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,#66*2*&7! 5%)*(')*-! +&,! 8+F*! #,*&7#(+)! %2! -#5#)+2! PH! (%&6%25+7#%&:! >8*! 6+(7! 78+7!
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F+2#+&7-! .M**! *7! +):=! LTT_C! g+<24+,-E+4+! *7! +):=! IJJP1:! c&! 54! (+-*=! 7D%! <*&*7#(!
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>8*! +&7#(%,%&-! %6! +)+&#&*! -'332*--%2! 7"/0-! 8+F*! 5'7+7#%&-! 78+7!
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32%3*2!(8+2<#&<!D#78!+)+&#&*!,*-3#7*!(8+&<*-!7%!78*!+&7#(%,%&.Z%'!+&,!X(8#55*)=!

LTVVC! K(A)+#&! +&,! \%--=! LTVV1:! ! ! K%2*%F*2=! +)+&#&*! -'332*--%2! 7"/0! #-! +&! #,*+)!

7"/0!6%2!%'2!-7',#*-!-#&(*!78*!-4&78*7+-*!,%*-!&%7!#&7*2+(7!D#78!*#78*2!78*!H!%2!78*!

>R)%%3! +&,! 78*2*6%2*=! 78*! %'7(%5*!%6! 78*! (%5$#&+7%2#+)! )#$2+2#*-! 78+7! 7+2<*7! 78*-*!

2*<#%&-!#&!78*!7"/0!-8%'),!&%7!$*!#&6)'*&(*,!$4!78*!D+4!78#-!7"/0!#-!(8+2<*,:!!

>8'-=! #&! 78#-! -*7'3=! +! 3%%)! %6! +)+&#&4)! -'332*--%2! 7"/0-! (%5$#&+7%2#+))4!

2+&,%5#9*,! #&! 78*! H! +&,! >R)%%3-! D*2*! ()%&*,! #&7%! +&! *Y32*--#%&! 3)+-5#,! +&,!

#&72%,'(*,! #&7%! 78*!h0ARL!$+(7*2#+)! -72+#&!D8#(8!8+-!$**&! <*&*7#(+))4!5%,#6#*,! 7%!

8+F*!+!(%&-7#7'7#F*)4!*Y32*--*,!$*7+R<+)+(7%-#,+-*!<*&*!D#78!+&!#&R62+5*!B0@!-7%3!

(%,%&! #&! 78*! <*&%5*! ./%25+&)4! *7! +):=! LTV[1:! >8*2*6%2*=! 62%5! 78*! 3%%)! %6!

2+&,%5#9*,!7"/0-=!78%-*!F+2#+&7-!78+7!D*2*!-7#))!+$)*!7%!6'&(7#%&=!#:*:!,*)#F*2!+)+&#&*!

#&!2*-3%&-*!7%!78*!B0@!-7%3!(%,%&!7%!78*!2#$%-%5*=!D*2*!#,*&7#6#*,!$4!78*!(%)%&#*-!!

78+7! -8%D*,! $*7+R<+)+(7%-#,+-*! +(7#F#74! +&,! D*2*! -'$-*G'*&7)4! -*G'*&(*,! +&,!

+&+)49*,!#&!78*!D+4-!,*-(2#$*,!+$%F*:!!

S*(+'-*! 78*! H! +&,! >R)%%3! -72'(7'2*! #-! 8#<8)4! (%&-*2F*,! +5%&<! +))! )#F#&<!

78#&<-=! #7! #-!,#66#(')7!7%!'&,*2-7+&,!D8+7!*)*5*&7-! #&!*#78*2!78*!H!%2!78*!>R)%%3!+2*!

#53%27+&7! 6%2! -72'(7'2*! +&,! 6'&(7#%&! +&,! 6%2! D8+7! 2*+-%&:! ! >8*2*6%2*=! '-#&<! 78*!

-(2**&#&<! -4-7*5! +$%F*! D*! 8%3*,! 7%! <+#&! -%5*! -72'(7'2+)! #&-#<87! $4! %$7+#&#&<!

F+2#+&7-!D#,*)4!,#66*2*&7!62%5!78*!D#),743*!-*G'*&(*!4*7!D*2*!-7#))!+$)*!7%!6'&(7#%&:!

>8*!2*-')7-!%6!78%-*!-7',#*-!+2*!,*-(2#$*,!#&!(8+37*2-!cc!+&,!ccc:!!!

\%2!78*!-*(%&,!-*(7#%&!%6!54!78*-#-=!c!-7',#*,!+&!'&'-'+)!7"/0!78+7!(+22#*-!+&!

*G'+))4! '&'-'+)! +5#&%! +(#,! X*)*&%(4-7*#&*! .X*(1:! X*(! #-! E&%D&! +-! 78*! IL-7! +5#&%!

+(#,! (%72+&-)+7#%&+))4! #&(%23%2+7*,! #&7%! +! <2%D#&<! 3*37#,*:! ! >8#-! +5#&%! +(#,! #-!

-#5#)+2!7%!-*2#&*!.X*21!+&,!(4-7*#&*=!,#66*2#&<!%&)4!$4!78*!32*-*&(*!%6!78*!-*)*&#'5!

+7%5!D8#(8!2*3)+(*-!%Y4<*&!+&,!-')38'2=!2*-3*(7#F*)4!.i%-8#9+D+!+&,!S%(E=!IJJT1:!!

0))! 782**! *)*5*&7-! 2*-#,*! #&! 78*! -+5*! (%)'5&! %&! 78*! 3*2#%,#(! 7+$)*! %6! D8#(8!
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-*)*&#'5!8+F#&<!78*!<2*+7*-7!+$#)#74!7%!,%&+7*!*)*(72%&-:!!M#E*!+))!%78*2!+5#&%!+(#,-=!

X*(! 8+-! #7-! %D&! 7"/0! (+))*,! -*)*&%(4-7*#&*! 7"/0! .7"/0X*(1:! ! Z%D*F*2! '&)#E*!

-7+&,+2,!+5#&%!+(#,-=!78*!5*(8+&#-5!%6!,*)#F*24!7%!78*!2#$%-%5*!#-!8#<8)4!'&'-'+):!!

c&! 78*! 6#2-7! -7*3! #&! $+(7*2#+=! 7"/0X*(! #-! (8+2<*,! D#78! X*2! $4! 78*! -7+&,+2,! -*2#&*!

-4&78*7+-*!+&,!#-!6%))%D*,!$4!78*!(%&F*2-#%&!7%!X*(!$4!32%7*#&!X*)0.i%-8#9+D+!+&,!

S%(E=! IJJT1:! ! Q&(*! 7"/0X*(! #-! (8+2<*,! $4! X*(=! #7! (+&! &%D! $#&,! 7%! +! -3*(#+)#9*,!

*)%&<+7#%&!6+(7%2!X*)S!D8#(8!-3*(#6#(+))4!2*(%<&#9*-!78*!32*-*&(*!%6! 78*!X*(!%&!78*!

7"/0.\%2(88+55*2! *7! +):=! LTVT1:! ! >8#-! '&#G'*! 6+(7%2! #-! +&! %278%)%<! %6! O\R7'! +&,!

78*2*6%2*! +)-%! ,*3*&,-! %&! 78*! 32*-*&(*! %6! @>f:! ! >8#-! 7*2&+24! (%53)*Y! .X*(R

7"/0X*(^X*)S^@>f1!78*&!#-!,*)#F*2*,!7%!78*!2#$%-%5*!#&!2*-3%&-*!7%!+!B@0!-7%3!%&!

78*!5"/0!#&!(%&N'&(7#%&!D#78!+!,%D&-72*+5.g#&%&#!*7!+):=!LTV_C!g#&%&#!*7!+):=!LTTJ1!

-*(%&,+24! -72'(7'2*! (+))*,! 78*! X*(! #&-*27#%&! -*G'*&(*! .XOAcX1! D8#(8! 8+-! $**&!

-'<<*-7*,!7%!#&7*2+(7!D#78!78*!)+-7!32%7*#&!,%5+#&!%6!X*)S.M#!*7!+):=!IJJJC!i%-8#9+D+!

+&,! S%(E=! IJJT1:! ! f2%7*#&-! 78+7! +2*! 5+,*! D#78! X*(! +2*! E&%D&! +-! -*)*&%32%7*#&-!

D8#(8! +2*! E&%D&! 7%! (+7+)49*! 2*,'(7#%&^%Y#,+7#%&! 743*! 2*+(7#%&-:! ! >8*! 2*)+7#F*)4!

)%D*2!*)*(72%&*<+7#F*!(8+2+(7*2!%6!-*)*&#'5!#&!X*(!+33*+2-!7%!3)+4!+&!#&7*<2+)!3+27!

#&!78*!5*(8+&#-5!%6!(+7+)4-#-!%6!-*)*&%32%7*#&-!+-!X*(!2*-#,*-!#&!78*!(+7+)47#(!3%(E*7!

+&,!3*26%25-!LJJ!6%),!$*77*2!78+&!D8*&!(4-7*#&*!#-!32*-*&7.02&*2=!IJLJC!i%-8#9+D+!

+&,!S%(E=!IJJT1:!!!

c&!)#&*!D#78!78*!'&'-'+)!D+4!X*(!#-!$2%'<87!7%!78*!2#$%-%5*=!78*!-72'(7'2*!%6!

78*! 7"/0X*(! #-! +)-%! F*24! '&'-'+):! ! B&)#E*! -7+&,+2,! 7"/0-=! 7"/0X*(! 8+-! +! )%&<!

+((*37%2!-7*5=!+!)%&<!HR-7*5=!+!)%&<!*Y72+R+25!$'7!5%-7!#&72#<'#&<)4=!7"/0X*(!)+(E-!

78*!'&#F*2-+))4!(%&-*2F*,!7*27#+24!#&7*2+(7#%&!VRL?!5+,*!62%5!+!"ZB0!+22+&<*5*&7!

+-!D*))!+-!7*27#+24!#&7*2+(7#%&!LUR?V.X(8e&!*7!+):=!LTVT1:! !W*!843%78*-#9*,!78+7!78*!

+$-*&(*!%6!78*!'&#F*2-+))4!32*-*&7!+&,!(*&72+))4!)%(+7*,!7*27#+24!#&7*2+(7#%&-!#&!78*!

MR-8+3*! %6! 78*! 7"/0=!D%'),!5+E*! +! 7"/0! )*--! 2#<#,=! +&,! 78*2*6%2*!D%'),! -'<<*-7!

7"/0X*(! 6'&(7#%&! 5+4! 2*G'#2*! +! (*27+#&! )*F*)! %6! 6)*Y#$#)#74! <2*+7*2! 78+&! 78+7! %6!

-7+&,+2,!7"/0-:!!!

>%! 7*-7! -'(8! 843%78*-#-=! D*! 8+F*! <*&*2+7*,! +&! !"# (!('! <*&*7#(! -(2**&! 78+7!

D%'),!+))%D!7%!6#&,!6'&(7#%&+)!4*7!,#66*2*&7!62%5!78*!D#),743*!7"/0X*(!#&!$+(7*2#+:!

>%! -(2**&! 6%2! 6'&(7#%&+)! F+2#+&7-! %6! 7"/0X*(=! c! ()%&*,! 5')7#3)*! (%5$#&+7%2#+)!
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)#$2+2#*-! 2+&,%5#9*,! #&! (*27+#&! E*4! 3%-#7#%&-! #&! 78*! 7"/0X*(! <*&*! #&7%! +&!

*Y32*--#%&!F*(7%2!+&,!#&72%,'(*,!#7!#&7%!+!$+(7*2#+)!-72+#&!,*F%#,!%6!78*!*&,%<*&%'-!

7"/0X*(!.WMVL?[J!-72+#&C!g#&%&#!*7!+):=!LTTJ1:! !>8%-*!F+2#+&7-!-7#))!+$)*!7%!,*)#F*2!

-*)*&%(4-7*#&*!#&!2*-3%&-*!7%!78*!B@0!-7%3!+&,!XOAcX!D*2*!-(2**&*,!$+-*,!%&!78*!

*Y32*--#%&! %6! 78*! *&,%<*&%'-! -*)*&%32%7*#&=! 6%25+7*! ,*84,2%<*&+-*! /! .\HZ&C!

.S+22*77!*7!+):=!LT_T1:!>8*!-*7-!%6!!"#(!('!6'&(7#%&+)!F+2#+&7-!D*2*!+<+#&!+&+)49*,!#&!

78*!D+4-!,*-(2#$*,! +$%F*! +&,! 78*! 2*-')7-! %6! 78%-*! #&F*-7#<+7#%&-! +2*!,*-(2#$*,! #&!

,*7+#)!#&!(8+37*2-!c]=!]=!+&,!]c:!
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#1,2D7(E0??-799.-(,':#9(@2,3(8(F.0B57("752C(B7,@77+(,37(F>(8+/(%>5..?9(

/+7+)#+!b%7)%F+=!>*7-'!K:!c-8##=!OE+7*2#&+!c:!g+<24+,-E+4+L=!X*2<*4!]:!X7*#&$*2<j!

Hk3+27*5*&7!,*!S#%(8#5#*=!B&#F*2-#7k!,*!K%&72k+)=!!

K%&72k+)=!`'k$*(=!A+&+,+!ZPA!Pa_!

jA%22*-3%&,#&<!+'78%2!

)*+*%!*#,'+%'(*#*"-#./*+01!"*#23#4*516*-$/*6#7018'190-#+:0#;0+#0<701!90"+$3#

=0+$>#?3#2$:!!#*"*%6@0-#*"-#&10*+0-#+:0#&'97>+01#9'-0%$#*"-#;1'+0#+:0#7*7013#

A01506#B3#A+0!"C015#-0$!5"0-#0<701!90"+$D#7018'190-#*"*%6$!$#*"-#;1'+0#+:0#7*7013#

=:!$#7*701#;*$#7>C%!$:0-3#E#?'%#F!'%3#GHHI#J&+#KLMNINOGPQRSGTIU3#

#B9,-81,(

Q&*!%6!78*!5%-7!(%&-*2F*,!*)*5*&7-!%6!78*!7"/0!-72'(7'2*!#-!78*!2*F*2-*RZ%%<-7**&!

$+-*R3+#2!>U?l0UV!#&!78*!>R)%%3=!D8#(8!3)+4-!+!5+N%2!2%)*!#&!78*!5+#&7*&+&(*!%6!78*!

-7+&,+2,!MR-8+3*!(%&6%25+7#%&:!Z*2*=!D*!32*-*&7!78*!2*-')7-!%6!#&!F#F%!-*)*(7#%&!%6!

UL!+(7#F*!-'332*--%2!7"/0!()%&*-=!&%&*!%6!D8#(8!(%&7+#&-!$+-*R3+#2!>U?l0UV:!c&!?T!

()%&*-=!D*!6%'&,!7D%!2*<#%&-!#&!78*!H!+&,!>R)%%3-!78+7!+2*!(%53)*5*&7+24!7%!*+(8!

%78*2:!>8#-!6#&,#&<!-'<<*-7-!78*!*Y#-7*&(*!%6!+&!#&7*2R)%%3!,%'$)*!8*)#Y!(%&-#-7#&<!%6!

782**! $+-*R3+#2-=! D8#(8! (%'),! 8+F*! 78*! -+5*! 2%)*! +-! $+-*R3+#2! >U?l0UV! #&! 78*!

6#Y+7#%&!%6!78*!N'Y7+3%-#7#%&!%6!78*!7D%!8*)#(+)!,%5+#&-!D#78#&!78*!MR-8+3*:!\2%5!78#-!

3%#&7! %6! F#*D=! 78*! +33*+2+&(*! %6! 78*! #&7*2R)%%3! ,%'$)*! 8*)#Y! 2*32*-*&7-! +!

(%53*&-+7%24! *66*(7! 6%2! 78*! +$-*&(*! %6! $+-*R3+#2! >U?l0UV:! >8*! 2*-')7-! -8*,! &*D!

)#<87!%&!78*!2%)*!%6!,#66*2*&7!*)*5*&7-!%6!78*!7"/0!-72'(7'2*!#&!78*!6%25+7#%&!%6!78*!

-7+&,+2,!MR-8+3*!(%&6%25+7#%&!+&,!%&!78*!3%--#$#)#74!%6!-4&%&45%'-!2*3)+(*5*&7-!

%6!%&*!+22+&<*5*&7!$4!+&%78*2!#&!6'&(7#%&+)!"/0!5%)*(')*-:!

#BB-7D28,2.+9(097/(

WA=!W+7-%&lA2#(EC!"Z=!2*F*2-*!Z%%<-7**&!

G74@.-/9(

MR-8+3*C!5%)*(')+2!5%,*)#&<C!-*)*(7#%&!!"#(!('C!>R)%%3C!7"/0!

)+,-./01,2.+(
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O)'(#,+7#%&!%6!78*!32#&(#3)*-!78+7!<%F*2&!78*!6%25+7#%&!%6!"/0!7*27#+24!-72'(7'2*!+&,!

*&+$)*!78#-!-72'(7'2*!7%!3*26%25!+!3+27#(')+2!6'&(7#%&!#-!6'&,+5*&7+)!6%2!5%)*(')+2!

$#%)%<4:!>2+&-6*2!"/0!#-!+!F*24!'-*6')!7%%)!6%2!78*!-7',4!%6!78*-*!32%$)*5-:!Q&!%&*!

8+&,=!7"/0!#-!+!2*)+7#F*)4!-5+))!5%)*(')*!78+7!(+&!$*!*+-#)4!5+&#3')+7*,!<*&*7#(+))4:!

Q&! 78*! %78*2! 8+&,=! #7! #-! $#<! *&%'<8! 7%! 3%--*--! (*27+#&! (8+2+(7*2#-7#(-! '-'+))4!

+772#$'7*,! 7%! )+2<*! "/0-! D#78! ,#-7#&(7! 7*27#+24! -72'(7'2*:! c&! 3+27#(')+2=! 7"/0! #-!

(8+2+(7*2#9*,!$4! +! -3*(#6#(!3*23*&,#(')+2! +22+&<*5*&7!%6! 78*! 7D%!8*)#(+)! ,%5+#&-!

H^+&7#(%,%&!+&,!+((*37%2^>=!E&%D&!+-! 78*!MR-8+3*:!>8#-!+22+&<*5*&7!<'+2+&7**-!

78+7! 78*! 7D%! 6'&(7#%&+)! (*&72*-! %6! 78*! 7"/0=! 78*! +&7#(%,%&! +&,! 78*! +((*37%2!

7*25#&'-=!+2*!N'Y7+3%-*,!#&!78*!D+4!2*G'#2*,!6%2!78*!&%25+)!7"/0!6'&(7#%&:!0&+)4-#-!

%6!78*!7"/0!-72'(7'2*!-'<<*-7-!78+7!78*!5+N%2!*F*&7-!)*+,#&<!7%!78*!6%25+7#%&!%6!78*!

MR-8+3*!%(('2!#&!78*!-%R(+))*,!H>!2*<#%&!)%(+7*,!+7!78*!*)$%D!%6!78*!5%)*(')*=!D8*2*!

78*! H! +&,! >R)%%3-!5**7:! >8#-! 2*<#%&! (%&7+#&-! -*F*2+)! 8#<8)4! (%&-*2F*,! *)*5*&7-=!

#&()',#&<! 78*! BR7'2&! $*7D**&! mUU! .m! -7+&,-! 6%2! 3-*',%'2#,#&*1! +&,! AU[=! 78*!

'&'-'+)! &%&RW+7-%&lA2#(E! .WA1! $+-*R3+#2-! >U?l0UV! .>! #-! UR5*784)'2#,#&*1! +&,!

@LVlmUU=!78*!5'7'+)!#&7*2(+)+7#%&!%6!62+<5*&7-!U_lUV!+&,!LVlLT=!+&,!78*!$')<#&<!

%6!&'()*%7#,*-!UTl[J!.\#<'2*!L1:!>8*!32*-*&(*!%6!-'(8!*)*5*&7-!5+E*-!78*!H>!2*<#%&!

%&*! %6! 78*!5%-7! -72'(7'2+))4! ,#F*2-*! #&! 78*!D8%)*! 7"/0:! @#F*&! 78+7! +22+&<*5*&7-!

-#5#)+2!7%!78*!H>!2*<#%&!8+F*!$**&!#,*&7#6#*,!#&!7"/0!+&,!#&!"/+-*!f!+&,!2#$%-%5+)!

"/0=L:=! I:=! P:=! ?:! +&,! U:! 78*!G'*-7#%&!%6!8%D!78*!(%55'&#(+7#%&!$*7D**&!78*-*!*)*5*&7-!

2*-')7-! #&! 78*! 6%25+7#%&! %6! 78*! 7"/0! MR-8+3*! (+&! $*! #53%27+&7! 6%2! '&,*2-7+&,#&<!

-72'(7'2*l6'&(7#%&!2*)+7#%&-8#3-!#&!78*-*!5%)*(')*-!+-!D*)):!

!

>%! ()+2#64! 78*! 2%)*! %6! *+(8! *)*5*&7! %6! 78*!H>! 2*<#%&! #&! 78*!MR-8+3*! 6%25+7#%&=!D*!

2*(*&7)4! '&,*27%%E! +&! !"# (!('! -*)*(7#%&! %6! 6'&(7#%&+)! 5'7+&7-! %6! 78*! +5$*2!

-'332*--%2!7"/00)+AB0!62%5!7D%!(%5$#&+7%2#+)!7"/0!<*&*!)#$2+2#*-!b!+&,!K!.\#<'2*!

I.+11=!#&!D8#(8!LI!&'()*%7#,*-!#&!7%7+)!#&!$%78!)%%3-!H!+&,!>!D*2*!2+&,%5#9*,:![:!+&,!_:!

>8*! (8%#(*! %6! 7"/00)+! +-! 78*! 32%7%743*! 5%)*(')*! 7%! -7',4! -72'(7'2*l6'&(7#%&!

2*)+7#%&-8#3-!#&!7"/0!D+-!,*7*25#&*,!$4!78*!6+(7!78+7!78*!+5#&%+(4)+7#%&!%6!7"/00)+!

,*3*&,-! +)5%-7! *Y()'-#F*)4! %&! 78*! 32*-*&(*! %6! $+-*R3+#2! @PRB_J! #&! 78*! +((*37%2!

-7*5!+&,!#-!32+(7#(+))4!#&-*&-#7#F*!7%!78*!N'Y7+3%-#7#%&!%6!78*!7D%!8*)#(+)!,%5+#&-!%2!
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*F*&!78*!*Y#-7*&(*!%6!78*!H^+&7#(%,%&!,%5+#&:!V:! +&,!T:!>8*2*6%2*=!+&4!(8+&<*!#&!78*!

7"/0!3*26%25+&(*!(+'-*,!$4!5%,#6#(+7#%&-!+7!78*!H>!2*<#%&!D+-!&%7!*Y3*(7*,!7%!$*!

2*)+7*,! 7%! +5#&%+(4)+7#%&! +&,! 78'-!D%'),! $*! +772#$'7*,! 7%! 78*! -7*3-! %6! 78*! 7"/0!

6'&(7#%&+)! (4()*! (%55%&! 6%2!5%-7! 7"/0-:! 0&+)4-#-! %6! 78*! &'()*%7#,*! -*G'*&(*-! %6!

78*!-*)*(7*,!-'332*--%2!7"/0!()%&*-!8*)3*,!'-!7%!*&F#-+<*!78*!-3*(#+)!2%)*!3)+4*,!$4!

78*!2*F*2-*RZ%%<-7**&!."Z1!$+-*R3+#2!>U?R0UV!#&!78*!6%25+7#%&!%6!78*!MR-8+3*:!>8#-!

2%)*!D+-!-8%D&!7%!$*!7D%6%),:!Q&!%&*!8+&,=!78*!3+27#(')+2!<*%5*724!%6!"Z!>U?R0UV!

,%*-!&%7!+))%D!&'()*%7#,*!U_!7%!-7+(E!7%!0UV=!D8#(8!(2*+7*-!+!&#(8*!$*7D**&!78*!7D%!

&'()*%7#,*-=!78*!-%R(+))*,!3'2#&*!72+3:!>8*!6#))#&<!%6!78#-!&#(8*!D#78!3'2#&*!LV!62%5!

78*!HR)%%3!32%F#,*-!+!-7+$)*!#&7*2R)%%3!#&7*2+(7#%&!.\#<'2*!L1:LJ!Q&!78*!%78*2!8+&,=!

78*! 6%25+7#%&! %6! "Z! >U?R0UV! +))%(+7*-! 7D%! '&3+#2*,! &'()*%7#,*-! UTl[J! 6%2! 78*!

$')<*!78+7!6#))-!78*!<+3!$*7D**&!78*!+((*37%2^>!+&,!H^+&7#(%,%&!8*)#(+)!,%5+#&-!.>R

$')<*1:!>8*!32%3*2)4!+22+&<*,!>R$')<*!E**3-!78*!2*G'#2*,!N'Y7+3%-#7#%&!%6!78*!7D%!

,%5+#&-:!W8*&!#&!%'2!*Y3*2#5*&7-=!78*!H^+&7#(%,%&!8*)#(+)!,%5+#&!$*(+5*!-8%27*2!

,'*!7%!78*!*)#5#&+7#%&!%6!#7-!)+-7!-7+(E#&<!)+4*2!2*32*-*&7*,!$4!78*!7*27#+24!$+-*R3+#2!

LUl?V=!"Z!#&!78*!>R)%%3!+)-%!2*+22+&<*,!#&!+!D+4!78+7!+))%(+7*,!+&!+,,#7#%&+)!78#2,!

&'()*%7#,*!7%! 78*!>R$')<*=!+&,!78*!7%7+)!&'5$*2!%6!-7+(E*,! )+4*2-! #&! 78*!H>!2*<#%&!

2*5+#&*,!78*!-+5*:[!Q&!78*!$+-#-!%6!78*-*!6#&,#&<-=!78*!32%3*2)4!+22+&<*,!"Z!#&!78*!

>R)%%3! -**5*,! 7%! $*! #&,#-3*&-+$)*! 6%2! 78*! &%25+)! N'Y7+3%-#7#%&! %6! 78*! 8*)#(+)!

,%5+#&-:!

!

>8*2*!D*2*=!8%D*F*2=!+!6*D!*Y(*37#%&+)!()%&*-!78+7!(%'),!&%7!6%25!"Z!78+7!D%'),!$*!

+$)*! 7%! +))%(+7*! 78*! 32%3*2! &'5$*2! %6! &'()*%7#,*-! 7%! 78*! >R$')<*! +&,! 78'-! 7%!

<'+2+&7**! 78*! &%25+)! 7"/0! MR-8+3*:[! >8*! 6+(7! 78+7! 78*-*! 7"/0-! D*2*! 6'&(7#%&+)!

5*+&7!78+7!78*!6#Y+7#%&!%6!78*!MR-8+3*!#&!78*-*!5%)*(')*-!D+-!+(8#*F*,!$4!78*!'-*!%6!

+!,#66*2*&7!-72+7*<4!#&,*3*&,*&7!%6!78*!32*-*&(*!%6!"Z!#&!78*!>R)%%3:!Z*2*=!D*!-8%D!

78+7!78#-!&*D!-72+7*<4!3*27+#&-!7%!78*!6%25+7#%&!%6!+&!#&7*2R)%%3!,%'$)*!8*)#Y!.cMHZ1!

(%&-#-7#&<!%6!782**!$+-*R3+#2-:!S+-*,!%&!78*!-*)*(7#%&!%6!UL!-'332*--%2!7"/0!()%&*-!

62%5! 7D%!,#66*2*&7! (%5$#&+7%2#+)! )#$2+2#*-=!D*!,*5%&-72+7*! 78+7! #&! 78*! +$-*&(*!%6!

"Z=! cMHZ! $*(%5*-! +! 5+N%2! 6+(7%2! ,*7*25#&#&<! 78*! 7"/0! 6'&(7#%&+)#74:! cMHZ!

(%&-7#7'7*-!+!&*D!743*!%6!+22+&<*5*&7!%6!78*!H>!2*<#%&!+$)*!7%!E**3!78*!-7+&,+2,!MR
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-8+3*! (%&6%25+7#%&! +&,! 7%!5+E*! 78*! 7"/0! 6'&(7#%&+):! >8*! 2*-')7-! 32*-*&7*,!8*2*!

+2*! #53%27+&7! 6%2! '&,*2-7+&,#&<! 78*! <*&*2+)! (%&-72+#&7-! #53%-*,! %&! 78*! 7*27#+24!

-72'(7'2*!%6!6'&(7#%&+)!7"/0C!78*4!(+&!+)-%!$*!+33)#(+$)*!7%!78*!2*<#%&-!#&!%78*2!"/0!

5%)*(')*-!D8%-*!-72'(7'2*!#-!-#5#)+2!7%!78*!H>!2*<#%&!#&!7"/0:!

!

'7905,9(

F*&/51'>"-Q#*C"'19*%#+V)W#&%'"0$#$0%0&+0-#81'9#+:0#?T%!C1*16#

>8*! ,*-#<&! %6! 78*! #&#7#+)! bR)#$2+24! #-! -8%D&! #&! \#<'2*! I.+1:_! X#Y! &'()*%7#,*-! D*2*!

2+&,%5#9*,!#&!*+(8!%6!)%%3!H!+&,!)%%3!>:!A%53+2*,!7%!78*!-7+&,+2,!7"/0!-72'(7'2*=!

+&!+,,#7#%&+)!*#<878!&'()*%7#,*!D+-!#&72%,'(*,!#&7%!78*!>R)%%3!7%!32%F#,*!78*!)+77*2!

D#78! 5%2*! (%&6%25+7#%&+)! 62**,%5! +&,! 7%! #&(2*+-*! 78*! (8+&(*! 6%2! -*)*(7#%&! %6!

'&'-'+)! -72'(7'2+)! 6%25-:! >8*! 32*-*&(*! %6! +&! +,,#7#%&+)! &'()*%7#,*! #&! 78*! >R)%%3!

(2*+7*-! 32%$)*5-! 6%2! #7-! +)#<&5*&7! D#78! 78*! -7+&,+2,! >R)%%3:! \%2! 78#-! 2*+-%&=! 6%2!

&'()*%7#,*-!%6!+&!*#<87R5*5$*2*,!>R)%%3=!D*!'-*!&'5$*2#&<!D#78!+-7*2#-E-!62%5!Lj!

7%!Vj:!0&+)4-#-!%6! 78*! ()%&*-! -*)*(7*,! 62%5! 78#-! )#$2+24! .bR()%&*-1! -8%D*,! 78+7! 78*!

5%-7!(%&-*2F*,!&'()*%7#,*-!#&!78*!2+&,%5#9*,!2*<#%&-!D*2*!'2#,#&*!#&!3%-#7#%&!Lj!

+&,! +,*&%-#&*! #&! 3%-#7#%&! [j! %6! 78*! >R)%%3! .<2%'3! L! #&! >+$)*! L1:! >8*! 32*-*&(*! %6!

78*-*!&'()*%7#,*-!+))%D*,!78*!6%25+7#%&!%6!"Z!$*7D**&!78*5:_:!+&,!LJ:!0,,#7#%&+)!

+&+)4-#-! -8%D*,! 78+7! 78*! -3*(#+)! (%&6%25+7#%&! %6! 78*! +,*&%-#&*!D#78#&! 78#-! $+-*R

3+#2!,#,!&%7!+))%D!#7!7%!-7+(E!7%!78*!&'()*%7#,*!#&!3%-#7#%&!Uj:!>8#-!32%F#,*,!+!&#(8*!

$*7D**&!78*5=!+!-%R(+))*,!3'2#&*!72+3=!D8#(8!(%'),!$*!6#))*,!D#78!+!3'2#&*!62%5!78*!

HR)%%3!.\#<'2*!P.+11:LJ!>8#-!+22+&<*5*&7!#-!F#27'+))4!#,*&7#(+)!D#78!78+7!%$-*2F*,!#&!

&%25+)! 7"/0-=!D8*2*! <'+&%-#&*! LV! %6! 78*!HR)%%3! #&7*2(+)+7*-! $*7D**&! 3'2#&*! U_!

+&,! +,*&%-#&*! UV! %6! 78*! >R)%%3! .\#<'2*! L1:! X'(8! #&7*2(+)+7#%&! +))%D-! 78*! 7D%!

(%&7+(7#&<! )%%3-! 7%! E**3! 78*! N'Y7+3%-#7#%&!%6! 78*! 7D%!8*)#(+)! ,%5+#&-! ()%-*! 7%! 78*!

-7+&,+2,:!

!

0&%78*2! (%&-*G'*&(*! %6! 78*! 6%25+7#%&! %6! "Z! #&! 78*! >R)%%3! #-! 78+7! #7! +))%(+7*-!

&'()*%7#,*-! _j! +&,! Vj! 6%2! 78*! >R$')<*:! >8*-*! 7D%! &'()*%7#,*-! +2*! *G'#F+)*&7! 7%!

&'()*%7#,*-!UT!+&,![J!#&!78*!&%25+)!7"/0C!78*4!6#))!78*!<+3!$*7D**&!78*!HR,%5+#&!

+&,!78*!>R-7*5=!D8#(8! 6#Y*-! 78*!+22+&<*5*&7!%6! 78*! 7D%!8*)#(+)!,%5+#&-:!>%!(8*(E!
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78*!#53%27+&(*!%6!78#-!#&7*2+(7#%&!6%2!78*!7"/0!-72'(7'2*!+&,!6'&(7#%&=!D*!,*-#<&*,!

+&%78*2! KR)#$2+24[! .\#<'2*! I.+11=! D8#(8! D+-! +)5%-7! #,*&7#(+)! D#78! 78*! bR)#$2+24=!

D#78!78*!%&)4!,#66*2*&(*!(%&-#-7#&<!%6!+!D#,*2!<+3!$*7D**&!78*!HR,%5+#&!+&,!78*!>R

-7*5:!\%2!78#-=!D*!2*3)+(*,!78*!(%&-*2F+7#F*!3'2#&*!@LU!$4!B!+&,!,*)*7*,!&'()*%7#,*!

A?V=!D8#(8!*66*(7#F*)4!*)#5#&+7*,!78*!)+-7!)+4*2!%6!78*!HR,%5+#&!.\#<'2*!P.+11:[:!+&,!_:!

c&!5%-7!()%&*-!-*)*(7*,!62%5!78*!KR)#$2+24=!78*2*!D+-!+)-%!+!3%--#$#)#74!7%!6%25!"Z!#&!

78*!>R)%%3!$*7D**&!'2#,#&*!+&,!+,*&%-#&*:!Z%D*F*2=!'&)#E*!#&!78*!bR()%&*-=!D8*2*!

78*!+,*&%-#&*!%(('3#*,!3%-#7#%&![j=!#7!-7+4*,!#&!3%-#7#%&!Uj!#&!78*!KR()%&*-!.<2%'3!I!

#&!>+$)*!L1:!>8*!2*3%-#7#%&#&<!%6!78*!+,*&%-#&*!7%!3%-#7#%&!Uj!+))%D*,!78*!6%25+7#%&!

%6!"Z!$*7D**&!&'()*%7#,*-!Lj! +&,!Uj=! 32%F#,#&<! 782**!&'()*%7#,*-! 6%2! 78*!>R$')<*!

#&-7*+,! %6! 7D%! .\#<'2*! P.$11:! >8*! *Y7*&-#%&! %6! 78*! >R$')<*! $4! %&*! &'()*%7#,*!D+-!

-**&!+-!+!(%53*&-+7#%&!6%2!78*!)%--!%6!)+4*2!LUl?V!#&!78*!HR,%5+#&!78+7!+))%D*,!78*!

5+#&7*&+&(*!%6!78*!-7+&,+2,!MR-8+3*:!

!

/#&*!KR()%&*-=!8%D*F*2=! (%'),!&%7! 6%25!-'(8!"Z!.<2%'3!P! #&!>+$)*!L1:! c&!-%5*!%6!

78*-*! *Y(*37#%&+)! ()%&*-=! 78*! B0! $+-*R3+#2! #&! 78*! >R)%%3! D+-! &%7! #&! 78*! 32%3*2!

3%-#7#%&=!D8#)*!#&!%78*2-!-'(8!+!$+-*R3+#2!(%'),!&%7!$*!6%25*,!+7!+)):!>8*!-'332*--%2!

+(7#F#74! %6! 78*-*! ()%&*-! F+2#*,! $*7D**&! I:_n! +&,! _Un:! X'232#-#&<)4=! %&*! %6! 78*-*!

()%&*-! .KLI1! %'73*26%25*,! +))! %78*2! 7"/0! -'332*--%2! 5'7+&7-! 78+7! D*! 8+F*!

-*)*(7*,!-%!6+2!62%5!78*!7D%!(%5$#&+7%2#+)!)#$2+2#*-[:!+&,!_:!D#78!2*)+7#F*!+(7#F#74!78+7!

D+-!()%-*!7%!78*!(%&72%)!-'332*--%2!7"/00)+AB0:!

!

>8*!6+(7!78+7!78*-*!*Y(*37#%&+)!()%&*-!(%'),!&%7! 6%25!78*!32%3*2!"Z!#&!78*!>R)%%3=!

$'7! -7#))! 8+,! -'$-7+&7#+)! -'332*--%2! +(7#F#74! )*,! '-! 7%! 78*! 843%78*-#-! 78+7! 78*-*!

()%&*-!'-*,!+&!'&E&%D&!+)7*2&+7#F*!-72+7*<4!7%!E**3!78*!&%25+)!N'Y7+3%-#7#%&!%6!78*!

7D%!8*)#(+)!,%5+#&-:!0&+)4-#-!%6!78*!&'()*%7#,*!-*G'*&(*-!%6!78*-*!()%&*-!32%F#,*,!+!

()'*!7%!D8+7!78#-!+)7*2&+7#F*!-72+7*<4!(%'),!$*:!c&!78*!H!+&,!>R)%%3-!%6!+))!*Y(*37#%&+)!

()%&*-=! D*! 6%'&,! 2*<#%&-! 78+7!D*2*! (%53)*5*&7+24! 7%! *+(8! %78*2=! -'<<*-7#&<! 78*!

*Y#-7*&(*! %6! +! ,%'$)*! 8*)#Y! $*7D**&! 78*5! .cMHZ1:! c&! +))! $'7! 7D%! ()%&*-=! #7! D+-!

3%--#$)*!7%!6%25!782**!%2!5%2*!(%&-*('7#F*!W+7-%&lA2#(E!.WA1!$+-*R3+#2-!.<2%'3!P!

#&!>+$)*!L1:!>8*!7D%!*Y(*37#%&-!3*27+#&*,!*#78*2!7%!+!@B!$+-*R3+#2!#&!78*!5#,,)*!%6!
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78*!8*)#Y!.()%&*!KIT1=!%2!7%!+&!#&7*22'37#%&!#&!78*!-72#&<!%6!782**!WA!$+-*R3+#2-!D#78!

+!AA!5#-5+7(8!.()%&*!KIU1:!>8*!*Y+(7!3%-#7#%&!%6!78*!(%53)*5*&7+24!2*<#%&-!F+2#*,!

D#78#&! 78*! 2+&,%5#9*,! 3%-#7#%&-! #&! 78*! )%%3-! $*7D**&! 78*! ()%&*-=! D8#(8! ,#,! &%7!

+))%D! '-! 7%! *+-#)4! <2+-3! 78*! (%55%&! 3+77*2&:! Z%D*F*2=! 6%2! ()%&*-! -8%D#&<! +&!

+F*2+<*!7%!8#<8!+(7#F#74=!+!-72%&<!7*&,*&(4!D+-!%$-*2F*,!6%2!78*-*!2*<#%&-!7%!%(('2!

#&!78*!(*&72+)!3+27-!%6!$%78!)%%3-:!

#

=:0#XT%!C1*16#

>%!*Y3)%2*!6'278*2!78*!3%--#$#)#74!%6!78*!cMHZ!6%25+7#%&!+&,!7%!'&,*2-7+&,!78*!2%)*!

#7!8+-!#&!78*!7"/0!-72'(7'2*!+&,!6'&(7#%&=!D*!,*-#<&*,!+&%78*2!(%5$#&+7%2#+)!)#$2+24!

#&!D8#(8!()%&*-!D#78!cMHZ!D%'),!$*!-*)*(7*,!+-!+!2')*!2+78*2!78+&!+-!+&!*Y(*37#%&:!

>8#-!&*D! )#$2+24!.ZR)#$2+24=!\#<'2*!I.$11!D+-!$+-*,!%&!78*!&'()*%7#,*!-*G'*&(*!%6!

()%&*!KLI=! 78*!5%-7! +(7#F*!KR()%&*=! D8#(8! 8+,! +)-%! +! 3%7*&7#+)! 7%! 6%25! 6%'2!WA!

#&7*2R)%%3!$+-*R3+#2-:!c&!78*!ZR)#$2+24=!78*!*#<87!&'()*%7#,*-!78+7!(%532#-*,!78*!7D%!

(%53)*5*&7+24!2*<#%&-!#&!()%&*!KLI!D*2*!2+&,%5#9*,:!>%!32*F*&7!78*!6%25+7#%&!%6!

"Z! $*7D**&! 78*! 6#2-7! +&,! 6#678! &'()*%7#,*-! %6! 78*! >R)%%3=! 78*! F+2#+7#%&! %6! 78*! 6#678!

&'()*%7#,*!D+-!)#5#7*,!7%!342#5#,#&*-:!0,,#7#%&+))4=!7%!<#F*!78*!2*<#%&!$*7D**&!78*!

+&7#(%,%&! +&,!>R-7*5-!5%2*! 62**,%5! #&! +,+37+7#%&! 7%! &*D! -72'(7'2*-=! &'()*%7#,*!

B?V!D+-!+,,*,!7%!78*!,*-#<&:!c6!cMHZ!D+-!#&,**,!*--*&7#+)!6%2!78*!7"/0!6'&(7#%&=!78*!

&*D!)#$2+24!D+-!*Y3*(7*,!7%!2*#&6%2(*!78*!7*&,*&(4!7%D+2,!#7-!6%25+7#%&:!

!

>8*!7"/0!<*&*!8+2$%2#&<!-*F*&!(%53)*7*)4!+&,!%&*!3+27#+))4!2+&,%5#9*,!3%-#7#%&!

D+-! 3'2(8+-*,! (%55*2(#+))4=! +53)#6#*,! $4! fA"! +&,! ()%&*,! #&7%! 78*! 3@\cSRL!

3)+-5#,=!+-!,*-(2#$*,=_:!+&,!LL:!32%,'(#&<!+!)#$2+24!D#78!78*!-*G'*&(*!(%53)*Y#74!%6!P!

o! LJ?:! >8*! -*)*(7#%&! %6! +(7#F*! -'332*--%2! 7"/0! ()%&*-! D+-! $+-*,! %&! +! 3+27#(')+2!

6*+7'2*! %6! 78*! O-(8*2#(8#+! (%)#! h0ARL! -72+#&! 8+F#&<! &%&-*&-*! +5$*2!5'7+7#%&-! #&!

<*&*-!+2<O!+&,! )+(g:LI!>8*!-'332*--#%&!%6! 78*!&%&-*&-*!5'7+7#%&! #&! 78*! )+(g!<*&*!

32%5%7*-!78*!-4&78*-#-!%6!78*!pl<+)+(7%-#,+-*=!D8#(8!32%F#,*-!$)'*!(%)%&#*-!#&!78*!

32*-*&(*!%6!hR@+):!f)+-5#,-!62%5!78*!$)'*!(%)%&#*-!D*2*!#-%)+7*,!+&,!2*72+&-6%25*,!

#&7%!h0ARL!7%!+F%#,!78*!3%--#$#)#74!78+7!78*!-'332*--%2!38*&%743*!D+-!+!2*-')7!%6!+!

8%-7!5'7+7#%&:!>8*!+(7#F#7#*-!%6!+))!-*)*(7*,!()%&*-!D*2*!5*+-'2*,!$4!78*!72+,#7#%&+)!
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(%)%2#5*72#(!+--+4=!D8#(8!D+-!$+-*,!%&! 78*!-'332*--#%&!%6! 78*!+5$*2!5'7+7#%&! #&!

78*!)+(c^)+(g!<*&*!%6!78*!h0ARL!-72+#&:LP!

!

Q'7! %6! P! o! LJ?! -(2**&*,! F+2#+&7-=! ?I! 3%-#7#F*! ()%&*-! D#78! '&#G'*! &'()*%7#,*!
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ABSTRACT 

 

To elucidate the general constraints imposed on the structure of the D- and T-loops in 

functional tRNAs, active suppressor tRNAs were obtained through in vivo screening of a 

combinatorial tRNA gene library in which several nucleotide positions in both loops were 

randomized. Analysis of nucleotide sequences of the 53 isolated clones demonstrated that 

in most of them, the T-loop contained such standard elements as the reverse-Hoogsteen 

base pair UA and the purine trap. However, 26 sequences did not have these features, but 

instead, were characterized by the presence of four unusual elements: the extended T-

stem composed of six base pairs, the shortened T-bulge having only one nucleotide, an 

unusual reverse-Hoogsteen-reverse-Watson-Crick base pair within the T-loop, and a 

double helix between the D- and T-loops composed of two or three Watson-Crick base 

pairs. Molecular modeling and molecular dynamic simulations of the tertiary structure of 

these clones showed that the four unusual elements are involved in complex cause-effect 

relationships with each other, providing together for the proper and stable arrangement of 

the acceptor/T and D/anticodon helical domains known as the tRNA L-shape.  
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INTRODUCTION 

 

tRNA plays a central role in the protein synthesis. It also represents a useful object to 

study the rules governing the formation of RNA tertiary structure. On one hand, tRNA is 

a relatively small molecule, which makes genetic manipulations relatively easy. On the 

other hand, it is large enough to possess a distinct tertiary structure, the so-called L-

shape, which consists in the specific perpendicular arrangement of the acceptor/T and 

D/anticodon helical domains.  The correctly arranged L-shape guarantees the proper 

juxtaposition of the two functional centers, the anticodon and the acceptor terminus, and 

is thus critical for the tRNA function (Söll and Rajbhandary 1995; Pan et al. 2006). 

Analysis of the tRNA tertiary structure shows that the major interactions that lead to the 

formation of the L-shape take place in the so-called DT region located at the corner of the 

structure, where the two loops D and T form a specific arrangement (Figure 1). Because 

similar arrangements are also found in other RNAs, like the RNase P and the ribosomal 

RNA (Levinger 1998; Nagaswamy and Fox 2002; Krasilnikov and Mondragon 2003; 

Krasilnikov et al. 2003; Lee et al. 2003;), the elucidation of the rules governing the 

formation of the DT region in tRNA can be important for understanding structure-

function relationships in these molecules as well.    

To understand the role of different elements of the DT region in the formation of 

the tRNA L-shape, we previously undertook a search of active suppressor tRNAs from 

several combinatorial gene libraries in which vast areas in both loops D and T were 

randomized (Zagryadskaya et al. 2003; Zagryadskaya et al. 2004; Doyon et al. 2004; 

Kotlova et al. 2007). Analysis of the obtained clones allowed us to formulate the general 

requirements imposed on the structure of the DT region in functional tRNAs. The central 

role in the structuring of this region was shown to be played by the reverse-Hoogsteen 

base pair (RH) UA formed by the first (U) and the third last (A) nucleotides of the T-loop 

(base pair U54-A58 trans W.C./Hoogsteen in the standard tRNA structure). This RH has 

two major functions. First, the particular geometry of RH-UA prohibits stacking between 

the adenosine of this base pair (A58) and its 5'-neighbor (purine-57) (Figure 1) (Doyon et 

al. 2004). The inability of these two nucleotides to stack to each other allows them to 

form a niche at the top of the T-loop, the so-called purine trap, that can harbor a purine 
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from the D-loop (G18 in the standard tRNA structure). The filling of the purine trap in 

the T-loop by a purine from the D-loop would bring the two loops close to each other in 

the fluctuating tRNA secondary structure (Doyon et al. 2004). The second role of RH 

consists in the allocation of two unpaired nucleotides (normally, nucleotides 59-60) for 

the T-bulge that fills the gap between the acceptor/T and D/anticodon helical domains 

(Figure 1), thus fixing their proper juxtaposition (Shi and Moore 2000). 

The design of the first combinatorial tRNA gene library (K-library) that initiated 

our analysis of the DT region is shown in Figure 2. This library was based on the E.coli 

tRNAAla, in which the anticodon was modified to recognize the amber stop codon. In 

each of the two loops, six nucleotide positions were fully randomized, while an additional 

nucleotide was added to the normally seven-nucleotide T-loop. The initial expression of 

the K-library in the XAC-1 E. coli cells containing the amber mutation in the "-

galactosidase gene yielded 28 active suppressor tRNAs (K-clones) (Zagryadskaya et al. 

2003). Further exploration of the same combinatorial library increased the total number 

of K-clones to 53. Due to the presence of the additional nucleotide, the nucleotide 

sequences of the T-loop in these clones cannot be aligned with that in the standard tRNA 

structure. For identification of the T-loop nucleotides, we thus use numbers with 

asterisks, varying between 1* and 8*. Among the 53 obtained K-clones, 27 contained the 

RH U1*-A6* and the purine trap (Doyon et al. 2004). These clones fell into two distinct 

groups, with the nucleotide sequence of the T-loop fitting to formula [UGNN(G/A)AUC] 

(Type I) or [UA(G/A)(A/C)CAUC] (Type II). Analysis of these two tRNA groups allowed 

us to model the tertiary structure for both of them (Figure 3). The two groups 

corresponded to the so-called specific purine trap (Type I) and non-specific purine trap 

(Type II). Both groups have been previously analyzed in detail (Doyon et al. 2004) and 

are not the subject of the current paper.   

As mentioned earlier, among the 53 obtained K-clones only 27 fitted to either 

Type I or Type II pattern, while the other 26 K-clones were unable to do so. The tertiary 

structure of the latter tRNAs thus remained obscure. Here we present the results of the 

nucleotide sequence analysis and the molecular modeling of tertiary structures for those 

K-clones that fit to neither Type I nor Type II pattern. Our analysis shows that these 

clones use an alternative strategy for the fixation of the L-shape, which is based on the 
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presence of several unique elements. In particular, all analyzed clones contain such 

unprecedented features as a six base-pair T-stem, one nucleotide in the T-bulge instead of 

the normal two, and either a reverse-Watson-Crick pyrimidine-purine or reverse-

Hoogsteen purine-purine base pair in the T-loop. In addition, these clones are 

characterized by a complementarity between the D- and T-loops that would allow the 

formation of an inter-loop double helix (ILDH). Inserted individually into a tRNA 

structure, any of these features would severely compromise the integrity of the L-shape. 

We demonstrate, however, that when all these abnormal elements coexist in the same 

molecule, they provide for the normal juxtaposition of the two helical domains. This 

aspect allows the tRNA to become functionally active in spite of its unusual structure. In 

more general terms, the results of our analysis demonstrate that in the RNA world, a 

particular function can be achieved by different structural means, which thus can be 

considered as functional synonyms. 

 

RESULTS 

 

K-clones containing G1*  

At the bottom of Table 1 one can see the nucleotide sequences of those 26 K-clones that 

fit to neither Type I nor Type II pattern. The 13 clones marked by asterisks have been 

collected as a result of additional exploration of the K-library and are shown here for the 

first time. One can notice that with exception of K30, in all K-clones that fit to neither 

Type I nor Type II, nucleotide 1* is guanosine. All clones containing G1* form the Type 

III group. Because in all previously analyzed K-clones, nucleotides 1* and 6* were able 

to form RH-UA, we initially suggested that a similar base pair could be formed even if 

U1* was replaced by G1*( Zagryadskaya et al. 2003). In such cases, G1* would mimic 

uridine in its interaction with nucleotide 6*, thus forming a base-pair structurally 

equivalent to RH U1*-A6*. Further analysis, however, showed that the guanosine 

identity of nucleotide 1* was not the only unusual element of these clones. Assuming 

G1* formed a base pair with 6* similar to RH, the other nucleotides of the T-loop still 

would not be able to fit either to the Type I or to the Type II pattern. The inability of 

Type III clones to form either Type I or Type II purine traps suggested that they had an 
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essentially different T-loop structure and, correspondingly, a different strategy for the 

fixation of the L-shape.  

Although, in principle, this alternative strategy could also include the formation of 

a 1*-6* base pair, analysis of the Type III clones provided a strong argument against it.  

In particular, we found that the nucleotide identity of 6* co-varied with the identity of 

nucleotide 2*. As one can see in Table 1, with the only exception of clone K10, which 

contains combination U2*-A6*, the identity of nucleotide 6* in all Type III clones relates 

to the identity of nucleotide 2* according to a simple pattern: C or A in 2* corresponded 

to A in 6*, while U or G in 2* corresponded to G in 6*. Such relationship between 

nucleotides 2* and 6* suggests that they form a base pair in which certain structural 

elements are preserved in spite of the variation of the identities of both nucleotides. An 

attempt to form all four 2*-6* combinations, CA, AA, UG and GG as RH base pairs in 

order to mimic the standard RH base pair UA (Figure 4, left column) failed because it did 

not allow the formation of base pair UG. Additional difficulty for this arrangement relates 

to the fact that the purine-purine combinations AA and GG built as RH base pairs would 

have a larger size than the pyrimidine-purine combination CA. Alternatively, all four 

dinucleotide combinations could be arranged as reverse-WC base pairs (RWC, trans 

W.C.), using the WC edges of both nucleotides with the trans-orientation of the 

glycosidic bonds (Figure 4, right column). Although all RWC base pairs allow the 

formation of two hydrogen bonds, in base pairs AA and GG formed in this way, the 

distance between the glycosidic bonds is notably longer than in base pairs CA and UG, 

which makes these arrangements also unlikely.   

Comparison of the RH and RWC base pairs shown in Figure 4 revealed a new 

unexpected possibility for the 2*-6* base pairing. We found that in two RH base pairs, 

AA and GG, and in two RWC base pairs, CA and UG, (boxed in Figure 4) the 

juxtaposition of the glycosidic bonds is almost the same, which can also be seen when all 

four base pairs are superimposed (Figure 4, bottom). Additional analysis shows that such 

an arrangement is the only one that makes all four base pairs practically isosteric and that 

no other dinucleotide combination can be arranged in a way to be isosteric to these base 

pairs. Because two of these base pairs form as RH, while the other two form as RWC, the 

combination of all four base pairs arranged in this way will henceforth be called RH-
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RWC. Thus, the formation of the 2*-6* base pair according to the RH-RWC scheme can 

explain both the presence of the four combinations CA, AA, UG and GG and the virtual 

absence of clones with any other dinucleotide combinations. The only exceptional clone 

K10 containing combination UA will be discussed later. Compared to the standard RH 

base pair, in the RH-RWC base pairs the glycosidic bonds are positioned in about the 

same orientation, although farther from each other by about 3Å. There is one more aspect 

related to the formation of the RH-RWC base pairs. Comparison of all four base pairs 

shows that in base pairs CA and UG nucleotide 6* has a different orientation compared to 

that in base pairs AA and GG. The transition between the two orientations consists in the 

rotation of the base around the glycosidic bond for 180º, so that if one orientation 

represents a more common anti-conformation, the other one will corresponds to a 

relatively rare syn-conformation. Although the syn-conformation is energetically less 

favourable than the anti-conformation, it is known to be much more acceptable for 

purines than for pyrimidines. Because in the Type III clones, position 6* is occupied 

exclusively by adenosines and guanosines, the syn-conformation would occur only in 

purines. This aspect further corroborates the suggestion of the RH-RWC arrangement for 

base pair 2*-6*.  

Further analysis revealed another common feature of all Type III clones, the 

existence of a Watson-Crick (WC) correspondence between the D- and T-loops. As one 

can see in Table 1, the three-nucleotide region 3*-5* of the T-loop can always form two 

or three consecutive WC base pairs with a region in the D-loop. Nucleotide 4* would 

form a WC base pair in all clones, and for nucleotide 5*, it would happen in all clones 

except K4 and K31. However, if combination GA is considered acceptable, the two 

exceptional clones K4 and K31 will follow the same pattern with other clones. For 

position 3* the number of exceptions is higher, which, most probably, indicates that the 

formation of this base pair is not critically important for the tRNA function. Still, if 

combinations GU and GA are acceptable, nucleotide 3* would form a base pair in most 

clones. Interestingly, while in the nucleotide sequence of the T-loop, the position of the 

strand of ILDH is fixed within nucleotides 3*-5*, the opposite strand in the D-loop does 

not have a fixed position and can in different Type III clones be closer to or farther from 

the beginning of the loop.  
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The formation of base pair 2*-6* raises a question concerning the role of 

nucleotide 1*.  Although this nucleotide could stay unpaired, the fact that its identity is 

restrained to guanosine suggests that it is also involved in a specific interaction for which 

its guanosine identity is important. Because the last nucleotide of the T-loop is unpaired 

and also because in almost all Type III clones it is cytidine, the most natural way to 

employ guanosine G1* would be to form a WC base pair G1*-C8*.  The formation of 

such a base pair would extend the T-stem to six base pairs, thus leaving only one 

unpaired nucleotide 7* for the T-bulge.  

 

Modeling the tertiary structure for Type III K-clones 

The analysis of the nucleotide sequences of the K-clones presented in the previous 

part suggests the existence of four unusual elements, the particular RH-RWC base pair 

between nucleotides 2* and 6*, a double helix containing two or three base pairs between 

nucleotides 3*-5* of the T-loop and a region in the D-loop, the extended T-stem 

containing six base pairs, and finally, the reduced T-bulge containing only one nucleotide 

7*. The scheme of the DT region that incorporates all these elements is shown in Figure 5 

(left). Because these elements were suggested based on the properties of individual 

nucleotides without taking into account the structural context of the DT region, it was not 

clear, whether it was possible to integrate all of them into the same tRNA tertiary 

structure. Also, even if such integration is possible, it is unclear whether the resulting 

structure would provide for the proper juxtaposition of the two helical domains. Finally, 

it is important to know why the DT region of a functional tRNA would need to harbour 

simultaneously so many unusual elements.  

For answering these questions, we modeled the tertiary structure for the Type III 

K-clones. The original construct was made interactively based on the available crystal 

structure of yeast tRNAPhe (Shi and Moore 2000) and on the nucleotide sequence of clone 

K32, which demonstrated the highest activity (Table 1). The additional base pair G1*-

C8* was appended to the last base pair G53-C61 of the T-stem. The RH-RWC U2*-G6* 

base-pair was arranged on top of G1*-C8* similarly to the arrangement of RH T54-A58 

with respect to base pair G53-C61 in canonical tRNAs.  U7* was arranged in the 

available space between base pairs G1*-C8* and G15-C48 and was connected to G6* 
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and C8*. A double helix consisting of three WC base pairs was positioned on top of base 

pair U2*-G6*, and the connectors integrating both strands of this helix into the D- and T-

loop were arranged accordingly to the nucleotide sequence of clone K32. The energy 

minimisation resulted in the model shown in Figure 5, right.  

In this model, due to the natural twist of the double helix for about 32° between 

the fifth and additional sixth base pair of the T-stem, nucleotide 8* is located 3.2 Å closer 

to the D-domain compared to the position of the analogous nucleotide 61 in the standard 

tRNA structure. As a result, nucleotide 7* stays at virtually the same position as 

nucleotide 59 in the standard structure, and stacks to the tertiary base pair G15-C48.  

The RH-RWC base pair 2*-6* stacks on base-pair C1*-G8*, to which it is 

directly connected on one side and indirectly, with mediation of the bulged nucleotide 7*, 

on the other side. The particular structure of the RH-RWC, which is similar to the 

standard RH base pair AU except that it is 3Å longer, allows this base pair to fit 

effortlessly to the given context. An essential element of the model pertains to the fact 

that here, nucleotide 5* comfortably stacks to nucleotide 6* (Compare Figures 3 and 5). 

As we showed previously, such interaction would not have been possible if base pair 2*-

6* formed as RH-UA (Doyon et al. 2004). However, the fact that the structure of RH-

RWC is different from RH-UA eliminates obstacles toward this stacking. Finally, in the 

model, nucleotides 3*-5* of the T-loop are involved in the WC base pairing with three 

nucleotides of the D-loop, forming together the ILDH. Among the three inter-loop base 

pairs, the one that involves nucleotide 3* is positioned at the top of the structure. 

Therefore, an alternative arrangement of the nucleotides within this base pair, or even the 

absence of base pairing would not seem to affect other interactions in the molecule. This 

can explain the fact that the inter-loop base pair including nucleotide 3* is less conserved 

than the other two base pairs of ILDH.  

 

Additional modifications of the model 

Additional modeling experiments were performed in order to check the 

adaptability of the proposed model to particular features of individual nucleotide 

sequences.  
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1. In five clones K14, K43, K44, K50 and K61, the top base pair of ILDH 

contains an AG combination. Our analysis shows that the AG base pair in this position 

can be formed in the head-to-head way (A-G cis W.C./W.C.) without affecting the 

positions of neighbouring nucleotides (Figure A in the Supplementary data).  

2. The absence of nucleotide 3*, which happens in clones K6 and K37, does not 

interfere with the proper connection between nucleotides 2* and 4* and does not affect 

other elements of the tRNA structure (Figure B in the Supplementary data).  

3. While the base pair formed by nucleotide 4* is always WC, the next base pair 

involving nucleotide 5* is GA in two clones K4 and K31. Our modeling experiments 

show that the formation of such a base pair as RH optimized its stacking interactions with 

its neighbouring flanking base-pairs (Figure C in the Supplementary data).  

4. While in most clones, the 1*-8* base pair is GC, in clone K37 it has the GU 

identity. Our modeling experiments show that the replacement of C8* by U has a 

relatively minor local effect and does not compromise the integrity of the whole structure 

(Figure D in the Supplementary data). 

5. As mentioned above, in clone K10 the 2*-6* base pair has a unique nucleotide 

combination UA. When this base pair is formed as RWC, its structure will be relatively 

close to, although still different from the structures of base pairs CA and UG. The 

modeling experiments show that although acceptable, such a base pair would stack to the 

previous base pair G1*-C8* less effectively as compared to base pairs CA or UG and 

thus should be considered as a compromising variant (Figure E in the Supplementary 

data).  

 

The relation between RH and RH-RWC base pairs 

Although the structure of the suggested base pair RH-RWC is similar to that of 

RH-UA existing in the normal tRNAs, our results clearly show that among Type III 

clones, RH-UA was persistently avoided in favour of RH-RWC. To understand the 

reasons of this phenomenon, we modeled the 3D structure of clone K10 with base pair 

U2*-A6* formed as RH. Our modeling, however, showed that such conformation cannot 

be structurally sound because of the interference between the base of A6* and the atom 

of hydrogen H1# of C8*. In Figure 6A, corresponding to the RH-UA case, atom H1# of 
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C8* can be seen as a sort of pimple protruding in the direction of nucleotide A6*. The 

specific position of this atom does not allow the normal stacking interaction between the 

bases of A6* and C8*. Interestingly, in a similar situation that takes place in the standard 

tRNA structure, when RH U54-A58 stacks on WC G53-C61, such interference is not 

observed (Figure 6B). The difference between the two cases is linked to the length of the 

T-bulge, which in the Type III clones and in the standard tRNA structure contains one 

and two nucleotides, respectively. The longer bulge observed in the standard tRNA 

structure would allow the base of A58 to be additionally displaced from the ribose of C61 

for about 5Å and to avoid the unfavourable contact with its atom H1#. It is also 

interesting that while the formation of RH-UA in the Type III clone K10 interferes with 

the stacking between A6* and C8*, for the alternatively formed base pair RWC-UA such 

interference is essentially less pronounced (Figure 6C).  Also, when RH U2*-A6* is 

replaced by either RWC C2*-A6* (Figure 6D) or by RH G2*-G6* (Figure 6E), the 

hydrogen atom H1# of C8* would no longer interfere with the stacking of purine 6* and 

C8*. We thus can conclude that the presence of only one nucleotide in the T-bulge would 

favour the formation of the RH-RWC base pairs and disfavour the formation of RH-AU. 

This aspect provides an additional support for our model of the T-loop structure in the 

Type-III clones, in which the RH-RWC base pair 2*-6* plays the central role. 

Another missed opportunity pertains to combination C2*-G6*, which has never 

happened among K-clones. Although C and G, like all other pyrimidine-purine 

combinations, can form a RWC base pair, the latter is not isosteric to the RH-RWC 

(Figure 4). The different structure of this base pair compared to the RWC base pairs U2*-

G6* and C2*-A6* will make nucleotide G6* strongly interfering with the hydrogen atom 

H1# of C8* (Figure 6F). This interference will be notably stronger than in the discussed 

above case of the RWC U2*-A6*. This aspect can explain the absence of combination 

C2*-G6* among K-clones.  

 

Molecular Dynamics of the Type III structure 

To evaluate the stability of the DT region in the Type III tRNAs, the models of 

the DT region containing different variants of the 2*-6* base pair were subjected to the 1-

nanosecond MD simulations as described in the Materials and Methods (Figure 7 and 
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Figure F in the Supplementary data). The integrity of the DT region was monitored by 

following the maintenance of base pairs G53-C61, G1*-C8* and 2*-6*. The part of the 

whole simulation time when all three base-pairs were simultaneously maintained was 

taken as a measure of the stability of the given structure. At the 2*-6* position, we tested 

the RH base pairs UA, AA and GG, as well as the RWC base pairs UG, CA, UA and CG. 

As Figure 7 shows, the arrangements containing base pairs RH-GG, RWC-UG, RWC-CA 

and RH-AA maintained their integrity for 100%, 85%, 70% and 60% of the simulation 

time, respectively. The arrangement containing RWC-UA base pair kept its integrity for 

only 20% of the time, while the remaining two arrangements containing RH-UA and 

RWC-CG demonstrated a complete inability to have all three base pairs at the same time.  

These results allow us to establish a clear correlation between the overall stability 

of the arrangement and the quality of the stacking between base pairs G1*-C8* and 2*-

6*. Indeed, the four arrangements in which the stacking of these base pairs did not face 

any problem turned out to be most stable. When the interference between purine 6* and 

atom H1# of C8* in the arrangement containing RWC-UA made the stacking of base 

pairs G1*-C8* and 2*-6* partly compromised, the whole arrangement became 

substantially less stable. Finally, the two most unstable arrangements were exactly those 

in which the strong interference between purine 6* and atom H1# of C8* made the 

normal stacking of base pairs G1*-C8* and 2*-6* impossible. The MD simulations thus 

confirmed our initial suggestion that the interference between the base of purine 6* and 

atom H1# of C8* is the major factor of instability of the analyzed arrangements. 

 

 

DISCUSSION 

In this study, we demonstrate that tRNA molecules with a structure of the DT 

region essentially different from the standard can function in vivo. Although in general, 

the activity of the collected clones is lower than that of the tRNA with the normal tertiary 

structure, it is high enough to be reliably detected with the "-gal assay. The nucleotide 

sequences of the collected suppressor tRNAs demonstrate a range of diversity never seen 

in the natural cytosolic tRNAs. In spite of this, the obtained tRNA clones constitute only 

a small fraction of the combinatorial possibilities provided by the tRNA gene library, 
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which infers the existence of strong constraints imposed on the structure of functional 

tRNAs.  

The comparative analysis of the nucleotide sequences of all found tRNAs has 

been very helpful in elucidating the nature of these constraints. First, it has shown that 

almost all clones fall into three distinct groups, each having its own nucleotide sequence 

signature and a particular tertiary structure. While the structure of the DT region in the 

clones of the first two groups is based on the presence of such standard elements as the 

RH base pair and the two-nucleotide T-bulge, Type III clones contain none of these 

elements. The fact that the Type III clones are functional leads us to the important 

conclusion that the tRNA functionality does not directly depend on the presence of 

particular nucleotides or particular interactions within the DT region, like the RH-UA 

base pair and/or the two-nucleotide T-bulge, even if they exist in all cytosolic tRNAs. 

Instead, the functionality of tRNA seems to be determined by a more general aspect of its 

structure that goes beyond particular elements or interactions. Analysis of the three major 

groups of collected K-clones demonstrated that, despite the notable differences in the 

structure of the DT region, all of them share one important feature: in all groups, the 

obtained nucleotide sequences of the D- and T-loops guarantee the standard juxtaposition 

of the two helical domains, acceptor/T and D/anticodon. Thus, the proper juxtaposition of 

these domains seems to be a major factor determining the ability of the tRNA to be 

processed from larger precursor RNAs, to maintain intracellular stability and to deliver 

on its function. 

While in the Type I and II clones, the juxtaposition of the two domains is fixed 

with use of standard elements, namely, the properly arranged RH, the purine trap and the 

two-nucleotide T-bulge, in the Type III clones, this fixation is achieved in a different 

way. The characteristic elements of this arrangement are the RH-RWC base pair, the 

ILDH, the T-bulge consisting of only one nucleotide and the T-stem containing six base 

pairs. The modeling has shown that, despite such an unusual structure of the DT region in 

the Type III clones, the general strategy of the L-shape fixation is always the same. In all 

tRNAs, this strategy consists in two steps, the formation of an interaction between the D- 

and T-loops due to their affinity to each other, and the final fixation of the L-shape 

through the filling of the gap between the D-domain and the T-stem with the properly 
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arranged T-bulge. While in normal tRNAs and in both Type I and II groups, the 

interaction of the D- and T-loops is achieved through the intercalation of a purine from 

the D-loop between nucleotides 57 (or 5*) and 58 (or 6*) of the T-loop, in the Type III 

clones, it proceeds through the formation of the ILDH. Also, in normal tRNAs as well as 

in both Type I and II groups, the gap between the D-domain and the T-stem is suitable for 

two nucleotides, and exactly this number of nucleotides come from the T-bulge. In the 

Type III clones, the additional sixth base pair in the T-stem makes the gap narrower and, 

correspondingly, only one nucleotide is provided by the T-bulge. Thus, despite the 

presence of such unusual elements in the DT region of the Type III clones, the general 

strategy used for the fixation of the juxtaposition of the helical domains in these clones 

follows essentially the same principles as in all other tRNAs.  

 The fact that all four elements specific to the Type III arrangement are found in 

all clones of this group and none of these elements existed in any other K-clone supports 

the idea that these elements are connected to each other through a chain of cause-effect 

relationships. We can suggest that all unusual features of the Type III clones originate 

from the appearance of guanosine in position 1* and the consecutive formation of the 

sixth base pair G1*-C8* in the T-stem. Then, the extended T-stem takes the space 

normally occupied by the last nucleotide of the T-loop, which leads to the reduction of 

the T-bulge by one nucleotide. Base pair 2*-6*, in its turn, should stack on base pair 1*-

8* and be simultaneously connected to nucleotides 1* and 7*. We showed that the 

formation of the canonical RH-UA base pair at this place would cause interference 

between adenosine 6* and atom H1# of C8*, while the alternative RH-RWC can be 

formed without problems. The replacement of RH-UA by RH-RWC creates, in its turn, 

another problem. The particular geometry of the RH base pair U2*-A6* disallowed its 

stacking to nucleotide 5*, which in the normal tRNAs and in the Type I and II clones 

resulted in the formation of either the specific or non-specific purine trap (Doyon et al. 

2004). The RH-RWC base pair, despite the similarity to RH, does not share this feature, 

which opens the possibility for nucleotide 5* to comfortably stack to 6*. As a result, the 

formation of the purine trap becomes compromised. In the absence of the purine trap, the 

affinity between the two loops would also be compromised unless the purine trap is 

replaced by another type of inter-loop interaction. The formation of ILDH seems to be a 
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reasonable alternative way to restore the affinity between the loops. Thus, if the T-stem is 

extended by one base pair, the requirement for the proper juxtaposition of the two helical 

domains will with a high probability lead to the appearance of all other abnormal 

elements of the DT structure specific to the Type III clones. The performed MD 

simulations of the modeled structures demonstrate their stability compared to possible 

alternative arrangements. 

The experimental data and the accompanying analysis presented here teach us 

some lessons concerning the general rules that govern the formation of RNA tertiary 

structure. First, the isostericity of base pairs is not necessarily associated with the same 

type of base pairing. Indeed, as it is shown in Figure 4, different RH base pairs, like 

different RWC base pairs are not isosteric to each other. At the same time, one can find 

isosteric base pairs across different types of base pairing. An example of this 

phenomenon is the RH-RWC base pairs, two of which form as RH, while the other two 

form as RWC. Despite this difference, in all RH-RWC base pairs the juxtaposition of the 

glycosidic bonds is practically the same, which makes all these base pairs isosteric. 

Second, additional minor aspects can strongly influence RNA structure. For example, the 

presence of a hydrogen atom at a particular place, like atom H1# attached to atom C1# of 

C8*, can strongly affect the formation of a base pair. So far, such aspects have never 

been taken into account or even considered essential. Our results show that for 

understanding the principles of RNA folding, such aspects should be taken into 

consideration.  

Finally, a relatively minor change in the shape of a base pair can have major 

consequences for the whole structure. Thus, a shift in the position of the glycosidic bond 

of nucleotide 6* by only 3Å due to the replacement of the RH base pair U2*-A6* by RH-

RWC allows this nucleotide to avoid the collision with C8*. As a result, the formation of 

the RH-RWC base pair becomes possible, even though the formation of the RH base pair 

U2*-A6* was not. The change in the structure of the 2*-6* base pair, in its turn, results in 

the replacement of the purine trap by the ILDH, thus making a complete rearrangement 

of the structure at the top of the T-loop. This phenomenon can be seen as an indication 

that the existence of interdependence between different elements goes well beyond their 

immediate contact. Given that these effects are found in tRNA, which is a relatively small 
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molecule, in larger RNAs with a more sophisticated tertiary structure the problem of 

interdependence between different elements is expected to be even more important and 

more complex. Revealing the facts of such interdependence and elucidating its nature is a 

necessary step toward understanding the mechanisms of RNA folding and function.   

 

MATERIALS AND METHODS 

 Cloning, screening and measuring the suppressor tRNA activity 

The design of the K-library is shown in Figure 2. It was based on the nucleotide 

sequence of the E.coli alanine tRNA and contained six fully randomized positions in each 

of the two loops, D and T. The choice of tRNAAla as the prototype molecule to study 

structure–function relationships in tRNA was determined by the fact that the 

aminoacylation of tRNAAla depends almost exclusively on the presence of base-pair G3-

U70 in the acceptor stem and is practically insensitive to the juxtaposition of the two 

helical domains or even the existence of the D/anticodon domain (Prather et al. 1984; 

Hou and Schimmel 1988; McClain and Foss 1988). Therefore, any change in the tRNA 

performance caused by modifications at the DT region was not expected to be related to 

aminoacylation and thus would be attributed to steps of the tRNA functional cycle shared 

by other tRNAs. Compared to the E.coli alanine tRNA, the anticodon in this design was 

replaced by sequence CUA corresponding to the amber stop codon, while the T- and D-

loops were extended by one and two nucleotides, respectively. The extensions of the 

loops were intended to provide for additional conformational flexibility, which would 

increase the probability of finding of new yet unknown structural forms.   

The tRNA gene harbouring twelve randomized positions was PCR amplified and 

cloned into the pGFIB-1 plasmid, as described previously (Zagryadskaya et al. 2003), 

producing the library with the theoretical sequence complexity of 1.7 x 107. This library 

was then introduced into XAC-1 cells, having an amber nonsense mutation in the "-

galactosidase gene. Functional clones were screened based on the appearance of blue 

colonies in the presence of X-gal, which amounted, on average, to one positive clone for 

every one thousand colonies screened. The details of the cloning and screening of the 

tRNA library as well as of the measuring the suppressor activity of the obtained tRNAs 

were described earlier (Zagryadskaya et al. 2003; Zagryadskaya  et al. 2004).  
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The process of screening was stopped after a total of 53 non-redundant active 

clones had been obtained.  Plasmids of active clones were isolated and retransformed into 

XAC-1 cells to verify that the suppression activity was due to the presence of the plasmid 

and not to a spontaneous host mutation.  For each clone, the suppressor activity was 

measured and calculated as the percentage of the activity of the suppressor tRNAAla 

having the normal structure of the DT region. Although the activities of the isolated 

clones were to some extent lower than that of the suppressor tRNAAla (Table 1), they 

were essentially higher than the background level and thus could be reliably detected by 

the "-gal assay.  

 

Computer modeling and Molecular Dynamics 

Preliminary modeling was done interactively, using the InsightII/Discover 

package (Version 2000, Accelrys Inc., San Diego, CA). The X-ray structure of the yeast 

tRNAPhe (Shi and Moore 2000) was used as a starting conformation, to which the 

elements different from the standard tRNA structure were appended. Each model was 

submitted to the conjugate-gradient energy minimization in the AMBER forcefield with 

the distance-dependent dielectric constant set at 4.0 (Pearlman et al. 1995). The elements 

of the modeled structures identical to the corresponding elements in the yeast tRNAPhe 

were fixed during the minimization. The minimization continued until a clear energy 

minimum was reached.  

Molecular dynamics simulations (MD) were performed in vacuum at 300ºK. All 

other conditions were the same as in the energy minimizations. Each structure contained 

nucleotides G15 and C48 in the D-domain, as well as nucleotides G53, 1*-8*, and C61 in 

the T-loop. In addition, the D-loop included the three consecutive nucleotides that formed 

the ILDH with nucleotides 3*-5* of the T-loop. During the MD simulations, the positions 

of nucleotides G15, C48, and G53 were fixed. The integrity of the base pairs within the 

ILDH was kept with use of the distant constraints imposed on the lengths of inter-base 

hydrogen bonds. The positions of all other nucleotides were unrestrained. Each complex 

was submitted to a 1-nanosecond MD simulation. Visualizations were done on a Silicon 

Graphics Fuel computer. 
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Table 1. Nucleotide sequences of the D-and T-loops and suppressor activities of the 

selected tRNA clones 
Clone          D-LOOP       T-LOOP     Activity 
 
 
 
tRNAAlacua AG  CUGG  GA      UU CGA UC  100.0% 
  
Type I 
K25    AG GAACGC UA      UG AAA AC    17.7%    
K15    AG GCAUAU UA      UG AAA UC    11.0%    
K2     AG AAAGAC UA      UGACGA UC     7.9% 
K23    AG UAAGGU UA      UGCCAA UC     5.9%  
K29    AG GAAAAA UA      UG GGA UC     5.1% 
K3     AG AACGAA UA      UG AAA UC     4.1%  
K42    AG UAGACA UA      UGACAA UC     3.8% 
K39    AG GAAGAA UA      UGACGA UC     3.4% 
K48    AG ACAGAC UA      UG GAA AC     2.5% 
K49    AG AAAAGA UA      UGCAAA UC     2.2% 
K34    AG AG      A      UGGCGA UC     1.4% 
 
Type II 
K27    AG UGAAAU UA      UAGCCA UC     9.9% 
K24    AG AAAAAC UA      UAGCCA UC     6.0% 
K41    AG A      CA      UAAACA UC     4.4% 
K26    AG AACGAC UA      UAAACA UC     3.9% 
K47    AG AGAGCA UA      UAGCCA UC     3.3% 
K20    AG GAGAUC UA      UAGCCA UC     3.2% 
K40    AG AAACAC UA      UAGCCA UC     2.8% 
K36    AG AAAAAA UA      UAGCCA UC     2.7% 
K18    AG AACAAA UA      UAAACA UC     2.5% 
K33    AG GAAGAA UA      UAGUCA UC     2.0% 
K19    AG ACAAC  UA      UAUACA UC     2.0% 
K5     AG CGAAGA UA      UAGCCA UC     1.7% 
K38    AG AAAUAC UA      UAAACA UC     1.5% 
K51    AG ACCAAA UA      UAACCA UC     1.4% 
K7     AG GACAAA UA      UAACCA UC     1.3% 
K1     AG GAGAAC UA      UAACCA UC     1.3%  
 
 
 
Type III 
K32    AG UCGGUAUA      GU CGAG UC    38.5% 
K6     AG AGGGAGUA      GC  ACA UC    25.0%   
K45*   AG GCCACAUA      GC GGCA UC    18.7% 
K43*   AG CGGGAUUA      GC ACCA UC    17.0% 
K64*        AG UAGGU UA      GC GCCA UC    15.6% 
K37*   AG AUGAUUUA      GG  AAG GU    13.0% 
K44*   AG ACGGACUA      GC GCCA UC    12.3% 
K61*        AG GGCAU UA      GA GGCA UC    11.1% 
K66*        AG GGGGU UA      GC ACCA UC     8.1% 
K52*   AG GACCUAUA      GC GGUA UC     7.0% 
K17    AG AGGCCAUA      GA GCCA UC     6.5% 
K31    AG AGAGGGUA      GC CCAA UC     6.3% 
K10    AG AAGGA UA      GU ACCA UC     5.9% 

1 2 3 4 5 6 7 8* * ** * ***
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The nucleotide sequences of the K-clones. Only the sequences of the D- and T-loops are shown. 

Outside these loops, all sequences are identical and correspond to that shown in Fig 2. In the wt 

tRNAAla
CUA, the interactions important for the structuring of the DT region are shown as lines 

connecting two interacting nucleotides. The nucleotides in the D-loop that interact with those 

from the T-loop are underlined. Type I follows closely the interactions shown by the wt 

tRNAAla
CUA, while for Type II and Type III clones, the interaction of nucleotides playing the 

equivalent structural role are shown by a different connection of lines. In more detail, Type I and 

II structures are discussed in (Doyon et al. 2004). In the Type III clones, the lines shows the 

interaction between G1* and C8*, the nucleotides forming RH-RWC, and those forming the 

base pairs within the ILDH. The suppressor activity of the tRNAAla
CUA was taken for 100%. The 

nucleotide sequences presented here for the first time are marked by asterisks.  A color version 

of this Table can be found in the supplemental material. 

 

 2

K16    AG GGGGAUUA      GU CAAG UC     4.8% 
K35*   AG AAAGGAUA      GG ACCG UC     4.4% 
K62*        AG ATGGU UA      GG ACCG UC     4.2% 
K14    AG GAGGGAUA      GG ACCG UC     4.1% 
K63*        AG GGGU  UA      GG GCCG UC     3.3% 
K28    AG GGCAAAUA      GC AGCA UC     2.9% 
K21    AG UGAAAGUA      GC CACA UC     2.8% 
K65*        AG AUGGU UA      GT ACCG UC     2.1% 
K50*   AG AAGGGAUA      GG ACCG UC     1.8% 
K9     AG AGCGAAUA      GA CGCA UC     1.3% 
K13    AG AGGAAAUA      GU ACCG UC     1.3% 
K4     AG A CGGGUA      GC ACAA UC     1.1% 
 
Non-classified clone 
K30    AG UGAGGAUA       U CCAA AU    10.8% 
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Figure 1  

A conventional representation of the DT region in the standard tRNA structure. Each nucleotide 

of the DT region involved in stacking or base-pairing with another nucleotide is represented by a 

rectangle. The rectangles representing nucleotides of the D-loop are black, while those 

representing nucleotides of the T- loop as well as nucleotides 8, 48, 53 and 61 are white. All 

other nucleotides are shown as black dots. Nucleotides of the anticodon loop are not represented. 

The identities of the conservative and semi-conservative nucleotides are indicated as follows: R, 

purine; Y, pyrimidine; T, 5-methyluridine; and $ pseudouridine. T and $ are post-

transcriptional modifications of U. The central role in the DT arrangement is played by the 

reverse-Hoogsteen base-pair (RH) T54–A58 (see the text). 
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Figure 2  

Design of the K-library. The design was based on the sequence of tRNAAla
CUA (Zagryadskaya et 

al. 2003). The alanine anticodon TGC was replaced by the amber anticodon CTA. The D- and T-

loops were extended by two and one nucleotide, respectively. The randomized positions are 

indicated by circles. The nucleotides of the T-loop have their own numbering with an asterisk. 

The EcoRI and PstI restriction sites that are seen flanking the 5'- and 3'-termini were used for the 

cloning of the library into the pGFIB-1 plasmid. 
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Figure 3   
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Figure 4  

Comparison of different dinucleotide arrangements formed as reverse-Hoogsteen (RH, left) and 

reverse-Watson-Crick (RWC, right) base pairs. The dotted lines represent hydrogen bonds. The 

positions of the C1'-atoms are shown as black spheres. Boxed base pairs are those four RH and 

RWC base pairs that have about the same juxtaposition of the glycosidic bonds (shown at the 

bottom). In the paper, these four base pairs are called RH-RWC.  
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Figure 5  

The structure of the DT region in the Type III tRNAs. On the left: a representation of the DT 

region in the context of the whole tRNA L-shape as in Figures 1 and 3. On the right: a stereo 

view of the DT region in the three-dimensional model of clone K32. For the same nucleotides, 

the same color is used in both right and left panels. Compared to Type I and Type II clones, the 

DT region in Type III clones has four unusual elements:  the sixth base pair 1*-8* in the T-stem 

(cyan), the one-nucleotide T-bulge 7* (orange), the RH-RWC base pair 2*-6* (magenta), and the 

ILDH (yellow). 
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Figure 6  

Role of the H1# atom of nucleotide C8* in discrimination against base pairs RH U2*-A6*, RWC 

U2*-A6* and RWC C2*-G6*. In all panels, base pair 1*-8* is green, base pair 2*-6* is black, 

the T-bulge is gray, while atom H1# of C8* is red. The radius of the ball representing atom H1# 

of C8* corresponds to the van der Waals radius of hydrogen. In each case, the upper and lower 

panels show the same structure from two different perspectives. In the cases of RH-RWC base 

pairs (E,F) atom H1# of C8* does not interfere with the stacking of nucleotides 6* and 8*. For 

base pair RWC-UA (C), the interference is notable, while for base pairs RWC-CG (F) and RH-

UA (A) it is unbearable. The latter case (A) can be compared to the WT tRNA (B), in which the 
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presence of two nucleotides 59-60 in the T-bulge allows A58 to avoid the interference with atom 

H1# of C61.   
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Figure 7  

The summary of the results of the MD simulations for different Type III arrangements. On the 

left: the structure of the DT region shown as in Figure 5. Only the nucleotides represented by 

white rectangles were allowed to move during the simulations. The integrity of the ILDH was 

kept through introduction of distance constraints on the hydrogen bonds within the base pairs. 

The simulations were performed for the arrangements containing base pairs RH-UA, RH-AA, 

RH-GG, RWC-UG, RWC-UA, and RWC-CG in position 2*-6*. Numbers show the fraction of 

the total simulation time (1 nanosecond) when the integrities of each of the three monitored base 

pairs individually and all of them simultaneously were maintained. The detailed results of the 

simulations are presented in the supplemental material. 
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Supplemental material  
>+$)*!L:!/'()*%7#,*!-*G'*&(*-!%6!78*!HR+&,!>R)%%3-!+&,!-'332*--%2!+(7#F#7#*-!%6!78*!

-*)*(7*,!7"/0!()%&*-!
Clone          D-LOOP       T-LOOP     Activity 

 

tRNAAlacua AG  CUGG  GA      UU CGA UC  100.0% 

  

Type I 

K25    AG GAACGC UA      UG AAA AC    17.7%    

K15    AG GCAUAU UA      UG AAA UC    11.0%    

K2     AG AAAGAC UA      UGACGA UC     7.9% 

K23    AG UAAGGU UA      UGCCAA UC     5.9%  

K29    AG GAAAAA UA      UG GGA UC     5.1% 

K3     AG AACGAA UA      UG AAA UC     4.1%  

K42    AG UAGACA UA      UGACAA UC     3.8% 

K39    AG GAAGAA UA      UGACGA UC     3.4% 

K48    AG ACAGAC UA      UG GAA AC     2.5% 

K49    AG AAAAGA UA      UGCAAA UC     2.2% 

K34    AG AG      A      UGGCGA UC     1.4% 

 

Type II 

K27    AG UGAAAU UA      UAGCCA UC     9.9% 

K24    AG AAAAAC UA      UAGCCA UC     6.0% 

K41    AG A      CA      UAAACA UC     4.4% 

K26    AG AACGAC UA      UAAACA UC     3.9% 

K47    AG AGAGCA UA      UAGCCA UC     3.3% 

K20    AG GAGAUC UA      UAGCCA UC     3.2% 

K40    AG AAACAC UA      UAGCCA UC     2.8% 

K36    AG AAAAAA UA      UAGCCA UC     2.7% 

K18    AG AACAAA UA      UAAACA UC     2.5% 

K33    AG GAAGAA UA      UAGUCA UC     2.0% 

K19    AG ACAAC  UA      UAUACA UC     2.0% 

K5     AG CGAAGA UA      UAGCCA UC     1.7% 

K38    AG AAAUAC UA      UAAACA UC     1.5% 

K51    AG ACCAAA UA      UAACCA UC     1.4% 
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K7     AG GACAAA UA      UAACCA UC     1.3% 

K1     AG GAGAAC UA      UAACCA UC     1.3%  

 

Type III 

K32    AG UCGGUAUA      GU CGAG UC    38.5% 

K6     AG AGGGAGUA      GC  ACA UC    25.0%   

K45*   AG GCCACAUA      GC GGCA UC    18.7% 

K43*   AG CGGGAUUA      GC ACCA UC    17.0% 

K64*        AG UAGGU UA      GC GCCA UC    15.6% 

K37*   AG AUGAUUUA      GG  AAG GU    13.0% 

K44*   AG ACGGACUA      GC GCCA UC    12.3% 

K61*        AG GGCAU UA      GA GGCA UC    11.1% 

K66*        AG GGGGU UA      GC ACCA UC     8.1% 

K52*   AG GACCUAUA      GC GGUA UC     7.0% 

K17    AG AGGCCAUA      GA GCCA UC     6.5% 

K31    AG AGAGGGUA      GC CCAA UC     6.3% 

K10    AG AAGGA UA      GU ACCA UC     5.9% 

K16    AG GGGGAUUA      GU CAAG UC     4.8% 

K35*   AG AAAGGAUA      GG ACCG UC     4.4% 

K62*        AG ATGGU UA      GG ACCG UC     4.2% 

K14    AG GAGGGAUA      GG ACCG UC     4.1% 

K63*        AG GGGU  UA      GG GCCG UC     3.3% 

K28    AG GGCAAAUA      GC AGCA UC     2.9% 

K21    AG UGAAAGUA      GC CACA UC     2.8% 

K65*        AG AUGGU UA      GT ACCG UC     2.1% 

K50*   AG AAGGGAUA      GG ACCG UC     1.8% 

K9     AG AGCGAAUA      GA CGCA UC     1.3% 

K13    AG AGGAAAUA      GU ACCG UC     1.3% 

K4     AG A CGGGUA      GC ACAA UC     1.1% 

 

Non-classified clone 

K30    AG UGAGGAUA       U CCAA AU    10.8% 

 

=767+/(,.(,37(!.5.-(D7-92.+(.<(%8B57(I((

>8*!&'()*%7#,*! -*G'*&(*-! %6! 78*!bR()%&*-:!Q&)4! 78*! -*G'*&(*-! %6! 78*!HR! +&,!>R)%%3-! +2*!

-8%D&:!Q'7-#,*!78*-*!)%%3-=!+))!-*G'*&(*-!+2*!#,*&7#(+)!+&,!(%22*-3%&,!7%!78+7!-8%D&!#&!\#<!

I:! c&! 78*! D7! 7"/00)+AB0! +&,! #&! 78*! >43*! c! +&,! cc! ()%&*-=! 78*! &'()*%7#,*-! 3)+4#&<! 78*!
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*G'#F+)*&7! -72'(7'2+)! 2%)*! +2*! -8%D&!D#78! 78*! -+5*! (%)%2:! c&!5%2*! ,*7+#)=! >43*! c! +&,! cc!

-72'(7'2*-! +2*! ,#-('--*,! #&! .H%4%&! *7! +):! IJJ?1:! c&! 78*! >43*! ccc! ()%&*-=! @Lj! +&,! AVj! +2*!

(4+&C! 78*!&'()*%7#,*-! 6%25#&<!"ZR"WA!+2*!5+<*&7+C! 78%-*! 6%25#&<!WA=!0@!+&,!@B!$+-*!

3+#2-!D#78#&!78*!cMHZ!+2*!4*))%D=!<2**&!+&,!<2**&=!2*-3*(7#F*)4:!>8*!&'()*%7#,*-!%6!78*!>R

$')<*!+2*!%2+&<*!#&!+))!-*G'*&(*-:!>8*!-'332*--%2!+(7#F#74!%6!78*!7"/00)+AB0!D+-!7+E*&!6%2!

LJJn:!>8*!&'()*%7#,*!-*G'*&(*-!32*-*&7*,!8*2*!6%2!78*!6#2-7!7#5*!+2*!5+2E*,!$4!+-7*2#-E-:!!

(
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%37(9,-01,0-7(.<(,37(F%(-762.+(;./757/(<.-(?8-,21058-(%4?7()))(15.+79J(

!!!!!!!!!!!!!!! !
.01!!c&!6#F*!()%&*-!bL?=!b?P=!b??=!bUJ=!+&,!b[L!78*!$+-*!3+#2!#&!D8#(8!&'()*%7#,*!Pj!#-!

#&F%)F*,!#-!0@:!Q'2!+&+)4-#-!-8%D-!78+7!78*!0@!$+-*!3+#2!#&!78#-!3%-#7#%&!(+&!$*!6%25*,!#&!

78*!8*+,R7%R8*+,!.(#-!W:A^W:A=!5+<*&7+1!D+4!D#78%'7!+66*(7#&<!78*!3%-#7#%&-!%6!

&*#<8$%'2#&<!&'()*%7#,*-:!!

!!!!!!!!!!!!!! !
.S1!>8*!+$-*&(*!%6!&'()*%7#,*!Pj=!D8#(8!8+33*&-!#&!()%&*-!b[!+&,!bP_=!,%*-!&%7!#&7*26*2*!

D#78!+!32%3*2!(%&&*(7#%&!$*7D**&!&'()*%7#,*-!Ij!+&,!?j:!>8*!7D%!$+-*!3+#2-!6%25#&<!cMHZ!

+2*!$)'*:!!
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!!!!!!!!!!!!! !
.A1!W8#)*!78*!$+-*!3+#2!6%25*,!$4!&'()*%7#,*!?j!#-!+)D+4-!WA=!78*!&*Y7!$+-*!3+#2!#&F%)F#&<!

&'()*%7#,*!Uj!#-!@0!#&!7D%!()%&*-!b?!+&,!bPL!.5+<*&7+1:!Q'2!5%,*)#&<!*Y3*2#5*&7-!-8%D!

78+7!78*!6%25+7#%&!%6!-'(8!+!$+-*!3+#2!+-!"Z!.(#-!W:A^Z%%<-7**&1!%37#5#9*,!#7-!-7+(E#&<!

#&7*2+(7#%&-!D#78!#7-!&*#<8$%'2#&<!-7+(E#&<!$+-*R3+#2-:!!

!!!!!!!!!!!! !
.H1!W8#)*!#&!5%-7!()%&*-=!78*!LjRVj!$+-*!3+#2!#-!@A=!#&!()%&*!bP_!#7!8+-!78*!@B!#,*&7#74!

.5+<*&7+1:!Q'2!5%,*)#&<!*Y3*2#5*&7-!-8%D!78+7!78*!2*3)+(*5*&7!%6!AVj!$4!B!8+-!%&)4!

5#&%2!)%(+)!*66*(7!+&,!,%*-!&%7!(%532%5#-*!78*!#&7*<2#74!%6!78*!D8%)*!-72'(7'2*:!

!!!!!!!!!!!!!!! !
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.O1!0-!5*&7#%&*,!+$%F*=!#&!()%&*!bLJ!78*!IjR[j!$+-*!3+#2!8+-!+!'&#G'*!&'()*%7#,*!

(%5$#&+7#%&!B0:!W8*&!78#-!$+-*!3+#2!#-!6%25*,!+-!"WA=!#7-!-72'(7'2*!D#))!$*!2*)+7#F*)4!()%-*!

7%=!+)78%'<8!-7#))!,#66*2*&7!62%5!78+7!%6!$+-*!3+#2-!A0!+&,!B@!.5+<*&7+1:!>8*!5%,*)#&<!

*Y3*2#5*&7-!-8%D!78+7!+)78%'<8!+((*37+$)*=!-'(8!$+-*!3+#2!D%'),!-7+(E!7%!78*!32*F#%'-!

$+-*!3+#2!@LjRAVj!&%7!+-!<%%,!+-!$+-*!3+#2-!A0!%2!B@!+&,!78'-!-8%'),!$*!(%&-#,*2*,!+-!+!

(%532%5#-#&<!F+2#+&7:!!

!

%37(KF(92;058,2.+9(.<(,37(F%(-762.+(<.-(?8-,21058-(%4?7()))(;./759(

.\1!>8*!>43*!ccc!5%,*)-!(%&7+#&#&<!"ZR00=!"ZR@@=!"ZRB0=!"WARB0=!"WARB@=!"WARA@=!+&,!

"WARA0!#&!3%-#7#%&!IjR[j!D*2*!-'$N*(7*,!7%!KH!-#5')+7#%&-!6%2!L!&-:!H'2#&<!78*!

-#5')+7#%&=!78%-*!&'()*%7#,*-!78+7!D*2*!+))%D*,!7%!5%F*!62**)4!+&,!78%-*!78*!3%-#7#%&-!%6!

D8#(8!D*2*!62%9*&!+2*!-8%D&!#&!\#<!_!%6!78*!5+#&!7*Y7!.M*671:!\%2!*+(8!-#5')+7#%&=!78*!

#&7*<2#74!%6!78*!84,2%<*&!$%&,-!D#78#&!782**!$+-*!3+#2-!IjR[j=!LjRVj=!+&,!AUPR@[L!D+-!

6%))%D*,:!A%22*-3%&,#&<)4=!6%2!*+(8!-#5')+7#%&=!D*!8+F*!782**!<2+38-!-8%D#&<!8%D!78*!

,#-7+&(*!$*7D**&!78*!(%22*-3%&,#&<!*)*(72%R&*<+7#F*!+7%5-!D+-!(8+&<#&<!D#78!7#5*:!!c&!+))!

<2+38-=!78*!5*+-'2*,!)*&<78-!2+&<*!62%5!I!�!.78*!$%77%5!$%2,*2!%6!*+(8!3+&*)1!7%!V!�!.78*!

7%3!$%2,*2!%6!*+(8!3+&*)1!D#78!78*!#&(2*5*&7!%6!L!�!(%22*-3%&,#&<!7%!78*!,#-7+&(*!$*7D**&!

&*#<8$%2#&<!8%2#9%&7+)!)#&*-:!c&!+))!<2+38-=!78*!7#5*!-3+&-!62%5!J!7%!L!&+&%-*(%&,:! !

\%2!"ZR@@=!+))!782**!$+-*!3+#2-!D*2*!5+#&7+#&*,!6%2!LJJn!%6!78*!7#5*:!

\%2!"WARB@=!$+-*!3+#2!IjR[j!D+-!5+#&7+#&*,!6%2!TJn:!!S+-*!3+#2-!LjRVj!+&,!@UPR

A[L!D*2*!$%78!5+#&7+#&*,!6%2!VUn:!!0))!782**!$+-*R3+#2-!D*2*!5+#&7+#&*,!6%2!

+332%Y#5+7*)4!VUn:!

\%2!"WARA0=!$+-*!3+#2-!IjR[j=!LjRVj!+&,!@UPRA[L!D*2*!5+#&7+#&*,!6%2!LJJn=!_Jn!

+&,!T_n=!2*-3*(7#F*)4:!!0))!782**!$+-*R3+#2-!D*2*!5+#&7+#&*,!6%2!_Jn!%6!78*!7#5*:!

\%2!"ZR00=!$+-*!3+#2-!IjR[j!+&,!@UPRA[L!D*2*!5+#&7+#&*,!782%'<8%'7!78*!

-#5')+7#%&=!D8#)*!$+-*!3+#2!LjRVj!D+-!5+#&7+#&*,!6%2![Jn!%6!78*!7#5*:!!0))!782**!$+-*!3+#2-!

+2*!5+#&7+#&*,!6%2![Jn!%6!78*!7#5*:!!!

\%2!"WARB0=!$+-*!3+#2-!IjR[j=!LjRVj!+&,!@UPRA[L!D*2*!5+#&7+#&*,!6%2!LJJn=!T[n=!

+&,!IJn!%6!78*!7#5*=!2*-3*(7#F*)4:!!0))!782**!$+-*R3+#2-!D*2*!5+#&7+#&*,!6%2!IJn!%6!78*!

7#5*:!
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! \%2!"WARA@=!$+-*!3+#2-!IjR[j=!LjRVj!+&,!@UPRA[L!D*2*!5+#&7+#&*,!6%2!+$%'7!LUn=!

TVn=!+&,!IJn!%6!78*!7#5*=!2*-3*(7#F*)4:!!Z%D*F*2=!#&!&%!5%5*&7!+))!782**!$+-*!3+#2-!D*2*!

5+#&7+#&*,!-#5')7+&*%'-)4:!! !

! \%2!"ZRB0=!$+-*!3+#2!IjR[j!$2%E*!D#78#&!78*!6#2-7!Ln!%6!78*!-#5')+7#%&=!$+-*!3+#2!LjR

Vj!D+-!5+#&7+#&*,!6%2!LUn=!+&,!UPR[L!6%2!LJJn:!!0))!782**!$+-*R3+#2-!D*2*!78'-!

5+#&7+#&*,!6%2!)*--!78+&!Ln!%6!78*!7#5*:!

! S+-*,!%&!78*!)*&<78!%6!7#5*!+))!782**!$+-*R3+#2-!D*2*!5+#&7+#&*,=!78*!6%))%D#&<!

2+&E#&<!%6!5%,*)-!(+&!$*!5+,*!-7+27#&<!D#78!78*!5%-7!-7+$)*;!"ZR@@!.LJJn1=!"WARB@!

.VUn1=!"WARA0!._Jn1=!"ZR00!.[Jn1=!"WARB0!.IJn1=!"WARA@!.ÄLn1=!+&,!"ZRB0!.ÄLn1:!

!
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Background: The selenocysteine tRNA (tRNASec) 

has a uniquely long D-stem containing six base 

pairs. 

Results: The extended D-stem is not essential for 

function but is required for stability. 

Conclusion: Enhanced secondary structure in 

selenocysteine tRNA compensates the absence of 

canonical tertiary interactions. 

Significance: The flexibility due to the absence of 

tertiary interactions are required for tRNASec 

function, while the enhanced secondary structure 

compensate the decreased stability.  

 

SUMMARY 

The D-stem of the selenocysteine tRNA 

(tRNASec) contains two additional base pairs, 

which replace tertiary interactions 8-14 and 15-

48 universally present in all other cytosolic 

tRNAs. To study the role of these additional 

base pairs in the tRNASec function we used the 

Instant Evolution approach. In vivo screening 

of six combinatorial gene libraries provided 

158 functional variants of the E. coli tRNASec. 

Analysis of these variants showed that the 

additional base pairs in the D-stem were not 

required for the tRNASec function. Moreover, at 

lower temperatures, these base pairs notably 

harmed the tRNASec activity. However, at 

elevated temperatures these base pairs became 
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essential, as they made the tRNA structure 

more stable. The alternative way to stabilize the 

structure through formation of the standard 

tertiary interactions was not an option for 

tRNASec variants, which suggests that the 

absence of these interactions and the resulting 

flexibility of the tertiary structure are essential 

for tRNASec function.
 

Selenocysteine (Sec) is the 21st amino acid 

co-translationally inserted into the nascent 

polypeptide chain. The insertion takes place at the 

UGA codon when the latter is accompanied by a 

particular downstream mRNA secondary structure 

termed SECIS (Yoshizawa and Bock, 2009). 

Selenocysteine is delivered to the ribosome by a 

special selenocysteine-tRNA (tRNASec) in the 

ternary complex with GTP and a special 

elongation factor SelB (analog of EF-Tu) 

(Yoshizawa and Bock, 2009). Among all cytosolic 

tRNAs, the tRNASec is distinguished by its unusual 

secondary structure, of which the most 

documented feature is its long acceptor stem 

(Leinfelder et al., 1988; Sturchler et al., 1993). 

While in all other cytosolic tRNAs the acceptor 

stem has universally seven base pairs, in the 

tRNASec it has either eight (in bacteria) or nine (in 

archaea and eukaryotes) base pairs. Although the 

presence of the additional base pairs in the 

acceptor stem of the tRNASec has been clearly 

established (Burkard and Söll, 1988; Itoh et al., 

2009; Leinfelder et al., 1988; Palioura et al., 

2009), it remains unclear how a tRNA with such 

an unusual feature is able to share the ribosomal 

sites with all other tRNAs having the invariable 

seven base pair acceptor stem.  

Another abnormal feature of the tRNASec 

is the long D-stem, which has at least six base 

pairs instead of the normal four. Although such an 

abnormal length of the D-stem is unprecedented 

among tRNAs, it is not expected to create major 

problems for the tRNASec function, as the two 

additional base pairs in the D-stem replace the 

universal tertiary base pairs 8-14 (trans-Watson-

Crick/Hoogsteen base pair U8-A14) and 15-48 

(trans Watson-Crick/Watson-Crick base pair) 

without changing the overall shape of the 

molecule. Still, it remains unclear how such an 

extension of the D-stem can be beneficial for the 

function of the tRNASec. In the archaeal and 

eukaryotic tRNAsSec, the long D-stem may be 

important for the phosphorylation of the seryl 

moiety by O-phosphoseryl-tRNA kinase, an 

intermediate step required for the successful 

delivery of amino acid selenocysteine (Chiba et 

al., 2010; Wu and Gross, 1994). However, in 

bacteria this reaction does not exist (Carlson et al., 

2004; Turanov et al.) and still, the D-stem of all 

bacterial tRNASec contains six base pairs. Thus, 

the particular role of the extended stem and how 

critical it is for the bacterial tRNASec function 

remain unknown.  

 Here, based on the analysis of 158 in vivo 

screened functional variants of the E. coli 

tRNASec, we show that the presence of six base 

pairs in the D-stem is not a prerequisite for the 

tRNASec function. Some tRNASec variants with 

only five or four base pairs in the D-stem had 
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robust activity in vivo.  Surprisingly, when the 

activity was measured at a lower temperature, 

some variants with a shortened D-stem 

significantly outperformed the wild-type tRNASec 

(WT).  Therefore, the long D-stem is not only 

dispensable, but can even be inhibitory for the 

tRNASec function. 

 

EXPERIMENTAL PROCEDURES 

Bacterial Strains- The E.coli strain WL81460 

(!(argF-lac)U169 rpsL150,! rpsL+ rpsE13, !(srl-

recA)306::Tn10, !(selC)400::Kan)(Zinoni et al., 

1990), having a deletion in the gene coding for the 

tRNASec (SelC), and WL81300(!(argF-lac)U169 

rpsL150,! rpsL+ rpsE13, !(srl-recA)306::Tn10, 

!(selB)300::Kan)(Tormay et al., 1996) , having a 

deletion in the gene coding for the elongation 

factor SelB, were used in this study.   

Combinatorial Library designs and 

cloning for Instant Evolution- Oligonucleotides 

used for all six libraries (Figure 1c) and for the 

primers used for the library amplification were 

ordered from Bio-Corp Inc. (Montreal, Canada).   

The nucleotide sequences of all combinatorial 

libraries are listed in the supplemental 

information. Each library was PCR amplified 

using the two primers 

5’CGGAATTCGGAAGATC3’ and 

5’TTCCAATGCATTGGCTGCAGTGGCGGAA

GATCACAGGAGTCGAACCTGC3’ and was 

cloned into plasmid pGFIB-1 using restriction 

sites EcoRI and PstI as described before 

(Zagryadskaya et al., 2003). 

  In vivo screening of active tRNASec  

variants-  Active colonies were screened after 

plating the ligation reaction onto MacConkey 

Nitrate Agar plates (Barrett et al., 1979) and 

incubation for 48 hours at 37˚C under anaerobic 

conditions. MacConkey nitrate agar contained (per 

liter): 40 g of MacConkey agar base (Difco 

MacConkey Agar Base), 10 g of potassium nitrate, 

and 0.5 g of sodium formate. Bright white 

colonies were picked and sequenced. 

Preparing samples for the Formate 

Dehydrogenase H assay- The formate 

dehydrogenase H (FDHH) assay was performed as 

described elsewhere (Takahata et al., 2008), with 

some modifications.  Plasmids of selected clones 

were transformed into the WL81460 strain, plated 

onto LB agar plates containing ampicillin and 

grown overnight.  Colonies were picked and 

grown overnight in 2 mL of LB with ampicillin 

under aerobic conditions.  Subsequently, 1.5 mL 

eppendorf tubes were filled up with Stadtman 

buffer containing ampicillin, inoculated with 40 

microliters of the overnight culture, and incubated 

for 20 hours at 30˚C, 33˚C, 37˚C or 42˚C.  The 

density of samples was measured at O.D. 600nm. 

Samples were sedimented by centrifugation, 

frozen and stored at -80˚C. 

Formate Dehydrogenase H assay- 

Samples were defrosted at room temperature. The 

pellets were washed with 300 microliters of 0.5X 

TBE containing 5mM MgSO4, re-suspended in 

800  microliters of the same buffer and transferred 

to a glass cuvette containing 100  microliters of 

sodium formate [200mM] and 100 microliters of 
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benzyl viologen [20mM]. Both sodium formate 

and benzyl viologen solutions were prepared with 

pH 7.0 0.1M potassium phosphate buffer. The 

cuvette was covered with a rubber stopper, 

deoxygenated for 5 minutes with argon, and was 

left at room temperature for another 5 minutes. 

The FDHH activity was assayed by measuring the 

rate of the increase in the absorbance at 600nm 

during 5 minutes.  The activities were represented 

as the change in O.D. at 600nm per minute 

normalized by the density of the cell culture.  Each 

assay was performed in triplicate and then 

averaged.  

Northern Blot of tRNASec variants- The northern 

blot was performed as described before (Kotlova 

et al., 2007) with some modifications. For RNA 

extraction, the bacteria were grown under 

anaerobic conditions in Stadman buffer at 30˚C 

and 37˚C until the OD of absorbance at 600 nm 

reached 0.4. One probe was complementary to the 

extra-arm (5’-CGGGACCGCTGGCGGCCCCA-

3’) of the E.coli tRNASec, while the other one was 

complementary to region 34–53 of the E. coli 5S 

rRNA(5’- TTCTGAGTTCGGCATGGGGT-3'). 

The 5S rRNA probe was used to monitor the 

amount of total RNA in each sample. 

Densitometry analysis of the bands were 

performed using the Quantity One® software 

(BioRad). 

 

 

RESULTS  

General approach- For analysis of the 

structure-function relationships in the E.coli 

tRNASec we used the approach known as Instant 

Evolution (Lee et al., 1997; Zagryadskaya et al., 

2003). In our case, it consisted in the in vivo 

screening of active E. coli tRNASec variants 

originated from several combinatorial gene 

libraries expressed in the bacterial strain devoid of 

the tRNASec (Zinoni et al., 1990).  Due to the 

nature of this approach, the appearance of each 

single functioning variant can be considered as an 

isolated genetic event independent of other 

screened variants and of the will of the researcher.  

Such independency would allow us to further 

analyze the screened clones using statistical 

methods. In fact, as one can see below, the 

bioinformatic analysis of the obtained sequences 

comprised a significant part of the results. 

In total, we have explored six 

combinatorial gene libraries (F1-F6), the designs 

of which are shown in Figure 1. The designs of all 

libraries except F1 contained additional nucleotide 

positions inexistent in WT (explained below). The 

colonies containing active variants of the tRNASec 

were identified by the bright white color attributed 

to the presence of the active selenoprotein formate 

dehydrogenase N (FDHN). This protein uses 

formate as a source of electrons for reduction of 

nitrate. The absence of FDHN, on the contrary, 

would result in accumulation of formate and 

decrease of pH. The level of pH can be detected 

by the pH indicator present in the growth medium. 

Depending on whether the pH is high or low, the 

indicator will make bacterial colonies white and 
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red, respectively (Barrett et al., 1979). In this 

study, all non-white colonies were ignored. 

For some selected variants, the level of 

activity was measured using the assay for another 

selenoprotein formate dehydrogenase H (FDHH), 

which is able to reduce benzyl viologen. By 

following the rate of the benzyl viologen 

reduction, we quantitated the level of FDHH in the 

cell (Takahata et al., 2008). (see Materials and 

methods) 

 In both proteins FDHN and FDHH, whose 

activities were used for assessment of the 

performance of tRNASec variants, the 

selenocysteine is a key amino acid of the catalytic 

center. We thus assume that all tRNASec variants 

screened and measured in this research have been 

able to successfully pass through all intermediate 

steps required for the proper delivery of 

selenocysteine. Therefore, the activities of both 

selenoproteins directly reflect the functionality of 

the tRNASec variant.  

Library F1- To assess whether the 5th and 

6th base pairs of the D-stem are required for the 

tRNASec function, we designed a combinatorial 

library in which the four nucleotides composing 

these base pairs as well as the unpaired 

nucleotides between the acceptor and D-stems 

(nucleotides 8-9, Connector 1) and between the 

extra arm and the T-stem (nucleotide 48, 

Connector 2) were fully randomized (Library F1, 

Figure 1). The expression of this library provided 

63 variants different from WT (Table S1). The 

number of the screened colonies exceeded the 

number of unique nucleotide sequences generated 

by this library (47=16384). 

For some tRNASec variants from library 

F1, their steady state levels inside the cell were 

verified by northern blot (Figure 2). All tested 

variants showed about the same presence in the 

cell and about the same level of aminoacylation as 

WT (Figure 2).  The function of all tested variants 

required SelB, as none of them provided white 

colonies when expressed in the bacterial strain 

WL81300 lacking SelB (data not shown).  

Analysis of the selected F1-variants 

showed that the 5th and 6th base pairs were 

Watson-Crick (WC) in 28 (44%) and 14 (22%) 

variants, respectively. Only in three cases (5%), 

the 5th and 6th base pairs were simultaneously WC. 

The WC identities of the 5th and 6th base pairs 

varied between the clones; in different F1-clones, 

the 5th base pair had all WC identities except G14-

C21, while the 6th base pair had all four possible 

identities.  

If the GU dinucleotide combination was 

included in the definition of a base pair, the 5th and 

6th base pairs would then be formed in 34 (54%) 

and 20 (32%) clones, respectively.  Even with this 

expanded definition, only 11 F1-variants (17%) 

contained both base pairs, while 20 variants (32%) 

had none of them. Even though most variants 

missed one or two base pairs in the D-stem, there 

was no indication for a compensatory formation of 

the standard tertiary interactions 8-14 or 15-48. 

The identities of the nucleotides composing the 

connector regions varied randomly without any 
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obvious relationship to the identities of the 

corresponding base pairs.   

In the selected F1-clones, the 5th base pair 

was formed notably more often than the 6th base 

pair. Moreover, a co-variation analysis showed 

that the number of clones in which the 5th base 

pair is WC (28 clones) is substantially higher than 

the number expected if both nucleotide positions 

varied independently (18.4 clones, all details are 

provided in Supplemental Extended Experimental 

Procedure). The same analysis performed for the 

6th base pair showed that the number of clones in 

which this base pair is WC (14 clones) is only 

marginally higher than one would expect if both 

nucleotide positions varied independently (12.9 

clones). Therefore, the formation of the 5th base 

pair seemed to be more important for tRNASec 

function than the formation of the 6th base pair.    

To determine whether the existence of one 

base pair could influence the formation of the 

other one, we divided all F1-clones into two 

groups; those variants with (group 1) and without 

(group 2) a WC dinucleotide combination at the 

5th base pair. Analysis showed that the chance of 

having the 6th base pair WC was notably higher in 

group 2 than in group 1 (33% versus 17%). In 

other words, the probability for formation of the 

6th base pair became twice as high in the absence 

of the 5th base pair compared to the situation when 

it existed. 

In a similar way, when the 6th base pair 

did not form, the probability for the 5th base pair to 

be formed was higher than in the clones having 

the 6th base pair (51% versus 40%). Comparable 

results were obtained when the definition for a 

base pair was expanded to include the GU 

dinucleotide combination. These findings suggest 

the existence of a compensatory cross-talk 

between the 5th and 6th base pairs; if one of them 

does not exist, its absence has a tendency to be 

compensated by the presence of the other base 

pair. The existence of such a cross-talk is more 

evident when the 5th base pair is unpaired 

compared to the alternative situation when the 6th 

base pair is unpaired. 

Libraries F2 and F3- We next modified 

the design of the F1 library by extending both 

connector regions by one (nucleotides 9a and 48a, 

Library F2, Figure 1B and C) and two (nucleotides 

9a-9b and 48a-48b, library F3) randomized 

nucleotide positions. Library F2 resulted in the 

screening of 33 functional variants shown in Table 

S2. We noticed that during the screening of library 

F2, the frequency of appearance of positive clones 

was substantially lower than during the screening 

of library F1. Compared to F1-clones, the 

proportion of F2-clones having base pairs in both 

the 5th and 6th base pairs of the D-stem became 

notably higher. In particular, among all 33 F2-

clones, the 5th and the 6th base pairs were WC in 

30 (91%) and 23 (70%) clones, respectively. If the 

GU combination is also considered as a base pair, 

the corresponding numbers would increase to 31 

(94%) and 26 (79%) clones, respectively (Figure 

3). Again, as observed among F1-clones, the 5th 

base pair in F2-clones occurred more frequently 

than the 6th one, while the nucleotide sequences of 

the connector regions varied randomly without 
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any notable relation to the nucleotides 

corresponding to the 5th and 6th base pairs.  

The increased tendency for the 5th and 6th 

base pairs to be formed when the connector 

regions were extended was even more pronounced 

among the seven selected F3-variants, as all of 

them had a WC or GU base pair in the 5th layer, 

while all variants except one had a WC or GU 

base pair in the 6th layer (Figure 3, Table S3). 

Again, the frequency of appearance of positive F3 

clones was substantially lower than of positive F2 

clones. 

Libraries F4, F5 and F6- As discussed 

above, analysis of the nucleotide sequences of the 

obtained F1-clones suggested the existence of a 

cross-talk between the 5th and the 6th base pairs.  

When either the 5th or the 6th base pair did not 

form, the other base pair had a greater tendency to 

form as WC or GU.  To further verify the 

existence of such relationship, we designed three 

more combinatorial libraries F4-F6. In each of 

these libraries we took the design of library F2 as 

a prototype into which we forcefully introduced a 

purine-purine or pyrimidine-pyrimidine mismatch 

at the place of either the 5th or the 6th base pair of 

the D-stem (Figure 1C). Analysis of the screened 

variants showed that, compared to F2-clones, the 

clones screened from libraries F4-F6 were 

characterized by a very limited set of dinucleotide 

combinations in the other base pair, whose 

nucleotide identities were not limited during the 

experiment. Thus, the introduction of a 

pyrimidine-pyrimidine combination at the 5th base 

pair (library F5, Table S4) made the 6th base pair 

predominantly C15-G20. The exceptions 

happened in 7 out of the 27 collected variants and 

consisted of base pairs U15-A20 (one clone), G15-

C20 (three clones) and mismatch G15-G20 (three 

clones). Also, the introduction of a purine-purine 

combination at the same place (library F4, Table 

S5) made the 5th and 6th base pairs predominantly 

A14-G21 and C15-G20, with exceptions 

happening in three out of the 11 obtained clones. 

Finally, the introduction of a pyrimidine-

pyrimidine combination at the 6th base pair 

(library F6, Table S6) made the 5th base pair 

almost exclusively C14-G21 or A14-G21, and 

exceptions happened only in two out of 17 

obtained variants. These data additionally support 

the existence of a cross-talk between the 5th and 6th 

base pairs of the D-stem, so that a particular type 

of mismatch in one base pair strongly limits the 

set of acceptable dinucleotide combinations in the 

other one. 

The extended D-stem as a factor for the 

tRNASec stability- The results obtained so far 

clearly demonstrate that even though the 5th and 

6th WC base pairs are uniquely present in the 

tRNASec, neither of them plays a specific role in 

the tRNASec function. In different variants of the 

tRNASec, each of the two base pairs assumes all 

possible WC identities AU, UA, GC and CG. 

Moreover, both base pairs can have extended 

identities GU and UG or contain mismatches. The 

absence of distinct requirements imposed on the 

structure of these base pairs makes improbable 

their involvement in specific interactions with 

factors assisting the tRNASec functioning.  
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Although neither the 5th nor the 6th base 

pair in the D-stem was required for the tRNASec 

function, both of them played a positive role:  the 

presence of the 5th base pair strongly increased the 

chance for a tRNASec variant to be selected in our 

procedure, and in the absence of the 5th base pair, 

a similar effect was observed for the 6th base pair.  

Also, additional perturbing elements introduced 

into the nucleotide sequence of the tRNASec 

strongly favored the selection of variants 

containing these base pairs. Such perturbing 

elements included one (library F2) or two (library 

F3) extra nucleotides in the connector regions, as 

well as a mismatch at the place of either the 5th 

(libraries F4 and F5) or the 6th base pair (library 

F6) of the D-stem. Introduction of each of these 

elements sharply increased the chance for 

selection of clones with a D-stem containing more 

than four base pairs. The results of the screening 

of libraries F4-F6 also confirm the initial 

observation made based on analysis of the F1-

library that the two base pairs are involved in a 

cross-talk between themselves. The absence of 

either the 5th or the 6th base pair notably increased 

the chance for the other one to be formed.    

Although the designs of libraries F2-F6 

were different, they all shared the same feature 

consisting in creation of obstacles for formation of 

the normal secondary structure. The obstacles 

consisted in the extension of the connector regions 

and/or in the introduction of mismatches into the 

D-stem. The introduction of mismatches into the 

D-stem would destabilize the standard secondary 

structure, while the extension of the connector 

regions by randomized nucleotides would increase 

the probability for alternative secondary 

structures. This general conclusion was also 

checked by folding simulations using program 

mfold (Zuker, 2003). These simulations 

demonstrated that indeed, both the extension of 

the connector regions and the introduction of 

mismatches into the D-stem notably decreased the 

probability for formation of the proper cloverleaf 

secondary structure (not shown). Therefore, the 

observed elevated level of base pairings at the end 

of the D-stem compared to that observed among 

F1-clones (Figure 3) should be seen as a 

compensatory effect able to restore the stability of 

the variants.  This, in turn, leads us to the general 

conclusion that the major role of the additional 5th 

and 6th base pairs in the D-stem of the tRNASec 

consists in a non-specific stabilization of the D-

stem and through this, of the whole tRNASec 

secondary structure.  

Thermal stability of tRNASec variants- To 

further verify the stabilizing role played by the 

additional base pairs in the D-stem, we measured 

FDHH activities for some of the variants screened 

from library F1 which represented the spectrum of 

base pairing strength found within the D-stem. In 

total, we studied twelve molecules, including WT. 

Among them, the 5th base pair had identities UA 

(WT + three variants), as well as CG, UG, CA and 

AG (two variants for each combination). The 

identities of the 6th base pair were CG (WT + 1 

variant), UA (1), AU (2), AA (5), UU (1) and GA 

(1). For all variants analyzed, the activities were 

measured at 30˚C and at 37˚C (Table 1), while for 
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WT and for variant F1-24, (in F1-24, the 5th and 

the 6th base pairs were CA and UA, respectively), 

the activities were also measured at 33˚C and at 

42˚C (Figure 4). 

As anticipated, at 37˚C WT was the most 

active among all measured variants. Interestingly, 

when measured at 30˚C, WT performed better 

than at 37˚C. This fact, however, was expected 

and essentially repeated the result of a previous 

study (Takahata et al., 2008). All other variants 

followed the same pattern, having a higher activity 

at 30˚C than at 37˚C. Unexpectedly, a few variants 

performed at 30˚C significantly better than WT. In 

particular, clone F1-24 at 30˚C demonstrated 

higher than a two-fold (243%) activity than WT. 

Three more variants F1-4, F1-51 and F1-11 had 

activities that ranged from 158% to 184% of WT. 

When the temperature was raised from 30˚C to 

37˚C, all these clones experienced a substantial 

drop in activity to become no better than other 

clones. The same tendency continued to 42˚C with 

a further substantial drop in activity, as shown for 

clone F1-24 (Figure 4). For the other clones that 

did not have such robust activity at 30oC, the drop 

in the activity associated with the increase in 

temperature, was substantially more modest than 

for the first-mentioned clones F1-24, F1-4, F1-51 

and F1-11.  

The difference in the behavior of the 

measured clones did not relate to their presence in 

the cytosol. At 30˚C clone F1-24 performed better 

than WT, even though its level in the cytosol was 

no higher than of the latter (compare lanes 5 and 

6, to lanes 7 and 8 in Figure 2).  Conversely, at 

37˚C WT performed better than F1-24 despite 

having an equal to or even slightly lower presence 

in the cell (compare lanes 11 and 12, to 13 and 14 

of Figure 2). This observation allows us to make a 

general suggestion that the differences in the 

activities of the measured clones are somehow 

linked to particular features of their structure.   

To reveal such linkage, we assigned for 

each variant two parameters. The first parameter 

(parameter A, Table 1) represented the activity of 

the variant at 30˚C normalized by the 

corresponding activity of WT. Given that all 

clones demonstrated the highest activity at 30˚C, 

parameter A would thus represent the maximal 

activity measured for each clone. The second 

parameter (parameter B, Table 1) was calculated 

as the ratio between the activities at 30˚C and 

37˚C and thus represented the loss in activity 

caused by the increase in temperature. 

On the plot of B versus A (Figure 5), all 

measured clones form three distinct groups. Group 

1 is composed of six clones, including WT, that 

had a low to average activity at 30˚C, and a small 

decline in activity when temperature was elevated 

(low values of both A and B). Group 2 consists of 

four above-mentioned clones F1-24, F1-4, F1-51 

and F1-11 characterized by a high maximal 

activity and a significant decrease in activity 

caused by the increase in the temperature (high 

values of both A and B). Finally, group 3 included 

two clones F1-28 and F1-54, with a low value of 

A and a high value of B.  In other words, clones 

F1-28 and F1-54 had at 30˚C activities similar to 

that of WT, which however dropped as sharply as 
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in clones of group 2 when the temperature was 

raised from 30˚C to 37˚C.   

Analysis of the nucleotide sequences of 

the measured clones revealed a clear link between 

the position of a clone on the A/B plot and the 

identity of the 5th base pair in the D-stem. In all 

clones of group 1, this base pair was WC, being 

either UA (3 clones + WT) or CG (2 clones). In 

group 2, this base pair does not exist, being 

replaced by either AG (2) or CA (2) combination. 

Finally, in both variants of group 3, the 5th base 

pair is UG. Although each variant has five more 

variable nucleotides, which, in principle, could 

affect their level of activity, we do not think that 

the role of these nucleotides is essential. Between 

the clones, the identities of these five nucleotides 

vary widely and without any visible relation to the 

function of the clones. This makes the identity of 

the 5th base pair of the D-stem the major if not the 

only factor that determines the differences in the 

functional behavior of the measured clones. 

How exactly do the identities in the 5th 

base pair of the D-stem determine the 

functionality of the tRNASec variants? The 

presence of a WC base pair at this position (group 

1) is linked to a relatively low level of activity loss 

when the temperature increases from 30˚C to 

37˚C. In other words, if the 5th base pair is WC, it 

provides the tRNA with a higher resistance to heat 

(a low value of parameter B in group 1). 

Conversely, the absence of a WC base pair is 

associated with a substantial decline in activity 

when the temperature was increased from 30˚C to 

37˚C, or with a lower resistance to heat (high 

value of B in groups 2 and 3). Therefore, a WC 

base pair in the 5th position of the D-stem appears 

to be the major factor for the tRNA stability when 

the temperature rose from 30˚C to 37˚C.   

Surprisingly, at 30˚C the presence of 

either a WC or UG base pair in the 5th position of 

the D-stem, in spite of its stabilizing effect, makes 

a tRNASec variant substantially less active (low 

values of A in groups 1 and 3, Figure 5) compared 

to the variants that do not have such a base pair 

(group 2, Figure 5). This means that at 30˚C, the 

additional stabilization of the tRNA structure 

caused by the presence of a WC or UG base pair is 

harmful for the tRNASec function.   

Thus, at lower temperatures, a higher 

activity of the tRNASec is associated with the 

additional conformational flexibility in the D-

stem, which can be achieved through the absence 

of the 5th base pair. At higher temperatures, the 

stability of the tRNASec becomes critical, which 

thus requires that this base pair be formed. The 

UG base pair behaves in a peculiar way. At 30˚C, 

it behaves like a WC base pair, making the tRNA 

less effective (low level of parameter A). 

However, when the temperature is elevated, the 

UG base pair behaves as if it is inexistent (high 

level of parameter B). Such a dual behavior is 

consistent with the known mediocre stability of 

the UG base pair.  

   

DISCUSSION 

 In this study, we analyzed the role of the 

extended D-stem in the function of the E. coli 

tRNASec. For this purpose, we used the Instant 
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Evolution approach consisting in in vivo screening 

of a large number of functional variants originated 

from several combinatorial gene libraries. By 

focusing on positive variants, this approach is able 

to overcome the general problem, usually 

associated with in vivo studies, of attributing a 

poor functioning of a given variant to the 

particular aspect of the molecule’s synthesis, 

maturation or functioning. As we screened only 

highly efficient clones, all of them should have 

had no major problems at any of these steps. Also, 

due to the inherent combinatorial nature of the 

approach, it allowed further statistical analysis of 

the nucleotide sequences of the screened clones.   

The results presented in this paper clearly 

show that the 5th and 6th base pairs of the D-stem, 

which are uniquely present in the tRNASec, do not 

play any specific functional role and are not 

required for formation of any essential interaction 

of this molecule with other elements of the Sec-

incorporating machinery in E. coli. A tRNA can 

be functional even if neither of the two base pairs 

is formed. Moreover, the formation of the 5th base 

pair as WC or UG can even hamper the 

functionality of the tRNASec, as it was 

demonstrated by the lower activity at 30˚C of the 

variants containing these base pairs compared to 

variants having a shorter D-stem. Only at higher 

temperatures the presence of this base pair 

becomes essential for the tRNASec function.  

The presented data allow us to conclude 

that the major role of the additional base pairs in 

the D-stem of the tRNASec consists in providing 

for sufficient stability of the tRNA structure. This 

conclusion is based on three sets of experiments. 

First, analysis of the screened variants of the 

tRNASec revealed the existence of a cross-talk 

between the 5th and 6th base pairs in the D-stem, so 

that the absence of one of them has a tendency to 

be compensated by the presence of the other one. 

Second, each time when the design of a 

combinatorial library contained additional 

obstacles for formation of the proper secondary 

structure, the percentage of the screened variants 

having these base pairs notably increased. Finally, 

the measurement of the activity of several tRNASec 

variants demonstrated that the 5th base pair in the 

D-stem is required only at an elevated 

temperature, while at a lower temperature its 

formation can be harmful for the tRNASec 

function.   

A reasonable question would concern the 

reasons of why the stability of the tRNASec 

requires the presence of the base pairs that do not 

exist in any other tRNA. We think that the 

requirement for these base pairs relates to the fact 

that while all other tRNAs contain universal 

tertiary interactions 8-14 and 15-48, in the 

tRNASec these interactions do not exist. The 

formation of the additional base pairs in the D-

stem of the tRNASec should thus be considered as 

a compensatory measure that would stabilize the 

tRNA structure in the absence of the standard 

tertiary interactions.  

If the major aspect limiting functionality 

of tRNASec variants pertains to their stability, can 

the latter be restored through formation of the 

normal tertiary interactions existing in other 
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tRNAs? Inspection of the selected clones shows 

that out of the 63 F1-clones, only in three, F1-14, 

F1-36 and F1-1 the identities of nucleotides 8, 14, 

15 and 48 allow the formation of the two 

canonical tertiary base pairs 8-14 and 15-48.  

However, in two clones F1-14 and F1-1 the 

formation of base pair U8-A14 has to compete 

with the 5th base pair of the D-stem A14-U21. 

Whether in these exceptional cases the tertiary 

interactions 8-14 and 15-48 indeed form is 

unknown. It is clear, however, that out of the two 

options of structural stabilization, either through 

extension of the D-stem or through formation of 

tertiary interactions 8-14 and 15-48, F1-clones 

demonstrate a strong preference toward the first 

one. Such preference is even more pronounced 

among clones selected from libraries F2 and F3. In 

the latter clones, the stabilization of the tRNASec 

structure always proceeds through the extension of 

the D-stem, while the identities of the nucleotides 

of the connector regions do not provide even a 

theoretical opportunity for formation of the 

tertiary base pairs.   

Based on the fact that between the two 

options for stabilization of the tRNA structure 

either through restoration of the long D-stem or 

through formation of tertiary interactions 8-14 and 

15-48 the selected variants systematically choose 

the first one, we suggest that the tertiary 

interactions are harmful for the tRNASec function. 

The absence of these interactions makes the 

tRNASec conformation more flexible, compared to 

that of other cytosolic tRNAs. The existence of 

such flexibility has already been noticed when the 

available X-ray conformations of the tRNASec 

were compared with each other (Chiba et al., 

2010; Itoh et al., 2009).   

The flexibility provided by the absence of 

standard tertiary interactions seems to be essential 

for the tRNASec function. Moreover, the efficiency 

of WT can even be improved, if one introduced 

additional flexibility to its structure by disrupting 

the last base pairs of the D-stem. Such strategy, 

however, works only at low temperatures, when 

the modified tRNA is still able to maintain its 

secondary structure. At higher temperatures, when 

the stability of the whole tRNASec structure 

diminishes, the additional base pairs in the D-stem 

become essential. This result shows that as long as 

the integrity of the tRNASec secondary structure is 

not compromised, a higher conformational 

flexibility would correspond to a higher 

selenocysteine-incorporating activity. For the E. 

coli tRNASec, normally functioning at 37˚C, the 

formation of the 5th and 6th base pairs in the D-

stem seems to be the best compromise between 

flexibility and integrity.  

The presented data strongly suggest that 

the observed conformational flexibility of the 

tRNASec is required for some unique aspects of the 

tRNASec function that this molecule does not share 

with other tRNAs. In particular, it may be linked 

to another unusual feature of the tRNASec, the long 

acceptor stem. In the normal tRNAs, the standard 

tertiary interactions 8-14 and 15-48 make the 

acceptor/T helical domain rigidly attached to the 

D/anticodon domain. If the tRNASec contained the 

standard tertiary interactions and thus were as 
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rigid as other tRNAs, the unusually long acceptor 

stem would have juxtaposed the CCA-terminus 

and the anticodon loop differently compared to 

other tRNAs. This, in turn, would create problems 

for the proper accommodation of the tRNASec at 

the standard ribosomal sites. However, due to the 

absence of the standard tertiary interactions in the 

D stem-loop, the juxtaposition of the two 

functional centers of the tRNA becomes rather 

flexible. Such flexibility thus would be helpful for 

the simultaneous accommodation of the anticodon 

loop and of the CCA-terminus at the proper places 

on the ribosome surface. 

At the same time, the flexible characteristic of the 

tRNASec may also be related to its unusual 

functional pattern consisting in the theft of the 

UGA stop codon in response to the SECIS (Heider 

et al., 1992), the downstream secondary structure 

element essential for selenocysteine incorporation.  

How exactly the absence of the tertiary 

interactions in the tRNASec relates to its function 

will require further analysis.  
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FIGURE 1.  The secondary structure of the E. coli tRNASec and the designs of the combinatorial 

gene libraries expressed in this paper. The secondary structure is shown as the cloverleaf (A) and 

as the L-form (B).  In the cloverleaf, WC and GU base pairs are indicated by black and open 

rectangles, respectively.  In the cloverleaf diagram, the randomized nucleotide positions 8, 9, 14, 

15, 20, 21, and 48 are circled, while the inserted nucleotides 9a, 9b, 48a, and 48b are indicated by 

overlapping circles. In the L-form, black circles stand for nucleotides of double helical regions. 

The positions of the D- and T-loops and of the extra arm are indicated. Nucleotides are numbered 

as in the tRNA database (Juhling et al., 2009). All nucleotides that have been variable in our 

combinatorial libraries are shown by open circles (in the connector regions) or open rectangles (at 

the end of the D-stem). Nucleotides 9a, 9b, 48a and 48b are present only in some of the libraries 

(see panel C). C: the designs of each of the six combinatorial gene libraries discussed in the 

paper. For all libraries, N, R and Y stand for a fully randomized nucleotide (N), for variation 

between A and G (R) and between C and U (Y). Dashes stand for nucleotide positions not present 

in the library.  
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FIGURE 2. The steady state and aminoacylation levels of the WT tRNASec and of variants F1-24, 

F1-54, and F1-62 at 30˚C (lanes 3-10) and at 37˚C (lanes 11-18). The negative control containing 

the void vector is shown in lanes 1 and 2. Northern blot hybridization was performed using a 

specific DNA probe complementary to the extra-arm of the tRNASec. For each variant checked, 

the presence in the cell at 30˚C and at 37˚C is comparable. The samples in the even lanes were 

deacylated by incubation with Tris pH 9.0, while the samples in the odd-lanes were not. The fact 

that the aminoacylated form migrated slower than the deacylated form allowed evaluation of the 

level of aminoacylation. Each variant existed in the cell predominantly in the aminoacylated 

form. An additional probe specific to 5S rRNA was used to monitor the amount of total RNA in 

the samples (indicated by arrow A). For each sample, the identity of the 5th base pair of the D-

stem (base pair 14-21) is provided. The upper part of the figure showing the 5S rRNA was taken 

from a short exposure of the northern blot, while the lower part showing tRNASec variants was 

taken from a longer exposure (the original blots with the short and long exposure are shown in the 

supplemental figure S1).  The relative amounts of tRNA are shown for each variant as a 

percentage of the WT tRNASec at 30˚C (level C, lane 4) which was taken to be 100%.  The 

aminoacylation levels for each variant was calculated by dividing the aminoacylated band density 

(level B, odd lane) by the total tRNA density (level C, even lane).  All density calculations were 

normalized to the amount of 5S (level A).   
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FIGURE 3.  The proportion of variants having the 5th (solid line) and 6th (dotted line) base pair 

WC or GU depending on the number of additional nucleotides incorporated into each of the two 

connector regions (0, 1 and 2 nucleotides for libraries F1, F2 and F3, respectively). For both base 

pairs, the probability to be formed notably increased when the connector regions were extended. 

In all screenings, the 5th base pair formed more often than the 6th base pair. The plot demonstrates 

that the relative instability of the secondary structure caused by the extension of the connector 

regions is generally compensated by a more stable D-stem. 
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FIGURE 4.  The FDHH activities of the WT tRNASec (diamond, dotted line) and of variant F1-24 

(square, solid line) at different temperatures.  The activity of the WT tRNASec at 30˚C was taken 

as 100%. Compared to WT, the activity of variant F1-24 at 30˚C was notably higher, but at higher 

temperatures declined significantly faster.  Each plot represents the activity averaged over three 

independent measurements. The standard deviations are indicated. 
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FIGURE 5.  The positions of twelve selected F1 variants on the A/B plot. Parameter A represents 

the activity of a variant at 30˚C normalized by the activity of the WT tRNASec. Parameter B 

characterizes the rate of the FDHH activity decline of a variant when the temperature increases 

from 30˚C to 37˚C (see the text). On the plot, the positions of the variants become grouped 

depending on the identity of the 5th base pair. Each point is marked by the clone number (black) 

followed by the identity of the fifth base pair in the D-ste m (red).  
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U78!
.&7-!L?RIL1!

[78!
.&7-!LURIJ1!

L-7!
.&7-!VRT1!

I&,!
.&7?V1!

\LRUJ! PUn! PLn! L:L! B0! BB! AB! 0!

\LRLV! P[n! IPn! L:U! B0! 00! A0! 0!

\LR[I! _[n! PVn! I:J! A@! A@! BA! @!

\LRPL! V[n! UPn! L:[! B0! B0! 0B! A!

W>! LJJn! [[n! L:U! B0! A@! @B! @!

\LRIL! LJIn! ?Tn! I:L! A@! 00! AB! @!

\LRIV! LJLn! ILn! ?:T! B@! 00! B0! 0!

\LRU?! LL?n! PLn! P:[! B@! 0B! B0! @!

\LR?! LUVn! ?Jn! ?:J! 0@! @0! @A! B!

\LRUL! L__n! P[n! ?:T! 0@! 00! 0@! B!

\LRLL! LV?n! ??n! ?:I! A0! 00! A0! 0!

\LRI?! I?Pn! UUn! ?:?! A0! 0B! @0! B!

TABLE 1. Relative FDHH activities of selected variants performed at 30oC and 37oC. 

The FDHH activities of selected variants performed at 30oC (parameter A) and 37oC are shown 

with the WT activity at 30oC being 100%.  Paramater B is the ratio between the activity at 30oC 

divided by the activity of 37oC. The corresponding nucleotide identities for the 5th base pair, 6th 

base pair, 1st Connector, and the 2nd Connector is shown.  In the 5th base pair column, variants are 

boxed based on the dinucleotide combinations that form either WC, GU, or non-WC base pairs. 
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Supplemental Data: 

!"#$%&'()&*+,-&./&*+#0"01&2(&3"0+"4-,&

                _______________________________________________ACCEPTOR-STEM________________________________________________ 
                |                                                                                                          |  
                |           _____D-STEM____       _ANTICODON-STEM_          ___EXTRA-ARM____         ____T-STEM_____       |  
                |    C1     |             |       |              |          |              |    C2   |             |       |       .      
WT          GGAAGATC GT   CGTCTC  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
LibF1       GGAAGATC NN   CGTCNN  CGGT NNGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG N  GCAGG TTCGACT CCTGT GATCTTCC GCCA   
F1-1        GGAAGATC TA   CGTCAA  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-2        GGAAGATC AG   CGTCTG  CGGT CGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-3        GGAAGATC CT   CGTCCA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGGCCG CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-4        GGAAGATC GC   CGTCAG  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-5        GGAAGATC AG   CGTCAG  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-6        GGAAGATC TA   CGTCTA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-7        GGAAGATC CC   CGTCAA  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-8        GGAAGATC TA   CGTCCG  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-9        GGAAGATC TG   CGTCAA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-10       GGAAGATC TT   CGTCAT  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-11       GGAAGATC CA   CGTCCA  CGGT AAGGCG  ACTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-12       GGAAGATC CT   CGTCAA  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-13       GGAAGATC AA   CGTCAG  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-14       GGAAGATC TC   CGTCAG  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-15       GGAAGATC CT   CGTCAA  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-16       GGAAGATC TG   CGTCGA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-17       GGAAGATC GC   CGTCAG  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-18       GGAAGATC CA   CGTCTA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-19       GGAAGATC CT   CGTCTG  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-20       GGAAGATC TA   CGTCTA  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-21       GGAAGATC CT   CGTCCA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-22       GGAAGATC TT   CGTCAA  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-23       GGAAGATC AT   CGTCAA  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-24       GGAAGATC GA   CGTCCA  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-25       GGAAGATC AG   CGTCAA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-26       GGAAGATC AC   CGTCCA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-27       GGAAGATC GT   CGTCCA  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-28       GGAAGATC TA   CGTCTA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-29       GGAAGATC TT   CGTCCA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGG_CCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-30       GGAAGATC CG   CGTCTG  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-31       GGAAGATC AT   CGTCTT  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-32       GGAAGATC TA   CGTCTG  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-33       GGAAGATC TA   CGTCTA  CGGT CAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-34       GGAAGATC GA   CGTCAA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-35       GGAAGATC TG   CGTCCA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-36       GGAAGATC TA   CGTCAA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
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F1-37       GGAAGATC AA   CGTCTA  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-38       GGAAGATC CT   CGTCAA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-39       GGAAGATC CT   CGTCAA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-40       GGAAGATC TT   CGTCAG  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-41       GGAAGATC TC   CGTCCA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-42       GGAAGATC GC   CGTCCG  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-43       GGAAGATC TT   CGTCTG  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCTG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-44       GGAAGATC TA   CGTCTA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-45       GGAAGATC TT   CGTCAA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-46       GGAAGATC CA   CGTCAA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-47       GGAAGATC CT   CGTCAA  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-48       GGAAGATC TC   CGTCTA  CGGT CAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-49       GGAAGATC TA   CGTCTC  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-50       GGAAGATC CT   CGTCTT  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-51       GGAAGATC AG   CGTCAA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-52       GGAAGATC TA   CGTCAA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-53       GGAAGATC TT   CGTCCA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-54       GGAAGATC TA   CGTCTA  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-55       GGAAGATC AT   CGTCTA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-56       GGAAGATC GG   CGTCAT  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA   
F1-57       GGAAGATC AG   CGTCAC  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-58       GGAAGATC GA   CGTCCT  CGGT ACGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-59       GGAAGATC TG   CGTCTG  CGGT CGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG C  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-60       GGAAGATC GG   CGTCAA  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
F1-61       GGAAGATC TG   CGTCTA  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG A  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-62       GGAAGATC TC   CGTCCC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG G  GCAGG TTCGACT CCTGT GATCTTCC GCCA  
F1-63       GGAAGATC AG   CGTCAG  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT    TGGGGCCG  CCAG CGGTCCCG T  GCAGG TTCGACT CCTGT GATCTTCC GCCA 
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              _______________________________________________ACCEPTOR-STEM_________________________________________________ 
              |                                                                                                           |  
              |            _____D-STEM____       _ANTICODON-STEM_        ___EXTRA-ARM___           ____T-STEM______       |  
              |    C1      |             |       |              |        |             |    C2     |              |       |       .      
LibF2     GGAAGATC NNN   CGTCNN  CGGT NNGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG NN   GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
F2-1      GGAAGATC TGG   CGTCTA  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-2      GGAAGATC TAA   CGTCAA  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F2-3      GGAAGATC TAT   CGTCCA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-4      GGAAGATC CAA   CGTCAA  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-5      GGAAGATC GGA   CGTCCA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-6      GGAAGATC CTG   CGTCTT  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-7      GGAAGATC AAA   CGTCAG  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-8      GGAAGATC TTT   CGTCAG  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-9      GGAAGATC GAT   CGTCAA  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-10     GGAAGATC AAT   CGTCCC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-11     GGAAGATC TGG   CGTCGG  CGGT CCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-12     GGAAGATC TT_   CGTCAA  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
F2-13     GGAAGATC GAT   CGTCAT  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GC   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-14     GGAAGATC AAC   CGTCCA  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
F2-15     GGAAGATC TA_   CGTCAT  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-16     GGAAGATC TGA   CGTCAT  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TT   ACAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-17     GGAAGATC TAC   CGTCTT  CGGT AAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGACCG CCAG CGGTCCCG TG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-18     GGAAGATC ATT   CGTCTA  CGGT TAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-19     GGAAGATC TCA   CGTCCA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-20     GGAAGATC TTA   CGTCTC  CGGT GAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-21     GGAAGATC ACC   CGTCGC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-22     GGAAGATC TCA   CGTCCG  CGGT CGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-23     GGAAGATC GTC   CGTCGA  CGGT ACGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CA   GCAGG TTCGATT  CCTGT GATCTTCC GCCA   
F2-24     GGAAGATC GCT   CGTCAT  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-25     GGAAGATC CGA   CGTCAT  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-26     GGAAGATC TGT   CGTCGA  CGGT TCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-27     GGAAGATC GTA   CGTCTT  CGGT GAGACG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG   GCAGG TTCAACT  CCTGT GATCTTCC GCCA  
F2-28     GGAAGATC TCG   CGTCGC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-29     GGAAGATC GTA   CGTCGA  CGGT TCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TA   GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
F2-30     GGAAGATC ATA   CGTCCA  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-31     GGAAGATC GTG   CGTCCA  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-32     GGAAGATC TTC   CGTCGG  CGGT CCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F2-33     GGAAGATC TTT   CGTCAA  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CT   GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
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             _______________________________________________ACCEPTOR-STEM_________________________________________________ 
             |                                                                                                           |  
             |            _____D-STEM____       _ANTICODON-STEM_        ___EXTRA-ARM___           ____T-STEM______       |  
             |     C1     |             |       |              |        |             |    C2     |              |       |       .      
LibF3    GGAAGATC NNNN  CGTCNN  CGGT NNGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG NNN  GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
F3-1     GGAAGATC AGAG  CGTCAT  CGGT ATGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GGG  GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F3-2     GGAAGATC GTCC  CGTCAC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG ATA  GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F3-3     GGAAGATC ATAC  CGTCTA  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CGT  GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F3-4     GGAAGATC GGTT  CGTCAG  CGGT CTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GTG  GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F3-5     GGAAGATC ATAC  CGTCAA  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TGT  GCAGG TTCGACT  CCAGT GATCTTCC GCCA  
F3-6     GGAAGATC TAGA  CGTCTC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TTT  GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F3-7     GGAAGATC TGAC  CGTCTC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TAG  GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
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             _______________________________________________ACCEPTOR-STEM_______________________________________________ 
             |                                                                                                         |  
             |            _____D-STEM____       _ANTICODON-STEM_        ___EXTRA-ARM___         ____T-STEM______       |  
             |    C1      |             |       |              |        |             |    C2   |              |       |       .      
LibF5    GGAAGATC NNN   CGTCYN  CGGT NYGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG NN GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F5-1     GGAAGATC ATA   CGTCCC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-2     GGAAGATC TTT   CGTCCG  CGGT CTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCC_ AT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-3     GGAAGATC TTA   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-4     GGAAGATC GTC   CGTCCT  CGGT ACGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-5     GGAAGATC AAC   CGTCCG  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-6     GGAAGATC TAC   CGTCTC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-7     GGAAGATC AAA   CGTCCG  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG _G GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-8     GGAAGATC AAG   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-9     GGAAGATC GTA   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-10    GGAAGATC CTT   CGTCTC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-11    GGAAGATC GTT   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-12    GGAAGATC GCC   CGTCTC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-13    GGAAGATC AAC   CGTCTC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-14    GGAAGATC GAC   CGTCCC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
F5-15    GGAAGATC GTG   CGTCTC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-16    GGAAGATC GTC   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-17    GGAAGATC CCC   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-18    GGAAGATC GGA   CGTCCC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-19    GGAAGATC GTA   CGTCTC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG T_ GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-20    GGAAGATC GAC   CGTCCC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-21    GGAAGATC ATA   CGTCCC  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-22    GGAAGATC TGA   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-23    GGAAGATC GTC   CGTCTG  CGGT CTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-24    GGAAGATC TCC   CGTCTC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-25    GGAAGATC GAC   CGTCCG  CGGT GTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F5-26    GGAAGATC GAC   CGTCCC  CGGT GCGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F5-27    GGAAGATC GTC   CGTCTG  CGGT CTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
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             _______________________________________________ACCEPTOR-STEM_______________________________________________ 
             |                                                                                                         |  
             |            _____D-STEM____       _ANTICODON-STEM_        ___EXTRA-ARM___         ____T-STEM______       |  
             |    C1      |             |       |              |        |             |    C2   |              |       |       .      
LibF4    GGAAGATC NNN   CGTCRN  CGGT NRGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG NN GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F4-1     GGAAGATC CTC   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-2     GGAAGATC GAG   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-3     GGAAGATC AGA   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-4     GGAAGATC GAA   CGTCAA  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-5     GGAAGATC GGC   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-6     GGAAGATC GTG   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-7     GGAAGATC CAA   CGTCAG  CGGT CAGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-8     GGAAGATC TAA   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-9     GGAAGATC GAT   CGTCGT  CGGT AGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-10    GGAAGATC TCG   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F4-11    GGAAGATC GAT   CGTCAC  CGGT GGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TT GCAGG TTCGACT  CCTGT GATCTTCC GCCA   
&
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             _______________________________________________ACCEPTOR-STEM_______________________________________________ 
             |                                                                                                         |  
             |            _____D-STEM____       _ANTICODON-STEM_        ___EXTRA-ARM___         ____T-STEM______       |  
             |    C1      |             |       |              |        |             |    C2   |              |       |       .      
LibF6    GGAAGATC NNN   CGTCNY  CGGT YNGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG NN GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-1     GGAAGATC TAT   CGTCCC  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F6-2     GGAAGATC AAT   CGTCAT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-3     GGAAGATC AAT   CGTCCC  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-4     GGAAGATC AAA   CGTCTC  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F6-5     GGAAGATC AAG   CGTCCT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F6-6     GGAAGATC GGG   CGTCCT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCA TG GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-7     GGAAGATC TTT   CGTCAT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG A_ TCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-8     GGAAGATC AAT   CGTCCT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GC GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-9     GGAAGATC TAT   CGTCCT  CGGT CGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F6-10    GGAAGATC AAG   CGTCCT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG GT GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-11    GGAAGATC TAG   CGTCCT  CGGT CGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F6-12    GGAAGATC TAA   CGTCAT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCC G_ GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-13    GGAAGATC AAA   CGTCCT  CGGT CGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG TT GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-14    GGAAGATC TAG   CGTCAT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AG GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-15    GGAAGATC AAA   CGTCAT  CGGT TTGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG AA GCAGG TTCGACT  CCTGT GATCTTCC GCCA  
F6-16    GGAAGATC AAT   CGTCCT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG CG GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
F6-17    GGAAGATC TAT   CGTCAT  CGGT TGGGCG  GCTGGA CTTCAAA TCCAGT  TGGGGCCG CCAG CGGTCCCG A_ GCAGG TTCGACT  CCTGT GATCTTCC GCCA 
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UU(2.5)=1; UC(0.2)=0; UA(9.5)=13;  UG(7.6)=6 
CU(2.5)=1; CC(0.2)=1; CA(6.7)=3;   CG(5.3)=9 
AU(3.6)=6; AC(0.4)=0; AA(13.3)=14; AG(10.7)=8 
GU(0.1)=0; GC(0.0)=0; GA(0.5)=0;   GG(0.4)=1 
 
!"#$%&':)&*+,"-."/.+0&"0"$12.2&3+-&/4%&;/4&#"2%&6".-&3-+7&$.#-"-1&89&,"-."0/2&

UU(1.1)=1; UC(0.3)=0; UA(2.2)=3; UG(1.3)=1 
CU(0.7)=0; CC(0.2)=0; CA(1.3)=2; CG(0.8)=1 
AU(8.9)=8; AC(2.5)=2; AA(17.8)=20; AG(10.8)=10 
GU(3.3)=5; GC(1.0)=2; GA(6.7)=3; GG(4.0)=5 
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Library F1, 5’CGGAATTCGGAAGATCNNCGTCNNCGGTNNGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNGCAGGTTCGACTCCTGTGATC3’ 
Library F2, 5’CGGAATTCGGAAGATCNNNCGTCNNCGGTNNGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNNGCAGGTTCGACTCCTGTGATC3’ 
Library F3, 5’CGGAATTCGGAAGATCNNNNCGTCNNCGGTNNGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNNNGCAGGTTCGACTCCTGTGATC3’ 
Library F4, 5’CGGAATTCGGAAGATCNNNCGTCRNCGGTNRGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNNGCAGGTTCGACTCCTGTGATC3’ 
Library F5, 5’CGGAATTCGGAAGATCNNNCGTCYNCGGTNYGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNNGCAGGTTCGACTCCTGTGATC3’  
Library F6, 5’CGGAATTCGGAAGATCNNNCGTCNYCGGTYNGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNNGCAGGTTCGACTCCTGTGATC3’ 
$

1-(23(-4)%5$%,$4"#$#67#24#'$538.#&$%,$')532(#%4)'#$2%8.)5-4)%5+$),$&-5'%89$

!"#$#%&#'(#)$*+,-#.$/0$'1/*#2$0/.$3$&3.(4'+13.$)4*+'1#/(4)#$'/,-4*3(4/*$532$'31'+13(#)$32$0/11/526$40$("#$(/(31$*+,-#.$/0$
2'.##*#)$'1/*#2$42$73118$5"41#$("#$*+,-#.2$/0$'1/*#2$54("$9$4*$&/24(4/*$:;$3*)$54("$<$4*$&/24(4/*$=:$3.#8$.#2&#'(4>#1?8$79:;$3*)$
7<=:8$("#*$("#$#%&#'(#)$*+,-#.$/0$'1/*#2$'/*(34*4*@$)4*+'1#/(4)#$'/,-4*3(4/*$9:;A<=:$+*)#.$("#$&.#2+,&(4/*$("3($("#$
4)#*(4(4#2$/0$("#$(5/$&/24(4/*2$>3.4#)$4*)#&#*)#*(1?$5/+1)$-#$79:;8<=:$B$C79:;D$7<=:EF7311G$!"#*8$("#$#%&#'(#)$*+,-#.$/0$HI$
'/,-4*3(4/*2$:;A=:$C7HIE$5/+1)$-#6$7HI$B$79:;8<=:$J$7<:;89=:$J$7K:;8I=:$J7I:;8K=:G$$ $

L32#)$/*$("#$3-/>#8$5#$"3>#$(3-+13(#)$("#$#%&#'(#)$*+,-#.$/0$)4*+'1#/(4)#$'/,-4*3(4/*2$0/.$311$&/224-1#$)4*+'1#(4)#$
'/,-4*3(4/*2$0/.$("#$M("$C!3-1#$NE$3*)$("#$O("$C!3-1#$PE$13?#.$/0$("#$QA2(#,$40$("#?$5#.#$(/$/''+.$.3*)/,1?$C("#$*+,-#.$4*$
-.3'R#(2EG$$!"#$*+,-#.$0/11/5#)$-?$SBT$42$("#$3'(+31$*+,-#.$/0$/''+.#*'#2G$$
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

A

B
C

NEG WT F1-24 F1-54 F1-62 WT

30 C 37 Co o

CA UG CG
F1-24 F1-54 F1-62

CA UG CGUA UA-5th b.p.:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

A

B
C

NEG WT F1-24 F1-54 F1-62 WT

30 C 37 Co o

CA UG CG
F1-24 F1-54 F1-62

CA UG CGUA UA-5th b.p.:

!"#$%&'!()

!*+!(,-&.!/01-2%&'

3+!4-5$!/01-2%&'
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!"#$%&'(L(

%37(5.+6(8117?,.-M%(/.;82+(8+/(+.,(,37(5.+6(8117?,.-(9,7;(29(2;?.-,8+,(<.-(,37(

<0+1,2.+(.<(,37(B81,7-285(9757+.149,72+7(,':#(

>*7-'!K:!c-8##=!X7k38+&*!/*5%'2-!Å!X*2<*4!]:!X7*#&$*2<j!

=0+$>#?3#2$:!!#-0$!5"0-#*"-#7018'190-#0<701!90"+$D#*"*%6@0-#+:0#10$>%+$#*"-#;1'+0#+:0#7*7013#

A+]7:*"0#)09'>1$#7018'190-#0<701!90"+$3#

A01506#B3#A+0!"C015#-0$!5"0-#+:0#0<701!90"+$D#*"*%6@0-#+:0#10$>%+$#*"-#;1'+0#+:0#7*7013#

B&#F*2-#7k!,*!K%&72k+)=!Hk3+27*5*&7!,*!S#%(8#5#*=!A:f:![LIV=!-'(('2-+)*!A*&72*R]#))*!

K%&72k+)=!f`=!A+&+,+!ZPA!Pa_:!

j!>%!D8%5!(%22*-3%&,*&(*!-8%'),!$*!+,,2*--*,:!>*);!LRUL?RP?PR[PIJC!\+Y;!LR!UL?RP?PR

IILJ!!

#NE%'#!%(

>8*! -*)*&%(4-7*#&*! 7"/0! .7"/0-X*(1! #-! 2*&%D&*,! 6%2! #7-! )%&<! +((*37%2! -7*5=!8+F#&<! *#78*2!

*#<87!%2!&#&*!$+-*!3+#2-!.$31!#&-7*+,!%6!78*!-7+&,+2,!-*F*&:!0)-%=!78*!+((*37%2^>!,%5+#&!%6!

78*! 7"/0X*(! +)D+4-! (%&7+#&-! LP! $3! #&-7*+,! %6! 78*! -7+&,+2,! LI:! W*! -8%D! 8*2*! 78+7! 6%2! +!

2*)#+$)4!,*7*(7+$)*! )*F*)!%6! 78*!$+(7*2#+)! 7"/0X*(! 6'&(7#%&! !"#(!('=!&*#78*2! 78*! )%&<!+((*37%2!

-7*5=!&%2!78*!)%&<!+((*37%2^>!,%5+#&!#-!2*G'#2*,:!Z%D*F*2=!78*!F+2#+&7-!D#78!LP!$3!#&!78*!

+((*37%2^>!,%5+#&!2*<+2,)*--!%6!78*!)*&<78!%6!78*!+((*37%2!-7*5=!D8#(8!(+&!8+F*!_=!V!%2!T!

$3=! ,#-3)+4*,!8#<8*2! +(7#F#74:! >8*! #&,#66*2*&(*!%6! 78*! 7"/0X*(! 6'&(7#%&! 7%! 78*! )*&<78!%6! 78*!

+((*37%2! -7*5! #&6*2-! 78*! *Y#-7*&(*! %6! -'$-7+&7#+)! (%&6%25+7#%&+)! 6)*Y#$#)#74! #&! #7-! 7*27#+24!

-72'(7'2*=!3%7*&7#+))4!(+'-*,!$4!78*!+$-*&(*!%6!78*!-7+&,+2,!7*27#+24!#&7*2+(7#%&-!VRL?!+&,!

LUR?V:!!!
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G&OPQ'FE(

X*)*&%(4-7*#&*=!7"/0=!(%5$#&+7%2#+)!)#$2+24=!!"#(!('!-(2**&=!#&-7+&7!*F%)'7#%&!

):%'QFA!%)Q:(

X*)*&%(4-7*#&*! #-! 78*! IL-7! +5#&%! +(#,! 78+7! #-! (%R72+&-)+7#%&+))4! #&(%23%2+7*,! #&7%!

3%)43*37#,*!(8+#&-:!>8*! #&(%23%2+7#%&! 7+E*-!3)+(*!+7!+!B@0!(%,%&! #&! 2*-3%&-*! 7%!XOAcXD! +!

3+27#(')+2! -*(%&,+24! -72'(7'2*! *)*5*&7! )%(+7*,! #&! 78*! 5"/0! ,%D&-72*+5! 7%! 78#-!

(%,%&.g#&%&#!*7!+):=!LTV_C!g#&%&#!*7!+):=!LTTJ1:!X*)*&%(4-7*#&*! #-!,*)#F*2*,!7%! 78*!2#$%-%5*!

$4!78*!-3*(#6#(!-*)*&%(4-7*#&*!7"/0!.7"/0X*(1!#&!78*!7*2&+24!(%53)*Y!D#78!72+&-)+7#%&!6+(7%2!

X*)S!.+&+)%<!%6!O\R>'1!+&,!@>f.S%(E!*7!+):=!LTTLC!\%2(88+55*2!*7!+):=!LTVT1:!>8*!7"/0X*(!#-!

E&%D&!6%2!#7-!'&'-'+)!()%F*2)*+6!-*(%&,+24!-72'(7'2*=!78*!5%-7!32%5#&*&7!+-3*(7!%6!D8#(8!#-!

78*! )%&<! +((*37%2! -7*5! .\#<'2*! L1.S%(E! *7! +):=! LTTLC! M*#&6*),*2! *7! +):=! LTVVC! X(8e&! *7! +):=!

LTVT1:!W8#)*! #&! +))! %78*2! (47%-%)#(! 7"/0-! 78*! +((*37%2! -7*5! (%&7+#&-! -72#(7)4! -*F*&! $+-*!

3+#2-!.$31=!#&!78*!7"/0X*(!#7!8+-!*#78*2!*#<87.c7%8!*7!+):1!.#&!$+(7*2#+1!%2!&#&*!.#&!+2(8+*+!+&,!

#&!*'E+24%7*-1!$3.A8#$+!*7!+):C!c7%8!*7!+):=!IJJT1:!c&!+,,#7#%&=!78*!>R-7*5!%6!78*!+2(8+*+)!+&,!

*'E+24%7#(! 7"/0-X*(! (%&7+#&-! %&)4! 6%'2! $3! #&-7*+,! %6! 78*! &%25+)! 6#F*:! 0-! +! 2*-')7=! 78*!

+((*37%2^>!,%5+#&!#&!+))!7"/0-X*(!'&#F*2-+))4!(%&7+#&-!LP!$3=!#:*:!%&*!$+-*!3+#2!5%2*!78+&!#&!

%78*2! (47%-%)#(! 7"/0-:! >8*! -72'(7'2*! %6! 78*! +((*37%2^>! ,%5+#&! (+&! $*! ,*&%7*,! +-! K^/=!

D8*2*! K! +&,! /! -7+&,! 6%2! 78*! &'5$*2! %6! $3! #&! 78*! +((*37%2! +&,! >R-7*5-=! 2*-3*(7#F*)4:!

A%22*-3%&,#&<)4=! 78*! -72'(7'2*! %6! 78#-! ,%5+#&! #&! 7"/0X*(! #-! ,*&%7*,! +-! *#78*2! V^U! .#&!

$+(7*2#+1!%2!T^?!.#&!+2(8+*+!+&,!#&!*'E+24%7*-1:!!

! S+-*,!%&!78*!'&#F*2-+)!32*-*&(*!%6!78*!+$&%25+))4!)%&<!+((*37%2!-7*5!+&,!+((*37%2^>!

,%5+#&!#&!+))!7"/0-X*(=!#7!D+-!-'<<*-7*,!78+7!78*-*!-72'(7'2+)!+-3*(7-!%2!+7!)*+-7!%&*!%6!78*5!

#-!*--*&7#+)!6%2!78*!7"/0X*(!6'&(7#%&!.S%(E!*7!+):=!LTTL1:!c7!2*5+#&-!8%D*F*2!'&()*+2!D8#(8!%6!

78*!7D%!+-3*(7-!#-!5%2*!#53%27+&7!+&,!8%D!(2#7#(+)!#7!#-!6%2!78*!7"/0X*(!6'&(7#%&:!>%!+,,2*--!
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78*-*!G'*-7#%&-=!D*!'-*,!8*2*!78*!c&-7+&7!OF%)'7#%&!+332%+(8!.c-8##!*7!+):=!IJLPC!M**!*7!+):=!

LTT_1!(%&-#-7#&<!#&!78*!-(2**&#&<!%6!6'&(7#%&+)!!"#(!('#F+2#+&7-!%6!78*!7"/0X*(!62%5!-3*(#+))4!

,*-#<&*,! (%5$#&+7%2#+)! <*&*! )#$2+2#*-! #&! D8#(8! (*27+#&! +2*+-! %6! 78*! &'()*%7#,*! -*G'*&(*!

D*2*!2+&,%5#9*,:!>8#-!+332%+(8!+))%D*,!'-!7%!6#&,!6'&(7#%&+)!7"/0X*(!F+2#+&7-!8+F#&<!&%&R

-7+&,+2,! -72'(7'2*-! %6! 78*! +((*37%2^>! ,%5+#&:! 0&+)4-#-! %6! UU! -'(8! F+2#+&7-! 2*F*+)*,! 78*!

)#5#7-!D#78#&!D8#(8!78*!-72'(7'2*!%6!78*!+((*37%2^>!,%5+#&!(+&!$*!5%,#6#*,!D#78%'7!2'#&#&<!

78*!7"/0X*(!6'&(7#%&:!c&!3+27#(')+2=!D*!,*5%&-72+7*!8*2*!78+7!6%2!+!2*)#+$)4!,*7*(7+$)*!)*F*)!

%6!-*)*&%(4-7*#&*!#&(%23%2+7#%&=!&*#78*2!78*!'&'-'+)!)*&<78!%6!78*!+((*37%2!-7*5!&%2!%6!78*!

+((*37%2^>!,%5+#&!%6!78*!7"/0X*(!F+2#+&7!D+-!2*G'#2*,:!Z%D*F*2=!+))!F+2#+&7-!D#78!+!2%$'-7!

+(7#F#74! +332%+(8#&<! %2! *F*&! *Y(**,#&<! 78+7! %6! 78*! D#),R743*! 7"/0X*(! .W>1=! (%&7+#&*,!

#&F+2#+$)4!LP!$+-*!3+#2-!#&!78*!+((*37%2^>!,%5+#&=!#22*-3*(7#F*!%6!78*!)*&<78!%6!78*!+((*37%2!

-7*5:!!

%37(7C?7-2;7+,85(8??-.813(<.-(!"#$!$%(91-77+2+6(.<(,':#E71(D8-28+,9(

\'&(7#%&+)! F+2#+&7-! %6! 78*! 7"/0X*(! D*2*! %$7+#&*,! 782%'<8! !"# (!('! -(2**&#&<! %6! -3*(#+))4!

,*-#<&*,!(%5$#&+7%2#+)!<*&*! )#$2+2#*-! #&!D8#(8!(*27+#&!&'()*%7#,*!3%-#7#%&-!%6! 78*! 7"/0X*(!

D*2*!5%,#6#*,!%2!2+&,%5#9*,:!>8*!)#$2+2#*-!D*2*!()%&*,!#&7%!78*!3@\cSRL!*Y32*--#%&!F*(7%2!

+&,!72+&-6%25*,!#&7%!78*!.3#&'%!!-72+#&!WMVL?[J=! #&!D8#(8!78*!<*&*!(%,#&<!6%2!78*!7"/0X*(!

.<*&*! A0%Z1! 8+,! $**&! #&+(7#F+7*,! .g#&%&#! *7! +):=! LTTJ1:! S+(7*2#+)! (%)%&#*-! *Y32*--#&<!

6'&(7#%&+)! 7"/0X*(! F+2#+&7-! D*2*! (%))*(7*,! $+-*,! %&! 78*! +(7#F#74! %6! 78*! *&,%<*&%'-)4!

*Y32*--*,! -*)*&%32%7*#&! 6%25+7*! ,*84,2%<*&+-*! /! .\HZ/1=! #&! D8#(8! 78*! +5#&%! +(#,!

-*)*&%(4-7*#&*! #-! 78*!E*4!(%53%&*&7!%6! 78*!(+7+)47#(!(*&7*2!.c-8##!*7!+):=!IJLPC!b2+5*2!+&,!

05*-=!LTVV1:!W8*&!(*))-!D*2*!<2%D&!'&,*2!+&+*2%$#(!(%&,#7#%&-=!78*!(%)%2!%6!78*!(%)%&#*-!

F+2#*,!$*7D**&!,+2E!2*,!+&,!$2#<87RD8#7*=!#&,#(+7#&<!78*!2+&<*!%6!\HZ/!+(7#F#7#*-!$*7D**&!

)%D!+&,!2*)+7#F*)4!8#<8=!2*-3*(7#F*)4:!\%2!%'2!3'23%-*=!D*!-(2**&*,!*Y()'-#F*)4!$2#<87RD8#7*!
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(%)%&#*-=! 78'-! +--'2#&<! +! (*27+#&! )*F*)! %6! 78*! \HZ/! +(7#F#74:! Q&! +F*2+<*=! -'(8! F+2#+&7-!

+33*+2*,! %&(*! #&! +! 78%'-+&,! (%)%&#*-! -(2**&*,:! >%! F*2#64! D8*78*2! 78*! -(2**&*,! 7"/0X*(!

F+2#+&7-! D*2*! ,*)#F*2*,! 7%! 78*! 2#$%-%5*! $4! 6+(7%2! X*)S! +&,! &%7! $4! O\R>'=! 7*&! +2$#72+24!

(8%-*&! *66*(7#F*! F+2#+&7-! -(2**&*,! 62%5! ,#66*2*&7! )#$2+2#*-! D*2*! *Y32*--*,! #&! 78*! X*)SR!

-72+#&!.>%25+4!*7!+):=!LTT[1:!/%&*!%6!78*!(8%-*&!F+2#+&7-!,*5%&-72+7*,!+&4!-*)*&%(4-7*#&*!

#&(%23%2+7#&<!+(7#F#74!#&!78*!X*)SR!(*))-:!!

>%! F*2#64! 78*! *66*(7#F*&*--! %6! 78*! -(2**&*,! 7"/0X*(! F+2#+&7-=! -%5*! %6! 78*! ()%&*-!

-8%D&! +7! 78*! 32*F#%'-! -7*3! 7%! $*! X*)SR,*3*&,*&7! D*2*! -'$N*(7*,! 7%! 78*! $*&94)RF#%)%<*&!

+--+4!.c-8##!*7!+):=!IJLPC!>+E+8+7+!*7!+):=!IJJV1:!>8#-!+--+4!5*+-'2*,!78*!+(7#F#74!%6!+&%78*2!

#&72+(*))')+2!-*)*&%32%7*#&=!78*!6%25+7*!,*84,2%<*&+-*!Z!.\HZZ1=! #&!D8#(8!78*!+5#&%!+(#,!

-*)*&%(4-7*#&*! #-!+)-%! 78*!E*4!(%53%&*&7!%6! 78*!(+7+)47#(! (*&7*2:!>8*2*6%2*=! 78*!+(7#F#74!%6!

\HZZ!,#2*(7)4!2*6)*(7*,!78*!6'&(7#%&+)#74!%6!78*!7"/0X*(!F+2#+&7-:!>8*!(%)%&4!(%&7+#&#&<!78*!

F%#,! 3)+-5#,! 8+,! &%! ,*7*(7+$)*! \HZZ! +(7#F#74=! D8#)*! 78*! (%)%&4! (%&7+#&#&<! 78*! 3)+-5#,R

$+-*,!W>!7"/0X*(!,*5%&-72+7*,!+!2%$'-7!+(7#F#74=!D8#(8!D+-!-*7!+-!LJJn:!

>8*!*Y32*--#%&!%6!78*!8'5+&!7"/0X*(!-8%D*,!D*+E!\HZ/!+(7#F#74!$+-*,!%&!78*!3#&E!

(%)%2*,!(%)%&#*-=!+&,!D+-!(%&-#-7*&7!D#78!78*!\HZZ!+(7#F#74!5*+-'2*5*&7-!$+-*,!%&!78*!

$*&94)!F#%)<*&!+--+4!D8#(8!-8%D*,!LLn!%6!W>:!S%78!78*!\HZ/!+&,!\HZZ!+(7#F#7#*-!

,*7*25#&*,!6%2!78*!8'5+&!7"/0X*(!(%22*-3%&,*,!D*))!7%!78*!32*F#%'-)4!5+,*!

5*+-'2*5*&7-!.S+2%&!*7!+):=!LTT?1!.-**!+)-%!X'33)*5*&7+24!/%7*1:!

'&EA=%E(

%37(2;?.-,8+17(.<(,37(R,3(B897(?82-(.<(,37(8117?,.-(9,7;(<.-(,37(,':#E71(<0+1,2.+(

>%!+--*--!78*!#53%27+&(*!%6!78*!)%&<!+((*37%2!-7*5!6%2!78*!7"/0X*(!6'&(7#%&=!D*!*Y32*--*,!+!

(%5$#&+7%2#+)! <*&*! )#$2+24! .)#$2+24!@L1! #&!D8#(8! 78*! #,*&7#7#*-! %6! 78*!&'()*%7#,*-! 6%25#&<!
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78*! )+-7! 7D%!$+-*!3+#2-!%6! 78#-! -7*5!+-!D*))! +-! 78*! 7D%!&'()*%7#,*-!32*(*,#&<! #7-!U}R-72+&,!

+&,!78*!6#F*!&'()*%7#,*-!6%))%D#&<!#7-!P}R-72+&,!D*2*!2+&,%5#9*,!.\#<'2*!I1:!>8*!-(2**&#&<!

%6! 78#-! )#$2+24! 32%F#,*,! &#&*! +(7#F*! @LRF+2#+&7-! -8%D&! #&! \#<'2*! I:! c&! +))! %6! 78*5=! 78*!

,#&'()*%7#,*! (%5$#&+7#%&!(%22*-3%&,#&<! 7%! 78*!*#<878!$+-*!3+#2!%6! 78*!+((*37%2! -7*5!D+-!

#&F+2#+$)4!@A=!+-!#&!W>:!>8*!#&F+2#+$)*&*--!%6!78#-!@.RL1RA_I+!$+-*!3+#2!.a'8)#&<!*7!+):=!IJJT1!

6#7-! D*))! 7%! 78*! 32*F#%'-! D%2E! %6! S'2E+2,! *7! +):! .S'2E+2,! +&,! Xe))=! LTVV1=! D8#(8!

,*5%&-72+7*,!78*!#53%27+&(*!%6!78#-!$+-*!3+#2!6%2!78*!32%3*2!"/+-*!fR5*,#+7*,!()*+F+<*!%6!

78*!7"/0X*(!72+&-(2#37!$*7D**&!3%-#7#%&-!RI!+&,!RL!.\#<'2*!L1:!

Q78*2! 2+&,%5#9*,! &'()*%7#,*-! D*2*! )*--! (%&-*2F*,=! #&,#(+7#&<! 78+7! 78*4! +2*! &%7!

(2#7#(+))4! #53%27+&7! 6%2! 78*! 7"/0X*(! 6'&(7#%&:! c&!3+27#(')+2=! 78*!-*(%&,! )+-7!$+-*!3+#2!%6! 78*!

+((*37%2!-7*5!.$3!LR_I1!D+-!32*,%5#&+&7)4!@A=!+-!#&!W>=!$'7!(%'),!+)-%!$*!@>!.L!F+2#+&71!

%2!0>!.L!F+2#+&71:!>8*!&'()*%7#,*!6%))%D#&<!78*!)+-7!$+-*!3+#2!%6!78*!+((*37%2!-7*5!.&7!_P1=!

E&%D&!+-!78*!,#-(2#5#&+7%2!&'()*%7#,*=!D+-!5%-7)4!@!.#&!-#Y!F+2#+&7-1=!+-!#&!W>=!$'7!(%'),!

+)-%!$*!0!.#&!782**!F+2#+&7-1:!>8*!#,*&7#7#*-!%6!&'()*%7#,*-!_?R_[=!(%22*-3%&,#&<!7%!78*!AA0R

Pw!-*G'*&(*=!F+2#*,!-'$-7+&7#+))4=!78'-!,*5%&-72+7#&<!78+7!78*4!,%!&%7!&**,!7%!$*!*&(%,*,!#&!

78*!7"/0!<*&*!+&,!(+&!$*!+,,*,!)+7*2!$4!78*!AA0R+,,#&<!*&945*!.S*7+7!*7!+):1:!!!

#(<0+1,2.+85(,':#E71(D8-28+,(38D2+6(,37(SMT(9,-01,0-7(

>8*!2*-')7-!%$7+#&*,!62%5!78*!-(2**&#&<!%6!)#$2+24!@L!,*5%&-72+7*,!78+7!#7!#-!&%7!3%--#$)*!7%!

-8%27*&! 78*! +((*37%2! -7*5! %6! 78*! 7"/0X*(! $4! *)#5#&+7#&<! 78*! $+-*! 3+#2! 32%Y#5+7*! 7%! 78*!

+((*37%2! 7*25#&'-:! >8#-=! #&! 7'2&=! 32%537*,! '-! 7%! *Y3)%2*! +&%78*2!D+4! 6%2! -8%27*&#&<! 78*!

+((*37%2! -7*5! 78+7! (%&-#-7*,! #&! 78*! *)#5#&+7#%&! %6! +! $+-*! 3+#2! +7! 78*! %33%-#7*! *&,! %6! 78*!
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$*<#&&#&<!+&,!+7!78*!*&,!%6!78*!HR)%%3!+&,=!%&)4!#&!)#$2+24!@[=!D*!2+&,%5#9*,!78*!7*25#&+)!
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.X'33)*5*&7+24!>+$)*-!XL=!X_!+&,!XV1:!0)-%=!@_R?!5#<2+7*,!-)%D*2!78+&!@[R_!,'*!7%!78*!6+(7!
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78+7! #7!D+-! ,*)#F*2*,! 7%! 78*! 2#$%-%5*! +-! +! 2*<')+2! *)%&<+7%2! 7"/0=! '-#&<! O\R>':!W8*78*2!

-'(8!F+2#+&7-!(+&!$*!6%'&,!'-#&<!78*!+332%+(8!*Y*2(#-*,!8*2*!2*5+#&-!'&E&%D&:!Z%D*F*2=!

*F*&! #6! -'(8!F+2#+&7-! *Y#-7*,=! 78*4!D%'),!&%7!8+F*! (8+&<*,! 78*! (%&()'-#%&-!%6! 78#-!3+3*2=!

D8#(8!D*2*!5+,*!$+-*,!%&!78*!+&+)4-#-!%6!%&)4!78%-*!F+2#+&7-!D8%-*!X*)SR,*3*&,*&(*!8+,!

$**&!,*5%&-72+7*,:!!

A%53+2*,! 7%! 78*! )*&<78!%6! 78*!D8%)*!+((*37%2^>!,%5+#&=! 78*!3+27#(')+2! )*&<78-!%6!

78*! +((*37%2! +&,! >R-7*5-! +2*! %6! )*--*2! #53%27+&(*:! >8#-! +-3*(7! %3*&-! 78*! 3%--#$#)#74! 6%2!

2*,#-72#$'7#%&! %6! $3! $*7D**&! 78*! 7D%! -7*5-! #&! 6'&(7#%&+)! 7"/0X*(! F+2#+&7-:! Q'2! 2*-')7-!

()*+2)4!-8%D!78+7!#&!78*!+((*37%2^>!,%5+#&!%6!78*!7"/0X*(!78*!N'&(7#%&!$*7D**&!78*!+((*37%2!

+&,!>R-7*5!,%*-!&%7!&**,!7%!$*!+)D+4-!)%(+7*,!+7!78*!-+5*!3)+(*!+&,!(+&!5#<2+7*!7%D+2,-!

78*! >R)%%3! %2! 7%D+2,-! 78*! +((*37%2! 7*25#&'-=! 32%F#,#&<! 6%2! 78*! T^?! +&,! _^[! -72'(7'2*-=!

2*-3*(7#F*)4:!!

>8*!3%--#$#)#74! 6%2! 2*+22+&<*5*&7!%6! $3!$*7D**&! 78*! +((*37%2! +&,!>R-7*5-!5+E*-!

78*!7"/0X*(!'&#G'*!+5%&<!(47%-%)#(! 7"/0-!+&,!2*6)*(7-!3+27#(')+2! 6*+7'2*-!%6! #7-!-72'(7'2+)!
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%2<+&#9+7#%&:! c&! +))! &%25+)! (47%-%)#(! 7"/0-=! 78*! 3%-#7#%&! %6! 78*! N'&(7#%&! $*7D**&! 78*!

+((*37%2! +&,! >R-7*5-! #-! 6#Y*,! D#78! 2*-3*(7! 7%! 78*! +&7#(%,%&^H! ,%5+#&! D#78! 8*)3! %6! 78*!

'&#F*2-+)!7*27#+24!#&7*2+(7#%&-!VRL?!+&,!LUR?V:!H'*!7%!78#-!6#Y+7#%&=!-8%27*&#&<!%2!*Y7*&,#&<!

%6!78*!+((*37%2!-7*5!#&!+!&%25+)!7"/0!$4!%&)4!%&*!$+-*!3+#2!D#))!2*-')7! #&!78*!-8#67!+&,!#&!

78*!2%7+7#%&!%6!78*!+((*37%2!7*25#&'-!D#78!2*-3*(7!7%!78*!+&7#(%,%&^H!,%5+#&!$4!I:V�!+&,!

PPÇ=!2*-3*(7#F*)4=!3%7*&7#+))4!,+5+<#&<!78*!7"/0!6'&(7#%&:!>8*!7"/0X*(=!8%D*F*2=!,'*!7%!78*!

+$-*&(*! %6! 78*! +$%F*R5*&7#%&*,! 7*27#+24! #&7*2+(7#%&-=! ,%*-! &%7! 3%--*--! *G'#F+)*&7!

-72'(7'2+)! 7%%)-! +$)*! 7%! 6#Y! 78*! 3%-#7#%&! %6! 78*! +((*37%2R>! N'&(7#%&! D#78! 2*-3*(7! 7%! 78*!

+&7#(%,%&^H!,%5+#&:!c&!78*!+$-*&(*!%6!-'(8!7%%)-=!78*!7D%!8*)#(+)!,%5+#&-!$*(%5*!+22+&<*,!

D#78! 2*-3*(7! 7%! *+(8! %78*2! 2+78*2! 6)*Y#$)4:! X'(8! 6)*Y#$#)#74!5+E*-! 78*! 3+27#(')+2! )*&<78-! %6!

*+(8!%6! 78*! +((*37%2! +&,!>R-7*5-! )*--! #53%27+&7! 6%2! 78*! 7"/0X*(! 6'&(7#%&=! +-! )%&<!+-! 78*#2!

7%7+)! )*&<78! 2*5+#&-! '&(8+&<*,:! c7! +)-%! 6#7-! 7%! 78*! 6+(7! 78+7! #&! ,#66*2*&7! *F%)'7#%&+24!

,%5+#&-=!78*!+((*37%2^>!,%5+#&!%6!78*!7"/0X*(!8+-!*#78*2!78*!V^U!%2!T^?!-72'(7'2*:!

0! -'$-7+&7#+)! )*F*)! %6! (%&6%25+7#%&+)! 6)*Y#$#)#74! (+'-*,! $4! 78*! +$-*&(*! %6! 78*!

-7+&,+2,!7*27#+24!#&7*2+(7#%&-!VRL?!+&,!LUR?V!-**5-!7%!$*!*--*&7#+)!6%2!78*!7"/0X*(!6'&(7#%&:!

c&!78*!7"/0X*(=!78*-*!7*27#+24!#&7*2+(7#%&-!+2*!2*3)+(*,!$4!7D%!+,,#7#%&+)!$+-*!3+#2-!#&!78*!HR

-7*5:! !W*!2*(*&7)4!-8%D*,!78+7!78*!+,,#7#%&+)!$3!#&!78*!HR-7*5!%6!78*!7"/0X*(!,%!&%7!3)+4!

+&4!-3*(#6#(!2%)*!+&,!+2*!,#-3*&-+$)*!.c-8##!*7!+):=!IJLP1:!K%2*%F*2=!+7!+!)%D*2!7*53*2+7'2*!

.PJÇA1!78*!*Y#-7*&(*!%6!78*-*!$3!D+-!*F*&!8+256')!6%2!78*!7"/0X*(!6'&(7#%&:!Q&)4!+7!+!8#<8*2!

7*53*2+7'2*! 78*! +,,#7#%&+)! $3! #&! 78*! HR-7*5! $*(+5*! *--*&7#+)! +-! 78*4! (+&! -7+$#)#9*! 78*!

7"/0X*(!-72'(7'2*!D#78%'7!'-*!%6!78*!+$%F*R5*&7#%&*,!7*27#+24!#&7*2+(7#%&-:!>8*!+$-*&(*!%6!

78*! -7+&,+2,! 7*27#+24! #&7*2+(7#%&-! #&! 78*!HR,%5+#&!5+E*-! 78*! 7"/0X*(! #&72#&-#(+))4! 6)*Y#$)*!

+&,!#&!78#-!-*&-*=!'&#G'*!+5%&<!(47%-%)#(!7"/0-:!
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>8*! 7D%! '&#G'*! 6*+7'2*-! %6! 78*! 7"/0X*(=! 78*! #&7*2&+)! 6)*Y#$#)#74! %6! #7-! 7*27#+24!

-72'(7'2*! +&,! 78*! )%&<! +((*37%2^>! ,%5+#&=! +2*! *--*&7#+)! 6%2! #7-! 6'&(7#%&:! c&! 6+(7=! 78*-*!

6*+7'2*-!(+&!$*!)#&E*,!7%!*+(8!%78*2:!c&,**,=!+!2#<#,!7"/0!5%)*(')*!D#78!+&!+$&%25+))4!)%&<!

+((*37%2^>! ,%5+#&! D%'),! 6+(*! ,#66#(')7#*-! D8#)*! 5%F#&<! 782%'<8! 78*! 2#$%-%5*! 62%5! %&*!

7"/0R$#&,#&<! -#7*! 7%! +&%78*2:! Z%D*F*2=! 78*! %$-*2F*,! #&7*2&+)! 6)*Y#$#)#74! %6! 78*! 7"/0!

-72'(7'2*! -8%'),! *--*&7#+))4! +))*F#+7*! -'(8! +! 32%$)*5! +&,! +))%D! +! -5%%78! 3+--+<*:! K%-7!

32%$+$)4=! $%78! '&#G'*! 6*+7'2*-! %6! 78*! 7"/0X*(! +2*! )#&E*,! 7%! #7-! '&32*(*,*&7*,! 6'&(7#%&=!

D8#(8!(%&-#-7-!#&!78*!2*(%<&#7#%&!%6!78*!B@0!(%,%&!&%7!-%)*)4!$+-*,!%&!78*!(%<&+7*&*--!%6!

78*! (%,%&R+&7#(%,%&! #&7*2+(7#%&=! $'7! #&! (%&7*Y7! %6! 78*! -*(%&,+24! -72'(7'2*! *)*5*&7! XOAcX!

)%(+7*,! #&! 78*!5"/0!+! 6*D!&'()*%7#,*-! ,%D&-72*+5:!Z%D! 78*! 7D%!'&#G'*! 6*+7'2*-! %6! 78*!

7"/0X*(!-72'(7'2*!(%%3*2+7*! #&!32%F#,#&<! 6%2!-'(8!+&!'&'-'+)! 6'&(7#%&!D#))!2*G'#2*! 6'278*2!

+&+)4-#-:!

K#%&')#=E(#:F(K&%"QFE(

F*&+01!*%#A+1*!"$T#>8*!.3&'%!!-72+#&!WMVL?[J!.!.*15^T%*&1BL[T!17$_KUH=!17$_`!17$.KN=!!.$1%T

10&W1PJ[;;>&KH=!!($0%Z1?JJ;;,*"1.g#&%&#!*7!+):=!LTTJ1=!8+F#&<!+!,*)*7#%&!#&!78*!<*&*!(%,#&<!

6%2! 78*! 7"/0X*(! .X*)A1=! +&,! WMVLPJJ.!.*15^T%*&1BL[T! 17$_KUH=! 17$_`! 17$.KN=! !.$1%T

10&W1PJ[;;>&KH=! !($0%F1PJJ;;,*"1! .>%25+4! *7! +):=! LTT[1=! 8+F#&<! +! ,*)*7#%&! #&! 78*! <*&*!

(%,#&<!6%2!78*!*)%&<+7#%&!6+(7%2!X*)S=!D*2*!'-*,!#&!78#-!-7',4:!!#

Z'9C!"*+'1!*%# _!C1*16# -0$!5"$# *"-# &%'"!"5# T# Q)#<%&'()*%7#,*-! 6%2! +))! )#$2+24! H/0!

7*53)+7*-! .X'33)*5*&7+24! K*78%,! +&,! X'33)*5*&7+24! >+$)*! XL1! +&,! 6%2! 78*! 32#5*2-!

2*G'#2*,!6%2!78*!)#$2+24!+53)#6#(+7#%&!D*2*!%2,*2*,!62%5!S#%RA%23!c&(:!.K%&72*+)=!A+&+,+1:!!!

>8*!,*-#<&-!%6!+))!(%5$#&+7%2#+)!)#$2+2#*-!.X'33)*5*&7+24!>+$)*!XL1!+-!D*))!+-!+))!-*G'*&(*-!

%6! 78*!%2,*2*,!%)#<%-! 6%2!fA"!+2*!-8%D&! #&! 78*!X'33)*5*&7+24!5*78%,-:!O+(8! )#$2+24!D+-!

fA"R+53)#6#*,!'-#&<!78*!(%22*-3%&,#&<!3+#2!%6!32#5*2-!.X'33)*5*&7+24!K*78%,-1!+&,!D+-!
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()%&*,! #&7%! 3)+-5#,! 3@\cSRL! '-#&<! 2*-72#(7#%&! -#7*-! O(%"c! +&,! f-7c=! +-! ,*-(2#$*,! $*6%2*!

.g+<24+,-E+4+!*7!+):=!IJJP1:!

2"#(!('#$&100"!"5#'8#*&+!(0#+V)WA0&#(*1!*"+$T#A%)%&#*-!(%&7+#&#&<!+(7#F*!F+2#+&7-!%6!78*!

7"/0X*(!D*2*! #,*&7#6#*,! $4! 78*! $2#<87!D8#7*! (%)%2! +772#$'7*,! 7%! 78*! 32*-*&(*! %6! 78*! +(7#F*!

-*)*&%32%7*#&! 6%25+7*!,*84,2%<*&+-*!/! .\HZ/1:!>8#-!32%7*#&!'-*-! 6%25+7*!+-! +! -%'2(*!%6!

*)*(72%&-! 6%2! 2*,'(7#%&! %6! &#72+7*:! >8*! +$-*&(*! %6! \HZ/=! %&! 78*! (%&72+24=!D%'),! 2*-')7! #&!

+(('5')+7#%&! %6! 6%25+7*! +&,! ,*(2*+-*! %6! 3Z:! >8*! )*F*)! %6! 3Z! (+&! $*! ,*7*(7*,! $4! 78*! 3Z!

#&,#(+7%2!32*-*&7!#&!78*!<2%D78!5*,#'5:!H*3*&,#&<!%&!D8*78*2!78*!3Z!#-!8#<8!%2!)%D=!78*!

#&,#(+7%2!D#))!5+E*!$+(7*2#+)!(%)%&#*-!D8#7*!+&,!2*,=!2*-3*(7#F*)4!.S+22*77!*7!+):=!LT_T1:! c&!

78#-!-7',4=!+))!&%&RD8#7*!(%)%&#*-!D*2*!#<&%2*,:!

0(7#F*! (%)%&#*-!D*2*! -(2**&*,! +67*2! 3)+7#&<! 78*! )#<+7#%&! 2*+(7#%&! %&7%!K+(A%&E*4!/#72+7*!

0<+2!3)+7*-!+&,!#&('$+7#%&!6%2!?V!8%'2-!+7!P_ÇA!'&,*2!+&+*2%$#(!(%&,#7#%&-!.S+22*77!*7!+):=!

LT_T1:!K+(A%&E*4!&#72+7*! +<+2! (%&7+#&*,! .3*2! )#7*21;! ?J! <! %6!K+(A%&E*4! +<+2!$+-*! .H#6(%!

K+(A%&E*4!0<+2!S+-*1=!LJ!<!%6!3%7+--#'5!&#72+7*=!+&,!J:U!<!%6!-%,#'5!6%25+7*:!S2#<87!D8#7*!

(%)%&#*-!D*2*!3#(E*,!+&,!-*G'*&(*,:!

a107*1!"5# $*97%0$# 8'1# +:0# ^'19*+0# \0:6-1'50"*$0# X# *$$*6T# \%2! -%5*! -*)*(7*,!

F+2#+&7-=! 78*! )*F*)! %6! +(7#F#74! D+-! 5*+-'2*,! '-#&<! 78*! +--+4! 6%2! +&%78*2! -*)*&%32%7*#&!

6%25+7*!,*84,2%<*&+-*!Z!.\HZZ1=!D8#(8!#-!+$)*!7%!2*,'(*!$*&94)!F#%)%<*&:!S4!6%))%D#&<!78*!

2+7*!%6!78*!$*&94)!F#%)%<*&!2*,'(7#%&=!D*!G'+&7#7+7*,!78*!)*F*)!%6!\HZZ!#&!78*!(*)):!>8*!\HZZ!

+--+4! D+-! 3*26%25*,! +-! ,*-(2#$*,! *)-*D8*2*! .>+E+8+7+! *7! +):=! IJJV1=! D#78! -%5*!

5%,#6#(+7#%&-:! ! f)+-5#,-! %6! -*)*(7*,! ()%&*-! D*2*! 72+&-6%25*,! #&7%! 78*! WMVL?[J! -72+#&=!

3)+7*,! %&7%! MS! +<+2! 3)+7*-! (%&7+#&#&<! +53#(#))#&! +&,! <2%D&! %F*2&#<87:! ! A%)%&#*-! D*2*!

3#(E*,! +&,! <2%D&! %F*2&#<87! #&! I! 5M! %6! MS! D#78! +53#(#))#&! '&,*2! +*2%$#(! (%&,#7#%&-:!!

X'$-*G'*&7)4=! L:U! 5M! *33*&,%26! 7'$*-! D*2*! 6#))*,! '3! D#78! X7+,75+&! $'66*2! (%&7+#&#&<!
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+53#(#))#&=! #&%(')+7*,! D#78! ?J! 5#(2%)#7*2-! %6! 78*! %F*2&#<87! (')7'2*=! +&,! #&('$+7*,! 6%2! IJ!

8%'2-! +7! PJÇA:! ! >8*! ,*&-#74! %6! -+53)*-! D+-! 5*+-'2*,! +7! Q:H:! [JJ&5:! X+53)*-! D*2*!

-*,#5*&7*,!$4!(*&72#6'<+7#%&=!62%9*&!+&,!-7%2*,!+7!RVJÇA:!

^'19*+0#\0:6-1'50"*$0#X#*$$*6T#X+53)*-!D*2*!,*62%-7*,!+7!2%%5!7*53*2+7'2*:!>8*!

3*))*7-! D*2*! D+-8*,! D#78! PJJ! 5#(2%)#7*2-! %6! J:Uh! >SO! (%&7+#&#&<! U5K! K<XQ?=! 2*R

-'-3*&,*,! #&! VJJ ! 5#(2%)#7*2-! %6! 78*! -+5*! $'66*2! +&,! 72+&-6*22*,! 7%! +! <)+--! ('F*77*!

(%&7+#&#&<! LJJ ! 5#(2%)#7*2-! %6! -%,#'5! 6%25+7*! rIJJ5Ks! +&,! LJJ! 5#(2%)#7*2-! %6! $*&94)!

F#%)%<*&!rIJ5Ks:!S%78!-%,#'5!6%25+7*!+&,!$*&94)!F#%)%<*&!-%)'7#%&-!D*2*!32*3+2*,!D#78!

3Z!_:J!J:LK!3%7+--#'5!38%-38+7*!$'66*2:!>8*!('F*77*!D+-!(%F*2*,!D#78!+!2'$$*2!-7%33*2=!

,*%Y4<*&+7*,! 6%2! U! 5#&'7*-! D#78! +2<%&=! +&,! D+-! )*67! +7! 2%%5! 7*53*2+7'2*! 6%2! U! 5%2*!

5#&'7*-:! >8*! \HZZ! +(7#F#74! D+-! +--+4*,! $4! 5*+-'2#&<! 78*! 2+7*! %6! 78*! #&(2*+-*! #&! 78*!

+$-%2$+&(*!+7![JJ&5!,'2#&<!U!5#&'7*-:! !>8*!+(7#F#7#*-!D*2*!2*32*-*&7*,!+-!78*!(8+&<*! #&!

Q:H:! +7! [JJ&5!3*2!5#&'7*! &%25+)#9*,! $4! 78*! ,*&-#74! %6! 78*! (*))! (')7'2*:! ! O+(8! +--+4!D+-!

3*26%25*,!#&!72#3)#(+7*!+&,!78*&!+F*2+<*,:!!

)'1+:01"# F%'+# '8# +V)WA0&# (*1!*"+$T#>8*! /%278*2&! $)%7! D+-! 3*26%25*,! +-! ,*-(2#$*,!

$*6%2*!.b%7)%F+!*7!+):=!IJJ_1!D#78!-%5*!5%,#6#(+7#%&-:!\%2!"/0!*Y72+(7#%&=!78*!$+(7*2#+!D*2*!

<2%D&!'&,*2!+&+*2%$#(!(%&,#7#%&-!#&!X7+,75+&!$'66*2!+7!PJÇA!'&7#)!78*!Q:H:!%6!+$-%2$+&(*!+7!

[JJ! &5! 2*+(8*,! J:?:! Q&*! 32%$*! D+-! (%53)*5*&7+24! 7%! 78*! *Y72+R+25! .U}R

A@@@0AA@A>@@A@@AAAA0RP}1! %6! 78*! .3&'%!! 7"/0X*(=! D8#)*! 78*! %78*2! %&*! D+-!

(%53)*5*&7+24! 7%!2*<#%&!P?lUP!%6! 78*!.3#&'%!!UX!2"/0.U}R!>>A>@0@>>A@@A0>@@@@>RPw1:!

>8*! UX! 2"/0! 32%$*! D+-! '-*,! 7%! 5%&#7%2! 78*! +5%'&7! %6! 7%7+)! "/0! #&! *+(8! -+53)*:!

H*&-#7%5*724! +&+)4-#-! %6! 78*! $+&,-! D+-! 3*26%25*,! '-#&<! 78*! `'+&7#74! Q&*É! -%67D+2*!

.S#%"+,1:!

EA$$=&K&:%#'O(F#%#(
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X'33)*5*&7+24!>+$)*-!XLRXLL=!X'33)*5*&7+24!K*78%,-=!+&,!X'33)*5*&7+24!/%7*:!

#!G:QP=&F\&K&:%E(

W*!78+&E!H2-:!@+24!X+D*2-!+&,!0'<'-7!Se(E!6%2!78*!<#67!%6!$+(7*2#+)!-72+#&-!WMVL?[J!+&,!

WMVLPJJ=!H2-:!A82#-7#+&!S+2%&!+&,!f+72#(E!Z+))*&$*(E!6%2!,#-('--#%&-!+&,!F+)'+$)*!+,F#(*:!

UA:F):\(

>8#-!D%2E!D+-!-'33%27*,!$4!78*!A+&+,#+&!c&-7#7'7*-!%6!Z*+)78!"*-*+2(8:!

('&U&'&:!&E(

L:!K#)%!"=!a%2<*&-*&!f=!K%2+&!B=!W*$*2!@=!X32#&<*2!K!.IJLJ1!S#%/'5$*2-RR78*!
,+7+$+-*!%6!E*4!&'5$*2-!#&!5%)*(')+2!+&,!(*))!$#%)%<4:!/'()*#(!0(#,-!"*-!PV;!
H_UJR_UP:!
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E0??57;7+,8-4(F8,8*(

E0??57;7+,8-4(K7,3./9*!=29,(.<(Q526.+0157.,2/7(097/(<.-($!'(
 
Human tRNASec: 5’GCCCGGATGATCCTCAGTGGTCTGGGGTGCAGG CTTCAAA 

CCTGTAGCTGTCTAGCGACAGAGTGGTTCAATTCCACCTTTCGGGCGCCA3’ 

Primers: 5’CGGAATTCGCCCGGATGATCCTCA3’ and 5’TTCCAATGCATTGGCTGCAGTGGCGCCCGAAAGGTG3’ 

 

WT:5’GGAAGATCGTCGTCTCCGGTGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGGCAGGTTCGACTCCTGTG

ATCTTCCGCCA3’ 

Primers: 5’CGGAATTCGGAAGATC3’ and 5’TTCCAATGCATTGGCTGCAGTGGCGGAAGATCACAGGAGTCGAACCTGC3’  

 

Library G1: 

5’GTCGTCTCCGGTGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGGCAGGTTCGACTCCTGTGATCTTNNNNNN

NCTGCAGCCAATG3’ 

Primers: 5’CGGAATTCAANNNNAAGATCGTCGTCTCCGGTGA3’and 

5’CATTGGCTGCAGNNNNNNNAAGATCACAGGAGTCGAACCTGCCC3’ 

 

Library G2: 

5’GGAAGATNNNNCGTCTCNNGGNNGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNNNNGGTTCGACTCCNNNA

TCTTCCGCCA3’ 

Primers: 5’CGGAATTCGGGAAGATNNNNCGTCTC3’and 

5’TTCCAATGCATTGGCTGCAGTGGCGGAAGATNNNGGAGTCGAACCNNNNNNCGGGACCG3’ 

 

Library G3: 

5’GGAAGATNNCGTCTCNGGNGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGTGGGGTTCGACTCCCCAATCTT

CCGCCA3’ 

Primers: 5’CGGAATTCAAAGGAAGATNNCGTCTC3’and 

5’TTCCAATGCATTGGCTGCAGTGGCGGAAGATTGGGGAGTCGAACCCCACCGGGACCG3’ 

 

Library G4: 

5’GGAAGATCTCGTCTCCGGTGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGTGGGGTTCGACTCCCCAATCTT

CC3’  

Primers: 5’CGGAATTCAANGGAAGATCTCGTCTC3’and 

5’TTCCAATGCATTGGCTGCAGNNNNGGAAGATTGGGGAGTCGAACCCCACCGGGACCG3’  

 

Library G5: 

5’GGAAGATCGTCGTCTCNNGGNNGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGGCAGTTCNNNTCTGTGATC

TTCCGCCA3’  

Primers: 5’CGGAATTCAAAGGAAGATCGTCGTCTC3’and 

5’TTCCAATGCATTGGCTGCAGTGGCGGAAGATCACAGAGTCGAACTGCCCGGGACCG3’  

 

Library G6: 

5’GGAAGATCRGTCGTCTCNCGGTNGAGGCGGCTGGACTTCAAATCCAGTRGGGGCCGCCAGCGGTCCCYYCAGGTTCGACTCCTGYGA

TCTTCCGCCA3’  

Primers: 5’CGGAATTCAAAGGAAGATC3’and 5’TTCCAATGCATTGGCTGCAGTGGCGGAAGATC3’ 
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Library G7: 

5’GGAAGATGTCGTCTCNNGGNNGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGNNNAGGTTCGACTCCTNNNA

TCTTCCGCCA3’  

Primers: 5’CGGAATTCAAAGGAAGATGTCGTCTC3’ and 
5’TTCCAATGCATTGGCTGCAGTGGCGGAAGATNNNAGGAGTCGAACCTNNNCCGGGACCG3’  

 

Library G8: 

5’GGAAGATCRGTCGTCTCNCGGTNGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGYCAGGTTCGACTCCTGYGA

TCTTCCGCCA3’ 

Primers: Same ones used for Library G8 
 

Library G9: 

5’GGAAGANCTCGTCTCCGGTGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGNGGGGTTCGACTCCCCNNTCTTC

CGCCA3’ 

Primers: 5’CGGAATTCAAAGGAAGANCTCGTCTC3’and 

5’TTCCAATGCATTGGCTGCAGTGGCGGAAGANNGGGGAGTCGAACCCCNCCGGGACCG3’ 

 

Library G10: 

5’GGAAGANNNGTCGTCTCGCGGTCGAGGCGGCTGGACTTCAAATCCAGTTGGGGCCGCCAGCGGTCCCGGNNAGTTCGACTCTNNNNN

TCTTCCGCCA3’  

Primers: 5’CGGAATTCAAAGGAAGANNNGTCGTCTC3’and 

5’TTCCAATGCATTGGCTGCAGTGGCGGAAGANNNNNAGAGTCGAACTNNCCGGGACCG3’  
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Table S1: Sequence of WT, Human tRNASec, and designs of libraries 
                      _______________________________________________ACCEPTOR-STEM___________________________________________________ 
                      |                                                                                                             |  
                      |              _____D-STEM____        _ANTICODON-STEM_       ___EXTRA-ARM____       ____T-STEM______          |  
                      |      C1      |              |       |              |   _   |              |   C2 _|              | _   _    |_       .      
WT                GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC GCCA 
HUMAN             GCCCGGATG  AT    CCTCAG  TGGT  CTGGGG  TGCAGG CTTCAAA CCTGTA GCTGTC   TAGC    GACAG A GTGG   TTCAATT   CCAC   CTTTCGGGC GCCA 
LIB.G1         NN NNAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTNN NNNNN 
LIB.G2            GGAAGAT    NNNN  CGTCTC NNGGNN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG N NNNGG  TTCGACT  CCNNN     ATCTTCC GCCA 
LIB.G3            GGAAGAT    NN    CGTCTC  NGGN  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCCA 
LIB.G4          N GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC NNNN  
LIB.G5            GGAAGATC   GT    CGTCTC NNGGNN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAG   TTCGACT   CTGT    GATCTTCC GCCA  
LIB.G6            GGAAGATCR  GT    CGTCTC NCGGTN GAGGCG  GCTGGA CTTCAAA TCCAGT RGGGGCCG CCAG CGGTCCCY Y CAGG   TTCGACT   CCTG   YGATCTTCC GCCA  
LIB.G7            GGAAGAT    GT    CGTCTC NNGGNN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G NNNAGG TTCGACT CCTNNN     ATCTTCC GCCA  
LIB.G8            GGAAGATCR  GT    CGTCTC NCGGTN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG Y CAGG   TTCGACT   CCTG   YGATCTTCC GCCA  
LIB.G9            GGAAGAN    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG   NGGGG  TTCGACT  CCCCN     NTCTTCC GCCA  
LIB.G10           GGAAGANNN  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G NNAG   TTCGACT   CTNN   NNNTCTTCC GCCA  
 
Table S2: Library G1 
LIB.G1         NN NNAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTNN NNNNN 
G1-1      AT GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTTC GTGT  
G1-2     AT GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC AAAG  
G1-3      AG GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC GAAGC  
G1-4      GG GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC GTAAC  
G1-5           GG GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC AATTT   
G1-6           GG GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGTCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC GAGT  
G1-7           AT GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC ATGTC  
G1-8            T GGAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTCC GATGG  
G1-9            T GAAAGATC   GT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAGG  TTCGACT  CCTGT    GATCTTTC GTGCG  
 
Table S3: Library G2 
LIB.G2            GGAAGAT    NNNN  CGTCTC NNGGNN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG N NNNGG  TTCGACT  CCNNN     ATCTTCC GCCA 
G2-1            GGAAGAT    TGCT  CGTCTC GCGGCT GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G AGAGG  TTCGACT  CCTCC     ATCTTCC GCCA 
G2-2              GGAAGAT    GGAA  CGTCTC GCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG T GGTGG  TTCGACT  CCCCA     ATCTTCC GCCA 
G2-3              GGAAGAT    CGCA  CGTCTC GGGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCCA  
 
Table S4: Library G3 
LIB.G3            GGAAGAT    NN    CGTCTC  NGGN  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCCA 
G3-1              GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCCA  
G3-2              GGAAGAT    GC    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGGCCGCCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCCA 
 
Table S5: Library G4 
LIB.G4          N GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC NNNN  
G4-1        C GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC AGTC  
G4-2        C GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC ATCC  
G4-3        A GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GTTT  
G4-4        G GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GTTC  
G4-5        G GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC CTTG  
G4-6        G GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCTA  
G4-7        G GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GTAA  
G4-8        A GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GCAT  
G4-9        C GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGGGG  TTCGACT  CCCCA     ATCTTCC GAGT  
 
Table S6: Library G5 
LIB.G5            GGAAGATC   GT    CGTCTC NNGGNN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAG   TTCGACT   CTGT    GATCTTCC GCCA  
G5-1          GGAAGATC   GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAG   TTCGACT   CTGT    GATCTTCC GCCA  
G5-2          GGAAGATC   GT    CGTCTC ACGGTT GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAG   TTCGACT   CTGT    GATCTTCC GCCA  
G5-3          GGAAGATC   GT    CGTCTC CGGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAG   TTCGACT   CTGT    GATCTTCC GCCA  
G5-4          GGAAGATC   GT    CGTCTC GCGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GCAG   TTCGACT   CTGT    GATCTTCC GCCA  
 
 
 
 
 

 
Table S7: Library G6 
LIB.G6            GGAAGATCR  GT    CGTCTC NCGGTN GAGGCG  GCTGGA CTTCAAA TCCAGT RGGGGCCG CCAG CGGTCCCY Y CAGG   TTCGACT   CCTG   YGATCTTCC GCCA  
G6-1       GGAAGATCA  GT    CGTCTC ACGGTT GAGGCG  GCTGGA CTTCAAA TCCAGT GGGGGCCG _CAG CGGTCCCT T CAGG   TTCGACT   CCTG   TGATCTTCC GCCA  
G6-2       GGAAGATCA  GT    CGTCTC TCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT GGGGGCCG CCAG CGGTCCCT T CAGG   TTCGACT   CCTG   TGATCTTCC GCCA  
G6-3       GGAAGATCA  GT    CGTCTC TCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT AGGGGCCG CCAG CGGTCCCT T CAGG   TTCGACT   CCTG   TGATCTTCC GCCA   
G6-4       GGAAGATCG  GT    CGTCTC TCGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT AGGGGCCG CCAG CGGTCCCT T CAGG   TTCGACT   CCTG   TGATCTTCC GCCA  
G6-5       GGAAGATCG  GT    CGTCTC GCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT AGGGGCCG CCAG CGGTCCCT T CAGG   TTCGACT   CCTG   TGATCTTCC GCCA  
G6-6       GGAAGATCG  GT    CGTCTC TCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT AGGGGCCG CCAG CGGTCCCC C CAGG   TTCGACT   CCTG   TGATCTTCC GCCA  
G6-7       GGAAGATCG  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT GGGGGCCG CCAG CGGTCCCT C CAGG   TTCGACT   CCTG   CGATCTTCC GCCA  
G6-8       GGAAGATCG  GT    CGTCTC CCGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT GGGGGCCG CCAG CGGTCCCC T CAGG   TTCGACT   CCTG   TGATCTTCC GCCA  
 
Table S8: Library G7 
LIB.G7            GGAAGAT    GT    CGTCTC NNGGNN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G NNNAGG TTCGACT CCTNNN     ATCTTCC GCCA  
G7-1       GGAAGAT    GT    CGTCTC CTGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GACAGG TTCGACT CCTGTA     ATCTTCC GCCA  
G7-2       GGAAGAT    GT    CGTCTC TCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GAAAGG TTCGACT CCTTCC     ATCTTCC GCCA  
G7-3       GGAAGAT    GT    CGTCTC ATGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G ACCAGG TTCGACT CCTGGC     ATCTTCC GCCA  
G7-4       GGAAGAT    GT    CGTCTC AGGGGT GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GTCAGG TTCGACT CCTGGC     ATCTTCC GCCA  
G7-5       GGAAGAT    GT    CGTCTC GCGGCA GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGAAGG TTCGACT CCTTCC     ATCTTCC GCCA  
 
Table S9: Library G8 
LIB.G8            GGAAGATCR  GT    CGTCTC NCGGTN GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG Y  CAGG TTCGACT   CCTG   YGATCTTCC GCCA  
G8-1         GGAAGATCG  GTT   CGTCTC GCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGGCCG CCAG CGGTCCCG T  CAGG TTCGACT   CCTG   TGATCTTCC GCCA   
G8-2         GGAAGATCG  GT   CGGTCTC TCGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG T  CAGG TTCGACT   CCTG   TGATCTTCC GCCA   
G8-3         GGAAGATC   A     GTCTCA  CGGT  TGAGGC GGCTGGA CTTCAAA TCCAGTT GGGGCCG  CCAG CGGTCCC GC  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-4        GGAAGATCG  GT    CGTCTC CCGGTG GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCC_G C  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-5        GGAAGATCG  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG C  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-6         GGAAGATCG  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG _  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-7         GGAAGATCG  GT   CGGTCTC TCGGTA GAGGGCG GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG C  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-8         GGAAGATCAG GT    CGTCTC GCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG T  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-9         GGAAGATCA  GT   CGTCTTC TCGGTT GAGGCGG GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG T  CAGG TTCGACT   CCTG   CGATCTTCC GCCA   
G8-10        GGAAGATCG  GT    CGTCTC TCGGTA GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG  CCAG CGGTCCCG TC  AGG TTCGACT   CCT_   CGATCTTCC GCCA   
 
Table S10: Library G9 
LIB.G9            GGAAGAN    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG   NGGGG  TTCGACT  CCCCN     NTCTTCC GCCA  
G9-1             GGAAGAT    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G AGGGG  TTCGACT  CCCCA     ATCTTCC GCCA  
G9-2              GGAAGAA    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG   TGGGG  TTCGACT  CCCCT     CTCTTCC GCCA  
G9-3              GGAAGAG    CT    CGTCTC  CGGT  GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G AGGGG  TTCGACT  CCCCT     CTCTTCC GCCA  
 
Table S11: Library G10 
LIB.G10            GGAAGANNN  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G NNAG   TTCGACT   CTNN   NNNTCTTCC GCCA  
G10-1           GGAAGAAGG  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G GTAG   TTCGACT   CTCC   ACTTCTTCC GCCA  
G10-2           GGAAGATGA  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G ACAG   TTCGACT   CTGA   TCGTCTTCC GCCA  
G10-3           GGAAGATGG  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G CAAG   TTCGACT   CTTG   ACATCTTCC GCCA  
G10-4           GGAAGATAC  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGAG   TTCGACT   CTCA   ATATCTTCC GCCA 
G10-5           GGAAGAGGG  GT    CGTCTC GCGGTC GAGGCG  GCTGGA CTTCAAA TCCAGT TGGGGCCG CCAG CGGTCCCG G TGAG   TTCGACT   CTCA   CCCTCTTCC GCCA  
  
 
 
Figure Legend to Tables S1-S11 
List of all screened clones.  The name of the clone is followed by the DNA sequence of the tRNASec.  The designed library is found at the top with the name 
starting with ‘LIB’.  The representation of the following symbols are described as follows:C1, connector 1; C2, connector 2; G, Guanine; A, Adenine;T, 
Thymine;C, Cytosine; _ , Empty;N, Any; R, Purine; Y, Pyrimidine; Black, non-randomized regions; Red, Randomized regions. 
 
Supplementary Note: Comment on the Methods assessing selenocysteine incorporation ability of variants of tRNASec 
The assessment of active tRNASec variants proceeded in two steps: the primary screening and of the activity measurement. Each step was based on the 
detection of the activity of the particular selenoprotein, FDHN and FDHH, respectively. One can see, however, that the results obtained using these two tests 
have not always been fully consistent with each other. In particular, according to the FDHN-test, variants G5-4, G8-10, and G3-1, having 12 bp in the 
acceptor/T domain, formed bright-white colonies and thus were more active than the human tRNASec, which formed a pink colony. However, the quantification 
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-(2**&#&<! +&,! +(7#F#74!5*+-'2*5*&7:! O+(8! -7*3!D+-!$+-*,!%&! 78*!,*7*(7#%&!%6! 78*!

+(7#F#74!%6! 78*!3+27#(')+2!-*)*&%32%7*#&=!\HZ/!+&,!\HZZ=!2*-3*(7#F*)4:!Q&*!(+&!-**=!

8%D*F*2=!78+7!78*!2*-')7-!%$7+#&*,!'-#&<!78*-*!7D%!7*-7-!8+F*!&%7!+)D+4-!$**&!6'))4!

(%&-#-7*&7!D#78!*+(8!%78*2:!c&!3+27#(')+2=!+((%2,#&<!7%!78*!\HZ/R7*-7=!F+2#+&7-!@UR?=!

@VRLJ=! +&,! @PRL=! 8+F#&<! LI! $3! #&! 78*! +((*37%2^>! ,%5+#&=! 6%25*,! $2#<87RD8#7*!

(%)%&#*-!+&,!78'-!D*2*!5%2*!+(7#F*! 78+&!78*!8'5+&!7"/0X*(=!D8#(8! 6%25*,!+!3#&E!

(%)%&4:!Z%D*F*2=!78*!G'+&7#6#(+7#%&!%6!78*!7"/0X*(!*66#(#*&(4!D#78!'-*!%6!78*!\HZZR

7*-7! ,*5%&-72+7*,! 78+7! 78*! 8'5+&! 7"/0X*(!D+-! -%5*D8+7!5%2*! +(7#F*! 78+&! 78*-*!

F+2#+&7-! .LLn! F*2-'-! LJn=! Tn=! +&,! Un=! 2*-3*(7#F*)41:! X'(8! -*)*&%32%7*#&! <*&*!

,*3*&,*&7! X*(! #&(%23%2+7#%&! $4! 5'7+&7-! %6! 7"/0X*(! 8+-! $**&! E&%D&! .V=LL1! +&,!

N'-7#6#*-!78*!&*(*--#74!%6!78*!-#5')7+&*%'-!'-*!%6!$%78!%6!78*5!6%2!+!5%2*!(%53)*7*!

(8+2+(7*2#9+7#%&! %6! 78*! -(2**&*,! F+2#+&7-:! >8*! *Y#-7*&(*! %6! 78#-! ,#-(2*3+&(4! 5+4!

2*6)*(7! ,#66*2*&(*-! #&! 78*! 3+27#(')+2! (%&7*Y7-! -'22%'&,#&<! 78*! -*)*&%(4-7*#&*! B@0!

(%,%&-!#&!78*!5"/0!72+&-(2#37-!%6!78*!7D%!-*)*&%32%7*#&!<*&*-:!Z%D!*Y+(7)4!78*-*!

,#66*2*&(*-!(+&!+66*(7!78*!*66#(#*&(4!%6!78*!-*)*&%(4-7*#&*!#&(%23%2+7#%&!-8%'),!$*!+!

5+77*2!%6!6'278*2!+&+)4-#-:!
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!"#$%&'(L)(

E75(#(;7890-79(,37(57+6,3(.<(,37(8117?,.-M%(/.;82+(.<(,':#E71(

>8#-! (8+37*2! D+-! %2#<#&+))4! 3+27! %6! 78*! 3+3*2! .(8+37*2! ]1! -'$5#77*,! 6%2!

(%&-#,*2+7#%&! #&! aSA=! $'7! D+-! )*67! %'7! #&! 78*! 5%-7! 2*(*&7! -'$5#--#%&! 7%! f)%-! %&*:!!

/*F*278*)*--=! c! 6**)! 78*! 6#&,#&<-! 8*2*! +2*! -#<&#6#(+&7! +&,! 8+F*! 78*2*6%2*! $**&! #&()',*,! +-!

3+27! %6! 78#-! 78*-#-! +-! +! -*3+2+7*! (8+37*2! +&,! -8%'),! 6)%D! 2*)+7#F*)4! -5%%78)4! 62%5! 78*!

32*F#%'-!(8+37*2:!

c&! 78*! )+-7! (8+37*2! D*! +&+)49*,! 78*! (%&-72+#&7-! #53%-*,! %&! 78*! -72'(7'2*! %6! 78*!

+((*37%2^>! ,%5+#&! #&! 6'&(7#%&+)! F+2#+&7-! %6! 78*! 7"/0X*(:! B-#&<! 78*! (%5$#&+7%2#+)! )#$2+24!

-*+2(8=! D*! <*&*2+7*,! 7"/0X*(! F+2#+&7-! D#78! &%&R-7+&,+2,! )*&<78-! %6! 78*! +((*37%2! +&,! >R

-7*5-:!c&!78*-*!F+2#+&7-=!78*!)*&<78!%6!78*!+((*37%2!-7*5!F+2#*,!$*7D**&!_!+&,!T!$3=!D8#)*!

78*!)*&<78!%6!78*!+((*37%2^>!,%5+#&!D+-!*#78*2!LI!%2!LP!$3:!0)78%'<8!#&!-%5*!F+2#+&7-!78*!

)*&<78-! %6! 78*! +((*37%2! -7*5! +&,^%2! %6! 78*! +((*37%2^>!,%5+#&!D*2*! ,#66*2*&7! 62%5! 78%-*!

%$-*2F*,!#&!78*!W>!7"/0X*(=!+))!F+2#+&7-!,*5%&-72+7*,!78*!+$#)#74!7%!-3*(#6#(+))4!#&(%23%2+7*!

-*)*&%(4-7*#&*! !"# (!('! +7! 78*! +--#<&*,! (%,%&-! %6! 7D%! -*)*&%32%7*#&-! \HZ/! +&,! \HZZ:! >*&!

+2$#72+2#)4! (8%-*&! F+2#+&7-! D*2*! -8%D&! 7%! $*! X*)SR,*3*&,*&7=! D8#(8! #&,#(+7*,! 78+7! 78*4!

#&(%23%2+7*! -*)*&%(4-7*#&*! #&7%! 78*! 3%)43*37#,*! (8+#&-! '-#&<! 78*! -+5*! 6'&(7#%&+)! 3+78! +-!

78*!W>!7"/0X*(:!@#F*&!78+7!78*!X*)SR,*3*&,*&(*!D+-!%$-*2F*,!#&!+))!7*&!F+2#+&7-!7*-7*,=!D*!

(+&!*Y3*(7!78+7!5%-7!%6!78*!%78*2!-(2**&*,!F+2#+&7-!D*2*!X*)SR,*3*&,*&7!+-!D*)):!c6!+!X*)SR

#&,*3*&,*&7! 7"/0X*(!F+2#+&7!D*2*! 6%'&,=! #7!D%'),!8+F*!5*+&7! 78+7! #7!D+-!,*)#F*2*,! 7%! 78*!

2#$%-%5*! +-! +! 2*<')+2! *)%&<+7%2! 7"/0=! '-#&<! O\R>':!W8*78*2! -'(8! F+2#+&7-! (+&! $*! 6%'&,!

'-#&<! 78*! +332%+(8! *Y*2(#-*,! 8*2*! 2*5+#&-! '&E&%D&:! Z%D*F*2=! *F*&! #6! -'(8! F+2#+&7-!

*Y#-7*,=! 78*4! D%'),! &%7! 8+F*! (8+&<*,! 78*! (%&()'-#%&-! 62%5! 78*! 32*F#%'-! (8+37*2=! D8#(8!
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D*2*!5+,*!$+-*,!%&!78*!+&+)4-#-!%6!%&)4!78%-*!F+2#+&7-!D8%-*!X*)SR,*3*&,*&(*!8+,!$**&!

,*5%&-72+7*,:!!!!

>8*!#&+$#)#74!%6!78*!5*+-'2*,!F+2#+&7-!7%!6'&(7#%&!+-!2*<')+2!*)%&<+7%2!7"/0-!2+#-*-!

-%5*!G'*-7#%&-:!f2*F#%'-)4=!#7!D+-!-8%D&!78+7!78*!@B!$+-*!3+#2!*Y#-7#&<!#&!78*!>R-7*5!%6!78*!

W>! 7"/0X*(! .\#<'2*! L=! A8+37*2!]1! (%'),! -*2F*! +-! +&! +&7#R,*7*25#&+&7!D#78! 2*-3*(7! 7%! O\R

>'."',#&<*2! *7! +):=! LTT[1:! >8*! 6+(7! 78+7! -'(8! @B! $+-*! 3+#2! *Y#-7*,! %&)4! #&! -%5*! %6! 78*!

5*+-'2*,! ()%&*-! +&,! -7#))=! +))! 5*+-'2*,! ()%&*-! D*2*! X*)SR,*3*&,*&7! #&,#(+7*-! 78+7! 78*!

-72'(7'2+)!(%&-72+#&7-!78+7!32*F*&7!7"/0X*(!7%!6'&(7#%&!+-!+!&%25+)!*)%&<+7%2!7"/0!+2*!5%2*!

(%53)*Y!78+&!D+-!%2#<#&+))4!78%'<87:!>8*!*)'(#,+7#%&!%6!78*-*!(%&-72+#&7-!(+&!$*!+!5+77*2!%6!

6'278*2!+&+)4-#-:!!!!

c&!-3#7*!%6!78*!6+(7!78+7!+))!-(2**&*,!F+2#+&7-!D*2*!+$)*!7%!#&(%23%2+7*!-*)*&%(4-7*#&*!

+7!78*!-3*(#6#(!(%,%&-!%6!78*!7D%!2*3%27#&<!-*)*&%32%7*#&-=!78*!+(7#F#7#*-!%6!78*!F+2#+&7-!D*2*!

5+2E*,)4!,#66*2*&7:!>8*!,#66*2*&(*!-7+27*,!D#78!78*!32*-*&(*!%6!78*-*!F+2#+&7-!#&!78*!(47%-%):!!

>8*!/%278*2&!$)%7!32*-*&7*,!#&!\#<'2*!?!.A8+37*2!]1!,*5%&-72+7*,!78+7!F+2#+&7-!(%&7+#&#&<!

LP! $3! #&! 78*! +((*37%2^>! ,%5+#&! +)D+4-! 8+,! +! &%7+$)4! 8#<8*2! 32*-*&(*! #&! 78*! (*))! 78+&!

F+2#+&7-!(%&7+#&#&<!%&)4!LI!$3=!2*<+2,)*--!%6!78*!3+27#(')+2!)*&<78!%6!78*!+((*37%2!-7*5:!>8#-!

%$-*2F+7#%&! #&6*2-! 78+7! 78*! *66#(#*&(4! %6! 78*! -4&78*-#-! +&,^%2!5+#&7*&+&(*! %6! X*(R7"/0X*(!

F+2#+&7-!,*3*&,-!%&!78*!)*&<78!%6!78*!+((*37%2^>!,%5+#&:!c7!+)-%!-'<<*-7-!78*!*Y#-7*&(*!%6!+!

-'3*2F#-#&<! -4-7*5! 6#)7*2#&<! %'7! 78%-*! 7"/0X*(! F+2#+&7-! #&! D8#(8! 78#-! ,%5+#&! #-! &%7! )%&<!

*&%'<8:!K%-7!32%$+$)4=!78#-!-'3*2F#-#&<!-4-7*5!#&F%)F*-!78*!32%7*#&-!78+7!3+27#(#3+7*!#&!78*!

-4&78*-#-!+&,^%2!5+#&7*&+&(*!%6! 78*!X*(R7"/0X*(:!>8*! 782**!5%-7!32%$+$)*!(+&,#,+7*-! 6%2!

78#-!2%)*!+2*!X*2"X=!X*)0!+&,!X*)S:!W8#)*!78*!6#2-7!7D%!32%7*#&-!+2*!,#2*(7)4!#&F%)F*,!#&!78*!

-4&78*-#-! %6! 78*! X*(R7"/0X*(=! 78*! 78#2,! %&*! -3*(#6#(+))4! -7+$#)#9*-! 78#-! 5%)*(')*! 782%'<8!

$#&,#&<! 7%! #7-! +((*37%2! -7*5! +&,! 7*25#&'-=! +-!D*))! +-! 7%! 78*! -*)*&%(4-7*#&4)! 2*-#,'*:! >8*!
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E&%D)*,<*!%6!78*!(24-7+)!-72'(7'2*-!%6!+))!782**!32%7*#&-!+))%D-!'-!7%!-'<<*-7!78*!5*(8+&#-5!

%6!-'(8!-*)*(7#%&:!

>8*! (24-7+)! -72'(7'2*! %6! 78*! X*2"X! (%53)*Y! D#78! 78*! 7"/0X*2! .S#%'! *7! +):=! LTT?1!

-8%D-! +! 7#<87! +&,! -3*(#6#(! #&7*2+(7#%&! %6! X*2"X! D#78! 78*! 7#3! %6! 78*! 7"/0! >R)%%3:!

B&6%27'&+7*)4=! #&! 78#-! -72'(7'2*! 78*! *&,! %6! 78*! +((*37%2! -7*5! %6! 78*! 7"/0X*2! 8+-! &%7! $**&!

32%3*2)4! 2*-%)F*,=!D8#(8!,%*-!&%7!+))%D!'-! 7%! -**!8%D! 7#<87)4!+&,!-3*(#6#(+))4! #7! #&7*2+(7-!

D#78! X*2"X:! Z%D*F*2=! +,,#7#%&+)! $#%(8*5#(+)! -7',#*-! -8%D*,! 78+7! 78*! ,#-(2#5#&+7%2!

&'()*%7#,*! _P=! D8#(8! #-! +,N+(*&7! 7%! 78*! +((*37%2! -7*5=! 2*32*-*&7-! +&! #53%27+&7! #,*&7#74!

*)*5*&7!%6!78*!7"/0X*2!D#78!2*-3*(7!7%!X*2"X!.\#<'2*!L+1./%25+&)4!*7!+):=!LTTI1:!X'(8!2%)*!%6!

&'()*%7#,*!_P!32*-'5*-!78*!*Y#-7*&(*!%6!+!7#<87!#&7*2+(7#%&!$*7D**&!78*!&'()*%7#,*!+&,!78*!

32%7*#&:! >8*! -#5')7+&*%'-! #&7*2+(7#%&! %6! X*2"X! D#78! 78*! 7#3! %6! 78*! >R)%%3! +&,! D#78!

&'()*%7#,*! _P! -8%'),! $*! -*&-#7#F*! 7%! 78*! N'Y7+3%-#7#%&! %6! 78*! 7D%! *)*5*&7-! #&! 78*! 7"/0!

-72'(7'2*!+&,=!78*2*6%2*=!7%!78*!)*&<78!%6!78*!D8%)*!+((*37%2^>!,%5+#&:!@#F*&!78+7!#&!78*!W>!

7"/0X*(=! 78*! +((*37%2^>!,%5+#&! #-! )%&<*2! 78+&! #&! 78*! 7"/0X*2=! #7! #-! &%7! -'232#-#&<! 78+7! 78*!

*66#(#*&(4! %6! 78*! -*24)+7#%&! %6! 78*! 7"/0X*(! #-! +$%'7! LJJ! 7#5*-! )%D*2! 78+&! %6! 78*! 7"/0X*2!

.S+2%&!+&,!S%(E=!LTTL1:!>8*2*6%2*=!#6!78*!-*24)+7#%&!%6!78*!7"/0X*(!D*2*!2*-3%&-#$)*!6%2!78*!

,#66*2*&(*! #&! 78*! (47%-%)#(! )*F*)! %6! 78*! 5*+-'2*,! F+2#+&7-! %6! 78*! 7"/0X*(=! D*! D%'),! 8+F*!

*Y3*(7*,! 78+7! F+2#+&7-! 8+F#&<! LI! $3! #&! 78*! +((*37%2^>! ,%5+#&! $*! 32*-*&7! #&! 8#<8*2!

G'+&7#7#*-!78+&!78%-*!8+F#&<!LP!$3:!@#F*&!78+7!%'2!2*-')7-!-8%D!78*!%33%-#7*=! #7! #-!'&)#E*)4!

78+7!X*2"X!3)+4-!+&4!2%)*!#&!78*!%$-*2F*,!,#66*2*&(*:!!

>8*! 2*(*&7)4! 3'$)#-8*,! (24-7+)! -72'(7'2*! %6! 78*! X*)0R7"/0X*(! (%53)*Y! .c7%8! *7! +):!

IJLP1! -8%D-! 78+7! 78*! 2*<#%&! %6! 78*! X*)0! (%&7+(7#&<! 78*! +((*37%2! -7*5! %6! 78*! 7"/0X*(! #-!

6)*Y#$)*!+&,!78+7!#7-!#&7*2+(7#%&!D#78!78#-!-7*5!#-!&*#78*2!-72%&<!&%2!-3*(#6#(:!X'(8!6)*Y#$#)#74!

'&,*25#&*-!78*!+$#)#74!%6!X*)0!7%!,#-7#&<'#-8!78*!7"/0X*(!$+-*,!%&!78*!)*&<78!%6!78*!+((*37%2!
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-7*5:!Q&!78*!%78*2!8+&,=!+((%2,#&<!7%!78*!2*(*&7)4!3'$)#-8*,!3+3*2!%6!0),+<!*7!+):=!.0),+<!*7!

+):!IJLP1=!+!&%7+$)*!-*)*&4)+7#%&!)*F*)!(+&!$*!+(8#*F*,!%&)4!#6!78*!7"/0X*(!F+2#+&7!(%&7+#&-!+&!

+,,#7#%&+)!*#<878!$+-*!3+#2!#&!78*!+((*37%2!-7*5:!>%<*78*2=!78*-*!7D%!%$-*2F+7#%&-!)*+,!'-!7%!

78*! -'<<*-7#%&! 78+7! #7! #-! &%7! 78*! )*&<78! %6! 78*! +((*37%2! -7*5!3*2! -*=! $'7! 78*! )*&<78! %6! 78*!

D8%)*!+((*37%2^>!,%5+#&!78+7!-*2F*-!6%2!78*!2*(%<&#7#%&!%6!78*!7"/0X*(!$4!X*)0:!c&,**,=!+-!#7!

#-! -8%D&! #&! \#<'2*! L$=! $%78! 78*! 7#3! %6! 78*! >R)%%3! +&,! 78*! ,#-(2#5#&+7%2! &'()*%7#,*!

#55*,#+7*)4!32*(*,#&<! 78*!P}R7*25#&+)!AA0R-*G'*&(*! 6%25!-3*(#6#(! #&7*2+(7#%&-!D#78!X*)0:!

>8*2*6%2*=! 78*! #&7*2+(7#%&!%6!78*!7"/0X*(!D#78!X*)0!-8%'),!$*!-*&-#7#F*!7%!78*! )*&<78!%6!78*!

D8%)*! +((*37%2^>! ,%5+#&:! >8'-=! *F*&! 78%'<8! X*)0! -**5-! 7%! $*! '&+$)*! 7%! 2*(%<&#9*! 78*!

7"/0X*(!782%'<8!78*!5*+-'2*5*&7!%6!78*!)*&<78!%6!78*!+((*37%2!-7*5=!#7!32%$+$)4!(+&!,%!#7!$4!

(8*(E#&<! 78*! )*&<78! %6! 78*! D8%)*! +((*37%2^>! ,%5+#&:! W8*&! 78*! 7D%! *Y72*5#7#*-! %6! 78#-!

,%5+#&!+2*!$%'&,! 7%!X*)0=! 78*! #&7*2+(7#%&!5+,*!$4! 6%'2!&'()*%7#,*-!%6! 78*!+((*37%2! -7*5!

D#78!X*)0!.-8%D&!#&!\#<'2*!L$1!D#))!-7+$#)#9*!78*!32%7*#&R7"/0!#&7*2+(7#%&!#&!+!&%&R-3*(#6#(!

5+&&*2:!!

0)78%'<8!X*2"X!+&,!X*)0!+2*!'&2*)+7*,!*&945*-=!$%78!%6!78*5!#&7*2+(7!D#78!78*!7#3!

%6! 78*!>R)%%3!+&,!D#78! 78*!,#-(2#5#&+7%2!&'()*%7#,*!%6! 78*! 7"/0:!H'*! 7%! 78*! )+77*2! +-3*(7=!

$%78! *&945*-! -8%'),! $*! +$)*! 7%! -*&-*! 78*! )*&<78! %6! 78*! +((*37%2^>! ,%5+#&:! X*2"X!

32*6*2+$)4!2*(%<&#9*-!+!LI$3!,%5+#&=!D8#)*!X*)0!D%'),!32*6*2!+!LP$3!,%5+#&:!c&7*2*-7#&<)4=!

#&!&%&*!%6!78*!(+-*-!78*!2*(%<&#7#%&!#-!+$-%)'7*C!X*2"X!#-!+)-%!+$)*!7%!+5#&%+(4)+7*!78*!W>!

7"/0X*(=!8+F#&<!LP!$3!#&!78*!+((*37%2^>!,%5+#&=!D8#)*!X*)0=!+((%2,#&<!7%!2*-')7-!32*-*&7*,!

8*2*=! (+&! -*)*&4)+7*! 7"/0X*(! F+2#+&7-! #&!D8#(8! 78#-! ,%5+#&! (%&7+#&-! %&)4! LI! $3:! \%2! $%78!

X*2"X!+&,!X*)0=!78*!+)7*2&+7#F*!D+4!%6!6'&(7#%&#&<!-**5-!7%!$*!&%7+$)4!)*--!*66#(#*&7!78+&!78*!

32#5+24!%&*:!
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0)78%'<8!('22*&7)4=!78*2*!#-!&%!+F+#)+$)*!(24-7+)!-72'(7'2*!6%2!+!7"/0jX*)S!(%53)*Y=!

+! (%&F#&(#&<! 5%,*)! %6! -'(8! (%53)*Y! D+-! $'#)7! $+-*,! %&! -'3*2#53%-#7#%&! %6! 78*! (24-7+)!

(%&6%25+7#%&!%6!78*!+2(8+*+)!X*)S=!+!8%5%)%<!%6!78*!$+(7*2#+)!X*)S=!%&!78*!(%&6%25+7#%&!%6!

O\R>'! D#78#&! 78*! (24-7+)! -72'(7'2*! O\R>'j7"/0A4-! .M*#$'&,<'7! *7! +):=! IJJUC! /#--*&! *7! +):=!

LTTT1:!!0((%2,#&<!7%!78#-!5%,*)=!X*)S!6%25-!#&7*2+(7#%&-!D#78!78*!782**!7*25#&+)!$+-*!3+#2-!

%6!78*!+((*37%2!-7*5!+&,!D#78!78*!3+27!%6!78*!>R-7*5!32%Y#5+7*!7%!78*!+((*37%2!-7*5!.\#<'2*!

L(1:! @#F*&! 78+7! %'7-#,*! 78#-! +2*+! X*)S! ,%*-! &%7! 6%25! +&4! (%&7+(7-! D#78! 78*! +((*37%2^>!

,%5+#&=!#7!-8%'),!$*!'&+$)*!7%!,#-7#&<'#-8!$*7D**&!7"/0X*(!F+2#+&7-!8+F#&<!LI!+&,!LP!$+-*!

3+#2-!#&!78*!D8%)*!+((*37%2^>!,%5+#&:!c&!3+27#(')+2=!X*)S!D%'),!$*!*Y3*(7*,!7%!$#&,!*G'+))4!

D*))!7%!78*!W>!+&,!7%!F+2#+&7!@UR?!.\#<'2*!P=!(8+37*2!]1!+-!78*!7D%!5%)*(')*-!8+F*!78*!-+5*!

&'()*%7#,*! -*G'*&(*! %6! 78*! +((*37%2^>! ,%5+#&=! *Y(*37! 6%2! 78*! A@! $3! 32%Y#5+7*! 7%! 78*! >R

)%%3=!D8#(8!#-!5#--*,!#&!F+2#+&7!@UR?:!c&!-3#7*!%6!78#-=!78*!W>!7"/0X*(!8+-!+!&%7+$)4!8#<8*2!

32*-*&(*!#&!78*!(*))!78+&!F+2#+&7!@UR?!.\#<'2*!?=!(8+37*2!]1:!>8*2*6%2*=!6+(7%2!X*)S=!)#E*!78*!

X*2"X=!#-!'&)#E*)4!7%!$*!32#5+2#)4!2*-3%&-#$)*!6%2!78*!%$-*2F*,!,#66*2*&(*-!#&!78*!32*-*&(*!%6!

78*!7"/0X*(!F+2#+&7-!#&!78*!(47%-%):!!

>8*!+&+)4-#-!%6! 78*!-72'(7'2*-!%6! 78*!782**!32%7*#&R7"/0!(%53)*Y*-! )*+,-!'-!7%!78*!

(%&()'-#%&! 78+7! %'7! %6! 78*! 782**! 32%7*#&-! #&F%)F*,! #&! 78*! -4&78*-#-! +&,! ,*)#F*24! %6! X*(R

7"/0X*(=!X*)0!#-!78*!%&)4!%&*!78+7!#-!+$)*!7%!F*2#64!78*!)*&<78!%6!78*!+((*37%2^>!,%5+#&:!W*!

78*2*6%2*!-'<<*-7!78+7!#7!#-!6+(7%2!X*)0!78+7!#-!32#5+2#)4!2*-3%&-#$)*!6%2!+!)%D*2!(*))')+2!)*F*)!

%6! X*(R7"/0X*(! 8+F#&<! %&)4! LI! $3! #&! 78*! +((*37%2^>! ,%5+#&:! >8*! 2%)*! %6! X*)S=! 8%D*F*2=!

-8%'),!&%7!$*!'&,*2*-7#5+7*,:!OF*&! 78%'<8!X*)S! #-!'&+$)*! 7%!,#-7#&<'#-8! 7"/0X*(! F+2#+&7-!

$+-*,!%&!78*!)*&<78!%6!78*!+((*37%2^>!,%5+#&=!#7!-7#))!(+&!3+27#(#3+7*!#&!78*!7"/0!-*)*(7#%&:!

@#F*&! 78+7! X*)S! $#&,-! %&)4! 78%-*! F+2#+&7-! 78+7! (+224! -*)*&%(4-7*#&*! .\%2(88+55*2! *7! +):=!

LTVT1=! 78*! #&+$#)#74! %6! 7"/0X*(! F+2#+&7-! 8+F#&<! LI! $3! #&! 78*! +((*37%2^>! ,%5+#&! 7%! $*!

*66*(7#F*)4!-*)*&4)+7*,!D#))!32*F*&7!78*#2!+--%(#+7#%&!D#78!X*)S=!78'-!)*+,#&<!7%!,*<2+,+7#%&:!!
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0&%78*2!-7*3!%6!78*!7"/0X*(!6'&(7#%&+)!(4()*!#&!D8#(8!78*!)*&<78!%6!78*!+((*37%2!-7*5!

+&,^%2!%6!78*!D8%)*!+((*37%2^>!,%5+#&!(+&!5+E*!+!,#66*2*&(*!#-!D8*&!7"/0X*(!6'&(7#%&-!+7!

78*!2#$%-%5*:!>8*!&%25+)#9+7#%&!%6!78*!+(7#F#7#*-!%6!78*!5*+-'2*,!()%&*-!$4!78*!32*-*&(*!#&!

78*! (47%-%)! ,*5%&-72+7*,! +! ()*+2! 32*6*2*&(*! 6%2! 78*! V^U! +&,! T^?! F+2#+&7-=!D8#)*! 78*! _^[!

F+2#+&7=! ,*-3#7*! 78*! )%&<! +((*37%2^>! ,%5+#&=! 8+-! +$%'7! 78*! -+5*! +(7#F#74! +-! 78*! F+2#+&7-!

8+F#&<!%&)4!LI!$3!#&!78#-!,%5+#&:!>8#-!%$-*2F+7#%&!#&,#(+7*-!78+7!78*!3+27#(')+2!)*&<78!%6!78*!

+((*37%2! -7*5! (+&! +)-%! $*! #53%27+&7! 6%2! 78*! %37#5+)! 6'&(7#%&#&<! %6! 78*! 7"/0X*(! +&,!

(%22%$%2+7*-!78*!6+(7!78+7!#&!+))!,%5+#&-!%6!M#6*=!78*!W>!7"/0-X*(!8+F*!+)D+4-!*#78*2!78*!V^U!

%2!T^?!-72'(7'2*:!H*-3#7*!78#-=!#7!#-!'&,*&#+$)*!78+7!&*#78*2!78*!2*G'#2*5*&7-!6%2!78*!)*&<78!

%6! 78*! +((*37%2! -7*5! &%2! 78*! 2*G'#2*5*&7-! 6%2! 78*! )*&<78! 78*! +((*37%2^>! ,%5+#&! +2*!

+$-%)'7*)4! 2#<#,;! 6'&(7#%&+)! 7"/0X*(! F+2#+&7-! 8+F#&<! -72'(7'2*-! _^[=! _^U=! V^?! +&,! T^P! (+&!

,*5%&-72+7*!&%7+$)*!X*(R#&(%23%2+7#&<!+(7#F#74:! c7! #-!G'#7*! #&7*2*-7#&<! 78+7! 78*!32*-*&(*!%6!

+&! *Y72+! $3! #&! 78*! +&7#(%,%&! (+&! $*! 2*G'#2*,! #&! ,#66*2*&7! D+4! +7! ,#66*2*&7! -7*3-! %6! 78*!

6'&(7#%&+)!(4()*:!!!
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!

U)\A'&(IJ((:0157.,2/79(.<(,37(8117?,.-M%(/.;82+(,38,(8-7(2+D.5D7/(2+(2+,7-81,2.+(@2,3(
?-.,72+9(E7-'E(]#^W(E75#(]N^W(8+/(E75N(]!^J((

Q3*&=! 6#))*,!+&,!,%'$)*!(#2()*-!-7+&,!6%2!&'()*%7#,*-!78+7!,%!&%7!(%&7+(7! 78*!32%7*#&!.%3*&!

(#2()*-1=! 6%25!(%&7+(7-!%&)4! 782%'<8! 78*! -'<+2R38%-38+7*!$+(E$%&*! .6#))*,! (#2()*-1!%2!D#78!

3+27#(#3+7#%&! %6! $+-*-! .,%'$)*! (#2()*-1:! Z%2#9%&7+)! )#&*-! $*7D**&! 78*! (#2()*-! #&,#(+7*! $+-*!

3+#2#&<:! 0;! 78*! -(8*5*! %6! 78*! 7"/0RX*2"X! #&7*2+(7#%&-! D+-! ,*,'(*,! 62%5! 78*! (24-7+)!

-72'(7'2*!%6!78*!X*2"XR7"/0X*2!(%53)*Y!.S#%'!*7!+):=!LTT?1=!$'7!+)-%!#&()',*,!78*!#&6%25+7#%&!
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(%&(*2&#&<! 78*! 7"/0X*2! #,*&7#74! *)*5*&7-! ./%25+&)4! *7! +):=! LTTI1:! >8*! 2*G'#2*5*&7! 7%!

-#5')7+&*%'-)4! 5+#&7+#&! 78*! #&7*2+(7#%&-! D#78! 78*! >R)%%3! +&,! D#78! 78*! ,#-(2#5#&+7%2!

&'()*%7#,*R_P! D%'),! 5+E*! X*2"X! -*&-#7#F*! 7%! +! LIR$3! )*&<78! %6! 78*! +((*37%2^>! ,%5+#&=!

D8#(8!*Y3)+#&-!78*!)%D!-*24)+7#%&!*66#(#*&(4!%6!78*!7"/0X*(!.S+2%&!+&,!S%(E=!LTTL1:!S;!>8*!

-(8*5*!%6!78*!7"/0X*(RX*)0!#&7*2+(7#%&-!D+-!,*,'(*,!62%5!78*!+F+#)+$)*!(24-7+)!-72'(7'2*!%6!

78*! (%22*-3%&,#&<! (%53)*Y! .c7%8! *7! +):! IJLP1:! \+(7%2! X*)0! -3*(#6#(+))4! #&7*2+(7-! D#78!

&'()*%7#,*!U_!+7!78*!7%3!%6!78*!>R)%%3!+&,!D#78!78*!,#-(2#5#&+7%2!&'()*%7#,*!+,N+(*&7!7%!78*!

+((*37%2!-7*5:!M#E*!6%2!78*!X*2"X=!78*!&*(*--#74!7%!5+#&7+#&!$%78!#&7*2+(7#%&-!-8%'),!5+E*!

78*!+(7#F#74!%6!X*)0!,*3*&,*&7!7%!78*!7%7+)!)*&<78!%6!78*!+((*37%2^>!,%5+#&:!Z%D*F*2=!6+(7%2!

X*)0=! '&)#E*! X*2"X=! #-! *Y3*(7*,! 7%! 32*6*2! 78*! LPR$3! +((*37%2^>! ,%5+#&! 32*-*&7! #&! 78*!

7"/0X*(:!>8*!+,,#7#%&+)!&%&R-3*(#6#(!#&7*2+(7#%&-!$*7D**&!X*)0!+&,!78*!+((*37%2!-7*5!-*2F*!

6%2!<*&*2+)!-7+$#)#9+7#%&!%6!78*!7"/0R32%7*#&!#&7*2+(7#%&!.-**!78*!7*Y71!A;!78*!-(8*5*!%6!78*!

7"/0X*(lX*)S! #&7*2+(7#%&! 32%3%-*,! $+-*,! %&! 78*! (24-7+)! -72'(7'2*! %6! 78*! +2(8+*+)! X*)S!

.M*#$'&,<'7!*7!+):=!IJJU1!.78*!,*7+#)-!+2*!32%F#,*,!#&!78*!7*Y71:!\+(7%2!X*)S!#&7*2+(7-!&*#78*2!

D#78!78*!>R)%%3=!&%2!D#78!78*!32%Y#5+7*!3+27!%6!78*!>R-7*5:!>8*2*6%2*=! #7-! #&7*2+(7#%&!D#78!

78*!7"/0X*(!-8%'),!$*!#&-*&-#7#F*!7%!78*!)*&<78!%6!78*!+((*37%2^>!,%5+#&:!!

!
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'7<7-7+179(

0),+<=!A:=!S2%(E*2=!K:a:=!Z%8&=!K:a:=!f2+7=!M:=!Z+55%&,=!@:=!f)'55*2=!0:=!+&,!Xe))=!H!

.IJLP1:!"*D#2#&<!72+&-)+7#%&!6%2!*)%&<+7#%&!6+(7%2!>'R,*3*&,*&7!-*)*&%(4-7*#&*!

#&(%23%2+7#%&:!0&<*D!A8*5!c&7!O,!O&<)#UG=!L??LRL??U:!

S+2%&=!A:=!+&,!S%(E=!0:!.LTTL1:!>8*!)*&<78!%6!78*!+5#&%+(4)R+((*37%2!-7*5!%6!78*!

-*)*&%(4-7*#&*R-3*(#6#(!7"/0.X*(1!%6!O-(8*2#(8#+!(%)#!#-!78*!,*7*25#&+&7!6%2!$#&,#&<!

7%!*)%&<+7#%&!6+(7%2-!XOMS!%2!>':!a!S#%)!A8*5#GSS=!IJP_URIJP_T:!

S#%'=!]:=!i+2*5(8'E=!0:=!>'E+)%=!K:=!+&,!A'-+(E=!X:!.LTT?1:!>8*!I:T!0!(24-7+)!-72'(7'2*!

%6!>:!78*25%38#)'-!-*24)R7"/0!-4&78*7+-*!(%53)*Y*,!D#78!7"/0.X*21:!X(#*&(*#GSN=!

L?J?RL?LJ:!

\%2(88+55*2=!b:=!M*#&6*),*2=!W:=!+&,!S%(E=!0:!.LTVT1:!c,*&7#6#(+7#%&!%6!+!&%F*)!

72+&-)+7#%&!6+(7%2!&*(*--+24!6%2!78*!#&(%23%2+7#%&!%6!-*)*&%(4-7*#&*!#&7%!32%7*#&:!

/+7'2*#NRG=!?UPR?U[:!

c7%8=!i:=!S2%(E*2=!K:a:=!X*E#&*=!X:=!Z+55%&,=!@:=!X'*7-'<'=!X:=!Xe))=!H:=!+&,!i%E%4+5+=!X!

.IJLP1:!H*(+5*2#(!X*)0j7"/0.X*(1!2#&<!-72'(7'2*!2*F*+)-!5*(8+&#-5!%6!$+(7*2#+)!

-*)*&%(4-7*#&*!6%25+7#%&:!X(#*&(*#NRH=!_UR_V:!

M*#$'&,<'7=!K:=!\2#(E=!A:=!>8+&$#(8)*2=!K:=!S%(E=!0:=!+&,!S+&=!/:!.IJJU1:!

X*)*&%(4-7*#&*!7"/0R-3*(#6#(!*)%&<+7#%&!6+(7%2!X*)S!#-!+!-72'(7'2+)!(8#5+*2+!%6!

*)%&<+7#%&!+&,!#&#7#+7#%&!6+(7%2-:!OKSQ!a#GR=!LLRII:!

/#--*&=!f:=!>8#2'3=!X:=!bN*),<++2,=!K:=!+&,!/4$%2<=!a:!.LTTT1:!>8*!(24-7+)!-72'(7'2*!%6!

A4-R7"/0A4-RO\R>'R@Hf/f!2*F*+)-!<*&*2+)!+&,!-3*(#6#(!6*+7'2*-!#&!78*!7*2&+24!

(%53)*Y!+&,!#&!7"/0:!X72'(7'2*#I=!L?PRLU[:!

/%25+&)4=!a:=!Q))#(E=!>:=!+&,!0$*)-%&=!a:!.LTTI1:!O#<87!$+-*!(8+&<*-!+2*!-'66#(#*&7!7%!

(%&F*27!+!)*'(#&*R#&-*27#&<!7"/0!#&7%!+!-*2#&*R#&-*27#&<!7"/0:!f2%(!/+7)!0(+,!X(#!B!X!

0#bL=!U[VJRU[V?:!

"',#&<*2=!a:=!Z#))*&$2+&,7=!":=!X32#&9)=!K:=!+&,!@#*<*=!":!.LTT[1:!0&7#,*7*25#&+&7-!

32*-*&7!#&!5#&#8*)#Y.X*(1!8#&,*2!#7-!2*(%<&#7#%&!$4!32%E+24%7#(!*)%&<+7#%&!6+(7%2!>':!

OKSQ!a#KU=![UJR[U_:!

!

!
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!"#$%&'(L))*((((F2910992.+(8+/(!.+15092.+(

>8*! -7',#*-! #&! (8+37*2! cc! ,*5%&-72+7*,! 78+7! 7"/0-! D#78! >R)%%3-! ,#66*2*&7!

62%5!78*!-7+&,+2,=!D#78!&%!"ZB0!#&!78*!>R)%%3=!(+&!-7#))!6'&(7#%&!!"#(!(':!K%2*%F*2=!

78*! +772+(7#%&! $*7D**&! 78*!HR! +&,!>R)%%3-=! &%25+))4! 32%F#,*,!$4! 78*! 3'2#&*! 72+3=!

D+-!-8%D&!7%!$*!2*3)+(*+$)*!$4!cMHZ:!!\'278*2!+&+)4-#-=!,*-(2#$*,!#&!(8+37*2!ccc=!)*,!

'-!7%!78*!5%,*)!6%2!78*!+)7*2&+7#F*!7%!78*!>R)%%3=!743*!ccc:!!>8#-!+)7*2&+7#F*!-72'(7'2*!

8+-! ?! #&7*2,*3*&,*&7! *)*5*&7-! 78+7! ,#66*2! 62%5! 78*! D#),743*! +&,! #&()',*;! 78*!

*Y7*&-#%&!%6!78*!>R-7*5!$4!%&*!@A!$+-*!3+#2=!%&*!&'()*%7#,*!#&!78*!>R$')<*!#&-7*+,!%6!

78*!&%25+)!7D%=!+&!"ZR"WA!$+-*!3+#2!#&!78*!>R)%%3!#&-7*+,!%6!"ZB0=!+&,!+&!cMHZ!

#&-7*+,! %6! 78*! 3'2#&*! 72+3:! >8*! 5%,*)! -8%D-! 78+7! *+(8! *)*5*&7+)! (%53%&*&7!

-**5#&<)4! 6#7-! 7%<*78*2! #&! +! (+-(+,#&<! #&7*2,*3*&,*&7! &*7D%2E! %6! -72'(7'2+))4!

(%53*&-+7*,!$'#),#&<!$)%(E-:!!c&!+,,#7#%&=!%'2!+&+)4-#-!8+-!)*,!7%!78*!#,*&7#6#(+7#%&!

%6!+!-#&<)*!ZR+7%5!.ZLÑ!+7%5!%6!&'()*%7#,*!AVj!62%5!(8+37*2!ccc1!+-!$*#&<!%&*!%6!78*!

5+#&! (%&-72+#&#&<! 2*+-%&-! 6%2! 78*! (%F+24#&<! 3+77*2&! #&! 78*! ,#&'()*%7#,*! -*G'*&(*!

#,*&7#7#*-!%6!"ZR"WA!$+-*!3+#2:!!

>8*! #,*&7#6#(+7#%&! %6! +&! !"# (!('! 6'&(7#%&+)! >R)%%3!5%7#6! +)7*2&+7#F*=! 743*! ccc=!

)*+,-!7%!-%5*!#&72#<'#&<!G'*-7#%&-!78+7!2*G'#2*!6'278*2!-7',4!-'(8!+-;!H%*-!743*!ccc!

*Y#-7!&+7'2+))4!#&!%78*2!"/0!5%)*(')*-ÖC!+&,!A+&!743*!ccc!2*3)+(*!%78*2!>R)%%3!5%7#6-!

6%'&,!*)-*D8*2*Ö!

!K%2*!#53%27+&7)4=!78*!-7',4!62%5!(8+37*2!ccc!2*F*+)-!78*!*Y#-7*&(*!%6!+!7#<87!

-7*2#(! #&7*2,*3*&,*&(*! $*7D**&! *)*5*&7-! 78+7! 5+E*! '3! 743*! ccc:! ! >%! -**! -'(8! +!

&*7D%2E! %6! (%53*&-+7#%&! #,*&7#6#*,! +$%F*! -'<<*-7-! 78+7! %78*2! "/0! 5%7#6-! +)-%!

6%))%D! 78*#2! %D&! #&72#(+7*! &*7D%2E! %6! (%&-72+#&7-:! ! c,*&7#64#&<! -'(8! 743*-! %6!

(%53*&-+7%24!&*7D%2E-!D%'),!+,,!#53%27+&7!#&6%25+7#%&!78+7!(%'),!8*)3!-%)F*!78*!

"/0!6%),#&<!32%$)*5:! !A'22*&7)4=! #7!-**5-!78*2*!+2*!2*+))4!&%!5*78%,-!+F+#)+$)*!7%!

*)'(#,+7*! -'(8!"/0!(%53*&-+7%24!$*8+F#%2!%78*2! 78+&! 78*!%&*! 78+7!D*!8+F*!'-*,!

8*2*:!

!c&! (8+37*2! c]=! 78*! '-*! %6! 78*! c&-7+&7! OF%)'7#%&! +332%+(8! 7%! -7',4! 78*!

*Y7*&,*,! HR-7*5! %6! 7"/0X*(! 8+-! 2*F*+)*,! 78+7! 78*! *Y7*&-#%&! %6! 78*! HR-7*5! #&!
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7"/0X*(! #&72%,'(*-! 7D%! #53%27+&7! *66*(7-! 7%! 78#-! 7"/0!5%)*(')*;! 6#2-7! #7! 32*F*&7-!

78*! 6%25+7#%&! %6! 7*27#+24! #&7*2+(7#%&-! .VRL?=! LUR?V1! 5+E#&<! 78#-! 5%)*(')*! 5%2*!

6)*Y#$)*=! +&,! -*(%&,=! 78*! )%-7! 7*27#+24! -7+$#)#74! 62%5! 78*! +$-*&(*! %6! 78*! 6%25*2)4!

5*&7#%&*,! 7*27#+24! #&7*2+(7#%&! (+&! $*! (%53*&-+7*,! $4! 78*! #&(2*+-*! #&! -*(%&,+24!

-72'(7'2*! -7+$#)#74! 782%'<8! 78*! +,,#7#%&! %6! I! WA! $+-*! 3+#2-! #&! 78*! HR-7*5:! ! c&!

+,,#7#%&=!78*!6+(7!78+7!-%5*!F+2#+&7-!D#78%'7!WA!$+-*!3+#2-!#&!78*!U78!+&,![78!)+4*2!%6!

78*!HR-7*5!6'&(7#%&*,!*F*&!$*77*2!78+&!D#),743*!+7!)%D!$'7!&%7!8#<8!7*53*2+7'2*-!

#&,#(+7*! 78+7!)*+>10! 8+-! -*)*(7*,! 6%2! 7"/0X*(!5%)*(')*-! 78+7! +2*! 2*-#)#*&7! %F*2! +!

D#,*2! 2+&<*! %6! -72*--6')! *&F#2%&5*&7-! .#*:! 8#<8*2! 7*53*2+7'2*1! 2+78*2! 78+&! -*)*(7!

78%-*!F+2#+&7-!78+7!3*26%25!$*77*2!#&!+!&+22%D!2+&<*!%6!*&F#2%&*5*&7-!.#*:!%&)4!+7!

)%D!7*53*2+7'2*1:!!

A8+37*2!]!-8%D*,!78*!)*&<78!%6!+((*37%2^>!,%5+#&!(+&!F+24!$*7D**&!LI!+&,!

LP!+&,!-7#))!$*!6'&(7#%&+)=!+&,!5%2*%F*2=!78*!D+4!#&!D8#(8!78#-!,%5+#&!#-!(%53%-*,!

(+&!F+24!.V^U=!T^?=!_^U=!_^[=!V^?=!+&,!T^P1:! !X'(8!*Y3*2#5*&7+)!*F#,*&(*!-'<<*-7-=!

$+-*,! %&! 78*! 6+(7! 78+7! *F*&! +! -#&<)*! $+-*! 3+#2! ,#66*&(*! #&! +! 8*)#(+)! ,%5+#&!D%'),!

(+'-*!+! )+2<*! (8+&<*! #&! 78*!3%-#7#%&!%6! 78*!+((*37%2! *&,! .+! 2%7+7#%&!%6!PP%! +&,!+&!

*Y7*&-#%&! %2! (%&72+(7#%&! +)%&<! 78*! +Y#-! $4! I:V0&<-72%51=! 78+7! 78*! 7"/0X*(! (+&!

2*5+#&! 6'&(7#%&+)! ,*-3#7*! -'(8! )+2<*! ,#66*2*&(*-! #&! 78*! -72'(7'2*! %6! 78*! 7"/0! MR

-8+3*:!>8*!+$#)#74!6%2!,#F*2-*!7"/0X*(!F+2#+&7-!.,#66*2*&7!+((*37%2^>!(%5$#&+7#%&-1!

7%!2*5+#&!6'&(7#%&+)!#53)#*,!78+7!7"/0X*(!#-!6)*Y#$)*!+-!D+-!32*,#(7*,!#&!(8+37*2!c]:!!

c&7*2*-7#&<)4=!F+2#+&7-!D#78!LP!)+4*2-!D*2*!5%2*!+(7#F*!+&,!8+,!<2*+7*2!32*-*&(*!#&!

78*!(47%-%)!78+&!78%-*!78+7!8+,!LI:! !W*!-3*(')+7*,!78+7!78*!8#<8*2!32*-*&(*!%6!78*!

6%25*2!#&!78*!(47%-%)!D+-!782%'<8!*&8+&(*,!7"/0!-7+$#)#74!,'*!7%!$*77*2!#&7*2+(7#%&!

D#78!%&*!%2!5%2*!%6!78*!6+(7%2-!#&!78*!7"/0X*(!6'&(7#%&+)!(4()*:!!!!!

>8*!78*%2*7#(+)!-7',4!62%5!(8+37*2!]c!#,*&7#6#*,!X*)0!+-!78*!)#E*)4!6+(7%2!78+7!

-7+$#)#9*-! F+2#+&7-! D#78! LP! )+4*2-! #&! 78*! +((*37%2^>! ,%5+#&! %F*2! 78%-*! D#78! LI:!

S+-*,! %&! 78*! 32%(*--! %6! *)#5#&+7#%&=!D*! 32%3%-*,! X*)0! 8+-! 78*! +$#)#74! 7%! ,#2*(7)4!

-*)*(7!78%-*!F+2#+&7-!D#78!LP!)+4*2-!+-!X*)0!#&7*2+(7-!D#78!78*!+((*37%2!7*25#&'-!+&,!

78*!>R)%%3=!78'-!*66*(7#F*)4!5*+-'2#&<!78*!)*&<78!%6!78*!+((*37%2^>!,%5+#&:!Q&(*!78*!
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7"/0!F+2#+&7!#-!-*)*&4)+7*,=!X*)S!(+&!3)+4!+!-*(%&,+24!2%)*!#&!78*!-7+$#)#9+7#%&!%6!78*!

7"/0X*(!F+2#+&7!782%'<8!$#&,#&<!D8#(8!2*)#*-!%&!78*!32*-*&(*!%6!X*(!%&!78*!7"/0:!

0)78%'<8! 78*! -7',#*-! %&! 7"/0X*(! 8+-! ,*5%&-72+7*,! 78*! '&32*(*,*&7*,!

6)*Y#$#)#74!+F+#)+$)*! #&! 78#-! 7"/0=! 6%2!D8+7!2*+-%&!-'(8! 6)*Y#$#)#4! #-!&**,*,!2*5+#&-!

'&E&%D&:! ! 0-! ,*-(2#$*,! #&! (8+37*2! ]=! D*! 8%D*F*2! -3*(')+7*! 78+7! -'(8! #&7*2&+)!

6)*Y#$#)#74! 5+4! $*! )#&E*,! 7%! 78*! '&'-'+))4! )%&<! +((*37%2^>! ,%5+#&=! +-! 78*! )+77*2!

+-3*(7!D%'),!)#E*)4!(+'-*!-7*2#(!32%$)*5-!,'2#&<!#7-!7#5*!%&!78*!2#$%-%5*=!+&,!78*!

6%25*2! +-3*(7!D%'),! $*! *Y3*(7*,! 7%! 2*)#*F*! #7:! >8*! '&#F*2-+)! 32*-*&(*! %6! 7*27#+24!

#&7*2+(7#%&-!"ZB0!.VRL?1=!+-!D*))!+-!LUR?V=!#&!+))!-7+&,+2,!7"/0-!-72%&<)4!-'<<*-7-!

78+7!+!2#<#,!7"/0!5%)*(')+2!-72'(7'2*!8+-!$**&!-*)*(7*,!6%2!-7+&,+2,!7"/0-=!D8#(8!#-!

#&!(%&72+-7!7%!7"/0-*(:!

>8*! -7',#*-! '&,*27+E*&! 8*2*! 8+F*! -8%D&! 78*! #53%27+&(*! %6! 32%F#,#&<! +&!

'&$#+-*,! 62**,%5! 7%! +! <#F*&! *Y3*2#5*&7+)! -4-7*5! $4! 78*! '-*! %6! (%5$#&+7%2#+)!

)#$2+2#*-C!78*2*$4!+))%D#&<!78*!-4-7*5!7%!2*7'2&!F#+$)*!+)7*2&+7#F*-!7%!D8#(8!D*!(+&!

)*+2&! 62%5!D#78%'7! 32*N',#(*:! !K%-7! %6! 78*! -72'(7'2+)! #&-#<87-! 78+7!D*2*! %$7+#&*,!

$+-*,!%&!-(2**&*,!F+2#+&7-!D*2*!'&*Y3*(7*,=!4*7!32%F*,!*Y72*5*)4! 62'#76'):! c&! 78*!

6'7'2*=!D8*2*!#&!+!7#5*!D8*&!(24-7+))%<2+384!$*(%5*-!2%'7#&*=!78*!N%#&7!'-*!%6!-'(8!

(%5$#&+7%2#+)! <*&*! )#$2+24! -(2**&-! )#E*! 78*! %&*! '-*,! 8*2*! +&,! (24-7+)#9#&<! 78*!

-(2**&*,!5'7+&7-!6%2!F*2#6#(+7#%&!%6!-72'(7'2+)!5%,*)-=!(+&!$*!*Y3*(7*,!7%!5+E*!78#-!

743*!%6!D%2E!5%2*!3%3')+2:!!

Q&*!%6! 78*!5%-7! #&7*2*-7#&<!3+27-!%6! 78#-!D%2E!D+-! 7%!2*+)#9*! 78+7! 78*2*!+2*!

-7*2#(!()+-8*-!78+7!+2*!(+'-*,!$4!78*!+7%5-!#&8*2*&7!#&!78*!32#5+24!-*G'*&(*!%6!"/0!

D8#(8!3)+4!+!,*(#-#F*!2%)*! #&! 78*! 6#&+)!%'7(%5*!%6!+!PH!-72'(7'2*=!+-!D*!8+F*!-**&!

D#78! 78*! |3#53)*! *66*(7}! 62%5! (8+37*2! ccc:! ! B&6%27'&*7)4=! 78*! 7*(8&#G'*-! 78+7! +2*!

+F+#)+$)*! 7%,+4! 78+7! ,*7*25#&*! -72'(7'2*! D#))! &%7! $*! +$)*! 7%! ,%('5*&7! -'(8!

38*&%5*&%&!+-!%&)4!78*!6#&+)!-7+$)*!-72'(7'2*!+2*!5+&#6*-7*,C!+!-72'(7'2*!78+7!8+-!

+F%#,*,! -'(8! -7*2#(! (%))#-#%&-:! ! >8#-! #53)#*-! 78+7! 78*2*! #-! +&!'&%$-*2F+$)*!3+2+))*)!

-72'(7'2+)!2*+)#74!78+7!,#(7+7*-!78*!D+4!#&!D8#(8!+!3+27#(')+2!"/0!5%)*(')*!6%),-!#&!+!

PH! 6%25:! !f*28+3-! #&! 78*! 6'7'2*=!D#78!+,F+&(*-! #&!-'(8! 7*(8&#G'*-!+-!(24%ROK=!D*!
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5+4!$*!+$)*!7%!(+7(8!-'(8!'&6+F%2+$)*!6%),#&<!5%5*&7-!78+7!-8%D!()+-8*-!$*7D**&!

+7%5-! +&,! 8*)3! '-! '&,*2-7+&,! D84! 3+27#(')+2! -72'(7'2*-! (+&! &%7! $*! 6%25*,:! ! 0!

-4-7*5+7#(! #,*&7#6#(+7#%&! %6! -7*2#(! (%))#-#%&-! ,'*! 7%! (%&-72+#&7-! #&! 78*! 32#5+24!

-*G'*&(*!#&!78#-!Ü'&%$-*2F+$)*!3+2+))*)!-72'(7'2+)!2*+)#74á!D%'),!78*&!$*!#53%27+&7!

#6!D*!+2*!7%!72')4!'&,*2-7+&,!78*!2')*-!6%2!"/0!+2(8#7*(7'2*:!

!
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!

'7<7-7+179*(

0)$*27-=!S:=!a%8&-%&=!0:=!M*D#-=!a:=!"+66=!K:=!"%$*27-=!b:=!+&,!W+)7*2=!f:!.IJJI1:!
K%)*(')+2!S#%)%<4!%6!78*!A*))=!?78!*,#7#%&=!?78!*,&!./*D!i%2E=!@+2)+&,!X(#*&(*1:!
!
0),+<=!A:=!S2%(E*2=!K:a:=!Z%8&=!K:a:=!f2+7=!M:=!Z+55%&,=!@:=!f)'55*2=!0:=!+&,!Xe))=!H:!
"*D#2#&<!72+&-)+7#%&!6%2!*)%&<+7#%&!6+(7%2!>'R,*3*&,*&7!-*)*&%(4-7*#&*!
#&(%23%2+7#%&:!0&<*D!A8*5!c&7!O,!O&<)#UG=!L??LRL??U:!
!
02&*2=!O:X:!.IJLJ1:!X*)*&%32%7*#&-RW8+7!'&#G'*!32%3*27#*-!(+&!+2#-*!D#78!
-*)*&%(4-7*#&*!#&!3)+(*!%6!(4-7*#&*Ö!OY3!A*))!"*-#NKS=!LIT[RLPJP:!
!
S+2%&=!A:=!+&,!Se(E=!0:!.LTTL1:!>8*!)*&<78!%6!78*!+5#&%+(4)R+((*37%2!-7*5!%6!78*!
-*)*&%(4-7*#&*R-3*(#6#(!7"/0.X*(1!%6!O-(8*2#(8#+!(%)#!#-!78*!,*7*25#&+&7!6%2!$#&,#&<!
7%!*)%&<+7#%&!6+(7%2-!XOMS!%2!>':!a!S#%)!A8*5#GSS=!IJP_URIJP_T:!
!
S+2%&=!A:=!X7'2(8)*2=!A:=!W'=!h:`:=!@2%--=!Z:a:=!b2%)=!0:=!+&,!Se(E=!0:!.LTT?1:!O'E+24%7#(!
-*)*&%(4-7*#&*!#&-*27#&<!7"/0!-3*(#*-!-'33%27!-*)*&%32%7*#&!-4&78*-#-!#&!
O-(8*2#(8#+!(%)#:!/'()*#(!0(#,-!"*-#GG=!IIIVRIIPP:!
!
S+2%&=!A:=!W*-78%6=!O:=!Se(E=!0:=!+&,!@#*<*=!":!.LTTP1:!X%)'7#%&!-72'(7'2*!%6!
-*)*&%(4-7*#&*R#&-*27#&<!7"/0.X*(1!62%5!O-(8*2#(8#+!(%)#:!A%53+2#-%&!D#78!
(+&%&#(+)!7"/0.X*21:!a!K%)!S#%)#GNK=!I_?RITI:!
!
S+22*77=!O:M:=!a+(E-%&=!A:O:=!\'E'5%7%=!Z:>:=!+&,!A8+&<=!@:W:!.LT_T1:!\%25+7*!
,*84,2%<*&+-*!5'7+&7-!%6!X+)5%&*))+!7438#5'2#'5;!+!&*D!5*,#'5!6%2!78*#2!
#-%)+7#%&!+&,!&*D!5'7+&7!()+--*-:!K%)!@*&!@*&*7#KII=!TURLJL:!
!
S*7+7=!Z:=!"+55*)7=!A:=!+&,!K%2)=!K:!7"/0!&'()*%7#,4)72+&-6*2+-*-;!+&(#*&7!(+7+)4-7-!
D#78!+&!'&'-'+)!5*(8+&#-5!%6!3%)45*2#9+7#%&:!A*))!K%)!M#6*!X(##SI=!L??_RL?[P:!
S#%-45^KXc!.LTTU1:!c&-#<87!cc!B-*2!@'#,*!.X+&!H#*<%1:!
!
S#%'=!]:=!i+2*5(8'E=!0:=!>'E+)%=!K:=!+&,!A'-+(E=!X:!.LTT?1:!>8*!I:T!0!(24-7+)!-72'(7'2*!
%6!>:!78*25%38#)'-!-*24)R7"/0!-4&78*7+-*!(%53)*Y*,!D#78!7"/0.X*21:!X(#*&(*#GSN=!
L?J?RL?LJ:!
!
Se(E=!0:=!\%2(88+55*2=!b:=!Z*#,*2=!a:=!M*#&6*),*2=!W:=!X+D*2-=!@:=!]*32*E=!S:=!+&,!
g#&%&#=!\:!.LTTL1:!X*)*&%(4-7*#&*;!78*!IL-7!+5#&%!+(#,:!K%)!K#(2%$#%)#U=!ULURUIJ:!
!
S'2E+2,=!B:=!+&,!Xe))=!H:!.LTVV1:!>8*!'&'-'+))4!)%&<!+5#&%!+(#,!+((*37%2!-7*5!%6!
O-(8*2#(8#+!(%)#!-*)*&%(4-7*#&*!7"/0!2*-')7-!62%5!+$&%25+)!()*+F+<*!$4!"/+-*!f:!
/'()*#(!0(#,-!"*-#KS=!LL[L_RLL[I?:!
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A+2)-%&=!S:0:=!h'=!h:K:=!b24'E%F=!@:]:=!"+%=!K:=!S*224=!K:a:=!@)+,4-8*F=!]:/:=!+&,!
Z+76#*),=!H:M:!.IJJ?1:!c,*&7#6#(+7#%&!+&,!(8+2+(7*2#9+7#%&!%6!38%-38%-*24)R
7"/0rX*2sX*(!E#&+-*:!f2%(!/+7)!0(+,!X(#!B!X!0#KHK=!LIV?VRLIVUP:!
!
A8#$+=!X:=!c7%8=!i:=!X*E#&*=!X:=!+&,!i%E%4+5+=!X:!X72'(7'2+)!$+-#-!6%2!78*!5+N%2!2%)*!%6!
QR38%-38%-*24)R7"/0!E#&+-*!#&!78*!B@0R-3*(#6#(!*&(%,#&<!%6!-*)*&%(4-7*#&*:!K%)!
A*))#NL=!?LJR?IJ:!
!
A8#$+=!X:=!c7%8=!i:=!X*E#&*=!X:=!+&,!i%E%4+5+=!X:!.IJLJ1:!X72'(7'2+)!$+-#-!6%2!78*!5+N%2!
2%)*!%6!QR38%-38%-*24)R7"/0!E#&+-*!#&!78*!B@0R-3*(#6#(!*&(%,#&<!%6!-*)*&%(4-7*#&*:!
K%)!A*))#NL=!?LJR?IJ:!
!
A2#(E=!\:Z:!.LTUV1:!Q&!32%7*#&!-4&78*-#-:!X453!X%(!OY3!S#%)#KG=!LPVRL[P:!
!
\%2(88+55*2=!b:=!M*#&6*),*2=!W:=!+&,!Se(E=!0:!.LTVT1:!c,*&7#6#(+7#%&!%6!+!&%F*)!
72+&-)+7#%&!6+(7%2!&*(*--+24!6%2!78*!#&(%23%2+7#%&!%6!-*)*&%(4-7*#&*!#&7%!32%7*#&:!
/+7'2*#NRG=!?UPR?U[:!
!
Z*#,*2=!a:=!S+2%&=!A:=!+&,!Se(E=!0:!.LTTI1:!A%,#&<!62%5!+!,#-7+&(*;!,#--*(7#%&!%6!78*!
5"/0!,*7*25#&+&7-!2*G'#2*,!6%2!78*!#&(%23%2+7#%&!%6!-*)*&%(4-7*#&*!#&7%!32%7*#&:!
OKSQ!a#KK=!P_UTRP_[[:!
!
Z%))*4=!":W:=!03<+2=!a:=!OF*2*77=!@:0:=!K+,#-%&=!a:>:=!K+2G'#-**=!K:=!K*22#))=!X:Z:=!
f*&-D#(E=!a:":=!+&,!g+5#2=!0:!.LT[U1:!X72'(7'2*!%6!+!"#$%&'()*#(!0(#,:!X(#*&(*#KRI=!
L?[IRL?[U:!
!
Z%'=!i:K:=!+&,!X(8#55*)=!f:!.LTVV1:!0!-#53)*!-72'(7'2+)!6*+7'2*!#-!+!5+N%2!
,*7*25#&+&7!%6!78*!#,*&7#74!%6!+!72+&-6*2!"/0:!/+7'2*#NNN=!L?JRL?U:!
!
c-8##=!>:K:=!b%7)%F+=!/:=!>+3-%$+=!\:=!+&,!X7*#&$*2<=!X:]:!.IJLP1!>8*!)%&<!HR-7*5!%6!78*!
X*)*&%(4-7*#&*!7"/0!32%F#,*-!"*-#)#*&(*!+7!78*!*Y3*&-*!%6!K+Y#5+)!6'&(7#%&:!a!S#%)!
A8*5:!
!
c7%8=!i:=!S2%(E*2=!K:a:=!X*E#&*=!X:=!Z+55%&,=!@:=!X'*7-'<'=!X:=!Xe))=!H:=!+&,!i%E%4+5+=!
X:.IJLP1!H*(+5*2#(!X*)0j7"/0.X*(1!2#&<!-72'(7'2*!2*F*+)-!5*(8+&#-5!%6!$+(7*2#+)!
-*)*&%(4-7*#&*!6%25+7#%&:!X(#*&(*#NRH=!_UR_V:!
!
c7%8=!i:=!A8#$+=!X:=!X*E#&*=!X:=!+&,!i%E%4+5+=!X:!.IJJT1:!A24-7+)!-72'(7'2*!%6!8'5+&!
-*)*&%(4-7*#&*!7"/0:!/'()*#(!0(#,-!"*-#NI=![IUTR[I[V:!
!
c7%8=!i:=!X*E#&*=!X:c:=!X'*7-'<'=!X:=!+&,!i%E%4+5+=!X:!.IJLP1:!>*27#+24!-72'(7'2*!%6!
$+(7*2#+)!-*)*&%(4-7*#&*!7"/0:!/'()*#(!0(#,-!"*-:!
!
a+*<*2=!M:=!]*29*5&#*E-=!O:a:=!+&,!@*+24=!A:!.IJJT1:!>8*!B0d8+&,)*;!+!F*2-+7#)*!
-'$5%7#6!#&!-7+$)*!"/0!+2(8#7*(7'2*-:!/'()*#(!0(#,-!"*-#NI=!ILURIPJ:!
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a'8)#&<=!\:=!K%2)=!K:=!Z+275+&&=!":b:=!X32#&9)=!K:=!X7+,)*2=!f:\:=!+&,!f'79=!a:!.IJJT1:!
7"/0,$!IJJT;!(%53#)+7#%&!%6!7"/0!-*G'*&(*-!+&,!7"/0!<*&*-:!/'()*#(!0(#,-!"*-#NI=!
HLUTRL[I:!
!
b%2%-7*)*F=!0:=!>2+E8+&%F=!X:=!M+'2$*2<=!K:=!+&,!/%))*2=!Z:\:!.IJJ[1:!A24-7+)!-72'(7'2*!
%6!+!_JX!2#$%-%5*R7"/0!(%53)*Y!2*F*+)-!6'&(7#%&+)!#&7*2+(7#%&-!+&,!
2*+22+&<*5*&7-:!A*))#KGS=!LJ[URLJ__:!
!
b%7)%F+=!/:=!c-8##=!>:K:=!g+<24+,-E+4+=!O:c:=!+&,!X7*#&$*2<=!X:]:!.IJJ_1:!0(7#F*!
-'332*--%2!7"/0-!D#78!+!,%'$)*!8*)#Y!$*7D**&!78*!HR!+&,!>R)%%3-:!a!K%)!S#%)#NIN=!
?[IR?_U:!
!
b2+5*2=!@:\:=!+&,!05*-=!S:/:!.LTVV1:!c-%)+7#%&!+&,!(8+2+(7*2#9+7#%&!%6!+!-*)*&#'5!
5*7+$%)#-5!5'7+&7!%6!X+)5%&*))+!7438#5'2#'5:!a!S+(7*2#%)#KIH=!_P[R_?P:!
!
b2+-#)&#E%F=!0:X:=!+&,!K%&,2+<%&=!0:!.IJJP1:!Q&!78*!%(('22*&(*!%6!78*!>R)%%3!"/0!
6%),#&<!5%7#6!#&!)+2<*!"/0!5%)*(')*-:!"/0#L=![?JR[?P:!
!
M**=!b:=!]+25+=!X:=!X+&7+M'(#+=!a:=!a2:=!+&,!A'&&#&<8+5=!f:":!.LTT_1:!c&!F#F%!
,*7*25#&+7#%&!%6!"/0!-72'(7'2*R6'&(7#%&!2*)+7#%&-8#3-;!+&+)4-#-!%6!78*!_TJ!)%%3!#&!
2#$%-%5+)!"/0:!a!K%)!S#%)#GSL=!_PIR_?P:!
!
M*#$'&,<'7=!K:=!\2#(E=!A:=!>8+&$#(8)*2=!K:=!Se(E=!0:=!+&,!S+&=!/:!.IJJU1:!
X*)*&%(4-7*#&*!7"/0R-3*(#6#(!*)%&<+7#%&!6+(7%2!X*)S!#-!+!-72'(7'2+)!(8#5+*2+!%6!
*)%&<+7#%&!+&,!#&#7#+7#%&!6+(7%2-:!OKSQ!a#GR=!LLRII:!
!
M*#&6*),*2=!W:=!g*8*)*#&=!O:=!K+&,2+&,RS*278*)%7=!K:0:=!+&,!Se(E=!0:!.LTVV1:!@*&*!6%2!
+!&%F*)!7"/0!-3*(#*-!78+7!+((*37-!MR-*2#&*!+&,!(%72+&-)+7#%&+))4!#&-*27-!
-*)*&%(4-7*#&*:!/+7'2*#NNK=!_IPR_IU:!
!
M#=!A:=!"*(8*-=!K:=!+&,!O&<*)$*2<Rb')E+=!Z:!.IJJJ1:!>8*!$')<*,!&'()*%7#,*!#&!78*!!
O-(8*2#(8#+!(%)#!5#&#5+)!-*)*&%(4-7*#&*!#&-*27#%&!-*G'*&(*!3+27#(#3+7*-!#&!
#&7*2+(7#%&!D#78!X*)S;!+!<*&*7#(!+332%+(8:!a!S+(7*2#%)#KbG=![PJIR[PJ_:!
!
M#)N+-=!0:=!+&,!O82*&$*2<=!K:!.IJLP1:!X72'(7'2+)!0-3*(7-!%6!f2%7*#&!X4&78*-#-!I&,!
O,#7#%&=!I&,!*,&!.M%&,%&=!W%2),!X(#*&7#6#(1:!
!
K(A)+#&=!W:Z:=!+&,!\%--=!b:!.LTVV1:!A8+&<#&<!78*!#,*&7#74!%6!+!7"/0!$4!#&72%,'(#&<!+!
@RB!D%$$)*!3+#2!&*+2!78*!Pw!+((*37%2!*&,:!X(#*&(*#GRH=!_TPR_T[:!
!
K#)%=!":=!a%2<*&-*&=!f:=!K%2+&=!B:=!W*$*2=!@:=!+&,!X32#&<*2=!K:!.IJLJ1:!S#%/'5$*2-RR
78*!,+7+$+-*!%6!E*4!&'5$*2-!#&!5%)*(')+2!+&,!(*))!$#%)%<4:!/'()*#(!0(#,-!"*-#Nb=!
H_UJR_UP:!
!
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/#--*&=!f:=!>8#2'3=!X:=!bN*),<++2,=!K:=!+&,!/4$%2<=!a:!.LTTT1:!>8*!(24-7+)!-72'(7'2*!%6!
A4-R7"/0A4-RO\R>'R@Hf/f!2*F*+)-!<*&*2+)!+&,!-3*(#6#(!6*+7'2*-!#&!78*!7*2&+24!
(%53)*Y!+&,!#&!7"/0:!X72'(7'2*#I=!L?PRLU[:!
!
/%25+&)4=!a:=!K+--%&=!a:K:=!b)*#&+=!M:@:=!0$*)-%&=!a:=!+&,!K#))*2=!a:Z:!.LTV[1:!
A%&-72'(7#%&!%6!7D%!O-(8*2#(8#+!(%)#!+5$*2!-'332*--%2!<*&*-;!7"/0f8*AB0!+&,!
7"/0A4-AB0:!f2%(!/+7)!0(+,!X(#!B!X!0#bN=![U?VR[UUI:!
!
/%25+&)4=!a:=!Q))#(E=!>:=!+&,!0$*)-%&=!a:!.LTTI1:!O#<87!$+-*!(8+&<*-!+2*!-'66#(#*&7!7%!
(%&F*27!+!)*'(#&*R#&-*27#&<!7"/0!#&7%!+!-*2#&*R#&-*27#&<!7"/0:!f2%(!/+7)!0(+,!X(#!B!X!
0#bL=!U[VJRU[V?:!
!
f+)#%'2+=!X:=!X8*22*2=!":M:=!X7*#79=!>:0:=!Xe))=!H:=!+&,!X#5%&%F#(=!K:!.IJJT1:!>8*!8'5+&!
X*3X*(XR7"/0X*(!(%53)*Y!2*F*+)-!78*!5*(8+&#-5!%6!-*)*&%(4-7*#&*!6%25+7#%&:!
X(#*&(*#NGU=!PILRPIU:!
!
`'#<)*4=!@:a:=!+&,!"#(8=!0:!.LT_[1:!X72'(7'2+)!,%5+#&-!%6!72+&-6*2!"/0!5%)*(')*-:!
X(#*&(*#KLR=!_T[RVJ[:!
!
"',#&<*2=!a:=!Z#))*&$2+&,7=!":=!X32#&9)=!K:=!+&,!@#*<*=!":!.LTT[1:!0&7#,*7*25#&+&7-!
32*-*&7!#&!5#&#8*)#Y.X*(1!8#&,*2!#7-!2*(%<&#7#%&!$4!32%E+24%7#(!*)%&<+7#%&!6+(7%2!>':!
OKSQ!a#KU=![UJR[U_:!
!
X(8#55*)=!f:!.LTV_1:!05#&%+(4)!7"/0!-4&78*7+-*-;!<*&*2+)!-(8*5*!%6!-72'(7'2*R
6'&(7#%&!2*)+7#%&-8#3-!#&!78*!3%)43*37#,*-!+&,!2*(%<&#7#%&!%6!72+&-6*2!"/0-:!0&&'!
"*F!S#%(8*5#US=!LIURLUV:!
!
X(8e&=!0:=!Se(E=!0:=!Q77=!@:=!X32#&9)=!K:=!+&,!Xe))=!H:!.LTVT1:!>8*!-*)*&%(4-7*#&*R
#&-*27#&<!%3+)!-'332*--%2!-*2#&*!7"/0!62%5!O:!(%)#!#-!8#<8)4!'&'-'+)!#&!-72'(7'2*!+&,!
5%,#6#(+7#%&:!/'()*#(!0(#,-!"*-#KI=!_LUTR_L[U:!
!
Xe))=!H:=!"+NS8+&,+24=!B:M:=!+&,!"+NS8+&,+24=!>:M:!.LTTU1:!7"/0!X72'(7'2*=!
S#%-4&78*-#-=!+&,!\'&(7#%&=!\#2-7!*,&!.0XK!f2*--1:!
!
X7*#&$*2<=!X:]:=!+&,!S%'7%2#&*=!i:c:!.IJJ_1:!@R2#$%;!+!&*D!-72'(7'2+)!5%7#6!#&!
2#$%-%5+)!"/0:!"/0#KN=!U?TRUU?:!
!
X7'2(8)*2=!A:=!W*-78%6=!O:=!A+2$%&=!f:=!+&,!b2%)=!0:!.LTTP1:!B&#G'*!-*(%&,+24!+&,!
7*27#+24!-72'(7'2+)!6*+7'2*-!%6!78*!*'(+24%7#(!-*)*&%(4-7*#&*!7"/0.X*(1:!/'()*#(!
0(#,-!"*-#GK=!LJ_PRLJ_T:!
!
>+E+8+7+=!K:=!>+5'2+=!>:=!0$*=!b:=!K#8+2+=!Z:=!b'2%E+D+=!X:=!i+5+5%7%=!i:=!/+E+&%=!":=!
O-+E#=!/:=!+&,!c&+<+E#=!b:!.IJJV1:!X*)*&#7*!+--#5#)+7#%&!#&7%!6%25+7*!,*84,2%<*&+-*!Z!
,*3*&,-!%&!78#%2*,%Y#&!2*,'(7+-*!#&!O-(8*2#(8#+!(%)#:!a!S#%(8*5#KRN=!?[_R?_P:!
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>%25+4=!f:=!X+D*2-=!0:=!+&,!Se(E=!0:!.LTT[1:!"%)*!%6!-7%#(8#%5*724!$*7D**&!5"/0=!
72+&-)+7#%&!6+(7%2!X*)S!+&,!-*)*&%(4-7*4)R7"/0!#&!-*)*&%32%7*#&!-4&78*-#-:!K%)!
K#(2%$#%)#GK=!LIUPRLIUT:!
!
>'2+&%F=!0:0:=!h'=!h:K:=!A+2)-%&=!S:0:=!i%%=!K:Z:=!@)+,4-8*F=!]:/:=!+&,!Z+76#*),=!H:M:!
S#%-4&78*-#-!%6!-*)*&%(4-7*#&*=!78*!IL-7!+5#&%!+(#,!#&!78*!<*&*7#(!(%,*=!+&,!+!&%F*)!
3+78D+4!6%2!(4-7*#&*!$#%-4&78*-#-:!0,F!/'72#G=!LIIRLIV:!
!
W'=!h:`:=!+&,!@2%--=!Z:a:!.LTT?1:!>8*!)*&<78!+&,!78*!-*(%&,+24!-72'(7'2*!%6!78*!HR
-7*5!%6!8'5+&!-*)*&%(4-7*#&*!7"/0!+2*!78*!5+N%2!#,*&7#74!,*7*25#&+&7-!6%2!-*2#&*!
38%-38%24)+7#%&:!OKSQ!a#KN=!I?LRI?V:!
!
i%-8#9+D+=!X:=!+&,!Se(E=!0:!.IJJT1:!>8*!5+&4!)*F*)-!%6!(%&72%)!%&!$+(7*2#+)!
-*)*&%32%7*#&!-4&78*-#-:!S#%(8#5!S#%384-!0(7+#KILH=!L?J?RL?L?:!
!
g+<24+,-E+4+=!O:c:=!H%4%&=!\:":=!+&,!X7*#&$*2<=!X:]:!.IJJP1:!c53%27+&(*!%6!78*!2*F*2-*!
Z%%<-7**&!$+-*!3+#2!U?RUV!6%2!7"/0!6'&(7#%&:!/'()*#(!0(#,-!"*-#NK=!PT?[RPTUP:!
!
g#&%&#=!\:=!S#2E5+&&=!0:=!M*#&6*),*2=!W:=!+&,!Se(E=!0:!.LTV_1:!A%72+&-)+7#%&+)!
#&-*27#%&!%6!-*)*&%(4-7*#&*!#&7%!6%25+7*!,*84,2%<*&+-*!62%5!O-(8*2#(8#+!(%)#!
,#2*(7*,!$4!+!B@0!(%,%&:!f2%(!/+7)!0(+,!X(#!B!X!0#bR=!PLU[RPL[J:!
!
g#&%&#=!\:=!Z*#,*2=!a:=!+&,!Se(E=!0:!.LTTJ1:!\*+7'2*-!%6!78*!6%25+7*!,*84,2%<*&+-*!
5"/0!&*(*--+24!6%2!,*(%,#&<!%6!78*!B@0!(%,%&!+-!-*)*&%(4-7*#&*:!f2%(!/+7)!0(+,!
X(#!B!X!0#bI=!?[[JR?[[?:!
!
g'E*2=!K:!.IJJP1:!K6%),!D*$!-*2F*2!6%2!&'()*#(!+(#,!6%),#&<!+&,!84$2#,#9+7#%&!
32*,#(7#%&:!/'()*#(!0(#,-!"*-#NK=!P?J[RP?LU:!
!
!


