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!
! ! "#$#8!%&'!014(+514'!7&'!()*'+&,'!3*!'&54!7&!)&*,'!9,1+254&'!

!

! #$%! &'(%)$*%! +$,! &-.8U*$.)! 7(2! 0*-)13.$%! A(3! '$%! 0-*)$.)! 53881*$.)$%! 8-.&)3-.%!
=3-&@3/3A($%!*1%(')7.):!-(!.-.:!5$!'$(*%!0*-0*31)1%!*$5-29!W7*/3!'$%!8-.&)3-.%!$.!510$.57.)!
53*$&)$/$.):!-.! *$)*-(4$! '7!0'(%! &7*7&)1*3%)3A($!56$.)*$C$''$%:! '$! )*7.%0-*)!561'$&)*-.%!$)X-(!
5$! 0*-)-.%:! A($! '6-.! 0$()! &'7%%$*! $.! )*-3%! %3)(7)3-.%! 53881*$.)$%9! I"L!#$! )*7.%0-*)! /-.-C
1'$&)*-.3A($!5-.)!&6$%)!'$!*Y'$!0-(*!'$%!.-/=*$(2!&'(%)$*%!+$,!5$%!%?%)U/$%!5$!0@-)-%?.)@U%$!
$)!5$!*$%03*7)3-.:!/73%!1<7'$/$.)!5$!&$(2!5$%! 8$**15-23.$%!IND+$CD,O:! NM+$CP,O!$)! NP+$CP,OL9!
IDL!#$! )*7.%0-*)!=3C1'$&)*-.3A($!$)!0*-)-.3A($!57.%! '$! &7%! )*U%!07*)3&('3$*!5$! '7!.3)*-<1.7%$!
INR+$CZ,OL:!(.$!$.[?/$!(.3A($/$.)!0*1%$.)$!&@$[!A($'A($%!-*<7.3%/$%!0*-&7*?-)$%9! IML!#7!
*15(&)3-.! 5$%! 0-.)%! 53%('8(*$%!&-//$! 07*! $2$/0'$! 57.%! '$! &7%! 5$%! 8$**15-23.$%!$)!
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! "#!

$%&'()*'+&,-.! ()*/0$1.-.! 2345-64789:! *1,.! ;-.! 0%;'('<;1.$-.! *-.! <;1,$-.:! <1(! $(1,.=-($!
./00-..&=!*-!*-/+!);-0$(',.!2>'&(!(->/-2?'%,.',!-$!1;@:!#AAB99@!
! C1&.! ;D&E<'($1,0-! (-*'+! *-.! 0;/.$-(.! ;-/(! <-(E-$! *DF$(-! )G1;-E-,$! *D-+0-;;-,$.!
.-,.-/(.!*-!;D)$1$!*D'+H*1$&',!*-!;1!0-;;/;-@!I-0&!;-/(!<-(E-$!*D1>'&(!/,!(J;-!&E<'($1,$!K!*-/+!
,&>-1/+@!2"9!L1!()G/;1$&',!*-! ;D-+<(-..&',!*-.!GM,-.!1>-0!<'/(!-+-E<;-!7'+N!2O-E<;-!-$!1;@:!
#AA#9!23#5-6#789!-$!;1!5PN!2Q&;-H!1,*!R-&,-($:!#AAS9!2345-64789!T!;D'+H*1$&',!*-!;-/(.!0;/.$-(.!
10$&>-! *&(-0$-E-,$! ;-/(! =',0$&',! *-! ()G/;1$-/(! $(1,.0(&<$&',,-;@! I-.! <('$)&,-.! ,-! .',$!
(-$('/>)-.!U/-!0%-V!*-.!<('01(H'$-.@! 2#9!L1!()G/;1$&',!*-! ;D10$&>&$)!-,VHE1$&U/-!*1,.! ;-!01.!
<()0&.!*-!;1!WXYZ!2345-64789!'[!;1!E1$/(1$&',!*-!;1!<('$)&,-!<1(!<('$)';H.-!-.$!0',0'E&$1,$-!
1>-0!;1!*)G(1*1$&',!*-!.',!0;/.$-(!<1(!;-!*&'+HGM,-@!!
! L1!()10$&>&$)!*-.!0;/.$-(.!5-7!;-/(!<-(E-$!*D1>'&(!/,!(J;-!=',0$&',,-;!0%-V!;-.!-,VHE-.!
*1,.! *-/+! 01.@! 2"9! L1! =&+1$&',! -$! ;D10$&>1$&',! *-! ./\.$(1$:! <%),'EM,-! '\.-(>)! <1(! -+-E<;-!
*1,.! ;-! 01.!*-! ;D10',&$1.-! 2E&$'0%',*(&1;-!<'/(! ;-.! -/01(H'$-.9:!E1&.! 1/..&!<'/(! ;D-,.-E\;-!
*-.! E-E\(-.! *-! ;1! =1E&;;-! *-.! (1*&01;-.67YC! 2345-64789@! 2#9! L1! =&+1$&',! -$! ;-! $(1,.=-($! *-!
G('/<-E-,$.!$%&'E-$%H;-.:!*1,.!;-!01.!<()0&.!*-!;1!\&'$&,!.H,$%1.-!2R-(]'>&$0%!-$!1;@:!#AA49@!
I-$$-! -,VHE-! (1*&01;-67YC! <'..M*-! /,! .-0',*! 0;/.$-(! 23#5-6#789! U/&! -.$! <('<'.)! 0'EE-!
<;1$-='(E-!<'/(! ;-! $(1,.=-($!*-!G('/<-E-,$.! 676I^S@!I-<-,*1,$:!0-$$-! =',0$&',!-.$!>&>-E-,$!
*)\1$$/-:!-$!;D%H<'$%M.-!<;/.!1,0&-,,-!*D/,-!*)G(1*1$&',!*/!0;/.$-(!<'/(!='/(,&(!*&(-0$-E-,$!
*/!.'/=(-!-.$!<;/.!0'EE/,)E-,$!0&$)-@!!
! L-.!<'..&\&;&$).!'==-($-.!<1(!;-.!0;/.$-(.!5-7!=',$!U/D&;.!.',$!)G1;-E-,$!/$&;&.).!<'/(!*-.!
(1&.',.!0'E<;M$-E-,$! &,*)<-,*1,$-.!*-! ;-/(.!<('<(&)$).!(-*'+!'/!*-! ;-/(!()10$&>&$):!-$!0-0&!
*1,.!$('&.!01.!\&-,!*&.$&,0$.@!2"9!L1!.$(/0$/(1$&',!*-.!<('$)&,-.!*1,.!;-!01.!*-.!-,VHE-.!*-!;1!
()<1(1$&',!*-! ;DYOP!T!C/$_!-$! ;D-,*',/0;)1.-S! 2345-64789! 2X'(-;;'! -$! 1;@:! "``a9@! L-.! 0;/.$-(.!
.-E\;-,$!H!b'/-(!*-.!=',0$&',.!.&E&;1&(-.!1/!V&,0!*-.!*'&G$.!*-!V&,0!-,!.$(/0$/(1,$!/,-!\'/0;-!
-..-,$&-;;-!<'/(!;1!(-0',,1&..1,0-!-$!;1!()<1(1$&',!*-!*'EE1G-.!K!;DYOP@!2#9!L-!.$'0]1G-!*-!
=-(! '/! *-! 0;/.$-(.! 5-7! -.$! '\.-(>)! ,'$1EE-,$! *1,.! ;-! 01.! *-.! <';H=-(()*'+&,-.! 2345-64789:!
<().-,$-.! /,&U/-E-,$! 0%-V! *-.! 1(0%)'\10$)(&-.! -$! \10$)(&-.! 1,1)('\&U/-.! 2>'&(!
(->/-2?'%,.',!-$!1;@:!#AAB99@!2S9!L1!()G/;1$&',!*-!;D-+<(-..&',!*-.!GM,-.!<'/(!cNX"!2345-64789!
2R-&,-($!-$!1;@:!"``d9@!O1,.! ;-!01.!<()0&.!*D/,!*)=&0&$!-,!=-(!*1,.! ;1!0-;;/;-:!0-$$-!<('$)&,-!0;)!
*1,.!;D%'E)'.$1.&-!*/!=-(!>1!<1..-(!.'/.!='(E-!1<'!-$!.-!=&+-(!./(!.-.!YNPE!0&\;-.@!Y&,.&:!-,!
10$&>1,$! '/! &,%&\1,$! ;-/(! $(1*/0$&',:! cNX"! <('E-/$! K! ;1! ='&.! ;D-,$()-! */! =-(! -$! ;&E&$-! .',!
.$'0]1G-@!
!
! "#$#!%&!'()*&+,(-!./0!1230+/)0!4/5!

! ! "#$#6#!7),-1,8/!19,*,:3/!

!

! L1!='(E1$&',!0%&E&U/-!*-.!0;/.$-(.!5-7!1!)$)!;1(G-E-,$!)$/*&)-@!Y&,.&:!&;!1!)$)!E',$()!!"#
$!%&'!U/-!;-/(!='(E1$&',!,)0-..&$-!*/!=-(!=-((-/+:!*/!./;=/(-:!*-.!$%&';1$-.!*D1;]H;-!'/!*D1(H;-!
E&E1,$! ;-.! 0%1&,-.! ;1$)(1;-.! *-.! 0H.$)&,-.:! 1&,.&! U/-! *-.! 0',*&$&',.! ()*/0$(&0-.! 2R-&,-($:!
"``e9@!I-.!U/1$(-!);)E-,$.!.',$! &,*&.<-,.1\;-.!-$!-+<;&U/-,$:!1/!E'&,.!-,!<1($&-:! ;D-+$(FE-!
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! "#!

$%&'()*+,-!./)!0)./+)0,! (1! 2%0&1,+%3!4)!$)5!$%21$,)/05! !"#$!$%6!73!)22),! ()!8)9:!),! ()!;9<! 5%3,!

4)/*! )5'=$)5! )*,0>&)&)3,! 0-1$,+?)5! @! 'A! 'BC5+%(%D+./)!E! ()! 2)0! 2)00)/*! 0-1D+,! ,0=5!

01'+4)&)3,! 1?)$! (F%*CD=3)! '10! (1! 0-1$,+%3! 4)! 8)3,%3! $)! ./+! '0%4/+,! 4)5! 014+$1/*! (+G0)5!

%*CD-3-5H!)5'=$)5!,0=5!,%*+./)5!'%/0!()5!$)((/()5H!1+35+!./)!4/!8)#:6!I!$)5!&>&)5!'AH!()!5/(2/0)!

3F)5,!./13,!@! (/+!'15!/3)!)5'=$)! 5,1G()!),! )5,! ,0=5! 01'+4)&)3,!'0%,%3-!'%/0! 2%0&)0!4/!A9;6!

J)$+! 5/DD=0)! 4%3$! ./)! $)5! 4)/*! )5'=$)5! 4%+?)3,! >,0)! 155%$+-)5! 01'+4)&)3,! ),! 4)! &13+=0)!
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3-$)551+0)6!!
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!

! ! "#$#%#!&'()*(+,!-,!.(/01)2340,!-,0!*,)2',0!5,6!

!

! T1! 21G0+$1,+%3!4)5!$(/5,)05!8);! !"#$!$%!1!-,-! +3+,+1()&)3,!$101$,-0+5-)!4135! ()!5C5,=&)!

UV8! MUV,0%D)3!8+*1,+%3P6!J),,)!&1$B+3)0+)H!4-$0+,)! $%&&)!5'-$+1(+5-)!4135! (1! 2%0&1,+%3!4)5!

$(/5,)05!8);!3-$)551+0)5!@! (F)3NC&)!U+,0%D-315)H!3F)5,!0),0%/?-)!./)!4135!$)0,1+3)5!21&+(()5!

4)! '0%$10C%,)5! $%&&/3-&)3,! 1'')(-5! 4+1N%,0%'B)5! M?%+0! 0)?/)! MW1C&%34! ),! 1(6H! 9OOXPP6!

J)')3413,H! ./)(./)5! )*$)',+%35! )*+5,)3,! '/+5./)! (1! &1$B+3)0+)! UV8! )5,! 3-$)551+0)! ),!

5/22+513,)! @! (1! 5/0?+)! 4F%0D13+5&)5! 3)! '%55-413,! '15! (F)3NC&)! U+,0%D-315)! $%&&)!

()*!+%,-+&)'#./*%'!! MY%B35%3!),!1(6H!9OOZP6![)/*!&1$B+3)0+)5H!4-$0+,)5!$%&&)!'(/5!D-3-01()5H!

2/0)3,! +4)3,+2+-)5! '10! (1! 5/+,)!E! (1!&1$B+3)0+)! V;J! MV0%3<;/(2/0! J(/5,)0P! ),! (1!&1$B+3)0+)! ;K8!

M;/(2/0! K,+(+N1,+%3! 81$,%0P! MR134C%'14BC1C! ),! 1(6H! 9OO\1]! 801NN%3H! 9OO#P6! J)5! 4)/*!

&1$B+3)0+)5! 5%3,! 5/22+513,)5! ),! 3%3<)*$(/5+?)5! '/+5./F)(()5! 5%3,! 0),0%/?-)5! 5)/()5! MV;J!E!

01%&%,-+&)'# 2!")*-3!!#]! ;K8!E! 45)'6-&%7-# 6-'!&!6-P! %/! )35)&G()! M89+5)'!+5!-# :%*!P6! K3)!

./1,0+=&)! &1$B+3)0+)! JVI! MJC,%5%(+$! V0%3<5/(2/0! $(/5,)0! I55)&G(CPH! 0),0%/?-)! /3+./)&)3,!

4135!()!$C,%5%(!4)5!)/$10C%,)5!MT+((H!9OO^P6!732+3H!/3)!'5)/4%!&1$B+3)0+)!J;[!1!-D1()&)3,!-,-!

&+5)! @! S%/0! M_/! 134! Q`(()0H! 9O""P6! TF+4)3,+2+$1,+%3! 4)! $)5! 4+22-0)3,)5! &1$B+3)0+)5! 4)!

G+%5C3,B=5)!4)5!$(/5,)05!8);!1!')0&+5!4F)3!-,1G(+0!()5!-,1')5!$(-5!M8%3,)$1?)!134!a((1D3+)0<4)<

JB%/4)35H! 9OO\P6! U%/5! 3%/5! 1,,104)0%35! +$+! 5/0! (1!&1$B+3)0+)! V;J! '/+5./)! $F)5,! $)(()! 4135!

(1./)(()!)5,!+&'(+./-)!(1!201,1*+3)6!!

!

! "#7#!89!:9*3(),'(,!"6;!

! ! "#7#<#!&'()*(+,!-,!.90,!

!

! T1! G+%5C3,B=5)! 4)5! $(/5,)05! 8);! '10! (1!&1$B+3)0+)! V;J! )5,! $%&&/3-&)3,! 4+?+5-)! )3!

4)/*!D0134)5!-,1')5!E!(1!'0)&+=0)!)5,!(1!G+%5C3,B=5)!4)5!$(/5,)05!8);!3)#"%$%!5/0!/3)!'0%,-+3)!
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"#$!%&'()*'+,-!./!01231(/!4)(!25)*'+6+'7!*80'7+-/!.701231()0/9!":$!;((+67/!.1!3/(!/'!"<$!./0!72/*'(,-09!"=$!>,(?)'+,-!
.51-!*210'/(!>/@!01(!1-/!4(,'7+-/!.57*A)3)1.)B/9!"C$!D()-03/('!6/(0!1-/!)4,E4(,'7+-/!4,1(!/-!3)+(/!1-/!4(,'7+-/!
>/@9!!
!"##$%&'%&()**+&,-.$/%+&01123&
!
!
!

!
'
!"#$%&'9')':-;%3+'<8='/0,5;%"&+!
<1,>!F!4(,'7+-/!(74(/00/1(!./!25/&4(/00+,-!./!25,47(,-9!<1,8!F!*80'7+-/!.701231()0/9!<1,?!F!4(,'7+-/!.57*A)3)1.)B/9!
<1,@!F!(G2/!+-*,--19!A1,@'&5'A1,B'F!*A)4/(,--/!/'!*,E*A)4/(,--/9!!.C'F!.,--/1(!.572/*'(,-9!!
!"##$%&'%&4-/5*%6+&789:&(%..%/+&01;<3&&
!
!
!

!
!
!"#$%&'D')'85%$,5$%&'.E<1,8''
H1/0! .1! ./0010! "A)1'$! /'! ./! *G'7! .1! .+?I(/! .5J0*@! "K)0$9! %-! 6/('! /'! K2/1! 2/0! ./1&! J0*@9! L/! M4/'+'N! .,?)+-/! ./!
*A)O1/! J0*@! /0'! 7*2)+(*+9! %-! P)1-/! 2/0! /&'(7?+'70!QE! /'!RE'/(?+-)2/0!./! 2)!K,1*2/! 32/&+K2/9!%-! (,1B/S! 2/0! (7B+,-0!
*,-'/-)-'!./0!(70+.10!*A)(B70!4,0+'+6/?/-'!"TUV!F!#T<W$9!

!"#$%&'()*+%,-./)01%

!"#$%&'"./22+%,-./)01%

3245)(24%2--6%45784.)94"%

:;:%")74%

$4#-0,%!"#$%

:-")9<42=%#>/8*4,%84*)-0"%



! "#!

$%&'()*)+$),-.!-/! 0)!1-'23$-!'23141/-!-3!123!/5)31*-5/!6!$-1!752/&43-1!)''-7/54'-1!894,+5-!:;!

8</-(043,!)3$!=400.!:>"?;@!A-//-!1'(&B)/41)/423!$-!0)!C421D3/(E1-.!$+-!6!0)!')5)'/&541)/423!$-1!

$4**&5-3/-1! 752/&43-1! '2BB-! )D)3/! $-1! 5F0-1! -3! )B23/! 2+! -3! )G)0! $-! 0)! *25B)/4231! $-1!

'0+1/-51!9-<!1+5!0)!752/&43-!$%&'()*)+$),-.!7-+/!75H/-5!6!'23*+1423!8IJ(0-3(2**!-/!)0@.!:>>?;@!

<4! 0%23! G-+/! H/5-! -K)'/.! 0)! C421D3/(E1-! $-1! '0+1/-51! 9-<! 6! 75275-B-3/! 7)50-5! 1-! 5&$+4/! 6! 0)!

75-B4E5-!&/)7-@!=)!1-'23$-!&/)7-!'255-1723$5)4/!70+/F/!6!+3-!&/)7-!75&'2'-!$-!0)!B)/+5)/423!

$-1!752/&43-1!9-<@!A-'4!$4/.!40!-1/!4B725/)3/!$-!'2314$&5-5!0%4B725/)3/-!4BC54')/423!$-!'-1!$-+K!

&/)7-1!$+!7243/!$-!G+-!B&')341/4L+-@!M2+1!D!5-G4-3$5231!7)5!0)!1+4/-@!

! =)! 1D3/(E1-! $-1! '0+1/-51! 9-<! 7-+/! 1-! 5&$+45-! 6! L+)/5-! &0&B-3/1! '0&! 6! 1)G245! 8";! +3-!

12+5'-!$-!12+*5-.!8:;!+3-!12+5'-!$-!*-5.!8?;!+3-!12+5'-!$%&0-'/5231!-/!-3*43!8#;!+3!1+7725/!1+5!

0-L+-0!*)C54L+-5!0-1!'0+1/-51!9-<@!A-7-3$)3/.!0-!'23/-K/-!C4202,4L+-!4B704L+-!0%43/-5G-3/423!$-!

32BC5-+1-1! 752/&43-1@! M2+1! )00231! $23'! 4'4! $41'+/-5! $-! 0%-31-BC0-! $-! '-1! 752/&43-1!

4B704L+&-1! $)31! 0)! B)'(43-54-! N<A.! '(-O! 0-1! 752')5D2/-1! '2BB-! 0-1! -+')5D2/-1.! )*43! $-!

'2B75-3$5-! L+-01! 123/! 0-+51! 5F0-1@! P)31! +3! 75-B4-5! /-B71! 32+1! 75&1-3/-5231! C54EG-B-3/!

0%27&523!N<A!C)'/&54-3.!7+41!32+1!$&'545231!0-1!$4**&5-3/-1!&/)7-1!'0&1!$-!0)!C421D3/(E1-!-/!0-1!

752/&43-1!L+4!D!7)5/4'47-3/@!M2+1!'23'0+5231!-3*43!1+5!0%)17-'/!/5)31*-5/!$-1!'0+1/-51!9-<.!7+41!

1+5!0-1!$4**&5-3/1!B2$E0-1!B&')341/4L+-1!$-!0)!C421D3/(E1-@!

!

! ! "#$#%#!&'()*+(,!"-.!/012*+34,!

!

! =)! $&'2+G-5/-! $-! 0%27&523! N<A! 8N523! <+0*+5! A0+1/-5;! $)31!!"# $%&'()&*%%! 7+41! 70+1! /)5$!

$)31! 0)! 70+7)5/! $-1! ,&32B-1! C)'/&54-31! 8923/-')G-! )3$! Q00),34-5R$-RA(2+$-31.! :>>S;.! )!

7-5B41!$-!721-5!0-1!C)1-1!$+!*23'/4233-B-3/!$-!'-//-!B)'(43-54-!$23/!0)!'2B75&(-31423!3-!

'-11-!$-! 1%)**43-5@!T2+/-1! 0-1!752/&43-1!3&'-11)45-1! 6! 0)! C421D3/(E1-!$-1! '0+1/-51!9-<! D! 123/!

5-,52+7&-1! -/! 123/! 32BB&B-3/!U! N1'V.! N1'<.! N1'W.! N1'X.! Y1'Z.! Y1'X.! 9$K! -/! N1'[! 894,+5-! ?;@!

=%-31-BC0-!$-!'-1!752/&43-1!-K41/-!&,)0-B-3/!'(-O!0-1!B)BB4*E5-1.!-/!70+1!,&3&5)0-B-3/!'(-O!

0-1!-+')5D2/-1.!6!0%-K'-7/423!$%N1'V!-/!$%N1'[@!

! N1'V! -1/! 0)! 75-B4E5-! 752/&43-! '2$&-! 7)5! 0%27&523! N<A! -/! -1/! +3! 5&,+0)/-+5!

/5)31'547/4233-0@!\5]'-!6!0)!75&1-3'-.!2+!323.!$%+3!'0+1/-5!9-<!$)31!0)!752/&43-.!+3!B&')341B-!

$%43(4C4/423!2+!$%)'/4G)/423!$-!0)!/5)31'547/423!$-!0%27&523!G)!H/5-!2C1-5G&!8Z)3$D27)$(D)D!-/!

)0@.! :>>S);@!A-!B&')341B-!-1/!752'(-!$-! '-0+4! 5&)041&!7)5! 0%)'234/)1-! 'D/21204L+-.! &,)0-B-3/!

,5]'-!6!+3!'0+1/-5!9-<.!B)41!G41R6RG41!$-!0%-K75-11423!$-1!,E3-1!4B704L+&1!$)31!0%(2B&21/)14-!

$+!*-5!8X5/DB4+^!)3$!\5--3.!:>>_;@!!

!

!! ! "#$#5#!&0!/3(67,289646!:46!1;<624+6!=4-!

!! ! ! >#!&0!1762*3,4!:*6<;?<+064!@!;4!:(,,4<+!:4!6(<?+4!

## # # !"+#,)-)./0-%1/%23'1#1/-3./3-)('1#'/#45&./%5&&'(('1#

!

! N1'<.!-/!1-1!(2B202,+-1!-+')5D2/-1!M*1"!80-G+5-;!-/!M9<"!8B)BB4*E5-;.!)77)5/4-33-3/!

6!0)!*)B400-!$-1!-3ODB-1!$&7-3$)3/-1!$+!'2*)'/-+5!7(217()/-!$-!7D54$2K)0!8`=`;!894,+5-!#;!



!
!
!
!

!
!
"#$%&'!(!)!*+,-.'!/0&%10%&2.!3233#4-&'!,'!5"678!!
"#!$%&'!&(!)&*(+!%&,!-&'.!/0123!4&,!$5'6%&,!7%&.8$%&,!65#(&#9#(!%&,!6:,(;8#&,!69(9%:(8<'&,!-'!-8=>*&!-&!/012!,5#(!
&#!*5'?&3!@5-&%!A*5-'8(!?*B6&!C!1DE11@FG"4!
!
!
!
!
!
!

!
!

"#$%&'!9!)!*:12;#/3'!,'!.2!,:/%.4%&#/20#+;!,'/!1</0:#;'/!
4&!AH5,AH9(&!-&!A:*8-5.9%! IJ4JK!65#(&#'!-9#,! %&! ,8(&!96(87!-&! %9! 6:,(;8#&!-;,'%7'*9,&!*;9?8(!9)&6! %9!4L6:,(;8#&!
,'$,(*9(! A5'*! 75*=&*! '#! 8#(&*=;-898*&3! M&(! 8#(&*=;-898*&! &,(! &#,'8(&! 9((9<';! A9*! %9! 6:,(;8#&! 69(9%:(8<'&! &(!
A&*=&(!%9!75*=9(85#!-N'#!A&*,'%78-&!&(!%9!%8$;*9(85#!-N9%9#8#&3!
!"#$%&'()#()*+,&(-$.()(&)$/01)23345)
)
)
)
)
)
)
!

!"#$%&"#'"(()*'

!"!#

"$%&'()*(#+,-.,'/0'1#
2345#+6/#7,841#

9:0*)*(#

3(4#8:-,'(/#.)6,&*';(,),#



! "#!

$%&'()*! +,! *-./! 01102.! 3+! -*! 454+! 4*)(6&+! 78+! 9(:;! $<*(=+&! +,! *-./! 01112/! >+,,+! +)?@4+!
AB+)C(&D)! E#F3*! =+! >D4GD&,+! !"# $!%&'! >D44+! 8)! A(46&+.! H=>;! +=,! AI>&(,! >D44+! =,*'-+! +,!
&D'8=,+! >J+?! -*! '*>,I&(+! $K&(=>J(! +,! *-./! 01"1*2/! >+! 78(! )B+=,! G*=! -+! >*=! A+! =D)! D&,JD-DL8+!
4*44(:6&+!$M*)*-!+,!*-./!011NO!;>J48>F+&!+,!*-./!01""2.!MJ*78+!4D)D46&+!ABH=>;!+=,!>D4GD=I!
A+!A+8P!AD4*()+=!=,&8>,8&*8P!Q!8)!G+,(,!$"R"#!O!0SERE1E2!78(!>D4G&+)A!)D,*44+),!-*!'D8>-+!
>D),+)*),! -*! >@=,I()+! +==+),(+--+! ABH=>;! $T*8JD)! +,! *-./! 011E2/! +,! 8)! L&*)A! $"SR0SU2! 78(!
>D),(+),!-+!=(,+!*>,(:!+,!-*!?D)+!A+!A(4I&(=*,(D)!A+!-B+)?@4+!$%&'()*!+,!*-./!01102.!T+=!A+8P!=(,+=!
*>,(:=!=D),!=,&8>,8&+--+4+),!DGGD=I=!+,!,&*C*(--+&*(+),!G-8,V,!A+!4*)(6&+!=I78+),(+--+!78+!A+!
4*)(6&+! >DDGI&*,(C+! $%&'()*! +,! *-./! 01102.! T*! >@=,I()+! *>,(C+! ABH=>;/! =(,8I+! =8&! -*! 'D8>-+! A8!
G+,(,!AD4*()+/!+=,!>*G*'-+!A+!=B*GG&D>J+&!W!4D()=!A+!UX!A8!KTK!*8!=+()!A8!=(,+!*>,(:!+,!A+!=B+)!
I-D(L)+&! A+! G-8=! A+! "NX! $Y(L8&+! #2! $M8GGRZ(>F+&@/! 011U2/! ()A(78*),! 8)+! L&*)A+! :-+P('(-(,I!
:D)>,(D))+--+.!
! H=>;!+=,!8)+!>@=,I()+!AI=8-:8&*=+!+,!+=,!AD)>!>*G*'-+!AB+P,&*(&+! -+!=D8:&+!A+! -*!>J*()+!
-*,I&*-+! AB8)+! [!>@=,I()+R=8'=,&*,!\.! M+! 4I>*)(=4+! (4G-(78+! -*! :(P*,(D)! =8&! -+! KTK! A+! -*!
[!>@=,I()+R=8'=,&*,!\!$L&*)A!AD4*()+!ABH=>;2!+,!-B*,,*78+!A+!=*!>J*()+!-*,I&*-+!G*&!-*!>@=,I()+!
+==+),(+--+!ABH=>;/!=(,8I+!=8&!-*!'D8>-+!:-+P('-+!$G+,(,!AD4*()+!ABH=>;2.!M+>(!G+&4+,!-*!:D&4*,(D)!
AB8)!G+&=8-:8&+! $R;R;]2!=8&! -*!>@=,I()+!+==+),(+--+!ABH=>;/!+,! =D)! ,&*)=:+&,!C+&=!A+=!G&D,I()+=!
&I>+G,&(>+=.!T*!>@=,I()+R=8'=,&*,!+=,! -('I&I+!=D8=! :D&4+!AB*-*)()+! $Y(L8&+!S2! $YD),+>*C+!*)A!
^--*L)(+&RA+RMJD8A+)=/!011_2.!
!
## # # ()*)#+',-.!/-%!'"#0%#$'!0/#10#2!'/3"%45/0#

!

! T*!>@=,I()+!AI=8-:8&*=+!H=>;!*!A+!,&6=!)D4'&+8P!(),+&*>,+8&=!+,!+=,!(4G-(78I+!A*)=!A+!
)D4'&+8=+=!CD(+=!A+!'(D=@),J6=+.!`()=(/!H=>;!+=,!(4G-(78I!A*)=!-*!'(D=@),J6=+!A+!>-8=,+&=!Y+;!
$;>Ja*&,?!+,!*-./!01112/!4*(=!IL*-+4+),!A+!)D4'&+8P!)8>-ID=(A+=! ,J(D-I=! $<*4'*4G*,(!*)A!
T*8JD)/! "bbb/! 0111O! T*8JD)/! 0110O! 9(-==D)! +,! *-./! 01102/! A+! -*! ,J(*4()+/! A8!9`3! $T*8JD)/!
01112! +,! A+! -*! =I-I)D>@=,+()+! A+! -*! :D&4*,+! A+=J@A&DLI)*=+! ]! $c(J*&*! +,! *-./! 01102.! H-! *!
IL*-+4+),!I,I!4D),&I!>D44+!>*G*'-+!A+!,&*)=:I&+&!A8!=D8:&+!=8&!-+!AD4*()+!dJDA*)+=+!A+!
dJA`!$YD&-*)(!+,!*-./!011#2!D8!=8&!cD*3!$eJ*)L!+,!*-./!01"12.!M+!)D4'&+!(4GD&,*),!A+!>('-+=!
(4G-(78+! A+! )D4'&+8=+=! (),+&*>,(D)=! A(::I&+),+=! +,! G+&4+,! AB+PG-(78+&! -B(4GD&,*)>+! A+! -*!
:-+P('(-(,I!A+!-*!'D8>-+!>D),+)*),!-*!>@=,I()+!+==+),(+--+!ABH=>;!$;J(!+,!*-./!01"12.!!
! H-!+=,!>+G+)A*),! (4GD&,*),!A+!)D,+&!78+!=+8-! -+! &V-+!A*)=! -*!'(D=@),J6=+!A+=!>-8=,+&=!
Y+;! *! I,I! >-*(&+4+),! >*&*>,I&(=I! GD8&! -+=! A(::I&+),=! JD4D-DL8+=! +8>*&@D,+=! ABH=>;! $9:="! +,!
9Y;"2! ! $f(+A+&'(>F! +,! *-./! 011SO!g+&'+&! +,! *-./! 011UO!h=*(! *)A!f*&D)A+*8/! 01"12.! ;(! )D8=!)+!
GD8CD)=! +P>-8&+! -BIC+),8*-(,I! AB8)! &V-+! A*)=! AB*8,&+=! CD(+=! A+! '(D=@),J6=+/! >+>(! AD))+! *8P!
JD4D-DL8+=! +8>*&@D,+=! ABH=>;! 8)+! :D)>,(D)! )+,,+4+),! G-8=! =GI>(:(78+/! >D)=I78+)>+!
IC+),8+--+! A+! -+8&! -D>*-(=*,(D)! >+--8-*(&+.! i)! +::+,/! -*! G-8G*&,! A+=! I,8A+=! &I*-(=I+=! =8&! -+=!
>@=,I()+=!AI=8-:8&*=+=!9:="j9Y;"!>J+?! -+=!+8>*&@D,+=!=8LL6&+),!)D)!=+8-+4+),! -*!G&I=+)>+!
A+! =I78+)>+! AB*A&+==*L+! 4(,D>JD)A&(*-+! 4*(=! >D):(&4+),! IL*-+4+),! -+8&! -D>*-(=*,(D)!
4(,D>JD)A&(*-+.! M+,,+! -D>*-(=*,(D)! +=,! :D)>,(D))+--+4+),! +==+),(+--+! $f(+A+&'(>F! +,! *-./! 011SO!



!
!
!
!
!

!
!
!
!
!
!

!
!

!"#$%&'(')'*+%$,+$%&'-&.',/012&3&.'4.,*54.,6!!
"#$!%&'()&('*!+,)%-+,).!"!"#$%&'!/!0121$3!*4!5678,*4)*!9*!)5(,&*',!:*%;!<4!=7(4*!)57>'!+,).!,74,!)5(,&*'3!*4!'?(@*!5*,!
)A,&B>4*,!96+,).3! *4! =7(4*! C?4)B! 56*D&'BE>&B!9*! 57! 8?()5*! C5*D>85*;! "F! *&! G$! %&'()&('*!9(! )?EH5*D*! +,)%-+,).! "("#
)*&+',*-!/!I<FJ$!*4!H'B,*4)*!9*!)5(,&*',!KL:*/L%M;!<4!@'>,!+,).KL:*/L%M;!<4!'?(@*!5*,!)A,&B>4*,!96+,).;!1*,!9*(D!
+,)%!,?4&!*4!N*'&!*&!85*(;!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
!

!"

#" $"

!"#$%%

!"#&%% '()*+($,%%



! "#!

$%&%'!()!%*+,!-.."/!012341&(5!()!%*+,!-.""6!()!(7)!891(77%'5(!:;45!*%!3%)45%)';8!<(7!:5;)9'8(7!
=(0!(>)5%3');12;8<5'%*(7!?=;77()!()!%*+,!-..#6+!@A%4)5(7!9)4<(7!74BBC5(8)!48(!*;1%*'7%)';8!%4!
3;'87! :%5)'(**(3(8)! 1D);7;*'E4(! ?F'! ()! %*+,! -..#/! G%5(*H%! ()! %*+,! -..I,! -."J6! %K(1! 48(!
9K(8)4(**(! L;81)';8! <%87! *%! M';7D8)2C7(! <4! 1;L%1)(45! G;*DM<C8(! ?GNON6,! 3P3(! 7'! 1(7!
5974*)%)7! 5(7)(8)! 1;8)5;K(5797+! Q8(! *;1%*'7%)';8! 841*9%'5(! ?$%%3%)'! ()! %*+,! -..R6! %! 9)9!
9B%*(3(8)!;M7(5K9(+!
!
!! ! ! "#$#!%&'()*+'(,)-!(--(&'.(/-!

!

! S710,!()!7(7!<'LL95(8)7!;5)2;*;B4(7,!%!48!5T*(!(77(8)'(*!<%87!*%!M';7D8)2C7(!<(7!1*47)(57!
=(0+! U8! (LL()! S710! :(53()! *%! L;53%)';8! <(! 1*47)(57! 745! S71Q! ?VB%5! ()! %*+,! -...%6! :%5! 48!
391%8'73(!<(!)5%87L(5)!<4!7;4L5(!745!*(7!1D7)9'8(7!<AS71Q,!%::(*9!)5%87:(574*L45%)';8!?03')2!
()!%*+,!-.."/!Q5M'8%!()!%*+,!-.."6+!F%!L;53%)';8!)5%87');'5(!<(!1;3:*(>(7!1;K%*(8)7!(8)5(!S710!()!
S71Q!%4!1;457!<(!1(!391%8'73(!%!5%:'<(3(8)!74BB959!48(!'8)(5%1)';8!<'5(1)(!(8)5(!1(7!<(4>!
:%5)(8%'5(7! ?W%);! ()! %*+,! -..-/! 03')2! ()! %*+,! -..X6+! FA'8)(5%1)';8! (8)5(! S710! ()! S71Q! (7)!
<97;53%'7!)5C7!M'(8!1%5%1)95'79(!:%5!15'7)%**;B5%:2'(!?='B45(!Y6!?G%5'8;8'!()!%*+,!-."-/!02'!()!
%*+,! -.".6! ()! 59K;*4)';88(! *(7! 2D:;)2C7(7! E4(! *(7! 9)4<(7! <(! M';'8L;53%)'E4(7! %K%'(8)!
H47E4A%*;57! :5;:;79(7! ?$4)2! %8<! O;Z%8,! -..R6+! U8! (LL()! S71Q! 8A'8)(5%B')! E4A%K(1! *(! :()')!
<;3%'8(! <AS710,! [! 48(! <'7)%81(! 7'B8'L'1%)'K(! <4! 7')(! %1)'L! 3%'7! [! :;5)9(! <(! *%! 1D7)9'8(!
(77(8)'(**(! 1;8)(84(! <%87! *%! M;41*(! L*(>'M*(! <AS710! ?02'! ()! %*+,! -.".6+! FA(>'7)(81(! <(! 1())(!
'8)(5%1)';8! %! 9B%*(3(8)! 9)9! 1;8L'539(! 12(\! *(7! (41%5D;)(7,! 3P3(! 7'! %4148(! <;889(!
7)541)45%*(!8A(>'7)(!:;45! *A'87)%8)![! *A(>1(:)';8!<(! *%! 7)]12';39)5'(!"^"!(8)5(! *%!<974*L45%7(!
$=0"!()! *%!:5;)9'8(!<A912%L%4<%B(! S0OQ!?012341&(5!()!%*+,!-.""6+!$;47!5(K'(8<5;87!:*47!(8!
<9)%'*7! 745! *A'8)(5%1)';8! S710_S71Q!<%87! *(!12%:')5(!1;87%159![! S71Q+! S*!(8!7(5%!<(!3P3(!:;45!
7;8!'8)(5%1)';8!%K(1!*%!L5%)%>'8(!()!*%!L(559<;>'8(+!
!
!! ! ! "#!$%&''(!)*+,-.*/+-!01-2!3-%!-40*+56,-%!

!

! S7<"",! 9B%*(3(8)! %::(*9! F`aGb,! (7)! 48! :()')(! :5;)9'8(! <A(8K'5;8! ""&@%! <;8)! *%!
7)541)45(! (7)! '81;884(+! O())(! :5;)9'8(! (7)! 7D7)93%)'E4(3(8)! :597(8)(! 12(\! *(7! (41%5D;)(7!
?a'12%5<7!%8<!K%8!<(5!c'(\(8,!-..#6!()!(7)!3');12;8<5'%*(!?02'!()!%*+,!-..R6+!d5C7!)T),!7;8!5T*(!
<%87!*%!M';7D8)2C7(!<(7!1*47)(57!=(0!%!9)9!74BB959!<%87!*(!3;<C*(!*(K45(!?V<%3!()!%*+,!-..#/!
e'(<(3%88!()!%*+,!-..#6+!0'!48!5T*(!<(!7)%M'*'7%)(45!<(!*%!1D7)9'8(!<974*L45%7(!%!'8')'%*(3(8)!
9)9!:5;:;79,!1%5!S7<""!*'3')(!*A%B59B%)';8!<(!$L7"!*;57!<(!7%!:45'L'1%)';8!.&!0.')1,!1())(!:5;)9'8(!
(7)!<97;53%'7!1;87'<959(!1;33(!891(77%'5(!:;45! *A%1)'K')9!3P3(!<(!$L7"+!U8!(LL(),! *(! )5':*(!
34)%8)!<AS7<""!F`afVVV!12(\!*%!*(K45(!(7)!1%:%M*(!<(!7(!L'>(5!745!$L7",!3%'7!(3:P12(!);4)(!
%1)'K')9!1D7)9'8(!<974*L45%7(!?g%8<(D!()!%*+,!-.""6+!@A%4)5(!:%5),!7'!*%!L'>%)';8!<(!*%!h!1D7)9'8(_
74M)5%)!i! 745! *(! gFg! 8(! 7(3M*(! :%7! %LL(1)9(! :%5! S7<"",! *%! L;53%)';8! <A48! :(574*L45(! 745! *%!
1D7)9'8(!(77(8)'(**(!<(!$L7"!8(!7(3M*(!:;77'M*(!E4A(8!7%!:597(81(!?g%8<(D!()!%*+,!-."-6+!S7<""!
:;455%')! <;81! %K;'5! 48(! '8L*4(81(! <'5(1)(! ;4! '8<'5(1)(! 745! *%! M;41*(! L*(>'M*(! <(! $L7",!



!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!"#$%&'(')'*+,-.&'/0//"1-%&',$'2+/3.&4&'5!67896:77''
"#!$%&'()*+,%-).!/0!'*+12.3.!4567896:77!$0;;<-.!=0#%-.! 96:77!$0-! 2.!/)+<-.>!".$!?*@.$!/A)@%.-#'%)*@$!$*@%!

)@'*@@0.$>! B@.! $%-0'%0-.! 10-.+.@%! %(,*-)=0.! #! ,%,! '-,.! 1*0-! 96:77! 1#-! 2A)@%.-+,/)#)-.! /0! 2*;)').2! 6C966D
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ABSTRACT: Iron−sulfur (Fe−S) cluster-containing proteins are essential components of cells. In eukaryotes, Fe−S clusters are
synthesized by the mitochondrial iron−sulfur cluster (ISC) machinery and the cytosolic iron−sulfur assembly (CIA) system. In
the mammalian ISC machinery, preassembly of the Fe−S cluster on the scaffold protein (ISCU) involves a cysteine desulfurase
complex (NFS1/ISD11) and frataxin (FXN), the protein deficient in Friedreich’s ataxia. Here, by comparing the biochemical and
spectroscopic properties of quaternary (ISCU/NFS1/ISD11/FXN) and ternary (ISCU/NFS1/ISD11) complexes, we show that
FXN stabilizes the quaternary complex and controls iron entry to the complex through activation of cysteine desulfurization.
Furthermore, we show for the first time that in the presence of iron and L-cysteine, an [Fe4S4] cluster is formed within the
quaternary complex that can be transferred to mammalian aconitase (mACO2) to generate an active enzyme. In the absence of
FXN, although the ternary complex can assemble an Fe−S cluster, the cluster is inefficiently transferred to ACO2. Taken
together, these data help to unravel further the Fe−S cluster assembly process and the molecular basis of Friedreich’s ataxia.

■ INTRODUCTION
Iron−sulfur (Fe−S) clusters are critical redox-active prosthetic
groups that are present in proteins involved in numerous
essential cellular processes.1,2 While the predominant functions
of Fe−S clusters are in electron transfer and radical generation,
they also participate in substrate binding and activation, protein
stabilization, and regulation of gene expression or enzyme

activity. Within the past decade, the biogenesis of Fe−S
proteins has been extensively studied by genetic and
biochemical approaches in bacteria and yeast and more recently
in plants and mammals, and this work has demonstrated that it
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is a complex process involving multiple components.1−3 Most
of the components of the general “housekeeping” biosynthetic
iron−sulfur cluster (ISC) machinery are highly conserved in
almost all organisms, and several human orthologues are
implicated in severe disorders,4 pointing to the importance of
this pathway for normal cellular function.
The initial stage of nascent Fe−S cluster biosynthesis, which

is accomplished by a multimeric protein complex, involves the
assembly of a transiently bound Fe−S cluster on a scaffold
protein (IscU in bacteria, Isu1 in yeast, or ISCU in mammals)
from inorganic sulfur and iron. The sulfur is provided through a
persulfide intermediate by a pyridoxal phosphate (PLP)-
dependent cysteine desulfurase (IscS in bacteria, Nfs1/Isd11
in yeast, or NFS1/ISD11 in mammals). Although its exact
function is unknown, the eukaryotic protein ISD11 has been
proposed to stabilize NFS1 through a direct interaction and to
activate the enzyme through a conformational change.5−7 The
scaffold and the cysteine desulfurase interact to form in bacteria
an α2β2 heterotetrameric complex, thus promoting direct sulfur
transfer.8−10 The sources of the iron and the required electrons
have not been clearly identified, although frataxin and
ferredoxin have been suggested as the iron and electron
donors, respectively.11,12 Once assembled, the scaffold-bound
Fe−S clusters are transferred to target proteins with the help of
accessory proteins and factors.1,2 In eukaryotes, the assembly of
the nascent Fe−S clusters takes place in the mitochondria.
Frataxin is a conserved small globular mitochondrial protein

whose reduced expression causes the severe neurodegenerative
disease Friedreich’s ataxia by impairing Fe−S cluster biogenesis
and iron metabolism.13,14 Although frataxin has been proposed
to be a multifunctional protein involved in different iron-
dependent mitochondrial pathways, phylogenetic, genetic, and

biochemical studies point to the essential role of frataxin in Fe−
S metabolism.15−19

Early in vitro studies of bacterial, yeast, or human frataxin
showed a mild to low affinity for ferrous iron (3−55 μM range)
through an interaction with a conserved acidic ridge of the
mature protein.20−22 The proposed function of frataxin as an
iron donor was suggested by both the iron-dependent
interaction of yeast frataxin with Nfs1 and Isu123 and in vitro
studies demonstrating the capacity of iron-loaded mature
human frataxin to provide iron for Fe−S cluster formation on
ISCU.20 Frataxin has also been shown to form oligomers in the
presence of iron in vitro, initially suggesting an iron
detoxification and storage function for frataxin.11,24,25 However,
this hypothesis has been questioned in vivo. Indeed, the
deletion of yeast frataxin can be complemented by a frataxin
mutant defective in iron-induced oligomerization.26 Further-
more, the mature form of human frataxin (FXN81−210), which
has been shown not to oligomerize,27 rescued the cellular
viability of murine fibroblasts deleted for frataxin.16 Both of
these results indicate that the formation of oligomers is not a
requisite for frataxin to be functional. On the other hand, in
vitro reconstitution experiments showed that oligomeric iron-
loaded bacterial (CyaY) and yeast (Yfh1) frataxins could
provide iron for Fe−S cluster formation on the scaffold protein
(IscU/Isu1).11,20 More recently, the possibility that frataxin
might act as a regulator of cysteine desulfurase activity (positive
in eukaryotes or negative in prokaryotes) has emerged.15,17

Using a coexpression approach, we previously showed that
murine frataxin interacts in an iron-independent manner with a
preformed ternary complex composed of NFS1, ISD11, and
ISCU, thus leading to a quaternary complex.16 To dissect
further the role of frataxin in the first step of Fe−S biogenesis in

Figure 1. Characterization of ternary and quaternary complexes. (A) UV−vis spectra of as-purified CplxIII (dashed line) and CplxIV (solid line).
Inset: focus on the 300−500 nm region of the UV−vis spectra. (B) Iron and sulfur contents of as-purified CplxIII and CplxIV. In the assay, cysteine
was converted to alanine, and the resulting persulfide was reduced with dithiothreitol (DTT) and detected as sulfide. (C) Signal-averaged value of
the sedimentation coefficient at the reaction boundary (sfast) as a function of loading concentration for each sedimentation coefficient (s) distribution.
The best-fit binding isotherm (solid line) was obtained for parameter estimates of Kd1 = 2.6 μM, Kd2 = 10.3 μM, sA = 7.58 S, sB = 2.06 S, sAB = 8.09 S,
and sABB = 8.58 S using a heteroassociation model involving CplxIII (component A) with two equivalent binding sites for FXN (component B).
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mammalian eukaryotes, we studied and compared the
biochemical and biophysical properties of the recombinant
ternary (CplxIII) and quaternary (CplxIV) complexes in the
presence of the two key substrates of Fe−S assembly, iron and
cysteine. Herein we report for the first time that mammalian
frataxin controls iron entry on CplxIV through activation of its
cysteine desulfurase activity, allowing the formation of [Fe4S4]
clusters.

■ RESULTS AND DISCUSSION
Structural and Enzymatic Characterization of Ternary

and Quaternary Complexes Formed in Vivo in a
Heterologous System. To determine the role of frataxin in
the early steps of Fe−S formation, as a prerequisite, we
biochemically and functionally characterized the as-purified
recombinant CplxIII and CplxIV complexes formed in vivo (see
the Supporting Information). Pure CplxIII has a mass of 161
052 Da as determined by electrospray ionization time of flight
(ESI-TOF) mass spectrometry, in agreement with the mass of
160 kDa estimated from the retention time on gel filtration
(Figure S1 in the Supporting Information). This suggests a
homodimeric complex in which each unit has a 1:2:1
NFS1:ISD11:ISCU stoichiometry. CplxIV eluted as a single
peak with an apparent molecular weight of 185 kDa (Figure S1
in the Supporting Information), in agreement with the reported
mass of 189 623 Da,16 also suggesting a homodimeric
organization in which each unit has a 1:2:1:1 NFS1:ISD11:IS-
CU:FXN stoichiometry. As-purified CplxIII and CplxIV
displayed a yellow color (absorption band at 420 nm)
corresponding to PLP bound on NFS1 (1.9 and 1.7 ± 0.1
PLP/Cplx, respectively) (Figure 1A) but were devoid of iron
(<0.01 Fe/Cplx) and contained small amounts of sulfur (0.97
± 0.04 S/CplxIII and 0.91 ± 0.05 S/CplxIV), likely in a
persulfide intermediate form on NFS1 (Figure 1B). In contrast
to CplxIII, which precipitated upon freezing−thawing, CplxIV
was stable toward freezing−thawing, suggesting a stabilizing
effect of frataxin for CplxIII. Interestingly, a quaternary complex
(named the “quaternized complex”) can be formed from pure
CplxIII and free monomeric frataxin (Figure S1 in the
Supporting Information). To determine the affinity of frataxin
for CplxIII, we performed analytical ultracentrifugation (AUC)
sedimentation velocity experiments using different CplxIII:FXN
ratios (Figure 1C; see the Supporting Information for details).
In the titration of CplxIII with increasing concentrations of
FXN, the peak in the sedimentation complex [s, measured in
svedbergs (1 S = 10−13 s)] for the complex exhibited a
concentration-dependent movement characteristic of a rapidly
interacting system (Figure 1C). The peak for CplxIII alone
(7.45 S) was shifted toward the s value of 8.6 S expected for a
1:2 CplxIII:FXN complex through an intermediate s value of
8.1 S expected for a 1:1 CplxIII:FXN complex. Data analysis of
the signal-averaged s value at the reaction boundary (sfast) as a
function of loading concentration gave estimated Kd values of
∼2.6 μM (Kd1) and 10.3 μM (Kd2) for the 1:1 and 1:2
complexes, respectively.
Both CplxIII and CplxIV were endowed with cysteine

desulfurase activity carried by the NFS1 protein, which we
evaluated by measuring alanine and sulfide production (Figure
S2A in the Supporting Information). As-purified CplxIV
exhibited Michaelis−Menten kinetics for sulfide production
with a Michaelis constant (KM) of 6.7 μM for cysteine and a kcat
of 3.9 min−1 (Table 1). The value of kcat decreased by a factor
of 5 (kcat= 0.85 min−1) and the KM increased by a factor of 1.5

(KM= 10.7 μM) with CplxIII, demonstrating that both kcat and
KM were altered by the presence of FXN (Table 1). The
cysteine desulfurase activity was stable over time (2−14 days)
for CplxIV, whereas it was dramatically affected for CplxIII after
8 days, indicating a stabilizing effect of frataxin on the
enzymatic activity of CplxIII (Figure S2 in the Supporting
Information). The quaternized complex displayed a cysteine
desulfurase activity similar to that of the as-purified CplxIV (kcat
= 3.6 min−1) (Figure 2A), demonstrating that it is the presence
of frataxin that enhances the cysteine desulfurase activity. As
ferrous iron was reported specifically to enhance by an
additional factor of 2 the cysteine desulfurase activity of
NFS1/ISD11 in the presence of FXN and ISCU,15 we explored
the sulfide production by both complexes in the presence of
iron. Under our conditions, iron ions (Fe2+ and Fe3+) had a
small stimulatory effect (1.5-fold) on the sulfide production of
both CplxIII and the quaternized complex (Figure 2B), but this
effect was not specific to iron, since Mn2+ and Mg2+ gave a
similar stimulation. Zn2+ had no effect.
These results provide for the first time a consolidated

characterization of mammalian CplxIII and CplxIV. The high
level of expression of the complexes as well as the purification
steps performed under aerobiosis lead to the isolation of
cluster-free complexes. The isolation of both complexes from
Escherichia coli extracts strongly suggests that they represent
functional states for Fe−S cluster biosynthesis and that they are
mechanistically relevant species for unraveling the Fe−S
biogenesis process. Two observations can be drawn from the
stoichiometries of the two complexes. (i) There is conservation
with prokaryotes in the organization of the complexes: in the
absence of frataxin, there are two cysteine desulfurases and two
scaffolds,9,10 and when frataxin is present, there are two cysteine
desulfurases, two scaffolds, and two frataxins.28 (ii) Mammalian
FXN exists within CplxIV as a monomer (per unit of complex)
rather than as an oligomeric form, reinforcing in vivo data
demonstrating that the essential form is the monomeric one.16

The AUC experiments confirmed the stoichiometry of two
FXN per CplxIV. We also observed that FXN enhances the
cysteine desulfurase activity as reported previously,15 but the
kinetic parameters were slightly different, probably reflecting
differences in stability and/or homogeneity for as-purified
complexes in comparison with complexes obtained by
combining purified recombinant proteins. As the physiological
concentration of cysteine in eukaryotic cells is 0.1 mM,29 our
data together indicate that FXN greatly stimulates the cysteine
desulfurase activity at physiological cysteine concentrations. In
addition, our data demonstrate that cysteine desulfurase
activation by FXN is iron-independent, in contrast to published
results,15 and that frataxin accounts for the main stimulatory
effect of cysteine desulfurase activity. FXN binding and
stimulation of the cysteine desulfurase activity are reminiscent
of the behavior of sulfur-acceptor proteins in bacterial systems.
Indeed, in E. coli, the IscS activity is stimulated 6-fold by IscU
binding30 and the SufS activity is increased 50-fold by SufE
interactions.31 Because there is no evidence that FXN directly
participates in cysteine desulfurase catalysis and since FXN

Table 1. Kinetic Data for CplxIII and CplxIV Enzymatic
Activity

kcat (min−1) KM (μM)

CplxIII 0.85 10.7
CplxIV 3.9 6.7
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stimulates cysteine desulfurization in a ISCU-dependent
manner,15 FXN binding to CplxIII likely induces a conforma-
tional change that positions the NFS1 persulfide loop close to a
conserved cysteine on ISCU for optimal sulfur transfer, thereby
increasing cysteine turnover. Interestingly, the bacterial
homologue CyaY displayed an inhibitory effect on Fe−S
cluster biogenesis in reconstitution experiments in vitro and
was found to decrease the enzymatic activity of IscS in the
presence of IscU.17 However, this difference between the
mammalian and bacterial systems appears to be determined by
the intrinsic properties of the cysteine desulfurase.32

Frataxin Controls Iron Entry in the Quaternary
Complex. To investigate whether the presence of frataxin in
CplxIV would modulate iron fixation, we compared the iron
binding capacities of CplxIII and CplxIV (Figure 3A). The
CplxIII Fe2+ binding curve suggested a specific ferrous iron
fixation that quickly saturated around 1.5 ± 0.12 Fe/Cplx
(Figure 3A). On the contrary, CplxIV bound much less ferrous
iron, despite a 10-fold molar excess (0.29 ± 0.39 Fe/Cplx).
CplxIV did not show better affinity for the ferric form of iron,
whereas CplxIII showed a great ability to bind ferric iron
(Figure S3 in the Supporting Information). When FXN was
added to CplxIII prior to iron, 0.33 ± 0.10 Fe/Cplx was
detected, indicating that the quaternized complex had ferrous
iron binding properties similar to those of CplxIV (Figure 3B).
However, when the iron was added to CplxIII before FXN, 1.1
± 0.15 Fe/Cplx was detected, a value comparable to that of
CplxIII without FXN (Figure 3B). Taken together, these data
indicate that frataxin inhibits binding of ferrous and ferric iron
to the quaternary complex, which was quite surprising because
bacterial and yeast frataxins have clearly been shown to bind
and provide iron for Fe−S formation.11,20 We therefore
investigated iron binding to monomeric FXN by incubating
FXN with an excess of either ferrous or ferric iron under the
conditions used for CyaY.11 We observed that the mature
monomeric form of frataxin could bind ∼1 Fe/FXN under all
conditions used (Figure S4 in the Supporting Information),
showing that FXN has different iron binding behavior when
free and complexed. We then investigated whether the cysteine
desulfurase activity of the complexes could influence iron entry.
While activation of the cysteine desulfurase of CplxIII had no
effect on iron binding (Figure 3C), interestingly, the iron
content in CplxIV was significantly enhanced upon activation of
the cysteine desulfurase. Indeed, roughly 3.5 ± 0.1 Fe/CplxIV
were detected, corresponding to a 10-fold increase relative to

the amount measured in the absence of cysteine desulfurization
(Figure 3C). This increase in iron binding is due to activation
of the cysteine desulfurase activity, as a CplxIV with a
catalytically dead NFS1 hardly bound iron (Table S1 in the
Supporting Information).
As for frataxins from other organisms, our results show that

free murine frataxin is able to bind iron, albeit to a lesser extent.
However, once complexed within CplxIV, frataxin loses its
ability to bind iron. The FXN iron binding site is likely not
available (hidden), in agreement with mutagenesis experi-
ments,10,16 structural data,10 and modeling,28 which suggest
that the surface of interaction between IscS/NFS1 and CyaY/

Figure 2. FXN enhances the cysteine desulfurase activity of CplxIII. (A) Cysteine desulfurase activities of CplxIII, CplxIV, and the quaternized
complex measured by sulfur quantitation. (B) Effect of a 10-fold molar excess of Fe2+ [from (NH4)2Fe(SO4)2·6H2O], Fe

3+ (from FeCl3), Mn2+

(from MnSO4), Mg2+ (from MgCl2), or Zn
2+ (from ZnSO4) on the cysteine desulfurase activity of CplxIII and the quaternized complex. Symbols:

ns, nonsignificant; *, p < 0.01; **, p < 0.05; ***, p < 0.001.

Figure 3. Control of iron entry by frataxin. (A) Iron contents of
CplxIII and CplxIV after incubation for 1 h with different molar excess
of Fe2+ [from (NH4)2Fe(SO4)2·6H2O] and desalting. (B) Iron content
of the quaternized complex after incubation with Fe2+ added either
before or after FXN. (C) Iron content upon activation of the ternary
and quaternary complexes’ cysteine desulfurase activities (10 equiv of
Fe2+, 10 equiv of cysteine, and 50 equiv of DTT followed by
desalting). All of the experiments were done under anaerobic
conditions. ns, nonsignificant; **, p < 0.05.
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FXN involves direct recognition of the negatively charged
region of frataxin (which is involved in iron binding) by the
positively charged patch on IscS/NFS1.28 Upon activation of
the cysteine desulfurase through FXN, iron enters within
CplxIV. These results demonstrate that iron loading is
dependent on sulfur production, thus suggesting a concerted
mechanism for iron and sulfur arrival on CplxIV rather than a
sequential mechanism. This question was addressed in previous
studies using either free scaffold (IscU) or carrier (SufA)
proteins without conclusive answers.33−35 Although our data
cannot rule out the possibility that sulfur arrives first, they
clearly demonstrate that iron cannot arrive first. The Fe−S
biogenesis mechanism should be further explored using the
assembly complex rather than the free individual components
to resolve this key question.
Both Complexes Assemble [Fe4S4] Clusters, Which

Are More Efficiently Transferred in the Presence of
Frataxin. We investigated whether the presence of excess iron
and the concomitant activation of cysteine desulfurase lead to
the formation of Fe−S clusters within the complexes. We first
analyzed CplxIV using UV−vis absorption, electron para-
magnetic resonance (EPR), and Mössbauer spectroscopy. The
absolute absorption variations of CplxIV during reconstitution
(using a 4-fold molar excess of Fe2+) monitored by UV−vis
spectroscopy (Figure 4A inset) showed an increase in the

characteristic S → Fe3+ charge-transfer band at 420 nm
simultaneously with the appearance of a dark-brown color in
the solution (Figure 4A). After desalting, the reconstituted
complex (CplxIV-R) contained 6 ± 0.95 S/Cplx and 3.5 ± 0.04
Fe/Cplx, values that were obtained within 15 min when the
complex was incubated with Fe and cysteine (Figure S5A in the
Supporting Information). This value was unchanged after
analysis of the sample by size-exclusion chromatography (SEC)

(Figure S6A in the Supporting Information). A representative
Mössbauer spectrum of CplxIV-R is depicted in Figure 4B. As is
typical for reconstituted Fe−S proteins, the spectrum comprises
several components: two major lines at −0.1 and +1.3 mm/s
flanked by a broad peak at 2.5 mm/s in addition to a featureless
component extending from −5 to +5 mm/s (most easily seen
at high Fe2+). The central lines could be modeled using a
quadrupole doublet whose isomer shift [δ = 0.44(3) mm/s]
and quadrupole splitting [ΔEQ = 1.09(6) mm/s] are indicative
of an [Fe4S4]

2+ cluster. This assignment is supported by the fact
that the main features of the spectrum recorded with an applied
magnetic field of 7 T (Figure 4C) could be reproduced using
the above parameters assuming a spin S = 0, as expected for an
[Fe4S4]

2+ cluster.
Quantification of the main quadrupole doublet indicated that

42% of the iron belonged to the [Fe4S4]
2+ clusters. Similar

values were found using 2−10 equiv of Fe2+ provided that the
incubation time reached 1 h (Table S2 in the Supporting
Information). The peak at 2.5 mm/s can originate from high-
spin S = 2 ferrous species, with the abnormal shape and
broadening of the line being due to a mixture of hexa- and
tetracoordinate FeII species. Assembly of the Fe−S cluster on
CplxIV did not induce any dissociation of the complex, as
assessed by the SEC elution profile on Superdex-200 (Figure
S6A in the Supporting Information).
Under reconstitution conditions identical to those for

CplxIV, the absolute absorption variations during reconstitu-
tion of CplxIII indicated the formation of Fe−S clusters (Figure
5A inset). During this process, CplxIII-R displayed a reddish-
brown color (Figure 5A). As for CplxIV-R, no dissociation of
the complex occurred once an Fe−S cluster was built (Figure
S6B in the Supporting Information). CplxIII-R contained a
maximum of 1.8 ± 0.2 Fe/Cplx and 2 ± 0.1 S/Cplx, contents
that were reached within the first 15 min of the reconstitution,

Figure 4. Fe−S cluster reconstitution on the quaternary complex. (A)
UV−vis profiles of the quaternary complex before and after
reconstitution. Insets: (left) absolute UV−vis absorbance variations
during reconstitution (4 equiv of Fe2+, 10 equiv of cysteine, and 50
equiv of DTT followed by desalting) and (right) CplxIV colors before
and after reconstitution (CplxIV and CplxIV-R, respectively). (B, C)
Mössbauer spectra of CplxIV-R (3.5 Fe/Cplx) taken at 4.2 K with an
external magnetic field of (B) 0.06 and (C) 7 T applied parallel to the
γ rays. The blue lines represent the contributions from [Fe4S4]

2+

clusters with parameters indicated in the text. Figure 5. Fe−S cluster reconstitution on the ternary complex. (A)
UV−vis profiles of the ternary complex before and after reconstitution
(10 equiv of Fe2+, 10 equiv of cysteine, and 50 equiv of DTT followed
by desalting). Insets: (left) absolute UV−vis absorbance variations
during reconstitution and (right) CplxIII color before and after
reconstitution (CplxIII and CplxIII-R, respectively). (B) EPR signal of
CplxIII-R (250 μM) recorded at 30 K with a microwave power of 0.5
mW. (C) Mössbauer spectrum of CplxIII-R (2.4 Fe/Cplx) taken at 4.2
K with an external magnetic field of 0.06 T applied parallel to the γ
rays. The blue, red, and black solid lines represent the contributions
from [Fe4S4]

2+ and [Fe2S2]
2+ clusters and their sum, respectively, with

the parameters indicated in the text.
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as for CplxIV-R (Figure S5A in the Supporting Information).
This content could not be further increased despite the
addition of a greater excess of iron to the complex and
remained after SEC on Superdex-200. CplxIII-R was reprodu-
cibly EPR-active with an S = 1/2 species characterized by a
rhombic signal (g values of 2.026, 1.947, and 1.889; gav= 1.954)
that integrated for 16% of the total iron of the complex (Figure
5B). These g values are similar to those observed for the
[Fe2S2]

+ cluster of plant ferredoxin.36 The temperature
dependence and microwave power saturation properties (signal
visible up to 60 K without broadening) also pointed to an
[Fe2S2]

+ cluster. CplxIV-R exhibited the same signal but with a
very low intensity (Figure S5B in the Supporting Information).
Figure 5C presents a representative Mössbauer spectrum of the
CplxIII-R complex that was recorded as in Figure 4C for the
quaternary complex. Whereas the two spectra are globally
similar, significant differences exist. Indeed, the higher-velocity
line of the central doublet appears abnormally broad, and this
effect is maximized at high Fe2+ concentration. It follows that
the central doublet could not be simulated with a single
component. By contrast, a good simulation was obtained by
considering that two species, an [Fe4S4]

2+ cluster and an
[Fe2S2]

2+ cluster, contribute to this doublet. The simulation
presented in Figure 5C was obtained by including a 19%
contribution of an [Fe2S2]

2+ cluster as found in IscU (average
parameters δ = 0.29 mm/s and ΔEQ = 0.78 mm/s) in addition
to 27% contribution of an [Fe4S4]

2+ cluster with parameters δ =
0.45(3) mm/s and ΔEQ = 0.98(6) mm/s, similar to those of
the quaternary complex. The featureless component extending
from −5 to 5 mm/s may come from adventitiously bound iron
species and/or reduced [Fe4S4]

+ and [Fe2S2]
+ clusters, as

observed by EPR for the latter. Taken together, these results
demonstrate that CplxIII-R can assemble in vitro both [Fe2S2]
clusters in the 1+ and 2+ states and [Fe4S4]

2+ clusters.
We finally investigated whether CplxIII-R and CplxIV-R

could provide their [Fe4S4] clusters to target enzymes by
incubating them anaerobically with the apo form of mammalian
mitochondrial aconitase (mACO2), a well-characterized
[Fe4S4] protein.37 mACO2 was pretreated with dithiothreitol
(DTT), desalted, and then incubated with either 2.5 equiv of
CplxIII-R or 1.25 equiv of CplxIV-R in order to provide the
same amounts of [Fe4S4] cluster to mACO2. Under such
conditions, the control containing apo-mACO2 and an excess
of Fe2+ and S2− gave an activity of 15.0 ± 1.9 nmol min−1 mg−1.
CplxIII-R could also mature aconitase (18.2 ± 1.4 nmol min−1

mg−1) to a level similar to that obtained using free iron and
sulfide. By contrast, CplxIV-R activated mACO2 with an
enzymatic activity of 46.2 ± 2.1 nmol of NADPH min−1 mg−1,
which is 3-fold higher than those of the control and CplxIII-R
(Figure 6). This demonstrates that CplxIV-R is more efficient
in maturing mACO2 than either CplxIII-R or free iron and
sulfide.
Addition of increasing concentrations of a strong Fe chelator,

bathophenanthroline, to the standard reaction mixture had little
effect on the Fe−S cluster transfer from CplxIV-R to mACO2
(17% loss at 30 μM). At the same concentration, bath-
ophenanthroline inhibited roughly completely the cluster
transfer from CplxIII-R (83% loss) (Figure 6). Interestingly,
cluster transfer from CplxIII-R closely parallels that of chemical
reconstitution. This suggests that cluster transfer to mACO2
from CplxIII-R is likely due in part to release of Fe−S in the
medium, while cluster transfer from CplxIV-R is a concerted
process.

Taken together, these results demonstrate that CplxIII-R and
CplxIV-R assemble mainly [Fe4S4]

2+ clusters in vitro. This is
the first time that an Fe−S cluster has been observed and
characterized spectroscopically on mammalian ISC assembly
complexes. There are 2 ISCU/Cplx, and our quantification
demonstrates that there is reproducibly no more than 0.4 and
0.27 [Fe4S4] cluster per CplxIV-R and CplxIII-R, respectively.
As there is no dissociation of CplxIV-R after Fe−S assembly,
our results suggest that only one ISCU of CplxIV-R is
metalated. It is tempting to propose that only one unit of
CplxIV-R is active, maybe by negative-cooperative regulation
between the subunits through structural changes, as has been
proposed for other PLP enzymes.38 Interestingly, the same
amount of high-spin ferrous iron on CplxIV-R was also
consistently found. Whether this iron is located on the second
ISCU of CplxIV-R and its physiological relevance are currently
under investigation. Furthermore, for the first time, an [Fe2S2]

+

species was also observed on the mammalian Fe−S assembly
machinery. This is surprising considering that no reducing
agent typically used to observe such a species (e.g., dithionite)
was present in the reaction. DTT was probably responsible for
the formation of this species, as observed on the bacterial Fe−S
carrier SufA.39 The fact that it is observable mainly on CplxIII-
R likely results because CplxIII-R contains a greater amount of
[Fe4S4]

2+ clusters with regard to total iron. The [Fe2S2]
+

species may correspond to an intermediate in the formation
of [Fe4S4]

2+ clusters from [Fe2S2]
2+ clusters, as proposed for

the general [Fe4S4] assembly process40 and recently demon-
strated in the case of nifIscA.41 In this respect, it is worth noting
that the successive formation of [Fe2S2]

2+ and [Fe4S4]
2+ clusters

has been observed in the bacterial system.42 In agreement with
an enhancement of the cysteine desulfurase activity in the
presence of frataxin, neither [Fe2S2]

2+ species nor [Fe2S2]
+

intermediates were observed on CplxIV-R (Table S2 in the
Supporting Information). Finally, in contrast to CplxIII-R,
CplxIV-R is able to mature mACO2. However, the mACO2
activity obtained with CplxIV-R is low compared with that of a
reconstituted mACO2 (200 nmol of NADPH min−1 mg−1),
suggesting that some components needed for total and efficient
Fe−S transfer are missing, such as the chaperones and/or
ferredoxin.

Figure 6. Fe−S cluster transfer from CplxIII-R and CplxIV-R to apo-
mACO2. Aconitase activity was measured after transfer of the [Fe4S4]
cluster from CplxIII-R (gray bars) or CplxIV-R (white bars) in the
presence of increasing amounts of the iron chelator bathophenanthro-
line. The mACO2 activity control was measured upon addition of a 4-
fold molar excess of Fe2+ and S2− (black bars). The mACO2 activity
was measured after 30 min of incubation with 2.5 equiv of CplxIII-R (2
Fe/Cplx) or 1.25 equiv of CplxIV-R (4 Fe/Cplx), respectively. All of
the experiments were done under anaerobic conditions at 17 °C.
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■ CONCLUSION
To the best of our knowledge, this is the first demonstration
that both CplxIII and CplxIV of the mammalian Fe−S assembly
machinery can assemble [Fe4S4] clusters without dissociation of
the complexes. Our results also provide evidence that
mammalian frataxin stabilizes CplxIII and controls iron entry
on CplxIV through activation of its cysteine desulfurase activity.
The presence of FXN leads to a greater amount of [Fe4S4]
cluster per complex and to a transferable [Fe4S4] cluster. The
properties of CplxIII-R are consistent with the biochemical
phenotype associated with Friedreich’s ataxia and with
Friedreich’s ataxia conditional mouse models that show residual
Fe−S enzyme activities in the absence of frataxin.43,44 Our
results provide consolidated information that is crucial for
unraveling both the Fe−S cluster assembly process and the
molecular basis of Friedreich’s ataxia. Further work using these
complexes with the addition of other essential components of
the Fe−S assembly and transfer machinery should be
performed to understand this essential metabolic pathway.

■ EXPERIMENTAL SECTION
Recombinant CplxIV was obtained by coexpression of murine NFS1,
ISD11, ISCU, and FXN-His in E. coli and purified as reported
previously,16 except that an affinity cobalt column was used.
Recombinant CplxIII was obtained by coexpression of murine
NFS1, ISD11, and ISCU-His in E. coli and purified as for CplxIV.
GST-mACO2 production and purification were carried out as
previously described.16 The quaternized complex was obtained by
mixing CplxIII with a 3-fold excess of free FXN. Protein-bound iron
and sulfur quantitations were carried out as previously described.45,46

AUC sedimentation experiments were used to determine the affinity of
FXN to CplxIII. The cysteine desulfurase activity of complexes was
determined as detailed for alanine production47 and for sulfide
release.45 Fe−S cluster assembly on CplxIII and CplxIV was performed
using L-cysteine and a ferrous iron salt as the sulfur and iron sources,
respectively, as reported previously,48 and the Fe−S transfer
experiment to aconitase was performed as detailed elsewhere.49

Structural characterization of CplxIII and CplxIV was performed by
UV−vis absorption, Mössbauer, and EPR spectroscopy.
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Supplementary Experimental section 

Plasmid constructs 

The cloning of mouse N F S1 and ISD11 cDNAs into pCo0GWS was previously 

described.1 Cloning of mouse F XN and ISC U cDNAs was previously reported.2 Mature 

forms of mouse ISC U and ISC U-HIS were PCR amplified (Forward: 

AATAATCATATGGCCTACCACAAGAAGGTTGTGGATC ; Reverse for ISCU: 

ATTATTAGATCTTCACTGCTTCTCTGGCTCCTCCTTC; reverse for ISCU-HIS: 

ATTATTAGATCTTCAGTGATGATGATGATGATGCTGCTTCTCTGGCTCCTCCTT

C) and the resulting PCR products were subcloned into pET-DuetTM1 (Novagen) using 

NdeI and BglII restriction sites. Mature form of mouse F XN-HIS was PCR amplified 

(Forward: AATAATCCATGGGGACATTGGACAACCC; Reverse: 

CCTATTCTGGAAAAGGCACTCATCATCATCATCATCATTGAGGATCCAATAAT

) and subcloned into pCOLA-DuetTM1 (Novagen) using NcoI and BamHI restriction 

sites. The N F S1C375A construct was obtained by PCR mutagenesis on the pCo0GWS-

NFS1-ISD11. (Forward: 

CCTTGTCCTCAGGGAGTGCCGCCACTTCTGCGTCATTGGAGCC, Reverse: 

GGCTCCAATGACGCAGAAGTGGCGGCACTCCCTGAGGACAAGG). 

 

Strain and growth conditions 

BL21(DE3) bacteria containing pRARE2 plasmid  (Novagen) were used for the 

production of all proteins. For the production of the NFS1/ISD11/ISCU-HIS ternary 

complex, bacteria were transformed with a combination of pCo0GWS-NFS1/ISD11 and 

pETDuet-ISCU-HIS, and then cultured in 2xYT or 2xLB supplemented with 37.5 µg/mL 

of spectinomycin and carbenicillin, 25.5 µg/mL of chloramphenicol. For the production 

of the NFS1/ISD11/ISCU/FXN-HIS quaternary complex, bacteria were transformed with 

a combination of pCo0GWS-NFS1/ISD11, pETDuet-ISCU and pCOLA-FXN-HIS, and 

then cultured in 2xYT or 2xLB supplemented with 25 µg/ml of spectinomycin, 

carbenicillin and kanamycin, and 17 µg/ml of chloramphenicol. For both productions, 

media were supplemented with 100 µM of pyridoxal phosphate (PLP) and cells were 

grown to reach an O.D.600nm of 2.0. IPTG was then added to a final concentration of 0.1 

mM to induce the production of the recombinant complexes for 12-16h at 28°C.  
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Recombinant protein purification 

Bacterial pellet was resuspended in cold Tris-HCl 50 mM pH8.0, NaCl 150 mM, TCEP 

1mM (TNT solution), supplemented with 100 µM PLP, 10% glycerol and Complete 

protein inhibitor cocktail (Roche). Typically, for a 6L production, the pellet was 

resuspended in a final volume of 200 mL and sonicated for 15 effective minutes at 40% 

of amplitude using 1s on/off pulses, at a controlled maximum temperature of 8°C. The 

suspension was then ultra-centrifuged at 40,000 rpm in a Beckman 50.2 Ti rotor for 1h at 

4°C. The supernatant was filtered using a 0.45 µm filter and incubated with TALON® 

cobalt resin (6 to 9 ml resin for 200 ml supernatant) for 20min in batch. The mix was 

loaded on chromatography columns (BIORAD) and washed with TNT solution (30 

column volumes). Elution was performed with TNT solution containing 200 mM 

imidazole. The complex was further purified by gel-filtration (GF) on a FPLC (ÄKTA, 

GE Healthcare) using a Superdex-200 26/60 (GE Healthcare) equilibrated with TNT 

buffer. GF allowed simultaneous purification of the ternary NFS1/ISD11/ISCU-His 

complex and ISCU-HIS or the quaternary NFS1/ISD11/ISCU/FXN-HIS complex and 

FXN-HIS. Typically, 25 mg of ternary and 50 mg quaternary complex were obtained 

using 6L of culture. GST-mACO2 production and purification were carried out as 

previously described.1 Protein samples were separated on a 12% SDS-Glycine-PAGE, 

under standard conditions. Native-PAGE analysis of quaternized complex was performed 

as previously described.1  

 

Protein, iron and sulfur quantification 

Protein quantification was performed on a Nanodrop (Thermo Scientific) using the 

following theoretical values for molecular mass and extinction coefficient at 280 nm 

(http://www.basic.northwestern.edu /biotools/proteincalc.html): Ternary complex: 

161kDa, 119.84 cm-1.M-1; Quaternary complex: 189 kDa, 171.90 cm-1.M-1; ISCU-HIS: 

15.6 kDa, 10.01 cm-1.M-1; FXN-HIS: 15.3 kDa, 26.03 cm-1.M-1. When complexes were 

reconstituted, Bradford assay was used to assess concentrations. Iron and sulfur 

quantifications were carried out as previously described.3,4 
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Cysteine desulfurase activity 

Assays were performed under strict anaerobic conditions in TNT solution supplemented 

with 100 µM PLP and 1 mM DTT in a final volume of 450 µL. Final complex 

concentration was 1µM. Reactions were initiated by the addition of L-Cysteine (10 µM-1 

mM) and were incubated at 37°C. Sulfide production was linear for the first 30 min. and 

an incubation time of 10 min. was chosen to generate sufficient amount of sulfide for 

detection. Aliquots (100 µL) were analyzed by two alternative methods (sulfur or alanine 

quantification). For sulfur quantification, 300 µL of Zn(OAc)2·2H2O 1% and 15 µL of 

NaOH 3M were immediately added to the samples. Sulfur quantitation was then 

performed under aerobic conditions using N,N-dimethyl-p-phenylenediamine, as 

previously described.3 For alanine quantification, reactions were stopped by heating the 

samples at 99°C for 10 min. Denatured proteins were removed by centrifugation and the 

supernatant was analyzed for its alanine content using alanine dehydrogenase, as 

previously described.5 Activity is given as sulfur or alanine molar production per mole of 

protein complex per minute. 

Michaelis-Menten kinetics for the cysteine desulfurase reaction were examined for the 

complexes in the presence of 10 molar excess of metals. Reaction rates as a function of 

cysteine concentration were fit to the Michaelis-Menten equation using Kaleidagraph 

(Synergy Software). 

 

I ron binding to the complexes 

Iron fixation was done under strict anaerobic conditions at 18°C. Purified ternary and 

quaternary complexes were diluted at a final concentration of 20 µM and were incubated 

with different excess of Fe2+ (Fe(NH4)2(SO4)2). After 1h of incubation, the mixture was 

desalted using NAP-25 columns (GE Healthcare). 

 

 

I ron binding to frataxin 

FXN (4 mg/ml) in TNT buffer was incubated with 10 molar excess of Fe3+, 

Fe2+(aerobically) or Fe2+ (anaerobically) for 3 hours at 4°C and then desalted on a NAP-

25 column (GE Healthcare) equilibrated with 0.1 M Tris-HCl, 150 mM NaCl pH8. Iron-
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bound FXN was then loaded onto a Sdx-200 column (GE Healthcare) equilibrated with 

the same buffer and monomeric fraction of FXN concentrated and analyzed for iron 

content and UV-visible absorption spectroscopy. 

 

I ron-sulfur cluster reconstitution on complexes 

Reconstitutions were done under strict anaerobic conditions at 18°C. Purified ternary or 

quaternary complexes were incubated with a 50 fold excess of DTT, from 2 to 10 fold 

excess of Fe2+ (Fe(NH4)2(SO4)2) and reconstitution was initiated by the slow addition of 

10 fold excess of L-cysteine at 17°C under anaerobic conditions. After 15 to 240 min. 

incubation, the mixture was desalted using NAP columns (GE Healthcare). Samples were 

immediately used for subsequent experiments to avoid degradation upon 

freezing/thawing. 

 

I ron-sulfur cluster transfer to aconitase 

Protocol was adapted from Wollers & al.6 All Fe-S transfer experiments were performed 

under strict anaerobic conditions at 18°C. GST-mACO2 in its apo-form (0.2 nmol) was 

incubated in TNT buffer with either a 2.5-fold molar excess of the reconstituted ternary 

complex (0.5 nmol) or a 1.25-fold molar excess of the reconstituted quaternary complex 

(0.25 nmol) to provide 5 molar excess of iron with regard to mACO2. Otherwise, 5 molar 

excess of Fe2+ (Fe(NH4)2(SO4)2) and sulfide (Na2S·9H2O) were added, and, when 

mentioned, 10 molar excess of DTT. Cluster transfer to aconitase was allowed for 15 

min. The mix was then diluted 10 times in a solution of 50 mM Tris-HCl, pH7.5, 30 mM 

citrate, 0.7 mM MnCl2, 50 mM NADP+ and 5 µM isocitrate dehydrogenase (IDH) to a 

final volume of 150 µl. Aconitase activity was indirectly measured for 15 min by 

monitoring the NADP+-dependent IDH activity at 340 nm.  

 

Mass spectrometry 

ESI-MS (electrospray ionization mass spectrometry) mass spectra were acquired as 

previously described.1 The complex samples were diluted in ammonium acetate 100 mM 

to obtain a final concentration of 20 µM for MS analysis in native condition. The optimal 

instrumental conditions to observe ternary or quaternized complexes were adapted as 
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follow: exit voltage respectively at 100 V or at 250 V and data acquisition for 1 or 2 

minutes. Before data processing, the spectra were smoothed (Gauss smooth, respectively 

0.24 or 0.16 Da). The multicharged mass spectra were then deconvoluted with MaxEnt 

tool to obtain the molecular weight of the complex. 

 

Analytical ultracentrifugation 

Sedimentation velocity experiments were performed with a Beckman XL-I analytical 

ultracentrifuge (Beckman Coulter) at 4 °C and 45,000 rpm. The protein radial 

distributions were observed using absorbance optics at 280 nm and interference optics. 

Data were collected for complex III (2.5 µM) and frataxin (20 µM) individually in TNT 

buffer, and a titration series was performed with a constant concentration of complex III 

(2.5 µM) and increasing concentrations of frataxin (0.5, 1.0, 2.5, 5, 10, 20 and 30 µM 

corresponding to molar ratio of 1:0.2, 1:0.4, 1:1, 1:2, 1:4, 1:8 and 1:12, respectively). 

Data were deconvoluted to determine sedimentation coefficient distributions using c(s) 

analysis in SEDFIT7 with standard maximum entropy regularization at a confidence level 

of P = 0.68. The signal average s-value of the reaction boundary (sfast) as a function of 

loading concentration was determined by integration of c(s) between integration limits of 

experimental smin = 4 S and smax = 7 S to encompass the reaction boundary, but excluding 

the non-participating species. The dissociation constants were determined by fitting a 

model for the formation of an association (A+B+B <-> AB + B <-> ABB) to the sfast 

isotherm in SEDPHAT.8 The parameters were refined using initial values of SA = 7.45 S, 

SB = 1.95 S, SAB = 8.1 S and SABB = 8.6 S. Extinction coefficients of 119 840 and 26 930 

M-1 cm-1 for complex III (component A) and frataxin (component B,) respectively, were 

calculated based on the amino acid composition. 

 

 

L ight absorption 

UV-visible absorption spectra were recorded on a Cary 1Bio spectrophotometer equipped 

with optical fibers allowing spectra to be recorded under anaerobic conditions (Varian).  
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E lectron paramagnetic resonance (EPR) 

EPR spectra of reconstituted complexes were recorded at X-band (9.65 GHz) by using a 

Bruker EMX spectrometer equipped with an Oxford ESR 910 cryostat for low 

temperature studies. For determination of the spin concentration at g = 2 the system was 

calibrated against a copper-EDTA sample.  

 

Mössbauer spectroscopy 

A series of 57Fe-enriched samples of ternary and quaternary complexes (250 µM) were 

prepared in the glove box (see table S2) and transferred to a Mössbauer sample holder, 

and frozen in cooled 2-methyl-butane inside the glove box and kept in liquid nitrogen 

until the measurement. Mössbauer spectra were recorded at 4.2 K, either on a low-field 

Mössbauer spectrometer equipped with a Janis SVT-400 cryostat, or on a strong-field 

Mössbauer spectrometer equipped with an Oxford Instruments Spectromag 4000 cryostat 

containing an 8T split-pair superconducting magnet. Both spectrometers were operated in 

a constant acceleration mode in transmission geometry. The isomer shifts are referenced 

against that  temperature. The spectra were analyzed with 

the program WMOSS (WEB Research, Edina, MN, U.S.A.). 

 

Statistics 

All values are given as the mean +/- SD. Statistical analysis was performed by standard 

Student T-test.  

 



Supporting Information 

Page 8 

 

Supplementary Results 

 

In vivo formation of ternary and quaternary complexes  

Both CplxIII and CplxIV were obtained by co-expression in E . coli of murine NFS1, 

ISD11 and ISCU-His and NFS1, ISD11, ISCU and FXN-His, respectively, as previously 

described1, purified on a cobalt affinity column followed by a gel filtration 

chromatography (Figure S1A,B). Pure CplxIII eluted as a single peak (161052 Da, Figure 

S1C) but some monomeric and dimeric forms of ISCU were also observed during the 

purification process corresponding to uncomplexed HIS-tag ISCU that was retained to 

the cobalt column (Figure S1A,B). CplxIV eluted as a single peak (189623 Da), and as 

previously reported, large amount of free monomeric frataxin was also eluted at a mass of 

about 15 kDa (Figure S1A,B). A quaternary complex can be formed by incubation of 

pure CplxIII (15 µM) and free monomeric frataxin mixed in a 1:10 molar ratio. Indeed, 

under these conditions, a complex with the same elution profile on native gel to as-

purified quaternary complex was formed (Figure S1D). This quaternized complex had an 

estimated mass of 184788 Da determined by ESI-TOF mass spectrometry analysis, 

consistent with a 2:4:2:2 stoichiometry (NFS1:ISD11:ISCU:FXN) as for the CplxIV 

(Figure S1E).  

 

Analytical ultracentrifugation sedimentation velocities of F X N and CplxI I I  

When analytical ultracentrifugation (AUC) sedimentation velocity experiments was 

performed with frataxin alone, a major peak with a corrected sedimentation coefficient 

s20,w of 1.95 S was observed , corresponding to a molecular weight (MW) of 15 600 Da in 

agreement with the calculated MW of 15 274 Da for a monomer (Figure 1C). Upon 

centrifugation, CplxIII alone was resolved in four main peaks, with s20,w = 1.9, 4.5, 6.25 

and 7.45 S (major species). The corresponding MW value of 150 000 Da for the major 

species is less than the experimental MW determined by mass spectrometry (161 052 

Da). This could be due to partial dissociation of CplxIII during centrifugation. 
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T ime-dependent cysteine desulfurase activity variation of CplxI I I and CplxI V  

Since CplxIII cannot be frozen and thawed, it was stored at 4°C. CplxIV was treated 

identically. The cysteine desulfurase activity of both complexes was determined by sulfur 

quantitation under aerobic conditions using N,N-dimethyl-p-phenylenediamine as 

previously described3 every two days, over 14 days, at 37°C for 10 min using 1 µM 

complex and 500 µM cysteine (Figure S2B). The kcat revealed that CplxIV activity is 

stable over time (80% of remaining activity after 14 days of storage at 4°C) whereas that 

of CplxIII decreased rapidly after 8 days of storage at 4°C (30% of remaining activity), 

showing a stabilizing effect of frataxin on CplxIII cysteine desulfurase activity.   

 

I ron binding to frataxin 

FXN (4 mg) in TNT buffer was incubated with 10 molar excess of Fe3+, Fe2+ 

(aerobically) or Fe2+ (anaerobically) for 3 hours at 4°C and then desalted on a NAP-25 

column equilibrated with 0.1 M Tris-HCl, 150 mM NaCl pH:8. FXN-Fe3+, FXN-Fe2+ 

treated aerobically and FXN-Fe2+ displayed an orange color even though FXN-Fe2+ was 

less colored than the two other ones. FXN-Fe3+ contained an average of 2.1 ±! 0.2 

iron/FXN, FXN-Fe2+ treated aerobically 1.5 ±! 0.15 iron/FXN and FXN-Fe2+ 1 ± 0.1 

iron/FXN. From all iron-bound FXN, the monomeric form of FXN recovered after 

Superdex-200 contained in all cases around 1 iron/FXN (1 ± 0.05 iron/FXN, 0.95 ± 0.05 

iron/FXN and 0.9 ± 0.05 iron/FXN for FXN-Fe3+, FXN-Fe2+/O2 and FXN-Fe2+, 

respectively) (SI Appendix, Figure S4A). FXN-Fe3+ showed a yellow-orange color and 

displayed a characteristic UV-visible spectrum with a broad absorption band from 300 to 

400 nm, as reported for bacterial frataxin CyaY-Fe3+ (Figure S4). 9,10 
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F igure S1: Purification of ternary and quaternary complexes. A. Superdex 200 gel-

filtration profiles of purified NSF1/ISD11/ISCU-His (CplxIII, dashed line) and 

NSF1/ISD11/ISCU/FXN-His (CplxIV, solid line) complexes. B. Comassie-stained SDS-

PAGE of CplxIII (left) and CplxIV (right) gel filtrations. Theoretical molecular weights: 

NSF1 44.5 kDa, ISCU 14.7 kDa, ISCU-His 15.6 kDa, FXN-HIS 15.3 kDa, ISD11 10.8 

kDa.  C: Native ESI-TOF mass spectrometry analysis of the ternary complex (20 µM in 

ammonium acetate 100 mM). D: Native gel electrophoresis of CplxIII (10 µg) mixed 

with FXN (10 equivalents) leading to the formation of quaternized complex in 

comparison to as-purified quaternary complex (CplxIV) (10 µg). E: Native ESI-TOF 

mass spectrometry analysis of the quaternized complex (20 µM in ammonium acetate 

100 mM).  
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F igure S2: Characterization of the ternary and quaternary complex enzymatic activities. 

A. Cysteine-desulfurase activities of CplxIII and CplxIV measured by alanine and sulfur 

quantification. * p<0.01, ** p<0.05, *** p<0.001, ns: non-significant. B. Cysteine 

desulfurase activity of CplxIII and CplxIV measured every two days for 14 days with 

storage of complexes at 4°C. 

 

 

 

 

 
 

F igure S3: Ternary and quaternary complexes Fe3+ fixation. Measure of iron content of 

CplxIII and CplxIV after incubation for 1h with different molar excess of Fe3+ (FeCl3). 

Adding iron to the ternary complex promoted partial precipitation of the sample.  
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F igure S4: Iron binding to frataxin. A. Measure of iron content in monomeric FXN after 

incubation with 10 molar excess of Fe3+, Fe2+/O2 or Fe2+ (anaerobically), NAP-25 and 

Superdex-200. B. UV-visible spectrum of monomeric fraction of FXN (1.2 mg/ml) after 

incubation with 10 molar excess of Fe3+ desalting and Superdex-200. 
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F igure S5: Reconstitution of complexes. A. Iron content of ternary and quaternary 

complexes over time reconstitution. They were reconstituted as described in methods and 

iron content was evaluated at different time points after desalting using a 

bathophenantroline based colorimetric assay. B. Comparison between CplxIII-R (black) 

and CplxIV-R (red) EPR spectra recorded with the same conditions (30 K, 0.5 mW 

microwave power). 
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F igure S6: Characterization of CplxIII-R and CplxIV-R complexes. A. Non-dissociation 

of reconstituted quaternary complex. Superdex-200 gel-filtration profiles of non-

reconstituted and reconstituted quaternary complex. Inset: SDS-PAGE Coomassie blue 

gel of the annotated fractions. B. Non-dissociation of reconstituted ternary complex. 

Superdex-200 gel-filtration profiles of non-reconstituted and reconstituted ternary 

complex. Inset: SDS-PAGE Coomassie blue gel of the annotated fractions. A partial 

precipitation of the ternary complex was visible during Fe-S reconstitution. 
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 + Fe2+ +  Fe2+ + L-Cyst 
CplxIV 0.29 ± 0.39 3.5 ± 0.10 

CplxIV-NFS1Cys375>Ala 0.70 ± 0.10  0.72 ± 0.05 
 

Table S1: Iron content of CplxIV-NFS1Cys375 Ala upon cysteine desulfurase activation. 

Fe2+: 10 molar excess; L-cysteine: 10 molar excess; Incubation: 1 hour, 17°C, 

anaerobically 

 

 

 
 

Mössbauer 
Sample 

 
Type 

 
I ron 

excess 

 
Incubation 

 
I ron/Cplx 

 

 
[F e4S4]2+ 

(%) 
 

[F e2S2]2+
 

(%) 

1 CplxIII-R 2 equ. 1h 1.5 22 0 
2 CplxIII-R 4 equ. 4h 1.9 54 7 
3 CplxIII-R 5 equ. 15 min 2.5 24 5 
4 CplxIII-R 10 equ. 1h 2.4 27 19 
5 CplxIV-R 2 equ. 1h 1.6 44 0 
6 CplxIV-R 4 equ. 4h 3.5 42 0 
7 CplxIV-R 5 equ. 15 min. 3.3 16 0 
8 CplxIV-R 10 equ. 1h 5 44 0 

 
Table S2: List of 57Fe-enriched samples studied by Mössbauer spectroscopy. 
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J)8H_V4! BQ&(()%'-'! ).! &,3@! DE""G! 0.','()-.! ,)(! '-15%*&.'5-(! (.%02.0%&,)(! 6'(/5-'+,)(! 50!



!



! qu!

*567,'(7)(! /50%! '6)-.'1')%! ,)(! %7('60(! '*/,'807(! 6&-(! ,&! 255%6'-&.'5-! 6)(!*7.&0=! 6&-(! 6)(!
/%5.7'-)(! 2&-6'6&.)(3! J'! ,;0.','(&.'5-! 6)(! (.%02.0%)(! )(.! 15-2.'5--),,)*)-.! /,0(! ('9-'1'2&.'$)@!
,;&+()-2)!6)!65--7)(!(.%02.0%&,)(!)-!*&(()!2O)<!,)(!*&**'1A%)(!-50(!&!'*/5(7!,;0.','(&.'5-!
6)(!(780)-2)(!6;&2'6)(!&*'-7(3!4)0=!*7.O56)(!+&(7)(!(0%!,)(!(780)-2)(!(5-.!&,5%(!0.','(&+,)(!
).!25*/,7*)-.&'%)(!?!
! W!"3!Q&%.&-.!60!25-(.&.!6)! ,&!.%5/!O&0.)!(7,)2.'$'.7!6)(!_ee!0.','(7)(!/&%!QLCe!).!6)!
,;&+()-2)! 6)! ,;)-()*+,)! 6)(!*5.'1(! 2O)<! QvgJ:RV@! -50(! &$5-(! 672'67! 6)! 2%7)%! -5(! /%5/%)(!
('9-&.0%)(! 9%X2)! I! 0-! /%59%&**)! 80)! -50(! &//),5-(! Q%)6:JH3! H)! 6)%-')%! ()! +&()! (0%! ,)(!
%7('60(!'*/,'807(!6&-(!,&!255%6'-&.'5-!6)(!2,0(.)%(@!I!,;'6)-.'80)!6)(!*5.'1(!6)!QvgJ:RV@!*&'(!
K!&j50.)!6)!,&!(50/,)(()!&1'-!6)!25%%)(/5-6%)!I!,;)-()*+,)!6)(!5%.O5,590)(3!C!.'.%)!6;)=)*/,)@!
,;0-! 6)(! *5.'1(! 6)! 255%6'-&.'5-! 6)! ,&! =&-.O'-)! 6)(OK6%597-&()! k!HW=BqGWHW=BDGWHW=BD"GWH!l!
()%&!*56'1'7! )-! k!HW=BD@qGWHWrW=WHW=B""@DqGWH!l!?! ,)(! 6)0=! 6)%-'A%)(! 2K(.7'-)(! (5-.! (7/&%7)(!
/&%! ""! I! Dq! %7('60(! /0'(80;',! )='(.)! 0-)! $&%'&.'5-! 6)! (780)-2)! )-.%)! ,)(! 6'117%)-.)(!
5%.O5,590)(3!:,!0.','()!)-(0'.)!2)(!*5.'1(!/50%!2O)%2O)%!6)!-50$)&0=!2&-6'6&.(!6&-(!,)(!+&()(!
6)!65--7)(!6)!(5-!2O5'=3!U;)-()*+,)!6)(!67.&',(!6)!2)..)!&//%52O)!()%&!672%'.!/&%!,&!(0'.)3!U)!
/%59%&**)! Q%)6:JH! .%50$)! ()(! ,'*'.)(! 6&-(! ,;7.)-60)! /&%15'(! %760'.)! 6)(! 65--7)(!
6'(/5-'+,)(@!*&'(!79&,)*)-.!/&%!(5-!'-2&/&2'.7!I!/%76'%)!&0!6),I!6)!2)!80'!-50(!,0'!'*/5(5-(!
-50(W*]*)(! (0+j)2.'$)*)-.3! 4;&0.%)(! /&%.@! ,)(! 25--&'((&-2)(! ,'*'.7)(! 80)! -50(! &$5-(! 6)(!
/%5.7'-)(! L)J!*&**'1A%)(! -50(! ,'*'.)-.! 80&-.! &0! -5*+%)! 6)!*5.'1(! /50%! ,&! %)2O)%2O)! 6)!
2&-6'6&.(!/5.)-.'),(3! :,! )(.! &!-5.7! 2)/)-6&-.!80)! ,&!67250$)%.)!6;0-)!-50$),,)!/%5.7'-)!L)J!
/5((76&-.!6)(!*5.'1(!6)!255%6'-&.'5-!'-76'.(!/)0.!%&/'6)*)-.!].%)!'-.79%7)!).!&'-('!/&%.'2'/)%!
I! &*7,'5%)%! ,&! 80&,'.7! 6)! ,&! %)2O)%2O)! +'5'-15%*&.'80)3! C0(('@! (;',! /)0.! ].%)! 0.','(7! ()0,@!
6;&0.%)(! &//%52O)(! 25*/,7*)-.&'%)(! ).! %&6'2&,)*)-.! 6'117%)-.)(@! 25**)! 2),,)(! 2'.7)(!
/%7276)**)-.@!/50%%&')-.!K!].%)!&((52'7)(!).!&//5%.)%!0-)!/,0(W$&,0)3!!
! W!D3!:,!)='(.)!79&,)*)-.!0-)!()25-6)!&//%52O)!+'5'-15%*&.'80)!.50.!I!1&'.!'-.7%)((&-.)!?!
,)!,59'2'),!e).&,Q%)6'2.5%3!V='(.&-.!(50(!0-)!15%*)!('*/,)!6)/0'(!DEEM!BU'//'!).!&,3@!DEEMG@!0-)!
$)%('5-! &*7,'5%7)! BiD3EG! 60! /%59%&**)! &! 7.7! /0+,'7)! )-! DE""! BQ&(()%'-'! ).! &,3@! DE""G3! C!
,;'-$)%()! 6)(! &//%52O)(! O&+'.0),,)(! B25-()%$&.'5-! 6)! *5.'1(! ).! 6)! (.%02.0%)(G@! ,)! ,59'2'),!
e).&,Q%)6'2.5%!2&,20,)!,&!/%5+&+','.7!/50%!2O&80)!2K(.7'-)!).!O'(.'6'-)!6;0-)!(780)-2)!6;].%)@!
50!-5-@!'*/,'807!6&-(!,&!255%6'-&.'5-!6;0-!*7.&,!).!6)!15%*)%!0-!/5-.!6'(0,10%)3!V-!()!+&(&-.!
0-'80)*)-.! (0%! ,&! (780)-2)! 6;&2'6)(! &*'-7(! 9%X2)! I! 6)(! /%51',(! 6;7$5,0.'5-(! k! /5('.'5-W
(/72'1'80)!l@! 6)(! /%76'2.'5-(! (.%02.0%&,)(! ).! 6)(! '-15%*&.'5-(! /,0(! 97-7%&,)(! 25**)! ,&!
25*/5('.'5-! 9,5+&,)! )-! &2'6)(! &*'-7(! ).! ,&! .&',,)! 6)! ,&! /%5.7'-)! BQ&(()%'-'! ).! &,3@! DE""G@! 2)!
6)%-')%!)(.! 2&/&+,)!6;'6)-.'1')%!&$)2!0-)!/%72'('5-!&..)'9-&-.!/%)(80)! ,)(!MEx!,)(!2K(.7'-)(!
'*/,'807)(!6&-(! ,&!255%6'-&.'5-!6)!*7.&0=!BU'//'!).!&,3@!DEEMG3!h')-!80)!-5-!(/72'1'80)!6)(!
2,0(.)%(!L)J@! ',!/50%%&'.!].%)!0.','(7!25**)!1',.%)!25*/,7*)-.&'%)!&1'-!6)!25%%5+5%)%!50!-5-!
6)(! 2&-6'6&.(! 5+.)-0(! /&%! -5.%)! /%5/%)! ,59'2'),! Q%)6:JH3! :,! &! 7.7! 6;5%)(! ).! 67jI! 0.','(7! )-!
25*+'-&'(5-! &$)2! 0-)! &//%52O)! I! O&0.! 67+'.! (0%! 0-)! 25,,)2.'5-! 6)! /%5.7'-)(! /0%'1'7)(! ).!
&-&,K(7)(!/&%!(/)2.%5(25/')!&0=!%&K5-(Wa!BJO'!).!&,3@!DE""G3!
! !
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! q#!

BB#O#!G4(A0/,7!,(!T471.(%(7!

! ! BB#O#K#!$,!?'0S'%@@,!W',/B="M!1+!.0S*6*,.!/,!',6A,'6A,!/,7!7*S+%(1',7!8,=!

!

U)! /%59%&**)! Q%)6:JH! )(.! ,)! -5*! 65--7! I! 0-! )-()*+,)! 6)! /%59%&**)(! 80'!
15-2.'5--)-.! )-! 2O&'-)! BL'90%)! F#G3! ! J'! ,)! /%'-2'/)! 6)! (5-! 15-2.'5--)*)-.! ()! 672%'.! )-! "F!
7.&/)(!BL'90%)!F#!W!6%5'.)G@!80&.%)!15-2.'5-(!*&j)0%)(!,)!671'-'(()-.!BL'90%)!F#!W!9&02O)G?!!

W!B:G!U;'6)-.'1'2&.'5-!6)(!/%5.7'-)(!L)J!25--0)(!).!6)!,)0%(!*5.'1(!6)!255%6'-&.'5-!
W!B::G!U&!2%7&.'5-!6)(!k!(51.('9-(!l!B,)!.)%*)!()%&!671'-'!2'W&/%A(G!
W!B:::G!U&!%)2O)%2O)!).!,&!1',.%&.'5-!6)(!2&-6'6&.(!&'-('!80)!,)!k!%)W6)('9-!l!6)(!(51.('9-(!
W! B:iG! U;&-&,K()! 6)(! 65*&'-)(! /5.)-.'),(! 6)! 255%6'-&.'5-! ).! ,&! 2%7&.'5-! 6)! ,'(.)(! 6)!
2&-6'6&.(!
!
H)! /%59%&**)@! 67$),5//7! /%)(80)! )=2,0('$)*)-.! )-! ,&-9&9)! k!Q)%,!l@! -72)(('.)! &0!

250%(! 6)! (5-! 0.','(&.'5-! I! ,&! 15'(! 6)(! '-.)%$)-.'5-(! O0*&'-)(! ).! ,;&22A(! &0=! /%59%&**)(! ).!
25**&-6)(!)=.7%')0%)(!(0'$&-.)(!?!!
W!! k!r).<!l@!,&!25**&-6)!6)!80)(.'5--)*)-.!6)(!+&()(!6)!65--7)(3!
W!! k!h,&(./!l@! ,59'2'),! 6)! %)2O)%2O)! 6)! ('*',&%'.7(! 6)! (780)-2)(! BQ,)s-'&P@! DEEFG@! 80'!

-72)(('.)!,;)=720.'5-!6)!,&!25**&-6)!~()./'/);@!0.','(&+,)!0-'80)*)-.!(0%!,)(!()%$)0%(!
J.&%3!

W!! k!e&11.!l@! ,59'2'),!6;&,'9-)*)-.!*0,.'/,)! B^&.5O!).! &,3@! DEEDG@!80'!-72)(('.)! ,;)=720.'5-!
6)!,&!25**&-6)!~().*&11.;@!0.','(&+,)!0-'80)*)-.!(0%!,)(!()%$)0%(!J.&%3!

W!! k!L0<</%5!l@!,59'2'),!6)!%)2O)%2O)!6)!*5.'1(!6)!,&!(0'.)!VehgJJ@!0.','(&+,)!0-'80)*)-.!
(0%!,)!()%$)0%!R'.0(3!

W!! k!H,0(.&,!l@!,59'2'),!6;&,'9-)*)-.!).!6)!25-(.%02.'5-!6;&%+%)(!BRO5*/(5-!).!&,3@!DEE"G3!
!

4)0=! /%59%&**)(! 6)! $'(0&,'(&.'5-! (5-.! 79&,)*)-.! '-6'(/)-(&+,)(! /50%! $5'%! ,)(!
&,'9-)*)-.(! *0,.'/,)(! ).! ,)(! &%+%)(! /OK,597-7.'80)(3! 4&-(! 2)..)! 7.06)@! -50(! &$5-(!
%)(/)2.'$)*)-.!0.','(7!k![&,$')s!l!).!k!L'9R%))!l!I!2)..)!1'-@!6)0=!,59'2'),(!,'+%)(!).!25*/&.'+,)(!
e&2!).!QH3!U)(!%7(0,.&.(!(5-.!2)/)-6&-.!/&%1&'.)*)-.!25*/&.'+,)(!&$)2!,&!/,0/&%.!6)(!,59'2'),(!
)='(.&-.(3! Q%72'(5-(! 80)! ,;)-()*+,)! 6)(! %7(0,.&.(! ).! 6)(! 256)(! (50%2)(! 60! /%59%&**)! (5-.!
&22)(('+,)(! (0%! ,&! 2,7! dJh! j5'-.)! I! ,&! .OA()3! V-1'-@! ',! )(.! '*/5%.&-.! 6)! /%72'()%! 80)! ,)!
/%59%&**)!Q%)6:JH!-)!/)0.!15-2.'5--)%!)-!,;7.&.!80)!(;',!)(.!)=720.7!(0%!0-!6)(!()%$)0%(!J.&%!
B50!R'.0(!(),5-!,;7.&/)G!6)!,;:rheH3!!

U&! 6)(2%'/.'5-! 6)(! "F! 7.&/)(! 60! /%59%&**)! Q%)6:JH! ()! 6'$'()%&! )-! 80&.%)! 9%&-6(!
2O&/'.%)(!25%%)(/5-6&-.(!&0=!80&.%)!15-2.'5-(!*&j)0%)(!'-.%560'.)(!/%7276)**)-.3!!
!

!

!

!

!



!



! qM!

! ! ! :#!B/,+(*&*6%(*0+!/,7!?'0(4*+,7!8,=!60++1,7!,(!/,!.,1'7!7*S+%(1',7!

! ! ! H#$#!93B/.,0-!15!*/!*,&.5!,-,.,/*5!15&!=30.B,-5&!"56!

!

Q%)*'A%)!7.&/)!BL'90%)!F#!W!V.&/)!:3"3G!60!/%59%&**)!Q%)6:JH@! ,&!2%7&.'5-!6)! ,&! ,'(.)!
'-'.'&,)! 6)(! /%5.7'-)(! L)J! )(.! 0-! /%52)((0(! ()*'W&0.5*&.'80)! 80'! &! -72)(('.7! ,)!
80)(.'5--)*)-.! 6)! ,&! +&()! 6)! 65--7)(! &--5.7)! Js'((/%5.! Bd.','(&.'5-! 60! k!J)&%2O! &-6!
v).%')$&,!JK(.)*!l!BJvJG!I!,;:-(.'.0.!V0%5/7)-!6)!h'5'-15%*&.'80)!BVh:G@!O../?tt(%(3)+'3&230PtG!
&'-('! 80)! 6)(! %)2O)%2O)(! +'+,'59%&/O'80)(! 25*/,7*)-.&'%)(! (0%! Q0+e)6! B,&! +'+,'5.OA80)!
-&.'5-&,)! 6)! *76)2'-)! 6)(! V.&.(Wd-'(! )-! ,'9-)@! O../?ttsss3-2+'3-,*3-'O395$t/0+*)6G3! U)!
80)(.'5--)*)-.! 6)! Js'((/%5.! &! 7.7! %7&,'(7! &$)2! ,)(! ,'*'.)(! (0'$&-.)(!k!.&=5-5*K!�!
~*&**&,'&;!N! P)Ks5%6(!�! ~DL)WDJ! Ä! FL)WqJ! Ä! qL)WqJ;!l! &1'-! 6)! %).%50$)%! ,;)-()*+,)! 6)(!
/%5.7'-)(!*&**'1A%)(!&--5.7)(!25**)!7.&-.!6)(!/%5.7'-)(!L)J3!

H)2'! &! /)%*'(! 6;7.&+,'%! ,&! ,'(.)! '-'.'&,)! 6)! u"!/%5.7'-)(! L)J! 80)! ,;5-! %).%50$)!6&-(! ,)!
R&+,)&0! \3! H)..)! .&+,)! %&(()*+,)! ,)(! /%5.7'-)(! /&%! 9%50/)(! 6)! 80&,'.7(! BC! I! V@! -50(!
)=/,'80)%5-(!2)!80)!2)2'! %)/%7()-.)!/,0(!+&(G!).!/%72'()! ,)0%!-0*7%5!6;&22)(('5-@! ,)0%!-5*!
25*/,).! &'-('! 80)! ,;5%'9'-)! +'+,'59%&/O'80)! 50! +'5'-15%*&.'80)! 6)! ,)0%(! *5.'1(! 6)!
255%6'-&.'5-3!h')-!80)!,&!2,&(('1'2&.'5-!&0.5*&.'80)!6)(!('9-&.0%)(!)-!9%50/)(!6)!80&,'.7!(5'.!
.)2O-'80)*)-.! 1'-&,'(7)! 0,.7%')0%)*)-.@! ,)! 1'2O')%! '-15%*&.'80)! 0.','(7! )(.! (50(! ,&! 15%*)!
k!r%50/)!6)!,&!('9-&.0%)!?!>0*7%5!6;&22)(('5-!Js'((/%5.!?!>0*7%5!6;'6)-.'1'2&.'5-!Js'((/%5.!
Å!4)(2%'/.'5-!l!25**)!/%7()-.7!)-!)=)*/,)!6&-(!,&!+0,,)!2'W6)((50(3!J'!6)(!25%%)2.'5-(!(5-.!
-72)((&'%)(@!-5.&**)-.!80&-.!I! ,&!80&,'1'2&.'5-!6)(!9%50/)(@!),,)(! ()%5-.!&//5%.7)(!)-(0'.)!
6)!*&-'A%)!'.7%&.'$)3!
D:ABCE1_HUMAN:P61221 # ATP-binding cassette sub-family E member 1 (Rli1 is an ISC) 

A:ACOC_HUMAN:P21399  # Cytoplasmic aconitate hydratase 

A:ACON_BOVIN:P20004  # Aconitate hydratase, mitochondrial 

B:ADO_HUMAN:Q06278   # Aldehyde oxidase 

Etc… 

!

U&!()25-6)!7.&/)!BL'90%)!F#!W!V.&/)!:3D3G!)(.!0-!(K(.A*)!&0.5*&.'80)!6)!-)..5K&9)!60!
1'2O')%! 6;)-.%7)! &//),7! k!HO)2P'-/0.!l! 80'! /)%*).! 6)! ,)! %)-6%)! ,'('+,)! /&%! ,&! (0'.)! 60!
/%59%&**)3!:,!)-,A$)!-5.&**)-.!,)(!25**)-.&'%)(@!0-!2)%.&'-!-5*+%)!6;)%%)0%(!6)!1%&//)(!
250%&-.)(@! ).! /)%*).!6)!65--)%! I! ,&! (0'.)! 60!/%59%&**)! .50.! 50!/&%.')! 60! 1'2O')%! 6;)-.%7)!
9%X2)! I! 0-! (K(.A*)! 6;5/.'5-(3! U;)-()*+,)! 6)(! 67.&',(! 25-2)%-&-.! ,)! /%59%&**)! ).! (5-!
0.','(&.'5-!)(.!&22)(('+,)!6)/0'(!(5-!&'6)!'-.79%7)@!25**&-67)!25**)!/%7()-.7!6&-(!,&!+0,,)!
2'W6)((50(@!50!6'%)2.)*)-.!6)/0'(!(5-!256)!(50%2)3!
CheckinputV2.1.pl --help!

! ! !

!

!

!



!



! qo!

H#I#!90-&.32'.,0-!5.!'*/&&,4,'/.,0-!@2/*,./.,75!15&!<0.,4&!

!

U&!.%5'('A*)!7.&/)!BL'90%)!F#!W!V.&/)!:3F3G!k!Q'vr)(.('9-!l!)(.!0-!(K(.A*)!&0.5*&.'80)!
6)! %)2O)%2O)! ).! 6)! 25-(.%02.'5-! 6)(! ('9-&.0%)(! &//),7)(! k!O&%6('9-(!l3! H)! -5*! ,)0%! &! 7.7!
65--7! /0'(80;),,)(! (5-.! 5+.)-0)(! I! /&%.'%! 6;0-! 0-'80)! 5%.O5,590)! 6)! 2O&80)! /%5.7'-)! ).!
80;),,)(! -;5-.! 65-2! &020-)! 1,)='+','.7! B)=)*/,)!?! HW=BDGWHW=BFGWHGG3! U)0%! 15%*&.! 25%%)(/5-6!
)=&2.)*)-.! I! 2),0'! 6)(! *5.'1(! 6)! QvgJ:RV3! H&,20,7)(! &0.5*&.'80)*)-.! /&%! ,)! /%59%&**)!
k!Q'vr)(.('9-!l!I!/&%.'%!6)(!'-15%*&.'5-(!25-.)-0)(!6&-(!,&!+&()!6)!65--7)(!Js'((/%5.@!),,)(!
%)/%7()-.)-.!,)!/5'-.!6)!67/&%.!6)!,&!25-(.%02.'5-!).!6)!,&!2,&(('1'2&.'5-!6)!2O&80)!('9-&.0%)3!
H;)(.! 9%X2)! I! 2)! /%59%&**)! 80)! -50(! /50$5-(! %&/'6)*)-.! (&$5'%! ('! ,&! ('9-&.0%)! )(.!
k!25--0)!l@! 5+.)-0)! /&%! k!('*',&%'.7!l! 50! 80;),,)! )(.! 0-'80)*)-.! k!/5.)-.'),,)!l! 50!
k!/%5+&+,)!l3! H)(! 80&.%)! .)%*)(! (5-.! '*/5%.&-.(! ).! -50(! /)%*)..)-.! 6)! 671'-'%! 0-)!
2,&(('1'2&.'5-!80&,'.&.'$)!6)(!*5.'1(!6)!255%6'-&.'5-(@!50!('9-&.0%)!B50!)-25%)!k!O&%6('9-(!lG!?!

W! d-)! ('9-&.0%)! )(.! 6'.)! k!25--0)!l! ('! ),,)! )(.! 6'%)2.)*)-.! 6760'.)! 6;'-15%*&.'5-(!
(.%02.0%&,)(@!97-7%&,)*)-.!2%'(.&,,59%&/O'80)(@!).!80;&'-('!,;'6)-.'.7!6)!2O&80)!%7('60(!
'*/,'807! 6&-(! ,&! 255%6'-&.'5-! 60! 2,0(.)%! L)J! -)! 1&'.! &020-! 650.)3! 4)(! )=/7%')-2)(!
250/,7)(!6)!(/)2.%5(25/')!6)!.K/)!ey((+&0)%!).t50!vQV!&$)2!6)!,&!*0.&9)-A()!6'%'97)!
(5-.! 79&,)*)-.! 25-('67%7)(! '2'! 25**)! 0-)! '6)-.'1'2&.'5-! $&,&+,)! 6;0-! *5.'1! 6)!
255%6'-&.'5-3! 4&-(! 2)! 2&(@! ).! ('! +')-! (|%! ,;7.06)! &! 7.7! *)-7)! (0%! 0-)! /%5.7'-)!
*&**'1A%)@! ,&! k!O&%6('9-!l! ).! ,&! /%5.7'-)!80'! ,&! 25-.')-.! )(.! 6'.)! 6)! 9%50/)!C@! ).! )(.!
65-2!6)!,&!*)',,)0%)!80&,'.7!/5(('+,)3!>50(!67-5*+%5-(!"#!/%5.7'-)(!BR&+,)&0!\G!).!D#!
k!O&%6('9-(!l!BR&+,)&0!uG!6)!9%50/)!C3!
W!U5%(80)!80;0-)!('9-&.0%)!)(.!5+.)-0)!/&%!k!('*',&%'.7!l@!2)2'!('9-'1')!80)!,&!/%)0$)!6)!
,;'6)-.'.7!60!*5.'1!6)!255%6'-&.'5-!&!7.7!7.&+,')!2O)<!0-!5%.O5,590)!6)! ,&!/%5.7'-)!)-!
80)(.'5-@! 6&-(! -5.%)! 2&(! 0-! O5*5,590)! -5-W*&**'1A%)3! H)..)! &--5.&.'5-! )(.!
&0.5*&.'80)*)-.! )=.%&'.)! 6)/0'(! ,&! +&()! 6)! 65--7)! Js'((/%5.! ).! -50(! &! /)%*'(! 6)!
671'-'%! ,)!9%50/)!h3!U&!80&,'.7!)(.!65-2!*5'-6%)!6&-(! ,&!*)(0%)!5m! ,&!67*5-(.%&.'5-!
)=/7%'*)-.&,)! -;&! /&(! 7.7! 1&'.)! 6'%)2.)*)-.! 2O)<! 0-)! /%5.7'-)! *&**'1A%)3! >50(!
/50$5-(!2)/)-6&-.!25-('67%)%!2)(!*5.'1(!25**)!.%A(!$%&'()*+,&+,)*)-.!+5-(3!>50(!
67-5*+%5-(!"\!/%5.7'-)(!BR&+,)&0!\G!).!DD!k!O&%6('9-(!l!BR&+,)&0!uG!6)!9%50/)!h3!
W! U5%(80)! 80;0-! *5.'1! )(.! 672%'.! 25**)! k!/%5+&+,)!l! 50! k!/5.)-.'),!l@! &--5.&.'5-(!
79&,)*)-.!65--7)(!/&%!,&!+&()!6)!65--7)!Js'((/%5.@!2)2'!('9-'1')!80)!2)%.&'-(!'-6'2)(!
97-7%&,)*)-.! 6;5%'9'-)! +'5'-15%*&.'80)! (099A%)-.! ,&! /%7()-2)! 6;0-! *5.'1! 6)!
255%6'-&.'5-!6;0-!2,0(.)%!L)J3!!U)!.)%*)!k!/%5+&+,)!l!)(.!672%'.!25**)!,79A%)*)-.!/,0(!
15%.! 80)! k!/5.)-.'),!l! 6&-(! ,&!*)(0%)! 5m! ',! -;)(.! 65--7! 80)! ('! 2)%.&'-)(! '-15%*&.'5-(!
)=/7%'*)-.&,)(! $')--)-.! 25%%5+5%)%! ,)(! &-&,K()(! '-15%*&.'80)(3! H)/)-6&-.@! ('!
Js'((/%5.! )(.! 0-)! )=2),,)-.)! +&()! 6)! 65--7)(@! ,&! 80&,'.7! 6;&--5.&.'5-! (0%! 2)! /5'-.!
/&%.'20,')%! )(.! /&%15'(! 25-.)(.&+,)@! &0(('! &$5-(W-50(! %)9%50/7! 2)(! 2&-6'6&.(! 6&-(! ,)!
9%50/)!H3!>50(!67-5*+%5-(!"o!/%5.7'-)(!BR&+,)&0!\G!).!D"!k!O&%6('9-(!l!BR&+,)&0!uG!
6)!9%50/)!H3!



!
!
!
!
!
!
!
!
!

!
!"#$%&'()'*'+,-.%/"/"01'2&3'4.12"2./3'&/'50/"63'.$'3&"1'2&3'4"17'#%0$-&3''
"#$!%&'!()*+,-.&'!/&01!"##$!2&'!3*+-4'!*5!67)8'-9.'1!"###$!2&'!'*4+'-9.'!7():'!*(+-3-'7+-*.;!

!
!
!
!
!
!
!
!
!
!
!
!
!

!"#

!$#

!%#

$#

$#

&'()*+,'-#

./#0+1+23*+4/#506+((7*849#

:*8,3,2'#506+((7*849#

;<-'()*+,'-#

;<)8<='<>8<32#7*84'+<(#

5?@AB9#

5C!@!B9#

5A"@%B9#
5?@AB9#

5AD@EB9#

<484#F#E!#

AD#

AA#

A!#

"#
$#

GG#
5E@CB9#

5AE@EB9#

5A"@?B9#

5?@%B9#

5CH@DB9#

<484#F#"%#

AA#

!$#

!?#

E#

$#

&'()*+,'-#
&'()*+,'-#,/#I81828J/#
:*'-+)4'-#,/#06+((7*84#
K3<L322/#,L+2-#
;<)8<='<>8<32#18>='(#

GGG#

<484#F#EE#56M8#*'-L<-3<)/9#

5"@EB9#

5A"@CB9#

5CC@CB9#

5%@!B9#

5AA@"B9#

K3<L322/#3--'-#

G#



! \E!

! Q&%&,,A,)*)-.! I! 2),&@! -50(! /50$5-(! 79&,)*)-.! 6760'%)! ,)! .K/)! 6)! 2,0(.)%! 80'! )(.!
255%65--7! /0'(80)! ,)(! &--5.&.'5-(! (5-.! 1&'.)(! 6&-(! Js'((/%5.3! H)(! 65--7)(! (5-.! (.52P7)(!
6&-(! ,)! 1'2O')%! k!_&%6('9-3*6F!l! 65-.! $5'2'! 0-! )=.%&'.! 6&-(! ,&! +0,,)! 2'W&/%A(3! J5-.! 65-2!
'-6'807(! &/%A(! ,)! ('9-)!k!Ç!l! ,)! 9%50/)!6)! ,&!/%5.7'-)!).!6)! ()(!O&%6('9-(@! /0'(! (5-!-0*7%5!
6;&22)(('5-! ).! (5-! -0*7%5! 6;'6)-.'1'2&.'5-! 6&-(! ,&! +&()! 6)! 65--7)! Js'((/%5.3! C! ,&! ,'9-)!
(0'$&-.)@! (5-.! '-6'807(! ,)! -0*7%5! 60! 2,0(.)%@! (5-! .K/)@! ,&! *&-'A%)! 65-.! ,)! *5.'1! 6)!
255%6'-&.'5-! &! 7.7! '6)-.'1'7! ).! ,&! O&%6('9-3! d-)! .%5'('A*)! ,'9-)! 25-.')-.! ,)(! /5('.'5-(@! /50%!
,;'-(.&-.!$'6)@!80'!/)%*)..%5-.!6)!2%7)%!,&!k!(51.('9-!l3!>50(!K!%)$')-6%5-(!)-(0'.)3!
!
>A:ACOC_HUMAN:P21399 - ACOC_HUMAN 

1:(4Fe-4S):(By similarity):C-x(65)-C-x(2)-C  

Positions:// 

>A:ACON_BOVIN:P20004 - ACON_BOVIN  

1:(4Fe-4S):C-x(62)-C-x(2)-C  

Positions:// 

Etc… 

!

U;)-()*+,)! 6)(! 67.&',(! 25-2)%-&-.! ,)! /%59%&**)! ).! (5-! 0.','(&.'5-! )(.! &22)(('+,)!
6)/0'(! ,;&'6)! '-.79%7)!25**&-67)!25**)! '-6'807!6&-(! ,&!+0,,)@!50!6'%)2.)*)-.!6)/0'(! (5-!
256)!(50%2)3!
PiRgetsignV8.6.pl --h!

!

:,!)(.! '*/5%.&-.!6)!/%72'()%!80)!2)%.&'-(!*5.'1(!-)!(5-.!/&(!50!*&,!%717%)-27(3! :,! 1&0.!
65-2!/&%15'(!%).50%-)%!6'%)2.)*)-.!6&-(! ,)(!/0+,'2&.'5-(!(50%2)(!/50%! '6)-.'1')%! ,)(!%7('60(!
'*/5%.&-.(3! U)(! /%5.7'-)(! %7/5-6&-.! I! 2)! 2&(! 5-.! 7.7! %70-')(! 6&-(! ,)! 9%50/)! 43! >50(!
67-5*+%5-(!\!/%5.7'-)(!BR&+,)&0!\G!).!#!k!O&%6('9-(!l!BR&+,)&0!uG!6)!9%50/)!43!:,!1&0.!-5.)%!
80)! -50(! -;&$5-(! j&*&'(! /0! .%50$)%! 6;'-15%*&.'5-! 25-$&'-2&-.)! /)%*)..&-.! 6;'6)-.'1')%! ,)!
*5.'1! 6)! 255%6'-&.'5-! 6;0-! L)J! 6&-(! ,&! /%5.7'-)! J/%50.K! B}0! ).! &,3@! DEE\G3! 4)! /,0(@! 2)..)!
/%5.7'-)!7.&-.!)=.%]*)*)-.!%'2O)!)-!2K(.7'-)@!),,)!()%&!)=2,0)!/&%!,)(!(K(.A*)(!6)!1',.%)(!60!
/%59%&**)@!*&'(!-50(!K!%)$')-6%5-(!/,0(!.&%63!

V-1'-@! 0-! 2)%.&'-! -5*+%)! 6)! /%5.7'-)(! 80)! -50(! 671'-'%5-(! 25**)! k!-5-W
25-$)-.'5--),,)(!l!5-.!7.7!%)9%50/7)(!6&-(!,)!9%50/)!V3!g-!K!%).%50$)!6)0=!/%5.7'-)(!(2&115,6!
:JHd!).!>Ld"@!80'!6)!/&%.!,&!-&.0%)!*]*)!6)!,)0%!%c,)!6&-(!,&!+'5(K-.OA()!).!,)!.%&-(1)%.!6)(!
2,0(.)%(! /)0$)-.! ].%)! 6'(.'-907)(! 6)(! &0.%)(! /%5.7'-)(! L)J3! g-! K! %).%50$)! 79&,)*)-.! ,)(!
/%5.7'-)(! :JHC"!).! :JHCD!80'!5-.!7.7! '6)-.'1'7)(!25**)!6)(!/%5.7'-)(!L)J! BC,&'-!e&%.),,'!É!
J&-6%'-)!g,,&9-')%W6)WHO506)-(@!65--7)(!-5-W/0+,'7)(G@!*&'(!65-.!-50(!'9-5%5-(!,)!*5.'1!6)!
255%6'-&.'5-! 6)(! 2,0(.)%(3! >50(! %).%50$5-(! )-1'-! :vQD@! 0-)! /%5.7'-)! 80'! /5((A6)! 0-!*5.'1!
.K/'80)!6)!255%6'-&.'5-!6)!2,0(.)%(!L)J@!*&'(!80'!-;)(.!)=/7%'*)-.&,)*)-.!/&(!0-)!/%5.7'-)!
L)J3!>50(!67-5*+%5-(!\!/%5.7'-)(!BR&+,)&0!\G!).!\!k!O&%6('9-(!l!BR&+,)&0!uG3!U&!%7/&%.'.'5-!
6)(!/%5.7'-)(!L)J!6&-(!,)(!6'117%)-.(!9%50/)(!6)!80&,'.7!)(.!%7(0*7!6&-(!,&!1'90%)!FM3!



!



! \"!

! ! ! <#!"0+7('16(*0+!/,7!70&(7*S+7!BL'90%)!F#!W!V.&/)!::G!
!

U;7.&/)!q! BL'90%)!F#! W! V.&/)! ::3q3G! 25-('(.)! )-! ,&! 25-(.%02.'5-!6)(! ('9-&.0%)(!6)! .K/)!
k!(51.('9-(!l@! ,&! ()25-6)! 15-2.'5-!)(()-.'),,)!60!/%59%&**)!Q%)6:JH3!V-!5//5('.'5-!&$)2! ,)(!
k!O&%6('9-(!l@!2)(!('9-&.0%)(!()%5-.!2&/&+,)(!6;].%)!67.)2.7)(!6&-(!,;)-()*+,)!6)(!5%.O5,590)(!
6)! /%5.7'-)(! L)J! 6)! ,&! ,'(.)! '-'.'&,)3! Q50%! %)/%)-6%)! ,;)=)*/,)! 6)! ,;&,67OK6)! 5=K6&()!
/%7276)**)-.! 2'.7)@! ,&! O&%6('9-! (0'$&-.)! k!HW=BqGWHW=BDGWHW=BD"GWH!l! )(.! *56'1'7)! )-! ,&!
(51.('9-!(0'$&-.)!k!HW=BD@qGWHWrW=WHW=B""@DqGWH!l3!4)!2)!/5'-.!6)!$0)@!),,)(!5-.!-)..)*)-.!/,0(!
6)!()-(!+'5,59'80)*)-.3!4;0-!&0.%)!2c.7@!),,)(!$5-.!79&,)*)-.@!/&%!,)0%!1,)='+','.7@!/50$5'%!].%)!
%)25--0)(!(0%!-)..)*)-.!/,0(!6)!2&-6'6&.(3!Q50%!7$'.)%!2)!/%5+,A*)@!',!()%&!/&%15'(!-72)((&'%)!
6;&j50.)%! 6)(! %7('60(! -5-W255%6'-&-.(@! 25**)! 2;)(.! ,)! 2&(! 6&-(! -5.%)! )=)*/,)! &$)2! 0-)!
9,K2'-)! &/%A(! ,&! ()25-6)! 2K(.7'-)3! >50(! K! %)$')-6%5-(! 6&-(! ,)! 2O&/'.%)! (0'$&-.@! ,5%(! 6)! ,&!
%)2O)%2O)!6)!2&-6'6&.(!).!,&!%)(.%02.0%&.'5-!6)(!(51.('9-(3!
!

$%!60+7('16(*0+!/,!6,7!=0&(7*S+7!7,!/4'01.,!,+!('0*7!4(%?,7!-!!

U&!/%)*'A%)!7.&/)!)(.!25*/,A.)*)-.!&0.5*&.'80)!).!)(.!%7&,'(7)!/&%!,)(!k!e560,)"!l!).!
k!e560,)D!l! BL'90%)! F#! W! V.&/)! ::3! q! ).! q;G3! U)! /%)*')%! $&! %)2O)%2O)%! ,)(! (780)-2)(! 6)(!
/%5.7'-)(! 6)! ,&! ,'(.)! '-'.'&,)! 6&-(! ,&! +&()! 6)! 65--7)(! Js'((/%5.@! ,)! ()25-6! $&! %7&,'()%! ,&!
%)2O)%2O)! 6;O5*5,590)(! &$)2! k!h,&(.!l! ).! ,)(! &,'9-)%! 9%X2)! &0! /%59%&**)! k!e&11.!l3! H)..)!
7.&/)@! 80)! ,;5-! $5'.! &--5.7)! 6;0-)! 7.5',)! 65%7)! 6&-(! ,&! 1'90%)! F#! %)*/,&2)! ,;0.','(&.'5-! 60!
Q'/)C,'9-@!0-!)=2),,)-.!/%59%&**)!67$),5//7!I!,;:rheH!BQ,)s-'&P@!DEEFG@!2)!6)%-')%!-;7.&-.!
O7,&(!/,0(!5/7%&.'5--),3!

!U)(!k!e560,)"!l!).!k!e560,)D!l!(5-.!%),&.'$)*)-.!+&('80)(!).!0.','(7(!)-!k!/'/)!l@!2;)(.!
I!6'%)!)-!2O&'-)!)-!,&-9&9)!'-15%*&.'80)3!:,(!-)!/5((A6)-.!65-2!/&(!6;&'6)!'-.79%7)@!*&'(!6)!
-5*+%)0()(!&--5.&.'5-(!5-.!7.7!%7&,'(7)(!6&-(!(5-!256)!(50%2)3!:,!)(.!I!-5.)%!2)/)-6&-.!80)!
,)!k!e560,)D!l!-72)(('.)!6)(!5/.'5-(!.),,)(!80;0-)!+&()!6)!65--7)(!BW6&.&�ÑG!5m!',!/50%%&!1&'%)!
()(! %)2O)%2O)(@! &'-('! 80)! ,)! -5*+%)! *&='*0*! 6)! 2&-6'6&.(! I! &,'9-)%! BW*&=�ÅG! &/%A(! ,)!
k!h,&(.!l3!>50(!&$5-(!%7&,'(7!-5.%)!%)2O)%2O)!&'-('!?!
CheckinputV2.1.pl | Module1V2.1 | Module2V5.0 -data=swissprot.tfa -max=200 

!
d-)!&%+5%)(2)-2)!25*/,)=)!)(.!2%77)!/&%! ,)!k!e560,)D!l!/50%!(.52P)%!,;)-()*+,)!6)(!

1'2O')%(!/%560'.(! ,5%(!6)! 2)..)! 7.&/)3!>50(!-)! %)-.%)%5-(!/&(! '2'! 6&-(! ,)(!67.&',(! .)2O-'80)(!
*&'(! ',! )(.! 2)/)-6&-.! '*/5%.&-.! 6)! %).)-'%! 80)! ,;)-()*+,)! 6)(! &,'9-)*)-.(!*0,.'/,)(! (5-.!
1'-&,)*)-.!25/'7(!6&-(!0-!65((')%!k!tv)(0,.(RLCD!l@!0-)!7.&/)!'*/5%.&-.)!/50%!,&!(0'.)!6)!,&!
25-(.%02.'5-!6)(!(51.('9-(3!
!

4&-(! 0-! ()25-6! .)*/(@! ,;)-()*+,)! 6)(! &,'9-)*)-.(! *0,.'/,)(! &'-('! /%560'.(! $&! ].%)!
&-&,K(7!).!%).%&'.7!*&-0),,)*)-.!/50%!,)(!u"!/%5.7'-)(!6)!,&! ,'(.)!'-'.'&,)!BL'90%)!F#!W!V.&/)!
::3\3G3!U)(!&,'9-)*)-.(!*0,.'/,)(!25%%'97(!(5-.!%7W)-%)9'(.%7(!6&-(!,)!65((')%!k!tv)(0,.(RCLDl!
).! (5-.! &22)(('+,)(! (0%! ,&! 2,7! dJh! j5'-.)! I! ,&! .OA()3! 4)! 2)(! &,'9-)*)-.(! *0,.'/,)(! ()%5-.!



!



! \D!

)=.%&'.)(! ,)(! /5('.'5-(! /%72'()(! 6)(! %7('60(! 255%6'-&-.! ,)(! 2,0(.)%(! L)J3! H)(! 65--7)(! ()%5-.!
&j50.7)(!&0!1'2O')%!k!_&%6('9-3*6F!l!80'!()%&!%)-5**7!k!_&%6('9-H5%%)2.)63*6F!l!65-.!$5'2'!
0-! )=.%&'.!6&-(! ,&! +0,,)! 2'W6)((50(3! g-! %).%50$)! 65-2! I! ,&! (0'.)! 60! ('9-)! k!Ç!l! ,)! -0*7%5!
6;&22)(('5-! ).! ,)(! &0.%)(! %717%)-2)(! 6)! ,&! /%5.7'-)3! C! ,&! ,'9-)! (0'$&-.)@! 5-! %).%50$)! ,)(!
'-15%*&.'5-(! 6)! +&()! 25-2)%-&-.! ,)! *5.'1@! 2;)(.WIW6'%)!?! (5-! -0*7%5@! ,)! .K/)! 6)! 2,0(.)%!
255%6'-7@! ,;5%'9'-)! 6)! ,&! ('9-&.0%)! ).! ,&! ('9-&.0%)! ),,)W*]*)3! C! ,&! .%5'('A*)! ,'9-)! (5-.!
67(5%*&'(!'-6'807)(!,)(!/5('.'5-(!6&-(!,;&,'9-)*)-.!*0,.'/,)!6)(!%7('60(!6)!,&!('9-&.0%)3!H;)(.!
I!/&%.'%!6)!2)(!'-15%*&.'5-(!80)!,&!2%7&.'5-!6)!,&!(51.('9-!()%&!0,.7%')0%)*)-.!/5(('+,)3!

!
>A:ACOC_HUMAN:P21399 - ACOC_HUMAN  

1:(4Fe-4S):(By similarity):C-x(65)-C-x(2)-C  

Positions:793:864:867  

//  

>A:ACON_BOVIN:P20004 - ACON_BOVIN  

1:(4Fe-4S):C-x(62)-C-x(2)-C  

Positions:790:861:864  

// 

Etc… 

!

4&-(! 0-! .%5'('A*)! .)*/(@! ).! 2)2'! )(.! /,0(! &-)265.'80)! +'5,59'80)*)-.@! ,)! ,59'2'),!
k!R1&D.1&DiD3D3/,!l BL'90%)!F#!W!V.&/)!::3u3G!$&!].%)!)=720.7!/50%!*56'1')%!,&!/%7()-.&.'5-!6)(!
1'2O')%(! 6;&,'9-)*)-.(!*0,.'/,)(! ).! &'-('! /)%*)..%)! ,&! 2%7&.'5-! 6)! 1'2O')%(! 25*/&.'+,)(! &$)2!
-5.%)!/%59%&**)3!!

V-(0'.)@! ).! 2;)(.! ,)! /5'-.! '*/5%.&-.@! ,)! k!e560,)F!l! BL'90%)! F#! W! V.&/)! ::3#3G@! 80'!
-72)(('.)!I!,&!15'(!,)(!'-15%*&.'5-(!25-.)-0)(!6&-(!,)!1'2O')%!k!_&%6('9-H5%%)2.)63*6F!l@!65-.!
5-! $5'.! 0-! 1%&9*)-.! 2'W6)((0(@! ).! ,)(! &,'9-)*)-.(! *0,.'/,)(! ('.07(! 6&-(! ,)! 65((')%!
k!tv)(0,.(RCLD!l! $&! &0.5*&.'80)*)-.! 25-(.%0'%)! ,)(! (51.('9-(3! U;0.','(&.'5-! 60! k!e560,)F!l!
7.&-.!%),&.'$)*)-.!('*/,)@!&020-)!&'6)!'-.79%7)!-;K!&!7.7!&j50.7)3!e&'(@!25**)!,)(!/%7276)-.(!
*560,)(@! ',! &! 7.7! )=.)-('$)*)-.! &--5.7! &0! -'$)&0! 6)! (5-! 256)! (50%2)! ('! -72)((&'%)3!
U;)=720.'5-!6)!2)..)!7.&/)!()!1&'.!&'-('!&$)2!2)(!6)0=!/%59%&**)(!)-!/'/)@!&$)2!)-!5/.'5-!,)!
1'2O')%!6;)-.%7)!BWW'-�G!).!6)!(5%.')!BWW50.�G!?!!
Tfa2tfa2V2.2.pl | Module3V3.3.pl --in=HardsignCorrected.md3 --out=Softsign.md4 

!
U)(!'-15%*&.'5-(!()%5-.!65-2!72%'.)(!6&-(!,)!1'2O')%!k!J51.('9-3*6q!l!65-.!0-!)=.%&'.!)(.!

$'('+,)!6&-(!,&!+0,,)!2'W6)((50(3!U)!(2O7*&!60!1'2O')%!)(.!'6)-.'80)!I!,;)=)*/,)!/%7276)-.!I!,&!
6'117%)-2)!/%A(!80;0-)!80&.%'A*)! ,'9-)!&!7.7!&0.5*&.'80)*)-.! '-(7%7)!).!80;),,)!25-.')-.! ,)!
.)=.)!k!J51.J'9-!l!(0'$'!6)!,&!(51.('9-!2&,20,7)3!
>A:ACOC_HUMAN:P21399 - ACOC_HUMAN  

1:(4Fe-4S):(By similarity):C-x(65)-C-x(2)-C  

Positions:793:864:867  
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! \F!

SoftSign:C-x(59,68)-C-x(2)-C  

//  

>A:ACON_BOVIN:P20004 - ACON_BOVIN  

1:(4Fe-4S):C-x(62)-C-x(2)-C  

Positions:790:861:864  

SoftSign:C-x(57,68)-C-x(2)-C  

// 

Etc… 

!
:,!(;&9'.!'2'!6;0-)!6)(!7.&/)(!*&j)0%)(!60!/%59%&**)3!V-!)11).@!,&!2%7&.'5-!6)!,;)-()*+,)!

6)(! (51.('9-(! 2,c.! ,)(! 6)0=! /%)*'A%)(! 9%&-6)(! 7.&/)(! B:! ).! ::G! 60! /%59%&**)! Q%)6:JH! ).!
&--5-2)!,&!%)2O)%2O)!6)(!2&-6'6&.(3!:,!1&0.!%)*&%80)%!2)/)-6&-.!80;',!)='(.)!0-)!+502,)!6&-(!
,;7.&/)!F!BL'90%)!F#G!6&-(!,)!2&(!5m!,&!(51.('9-!2&,20,7)!()%&'.!.%5/!/)%*'(('$)!).!)-.%&'-)%&'.!
0-!-5*+%)!.%5/! '*/5%.&-.!6)!k!O'.(!l@!2;)(.!I!6'%)!6)!2&-6'6&.(!/5.)-.'),(3!H)!/%5+,A*)!()%&!
/&%!)=)*/,)!)=.%]*)*)-.! '*/5%.&-.!/50%! ,)(!9,0.&%)65='-)(!80'!-)! 255%6'-)-.! ,)(! 2,0(.)%(!
80;&$)2!0-)!50!6)0=!2K(.7'-)B(G3!4)(!&*7,'5%&.'5-(!()%5-.!&,5%(!&//5%.7)(!I!,&!(51.('9-!*&'(!
-50(!K!%)$')-6%5-(!6&-(!,)!2O&/'.%)!(0'$&-.3!

U;)-()*+,)!6)(! (51.('9-(@! 6&-(! ,)0%! 7.&.! 1'-&,@! )(.! &22)(('+,)! 6&-(! ,)!R&+,)&0!u3! :,! )(.!
.50.! I! 1&'.! '-.7%)((&-.! 6)! 25-(.&.)%! 80)! 6;0-)! *&-'A%)! 97-7%&,)! ,&! .&',,)! 6)(! *5.'1(! 6)!
255%6'-&.'5-! 2O)<! ,)(! *&**'1A%)(! )(.! -)..)*)-.! /,0(! 9%&-6)! 80)! 2),,)! 2O)<! ,)(! +&2.7%')(!
BL'90%)!FoG3!

!

! ! "#!T,6A,'6A,!,(!&*.('%(*0+!/,7!6%+/*/%(7M!%@4.*0'%(*0+!/,7!=0&(7*S+7!

! ! ! 9#$#!:3/,.5<5-.!15&!604.&,J-&!5.!35';53';5!15&!'/-1,1/.&!

!

47+0.!6)!,;7.&/)!:::@!).!&--5.7!6;0-!-0*7%5!M!6&-(!,&!1'90%)!F#@!,)!k!e560,)q!l!&!6)0=!
15-2.'5-(! /%'-2'/&,)(3! U&! /%)*'A%)! )(.! 6)! .%&'.)%! ,;)-()*+,)! 6)(! (51.('9-(! &1'-! 6;)-,)$)%! ,&!
%)65-6&-2)@! ).! ,&! ()25-6)! )(.! 6)! %)2O)%2O)%! ,)(! 2&-6'6&.(! /&%! ,;'-.)%*76'&'%)! 60! ,59'2'),!
k!L0<</%5!l3!

W! H)%.&'-(!*5.'1(! .K/'80)(! (5-.! %).%50$7(! 6&-(! 6'117%)-.)(! /%5.7'-)(3! H;)(.! ,)! 2&(! /&%!
)=)*/,)! &$)2! ,)! *5.'1! 6)(! JCeW%&6'2&,! k!HW=BFGWHW=BDGWH!l3! C1'-! 6;7$'.)%! 6)! 1&'%)!
/,0(')0%(!%)2O)%2O)(!&$)2!,)(!*]*)(!(51.('9-(@! ,)!k!e560,)q!l!$&!-5-!()0,)*)-.!.%')%!
*&'(! 79&,)*)-.! (0//%'*)%! ,)(! (51.('9-(! 80;',! &! 67jI! $0)(3! :,! $&! 2)/)-6&-.! ,)! 1&'%)! )-!
%)(/)2.&-.!,&!k!80&,'.7!l!6)(!(51.('9-(!?!)-!)11).@!('! ,;5-!/%)-6!,)!/%7276)-.!)=)*/,)!60!
*5.'1! k!HW=BFGWHW=BDGWH!l@! 2),0'W2'! )(.!/%7()-.!6&-(!egHJ"!0-)!/%5.7'-)!60!9%50/)!C@!
*&'(! 79&,)*)-.!6&-(! ,&! ,'/5K,! (K-.O&()!80'! )(.! 60! 9%50/)!h!50! )-25%)!6&-(! ,&! .v>C!
sK+0.5('-)! 60! 9%50/)! H! BR&+,)&0! uG3! C0(('! 6&-(! 2)! 2&(@! ,)! k!e560,)q!l! 25-('6A%)%&!
80;),,)! )(.! 60! 9%50/)! C! ).! -)! 1)%&! 80;0-)! ()0,)! %)2O)%2O)! 6)! 2&-6'6&.(! &$)2! 2)..)!
(51.('9-3!U)!-5*+%)!.5.&,!6)!(51.('9-(!-5-W%)65-6&-.)(!)(.!6)!uu!BL'90%)!FMG3!



!



! \q!

W!4&-(!0-!()25-6!.)*/(!,)!k!e560,)q!l!$&!)=720.)%!,&!%)2O)%2O)!6)!2&-6'6&.(!6&-(!,&!
+&()! 6)! 65--7)(! 6)! 2O5'=3! 4&-(! -5.%)! 2&(@! -50(! -50(! (5**)(! ,'*'.7(! I! ,&! +&()!
Js'((/%5.Öe&**&,(!&1'-!6)!,'*'.)%!,&!*&(()!6;'-15%*&.'5-(!I!.%&'.)%!).!6)!25-2)-.%)%!
-5.%)! &..)-.'5-! (0%! ,&! 1&*',,)! 6;5%9&-'(*)(! 80'! '-.7%)(()! /,0(! /&%.'20,'A%)*)-.! ,)!
,&+5%&.5'%)3!

!
U;)=720.'5-!60!/%59%&**)!()!1&'.!)-!65--&-.!)-!5/.'5-!BWW6&.&�G!0-)!+&()!6)!65--7)(!

&'-('!80)!,)!1'2O')%!k!(51.('9-3*6q!l!/%7276)**)-.!/%560'.!/&%!,)!k!e560,)F!l!25**)!'-6'807!
6&-(!,&!+0,,)!2'W&/%A(3!
Module4V2.9.pl --data=SW_MAMMALS Softsign.md4 

!
d-)!5/.'5-!/)%*).!6)!$7%'1')%!('!,&!%)65-6&-2)!6)(!(51.('9-(!)(.!25%%)2.)*)-.!.%&'.7)!?!

Module4V2.9.pl --nofuzz Softsign.md4 

!
V-1'-! ,;&'6)! )(.! &22)(('+,)! )-! )=720.&-.! ,)(! 25**&-6)(! (0'$&-.)(! 50! )-! &2276&-.!

6'%)2.)*)-.!&0!256)!(50%2)!&--5.73!
Module4V2.9.pl --help 

Module4V2.9.pl --doc   (Aide plus détaillée) 

!
U;)-()*+,)! 6)(! %7(0,.&.(! 6)(! %)2O)%2O)(! )(.! )-%)9'(.%7! 6&-(! 0-! 65((')%!

k!tv)(0,.(e6q!l@!)-!(0'$&-.!0-)!&%+5%)(2)-2)!'-.0'.'$)!+&(7)!(0%!,)(!9%50/)(!6)!80&,'.7!).!,)(!
-5*(! 6)(! (51.('9-(3! H)(! '-15%*&.'5-(! (5-.! 79&,)*)-.! 6'(/5-'+,)(! (0%! ,&! 2,7! dJh! j5'-.)3!
H)/)-6&-.@! ,)(! %7(0,.&.(! 60! ,59'2'),! k!L0<</%5!l! )-%)9'(.%7(! &0! 15%*&.! k!310<<!l! (5-.!
)=.%]*)*)-.!25*/,'807(!I!.%&'.)%!)-!,;7.&.3!C0(('@!0-)!*56'1'2&.'5-!'*/5%.&-.)!6)(!65--7(!$&!
].%)! )11)2.07)! &1'-! 6)! /50$5'%! 1',.%)%@! 80&-.'1')%! ).@! &0! +)(5'-@! %)671'-'%! 6)(! (51.('9-(! .%5/!
/)%*'(('$)(3!
!

! ! ! 9#I#!6K&.?<5&!15!4,*.3/.,0-!5.!1+/<B*,03/.,0-!15!*/!@2/*,.B!12!L52!15!10--B5&!!

! ! ! ! H3D3"3!U)!/%59%&**)!L0<<.510<<K!
!

C--5.7!7.&/)!o!(0%!,&!1'90%)!F#@!,)!/%59%&**)!k!L0<<.510<<K!l!&!/,0(')0%(!15-2.'5-(3!U&!
/%)*'A%)!)(.!+'5,59'80)*)-.!&-)265.'80)!).!/)%*).!6)! .%&-(15%*)%! ,)(! %7(0,.&.(!60! ,59'2'),!
k!L0<</%5!l! )-! 65--7)(! /,0(! 1&2',)*)-.! .%&'.&+,)(! &0! 15%*&.! k!310<<K!l3! :,! &! 2)/)-6&-.! 6)0=!
&0.%)(!15-2.'5-(!-)..)*)-.!/,0(!'*/5%.&-.)(!?!

W! U)! /%59%&**)! k!L0<<.510<<K!l! /)%*).! 6)! 67,'*'.)%! ,)(! +5%-)(! 60! k!65*&'-)!l! 6)!
255%6'-&.'5-!60!2,0(.)%@!80'!)-9,5+)! ,&!(780)-2)!/%5.7'80)!25-.)-&-.! ,&!(51.('9-!/,0(!
0-!-5*+%)!6)!%7('60(!6)!2O&80)!2c.73!>50(!&$5-(!2O5'('!6)!25-('67%)%!,)(!6'=!%7('60(!
6)!2O&80)!2c.7!6)!,&!(51.('9-@!*&'(!2)2'!)(.!)-!5/.'5-!BWW6),.&�ÅG!25**)!'-6'807!6&-(!
,&! +0,,)! 2'W6)((50(3! H)2'! 65'.! 2)/)-6&-.! ].%)! 1&'.! &$)2! 6;&0.&-.! /,0(! 6;&..)-.'5-! 80;',!
-;)(.!/&(!%&%)!80)!2)%.&'-(!65*&'-)(!()!('.0)-.!&0=!)=.%7*'.7(!6)!/%5.7'-)(3!4&-(!0-!
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!
"#$%&'!()!*!"#+,&'-!.//+#0%1-!.%2!345,-#$6-!4%!.%2!748.#6'-!/&4,1#0%'-!946,'6.6,!+'-!84,#5-!/4,'6,#'+-!7'!
944&7#6.,#46!7'-!9+%-,'&-!"'3!!
"#$!%&'()&!*&!+,&--./0/.12!*&'!*.--2)&31'!-.+1)&'!"+,&--&1!/456.32!*.7.'&!80)!8+('!*&!7.391:'.;!+&!3456)&!*&!<.1'!80)!
=4-1'.93'$>!"?$!%&'()&!*&!+0!*&3'.12!*&'!/@'12.3&'!*&'!*450.3&'!*&!/44)*.301.43!*&'!/+('1&)'!*&'!8)412.3&'!A&=!
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! \\!

.),!2&(@!,)!/%59%&**)!k!L0<<.510<<K!l!,)!%)*&%80)!).!&6&/.)!,)(!+5%-)(!&1'-!6)!-)!/&(!
67/&(()%!,)(!6'*)-('5-(!%7),,)(!6)(!/%5.7'-)(3!
W! U)! /%59%&**)! /)%*).! 79&,)*)-.! 6;&//,'80)%! ,;0-! 6)(! .50.! /%)*')%(! 1',.%)(!?! ,)!
-5*+%)!*&='*0*!6)!k!O'.(!l!6&-(!0-)!*]*)!/%5.7'-)!/50%!0-)!*]*)!(51.('9-3!H)..)!
5/.'5-!BWW*&=O'.250-.�ÅG!/)%*).!6)!,'*'.)%!2)!-5*+%)@!).!/50%!6)(!%&'(5-(!/0%)*)-.!
+'5,59'80)(! -50(! ,;&$5-(! 671'-'! I! D!?! ()0,(! H:J4F! ).! ,&! 6'OK6%5/K%'*'6'-)!
6)(OK6%597-&()! B4Q`4G!/5((A6)-.!6)0=! 15'(! ,)(!*]*)(!*5.'1(!6)! 255%6'-&.'5-!/50%!
6)0=!6)!,)0%(!2,0(.)%(!L)J!BR&+,)&0!uG3!U;)='(.)-2)!6;0-)!/%5.7'-)!L)J!&$)2!.%5'(!*5.'1(!
6)! 255%6'-&.'5-! '6)-.'80)(! ()*+,)! /)0! /%5+&+,)! )-! ,;7.&.! &2.0),! 6)(! 25--&'((&-2)(3!
U;)11'2&2'.7!6;0-!.),!1',.%)!)(.!('9-'1'2&.'$)@!/0'(80;',!/)%*).!6)!6'$'()%!6;0-!1&2.)0%!F3q!,)!
-5*+%)!6)!2&-6'6&.(!/&%!(51.('9-!B1'90%)!qE!W!CG3!
W! V-1'-@! ,)!/%59%&**)!/)%*).!6)! 25*/.)%!/%72'(7*)-.! ,)!-5*+%)!6)! 2&-6'6&.(!/50%!
2O&80)!(51.('9-!).!&'-('!&*7,'5%)%!,&!80&,'.7!6)!2)(!6)%-'A%)(3!U;'-15%*&.'5-!()!.%50$)!I!
,&!1'-!6)!2O&80)!1'2O')%!Ü310<<K!).!/)0.!'-15%*&.'80)*)-.!].%)!1&2',)*)-.!)=.%&'.)3!

!
U)!/%59%&**)!(;)=720.)!65-2!6)!,&!*&-'A%)!(0'$&-.)!?!

Fuzz2fuzzyV1.3.pl --delta=10 --maxhitcount=2 

!
U)!/%59%&**)!/5((A6)!0-)!&'6)!80'!()!25**&-6)!&'-('!?!

Fuzz2fuzzyV1.3.pl --help 

Fuzz2fuzzyV1.3.pl --doc  (Aide plus détaillée) 

! ! ! ! !

H3D3D3!U)!k!%)W6)('9-!l!6)(!(51.('9-(!
!

C--5.7!7.&/)!"E!(0%!,&!1'90%)!F#@!,)!k!%)W6)('9-!l!6;0-!2)%.&'-!-5*+%)!6)!(51.('9-(!)(.!
0-)! 7.&/)! *&-0),,)! 80'! )(.! &//&%0)! 25**)! 2,&'%)*)-.! '-6'(/)-(&+,)3! V-! )11).! 25**)!
/%7276)**)-.!6'.@!2)%.&'-)(!(51.('9-(!65'$)-.!].%)!%).%&$&',,7)(!N!,)!2&(!6)!,&!/%5.7'-)!rUva\!
)-!)(.!,)!/&%1&'.!)=)*/,)3!4&-(!,&!*)(0%)!5m!0-)!()0,)!2K(.7'-)!)(.!-72)((&'%)!I!2)..)!/%5.7'-)!
/50%! 255%6'-)%! 0-! 2,0(.)%! B2)%.)(! &$)2! ,;&'6)! 6;0-)! &0.%)! rUva\! ).! 60! 9,0.&.O'5-! ,-! 7,.30G@!
-50(!&$5-(!7.7!5+,'97(!6;&j50.)%!6)(!%7('60(!(/72'1'80)(!6)!,&!rUva\!&1'-!6;7$'.)%!6)!672%'%)!
.50.)(! ,)(! /%5.7'-)(! /5((76&-.! 0-)! 2K(.7'-)! 6&-(! ,)0%(! (780)-2)(@! 2;)(.WIW6'%)! 80&('*)-.!
,;)-()*+,)! 6)(! /%5.7'-)(! 6)! ,&! 6&.&+&()! Js'((/%5.Öe&**&,(@! 25**)! 6)! /5.)-.'),,)(!
/%5.7'-)(!L)J3!

Q50%!6)(! %&'(5-(! .)2O-'80)(! '-O7%)-.)(!I! ,;7.06)!6)(!65*&'-)(!6)!255%6'-&.'5-!65-.!
-50(! /&%,)%5-(! 6&-(! ,&! /%52O&'-)! /&%.')@! -50(! &$5-(! 65-2! '*/5(7! 0-)! ,'*'.)!*&='*&,)! 6)!
"EEE!O'.(!/&%!(51.('9-(!&/%A(!k!%)W6)('9-!l3!H)(!(51.('9-(!%).%&$&',,7)(!(5-.!2),,)(!/%7()-.7)(!
6&-(!,)!R&+,)&0!u!B).!6&-(!,)(!(.&.'(.'80)(!6)!,&!1'90%)!FMG3!H)2'!/)%*).!6;&',,)0%(!6)!25-(.&.)%!
80)!6&-(!,;)=)*/,)!6)!,&!rUva\@!,&!(51.('9-!)(.!67(5%*&'(!)=.%]*)*)-.!25*/,)=)!BR&+,)&0!uG3!
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PRI1 DNA primase small subunit A C-x(5)-C-x(2)-C-x(35,37)-C Adrenodoxin Zinc knuckle motif
RXRA Retinoic acid receptor RXR-alpha A C-x-H-x(15,25)-C-x(2)-H Cytochrome b-c1 complex subunit Rieske Zinc Finger
RXRB Retinoic acid receptor RXR-beta A C-x(204,227)-C-x(2)-C-x(4,6)-C Ferrochelatase Zinc Finger
TF2H2 General transcription factor IIH subunit 2 A C-x(204,227)-C-x(2)-C-x(4,6)-C Ferrochelatase Zinc Finger
TIF1A Transcription intermediary factor 1-alpha A C-x(2)-C-x(13)-C-L Molybdenum cofactor biosynthesis protein 1 Zinc Finger
DICER Endoribonuclease Dicer A C-x(2)-C-x(2)-C-x(55,64)-C Succinate dehydrogenase #
NARF Nuclear prelamin A recognition factor A C-x(2)-C-x(2)-C-x(55,64)-C Succinate dehydrogenase #
TIF1B Transcription intermediary factor 1-beta A C-x(2)-C-x(2)-C-x(55,64)-C Succinate dehydrogenase Zinc Finger
HDAC6 Histone deacetylase 6 A C-x(39,48)-[AFWY]-x-C-x(5)-C Succinate dehydrogenase Zinc Finger
POLK DNA polymerase kappa B C-x(4,5)-C-x(2)-C-x(29,37)-C Adrenodoxin-like protein Zinc Finger
MOCS3 Adenylyltransferase and sulfurtransferase MOCS3 B C-x(143,151)-C-x(2)-G-x(45,75)-C-x(2)-C Amidophosphoribosyltransferase (ATase or GPAT) Zinc Finger
DPOE2 DNA polymerase epsilon subunit 2 B C-x(11,20)-C-x(2,29)-C-x(31,42)-C-[EP]-x-[EFQY] TFIIH basal transcription factor complex helicase XPD subunit #
TAF1B TATA box associated factor RNA polymerase I subunit B B C-x(11,20)-C-x(2,29)-C-x(31,42)-C-[EP]-x-[EFQY] TFIIH basal transcription factor complex helicase XPD subunit Zinc Finger
CASP2 Caspase-2 C C-x(45,74)-P-C-x(143,283)-C-x(3)-C Cytosolic Fe-S cluster assembly factor NARFL #
VDR Vitamin D3 receptor C C-x(8)-G-x(6,9)-C-x(1,2)-C-x(0,19)-C Cytosolic Fe-S cluster assembly factor NUBP2 Zinc Finger
TAF3 Transcription initiation factor TFIID subunit 3 C C-x(2)-C-x(11)-C-x(1,2)-C DNA polymerase epsilon catalytic subunit A Zinc Finger
HDAC2 Histone deacetylase 2 C C-x(11,20)-C-x(2,29)-C-x(31,42)-C-[EP]-x(4)-[KLR] Fanconi anemia group J protein #
P53 Cellular tumor antigen p53 C C-x(11,20)-C-x(2,29)-C-x(31,42)-C-[EP]-x(4)-[KLR] Fanconi anemia group J protein Bind Zinc
PPARG Peroxisome proliferator-activated receptor gamma C C-x(3,11)-C-x-[FY]-C Radical S-adenosyl methionine domain-containing protein 1 Zinc Finger
RARA Retinoic acid receptor alpha C C-x(3,11)-C-x-[FY]-C Radical S-adenosyl methionine domain-containing protein 1 Zinc Finger
RARG Retinoic acid receptor gamma C C-x(3,11)-C-x-[FY]-C Radical S-adenosyl methionine domain-containing protein 1 Zinc Finger
RXRG Retinoic acid receptor RXR-gamma C C-x(3,11)-C-x-[FY]-C Radical S-adenosyl methionine domain-containing protein 1 Zinc Finger
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1 NARF 0.91 A 3 32 ZCCHV 4.84 B 2 63 GRSF1 7.16 A 2
2 CLIC3 1.07 E 2 33 GLRX3 4.9 A 4 64 PHF5A 7.23 A 3
3 CLIC4 1.45 A 5 34 MI4GD 4.93 A 4 65 ZN185 7.48 A 2
4 APC7 1.63 A 2 35 RN214 5.01 C 1 66 NFU1 7.56 E 2
5 VAV3 1.75 A 2 36 TBCD 5.11 A 3 67 XPO5 7.63 B 2
6 CASP2 1.85 C 3 37 TRI25 5.11 A 2 68 PAXI 7.66 A 4
7 RS3 2.2 D 7 38 I2BP1 5.12 B 2 69 PML 7.74 A 2
8 KEAP1 2.33 E 5 39 MSRB2 5.14 C 2 70 P53 7.93 C 2
9 CDD 2.38 A 2 40 EDC4 5.26 A 3 71 PI4KB none A 10
10 MOCS3 2.56 B 4 41 S10A3 5.5 B 3 72 CLIC1 none A 6
11 NU214 2.58 B 2 42 IF4A1 5.62 A 1 73 TCPG none A 6
12 ARHG2 2.63 B 5 43 TGM2 5.69 E 1 74 ACON none A 5
13 NUBP2 2.67 C 4 44 ACLY 5.76 A 5 75 DUS1L none A 3
14 CATZ 3.13 B 4 45 FANCJ 5.77 B 2 76 EMR1 none A 3
15 DDX59 3.14 C 3 46 COMT 5.9 A 6 77 FBLN1 none A 3
16 MED25 3.25 A 3 47 DCTN4 5.9 A 4 78 NNMT none A 3
17 FHL2 3.4 A 4 48 GLRX5 5.9 A 2 79 CASC5 none A 2
18 PLGF 3.47 A 4 49 DNMT1 5.92 A 4 80 FGD5 none A 2
19 UBR2 3.69 A 2 50 DUS12 5.93 A 3 81 IBP7 none A 2
20 IP3KC 3.82 C 2 51 GBF1 6 B 2 82 MED13 none A 2
21 FAS 3.88 B 4 52 EIF3C 6.03 A 5 83 PKHF2 none A 2
22 MCM3 3.97 A 4 53 TENS3 6.06 A 2 84 SPSB3 none A 2
23 IAH1 4.03 C 1 54 ABCE1 6.11 A 2 85 TOPB1 none A 2
24 SERA 4.28 A 7 55 IBP4 6.35 A 6 86 LIMS3 none A 1
25 IPO4 4.34 A 2 56 CSRP1 6.37 A 5 87 NALP4 none A 1
26 COT2 4.39 A 4 57 ZN217 6.46 D 1 88 UN93B none A 1
27 UBP10 4.53 E 1 58 PUR4 6.49 E 2 89 TBAL3 none C 1
28 ZYX 4.71 A 2 59 LPP 6.67 A 3 90 ZN611 none C 1
29 SQSTM 4.8 B 4 60 HDAC6 6.92 A 2 91 SPT6H none E 2
30 PGK1 4.81 D 1 61 PEPD 7.05 A 2
31 DPS1 4.82 E 1 62 ZEB1 7.05 E 4
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'-20+&.'5-! 6)(! 6'117%)-.(! /&%.)-&'%)(! /0%'1'7(@! &0! ()'-! 6)! -5.%)! ,&+5%&.5'%)3! 4)(! 7.06)(!
25*/,7*)-.&'%)(! /&%! (/)2.%5*7.%')! 6)! *&(()! 5-.! 79&,)*)-.! /)%*'(! 6)! 25-1'%*)%! 2)(!
5+()%$&.'5-(3!C0j50%6;O0'@! ,;OK/5.OA()!6;0-!%c,)!)(()-.'),!6)! ,&! 1%&.&='-)!6&-(! ,)!*72&-'(*)!
6)! +'5(K-.OA()! 6)(! 2,0(.)%(! L)J! 1&'.! 25-()-(0(@! ).! 2)2'! /50%! ,;)-()*+,)! 6)(! 5%9&-'(*)(!
*56A,)(3!Q&%&,,A,)*)-.!I!2),&@!).!25**)!-50(!,;&$5-(!1&'.!%)*&%80)%!6&-(!-5.%)!'-.%5602.'5-@!
,)(! 6'117%)-.)(! 5+()%$&.'5-(! 80'! *)..)-.! )-! 7$'6)-2)! ,;)='(.)-2)! 6;5,'95*A%)(! 6)! 1%&.&='-)@!
-5.&**)-.!6&-(! ,)!*56A,)! ,)$0%)!)-!/%7()-2)!6;)=2A(!6)!1)%!50!6)! ,&!*0.&.'5-!`#FC@!-;5-.!
j&*&'(!7.7!67*5-.%7)(!25**)!)(()-.'),,)(!,-!7,703!4)!/,0(@!,&!15%*)!*&.0%)!).!*&j5%'.&'%)!6)!
,&! 1%&.&='-)!*&**'1A%)! )(.! '-2&/&+,)! 6;5,'95*7%'()%@! K! 25*/%'(! )-! /%7()-2)! 6;)=2A(! 6)! 1)%3!
H)2'!%760'.!('9-'1'2&.'$)*)-.!,;'-.7%].!15-2.'5--),!6)!2)!*72&-'(*)@!).!(099A%)!80;',!-;&!/&(!6)!
%c,)!/OK('5,59'80)3!

!
! BB#N#!B+(,'%6(*0+!%L,6!.,7!?%'(,+%*',7!/,!.%!C*07D+(AE7,!/,7!6.17(,'7!8,=!!
!

U&!*&-'A%)!&$)2! ,&80),,)! ,&! 1%&.&='-)! '-.)%&9'.! &$)2! ,)(!/&%.)-&'%)(!6)! ,&!+'5(K-.OA()!
6)(! 2,0(.)%(! L)J! %)(.)! )-25%)! *&,! 2&%&2.7%'(7)3! V-! )11).@! -50(! &$5-(! /0! 25-(.&.)%! 80)! ,&!
1%&.&='-)!*&**'1A%)! '-.)%&9'((&'.! )=2,0('$)*)-.! &$)2! ,)! 25*/,)=)! >LJ"t:J4""t:JHd@!*&'(!
/&(!&$)2!2O&20-)!6)!2)(!/%5.7'-)(!'(5,7)(!-'!&$)2!,)!(50(W25*/,)=)!>LJ"t:J4""!BJ2O*02P)%!
).! &,3@! DE""G3! H)2'! (099A%)! 0-)! '-.)%&2.'5-! *0,.'/,)! ).! 65-2! 0-)! <5-)! 6;'-.)%&2.'5-! 6)! ,&!
1%&.&='-)!('.07)!(0%!/,0(')0%(!/&%.)-&'%)(3!!

v&//),5-(! 80)! ,)(! '-.)%&2.'5-(! HK&`t:(2J@! HK&`t:(2d@! `1O"t>1("t:(6""! 50! )-25%)!
`1O"t:(0!B)-!/%7()-2)!6)!1)%!6&-(!2)!6)%-')%!2&(G!5-.!7.7!5+()%$7)(3!H)/)-6&-.@!,)(!25-6'.'5-(!
/)0!(.%'-9)-.)(!-72)((&'%)(!/50%! 1&'%)!2)(!5+()%$&.'5-(!(099A%)-.!80)!2)(! '-.)%&2.'5-(!(5-.!
1&'+,)(3! H5**)! ',! )(.! .%A(!/)0!/%5+&+,)!80)! ,)!*72&-'(*)!/OK('5,59'80)!6;'-.)%&2.'5-!6)! ,&!
1%&.&='-)! &$)2! ,)(! /%5.7'-)(! 60! 25*/,)=)! /%7252)! 6)! +'5(K-.OA()! (5'.! %7),,)*)-.! 6'117%)-.!
6;0-)! )(/A2)! I! ,;&0.%)@! j)! 1&'(! ,;OK/5.OA()! 80;',! (;&9'.! '2'! /,0.c.! 6)! $&%'&.'5-(! 60)(! I! 6)(!
6'117%)-2)(!/OK('25W2O'*'80)(!6)(!<5-)(!6;'-.)%&2.'5-(3!

U&! *'()! )-! 25**0-! 6)! ,;)-()*+,)! 6)(! '-15%*&.'5-(! 6'(/5-'+,)(! /&%! ve>! ).!
*0.&97-A()! 6'%'97)! (0%! ,&! 1%&.&='-)! /50%! ,)(! 6'117%)-.(! *56A,)(! +&2.7%')-@! ,)$0%)! ).!
*&**'1A%)@! -50(! /)%*).! 6)! 1&'%)! ,)(! 5+()%$&.'5-(! (0'$&-.)(3!B"G! U&! %79'5-! 2O&%97)!
-79&.'$)*)-.! 6)! ,&! 1%&.&='-)@! ).! /,0(! /%72'(7*)-.! ,;)=.%7*'.7! 6)! ,&! /%)*'A%)! O7,'2)!!! ).! ,)!
67+0.!60!/%)*')%!+%'-!60!1)0',,).!"@!/)%*).!(5-!'-.)%&2.'5-!&$)2!,&!2K(.7'-)!67(0,10%&()!>LJ"!
B:(2JG3! BDG! U&! %79'5-! 25-.)-&-.! ,)!}"\\! B-5*)-2,&.0%)! O0*&'-)G! &0! ()'-! 60! 1)0',,).! "! )(.!
/,0.c.!'*/,'807)!6&-(!,;'-.)%&2.'5-!&$)2!,&!/%5.7'-)!6;72O&1&06&9)!:JHd!B:(2dG3!!

L5%.!6)!2)(!5+()%$&.'5-(@!80'!(5-.!I!2)!j50%!(0%.50.!.%A(!25-$&'-2&-.)(!6&-(!,)!*56A,)!
+&2.7%')-@! 5-! /)0.! ()! /5()%! ,&! 80)(.'5-! (0'$&-.)!?! 80),,)! )(.! ,&! <5-)! 6;'-.)%&2.'5-! 6)! ,&!
1%&.&='-)!(0%!>LJ"!).!:JHd!{!J0%!,&!67(0,10%&()@!,&!<5-)!6;'-.)%&2.'5-!&$)2!,&!1%&.&='-)!()*+,)!
()!25-2)-.%)%!(0%!0-)!%79'5-!2O&%97)!/5('.'$)*)-.!25-.)-&-.!-5.&**)-.!,)(!%7('60(!vDDE!).!
vDDF! B-5*)-2,&.0%)! +&2.7%')--)G! BJO'! ).! &,3@! DE"EG3! H)(! '-15%*&.'5-(! %)(.)-.! 2)/)-6&-.!



!



! uM!

)-25%)!.%A(!/&%2),,&'%)(!).!-72)(('.)%&')-.!6)!-5*+%)0()(!'-$)(.'9&.'5-(!(0//,7*)-.&'%)(3!Q&%!
25-.%)@!',!-;)='(.)!&020-)!'-15%*&.'5-!)=/7%'*)-.&,)!6'(/5-'+,)!80&-.!I!,&!<5-)!6;'-.)%&2.'5-!
)-.%)! ,&! 1%&.&='-)! ).! ,&!/%5.7'-)!6;72O&1&06&9)! :JHd3!>50(!K! %)$')-6%5-(! 2)/)-6&-.!6&-(! ,)!
2O&/'.%)! (0'$&-.@! ,5%(! 6)! ,&! /%7()-.&.'5-! 6)! -5(! OK/5.OA()(! 6)! .%&$&',3! U;OK/5.OA()! 6;0-)!
'-.)%&2.'5-! 6'%)2.)! )-.%)! ,&! 1%&.&='-)! ).! :J4""! &0! ()'-! 60! 25*/,)=)!>LJ"t:J4""t:JHdtLa>!
80)!-50(!&$5-(!7$5807!6&-(!,;'-.%5602.'5-!65'.!].%)!25-('67%7)!25**)!/5.)-.'),,)!*&'(!),,)!&!
0-)! ,'*'.)! '*/5%.&-.)3! V-! )11).@! ('! )-! ,;&+()-2)! 6;:J4""! ,&! 1%&.&='-)! -)! /)0.! ()! 1'=)%! (0%! ,)!
25*/,)=)! >LJ"t:JHd@! ,&! 15%*&.'5-! *]*)! 60! 25*/,)=)! >LJ"t:JHd! )(.! .%A(! -)..)*)-.!
/)%.0%+7)!BJ2O*02P)%!).!&,3@!DE""G3!Q&%!&',,)0%(@!,)(!/0+,'2&.'5-(!%72)-.)(!&..)(.)-.!6)!/,0(!)-!
/,0(!6)!,;'*/5%.&-2)!15-2.'5--),,)!6;:J4""!$'(WIW$'(!6)!,;&2.'$'.7!6)!>LJ"@!25**)!)-!&..)(.)-.!
,)(!*0.&.'5-(!15-2.'5--),,)(!60!*5.'1!U`v!6;:J4""!BU'*!).!&,3@!DE"FG@!).!,)(!*56A,)(!/%5/5(7(!
(099A%)-.! 0-)! ,52&,'(&.'5-! 6;:J4""! (0%! ,)! 25*/,)=)! >LJ"t:J4""t:JHdtLa>! BC*),&! ).! &,3@!
DE"FG! I! 6'(.&-2)! 6)! ,&! 1%&.&='-)! ).! 6;:JHd3! :J4""! &//&%&p.! 65-2! 6)! /,0(! )-! /,0(! 25**)!0-!
*560,&.)0%!6)!,;&2.'$'.7!6)!>LJ"@!).!-5-!25**)!0-!/&%.)-&'%)!/50%!,;'-.)%&2.'5-!6)!,&!2K(.7'-)!
67(0,10%&()! &$)2! ,&! 1%&.&='-)3! U;5+.)-.'5-! 6)! 65--7)(! (.%02.0%&,)(! (0%! ,)(! 25*/,)=)(!
)02&%K5.)(!6)$%&'.!/)%*)..%)!6)!%7/5-6%)!I!2)!80)(.'5--)*)-.3!

!
! BB#O#!=([6A*0@4('*,!/,7!60@?.,),7!(,'+%*',!,(!P1%(,'+%*',!
!

U)(! 7.06)(! /%7276)-.)(! %7&,'(7)(! 6&-(! ,)! ,&+5%&.5'%)! 5-.! /)%*'(! 6)! 67.)%*'-)%!
/%72'(7*)-.! /&%! (/)2.%5*7.%')! 6)! *&(()! ,&! (.w2O'5*7.%')! 60! 25*/,)=)! 80&.)%-&'%)!
>LJ"t:J4""t:JHdtLa>!B"MoP4&G!(0997%&-.!0-!%&.'5!DtqtDtD!BJ2O*02P)%!).!&,3@!DE""G3!:,!)(.!
2)/)-6&-.! &//&%0! (0%/%)-&-.! 6)! /%5/5()%! 0-)! /%7()-2)! (0%W(.w2O'5*7.%'80)! /50%! :J4""!
$'(WIW$'(!6)(!&0.%)(!/&%.)-&'%)(3!J'!2)..)!/%5.7'-)!)(.!/).'.)!Bç""P4&G@!,)(!*&%9)(!6;)%%)0%(!/&%!
(/)2.%5*7.%')! 6)! *&(()! -&.'$)! (5-.! 1&'+,)(@! ).! -)! /50%%&')-.! )=/,'80)%! 0-! 672&,&9)! &0(('!
'*/5%.&-.! 80)! DDP4&@! 25%%)(/5-6&-.! I! ,&!*&(()! 6)! 6)0=!*5,720,)(! 6;:J4""! &66'.'5--),,)(3!
U;OK/5.OA()!6;0-)!1'=&.'5-!&(/72'1'80)!/&%!0-!25-.&*'-&-.!-5-!67.)2.&+,)!/&%!(/)2.%5*7.%')!
6)!*&(()!-&.'$)!50!25,5%&.'5-!/&%!h,)0!6)!H55*&((')!()%&'.!,&!()0,)!/5(('+','.7@!*]*)!('!),,)!
()*+,)!/)0!/%5+&+,)3!

e)(!6'117%)-.(!)((&'(!6)!/0%'1'2&.'5-!I!9%&-6)!72O),,)!60!25*/,)=)!>LJ"t:J4""!&K&-.!
72O507! /50%! 6)(! %&'(5-(! 6)! (.&+','.7@! j;&'! 25-2)-.%7! *)(! )115%.(! (0%! ,)! 25*/,)=)! .)%-&'%)!
>LJ"t:J4""t:JHd3! H)! 25*/,)=)@! -)..)*)-.! *5'-(! (.&+,)! 80)! ,)! 25*/,)=)! 80&.)%-&'%)! &!
1'-&,)*)-.!/0!].%)!&-&,K(7!/&%!(/)2.%5*7.%')!6)!*&(()!-&.'$)!).!-50(!&!/)%*'(!6)!25-1'%*)%!
,&!(.w2O'5*7.%')!6;:J4""!BH5,'-!).!&,3@!DE"FG3!C$)2!0-)!*&(()!6)!"u"P4&@!(5'.!)-$'%5-!DMP4&!
6)!*5'-(!80)!,)!25*/,)=)!80&.)%-&'%)@!',!25%%)(/5-6!I!,&!*&(()!6;0-!25*/,)=)!80&.)%-&'%)!I!
,&80),,)!)(.!%).%&-2O7)!,&!*&(()!6)!6)0=!1%&.&='-)(!B>LJ"Dt:J4""qt:JHdDG3!v)*&%805-(!80)!
*)(! )=/7%')-2)(! 6;'-20+&.'5-! 60! 25*/,)=)! .)%-&'%)! &$)2! 6)! ,&! 1%&.&='-)! 5-.! (0997%7! 0-)!
*&(()!.5.&,)!6)!"MqP4&!/&%!(/)2.%5*7.%')!6)!*&(()!-&.'$)@!(5'.!0-)!*&(()!/)0!'-17%')0%)!I!,&!
*&(()!60!25*/,)=)!80&.)%-&'%)!/0%'1'7!25**)!.),3!H)!672&,&9)!6)!*&(()@!805'80)!(0%/%)-&-.@!



!



! uo!

-)! %)*).!/&(!)-!650.)!-5.%)!OK/5.OA()! (0%! ,&! (.w2O'5*7.%')!6)(! 25*/,)=)(@! ).!-5.&**)-.!
2),,)!6;:J4""3!

J0%! 2).! &(/)2.! ,I! &0(('@! ,)(! 65--7)(! (.%02.0%&,)(! 15-.! 2%0),,)*)-.! 671&0.3! U)(!
'-$)(.'9&.'5-(! %7&,'(7)(! &2.0),,)*)-.! 6&-(! ,)! ,&+5%&.5'%)! 6)! [0&-! L5-.)2',,&(! /50%%&')-.@! )-!
50.%)(@!2,&'%)*)-.!%7/5-6%)!I!2)..)!80)(.'5-3!:,!)(.!I!-5.)%!80)!,)(!*56A,)(!+'5'-15%*&.'80)(!
6'(/5-'+,)(! 60! 25*/,)=)! 80&.)%-&'%)! (099A%)-.! j0(80;I! /%7()-.! /,0.c.! 0-)! (.w2O'5*7.%')!
>LJ"Dt:J4""Dt:JHdDtLa>D@! &$)2! 0-)! <5-)! 6;'-.)%&2.'5-! 6;:J4""! (0%! ,;&%%'A%)! 60! /).'.!
65*&'-)!6)!>LJ"@!()0,)!%79'5-!6)!,&!2K(.7'-)!67(0,10%&()!5m!',!)='(.)!0-!k!/&.2O!l!6)!%7('60(!
6)!(0%1&2)!-5-W25-()%$7!&$)2!:(2J!BC*),&!).!&,3@!DE"FG3!

!
BBB!J!$,!01!.,7!'U.,\7]!/,!.%!&'%(%)*+,!
!

4'117%)-.)(!OK/5.OA()(!(5-.!&0j50%6;O0'!7*'()(!/50%!671'-'%! ,)!%c,)!6)!,&!1%&.&='-)!&0!
250%(!6)!,&!+'5(K-.OA()!6)(!2,0(.)%(!L)J3!H)(!OK/5.OA()(!-)!(5-.!/&(!)=2,0('$)(@!).!,)!%c,)!6)!,&!
1%&.&='-)!/50%%&'.!&0!1'-&,!(;&$7%)%!*0,.'/,)3!!
!
! BBB#K#!$%!&'%(%)*+,!60@@,!/0++,1'!/,!&,'!

!
H5**)! -50(! ,;&$5-(! %&//),7! 6&-(! ,;'-.%5602.'5-@! ,;OK/5.OA()! ,&! /,0(! 25**0-7*)-.!

/%5/5(7)! /50%! ,&! 1%&.&='-)! )(.! (5-! %c,)! /5(('+,)! 6)! 65--)0%! 6)! 1)%3! C0j50%6;O0'! -50(!
25--&'((5-(!/&%1&'.)*)-.!+')-!,)(!%79'5-(!6)!1'=&.'5-!60!1)%!(0%!,)(!6'117%)-.(!5%.O5,590)(!6)!
,&!1%&.&='-)!,-!7,.30!BL'90%)!D#G3!e]*)!('!,;&11'-'.7!60!1)%!/50%!2)..)!%79'5-!)(.!1&'+,)@!5-!/)0.!
'*&9'-)%! 80)! 2)..)! 15-2.'5-! )='(.)! ,-! 7,703! v&//),5-(! 80)! ,)! 1)%! &! 7.7!*5-.%7! 25**)! 7.&-.!
2&/&+,)!6)!(.&+','()%!,;'-.)%&2.'5-!)-.%)!,)(!6'117%)-.(!/&%.)-&'%)!`1O"@!>1("t:(6""!).!:(0!2O)<!
,&!,)$0%)!Br)%+)%!).!&,3@!DEEFG3!H)/)-6&-.@!,)!*56A,)!,)$0%)!)(.!/&%.'20,')%!)-!2)!()-(!5m!0-)!
'-.)%&2.'5-!6'%)2.)!`1O"t:(0!)(.!5+()%$7)!0-'80)*)-.!)-!/%7()-2)!6)!1)%!BH55P!).!&,3@!DE"EG3!
Q&%!&',,)0%(!,)(!7.06)(!,-!7,70!6&-(!,)(!*56A,)(!,)$0%)(!50!*0%'-(!67,7.7(!)-!1%&.&='-)!*5-.%)!
0-)! &2.'$'.7! %7('60),,)! 6)(! /%5.7'-)(! L)J@! 2)! 80'! )(.! )-! 7$'6)-.)! 25-.%&6'2.'5-! &$)2! 0-! %c,)!
0-'80)!6)!65--)0%!6)!1)%!B$5'%!%)$0)!BQ)%65*'-'!).!&,3@!DE"FGG3!

d-)!&0.%)!,'*'.)!'*/5%.&-.)!I!,;7.06)!6)!2)..)!OK/5.OA()!%7('6)!6&-(!,)!%)250$%)*)-.!
/%)(80)!25*/,).!(0%!,&!1%&.&='-)!6)!,&!<5-)!6)!1'=&.'5-!60!1)%!).!6;'-.)%&2.'5-!&$)2!,&!2K(.7'-)!
67(0,10%&()!BL'90%)!D#WDMG3!H)2'!25*/,'80)!.%A(!()-('+,)*)-.!,;&-&,K()!15-2.'5--),,)!/0'(80;',!
)(.! /! =3,03,! '*/5(('+,)! 6)! %7&,'()%! 6)(! *0.&.'5-(! 80'! -;&11)2.)%&')-.! 80)! ,;0-! 6)! 2)(! 6)0=!
&(/)2.(3! :,! )(.! '*/5%.&-.! 6)! %)*&%80)%! 2)/)-6&-.! 80;0-)! /&%.')! ('9-'1'2&.'$)! 6)! ,;O7,'2)!!"!
2O&%97)! -79&.'$)*)-.! 72O&//)! I! 2)! %)250$%)*)-.! BL'90%)! D#G3! 4)(! *0.&.'5-(! 6&-(! 2)..)!
%79'5-! /50%%&')-.! /)%*)..%)! 6;7.06')%! 2)..)! OK/5.OA()! )-! 6'((52'&-.! /&%1&'.)*)-.! ,;&(/)2.!
1'=&.'5-!60!1)%!).!,;'-.)%&2.'5-!La>t>LJ"3!!

V-!0.','(&-.!,)!(K(.A*)!s',6W.K/)@!-50(!&$5-(!/0!25-1'%*)%!80)!,&!1%&.&='-)!)(.!2&/&+,)!
6)! 1'=)%! 60! 1)%! ,5%(80;),,)! )(.! (50(! 15%*)! *5-5*7%'80)@! *&'(! 79&,)*)-.! 80;),,)! )-! )(.!
'-2&/&+,)!,5%(80;),,)!1&'.!/&%.')!60!25*/,)=)!80&.)%-&'%)!>LJ"t:J4""t:JHdtLa>3!>50(!&$5-(!



!



! #E!

&0(('!/0!*5-.%)%!80)! ,&! 1%&.&='-)! '-1,0)-2)!25-('67%&+,)*)-.! ,;'-25%/5%&.'5-!60! 1)%!&0!()'-!
60!25*/,)=)!&0!250%(!6)!,&!+'5(K-.OA()!6)(!2,0(.)%(!L)J!BH5,'-!).!&,3@!DE"FG3!H)(!5+()%$&.'5-(!
(099A%)-.!80)! ,&! 1%&.&='-)!/50%%&'.! j50)%!0-!%c,)!-5-!/&(!6)!65--)0%!6)! 1)%@!*&'(!/,0.c.!6)!
*76'&.)0%!6)!(5-!)-.%7)3!>50(!%)$')-6%5-(!(0%!2).!&(/)2.!/%72'(!6&-(!-5.%)!OK/5.OA()!6;0-!
%c,)!250/,7)!6)!,;'-25%/5%&.'5-!60!1)%!).!6)!,&!%790,&.'5-!6)!,;&2.'$'.7!2K(.7'-)!67(0,10%&()3!

!
! BBB#N#!$%!&'%(%)*+,!60@@,!'4S1.%(,1'!/,!.5%6(*L*(4!6D7(4*+,!/471.&1'%7,!

!
H5**)! -50(! ,;&$5-(! 67jI! '-.%560'.@! ,&! 1%&.&='-)! &! 0-! '*/5%.&-.! )11).! (0%! ,;&2.'$'.7!

2K(.7'-)! 67(0,10%&()@! 6&-(! ,)(!*56A,)(! )02&%K5.)(! 25**)! &2.'$&.)0%! BR(&'! &-6! h&%5-6)&0@!
DE"EG@!).!/%52&%K5.)(!25**)!'-O'+'.)0%!BC6'-5,1'!).!&,3@!DEEoG3!H)(!5+()%$&.'5-(!80'!(099A%)-.!
0-!%c,)!5//5(7!6)(!5%.O5,590)(!HK&`!).!La>!(;)=/,'80)-.!)-!%7&,'.7!/&%!,)(!6'117%)-2)(!)-.%)!
,)(!2K(.7'-)(!67(0,10%&()(!:(2J!).!>LJ"t:J4""!Bh%'6s),,Wv&++!).!&,3@!DE"DG3!V-!)11).@! :(2J!)(.!
0-)!/%5.7'-)!80'!&!0-)!&2.'$'.7!6)!+&()!.%A(!7,)$7)@!2)!80'!-;)(.!/&(!,)!2&(!6)!>LJ"t:J4""3!C'-('!
6)(!)=/7%')-2)(!2%5'(7)(!)-!0.','(&-.!HK&`!(0%!,)!25*/,)=)!>LJ"t:J4""t:JHd!).!,&!La>!(0%!,)!
25*/,)=)!:(2Jt:(2d!B65--7)(!/)%(5--),,)(G!-50(!5-.!/)%*'(!6)!25-(.&.)%!80)!,&!La>!).!HK&`!
(5-.!.50.)(!6)0=!6)(!&2.'$&.)0%(!50!6)(!'-O'+'.)0%(!(),5-!,)!(K(.A*)!0.','(73!H)(!65--7)(!5-.!
7.7!25-1'%*7)(!).!/0+,'7)(!6)/0'(!/&%!0-)!&0.%)!780'/)!Bh%'6s),,Wv&++!).!&,3@!DE"DG3!

U;OK/5.OA()! /%5/5(7)! /&%! ,)(! 780'/)(! 6;C--&,'(&! Q&(.5%)! ).! 6)!4&$'6!h&%5-6)&0! )(.!
80)! ,&! 1%&.&='-)@! /&%! ,;'-.)%*76'&'%)! 7$)-.0),! 6;:J4""@! j50)%&'.! 6)(! %c,)(! 7$5,0.'$)*)-.!
5//5(7(! 6;&2.'$&.)0%! ).! 6;'-O'+'.)0%3! H)..)! OK/5.OA()@! 80'! &$&'.! &0/&%&$&-.! 7.7! %&//),7)!
25**)!.%A(!/)0!/%5+&+,)!BC--&,'(&!Q&(.5%)!W!LCvC@!J.%&(+50%9G!60!/5'-.!6)!$0)!7$5,0.'1@!)(.!
)11)2.'$)*)-.!(0%/%)-&-.)3! :,!*;&//&%&p.!/,0(!%7&,'(.)!)(.!25-()-(0),!6)!25-('67%)%!80)!('! ,&!
1%&.&='-)!&!0-!%c,)!6'%)2.!).!%7),,)*)-.!15-2.'5--),!(0%!,;&2.'$'.7!2K(.7'-)!67(0,10%&()@!2;)(.!)-!
.&-.!80)!%790,&.)0%3!!

:,! )(.! 2)/)-6&-.! .50.! I! 1&'.! /%5+&+,)! 80)! ,)(! )11).(! 5+()%$7(! (5')-.! ('*/,)*)-.! 6)(!
25-(780)-2)(! (.7%'80)(! 6)! ,&! /%7()-2)! 6)! ,&! 1%&.&='-)3! V-! )11).@! ,)(! *56A,)(! 60! 25*/,)=)!
:(2Jt:(2dtHK&`!BQ%'(2O'!).!&,3@!DE"E+G!).!>LJ"t:J4""t:JHdtLa>!(099A%)-.!80)!,&!1%&.&='-)!()!
.%50$)! I! /%5='*'.7! 6)! ,&! +502,)! 6K-&*'80)! 6)(! 2K(.7'-)(! 67(0,10%&()(3! V-! ,'*'.&-.! ,)(!
*50$)*)-.(!6)!2)..)!+502,)!/&%!,&!2%7&.'5-!6;0-!)(/&2)!/,0(!25-1'-7@!,&!1%&.&='-)!/50%%&'.!I!,&!
15'(!6'*'-0)%!,;&2.'$'.7!6;:(2J!).!&2.'$)%!2),,)!6)!>LJ"t:J4""3!H)..)!OK/5.OA()!)(.!6;&0.&-.!/,0(!
$%&'()*+,&+,)!80)!,)(!&2.'$'.7(!2&.&,K.'80)(!/5(.W&2.'$&.'5-!6&-(!,)!*56A,)!)02&%K5.)(!).!/5(.W
'-O'+'.'5-!6&-(! ,)!*56A,)!+&2.7%')-! (5-.! 25*/&%&+,)(! Bh%'6s),,Wv&++!).! &,3@! DE"DG3!V-! )11).!
2)2'!(099A%)!0-!)-$'%5--)*)-.!)-<K*&.'80)!('*',&'%)!&/%A(!,&!1'=&.'5-!6)!,&!1%&.&='-)3!>50(!K!
%)$')-6%5-(!6&-(!-5.%)!6)%-'A%)!OK/5.OA()3!

!
! BBB#O#!$%!&'%(%)*+,!60@@,!'4S1.%(,1'!/,!.%!&0'@%(*0+!/,7!6.17(,'7!8,=!

!
U;0-)!6)(!OK/5.OA()(!80'!%)((5%.!6)!-5(!.%&$&0=!)(.!80)!,&! 1%&.&='-)!/50%%&'.!].%)!0-!

%790,&.)0%!250/,7!6)!,;'-25%/5%&.'5-!60!1)%!).!6)!,&!/%5602.'5-!60!(501%)3!V-!)11).@!-50(!&$5-(!
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! #"!

/0! 5+()%$)%! B"G! ,;)11).! &2.'$&.)0%! 6)! ,&! 1%&.&='-)! (0%! ,;&2.'$'.7! 2K(.7'-)! 67(0,10%&()! 60!
25*/,)=)!>LJ"t:J4""t:JHd@!).!BDG!(5-! '-1,0)-2)!(0%! ,;'-25%/5%&.'5-!60!1)%! ,5%(80;',!K!&!0-)!
&2.'$'.7!2K(.7'-)!67(0,10%&()!&0!()'-!60!25*/,)=)!BH5,'-!).!&,3@!DE"FG3!!

U)!/O7-5*A-)!6;&2.'$&.'5-!6)!,;&2.'$'.7!2K(.7'-)!67(0,10%&()!/&%!,&!1%&.&='-)!-;)(.!/&(!
-50$)&03!Q&%!25-.%)@!',!&//&%&p.!2,&'%)*)-.!80)!,;)='(.)-2)!6;0-!/O7-5*A-)!6)!(0%W&2.'$&.'5-!
-;)(.!/&(!(/72'1'80)!60!L)DT@!25-.%&'%)*)-.!I!6;&0.%)(!5+()%$&.'5-(!1&'.)(!/%7276)**)-.!BR(&'!
&-6!h&%5-6)&0@!DE"EG3!4)!/,0(! ',!-;)(.!/&(!-5-!/,0(!(/72'1'80)!6)! ,&! 1%&.&='-)!/0'(80;',!/)0.!
].%)!5+()%$7!)-!(5-!&+()-2)!BH5,'-!).!&,3@!DE"FG3!U&!%&'(5-!/50%!,&80),,)!6)(!'5-(!*7.&,,'80)(!
(5-.! 2&/&+,)(!6)! (0%W&2.'$)%! ,;&2.'$'.7! 2K(.7'-)!67(0,10%&()! %)(.)! '-25--0)3!H)/)-6&-.@! ',! )(.!
'*/5%.&-.!6)!-5.)%!80)!25-.%&'%)*)-.!&0=! '5-(! 1)%@!*&9-7('0*!).!*&-9&-A()@! ,;'5-!<'-2!-;&!
&020-! )11).! 6)! (0%W&2.'$&.'5-3! Q)0.W].%)! )(.W2)! ,I! 0-)! 25-(780)-2)! 6)! (&! 2&/&2'.7! I! ].%)!
255%6'-7!/&%! ,)(! 2K(.7'-)(!6;:JHd@!*&'(!-50(!-;)-!&$5-(!/50%! ,;'-(.&-.! &020-)!/%)0$)3!f05'!
80;',! )-! (5'.@! ',! &//&%&p.! 7$'6)-.! 80)! ,&! 1%&.&='-)! &2.'$)@! 50! /,0.c.! %790,)! /5('.'$)*)-.@! ,&!
/%5602.'5-!6)!(0,10%)(!&0!()'-!60!25*/,)=)!>LJ"t:J4""t:JHdtLa>3!

H5**)! *)-.'5--7! /%7276)**)-.@! -50(! &$5-(! &0(('! /0! *5-.%)%! 80)! ,&! 1%&.&='-)!
'-1,0)-é&'.!,;'-25%/5%&.'5-!60!1)%!&0!()'-!60!25*/,)=)!&0!250%(!6)!,&!+'5(K-.OA()!6)(!2,0(.)%(!
L)J3!4;0-!/5'-.!6)!$0)!*72&-'(.'80)@!2)2'!(099A%)!80)! ,&! 1%&.&='-)!k!+,580)%&'.!l! ,;)-.%7)!60!
1)%! )-! ,;&+()-2)! 6;&2.'$'.7! 2K(.7'-)W67(0,10%&()@! ).! ,;k!&2.'$)%&'.!l! 6&-(! ,)! 2&(! '-$)%()3! H)2'!
/)%*)..%&'.! 65-2! 0-)! &%%'$7)! 25-25*'.&-.)! 60! 1)%! ).! 60! (0,10%)! (0%! :JHd@! ).! &'-('!
,;5/.'*'(&.'5-!6)! ,&! 15%*&.'5-!6)(!2,0(.)%(!L)J3!H)..)!OK/5.OA()!6;0-!%c,)!6)!%790,&.)0%! B50!
(K-2O%5-'()0%G!6)!,&!15%*&.'5-!6)(!2,0(.)%(!L)J!)(.!.50.!I!1&'.!(760'(&-.)!6&-(!,&!*)(0%)!5m!,&!
1%&.&='-)! &0%&'.! &'-('! 0-)! 15-2.'5-! k!&*7,'5%&.%'2)!l! ).! -5-! k!)(()-.'),,)!l! /50%! ,&! 15%*&.'5-!
6)(! 2,0(.)%(! L)J3! H)2'! ()%&'.! 65-2! )-! &6780&.'5-! &$)2! ,)(! 5+()%$&.'5-(! 1&'.)(! ,-! 7,70! (0%! ,)(!
*56A,)(!*0%'-(!67,7.7(!)-!1%&.&='-)!5m@!j)!,)!%&//),,)@!',!)='(.)!0-!.&0=!%7('60),!6)!/%5.7'-)(!
L)J3!

H)/)-6&-.@!6;&0.%)(!OK/5.OA()(!(5-.!/5(('+,)(!80&-.!&0!%c,)!6)!,&!1%&.&='-)3!V-!)11).@!',!
&//&%&p.! 2,&'%! 6;0-! /5'-.! 6)! $0)! )-<K*5,59'80)! 80)! ,;)11).! 6)! ,&! 1%&.&='-)! (0%! ,;&2.'$'.7!
2K(.7'-)W67(0,10%&()@! 80)! 2)! (5'.! 25**)! &2.'$&.)0%! 50! '-O'+'.)0%@! )(.! %),&.'$)*)-.! %760'.!
BÇ"E=!(0%!,)!^2&.G!Bh%'6s),,Wv&++!).!&,3@!DE"DG3!Q&%!&',,)0%(@!,&!1'=&.'5-!60!1)%!/50%%&'.!].%)!0-)!
25-(780)-2)!(.%02.0%&,)!).!'-6'%)2.)!6)!,;&2.'$&.'5-!6)!,&!2K(.7'-)W67(0,10%&()!)-!/%7()-2)!6)!
,&!1%&.&='-)3!

!
! BBB#X#!$%!&'%(%)*+,!-!1+!7(%C*.*7%(,1'!/1!60@?.,),!(,'+%*',!

!
U)(!65--7)(!5+.)-0)(!,-!7,.30!6&-(!,)(!6'117%)-.(!*56A,)(!(099A%)-.!2,&'%)*)-.!80)!,&!

1%&.&='-)! ()! 1'=)! I! ,&! 15'(! (0%! ,&! /%5.7'-)! 6;72O&1&06&9)! ).! ,&! 2K(.7'-)! 67(0,10%&()3! g%@! -50(!
(&$5-(! 80)! ,)! 25*/,)=)! .)%-&'%)! >LJ"t:J4""t:JHd! )(.! %),&.'$)*)-.! '-(.&+,)3! U&! 1%&.&='-)!
/50%%&'.!65-2!j50)%!,)!%c,)!6)!(.&+','(&.)0%!6)!,;'-.)%&2.'5-!)-.%)!2)(!6)0=!/&%.)-&'%)(3!J'!-50(!
&$5-(! /0! &$5'%! 0-)! '67)! 6)! ,;&11'-'.7! 6)! ,&! 1%&.&='-)! /50%! 2)(! 6)0=! ('.)(! (0%! ,)! 25*/,)=)!
.)%-&'%)@!,;'*/5(('+','.7!6;&$5'%!,)!25*/,)=)!>LJ"t:J4""!-50(!&!)*/]2O7!6)!*)(0%)%!,;&11'-'.7!
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! #D!

6;:JHd! /50%! >LJ"t:J4""! )-! &+()-2)! 50! )-! /%7()-2)! 6)! 1%&.&='-)3! H)(! )=/7%')-2)(! 5-.!
2)/)-6&-.!7.7!1&'.)(!6&-(!,&!+&2.7%')!).!*5-.%)-.!80;)-!/%7()-2)!6)!HK&`@!:(2d!)(.!-)..)*)-.!
/,0(!(.&+,)!(0%!:(2J!BQ%'(2O'!).!&,3@!DE"E+G3!

Q&%! &',,)0%(@! ,)(! 65--7)(! (.%02.0%&,)(! 5+.)-0)(! /&%! JCaJ! (0%! ,)! 25*/,)=)!
:(2Jt:(2dtHK&`!BQ%'(2O'!).!&,3@!DE"E+G!).!/&%!0,.%&2)-.%'109&.'5-!&-&,K.'80)!(0%!,)(!25*/,)=)(!
>LJ"t:J4""t:JHd! ).! >LJ"t:J4""t:JHdtLa>! B65--7)(! /)%(5--),,)(G! (099A%)-.! 80)! ,&!
/%7()-2)!6)!,&!1%&.&='-)!'-60'%&'.!0-!2O&-9)*)-.!25-15%*&.'5--),!'*/5%.&-.!60!25*/,)=)@!,)!
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H)/)-6&-.@! ',! 1&0.! 25-('67%)%! 80)! ,)! %c,)! 6)! (.&+','(&.)0%! /)0.! 79&,)*)-.! ].%)!
('*/,)*)-.! 0-)! 25-(780)-2)! *72&-'80)! 6)! ,;'-.)%&2.'5-! 6)! ,&! 1%&.&='-)! &$)2! ,)! 25*/,)=)!
.)%-&'%)3!U;&j50.!(022)(('1!6)!/&%.)-&'%)(!(0%!,)!25*/,)=)!>LJ"t:J4""!,)!%)-6!6)!/,0(!)-!/,0(!
(.&+,)@!6;&0.&-.!/,0(!80)!2)(!/&%.)-&'%)(! '-.)%&9'(()-.! ,)(!0-(!&$)2! ,)(!&0.%)(! ?!>LJ"t:J4""!
&$)2!:JHd@! :JHd!&$)2! ,&! 1%&.&='-)!).! ,&! 1%&.&='-)!&$)2!>LJ"t:J4""3!V-!2)!()-(@! :JHd!/50%%&'.!
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/&(! 5+()%$&+,)! 6&-(! ,)!*56A,)!*&**'1A%)@! 2;)(.! 0-)! OK/5.OA()! 80;5-! /50%%&'.! 15%*0,)%! I!
/&%.'%!6)(!65--7)(!5+.)-0)(!6&-(!,)!*56A,)!+&2.7%')-!BQ%'(2O'!).!&,3@!DE"E+G3!Q&%!&',,)0%(@!0-)!
*0.&.'5-!(0%! :(0! Be"E#:G!/)%*)..&-.!6)! 1&'%)! ,)!k!+K/&((!l! 15-2.'5--),!6)! ,&! 1%&.&='-)!&!7.7!
'6)-.'1'7)!B`55-!).!&,3@!DE"DG3!H)!%7('60!)(.!('.07!I!,;5//5(7!6)!,&!%79'5-!6;'-.)%&2.'5-!:(0t>1("!
).!-;)(.!65-2!/&(!15%27*)-.!'*/,'807!6&-(!0-!/O7-5*A-)!6)!(0%W(.&+','(&.'5-!6)!,;'-.)%&2.'5-!
)-.%)! :(0! ).! >1("@! 25**)! /)0.! ,;].%)! ,&! *0.&.'5-! 4FoC! B-0*7%5.&.'5-! +&2.7%')--)G3! C0!
25-.%&'%)@! 2)! %7('60! ()! .%50$)! I! /%5='*'.7! 60!*5.'1! UQQi^! ).! )(.! )=/5(7! 6&-(! ,&! (.%02.0%)!
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!
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!
U;7.&.!6)!(.%02.0%&.'5-!6;:JHd!B50!:(2dG!&0!250%(!6)!,&!+'5(K-.OA()!6)(!2,0(.)%(!L)J!)(.!
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Be&%P,)K! ).! &,3@! DE"FG3! U;OK/5.OA()! 6;0-! %c,)! 6)! ,&! 1%&.&='-)! 6&-(! 2)! *72&-'(*)! /%)-6! (&!
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25*/,)=)!:(2J!,5%(80;),,)!)(.!(50(!(&!15%*)!k!67(.%02.0%7)!l!Be&%P,)K!).!&,3@!DE"FGG3!U5%(!6)!,&!
+'5(K-.OA()! 6)(! 2,0(.)%(! YDL)WDJZ@! ,&! /%5.7'-)! :(2d! )(.! /%59%)(('$)*)-.! k!(.%02.0%7)!l!
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2O&/)%5--)! _(2h! /0'(! /&%! ,&! (0'.)! /&%! _(2C! &0! 250%(! 60! .%&-(1)%.! 60! 2,0(.)%! $)%(! 0-)!
&/5/%5.7'-)!3!U;'*/5%.&-2)!6)!,&!(.%02.0%&.'5-!6;:(2d!&0!250%(!60!/%52)((0(!6)!15%*&.'5-!6)(!
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!
!
!
!
!
!
!
!

!
!"#$%&'()'*'+,-./&'-&'/0'1"203",4'-&'/0'1%0302"4&'5$%'/&'6,78/&2&'9!:;<=:>;;<=:?@''
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2<&=='-)7'>?,,0?)7()1',+>(7?+>8'

#!%&$!"#'()*+,-./0)',+1(0)'
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$!!%&'!()!*!+,-!.!/01-2345-+6!(-7!89-713+7319!(7!()!*!71:)-!.!/01-234,/!(-7!-713+7319!;<:,!(7!:/='!
>?@>A=!

;>A!B:1://C/(D()7'! /01-!8(! /:! E01D:7,0)!8(! +/3-7(1-! FGH(IGJK! -31! 5-+6'! /(! 71:)-E(17! -31!
/4:+0),7:-(!8(!+(!7LM(!8(!+/3-7(1!(-7!71C-!1983,7!(7!)4(-7!M:-!:+7,N9!M:1!O-+PQO-+R!;6)+,3/(:+!(7!
:/='!>??"A=!S0DD(!/40)7!-3TT919!<(),-!<(:)!(7!U,V(!W0X)-0)'!)03-!M03N0)-!E:,1(!/4XLM07XC-(!
23(!/01-2345-+6!M0--C8(!+(!7LM(!8(!+/3-7(1'!-,!-:!-713+731:7,0)!)4(-7!M:-!0M7,D:/('!/(!71:)-E(17!
(-7!,)(EE,+:+(=!S(M()8:)7'!(7!8(!D:),C1(!,):77()83(!(7!,)98,7('!)03-!:N0)-!M3!0Y-(1N(1!234()!
M19-()+(! 8(! /:! E1:7:Z,)('! /(! +/3-7(1! FGH(IGJK! +0)7()3! 8:)-! 5JS6! 97:,7! )(77(D()7! D,(3Z!
71:)-E919! ;#ZA! ;S0/,)! (7! :/='! >?@#A=! S(+,! -3TTC1(! 80)+! 23(! /:! E1:7:Z,)(! M0311:,7! :N0,1! 3)(!
,)E/3()+(!-713+731:/(!-31!5JS6!:E,)!8(!1()81(!/(!+/3-7(1!M/3-!71:)-E91:Y/(=!;[03-!1(N,()810)-!
()!897:,/!-31!/(-!19-3/7:7-!+0)+(1):)7!/(-!+/3-7(1-!H(J!8:)-!/:!M:17,(!-3,N:)7(A=!

;#A! P,()! 23(! )03-! )4:L0)-! M:-! 84,89(! M19+,-(! 8(! /:! ):731(! 8(! /4,)7(1:+7,0)! ()71(! /:!
E1:7:Z,)(! (7! 5JS6'! ,/! :MM:1:\7! 23(! /(! 71LM70MX:)(! (ZM0-9!]@^^! (-7! +/:,1(D()7! ,DM/,239=! _1!
)03-!-:N0)-!23(!/:!+X:,)(!/:791:/(!83!71LM70MX:)(!,)7(1:T,7!M19E91()7,(//(D()7!:N(+!84:371(-!
19-,83-! +L+/,23(-! ;O,-7,8,)('! BX9)L/:/:),)('! `L10-,)('! `1LM70MX:)(! (7! B10/,)(A! 03! :N(+! 8(-!
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B_!J!$%!C*07D+(AE7,!/,7!6.17(,'7!8,=!-!P1,7(*0+7!,+!717?,+7!
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! U&!25*/%7O)-('5-!60!*72&-'(*)!6)!+'5(K-.OA()!6)(!2,0(.)%(!L)J!6)*)0%)!'-25*/,A.)3!
>50(! /50$5-(! 2)/)-6&-.! ,)! %7(0*)%! (0%! ,&! 15%*)! 6)! ,&! L'90%)! \E! 6&-(! ,;7.&.! &2.0),,)! 6)(!
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$%&'()*+,&+,)*)-.! (50(! ,&! 15%*)! 6;0-! /)%(0,10%)! BHK(WJWJ_G! (0%! >LJ"! 50! :JHd@! 80)!
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D(Z@!',!()!(.%02.0%)!).!)(.!I!2)!.'.%)!(0//5(7!()!6'((52')%!1&2',)*)-.!6;:(2J3!4&-(!-5(!25-6'.'5-(!
)=/7%'*)-.&,)(@!:JHd!/5((A6)!(K(.7*&.'80)*)-.!0-!2,0(.)%!YqL)WqJZ!).!-)!()!6'((52')!/&(!60!
25*/,)=)!>LJ"t:J4""t:JHd3!U&!/%7()-2)!6)!,&!1%&.&='-)@!80'!/50%%&'.!].%)!'*/,'807)!6&-(!,&!
(.%02.0%&.'5-! 6;:JHd@! -;&2.'$)! /&(! -5-! /,0(! (&! 6'((52'&.'5-3! H)/)-6&-.@! -50(! (&$5-(! 80)! ,)!
.%&-(1)%.!6)(!2,0(.)%(!YqL)WqJZ!$)%(!,;&25-'.&()!)(.!1&2','.73!4)(!)=/7%')-2)(!25*/,7*)-.&'%)(!
)-!0.','(&-.!_JHDE!B_(2hG!).!rvQ#\!B_(2CG!/50%%&')-.!-50(!/)%*)..%)!6;&$5'%!0-)!*)',,)0%)!
'67)!*72&-'(.'80)!60!%c,)!6)!,&!1%&.&='-)3!

4)!/,0(@! ',! )(.! '*/5%.&-.!6)! %&//),)%!80)! ,)(!6'117%)-.)(!65--7)(!6'(/5-'+,)(!6&-(! ,&!
,'..7%&.0%)! .7*5'9-)-.! 60! %c,)! $%&'()*+,&+,)*)-.! -5-W(/72'1'80)! 6)! ,&! 1%&.&='-)! 6&-(! ,&!
15%*&.'5-!6)(!2,0(.)%(!YDL)WDJZ!50!YqL)WqJZ!B:&--0<<'!).!&,3@!DE""G3!U;5+()%$&.'5-!6)!2,0(.)%(!
YDL)WDJZT! (0%! ,)! 25*/,)=)! .)%-&'%)! 0-'80)*)-.! -)! .7*5'9-)! /! =3,03,! 80)! 6)! ,&! /,0(! 1&'+,)!
&2.'$'.7! 2&.&,K.'80)! 6)! >LJ"t:J4""! )-! &+()-2)! 6)! ,&! 1%&.&='-)3! H)/)-6&-.@! ,&! 15%*&.'5-! 6)!
2,0(.)%(!YqL)WqJZ!(0%!:JHd!&0!()'-!6)(!25*/,)=)(!%)*).!)-!80)(.'5-!,;OK/5.OA()!5%'9'-),,)!80'!
(0997%&'.! ,;&((52'&.'5-! 6)! 6)0=! :(2d! 25-.)-&-.! 2O&20-! 0-! 2,0(.)%! YDL)WDJZT! /50%! 1&'%)! 0-!
6'*A%)!6;:(2d!25-.)-&-.!0-!2,0(.)%!YqL)WqJZDT!BC9&%!).!&,3@!DEEE+G3!V-!)11).@!('!-50(!(5**)(!
2&/&+,)(! 6)! $5'%! ,;'-.)%*76'&'%)! YDL)WDJZT@! :JHd! )(.! (50(! 0-)! 15%*)!*5-5*7%'80)! 6&-(! ,)!
25*/,)=)!.)%-&'%)!).!80&.)%-&'%)!).!-;)(.!/&(!6'((52'7!6)!2)0=W2'3!

U&! 25*/%7O)-('5-!)=&2.)!6)! ,&! 15%*&.'5-!6)(! 2,0(.)%(!L)J! &0! ()'-!6)(! 25*/,)=)(!6)!
+'5(K-.OA()! )(.! 65-2! )-25%)! ,5'-! 6;].%)! .5.&,)3! U;5/.'*'(&.'5-! 6)! /%52767(! /)%*)..&-.! 0-!
%&,)-.'(()*)-.! .%A(! ('9-'1'2&.'1! 6)! ,;&2.'$'.7! 2K(.7'-)! 67(0,10%&()@! )-! 2O&-9)&-.! ,)! .K/)! 6)!
%7602.)0%! 50! )-! ,;5*)..&-.@! 6)$%&'.! /)%*)..%)! 6;5+()%$)%! ).! 6)! 2&%&2.7%'()%! 6)(!
'-.)%*76'&'%)(!6;'*/5%.&-2)!*72&-'(.'80)!*&j)0%)3!!

!
! B_#O#!:7D@4('*,!/,7!60@?.,),7!

!

Q&%*'! ,)(!6'117%)-.)(!5+()%$&.'5-(! (0%/%)-&-.)(!80)!-50(!&$5-(!/0! 1&'%)@! 2),,)!6;0-)!
&(K*7.%')! 15-2.'5--),,)! 60! 25*/,)=)! )(.! ,;0-)! 6)(! /,0(! '-.%'9&-.)3! V-! )11).@! ('! ,)! 2&%&2.A%)!
5//5(7! 6)(! ('.)(! &2.'1(! 6)! >LJ"! &! (0997%7! 6A(! ,&! 2%'(.&,,'(&.'5-! 6)! (5-! O5*5,590)! :(2J! 0-!
*72&-'(*)! (780)-.'),! /,0.c.! 80)! 255/7%&.'1! BH0//Wi'2P)%K@! DEEFG@! -50(! &$5-(! /0! $7%'1')%!
)=/7%'*)-.&,)*)-.! 0-! 25*/5%.)*)-.! &(K*7.%'80)@! ).! 2)2'! /50%! 6)0=! %&'(5-(3! B"G! U&!
2&%&2.7%'(&.'5-! 6)! ,;&11'-'.7! 6)! ,&! 1%&.&='-)! /50%! ,)! 25*/,)=)! >LJ"t:J4""t:JHd! /&%!



!



! ##!

0,.%&2)-.%'109&.'5-!&-&,K.'80)!&!/)%*'(!6)!25-(.&.)%!0-)!&11'-'.7!*5'-6%)!/50%!,)!()25-6!('.)@!
/50%.&-.! .O75%'80)*)-.! /&%1&'.)*)-.! '6)-.'80)3! Q&%! &',,)0%(@! -5(! *0,.'/,)(! )((&'(! /&%! :RH!
B:(5.O)%*&,! R'.%&.'5-! H&,5%'*).%KG! -)! -50(! 5-.! /)%*'(! 6;5+()%$)%! ,&! 1'=&.'5-! 80)! 6;0-)!
1%&.&='-)!(0%!,)!25*/,)=)!.)%-&'%)@!(0997%&-.!80)!('!0-)!()25-6)!1'=&.'5-!()!1&'.@!),,)!-;)(.!/&(!
.O)%*56K-&*'80)*)-.!$'('+,)!B65--7)(!/)%(5--),,)(G3!BDG!Q&%!&',,)0%(@!,5%(!6)(!)=/7%')-2)(!
6)! %)25-(.'.0.'5-! 6)(! 2,0(.)%(! L)J@! -50(! &$5-(! /0! 5+()%$)%! 80;',! -;K! &$&'.! j&*&'(! /,0(! 6;0-!
2,0(.)%!YqL)WqJZ!/&%!25*/,)=)3!!

>50(!/50$5-(!65-2!1&'%)!,;OK/5.OA()!80;',!)='(.)!0-!)11).!(.%02.0%&,!6)!,&!1'=&.'5-!6)!,&!
1%&.&='-)!(0%! ,)!25*/,)=)!>LJ"t:J4""t:JHd!(011'(&**)-.! '*/5%.&-.!/50%!80;',!/0'(()!&$5'%!
6)(! 25-(780)-2)(@! /! =3,03,! '-O'+'.%'2)(@! &0! -'$)&0! 60! ()25-6! ('.)! )-<K*&.'80)3! H)2'! -;)(.!
2)/)-6&-.!/&(!)-! '-&6780&.'5-!&$)2!6)(!5+()%$&.'5-(!/%7276)**)-.! %7&,'(7)(! (0%!6;&0.%)(!
)-<K*)(!QUQ!67/)-6&-.)(!BJ),+&2O!).!&,3@!DE"EG3!

!
! B_#X#!Q'*S*+,!/,7!4.,6('0+7!

!
J'!,;'*/,'2&.'5-!6)!,&!1)%%765='-)!6&-(!,)!*72&-'(*)!6)!+'5(K-.OA()!6)(!2,0(.)%(!L)J!-)!

1&'.!/&(!6)!650.)@!(5-!%c,)!)=&2.!)(.!(0j).!I!67+&.3!C0j50%6;O0'!6)0=!OK/5.OA()(!(;5//5()-.! ?!
B"G! ,&! 1)%%765='-)! '-.)%$')-.! ,5%(! 6)! ,&! %7602.'5-! 6)(! 2,0(.)%(! YDL)WDJZDT! /50%! 15%*)%! 6)(!
2,0(.)%(!YDL)WDJZT!).!/%5*50$5'%!,&!15%*&.'5-!6)(!YqL)WqJZDT!BHO&-6%&*50,'!).!&,3@!DEE#G3!BDG!
U&! 1)%%765='-)! '-.)%$')-.! 6'%)2.)*)-.! &0! 67+0.! 6)! ,&! +'5(K-.OA()! 60! 2,0(.)%! YDL)WDJZ@! /&%!
)=)*/,)!)-!%760'(&-.! ,)(!/)%(0,10%)(!(0%!>LJ"!50! :JHd!B^'*!).!&,3@!DE"FG3!H5**)! j)! ,;&'!6'.!
6&-(!,;'-.%5602.'5-@!,&!/%)*'A%)!OK/5.OA()!)(.!(760'(&-.)!6&-(!,&!*)(0%)!5m!,&!1)%%765='-)!)(.!
),,)W*]*)! 0-)! /%5.7'-)! L)J! &$)2! 0-! 2,0(.)%! YDL)WDJZ@! 2&%! 0-)! '*/,'2&.'5-! ,'*'.7)! I! ,&!
*&.0%&.'5-!6)(!2,0(.)%(! YqL)WqJZ! ,0'!7$'.)!6;].%)! '*/,'807)!6&-(! ,&! 15%*&.'5-!6)!(5-!/%5/%)!
251&2.)0%3!

U)(!7.06)(!%72)-.)(!6)!,&!1)%%765='-)!+&2.7%')--)!&0!()'-!60!25*/,)=)!:(2Jt:(2d!).!,)(!
/%7276)-.)(!7.06)(!*)-7)(!&0!()'-!60!25*/,)=)!>LJ"t:J4""t:JHd!/&%!J.7/O&-)!J2O*02P)%!
6&-(! -5.%)! 780'/)@! *5-.%)-.! 80;',! )='(.)! 0-! 2O)$&02O)*)-.! '-.7%)((&-.! )-.%)! ,&! <5-)! 6)!
1'=&.'5-!6)!,&!1%&.&='-)!).!2),,)!6)!,&!1)%%765='-)!B`&-!).!&,3@!DE"FG3!Q&%!&',,)0%(@!',!&//&%&p.!80;',!
-;K!&!/&(!6;'-.)%&2.'5-!6'%)2.)!)-.%)!,&!1)%%765='-)!).!:(2d3!H)(!6'117%)-.)(!5+()%$&.'5-(!(5-.!I!
,;7$'6)-2)! .%A(! '-.7%)((&-.)(! 60! /5'-.! 6)! $0)! *72&-'(.'80)! ).! -50(! /)%*)..)-.! 6;7*)..%)!
6'117%)-.)(!OK/5.OA()(!?!

W!B"G!U&!1%&.&='-)!).!,&!1)%%765='-)!&%%'$)-.!,;0-)!&/%A(!,;&0.%)!(0%!,)!25*/,)=)@!6&-(!0-!
5%6%)!/%72'(3!4&-(!,&!*)(0%)!5m!,&!1)%%765='-)!-;'-.)%&9'.!$'('+,)*)-.!/&(!&$)2!:(2d@!',!
&//&%&p.! *72&-'(.'80)*)-.! /,0(! $%&'()*+,&+,)! 80)! ,&! 1%&.&='-)! (5'.! ,&! /%)*'A%)3! U&!
1)%%765='-)! &%%'$)%&'.! &,5%(! /&%! ,&! (0'.)! )-! 67/,&é&-.! ,&! 1%&.&='-)@! )=/5(&-.! &'-('! ,)!
2,0(.)%! )-! 250%(!6)! (K-.OA()! (0%! :(2d! I! (5-!/%5/%)! 2,0(.)%! YDL)WDJZ! /50%!65--)%!0-!
7,)2.%5-3! H;)(.! 0-)! OK/5.OA()! )-$'(&9)&+,)! 80),! 80)! (5'.! ,)! %c,)! 80)! ,;5-! 65--)! I! ,&!
1%&.&='-)3!



!



! #M!

W! BDG! U&! 1%&.&='-)! ).! ,&! 1)%%765='-)! &,.)%-)-.! 6K-&*'80)*)-.! (0%! ,)! 25*/,)=)3! H)..)!
OK/5.OA()!)(.!(760'(&-.)!('!,;5-!(0//5()!0-!%c,)!6)!65--)0%!6)!1)%!/50%!,&!1%&.&='-)3!V-!
)11).@! ,&! 1%&.&='-)! -)! /50$&-.! 1'=)%! 6)! 9%&-6)(! 80&-.'.7(! 6)! 1)%! B"! I! D! &.5*)(! 6)! 1)%!
()0,)*)-.G@!),,)!65'.!-72)((&'%)*)-.! 1&'%)!6)(!&,,)%(W%).50%(!/50%!()!k!%)2O&%9)%!l!)-!
1)%3!Q&%&,,A,)*)-.@!,&!1)%%765='-)!-)!/50$&-.!65--)%!80;0-!7,)2.%5-!I!,&!15'(@!),,)!65'.@!
),,)!&0(('@!/50$5'%!6K-&*'80)*)-.!&,,)%!).!$)-'%!(0%!,)!25*/,)=)3!
!
J'!*)(!/%5/%)(!7.06)(!-)!%7/5-6)-.!)-!%')-!I!2)..)!80)(.'5-@! ',!*)!()*+,)!'*/5%.&-.!

6)! 1&'%)! %)*&%80)%! 80)! ,)! 9,0.&.O'5-@! 0-! %7602.)0%! /OK('5,59'80)@! /)0! /&%1&'.)*)-.!
%)*/,&2)%! ,)! 4RR! &0! 250%(! 6)! ,;&2.'$'.7! 2K(.7'-)! 67(0,10%&()@! 2;)(.WIW6'%)! 80;',! )(.!
)=/7%'*)-.&,)*)-.!2&/&+,)!6)!%760'%)!,)(!/)%(0,10%)(!(0%!,)(!25*/,)=)(!>LJ"t:J4""t:JHd!).!
>LJ"t:J4""t:JHdtLa>! B65--7)(! /)%(5--),,)(G3! H)..)! OK/5.OA()! (;'-(2%'.! 6&-(! ,)! 25-.)=.)!
6)(! 5+()%$&.'5-(! %7&,'(7)(! 6&-(! ,;780'/)! 6)! e'P)! [5O-(5-! 80&-.! I! ,;'*/,'2&.'5-! 6)! ,&!
1)%%765='-)! 0-'80)*)-.! 6&-(! ,)(! 7.&/)(! .&%6'$)(! 6)! ,&! +'5(K-.OA()! 6)(! 2,0(.)%(!?! ,&!
*&.0%&.'5-!6)(!2,0(.)%(!YqL)WqJZ3!
!
_!J!$,!.0S*6*,.!W',/B="!,(!.%!',6A,'6A,!/,!?'0(4*+,7!8,=!
! _#K#!$*@*(,7!I!.%!',6A,'6A,!/,!6%+/*/%(7!?%'!.,!.0S*6*,.!W',/B="!

!

U)!65*&'-)!6)(!/%5.7'-)(!I!2,0(.)%(!L)J!)(.!)-!25-(.&-.)!7$5,0.'5-!).!,)0%!-5*+%)!)(.!
2%5'((&-.@! -5.&**)-.! 2O)<! ,)(! *&**'1A%)(3! U)0%! ,52&,'(&.'5-B(G! ).! ,)0%! 15-2.'5-B(G! (5-.!
)=.%]*)*)-.! 6'$)%()(! ).! ,&'(()-.! /%7(&9)%! 0-! 67$),5//)*)-.! 25-('67%&+,)! 6)! 2)! 65*&'-)!
6&-(! ,)(! &--7)(! I! $)-'%3! U)(! %)2O)%2O)(! 80)! -50(! &$5-(!*)-7)(! 9%X2)! I! -5.%)! /%59%&**)!
Q%)6:JH!-50(!5-.!/)%*'(!6)!%7&,'()%!I!80),!/5'-.!,)!-5*+%)!6)!/%5.7'-)(!25-.)-&-.!6)(!*5.'1(!
.K/'80)(! 6)! 255%6'-&.'5-! 6)! 2,0(.)%(! L)J! )(.! 7,)$7! B"F3\x! 6)(! /%5.7'-)(! *&**'1A%)(! 6)!
(s'((/%5.G3!H)2'!6'.@!',!)(.!'*/5%.&-.!6)!25-('67%)%!80),80)(!,'*'.)(!I!2)..)!&//%52O)!?!!
W! B"G! V-! +&(&-.! 67,'+7%7*)-.! -5.%)! &//%52O)! (0%! ,)(!*5.'1(! 6)! 255%6'-&.'5-! 6)(! 2,0(.)%(! I!
,;72O),,)!6)! ,&! (780)-2)@! -50(! &$5-(! 1&'.! ,;'*/&(()! (0%! ,)(! '-15%*&.'5-(! (.%02.0%&,)(@! /,0(!
/%72')0()(! ).! /,0(! +'5,59'80)*)-.! ('9-'1'2&.'$)(3! H)/)-6&-.@! ',! 1&0.! %&//),)%! '2'! 80)! ,)!
-5*+%)! 6)! (.%02.0%)(! 6'(/5-'+,)(! )(.! 1'-&,)*)-.! %760'.! /&%! %&//5%.! &0! -5*+%)! .5.&,! 6)!
/%5.7'-)(!B"ExG3!V-!)11).@!',!K!&!I!2)!j50%!B52.5+%)!DE"FG!0-!/)0!*5'-(!6)!u\EE!(.%02.0%)(!
6)! /%5.7'-)(! *&**'1A%)(@! /50%! /,0(! 6)! u\EEE! (780)-2)(! /%5.7'80)(! 6&-(! ,&! +&()! 6)!
65--7)(! (s'((/%5.! B*&**'1A%)G3! 4)! /,0(@! ',! )='(.)! .%A(! /)0! 6)! (.%02.0%)(! 6)! /%5.7'-)(!
*&**'1A%)(!&$)2!6)(!2,0(.)%(!L)J3!

W! BDG! V-! ()! +&(&-.! 0-'80)*)-.! (0%! 6)(! *5.'1(! 25--0(@! -50(! (0//%'*5-(! ,&! /5(('+','.7! 6)!
67250$%'%!6)(!/%5.7'-)(!L)J!'-76'.)(3!H)/)-6&-.@!).!2;)(.!2)!80'!%)((5%.!6)(!.%&$&0=!(0%!,&!
25-(.%02.'5-!).!,;5/.'*'(&.'5-!6)(!J51.('9-(@!('!-50(!-)!-50(!,'*'.5-(!/&(!.%A(!/%72'(7*)-.!I!
2)2'! ).! 6)! *&-'A%)! (.%'-9)-.)@! ,&! 80&-.'.7! 6)! /%5.7'-)(! 2&-6'6&.)(! ()%&'.! /%&.'80)*)-.!
25*/&%&+,)!I!,&!.&',,)!6)!,&!+&()!6)!65--7)(!0.','(7)!/50%!,)(!%)2O)%2O)%3!



!



! #o!

W!BFG!U;)='(.)-2)!6;0-!*5.'1!.K/'80)!6)!%)25--&'((&-2)!6)!2,0(.)%(!L)J!-;)(.!/&(!,&!/%)0$)!6)!,&!
/%7()-2)!6;0-!2,0(.)%!L)J3!U;)=)*/,)!,)!/,0(!1%&//&-.!)(.!2),0'!6)(!/%5.7'-)(!:vQ"!).!:vQD@!
6)0=! /&%&,590)(! 80'! /&%.&9)-.! )=&2.)*)-.! ,)! *]*)! *5.'13! V-! )11).! :vQ"! B50! &25-'.&()!
2K.5(5,'80)G!)(.!2&/&+,)!6)!255%6'-)%!0-!2,0(.)%!YqL)WqJZ@!2)!80'!-;)(.!)=/7%'*)-.&,)*)-.!
/&(!,)!2&(!6;:vQD3!H)2'!(099A%)!80;',!)(.!.%A(!25*/,'807!6)!()!,'*'.)%!0-'80)*)-.!&0=!*5.'1(!
6)!255%6'-&.'5-3!

W!BqG!U&!-72)(('.7!6)!$7%'1')%!).!6)!25%%'9)%!,)(!&,'9-)*)-.(!*0,.'/,)(!&0!250%(!6)!,&!2%7&.'5-!
6)(! k!J51.('9-(!l@! &'-('! 80)! 6)! 671'-'%! (5'W*]*)! 0-)! /&%.')! 6)(! %7('60(! ,&! 25*/5(&-.!
)-.%&'-)! 0-! '*/5%.&-.! +'&'(! O0*&'-3! H)%.)(@! ,)(! 5%6'-&.)0%(! -)! (5-.! /50%! ,;'-(.&-.! /&(!
2&/&+,)(!6)!1&'%)!*')0=!80)!2)!80;5-!,)0%!6)*&-6)@!*&'(!',(!5-.!,;&$&-.&9)!6;].%)!5+j)2.'1(3!
C0(('@!6&-(! ,&!*)(0%)!5m! ',!)(.! '*/5(('+,)!6;7$'.)%!0-)! '-.)%$)-.'5-!O0*&'-)!&0!250%(!60!
/%52)((0(!6)!2%7&.'5-!6)(!k!J51.('9-(!l@! ',!)='(.)!0-)!$&%'&.'5-!6'11'2',)*)-.!*)(0%&+,)!80'!
%)-6! ,)(! %7(0,.&.(! ,79A%)*)-.! 6'117%)-.(! 6)! 2)0=! 80;&0%&'.! 5+.)-0(! 0-! &0.%)! 0.','(&.)0%3!
C'-('! ,&!9%&-6)!(50/,)(()!60!/%59%&**)!Q%)6:JH!)(.@!I!*5-!&$'(@!79&,)*)-.! ,;0-)!6)!()(!
/,0(!9%&-6)(!1&'+,)(()(!/0'(80;),,)!,'*'.)!,&!/5(('+','.7!6)!%)/%560'%)!6)0=!15'(!)=&2.)*)-.!
,)(!*]*)(!%7(0,.&.(3!g%!,&!%)/%5602.'+','.7!6)(!%7(0,.&.(!)(.!)(()-.'),,)3!

W! B\G! U&! 25-(.%02.'5-!6;&%+%)(!/OK,597-7.'80)(! ).! 6;&,'9-)*)-.(!*0,.'/,)(! (0%! ,)(!65*&'-)(!
6)(!/%5.7'-)(!2&-6'6&.)(!/&%.&9)&-.!,)!*]*)!*5.'1!)(.!(2')-.'1'80)*)-.!1&0(()!6;0-!/5'-.!
6)!$0)!7$5,0.'13!V-!)11).@!,5%(80)!,)(!/%59%&**)(!e&11.!).!H,0(.&,!(5-.!0.','(7(!/50%!%7&,'()%!
2)..)!&-&,K()@!',!)(.!'*/5%.&-.!6)!()!%&//),)%!80)!,)(!2&-6'6&.(!-;5-.!(.%'2.)*)-.!%')-!I!$5'%3!
C0(('@!2)(!&-&,K()(!65'$)-.!].%)!/%'()(!/50%!2)!80;),,)(!(5-.!?!0-!*5K)-!*&.O7*&.'80)!6)!
%)9%50/)%! )-()*+,)! ,)(! 2&-6'6&.(! /&%.&9)&-.! 6)(! *5.'1(! 65-.! ,&! ('*',&%'.7! 67/&(()! ,)(!
()0,)(!2K(.7'-)(!255%6'-&-.!,)(!2,0(.)%(!L)J3!

W!BuG!U&!2%7&.'5-!6)!,&!,'(.)!'-'.'&,)!/0'(!6)(!k!(51.('9-(!5/.'*'(7)(!l!)(.!0-!/%52)((0(!,5-9!)-!
25*/&%&'(5-!&$)2!,)!%)(.)3!U)!,59'2'),!Q%)6:JH!)(.!)11)2.'$)*)-.!.%A(!)11'2&2)!/50%!%7&,'()%!
,)(! %)2O)%2O)(@!*&'(! ',! )(.! '*/5%.&-.!6)! %&//),)%!80;',!-)!/)0.!/&(! %7&,'()%! ,;)-()*+,)!60!
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Abstract

Background: Frataxin, the mitochondrial protein deficient in Friedreich ataxia, a rare autosomal recessive neurodegen-
erative disorder, is thought to be involved in multiple iron-dependent mitochondrial pathways. In particular, frataxin plays
an important role in the formation of iron-sulfur (Fe-S) clusters biogenesis.

Methodology/Principal Findings: We present data providing new insights into the interactions of mammalian frataxin with
the Fe-S assembly complex by combining in vitro and in vivo approaches. Through immunoprecipitation experiments, we
show that the main endogenous interactors of a recombinant mature human frataxin are ISCU, NFS1 and ISD11, the
components of the core Fe-S assembly complex. Furthemore, using a heterologous expression system, we demonstrate that
mammalian frataxin interacts with the preformed core complex, rather than with the individual components. The
quaternary complex can be isolated in a stable form and has a molecular mass of <190 kDa. Finally, we demonstrate that
the mature human FXN81–210 form of frataxin is the essential functional form in vivo.

Conclusions/Significance: Our results suggest that the interaction of frataxin with the core ISCU/NFS1/ISD11 complex most
likely defines the essential function of frataxin. Our results provide new elements important for further understanding the
early steps of de novo Fe-S cluster biosynthesis.
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Introduction

Human frataxin is the protein deficient in Friedreich ataxia
(FRDA), a devastating autosomal recessive neurodegenerative
disease associated with hypertophic cardiomyopthy, affecting 1/
40,000 in the caucasian population [1,2]. Frataxin is a highly
conserved mitochondrial protein from bacteria to humans [2,3].
Genetic and biochemical studies support a role of frataxin as a
multifunctional protein in different iron-dependent mitochondrial
pathways [2,3], through its ability to bind iron in vitro [4,5] and to
deliver iron to different acceptors [6,7]. Moreover, binding of iron
can trigger frataxin oligomerization in vitro, a process that was
proposed to scavenge toxic iron in a bioavailable form and to be
essential for frataxin function [8]. Both monomeric and oligomeric
forms of frataxin were shown to interact with various potential iron
acceptors. Frataxin was shown to interact in vitro with ferrochelatase
and to provide the iron that is needed in the last step of heme
biosynthesis [7,9]. Frataxin was also proposed to interact with
mitochondrial aconitase, a Fe-S-containing protein, providing
protection against the disassembly of the Fe-S cluster by facilitating

iron transfer to aconitase [10]. Similarly, and more extensively, both
monomeric and oligomeric forms of frataxin were proposed to be the
iron donor protein for de novo Fe-S cluster biosynthesis [6,11–16].
Fe-S clusters are critical prosthetic groups present in proteins

involved in essential cellular processes ranging from nuclear genome
stability, protein translation to mitochondrial metabolism [17].
Within the past decade, the biogenesis of Fe-S proteins has been
extensively studied in bacteria and yeast demonstrating that it is a
complex process involving multiple highly conserved components
[17,18]. De novo Fe-S cluster assembly, a mitochondrial process in
eukaryotes, relies on the assembly of a Fe-S cluster on a scaffold
protein (IscU (bacteria), Isu1 (yeast), ISCU (mammalian)) from
inorganic iron and sulfur, followed by the transfer of the scaffold-
bound Fe-S cluster to the target apoproteins. Both the synthesis and
the final transfer to apoproteins require the help of additional
proteins. The sulfur is provided through a persulfide intermediate
by a pyridoxal phosphate-dependent cysteine desulfurase, IscS in
bacteria and the Nfs1/Isd11 complex in eukaryotes, that interacts
with the scaffold protein to form a complex in which Fe-S cluster
biosynthesis was proposed to occur in vivo [19]. The exact function of
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the eukaryotic protein Isd11 is unknown, but it has been proposed to
stabilize Nfs1 through a direct interaction [20,21]. The bacterial,
yeast and human frataxins (CyaY, Yfh1 and FXN, respectively)
were shown to interact with multiple core components of the
biosynthesis machinery [11–16]. Furthermore, in vitro, iron loaded
human frataxin was shown to deliver iron to ISCU [6]. However,
how frataxin interacts with the Fe-S cluster biosynthesis components
remains unclear as direct one-to-one interactions with each
component were reported (IscS [12,22], IscU/Isu1 [6,11,16] or
ISD11/Isd11 [14,15]). Finally, the iron-donor function of frataxin
has recently been challenged as in vitro kinetic studies of Fe-S cluster
biosynthesis using the bacterial components revealed that CyaY
behaves as an iron-dependent inhibitor of Fe-S cluster assembly
through a specific interaction with IscS [22]. Additional experi-
ments are thus required to clarify both the function(s) and the
molecular network(s) of the frataxin protein.
To obtain a comprehensive insight into the multiple functions of

frataxin, we decided to identify and characterize the interactions of
human frataxin. In the present work, we show that endogenous
mitochondrial ISCU, NFS1, and ISD11 are the main interactors
of frataxin. Using complementary in vitro and in vivo experiments,
we infer that the essential function of mammalian frataxin consists
in interacting with the preformed ISCU/NFS1/ISD11 complex,
forming a <190 kDa quaternary complex that can be isolated in a
stable form. Finally, we demonstrate that the function of frataxin is
sustained in vivo by the mature and monomeric form of frataxin.

Results

The Fe-S cluster biosynthesis machinery components
NFS1, ISCU and ISD11 are the main interactors of mature
frataxin
We searched for the interacting partners of human frataxin by

coupling immunoprecipitation (IP) with mass spectrometry
analysis. Due to competition between the immunoprecipitating
1G2 antibody and interactors, IP of endogenous frataxin failed to
identify protein partners (data not shown), with the exception of
the mitochondrial processing peptidase (MPPb) involved in the
maturation of frataxin [23]. Therefore, IP was performed from
HeLa mitochondrial extracts expressing a recombinant human
frataxin with a C-terminal flag epitope (hFXN-Flag). As reported,
three forms of frataxin, the precursor (25 kDa), the intermediate
(19kDa) and the mature (14 kDa) forms [24] were specifically
immunoprecipitated from the corresponding HeLa mitochondrial
fractions using an anti-Flag antibody (data not shown). Mass
spectrometry analysis identified only four common proteins
(ISCU, NFS1, ISD11 and MPPb) from two independent
experiments that specifically co-immunoprecipitated with hFXN-
Flag, with an average coverage ranging from 3–61% (Fig 1A and
Table S1). The four proteins were not detected in the negative
control in contrast to the mitochondrial HSPA9 and HSPD1
chaperones (Table S1). The specific interaction with endogenous
ISCU and NFS1 was confirmed by western blot analysis (Fig 1B).
Unfortunately, the available ISD11 antibody did not detect the
endogenous ISD11 from mitochondrial HeLa cell extract.
To further confirm these interactions, we performed GST pull-

down experiments from HeLa mitochondrial extracts using the
mature form of human frataxin (aa 81–210) fused to an N-terminal
GST (GST-hFXN81–210). A specific interaction between frataxin
and endogenous ISCU and NFS1 was detected by western blot
(Fig 1C), in agreement with the IP experiments. Interestingly, the
addition of the 1G2 monoclonal antibody, which recognizes an
epitope located in the sequence encoded by exon 4 of frataxin,
completely abolished the interaction with ISCU and NFS1 (Fig

S1A), suggesting a role of this conserved region in the interaction.
No difference in interaction with ISCU and NFS1 was detected
with the intermediate (GST-hFXN42–210) and mature (GST-
hFXN81–210) forms of frataxin in GST-pull down experiments (Fig
S1B), indicating that the site of interaction with the complex is
fully comprised within the sequence of the mature form.
Therefore, all further experiments were performed with the
recombinant mature form of frataxin.
Interestingly, mitochondrial aconitase or ferrochelatase were

not detected in the IP and the GST pull-down eluates, despite de
presence of both proteins in the soluble input fraction (Fig 1B and
1C). As the interaction between frataxin and mitochondrial
aconitase was shown to be promoted by hydrogen peroxide/
citrate treatments [10], IP experiments were carried out under
these prooxidant conditions. Whether hFXN-Flag or endogenous
mitochondrial aconitase were used as bait for IP, no interaction
between frataxin and aconitase was observed (Fig S2).
Our results clearly show that the main interactors from

mitochondrial HeLa cell extract of a C-terminal or N-terminal
tagged human mature frataxin (hFXN81–210) are the core
components of the de novo Fe-S cluster biosynthesis, ISCU, NFS1
and ISD11.

Frataxin interacts with a preformed ISCU/NFS1/ISD11
complex
To determine which component of the ISCU/NFS1/ISD11

complex is the direct partner of frataxin, we co-expressed the mature
form of the murine homologues in multiple combinations in the
bacteria, followed by GST purification. For all bacterial expressed
recombinant proteins (GST or His-tagged), the mitochondrial
targeting sequence was removed from FXN, NFS1 and ISCU.
Each construct expressed soluble protein in bacteria when expressed
alone or in combination (Fig S3A). When GST-mFXN was co-
expressed either with mISCU alone or with mNFS1/mISD11 or
mNFS1/mISCU, no co-purification was detected (Fig 2A). It is only
when GST-mFXN, mISCU, mNFS1 and mISD11 were co-
expressed that a co-purification of all four proteins was observed
(Fig 2A). These results demonstrate that frataxin is able to interact
with co-expressed ISCU, NFS, ISD11 proteins and suggest that
frataxin interacts with a ISCU/NFS1/ISD11 complex rather than
with individual components. As mNFS1/mISD11 are the limiting
factors due to lower expression and insolubility in bacteria compared
to GST-mFXN and mISCU (data not shown), little complex was
purified compared to the large excess of GST-mFXN. However,
when a limiting amount of purified GST-mFXN was used to pull-
down the complex from a bacterial extract expressing mISCU/
mNFS1/mISD11, the quaternary complex could be isolated at
nearly stoichiometric levels (Fig S3B). In the absence of mISD11,
neither the quaternary nor the ternary complex formed (Fig. 2A),
further suggesting that ISD11 is important for NFS1 stability.
Native PAGE analysis of both bacterial co-purification (Fig 2B)

and GST-hFXN pull-down eluates obtained with endogenous
ISCU, NFS1 and ISD11 fromHeLamitochondrial extracts (Fig 2C)
revealed the presence of one major complex containing only the
four proteins as verified by mass spectrometry (Fig. 2C) and western
blot (data not shown), further demonstrating the presence of a
quaternary complex. The identification of endogenously expressed
ISD11 in the native complex further confirmed the original co-IP
experiments. When isolated from bacterial co-expression, the
quaternary complex could be easily concentrated to 5mg/ml,
without precipitation.
While frataxin only interacts in a quaternary complex, the

ternary complex mISCU/mNFS1/mISD11 could be isolated in
the absence of frataxin. Indeed, when mISCU-HIS, mNFS1 and

Frataxin Interacts with the Core Fe-S Complex
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mISD11 were co-expressed, mNFS1 and mISD11 co-purified with
mISCU-HIS (Fig 2D). Furthermore, pull-down experiments using
GST-mFXN as a bait demonstrated an interaction between GST-
mFXN and the pre-purified mISCU-HIS/mNFS1/mISD11
complex (Fig 2D). In contrast to the quaternary complex, the
ternary mISCU/mNFS1/mISD11 complex was susceptible to
aggregation upon concentration.
Contrary to the reported data in yeast demonstrating that iron

reversibly increase the binding of Yfh1 to Isu1/Nfs1 [11], under
similar experimental conditions, we did not observe any increase
nor decrease of FXN binding to the core complex (Fig S4A–B).
Furthermore, high (100mM) or low (using bathophenanthroline
Fe2+ chelation) iron concentrations in reducing condition, or the
presence of different metals (50 mM Ca2+, Ni2+, Zn2+, Mg2+) had
no effect on the formation of the complex (Fig S4C–D).
Together, our results demonstrate that frataxin interacts with a

preformed ISCU/NFS1/ISD11 complex rather than with the
individual components to form a stable quaternary complex.

A surface encompassing the acidic ridge and the b-
sheets is involved in the interaction between frataxin and
the core complex
To identify residues on frataxin that are essential for the

interaction with the ISCU/NFS1/ISD11 complex, 13 recombi-

nant GST-tagged human mature FXN81–210 carrying specific
point mutations were tested by GST pull-down using mitochon-
drial HeLa cell extracts (Fig 3A–B). Again, only endogenous ISCU
and NFS1 could be detected by western blot due to the inability of
the ISD11 antibody to detect endogenous ISD11. Six of the
mutational substitutions constructed are pathological mutations
found in compound heterozygous FRDA patients (D122Y,
G130V, N146K, I154F, W155R and W173G) [25]. Seven
mutations were directed against acidic residues from the acidic
ridge of frataxin (E96K, D104G, E108K, E111K, D115K, D122Y
and D124K). One mutation, Y95G, was proposed to stabilize the
trimeric structure in yeast frataxin [26]. All mutations involved
residues exposed on the protein surface except Y95, I154 and
W173, for which side chains are mostly buried in the protein core
(Fig 3B). Therefore, the absence of interaction of the W173G
recombinant protein and the reduced interactions of the Y95G
and I154F recombinant proteins most likely reflect a structural
role of these residues (Fig 3A). These results are consistent with
several studies that have reported the effect of the W173G and
I154F mutations on the stability of the human frataxin protein,
both in vitro and in vivo [15,27–29]. While the E108K and E111K
mutants enabled the interaction with the complex, although
diminished, the D124K mutation caused a drastic decrease in the
interaction with ISCU and NFS1 (Fig 3A). Mutations at the acidic

Figure 1. Human frataxin interacts specifically with ISCU, NFS1 and ISD11. (A) Mass spectrometry analysis of proteins identified by co-IP
with FLAG-tagged frataxin from HeLa mitochondrial enriched fractions. Results represent the proteins specifically identified common to two
independent experiments with hFXN-FLAG expressing cells compared to non-transfected cells. Peptides were selected with a stringent filter to avoid
a maximum of false positives. Coverage represents the percentage of sequence matching with peptides found in the analysis. An example of
complete results for one experiment is given in Table S1. (B) IP obtained in (A) were analyzed by Western blot using specific antibodies against
frataxin (intermediate and mature), mitochondrial aconitase (mACO), NFS1, ferrochelatase (FECH), MnSOD and ISCU. MnSOD was used as a control to
evaluate non-specific binding on the beads. Inputs correspond to 5mg of mitochondrial HeLa extracts. (C) GST pull-down using GST-hFXN (aa 81–210)
and HeLa mitochondrial extracts. Eluted fractions were analyzed by Western blot as in (B) or by coomassie blue staining to detect GST and GST-hFXN.
doi:10.1371/journal.pone.0016199.g001
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residues E96, D104, D115 and D122, as well as the pathological
G130V mutation, associated with an atypical milder phenotype in
FRDA, had no impact on the interaction (Fig 3A). In contrast, the
W155R and the N146K mutations strongly affected the

interaction with NFS1 and ISCU (Fig 3A). Similarly, ISCU,
NFS1 and ISD11 were not detected by mass spectrometry analysis
(Table S1) or western blot in a FXNN146K-flag IP from HeLa
mitochondrial extract, although MPPb was detected (data not

Figure 2. Frataxin binds a pre-formed ISCU/NFS1/ISD11 complex. (A) Co-purification of ISCU/NFS1/ISD11 with GST-mFXN. GST-mFXN or GST
were co-expressed with mISCU, mNFS1/mISD11 or mISCU/mNFS1/mISD11 in bacteria (+ and 2 indicates the presence of each expressing vector).
Fractions were analysed by SDS-PAGE and coomassie blue staining (upper panel) or by Western blot (IB). (B) GST-mFXN was co-expressed with
mISCU, mNFS1 and mISD11 and purified as in (A). Samples were loaded on a 7.5% non-denaturing gel and stained with coomassie blue. Western blot
analysis and mass spectrometry analysis confirmed that the upper band corresponds to a complex containing mFXN, mISCU, mNFS1 and mISD11. (C)
Co-purification of NFS1/ISD11 with mISCU-HIS (left). mISCU-HIS was co-expressed with mNFS1 and mISD11 and purified by cobalt column. Co-
purification of mISCU-HIS/mNFS1/mISD11 with GST-mFXN (right). GST pull down using GST or GST-mFXN with purified mISCU-HIS/mNFS1/mISD11
complex. The samples were loaded on a SDS-gel and analysed by Western blot using NFS1, ISD11 and ISCU specific antibodies. + and 2 indicate the
presence and the absence of the corresponding vectors, respectively. (D) Native complex from HeLa cells. GST and GST-hFXN were incubated with
mitochondrial HeLa extract, pull-down and loaded on non-denaturing gel. Only two protein complexes were detected by coomassie staining. Mass
spectrometry analysis and western blot confirmed that one corresponds to GST-hFXN dimer and the second to the GST-hFXN/ISCU/NFS1/ISD11
complex. With the exception of the common contaminating proteins (keratins and elongation factor 1) found by mass spectrometry analysis, the only
proteins present in the band corresponding to the quaternary complex were NFS1 (10 peptides, 28.2% coverage), hFXN (5 peptides, 18.6% coverage),
ISCU (4 peptides, 24% coverage) and ISD11 (4 peptides, 29.7% coverage).
doi:10.1371/journal.pone.0016199.g002

Frataxin Interacts with the Core Fe-S Complex

PLoS ONE | www.plosone.org 4 January 2011 | Volume 6 | Issue 1 | e16199



shown). Furthermore, no co-purification of mNFS1, mISCU and
mISD11 could be observed using GST-hFXNN146K in a bacterial
co-expression experiment (Fig S3C).
As the absence of interaction with the N146K and W155R

mutants could be due to steric or electrostatic hindrance, two
milder mutations were constructed, replacing N146 and W155 by
alanines. The N146A mutation restored the interaction with the
complex, while the W155A mutation did not (Fig 3C), indicating
that the protruding tryptophan is an essential residue for
interaction with the complex.
We have therefore identified three mutations directed against

the residues from the acidic ridge of frataxin (E108K, E111K and
D124K) and two surface-exposed mutations (W155R and N146K)
that specifically disrupted the interaction of frataxin with the core
complex, defining a surface of interaction on one side of frataxin,
spreading from the acidic ridge to the b4-sheet (Fig 3D).

The association of frataxin with the de novo Fe-S cluster
biosynthesis complex is crucial for cellular function
To determine whether the interaction between frataxin and the

core complex is an essential function of frataxin in vivo, we
generated four murine fibroblast cell lines stably expressing full
length hFXNN146K, hFXNN146A, hFXNW155R or hFXNW155A in
the conditional allele background enabling the deletion of the
endogenous gene [30]. Complete frataxin deficiency in this
fibroblast cell line does not sustain cell division and survival
[30]. All mutant proteins were properly targeted to mitochondria
and matured (Fig S5A). After endogenous frataxin deletion, while
we isolated 12 clones carrying wild-type frataxin, 5 clones

expressing the hFXNN146A, and a single clone expressing the
hFXNN146K (Fig 4A), no clone expressing either hFXNW155R or
hFXNW155A was isolated (Fig S5B–C), further demonstrating that
W155 is an essential residue for frataxin function. Wild-type and
N146A clones did not present any gross phenotype (Fig 4B), nor
sensitivity to oxidative stress (Fig S5C–D), a feature of frataxin
haploinsufficiency [30]. In contrast, the N146K clone showed
spindle-shaped and retracted cells with a strong growth defect, and
displayed the classical features of FRDA (degenerating mitochon-
dria, electron dense deposits, deficit in Fe-S enzyme activities)
(Fig 4B–C and Fig S5E). Together, these results strongly suggest
that interfering with the quaternary complex formation in the cell
leads to a typical FRDA phenotype and that the interaction of
frataxin with the core complex is the essential function of
mammalian frataxin in vivo.

The quaternary complex has a molecular mass of
<190 kDa
Two different strategies were followed to purify the quaternary

complex. Either a double GSH and nickel column purification or
a single nickel column purification was carried out from GST-
mFXN/mISCU/HIS-mNFS1/mISD11 or mFXN-HIS/mISCU/
mNFS1/mISD11 expressing bacteria, respectively (Fig S6A). The
complexes were further purified by gel filtration. Fractions
containing the GST-mFXN/mISCU/HIS-mNFS1/mISD11 com-
plex (fractions 14 to 18 corresponding to <4 mg of complex, Fig.
S6B) or the mFXN-HIS/mISCU/mNFS1/mISD11 (fractions 19
and 20 corresponding to <3 mg of complex, Fig. 5A) were
concentrated for native ESI mass spectrometry analysis. Multi-

Figure 3. Residues in the aa1-helix and the b-sheets of frataxin are crucial for the interaction with ISCU and NFS1. (A) GST pull-down
using different GST-hFXN mutants. GST-hFXN mutants were obtained by directed mutagenesis (only amino acid changes are indicated). GST pull-
downs were carried out as in Fig 1C and analyzed by SDS-PAGE and coomassie blue staining to visualize GST-hFXN (upper panel), and by Western
blot using antidodies against NFS1 and ISCU. (B) Solution structure of human frataxin (PDB ID 1LY7) showing the localization of the residues mutated.
(C) GST pull-down using GST-hFXN mutants N146K, N146A, W155R and W155A. Experiments were carried out as in Fig 1C. (D) Top view of the
solution structure shown in (B). The five residues affecting the interaction with the ISCU/NFS1/ISD11 complex define a potential interaction surface on
frataxin.
doi:10.1371/journal.pone.0016199.g003
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Figure 4. The interaction between frataxin and the Iscu/Nfs1/Isd11 complex is essential for cellular function. (A) Western blot analysis
of mitochondria-enriched fractions from clones expressing wild type frataxin, mito81–210, FXNN146A and FXNN146K using anti-frataxin and anti-tubulin
antibodies. (B) Morphological and ultrastructural alterations in FXN, N146A, N146K and mito81–210 clones. Each clone was studied by phase contrast
microscopy after crystal violet staining (left panels) and electron microscopy analysis (right panels). mt, mitochondria; Lp, lipid droplet; mt-Fe,
intramitochondrial iron deposits; N, nucleus. (C) Biochemical measurements of Fe-S enzyme activities in FXN, N146A, N146K and mito81–210 clones.
Succinate dehydrogenase (grey bars) and aconitases (dark grey bars) specific activities were standardized to isocitrate dehydrogenase (IDH) specific
activity and expressed as percentage of control activity. Results were obtained from two independent experiments using 4 FXN, 3 N146A, 1 N146K
and 4 mito81–210 clones. Data are represented as mean + SD. * p,0.05.
doi:10.1371/journal.pone.0016199.g004
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charged ions were detected for both complexes, even at high
potential (250 kV) (Fig 5B and Fig S6C). Molecular weights of
237,130 Da and 189,623 Da were deduced for the GST- mFXN/
mISCU/HIS-mNFS1/mISD11 andmFXN-HIS/mISCU/mNFS1/
mISD11 complexes, respectively. The difference between the
masses of the two complexes is suggestive of two frataxins per com-
plex, considering the difference in mass between GST-mFXN and
mFXN-HIS (Fig S6D). Furthermore, using a concentration curve of
purified proteins, the mISCU:mFXN ratio per complex was
estimated to be one (Fig S6E). Such calculation could however
not be achieved for mNFS1 or mISD11, as neither protein is
stable when expressed alone. Although the ternary complex can
be isolated by gel filtration (Fig S7A), the yield is very low due to
instability of the complex upon concentration. As for the bacte-
rial IscU/IscS complex [19], the ternary complex can be
stabilized by the insertion of the D72A mutation on mISCU
(Fig S7B). However, this stabilization is not sufficient to allow
concentration for ESI mass spectrometry analysis. Therefore,
assuming mNFS1 as a dimer, the observed mass is suggestive of
stoichiometric amount of mNFS1, mFXN and mISCU. Interest-

ingly, the mass is compatible with the presence of 3 or 4 mISD11
per complex (Fig. S6D).

The mitochondrial hFXN81–210 form of frataxin is the
essential functional form in vivo
Mature hFXN81–210 is the main endogenous form of frataxin in

human tissues and cell lines [24]. However, during the maturation
process, a longer intermediate form (hFXN42–210) is expressed.
This intermediate form, as well as a longer hFXN56–210 form can
interact with the core complex (Fig S1B). To determine whether
hFXN81–210 is the essential functional form of frataxin in vivo, we
expressed a recombinant protein (mito81–210) with its own
mitochondrial targeting sequence (aa 1–41) fused directly to the
sequence of mature frataxin (aa 81–210), bypassing the interme-
diate hFXN42–210 form. Interestingly, when expressed in Cos-1
cells, although mito81–210 was correctly processed, the level of
mature frataxin was decreased, and the precursor form accumu-
lated within the cytosol (Fig S5F), suggesting that amino acids 42–
80 of human frataxin are partially involved in the mitochondrial
targeting. In murine fibroblasts, mito81–210 was able to completely

Figure 5. Determination of the molecular weight of the FXN/ISCU/NFS1/ISD11 complex. (A) Gel filtration for the mFXN-HIS/mISCU/
mNFS1/mISD11 complex. After a single nickel column purification, the sample was loaded and separated by gel filtration. Coomassie staining of a
denaturing and a non-denaturing gel corresponding to fractions 2 to 40 are shown. Fractions 19 and 20 that contained the complex were
concentrated for the native mass spectrometry analysis. (B) ESI native mass spectra of the mFXN-HIS/mISCU/mNFS1/mISD11 complex after gel
filtration purification. The experimental molecular weight for each component was 10,722 Da, 14,543 Da, 15,333 Da and 44,669 Da for mISD11,
mISCU, mFXN-HIS and mNFS1, respectively. The mass was estimated to the molecular weights of 189,623 Da.
doi:10.1371/journal.pone.0016199.g005
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rescue the cell lethality induced by endogenous frataxin deletion,
whereas a cytosolic version of hFXN81–210 was unable (Fig 4 and
Fig S5B–C). The clones expressing mito81–210 showed no
morphological or structural abnormalities (Fig 4B), normal Fe-S
enzyme activities (Fig 4C), and no susceptibility to exogenous
oxidative stress (Fig S5D). These results demonstrate that mito81–
210 is sufficient to complement endogenous frataxin functions and
promote survival, providing the evidence that mature hFXN81–210

is the functional form for in vivo Fe-S cluster biosynthesis.

Discussion

Frataxin has been proposed to be a multifunctional protein
based on its numerous interactions, including components of the
Fe-S biosynthesis machinery, ferrochelatase, mitochondrial acon-
itase, succinate dehydrogenase, and several chaperones [2,9–
12,15]. In the present study, the only endogenous proteins that co-
purified with a recombinantly expressed frataxin are ISCU, NFS1,
ISD11 and MPPb, suggesting that these proteins stably associate
with frataxin, and belong thus to the core network of frataxin
partners in vivo. Furthermore, we showed that in vivo expression of
frataxin mutants that affect the interaction with the core
components of de novo Fe-S cluster biosynthesis triggers cell death
(W155R and W155A) or a classical FRDA phenotype (N146K),
while frataxin mutants that keep the ability to interact lead to
normal cellular phenotype (N146A). Altogether, our results
strongly suggest that the interaction of frataxin with the Fe-S
cluster assembly complex defines the essential function of frataxin
in vivo. Although the relevance of the other reported interactions
needs to be further investigated in vivo, we cannot exclude that less
stable or transient interactions with frataxin could not be detected
in our experimental conditions. Furthermore, we show that
mitochondrial mature frataxin (hFXN81–210) was sufficient to
support cell survival with a normal phenotype (Fig 4).
Each of the individual components of the de novo Fe-S biosynthesis

complex (Isu/Iscu, IscS and Isd11) has been proposed to be the
molecular adaptor for frataxin interaction [6,11,12,14,15,22].
However, in the heterologous expression system, our results
demonstrate that mammalian frataxin interacts with the preformed
ISCU/NFS1/ISD11 complex rather than with the individual
proteins. The interaction of frataxin in complex with both the Fe-S
scaffold and the cysteine desulfurase is most likely conserved
throughout evolution, as demonstrated by the co-purification of
Isu/Nfs1 with Yfh1 in yeast [11] and IscU/IscS with CyaY in
bacteria [12]. However, in contrast to our results with the
mammalian protein, in yeast, a N122K mutation on Yfh1
(equivalent to the human N146K) had more effect on the
interaction with Isu1 than with Nfs1/Ids11 [16], indicating that
this residue is most likely involved in the interaction with the scaffold
protein. In addition, mutations on positively charged residues of
IscS were recently reported to affect specifically the interaction of
IscS with CyaY [31]. Similarly, mutations on positively charged
residues of Nfs1 perturbed the complex formation in the
mammalian system (Fig S3D). Together with our results, these
data strongly suggest that NFS1 and ISCU define the interaction
surface that is targeted by frataxin. Based on the mutational screen
results and the published literature [13,15,16,22,31], we propose
that part of the acidic ridge of frataxin could be involved in the
interaction with conserved basic residues of NFS1, while residues on
the b-sheets (including W155) would be crucial for the interaction
with ISCU. Although p interactions between the W155 and R165
residues contribute to frataxin stability [28], it is unlikely that a fold
defect of the W155A mutant underlies the loss of interaction with
the complex, as the protein was properly expressed and matured in

vivo, and was not degraded by the mitochondrial quality control
protease machinery. Furthermore, in Yfh1, a R141A mutation
which should elicit the loss of the p interactions between W131 and
R141, had no effect on the interaction with Isu1 [13]. Finally, the
crystal structure of the bacterial IscS/IscU complex demonstrated
one IscU monomer per active site of IscS, which are located on
opposite sides of the IscS homodimer [31]. Based on the
stoichiometry and the mutagenesis experiments, it is reasonable to
hypothesize that there is one FXN monomer and one ISCU
monomer per active site of NFS1. Furthermore, the mass
spectrometry data suggest that there are 3–4 ISD11 on the
complex. While the exact role of the eukaryotic ISD11 is not
known, it is clearly essential for both the quaternary and ternary
complexes formation (Fig 2A). Whether frataxin and ISD11 have
direct interacting surfaces still needs to be determined.
It has recently been suggested that iron oxidation-driven

oligomerization of yeast frataxin promotes the assembly of a
stable core Fe-S complex [14]. Our data clearly demonstrate that
the mature hFXN81–210 is the essential form of frataxin in vivo.
While we have not directly tested the capacity of hFXN81–210 to
oligomerise, it has recently been reported that hFXN81–210 is not
prone to iron-induced oligomerisation [32], in contrast to yeast or
bacterial frataxin or longer forms of human frataxin. Furthermore,
our native gel analyses as well as our gel filtration and
stoichiometric data are incompatible with an oligomeric form of
frataxin as the functional unit in the purified quaternary complex.
Finally, it is worth noting that the sites of interaction with the
complex that we have identified on frataxin are buried within the
oligomeric structure [26]. Together, these results are not
supportive of an oligomeric form of frataxin as the essential
functional unit in vivo for Fe-S cluster biosynthesis, but rather
suggest that mature frataxin is monomeric.
Frataxin has been proposed to be either the iron donor for Fe-S

cluster biosynthesis or a regulatory protein that inhibits Fe-S
cluster formation [11,22]. Although we cannot conclude on the
role of frataxin as the iron donor for Fe-S cluster assembly, our
experiments indicate that the iron concentration does not
modulate the interaction between mammalian frataxin and the
ternary complex. While the reason for this observed difference
with the yeast remains to be determined, it might arise from the
relatively different iron-binding properties of mammalian frataxin
in comparison to yeast frataxin [3]. Furthermore, in vivo frataxin
deficiency [33,34,35] as well as the expression of the N146K
mutant (Fig 4C) lead to a strong decrease of Fe-S cluster
biosynthesis rather than a complete deficit. These data demon-
strate that frataxin is required but not essential for proper Fe-S
cluster biosynthesis, and suggest that frataxin might facilitate
efficient Fe-S cluster biosynthesis in vivo. In bacteria, cluster
assembly has been demonstrated to be a dynamic process that
involves the dissociation of IscU and IscS for cluster transfer [19].
By interacting with a preformed ISCU/NFS1/ISD11, FXN
probably prevents the dissociation of NFS1/ISD11 and ISCU,
having the effect of increasing the stability of the ISCU/NFS1/
ISD11 interaction. To quantitatively demonstrate the effect of
frataxin on the stability of the ternary complex, the affinities of
ISCU for NFS1/ISD11 in the absence and the presence of
frataxin should be measured. However, the current technical
difficulties to purify large quantities of the mammalian NFS1/
ISD11 complex prevent such an approach. Assuming that, as
mammalian frataxin, CyaY preferentially interacts with the
preformed IscU/IscS complex, the addition of frataxin in
reconstitution experiments would lead to uncompetitive inhibition,
thus explaining the reported inhibitory effect of CyaY on Fe-S
cluster formation in vitro [22].
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In conclusion, the properties of the interaction of frataxin with
the core complex in the heterologous system open new
perspectives on how frataxin might facilitate Fe-S cluster
biogenesis in vivo. While in the absence of frataxin, the interaction
between ISCU and NFS1/ISD11 is unstable and very dynamic
[19], frataxin might function by maintaining the ISCU/NFS1/
ISD11 interaction. Interestingly, a recent crystal structure of the
bacterial IscS/IscU heterotetramer demonstrated that the catalytic
cysteine of IscS and the acceptor cysteines on IscU are too far in
distance to allow direct transfer, suggesting that a conformational
rearrangement is necessary to bring together the sulfur donor and
the acceptor cysteines [31]. It is tempting to speculate that frataxin
interaction with the complex triggers this conformational rear-
rangement to allow efficient sulfur and iron transfer. By analogy to
Thermus Thermophilus Nqo15, the frataxin-like subunit present in the
hydrophilic domain of the respiratory chain complex I [36], one
possibility would be that frataxin creates a channel on the interface
with the complex allowing a more efficient iron delivery into the
site of cluster synthesis. It has recently been proposed, based on
biochemical and biophysical data, that the Isu1-interacting surface
of yeast frataxin encompasses the iron binding sites, thereby
positioning frataxin for iron delivery to Isu1 close to the Fe-S
cluster assembly site [37]. The authors suggest a model in which
frataxin would dissociate from the complex following iron delivery,
prompting Isu1 to complete Fe-S cluster assembly [37]. On the
other hand, a stabilised complex might be necessary to provide a
safe environment for Fe-S cluster formation or to allow all the
consecutive reaction steps to occur. Further challenging biochem-
ical and spectroscopic studies are necessary to characterize the role
of frataxin within the quaternary complex, as well as the sequence
of events of the early steps of de novo Fe-S cluster biogenesis.
While our manuscript was under review, two groups indepen-

dently reported biochemical results that nicely complement our
work [38,39]. Similarly to our results, Tsai et al. provided in vitro
evidence that human frataxin binds, in an iron independent
manner, to a NFS1, ISCU and ISD11 complex to generate the
quaternary complex [38]. Very interestingly, they demonstrated
that frataxin stimulates the cysteine desulfurase activity. As the
cysteine desulfurase activity could be further stimulated by the
additon of Fe2+, the authors proposed that frataxin functions with
Fe2+ as an allosteric activator for Fe-S cluster assembly. In the
second manuscript, by combining small-angle X-ray scattering
(SAXS) and NMR studies with mutagenesis studies on the
bacterial homologs, Prischi et al. have defined an interaction
surface between CyaY, IscS and IscU that is consistent with the
interaction surface that we have proposed [39]. Furthermore,
through biolayer interferometry, they demonstrated that CyaY
enhances the affinity of IscU on IscS, thereby stabilizing the
complex, providing the biophysical evidence for the inhibitory
effect of CyaY on IscS/IscU enzymatic kinetics. In the future, it
will be extremely interesting to further compare the biophysical
characteristics of the complexes from different organisms and to
determine the effect of the pathological FRDA mutations on the
cysteine desulfurase activity and Fe-S cluster assembly.

Materials and Methods

Recombinant protein purification
The technical procedures involved in plasmid and strain

constructions are described in Material and Methods S1. For
low scale GST purifications, the suspension was centrifuged
15,000 g, 4uC for 15–30 min and the supernatant was incubated
with glutathione-S-sepharose beads (Pharmacia) for 3 hours at
4uC. The mix was loaded on chromatography column (BIORAD)

and washed with PBS. Elution was performed with 35mM
glutathione in Tris-HCl 100mM, pH 8, NaCl 150mM for 10 min
at 4uC. Elutions were dialysed 2–3 hours in PBS, 5mM EDTA,
5mM DTT at 4uC using dialysis column (ThermoScientific). For
large-scale purification, the suspension was centrifuged
40,000 rpm (Ti50.2, Beckman), 4uC, 30 min and the supernatant
was further purified by FPLC (AKTA, GE Healthcare). The
supernatant was loaded on Cobalt or Nickel affinity column (GE
Healthcare) or glutathione sepharose affinity column (GE
Healthcare). After wash with PBS, elution was carried out using
200mM imidazole or 35mM glutathione. Gel filtration (GF) was
carried out on Superdex S200 (16/90) or (10/30) (Amersham
Biosciences) columns. For native mass spectrometry analysis,
elution was performed with 50mM ammonium acetate. Samples
were concentrated using Vivaspin columns (c.o. 100,000, Sarto-
rius). Protein concentrations were determined by Bradford assay.

GST pull-down assays
GST pull-downs were performed by incubating 100mg of GST-

fused protein with 5–10mg mitochondria enriched extracts and
glutathione-S sepharose beads for 3 hours in Tris-HCl 100mM,
pH 7.5, 10% glycerol, 100mM KCl and Complete protease
inhibitor cocktail (Roche). The mix was loaded on a chromatog-
raphy column (BIORAD), washed with PBS, 100mM KCl.
Elution was performed in loading buffer after boiling for
10 min. To test the effect of metals on the interactions, 50mM or
100mM FeSO4 with 500mM-10mM ascorbic acid or 50 mM of
either NiSO4, MgSO4, CaCl2 or ZnCl2 were added during
extraction and wash steps. Iron chelators (EDTA or bath-
ophenanthroline disulfonic acid) 1mM were added in some
samples during wash or incubation steps, as indicated in figure
legends.

Cell culture and protein extraction
HeLa cells (ATCC-USA) were grown and transfected as

previously described [24]. Cells were harvested 24 hours after
transfection. Culture, stable transfection, and clonal selection of
immortalized mouse fibroblasts established from FrdaL3/L2 mice
were carried out as described [30]. Total, mitochondrial-enriched
and cytosolic fractions were obtained as described [24].

Biochemical assays
Enzymatic activities, crystal violet staining, electron microscopy

and determination of the sensitivity to stress were performed as
previously described [30].

Immunoprecipitation
FLAG-tagged proteins were immunoprecipitated by incubating

overnight 100–200mL FLAG M2 coupled resin (SIGMA) (pre-
pared as recommended by the manufacturer) with 500mg to 1.5mg
of mitochondria enriched extract in Tris-HCl 100mM, pH 7.5,
10% glycerol, 100mM KCl and Complete protease inhibitor
cocktail (Roche). The mix was loaded on a chromatography
column (BIORAD), washed 4 times with 5 mL PBS, 100mM KCl.
Elution was performed by resuspending the beads in loading
buffer and boiling for 10 min or by incubating beads with glycine
0.1 M pH 3 for 10 min. IP of endogenous mitochondrial
aconitase was performed as described [10].

PAGE and Western blot analysis
14% acrylamide SDS-Glycine-PAGE was used unless otherwise

indicated. 7.5% or 10% acrylamide native gels were prepared
without reductant. Western blot were carried out as previously
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described [24]. Antibodies were diluted as indicated in Material
and Methods S1. Silver staining was performed as described [24].
Quantification of coomassie blue staining was performed on a
Chemigenius2 (SYNGENE).

Mass spectrometry analysis
IP were loaded on 4–12% NuPAGEH gel (INVITROGEN).

Ten bands from 5 kDa to 130 kDa were cut and prepared for MS
analysis using trypsin for the protein digestion. Samples were
analysed by NanoLC-nanoESI/MS2. Native mass determination
was carried out by ESI-MS analysis. Further details are given in
Material and Methods S1.

Statistics
All data represent mean 6 SD. The statistical analysis was

performed by standard Student T-test. Statistical significance was
considered at p,0.05.

Supporting Information

Figure S1 Conserved domain of frataxin is involved in
the interaction with ISCU and NFS1. (A) The monoclonal
1G2 antibody directed against exon 3–4 of frataxin prevented the
interaction between frataxin and ISCU and NFS1. GST pull-
down was performed as described in Fig. 1C with the addition (+)
or not (2) of 1G2 antibody. Note that the 1G2 antibody is retained
by GST-hFXN (heavy and light chain) and prevents interaction
with ISCU and NFS1. (B) GST-hFXN pull-down was performed
on mitochondrial Hela extract as in Fig. 1C using different GST-
hFXN constructs. As the capacity of GST-hFXN42–210, GST-
hFXN56–210 and GST- hFXN81–210 to interact with NFS1 and
ISCU were equivalent, we perform all following GST pull-down
with the GST-hFXN81–210 expressing construct that corresponds
to the size of the endogenous mature human frataxin.
(JPG)

Figure S2 Absence of interaction between frataxin and
mitochondrial aconitase. (A) Immunoprecipitation of mito-
chondrial aconitase from HeLa mitochondrial extracts was
performed exactly as described (1), with the same anti-aconitase
antibody kindly provided by Anne-Laure Bulteau. Mitochondria
were treated with 100 mM hydrogen peroxide and 2 mM of citrate
(+) prior to the IP. Samples were loaded on SDS-PAGE and
analysed by Western blot using specific antibodies against frataxin
and mitochondrial aconitase. (B) Immunoprecipitation of hFXN-
FLAG was performed as in Fig. 1A. Mitochondria were treated or
not with hydrogen peroxide and citrate as in (A). Samples were
analysed by Western blot.
(JPG)

Figure S3 Frataxin interaction with ISCU/NFS1/ISD11
complex and effects of mutations. (A) Expression of mNFS1,
mISCU and mISD11 in bacteria co-transformed with different
sets of vectors. Soluble fractions of bacteria expressing GST-FXN,
mNFS1, mISD11 and/or mISCU were loaded on a SDS-gel and
analysed by Western blot using NFS1, ISD11 and ISCU specific
antibodies. + and 2 indicate the presence and the absence of the
corresponding vectors, respectively. (B) GST pull-down using a
limiting amount of GST-FXN and a bacterial extract expressing
mISCU/mNFS1/mISD11. 25mg of GST or GST-FXN were
added to the bacterial lysate before purification on glutathione-
sepharose beads. The elutions were analyzed on SDS-PAGE by
silver staining. (C) Co-purification of ISCU/NFS1/ISD11 with

GST-hFXNN146K. GST-hFXN or GST-hFXNN146K (N146K)
were co-expressed with mISCU, mNFS1 and mISD11 and
purified on glutathione-S-sepharose column as in Fig. 2A. Elutions
were analysed by SDS-PAGE and coomassie blue staining (upper
panel) or Western blot (IB). (D) Mutations of positively charged
residues on NFS1 affect frataxin interaction with the complex.
R220D and R225D mutations were introduced by directed
mutagenesis on mNFS1 cDNA. Co-purification was carried out
as in Fig. 2A and analyzed on native and denaturing gel by
coomassie blue staining. Western blot on mNFS1 was performed
to verify the correct expression of the two mNFS1 mutants.
(JPG)

Figure S4 Absence of effect of different metals on
complex formation. (A) Effect of iron on the interaction of
frataxin with ISCU and NFS1. GST pull-down was carried out as
in Fig. 1C with the exception that the extraction, purification and
wash steps were carried out in the absence or the presence of
100 mM FeSO4/1 mM ascorbate (Fe2+) and 1 mM EDTA as
indicated. (B) Effect of iron on native GST-mFXN/ISCU/NFS1/
ISD11 complex. GST-mFXN was co-expressed with mISCU,
mNFS1 and mISD11 and purified as in Fig. 2A. Iron or EDTA
was added during extraction and wash steps. Samples were loaded
on a 7.5% non-denaturing gel and stained with coomassie blue.
Western blot analysis and mass spectrometry analysis confirmed
that the upper band corresponds to a complex containing mFXN,
mISCU, mNFS1 and mISD11. (C) Effect of iron on the complex
formation. A bacterial soluble extract containing mNFS1, mISCU
and mISD11 was incubated with 0.1mM ferrous iron sulfate or
1 mM bathophenanthroline disulfonic acid (BP) in the presence of
10mM ascorbic acid (reducing condition) as indicated. Efficient
Fe2+ chelation by BP was observed as the solution turned red,
accounting for the BP-Fe2+ complex formation. Purified GST or
GST-mFXN was then added to each sample and further
incubated to allow GST-mFXN/ISCU/NFS1/ISD11 complex
formation. The samples were analysed by native PAGE and
coomassie blue staining and by western blot using a frataxin
antibody (IB). The ratio between frataxin as a monomer and
frataxin in the complex was not modified by iron excess or
depletion, indicating that the complex formation is not iron-
dependent. (D) Effect of different metals on the complex
formation. A bacterial soluble extract containing mNFS1, mISCU
and mISD11 was incubated with 0.05mM nickel sulfate, zinc
chloride, calcium chloride or magnesium sulfate as indicated.
Purified GST or GST-mFXN was then added to each sample and
further incubated to allow GST-mFXN/ISCU/NFS1/ISD11
complex formation followed by a GST tag purification. The
samples were then analysed by native and denaturing PAGE and
coomassie blue staining.
(JPG)

Figure S5 Characterization of fibroblast cell clones
carrying wild type or mutant FXN. (A) Transient transfec-
tion of wild-type FXN or mutants N146A, N146K, W155R and
W155A in COS-1 cells. Total extracts were loaded on a SDS-gel
and analyzed by Western blot using anti-frataxin and anti-tubulin
antibodies. For each construct, signals for precursor, intermediate
and mature frataxin are equivalent suggesting that the mutations
do not disturb the expression and the maturation process of the
protein. NT corresponds to non-transfected COS-1 cells. (B)
Genotyping on heterozygous L3/L- cell populations expressing
either wild type or mutant (N146A, N146K or mito81–210) hFXN
before (L3/L2) and after pEGFP-Cre transfection and clonal
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sorting. One clone is presented for each construct. (C) Summary of
the number of clones obtained for each frataxin mutant and the
corresponding cellular and biochemical phenotypes observed. (D)
Determination of oxidative stress sensitivity of wild-type FXN and
mutants N146A and mito81–210 clones. Cells were incubated
with DHR123 and analyzed by FACS. The thin curves represent
the autofluorescence of cells without DHR123 treatment. The
black curves represent the fluorescence observed with no
exogenous stress, and the grey curves represent the fluorescence
induced after hydrogen peroxide treatment (20 mM; 30 min).
Experiments were done in duplicate on 4 clones of FXN, 3 clones
of N146A and 4 clones of mito81–210. I154F mutant clone was
used as a positive control. (E) Ultrastructural alterations in the
N146K clone observed by electron microscopy analysis. mt,
mitochondria; Lp, lipid droplet; mt-Fe, intramitochondrial iron
deposits; N, nucleus. (F) Transient transfection of wild-type hFXN
or mito81–210 in COS-1 cells. Total extracts (left panel) were
loaded on a SDS-gel and analyzed by Western blot using anti-
frataxin antibody. NT corresponds to non-transfected COS-1
cells. On the right panel, cellular fractioning of COS-1 cells
transfected with mito81–210. Cytosolic and mitochondrial frac-
tions were loaded on gel and analyzed using anti-frataxin antibody
by Western blot.
(JPG)

Figure S6 Purification and characterisation of the
FXN/NFS1/ISCU/ISD11 complex. (A) GST-mFXN was
co-expressed with mISCU, HIS-mNFS1 and mISD11 followed
by double purification using GSH and nickel columns. The
presence of the HIS tag on NFS1 had no effect on complex
formation (first and second lanes). The lane on the right shows the
complex obtained after co-expression, and purification using the
HIS tag of FXN-HIS with mISCU, mNFS1 and mISD11 on a
native gel. (B) Gel filtration with the GST-mFXN/ISCU/HIS-
NFS1/ISD11 complex. After purification using GSH and Nickel
columns, the sample was loaded and separated by gel filtration.
Sixty fractions were collected and fractions 2 to 40 were run on
SDS- and native-PAGE to determine the protein composition by
coomassie blue staining. Fractions 14 to 18 that contained the
complex were concentrated for the native mass spectrometry
analysis. Note that the signal observed for GST-mFXN after the
double purification is due to contamination on the nickel column
due to the large excess of GST-mFXN monomer present in the
sample before gel filtration. (C) ESI native mass spectrum of the
complex with GST-mFXN. The complex was purified as in
indicated in (A) and (B) and submitted to native mass spectrometry
analysis. The experimental molecular weight for each component
obtained in denaturing conditions were 10,722 Da, 14,576 Da,
41,047 Da and 45,553 Da for mISD11, mISCU, GST-mFXN
and HIS-mNFS1, respectively. A significant set of peaks
(corresponding to the multicharged ions) was detected correspond-
ing to a molecular weight of 237,130 Da. (D) Stoichiometry of the
quaternary complex. Comparison of the molecular weight (MW)
obtained with different combinations using the observed mass of
each component and the observed mass of the complexes. NFS1
was considered as a dimer, by analogy with the bacterial IscS and
NifS. The observed mass difference between the GST-mFXN/

mISCU/HIS-mNFS1/mISD11 complex and the mFXN-HIS/
mISCU/mNFS1/mISD11 complex indicates that there are 2
frataxins per complex. The ISCU:frataxin ratio is 1 as measured in
(F). The residual mass can be attributed to the presence of 3 or 4
ISD11 per complex. (E) Determination of the ISCU:frataxin ratio
within the complex. mISCU-HIS and mFXN-HIS were purified
by tag purification and gel filtration (S75). mISCU-HIS and
mFXN-HIS fractions were quantified using the theoretical
extinction coefficient at 280 nm of 9,970 M21 cm21 and
26,930 M21 cm21, respectively (http://expasy.org/tools/prot-
param.html). Both fractions were then used to generate standard
curves. mFXN-HIS/mISCU/mNFS1/mISD11 complex was
purified by coupling affinity tag purification and gel filtration
(S200) and loaded on a SDS gel. The quantity of frataxin and
mISCU was determined by densitometry after coomassie blue
staining, using a Chemi genius2 bio imaging system and
GeneTools software (Syngene). The result is presented as the
average obtained from six independent experiments 6 SD. Note
that on the rare occasions when frataxin was less expressed, the
quantity of frataxin per complex was lower.
(JPG)

Figure S7 Purification of the mISCU/mNFS1/mISD11
ternary complex. (A) The mISCU-HIS/mNFS1/mISD11
complex was purified from co-expressing bacteria using HIS-tag
purification and gel filtration. Both the eluate (E) after HIS-tag
purification (left panel) and the fractions of the gel filtration (right
panel) were loaded on SDS-PAGE and analyzed by coomassie
blue staining. The ternary complex was isolated in fractions 5 to 7.
(B) The mISCUD72A-HIS/mNFS1/mISD11 complex was puri-
fied as in (A). The eluate (E) from the HIS-tag purification (left
panel) and the fractions of the gel filtration (right) panel were
loaded on SDS-PAGE and analyzed by coomassie blue staining.
More ternary complex could be obtained compared to wild type
mISCU (see (A)) in fractions 5 to 7, indicating that the D72A
mutation increases the affinity of mISCU for mNFS1/mISD11.
(JPG)
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SUPPLEMENTARY MATERIAL AND METHODS S1  1 
Expression plasmids and mutagenesis. For mammalian expression, hFXN or hFXN-FLAG were cloned 2 
between EcoRI and XhoI sites of pcDNA3.1(+) vector. Cloning of mito81-210 into pcDNA3.1(+) vector 3 
was performed by PCR amplifying fragment 1-41 and 81-210 of hFXN separately and by introducing a 4 
XbaI restriction site for ligation. hFXN (aa 81-210) and mFXN (aa 76-207) were cloned into pGEX4T1 5 
vector using EcoRI and XhoI restriction sites. For bacterial co-expression, mISCU and mFXN were 6 
cloned into pACYCDuet-1 or pETDuet-1 vectors using NcoI and XhoI restriction sites. mNFS1 cDNA, 7 
without the predicted mitochondrial targeting sequence, was cloned into pENTR-1 vector using EcoRI and 8 
XhoI restriction sites and was then subcloned, using Gateway® technology, into pCo0GWS, containing 9 
the mISD11 cDNA between the NdeI and BamHI restriction sites. Mutagenesis was performed by PCR 10 
directed mutagenesis as previously described [1]. All constructs were verified by sequencing. 11 
Recombinant protein expression and purification. Transformed BL21 bacteria were cultured in 2xYT 12 
in the presence of the relevant antibiotic to reach 0.5 O.D.600. IPTG  0.1-0.5mM was added to induce 13 
recombinant protein production for 3-8 hours. The bacterial pellet was resuspended in cold PBS-TND 14 
(PBS, 1% Triton X-100, 1% IGEPAL, DTT 10mM and Complete protease inhibitor cocktail (Roche)), 15 
sonicated 5 min at 4°C (amplitude 30%), and incubated 15 min on ice. 16 
Antibody dilutions. anti-frataxin 1/1,000 (R1250), anti-!-tubulin 1/10,000 (IGBMC), anti-aconitase 17 

1/10,000 (R2377), anti-ferrochelatase 1/1,000 (R2381), anti-MnSOD 1/5,000 (SOD-110, Stressgen), anti-18 
NFS1 1/2,000 (kindly provided by Cécile Bouton), anti-ISCU 1/2,000 (R2385, against peptide 19 
CKLQIQVDEKGKIVDARFK), anti-ISD11 1/5,000 (kindly provided by Cécile Bouton). HRP-coupled 20 
secondary antibodies were diluted at 1/5,000. 21 
Mass spectrometry analysis. NanoLC-nanoESI/MS2 was performed on a linear ion trap LTQ XL 22 
(Thermo FisherScientific) with nano-ESI source interfaced to an Ultimate 3000 nanoLC system (Dionex). 23 
Samples were first desalted and concentrated on a reverse phase precolumn 300 µm i.d x 5 mm for 3 min 24 
at 20 µL/min. Protein digests were then separated on a Pepmap C18, 15 cm x 75 µm i.d (Dionex). The 25 
HPLC gradient was 5-60% solvent B (A = 5% acetonitrile, 0.1% formic acid; B = 80% acetonitrile, 0.08% 26 
formic acid) in 40 min at a flow rate of 200 nL/min. MS/MS spectra were recorded in the data dependent 27 
mode on the five most intense ions observed in MS scan recorded in the mass range m/z 400-1600, the 28 
enhanced scan rate was used for the full MS spectrum. A micro zoom scan was acquired before MS/MS 29 
acquisition scans to determine the peptide charge. Parameters for acquiring CID MS/MS spectra were as 30 
follows; activation time = 30 ms, activation Q = 0.25, relative collision energy = 35% and an isolation 31 
width of 3 m/z. Peptides selected for MS/MS acquisition were then placed on an exclusion list for 30 s to 32 
limit duplicate spectra. Proteome Discoverer 1.1 (Thermo Fisher Scientific) with Sequest® search engine 33 
was used for spectra preprocessing protein ID. The searches were conducted against the human Swissprot 34 



database (version 57.9, 512,205 entries). Database searches were performed with the following fixed 35 
parameters; precursor mass tolerance of +/- 0.5 Da, product ion mass tolerance +/- 0.8 Da, and 2missed 36 
cleavages, carbamidomethylation of cysteine as fixed modification and methionine oxidation as variable 37 
modification. Sequest® results were filtered with Xcorr versus charge state 0.7-1, 2.2-2, 2.5-3, 2.75-4.  38 
ESI-MS (electrospray ionisation mass spectrometry) mass spectra were acquired on a time-of-flight mass 39 
spectrometer (MicrOTOF II, Bruker Daltonic) equipped with an electrospray source. Calibration of the 40 
instrument from m/z 4000-15000 was performed using the cesium iodide (CsI) clusters generated by 41 
spraying a solution of CsI in water/2-propanol 50/50 v/v at a concentration of 1 mg/mL. The sample was 42 
infused in the mass spectrometer via a syringe pump (kdScientific) at a flow rate of 3 !L/min. The mass 43 
spectrometer was controlled via the MicrOTOF control software (version 2.3). The voltage applied was 44 
4.5 kV. The nebulizer gas pressure was 8.7 psi. The source temperature was kept at 160°C. All 45 
measurements were performed in the positive ion mode. The optimal instrumental conditions to observe 46 
protein complexes were capillary exit voltage 200 V, skimmer1 35 V, hexapole1 21 V, hexapole RF 800 47 
Vpp. Data were acquired for 1 minute. Before data processing, each spectrum was smoothed (Gauss 48 
smooth, 0.3 Da) with the DataAnalysis software (version 4.0). 49 
 50 
1. Schmucker, S., et al. (2008) The in vivo mitochondrial two-step maturation of human frataxin 51 

Hum Mol Genet 17, 3521-31. 52 
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TITRE de la thèse  

 

Résumé 
L’Ataxie de Friedreich est une maladie génétique récessive neurodégénérative. Elle 
est due à un déficit dans l’expression d’une protéine mitochondriale, la frataxine. Cette 
protéine est impliquée dans l’assemblage des protéines fer-soufre (FeS). Le premier 
axe de ma thèse a consisté à mieux caractériser le rôle de la frataxine au sein du 
complexe précoce de biosynthèse des clusters FeS (NFS1/ISD11/ISCU). Mes 
résultats m’ont permis de mettre en évidence l’importance de la frataxine dans le 
contrôle de l’entrée du fer au sein du complexe de biosynthèse, sur l’activité 
enzymatique de NFS1 et sur le transfert des clusters FeS vers les apo-protéines. Le 
second axe a été le développement du programme de bioinformatique (PredISC) nous 
permettant des candidats de protéines FeS. Ce programme a permis de générer une 
liste de candidat qui pourra être compilée sous la forme d’une base de données. Par 
la suite, des approches transversales y seront associées à afin d’affiner les listes de 
candidats. 

Mots Clés 
Frataxine - Clusters Fer-Souffre - Ataxie de Friedreich - Protéines Fer-Souffre - 
Machinerie ISC - NFS1 - ISCU - ISD11 

 

Résumé en anglais 
Friedreich Ataxia (FA) is the most prevalent form of autosomal recessive ataxia in the 
Caucasian population. Frataxin is implicated in the biosynthesis of iron-sulfur (FeS). 
The first axis of my work was to better characterize the function of Frataxin in the 
“early” complex of FeS clusters biosynthesis (NFS1/ISD11/ISCU). I was able to show 
the crucial involvement of Frataxin in the control of iron entry in this complex, on the 
enzymatic activity of NFS1 and on the transfert of FeS cluster to apo-proteins. The 
second axis was the development of a bio-informatic software (PredISC) that is able to 
predict potential iron-sulfur containing proteins. The software allows us to generate a 
list of candidates that will be compiled in a database. In the future transversal 
approaches have to be associated in order to reduced the number of candidates, and 
increase their interest. 

Keywords 
Frataxin - Fer-Sulfur Clusters - Friedreich Ataxia - Fer-Sulfur Proteins - ISC machinery 
- NFS1 - ISCU - ISD11 

 


