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X3*!1052@)-3*!VW!5-2!.-3!23-8,-/3!f!?i,.25Q,**5/),2)5-!`!3??3*!:50+3-2!83*!5?)95+j03*!
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8@73?511@! .-3! 2,/2)^.3!83! 1.0):)/,2)5-! *3?5-! .-! 10525/5?3! 83! lE,2/(l! 15.7,-2! g203!

3::3/2.@! 3-! 1,0,??j?3! *.0! 1?.*)3.0*! 1052@)-3*! VWF! 32! ^.)! 130+32! 83! +,[)+)*30! ?,!
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@7,?.30!?,!^.,?)2@!83!?,!1052@)-3!VW!83!T<U!"W!1.0):)@3!8p,10j*!?,!-5.73??3!,1105/(3F!

Sp,)! 23*2@! 1,0! 0@*5-,-/3! 1?,*+5-)^.3! 83! *.0:,/3! IM<LJ! ?p)-230,/2)5-! T<U! "W! VW! q!
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+@2(583!3*2!,.25+,2)*,E?3!32!,11?)/,E?3!f!(,.2Q8@E)2!m!3??3!,!8p503*!32!8@Sf!130+)*!.-3!
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^.,-2)2,2)73!*5.73-2!.2)?)*@3!15.0!/5+1,030!?3*!10510)@2@*!8i)-230,/2)5-*!83!-5+E03.[!

1312)83*! IK,-/)??,! ,-8! U5?6+30F! #P"WJC! V-! 1,0,??j?3F! ?,! 23/(-)^.3! (5?8.1! ,! @2@!
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130+3223-2!8i)83-2):)30!?3*!0@*)8.*Q/?@*!83!?i)-230,/2)5-!32!83!/5-/375)0!83*!)-()E)23.0*!
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567!5-2!5E*307@!.-3!)-230,/2)5-!8)03/23!3-203!?3*!0@*)8.*!"&PQ#PP!83!VW]<!32!LX=#F!?3!

*3/5-8!85+,)-3!LX=!ILGG"Q?)63!85+,)-J!83!TVLG#F!15.0!?3^.3?!,./.-3!*20./2.03!

-p3*2!8)*15-)E?3!f!/3!S5.0!Iar(-?3!34!567F!#P""JC!=,-*!.-!103+)30!23+1*F!Sp,)!/5-:)0+@!

1,0! /(05+,2590,1()3! 8p3[/?.*)5-! *2@0)^.3! ?p)-230,/2)5-! 3-203! ?3! 85+,)-3! LX=#! 83!

TVLG#!32!?,!1052@)-3!VW]<!3-2)j03C!=,-*!.-!*3/5-8!23+1*F!Si,)!23-2@!83!8@230+)-30!

?3!+52):!8p)-230,/2)5-!+)-)+,?!83!VW]<!15.7,-2! ?)30! ?3!85+,)-3!LX=#C!X,!0@9)5-!83!

VW]<!)83-2):)@3!8,-*!?,!?)22@0,2.03!@2,-2!10@8)23!/5++3!8@*5085--@3F!Sp,)!.2)?)*@!83*!

1312)83*!/(37,./(,-2*!15.0!0@8.)03!?p)-230:,/3!,.[!0@*)8.*!3**3-2)3?*!)+1?)^.@*!8,-*!
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/0)*2,??590,1()^.3*!8.!85+,)-3!LX=#!83!TVLG#!:.*)5--@!,.!+52):!/5.02!83!VW]<C!
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E3-)9-!105?):30,2)5-*!I4,02*F!/5-8;?5+,*JF!*5+3!T<U*F!6-54-!,*!()9(Q0)*6F!/,-!/,.*3!
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0,8),2)5-C!D-!,88)2)5-F!*5+3!E32,!T<U*!/,.*3!*^.,+5.*!/3??!/,0/)-5+,*!)-!1,2)3-2*!

4)2(!31)830+58;*1?,*),!7300./):50+)*F!,!0,03!*6)-!/5-8)2)5-!5:!93-32)/!50)9)-!I]//,08)!
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/5+1?3[!4)2(!2(3!XYYXX!+52):!5:!VW]<!,-8!2(3!/503!85+,)-!5:!1&$!(,73!E33-!*5?738!
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,-8!(5?8.1!,1105,/(3*F!D!4,*!,E?3!25!3*2,E?)*(!)-230,/2)5-!105:)?3*!:50!,??!,-/3*20,?!VW!

,-8!/5+1,03!2(3+!4)2(!2(5*3!5:!2(3!43??Q6-54-!,?1(,!93-.*!T<U!VW!IT<U"W!,-8!"RJC!

'(3! )-230,/2)5-*! 4)2(! ()9(30! ,::)-)2;! 4303! 7,?)8,238! E;! M<L! ,-8! )83-2):)38! *3730,?!

,-/3*20,?! VWhXYYXX! /5+1?3[3*! 5:! )-2303*2C! '(3*3! )-230,/2)5-! 8,2,! ,??54! ,! E32230!

.-830*2,-8)-9! 5:! 2(3! 8373?51+3-2! 5:! )-230,/2)5-*! E32433-! VW! 5-/510523)-*! ,-8!

/3??.?,0!XYYXX!+52):*!8.0)-9!2(3!375?.2)5-!5:!1,1)??5+,7)0.*3*!I+,-.*/0)12!%JC!

0+'%!Q$#U%I-!

'(3!.E)^.)2)-!?)9,*3!VW]<!)*!,!+,S50!)-230,/2)5-!2,0932!5:!T<U!"W!VWC!H52(!T<U"W!VW!

,-8!TVLG#F!,!.E)^.)2)-! ?)9,*3F!(,73!,-!,??5*230)/!,/2)7,2)-9!5-!VW]<C!ar(-?3!32!,?C!

5E*30738! ,! 8)03/2! )-230,/2)5-! E32433-! 03*)8.3*! "&PQ#PP! 5:! VW]<! ,-8! LX=#F! 2(3!

*3/5-8! LX=! ILGG"Q?)63! 85+,)-J! 5:! TVLG#F! :50! 4()/(! -5! *20./2.03! )*! /.003-2?;!

,7,)?,E?3!Iar(-?3!34!567F!#P""JC!_)0*2F!D!/5-:)0+38!E;!*)\3!3[/?.*)5-!/(05+,2590,1(;!2(3!

)-230,/2)5-!E32433-!2(3!LX=#!85+,)-!5:!TVLG#!,-8!2(3!:.??Q?3-92(!VW]<!10523)-C!D-!

,!*3/5-8!*231F!D!,223+1238!25!83230+)-3!2(3!+)-)+,?!VW]<!)-230,/2)5-!+52):!2(,2!/5.?8!

E)-8!2(3!LX=#!85+,)-C!M)-/3!2(3!VW]<!039)5-!)83-2):)38!)-!2(3!?)230,2.03!)*!1038)/238!

25!E3!8)*5083038F!D!.*38!5730?,11)-9!1312)83*!25!038./3!2(3!)-230:,/3!25!2(3!03*)8.3*!

+5*2!)-75?738!)-!2(3!)-230,/2)5-C!N*)-9!2(3!(5?8.1!,-8!M<L!,1105,/(3*F!D!4,*!,E?3!25!

03*20)/2!2(3!)-230:,/3!4)2(!LX=#!25!,!"&Q03*)8.3!1312)83C!'()*!105S3/2!)*!-54!2(3!*.ES3/2!

5:! ,! :.??Q:?38938! <(=! 2(3*)*! ?38! E;! ].9.*23! =3+3-93F! 4(5! 03*5?738! *3730,?!

/0;*2,??590,1()/!*20./2.03*!5:!2(3!LX=#!85+,)-!5:!TVLG#!:.*38!25!2(3!*(502!+52):!5:!



,1%.+.!./00($A!+-!%-BC+.1!

! #$!

VW]<C!'(3!*2.8;!5:!2()*!)-230,/2)5-!4)??!,??54!,!E32230!.-830*2,-8)-9!5:!(54!2(3!?5**!5:!

VW]<!,-8!TVLG#! :.-/2)5-*!/,-! ?3,8! 25!1,2(5?59)3*!*./(!,*!]-93?+,-!*;-805+3C!

'()*! -3.058373?51+3-2,?! 8)*50830! )*! /,.*38! E;! 2(3! ?5**! 5:! :.-/2)5-! 5:! VW]<! ,-8!

TVLG#!2(05.9(!+.2,2)5-*! )-! 2(3!/(05+5*5+,?! ?5/.*!4(303!2(3)0!93-3*!,03! ?5/,238!

I?5/.*!"&^""Q"$J!Ia,?*-30!,-8!G(,+E30?,)-F!#P"&JC!'(303!)*!2(303:503!,!85.E?3!?)-6!

E32433-!VW]<!,-8!TVLG#`!2(3!1(;*)/,?!)-230,/2)5-!E32433-!2(3!245!10523)-*!,-8!2(3)0!

)-75?73+3-2! )-! 2(3! *,+3! -3.05?59)/,?! 8)*50830! 8.3! 25! +.2,2)5-*! )-! 2(3)0! 93-3!

*3^.3-/3C!

8#.IPK/+#./!

=.0)-9!+;!2(3*)*F!D!/5.?8!,/^.)03!*6)??*!:50!2(3!+32(585?59)/,?!8373?51+3-2*!-3/3**,0;!

:50!2(3!E)51(;*)/,?!*2.8;!5:!.-*2,E?3!10523)-*!89!:84;<C!'(,-6*!25!2()*!3[130)3-/3F!D!/,-!

-54!,8,12!25!8)::303-2!E)5/(3+)/,?!*;*23+*!,-8!25!83*)9-!1.0):)/,2)5-!*20,239)3*!,-8!

)-230,/2)5-! 23*2*! 512)+)\38! :50! ,! 9)73-! 10523)-C! '(3*3! E)5/(3+)/,?! 512)+)\,2)5-*!

,??5438! +3! 25! 3[1?503! 2(3! XYYXX! +52):! 03/59-)2)5-! 103:303-/3*! 5:! *3730,?! VW!

5-/510523)-*!2(,2!/5.?8!-52!E3!)*5?,238!89!:84;<!*5!:,0C!N*)-9!E)5/(3+)/,?F!E)51(;*)/,?!

,-8!*20./2.0,?!,1105,/(3*F!D!*(5438!2(,2!3,/(!VW!5-/510523)-!5:!,!9)73-!T<U!2;13!

2,0932*! ,! /302,)-! *32! 5:! /3??.?,0! 10523)-*! 7),! 2(3)0! XYYXX!+52):C! '(3*3! 7,0),2)5-*! )-!

*13/):)/)2;! /302,)-?;! /5-20)E.23! 25! 2(3! 7,0),2)5-*! )-! 2051)*+! ,-8! 1,2(5?59)/,?! 3::3/2*!

5E*30738!:50!8)::303-2!T<U*C!'(3!)-230,/2)5-!8,2,!/5+E)-38!4)2(!2(3!*20./2.03*!5:!2(3!

8)::303-2!VWhXYYXX!/5+1?3[3*!/5.?8!E3!.*38!,*!,!E,*)*!:50!2(3!8373?51+3-2!5:!*13/):)/!

)-()E)250*!5:!VW!10523)-*!:50!2(30,13.2)/!1.015*3*C!

! !



D/)C+?(,+#-.!%,!?#00/-+?(,+#-.!#$(C%.!

! #%!

2K)P+I,-+#./!%-!I#HHK.+I,-+#./!#$,P%/!

<! C+/-%!'X,$-+IP%/!

I,J!H5-(5.03F!]CF!=3+3-93F!]CF!a5*2+,--F!GCF!M,-!o5*@F!XCF!=3!?,!G,?F!VCF!]0+)*3-F!

<CF!B5+)-@F!ACF!,-8!'0,7@F!>C!I#P"RJC!d-3Q*231!,::)-)2;!1.0):)/,2)5-!5:!:.*)5-!10523)-*!

4)2(!512)+,?!+5-58)*130*)2;!,-8!E)5?59)/,?!,/2)7)2;`!,11?)/,2)5-! 25!,99039,2)5-Q105-3!

T<U!VW!10523)-*C!K)/05E),?!G3??!_,/250)3*!EFC!

IEJ! H5-(5.03F! ]CF! _50*230F! ]CF! H,E,(F! aCdCF! >v9?F! >CF! VE30?)-9F! <CF! a5*2+,--F! GCF!

U5?6+30F!LCF!',1),!K,-/)??,F!UCF!'0,7@F!>CF!,-8!B5+)-@F!AC!I#P#PJC!H3-/(251!(5?8.1!

,**,;!:50!̂ .,-2)2,2)73!,::)-)2;QE,*38!,-,?;*)*!5:!*3^.3-/3!83230+)-,-2*!5:!10523)-Q+52):!

)-230,/2)5-*C!]-,?;2)/,?!H)5/(3+)*20;!WP$F!""$OO#C!

I/J!H5-(5.03!]CF!G5.*)85QM),(!]CF!a5*2+,--!GCF!K)2*/(?30!]CF!<58S,0-;!]C!,-8!'0,7@!

>C!e.,-2)2,2)73!,-,?;*)*!5:!XYYXX!03/59-)2)5-! :3,2.03*!5:!T<U!VW!5-/510523)-*F!3-!

10@1,0,2)5-C!

I8J! G5-0,8;! KCGCF! M.,03\! DC<CF! >v9?! >CF! _03/52! =CDCF! G5.*)85QM),(! ]CF! o),43-! XCF!

a5*2+,--!GCF!H5-(5.03!]CF!K)2*/(?30!]CF!M2.E3-0,./(!_CF!D:2-30!'CF!K,**5-!KCF!'0,7@!

>C!,-8!M)+5-!GC!M20./2.03!5:!()9(Q0)*6!1,1)??5+,7)0.*!2;13!$"!VW!5-/593-)/!10523)-!

,-8!/(,0,/230)\,2)5-!5:!VWhVW]<h1&$!/5+1?3[!:50+,2)5-F!3-!0@7)*)5-C!

I3J!Z)??3+*3-!]CF!H5-(5.03!]CF!M.,03\! DC!<CF!a5*2+,--!GCF! '0,7@!>C! ,-8!H0,75! DC!

V75?.2)5-!5:!XYYXXQ+52):!)-230,/2)5-!103:303-/3*!5:!,?1(,!T<U!VWF!3-!10@1,0,2)5-C!

2K)P+I,-+#.!,..%V%!

]7)5?,2F! TCF! B5+)-@F! ACF! >)50),F! MCF! H5-(5.03F! ]CF! T5::+,--F! =CF! L.(?+,--F! GCF!

B)303-9,023-F! TCF! L.::3-,/(F! _CF! U)??,F! <CF! '0522)30F! ACF! ,-8! a?3)-F! _C]CGC! I#P"RJC!

M;-]99039`! ]! K.?2):.-/2)5-,?! T)9(Q'(05.9(1.2! '3/(-5?59;! :50! <03/)*)5-! M2.8;! 5:!

]+;?5)8!]99039,2)5-!,-8!M;*23+,2)/!=)*/5730;!5:!M;-309)*2)/!D-()E)250!G5+15.-8*C!

o5.0-,?!5:!K5?3/.?,0!H)5?59;!(221*`hh85)C509h"PC"P"WhSCS+EC#P"RCPcCPPcC!



D/)C+?(,+#-.!%,!?#00/-+?(,+#-.!#$(C%.!

! #&!

@! 8#HHK.+I,-+#./!#$,P%/!

o! Y#K$.J%/! /I+%.-+N+SK%/! '%! PX(//#I+,-+#.! "$,.I#QL#.%! Q#K$! PXJ-K'%! '%/!

9.N%I-+#./!Z!2,Q+PP#H,*+$K/!%-!2#PW#H,*+$K/![("922\!

•! #R! *3123+E03! #P"WF! X5/(3*`! T)S,/6)-9! 5:! (.+,-! )-230,/25+3! E;! T<U!

5-/510523)-*`! ,! :.-/2)5-,?! ^.,-2)2,2)73! ,-,?;*)*m! H5-(5.03! ]CF! _50*230! ]CF!

G(,0E5--)30! MCF! ]?2*/(.(! =CF! M.,03\! DC! <CF! G5.*)85QM),(! ]CF! K)2*/(?30! ]CF!

<58S,0-;!]CF!B5+)-@!AC!,-8!'0,7@!>C!

•! #Q%!5/25E03!#P"cF!K,?E.)**5-`!T)S,/6)-9!5:!X[[XX!+52):*!)-!(.+,-!10523)-*!E;!

,-/3*20,?!T<U!VW!5-/510523)-*m!H5-(5.03!]CF!Z)??3+*3-!]CF!'0,7@!>!,-8!H0,75!

DC!2$+V!'%!Q$J/%.-,-+#.!#$,P%]!

o! 5%-$,+-%!'K!'JQ,$-%H%.-!'%!6+#P#R+%!0-$KI-K$,P%!9.-JR$,-+*%!

•! ##! -573+E03! #P""F! M20,*E5.09`! T5?8.1! ,**,;! :50! +3,*.0)-9! 10523)-Q?)9,-8!

,::)-)2)3*!,2!()9(!2(05.9(1.2`!/.003-2!*2,2.*F!,11?)/,2)5-*!25!2(3!23,+p*!2(3+,2)/*!

,-8!:.2.03!8373?51+3-2*m!H5-(5.03!]CF!_50*230!]CF!G(,0E5--)30!MCF!]?2*/(.(!=CF!

M.,03\!DC!<CF!G5.*)85QM),(!]CF!K)2*/(?30!]CF!<58S,0-;!]CF!B5+)-@!AC!,-8!'0,7@!

>C!

o! 0JH+.,+$%! -$,./*%$/,P! 9^6B8! 9.-%R$,-%'!,.,PW/%/!#N!^%.%!=VQ$%//+#.!,.'!

-L%!=Q+R%.#H%!

•! #R! -573+E03! #P"OF! M20,*E5.09`! =3/)1(30)-9! T<U! VW! 10523)-Q+52):*!

)-230,/2)5-*m!H5-(5.03!]CF!B5+)-@!AC!,-8!'0,7@!>C!

•! &! 8@/3+E03! #P"RF! M20,*E5.09`! M20./2.03! ,-8! D-230,/25+)/*! 5:! T<U! VW!

5-/510523)-*! )-75?738! )-! 7,0)5.*! 31)2(3?),?! /,-/30*m!H5-(5.03!]CF!B5+)-@!AC!

,-8!'0,7@!>C!

o! 0WHQ#/+KH!9/$,%PEF.+/-$,E(I,'JH+%!'%/!0I+%.I%/!

•! #%! 5/25E03! #P"RF! M20,*E5.09`! X)-3,0! +52):Q+38),238! )-230,/2)5-*! ,??54! VW!

5-/510523)-!:05+!T<U!25!()9(S,/6!(5*2!10523)-*m!H5-(5.03!]CF!B5+)-@!AC!,-8!

'0,7@!>C!



D/)C+?(,+#-.!%,!?#00/-+?(,+#-.!#$(C%.!

! #W!

o! 8#.NJ$%.I%!'%!P,!0#I+J-J!"$,.O,+/%!'%!6+#QLW/+SK%!

•! &QR! -573+E03! #P"RF! G,00;Q?3QL5.32! `! G5+103(3-*)73! ^.,-2)2,2)73! *2.8;! 5:!

XYYXX!+52):!/,12.03!E;!VW!5-/510523)-*!:05+!T<U!m!H5-(5.03!]CF!B5+)-@!AC!

,-8!'0,7@!>C!

o! CB6E9^6B8!^$,'K,-%!C+N%!0I+%.I%/!0WHQ#/+KH!

•! "#! S.)??32! #P"RF! G,+E0)893! IL5;,.+3QN-)J`! ]! :0,9+3-2,?! ,1105,/(! 25! *2.8;!

10523)-!)-230,/2)5-*m!H5-(5.03!]CF!B5+)-@!AC!,-8!'0,7@!>C!

o! 34(!1KH#K$!7+$K/!B%%-+.R!

•! cQ"%!S.)??32!#P"cF!'0)3*23!ID2,?)3J!`!e.,-2):;)-9!2(3!,::)-)2;!5:!XYYXX!+52):!/,12.03!

E;! VW! 5-/510523)-*! :05+! <,1)??5+,7)0.*3*! m! H5-(5.03! ]CF! _50*230! ]CF! d.?8!

H,E,(!aCF!M.,03\!DC<CF!G5.*)85QM),(!]CF!K)2*/(?30!]CF!a5*2+,--!GCF!=3+3-93!

]CF!<58S,0-;!]CF!B5+)-@!AC!,-8!'0,7@!>C!

A! 2#/-%$/!

o! 8#.NJ$%.I%!9./-$KI-!6+%..+,P!0-$KI-K$,P!6+#P#RW!

•! #%!+,)!#P"OF!H0-5!IL@1.E?)^.3!'/(j^.3J`!T)S,/6)-9!5:!(.+,-!)-230,/25+3!E;!

T<U!5-/510523)-*`!,!:.-/2)5-,?!^.,-2)2,2)73!,-,?;*)*m!H5-(5.03!]CF!_50*230!]CF!

G(,0E5--)30! MCF! ]?2*/(.(! =CF! M.,03\! DC! <CF! G5.*)85QM),(! ]CF! K)2*/(?30! ]CF!

<58S,0-;!]CF!B5+)-@!AC!,-8!'0,7@!>C!

o! ('*,.I%/!+.!.%K$#'%*%P#QH%.-,P!,.'!.%K$#'%R%.%$,-+*%!'+/#$'%$/!

•! O!S.)-!#P"RF!D??6)0/(`!K,11)-9!5:!2(3!03*)8.3*!)-75?738!)-!VW]<!Q!TVLG#!.E)^.)2)-!

?)9,*3*!)-230,/2)5-m!H5-(5.03!]CF!=3+3-93!]CF!M.,03\!DCF!T54,08!VCF!G5.*)85Q

M),(!]CF!K)2*/(?30!]CF!a5*2+,--!GCF!L52(!]CF!<58S,0-;!]C!,-8!'0,7@!>C!

o! Y#K$.J%/!Y%K.%/!8L%$IL%K$/!%.!I,.IJ$#P#R+%!'%!P,!"#.',-+#.!(58!



D/)C+?(,+#-.!%,!?#00/-+?(,+#-.!#$(C%.!

! #O!

•! #R!-573+E03!#P"RF!<,0)*!`!X,!/,12.03!83!+52):*!XYYXX!1,0!?3*!5-/51052@)-3*!

VW!83!T<Um!H5-(5.03!]CF!B5+)-@!AC!,-8!'0,7@!>C!

o! 2$#-%+.E2$#-%+.!9.-%$,I-+#./!8#.N%$%.I%!

•! %! ,70)?! #P"cF! X338*! IL5;,.+3QN-)J`! T)S,/6)-9! 5:! XYYXX! +52):*! )-! (.+,-!

10523)-*! E;! T<U! VW! 5-/510523)-m! H5-(5.03! ]CF! _50*230! ]CF! d.?8! H,E,(! aCF!

]?2*/(.(!=CF!a5*2+,--!GCF!M.,03\!DC!<CF!G5.*)85QM),(!]CF!K)2*/(?30!]CF!<58S,0-;!

]CF!B5+)-@!AC!,-8!'0,7@!>C!

o! 4%V-E^%.%$,-+#.!2$#-%+.!(.,PW/+/!,.'!3%-%I-+#.!

•! #Q$! 8@/3+E03! #P"cF! >,-8! IH3?9)^.3J`! T)S,/6)-9! 5:! XYYXX! +52):*! )-! (.+,-!

10523)-*! E;!T<U!VW!5-/510523)-*m!H5-(5.03!]CF! _50*230!]CF!d.?8!H,E,(!aCF!

]?2*/(.(!=CF!a5*2+,--!GCF!M.,03\!DC!<CF!G5.*)85QM),(!]CF!K)2*/(?30!]CF!<58S,0-;!

]CF!B5+)-@!AC!,-8!'0,7@!>C!

! !



D/)C+?(,+#-.!%,!?#00/-+?(,+#-.!#$(C%.!

! #R!

! !



!

! #c!

!

!

!

9.-$#'KI-+#.!

! !



!

! $P!

!

! !



!

! $"!

<! 6+#P#RW!#N!2,Q+PP#H,*+$K/%/!

<]<! ^%.%$,P+-+%/!

! <,1)??5+,7)0.*3*! ,03! *+,??F! -5-Q3-73?5138! 7)0.*3*! 4)2(! 85.E?3Q*20,-838!

/)0/.?,0!=B]C!'(3;!)-:3/2!2(3!31)2(3?),!5:!+,++,?*F!E.2!,?*5!E)08*F!:)*(!,-8!0312)?3*C!

M5+3! 5:! 2(3+! /,.*3! 5-?;! 4,02*F! /5-8;?5+,*! ,-8! E3-)9-! 105?):30,2)5-*! /,??38!

1,1)??5+,*C!d2(30*!/,-!/,.*3!8)::303-2!2;13*!5:!/,-/30!I/307)[!,-8!52(30!,-5Q93-)2,?!

/,-/30*F!(3,8!,-8!-3/6!/,-/30*F!*6)-!/,-/30*JC!

<]<]<! ?+/-#$+I,P!),I_R$#K.'!

! >3-)2,?!4,02*! )-!(.+,-*!(,73!E33-!2(3!*.ES3/2!5:!40)2)-9*F! 2(3!5?83*2!8,2)-9!

E,/6!25!,-2)^.)2;!Id0)3?F!"cO"JC!T543730F!2(3!/,.*,?!?)-6!E32433-!1,1)??5+,7)0.*3*!,-8!

4,02*!/5.?8!5-?;!E3!+,83!:05+!2(3!243-2)32(!/3-2.0;!5-4,08*F!2(,-6*!25!,87,-/3*!)-!

*/)3-2):)/!+32(58C!'(3!1,1)??5+,7)0.*!4,*!:)0*2!8323/238!)-!,-)+,?*F!1,02)/.?,0?;!2(05.9(!

2(3! 4506! 5:! L)/(,08! M(513! 5-! 0,EE)2*! IM(513! ,-8! T.0*2F! "c$$JC! D-! 0,EE)2*F! 2(3!

)-75?73+3-2!5:!1,1)??5+,7)0.*!)-!*6)-!/,-/30*!4,*!^.)/6?;!)83-2):)38!IL5.*!,-8!H3,08F!

"c$&JF!4(303,*!(.+,-!1,1)??5+,7)0.*!IT<UJ!4,*!/5-*)83038! 25!/,.*3!5-?;!E3-)9-!
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25!/5+1)?3!,??!,--52,238!93-5+3*!,-8!25!1057)83! 255?*! :50!*3^.3-/3!,?)9-+3-2!,-8!
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1,)P%!<`!G?,**):)/,2)5-!5:!T<U!E;!5-/593-)/! 0)*6C!H,*38!5-! IK.y5\!34!567F! #PPWJ!,-8!8,2,! :05+!2(3!
D-230-,2)5-,?!]93-/;!:50!L3*3,0/(!5-!G,-/30!I+5-590,1(*C),0/C:0F!,//3**38!#&!K,0/(!#P#PJC!x!T<U&!
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!

! $W!
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/5Q3[103**)-9!2(3!X"!,-8!X#!10523)-*!IT,93-*33!34!567F!"cc$JC!'(3!X#!10523)-!)*!+5*2?;!
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4. 3DR of more capsids with an average of 60 molecules of L2 per capsid. Computerized reconstructions of L1-only capsids (a, c, and e) and
L1 L2 capsids (b, d, and f) are shown. The top images (a and b) are of the central section through vertex (pentavalent) capsomers. An area of additional
density present in L1 L2 capsids (b) is marked with a red asterisk. Panels c and d show exterior views of each type of capsid. Panels e and f show
interior/cutaway views of an L1-only or L1 L2 capsid, respectively. DNA and histone density have been computationally removed from the interior views.
The bottom images show L2-specific density in red either alone (h) or superimposed on an interior view of the L1-only 3DR in blue (g). Bar 200 Å.
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t histones [12], and up

to 72 copies of the L2 minor capsid protein [13]. HPVs are

to access the basal cells through a fissure in the epi-

t exposes the basement membrane [11]. This tactic

ws access to self-renewing cells and promotes cellular

proliferation as part of the wound-healing process, which

in the establishment of the viral infection. The

al capsid initially interacts with heparin sulfate proteogly-

on the basement membrane, which induces a

t allows the virus to bind to a (as

yet unidentified) secondary receptor on the surface of the

keratinocytes [14].

is taken into the cell by endocytosis and is traf-

ed through the endosomal pathways to the trans-Golgi

is uncoated during trafficking and only

al mini-chromosome, in complex with L2, enters the

in a membrane vesicle [15]. The cell must

breakdown to allow

the L2-genome complex to access the nucleus [16,17]. Similar

to many other viruses, the L2-genome complex is next

ed adjacent to ND10 nuclear bodies [18]. These

are thought to be important for intrinsic immune

t counterintuitively, they also are

attractive locations for viruses to establish their replication

transcription programme [19]. Viruses often reorganize

of the ND10 bodies, and likewise the HPV

L2 protein displaces the Sp100 protein, and recruits Daxx

to induce a local environment suitable for initiation of

al transcription and replication.

al transcripts encode the E1 and E2 replication

proteins to support limited viral DNA amplification [21].

e are three phases of replication in the viral life cycle:

t there is limited DNA amplification when the virus first

cell; next there is maintenance replication, when

al genome replicates at a constant copy number in

proliferating cells of a lesion; and finally there is

L2

E6

L
1

E7
E

1

E2

E4

E5

URR

oncogenic

alpha-HPV

function review

reference

E1 origin binding helicase [1]

E2 DNA binding protein; E1 helicase loader; tethers viral genomes to host

chromosomes; transcriptional regulator

[2]

DNA binding repressor protein that limits productive replication [2]

late protein; reorganizes the dense network of keratins in differentiated cells to

facilitate viral transmission 

[5]

L1 major capsid protein, 360 per virion [4]

L2 minor capsid protein, escorts genome through the endocytic pathways into the

nucleus; packages the viral DNA in the capsid

[3]

E6 immune evasion; degrades p53 and PDZ binding proteins; upregulates

telomerase

[7]

E7 immune evasion; degrades pRb family members; epigenetic modulator [8]

E5 only encoded by alpha-HPVs; promo wth; immune evasion [6]

PE

PL

pAE

pAL

ori

e 1. al genome. Map of an alpha-HPV genome. The URR (upstream regulatory region) contains the replication origin (ori). The early promoter (PE), late

promoter (PL) and early and late polyadenylation sites ( pAE and pAL) are indicated.

invasive cancer

extrachromosomal viral DNA, late gene expression

verexpression of E6/E7

e 2. progression of cervical infection. Diagram of steps in progression from HPV infection to invasive cervical cancer.
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Tabl In gr eve th prom genesi

Integration event ct on oncogeni progressio

Disruptio of E2 gene Abrogation of E2-mediated transcriptional repression of the
E6/E7 promoter

Disruptio of E2 binding sites by methylation Abrogation of E2-mediated transcriptional repression of the
E6/E7 promoter

Disruptio of E1 gene Abrogation of E1 replication activities that can induce DNA
damage and growth arrest and promot focal genomi
instability at the integration locus

Formation of viral—host fusion transcript Hybrid E6/E7 transcript are often more stable than viral
E6/E7 transcript

Tandem repeats of HPV genome/regulatory
elements

Internal copies are usually silenced, but sometimes tandem
copies of active genomes can function as transcriptional
super-enhancer

Altered regulation of cancer-associated
genes in the vicinity of the integration locus

Integrated HPV can disrupt cellular genes and/or their
sequences, altering their expression and/or the

expression of nearby genes; infrequently, HPV integration
alters the expressio of nearby cancer genes, thus
promoting carcinogenesis

ttps // i.org/1 1/ al.p 0621 .t
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conventional Pap smear testing. The sampling
device is transferred directly to a vial of
liquid preservative, which prevents inadver-
tent air-drying of cells. Collected cells are
mechanically dispersed into the liquid
medium before a representative aliquot is
transferred to the slide; debris and blood are
thereby removed and cellular separation is
enhanced in an attempt to facilitate mor-
phological assessment of the smear. Several
slides can be tested from one sample and the
esidual fluid is suitable for a variety of mol-

ecular analyses12. The smaller slide area to be
screened (17–20 mm diameter versus 24 
50 mm for conventional slides) might make
automation more practical.

Automated slide analysis Automation of
slide microscopy and image analysis could
allow a reduction in the manpower require-
ment for screening. Technology exists to
allow automation as both a primary screen-
ing tool and for quality control (QC) 
e-screening. One system predominates at

present13, but data also exist from a previous
neural-network-based approach14

For the detection of clinically significant
lesions (HSILs/carcinomas) in the primary
screening setting, both systems showed
improved specificity for equivalent sensitivity
to the Pap test13,15. The predominant system
designates up to 25% of smears as normal,

Box 1 | Screening criteria and definitions

ilson Criteria for a screening test145

• An important public-health problem

• Natural history of the disease should be understood

• Treatment at an early stage should be beneficial

• Suitable test available

• Test is acceptable to the population

• Adequate facilities exist for diagnosis and treatment

Screening interval should be dependent on natural history of the disease

There should be a recognizable early stage

• Psychological burden of screening should be less than the potential benefit

• Appropriate cost–benefit balance

Definitions
• Sensitivity — the proportion of disease 

ositives that are test-positive

• Specificity — the proportion of disease 

negatives that are test-negative

• Positive predictive value (PPV) — the

proportion of test-positive patients that are

correctly identified as diseased

• Negative predictive value (NPV) — the

proportion of test-negative patients that are

correctly identified as healthy

218 |  MARCH 2003 VOLUME 3 www.nature.com/reviews/cancer

P E R S P E C T I V E S

thereby potentially reducing the total num-
ber of smears that must be examined by
cytoscreeners, as well as the overall mean
screen time.Automated marking of suspicious
cells on slides could improve subsequent
assessment16

Of the remaining 75% of smears desig-
nated for review by a cytoscreener, some of
those subsequently reported as negative can be
selected for ‘manual’ QC re-screening on the
basis of a computer-generated ranking system.
Concentrating re-screening on those slides
that are most likely to be abnormal could be
better than the current practice of performing
QC re-screening on a random 10% sample13

Despite these potential advantages, it
should be noted that published studies of
automated methods are frequently limited by
a lack of histological end points and the com-
parative expense of these technologies17 ould
limit their widespread implementation.

Physical parameters. ourier-transform
infrared (FT-IR) spectroscopy of exfoliated
cervical cells allows the differentiation of nor-
mal from malignant/pre-malignant cells18

and could provide better specificity and sensi-
tivity than conventional morphological
assessment19. However, FT-IR analysis is
affected by the presence of blood, which is
commonly encountered in cervical smears.

It is also possible to obtain physical mea-
surements directly from the cervix, which
might enable real-time, objective identi-
fication of abnormalities. Laser-induced fluo-
escence spectroscopy involves the use of a

fibre-optic probe to illuminate the cervix with
low-power light of fixed wavelength, followed
by the recording of the emitted fluorescent
spectrum of the tissue. The fluorescence pat-
tern allows the distinction of normal from
pre-malignant and malignant epithelia20 and
is thought to be superior in screening perfor-
mance to the Pap smear21. More recently,

AD(P)H and collagen have been proposed
as quantitative fluorescent biomarkers for
SILs22. Combining three different in vivo fluo-
escence techniques could improve perfor-

mance, although the reported sensitivity
(82%) and specificity (68%) for SILs are still
suboptimal23

An alternative device combines tissue
esponses to voltage as well as light, with 

in vivo disease-recognition rates of 85–99%24

A multicentre trial is, at present, evaluating
this method in primary screening in com-
parison with the Pap smear, with histology
as the ‘gold-standard’ diagnosis. Problems
detecting endocervical lesions due to probe
size should be overcome by miniaturization
as the technology develops.

Normal
LSIL

CIN1

HSIL

CIN2 CIN3
SCC

Figure 1 | Pre-malignant disease in cervical

squamous epithelium and rationale for the

cervical smear. Pre-malignant disease in the

squamous epithelium of the cervix represents a

spectrum of morphological abnormalities, in which

there is progressive cellular atypia (extending from

the basal layers) and loss of differentiation of

surface cells. The presence of stromal invasion is

diagnostic of malignancy (squamous-cell

carcinoma; SCC). Various systems for classifying

pre-malignant abnormalities exist. The two-tier

squamous intraepithelial lesion (SIL) system was

originally described for cytology samples and

classifies abnormalities as either low-grade (LSIL)

or high-grade (HSIL). The figure depicts

approximate areas of correspondence between

the SIL classification and the three-tier cervical

intra-epithelial neoplasia (CIN) system. The basis

of the cervical smear is that examination of the

morphology of cells scraped from the surface

layers of abnormal epithelium (purple) will allow

prediction of the degree of abnormality in the

lesion as a whole.
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acidic leucine (L) rich motifs containing the LxxLL
consensus sequence (where x indicates any amino
acid) (12 13). BPV1 E6 recognizes a particular
subclass of acidic LxxLL sequences termed LD
motifs, which mediate protein-protein interactions
regulating cell motility, cell adhesion, and gene
expression (14). BPV1 E6 recognizes several LD
motifs of the focal adhesion protein paxillin, and
this interaction is required for cellular transforma-
tion (15 17). Despite their small size (about 150
residues), E6 proteins combine multiple interac-
tion sites. For instance, hrm-HPV E6 interacts not
only with LxxLL motifs but also with PDZ do-
mains involved in cell polarity and adhesion (18
and possesses a self-association interface required
for the p53 degradation activity (19).

Mammalian PV E6 proteins are cysteine-rich
proteins consisting of two zinc-binding domains

named E6N and E6C. Whereas structures of iso-
lated E6N and E6C domains have been deter-
mined (19 20), full-length E6 proteins undergo
self-oligomerization (21), which has precluded
structural analysis.

To circumvent this problem, we applied two
solubilizing strategies to the BPV1 and the
HPV16 E6 proteins (22). For BPV1 E6, we fused
a crystallization-prone mutant of the bacterial
maltose binding protein (MBP) to an E6-binding
LxxLL sequence present in the paxillin LD1 motif
that is known to solubilize E6 (23) and then to
the BPV1 E6 protein (fig. S1A). The resulting
MBP-LxxLL-E6 triple fusion protein was puri-
fied as a soluble monomer and yielded crystals
that diffracted at a resolution better than 2.3 Å
(table S1). For HPV16 E6, we purified the mono-
meric E6 F47R 4C/4S (24) mutant that combines

the F47 47 (F47R) mutation disrupting E6N
dimerization and four mutations at nonconserved
cysteines preventing disulfide-mediated aggrega-
tion (19). Purified E6 F47R 4C/4S was mixed
with equimolar amounts of an MBP-LxxLL fu-
sion containing the E6-binding LxxLL sequence
of E6AP (fig. S1B). The complex yielded crys-
tals that diffracted at a resolution better than 2.6 Å
(table S1). Both structures were solved by mo-
lecular replacement using the known structure
of MBP as a template (Fig. 1 and fig. S2).

The overall structures of the two E6/LxxLL
complexes are very similar (fig. S3A) despite
low sequence identity (30%), suggesting that
crystallization-promoting strategies did not in-
troduce artifacts. Indeed, MBP is differently po-
sitioned relative to E6 in the two crystals (fig.
S2), and the five solubilizing mutations of E6

Fig. 2. Networks of E6/LxxLL peptide interactions. ( ) Polar interactions
between BPV1 E6 and paxillin. Red spheres, water molecules; black dashed
lines, interactions mediated by keystone R89; blue or orange dashed lines,
intermolecular interactions mediated by E6N or E6C arginines, respective-
ly; and dotted lines, other polar interactions. ( ) All contacts between BPV1
E6 and paxillin. Pink dashed lines, hydrophobic contacts; black lines, polar
contacts mediated by side chain (continuous lines) or main chain (dotted

lines); and pink or blue boxed residues, E6 hydrophobic or polar contrib-
utors, respectively. E6 polar residues displaying favorable van der Waals
terms (energy change < 1 kcal/mol, fig. S6A) are included as hydro-
phobic contributors. ( ) Polar interactions between HPV16 E6 and E6AP. (
All contacts between HPV16 E6 and E6AP. R129-E (dashed gray line) is
revealed by MD simulations (fig. S7). Note that the polar contacts of E6AP
E1 are substituted by hydrophobic contacts for paxillin M1 (fig. S7C).

www.sciencemag.org SCIENCE VOL 339 8 FEBRUARY 2013 695

REPORTS

 o
n

 A
p

ri
l 

1
9

, 
2

0
1

6
h

tt
p

:/
/s

ci
en

ce
.s

ci
en

ce
m

ag
.o

rg
/

D
o

w
n

lo
ad

ed
 f

ro
m

 

#



!

! QF!

!

2,345'%!#!Y!=&+*.&*+(!/,!#HaH!;1%!/+-%9(@!1%!./B32(7!81&'!aH[>!6cc66!B/&1,!;9+((%!ZM'(217@!-%4!3QG!
./+(!4/B-1%!;3*+32(@C![4-3&(4!,+/B!;`-+&1%(WM_-31(%!"#!$%&5!DJ#H@C!

V'1)!)&+*.&*+(!-22/8(4!&'(!14(%&1,1.-&1/%!/,!&'(!<>X#H!aH!P!3QG!1%&(+,-.(5!8'1.'!8-)!-!

9+(-&!-.'1(0(B(%&!,/+!&'(!.'-+-.&(+1W-&1/%!/,!aH!1%&(+-.&1/%!3+/3(+&1()C!V'(!)&+*.&*+(!

41)32-:)!&'(!B1%1B-2!1%&(+-.&1/%!4/B-1%)!/+!B/&1,)5!%-B(2:!&'(!./+(!4/B-1%!/,!3QG!-%4!

&'(!6cc66!B/&1,!/,!aH[>C!V'(:!-+(!21R(2:!&/!4+10(!&'(!1%&(+-.&1/%!A*&!-441&1/%-2!(,,(.&)!

/A)(+0(4!81&'!,*22M2(%9&'!3+/&(1%)!.-%!(%'-%.(!&'(!-,,1%1&:!-%4!)&-A121W(!&'(!./B32(7C!

d/+! 1%)&-%.(5!3QG! 1)! &(&+-B(+1.!-%4!aH[>! ,/+B)! &+1B(+)C!V'(1+!^*-&(+%-+:!)&+*.&*+(!

1%.+(-)()!&'(!2/.-2!./%.(%&+-&1/%!/,!&'(!1%&(+-.&1/%!3-+&%(+)5!8'1.'!B-R()!&'(B!B/+(!

21R(2:!&/!,/+B!-!./B32(7C!N%4((45!-!3+/&(1%!./B32(7!-))/.1-&()!-%4!41))/.1-&()!-&!-!

.(+&-1%!+-&(C!N,!/%(!/,!&'(!3-+&%(+)!1)!41B(+1.5!&8/!1%&(+,-.()!-+(!-0-12-A2(!,/+!A1%41%9!-&!

-! )'/+&(+! 41)&-%.(! &'-%! &8/! 1%4(3(%4(%&!B/2(.*2()! 41,,*)1%9! 1%! &'(! .(22C! V'*)5! &'(!

./B32(7!1)!21R(2:!&/!+(M-))/.1-&(!B/+(!+-3142:!81&'!/%(!/,!&'(!&8/!A1%41%9!*%1&)C!V'1)!

3'(%/B(%/%!1)!.-22(4!-0141&:Y!1&!./B32(&()!4/B-1%MB/&1,!1%&(+-.&1/%!-%4!1%.+(-)()!&'(1+!

-,,1%1&:!.+!7.7<C!

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C 

C

N 

N

N 

N

C
e6ap

HPV -16 E6  

p53cor e 

180°

II
IIII

a

180°

Te rnary complex

HPV -16 E6

II



!

! QS!

d1%-22:5!&'(!)&+*.&*+()!/,!&'(!KM&(+B1%-2!>]_MA1%41%9!B/&1,!;>L`@!,+/B!<>X#F!aH!1%!

./B32(7! 81&'! &'+((! >]_! 4/B-1%)! ;>]_#! 4/B-1%! ,+/B! `[?NM#T! >]_D! -%4! >]_G!

4/B-1%)! ,+/B!]29#@!8(+(! ,1+)&! )/20(4! 1%! DJJE!A:!cM+-:! .+:)&-22/9+-3':! ;2,345'%!6@!

;_'-%9!"#!$%&5!DJJE@C!!

!
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<>X#F!aH!>L`!1)!)'/8%!1%!./B32(7!81&'%B!`[?NM#!>]_#T!R!]29#!>]_DT!M!]29#!>]_DC!V'(!(2(.&+/%!
4(%)1&:!/,!&'(!>L`!1)!41)32-:(45!-)!8(22!-)!-!)&1.R!B/4(2!+(3+()(%&(4!1%!:(22/8C!V'(!)(^*(%.(!/,!KM
&(+B1%-2!>L`!B/&1,!/,!<>X#F!aH!1)!1%41.-&(4!1%!SC!V'(!)&+*.&*+(!8-)!)/20(4!A:!cM+-:!.+:)&-22/9+-3':5!
-&!-!+()/2*&1/%!/,!DC#!t! ,/+!./B32(7![T!DCG!t!,/+!./B32(7!L!-%4!DCF!t! ,/+!./B32(7!KC![4-3&(4! ,+/B!
;_'-%9!"#!$%&5!DJJE@C!

V'(! )&+*.&*+-2! )&*4:! +(3/+&(4! 1%! ;_'-%9! "#! $%&5! DJJE@! '19'219'&(4! &'(! 1B3/+&-%&!

./%&+1A*&1/%!/,!&'(!&'+(/%1%(P)(+1%(!1%!3/)1&1/%!MG!/,!aH!>L`5!8'1.'!&19'&2:!,1&)!1%&/!&'(!

>]_! 9+//0(C! V'(! .+:)&-2! )&+*.&*+()! +(0(-2(4! &'-&! &'(! ':4+/7:2! 9+/*3! ,+/B!

&'+(/%1%(P)(+1%(!,/+B)!-!':4+/9(%!A/%4!81&'!-!'19'2:!./%)(+0(4!>]_!'1)&141%(!+()14*(C!

V'(!-*&'/+!4(B/%)&+-&(4!&'-&!B*&-&1%9!&'1)!+()14*(!&/!92*&-B1.!-.14!-A/21)'()!aHP]29!

A1%41%9!-%4!+(4*.()!]29!4(9+-4-&1/%C!N%&(+()&1%92:5!&'1)!1%&(+-.&1/%!A(&8((%!-!>L`!MG!

&'+(/%1%(!-%4!-!>]_!'1)&141%(!1)!./BB/%!&/!/&'(+!>]_MA1%41%9!3+/&(1%)5!)*.'!-)!Uv!

1/%! .'-%%(2! -%4! >=]SQ! ;U1B! "#! $%&5! #SSQ@C! V'(! 3+/&(1%! R1%-)(! [M4(3(%4-%&!

3'/)3'/+:2-&1/%!/,! &'+(/%1%(!MG!8-)!+(3/+&(4! &/!3+(0(%&!>]_!A1%41%9!;Uw'%(!"#!$%&5!

DJJJ@C! V'(! )&+*.&*+-2! 4-&-! 3+()(%&(4! A:! _'-%9! "#! $%&! 1%41.-&(! &'-&! &'+(/%1%(! MG!

3'/)3'/+:2-&1/%!+()*2&)!1%!)&(+1.!'1%4+-%.(!81&'!&'(!>]_!9+//0(5!8'1.'!B-:!-A+/9-&(!

&'(!1%&(+-.&1/%!81&'!>]_!4/B-1%C!<(%.(5!&'1)!)&*4:!3+/014(4!-!)&+*.&*+-2!(732-%-&1/%!

by binding through their PDZ domains. We have solved
of MAGI-1 PDZ1, SAP97 PDZ2, and
in complex with a seven-residue peptide

C terminus of HPV18 E6, at res-
of 2.1 Å, 2.3 Å, and 2.8 Å, respectively (Fig. 1; Table

In the following discussion, the C-terminal Val residue of
E6 peptide will be referred to as V-1 and the remaining E6

be numbered in ascending order as Q-2,

E6 peptide ligand is po-
in the “substrate” groove of PDZs between the strand

B and the helix B (Fig. 1). This substrate groove is also used
by different PDZ domains (reviewed

in reference 39). However, in contrast to the previously char-

to interact with PDZ, we saw six
of the seven HPV E6 peptide residues bound in all three

1A to C), even though the contribu-
of the side chain of R-6 is less defined in the SAP97

by the two extra Rs, together with other
to be discussed later, provide the viral

E6 protein with an upper hand in competing with cellular

to deregulate the activity of these PDZ-con-

of the E6 peptide with PDZ. It is well
understood how the short four-residue peptide sequence

of a few

by the common four-residue peptide

novel features
of the seven-residue HPV18 E6

E6 peptide bound to the groove of all
an additional is anti-

B in a so-called
of the E6 peptide is well anchored

of the GLGF motif of PDZ (Fig.
2A to C), which is GFGF (residues 461 to 464) in the case of

include
of two methyl groups of V-1 with a hydropho-

2A to C).
In all three PDZ-peptide complexes, the side chain of T-3

a hydrogen bond with a highly conserved PDZ His
2A to C). Indeed, a study of Dlg degradation by

E6 showed that mutation of T-3 to an E residue re-
as this E6 mutant had undetectable

to be a critical functional residue in the case of the K
to PSD95 PDZ3, thus demonstrating a

to several PDZ domains
of different proteins (6, 23). Protein kinase A-dependent phos-

at T-3 of E6 is found to be detrimental for PDZ
s can now be explained by our structural ob-

of our complex structures (Fig. 2) show that the
of T-3 is only 3 Å away from the His belonging

to B of the PDZ, forming a hydrogen bond with its N-3 atom.
on T-3 is expected to result in a

of
of

E6 within the PDZ domain.

1. Structures of three PDZ domains bound to the C-terminal peptide of HPV18 E6. (A) MAGI-1 PDZ1–E6 peptide complex (PDB
ID no. 2I0L). (C) SAP97/Dlg PDZ3-E6 peptide complex (PDB ID

is drawn as ribbons. The electron density corresponding to the E6 peptide was calculated before the peptide was built
in (at a contour level of 1 ). A stick model of the bound peptide (shown as yellow sticks) fits nicely into the density in each complex. Clear electron

of six peptide residues in MAGI-1 PDZ1 and SAP97/Dlg PDZ3 complexes, while side chains of five
in the SAP97/Dlg PDZ2-peptide complex. (D) Consensus of the PDZ-binding ligand and the E6 peptide sequence used in

is labeled below each amino acid.
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%*BA(+!/,!)&+())!./%41&1/%)!1%.2*41%9!]O[!4-B-9(!/+!01+-2!1%,(.&1/%5!`]`DMB(41-&(4!

4(9+-4-&1/%! 1)! 1%'1A1&(4!-%4! &'(!-B/*%&!/,!3QG!3+/&(1%! 1%.+(-)()C![!)(+1()!/,!3/)&M
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+(./9%1&1/%C!

$"!"$"!"6% @8.+/,(3%-?'%,((+-'%,**4('%5'8/)(8'%9:%-+53'-,(3%-?'%-5+(8.5,/-,)(+0%1+.-)5%
PD2#%

V'(!1%%-&(!1BB*%(!+()3/%)(!1)!&'(!,1+)&!4(,(%)(!-9-1%)&!01+-2!1%,(.&1/%5!1&!1)!-.&10-&(4!
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1%&(+%-2!)1&()!;=/%9:-%9!"#!$%&5!#SSE@C!V'(+(!-+(!&'+((!B-p/+!.2-))()!/,!>L`!4(,1%(4!
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4(9+-4-&1/%!/,!>]_M./%&-1%1%9!3+/&(1%)!1)!&+199(+(4!A:!<>X!aH!A1%41%9C!d/+!1%)&-%.(5!
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values of 1.27 over 228 aligned residues and 0.70 over 208 aligned residues, respectively,

indicating that these nonreceptor-type PTP proteins share considerable overall structural simi-

larity between them. However, at an atomic level, we found that the E7-binding interface of

PTPN14 is quite different from the corresponding region of PTP1B or PTPN3 Fig 4B). First,

the aromatic bulky hydrophobic residues (Phe1044 and Trp1070 in PTPN14) critical for the

accommodation of Leu91 of HPV18 E7 are absent in PTP1B or PTPN3. Second, Leu91 of

HPV18 E7 causes remarkable steric hindrance with Gln157 and Glu170 of PTP1B or with

Glu787 of PTPN3 but not with the corresponding residues of PTPN14. Third, PTP1B and

PTPN3 do not contain negatively charged residue that can interact with Arg84 of HPV18 E7.

Subsequent structural alignments of HPV18 E7–bound PTPN14 with four additional nonre-

ceptor-type PTPs (PTPN7, PTPN9, SHP1, and PTPN12), as well as with two receptor-type

PTPs (PTP and PTP ), led to the same conclusion; these PTP proteins are unable to interact

with the E7 molecule because of steric hindrance with Leu91 of HPV18 E7, in addition to the

differences in residues constituting the binding interface S6 Fig). Collectively, these results

Fig 3. PTPN14 PTP domain and HPV18 E7 constitute 2:2 complex. (A) C-terminal domain of HPV18 (green) forms homodimer together with
the crystallographic symmetry-associated molecule (navy). Residues involved in the intermolecular hydrophobi interaction are shown in sticks and
labeled. (B) Two views of 2:2 dimeric structure. Two PTPN14–HPV18 E7 complexe are crystallographically associated with each other as shown in
S4B Fig HPV, human papillomavirus; PTPN14, nonreceptor-type protein tyrosine phosphatase 14.

https://doi.org/10.1371/journal.pbio.3000367.g003

Crystal structure of PTPN14 bound to HPV18 E7
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K/%0(+)(2:5! 4*+1%9! A*,,(+! 1%p(.&1/%5! &'(! -%-2:&(! .-%! A(! +(&-1%(4! /%! &'(! )*+,-.(C!

]1,,*)1/%! &'+/*9'! &'1)! 9+-41(%&! B-R()! 1&! 3/))1A2(! &/! +(%(8! &'(! ^*-%&1&:! /,! -%-2:&(!

3+()(%&!/%! &'(!)*+,-.(!/,! &'(!.'13Y! &'1)!3'(%/B(%/%! 1)!())(%&1-2! ,/+! &'(!3'-)()!/,!

-&&-.'B(%&!-%4!4(&-.'B(%&!/,!-%-2:&(!/%!&'(!219-%4!B/2(.*2()C!N%!&'(!.-)(!8'(+(!&'(!

B-))!&+-%)3/+&!1)!)2/8(+!&'-%!&'(!-))/.1-&1/%!-%4!41))/.1-&1/%!R1%(&1.)!/,!&'(!-%-2:&(M

219-%4!./B32(75!&'(!B(-)*+(B(%&!+(./+4(4!1%!=>I!8/*24!%/!2/%9(+!A(!+(3+()(%&-&10(!

/,!&'(!1%&(+-.&1/%5!A*&!/,!&'(!B-))!&+-%)3/+&!-%4!&'(+(,/+(!/,!&'(!-%-2:&(!./%.(%&+-&1/%C!

V'(!-))/.1-&1/%!3'-)(!8/*24!A(!)2/8(+!A(.-*)(!&'(!-%-2:&(!/%!&'(!)*+,-.(!8/*24!%/&!

A(!+(%(8(4!^*1.R2:!(%/*9'!-%4!&'(!41))/.1-&1/%!3'-)(!8/*24!-2)/!A(!)2/8(+!A(.-*)(!

&'(!-%-2:&(!./*24! +(MA1%4!/%! &'(!)*+,-.(!;=.'*.R!-%4!_'-/5!DJ#J@C! N%!3+-.&1.(5! &'(!



!

! FG!

B/+(!1%&(+-.&1/%!)1&()!-0-12-A2(!/%!&'(!)*+,-.(5!&'(!B/+(!(,,1.1(%&!B-))!&+-%)3/+&!B*)&!

A(!&/!(%)*+(!-%-2:&(!&*+%/0(+C!NBB/A121W1%9!&'(!219-%4!1%!)B-22!^*-%&1&1()!-%4!-&!'19'!

,2/8!+-&()!(%)*+()!-!'/B/9(%(/*)!41)&+1A*&1/%!/,!A1%41%9!)1&()!/0(+!&'(!(%&1+(!)*+,-.(!

-%4!21B1&)!+(MA1%41%9!/,!&'(!-%-2:&(!4*+1%9!&'(!41))/.1-&1/%!3'-)(C!V'(!.'/1.(!/,!-!'19'!

,2*7! ,/+! &'(! 8'/2(! (73(+1B(%&! -2)/! 3+/014()! /3&1B-2! B-))! &+-%)3/+&! ./%41&1/%)!

;?*(%(-*!-%4!]*,/*+5!DJ#S@C!$%!&'(!./%&+-+:5!8'(%!B-))!&+-%)3/+&!./%41&1/%)!-+(!

21B1&1%95! &'(! )19%-2! 1)! +(2-&(4! &/! &'(! -%-2:&(! ./%.(%&+-&1/%5! -22/81%9! -%! /+191%-2!

B(-)*+(B(%&!/,!&'(!-.&10(!./%.(%&+-&1/%!/,!&'(!-%-2:&(C!

d1%-22:5!&'(!A1/M2-:(+!1%&(+,(+/B(&+:!B(&'/4!'-)!)/B(!)1B12-+1&1()!81&'!=>IY!1&!1)!-2)/!

-%! /3&1.-2! &(.'%1^*(! ,/+! 4(&(.&1%9! A1B/2(.*2-+! 1%&(+-.&1/%)5! B-R1%9! 1&! 3/))1A2(! &/!

B(-)*+(!&'(!-))/.1-&1/%!-%4!41))/.1-&1/%!R1%(&1.)!/,!&8/!B/2(.*2()C!V'(!1%&(+,(+(%.(!

3+/,12(!/,!8'1&(! 219'&! 1)! ,1+)&!B(-)*+(4! 1%!A*,,(+!-%4! &'(%!8'(%! &'(! &8/!3-+&%(+)!-+(!

A+/*9'&! &/9(&'(+C! V'(! .'-%9(! A(&8((%! &'()(! &8/! )&-&()! 3+/4*.()! -! )19%-2! &'-&!

^*-%&1,1()!&'(!-))/.1-&1/%!-%4!41))/.1-&1/%!/,!&'(!&8/!3-+&%(+)!1%!+(-2!&1B(C!

#"!"#% P8)-?'5*+0%M+0)5,*'-5,.%L,-5+-,)(%

N)/&'(+B-2! .-2/+1B(&+1.! &1&+-&1/%! 1)! .*++(%&2:! &'(! B/)&! ./BB/%2:! *)(4! -33+/-.'! &/!

4(&(+B1%(!&'(!&'(+B/4:%-B1.!3-+-B(&(+)!/,!-%!1%&(+-.&1/%C!N&!1)!-3321.-A2(!&/!3+/&(1%)!

-)!8(22!-)!%*.2(1.!-.14)5!21314)!-%4!)B-22!B/2(.*2()!;d-2./%(+5!DJ#H@C!V'1)!&(.'%1^*(!

4/()!%/&!+(^*1+(!-!,2*/+().(%&!3+/A(!/+!1BB/A121W-&1/%!/,!(1&'(+!3-+&%(+!-%4!-22/8)!&'(!

&'(+B/4:%-B1.!)&*4:!/,!&'(!1%&(+-.&1/%!A(&8((%!&8/!B/2(.*2()!1%!)/2*&1/%C!N%!-!)1%92(!

(73(+1B(%&5!1&!-22/8)!&'(!4(&(+B1%-&1/%!/,!-,,1%1&:!;U]@5!(%&'-23:!0-+1-&1/%!;�<@5!(%&+/3:!

0-+1-&1/%!;�=@5!,+((!(%(+9:!0-+1-&1/%!;�?@!-%4!)&/1.'1/B(&+:!/,!-%!1%&(+-.&1/%C!



!

! F"!

!

2,345'% $#! Y! >+1%.132(! /,! 1)/&'(+B-2! .-2/+1B(&+1.! &1&+-&1/%C! V'(! -33-+-&*)! ./%&-1%)! &8/! .(22)! (-.'!
)*++/*%4(4!A:!-%!-41-A-&1.!(%0(2/3(!&'-&!1)/2-&()!&'(B!,+/B!(7&(+%-2!&(B3(+-&*+(!.'-%9()C!$%(!/,!&'(!
.(22)! ./%&-1%)! 8/+R1%9! A*,,(+! /+! 8-&(+! ;+(,(+(%.(! .(22@! -%4! &'(! &8/! 1%&(+-.&1/%! 3-+&%(+)! -+(! A+/*9'&!
&/9(&'(+! 1%! &'(!.(22!./%&-1%1%9! &'(!)-B32(!A:!B(-%)!/,!-!):+1%9(!8'1.'! 1%p(.&)!&'(! 219-%4!)/2*&1/%C![!
./%)&-%&!&(B3(+-&*+(!1)!B-1%&-1%(4!1%!A/&'!.(22)!&'-%R)!&/!-!4(01.(!&'-&!./B3(%)-&()!,/+!'(-&!+(2(-)()!
;(7/&'(+B1.!+(-.&1/%@!/+!-A)/+3&1/%)!;(%4/&'(+B1.!+(-.&1/%@!4*(!&/!&'(!,/+B-&1/%!/,!&'(!./B32(7!1%!&'(!
.(22!./%&-1%1%9!&'(!)-B32(C!V'(!,((4A-.R!3/8(+!+(^*1+(4!,/+!(-.'!219-%4!1%p(.&1/%!1)!+(./+4(4C!V'(!,1%-2!
+()*2&! 1)! .-22(4! &'(! 1)/&'(+BY! &'1)!9+-3'! 1)!*)(4! &/!4(&(+B1%(! &'(!(%&'-23:!0-+1-&1/%5! &'(!41))/.1-&1/%!
./%)&-%&!-%4!&'(!)&/1.'1/B(&+:!/,!&'(!+(-.&1/%C![4-3&(4!,+/B!;=/%9!"#!$%&5!DJ#Q@C!

V'(! 41)./0(+:! /,! .-2/+1B(&+:! 3+1%.132(! 3+(4-&()! #FSQ5! A-)(4! /%! &'(! 3*A21.-&1/%! /,!

3-&(%&)! +(3/+&1%9! 1B3+/0(B(%&)! /%! .-2/+1B(&(+)! ;K-+3(%&(+5! #FSQ@C! V'(! 4(01.(!

./%)1)&)!/,!&8/!14(%&1.-2!.(22)!)*++/*%4(4!A:!-%!-41-A-&1.!(%0(2/3(!;2,345'%$#@C!$%(!

/,! &'(! .(22)! ./%&-1%)! &'(! A*,,(+! -2/%(!/+!8-&(+! ;+(,(+(%.(! .(22@! -%4! &'(! )(./%4! .(22!

./%&-1%)!&'(!)-B32(!8'1.'!8122!A(!9+-4*-22:!A+/*9'&!1%&/!./%&-.&!81&'!&'(!219-%4!1%p(.&(4!

*)1%9!-!):+1%9(C!K/%)&-%&!3/8(+!1)!-3321(4!&/!&'(!+(,(+(%.(!.(22C!N%!/+4(+!&/!B-1%&-1%!

&'(!&8/!.(22)!-&!-%!(^*-2!&(B3(+-&*+(5!-!,((4A-.R!.*++(%&!-3321(4!&/!&'(!.(22!./%&-1%1%9!

&'(! )-B32(! ./B3(%)-&()! ,/+! &'(! '(-&! 0-+1-&1/%)! .-*)(4! A:! &'(! ./B32(7M,/+B1%9!

+(-.&1/%C!V'1)! +(-.&1/%!.-%!A(!(7/&'(+B1.!/+!(%4/&'(+B1.5!4(3(%41%9!/%!8'(&'(+! 1&!

9(%(+-&()!/+!./%)*B()!'(-&C!N%!&'(!.-)(!/,!-%!(7/&'(+B1.!+(-.&1/%5!&'(!'(-&!+(2(-)(!

,+/B!&'(!./B32(71%9!+(-.&1/%!1)!.-3&*+(4!A:!&'(!1%)&+*B(%&!-%4!&'(!,((4A-.R!.*++(%&!

1)!+(4*.(4!&/!R((3!&'(!&(B3(+-&*+(!./%)&-%&!;I-B()'5!DJ#S@C!V'(!1%)&+*B(%&!+(./+4)!

.'-%9()! 1%! &'(! 1%&(%)1&:! /,! &'(! ,((4A-.R! .*++(%&! -)! -! ,*%.&1/%! /,! &1B(5! 8'1.'! -+(!



!

! FQ!

+(3+()(%&(4!A:!3(-R)!/,!%(9-&10(!0-2*()! ,/+!(-.'! 219-%4! 1%p(.&1/%! 1%! &'(!.-)(!/,!-%!

(7/&'(+B1.! +(-.&1/%! ;)((! +-8! 4-&-! ,/+!2,345'% $#@C! V'(! -B/*%&! /,! 219-%4! 9+-4*-22:!

1%.+(-)()!*%&12!&'(!-%-2:&(!1)!,*22:!&1&+-&(4!A:!&'(!219-%4T!&'(!+(-.&1/%!&'(%!+(-.'()!-!

)-&*+-&1/%!32-&(-*!-%4!&'(!.(22!./%&-1%)!(7.())!219-%4C!V'(!3(-R)!-+(!&'(%!1%&(9+-&(4!

-%4!32/&&(4!-../+41%9!&/!&'(!-B/*%&!/,!219-%4!1%p(.&(4Y!&'(!+()*2&1%9!9+-3'!1)!.-22(4!-%!

1)/&'(+BC!V'(!)&/1.'1/B(&+:!/,!&'(!+(-.&1/%!-)!8(22!-)!&'(!(%&'-23:!0-+1-&1/%!;�<@!.-%!

A(!41+(.&2:!+(-4!/%!&'(!1)/&'(+B!8'12(!&'(!41))/.1-&1/%!./%)&-%&!;U]@!.-%!A(!4(&(+B1%(4!

A:!-!A1%41%9!B/4(2C!

NVK! 1)! -! 3/8(+,*2! B(&'/4! ,/+! &'(! )&*4:! /,! 1%&(+-.&1/%)! A(.-*)(! 1&! -22/8)! &'(!

4(&(+B1%-&1/%!/,!(%(+9:!./%&+1A*&1/%)!-%4!-..())! &/! &'(! 1%&+1%)1.!3-+-B(&(+)!/,! &'(!

1%&(+-.&1/%!3+/014(4!&'(:!'-0(!-!&'(+B/4:%-B1.!(,,(.&C!V'*)5!&'1)!-33+/-.'!.-%!(0(%!

-22/8!&'(!14(%&1,1.-&1/%!/,!-%:!./%,/+B-&1/%-2!/+!3+/&/%-&1/%!.'-%9()!1%!(1&'(+!3-+&%(+!

+(^*1+(4!,/+!&'(!1%&(+-.&1/%C!=*.'!(2(B(%&)!9+(-&2:!1B3+/0(!&'(!*%4(+)&-%41%9!/,!&'(!

B(.'-%1)B)!A:!8'1.'! &8/!B/2(.*2()! 1%&(+-.&C!$%! &'(!/&'(+!'-%45! NVK!-22/8)!'19'M

3+(.1)1/%!^*-%&1,1.-&1/%!/,!-,,1%1&1()!/0(+!-!0(+:!814(!+-%9(5!+(-.'1%9!(7&+(B(2:!'19'!

-,,1%1&1()!-)!1%!&'(!.-)(!/,!&'(!A1/&1%M)&+(3&-0141%!./*32(!;#JM#Q!`@C!

$%(! /,! &'(! 21B1&-&1/%)! /,! NVK! 1)! &'-&! 1&! +(^*1+()! 2-+9(! ^*-%&1&1()! /,! (-.'! 1%&(+-.&1%9!

3-+&%(+5!A/&'!/,!8'1.'!B*)&!A(!)/2*A2(!-%4!)&-A2(!-&!8/+R1%9!./%.(%&+-&1/%)!;/,! &'(!

/+4(+!/,!#J!&/!#JJ!|`@C!N%!-441&1/%5!%/!+(-.&1/%)!/&'(+!&'-%!./B32(7!,/+B-&1/%!)'/*24!

&-R(!32-.(!4*+1%9!&'(!B(-)*+(B(%&!1%!/+4(+!%/&!&/!1%&(+,(+(!81&'!&'(!B(-)*+(4!'(-&!

+(2(-)()!;(C9C!/714-&1/%M+(4*.&1/%!+(-.&1/%!A(&8((%!/7:9(%!-%4!+(4*.1%9!-9(%&)!1%!&'(!

A*,,(+@!;L-+-%-*)R1(%(!"#!$%&5!DJ#S@C!

N%!DJ#D5!-!B(&'/4!(%-A21%9!&'(!4(&(+B1%-&1/%!/,!A/&'!R1%(&1.!-%4!&'(+B/4:%-B1.!4-&-!

A:! NVK!8-)!3*A21)'(4! ;L*+%/*,!"#! $%&5!DJ#D@C!=/! ,-+5! &'1)! 1)! &'(! ,1+)&!B(&'/4!9101%9!

-..())! &/! -,,1%1&:5! R1%(&1.! -%4! &'(+B/4:%-B1.! 3-+-B(&(+)!/,! -%! 1%&(+-.&1/%!81&'1%! -!

)1%92(!(73(+1B(%&C!

#"!"6% X,.5)8.+0'%-?'5*)/?)5'8,8%

`1.+/).-2(! &'(+B/3'/+()1)! ;`=V@! 1)! -%! -33+/-.'! ,/+! &'(! )&*4:! /,! A1B/2(.*2-+!

1%&(+-.&1/%)!&'-&!./BA1%()!,2*/+().(%.(!4(&(.&1/%!-%4!&'(+B/3'/+()1)C!N&!.-%!A(!*)(4!

/%!B/2(.*2()!.-++:1%9!-!,2*/+().(%&!3+/A(!/+!*)1%9!/%2:!&'(!1%&+1%)1.!,2*/+().(%.(!/,!

&+:3&/3'-%C!



!

! FH!

!

2,345'%$6!Y!>+1%.132(!/,!B1.+/).-2(!&'(+B/3'/+()1)C!V'(!(73(+1B(%&!+(^*1+()!41,,(+(%&!B17&*+()!/,!&'(!
&8/!1%&(+-.&1/%!3-+&%(+)5!81&'!-!./%.(%&+-&1/%!+-%9(!/,!&'(!219-%4!-%4!-!./%)&-%&!./%.(%&+-&1/%!/,!&'(!
1%&(+-.&1/%!3-+&%(+!(B1&&1%9! ,2*/+().(%.(C!V'(!)-B32()!./%&-1%1%9! &'(! &8/! 1%&(+-.&1/%!3-+&%(+)!-+(! 1%!
92-))! .-3122-+1()C! [%! NI! 2-)(+! 1%4*.()! -! &(B3(+-&*+(! 9+-41(%&! 1%! &'(! )-B32(5! 8'1.'! -.&10-&()!
&'(+B/3'/+(&1.!B/0(B(%&!-%4!,2*/+/3'/+(!(7.1&-&1/%C!V'(!1%1&1-2!,2*/+().(%.(!1)!.-22(4!qd./24q!-%4!&'(!
,2*/+().(%.(! -,&(+! ,2*/+/3'/+(! (7.1&-&1/%! 1)! .-22(4! qd'/&qC! V'(! 0-+1-&1/%! /,! %/+B-21W(4! ,2*/+().(%.(!
;�d%/+B@! ,/+!(-.'! 219-%4!./%.(%&+-&1/%!-22/8)! &'(!4(&(+B1%-&1/%!/,! &'(!41))/.1-&1/%!./%)&-%&C![4-3&(4!
,+/B!;[2(7-%4(+!"#!$%&5!DJ#"@!-%4!;h(+-A(RM\122(B)(%!"#!$%&5!DJ#"@!

V'(!3+1%.132(!/,!&'(+B/3'/+()1)!8-)!,1+)&!3*A21)'(4!1%!#FQH5!81&'!-!)(&M*3!&'-&!414!%/&!

:(&!1%.2*4(!-!2-)(+!&/!1%4*.(!-!&(B3(+-&*+(!9+-41(%&C;6*4819!"#!$%&5!#FQH@C!V'(!)-B32(!

1)!1%!92-))!.-3122-+1()!81&'!-!.-3-.1&:!/,!-33+/71B-&(2:!"!|6!;2,345'%$6@C![%!1%,+-+(4!

2-)(+!1%4*.()!-!B1.+/)./31.!&(B3(+-&*+(!9+-41(%&!-&!&'(!)-B32(!;/,!&'(!/+4(+!/,!D!&/!H!

U@C!V'1)!9+-41(%&!-.&10-&()!&'(!B/2(.*2-+!&'(+B/3'/+(&1.!B/0(B(%&5!8'1.'!.-*)()!&'(!

(7.1&-&1/%!/,!&'(!,2*/+/3'/+()C!V'(!,2*/+().(%.(!(B1&&(4!1)!.-3&*+(4!A:!&'(!)-B(!2(%)!

-)! &'(! 1%,+-+(4! 2-)(+C! V'*)5! &'(! .-B(+-! +(./+4)! &'(! 4(32(&1/%! /+! -..*B*2-&1/%! /,!

,2*/+/3'/+()! 1%! &'(! &(B3(+-&*+(! 9+-41(%&! 1%4*.(4! A:! &'(! 2-)(+C! V'(! 41))/.1-&1/%!

./%)&-%&!1)!4(&(+B1%(4!A:!-!+-%9(!/,!219-%4!./%.(%&+-&1/%!1%.*A-&(4!81&'!-!./%)&-%&!

-B/*%&!/,!3-+&%(+!(B1&&1%9!-!,2*/+().(%&!)19%-2C!V'()(!)/2*&1/%)!-+(!32-.(4!1%!41,,(+(%&!

.-3122-+1()!&'-&!.-%!A(!).-%%(4!1%!-!)1%92(!(73(+1B(%&C!V'(!0-+1-&1/%!1%!,2*/+().(%.(!

B(-)*+(4!,/+!(-.'!./%.(%&+-&1/%!3/1%&!-22/8)!&'(!41))/.1-&1/%!./%)&-%&!/,!&'(!./B32(7!

ng denaturation; and (ii) probing chemical denaturation

using microscale thermophoresis (MST) . Microscale

thermophoresis (MST) describes the directed movement of molecules

along m-sized temperature gradients [30 32]. The movement of pro-

teinmoleculeswithin a small focal volumeon this temperature gradient

may be followed by either the extrinsic uorescence of a covalently at-

hed re or, in the case of the label-free instruments used

here, intrinsic uorescence emitted by tryptophan residues (Fig. 2

[30 32]

MST reports on factors affecting solvation entropy of the uorescent

molecule (including changes in size, conformation and charge) [30 32]

Consequently, MST is typically used to quantify molecular interactions,

since binding of a ligand alters at least one of these physical parameters.

As a protein's solvation shell is signi d by denaturation,

MST can also be used to detect protein unfolding [10]. However, given

that protein folding is usually accompanied by changes in the emission

of tryptophan uorescence, label-free MST instruments allow denaturant

titrations to also be measured using intrinsic uorescence emission.

Importantly, capillary-based denaturant titrations can be measured

30 times faster, whilst consuming 40 200 times less protein than

existing cuvette-based approaches (including CD and uorescence

s, le 1). Further, measurements using capillary-based

instruments are semi-automated, allowing a single operator to perform

25 50 titrations per day. They can also automatically re-measure chem-

ical denaturant titrations over a range of temperatures, allowing the

ce of thermodynamic parameters to be deter-

mined hands-free and without exposing proteins to the high tempera-

s that can cause aggregation in some proteins. We also show that

our approach can also be used to screen for ligand-induced changes in

protein stability, which has value for therapeutic targets or potentially

e badly in thermal denaturation screening assays

(although this will require further work to verify) [3,30,31]. We believe

that these advances in throughput, material consumption and ease-of-

to revolutionise protein research in academic and com-

mercial settings.

2. Materials and methods

2.1. Reagents

Ultrapure urea and guanidinium chloride were purchased from MP

Biomedicals (CA, USA). All other reagents were purchased from Sigma

Chemical Co. (MO, USA) or ThermoFisher (MA, USA). The C-amidated,

N-acetylated AWPAK peptide was synthesised by ChinaPeptides

(Shanghai, China). SOD1 H43Y noloops and Escherichia coli cytochrome

proteins were donated by Mikael Oliveberg (University

Table 1

Common techniques used to measure chemical denaturant titrations.

CD

13C, 15N or H nuclei

n] 50 5 mM M 2 20

Sample vol. per titration 10 ml 8 15 ml 16 50 ml 0.2 ml 0.2 ml

15 30 mg 1 2 mg 0.5 1 mg 5 10 10

e per titration 1 3 days 2 4 h 2 3 h 25 min 45 60 min

30 kDa)

No washing steps No washing steps

ns Avoid protonated buffers

in H NMR (

Chaotropes or buffers can

limit the dynamic range

of CD instruments

Extrinsic dyes can be used

as reporters (but may

perturb stability).

vs. T

in raw data

Assuming titrations employ different samples for each denaturant concentration, which is by far the most widely used strategy for chemical denaturant titrations.

Assuming similar protein concentrations to those employed here (~2 M).

For titrations containing 48 data points (i.e. 16 distinct denaturant concentrations measured using Monolith NT.LabelFree instrument, see Materials and methods).

Fig. 2. Layout of themicroscale thermophoresis instrument andmeasurement principles. (A)MST is measured in disposable capillaries that hold sample volumes of ~4 l. The sample temper-

ature is regulated by thermal elements which directly contact these capillaries. A focused IR laser induces a local temperature gradient in the sample (typically in the order of 2 6 K), triggering

thermophoretic movement of molecules [30,31]. Fluorescent molecules in the capillary are excited and detected through the same objective lens. (B) During an MST experiment, the uores-

cence of molecules in solution (yellow dots) is detected over time. For simple FES experiments, detection of the initial uorescence for 1 5 s is suf cient. During a typical MST experiment, the

infrared laser is activated after 5 s, resulting in thermophoresis towards lower temperatureswhich can be quanti ed bymeasuring the uorescence decay (in case of positive thermophoresis, as

shown here), or uorescence increases (negative thermophoresis). After a de ned time, the infrared laser is switched off, resulting in re-equilibration of the solution by diffusion.
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of heat which is consumed/released by the binding event, limiting

n for direct measurements to at least

10 nM, making it difficult to precisely detect s in the low nM

to prevent surface-immobilization related problems

to boost assay sensitivity is to detect fluorescent molecules

in solution. Owed to ever improving fluorophore properties

of fluorophores can

be pushed to low pM concentrations. While more traditional

as fluorescence correlation spectroscopy or

on large size-changes

of the labeled molecule upon ligand binding and can require exten-

of detecting even minute changes in the hydra-

of a molecule, thereby making it suitable for analyzing a

of interactions independent of the nature and size of the

. Moreover, the newly developed Monolith

is capable of detecting fluorophores even at low

pM concentrations in l volumes, thereby combining an

of high affinity interactions

n.

we demonstrate that MST is a versatile method to detect

s in the pM range in entirely different experi-

). In a first set of experiments, we analyzed

of 200 pM of a Cyanine5 (Cy5)-tagged

of the relative change of thermophoresis upon

n yielded a of 167 ± 8 pM. This number is in

t with the ns

= 180 pM, calcu-

, validating that MST can

be used to derive exact binding affinities in the pM range for oligo-

In another example, the binding of single-strand binding pro-

to a single stranded DNA

70 SB

a key role during DNA replication by binding ssDNA which

is created by helicases, thereby preventing re-annealing of the

by DNA primases and polymer-

ases . Biophysical in vitro crystallographic studies showed

one EcoSSB tetramer binds a single ssDNA oligonucleotide

a length of 70 base-pairs . The affinity of the interac-

of EcoSSB and oligo(dT)70 is known be extremely high

at physiological salt concentrations, with in the low pM or even

fM range . However, the exact affinity could not be deter-

due to the limited sensitivity of conventional methods.

By using Cy5-labeled oligo(dT)70 at a concentration of only

20 pM and titrating EcoSSB from 5 nM down to 10 fM, we could re-

a binding curve for the EcoSSB-oligo(dT)70 n, yield-

of 1 ± 0.1 pM. This demonstrates that MST allows for the

of high-affinity protein–DNA interactions that

up to now. MST is therefore a powerful tool

1. a capillary tray which can accommodate up to

16 capillaries. (B) Schematic representation of MST optics. MST is measured in capillaries with a total volume of L. The fluorescence within the capillary is excited and

A focused IR-Laser is used to locally heat a defined sample volume. Thermophoresis of fluorescent molecules through the temperature

is detected (C) Typical signal of a MST experiment. Initially, the molecules are homogeneously distributed and a constant ‘‘initial fluores is detected. Within

of the IR laser, the ‘‘T-Jump’’ is observed, which corresponds to a rapid change in fluorophore properties due to the fast temperature change.

of the fluorescencently labeled molecules out of the heated sample volume can be detected. Typically, the fluo is

30 s. After deactivation of the IR-Laser, an inverse T-Jump occurs, followed by the ‘‘backdiffusion’’ of molecules, which is solely driven by mass diffusion. MST,

of a fluorescent m

to a non-fluorescent ligand (red trace; ‘‘bound’’), resulting in different traces. For analysis, the change in the is expressed as the

in the normalized fluoresence ( ), which is defined as to average fluoresence values between defined areas marked by the red and

of the non-fluroescent ligand results in a gradual change in thermophoresis, which is plotted as to yield a binding curve, which can

be fitted to derive binding constants. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of t
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,/.*)!/%!6cc66!B/&1,!A1%41%9!A(.-*)(!&'(:!-+(!&'(!B-1%!1%&(+,-.(C!\(!4/!%/&!.2-1B!&/!

3+/014(!-%!(7'-*)&10(!)&*4:!/,!01+-2M'/)&!1%&(+-.&1/%)!A*&!8(!3+/3/)(!-!+(21-A2(!)&-+&1%9!
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! S"!

3/1%&! -&! &'(!B/2(.*2-+! 2(0(25! A:! .'-+-.&(+1W1%9! &'(! A1%41%9! -,,1%1&1()! /,! &'(!B1%1B-2!

1%&(+-.&1/%!*%1&)C!

V/!4-&(5!)(0(+-2!3+/&(/B1.)!)&*41()!8(+(!.-++1(4!/*&!,/+!14(%&1,:1%9!&'(!'/)&!3+/&(1%)!

&-+9(&(4!A:!<>X!aH!/%./3+/&(1%)!;?+-.(!-%4!`w%9(+5!DJ#ET!I/W(%A2-&&MI/)(%!"#!$%&5!

DJ#DT!\'1&(!"#!$%&5!DJ#D-@C!V/9(&'(+!81&'!)&*41()!./%4*.&(4!/%!B*+1%(!B/4(2)!;X1-+1)1/!

"#! $%&5! DJ#H5! DJ#F@5! &'()(! )&*41()! 4+-8! -! 31.&*+(! /,! 0-+1/*)! aH! &-+9(&! 3+/&(1%)5! -)!

122*)&+-&(4!/%%2,345'%$<C%

V'(!&+(%4!&'-&!(B(+9()!,+/B!&'()(!4-&-!1)!&'(!A1%41%9!/,!'19'M+1)R!B*./)-2!!M<>X!aH!

&/!aH[>!*A1^*1&1%! 219-)(C!<aIKD! ;<aKV!4/B-1%!-%4!IKK#M21R(!4/B-1%M./%&-1%1%9!

3+/&(1%!D@! 1)!-!8(22MR%/8%! 1%&(+-.&1/%!3-+&%(+!/,!aH[>! ;Uw'%2(!"#!$%&5!DJ##@5! 1&)!./M

3+(.131&-&1/%! 81&'! aH[>M1%&(+-.&1%9! !SM<>X! aH! 3+/&(1%)! 1)! 21R(2:! 4*(! &/! -%! 1%41+(.&!

1%&(+-.&1/%!01-!aH[>C!=1%.(!aH[>!1)!+(^*1+(4!,/+!&'(!3+/&(-)/B-2!4(9+-4-&1/%!/,!3QG5!

&'(! &*B/+!)*33+())/+!8-)!./M3*+1,1(4!81&'!B/)&!aH[>M1%&(+-.&1%9!'19'M+1)R!B*./)-2!

<>X!aHC!N&!1)!1%&(+()&1%9!&/!%/&(!&'-&!3QG!8-)!-2)/!./M3*+1,1(4!81&'!&'(!rM<>X!SD!-%4!

GF!aH!3+/&(1%)5!(0(%!&'/*9'!&'()(!&8/!/%./3+/&(1%)!414!%/&!1%&(+-.&!81&'!aH[>C!V'1)!

/A)(+0-&1/%!./%,1+B)!&'-&!)/B(!rM<>X!aH!A1%4!3QG!-%4!)&-A121W(!1&)!3+/&(1%!2(0(2!A:!-%!

aH[>M1%4(3(%4(%&!B(.'-%1)B!;\'1&(!"#!$%&5!DJ#"@C!V'(!&+-%).+13&1/%!,-.&/+!`[`6#!1)!

A/*%4!A:!.*&-%(/*)!rM<>X!aH5!8'1.'!1)!./%)1)&(%&!81&'!&'(!+(.(%&!)&*4:!+(3/+&1%9!&'-&!

.*&-%(/*)!rM<>X!aH!1%'1A1&!`[`6#!&+-%).+13&1/%-2!-.&101&:!;L+1B(+!"#!$%&5!DJ#E@C!V'(!

-4'()1/%!3+/&(1%!3-71221%!1)!A/*%4!A:!rD!-%4!r"M<>X!aH!3+/&(1%)C!\(!.-%!%/&(!&'-&!

&'(!'1)&/%(!-.(&:2&+-%),(+-)()!3GJJ!-%4!KL>!8(+(!./M3*+1,1(4!81&'!r#!-%4!rDM<>X!aH!

3+/&(1%)C![../+41%9! &/!-!)&*4:!3*A21)'(4! 1%!DJ##5!aH!3+/&(1%)! ,+/B!r#M<>X!A1%4! &/!

3GJJ!-%4!1%4*.(!1&)!3+/&(-)/B-2!4(9+-4-&1/%!1%!-%!aH[>M1%4(3(%4(%&!B-%%(+!;</81(!

"#!$%&5!DJ##@C!N%&(+()&1%92:5!aH!3+/&(1%)!,+/B!rDM<>X!&:3()!#E-!-%4!GF!A1%4!&/!&'(!K.+"M

O/&!./B32(75!-!B-p/+!+(9*2-&/+!/,!9(%(!(73+())1/%!-%4!IO[!B(&-A/21)B!1%!(*R-+:/&()!

;K/22-+&5!DJ#H@C!K.+"MO/&!./B32(7!'-)!-!4(-4(%:2-)(!,*%.&1/%!-22/81%9!&'(!+(B/0-2!/,!

3/2:[!&-12)!,+/B!B())(%9(+!IO[)!&-+9(&(4!A:!B1.+/!IO[)!;L+-*%!"#!$%&5!DJ##@!-%4!

-2)/!-!*A1^*1&1%!219-)(!,*%.&1/%!-))/.1-&(4!81&'!&'(!KO$V"!)*A*%1&!;[2A(+&!"#!$%&5!DJJD@C!

N%!-%/&'(+!3+/&(/B1.)!)&*4:5! &'(!zM9(%*)!<>X#SE!aH!8-)!-2)/!+(3/+&(4! &/! 1%&(+-.&!

81&'!K.+"MO/&!./B32(7!;?+-.(!-%4!`w%9(+5!DJ#E@C!V'(!)*A*%1&!KO$V#!(%&-12)!)(0(+-2!

6cc66!B/&1,)!B(41-&1%9! &'(! 1%&(+-.&1/%!81&'! &'(!a)&+/9(%!I(.(3&/+!!! ;aI!@5!8'1.'!

2(-4)! &/! &'(! +(3+())1/%! /,! aI!! 219-%4M4(3(%4(%&! &+-%).+13&1/%-2! -.&10-&1/%! ,*%.&1/%!
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! SQ!

;\1%R2(+!"#!$%&5!DJJH@C!V/!4-&(5!8'(&'(+! &'(!K.+"MO/&PaH! 1%&(+-.&1/%! 1)!B(41-&(4!A:!

&'()(!6cc66!B/&1,)!/+!A:!-%/&'(+!1%&(+,-.(!'-)!%/&!A((%!4(&(+B1%(4C!

%2,345'%$<Y!N%&(+-.&/B(!/,!aH!/%./3+/&(1%)! ,+/B!0-+1/*)!<>X!&:3()5!A-)(4!/%! 1BB*%/3+(.131&-&1/%M
`=P`=!4-&-C!O\]!)&-%4)!,/+!O/+B-21W(4!8(19'&(4!]M)./+(5!8'1.'!4(,1%()!-!'19'!./%,14(%.(!1%&(+-.&1/%!
8'(%!O\]M)./+(!j!#C!K(22)!8(+(! &+(-&(4!81&'! &'(!3+/&(-)/B(! 1%'1A1&/+!`?#GD! ;v@!/+!81&'!%(9-&10(!
./%&+/2!]`=$!;M@!3+1/+!&/!'-+0()&C!d+/B!;\'1&(!"#!$%&5!DJ#D-@C!

of HPV E6s. (A) Heat map representing protein-protein interactions identified by immunoprecipitation-MS/MS and CompPASS analysis
of 16 unique HPV E6 proteins was used as a bait. Colors in the heat map represent NWD-scores, where an NWD-score 1 defines a high-confidence

in the heat map represents a replicate experiment. Cells were treated for 4 h with 30 M MG132 ( ) or DMSO control ( ) prior to
E6 baits were ordered across the top of the map according to the established HPV phylogeny ( ); HCIPs were arranged using a Manhattan distance

in the text are shown. (B) Interactome representing HCIPs in complex with various HPV E6
An interaction is displayed in the heat map when it was detected with two or more HPV E6 bait proteins and had an NWD-score 1. Dashed lines

in the STRING database.
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! SH!

V'(!3+()(%&!)&*4:!-1B)!-&!1%0()&19-&1%9!&'(!1%&(+-.&1/%!3+(,(+(%.()!/,!aH!/%./3+/&(1%!

,+/B! 0-+1/*)! <>X! &:3()! 1%! &(+B)! /,! 6cc66! B/&1,! +(./9%1&1/%C! \(! A(21(0(! &'-&! aH!

3+/&(1%)! &-+9(&! -! B*2&1321.1&:! /,! '/)&! 3+/&(1%)! A:! &'(1+! 6cc66! B/&1,)C! <(%.(5! &'(!

+(3-+&1&1/%!/,!6cc66!+(./9%1&1/%!,(-&*+()!-.+/))!&'(!3':2/9(%(&1.!410(+)1&:!/,!<>X!aH!

3+/&(1%)!B19'&! A(!B/+(! ./B32(7! &'-%! &'(! A1%-+:! )321&! A(&8((%!aH[>! -%4!`[`6#!

3/)&*2-&(4!A:!L+1B(+!"#!$%&!;L+1B(+!"#!$%&5!DJ#E@C!

V/!&-.R2(!&'(!.'-22(%9(!/,!1)/2-&1%9!A1/2/91.-22:!-.&10(!aH!/%./3+/&(1%)!-%4!^*-%&1,:1%9!

2/8M-,,1%1&:! 3+/&(1%MB/&1,! 1%&(+-.&1/%)5! 8(! 4(0(2/3(4! 4(41.-&(4! -33+/-.'()C! V'()(!

B(&'/4)!8(+(!-40-%&-9(/*)2:!*)(4!,/+!./B3-+1%9!&'(!6cc66!+(./9%1&1/%!3+(,(+(%.()!

/,!aH!/%./3+/&(1%)!,+/B!0-+1/*)!<>X!&:3()C!

V'(!,1+)&!3-+&!/,!&'1)!+()*2&!)(.&1/%!,/.*)()!/%!&'(!B(&'/4/2/91.-2!4(0(2/3B(%&)5!8'1.'!

(%&-12!1@!-!3*+1,1.-&1/%!3+/&/./2!(%-A21%9!3-+-22(2!3*+1,1.-&1/%!/,!)/2*A2(!aH!3+/&(1%)!-%4!

11@! /3&1B1W-&1/%! /,! &'(! 3+(01/*)2:! 3*A21)'(4! '/24*3! ./B3-+-&10(! .'+/B-&/9+-3'1.!

+(&(%&1/%! -))-:C! V'(! )(./%4! 3-+&! 3+()(%&)! &'(! 1%&(+-.&1/%! 3+/,12()! /,! B*2&132(! aH!

3+/&(1%)! 1%! &(+B)!/,!6cc66!B/&1,)C!V'1)!.'-3&(+! 1%.2*4()!-! ,1+)&!)&*4:!./%4*.&(4!/%!

)(0(%!aH!3+/&(1%)!,+/B!0-+1/*)!<>X!+(3+()(%&-&10(!/,!&'(!3':2/9(%(&1.!410(+)1&:!-%4!

-!)(./%4!3+/p(.&!,/.*)1%9!/%!-%.()&+-2!aH!/%./3+/&(1%)!,+/B!!M9(%*)!<>X)C!d1%-22:5!

&'(!&/31.!/,!&'(!2-)&!3-+&!1)!-!)14(!3+/p(.&!-1B1%9!-&!14(%&1,:1%9!&'(!+()14*()!1%0/20(4!1%!

&'(!1%&(+-.&1/%!A(&8((%!&'(!aH!3+/&/&:31.-2!&-+9(&!aH[>!-%4!1&)!B-1%!1%&(+-.&1/%!3-+&%(+!

<aIKDC!

! !



!

! SE!

%

%

%

D'840-8%

! !



!

! SF!

%

! !



!

! SS!

!% X'-?);)0)3,.+0%;'N'0)/*'(-8%

!"!% a('T8-'/% +11,(,-:% /45,1,.+-,)(% )1% 148,)(% /5)-',(8% F,-?% )/-,*+0%
*)();,8/'58,-:% +(;% 9,)0)3,.+0% +.-,N,-:O% +//0,.+-,)(% -)%
+335'3+-,)(T/5)('%=>7%@A%/5)-',(8%

!"!"!% C-+-'%)1%-?'%+5-%

`:! &'()1)! 3+/p(.&! 1)! ,/.*)(4! /%! &'(! .+! 7.#-<! .'-+-.&(+1W-&1/%! /,! &'(! 3+/&(1%M3+/&(1%!

1%&(+-.&1/%!3+/3(+&1()!/,!0-+1/*)!aH!/%./3+/&(1%)!,+/B!41,,(+(%&!<>X!&:3()C!V/!4-&(5!

/%2:! ,(8! )&*41()! 1%0/201%9! '19'M3+(.1)1/%! A1/3':)1.-2! 4-&-! /,!aH!/%./3+/&(1%)! '-0(!

A((%!+(3/+&(4C!`/)&!/,!&'(!3*A21)'(4!A1/3':)1.-2!4-&-!,/.*)!/%!<>X#H!aH!-%4!L>X!

aH! 8'/)(! .+:)&-22/9+-3'1.! )&+*.&*+()! 8(+(! )/20(4! 1%! DJ#G5! 8'1.'! 1%41.-&()! &'-&!

)*A)&-%&1-2!-B/*%&)!/,!3+/&(1%!1%!-!'/B/9(%(/*)!-%4!)/2*A2(!)&-&(!./*24!A(!1)/2-&(4!

,/+! &'()(! &8/! aH! /%./3+/&(1%)C! N)/2-&1%9! A1/2/91.-22:! -.&10(! aH! 3+/&(1%)! .-%! A(!

.'-22(%91%95!)1%.(!&'(:!+-3142:!2/)(!&'(1+!-.&101&:!A:!,/+B1%9!1%-.&10(!/219/B(+)!*%4(+!

&'(!(,,(.&!/,!/714-&1/%!;_-%1(+!"#!$%&5!DJ#J@C!V'1)!3+/3(%)1&:!&/!/219/B(+1W(!1%!/714-&10(!

./%41&1/%)!1)!)'-+(4!A:!-22!aH!/%./3+/&(1%)!-&!0-+:1%9!4(9+(()5!4*(!&/!&'(1+!'19'!./%&(%&!

1%!.:)&(1%(!+()14*(!,/+B1%9!-+&1,-.&*-2!41)*2,14(!A+149()C![&!2(-)&!F!./%)(+0(4!.:)&(1%(!

+()14*()!-+(!+(^*1+(4!,/+!&'(!.//+41%-&1/%!/,!&8/!W1%.!1/%)!-%4!%/%M./%)(+0(4!.:)&(1%(!

+()14*()!B-:!1%.+(-)(!&'(!+1)R!/,!1%&(+B/2(.*2-+!41)*2,14(!A+149()5!1%!3-+&1.*2-+!8'(%!

&'(:! -+(! )/20(%&M(73/)(4C! V/! &-.R2(! &'(! .'-22(%9(! /,! 1)/2-&1%9! -.&10(! aH! 3+/&(1%)5!

)(0(+-2!)&+-&(91()!.-%!A(!1B32(B(%&(4C!d1+)&5!&'(!)/20(%&M(73/)(4!.:)&(1%(!+()14*()!

.-%!A(!B*&-&(4!1%&/!-B1%/!-.14)!&'-&!4/!%/&!-2&(+!&'(!1%&+1%)1.!,/24!/,!&'(!3+/&(1%C!N%!

-441&1/%5!&'(!+(./BA1%-%&!aH!3+/&(1%)!.-%!A(!,*)(4!&/!&'(!)/2*A121&:M(%'-%.1%9!̀ -2&/)(M

L1%41%9! >+/&(1%! ;`L>@C! =(./%45! &'(! 3*+1,1.-&1/%! .-%! A(! 3(+,/+B(4! *%4(+! +(4*.&10(!

./%41&1/%)5!1C(C!1%!3+()(%.(!/,!-!+(4*.1%9!-9(%&!;]VV5!rMB(+.-3&/(&'-%/25!VKa>@C!V'(!

3*+1,1.-&1/%!A*,,(+)!.-%!A(!4(9-))(4!*%4(+!-!0-.**B!3*B3!-%4!(^*121A+-&(4!81&'!-%!

1%(+&!9-)!;[+9/%!/+!O1&+/9(%@!1%!/+4(+!&/!+(B/0(!41))/20(4!/7:9(%!,+/B!8-&(+!;L*&2(+!

"#! $%&5! #SS"@C! d1%-22:5! -)! 4(&-12(4! 1%! &'(! 3*A21.-&1/%! +(3/+&1%9! &'(! .+:)&-22/9+-3'1.!

)&+*.&*+(!/,!<>X#H!aH5!-%!/0(+%19'&!*2&+-.(%&+1,*9-&1/%!)&(3!1%.2*4(4!1%!&'(!3*+1,1.-&1/%!

3+/.())!.-%!3-+&1.13-&(!&/!&'(!(21B1%-&1/%!/,!-!,+-.&1/%!/,!/219/B(+!)3(.1()!;_-%1(+!"#!

$%&5!DJ#G@C![2&'/*9'!8(22M-4-3&(4!,/+!.+:)&-22/9+-3'1.!3*+3/)(5!&'1)!*2&+-.(%&+1,*9-&1/%!

)&(3!.-%!A(!21B1&1%9!-)!1)!1B321()!-!DM4-:!2/%9!3*+1,1.-&1/%!/,!/%2:!/%(!3+/&(1%!-&!-!&1B(C!

\'(%!&'(!3*+3/)(!1)!&'(!./B3-+1)/%!/,!&'(!1%&(+-.&1/%!3+(,(+(%.()!/,!0-+1/*)!<>X!aH!



!

! #JJ!

3+/&(1%)!A:!A1/3':)1.-2!-33+/-.'()5!2())!3+/&(1%!1)!%((4(4!&'-%!1%!.+:)&-22/9+-3':!A*&!

&'(!)-B(!'19'!^*-21&:!1)!+(^*1+(4C!

!"!"$% a9`'.-,N'%

V'1)!)&*4:!-1B(4!-&!4(0(2/31%9!-!,-)&5!3-+-22(21W-A2(!3*+1,1.-&1/%!3+/&/./2!,/+!1)/2-&1%9!

1%! /%(! )1%92(! (73(+1B(%&! )(0(+-2! A1/2/91.-22:! -.&10(! `L>MaH! 3+/&(1%! )-B32()C! L:!

&()&1%9!41,,(+(%&!&:3()!/,!%1.R(2!-,,1%1&:!+()1%)!-%4!/3&1B1W1%9!&'(!1%.*A-&1/%!&1B(5!8(!

8(+(!-A2(!&/!1)/2-&(!B/%/B(+1.5!-.&10(!aH!)-B32()!-)!-))())(4!A:!=>I!1%&(+-.&1/%!

-))-:!81&'!&'(1+!3+/&/&:31.-2!6cc66!&-+9(&!B/&1,C!

V'(!4()19%(4!3*+1,1.-&1/%!)&+-&(9:!8122!A(!/,!9+(-&!*)(!,/+!1@!).+((%1%9!)(0(+-2!aH!,+/B!

0-+1/*)!<>X! &:3()! -%4!-))())!8'(&'(+! &'(:! .-%! A(! 1)/2-&(4! -)! A1/2/91.-22:! -.&10(!

)-B32()!-%4!11@!&()&!&'(!1%&(+-.&1/%!3+(,(+(%.()!/,!)(0(+-2!aH!3+/&(1%)!,/+!-%!-++-:!/,!

6cc66!3(3&14(!B/&1,)!1%!/%(!'19'M&'+/*9'3*&!-))-:!;A:!=>I!/+!'/24*3!-))-:@C!

!"!"#% X:%.)(-5,94-,)(%

d/+! &'1)! 3+/p(.&5! N! 4()19%(4! -%4! (7(.*&(4! &'(! +(./BA1%-%&! 3+/&(1%! 3+/4*.&1/%! -%4!

3*+1,1.-&1/%!(73(+1B(%&)C!N!-2)/!3(+,/+B(4!=>I!-))-:)!,/+!-))())1%9!&'(!A1%41%9!/,!&'(!

3*+1,1(4! 3+/&(1%)C! N! 3+/.())(4! &'(! 4-&-! -%4! 3+/4*.(4! &'(! ,19*+()! 3+()(%&(4! 1%! &'(!

-+&1.2(C!N!8+/&(!&'(!1%1&1-2!B-%*).+13&!-%4!B-4(!&'(!+(01)1/%)!81&'!B:!)*3(+01)/+)!?122()!

V+-0l!-%4!o0()!O/B1%lC!

! !
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RESEARCH

One-step affinity purification of fusion 
proteins with optimal monodispersity 
and biological activity: application 
to aggregation-prone HPV E6 proteins
Anna Bonhoure1, Auguste Demenge1, Camille Kostmann1, Leticia San José2, Eva De la Cal2, Pilar Armisen2, 
Yves Nominé1 and Gilles Travé1*

Abstract 

Background: Bacterial expression and purification of recombinant proteins under homogeneous active form is 
often challenging. Fusion to highly soluble carrier proteins such as Maltose Binding Protein (MBP) often improves 
their folding and solubility, but self-association may still occur. For instance, HPV E6 oncoproteins, when produced as 
MBP-E6 fusions, are expressed as mixtures of biologically inactive oligomers and active monomers. While a protocol 
was previously developed to isolate MBP-E6 monomers for structural studies, it allows the purification of only one 
MBP-E6 construct at the time. Here, we explored a parallelizable strategy more adapted for biophysical assays aiming 
at comparing different E6 proteins.

Results: In this study, we took advantage of the distinct size and diffusion properties of MBP-E6 monomers and oli-
gomers to separate these two species using a rapid batch preparation protocol on affinity resins. We optimized resin 
reticulation, contact time and elution method in order to maximize the proportion of monomeric MBP-E6 in the final 
sample. Analytical size-exclusion chromatography was used to quantify the different protein species after purification. 
Thus, we developed a rapid, single-step protocol for the parallel purification of highly monomeric MBP-E6 samples. 
MBP-fused HPV16 E6 samples obtained by this approach were validated by testing the binding to their prototypical 
peptide targets (the LXXLL motif from ubiquitine ligase E6AP) by BIAcore-SPR assay.

Conclusions: We have designed a rapid single-step batch affinity purification approach to isolate biologically active 
monomers of MBP-fused E6 proteins. This protocol should be generalizable to isolate the monomer (or the minimal 
biologically active oligomer) of other proteins prone to self-association.

Keywords: Protein aggregation, Protein solubility, MBP fusion, IMAC, One-step purification
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Background
Protein solubility is a major issue in recombinant pro-
tein purification from Escherichia coli. It is influenced 
by different parameters, such as proper folding and/or 
aggregation. Under the stress induced by high rates of 
heterologous protein expression, inactive misfolded poly-
peptides accumulate as inclusion bodies. !ey can be sol-
ubilized by using chaotropic agents (urea or guanidium 
hydrochloride) and then refolded in vitro (by dilution or 
dialysis). However, such an approach can be time-con-
suming since it requires optimization adapted to every 
protein, and the yield of final soluble product can be low. 
Another strategy consists of fusing the protein of interest 
(also called “passenger protein”) to a solubility-enhancing 
protein (also called “carrier protein”), such as !iore-
doxin, glutathione-S-transferase (GST) or maltose-bind-
ing protein (MBP). MBP was reported to be particularly 
efficient in improving the solubility of its fusion partners 
[1, 2]. In addition to its ability to stabilize and solubilize 
the passenger protein, MBP can be used as an affinity 
tag for purification on amylose resin [3, 4]. However, an 
MBP-fused protein can sometimes be solubilized in the 
form of a mixture of properly folded monomers (or mini-
mal biologically active oligomers) and of large oligomers 
in which the passenger protein is self-associated and its 
folding and/or biochemical activity may be altered [5–
13]. In such situations, the challenge consists in explor-
ing conditions of expression and purification favoring the 
biologically active monomeric -or minimally oligomeric- 
MBP-fused samples [9, 11, 14, 15].

E6 proteins produced by oncogenic human papilloma-
viruses (HPV) are a prototypical case of proteins that 
display unstable biochemical behavior when produced 
recombinantly [16–18]. While unfused E6 proteins are 
expressed in insoluble form, MBP-fused E6 proteins are 
soluble yet prone to self-association, leading to soluble 
oligomers, which in turn are unable to specifically inter-
act with protein partners [9, 10, 19]. Furthermore, E6 
proteins are generally cysteine-rich. E6 proteins contain 
two zinc-binding domains, each involving four cysteine 
residues to coordinate one zinc ion. In addition to these 
eight cysteine residues highly conserved for structural 
purposes, E6 proteins contain additional non-conserved 
cysteine amino acids. For instance, wild-type HPV16 E6 
and HPV8 E6 have a total of 14 and 16 cysteine residues, 
respectively. Oxidation promotes the formation of inter-
molecular disulfide bridges, and thus increases the aggre-
gative propensity of E6 proteins.

Papillomaviruses E6 oncoproteins establish numerous 
interactions with host proteins [16–18, 20]. For instance, 
E6 from “high-risk” mucosal HPV was reported to hijack 
the ubiquitin ligase E6AP (E6-associated protein), result-
ing in the proteasome-mediated degradation of the 

tumor suppressor p53 [21]. Crystal structures of the 
HPV16 E6 oncoprotein from high-risk mucosal HPV16 
in complex with a minimal target fragment from E6AP 
and the core domain of p53 were solved by X-ray crystal-
lography, using solubility-enhanced mutants of E6 fused 
to MBP [22, 23].
!ere are more than 200 HPV types, with different 

tropisms (mucosal, cutaneous) causing a large variety of 
phenotypes ranging from warts and condylomas for low-
risk HPVs to malignant tumors for high-risk HPVs [24–
26]. !e present work will focus on E6 oncoproteins from 
HPV16 and HPV8. HPV16 is the highest-risk mucosal 
HPV, responsible for more than 50% of cervical cancers 
and more than 90% of HPV-positive oropharyngeal can-
cers [27, 28]; whereas HPV8 is a cutaneous HPV type 
that can generate skin cancers, in particular in individu-
als with genetic or immunological diseases [29].

Since E6 proteins from different HPV types were 
reported to have distinct protein interaction prefer-
ences by proteomic studies [20], it would be interesting 
to further decipher their binding properties by quanti-
tative biophysical and structural approaches. !e pro-
tocol used in our former publications [9–12] allows the 
isolation of soluble, monomeric E6 proteins by amylose 
affinity chromatography followed by overnight ultracen-
trifugation and size-exclusion chromatography (SEC) for 
the elimination of protein oligomers. Such a strategy is 
appropriate for structural studies that require relatively 
large amounts of high quality protein material. However, 
it allows the purification of only one protein at a time. 
To decipher the protein–protein interactions of a panel 
of E6 oncoproteins, parallel purifications would be more 
appropriate. In addition, a faster purification protocol 
would reduce the risk of protein aggregation over time.

In the present work, we exploited the distinct size and 
diffusion properties of monomers and oligomers of MBP-
E6 to separate these two species using a rapid batch affin-
ity preparation approach. !is led us to obtain a fast, 
single-step protocol for the preparation of two test E6 
oncoproteins under monomeric and biologically active 
form: HPV16 F47R 4C/4S E6 (a solubility-enhanced 
mutant of HPV16 E6) and HPV8 E6 (prone to rapid self-
association). !e long-lasting and non-parallelizable 
steps of the previous protocol (ultracentrifugation and 
preparative gel-filtration) were substituted by a fast batch 
affinity chromatography on reticulated nickel resins. !e 
reticulation state of the resin, the elution protocol and 
the contact time were adjusted for optimal separation of 
monomeric and oligomeric MBP-fused E6 proteins. We 
show that this new and fast protocol is effective enough 
to obtain soluble and active E6 protein samples suitable 
for protein–peptide interaction assay as revealed by sur-
face plasmon resonance (SPR). !is protocol is amenable 
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to robotization, offering the ability to prepare in a paral-
lel fashion multiple protein samples displaying optimal 
monodispersity.

Results
Protein constructs used for this study

To develop and evaluate a new E6 purification proto-
col, we used two distinct HPV E6 oncoproteins. On the 
one hand, HPV16 E6 F47R 4C/4S (thereafter named 
16E6mut) is a solubility-optimized mutant of HPV16 E6. 
!e structure of this mutant has been solved by X-ray 
crystallography and several of its interactions have been 
precisely characterized by surface plasmon resonance 
(SPR) and Isothermal Titration Calorimetry [22]. On 
the other hand, HPV8 E6 (thereafter named 8E6) has a 
strong tendency to self-associate and is more challenging 
to purify as a monomer (unpublished observations).

As depicted in Fig. 1, HPV E6 constructs were overex-
pressed as fusions to the C-terminus of bacterial MBP. 
MBP is known to favor solubilization of recalcitrant 
recombinant proteins [1, 2], and can be used for affinity 
purification on amylose resin. In addition, the constructs 
include a 6-His tag for immobilized-metal affinity chro-
matography (IMAC) on Nickel resin and a TEV (Tobacco 
Etch Virus) protease cleavage site allowing elimination of 
N-ter purification tags.

Impact of the reticulation level of affinity resins 

on the aggregation level of purified MBP-E6 samples

In the protocol published previously for the purification 
of soluble MBP-E6 protein [9, 10], the initial affinity step 
was performed on amylose resin. In such conditions, a 
fraction of the MBP-E6 sample formed oligomers that 
were detected by static light scattering in a fluorimeter. 
!ese soluble oligomers can be eliminated by means of 
overnight ultracentrifugation followed by preparative 
gel-filtration [19]. However, this approach requires sub-
stantial amounts of protein in order to be efficient and is 
not suitable for parallel purification of HPV E6 proteins. 
We hypothesized that testing resins of different reticu-
lation degree might be an alternative strategy to reduce 
the binding of the oligomeric proteins to the affinity 
resin since large particles cannot interact with a highly 

reticulated resin, thus promoting the preferential interac-
tion of small molecules with the affinity resin.

Here, we compared the aggregation levels of purified 
MBP-E6 protein obtained either with the same amylose 
resin than the one used in the initial protocol (thereaf-
ter called A), or with six different reticulated nickel res-
ins (numbered from N1 to N6, as detailed in Table 1). In 
order to test the preferential binding of the monomer to 
the different resins, elution was performed by centrifu-
gal filtration on a filter plate to maximize the recovered 
liquid fraction and the detection of all protein species 
eluted from the resin. !e purity of the final fractions was 
satisfactory, as checked by microfluidics capillary electro-
phoresis in denaturing conditions (Fig. 2). !e bands cor-
responding to the protein of interest are visible between 
the 44 and 72 kDa markers for MBP-16E6mut (expected 
MW = 61.4 kDa) and between the 48 and 69 kDa markers 
for MBP-8E6 (expected MW = 60.9 kDa).
!e oligomeric state of the purified protein samples 

was assessed by analytical SEC, based on absorbance 
at 280  nm. Figure  3 shows chromatograms of MBP-
16E6mut (A) and MBP-8E6 (B) purified using the initial 
protocol in which the bacterial lysate of overexpressed 
E6 protein was incubated 2 h with amylose resin. After 
washing the resin, protein was eluted by maltose-con-
taining buffer and recovered by centrifugal filtration.

According to the column calibration based on (Eqs. 1 
and 2), the elution volume for MBP-16E6mut puri-
fied on amylose resin  (Ve = 1.90 mL) corresponds to a 
molecular weight MW of 75  kDa and a hydrodynamic 
radius  Rh of 37 Å. For MBP-8E6, a similar peak appears 
at an elution volume  Ve of 1.91 mL, which would corre-
spond to a molecular weight MW = 72 kDa and a hydro-
dynamic radius  Rh = 37  Å. Considering the accuracy 
of the method and the fact that calibration is based on 
the diffusion properties of globular proteins, we assume 
that both peaks refer to monomeric MBP-E6 (theoreti-
cal molecular weights: MW (MBP-16E6mut) = 61.4 kDa, 
MW (MBP-8E6) = 60.9 kDa). Since MBP-E6 fusions are 
not globular [22], the experimental elution volumes are 
expected to be slightly lower than the calculated elution 
volume obtained from the calibration  (Ve theo = 1.95 mL).

For each tested resin, analytical SEC was performed. 
Based on absorbance at 280  nm, the monomeric 
and oligomeric protein were detected at a given elu-
tion volume. We measured the following elution vol-
umes for monomeric MBP-16E6mut and MBP-8E6 at 
 Ve = 1.92 ± 0.01 mL and MBP-8E6:  Ve = 1.99 ± 0.04 mL, 
respectively. All peaks with  Ve < 1.90  mL correspond 
to particles larger than monomer, that were therefore 
considered as oligomeric proteins (Fig.  3, Additional 
file 1). Elution peaks were integrated based on the sig-
nal of absorbance at 280 nm. !eir areas were utilized 

Fig. 1 Construct for the production of recombinant HPV E6 protein: 
MBP is used as a solubilizing fusion while 6His tag allows IMAC 
on Nickel resin. Purification tags can be removed by TEV protease 
cleavage
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Table 1 Panel of resins used for affinity purification, gathering technical data provided by the manufacturers

Manufacturer Catalogue ref Reference Affinity Nickel ligand Features Exclusion 
limit 
for globular 
proteins

Metal ion 
capacity/
binding 
capacity

Max. pressure

N 1 GE Healthcare 17-5318-06 Ni Sepharose 6 
Fast Flow

Nickel NTA 6% cross-linked 
agarose

4000 kDa Approx 
15 µmol 
 Ni2+/mL gel

0.1 MPa

N 2 ABT Agarose 
Beads Bio-
technologies

10BCL-QHNi-5 High Density 
Nickel 10 
BCL-QHNi-5

Nickel IDA 10% cross-
linked 
agarose

500 kDa 20–40 µmol 
 Ni2+/mL gel

Low pressure

N 3 ABT Agarose 
Beads Bio-
technologies

6BCL-QHNi-2 High Density 
Nickel 6 BCL-
QHNi-2

Nickel IDA 6% cross-linked 
agarose

4000 kDa 20–40 µmol 
 Ni2+/mL gel

Low pressure

N 4 ABT Agarose 
Beads Bio-
technologies

6BCL-NTANi-2 Nickel NTA aga-
rose resin 6 
BCL-NTANi-2

Nickel NTA 6% cross-linked 
agarose

4000 kDa 5–19 µmol 
 Ni2+/mL gel

Low pressure

N 5 ABT Agarose 
Beads Bio-
technologies

6NiRR-2 Nickel Rapid 
Run 6 NiRR-2

Nickel IDA 6% agarose 4000 kDa 5–19 µmol 
 Ni2+/mL gel

0.3 MPa

N 6 ABT Agarose 
Beads Bio-
technologies

6NTANiRR-2 Nickel NTA 
rapid run 6 
RR-NTANi-2

Nickel NTA 6% agarose 4000 kDa 5–19 µmol 
 Ni2+/mL gel

0.3 MPa

A NEB New Eng-
land Biolabs

E8022S Amylose resin 
high flow

Maltose Cross-linked 
agarose

Unspecified 7 mg MBP-
protein/mL 
gel

0.5 MPa

Fig. 2 Example of analysis of purified MBP-E6 fusions by microfluidics capillary electrophoresis in denaturing conditions. a MBP-16E6mut, b 

MBP-8E6. The data, which normally consist in electropherograms (e.g., curves describing migrating protein signal intensity as a function of 

molecular size), are plotted as an intensity-based projection to mimic a conventional SDS PAGE display. Molecular weights, obtained from internal 

standards, are indicated in kDa. A slight shift may sometimes be observed from one lane to another, as observed in (a). These eluted samples were 

obtained after purification on the different resins (N1–6 for the nickel resins; A for amylose resin), 2 h contact time between bacterial lysate and 

resin, filter elution
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to quantify monomeric and oligomeric species. As 
summarized in Table  2, the fraction of monomer in 
the same purification conditions is generally higher for 
MBP-16E6mut than for MBP-8E6. !is result confirms 
that MBP-8E6 is highly prone to self-association, con-
sistent with our previous observations.

!e difference between the MBP-16E6mut refer-
ence protein and the challenging MBP-8E6 protein is 
particularly visible in Fig.  4, since the proportion of 
oligomers over total purified protein is much higher 
for MBP-8E6 (values comprised between 70 and 93% 
for the different tested nickel resins, Table  2) than for 
MBP-16E6mut (between 5 and 70%). It also clearly 
appears that amylose resin retains a higher propor-
tion (90%) of MBP-16E6mut oligomers than nickel res-
ins, confirming the hypothesis of oligomer exclusion 
by reticulated nickel resins. A standard deviation of 
15% unit was inferred from the duplication of several 
experiments, warranting significance. !ree nickel res-
ins allow to purify 85% or more of monomeric MBP-
16E6mut, namely N1 (95%), N2 (87%) and N4 (85%). 
In addition, quantification of the total protein amount 
(Table  2, see “Total A280 GF Peak Area”) shows that 
N4 resin has the highest recovery capacity of total puri-
fied protein. Regarding the purified MBP-8E6 sample, 
the same three resins N1, N2 and N4 show the maximal 
ratio of monomeric state (19%, 30% and 22%, respec-
tively), although the monomer fraction obtained with 
the amylose resin (16%) is within the same range as that 
obtained with nickel resins (7 to 30%).

!e present assays showed the usefulness of using 
a reticulated nickel resin for the purification of MBP-
16E6mut, since purification trials allowed to reach up 
to 95% monomer in a single purification step. However, 
MBP-8E6, being more prone to oligomerization, could 

not yet be purified as a predominantly monomeric state 
at this step.

Optimizing the elution protocol to maximize 

the proportion of monomeric protein

At the previous stage, resins were thoroughly dried by 
centrifugal filtration in order to recover maximal liq-
uid fraction and to quantify all oligomer species that 
were bound (filter elution protocol). After probing the 
efficiency of nickel reticulated resins, we implemented 
another elution method aimed at reducing the fraction of 
oligomers in the final purified fraction. Instead of being 
filtrated, the resin/elution buffer mixture was centrifuged 
at low speed (5 min at 500×g) and the supernatant was 
collected immediately after centrifugation. !e oligomers 
are expected to diffuse out of the resin slower than the 
monomers, thereby increasing the proportion of mono-
mers in the final pipetted material.

Using this adapted elution protocol, the proportion of 
monomeric MBP-8E6 was significantly improved and 
reached up to 71% for resin N1 (Fig. 5). Resins N2 and N4 
allowed to purify up to 56% of monomeric protein, but 
N1 remains the only resin allowing to purify the high-
est total protein concentration and the largest monomer 
ratio (as defined by the proportion of monomer over the 
total amount of protein in the sample) for both MBP-
8E6 and MBP-16E6mut samples. For MBP-16E6mut, 
the two resins reaching highest monomer ratio with the 
new elution method are N1 and N2, with approximately 
86% and 88%, respectively. Although the monomer frac-
tion was significantly increased with this “decant and 
take up” elution procedure, it is noticeable that the total 
protein amount was reduced by two-fold for most of the 
resins. By adapting the elution method, we have shown 
that it is possible to significantly reduce the diffusion of 

Fig. 3 SEC chromatograms of purified MBP-E6 proteins with the initial protocol (amylose resin; 2 h contact time between bacterial lysate and resin; 
filter elution). The elution peak corresponding to the monomeric protein is indicated by an arrow, according to column calibration using standard 
proteins. a MBP-16E6mut, b MBP-8E6
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oligomeric species in solution, and subsequently to maxi-
mize the ratio of monomeric purified protein.

Reducing the contact time of bacterial extract with resin 

during the initial binding step limits protein oligomer 

binding

Contact time between affinity resin and cleared bacte-
rial lysate during the initial binding step is another criti-
cal parameter for protein purification since it determines 
the amount and the nature of protein species bound to 
the resin. On the one hand, a long incubation time should 
increase the total amount of protein that will be recov-
ered. On the other hand, a shorter incubation time might 
restrict the size of the proteins interacting with the resin. 
As large particles such as soluble oligomers diffuse slower 
in solution, their binding on affinity resin should thus be 
limited when incubation time is short.

To assess this hypothesis, we selected two resins show-
ing the highest monomer ratio for both the reference 
MBP-16E6mut and the challenging MBP-8E6 proteins, 
namely N1 and N2. Since the “decant and take up” elu-
tion method already improved the fraction of mono-
meric MBP-16E6mut by up to 70–90%, this third step 
in the optimization protocol was focused on MBP-8E6, 
the protein most prone to self-association in our study. 
Incubation time was set at either 30 min or 5 min and 
systematically compared to the 2-h reference time used 
in the previous trials. Elution was done by pipetting the 
supernatant after low-speed centrifugation of the resin 
resuspended in elution buffer. #e results presented in 
Fig.  6 show that the shorter the contact time between 
the cleared lysate and the resin, the higher the propor-
tion of monomer in the final purified fraction, confirming 
our assumption. With the N1 resin, about 75% of mono-
mers were purified with either 30 min or 5 min contact 
time whereas this ratio dropped down to 56% for the 2-h 
incubation delay. #e best monomer ratio for monomeric 
MBP-8E6 (92%) was obtained by using the N2 resin for 
purification, with a 5 min contact time and the “decant 
and take up” elution method. Considering that only 30% 
of monomers were obtained using this same resin and 
applying the initial protocol (i.e. 2-h contact time and 
elution by filtration), this result shows that our optimi-
zation brought a significant improvement to purify a 
biochemically problematic HPV E6 protein. One should 
note that this quality refinement of the purified protein 
is at the expense of a decrease of the total amount of the 
MBP-8E6 protein. It is particularly visible from the puri-
fications with the N2 resin, for which a fivefold decrease 
of the protein quantity was observed between 2-h and 
5-min contact time.

For MBP-16E6mut, the absolute amount of monomeric 
protein was further increased by applying the above 

Table 2 Summary table for  purification results: Monomer 

are defined based on  their elution volume, as  it 

follows: MBP-16E6mut:  Ve = 1.92 ± 0.01  mL; MBP-8E6: 

 Ve = 1.99 ± 0.04  mL Oligomers are defined as  all protein 

species eluted between  void volume  (V0) (included) 

and monomer elution volume (excluded)

Quantification of monomeric and oligomeric species is based on the integration 

of elution peak (absorbance at 280 nm), with estimated uncertainty of ± 15% for 

monomer/oligomer ratio and ± 57 mAU × mL for total A80 peak area based on 

duplicated   experiments

Monomer (%) Oligomer (%) Total

A280 GF peak 

area (mAU × mL)

A: MBP-16E6mut

(1) Filter elution

 N1 95 5 256

 N2 87 13 243

 N3 52 48 167

 N4 85 15 480

 N5 30 70 116

 N6 68 32 345

 A 10 90 263

(2) Pipetting elution

 N1 86 14 366

 N2 88 12 125

 N3 60 40 125

 N4 72 28 128

 N5 39 61 39

 N6 69 31 155

B: MBP-8E6

(1) Filter elution

 N1 19 81 467

 N2 30 70 113

 N3 12 88 230

 N4 22 78 256

 N5 7 93 194

 N6 9 91 404

 A 16 84 486

(2) Pipetting elution

 N1 71 29 301

 N2 56 44 117

 N3 28 72 227

 N4 56 44 121

 N5 16 84 156

 N6 74 26 89

(3) Optimization of lysate incubation time

 N1

  5 min 74 26 185

  30 min 77 23 160

  2 h 56 44 220

 N2

  5 min 92 8 25

  30 min 71 29 38

  2 h 77 23 138
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refined protocol (Fig. 7). In contrast, the amount of mon-
omeric MBP-8E6 remained approximately the same with 
both purification strategies. !e increase of the ratio of 
monomeric protein with the optimized protocol can be 
explained by the drastic elimination of oligomeric species 
(in particular those from the void volume at 1.18 mL).

Probing the activity of the purified protein by SPR

In order to assess the activity of protein samples puri-
fied according to the optimized protocol, we performed 
a protein–peptide interaction assay by SPR. !is was 
achieved using 16E6mut in order to compare with SPR 
data previously obtained on a related 16E6 mutant using 
the original large-scale approach [30].

We purified MBP-16E6mut according to our batch 
protocol: 5  min contact time between the bacterial 

a b

Fig. 4 Tests of various reticulated affinity resins (N1–6: Nickel resins; A: amylose resin, as detailed in Table 1). Elution was recovered by centrifugal 
filtration (5 min at 500×g) of the elution buffer–resin mixture. The ratio between monomer and total protein amount [monomer (black 
bars) + oligomers (dotted bar)] were calculated from the peak areas of the corresponding elution volumes. a MBP-16E6mut. b MBP-8E6

a b

Fig. 5 Test of the “decant and take up” elution method on nickel resins (N1–6: Nickel; A: amylose, as detailed in Table 1). Elution was recovered by 
pipetting the supernatant after gentle centrifugation (5 min at 500×g) of the elution buffer–resin mixture. Monomer: black bars; oligomers: dotted 
bars. a MBP-16E6mut. b MBP-8E6

Fig. 6 Optimization of bacterial extract contact time for the 
purification of MBP-8E6 on nickel resins N1 and N2: three contact 
times were tested (5 min; 30 min; 2 h). Monomer: black bars; 
oligomers: dotted bars
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lysate and the affinity resin, followed by “decant and 
take up” elution by pipetting the supernatant after short 
centrifugation in Eppendorf tube. We performed this 
protocol with N1 and N2, the two resins that gave the 
highest monomer ratio after purification with the opti-
mized elution protocol. In order to remove imidazole 
from protein solution, the final fractions were desalted 
in the SPR running buffer by bench desalting column.

Following this protocol, we purified the equivalent of 
8.5 µmol of MBP-16E6mut per liter of bacterial culture, 
which is largely sufficient to perform parallel SPR assays 

(in our setup, the minimum protein amount required 
for one SPR assay including 10 cycles is 2 nmole).

MBP-E6 was tested against its prototypical target pep-
tide, the 16-mer LXXLL motif of E6AP (PESSELTLQELL-
GEER, called thereafter E6APwt) [21]. #e CAPture kit 
system (GE Healthcare) was used to reversibly immobi-
lize biotinylated peptides on the chip. Each cycle con-
sists of an immobilization of the peptide, followed by the 
injection of the protein at a given concentration, and a 
regeneration step to wash out both the remaining protein 
and the immobilized peptide of the surface. Figure  8b 
shows the superimposition of time-aligned sensorgrams 

Fig. 7 SEC chromatograms for purified MBP-E6 proteins with initial protocol, represented with dashed line (amylose resin; 2 h contact time 
between bacterial lysate and resin; filter elution) versus optimized protocol, represented with continuous line (N2 nickel resin; 5 min contact time; 
“decant and take up” elution). The elution peak corresponding to monomeric protein is indicated by the arrow. a MBP-16E6mut. b MBP-8E6

Fig. 8 SPR data for the assessment of MBP-16E6mut interaction properties. The protein was purified on nickel resins N1 (top) and N2 (bottom) 
according to the optimized protocol (5 min contact time between the bacterial extract and the affinity resin, “decant and take up” elution). a 
Sensorgrams for the interaction with E6APmut, plotting the response normalized by the peptide immobilization level versus time. b Sensorgrams 
for the interaction with peptide E6APwt, same axes. c Steady-state analysis of interaction with E6APwt, plotting the equilibrium response  Req 
obtained in a 5-s. Window versus protein concentration
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obtained for different concentrations after reference sub-
straction and normalization according to the peptide 
immobilization level. As a negative control, we tested the 
interaction against an E6AP mutant (PESSELTAQELL-
GEER, called thereafter E6APmut) abolishing the binding 
(Fig. 8a). No significant signal was observed for this con-
trol. In particular, the association phase does not display 
any concentration-dependent signal.

Steady-state analysis was performed to estimate disso-
ciation constants  (KD) of the MBP-16E6mut interacting 
with E6APwt (Fig. 8c). For the protein samples purified 
on resins N1 and N2, the estimated  KD were 1.6 ± 0.3 µM 
and 2.0 ± 0.3  µM, respectively. "ese data are in close 
agreement with a previously published SPR analy-
sis of the binding of purified HPV16 E6 to the LXXLL 
motif of E6AP [30]. In that study, the obtained  KD was 
4.15 ± 0.52 µM. "e moderate difference in the absolute 
affinity constant measured in that previous work might 
be due to several changes in the experimental setup. In 
the former publication, the recombinant peptide was 
fused to GST and further captured on CM5 chip via an 
anti-GST antibody, whereas biotinylated synthetic pep-
tides used in the present study were reversibly captured 
on CAP chip. In addition, the previous publication used 
a distinct mutant of HPV16 E6, called E6 6C/6S. "is for-
mer mutant included two additional cys/ser mutations 
that were later shown to slightly destabilize the N-ter-
minal domain of HPV16 E6 [31]. Despite these experi-
mental differences, the good agreement between affinity 
measurements indicates that the optimized single-step 
purification protocol is efficient to obtain protein sample 
in an active form.

Discussion
Quality of recombinant protein sample can be improved 
by optimizing either the expression or the purification 
process. "e present work mainly focused on the purifi-
cation process to maximize the yield of soluble overex-
pressed protein. Our purpose was to obtain an MBP-E6 
sample as homogeneous as possible from the available 
material based on the expression conditions in E. coli that 
we previously published [9].

E6 oncoproteins from papillomaviruses contain two 
zinc-binding domains and have been found to interact 
with some host proteins through LXXLL motif recogni-
tion, such as E6AP ubiquitin ligase [32]. After overex-
pression in E. coli and purification, it was reported that 
MBP-E6 forms mixtures of soluble active monomers 
and soluble oligomers comprising misfolded E6 moie-
ties (thus unable to specifically bind LXXLL motifs) [10]. 
"ese oligomers can be eliminated by overnight ultra-
centrifugation followed by size-exclusion chromatogra-
phy [22]. Although this approach is appropriate for X-ray 

crystallography, a faster and easier protocol was designed 
here for the purpose of performing protein–peptide 
interaction assays in parallel. As compared to structural 
studies, binding assays generally need less material, yet 
high homogeneity and solubility are required. "us, our 
ultimate quality criterion was the percentage of active 
protein rather than the overall purification yield. We 
designed a single-step batch purification process maxi-
mizing the proportion of monomeric and active MBP-E6 
protein. "is approach is compatible with parallel puri-
fications and generates sufficient amounts of protein for 
our biophysical assays. In the present study, we investi-
gated the purification of two HPV E6 oncoproteins fused 
to MBP: the solubility-enhanced mutant HPV16 E6 F47R 
4C/4S (16E6mut) whose structure was solved by X-ray 
crystallography, and the HPV8 E6 (8E6) which, in our 
experience, was particularly recalcitrant to purify as a 
monomer.
"is study aimed at the preferential selection of mon-

omeric protein species within a single purification step. 
Oligomers can be distinguished from monomers based 
on their size, more precisely their volume in solution. "e 
radius of a particle in solution is correlated with the dif-
fusion coefficient D according to the Stokes–Einstein for-
mula [33]:

with k the Boltzmann constant, T the temperature, η 
the viscosity coefficient of the medium and r the radius. 
"us, larger protein species diffuse slower than mono-
mers in solution. Based on these size and diffusion prop-
erties, we optimized three parameters in the purification 
protocol: (i) reticulation of affinity resin, (ii) contact time 
between the bacterial lysate and the resin and (iii) elu-
tion by “decant and take up” method. Adapting the resin 
reticulation is a way to select particles based on their size 
in solution that is faster and easier to parallelize than 
SEC. "e two other optimization lines rely on the distinct 
diffusion properties of oligomers and monomers. First, 
a reduced contact time limits the binding of oligomeric 
species on the resin. Second, a fast elution method by 
pipetting only the supernatant fraction enables the pref-
erential recovery of monomeric species.

To discriminate particles based on their volume in 
solution, reticulated resins can be selected to set a spe-
cific exclusion limit by adapting the pore size and the 
agarose concentration. Protein species exceeding a 
threshold hydrodynamic volume in solution will not be 
able to enter the affinity resin pores. "is property allows 
a double selection based on the protein size and the affin-
ity tag, within a single step.

We compared the size of particles retained on differ-
ent types of resin, amylose resin and nickel resins with 

D = kT/6πηr
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distinct reticulation levels. In particular, resin N2 was a 
10% cross-linked agarose resin excluding proteins above 
500  kDa (10% BCL Agarose Bead Standard, ABT) that 
was functionalized to bind Nickel, whereas all other 
nickel-chelating resins have an exclusion limit of about 
4000  kDa. Our results (notably with MBP-16E6mut) 
showed that amylose resin leads to the purification of a 
larger fraction of oligomers than nickel resins. N2 resin 
was the most efficient resin to purify the monomeric 
form of both MBP-16E6mut and MBP-8E6, which con-
firms the efficiency of adapting affinity resin pore size 
to limit the purification of aggregates. N1 resin was the 
second most efficient resin to maximize the ratio of 
monomeric protein. In addition, the highest total protein 
amount (including both monomer and oligomers) was 
purified with N1 resin.

"e proportion of purified unwanted oligomers can 
be minimized by reducing incubation times at key steps 
of the process. First, the contact time between the bac-
terial crude extract and the affinity resin can be reduced 
in order to minimize the binding of oligomers, as dem-
onstrated with the recalcitrant MBP-8E6 construct for 
which the highest monomer fraction was obtained for 
the minimum contact time. Second, the elution method 
can be designed to recover a predominantly monomeric 
species capable to rapidly diffuse to the supernatant. 
"is approach increased by two-fold the ratio of puri-
fied monomeric MBP-8E6, despite its natural tendency to 
form a majority of oligomeric species.

Finally, we were able to confirm by SPR the binding 
affinity between E6APwt LXXLL peptide and MBP-
16E6mut purified according to our optimized protocol 
and using the two nickel reticulated resins that allowed to 
purify highest proportion of monomeric protein (N1 and 
N2). "e protein did not interact with the mutated motif 
E6APmut (AXXLL), which rules out the possibility of 
unspecific interactions that might happen with misfolded 
proteins and/or aggregated proteins.

Conclusions
In the present work, we designed a single-step purifica-
tion strategy optimized for maximal recovery of mono-
meric MBP-E6 that we accurately quantified by means of 
analytical SEC. By using a customized reticulated resin, 
adapting the contact time and performing fast elution, we 
were able to reach high monomer ratios in the final puri-
fied fraction. "is method was particularly efficient for 
the solubility-enhanced mutant MBP-16E6mut and the 
highly aggregation-prone MBP-8E6. As assessed by SPR, 
the purified MBP-16E6mut protein interacts with its 
known partner within the expected range of affinity. "is 
method is promising for forthcoming biophysical stud-
ies with recalcitrant proteins, while allowing to perform 

parallel purifications. "e approach should also be eas-
ily adaptable to robotization. It would be interesting to 
automatize this protocol for purifying at high throughput 
families of proteins, which, like E6 oncoproteins, are dif-
ficult to fold except when fused to MBP or other soluble 
carrier proteins. "e overexpression of such constructs 
leads to a limited proportion of properly folded and 
active monomers that require to be separated from non-
active oligomers, which is now possible using the proto-
col presented here.

Methods
Customized Nickel resin N2

Preparation

High Density Nickel 10BCL has been manufactured as a 
customized product by Agarose Bead Technologies. "e 
resin consists of crosslinked 10% agarose beads to which 
a Nickel chelating group has been immobilized. "is 
chelating group has been obtained by a modification of 
the procedures described elsewhere [34, 35] using 10% 
BCL Agarose Bead Standard as raw material. "e epoxide 
generated has been treated with iminodiacetic acid and 
charged with  Ni2+ ions according to a modification of the 
method previously described.

Characterization

"e characteristics of 10% BCL Agarose Bead Standard 
for protein separation based on their molecular weight 
are the following: the fractionation range for globular 
proteins is 1 × 104–5 × 105 Da and the exclusion limit is 
> 5 × 105 Da. Nickel was quantified by spectrophotomet-
ric assay, resulting in 34 µmol  Ni2+/mL gel.

Expression and fast batch purification procedure

"e sequences encoding for 16E6mut (already described 
in [22]) and for 8E6 were cloned into a pETM-41 vector 
by using NcoI and Acc65I sites, allowing the production 
of MBP-6His-TEV site-E6 fusions (Fig. 1). "e sequence 
encoding for 8E6 was kindly provided by Yves Jacob from 
Pasteur Institute (Paris, France) and corresponds to a 
variant with three substitutions as compared to the ref-
erence protein sequence (Uniprot ID: P06428), namely 
Y9N, A26E and S36L.

Both constructs were expressed in Escherichia coli 
BL21 (DE3) cells, grown in LB medium supplemented 
with kanamycine 50  µg/mL at 37  °C until  OD600 ≈ 0.7. 
Expression was induced by adding 0.5  mM IPTG (Iso-
propyl β--1-thiogalactopyranoside) and 100 µM  ZnSO4. 
Cells were grown overnight at 16  °C and harvested by 
centrifugation. Pellets were stored at − 20 °C.

Purification buffers were thoroughly degassed and 
equilibrated with argon before adding 2 mM DTT. Cul-
ture pellets were then resuspended in lysis buffer, which 
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was Buffer A (Tris 50 mM pH 8; NaCl 400 mM; DTT 
2 mM) supplemented with 5% (w/v) glycerol, 0.25 µg/
mL RNase I, 0.25 µg/mL DNase I, lysozyme at approxi-
mately 1 µg/mL and anti-protease cocktail EDTA-free 
(Roche) according to the manufacturer instruction. 
"is buffer was supplemented with 10 mM imidazole 
for purification on Nickel resins. Pellet equivalent to 
250 mL culture volume was resuspended in 10 mL lysis 
buffer. Cells were lysed by sonication on ice and then 
centrifuged at 100,000×g at 4 °C for 45 min. "e super-
natant was then incubated at 4  °C with either nickel 
(100  µL resin for 250  mL culture pellet) or amylose 
resins (300 µL resin for 250 mL culture pellet), equili-
brated in Buffer A supplemented with 20% of the rec-
ommended concentration of anti-protease cocktail. "e 
incubation time of the cleared lysate with the resin was 
2 h in the initial purification tests, before to be evalu-
ated as a variable parameter (5 min, 30 min or 2 h) and 
reduced to 5 min in the final optimized protocol. "e 
resins were pelleted by 5 min-centrifugation at 500×g 
at 4  °C; the supernatant was discarded and the resins 
were first washed in Buffer A (30  min incubation at 
4  °C), then in Buffer B (Tris 50 mM pH 8, NaCl 1 M, 
DTT 2 mM, 20% of the recommended concentration of 
anti-protease cocktail and supplemented with 10 mM 
imidazole for Nickel resins) with same incubation time 
and temperature. Resins were re-equilibrated in Buffer 
A during 10  min at 4  °C before elution. Resins were 
then transferred in Eppendorf tubes, pelleted by cen-
trifugation for 5 min at 500×g, 4  °C and supernatants 
were discarded. Finally, resins were resuspended in elu-
tion buffer (Buffer A supplemented with 20% anti-pro-
tease cocktail and, for Nickel resins: imidazole 600 mM; 
for Amylose resin: maltose 15 mM). 100 µL Nickel resin 
were eluted with 140 µL imidazole elution buffer while 
300 µL amylose resin were eluted with 200 µL maltose 
elution buffer.

For standard elution, resins were transferred in 96-well 
filter plate and centrifuged 5 min at 500×g and 4  °C for 
maximal recovery of liquid phase by filtration. For the 
optimized elution protocol, the tube content was then 
rapidly mixed by gentle vortex and immediately centri-
fuged during 5 min at 500×g and 4  °C. "e supernatant 
was recovered and used as final purified protein solu-
tion. Protein concentration was determined by Nanodrop 
measurement, based on absorbance at 280 nm. Final pro-
tein samples were systematically analyzed either by SDS-
PAGE or by microfluidics capillary gel electrophoresis 
in order to check the presence of protein contaminants 
in denaturing conditions. Prior to SPR assays, protein 
samples were desalted on Illustra NAP-5 columns (GE 
Healthcare) equilibrated in Buffer A allowing to eliminate 
imidazole or maltose from the solution.

Microfluidics capillary gel electrophoresis

Purification samples (from the washing steps and elu-
tion) were transferred in 96-well plates, mixed with the 
Caliper sample buffer and boiled according to the manu-
facturer instructions. "e plates were loaded and meas-
ured on LabChip GX II device (Caliper, Perkin Elmer), 
with HT Protein Express 100 High Sensitivity protocol 
(10–100 kDa). "e kit allows to label the proteins with a 
fluorescent dye. "is dye is excited by a laser during pro-
tein capillary electrophoresis in denaturing conditions. 
"e emitted fluorescence signal is plotted versus migra-
tion time, leading to the protein separation according to 
their molecular weight. Data processing is performed 
with LabChip GX II software. Migration time is first 
converted into molecular weight using standard pro-
tein markers before a quantitative analysis is performed 
thanks to empirical linear correlation between fluores-
cence intensity and protein amount.

Analytical size-exclusion chromatography

Samples used for analytical SEC were centrifuged 5 min 
at 13,700×g, 4 °C and only the supernatant was loaded on 
the column Superdex 200 Increase 5/150 GL (GE Health-
care) previously equilibrated in Buffer A. SEC run was 
performed on ÄKTA purifier (GE Healthcare), by inject-
ing 50  µL per sample, with flow set at 0.150  mL/min. 
Spikes of absorbance 280 nm signal due to air bubbles 
were excluded from the chromatogram before perform-
ing data analysis. "e original chromatograms are pro-
vided in Additional file 2.

We calibrated the column with Gel Filtration Calibra-
tion Kit High Molecular Weight (GE Healthcare), using 
a solution of dextran Blue (0.1 mg/mL) and two mixes. 
Mix 1 was composed of ovoalbumine (4 mg/mL), aldo-
lase (4  mg/mL) and thyroglobuline (5  mg/mL). Mix 2 
contained ferritine (0.3 mg/mL) and conalbumine (3 mg/
mL). Each of the three calibration solution was loaded 
in a 50 µL loop and injected separately at a flow rate of 
0.150  mL/min on the column previously equilibrated 
in Buffer A. "e resulting elution volumes were used to 
establish a calibration plot to determine the molecular 
weight MW, based on the following equation [33]:

where Kav stands for the available distribution coefficient, 
Ve corresponds to the elution volume of each injected 
protein, Vo is the void volume of the column (determined 
by the elution volume of the dextran blue) and Vt is the 
total bed volume (3 mL with this specific column). "us, 
the coefficients a and b were determined by linear regres-
sion using the following equation [33]:

Kav =

Ve − Vo

Vt − Vo
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Moreover, the hydrodynamic radius Rh was determined 
according to:

where c and d coefficients are determined by linear 
regression [33].
!e area of elution peaks (based on absorbance at 

280 nm) was calculated using the evaluation module of 
Unicorn 5.31 software.

According to the column calibration, we inferred the 
elution volume of monomeric (approximately 1.92 mL) 
and oligomeric MBP-E6  (Ve < 1.90 mL). For each assay, 
the area of the elution peak corresponding to the mono-
mer was divided by the area of peaks corresponding to 
all eluted protein species (monomeric and oligomeric), 
allowing us to measure the ratio of monomer and oli-
gomer in the purified protein sample.

Regarding the ratios of monomeric protein, we 
observed that the duplication of the data leads to stand-
ard deviations never exceeding 15% unit. !is value 
has consequently been considered as the uncertainty of 
monomer/oligomer ratios in this work. !is uncertainty, 
although given as a percentage, corresponds to the abso-
lute variation of the ratio of monomeric protein and not 
as a relative variation coefficient.

Peptide synthesis

To test the ability of the purified protein to interact 
with LXXLL peptides, we used two synthetic pep-
tides: E6APwt (PESSELTLQELLGEER) and E6APmut 
(PESSELTAQELLGEER). Both peptides were N-ter 
biotinylated with a TTDS spacer (N-(13-amino-4,7,10-
trioxa-tridecayl)-succinamic acid) (Iris Biotech GMBH) 
and synthesized either by JPT Innovative Peptide Solu-
tions or by the peptide synthesis service at IGBMC with 
70–80% purity. !e lyophilized peptides were resus-
pended in water at a final stock concentration of 5 mM 
and stored at − 20 °C.

Surface plasmon resonance

Peptide–protein interaction assays were performed by 

surface plasmon resonance (SPR) on a Biacore T200 

instrument (GE Healthcare—Biacore) at 25 °C. !e run-

ning buffer was Tris 50 mM pH 8, NaCl 400 mM, DTT 

2 mM and 0.005% (v/v) surfactant polysorbate 20 (GE 

Healthcare). We used Biotin CAPture kit (GE Health-

care—Biacore) for the reversible capture of biotinylated 

peptides on a chip. Briefly, the chip is coated with a 

deoxyribooligonucleotide that hybridizes with the 

(1)Kav = a × log (MW ) + b

(2)
√

− log10 (Kav) = c × Rh + d

complementary strand bound to streptavidin. !e bioti-

nylated peptide binds to streptavidin and can be washed 

by dehybridizing the two oligonucleotides. An empty 

control surface was systematically included on every 

cycle to serve as a reference for non-specific binding of 

the analyte to the matrix and for monitoring changes 

in solution refractive index. !is reference surface was 

treated as the peptide surfaces except that peptide injec-

tion was omitted. Kinetic runs were performed by inject-

ing series of two-fold cascade dilutions of the analyte 

MBP-E6 samples, starting from 10 µM.

!us, at the beginning of each binding cycle, CAPture 

reagent (diluted 5 times in running buffer) was injected 

on all channels during 300  s at 2  µL/min. For peptide 

surfaces, peptide solution (50  nM) was injected during 

15–30 s at 10 µL/min in order to reach 4–15 RU immo-

bilization level. Protein sample was then injected dur-

ing 60 s at 30 µL/min, followed by 120 s buffer flow. !e 

surfaces were then regenerated by injecting regeneration 

solution as indicated by the manufacturer (guanidine 

hydrochloride 6 M; sodium hydroxide 250 mM) for 60 s 

at 5 µL/min.

!e SPR signals from the regions corresponding to the 

protein injection and post-injection phases were plot-

ted as RU versus time. Data were first processed using 

the Biacore T200 Evaluation 1.0 software (GE Health-

care, Biacore Life Science, Uppsala, Sweden). Sensor-

grams obtained for the different protein concentrations 

were corrected for buffer effects and bulk refractive 

index changes by subtracting the empty cell signal, and 

subsequently normalized according to the peptide levels 

which can slightly differ from cycle to cycle due to the 

immobilization process. !e steady-state binding sig-

nal was derived by averaging the signals at equilibrium 

within a five second-window  (Req). Steady-state analysis 

was performed using an in-house Python script by fit-

ting the average and normalized signal  Req as a function 

of total analyte concentration, and assuming a simple 

1:1 interaction binding isotherm model. Uncertainties 

of the derived parameters were estimated using Monte-

Carlo approach, considering an experimental uncertainty 

of 5 RU. !is value was estimated by duplicating the full 

experimental cycle corresponding to a single protein 

concentration.

Additional files

Additional file 1. Corrected size-exclusion chromatograms. Prior to 
protein peak integration, spikes due to air bubbles were excluded. A: 
Chromatograms for analytical SEC of MBP-16E6mut. In order to control to 
oligomeric state of the purified protein, we performed systematic analyti-
cal SEC on the final protein sample. The calibration of the column allowed 
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us to estimate the size of the particles at different elution volumes, thus 
the elution peak of monomeric protein is indicated by an arrow. Note the 
increase of the monomer fraction compared to the total amount of puri-
fied protein when shifting from the filter elution to the “decant and take 
up” elution method. B: Chromatograms for analytical SEC of MBP-8E6. On 
this protein challenging to purify, the increase of the monomer fraction 
(indicated by an arrow) between the two elution methods is dramatic. C: 
Chromatograms for analytical SEC of MBP-8E6: optimization of bacterial 
extract contact time. The elution peak of monomeric protein is indicated 
by an arrow. The decrease of the oligomeric fraction (eluted between the 
void volume  V0 and the monomer fraction) is particularly visible for nickel 
resin N1.

Additional file 2. Raw size-exclusion chromatograms. We provide in 
this file the raw data of size-exclusion chromatograms used in the study 
(absorbance at 280 nm versus elution volume). The protein (MBP-
16E6mut, MBP-8E6), resin (N1…N6, A), elution method (filter, decant) and 
contact time for optimization assays (2 h, 30 min, 5 min) are indicated 
in the worksheet names. The first worksheet entitled Readme contains 
explanations on the nomenclature used for worksheet titles.
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biotin-saturated resin provide negative controls. All filtrates are 
then systematically subjected to quantitative microfluidic capil
lary electrophoresis (Fig. 1 ). Whenever a domain binds a ligand, 
the domain peak intensity in the filtrate of the ligand-saturated 
resin lig decreases as compared to the domain peak intensity in 
the control filtrate ctrl (Fig. 1 ). To eliminate scale differences due 
to discrepancies in sample loading input, we normalize domain 
peak intensities in the compared filtrates against an internal 
standard peak (Fig. 1 ).

Because the protocol uses a fixed amount of resin fully saturated 
with ligand peptide, the concentration of ligand is expected to be 
the same in all measurements. The fraction of domain bound to 
ligand-saturated resin can therefore be used to define a binding 
intensity (BI), which allows us to quantify and rank the affinities 
of all domain-ligand pairs measured. Equilibrium dissociation 
constants ( ) can also be estimated from the measurements 
(see Online Methods).

Validation of automated holdup assay

We previously measured by surface plasmon resonance (SPR; 
Biacore) 210 interactions involving 42 biotinylated peptides 
and five MBP-fused PDZ constructs (MAGI1-2/6, MAGI1-3/6, 

SCRIB-3/4, SCRIB-4/4 and SCRIB-34/4), revealing a variety of 
affinities ranging from micromolar to submillimolar . We used 
these 210 interactions as a benchmark for the automated holdup 
assay, performed using three 96-well plates at a rate of 90 min 
per plate for the interaction assay, plus 66 min per plate for the 
analysis by capillary electrophoresis. Holdup and SPR data were 
in good agreement (correlation coefficient  = 0.76; Fig. 2a

and Supplementary Table 1). The best correlation (  = 0.81) 
was obtained for affinities in the 15–100 M range (Fig. 2 ). 
Furthermore, the holdup assay detected and discriminated very 
weak affinities (in the submillimolar range) for many PDZ-
peptide pairs that had not generated any signal in the SPR study 
(SCRIB-4/4; Fig. 2 ). We estimate that avidin resin–based holdup 
can detect relevant binding intensities for  values up to 300 M 
(Online Methods). The weakest affinity detectable in a holdup 
assay is dictated by the resin capacity, which determines the 
concentration of resin-attached ligand in the binding reaction.

For stronger PDZ-peptide complexes in the 1–10 M affin
ity range, our standard holdup protocol delivered saturated 
maximal binding signals and therefore failed to rank affinities 
in that range in contrast to SPR (Fig. 2 ). Additional holdup 
runs using serial dilutions of both peptide-saturated resin and 
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Figure 1 | Principle, readout and data treatment of the high-throughput holdup assay. ( ) Soluble extracts of overexpressed domains are incubated 
with resin saturated with ligands (here, biotinylated peptides) and then filtered. Flow-throughs are analyzed by microfluidic capillary electrophoresis. 
A decrease in domain signal in the flow-through reveals domain-peptide interactions and allows for determination of binding intensities (BI) using the 
depicted formula. ( ) Top, the readout consists in electropherograms (here displayed as virtual gels) of extracts of the indicated MBP-PDZ constructs 
filtered through resin coated with negative control (biotin) or peptide (for example, 16E6LV). Bottom, overlaid electropherograms of peptide (red) 
and biotin (blue) flow-throughs reveal both the occurrence and the strength of binding events. Instances of strong binding (MAGI1-2/6 vs. 16E6LV), 
no binding (SCRIB-4/4 vs. TMFLJ_05) or moderate binding (SCRIB-34/4 vs. NET1_05) are shown. ( ) Electropherograms displaying scale discrepancies, 

before and after normalization against an internal standard peak (here, lysozyme). Values of the resulting ‘uncorrected’ and ‘corrected’ BIs are indicated.
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A B S T R A C T

Many protein-protein interactions are mediated by short linear peptide motifs binding to cognate proteins or
protein domains. Such interactions often display affinities in the mid-micromolar range that are challenging to
quantify accurately, especially when the motifs harbor single-point mutations. Here, we present a manual
benchtop assay for determining affinities of weak interactions between a purified protein and a peptide array
representing mutants of a target motif. The assay is based on the “holdup” principle, a chromatographic ap-
proach allowing sensitive detection of weak interactions at equilibrium and accurate estimation of their binding
free energy. We tested two alternative setups using, as a readout, either capillary electrophoresis or fluorescence.
Using this approach, we studied the amino acid sequence determinants of the interactions between HPV16 E6
viral oncoprotein and single-point mutants of its prototypical target LXXLL motif from the E3 ubiquitin ligase
E6AP. Comparing SPOT peptide array and holdup approaches revealed a good agreement for most interactions
except the weakest ones, which were only detected by holdup assay. In addition, the strongest interactions were
validated by Surface-Plasmon Resonance. The manual holdup procedure proposed here can be readily adapted
for accurate evaluation of a wide variety of protein-motif interactions displaying low to medium affinities.

1. Introduction

Many protein-protein interactions are determined by the recogni-
tion of short linear motifs (SLiMs) by proteins or folded domains [1].
Binding motifs are located within intrinsically disordered regions of
proteins and mediate transient, low-affinity interactions in the micro-
molar range [2]. The involvement of each residue in protein-motif in-
teraction can be deciphered by generating single-point mutants and
testing their interaction properties. However, in order to discriminate
the binding features of various mutants, a binding assay with high
sensitivity, accuracy and reproducibility is required.
A variety of methods can be used to assess protein-protein interac-

tions. Phage display, yeast two-hybrid and protein complementation
assays are powerful high-throughput methods. Proteomic peptide
phage display allows screening binding peptides in a phage library
entailing the disordered regions of the human proteome [3]. Recently, a

NanoLuc Two-hybrid assay was reported for high-throughput pro-
teome-scale mapping of protein-protein binding [4]. However, all
above-listed techniques have a binary output: “binding or no binding”.
To complement these qualitative screening approaches, several bio-
physical technologies allow affinity quantification (e.g. Isothermal Ti-
tration Calorimetry (ITC), Surface Plasmon Resonance (SPR), …). Al-
though these approaches can lead to the accurate quantification of
dissociations constants, they generally have a low-throughput and re-
quire a certain level of know-how for handling specific devices and
analyzing the results. Recently, innovative high-throughput methods
have been developed for the detection and quantification of protein-
protein interactions. A Multireporter Bacterial 2-Hybrid strategy was
reported for high-throughput identification of in vivo binding partners
[5]. The binding partners are identified by deep sequencing and a
fluorescence output allows the approximation of their relative binding
affinity. A novel technology called MRBLE-pep uses peptides
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synthesized on spectrally encoded beads for quantifying the protein
binding affinity to a peptide library [6]. Despite the high potency and
robustness of these approaches, their use requires specific equipment
and expertise, in particular for the peptide synthesis of the MRBLE-pep
technology.
To fill the gap between high-throughput qualitative and low-

throughput quantitative binding detection methods, we previously de-
veloped the holdup comparative chromatographic retention assay,
which allows evaluating the affinity of hundreds of domain-motif in-
teractions in a single experiment. This assay involves testing the in-
teraction between an analyte (protein) in solution and a ligand (bioti-
nylated peptide) immobilized on resin (Fig. 1). This approach was
originally demonstrated for two viral PDZ-binding motifs tested against
a large library of more than 200 PDZ domains [7]. However, in this
previous work the holdup assay was performed in an automated setup
requiring specific equipment (mainly, a multifunction liquid-handling
robot and a microcapillary electrophoresis). Here, we aimed to develop
a streamlined holdup protocol that can be performed manually with
standard laboratory equipment. Furthermore, we tested whether the
assay would be applicable to quantitatively assay the binding of a given
protein to a large array of peptides, rather than the binding of a given
peptide to a large array of proteins.
Human Papillomaviruses (HPV) are small DNA viruses infecting

epithelia, of which a subset causes cancer. Responsible for 61% of
cervix [8] and 90% of oropharyngeal cancers [9], HPV type 16 is the
most prevalent carcinogenic HPV. Once expressed in the host cell, the
viral oncoproteins E6 and E7 trigger viral replication by activating cell
proliferation. In particular, E6 protein was reported to hijack several
human proteins by interacting with a leucine-rich consensus sequence
LXXLL motif [10,11]. Our team published the structure of E6 onco-
protein from HPV16 in complex with the LXXLL motif from the E3
ubiquitin ligase E6AP (E6-Associated Protein) (thereafter named
E6APLXXLL) [12]. Once formed, the heterodimer E6/E6AP recruits the
tumor suppressor p53 and induces its proteasomal degradation
[13–15].
In the present work, we investigated the critical positions within the

LXXLL peptide motif that govern the affinity of HPV16 E6/E6APLXXLL
interaction, by means of systematic measurements of the binding affi-
nity of purified HPV16 E6 towards a peptide array of 45 single points
mutants of the E6APLXXLL motif. Since the affinity of the wild-type
complex is relatively weak (in the micromolar range) we needed an
approach combining high throughput and high sensitivity and accuracy
for measuring affinities in the mid-micromolar range. To this aim, we
designed a manual holdup assay protocol, which used chemically syn-
thesized biotinylated peptides and freshly purified monomeric HPV16
E6 F47R 4C/4S (thereafter named 16E6). As the proper quantification
of the unbound protein fraction is critical in a holdup assay, we present
and compare here two options: capillary electrophoresis and fluores-
cence spectroscopy. This holdup strategy has proven to be reliable as
confirmed by cross-validating the results with i) SPOT peptide arrays
for all peptide mutants and ii) SPR for the highest affinity peptide
mutants. This assay can be adapted to any protein-motif interaction
including those involving aggregation-prone proteins, as demonstrated
here with HPV E6 oncoprotein.

2. Material and methods

2.1. Protein expression and purification

The solubility-enhanced mutant of HPV16 E6 protein F47R C80S
C97S C111S C140S was fused to a mutant of Maltose-Binding Protein
(MBP) as previously described for crystallographic purposes [12]. For
SPOT assays requiring a His-tag for the detection of MBP-16E6, an MBP-
6His-TEVsite-E6 fusion was constructed by cloning the 16E6 sequence
into pETM-41 vector by using NcoI and Acc65I restriction sites.
The protein was recombinantly expressed in Escherichia coli BL21 (DE3)

grown in LB medium supplemented with glucose 0.2% (w/v) and kana-
mycin 50 μg/mL. Bacteria were grown at 37 °C until OD600≈ 0.7, induced
by adding 0.5 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) and ZnSO4
100 μM, incubated overnight at 16 °C and harvested by centrifugation.
To avoid the formation of intermolecular disulfide bridges, all

purification buffers were extensively degassed and equilibrated with
argon before adding reducing agent.
16E6 was purified as previously described [12]. Briefly, bacterial pellets

were resuspended in Buffer A (Tris HCl 50 mM pH 8.00, NaCl 300 mM and
2 mM DTT) supplemented with glycerol 5% (w/v), RNAse 0.25 μg/mL,
DNAse 0.25 μg/mL, lysozyme at approximately 1 μg/mL and EDTA-free
protease inhibitor cocktail (Roche) at the recommended concentration. Cells
were disrupted by three Microfluidizer cycles and centrifuged 45 min at
150,000×g at 4 °C. For MBP-mediated purification, supernatant was loaded
on packed amylose resin (New England BioLabs), washed with buffer A and
eluted with buffer B (Tris HCl 50 mM pH 8.00, NaCl 300 mM, DTT 2 mM,
maltose 15 mM, protease inhibitor cocktail at 20% of the recommended
concentration). To eliminate MBP-16E6 aggregates, the sample was then
ultracentrifuged 15 h at 200,000×g at 4 °C in swing rotor. As a final step to
isolate monomers, the supernatant was purified by size-exclusion

Abbreviations

BSA Bovine Serum Albumin
DTT Dithiothreitol
HPV Human Papillomavirus
IPTG Isopropyl β-D-1-thiogalactopyranoside
MBP Maltose-Binding Protein
SEC Size-Exclusion Chromatography
SPR Surface Plasmon Resonance

Fig. 1. Schematic representation of the holdup assay principle. Adapted
from Refs. [7]. The analyte in solution is incubated with ligand immobilized on
beads and then extracted by centrifugal filtration. A quantification of the un-
bound analyte allows the calculation of a binding intensity (BI), which can be
further correlated with dissociation constant.

A. Bonhoure, et al.
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chromatography in Buffer A on HiLoad 16/600 or 26/600 Superdex 200
columns (GE Healthcare).

2.2. Peptide synthesis

Biotinylated peptides were synthesized by either JPT Innovative Peptide
Solutions with>70% purity or by peptide synthesis service from IGBMC
with>80% purity. They are all N-terminally conjugated to biotin via a
TTDS spacer (N-(13-amino-4,7,10-trioxa-tridecayl)-succinamic acid) (Iris
Biotech GMBH). The proper resuspension of the lyophilized peptides was
ensured by overnight incubation of the lyophilized peptide in water at a
final concentration of 5 mM. If particles in suspension were still visible,
water was supplemented with ammonia 10% or sodium hydroxide until
complete resuspension of the peptide. The resulting solution was stored at
−20 °C. Their sequences correspond to the LXXLL motif from E6AP isoform
II (uniprot ID: Q05086) residues 402 to 417, with the indicated mutations.

2.3. Holdup assay

2.3.1. Principle
Holdup is a comparative chromatographic retention assay [16] for

which a robotized protocol was previously described [7]. In the present
work, the assay was performed manually in 96-well plates using common
eight-channel micropipettes. The analyte (in our setup, MBP-16E6) was
incubated either with ligand-saturated beads (here, biotinylated LXXLL
peptides) or with biotin-saturated beads as a negative control. After 15 min
incubation of the analyte/beads mixture, the liquid fraction was recovered
by centrifugal filtration. The liquid fraction contained the free analyte,
which was directly quantified. By comparing the concentration of free
analyte after incubation with the peptide ligand versus the negative control,
the proportion of ligand-bound analyte was deduced.

2.3.2. Manual holdup assay protocol
For cysteine-rich proteins sensitive to oxidation: All buffers were de-

gassed and extensively equilibrated with argon gas before adding re-
ducing agent.
The experiment was performed at room temperature.
Remark: The temperature can be adjusted to the protein's stability as

long as it is correctly indicated for conversion into binding free energy
ΔG (see section 2.8 for further information on free energy calculation).

1) Resin dilution and transfer in the filter plate: 3.7 mL (50% slurry
suspension in ethanol 20%) streptavidin Sepharose High-
Performance beads (17-5113-01, GE Healthcare) were equilibrated
in 20.3 mL buffer A. The bead suspension was homogenized by up
and down pipetting with a multichannel pipette and dispensed in a
96-well filter plate (MSDVN65, Millipore). For each well, 200 μL
suspension (corresponding to 15 μL beads) were transferred.
Critical step: the resin should be properly homogenized before being
distributed on the plate. Comparative analysis is only possible when
an equivalent amount of resin is present in each well of the plate.
2) Resin equilibration in the filter plate: the liquid fraction was re-
moved by Vacuum Manifold (NucleoVac 96, Macherey-Nagel). The
resin was washed twice with 200 μL buffer A per well.
3) Peptide dilution: Biotinylated peptides and biotin were diluted at
62.5 μM in Buffer A in a V-shape 96-well plate.
4) Biotinylated peptide-streptavidin conjugation: 80 μL ligand (in our case,
biotinylated peptide) or negative control (in our case, biotin, B4501,
Sigma-Aldrich) at 62.5 μM were incubated with streptavidin beads for
15 min under 1,200 rpm agitation (IKA MS3 digital plate shaker). The
liquid fraction was discarded from the filter plate by vacuum filtration.
Remark: According to the manufacturer's specifications, these conditions
should allow a maximal occupancy of streptavidin beads binding sites.
5) Saturation of streptavidin sites by an excess of biotin: beads were
subsequently incubated with 1 mM biotin (80 μL per well) for
10 min under 1,200 rpm agitation.

6) Washing steps prior to analyte-ligand incubation: The beads in the
filter plate were washed thrice (200 μL buffer A per well) with va-
cuum removal of the liquid phase between each washing step. The
liquid from the last wash was removed by gentle centrifugation for
2 min at 200×g. This step allows better efficiency of liquid phase
elimination for all wells before adding the analyte.
7) Preparation of analyte mixture with internal standards:
The analyte (MBP-16E6 in the present study) was diluted at 4 μM in
buffer A with the internal standards, indicated as follows:
a) For capillary electrophoresis readout: two internal markers of
distinct molecular weight were added to the analyte solution,
namely lysozyme (5933-B, Euromedex) at 0.05 mg/mL, and BSA
(A0281, Sigma-Aldrich) at 4 μM.
b) For fluorescence readout: we chose fluorescein and mCherry at
50 nM, whose absorption and emission spectra do not overlap
with tryptophan spectra.
Critical step: The mixture analyte-internal standards should be
mixed by inverting the tube several times for reproducible dis-
tribution of the protein standards throughout the plate.

8) Analyte-ligand incubation: 30 μL of analyte mixture were added to
each well of the filter plate, corresponding to twice the volume of
beads. The plate was shaken at 1,200 rpm for 15 min during the
ligand-analyte incubation step, allowing to reach the equilibrium of
protein-peptide interaction.
Critical step: the volume of analyte mixture as well as the time of
incubation under stirring should be precisely respected for re-
producible study of complex at equilibrium.
9) Collection and storage of liquid fraction after the interaction assay:
The liquid fraction was collected in 96-well PCR plate by centrifugal
filtration. Samples dedicated to capillary gel electrophoresis were
prepared according to the manufacturer's recommendations. The
remaining liquid fraction was blocked with SDS-PAGE sample buffer
and boiled for 5 min at 95 °C before storage at −20 °C. Samples
dedicated to fluorescence were immediately measured.
Remark: in case of limited amount of analyte or ligand, the assay can
be performed in 384-well plate for lower volumes and equal accu-
racy. In the 384-well setup, 14 μL of biotinylated peptide are im-
mobilized on 2.5 μL resin per well and 5 μL analyte mixture are
required for the interaction assay.

2.4. Microfluidics capillary gel electrophoresis for quantitative analysis

2.4.1. Data acquisition
The device LabChip GX II (Caliper, PerkinElmer) was used for High-

Throughput Protein Express 100 High Sensitivity assay, for sizing of pro-
teins in the 14–100 kDa range. The samples were mixed with sample buffer
and denatured for 5 min at 95 °C. Prior to the injection in the micro-
capillary, the proteins are labelled with a fluorescent dye. During capillary
electrophoresis course, a laser excites the dye attached to proteins. The re-
sulting electropherogram is the signal of emitted fluorescence plotted versus
migration time. By calibration with standard markers, the LabChip GX II
software converts migration time into molecular weight. The emitted
fluorescence signal being proportional to protein concentration, this analysis
allows accurate quantification of proteins separated by size.

2.4.2. Curation of electropherograms
This step was performed on LabChip GX II software. Inappropriate

molecular weight markers were corrected or excluded prior to samples
alignment. Each electropherogram was visually inspected and invalid
measurements were excluded according to the three following criteria. First,
the dataset was rejected if the molecular weight markers provided by the
manufacturer were not detected since their absence would impede the
conversion of migration time into molecular weight. Second, the height of
the peaks of interest (analyte or internal standards) should be above 50 AU.
Below this threshold, we observed a higher variability of intensity, which
may indicate that the capillary electrophoresis was reaching its lower
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quantification limit due to signal uncertainty. Finally, some electro-
pherograms contained spikes that were due to impurities present in the
capillary. Those spikes could impede proper selection of the peaks of interest
if they migrated in the same size range and/or conduct to incorrect esti-
mations of peaks of interest, which led us to exclude the electropherograms
containing spikes overlapped with the peaks of interest. Our samples con-
tained three proteins: purified MBP-16E6, with lysozyme and BSA as in-
ternal markers for holdup normalization. The peaks corresponding to the
three proteins were selected by using the following non-overlapping mole-
cular weight windows: 50–70 kDa for MBP-16E6, 10–20 kDa for lysozyme
and 70–90 kDa for BSA. For each sample, the height of the three peaks was
calculated by LabChip GX II software and exported in csv table for the
calculation of binding intensity, as detailed in section 2.6.

2.5. Detection of MBP-16E6 and standard proteins by fluorescence

Fluorescence was measured on PherastarPLUS microplate reader from
BMG Labtech, using filter sets consisting of an excitation and emission band-
pass filters with 485 ± 20 nm and 520 ± 20 nm cut-offs for the detection
of fluorescein, 575 ± 20 nm and 620 ± 20 nm cut-offs for mCherry and
295 ± 20 nm and 350 ± 20 nm cut-offs for tryptophan. 10 μL of final
holdup samples were pipetted twice in 384-well Greiner black plate (re-
ference 784 900) for duplicated measurements.

2.6. Binding intensity calculation

For each sample, a normalized analyte intensity ratio R was calcu-
lated by comparing the intensity of the analyte (in our case, MBP-16E6)
with the intensity of one of the markers (lysozyme, BSA, mCherry of
fluorescein) present in the same well. R is defined as the ratio of analyte
over standard intensities I (Equation 1).

=R
I

I

analyte

standard [Equation 1]

In holdup assay, the analyte is incubated in presence of resin satu-
rated with either a ligand (here, biotinylated LXXLL peptide) or the
negative control (biotin). R from wells containing biotin-saturated resin
is thereafter named Rbiotin. Similarly, R from wells containing resin sa-
turated with biotinylated LXXLL peptides is thereafter named RLXXLL.
In our setup using 96-well plate, biotin-saturated resin has been

deposited in 6 to 8 wells randomly distributed over the whole plate. To
identify and exclude outliers among these 6 to 8 negative control va-
lues, we performed a modified Thompson-Tau test on Rbiotin.
After outlier exclusion, the mean of the remaining Rbiotin values

(Rbiotin ) was used for the calculation of the binding intensity (BI) of each
analyte-ligand pair according to Equation 2.

=BI
R

R1 LXXLL

biotin [Equation 2]

In order to check for consistency, BI values were calculated for each of
the two markers corresponding to the quantification method: lysozyme and
BSA for capillary electrophoresis, fluorescein and mCherry for fluorescence.
Final holdup results entail the mean and standard deviation of BI

from duplicated experiments, performed with independent prepara-
tions of purified MBP-16E6.

2.7. Surface plasmon resonance

2.7.1. Experimental setup
SPR interaction assays were performed on a Biacore T200 instrument

(GE Healthcare - Biacore) at 25 °C. We used as running buffer Tris HCl pH
8.00 50 mM, NaCl 300 mM, DTT 5 mM, surfactant polysorbate 20 (GE
Healthcare) 0.005% (v/v). The biotin CAPture kit was used to immobilize
the biotinylated LXXLL peptides in a reversible manner. Each cycle started
by injecting CAPture reagent (an oligonucleotide coupled with streptavidin
which binds to the CAPchip surface by complementarity with the

oligonucleotide coating the surface) diluted five times in running buffer on
all channels for 300 s at 2 μL/min. In each cycle, one channel (harboring
only CAPture reagent and no biotinylated peptide) was defined as the re-
ference flow cell to serve as a control for non-specific binding of the analyte.
Biotinylated LXXLL peptides to be tested were immobilized by injecting a
50 nM solution on the remaining channels for 15–30 s at 10 μL/min. MBP-
16E6 analyte was then injected on the four channels for 60 s at a flow rate
of 30 μL/min. The post-injection phase was recorded for 120 additional
seconds. At the end of each cycle, the surface was regenerated by injecting a
6 M guanidine hydrochloride solution supplemented with 250 mM sodium
hydroxide for 60 s at 5 μL/min. This regeneration step allows to fully re-
move MBP-16E6, biotinylated peptide and CAPture reagent from the sur-
face by dehybridizing the surface oligonucleotide from the CAPture reagent
oligonucleotide.
Kinetic measurements were achieved by injecting a series of two-

fold dilutions of MBP-16E6, starting from 5 μM. The assays involving
the peptides E6APLXXLL wt and E15R were performed in triplicates,
those with E10A in duplicates and Q9A in singlicate. The uncertainties
were estimated according to standard deviations.

2.7.2. Data processing
Data were interpreted as previously described [17], using first Biacore

T200 Evaluation 1.0 software (GE Healthcare, Biacore Life Science, Uppsala,
Sweden) and an in-house Python script for steady-state analysis assuming a
simple 1:1 interaction binding isotherm model. The uncertainties corre-
spond to the standard deviations between the replicates.

2.8. Estimation of KD and ΔG from holdup binding intensities

Although the BI values contain information about the strength of the
binding, a conversion needs to be undertaken in order to estimate the
dissociation constant, KD. This conversion was achieved using
Equation 3 that was previously described [18]:

=

=

× × ×

×

K

K

D

E LXXLL

E LXXLL

D
E BI E LXXLL BI E

BI E

[ 6 ][ ]

[ 6 ]

([ 6 ] [ 6 ]) ([ ] [ 6 ])

[ 6 ]

free free

complex

total total total total

total [Equation 3]

This equation shows that an estimation of the total peptide concentra-
tion is required even when the MBP-16E6 concentration was set up at a
fixed value of 4 μM. Assuming that the binding strengths are the same for a
given interaction observed by SPR or holdup assays, the peptide con-
centration was fitted with Equation 3 using experimental binding constants
independently obtained by SPR for the interaction of MBP-16E6 with
E6APLXXLL wild-type and the mutants F8 and R15 (5 independent mea-
surements). The estimated mean peptide concentration was
11.4 ± 2.4 μM. We finally assumed that all biotinylated single-point
mutant E6APLXXLL peptides were at the same concentration on the strep-
tavidin resin, and used a peptide concentration of 11.4 μM for KD extra-
polation from holdup data. As reported previously [7], the repetition of
holdup experiments obtained for an irrelevant “neutral” peptide having no
specific interaction with the analyte had led to BI values that are almost all
below 0.10 (98% of all wells) and with a standard deviation of less than
0.10 (considering 95% of the data). According to this, we applied a con-
servative safety factor of 2 that leads to BI = 0.20, which represents a very
stringent threshold to retain only high-confidence binding event [7,18,19].
In practice, we converted all BI < 0.20 to the fixed value of 0.00 prior to
KD extrapolation. ΔG, and ΔΔG for relative analysis of mutant E6APLXXLL as
compared to wild-type (wt), were further calculated from KD according to
Equation 4 and Equation 5 below. Since the SPR measurements were
performed at 25 °C and the holdup assay at room temperature, we applied a
temperature of T = 298 K in the following equations.

= ×G RT Kln( )D [Equation 4]

=G G Gmutant wt [Equation 5]

The uncertainties were obtained by quadratic uncertainty
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propagation assuming independent variables and using variance for-
mula [20].

2.9. SPOT peptide array

2.9.1. SPOT synthesis
Peptide synthesis on nitrocellulose membrane was performed fol-

lowing a standard protocol previously described [21,22].

2.9.2. Interaction assay with SPOT peptide array
Nitrocellulose membranes with synthesized peptides were first activated

in ethanol 100% for 10 min at room temperature under agitation. They
were subsequently washed three times with TBS (Tris Buffered Saline: Tris
HCl pH 8.00 50 mM, NaCl 150 mM) with 10 min incubation at room
temperature under agitation for each washing step. The membranes were
then saturated by casein blocking buffer (Sigma, B6429) diluted in TBS to
the final recommended concentration according to the manufacturer. For
saturation, membranes were incubated 3 h at 4 °C under agitation. They
were then washed three times with TBS (5 min per washing step). A solu-
tion of purified 6His-MBP-16E6 was prepared as follows: 6His-MBP-16E6
20–40 μg/mL, maltose 10 mM, DTT 5 mM, TBS and casein following the
manufacturer's recommendations. As for purification buffers, the buffer was
equilibrated with argon to avoid intermolecular disulfide bridges. Maltose
was added to the solution to allow specific interaction of MBP-16E6 with
the spotted peptides by binding to MBP. The SPOT membrane was in-
cubated with MBP-16E6 solution for 18 h at 4 °C under agitation. The
membrane was then washed with TBS (3 times 4 min). For the detection of
6His-MBP-16E6, we used as a primary antibody, a monoclonal anti-poly-
histidine antibody produced in mouse (Sigma, H1029) diluted in casein-TBS
buffer at 1 μg/mL and incubated for 90 min at 4 °C under agitation. The
membrane was washed with TBS (3 times 4 min). The secondary antibody
used was an Anti-Mouse IgG with peroxidase activity (Sigma, A5906) di-
luted in casein-TBS buffer at 1 μg/mL and incubated for 1 h at 4 °C under
agitation. The membrane was washed with TBS (3 times 4 min). A che-
miluminescent substrate (Thermo Fisher Scientific, 34080) with 3 min re-
action time at room temperature under agitation was used for revelation.
The detection was performed with ImageQuant LAS 4000 (GE Healthcare)
with exposure time between 1 and 20 s.

2.9.3. In-house python script for extraction of SPOT intensities
Image files previously saved into PNG format are read using the

imread function of Python. In-house scripts are used to convert the
image in grey scale and to integrate the SPOT intensity over a circle for
each spot and for the background. The intensities were further nor-
malized to values between 0 and 1 to facilitate the comparison with
holdup BI. SPOT intensities equal to the background were set to zero
while the highest value of the membrane was set to the highest BI for
the same peptide array for easier comparison.

2.10. Structure visualization

The crystal structure of 16E6 in complex with E6AP-LXXLL wild-type
(sequence ELTLQELLGEER) was previously reported by our team [12] and
deposited on PDB with ID 4GIZ. The surface representation in the present
study was generated using the UCSF Chimera package from the Computer
Graphics Laboratory, University of California, San Francisco (supported by
NIH P41 RR-01081) [23,24]. Other representations were generated using
the PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.

3. Results

3.1. The streamlined holdup assay

3.1.1. General principle
The holdup assay consists of probing the interaction between an

analyte in solution (protein) and a ligand immobilized on resin

(biotinylated peptide), as shown on Fig. 1. On a filter plate, the analyte
is incubated in parallel with two distinct resin batches, one bearing the
putative ligand and the other one a negative control molecule. The
concentration of resin-bound ligand should largely exceed that of
analyte (typically, at least 20 μM of ligand peptide for 4 μM of protein).
The liquid phase containing the free analyte that did not interact with
the ligand, is extracted by centrifugation while the analyte-ligand
complex is trapped with the resin on the filter. The protein in the liquid
fraction is quantified. We distinguish the amount of analyte after in-
cubation with negative control, from the remaining amount of analyte
after incubation with the ligand. The amount of analyte-ligand complex
can be deducted by comparing these two measures. A value called
binding intensity (thereafter called BI) can then be determined. In
principle, BI values range from 0.00 (no detected interaction) to 1.00
(100% of analyte bound to ligand). Therefore, the BI value reflects the
strength of the interaction and is correlated with the affinity.
The forthcoming sections describe the different aspects of the

holdup assay, including the ligand, the analyte, the quantification of
unbound analyte and the BI calculation.

3.1.2. The ligand. Design of biotinylated peptides corresponding to single-
point mutants of E6APLXXLL
The immobilization system should i) allow oriented immobilization

for homogeneous presentation of the ligand and ii) prevent the release
of the ligand in solution for proper affinity estimation. Any leakage of
the immobilized molecule from the resin to the final liquid fraction
would distort affinity estimation, since a fraction of the bound analyte
would not be retained on resin either. To fulfill these requirements, we
used biotinylated peptides immobilized on streptavidin resin as the
probed ligands while biotin-saturated resin was used as negative con-
trol. For a 96-well plate assay, we included 6 to 8 negative control wells
placed at random positions on the plate, as shown on Appendices (Fig.
A1). A polyethylene glycol derivative TTDS (1,13-diamino-4,7,10-
trioxatridecan-succinicacid) serves as a linker between the biotin and
the peptide for better accessibility of the ligand.
In the present study, we investigated the amino acid sequence de-

terminants of the interaction between 16E6 protein and E6AP-LXXLL motif.
The published structure of 16E6 in complex with E6AP-LXXLL motif [12]
comprised a 12-residue long peptide (sequence: ELTLQELLGEER). The
structure showed some contacts between 16E6 and the alanine linker pre-
ceding the LXXLL motif from E6AP, suggesting that amino acids located on
the N-term of E6AP motif may participate in the interaction with 16E6. We
based our present study on a 16-meric E6AP-LXXLL motif encompassing
residues 402 to 417 in E6AP isoform II (sequence:
P1E2S3S4E5L6T7L8Q9E10L11L12G13E14E15R16), thereafter called E6APLXXLL.
Every designed mutant was bearing one single substitution as compared to
the wild-type motif. The key residue E5 and residues T7 to E15 were re-
placed by alanine or amino acids with similar biochemical properties, al-
lowing us to investigate the impact of subtle changes on the interaction and
to estimate the contribution of each residue.
For one holdup assay, the required amount of each peptide is

6 nmol, corresponding for example to 14 μg for the biotin-TTDS linker-
E6APLXXLL (molecular weight = 2,360 Da).

3.1.3. The analyte. Purification of biologically active HPV16 E6
In the holdup approach originally reported, soluble crude extracts of

MBP-fused PDZ (MBP-PDZ) domains were used as analytes [7]. In this
former study, the same binding activity was observed for purified MBP-
PDZ and bacterial extracts of overexpressed MBP-PDZ.
With difficult proteins prone to aggregation or other phenomena

altering their activity in solution, the use of a purified analyte allows a
better control of activity and reproducibility. Here, experiments have
been performed using purified MBP-fused HPV 16E6 oncoprotein
(MBP-16E6). HPV16 E6 protein is composed of two zinc-binding do-
mains, named E6N and E6C. In addition to the 8 highly conserved cy-
steine residues involved in zinc ion coordination, this protein contains 6
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non-conserved cysteine amino acids. When overexpressed in bacteria
and released in oxidative conditions for cell lysis, the major fraction of
the produced cysteine-rich MBP-16E6 accumulates as inactive soluble
oligomers due to artifactual intermolecular disulfide bridges [25].
Using a non-purified cleared lysate of MBP-16E6 overexpression would
have strongly altered the holdup results since up to 90% of the MBP-
16E6 sample would be inactive in the assay. Thus, holdup assay was
performed using isolated monomeric MBP-16E6 protein ensuring op-
timal analyte quality.
For this purpose, we used the solubility-enhanced mutant HPV16 E6

F47R 4C/4S for which the crystal structure HPV16 E6/E6APLXXLL has
been published [12]. In this construct, four non-conserved cysteines
have been mutated to serine to prevent intermolecular disulfide
bridges, while the phenylalanine 47 has been mutated to arginine to
prevent dimerization of the E6N domain.
In addition, a particular purification protocol involving the elim-

ination of inactive species for the isolation of active MBP-16E6 mono-
mers was applied [12]. This purification strategy enables the elimina-
tion of residual oligomers by affinity chromatography on amylose resin,
overnight ultracentrifugation and size-exclusion chromatography
(SEC). In order to limit protein re-association over time, holdup assay
was performed immediately after purification.

3.1.4. The quantification of the unbound analyte. Two possible protein
quantification methods: capillary electrophoresis or tryptophan fluorescence
3.1.4.1. Size-specific protein quantification by capillary electrophoresis. In
the former publication reporting the holdup assay [7], the final holdup
samples containing the unbound analyte to quantify were soluble crude
extracts of MBP-fused PDZ domains overexpressed in bacteria. Such
extracts contained, in addition to the overexpressed domain, many
bacterial proteins. Therefore, capillary electrophoresis was used to
separate proteins according to their migration time in a high-
throughput, accurate and reproducible fashion. The readout is based
on fluorescence emission of labels that have been chemically added to
the denatured proteins prior to migration, indicating that peak
intensities are proportional to protein concentrations. The time-to-
mass conversion results in plots of protein molecular weight versus
fluorescence intensity named electropherograms. Within the
electropherograms, we had to identify and to quantify the particular
peak corresponding to the overexpressed domain. Depending on the
overexpression level, on the quality of the capillary electrophoresis runs
and on the amount of data to treat, this task can become arduous and

computationally challenging [Jané et al., Meth Mol Biol, 2020, in press].
This difficulty to process electropherograms is bypassed when using

a purified sample since it does not contain any bacterial protein back-
ground. Fig. 2 shows three typical examples of electropherograms re-
corded with purified protein samples. On each graph, one can observe
the peaks of the three proteins present in the holdup sample: MBP-16E6
and the two internal standard proteins, lysozyme and BSA. MBP-16E6,
lysozyme and BSA migrate at 64.0 ± 1.3 kDa (theoretical molecular
weight MWtheo: 62.5 kDa), 15.7 ± 0.3 kDa (MWtheo: 14.3 kDa) and
77.9 ± 1.5 kDa (MWtheo: 66.3 kDa), respectively. The intense peak on
the left of lysozyme is a lower molecular weight marker from the
manufacturer's kit, used to detect the beginning of the sample migra-
tion. The three panels in Fig. 2 display holdup sample electro-
pherograms after incubation with an E6APLXXLL binding ligand, plotted
with the biotin negative control for better visualization of MBP-16E6
depletion. On the right panel (Fig. 2A), MBP-16E6 was incubated with
E6APLXXLL wild-type. The strong depletion of MBP-16E6 in the “ligand”
sample as compared to the “negative control” sample indicates that the
majority of MBP-16E6 was retained on the filter with E6APLXXLL wild-
type. On the opposite, only a very small fraction of MBP-16E6 was
depleted after incubation with E6APLXXLL V8 mutant (Fig. 2B), in-
dicating that there was no interaction between MBP-16E6 and
E6APLXXLL V8 peptide. For each of the two panels, the rather good su-
perimposition of the two electropherograms reflects the absence of
migration issues and in particular that equal volumes of the two sam-
ples were loaded on the capillary electrophoresis instrument. In addi-
tion, the fact that the intensities of the lysozyme or BSA standard
protein peaks are similar for “ligand” and “negative control” samples
rules out any specific interaction between lysozyme or BSA with
E6APLXXLL as compared to resin saturated with biotin. On Fig. 2C, the
superimposition of biotin and L11A samples is not as clear as in the
previous examples due to shifted profiles and possibly volume varia-
tion. In this case, the internal standard proteins are determinant for
proper analyte quantification. Indeed, after normalization, the resulting
BI is 0.05 ± 0.03. This result indicates that there was no interaction
between MBP-16E6 and the L11A mutant of E6APLXXLL although this
was not clearly visible on the electropherograms.

3.1.4.2. Total protein quantification by intrinsic tryptophan
fluorescence. While microfluidic capillary electrophoresis is a
powerful and reproducible analytical approach, it requires certain
preparation time and maintenance. For measuring 96 samples, the

Fig. 2. Electropherograms of holdup samples of MBP-16E6 after incubation with E6APLXXLL. The final samples from holdup were analyzed by capillary
electrophoresis for quantification of the bound fraction of analyte (MBP-16E6). The proteins were labelled with fluorescent dye prior to electrophoresis using
manufacturer's kit. The fluorescence intensity shown in the y-axis is proportional to the protein amount. During electrophoresis, the proteins are separated according
to their molecular weight, shown on the x-axis. Each holdup sample is a mixture of analyte (MBP-16E6, indicated by a black arrow) and standards (lysozyme and
BSA, indicated by white arrows). The analyte-standard mixture was incubated either with the negative control (biotin, represented with blue line) or with bioti-
nylated E6APLXXLL peptide ligand (represented by the red line). A. The tested ligand is E6APLXXLL wild-type (sequence P

1E2S3S4E5L6T7L8Q9E10L11L12G13E14E15R16).
Note the strong depletion of MBP-16E6, indicating the high affinity of the interaction. B. The tested ligand is the L8V mutant of E6APLXXLL. MBP-16E6 is almost not
depleted with E6AP V8 as compared with biotin, reflecting the absence of detectable interaction. C. The tested ligand is the L11A mutant of E6APLXXLL. As for L8V
mutant, there was not interaction with MBP-16E6. Note the migration shift and the variations of protein peak heights between the tested ligand and the negative
control, showing the importance of internal controls for estimating analyte depletion.
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time needed is 30 min for preparing the chip and reagents, and 1 h 30
for the measurement. In addition, the capillary often gets clogged or
may contain bubbles impairing migration, thus requesting the user to
prime or prepare fresh reagents several times per day and carefully
maintain the chip and the device. This generates expensive
maintenance or repair costs which add up to the price of the chips
and reagents cited before. Therefore, if the purified protein construct
contains tryptophan residues (which is the case for any MBP-fused
construct), another strategy for quantifying the unbound analyte is to
use intrinsic tryptophan fluorescence measurement. 16E6 contains only
one tryptophan residue, however MBP carrier protein contains 8
tryptophan residues which significantly increase the extinction
coefficient of the MBP-16E6 fusion protein. Fluorescence spectroscopy
of tryptophan is a fast and sensitive method for quantifying a purified
protein analyte in holdup samples. It is less time-consuming and about
60-fold cheaper than capillary electrophoresis. In addition, the
fluorescence approach has the obvious advantage of delivering, for
each sample, two values (the fluorescence intensities of the protein
tryptophan and of the internal controls at distinct wavelengths) while
the capillary electrophoresis delivers a full electropherogram including
numerous peaks that have to be analyzed. However, since the
fluorescence method allows the quantification of all proteins present
in a sample, great care must be taken when purifying the protein
analyte to minimize the presence of protein contaminants.
We tested two internal markers for the correction of volume var-

iation: fluorescein and mCherry. Their fluorescence absorption and
emission wavelengths (Fluorescein: λabsorption = 485 nm;
λemission = 520 nm and mCherry: λabsorption = 575 nm;
λemission = 620 nm) do not overlap with those of tryptophan
(λabsorption = 280 nm; λemission = 350 nm). For the readout by fluor-
escence, we systematically include control wells for estimating the
background signal. Working buffer is incubated in the filter plate with
biotin-saturated resin and the flow-through is measured at the

wavelengths of tryptophan and internal standards. The resulting
background is subtracted to all fluorescence values of the corre-
sponding wavelength prior to further processing.

3.1.4.3. The internal markers for accurate analyte quantification. During
the liquid phase extraction, some volume variations between the
different wells can be observed. In order to normalize the amount of
analyte, we systematically included one, if not two, internal standard
molecules that did not interact with the peptide nor with the negative
control. Thus, the concentrations of the standards are supposed to be
constant regardless of the presence of the ligand or analyte. The chosen
standards were adapted to the quantification method of the analyte. For
MBP-E6 quantification by capillary electrophoresis or SDS-PAGE, we
recommend lysozyme and BSA as internal standard proteins, because
they have very distinct molecular weights from MBP-16E6 and their
peaks flank the MBP-16E6 peak on the electropherogram. They allow
double normalization in x and y axes, which is more reliable in case of
important loaded volume variation and/or time-to-molecular weight
conversion. For quantitative analysis, the heights of both standards and
analyte were systematically extracted and processed for binding
intensity calculation, as further detailed in section 3.1.5. When MBP-
16E6 was quantified by measuring its tryptophan fluorescence,
fluorescein and mCherry were used as standards. The amount of
internal standard is expected to be independent from the amount of
MBP-16E6. In our setup, lysozyme, BSA, fluorescein and mCherry
fluorescence signals were in a constant range for different MBP-E6
intensities, with a mean fluorescence intensity of 241 ± 39 AU,
141 ± 25 AU, 39 500 ± 1400 AU and 5900 ± 280 AU, respectively
(Fig. 3). The amounts of lysozyme, BSA and fluorescein in the flow-
through seemed completely independent of the amount of analyte
(Fig. 3A–C). Their slight variabilities can be attributed to variations of
volume and do not affect the quality of the normalization. On the
opposite, the amount of mCherry seems to slightly increase with the

Fig. 3. Fluorescence intensity of the analyte (MBP-16E6) versus the internal markers (lysozyme, BSA, fluorescein, mCherry). The choice of an internal
marker for the holdup assay is based on its ability to flow through the resin independently from the analyte. Thus, the concentration of internal marker is expected to
be constant at any analyte concentration. On this figure, MBP-16E6 intensity was plotted versus the intensities of lysozyme (A), BSA (B), fluorescein (C) and mCherry
(D). Lysozyme and BSA are the internal markers used for quantification by capillary electrophoresis while fluorescein and mCherry were tested as internal markers
for quantification by fluorescence. The blue dots are the experimental data points from holdup assays. On each plot, the mean intensity of the internal control is
indicated by a horizontal orange line. These graphs show that the intensities of the four internal markers are in a constant range regardless of MBP-16E6 intensity.
(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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amount of MBP-16E6 (Fig. 3D), suggesting that fluorescein is more
reliable than mCherry as an internal standard for the holdup assay
using fluorescence detection.
The second criterion for selecting an appropriate internal standard

is that it should have limited interaction with the filter, the streptavidin
resin or the plastic of the well. Fig. 4 shows a retention test of different
mixtures of analyte and internal standards in filter plate containing
biotin-saturated streptavidin resin. The test was performed with lyso-
zyme and BSA quantified by capillary electrophoresis (Fig. 4A), or with
fluorescein and mCherry quantified by fluorescence (Fig. 4B). To fa-
cilitate data visualization, the amount of each molecule is plotted as
normalized intensity based on its highest signal in the retention test.
Thus, a decreased signal indicates partial retention as observed for ly-
sozyme and BSA. In absence of MBP-16E6 and BSA, 70.6 ± 0.3% of
lysozyme flowed through the resin while 82.7 ± 5.2% of BSA flowed
through the resin in absence of MBP-16E6 and lysozyme. Since the
holdup is a comparative assay, this partial retention does not impact the
quality of the holdup data if it remains in a constant range for all tested
ligands and negative controls. This is the case for lysozyme and BSA
since their levels remain constant during a holdup assay for different
MBP-E6 concentration (Fig. 3). Regarding mCherry, the retention test
showed complete retention in absence of MBP-16E6, indicating non-
specific interaction with the streptavidin resin, the biotin or the filter
plate. Thus, fluorescein seems more reliable than mCherry as an in-
ternal marker for the holdup assay with fluorescence readout.
Finally, another important parameter determining the quality of an

internal standard is its stability over time. However, in the holdup assay
depicted herein, the time elapsed from the preparation of a fresh
standard solution to the measurement is of maximum 1 h. Thus, we did
not assess the stability of the internal standard for such a short handling
time.

3.1.5. Calculation of the binding intensity
The holdup assay allows relative affinity estimation by quantifying

the analyte depletion at equilibrium after incubation with an im-
mobilized ligand [7]. This analysis is enabled by the calculation of
binding intensity (BI), which is the ratio of bound analyte (obtained by
calculating the difference between the total and the remaining amount
of protein) as compared with a negative control. The analyte and in-
ternal standard molecules in the final fraction are quantified either by
capillary electrophoresis or fluorescence spectroscopy. First, the
amount of analyte is normalized by the amount of one of the internal
standard molecules. Second, the BI reports on the fraction of depleted

analyte after incubation with the ligand molecule as compared to the
amount of analyte after incubation with a negative control molecule. In
principle, a BI of 0.00 indicates that the concentration of analyte re-
maining in the filtrate is the same after incubation with the putative
ligand or incubation with the negative control. On the contrary, a BI
equal to 1.00 means that the analyte cannot be detected anymore in the
filtrate after incubation with the ligand.
Fig. 5 shows the correlation of the BI values from the two methods

used for quantifying the analyte: capillary electrophoresis and fluores-
cence spectroscopy. For the readout by capillary electrophoresis,
Fig. 5A shows the correlation between lysozyme and BSA normal-
izations. The correlation between mCherry and fluorescein normal-
izations is plotted in Fig. 5B for the fluorescence readout. In both cases,
the slope of the linear fit is very close to 1 (0.971 for capillary elec-
trophoresis and 1.067 for fluorescence), showing high correlation be-
tween the internal standards. The error bars showing the standard de-
viation between two independent experiments are higher for capillary
electrophoresis than for fluorescence, suggesting a better robustness of
the latter. Finally, the comparison between capillary electrophoresis
and fluorescence spectroscopy as holdup readouts is plotted on Fig. 5C.
The two datasets are correlated as they could be fitted by linear re-
gression. However, the BI are significantly lower for fluorescence than
for capillary electrophoresis. For the same interaction between
E6APLXXLL wild-type and MBP-16E6, the BI estimated by the capillary
electrophoresis setup is 0.922 ± 0.043 and 0.778 ± 0.033 for the
fluorescence readout. This difference can be explained by the fact that
capillary electrophoresis enables specific quantification of one protein
based on its molecular weight. On the opposite, fluorescence spectro-
scopy only allows total protein quantification without any selection.
Thus, any protein present in solution with the analyte (bacterial con-
taminant, keratin …) is included in the quantification by tryptophan
fluorescence. All added together, these contaminant proteins form a
background of non-interacting proteins that flow through the resin re-
gardless of the immobilized ligand. In theory, a BI equal to 1.00 cor-
responds to 100% of analyte bound to the ligand immobilized on resin
and thus, no analyte detected in the flow-through. If some non-inter-
acting proteins are in solution with the analyte after the holdup, they
are present in the flow-through even if the analyte is entirely retained
on the resin by a high-affinity ligand. Since fluorescence spectroscopy
does not allow differentiation between different proteins, the presence
of non-interacting protein contaminants would give the same result as if
a fraction of the analyte does not bind the ligand. Due to this back-
ground of non-interacting protein, the BI from the fluorescence

Fig. 4. Retention test of internal controls mixed with MBP-16E6 on streptavidin resin saturated with biotin. The normalized capillary electrophoresis signal
(A) or fluorescence intensity (B) are plotted for each tested mixture of MBP-16E6 and standards. 100% indicates that the molecule flowed through the resin without
any loss whereas 0% indicates that the molecule was completely retained on the filter with the resin. The assay was performed in duplicate and the experimental
standard deviations are shown as error bars. Note that mCherry was entirely retained while lysozyme was only partially retained on the filter with biotin-saturated
resin [color online only].
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approach are lower than the BI from the capillary electrophoresis ap-
proach.
These results validate the two internal standards tested for each

approach, as they give consistent results. Lysozyme and BSA can be
used independently or together in a holdup assay. We recommend using
both in each assay, so that they complement and possibly replace each
other in case of low-quality measurement. The fact that the BI nor-
malized by mCherry are consistent with those normalized by fluor-
escein suggests that mCherry did not interfere with the tested 16E6-
E6APLXXLL interactions. Nevertheless, since we have previously noted
that mCherry strongly interacts with biotin-streptavidin resin in ab-
sence of MBP-16E6, we recommend using fluorescein which does not

interact with the immobilization support.
The holdup assay with fluorescence readout resulted in reproducible

data that were consistent with the results from capillary electrophor-
esis. The major weakness of this approach is the background due to
total protein quantification. To limit this background, it is strongly
recommended to purify protein samples carefully in order to avoid high
amounts of contaminants in solution with the analyte. Even though the
BI values are lower with total protein quantification, the ranking of
binding ligands by affinity remains reliable. The conversion of BI into
binding free energy ΔG is a robust solution to convert these relative
affinity estimations into some comparable values, as further detailed in
section 3.3.

Fig. 5. Comparison of holdup binding intensities (BI) normalized by four internal markers. The holdup assay can be performed using either capillary elec-
trophoresis or fluorescence spectroscopy for quantification of unbound analyte. For each approach, two alternative internal markers were tested. When the analyte
was quantified by capillary electrophoresis, lysozyme and BSA were used for normalization (A). Note the high correlation between BI normalized by lysozyme and by
BSA. When the analyte was quantified by tryptophan fluorescence, the internal markers were mCherry and fluorescein (B). Finally, it is apparent from the scatter plot
C that the BI(lysozyme) from capillary electrophoresis are higher than the BI(fluorescein) that were obtained by measuring fluorescence. The plotted BI values are the
mean of duplicated experiments with standard deviation shown as error bars. The linear regression line is plotted on each graph and its equation with coefficient of
determination R2 are indicated in the top left corner. The function y= x is plotted in dotted orange line on each graph. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Interaction assay by SPOT peptide array. A. Example of a SPOT peptide array with mutant E6APLXXLL after testing the interaction with MBP-16E6. The plan
of spotted peptides is displayed above the membrane: the wild-type motif with 12 amino acid sequence ELTLQELLGEER is labelled wt-12aa and the wild-type motif
with 16 amino acid sequence P1E2S3S4E5L6T7L8Q9E10L11L12G13E14E15R16 is labelled wt-16aa. The single-point mutants are based on wt-16aa sequence: the initial
residue is indicated with its position in the wt-16aa motif, followed by the replacing residue. The membrane was incubated with 40 μg/mL 6His-tagged MBP-16E6,
which was further detected by an anti-His antibody. The SPOT membrane entails His spots as positive controls for detection by anti-His antibody. B. Detected
interactions in holdup and SPOT arrays tested for different MBP-16E6 concentrations. The selection threshold for a significant interaction based on binding intensity
is 0.20. Holdup conditions were constant (capillary electrophoresis setup with lysozyme normalization) whereas SPOT arrays were tested with MBP-16E6 con-
centrations ranging between 20 and 200 μg/mL.
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3.2. Validation by SPOT and SPR

3.2.1. SPOT peptide array
We aimed at comparing the sensitivity of the holdup assay to quantify

affinities, with SPOT peptide arrays, which are often used for positional
scanning. We tested the interactions between 16E6 protein in solution and
SPOT peptide arrays entailing our peptide library of mutant E6APLXXLL on
membrane. Fig. 6A shows a SPOT array on membrane after incubation with
6His-tagged MBP-16E6 and detection of bound 16E6 by an anti-His anti-
body. Using an in-house python script, we quantified the intensity of each
spot and normalized it. Since the quantity of analyte retained on the
membrane should also be related to affinity, we therefore directly compared
the normalized SPOT intensities with BI from the holdup assay. For a
qualitative analysis, we translated these BI values into binary results (binds/
does not bind) (Appendices,Table A1). We defined 0.20 as the BI threshold
for a significant interaction and compared the number of binders detected
by holdup (constant conditions) with those obtained by SPOT array (in-
cubated with increased concentrations of MBP-16E6). Fig. 6B shows that the
overlap between the two approaches increased with the concentration of
MBP-16E6 incubated with the SPOT membrane. At the highest tested MBP-
16E6 concentration, we note that 12 presumably weak interactions un-
detected by SPOT assay are still detected by holdup.
In conclusion, while both SPOT and holdup assay allowed efficient and

accurate detection of E6-peptide interactions with affinity in the low mi-
cromolar range, the holdup assay turned out to be more sensitive than SPOT
array for E6-peptide interactions in the mid-micromolar range.

3.2.2. SPR assay
We used SPR to measure the MBP-16E6 binding affinity constants of a

selection of LXXLL biotinylated peptides displaying the highest affinities
according to holdup data. The first aim was to validate the ranking obtained
by holdup data using an orthogonal method. The second aim was to in-
dependently estimate KD values allowing us to evaluate the peptide con-
centration in the holdup assay and subsequently to convert all BI values into
KD, and ΔG values, as discussed in the next paragraph.
We assayed the interactions of MBP-16E6 with the E6APLXXLL wild-type

and four mutants (Fig. 7). As shown by the absence of response on the
sensorgram, the mutation L8V abolishes the interaction whereas the affinity
is modulated by the mutations Q9A, E15R and E10A. The dissociation
constants (KD) were determined by steady-state analysis. Considering the
biological replicates, the KD for the interaction between MBP-16E6 and
E6APLXXLL wild-type is 0.84 ± 0.12 μM. The mutation Q9A enhances the
affinity by around 4-fold, which reaches 0.2 μM (singlicate measurement).
The mutation E15R has moderate impact on the affinity since the corre-
sponding KD is 1.01 ± 0.15 μM and the mutation E10A seems to decrease
the affinity by at least 2-fold. The above KD values are consistent with the BI
measured by holdup assay: the BI of MBP-16E6 interaction with E6AP wt is
0.92 ± 0.04 when the BI of the affinity-enhancing mutation Q9A is
0.97 ± 0.02. The BI of E15R peptide is 0.94 ± 0.03. This value is close to
the BI of E6AP wt, which confirms the KD estimated by SPR.
For most of the tested interactions, we note that the experimental

Rmax (highest experimental response at equilibrium) is close to the
fitted Rmax: on Fig. 7B, the highest red dot is close to the plateau of the
fitted curve for the ligands E6AP wt, Q9A and E15R. However, this is
not the case for the peptide E10A, indicating that the tested conditions
did not allow the analyte to fully saturate the surface. Thus, we only
report a rough estimation for the corresponding dissociation constant.
In addition, we observe that the fitted Rmax (value of the plateau) is

rather consistent with the theoretical Rmaxtheo indicated on Fig. 7B.
The Rmaxtheo value corresponds to the expected maximal signal in-
ferred from the molecular weights of the analyte and ligand and as-
suming a 1:1 binding model. The consistency between the fitted and
theoretical Rmax confirms i) that both analyte and ligand were biolo-
gically active for specific binding, ii) that the interaction occurs with a
1:1 stoichiometry. Lastly, the rmsd (root mean square deviation) never
exceeds 5% of the fitted Rmax value, which denotes the good quality of
the fit and the reliability of the reported dissociation constants.
Our SPR results confirm the slight affinity modulation of the single-point

mutations as first observed with holdup binding intensities. The dissociation
constants of five E6APLXXLL peptides were accurately estimated by SPR,
allowing us to convert binding intensities into dissociation constants for the
entire peptide array as detailed in the next section.

3.3. Estimation of the free energy (ΔG) of 16E6-E6APLXXLL interactions

BI values can be used to estimate binding affinity constants provided
that the concentration of peptide attached on the resin is determined.
This can be achieved directly by quantifying the peptide before and
after immobilization on the resin, or indirectly by using the dissociation
constant of one or several analyte-ligand couples measured in-
dependently [7,18]. In the present study, we estimated by SPR the
dissociation constants of MBP-16E6 for three variants of the E6APLXXLL
motif. We then used these dissociation constants to estimate the peptide
concentration in the holdup experiments, which was 14.8 ± 5.2 μM.
The peptide concentration determined in that way was subsequently
used to convert all the experimentally determined BI values into KD and
ΔG (Appendices, Table A2), assuming the peptide concentration to be
always the same within the holdup experiments. For proper comparison
of the E6APLXXLL mutants with the wild-type motif, we calculated for
each mutant the ΔΔG = ΔGMUTANT - ΔGWT (Fig. 8). Some mutations
display ΔΔG values close to 0, suggesting a neglectable impact on the
affinity with 16E6 (Q9D, E14D, E14A, E15Q and E15R). On the con-
trary, we identified mutations enhancing the affinity (Q9A, Q9E and
E15D) and several other mutants abrogating completely the interaction,
most of them targeting L8, L11 and L12. This result is consistent with
the well-defined consensus motif LXXLL. The holdup assay thus allowed
us to establish a quantitative interaction map of 45 single point mutants
of the E6APLXXLL binding motif.

4. Discussion

4.1. Advantages of the holdup assay for quantifying affinities in the
micromolar range

The methods for studying protein-protein interactions are either highly
accurate with quantitative biophysical methods requiring specific equip-
ment and expertise (for instance ITC, SPR), or less accurate with qualitative
biochemical assays easier to set-up in a biochemistry laboratory (mainly
GST-pulldown assay, co-immunoprecipitation). In addition, very few ap-
proaches allow the quantitative assessment of affinities in the mid-micro-
molar range. The holdup assay with the adapted protocol presented here
allows quantitative determination of affinity constants of weak protein-
peptide interactions by using an easy setup and standard lab equipment.
The major difference between the traditional pulldown assay and the

holdup is the quantification of the unbound fraction in the latter, instead of
eluting the complex formed on the resin and directly quantifying it [26].

Fig. 7. Representative SPR data for estimating the interaction properties of MBP-16E6 with several E6APLXXLL: E6AP wt and the mutants L8V, Q9A, E15R
and E10A. A. Sensorgrams for the interaction of MBP-16E6 with the different E6APLXXLL, plotting response normalized by the peptide immobilization level versus
time. The flat response for the L8V mutant indicates that the interaction is abolished. B. Steady-state analysis for each interaction plotting the equilibrium response
obtained in a 5-s window versus protein concentration. rmsd stands for root mean square deviation between experimental data (red dots) and fitted curve (black
line). Rmaxtheo corresponds to the maximal expected signal assuming that each molecule of the immobilized ligand is involved in a 1:1 interaction with the analyte.
This value is normalized by the immobilization level of the ligand, therefore Rmaxtheo = MWanalyte/MWligand. (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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The advantage of quantifying the unbound analyte is that it allows sub-
traction of non-specific binding which may arise from the resin or the plastic
plate. Since the holdup is a comparative assay, each sample incubated with
a ligand is compared with a negative control in the closest possible condi-
tions. The non-specific binding to any other component than the ligand is
expected to be the same in both conditions, therefore the analyte depletion
can only be due to specific binding of the ligand. In addition, the washing
steps included in pulldown assay prevent the identification of low-affinity
fast-dissociating complexes which can be more easily detected in the holdup
equilibrium assay.
Quantitative estimations are essential in perturbation experiments

of protein-protein binding. Very recently, a chromatographic assay
enabling such detailed analysis was published [27]. The analyte in
complex with the ligand immobilized on resin packed in a column was
eluted by gradient of pH and salt. Since the holdup assay does not re-
quire any chromatographic system, the gradient elution cannot be
performed but could be replaced by comparative incubation in serial
buffers at various pH and ionic strengths for the analyte solution.

4.2. Prerequisites and advice for setting up the holdup assay

There are several important prerequisites for setting up the holdup
assay, which are discussed below and summarized in Fig. 9 as well as the
different possible experimental setups. As for most in vitro protein-protein
interaction assays, the main requirement for holdup in terms of sample
quality is that the two interacting proteins should be biochemically active
and stable over the time of the experiment (no degradation nor oligomer-
ization preventing specific interaction). If a holdup assay is performed with
an analyte protein that is partly or fully inactive (due to misfolding, ag-
gregation, presence of an inhibitory molecule in the binding site …), the
results may falsely indicate an absence of binding (false negative) or a
weaker affinity than the actual one. It is therefore crucial to assess the
optimal quality of the analyte proteins before starting any interaction assay.
The presence of contaminants or cleavage products can be visualized on
SDS-PAGE gel and the oligomerization state can be checked by gel-filtration
or dynamic light scattering. If the protein is capable of interacting specifi-
cally with its ligand even in the presence of contaminants, the holdup assay
can be performed with overexpressed analyte in total extracts, as previously
described [7].
We report two possible techniques for quantifying the free analyte in the

final holdup fractions: capillary electrophoresis and fluorescence spectro-
scopy, the latter being equally accurate for protein quantification in holdup
samples and a better choice for the user in terms of budget and time.
However, when no fluorimeter is available in a laboratory, it remains

possible to use SDS-PAGE as a readout to identify and quantify the protein
bands as previously described [16]. It should be mentioned that various
setups for high-throughput and reproducible SDS-PAGE, that may represent
competitive and cost-effective approaches to microfluidic capillary electro-
phoresis, are commercially available.

4.3. Preparative SPOT synthesis and SPOT peptide arrays for interaction
assays

Using the benchtop setup presented herein, the manual holdup assay
can in principle reach a throughput of up to a few hundred protein-peptide
interaction points measured per day. Based on the setup described in the
present study, each single interaction point requires 6 nmol of peptide
presenting the proper sequence. For higher throughput and lower amount of
peptide per well, it is possible to upscale the holdup assay from 96-well
plate to 384-well plates. Obtaining all the required peptides in sufficient
amounts and purity may represent practical limitations (high costs) if the
peptides have to be synthesized by a company. To circumvent that problem,
it should be possible to use biotinylated peptides synthetized in large
numbers by preparative SPOT synthesis. This approach can yield up to 1000
biotinylated peptides in a single synthesis run. A “chemical purification
step”, consisting of an acetylating procedure prior to biotinylating, can be
applied for optimal purity (>90%) of biotinylated peptides. The peptides
are then detached from the nitrocellulose membranes and re-solubilized
prior to the assay. The amount of peptide per spot ranges from 50 to
100 nmol, which allows to perform up to 8–16 individual binding assays.
This approach was previously reported for the preparation of a single re-
placement scan peptide library used for the development of an antimicrobial
peptide [28].
Besides, SPOT arrays are frequently used for screening a library of

mutant peptides. They are well adapted if the purpose of the study is to
perform a semi-quantitative screen and to select high-affinity peptides
[29]. However, many protein-motif interactions are transient and can
dissociate during the washing steps. In order to accurately detect,
compare and quantify the affinity of such interactions, we demon-
strated in the present study that the manual holdup is a suitable ap-
proach with limited requirements in terms of equipment, that allows to
quantify even low affinity interactions not detected by SPOT assays.

4.4. Converting holdup binding intensities into equilibrium dissociation
constants

For each tested ligand/analyte pair, the holdup experiment provides
a binding intensity that can be in principle converted into a steady-state

Fig. 8. Interaction of 16E6 with single-
point mutant peptides of E6APLXXLL
binding motif. ΔG (in kcal.mol−1) was
calculated for wild-type and mutant
E6APLXXLL peptides according to the SPR
normalization of the holdup data (capillary
electrophoresis, lysozyme normalization). In
this figure we show the values of ΔΔG = Δ

GMUTANT - ΔGWT. The mean uncertainty was
estimated at 0.5 kcal mol−1. Positive values
(in blue) correspond to a loss of affinity as
compared to the interaction with wild-type
motif, whereas a gain of affinity is shown by
negative value (red). A value of
ΔΔG = 8.43 kcal mol−1 shows a complete
loss of interaction, displayed in hatched
blue. The color code on the left column in-
dicates the biochemical properties of the
side chain of the mutated amino acids: small
(grey), aliphatic (light green), aromatic
(dark green), negative (magenta), positive
(turquoise), charged (orange).
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dissociation constant and then free energy. Such extrapolation requires
accurate estimation of the concentrations of free analyte and complex,
but also of the concentration of ligand immobilized on the resin. This
can be achieved either by direct peptide quantification after im-
mobilization or by indirect estimation using the dissociation constants
of several interaction pairs measured by other means. Accurate quan-
tification of peptide having no aromatic residue can be challenging
since it requires specific equipment (spectrophotometer capable to re-
cord accurate data at 214 nm) [30]. In addition, direct quantification of
immobilized peptide does not consider the percentage of inactive
peptide that may be present on the resin (for instance insoluble peptide
unable to interact). Those quantification issues can be circumvented by
calibrating the holdup results with several known values of dissociation
constant, which allows to estimate the concentration of active peptide
present on the resin. The dissociation constants used for this purpose
can be measured with other orthogonal methods for cross-validation, or
reported in published data bearing in mind that such data should have
been obtained in conditions as close as possible to the ones used for
holdup in order to allow reasonably reliable extrapolation (buffer
composition, same ligand and analyte). In the present study, we

investigated the recognition specificities of 16E6 for an array of 45
single-point mutation E6APLXXLL peptides and calibrated our holdup
data by SPR measurements on a subset of ligands in order to extrapolate
ΔΔG values of each tested interaction.

4.5. Structural aspects revealed by this study

We interpreted our mutagenesis interaction data with the crystal
structure of 16E6 in complex with wild-type E6APLXXLL that was pre-
viously published by our team [12]. As shown on Fig. 10A, the LXXLL
motif folds onto an α-helix that binds to the basic-hydrophobic pocket
between the two zinc-binding domains of 16E6. In addition, the re-
sidues of 16E6 forming the interface with the peptide are mainly po-
sitive, aliphatic and aromatic (Fig. 10A and B). According to the
binding data summarized in Fig. 8, we observed that the ΔΔG values are
mainly positive, indicating that most of the tested mutations decreased
the affinity or even abolished the interaction with 16E6 as compared to
the wild-type motif. In particular, our data confirmed that the three
leucine residues L8, L11 and L12 that determine the LXXLL consensus
are amino acid sequence determinants since none of the tested

Fig. 9. Adaptation process of holdup assay to the user's subject and needs. This scheme describes the main steps by which the holdup assay can be adapted to
different protein-protein or protein-peptide interaction systems and how the final output can be interpreted according to the setup chosen. The choice of the resin for
running reliable holdup assays should allow stable immobilization without interfering with the tested interaction. The experimental setup is described in the grey
squares, the parameters to be adapted in bold [color online only].

Fig. 10. The previously solved structure of 16E6 in
complex with E6APLXXLL wild-type. A. Charge
distribution at the surface of 16E6. The surface is
colored in blue and red for positive and negative
potentials, respectively. E6APLXXLL is shown in
beige. B. Overview of the 16E6-E6APLXXLL complex.
The two zinc-binding domains E6N and E6C are
indicated in grey. The secondary structure
of 16E6 is shown with ribbon
representation. E6APLXXLL wild-type (sequence
E5L6T7L8Q9E10L11L12G13E14E15R16) is shown in blue
and the residues from 16E6 at the peptide interface
are colored as follows: S: grey; A, I, L, V, M: green; F,
W, Y: yellow; Q: turquoise; R, H: orange. C. Detailed
view of 16E6-E6APLXXLL interactions using the same
color code as in B. Hydrogen bonds are indicated by
black dashed lines and water molecules by red
spheres. PDB ID: 4GIZ [12].
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mutations increased the affinity for 16E6. It is interesting to note that
the leucine residues L8 slightly tolerates aromatic residues such as
tryptophan or tyrosine while the two other leucine residues L11 and
L12 do not tolerate any other hydrophobic residue. On the opposite, we
identified 3 mutations that improved the affinity of 16E6 for E6APLXXLL:
Q9A, Q9E and E15D. In the native motif, the Q9 residue from
E6APLXXLL stabilizes the structure by making two hydrogen bonds with
R131 in 16E6 (Fig. 10C). The mutation of this polar residue into the
aliphatic alanine residue might enhance the contacts within the hy-
drophobic interface, compensating the loss of hydrogen bonds. In ad-
dition, our results indicated the substantial participation of the flanking
residues E5 and E15. E5 makes a direct hydrogen bond with S74 and a
water-mediated interaction with H78 and R77 in 16E6. E15 forms three
hydrogen bonds with R10 in 16E6. The E15D mutation slightly in-
creases the affinity, which can be due to the conservation of charges on
the lateral chain. These results give hints for the development of affi-
nity-enhanced mutants blocking LXXLL motifs capture by 16E6 for
therapeutic purpose. They could also allow the identification of addi-
tional protein targets of 16E6 by extending the definition of the re-
cognized motif. It will be interesting to apply the same approach to
probe the LXXLL binding preferences of E6 proteins from other pa-
pillomaviruses, compare them to those of E6 from HPV16 and interpret
preference variations in regard of their biological and pathological
properties.

5. Conclusions

Streamlined holdup is a fast, easy and versatile assay for accurate
affinity estimation without the need for any specific lab equipment. The
results are consistent with high-precision biophysical methods like SPR
and show higher sensitivity for low affinity interactions. For optimal
results, the user can choose to work either with crude extracts or pur-
ified proteins, depending on the solubility of the analyte and the ease of
handling non-purified protein samples. Streamlined holdup can be
readily adapted for pairwise affinity estimation of any protein-protein
interaction system, including protein complexes. We hope that the
biochemistry community will take advantage of this method by using
and adapting it to their subject of interest. By giving hints on the affi-
nity parameters, this approach allows a deeper analysis than binary
assays (bind/does not bind), thus a better understanding of protein-
protein interactions. In summary, with the same samples and materials
as those required for a pull-down with purified proteins, the holdup is
more sensitive to low and medium affinities and allows an accurate
ranking of the interaction partners based on their affinity with the
target protein. This versatile approach can in principle be applied to the
interaction of two full-length folded proteins. In addition, the interac-
tion preferences of 16E6 with some single-point mutants of E6APLXXLL
allowed us to identify the residues that determine the interaction. In the

present case, these key positions are not limited to the three leucine
residues from the consensus sequence but also include acidic residues
upstream and downstream the LXXLL motif.
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Appendices

Fig. A1. Plate organization for holdup assay. In a single assay on 96-well plate, we can test the interaction between 1 MBP-E6 against up to 90 biotinylated LXXLL
peptides immobilized on streptavidin resin. The plate typically contains 6 to 8 negative control wells containing biotin, randomly placed [color online only].
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Table A1
Comparison between holdup binding intensities and normalized intensities of SPOT peptide arrays at increasing concentrations of MBP-16E6. From
duplicated SPOT assay at 40 μg/mL MBP-16E6, we observed a mean standard deviation of± 0.1. The holdup binding intensities were obtained with the protocol
including quantitative capillary electrophoresis and lysozyme normalization. The mean standard deviation observed from duplicated assays is± 0.05. The above
standard deviations are indicated in the same unit as the normalized values in the table [color online only].
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Table A2
Conversion of holdup binding intensities into dissociation constants (KD) and free energy (ΔG). The binding intensities in the present table were obtained with
the holdup protocol including quantitative capillary electrophoresis and normalization with lysozyme. The raw BI from duplicate experiments are indicated with the
corresponding standard deviations. The first step was to apply the threshold of 0.20 to BI values, meaning converting any BI< 0.20 into 0.00. Then, the peptide
concentration attached on resin was back calculated from the affinities determined by SPR measurements (11.4 μM) and was subsequently used to extrapolate the KD
and the ΔG. ΔΔG was calculated by comparison with E6APLXXLL wt (ΔΔG = ΔGMUTANT - ΔGWT) [color online only].
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/%./3+/&(1%)C! </8(0(+5! -22! aH! 3+/&(1%)! (73+())(4! A:!B-BB-21-%! 3-3122/B-01+*)()!

)'-+(!-!./BB/%!,/245!./%)1)&1%9!/,!&8/!W1%.MA1%41%9!4/B-1%)!./%%(.&(4!A:!-! 21%R(+!

'(217C! V'(! ':4+/3'/A1.! 3/.R(&! A(&8((%! &'(! W1%.MA1%41%9! 4/B-1%)! -%4! &'(! )&+/%9!



!

! #"D!

./%)(+0-&1/%!/,!-%!-+91%1%(!+()14*(!;I#JD!1%!<>X#H!aH@!-22/8!&'(!+(./9%1&1/%!/,!'(21.-2!

6cc66!B/&1,)!;_-%1(+!"#!$%&5!DJ#G@C!</8(0(+5!8'12(!-22!B-BB-21-%!3-3122/B-01+*)!aH!

3+/&(1%)! -33(-+! &/! A1%4! 6cc66! B/&1,)5! &'(:! .-%! &-+9(&! .(22*2-+! 3+/&(1%)! A:! /&'(+!

4/B-1%MB/&1,!1%&(+-.&1/%)!&'-%!&'(!6cc66!B/&1,!.-3&*+(C!<19'M+1)R!B*./)-2!aH!3+/&(1%)!

'-+A/+!-!KM&(+B1%-2!>]_MA1%41%9!B/&1,!;>L`@5!8'1.'!1)!+(./9%1W(4!A:!>]_!4/B-1%M

./%&-1%1%9!3+/&(1%)5!)*.'!-)!`[?N#!;X1%.(%&(221!"#!$%&5!DJ#Q@C!

V'(! aG! *A1^*1&1%! 219-)(! aH[>!8-)! &'(! ,1+)&! .(22*2-+! 3+/&(1%! +(3/+&(4! -)! -! &-+9(&! /,!

<>X#H!aH!/%./3+/&(1%!;<*1A+(9&)(!"#!$%&5!#SS#@C!V'(!aH!3+/&(1%!.-3&*+()!-%!-.141.!

6cc66!B/&1,!3+()(%&!1%!aH[>!;<*1A+(9&)(!"#!$%&5!#SSG@!-%4!&'(!+()*2&1%9!'(&(+/41B(+!

+(.+*1&)!&'(!&*B/+!)*33+())/+!3QG!A:!1%&(+-.&1%9!81&'!1&)!./+(!4/B-1%5!8'1.'!2(-4)!&/!

&'(!3+/&(-)/B-2!4(9+-4-&1/%!/,!3QG!;=.'(,,%(+!"#!$%&5!#SSG@C![%/&'(+!3+/&(1%!&-+9(&(4!

A:! 1&)!6cc66!B/&1,! 1)! &'(! &+-%).+13&1/%-2!./M-.&10-&/+!`[`6#C!aH!/%./3+/&(1%)! ,+/B!

.*&-%(/*)!rM<>X)!.-3&*+(!-%!6cc66!B/&1,!2/.-&(4!-&!&'(!KM&(+B1%*)!/,!`[`6#C!V'1)!

1%&(+-.&1/%!3+(0(%&)!`[`6#!&+-%)-.&10-&1/%!-%4!+(3+())()!O/&.'!)19%-21%9!3-&'8-:5!

8'1.'!1)!+()3/%)1A2(!,/+!R(+-&1%/.:&(!41,,(+(%&1-&1/%!;L+1B(+!"#!$%&5!DJ#D@C!I(.(%&!8/+R)!

)*99()&(4! -! &(%4(%.:! /,! 6cc66!B/&1,! +(./9%1&1/%! 3+(,(+(%.()!-B/%9! &'(! 41,,(+(%&!

<>X!&:3()Y!ZM<>X)!aH!3+/&(1%)!A1%4!aH[>!B/&1,!8'(+(-)!rM<>X)!aH!/%./3+/&(1%)!

+-&'(+!1%&(+-.&!81&'!`[`6#!B/&1,!;L+1B(+!"#!$%&5!DJ#ET!\'1&(!"#!$%&5!DJ#D-@C![441&1/%-2!

aHMA1%41%9! '*B-%! 3+/&(1%)! ./%&-1%1%9! 6cc66! B/&1,)! 8(+(! +(3/+&(4C! V'(! A/01%(!

3-3122/B-01+*)! &:3(! #! ;L>X#@! aH! 1%&(+-.&)!81&'! &'(! ,/.-2! -4'()1/%! 3+/&(1%! 3-71221%5!

2(-41%9!&/!.(22!&+-%),/+B-&1/%!;V/%9!-%4!</82(:5!#SSET!\-4(!"#!$%&5!DJJF@C!L>X#!aH!

A1%4)!&/!)(0(+-2!3-71221%!6cc66!B/&1,)!;L+1B(+!"#!$%&5!DJ#E@!-%4!&'(!)&+*.&*+(!/,!L>X#!

aH!1%!./B32(7!81&'!/%(!/,!&'()(!B/&1,)!8-)!)/20(4!A:!cM+-:!.+:)&-22/9+-3':!;_-%1(+!"#!

$%&5!DJ#G@C!V'(!1%&(+-.&1/%!A(&8((%!<>X#H!aH!-%4!&'(!1%&(+,(+/%M+(9*2-&/+:!,-.&/+!G!

;NIdG@!1%'1A1&)!1&)!&+-%).+13&1/%-2!-.&101&:!;I/%./!"#!$%&5!#SSF@!-%4!/..*+)!&'+/*9'!&'(!

+(./9%1&1/%!/,!-%!6cc66!B/&1,!;>]LYH=h[T!>/1+)/%!"#!$%&5!1%!3+(3-+-&1/%@C!

$"!"!"!% a9`'.-,N'%

V'(!3+()(%&!)&*4:!-1B(4!-&!4(.13'(+1%9!&'(!6cc66!1%&(+-.&1/%!3+(,(+(%.()!/,!-!)(&!/,!

410(+)(!aH!/%./3+/&(1%)!A:!^*-%&1&-&10(!A1/3':)1.-2!-33+/-.'C!\(!*)(4!1%4(3(%4(%&!

./B32(B(%&-+:! B(&'/4)! &/! -..*+-&(2:! B(-)*+(! &'(! -,,1%1&1()! /,! aH! 3+/&(1%)! ,+/B!

41,,(+(%&!<>X)!+(3+()(%&-&10(!/,!&'(!3':2/9(%(&1.!-%4!3'(%/&:31.!410(+)1&:!,/+!-%!-++-:!

/,! 6cc66! 3(3&14(! B/&1,)! /+191%-&1%9! ,+/B! 0-+1/*)! '/)&! 3+/&(1%)C! V'(! )(2(.&(4! aH!



!

! #"G!

/%./3+/&(1%)!-+(!(73+())(4!A:!<>X!&:3()!A(2/%91%9!&/!&'(!B/)&!+(3+()(%&(4!9(%(+-!

;Z5!r!-%4!�@!-%4!&/!&'(!bM9(%*)!L>X#C!V'1)!)(&!1%.2*4()!B*./)-25!.*&-%(/*)!-%4!'19'M

+1)R!<>X!&:3()C!

$"!"!"$% X:%.)(-5,94-,)(%

N!-&&(B3&(4!&/!1)/2-&(4!-.&10(!aH!3+/&(1%)!,+/B!<>X!#5!G5!Q5!F5!##!A:!&'(!3*+1,1.-&1/%!

)&+-&(9:!&'-&!N!3+(01/*)2:!4(0(2/33(4!;)((!I()*2&)!)(.&1/%!#C#@C!N!3+/4*.(4!-%4!3*+1,1(4!

&'(! +(./BA1%-%&!`L>M,*)(4! 3+/&(1%)! #HaH! d"EI! "KP"=5! #FaH! d"SI5! DGaH!\'1B!

0-+1-%&5! GFaH! K##F[! -%4! "SaH! KF[! ,/22/81%9! 3+/&/./2)! 3+(01/*)2:! ()&-A21)'(4C! N!

/3&1B1W(4!&'(!3*+1,1.-&1/%!/,!#SEaH!KESo!KFSuC!N!.2/%(4!&+132(!,*)1/%!3+/&(1%)5!(%&-121%9!

&'(!)/2*A121&:M(%'-%.1%9!`L>!.-++1(+5!aH!3+/&(1%!-%4!6cc66!3(3&14(C!N!3+/4*.(4!&'(!

./%)&+*.&!#FaH!d"SI!,*)(4!&/!&'(!B*&-&(4!aH[>!6cc66!B/&1,!6Fd!a#QI!-%4!-441&1/%-2!

./%)&+*.&)!8'1.'!./*24!%/&!A(!*)(4!,/+!A1/3':)1.-2!-))-:!%/+!.+:)&-22/9+-3':!4*(!&/!

-*&/M-))/.1-&1/%!-%4!)/2*A121&:!1))*()C!N!3(+,/+B(4!=>I!-%4!'/24*3!-))-:!/%!&'(!aH!

3+/&(1%)!&'-&!./*24!A(!1)/2-&(4!*%4(+!-.&10(!,/+B!-A2(!&/!)3(.1,1.-22:!1%&(+-.&!81&'!6cc66!

3(3&14()C! N! 3+/.())(4! &'(! 4-&-! -../+41%9! &/! &'(!B(&'/4/2/9:! &'-&! N! -3321(4! ,/+! &'(!

3+/p(.&!4(&-12(4!1%!I()*2&)!)(.&1/%!#CDC!

$"!"$% X+-'5,+0%+(;%X'-?);8%

$"!"$"!% >5)-',(%'Y/5'88,)(%+(;%/45,1,.+-,)(%

N%! /+4(+! &/! 21B1&! &'(! ,/+B-&1/%! /,! 1%&(+B/2(.*2-+! 41)*2,14(! A+149()5! %/%M./%)(+0(4!

.:)&(1%(! +()14*()! (73/)(4! &/! &'(! )/20(%&! 8(+(! B*&-&(4C! V'(! )/2*A121&:M(%'-%.(4!

B*&-%&!/,!<>X#H!aH!;*%13+/&!N]Y!>JG#DH@!1%.2*4()!"!B*&-&1/%)!/,!(73/)(4!.:)&(1%(!

+()14*()!;KFJ=T!KSE=T!K###=!-%4!K#"J=@C!N%!-441&1/%5!&'(!B*&-&1/%!d"EI!3+(0(%&)!

41B(+1W-&1/%!/,!&'(!3+/&(1%C!=1B12-+2:5!<>X#F!aH!;*%13+/&!N]Y!>JH"HG@!8-)!B*&-&(4!&/!

3+(0(%&! 1&)! 41B(+1W-&1/%! ;d"SI@C! =/20(%&M(73/)(4! .:)&(1%()! /,! &'(! &'+((! /&'(+! aH!

3+()(%&(4! 1%! &'1)! )&*4:! 8(+(!B*&-&(4! -)! ,/22/8)Y! <>XGF! aH! ;*%13+/&! N]Y! uFJSJE@!

;K##F[@T!<>X"S!aH! ;*%13+/&! N]Y!>GHF#G@!;KF[@!-%4!<>X#SE!aH! ;KESoT!KFSu@C![!

0-+1-%&!/,!<>XDG!aH!8-)!)(2(.&(4!,/+!&'(!3+()(%&!)&*4:Y!81&'!+()3(.&!&/!&'(!+(,(+(%.(!

)(^*(%.(!;*%13+/&!N]Y!>QJEEH@5!1&!./%&-1%)!&'(!)*A)&1&*&1/%)!<QI5!V#GO5!=#S65!VDJ>5!

<HDOC! N%! -441&1/%5! -! )/20(%&M(73/)(4! .:)&(1%(! +()14*(! 8-)!B*&-&(4! ,/+! )/2*A121&:M

(%'-%.(B(%&! ;K##"X@C!L>X#!aH!8-)! .2/%(4!81&'/*&! -%:!B*&-&1/%! %/+! )*A)&1&*&1/%!

;*%13+/&!N]Y!>JHSG#@C![22!+(,(+(%.(!)(^*(%.()!/,!8124M&:3(!aH!3+/&(1%)!-+(!-0-12-A2(!

/%!>-Xa!4-&-A-)(!;3-0(C%1-14C%1'C9/0@C!



!

! #""!

aH!3+/&(1%)!,+/B!<>X!#H5!#F5!DG5!GF5!"S!-%4!L>X#!8(+(!,*)(4!&/!-!B*&-%&!̀ L>!;0(.&/+!

3aVc`#@!-)!3+(01/*)2:!4().+1A(4!,/+!.+:)&-22/9+-3'1.!3*+3/)(!;_-%1(+!"#!$%&5!DJ#G@C!

=(^*(%.(!(%./41%9!,/+!#SEaH!8-)!.2/%(4!1%!&'(!O./N![..HQN!)1&()!/,!3aV`M"#!0(.&/+C!

V+132(!,*)1/%!./%)&+*.&)!;`L>MaHM6cc66@!8(+(!/A&-1%(4!A:!219-&1%9!&'(!>KI!,+-9B(%&!

(%./41%9! ,/+! aH! 3+/&(1%! 81&'! ':A+141W(4! /219/%*.2(/&14()! (%./41%9! ,/+! &'(! 6cc66!

3(3&14()!81&'1%!&'(!O./N![..HQN!)1&()!/,!&'(!0(.&/+!3aVc`#!(%./41%9!,/+!OM&(+B1%-2!

,*)1/%!&/!`L>C!

>+/&(1%)!8(+(!+(./BA1%-%&2:!(73+())(4!1%!J1EA"-.EA.$!E<%.!L6D#!;]aG@!9+/8%!1%!6L!

B(41*B!)*332(B(%&(4!81&'!92*./)(!J5D!g!;8P0@!-%4!R-%-B:.1%(!QJ!|9PB6C!L-.&(+1-!

8(+(!9+/8%!-&!GE�K!*%&12!$]HJJ!≈!JCE5!1%4*.(4!A:!-441%9!JCQ!B`!N>V?!;N)/3+/3:2!rM]M

#M&'1/9-2-.&/3:+-%/)14(@! -%4! _%=$"!#JJ! |`5! 1%.*A-&(4! /0(+%19'&! -&! #H�K! -%4!

'-+0()&(4!A:!.(%&+1,*9-&1/%C!

N%!/+4(+!&/!-0/14!&'(!,/+B-&1/%!/,!1%&(+B/2(.*2-+!41)*2,14(!A+149()5!-22!3*+1,1.-&1/%!A*,,(+)!

8(+(!(7&(%)10(2:!4(9-))(4!-%4!(^*121A+-&(4!81&'!-+9/%!A(,/+(!-441%9!+(4*.1%9!-9(%&C!

`L>MaH!3+/&(1%)!,+/B!<>X!#H5!#F!;81&'!-%4!81&'/*&!,*)1/%!&/!aH[>!6cc66!3(3&14(!

B*&-%&!6Fd!a#QI@5!DG5!GF5!"S!-%4!L>X#!8(+(!3*+1,1(4!-)!3+(01/*)2:!4().+1A(4!;_-%1(+!

"#!$%&5!DJ#G@C!L+1(,2:5!A-.&(+1-2!3(22(&)!8(+(!+()*)3(%4(4!1%!L*,,(+![!;V+1)!<K2!3<!F!QJ!

B`5!O-K2!"JJ!B`5!]VV!/+!A(&-B(+.-3&/(&'-%/2!D!B`!,/+!GFaH@!)*332(B(%&(4!81&'!

92:.(+/2!Q!g!;8P0@5!IO[)(!JCDQ!|9PB65!]O[)(!JCDQ!|9PB65!2:)/W:B(!-&!-33+/71B-&(2:!

#! |9PB6! -%4! a]V[M,+((! 3+/&(-)(! 1%'1A1&/+! ./.R&-12! ;I/.'(@! -&! &'(! ./%.(%&+-&1/%!

+(./BB(%4(4!A:!&'(!B-%*,-.&*+(+C!K(22)!8(+(!41)+*3&(4!A:!&'+((!̀ 1.+/,2*141W(+!.:.2()!

-%4!.(%&+1,*9(4!"Q!B1%!-&!#QJ5JJJ7(!"�KC!d/+!̀ L>MB(41-&(4!3*+1,1.-&1/%5!)*3(+%-&-%&!

8-)!2/-4(4!/%!3-.R(4!-B:2/)(!+()1%!;O(8!a%92-%4!L1/6-A)@5!8-)'(4!81&'!A*,,(+![!

-%4! (2*&(4! 81&'! A*,,(+! L! ;V+1)! <K2! 3<! F! QJ! B`5! O-K2! "JJ! B`5! ]VV! /+!

A(&-B(+.-3&/(&'-%/2!D!B`5!B-2&/)(!#Q!B`5!3+/&(-)(!1%'1A1&/+!./.R&-12!-&!DJ!g!/,!&'(!

+(./BB(%4(4!./%.(%&+-&1/%@C!N%!/+4(+!&/!(21B1%-&(!`L>MaH!-99+(9-&()5!&'(!)-B32(!

8-)!&'(%!*2&+-.(%&+1,*9(4!#Q!'!-&!DJJ5JJJ7(!"�K!1%!)81%9!+/&/+C![)!-!,1%-2!)&(3!&/!1)/2-&(!

B/%/B(+1.! 3+/&(1%! )3(.1()5! &'(! )*3(+%-&-%&! 8-)! 3*+1,1(4! A:! )1W(M(7.2*)1/%!

.'+/B-&/9+-3':!1%!L*,,(+![!/%!<16/-4!#HPHJJ!/+!DHPHJJ!=*3(+4(7!DJJ!./2*B%)!;?a!

<(-2&'.-+(@C!



!

! #"Q!

aH!,+/B!<>X#SE!8-)!3*+1,1(4!A:!N`[K!/%!%1.R(2!+()1%!&'+/*9'!1&)!OM&(+B1%-2!H<1)!&-9C!

L-.&(+1-2!.(22)!8(+(!41)+*3&(4!-../+41%9!&/!&'(!)-B(!3+/&/./2!-)!4().+1A(4!-A/0(!;81&'!

Q!B`!]VV!-%4!#J!B`!1B14-W/2(!-44(4!1%!&'(!2:)1)!A*,,(+@C![,&(+!.(%&+1,*9-&1/%!"Q!B1%!

-&! #QJ5JJJ7(! "�K5! &'(! .2(-+(4! 2:)-&(! 8-)! 2/-4(4! /%! <1)V+-3! dd! ./2*B%! ;?a!

<(-2&'.-+(@C![,&(+!8-)'1%9!-&!'19'!)-2&!;L*,,(+![DY!V+1)!<K2!3<!F!QJ!B`5!O-K2!#!`5!

1B14-W/2(!#J!B`5!]VV!Q!B`5!3+/&(-)(!1%'1A1&/+!./.R&-12!-&!DJ!g!/,!&'(!+(./BB(%4(4!

./%.(%&+-&1/%@5! 3+/&(1%! 8-)! 9+-41(%&! (2*&(4! ,+/B! #J! &/! GJJ!B`! 1B14-W/2(! ;Q! KX@C!

d1%-22:5!3+/&(1%!(2*&(4!-&!Q"!B`!1B14-W/2(!8-)! 1%p(.&(4! 1%!<16/-4!#HPHJJ!=*3(+4(7!

DJJ!./2*B%!;?a!<(-2&'.-+(@!,/+!)1W(M(7.2*)1/%!.'+/B-&/9+-3':!1%!L*,,(+![C!

=B-22M).-2(!A-&.'!3*+1,1.-&1/%!/%!%1.R(2!+()1%!8-)!3(+,/+B(4!-../+41%9!&/!-!3+/&/./2!

3+(01/*)2:!4().+1A(4!;L/%'/*+(!"#!$%&5!DJ#F@C!

$"!"$"$% >'/-,;'%8:(-?'8,8%

L1/&1%:2-&(4!3(3&14()!8(+(!):%&'()1W(4!A:!(1&'(+!h>V!N%%/0-&10(!>(3&14(!=/2*&1/%)!81&'!

�EJg!3*+1&:!/+!A:!3(3&14(!):%&'()1)!32-&,/+B!,+/B!N?L`K!81&'!�!FJ!g!3*+1&:C!V'(:!-+(!

-22!OM&(+B1%-22:! ./%p*9-&(4! &/!A1/&1%! 01-! -!VV]=!)3-.(+! ;OM;#GM-B1%/M"5E5#JM&+1/7-M

&+14(.-:2@M)*..1%-B1.! -.14@! ;N+1)! L1/&(.'! ?`L<@C! V'(! 2:/3'121W(4! 3(3&14()! 8(+(!

+()*)3(%4(4!1%!8-&(+!-&!Q!B`!-%4!)&/+(4!-&!MDJ�KC!

$"!"$"#% '() *+,-.% /5)-',(T/'/-,;'% ,(-'5+.-,)(% +88+:8O% ?)0;4/% +88+:I% 8451+.'T/0+8*)(%
5'8)(+(.'%+(;%C>aL%/'/-,;'%+55+:8%

V'(!'/24*3!.'+/B-&/9+-3'1.!+(&(%&1/%!-))-:!8-)!3(+,/+B(4!-)!3+(01/*)2:!4().+1A(45!

*)1%9!B1.+/,2*141.)!.-3122-+:!(2(.&+/3'/+()1)!,/+!&'(!^*-%&1,1.-&1/%!/,!*%A/*%4!`L>MaH!

;L/%'/*+(! "#! $%&5! DJDJ@C! =1B12-+2:5! &'(! 1%&(+-.&1/%! -))-:)! A:! )*+,-.(! 32-)B/%!

+()/%-%.(!-%4!=>$V!3(3&14(!-++-:)!8(+(!3(+,/+B(4!A-)(4!/%!3+(01/*)2:!3*A21)'(4!

3+/&/./2)!;L/%'/*+(!"#!$%&5!DJDJ@C!!

$"!"#% D'840-8%

$"!"#"!% C'0'.-,)(%+(;%/5);4.-,)(%)1%+%/))0%)1%@A%/5)-',(8%

>(+,/+B1%9!-..*+-&(!^*-%&1&-&10(!A1%41%9!-))-:)!+(^*1+()!3+/&(1%!)-B32()!81&'!/3&1B-2!

^*-21&:5!8'1.'!B-:!A(!.'-22(%91%9!,/+!&'(!-99+(9-&1/%M3+/%(!aH!/%./3+/&(1%)!;O/B1%l!

"#!$%&5!DJJ#@C!aH!3+/&(1%)!./%&-1%!-&!2(-)&!F!./%)(+0(4!.:)&(1%(!+()14*()!+(^*1+(4!,/+!

&'(! .//+41%-&1/%! /,! &8/! W1%.! 1/%)! -%4! )(0(+-2! -441&1/%-2! %/%M./%)(+0(4! .:)&(1%(!

+()14*()!&'-&!,/+B!1%&(+B/2(.*2-+!41)*2,14(!A+149()!1%!/714-&10(!./%41&1/%)C!V'(!+()*2&1%9!



!

! #"H!

/219/B(+1.!)3(.1()!.-%!%/!2/%9(+!1%&(+-.&!)3(.1,1.-22:!81&'!6cc66!3(3&14()!)1%.(!&'(!

':4+/3'/A1.!A1%41%9!3/.R(&!1)!%/&!-..())1A2(C!N%!/+4(+!&/!B-71B1W(!&'(1+!)/2*A121&:!/,!
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Y.&!(0@6'!&`*&(-!-+&!7).').S!*,&2&,&.(&1!02!<=>?J"45!/.'!<=>?"L45!-0!7&!1)A)6/,!

-0!<=>?"5459!V-!)1!-+&!(/1&!20,!45M>!/.'!VEBJ!:;;::!A0-)21[!-+&8!+/3&!-+&!+)S+&1-!

/22).)-)&1!20,!<=>?"545I!-+&8!70-+!).-&,/(-!R)-+!<=>?J"45!/.'!45M>!:;;::!A0-)2!)1!

,&(0S.)_&'!78!<=>?"L45!UA(06-2%!BW9!M1!<=>?J"45!/.'!<=>?"L45!7).'!3&,8!2&R!

:;;::!*&*-)'&1!02! -+&! -&1-&'! 6)7,/,8I!0.&!(0@6'!/,S@&!-+/-! -+&),!7)0(+&A)(/6!Z@/6)-8!

'0&1!.0-!/660R!-+&A!-0!).-&,/(-!R)-+!:;;::!A0-)21I!-+/-!)1!-0!1/8!-+/-!-+&!-R0!*,0-&).1!

/,&!*,&1&.-!@.'&,!-+&!20,A!02!)./(-)3&!06)S0A&,19!M.0-+&,!&`*6/./-)0.!)1!-+/-!-+&!-&1-&'!

*&*-)'&! 6)7,/,8! &.-/)61! 0.68! 2&R! *&*-)'&1! -+/-! A/-(+! -+&),! 7).').S! *,&2&,&.(&19!%&!

-&1-&'!/!1&(0.'!*&*-)'&!6)7,/,8!A/'&!02!1).S6&?*0).-!A@-/.-1!02!45M>!:;;::!A0-)2!-+/-!

R)66!7&!2@,-+&,!'&-/)6&'!).!1&(-)0.!$9"9J9J9$9!%+&.!-&1-&'!R)-+!-+)1!1&(0.'!6)7,/,8I!<=>?

J"45! /.'! <=>?"L45! ,&/(+&'! 1)S.)2)(/.-! ).-&,/(-)0.! R)-+! A/.8! :;;::! *&*-)'&1!

UA(06-2%!CW9!T+)1!071&,3/-)0.!1@**0,-1!-+&!+8*0-+&1)1!-+/-!-+&!*@,)2)&'!<=>?J"45!/.'!

<=>?"L45!R&,&!/(-)3&!/.'!/76&!-0!).-&,/(-!R)-+!:;;::!A0-)21!/1!60.S!/1!-+&!*&*-)'&!

6)7,/,8!&.-/)61!-+&),!*,&2&,,&'!*&*-)'&!A0-)219!Y@,!,&1@6-1!1@SS&1-!-+/-!<=>?J"45!/.'!

<=>?"L45!7).'!1*&()2)(/668!45M>!/.'!VEBJ!:;;::!A0-)29!\0R&3&,I!0.&!(/..0-!,@6&!

0@-!-+/-!-+&8!A/8!7).'!0-+&,!A0-)21!-+/-!/,&!.0-!,&*,&1&.-&'!R)-+).!0@,!*&*-)'&!6)7,/,8I!

/1!1-/-&'!).!-+&!*,&3)0@1!*/,/S,/*+9%

>4?/2%D[!4@(6)'&/.!')1-/.(&1!7&-R&&.!-+&!1&3&.!7).').S!*,02)6&1!02!<=>?2@1&'!45!*,0-&).1!'&-&,A).&'!
78!-+&!+06'@*!/11/8!U*,&1&.-&'!).!A(06-2%!BW9!M-!-+&!6&2-!02!-+&!-/76&I!/!*+860S&.&-)(!-,&&!&.-/)6).S!-+&!
S&.@1!/.'!1*&()&1!02!&/(+!-&1-&'!\>P!45!0.(0*,0-&).!)1!')1*6/8&'9!T+&!(060,!(0'&!@1&'!-0!+)S+6)S+-!
-+&!4@(6)'&/.!')1-/.(&1!3/6@&1! )1!*,&1&.-&'!0.! -+&! ,)S+-!02! -+&! -/76&9!]0-&! -+&! 60R!3/6@&1! 20,!<=>?
J"45G<=>?"L45!(0A*/,)10.I!R+)(+!).')(/-&1!-+/-!70-+!*,0-&).1!+/3&!1)A)6/,!7).').S!*,02)619!!

>4?/2%D!*,&1&.-1!-+&!4@(6)'&/.!')1-/.(&!7&-R&&.!&/(+!*/),!02!7).').S!*,02)6&1I!7/1&'!

0.!-+&!+06'@*!'/-/!*,&1&.-&'!).!A(06-2%!B9!T+)1!*/),R)1&!(0A*/,)10.!&A*+/1)_&1!-+/-!

45! *,0-&).1! 7&60.S).S! -0! -+&! 1/A&! S&.@1! +/3&! ,&6/-&'! 7).').S! *,&2&,&.(&1I! 20,!

).1-/.(&! -+&!!?S&.@1!<=>?"545I!<=>?"L45! /.'!<=>?J"459!Y.! -+&! (0.-,/,8I! -+&!

+)S+&1-!4@(6)'&/.!')1-/.(&!)1!,&/(+&'!20,!<=>?"L45G!<=>?CK45!(0A*/,)10.I!R+)(+!

)1!(0.1)1-&.-!/1!70-+!*,0-&).1!'0!.0-!1+/,&!/.8!(0AA0.!-/,S&-!*&*-)'&9!V.-&,&1-).S68I!

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

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

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

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

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

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

!'(#" !""! #$-- '$)%

)*+! !""! ,$%%

aK

aD

b$

bJ

c$C 

^C 



!

! "##!

45! *,0-&).1! (0@6'! 7&! 1*6)-! ).-0! -R0! S,0@*1! 7/1&'! 0.! -+&! *,0`)A)-8! 02! -+&),! 7).').S!

*,02)6&1[!0.!-+&!0.&!+/.'I!-+&!!?S&.@1!+)S+?,)1Q!A@(01/6!<=>?"545I!<=>?"L45!/.'!

<=>?J"45!/.'!0.! -+&!0-+&,!+/.'I! -+&!b!/.'!d?S&.@1!(@-/.&0@1!<=>?JL45I!<=>?

CK45!/.'!<=>?"KD459!T+&! 60R&,!')1-/.(&!7&-R&&.!<=>?=>P"45G<=>?"545!A/8!

1@SS&1-!-+/-!<=>?=>P"45!)1!).-&,A&')/-&!7&-R&&.!-+01&!-R0!S,0@*19!V.'&&'I!<=>?

=>P"45!70@.'!45M>!:;;::!A0-)2!/-!'&-&(-/76&!6&3&6!U=V!e!X95X!f!X9XKWI!@.6)Q&!<=>?

JL45I!<=>?CK45!/.'!<=>?"KD459!!

M1!.0-&'! ).! -+&!*,&3)0@1!*/,/S,/*+I! -+&!(0A*/,)10.!02! -+&!7).').S!*,02)6&!02! -+&!!?

S&.@1! <=>?"545! 3&,1@1! -+&! b?S&.@1! <=>?JL45! /.'! <=>?CK45! ,&3&/61! /! (6&/,!

,&1+@226).S! 02! -+&),! 7).').S! *,&2&,&.(&19! %+)6&! 45M>! :;;::! A0-)2! /**&/,1! /1! -+&!

*,&2&,&.-)/6!-/,S&-!02!!?S&.@1!\>P!45!*,0-&).1!U=,)A&,!"#!$%&I!$X"DWI!)-!'0&1!.0-!).-&,/(-!

R)-+!<=>?JL45!/.'!)-1!).-&,/(-)0.!R)-+!<=>?CK45!)1!7&60R!-+&!1)S.)2)(/.(&!-+,&1+06'!

2)`&'!/-!X9$9!<=>?JL45!/.'!<=>?CK45!1+/,&!(0AA0.!*&*-)'&!-/,S&-1I!20,!).1-/.(&!

-+&!:;;::!A0-)21!02!+@A/.!/.'!703).&!*#J!U*#J!/.'!*#Jg701$WI!<M<:"!/.'!*)/18g"9!

=&1)'&! -+&),! 1)A)6/,! *,&2&,&.(&1I! 0.&! (/.!.0-&! -+/.!<=>?CK45!7).'1!A0,&!:;;::!

A0-)21!R)-+).!-+&!*&*-)'&!6)7,/,8!-+/.!<=>?JL459!V.!/'')-)0.I!<=>?CK45!70@.'!*)/18g"!

/.'!<M<:"!:;;::!A0-)21!R)-+!+)S+&,!/22).)-8!-+/.!<=>?JL45[!=VU<=>?JL45G<M<:"W!

e!X9C$!f!X9X$!3&,1@1!=V!U<=>?CK45G<M<:"W!e!X9D$!f!X9XD9!

T+&!d?S&.@1!<=>?"KD45!/610!-/,S&-!10A&!02!-+&!b?S&.@1!*,&2&,&.-)/6!-/,S&-1I!1@(+!/1!

*#JI!*#Jg701$!/.'!<M<:"9!V.!/'')-)0.I!<=>?CK45!/.'!A01-!*/,-)(@6/,68!<=>?"KD45!

-/,S&-!VEBJ!:;;::!A0-)29!

F0.(&,.).S!-+&!).-&,/(-)0.!*,02)6&!02!<=>?=>P"45I!0.&!(/.!.0-&!-+/-!)-1!03&,/66!/22).)-8!

20,!-+&!-&1-&'!:;;::!A0-)21!)1!60R&,!-+/.!-+&!b!/.'!d?S&.@1!<=>?459!V-1!+)S+&1-!=V!

R/1!,&/(+&'!20,!<M<:"[!=VU<=>?=>P"45G<M<:"W!e!X9D$!f!X9X59!V.!/'')-)0.I!A(06-2%

!B!1+0R1!-+/-!<=>?=>P"45!)1!-+&!*,0-&).!-+/-!70@.'!A01-!*&*-)'&1!).!-+&!6)7,/,8!/1!

(0A*/,&'!-0!/66!1&3&.!-&1-&'!<=>?459!M1!&`*&(-&'!7/1&'!0.!-+&!6)-&,/-@,&!UP/.'&!>06!

"#!$%&I!"KKLWI!<=>?=>P"45!).-&,/(-1!R)-+!>;]g"I!>;]g$!/.'!>;]gCI!R+)(+!0,)S)./-&!

2,0A! )-1! *,0-0-8*)(/6! -/,S&-I! */`)66).9! T+&! =V! 7&-R&&.! <=>?=>P"45! /.'! -+&! -+,&&!

*/`)66).!A0-)21! ,/.S&! 2,0A! X9C! -0! X959! T+&! (0.3&,1)0.! 02! -+&1&! 3/6@&1! ).-0! hi! 2,&&!

&.&,S8!,&3&/6&'!-+/-!/-!Te!$KLj!-+&8!(0,,&1*0.'!-0!hiU<=>?=>P"45G>;]g"W!e!?D9$!

f!X9#!Q(/69A06?"!/.'!hiU<=>?=>P"45G>;]g$W!e!hiU<=>?=>P"45G>;]gCW!e!?595!f!

X9#!Q(/69A06?"!UA(06-2%!EW9!T+&!/110()/-&'!')110()/-)0.!(0.1-/.-!20,!>;]g"!)1!jkU<=>?



!

! "#5!

=>P"45G>;]"W!e!#9D!l<9!T+)1!3/6@&!(0.1-,/-1!R)-+!-+&!*,&3)0@168!*@76)1+&'!/22).)-8!

20,!=>P"!45!/.'!-+&! 2),1-!:;;::!A0-)2!02!*/`)66).I!R+)(+!R/1!'&-&,A).&'!78!H>E!/-!

J#9"!.<!UY@6'!<m+/A&'!Y@6'!H)')!"#!$%&I!$X""W9!T+&!')22&,&.(&!7&-R&&.! -+&1&! -R0!

3/6@&1!(/.!7&!&`*6/).&'!78!-R0!2/(-0,19!B),1-I!-+&!*&*-)'&!1&Z@&.(&!02!-+&!*/`)66).!A0-)2!

16)S+-68! ')22&,1! 7&-R&&.! -+&! -R0! 1-@')&1[! R+)6&! 0@,! *&*-)'&! 1&Z@&.(&! R/1!

<kk:kM::Mk:4I! -+&! *,&3)0@1! 1-@'8! R/1! *&,20,A&'! @1).S! /! *&*-)'&! R)-+! -+&!

1&Z@&.(&!kk:kM::MkF49!T+&!*,&1&.(&!02!/!681).&!,&1)'@&!).1-&/'!02!/!6&@().&!A/8!

&.+/.(&!-+&!/22).)-8!78!/'').S!/!+8',0S&.!70.'!R)-+!-+&!*01)-)3&68!(+/,S&'!1)'&!(+/).!

02!681).&9!n.20,-@./-&68I!-+&!(,81-/6!1-,@(-@,&!02!=>P"!45!).!(0A*6&`!R)-+!*/`)66).!:;;::!

A0-)2!R/1!1063&'!@1).S!/!-+),'!*&*-)'&!1&Z@&.(&!<kk:kM::Mk!-+/-!'0&1!.0-!&.-/)6!

-+&! 1@71-)-@-&'! ,&1)'@&! Uo/.)&,! "#! $%&I! $X"JWI! )A*&').S! -+&! 3&,)2)(/-)0.! 02! -+)1! 2),1-!

+8*0-+&1)19!T+&!1&(0.'!2/(-0,!-+/-!(0@6'!&`*6/).!-+&!+)S+&,!/22).)-8!A&/1@,&'!).!Y@6'!

<p+/A&'!Y@6'!H)')!"#!$%&!)1!-+&!1/6-!(0.(&.-,/-)0.!-+/-!R/1!1&-!/-!$XX!A<!).!-+&!20,A&,!

H>E!1-@'8!3&,1@1!JXX!A<!).!-+&!*,&1&.-!+06'@*!/11/89!M1!/11/8&'!).!Uo/.)&,!"#!$%&I!

$XX#WI!-+&!/22).)-8!02!/.!45G:;;::!).-&,/(-)0.!)1!'&*&.'&.-!0.!)0.)(!1-,&.S-+9!\&.(&I!

-+&!3/,)/-)0.!02!*&*-)'&!1&Z@&.(&!(0@*6&'!-0!')22&,&.(&!7@22&,!(0A*01)-)0.!A/8!&`*6/).!

-+&!+)S+&,!jk!3/6@&!&1-)A/-&'!).!0@,!1-@'89!

T+&1&!,/-+&,!60R!/22).)-)&1!20,!&/(+!)106/-&'!*&*-)'&!(/.!7&!(0A*&.1/-&'!R+&.!=>P"!

45!).-&,/(-1!R)-+!2@66?6&.S-+!*/`)66).9!T+&!*,&1&.(&!02!1&3&,/6!7).').S!A0-)21!R)-+).!-+&!

1/A&!*,0-&).!-/,S&-!A/8!).(,&/1&!-+&!03&,/66!/22).)-8!78!/.!/3)')-8!&22&(-9!V.-&,&1-).S68I!

<=>?CK45!7).'1!>;]g"!/.'!>;]g$!/-!+)S+&,!/22).)-8!-+/.!<=>?=>P"459!<=>?CK45!

/610!70@.'!-+&!(0,,&1*0.').S!A0-)21!R)-+).!\VF#I!-+&!+0A060S!02!*/`)66).!UTiB="g"!

/.'!TiB="g$W9!M1!')1*6/8&'!0.!A(06-2%!EI!-+&!1&Z@&.(&1!02!>;]g"!/.'!>;]$!0.68!

')22&,!2,0A!TiB="g"!/.'!TiB="g$!78!$!,&1)'@&1I!R+)(+!&`*6/).1!-+/-!-+&!+0A060S0@1!

A0-)21!/,&!,&(0S.)_&'!78!-+&!1/A&!<=>?45!*,0-&).!/-!(0A*/,/76&!/22).)-)&19!

V.!0@,!1-@'8I!R&!).(6@'&'!-+&!:;;::!A0-)2!02!+@A/.!*#J!U*#JW!/.'!-R0!*&*-)'&1!2,0A!

-+&!1/A&!A0-)2!).!703).&!*#J!U*#Jg701"!/.'!*#Jg701$W9!%+)6&!*#J!/.'!*#Jg701"!0.68!

')22&,! 78! /! 1).S6&! ,&1)'@&I! -+)1! 1@71-)-@-)0.! )1! 1@22)()&.-! -0! )A*/(-! ',/1-)(/668! )-1!

,&(0S.)-)0.! 78! 45! 0.(0*,0-&).19! <=>?=>P"45! '0&1! .0-! ).-&,/(-! R)-+! +@A/.! *#J!

*&*-)'&!7@-!7).'1!*#Jg701"!/.'!*#Jg701$!R)-+!1)A)6/,!/22).)-)&1!U?59C!/.'!?59$!f!X9#!

Q(/69A06?"I!,&1*&(-)3&68W9!Y.!-+&!(0.-,/,8I!-+&!jG]!1@71-)-@-)0.!2,0A!*#J!-0!*#Jg701"!

/706)1+&'!-+&!).-&,/(-)0.!R)-+!<=>?"KD45!/.'!60R&,&'!-+&!/22).)-8!02!<=>?JL45!/.'!

<=>?CK459!V.-&,&1-).S68I!/'').S!20@,!,&1)'@&1!HO4T!).!]?-&,A)./6!U*#Jg701$W!(0@6'!



!

! "#D!

(0A*&.1/-&!-+&!/A).0!/()'!1@71-)-@-)0.!/.'!,&1-0,&!-+&!).-&,/(-)0.!R)-+!<=>?JL45I!

<=>?CK45!/.'!<=>?"KD459!

A(06-2%!E[!\&/-A/*!,&*,&1&.-/-)0.!02!-+&!(/6(@6/-&'!hi!20,!&/(+!45G:;;::!).-&,/(-)0.9!T+&!hi!3/6@&1!
R&,&! &1-)A/-&'! 78! (/6)7,/-).S! +06'@*! =V! R)-+! -+,&&! ).-&,/(-)0.1! Z@/.-)2)&'! 78! H>EI! /1! *,&3)0@168!
'&1(,)7&'!U=0.+0@,&!"#!$%&I!$X$XW9!T+&!(060,!(0'&!02!-+&!+&/-A/*!20,!-+&!(0,,&1*0.').S!hi!3/6@&1!U).!
Q(/69A06?"W!)1!/-!-+&!70--0A9!=0-+!<=>?2@1&'!45!*,0-&).1!/.'!:;;::!*&*-)'&1!R&,&!/6)S.&'!/((0,').S!
-0!-+&),!/A).0!/()'!1&Z@&.(&!/.'!/.!/3&,/S&!')1-/.(&!-,&&!)1!')1*6/8&'!0.!-+&!2)S@,&9!B0,!1/Q&!02!(6/,)-8I!
-+&!106@7)6)-8?&.+/.().S!A@-/-)0.1!02!&/(+!<=>?2@1&'!45!*,0-&).!/,&!.0-!).')(/-&'!0.!-+&!2)S@,&[!"545!
BCDE!CFGCHq!J"45!FKDH!F"""Hq!"L45!BCKEq!JL45!F""LMq!CK45!FLMq!"KD45!FDKN!FLKO9!T+&!A&/.!
@.(&,-/).-8!R/1!&1-)A/-&'!/-!X9#!Q(/69A06?"9!

V.!0,'&,!-0!&1-)A/-&!-+&!1)S.)2)(/.(&!02!0@,!'(!)'#*+ ,&1@6-1!).!/!(&66@6/,!(0.-&`-!R)-+!2@66?

6&.S-+! *,0-&).1I! R&! (0A*/,&'! 0@,! 2,/SA&.-/6! *,0-&).?A0-)2! ).-&,/(-)0.! '/-/! R)-+!

*@76)1+&'!M>?<H!1-@')&19!>4?/2%8!*,&1&.-1!/!1@AA/,8!02!-+&!45!).-&,/(-)0.!*/,-.&,1!

,&*0,-&'!).!U4(Q+/,'-!"#!$%&I!$X"Lq!i,/(&!/.'!<r.S&,I!$X"Dq!E0_&.76/--?E01&.!"#!$%&I!

$X"$q!%/.S!"#!$%&I!$X"5q!%+)-&!"#!$%&I!$X"$/W!(0A*/,&'!R)-+!-+&!hi!-+/-!R&!&1-)A/-&'9!

T0! '/-&I! -+&! +@A/.! *,0-&).1! -/,S&-&'! 78! CK45! +/3&! .0-! 7&&.! ).3&1-)S/-&'! 78!

*,0-&0A)(19!\>PD5!7&60.S1!-0!-+&!1/A&!bJ!1*&()&1!/1!\>PCK9!T+&!*,0-&).!D545!R/1!

@1&'!/1!/!7/)-!).!/!1-@'8!*@76)1+&'!).!$X"$!U%+)-&!"#!$%&I!$X"$/W9!H).(&!D545!/.'!CK45!



!

! "#L!

1+/,&!LX!s!)'&.-)-8!).!-+&),!*,0-&).!1&Z@&.(&I!R&!/11@A&!-+&),!7).').S!*,&2&,&.(&1!-0!

7&!1)A)6/,9!

%+)6&!*#J!R/1!(0?*@,)2)&'!R)-+!-+&!!?S&.@1!"545I!J"45!/.'!"L45I!R&!')'!.0-!'&-&(-!

/.8!'),&(-!).-&,/(-)0.!7&-R&&.!-+&1&!45!*,0-&).1!/.'!-+&!:;;::!A0-)2!R)-+).!*#J9!T+)1!

071&,3/-)0.!(0.2),A1!-+/-!+)S+?,)1Q!A@(01/6!\>P!45!*,0-&).1!'0!.0-!).-&,/(-!R)-+!*#J!

78! (/*-@,).S! )-1! :;;::! A0-)2! 7@-! ,&(,@)-! 45M>! @7)Z@)-).! 6)S/1&! -0! 20,A! /! -,)*/,-)-&!

(0A*6&`!).!R+)(+!45!7).'1!*#J!78!/.!).-&,2/(&!60(/-&'!).!)-1!(0,&!'0A/).!U</,-).&_?

o/*)&.!"#!$%&I!$X"5W9!T+&!(0?*@,)2)(/-)0.!02!70-+!45M>!/.'!*#J!)1!(0.1)1-&.-!R)-+!-+)1!
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DRc#$3L%Cc&%:$#:c"#/cEc"<OC-:%c&%:$#:c=%:=%/I

4C9=$-#

1#c"cJ$C=%&cPC"=%

" 2(/03(4*+,,*,15617*84+/)109

]#c%PP%#/-&Jc=9,%

" 2(/03(4*09,:*;6<(49+)+9)

0#"CO=$3"Cc>%C;J$C=&"=$-#c=-c

`9"#=$JOc<-#-<%&:cgc-C$>-<%&:

B"'2'/9"$#1$0"7/1%/2P1/OJ/9$12"3%'
4RcJ&-<c+$>+;&$:Lc<93-:"CcG4HIJ'c5$=+c

:-C9,$C$=O;$<P&-Q$#>c<9="=$-#:cD7T^WcT*gT.I

4RcJ&-<c+$>+;&$:Lc39="#%-9:cG4HXL'c

5$C/;=OP%

Y2"9/I

*+"#>$#>c=+%c%C9=$-#c

<%=+-/

Y2"9/M

1P=$<$X%c$#39,"=$-#c=$<%c

,%=5%%#c3C%"&%/cCO:"=%c"#/c

"JJ$#$=Oc&%:$#
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$#78%9:%;%7<<)6=>,?%)@AB>6%

C<B.5D*B>6%>?%@E4*:)%56FAG*B>6%B.)%

+,(,&-."

/0'1,&-."

2$" 2%"

M#6#5/'(.(,.%&(."9(%+0'5#('*/&/-/5(&/(')*+,:(0/"/0#*+- 12(,*/0(9+,,#*#"&(34N(&:'#%(+"('.*.55#5

7":=c%C9=$-#cJ-CC-5%/c,Oc3%#=&$J9>"=$-#bc

'08@@/01%10"$' /$JJ9:%c$#c=+%c:9P%&#"="#=c

5+$C%

@8$<" 1@3<10"$'/:="Oc5$=+$#c,%//%/c&%:$#

]#c

"

6%C;J$C=&"=$-#c3+&-<"=->&"<:
=+,1>4+)(7*?&''*#@%#'*AB

H1@=0"/S0-T

H1@=0"/S0-T

Z
M
L
X
/S
0
Z
[
T

Z
M
L
X
/S
0
Z
[
T

IJOJ/A\]!/\,^\Y

7$C=%&cPC"=%c%C9=$-#

W%:$#c0G

IJOJ/A\]!/\,^\Y

4PP%#/-&Jc%C9=$-#

W%:$#c0G

@":%/c-#c0EVF'c

$#=%>&"=%c%C9=$-#cP%"L:

?Fc

D0>>&%>"=%:I

lcG^FcLd"

lc^[cLd"

2-#-<%&

2-#-<%&

lcG^FcLd"

lc^[cLd"

?F

J*#(&B#%#(0/"/0#*+-('*/&#+"(.75#(&/(+"&#*.-&(A+&B(&B#+*(O"/A"(CDDCC('#'&+9#%P

[4,U+(>)V/4#*,/*0(+"&#*.-&+/"(.%%.:%(/"(&B#%#(')*+,+#9('*/&#+"%(&/(&#%&(AB#&B#*(&B#:(.*#(7+/5/>+-.55:(.-&+6#

@"#`9%c/m$<">%:c8-5%&8-$#=c.4W?]4W

B+%cP9&$J$%/cP&-=%$#c$:c:$>#$J$3"#=COc"%$3&?"7/3%/01%10"$'c"J=%&c

-#%c:$#>C%cP9&$J$3"=$-#c:=%P

@9=c=+%c=-="CcP&-=%$#c"<-9#=c$:c7"&$"8'"7
M%::cP&-=%$#c,9=c+$>+%&c_=8@32F

NX/`<-#-<%&

::/`<-#-<%&

;X/`<-#-<%&

Z##3%32F >3&R"@/@3<8%7 A"82=$"' +"28@/(1%/,898&32F/^/*3%73%</,898&32F

>/I A$3L%C AB0 Rcnc3&-::;C$#L%/c">"&-:% "PP&-NcG[ o<-CcA$Ehg<Mc>%C

>/M A$3L%C ]d0 GFcnc3&-::;C$#L%/c">"&-:%'c:<"CCcP-&%:c%N3C9/$#>cP"&=$3C%:cpc[FFcLd" EF;TF o<-CcA$Ehg<Mc>%C

>/; A$3L%C ]d0 Rcnc3&-::;C$#L%/c">"&-:% EF;TF o<-CcA$Ehg<Mc>%C

>/\ A$3L%C AB0 Rcnc3&-::;C$#L%/c">"&-:% [;GS o<-CcA$Ehg<Mc>%C

>/: A$3L%C ]d0 Rcnc">"&-:% [;GS o<-CcA$Ehg<Mc>%C

>/J A$3L%C AB0 Rcnc">"&-:% [;GS o<-CcA$Ehg<Mc>%C

Z/I 2"C=-:% *&-::;C$#L%/c">"&-:% ^ <>c2@8;P&-=%$#g<Mc>%C

Z/M 2"C=-:% Rcnc3&-::;C$#L%/c">"&-:% GF <>c2@8;P&-=%$#g<Mc>%C
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5::3>?@AB!@>=7;?18=@;>!3>!C75>D5@<!

! NWU!

#% \;0,0<;/%C/)%8+8;,,07+@;'-)%

#"#% _`?`'+,;*`)%

! >&7!/,+1(('@,913*7!7'-2!)&!+&2127!913*7!-'-!&-9&('++y7!z!H]X!4134*(,13&!)'*:(&C

:31-D! \(7! 1-;&42&-2! (&7! y+12%y(1*@7! )&7! @,@@1;{3&7B! @,17! y6,(&@&-2! )&7! '17&,*AB!

+'177'-7!&2!3&+21(&7D!Y&32,1-7!)u&-23&!&*A!-&!+3'9'`*&-2!`*&!)&7!9&33*&7B!4'-)8('@&7!

&2!+3'(1;y3,21'-7!:y-16-&7!,++&(y&7!+,+1(('@&7D!]u,*23&7!+&*9&-2!+3'9'`*&3!)1;;y3&-27!

28+&7!)&!4,-4&3!M4'(!)&!(u*2y3*7B!&2!,*23&7!4,-4&37!,-'C6y-12,*AB!l0>B!+&,*PD!

#"#"#% F;)*0';U-/%

! >&7!9&33*&7!6y-12,(&7!4%&E!(u%*@,1-!'-2!;,12!(u':[&2!)uy43127!)'-2!(&7!+(*7!,-41&-7!

),2&-2! )&! (uH-21`*12y! Ml31&(B! "KU"PD! Y&+&-),-2B! (&! (1&-! )&! 4,*7,(12y! &-23&! (&7!

+,+1(('@,913*7!&2!(&7!9&33*&7!-u,!+*!|23&!;,12!`*uz!+,3213!)*!91-621{@&!71{4(&B!63}4&!,*A!

+3'63{7!)&! (,!@y2%')&!741&-21;1`*&D!>&!+,+1(('@,913*7!,!),-7!*-!+3&@1&3! 2&@+7!y2y!

@17!&-!y91)&-4&!4%&E!(&7!,-1@,*AB!-'2,@@&-2!91,!(&7!23,9,*A!)&!014%,3)!.%'+&!7*3!

(&7!(,+1-7!M.%'+&!,-)!^*372B!"KOOPD!Y%&E!(&!(,+1-B!(u1@+(14,21'-!)*!+,+1(('@,913*7!),-7!

(&7!4,-4&37!)&!(,!+&,*!,!y2y!3,+1)&@&-2!1)&-21;1y&!M0'*7!,-)!F&,3)B!"KOTPB!,('37!`*u'-!

4'-71)y3,12! `*&! (&! +,+1(('@,913*7! %*@,1-! M^/GP! -&! 4,*7,12! `*&! )&7! 9&33*&7! &2!

+3'(1;y3,21'-7! :y-16-&7! M+,+1(('@&7PD! <-! "KTWB! )&7! +,3214*(&7! 913,(&7! )&! ^/G! 7'-2!

917*,(17y&7!+'*3!(,!+3&@1{3&!;'17!+,3!@143'74'+1&!y(&423'-1`*&!M.23,*77!"#!$%&B!"KTWPD!

Yu&72! ),-7! (&7! ,--y&7!"KUW!`*&! (&7! y2*)&7!7*3! (&7! 913*7! '-4'6{-&7!'-2! 4'--*!*-!

&77'3B! ,9&4! )&! +3&@1{3&7! 2&-2,219&7! )u17'(,21'-! )uH]X! 913,(! z! +,3213! )uy4%,-21(('-7!

2*@'3,*A!Ma'(;!"#!$%&B!"KUTPD!/,3!7&7!y2*)&7!7*3!)&7!9&33*&7!&2!(y71'-7!4*2,-y&7B!(&!

913'('6*&!;3,-~,17!ky3,3)!l32%!1)&-21;1&!(&7!+3&@1&37!28+&7!)&!^/G!Ml32%!"#!$%&B!"KUUB!

"KUIPD!>&7!23,9,*A!@&-y7!+,3!(&!@y)&41-!,((&@,-)!^,3,()!E*3!^,*7&-!'-2!@,3`*y!*-!

2'*3-,-2!),-7!(,!4,3,42y317,21'-!)&7!+,+1(('@,913*7!%*@,1-7!S!,+3{7!,9'13!1)&-21;1y!*-!

-'*9&,*! 28+&! )&!^/G! +3y7&-2! ),-7! )&7! 4'-)8('@&7! Mk177@,--! ,-)! E*3! ^,*7&-B!

"KIWPB!1(!,!y2y!(&!+3&@1&3!z!17'(&3!(&7!6y-'@&!)&!^/G"#!&2!^/G"I!z!+,3213!)&!:1'+71&7!

)&!4,-4&3!)*!4'(!)&!(u*2y3*7!MF'7%,32!"#!$%&B!"KIJc!]*372!"#!$%&B!"KIOPD!Y&7!)y4'*9&32&7!

@,[&*3&7!,1-71!`*&!7&7!,3214(&7!@&22,-2!&-!y91)&-4&!(u1@+(14,21'-!)*!^/G!),-7!)19&37!

4,-4&37!%*@,1-7!ME*3!^,*7&-B!"KK"B!NWWNP!(*1!'-2!9,(*!(&!+31A!X':&(!)&!Ly)&41-&!&-!

NWWID!



5::3>?@AB!@>=7;?18=@;>!3>!C75>D5@<!

! NWI!

<-! +,3,(({(&B! )&7! y2*)&7! 7'-2! @&-y&7! +'*3! 4,3,42y317&3! (&7! +3'+31y2y7! )u*-!

+,+1(('@,913*7!1-;&42,-2!(&!:y2,1(S! (&!+,+1(('@,913*7!:'91-!MF/GP!MY%&91((&!,-)!l(7'-B!

"K#Jc!/,@*Z4*!"#!$%&B!"KTKPB!)'-2!(&7!6y-'@&7!)&7!)&*A!+3&@1&37!28+&7!7'-2!17'(y7!

&-!"KUI!M>,-4,72&3!,-)!l(7'-B!"KUIPD!/,3! (,!7*12&B! 1(!7u&72!,9y3y!`*&!4&32,1-&7!)&7!

4,3,42y31721`*&7!)*!F/G!7u,++(1`*&-2!y6,(&@&-2!,*!^/G!ML*-),8B!NW"JPD!]&7!y2*)&7!

'-2!@'-23y!̀ *&!(&!F/G!&72!4,+,:(&!)u1-;&42&3!-'-!7&*(&@&-2!(&7!:'91-7!@,17!y6,(&@&-2!

(&7!%,@72&37B!(&7!}-&7!,1-71!`*&!(&7!4%&9,*A!Me'((&3!,-)!l(7'-B!"KUNPD!>&!F/G!,!&-!

+,3214*(1&3!*-&!;'32&!+3y9,(&-4&!4%&E!(&7!4%&9,*A!S!1(!+3'9'`*&!)&7!2*@&*37!4*2,-y&7!

1-9,719&7!,++&(y&7!7,34'�)&7!`*1!+&*9&-2!4,*7&3!*-&!*(4y3,21'-!&2!6|-&3!(,!@,34%&!

7&('-!(&*3!('4,(17,21'-!MF'6,&32!"#!$%&B!NWWIc!$,8('3!,-)!^,()'37'-B!NW"OPD!H!4&!['*3B!

,*4*-&!1-;&421'-!)&!^/G!4%&E!)u,*23&7!,-1@,*A!-u,!y2y!3,++'32y&!z!(u&A4&+21'-!)u*-&!

y2*)&! 3,++'32,-2! (u,@+(1;14,21'-! )uH]X! 177*! )&! ^/GK! ),-7! )&7! y4%,-21(('-7! )&!

+,+1(('@&!;y(1-!ML*-),8!"#!$%&B!NWWUPD!Y&!3y7*(2,2!-u,8,-2!+,7!y2y!3&+3')*12!)&+*17!7,!

+*:(14,21'-B! 1(! &72! ,*['*3)u%*1! +3':,:(&@&-2! ,2231:*y! z! *-&! 4'-2,@1-,21'-! )&7!

y4%,-21(('-7!ML*-),8!"#!$%&B!NW"KPD!>&7!71@1(,312y7!':7&39y&7!&-23&!^/G!&2!F/G!'-2!

;,12!)&!4&!)&3-1&3!*-!'36,-17@&!@'){(&!+'*3! (uy2*)&!)*!+,+1(('@,913*7B! 2,-2!+'*3! (,!

4'@+3y%&-71'-! )&7! @y4,-17@&7! 1-;&421&*A! &2! 4,341-'6{-&7! `*&! +'*3! (&!

)y9&('++&@&-2!)&!9,441-7!MY,@+'B!NWW#PD!

#"#"!% &,+));1;.+*;0?%

! \(! &A172&! *-&!63,-)&!)19&3712y! )&!+,+1(('@,913*7B! 1-;&42,-2! -'-! 7&*(&@&-2! (&7!

|23&7! %*@,1-7!@,17! (&7! G&32y:3y7! ,*! 7&-7! (,36&! M@,@@1;{3&7B! '17&,*AB! 7&3+&-27B!

2'32*&7B!+'177'-7PD!>&7!+,+1(('@,913*7!7'-2!;3y`*&@@&-2!)y716-y7!+,3!(&!-'@!)&!(&*3!

%�2&!MC"%'.!E+F".#'0-.!/G!c!/,+1(('@,913*7!^*@,1-!c!/,+1(('@,913*7!F'91-DDDPD!

>&7! +,+1(('@,913*7! '-2! ),-7! *-! +3&@1&3! 2&@+7! y2y! 4(,77y7! ),-7! (,! ;,@1((&! )&7!

:$/+)$)'*'E$"B!̀ *1!3&63'*+,12!(&7!/,+1(('@,913*7B!(&7!/'(8'@,913*7!)'-2!(&!913*7!71@1&-!

JW!M.GCJWPD!>&7!4,3,42y31721`*&7!z!(u'3161-&!)&!(,!43y,21'-!)&!4&!2,A'-!7'-2!(u,:7&-4&!

)u&-9&('++&!,1-71!`*&!(&!6y-'@&!7&!+3y7&-2,-2!7'*7!;'3@&!)uH]X!4134*(,13&!)'*:(&C

:31-D!Y&+&-),-2B!4&7!913*7!+3y7&-2&-2!)&7!'36,-17,21'-7!6y-'@1`*&7!:1&-!)1721-42&7D!

<-!NWWNB!(&!Y'@12y!\-2&3-,21'-,(!)&!$,A'-'@1&!)&7!G13*7!M\Y$GP!+3&-)!(,!)y4171'-!)&!

741-)&3! (&!63'*+&!)&7!:$/+)$)'*'E$"!&-!)&*A!63'*+&7! S! (&7!:$/'%%+F$)'*'E$"!&2! (&7!

:+%G+F$)'*'E$"!M)&!G1((1&37!"#!$%&B!NWWJP&!\(!&72!2'*2&;'17!z!-'2&3!`*&!(&7!/,+1(('@,913*7!

&2!(&7!/'(8'@,913*7!+3y7&-2&-2!)&7!%'@'('61&7!)&!7y`*&-4&!+3'2y1`*&!716-1;14,219&7!



5::3>?@AB!@>=7;?18=@;>!3>!C75>D5@<!

! NWK!

&2! (u1)&-21;14,21'-!)u%8:31)&7!+,+1(('@,C+'(8'@,913*7!F/YG"!&2!N!,++*1&! (u%8+'2%{7&!

)u*-&!'3161-&!4'@@*-&!M0&42'3!,-)!G,-!0,-72B!NW"OPD!

Y&2!&A&@+(&!1((*723&!(u1@+,42!+'7121;!`*u'-2!&*!(&7!)y9&('++&@&-27!2&4%-'('61`*&7!7*3!

(uy2*)&! )&7! +,+1(('@,913*7! )&+*17! (&*3! 1)&-21;14,21'-B! +&3@&22,-2! *-&! @&1((&*3&!

4'@+3y%&-71'-!)&!(&*37!+3'+31y2y7D!>,!@17&!,*!+'1-2!)&!(16-y&7!4&((*(,13&7!+&3@&22,-2!

(,!4*(2*3&!)&!^/G!'(!)'#*+!,!y6,(&@&-2!;,41(12y!(u1)&-21;14,21'-!)&7!-'*9&,*A!28+&7!913,*A!

M)&! G1((1&37! "#! $%&B! NWWJPD! <-;1-B! (&7! +3&@1{3&7! @y2%')&7! )&! 7y`*&-~,6&! H]X! '-2!

+&3@17!)&!4('-&3!+*17!)&!7y`*&-4&3!(&7!6y-'@&7!4'@+(&27!)&!^/GB!&-!4'@@&-~,-2!

+,3!^/G"!,*!)y:*2!)&7!,--y&7!"KIW!M],-'7!"#!$%&B!"KIWB!"KINPD!]&+*17!(&7!,--y&7!

NW"WB!(&!7y`*&-~,6&!-'*9&((&!6y-y3,21'-!z!%,*2!)y:12!,!+&3@17!)&!)y4*+(&3!(&!-'@:3&!

)&! 28+&7! )&! ^/G! 1)&-21;1y7! MH33'8'! "#! $%&B! NW"OPB! &-! +,3214*(1&3! (&7! ^/G! ,8,-2! *-!

23'+17@&!4*2,-y!M<Z723�@!"#!$%&B!NW""PD!

>,!4(,771;14,21'-!,42*&((&@&-2!&-!916*&*3!&72!:,7y&!7*3!(u%'@'('61&!)&!7y`*&-4&!)*!

6{-&!4'),-2!+'*3!(,!+3'2y1-&!)&!4,+71)&!>"B!y2,-2!)'--y!`*u1(!7u,612!)*!6{-&!(&!@1&*A!

4'-7&39y! )*! 6y-'@&! 913,(D! >&7! +,+1(('@,913*7! 7'-2! 3&63'*+y7! ),-7! (,! ;,@1((&! )&7!

:$/'%%+F$)'*'E$"B!)1917y&!&-!6&-3&7!)y716-y7!+,3!)&7! (&223&7!63&4`*&7!M,(+%,B!:&2,B!

6,@@,B! @*B! -*DDDP! &*AC@|@&7! 7'*7! )1917y7! &-! &7+{4&7! +*17! &-! 28+&7D! >&7! ^/G!

,++,32&-,-2! ,*! @|@&! 6&-3&! '-2! ,*! @1-1@*@! #W! t! )u1)&-212y! )&! 7y`*&-4&!

-*4(y'21)1`*&!)*!4,)3&!)&!(&42*3&!'*9&32!)&!>"B!4'-23&!UW!z!IW!t!+'*3!(&7!^/G!)&!(,!

@|@&!&7+{4&D!h-!-'*9&,*!28+&!)&!^/G!&72!)y;1-1!+,3!,*!@1-1@*@!"W!t!)&!9,31,21'-!

)&!7y`*&-4&!,9&4!2'*2!,*23&!28+&!4'--*D!<-;1-B!(&7!6y-'@&7!,8,-2!@'1-7!)&!"W!t!)&!

)1;;y3&-4&!)&!7y`*&-4&!>"!7'-2!,++&(y7!)&7!9,31,-27!M)&!G1((1&37B!NW"OPD!

$'*2!17'(,2!)u*-!-'*9&,*!28+&!+'2&-21&(!)&!^/G!&72!&-9'8y!,*!Y&-23&!)&!0y;y3&-4&!

\-2&3-,21'-,(!^/GB!,42*&((&@&-2!%y:&36y!z!(u\-7212*2!e,3'(1-7Z,!712*y!z!.2'4Z%'(@B!&-!

.*{)&D!Y&!4&-23&!,!+'*3!3�(&!)&!4'-;13@&3B!)u&-3&61723&3!&2!)&!3y;y3&-4&3!),-7!(u,3:3&!

+%8('6y-y21`*&! 2'*7! (&7! -'*9&,*A! 28+&7! )&! ^/G! ,1-71! `*&! )&! 4'-7&39&3! )&7!

y4%,-21(('-7! H]X! )&! 2'*7! (&7! 6y-'@&7! 4'--*7! )&! ^/G! MFE%,(,9,! "#! $%&B! NW"TPD!

0y4&@@&-2B!*-!4&-23&!)&!3y;y3&-4&!+'*3!(&7!/,+1(('@,913*7!1-;&42,-2!(&7!,-1@,*A!,!

y2y! 1@+(,-2y! ),-7! (uh-19&3712y! )uH31E'-,B! $*47'-B! �2,27Ch-17! MG,-! ]''37(,&3! ,-)!

]1((-&3B!NW"KPD!]&!+(*7B!(&!/,+1(('@,913*7!�+172{@&!M/,G<P!&72!*-&!:,7&!)&!)'--y&7!

`*1!,!y2y!43yy!,;1-!)&!4'@+1(&3!(u&-7&@:(&!)&7!6y-'@&7!,--'2y7!&2!)&!;'*3-13!)&7!'*21(7!

)u,(16-&@&-2!)&!7y`*&-4&!&2!)&!4'-723*421'-!)u,3:3&7!+%8('6y-y21`*&7!7+y41,(&@&-2!



5::3>?@AB!@>=7;?18=@;>!3>!C75>D5@<!

! N"W!

)y)1y7! ,*A! +,+1(('@,913*7! MG,-!]''37(,&3! "#! $%&B! NW"UPD! H! 4&! ['*3B! NNU! 28+&7! )&!

3y;y3&-4&! )&! ^/G! '-2! y2y! 1)&-21;1y7! &2! N"T! +,+1(('@,913*7! 41:(,-2! (&7! ,-1@,*AD! >,!

:;<-'/% =A! 3&+3y7&-2&! (u,3:3&! +%8('6y-y21`*&! )&7! ^/G! 1)&-21;1y7! z! 4&! ['*3!

M/,+1(('@,913*7!�+172{@&B!+,9&D-1,1)D-1%D6'9B!4'-7*(2y!(&!NT!@,37!NWNWPD!

!

:;<-'/% =AS! H3:3&! +%8('6y-y21`*&! )&7! ^/GB! )u,+3{7! (&! Y&-23&! \-2&3-,21'-,(! )&! 0y;y3&-4&! ^/G!
M%+94&-2&3D7&B!4'-7*(2y!(&!NT!@,37!NWNWPD!>&7!6&-3&7!,(+%,B!:&2,B!6,@@,B!@*!&2!-*!7'-2!3&+3y7&-2y7!
3&7+&4219&@&-2!&-!9&32B!:(&*B!3'*6&!&2!91'(&2D!>&7!&7+{4&7!7'-2!1-)1`*y&7!+,3!)&7!-'@:3&7D!

�2,-2!)'--y!(,!63,-)&!)19&3712y!)u&;;&27!+,2%'('61`*&7!+3'9'`*y7!+,3!(&7!̂ /GB!)u,*23&7!

4(,771;14,21'-7!:,7y&7!7*3!(&*3!317`*&!'-4'6{-&!,1-71!`*&!7*3!(&*3!23'+17@&!&A172&-2!&-!

@,36&!)&!(,!4(,771;14,21'-!2,A'-'@1`*&D!!



5::3>?@AB!@>=7;?18=@;>!3>!C75>D5@<!

! N""!

>&7!^/G!)127!z!R%,*2! 317`*&R!+&*9&-2!+3'9'`*&3!)&7!4,-4&37! 2,-)17!`*&! (&7!^/G!z!

R:,7! 317`*&R!-&!4,*7&-2!`*&!)&7!+3'(1;y3,21'-7!:y-16-&7! M4'-)8('@&7B!9&33*&7PD!>&!

I+B,/+-% #! 3y7*@&! (u&-7&@:(&! )&7! ^/G! 4'-71)y3y7! 4'@@&! 4,341-'6{-&7! &2!

-'2,@@&-2! (&7! 28+&7! 3&4'--*7! &-! NW"N! +,3! (ul36,-17,21'-! L'-)1,(&! )&! (,! .,-2y!

4'@@&!7*:72,-4&7!4,-4y316{-&7D!

P;)U-/%0?.0<a?/% _/?'/% 2)8a./% I(8/)%C/%FGH%

�(&9y!

H(+%,!

T! T"!

#! T#!

U! "I!c!OK!c!JT!c!TK!

K! "#!c!O"!c!OO!c!OT!c!TN!c!TI!

/3':,:(&@&-2!y(&9y! U! #I!

/'771:(&@&-2!y(&9y!

T! N#!c!#K!c!IN!

#! OW!c!TO!c!##!

U! UW!c!IT!c!KU!

K! #U!

""! OJc!UO!

F&2,! "! T�c!I�!

F,7! H(+%,!

"! TJ!

I! JWcJO!

"! JN!

"O! TJ!

I+B,/+-%#S!Y(,771;14,21'-!)&7!^/G!+,3!317`*&!'-4'6y-1`*&D!]u,+3{7!(Mu/oz et al., 2006)!&2!)u,+3{7!(&7!
)'--y&7!)&!(uH6&-4&!\-2&3-,21'-,(&!)&!0&4%&34%&!4'-23&!(&!Y,-4&3!M@'-'63,+%7D1,34D;3B!4'-7*(2y!(&!NT!
@,37! NWNWPD! �! >&7! ^/GT! &2! I! -&! 7'-2! 3&4'--*7! 4,-4y316{-&7! `*&! 4%&E! (&7! +,21&-27! ,22&1-27!
)u�+1)&3@')87+(,71&!9&33*41;'3@&D!

]u,*23&!+,32B!'-!)1721-6*&! (&7!^/G!7&('-! (&*3! 23'+17@&!2177*(,13&D!>&7!^/G!,8,-2!*-!

23'+17@&! 4*2,-y! 1-;&42&-2! (&7! y+12%y(1*@7! Zy3,21-17y7B! 4'@@&! (,! +&,*D! >&7! ^/G! z!

23'+17@&! @*`*&*A! 41:(&-2! (&7! y+12%y(1*@7! -'-CZy3,21-17y7B! 4'@@&! (,! @*`*&*7&!

*2y31-&! '*! (u'3'+%,38-A! +,3! &A&@+(&D! l-! -'2&! `*&! (,! +(*+,32! )&7! ^/G! @*`*&*A!

,++,321&-2!,*!6&-3&!+%8('6y-y21`*&!,(+%,B!2,-)17!`*&!(&7!6&-3&7!:&2,B!6,@@,B!@*!&2!

-*! 3&63'*+&-2! *-&!@,['312y! )&!^/G!4*2,-y7D!Y&+&-),-2B! 4&41! -u&72! +,7! *-&! 3{6(&!

,:7'(*&D!Y&32,1-7!^/G!,(+%,!'-2!*-!23'+17@&!4*2,-y!M^/GNB!OB!UB!"WB!NUB!NIB!TUP!&2!

4&32,1-7!28+&7!4'@@&!4&*A!)*!6&-3&!:&2,!O!7&@:(&-2!4,+,:(&7!)&!7&!('4,(17&3!),-7!

(&7!)&*A!28+&7!)uy+12%y(1*@7!Mk%&12B!NW"Kc!^,@+3,7!"#!$%&B!NW"UPD!



5::3>?@AB!@>=7;?18=@;>!3>!C75>D5@<!

! N"N!

#"#"$% &+8);C/b%<`?07/%/*%.(.,/%;?1/.*;/-9%

#"#"$"#% &+8);C/%

>&7! +,+1(('@,913*7! 7'-2! )&7! 913*7! -'-C&-9&('++y7B! )'2y7! )u*-&! 4,+71)&! ,8,-2! *-!

)1,@{23&!)&!#W!-@!&-913'-D!>,!723*42*3&!,2'@1`*&!)&7!4,+71)&7!)&!^/G"!&2!F/G"!,!

y2y! )y2&3@1-y&! +'*3! (,! +3&@1{3&! ;'17! &-! "KK"B! +,3! 438'C@143'74'+1&! y(&423'-1`*&!

MF,Z&3!"#!$%&B! "KK"PD! >,! 4,+71)&!&72! 14'7,y)31`*&!&2!,! *-&! 78@y231&!$!j!UD!<((&! 7&!

4'@+'7&!)&!O#W!4'+1&7!)&!(,!+3'2y1-&!)&!4,+71)&!>"!&2![*7`*uz!UN!4'+1&7!)&!(,!+3'2y1-&!

>NB!'36,-17y&7!&-!UN!+&-2,@{3&7!M>1!"#!$%&B!NW"#PD!!

!

:;<-'/%=3!S!.23*42*3&!)&!(,!4,+71)&!)&!^/G!&2!+'7121'--&@&-2!)&7!+3'2y1-&7!>"!&2!>ND!RD!.23*42*3&!)&!
4,+71)&!)&!^/GTK!3&4'-7212*y&!,9&4!(,!+3'2y1-&!@,['312,13&!>"!*-1`*&@&-2D!>,!4,+71)&!&72!4'@+'7y&!
)&!UN!+&-2,@{3&7!)&!>"D!>,!723*42*3&!,!y2y!':2&-*&!&-!4'@:1-,-2!)&7!)'--y&7!)&!43172,(('63,+%1&!,9&4!
*-&!4,32&!)&!438'C@143'74'+1&!y(&423'-1`*&D!H),+2y!)&!M>1!"#!$%&B!NW"#PD!\D!/'7121'-!)&!(,!+3'2y1-&!)&!
4,+71)&!@1-'312,13&!>N!),-7!*-&!4,+71)&!)&!^/G"#D!>&7!*-12y7!)&!+3'2y1-&!>N!7'-2!3&+3y7&-2y&7!&-!
3'*6&B!7*+&3+'7y&!,9&4! (u1-2y31&*3!)u*-&!4,+71)&!4'@+'7y&!*-1`*&@&-2!)&!+3'2y1-&!>"!M6,*4%&P!'*!
7&*(&7!M)3'12&PD!H),+2y!)&!MF*4Z!"#!$%&B!NWWIP!

4. 3DR of more capsids with an average of 60 molecules of L2 per capsid. Computerized reconstructions of L1-only capsids (a, c, and e) and
L1 L2 capsids (b, d, and f) are shown. The top images (a and b) are of the central section through vertex (pentavalent) capsomers. An area of additional
density present in L1 L2 capsids (b) is marked with a red asterisk. Panels c and d show exterior views of each type of capsid. Panels e and f show
interior/cutaway views of an L1-only or L1 L2 capsid, respectively. DNA and histone density have been computationally removed from the interior views.
The bottom images show L2-specific density in red either alone (h) or superimposed on an interior view of the L1-only 3DR in blue (g). Bar 200 Å.
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! N"O!

>,! 4,+71)&! +&*2! |23&! 3&4'-7212*y&! '(! )'#*+! &-! &A+31@,-2! *-1`*&@&-2! (,! +3'2y1-&!

@,['312,13&!>"!'*!&-!4'C&A+31@,-2!(&7!+3'2y1-&7!>"!&2!>N!M^,6&-7&&!"#!$%&B!"KKOPD!>,!

+3'2y1-&!>N!&72!&-!63,-)&!+,321&!&-;'*1&!),-7!(,!4,+71)&B!z!(u&A4&+21'-!)&!7'-!&A23y@12y!

XC2&3@1-,(&!MF*4Z!"#!$%&B!NWWIc!k*,-!"#!$%&B!NW"UPD!!

#"#"$"!% _`?07/%

>&7!+,+1(('@,913*7!'-2!*-!6y-'@&!z!H]X!)'*:(&C:31-!4134*(,13&B!)u&-913'-!UCI!Z:D!l-!

)1721-6*&!23'17!E'-&7!)1721-42&7!),-7!4&!6y-'@&!S!(,!3y61'-!3y6*(,2314&!h00!Mh+723&,@!

0&6*(,2'38!0&61'-PB!(,!3y61'-!+3y4'4&!M<,3(8P!&2!(,!3y61'-!2,3)19&!M>,2&PM:;<-'/%=JPD!

!

:;<-'/%=JS!l36,-17,21'-!)*!6y-'@&!)&!^/G!'-4'6{-&!)&!6&-3&!,(+%,D!>,!3y61'-!3y6*(,2314&!h00!&72!
3&+3y7&-2y&! &-! :(,-4B! (,! 3y61'-! +3y4'4&! &-! 91'(&2! &2! (,! 3y61'-! 2,3)19&! &-! 9&32D! >&7! 716-,*A! )&!
+'(8,)y-8(,21'-!)&7!3y61'-7!+3y4'4&!&2!2,3)19&!7'-2!-'2y7!3&7+&4219&@&-2!+H<!&2!+H>D!]&!@|@&B!(&7!
+3'@'2&*37! `*1! 4'-23�(&-2! (u&A+3&771'-! )&! (,! 3y61'-! +3y4'4&! M/<P! &2! )&! (,! 3y61'-! 2,3)19&! M/>P! 7'-2!
1-)1`*y7D!>u'3161-&!)&!3y+(14,21'-!M'31P!&72!1-4(*7&!),-7!(,!3y61'-!3y6*(,2314&D!>u'36,-17,21'-!)*!6y-'@&!
9,31&!&-!;'-421'-!)*!6&-3&!+%8('6y-y21`*&!)&!^/GM]''3:,3B!NW"IPD!H),+2y!)&!ML4F31)&B!NW"UPD!

>&7!23'17!3y61'-7!7'-2!7y+,3y&7!+,3!)&7!716-,*A!)&!+'(8,)y-8(,21'-!S!(u*-!z!(,!;1-!)&!(,!

3y61'-!+3y4'4&!M+H<PB!(&!7&4'-)!z!(,!;1-!)&!(,!3y61'-!2,3)19&!M+H>PD!>&!6y-'@&!&72!23{7!

4'@+,42!S!+(*71&*37!4,)3&7!)&!(&42*3&!'*9&327!7&!3&4'*+&-2!&2!(&!6y-'@&!913,(!+3')*12!

)&7!23,-743127!+'(841723'-1`*&7!̀ *1!7*:177&-2!)&7!y+177,6&7!,(2&3-,21;7!M�'%,-77'-!,-)!

.4%5,32EB!NW"OPD!>&7!)1;;y3&-2&7!+3'2y1-&7!913,(&7!&-4')y&7!+,3!(&7!3y61'-7!+3y4'4&!

&2!2,3)19&!7'-2!1-)1`*y&7!7*3!(&!I+B,/+-%!D!!

t histones [12], and up

to 72 copies of the L2 minor capsid protein [13]. HPVs are

to access the basal cells through a fissure in the epi-

t exposes the basement membrane [11]. This tactic

ws access to self-renewing cells and promotes cellular

proliferation as part of the wound-healing process, which

in the establishment of the viral infection. The

al capsid initially interacts with heparin sulfate proteogly-

on the basement membrane, which induces a

t allows the virus to bind to a (as

yet unidentified) secondary receptor on the surface of the

keratinocytes [14].

is taken into the cell by endocytosis and is traf-

ed through the endosomal pathways to the trans-Golgi

is uncoated during trafficking and only

al mini-chromosome, in complex with L2, enters the

in a membrane vesicle [15]. The cell must

breakdown to allow

the L2-genome complex to access the nucleus [16,17]. Similar

to many other viruses, the L2-genome complex is next

ed adjacent to ND10 nuclear bodies [18]. These

are thought to be important for intrinsic immune

t counterintuitively, they also are

attractive locations for viruses to establish their replication

transcription programme [19]. Viruses often reorganize

of the ND10 bodies, and likewise the HPV

L2 protein displaces the Sp100 protein, and recruits Daxx

to induce a local environment suitable for initiation of

al transcription and replication.

al transcripts encode the E1 and E2 replication

proteins to support limited viral DNA amplification [21].

e are three phases of replication in the viral life cycle:

t there is limited DNA amplification when the virus first

next there is maintenance replication, when

al genome replicates at a constant copy number in

proliferating cells of a lesion; and finally there is

L2

E6

L
1

E7

E
1

E2

E4

E5

URR

oncogenic

alpha-HPV

function review

reference

E1 origin binding helicase [1]

E2 DNA binding protein; E1 helicase loader; tethers viral genomes to host

chromosomes; transcriptional regulator

[2]

DNA binding repressor protein that limits productive replication [2]

late protein; reorganizes the dense network of keratins in differentiated cells to

facilitate viral transmission 

[5]

L1 major capsid protein, 360 per virion [4]

L2 minor capsid protein, escorts genome through the endocytic pathways into the

nucleus; packages the viral DNA in the capsid

[3]

E6 immune evasion; degrades p53 and PDZ binding proteins; upregulates

telomerase

[7]

E7 immune evasion; degrades pRb family members; epigenetic modulator [8]

E5 only encoded by alpha-HPVs; promo wth; immune evasion [6]

PE

PL

pAE

pAL

ori

e 1. al genome. Map of an alpha-HPV genome. The URR (upstream regulatory region) contains the replication origin (ori). The early promoter (PE), late

promoter (PL) and early and late polyadenylation sites ( pAE and pAL) are indicated.

invasive cancer

extrachromosomal viral DNA, late gene expression

verexpression of E6/E7

e 2. progression of cervical infection. Diagram of steps in progression from HPV infection to invasive cervical cancer.
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! N"J!

G'0*`;?/% R.*;@;*`%,+%7;/-9%.0??-/%

<"! ^y(14,7&!7&!(1,-2!z!(u'3161-&!)&!3y+(14,21'-!)*!6y-'@&D!
<N! /3'2y1-&!)&!(1,17'-!z!(uH]XB!+&3@&2!)&!4%,36&3!(u%y(14,7&!<"B!,22,4%&!(&!6y-'@&!913,(!

,*A!4%3'@'7'@&7!)&!(,!4&((*(&!%�2&B!3y6*(,2&*3!23,-7431+21'--&(!
<I�<N! /3'2y1-&!)&!(1,17'-!z!(uH]XB!3y+3&77&*3!`*1!(1@12&!(,!3y+(14,21'-!+3')*4219&D!
<"�<J! '*!
<J!

/3'2y1-&!2,3)19&B!3y'36,-17&!(&!3y7&,*!)&!Zy3,21-&7!),-7!(&7!4&((*(&7!)1;;y3&-41y&7!,;1-!
)&!;,41(12&3!(,!23,-7@1771'-!913,(&D!

<T! /3'2y1-&!&-4')y&!*-1`*&@&-2!+,3! (&7!^/G!)*!6&-3&!,(+%,B! ;,9'317&! (,!+3'(1;y3,21'-!
4&((*(,13&! &-! ,4219,-2! (&7! 3y4&+2&*37! ,*A! ;,42&*37! )&!43'177,-4&! &2! +&3@&2! ,*! 913*7!
)uy4%,++&3!,*!7872{@&!1@@*-12,13&D!

<#! l-4'+3'2y1-&!`*1!+&32*3:&!(&7!;'-421'-7!4&((*(,13&7!+,3!)&7!1-2&3,421'-7!+3'2y1-&C@'21;B!
7'12!&-!4,+2*3,-2!(&7!@'21;7!>??>>!)&7!+3'2y1-&7!%�2&7B!7'12!&-!1-2&3,6177,-2!,9&4!(&7!
+3'2y1-&7!z!)'@,1-&!/]d!),-7!(&!4,7!)&7!^/G!z!%,*2C317`*&!@*`*&*AD!/&*2!@&-&3!
4&32,1-&7!+3'2y1-&7!z!(&*3!)y63,),21'-B!4'@@&!+TO!),-7!(&!4,7!)&!^/G"#D!

<U! l-4'+3'2y1-&!`*1!)y63,)&!(&7!+3'2y1-&7!)&!(,!;,@1((&!0:B!@')*(,2&*3!y+16y-y21`*&D!
>"! /3'2y1-&!)&!4,+71)&!@,['312,13&B!O#W!4'+1&7!+,3!9131'-D!
>N! /3'2y1-&! )&! 4,+71)&!@1-'312,13&B! [*7`*uz! UN! 4'+1&7! +,3! 9131'-D! >N! 7&! (1&! z! (uH]X! &2!

+,32141+&! z! 23,-7+'32&3! (&! +7&*)'6y-'@&! [*7`*u,*! -'8,*! ,1-71! `*uz! 4'@+,42&3! (&!
6y-'@&!),-7!(,!4,+71)&!913,(&D!

I+B,/+-%!S!/3y7&-2,21'-!)&7!+3'2y1-&7!&-4')y&7!+,3!(&!6y-'@&!)&!^/GD!]u,+3{7!ML4F31)&B!NW"UP!

>&!6y-'@&!4'@+'32&!y6,(&@&-2!)&*A!+3'@'2&*37B!)'-2!(u*-!712*y!,9,-2!(,!7y`*&-4&!

4'),-2!+'*3!<#!&2!4'-23�(,-2!(u&A+3&771'-!)&!(,!`*,71C2'2,(12y!)&7!6{-&7!)&!(,!3y61'-!

+3y4'4&!M/<P!Md%&-6!,-)!F,Z&3B!NWW#PD!>&!7&4'-)!+3'@'2&*3!&72!712*y!),-7!(&!4,)3&!

)&!(&42*3&!'*9&32!)&!<U!&2!4'-23�(&!(u&A+3&771'-!)&!(,!3y61'-!2,3)19&!M/>PD!Y&!+3'@'2&*3!
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E7 promoter and thus driving oncogene expression 13]. E2 regulation can also be disrupted

by methylation of the E2 binding sites in the URR 14]. E6/E7 oncogene expression can also be

modulated by epigenetic events that do not directly affect E2 DNA binding. Our group

recently demonstrated that tandemly integrated repeats of HPV16 DNA could develop into

Brd4-dependent super-enhancer to drive strong expression of the viral oncogenes 15]. Viral

genomes are also often integrated in such way as to disrupt the gene that encodes the E1 rep-

licative helicase, which also disrupts the downstream E2 gene. In HPV infection, the level and

nuclear location of the E1 protein are tightly regulated because uncontrolled E1 expression can

cause DNA damage and growth arrest 16 17]. E1 expression can also promote focal genomic

instability by inducing overamplification of the integration region 10 11]. Thus, disruption

of the E1 gene could give selective growth advantage and promote clonal expansion. As

Fig 2. Models of integratio events that promote oncogenesis. The five integration models shown in
Table are shown in the diagram, as indicated to the left. URR (upstream regulatory region), and (early
promoter), are indicated The light blue circles in the URR represent E2 binding sites, and the dark blue
square is the E1 binding site in the origin of replication (ori).

https://doi.org/10.1371/journal.ppat.1006211.g002

Table 1. Integration events that promote oncogenesis

on on

of E2 of of

of E2 by of of

of E1 of E1

at

of

of
ts

es tandem
es of es as

of
in of

their
on or

of s; y, tion
of
sis

https://doi.org/10.1371/journal.ppat.1006211.t001

PLOS Pathogens https://doi.org/10.1371/journal.ppat.1006211 April 6, 2017

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

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

"'&'/()*%,0())1/*2&%*-.

!"#$%&#'()*+,*-3

!45*#&)+,6*7'%1/89:#,*

/#&;'"'/$

<12,%*,)9&)0,%*7'%&"

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,

!=5*+,*">9:#,



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! ""K!

.-(!C3.Z&-(!C)*06(!'!.5C364*5! &'!/3((0D0&045!.I)6!C5,'60(C-!.-!o<04M'6.M*)6o!.-(!

36,3/*34506-(!N$!-4!NF!.-!>@[HG!.)!9-6*-!D-4'\!'/*Z(!)6-!-8/*-((036!4*'6(0430*-!.-(!

36,39Z6-(! ')! 601-')! .-! &'! ,3),<-! D'('&-! .-! &I5/04<5&0)C! ,)4'65! ,3)/&5-! ;! )6-!

-8/3(04036!')8!)&4*'M103&-4(2!36!3D(-*1-! &'!C0(-!-6!/&',-!.I)6!/<5634:/-!,'6,5*-)8!

O)0!6I-(4!/'(!'4456)5!/'*!&'!.5&54036!.-(!9Z6-(!N$!-4!NF!=[0'*0(03!23)4562!"K#GBE!!

!"$% B'*C040.(+;%DBE%+*%*8'(*+1+)*%

!"$"!% F3(,/1(040.(+%

7-(!>@[!;!<')4!*0(O)-!C)O)-)8!(364!*-(/36('D&-(!.-!*-(/-,401-C-64!GE$!p!-4!KEG!p!

.-(!,'6,-*(!.0'963(40O)5(!,<-i!&-(!+-CC-(!-4!,<-i!&-(!<3CC-(!;!&I5,<-&&-!C36.0'&-E!

7-(!i36-(!&-(!/&)(!43),<5-(!.'6(!&-!C36.-!(364!&-(!/':(!-6!.51-&3//-C-64!3q!36!

.563CD*-! GS! p! .-(! .5,Z(! &05(! ')8! ,'6,-*(! >@[! =7(.-8+% ?GBE! R-44-! .0++5*-6,-!

(I-8/&0O)-!-6!/'*40-!/'*!&I',,Z(!&0C045!')8!C-()*-(!.-!/*51-64036!4-&&-(!O)-!&-(!1',,06(!

/*3/<:&',40O)-(!-4!&-(!+*3440(!.-!.5/0(4'9-E!_'6(!&-(!/':(!.51-&3//5(2!,-(!C-()*-(!

/-*C-44-64! .-! /*51-60*! Y)(O)I;! GK! p! .-(! ,'6,-*(! .)! ,3&E! _-! ClC-2! &I',,Z(! ')8!

4*'04-C-64(!O)0!(I'//&0O)-64! &3*(O)-! &-!,'6,-*!-(4!;!)6!(4'.-!4*Z(!'1'6,5!-(4! &0C045!

.'6(! &-(! /':(! -6!.51-&3//-C-64! 3q! &-! 4')8! .-!.5,Z(!-(4! 4*Z(! 5&-15! =n*9'60('4036!

d36.0'&-!.-!&'!?'645BE!



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! ""#!

!

7(.-8+%?G!\!e6,0.-6,-!.-(!,'6,-*(!'44*0D)5(!')8!>@[!;!&I5,<-&&-!C36.0'&-E!_3665-(!.-!=.-!d'*4-&!23)
4562!"K"KB2!C0(-!-6!+3*C-!.-!&'!,'*4-!()*!&-!(04-!.-!&I3D(-*1'430*-!C36.0'&!.)!,'6,-*!95*5!/'*!&-!,-64*-!
064-*6'4036'&!.-!*-,<-*,<-!()*!&-!,'6,-*!=9,3E0'*,E+*2!,36()&45!&-!V!'1*0&!"K"KBE!

7-(!>@[!;!<')4!*0(O)-!C)O)-)8!(364!&-(!/*06,0/')8!'9-64(!5403&390O)-(!.)!,'6,-*!.)!

,3&!.-!&I)45*)(2!O)0!-(4!&-!O)'4*0ZC-!,'6,-*!&-!/&)(!+*5O)-64!,<-i!&-(!+-CC-(E!e&(!(364!

59'&-C-64!;!&I3*0906-!.-!GG!p!.-(!,'6,-*(!.-!&I'6)(2!.-!"S!p!.-(!,'6,-*(!.-!&'!1)&1-2!

FG!p!.-(!,'6,-*(!.)!1'9062!.-!SK!p!.-(!,'6,-*(!.)!/560(!'06(0!O)-!HSp!.-(!,'6,-*(!

.-!&'!(/<Z*-!nJ7!=3*3/<'*:682!,'1045!3*'&-2!&'*:68B!=.-!d'*4-&!23)4562!"K#FBE!@3)*!,-(!

.0++5*-64(!,'6,-*(2!36!634-!O)-!,-*4'06(!4:/-(!.-!>@[!364!)6-!/&)(!+3*4-!/*51'&-6,-!

-4!,-!ClC-!')!(-06!.-(!>@[!,&'((0+05(!,3CC-!;!<')4! *0(O)-!C)O)-)8E!!>@[#$!-4!

>@[#G!(364! *-(/36('D&-(!.-! *-(/-,401-C-64!$#!p!-4!##!p!.-(!,'(!.-!,'6,-*!.-!

&I)45*)(!=7(.-8+%?!BE!>@[#$!-(4!&-!4:/-!.-!>@[!':'64!&'!/&)(!+3*4-!/*51'&-6,-!/3)*!&-(!

,'6,-*(!'6395604')8!=1)&1-2!1'9062!'6)(2!/560(BE!e&!-(4!59'&-C-64!;!&I3*0906-!.-!F#!p!

.-(!,'6,-*(!.-!&'!(/<Z*-!nJ72!O)0!-69&3D-!&'!,'1045!D),,'&-2!&-!/<'*:68!-4!&-!&'*:68E!

!"#$%&"#&'%&('#)"#&*(')++*$,-.(')-/'012'3'45.#6&44&'78"%$)4&

!"#$%&'()"*+,-,%,.*'&%*/01.%2'#(%344%444%+&5+6+5#,%2"(%2"7,

!"#$%

#$%"&"!"'$(

'$("&"!"()$)

*"()$)

+,-".//012.304

5.6"74"7,--846



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! """!

!

7(.-8+%?!!\!@*51'&-6,-!.-!.0++5*-64(!4:/-(!.-!>@[!;!<')4!*0(O)-!C)O)-)8!.'6(!&-(!,'6,-*(!.)!,3&!.-!
&I)45*)(2!.)!1'9062!.-! &'!1)&1-2!.)!/560(2!.-! &I'6)(!-4!.-! &'!(/<Z*-!nJ72!-8/*0C5-!-6!/3)*,-64'9-(E!
_3665-(!;!&I5,<-&&-!C36.0'&-!0(()-(!.-!=%&-C'6:!23)4562!"K#$W!R'(4-&&('9)5!23)4562!"K#$W!?-**'63!23)4562!
"K#SBE!

_I')4*-!/'*42!&-(!>@[!;!4*3/0(C-!,)4'65!(364!;!&I3*0906-!.-(!1-**)-(2!O)0!/-)1-64!l4*-!

(04)5-(!()*!&-!10('9-2!&-(!C'06(2!/0-.(2!,3).-(2!9-63)8!-4!/'*40-(!95604'&-(E!>@["!-(4!

;! &I3*0906-! .-! &'! /&)/'*4! .-(! 1-**)-(! 1)&9'0*-(! \! (04)5-(! ()*! &-(! C'06(2! -&&-(!

.0(/'*'0((-64!(/364'65C-64!.'6(!$S!p!.-(!,'(E!7-(!1-**)-(!/&'64'0*-(!(364!,')(5-(!

(304!/'*!>@[#!=C:*C5,0-B!(304!/'*!>@["!=1-**)-!C3('rO)-BE!7-(!1-**)-(!.-(!D3),<-*(!

!"#!$

%#&&

'#'(

%#')

$#)"
"#'"

%)#$(

!"#

*+,%- *+,%) *+,&% *+,&& *+,'( *+,($ *+,() ./01234056234724*+,

!"#!

$"#%

&#'

&#(

)#*

%#(

%#&

$"#'

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

+,-$! +,-$( +,-&$ +,-&& +,-.) +,-)% +,-)( /012345167345835+,-

!"#$

%#!

&#'

(#)

*#)

&#"
&#&

&%#%

!"#$%

+,-&! +,-&" +,-'& +,-'' +,-%( +,-(* +,-(" ./01234056234724+,-

!"#$

!#%

!#&

'#"

&#(

)#*

&#(

+(#+

!"#$%

,-.+( ,-.+" ,-.&+ ,-.&& ,-.'! ,-.!) ,-.!" /012345167345835,-.

!"#$

%#&

'#(

'#$

%#&
%#)

'*#!

!"#$%

+,-%! +,-%" +,-)% +,-)) +,-.& +,-&' +,-&" /012345167345835+,-

!"#$

"#%

&#!
"#&

'#(
)#&

!"#$

*+,&% *+,&! *+,"& *+,"" *+,$) *+,)' *+,)! -./0123/45123613*+,

!"#!

$#%

&#'

$#'

(#)
"#&

$)#%

!"#

*+,$- *+,$) *+,%$ *+,%% *+,&' *+,'( *+,') ./01234056234724*+,



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! ""H!

(364!)6!4:/-!.-!1-**)-!1)&9'0*-!&05!;!>@[F!O)0!43),<-!/'*40,)&0Z*-C-64!&-(!C'06(!.-(!

/-*(366-(!C'60/)&'64!.-!&'!10'6.-!3)!.)!/30((36E!@3)*!,-(!.-*60Z*-(2!&-!4*'04-C-64!

(I'1Z*-!(3)1-64!.0++0,0&-!-6!*'0(36!.)!4')8!.-!*5,0.01-!O)0!(I5&Z1-!;!SK!p!=%)D06!'6.!

A)-**0602!"KKFBE!R36,-*6'64! &-(! 1-**)-(!95604'&-(! 3)! ,36.:&3C-(2! FS!;! VK!p!(364!

,')(5(!/'*!&-(!>@[!;!D'(!*0(O)-!C)O)-)8!>@[$!-4!>@[##E!%1-,!#!p!.-!&'!/3/)&'4036!

'C5*0,'06-! (-8)-&&-C-64! ',401-! 43),<5-2! ,-(! 1-**)-(! *-/*5(-64-64! )6! 15*04'D&-!

/*3D&ZC-!.-!('645!/)D&0O)-E!N6!&I'D(-6,-!.-!4*'04-C-642!&I06+-,4036!>@[!/-)4!l4*-!&05-!

;!&I'//'*04036!.I)6!,'*,063C-!1-**)O)-)82!)6!,'6,-*!.-!D'(!9*'.-!D0-6!.0++5*-6,05!-4!

O)0! C54'(4'(-! *'*-C-64E! 7'! 4)C-)*! .-! L)(,<T-! '6.! 7sU-6(4-06! 3)! ,36.:&3C-!

',)C065! 95'64! -(4! )6! 4:/-! .-! ,'*,063C-! 1-**)O)-)8! &3,'&0(5! .'6(! &'! *59036!

'6395604'&-!O)0!-(4!(3)1-64!'((3,05!;!)6-!06+-,4036!/'*!>@[$!-4!>@[##!=t'63+(T:!23)

4562! "K#"BE! _-! /&)(2! &-(! >@[! .-! 4:/-(! $! -4! ##! (364! '((3,05(! ;! &'! /'/0&&3C'43(-!

*-(/0*'430*-!*5,)**-64-!\!,-44-!C'&'.0-!*-(/0*'430*-!*'*-!(-!,'*',45*0(-!/'*!&'!/*5(-6,-!

.-!/'/0&&3C-(!=/-404-(!4)C-)*(!D56096-(B!')!601-')!.-(!C)O)-)(-(!.-(!130-(!'5*3M

.09-(401-(!()/5*0-)*-(2!-6!/'*40,)&0-*!&-!&'*:68E!A565*'&-C-64!D56096-2!-&&-!/-)4!,<-i!

&I-6+'64! '44-06.*-! &'! 4*',<5-! -4! &-(! D*36,<-(2! ,-! O)0! /-)4! (I'15*-*! +'4'&! -6! ,'(!

.I3,,&)(036! .-(! 130-(! '5*0-66-(E! _'6(! ('! +3*C-! 06+'640&-2! &I06+-,4036! /'*! &-! >@[! ;!

&I3*0906-!.-!&'!/'/0&&3C'43(-!'!&0-)!/'*!4*'6(C0((036!/&',-64'0*-!.-!&'!CZ*-!')!+u4)(!\!

&-!*0(O)-!.-!.51-&3//-*!&'!C'&'.0-!O)-&O)-(!C30(!3)!'665-(!'/*Z(!&'!6'0(('6,-!-(4!

"H#!+30(!/&)(!5&-15!(0! &'!CZ*-!'!-)!.-(!1-**)-(!'6395604'&-(!/-6.'64! &'!9*3((-((-!

=j)(,360!23)4562!"K#bBE!

7I5/0.-*C3.:(/&'(0-! 1-**),0+3*C-! =N[B2! ')((0! '//-&5-! (:6.*3C-! .-! 7)4iM

7-U'6.3U(T:2!-(4!)6-!C'&'.0-!.-! &'!/-')!*'*-!O)0!(-!C'60+-(4-!/'*!)6!.5+')4!.-!

&I0CC)6045!/*0C'0*-!-4!)6-!(-6(0D0&045!',,*)-!')8!06+-,4036(!/'*!.-(!>@[!.-!9-6*-!D-4'E!

e&!(I'904!.I)6-!C'&'.0-!956540O)-!;!4*'6(C0((036!')43(3C0O)-!*5,-((01-E!_'6(!FS!p!

.-(!,'(2!-&&-!-(4!,')(5-!/'*!.-(!C)4'4036(!.-(!9Z6-(!N[NJ#!-4!N[NJ"!(04)5(!()*!&-!

,<*3C3(3C-!#F!\!,-(!9Z6-(!,3.-64!/3)*!.-(!/*34506-(!C-CD*'6'0*-(!':'64!)6!*c&-!

.'6(!&'!*59)&'4036!.)!4')8!.-!i06,!064*',-&&)&'0*-!-4!.364!&'!/-*4-!.-!+36,4036!')9C-64-!

.*'(40O)-C-64! &'!(-6(0D0&045!.)! *-1l4-C-64!,)4'65!')8!>@[! =R'*.3(3!'6.!R'&36Y-2!

"K##BE!7-(!4:/-(!.-!>@[!C0(!-6!,')(-!(364!/*06,0/'&-C-64!.-(!>@[!.-!&I-(/Z,-!#!.)!

9-6*-! D-4'! \! &-(! >@[S! -4! >@[G! (364! &-! /&)(! (3)1-64! 0C/&0O)5(2! C'0(! 36! ,3C/4-!

59'&-C-64!&-(!>@[#b2!"K2!bFEEE!_-!ClC-2!,-*4'06(!>@[!.-!&I-(/Z,-!"!.)!9-6*-!D-4'!

(364!0C/&0O)5(2!/'*!-8-C/&-!>@[HG2!'06(0!O)-!.-(!>@[!.-!&I-(/Z,-!H!.)!9-6*-!D-4'2!



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! ""b!

,3CC-!>@[bVE!N6+062!,-*4'06(!>@[!.)!9-6*-!'&/<'!/-)1-64!59'&-C-64!l4*-!0C/&0O)5(2!

,3CC-!>@[H!-4!>@[#KE!7'!C'&'.0-!(-!C'60+-(4-!9565*'&-C-64!'1'64!&Ig9-!.-!.08!'6(!

/'*!&I'//'*04036!.-!1-**)-(!/&'4-(!-4!C',)&-(!(O)'C-)(-(!O)0!/-*(0(4-64!.)*'64!43)4-!

&'!10-!.)!/'40-64E!7I'(/-,4!.-!,-(! &5(036(!(O)'C-)(-(!-6! +3*C-!.I5,'0&&-(! *'//-&&-!

&I5,3*,-!.I)6!'*D*-2!;! &I3*0906-!.I)6!()*63C!.3665!;! &IN[! \! o&'!C'&'.0-!.-! &I<3CC-M

'*D*-oE!

!

7(.-8+%?$!\!%D)&!L'Y'6.'*2!/'40-64!'44-064!.IN[!-4!()*63CC5!o&I<3CC-M'*D*-oE!n*0906'0*-!.)!L'69&'.-(<!
-4!'&3*(!g95!.-!"$!'6(2!%D)&!L'Y'6.'*!'!()D0!-6!"K#S!)6!434'&!.-!#$!3/5*'4036(!,<0*)*90,'&-(!'+06!.-!
*-40*-*!-610*36!S!T9!.I-8,*30(('6,-(!,)4'65-(!.-!(-(!C'06(E!d'&<-)*-)(-C-642!&'!C'&'.0-!'!*5,0.015!
.'6(! &-(! '665-(! O)0! 364! ()0102! -6! .5/04! .-(! C)&40/&-(! 3/5*'4036(! /*'40O)5-(E! ?3)*,-! .-! &I0C'9-!
C'80(,0-6,-(E,3C2!(04-!,36()&45!&-!#H!'1*0&!"K"KE!

7-(! /-*(366-(! '44-064-(! .IN[! 364! )6! *0(O)-! ',,*)! .-! .51-&3//-*! )6! ,'*,063C-!

5/0.-*C3r.-2!-6!/'*40,)&0-*!')!601-')!.-(!i36-(!.-!/-')!-8/3(5-(!')!(3&-0&E!R<'O)-!

,-&&)&-!4)C3*'&-!*-6+-*C-!.-!C)&40/&-(!,3/0-(!.)!9563C-!10*'&!(3)(!+3*C-!.I5/0(3C-(E!

R<-i!VK!p!.-(!/'40-64(!':'64!)6!,'*,063C-!5/0.-*C3r.-!-4!'44-064(!.IN[2!&-(!9563C-(!

.-(!>@[S!-4!G!364!545!0.-640+05(!=%,,'*.0!'6.!A<-042!"K#bBE!R-(!.-)8!4:/-(!.-!>@[!

364!545!,&'((0+05(!,3CC-!'9-64(!/3((0D&-C-64!,'6,5*39Z6-(!,<-i!&-(!/'40-64(!'44-064(!

.IN[! =H'<4+'-%!BE!n6!634-!O)-! &-(!/'40-64(!'44-064(!.IN[!6-!(364!(-6(0D&-(!O)I')8!

06+-,4036(!/'*!.-(!>@[2!0&(!6-!(364!/'(!/'*40,)&0Z*-C-64!1)&65*'D&-(!;!.I')4*-(!'9-64(!

/'4<39Z6-(E! 7I0CC)6045! <)C3*'&-! -(4! /*5(-*15-! \! .-(! '640,3*/(! .0*095(! ,364*-! &-(!

/*34506-(!N$!-4!NF!(364!.54-,45(!,<-i!FK!p!.-(!/'40-64(2!,-!O)0! 06.0O)-!59'&-C-64!

O)-!&I-8/*-((036!.-!,-(!36,3/*34506-(!-(4!*-O)0(-!/3)*!&I513&)4036!,'6,5*-)(-!.-!&'!

C'&'.0-!=n*4<2!"K#KBE!



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! ""S!

!"$"$% I')6+8% ,-% 604% ,+% 4J-*/8-;% K% ()5+6*(0)L% 3+8;(;*')6+% +*% 380.8+;;(0)%
6')6/8+-;+%

7-(!>@[!06+-,4-64!&-(!C)O)-)(-(!-4!&'!/-')!/'*!,364',4!.0*-,4E!7I06+-,4036!/'*!)6!>@[!

-(4! *-&'401-C-64! +*5O)-64-! \! 36! -(40C-!O)-!/&)(! .-!FK!p!.-(!<3CC-(!-4! +-CC-(!

(-8)-&&-C-64!',401-(!(-*364!-6!,364',4!'1-,!)6!>@[!')!C306(!)6-!+30(!.'6(!&-)*!10-E!

_'6(!&'!/&)/'*4!.-(!,'(!.-!>@[!;!4*3/0(C-!C)O)-)82!&I06+-,4036!'!&0-)!')!,3)*(!.-(!

/*-C0-*(! *'//3*4(! (-8)-&(! -4! *-(4-! '(:C/43C'40O)-E! @'*! &'! ()04-2! &'! ,<'*9-! 10*'&-!

.0C06)-!Y)(O)I;!,-!O)-!&-!10*)(!.-10-66-!06.54-,4'D&-!S!'6(!'/*Z(!&I06+-,4036E!_'6(!VK!

p!.-(!,'(2!,-44-!.0C06)4036!-(4!)6!(096-!.-!,&'0*'6,-!10*'&-2!,I-(4M;M.0*-!.I5&0C06'4036!

434'&-!.-(!/'*40,)&-(!10*'&-(!.'6(!&-!40(()E!@3)*!&-(!#K!p!*-(4'64(2!&-!10*)(!-(4!43)Y3)*(!

/*5(-64! ;! )6! 601-')! +'0D&-! -6! /<'(-! &'4-64-! =/'/0&&3C'10*)(E+*2! ,36()&45! &-! #H!'1*0&!

"K"KBE! 7-(! /*3D'D0&045(! .-! /-*(0(4'6,-! .)! 10*)(! -4! .-! /*39*-((036! /*5,'6,5*-)(-!

.5/-6.-64!-6!/'*40-!.)!4:/-!.-!>@[!\!&-!*0(O)-!.-!,'6,-*!'((3,05!')!>@[#$!-(4!D0-6!

/&)(! 5&-15! O)-! .'6(! &-! ,'(! .I')4*-(! >@[! ,36(0.5*5(! ,3CC-! 54'64! ;! <')4M*0(O)-!

=7(.-8+%?!BE!7'!*5/36(-!0CC)604'0*-!.-!&I<c4-!-(4!59'&-C-64!)6!+',4-)*!.54-*C06'64\!

&-(!/'40-64(!06+-,45(!/'*!&-!10*)(!.-!&I0CC)63.5+0,0-6,-!<)C'06!=[e>B!364!)6-!/&)(!+3*4-!

06,0.-6,-!.-(!,'6,-*(!/*313O)5(!/'*!&-(!>@[!=.-!d'*4-&!23)4562!"K#SBE!N6+062!,-*4'06(!

+',4-)*(!,3C/3*4-C-64')8!,3CC-!&-!4'D',2!&'!C)&40/'*045!-4!&'!/*0(-!;!&369!4-*C-!.-!

,364*',-/40+(!<3*C36')8!/-)1-64!'130*!)6-!06+&)-6,-!C3.5*5-!()*!&-!*0(O)-!.-!,'6,-*!

=?,<0++C'6!23)4562!"K#$BE!

7'!/*39*-((036!.-/)0(!)6!5/04<5&0)C!,-*10,'&!('06!;!)6!,'6,-*!;!,-&&)&-(!(O)'C-)(-(!

/'((-!/'*!.-(!(4'.-(!064-*C5.0'0*-(!.-!&5(036(!/*5,'6,5*-)(-(!'//-&5-(!653/&'(0-(!

,-*10,'&-(! 064*'5/04<5&0'&-(! =RePBE! R-(! &5(036(! (364! ,'*',45*0(5-(! /'*! )6! 63CD*-!

,*30(('64!.-!,-&&)&-(!/*5(-64'64!.-(!'63C'&0-(!C3*/<3&390O)-(!,3CC-!.-(!.5+')4(!

.-! (4*'40+0,'4036! .-! &I5/04<5&0)C2! .-(! '63C'&0-(! 6),&5'0*-(! 3)! .-(! .5+')4(! .-!

.0++5*-6,0'4036E!7-(!.0++5*-64(!9*'.-(!.-!ReP!/-)1-64!l4*-!.5+060(!/'*!&'!/*3/3*4036!.-!

,-&&)&-(!.:(/&'(0O)-(!.'6(!&I5/04<5&0)C!,-*10,'&E!_'6(!&-!,'(!.I)6-!&5(036!ReP#!.-!D'(!

9*'.-2!&-(!,-&&)&-(!.:(/&'(0O)-(!(364!/*5(-64-(!.'6(!&-!40-*(!06+5*0-)*!.-!&I5/04<5&0)C2!

4'6.0(!O)I-&&-(!3,,)/-64!.-)8! 40-*(!-4! Y)(O)I;! &I5/04<5&0)C!-640-*!/3)*! &-(! &5(036(!.-!

<')4!9*'.-!ReP"!-4!RePH!=7(.-8+%?#BE!!



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! ""$!

!

7(.-8+%?#\!75(036(!653/&'(0O)-(!064*'5/04<5&0'&-(!.)!,3&!.-!&I)45*)(!\!,&'((0+0,'4036!/'*!(:(4ZC-!.-!40-*(E!
7'!/*39*-((036!.-/)0(!&I5/04<5&0)C!.)!,3&!.-!&I)45*)(!63*C'&!1-*(!&-!,'6,-*!;!,-&&)&-(!(O)'C-)(-(!=?RRB!
-(4! *-/*5(-645-! /'*! &-! 63CD*-! ,*30(('64! .-! ,-&&)&-(! .:(/&'(0O)-(E! @3)*! &-(! &5(036(! (O)'C-)(-(!
064*'5/04<5&0'&-(! .-! D'(! 9*'.-! =7?e7B! 3)! 653/&'(0-! 064*'5/04<5&0'&-! .-! 9*'.-! #! =ReP#B2! &-(! ,-&&)&-(!
.:(/&'(0O)-(!(364!(04)5-(!.'6(!&-!40-*(!06+5*0-)*!.-!&I5/04<5&0)CE!7-(!&5(036(!.-!<')4!9*'.-!=>?e7B!(364!
,'*',45*0(5-(! /'*! .-(! ,-&&)&-(! .:(/&'(0O)-(! 3,,)/'64! .-)8! 40-*(! =ReP"B! 3)! /&)(! =RePHBE! %.'/45! .-!
=L'&.U06!23)4562!"KKHBE!

7-(! &5(036(!.-!D'(!9*'.-!ReP#!(364!'((3,05-(!;!)6-! *59*-((036!(/364'65-!O)0!6-!

*-O)0-*4!'),)6!4*'04-C-64!/'*40,)&0-*E!_-!FK!;!GK!p!/3)*!&I-6(-CD&-!.-(!+-CC-(2!&-!

4')8!.-!*59*-((036!.-(!ReP#!')9C-64-!Y)(O)I;!VK!p!/3)*!&-(!/'40-64-(!.-!C306(!.-!

"S!'6(E!N6!*-1'6,<-2!KE"!;!b!p!.-(!RePH!/*39*-((-64!1-*(!)6!,'6,-*!061'(0+!.'6(!)6!

064-*1'&&-! .-!#"!C30(E! e&! -(4! 0C/3*4'64! .-! 634-*! O)I)6-!/5*03.-!.-!"S!;! HK!'6(!-6!

C3:-66-!(5/'*-!&I06+-,4036!/'*!)6!>@[!.)!.51-&3//-C-64!.)!,'6,-*!061'(0+!=d'*406!

'6.!nv7-'*:2!"K##BE!!

!"$"#% &+;-8+;%38/=+)*(=+;%+*%6-8'*(=+;%

_0++5*-64-(!C-()*-(!/-*C-44-64!.-!&0C04-*!&-!*0(O)-!.-!,'6,-*!.)!,3&!.-!&I)45*)(!,<-i!

&'!+-CC-E!N6!/*-C0-*!&0-)2!.-(!C-()*-(!/*51-6401-(!/-*C-44-64!.-!&0C04-*!&I06+-,4036!

/'*!&-(!>@[!'+06!.-!*5.)0*-!&-!*0(O)-!.-!.51-&3//-*!)6!,'6,-*E!n6!,3C/4-!634'CC-64!

&-!/3*4!.)!/*5(-*1'40+2!O)0!(-CD&-!*5.)0*-!&-!*0(O)-!.I06+-,4036!>@[!')!601-')!.)!,3&!.-!

&I)45*)(!-4!.-(!/'*40-(!95604'&-(!,<-i!&'!+-CC-!=^06-*!23)4562!"KK$B!-4!,<-i!&I<3CC-!

=@0-*,-! R'C/D-&&! 23) 4562! "K#HBE! _I')4*-! /'*42! .-(! 1',,06(! /*3/<:&',40O)-(! 364! 545!

.51-&3//5(!'+06!.-!/*51-60*!&I06+-,4036!.-!.0++5*-64(!4:/-(!.-!>@[E!7-!1',,06!D01'&-64!

R-*1'*08!'!545!,3CC-*,0'&0(5!-6!"KKG!'+06!.-!/*51-60*!&-(!06+-,4036(!/'*!>@[#$!-4!#GE!

7-! 9*3)/-! d-*,T! '! .51-&3//5! -6! "KKF! )6! 1',,06! 454*'1'&-64! 63CC5! A'*.'(0&2!

conventional Pap smear testing. The sampling
device is transferred directly to a vial of
liquid preservative, which prevents inadver-
tent air-drying of cells. Collected cells are
mechanically dispersed into the liquid
medium before a representative aliquot is
transferred to the slide; debris and blood are
thereby removed and cellular separation is
enhanced in an attempt to facilitate mor-
phological assessment of the smear. Several
slides can be tested from one sample and the
esidual fluid is suitable for a variety of mol-

ecular analyses12. The smaller slide area to be
screened (17–20 mm diameter versus 24 
50 mm for conventional slides) might make
automation more practical.

Automated slide analysis Automation of
slide microscopy and image analysis could
allow a reduction in the manpower require-
ment for screening. Technology exists to
allow automation as both a primary screen-
ing tool and for quality control (QC) 
e-screening. One system predominates at

present13, but data also exist from a previous
neural-network-based approach14

For the detection of clinically significant
lesions (HSILs/carcinomas) in the primary
screening setting, both systems showed
improved specificity for equivalent sensitivity
to the Pap test13,15. The predominant system
designates up to 25% of smears as normal,

Box 1 | Screening criteria and definitions

ilson Criteria for a screening test145

• An important public-health problem

• Natural history of the disease should be understood

• Treatment at an early stage should be beneficial

• Suitable test available

• Test is acceptable to the population

• Adequate facilities exist for diagnosis and treatment

Screening interval should be dependent on natural history of the disease

There should be a recognizable early stage

• Psychological burden of screening should be less than the potential benefit

• Appropriate cost–benefit balance

Definitions
• Sensitivity — the proportion of disease 

ositives that are test-positive

• Specificity — the proportion of disease 

negatives that are test-negative

• Positive predictive value (PPV) — the

proportion of test-positive patients that are

correctly identified as diseased

• Negative predictive value (NPV) — the

proportion of test-negative patients that are

correctly identified as healthy
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thereby potentially reducing the total num-
ber of smears that must be examined by
cytoscreeners, as well as the overall mean
screen time.Automated marking of suspicious
cells on slides could improve subsequent
assessment16

Of the remaining 75% of smears desig-
nated for review by a cytoscreener, some of
those subsequently reported as negative can be
selected for ‘manual’ QC re-screening on the
basis of a computer-generated ranking system.
Concentrating re-screening on those slides
that are most likely to be abnormal could be
better than the current practice of performing
QC re-screening on a random 10% sample13

Despite these potential advantages, it
should be noted that published studies of
automated methods are frequently limited by
a lack of histological end points and the com-
parative expense of these technologies17 ould
limit their widespread implementation.

Physical parameters. ourier-transform
infrared (FT-IR) spectroscopy of exfoliated
cervical cells allows the differentiation of nor-
mal from malignant/pre-malignant cells18

and could provide better specificity and sensi-
tivity than conventional morphological
assessment19. However, FT-IR analysis is
affected by the presence of blood, which is
commonly encountered in cervical smears.

It is also possible to obtain physical mea-
surements directly from the cervix, which
might enable real-time, objective identi-
fication of abnormalities. Laser-induced fluo-
escence spectroscopy involves the use of a

fibre-optic probe to illuminate the cervix with
low-power light of fixed wavelength, followed
by the recording of the emitted fluorescent
spectrum of the tissue. The fluorescence pat-
tern allows the distinction of normal from
pre-malignant and malignant epithelia20 and
is thought to be superior in screening perfor-
mance to the Pap smear21. More recently,

AD(P)H and collagen have been proposed
as quantitative fluorescent biomarkers for
SILs22. Combining three different in vivo fluo-
escence techniques could improve perfor-

mance, although the reported sensitivity
(82%) and specificity (68%) for SILs are still
suboptimal23

An alternative device combines tissue
esponses to voltage as well as light, with 

in vivo disease-recognition rates of 85–99%24

A multicentre trial is, at present, evaluating
this method in primary screening in com-
parison with the Pap smear, with histology
as the ‘gold-standard’ diagnosis. Problems
detecting endocervical lesions due to probe
size should be overcome by miniaturization
as the technology develops.

Normal
LSIL

CIN1

HSIL

CIN2 CIN3
SCC

Figure 1 | Pre-malignant disease in cervical

squamous epithelium and rationale for the

cervical smear. Pre-malignant disease in the

squamous epithelium of the cervix represents a

spectrum of morphological abnormalities, in which

there is progressive cellular atypia (extending from

the basal layers) and loss of differentiation of

surface cells. The presence of stromal invasion is

diagnostic of malignancy (squamous-cell

carcinoma; SCC). Various systems for classifying

pre-malignant abnormalities exist. The two-tier

squamous intraepithelial lesion (SIL) system was

originally described for cytology samples and

classifies abnormalities as either low-grade (LSIL)

or high-grade (HSIL). The figure depicts

approximate areas of correspondence between

the SIL classification and the three-tier cervical

intra-epithelial neoplasia (CIN) system. The basis

of the cervical smear is that examination of the

morphology of cells scraped from the surface

layers of abnormal epithelium (purple) will allow

prediction of the degree of abnormality in the

lesion as a whole.
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acidic leucine (L) rich motifs containing the LxxLL
consensus sequence (where x indicates any amino
acid) (12 13). BPV1 E6 recognizes a particular
subclass of acidic LxxLL sequences termed LD
motifs, which mediate protein-protein interactions
regulating cell motility, cell adhesion, and gene
expression (14). BPV1 E6 recognizes several LD
motifs of the focal adhesion protein paxillin, and
this interaction is required for cellular transforma-
tion (15 17). Despite their small size (about 150
residues), E6 proteins combine multiple interac-
tion sites. For instance, hrm-HPV E6 interacts not
only with LxxLL motifs but also with PDZ do-
mains involved in cell polarity and adhesion (18
and possesses a self-association interface required
for the p53 degradation activity (19).

Mammalian PV E6 proteins are cysteine-rich
proteins consisting of two zinc-binding domains

named E6N and E6C. Whereas structures of iso-
lated E6N and E6C domains have been deter-
mined (19 20), full-length E6 proteins undergo
self-oligomerization (21), which has precluded
structural analysis.

To circumvent this problem, we applied two
solubilizing strategies to the BPV1 and the
HPV16 E6 proteins (22). For BPV1 E6, we fused
a crystallization-prone mutant of the bacterial
maltose binding protein (MBP) to an E6-binding
LxxLL sequence present in the paxillin LD1 motif
that is known to solubilize E6 (23) and then to
the BPV1 E6 protein (fig. S1A). The resulting
MBP-LxxLL-E6 triple fusion protein was puri-
fied as a soluble monomer and yielded crystals
that diffracted at a resolution better than 2.3 Å
(table S1). For HPV16 E6, we purified the mono-
meric E6 F47R 4C/4S (24) mutant that combines

the F47 47 (F47R) mutation disrupting E6N
dimerization and four mutations at nonconserved
cysteines preventing disulfide-mediated aggrega-
tion (19). Purified E6 F47R 4C/4S was mixed
with equimolar amounts of an MBP-LxxLL fu-
sion containing the E6-binding LxxLL sequence
of E6AP (fig. S1B). The complex yielded crys-
tals that diffracted at a resolution better than 2.6 Å
(table S1). Both structures were solved by mo-
lecular replacement using the known structure
of MBP as a template (Fig. 1 and fig. S2).

The overall structures of the two E6/LxxLL
complexes are very similar (fig. S3A) despite
low sequence identity (30%), suggesting that
crystallization-promoting strategies did not in-
troduce artifacts. Indeed, MBP is differently po-
sitioned relative to E6 in the two crystals (fig.
S2), and the five solubilizing mutations of E6

Fig. 2. Networks of E6/LxxLL peptide interactions. ( ) Polar interactions
between BPV1 E6 and paxillin. Red spheres, water molecules; black dashed
lines, interactions mediated by keystone R89; blue or orange dashed lines,
intermolecular interactions mediated by E6N or E6C arginines, respective-
ly; and dotted lines, other polar interactions. ( ) All contacts between BPV1
E6 and paxillin. Pink dashed lines, hydrophobic contacts; black lines, polar
contacts mediated by side chain (continuous lines) or main chain (dotted

lines); and pink or blue boxed residues, E6 hydrophobic or polar contrib-
utors, respectively. E6 polar residues displaying favorable van der Waals
terms (energy change < 1 kcal/mol, fig. S6A) are included as hydro-
phobic contributors. ( ) Polar interactions between HPV16 E6 and E6AP. (
All contacts between HPV16 E6 and E6AP. R129-E (dashed gray line) is
revealed by MD simulations (fig. S7). Note that the polar contacts of E6AP
E1 are substituted by hydrophobic contacts for paxillin M1 (fig. S7C).
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-6!(3&)4036!'06(0!O)-!.-!&'!,36,-64*'4036!.-!,3C/&-8-!%L!;!&I5O)0&0D*-!=FS-'*(0)%$BE!

!" #
$%& ' $(&

$%(&
#
)*++

)*,
!

FS-'*(0)%$%

N6! /*'40O)-2! &'! (4*'4590-! &'! /&)(! ,3)*'64-! /-*C-44'64! .-! .54-*C06-*! &-! X_! .I)6-!

064-*',4036!,36(0(4-!;! 06,)D-*! &-(!.-)8!/'*4-6'0*-(!;!.0++5*-64-(!,36,-64*'4036(! \! &'!

,36,-64*'4036!.)!/'*4-6'0*-!%!*-(4-! +08-!4'6.0(!O)-! &-!/'*4-6'0*-!L!-(4!'Y3)45!;!.-(!

,36,-64*'4036(!,*30(('64-(E!7-!C5&'69-!%!|!L!-(4!06,)D5!Y)(O)I;!'44-06.*-!&I5O)0&0D*-!

/)0(!&-!,3C/&-8-!%L!-(4!O)'640+05!/'*!.0++5*-64-(!'//*3,<-(!D03/<:(0O)-(E!n6!3D40-64!

)6! (096'&! /*3/3*40366-&! ;! &'! ,36,-64*'4036! .-! ,3C/&-8-! +3*C5! -6! +36,4036! .-! &'!

,36,-64*'4036!.-! &I)6! .-(!.-)8!/'*4-6'0*-(E!7'!7(.-8+%?>! /*5(-64-! )6!-8-C/&-! .-!

.3665-(!.-!*5(36'6,-!/&'(C360O)-!.-!()*+',-!=?@JB!/-*C-44'64!&'!.54-*C06'4036!.)!

! " # !#
$%&

$%''



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! "Hb!

X_!-64*-!N$!>@[#$!+)(03665-!;!&'!dL@!=6345-!dL@M#$N$B!-4!&-!C340+!7hh77!.-!N$%@!

=6345!N$%@7hh77BE!

!

7(.-8+%?>!\!N8-C/&-!.-!9*'/<-!/3)*!&'!.54-*C06'4036!.-!X_E!7-(!.3665-(!,0M.-(()(!(364!0(()-(!.I)6!
4-(4! *5'&0(5!/'*!J5(36'6,-!@&'(C360O)-!.-!?)*+',-!=?@JB!/3)*! &I064-*',4036!-64*-! &'!/*34506-!#$N$!
jbFJ!bRQb?!+)(03665-!;!&'!dL@!=6345-!dL@M#$N$B!-4!&-!/-/40.-!D03406:&5!.)!C340+!7hh77!.-!N$%@!
=(5O)-6,-!@N??N7y7{N77ANNJBE!7-!(096'&!?@J!;!&I5O)0&0D*-!-(4!63*C'&0(5!/'*!&-!(096'&!.-!/-/40.-!
N$%@!0CC3D0&0(5E!7'!/*34506-!dL@M#$N$!'!545!06,)D5-!;!.-(!,36,-64*'4036(!,3C/*0(-(!-64*-!VE$!6d!
-4!S!}dE!7-(!.3665-(!-8/5*0C-64'&-(!(364!*-/*5(-645-(!/'*!.-(!/3064(!*3)9-(!-4!&-!+04!O)'.*'40O)-!/'*!
)6-!&096-!630*-E!7-!X_!.-!&I064-*',4036!-(4!59'&!;!&'!,36,-64*'4036!.-!dL@M#$N$!/3)*!&'O)-&&-!&-!(096'&!
'44-064!&'!C30405!.)!(096'&!C'80C'&E!

N6!0CC3D0&0('64!)6-!O)'64045!,36(4'64-!.-!/-/40.-!N$%@7hh772!&'!/*34506-!dL@M#$N$!

'! 545! 06Y-,45-! (),,-((01-C-64! ;! .-(! ,36,-64*'4036(! ,*30(('64-(E! @3)*! ,<'O)-!

06Y-,40362! 36! -84*'04! &-! (096'&! ;! &I5O)0&0D*-2! O)0! -(4! *-/*5(-64'40+! .-! &'! O)'64045! .-!

,3C/&-8-!dL@M#$N$QN$%@7hh77E!?)*!)6!9*'/<-!*-/*5(-64'64!,-!(096'&!;!&I5O)0&0D*-!-6!

+36,4036!.-!&'!,36,-64*'4036!.-!dL@M#$N$2!36!-++-,4)-!)6-!*59*-((036!O)'.*'40O)-2!

O)0!/-*C-44*'!.-!,366'`4*-!&-!X_E!R-&)0!/-)4!59'&-C-64!l4*-!&)!()*!&-!9*'/<0O)-!\!0&!(I'904!

.-!&'!,36,-64*'4036!.-!/*34506-!/3)*!&'O)-&&-!&-!(096'&!-(4!59'&!;!&'!C30405!.)!(096'&!

C'80C'&! =7(.-8+%?>BE!@3)*! /3)130*! -++-,4)-*! ,-44-! 064-*/*54'4036! .-!.3665-(2! 0&! -(4!

0C/3*4'64!.I'.'/4-*!&-(!9'CC-(!.-!,36,-64*'4036(!.-(!.-)8!/'*4-6'0*-(!'+06!.-!D0-6!

-6,'.*-*!&-!/3064!.I06+&-8036!3q!(-!(04)-!&-!X_!-4!.-!130*!)6!/&'4-')!')8!,36,-64*'4036(!

&-(!/&)(!5&-15-(E!_-!/&)(2!&-!4-C/(!65,-(('0*-!/3)*!'44-06.*-!&I5O)0&0D*-!-(4!/*3/*-!;!

,<'O)-!064-*',40362!0&!+'04!/'*40-!.-(!/'*'CZ4*-(!;!3/40C0(-*!/3)*!/3)130*!O)'640+0-*!&-!

,3C/&-8-!;!&I5O)0&0D*-E!

7'! ,36(4'64-! .-! .0((3,0'4036! -(4! 59'&-C-64! &05-! ')8! ,36(4'64-(! ,06540O)-(!

.I'((3,0'4036! =T36B! -4! .-! .0((3,0'4036! =T3++BE! %)M.-&;! .-! &I'++060452! &-(! ,06540O)-(! .-!

+3*C'4036!.I)6!,3C/&-8-!(364!4*Z(!06+3*C'401-(!/3)*!.5,*0*-!&I'(/-,4!.:6'C0O)-!.I)6-!

064-*',4036! .'6(! )6! (:(4ZC-! 101'64! O)0! -(4! *'*-C-64! ;! &I5O)0&0D*-E! N6!

/<'*C',3,06540O)-(2!,-(!.3665-(!(364!/*0C3*.0'&-(!/3)*!.54-*C06-*!&-!4-C/(!.I',4036!

!#
%&

%''
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!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! "HS!

.I)6-!C3&5,)&-!-4!.36,!&'!.3(-!-4!&'!+*5O)-6,-!.I'.C060(4*'4036!.I)6!C5.0,'C-64E!7'!

.54-*C06'4036! .-! ,-(! ,36(4'64-(! ,06540O)-(! *-O)0-*4! )6-! C54<3.-! /-*C-44'64! .-!

C-()*-*!-6!,36406)!&'!+3*C'4036!.-!,3C/&-8-!.-/)0(!&'!C0(-!-6!/*5(-6,-!.-(!.-)8!

/'*4-6'0*-(!Y)(O)I;!'44-06.*-!&I5O)0&0D*-!/)0(!&'!/<'(-!.-!.0((3,0'4036E!7'!?@J!-(4!&'!

4-,<60O)-! &'! /&)(! ,3)*'CC-64! )40&0(5-! /3)*! 54).0-*! &-(! ,06540O)-(! .I064-*',4036! .-!

D03C3&5,)&-(E!

N6+062! &-(! /'*'CZ4*-(! 4<-*C3.:6'C0O)-(! .5,*01-64! &I56-*90-! .-! &'! *5',4036! .-!

+3*C'4036! .)! ,3C/&-8-E! 7'! 1'*0'4036! .I56-*90-! &0D*-! -(4! 6345-!~A2! -&&-! -(4! &05-! ')8!

1'*0'4036(!.I-64<'&/0-!=~>B2!.I-64*3/0-!=~?B!'06(0!O)I;!&'!4-C/5*'4)*-!y!=FS-'*(0)%#BE!

-./ # /-0/ 1 /2-3!

FS-'*(0)%#%

7I56-*90-! &0D*-! 4*'.)04! &'! (4'D0&045! .I)6! ,3C/&-8-! \! (0! &'! 1'*0'4036! .I56-*90-! &0D*-! -(4!

659'401-2!&-!(:(4ZC-!-(4!+'13*'D&-!;!&'!+3*C'4036!.)!,3C/&-8-!%L!O)0!-(4!/&)(!(4'D&-!

O)-! &-(! /'*4-6'0*-(! %! -4! L! 636! &05(E! %! ,-! Y3)*2! &'! (-)&-! '//*3,<-! /-*C-44'64! .-!

.54-*C06-*!&'!,364*0D)4036!.-(!/'*'CZ4*-(!4<-*C3.:6'C0O)-(!.I-64*3/0-!-4!.I-64<'&/0-!

.I)6-!064-*',4036!-6!)6-!(-)&-!C-()*-!-(4!&'!404*'4036!,'&3*0C54*0O)-!0(34<-*C-!=eyRBE!

7-(! ')4*-(! '//*3,<-(! 4-&&-(! O)-! &'! *5(36'6,-! /&'(C360O)-! .-! ()*+',-! =?@JB2! &'!

4<-*C3/<3*Z(-!;!C0,*3M5,<-&&-!=d?yB!-4!&'!*5(366'6,-!C'96540O)-!6),&5'0*-!=JdPB!

/-*C-44-64! .I-(40C-*! &-(! /'*'CZ4*-(! 4<-*C3.:6'C0O)-(! -6! -++-,4)'64! /&)(0-)*(!

C-()*-(!;!.0++5*-64-(!4-C/5*'4)*-(E!

N6+062! &I56-*90-! &0D*-! '((3,05-!;! &I'((3,0'4036! .-!.-)8!/'*4-6'0*-(! -(4! *-&05-! ')!X_2!

.I'/*Z(!&IFS-'*(0)%9E!

-./ # 42 ' 567!"8!

FS-'*(0)%9%

#"!"$% U/;0)')6+%34';10)(S-+%,+%;-85'6+%

7'!*5(36'6,-!/&'(C360O)-!.-!()*+',-!=?@JB!-(4!)6-!4-,<60O)-!3/40O)-!.-!.54-,4036!

.-(! 064-*',4036(! -64*-! .-)8! /'*4-6'0*-(E! N&&-! (I'//&0O)-! ')8! /*34506-(! ,3CC-! ')8!

',0.-(!6),&50O)-(2!&0/0.-(2!9&),0.-(2!/-404-(!C3&5,)&-(2!-4,E!_-/)0(!&'!/)D&0,'4036!.)!

/<563CZ6-! .I-8,04'4036! .-! /&'(C36(! .-! ()*+',-! /'*! *5+&-,4036! .I)6! +'0(,-')! .-!



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! "H$!

&)C0Z*-! -6!#V$G! =X*-4(,<C'66!'6.!J'-4<-*2! #V$GB2! &'!?@J!'!513&)5!-4! 4*3)15!.-!

63CD*-)(-(!'//&0,'4036(2!634'CC-64!.'6(!&I54).-!.-(!D03C3&5,)&-(E!

7I)6!.-(!/'*4-6'0*-(!.I064-*',4036!-(4!'//-&5!&I'6'&:4-!\!0&!-(4!06Y-,45!/'*!)6!(:(4ZC-!.-!

+&)8!')!601-')!.I)6-!/),-!'1-,!)6-!()*+',-!-6!3*!()*!&'O)-&&-!-(4!0CC3D0&0(5!&-!(-,36.!

/'*4-6'0*-! .I064-*',40362! '//-&5! &09'6.E! @&)(0-)*(! ,'6')8! (364! .0(/360D&-(! ()*! &'!

()*+',-!.-!&'!/),-E!7I)6!.-(!,'6')8!(-*4!.-!*5+5*-6,-!4'6.0(!O)-!&-!3)!&-(!&09'6.(!(364!

0CC3D0&0(5(!()*!&-(!,'6')8!*-(4'64(E!7I'6'&:4-!-(4!06Y-,45!()*!&I-6(-CD&-!.-(!,'6')8!

.-!&'!/),-!\!)6!(096'&!-(4!5C0(!-6!,'(!.-!&0'0(36!.-!&I'6'&:4-E!7-!(096'&!.)!,'6'&!.-!

*5+5*-6,-! *5()&4-! -8,&)(01-C-64! .-! &'! &0'0(36! 51-64)-&&-! .-! &I'6'&:4-! ()*! &'! ()*+',-!

4'6.0(!O)-! &-!(096'&!.-(!,'6')8!',40+!-(4! &'!(3CC-!.-! &'! &0'0(36!;! &'!()*+',-!-4!')!

&09'6.E!%06(02!&-!(096'&!.x!;!&'!*-,366'0(('6,-!(/5,0+0O)-!.-!&I'6'&:4-!-4!.)!&09'6.!/-)4!

l4*-!.5.)04!/'*!(3)(4*',4036E!

!

7(.-8+%?:!\!@*06,0/-!.-!&'!*5(36'6,-!/&'(C360O)-!.-!()*+',-E!7-!&09'6.!-(4!0CC3D0&0(5!()*!&'!()*+',-!
-6!3*!.I)6-!/),-!.-!.54-,4036!-4!&I'6'&:4-!-(4!06Y-,45!/'*!)6!(:(4ZC-!.-!+&)8E!m6!+'0(,-')!.-!&)C0Z*-!
/3&'*0(5-!/'((-!;!4*'1-*(!)6!/*0(C-!-4!'44-064!&'!()*+',-!-6!3*!.I)6-!/),-!.-!.54-,4036!\! &-!*':36!.-!
&)C0Z*-! 06,0.-64! '! )6! '69&-! /-*C-44'64! &'! *5+&-8036! 064-*6-! 434'&-E! _'6(! ,-(! ,36.04036(2! &I'69&-! .-!
*5+&-,4'6,-!-(4!.0++5*-64!(-&36!O)-!&-!&09'6.!-(4!&0D*-!=#B!3)!&05!;!&I'6'&:4-!="BE!7-!(-6(3*9*'CC-!-(4!&-!
*5()&4'4! O)0! /*5(-64-! &I'((3,0'4036! -4! &'! .0((3,0'4036! .)! ,3C/&-8-! -6! +36,4036! .)! 4-C/(E! %.'/45! .-!
=A)-6-')!'6.!_)+3)*2!"K#VBE!

7-!/*06,0/-!.-!&'!?@J!-(4!0&&)(4*5!()*!&'!7(.-8+%?:E!m6!+'0(,-')!.-!&)C0Z*-!/3&'*0(5!

4*'1-*(-!)6!/*0(C-!'1-,!)6!'69&-!/-*C-44'64!&'!*5+&-8036!064-*6-!434'&-!.)!+'0(,-')!;!

4*'1-*(! &-! /*0(C-E! _'6(! ,-(! ,36.04036(2! &-! ,<'C/! 5&-,4*0O)-! .-(! /<3436(! (I54-6.!

Y)(O)I;!&'!()*+',-!.I3*!-4!064-*'904!'1-,!&-(!5&-,4*36(!&0D*-(!O)0!(I:!4*3)1-64E!7-(!/<3436(!

(364!'&3*(!,361-*40(!-6!/&'(C36(2!,I-(4M;M.0*-!-6!.-6(045!5&-,4*360O)-!.-!()*+',-2!-4!&'!

&)C0Z*-! 6I-(4! /&)(! *5+&5,<0-! =130*! &'! i36-! (3CD*-! .)! +'0(,-')! *5+*',45BE! 73*(O)-! &-!

&09'6.! 0CC3D0&0(5! ()*! &'! ()*+',-! .I3*! -(4! &05! /'*! )6! '6'&:4-2! ,-&'! /*313O)-! )6!



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! "HF!

,<'69-C-64! .-! &I06.0,-! .-! *5+*',4036! ;! &'! ()*+',-2! O)0! .5/&',-! &'! i36-!.I3CD*-!.)!

+'0(,-')!*5+&5,<0E!R-!.5,'&'9-!.-!&I064-6(045!.-!*5+&-,4'6,-!.-!&I'69&-!#!;!&I'69&-!"!-(4!

C364*5-!()*!&'!/'*40-!()/5*0-)*-!.*304-!.-!&'!+09)*-E!7I064-6(045!.-!&'!*5/36(-!-6!+36,4036!

.)!4-C/(!-(4!*-/*5(-645-!()*!&-!(-6(3*9*'CC-2!O)0!(-*4!.-!D'(-!;!&I064-*/*54'4036!.-(!

*5()&4'4(E!7-!4*',5!+'0('64!&'!4*'6(04036!-64*-!&-(!54'4(!#!-4!"!,3**-(/36.!;!)6-!,06540O)-!

.I'((3,0'4036!D0C3&5,)&'0*-E!%06(02!&'!?@J!/-*C-4!.-!.54-,4-*!;!<')4-!(-6(0D0&045!-4!-6!

4-C/(! *5-&! &I'((3,0'4036! .-! .-)8! C3&5,)&-(2! ,-! O)0! /-*C-4! .-! .54-*C06-*! &-(!

/'*'CZ4*-(!,06540O)-(!.-!&I064-*',4036E!_I')4*-!/'*42!,-44-!'//*3,<-!-(4!/'*+30(!)40&0(5-!

/3)*!-(40C-*!&'!,36,-64*'4036!.I'6'&:4-!D03&390O)-C-64!',40+!=_*-(,<-*!23)4562!"K#GBE!

7I0CC3D0&0('4036!.)! &09'6.!/-)4!(-! +'0*-!/'*!.-!.0++5*-64-(!'//*3,<-(! \! 0&! (I'904!.I)6!

/'*'CZ4*-!.54-*C06'64!;!3/40C0(-*!/3)*!&-!D36!.5*3)&-C-64!.-!&'!C-()*-!.I064-*',4036E!

7'!7(.-8+%?A!/*5(-64-!.0++5*-64-(!(4*'4590-(!.I0CC3D0&0('4036!.-!&09'6.!,3)*'CC-64!

)40&0(5-(! -6! ?@J! -4! O)0! /-)1-64! 59'&-C-64! l4*-! '//&0O)5-(! ;! .I')4*-(! C54<3.-(!

0C/&0O)'64!&I0CC3D0&0('4036!.I)6-!/*34506-!-6!/*5(-*1'64!(36!*-/&0-C-64!-4!(36!',401045E!

! !



!""#$%&'()&$*+,%-.*&,$)#$)/+!$0!&1)

! "HG!

!

7(.-8+%?A!\!d3.-(!.I0CC3D0&0('4036!.-!&09'6.!()*!&'!()*+',-!.-!&'!/),-!.-!.54-,4036!?@JE!y3)(!&-(!4:/-(!
.-!()*+',-!06,&)-64!)6-!C'4*0,-!.-!.-84*'6!O)0!'(()*-!)6-!C-0&&-)*-!',,-((0D0&045!.)!&09'6.!0CC3D0&0(5E!
2E!eCC3D0&0('4036!,31'&-64-!/'*!,3)/&'9-!.-(!'C06-(E!QE!R'/4)*-!;!<')4-!'++06045!.-!&09'6.!D03406:&5!/'*!
(4*-/4'10.06-!0CC3D0&0(5-!()*!&'!()*+',-E!IE!R'/4)*-!.-!&09'6.!/'*!)6!'640,3*/(!(/5,0+0O)-E!VE!R'/4)*-!
.-!&09'6.!/3*4-)*!.I540O)-44-!/3&:M<0(40.06-!/'*!P0MPy%!=036!P0,T-&!0CC3D0&0(5!()*!()*+',-!/'*!.-!&I',0.-!
604*0&34*0',540O)-BE! NE! ?:(4ZC-! R%@! /3)*! &I0CC3D0&0('4036! *51-*(0D&-! .-! &09'6.! D03406:&5E! m6!
3&0936),&5340.-!-(4!0CC3D0&0(5!()*!&'!()*+',-!-4!(I<:D*0.-!'1-,!)6!,36Y)9)5!(4*-/4'10.06-M3&0936),&5340.-!
,3C/&5C-64'0*-E! 7-! &09'6.! D03406:&5! (-! &0-! ;! &'! (4*-/4'10.06-! -4! /-)4! l4*-! &'15! .-! &'! ()*+',-! /'*!
.5(<:D*0.'4036!.-(!3&0936),&5340.-(E!j09)*-!'.'/45-!.)!C'6)-&!.I)40&0('4036!L0',3*-2!AN!>-'&4<,'*-E!

7-! &09'6.!/-)4! l4*-! 0CC3D0&0(5! /'*! ,3)/&'9-! ,31'&-64! 3)!/'*! ,'/4)*-E! 7-! ,3)/&'9-!

,31'&-64!-(4!-++-,4)5!/'*!&0'0(36!.-!9*3)/-C-64(!+36,40366-&(!*5',40+(!\!.'6(!&-!,'(!.-(!

/*34506-(2!0&!(I'904!&-!/&)(!(3)1-64!.-!9*3)/-C-64(!'C06-2!C'0(!0&!-80(4-!59'&-C-64!.-(!

*5',4036(!.-!,3)/&'9-!0C/&0O)'64!&-(!9*3)/-C-64(!4<03&!3)!'&.5<:.-E!7I0CC3D0&0('4036!

,31'&-64-!/'*! &-(!'C06-(!6-!*-O)0-*4!'),)6-!(5O)-6,-!(/5,0+0O)-!-4!/-*C-4!.-! &0-*!

&I-84*5C045!PM4-*C06'&-!'06(0!O)-!&-(!*5(0.)(!/3*4-)*(!.I)6!9*3)/-C-64!'C06-!()*!&-)*!

,<'`6-!&'45*'&-E!N6!*-1'6,<-2!&-!&09'6.!/-)4!l4*-!0CC3D0&0(5!.'6(!)6-!3*0-64'4036!O)0!
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*51-*(0D&-!)6!&09'6.!D03406:&5E!R-44-!(4*'4590-!-(4!'1'64'9-)(-!&3*(O)-!.-!63CD*-)8!

&09'6.(! .301-64! l4*-! 4-(45(! -6! )40&0('64! )6-! (-)&-! /),-! .-! .54-,4036E! N&&-! /-*C-4!

59'&-C-64!.I5104-*!&'!/-*4-!.I',401045!.I)6!&09'6.!0CC3D0&0(5!()*!)6-!()*+',-!/-6.'64!

)6-!&369)-!/5*03.-!-4!/-*C-4!'06(0!.-!*'&&369-*!,36(0.5*'D&-C-64!&'!.)*5-!.I)40&0('4036!

.I)6-!ClC-!/),-!.-!.54-,4036E!

7'!?@J!54'64!)6-!4-,<60O)-!.I064-*',4036!-64*-!)6!&09'6.!0CC3D0&0(5!-4!)6!'6'&:4-!-6!

(3&)40362! &-! D36! .5*3)&-C-64! .I)6-! -8/5*0-6,-! .5/-6.! -6! /'*40-! .-! &I-++0,',045! .)!

4*'6(/3*4!.-!C'((-!;! &'!()*+',-!.-! &'!/),-E!_'6(! &'!,36+09)*'4036!)40&0(5-!-6!?@J2!

&I'6'&:4-!-6!(3&)4036!-(4!C0(!-6!,364',4!'1-,!)6-!()*+',-!.I3*!/'*!)6!+&)8!&'C06'0*-E!N6!

&I'D(-6,-!.-!43)4-!064-*',4036!-64*-!&I'6'&:4-!-4!&'!()*+',-2!&'!,36,-64*'4036!.I'6'&:4-!

-(4!<3C39Z6-E!73*(O)-!&I'6'&:4-!-(4!*-,*)45!/3)*!064-*'90*!'1-,!&-!&09'6.2!,-&'!,*5-!)6!

9*'.0-64!.-!,36,-64*'4036!-64*-!&'!()*+',-!-4!&-!*-(4-!.)!13&)C-E!@-6.'64!&I06Y-,4036!.-!

&'!(3&)4036!.I'6'&:4-2!,-&)0M,0!/-)4!l4*-!&3,'&-C-64!.5/&545!.'6(!&'!i36-!/*3,<-!.-!&'!

()*+',-E!%! &I3//3(52!/-6.'64! &I06Y-,4036!.-! 4'C/362! &I'6'&:4-!/-)4!l4*-! *-4-6)!()*! &'!

()*+',-E!7'!.0++)(036!;!4*'1-*(!,-!9*'.0-64!/-*C-4!.-!*-63)1-&-*!&'!O)'64045!.I'6'&:4-!

/*5(-64-! ;! &'! ()*+',-! .-! &'! /),-! \! ,-! /<563CZ6-! -(4! 06.0(/-6('D&-! ')8! /<'(-(!

.I',,*3,<'9-!-4!.-!.5,*3,<'9-!.I'6'&:4-!()*!&-(!C3&5,)&-(!.-!&09'6.E!_'6(!&-!,'(!3q!

&-!4*'6(/3*4!.-!C'((-!-(4!/&)(!&-64!O)-!&-(!,06540O)-(!.I'((3,0'4036!-4!.-!.0((3,0'4036!

.)!,3C/&-8-!'6'&:4-M&09'6.2! &'!C-()*-!-6*-90(4*5-!-6!?@J!(-*'04! *-/*5(-64'401-!.)!

4*'6(/3*4!.-!C'((-!-4!636!/&)(!.-!&I064-*',4036E!7'!/<'(-!.I'((3,0'4036!(-*'04!/&)(!&-64-!

,'*! &I'6'&:4-!;! &'!()*+',-!6-!(-*'04!/'(!*-63)1-&5!'((-i! *'/0.-C-64!-4! &'!/<'(-!.-!
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.0((3,0'4036!(-*'04!59'&-C-64!*'&-640-!,'*! &I'6'&:4-!/3)**'04! (-! &0-*!;!63)1-')!()*! &'!

()*+',-! =?,<),T! '6.! a<'32! "K#KBE! N6! /*'40O)-2! /&)(! &'! ()*+',-! ,3C/3*4-! .-! (04-(!

.I064-*',4036(!.0(/360D&-(2!/&)(!&-!4*'6(/3*4!.-!C'((-!.304!l4*-!-++0,',-!/3)*!'(()*-*!&-!

*-63)1-&&-C-64!.I'6'&:4-E! eCC3D0&0(-*! &-! &09'6.!-6!/-404-!O)'64045!-4!;!)6!+&)8!5&-15!

9'*'6404!)6-!*5/'*404036!<3C39Z6-!.-(!(04-(!.-!&0'0(36!()*!&I-6(-CD&-!.-!&'!()*+',-!-4!

&0C04-!&'!*5M'((3,0'4036!.-!&I'6'&:4-!/-6.'64!&'!/<'(-!.-!.0((3,0'4036E!7-!,<308!.I)6!+&)8!

5&-15! /3)*! &I-6(-CD&-! .-! &I-8/5*0-6,-! /-*C-4! 59'&-C-64! .-! (-! /&',-*! .'6(! .-(!

,36.04036(!3/40C'&-(!.-!4*'6(/3*4!.-!C'((-!=A)-6-')!'6.!_)+3)*2!"K#VBE!

N6+062! &'!C54<3.-!.04-!.I064-*+5*3C54*0-!.-!D03M,3),<-!/*5(-64-!,-*4'06-(!(0C0&'*045(!

'1-,!&'!?@J!\!0&!(I'904!59'&-C-64!.I)6-!4-,<60O)-!3/40O)-!.-!.54-,4036!.I064-*',4036(!

D0C3&5,)&'0*-(2!/-*C-44'64!.-!C-()*-*!&-(!,06540O)-(!.I'((3,0'4036!-4!.-!.0((3,0'4036!

.-!.-)8!C3&5,)&-(E!7-!/*3+0&!.I064-*+5*-6,-!.-!&'!&)C0Z*-!D&'6,<-!-(4!C-()*5!.'6(!.)!

4'C/36!-4!&3*(O)-!&-(!.-)8!/'*4-6'0*-(!(364!C0(!-6!/*5(-6,-E!7-!,<'69-C-64!-64*-!

,-(!.-)8!54'4(!/*3.)04!)6!(096'&!O)0!/-*C-4!.-!O)'640+0-*!-6!4-C/(!*5-&!&I'((3,0'4036!-4!

&'!.0((3,0'4036!.-(!.-)8!/'*4-6'0*-(E!

#"!"#% H(*8'*(0)%6'408(1/*8(S-+%(;0*C+81+%

7'! 404*'4036! ,'&3*0C54*0O)-! 0(34<-*C-! -(4! ;! ,-! Y3)*! &I'//*3,<-! &'! /&)(! ,3)*'CC-64!

)40&0(5-! /3)*! .54-*C06-*! &-(! /'*'CZ4*-(! 4<-*C3.:6'C0O)-(! .I)6-! 064-*',4036E! N&&-!

(I'//&0O)-! ')((0! D0-6! ')8! /*34506-(! O)I')8! ',0.-(! 6),&50O)-(2! &0/0.-(! -4! /-404-(!

C3&5,)&-(!=j'&,36-*2!"K#$BE!R-44-!4-,<60O)-!6-!*-O)0-*4!'),)6-!(36.-!+&)3*-(,-64-!60!

0CC3D0&0('4036!.-! &I)6!.-(!.-)8!/'*4-6'0*-(!-4!/-*C-4! &I54).-! 4<-*C3.:6'C0O)-!.-!

&I064-*',4036!-64*-!.-)8!C3&5,)&-(!-6!(3&)4036E!N6!)6-!(-)&-!-8/5*0-6,-2!-&&-!/-*C-4!

.-!.54-*C06-*!&I'++06045!=X_B2!&'!1'*0'4036!.I-64<'&/0-!=~>B2!&'!1'*0'4036!.I-64*3/0-!=~?B2!

&'!1'*0'4036!.I56-*90-!&0D*-!=~AB!-4!&'!(4u,<03C54*0-!.I)6-!064-*',4036E!
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!

7(.-8+%OG!\!@*06,0/-!.-!&'!404*'4036!,'&3*0C54*0O)-!0(34<-*C-E!7I'//'*-0&!,3640-64!.-)8!,-&&)&-(!-643)*5-(!
)6-!-61-&3//-!'.0'D'40O)-!O)0!&-(!0(3&-!.-(!,<'69-C-64(!.-!4-C/5*'4)*-!-845*0-)*(E!7I)6-!.-(!,-&&)&-(!
,3640-64!.)!4'C/36!.-!4*'1'0&!3)!.-!&I-')!=,-&&)&-!.-!*5+5*-6,-B!-4!&-(!.-)8!/'*4-6'0*-(!.I064-*',4036!(364!
C0(!-6!/*5(-6,-!.'6(!&'!,-&&)&-!,364-6'64!&I5,<'640&&362!9*g,-!;!)6-!(-*069)-!O)0!06Y-,4-!&-!&09'6.E!m6-!
4-C/5*'4)*-!,36(4'64-!-(4!C'064-6)-!.'6(! &-(!.-)8!,-&&)&-(!9*g,-!;!)6!.0(/3(040+!O)0!,3C/-6(-! &-(!
.59'9-C-64(!.-!,<'&-)*!.)(!;! &'! +3*C'4036!.)!,3C/&-8-!.'6(! &'!,-&&)&-!,364-6'64! &I5,<'640&&36E!7'!
/)0(('6,-!.-!*54*3',4036!65,-(('0*-!/3)*!,<'O)-!06Y-,4036!.-!&09'6.!-(4!-6*-90(4*5-E!7-!*5()&4'4!+06'&!
-(4! '//-&5! &v0(34<-*C-! \! ,-! 9*'/<-! /-*C-4! .-! .54-*C06-*! &'! 1'*0'4036! .I-64<'&/0-2! &'! ,36(4'64-! .-!
.0((3,0'4036!'06(0!O)-!&'!(4u,<03C54*0-!.-!&'!*5',4036E!%.'/45!.-!=?369!23)4562!"K#SBE!

7-!/*06,0/-!'!545!/)D&05!/3)*!&'!/*-C0Z*-!+30(!-6!#VVK!=j*-0*-!23)4562!#VVKBE!7I'//'*-0&!

,3C/3*4-! .-)8! ,-&&)&-(! 0.-640O)-(! -643)*5-(! .I)6-!-61-&3//-! '.0'D'40O)-! =7(.-8+%

OGBE! 7I)6-! .-(! ,-&&)&-(! ,3640-64! &-! 4'C/36! .-! 4*'1'0&! (-)&! 3)! .-! &I-')! =,-&&)&-! .-!

*5+5*-6,-B! -4! &'! (-,36.-! ,-&&)&-! ,3640-64! &I5,<'640&&36! \! &-(! .-)8! /'*4-6'0*-(!

.I064-*',4036! :! (364! C0(! -6! /*5(-6,-! ;! &I'0.-! .I)6-! (-*069)-E! 7'! ,36,-64*'4036! .)!

/'*4-6'0*-! .I064-*',4036! /*5(-64! .'6(! &'! ,-&&)&-! .-C-)*-! ,36(4'64-! 4'6.0(! O)-! &-!

(-,36.!/'*4-6'0*-!=&09'6.B!-(4!06Y-,45!/*39*-((01-C-64!/'*!&'!(-*069)-E!m6-!/)0(('6,-!

,36(4'64-!-(4!'//&0O)5-!()*!&'!,-&&)&-!.-!*5+5*-6,-E!%+06!.-!C'064-60*!&-(!.-)8!,-&&)&-(!

;!)6-!4-C/5*'4)*-!59'&-2!)6!,3)*'64!.-!*54*3',4036!'//&0O)5!()*!&'!,-&&)&-!,364-6'64!

&I5,<'640&&36! ,3C/-6(-! &-(! 1'*0'4036(! .-! ,<'&-)*! /*313O)5-(! /'*! &'! *5',4036! .-!

+3*C'4036! .)! ,3C/&-8-E! R-44-! *5',4036! /-)4! l4*-! -834<-*C0O)-! 3)! -6.34<-*C0O)-2!

(-&36!O)I-&&-!.59'9-!3)!O)I-&&-!,36(3CC-!.-!&'!,<'&-)*E!_'6(!&-!,'(!.I)6-!*5',4036!

-834<-*C0O)-2!&-!.59'9-C-64!.-!,<'&-)*!.x!;!&'!+3*C'4036!.-!,3C/&-8-!-(4!,'/45!/'*!
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&I'//'*-0&! -4! &-! ,3)*'64! .-! *54*3',4036! -(4! *5.)04! '+06! O)-! &'! 4-C/5*'4)*-! .-C-)*-!

,36(4'64-!=J'C-(<2!"K#VBE!7I'//'*-0&!-6*-90(4*-!&-(!1'*0'4036(!.I064-6(045!.)!,3)*'64!

.-!*54*3',40362!O)0!(364!*-/*5(-645(!/'*!.-(!/0,(!.-!1'&-)*!659'401-!.'6(!&-!,'(!.I)6-!

*5',4036!-834<-*C0O)-!=130*!.3665-(!D*)4-(!()*!&'!7(.-8+%OGBE!R<'O)-!/0,!,3**-(/36.!

;! )6! /3064! .-! &'! 9'CC-! .-! ,36,-64*'4036E! 7'! O)'64045! .-! &09'6.! ')9C-64-!

9*'.)-&&-C-64!Y)(O)I;!,-!O)-!&'!*5',4036!'44-096-!)6!/&'4-')!.-!('4)*'4036!&3*(O)-!&'!

,-&&)&-!,3640-64!)6!-8,Z(!.-!&09'6.E!7-(!/0,(!(364!-6()04-!06459*5(!-4!4*',5(!-6!+36,4036!

.-!&'!O)'64045!.-!&09'6.!06Y-,45!\!&-!9*'/<-!O)0!-6!*5()&4-!-(4!'//-&5!)6!0(34<-*C-E!7'!

(4u,<03C54*0-! .-! &'! *5',4036! '06(0! &'! 1'*0'4036! .I-64<'&/0-! =~>B! /-)1-64! l4*-!

.0*-,4-C-64! &)(! ()*! &I0(34<-*C-! -4! &'! ,36(4'64-! .-! .0((3,0'4036! =X_B! /-)4! l4*-!

.54-*C065-!/'*!)6!C3.Z&-!.-!&0'0(36E!

7IeyR! -(4! )6-!C54<3.-! /)0(('64-! /3)*! &I54).-! .-(! 064-*',4036(! ,'*! -&&-! /-*C-4! .-!

.54-*C06-*! &-(! ,364*0D)4036(! 56-*9540O)-(! -4! .I'130*! ',,Z(! ')8! /'*'CZ4*-(!

064*06(ZO)-(!.-!&I064-*',4036E!%06(02!,-44-!'//*3,<-!/-*C-4!.I0.-640+0-*!43)4!,<'69-C-64!

,36+3*C'40366-&!3)!/*3436'4036!.-!&I)6!.-(!.-)8!/'*4-6'0*-(!*-O)0(!/3)*!&I064-*',4036E!

_-! 4-&(! 5&5C-64(! 'C5&03*-64! 9*'6.-C-64! &'! ,3C/*5<-6(036! .-(! C5,'60(C-(! /'*!

&-(O)-&(! .-)8! C3&5,)&-(! (364! 'C-65-(! ;! 064-*'90*E! _I')4*-! /'*42! &IeyR! /-*C-4! .-!

O)'640+0-*!;!<')4-!/*5,0(036!.-(!'++06045(!-84*lC-C-64!5&-15-(2!,3CC-!.'6(!&-!,'(!.)!

,3)/&-!D03406-M(4*-/4'10.06-E!

7I)6-!.-(!&0C04'4036(!&05-(!;!&IeyR!-(4!O)I-&&-!*-O)0-*4!.I0C/3*4'64-(!O)'64045(!.-!,<'O)-!

/'*4-6'0*-! .I064-*',40362! O)0! .301-64! 43)(! .-)8! l4*-! (3&)D&-(! -4! (4'D&-(! ;! +3*4-!

,36,-64*'4036! =.-! &I3*.*-! .-! #K! ;! #KK! }dBE!_-! /&)(2! '),)6-! *5',4036! ')4*-! O)-! &'!

+3*C'4036!.)!,3C/&-8-!6-!.304!'130*!&0-)!/-6.'64!&'!C-()*-!'+06!.-!6-!/'(!064-*+5*-*!

()*! &-(! .59'9-C-64(! .-! ,<'&-)*! C-()*5(! =-8\! *5',4036! .I38:.3M*5.),4036! -64*-!

&I38:9Z6-!-4!.-(!'9-64(!*5.),4-)*(!/*5(-64(!.'6(!&-!4'C/36B!=L'*'6')(T0-6-!23)4562!

"K#VBE!

#"!"9% HC+8103C08W;+%T%1(680R/6C+44+%

7'!4<-*C3/<3*Z(-!;!C0,*3M5,<-&&-!=d?yB!-(4!)6-!'//*3,<-!/3)*!&I54).-!.I064-*',4036(!

D0C3&5,)&'0*-(! O)0! ,3CD06-! .54-,4036! .-! +&)3*-(,-6,-! -4! 4<-*C3/<3*Z(-E! N&&-! /-)4!

(I)40&0(-*! ()*! .-(! C3&5,)&-(! /3*4-)(-(! .I)6-! (36.-! +&)3*-(,-64-! 3)! -6! )40&0('64!

)60O)-C-64!&'!+&)3*-(,-6,-!064*06(ZO)-!.)!4*:/43/<'6-E!
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!

7(.-8+%O!!\!@*06,0/-!.-!&'!4<-*C3/<3*Z(-!;!C0,*3M5,<-&&-E!7I-8/5*0-6,-!65,-((04-!.0++5*-64(!C5&'69-(!
.-(!.-)8!/'*4-6'0*-(!.I064-*',40362!'1-,!)6-!9'CC-!.-!,36,-64*'4036!.)!&09'6.!-4!)6-!,36,-64*'4036!
,36(4'64-!.)!/'*4-6'0*-!.I064-*',4036!5C-44'64!)6-!+&)3*-(,-6,-E!7-(!5,<'640&&36(!,364-6'64!&-(!.-)8!
/'*4-6'0*-(!.I064-*',4036!(-! 4*3)1-64!.'6(!.-(!,'/0&&'0*-(!-6!1-**-E!m6! &'(-*! eJ! 06.)04!)6!9*'.0-64!.-!
4-C/5*'4)*-!.'6(!&I5,<'640&&362!O)0!',401-!&-!C3)1-C-64!4<-*C3/<3*540O)-!-4!&I-8,04'4036!.)!+&)3*3/<3*-E!
7'!+&)3*-(,-6,-!06040'&-!-(4!'//-&5-!oj+*30.o!-4!&'!+&)3*-(,-6,-!'/*Z(!-8,04'4036!.)!+&)3*3/<3*-!-(4!'//-&5-!
oj,<').oE!7'!1'*0'4036!.-!&'!+&)3*-(,-6,-!63*C'&0(5-!=~j63*CB!/3)*!,<'O)-!,36,-64*'4036!.-!&09'6.!/-*C-4!
.-!.54-*C06-*!&'!,36(4'64-!.-!.0((3,0'4036E!%.'/45!.-!=%&-8'6.-*!23)4562!"K#bB!-4!=�-*'D-TM^0&&-C(-6!
23)4562!"K#bB!

7-!/*06,0/-!.-!&'!4<-*C3/<3*Z(-!'!545!/)D&05!/3)*!&'!/*-C0Z*-!+30(!-6!#GS$!=7).U09!23)

4562!#GS$BE!7I5,<'640&&36!-(4!/*5(-64!.'6(!.-(!,'/0&&'0*-(!.-!1-**-!.I)6-!,'/',045!.-!b!

}7! -610*36! =7(.-8+% O!BE! m6! &'(-*! 06+*'M*3)9-! 06.)04! )6! 9*'.0-64! .-! 4-C/5*'4)*-!

C0,*3(,3/0O)-!')!601-')!.-!&I5,<'640&&36!=.-!&I3*.*-!.-!"!;!$!XBE!R-!9*'.0-64!',401-!&-!

C3)1-C-64!4<-*C3/<3*540O)-!C3&5,)&'0*-2!O)0!/*313O)-!&I-8,04'4036!.-(!+&)3*3/<3*-(E!

7'!+&)3*-(,-6,-!5C0(-!-(4!,'/45-!/'*!&-!ClC-!3DY-,40+!O)-!&-!&'(-*!06+*'M*3)9-E!%06(02!

&I'//'*-0&!-6*-90(4*-!&'!.5/&54036!3)!&I',,)C)&'4036!.-(!+&)3*3/<3*-(!.'6(!&-!9*'.0-64!

.-!4-C/5*'4)*-!06.)04!/'*!&-!&'(-*E!7'!,36(4'64-!.-!.0((3,0'4036!-(4!.54-*C065-!/'*!)6-!

9'CC-!.-!,36,-64*'4036!.-!&09'6.!06,)D5-!'1-,!)6-!O)'64045!,36(4'64-!.-!/'*4-6'0*-!

5C-44'64!)6!(096'&!+&)3*-(,-64E!R-(!(3&)4036(!(364!/&',5-(!.'6(!.0++5*-64(!,'/0&&'0*-(!

O)0! /-)1-64! l4*-! (,'665(! -6! )6-! (-)&-! -8/5*0-6,-E! 7'! 1'*0'4036! .-! +&)3*-(,-6,-!

ng denaturation; and (ii) probing chemical denaturation

using microscale thermophoresis (MST) . Microscale

thermophoresis (MST) describes the directed movement of molecules

along m-sized temperature gradients [30 32]. The movement of pro-

teinmoleculeswithin a small focal volumeon this temperature gradient

may be followed by either the extrinsic uorescence of a covalently at-

hed re or, in the case of the label-free instruments used

here, intrinsic uorescence emitted by tryptophan residues (Fig. 2

[30 32]

MST reports on factors affecting solvation entropy of the uorescent

molecule (including changes in size, conformation and charge) [30 32]

Consequently, MST is typically used to quantify molecular interactions,

since binding of a ligand alters at least one of these physical parameters.

As a protein's solvation shell is signi d by denaturation,

MST can also be used to detect protein unfolding [10]. However, given

that protein folding is usually accompanied by changes in the emission

of tryptophan uorescence, label-free MST instruments allow denaturant

titrations to also be measured using intrinsic uorescence emission.

Importantly, capillary-based denaturant titrations can be measured

30 times faster, whilst consuming 40 200 times less protein than

existing cuvette-based approaches (including CD and uorescence

s, le 1). Further, measurements using capillary-based

instruments are semi-automated, allowing a single operator to perform

25 50 titrations per day. They can also automatically re-measure chem-

ical denaturant titrations over a range of temperatures, allowing the

ce of thermodynamic parameters to be deter-

mined hands-free and without exposing proteins to the high tempera-

s that can cause aggregation in some proteins. We also show that

our approach can also be used to screen for ligand-induced changes in

protein stability, which has value for therapeutic targets or potentially

e badly in thermal denaturation screening assays

(although this will require further work to verify) [3,30,31]. We believe

that these advances in throughput, material consumption and ease-of-

to revolutionise protein research in academic and com-

mercial settings.

2. Materials and methods

2.1. Reagents

Ultrapure urea and guanidinium chloride were purchased from MP

Biomedicals (CA, USA). All other reagents were purchased from Sigma

Chemical Co. (MO, USA) or ThermoFisher (MA, USA). The C-amidated,

N-acetylated AWPAK peptide was synthesised by ChinaPeptides

(Shanghai, China). SOD1 H43Y noloops and Escherichia coli cytochrome

proteins were donated by Mikael Oliveberg (University

Table 1

Common techniques used to measure chemical denaturant titrations.

CD

13C, 15N or H nuclei

n] 50 5 mM M 2 20

Sample vol. per titration 10 ml 8 15 ml 16 50 ml 0.2 ml 0.2 ml

15 30 mg 1 2 mg 0.5 1 mg 5 10 10

e per titration 1 3 days 2 4 h 2 3 h 25 min 45 60 min

30 kDa)

No washing steps No washing steps

ns Avoid protonated buffers

in H NMR (

Chaotropes or buffers can

limit the dynamic range

of CD instruments

Extrinsic dyes can be used

as reporters (but may

perturb stability).

vs. T

in raw data

Assuming titrations employ different samples for each denaturant concentration, which is by far the most widely used strategy for chemical denaturant titrations.

Assuming similar protein concentrations to those employed here (~2 M).

For titrations containing 48 data points (i.e. 16 distinct denaturant concentrations measured using Monolith NT.LabelFree instrument, see Materials and methods).

Fig. 2. Layout of themicroscale thermophoresis instrument andmeasurement principles. (A)MST is measured in disposable capillaries that hold sample volumes of ~4 l. The sample temper-

ature is regulated by thermal elements which directly contact these capillaries. A focused IR laser induces a local temperature gradient in the sample (typically in the order of 2 6 K), triggering

thermophoretic movement of molecules [30,31]. Fluorescent molecules in the capillary are excited and detected through the same objective lens. (B) During an MST experiment, the uores-

cence of molecules in solution (yellow dots) is detected over time. For simple FES experiments, detection of the initial uorescence for 1 5 s is suf cient. During a typical MST experiment, the

infrared laser is activated after 5 s, resulting in thermophoresis towards lower temperatureswhich can be quanti ed bymeasuring the uorescence decay (in case of positive thermophoresis, as

shown here), or uorescence increases (negative thermophoresis). After a de ned time, the infrared laser is switched off, resulting in re-equilibration of the solution by diffusion.
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of heat which is consumed/released by the binding event, limiting

n for direct measurements to at least

10 nM, making it difficult to precisely detect s in the low nM

to prevent surface-immobilization related problems

to boost assay sensitivity is to detect fluorescent molecules

in solution. Owed to ever improving fluorophore properties

of fluorophores can

be pushed to low pM concentrations. While more traditional

as fluorescence correlation spectroscopy or

on large size-changes

of the labeled molecule upon ligand binding and can require exten-

has

of detecting even minute changes in the hydra-

of a molecule, thereby making it suitable for analyzing a

of interactions independent of the nature and size of the

. Moreover, the newly developed Monolith

is capable of detecting fluorophores even at low

pM concentrations in l volumes, thereby combining an

of high affinity interactions

n.

we demonstrate that MST is a versatile method to detect

s in the pM range in entirely different experi-

). In a first set of experiments, we analyzed

of 200 pM of a Cyanine5 (Cy5)-tagged

of the relative change of thermophoresis upon

dization yielded a of 167 ± 8 pM. This number is in

ns

= 180 pM, calcu-

biophysics tool) , validating that MST can

be used to derive exact binding affinities in the pM range for oligo-

In another example, the binding of single-strand binding pro-

to a single stranded DNA

oligo(dT)70
a key role during DNA replication by binding ssDNA which

is created by helicases, thereby preventing re-annealing of the

by DNA primases and polymer-

. Biophysical in vitro

a single ssDNA oligonucleotide

a length of 70 base-pairs . The affinity of the interac-

of EcoSSB and oligo(dT)70 is known be extremely high

at physiological salt concentrations, with in the low pM or even

fM range . However, the exact affinity could not be deter-

ed yet due to the limited sensitivity of conventional methods.

By using Cy5-labeled oligo(dT)70 at a concentration of only

20 pM and titrating EcoSSB from 5 nM down to 10 fM, we could re-

a binding curve for the EcoSSB-oligo(dT)70 n, yield-

of 1 ± 0.1 pM. This demonstrates that MST allows for the

of high-affinity protein–DNA interactions that

up to now. MST is therefore a powerful tool

1. a capillary tray which can accommodate up to

16 capillaries. (B) Schematic representation of MST optics. MST is measured in capillaries with a total volume of L. The fluorescence within the capillary is excited and

A focused IR-Laser is used to locally heat a defined sample volume. Thermophoresis of fluorescent molecules through the temperature

is detected (C) Typical signal of a MST experiment. Initially, the molecules are homogeneously distributed and a constant ‘‘initial fluores is detected. Within

of the IR laser, the ‘‘T-Jump’’ is observed, which corresponds to a rapid change in fluorophore properties due to the fast temperature change.

of the fluorescencently labeled molecules out of the heated sample volume can be detected. Typically, the fluo change is

30 s. After deactivation of the IR-Laser, an inverse T-Jump occurs, followed by the ‘‘backdiffusion’’ of molecules, which is solely driven by mass diffusion. MST,

of a fluorescent m

to a non-fluorescent ligand (red trace; ‘‘bound’’), resulting in different traces. For analysis, the change in the is expressed as the

in the normalized fluoresence ( ), which is defined as to average fluoresence values between defined areas marked by the red and

of the non-fluroescent ligand results in a gradual change in thermophoresis, which is plotted as to yield a binding curve, which can

be fitted to derive binding constants. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of t
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of heat which is consumed/released by the binding event, limiting

n for direct measurements to at least

10 nM, making it difficult to precisely detect s in the low nM

to prevent surface-immobilization related problems

to boost assay sensitivity is to detect fluorescent molecules

in solution. Owed to ever improving fluorophore properties

of fluorophores can

be pushed to low pM concentrations. While more traditional

as fluorescence correlation spectroscopy or

on large size-changes

of the labeled molecule upon ligand binding and can require exten-

of detecting even minute changes in the hydra-

of a molecule, thereby making it suitable for analyzing a

of interactions independent of the nature and size of the

. Moreover, the newly developed Monolith

is capable of detecting fluorophores even at low

pM concentrations in l volumes, thereby combining an

of high affinity interactions

n.

we demonstrate that MST is a versatile method to detect

s in the pM range in entirely different experi-

). In a first set of experiments, we analyzed

of 200 pM of a Cyanine5 (Cy5)-tagged

of the relative change of thermophoresis upon

n yielded a of 167 ± 8 pM. This number is in

from theoretical calculations

= 180 pM, calcu-

, validating that MST can

be used to derive exact binding affinities in the pM range for oligo-

In another example, the binding of single-strand binding pro-

to a single stranded DNA

70

a key role during DNA replication by binding ssDNA which

is created by helicases, thereby preventing re-annealing of the

by DNA primases and polymer-

. Biophysical in vitro

a single ssDNA oligonucleotide

a length of 70 base-pairs . The affinity of the interac-

of EcoSSB and oligo(dT)70 is known be extremely high

at physiological salt concentrations, with in the low pM or even

fM range . However, the exact affinity could not be deter-

to the limited sensitivity of conventional methods.

By using Cy5-labeled oligo(dT)70 at a concentration of only

20 pM and titrating EcoSSB from 5 nM down to 10 fM, we could re-

a binding curve for the EcoSSB-oligo(dT)70 n, yield-

of 1 ± 0.1 pM. This demonstrates that MST allows for the

of high-affinity protein–DNA interactions that

up to now. MST is therefore a powerful tool

1. a capillary tray which can accommodate up to

16 capillaries. (B) Schematic representation of MST optics. MST is measured in capillaries with a total volume of L. The fluorescence within the capillary is excited and

A focused IR-Laser is used to locally heat a defined sample volume. Thermophoresis of fluorescent molecules through the temperature

is detected (C) Typical signal of a MST experiment. Initially, the molecules are homogeneously distributed and a constant ‘‘initial fluores is detected. Within

of the IR laser, the ‘‘T-Jump’’ is observed, which corresponds to a rapid change in fluorophore properties due to the fast temperature change.

of the fluorescencently labeled molecules out of the heated sample volume can be detected. Typically, the fluo is

30 s. After deactivation of the IR-Laser, an inverse T-Jump occurs, followed by the ‘‘backdiffusion’’ of molecules, which is solely driven by mass diffusion. MST,

of a fluorescent m

to a non-fluorescent ligand (red trace; ‘‘bound’’), resulting in different traces. For analysis, the change in the is expressed as the

in the normalized fluoresence ( ), which is defined as to average fluoresence values between defined areas marked by the red and

of the non-fluroescent ligand results in a gradual change in thermophoresis, which is plotted as to yield a binding curve, which can

be fitted to derive binding constants. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of t
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$F#�$GKE!
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/*0C'*:!,-&&(E!�3)*6'&!3+![0*3&39:!<82!#"bF�#"SSE!

L0-6T3U(T'M>'D'2! dE2! @'4-&2! >E_E2! '6.! ?'//2! dE! ="KKVBE! y'*9-4! R-&&!
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L0(,<3+2!nE2!?,<U'CD3*62!XE2!d'*4062!PE2!̂ -*6-*2!%E2!?)(4C'662!RE2!A*3((,<-.&2!

JE2!'6.!_-Y-'62!%E! ="KK$BE!y<-!NH!?mdn!709'(-!@e%?:! e(!'!J-9)&'43*!3+!R-&&)&'*!

?-6-(,-6,-!'6.!%/3/43(0(E!d3&-,)&'*!R-&&!::2!FGH�FVbE!
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! "SK!

L39'-*42!7E2!d'*4-6(2!%E2!['6!@3),T-2!dE2!_),'4-&&-2!JE2!_-!R3,T2!>E2!_-U)&+2!

�E2!_-!L'-*-2!RE2!@--&C'62!7E2!'6.!A'(4<):(2!jE! ="KKGBE!>09<!/*-1'&-6,-!3+!D3106-!

/'/0&&3C'10*'&!_P%!06!4<-!63*C'&!(T06!3+!-O)06-!('*,30.M'++-,4-.!'6.!<-'&4<:!<3*(-(E!

[-4-*06'*:!d0,*3D03&39:!;:=2!SG�$GE!

L36<3)*-2!%E2!_-C-69-2!%E2!X3(4C'662!RE2!?'6!�3(52!7E2!_-!&'!R'&2!NE2!%*C0(-62!

@E2!P3C0652!tE2!'6.!y*'152!AE!="K#GBE!n6-M(4-/!'++0604:!/)*0+0,'4036!3+!+)(036!/*34-06(!

U04<!3/40C'&!C363.0(/-*(04:!'6.!D03&390,'&!',40104:\!'//&0,'4036! 43!'99*-9'4036M/*36-!

>@[!N$!/*34-06(E!d0,*3D0'&!R-&&!j',43*0-(!;9E!

L36<3)*-2!%E2!j3*(4-*2!%E2!L'D'<2!XEnE2!A�9&2!AE2!ND-*&0692!@E2!X3(4C'662!RE2!

[3&TC-*2!JE2!y'/0'!d'6,0&&'2![E2!y*'152!AE2!'6.!P3C0652!tE!="K"KBE!L-6,<43/!<3&.)/!

'((':!+3*!O)'6404'401-!'++0604:MD'(-.!'6'&:(0(!3+!(-O)-6,-!.-4-*C06'64(!3+!/*34-06MC340+!

064-*',4036(E!%6'&:40,'&!L03,<-C0(4*:!<@82!##HFF"E!

L360&&'2! hE2! @'*C-640-*2! 7E2! X0692! LE2! L-i*)T312! jE2! X':'2! AE2! a3-4-2! [E2!

?-/&:'*(T0:2![ELE2!?<'*/-2!>E�E2!d,X--2!yE2!7-43)*6-')2!%E2!J0D')82!@EAE2!@3/'.062!XE2!

L'((-4M?-9)062!PE2!R<''D-6-2!JELE2!?'643602!jE%E2!%6.*0'631'2!dE%E2!A)0//3602!dE2!

A'*0-*02!dE2![-*.'62!RE2!A*3(.-C'69-2!XE2!?)C'*'2!nE2!N0&-*(2!dE2!%0+'640(2!eE2!d0,<0-&062!

nE2!.-!?')1'9-2!jE�E2!%6436'*'T0(2!?ENE2!'6.!P0T3&'-12!?EeE!="K#$BE!A-63C0,!'6'&:(0(!

0.-640+0-(!6-U!.*01-*(!'6.!/*39*-((036!/'4<U':(!06!(T06!D'('&!,-&&!,'*,063C'E!P'4)*-!

A-6-40,(!7>2!HVG�bK$E!

L3(,<2!jEhE2!L*3T-*2!yEJE2!j3*C'62!_E2!d3(,0,T02!%EMLE2!A0&&0(362!dE7E2!_33*D'*2!

�E2!?4-*62!@E7E2!?4'6&-:2!dE2!%*D:62!dE2!@3&Y'T2!dE2!R)i0,T2!�E2!R'(4&-2!@ENE2!?,<0&&-*2!�EyE2!

d'*T3U04i2!7ENE2!j0(<-*2!̂ E%E2!R'6+-&&2!XE2!_-66:2!7E%E2!j*'6,32!NE7E2!?4-D-62!dE2!X'6-2!

dE%E2!?,<0++C'62!dE2!d-0Y-*2!RE�E7EdE2!?'6T'*'6'*':'6'62!JE2!R'(4-&&('9)52!hE2!X0C2!

�E�E2! L*3436(2! dE2! %&-C'6:2! 7E2! %&D-*32! AE2! _0'i2! dE2! '6.! ?'6Y3(52! ?E! .-! ="K#HBE!

R3C/*-<-6(01-!R364*3&!3+!>)C'6!@'/0&&3C'10*)(! e6+-,4036(!'6.!J-&'4-.!_0(-'(-(E!
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L3(<'*42!dE2!A0((C'662!7E2!eT-6D-*92!>E2!X&-06<-06i2!%E2!?,<-)*&-62!^E2!'6.!i)*!

>')(-62!>E!=#VGbBE!%!6-U!4:/-!3+!/'/0&&3C'10*)(!_P%2!04(!/*-(-6,-!06!9-604'&!,'6,-*!
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L3:-*2!?EPE2!^'i-*2!_ENE2!'6.!L'6.2![E!=#VV$BE!NF!@*34-06!3+!>)C'6!@'/0&&3C'!

[0*)(M#$! e6.),-(! _-9*'.'4036! 3+! J-4063D&'(43C'! @*34-06! 4<*3)9<! 4<-! mD0O)0406M

@*34-'(3C-!@'4<U':E!R'6,-*!J-(!?<2!b$"K�b$"bE!

L*')62! �ENE2! >)64i069-*2! NE2! j')(-*2! dE2! '6.! ei')**'&.-2! NE! ="K##BE! A^#G"!

@*34-06(! _0*-,4&:! J-,*)04! R:43/&'(C0,! _-'.-6:&'(-! R3C/&-8-(! 43!C0JP%! y'*9-4(E!

d3&-,)&'*!R-&&!772!#"K�#HHE!
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C'064-6'6,-E!�E![0*3&E!>>2!HK"F�HKHKE!

L*0C-*2! PE2! 7:36(2! RE2! ^'&&D-*92! %ENE2! '6.! @3&2! ?E[E! ="K#"BE! R)4'6-3)(!
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PnyR>!(096'&069E!n6,39-6-!8;2!b$HV�b$b$E!

L*0C-*2! PE2! _*-U(2! REdE2! '6.! ['6.-! @3&2! ?ELE! ="K#FBE! %((3,0'4036! 3+!
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L),T2!RELE2!R<-692!PE2!y<3C/(362!RE_E2!73U:2!_EJE2!?4-1-62!%ERE2!?,<0&&-*2!�EyE2!
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38:9-6!+*3C!U'4-*\!%!,3C/'*0(36!3+!+3)*!,3CC36!4-,<60O)-(E!y'&'64'!7;2!"##�"#SE!
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N69&'6.B2!/E!HbE!
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y*'152! AE2! X0-++-*2! LE2! '6.! %4T06(362! JE%E! ="K##BE! y<-! ?4*),4)*'&! '6.! _:6'C0,!

J-(/36(-!3+!d%AeM#!@_a#!U04<!P36,'6360,'&!_3C'06!L3)6.'*0-(!43!4<-!L06.069!3+!
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/'/0&&3C'10*)(!N$!36,3/*34-06(!U04<!'!/)4'401-!,'&,0)CMD06.069!/*34-06E!?,0-6,-!:<=2!

S"V�SH#E!

R<-**:2! �E�E2! J0-4i2! %E2! d'&06T-10,<2! %E2! 70)2! tE2! h0-2! dE2! L'*43&3U04(2! dE2!

_'10((362![E�E2!L'&-Y'2!�E_E2!'6.!%6.*3/<:2!NE�E!="K#HBE!?4*),4)*-!L'(-.!e.-640+0,'4036!

'6.! R<'*',4-*0i'4036! 3+! j&'13630.(! y<'4! _0(*)/4! >)C'6! @'/0&&3C'10*)(M#$! N$!

j)6,4036E!@7n?!nPN!>2!-GbSK$E!

R<-10&&-2!PEjE2!'6.!n&(362!RE!=#V$bBE!N/04<-&0'&!'6.!j0D*3D&'(40,!@*3&0+-*'4036!06!



)

! "Sb!

L3106-!R)4'6-3)(!@'/0&&3C'43(0(E!@'4<3&390'![-4-*06'*0'!;2!"bG�"SFE!

R3&-2! ?EyE2! '6.! _'63(2! nE! =#VGFBE! P),&-340.-! (-O)-6,-! '6.! ,3C/'*'401-!

'6'&:(0(!3+!4<-!<)C'6!/'/0&&3C'10*)(!4:/-!#G!9-63C-\!@<:&39-6:!3+!/'/0&&3C'10*)(-(!

'6.!*-/-'4-.!(4*),4)*-!3+!4<-!N$!'6.!NF!9-6-!/*3.),4(E!�3)*6'&!3+!d3&-,)&'*!L03&39:!

;=82!SVV�$KGE!

R3&&'*42!dE%E!="K#$BE!y<-!R,*bMP34!,3C/&-8!0(!'!T-:!*-9)&'43*!3+!-)T'*:340,!9-6-!

-8/*-((036E!^eJN(!JP%!92!bHG�bSbE!

R3*6-42! eE2!L3)1'*.2![E2!R'C/32!dE?E2!y<3C'(2!dE2!L'6T(2!7E2!A0((C'662!7E2!

7'C'*406-2! �E2! ?:&&'2! LE?E2! %,,'*.02! JE2! '6.! y3CC'(0632! dE! ="K#"BE! R3C/'*'401-!

%6'&:(0(! 3+! y*'6(+3*C069! @*3/-*40-(! 3+! N$! '6.! NF! +*3C! _0++-*-64! L-4'! >)C'6!

@'/0&&3C'10*)(!y:/-(E!�3)*6'&!3+![0*3&39:!><2!"H$$�"HFKE!

_'63(2! nE2! X'406T'2! dE2! '6.! t'6012! dE! =#VGKBE! d3&-,)&'*! R&360692! J-+06-.!

@<:(0,'&!d'/!'6.!>-4-*39-6-04:!3+!d-4<:&'4036!?04-(!3+!@'/0&&3C'![0*)(!y:/-!#'!_P%E!

N)*3/-'6!�3)*6'&!3+!L03,<-C0(4*:!;@=2!bSF�b$#E!

_'63(2! nE2! X'406T'2! dE2! '6.! t'6012! dE! =#VG"BE! >)C'6! /'/0&&3C'10*)(! #'!

,3C/&-4-!_P%!(-O)-6,-\!'!631-&!4:/-!3+!9-63C-!3*9'60i'4036!'C369!/'/31'10*0.'-E!

y<-!NdLn!�3)*6'&!;2!"H#�"H$E!

_'1-:2! PENE2! ?-32! dEM>E2! t'.'12! [EXE2! �-362! �E2! P0C2! ?E2! X*:(4T3U0'T2! eE2!

L&0T(4'.2!RE2!_3692!_E2!d'*T31'2!PE2!X0C2!@EdE2!'6.!e1'*((362!tE!="K#FBE!_0(,31-*:!3+!

(<3*4! &06-'*! C340+MC-.0'4-.! 064-*',4036(! 4<*3)9<! /<'9-! .0(/&':! 3+! 064*06(0,'&&:!

.0(3*.-*-.!*-9036(!3+!4<-!<)C'6!/*34-3C-E!y<-!jNL?!�3)*6'&!:>72!bGS�bVGE!

_-R'/*032!�E%E2!7).&3U2!�E^E2!j099-2!�E2!?<-U2!�EMtE2!>)'692!REMdE2!7--2!^EM>E2!

d'*(0&032!NE2!@'),<'2!NE2!'6.!701069(4362!_EdE!=#VGGBE!?[bK!&'*9-!4)C3*!'6409-6!+3*C(!

'!(/-,0+0,!,3C/&-8!U04<!4<-!/*3.),4!3+!4<-!*-4063D&'(43C'!()(,-/40D0&04:!9-6-E!R-&&!?72!

"FS�"GHE!

_-9-6<'*.42! tEtE2! '6.! ?0&1-*(4-062! ?E�E! ="KK#BE! A/("2! '! @*34-06! @'*46-*! +3*!

>)C'6!@'/0&&3C'10*)(!N$!@*34-06(E!�3)*6'&!3+![0*3&39:!9?2!#S#�#$KE!

_-&)*:2!RE@E2!d'*(<2!NEXE2!�'C-(2!RE_E2!L3362!?E?E2!L'6T(2!7E2!X609<42!AE7E2!'6.!



)

! "SS!

J3D-*4(2!?E!="K#HBE!y<-!J3&-!3+!@*34-06!X06'(-!%!J-9)&'4036!3+!4<-!N$!@_aML06.069!

_3C'06! .)*069! 4<-! _0++-*-640'4036M_-/-6.-64! 70+-! R:,&-! 3+! >)C'6! @'/0&&3C'10*)(!

y:/-!#GE!�3)*6'&!3+![0*3&39:!>92!Vb$H�VbF"E!

_33*D'*2!�E!="K#GBE!>3(4!,364*3&!3+!<)C'6!/'/0&&3C'10*)(!06+-,4036!'6.!.0(-'(-E!

L-(4!@*',40,-!�!J-(-'*,<!R&060,'&!nD(4-4*0,(!�!A:6'-,3&39:!792!"F�b#E!

_33*D'*2! �E2! {)0642!^E2! L'6T(2! 7E2! L*'132! eEAE2! ?43&-*2! dE2! L*3T-*2! yEJE2! '6.!

?4'6&-:2!dE%E!="K#"BE!y<-!L03&39:!'6.!70+-MR:,&-!3+!>)C'6!@'/0&&3C'10*)(-(E![',,06-!

8@2!jSS�jFKE!

_33*D'*2!�E2!N9'U'2!PE2!A*0++062!>E2!X*'6Y-,2!RE2!'6.!d)*'T'C02!eE!="K#SBE!>)C'6!

/'/0&&3C'10*)(! C3&-,)&'*! D03&39:! '6.! .0(-'(-! '((3,0'4036E! J-10-U(! 06! d-.0,'&!

[0*3&39:!:?2!"�"HE!

_*-(,<-*2! _EAE2! ?-&1'T)C'*2! _E2! '6.!_*-(,<-*2!dE�E! ="K#GBE! R<'/4-*!n6-! M!

%6'&:(0(! 3+! @*34-06! e64-*',4036(! D:! ?)*+',-! @&'(C36! J-(36'6,-E! e6! %.1'6,-(! 06!

@*34-06!R<-C0(4*:!'6.!?4*),4)*'&!L03&39:2!JE!_36-12!-.E!=%,'.-C0,!@*-((B2!//E!#�HKE!

_*-U(2! REdE2! L*0C-*2! PE2! '6.! @3&2! ?ELE[E! ="K"KBE! d)&40/&-! *-9036(! 3+! N$%@!

=mLNH%B!,364*0D)4-!43!064-*',4036!U04<!/'/0&&3C'10*)(!N$!/*34-06(!'6.!4<-!',401'4036!3+!

)D0O)0406!&09'(-!',40104:E!@7n?!@'4<39-6(!;<2!-#KKG"VSE!

_)*(42! dE2! A0((C'662! 7E2! eT-6D-*92! >E2! '6.! i)*! >')(-62! >E! =#VGHBE! %!

/'/0&&3C'10*)(!_P%! +*3C!'!,-*10,'&!,'*,063C'!'6.! 04(!/*-1'&-6,-! 06!,'6,-*!D03/(:!

('C/&-(!+*3C!.0++-*-64!9-39*'/<0,!*-9036(E!@*3,--.069(!3+!4<-!P'4036'&!%,'.-C:!3+!

?,0-6,-(!>@2!HG#"�HG#SE!

_:C'&&'2!?E2!?,<-++6-*2!dE2!^-D-*2!NE2!?-<*2!@E2!73<*-:2!RE2!>3//-M?-:&-*2!jE2!

'6.! >3//-M?-:&-*2! XE! ="KKVBE! %! 631-&! /-/40.-! C340+! D06.069! 43! '6.! D&3,T069! 4<-!

064*',-&&)&'*!',40104:!3+!4<-!<)C'6!/'/0&&3C'10*)(!N$!36,3/*34-06E!�!d3&!d-.!>92!H"#�

HH#E!

_:(362!PE2!>3U&-:2!@E2!d)69-*2!XE2!'6.!>'*&3U2!NE!=#VGVBE!y<-!<)C'6!/'/0&&3C'!

10*)(M#$!NF!36,3/*34-06!0(!'D&-!43!D06.!43!4<-!*-4063D&'(43C'!9-6-!/*3.),4E!?,0-6,-!

:782!VHb�VHFE!



)

! "S$!

N,T<'*.42!dE2!a<'692!^E2!A*3((2!%EdE2![36!_3&&-62!�E2!�3<6(362!�EJE2!j*'6T(M

?T0D'2! XENE2! ?U'6-:2! _E7E2! �3<6(362! yE7E2! �'692! AEdE2! ?<'<2! @E?E2! L*'6.2! yEdE2!

%*,<'CD')&42!�E2!X*-0(D-*92!�EjE2!A*'6.0(2!�EJE2! e.-T-*2!yE2!'6.!X*39'62!PE�E!="K#GBE!

d)&40/&-!J3)4-(! 43!n6,39-6-(0(!%*-!@*3C34-.!D:! 4<-!>)C'6!@'/0&&3C'10*)(�>3(4!

@*34-06!P-4U3*TE!R'6,-*!_0(,31-*:!>2!#bFb�#bGVE!

N0,<4-62!%E2!^-(4+'&&2!dE2!@0-4-6/3&2!�E%E2!'6.!d�69-*2!XE!="KK"BE!?4'D0&0i'4036!

'6.!j)6,4036'&!eC/'0*C-64!3+!4<-!y)C3*!?)//*-((3*!/SH!D:!4<-!>)C'6!@'/0&&3C'10*)(!

y:/-!#$!NF!n6,3/*34-06E![0*3&39:!:=?2!Fb�GSE!

NT(4*sC2!�E2!Li<'&'1'2!_E2!?1-6D',T2!_E2!j3*(&)6.2!nE2!'6.!_0&&6-*2!�E!="K##BE!

>09<!4<*3)9</)4!(-O)-6,069!*-1-'&(!.01-*(04:!3+!>)C'6!@'/0&&3C'10*)(-(!06!,)4'6-3)(!

&-(036(E!e64-*6'4036'&!�3)*6'&!3+!R'6,-*!;:=2!"$bH�"$SKE!

j'&,36-*2! JE�E! ="K#$BE! %//&0,'4036(! 3+! 0(34<-*C'&! 404*'4036! ,'&3*0C-4*:! �! 4<-!

*-(-'*,<! '6.! 4-,<60,'&! .-1-&3/C-64(! +*3C! "K##! 43! "K#SE! �3)*6'&! 3+! d3&-,)&'*!

J-,39604036!:=2!SKb�S#SE!

j-*6'6.-iMj-*6'6.-i2! dEJE2! '6.! ?342! LE! ="K##BE! y<-! *-&-1'6,-! 3+! /*34-06M

/*34-06!064-*',4036(!+3*!/SH!+)6,4036\!4<-!R@N!,364*0D)4036E!@*34-06!N6906--*069!_-(096!

'6.!?-&-,4036!:72!b#�S#E!

j06609'62!AERE2!_)1'&:'62!%E2!70'32!NEPE2!?'*9(:'62!%E2!'6.!y<3*6-*2!�E!="K#$BE!

_-4-,4036! 3+! /*34-06�/*34-06! 064-*',4036(! '4! 4<-! (-/406! ,3&&'*! 06! ?',,<'*3C:,-(!

,-*-10(0'-!)(069!'!4*0/'*404-!(/&04MAj@!(:(4-CE!d3&-,)&'*!L03&39:!3+!4<-!R-&&!:92!"FKG�

"F"SE!

j*-0*-2! NE2! d':3*9'2! nE7E2! '6.! ?4*')C-2! dE! =#VVKBE! e(34<-*C'&! 404*'4036!

,'&3*0C-4*:E!%6'&E!R<-CE!<:2!VSK%MVSV%E!

j*:-*2! RE�E2! 7'C'*2! NE2! y)*D',<31'2! eE2! X0646-*2! RE2! '6.! �36-(2! XE%E! ="KK"BE!

d'(4-*C06.! C-.0'4-(! ,<*3C'406M(/-,0+0,! 4*'6(,*0/4036! '6.! 4)*631-*! 3+! 4<-! P34,<!

-6<'6,-*!,3C/&-8E!A-6-(!_-1E!;<2!#HVF�#b##E!

j)(,3602! dE2! A*'((32! dE2! A*',32! %E2! A'&&32! %E2! R'C/32! jE2! J-C',&-2! dE2!

y)*,<-44'2! JE2! @'9&0),'2! AE2! '6.! _-! [0,-6400(2! dE! ="K#bBE! J-,)**-64! *-(/0*'43*:!

/'/0&&3C'43(0(!D:!>@[\!*-10-U!3+!4<-!&04-*'4)*-!'6.!)/.'4-!36!4<-!)(-!3+!,0.3+310*E!%,4'!



)

! "SF!

n43*<063&'*:693&!e4'&!872!HFS�HG#E!

A'6402! XE2! L*360'*,i:T2! �E2! d'63)D02! ^E2! d'((0C02! @E2! d044'&2! ?E2! @0C2! _E2!

?i'&C'(2!%E2!y<'44-2!�E2!y<3C'(2!dE2!y3C'0�2![E2!'6.!L'6T(2!7E!="K#SBE!y<-!>)C'6!

@'/0&&3C'10*)(!N$!@_a!L06.069!d340+\!j*3C!70+-!R:,&-!43!d'&096'6,:E![0*)(-(!92!HSHK�

HSS#E!

A'32!{E2!?*0601'('62!?E2!L3:-*2!?EPE2!^'i-*2!_ENE2!'6.!L'6.2![E!=#VVVBE!y<-!N$!

n6,3/*34-06(!3+!>09<MJ0(T!@'/0&&3C'10*)(-(!!L06.!43!'!P31-&!@)4'401-!A%@!@*34-062!

N$y@#2!!'6.!y'*9-4!e4!+3*!_-9*'.'4036E!d3&!R-&&!L03&!;=2!FHH�FbbE!

A'*,�'M%&'02!dEdE2!%&36(32!7EAE2!'6.!.-!@*'4MA':2!AE!="KKFBE!y<-!PMy-*C06'&!

d3.)&-! 3+! >@[#$! NF! e(! '6! e64*06(0,'&&:! _0(3*.-*-.! _3C'06! y<'4! R36+-*(!

R36+3*C'4036'&! '6.! J-,39604036! @&'(40,04:! 43! 4<-! n6,3/*34-06E! L03,<-C0(4*:! 7<2!

#KbKS�#Kb#"E!

A-6-*'2! dE2! ?'C(362! _E2! J':6'&2! LE2! >'3)i2! %E2! L'*362! LE2! ?0C-6-&2! RE2!

A)-*30(2! JE2! ^3&++2! PE2! '6.! R'0&&-4M?'9):2! RE! ="K#VBE! ?4*),4)*'&! '6.! +)6,4036'&!

,<'*',4-*0i'4036! 3+! 4<-! @_a! .3C'06! 3+! 4<-! <)C'6! /<3(/<'4'(-! @y@PH! '6.! 04(!

064-*',4036!U04<!4<-!<)C'6!/'/0&&3C'10*)(!N$!36,3/*34-06E!?,0!J-/!=2!#�#"E!

A-*C'60)TMX)*3U(T'2!%E2!P'92!%E2!a<'32!hE2!_0C*02!dE2!L'6.2!>E2!'6.!L'6.2![E!

="KKFBE!%.'H!J-O)0*-C-64!+3*!>%y!J-,*)04C-64!43!N(4*39-6!J-,-/43*(!'6.!N(4*39-6M

_-/-6.-64!L*-'(4!R'6,-*!R-&&!@*3&0+-*'4036E!R'6,-*!J-(!<92!##FGV�##FVFE!

A<-042!yE!="K#VBE!d),3('&!'6.!R)4'6-3)(!>)C'6!@'/0&&3C'10*)(!e6+-,4036(!'6.!

R'6,-*!L03&39:E!j*364E!n6,3&E!=E!

A0'**Z2!dE2!R'&.-0*'2!?E2!d'&'6,<02!eE2!R0,,3&0602!jE2!7-�32!dE�E2!'6.!y3CC'(0632!

dE!="KK#BE! e6.),4036!3+!/JD!_-9*'.'4036!D:! 4<-!>)C'6!@'/0&&3C'10*)(!y:/-!#$!NF!

@*34-06!e(!N((-640'&!y3!N++0,0-64&:!n1-*,3C-!/#$ePXb'MeC/3(-.!A#!R-&&!R:,&-!%**-(4E!

�3)*6'&!3+![0*3&39:!9?2!bFKS�bF#"E!

A0((C'662!7E2!'6.!i)*!>')(-62!>E!=#VGKBE!@'*40'&!,<'*',4-*0i'4036!3+!10*'&!_P%!

+*3C!<)C'6!9-604'&!U'*4(!=,36.:&3C'4'!',)C06'4'BE! e64-*6'4036'&!�3)*6'&!3+!R'6,-*!

:?2!$KS�$KVE!



)

! "SG!

A�9&2!AE2!�'6-2!@E2!R'0&&-4M?'9):2!RE2!X3(4C'662!RE2!L0,<2!AE2!R3)(0.3M?0'<2!%E2!

P:04*':2! 7E2! [06,-64-&&02! JE2!^3&++2! PE2! P3C0652! tE2! ?&),<'6T32! PEPE2! '6.! y*'152! AE!

="K"K'BE! _)'&! ?/-,0+0,04:! @_aM! '6.! #bMHMHML06.069! d340+(\! %! ?4*),4)*'&! '6.!

e64-*',43C0,(!?4).:E!?4*),4)*-E!

A�9&2!AE2!y)9'-1'2!XE[E2!ND-*&0692!@E2!X3(4C'662!RE2!y*'152!AE2!'6.!?&),<'6T32!

PEPE!="K"KDBE!J-,39604036!3+!<09<M*0(T!>@[!N$!36,3/*34-06(!D:!#bMHMH!/*34-06(!(4).0-.!

D:!064-*',43C0,(!'6.!,*:(4'&&39*'/<:E!L03J801!"K"KEKFE"bE""KHF$E!

A*',-2!dE2!'6.!d�69-*2!XE! ="K#FBE!@*34-3C0,!'6'&:(0(!3+! 4<-!9'CC'!<)C'6!

/'/0&&3C'10*)(!4:/-!#VF!N$!'6.!NF!'((3,0'4-.!,-&&)&'*!/*34-06(E![0*3&39:!?@@2!F#�G#E!

A*'<'C2!?E[E!="K#FBE!y<-!<)C'6!/'/0&&3C'10*)(!*-/&0,'4036!,:,&-2!'6.!04(!&06T(!

43!,'6,-*!/*39*-((036\!'!,3C/*-<-6(01-!*-10-UE!R&060,'&!?,0-6,-!;8;2!""K#�"""#E!

A)'62!�E2!L:U'4-*(2!?EdE2!L*-6.&-2!?E%E2!%(<&-:2!JENE2!d'T<312!%EdE2!R36U':2!

�EjE2!R<*0(4-6(-62!PE_E2!'6.!>'+-6(4-062!?E!="K#FBE!R*:3-&-,4*36!d0,*3(,3/:!d'/(!3+!

>)C'6!@'/0&&3C'10*)(!#$!J-1-'&!7"!_-6(040-(!'6.!>-/'*06!L06.069!?04-E!?4*),4)*-!:?2!

"SH�"$HE!

A)-6-')2!NE2!'6.!_)+3)*2!AE!="K#VBE!N8/&3*069!C3&-,)&'*!064-*',4036(!06!L0',3*-!

(:(4-C(!=L3)&396-ML0&&'6,3)*4BE!

A)0&-:2! XEaE2! 70D'62!yE�E2! j-&4<3)(-62! �EAE2!J'C'6'62! @E2! 70431,<0,T2! 7E2! '6.!

J)D062! ?EdE! ="K#SBE! ?4*),4)*'&! C-,<'60(C(! 3+! _JN%d! ,3C/&-8! '((-CD&:! '6.!

*-9)&'4036E!A-6-(!_-1E!:=2!V$#�VFbE!

A)/4'2!?E2!y'T<'*2!@E@E?E2!_-9-6T3&D-2!JE2!>-69!X3<2!RE2!a0CC-*C'662!>E2!

d'3&06!t'692!RE2!A)'6!?0C2!XE2!eM>369!>()2!?E2!'6.!L-*6'*.2!>EMmE!="KKHBE!y<-!<)C'6!

/'/0&&3C'10*)(! 4:/-! ##! '6.! #$! N$! /*34-06(! C3.)&'4-! 4<-! ,-&&M,:,&-! *-9)&'43*! '6.!

4*'6(,*0/4036!,3+',43*!yJe@ML*#E![0*3&39:!8;92!#SS�#$bE!

>'9-6(--2!dENE2!t'-9'(<02!PE2!'6.!A'&&3U':2!_E%E! =#VVHBE!?-&+M'((-CD&:!3+!

<)C'6! /'/0&&3C'10*)(! 4:/-! #! ,'/(0.(! D:! -8/*-((036! 3+! 4<-! 7#! /*34-06! '&36-! 3*! D:!

,3-8/*-((036!3+!4<-!7#!'6.!7"!,'/(0.!/*34-06(E!�3)*6'&!3+![0*3&39:!<92!H#S�H""E!

>'C/*'(2!?E?E2!J3&&0(362!_ENE2!A0)&0'632!%EJE2!d,X':MR<3/062!?E2!d063602! 7E2!



)

! "SV!

?-*-.':2!XE2!A<-042!yE2!'6.!y3CC'(0632!dE!="K#FBE!@*-1'&-6,-!'6.!R36,3*.'6,-!3+!

R)4'6-3)(!L-4'!>)C'6!@'/0&&3C'10*)(!e6+-,4036!'4!d),3('&!'6.!R)4'6-3)(!?04-(E!�!

e6+-,4!_0(!:;<2!V"�V$E!

>'*.-62!dENE2!'6.!d)69-*2!XE!="K#FBE!>)C'6!/'/0&&3C'10*)(!C3&-,)&'*!D03&39:E!

d)4'4036!J-(-'*,<QJ-10-U(!06!d)4'4036!J-(-'*,<!99:2!H�#"E!

>'*&'&T'2! AE[E2! L'/&-2! NE7E2! R*3((2! >E2! X�<6&-2! ?E2! R)D0&&3(MJ3Y'(2! dE2!

d'4-64i39&)2!XE2!@'44362!dE%E2!^'96-*2!XE2!R3D&-64i2!JE2!j3*.2!_E7E2!d',T':2!_E�EAE2!

R<03i'2!LE%E2!?,<-++6-*2!dE2!J3('2!�E7E2!'6.!R*3(D:2!%E>E!="K#HBE!d)4'4036!3+!>NJR"!

,')(-(!.-1-&3/C-64'&!.-&':!U04<!%69-&C'6M&0T-!+-'4)*-(E!�3)*6'&!3+!d-.0,'&!A-6-40,(!

?@2!$S�FHE!

>'*C(2!XE7E2!'6.!R<-62!hE!="KK$BE!y<-!+)6,4036'&!.3C'06(!06!/SH!+'C0&:!/*34-06(!

-8<0D04!D34<!,3CC36!'6.!.0(406,4!/*3/-*40-(E!R-&&!_-'4<!_0++-*!;82!GVK�GVFE!

>'44-*(,<0.-2!�E2!L3<0.'*2!%ENE2!A*',-2!dE2!P)&4362!yE�E2!X0C2!>E^E2!^06.&-2!LE2!

d3*9'62!eEdE2!d)69-*2!XE2!'6.!^<04-2!NE%E!="K#VBE!@y@P#b!.-9*'.'4036!D:!<09<M*0(T!

<)C'6!/'/0&&3C'10*)(!NF! &0C04(!T-*'4063,:4-!.0++-*-640'4036!'6.!,364*0D)4-(! 43!>@[M

C-.0'4-.!36,39-6-(0(E!@P%?!;;<2!FKHH�FKb"E!

i)*!>')(-62!>E!=#VV#BE![0*)(-(!06!<)C'6!,'6,-*(E!?,0-6,-!:?72!##$F�##FHE!

i)*!>')(-62!>E!="KKKBE!@'/0&&3C'10*)(-(!R')(069!R'6,-*\!N1'(036!j*3C!>3(4M

R-&&!R364*3&!06!N'*&:!N1-64(!06!R'*,0639-6-(0(E!�!P'4&!R'6,-*!e6(4!=:2!$VK�$VGE!

i)*! >')(-62! >E! ="KK"BE! @'/0&&3C'10*)(-(! '6.! ,'6,-*\! +*3C! D'(0,! (4).0-(! 43!

,&060,'&!'//&0,'4036E!P'4!J-1!R'6,-*!:2!Hb"�HSKE!

>--*:2!_EdE2!>3'*-2!?E2!>)(('062!?E2!@'*T-*2!dEAE2!'6.!?<-//'*.2!>E!="KK#BE!

R3*-!7!''!77!d340+!?-O)-6,-(!06!RJNLMD06.069!@*34-062!?JR#2!'6.!Je@#bK!_-+06-!

%++0604:! '6.! ?-&-,40104:! +3*! ?4-*30.! '6.! J-40630.! J-,-/43*(E! �3)*6'&! 3+! L03&390,'&!

R<-C0(4*:!:9<2!$$VS�$FK"E!

>-*+(2!dE2!t'C'C3432!tE2!7')*:2!%E2!^'692!hE2!P),,02!dEJE2!d,7')9<&06M_*)D062!

dENE2!d�69-*2!XE2!j-&.C'62!?E2!d,X-362!jE_E2!h0'62!^E2!'6.!R*)C2!RE@E! ="K#"BE!%!

.0(,*-4-!/3/)&'4036!3+!(O)'C3,3&)C6'*!Y)6,4036!,-&&(!0C/&0,'4-.!06!4<-!/'4<39-6-(0(!



)

! "$K!

3+!,-*10,'&!,'6,-*E!@P%?!;@=2!#KS#$�#KS"#E!

>0&&2!LE2!7'C2!?EjE2!7'6-2!@E2!d',%)&':2!RE2!j*'.T062!7E2!'6.!j3&&-62!dE!="K#FBE!

N(4'D&0(<-.! '6.! NC-*9069! n/40,'&! y-,<63&390-(! +3*! 4<-! J-'&My0C-! _-4-,4036! 3+!

R-*10,'&!P-3/&'(0'\!%!J-10-UE!�3)*6'&!3+!R'6,-*!y<-*'/:!@>2!#"b#E!

>3U0-2! >E7E2! X'4i-6-&&-6D39-62! JE%E2! '6.! A'&&3U':2! _E%E! ="KKVBE!

@'/0&&3C'10*)(!N$!/*34-06(E![0*3&39:!8>72!H"b�HHbE!

>3U0-2! >E7E2! X33/2! �EeE2! ^--(-2! �E2! J3D06(362! XE2! ^0/+2! AE2! X0C2! 7E2! '6.!

A'&&3U':2!_E%E!="K##BE!L-4'M>@[!S!'6.!G!N$!/*3C34-!/HKK!.-9*'.'4036!D:!D&3,T069!

%XyQ/HKK!'((3,0'4036E!@73?!@'4<39E!92!-#KK""##E!

>)<2!XE2!a<3)2!hE2!>':'T'U'2!>E2!R<32!�EMtE2!70D-*C'662!yE%E2!�062!�E2!>'*/-*2!

�E^E2! '6.! d)69-*2! XE! ="KKFBE! >)C'6! @'/0&&3C'10*)(! y:/-! #$! NF! n6,3/*34-06!

%((3,0'4-(! U04<! 4<-! R)&&06! "! mD0O)0406! 709'(-! R3C/&-82! ^<0,<! R364*0D)4-(! 43!

_-9*'.'4036!3+!4<-!J-4063D&'(43C'!y)C3*!?)//*-((3*E!�3)*6'&!3+![0*3&39:!>;2!VFHF�

VFbFE!

>)0D*-94(-2! �EdE2!?,<-++6-*2!dE2! '6.!>3U&-:2!@EdE! =#VV#BE!%! ,-&&)&'*! /*34-06!

C-.0'4-(!'((3,0'4036!3+!/SH!U04<!4<-!N$!36,3/*34-06!3+!<)C'6!/'/0&&3C'10*)(!4:/-(!

#$!3*!#GE!y<-!NdLn!�3)*6'&!;@2!b#"V�b#HSE!

>)0D*-94(-2!�EdE2!?,<-++6-*2!dE2!'6.!>3U&-:2!@EdE!=#VVHBE!73,'&0i'4036!3+!4<-!

N$M%@!*-9036(!4<'4!.0*-,4!<)C'6!/'/0&&3C'10*)(!N$!D06.0692!'((3,0'4036!U04<!/SH2!'6.!

)D0O)0406'4036!3+!'((3,0'4-.!/*34-06(E!d3&-,)&'*!'6.!R-&&)&'*!L03&39:!;82!bV#G�bV"FE!

>)44&062! NE7E2! L*),T6-*2! JE�E2! P'1'**-4-M@-*-'2! �E2! R'66362! �EJE2! L'&40-*2! XE2!

A-D*-'D2!jE2!A:902!dE@E2!y<3*63,T2!%E2! a'**'9'2!AE2!y'C2!?E2!?i/:42! �E2!@'6312!%E2!

@'*i-62!>E2!j)2!?E2!A3&D'i02!%E2!d'-6/''2!NE2!?4*0,T-*2!XE2!y<'T)*4'2!?EAE2!J'.2!JE2!

@'62!�E2!P)(063U2!_E@E2!@')&32!�E%E2!?,<U-//-2!_EXE2!['04-(2!7E@E2!>'*/-*2!�E^E2!'6.!

A:902!?E@E!="K"KBE!_)'&!@*34-3C-M(,'&-!P-4U3*T(!J-1-'&!R-&&M(/-,0+0,!J-C3.-&069!3+!

4<-!>)C'6!e64-*',43C-E!L03J801!"K"KEK#E#VEVKS#KVE!

e+46-*2! yE2! N&D-&2!dE2! ?,<3//2! LE2! >0&&-*2! yE2! 730i3)2! �EeE2! R'&.-,3442! XE^E2! '6.!

?4)D-6*'),<2!jE!="KK"BE! e64-*+-*-6,-!3+!/'/0&&3C'10*)(!N$!/*34-06!U04<!(069&-M(4*'6.!

D*-'T!*-/'0*!D:!064-*',4036!U04<!hJRR#E!y<-!NdLn!�3)*6'&!:;2!bFb#�bFbGE!



)

! "$#!

�'9'.--(U'*'62! JE2! ?)*'U(T'2! >E2! X*0(<6'(U'C:2! ?E2! �'6'C'6,<02! [E2!

d',T066362!%ERE2!?-0U-*42!yEtE2!739'6'4<'62!?E2!X'64-402!JE2!J-0,<C'62!yE2!P'&&'()*'2!

[E2! ?,<U'*4i2! ?E2! j'3*32! 7E2!^'692! tEMRE2! A0*'*.2! 7E2! y*-40'T31'2!dE?E2! %<C-.2! ?E2!

a)CD'2! nE2! ?3)&002! 7E2! L06.3T'(2! [E@E2! ?i-432! 7E7E2! A3*.362! AE�E2! L)-632! JE2!

?)9'*D'T-*2!_E2!7069-62!dE^E2!?'44&-*2!dE2!X*')(i2!yE2![096-(U'*'62!^E2!P'4'*'Y'62![E2!

d066'2!�E2![3T-(2!NENE2!j-*9)(362!dEXE2!>)('062!%EPE2!'6.!?'&90'2!JE!="KKGBE!@'80&&06!

e(!'!y'*9-4! +3*!?3C'40,!d)4'4036(! 06!7)69!R'6,-*\! eC/&0,'4036(! +3*!R-&&!A*3U4<!'6.!

e61'(036E!R'6,-*!J-(!<>2!#H"�#b"E!

�'C-(2! RE2! '6.! J3D-*4(2! ?E! ="K#$BE! [0*'&! e64-*',4036(! U04<! @_a! _3C'06M

R364'06069!@*34-06(�%6!n6,39-60,!y*'04�!@'4<39-6(!?2!GE!

�-*'D-TM^0&&-C(-62!dE2!%6.*52!yE2!^'66-*2!JE2!J34<2!>EdE2!_)<*2!?E2!L''(T-2!

@E2!'6.!L*-04(/*-,<-*2!_E!="K#bBE!d0,*3?,'&-!y<-*C3/<3*-(0(\!e64-*',4036!'6'&:(0(!'6.!

D-:36.E!�3)*6'&!3+!d3&-,)&'*!?4*),4)*-!;@992!#K#�##HE!

�3<'6((362!RE2!'6.!?,<U'*4i2!?E!="K#HBE!J-9)&'4036!3+!<)C'6!/'/0&&3C'10*)(!

9-6-!-8/*-((036!D:!(/&0,069!'6.!/3&:'.-6:&'4036E!P'4)*-!J-10-U(!d0,*3D03&39:!;;2!

"HV�"S#E!

X'-&062!^EAE! =#VVVBE! j)6,4036(! 3+! 4<-! *-4063D&'(43C'!/*34-06E!L03N((':(!:;2!

VSK�VSGE!

X'&(6-*2!7E2!'6.!R<'CD-*&'062!?E�E!="K#SBE!@*'.-*M^0&&02!%69-&C'62!'6.!#SO##M

O#H!_)/&0,'4036!?:6.*3C-(E!@-.0'4*0,!R&060,(!3+!P3*4<!%C-*0,'!<:2!SGF�$K$E!

X'U'02! yE2! '6.! d'&-,<2! >E7E! ="KKVBE! ^>ed! ?:6.*3C-\! R369-604'&! eCC)6-!

_-+0,0-6,:!_0(-'(-E!R)**!n/06!>-C'43&!;<2!"K�"$E!

X0C2!NE2!P0-4<'CC-*2!dE2!J34<(,<0&.2!%E2!P)69!�'62!tE2!'6.!?<-692!dE!=#VVSBE!

R&)(4-*069! 3+! ?<'T-*M4:/-! X! |! ,<'66-&(! D:! 064-*',4036!U04<! '! +'C0&:! 3+!C-CD*'6-M

'((3,0'4-.!9)'6:&'4-!T06'(-(E!P'4)*-!89>2!GS�GGE!

X06-(2!JERE2!y<3C/(362!RE_E2!73U:2!_EJE2!?,<0&&-*2!�EyE2!'6.!_':2!@EdE!="KKVBE!

y<-!06040'&!(4-/(!&-'.069!43!/'/0&&3C'10*)(!06+-,4036!3,,)*!36!4<-!D'(-C-64!C-CD*'6-!

/*03*!43!,-&&!()*+',-!D06.069E!@P%?!;@<2!"KbSG�"Kb$HE!



)

! "$"!

X0(<0632! yE2! 7'&'6.-2! dE2! '6.! ^'9(4'++2! �E! =#VVFBE! mLNH%QN$M%@! C)4'4036(!

,')(-!%69-&C'6!(:6.*3C-E!P'4)*-!A-6-40,(!;?2!FK�FHE!

X3D-2! LE2! [-2! yE2! '6.! ^0&&0'C(2! ?E�E! ="K#SBE! j)(036M/*34-06M'((0(4-.! /*34-06!

,*:(4'&&0i'4036E!%,4'!R*:(4'&&39*!j!?4*),4!L03&!R3CC)6!9;2!G$#�G$VE!

X3&&-*2!7E_E2!'6.!n&(362!RE!=#VF"BE!%44-C/4-.!y*'6(C0((036!3+!^'*4(!j*3C!d'62!

R'44&-2! '6.! >3*(-(! '6.! _--*! j0D*3C'! 43! ?-&-,4-.! >3(4(E! �3)*6'&! 3+! e61-(409'401-!

_-*C'43&39:!?>2!H$$�H$GE!

X*-4(,<C'662! NE2! '6.!J'-4<-*2! >E! =#V$GBE! P340i-6\! J'.0'401-!_-,':!3+! P36!

J'.0'401-!?)*+',-!@&'(C36(!N8,04-.! D:! 709<4E! a-04(,<*0+4! j�*!P'4)*+3*(,<)69!%!:82!

"#HS�"#H$E!

X*30(2!%E?E2!j-**-362!�ERE2!d'*406-iMt'C3)42!dE%E2!_:(362!>E�E2!'6.!̂ *09<42!@ENE!

="K#$BE!J-,39604036!3+!4<-!.0(3*.-*-.!/SH!4*'6(',401'4036!.3C'06!D:!4<-!4*'6(,*0/4036'&!

'.'/4-*!i06,!+069-*!.3C'06(!3+!RJNLMD06.069!/*34-06E!@P%?!;;82!N#GSH�N#G$"E!

X*)0(U0YT2!jE2!7'D)(,<'96-2!REjE2!'6.![3)(.-62!XE>E!="K#SBE!/SH! 06!()*101'&2!

.-'4<!'6.!C-4'D3&0,!<-'&4<\!'!&0+-9)'*.!U04<!'!&0,-6,-!43!T0&&E!P'4)*-!J-10-U(!d3&-,)&'*!

R-&&!L03&39:!;<2!HVH�bKSE!

X�<6-2!RE2!A'*.03&2!_E2!A)'*6',,0'2!RE2!%C-604(,<2!>E2!'6.!L'6T(2!7E!="KKKBE!

_0++-*-640'&! *-9)&'4036! 3+! <)C'6! /'/0&&3C'10*)(! N$! D:! /*34-06! T06'(-! %\! ,36.04036'&!

.-9*'.'4036!3+!<)C'6!.0(,(!&'*9-!/*34-06!D:!36,39-60,!N$E!n6,39-6-!;=2!SGGb�SGV#E!

X�<6&-2! ?E2! X39-&2! mE2! A&3,Ti062! ?E2! d'*O)'*.42! %E2! R0-,<'631-*2! %E2!

d'4-64i39&)2!XE2!'6.!?,<-++6-*2!dE!="K##BE!@<:(0,'&!'6.!j)6,4036'&!e64-*',4036!3+!4<-!

>NRy!mD0O)0406M/*34-06!709'(-(!N$%@!'6.!>NJR"E!�3)*6'&!3+!L03&390,'&!R<-C0(4*:!

:><2!#Vb#K�#Vb#$E!

X)C'*2!%E2!a<'32!tE2!d-692!AE2!a-692!dE2!?*0601'('62!?E2!_-&C3&0632!7EdE2!A'32!

{E2! _0C*02! AE2! ^-D-*2! AEjE2! ^'i-*2! _ENE2! L'6.2! >E2! '6.! L'6.2! [E! ="KK"BE! >)C'6!

@'/0&&3C'10*)(! n6,3/*34-06! N$! e6',401'4-(! 4<-! y*'6(,*0/4036'&! R3',401'43*! >)C'6!

%_%HE!d3&-,)&'*!'6.!R-&&)&'*!L03&39:!::2!SGK#�SG#"E!

7'6,'(4-*2!^E_E2!'6.!n&(362!RE!=#VFGBE!_-C36(4*'4036!3+!4U3!.0(406,4!,&'((-(!3+!



)

! "$H!

D3106-!/'/0&&3C'!10*)(E![0*3&39:!>=2!HF"�HFVE!

7--2!RE2!'6.!7'0C06(2!7E%E!="KKbBE!J3&-!3+!4<-!@_a!_3C'06ML06.069!d340+!3+!4<-!

n6,3/*34-06!N$! 06! 4<-!@'4<39-6-(0(! 3+!>)C'6!@'/0&&3C'10*)(!y:/-!H#E! �3)*6'&!3+!

[0*3&39:!9>2!#"H$$�#"HFFE!

7--2! �EMnE2! J)((32! %E%E2! '6.! @'1&-40,<2! PE@E! =#VVGBE! ?4*),4)*-! 3+! 4<-!

*-4063D&'(43C'!4)C3)*M()//*-((3*!/3,T-4!.3C'06!D3)6.!43!'!/-/40.-!+*3C!>@[!NFE!

P'4)*-!8=;2!GSV�G$SE!

7-+Z1*-2!>E2!?,<*0C/+2!RE2!d3*32!dEJE2!'6.!7',<'&2!�E!="K#GBE!>@[!1',,06'4036!

*'4-!06!j*-6,<!'.3&-(,-64!90*&(\!'6!-8'C/&-!3+!1',,06-!.0(4*)(4E!%*,<01-(!3+!_0(-'(-!06!

R<0&.<33.!;@82!FbK�Fb$E!

702!aE2!t'62!hE2!t)2!>E2!^'692!_E2!?3692!?E2!702!tE2!>-2!dE2!>3692!{E2!a<-692!{E2!

a<'32!{E2!A)2!tE2!a<'692!�E2!�'6((-62!dENE^E2!R'*.36-2!AE2!n&(362!PE>E2!L'T-*2!yE?E2!

702!?E2!'6.!h0'2!PE! ="K#$BE!y<-!RMy-*C06'&!%*C!3+! 4<-!>)C'6!@'/0&&3C'10*)(!d'Y3*!

R'/(0.!@*34-06!e(!eCC)639-60,!'6.!e613&1-.!06![0*)(M>3(4!e64-*',4036E!?4*),4)*-!:72!

GFb�GGSE!

70'692! tEM�E2! R<'692! >EM?E2! ^'692! REMtE2! '6.! t)2! ^EREtE! ="KKGBE! _tJX#%!

(4'D0&0i-(! >@[#$NF! 36,3/*34-06! 4<*3)9<! /<3(/<3*:&'4036! 3+! 4<-! 4<*-3606-! S! '6.!

4<*-3606-! F! *-(0.)-(E! y<-! e64-*6'4036'&! �3)*6'&! 3+! L03,<-C0(4*:! �!R-&&! L03&39:!7@2!

"bH#�"bb#E!

70)2!?E2!R'02!hE2!^)2!�E2!R3692!{E2!R<-62!hE2!702!yE2!_)2!jE2!J-62!�E2!^)2!tEMyE2!

A*0(<062! PE[E2! '6.! R<-62! aE�E! ="K#SBE! @<3(/<3*:&'4036! 3+! 066'4-! 0CC)6-! '.'/43*!

/*34-06(!d%[?2!?yePA2!'6.!yJej!06.),-(!eJjH!',401'4036E!?,0-6,-!879E!

70)2!hE2!R&-C-64(2!%E2!a<'32!XE2!'6.!d'*C3*(4-062!JE! ="KK$BE!?4*),4)*-!3+! 4<-!
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R<'*',4-*0i'4036! 3+! >-&0,'&! @-/40.-(! 4<'4! e6<0D04! 4<-! N$! @*34-06! 3+! @'/0&&3C'10*)(2E!
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'!<09<!10*'&!&3'.!C':!D-!,3**-&'4-.!43!D-44-*!/*3963(0(!06!436(0&&'*!,'6,-*E!e64-*6'4036'&!

�3)*6'&!3+!R'6,-*!;@:2!#S"�#SGE!
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<')4M.5D04�\!,36(5O)-6,-(!.'6(! &-!.5/0(4'9-!.)!,'6,-*!.)!,3&!.-! &v)45*)(!-4!'//3*4!
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n*4<2!AE2!�'D&36(T'2!?E2!j'1*-2!dE2!R*30(('642!nE2!�'*i'D-TMR<3*i-&(T'2!dE2!'6.!
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3+!-/0.-*C3.:(/&'(0'!1-**),0+3*C0(E!@*3,--.069(!3+!4<-!P'4036'&!%,'.-C:!3+!?,0-6,-(!

9?2!#SHF�#Sb#E!

n)&.!dv<'C-.!n)&.!?0.02!%E2!n)&.!L'D'<2!XE2!L*0C-*2!PE2!P3C0652!tE2!J3C0-*2!

RE2!X0-++-*2!LE2!['6.-!@3&2!?E2!y*'152!AE2!'6.!a'60-*2!XE!="K##BE!?4*'4-90-(!+3*!D',4-*0'&!

-8/*-((036! 3+! /*34-06�/-/40.-! ,3C/&-8-(\! %//&0,'4036! 43! (3&)D0&0i'4036! 3+!

/'/0&&3C'10*)(!N$E!@*34-06!N8/*-((036!'6.!@)*0+0,'4036!>@2!G�#$E!

@'9902!dEAE2!L'&.02!%E2!L36-4432!jE2!'6.!A03*.'632!%E! =#VV$BE!J-4063D&'(43C'!

/*34-06!+'C0&:!06!,-&&!,:,&-!'6.!,'6,-*\!%!*-10-UE!�3)*6'&!3+!R-&&)&'*!L03,<-C0(4*:!<:2!

b#G�bHKE!

@'C)T,)2!%EdE2!L*3D(42!_EjE2!?'44-*2!NE�E2!'6.!@JeRN*2!�EdE!=#VSVBE!%!m*06'*:!

L&'..-*!y)C3*!e6.),-.!D:!'!L3106-!R)4'6-3)(!@'/0&&3C'!%9-64E!R'6,-*!J-(-'*,<!

;=2!$E!

@'4-&2!_E2!>)'692!?EMdE2!L'9&0'2!7E%E2!'6.!d,R'6,-2!_E�E!=#VVVBE!y<-!N$!/*34-06!



)

! "$V!

3+!<)C'6!/'/0&&3C'10*)(!4:/-!#$!D06.(!43!'6.!06<0D04(!,3M',401'4036!D:!RL@!'6.!/HKKE!

y<-!NdLn!�3)*6'&!;>2!SK$#�SKF"E!

@<-&/(2!^ERE2!t--2!RE7E2!d�69-*2!XE2! '6.!>3U&-:2!@EdE! =#VGGBE!y<-!<)C'6!

/'/0&&3C'10*)(!4:/-!#$!NF!9-6-!-6,3.-(!4*'6(',401'4036!'6.!4*'6(+3*C'4036!+)6,4036(!

(0C0&'*!43!4<3(-!3+!'.-6310*)(!N#%E!R-&&!?82!SHV�SbFE!

@0-*,-!R'C/D-&&2!REdE2!7062!>EMtE2!j)&/2!^E2!@'/-6+)((2!dEJE2!?'&C-*�62!�E�E2!

{)04-*032!dEdE2!7'i,'63M@36,-2!NE2![0&&'2!7E7E2!'6.!A0)&0'632!%EJE!="K#HBE!R36(0(4-64!

R36.3C!m(-!J-.),-(!4<-!A-604'&!>)C'6!@'/0&&3C'10*)(!L)*.-6!%C369!>09<MJ0(T!

d-6\!y<-!>@[!e6+-,4036!06!d-6!?4).:E!y<-!�3)*6'&!3+!e6+-,403)(!_0(-'(-(!:@>2!HFH�

HGbE!

@&-1062!dE�E2!d0&&(2!dEdE2!'6.!eT)*'2!dE!="KKSBE!y<-!78877!C340+\!'!C)&40+)6,4036'&!

D06.069!(-O)-6,-!06!4*'6(,*0/4036'&!*-9)&'4036E!y*-6.(!06!L03,<-C0,'&!?,0-6,-(!8@2!$$�

$VE!

@30*(362! �E! ="K#$BE! e64-*',43C-! .-(! 36,3/*34506-(! N$! -4! NF! .-(! >@[�\! .)!

(:(4ZC-!)D0O)0406-M/*345'(3C-!;! &'!130-!.-!(096'&0('4036!>0//3E!y<Z(-!.-!.3,43*'4E!

m601-*(045!.-!?4*'(D3)*9E!

@30*(362!�E2!L0O)'6.2!NE2!?4*')D2!dEM7E2!R'((366-42!@E2!P3C0652!tE2!�36-(2!7E2!

1'6!.-*!̂ -*+2!?E2!y*'152!AE2!a'60-*2!XE2!�',3D2!tE2!_-C-*-42!RE2!'6.!d'((362!dE!="K#FBE!

d'//069! 4<-! 064-*',43C-! 3+! >@[! N$! '6.! NF! 36,3/*34-06(! U04<! 4<-! )D0O)0406M

/*34-'(3C-!(:(4-CE!y<-!jNL?!�3)*6'&!:>72!H#F#�H"K#E!

{062!LEtE2!70)2!RE2!?*06'4<2!>E2!7'C2!?E?E2!R3**-0'2!�E�E2!_-*:6,T2!JE2!'6.!7062!XE!

="KKSBE!R*:(4'&!?4*),4)*-!3+!eJjMH!06!R3C/&-8!U04<!RL@E!?4*),4)*-!;82!#"$V�#"FFE!

J'++2!%ELE2!^33.<'C2!%E^E2!J'++2!7EdE2!?T-'4-2!�EAE2!t'62!7E2!?0&1'2!_EdE_E2!

?,<-&<''(2!dE2!'6.!X'(42!^EdE!="K#HBE!y<-!N13&1069!j0-&.!3+!>)C'6!@'/0&&3C'10*)(!

J-,-/43*!J-(-'*,<\! '!J-10-U!3+!L06.069!'6.!N64*:E! �3)*6'&!3+![0*3&39:!>92!$K$"�

$KF"E!

J'C-(<2! [E! ="K#VBE! L03C3&-,)&'*! '6.! L03'6'&:40,'&! y-,<60O)-(\! y<-3*:2!

d-4<3.3&39:!'6.!%//&0,'4036(!=�3<6!^0&-:!�!?36(BE!



)

! "FK!

J'C0*-i2!�E2!@30*(362!�E2!j3&4i2!RE2!R<-D'*32!tE2!?,<*'//2!dE2!d-:-*2!%E2!L36-44'2!

%E2!j3*(4-*2!%E2!�',3D2!tE2!d'((362!dE2!_-*:,TZ*-2!jE2!'6.!y*'152!AE!="K#SBE!y'*9-4069!

4<-!yU3!n6,39-60,!j)6,4036'&!?04-(!3+!4<-!>@[!N$!n6,3/*34-06!U04<!'!>09<M%++0604:!

L01'&-64!709'6.E!%69-U'6.4-!R<-C0-!e64-*6'4036'&!N.04036!?72!FVSG�FV$"E!

J'*'6MX)*)((02! ?E2! X--+-2! XE2! '6.!^')9<2! _E?E! ="K#SBE! @3(04036'&! -++-,4(! 3+!

+)(036!/'*46-*(!36!4<-!:0-&.!'6.!(3&)D0&04:!3+!dL@!+)(036!/*34-06(E!@*34-06!N8/*-((036!

'6.!@)*0+0,'4036!;;@2!#SV�#$bE!

J-,43*2!%E2!'6.!['6!J'6(42!dE!="K#HBE!%60C'&!/'/0&&3C'10*)(-(E![0*3&39:!77?2!

"#H�""HE!

J0,<'*.(2!JEdE2!73U:2!_EJE2!?,<0&&-*2!�EyE2!'6.!_':2!@EdE!="KK$BE!R&-'1'9-!3+!

4<-!/'/0&&3C'10*)(!C063*!,'/(0.!/*34-062!7"2!'4!'!+)*06!,36(-6()(!(04-!0(!6-,-(('*:!+3*!

06+-,4036E!@P%?!;@82!#S""�#S"FE!

J09')42!AE2!?<-1,<-6T32!%E2!J)4i2!LE2!^0&C2!dE2!d'662!dE2!'6.!?5*'/<062!LE!

=#VVVBE!%!9-6-*0,!/*34-06!/)*0+0,'4036!C-4<3.!+3*!/*34-06!,3C/&-8!,<'*',4-*0i'4036!'6.!

/*34-3C-!-8/&3*'4036E!P'4)*-!L034-,<63&39:!;92!#KHK�#KH"E!

J3D-*4(2!�EPE2!L),T2!RELE2!y<3C/(362!RE_E2!X06-(2!JE2!L-*6'*.32!dE2!R<3:T-2!

@E7E2!73U:2!_EJE2!'6.!?,<0&&-*2!�EyE!="KKFBE!A-604'&!4*'6(C0((036!3+!>@[!06!'!C3)(-!

C3.-&!0(!/34-640'4-.!D:!63638:63&MV!'6.!06<0D04-.!D:!,'**'9--6'6E!P'4)*-!d-.0,06-!

;82!GSF�G$#E!

J36,32!AE2!A03*90MJ3((02!@E2!R'*3ii02!jE2!R36+3*40602!dE2!@'&C'2!@E_E2!_-&!d0(4*32!

%E2!A<0*069<-&&32!LE2!A0*&'6.32!?E2!A0&&03My3(2!%E2!_-!d'*,32!7E2!P'&.3602!RE2!@0-*34402!@E2!

J0ii3&32!JE2!?,<06,'9&0'2!@E2!a3*i02!dE2!a'//'2!dE2!?-96'62!PE2!'6.!R)i0,T2!�E!="K#KBE!

N++0,',:!3+!<)C'6!/'/0&&3C'10*)(!4-(4069!+3*!4<-!.-4-,4036!3+!061'(01-!,-*10,'&!,'6,-*(!

'6.! ,-*10,'&! 064*'-/04<-&0'&! 6-3/&'(0'\! '! *'6.3C0(-.! ,364*3&&-.! 4*0'&E! y<-! 7'6,-4!

n6,3&39:!;;2!"bV�"SFE!

J36,32! 7E[E2! X'*/31'2! %EtE2! [0.'&2! dE2! '6.! >3U&-:2! @EdE! =#VVGBE! >)C'6!

/'/0&&3C'10*)(!#$!N$!36,3/*34-06!D06.(!43!064-*+-*36!*-9)&'43*:!+',43*MH!'6.!06<0D04(!04(!

4*'6(,*0/4036'&!',40104:E!A-6-(!�!_-1-&3/C-64!;:2!"K$#�"KF"E!

J3)(2! @E2! '6.! L-'*.2! �E^E! =#VHSBE! y<-! @*39*-((036! 43! R'*,063C'! 3+! [0*)(M



)

! "F#!

e6.),-.!J'DD04!@'/0&&3C'(!=?<3/-BE!y<-!�3)*6'&!3+!N8/-*0C-64'&!d-.0,06-!<:2!S"H�

SbGE!

J3i-6D&'44MJ3(-62!nE2!_-32!JERE2!@'.02!dE2!%.-&C'642!AE2!R'&.-*U33.2!dE%E2!

J3&&'6.2! yE2! A*',-2! dE2! _*0,342! %E2! %(T-6'i02! dE2! y'1'*-(2! dE2! @-1i6-*2! ?E�E2!

%D.-*'ii'O2! jE2! L:*.(3692! _E2! R'*1)60(2! %EMJE2! R<-62! %E%E2! R<-692! �E2! R3**-&&2!dE2!

_)'*4-2!dE2!j'62!RE2!j-&4T'C/2!dERE2!j0,'**32!?ELE2!j*'6,<02!JE2!A'*92!LEXE2!A)&D'<,-2!

PE2!>'32!yE2!>3&4<')(2!%EdE2!�'C-(2!JE2!X3*T<062!%E2!70431,<0,T2!7E2!d'*2!�ERE2!@'T2!yEJE2!

J'D-&&32!?E2!J)D032!JE2!?<-62!tE2!?069<2!?E2!?/'69&-2!�EdE2!y'('62!dE2!^'6'C'T-*2!?E2!

^-DD-*2!�EyE2!J3-,T&-06MR'6+0-&.2!�E2!�3<'66(-62!NE2!L'*'D�(02!%EM7E2!L-*3)T<0C2!JE2!

X0-++2!NE2!R)(0,T2!dENE2!>0&&2!_ENE2!d�69-*2!XE2!d'*432!�E%E2!{)',T-6D)(<2!�E2!J34<2!jE@E2!

_-R'/*032!�E%E2!'6.![0.'&2!dE!="K#"BE!e64-*/*-4069!,'6,-*!9-63C-(!)(069!(:(4-C'40,!

<3(4!6-4U3*T!/-*4)*D'4036(!D:!4)C3)*!10*)(!/*34-06(E!P'4)*-!7>92!bV#�bVSE!

?'0.)2!PENELE2!j0&0�2![E2!y<3C'(2!dE2!?'*'D0'M[-9'2![E2!�)T0�2!%E2!d0&YT310�2!jE2!

L'6T(2! 7E2! '6.! y3C'0�2! [E! ="K#VBE! @_a!_3C'06MR364'06069! @*34-06!P>NJjM"! e(! '!

P31-&!y'*9-4!3+!>)C'6!@'/0&&3C'10*)(!#$!=>@[M#$B!'6.!>@[M#GE!�3)*6'&!3+![0*3&39:!

=7E!

?,<-++6-*2!dE2!^-*6-((2!LE%E2!>)0D*-94(-2!�EdE2!7-106-2!%E�E2!'6.!>3U&-:2!@EdE!

=#VVKBE! y<-! N$! 36,3/*34-06! -6,3.-.! D:! <)C'6! /'/0&&3C'10*)(! 4:/-(! #$! '6.! #G!

/*3C34-(!4<-!.-9*'.'4036!3+!/SHE!R-&&!<82!##"V�##H$E!

?,<-++6-*2!dE2!>)0D*-94(-2!�EdE2![0-*(4*'2!JE_E2!'6.!>3U&-:2!@EdE!=#VVHBE!y<-!

>@[M#$! N$! '6.! N$M%@! ,3C/&-8! +)6,4036(! '(! '! )D0O)0406M/*34-06! &09'(-! 06! 4<-!

)D0O)0406'4036!3+!/SHE!R-&&!9?2!bVS�SKSE!

?,<0++C'62!dE2!_33*D'*2!�E2!^-64i-6(-62!PE2!.-!?'6Y3(52!?E2!j'T<*:2!RE2!d36T2!

LE�E2!?4'6&-:2!dE%E2!'6.!j*'6,-(,<02!?E! ="K#$BE!R'*,0639-60,!<)C'6!/'/0&&3C'10*)(!

06+-,4036E!P'4!J-1!_0(!@*0C-*(!:2!#$KG$E!

?,<C04i2!dE2!_*0-(,<2!RE2!�'6(-62!7E2!J)66-D')C2!eELE2!'6.!_�*(42!dE!="K#"BE!

P36MJ'6.3C!e64-9*'4036!3+!4<-!>@[!A-63C-!06!R-*10,'&!R'6,-*E!@73?!n6-!9E!

?,<),T2!@E2!'6.!a<'32!>E! ="K#KBE!y<-!J3&-!3+!d'((!y*'6(/3*4!70C04'4036!'6.!

?)*+',-!>-4-*39-6-04:!06!4<-!L03/<:(0,'&!R<'*',4-*0i'4036!3+!d',*3C3&-,)&'*!L06.069!

@*3,-((-(!D:!?@J!L03(-6(069E!d-4<3.(!d3&!L03&!<:92!#S�SbE!



)

! "F"!

?-**'632!LE2!.-!?'6Y3(52!?E2!y3)(2!?E2!{)0*3(2!LE2!d)�3i2!PE2!L3(,<2!hE2!'6.!

%&-C'6:2!7E!="K#SBE!>)C'6!/'/0&&3C'10*)(!9-634:/-!'44*0D)4036!+3*!>@[(!$2!##2!#$2!#G2!

H#2!HH2!bS2!S"!'6.!SG!06!+-C'&-!'639-604'&!&-(036(E!N)*3/-'6!�3)*6'&!3+!R'6,-*!?;2!

#FH"�#Fb#E!

?<'*C'2!?E2!@3-4i2!jE2!L*)-*2!dE2!7:M>'*4092!yELEPE2!?,<3442!�E2!?5*'/<062!LE2!'6.!

?43-,T&062! AE! ="K#$BE! %,-4:&'4036M_-/-6.-64! R364*3&! 3+! A&3D'&! @3&:=%B! JP%!

_-9*'.'4036!D:!RL@Q/HKK!'6.!>_%R#Q"E!d3&-,)&'*!R-&&!<82!V"F�VHGE!

?<-692! dE2! '6.! ?'&'2! RE! ="KK#BE! @_a! _3C'06(! '6.! 4<-! n*9'60i'4036! 3+!

?)/*'C3&-,)&'*!R3C/&-8-(E!%66)'&!J-10-U!3+!P-)*3(,0-6,-!:72!#�"VE!

?<3/-2!JENE2!'6.!>)*(42!NE^E!=#VHHBE!e6+-,403)(!/'/0&&3C'43(0(!3+!J'DD04(!U04<!

'!634-!36!4<-!<0(43/'4<3&39:E!�!N8/!d-.E!?>2!$KF�$"bE!

?&-D3(2!JE�E2!7--2!dE>E2!@&)6T-442!LE?E2!X-((0(2!yE_E2!^0&&0'C(2!LEnE2!�',T(2!yE2!

>-.*0,T2!7E2!X'(4'62!dELE2!'6.!R<32!XEJE!=#VVbBE!/SHM.-/-6.-64!A#!'**-(4! 0613&1-(!

/JLM*-&'4-.!/*34-06(!'6.!0(!.0(*)/4-.!D:!4<-!<)C'6!/'/0&&3C'10*)(!#$!NF!36,3/*34-06E!

@P%?!=;2!SH"K�SH"bE!

?C04<2! �E7E2! R'C/3(2! ?EXE2! '6.! niD)62! dE%E! ="KKFBE! >)C'6! @'/0&&3C'10*)(!

y:/-!H#!m(-(!'!R'1-3&06!#M!'6.!_:6'C06!"Md-.0'4-.!N64*:!@'4<U':!+3*!e6+-,4036!3+!

>)C'6!X-*'4063,:4-(E!�3)*6'&!3+![0*3&39:!>;2!VV""�VVH#E!

?3&0(2!dE2!A3)D')2!_E2!J3C0-)Md3)*-i2!JE2!A-6062!@E2!R01'(2!%E2!'6.!>0(,3442!�E!

="KK$BE!_0(406,4!+)6,4036(!3+!eJjMH!'6.!eJjMF!06!ejPM'&/<'!9-6-!*-9)&'4036!'6.!,364*3&!

3+!'640M4)C3*!',40104:!06!/*0C'*:!C',*3/<'9-(E!L03,<-C0,'&!@<'*C',3&39:!9:2!#b$V�

#bF$E!

?3692!RE2!a<'692!?E2!'6.!>)'692!>E!="K#SBE!R<33(069!'!()04'D&-!C-4<3.!+3*!4<-!

0.-640+0,'4036!3+!*-/&0,'4036!3*0906(!06!C0,*3D0'&!9-63C-(E!j*364!d0,*3D03&!<E!

?369:'692! aE2! j'660692! %E?E2! j)2! RE2! h)2! �E2! d'*+'40'2! ?EdE2! R<0(<402! %E>E2!

R*3C/4362!%E2!R<'62!%ERE2!%6.-*(362!�EdE2!'6.!R'64&-:2!7ERE!=#VVFBE!J-,39604036!3+!

)60O)-!,'*D38:&M4-*C06'&!C340+(!D:!.0(406,4!@_a!.3C'06(E!?,0-6,-!:9?2!FH�FFE!

?/'*T(2!JE@E2!'6.!j*'4402!JE!="K#VBE!m(-!3+!d0,*3(,'&-!y<-*C3/<3*-(0(!=d?yB!



)

! "FH!

43!d-'()*-!L06.069!%++06040-(!3+!R3C/36-64(!3+! 4<-!j)(036!d',<06-*:E! e6!?P%JN(\!

d-4<3.(!'6.!@*343,3&(2!JE!j*'4402!-.E!=P-U!t3*T2!Pt\!?/*069-*B2!//E!#V#�#VGE!

?4*')((2!dE�E2!L)640692!>E2!'6.!d-&60,T2!�E7E! =#VSKBE![0*)(M70T-!@'*40,&-(!'6.!

e6,&)(036!L3.0-(! 06!?T06!@'/0&&3C'(E!�3)*6'&!3+! e61-(409'401-!_-*C'43&39:!;?2!bHH�

bbbE!

?)'*-i2! eE@E! ="K#FBE! P31-&! N$! (4*),4)*-(! +*3C! >@[#G! '6.! >@[bV\!

)6.-*(4'6.069!,-&&)&'*!4'*9-4!(/-,0+0,04:!=7:362!j*'6,-BE!

?)'*-i2! eE2! '6.! y*'152! AE! ="K#GBE! ?4*),4)*'&! e6(09<4(! 06! d)&40+)6,4036'&!

@'/0&&3C'10*)(!n6,3/*34-06(E![0*)(-(!;@2!HFE!

y'62!dE�E%E2!^<04-2!NE%E2!?3U'2!dENE2!>'*/-*2!�E^E2!%(4-*2!�ERE2!'6.!>3U&-:2!

@EdE! ="K#"BE! R)4'6-3)(! M<)C'6! /'/0&&3C'10*)(! N$! /*34-06(! D06.! d'(4-*C06.M&0T-!

,3',401'43*(! '6.! *-/*-((!P34,<! (096'&069E!@*3,--.069(!3+! 4<-!P'4036'&!%,'.-C:!3+!

?,0-6,-(!;@=2!N#bFH�N#bGKE!

y'6'T'2!tE2!'6.!R<-62!aE�E!="K#"BE!?yePA!?/-,0+0-(!eJjH!@<3(/<3*:&'4036!D:!

yLX#!06!4<-!R:43(3&0,!_P%!?096'&069!@'4<U':E!?,0E!?096'&E!?2!*'"K�*'"KE!

y':&3*2! ?E2! '6.! >'&.3*(362! AE! ="K#HBE! %! *-10-U! 3+! -O)06-! ('*,30.E! NO)06-!

[-4-*06'*:!N.),'4036!:?2!"#K�"#$E!

y-)+-&2! _E@E2! L:,*3+42! dE2! '6.! j-*(<42! %EJE! ="KKVBE! J-9)&'4036! D:!

/<3(/<3*:&'4036!3+! 4<-!*-&'401-!'++06040-(!3+! 4<-!PM4-*C06'&! 4*'6(',401'4036!.3C'06(!3+!

/SH!+3*!/HKK!.3C'06(!'6.!d.C"E!n6,39-6-!:>2!"##"�"##GE!

y<3C'(2!dE2!d:-*(2!dE@E2!d'((0C02!@E2!A)'*6',,0'2!RE2!'6.!L'6T(2!7E!="K#$BE!

%6'&:(0(!3+!C)&40/&-!>@[!N$!@_a!064-*',4036(!.-+06-(!4:/-M(/-,0+0,!@_a!+069-*/*064(!

4<'4!/*-.0,4!36,39-60,!/34-640'&E!@73?!@'4<39-6(!;:2!-#KKSF$$E!

y3692!hE2!'6.!>3U&-:2!@EdE!=#VVFBE!y<-!D3106-!/'/0&&3C'10*)(!N$!36,3/*34-06!

064-*',4(!U04<!/'80&&06!'6.!.0(*)/4(!4<-!',406!,:43(T-&-436E!@P%?!=72!bb#"�bb#FE!

y3692!hE2!L3&&2!^E2!X0*,<<')(-62!yE2!'6.!>3U&-:2!@EdE!=#VVGBE!e64-*',4036!3+!4<-!

L3106-!@'/0&&3C'10*)(!N$!@*34-06!U04<!4<-!R&'4<*06!%.'/43*!R3C/&-8!%@M#E!�3)*6'&!3+!

[0*3&39:!9:2!bF$�bG"E!
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y)*6-*2!RENE!="KKKBE!@'80&&06!'6.!+3,'&!'.<-(036!(096'&&069E!P'4)*-!R-&&!L03&39:!
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NE2!?C3&:'*2!%E2![06':'9'C2!%E2!t)2!>E2!?i-432!_E2!L3*0,T2!>E2!_*0,342!%E2!X&0493*.2!PE2!
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AE! ="K#SBE! {)'640+:069! .3C'06M&09'6.! '++06040-(! '6.! (/-,0+0,040-(! D:! <09<M4<*3)9</)4!

<3&.)/!'((':E!P'4)*-!d-4<3.(!;:2!FGF�FVHE!
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FG#"�FG#VE!
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dL@!j)(036!@*34-06(E!@*34-06!?,0-6,-!:?2!SSV�SF#E!

^-DD!?4*0,T&'6.2!?E2!L*0C-*2!PE2!7:36(2!RE2!'6.!['6.-!@3&2!?ELE!="K#GBE!>)C'6!

@'/0&&3C'10*)(! N$! 064-*',4036! U04<! ,-&&)&'*! @_a! .3C'06! /*34-06(! C3.)&'4-(! t%@!

6),&-'*!&3,'&0i'4036E![0*3&39:!?;<2!#"F�#HGE!

^-64i-6(-62!PE2![063T)*31'2!?E2!'6.!_3-D-*04i2!dE!136!XE!="KKbBE!?:(4-C'40,!

J-10-U!3+!A-63C0,!e64-9*'4036!?04-(!3+!>)C'6!@'/0&&3C'10*)(!A-63C-(!06!N/04<-&0'&!

_:(/&'(0'!'6.!e61'(01-!R'6,-*!3+! 4<-!j-C'&-!73U-*!A-604'&!y*',4E!R'6,-*!J-(!<72!

HGFG�HGGbE!

^-*6-((2!LE%E2!7-106-2!%E�E2!'6.!>3U&-:2!@EdE!=#VVKBE!%((3,0'4036!3+!<)C'6!

/'/0&&3C'10*)(!4:/-(!#$!'6.!#G!N$!/*34-06(!U04<!/SHE!?,0-6,-!:7>2!F$�FVE!

^<04-2!NE%E2!X*'C-*2!JENE2!y'62!dE�E%E2!>':-(2!?E_E2!>'*/-*2!�E^E2!'6.!>3U&-:2!

@EdE! ="K#"'BE! R3C/*-<-6(01-! %6'&:(0(! 3+! >3(4! R-&&)&'*! e64-*',4036(! U04<! >)C'6!

@'/0&&3C'10*)(! N$! @*34-06(! e.-640+0-(! P-U! N$! L06.069! @'*46-*(! '6.! J-+&-,4(! [0*'&!

_01-*(04:E!�3)*6'&!3+![0*3&39:!><2!#H#Fb�#H#G$E!

^<04-2! NE%E2! ?3U'2! dENE2! y'62! dE�E%E2! �-).:2! ?E2! >':-(2! ?E_E2! ?'64<'2! ?E2!

d�69-*2! XE2! >'*/-*2! �E^E2! '6.! >3U&-:2! @EdE! ="K#"DBE! ?:(4-C'40,! 0.-640+0,'4036! 3+!

064-*',4036(! D-4U--6! <3(4! ,-&&! /*34-06(! '6.! NF! 36,3/*34-06(! +*3C! .01-*(-! <)C'6!

/'/0&&3C'10*)(-(E!@P%?!;@=2!N"$K�N"$FE!

^<04-2!NE%E2!^'&4<-*2!�E2!�'1'6D'T<42!>E2!'6.!>3U&-:2!@EdE!="K#bBE!A-6)(!L-4'!

>)C'6!@'/0&&3C'10*)(!N$!@*34-06(!['*:!06!y<-0*!N++-,4(!36!4<-!y*'6(',401'4036!3+!/SH!

y'*9-4!A-6-(E!�3)*6'&!3+![0*3&39:!>>2!G"K#�G"#"E!

^<04-2! NE%E2! d�69-*2! XE2! '6.! >3U&-:2! @EdE! ="K#$BE! >09<MJ0(T! >)C'6!

@'/0&&3C'10*)(!NF!@*34-06(!y'*9-4!@y@P#b!+3*!_-9*'.'4036E!dL03!9E!
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4*'6(+3*C'4036!D:!4<-!'.-6310*)(!N#%!/*34-06(E!R-&&!?<2!$F�FSE!

^0&&-C(-62!%E2!'6.!L*'132!eEAE! ="K#VBE!n*0906!'6.!-13&)4036!3+!/'/0&&3C'10*)(!
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! "FF!
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>EyEdE!="KK$BE!>)C'6!R,*bMP34!,3C/&-8!0(!'!&09'6.M.-/-6.-64!*-/*-((3*!3+!6),&-'*!
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