!3'+0!4+';')-9'//0!(7*1!

)+&');&1)!,-)%!βJ&.)+'4-*/>! S(77*+)-1:! )%&! -4&'! )%')! )%&!*5.&+3&4!9/&'3':&! -1!Q)GQAU!

7+&9(+.*+!;OPQ!-.!1*)!/-12&4!)*!OPQ!<*/!LL!5'92)+'92-1:!d!'++&.)>!!

G*+&*3&+8! ,&! '/.*! 9*1.-4&+8! )%-.! -1)&+7+&)')-*1! '.! (1/-2&/0! 5&9'(.&! )%&! 1(;5&+! *6!

transcript termini corresponding to MAF1 TLS 5’ extremity were reduced in AtPRORP2 

4*,1J+&:(/')-*1!;()'1).8! )%(.!7*-1)-1:!'!4-+&9)! +*/&!*6!OP'.&! <! 6*+! )%&!:&1&+')-*1!*6!

)%&.&!)&+;-1->!H*1.&R(&1)/08!,&!+(/&!*()!)%&!%07*)%&.-.!*+!OPQ!7*/>!LL!.)'//-1:!)*!&B7/'-1!

*(+!6-14-1:.>!

!

Q1*)%&+!7*..-5/&!&B7/'1')-*1!9*19&+1-1:!)%&!5-*/*:-9'/!6(19)-*1.!*6!Q)GQAU!$DS!-.!)%')!-)!

,*(/4!5&!-13*/3&4!-1!-1)+*1!.7/-9-1:>!Q.!)%-.!.)+(9)(+&!-.!&3*/()-*1'+0!9*1.&+3&4!-1!-1)+*1.!

'14!'.!-1)+*1.!'+&!21*,1!)*!5&!.7/-9&4!6*+!:&1&!&B7+&..-*1!)*!5&!9*++&9)/0!'9%-&3&48!-)!-.!

'!7*..-5/&!&B7/'1')-*1!)%')!Q)GQAU!$DS!,*(/4!5&!/-12&4!-1!'!,'0!)*!-1)+*1!.7/-9-1:>!$*!

-13&.)-:')&! )%-.! %07*)%&.-.8! ,&! (.&4! )+'1.:&1-9! &#BI! 2*! /-1&.! 9*;7/&;&1)&4! ,-)%!

4-66&+&1)!3&+.-*1.!*6!Q)GQAU!I)%&.&!/-1&.!'+&!4&.9+-5&4!5&/*,M>!

]&!7&+6*+;&4!O$J<HO!*1!)%&!/-1&.!%'3-1:!&-)%&+!'!3&+.-*1!*6!)%&!Q)GQAU!:&1&!,-)%*()!

)%&! $DS! *+! -1)+*1! [! *6! Q)GQAU! I)%')! 9*1)'-1.! )%&! $DSM! (14&+! )%&! 9*1)+*/! *6! -).! *,1!

7+*;*)&+!I'.!Q)GQAU!7+*;*)&+!.&R(&19&!-.!(121*,1!,&!';7/-6-&4!"!257!(7.)+&';!*6!

the 5’UTR) to see if AtMAF1 mRNA!.-@&!-.!'66&9)&4>!Y(+!+&.(/)!IA-:(+&!#bM!.%*,.!)%')!)%&!

.-@&!*6!)%&!9*4-1:!.&R(&19&!IH=SM!-.!.-;-/'+!-1!]$!/-1&.!9*;7'+&4!)*!*(+!9*;7/&;&1)&4!

/-1&.>!H*1.&R(&1)/08! -1)+*1![! -.!9*++&9)/0!+&;*3&4!&3&1! -1!)%&!'5.&19&!*6!Q)GQAU!$DS8!

-14-9')-1:!)%')!)%-.!&3*/()-*11'+0!9*1.&+3&4!$DS!-.!1*)!-13*/3&4!-1!-1)+*1!.7/-9-1:>!



! U"T!

!

F2*L0(.6^X.8<A;?8.P(0W%0+().%$.!,:!FT.?59!-1!]$!IH*/JYM!/-1&.8!&#BI!`Y!/-1&.!I&#B!\`M!'14!;'6U!`Y!

/-1&.!9*;7/&;&1)&4!,-)%!'!3&+.-*1!*6!Q)GQAU!)%')!4*&.!1*)!9*1)'-1!)%&!$DS!.&R(&19&!IJ$DSM!*+!)%&!$DS!

9*1)'-1-1:!-1)+*1!IJ-[M>!Q)GQAU!H=S!.-@&!-.![g^!5'.&!7'-+>!Y1!=PQ!)%&!&B7&9)&4!.-@&!-.!UfbU!5'.&!7'-+>!<HO!

product deposited in the line “DNA” ,'.!9*14(9)&4!*1!'!7**/!*6!=PQ!9*1)'-1:!=PQ!&B)+'9)&4!6+*;!]$8!J!

$DS!'14!–-[! /-1&.>!$%&!–-[! /-1&.!4*!1*)!%'3&!Q)GQAU!-1)+*1!1k[8!&B7/'-1-1:!)%&!7+&.&19&!*6!),*!4-.)-19)!

5'14.!4(&!)*!)%&!.-@&!4-66&+&19&>!

! !



! U"^!

(? F.7.:/-&.$%*/B*A.$.%(<*%//:)*%/*($7.)%(A#%.*#*
-/))(0:.*($%.4-:#D*0.%>..$*@;#).*2*#$9*@;#).*b*
#<%(7(%(.)*($*84#0(9/-)()**

!
To investigate a possible role of the nuclear RNase Z in intron 6 cleavage at the 3’end of 

)%&!$DS8!,&!6-+.)!:&1*)07&4!7/'1)! -1.&+)-*1!/-1&.!9%'+'9)&+-.&4!50!H'1-1*!&)!'/>! I"__bM8!

)%')! %'3&! '! $J=PQ! -1.&+)-*1! -1! Q)OP'.&WU! I\QCL! `')! [b[H_TM! '14! -1! Q)OP'.&! W#!

IHS?Do\$bf_gM8!'.!,&//!'.!'!9+*..!)%')!%'4!5&&1!;'4&!5&),&&1!)%&.&!/-1&.!50!S>!5-14&+!

IE/;! (1-3&+.-)0M>! P*! 4*(5/&! %*;*@0:*(.! 21*92! *()! 6*+! Q)OP'.&WU! '14! W#! 9*(/4! 5&!

-4&1)-6-&48!9*16-+;-1:!)%&!+&.(/).!*6!H'1-1*!&)!'/>!I"__bM>!$%&18!,&!9+*..&4!8%-4/4-^!`Y!

/-1&.!I4&.9+-5&4!50!\*5&+)!&/!'/>8!"_U_!'14!\();'11!&)!'/>8!"_U"M!,-)%!8%@;#).*L^! /-1&.!

I4&.9+-5&4! 50! H'1-1*! &)! '/>8! "__bM>! Q6)&+! %'+3&.)-1:! .&&4.! 6+*;! )%&! %*;*@0:*(.! A"!

:&1&+')-*18!,&!'1'/0.&4!7/'1).!%'3-1:!)%&!-^-^%4L^%4L^!:&1*)07&>!$%&.&!7/'1).!4-4!1*)!

&B%-5-)!'10!*53-*(.!;'9+*.9*7-9!7%&1*)07&>!$%&!+&.(/)!,'.!&B7&9)&4!'.!5*)%!Q)<OYO<"!

I6*+!OP'.&!<M!'14!Q)$OWU!I6*+!OP'.&!WM!%'3&!5&&1!.%*,1!)*!9*;7/&;&1)!Q)<OYO<#!'14!

Q)$OW#8!+&.7&9)-3&/0!I\*5&+)!&/!'/>8!"_U_j!\();'11!&)!'/>8!"_U"!'14!H'1-1*!&)!'/>8!"__bM>!

$%&.&!7/'1).!,-//!5&!(.&4!)*!6(+)%&+!-13&.)-:')&!-6!9/&'3':&!*6!Q)GQAU!$DS!50!OP'.&!<!-.!

6*//*,&4!50!OP'.&!W8!)*!:&1&+')&!'!1&,!1*1J9*4-1:!OPQ>!Q.!4*(5/&!`1*92!*()!*6!1(9/&'+!

OP'.&!<!*+!OP'.&!W!-1!84#0(9/-)()! -.!/&)%'/8!)%&.&!/-1&.!'+&!1&9&..'+0!-1!*+4&+!)*!4*,1!

+&:(/')&!'44-)-*1'//0!5*)%!Q)<OYO<"!'14!Q)$OWU8!6*+!&B';7/&!50!KL\S>!

!

g? F.7.:/-&.$%*/B*A.$.%(<*%//:)*%/*($7.)%(A#%.*%3.*
B"$<%(/$*/B*8%H8=I*GR'*($*7(7/*

!
L1!*+4&+!)*!6(+)%&+!-13&.)-:')&!)%&!5-*/*:-9'/!6(19)-*1.!*6!Q)GQAU8!,&!*+4&+&4!'14!3&+-6-&4!

'!$J=PQ!/-1&!6+*;!)%&!\'5-J`')!9*//&9)-*1>!$%&!/-1&!_#UHU_!,'.!'!3&+-6-&4!\'2-J`')!$J=PQ!

-1.&+)-*1!/-1&!'14!,&!9*16-+;&4!50!:&1*)07-1:!'14!O$J<HO!)%')!)%-.!/-1&!%'4!-14&&4!'!$J

=PQ!-1.&+)-*1!-1!Q)GQAU!IA-:(+&!T_M>!L)!-.!-1)&+&.)-1:!)*!1*)&!)%')!)%-.!/-1&!4*&.!1*)!%'3&!

'10!.7&9-6-9!;'9+*.9*7-9!7%&1*)07&>!A-1'//08!'6)&+!.&R(&19-1:!*6!)%&!+&:-*1!,%&+&!)%&!$J

=PQ!,'.!-1.&+)&4!,&!9*16-+;&4!)%&!$J=PQ!-1.&+)-*1!IA-:(+&!T_M>!$%&1!)*!-13&.)-:')&!-1!

;*+&!4&)'-/.!)%&!5-*/*:-9'/!6(19)-*1I.M!*6!Q)GQAU!&3*/()-*1'+0!9*1.&+3&4!$DS!,&!9+&')&4!

1&,!:&1&)-9'//0!;*4-6-&4!Q)GQAU!/-1&.>!A*+!)%-.8!'!"!257!!

!



! U"[!

!

!

!

F2*L0(.YCX!?R303",(02-3,2%$.%W.!,+3WT.G3/2I!<.C6T?TC.<A5@!.2$-(0,2%$.'2$(>!S9%&;')-9!-1.&+)-*1!*6!

)%&! $J=PQ! -1* 8%&#BI! :&1&! -.! .%*,1! I(77&+! 7'+)M>! $J=PQ! -1.&+)-*1! &B'9)! /*9'/-@')-*1! ,'.! 3&+-6-&4! 50!

.&R(&19-1:>!L1.&+)-*1!*6!)%&!$J=PQ!/-1&!,'.!3&+-6-&4!50!<HO>!\`!.)'14!6*+!\'5-!`')8!]$!6*+!]-/4!$07&!'14!

C! 6*+!5/'12>!=PQ!;*/&9(/'+!,&-:%)!;'+2&+.!'+&! -14-9')&4!50!1(;5&+.! IQM>!8%&#BI!`1*92!Y()!,'.!'/.*!

3&+-6-&4!50!O$J<HO>!Q6)&+!+&3&+.&!)+'1.9+-7)-*1!*1!)*)'/!OPQ8!Q)GQAU!H=S!,'.!';7/-6-&4!(.-1:!7+-;&+.!')!

5*)%!&B)+&;-)-&.>!GQAU!H=S!9*(/4!5&!';7/-6-&4!-1!)%&!]$!IH*/JYM!5()!1*)!-1!)%&!\'5-J`')!_#UHU_!/-1&>!L1!

the “–RT” lane, the reverse transcription mix + RNA but without the reverse transcriptase enzyme was used 

as a template for PCR. In the blank lane “B”, only water was used!'.!<HO!)&;7/')&!ICM>!

!

! !



! U"g!

+&:-*1!(7.)+&';!*6!)%&!GQAU!:&1&!,'.!6-+.)!';7/-6-&4!I'.!)%&!&B'9)!7+*;*)&+!.&R(&19&!*6!

Q)GQAU!-.!(121*,1M!,-)%!)%&!6(//!/&1:)%!:&1*;-9!3&+.-*1!*6!)%&!:&1&!'14!-1)+*4(9&4!-1!

'1!&1)+0!3&9)*+!I%&+&!7=*1*+"_gM!(.-1:!)%&!\')&,'0!i!)&9%1*/*:0>!$%&1!;()':&1&.-.!

was performed to remove either the TLS (Δ TLS) or the entire intron containing the TLS 

(Δ i6). A version with only AtMQAU!9*4-1:!.&R(&19&!IH=SM!,'.!'/.*!9+&')&4!(14&+!)%&!

9*1)+*/! *6! '! .)+*1:! 7+*;*)&+! I#^S!Q)GQAUM! )*! -13&.)-:')&! )%&! &66&9)! *6!Q)GQAU! *3&+J

&B7+&..-*1! IA-:(+&! TUM>! A-1'//08! )%&.&! )%+&&! 3&+.-*1.! I'14! '1! (1;*4-6-&4! 3&+.-*1! *6!

Q)GQAU!,-)%!"!257!*6!)%&!(7.)+&';!:&1*;-9!+&:-*1!I)%')!,-//!5&!(.&4!'.!'!7*.-)-3&!9*1)+*/!

)*! 9*;7/&;&1)! )%&! &#BI! `Y! /-1&.MM! ,&+&! 9/*1&4! -1! 4&.)-1')-*1! 3&9)*+.! '148! '6)&+!

)+'1.6*+;')-*1!-1!8A4/0#<%.4("&*%"&.B#<(.$)!I\K!#U_UM8!&#BI*`Y!7/'1).!I\'5-!_#UHU_M!

,&+&! )+'1.6*+;&4! (.-1:! )%&! 6/*+'/! 4-7! ;&)%*4>! </'1).! &66&9)-3&/0! )+'1.6*+;&4! ,&+&!

.&/&9)&4!(.-1:!)%&!C'.)'!%&+5-9-4&>!</'1).!9*1)'-1-1:!)%&!C'.)'!%&+5-9-4&!+&.-.)'19&!CQO!

:&1&! I'14! 9*1.&R(&1)/0! )+'1.6*+;&4M! ,&+&! +&.-.)'1)! )*! )%-.! )+&');&1)! '14! 6(+)%&+!

:&1*)07&!50!<HO!)*!;*1-)*+!)%&!-1.&+)-*1!*6!)%&!.&R(&19&!*6!-1)&+&.)!IA-:(+&!TUM>!$%&.&!

7/'1).!,-//!1&&4!)*!5&!/&4!)*!%*;*@0:*.-)0!)*!*5)'-1!.)'5/&!/-1&.>!

D-2&,-.&8!)%&!&#BI!\'5-`')!;()'1)!/-1&!4&.9+-5&4!'5*3&!,'.!'/.*!9+*..&4!,-)%!)%&!-4/4-^!

`Y!/-1&>!$%-.!-.!.)-//!*1:*-1:!,*+2!'.!7/'1)!%*;*@0:*(.!6*+!5*)%!)%&!GQAU!-1.&+)-*1!'14!

)%&!<OYO<#!-1.&+)-*1!.)-//.!1&&4.!)*!5&!-4&1)-6-&4!50!:&1*)07-1:!)%&!A"!:&1&+')-*1>!!

!

!



! U"f!

!

F2*L0(. YTN! -"R(+3,2". 0(P0(-($,3,2%$. %W. ,R(. )2WW(0($,. !,:!FT. 1(0-2%$-. "0(3,(). ,%.
"%+P'(+($,.1234.IJ.'2$(-!'14!-13&.)-:')&8!($*7(7/8!)%&!5-*/*:-9'/!6(19)-*1!*6!)%&!&3*/()-*1'+0!
conserved TLS. In MAF1 Δ TLS, the TLS was removed. In MAF1 Δ I6 it is the intron containing the 

$DS!)%')!,'.!+&;*3&4>!A-1'//08!'!3&+.-*1!9*1)'-1-1:!'!.)+*1:!7+*;*)&+!I#^SM!6(.&4!)*!Q)GQAU!H=S!
,'.!:&1&+')&4!IGQAU!#^SM>!

!

!

F2*L0(.Y4N!G($%,DP2$*./D.;?8.%W.!,:!FT."%+P'(+($,3,2%$.'2$(-O!$*!&1.(+&!9*++&9)!-1.&+)-*1!*6!)%&!
;*4-6-&4!3&+.-*1.!*6!Q)GQAU!-1!)%&!&#BI!2*!/-1&.8!<HO!,'.!7&+6*+;&4!*1!:&1*;-9!=PQ>!Q)GQAU!:&1&!
9*(/4!1*)!5&!';7/-6-&4!-1!)%&!2*!/-1&.!I&#B!\`M8!,%&+&'.!-)!-.!';7/-6-&4!-1!)%&!2*!/-1&.!9*;7/&;&1)&4!,-)%!
Q)!GQAU!,-)%*()!)%&!$DS!.&R(&19&!IJ$DSM8!,-)%*()!)%&!$DS!9*1)'-1-1:!-1)+*1!IJ-[M!*+!,-)%!)%&!6(//!/&1:)%!
:&1&!.&R(&19&!'.!'!7*.-)-3&!9*1)+*/!IcADM>!]$!=PQ!IH*/JYM!-.!(.&4!'.!'!7*.-)-3&!9*1)+*/!'14!)%&!<HO!;-B!
,-)%*()!)%&!=PQ!7*/0;&+'.&!ICM!'.!'!1&:')-3&!9*1)+*/>!



! U"b!

5? H8=I*)"0<.::":#4*:/<#:(L#%(/$*($*84#0(9/-)()*
!
A-1'//08!,&! -13&.)-:')&4!Q+'5-4*7.-.!GQAU!.(5J9&//(/'+! /*9'/-@')-*1!5&9'(.&!GQAU!%'.!

5&&1! .%*,1!)*!5&!&-)%&+!90)*7/'.;-9!'14!1(9/&'+!*+!*1/0!1(9/&'+!4&7&14-1:!*1!,%-9%!

*+:'1-.;!-).!/*9'/-.')-*1!,'.!.)(4-&4!I]&-!'14!W%&1:8!"_U_M>!A*+!)%-.!,&!(.&4!)+'1.-&1)!

&B7+&..-*1! *6!Q)GQAU! -1!;(</%(#$#* 0.$%3#&(#$#>! L1! 5+-&68! Q)GQAU!H=S!,'.! 9/*1&4! -1!

7Z'+/&0:')&!U_"!I#^S!NN!GQA!H=S!NN!HA<M!'14!)+'1.-&1)/0!&B7+&..&4!-1!;,*0.$%3#&(#$#!50!

':+*J-16-/)+')-*1>! S(59&//(/'+! /*9'/-@')-*1! *6! )%&! +&9*;5-1'1)! 7+*)&-1! ,'.! 4&)&+;-1&4!

(.-1:!9*16*9'/!;-9+*.9*70>!$%-.!&B7&+-;&1)!9/&'+/0!.%*,&4!)%')!Q)GQAU!-.!5*)%!90)*.*/-9!

'14!1(9/&'+!'.! -1!',*<.4.7()(#.*IA-:(+&!T#M>!$%-.!9*(/4!.(::&.)! )%')!9*1)+'+0!)*!%(;'1.!

I+/&/* )#-(.$)M! ,%&+&! /*9'/-@')-*1! *6! GQAU! .&&;.! )*! 5&! &B9/(.-3&/0! 1(9/&'+8! )%&! 9*J

/*9'/-@')-*1! *6! GQAU! -1! 5*)%! )%&! 90)*.*/! '14! -1! )%&! 1(9/&(.! .&&;.! )*! 5&! '! ,-4&/0!

4-.)+-5()&4!7'))&+1!)%+*(:%*()!&3*/()-*1>!

C()! )%-.! +&.(/)! -.! .)-//! )*! )'2&! ,-)%! 9'()-*1>! Q.! 6*+! )%&! ;*;&1)8! )%-.! .(5J9&//(/'+!

9*/*9'/-@')-*1!*6!Q)GQAU!,'.!4&)&+;-1&4!*1/0!(.-1:!'!%&)&+*/*:*(.! .0.)&;!'14!(.-1:!

9*16*9'/!;-9+*.9*7&>! L13&.)-:')-1:! -1!'! .)'5/&!Q+'5-4*7.-.! /-1&!(14&+! )%&! 9*1)+*/!*6! -).!

*,1! 7+*;*)&+! Q)GQAU! .(59&//(/'+! /*9'/-@')-*1! -.! 9*1.&R(&1)/0! 1&9&..'+0! -1! *+4&+! )*!

9*19/(4&!-1!'!;*+&!'66-+;')-3&!;'11&+>!

P&3&+)%&/&..8!-)!-.!,*+)%!1*)-1:!)%')!)%-.!+&.(/)!-.!-1!'99*+4'19&!,-)%!)%&!7(5/-.%&4!4')'!

*1!GQAU!.(5J9&//(/'+!/*9'/-.')-*1!-1!7/'1).>!L14&&48!S*7+'1*!&)!'/>!I"_U#M!%'4!.%*,1!)%')!

-1!H-)+(.!GQAU!/*9'/-@&4!)*!)%&!90)*.*/!'14!)*!)%&!1(9/&(.>!D-2&,-.&8!Q%1!&)!'/!I"_UfM!%'4!

6*(14!I'6)&+!)+'1.-&1)!&B7+&..-*1!*6!Q)GQAU!6(.&4!,-)%!\A<!(14&+!)%&!9*1)+*/!*6!Q)GQAU!

7+*;*)&+M!)%')!Q)GQAU!,'.!;'-1/0! /*9'/-.&4!)*!)%&!1(9/&(.!5()!,'.!'/.*! 6*(14! -1!)%&!

90)*.*/>!

! !



! U#_!

!

!

!

!

F2*L0(.Y6X.!,:!FT.?59.&3-.,03$-2($,'D.(dP0(--().2$.56&(#/+"21%2/2.3$).-L/"(''L'30.'%"3'2c3,2%$.

&3-.2$1(-,2*3,().L-2$*.3."%$W%"3'.+2"0%-"%P(>!L;':&.!'+&!.%*,1!,-)%!I/&6)M!*+!,-)%*()!/'.&+!&B9-)')-*1!

I;-44/&M!'14!;&+:&4!I+-:%)M>!S9'/&!5'+!,'.!.&)!(.-1:!)%&!-;':&!m!.*6),'+&>!Q)GQAU!/*9'/-@&.!4('//0!)*!)%&!

1(9/&(.!'14!)%&!90)*.*/!*6!)%&!7/'1)!9&//.>!D*9'/-.')-*1!*6!)%&!6/(*+&.9&1)!.-:1'/!*1/0!')!)%&!5*+4&+!*6!)%&!9&//!

-1!)%&!90)*7/'.;!-.!4(&!)*!)%&!3'9(*/&>!

! !

1(9/&(.!

1(9/&(.!



! U#U!

!

! !



! U#"!

5(,(0+2$3,2%$. %W. ;8J8;4. P0%,(2$. P30,$(0-. 2$.
!03/2)%P-2-.
!

L1! '44-)-*1! )*! 4&)&+;-1-1:! '! 1&,!OPQ! .(5.)+')&! 6*+! <OYO<"! -1!Q+'5-4*7.-.8!;0!<%=!

7+*e&9)!,*+2! '/.*! 6*9(.&4! *1! 4&)&+;-1-1:! <OYO<! 7+*)&-1.! 7'+)1&+.! -1! )%&! 1(9/&(.! *6!

84#0(9/-)()>!

L14&&48!'.!&B7*.&4!7+&3-*(./08!OP'.&!<!-.!)%&!.*/&!21*,1!&1@0;&!)%')!&B-.).!'.!5*)%!'!

O-5*1(9/&*7+*)&-1!I->&!'!7+*)&-1JOPQ!9*;7/&B!,%&+&!)%&!OPQ!%*/4.!)%&!9')'/0)-9!'9)-3-)0M!

'14!-1!'!7+*)&-1!*1/0!6*+;>!Q.!)%&!OP<!6*+;!-.!)%&!;'e*+!6*+;!-1!<+*2'+0*)-9!*+:'1-.;.8!

-)!-.!3&+0!/-2&/0!)%&!'19&.)+'/!6*+;!*6!OP'.&!<>!Q.!.(9%8!(14&+.)'14-1:! )%&!&3*/()-*1'+0!

'43'1)':&.! )%')! /&4! )*! )%&! 7+*)&-1! *1/0! 6*+;! )*! 5&! +&)'-1&4! -1! 4-66&+&1)! &(2'+0*)-9!

*+:'1-.;.!'14!-1!6&,!<+*2'+0*)&.!-.!'1!-1)&+&.)-1:!R(&.)-*1>!L1!'44-)-*18!-6!-1!'99*+4'19&!

,-)%!)%&!)%&*+0!*6!'1!OPQ!,*+/4!7+-*+!)*!)%&!&B-.)&19&!*6!*(+!7+*)&-1J5'.&4!,*+/48!/-6&!

+&/-&4!-1!-).!&'+/0!6*+;!*1!OPQ!)*!7&+6*+;!&1@0;')-9!+&'9)-*1.8!)%&!.)(40!*6!)%-.!OP<!)*!'!

7+*)&-1J5'.&4!&1@0;&!)+'1.-)-*1!-.!*6!5+*'4&+!-1)&+&.)>!

Q.!'/.*!&B7*.&4!7+&3-*(./08!($*7(%4/*.)(4-&4!%'3&!+(/&4!*()!)%&!7*..-5-/-)0!*6!'!9%'1:&!6+*;!

'1!OP<!OP'.&!<!)*!'!7+*)&-1!*1/0!OP'.&!<!50!'!:'-1!-1!9')'/0)-9!&66-9-&190>!Q.!)%&!OP<!6*+;!

.)(4-&48!,&+&!I($*7(%4/M8!;*+&!&66-9-&1)!)%'1!<OYO<!I<'3/*3'!&)!'/>8!"_U"M!-1!9')'/0.-1:!)%&!

OP'.&!<!'9)-3-)0>!!

H*1.&R(&1)/08!'1!'/)&+1')-3&!%07*)%&.-.!-.!)%')!OP'.&!<!)+'1.-)-*1!6+*;!'1!OP<!6*+;!)*!'!

7+*)&-1!*1/0!6*+;!,'.!6'3*(+&4!50!-;7/-9')-*1!*6!<OYO<!-1!1&,!6(19)-*1.>!$*!4-.9*3&+!

)%&!1&,!6(19)-*1I.M!-1!,%-9%!<OYO<"!;-:%)!5&!-13*/3&4!-1!Q+'5-4*7.-.8!,&!4&9-4&4!)*!

-13&.)-:')&! )%&! 7+*)&-1! 7'+)1&+.! *6! Q)<OYO<"! (.-1:! '! %07*)%&.-.J6+&&! '77+*'9%>! $%&!

+')-*1'/&! 5&-1:! )%')! Q)<OYO<"! -.! /-2&/0! -13*/3&4! -1! )%&! .';&! 6(19)-*1! '.! -).! 7+*)&-1!

7'+)1&+.>! Q/)&+1')-3&/08! *(+! %07*)%&.-.! ,'.! )%')! Q)<OYO<"! ;-:%)! 5&! 7'+)! *6! '! )OPQ!

;')(+')-*1!9*;7/&B>!A*+!&B';7/&8!-1!9*;7/&B!,-)%!)%&!DQ!7+*)&-1!'14!d!*+!OP'.&!W>!

!

!



! U##!

:? G4#$)A.$(<*-4/4-T-4/4-^*5/*:($.)*</&-:.&.$%.9*
>(%3*2@K@2TN+8*

!

84#0(9/)-)()*%3#:(#$#!/-1&.!21*92J*()!6*+!-4/4-T!'14!-4/4-^!9*;7/&;&1)&4!50!Q)<OYO<"!

,-)%!'!HJ)&+;-1'/!?Q!)':!,&+&!:&1&+')&4!50!H&4+-9!S9%&/9%&+!I6*+;&+!<%=!.)(4&1)!'14!

<*.)J4*9)*+'/!+&.&'+9%&+!-1!)%&!/'5M!'14!Q1)%*10!\*5&+)>!$%&.&!/-1&.!'+&!21*92&4!*()8!50!

$J=PQ!-1.&+)-*18!6*+!-4/4-^!IQ)T:"Ub__M!'14!-4/4-T!IQ)":U[[^_M!'14!)%&0!9*1)'-1!)%&!

genomic sequence of AtPRORP2, including its 5’UTR region, but not the 3’UTR. At the CJ

)&+;-1'/!7'+)!*6!)%&!7+*)&-18!'!.-1:/&!?Q!)':!%'.!5&&1!-1.&+)&4>!

L1!*+4&+!)*!&1.(+&!)%&!+-:%)!:&1*)07&!*6!)%&!.)'+)-1:!;')&+-'/8!L!:&1*)07&4!7/'1).!-..(&4!

6+*;! )%-.! /-1&! )*! &1.(+&! )%')! )%&0! ,&+&! 21*92&4J*()! 6*+! 2@K@2T! '14! 2@K@2^! '14!

9*;7/&;&1)&4!50!Q)<OYO<"J?Q>!$%&!7+-;&+.!(.&4!'+&!.)')&4!-1!A-:(+&!TTIQM!'5*3&!)%&!

:&1&!.)+(9)(+&.!I\gT>!DCT>!\[[>!\U#>!DC'U>!\UTM!'14!)%&-+!.&R(&19&.!'+&!6*(14!-1!$'5/&!

">!$%&!.-@&.!*6!&'9%!<HO!7+*4(9)!6*+!]$!2@K@2T!'//&/&!I<"M8!;()')&4!2@K@2T!'//&/&!I7"M8!

]$!2@K@2^!'//&/&!I<#M!'14!;()')&4!2@K@2^!'//&/&!I7#M!'+&!.)')&4!(14&+1&')%!)%&!:&1&!

.)+(9)(+&.>! $%&.&! .-@&.! 9*++&.7*14! )*! )%&! .-@&.! 6*(14! 6*+! )%&! <HO! 7+*4(9).! *6! )%&!

9*++&.7*14-1:!<HO!'6)&+!;-:+')-*1!)%+*(:%!&/&9)+*7%*+&.-.!*1!':'+*.&!:&/.!IA-:(+&!TT!

CM>!ZB9&7)!6*+!7/'1)!T!I1*!';7/-6-9')-*1N!:&1*;-9!=PQ!7+*5'5/0!/*.)M8!)%&!7/'1).!)&.)&4!'+&!

'//!%*;*@0:*(.!6*+!-4/4-"!-4/4-#!<OYO<"J?Q>!]&!21*,!)%')!)%&0!'+&!%*;*@0:*(.!6*+!

Q)<OYO<"J?Q! 5&9'(.&! )%&0! '//! 9*1)'-1! )%&! Q)<OYO<"J?Q! '14! -6! )%&! 7'+&1)! ,'.!

%&)&+*@0:*(.!6*+!)%-.!$J=PQ!-)!.%*(/4!.&:+&:')&!'14!"^n!*6!)%&!7/'1).!,*(/4!5&!]$>!

L1!9*19/(.-*18!)%&!.&/&9)&4!7/'1).!'+&!7+*7&+!.)'+)-1:!;')&+-'/!)*!-13&.)-:')&!Q)<OYO<"!

protein partners’ using a hypothesisJ6+&&!'77+*'9%!5'.&4!*1!9*J-;;(1*7+&9-7-)')-*1>!

!



! U#T!

!

!

F2*L0(.YYX.B)($,2W2"3,2%$.%W.)%L/'(.#$%"#A%L,.P'3$,-.W%0.P0%0P4.3$).P0%0P6."%+P'(+($,()./D.,R(.

2$-(0,2%$.%W.P0%0P4.&2,R.3$.H!.,3*>!QM!\&1&!.&R(&19&!6*+!Q)<OYO<"8!Q)<OYO<#!'14!<"J?Q>!H*/*+!'++*,.!

'14! )%&-+!1';&! -14-9')&!7+-;&+.>!$J=PQ!-1.&+)-*18!4&)&+;-1&4! -1!\();'11!&)!'/>! I"_U"M! -.! -14-9')&4!50!

)+-'1:/&.>!ZB7&9)&4!.-@&!*6!)%&!<HO!7+*4(9)!-.!-14-9')&4!50!)%&!9*/*(+!/-1&!(14&+!)%&!:&1&!.)+(9)(+&>!CM!Un!

':'+*.&!:&/!*6!)%&!<HO!7+*4(9).>!H*/*(+!-1!&'9%!-;':&!+&6&+.!)*!)%&!7+*4(9)!-14-9')&4!-1!:&1&!;*4&/!IQM>!]$!

7/'1).! '+&! H*/(;5-'! IH*/JYM! &9*)07&>! <OYO<"J?Q! :&1&! %'.! *1&! -1)+*1! )%')! ,'.! 4&/&)&4! )*! %&/7! -1!

:&1*)07-1:>!ZB7/'-1-1:!)%&!4-66&+&19&!-1!.-@&!-1!)%&!<OYO<"!:&1&!<HO!5&),&&1!]$!7/'1).!'14!<OYO<"J?Q!

)&.)&4!7/'1).>!

!

!

.



! U#^!

&? 2@K@2NT*+8*<#$*0.*)"<<.))B"::D*1/N
6&&"$/-4.<(-(%#%.9*")($A*%3.).*:($.)*

!
H*J-;;(1*7+&9-7-)')-*1! ,'.! 7&+6*+;&4! '.! 7+&.&1)&4! -1! )%&! ;')&+-'/! '14! ;&)%*4.!

.&9)-*1!(.-1:!G-/)&10i!'1)-J?Q!5&'4.>!

L1!)%&!/'58!'!9*;;*1/0!(.&4!7+*)*9*/!6*+!H*JL<!-.!)*!:+-14!6+*@&1!6/*,&+!5(4.!-1!'!5(66&+!

9*1)'-1-1:!^_;G!*6!$+-.J?HD!7?!f8!U^_!;G!*6!S'/)8!Un!$+-)*1!'14!'1)-J7+*)&'.&.>!Q6)&+!

9&1)+-6(:')-*18!)%&!.(7&+1')'1)8!9*1)'-1-1:!)%&!7+*)&-1!&B)+'9)!-.!-19(5')&4!,-)%!'1)-J?Q!

beads and the manufacturer’s p+*)*9*/!-.!6*//*,&4>!

L!.)'+)&4!7&+6*+;-1:!H*JL<!(.-1:!)%-.!7+*)*9*/!'14!'6)&+!&/()-*1!7&+6*+;&4!]&.)&+1JC/*)!

)*! 9%&92! )%')! <OYO<"J?Q! ,'.! &66&9)-3&/0! &1+-9%&4>! A*+! )%-.8! 4-66&+&1)! 6+'9)-*1.! ,&+&!

+&)+-&3&4N!7/'1)!/0.')&!I/0.')&M8!6/*,!)%+*(:%!6+*;!)%&!9*/(;1.!I6/*,!)%+*(:%M8!,'.%-1:!

.)&7.!I,'.%M!'14!&/()-*1>!$%&.&!6+'9)-*1.!,&+&!/*'4&4!*1!'1!S=SJ<Q\Z!)*!-;;(1&J4&)&9)!

<OYO<"J?Q!50!]&.)&+1!C/*)>!

$%&!]&.)&+1!C/*)!+&.(/)!7+&.&1)&4!-1!A-:(+&!T^!.%*,.!'!.-:1'/!.7&9-6-9!*6!)%&!?QJ)':!*1/0!

*1! )%&! &/()-*1! /'1&! IZD>! *1! )%&! +-:%)M>! ZB)+'! .-:1'/.! '+&! 6*(14!*1! )%&!]$! '14!?QJ/-1&!

&/()-*1! /'1&.!5()! )%&0! 9&+)'-1/0! 9*++&.7*14! )*! )%&!ZHD! +&'9)-1:! )*! )%&! /-:%)! '14!%&'30!

9%'-1.!*6!)%&!?QJ'1)-5*40>!$%-.!+&.(/)!9/&'+/0!.%*,.!)%')!<OYO<"J?Q!-.!&1+-9%&4!-1!)%&!

&/()-*1!.*/()-*1!9*;7'+&4!)*!)%&!*)%&+! 6+'9)-*1.>! L1!9*19/(.-*18! )%&!.&/&9)&4!?QJ/-1&! -.!

(.&6(/!-1!*+4&+!)*!-;;(1*7+&9-7-)')&!<OYO<"J?Q!'14!)%&+&6*+&!9'1!5&!(.&4!)*!-4&1)-60!

Q)<OYO<"!7+*)&-1!7'+)1&+.>!

?*,&3&+8! '6)&+! '1'/0.-.! 50! ;'..! .7&9)+*;&)+0! *6! )%&! 7+*)&-1.! &1+-9%&4! 50! H*J

-;;(1*7+&9-7-)')-*18! )%&! +&.(/).! .%*,&4! )%')! <OYO<"J?Q! ,'.! &1+-9%&4! 5()! *1/0! ')!

+&/')-3&/0! /*,!/&3&/! I'+*(14!U^_!.7&9)+'!50! L<M!'14!;*+&! -;7*+)'1)/08! '//! )%&!7*..-5/&!

-1)&+'9)'1).!7+*)&-1.!,&+&!'/.*!4&)&9)&4!')!3&+0!/*,!/&3&/!I/&..!)%'1!U_!.7&9)+'M>!

!



! U#[!

!

F2*L0(. YZX. V(-,(0$. /'%,. 0(-L',. 3W,(0. ?%A2++L$%P0("2P2,3,2%$. &2,R. 3$,2AH!. /(3)-O! D0.')&8! A/*,!

)%+*(:%! IA$M8! ]'.%! I]M! '14! &/()-*1! IZDM! .';7/&.! ,&+&! +(1! *1! '1! fn! S=SJ<Q\Z! :&/>! <+*)&-1.! ,&+&!

)+'1.6&++&4!)*!'!<K=A!;&;5+'1&!'14!7+*9&..&4!6*+!,&.)&+1!5/*))-1:!(.-1:!'1)-5*40!':'-1.)!?Q>!G-:+')-*1!

7*.-)-*1.!*6!)%&!;*/&9(/'+!;'..!;'+2&+.!'+&!-14-9')&4!*1!)%&!+-:%)!IGM>!<*.-)-*1!*6!)%&!L:\!%&'30!'14!/-:%)!

9%'-1!'+&!-14-9')&4!-1!:+&0!I/&6)M>!Q!+&4!'++*,!-14-9')&.!)%&!5'14!9*++&.7*14-1:!)*!Q)<OYO<"J?Q>!

!

! !



! U#g!

Q!.)')-.)-9'/!'1'/0.-.!,'.!7&+6*+;&4!,-)%!)%&!7'92':&!L<-1R(-+0!4&3&/*7&4!')!LCG<>!$%-.!

'1'/0.-.! -4&1)-6-&4! bb! 7+*)&-1.!,-)%! '! 1(;5&+! *6! .7&9)+'! '5*3&! #! )%')! '+&! .)')-.)-9'//0!

.-:1-6-9'1)/0!&1+-9%&4!-1!?Q!7/'1).!9*;7'+&4!)*!]$!I7'4ea_>_^M>!Y()!*6!)%&.&8!UU!,&+&!

OPQ!5-14-1:!7+*)&-1.>!L1)&+&.)-1:!9'14-4')&.!,&+&!7+*)&-1.!5&/*1:-1:!)*!)%&!9/'..!*6!)%&!

=ZQI=d?MJ5*B!OPQ!%&/-9'.&8!)%&!E"!.;'//!+-5*1(9/&*7+*)&-1!*+!.(5(1-).!*6!)%&!;&4-')*+!

9*;7/&B>!?*,&3&+8!1*1&!*6!)%&.&!7*..-5/&!-1)&+'9)'1).!%'4!'!1(;5&+!*6!.7&9)+'!'5*3&!U_!

'14!;*.)! -;7*+)'1)/08! 1*1&!,'.! '/,'0.! +&)+-&3&4! -1! '//! 9*JL<! &B7&+-;&1).! 7&+6*+;&4!

I1abM>!$%&!6-+.)!"^!7+*)&-1.!9/'..-6-&4!(7*1!)%&-+!.-:1-6-9'19&!I7'4eM!'+&!7+&.&1)&4!-1!$'5/&!

#>!!

A+*;!)%&.&!+&.(/).8! -)!9'1!5&!1*)&48! )%')!*1&!:&1&! -.!*6!7'+)-9(/'+! -1)&+&.)>!Q$#\TbTb_!

&19*4&.! '1! (121*,1!7+*)&-1>! C()! (.-1:! '! 7+*)&-1! 5/'.)! '77+*'9%8! -)! '77&'+.! )%')! )%-.!

7+*)&-1! 9*1)'-1.! '!]]! 7+*)&-1! 4*;'-1! .-;-/'+! )*! )%&! *1&! *6! GPE"8! '! ;-)*9%*14+-'/!

7+*)&-1!.%*,1!)*!5&!'!7+*)&-1!7'+)1&+!*6!<OYO<U!IC*(9%*(9%'!&)!'/>M>!!

?*,&3&+8! )%&! *)%&+! .-:1-6-9'1)! 7+*)&-1.! '+&! ;*.)/0! 9*1)';-1')-*1.! 5&9'(.&! *6! )%&-+!

/*9'/-.')-*1.!'14!)%&-+!6(19)-*1.>!$%&!+&7+&.&1)')-*1!*6!)%&!4')'!*1!'!3*/9'1*!7/*)!I6-:>T[M!

.%*,.!)%')!<OYO<"J?Q!4*&.!1*)!%'3&!'10!7+*)&-1!7'+)1&+!*6! -1)&+&.)!4&)&9)&4!50!)%-.!

;&)%*4>!G&'1-1:!)%&.&!&B7&+-;&1)'/!9*14-)-*1.!'+&!1*)!'4&R(')&!)*!-4&1)-60!Q)<OYO<"!

7+*)&-1!7'+)1&+.>!

H*1.&R(&1)/08!)*!4&)&+;-1&!Q)<OYO<"!-1)&+'9)*;&8!-)!,'.!1&9&..'+0!)*!-;7+*3&!)%&!H*J

L<!7+*)*9*/>!!

!



! U#f!

!

F2*L0(.Y[X.-(+2A>%'"3$%.P'%,.%W.?%AB;.(dP(02+($,-.a$g^b.%W.!,;8J8;AH!."%A2++L$%P0("2P2,3,2%$.

3--3D-.L-2$*.,R(."%++%$.?%AB;.+(,R%)!I:+-14-1:!*6!6/*,&+!5(4.!-1!^_;;!$+-.!7?!a!f8!^_!;G!P'9/!'14!

Un!$+-)*1M>!Q)<OYO<"J?Q8!*(+!5'-)8!,'.!.(99&..6(//0!&1+-9%&4!-1!*(+!H*JL<!&B7&+-;&1).!(.-1:!)%-.!;&)%*4>!

?*,&3&+8!1*!-1)&+'9)'1).!*6!-1)&+&.)!9*(/4!5&!4&)&9)&4>!$%&!'4e(.)&4!7J3'/(&!I0!'B-.M!-.!)%&!7J3'/(&8!'4e(.)&4!

6*+!;(/)-7/&!)&.)-1:>!$%&!/*:!6*/4!9%'1:&!IBJ'B-.M!-.!)%&!/*:"!*6!)%&!;&'.(+&!4&.9+-5-1:!)%&!9%'1:&!-1!7+*)&-1!

R('1)-)0>!$%&!3&+)-9'/!4*))&4!/-1&!-14-9')&.!)%&!)%+&.%*/4!6*+!'!6*/4!9%'1:&!*6!">!$%&!%*+-@*1)'/!4*))&4!/-1&!

-14-9')&.!)%&!)%+&.%*/4!6*+!'1!'4e(.)&4!2-value of 0.05.!Y+'1:&!4*).!4-.7/'0!7+*)&-1.!.-:1-6-9'1)/0!&1+-9%&4!

-1!*(+!&B7&+-;&1).>!C/(&!4*).!7+*)&-1.!1*)!.-:1-6-9'1)/0!&1+-9%&4>!

!

!

!

!



! U#b!

!"#$% &'#'%#"('% )&*% "+,-./'+%012"3-'% 4'.5670/78#%

9% !"#"!$% &'$()**+,-)% )./01$)*% !2345678953:;%"<8;5%!%$%%

$% 0=!% &')(+>,>,-$% ?.?01$@% 0A64B63;A596C652%A234567%%

?% #<0"DE)% &'?($))>,-)% +.$01)?% !F26G3H8I675%+J1AB3;AB845%3H6G8;5%C8I6KF%A234567%%

>% L!M)% &'+(>@,),-)% *.N01)?% "5O:K8432%3C%737;57;5%4287;926A4;%)%B3I3K3O%%

+% %1% &'?(>N>N,-)% ).>01)$% L79B82894526P5G%A234567%'NE+-N,%%

*% &'!)% &'Q(,))N,-)% ).$01))% &'!8;5%;:R:764%)%

@% 1% &')(+)+*,-)% ).?01))% !F26G3H8I675%+J1AB3;AB845%3H6G8;5%C8I6KF%A234567%%

/% <&D!)% &'>()++>+-)% $.,01),% <&D)%6745289467O%A234567.%67S3KS5G%67%0"%R3GF%C32I84637-%

N% !"=+% &'$(>>+?,-)% ).?01,/% "6R3;51AB3;AB845%AF23AB3;AB3T678;5%+.%9BK323AK8;469%%

),% 1% &')(,@?),-)% ?./01,/% E8K96:I1G5A57G574%K6A6G1R67G67O%UE8VW%G3I867X%C8I6KF%A234567%%

))% Y"!)E% &')()>/?,-)% +.$01,@% Y"!)E%%

)$% YW!% &'$(>+/$,-)% ).$01,*% "5I3267%%

)?% !"=$% &')(?$?/,-)% $./01,*% "6R3;51AB3;AB845%AF23AB3;AB3T678;5%$.%9BK323AK8;469%%

)>% 1% &'+()>@$,-)% ?./01,*% !234567%T678;5%;:A52C8I6KF%A234567%%

)+% !"=)% &'$(?+?N,-$% +.$01,*% "6R3;51AB3;AB845%AF23AB3;AB3T678;5%).%9BK323AK8;469%%

)*% '&Y&% &')(*/@$,-)% +.@01,*% 4"<&U8G57675U?>XX%G58I678;5.%9BK323AK8;469%%

)@% !Q0+% &'$(>@,>,-)% +.@01,*% !594675;4528;5%+%%

)/% &WEE)>% &'?(*$@,,-)% @.@01,*% &WE%4287;A32452%E%C8I6KF%I5IR52%)>%%

)N% Y"!$W% &')(+N*),-)% N.+01,*% YF78I671$W%%

$,% 1% &')($*/+,-)% ).)01,+%

=18G573;FK1V1I54B6376751G5A57G574%I54BFK4287;C528;5;%;:A52C8I6KF%

A234567%

$)% =E!V?>% &'+($?$),-)% ).)01,+% =52675%982R3HFA5A46G8;51K6T5%?>%%

$$% '!V&'0% &'?(,)@/,-)% $.,01,+% !234567%'!V&'0%%

$?% 1% &'?($??,,-)% $.*01,+%

=18G573;FK1V1I54B6376751G5A57G574%I54BFK4287;C528;5;%;:A52C8I6KF%

A234567%%

$>% Z[&10?% &')(*>$,,-)% ?.,01,+% S89:3K82%[\1&'!8;5%;:R:764%0%6;3C32I%?%%

$+% E[L!)% &'?($+*N,-)% ?.)01,+% [FG23HFA23K6751269B%OKF93A234567%C8I6KF%A234567%%

%

<3/'(.6N!D-.)!*6!)%&!"^!7+*)&-1.!,-)%!)%&!5&.)!'4e(.)&4!7J3'/(&!-1!*(+!9*J-<!&B7&+-;&1).!(.-1:!)%&!/'5!9/'..-9!

;&)%*4>!\&1&.!'+&!+'12&4!'99*+4-1:!)*!)%&-+!'4e(.)&4!7J3'/(&>!\&1&!1';&!'14!4&.9+-5&4!*+!7+&4-9)&4!:&1&!

6(19)-*1!'+&!-14-9')&4!,%&1!'3'-/'5/&>!Q\L!.)'14.!6*+!Q+'5-4*7.-.!\&1*;&!L1-)-')-3&!/*9(.!9*4&!'14!-.!)%&!

(1-R(&!-4&1)-6-&+!'..-:1&4!)*!&'9%!/*9(.!-1!84#0(9/-)()*%3#:(#$#>!Q)<OYO<"!-.!%-:%/-:%)&4!-1!0&//*,8!'14!-1!

5/(&!)%&!(121*,1!7+*)&-1!Q)#:TbTb_!–!.&&!)&B)!6*+!4&)'-/.>!



! UT_!

$? 6&-4/7($A*2@K@2T*1/N62*-4/%/</:*
!

QM Q+'5-4*7.-.!1(9/&-!7(+-6-9')-*1!

!

$*!-;7+*3&!;0!9*JL<!+&.(/).8!'!6-+.)!.)&7!,'.!)*!7(+-60!1(9/&-!)*!7&+6*+;!9*JL<!4-+&9)/0!*1!

)%&!*+:'1&//&!,%&+&!Q)<OYO<"!-.!/*9'/-@&48!'.!-)!-.!4*1&!6*+!;-)*9%*14+-'/!*+!9%/*+*7/'.)-9!

7+*)&-1.>!

A*+!)%-.!7(+7*.&8!4-66&+&1)!7+*)*9*/.!,&+&!)+-&4!'14!)%&-+!&66-9-&190!'..'0&4!50!9*16*9'/!

;-9+*.9*7&!*5.&+3')-*1!'6)&+!.)'-1-1:!,-)%!=Q<L>!C'.&4!*1!)%-.!*5.&+3')-*18!*1&!7+*)*9*/!

IH'/-2*,.2-! $$! '14! G&-&+! L>! L.*/')-*1! *6! 1(9/&'+! 7+*)&-1.>! G&)%*4.! G*/! C-*/>!

2006;323:393-402. doi:10.1385/1J^bgT^J__#J_N#b#M! ,'.! )%&! ;*.)! &66-9-&1)! -1! *(+!

%'14.>!

?*,&3&+8! ,%&1! 7&+6*+;&4! *1! 7(+-6-&4! 1(9/&-8! H*JL<! 4-4! 1*)! 7+*3&! &66-9-&1)>! L14&&48!

Q)<OYO<J?Q!,'.!&1+-9%&4!')!3&+0!/*,!/&3&/!I'3&+':&!1(;5&+!*6!.7&9)+'!z!U_M>!!

]&!&B7/'-1!)%-.!+&.(/)!50!)%&! 6'9)! )%')!'!;(9%!%-:%&+!';*(1)!*6!7(+-6-&4!1(9/&-!.%*(/4!

%'3&!5&&1!(.&4!'14!50!)%&!7*..-5/&!/*..!*6!7+*)&-1.!4(+-1:!)%&!1(9/&-!7(+-6-9')-*1!.)&7.>!

L14&&4! '.! 7+*)&-1! -1! )%&! 1(9/&(.! '+&! /&..! '5(14'1)! )%'1! -1! )%&! 90)*.*/8! '14! '.! ;*.)!

7+*)*9*/! )*! 7(+-60! 1(9/&-! -19/(4&! 1(;&+*(.! 7(+-6-9')-*1! .)&7.j! -)! -.! /-2&/0! )%')! 1(9/&(.!

;&;5+'1&!5+&'2.!4*1&!4(+-1:!7(+-6-9')-*1!'14!9*1.&R(&1)/0!+&/&'.&.!-).!7+*)&-1.>!$%-.!

-.!7*..-5/0!1*)!'1!-..(&!,%&1!)%&!:*'/!-.!)*!+&)+-&3&!1(9/&'+!OPQ!*+!=PQ>!?*,&3&+8!-1!*(+!

9'.&8!,&!,&+&! -1)&+&.)&4! -1! 7+*)&-1.8!,%&+&! '1! -;7*+)'1)! ';*(1)! IU!;:!*6! 7+*)&-1! -.!

9*;;*1/0!9*1.-4&+&4!'.!)%&!;-1-;'/!R('1)-)0!1&&4&4!)*!7&+6*+;!H*JL<M!-.!4&.-+&48!'.!1*!

';7/-6-9')-*1!.)&7.!&B-.)!)*!4')&!6*+!)%&.&!;*/&9(/&.>!

H*1.&R(&1)/08! ,&! 4&9-4&4! )*! 9*19&1)+')&! *(+! &66*+)! *1! H*JL<! 7+*)*9*/.! (.-1:! )*)'/!

7+*)&-1.!&B)+'9).!)*!4-+&9)/0!-;;(1*7+&9-7-)')&4!*(+!5'-)!IQ)<OYO<"J?QM>!

!

! !



! UTU!

!

!

F2*L0(.Y\X.8(P0(-($,3,21(.2+3*(.%W.!03/2)%P-2-.$L"'(2.($02"R().&2,R.,R(.P0%,%"%'.W0%+.?3'2#%&-#2.

3$).:(2(0!(2006), observed with a Zeiss LSM 780 confocal microscope, after staining with 4′,6J4-';-4-1*J

"Jphenylindole (DAPI). “n” is for nucleus. !

!

! !

1!



! UT"!

CM A*+;'/4&%04&!9+*../-12!L;;(1*J7+&9-7-)')-*1!

!

$%&!1&B)!7+*)*9*/!(.&4!%'.!5&&1!4&3&/*7&4!50!)%&!LCG<JLCGH!<+*)&*;-9!7/')6*+;>!$%&!

4&)'-/&4!7+*)*9*/!(.&4!-.!:-3&1!-1!)%&!G')&+-'/!'14!;&)%*4!.&9)-*1>!$%-.!7+*)*9*/!7+*3&4!

3&+0! &66-9-&1)! )*! -;;(1*J7+&9-7-)')&!Q)<OYO<"J?Q>! L14&&48! (.-1:! _8g:! *6!84#0(9/-)()’!

6/*,&+!5(4.!,&!9*(/4! 9*;;*1/0!4&)&9)!;*+&!)%'1!"__!.7&9)+'!*6!Q)<OYO<"J?Q!'6)&+!

GSdGS!'1'/0.-.>!

?*,&3&+8!*1/0!6&,!7*..-5/&!-1)&+'9)'1).!,&+&!*5)'-1&4!'.!3-.('/-.&4!-1!)%&!3*/9'1*!7/'1)!

IA-:(+&!TfM>!G*+&*3&+8!'.!6*+!)%&!6-+.)!;&)%*48!)%&!-4&1)-)0!*6!)%&.&!-1)&+'9)'1).!,'.!%-:%/0!

3'+-'5/&! 5&),&&1! )%&! 4-66&+&1)! 5-*/*:-9'/! +&7/-9')&.>! L1!;*+&! 4&)'-/.8! ^"! 7+*)&-1.!,&+&!

4&)&9)&4!,-)%!'!1(;5&+!*6!.7&9)+'!.(7&+-*+!)*!#>!L19/(4-1:!4-66&+&1)!OPQ!5-14-1:!7+*)&-1.8!

)+'1.9+-7)-*1'/!+&:(/')*+!'14!=ZQI=d?MJ5*B!OPQ!%&/-9'.&>!Q.!-)!9'1!5&!.&&1!-1!)%&!3*/9'1*!

7/*)8! 6*+! *1/0! b! '44-)-*1'/! 7+*)&-1.! )*! Q)<OYO<"8! )%&! .)')-.)-9'/! 9*16-4&19&! *6! )%&-+!

&1+-9%;&1)!I'4e(.)&4!7J3'/(&M!-.!-16&+-*+!)*!_8_^>!

?*,&3&+8! &3&1! -6! )%&.&!7+*)&-1.!,&+&!7*)&1)-'//0! -1)&+&.)-1:!Q)<OYO<"!7'+)1&+.8! )%&0!

,&+&!4&)&9)&4!')!3&+0!/*,!/&3&/!'14!1*)!-1!'//!&B7&+-;&1).>!L14-9')-1:!)%')!*(+!'77+*'9%!

,'.!1*)!.(99&..6(/!)*!4&)&+;-1&!Q)<OYO<"J?Q!7+*)&-1!7'+)1&+.>!

!



! UT#!

!

!

F2*L0(. Y]X. -(+2A1%'"3$%. P'%,. %W. ?%AB;. (dP(02+($,-. a$g6b. %W. ;8J8;AH!. "%A2++L$%P0("2P2,3,2%$.

L-2$*.,R(.F%0+3')(RD)(."0%--'2$#.+(,R%)>!<OYO<"J?Q8!*(+!5'-)8!,'.!.(99&..6(//0!&1+-9%&4!-1!*(+!H*JL<!

&B7&+-;&1).!(.-1:!)%-.!;&)%*4>!?*,&3&+8!1*!-1)&+'9)'1).!*6! -1)&+&.)!9*(/4!5&!4&)&9)&4>!$%&!'4e(.)&4!7J

3'/(&!I0!'B-.M!-.!)%&!7J3'/(&8!'4e(.)&4!6*+!;(/)-7/&!)&.)-1:>!$%&!/*:!6*/4!9%'1:&!IBJ'B-.M!-.!)%&!/*:"!*6!)%&!

;&'.(+&!4&.9+-5-1:!)%&!9%'1:&!-1!7+*)&-1!R('1)-)0>!$%&!3&+)-9'/!4*))&4!/-1&!-14-9')&.!)%&!)%+&.%*/4!6*+!'!6*/4!

9%'1:&!*6!">!$%&!%*+-@*1)'/!4*))&4!/-1&!-14-9')&.!)%&!)%+&.%*/4!6*+!'1!'4e(.)&4!2-value of 0.05!Y+'1:&!4*).!

4-.7/'0!7+*)&-1.!.-:1-6-9'1)/0!&1+-9%&4!-1!*(+!&B7&+-;&1).>!C/(&!4*).!7+*)&-1.!1*)!.-:1-6-9'1)/0!&1+-9%&4>!

O&4!4*))&4!/-1&!-14-9')&!)%&!)%+&.%*/4!9%*.&1!6*+!.)')-.)-9'/!.-:1-6-9'19&!-1!–D*:U_I7J3'/(&!'4e(.)&4M!'14!

D*:!A*/4!H%'1:&>!

!

! !



! UTT!

!

/? 1/N62*>(%3*6A.-#:*f*;2NX_*#$9*9.%.4&($#%(/$*/B*
8%2@K@2T*-4/%.($*-#4%$.4)*

!

$*! -;7+*3&!;0!+&.(/).8! L!4&9-4&4! )*!(.&! '!7+*)*9*/!4&3&/*7&4! -1! )%&! /'5*+')*+0!*6!=+>!

<'.9'/! \&1.9%-28! ')! LCG<>! Q.! ;&;5&+.! *6! %-.! )&';! %'4! .(99&..6(//0! (.&4! -)! )*! 9*J

L;;(1*7+&9-7-)')&! 1(9/&'+! 7+*)&-1.! -1! Q+'5-4*7.-.>! Q! 4&)'-/&4! 7+*)*9*/! 6*+! )%-.!

&B7&+-;&1)!-.!:-3&1!-1!)%&!G')&+-'/!'14!G&)%*4!.&9)-*1>!

G*+&*3&+8!'.!*(+!7+&3-*(.!H*JL<!+&.(/).!%'4!.%*,1!)%')!-)!,'.!(1/-2&/0!)%')!<OYO<"J?Q!

,'.!&1:':&4!-1!.)+*1:!-1)&+'9)-*1.!,-)%!7+*)&-1.!7'+)1&+.8!L!4&9-4&4!1*)!)*!'44!.'/)!)*!)%&!

7+*)&-1!&B)+'9)-*1!5(66&+8!-1!*+4&+!)*!+&4(9&!.)+-1:&1908!'.!.'/)!9*19&1)+')-*1!9'1!'66&9)!

7+*)&-1J7+*)&-1!-1)&+'9)-*1.>!E.-1:!)%-.!;&)%*4!L!%07*)%&.-@&4!)%')!L!,*(/4!5&!;*+&!/-2&/0!

)*!9*JL<!7+*)&-1.!7'+)1&+.!-13*/3&4!-1!)+'1.-&1)!-1)&+'9)-*1.!,-)%!Q)<OYO<">!

$%-.!;&)%*4!7+*3&4!.(99&..6(/!)*!9*J-;;(1*7+&9-7-)')&!Q)<OYO<"J?Q!'14!-4&1)-60!),*!

7*)&1)-'/!7+*)&-1!7'+)1&+.>!Q1'/0.-.!*6!)%&!7+*)&-1.!9*J-;;(1*7+&9-7-)')&4!,-)%!<OYO<"J

?Q!.%*,! )%')! ),*!P"8P"J4-;&)%0/:('1*.-1&! )OPQ!;&)%0)+'1.6&+'.&!U!1';&4!$OGUQ!

IQ$^\U^fU_>UM! '14! $OGUC! IQ$#\_"#"_>UM! ,&+&! .-:1-6-9'1)/0! &1+-9%&4! '.! -)! 9'1! 5&!

3-.('/-@&4!*1!)%&!3*/9'1*!7/*)!-1!A-:(+&!Tb>!

$%-.!+&.(/)!-.!-1)&+&.)-1:>!L14&&48!'.!7+&3-*(./0!7+&.&1)&48!'6)&+!)+'1.9+-7)-*1!50!OPQ!7*/!

LLL8!)OPQ.!'+&!5*(14!')!)%&-+!&B)+&;-)0!50!DQ!7+*)&-18!)%')!5-14!)%&-+!7*/0JE!)'-/.!'14!'+&!

9*1.-4&+&4! '.! 1&9&..'+0! 6*+! )%&! ;'-1)&1'19&! *6! )OPQ.! .)+(9)(+&>! ?*,&3&+8! '.! Q)DQU!

7+*)&-1!-.!1*)!6*(14!-1!*(+!H*JL<!&B7&+-;&1).8!*(+!+&.(/)!;-:%)!-14-9')&!)%')!Q)$OGUQ!

'14!C8!)%')!9')'/0.&!'1!&B)+&;&/0!9*1.&+3&4!5'.&!;*4-6-9')-*18!9*1.-4&+&4!'.!7/'0-1:!'!

+*/&!-1!)OPQ!.)+(9)(+&!ID*+&1@!&)!'/>8!"_UgM8!'+&!-1)&+'9)-1:!,-)%!Q)<OYO<"8!-1!*+4&+!6*+!

)%&!)OPQ!)*!6*/4!9*++&9)/0!6*+!&66-9-&1)!OP'.&!<!'9)-3-)0>!

H*1.&R(&1)/08!)%&!1&B)!.)&7!,'.!)*!'..'0!-6!Q)<OYO<"!'14!Q)$OGUQ!'14!C!-1)&+'9)-*1!

,'.!'!4-+&9)!-1)&+'9)-*1!*+!-6!)%&-+!-1)&+'9)-*1!,'.!;&4-')&4!50!)OPQ.>!

!



! UT^!

!

!

F2*L0(. Y^X. -(+2A1%'"3$%. P'%,. %W. ?%AB;. (dP(02+($,-. a$gZb. %W. ;8J8;AH!. "%A2++L$%P0("2P2,3,2%$.

L-2$*. ,R(. hBGE;!K. f. A. 93',. +(,R%)>! <OYO<"J?Q8! *(+! 5'-)8! ,'.! .(99&..6(//0! &1+-9%&4! -1! *(+! H*JL<!

&B7&+-;&1).! (.-1:! )%-.! ;&)%*4>! $,*! 7+*)&-1.! ,&+&! '/.*! .)')-.)-9'//0! &1+-9%&4! -1! )%&.&! &B7&+-;&1).j!

Q)$OGUQ!IQ$#\_"#"_M!'14!Q)$OGUC!IQ$^\U^fU_Mj!'14!,&+&!9*1.-4&+&4!'.!7*..-5/&!-1)&+'9)'1).8!)*!5&!

)&.)&4! -1! '44-)-*1'/! '..'0.>! $OGU! .)'14.! 6*+! P"8P"J4-;&)%0/:('1*.-1&! )OPQ! ;&)%0/)+'1.6&+'.&>! $%&!

'4e(.)&4!7J3'/(&!I0!'B-.M!-.!)%&!7J3'/(&8!'4e(.)&4!6*+!;(/)-7/&!)&.)-1:>!$%&!/*:!6*/4!9%'1:&!IBJ'B-.M!-.!)%&!/*:"!

*6!)%&!;&'.(+&!4&.9+-5-1:!)%&!9%'1:&!-1!7+*)&-1!R('1)-)0>!$%&!3&+)-9'/!4*))&4!/-1&!-14-9')&.!)%&!)%+&.%*/4!

6*+!'!6*/4!9%'1:&!*6!">!$%&!%*+-@*1)'/!4*))&4!/-1&!-14-9')&.!)%&!)%+&.%*/4!6*+!'1!'4e(.)&4!2-value of 0.05>!

Y+'1:&!4*).!4-.7/'0!7+*)&-1.!.-:1-6-9'1)/0!&1+-9%&4!-1!*(+!&B7&+-;&1).>!C/(&!4*).!7+*)&-1.!1*)!.-:1-6-9'1)/0!

&1+-9%&4>! O&4! 4*))&4! /-1&! -14-9')&! )%&! )%+&.%*/4! 9%*.&1! 6*+! .)')-.)-9'/! .-:1-6-9'19&! -1! –D*:U_I7J3'/(&!

'4e(.)&4M!'14!D*:!A*/4!H%'1:&>!



! UT[!

-? 1/N62*>(%3*#99(%(/$*/B*#*4(0/$"<:.#).*.$LD&.*
VP.$L/$#).i?*/4*/B*;#1:*VI]_*&H?*%/*9.%.4&($.*(B*%3.*
($%.4#<%(/$*0.%>..$*8%2@K@2T*#$9*8%G@HI*8fP*()*9(4.<%*
/4*($9(4.<%,*

!

H*J-;;(1*7+&9-7-)')-*1!'..'0!,'.!+&7&')&4!,-)%!),*!4-66&+&1)!;&)%*4.!)*! -13&.)-:')&!

,%&)%&+!)%&!-1)&+'9)-*1!5&),&&1!Q)<OYO<"!'14!Q)$OGUQdC!!-.!4-+&9)!*+!-14-+&9)>!

L1!'!6-+.)!'..'08!U^_;G!*6!.'/)!IP'H/M!,'.!.-;7/0!'44&4!)*!)%&!7+*)&-1!&B)+'9)-*1!5(66&+!)*!

'..'0!-6!.'/)!9*19&1)+')-*1!'66&9).!)%&!-1)&+'9)-*1!5&),&&1!Q)<OYO<"!'14!Q)$OGUQ!'14C>!!

Y(+! +&.(/)! IA-:(+&! ^UM! .%*,.! )%')! '44-)-*1! *6! .'/)! )*! )%&! 5(66&+! 9/&'+/0! 4&9+&'.&4! )%&!

1(;5&+!*6!.7&9)+'!9*++&.7*14-1:!)*!)%&!Q)$OGUQ!'14!C!7+*)&-1.>! I$%&.&!&B7&+-;&1).!

,&+&!9'++-&4!*()!),-9&j!&'9%!)-;&!,-)%!),*!)&9%1-9'/!+&7/-9')&.M>!

$%-.!+&.(/)!5*)%!)&14.!)*!9*16-+;!)%')!)%&!-1)&+'9)-*1!5&),&&1!<OYO<"!'14!$OGUQdC!-.!

'!)+(&!7+*)&-1J7+*)&-1!-1)&+'9)-*1>!Q.!-6!$OGUQdC!,'.!*1/0!7+&9-7-)')&4!'.!'!9*1)';-1'1)8!

'44-)-*1!*6!.'/)!.%*(/4!1*)!'66&9)!-).!7+&.&19&!*+!'5.&19&>!Q44-)-*1'//08!)%-.!+&.(/)!-14-9')&.!

)%')! )%&! -1)&+'9)-*1!5&),&&1!$OGUQdC!'14!<OYO<"! -.! .&1.-)-3&! )*! .'/)! 9*19&1)+')-*18!

;&'1-1:!)%')!-)!-.!'!,&'2!-1)&+'9)-*1>!!

L1!'!.&9*14!'..'08!,&!-13&.)-:')&4!-6!)%&!'44-)-*1!*6!OP'.&!,*(/4!'66&9)!)%&!-1)&+'9)-*1!

5&),&&1! Q)<OYO<"! '14! Q)$OGUQ! '14! C>! A*+! )%-.! 7(+7*.&8! H*J-;;(1*7+&9-7-)')-*1.!

,&+&!7&+6*+;&4!,-)%!)%&!'44-)-*1!*6!'1!&1:-1&&+&4!1(9/&'.&!&1@0;&!I5+'14&4!(14&+!)%&!

1';&!{!C&1@*1'.&!|!50!G&+92iM8!*+!,-)%!'44-)-*1!*6!OP'.&!Qd$!;-B!I$%&+;*!A-.9%&+M>!

=-66&+&1)!;&)%*4.!,&+&!)+-&48!&-)%&+!50!'44-1:!)%&!&1@0;&!4-+&9)/0!-1!)%&!-17()!6+'9)-*1!

I}UM>!Y+!50!'44-1:!)%&!&1@0;&!4-+&9)/0!*1!)%&!H*JL<!G-/)&10i!;':1&)-9!9*/(;1!I}"M8!*+!

50!'44-1:!)%&!&1@0;&!'6)&+!5-14-1:!*6!)%&!5'-)!7+*)&-1!IQ)<OYO<"J?QM!*1!)%&!9*/(;18!

&B)&1.-3&!,'.%&.!'14!&/()-*1!-1!'!1&,!)(5&!9*1)'-1-1:!)%&!OP'.&!I}#M>!?*,&3&+8!1*1&!*6!

)%&.&!;&)%*4.!7+*3&4!.(99&..6(/>!

! !



! UTg!

F2*L0(.ZC: 2D and 3D representation of tRNAS. The 5’ leader sequence and base G26 (modified by 

<8:Tb.30(.R2*R'2*R,(). In the cloverleaf (2D) representation of tRNAs, the 5’ leader sequence and the 

9*1.&+3&4!5'.&!\"[!'+&!-1!9/*.&!3-9-1-)0>!?*,&3&+8!-1!#=!I*1!)%&!+-:%)M8!<OYO<"!-.!/*9')&4!'.!-1!)%&!;*4&/!

4&3&/*7&4!50!<-12&+!&)!'/>!I"_UgM8!')!)%&!$!'14!=!/**7!e(19)-*1>!Q14!5'.&!\"[!'77&'+.!)*!5&!/*9')&4!*1!)%&!

*77*.-)&!.-4&!*6!)%&!)OPQ>!

!

!

F2*L0(.ZTN!$L+/(0.%W.-P(",03.%/,32$(). 2$.-(P303,(.?%AB;.3--3D-.a$g4b.L-2$*. ,R(.+(,R%). W0%+.;O.

Genschik’s lab and 150 mM of salt>!Y1/0!)%&!1(;5&+!*6!.7&9)+'!6*+!Q)<OYO<"!'14!Q)$OGUQdC!-.!.%*,1>!

.

F2*L0(.Z4X.$L+/(0.%W.-P(",03.%/,32$().2$.-(P303,(.?%AB;.3--3D-.&2,R.)2WW(0($,.+(,R%)-.,%.P(0W%0+.

8@3-(.,0(3,+($,.%$.,R(.2$PL,.-%'L,2%$>!Y1/0!)%&!1(;5&+!*6!.7&9)+'!6*+!Q)<OYO<"!'14!Q)$OGUQdC!-.!

.%*,1>!$%+&&!4-66&+&1)!;&)%*4.!,&+&!)+-&4!,%&1!'44-1:!C&1@*1'.&!IG&+92M!)*!)%&!&B7&+-;&1)'/!7+*)&-1!

7+&7'+')-*1!I.&&!)&B)!6*+!4&)'-/.M>!Q\L!.)'14.!6*+!Q+'5-4*7.-.!\&1*;&!L1-)-')-3&!/*9(.!9*4&!'14!-.!)%&!(1-R(&!

-4&1)-6-&+!'..-:1&4!)*!&'9%!/*9(.!-1!84#0(9/-)()*%3#:(#$#>!

!



! UTf!

O&.(/).!.%*,&4!)%')!<OYO<J?Q!,'.!.)-//!9*J-;;(1*7+&9-7-)')&4!5()!-1!'!/&..!.(99&..6(/!

;'11&+!IA-:(+&!^"M>!G*+&*3&+8!'44-)-*1!*6!C&1@*1'.&! /&'4.!)*!'1! -19+&'.&! -1!)%&!)*)'/!

';*(1)!*6!7+*)&-1.!4&)&9)&4!'.!OPQ!-.!4&:+'4&4>!Q.!'!9*1.&R(&19&8!+-5*.*;'/!7+*)&-1.!

'+&! 1*! /*1:&+! 5*(14! )*:&)%&+! ,-)%! +OPQ.! '148! 4+';')-9'//0! -19+&'.&! )%&! 1(;5&+! *6!

7+*)&-1.!&/()&4!,-)%!<OYO<"J?Q>!H*1.&R(&1)/08! -)! -.! -;7*..-5/&! )*!4&9-4&! -6! )%&! /*,&+!

1(;5&+! *6! .7&9)+'!*5)'-1&4! 6*+!$OGUQdC!*5)'-1&4! -1! )%&! 4-66&+&1)! HYJL<.! 7&+6*+;&4!

,-)%!'44-)-*1!*6!C&1@*1'.&!'+&!4(&!)*!)%&!/*,&+!1(;5&+!*6!.7&9)+'!6*+!<OYO<"J?Q!'14!

)%&!&/&3')&4!1(;5&+!*6!'44-)-*1'/!9*1)';-1'1)!7+*)&-1.!4&)&9)&48!*+!-6!)%&0!'+&!)%&!4-+&9)!

&66&9)!*6!OPQ!4&:+'4')-*1>!

H*1.&R(&1)/08! '1! &66-9-&1)! 7+*)*9*/! )*! 7&+6*+;! OPQ! 4&:+'4')-*1! 4(+-1:! 9*J

-;;(1*7+&9-7-)')-*1!;(.)! 5&! 6-+.)! 4&3&/*7&4! -1! *+4&+! )*! -13&.)-:')&! &66-9-&1)/0! -6! )%&!

-1)&+'9)-*1!5&),&&1!<OYO<"!'14!$OGUQdC!-.!4-+&9)!*+!-14-+&9)>!A*+!)%&!;*;&1)!-)!-.!.)-//!

'1! *7&1! R(&.)-*1! '.! 1*! 4&6-1-)-3&! &3-4&19&! 9'1! 5&! 6*(14! )*! .(77*+)! *1&! *+! )%&! *)%&+!

%07*)%&.-.>!Q/)&+1')-3&/08!'!0&'.)!)*!%05+-4!'..'0!;-:%)!5&!)%&!;*.)!&66-9-&1)!,'0!)*!6-14!

)%&!9*++&9)!'1.,&+!)*!)%-.!R(&.)-*1>!

.

Q? G@HI8fP*$"<:.#4*:/<#:(L#%(/$*>#)*</$B(4&.9*0D*
%4#$)(.$%*.O-4.))(/$*($*;(</%(#$#*0.$%3#&(#$#*

!
$*! &1.(+&! )%&! +*5(.)1&..! *6! *(+! H*JL<! +&.(/).8! ,&! 4&9-4&4! )*! 9*16-+;! )%&! 1(9/&'+!

/*9'/-@')-*1! *6! Q+'5-4*7.-.! $OGUQ! '14! C>! Q)$OGUQ! '14! Q)$OGUQ! ,&+&! 9/*1&4! -1!

7Z'+/&0\')&!U_"!I#^SNN$OGUQ!H=SNNHA<NN!?QM!'14!7Z'+/&0\')&U_T!I#^SNN!VA<!NN!$OGUC!

H=SM!+&.7&9)-3&/0>!

Q6)&+! ':+*J-16-/)+')-*1! *6!;,* 0.$%3#&(#$#! /&'3&.8! 7+*)&-1! .(5J9&//(/'+! /*9'/-@')-*1! ,'.!

4&)&+;-1&4!(.-1:!9*16*9'/!-;':-1:>!O&.(/).!9/&'+/0!.%*,!)%')!Q)$OGUQ!'14!C!'+&! 5*)%!

/*9'/-@&4!-1!)%&!1(9/&(.!IA-:(+&!^#!'14!^TM>!P*!*)%&+!/*9'/-@')-*1!9*(/4!5&!4&)&9)&4>!$%-.!

+&.(/)! ;')9%&.! ,-)%! )%&! 5-*Jinformatic prediction that were made using “localizer” 

,&5.&+3&+!)%')!-14-9')&!)%&!7+&.&19&!*6!'!1(9/&'+!/*9'/-@')-*1!.-:1'/!IPDSM!-1!)%&!7+*)&-1!

.&R(&19&!*6!Q)$OGUQ!'14!C!I$'5/&!"M!



! UTb!

!

!

F2*L0(.Z6X.!,<8:T!.2-.'%"3'2c().2$.,R(.$L"'(L->!D*9'/-@')-*1!*6!Q)$OGUQ!,'.!4&)&+;-1&4!'6)&+!)+'1.-&1)!

&B7+&..-*1!*6!)%&!Q+'5-4*7.-.!7+*)&-1!-1!;,*0.$%3#&(#$#*/&'3&.!'14!-;':&4!(.-1:!'!W&-..!DSG!gf_!9*16*9'/!

;-9+*.9*7&! '6)&+! Tf!%*(+.>! Q()*6/(*+&.9&19&! *6! )%&! 9%/*+*7/'.).! 9'1! 5&! .&&1! -1! +&4! -1! )%&! -;':&! *6!;,*

0.$%3#&(#$#!&B7+&..-*1!$OGUQ!–!HA<!I-1!:+&&1M!

!

!

1(9/&(.!

9%/*+*7/'.).!



! U^_!

!

F2*L0(.ZYX.!,<8:T=.2-.'%"3'2c().2$.,R(.$L"'(L->!D*9'/-@')-*1!*6!Q)$OGUC!,'.!4&)&+;-1&4!'6)&+!)+'1.-&1)!

&B7+&..-*1!*6!)%&!Q+'5-4*7.-.!7+*)&-1!-1!;,*0.$%3#$(#&#*/&'3&.!6*+!Tf!%*(+.!'14!-;':&4!(.-1:!'!W&-..!DSG!

gf_!9*16*9'/!;-9+*.9*7&>!

!

!

!

!

<3/'(. YN! C-*J-16*+;')-9! 7+&4-9)-*1! (.-1:! )%&! D*9'/-@&+! ,&5.-)&! I%))7Ndd/*9'/-@&+>9.-+*>'(dM! *6! )%&! .(5J

9&//(/'+! /*9'/-.')-*1!*6!Q)$OGUQ!IQ$#:_"#"_b!'14.Q)$OGUC!IQ$^\U^fU_M>!Q;-1*!'9-4!7+&4-9)&4!)*!5&!

P(9/&'+!D*9'/-@')-*1!S-:1'/.!IPDSM!'+&!-14-9')&4>!

!

! !

1(9/&(.!



! U^U!

4? *@.7.4).*–*1/N62*")($A*#*%4#$)(.$%*.O-4.))(/$*/B*
G@HI8*($*;,*0.$%3#&(#$#*

!

$*!6(+)%&+!-13&.)-:')&!)%&!-1)&+'9)-*1!*6!Q)<OYO<"!,-)%!Q)$OGLUQ!'14!C8!)%&!9*1.)+(9)!

9*1)'-1-1:!)%&!H=S!*6!Q)$OGUQ!9/*1&4! -1)*!7Z'+/&0\')&U_"!I,-)%!)%&!:&1&!*6! -1)&+&.)!

(14&+!)%&!9*1)+*/!*6!'!#^S!7+*;*)&+!'14!,-)%!'!HJ)&+!HA<J?Q!)':M!(.&4!6*+!.(5J9&//(/'+!

/*9'/-@')-*1!*6!)%&!7+*)&-1!,'.!(.&4!6*+!+&3&+.&!9*J-;;(1*7+&9-7-)')-*1>!$%-.!+&3&+.&J9*J

L<!,'.!7&+6*+;&4!'6)&+!)+'1.-)*+0!&B7+&..-*1!-1!;,0.$%3#&(#$#>!Q:+*J-16-/)+')&4!/&'3&.!

,&+&! 9*//&9)&4! Tf! %*(+.! '6)&+! -16&9)-*1! '14! H*JL<! ,'.! 7&+6*+;&4! '.! 7+&3-*(./0! ,-)%!

G-/)&10!'1)-J?Q!5&'4.>!

O&.(/).!.%*,!)%')!)%&!%*;*/*:!*6!Q+'5-4*7.-.!<OYO<"!-1!;,*0.$%3#&(#$#!-.!4&)&9)&4!-1!

)%&!7+*)&-1.! )%')! 9*J7+&9-7-)')&!,-)%!Q)$OGLQJ?Q! I$'5/&!#M>!$%&!1(;5&+!*6! .7&9)+'! -.!

%*,&3&+!R(-)&!/*,>!C()!)%-.!-.!R(-)&!9/'..-9'/!-1!+&3&+.&JL<!7&+6*+;&4!-1!'1!%&)&+*/*:*(.!

.0.)&;>!

$%-.!+&.(/)!9*16-+;.!)%')!Q)<OYO<"!'14!Q)$OGUQ!4*!-1)&+'9)! ($*7(7/8!3&+0!/-2&/0!-1!)%&!

6-+.)!.)&7.!*6!)OPQ.!;')(+')-*1>!

L1)&+&.)-1:/08! )%&! +&.(/).! '/.*! .%*,&4! )%')! OP'.&! W! 6+*;! ;,0.$%3#&(#$#! ,'.! 3&+0!

&1+-9%&4! -1! )%&! 7+*)&-1.! 4&)&9)&4! -1! )%&! Q)$OGUQ! &/()-*1! '6)&+! H*JL<>! ?*,&3&+8!

Q+'5-4*7.-.!9/*.&.)!%*;*/*:!*6!)%&!),*!;,0.$%3#&(#$#!OP'.&W!&1+-9%&4!-1!)%-.!L<8!,'.!

6*(14! )*! 5&! '! 7/'.)-4! /*9'/-@&4! OP'.&! W! IQ)$OW"! J! Q$"\_T^#_M>! Q.! Q)<OYO<"! '14!

Q)$OGUQ!'14!C!'+&!1(9/&'+!7+*)&-1.!,&!6-+.)!)%*(:%!)%')!)%&!4&)&9)&4!OP'.&!W!7+*)&-1.!

,&+&!9*1)';-1'1)!7+*)&-1.>!?*,&3&+8!)%&!D*9'/-@&+!,&5.-)&!7+&4-9).!5*)%!'!9%/*+*7/'.)-9!

/*9'/-.')-*1! .-:1'/! '14! '! 1(9/&'+! /*9'/-@')-*1! .-:1'/! I$'5/&! TM! 6*+! )%&.&! 7+*)&-1.>!

H*1.&R(&1)/08!)%&.&!),*!7+*)&-1.!;-:%)!5&!'44+&..&4!)*!5*)%!9&//(/'+!9*;7'+);&1).>!$*!

4&9-4&!-6!Q)OPQ.&!W!,'.!-14&&4!-1)&+'9)-1:!,-)%!Q)$OGUQdC!,&!4&9-4&4!)*!(.&!)%&!.';&!

.)+')&:0!'14!&B7+&..&4!)%&!1(9/&'+!Q)OP'.&!W#!)+'1.-&1)/0!-1!;,*0.$%3#&(#$#>!!

$*!7&+6*+;!)%&.&!&B7&+-;&1).8!)%&!9*4-1:!.&R(&19&!*6!Q)<OYO<"8!Q)$OW#!'14!Q)$OGUC!

,'.! 9/*1&4! -1)*! 7Z'+/&0! U__8! "_"! '14! "_#! +&.7&9)-3&/0>! Q14!H*JL<!,-//! )%&1! 5&! ':'-1!

7&+6*+;&4!(.-1:!;,*P.$%3#&(#$#!'.!'!)+'1.-&1)!&B7+&..-*1!.0.)&;>!

!



! U^"!

!

<3/'(.ZN!1(;5&+!*6!.7&9)+'!*5)'-1&4!-1!.&7'+')&!9*JL<!'..'0.!'6)&+!)+'1.-&1)!&B7+&..-*1!*6!$OGUQJHA<J?Q!

-1! ;(</%(#$#* 0.$%3#&(#$#>! O&.(/).! '+&! .%*,1! *1/0! 6*+! Q)<OYO<"8! Q)$OGU! '14! Q)$OW! %*;*/*:! -1! ;,*

0.$%3#&(#$#!4&)&9)&4!-1!)%&.&!&B7&+-;&1).>!Q.!1*!.7&9)+'!,'.!4&)&9)&4!-1!)%&!9*1)+*/8!)%&!+&.(/)!-.!.%*,1!

-1!'!.-1:/&!9*/(;18!6*+!.-;7/-9-)0>!

!

!

<3/'(. [N! 7+&4-9)&4! .(59&//(/'+! /*9'/-@')-*1! *6! P-5&1U_U! S96_gU^":_T_#[>U! '14! P-5&1U_U! S96U_^^g!

:____">U!7+*)&-1.>!$%&.&!),*!OP'.&!W!7+*)&-1.!'+&!7+&4-9)&4!)*!5&!4('/!/*9'/-@&4!)*!)%&!9%/*+*7/'.)!'14!)%&!

1(9/&(.!50!)%&!/*9'/-@&+!,&5.&+3&+>!Q;-1*!'9-4!.&R(&19&!6*+;-1:!'!7+&4-9)&4!PDS!-.!-14-9')&4>!

! !



! U^#!

Q)! /'.)8! -)! -.! ,*+)%! 1*)-1:! )%')! ;(</%(#$#* 0.$%3#&(#$#* :('1-1&! I"[MJPI"MMJ

4-;&)%0/)+'1.6&+'.&!I$OGUM!,'.!'/.*!6*(14!&1+-9%&4!-1!)%&!Q)$OGUQJ?Q!.';7/&>!$%-.!

;-:%)!5&!'1!'+)&6'9)!4(&! )*! )%&!*3&+J&B7+&..-*1!*6!Q)$OGUQ!5()! -)!;-:%)!'/.*!5&! )%')!

$OGUQ!'14!C!6+*;!'!;(/)-;&+!($*7(7/>!A(+)%&+;*+&8!'!7%*.7%*+0/')-*1!.-)&!,'.!4&)&9)&4!

-1!'//!&B7&+-;&1).!*1!'!S&+-1&!+&.-4(&!I1(;5&+!Tgf!'14!^_#M!*1!Q)$OGUQ>!?*,&3&+8!)%-.!

.-)&!,'.!;*.)/0!4&)&9)&4!(17%*.7*+0/')&4!-1!)%&!GSdGS!&B7&+-;&1).>!

!

)? 6$7.)%(A#%(/$*/B*%3.*.BB.<%*/B*%4&I8*#$9*P*5$/<5*/"%*
($*84#0(9/-)()*%3#:(#$#* *

!

$*! :'-1! ;*+&! -1.-:%).! *1! )%&! 5-*/*:-9'/! 6(19)-*1.! *6! Q)$OGUQ! '14! C! ,&! 4&9-4&4! )*!

-13&.)-:')&! )%&! &66&9)! *6! $OGUQ! '14! C! 4&7/&)-*1! (.-1:! '3'-/'5/&! $J=PQ! /-1&.>! Q1!

-1)&+&.)-1:!R(&.)-*1!,'.!)*!21*,!-6!Q)$OGUQ!'14!C!'+&!&..&1)-'/!:&1&.!'14!-6!8%%4&I#!

'14!8%%4&I0!.-1:/&!*+!4*(5/&!21*92*()!7/'1)!/-1&.!%'3&!'!3-.-5/&!7%&1*)07&>$%+&&!$J=PQ!

/-1&.!,&+&!*+4&+&4!'14!3&+-6-&4>!Q6)&+!9%&92-1:!50!<HO!)%')!)%&!/-1&.!&66&9)-3&/0!9*1)'-1&4!

'!$J=PQ!-1.&+)&4!-1!)%&!$OGUQdC!:&1&8!)%&!&B'9)!$J=PQ!-1.&+)-*1!.-)&!,'.!;'77&4!50!

.&R(&19-1:>!$%&!S'/2o_Uf^U"!$J=PQ!/-1&!9*1)'-1.!'!$J=PQ!-1.&+)-*1!-1!)%&!U_)%!-1)+*1!*6!

)%&!Q)$OGUQ!:&1&>!$%&!S'/2o"_[#fT!/-1&!9*1)'-1.!'!$J=PQ!-1.&+)-*1!-1!)%&!b)%!&B*1!*6!)%&!

Q)$OGUC! :&1&! '14! )%&!]-.9=.D*B"TT\_T! /-1&! 9*1)'-1.! '! $J=PQ! -1.&+)-*1! -1! )%&! b)%!

-1)+*1!*6!)%&!Q)$OGUC!:&1&>!

`1*92J*()!*6!)%&!4&.-+&4!:&1&!,'.!3&+-6-&4!50!O$J<HO!(.-1:!6*+,'+4!'14!+&3&+.&!7+-;&+.!

4&.-:1&4!)*!';7/-60!)%&!6(//!/&1:)%!9*4-1:!.&R(&19&!IH=SM>!O$J<HO!+&.(/).!.%*,!)%')!)%&.&!

/-1&.!9'1!&66&9)-3&/0!5&!9*1.-4&+&4!'.!8%%4&I#!'14!8%%4&I0!21*92*()!/-1&.!IA-:(+&!^^!'14!

^[M!>!

L)!-.!-1)&+&.)-1:!)*!1*)&!)%')*%4&I#!'14!%4&I0!21*92!*()!7/'1).!4-4!1*)!&B%-5-)!'10!*53-*(.!

7%&1*)07&>!

$%&! S'/2o_Uf^U"! /-1&! ,'.! 9+*..&4! ,-)%! )%&! ]-.9=.D*B"TT\_T! /-1&! '14! ,-)%! )%&!

S'/2o"_[#fT!)*!:&1&+')&!%4&I#!–!%4&I0!4*(5/&!;()'1).>!\&1*)07-1:!*6!)%&!A"!:&1&+')-*1!

-.! *1:*-1:! 6*+! )%&!]-.9=.D*B"TT\_T! B!S'/2o_Uf^U">! C()! 1*! 4*(5/&!;()'1).! 9*(/4! 5&!

-4&1)-6-&4!.*!6'+!I1a"^M>!H*19&+1-1:!)%&!9+*..!5&),&&1!)%&!S'/2o_Uf^U"!'14!S'/2o"_[#fT!

/-1&.8!)%&!A"!:&1&+')-*1!,-//!.**1!5&!:&1*)07&4>!



! U^T!

!

!

!

F2*L0(.ZZX.8<A;?8.%$.!,<8:T!.*($(!using primers at the 5’ and 3’ end of the coding sequence (CDS). The 

+&.(/)!9*16-+;.!)%')!$OGUQ!6(//J/&1:)%!)+'1.9+-7)!-.!1*)!&B7+&..&4!-1!)%&!S'/2o_Uf^"U"!/-1&>!

!

!

F2*L0(.Z[X.8<A;?8.%$.!,<8:T=.*($(!using primers at the 5’ and 3’ end of the coding sequence (CDS). The 

+&.(/)!9*16-+;.!)%')!$OGUC!6(//J/&1:)%!)+'1.9+-7)!-.!1*)!&B7+&..&4!-1!)%&!S'/2o"[#fT!'14!]-.94.D*B"TT\YT!

/-1&>!

!

!

!

! !



! U^^!

52-"L--2%$.
!

!

GQAU8!)%&!;'-1!1&:')-3&!+&:(/')*+!*6!OPQ!7*/0;&+'.&!LLL8!9*1)'-1.!-1!7/'1).8!'!)OPQ!/-2&!

S)+(9)(+&!I$DSM!-1!-).!:&1&)-9!.&R(&19&!9*1.&+3&4!-1!'//!)%&!'%4.-%/-3D%#*:&1*;&!'3'-/'5/&!

)*! 4')&>! S-19&! '%4.-%/-3D%#! '14! 13:/4/-3D%#! '+&! 9*1.-4&+&4! )*! %'3&! .7/-))&4! -1! ),*!

&3*/()-*1'+0! /-1&':&.! 6+*;! )%&!M(4(9(-:#$%#.! 5&),&&1!g"^!'14!U"__!;-//-*1!0&'+.!':*!

IC&92&+!'14!G'+-18!"__bM8!,&!%07*)%&.-@&4!)%')!)%-.!1*1!9*4-1:!OPQ!.&R(&19&!.%*(/4!

7/'0!'1!-;7*+)'1)!+*/&!-1!7/'1)!5-*/*:0!)%')!,*(/4!&B7/'-1!-).!&3*/()-*1'+0!9*1.&+3')-*1>!

C&9'(.&!OP'.&!<!-.!'1!&1@0;&!21*,1!)*!9/&'3&!5*)%!7+&9(+.*+!)OPQ.!'14!$DS!-1!3-3*!

I\*5&+)! &)! '/>8"_U_! '14! \();'11! &)! '/>! "_U"M! ,&! 4&9-4&4! )*! -13&.)-:')&! -6! GQAU!

&3*/()-*1'+0!9*1.&+3&4!$DS!9*(/4!5&8!-1!84#0(9/-)()8!'!1&,!.(5.)+')&!*6!)%&!1(9/&'+!OP'.&!

<!!&1@0;&.!<OYO<"d#>!

]&!7+*3&4!50!($*7(%4/!9/&'3':&!'..'0.!)%')!Q)<OYO<"!9'1!9/&'3&!Q)GQAU!-1)+*1-9!$DS8!')!

-).!&B7&9)&4!.)'+)!.-)&8!'.!&3-4&19&4!50!*(+!9O$J<HO!+&.(/).>!G*+&*3&+8!,&!-13&.)-:')&4!

)%&!&66&9)!*6!Q)<OYO<"d#!4*,1!+&:(/')-*1!*1!)%&!/&3&/!*6!Q)GQAU!')!)%&!)+'1.9+-7)*;-9!

/&3&/! '14! .%*,&4! )%')! 4&7/&)-*1! *6! Q)-4/4-Tf^* /&'4.! )*! '1! '99(;(/')-*1! *6! Q)GQAU!

)+'1.9+-7).>!Q)!/'.)8!,&!.%*,&4!)%')!($*7(7/8!Q)GQAU!)+'1.9+-7).!)&+;-1-!4*!'99(;(/')&!')!

)%&! &B'9)! .)'+)! .-)&! *6! )%&! $DS! '14! )%')! )%&.&! .7&9-6-9! )+'1.9+-7).! %'3&! '44-)-*1'/!

nucleotides added in 3’8!,%-9%!.(::&.).!)%')!)%&0!,-//!5&!4&:+'4&4>!!

!

;%--2/'(.3',(0$3,21(.WL$",2%$-.W%0.:!FT.<K9.
!
Y(+!;'-1!%07*)%&.-.!7+*7*.&.!)%')!)%&!9*1.&+3&4!GQAU!$DS!.&+3&.!'.!'!.-:1'/!)*!9/&'3&!

GQAU!;OPQ!'14!)%(.!)*!9*1)+*/!-).!/&3&/>!S)-//8!#0*($(%(/8!'/)&+1')-3&!%07*)%&.&.!9*(/4!5&!

&13-.':&4!)*!&B7/'-1!)%&!6(19)-*1!*6!GQAU!$DS>!L1!'!6-+.)!%07*)%&.-.8!OP'.&!<!9/&'3':&!*6!

GQAU!$DS!9*(/4!5&! 6*//*,&4!50!OP'.&!W!9/&'3':&!)*!:&1&+')&!'! 6(19)-*1'/!1*1J9*4-1:!

OPQ>! Q/)&+1')-3&/08! )%&! *5.&+3&4! 9/&'3':&! *6! GQAU! $DS! 9*(/4! %'3&! 5&&1! 4(&! )*!

)+'1.9+-7)-*1!&/*1:')-*1!6'9)*+.!'.!4&.9+-5&4!6*+!84#0(9/-)()!-1!Q1)*.@!&)!'/>!"_"_8!-6!OPQ!

7*/0;&+'.&!LL!%'4!%'4!'!)&14&190!)*!.)'//!')!)%&!.7&9-6-9!$DS!/*9(.>!A-1'//08!-)!9*(/4!'/.*!5&!

%07*)%&.-@&4! )%')8! .-19&!Q)GQAU!$DS! -.! /*9')&4! -1! '1! -1)+*18! )%-.! 9*1.&+3&4! .)+(9)(+&!



! U^[!

,*(/4! -1! 6'9)! 5&! +&/')&4! )*! .7/-9-1:! I*+! '/)&+1')-3&! .7/-9-1:M>! ?*,&3&+8! )%&! +&.(/).! *6!

-13&.)-:')-*1.! 7+&.&1)&4! -1! )%-.! )%&.-.! 4*! 1*)! 7+*3-4&! &3-4&19&.! )%')! ,*(/4! '//*,! )*!

.(77*+)!*1&!*6!)%&.&!'/)&+1')-3&!%07*)%&.&.>!

L14&&48!*(+!-13&.)-:')-*1!*1!7/'1)!21*92&4!*()!6*+!Q%&#BI!'14!9*;7/&;&1)&4!50!GQAU!

:&1&!,-)%*()! )%&!$DS!.&R(&19&!*+!,-)%*()! )%&! -1)+*1!9*1)'-1-1:!Q)GQAU!$DS8!.%*,&4!

)%')!Q)GQAU!;OPQ!-.!.7/-9&4!9*++&9)/0!5&9'(.&!*(+!O$J<HO!&B7&+-;&1)!7&+6*+;&4!*1!

OPQ!&B)+'9)&4!6+*;!)%&.&!)+'1.:&1-9!/-1&.!.%*,&4!)%')!)%&!O$J<HO!7+*4(9).!*5)'-1&4!%'4!

)%&!.';&!.-@&!'.!)%&!]$!IH*/JYM>!G*+&*3&+8!Q)GQAU!$DS!'77&'+.!)*!5&!)%&!*1/0!-1)+*1-9!

19OPQ! 9*1.&+3&4! ,-4&/0! -1! /'14! 7/'1).! IQ22(+')*3! &)! '/>8! "_UTM>! L6! )%&! -1)+*1-9! $DS!

6(19)-*1!%'4!5&&1!+&/')&4!)*! .7/-9-1:8! -)!,*(/4!%'3&!5&&1! /-2&/0!)%')! .-;-/'+!.)+(9)(+&.!

,*(/4!*99(+!-1!;*+&!)%'1!*1&!*6!)%&!"^!___!:&1&.!&19*4&4!-1!)%&!84#0(9/-)()!:&1*;&8!

;'10!*6!,%-9%!%'3-1:!;(/)-7/&!-1)+*1.>!

Q/.*8!)%&!'3'-/'5/&!H%-7JS&R!4')'!*5)'-1&4!,-)%!'1)-5*4-&.!':'-1.)!)%&!HJ)&+;-1'/!4*;'-1!

*6!Q+'5-4*7.-.!OPQ!7*/0;&+'.&! LL8! )%')! 9'1!5&! 9*1.-4&+&4!'.! +&7+&.&1)-1:!OPQ!<*/>! LL!

*99(7'190!($*7(7/8!4*!1*)!.%*,!'10!*53-*(.!.-)&!,%&+&!)%&!7*/0;&+'.&!,*(/4!5&!.)'//-1:!

*1!)%&!GQAU!:&1&>!L14&&48!)%&!4-.)+-5()-*1!*6!)%&!+&'4.!-1!)%&!4')'!6+*;!Q1)*.@!&)!'/>!"_"_!

-.! %*;*:&1&*(.! ')! )%&!Q)GQAU! /*9(.! IQ)^:U#"T_M8! -14-9')-1:! )%')! OPQ!7*/0;&+'.&! LL!

.)'//-1:! ')! )%&!$DS! .-)&! '.! '! +&:(/')-*1! *6!Q)GQAU! /&3&/! *6! &B7+&..-*1! -.! 3&+0! (1/-2&/0>!

H*1.&R(&1)/08! -)! is thus unlikely that the cleaved transcripts detected in our 3’RACE 

'..'0.!I*+! -1!)%&!7(5/-9/0!'3'-/'5/&!Q+'5-4*7.-.!<QOZJ.&R!=')'M!'+&!:&1&+')&4!50!OPQ!

7*/0;&+'.&!LL!+')%&+!)%'1!50!9/&'3':&!50!Q)<OYO<"d#>!

!

?%L').8@3-(.Q./(.2$1%'1().2$.,R(.P0%)L",2%$.%W.3.$%1('.$%$."%)2$*.8@!_.
!
Q.!;&1)-*1&4!'5*3&8!'1!'/)&+1')-3&!%07*)%&.-.!9*(/4!5&!)%')!'6)&+!9/&'3':&!50!OP'.&!<8!

AtMAF1 TLS is also cleaved by RNase Z (the enzyme catalysing the removal of the 3’ trailer 

.&R(&19&!6+*;!)OPQM!)*!:&1&+')&!'!6(19)-*1'/!.;'//!OPQ>!$%-.!%07*)%&.-.!-.!9&+)'-1/0!)%&!

;*.)!-1)&+&.)-1:!'/)&+1')-3&!%07*)%&.-.!)*!)%&!*1&!,%&+&!9/&'3':&!50!OP'.&!<!*1/0!/&'4.!

)*!Q)GQAU!7+&J;OPQ!4&:+'4')-*1!'14!'.! .(9%!,*(/4!5&!'!7*.)J)+'1.9+-7)-*1'/!4*,1J

+&:(/')-*1!;&9%'1-.;!)*!6-1&!)(1&!GQAU!&B7+&..-*1!-1!/'14!7/'1).>!!

It must be stated first that the occurrence of a cleavage in 3’ of AtMAF1 TLS by RNase Z is 

1*)! 1&9&..'+-/0! 9*1)+'4-9)*+0!,-)%!*(+!;'-1! %07*)%&.-.! 5&9'(.&! )%&! 9/&'3':&! 50! 5*)%!



! U^g!

OP'.&!<!'14!OP'.&!W!)*!:&1&+')&!'!1&,!6(19)-*1'/!19OPQ!9*(/4!')!)%&!.';&!)-;&!'/.*!/&'4!

)*!-;7'-+&4!.7/-9-1:!'14!)%&!4&:+'4')-*1!*6!Q)GQAU!7+&J;OPQ>!S-;-/'+!9'.&.!*6!9/&'3':&!

*6!'!$DS!)*!:&1&+')&!'!1*1J9*4-1:!OPQ!%'3&!'/+&'40!5&&1!4&.9+-5&4!-1!)%&!/-)&+')(+&>!$%&!

;*.)!6';*(.!&B';7/&.!-1!Z(2'+0*)&.!'+&!)%*.&!*6!)%&!)OPQ! /-2&!19OPQ.!;'.9OPQ!'14!

Men β. These two ncRNA are processed from, respectively the lncRNA MALAT1 and MEN 

β. According to the published articles, MEN β tRNA like small RNA has a CCACCA motif 

added at its 3’ end that will serve as a signal for its rapid deg+'4')-*1>!$%-.!,*(/4!&B7/'-1!

,%0!)%-.!19OPQ!-.!(14&)&9)'5/&!50!'!P*+)%&+1!5/*)!'77+*'9%!IS(1,**!&)!'/8!"__bj!]-/(.@!

&)! '/8! "_UUj! `(%1! &)! '/8"_U^M>! L1! 9*1)+'.)8! )%&!;'.9OPQ! :&1&+')&4! 6+*;! )%&!GQDQ$U!

/19OPQ! -.! '1! -1)&+&.)-1:! 9'.&!*6!'! 6(19)-*1'/! )OPQJ/-2&!1*1!9*4-1:!OPQ!'.! -)!%'.!5&&1!

.%*,1!)*!(14&+:*!HHQ!'44-)-*1!I]-/(.@!&)!'>8!"__fM!'14!3&+0!+&9&1)/08!)*!7+*;*)&!:/*5'/!

7+*)&-1! )+'1./')-*1! '14! 9&//! 7+*/-6&+')-*1! 50! 7*.-)-3&/0! +&:(/')-1:! )%&! 7+*)&-1! /&3&/! *6!

:/()';-10/J)OPQ!.01)%&)'.&!!IlQOSM!ID(!&)!'/>8"_"_M>!

?*,&3&+8!&3&1!-6!)%&!%07*)%&.-.!*6!'!9/&'3':&!50!OP'.&!W!6*//*,-1:!OP'.&!<!9/&'3':&!I'.!

*(+!($*7(%4/!9/&'3':&!'..'0.!'14!)%&!9(++&1)!.)')&!*6!21*,/&4:&!-14-9')&!)%')!)%-.!*+4&+!-.!

)%&! ;*.)! /-2&/0M! -.! -1)&+&.)-1:! '14! 9'11*)! 0&)! 5&! +(/&4! *()8! ,&! 4-4! 1*)! 6-14! '10!

&B7&+-;&1)'/! &3-4&19&! )*! .(77*+)! -)>! L14&&48! )%&+&! -.! 6*+! )%&! ;*;&1)8! 1*! 7+**6! )%')!

Q)GQAU! 9/&3':&! 50! OP'.&! <! /&'4.! )*! )%&! 9+&')-*1! *6! '! 1&,! .;'//! 1*1J9*4-1:! OPQ!

I.19OPQM!-1!Q+'5-4*7.-.!($*7(7/>!L1!7'+)-9(/'+8!*(+!($*7(%4/!'..'0.!.%*,.!)%')!Q)OP'.&!W#!

I$OW#M! /-2&/0! 9/&'3&.! *1/0! '6)&+! OP'.&! <! 9/&'3':&8! 5()! ,&! 9*(/4! 1*)! -4&1)-60! .7&9-6-9!

AtRNaseZ3 cleavages in our 3’Race assays nor in the publicly available PAREJ.&R!4')'>!

A(+)%&+;*+&8!1*! .;'//!OPQ!9*++&.7*14-1:! )*!)%&!$DS! .&R(&19&!9*(/4!5&! -4&1)-6-&4!50!

P*+)%&+1J5/*)!50!Q22(+')*3!&)!'/>!*+!-1!)%&!4-66&+&1)!7(5/-9!4')'5'.&.!*6!.;'//!OPQ!)%')!

,&! '1'/0.&4>! P&3&+)%&/&..8! '5.&19&! *6! 7+**6! -.! 4&6-1-)-3&/0! 1*)! '! 7+**6! *6! '5.&19&>!

H*1.&R(&1)/08!,&!,-//!1&&4!)*!6(+)%&+!-13&.)-:')&!)%-.!7*..-5-/-)0!*6!'1!OP'.&!W!9/&'3':&!

($* 7(7/. One way to investigate this question is to perform comprehensive 5’RACE 

analyses. The 5’RACE that I performed at the beginning of my PhD identified a few 

.&R(&19&.! )%')! 9*(/4! 9*++&.7*14! )*! '! 9/&'3':&! *6! Q)GQAU! $DS! 50! OP'.&! W8! 5()! '.!

&B7/'ined above in the Results section, this 5’RACE assay was performed with an RNA 

'4'7)&+!)%')!4-4!1*)!'//*,!)*!4-66&+&1)-')&!5&),&&1!<HO!4(7/-9')&.!'14!(1-R(&!OPQ!+&'4.>!

Consequently, performing 5’RACE with an RNA adapter containing a random region to 

-4&1)-60! (1-R(&! +&'4.! 6+*;!<HO!4(7/-9')&.! .&&;.! )*! 5&! )%&!;*.)! '4&R(')&!;&)%*4! )*!

-13&.)-:')&!)%*+*(:%/0!-6!'1!OP'.&!W!9/&'3':&!*6!Q)GQAU!$DS!4*&.!!*99(+!($*7(7/!)*:&)%&+!



! U^f!

,-)%!)%&!9/&'3':&!50!OP'.&!<>!Q)!)%-.!.)':&!,&!)%(.!9'11*)!+(/&!*()!)%')!GQAU!$DS!;-:)%!

5&! +&/&'.&4! 6+*;! -).! -1)+*1! '14! )%')! -)! 9*(/4! '99(;(/')&! &3&1! ')! /*,! /&3&/.! 6*+! '! 0&)!

(1-4&1)-6-&4!6(19)-*1>!

!

B$)20(",.(WW(",.%W.:!FT."'(313*(.%$.8@!.P%'.BBB.3",212,D.
!
L1! *(+! ;*4&/8! ,%&+&! <OYO<! 4*,1J+&:(/')-*1! +&.(/).! -1! GQAU! -19+&'.&4! /&3&/8! ,&!

7+&4-9)&4!)%')!)%&!)+'1.9+-7)-*1!*6!'//!OPQ.!)+'1.9+-5&4!50!OPQ!7*/>!LLL!9*(/4!5&!-;7'-+&4>!

?*,&3&+8!6*+!1*,!*18!,&!9*(/4!1*)!4&)&9)!'!.-:1-6-9'1)!4&9+&'.&!*6!)%&!/&3&/.!*6!OPQ!7*/>!

LLL!)+'1.9+-7).!.(9%!'.!E[!.1OPQ!*+!gSD!OPQ.!,%-/&!7+&3-*(.!,*+2!%'4!.%*,1!)%')!)%&!

/&3&/! *6! ;')(+&! 1(9/&'+! )OPQ! -.! 4&9+&'.&4! -1! -4/4-^! `Y! ;()'1).! ,%&+&! <OYO<"! -.!

4*,1+&:(/')&4!I\();'11!&)!'/>!"_U"M>!$%-.!&66&9)!*1!)OPQ!/&3&/.!9*(/4!5&!4-+&9)/0!4(&!)*!

'!4&9+&'.&!-1!7+&9(+.*+J)OPQ!;')(+')-*1!I4(&!)*!)%&!/*,&+!';*(1)!*6!OP'.&!<!&1@0;&M!

'14!d!*+!)*!*(+!7+*7*.&4!+&:(/')-*1!/**7>!L1!'//!9'.&.8!OPQ!7*/>!LLL!)+'1.9+-7).!/&3&/.!'+&!

1*)!'//!'66&9)&4!50!<OYO<!4*,1J+&:(/')-*1!.-19&!^S!+OPQ!/&3&/.!3'+-')-*1.!,&+&!1&3&+!

*5.&+3&48!1&-)%&+!!-1!)%&!7+&.&1)!.)(408!1*+!-1!7+&3-*(./0!7(5/-.%&4!,*+2!I\();'11!&)!'/>!

"_U"M>!P*1&)%&/&..8!)%&!'5.&19&!*6!OPQ!.)&'40!.)')&!/&3&/!3'+-')-*1.8!'.!*5.&+3&4!%&+&!6*+!
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A-1'//08!-1!*(+!+&3&+.&!9*J-7!&B7&+-;&1).!I7&+6*+;&4!,-)%!Q)$OGUQ!)'::&4!,-)%!?Q!'14!

)+'1.-&1)/0! &B7+&..&4! -1!;,* P.$%3#&(#$#M! ,&! '/.*! 6*(14! )%&! %*;*/*:! *6! Q+'5-4*7.-.!

OP'.&! W>! Q.! -1!;,* 0.$%3#&(#$#8! )%&! 7+*)&-1! -1)&+'9)'1)! *6! Q)$OGUQ! -.! 7+&4-9)&4! I50!

5-*-16*+;')-9.M!)*!5&!4('/!/*9'/-@&4!)*!5*)%!9%/*+*7/'.)!'14!1(9/&(.8!,&!4&9-4&4!)*!6(+)%&+!

-13&.)-:')&! -6! Q)$OGUQ! '14! Q)$OW#! 9'1! -1)&+'9)! )*:&)%&+! '14! 7*..-5/0! 6*+;! '! .-1:/&!

9*;7/&B!,-)%!Q)<OYO<">!

A*+!)%-.8!)%&!9*4-1:!.&R(&19&!*6!Q)<OY<O"!I,-)%!'!(1-R(&!?Q!)':!-1!HJ)&+;-1'/M8!Q)$OW#!

I,-)%!'!PJ)&+;-1'/!;09!)':M!'14!Q)$OGUQ!I,-)%!'!PJ)&+;-1'/!6/':!)':M!,&+&!9/*1&4!(14&+!

)%&!9*1)+*/!*6!'!.)+*1:!7+*;*)&+!I#^SM!-1!+&.7&9)-3&/08!7Z'+/&0\')&!U__8!"_"!'14!"_#>!

$%&.&!9*1.)+(9).!,-//!5&!(.&4!)*!7&+6*+;!)+'1.-&1)!&B7+&..-*1!9*J-;;(1*7+&9-7-)')-*1!

'..'0.!-1!;,*P.$%3#&($#!)*!)&.)!-6!Q)$OGUQ!9'1!-1)&+'9)!,-)%!5*)%!Q)<OYO<"!'14!Q)$OW#!

'14!'/.*!-6!Q)<OYO<"!'14!Q)$OW#!9'1!-1)&+'9)!-14-+&9)/0>!$%&!/'))&+!-1)&+'9)-*1!-.!(1/-2&/0!

'.! 1*! .7&9)+'! 6*+! Q)$OW#! ,'.! 1&3&+! *5)'-1&4! -1! *(+! 9*J-;;(1*7+&9-7-)')-*1! '..'0.!

7&+6*+;&4! ,-)%! Q+'5-4*7.-.! .)'5/&! <OYO<"J?Q! /-1&.M>! Q/)*:&)%&+8! +&.(/).! '/+&'40!

*5)'-1&4!.(::&.)!)%')!<OYO<"8!OP'.&!W!'14!)%&!;&)%0/!)+'1.6&+'.&.!$OGUQ!'14!C!;'0!

'9)! -1! '! 9*;7/&B8! *+! -1! 9%'11&//-1:! I)%&! +&'9)-*1! 9')'/0.&4! 50! *1&! &1@0;&! 5&-1:!

-;;&4-')&/0!6*//*,&4!50!)%&!'9)-3-)0!*6!)%&!1&B)!&1@0;&M!)*!7&+6*+;!)%&!&'+/0!.)&7.!*6!

1(9/&'+!7+&J)OPQ!;')(+')-*1>!

! !



! U[^!

!

F2*L0(.Z]X.9"R(+3,2".%W.,R(."L00($,.+%)('.W%0.,R(.,8@!.+3,L03,2%$.P3,R&3D.2$.D(3-,>!$%-.!;*4&/!,'.!

9+&')&4!(.-1:!)%&!-16*+;')-*1!7+&.&1)&4!-1!?**7&+8!"_U#!

! !



! U[[!

!
.

F2*L0(. Z^X. ;0%P%-(). +%)('. W%0. ,R(. ,8@!. +3,L03,2%$. P3,R&3D. 2$. 702(%8'9$%$& +"2:%2/2>! Z1@0;&!

.(59&//(/'+!/*9'/-.')-*1!-.!5'.&4!&-)%&+!*1!7(5/-.%&4!,*+2!I1';&!*6!6-+.)!'()%*+!'14!0&'+!*6!7(5/-9')-*1!'+&!

-14-9')&4M!*+!*1!*(+!+&.(/).!I.&&!)&B)!6*+!4&)'-/.M!

. .



!

!

"#$%&$$#'(!

!

!

"#$%&'(!)$*(+*&%#!

!

!

! !



!

!

,-)./!0#!1$&(2&1*0!$3450*6#5$!(34*6&7!8#!09-:;!1'0<=3$*%#!>>>/!2'(6&#(6!2?#@!0#%!

10*(6#%/!5(#!%6$5265$#! $#%%#=A0*(6!B!5(!-:;!8#! 6$*(%7#$6/!*11#03#!#(!*(40*&%!

C!6:;-D0&E#! %6$5265$#!F! GHIJKL! M#66#! %6$5265$#!#%6! 2'(%#$N3#!8*(%! %*! %3O5#(2#!

43(36&O5#! 8*(%! 6'5%! 0#%! 43('=#%! %3O5#(23%! B! 2#! P'5$! 8*(%! 0#! 20*8#! 8#%!

!"#$%"&%'(")L! Q6*(6! 8'((3! O5#! 0#%! !"#$%"&%'(")! #6! 0#%! *'+&#&%'(")! %'(6!

2'(%&83$3%! 2'==#! *<*(6! 3N'053%! #(! 8#5R! 0&4(3#%! 3N'056&N#%! 8&%6&(26#%! 8#%!

"&$&8&10*(6*#!#(6$#!STU!#6!.TVV!=&00&'(%!89*((3#%!GW#2E#$!#6!,*$&(/!TVVXK/!('5%!

*N'(%!3=&%!09?<1'6?Y%#!O5#!2#66#!%3O5#(2#!89-:;!('(!2'8*(6!8#N*&6!P'5#$!5(!

$Z0#! &=1'$6*(6! 8*(%! 0*! A&'0'4&#! N3436*0#! O5&! #R10&O5#$*&6! %*! 2'(%#$N*6&'(!

3N'056&N#L![6*(6!8'((3!O5#!0*!:;*%#!\!#%6!5(#!#(@<=#!2'((5#!1'5$!20&N#$!B!0*!

7'&%!0#%!-:;6!1$325$%#5$%!#6!0#%!C!HIJ!F!,-./,/&!G]'A#$6!#6!*0L/!TV.V!#6!]56=*((!

#6! *0L/! TV.TK/! ('5%! *N'(%! 832&83! 893658&#$! %&! 2#! HIJ! 3N'056&N#=#(6! 2'(%#$N3!

8*(%!0#!43('=#!8#!,-).!1'5N*&6!^6$#/!2?#@!0#)1,2&%3,3/!5(!('5N#*5!%5A%6$*6!

8#%!#(@<=#%!:;*%#!\!(5203*&$#%!\:_:\T!#6!\:_:\`L!

!

;'5%!*N'(%!1$'5N3!1*$!8#%!6#%6%!8#!20&N*4#!,-./,"#&!O59-6\:_:\T!1#56!20&N#$!0#!

HIJ! 8#! -6,-)./! B! %'(! %&6#! 8#! 831*$6! *66#(85/! 2'==#! #(! 63='&4(#(6! ('%!

$3%506*6%! 8#! 2:HD\M:L! a#! 105%/! ('5%! *N'(%! 3658&3! 09#77#6! 8#! 0*! 83$3450*6&'(!

89-6\:_:\T!b!`!%5$!0#!(&N#*5!89-6,-).!*5!(&N#*5!6$*(%2$&16'=&O5#!#6!='(6$3!

O5#!0*!83$3450*6&'(!89-6\:_:\T!b!`!2'(85&6!B!5(#!*225=50*6&'(!8#%!6$*(%2$&6%!

-6,-).L! Q(7&(/! ('5%! *N'(%! ='(6$3! O59,-. /,/&/! 0#%! 6$*(%2$&6%! -6,-).! %#!

6#$=&(*(6! *5! %&6#! 8#! 831*$6! #R*26! 85! HIJ! s’accumulent! #6! O5#! 2#%! 6$*(%2$&6%!

%132&7&O5#%!'(6!8#%!(5203'6&8#%!%51103=#(6*&$#%!*P'563%!#(!`!9/!2#!O5&!%544Y$#!

O59&0%!%#$'(6!834$*83%L!

!



Discussion relatives aux hypothèses alternatives permettant d’expliquer nos 

)*$&+,-,$!.!

!

;'6$#! ?<1'6?Y%#! 1$&(2&1*0#! 1$'1'%#! O5#! 0#! HIJ! 8#! -6,-).! 3N'056&N#=#(6!

2'(%#$N3! %#$6! 8#! %&4(*0! 1'5$! 20&N#$! 09-:;=! 8#! ,-).! #6! *&(%&! 2'(6$Z0#$! %'(!

(&N#*5!d’expressionL!\'5$6*(6/!)1.,-,",&/!8#%!?<1'6?Y%#%!*06#$(*6&N#%!1'5$$*&#(6!

^6$#!#(N&%*43#%!1'5$!#R10&O5#$!0*!7'(26&'(!85!HIJ!8#!,-).L!!

J#0'(! 5(#! 1$#=&Y$#! ?<1'6?Y%#/! 0#! 20&N*4#! :;*%#! \! 85! HIJ! 8#!,-).! 1'5$$*&6!

^6$#! %5&N&! 895(! 20&N*4#! 1*$! 0*! :;*%#! c! 1'5$! 43(3$#$! 5(! -:;! ('(! 2'8*(6!

7'(26&'((#0L!d(#!*56$#!!?<1'6?3%#!#%6!O5#!0#!20&N*4#!'A%#$N3!85!HIJ!8#!,-).!

1'5$$*&6!^6$#!8e!B!8#%! 7*26#5$%!8930'(4*6&'(!8#! 0*! 6$*(%2$&16&'(!2'==#!832$&6!

1'5$!0#)1,2&%3,3!8*(%!l’article d’-(6'%@!#6!*0L!TVTV/!%&!09-:;!1'0<=3$*%#!>>!*N*&6!

#5! 6#(8*(2#! B! %#! A0'O5#$! *5! 0'25%! %132&7&O5#! 'f! %#! 6$'5N#! 2#! HIJL! Q(7&(/! '(!

1'5$$*&6! 34*0#=#(6! 3=#66$#! 09?<1'6?Y%#! O5#/! 15&%O5#! 0#! HIJ! 8#! -6,-).! #%6!

%&653!8*(%!5(! &(6$'(/! 2#66#! %6$5265$#! 2'(%#$N3#! %#$*&6! #(! 7*&6! 0&3#! B! 0931&%%*4#!

G'5!B!0931&%%*4#!*06#$(*6&7KL!!

M#1#(8*(6/! 0#%! $3%506*6%! 8#%! $#2?#$2?#%! 1$3%#(63#%! 8*(%! 2#66#! 6?Y%#! (#!

7'5$(&%%#(6! 1*%! 8#! 1$#5N#%! O5&! 1#$=#66$*&#(6! 8#! %'56#(&$! 095(#! 8#! 2#%!

?<1'6?Y%#%!*06#$(*6&N#%L!

En effet, nos expériences sur des lignées n’exprimant plus le gène!0"4)56! #6!

2'=103=#(63#! 1*$! 0#! 4Y(#! ,-).! %*(%! 0*! %3O5#(2#! HIJ! '5! %*(%! 09&(6$'(!

2'(6#(*(6! 0#! HIJ!8#!-6,-)./!'(6!='(6$3#%!O5#! 09-:;=!89-6,-).!#%6! 31&%%3!

2'$$#26#=#(6L!Q(!#77#6/!('%!#R13$&#(2#%!8#!:HD\M:! $3*0&%3#%!%5$! 09-:;!#R6$*&6!

8#! 2#%! 0&4(3#%! 6$*(%43(&O5#%! *! ='(6$3! O5#! 0#%! 1$'85&6%! 8#! :HD\M:! 'A6#(5%!

*N*&#(6!0*!=^=#!6*&00#!O5#!0#%!10*(6#%!8&6#%!C!%*5N*4#%!F!GM'0D_KL!a#!105%/!0#!HIJ!

8#!-6,-).!%#=A0#!^6$#!0#!%#50!-:;!('(!2'8*(6!%&653!8*(%!5(!&(6$'(!0*$4#=#(6!

2'(%#$N3! 8*(%! 0#%! 10*(6#%! 6#$$#%6$#%! G-EE5$*6'N! #6! *0L/! TV.gKL! -&(%&/! %&! 0*!



7'(26&'(! 85! HIJ! *N*&6! 363! 0&3#! B! 0931&%%*4#/! &0! *5$*&6! 363! 1$'A*A0#! O5#! 8#%!

%6$5265$#%!%&=&0*&$#%!%#!1$'85&%#(6!8*(%!105%!895(!8#%!TU!VVV!4Y(#%!2'83%!8*(%!

0#!43('=#!890#)1,2&%3,3/!8'(6!A#*52'51!'(6!105%&#5$%!&(6$'(%L!

Q(! '56$#/! 0#%! 8'((3#%! 8#! M?&1DJ#O! 8&%1'(&A0#%! 'A6#(5#%! *N#2! 8#%! *(6&2'$1%!

2'(6$#!0#!8'=*&(#!MD6#$=&(*0!8#!09-:;!1'0<=3$*%#!>>!890#)1,2&%3,3/!O5&!1#5N#(6!

^6$#! 2'(%&83$3#%! 2'==#! $#1$3%#(6*(6! l’occupation, ,-. /,/&/! 8#! 0*! 2?$'=*6&(#!

1*$! 09-:;!\'0L! >>/! (#!='(6$#(6! *525(! %&6#! 3N&8#(6!'f! 0*!\'0<=3$*%#!-:;! >>! %#!

A0'O5#$*&6! %5$! 0#! 4Y(#! 8#! ,-).L! Q(! #77#6/! 0*! 8&%6$&A56&'(! 8#%! %3O5#(2#%!

'A6#(5#%! 8*(%! 0#%! 8'((3#%! 89-(6'%@! #6! *0L! TVTV! #%6! ?'='4Y(#! *5! 0'25%!

d’-6,-).!G-6U4.`TgVK/!2#!O5&!&(8&O5#!O5#!0#!A0'2*4#!8#!09-:;!1'0<=3$*%#!>>!*5!

%&6#! 85! HIJ! #(! 6*(6! O5#! =32*(&%=#! 8#! $3450*6&'(! 85! (&N#*5! 89#R1$#%%&'(!

89-6,-).!#%6! 6$Y%! &=1$'A*A0#L!\*$! 2'(%3O5#(6/! &0! #%6!8'(2!1#5!1$'A*A0#!O5#!

0#%! 6$*(%2$&6%! 20&N3%! 836#263%! 8*(%! ('%! #R13$&#(2#%! 8#! 3’RACE (ou dans les 

8'((3#%!8#!\-:QD%#O!$3*0&%3#%!%5$!-$*A&8'1%&%!#6!*22#%%&A0#%!B! 6'5%!#(! 0&4(#K!

soient générés par l’ARN polymérase II plutôt que par clivage par AtPRORP2 / 3.!

!

! !



!

"#$%&$$#'(!)/+-,#0/!1!&(!%+#0-2/!3-)!+-!45-$/!6!7&!89:!7/!;,<;=>!.!

!

M'==#!=#(6&'((3! 2&D8#%%5%/! 5(#! *56$#! ?<1'6?Y%#! 1'5$$*&6! ^6$#! O59*1$Y%! 0#!

20&N*4#! 1*$! 0*! :;*%#! \/! -6,-).! HIJ! #%6! 34*0#=#(6! 20&N3! 1*$! 0*! :;*%#! c!

G09#(@<=#! 2*6*0<%*(6! 0930&=&(*6&'(! 8#! 0*! %3O5#(2#! *88&6&'((#00#! #(! `! 9! 8#%!

précurseurs d’ARN de transfert (-:;6KK!1'5$!43(3$#$!5(!1#6&6!-:;!7'(26&'((#0L!

M#66#!?<1'6?Y%#!#%6!2#$6*&(#=#(6!09?<1'6?Y%#!*06#$(*6&N#!0*!105%!&(63$#%%*(6#!B!

2#00#!'f! 0#!20&N*4#!1*$! 0*!:;*%#!\!(#!2'(85&6!O59B!5(#!834$*8*6&'(!1$3D-:;=!

-6,-).! #6! #(! 6*(6! O5#! 6#0! %#$*&6! 5(! =32*(&%=#! 8#! $3450*6&'(! 1'%6D

6$*(%2$&16&'((#0!1'5$!*77&(#$!09#R1$#%%&'(!8#!,-).!8*(%!0#%!10*(6#%!6#$$#%6$#%L!

>0! 7*56! 6'56! 89*A'$8! 1$32&%#$! O5#! 09*11*$&6&'(! 895(! 20&N*4#! #(! `! 9! 85! HIJ! 8#!

-6,-).! 1*$! 0*! :;*%#! c! (9#%6! 1*%! 7'$23=#(6! 2'(6$*8&26'&$#! *N#2! ('6$#!

?<1'6?Y%#! 1$&(2&1*0#! 2*$! 0#! 20&N*4#! B! 0*! 7'&%! 1*$! :;*%#! \! #6! :;*%#! c! 1'5$!

43(3$#$! 5(! ('5N#0! -:;(2! 7'(26&'((#0! 1'5$$*&6! #(! =^=#! 6#=1%! 34*0#=#(6!

2'(85&$#!B!5(!31&%%*4#!*063$3!#6!B! 0*!834$*8*6&'(!85!1$3D-:;=!-6,-).L!a#%!

2*%!%&=&0*&$#%!8#!20&N*4#!895(!HIJ!1'5$!43(3$#$!5(!-:;!('(!2'8*(6!'(6!83PB!363!

832$&6%! 8*(%! 0*! 0&663$*65$#L! I#%! #R#=10#%! 0#%! 105%! 2'((5%! 2?#@! 0#%! #52*$<'6#%!

%'(6!2#5R!8#%!-:;!*<*(6!5(#!%6$5265$#!$#%%#=A0*(6!B!5(!-:;6!GHIJK!6#0%!O5#!0#%!

-:;(2! C!=*%2:;-!F!#6! C!Men β!FL! M#%! 8#5R! -:;!('(! 2'8*(6! %'(6! 43(3$3%! B!

1*$6&$/!$#%1#26&N#=#(6/!8#%!-:;!('(!2'8*(6!0'(4!h!MALAT1 et MEN β. Selon les 

*$6&20#%! 15A0&3%! %5$! 0#! %5P#6/! 0#! HIJ! 8#!MEN β #%6! 5(! 1#6&6! -:;!1'%%#8*(6! 5(!

='6&7! MM-MM-! *P'563! B! %'(! #R6$3=&63! `! 9! O5&! %#$N&$*! 8#! %&4(*0! 1'5$! %*!

834$*8*6&'(!$*1&8#L!M#0*!#R10&O5#$*&6!1'5$O5'&!2#6!-:;(2!#%6!&(836#26*A0#!1*$!

5(#!*11$'2?#!;'$6?#$(!A0'6!GJ5(i''!#6!*0/!TVVXj!k&05%@!#6!*0/!TV..j!l5?(!#6!*0/!

TV.UKL!Q(!$#N*(2?#/!0#!=*%2:;-!43(3$3!B!1*$6&$!8#!09-:;(2!,-I-H.!#%6!5(!2*%!

&(63$#%%*(6!89-:;!('(!2'8*(6!8#!6<1#!-:;6!7'(26&'((#0!2*$! &0!*!363!83='(6$3!



O59&0!%5A&6!5(#!*88&6&'(!85!='6&7!MM-!Gk&05%@!#6!*0L/!TVVmK!#6! 6$Y%!$32#==#(6/!

O5#! %*! 7'(26&'(! 1$&(2&1*0#! %#$*&6! 8#! 1$'='5N'&$! 0*! 6$*8526&'(! 40'A*0#! 8#%!

1$'63&(#%!#6!!8#!2'(6$Z0#$!0*!1$'0&73$*6&'(!2#0050*&$#!#(!$3450*(6!1'%&6&N#=#(6!0#!

(&N#*5!1$'63&O5#!8#!0*!4056*=&(<0D-:;6!%<(6?36*%#!Gn-:JK!GI5!#6!*0L/!TVTVKL!

!

M#1#(8*(6/!=^=#!%&!09?<1'6?Y%#!895(!20&N*4#!1*$!0*!:;*%#!c!%5&6#!*5!20&N*4#!1*$!

0*!:;*%#!\! G2*$!('%!6#%6%!8#!20&N*4#! ,-./,"#&!#6! 0936*6!*265#0!8#%!2'((*&%%*(2#%!

indiquent que l’ordre le!#%6!0#!105%!1$'A*A0#!est celui d’un clivage par la RNase 

c!1'%63$&#5$!B!2#05&!1*$!0*!:;*%#!\K!#%6!&(63$#%%*(6#!#6!(#!1#56!1*%!#(2'$#!^6$#!

32*$63#/!('5%!(9*N'(%!1*%!6$'5N3!8#%!1$#5N#%!#R13$&=#(6*0#%!1'5$!0*!%'56#(&$L!

Q(!#77#6/! &0! (9<!*!1'5$! 09&(%6*(6!*525(#!1$#5N#!O5#! 0#! 20&N*4#!89-6,-).!1*$! 0*!

:;*%#!\!2'(85&%#!B! 0*!2$3*6&'(!895(!('5N#*5!1#6&6!-:;!('(!2'8*(6! G%(2:;-K!

2?#@!0#)1,2&%3,3/!,-./,/&L!Q(!1*$6&250&#$/!('%!6#%6%!,-./,"#&!montrent qu’AtRNase 

Z3 (TRZ3) ne clive probablement qu’après le clivage de la RNase P, mais nous 

n’avons pas pu identifier de clivages spécifiques d’AtRNaseZ`! 8*(%! ('%!

#R13$&#(2#%!8#!3’!:*2#!(&!8*(%! 0#%!8'((3#%!\-:QD%#O!*22#%%&A0#%!#(! 0&4(#L!a#!

105%/!*525(!1#6&6!-:;!2'$$#%1'(8*(6!B!0*!%3O5#(2#!85!HIJ!8#!,-).!(9*!15!^6$#!

&8#(6&7&3!1*$!;'$6?#$(DA0'6!1*$!-EE5$*6'N!#6!*0L!'5!8*(%!0#%!8&773$#(6#%!A*%#%!8#!

8'((3#%! 15A0&O5#%! 8#! 1#6&6%! -:;%! O5#! ('5%! *N'(%! *(*0<%3%L! ;3*(='&(%/!

09*A%#(2#! 8#! 1$#5N#! (9#%6! 837&(&6&N#=#(6! 1*%! 5(#! 1$#5N#! 89*A%#(2#L! \*$!

2'(%3O5#(6/! ('5%! 8#N$'(%! *11$'7'(8&$! 2#66#! 1'%%&A&0&63! 895(! 20&N*4#! 8#! 0*!

:;*%#!c! ,-./,/&. L’une des façons d’étudier cette question consiste à effectu#$!

des analyses de 5’RACEL! I*! U9:-MQ! O5#! P9*&! $3*0&%3#! *5! 83A56! 8#!=*! 6?Y%#! *!

&8#(6&7&3!O5#0O5#%!%3O5#(2#%!O5&!1'5$$*&#(6!2'$$#%1'(8$#!B!5(!20&N*4#!85!HIJ!

d’AtMAF1! 1*$! 0*! :;*%#! c/! =*&%! 2'==#! #R10&O53! 2&D8#%%5%! 8*(%! 0*! %#26&'(!

:3%506*6%/! 2#! 6#%6! U9:-MQ! *! 363! $3*0&%3! *N#2! 5(! *8*16*6#5$! -:;! O5&! (#!

1#$=#66*&6! 1*%! 8#! 8&773$#(2&#$! 0#%! 8'5A0'(%! 8#! \M:! 8#%! %3O5#(2#%! 89-:;!



5(&O5#%L! \ar conséquent, la réalisation d’expérience de! U9:-MQ! *N#2! 5(!

*8*16*6#5$!89-:;!2'(6#(*(6!5(#!$34&'(!*03*6'&$#!1'5$!&8#(6&7&#$!0#%!%3O5#(2#%!

5(&O5#%!#6!0#%!8&773$#(2&#$!8#!8'5A0'(%!8#!\M:!%#=A0#!^6$#!0*!=36?'8#!0*!105%!

*83O5*6#!1'5$!3658&#$!8#!=*(&Y$#!*11$'7'(8&#!%&!5(!20&N*4#!1*$!0*!:;*%#!c!8#!

-6,-).!HIJ!%#!1$'85&6!,-./,/&!*1$3%!0#!20&N*4#!1*$!0*!:;*%#!\L!-&(%&/!B!2#!%6*8#/!

('5%! (#! 1'5N'(%! 8'(2! 1*%! #R205$#! O5#! 0#! HIJ! 8#! -6,-).! %'&6! 0&A3$3! 8#! %'(!

&(6$'(! #6! O59&0! 1'5$$*&6! %9*225=50#$! =^=#! B! 8#! 7*&A0#%! (&N#*5R! 1'5$! 5(#!

7'(26&'(!#(2'$#!('(!&8#(6&7&3#L!

! !



!

Discussion relative à l’effet éventuel sur l’activité de la Polymérase 

1!;45!???@!7&!%+#0-2/!7&!89:!7/!;,<;=>!3-)!;,A4B4AC!/,!D!

!

!

a*(%!('6$#!='8Y0#/!'f! 0*!$3450*6&'(!B! 0*!A*&%%#!8#!\:_:\T!#6!`!#(6$*o(#!5(#!

*54=#(6*6&'(!85!(&N#*5!8#! l’expression de!-6,-)./!('5%!*N'(%!1$38&6!O5#!0*!

6$*(%2$&16&'(!8#! 6'5%! 0#%!-:;! 6$*(%2$&6%! 1*$! 09-:;!1'0L! >>>! 1'5$$*&6! ^6$#!*063$3L!

M#1#(8*(6/! 1'5$! 09&(%6*(6/! ('5%! (9*N'(%! 1*%! 15! 836#26#$! 5(#! 8&=&(56&'(!

%&4nificative des niveaux d’expression d#%!6$*(%2$&6%!de l’ARN polymérase >>>!6#0%!

O5#!C!dp! %(:;-!F!'5!#(2'$#! 0#!C!SJI!-:;!F!*0'$%!O5#!8#%! 6$*N*5R!*(63$&#5$%!

*N*&#(6!='(6$3! O5#! 0#! (&N#*5! 89-:;6! (5203*&$#!=*65$#! #%6! 8&=&(53! 2?#@! 0#%!

=56*(6%!n’exprimant plus AtPRORP3 («!%#&#%7.89!FK!#6!'f!-6\:_:\T!#%6!$34503!

B!0*!A*&%%#!G]56=*((!#6!*0LTV.TKL!M#6!#77#6!%5$!0#%!(&N#*5R!89-:;6!1'5$$*&6!^6$#!

8&$#26#=#(6!8e!B!5(#!8&=&(56&'(!8#!0*!=*65$*6&'(!85!1$325$%#5$!8#%!-:;6!G#(!

$*&%'(!8#! 0*!O5*(6&63! &(73$&#5$#!89#(@<=#!:;*%#!\K!#6! b!'5!B!('6$#!A'520#!8#!

$3450*6&'(!1$'1'%3#!8*(%!0*!1*$6&#!$3%506*6!8#!2#66#!6?3%#L!a*(%!6'5%!0#%!2*%/!0#%!

(&N#*5R!8#!6$*(%2$&16&'(!8#%!1$&(2&1*5R!-:;!6$*(%2$&6%!1*$!09-:;!1'0L!>>>!(#!%'(6!

1*%! 6'5%! *77#263%! 1*$! 0*! $3450*6&'(! B! 0*! A*&%%#! 8#%! \:_:\! (5203*&$#%!

d’0#)1,2&%3,3! 15&%O5#! 0#%! N*$&*6&'(%! 8#%! (&N#*5R! 89-:;$! UJ! (9'(6! P*=*&%! 363!

'A%#$N3#%/! (&! 8*(%! 0*! 1$3%#(6#! 3658#/! (&! 8*(%! 8#%! 6$*N*5R! 15A0&3%!

*(63$&#5$#=#(6!G]56=*((!#6!*0L!TV.TKL!;3*(='&(%/!09*A%#(2#!8#!N*$&*6&'(%!8#%!

(&N#*5!d’expression de ces -:;!B!0936*6!893O5&0&A$#/!2'==#!'A%#$N3!&2&!1'5$!dp!

%(:;-! '5! 1'5$! 0#! SJI! :;-! (#! 1$'5N#! 1*%! O5#! l’activité de transcription de  

09-:;! 1'0L! >>>! (9#%6! 1*%! 83$34503#L! >0! #%6! #(! #77#6! &=*4&(*A0#! O5#! 0#! 6*5R! 8#!

$#('5N#00#=#(6!'5!8#!834$*8*6&'(!8#!6$*(%2$&6%!%132&7&O5#%!15&%%#!34*0#=#(6!



être régulé quand l’activité de! 09-:;!1'0L! >>>!#%6!8&=&(53#/! 29#%6DBD8&$#!O5#! 0#%!

6$*(%2$&6%!6#0%!O5#!0#%!-:;$!UJ!*5$*&#(6!*&(%&!5(#!8#=&DN&#!105%!0'(45#!0'$%O5#!

0#5$!6$*(%2$&16&'(!#%6!$385&6#L!

;3*(='&(%/!B!2#!%6*8#/!0#%!#77#6%!8&$#26%!'5!&(8&$#26%!8#!0*!$3450*6&'(!(34*6&N#!

8#!\:_:\!%5$! 09*26&N&63!8#! 09-:;!1'0<=3$*%#!>>>!$#%6#(6!B!2'=1$#(8$#L!q5%O59B!

1$3%#(6/!nous avons utilisé la méthode de la réduction de l’expression!43(&O5#!

&(85&6e par l’utilisation d’un! N&$5%! G">]JK!1'5$! $3450#$!B! 0*!A*&%%#! 0#%!#(@<=#%!

(5203*&$#%!8#!\:_:\!2?#@!0#)1,2&%3,3L!I#%!#77#6%!8#!2#66#!$3450*6&'(!B!0*!A*&%%#!

'(6!363!%5$N#&003%!1*$!:HDO\M:L!;'5%!*N'(%!34*0#=#(6!0*(23!5(#!*(*0<%#!:;-D

J#O!B!0932?#00#!85!6$*(%2$&16'=#!8#%!=56*(6%!%#&#%7.89!'f!\:_:\T!#%6!$34503!B!

0*! A*&%%#L! I#%! $3%506*6%! 1$30&=&(*&$#%! G('(! 1$3%#(63%! &2&K! 'A6#(5%! *N#2! 6$'&%!

$310&2*6%! A&'0'4&O5#%! (#! 6$'5N#(6! 1*%! 8#! 8&773$#(2#%! %6*6&%6&O5#=#(6!

%&4(&7&2*6&N#%! #(6$#! 0#%! =56*(6%! B! $3450*6&'(! (34*6&N#! #6! 0#%! 63='&(%L! M#0*!

%#=A0#! ^6$#! 8e! B! 0*! N*$&*A&0&63! #(6$#! 0#%! #R13$&#(2#%! ">]J! &(8&N&85#00#%L! a#!

=^=#/!8#%!8&773$#(2#%!7*&A0#%!85!(&N#*5!8#!6$*(%2$&16&'(!8#!2#$6*&(%!6$*(%2$&6%!

1'5$$*&#(6!^6$#!=*(O53#%!#(!$*&%'(!8#!0*!N*$&*A&0&63!&(?3$#(6#!*5R!#R13$&#(2#%!

8#!">]JL!a*(%!2#66#!'16&O5#/!*7&(!893658&#$!0*!O5#%6&'(!&=1'$6*(6#!8#!09*26&N&63!

8#! 09-:;! 1'0<=3$*%#! >>>! *5! 2'5$%! 8#! 0*! $3450*6&'(! (34*6&N#! 8#%! \:_:\!

nucléaires d’0#)1,2&%3,3/!#6!1*$!2'(%3O5#(6/! 09#77#6!8#! 0*!A'520#!8#!$3450*6&'(!

1$'1'%3#!8#! 09*26&N&63!8#! 09-:;!1'0<=3$*%#! >>>!N&*! 0#!20&N*4#!1*$! 0*!:;*%#!\!85!

HIJ! 2'(%#$N3! 89-6,-).!j! 8&773$#(6#%! *06#$(*6&N#%! #R13$&=#(6*0#%! 8'&N#(6! ^6$#!

#(N&%*43#%L! \*$! #R#=10#/! ('5%! 1'5$$&'(%! =#66$#! #(! 10*2#! 5(#! =36?'8#!

8&773$#(6#! 1'5$! 3658&#$! 09#77#6! 8#! 09*11*5N$&%%#=#(6! 8#! 0*! :;*%#! \! (5203*&$#!

2?#@! 0#)1,2&%3,3! O5&! %#$*&6! 105%! ?'='4Y(#/! 1*$! #R#=10#! #(! 56&0&%*(6!

09#R1$#%%&'(!8#!=&-:;!*$6&7&2&#0!'5!A*%3#!%5$!8#%!%<%6Y=#%!M:>J\:DM*%/!1*$!#RL!

#(! 56&0&%*(6! M*%.`! O5&! 2&A0#! 09-:;! GH#$(%! #6! *0L/! TV.mKL! d(#! *11$'2?#!

2'=103=#(6*&$#!1'5$$*&6!^6$#!8#!2$3#$!8#%!0&4(3#%!$*11'$6#5%#%!1'5$!09*26&N&63!



8#!09-:;!1'0<=3$*%#!>>>L!Q(!56&0&%*(6!2#%!0&4(3#%/!('5%!1'5$$&'(%!*0'$%!=#%5$#$/!

8#!=*(&Y$#!105%!8&$#26#/!09*26&N&63!8#!09-:;!1'0<=3$*%#!>>>!2?#@!0#)1,2&%3,3!#6!%&!

#00#!#%6!*77#263#!'5!('(!1*$!0*!$3450*6&'(!B!0*!A*&%%#!8#!0*!:;*%#!\!G-61$'$1T!b!

`K!(5203*&$#L!M#1#(8*(6/!2#%!'56&0%!(#!%'(6!1*%!#(2'$#!8&%1'(&A0#%!1'5$!$3*0&%#$!

8#%! #R13$&#(2#%! ,-. /,/&L! \*$! #R#=10#/! 5(! 2'0'$*(6! 705'$'4Y(#! 1'5$! N&%5*0&%#$!

8#%!-:;!*!363!83N#0'113/!2'==#!832$&6!8*(%!5(!*$6&20#! $32#(6! GW'5?#88*!#6!

*0L/! TV.XKL! ,*&%! 2#66#! 6#2?(&O5#! (9#%6! 1*%! *8*163#! *5R! 8'%*4#%! ,-. /,/&L! I#!

83N#0'11#=#(6! 89'56&0%! %132&7&O5#%! %#$*! 8'(2! (32#%%*&$#! 1'5$! %5&N$#!

8&$#26#=#(6!0’activité de transcription de l’ARN pol. III et l’effet éventuel de la 

dérégulation de l’expression de AtPROP2/3 sur cette 8#$(&Y$#L!

! !



!

\'5$! 2'(205$#! %5$! 2#66#! 1*$6&#/! &0! 2'(N&#(6! 8#! ('6#$! O5#! ,-).! #%6! 5(! 4Y(#!

&=1'$6*(6/!$3450*(6!09*26&N&63!8#!09-:;!1'0<=3$*%#!>>>/!#6!2'(%#$N3!2?#@!6'5%!0#%!

Eucaryotes. L’absence d’expression de MAF1! 8*(%! 0*! 0#N5$#! 2'(85&6! B! 5(#!

*225=50*6&'(!89-:;!8#!6$*(%7#$6!8*(%!0#%!2#0050#%!#6!B!5(#!2$'&%%*(2#!105%!0#(6#!

G\056*! #6! *0L/! T001). Cependant, l'absence d’expression de! ,-).! 8*(%! 0#%!

2#0050#%! *(&=*0#%! *77#26#! 0*! ='$1?'0'4&#! 2#0050*&$#! #6! 0*! 6*&00#! 2'$1'$#00#!

Gq'?(%'(! #6! *0L/! TVVSj! J?'$! #6! *0L/! TV.Vj! :&8#'56! #6! *0L/! TV.TK! 8#! =*(&Y$#!

2'(6$*%63#L!!

a#!105%/!36*(6!8'((3!O5#!09-:;!1'0L!>>>!%<(6?36&%#!8#%!-:;!('(!2'8*(6%!2$52&*5R!

1'5$!09*26&N&63!2#0050*&$#/!%*!$3450*6&'(!1'%&6&N#!#%6!*265#00#=#(6!8#!105%!#(!105%!

2'(%&83$3#! 2'==#! 0&3#! B! 0*! 6$*(%7'$=*6&'(! '(2'4Y(#! 8*(%! 0#%! 2#0050#%! 8#!

=*==&7Y$#%!G]$#i*0/!JL!JL!TV.U/!]'54#/!qL!#6!*0LTV.U/!\*0&*(/!WL!,L!#6!*0LTV.gKL!

M#6!#R#=10#!=#6!#(!3N&8#(2#!0*!(32#%%*&$#!$3450*6&'(!8#!09-:;!1'0L!>>>/!,-./,/&L!

M#66#!$3450*6&'(!#%6!$3*0&%3#!1*$!,-).!#(!2*%!8#!%6$#%%!'5!8#! 0&=&6*6&'(!8#! 0*!

8&%1'(&A&0&63!8#%!(56$&=#(6%! Gk&00&%/! >L!,L!r!,'&$/!:L!aL/!TV.mKL! I#!=32*(&%=#!

7'(8*=#(6*0! 8#! 09*26&'(! 8#!,-).! %#=A0#! ^6$#! 2'(%#$N3! 2?#@! 0#%! Q52*$<'6#%L!

s*A&65#00#=#(6!1?'%1?'$<03/!,-).!8'&6!^6$#!83D1?'%1?'$<03!1'5$!^6$#!%'5%!%*!

7'$=#!*26&N#L!>0!%#!0'2*0&%#$*!#(%5&6#!*5!(&N#*5!85!('<*5!#6!%#!0&#$*!B!09-:;!1'0!

>>>/! #=1^2?*(6! 0*! 7'$=*6&'(! 85! 2'=10#R#! 8#! 1$3D&(&6&*6&'(! G"t$0*(8#$! #6! *0L/!

TVTVKL!M?#@! 0#%!10*(6#%/!8#%!3658#%!*(63$&#5$#%! GJ'1$*('!#6!*0L/TV.`!#6!TV.Sj!

-?(!#6!*0L/TV.mK!'(6!='(6$3#%!O5#!2#!=32*(&%=#!8#!$3450*6&'(!8#!,-).!1*$!

1?'%1?'$<0*6&'(! b! 831?'%1?'$<0*6&'(! #%6! 2'(%#$N3L! \*$! 2'(%3O5#(6/! ('6$#!

3658#!P#66#!5(!320*&$*4#!('5N#*5!%5$!5(#!3N#(65#00#!$3450*6&'(!%51103=#(6*&$#!

8#! 09#R1$#%%&'(! 8#! ,-).! 2?#@! 0#%! 10*(6#%L! a*(%! ('6$#! ='8Y0#/! 0*! :;*%#! \!

(5203*&$#! 89-$*A&8'1%&%! G-6\:_:\T! b! `K! 1#56! 20&N#$! 09-:;=! 1$325$%#5$!



d'AtMAF1 à un site spécifique situé sur l’ARN et conservé évolutivement/! O5&!

7'$=#!5(#!%6$5265$#!%#=A0*A0#!B!5(!-:;!8#!6$*(%7#$6!GHIJKL!!

M#!20&N*4#!2'(85&$*&6!B! 0*!834$*8*6&'(!8#! 09-:;=!1$325$%#5$!89-6,-).!#6!1*$!

2'(%3O5#(6!B!5(#!*225=50*6&'(!105%!7*&A0#!8#%!6$*(%2$&6%!d’-6,-).L!!

[6*(6!8'((3!O5#!0*!N'&#!8#!$3450*6&'(!1$&(2&1*0#!8#!,-).!1*$!1?'%1?'$<0*6&'(!

b! 831?'%1?'$<0*6&'(! #%6! 2'(%#$N3#! 8*(%! 0#%! 10*(6#%/! 0#! ='8Y0#! O5#! ('5%!

1$'1'%'(%!832$&6!5(#!2'52?#!%51103=#(6*&$#!8#!$3450*6&'(!85!(&N#*5!8#!,-).!

O5&!1#$=#66$*&6!5(!$340*4#!7&(!8#!09*26&N&63!8#!09-:;!1'0<=3$*%#!>>>L!

!

!

! !



!

!

!

!

=#2&)/! EF.! :%G*H-! 3)*$/(,-(,! (',)/! H'7I+/! 7/! +-! 3'$$#J+/! )*2&+-,#'(! 7/!

l’ex3)/$$#'(! 7/!<;=>! 3-)! +-! 45-$/! A! (&%+*-#)/! %G/K! +/$! 3+-(,/$! ,/))/$,)/$L!

RNAP III désigne l’ARN polymerase III. !

6a;-!0#%!4Y(#%!2'8*(6!1'5$!0#%!-:;!8#!6$*(%7#$6L!!

-6\T! *(8! -6H:c`! %'(6/! $#%1#26&N#=#(6/! 0#%! 4Y(#%! 8#! 0*! :;*%#! \! #6! 8#! 0*! :;*%#! c! 2?#@!

0#)1,2&%3,3L!!

Les points d’interrogation indiquent au lecteur les sujets sur lesquels des investigations 

2'=103=#(6*&$#%!%'(6!(32#%%*&$#%L!!

H'56#%!0#%!36*1#%!&(8&O53#%!8*(%!2#!%2?3=*!%#!83$'50#(6!8*(%!0#!('<*5L!

!

!

!

!

!



!

"#$%&$$#'(!)/+-,#0/!-&M!N'(%,#'($!J#'+'2#O&/$!7/!<;=>!%G/K!+/$!

3+-(,/$!,/))/$,)/@!(',-HH/(,!/(!%-$!7/!$,)/$$!

!

!

-7&(!8#!=&#5R!2'=1$#(8$#!0*!7'(26&'(!A&'0'4&O5#!8#!,-).!2?#@!0#)1,2&%3,3!*5!

(&N#*5! 8#! 0*! 10*(6#! #(6&Y$#! #6! 8#! 2'=1$#(8$#! 0*! %&4(&7&2*6&'(! A&'0'4&O5#! 8#%!

N'&#%!8#! $3450*6&'(! &=10&O5*(6!,-)./! &0! %#$*&6! 34*0#=#(6! &=1'$6*(6!893658&#$!

2'==#(6!,-).!#%6!$34503#!#(!$31'(%#!*5R!%6$#%%L!!

M#0*!1'5$$*&6!#(!#77#6!('5%!8'((#$!8#%!&(8&2#%!1'5$!2'=1$#(8$#!8*(%!O5#00#%!

2'(8&6&'(%! 5(! $340*4#! 7&(! 8#! 09activité de transcription de l’-:;! 1'0L! >>>!

&=10&O5*(6!,-).!1'5$$*&6!^6$#!(32#%%*&$#L!

Afin d’étudier cette question/! ('5%! *N'(%! 15! %5&N$#! 0#%! #77#6%! 895(#! %3$&#! 8#!

%6$#%%! %5$! 8#%! 0&4(3#%! 8#! 10*(6#%!n’exprimant pas AtMAF1. Au cours de mon 

6$*N*&0! 8#! 6?Y%#/! 8#%! #R13$&#(2#%! 1$30&=&(*&$#%! '(6! *&(%&! 363! $3*0&%3#%! #(!

utilisant une lignée d’0#)1,2&%3,3! n’exprimant pas MAF1 («!4)56. 89!F!G]*A&D

E*6upXpMVgKKL! I#%! #R13$&#(2#%! (9'(6! 363! #77#2653#%! O595(#! %#50#! 7'&%! #6! %'(6!

8'(2!6$Y%!1$30&=&(*&$#%L!;3*(='&(%/!P9*&!'A%#$N3!O59-6,-).!(#!%#=A0#!1*%!^6$#!

&=10&O53!8*(%!0*!$31'(%#!8#%!10*(6#%!7*2#!B!5(!%6$#%%!*A&'6&O5#L!Q(!#77#6/!8*(%!

6'56#%! 0#%! 2'(8&6&'(%! 6#%63#%! G%32?#$#%%#! #6! %6$#%%! 6?#$=&O5#K/! ('5%! (9*N'(%!

1*%! 15! 832#0#$! 8#! 8&773$#(2#! 3N&8#(6#! #(6$#! 0#%! 0&4(3#%! C!=*7.! E'!F! #6! 0#%!

0&4(3#%!%*5N*4#!GM'0D_KL!!

-5! l’inverse/! &0! #%6! &(63$#%%*(6! 8#! ('6#$! O5#! 8*(%! 6'5%! 0#%! 6#%6%! 8#! %6$#%%!

A&'6&O5#!O5#!('5%!*N'(%!#77#2653%/!*N#2!8#%!&(7#26&'(%!*N#2!0#!N&$5%!C!Hd,"!F!

'5!*N#2!0*!A*263$&#!C!:;.3(#,-<)$!F/!0#%!0&4(3#%!%*5N*4#%!'(6!6'5P'5$%!%5$1*%%3#%!

0#%!0&4(3#%!C!-6=*7.!l_!FL!-&(%&/!105%!89*4#(6%!1*6?'4Y(#%!'(6!363!6$'5N3%!8*(%!

0#%! 0&4(3#%! C!=*7.! l_!F! &(7#263#%! 1*$! $*11'$6! *5! %*5N*4#! GM'0D_KL! a#!=^=#/!



8*(%! 0#%! 10*(6#%! %*5N*4#/! 0#! (&N#*5! 89#R1$#%%&'(! 89-:;! 8#! -6,-).! 36*&6!

8&773$#(6! #(6$#! 0#%! 10*(6#%! &(7#263#%! #6! ('(! &(7#263#%L! a*(%! 09#(%#=A0#/! 2#0*!

1'5$$*&6! &(8&O5#$! O5#! 0*! $3450*6&'(!,-).! 1'5$$*&6! ^6$#! 0&3#! B! 0*! $31'(%#! *5!

%6$#%%! A&'6&O5#L! W&#(! #(6#(85/! 2#%! $3%506*6%! 6$Y%! 1$30&=&(*&$#%! 8#N$'(6! ^6$#!

$31363%! 1'5$! 3N*05#$! #(! 1$'7'(8#5$! 0*! %&4(&7&2*6&'(! A&'0'4&O5#! 8#! 0*! N'&#! 8#!

$3450*6&'(!8#!,-).L!

a*(%! 09#(%#=A0#/! 0#%! 8'((3#%! 7'(26&'((#00#%! %5$! 0*! $31'(%#! *5! %6$#%%! ,-).!

8#N$*&#(6! *&8#$! B! 2'=1$#(8$#! 09&=1'$6*(2#! 8#! 2#66#! 1$'63&(#! $3450*6$&2#!

2'(%#$N3#!2?#@!6'5%!0#%!Q52*$<'6#%L!

! !



!

"#$%&$$#'(!)/+-,#0/!-&M!3-),/(-#)/$!3)',*#O&/$!*0/(,&/+$!7/$!45-$/!

A!(&%+*-#)/$!%G/K!!"#$%&'()%)!

!

!

\'5$!0#!8#5R&Y=#!1$'P#6!8#!$#2?#$2?#!8#!='(!6$*N*&0!8#!8'26'$*6/!P9*&!3658&3!0#%!

1*$6#(*&$#%! 1$'63&O5#%! 89-6\:_:\TL! \'5$! 2#0*/! 8#%! 0&4(3#%! -6\:_:\T!

36&O5#63#%!#(!MD6#$=&(*0!*N#2!5(#!36&O5#66#!s-!5(&O5#!'(6!363!43(3$3#%!8*(%!

5(! fond génétique n’exprimant pas PRORP2 et PRORP3 («!E('2E'56! 1$'$1T! b!

1$'$1`!FKL! Q(! #77#6/! =^=#! %9&0! *! 363! 83='(6$3! O5#! 0#%! 1$'63&(#%! \:_:\!

2*6*0<%*&#(6!09*26&N&63!:;*%#!\! ,-./,"#&!1*$!#00#D=^=#/!&0!(#!1#56!^6$#!#R205!O5#!

,-. /,/&/! 0#%!1$'63&(#%!\:_:\!%9*%%'2&#(6/! 2?#@!0#)1,2&%3,3/! B!5(#!'5!105%&#5$%!

1$'63&(#%!*22#%%'&$#%!1'5$! $3*0&%#$! 0#5$!*26&N&63!:;*%#!\/!'5!1'5$!1*$6&2&1#$!B!

d’autres!7'(26&'(%!A&'0'4&O5#%L!

\*$! #R#=10#/! 8#%! 6$*N*5R! *(63$&#5$%! =#(3%! *5! 0*A'$*6'&$#! d’accueil de ma 

6?3%#! '(6! 1'$63! %5$! 0*! :;*%#! \!=&6'2?'(8$&*0#! #6! 2?0'$'10*%6&O5#! -6\:_:\.!

G-6T4`TT`VKL!I#%! $3%506*6%!'(6!='(6$3!O5#!8*(%! 0#%!=&6'2?'(8$&#%/!-6\:_:\.!

#%6!1$'A*A0#=#(6!&=10&O53!8*(%!8#%!&(6#$*26&'(%!*N#2!89*56$#%!1$'63&(#%!6#00#%!

O5#!0*!(5203*%#!,;dT!G-6U4VXmgVK/!0*!\;\*%#!=&6'2?'(8$&*0#!G-6U4.gUmVK!'5!

=HQ:)`V! G-6.4p.XmVK! #6! 8*(%! 0#! 2?0'$'10*%6#! *N#2! :s`! G-6U4TpSgTK!

GW'52?'52?*!#6!*0L/!TV.XKL!M#1#(8*(6/!%#50#!09&(6#$*26&'(!*N#2!-6,;dT!%#=A0#!

^6$#!8&$#26#/!2'==#!#(!63='&4(#(6! 0#%!#R13$&#(2#%!8#!8'5A0#!?<A$&8#!$3*0&%3!

8*(%! 0*! 0#N5$#L! \'5$! 0*! 1$'63&(#! -6\:_:\T! (5203*&$#/! ('5%! *N'(%! 3=&%!

09?<1'6?Y%#!O59#00#!1'5$$*&6! &(6#$*4&$! *N#2!89*56$#%!1$'63&(#%! &=10&O53#%!8*(%!

09#R1$#%%&'(! 43(&O5#! '5/! *06#$(*6&N#=#(6/! O59#00#! 1'5$$*&6! 2'(%6&65#$! 5(!

2'=10#R#! 8#! =*65$*6&'(! 8#%! -:;! 8#! 6$*(%7#$6! *N#2! 89*56$#%! #(@<=#%! 8#!

=*65$*6&'(! 8#%! -:;! 8#! 6$*(%7#$6/! 2'==#! 0*! :;*%#! c! (5203*&$#! G-6H:c.! '5!



-6H:c`!%#0'(!M*(&('!#6!*0L!L/!TVVXK!'5!*N#2!0*!1$'63&(#!I-!G-6I-./!)0#5$831&(#!

#6!*0L/!TVVSK!2*$!2#66#!8#$(&Y$#!1$'63&(#!#%6!2'((5#!1'5$!%#!0&#$!*5R!1$325$%#5$%!

d’ARNt! 8&$#26#=#(6! *1$Y%! 0#5$! %<(6?3%#!1*$! 09-:;!1'0L! >>>! #6! 1*$2#!O59&0! *! 363!

83='(6$3!O5#!0*!:;*%#!\!catalyse l'élimination de l’extrémité additionnelle en 

5’ des préD-:;6!0'$%!8#%!1$#=&Y$#%!36*1#%!8#!0*!=*65$*6&'(!8#%!-:;6!Gs''1#$/!

TV.`KL!

;'%!$3%506*6%!='(6$#(6!O5#!2'(6$*&$#=#(6!*5R!'$4*(&6#%!'f!-6\:_:\.!&(6#$*4&6!

N$*&%#=A0*A0#=#(6! *N#2! 8#%! 1$'63&(#%! &=10&O53#%! 8*(%! 8#%! 1$'2#%%5%!

89#R1$#%%&'(! 43(&O5#! O5&! (#! %'(6! *11*$#==#(6! 1*%! 0&3%! B! 0*! A&'4#(Y%#! 8#%!

-:;6/!0*!:;*%#!\!(5203*&$#!%#=A0#!(9&(6#$*4&$!O59*N#2!8#%!1$'63&(#%!&=10&O53#%!

8*(%!0*!=*65$*6&'(!8#%!-:;6!h!0#%!=36?<06$*(%73$*%#%!89-:;6/!H:,.-!#6!WL!

H:,.-!#6!W!2*6*0<%#(6! 09*88&6&'(!8#!8#5R!4$'51#=#(6%!=36?<0#!%5$!5(!$3%&85!

45*(&(#! 6$Y%! 2'(%#$N3! %&653! %5$! 0*! A*%#! Tp! %5$! 0*! 1051*$6! 8#%! -:;6L! M#66#!

='8&7&2*6&'(! 8#! A*%#! #%6! 2'(%&83$3#! 2'==#! 0*! 105%! &=1'$6*(6#! 1'5$! 0*!

%6$5265$#! `a! 8#! 09-:;6! GI'$#(@! #6! *0L/! TV.SKL! ;'5%! *N'(%! 2'(7&$=3! 1*$! 2'D

&==5('1$32&1&6*6&'(! &(N#$%#!O5#!2#66#! &(6#$*26&'(!%#!1$'85&6!A&#(! ,-./,/&/!2*$!

09?'='0'45#!89-6\:_:\T!8*(%!=,>&",)-). 1$-"')4,)-)! *! 363! 6$'5N3!8*(%! 8#%!

#R13$&#(2#%! 8#! 2'D&1! *1$Y%! #R1$#%%&'(! 6$*(%&6'&$#! 89-6H:,.-! 8*(%! =;.

1$-"')4,)-)L!

;'5%!*N'(%!#%%*<3!893658&#$!105%!#(!836*&0!%&!2#66#!&(6#$*26&'(!#(6$#!-6\:_:\T!

#6! -6H:,.-! #6! W! #%6! 5(#! &(6#$*26&'(! 8&$#26#! 1$'63&(#D1$'63&(#! '5! %&! #00#! #%6!

=38&3#! 1*$! 0#%! -:;6L! \'5$! 2#0*/! ('5%! *N'(%! #77#2653! ('%! 6#%6%! 8#! 2'D

&==5('1$32&1&6*6&'(! *N#2! 8&773$#(6#%! (5203*%#%! #6! #(! 56&0&%*(6! 8&773$#(6%!

1$'6'2'0#%L! ,*&%/! *525(#! (#! %9#%6! *N3$3#! #77&2*2#! 1'5$! $31'(8$#! B! ('%!

O5#%6&'(%/!2*$!0#!('=A$#!8#!1$'63&(#%!89&(63$^6!G('6$#!*11v6!\:_:\TDs-!#6!%#%!

&(6#$*26*(6%! H:,.-! #6! WK! 36*&6! 6'5P'5$%! A#*52'51! 105%! 7*&A0#! 8*(%! 2#%!

#R13$&#(2#%L! \*$! 2'(%3O5#(6/! ('5%! (#! 1'5N'(%! 1*%! #(2'$#! 832&8#$! %&!



09&(6#$*26&'(! #(6$#! -6\:_:\T! #6! -6H:,.-! #6! W! #%6! 8&$#26#! '5! &(8&$#26#L! \'5$!

*11$'7'(8&$! 2#66#! O5#%6&'(/! ('5%! 1#(%'(%! O5#! 0*! =36?'8#! 0*! 105%! *83O5*6#!

%#$*&6!8956&0&%#$!8#%!#R13$&#(2#%!8#!8'5A0#!?<A$&8#!#(!0#N5$#L!-06#$(*6&N#=#(6/!

('5%!1'5$$&'(%!34*0#=#(6!56&0&%#$!8#%!=36?'8#%!89&(6#$*26&'(! ,-.%+)-")! 6#00#%!

O5#!0*!6#2?(&O5#!85!)I>,!):QHL!

Q(7&(/!8*(%!('%!#R13$&#(2#%!8#!2'D&==5('1$32&1&6*&6'(!&(N#$%#!G$3*0&%3#%!*N#2!

0*!1$'63&(#!-6H:,.-!36&O5#63#%!*N#2!5(#!36&O5#66#!s-!O5&!'(6!363!#R1$&=3#!8#!

=*(&Y$#! 6$*(%&6'&$#! 8*(%! =;. ?$-"')4,)-)K/! ('5%! *N'(%! 34*0#=#(6! 6$'5N3!

09?'='0'45#! 8#! 0*! :;*%#! c! 8’0#)1,2&%3,3L! Q6*(6! 8'((3! O5#! 2?#@! ;L!

1$-"')4,)-)/! 2#! 1'%%&A0#! &(6#$*26*(6! 8#! H:,.-! #%6! 1$38&6! G1*$! A&'D

&(7'$=*6&O5#K!1'5$!^6$#!0'2*0&%3!B!0*!7'&%!8*(%!0#!2?0'$'10*%6#!#6!8*(%!0#!('<*5/!

('5%! *N'(%! 832&83! 893658&#$! 105%! 7&(#=#(6! %&! -6H:,.-! #6! -6H:c`! 1#5N#(6!

&(6#$*4&$! #(%#=A0#! #6! 3N#(65#00#=#(6! 7'$=#$! 5(! %#50! 2'=10#R#! *N#2!

-6\:_:\TL!

\'5$! 2#0*/! 0*! %3O5#(2#! 2'8*(6#! 89-6\:_\:T! G*N#2! 5(! 6*4! s-! 5(&O5#! #(! MD

6#$=&(*0K/! -6H:c`! G*N#2! 5(! 6*4! ,wM! %&653! #(! ;D6#$=&(*0! 8#! 0*! 1$'63&(#K! #6!

-6H:,.-! G*N#2! 5(! 6*4! )I-]! #(!;D6#$=&(*0K! '(6! 363! 20'(3#%! %'5%! 0#! 2'(6$Z0#!

895(!1$'='6#5$!7'$6!G`UJK!8*(%!$#%1#26&N#=#(6/!1Q*$0#<]*6#!.VV/!TVT!#6!TV`L!

!

M#%! 2'(%6$526&'(%! %#$'(6! 56&0&%3#%! 1'5$! #77#265#$! 8#%! 6#%6%! 8#! 2'D

&==5('1$32&1&6*6&'(! #(! #R1$#%%&'(! 6$*(%&6'&$#! 2?#@! =;. ?$-"')4,)-)! 1'5$!

6#%6#$! %&! -6H:,.-! 1#56! &(6#$*4&$! B! 0*! 7'&%! *N#2! -6\:_:\T! #6! -6H:c`! #6!

34*0#=#(6! %&! -6\:_:\T! #6! -6H:c`! 1#5N#(6! &(6#$*4&$! &(8&$#26#=#(6L! M#66#!

8#$(&Y$#!&(6#$*26&'(!#%6!1#5!1$'A*A0#!2*$!*525(!%1#26$#!1'5$!-6H:c`!(9*!P*=*&%!

363!'A6#(5!8*(%!('%!#R13$&#(2#%!8#!2'D&==5('1$32&1&6*6&'(!$3*0&%3%!*N#2!8#%!

0&4(3#%!\:_:\TDs-!2?#@!0#)1,2&%3,3L!!



-5! 7&(*0/! 2#%! $3%506*6%! %544Y$#(6! O5#! \:_:\T/! 0*! :;*%#! c! #6! 0#%!

=36?<06$*(%73$*%#%!H:,.-!#6!W!1#5N#(6!*4&$!8*(%!5(!2'=10#R#/!'5!8#!=*(&Y$#!

2''$8'((3#!'f!0*!$3*26&'(!2*6*0<%3#!1*$!5(#!#(@<=#!#%6!&==38&*6#=#(6!%5&N&#!

1*$!09*26&N&63!8#!09#(@<=#!%5&N*(6#!GC!2?*((#0&(4!FK!1'5$!#77#265#$!0#%!1$#=&Y$#%!

36*1#%!8#!0*!=*65$*6&'(!(5203*&$#!1$3D-:;6L!

!

! !



! !

!

=#2&)/!EP.!:%G*H-!)/3)*$/(,-(,!+-!0'#/!7/!H-,&)-,#'(!7/$!;45!7/!,)-($N/),!(&%+*-#)/$!%G/K!

+-!+/0&)/. Ce modèle reprend les informations présentées dans l’article de Hooper, 2013L!

! !



!

N#2&)/!EQ.!:%G*H-!3)*$/(,-(,!(',)/!H'7I+/!7/!H-,&)-,#'(!7/$!;45!7/!,)-($N/),!(&%+*-#)/!

%G/K!!"#$%&'()%)*+,#-%#.#L!

I*!0'2*0&%*6&'(!%5A2#0050*&$#!8#%!#(@<=#%!#%6!A*%3#!%'&6!%5$!8#%!6$*N*5R!83PB!15A0&3%!G0#!('=!

du premier auteur et l’année de publication est indiqué su$!0#!%2?3=*K!%'&6!%5$!('%!1$'1$#%!

$3%506*6%!GN'&$!0#!6#R6#!1'5$!105%!8#!836*&0KL!!

!

!

!



! U[g!

. .



! U[f!

?%$"'L)2$*.0(+30#-.
!
Q/)*:&)%&+8!,-)%!)%-.!,*+28!L!9*1)+-5()&4!)*!)%&!6(19)-*1'/!9%'+'9)&+-@')-*1!*6!7+*)&-1J*1/0!

OP'.&!<!&1@0;&.!)%')!,&+&!4-.9*3&+&4!'!4&9'4&!':*!'14!%'3&!5&&1!-13&.)-:')&4!50!;0!

%*.)!)&';!-1!7/'1).!&3&+!.-19&>!C&0*14!)%&-+!7+-;'+0!6(19)-*1!6*+!7+&J)OPQ!;')(+')-*1!-1!

'//!)%&!9*;7'+);&1).!,%&+&!:&1&!&B7+&..-*1!)'2&.!7/'9&8!->&>!1(9/&(.8!;-)*9%*14+-'!'14!

9%/*+*7/'.).8! :+*,-1:! &3-4&19&! 1*,! .(::&.)! )%')! )%&0! '/.*! 7'+)-9-7')&! -1! *)%&+! :&1&!

&B7+&..-*1!7+*9&..&.8!&>:>!)%&!;')(+')-*1!*6!;OPQ!'.!6*(14!-1!;-)*9%*14+-'!'14!7*..-5/0!

)%&!-14-+&9)!+&:(/')-*1!*6!OPQ!7*/0;&+'.&!LLL!'.!7+*7*.&4!%&+&>!

$%&!9*;7'+-.*1!*6!)%&!4-3&+.-)0!*6!6(19)-*1.!'14!*6!.(5.)+')&!.7&9)+'!5&),&&1!7+*)&-1J

*1/0! OP'.&! <! &1@0;&.! '14! )%&! '19&.)+'/! +-5*1(9/&*7+*)&-1! IOP<M! OP'.&! <! &1@0;&.!

.%*(/4!:-3&!9/(&.!)*!(14&+.)'14!,%0!OP<!OP'.&!<!,'.!+&)'-1&4!-1!.*;&!9*;7'+);&1).!

*+! *+:'1-.;.! '14! ,%0! )%&0! ,&+&! +&7/'9&4! 50! 7+*)&-1J*1/0! OP'.&! <! -1! *)%&+!

9*;7'+);&1).!*+!*+:'1-.;.>!L1!'!;*+&!:&1&+'/!9*1)&B)8!)%-.!9*;7'+')-3&!'1'/0.-.!.%*(/4!

:-3&! 9/(&.! )*! (14&+.tand how and why a transition took place from a prebiotic “RNA 

world” to the modern world that predominantly uses proteins for catalytic activities.!

! !
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! !
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=B=KBJG8!;HM.
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l’extrémité 5’ des précurseurs d’ARN de transfert (ARNt). Mon travail de thèse a 
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gènes. Enfin, le résultat principal de ma thèse est la mise en évidence d’un 

nouveau substrat ARN de PRORP2. En effet, le transcrit d’un gène appelé MAF1 

H1+'(!-)!@+'3(ion est de réguler l’activité de l’ARN polymerase III qui transcrit les 

6<;(K!3+'(/&'(!,'&!%(#,3(,#&!#&%%&A.-)'(!G!,'!6<;!1&!(#)'%@&#(N!7+'!(#)5)/-!1&!

thèse a permis de montrer que cette structure est conservée dans l’évolution 

3L&D!-&%!"-)'(&%!(&##&%(#&%!et qu’elle peut être clivée %.*/%+"'!")#!-)!<;)%&!?N!S'@/'!

une approche par 3’RACE a permis de montrer que des transcrits de MAF1 

finissant juste avant cette structure s’accumulent %.* /%/'N! 8&! #$%,-()(! "&#A&(!

d’appuyer l’hypothèse que PRORP2 clive l’ARNm d&!76TR!%+/(!"+,#!0$'$#&#!,'!

"&(/(!6<;!'+'=codant, soit pour réguler le niveau d’expression de MAF1 et par 

extension l’activité de l’ARN polymerase III. Globalement les résultats obtenus 

au cours de cette thèse de doctorat ont permis d’améliorer notre conna/%%)'3&!

1&%!A+1)-/($%!1&!./+0$'M%&!1&%!6<;!1&!(#)'%@&#(!3E(+%+-/F,&%!3L&D!-&%!"-)'(&%!

)/'%/!F,&!1&!1$3+,5#/#!,'!'+,5&),!%,.%(#)(!6<;!1&!?<I<?JN!8&!1&#'/&#!#$%,-()(!
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