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*(/(2*$(25(%! *(! ;+45-7(! aY;b! 1! 4+%! -05$;-*+%! /+)! 0-40$+! aYI-^gp! I+(5<((! 1! 0+4%>.! eooop! Y+)2! 1!

O)-/-2$!^[[hp!@'5#-2!1!0+4%>.!^[[hb>!
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D1"
!

L+%!0-2-4(%!Y;!(%562!-#/4$-#(25(!*$%5)$E'$*+%!(2!*$;()%+%!5(7$*+%.!%(!0+2+0(2!-4)(*(*+)!

*(!k[!8(2(%!&'(!0+*$=$0-2!/-)-!(%5(!5$/+!*(!0-2-4(%!1!%(!04-%$=$0-2!(2!e^!%'E=-#$4$-%.!Y;e`Y;e^!

a@'5#-2!1!0+4%>.!^[[hp!;()!M$8')-!eb>!!

!

@7A:48" D I" @8F7C78" >5" CK;" ?8=8C5;" >5" JK98;7K" >5J5=>75=95;" >5" 6KC98k5" fL6g" _" 45J45;5=98?7U=" 5;i:5FW97?8" >5" C8"

;:3:=7>8>" J47=?7J8CI" (I" _)E+4! =$4+8(2N5$0+! *(! 4-! =-#$4$-! *(! 0-2-4(%! Y;e`o>" L-! )(0+2%5)'00$92! *(4! 6)E+4! %(! )(-4$<9!

-4$2(-2*+!%(0'(20$-%! *(! /)+5(32-%! *(! 4+%! 0-2-4(%! Y;! :'#-2+%! '%-2*+! (4! /)+8)-#-! ILRHO"Lq! 1! '2! -264$%$%! *(!

#6J$#+!/-)%$#+2$-!0+2!(4!/)+8)-#-!,"R,.!)(%'45-2*+!6)E+4(%!%$2!)-30(%!&'(!0+#/)(2*(2!-!4-%!=-#$4$-%!*(!0-2-4(%!

Y;e! -4! Y;o>! ,-)-! (4! -264$%$%! %(! '5$4$<9! %+4+! 4-! )(8$92! :$*)+=9E$0-! aHe`Hib>! C2! /-)N25(%$%! %(! #'(%5)-! (4! 2+#E)(!

-45()2-5$;+!-%$82-*+!/+)!(4!W@SI!a?@AB&A+2+&C'=+2#!")7,+&:'==())++& \!I+#$5N!*(!S+#(204-5')-!*(!4+%!@(2(%!

?@AB& D?7="2& A+2'=+& B,/"2(8")('2& E& Q)8-2$<-0$92! *(4! @(2+#-! W'#-2+bb.! %(8'$*+! /+)! 4-! 4+0-4$<-0$92!

0)+#+%9#$0-!*(!0-*-!'2+!*(!4+%!8(2(%!&'(!0+*$=$0-2!/-)-!%'!)(%/(05$;+!0-2-4>!PI"_)E+4!=$4+8(2N5$0+!*(!4-!=-#$4$-!*(!

0-2-4(%! Y;e[`e^! a0+2%5)'$*+! 0+2!4+%!#$%#+%! 0)35()$+%! &'(! (2! (4! /-2(4! "b>!'I"G(/)(%(25-0$92! (%&'(#65$0-! *(! 4-!

%'E'2$*-*!/)$20$/-4! HE,-*(!4+%!0-2-4(%!Y;I"C%5-!=-#$4$-!*(!0-2-4(%!=+)#-!/-)5(!*(!4-!=-#$4$-!iOAK.!0+2%5$5'$*-!/+)!

%($%!:N4$0(%!5)-2%#(#E)-2-4(%!a)(/)(%(25-*-%!/+)!0$4$2*)+%b!1!'2-!-%-`,!(25)(!4-%!:N4$0(%!Hh!1!Hi!&'(!=+)#-!/-)5(!

(%(20$-4!*(4!/+)+!*(4!0-2-4 !aO+#-*+!*(!@'5#-2!1!0+4%>.!^[[hp!I:+(.!^[[^b>!
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!

7# *-.-/!20!89!:;&<,!

(

L-! %'E=-#$4$-! $FA! a+)*+,-.-/'-/'b! /()5(2(0(! -! 4-! =-#$4$-! *(! 0-2-4(%! Y;! &'(! -! %'! ;(<!

0+2%$%5(!*(!5)(%!%'E=-#$4$-%U!+"/G&+!4&H?+"/`*%F(C,-4-+,/&H?+"/`+(*#)(5-I(&(CJ-@#+$F(-1!@-2(5<V1.!

eookp!@-2(5<V1!1!0+4%>.!eooob>!K(!(%5-!D45$#-!%(!:-2!(20+25)-*+!5)(%! $%+=+)#-%!0-)-05()$<-*-%!

/)$20$/-4#(25(!(2!:'#-2+%!1!)-5-%U!+,/HG&+,/IG&+,/J&aP-'()!1!0+4%>.!eooZp!H:$!1!0+4%>.!eoonb%!C4!

0-2-4! CG@e& *(! :'#-2+! a:CG@eb! :-! %$*+! (%/(0$-4#(25(! )(4(;-25(! /-)-! (4! 6)(-! #N*$0-! 1! 4-!

$2*'%5)$-!=-)#-0(D5$0-.!*(E$*+!-!%'! $#/4$0-0$92!(2!*$%5$25+%!(;(25+%!0(4'4-)(%.!4+%!0'-4(%!%()62!

-E+)*-*+%!#6%!-*(4-25(>!!

!

7#7#,#!=-101!;15>?@5?>-/01!20/!@-.-/!:;&<,!

(

C4!0-2-4!:CG@e.!*(!-0'()*+!-! 4-!2+#(204-5')-!(%5-E4(0$*-!/+)! 4-! XR,W"G& DK2)+,2")('2"!&

@2('2& 'L& <*",="#'!'/ME&R2$92! X25()2-0$+2-4! *(! M-)#-0+4+83-b! /()5(2(0(! -! 4-! =-#$4$-! Y;! ee>e!

aM$8')-!ep!NU!0-2-4!*(!/+5-%$+p!9U!*(/(2*$(25(!*(!;+45-7(p&HHU!#$(#E)+!*(! 4-!5()0()-!%'E=-#$4$-!

*(!0-2-4(%!*(!#-#3=()+%!+,/p!HU!/)$#()!#$(#E)+!*(%0)$5+!*(4!8)'/+b>!

L-! (%5)'05')-! ='20$+2-4! *(4! 0-2-4! :CG@e! 4-! 0+2%5$5'1(2! 0'-5)+! %'E'2$*-*(%! /)$20$/-4(%!

HE,/-1-*-!'2-!=4-2&'(-*-!/+)!%'E'2$*-*(%!-00(%+)$-%!(2!(4!(J5)(#+!-#$2+!a*+#$2$+!,"HU!<+,-

F,2)-3(=p!e`ejh!--b!1!0-)E+J$4+`5()#$2-4!a%$5$+!*(!'2$92!-!2'04(95$*+%!0304$0+%p!0SPIp!;()!M$8')-!

^".!Pp!A+)-$%`I-E)-4!1!0+4%>.!eooZb>!K#A-ADBD&%5#5(A-E-5$(2(!%($%!%(8#(25+%!5)-2%#(#E)-2-4(%!

1'&- D&#- (A)+D1)D+#- A(1D&5#+%#- 5(- E`:N4$0(! a*(2+5-*+%! 0+#+! He`Hi! 1! )(/)(%(25-*+%! 0+#+!

0$4$2*)+%!(2!4-!M$8')-!^".!Pb>!L+%!/)$#()+%!0'-5)+!%(8#(25+%!5)-2%#(#E)-2-4(%!aHe`Hkb!*(!0-*-!

%'E'2$*-*!=+)#-2!(4!%(2%+)!*(!;+45-7(!aT:-28!1!0+4%>.!^[[kp!O)'*(-'!1!0+4%>.!eoohp!H(+:!1!0+4%>.!

eooip!L$'!1!0+4%>.!^[[jb>!L-!%(0'(20$-!*(!-#$2+60$*+%!&'(!%(!(J5$(2*(!*(%*(!(4!$2$0$+!*(4!Hh!1!-4!

=$2-4!*(4!Hi!(2!0-*-!'2-!*(!4-%!%'E'2$*-*(%!&'(!=+)#-2!(4!5(5)6#()+!0+2%5$5'1((4!/+)+!1!(4!=$45)+!

*(! %(4(05$;$*-*! aO?@m@p! K+14(! 1! 0+4%>.! eooZb! *(4! 0-2-4>! C2! (%5-! )(8$92! 4+%! 0-2-4(%! :CG@e!%+2!

%$#$4-)(%!-!+5)+%!#$(#E)+%!*(!4-!=-#$4$-!*(!0-2-4(%!*(!/+5-%$+!aq-)#V(!1!@-2(5<V1.!eookp!L$'!1!

0+4%>.!^[[^p!,-)*+`L9/(<!1!0+4%>.!^[[^-bp!%$2!(#E-)8+.!(4!-%-!(J5)-0(4'4-)!&'(!0+2(05-!-!4-!:N4$0(!

*(4! /+)+! 0+2! (4! $2$0$+! *(4! Hh! aHh`,& !''6b! (%! #6%! 4-)8-! (2! (4! :CG@e.! 5$(2(! kj! -#$2+60$*+%!
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D<"
!

0+#/-)-*+! 0+2! ek`^j! *(4! )(%5+! *(! 4+%! 0-2-4(%! Y;>! m!-*(#6%! (%! '2-! )(8$92! $2;+4'0)-*-! (2! 4-!

$25()-00$92! 0+2! *$;()%-%! 5+J$2-%! *(! -2$#-4(%! a;()! M$8')-! ^Ip! L$'! 1! 0+4%>.! ^[[^p! ,-)*+`L9/(<! 1!

0+4%>.!^[[^-.!Ep!T:-28!1!0+4%>.!^[[jb>!!

"

@7A:48"!I"+5J45;5=98?7U="5;94:?9:48C">5C"?8=8C">5 "L
M
"N%+.D"_"?KFJ848?7U=">5"C8";5?:5=?78">5"8F7=KW?7>K;">5"CK;"

;5AF5=9K;",1"8C",O"?K="K94K;"?8=8C5;"L6I"(I"G(/)(%(25-0$92!5(5)-#N)$0-!*(4!0-2-4!=+)#-*+!/+)!%'E'2$*-*(%`E-LD(-

-4!'2$)%(!=+)#-2!(2!(4!0(25)+!(4!/+)+!*(4!0-2-4>!I-*-!%'E'2$*-*`E-(A)G-+(8+(A(&)#5#-8'+-A(%A-(A)+D1)D+#A-1%* M&5+%1#A!

aHe`Hib!1!(2!(4!0'-)5+!0$4$2*)+!aHkb!*(!0-*-!*+#$2$+!%(!#'(%5)-2!4-%!i!0-)8-%!/+%$5$;-%! $#/+)5-25(%!/-)-!(4!%(2%-*+!

*(4!;+45-7(>!PI! X4'%5)-!(4!-))(84+!*(!5'A-ADBD&%5#5(A-E/-(&-5'&5(-1#5#-D&#- %(!0+2%5$5'1(!*(U!'2!*+#$2$+!,"H!a<+,-

F,)-3(=O&!p!e`ejhb.!)(8$92!S`5()#$2-4!/)+J$#-4!aejZ`k[ib.!%(2%+)!*(!;+45-7(!aHe`Hkp!k[n`hkhb.!)(8$92!*(!4-!O+))(5-!

a:N4$0(!Hh`,p!hZj`ijeb.!*+#$2$+!*(4!/+)+!a,p!hkh`iihb.!:N4$0(!Hi!aiii`nk^b.!*+#$2$+!*(!'2$92!-!2'04(95$*+%!0304$0+%!

a0SPKp!!p!nkj`Zkkb.!)(8$92!I`5()#$2-4!*$%5-4!aZkh`eehob>!'I!"4$2(-#$(25+!*(!%(0'(20$-%!*(4!(J5)(#+!I`5()#$2-4!*(4!

%(8#(25+! Hh! -4! S`5()#$2-4! *(4! Hi! *(4! 0-2-4! :CG@e! 1! +5)+%! 0-2-4(%! *(! Y
g!
*(/(2*$(25(%! *(! ;+45-7(>! H(! $ 4'%5)-!

#(*$-25(!/'25+% &H!,-LD(-*#-+(I%N&-5(*-#A#-OP`,!(%!#6%!4-)8-!(2!(4!0-2-4!:CG@e!aL$'!1!0+4%>.!^[[^p!,())$2!1!0+4%>.!

^[[Zb>!
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!

!

F9F9F9!A>43602-201!B64CD16@-1!20/!@-.-/!:;&<,!

$

L+%!0-2-4(%!*(!/+5-%$+!:CG@e!%+2!/)+5(32-%!*$26#$0-%!&'(!/'(*(2!+%0$4-)!(25)(!*$%5$25-%!

0+2=+)#-0$+2(%/-8+(A(&)#&5'-D&-$(1#&%A$'-5(-1'$8D(+)#-'-?I#)%&IC-LD(-+(A8'&5(-#-1#$B%'A-

(2! (4! /+5(20$-4! *(! #(#E)-2->! L-! ;-)$-0$92! :-0$-! ;-4+)(%! #(2+%! 2(8-5$;+%! *(4! /+5(20$-4! *(!

5)-2%#(#E)-2-! $25()2+! *(%/4-<-! (4! (&'$4$E)$+! 0+2=+)#-0$+2-4! *(4! 0-2-4! *(%*(! '2! (%5-*+!

0())-*+! 2+! 0+2*'05+).! :-0$-! (4! (%5-*+! -E$()5+! a-05$;-0$92b! &'(! /()#$5(! (4! =4'7+! *(! Yg! :-0$-! (4!

(J5()$+)! *(! 4-! 0N4'4-! $#/'4%-*+! /+)! (4! (&'$4$E)$+! (4(05)+&'3#$0+! *(4! $92>! "! (%5(! 0-#E$+! :-0$-!

/+5(20$-4(%! #(2+%! 2(8-5$;+%! %(! 4(! 0+2+0(! 0+#+! *(%/+4-)$<-0$92>! H$! 4-! *(%/+4-)$<-0$92! %(!

#-25$(2(.! 4+%! 0-2-4(%! %(! *(%/4-<-2! -! '2! (%5-*+! 0+2=+)#-0$+2-4! $2-05$;+! 2+! 0+2*'05+)!

a$2-05$;-0$92b>! C%5-!%(0'(20$-! *(! (;(25+%! (%! )(;()5$*-! 0+2! 4-! )(/+4-)$<-0$92! *(! 4-!#(#E)-2-.!

*(%/4-<-2*+!(4!(%5-*+!0+2=+)#-0$+2-4!*(4!0-2-4!*(!2'(;+!-! 5)-;N%!*(4!(%5-*+!-E$()5+! :-0$-!(4!

(%5-*+!0())-*+!a*(%-05$;-0$92p!r!`Z[!#?p!O)$%5-2$`M$)+'<$!1!0+4%>.!^[[^p!M$8')-!j"b>!!

C4!0-2-4!:CG@e!/)(%(25-! '2-!0$2N5$0-!*(!0+#/'()5-! $2'%'-4!(2! 0+#/-)-0$92!0+2!+5)+%!

0-2-4(%!Y;.!5$(2(!'2-!0$2N5$0-!*(!-05$;-0$92!1!*(%-05$;-0$92!4(25-!0+2!'2-!*')-0$92!*(!0$(25+%!*(!

#%!-!%.!-!*$=()(20$-!*(! 4-!$2-05$;-0$92!&'(!+0'))(!(2! '2!4-/%+!*(!#%!-!*N0$#-%!*(!#%!aq-28!1!

0+4%>.!eooZp!T:+'!1!0+4%>.!eooZb>!C%5-%!/)+/$(*-*(%!E$+=3%$0-%!:-0(2!&'(!(4!5$(#/+!*(!)(%$*(20$-!

*(4!:CG@e!(2!(4!(%5-*+!-E$()5+!%(-!#'1!E)(;(!*')-25(! 4-!*(%/+4-)$<-0$92!*(! 4-!#(#E)-2-!1! 4-!

0+))$(25(!*(!Yg! 5)-2%/+)5-*-!/+)!(4!0-2-4!%(-!)(*'0$*->!,+)!(4!0+25-)$+.!0'-2*+!(4!/+5(20$-4!*(!

#(#E)-2-! )(8)(%-! -! %'! ;-4+)! 2(8-5$;+! +0'))(! '2-! )6/$*-! )(0'/()-0$92! *(! 4-! $2-05$;-0$92!

%(8'$*-!*(!'2-!*(%-05$;-0$92!4(25-.! 4+!&'(!#-25$(2(!-! 4+%!0-2-4(%!(2!%'!0+2=+)#-0$92!-E$()5-!

*(! =+)#-! /)+4+28-*-.! +E%();62*+%(! '2-! 8)-2! 0+))$(25(! (25)-25(! *(! Yg! 0+2+0$*-! 0+#+!

?1'++%(&)(-5(-1'*#C-HM$8')-!jPp!P-'()!1!H0:l-)<.!^[[ep!?-2*(2E()8!1!0+4%>.!^[[eb>!

!

!

!
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DB"
!

@7A:48"#I"%C5?94KR7;7KCKAS8">5"CK;"?8=8C5;">5"L
M
"N%+.D >!(I!G(/)(%(25-0$92!*(!4+%!5)(%!(%5-*+%!0+2=+)#-0$+2-4(%!*(4!

:CG@eU! 0())-*+! a$<&'$()*-b.! -E$()5+! a0(25)+b! (! $2-05$;-*+! a*()(0:-b.! )(/)(%(25-*+%! 0+2! *+%! *(! 4-%! 0'-5)+!

%'E'2$*-*(%! &'(! =+)#-2! (4! /+)+! *(4! 0-2-4>! L-! 5)-2%$0$92! (25)(! (4! (%5-*+! 0())-*+! -4! -E$()5+! %(! 0+2+0(! 0+#+!

-05$;-0$92! (! $2;+4'0)-!4-!-/()5')-! *(! 4-! 0+#/'()5-! $25)-0(4'4-)! &'(! +0'))(! 4(25-#(25(! a0$(25+%! *(! #%! -! %b>! C2!

0-#E$+.! 4-!$2-05$;-0$92!(%!)6/$*-!a#%!-!*N0$#-%!*(!#%b!1!0+2%$%5(!(2!4-!5)-2%$0$92!*(4!(%5-*+!-E$()5+!-4!$2-05$;+.!

0-)-05()$<-*-!/+)!4-!0+2%5)$00$92!*(4!=$45)+!*(!%(4(05$;$*-*!*(4!0-2-4!a,())$2!1!0+4%>.!^[[Zb>!PI"C%&'(#-5$<-0$92!*(!4-!

0$2N5$0-! *(! -05$;-0$92! (! $2-05$;-0$92! *(4! 0-2-4! :CG@e>" C2! (4! /+5(20$-4! *(!#(#E)-2-! (2! )(/+%+! ar! `Z[! #?b! 4+%!

0-2-4(%! *(! /+5-%$+! :CG@e! (%562! 0())-*+%! 1! *(%-05$;-*+%>! C4! *(%/4-<-#$(25+! *(4! /+5(20$-4! :-0$-! ;-4+)(%!#(2+%!

2(8-5$;+%!ar`n[!-![!#?b!0-'%-!4-!-05$;-0$92!*(4!0-2-4!1!%$#'4562(-#(25(!%'!$2-05$;-0$92!)(%'45-2*+!'2-!/(&'(F-!

0+))$(25(!%-4$(25(!*(!Y
g!
a4 $2(-!)+7-b>!,+)!(4!0+25)-)$+.!0'-2*+!(4!/+5(20$-4!*(!#(#E)-2-!)(8)(%-!-!%'!;-4+)!2(8-5$;+!

a`!e^[!#?b.!+0'))(!'2-!)6/$*-!)(0'/()-0$92!*(!4-!$2-05$;-0$92!%(8'$*-!*(!'2-!*(%-05$;-0$92!4(25-.!4+!&'(!#-25$(2(!-!

4+%! 0-2-4(%! (2! %'! 0+2=+)#-0$92! -E$()5-! *(! =+)#-! /)+4+28-*-.! +E%();62*+%(! '2-! 8)-2!0+))$(25(! (25)-25(! *(! Y
g
!

1'&'1%5#-1'$'-?1'++%(&)(-5(-1'*#C!a4 32(-!;()*(p!O+#-*+!*(!P-'()!1!H0:l-)<.!^[[ep!?-2*(2E()8!1!0+4%>.!^[[eb>!
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!E"
!

O)-E-7+%! /)(;$+%! %'8$()(2! &'(! 4-! -05$;-0$92! 4(25-! *(4! 0-2-4! :CG@e! %(! *(E(! -4! 4(25+!

#+;$#$(25+!*(4!%(8#(25+!Hk!aH#$5:!1!m(2().!^[[^b!(2!)(%/'(%5-!-!0-#E$+%!(2!(4!/+5(20$-4!*(!

#(#E)-2->! I'-2*+! (4! 0-2-4! (%5-! 0())-*+.! 4+%! )(%$*'+%! 0-)8-*+%! 2(8-5$;-#(25(! *(! 4+%!

%(8#(25+%!He!1!H^!/'(*(2!=+)#-)!/'(25(%!%-4$2+%!0+2!4+%!)(%$*'+%!E6%$0+%!*(!4+%!*+%!(J5)(#+%!

*(4! %(8#(25+! Hk! aKkee`YhjZ! 1! Kkhi`Yh^hb>! C%5+%! /'(25(%! %-4$2+%! (%5-E$4$<-2! -4! 0-2-4! (2! 4-!

0+2=+)#-0$92!0())-*-.!)(5-)*-2*+!%'!-05$;-0$92!aM$8')-!k"p!T:-28!1!0+4%>.!^[[kb!

,+)!+5)+!4-*+.!(2!4-!$2-05$;-0$92!*(4!:CG@e!%(!/)+/+2(!&'(!(4!#+;$#$(25+!*(4!%(8#(25+!

Hk!:-0$-! 4-*+!(J5)-0(4'4-)!*(4!0-2-4!0-'%-*+!/+)! 4-!*(%/+4-)$<-0$92!*(! 4-!#(#E)-2-.! $25();$(2(!

0+2!(4!*(%/4-<-#$(25+!*(!4-%!:N4$0(%!Hh`,!1!*(4!/+)+>!C%5+!:-0(!&'(!(4!/+)+!(J5()2+!*(4!0-2-4!%(!

0$())(! a;()! M$8')-! kp! M-2! 1! 0+4%>.! eooop! M$0V()! 1! 0+4%>.! eooZp! L$'! 1! 0+4%>.! eooip! H0:s2:())! 1!

W($2(#-22.! eooip! H#$5:! 1! 0+4%>.! eooib>! C%5(! #(0-2$%#+! (%! -264+8+! -! 4-! $2-05$;-0$92! 5$/+! I!

*(%0)$5-!/-)-!4+%!0-2-4(%!Y;e!+!3*"4+,&aH#$5:!1!0+4%>.!eooi.!W+%:$!1!0+4%>.!eooeb>!H$2!(#E-)8+.!4-!

$2-05$;-0$92!(2!(4!0-2-4!:CG@e!(%!#6%!)6/$*-.!/+)!(7(#/4+!-!gi[!#?!5$(2(!'2-!*')-0$92!*(![>ne!

t![>ek!#%!1!-!`i[!#?!^>oj!t![>en!#%!aL'!1!0+4%>.!^[[eb.!#$(25)-%!&'(!(2!4+%!0-2-4(%!3*"4+,!(%!

#-1+)!-!e!%(8'2*+!aA(1()!1!W($2(#-22.!eoonb>!R2-!*(!4-%!/)$20$/-4(%!*$=()(20$-%!(25)(!(4!0-2-4!

:CG@e!1!(4!3*"4+,!(%! 4-!2-)5')-4(<-!*(4!)(%$*'+!-)+#65$0+!*(4!=$45)+!*(!%(4(05$;$*-*!aM-2!1!0+4%>.!

eooob>!C2!(4!3*"4+,.!1!(2!+5)+%!0-2-4(%!*(!/+5-%$+.!4-!%(0'(20$-!*(!-#$2+60$*+%!(%!@m@!aK+14(!1!

0+4%>.!eooZb.!(2!0-#E$+.!(2!(4!:CG@e!4-!%(0'(20$-!(%!@M@>!H(!:-!*(%0)$5+!&'(!4-!5$)+%$2-!*(! 4+%!

-#$2+60$*+%!@m@!=+)#-!/'(25(%!*(!:$*)98(2+!0+2!4+%!)(%$*'+%!qkjk.!qkjh!1!mkkh!a4+0-4$<-*+%!

(2! 4-! :N4$0(! *(4! /+)+b! &'(! (%5-E$4$<-2! -4! ;(%53E'4+! (J5()2+! *(4! 0-2-4! (2! (4! (%5-*+! -E$()5+.!

)(5-)*-2*+!4-! $2-05$;-0$92!*(4!3*"4+,! am-28!1!0+4%>.!eoonp!K+14(!1!0+4%>.!eooZb>!L-!-'%(20$-!*(!

(%5+%!/'(25(%!*(!:$*)98(2+!(2!(4!0-2-4!:CG@e!:-0(!&'(!4-!:N4$0(!*(4!/+)+!%(-!#6%!=4(J$E4(!1!/+)!

4+! 5-25+! 4-! $2-05$;-0$92!#6%! )6/$*-! aM-2! 1! 0+4%>.! eooob>! C2! (%5'*$+%! /)(;$+%! %(! *(5()#$29! &'(!

)(%$*'+%! 4+0-4$<-*+%!(2!4-!:N4$0(!Hh`,!aqhZh.! XhZi.!WhZn.!LhZo.!@ho[.!Khoe.! Xhoj.!@hokp!M-2!1!

0+4%>.!eooop!,-)*+`L9/(<!1!0+4%>.!^[[^-p!L$'! 1!0+4%>.!^[[^b!1!(2!4-!:N4$0(!*(4!/+)+! a@i^Z.!Hi^[.!

Hij[! 1! Hikep! M$0V()! 1! 0+4%>.! eooZp! H0:s2:())! 1! W($2(#-22.! eooip! W()<E()8! 1! 0+4%>.! eooZb!

0+25)$E'1(2! (2! 4-! 0$2N5$0-! *(! $2-05$;-0$92! *(4! :CG@e.! 1-! &'(! #'5-0$+2(%! /'25'-4(%! *(! (%5+%!

)(%$*'+%!/'(*(2!)(5-)*-)4-!+!-2'4-)4->!
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@7A:48" -I" +5J45;5=98?7U=" >5" CK;" ?8F37K;" ?K=RK4F8?7K=8C5;" 5=" 5C" ?8=8C" N%+.D" >:48=95" C8" >5;JKC847a8?7U=" >5" C8"

F5F348=8I"(I!I-#E$+%!0+2=+)#-0$+2(%!*(4!0-2-4 !:CG@eU!I!a0())-*+b.!Iu!a/)(-E$()5+b.!Q!a-E$()5+b!(!X!a$2-05$;-*+b>!"!

4-!$<&'$()*-.!%(!#'(%5)-!4-!0+2=+)#-0$92!*(4!(%5-*+!0())-*+>!C4!0-2-4!(%56!)(/)(%(25-*+!/+)!'2!0$4$2*)+.!(2!(4!0(25)+!

%(! $4'%5)-! (4! /+)+! )+*(-*+! /+)! 4-%! 0'-5)+! :N4$0(%! Hh`,>! L+%! 0$4$2*)+%! 0+2! 4+%! %$82+%! /+%$5$;+%! )(/)(%(25-2! -! 4+%!

%(8#(25+%!Hk>!"!4-!*()(0:-.!%(!$4'%5)-!4-!0+2=+)#-0$92!$2-05$;-!*(4!0-2-4 .!4-!0'-4!%(!*(%(20-*(2-!/+)!(4!#+;$#$(25+!

*(4! Hk! *')-25(! 4-! *(/+4-)$<-0$92! *(! 4-!#(#E)-2-.! /()#$5$(2*+! 4-! $25()-00$92! *(! 4+%! )(%$*'+%! *(! 4+%! (J5)(#+%!

(J5)-0(4'4-)(%!*(4!Hk!1!Hh>!C%5+!$25())'#/(!4-!=+)#-0$92!*(!/'(25(%!*(!:$*)98(2+!(25)(! 4+%!)(%$*'+%!*(4!;(%53E'4+!

(J5()2+! *(4! 0-2-4! 0-'%-2*+! '2! 0+4-/%+! *(4! /+)+! (J5()2+! a$25()-00$92! *(! 4-%! 0'-5)+! :N4$0(%! *(4! Hh`,! (%562!

)(/)(%(25-*-%! 0+#+! 0$4$2*)+%! (2! 4-! /-)5(! (J5()2-! *(4! /+)+b>! PI" G(/)(%(25-0$92! *(! 4-! (%5)'05')-!%(0'2*-)$-! *(4!

(%5-*+! $2-05$;+! *(4!0-2-4! :CG@e>! C4!#+*(4+! %(! 0+2%5)'19! '%-2*+!0+#+! 5(#/4-*+! (4! *+#$2$+! *(4! /+)+! *(4!0-2-4!

Y;",>!"!4-!$<&'$()*-.!%(!#'(%5)-!'2-!;$%5-!*(4!0-2-4!*(4!4-*+!(J5)-0(4'4-).!(2!2(8)+!%(!)(/)(%(25-2!4-%!0'-5)+!:N4$0(%!

Hh`,!1!(2!8)$%!(4!)(%5+!*(!4-%!:N4$0(%!&'(!0+2%5$5'1(2!(4!5(5)6#()+!*(4!0-2-4 >!"!4-!*()(0:-.!%(!$4'%5)-!'2-!;$%5-!4-5()-4!

*(4!0-2-4!#+%5)-2*+!%+4+!*+%!%'E'2$*-*(%!1!(2!0-*-!'2-!%(!#'(%5)-2U!(2!8)$%!4-%!:N4$0(%!*(!4+%!%(8#(25+%!Hh.!,!1!

Hi! 1! (2! 2(8)+! 4-%! :N4$0(%! Hh`,>! C%5-! D45$#-! )(8$92! %(! )(%-45-! 1! %(! *(%0)$E(! (2! (4! %$8'$(25(! /-2(4>!'I" C%5)'05')-!

%(0'2*-)$-!*(!*+%!*(!4-%!0'-5)+!)(8$+2(%!Hh`,!$2;+4'0)-*-%!(2!(4!0+4-/%+!*(4!/+)+!(J5()2+!*(4!0-2-4!:CG@e!*')-25(!

4-! $2-05$;-0$92>! L-! $25()-00$92! (25)(! 4-%! 0-*(2-%! 4-5()-4(%! *(! 4+%! )(%$*'+%! @hZk.! ShZZ.! qhZh.! LhZo! *(! 4-%!

%'E'2$*-*(%!-*1-%0(25(%!*(!4-%!:N4$0(%!Hh`,!0$())-2!(4!(7(!0(25)-4!*(4!/+)+.! $#/$*$(2*+!(4!=4'7+!*(!Y
g
!aO+#-*+!*(!

O%(28!1!@'1.!^[[hb>!
!

L-! /-)5$0$/-0$92! *(4! 0-2-4! :CG@e! (2! (;(25+%! 0(4'4-)(%! :-! %$*+! 0-)-05()$<-*-!

/)$20$/-4#(25(!(2!(4!0+)-<92.!(%!(4!)(%/+2%-E4(! 7'25+!0+2!+5)+%!0-2-4(%!*(!Yg!*(!-'#(25-)! 4-!

0+))$(25(! *(! Yg! :-0$-! (4! (J5()$+)! *(! 4-! 0N4'4-.! 0-'%-2*+! 4-! )(/+4-)$<-0$92! *(! 4-! #(#E)-2-! 1!

#-)0-2*+! (4! =$2! *(4! 0$04+! *(! 4-! (J0$5-0$92! 1! 0+25)-00$92! 0-)*$-0-! aH-28'$2(55$! 1! 0+4%>.! eoohp!

S()E+22(.!^[[[p!O%(28!1!0+4%>.!^[[eb>!
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C%! $#/+)5-25(!0+#(25-)! &'(!#'5-0$+2(%!(2!(4!8(2!*+,/H!+!(4!E4+&'(+!*(4!0-2-4!:CG@e!

/'(*(2! 0-'%-)! '2! )(5)-%+! (2! 4-! )(/+4-)$<-0$92.! 4$#$5-2*+! 4-! -/-)$0$92! *(! 4-%! 0+))$(25(%!

*(%/+4-)$<-25(%!*(!S-g!1!I-g^.!/)+4+28-2*+!-%3!(4!/()3+*+!(25)(!/+5(20$-4(%!*(!-00$92!%'0(%$;+%!

1!0-'%-2*+!4+!&'(!%(!0+2+0(!0+#+!%32*)+#(!]O!4-)8+!*(4!5$/+!^!aL]O^b!&'(!%(!0-)-05()$<-!/+)!

'2-!/)+4+28-0$92!(2!(4! $25();-4+!]O!(2!(4!(4(05)+0-)*$+8)-#-!0-'%-2*+!-))$5#$-%!;(25)$0'4-)(%!

#-4$82-%.!0+#+!5-&'$0-)*$-!;(25)$0'4-)!1!-))$5#$-!;(25)$0'4-)!/+4$#9)=$0-!aP',8"1+8&1+&6'(2)+8!\!

O+)0$#$(25+!*(!/'25-%b!+!#'()5(!%DE$5-!aI'))-2!1!0+4%>.!eoohp!Y$(:2!1!0+4%>.!eooip!H-28'$2(55$!1!

0+4%>.!eooib>!C4!E4+&'(+! *(4!:CG@e!(%!0-'%-*+!0+#+! '2!(=(05+!0+4-5()-4!*(!*$;()%+%!=6)#-0+%!

0+#+U! -25$:$%5-#32$0+%.! -25$-))35#$0+%.! :$/+4$/(#$-25(%.! *$')N5$0+%.! /)+0$2N5$0+%.!

-25$*(/)(%$;+%.!-25$E$95$0+%.!-25$/-4D*$0+%!1!2(')+4N/5$0+%!aG+*(2.!eooZb>!!

! L-!(J/)(%$92!*(4!0-2-4!CG@e!2+!%+4+!%(!)(%5)$28(!-4!0+)-<92.! 5-#E$N2!%(!:-!*(%0)$5+!(2!

*$;()%+%!5(7$*+%!(2!4+%!0'-4(%!4-!(J0$5-E$4$*-*!(%!'2-!/)+/$(*-*!(%(20$-4.!5-4(%!0+#+!(2U!#D%0'4+!

4$%+!a"VE-)-4$!1!0+4%>.!eooop!Q:1-!1!0+4%>.!^[[^p!H:+(E!1!0+4%>.!^[[jp!,-))!1!0+4%>.!^[[jb.!0'()/+%!

0-)+5$*(+%!aQ;():+45!1!0+4%>.!^[[[b.!0N4'4-%! 4-05+5)+/-%!aI+))(55(!1!0+4%>.!eoohp! H0:v=()! 1!0+4%>.!

eooop! P-'().!QRRS,/- 12*D*#A- :- 8#&1+(G)%1#A- HT'A#)%- 1! 0+4%>.! ^[[[b.! 0N4'4-%! 0)+#-=$2(%! a@'44+! 1!

0+4%>.! ^[[jb.! -)5()$+4-! 84+#()'4-)! 1! ;-%+%! )(2-4(%! aI-))$%+<-! 1! 0+4%>.! ^[e[b.! 0N4'4-%! *(! ,')V$27(!

aH-00+!1!0+4%>.!^[[jb.!2D04(+%!*(!)-=N!aW$)*(%!1!0+4%>.!^[[hb.! $25()2(')+2-%!aM')4-2!1!0+4%>.!^[[h.!

^[[nb>!!

!

E# ".50>-@@6F.!20!/-1!54G6.-1!20!-/-@>H.!14B>0!@-.-/01!20!

345-164$

!

I+2! (4! =$2! *(! 0+2+0()! 4-! )(4-0$92! (%5)'05')-`='20$92! *(! 4+%! 0-2-4(%! *(! /+5-%$+! %(! :-2!

(#/4(-*+! :())-#$(25-%! =-)#-0+498$0-%! &'(! $25()=$()-2! 0+2! %'! -05$;$*-*.! 0+#+! 4-%! -#$2-%!

0'-5()2-)$-%!a5(5)-(5$4-#+2$+!\!OC"b.!%$2!(#E-)8+!2+!%+2!#'1!(%/(03=$0+%!/-)-!'2!%'E5$/+!*(!

0-2-4!1!%+2!*(!E-7-!-=$2$*-*>!,+)!+5)+!4-*+.!4-%!5+J$2-%!2-5')-4(%!-$%4-*-%!*(4!;(2(2+!*(!*$;()%-%!

(%/(0$(%!*(!-2$#-4(%.!5-4(%!0+#+U!-4-0)-2(%.!%()/$(25(%.!-)-F-%.!-E(7-%.!-2N#+2-%!1!0-)-0+4(%!

*(!#-)!a@-)03-!1!0+4%>.!eoonb!%(!:-2!'%-*+!/-)-!(;-4'-)!4-!-05$;$*-*!0(4'4-)!*(!;-)$+%!0-2-4(%!*(!

/+5-%$+.!-%3!0+#+.!/-)-!)(-4$<-)!(%5'*$+%!*(!(%5)'05')-`='20$92>!!
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L-%! 5+J$2-%! *(!-4-0)62! %(! :-2! '5$4$<-*+! /-)-! 0-)-05()$<-)! 4-! (%5)'05')-! 1! ='20$92! *(! 4+%!

0-2-4(%!*(!/+5-%$+!a"$1-)!1!0+4%>.!eooip!K+14(!1!0+4%>.!eooZb>!C2!eoZ^.!,+%%-2$!1!0+4%>.!$*(25$=$09!4-!

/)$#()-! 5+J$2-! *(! -4-0)62! aS+J$'%5+J$2-! *(! :+2),7,'(1+8& 2';(78b! 0-/-<! *(! E4+&'(-)! 4-!

/()#(-E$4$*-*!*(4!/+5-%$+!(2!(4!-J92!8$8-25(!*(!0-4-#-)!a,+%%-2$!1!0+4%>.!eoZ^p!I-)E+2(!1!0+4%>.!

eoZ^b>!O)(%!-F+%!*(%/'N%.!A$44()!1!0+4%>.!/')$=$09! 4-!I-)$E*+5+J$2-!aI:OJb.!'2-!5+J$2-!-$%4-*-!*(4!

;(2(2+! *(4!-4-0)62!Q+(7,78&R7(2R7+8),(")78& *+S,"+78&aA$44()!1!0+4%>.!eoZhp!A$44().!eoohb.!0+2!4-!

0'-4! %(! )(-4$<9! '2! -264$%$%!#(0-23%5$0+! *(4! ='20$+2-#$(25+! 1! *(! 4-%! *$#(2%$+2(%! )(4-5$;-%! *(4!

;(%53E'4+! *(4! /+)+! *(! 4+%! 0-2-4(%! *(! /+5-%$+! a,-)V! 1! 0+4%>.! eooep! P+25(#%! 1! 0+4%>.! eoo^p!

@$-28$-0+#+! 1! 0+4%>.! eoo^b>! W-%5-! -:+)-.! %(! :-2! 0-)-05()$<-*+!#6%! *(! ek[! 5+J$2-%! *(!-4-0)62!

&'(! -=(05-2! -! 4+%! 0-2-4(%! *(! /+5-%$+! aYOJb! 1!%(! :-2! 04-%$=$0-*+! (2! 0'-5)+! =-#$4$-%U! -4=-.! E(5-.!

8-##-!1!V-//-.!&'(!%(!-E)(;$-2!0+#+!E`YOJ/-:`YOJ/-U`YOJ!4-V`YOJ%!aO158-5!1!0+4%>.!eooob>!C%5-%!

5+J$2-%!%+2!/N/5$*+%! *(!^^!-!kZ!-#$2'G1%5'A/-1'&- D&-$')%W'-(A)+D1)D+#*-EX:-(A)#B%*%9#5'-8'+-

5)(%!+!0'-5)+!/'(25(%!*$%'4=')+!aG+*)38'(<!*(!4-!?(8-!1!0+4%>.!^[[jp!G+*)38'(<!*(!4-!?(8-!1!0+4%>.!

^[[kb>!

Y(&)+'-5(-*#-Z#$%*%#-E`YOJ!%(!(20'(25)-2!4-!I:OJ!&'(!-05D-!%+E)(!4+%!0-2-4(%!YI-!e>e.!YI-!

j>e.!3*"4+,!1!Y;e>j!0+2!'2-!-=$2$*-*!*(![>en!-!e^[!2A!a"2*()%+2!1!0+4%>.!eoZZp!G-'()!1!0+4%>.!

^[[[p!H5+0V()!1!A$44().!eookp!G+*)38'(<!*(! 4-!?(8-!1!0+4%>.!^[[jb.!-%3!0+#+!4-!"8$5+J$2-!a"8OJ^b!

&'(!$2:$E(!4-%!0+))$(25(%!*(!4+%!0-2-4(%!3*"4+,G&Y;e>e!1!Y;e>j!0+2!'2-!-=$2$*-*!*(![>[[k`[>ei!2A&

aA$44().! eoohp! Y)(<(4! 1! 0+4%>.! eoohp! G+*)38'(<! *(! 4-! ?(8-! 1! 0+4%>.! ^[[jb>! C%5(! 5$/+! *(! 5+J$2-%!

E4+&'(-! -4! 0-2-4! *(! /+5-%$+! /+)! +04'%$92! =3%$0-! *(! 4-! )(8$92! *(4! /+)+! 0+2! '2-! )(4-0$92!

(%5(&'$+#N5)$0-!eUe!a5+J$2-U!0-2-4b.!$#/$*$(2*+!(4!/-%+!*(!4+%!$+2(%!Yg!-!5)-;N%!*(4!0-2-4!aA$44()!

1!0+4%>.!eoZhp!A-0Y$22+2!1!A$44().!eooZp!eoZop!A$44().!eoZZp!@$-28$0+#+!1!0+4%>.!eoo^b>!!

L-!%'/()=$0$(!*(!0+25-05+!*(!(%5(!5$/+!*(!5+J$2-%!0+2!4+%!0-2-4(%!*(!/+5-%$+!4-!0+2%5$5'1(!

/)$20$/-4#(25(!'2!/-)! *(!-#$2+60$*+%! 4+0-4$<-*+%!(2!4-!%(8'2*-!:+7-`:-8*(I#5#>!C%5(!/-)!(%5-!

*(=$2$*+! /+)!'2! )(%$*'+! E6%$0+!aL1%b!1!'2!-)+#65$0+!aO1)!+!,:(b! 1!%(!)(=$()(!-!(44+%!0+#+!-! 4-!

?*$-*-!='20$+2-4C-'-?5%#5#-1#)#*M)%1#C>!K(!(%5(!#+*+.!%(!%-E(!&'(!'2-!;(<!&'(!%(!'2(! 4-!5+J$2-!

(2!4-!)(8$92!*(4!;(%53E'4+!*(4!0-2-4.! 4-!/)(%(20$-!*(!)(%$*'+%!(%/(03=$0+%!#-25$(2(2!-! 4-!5+J$2-!

'2$*-! -4! 0-2-4! aI:OJU! G^h.! A^o.! Sj[.! Gjk! 1! mjip! "8OJ^U! G^h.! Gjk.! H^^.! M^h.! A^o! 1! Sj[b.!

#$(25)-%!&'(!'2!)(%$*'+!0+2%();-*+!*(!4$%$2-!(2!4-!/+%$0$92!^n!a/-)-!(4!0-%+!*(!4-!I:OJ.!"8OJ^!1!
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')+#A- )'6%&#A- E`YOJb.! -/'25-! 1! +04'1(! (4! /+)+.! E4+&'(-2*+! (4! /-%+! *(4! $+2! Yg! a?()! M$8')-! hp!

@+4*%5($2!1!0+4%>.!eookp!S-)-27+!1!A$44().!eooip!S-$2$!1!A$44().!eooip!W$*-48+!1!0+4%>.!eoohp!@)+%%!

1!0+4%>.!eooib>!!
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%325(%$%!*(!4-%!;-)$-25(%!Mjn"!1!YjZ"!%(!(#/4(-)+2!4+%!+4$8+2'04(95$*+%!^"=?K-$2)$TAG&ZJUF,+9!

1!NJbF,+9>!,-)-!4-!-#/4$=$0-0$92!/+)!,IG!*(!4-%!;-)$-25(%!Mjn"!1!YjZ"!%(!(#/4(-)+2!4-%!#$%#-%!

0+2*$0$+2(%!&'(!4-!5+J$2-!2-5$;->!L+%!/)+*'05+%!*(!,IG!*(!0-*-!'2-!*(!4-%!;-)$-25(%!%(!*$8$()(2!

0+2! 4-%! (2<$#-%! *(! )(%5)$00$92!^"=?X& M& C')K! 1! 4$8-*+%! -4! ;(05+)! /H12e>! L-%! 0+2%5)'00$+2(%! %(!

%(0'(20$-)+2!/-)-!0+#/)+E-)!&'(!(4!#-)0+!*(!4(05')-!(%5(!(2!4-!=-%(!0+))(05->!

!

!

!

!

!

!

!

!

!

!

!

!

"

"

@7A:48"DEI"$7;5lK"_"?K=;94:??7U=">5C";7;95F8">5"5VJ45;7U="J848"59(,"+$9!L-!0+2%5)'00$92!*(4!;(05+)!*(!(J/)(%$92!%(!

)(-4$<9!$2%()5-2*+! (4! 8(2! &'(! 0+*$=$0-! /-)-!4-! 5+J$2-! ='%$+2-*+!-4! 8(2! &'(! 0+*$=$0-! /-)-!4-! /)+5(32-! -0-))(-*+)-!

O:$+)(*+J$2-!%(/-)-*+%!/+)!0$20+!0+*+2(%!&'(!0+*$=$0-2!/-)-!4+%!-#$2+60$*+%!KKKKY.!%(0'(20$-!)(0+2+0$*-!/+)!4-!

/)+5(-%-! (25()+0$2-%->! L+%! 8(2(%! (%562! =4-2&'(-*+%! /+)!4-%! (2<$#-%! *(! )(%5)$00$92! a3L(! X.!^"=?X! 1!C')Xb! &'(! %(!

'5$4$<-)+2!/-)-!4-!$2%()0$92!*(!4+%!8(2(%!(2!(4!;(05+)>!C4!;(05+)!/H12e!0+25$(2(!(4!+)$8(2!*(!)(/4$0-0$92!/-)-!$%&#'!(!

aC0+4!+)$b!1!/-)-!(4!=-8+!Aej!aAej!+)$b.!'2!8(2!&'(!4(!0+2=$()(!-4!:'N%/(*!)(%$%5(20$-!-!-#/$0$4 $2-!a"#/!)b.!'2!8(2!

&'(!0+*$=$0-!/-)-!(4!/N/5$*+!%(F-4!a/(4Pb!&'(!%(!='%$+2-)6!-!4-!/)+5(32-1!4-!5)-2%/+)5-)6!-4!/()$/4-%#->!
!
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#1"
!

%-B/-!,#!'/6W4.?@/0F56241!0U3/0-241!3->-!/-!@4.15>?@@6F.!
!20!/-1!54G6.-1!>0@4UB6.-.501!

$4UB>0! J0@?0.@6-1!!

A1$J!4$"(
h|`@OI!IOI!@I"!"IO!@I@!@II!I"@!II@!@II!"O@!@II!@"I!"@"!@"O!"@I!O@I!@OI!
@"I`j|(

E"2J5-;(
h|`@"@!OI"!OOI!OI@!"IO!O@I!@@I!I@I!"I@!O@"!OO"!I@I!"I"!OOO!"I"!IOO!@""!
"""`j|(

@&KLMJ5%2567( h|`@@I!OIO!@@"!OII!@@O!@"O!@"I!@"O!@"I!""@!@"I!"@"!@"O!"@I!O@I!@OI`j|(
N8O:( h|`I"!I@"!O@I!@I"!7B:!O"O!@@"!O"I`j|(

P8Q:( h|`@"!O@I!@I"!"""!7B!!@@"!O"I!O"I`j|(

P8R:( h|`I"!"""!O"O!77:!O"I!@II!I""!@"@!O@`j|(
DOS:-*I( h|`I@I!"I"!OOO!"I"!IOO!@""!"""!B7B!"I"!@@O!OII!OII!"OO!@O@`j|(

TOR:-*I(
h|`I@!"IO!O@I!@@I!I@I!"I@!O@"!OO"!I@I!"I"!OOO!"I"!IOO!77B!"""!I"O!"I"!
@@O!OII`c0(

NOU:-*I(
h|`I@!"IO!O@I!@@I!I@I!"I@!O@"!OO"!I@I!"I"!OOO!"I"!B7B!@""!"""!I"O!"I"!
@@O!OII`c0(

L+%!2'04(95$*+%!%'E)-1-*+%!0+))(%/+2*(2!-!4-!%(0'(20$-!)(0+2+0$*-!/+)!4-!(2<$#-!*(!)(%5)$00$92!1!4+%!
)(%-45-*+%!(2!2(8)+!0+))(%/+2*(2!-4!0+*92!*(4!-#$2+60$*+!&'(!%(!0-#E$9!/+)!-4-2$2->!

"

"

!

R#O#!;G3>016F.!V!3?>6C6@-@6F.!20!/-1!3>450D.-1!>0@4UB6.-.501!

!

L-!0(/-!O@e!*(!$8#*+,(#*("&#'!(&%(!5)-2%=+)#9!*(!#-2()-! $2*$;$*'-4!0+2!0-*-!'2-!*(! 4-%!

0+2%5)'00$+2(%! 8(2()-*-%! a/H12eO:$+)(*+J$2-`CY`O+J$2-b>! L-%! 5)-2%=+)#-25(%! %(! 0)(0$()+2! (2!

#(*$+! mO^z! %'/4(#(25-*+! 0+2! -#/$0$4$2-! a^[[! $8x#4b! 1! 84'0+%-! a[>ewb! -! jn! }I.! '2-! ;(<!

-40-2<-*-! '2-! *(2%$*-*! 9/5$0-! *(! e>[! -! '2-! 4+28$5'*! *(! +2*-! *(! i[[! 2#.! 4-! (J/)(%$92! *(! 4-!

/)+5(32-!%(! $2*'79!0+2!e!#A!*(!X,O@>!H(!5+#-)+2!#'(%5)-%!-25(%!1! *(%/'N%!*(! 4-! $2*'00$92!

/-)-! *(5()#$2-)! (4! 2$;(4! *(! (J/)(%$92! (2! '2! 8(4! *(! O)$0$2(`HKH`,"@C! %$8'$(2*+! (4! /)+5+0+4+!

*(%0)$5+!/+)!H0:-88()!1!B-8+l.!eoZn>!L-!$2*'00$92!%(!)(-4$<9!-!j[!}I!*')-25(!ei!:>!K(%/'N%!*(!4-!

0+%(0:-! 4-%! 0N4'4-%! %(! 0(25)$='8-)+2! -! Z[[[! )/#! /+)! eh! #$2>! L-%! 0N4'4-%! E-05()$-2-%! %(!

)(%'%/(2*(2!(2!e^>h!#4!*(!H-0-)+%-!a^[!#8x#4b.!O)$%`WI4!^[!#A!/W!Z>[!1!%(!$20'E-2!-!k!}I!/+)!

^[!#$2.!/+%5()$+)#(25(!%(!0(25)$='8-2!-!Z[[[!)/#!/+)!^[!#$2>!C4!%+E)(2-*-25(!(%!)(#+;$*+!1!

4-%!0N4'4-%!%(!)(%'%/(2*(2!(2!e^>h!#4!*(!-8'-!*(%5$4-*-!-!k!}I!a4-!*$=()(20$-!(2!4-!0+20(25)-0$92!

*(!%+4'5+%!8(2()9!'2!0:+&'(!+%#95$0+b!1!%(! $20'E-2!(2!-8$5-0$92!4(25-!-!k!}I!/+)!^[!#$2>!L-%!

0N4'4-%! %(! )(#'(;(2! /+)! 0(25)$='8-0$92! aZ[[[! )/#! -! k! }I! /+)! ^[! #$2b! 1! (4! %+E)(2-*-25(!
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!

0+))(%/+2*(!-!4-!=)-00$92!/()$/46%#$0-.!(2!*+2*(!%(!(20'(25)-!4-!/)+5(32-!*(!='%$92!*(!$25()N%>!

C%5-!=)-00$92!%(!*$-4$<9!0+25)-!O)$%`WI4!^[!#A!/W!Z>[!1!%(!0-)8-!(2!'2-!0+4'#2-!*(!$25()0-#E$+!

-2$92$0+!0+2!'2-!0-/-0$*-*!*(!ik!#4!&'(!0+25$(2(!4-!)(%$2-!*$(5$4`-#$2+`(5$4`0(4'4+%-!aKC"Cb.!4-!

0'-4! /)(;$-#(25(! %(! (&'$4$E)9! 0+2! 4-! #$%#-! 0+#/+%$0$92! *(! E'==()! (#/4(-*+! (2! 4-! *$64$%$%>!

K(%/'N%! *(! 4-! -/4$0-0$92! *(! 4-! /)+5(32-.! 4-! 0+4'#2-! %(! 4-;-! /+)! j[! #$2! 0+2! (4! #$%#+!

#$'+)%ID#5'+- H?BDZZ(+C,- 4- *#A- 8+')(M&#A- %(! (4'1(2! 0+2! '2! 8)-*$(25(! *(! S-I4! *(! [`[>j! A>! L+%!

/)+*'05+%!%(!/')$=$0-)+2!/+%5()$+)#(25(!/+)!0)+#-5+8)-=3-!*(! 43&'$*+%!*(!-45-!/)(%$92!(2!=-%(!

)(;()%-! aG,`W,LIb! (#/4(-2*+! '2-! 0+4'#2-! %(#$! /)(/-)-5$;-! IeZ! 0+2! '2! 8)-*$(25(! 4$2(-4! *(!

E'==()!"!a"8'-!5(5)-`*(%5$4-*-!0+2![e^w!*(!OM"!;x;b!-!E'==()!P!a"0(5+2$5)$4+!0+2![>ew!*(!OM"b!*(!

[`ihw!*(!P!(2!ih!#$2>!L-%!/)+5(32-%!*(!='%$92!/')$=$0-*-%!%(!*$8$()(2!0+2!(25()+0$2-%-!aH$8#-!

"4*)$0:b.!'5$4$<-2*+!e!#8!*(!/)+5(32-!/-)-![>[^!R!*(!(2<$#-!)(%'%/(2*$*-%!(2!(4!E'==()!O)$%`WI4!

h[[#A.! I-I4̂ ! ^#A.! Ol((2`^[! e[w.! /W! Z>[.! (! $20'E-*-%! /+)! ei! :! -! ^h! }I>! L+%! /N/5$*+%!

)(0+#E$2-25(%!%(!/')$=$0-)+2!/+)!G,`W,LI!'%-2*+!'2-!0+4'#2-!-2-435$0-!IeZ!1!'2!8)-*$(25(!*(!

[`ihw! *(! E'==()! P! /+)! ih! #$2>! L+%! /N/5$*+%! )(0+#E$2-25(%! %(! -2-4$<-)+2! 8'+- ?@(A)(+&-

B*'))%&IC/- AD- $#A#- %(! 0+2=$)#9! /+)! (%/(05)+#(5)3-! *(! #-%-%! aCHX`AHb! 1! 4-! %(0'(20$-! *(!

-#$2+60$*+%!/+)!*(8)-*-0$92!*(!C*#-2>! !

!

R#R#!! (050>U6.-@6F.!20!/-!015>?@5?>-!10@?.2->6-!34>!26@>4D1U4!

@6>@?/->!

!

L+%!(%/(05)+%!*(!*$0)+3%#+!0$)0'4-)!%(!+E5$(2(2!(2! '2!(%/(05)+/+4-)3#(5)+!B-%0+!B`n^h!

aB-%0+.!B-/92b>!L-!4(05')-!*(!4+%!(%/(05)+%!%(!)(-4$<9!(2!'2!)-28+!*(!^h[!-!eo[!2#!(2!^[#A!*(!

O)$%`WI4!-!/W!Z>[!-!^[(I!0+2!'2-!0(4*-!*(!0-#$2+!9/5$0+! *(!e##>!L+%!*-5+%!%(!0+4(05-)+2!-!e!

2#!0+2!'2-!;(4+0$*-*!*(!(J/4+)-0$92!*(!^[!2#x#$2!1!'2!5$(#/+!0+2%5-25(!*(![>h!%(8'2*+%>!L-!

0+20(25)-0$92!*(4! /N/5$*+!='(! *(![>^`[>^h!#8x#4>!L+%! )(%'45-*+%!%(!(J/)(%-)+2!(2!(4$/5$0$*-*!

#+4-).!)*+AGq,!\!a*+E%xe[b!aAx04b.!*+2*(!*+E%!(%!4-!(4$/5$0$*-*!+E%();-*-!-!*(5()#$2-*-!4+28$5'*!

*(!+2*-.!_!(%!(4!/(%+!#+4(0'4-)!)(%$*'-4!#(*$+.!K!(%!4-!4+28$5'*!*(4!0-#$2+!9/5$0+!)(0+))$*+!(2!

0(253#(5)+%.! 1! #! 4-! 0+20(25)-0$92! *(! /)+5(32-! (J/)(%-*-! (2! #8x#4>! L-%! '2$*-*(%! *(! )*+! %+2!

*(8>0#^>*#+4`e!a,-$2.!^[[kb>!!
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!

R#X#!! ;.1-V41!0/0@5>4C6164/FW6@41!

!

I+2! (4! =$2! *(! )(8$%5)-)! 4-%! 0+))$(25(%! *(! /+5-%$+! %(! '5$4$<9! *#- )21&%1#- ?<")#*-23)*40!

a=$7-0$92!*(!;+45-7(!(2!'2!/-)0:(!*(!#(#E)-2-b!(&-AD-1'&Z%ID+#1%N&-5(-12*D*#-1'$8*()#-?c*'!+-

2%330>! L-! 5N02$0-!5(- ?4)+2"' 23)*40' ='(! *(%-))+44-*-! /+)! S(:()! 1! H-V#-22! -! /)$20$/$+%! *(! 4+%!

+0:(25-.! (%! '2-! ;-)$-0$92! *(! 4-! 5N02$0-! *(! =$7-0$92! *(! ;+45-7(! 1! 0+2%$%5(! (2! #-25(2()! =$7-! 4-!

*$=()(20$-!*(!;+45-7(!*(!'2!/(&'(F+!5)+<+!*(!#(#E)-2-p!*(!(%5-!=+)#-.!#$*$(2*+!4-!0+))$(25(!

2(0(%-)$-!/-)-!#-25(2()!*$0:-!*$=()(20$-!*(!/+5(20$-4.!%(!/'(*(!0'-25$=$0-)!(4!=4'7+!*(! $+2(%!-!

5)-;N%! *(! (%5(! 5)+<+! *(! #(#E)-2-! aW-#$44! 1! 0+4%>.! eoZeb>! C%5-! 5N02$0-! /()#$5(! (4! )(8$%5)+! *(!

0+))$(25(%!-!2$;(4!#-0)+%0+/$0+.!*(4!+)*(2!*(!/">!C4!/)$#()!/-%+!(2!4-!(7(0'0$92!*(!4-!5N02$0-!(%!

4-!=+)#-0$92!*(!'2!%(44+!*(!-45-!)(%$%5(20$-!(25)(!4-!#(#E)-2-!1!4-!/'25-!*(!4-!/$/(5->!,-)-!(44+!

%(!'5$4$<-!'2-!/$/(5-!*(!0)$%5-4!0'1-!/'25-!5$(2(!'2!*$6#(5)+!*(!e!{#>!L-!/$/(5-!%(!/+2(!%+E)(!4-!

%'/()=$0$(!*(! 4-!0N4'4-.!%(!-/4$0-!'2-!/)(%$92!2(8-5$;-!#(*$-25(!'2-!4$8()-!%'00$92!*(!5-4!=+)#-!

&'(!4-!/+)0$92!*(!4-!#(#E)-2-!4+0-4$<-*-!(2!4-!4'<!*(!4-!/$/(5-!%(!$2;-8$2-!=+)#-2*+!'2!%(44+!*(!

-45-!)(%$%5(20$-.!(2!0+2*$0$+2(%! $*(-4(%!%(!/'(*(2!0+2%(8'$)!%(44+%!0+2!)(%$%5(20$-%!*(!e[`e[[!

=d>!"!/-)5$)!5(-(A)(-8D&)'/-8#+#-1'&A(ID%+- *#-1'&Z%ID+#1%N&-5(-12*D*#-1'$8*()#-?c*'!+-2%330!%(!

-/4$0-!'2-!%'00$92!-*$0$+2-4!)+#/$(2*+!4-!/+)0$92!*(!4-!#(#E)-2-!$2;-8$2-*-.!4+!&'(!/()#$5(!4-!

0+#'2$0-0$92! (25)(! (4 ! $25()$+)! *(! 4-! /$/(5-! 1! (4! #(*$+! $25)-0(4'4-).! 0+2! 4+! &'(! 4-! /$/(5-! *(!

?8#)1]C-#]'+#-+(I%A)+#-*#-#1)%W%5#5-5(-*#-)')#*%5#5-5(-1#&#*(A-%N&%1'A-8+(A(&)(A-(&-*#-$($B+#&#-

0(4'4-)>! X2#(*$-5-#(25(!5)-%! 4-!)'/5')-!*(4!/-)0:(!*(!#(#E)-2-.! 4-!%+4'0$92!$25)-0(4'4-)!*(! 4-!

0N4'4-! %(! (&'$4$E)-! 0+2! 4-! %+4'0$92! *(4! $25()$+)! *(! 4-! /$/(5->! C2! (%5-%! 0+2*$0$+2(%! %(! =$7-! (4!

/+5(20$-4! *(! #(#E)-2-! -4! /+5(20$-4! *(%(-*+! 1! #(*$-25(! *$%5$25+%! /)+5+0+4+%! *(! ;+45-7(! %(!

)(8$%5)-!4-!0+))$(25(!*(%(-*->!L-!0+))$(25(!)(%'45-25(!(%!4-!%'#-!*(!5+*+%!4+%!0-2-4(%!/)(%(25(%!

(2!4-!#(#E)-2-!-05$;-E4(%!(2!0$()5-%!0+2*$0$+2(%!+!5-#E$N2!44-#-*-%!0+))$(25(%!#-0)+%09/$0-%>!

C4! (&'$/+.! 4-%! %+4'0$+2(%! (#/4(-*-%! 1! (4! /)+5+0+4+! '5$4$<-*+! /-)-! 4+%! *$%5$25+%! )(8$%5)+%! %(!

*(%0)$E(2!#6%!-*(4-25(!(2!(%5-!%(00$92>!
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#T"
!

R#X#,#!*?/56S4!*0/?/->!

!

C4! "KS0! &'(! 0+*$=$0-! /-)-! (4! 0-2-4! *(! /+5-%$+! *$TAHG& %(! (J/)(%9! (2! 0N4'4-%! IWQ!

a-:*(2+8+&?"=8)+,&B9",M->!1!%(!0'45$;-)+2!(2!(4!#(*$+!C-84(!#+*$=$0-*+!/+)!K'4E(00+!aKACAb!

%'/4(#(25-*+!0+2!k>h!8x4!*(!84'0+%-.!8(2(5$0$2-!akh[!{8x#4b!1!%'()+!=(5-4!E+;$2+!-4!e[w>!L-%!

0N4'4-%!%(!$20'E-)+2!-!jn!(I!(2!'2-!-5#9%=()-!0+2!ohw!*(!:D#(*-*!1!hw!*(!IQ^>!

!

R#X#7#!J4/?@64.01!20!&0W615>4!

!

K')-25(! 4+%!)(8$%5)+%! 4-%!0N4'4-%!%(!#-25';$()+2!(2!'2-!%+4'0$92!(J5)-0(4'4-)!(%562*-).!

&'(!0+25(23-U!ej[!#A!S-I4.!h!#A!YI4.!^#A!I-I4^.!^!#A!A8I4^.!e[!#A!E'==()!WC,CH`S-QW.!h!

#A!K`@4'0+%-.!/W!n>^o>!,-)-!4+%!(2%-1+%!E$+=3%$0+%.!4-%!0N4'4-%!%(!/()='2*$()+2!0+2!'2-!%+4'0$92!

(J5)-0(4'4-)! (2! -45+! 0+25(2$*+! *(! Yg! acYgd\! k[! #Ab.! (2! 4-! 0'-4! (4! S-I4! %(! )(#/4-<9! /+)!

0-25$*-*(%! (&'$#+4-)(%! *(! YI4>! L-! %+4'0$92! $25)-0(4'4-)! a#$0)+/$/(5-b! 0+25(23-U! ej[! #A!

"%/-)5-5+`Yg.! e[!#A!S-I4.! e>j! #A!I-I4 .̂! ^!#A! A8I4^.! e[!#A! C@O"`YQW! 1! e[! #A! E'==()!

WC,CH`S-QW.!/W!n>j>!!

 

R#X#E#!! &0W615>41!20!!"#$%&Y'(#)*!+,+-./(0101+23+/41!(-541!

!

L-!#(*$0$92!*(!4-%!0+))$(25(%!%(!:$<+!-!5(#/()-5')-!-#E$(25(!'5$4$<-2*+!'2!-#/4$=$0-*+)!

A'45$I4-#/! n[[P! 1! (4! %+=5l-)(! /I4-#/e[! aA+4(0'4-)! K(;$0(.! RH"b>! L-! )(%$%5(20$-! *(! 4-!

#$0)+/$/(5-! ='(! *(! e>he^>^!A.p! 4+%! ())+)(%! *(! 0-/-0$5-20$-! 0(4'4-)! 1! )(%$%5(20$-! (2! %()$(! %(!

0+#/(2%-)+2!-25(%!*(!0-*-!/)+5+0+4+!*(!=$7-0$92!*(!;+45-7(!0+2!(4!+E7(5+!*(!)(*'0$)!4+%!())+)(%!

*(!;+45-7(!-!#(2+%!*(4!hw>!C4!/)+5+0+4+!*(!/'4%+%!0+2%$%5$9!*(!'2-!)(/+4-)$<-0$92!-!ee^[!#?!/+)!

h[[!#%.!/)(0(*$*-!/+)!'2-!*(%/+4-)$<-0$92!-!i[!#?!/+)!h[[!#%!-!'2-!=)(0'(20$-!*(![>e!W<p!(4!

/+5(20$-4! *(! #-25(2$#$(25+! ='(! -! eZ[! #?>! L-! -*&'$%$0$92! 1! /)+0(%-#$(25+! *(! 4+%! *-5+%! %(!

)(-4$<9!'5$4$<-2*+!4+%!/)+8)-#-%!/I4-#/!a;()%$92!e[>[.!"J+2!X2%5)'#(25%!I+>.!R>!H>! ">b!1!Q)$8$2!

a;()%$92!n>[.!A$0)+0+0-4!%+=5l-)(.!A"b>!L+%!*-5+%!%(!#+%5)-)+2!0+#+!4-!#(*$-!/!HCA>!
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(

#B"
!

R#X#O#!(050>U6.-@6F.!20!/-1!@4.15-.501!20!2614@6-@6F.!Z"*R[1\!

!

 L-!0');-%!*+%$%`)(%/'(%5-!/-)-!4+%!0-2-4(%!:CG@e!%(!0+2%5)'19!8)-=$0-2*+!(4!/$0+!*(!0-*-!

0+))$(25(! #(*$*-! 5)-%! 4-! -/4$0-0$92! *(! 4-! 5+J$2-! 2-5$;-! +! *(! 4-%! ;-)$-25(%! *(%/'N%! *(! e[[!

%(8'2*+%!%+E)(!4-%!0N4'4-%!IWQ!&'(!(J/)(%-2!(4!0-2-4!:CG@e>!L-!0+))$(25(!#(*$*-!%(!2+)#-4$<9!

0+2! 4-! 0+))$(25(! +E5(2$*-! (2! 0+2*$0$+2(%! 0+25)+4>! L+%! *-5+%! (J/()$#(25-4(%! a#(*$-! *(! k`o!

0N4'4-%!/!HCAb!%(!-7'%5-)+2!'5$4$<-2*+!4-!(0'-0$92!*(!W$44U!

(

M!VMK&#(W(:F(X(Y:8J:FZVY8(X(Y[!\VN]Z3Z((

(

K+2*(!&F8V!(%!4-!0+))$(25(!#6J$#-p!))+"(%!4-!0+20(25)-0$92!*(!5+J$2-p!&)"(%!4-!0+))$(25(!-!

0$()5-!))+p!YK!(%!4-!0+2%5-25(!*(!*$%+0$-0$92!0+))(%/+2*$(25(!-!4-!))+"(2!4-!0'-4!%(!)(*'0(!(4!h[w!

*(! 4-! 0+))$(25(p! J! (%! (4! 0+(=$0$(25(! *(! W$44p! (D! 1! (!! %+2! 4-%! -%325+5-%! $2=()$+)! 1! %'/()$+).!

)(%/(05$;-#(25(>!O+#-2*+!(2!0+2%$*()-0$92!&'(!(4!E4+&'(+!*(! 4-!0+))$(25(!(2!(4!0-2-4!:CG@e!

/+)! 4-! 5+J$2-! C)8OJe! 2+! (%! 0+#/4(5+.! $2*(/(2*$(25(#(25(! *(! 4-%! -45-%! 0+20(25)-0$+2(%!

-/4$0-*-%>!C4!-7'%5(!*(!4+%!*-5+%!%(!)(-4$<9!0+2!'2!0+(=$0$(25(!*(!W$44!*(!e.!4-!-%325+5-!%'/()$+)!-![!

1!*(7-2*+!4$E)(!4-!-%325+5-!$2=()$+)>!,-)-!-48'2-%!#'5-25(%!='(!2(0(%-)$+!*(7-)!(4 !0+(=$0$(25(!*(!

W$44!4$E)(!+!=$7-)!(4!;-4+)!*(!4-!-%325+5-!$2=()$+)!-![>!

!

!

L"#!&;J)N%I('J!
!

L+%! )(%'45-*+%! +E5(2$*+%! (2! (4! *(%-))+44+! *(! (%5-! 5(%$%! *+05+)-4! %(! /'E4$0-)+2! (2! *+%!

-)530'4+%!0$(253=$0+%!*(!)(;$%5-%!$25()2-0$+2-4(%!$2*(J-*-%!1!:-0(2!/-)5(!*(!4+%!-2(J+%!&'(!(%562!

$204'$*+%! -4! =$2-4! *(! 4-! 5(%$%! aB$#N2(<`?-)8-%! 1! 0+4%>.! ^[eep! B$#N2(<`?-)8-%! 1! 0+4%>.! ^[e^-b>! C4!

5()0()!-2(J+!0+))(%/+2*(!-!'2-!)(;$%$92!%+E)(!5+J$2-%!#+*'4-*+)-%!+!E4+&'(-*+)-%!*(!0-2-4(%!

*(!/+5-%$+!CG@!aB$#N2(<`?-)8-%!1!0+4%>.!^[e^Eb>!!
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(

-E"
!

X#,#! !;G3>016F.!V!3?>6C6@-@6F.!20!/-1!3>450D.-1!20!C?16F.!
!
,-)-! +E5(2()! 0-25$*-*(%! %$82$=$0-5$;-%! *(! 4+%! /N/5$*+%! )(0+#E$2-25(%! %(! (#/4(9! (4 !

%$%5(#-! *(! (J/)(%$92! *(! $%& #'!(>! CJ/)(%-#+%! 4-! 5+J$2-! %$4;(%5)(! C)8OJe! 1! e[! #'5-25(%! aYej".!

mek".! men".! Ajh".! Mjn".! YjZ".! Yej"`Mjn".! mek"`Mjn".! men"`Mjn"! 1! Yej"`YjZ"b! 0+#+!

/)+5(32-%! ='%$+2-*-%! -! 4-! /)+5(32-! -0-))(-*+)-! O:$+)(*+J$2->! H(! (%5$#-! &'(! 4-! 0-25$*-*! *(!

/)+5(32-!*(!='%$92!/)+*'0$*-!(%!*(!^!-!i!#8!/+)!4$5)+!*(!0'45$;+!*(/(2*$(2*+!*(!4-!;-)$-25(>!C2!

(4!8(4!*(!4-!=$8')-!ee!%(!$4'%5)-!(4!2$;(4!*(!(J/)(%$92!*(!0-*-!5+J$2-!0+#+!/)+5(32-!*(!='%$92!1!%'!

+(1'&'1%$%(&)'- (&- (*- ?5%&+%,$' 637+0! /+)! -25$0'()/+%! /+4$04+2-4(%! -25$`C)8OJe! 4(;-25-*+%! (2!

0+2(7+.!+E%();-2*+!'2-!E-2*-!-4)(*(*+)!*(!4+%!en.[[[!K->!!

"
@7A:48"DDI".5C")47?7=5`,$,`-;<=*6*,>#&'#(7*?2)'5*+#*2)&*4()+@/')&*+#*#A4(#&%B7*+#*2.&*C.(%.7'#&* R:;7K=8>8;" 8"C8"

)N7K45>KV7=8I"(>!@(4!O)$0$2(`HKH`,"@C>!C2!(4!0-))$4 !eb>!A-)0-*+)!*(!/(%+!#+4(0'4-)p!^b>!Yej"p!jb>!mek"p!kb>!men"p!hb>!

Ajh"p! ib>! Mjn"p! nb>! YjZ"p! Zb>! Yej"`Mjn"p! ob>! mek"`Mjn"p! e[b>! men"`Mjn"p! eeb>! Yej"`YjZ"p! e^b>! CJ5)-05+!

/()$/46%#$0+!*(!O@ep!ejb>!C)8OJe)!PI!q(%5()2!E4+5>!L-%!/)+5(32-%!%(!0-)8-)+2!(2!(4!#$%#+!+)*(2!&'(!(2!(4!/-2(4!">!

,-)-! (4! )(;(4-*+!%(! '5$4$<9! '2! /)$#()! -25$0'()/+! /+4$04+2-4! *(! 0+2(7+!-25$ `C)8OJe! 1! '2!%(8'2*+! -25$0'()/+! 0-E)-!

-25$`0+2(7+!-0+/4-*+!-!/()+J$*-%->!L-%!/)+5(32-%!*(!='%$92!#$8)-2!-4)(*(*+)!*(!4+%!en!YK-.!$2*$0-*-%!/+)!=4(0:-%>!

!

C2! 4-!M$8')-!e^!%(!#'(%5)-!'2!(7(#/4+!*(!0+#+!%(!/')$=$0-)+2!0-*-! '2-!*(! 4-%!5+J$2-%!

)(0+#E$2-25(%! *(%*(! 4-! /)+5(32-! *(! ='%$92! *(! (J5)-05+! /()$/46%#$0+! :-%5-! +E5(2()! 4-! 5+J$2-%!

)(0+#E$2-25(! /')->! H(! *(5()#$29! (4! /(%+! #+4(0'4-)! /+)! (%/(05)+#(5)3-! *(! #-%-%! *(! 4-%!

;-)$-25(%!/)(;$-#(25(!/')$=$0-*-%U!Yej"!ak.inj>^!K-b.!mek"!ak.ijZ!K-b.!men"!ak.ijZ!K-b.!Ajh"!

ak.in[! K-b.! Mjn"! ak.ihk! K-b.! YjZ"! ak.inj! K-b.! Yej"`Mjn"! ak.hon! K-b! mek"`Mjn"! ak.hi^! K-b.!
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-D"
!

men"`Mjn"! ak.hi^! K-b.! Yej"`YjZ"! ak.iei! K-b.! 1! %(! )(-4$<-)+2! 4+%! (2%-1+%! (4(05)+=$%$+498$0+%!

0+))(%/+2*$(25(%>!

@7A:48"D!I"Q:47R7?8?7U=">5" C8" 68478=95"LD#(I"(I! L-!/)+5(32-!+E5(2$*-!(2!4-!=)-00$92!/()$/46%#$0-!%(!-/4$09!(2!'2-!

0+4'#2-!*(!$25()0-#E$+!-2$92$0+.!4-!(4'0$92!%(!)(-4$<9!0+#+!%(!*(%0)$E(!(2!4-!%(00$92!*(!#-5()$-4(%!1!#N5+*+%.!

+E5(2$N2*+%(!k!=)-00$+2(%.!(2!*+2*(!4-!=)-00$92!XXX!0+25$(2(!4-!/)+5(32-!*(!='%$92!O:$+CYYej">!PI!@(4!HKH`,"@C!*(!

4-%! =)-00$+2(%! +E5(2$*-%! *(! 4-!0)+#-5+8)-=3-! *(! $25()0-#E$+!$92$0+>! C2! (4! 0-))$4 ! eb>!A-)0-*+)! *(! /(%+!#+4(0'4-)!

aYK-bp!^b>!M)-00$92!Xp!jb>!M)-00$92!XXp!k`ib>!M)-00$92!XXX.!&'(!0+25$(2(!4-!/)+5(32-!*(!='%$92!O:$+CYYej".!4-!0'-4!#$8)-!

-4)(*(*+)!*(!4+%!en!YK-.!%(F-4-*-!/+)!'2-!=4(0:-!1!nb>! M)-00$92!X?>!'I"K(!4-!M)-00$92!XXX!%(!/'$=$09! 4-!/)+5(32-!*(!

='%$92! /+)!0)+#-5+8)-=3-! *(! 4 3&'$*+%! =-%(! )(;()%-! aG,`W,LIb! '5$4$<-2*+! '2-! 0+4'#2-!%(#$/)(/-)-5$;-! IeZ!0+2! '2!

8)-*$(25(!4 $2(-4!*(![!e!ih!w!*(!E'==()!P!a"0(5+2$5)$ 4+.![>ew!OM"b.!4-!/)+5(32-!O:$+CYYej"!(%!(4'3*-!-4)(*(*+)!*(!4+%!

hZ!#$2>!$I" O:$+CYYej"! (%!*$8()$*-!0+2!(25()+0$2-%-!1!4+%!/)+*'05+%!*(!4-!*$8(%5$92!%+2!/')$=$0-*+%!/+)!G,`W,LI!

0+2!'2-!0+4'#2-!-2-435$0-!IeZ!-/4$0-2*+!'2!8)-*$(25(!4$2(-4!*(![!e!ih!w!*(!E'==()!P>!L-!5+J$2-!)(0+#E$2-25(!Yej"!

(%! (4'3*-! -4)(*(*+)! *(! 4+%! j[! #$2! aub.! #$(25)-%! &'(! 4-! /)+5(32-! *(! ='%$92! 2+! *$8()$*-.! -%3! 0+#+! 4-! /)+5(32-!

-0-))(-*+)-!O:$+)(*+J$2-!%+2!(4'3*-%!*(%/'N%!!*(!4+%!hh!#$2>!%I",')$=$0-0$92!*(!Yej">!C4!0+#/+2(25(!#-)0-*+!0+2!

-%5N)$%0+.!0+))(%/+2*(!-!4-!Yej".!(4!0'-4!(%!)(0)+#-5)+8)-=3-*+!(2!4-%!#$%#-%!0+2*$0$+2(%!-25()$+)(%!a,-2(4!Kb>!@I"

@(4! O)$0$2(`! HKH`,"@C>! C2! (4! 0-))$4 ! eb>!A-)0-*+)! *(! /(%+!#+4(0'4-)! *(! /)+5(32-%! aYK-bp! ^b>! I+25$(2(! e[[! {8! *(4!

/)+*'05+!*(!4-!*$8(%5$92!0+2!(25()+0$2-%-.!(2!*+2*(!4-!/)+5(32-!O:$+CYYej"!2+!*$8()$*-!#$8)-!-4)(*(*+)!*(!4+%!en!

YK-! (2! 5-25+! &'(! 4-! O:$+)(*+J$2-!#$8)-! -4)(*(*+)! *(! 4+%! e^! YK-.! 4-! E-2*-! &'(!#$8)-!-4)(*(*+)! *(! 4+%! ^h! YK-!

0+))(%/+2*(!-!4-!(2<$#-!(25()+0$2-%!1!jb>!L-!5+J$2-!)(0+#E$2-25(!Yej"!+E5(2$*-!(2!(4!D45$#+!/-%+!*(!/')$=$0-0$92!

*(!G,`W,LI!a,-2(4!Cb.!4-!0'-4!#$8)-!-4)(*(*+)!*(!4+%!k!YK->!
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-!"
!

L-!/')$=$0-0$92!*(!5+*-%! 4-%!*(#6%!;-)$-25(%!*(! 4-!C)8OJe!%(!+E5';+!E6%$0-#(25(!0+#+!

%(! #'(%5)-! (2! 4-! M$8')-! e^.! /-)-! (4! 0-%+! *(! 4-! ;-)$-25(! Yej".! 0+2! /(&'(F-%! ;-)$-0$+2(%! *(!

(4'0$92!(2!4+%!D45$#+%!/-%+%!*(!/')$=$0-0$92!/+)!0)+#-5+8)-=3-!*(!G,`W,LI!a)(/)(%(25-*+%!(2!4-!

M$8')-!e^K!1!Cb>!H$2!(#E-)8+.!%(!/'(*(!$*(25$=$0-)!=60$4#(25(!-!4-%!#'5-25(%>!!

!

!

X#7#!;130@5>41!20!26@>4D1U4!@6>@?/-> (

(

,-)-! *(#+%5)-)! 0'-4(%! %+2! 4+%! )(%$*'+%! *(! 4-! 5+J$2-! &'(! (%562! $25()-00$+2-2*+! 0+2! (4!

0-2-4.! /)$#()+! ='(! 2(0(%-)$+! *(5()#$2-)! &'(! 4-%! %'%5$5'0$+2(%! )(-4$<-*-%! /+)! -4-2$2-! 2+!

0-'%-)+2! '2-!#+*$=$0-0$92! (2! 4-! (%5)'05')-! %(0'2*-)$-! *(! 4-! 5+J$2-! &'(! /'*$()-! (J/4$0-)! '2!

0-#E$+!(2!4-!-=$2$*-*!*(!4-!;-)$-25(!/+)!(4!0-2-4>!,-)-!5-4!=$2.!%(!)(-4$<-)+2!(2%-1+%!*(!*$0)+3%#+!

0$)0'4-)!*(! 4-!5+J$2-!2-5$;-!C)8OJe.!*(! 4-!)(0+#E$2-25(!1!*(! 4-%!;-)$-25(%.!4+%!0'-4(%!%(! $4'%5)-2!

(2!4-!=$8')-!ej>!L-%! 4(05')-%!%(!)(-4$<-)+2!(2!'2!)-28+!*(! 4+28$5'*!*(!+2*-!(25)(!eo[!2#!1!^h[!

2#! 0+))(%/+2*$(25(! -4! R?! 4(7-2+.! )(%'45-2*+! (4! 53/$0+! (%/(05)+! *(! /N/5$*+%! &'(! 5$(2(2! '2-!

#(<04-!*(!*+%!*+#$2$+%!&!1!# !%(/-)-*+%.!/)(%(25-2*+!'2-!E-2*-!2(8-5$;-!#32$#-!-!^^^!2#!1!

'2-! 5)-2%$0$92! (4(05)92$0-! *(! 201u.! +5)-! E-2*-! 2(8-5$;-! #32$#-! (25)(! ^[Z`^e[! 2#! 1! '2-!

E-2*-! /+%$5$;-! #6J$#-! -! eo[`eoh! 2#! &'(! 0+))(%/+2*(2! -! '2-! 5)-2%$0$92! 101u! /-)-4(4+! 1!

/()/(2*$0'4-)!-4!(7(!*(!4-!:N4$0(.!)(%/(05$;-#(25(>!

C4! /)+8)-#-! $2=+)#65$0+! Y^*! a:55/Uxx0++5>(#E4>*(xr-2*)-*(xV^*xV^*>/4b! /()#$5(!

(%5$#-)!-!/-)5$)!*(!4+%!*-5+%!(J/()$#(25-4(%!*(!*$0)+3%#+!0$)0'4-)!(4!0+25(2$*+!*(!(%5)'05')-!&`

:N4$0(.!:+7-`# !1!-4(-5+)$<-*-.!)(%'45-2*+!'2!jnw.!jiw!1!jZw.!)(%/(05$;-#(25(>!!

L+%! (%/(05)+%! +E5(2$*+%! *(! 4-%! 5+J$2-%! )(0+#E$2-25(%! %+2! %$#$4-)(%! -4! (%/(05)+! *(! 4-!

5+J$2-! C)8OJe! 2-5$;-.! /+)! 4+! 5-25+! (4! -#$2+60$*+! %'%5$5'$*+! /+)! -4-2$2-! (2! 0-*-! '2-! *(! 4-%!

;-)$-25(%!*(!4-!5+J$2-.!2+!8(2()9!'2-!#+*$=$0-0$92!*(!4-!(%5)'05')-!%(0'2*-)$->!

"

"

http://coot.embl.de/~andrade/k2d/k2d.pl
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!

"

@7A:48"D#I"%;J5?94K;">5">7?4KS;FK"?74?:C84">5"C8"9KV7=8"=89768"%4A)VD"_">5"C8;"9KV7=8;"45?KF37=8=95;I"L-%!4(05')-%!

%(! )(-4$<-)+2! (2! (4! )-28+! *(! 4+28$5'*! *(! +2*-! *(! R?! 4(7-2+! (25)(! 4+%!eo[! 1! ^h[! 2#.!4+%! *-5+%!%(! (J/)(%-)+2! (2!

(4$/5$0$*-*!#+4-)>!(I" L+%! 5)-<+%!0+))(%/+2*(2! -!4-%! 5+J$2-%! 2-5$;-.! )(0+#E$2-25(! 1! -! 4-%!#'5-25(%! /'25'-4(%! *(!

C)8OJe.!#+%5)-2*+!&'(!%+2!%'/()/+2$E4(%!0+2!*+%!#32$#+%!-!^[Z`^e[!1!^^^!2#!1!'2!#6J$#+!-!eo[`eoh!2#.!53/$0+%!

)+#9'A- 5(- 828)%5'A- 1'&- $')%W'A- EX:"- PI" ,-)-! 4-%! *+E4(%! #'5-25(%! %(! #'(%5)-2! 4+% ! #$%#+%! (%/(05)+%! (2!

0+#/-)-0$92!-!4-!5+J$2-!2-5$;-!1!)(0+#E$2-25(!C)8OJe>!
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--"
!

X#E#!*->-@50>6]-@6F.!20!/-!54G6.-!>0@4UB6.-.50!;>W%G, !

!

C4! (=(05+! *(! 4-! )(0+#E$2-25(! C)8OJe! %+E)(! 4-! 0+))$(25(! *(4! 0-2-4! *(! /+5-%$+! :CG@e!%(!

*(5()#$29!'5$4$<-2*+!0N4'4-%!(%5-E4(#(25(!5)-2%=(05-*-%!0+2!(4!0-2-4.!%(!-/4$0-)+2!e[[!2A!*(!4-!

5+J$2-! *$%'(45-! (2! 4-! %+4'0$92! (J5)-0(4'4-)! *')-25(! e[[! %>! C2! 4-! M$8')-! ek"! %(! #'(%5)-2! 4+%!

)(8$%5)+%!*(!0+))$(25(!(2!%$5'-0$92!0+25)+4!1!(2!/)(%(20$-!*(! 4-!5+J$2-!-! '2! /'4%+!*(! `e^[!#?!

*(%/'N%!*(!'2!/+5(20$-4!*(!#-25(2$#$(25+!*(!`Z[!#?!1!'2!/'4%+!*(!/)(-0+2*$0$+2-#$(25+!*(!

gi[!#?>!H(!+E%();-!&'(!4-!5+J$2-!)(0+#E$2-25(!5$(2(!'2!0+#/+)5-#$(25+!%(#(7-25(!-!4-!5+J$2-!

2-5$;-!a@'))+4-!1!0+4%>.!eooop!,-)*+`L9/(<!1!0+4%>.!^[[^-b.!-#E-%!)(*'0(2!4-!0+))$(25(!*(!Yg!'2!

o[w!0+2!)(%/(05+!-!%'!0+25)+4!a2\k`o.!;()!M$8')-!ekPb>!,+%5()$+)#(25(.!%(!*(5()#$29!4-!-=$2$*-*!

*(!4-!5+J$2-!)(0+#E$2-25(.!/-)-!(44+!%(!'5$4$<-)+2!*$=()(25(%!0+20(25)-0$+2(%!(2!'2!)-28+!*(!^`
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5:()#+*12-#$0!#'5-25!0104(%>!^('6*M8&e!ZjahbU!^hoh`^i[o>!

% M-2.! B>! H>.! B$-28.! A>.! K'2.! q>.! A0K+2-4*.! O>! ?>.! O%(28.! @>! S>! eooo>! C==(05%! +=! +'5()! #+'5:!

#'5-5$+2%! +=! :CG@! 0:-22(4! ='205$+2U! "! 0+#/-)$%+2! l$5:! %$#$4-)! #'5-5$+2%! $2! 5:(! H:-V()!

0:-22(4%>!e%&^('6*M8&niaibU!je^Z`jek[>!!

% M$0V().!C>.! B-)+4$#(.!q>.!Y$(:2.! B>.!P-'#-22.!">.!P)+l2.!">!A>!eooZ>!A+4(0'4-)!*(5()#$2-25%!+=!

*+=(5$4$*(!E4+0V!+=!WCG@!Yg!0:-22(4%>!:(,#&T+8&Z^U!jZi`joh>!
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)(4-5(*!Yg!0:-22(4>!MCPH!L(55()%!knoU!ehi`ehn>!
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% q-28.! B>.! O)'*(-'.!A>I>.! T-//$-.! ">A>.! G+E()5+2.! @>">! eooZ>! G(8'4-5$+2! +=! *(-05$;-5$+2! E1! -2!
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a b s t r a c t

Ergtoxin 1 (ErgTx1) is a 42 amino acid peptide purified from the venom of the Mexican scorpion
Centruroides noxius Hoffmann, capable of blocking specifically human potassium channels of the ether-
á-go-go-related gene family (hERG). This peptide binds to a partially overlapping site on the channel
outer mouth, in which residues of the S5-P linker are critically involved. Here we describe results of site
directed mutagenesis of the ErgTx1 gene and its heterologous expression in Escherichia coli. The recom-
binant products show the fundamental role played by methionine in position 35 (Met35) of the primary
structure. Naturally oxidized Met35 decreases by three orders of magnitude the affinity of the peptide
for the hERG1 channels. This result is quite relevant, because it shows two possible situations: either
Met35 is involved in the proper folding of the molecule or it plays a direct role in the interaction with the
channel, i.e., constitutes part of the interacting surfaces. These two situations were evaluated by prepar-
ing heterologously expressed ErgTx1 gene and a mutant containing alanine in position 35. Additionally
circular dichroism measurements of both native and recombinant peptides were performed. The electro-
physiological recordings and the structural values obtained by optical measurements, strongly support
the idea that Met35 is indeed a key residue on the interacting surfaces of the toxin with the channels.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The human ether-á-go-go related gene (hERG) is a member of the
eag (ether-á-go-go) potassium channel family. It was initially iso-
lated by Warmke and Ganeztky [41]. Unlike most other potassium
channels, hERG1 displays unique properties which are important
in the repolarization phase of the cardiac action potential [33,38].
Mutations of hERG1 are a common cause of inherited long QT
syndrome, a disorder of cardiac repolarization that predisposes
affected individuals to “torsade de pointes” arrhythmias and sud-
den death [3,16]. Acquired long QT syndrome is far more common
than inherited long QT syndrome often caused by blockade of
hERG channels as a side effect of treatment with commonly used
medications including antiarrhythmic, antihistaminic, antibiotic,
psychoactive drugs, prokinetic agents and gastrointestinal drugs
[23,30,40]. Likewise, the physiological role of the channel has been
characterized in different types of tissues in which excitability is an
essential property, such as smooth muscles [1], carotid bodies [25],
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in the regulation of prolactin secretion in lactotrops [2], pancreatic
!-cells [32] and chromaffin cells [8].

This channel has a tetrameric structure formed by co-assembly
of four identical "-subunits, each composed by six "-helical
transmembranal domain (denoted S1–S6), with the S4 domain
containing six positive charges, typical for voltage gated potas-
sium channels [41]. The S5 and S6 domains in each of the subunit
together form the pore domain which contains the pore helix,
the selectivity filter (extracellular end of the pore) and a lengthy
S5-P linker (“turret”; 43 amino acid) with an amphipathic helix
(the turret helix). The charged S4 domain is the “voltage sensor”
responding to changes in membrane potential [17,27,38,43]. How-
ever, hERG1 has an unusually longer S5-P linker compared with
other potassium channels (43 amino acid versus 14–23 amino acid
residues, respectively); and considerable conformation flexibility
of this S5-P linker region has been found recently by circular dichro-
ism spectropolarimetry and NMR spectroscopy studies [14,17,37].
Mutations in this loop affect the rapid voltage dependent inactiva-
tion of the hERG1K+ channel that is critical for its normal function
[17]. Therefore, the discovery of natural substances that can specif-
ically recognize and reversibly block the channel at this site is
essential for the research and development of new drugs for the
treatment of certain diseases and malfunctions associated with the
channel hERG1 [35]. The search for high affinity probes specific
for potassium channels has been a wide and important subject of
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research. Soon, it became clear that venom from various species of
animals, such as scorpions, snakes, spiders, marine snails of the
genus Conus and sea anemone represent a rich source of com-
ponents that show a direct activity over different families of K+

channels [7]. The scorpion toxins that interact with the voltage-
dependent potassium channels have provided us with powerful
tools to define different aspects of structure–function relation-
ships and has been reported that this interaction can be performed
through two distinct mechanisms. In the first mechanism, the toxin
binds to the outer vestibule of the ion conduction pore and inhibits
the flow of ions. The best studied examples of this mechanism are
the scorpion toxins charybodotoxin and agitoxin [22], two partic-
ularly interesting voltage-gated K+ channels inhibitors that were
used to define the pore forming region of potassium channels [20].
In the second type of mechanism the toxin binds to a region of
the channel that changes conformation and influences the gating
mechanism by altering the relative stability of closed, open or inac-
tivated states [7].

One of the toxins isolated and characterized in our labora-
tory is ErgTx1 purified from the venom of the Mexican scorpion
Centruroides noxius Hoffmann. This peptide has 42 amino acids sta-
bilized by four disulfide bridges [10,34]. ErgTx1 acts specifically on
the hERG potassium channels and through studies of site directed
mutagenesis, the toxin binding site was identified to occur at the
S5-P loop of the channel. The interacting amino acid residues of this
channel with the toxin were identified [27,28]. Another important
data obtained by our group, which is described in detail for the
first time in this communication, is that upon oxidation, residue
methionine in position 35 of the primary structure of ErgTx1 causes
a decrement of affinity towards the channel by three orders of
magnitude. There are two distinct possibilities to explain such
huge variation on affinity: 1) either Met35 is one of the principal
residues making direct contact with the channel, or 2) it plays a
fundamental role in maintaining intact the three-dimensional (3D)
structure of ErgTx1, which is known to be important for function.
It is documented that destabilization of the 3D-structure of K+-
channel toxins causes lost of function [9]. In order to test the two
main hypotheses for such variations, here we report the results
of experiments conducted with heterologously expressed native
and modified ErgTx1. The results of site-directed mutagenesis, elec-
trophysiological recordings and circular dichroism measurements
support the conclusion that in fact, Met35 is an important residue
that directly interacts with Erg1 channels.

2. Materials and methods

2.1. Bacterial strains, enzymes and plasmids

Restriction enzymes, vent polymerase, enterokinase and T4
DNA ligase were purchased from New England Biolabs and
Sigma Research. Escherichia coli DH5-! (F−gyrA96 (NAIr) recA
relA1 endA1 thi-1 hsdR17 (rK

−mK
+) glnV44 deoR !(lacZYA-

argF)U169["80d"(lacZ)M15]) was used for plasmid propagation
and TG1 strain (supE thi1!(lac/proAB) !(mcrB/hsdSM)5(rK-mK-)
[Fı̌traD36proAB lacIqZ!M15]) was used for the expression of the
toxin-fusion proteins. Plasmid pThioC (Invitrogen) and pSyn1 were
used for cloning and expression of the fusion protein with thiore-
doxin, respectively.

2.2. Purification native ErgTx1

Soluble venom from the scorpion C. noxius was separated
by Sephadex G-50 and carboxymethyl-cellulose (CM-cellulose)
columns and two additional HPLC separations, a earlier described
[10]. Component active on hERG1 channel was finally separated,

using a C18 analytical column run with linear gradient from 5%
to 40% solution B for 50 min. This strategy produced a highly
pure peptide, whose primary structure was confirmed by de novo
sequencing using an automatic LF3000 Protein Sequencer (Beck-
man, CA, USA). The correct molecular weight was confirmed by
electro spray ionization mass spectrometry using a Finningan
LCQDUO ion trap mass spectrometer (San Jose, CA, USA).

2.3. Construction of the expression plasmid

From a cDNA library of venomous gland of C. noxius Hoffmann
scorpion, the gene coding for the sequence of ErgTx1 was obtained
(GeneBank, accession number AAG38523, work performed by
Blanca Ines García-Gómez of our laboratory). This gene was cloned
into the pThioC vector (Invitrogen), which contains the sequence
that code for the carrier protein thioredoxin and a stretch of amino
acid sequence that is the site of cleavage of the enzyme enteroki-
nase.

Then, this construction was amplified by PCR from vector
pThio-EK-ErgTx1 and cloned into the expression vector pSyn1,
which is designed in such way to permit insertion of a specific
sequence and to merge the gene encoding the signal peptide
PelB (in this case the fusion protein: thioredoxin-EK-toxin). Thus,
the expression plasmid contained: the sequence coding for the
thioredoxin, the sequence coding for the amino acid recognized
by the protease (EK) and the gene of ErgTx1. This construc-
tion was named pSyn1Thio-EK-ErgTx1, and its product is here
abbreviated: Thio-EK-ErgTx1. The PCR amplifications were car-
ried our using the following oligonucleotides: Sfi-Thio corresponds
to 5′-GTC CTC GCA ACT GCG GCC CAG CCG GCC ATG GCC GAC AGA
GAT AGC TGC GTC GAC-3′. This contained the SfiI restriction
site (underlined) and the nine NH2-terminal residues of the pro-
tein thioredoxin; reverse oligonucleotide Not-Erg: 5′-GAG TCA TTC
TCG ACT TGC GGC CGC ACG TGA TTA CGC ACA TTT ACA CTT GAA
AAA-3′. This primer includes NotI restriction site (underlined), the
two stop codons and the sequence that codes for amino acids 36–42
of native ErgTx1. The PCR conditions were: 5 min at 94 ◦C, 30 cycles
for 1 min 94 ◦C, 1 min at 55 ◦C, 1 min at 72 ◦C, and a final exten-
sion of 5 min at 72 ◦C. The PCR products and the plasmid pSyn1
were digested with the corresponding restriction enzymes at 37 ◦C
and 50 ◦C for NotI and SfiI, respectively and purified by column
(QIAquick) before ligation. The ligation reaction (20 #L) was carried
out with T4 DNA ligase with a 10 folds insert excess over plas-
mid for 16 h at 16 ◦C. Ten microliters of the ligation reaction were
used to transform competent E. coli DH5-! cells. Positive clones
with the expected insert were grown in LB ampicillin medium. The
plasmids of positive colonies were purified by means of the High
Pure Plasmid Isolation Kit (Roche). Plasmid constructs were verified
by sequencing from both sites, the insert boundaries to conform
the reading frame and conservation of restriction sites. TG1 strains
were transformed with the corresponding plasmid during 2 min at
42 ◦C, followed by 5 min in ice and 30 min recovery at 37 ◦C in LB
plates contained 200 #g/mL of ampicillin.

To generate the mutation in the Met35 an oligonucleotide was
design for the insertion of alanine instead of methionine in this
same position, abbreviated here M35A. The recombinant M35A was
generated with the following oligonucleotides: BamHI-EntThio-
Fwd and M35Arev. The first one is: 5′-GGC TCT GGA TCC GGT
GAT GAC GAT GAC AAG GAC AGA GAT AGC TGC GTC-3′. It corre-
sponds to BamHI restriction site (underlined), the sequence coding
for the amino acids recognized by the protease (EK) and the six
NH2-terminal residues of the gene mutant M35A. The second
oligonucleotide (M35Arev) is: 5′-CGC ACA TTT ACA CTT GAA AAA
CGC ACA GGT TCC TCC ATTT GTG-3′. For the site directed mutage-
nesis the construction pSyn-Thio-EK-ErgTx1 was used as template
and the PCR employed the oligonucleotides BamHI-EntThio-Fwd
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and M35rev using the same conditions of PCR previously described.
The PCR product was digested with BamHI and EcoRI enzyme
and ligated to pSyn1 and transformed into strain E. coli DH5˛ for
plasmid propagation. Plasmid constructs were verified by DNA
sequencing from both sites, to confirm the reading frame and con-
servation of restriction sites.

2.4. Overproduction and purification of rErgTx1 and mutant
M35A

The rErgTx1 and mutant M35A were expressed as protein fused
to thioredoxin (Thioredoxin-EK-toxin) and expressed in E. coli strain
TG1. One colony was used to inoculate a 10 mL YT2X media sup-
plemented with 200 !g/mL ampicillin and 0.1% glucose and grown
overnight at 37 ◦C in a shaking incubator. The overnight culture was
added to 500 mL YT2X media supplemented with ampicillin and
glucose (200 !g/mL and 0.1%, respectively). The culture was grown
at 37 ◦C, and when the OD600 reached 1.0, the inductor isopropyl-"-
d-thiogalactopyranoside (IPTG) was added to a final concentration
of 1 mM. The culture was harvested 16 h later and centrifuged
at 8000 rpm for 15 min. The bacterial pellet was resuspended in
12.5 mL of 20 mg/mL sucrose, 20 mM Tris–HCl, pH 8.0 and after
standing at 4 ◦C for 15 min, the cells were harvested by centrifu-
gation at 8000 rpm for 20 min. The supernatant was removed and
the cell pellet resuspended in 12.5 mL distilled H2O (4 ◦C) (which
causes an osmotic shock), and left incubating with gentle agita-
tion at 4 ◦C for 20 min. The resulting spheroplasts were harvested
(13,000 × g at 4 ◦C for 20 min) and the supernatant, referred to as
the periplasm fraction was recovered. This fraction containing the
fusion protein, which was dialyzed against 20 mM Tris–HCl buffer
pH 8.0 and loaded onto a 64 mL capacity ion exchange column, con-
taining resins of diethyl-amino-ethyl-cellulose (DEAE), which had
been equilibrated previously with 20 mM Tris–HCl buffer pH 8.0,
washed for 30 min with the same buffer and eluted with 0–0.3 M
NaCl gradient. This product was purified further by RP-HPLC with
a C18 semi-preparative column. The fusion protein or hybrid pro-
tein, as we called it, was eluted with a linear gradient, from buffer
A (0.12% (v/v) TFA in water) to buffer B (0.1% TFA in acetonitrile).
The gradient used was 0–65% buffer B, run for 65 min.

Cleavage of rErgTx1 and the mutant M35A from the fusion pro-
tein was carried out by incubating with enterokinase in buffer
(500 mM Tris–HCl, 2 mM CaCl2, 10% Tween 20, pH 8.0). One
milligram of the fusion protein was treated with 0.02 units of
enterokinase for 16 h at 25 ◦C. The peptide was purified by RP-HPLC
using a C18 analytical column. The recombinant toxins were eluted
with a linear A–B gradient of 0–65% buffer B, for 65 min.

The identity of peptides was confirmed by ESI mass spectrom-
etry (ESI-MS) and direct sequencing through automatic Edman
degradation. The tertiary structure of the peptides was confirmed
by far-UV circular dichroism (CD) measurements, as described in
the next section.

2.5. Circular dichroism (CD) measurements

CD spectra were obtained on a Jasco J-720 spectropolarimeter
(Jasco, Japan). The spectra were measured from 250 to 190 nm in
20 mM Tris–HCl, pH 8.0 at 20 ◦C, with a 1 mm path-length cell.
Data were collected at 0.1 mm with a scan rate of 20 nm/min and
a time constant of 0.5 s. The concentration of the toxins rErgTx1,
native ErgTx1 and M35A variant was 0.2–0.25 mg/mL. Results are
expressed as the mean residue ellipticity [!]MRW." = (!obs/10) (M/c
l), where !obs is the observed ellipticity at a give wavelength, M
is the mean residue mass, l is the cuvette path-length in centime-
ters, and c the protein concentration expressed as mg/mL. The units
of [!] are◦ cm2 dmol−1 [26]. The mean residue molecular mass for
ErgTx1, taken as 112.6 Da and 111 Da for M35A, were calculated

from its amino acid composition [10]. The far ultraviolet CD spectra
between 190 and 250 nm were recorded at 20 ◦C in a 1 mm path-
length quartz cell at a protein concentration of 0.2–0.25 mg/mL.
All CD spectra resulted from averaging four scans and the final
spectrum was corrected by subtracting the corresponding base line
spectrum under identical conditions. All measurements were per-
formed in 20 mM Tris–HCl, pH 8.0.

2.6. Electrophysiological experiments

2.6.1. Channel expression in oocytes
The oocytes were prepared following the technique described

earlier [11]. In brief, female Xenopus laevis frogs were anesthetized
by 15 min exposure to 0.15% of 3aminobenzoic acid ethyl ester.
The oocytes were surgically removed from the ovary, after which
the frog was closed by suturing and place in water to allow recov-
ery from anesthesia. Defolliculation was performed by incubating
for 1 h in 1.5 mg/mL collagenase in Ca2+-free oocyte ringer solu-
tion (mM): NaCl 92.5, KCl 2.5, MgCl2 1, Na2HPO4 and HEPES 5
with gentle agitation. Oocytes were stored in physiologic solu-
tion ND96 (in mM) 96 NaCl, 2 KCl, 1 MgCl2, 0.03 CaCl2, and
5 HEPES buffer adjusted to pH 7.4 with NaOH. Oocytes were
injected with 12–18 ng/oocyte of cRNA of hERG1 channel by using
a micro-dispenser and a micropipette. Injected oocytes were incu-
bated at 18 ◦C for 24–48 h in ND96, before analysis. Channels were
expressed to a level where 0.5–2.0 !A of current was recorded
during a depolarizing step from a holding potential of −80 mV to
potentials between −80 and +60 mV, and repolarizing at −100 mV.
Currents were recorded using the two-electrode voltage clamp
method. Control records were taken prior to the addition of toxin.
On the addition of toxin the perfusion medium was stopped to allow
homogeneous dispersion of the toxin. In most experiments toxin
was removed from the bath to demonstrate recovery.

2.6.2. Cell culture
Chinese hamster ovary cells (CHO) line stably expressing hERG1

was culture in Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum and maintained at 37 ◦C in 5% CO2
atmosphere.

2.6.3. Solutions and drugs
Standard extracellular solution contained (in mM): NaCl 130,

KCl 5, CaCl2 2, MgCl2 2, HEPES-NaOH 10,d-glucose 5, adjusted at pH
7.4. During ERG current registrations a high potassium extracellu-
lar solution was used: ([K+]o = 40 mM) where NaCl was replaced by
an equimolar amount of KCl. This experimental condition allowed
obtaining the best relation of current versus noise. The standard
pipette solution contained (in nM): K+-aspartate 130, NaCl 10,
MgCl2 2, EGTA-KOH 10, HEPES-KOH 10 at pH 7.3 and nominal [Ca2+]
of ∼50 nM. Toxins were added to the extracellular solution from
stocks in distilled water. When appropriate, 2 !M of specific ERG
blocker WAY 123,398 [36] was applied at the end of each experi-
ment and by subtraction, the WAY 123,398 sensitive current was
obtained. The extracellular solutions were delivered through a 9-
hole (0.6 mm) remote-controlled linear positioned with an average
time of 1 s.

2.6.4. Patch-clamp recordings and data analysis
The ERG currents were elicited under conditions of relatively

high [K+]o (40 mM). The currents were recorded at room tempera-
ture (around 25 ◦C) using MultiClamp 700B amplifier and pClamp10
software (Molecular Device, USA). Pipette resistance was about 1–5
2.2 M#; cell capacitance and series resistance errors were carefully
compensated for (85–90%) before each voltage clamp protocol run
in order to reduce the voltage errors to less than 5% of the pro-
tocol pulse. Currents were elicited by stimulation at −120 mV for
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Fig. 1. Purification of toxins. The purified component of the last step of HPLC (see Ref.
[10]) after storage was re-chromatographed again in order to separate the oxidized
form of ErgTx1. The separation was obtained using a C18 analytical reverse-phase
column in a Waters HPLC system, run from 5 to 40% B during 50 min. The major
component eluting at 32 min is ErgTx1 and the minor component labeled with an
asterisk is the oxidized isoform of ErgTx1. A considerable artefactural peak is seeing
at the beginning of the gradient, due to the buffer change from water to 5% B. An
aliquot of 350 !g of protein was applied to column and the recovery were 304 !g
for the native ErgTx1 and 11.4 !g of the oxidized isoform.

500 ms, preceded by a 500 ms at 60 mV at frequency of 0.1 Hz; hold-
ing potential was clamped at −80 mV. The software pClamp 10.0
(Axon Instruments, CO, USA) and Origin 7 (Micrococal Inc., USA)
were routinely used during off line analysis. Data are shown as
mean ± SEM.

2.6.5. Dissociation constant determination
The dose–response curve for hERG1 channels was obtained by

plotting peak currents measured after 100 s application of indicated
toxin concentration and normalized to the current obtained in con-
trol conditions. The experimental data (mean of 6–9 cells ± SEM)
were fitted with a Hill equation:

TT

Imax
= {1 + ([T]/KD)n}−1

where Imax is the maximal current; [T] is the toxin concentration;
IT is the current at a certain [T]; KD is the dissociation constant,
corresponding at the [T] which leads 50% of the current; n is the
Hill coefficient.

3. Results

3.1. Purification of native ErgTx1 and its oxidized form, and IC50s

Purification of native ErgTx1 and its oxidized isoform were
obtained by a combination of chromatographic steps as described
in Section 2. Fig. 1 shows the results of the second HPLC separa-
tion (see Fig. 1, Ref. [10]), after storage of the purified sample for
a couple of months at −20 ◦C. During this time the oxidation of
methionine takes place. The small component eluting earlier in
Fig. 1, labeled with asterisk, corresponds to the oxidized form of
ErgTx1. Amino acid sequence determination and mass spectrome-
try analysis of this minor component showed that it corresponds
to the same toxin with methionine in position 35 oxidized [34].
This peptide contained only one methionine residue and it was

Fig. 2. Determination of IC50s. The IC50 of native and oxidized forms of ErgTx1 were
obtained by plotting the percentage of unblocked currents as a function of pep-
tide concentrations. The curve to the left corresponds to the application of native
ErgTx1, whereas the discontinuous points (right side) were obtained with the oxi-
dized Met35 isoform. The estimated IC50s, were 7 nM for ErgTx1 and 15.8 !M for
oxidized isoform.

oxidized to methionine sulfoxide. The molecular weight of the
oxidized isoform contained 16 mass units more than the unmodi-
fied ErgTx1. Its experimentally determined molecular weight was
4730 Da, as expected. The native ErgTx1 was assayed in the oocyte
system described and was shown to be a potent inhibitor of the
channel activity. ErgTx1 suppresses the hERG1 current amplitude
and this effect is practically fully reversible ([10], see also below).
A dose–response curve for the effect of ErgTx1 (Fig. 2, left trace)
shows an effective dose 50% (IC50) value for the native toxin of
7 nM. The IC50 estimated for the oxidized sample (Met35) was in
the order of 15 !M (Fig. 2, discontinuous points in the right side),
i.e., about three orders of magnitude less efficient. This result is
quite relevant as indicated in the introductory section, because
it means that either Met35 plays a direct role at the interface of
channel–toxin interaction, or it is important for proper 3D-folding
of the molecule.

3.2. Over expression and purification of fusion proteins

The nucleotide coding sequences of rErgTx1 and the mutant
M35A were cloned into the pSyn1 expression vector and the
resulting constructs were used for transformation of E. coli strain
TG1. This vector contains the sequence of the signal peptide
that codifies for the gene of the pectate enzyme liase (pelB) of
Erwinia carotovora. The signal peptide pelB is translated fused to
the extreme N-terminal of the fusion protein for its transloca-
tion to the periplasmic space of E. coli. As indicated in Section
2, the plasmids pSyn1-ThioEKErgTx1 and pSyn1-ThioEKM35A
were constructed introducing additional amino acid residues in
the gene for facilitating folding and increasing yields of the
rErgTx1 and M35A mutant. Therefore, these plasmids contained
the information for expressing the thioredoxin protein followed
by five amino acids (DDDDK) that corresponds to the cleav-
ing site for the enzyme enterokinase, and the 42 amino acid
residues corresponding to the toxin, respectively for rErgTx1 or
M35A.

E. coli strain TG1 cells expressed the fusion proteins ThioEKr-
ErgTx1 and ThioEKM35A. Fig. 3 shows the main steps on the
purification and processing of the hybrid protein for production
of recombinant ErgTx1. Essentially the same results were obtained
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Fig. 3. Purification of rErgTx1. (A) The protein obtained from the periplasmic fraction (300 mg) was applied to the column and separated by DEAE-cellulose chromatography
as described in Section 2. The middle component (indicated by the horizontal bar) contained the Thio-EK-ErgTx1 fusion protein (about 89 mg). (B) An aliquot containing 1 mg
protein of Thio-EK-ErTx1 (from letter A above) was applied to a semi-preparative C18 reverse-phase-column and separated by HPLC, as indicated. The major peak labeled
with asterisk contained the Thio-EK-ErgTx1, which corresponds to approximately 80% of the material applied. (C) To an analytical C18 reverse-phase column a sample of
1 mg protein was applied and separated after cleaving with enterokinase. The component eluting at about 30% buffer B corresponds to rErgTx1 (approximately 90 !g). The
peak at 59% buffer B corresponds to Thio-EK. The component labeled with asterisk corresponds to the rErgTx1. It was further separated into a C18 reverse-phase analytical
column as indicated by the inserted figure. (D) Polyacrylamide gel electrophoresis separation of the products after expression and cleavage of the fused protein, using the
Tricine-SDS-PAGE system. Lane 1, protein standard with molecular weight markers (in kDa); lane 2, An aliquot containing 100 !g of periplasm fraction; lane 3, 20 !g of
the product after cleavage by enzyme and HPLC separation. The labeled “Thio-EK-ErgTx1” is indicating the protein in lane 2 that corresponds approximately to 17,000 Da,
whereas “Thio-EK” shows the cleaved protein of lane 3, which has a molecular weight of about 12,000 Da. The faint band at about 4700 Da in lane 3 corresponds to the
rErgTx1.

with the hybrid protein that contained the mutated M35A (data not
shown). After the osmotic shock, the protein recovered from the
periplasmic fraction was dialyzed and purified by anion exchange
chromatography as shown in Fig. 3A. The tube fractions indicated
by the horizontal bar (second main peak) were pooled and fur-
ther separated into a HPLC C18 reverse-phase column as shown in
Fig. 3B. The major component indicated by the asterisk contained
the hybrid protein, which was identified by Tricine-SDS-PAGE gel
(Fig. 3D). The molecular weight determined by mass spectrom-
etry of this component was 17,338 Da which corresponds to the
hybrid protein ThioEKrErgTx1. For the case of ThioEKM35A mutant
the molecular weight determined was 17,277 Da, as theoretical
expected based on its the primary structure. At this stage the recov-

ery amount of protein was usually in the order of 6–10 mg/L of
culture. In order to obtain the pure recombinant ErgTx1 the hybrid
protein was digested with enterokinase and the products separated
by HPLC as indicated in Fig. 3C. The component labeled with aster-
isk corresponds to the rErgTx1. It was further separated into a C18
reverse-phase analytical column as indicated by the inserted fig-
ure in Fig. 3C. The molecular masses experimentally determined
were 4730.4 Da for rEgTx1 and 4671 Da for M35A. These values
confirm the theoretical molecular mass values expected for both
peptides. The Edman degradation of the two recombinant tox-
ins confirmed that the first 36 amino acid residues correspond
to the expected sequences of the bona fide toxins rErgTx1 and
M35A.
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Fig. 4. Effect of rErgTx1 and mutant M35A on the hERG1 channel. (A) Traces of the electrophysiological recordings before and after application with 2, 7, 20, 70 and 200 nM
of rErgTx1. (B) Doses–response curve of the fractional IhERG1 blocked as a function of rErgTx1 and mutant M35A concentrations. The data were fitted by using a Hill equation,
giving IC50 of 11.7 ± 0.2 nM for rErgTx1 (quadrate; n = 9) and 303.4 ± 8.9 nM for M35A (triangle; n = 6).

3.3. Electrophysiological effects of rErgTx1 and mutant M35A on
hERG1 channel expressed in CHO cells

The electrophysiological effects of recombinant ErgTx1 were
determined using human ERG1 channels. Fig. 4A shows the elec-
trophysiological recordings obtained by the application of various
concentration of rErgTx1 and Fig. 4B shows the IC50 obtained for
this peptide, which was practically the same result obtained with
native ErgTx1 [10]. Similar results were obtained with the mutant
ErgTx1M35A, but with a lower IC50 value. The doses–response
relationship for hERG1 was calculated by applying different con-
centrations of rErgTx1 and M35A mutant in a range of 2–200 nM
for 90 s. Peak of residual currents, normalized to the maximal cur-
rent, were plotted versus concentration (Fig. 4B) and experimental
data (n = 6–9) were fitted with a Hill equation, giving a Kd values of
11.7 ± 0.2 nM for rErgTx1 and 303.4 ± 8.9 nM for M35A.

3.4. Circular dichroism spectra

The far-UV CD spectrum of the native toxin, recombinant and
mutant M35A reflects the mixed !-helix and "-sheet structure of
the folded toxin. The spectra obtained at 20 ◦C are very similar, indi-
cating that the secondary structures of the recombinant toxins are
unaffected in comparison with the native toxin. The CD spectra
shown in Fig. 5 exhibit a shape typical for peptides with a high con-
tent of !/" structure, characterized by three peaks: a negative peak
at ∼222 nm has been assigned to the peptide n → #* transition.
Another negative peak of similar intensity between 208 and 210 nm
and a stronger positive peak between 190 and 195 nm are assigned
to the # → #* exition splitting polarized parallel and perpendicular
to the helix axis, respectively. K2d, and online server for the esti-
mation of the percentages of protein secondary structure from UV
circular dichroism spectra (http://www.embl.de/∼andrade/k2d/),
gave the !-helical, "-sheet and random content of these three pep-
tides being of 37%, 26% and 38%, respectively.

4. Discussion

The ability to produce disulfide rich toxins in a natively folded
form using recombinant DNA methods provides a powerful tool for
studying structure–function relationships as well as folding path-
ways in this class of peptides [20,22]. Escherichia coli is one of the
best characterized models for heterologous expression of proteins.
It is widely used because it can combines many different expres-

sion vectors. Most scorpion toxins contain essential disulfide bonds
[29] that are required for structure formation in the extracellular
oxidizing environment. Secretion of these peptides into the E. coli
periplasm gives a better chance of proper folding due to the more
oxidizing conditions in this extracellular compartment. However
it also requires a signal peptide in order to translocate the pro-
teins across the cytoplasmic membrane. The presence of this signal
sequence does not always ensure efficient protein translocation. In
this case, linking of the target molecule to a larger fusion partner
can be a solution, and may lead to efficient secretion and an incre-
ment of the final proper folded protein [21]. In this work, we used
thioredoxin as the hybrid protein, because it does not only tend
to enhance the solubility of the peptides normally produced in an
insoluble form [15], but also appears to catalyze the formation of
disulfide bonds because when it is exported to the periplasm can
partially replace the activity of the DsbA chaperone promoting the
formation of disulfide bonds [13]. When we first started this project

Fig. 5. Circular dichroism spectra of toxins. The graphic shows the far-UV
(190–250 nm) circular dichroism spectra of ErgTx1 (triangles), rErgTx1 (stars) and
M35A mutant (squares). Peptides were dissolved in 10 mM Tris–HCl buffer, pH 8.0.
The traces for the three toxins are superimposable. The CD spectra from 190 to 250
show two minima at 208–210 and 222 nm and maximum at 190–195, typical for
peptides !/".

http://www.embl.de/~andrade/k2d/
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Fig. 6. Docking models of channel-toxin. The figure shows a proposed docking model between ErgTx1 and hERG1 channel. The residues Tyr14, Tyr16, Tyr17, Met35 and Phe36
can tightly bind to Trp585 and Ile593 on the amphipathic !-helix via the hydrophobic interaction. Lys38 and Lys13 can form the cation–" interaction with Trp585. Electrostatic
repulsion may occur between Glu575, His578 on the channel and Asp3, Lys25 on ErgTx1, respectively. Pro632 may form some hydrogen bonds with the hydrophilic patch.

several attempts were performed trying to use direct expression of
the cloned genes, without success (data not shown). The problem
was finally solved when the constructions were performed in the
format of hybrid expression with thioredoxin. Thanks to this sys-
tem, the rErgTx1 and the mutant M35A were cloned and expressed
as fusion proteins (ThioredoxinEKToxin). Starting with 1 L of cell
culture, the amount of hybrid protein produced was in the order of
6–10 mg of protein. After purification, cleavage with enterokinase
and the final HPLC purification step (Fig. 3C), the amount of rErgTx1
and M35A mutant obtained were in between 1 and 2 mg/L. Both
analogs when subjected to Edman degradation gave the expected
amino acid sequences and their molecular weights determined by
mass spectrometry, showed the presence of only one component
with the expected masses 4730.4 Da for rEgTx1 and 4671 Da for
M35A. This implies that the four disulfide bridges were formed. The
circular dichroism of ErgTx1, rErgTx1 and M35A showed that the
three peptides adopt the same typical !/# motif, common to most
K+ channel scorpion toxins (Fig. 5, see also [29,31]). These results
and the fact that the IC50s of the three toxins (native, recombi-
nant and mutant ErgTx1) are considerably different (Figs. 3 and 4)
are taken as good evidence that Met35 plays an important role on
the interacting surfaces of hERG1-channel and ErgTx1. Methionine
residues are remarkable for their susceptibility to oxidation in pro-
teins. It is expected that its oxidation have profound consequences
for protein function and might constitute a mechanism for protein
regulation [12]. The side chain of methionine sulfoxide with the
extra oxygen atom is stiffer and more polar than that of the methio-
nine side chain. However, the oxidation of methionine residues in
proteins does not necessarily cause either structural changes or
loss of biological activity, indicating that oxidation of the methion-
ine side chain is a physiologically relevant phenomenon [42]. There
are numerous examples of sulfoxide formation of specific methio-
nine residues in proteins, some leading to complete inactivation
and others having little or no effect [6]. Oxidation of methion-
ine residues has been reported for proteins such as parathyroid
hormone [24], antithrombin [39], leptin [18], vascular endothe-
lial growth factor [4], and human granulocyte colony stimulating
factor GCSF [19]. In this paper, the analyses in silico of the 3D-
structure of the toxins, solved by NMR spectroscopy, both for the

native [5] and synthetic [37] ErgTx1, show that the methionine 35 is
located on the hydrophobic face of the triple stranded antiparallel
#-sheet, stabilized by five hydrogen bonds, two of which involved
the main chain of the methionine 35 and the lysine denoted by
HN35–O38 and HN38–O35, and one with the principal chain of
the amino acid F37 (HN37–O35). It shows also the establishment
of hydrophobic interactions with the residues F36 and Y14. There-
fore the substitution for other residue hydrophobic or the oxidative
modification of this methionine does not disrupt aspects of the sec-
ondary structure and other noncovalent interactions that stabilize
the tridimensional structure of the toxin. These observations were
consistent with the circular dichroism spectra, where the substitu-
tion of methionine 35 by alanine does not induce a conformational
change of the secondary structure compared with the native toxin.
However, this substitution causes a 30 folds reduction in the affin-
ity of the toxin for the channel, suggesting that the loss of affinity
for the channel is due to this residue, which is important for the
interaction with the channel and not to a conformational change
of the structure of the toxin. The prediction of toxin-channel com-
plex structures by computational approaches, such as docking and
molecular dynamic simulations, has become a good alternative
way to understand the interacting mechanisms between K+ chan-
nels and peptide inhibitors. Cysteine scanning mutagenesis studies
of the S5-P and P-S6 linker regions of the channel demonstrated
that the residues that contribute most to the tight interaction of
the complex hERG1-ErgTx1 are, in the channel: W585, G590, I593
and P632 (the changes of free energy of association, !!Gmut-wt,
are close to 2 kcal/mol for each of these mutated residues) and in
ErgTx1 we demonstrated that the residue Met35 is contributing
with about 2.0 kcal/mol to !!Gmut-wt. Another important point is
that the three positions in the S5-P linker (Trp-585, Gly-590 and
Ile-593) all fall within the putative amphipathic !-helix [27,28].
Additionally, it has been demonstrated that the binding of K+ chan-
nel specific scorpion toxins to their receptors on the outer vestibule
of the channel pore involves a combination of hydrophobic, hydro-
gen bonding and electrostatic interactions. However, in the binding
of ErgTx1 to hERG1 the electrostatic interactions should not be
the main force for toxin binding. The authors proposed that the
hydrophobic interactions should be the driving force, due to the
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presence of a large hydrophobic patch in the toxin defined by Tyr14,
Tyr16, Met35, Phe36, and Phe37, which as proposed, would be mak-
ing contacts with residues Trp585 and Ile593 of the hERG1 channel
[5]. In this way, the hydrophobic patch composed of 4 aromatic
residues (Tyr14, Tyr16, Tyr17 and Phe36) in ErgTx1 can tightly bind
to Trp585 and Ile593 on the amphipathic !-helix. In the cases of
Met35 residue it is very close to this patch demonstrating once
again that it is an important residue in the interaction of ErgTx1
with hERG1 channel. In Fig. 6 we show a diagram of the 3D-model of
the possible interacting residues of ErgTx1 with a simplify cartoon
of two of the four subunits of the K+-channel, modified after the
original publication of [5]. The residue Met35 (in yellow) is directly
facing the segment of the extra loop of the S5-P region of the chan-
nel, as earlier demonstrated by work performed in collaboration
with our group [28]. Additional mutants are in preparation (includ-
ing the Lys13, Tyr14, Tyr17, Lys25, Phe36, Phe37, Lys 38 in order) to
add more information on the interacting surface existing between
ErgTx1 and the ERG-channel.
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a b s t r a c t

Peptides purified from scorpion venoms were shown to interact with specific amino acid
residues present in the outer vestibule of various sub-types of potassium channels,
occluding the pore and causing a decrement of Kþ permeability through the membrane of
excitable and non excitable cells. This communication describes the identification of
several interacting sites of toxin ErgTx1, a toxin purified from the venom of the scorpion
Centruroides noxius, with the human ERG1 Kþ channels, by means of site-directed muta-
genesis of specific residues of the toxin. Recombinant mutants of the gene coding for
ErgTx1 were expressed heterologously in Escherichia coli, properly folded and their
affinities and interactions with hERG1 channels were determined by patch–clamp tech-
niques. Residues in position Y14, Y17 and F37 of the solvent exposed hydrophobic surface,
and charged residues at the position K13 and K38 of ErgTx1 were shown to cause
a decrement of the affinity from 20 folds to 3 orders of magnitude, thus suggesting that
they are certainly participating on the binding surface of this toxin towards the hERG1
channels. Double mutants at positions K13 and F37, Y14 and F37, Y17 and F37 and K13 and
K38 were also prepared and assayed, but the results obtained are not much different from
the single point mutants of ErgTx1. The results of the present work indicate the most
probable surface area of ErgTx1 that makes contact with the hERG channels.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Peptide toxins from venomous animals have been
widely used as structural probes for studying membrane
proteins, particularly ion channels. In the case of scorpion
toxins specific for potassium channels (here abbreviated
KTxs) three distinct subfamilies: a, b, and g were identified
based on sequence similarities and channel specificities
(Tytgat et al., 1999; Rodríguez de la Vega et al., 2003).
Toxins that recognize Kþ channels of the family ether-á-go-
go related gene (ERG) were classified as g-KTxs. Thus far, 27
different peptides of this kindwere identified (Corona et al.,
2002; Korolkova et al., 2001; Coronas et al., 2005; Restano-
Cassulini et al., 2008). Among the sub-family a-KTxs, there

is also one peptide (a-KTx 15) described to affect the ERG
channels (Abdel-Mottaleb et al., 2008). Two of the g-KTxs
have had their three-dimensional (3D) structure deter-
mined: a chemically synthesized ErgTx1 (Torres et al.,
2003) as well as its native counterpart (Frenál et al.,
2004) and a recombinant format of toxin BeKm-1
(Korolkova et al., 2002). These g-KTxs have different
disulfide bridge patterns and do not share extended
primary sequence similarities, but both peptides interact
with the human ERG Kþ channels (hERG), (see Gurrola
et al., 1999; Zhang et al., 2003; Pardo-López et al., 2002a,
b). The hERG channels play an important role in different
tissues. For example, in heart they constitute an important
component of the delayed rectifier channels, contributing
to the repolarization phases of cardiac action potential
(Roden et al., 2002; Tseng, 2001). This channel has an
unusual loop S5-P linker, much longer than others Kv
channels (43 versus 12–23 amino acid residues) and form
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an amphipathic a-helix that together with the P-S6 linker
are binding sites for scorpion toxin interaction (Pardo-
López et al., 2002a, b; Liu et al., 2002). Interestingly, the
two peptides (BeKm1 and ErgTx1) interact with the
receptor sites through two different regions of hERG
channels. Studies of alanine scanning mutagenesis of
BeKm1 has shown that the residues Y11 located on the
N-terminal part of the helix, K18 and R20 located at the end
of the a-helix, and K23 located after the helix, are impor-
tant for the activity on the hERG channel (Korolkova et al.,
2002). Furthermore, analysis of double mutants cyclic
demonstrated that various pairs of BeKm1/hERG residues
are probably interacting closely, among which are: Y11 of
toxin with I583 and Y597 of the channel, and similarly F14
with R582, Y597 and D609; K18 with S631; and R20 with
and S631 (Korolkova et al., 2003).

Concerning ErgTx1, experiments were performed after
cysteine–scanning mutagenesis of the hERG channels, by
replacing all residues in the S5-P linker (positions 571–613,
43 residues) and the P-S6 linker (positions 631–638, 8
residues) of hERG, one at a time, and studying the resulting
effects of the toxin on current suppression. Results of these
experiments suggested that three positions in the S5-P
linker (W585, G590 and I593) and one position in the
P-S6 linker (P632) when are mutated to cysteine disrupt
the amphipathic helix structure; indicate that the S5-P
linker a-helix is critical for the bind of the ErgTx1. These
results provided supporting evidence for the possible
3D-arrangement of the contacting structure of ErgTx1 with
residues of the outer face of vestibule of this channel. In
addition it was demonstrated that the interacting surface of
ErgTx1 with hERG channels is not influenced by the
extracellular potassium concentration ([Kþ]) and that the
electrostatic interaction is not the main force defining the
contact between the toxin and the channel. Therefore, it
was proposed that hydrophobic interactions should be
playing a more important role in the interaction ErgTx1-
hERG (Pardo-López et al., 2002a, b). Evolutionary and
structural analyses demonstrated the presence of two
important functional residues in the ErgTx1 that are mainly
located in two patches: one hydrophobic centered around
an aromatic cluster formed by Y14, Y16, Y17, F36 and F37
and the other hydrophilic located at the two opposite heads
of the toxin molecule. Furthermore, in the middle of this
hydrophobic patch lies K13. It has been suggested that
ErgTx1 binds to the hydrophobic surface of an amphipathic
helix in the outer vestibule of the hERG Kþ channel (Torres
et al., 2003; Xu et al., 2003; Frenál et al., 2004). An oxidized
form of ErgTx1 at M35 was shown to decrease by 3 orders
of magnitude its binding properties towards the channel,
being the first residue clearly shown to form part of the
interacting surface (Jiménez-Vargas et al., 2011). Our ulti-
mate goal is to map the ErgTx1 binding site on hERG and to
identify amino acid pairs that interact with each other
across the toxin-channel interface. To elucidate these
interacting sites we performed site-directed mutagenesis
of the residues that formed the hydrophobic patch,
changing for alanine the K13, Y14, Y17, F37 and K38.
Similarly, four distinct double mutants of ErgTx1 were
prepared and their binding properties to hERG channels
were analyzed. Since the 3D-structure of ErgTx1 is known,

we can surmise based on our experimental data, which is
the most probable surface of the toxin that makes contact
with the hERG1 channels. In this communication the
results found are presented and discussed.

2. Materials and methods

2.1. Bacterial strain

All molecular biological techniques and large-scale
preparation of plasmid DNA were performed with Escher-
ichia coli strain DH5a (F"gyrA96 (NAIr) recA relA1 endA1 thi-
1 hsdR17 (rK"mK

þ) glnV44 deoR D(lacZYA-argF)U169
[480dD(lacZ)M15]). Expression constructs were trans-
formed into TG1 strain (supE thi1D(lac/proAB) D(mcrB/
hsdSM)5(rK-mK-) [F’traD36proAB lacIqZDM15]). Restriction
enzymes, Vent polymerase, Enterokinase and T4 DNA
ligase were purchased from New England Biolabs (Picker-
ing, Ontario, Canada) and Sigma Aldrich (St. Louis, Missouri,
USA). Plasmid pSyn1 was used for cloning and expression
of the fusion protein of toxins with Thioredoxin.

2.2. Production of recombinant toxins and site-directed
mutagenesis

For expression in E. coli, purification and folding of the
recombinant ErgTx1 (rErgTx1) and their mutants, the
protocols and experimental conditions described previ-
ously by our group (Jiménez-Vargas et al., 2011) were
adopted.

For the production of each mutant, the corresponding
genes were engineered by means of specific primers
designed to overlap the areas in which point-mutated
amino acids were selected for modification. The general
template used for production was pSyn1Thio–EK–ErgTx1,
where pSyn1 is the vector, Thio–Ek is the sequence that
codes for the protein thioredoxin, used as carrier, plus
a segment of amino acid sequence specific for cleavagewith
enterokinase (EK), which would allow producing free
recombinant peptides. The recombinant genes of the
mutants K13A, Y14A and Y17A were synthesized by a two-
steps protocol, using the technique described by Ke and
Madison (1997). The nucleotide sequence of the forward
primer (BamH1-EntERG) was: 50-GGC TCT GGA TCC GGT
GAT GAC GAT GAC AAG GAC AGA GAT AGC TGC GTC-30,
which contains the BamHI restriction enzyme site and the
corresponding sequence that codes for five amino acids of
enterokinase cleavage site, plus the amino-terminal resi-
dues in positions 1–6 of ErgTx1. The reverse primer (Not-
Erg) was: 50-TTT TTC AAG TGT AAA TGT GCG TAA TCA CGT
GCG GCC GCA AGT CGA GAA TGA CTC-30. The nucleotide
sequences of the three mutagenic primers were: K13A: 50-
CA CGA TGC GCA GCA TAT GGA TAC-30; Y14A: 50-GA TGC
GCA AAA GCT GGA TAC TAC-30; and Y17A: 50-CA AAA TAT
GGA TAC GCC CAA GAG TG-30. For the synthesis of the
mutants F37A and K38A, primers corresponding to the
amino acid sequence from positions 33–42 were synthe-
sized. The forward primer BamHI-EntERG and the muta-
genic primer F37A (50-CG ACT TGC GGC CGC ACG TGA TTA
CGC ACA TTT ACA CTT GGC AAA CAT ACA GGT TCC-30) and
the primer for K38A (50-CG ACT TGC GGC CGC ACG TGA TTA
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CGC ACA TTT ACA CGC GAA AAA CAT ACA GGT TCC-30) were
used. A NotI restriction site and stop codons are included.
Mutagenesis of F37 and K38 were achieved using two
sequential polymerase chain reactions as earlier described
(Jiménez-Vargas et al., 2011). The same strategy and
primers were used for the double mutants. The PCR prod-
ucts and the plasmid pSyn1Thio–EK–ErgTx1 were digested
with the corresponding restriction enzymes at 37 !C for
BamHI and NotI, respectively and purified by column
chromatography (QIAquick, Roche, city, state, USA) before
ligation.

2.3. Expression and purification of mutants of rErgTx1

The mutants of the ErgTx1 were expressed as protein
fused to thioredoxin (Thioredoxin–EK–toxin) in E. coli strain
TG1 as previously described (Jiménez-Vargas et al., 2011).
Briefly, overnight culture from a single colony was induced
to produce recombinant toxin by the use of isopropyl-b-D-
thiogalactopyranoside (IPTG). After several steps (see
description in Jiménez-Vargas et al., 2011), the supernatant
of the various cell cultures, referred to as the periplasm
fraction, were recovered. This fraction containing the fusion
protein was dialyzed and the product was purified further
by RP–HPLC with a C18 semi-preparative column. The
fusion protein was eluted with a linear gradient, from
buffer A (0.12% (v/v) TFA in water) to buffer B (0.1% TFA in
acetonitrile), whereas the rErgTx1 and the mutants were
released from the fusion protein using the enzyme
enterokinase, and further purified from the cleaved
mixtures by RP–HPLC on a C18 analytical column. Molec-
ular weights of purified toxins were confirmed by ESI mass
spectrometry (ESI-MS) and direct sequencing through
automatic Edman degradation. The tertiary structure of the
peptides was confirmed by Far-UV circular dichroism (CD)
measurements, as described in the next section. The iden-
tity of peptides was confirmed.

2.4. Circular dichroism (CD) measurements

CD spectra were obtained on a Jasco J-720 spec-
tropolarimeter (Jasco, Japan). Wavelength scans from 250
to 190 nm in 20 mM Tris–HCl, pH 8.0 were taken at 25 !C in
a 1 mm path-length quartz cuvette. Molar ellipticity per
residue on the buffer-subtracted CD spectrum using the
following relationship: [q]MRW.l ¼ (qobs/10) (M/c l), where
qobs is the observed ellipticity at a give wavelength,M is the
mean residue mass, l is the cuvette path-length in centi-
meters, and c the protein concentration expressed as mg/
mL. The units of [q] are deg.cm2. dmol-1 (Pain, 2004). All
Data were collected at 0.1 mm with a scan rate of 20 nm/
min and a time constant of 0.5 s. The protein concentration
of rErgTx1, native ErgTx1, K13A, Y14A, Y17A, F37A and
K38A mutants were 0.2–0.25 mg/mL.

2.5. Electrophysiological experiments

2.5.1. Cell culture
Chinese hamster ovary cells (CHO) line stably express-

ing hERG1 was cultured in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum and

maintained at 37 !C in 5% CO2 and 95% humidity
atmosphere.

2.5.2. Solutions and drugs
Standard extracellular solution contained (in mM): NaCl

130, KCl 5, CaCl2 2, MgCl2 2, HEPES–NaOH 10 buffer,
D-glucose 5, adjusted at pH 7.29. During ERG current
registrations a high potassium extracellular solution was
used: ([Kþ]o ¼ 40 mM) where NaCl was replaced by an
equimolar amount of KCl. This experimental condition
allowed obtaining the best relation of current versus noise.
The standard pipette solution contained (in mM): Kþ–
aspartate 130, NaCl 10, MgCl2 2, EGTA-KOH 10, HEPES-KOH
10 buffer, pH 7.3 and nominal [Ca2þ] of w50 nM. Toxins
from concentrated stocks in water were added to the
extracellular solution, after the proper dilution, according
to the required experimental protocol. When appropriate,
2 mMof specific ERG blockerWAY 123,398 (Overholt, 2000)
was applied at the end of each experiment and by
subtraction, the WAY 123,398 sensitive current was
obtained. The extracellular solutions were delivered
through a 9-hole (0.6 mm) remote-controlled linear posi-
tioned with an average time of 1 s.

2.5.3. Patch–Clamp recordings and data analysis
The currents were recorded at room temperature using

the MultiClamp 700B Amplifier (Axon Instruments, USA)
as previously described (Jiménez-Vargas et al., 2011);
pipette resistance was about 1.5–2.2 MU. The cell capaci-
tance and series resistance were carefully (85–90%)
compensated before each run of the voltage clamp
protocol in order to reduce voltage errors to less that 5%
the of protocol pulse. The pClamp10 (Axon Instruments,
U.S.A) and Origin 7 (Microcal Inc. U.S.A) softwares were
used during data acquisition and analysis. All data
recording were obtained using stimulation at –120 mV for
500 ms, preceded by a 500 ms at 60 mV at frequency of
0.1 Hz; holding potential was clamped at$80mV. Data are
shown as mean % SEM.

2.5.4. Dissociation constant determination
The dose–response curve for hERG1 channels was ob-

tained by plotting peak currents measured after 100 s
application of indicated toxin concentration and normal-
ized to the current obtained in control conditions. The
experimental data (mean of 6–9 cells %SEM) were fitted
with a Hill equation:

IT=Imax ¼ A2þ ðA1-A2Þ=
!
1þ ð½T)=KDÞr

"

Where Imax is the maximal current; [T] is the toxin
concentration; IT is the current at a certain [T]; KD is the
dissociation constant, corresponding at the [T] which leads
50% of the current; r is the Hill coefficient; A1 and A2 are
top and bottom asymptotes, respectively. It is known that
ErgTx1 does not block completely the ERG1 current, even at
high concentrations. For this reason the fitting of data were
performed with Hill coefficient set at 1; the top asymptote
to 0 and leaving free the bottom asymptote. For some
mutants it was necessary either to leave the Hill coefficient
free or fixed the bottom asymptotes to 0.
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3. Results and discussion

3.1. Expression and purification of the ErgTx1 mutants

Earlier work performed with ErgTx1, in which the
hERG1 channels were mutated by cysteine scanning of 51
amino acid residues situated between the S5 and S6
segment of the channel showed the most important resi-
dues of the channel for binding to ErgTx1 (Pardo-López
et al., 2002a, b). The hERG1 channel have three positions
in S5-P linker (W585C, G590C and I593C) and one position
in P-S6 linker (P632C) that when mutated to cysteine
induce an important changes in ErgTx1 binding affinity
(DDG>2 kcal/mol). In the present work, our aim was to
identify the amino acids of the ErgTx1 that are important
for interaction with hERG1 channel. To achieve this objec-
tive five amino acids that form part of hydrophobic patch in
ErgTx1 where replaced by alanine. Similarly double
mutants of these residues were also mutated to alanine.
The amino acid alanine was chosen as a replacement
residue because it eliminates the side chain beyond the
b-carbon and yet, does not alter the main chain confor-
mation, neither does it imposes important electrostatic or
steric hindrance effects. Furthermore, alanine is the most
abundant amino acid in proteins and it may be found in
both buried and exposed positions of proteins, and in all
varieties of secondary structures (Ashkenazi et al., 1990).

In a previous communication (Jiménez-Vargas et al.,
2011) it was shown that the recombinant ErgTx1 was
properly foldedanddisplayed the sameactivityas thenative
ErgTx1, as purified from fresh scorpion venom. Using the
same strategy various mutants were prepared and the
results of their interactionswith thehERG1 channel arehere
reported for the first time. The mutants prepared were:
K13A, Y14A, Y17A, F37A, K38A and four pairs of double
mutants: K13A–F37A, Y14A–F37A, Y17A–F37A, and K13A–
K38A. The rationale used for selection of these amino acids
was based on earlier suggestions by Torres et al. (2003) and
Frenál et al., 2004. However, no direct experiments con-
firming these propositions were conducted until now. It is
also important to note that not all residues of ErgTx1 were
mutated to alanine. The previous results obtained by our

group, and others, showing that hydrophobic residues and
positively charged residues of ErgTx1 and BeKm1 were the
most probable residues implicated into the interaction
toxin-channel, were selected for mutagenesis studies,
simplifying the otherwise painstakingwork of producing all
the possible mutants of the toxin. Here we describe the
experimental results obtained with the mutants. These
variantswere expressed in the strand TG1 ofE. coli as hybrid
proteins together with thioredoxin. The gene coding for the
carrier was followed by the five residues (DDDDK) that
corresponds to the cleavage site of the enzyme enterokinase
and then by the 42 amino acids residues of the toxins. The
levels of expression of each mutant were analyzed by Tri-
cine–SDS–PAGE gel and Western blot (Fig. 1). In this figure
the samples used were from the periplasmic extracts of the
cultures, but showed a protein band corresponding to the
expectedmolecularweightof the fusionprotein (see arrow),
which were confirmed by Western blot using rabbit poly-
clonal antibodies rose against ErgTx1. The amount of fusion
protein obtained for each variant was around 2–6 mg per
liter of culture. The periplasmic extracts were separated by
anion exchange chromatography followed by HPLC C18
semi-preparative reverse-phase column (Fig. 2). The elution
patterns of the various proteins are quite reproducible and
essentially the same as those obtained for the rErgTx1
earlier described (Jiménez-Vargas et al., 2011). Fig. 2 shows
an example obtained when purifying the mutant K13A and,
as mentioned, all the mutants elute in quite the same
manner. Tricine–SDS–PAGE gel and mass spectrometry
determination showed a molecular weight of 17,280 Da for
the hybrids proteins ThioEKK13A and ThioEKK38A,
17,245Da for ThioEKY14AandThioEKY17Aand17,261Da for
ThioEKF37A (data not shown). The molecular masses ob-
tained for the double mutants were: 17,204 Da for Thio-
EKK13A–F37A, 17,223.6 Da for ThioEKK13A–K38A and
17,169.6 Da for ThioEKY14A–F37A and ThioEKY17A–F37A.
The fusion proteins were digested with enterokinase and
the products separated by HPLC (see example of Fig. 2). The
molecularmasses experimentallydeterminedwere4673Da
for K13A andK38A, 4638Da Y14A and Y17A and 4654Da for
F37A. For the double mutants the molecular masses were:
4597 Da for K13A–F37A, 4616 for K13A–K38A and 4562 Da

Fig. 1. Expression of the ErgTx1 variants. (A). Tricine–SDS–PAGE results of periplasmic extract (100 mg each) for the various mutants. Lane 1 contains protein
standard with molecular weight markers (in kDa), lane 2 is ThioEKK13A; lane 3, ThioEKY14A; lane 4, ThioEKY17A; lane 5, ThioEKF37A; lane 6, ThioEKK38A; lane
7, ThioEKK13A-F37A; lane 8, ThioEKY14-F37A; lane 9, ThioEKY17-F37A; lane 10, ThioEKK13A-K38A; lane 11 ThioEKErgTx1 and lane 12, periplasmic extract of TG1
strain without plasmid. The arrow indicates position of the hybrid (fusion protein) corresponding to a molecular weight around 17 kDa (B) Western blot analysis.
Lane 1–12; the same as in Fig. 1(A).
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for Y14A–F37A and Y17A–F37A. These values confirm the
theoretical molecular mass value expected for all peptides.

3.2. Circular dichroism spectra

The far-UV CD spectrum of the mutants in comparison
with the native toxin and recombinant reflects the mixed
a-helix and b-sheet structure of the folded toxin. Fig. 3A
and B shows the CD spectra obtained from the single point
mutation and for the double mutants, respectively. The
shape of the spectra are of typical peptides with a high
content of a/b structure, characterized by three CD bands:

a positive and negative contribution at 190–195 nm and
208–210 nm, respectively, caused by p/p* transitions,
and a negative contribution at 222 nm caused by n/p*
transitions are assigned to the excitation splitting polar-
ized parallel and perpendicular to the helix axis, respec-
tively. These results suggest that all the mutants studied
here do not exhibit substantial changes in secondary
structure in comparison with native toxin. This fact allows
assuming that different toxin-channel interactions should
be due primarily to different activities of the mutated
amino acids and not to a change in secondary structure of
the toxin.

Fig. 2. Purification of the toxin mutated K13A. (A) The protein obtained from the periplasmic fraction was applied to the column and separated by DEAE-cellulose
chromatography as described in material and methods. The fraction indicated by the horizontal bar contained the ThioEKK13A fusion protein. (B) The fraction
indicated was further separated into a RP–HPLC C18 semi-preparative column, as indicated. The major peak eluting around 52 min corresponds to ThioEKK13A.
(C) Separation of this fraction onto an analytical C18 reverse-phase column, after cleavage with enterokinase. The component eluting at about 32% buffer B
corresponds to K13A (labeled with asterisk). It was further separated into a C18 reverse-phase analytical column as indicated by the insert. (D) Polyacrilamide gel
electrophoresis separation of the products after cleavage of the fused protein and the purification of the K13A, using the Tricine–SDS–PAGE system. Lane 1,
protein standard with molecular weigth markers (in kDa); lane 2, an aliquot containing 20 mg of the product after enzymatic cleavage; lane 3, K13A purified by
RP-HPLC. The labeled “ThioEKK13A” is indicating the protein in lane 2 that corresponds approximately to 17,000 Da, whereas “ThioEK” shows the cleaved protein
of lane 2, which has molecular weight of about 12,000 Da. The faint band at about 4600 Da in lane 3 corresponds to free peptide K13A.
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3.3. Characterization of ErgTx1 mutants

The electrophysiological effects of themutants of ErgTx1
were determined using human ERG1 channel. Currents
were elicited by pulse stimulation at frequency 0.1 Hz (see
Material and Methods section). The dose–response rela-
tionship for ERG1 was calculated by applying different
concentrations of K13A, Y14A, Y17A, F37A and K38A for
100 s (Fig. 4A). For each mutant we determined the KD,
obtaining a concentration dependent curve of the toxin
current inhibition. Similarly, Fig. 4B shows the inhibition
curve obtained with the double mutants. Table 1 gives both
KD and perturbation energy (DDG) values for each mutant.
As it can be observed in Fig. 4A and Table 1, themutant K38A
exhibits the samewild-type activity, with KD of 14.5 nM and

Fig. 3. Circular dichroism spectra of recombinant toxins. The CD spectra were
measured from 190 to 250 nm and data are expressed in [q]MRMl. (A) The
traces for the rErgTx1 and of the points mutants: K13A, Y14A, Y17A, M35A,
F37A and K38A showed that are superimposable with a two minima at 208–
210 and 222 nm and maximum at 190–195, typical of peptides folded as a/
b secondary structure arrangements. (B) The graphic shows the same spectra
for the double mutants: K13A–F37A, Y14A–F37A, Y17A–F37A and K13A–
K38A.

Fig. 4. Dose–response relationship and dissociation constant determination
of the variants of ErgTx1 on the hERG1 channel. Dose-response curve were
obtained using different concentrations in the range from 1 nM to 25 mM.
The data were fitted using the Hill equation and the KD values found are
reported in Table 1; each data points are mean ! SEM from 4 to 6 cells at
every toxin concentration. (A) K38A is a mutant that does not show
significant KD alteration, contrary to the variants K13A, Y14A, Y17A and
F37A that show an important difference in KD, when compared to the
native peptide. (B) The doubles mutants showed a behavior similar to the
points mutants.

Table 1
Perturbations in the interaction between ErgTx1 and hERG1 channels,
resulting from mutations in the toxin.

Hill KD Kmut
D =Kwt

D jDDGj
Kcal/mol

n

Wild-type 1 11.7 ! 0.3 nM – – 4
K13A 2.5 ! 0.1 3.5 ! 0.08 mM 292 3.4 4
Y14A – >22 1833 >4.5 6
Y17A 2.4 ! 0.3 1.7 ! 0.09 mM 142 3 6
M35A 1 342 ! 31 nM 29 2 6
F37A 1 5.3 ! 0.1 mM 442 3.7 6
K38A 1 14.5 ! 1.8 nM 1.2 0.2 6
K13A/F37A 3.6 ! 0.4 15.3 ! 0.5 mM 1275 4.3 4
Y14A/F37A – >30 mM >2500 >4.7 4
Y17A/F37A 2.6 ! 0.3 18.7 ! 0.8 mM 1558 4.4 4
K13A/K38A 1.6 ! 0.08 8 ! 0.2 mM 667 3.9 4

The values of fractional current were determined for 5 different toxin
concentrations in 4–6 cells at each concentration (see Fig. 4A and B).
KDs and Hill coefficient are indicated. Free energy changes were
calculated as: DDG ¼ -RTInðKmut

D =Kwt
D Þ. The number of experiments is

indicated (n).
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jDDGj values<1 kcal/mol.When alaninewas substituted for
K13, the affinity of ErgTx1 for hERG1 was reduced by over
290 folds. In accordance with this, the calculated binding
free energy for K13A gives amaximumvalue of 3.5 kcal/mol.
Replacement with alanine of the critical ErgTx1 residues
Y14A, Y17A and F37A, reduces by>1830, 140 and 440-folds
respectively, the toxin inhibitory potency on hERG1 chan-
nels. For the double mutants K13A–K38A, K13A–F37A,
Y14A–F37AandY17A–F37A theaffinity for the channelwere
reduced 660, 1270, 2500 and 1550 folds, respectively. The
substitution of alanine for methionine in position 35 resul-
ted in onlymoderate decreases in binding affinity (Jiménez-
Vargas et al., 2011), as shown by the small changes of the
calculated DDG (about 2 kcal/mol) when compared to the
other mutants. The only methionine of ErgTx1 is located on
thehydrophobic face of the third strandb (Fig. 5) and its side
chain does not formed interactions that stabilize the
secondary structure of the toxin (Torres et al., 2003; Frenál
et al., 2004). Therefore, the substitution of the methionine
by another residuewith similar properties (the side chain of
alanine displays hydrophobic characteristics) would not be
expected to change substantially the affinity for the channel,
assuming that this is a crucial site of interaction with the
channel as earlier demonstrated (Jiménez-Vargas et al.,
2011). However the oxidation of the sulfur atom of methi-
onine35, would cause a dramatic modification of the
hydrophobic environment of the toxin, supporting the data
obtained, where the oxidized methionine looses almost
three order of magnitude of its affinity for the channel,
whereas thealaninemutant changesonly30 folds. Although
the KD value for Y14A cannot be determined accurately
because even the highest concentrations of toxin gives
relatively high fraction unbound, the mutants K13A, Y14A,
Y17A and F37A clearly exhibit profound perturbations in
their interaction with the channel. Interestingly, these
results reveal that one face of ErgTx1 stands out as con-
taining a large number of residues (K13, Y14, Y17, M35 and
F37) where mutations to alanine display dramatic pertur-
bations of the binding affinity.

It is well documented that ErgTx1 binds to hERG channel
in a stoichiometric relation 1:1, and the lock is incomplete,

evenathighconcentrationof toxin (Pardo-Lópezet al., 2002a,
b; Hill et al., 2007). However theHill coefficient calculated for
mutatnts K13A and Y17A is higher that 1 (see Table 1) sug-
gesting thatmore than onemoleculemight interactwith one
channel. Interestingly, for these mutants and also in the case
M35A, the data obtained suggest a complete block of the
hERG1 current, similarly to what was earlier demonstrated
for the blockade of ErgTx1 on the isoform hERG3 (Restano-
Cassulini et al., 2008). Doble-mutants K13A/F37A, Y14A/
F37A and K13A/K38A showed a behavior similar to the
correspondent point mutants with a Hill coefficient higher
than 1 and the tendency to complete suppress the current.

Comparison of the amino acid sequence between
ErgTx1 and BeKm-1 shown about 8.4% identity. The
binding of both toxins to the channel occurs preferentially
in the closed state, having a 1:1 binding stoichiometry with
a maximum of 90% suppression of the current amplitude,
thought to be due to a similar mechanism. However, the
contact points of BeKm-1 to hERG channels are suggested
to be located in the a-helix (Y11, F14, K18 and R20),
whereas the surface contact of ErgTx1 is very likely situated
in the loops formed by the hydrophobic patch (Y14, Y17,
M35, F37) according to Pardo-López et al., (2002a), (b),
Milnes et al. (2003), Zhang et al. (2003) and Jiménez-
Vargas et al. (2011). It has been proposed that for the case
of BeKm-1 the amino acid K18 (Zhang et al., 2003) plays the
equivalent role of that described for K27 of the Char-
ybdotoxin (ChTx) and AgTx2 toxins (Mackinnon and Miller,
1989). For the late toxins the interactions with the channel
are sensitive to potassium concentration, where the epsilon
amine of K27 occupies the inside position of the pore
causing electrostatic repulsions between Kþ ions and K27.
Contrary to this, ErgTx1 does not contain the equivalente
K27 of ChTx and thus cannot physically plug the channel
pore (Pardo-López et al., 2002a, b). The surface area
contacts between ErgTx1 and the channel, and BeKm-1 and
the channel are thus not the same. This is not new or
unexpected, as earlier demonstrated in the review by
Rodríguez de la Vega et al., 2003. Different toxins might use
different surfaces of the 3D-structure to interact with
various sub-types of different Kþ-channels.

Fig. 5. Comparison of the sites of interaction of the scorpion toxins BeKm-1 and ErgTx1 on the hERG1 channel. Cartoon diagrams of the NMR structures: (A) BeKm-1
(1LGL, Korolkova et al., 2001) showing functionally important residues K18 and R20, which are located at the last turn of the helix, as well as, the aromatic site
chains of Y11 and F14 (red) that cover most of the helix surface of the toxin. (B) ErgTx1 (1px9, Frenál et al., 2004) showing that the interaction surface with hERG1
channel is oriented in one side of the toxin formed hydrophobic patch center around an aromatic cluster defined by: Y14 (yellow), Y17 (red), F37 (green), K13
(green). Furthermore, in the middle of this hydrophobic patch lies K13 (blue). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5 shows the comparison of the functional surfaces of
the toxins BeKm-1 and ErgTx1 assumed to be the most
important face of these toxins that interacts with the
hERG1 channels.

The binding of other potassium channel specific scor-
pion toxins to their receptors on the outer vestibule of the
channel pore involves a combination of hydrophobic,
hydrogen bonding, and electrostatic interactions (Eriksson
and Roux, 2002; Mackinnon and Miller, 1989; Ranganathan
et al., 1996). Studies previously conducted with ErgTx1
suggested that the hydrophobic interactions are the main
force involved in the binding to the hERG1 channel (Pardo-
López et al., 2002a, b). Additionally it was proposed that the
hydrophobic patch (Y14, F36 and F37) with a central basic
residue K13 was also important for channel recognition
(Torres et al., 2003). In the same publication and conduct-
ing a computational evolutionary trace analysis these
authors have predicted two amino acid clusters, one
hydrophobic made by Y14, Y16, Y17, F37 and one hydro-
philic made by K13 and K38, which acts as cation-p inter-
acting residues. However, Frenál et al. (2004) also
mentioned the possibility that a cluster made by D3, S4 and
K25 could be implicated in channel recognition. The results
reported here, demonstrate for the first time experimen-
tally, that K13, Y14, Y17, and F37 are all critical residues for
the interaction of ErgTx1 with the channels, apart from the
M35 already described (Jiménez-Vargas et al., 2011).

4. Conclusions

This communication shows experimentally, for the first
time, that the hydrophobic patch composed by Y14, Y17,
M35 and F37 of ErgTx1 probably can bind to the amphi-
pathic a-helix of the hERG1 channel, as well as, the basic
residue K13 could bemaking contact with this region of the
channel.

Acknowledgements

The authors are deeply acknowledged to Dr. Adela
Rodríguez from the Institute of Chemistry of the National
Autonomous University of Mexico for providing us with the
facilities to conduct the circular dichroism analysis at the
Unit Facilities of the Institute. The technical contributions
of Q.F.B. Maria del Rocio Patiño Maya during collection of
the CD spectra, M. C. Timoteo Olamendi Portugal on the
DNA sequence determination of recombinant genes and
Dr. Fernando Zamudio on the amino acid sequence deter-
mination of toxins are also recognized are also greatly
acknowledged.

Ethical statement

The authors declare that there is no ethical statement in
this manuscript.

Funding source

This work was partially supported by funds from Direc-
ción General de Asuntos del Personal Académico of UNAM,
number 204110 to LDP during the Ph program (Programa de

Doctorado en Ciencias Biomédicas-UNAM) with scholarship
of CONACyT (Consejo Nacional de Ciencia y Tecnología) to
JMJV (number 165230) and DGEP (Dirección General de
Estudios de Posgrado).

Conflict of interest

None declared.

References

Abdel-Mottaleb, Y., Corzo, G., Martin-Eauclaire, M.F., Satake, H., Césard, B.,
Peigneur, S., Nambaru, P., Bougis, P.E., Possani, L.D., Tytgat, J., 2008. A
common “hot spot” confers hERG blockade activity to a-scorpion
toxins affecting Kþ channels. Bioch Pharmacol. 76, 805–815.

Ashkenazi, A., Presta, L.G., Marsters, S.A., Camerato, T.R., Rosenthal, K.A.,
Frendly, B.M., Capon, D.J., 1990. Mapping the CD4 binding site for
human immunodeficiency virus by alanine-scanning mutagenesis.
Proc. Natl. Acad. Sci. U.S.A 87, 7150–7154.

Corona, M., Gurrola, G.B., Merino, E., Cassulini, R.R., Valdez-Cruz, N.A.,
Garcia, B., Ramirez-Dominguez, M.E., Coronas, F.I., Zamudio, F.Z.,
Wanke, E., Possani, L.D., 2002. A large number of novel Erg Toxin-like
genes and ERG Kþ-channels blocking peptides from scorpions of the
genus Centruroides. FEBS Lett. 532 (1–2), 121–126.

Coronas, F.I., Balderas, C., Pardo- Lopez, L., Possani, L.D., Gurrola, G.B., 2005.
Amino acid sequence determination and chemical synthesis of CllErg1
(ã-KTx1.5), a Kþ channel blocker peptide isolated from the scorpion
Centruroides limpidus limpidus. J. Braz. Chem. Soc. 16 (3A), 404–411.

Eriksson, M.A., Roux, B., 2002. Modeling the structure of agitoxin in
complex with Shaker Kþ channel: a computational approach based on
experimental distance restrains extracted from thermodynamic
mutant cycles. Biophys. J. 83, 2595–2609.

Frenál, K., Xu, ChQ., Wolff, N., Wecker, K., Gurrola, G.B., Zhu, S.Y., Chi, ChW.,
Possani, L.D., Tytgat, J., Delepierre, M., 2004. Exploring structural
Features of the interaction between the scorpion toxin CnErg1 and ERG
Kþ channels. PROTEINS: Struct. Funct. Bioinform. 56, 367–375.

Gurrola, G.B., Rosati, B., Rocchetti, M., Pimienta, G., Zaza, A., Arcangeli, A.,
Olivotto, M., Possani, L.D., Wanke, A., 1999. A toxin to nervous, cardiac,
and endocrine ERG Kþ channels isolated from Centruroides noxius
scorpion venom. FASEB J. 13, 953–962.

Hill, A.P., Sunde, M., Campbell, T.J., Vandenberg, J.I., 2007. Mechanism of
block of the hERG Kþ channel by the scorpion toxin CnErg1. Biophys J
92, 3915–3929.

Jiménez-Vargas, J.M., Restano-Cassulini, R., Quintero-Hernandez, V.,
Gurrola, G.B., Possani, L.D., 2011. Recombinant expression of the toxin
peptide ErgTx1 and role of Met35 on its stability and function.
Peptides 32, 560–567.

Ke, S.H., Madison, E.L., 1997. Rapid and efficient site-directed mutagenesis
by single-tube “megaprimer” PCR method. Nucleic Acids Res. 25 (16),
3371–3372.

Korolkova, Y.V., Bocharov, E.V., Angelo, K., Maslennikov, I.V., Grinenko, O.V.,
Lipkin, A.V., Nosyreva, E.D., Pluzhnkov, K.A., Olesen, S.P., Arseniev, A.S.,
Grishin, E.V., 2002. New binding site on common molecular scaffold
provides HERG channel specificity of scorpion toxin BeKm-1. J. Biol.
Chem. 277, 43104–43109.

Korolkova, Y.V., Kozlov, S.A., Lipkin, A.V., Pluzhnikov, K.A., Hadley, J.K.,
Filippov, A.K., Brown, D.A., Angelo, K., Stroabaek, D., Jespersen, T.,
Olesen, S.P., Jensen, B.S., Grishin, E.V., 2001. An ERG channel inhibitor
from the scorpion Buthus eupeus. J. Biol. Chem. 276 (13), 9868–9876.

Korolkova, Y.V., Zhang, M., Liu, J., Jiang,M., Grishin, E., Kellogg, G., Tseng, G.N.,
2003.Probing theoutervestibule structureof theHERGchannelusingthe
mutant cycle analysis with recombinant peptide toxins. Biophys. J., 84.

Liu, J., Zhang, M., Jiang, M., Tseng, G.N., 2002. Structural and functional
role of the extracellular S5-P linker in the HERG potassium channel. J.
Gen. Physiol. 120, 723–737.

Mackinnon, R., Miller, C., 1989. Mutant potassium channels with altered
binding of charybdotoxin, a pore-blocking peptide inhibitor. Science
245, 1382–1385.

Milnes, J.T., Dempsey, C.E., Ridley, J.M., Crociani, O., Arcangeli, A.,
Hancox, J.C., Witchel, H.J., 2003. Preferential closed channel blockade
of HERG potassium currents by chemically synthesized BeKm-1
scorpion toxin. FEBS Lett. 547, 20–26.

Overholt, N.R., 2000. HERG-like potassium current regulates the resting
the resting membrane potential in glomus cells of the rabbit carotid
body. J. Neurophysiol. 83, 1150–1157.

J.M. Jimenez-Vargas et al. / Toxicon 59 (2012) 633–641640



Pain, R.H., 2004. Determining of the CD spectrum of a protein. Curr.
Protoc. Protein Sci., 7.6.1–7.6.24.

Pardo-López, L., García-Valdés, J., Gurrola,G.B., Robertson, G.A., Possani, L.D.,
2002a. Mapping the receptor site for ergtoxin, a specific blocker of ERG
channels. FEBS Lett. 510, 45–49.

Pardo-López, L., Zhang, M., Liu, J., Possani, L.D., Tseng, G.N., 2002b.
Mapping the binding site of a human ether-a-go-go-related-gene-
specific peptide toxin (ErgTx) to the channel’s outer vestibule. J.
Biol. Chem. 277, 16405–16411.

Ranganathan, R., Lewis, J., MacKinnon, R., 1996. Spatial localization of the
Kþ channel selectivity filter by mutant cycle-based structure analysis.
Neuron 16, 131–139.

Restano-Cassulini, R., Olamendi-Portugal, T., Zamudio, F., Becerril, B.,
Possani, L.D., 2008. Two novel Ergtoxins, blockers of Kþ-channels,
purified from the Mexican scorpion Centruroides elegans elegans.
Neurochem. Res. 33, 1525–1533.

Roden, D.M., Baiser, J.R., George Jr., A.L., Anderson, M.E., 2002. Cardiac ion
channels. A Rev. Physiol. 64, 431–475.

Rodríguez de la Vega, R.C., Merino, E., Becerril, B., Possani, L.D., 2003.
Novel interactions between Kþ channels and scorpion toxins. Trends
Pharmacol. Sci. 5, 222–227.

Tseng, G.N., 2001. I(Kr): the hERG channel. J. Mol. Cell Cardiol. 33,
835–849.

Torres, A.M., Bansal, P., Alewood, P.F., Bursill, J.A., Kuchel, P.W.,
Vandenburg, J.I., 2003. Solution structure for CnErg1 (Ergtoxin),
a HERG specific scorpion toxin. FEBS Lett. 539, 138–142.

Tytgat, J., Chandy, K.G., Garcia, L.M., Gutman, G.A., Martin-Eauclaire, M.F.,
van der Walt, J.J., Possani, L.D., 1999. A unified nomenclature for short
chain peptides isolated from scorpion venoms: alpha-KTx molecular
subfamilies. Trends Pharmacol. Sci. 20, 445–447.

Xu, C.Q., Zhu, S.Y., Chi, C.W., Tytgat, J., 2003. Turret and pre block of Kþ
channels: what is the difference? Trends Pharmac. Sci. 24, 446–448.

Zhang, M., Korolkova, Y.V., Liu, J., Jiang, M., Grishin, E.V., Tseng, G.N.,
2003. BeKm-1 is a HERG-specific toxin that share the structure with
ChTx but the mechanism of action with ErgTx1. Biophys. J. 84,
3022–3036.

J.M. Jimenez-Vargas et al. / Toxicon 59 (2012) 633–641 641



Toxin modulators and blockers of hERG Kþ channels

J.M. Jiménez-Vargas, R. Restano-Cassulini, L.D. Possani*

Department of Molecular Medicine and Bioprocesses, Institute of Biotechnology, National Autonomous University of Mexico, Av. Universidad 2001,
P.O. Box 501-3, Cuernavaca 62210, Mexico

a r t i c l e i n f o

Article history:
Received 29 February 2012
Accepted 27 March 2012
Available online xxxx

Keywords:
Anemone
Erg channel
Kþ channel
Scorpion
Spider
Toxin

a b s t r a c t

The Kþ channel encoded by the Ether-á-go-go-Related Gene (ERG) is expressed in different
tissues of different animal species. There are at least three subtypes of this channel, being
the sub-type 1 (ERG1) crucial in the repolarization phase of the cardiac action potential.
Mutations in this gene can affect the properties of the channel producing the type II long
QT syndrome (LQTS2) and many drugs are also known to affect this channel with a similar
side effect. Various scorpion, spider and sea anemone toxins affect the ERG currents by
blocking the ion-conducting pore from the external side or by modulating channel gating
through binding to the voltage-sensor domain. By doing so, these toxins become very
useful tools for better understanding the structural and functional characteristics of these
ion channels. This review discusses the interaction between the ERG channels and the
peptides isolated from venoms of these animals. Special emphasis is placed on scorpion
toxins, although the effects of several spider venom toxins and anemone toxins will be also
revised.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The human ether-a-go-go-related gene (hERG) 1was first
cloned in 1994 (Warmke and Ganeztky et al., 1994) and
characterized as a voltage-gated inwardly rectifying
potassium channel (Trudeau et al., 1995). These inward
rectifying properties reside in the unique structure of the
pore domain, making the channel crucial in the repolari-
zation phase of the cardiac action potential (Warmke and
Ganeztky, 1994; Sanguinetti et al., 1995) and in different
types of tissues in which excitability is an essential prop-
erty, such as: smoothmuscles (Akbarali et al., 1999), carotid
bodies (Overholt et al., 2000), lactotrops (Corrette et al.,
1996), pancreatic b-cells (Rosati et al., 2000) and chro-
maffin cells (Gullo et al., 2003). It is well characterized that
mutations in the erg1 channel gene were associated to the

long QT syndrome type 2 (LQTS2), an inherited cardiac
disorder that causes syncope, seizures, and sudden death in
otherwise healthy individuals (reviewed in Thomas et al.,
2003; Anderson et al., 2006). The gene responsible for
this phenotype has been mapped in the chromosome
7q35-36 (Jiang et al., 1994; Curran et al., 1995; Sanguinetti
et al., 1995). In mammals other two members of this
channel subfamily ERG2 and ERG3 have been cloned from
a rat cDNA library and characterized showing electro-
physiological properties similar to those of erg1 (Lees-
Miller et al., 1997; London et al., 1997; Bauer et al., 1998;
Shi et al., 1997) and subsequently it was found that these
genes are well expressed in the rodent central nervous
system (Saganich et al., 2001; Papa et al., 2003; Guasti et al.,
2005). It has also been demonstrated that, where co-
expressed, the ERG subtype are able to form hetero-tetra-
mers, making difficult the functional characterization of
each channel subtype (Wimmers et al., 2001).

Natural toxins are useful probes for evaluating the
involvement of Kþ channels in cell activity, and for inves-
tigating Kþ channel structure and localization. Recently,
toxins able to specifically recognize ERG channels were
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isolated from different venoms (scorpion, spider and sea
anemone) and shown to affect the ERG channels through
two distinct targeting mechanisms. In the first mechanism
the toxins bind to the extracellular region on the N-
terminal side of the re-entrant pore loop, spanning
between transmembrane domains S5 and S6 (Pardo-López
et al., 2002a,b; Zhang et al., 2003; Korolokova et al., 2004)
and inhibit the function of the channel by physically
occluding the ion-conducting pathway. In the second type,
the toxins interact with defined regions within the voltage
sensor, affecting the gatingmotions and altering the energy
of the voltage-dependent gating process (Ruta and
MacKinnon, 2004). The objective of this manuscript is to
revise mainly the mechanism of the interaction and surface
contact areas of the different peptides from animal venoms
with ERG channels.

2. Structural basis of hERG channel

The hERG channel is a tetramer of four a-subunits
arranged circumferentially around a central pore (Fig. 1) as
homo- or hetero-tetramer. Each subunit includes six
transmembrane a-helical segments S1–S6 and
a membrane-reentering P-loop (P) consisting of an extra-
cellular S5-P linker (called turret), a pore helix (P-helix), an
ascending limb containing the potassium selectivity
signature sequence TVGYG, and the extracellular linker P-
S6 (Doyle et al., 1998). In the N-terminal region, every a-
subunit is flanked by “PAS” (Per-Arnt-Sim; aa 2-138)
domain that consists of a helix-loop-helix structure and
might interact with accessory proteins. This is important
for gating transition in modulating the channel function;
alternatively it is considered critical for the slow deactiva-
tion of ERG channels, presumably by binding to the S4–S5
linker (Schönherr and Heinemann, 1996; Morais-Cabral
et al., 1998; Chen et al., 1999; Viloria et al., 2000; Tristani-
Firouzi and Sanguinetti, 2003; Al-Owais et al., 2009). Also,
in the C-terminal region it contains a cyclic nucleotide-
binding domain (cNBD) that may contribute to the
current modulation (Morais-Cabral et al., 1998). The first
four domains of each subunit (S1–S4) comprise the voltage
sensor which controls the channel gating during
membrane potential transitions. In comparison with other
voltage-dependent potassium channels, transmembrane
helices S2 and S3 contain more negative charges (D460,
D466, D501 and D509) (Liu et al., 2003) that may be
responsible for slowing down the activation/deactivation
process, characteristic in ERG channels kinetic (Planelis-
Cases et al., 1995; Seoh et al., 1996), as well as, the posi-
tive charges (K525, R528, R531, R534, R537 and K538) of
the S4 segment which is thought to play a key role in
stabilizing the channel in the closed state (Smith and
Yellen, 2002; Piper et al., 2003, 2005; Liu et al., 2003;
Zhang et al., 2004; Subbiah et al., 2004, 2005). The very fast
transition from open to inactivated state (C-type inactiva-
tion) involves conformational changes in the outer pore
region of the channel that causes collapse of the pore and
prevents ion fluxes, or alters the ion selectivity in such
a way that the channel cannot conduct Kþ currents (Choi
et al., 1991; Hoshi et al., 1991; Yellen et al., 1994; Liu et al.,
1996; Smith et al., 1996; Schönherr and Heinemann,

1996). In these channels the inactivation is not only very
fast, occurring in milliseconds, but it is also intrinsically
voltage-sensitive (Sanguinetti et al., 1995; Rasmusson et al.,
1998). This process is associated with the unique turret
region of ERG channels, which is much longer than other Kv
channels (43 aa vs 14-23aa; see Fig. 1), due to the presence
of an amphipathic a-helix that play a unique role in the
inactivation gating process (Liu et al., 2002) and in the
toxin-channel interactions (Pardo-López et al., 2002b;
Zhang et al., 2003; Huys et al., 2004). Extensive studies on
the voltage sensor in Kv channels have identified a specific
S3b-S4 helix-turn-helix structural motif (also known as the
“voltage-sensor paddle”) which moves in contact with the
surrounding lipid membrane in response to changes in
membrane voltage. It was recently shown that paddle
motifs are modular units and can be transferred between
ion channels and proteins with a voltage-sensing domain
without losing their functional properties, suggesting that
this motif resides in relatively unconstrained environment
(Alabi et al., 2007; Bosmans et al., 2008). This paddle region
in the hERG1 channel is highly homologous to the Kv2.1
channel (Fig. 1) and it is an important pharmacological
target for ion channels function, because various sea
anemone and spider toxins were shown to interact with
this region (Phillips et al., 2005; Alabi et al., 2007; Milescu
et al., 2009).

3. Pore-blocking peptide toxin

As earlier mentioned, in recent years, several peptides
that bind to the outer vestibule of the ERG channels were
described; thus are potentially very useful tools for
studying and understanding the structure and function of
these types of channels. The first peptide inhibitor was
isolated from the venom of the scorpion Centruroides nox-
ius Hoffmann and early named ErgTx1 (Gurrola et al., 1999)
or CnErg1 (Corona et al., 2002). BeKm-1 was the second
peptide described to have an inhibitory action on this type
of channel. It was isolated from the venom of the Central
Asian scorpion Buthus eupeus (Korolkova et al., 2001, 2002).
The amino acid sequence of BeKm-1 shows only 8.3%
identity to that of ErgTx1. These toxins adopt a compact
fold made up of a-helix and three b-stands arranged in
a strongly twisted antiparallel b-sheet and has been
referred to as a member of the g-KTx subfamily of scorpion
toxins (Milnes et al., 2003; Rodríguez de la Vega et al.,
2003; Torres et al., 2003; Frenál et al., 2004). Following
these two initially discovered peptides, 25 additional
members of this subfamily (Ergtoxin-like peptides) were
identified on tissues from venomous glands of scorpions of
the genus Centruroides. Most of their primary structures
were deduced from cDNA cloning, although a few of them
have been directly determined from isolates of the scorpion
venoms. The percentage of identity among this subfamily
of peptides (Fig. 2) ranges between 67 and 97% (Lecchi
et al., 2002; Nastainczyk et al., 2002; Corona et al., 2002;
Coronas et al., 2005; Restano-Cassulini et al., 2008). Inter-
estingly, toxins BmTx3 and AmmTx3 isolated from the
venoms of the scorpions Mesobuthus martensii and
Androctonus mauritanicus mauritanicus respectively, are
members of the voltage-dependent Kþ channels (Kv), of the
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subfamily a-KTx-15, but are also capable of blocking ERG
potassium currents. Huys et al., 2004 and Abdel-Mottaleb
et al., 2008 found that these two peptides have a func-
tional epitope formed by basic residues (R18 and K19) of
the a-helix side of the peptide that could induce a hERG1
channel blocking without alteration of the gating kinetics,
although with lower efficiency, working at mM

concentrations (see Table 1; Huys et al., 2004; Abdel-
Mottaleb et al., 2008). Not all these toxins have been
tested on the three sub-types of ERG channels. These
peptides can be selective for certain members of the
various families of channels (Table 1). In the case of ErgTx1,
BeKm-1, ErgTx2, CeErg4 and CeErg5 their activities have
been characterized in the three isoforms of ERG channels of

Fig. 1. Structure and assembly of hERG1 Kþ channel pore-forming a-subunits. (a) Topology of a single ERG channel subunit, consisting of six hydrophobic
segments (S1–S6). The S1–S4 segments form the voltage-sensor domain, and the S5–S6 segments contribute to the pore. Four subunits or repeats assemble to
form the central ion-conducting pore surrounded by four voltage-sensor domains. (b). Sequence comparison of the interacting sites for voltage-sensor toxins in
the voltage-sensor domain. Cylinders (S3b and S4) represent approximate positions of predicted a-helices (Ruta and MacKinnon et al., 2004; Zhang et al., 2007).
Multiple sequence alignment of S3b-S4 segments of ERG channels are from human, rat and mouse sequences of hKv1.4, hKv1.2 and KvAP channels. Residues in
S3b, highlighted gray, alter the affinity of the channel for voltage-sensor toxins when mutated. Mutations of I273, F274 and E277 of Kv2.1 decrease the affinity of
the channel for tarantula toxins (Swartz and MacKinnon, 1997; Li-Smerin et al., 2000); the equivalent residues on hERG1 are I512, F513, and E518 (Zhang et al.,
2007). (c). Multiple sequences alignment of pore-forming domain of ERG channels from different species with hKv1.4, hKv2.1, hKv4.2 and KvAP channels.
Cylinders indicate the approximate positions of predicted a-helices of S5, S5-P linker, P-helix and S6 (Liu et al., 2002; Tseng et al., 2007). Residues known to make
contact with peptide toxins are highlighted gray. When mutated, changes the interaction mode of the ErgTx1 and BeKm-1 toxins with hERG1 channel (Pardo-
López et al., 2002a,b; Zhang et al., 2003; Tseng et al., 2007). Identical amino acids of hERG1 are indicated by points (.).
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human and rat. The data reveal that ErgTx2 eliminates the
slow component of the rERG2 current without affecting
rERG3, and weakly blocking rERG1 (see Table 1; Lecchi
et al., 2002; Restano-Cassulini et al., 2006). ErgTx1
inhibits human and rat ERG1 in a similar manner, however,
it was unable to affect human ERG2 current while
completely blocking the rat ERG2 channel with poor
recuperation. Interestingly hERG2 and rERG2 differ in only
three residues in the surface of interaction with the toxin
(see Fig. 1c residues H432P, V442A and R447Q), suggesting
that these residues can be essential for the recognition
process. For ERG3, this toxin showed preference for the
human channel, eliminating the current completely and
without recuperation, whereas for rat ERG3 channel weak

blockade occurred. In this case channels differ by one
amino acid residue in the pore-forming region at position
593 (glutamine versus threonine). This natural mutation in
rERG3 channel (Q593T) decreases the affinity of ErgTx1 by
w200 fold (see Fig. 1c and Table 1 in Restano-Cassulini
et al., 2006). The blocking effects of CeErg4 and CeErg5
on ERG channels of human and rat are similar to ErgTx1
(Table 1; Restano-Cassulini et al., 2008). BeKm-1 discrimi-
nates well the three rat channels, with KD values in the
range of 1.5–757 nM. The effects on human ERG1 and ERG3
are similar, whereas in ERG2 channels the effect is weaker
(Restano-Cassulini et al., 2006).

The interacting sites of ErgTx1 and BeKm-1 on the
hERG1 channel were determined by cysteine scanning

Fig. 2. Multiple sequence alignment of scorpion, anemone and spider toxins that target ERG channels. The Swiss-Prot accession numbers are followed by the
systematic names as outlined in (Tytgat et al., 1999; Rodríguez de la Vega and Possani, 2004; Kozlov and Grishin, 2012; King et al., 2008) and abbreviated names.
The fourth column gives the full amino acid sequences aligned according to equivalent topological structure. Identical residues to ErgTx1 are indicated by points
(.), whereas those identical to VSTx1 by colons (:). The important residues involved in the interaction with ERG channels are highlighted in gray, which were
identified based on mutagenesis studies. Cysteines are highlighted black and paired according to the specific disulfide pairing. The fifth column gives identity
score based on pairwise comparison against ErgTx1 for the scorpion and anemone toxins sequence and VSTx1 for the spider toxins sequences. The last column
provides the references: [1]. Gurrola et al., 1999; [2]. Corona et al., 2002; [3]. Restano-Cassulini et al., 2008; [4]. Nastainczyk et al., 2002; [5]. Korolkova et al., 2001;
[6]. Vacher et al., 2001; [7]. Vacher et al., 2002; [8]. Diochot et al., 2003; [9]. Jiang et al., 2003; [10]. Clement et al., 2007; [11]. Lampe and Sanchs, 1999; [12].
Lampe, 1999; [13]. Suchyna et al., 2000. Physiological effects are indicated at the most right-hand side.
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mutagenesis of fifty one residues of S5-P and P-S6 linker
regions of the hERG1 channel (Pardo-López et al., 2002a,b;
Liu et al., 2002; Zhang et al., 2003; Korolokova et al., 2004).
Based on the results found, it was proposed that ErgTx1
preferentially binds to closed channels, whereas BeKm-1 is
able to bind to both closed and inactivated channels, but
even at high concentrations these toxins are unable of
entirely suppressing the ERG1 currents, suggesting that
they never block completely the entrance of the pore
(Milnes et al., 2003; Tseng et al., 2007). However, there are
also important differences between BeKm-1 and ErgTx1 in
terms of their contact points with the channel and the
binding site environment. First, the impact of protonated
histidine at position 578 at acidic pH on toxin binding
differs between BeKm-1 (no impact) and ErgTx1 (reduced
binding). Second, cysteine substitutions at the following
positions: I571, L589, D591, P596, P605, and S631 affect
BeKm-1 binding, but not that of ErgTx1. In particular, the
difference in the impact of S631C (a mutation right at the
edge of the pore entrance) suggests that BeKm-1 may bind
deeper into the pore than ErgTx1, and thus senses the
effects of mutating the 631 side chain residue (Pardo-López
et al., 2002b; Zhang et al., 2003). Additional experiments in
which several residues of the toxins were substituted by
alanine (alanine scanning) permitted identifying the active
surfaces of interaction between the toxins and the hERG1
channel. The functionally important residues K18 and R20
of BeKm-1, which are located at the last turn of the helix,
together with R1, K23, and possibly R27 form a surfacewith
the strongest positive electrostatic potential in the whole
molecule (Fig. 3), which is essential for interactionwith the
negatively charged outer vestibule of the channel. The

aromatic side chains of Y11 and F14 are situated in the
hydrophobic patch, which covermost of the helix surface of
BeKm-1 (Zhang et al., 2003). However, the main interacting
surface of the ErgTx1 is located in the loops that form
a hydrophobic patch (Fig. 3; Y14, Y17, M35, F36 and F37)
surrounding K13, located near the b-hairpin between the
second and third strands of the b-sheet (Torres et al., 2003;
Frenál et al., 2004; Jiménez-Vargas et al., 2012). In both
cases, the results of mutagenesis suggest that eight pairs of
BeKm-1/hERG1 residues potentially interact: Y11 with I583
and Y597; F14 with R582, Y597 and D609; K18 with S631;
R20 with Q592 and S631 (Zhang et al., 2003; Korolkova
et al., 2002, 2004). For ErgTx1, the hydrophobic patch
comprises the residues: Y14, Y17, M35 and F37 that can
tightly bind to the hERG1 channel, very likely making
contacts with residues of the amphipathic a-helix side of
the channel. It also suggests that K13 could be interacting
with this region of the hERG1 channel (Pardo-López et al.,
2002a,b; Torres et al., 2003; Frenál et al., 2004; Jiménez-
Vargas et al., 2011; Jiménez–Vargas et al., 2012). Recently,
two kinetic models have been proposed for explaining the
unique mechanism of hERG channels’ blockage by toxins
ErgTx1 and BeKm-1. To explain the well-known
phenomena of ErgTx1 incomplete blockage even at high
concentration, Hill et al., 2007a proposed a kinetics model
where first the amphipathic a-helix binds to channel
sufficiently peripheral, in such way that the toxin molecule
does not occlude the ion conduction pathway. Therefore,
there is a subsequent conformational rearrangement that
brings the toxin close to the central axis of the porewhere it
can block ion conduction. However, these interactions that
stabilize the blocked conformation must be relatively weak

Table 1
Effects of scorpion, anemone and spider toxins on ERG channels.

Specie Cells ERG1 ERG2 ERG3 Reference

Scorpions
ErgTx1 Human CHO 4.5–7.3 nM n.e 0.18 ! 0.03 nM Restano-Cassulini et al., 2006;

Hill et al., 2007a,b.
Xenopus laevis oocytes 11.4 nM – – Pardo-López et al., 2002a,b

Rat CHO 6.8 ! 0.21 nM 1.16 ! 0.09 nM 38.1 ! 4.1 nM Restano-Cassulini et al., 2006.
Fll-neuroblastoma 16 ! 0.4 nM Gurrola et al., 1999

ErgTx2 Rat MMQ 0.4 mM Lecchi et al., 2002
CllErg1 Human X. laevis oocytes 10 nM – – Coronas et al., 2005
CeErg4 Human CHO 12.8 ! 0.9 nM n.e 0.88 ! 0.06 nM Restano-Cassulini et al., 2008

Rat CHO 9.9 ! 1.2 nM 1.45 ! 0.04 nM > 210 nM
CsEKErg1 Mouse NG108-15 0.232 mM Nastainczyk et al., 2002
BeKm-1 Human CHO 7.7 ! 0.6 nM 77 ! 16 nM 11.5 ! 1.1 nM Restano-Cassulini et al., 2006

HEK-293 3.3 nM – – Korolkova et al., 2001
X. laevis oocytes 4.4–8.1 nM – – Zhang et al., 2003; Tseng et al., 2007

Rat CHO 19 ! 1.6 nM 1.51 ! 0.12 nM 747 ! 58 nM Restano-Cassulini et al., 2006
BmTx3 Human X. laevis oocytes 1.9 ! 0.14 mM – – Huys et al., 2004
AmmTx3 7.9 ! 1.4 mM – – Abdel-Mottaleb et al., 2008
Anemone
APETx1 Human COS-7 34 nM n.e n.e Diochot et al., 2003

Mouse NG108-15 >30 nM
Spiders
VSTx1 Human CHO 7.4 ! 0.3 mM 45 ! 3 mM 55 ! 4 mM Redaelli et al., 2010
GrTx1 4.2 ! 0.5 mM >200 mM >200 mM
GsAFI 4.8 ! 0.4 mM >200 mM >200 mM
GsAFII 4.7 ! 0.3 mM >200 mM >200 mM
GsMTx4 11 ! 0.26 mM 10.9 ! 0.3 mM 53 ! 5 mM

This table summarizes the blocking properties of all reported venom toxins know to inhibit ERG channels expressed in different cells lines. n.e, no effect, (")
no tested. The assays realized on the series of tumor cells intrinsically express ERG currents (erg1, erg2 and erg3).
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and hence have a rapid dissociation rate, relative to the
association rate, and the equilibrium between the bound
and the un-bound states gives rise to the incomplete
blockage of the hERG current (Hill et al., 2007a). In another
hand, Tseng et al. (2007) proposed a state-depending
binding model where the BeKm-1 preferentially binds to
a closed state of the channel which induces channel deac-
tivation, as earlier reported by Tseng et al. (2007) and
Zhang et al. (2003). Rodriguez-de-la-Vega et al. (2009)
pointed out that the two models are not mutually exclu-
sive, but taken together may explain all major properties of
scorpion toxin ERG1 channel blockade. On the other hand,
the binding site of ErgTx1 on hERG1 is also thought to be
critically involved in voltage-dependent inactivation of the
channel (Clarke et al., 2006), in which mutations in the
position 631 (S631A) disrupted distinct aspect of the inac-
tivation pathway and caused a w20-fold increase in the
affinity of ErgTx1 for hERG with complete block of the
current (Hill et al., 2007b). This shows that the S631A
mutation appears to switch the ErgTx1 blockmechanism to
a pore plug, resembling all the characteristics defined by
the classical Kþ channel blockers like charybdotoxin,
kaliotoxin, and iberiotoxin. These toxins are known to bind
to the outer vestibule of the channel causing blockage of
the ion conduction by physically occluding the pore (García
et al., 2001; Rodriguez de la Vega et al., 2003). It has been
suggested that the residue K13 of ErgTx1 is a candidate for
plugging the selectivity filter in S31A hERG channels (Hill
et al., 2007b).

4. Gating-modifier toxins

The gating-modifier toxins bind to a region of the
channel that changes conformation during gating and
influence this mechanism by altering the relative stability
of closed, open or inactivated states. Gating-modifier toxins
differ from pore-blocking toxins in two additional aspects:
the stoichiometry of the toxin–channel interaction and the
location of the binding site. While pore-blocking toxins
bind with a 1:1 stoichiometry to the receptor site involving

multiple amino acid residues in the outer vestibule of the
channel, experiments with saturating concentrations of
gating-modifier toxins suggest that 3–4 toxin molecules
bind to the four voltage-sensor domains of a single channel
molecule (Swartz and MacKinnon, 1997; Phillips et al.,
2005). Peptides with this mechanism of interaction on
ERG channels have been isolated from sea anemone and
spider venoms.

APETx1 is a peptide of 42 amino acid residues purified
from sea anemone Anthopleura elegantissima; has 20% of
identity to ErgTx1 and is a selective blocker of hERG1
channel (Diochot et al., 2003; Restano-Cassulini et al.,
2006). Their tridimensional structures in comparison with
the ErgTx1 and BeKm-1 show an all b-strand folding
pattern. The structural analysis suggests that positive
charges along with neighboring aromatic/hydrophobic
residues (K18 with Y5, and K18 with Y32/F33; Chagot et al.,
2005) may be involved in APETx1 binding to the ERG
channels. Electrophysiological recordings suggest that the
APETx1 binding site is distinctly different from that of pore-
blocking peptide toxins: BeKm-1 and ErgTx1. APETx1 is
capable of shifting the activation curve of the hERG channel
in the positive direction and reduces the current amplitude
elicited by strong depolarizing pulses that reach the
maximum level of channel activation without interference
with the inactivation of the channel. Competition studies
carried out with APETx1 and BeKm-1 indicated that there is
no overlapping between the binding sites of both toxins on
the hERG channel. BeKm-1 occupies the central position of
the hERG pore domain (Zhang et al., 2007; Tseng et al.,
2007), whereas APETx1 binding site is probably in the
voltage-sensing domain. Mutations introduced into the S3b
region of hERG1 channel, inwhich the residues at positions
514–519 were substituted by cysteines (G514C and E518C)
and submitted to the effect of toxin, showed that these
modifications cause a dramatic impact on the toxin–
channel interaction, abolishing the effect of APETx1. These
data suggest that APETx1 is a gating-modifier toxin of the
hERG1 channel, which shares characteristics with those of
gating-modifier toxin-binding sites on other Kv channels

Fig. 3. Three-dimensional models. This figure shows functional maps of the 3D-structure models of ErgTx1 from Centruroides noxius ( 1px9; Gurrola et al., 1999;
Torres et al., 2003; Frenál et al., 2004; Jiménez-Vargas et al., 2011; Jiménez-Vargas et al., 2012), BeKm-1 from Buthus eupeus scorpion (1lgl; Korolkova et al., 2001,
2002; Milnes et al., 2003; Zhang et al., 2003) and AmmTx3 from Androctonus mauritanicus mauritanicus, obtained by means of the program CPHMODELS-3.0,
using as template the structure registered under the accession number 1hp2, toward ERG channels. Toxin structures are shown in cartoon representation and
the residues hydrophobic are shown in green and the basic residues in blue. The functional maps highlight the multi-point interactions of the toxins with the
hERG1 channel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Zhang et al., 2007). The interacting surface of APETx1 has
not been determined, but an inspection of its structure in
comparison with other gating-modifier toxins suggests
that K18 and the residues that form the hydrophobic patch
L34/F33/Y32 are likely to be involved in the interacting
surface with the hERG1, but not with hERG2 or hERG3
channels. Probably the presence of three extra threonine
residues in their S3b (see Fig. 1b), absent in hERG1, may
perturb the conformation of the S3b helix, disrupting
APETx1 binding. On the other hand, hERG2 has a positively
charged arginine at position 362 (R362), whereas the
equivalent position of hERG1 has a glycine residue (G514),
(see Fig. 1b and Zhang et al., 2007).

On the other hand, five peptides purified from the
venom of the tarantula Grammostola roseawere assayed on
hERG channels (Redaelli et al., 2010). These peptides were
defined as promiscuous, because they are not very specific.
The peptides GrTx1 (Clement et al., 2007), GsAFI, GsAFII
(Lampe, 1999; Lampe and Sanchs, 1999), VSTx1 (Jiang et al.,
2003; Lee et al., 2004) and GsMTx4 (Suchyna et al., 2000;
Jung et al., 2006) were purified and characterized regarding
their physiological actions against the three hERG isoform
channels (Fig. 4). The structural studies show that the
toxins GsMTx4 and VSTX1 are composed by 34 amino acid
residues, packed by three disulfide bridges, adopting
a “cysteine knot peptide” conformation (Suchyna et al.,
2000; Oswald et al., 2002; Jiang et al., 2003; Lee and
Mackinnon, 2004; Jung et al., 2006). Although the overall
fold and amphipathic nature of the toxins that recognize

the voltage-sensor segment of the channels are quite
similar, there are detailed differences, in particular for the
residues that compose the hydrophobic surface. The toxin
binds equally well to the isolated S1–S4 voltage-sensing
domain compared to the full-length channel (Ruta and
MacKinnon, 2004), suggesting that the receptor site is sit-
uated within the voltage sensor. Also, experiments with
chimeric channels show that moving the S3–S4 paddle
motif fromKvAP into Kv2.1 transfers sensitivity to VSTx1. In
this case, the amino acid sequence of hERG’s S3b-S4 region
is highly homologous to KvAP channel (Fig. 1b; Zhang et al.,
2007; Alabi and Swartz, 2006). Therefore, it suggests that
the sites of interaction of these toxins with both types of
channels are the same. The negatively charged residues of
the channels establish electrostatic interactions with the
positively charged residues of the toxins (Li-Smerin et al.,
2000). In addition, a large cluster of solvent-exposed
hydrophobic residues that are surrounded by basic and
acidic residues in the toxins may be involved at the surface
of interaction of the hERG channels (Fig. 4; Phillips et al.,
2005; Lee et al., 2004). For VSTx1 a large cluster of hydro-
phobic residues is formed by F5, M6, W7, L19, W25, W27,
V29 and L30, as well as, charged residues K4, K8, K17, D18,
K26, which can be important for binding with the pore
domain of the hERG channels. Likewise the hydrophobic
surface (F5, W6, W7, F27, F32 and F34) and charged resi-
dues (E4, K8, R18) exposed to solve the GsMTx4 might be
the expected sites of interaction with the hERG channel
(Jung et al., 2006). In the case of the toxins GrTx1, GsFAI and

Fig. 4. Cartoon models of the gating-modifiers toxins of the ERG channels. This figure shows the putative interacting surfaces of the toxins APETx1, VSTx1, GrTx1,
GsAFII, GsAFI and GsMTX4 with ERG channels. Residues’ colors are: basic residues (blue), acidic residues (red), hydrophobic amino acids (green). Backbone fold is
shown on top in gray. Images of GrTx1, GsAFI and GsAFII were created using as template the models of the peptides with accession numbers 1v7f and 1lup, with
program PyMOL and server CPHMODELS-3.0. Protein Data Bank accession IDs: 1s6x for VSTx1 (Jiang et al., 2003; Lee et al., 2004) and 1lu8 for GsMTx4 (Jung et al.,
2006). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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GsFAII their three-dimensional structures are still not
determined, but results of alignment of these amino acid
sequences support the idea that they share a common
structural motif “cysteine knot peptide” and as a conse-
quence of such folding display a hydrophobic patch sur-
rounded by a unique “charge belt” in their interacting
surface with hERG1 channel (Fig. 4; Huang et al., 2007). The
specificities of these toxins for the three human ERG
channels were tested (Table 1), showing that GrTx1, GsAFI
and GsAFII block in a voltage-dependent manner the
hERG1 isoform only, whereas VSTx1 and GsMTx4 block all
three isoforms. The highest affinity is exhibited toward
hERG1 (Redaelli et al., 2010).
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