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U?/,&?,! %)! :(H! 0QQ1S#! U/%! &'-?! ,/9,-:),./! -.=%&! C7.=! %J6%7,=%/)&! &?.E,/>! )?:)!

234D!:/9!2345!C.7=!:!?,>?(<!&):;(%!?%)%7.9,=%7!;.)?!!"#$!$%!:/9!!"#$!&'%!OA/9%7&!

%)! :(H! 0QQ1T! P./:&! %)! :(H! 0QR1S#! I/! C:-)H! %CC,-,%/)! ;,/9,/>! ).! 6?.&6?.7<(:)%9! VWXR!

7%Y',7%&! 234DM2345! ?%)%7.9,=%7,N:),./! :&! E%((! OZ?:[7:;:7),! %)! :(H! 0QR"S#!

X'7)?%7=.7%H! -.B9%6(%),/>! 234D! :/9! 2345! 9.%&! /.)! ,/)%/&,C<! )?%! %CC%-)&! .C!

,/9,8,9':(!9%6(%),./&H! ,/9,-:),/>! )?:)!234D!:/9!2345!67.;:;(<!:-)! ).>%)?%7!:&!:!

-.=6(%J! ./! )?%! &:=%! ):7>%)! =$@A! OP./:&! %)! :(H! 0QR1T! 3%)N%! %)! :(H! 0QR1S#! I/!

-./)7:&)H!-.B9%6(%),/>!234F!:/9!234D!.7!2345!7%&'()&!,/!:!&</%7>,&),-!,/?,;,),./!

.C! @3+H! &'>>%&),/>! )?:)! 234F! ?:&! 6:7),:((<! 7%9'/9:/)! C'/-),./&! E,)?! )?%!

234DM2345! -.=6(%J! ,/! @3+! OP./:&! %)! :(H! 0QR1T! K'[%! %)! :(H! 0QQ5T! 3%)N%! %)! :(H!

0QR1S#! L?%7%C.7%H! )?%&%! .;&%78:),./&! &'66.7)! )?%! /.),./! )?:)! 234DM2345!

?%)%7.9,=%7!C.7=:),./!,&!/%-%&&:7<!C.7!C'/-),./:(!@3+#!!!!!

!
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0"!

!"#"$"%&'()%*+,%&'(-%./0%,1/21+32%4035*+1/4/%26%,078*,0%2*8702%49:;"%

1234!56&!6/! ,/6-),7%!8,/!9.:6,/!6/9! (6-;&!6/<!%/=<:6),-! 6-),7,)<! >3(676/!%)! 6(?!

0@@AB#!C%7%D)5%(%&&?!)%)5%D,/E!1234!).!6!D%F.D)%D!:$CG!D%&'()&!,/!9%ED696),./!.H!

)5%!D%F.D)%D!:$CG?!,/9,-6),/E!)56)!1234!-6/!,/9'-%!9%-6<!>I<;;%JG/9%D&%/!%)!6(?!

0@@@B#!K.L%7%D?!)5%!9%-6<!:%-56/,&:!'&%9!M<!1234!L6&!&),((!'/-(%6D#!G!FD%7,.'&!

&)'9<! &5.L%9! )56)! 1234! ,&! 6-),7%! ,/! )%)5%D,/E! 6&&6<&!M<! )D,EE%D,/E!9%-6FF,/E!.H!

)5%!:$CG!6/9!)56)! ,)&!6-),7,)<!L6&!9%F%/9%/)!./!N8OP!6/9!)5%!9%-6FF,/E! H6-).D!

8C$Q0!M')! ,/9%F%/9%/)!.H! 123R! >Q5.!%)! 6(?! 0@PSB#!K.L%7%D?!L.D;! HD.:!.'D! (6M!

&5.L%9!)56)!1234!./(<!FD.:.)%&!9%-6<!L5%/!-.J%TFD%&&%9!L,)5!123R!>U./6&!%)!

6(?! 0@PSV! N/)%D5.(=/%D! *! W=6'DD6(9%?! 0@@"B#! K%/-%! ).! 699D%&&! )5,&! 6FF6D%/)!

-./)D69,-),./?! W!:69%! '&%! .H! )5%!210J! M6&%9! )%)5%D,/E! &<&)%:! ).! )%&)!L5%)5%D! 6!

1234!:')6/)! )56)! H6,(&! ).!M,/9!123R!M')!&5.'(9!567%!D%)6,/%9! ,)&!6M,(,)<! ).!M,/9!

8C$Q0!6/9!N8OP?!-6/!&),((!9%ED69%!)6DE%)%9!:$CG#!!

!

XD,%H(<?!).!-./9'-)!)5,&!%TF%D,:%/)?!1234!6/9!,)&!:')6/)&!L%D%!-(./%9!).!567%!6/!

CJ)%D:,/6(! 210! )6E! H.((.L%9! M<! 6! K%:6EE('),/,/! >KGB! )6E! H.D! 9%)%-),./#! W! )5%/!

)D6/&,%/)(<!)D6/&H%-)%9!6!:,T)'D%!.H!)5D%%!F(6&:,9&!,/).!5':6/!KYZ0[S\!-%((&]!./%!

%/-.9%9! H.D! )5%! 210JKG! H'&,./! FD.)%,/?! 6/.)5%D! L6&! 6! D%F.D)%D! F(6&:,9! )56)!

%/-.9%9! H.D! )5%!^JE(.M,/!E%/%!L,)5!&,T!-.F,%&!.H! )5%!5,E5!6HH,/,)<!M,/9,/E!&,)%! H.D!

)5%!210! 7,D6(! -.6)! FD.)%,/! ,/! ,)&! S_N\$?! 6/9! 6! )D6/&H%-),./! -./)D.(! F(6&:,9! )56)!

%/-.9%&!H.D!)5%!^JE(.M,/!E%/%!L,)5!)5%!3G8+K!`$O!6/9!S_N\$!,/&%D)%9!6)!,)&!S_%/9!

>O,E'D%! 4B#! $CG! L6&! %T)D6-)%9! HD.:! )5%! -%((&! )L.! 96<&! F.&)J)D6/&H%-),./! 6/9!

6/6(<=%9!M<!C.D)5%D/!M(.)),/E#!

!

N/(,;%! )5%! -.:F(%:%/)6),./!6&&6<! )56)! D%(,%&!./! )5%!FD%&%/-%!.H! 6!8\Q! ,/! )5%!^J

E(.M,/! E%/%! ).! 6-),76)%!C2+! 6/9! )D,EE%D! 9%ED696),./! .H! )5%! D%F.D)%D!:$CG?! )5%!

)%)5%D,/E!6&&6<!D%(,%&!./!)5%!210!)6E!).!6D),H,-,6((<!D%-D',)!1234!.D!,)&!:')6/)&!).!

)5%! S_! N\$! .H! )5%! ^JE(.M,/! D%F.D)%D! :$CG! )56)! -./)6,/&! &,T! -.F,%&! .H! )5%! 210!

M,/9,/E!&,)%!).!)D,EE%D!9%-6<#!G&!%TF%-)%9?!L,(9!)<F%!210J1234!,/9'-%9!)5%!9%-6<!

.H!)5%!^JE(.M,/!D%F.D)%D!)56)!-./)6,/&!&,T!210JM,/9,/E!&,)%&!6)!,)&!S_JN\$!L5,(%!)5%!

)D6/&H%-),./! -./)D.(! L6&! '/6HH%-)%9?! &5.L,/E! )56)! )5%D%! L%D%! /.! /./J&F%-,H,-!

%HH%-)&! ,/9'-%9!M<!1234#!K.L%7%D?!L5%/!6!1234!:')6/)! )56)! H6,(&! ).!M,/9!123R!
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01!

23&!)%&)%45!,)&!4%-36!3-),7,)6!23&!/.)!-.89(%)%(6!3:.(,&;%4#!<;,&!&;.2&!);3)!=>?1!

3-),7,)6! ,&! ./(6!93@),3((6!4%9%/4%/)!./!=>?A!3/4! ,/4,-3)%&! );3)! =>?1!'),(,B%&! 3/!

3()%@/3),7%! 8%-;3/,&8! C.@! 8$DE! 4%-36#! <;%! 9.&&,:,(,)6! );3)! 4%-399,/F! ,&! );%!

3()%@/3),7%! 4%-36! 8%-;3/,&8! 3/4! @%(,%&! ./! GHIJ! 3/4! HD$K0! ).! )@,FF%@! 4%-36!

-3//.)!:%!%L-('4%4#!M.2%7%@5!);%!,/)%@3-),./!:%)2%%/!HD$K0!3/4!=>?1!-.'(4!/.)!

:%! @%-39,)'(3)%4! '/4%@! );%! -./4,),./&! '&%4! ,/! .'@! (3:5! N'%&),./,/F!2;%);%@! );,&!

,/)%@3-),./!,&!)@3/&,%/)!.@!,/4,@%-)5!9%@;39&!);@.'F;!GHIJ#!!!!!

!

!
!"#$%&' ()' *+,&-./"+' %&0%&1&2/./"32' 34' /,&' %&03%/&%' -5671' $1&8' "2' /,&' /&/,&%"2#'

.11.9:'

O.);!@%9.@)%@&!%/-.4%!);%!PQF(.:,/!F%/%#!<;%!).9!&-;%83),-!&;.2&!&,L!>=0!:,/4,/F!&,)%&!,/!

);%!RSG<$!);3)!C.@8!&%-./43@6!;3,@9,/!&)@'-)'@%&#!<;%!>=0!C'&,./!9@.)%,/!T>=0Q=>?1U!,&!

3@),C,-,3((6! @%-@',)%4! ).! );%! @%9.@)%@!8$DE!4'%! ).! );%! ;,F;! 3CC,/,)6! :,/4,/F! :%)2%%/! );%!

>=0!9@.)%,/!3/4!);%!&,L!:,/4,/F!&,)%&#!<;%!:.)).8!&-;%83),-!&;.2&!);%!-./)@.(!8$DE!);3)!

(3-V&! );%! &,L!>=0!:,/4,/F! &,)%&! :')! ,/&)%345! -./)3,/&! 3! C@3F8%/)! .C! );%!?EH+M!W$I! 3/4!

RSG<$!3C)%@!);%!PQF(.:,/!F%/%#!

!!

=>?A!4.%&!/.)!9.&&%&!3/6!/'-(%3&%!3-),7,)6!:')!9@%7,.'&!2.@V!&;.2%4!);3)!=>?A!

8%4,3)%&!8$DE!4%-36!TG/)%@;.(B/%@!*!XB3'@@3(4%5!0YY"U#!<;%@%C.@%5!).!,/7%&),F3)%!

);%!@%F,./!.C!=>?A!);3)!,&!@%&9./&,:(%!C.@!);,&!4%-365!X!834%!'&%!.C!);%!>=0Q:3&%4!

)%);%@,/F!&6&)%8#!X!)%&)%4!);%!3-),7,)6!.C!);%!DQ)%@8,/'&!.C!=>?A!);3)!,/-('4%&!);%!

J"QRQRQ(,V%! 4.83,/! 3/4!!Q;%(,-3(! 4.83,/5! 3/4! );%! 3-),7,)6! .C! );%! H@.(,/%Q@,-;! KQ

)%@8,/'&! THK! @%F,./U! TI,F'@%!AEU#! K./&,&)%/)!2,);!93&)! &)'4,%&5! );%! @%&'()&! X! ;34!

.:)3,/%4!&;.2%4!);3)!);%!HK!@%F,./!.C!=>?A!23&!@%N',@%4!3/4!&'CC,-,%/)!C.@!8$DE!

4%-36!TG/)%@;.(B/%@!*!XB3'@@3(4%5!0YY"U#!=,/-%!=>?A!'&%&!,)&!DQ)%@8,/'&!).!:,/4!

=>?1! 3/4! GHIJ5! );%! )%);%@,/F! @%&'()&! 3(&.! ,/4,-3)%4! );3)! =>?A! ,/4'-%&! 4%-36!

,/4%9%/4%/)(6!.C!=>?1!3/4!GHIJ!3/4!);'&5!);@.'F;!3!4,CC%@%/)!8%-;3/,&8#!!

!
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01!

23&)! &)'4,%&! &'55%&)%4! )63)! )6,&! 3()%7/3),8%! 9%-63/,&9! ,/4'-%4! :;! <=>?! ,&!
4%@%/4%/)! ./! )6%! 4%-3@@,/5! %/A;9%B! +C20! 3/4! )6%! DE!FE! %G./'-(%3&%B! H$IJ!
KL/)%76.(A/%7! *! MA3'773(4%B! 0NN"O#! P.Q%8%7B! Q6%)6%7! )6,&! Q3&! 3! 4,7%-)!
7%-7',)9%/)! .R! 4%-3@@,/5! R3-).7&! .7! 3! -./&%S'%/-%! .R! 4%34%/;(3),./! Q3&! ;%)!
'/T/.Q/#! P%/-%B! M!934%! '&%! .R! 3! 4.9,/3/)! /%53),8%! 3@@7.3-6! ).! @7.8,4%!9.7%!
,/&,56)! ,/).! <=>?! R'/-),./#! U6%! ,4%3! :%6,/4! )6,&! 3&&3;! Q3&! ).! .8%7V%G@7%&&! 3!
-3)3(;),-3((;! ,/3-),8%! 9')3/)! .R! +C20! ).! 4,&@(3-%! )6%! %/4.5%/.'&! +C20! R7.9!
4%-3@@,/5!-.9@(%G%&!3/4!7%/4%7!4%-3@@,/5!4;&R'/-),./3(! ,/!6'93/!-%((&!KW,5'7%!
1O#!MR!)6%!DE!FE!9$IX!4%-3;!@3)6Q3;!,&!%9@(.;%4!3/4!4%34%/;(3),./!.--'7&!Q6,(%!
4%-3@@,/5! ,&! 4;&R'/-),./3(B! 3/! 3--'9'(3),./! .R! 4%34%/;(3)%4! 9$IX! Q,((! :%!
4%)%-)%4!:;!I.7)6%7/!:(.)),/5!3&!3!R3&)%7!9,573),/5!&@%-,%&#!
!
L&,/5! )6,&! 3@@7.3-6! ).5%)6%7!Q,)6! )6%!=<0V)%)6%7,/5! 3&&3;B! M! &6.Q%4! )63)! <=>?!
7%(,%&! ./! 4%-3@@,/5! 3-),8,);! R.7! 4%-3;#! M/! )6%! @7%&%/-%! .R! <=>?B! )6%! YV5(.:,/V&,G!
=<0! :,/4,/5! &,)%&! 7%@.7)%7!9$IX! )63)! 3--'9'(3)%4! ,/! -%((&! ,/!Q6,-6! 4%-3@@,/5!
Q3&! :(.-T%4B! 9,573)%4! R3&)%7! )63/! )6%! -./)7.(#! U6,&! ,/4,-3)%&! )63)! )6%! 9$IX! ,&!
&6.7)%7! 3/4! @.&&,:(;! 4%34%/;(3)%4#! U.! -./R,79! )6,&B! M! )7%3)%4! )6%! 3--'9'(3)%4!
9$IX! Q,)6! )6%! $I3&%P! %/A;9%! )63)! -3)3(;A%&! $IX! -(%3835%! ,/! 3! +IXZ$IX!
4'@(%GB!,/!)6%!@7%&%/-%!.R!.(,5.!4U#!M/!)6%!3:&%/-%!.R!<=>?B!)6%!@.(;KXO!)3,(!.R!)6%!
7%@.7)%7! 9$IX! Q3&! :3&%V@3,7%4! Q,)6! 3/! .(,5.! 4U! 3/4! &':[%-)%4! ).! $I3&%P!
-(%3835%B! R.79,/5! )6%! R3&)%7V9,573),/5! 7%@.7)%7! 9$IX! )63)! ,&! 4%34%/;(3)%4#!
P.Q%8%7B! ,/! )6%! @7%&%/-%! .R! <=>?! .7! )6%! 2C! 7%5,./! .R! <=>?B! )6%! R3&)!9,573),/5!
R.79!.R!9$IX!4,4!/.)!-63/5%!9.:,(,);B!&'55%&),/5!)63)!,)!Q3&!,/4%%4!4%34%/;(3)%4!
3/4! ,/4,-3)%4! )63)! )6%! 2C! 7%5,./! .R! <=>?! ,/4'-%4! 4%-3;! :;! )7,55%7,/5!
4%34%/;(3),./! @7,.7! ).! 4%-3@@,/5#! C./8%7&%(;B! Q6%/! M! )%&)%4! <=>D! '&,/5! )6%!
4.9,/3/)!/%53),8%!3@@7.3-6B!)6%!7%@.7)%7!9$IX!3--'9'(3)%4!,/!3!@.(;4%/;(3)%4!
R.79#!U6,&!,9@(,%4!)63)!<=>D!-.'(4!9%4,3)%!9$IX!4%-3;!)67.'56!4%-3@@,/5!,/!)6%!
3:&%/-%!.R!4%34%/;(3),./#!!
!
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!
!"#$%&'()'*++$,-%.-"/0'/1'-2&'3%"04"3+&'5&2"06'-2&'6/7"0.0-'0&#.-"8&'&93&%"7&0-,'"0'

2$7.0'4&++,:''

23%!44$"5672!-.89(%:!,&!)3%!8;<.=!8;-3,/%=>!)3;)!?%;?%/>(;)%&!8$6@#!23%!-.89./%/)&!

.A! )3%! 44$"5672! -.89(%:! &3.B/! ,/! )3,&! A,C'=%! ;=%! )3%! )B.! %:./'-(%;&%&! 44$";DE! ;/?!

4@FGDH7H0! ;/?! )3%! .)3%=! -.=%! &'E'/,)&! 672GI! 6720I! 672JI! 672GK! ;/?! 672GG#! 23%!

?%-;99,/C! &)%9! ,&! E(.-L%?! E>! .M%=5%:9=%&&,/C! ;! -;);(>),-;((>! ,/;-),M%! +4H0!8');/)! )3;)!

)3%/!=%9(;-%&!)3%!%/?.C%/.'&!+4H0!%/N>8%!,/!?%-;99,/C!-.89(%:%&#!23%!-.89./%/)&!.A!

)3%!?%-;99,/C!-.89(%:!&3.B/!,/!)3,&!A,C'=%!;=%!+4HGI!O+4JI!O+4"!;/?!++PQ#!!

!

R/!-./-('&,./I!STUV!;/?!STU1!8%?,;)%!8$6@!?%-;>!)3=.'C3!?,&),/-)!8%-3;/,&8&!

B3%=%! STU1! )=,CC%=&! ?%;?%/>(;),./5?%9%/?%/)! ?%-;99,/C! ;/?! STUV! -;/! )=,CC%=!

?%-;99,/C!,/?%9%/?%/)(>!.A!?%;?%/>(;),./#!T>!?;);!-;//.)!%:-('?%!)3%!9.&&,E,(,)>!

)3;)!STUV!A'/-),./&!,/?%9%/?%/)(>!.A!STU1!!"#$!$%!;&!)3,&!-.'(?!E%!=%W',=%?!'/?%=!

&9%-,A,-!-./?,),./&!.=!-.'(?!E%!);=C%)!&9%-,A,-#!X.B%M%=I!STUV!;/?!H6$40!?.!/.)!

A.=8! ;! &);E(%! -.89(%:! (,L%! STUV! ;/?! STU1! ?.#! 23%! 9=%M,.'&! &)'?>! )3;)! 3;?!

9=.9.&%?! )3%! STUVYH6$40! 8.?%(! .E&%=M%?! )3;)! H6$40! ?%9(%),./! &'99=%&&%?!

STUV! ;-),M,)>! ,/! )%)3%=,/C! ;&&;>&#! 23,&! .E&%=M;),./! -.'(?! E%! %:9(;,/%?! E>! )3%!

,/3,E,),./! .A! ?%-;99,/C! '9./! H6$40! ?%9(%),./! ;&! H6$40! 3;&! 9=%M,.'&(>! E%%/!

&3.B/!).!&),8'(;)%!?%-;99,/C!;-),M,)>!Z[;,!%)!;(I!0KG0\#!23%=%A.=%I!)3,&!B.'(?!;C=%%!

B,)3!)3%!.E&%=M;),./&!8;?%!A=.8!%:9%=,8%/)&!R!3;?!-./?'-)%?!'&,/C!;!-;);(>),-;((>!

,/;-),M%!A.=8!.A!+4H0!).!,/3,E,)!?%-;99,/CI!9;=),;((>!;E.(,&3,/C!STUV!;-),M,)>#!!!!!

!
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!"#"$"%&'()%*+,*-./0%/1+%223!4567%,89:;+<%=.>%?.*+,/%.@/+*>,/.8@0%A./1%

B6BC"%

234,/5!6%)%78,/%6! )93)! :;<=!8%6,3)%&!6%36%/>(3),./?! @! /%A)!B3/)%6! ).! ,6%/),C>!

D.)%/),3(! ,/)%73-),./! D37)/%7&! .C! :;<=#! E.! )9,&! %/6?! @! 836%! '&%! .C! 3! 5(.F3(!

D7.)%.8,-&! 3DD7.3-9! -3((%6! )9%! E3/6%8! GCC,/,)>! H'7,C,-3),./! IEGHJ! 8%)9.6! ).!

,6%/),C>!3/>!,/)%73-),./&!F%)B%%/!:;<=!3/6!8$KG!6%-3>!-.8D./%/)&#!@!%AD7%&&%6!

)9%! HL! 7%5,./! .C! :;<=! IM,5'7%! =GJ! 3&! 3! C'&,./! D7.)%,/! B,)9! 3! H7.)%,/! G! )35?! 3!

H7%-,&&,./!H7.)%3&%!-(%3435%!&,)%!C.((.B%6!F>!3!:)7%D)34,6,/!F,/6,/5!D%D),6%!I:NHJ!

)35! ,/! 2OP0QRE! -%((&#! E9%! -%((&! B%7%! )9%/! 9374%&)%6! 3/6! )9%! -%((! (>&3)%&! B%7%!

&'FS%-)%6!).!)B.!7.'/6&!.C!3CC,/,)>!D'7,C,-3),./!'&,/5!)9%!H7.)%,/!G!)35!3/6!)9%!:NH!

)35! -./&%-'),4%(>#! E9%! D7.)%,/&! &),((! F.'/6! ).! )9%! HL! 7%5,./! .C! :;<=!B%7%! )9%/!

,6%/),C,%6! F>!83&&! &D%-)7.8%)7>#! $%837T3F(>?! 3((! )%/! &'F'/,)&! .C! )9%! LL$"UKVE!

-.8D(%A! B%7%! ,6%/),C,%6#! M'7)9%78.7%?! )9%&%! B%7%! )9%! ./(>! 6%-3>! -.8D./%/)&!

,6%/),C,%6! 3&! HG$K! .7! )9%! HGK0UHGKR! -.8D(%A! B3&! 3F&%/)?! )9'&! &9.B,/5!

&D%-,C,-,)>!.C!)9%!,/)%73-),./&#!!!
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!

D.E-*+%)F%&,1+9>/.,%*+:*+0+@/>/.8@%8G%:*8/+.@%?89>.@%8*E>@.0>/.8@"%%

GJ! :;<=! 3/6! )9%! )7'/-3)%6! 8')3/)&! )%&)%6! 6'7,/5! )9,&! &)'6>#! WHLX! E9%! KU)%78,/'&! .C!

:;<=! )93)! -./&,&)&! .C! )9%! Y"URURU(,T%! 6.83,/?! ZU9%(,-3(! 6.83,/! 3/6! (,/T%7! 7%5,./#! HLX!

H7.(,/%!7,-9!LU)%78,/'&#!!

NJ!HVH0!3/6!,)&!D373(.5!LGMY#!+O++X!)9%!&,/5(%!6.83,/!)93)!937F.'7&!)9%!+O++!/'-(%3&%!

8.),C!7%&D./&,F(%!C.7!-3)3(>),-!3-),4,)>#!LX!LU)%78,/'&!)93)!-./C%7&!8.&)!6,4%7&,)>!F%)B%%/!

)9%!D373(.5&#!!K'8F%7&!3F.4%!,/6,-3)%!)9%!38,/.!3-,6!/'8F%7&#!!

!

@/!.76%7! ).!43(,63)%! )9%! ,/)%73-),./&! C.'/6?! @! -.U%AD7%&&%6!:NHU)355%6! C'((! (%/5)9!

:;<=! ).5%)9%7! B,)9! %3-9! ,/6,4,6'3(! -.8D./%/)! .C! )9%! LL$"UKVE! -.8D(%A! 3/6!
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-./2,34! 5/! ,/)%35-),./! 6%)7%%/! 89:;! 5/<! =>?@AB! 5(&.! -5((%<! C?C0B! ./%! .2! )D%!

-5)5(E),-! &'6'/,)&! .2! )D%! ==$"F>?@! -.4G(%H#! @D,&! 3%&'()! ,/<,-5)%<! )D5)! )D%! 8IC!

G'((<.7/!5&&5E&!<%)%-)!6,/53E!,/)%35-),./&#!J'3)D%34.3%B!)D%!.)D%3!&'6'/,)&!7%3%!

/.)! ,<%/),2,%<! G.&&,6(E! <'%! ).! )D%! (5-K! .2! %/<.L%/.'&! C?C0! ).! 63,<L%! )D%!

,/)%35-),./! 6%)7%%/! .M%3F%HG3%&&%<! 89:;! 5/<! )D%! .)D%3! &'6'/,)&#! N! 2'3)D%3!

M5(,<5)%<! )D,&! ,/)%35-),./! 6E! -./<'-),/L! 89:;! G'((<.7/! 5&&5E&! ).! ,<%/),2E!

%/<.L%/.'&(E!%HG3%&&%<!C?C0!'&,/L!C?C0F&G%-,2,-!5/),6.<,%&#!O<<,),./5((EB!)D%&%!

%HG%3,4%/)&! ,/<,-5)%! )D5)! )D,&! ,/)%35-),./! ,&! 5! G3.)%,/PG3.)%,/! ,/)%35-),./! 5/<! ,&!
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<.7/#!!!!

!

!"#"!"$%&'($)*+,-*.*/012+$3435$6-7.$89:#$1;-7<=;$1;2*-$,010>?1*,$)7.0*/+$

N/!D'45/!-%((&B!)7.!G535(.L!G3.)%,/&!%H,&)!C?C0!5/<!=OJQR!)D%E!53%!&,/L(%!<.45,/!

G3.)%,/&!)D5)!5<.G)!5/!$>5&%F+!(,K%!2.(<!5/<!&D53%!5/!.M%35((!&%S'%/-%!,<%/),)E!.2!
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<%)%34,/%! )D%! 65&,&! 2.3! )D,&! <,&-3,4,/5),./B! :8@FG'((<.7/! %HG%3,4%/)&! 7%3%!
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'/,2.34(E! %HG3%&&%<! <'3,/L! 635,/! <%M%(.G4%/)! 7D,(%! )D%! %HG3%&&,./! (%M%(&! .2!
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O.!'/;%=&)5/;!)4%!&%(%-),J,)A!.<!:EHI6!P!%?5B,/%;!)4%!>5=5(.F&6!KLK7!5/;!3GM86!,/!

F=%5)%=! ;%)5,(#! O4%! B5,/! ;,&>5=,)A! @%)N%%/! KLK7! 5/;! 3GM8! (,%&! ,/! )4%! &4.=)! 3C
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'&%! .<! !"# $%&'! %?>=%&&%;! =%-.B@,/5/)! H:OC)5FF%;! ;%(%),./! -./&)='-)&! ).! -./;'-)!

H:OC>'((;.N/! %?>%=,B%/)&#! O4%! =%&'()&! &4.N%;! )45)! )4%! K3! =%F,./! .<! :EHI!

,/)%=5-)%;!N,)4!)4%!-5)5(A),-!;.B5,/!.<!KLK7!N,)4!)4%!&5B%!,/)%/&,)A!=%F5=;(%&&!.<!

N4%)4%=!)4%!<(5/T,/F!&%U'%/-%&!N%=%!>=%&%/)!.=!/.)#!O4%!-5)5(A),-!;.B5,/!.<!KLK7!

,&!T/.N/!).!,/)%=5-)!N,)4!)4%!5/),C>=.(,<%=5),J%!>=.)%,/!OLQ!5/;!.)4%=!-.B>./%/)&!

.<! )4%! 33$"CDLO! -.B>(%?! /5B%(A6! 3DLO8! 5/;! 33$"! &,B'()5/%.'&(A! N,)4.')!

.J%=(5>>,/F! @,/;,/F! &'=<5-%&! 2R.=,'-4,! %)! 5(6! 711VW! X5'! %)! 5(6! 711VW! K%),)! %)! 5(6!

7187W! O%BB%! %)! 5(6! 71819#! P/! <5-)6! &)='-)'=5(! &)';,%&! 45J%! =%J%5(%;! )4%! -=,),-5(!

=%&,;'%&!)45)!B%;,5)%!)4%!J5=,.'&!,/)%=5-),./&!,/!)4%!-5)5(A),-!;.B5,/#!:,/-%!:EHI!

@,/;&!)4%!-5)5(A),-!;.B5,/!5&!N%((6!P!;%)%=B,/%;!N4%)4%=!:EHI!@,/;,/F!;,&>(5-%&!

5/A! .<! )4%! .)4%=! ,/)%=5-),./! >5=)/%=&! .<! KLK7#! Y&,/F! ,BB'/.>=%-,>,)5),./!

%?>%=,B%/)&6!P!&4.N%;!)45)!KLK7!>.,/)!B')5/)&!N4,-4!<5,(%;!).!@,/;!3DLO86!33$"!

5/;!OLQ!45;!/.!%<<%-)!./!:EHI!@,/;,/F#!O4,&!,/;,-5)%&!)45)!)4%!@,/;,/F!&'=<5-%!.<!

:EHI! ./! KLK7! ;.%&! /.)! .J%=(5>! N,)4! 5/A! >=%J,.'&(A! -45=5-)%=,S%;! &'=<5-%&!

=%U',=%;! <.=!3DLO8!.=!33$"5Z@!@,/;,/F#!O4,&! <,/;,/F!4%/-%!5F=%%&!N,)4!)4%!OGK!

)5F! =%&'()&! )45)! 45;! ,;%/),<,%;! 5((! -.B>./%/)&! .<! )4%! 33$"CDLO! -.B>(%?! 5/;!

&'>>.=)&!)4%!,;%5!)45)!:EHI!;.%&!/.)!@,/;!).!<=%%!KLK7!,/!)4%!-%((!@')!=%-=',)&!)4%!

N4.(%!;%5;%/A(5),./!-.B>(%?#!!
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2/!344,),./5!6789!:3&!;.'/4!/.)!).!-.<=%)%!:,)>!)>%!3/),=?.(,;%?3),@%!=?.)%,/!ABC!

;.?! D,/4,/E! &'?;3-%5! ,/4,-3),/E! )>3)! FBFG! -3/! D,/4! D.)>! ABC! 3/4! 6789!

&,<'()3/%.'&(H#! F?%@,.'&! &)'4,%&! >3@%! 4%<./&)?3)%4! )>3)! -.<=(%I! ;.?<3),./!

D%):%%/!ABC! 3/4!FBFGJKLM15! ,&! -?'-,3(! ;.?! %I>,D,),/E! 3! &)?./E! 3/),=?.(,;%?3),@%!

3-),@,)H!N+.,4E%!%)!3(5!GO1G3P!Q.?,'->,!%)!3(5!GOORS#!Q%/-%5!)>%!,/)%?3-),./!D%):%%/!

6789!3/4!FBFG!<3H!/.)!./(H!D?,4E%!T7+!).!4%34%/H(3),./!3/4!<$TL!4%-3H5!D')!
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KK$"WTBA!-.<=(%I5!3!<.?%!%;;,-,%/)!4%=(%),./!N\1O[S!:.'(4!>3@%!D%%/!/%%4%4!).!
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4.<,/3/)! /%E3),@%! 3==?.3->! :3&! '&%4! 3&! 4%&-?,D%4! D%;.?%! NM,E'?%! ]S! :,)>! )>%!
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!
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&)?3,E>);.?:3?4#! 6789! .?! FK! )%)>%?,/E! :>,(%! .@%?W%I=?%&&,/E! )>%! FBFG! <')3/)!



!

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

!

01!
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3%-4B!,/!;D+#!!

!

!"#"$"%&'(%)*%+(,-./%.0%1234%-5%+(67-+(8%0.+%92:%-/%;'(%<=5(/>(%.0%123$"%%

A/%!.7!)8%!.9%/!N'%&),./&!,/!)8%!7,%(3!)84)!84&!/%I%2!5%%/!4332%&&%3!92,.2!).!:B!

@8+!>4&!>8%)8%2! )8%! @G! 2%?,./! .7! CDEF! ,&! ,:9.2)4/)! 7.2! 7'/-),./4(! ;D+#! +4)4!

72.:!.'2! (45!4/3!.)8%2&!84I%!&8.>/!)84)! )8%!;O)%2:,/'&!.7!CDEF! ,&! 2%&9./&,5(%!

7.2!5,/3,/?!).!S@ZT!4/3!2%-2',),/?!CDEF!).!)8%!&'2I%,((4/-%!-.:9(%P!UZ'J'8424!%)!
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1(2! 34456! 78/,&8,! %)! 1(2! 34409#! :(&.2! )8;.'<8! ,)&! =>)%;?,/'&2! @ABC! D.;?&! 1!

8%)%;.E,?%;!F,)8!@AB5!)81)!,&!;%G',;%E!D.;!)8%!E%H8.&H8.;I(1),./!.D!JKLM2!1!N%I!

%O%/)!)81)!E;,O%&!=A+!P:/E%;&!%)!1(2!34406!78/,&8,!%)!1(2!34406!K1<%!%)!1(2!MQQQ9#!

R%/-%2!).!E%)%;?,/%!,D!=A+!,&!D'/-),./1(!F,)8.')!)8%!1-),O%!KS!;%<,./!.D!@ABC2!1!

@ABC!?')1/)!(1-N,/<!)8%!KS!;%<,./!F1&!%T1?,/%E!D.;!,)&!1U,(,)I!).!;%&-'%!=A+!,/!

-.?H(%?%/)1),./! %TH%;,?%/)&#! V;,%D(I2! W! ?1E%! '&%! .D! 1/! &8$=:! )81)! )1;<%)&! )8%!

@ABC!7$L!).!E%H(%)%!%/E.<%/.'&!@ABC!,/!R%X1!-%((&2!F8,-8!-./&),)'),O%(I!%TH;%&&!

)8%! Y><(.U,/! =A+! ;%H.;)%;#! :)! )8%! &1?%! ),?%2! W! .O%;>%TH;%&&%E! &8$=:>;%&,&)1/)!

O%;&,./&! .D! @ABC! ).! -.?H(%?%/)! )8%! @ABC!E%H(%),./#! J/%TH%-)%E(I2! )8%!?')1/)!

F1&! &'DD,-,%/)! ).! ;%&).;%! =A+2! -./-('E,/<! )81)! )8%! KS! ;%<,./! .D! @ABC! F1&! /.)!

;%G',;%E! ).! E%<;1E%! )8%! KZS! -./)1,/,/<! Y><(.U,/! ;%H.;)%;! ?$=:#! R.F%O%;2! 1&!

?%/),./%E!U%D.;%2!@AB[!,&!1U(%!).!H1;),1((I!-.?H%/&1)%!D.;!@ABC!E%D,-,%/-I!P\./1&!

%)! 1(2! 34M06!A%)]%! %)! 1(2! 34M09#! R%/-%2! UI! ;%H%1),/<! )8%! %TH%;,?%/)&! ,/! -%((&! -.>

E%H(%)%E!.D!@AB[!1/E!@ABC2!W!&8.F%E!)81)!)8%!=>)%;?,/'&!1(./%!D1,(%E!).!;%&-'%!

=A+!1/E!)8%;%D.;%!,/D%;&!)81)!D'/-),./1(!=A+!;%G',;%&!)8%!KS!;%<,./!.D!@ABC!,/!

)8%!1U&%/-%!.D!@AB[#!!

!

!"#"$"%&'(%)*+(%*,%-./$%01%012(3425%6+7142%718%9(724"%

Z8%! @AB! H;.)%,/&!F%;%! D,;&)! ,E%/),D,%E! ,/!!"# $%$&'()! 1&! &'HH;%&&.;&! .D! /./&%/&%!

?')1),./&! ,/! 1! F,E%! O1;,%)I! .D! <%/%&2! -./);.((,/<! .O%;1((! U.EI! &81H%! 1/E! &%T!

E%)%;?,/1),./! PR.E<N,/! %)! 1(2! MQ^Q9#! _O%/! )8.'<8! =A+! ,&! /.)! %&&%/),1(! ,/!

/%?1).E%&2! (.&&>.D>D'/-),./! 1((%(%&! .D! )*&! <%/%&!F%;%! &8.F/! ).! %(,?,/1)%! =A+2!

)8'&!H;%O%/),/<!)8%!E%<;1E1),./!.D!?$=:!-./)1,/,/<!/./&%/&%!?')1),./&!PS1(,!%)!

1(2!MQQQ6!K'(1N!*!:/E%;&./2!MQQ09#!@,/-%!)8%,;!D,;&)!,E%/),D,-1),./2!@AB52!@AB[!1/E!

@ABC! 81O%! U%%/! D.'/E! ).! U%! 8,<8(I! -./&%;O%E! ,/!?.&)!?'(),>-%(('(1;! .;<1/,&?&!

PV%8?>:/&?1/)!%)!1(2!344CU9#!+';,/<!?I!K8+2!W!&8.F%E!)81)!=A+!,/!8'?1/!-%((&!

;%(,%&!./!E%1E%/I(1),./>E%H%/E%/)!E%-1HH,/<!?%E,1)%E!UI!@ABC2!1!H;.-%&&!)81)!,&!

%&&%/),1(!D.;!=A+!,/!)8%!1U&%/-%!.D!@AB[#!W/!-./);1&)!).!)8%!;%H.;)&!D;.?!S8.!%)#!

1(#! P34M09!F8.! &8.F%E! )81)! @AB5! D'/-),./&! ,/E%H%/E%/)(I! .D! @ABC2!?I! &)'E,%&!

E%?./&);1)%E!)8%!/%-%&&,)I!D.;!E,?%;!D.;?1),./!U%)F%%/!)8%!%DD%-).;&!@AB5!1/E!
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1234!5.6!7!5'/-),./7(!82+!9%-:7/,&9#!;:,&!<,9%6,=7),./!:7&!7(&.!>%%/!?6%@,.'&(A!

.>&%6@%<!>A!B./7&!%)!7(#!CDEF0G#!!

!

H:,(%!1234!?(7A&!7/!,9?.6)7/)!6.(%!,/!97997(,7/!-%((&I!7!1234!:.9.(.J!:7&!/.)!

>%%/! ,<%/),5,%<! ,/!!"#$#%&'()#! ;:,&! 67,&%&! K'%&),./&! 7&! ).! :.L! 82+! )76J%)&! 76%!

<%J67<%<!,/!):,&!.6J7/,&9#!+%?(%),./!%M?%6,9%/)&!:7@%!<%)%69,/%<!):7)!!*!123N!

7/<! !*! 123O! 76%! %&&%/),7(! 5.6! 82+! C37)5,%(<! %)! 7(I! DEE0GI! 7/<! 6%(A! ./! ):%!

%/<./'-(%.(A),-! 7-),@,)A! .5! 123O! 5.6! 82+P)76J%)%<! 9$8Q! <%-7A! C37)5,%(<! *!

R=7'667(<%I!DEE"S!T'/)=,/J%6!%)!7(I!DEEUG#!V,W%!+$!123NI!):%!X,/!<.97,/!,/!):%!YP

)%69,/'&! .5! !*! 123N! 7<.?)&! 7! X,/P(,W%! 5.(<! C3(7@7/! %)! 7(I! DEEOG#! T.L%@%6! ,)&!

7-),@%! &,)%! ,&! ,9?7,6%<I! 7&! ):%! 6%&,<'%&! 6%K',6%<! 5.6! 7-),@,)A! 76%! /.)! -./&%6@%<#!

;:%6%5.6%! ):%! K'%&),./! 76,&%&Z! L:7)! ,&! ):%! 6.(%! .5! 123N! ,/! !"#$#%&'()! -%((&[!

X6%@,.'&! L.6W! &'JJ%&)&! ):7)! 82+! &'>&)67)%&! ,/! !"#$#%&'()! 76%! '/(,W%(A! ).! >%!

<%J67<%<!>A!<%-7??,/J!.6!<%7<%/A(7),./!C37)5,%(<!*!R=7'667(<%I!DEE"G#!T%/-%!):%!

?.&&,>,(,)A! ):7)!!*! 123N! 5'(5,(&! ):%! 6.(%!.5!+$! 1234!>A! ,/,),7),/J!<%7<%/A(7),./P

<%?%/<%/)!<%-7??,/J! ,&! '/(,W%(A#! X6%@,.'&!L.6W!:7@%! 7(&.!<%9./&)67)%<! ):7)!+$!

123NZ1234!:%)%6.<,9%6,=7),./!,&!6%K',6%<!5.6!%55,-,%/)!>,/<,/J!).!?:.&?:.6A(7)%<!

+$! \X]FI!L:,-:! ,/,),7)%&! ):%! ,66%@%6&,>(%! <%J67<7),./! ?6.-%&&! CY:7W67>76),! %)! 7(I!

DEF"S!B./7&!%)!7(I!DEF0S!^:/,&:,!%)!7(I!DEE0G#!R5!1234!<.%&!/.)!%M,&)!,/!!"#$#%&'()I!

:.L!,&!!*!123N!6%-6',)%<!).!):%!82+!-.9?(%M[!R/!,-./(/0)1$!7/<!9%)7=.7I!123N!

:7&! >%%/! &:.L/! ).! 6%-6',)! ):%! ?6.)%,/! ?:.&?:7)7&%! DQ! 6%K',6%<! 5.6! \X]F!

<%?:.&?:.6A(7),./!CQ/<%6&!%)!7(I!DEE0S!^:/,&:,!%)!7(I!DEE0G#!T.L%@%6I!%@,<%/-%!).!

&'??.6)! ):,&! 6.(%! ,/!!"#$#%&'()! -%((&! ,&! (7-W,/J#! R/! (,J:)! .5! ):%&%! .?%/! K'%&),./&I!

>,.-:%9,-7(! -:767-)%6,=7),./! .5! !*! 123N! ,&! 6%K',6%<! ).! 5'((A! '/<%6&)7/<! :.L!

82+!5'/-),./&!,/!):%!7>&%/-%!.5!1234!,/!!"#$#%&'()#!!

!

H:,(%!!"#$#%&'()!./(A!:7&!123N!7/<!123OI!,/!?(7/)&!1234!,&!):%!./(A!123!?6.)%,/!

5.'/<#! R/! 6,-%! C^6A=7! &7),@7G! 7! &,/J(%! J%/%! %/-.<%&! 1234!L:,(%! ,/! .):%6! ?(7/)&I!

1234! ,&! <'?(,-7)%<! &%@%67(! ),9%&! ,/! ):%! J%/.9%! C_%/W.@,-&! %)! 7(I! DEFFG#!

2")3'4#%$'$! 5&)(')1)! -./)7,/&! )L.! 1234! :.9.(.J&! CW/.L/! 7&! 1234! 7/<! 1234P

(,W%I! 1234VG! L:,(%! ):%! J67?%@,/%! 6'5'$. 7'1'8/")! :7&! >%%/! 5.'/<! ).! -./)7,/! ):6%%!

:.9.(.J&I! )L.! -.?,%&! .5! 1234! 7/<! ./%! -.?A! .5! 1234V! C_%/W.@,-&! %)! 7(I! DEFFS!
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$,%2&!%)!3(4!56678#!9)!23&!:%%/!&2.;/!)23)!.<!)2%!);.!=>?@!A%/%&!<.'/B!,/!C(3/)&4!

./(D! =>?@! :')! /.)! =>?@E4! 23&! -./&%FG%B! ,)&! <'/-),./! ,/! H>+! IJ%/K.G,-&! %)! 3(4!

56LLM!$,%2&! %)! 3(4! 56678#!N2,&!;3&!B%)%FO,/%B!:D!.:&%FG,/A! )2%! 3--'O'(3),./!.<!

PNQR-./)3,/,/A! )F3/&-F,C)&! ,/! C(3/)&! B%<,-,%/)! .<! =>?@#! SBB,),./3((D4! )%)2%F,/A!!"#

$%&%'()*! =>?@! ).! 3! F%C.F)%F! O$HS! F%&'()%B! ,/! F3C,B! B%-3D! .<! )2%! )3FA%)4!

B%O./&)F3),/A! -./&%FG3),./! .<! =>?@! <'/-),./! ,/! H>+R)3FA%)! B%AF3B3),./!

IJ%/K.G,-&!%)!3(4!56LL8#!H%G%F)2%(%&&4! )2%!O%-23/,&O!)23)!=>?@!'&%&! ).!B%AF3B%!

H>+! )3FA%)! )F3/&-F,C)&! ,/! C(3/)&! 23&! /.)! :%%/! ;%((! &)'B,%B4! (%3G,/A! .C%/! )2%!

T'%&),./! .<! ;2%)2%F! =>?@! %OC(.D&! B%3B%/D(3),./RB%C%/B%/)! B%-3CC,/A! <.F!

O$HS!B%-3D!,/!C(3/)&#!9/!3BB,),./4!,)!,&!&),((!'/-(%3F!;23)!)2%!<'/-),./!.<!=>?@E!,&!

3/B!;2%)2%F!,)!23&!A3,/%B!3!/%;!<'/-),./!)2F.'A2!%G.('),./#!9/!+)*,%-./0%04!=>?@!

23&!:%%/!B%&-F,:%B! ).!C(3D! 3/!3BB,),./3(! F.(%! ,/! F%A'(3),/A! )2%!O%,.),-! -%((! -D-(%!

I$,%2&! %)! 3(4! 56678#!+)*,%-./0%0! C(3/)&! B%C(%)%B! .<! =>?@! 3F%! <'((D! &)%F,(%4! 3&! )2%!

3/3C23&%R)%(.C23&%!)F3/&,),./!,/!)2%!&%-./B!O%,.),-!B,G,&,./!-3//.)!:%!-.OC(%)%B!

I$,%2&!%)!3(4!56678#!!!

!

=>?@!2.O.(.A&!;%F%! ,B%/),<,%B! ,/! C(3/)&! :D! &%T'%/-%! 2.O.(.AD! ).! )2%! :'BB,/A!

D%3&)! U&)LC! IUG%F! &2.F)%F! )%(.O%F%&! L84! ;2,-2! ,&! 3! &':'/,)! .<! )2%! )%(.O%F3&%!

2.(.%/VDO%!I$,%2&!%)!3(4!56678#!9/!D%3&)4!)2%F%!3F%!)2F%%!.F)2.(.A&!.<!U&)LC!/3O%B!

U&)LS4! U&)LJ! 3/B! U&)LQ4!;2,-2! 23G%! :%%/! <.'/B! ).! :%! 2.O.(.A.'&! ).!O%)3V.3/!

=>?W4! =>?1! 3/B! =>?@4! F%&C%-),G%(D#! X.;%G%F4! ;2%)2%F! )2%! U&)LC! CF.)%,/&!

<'/-),./!,/!H>+!,&!&),((!'/-(%3F#!Y%)!,)!,&!/.)3:(%!)23)!10!=>?W!O3D!23G%!-./&%FG%B!

3/!3BB,),./3(! <'/-),./!B,&),/-)! <F.O!H>+!,/! )%(.O%F%!F%A'(3),./!I$%,-2%/:3-2!%)!

3(4!56608#! 9/!D%3&)4! );.!C3F3(.A!CF.)%,/&!%Z,&)4!U&)LC!3/B!U:&LC!3/B!B%C(%),./!.<!

%,)2%F!CF.)%,/! (%3B&!).!)%(.O%F%!&2.F)%/,/A!IE'K%!%)!3(4!566@8#!=%T'%/-%!3/3(D&,&!

&'AA%&)&!)23)!U:&LC!23&!3!&,O,(3F!B.O3,/!.FA3/,&3),./!).!10!=>?@!3/B!B%C(%),./!

%ZC%F,O%/)&!23G%! &2.;/!U:&LC! ).!:%! 3!O%O:%F!.<! )2%!H>+!O3-2,/%FD! ,/! D%3&)!

IE'K%!%)!3(4!566@8#!X.;%G%F4!)2,&!F3,&%&!O.F%!T'%&),./&!)23/!,)!3/&;%F&#!X.;!B.%&!

U:&LC!-./)F,:')%!).!H>+!3/B!,&!,)!F%-F',)%B!).!)2%!H>+!-.OC(%Z[!9/!D%3&)4!\P]L!

23&!:%%/!&2.;/!).!F%-F',)! )2%!B%-3CC,/A!%/VDO%!+QP5!3/B!B%-3CC,/A!-.R<3-).F&!

U+Q0! 3/B! P3)L! ).! 3-2,%G%! -.OC(%)%! B%AF3B3),./! .<! H>+R)3FA%)! O$HS&! IX%! *!

^3-.:&./4! L__1M! =;,&2%F! *! P3FK%F4! 56LL8#! S(&.4! ;2,(%! ,/! 2'O3/! -%((&!
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23.&23.45(6)%7! 89:;! ,&! 4%<',4%7! ).! 4%-4',)! )3%! =>?! 24.)%,/&@! )3%4%! ,&! 6! (6-A! .B!

%C,7%/-%! ).! &3.D! )36)! )3%4%! ,&! 6! &,E,(64! 4%<',4%E%/)! ,/! 5%6&)#! F/! B6-)@! ,)! ,&! &),((!

'/-(%64!D3%)3%4!5%6&)!89:;!'/7%4G.%&!23.&23.45(6),./!6&!/.!62264%/)!B'/-),./6(!

3.E.(.G! .B! )3%! =>?;! A,/6&%! 36&! H%%/! ,7%/),B,%7! ,/! )3,&! .4G6/,&E#! F/7%%7@! )3%!

24%-,&%!E%-36/,&E!.B!IH&;2!B'/-),./!,/!J>+!,&!'/-(%64!6/7!D.'(7!3%/-%!4%<',4%!

B'4)3%4!,/C%&),G6),./#!!!!!!

!

!"#"$"%&'()*+*,-./%0'12*/-303%'045.6'+%76%,2'%89&%4*,2:*6"%

J>+! ,/! C%4)%H46)%&! %E2(.5&! E'(),2(%! 7%-65! E%-36/,&E&! ).! %/&'4%! )64G%)%7!

E$JK&! 64%! %BB,-,%/)(5! 7%G467%7#! L3%&%!E%-36/,&E&! ,/-('7%! )3%! %/7./'-(%.(5),-!

6-),C,)5!.B!=>?1!)36)!-(%6C%&!)3%!6H%446/)!E$JK!,/!)3%!C,-,/,)5!.B!)3%!9LM!NIH%4(%!

%)! 6(@! OPPQR! ?6)B,%(7! *! FS6'446(7%@! OPP"R! T'/)S,/G%4! %)! 6(@! OPPUV@! 6/7! )3%! WX!0X!

E$JK!7%-65! )36)!%/-.E26&&%&!7%67%/5(6),./!6/7!7%-622,/G! N:,G'4%!UV! NM3%/!*!

=35'@!OPP0R!Y%Z%'/%!%)!6(@!OPP0V#!=)'7,%&!).!&3.D!)3%!%/G6G%E%/)!.B!7%67%/5(6),./!

6/7! 7%-622,/G! ,/! J>+! 76)%! H6-A! .C%4! )%/! 5%64&! 6/7! 5%)@! %C,7%/-%! B.4! 7,4%-)!

4%-4',)E%/)!.B!)3%!/'-(%6&%&!4%&2./&,H(%!B.4!)3%&%!%BB%-)&!36C%!H%%/!(6-A,/G!NM3%/!

*!=35'@!OPP0R!Y%Z%'/%!%)!6(@!OPP0R!Y5AA%[K/7%4&%/@!OPPOV#!\3,(%!=>?W!6/7!=>?]!

7.!/.)!2.&&%&&! 6/5!/'-(%6&%! 6-),C,)5@! %^2%4,E%/)6(! %C,7%/-%!36C%! &'GG%&)%7! )36)!

)3%! =>?W_=>?]! 3%)%4.7,E%4! ,&! E6,/(5! 4%&2./&,H(%! B.4! 4%-4',),/G! )3%! G%/%46(!

E$JK! 7%-65! %/S5E%&! N8/)%43.(S/%4! *! FS6'446(7%@! OPP"V#! $%-%/)! &)'7,%&! 36C%!

24%&%/)%7!9J$MO!6&!)3%!E,&&,/G!(,/A!H%)D%%/!J>+!%BB%-).4!=>?W!6/7!7%-622,/G!

-.[B6-).4!+M9;6!NM3.!%)!6(@!OP;0R!M3.!%)!6(@!OPPQV#! F/!-./)46&)! ).! )3,&@! )3%!4%&'()&!

.H)6,/%7!7'4,/G!E5!7.-).46(!&)'7,%&!&'GG%&)!)36)!=>?W!6/7!9J$MO!7.!/.)!B.4E!6!

&)6H(%!-.E2(%^#!`%)@!)3%!2.&&,H,(,)5!)36)!=>?W!E65!B'/-),./!,/7%2%/7%/)(5!.B!=>?]!

'/7%4!&2%-,B,-!-./7,),./&!.4!B.4!&2%-,B,-!)64G%)&!-6//.)!H%!%^-('7%7#!:'4)3%4E.4%@!

=>?W! B'/-),./! 4%(,%&! ./! 7%-622,/G! 6&! 6! -6)6(5),-6((5! ,/6-),C%! +M9O! E')6/)!

24%C%/)&!=>?W[E%7,6)%7!7%-65#!=.!7.%&!=>?W!7,4%-)(5!4%-4',)!6/.)3%4!7%-622,/G!

B6-).4!.4!,/7,4%-)(5!)34.'G3!6/!'/,7%/),B,%7!24.)%,/a!\3,(%!7%-622,/G!,&!/.4E6((5!

-.'2(%7!).!6/7!E65!.--'4!6&!6!-./&%<'%/-%!.B!7%67%/5(6),./@!89:;!36&!24%C,.'&(5!

H%%/! &3.D/! ).! 4%-4',)! )3%! 7%-622,/G! B6-).4&! +M9;@! +M9O! 6/7! 9J$MO! ).! J>+!

)64G%)&!,/7%2%/7%/)(5!.B!7%67%/5(6),./!NM3.!%)!6(@!OPPQR!Y6,!%)!6(@!OP;OR!Y%Z%'/%!%)!
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4%C',4%E! ).! <%E,3)%! FGHI8J:JK! M,/E,/D#! J.&)8)43/&(3),./3(! <.E,5,-3),./&! =(3B!
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The SMG5–SMG7 heterodimer directly
recruits the CCR4–NOT deadenylase
complex to mRNAs containing nonsense
codons via interaction with POP2

Belinda Loh, Stefanie Jonas, and Elisa Izaurralde1

Department of Biochemistry, Max Planck Institute for Developmental Biology, 72076 Tübingen, Germany

Nonsense-mediated mRNA decay (NMD) is a eukaryotic quality control mechanism that detects aberrant mRNAs
containing nonsense codons and induces their rapid degradation. This degradation is mediated by SMG6, an NMD-
specific endonuclease, as well as the SMG5 and SMG7 proteins, which recruit general mRNA decay enzymes.
However, it remains unknown which specific decay factors are recruited and whether this recruitment is direct.
Here, we show that SMG7 binds directly to POP2, a catalytic subunit of the CCR4–NOT deadenylase complex,
and elicits deadenylation-dependent decapping and 59-to-39 decay of NMD targets. Accordingly, a catalytically
inactive POP2 mutant partially suppresses NMD in human cells. The SMG7–POP2 interaction is critical for NMD
in cells depleted of SMG6, indicating that SMG7 and SMG6 act redundantly to promote the degradation of NMD
targets. We further show that UPF1 provides multiple binding sites for decapping factors. These data unveil
a missing direct physical link between NMD and the general mRNA decay machinery and indicate that NMD
employs diverse and partially redundant mechanisms to ensure robust degradation of aberrant mRNAs.
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The nonsense-mediated mRNA decay (NMD) pathway
rids the cell of aberrant mRNAs that have acquired
premature translation termination codons (PTCs, or non-
sense codons) as a result of mutations or inaccuracies in
gene expression that inadvertently generate PTCs. Through
this action, NMD prevents the accumulation of trun-
cated proteins, which can be toxic to the cell (Kervestin
and Jacobson 2012). In addition to eliminating aberrant
mRNAs, NMD post-transcriptionally regulates the abun-
dance of 5%–10% of naturally occurring transcripts that
exhibit features recognized by the NMD machinery
(Kervestin and Jacobson 2012).
In vertebrates, stop codons trigger efficient NMDwhen

they are located at least 50–55 nucleotides (nt) upstream
of an exon–exon boundary, which is marked by the exon
junction complex (EJC) (Nagy and Maquat 1998; Le Hir
et al. 2000). Alternatively, stop codons can trigger NMD
when other features of the mRNA (e.g., long 39 untrans-
lated regions [UTRs]) may prevent efficient translation

termination by interfering with the interaction of the
cytoplasmic poly(A)-binding protein (PABPC) with the
eukaryotic release factors (eRFs; ‘‘faux 39 UTR’’) (Amrani
et al. 2004; Behm-Ansmant et al. 2007; Ivanov et al. 2008;
Silva et al. 2008; Singh et al. 2008; Eberle et al. 2009).
Aberrant translation termination at a PTC causes the
assembly of a ‘‘surveillance complex’’ on themRNA, which
subsequently triggers mRNA degradation (Muhlemann
and Lykke-Andersen 2010).
The surveillance complex consists of the evolution-

arily conserved proteins UPF1, UPF2, and UPF3. Addi-
tional NMD factors include the kinase SMG1, which
phosphorylates UPF1, and SMG5, SMG6, and SMG7,
which trigger UPF1 dephosphorylation in metazoans
(Kervestin and Jacobson 2012; Yamashita 2013).
Current models of NMD suggest that UPF1 and SMG1

are recruited by ribosomes prematurely terminating trans-
lation through interactions with eRF1 and eRF3 (Czaplinski
et al. 1998; Kashima et al. 2006). UPF1 is phosphorylated
by SMG1when it interacts with UPF2 and/or UPF3, which
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are generally bound to downstream EJCs (Yamashita 2013).
Phosphorylated UPF1 subsequently recruits SMG5, SMG6,
and SMG7 to the mRNA (Anders et al. 2003; Chiu et al.
2003; Ohnishi et al. 2003; Okada-Katsuhata et al. 2012).
SMG5, SMG6, and SMG7 are three related proteins that
bind phosphorylated UPF1 through 14-3-3-like domains
and trigger mRNA target degradation, UPF1 dephosphor-
ylation, and the recycling of NMD factors to initiate new
rounds of NMD (Ohnishi et al. 2003; Fukuhara et al.
2005; Franks et al. 2010; Okada-Katsuhata et al. 2012;
Jonas et al. 2013).
The degradation of NMD targets is known to involve

both endonucleolytic and exonucleolytic activities in ver-
tebrates (Muhlemann and Lykke-Andersen 2010). Endonu-
cleolytic degradation is catalyzed by SMG6, which cleaves
the mRNA target in the vicinity of the PTC (Gatfield and
Izaurralde 2004; Glavan et al. 2006; Huntzinger et al.
2008; Eberle et al. 2009). Exonucleolytic degradation is
catalyzed by general mRNA decay factors that promote
deadenylation followed by either 39-to-59 degradation
or decapping and 59-to-39 decay (Chen and Shyu 2003;
Lejeune et al. 2003; Couttet and Grange 2004; Yamashita
et al. 2005). Moreover, deadenylation-independent decapp-
ing and 59-to-39 degradation also contribute toNMD (Chen
and Shyu 2003; Lejeune et al. 2003; Couttet and Grange
2004).
Several lines of evidence indicate that decay enzymes

are recruited to NMD targets via interactions with UPF1,
SMG5, and/or SMG7. For example, human UPF1 inter-
acts with the decapping enzyme DCP2 and the decapp-
ing activators DCP1 and PNRC2 (Lykke-Andersen 2002;
Lejeune et al. 2003; Fenger-Grøn et al. 2005; Isken et al.
2008; Cho et al. 2009, 2013; Lai et al. 2012). Because
PNRC2 binds directly to DCP1 and UPF1, it has been pro-
posed to bridge the interaction between the surveillance
and decapping complexes (Lai et al. 2012; Cho et al. 2013).
Additionally, both SMG5 and SMG7 induce the degra-

dation of bound mRNA in tethering assays (Unterholzner
and Izaurralde 2004; Cho et al. 2013). The degradative
activity of SMG7 resides in its C-terminal proline-rich
region (termed the PC region) and involves the decapp-
ing enzyme DCP2 and the 59-to-39 exonuclease XRN1
(Unterholzner and Izaurralde 2004). Although SMG5
heterodimerizes with SMG7, the degradative activity of
SMG5 in tethering assays is independent of SMG7 and
requires UPF1 and PNRC2 instead (Cho et al. 2013). This
observation led to the hypothesis that SMG5 acts in NMD
independently of SMG7 by interacting with PNRC2 and
that the SMG5–PNRC2 interaction dominates over the
SMG5–SMG7 interaction (Cho et al. 2013).
Despite the wealth of available information, key ques-

tions regarding NMD target degradation remain unan-
swered. In particular, the identity of the decay factors that
are directly recruited to NMD targets remains unknown,
along with whether this recruitment is mediated by UPF1,
SMG5, and/or SMG7. Moreover, it remains unclear
whether the interactions of UPF1 with DCP2 and DCP1
are direct or mediated by PNRC2 and to what extent these
interactions contribute to NMD. Similarly, whether the
SMG7 PC region interacts directly with decay factors and

the relevance of the PC region for NMD have not been
addressed. Finally, little is known about the mechanism
by which tethered SMG5 triggers mRNA degradation, and
it remains unclear whether SMG5 functions in two alter-
native complexes containing either PNRC2 or SMG7.
To address these questions, we investigated the mech-

anism of NMD target degradation and the interplay
between SMG5, SMG6, and SMG7 in human cells. Here,
we show that the SMG7 PC region directly binds POP2,
a catalytic subunit of the CCR4–NOT deadenylase com-
plex, and thereby promotes deadenylation and subse-
quent decapping of NMD targets. The SMG7 PC region
is required for NMD in cells depleted of SMG6, indicating
that SMG7 and SMG6 act redundantly to promote NMD
target degradation. Furthermore, our results do not con-
firm a role for the SMG5–PNRC2 interaction in NMD
but rather indicate that SMG5–SMG7 heterodimeriza-
tion is critical for NMD. Finally, we show that DCP2 and
PNRC2 interact independently with UPF1, perhaps facil-
itating the decapping of NMD targets. Our data reveal
that the surveillance complex has multiple and redundant
activities to ensure robust target degradation: It induces
endonucleolytic cleavage by SMG6, recruits decapping fac-
tors through UPF1, and promotes deadenylation-dependent
decay through the direct recruitment of the CCR4–NOT
complex by SMG7.

Results

SMG5 requires interaction with SMG7 to function
in NMD

In our previous work, we demonstrated that a SMG5
mutant that does not heterodimerize with SMG7 fails to
rescue NMD in human cells depleted of endogenous
SMG5, indicating that SMG5 requires interaction with
SMG7 to act in NMD (Jonas et al. 2013). In contrast, Cho
et al. (2013) reported that SMG5 can function with
PNRC2 independently of SMG7. To investigate whether
monomeric SMG5 plays a role in NMD, we generated
additional SMG5 mutants to disrupt the interaction with
SMG7. Based on the structure of the SMG5–SMG7 hetero-
dimer (Jonas et al. 2013), we deleted a SMG5 loop between
helices a4 and a5 (loop L4). A symmetrical loop in SMG7 is
disordered in the structure of monomeric SMG7 and folds
onto the SMG5 surface upon binding, contributing sev-
eral residues to the heterodimer interface (Supplemental
Fig. S1; Fukuhara et al. 2005; Jonas et al. 2013). Therefore,
deletion of loop L4 (DL4) is predicted to disrupt the
interaction between SMG5 and SMG7 without affecting
the fold of the SMG5 N-terminal domain. We also com-
bined this deletion with the previously described G120E
mutation (Jonas et al. 2013). The SMG5 residue G120 is at
the center of the interface with SMG7 and allows for
a close packing of the two proteins in the heterodimer
(Supplemental Fig. S1; Jonas et al. 2013).
V5-SBP (streptavidin-binding peptide)-tagged wild-type

or mutant SMG5 proteins were expressed in human
HEK293T cells and examined for their ability to interact
with SMG7. Consistent with previous structural studies,
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the mutations and deletions in SMG5 abolished binding
to either endogenous or HA-tagged SMG7 (Fig. 1A,B). The
mutations also abolished the interaction with endoge-
nous and phosphorylated UPF1 (Fig. 1B), as previously
reported (Jonas et al. 2013). However, the interaction with
overexpressed UPF1 was not affected (Supplemental Fig.
S2A,B), consistent with the observation that monomeric
SMG5 interacts with UPF1 when the two proteins are
overexpressed (;100-fold) in human cells (Ohnishi et al.
2003; Jonas et al. 2013).
Because the mutations strongly impair SMG5–SMG7

heterodimerization, we next examined the effect of these
mutations in NMD using a complementation assay in

human cells. Briefly, an shRNA targeting the ORF of the
smg5 mRNA was used to deplete endogenous SMG5 in
cell lines constitutively expressing a well-characterized
NMD reporter based on the b-globin gene (Thermann
et al. 1998). Because SMG6 can partially compensate for
the absence of SMG5 (Jonas et al. 2013; Metze et al. 2013),
we depleted SMG6 in combination with SMG5. SMG5
and SMG6 codepletion resulted in a 12-fold increase in
the level of b-globin PTCmRNA (Fig. 1C,D). This codeple-
tion did not affect the expression of the wild-type b-globin
reporter (Supplemental Fig. S2C). The SMG5 and SMG6
protein levels were reduced to ;25% of their control
levels by the shRNA (Supplemental Fig. S2D,E), whereas

Figure 1. SMG5–SMG7 heterodimeriza-
tion is required for NMD. (A) Interaction of
SMG5-V5-SBP-MBP (wild type or mutants)
with endogenous SMG7 in HEK293T cells.
A V5-SBP-tagged GFP-MBP fusion served as
a negative control. Inputs (1%) and bound
fractions (5%) were analyzed by Western
blotting. Samples were treated with RNase
A before the pull-down. (B) Interaction of
SMG5-V5-SBP-MBP (wild type or mutants)
with endogenous and phosphorylated UPF1
(P-UPF1) and HA-SMG7 in cell lysates treated
with RNase A. Inputs (1%) and bound frac-
tions (2% for the SBP and HA-tagged proteins
and 30% for UPF1) were analyzed by Western
blotting. Asterisks indicate phosphorylated
proteins (distinct from UPF1) recognized by
the phospho-(Ser/Thr) ATM/ATR substrate
antibody in input samples. The identity of
phosphorylated UPF1 in the pull-down was
confirmed by reprobing the membrane using
anti-UPF1 antibodies. (C–E) HeLa cell lines
expressing the b-globin NMD reporter (con-
taining a PTC) were transfected with plasmids
expressing the indicated shRNAs. Plasmids
expressing shRNA-resistant versions of MS2-
HA-SMG5 (wild type or mutants) were in-
cluded in the transfection mixtures as indi-
cated. MS2-HA served as a negative control.
(C) The levels of the PTC-containing b-globin
reporter were analyzed by Northern blotting,
normalized to those of endogenous b-tubulin
mRNA, and set to 1 in control cells (i.e., cells
expressing MS2-HA and treated with a scram-
bled shRNA). D shows mean values 6 stan-
dard deviations obtained in three independent
experiments. (E) Expression of MS2-HA-SMG5
(wild type or mutants) in the complementa-
tion assay. V5-SBP-MBP served as a transfec-
tion control. (F,G) A complementation assay as
described in C and D was performed in cells
codepleted of SMG7 and SMG6 and trans-
fected with plasmids expressing shRNA-resis-
tant HA-SMG7 (wild type or mutants). (H)
Expression of HA-SMG7 (wild type or mu-
tants) in the complementation assay shown
in F and G.
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the SMG7 levels remained unchanged (Supplemental
Fig. S2F).
In codepleted cells, we then examined the ability of

shRNA-resistant versions of SMG5 to rescue NMD. If
SMG5 acts independently of SMG7, mutations that dis-
rupt its interaction with SMG7 should not compromise its
ability to rescue NMD. However, as shown in Figure 1, C
and D, the aforementioned SMG5 mutants were either
strongly impaired or inactive in rescuing NMD, whereas
wild-type SMG5 did rescue NMD (although not com-
pletely because SMG6 is codepleted) (Fig. 1C,D). The
levels of the wild-type reporter remained unchanged (Sup-
plemental Fig. S2C). All SMG5 proteins were expressed at
similar levels (Fig. 1E). These levels were approximately
twofold higher than the levels of endogenous SMG5 in
control cells (Supplemental Fig. S2G).
To further validate our conclusions, we generated the

reciprocal mutations in SMG7. We observed that a SMG7
protein lacking loop L4 did not interact with SMG5 and
failed to complement NMD in cells codepleted of SMG6
and SMG7 (Fig. 1F,G; Supplemental Fig. S3A). As a con-
trol, a previously described G100E substitution (corre-
sponding to the SMG5 G120E mutant) abolished SMG5
binding and abrogated SMG7’s ability to rescue NMD
in complementation assays, as reported before (Fig. 1F,G;
Supplemental Fig. S3A; Jonas et al. 2013). Importantly,
deletion of loop L4 or the G100E substitution did not
prevent SMG7 from interacting with UPF1 (Supplemen-
tal Fig. S3B), indicating that these mutations do not
disrupt the protein fold. The SMG6 and SMG7 protein

levels were reduced to ;25% and 10% of their control
levels in depleted cells (Supplemental Fig. S3C,D), whereas
the SMG5 levels remained unchanged (Supplemental Fig.
S3E). SMG7 wild-type and mutants were expressed at
levels comparable with endogenous SMG7 (Fig. 1H). We
conclude that SMG5 and SMG7 function as a complex
in NMD.

SMG5 does not stably associate with PNRC2

The observation that SMG5 requires interaction with
SMG7 to function in NMD contrasts with the suggestion
that SMG5 functions with PNRC2 and independently of
SMG7 (Cho et al. 2013). One possible explanation for
these results is that the mutations in SMG5 that disrupt
its binding to SMG7 also disrupt PNRC2 binding. Be-
cause the SMG5 residues involved in the interaction with
PNRC2 have not been defined, we tested the interaction
of wild-type or mutant SMG5with PNRC2. In contrast to
a previous study (Cho et al. 2013), we could not detect an
interaction between V5-SBP-SMG5 and HA-PNRC2 in
SBP pull-down assays (data not shown).
To clarify this discrepancy, we next tested the interac-

tion of PNRC2 with endogenous SMG5, SMG7, and
UPF1. V5-SBP-tagged PNRC2 did not interact with en-
dogenous SMG5 or SMG7 at detectable levels (Fig. 2A,
lane 4). Under the same conditions, PNRC2 exhibited
a weak (above background) association with endogenous
UPF1 and efficiently pulled down HA-DCP1, which was
included as a positive control (Figure 2A, lane 4; Lai et al.

Figure 2. UPF1 interacts with decapping
factors. (A) V5-SBP-MBP-tagged PNRC2 does
not interact with endogenous SMG5 or SMG7
but binds HA-DCP1 and weakly interacts
with endogenous UPF1. V5-SBP-MBP served
as a negative control. Inputs (1%) and bound
fractions (8% for V5-tagged proteins, 15% for
HA-tagged proteins, and 35% for UPF1,
SMG5, and SMG7) were analyzed by Western
blotting. (B) The domain architecture of
UPF1. (NCR) N-terminal conserved region;
(N) N-terminal tail; (C) C-terminal tail. The
globular cysteine–histidine (CH) and helicase
domains are indicated. (C–E) Interaction of
V5-SBP-UPF1 (wild type or mutants) with
HA-PNRC2 (C) and HA-DCP2 (D,E). V5-SBP-
GFP-MBP served as a negative control.
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2012). Note that these pull-downs were performed in the
presence of okadaic acid, which inhibits UPF1 dephos-
phorylation and has been reported to enhance its binding
to PNRC2 and DCP1 (Cho et al. 2009; Lai et al. 2012).
From these results, we conclude that SMG5 may in-
teract with PNRC2 only transiently or indirectly, possi-
bly through UPF1.

UPF1 interacts with DCP2 in a PNRC2-independent
manner

UPF1 interacts with PNRC2 through its N-terminal and
C-terminal unstructured tails (Cho et al. 2009). UPF1
also interacts with DCP2 and DCP1 (Lykke-Andersen
2002; Fenger-Grøn et al. 2005; Isken et al. 2008), but the
domains involved in these interactions have not been
defined, and it remains unclear whether these interac-
tions are mediated by PNRC2. Therefore, we tested
which domains of UPF1 are required for DCP2 binding.
The UPF1 protein consists of an N-terminal cysteine–

histidine (CH) regulatory domain,which provides a binding
site for UPF2, and a central helicase domain (Fig. 2B; Cheng
et al. 2007; Clerici et al. 2009). These structured domains
of UPF1 are flanked by N-terminal and C-terminal tails
(;100 residues) containing several serine/threonine–gluta-
mine (S/T-Q) motifs that are phosphorylated by SMG1 and
that serve as binding sites for SMG6 and the SMG5–SMG7
complex (Ohnishi et al. 2003;Okada-Katsuhata et al. 2011).
SMG6 and SMG7 have been shown to bind phosphorylated
T28 and S1096 (corresponding to S1107 inUPF1 isoform 1),
respectively (Okada-Katsuhata et al. 2012).
We observed that both the N-terminal and C-terminal

tails of UPF1 are required for PNRC2 binding (Fig. 2C, DN
and DC), in agreement with Cho et al. (2009). Interest-
ingly, deletion of theN-terminal conserved region (DNCR)
(Ohnishi et al. 2003) abrogated PNRC2 binding (Fig. 2C,
lane 12). In contrast, the CH and helicase domains were
dispensable (Fig. 2C; data not shown). Additionally, ala-
nine substitutions of residues T28 and S1107 did not
prevent PNRC2 binding (Fig. 2C, lanes 15,16), suggesting
that UPF1 interacts with PNRC2 independently of SMG6
and SMG7.
Next, we tested the aforementioned UPF1 deletion

mutants for their ability to interact with DCP2. Similar
to the results obtained with PNRC2, deletion of the UPF1
N-terminal or C-terminal tails abolished DCP2 binding
(Fig. 2D, lanes 11,14). Importantly, deletion of the NCR
region was ineffectual despite the fact that this deletion
abrogated PNRC2 binding (Fig. 2, C vs. D ). This result
indicates that DCP2 interacts with UPF1 independently
of PNRC2. Additionally, deletion of the helicase domain
as well as the T28A and S1107A mutations was ineffec-
tual (Figs. 2D,E). We conclude that UPF1 provides multi-
ple and independent binding sites for decapping factors.

SMG7 but not SMG5 triggers degradation of bound
mRNAs independently of additional NMD factors

Using an MS2-based tethering system, Cho et al. (2013)
reported that SMG5 is active in tethering assays and that

this activity requires UPF1 and PNRC2 but is independent
of SMG7. In contrast, using a lN-based reporter assay, we
observed that tethered SMG5 only promotes mRNA decay
when it is coexpressed with SMG7 (Unterholzner and
Izaurralde 2004; Jonas et al. 2013). To address this apparent
discrepancy, we compared the activity of tethered SMG5
and SMG7using theMS2 tethering system (LykkeAndersen
et al. 2000).
Tethered MS2-SMG5 promoted the degradation of a

b-globin reporter containing six copies of the high-affinity
binding site for the MS2 viral coat protein in its 39 UTR
(6xMS2bs) (Fig. 3A–C), as reported by Cho et al. (2013).
SMG5 activity was partially dependent on SMG7 because
the aforementioned mutations that prevent binding to
SMG7 reduced, but did not abolish, SMG5 activity in
tethering assays, although the mutant proteins were
expressed at levels similar to wild-type levels (Fig. 3A–C).
The residual activity of the SMG5 mutants is most likely
due to their interactions with UPF1 because UPF1 de-
pletion suppresses the activity of tethered MS2-SMG5
(Cho et al. 2013). The reason for the partial different results
obtained with the MS2 and lN reporters was not further
investigated.
SMG7 consists of an N-terminal 14-3-3-like domain,

a middle a-helical domain, and a PC region (Fig 3D).
Using the MS2 system, we observed that the SMG7 PC
region is both necessary and sufficient to promote the
degradation of the mRNA reporter (Fig. 3E–G). In con-
trast, the SMG7 N-terminal region (denoted DPC mu-
tant) was inactive, consistent with our previous studies
(Unterholzner and Izaurralde 2004; Jonas et al. 2013).
Thus, although the SMG7 N-terminal region interacts
with both SMG5 and UPF1, this region does not lead to
mRNA degradation in isolation. In contrast, the PC re-
gion, which does not interact with SMG5 or UPF1 (Anders
et al. 2003; Jonas et al. 2013), is sufficient to cause
degradation. Our results, together with the observation
that SMG7 activity in tethering assays is not affected by
UPF1 or PNRC2 depletion (Cho et al. 2013), indicate
that SMG7 causes mRNA degradation independently of
UPF1, SMG5, and PNRC2. We conclude that SMG7
recruits decay enzymes independently of any other NMD
factor, whereas SMG5 degradative activity depends on
SMG7 and UPF1.

The SMG7 PC region promotes deadenylation-
dependent decapping

SMG7-mediated degradation is inhibited in cells depleted
of the decapping enzyme DCP2 or the 59-to-39 exonucle-
ase XRN1 (Unterholzner and Izaurralde 2004). However,
it remains unknown whether decapping is dependent on
prior deadenylation and whether SMG5 uses a similar
mechanism to degrade bound mRNAs. If deadenylation
precedes decapping and 59-to-39mRNA degradation, then
deadenylated mRNA decay intermediates are expected
to accumulate in cells in which decapping is inhibited.
Consistent with this expectation, degradation of the
b-globin-6xMS2bs reporter by full-length SMG7 or the
PC fragment was inhibited in cells overexpressing a

SMG7 recruits the CCR4–NOT complex to NMD targets

GENES & DEVELOPMENT 2129

 Cold Spring Harbor Laboratory Press on July 15, 2014 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


catalytically inactive DCP2 mutant (DCP2 Mut; E148Q)
(Fig. 4A–C). The reporter accumulated in a fast-migrating
form, corresponding to the deadenylated decay intermedi-
ate (A0). Indeed, the mobility of the fast-migrating form
did not change after oligo(dT)-directed RNase H cleavage
(Fig. 4D). Thus, the PC region of SMG7 elicits mRNA
decay by triggering deadenylation and then decapping.
Notably, although overexpression of the DCP2 inactive

mutant also inhibited SMG5-mediated decay in tethering
assays, the reporter accumulated in the polyadenylated
form (Fig. 4E,F). These results indicate that tethered SMG5
triggers decay by a mechanism other than SMG7, as
SMG5-mediated decay involves decapping in the ab-
sence of deadenylation.
In summary, our results confirm that the SMG5 activ-

ity in tethering assays can be independent of SMG7,
although in complementation assays, SMG5 strictly de-
pends on SMG7. The simplest hypothesis that explains
these observations is that in complementation assays,
SMG5 requires interaction with SMG7 to be recruited to
NMD targets, a step that is bypassed in tethering assays
(see the Discussion).

The SMG7 PC region interacts with POP2

Having established that the PC region of SMG7 promotes
deadenylation-dependent decapping, we next sought to
identify potential interaction partners. To achieve this,
we performed tandem affinity purification (TAP) (Rigaut
et al. 1999) in human HEK293T cells using a TAP tag

consisting of protein A, a PreScission protease cleavage
site, and the SBP. Remarkably, the TAP-tagged SMG7 PC
region copurified with the entire CCR4–NOT deadenylase
complex, which consists of 10 subunits (Supplemental
Table S1). No other decay factors were identified as po-
tential binding partners (Supplemental Table S1).
To validate the interaction between SMG7 and the

CCR4–NOT complex and identify the subunits of this
complex that may interact directly with the SMG7 PC
region, we expressed the individual subunits together
with SBP-tagged SMG7 in HEK293T cells and performed
pull-down assays. The core of the human CCR4–NOT
complex consists of six subunits (CNOT1, CNOT2,
CNOT3, CNOT9, CNOT10, and CNOT11) and two
catalytically active subunits (CCR4 and CAF1). In human
cells, there are two alternative paralogs for each catalytic
subunit: CCR4a or CCR4b (also known as CNOT6 or
CNOT6-L) and CAF1 or POP2 (also known as CNOT7 or
CNOT8) (Lau et al. 2009).
Remarkably, only POP2 (CNOT8) interacted with SMG7

in pull-down assays (Fig. 5A; Supplemental Fig. S4). This
result is in contrast to the TAP tag selection, in which the
endogenous CCR4–NOTcomplex associates with SMG7.
The simplest explanation for these results is that in SBP
pull-down assays, the isolated subunits are overexpressed
and may not be efficiently incorporated into endogenous
complexes. Accordingly, SMG7 did not interact with the
human-specific subunit TAB182 (Supplemental Fig. S4;
Lau et al. 2009). These results indicate that the SBP pull-
down assays using transiently expressed proteins detected

Figure 3. SMG5 and SMG7 degrade bound mRNAs.
(A–C,E–G) Human HEK293T cells were transfected
with a mixture of three plasmids: one expressing
b-globin-6xMS2bs mRNA, another expressing MS2-
HA or the indicated MS2-HA-tagged proteins, and
a third expressing a transfection control containing
the b-globin gene fused to the GAPDH 39 UTR but
lacking MS2-binding sites (b-globin-GAP; Control).
b-Globin-6xMS2bs mRNA levels were normalized
to those of the control mRNA. The normalized
values of the b-globin-6xMS2bs mRNA levels were
set to 100 in the presence of MS2-HA. Mean values6
standard deviations from three independent experi-
ments are shown in B and F. A and E show Northern
blots of representative RNA samples. (C,G) Western
blot analysis showing equivalent expression of the
MS2-HA-tagged proteins used in the correspond-
ing tethering assays. (D) The domain architecture
of SMG7 consists of an N-terminal 14-3-3-like do-
main, a middle a-helical domain, and a C-terminal
PC region.
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binary interactions, although the SBP-tagged SMG7 was
expressed at levels comparable with endogenous SMG7
(Supplemental Fig. S5A). Furthermore, SBP-tagged SMG7
did not interact with the subunits of the PAN2–PAN3
deadenylase complex (Supplemental Fig. S4) or with PNRC2
(Fig. 2A; Supplemental Table S1), underscoring the spec-
ificity of the interaction with POP2. Importantly, the in-
teraction of SMG7with POP2was insensitive to RNase A
treatment, suggesting that this interaction is not medi-
ated by RNA (Fig. 5A).
To further validate the SMG7–POP2 interaction, we

pulled down SMG7 and identified endogenous CAF1/
POP2 in the bound fractions using an antibody that does
not discriminate between POP2 and CAF1 (Fig. 5B).

Collectively, these results indicate that SMG7 associ-
ates with the CCR4–NOTcomplex through interactions
with POP2.

Figure 4. SMG5 and SMG7 use distinct mechanisms to de-
grade bound mRNA in tethering assays. (A–F) Tethering assays
using the b-globin-6xMS2bs reporter were performed as de-
scribed in Figure 3, with the exception that plasmids expressing
wild-type DCP2 or a catalytically inactive mutant (Mut; E148Q)
were included in the transfection mixtures as indicated. A and E
show Northern blots of representative RNA samples. b-Globin-
6xMS2bs mRNA levels were normalized to those of the control
b-globin-GAP mRNA. These normalized values were set to 100
in the presence of MS2-HA. Mean values 6 standard deviations
from three independent experiments are shown in B and F. Black
and gray bars show the values obtained in cells expressing DCP2
wild type (wt) and mutants (Mut), respectively. (C) Western blot
analysis showing equivalent expression of the DCP2 proteins.
(D) Samples corresponding to lanes 4–6 of A were treated with
RNase H in the presence of oligo(dT).

Figure 5. SMG7 interacts directly with POP2. (A,B) Interaction
of SMG7-V5-SBP-MBP with GFP-POP2 (A) or endogenous POP2/
CAF1 (B) in the absence or presence of RNase A. A V5-SBP-MBP
served as a negative control. (C) The domain architectures of POP2
and CAF1. POP2 and CAF1 contain a central catalytic domain of
the DEDD family exhibiting 84% identity. The C-terminal ex-
tensions are more divergent in sequence and length. (D–G) GST-
tagged CAF1 or POP2 (wild type or mutants) or GSTwas used to
pull down [35S]-methionine-labeled in vitro translated SMG7 PC
and DPC fragments. (D,F) Inputs (1%) and bound fractions (16%)
were analyzed by 10% SDS-PAGE followed by fluorography. The
corresponding Coomassie-stained gels are shown in E and G. (H)
GST, GST-POP2, and MBP-SMG7 were expressed in E. coli and
purified. The purified proteins were mixed in a 1:1 ratio (inputs),
pulled down using glutathione agarose beads, and analyzed by
SDS-PAGE followed by Coomassie staining.
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SMG7 discriminates between the catalytic domains
of POP2 and CAF1

POP2 and CAF1 are one-domain proteins that adopt an
RNase D-like fold (Daugeron et al. 2001) and exhibit 74%
overall identity with each other (Fig. 5C). The main
divergence between these two proteins is in their short
C-terminal extensions. Given the high identity between
these paralogs, it is surprising that SMG7 interacts with
POP2 but not with CAF1. To investigate the basis for this
selectivity, we performed GST (glutathione S transferase)
pull-down assays with recombinant POP2 and CAF1
proteins expressed in Escherichia coli as GST fusions.
The SMG7 PC fragment was translated in vitro in wheat
germ extracts to minimize potential indirect interactions
mediated by other proteins. We observed that the PC
fragment preferentially interacted with GST-POP2 and
exhibited a much weaker interaction with GST-CAF1
(Fig. 5D,E). The interaction was specific because the PC
fragment was not pulled downwith GSTalone (Fig. 5D,E).
Furthermore, a SMG7 mutant lacking the PC region
(DPC) did not interact with any of the proteins tested at
detectable levels (Fig. 5D,E).
We next investigated whether binding to the SMG7 PC

region required the POP2 C-terminal extension, which is
the sequence exhibiting the greatest divergence between
POP2 and CAF1. Unexpectedly, the PC region interacted
with the POP2 catalytic domain and did not require
N-terminal or C-terminal extensions (Fig. 5F,G). We con-
clude that SMG7 has an exquisite preference for the
catalytic domain of POP2 despite the fact that this domain
is 84% identical to the equivalent domain in CAF1.

The SMG7 PC region interacts directly with POP2

To investigate whether the POP2–SMG7 interaction is
direct, we expressed and purified the SMG7 PC fragment
in E. coli fused to maltose-binding protein (MBP). GST-
POP2 pulled down MBP-SMG7-PC, demonstrating that
the interaction is indeed direct (Fig. 5H, lane 4).
The catalytic domains of CAF1/POP2 interact with

CNOT1, CCR4, and the anti-proliferative protein TOB
simultaneously, with nonoverlapping binding surfaces.
Structural studies identified critical surface residues that
disrupt CAF1/POP2 binding to CNOT1, CCR4, and TOB
when mutated (Supplemental Table S2). Therefore, we
tested these mutants for binding to SMG7. We observed
that POP2 mutants that do not bind CNOT1, CCR4a,b,
or TOB still interacted with SMG7 (Supplemental Fig.
S5B,C). Together, these results indicate that the binding
surface of SMG7 on POP2 does not overlap with the
previously characterized binding surfaces for CNOT1,
CCR4a,b, or TOB. Accordingly, SMG7 copurifies with the
entire CCR4–NOT complex and thus does not compete
with CNOT1 and CCR4 for binding to POP2.

A POP2 catalytically inactive mutant suppresses
SMG7-mediated mRNA decay and NMD

To further establish the role of POP2 in SMG7-mediated
decay, we used a tethering assay and overexpressed a cata-

lytically inactive POP2 mutant (POP2 Mut; D40A,E42A).
The POP2 mutant inhibited the degradation of the re-
porter by SMG7 or the PC region (Fig. 6A–C). In contrast
to the results obtained with the DCP2 mutant (Fig. 4A),
the POP2 mutant led to the accumulation of the mRNA
reporter in the polyadenylated form, as expected (Fig. 6A).

Figure 6. A POP2 catalytically inactive mutant inhibits SMG7-
mediated decay and NMD in a dominant-negative manner. (A–C)
Tethering assays using the b-globin-6xMS2bs reporter were
performed as described in Figure 3, with the exception that
plasmids expressing HA-MBP or a HA-POP2 catalytically
inactive mutant (Mut; D40A,E42A) were included in the trans-
fection mixtures as indicated. A presents a Northern blot of
representative RNA samples. The b-globin-6xMS2bs mRNA
levels were normalized to those of the control b-globin-GAP
mRNA. These normalized values were set to 100 in the presence
of MS2-HA. Mean values 6 standard deviations of three in-
dependent experiments are shown in B. Black and gray bars
represent the values obtained in cells expressing MBP and the
POP2 mutant, respectively. (C) Western blot analysis demon-
strating equivalent expression of the transfected proteins. (D–K)
HeLa cells constitutively expressing a wild-type (WT) or PTC-
containing b-globin reporter were transfected with plasmids
expressing DCP2 (wild type or mutant) (D–G) or MBP and POP2
mutant (H–K). D, F, H, and J show Northern blots of represen-
tative RNA samples. The levels of wild-type or PTC-containing
b-globin reporters were normalized to those of b-tubulin mRNA
and set to 1 in cells expressing DCP2 wild type (E,G) or MBP (I,K).
Mean values 6 standard deviations of three independent exper-
iments are shown in E, G, I, and K.
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To investigate the contribution of the 59-to-39 mRNA
decay pathway and POP2 to NMD target degradation, we
tested whether the catalytically inactive DCP2 and POP2
mutants suppressed NMD.We observed that the levels of
the PTC-containing reporter increased 2.5-fold and two-
fold in cells overexpressing DCP2 and POP2 mutants,
respectively (Fig. 6D–K). In the presence of the DCP2
mutant, the reporter migrated as a broad band (Fig. 6D,
lane 2), suggesting that a fraction of the mRNA is de-
adenylated. In contrast, in cells expressing the POP2
mutant, it migrated as a sharp band (Fig. 6H, lane 2),
suggesting that it is fully polyadenylated in this case. The
levels of the wild-type reporter did not change (Fig.
6F,G,J,K). The twofold increase observed in PTC mRNA
levels when deadenylation or decapping is blocked is in
the same range as the effects observed in cells depleted of
SMG5 or SMG7 (see Fig. 7; Jonas et al. 2013).

The SMG7 PC region functions redundantly with SMG6

To investigate the functional relevance of the SMG7 PC
region for NMD target degradation, we performed com-

plementation assays, as described above. First, cells were
depleted of endogenous SMG7 and reconstituted with
shRNA-resistant versions of wild-type SMG7 or the
SMG7-DPC mutant. SMG7 depletion caused a 2.5-fold
increase in the PTC-containing b-globin reporter levels
(Fig. 7A,B). Reintroduction of SMG7 restored NMD (Fig.
7A,B). Unexpectedly, we found that the SMG7-DPC mu-
tant was also fully competent in restoring NMD (Fig.
7A,B). The expression levels of the corresponding wild-
type b-globin mRNA were unaltered (Fig. 7C,D). Endoge-
nous SMG7 protein levels were reduced below 12% by the
shRNA expression (Fig. 7E). The shRNA-resistant ver-
sions of SMG7 wild-type and DPC were expressed at simi-
lar levels (Fig. 7F, lanes 2,3); these levels were comparable
with the expression of endogenous SMG7 in control cells
(Supplemental Fig. S5D). We conclude that the PC region
of SMG7 is not required for the degradation of the b-globin
PTC mRNA.
Because SMG6 can compensate, at least in part, for the

lack of SMG7, we next repeated the complementation
assay in cells codepleted of SMG6 and SMG7 (Fig. 7G).
We observed that the codepletion of both proteins resulted

Figure 7. The SMG7 PC region is required for NMD
in the absence of SMG6. (A–F) HeLa cell lines ex-
pressing the b-globin reporter (wild type [WT] or
with PTC) were transfected with plasmids expressing
the indicated shRNAs and shRNA-resistant forms
of SMG7 full-length or DPC. (A,C) The levels of the
PTC-containing or wild-type b-globin reporters were
analyzed by Northern blot, normalized to those of
endogenous b-tubulin mRNA, and set to 1 in control
cells (i.e., cells treated with a scrambled shRNA and
expressing HA-MBP). B and D show the mean values6
standard deviations obtained in three independent
experiments. (E) Western blot showing the efficiency
of SMG7 depletion. (F) Expression levels of tran-
siently expressed HA-tagged SMG7 proteins. (G–K)
A complementation assay with plasmids expressing
an shRNA-resistant version of HA-SMG7 (wild type
or DPC) was performed in cells codepleted of SMG6
and SMG7. (G) Western blot showing the efficiency of
SMG6 and SMG7 codepletion. Northern blot ana-
lyses of representative RNA samples are shown in H
and J. The relative levels of PTC-containing or wild-
type b-globin reporters in three independent experi-
ments are shown in I and K.

SMG7 recruits the CCR4–NOT complex to NMD targets

GENES & DEVELOPMENT 2133

 Cold Spring Harbor Laboratory Press on July 15, 2014 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


in a synergistic inhibition of NMD, leading to a 30-fold
increase in the b-globin PTC reporter levels, as previously
reported (Luke et al. 2007; Jonas et al. 2013; Metze et al.
2013). This effect was prevented by the expression of a
shRNA-resistant version of SMG7, which partially re-
stored NMD (Fig. 7H,I). In contrast, the ability of the DPC
mutant to rescue NMD was strongly impaired, indicat-
ing that the PC region of SMG7 is required for NMD in
the absence of the SMG6 endonuclease. The expression
levels of the wild-type b-globin mRNA remain un-
changed (Fig. 7J,K).

Discussion

NMD targets are degraded by multiple mechanisms in
vertebrates. These mechanisms include endonucleolytic
cleavage by SMG6, deadenylation-dependent decapping,
accelerated decapping of partially deadenylated mRNAs,
and exosome-mediated degradation (Muhlemann and
Lykke-Andersen 2010). Despite this wealth of informa-
tion, the direct physical interactions that link the sur-
veillance complex to the general mRNA decaymachinery
have not been described. In this study, we demonstrate
that SMG7 directly recruits the CCR4–NOT deadenylase
complex to NMD targets and promotes deadenylation-
dependent decapping. We further show that this recruit-
ment is mediated by direct interactions between the
PC region of SMG7 and POP2, a catalytic subunit of the
CCR4–NOT complex, the major cytoplasmic deade-
nylase complex in eukaryotes. The ability of SMG7 to dis-
criminate between POP2 and CAF1, which are mutually
exclusive subunits of the CCR4–NOT complex, pro-
vides an unprecedented example for how substrate spec-
ificity for alternative CCR4–NOT complexes can be
achieved.

SMG5 requires heterodimerization with SMG7
to function in NMD

SMG5 and SMG7 heterodimerize through interactions
mediated by their 14-3-3-like domains. Several lines of
evidence indicate that they function as a complex in
NMD (Anders et al. 2003; Ohnishi et al. 2003; Okada-
Katsuhata et al. 2012; Jonas et al. 2013). First, they form
highly stable heterodimers in vivo and in vitro (Jonas
et al. 2013). Second, SMG5 or SMG7 mutants that do not
interact with one another do not rescue NMD in cells
depleted of SMG5 or SMG7, respectively (Fig. 1; Jonas
et al. 2013). Furthermore, codepletion of SMG5 and
SMG7 does not exacerbate the effects of the individual
depletions, suggesting an epistatic interaction. In con-
trast, codepletion of SMG6 with either SMG5 or SMG7
results in a synergistic inhibition of NMD (Luke et al.
2007; Jonas et al. 2013; Metze et al. 2013), suggesting that
the SMG5–SMG7 complex acts redundantly with SMG6
to promote the degradation of NMD targets.
In contrast to these results, which were obtained in

complementation assays using a genuine NMD target,
SMG5 mutants that do not interact with SMG7 can
nevertheless trigger mRNA decay in tethering assays,

although less efficiently than wild-type SMG5 (Fig. 1).
SMG5 activity in tethering assays is suppressed by PNRC2
or UPF1 depletions (Cho et al. 2013). These observations
were interpreted as evidence that SMG5 acts in NMD
independently of SMG7 through its interaction with
PNRC2 and that the SMG5–PNRC2 interaction is dom-
inant over the SMG5–SMG7 interaction (Cho et al. 2013).
Our study challenges this view and shows that although
MS2-based tethering assays bypass the requirement for
SMG5–SMG7 interaction, in complementation assays,
SMG5 requires interaction with SMG7 to function in
NMD.
Although we cannot rule out the possibility that SMG5

acts independently of SMG7 under some circumstances
or for some specific targets, we found that SMG5 does not
form a stable complex with PNRC2. Thus, the observa-
tion that PNRC2 depletion suppresses SMG5-mediated
degradation in tethering assays could simply be explained
as a general inhibition of decapping without invoking
the formation of a complex with SMG5. Similarly, a
catalytically inactive DCP2 mutant prevents SMG5-
mediated decay (Fig. 4) without directly interacting
with SMG5. In other words, it appears possible that
PNRC2 is a decapping factor rather than a bona fide
NMD factor. Remarkably, Drosophila melanogaster
lacks both SMG7 (Gatfield et al. 2003) and PNRC2, raising
the question of whether alternative SMG5 partners are
present in this organism.
How does SMG5 trigger decay in tethering assays? The

activity of SMG5 depends on UPF1 (Cho et al. 2013),
which in turn interacts with decapping factors, suggest-
ing that mRNA degradation is caused by UPF1. The
dependence of SMG5 on UPF1 in tethering assays con-
trasts with the sequential recruitment of NMD factors to
bona fide NMD targets in which UPF1 acts upstream of
SMG5 and suggests that tethering assays bypass this
sequential assembly and may not faithfully recapitulate
NMD. Thus, although tethering assays are a powerful
tool for studying the activity of proteins in isolation, they
are bypassing important recruitment and assembly steps.
Therefore, conclusions drawn from these assays require
additional insight and validation in complementation
assays.

Role of decapping in NMD

Decapping is normally coupled to deadenylation andmay
occur by default as a consequence of this coupling. How-
ever, the observation that UPF1 interacts with decapping
factors suggests that these factors could be recruited to
NMD targets independently of deadenylation. Indeed,
UPF1 interacts with DCP1, DCP2, and PNRC2, and these
interactions are enhanced by UPF1 phosphorylation (Fig.
2; Lykke-Andersen 2002; Lejeune et al. 2003; Fenger-Grøn
et al. 2005; Isken et al. 2008; Cho et al. 2009; Lai et al.
2012). While PNRC2 was proposed to bridge the interac-
tions between UPF1 and the decapping complex, in this
study, we show that DCP2 interacts with UPF1 indepen-
dently of PNRC2. Notably, UPF1 also interacts with
DCP2 and the decapping factors Edc3 and Pat1 in yeast
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(He and Jacobson 2001; Swisher and Parker 2011) despite
the fact that yeast lacks PNRC2.
How do the multiple and potentially redundant interac-

tions of UPF1 with decapping factors contribute to the
degradation of NMD targets? UPF1 may simply increase
the local concentration of decapping factors on NMD
targets, facilitating their degradation, and contribute to
the accelerated decapping observed for bona fide NMD
targets (Supplemental Fig. S6; Couttet and Grange 2004).
Nevertheless, decapping factors could also be indirectly
recruited to NMD targets by SMG7 through the CCR4–
NOT complex.
An important challenge for future studies is the eluci-

dation of the molecular basis for the interaction of UPF1
with decapping factors and its regulation by phosphory-
lation. One particularly intriguing observation is that
both the N-terminal and C-terminal unstructured tails
are required for PNRC2 and DCP2 binding (Fig. 2; Cho
et al. 2009; Lai et al. 2012). One possible explanation is
that in the context of full-length UPF1, these extensions
are in close proximity and cooperate to form a common
binding site. For example, the UPF1 C-terminal tail in-
teracts with the helicase domain (Fiorini et al. 2013).
However, the observation that deletion of the helicase
domain is not detrimental for decapping factor binding
(Fig. 2) suggests that a predefined three-dimensional con-
formation of these extensions is not required for binding.
Alternatively, the N-terminal and C-terminal tails may
provide low-affinity binding sites for decapping factors, in
which case both will be required for full binding affinity
because of additive/avidity effects.
In yeast, decapping plays a major role in the degrada-

tion of NMD targets, which are rapidly decapped without
any requirement for prior deadenylation (Muhlrad and
Parker 1994; Bond et al. 2001; He et al. 2003). A minor
pathway involving accelerated deadenylation followed by
exosome-mediated 39-to-59 decay is also observed, partic-
ularly when decapping is impaired (Cao and Parker 2003;
Mitchell and Tollervey 2003; Takahashi et al. 2003). Thus,
it appears that the basic mechanisms of NMD target
degradation have been maintained throughout evolution.
However, in metazoans, additional mechanisms for recruit-
ing decay factors and degrading mRNA targets have been
appended through the acquisition of SMG6, a specificNMD
endonuclease, and the SMG5–SMG7 complex, which
directly interacts with the CCR4–NOT complex (Supple-
mental Fig. S6). As a consequence, tighter regulation of
mRNA target degradation is possible in these organisms.
Indeed, SMG6 and the SMG5–SMG7 complex are only
recruited to NMD targets upon UPF1 phosphorylation,
enabling the sequential assembly of the surveillance
complex and step-wise recruitment of decay factors. In
this context, it is important to note that UPF1 also
associates with mRNAs that are not destined for degrada-
tion by NMD (Hogg and Goff 2010; Hurt et al. 2013;
Kurosaki and Maquat 2013; Zünd et al. 2013), and thus
a tight regulation of UPF1 phosphorylation and the sub-
sequent recruitment of decay factors are required to pre-
vent unscheduled degradation. In contrast, in yeast, UPF1
is not phosphorylated and is thought to recruit decay

factors to the target mRNA (He and Jacobson 2001;
Swisher and Parker 2011). Thus, serendipitous UPF1
binding might lead to undesired degradation of normal
mRNAs in yeast, which is unlikely to occur in metazoan.
In summary, together with previously published data

(Muhlemann and Lykke-Andersen 2010), our results in-
dicate that the surveillance complex disposes of multiple
and redundant activities to ensure robust target degra-
dation: It uses the endonucleolytic activity of SMG6,
the deadenylase activity of the CCR4–NOT complex
through direct interaction with SMG7, and the decapp-
ing activity of DCP2 through interactions with UPF1
and/or SMG7.

Materials and methods

DNA constructs

Plasmids for the expression of SMG5 and SMG7 and de-
adenylation factors have been described previously (Braun
et al. 2011; Jonas et al. 2013). SMG7 DPC carries a deletion of
amino acids 633–1091. For the TAP tag selection, SMG7 cDNA
encoding the PC region (residues 633–1091) was inserted into
the pCMV-TAPtagN-PrP-SBP vector using XhoI and Acc651
restriction sites. The TAP tag consists of protein A, a Pre-
Scission protease cleavage site, and the SBP. For in vitro trans-
lation, cDNAs encoding SMG7 fragments (PC and DPC) were
cloned into XhoI–NotI sites of the pClneo-lNHA vector. For
the expression of SMG5 and SMG7 with MS2-HA tags, the
corresponding cDNAs were inserted into the XhoI–NotI sites
of pCN-MS2 (Lykke-Andersen et al. 2000), which was modi-
fied by the insertion of an HA tag C-terminal to the MS2.
SMG5 and SMG7 mutants were generated by site-directed
mutagenesis using the QuikChange mutagenesis kit (Strata-
gene) and the appropriate oligonucleotide sequences. Mutants
used in this study are described in Supplemental Table S2. To
express PNRC2 with an N-terminal V5-SBP-MBP tag, the
cDNA was inserted into the XhoI–NotI restriction sites of
the pCIneo-V5-SBP-MBP vector. Plasmids for expression of
recombinant proteins in E. coli are described in the Supple-
mental Material.

TAP tag purification

For the TAP tag purification, HEK293T cells were grown in
145-mm dishes and transfected with 30 mg of plasmid per dish
using the calcium phosphate method. Cells were harvested 48
h post-transfection and lysed on ice in lysis buffer (50 mM
Tris-HCl at pH 7.5, 150 mM NaCl, 0.1% Triton-X-100, 1 mM
EDTA, 0.5 mM DTT, 10% glycerol with 2.5 mL per 84 3 106

cells) supplemented with Complete protease inhibitor (Roche).
Cell lysates were spun at 18,000g for 15 min at 4°C. Cleared
lysates were treated with 50 mg/mL RNase A (Qiagen) for
30 min at 4°C and then spun at 18,000g for 10 min at 4°C.
Supernatants were pooled together and then incubated with
60 mL of IgG sepharose beads (50% slurry; GE Healthcare) for
1 h at 4°Cwith gentle mixing followed by an overnight digestion
with 1 mg/mL PreScission protease at 4°C. The IgG beads were
removed by centrifugation, and the supernatant was incubated
with 70 mL of streptavidin beads (50% slurry; GE Healthcare)
for 2 h at 4°C. The beads were washed seven times with lysis
buffer, and the proteins were eluted with 50 mL of NuPage LDS
sample buffer (Invitrogen). Samples were analyzed by mass
spectrometry.
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Coimmunoprecipitation, pull-down assays,
and Western blotting

For pull-down and coimmunoprecipitation assays, HEK293T
cells were grown in 10-cm plates and transfected using the
calcium phosphate method, except for the experiments shown
in Figure 2A, which used Lipofectamine 2000 according to the
manufacturer’s protocol. Cells were transfected with 24 mg of
total plasmid DNA. Two days after transfection, cells were lysed
for 15 min on ice in NET lysis buffer (50 mM Tris-HCl at pH 7.5,
150 mM NaCl, 0.1% Triton-X-100, 10% glycerol, 2.5 mM
MgCl2, 1 mM DTT) supplemented with protease inhibitor
(Roche) and 200 mg/mL RNase A (Qiagen). Cell lysates were
spun at 16,000g for 15 min at 4°C. For SBP-tagged proteins, the
cleared lysate was rotated for 30 min at 4°C with 25 mL of
streptavidin sepharose (GE Healthcare). The beads were washed
three times with NET buffer. Bound proteins were eluted with
100 mL of protein sample buffer and analyzed by Western
blotting. For the PNRC2 and UPF1 pull-downs, cells were
incubated with 50 nM okadaic acid for 4 h before harvest, and
NET buffer supplemented with PhosSTOP phosphatase inhibi-
tor (Roche) was used for lysis and washing. Coimmunoprecipi-
tations using anti-GFP antibodies and antibodies used in this
study are described in the Supplemental Material and Supple-
mental Table S3, respectively. All Western blots were developed
with the ECLWestern blotting detection system (GE Healthcare)
as recommended by the manufacturer.

Protein expression, purification, and pull-down assays

BL21 star cells (Invitrogen) harboring plasmids encoding GST,
GST-POP2, or MBP-SMG7 732–1091 were grown at 37°C in LB
medium until reaching OD600 = 0.4. Protein expression was
induced with IPTG, and all proteins were expressed overnight
at 20°C. After harvest, cells were resuspended in lysis buffer
(50 mM HEPES at pH 7.5, 200 mM NaCl, 1 mM DTT) supple-
mented with EDTA-free protease inhibitor (Roche), 1 mg/mL
lysozyme, and 5 mg/mL DNase I and then lysed by sonication.
The cleared lysates were incubated for 1 h with 5 mL of pre-
equilibrated amylose resin (New England Biolabs) or gluta-
thione agarose beads (Macherey-Nagel). The beads were washed
with lysis buffer, and the proteins were eluted after a 15-min
incubation with lysis buffer containing 25 mM maltose or
L-glutathione. The proteins were subsequently purified over a
gel filtration column (Superdex 200, GE Healthcare) and stored
at !80°C after flash-freezing in liquid nitrogen. Pull-down
assays were performed as described in the Supplemental
Material.

Tethering and complementation assays

For tethering assays, HEK293T cells were cultured in six-well
plates and transiently transfected with a mixture of three
plasmids: 0.5 mg of the control plasmid (b-globin-GAP), 0.5 mg
of the plasmid encoding the b-globin-6xMS2bs, and various
amounts of the pCN-MS2-HA plasmid for the expression of
MS2-HA fusion proteins. The amount of total DNAwas adjusted
to 3 mg with the pcDNA3 plasmid. When indicated, the trans-
fection mixtures also contained plasmids encoding GFP-DCP2
(wild type or mutant), HA-MBP, or catalytically inactive HA-
POP2 mutant. Complementation assays were performed as
previously described (Jonas et al. 2013). Transfection mixtures
contained 0.4 mg of plasmid pSUPERpuro expressing shRNAs.
Total RNA was isolated using TriFast (Peqlab) and analyzed as
described previously (Huntzinger et al. 2008). b-Tubulin was
used as normalization control.
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Supplemental Materials and Methods  

 

DNA constructs 

To express the SMG7 PC fragment in E. coli, the corresponding DNA (residues 732–

1091) was synthesized and codon usage optimized for expression in bacteria. The 

cDNA was cloned into the XhoI-NheI restriction sites of a pnYC-NpM vector 

(Diebold et al. 2011) with an N-terminal MBP-tag followed by a HRV3C cleavage 

site. CAF1, POP2 and POP2 catalytic domain (amino acids 12–239) were amplified 

from human cDNA and cloned into the XhoI-BamHI sites of a pnEA-NvG vector with 

an N-terminal GST-tag followed by a TEV cleavage site. 

 

Coimmunoprecipitation assays 

For coimmunoprecipitation assays using anti-GFP antibodies (Supplemental Fig. 

S5B,C), HEK293T cells were grown in 10 cm plates and transfected using the 

calcium phosphate method. Two days after transfection, cells were lysed for 15 min 

on ice in NET lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Triton-X-

100, 10% glycerol, 2.5 mM MgCl2, 1 mM DTT) supplemented with protease inhibitor 

(Roche) and 200 µg/ml RNase A (Qiagen). Cell lysates were spun at 16,000 !g for 

15 min at 4°C. Rabbit polyclonal anti-GFP antibodies were added to the supernatants 

(dilution 1:1,000) and samples were incubated for 1 hr at 4°C. Then, 25 µl of 

GammaBind G Sepharose (GE Healthcare) was added, and the mixtures were rotated 

for an additional hour at 4°C. The beads were washed three times with NET buffer. 

Bound proteins were eluted with 100 µl of protein sample buffer and analyzed by 

western blotting. 

 



 

Pulldown assays 

For the experiment shown in Figure 5H, 10 µM MBP-SMG7 732–1091 was mixed 

with 10 µM GST or GST-POP2 in interaction buffer (50 mM HEPES (pH 7.5), 200 

mM NaCl, 2 mM DTT) with 22 µl of glutathione agarose beads (final volume 100 µl). 

After 1 h incubation at 4°C, the beads were washed three times with 0.5 ml of 

interaction buffer. Bound proteins were eluted with 32 µl of interaction buffer 

supplemented with 25 mM L-glutathione. For analysis 0.5 µl of the input and 20 µl of 

the elution were separated on an SDS-PAGE gradient gel (Any-kD, Bio-Rad). 

To perform the GST pulldown assays shown in Figure 5D-G, cleared lysates from E. 

coli cells (100 ml cultures) expressing GST, GST-POP2 or GST-CAF1 were 

incubated with 25 µl of Protino glutathione agarose beads in NET buffer 

supplemented with 1 mM DTT and protease inhibitor for 1 hr at 4°C. Beads were 

washed three times with 1 ml of NET buffer. The beads coated with GST-tagged 

proteins were then incubated with [35S]-methionine-labeled in vitro translated proteins 

in 150 µl of NET buffer (see above) supplemented with 1mM DTT and 0.1 !g/!l 

BSA. The beads were washed three times with 1 ml of NET buffer and eluted with 40 

µl of SDS-PAGE loading buffer. The proteins were analyzed by 10% SDS-PAGE. 

[35S]-methionine-labeled proteins were detected by fluorography using Amplify 

(NAMP100, GE Healthcare) according to the manufacturers’ instructions. [35S]-

methionine-labeled PC and "PC fragments were expressed using the TNT T7-coupled 

Wheat Germ System (Promega, L4140) and [35S]-methionine (EasyTag Perkin Elmer, 

NEG709A) according to manufacturer’s instructions. Before the pulldown, the in 

vitro translated proteins were supplemented with 2.5 mM CaCl2 and treated with 

micrococcal nuclease.  



Supplemental reference 
 
Diebold ML, Fribourg S, Koch M, Metzger T, Romier C. 2011. Deciphering correct 

strategies for multiprotein complex assembly by co-expression: Application to 

complexes as large as the histone octamer.  J Struct Biol 175: 178–188. 
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Supplemental Table S1. Proteins copurifying with the SMG7 PC region. 

Protein Number of 
peptides 

Sequence 
Coverage (%)  Protein Number of 

peptides 
Sequence 

Coverage (%) 
CCR4-NOT complex  Splicing & RNA Processing 
CNOT1 209 30.8  HNRNPM 242 46.3 
CNOT3 43 11.7  HNRNPH1 31 19.9 
CNOT2 77 26.9  HNRNPC 3 6.9 
CNOT7 18 33.7  HNRNPF 14 19 
CNOT10 37 14.3  HNRNPD 13 11.3 
CNOT6 4 11.1  DDX5 16 13.4 
CNOT8 24 27.4  DDX17 3 8.8 
CNOT6L 27 12.8  EFTUD2 9 5.2 
CNOT11 11 17.6  RBM4 3 8.2 
CNOT9 60 41.8  RBM7 2 7.5 
tRNA  RALY 2 6.5 
FARSA 6 7.7  Transcription & Translation 
TRNAU1AP 3 10.1  EEF1A1 73 34.8 
Cell Cycle & Differentiation  RUVBL2 62 41.3 
IRS4 30 6.4  RUVBL1 44 44.1 
HAUS5 25 10.9  MATR3 17 8.6 
MAGED1 9 6  GCN1L1 25 9.4 
GAS7 3 1.5  RBM14 19 12.9 
CDC2 5 18.2  AKAP8L 19 14.1 
CDC42 3 4.2  TRIM28 8 10.8 
HOOK1 7 7  EIF4A1 4 9.1 
CDC23 3 5.5  FUBP3 11 12.6 
CSNK1A1 3 5.8  POLR2B 12 5.7 
Nuclear Pore  TRIM27 3 7.6 
SEC13 6 14.7  Nuclear Transport 
NUP93 14 13.4  SEC16A 49 11.6 
DNA Repair  RAN 4 18.5 
RNF219 27 14.5  MDN1 32 6 
DDB1 12 6.4  FAM120A 8 5.1 
Signal Transduction  Endocytosis 
IQGAP2 48 16.4  CLINT1 6 8.4 

YWHAZ 2 12.6  HAX1 4 16.4 

Cell Adhesion  Host-Viral Interaction 

LGALS3BP 14 10.9  VIM 23 36.1 

PKP2 8 7.9  YWHAE 8 29.4 

Coenzyme A Biosynthesis  Apoptosis 

PANK4 11 9.7  KIAA1967 7 6.3 

       



       

Protein Number of 
peptides 

Sequence 
Coverage (%)  Protein Number of 

peptides 
Sequence 

Coverage (%) 
Motor Proteins  Ribosomal   
MYO1D 16 11.3  RPL7 6 8.9 
MYL6 19 28.6  RPS3 80 65.8 
DYNLL1 2 24.7  RPL11 54 35.4 
MYH9 123 35.7  RPS15A 12 14.6 
MYH10 47 26.8  RPS13 2 12.6 
MYL12B 6 12.2  PSMD3 12 18.9 
Glycolysis  RPS11 31 33.5 
LDHB 3 12.3  RPLP0 5 13.2 
Additional proteins  RPL13 3 9.5 

P4HA1 21 23  RPL30 5 31.3 

SLFN11 37 13.1  RPL22 4 30.5 

P4HA2 8 10.1  RPS25 2 15.2 

IQGAP3 19 7.3  RPL12 4 24.2 
PCBP1 9 23.3  RPS18 5 21.1 
CPVL 8 9.9  RPS19 4 17.9 
IQCB1 4 5.5  RPL28 6 18.9 
YTHDF2 11 7.4  Chaperones 

MLF2 4 8.5  HSPA9 286 47.7 

    CCT1 19 23.4 

    BAG5 15 20.5 

 
!



Supplemental Table S2. Protein mutants used in this study. 

 

Name SMG5 
G120E G120E 
!L4 !133–155 
!L4+G120E !133–155 + G120E 

!
Name SMG7 
!PC 1–633 
PC 633–1091 
MBP-SMG7 732-1091 732–1091 
G100E G100E 
!L4 residues 112–141 

replaced by GSSG 
!

Name UPF1 
!N !1–114 
!NCR !1–72 
!CH !119–272 
!C !926–1129 
S1107A S1107A 
T28A T28A 
!helicase !272–925 

!
Name DCP2 
Mut E148Q 

!
Name POP2 
!C 1–240 
DEDD 12–240 
Mut D40A, E42A 
CCR4 Mut C67E, L71E1 
NOT1 Mut E137K, M140R, T141Y2 
TOB1 Mut K203A3 

 
1Basquin J, Roudko VV, Rode M, Basquin C, Séraphin B, Conti E. 2012. Architecture of the nuclease 

module of the yeast Ccr4-not complex: the Not1-Caf1-Ccr4 interaction. Mol Cell 48: 207–218. 
 
2Petit AP, Wohlbold L, Bawankar P, Huntzinger E, Schmidt S, Izaurralde E, Weichenrieder O. 2012. 

The structural basis for the interaction between CAF1 nuclease and the NOT1 scaffold of the human 
CCR4-NOT deadenylase complex. Nucleic Acids Res 40: 11058–11072. 

 
3Horiuchi M, Takeuchi K, Noda N, Muroya N, Suzuki T, Nakamura T, Kawamura-Tsuzuku J, 

Takahasi K, Yamamoto T, Inagaki F. 2009. Structural basis for the antiproliferative activity of the 
Tob–hCaf1 complex. J Biol Chem 284: 13244–13255. 

 



Supplemental Table S3. Antibodies used in this study. 
 
Antibody Source Catalog 

Number 
Dilution Monoclonal/ 

Polyclonal 
Anti-V5 AbD Serotec MCA1360GA 1:5,000 Monoclonal 
Anti-HA-HRP Roche 12 013 819 

001 
1:5,000 Monoclonal 

Anti-GFP (for 
Western blotting) 

Roche 11 814 460 
001 

1:3,000 Monoclonal 

Anti-tubulin Sigma 
aldrich 

T6199 1:5,000 Monoclonal 

Anti-UPF1 Bethyl 
Laboratories 

A301-902A 1:3,000 Rabbit 
Polyclonal 

Phospho(Ser/Thr) 
ATM/ATR 
Substrate  
(4F7) Rabbit mAb 

Cell 
Signalling 
Technology 

2909 1:2,000 Monoclonal 

Anti-POP2/CAF1 Abnova H00029883 
 

1:3,000 Monoclonal 

Anti-mouse-HRP GE 
Healthcare 

NA931V 1:10,000 Polyclonal 

Anti-rabbit-HRP GE 
Healthcare 

NA934V 1:10,000 Polyclonal 

Anti-SMG5 In house  1:3,000 Rabbit 
polyclonal 

Anti-SMG7 In house  1:3,000 Rabbit 
polyclonal 

Anti-SMG6 Dr. Shigeo 
Ohno 

 1:3,000 Rabbit 
polyclonal 

!
!
!
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Introduction

In eukaryotes, the removal of mRNA poly(A) tails by deadenyl-
ases, a process known as deadenylation, represses translation 
and generally commits the mRNA to degradation. Therefore, 
deadenylation provides a major mechanism for the post-tran-
scriptional regulation of mRNA expression.1 Eukaryotic mRNAs 
are deadenylated by the consecutive action of two cytoplasmic 
deadenylase complexes.2,3 The PAN2-PAN3 complex is involved 
in the early phase of deadenylation and shortens mRNA poly(A) 
tails in a distributive manner.4,5 The second, more rapid phase of 
deadenylation is catalyzed by the CCR4-NOT complex.5,6 The 
CCR4-NOT complex is sufficient for mRNA deadenylation in 
the absence of the PAN2-PAN3 complex.5-7

In addition to its general role in bulk mRNA deadenylation, 
the CCR4-NOT complex and associated proteins have been 
implicated in a broad range of biological processes, includ-
ing transcription initiation and elongation, ubiquitination and 
protein modification.3,8 Furthermore, this complex plays a key 
role in the post-transcriptional regulation of specific mRNAs, to 
which it is recruited via interactions with sequence-specific RNA-
binding proteins. These RNA-binding proteins include Pumilio, 
Nanos, Bicaudal-C and Smaug, which regulate the temporal and 

The CCR4-NOT complex plays a crucial role in post-transcriptional mRNA regulation in eukaryotes. This complex 
catalyzes the removal of mRNA poly(A) tails, thereby repressing translation and committing an mRNA to degradation. 
The conserved core of the complex is assembled by the interaction of at least two modules: the NOT module, which 
minimally consists of NOT1, NOT2 and NOT3, and a catalytic module comprising two deadenylases, CCR4 and POP2/
CAF1. Additional complex subunits include CAF40 and two newly identi!ed human subunits, NOT10 and C2orf29. The 
role of the NOT10 and C2orf29 subunits and how they are integrated into the complex are unknown. Here, we show that 
the Drosophila melanogaster NOT10 and C2orf29 orthologs form a complex that interacts with the N-terminal domain 
of NOT1 through C2orf29. These interactions are conserved in human cells, indicating that NOT10 and C2orf29 de!ne 
a conserved module of the CCR4-NOT complex. We further investigated the assembly of the D. melanogaster CCR4-
NOT complex, and demonstrate that the conserved armadillo repeat domain of CAF40 interacts with a region of NOT1, 
comprising a domain of unknown function, DUF3819. Using tethering assays, we show that each subunit of the CCR4-
NOT complex causes translational repression of an unadenylated mRNA reporter and deadenylation and degradation of 
a polyadenylated reporter. Therefore, the recruitment of a single subunit of the complex to an mRNA target induces the 
assembly of the complete CCR4-NOT complex, resulting in a similar regulatory outcome.

NOT10 and C2orf29/NOT11 form a conserved 
module of the CCR4-NOT complex that docks 
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spatial expression of mRNA targets during Drosophila melanogas-
ter (Dm) oogenesis and embryogenesis.1,8 Recently, it was shown 
that GW182 family proteins, which are required for miRNA-
mediated silencing in animal cells, directly interact with NOT1 
and recruit the CCR4-NOT complex to miRNA targets.9-11

The conserved core of the CCR4-NOT complex consists of 
at least five subunits: NOT1, NOT2, NOT3 and two catalyti-
cally active subunits, CCR4a (or its paralog CCR4b) and POP2 
(or its paralog CAF1).3,8 The catalytic subunits interact to form 
a catalytic module, which is recruited to the complex through 
interactions between POP2/CAF1 and a central MIF4G (middle 
domain of eukaryotic initiation factor 4G) domain in NOT1.12-

18 Additional complex subunits include CAF40 (also known as 
NOT9, Rcd1 or RQCD1), CAF130, NOT4, NOT5, NOT10, 
C2orf29 and TAB182.3,8 CAF130 is a yeast-specific subunit with 
no metazoan counterpart.8 Although NOT4 is conserved and 
is an integral yeast CCR4-NOT complex subunit, it is not sta-
bly associated with the D. melanogaster (Dm) and human com-
plexes.17,18 NOT5 is a yeast NOT3 paralog; however, in contrast 
with yeast, there is only one gene that encodes a NOT3/NOT5 
ortholog in metazoans, termed NOT3 (or NOT3/5).8 Finally, 
NOT10, C2orf29 and TAB182 were identified as subunits of the 
human CCR4-NOT complex, and these factors lack orthologs in 
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Studies of the interaction between the subunits of the CCR4-
NOT complex have indicated that NOT1 acts as a scaffold for 
the assembly of the complex, providing binding sites for both the 
catalytic module and the CAF40, CAF130 and NOT2-NOT3/5 
subunits.18,21-28 However, how the NOT10 and C2orf29 subunits 
are incorporated into the CCR4-NOT complex and the precise 
function of these subunits are unknown.

The differences in the composition of the CCR4-NOT com-
plexes in yeast and metazoans and the role of the metazoan 
CCR4-NOT complex in post-transcriptional regulatory mecha-
nisms such as the miRNA pathway, which has no counterpart 
in fungi, highlight the importance of studying the assembly and 
function of this complex in multicellular eukaryotes. In this 
study, we characterized the assembly of the CCR4-NOT com-
plex in D. melanogaster cells. We confirmed that the C-terminal 
regions of NOT2 and NOT3, which contain a highly conserved 
NOT-box domain, interact and dock onto the NOT1 C-terminal 
domain. We also defined the CAF40-binding site on NOT1 and 
demonstrated that it overlaps with a domain of unknown func-
tion (DUF3819) that is located between the binding sites for the 
catalytic module and the NOT2-NOT3 module. We further 
show that the Dm CNOT10 and C2orf29 orthologs CG18616 
and CG13567, respectively, interact, thereby defining a new 
module of the CCR4-NOT complex. This module is recruited 
to the CCR4-NOT complex via an interaction with the NOT1 
N-terminal domain and C2orf29. Similar results were obtained 
for the human CNOT10 and C2orf29 proteins in human cells. 
Finally, our functional studies demonstrate that all subunits in 
the CCR4-NOT complex trigger the degradation of a polyad-
enylated reporter in tethering assays and repress translation when 
tethered to a reporter lacking a poly(A) tail. These observations 
indicate that each subunit has the ability to recruit the remaining 
subunits of the complex to an RNA target, repressing its expres-
sion through a common mechanism.

Results

Assembly of the catalytic module of the Dm CCR4-NOT 
complex. To elucidate the assembly of the CCR4-NOT com-
plex in metazoans, we investigated the interactions between 
the subunits of the CCR4-NOT complex in D. melanogaster 
Schneider cells (S2 cells). CCR4 consists of an N-terminal 
leucine-rich repeat (LRR) domain and a C-terminal catalytic 
domain (CCR4-C), and belongs to the endonuclease-exonu-
clease-phosphatase (EEP) enzyme family (Fig. 1A).29,30 Yeast 
CCR4 has been shown to interact with POP2 through its LRR 
domain.12-15,21,23 POP2 is a one-domain protein that adopts an 
RNase D-like fold and belongs to the DEDD nuclease family 
(Fig. 1A).15.16,31,32 POP2 interacts with NOT1 and the CCR4 
LRR domain, thereby bridging the interaction between CCR4 
and NOT1.12-16,18,21-23,26,27,33

In immunoprecipitation assays using S2 cell lysates, we con-
firmed that Dm CCR4 and POP2 interact and that this interac-
tion is mediated by the CCR4 LRR domain. Indeed, GFP-tagged 
Dm CCR4 and the isolated LRR domain co-immunoprecipitated 
HA-tagged POP2 (Fig. 1B, lanes 6 and 7). The CCR4 catalytic 

yeast.18-20 Unlike TAB182, NOT10 and C2orf29 are conserved 
in metazoans, and NOT10 copurify with the Dm CCR4-NOT 
complex.17 These observations point to differences in the compo-
sition of the CCR4-NOT complexes across species.

Figure 1. Dm CCR4 interacts with POP2. (A) Domain organization of 
Dm CCR4 and POP2. CCR4 contains a LRR domain and a catalytic EEP-
nuclease domain (CCR4-C). POP2 consists of a single RNase D-like DEDD 
family catalytic domain. The numbers beneath the protein outline 
represent the amino acid position at the fragment/domain boundaries. 
(B) S2 cells were co-transfected with plasmids expressing GFP-tagged 
CCR4 (full-length or fragments) and HA-tagged POP2. GFP-tagged 
!re"y luciferase (F-Luc) served as a negative control. Cell lysates were 
immunoprecipitated with polyclonal anti-GFP antibodies. Inputs (1%) 
and immunoprecipitates (5% GFP tagged proteins or 30% HA-tagged 
proteins) were subjected to western blotting using anti-GFP and 
anti-HA antibodies. (C) Interaction between GFP-tagged POP2 and the 
indicated CCR4 mutants. (D) Interaction between GFP-tagged CCR4 and 
the indicated POP2 mutants.
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co-immunoprecipitated HA-tagged NOT2 and that this inter-
action was mediated by a NOT3 C-terminal fragment com-
prising the NOT-box (Fig. 2B, lanes 7 and 10). Conversely, 
GFP-tagged NOT2 co-immunoprecipitated full-length NOT3 
and NOT3-C, and these interactions were also mediated by the 
NOT2 C-terminal region containing the NOT-box (Fig. 2C and 
D, lanes 8), which is in agreement with previous studies.18,21,27,28 
The NOT2-NOT3 interaction is direct because a GST (glu-
tathione S-transferase)-tagged NOT2 C-terminal fragment 
(GST-NOT2-C) pulled down the C-terminal NOT3 fragment, 
which was expressed in Escherichia coli with a NusA tag (Fig. 2E, 

domain had no detectable interac-
tion with POP2 (Fig. 1B, lane 8).

The crystal structure of the S. 
cerevisiae POP2 protein (also known 
as CAF1) in complex with CCR4 
identified critical interface residues 
that mediate the interaction between 
the two proteins.15 Together with 
conservation of the protein folds, the 
conservation of these residues15,16,29-32 
suggests that POP2 and CCR4 
interact in a similar manner in all 
eukaryotes. Therefore, based on the 
structure of the S. cerevisiae POP2-
CCR4 complex,15 we designed muta-
tions in Dm POP2 and CCR4 to 
disrupt their interaction. A double 
L42E,I44E mutation on the CCR4 
LRR domain strongly reduced its 
interaction with POP2 (Fig. 1C, 
lane 15), as has been described for 
S. cerevisiae CCR4.15 In contrast, a 
catalytically inactive CCR4 mutant 
(Cat: D412A,N414A) interacted 
with POP2 as efficiently as wild-
type (Fig. 1C, lane 14). Accordingly, 
mutation of catalytic residues did 
not exacerbate the effect of the dou-
ble L42E,I44E mutation (Fig. 1C, 
lane 16). Conversely, substitution of 
POP2 residues C80 and L84 (corre-
sponding to S. cerevisiae POP2 resi-
dues A215 and F219, respectively) 
with glutamic acid strongly impaired 
binding to CCR4 (Fig. 1D, lane 
17). These results indicate that the 
POP2-CCR4 interface is conserved.

NOT2 and NOT3 proteins 
interact through their C-terminal 
regions comprising the NOT-
boxes. NOT2 and NOT3 are 
related proteins that share a con-
served C-terminal motif termed the 
NOT-box (Fig. 2A).34 The sequence 
identity between the Dm NOT2 
and NOT3 NOT-boxes is 28%.34 In addition to the NOT-box, 
NOT2 contains a less-conserved N-terminal extension, which is 
rich in glycine (22.6%) and serine (12.4%) residues and is pre-
dicted to be unstructured (NOT2-N; Fig. 2A). NOT3 contains 
a highly conserved N-terminal domain (NOT3-N) that is pre-
dicted to be primarily α-helical, which is connected to the NOT-
box by a linker region (NOT3-L) that is rich in serine (16.4%) 
and glutamine (11.8%) residues (Fig. 2A).

To define the NOT2 and NOT3 regions that are required 
for their interaction, we performed co-immunoprecipitation 
assays using S2 cells. We observed that GFP-tagged NOT3 

Figure 2. NOT2 and NOT3 interact via their C-terminal regions, which contain NOT-boxes. (A) NOT2 
and NOT3 share a conserved C-terminal motif termed the NOT-box. NOT2 contains a less conserved 
N-terminal extension that is predicted to be unstructured (NOT2-N). NOT3 contains a highly conserved 
N-terminal domain (NOT3-N) that is connected to the NOT-box by a linker region (NOT3-L). (B) S2 cells 
co-expressing GFP-tagged NOT3 (full-length or fragments) and HA-tagged NOT2 were lysed 3 d after 
transfection. Cell lysates were immunoprecipitated using polyclonal anti-GFP antibodies and analyzed 
as described in Figure 1. (C and D) The interaction between GFP-tagged NOT2 (full-length or frag-
ments) and HA-tagged NOT3 or NOT3-C was analyzed as described in Figure 1. (E) Interaction between 
recombinant NusA-tagged NOT3-C and GST-tagged NOT2-C. GST was used as a negative control.
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NOT3, POP2 and CCR4 (Fig. 3B), which is in agreement with 
the hypothesis that NOT1 serves as a scaffold protein.

To define the NOT1 domains involved in binding to the 
core complex subunits, we performed co-immunoprecipitation 
assays using a series of NOT1 deletion mutants. Sequence com-
parison, secondary structure predictions and available structural 
information indicate that NOT1 consists of three main regions: 
N-terminal (NOT1-N), Middle (NOT1-M) and C-terminal 
(NOT1-C) (Fig. 3A). The NOT1-N is predicted to be entirely 
α-helical and structural information is available for a S. cerevi-
siae N-terminal region corresponding to Dm NOT1 residues 

lane 4). We conclude that the NOT2 and NOT3 C-terminal 
regions containing the NOT-boxes mediate the assembly of the 
NOT2-NOT3 complex.

Binding of POP2-CCR4 and NOT2-NOT3 complexes to 
the NOT1 scaffold. Studies of the interaction of the CCR4-
NOT complex subunits indicate that NOT1 serves as a scaffold 
protein, providing binding sites for the catalytic module and the 
additional subunits of the complex (Fig. 3A).18,21-28 Therefore, we 
investigated the interaction of NOT1 with the conserved core 
components of the CCR4-NOT complex. We observed that 
GFP-tagged NOT1 co-immunoprecipitated HA-tagged NOT2, 

Figure 3. NOT1 interacts with the catalytic module and with the NOT2-NOT3 complex. (A) NOT1 domain organization. NOT1 consists of an N-terminal 
(NOT1-N), middle (NOT1-M) and C-terminal (NOT1-C) region. The NOT1-N region contains a metazoan-speci!c α-helical domain (residues 1–412) that 
interacts with NOT10 and NOT11 (NOT10/11-binding domain (NOT10/11-BD), this study). The NOT1-M region comprises a MIF4G domain that interacts 
with POP215,16 and a domain of unknown function (DUF3819) that interacts with CAF40 (this study). The NOT1-C region harbors a conserved NOT1 
domain. (B) S2 cells were co-transfected with plasmids expressing GFP-tagged NOT1 and HA-tagged deadenylase subunits as indicated. GFP-tagged 
!re"y luciferase served as a negative control. Cell lysates were immunoprecipitated using polyclonal anti-GFP antibodies. Inputs and immunopre-
cipitates were analyzed as described in Figure 1. (C) Interaction of POP2 with the NOT1-M region and the MIF4G domain. (D and E) The interaction of 
GFP-NOT1 (full-length or the indicated fragments) with HA-tagged NOT2 and NOT3 was analyzed as described in Figure 1.
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The interaction between CAF40 and NOT1 fragment 1,387–
1,717 was mediated by the highly conserved armadillo repeat 
domain in CAF40 (Fig. 5E, lane 6).

NOT10 and C2orf29 (NOT11) form a conserved module 
of the CCR4-NOT complex. Human CNOT10 and C2orf29 
were originally identified as subunits of the human CCR4-NOT 
complex.18-20 These proteins are conserved in D. melanogaster 
(NOT10 and CG13567, respectively) and NOT10 co-purify with 
the Dm CCR4-NOT complex.17 Both proteins are predicted to 
be primarily α-helical. CG13567 contains a conserved domain of 
unknown function named DUF2363 (Fig. 6A). In the accompa-
nying manuscript by Mauxion et al.,36 human C2orf29 is shown 
to be a bona fide subunit of the human CCR4-NOT complex 
and is termed CNOT11. In accordance with the accompany-
ing manuscript,36 we will refer to Dm CG13657 as Dm NOT11 
hereafter.

In immunoprecipitation assays, we observed that NOT10 
strongly interacted with NOT11, suggesting that they form a 
complex (Fig. 6B, lane 7). NOT10 also interacted with itself 
(Fig. 6B, lane 6). Conversely, NOT11 strongly interacted with 
NOT10 (Fig. 6C, lane 6).

To investigate whether the NOT10-NOT11 interaction was 
direct, we coexpressed the proteins in E. coli. We observed that 
MBP(maltose binding protein)-tagged NOT10 co-purified with 
GST-tagged NOT11, but not with GST, on glutathione agarose 
beads (Fig. 6D, lane 6 vs. 4). Conversely, GST-NOT11 copu-
rified with MBP-NOT10 but not with MBP on amylose resin 
(Fig. 6D, lane 9 vs. 8). Furthermore, the expression levels of 
MBP-NOT10 increased by coexpression with GST-NOT11. We 
conclude that NOT10 and NOT11 directly interact and form a 
new module of the CCR4-NOT complex.

The NOT10-NOT11 complex interacts with the N-terminal 
NOT1 domain. To investigate how the NOT10-NOT11 com-
plex interacts with the CCR4-NOT complex, we performed 
immunoprecipitation assays in S2 cells. We observed that NOT1 
and NOT10 interact with NOT11 (Fig. 7A, lanes 10 and 11, 
respectively). The NOT1-NOT11 interaction was detectable only 
when NOT11 was used as bait (Fig. 7A and data not shown) and 
was enhanced in S2 cells in which NOT10 was also coexpressed 
(Fig. 7A, lane 12 vs. 10), suggesting that NOT10 and NOT11 
interact with NOT1 as a complex. Further analysis revealed that 
NOT10 interacts with the NOT1-N region (Fig. 7B, lane 8 and 
Fig. 7C, lane 10) but not with the NOT1-M or NOT1-C frag-
ments (Fig. 7B, lanes 9 and 10 and Fig. 7C, lane 11). Moreover, 
the 412 N-terminal-most residues of NOT1 were sufficient for 
binding to NOT10 (Fig. 7C, lane 12), although the NOT1 frag-
ment 416–1,148 retained residual binding (Fig. 7C, lane 14).

To investigate which protein in the NOT10-NOT11 com-
plex directly interacts with, NOT1 we co-expressed GST-tagged 
NOT1 N-terminal fragments (1–412 or 1–1,083) with MBP-
tagged NOT10 or NOT11 in E. coli and performed pull-down 
assays. We found that NOT11, but not NOT10, interacted with 
the NOT1 N-terminal fragments (Figs. 7D and E, lanes 6 and 9; 
and data not shown), indicating that NOT11 is the subunit that 
docks the NOT10-NOT11 complex onto the NOT1-N domain. 
This result was unexpected because in immunoprecipitation 

415–1,373.15 The NOT1-M region contains an N-terminal 
MIF4G domain that directly interacts with POP215,16 and a 
DUF3819 domain of unknown function (Fig. 3A). The NOT1-C 
region contains a conserved NOT1 homology domain (Fig. 3A).

First, we confirmed that the NOT1-M region interacts with 
POP2 via the MIF4G domain as was recently shown for human 
and yeast POP2 (Fig. 3C, lanes 8 and 10).15,16 We also inves-
tigated the NOT1 interaction with NOT2 and NOT3 and 
observed that these interactions were mediated by the NOT1-C 
domain (Fig. 3D and E, lanes 12), which is in agreement with 
previous studies.18,22-24

NOT2 and NOT3 interact with NOT1 via their C-terminal 
regions, which contain the NOT-boxes. We next defined the 
NOT2 and NOT3 regions required for NOT1-C binding. We 
observed that the regions mediating NOT2-NOT3 interac-
tion were also required for NOT1-C binding. Indeed, NOT2 
and NOT3 co-immunoprecipitated NOT1-C through their 
C-terminal regions (Fig. 4A and B). Previous studies have indi-
cated that the interaction between NOT1 and NOT3 is medi-
ated by NOT2.18,21,22,24,28 To more precisely define the NOT2 
sequences that interact with NOT1 and NOT3, we generated 
a series of C-terminal fragments containing the NOT-box (resi-
dues 444–566) and increasing N-terminal extensions. However, 
only the NOT2 fragment 402–585 interacted with NOT1-C and 
NOT3-C as efficiently as full-length NOT2 (Fig. 4C and D, 
lane 12 vs. 10), whereas the 436–585 fragment failed to interact 
with NOT1-C and exhibited residual NOT3 binding (Fig. 4C 
and D, lane 13). These results indicate that the NOT2 NOT-
box is not sufficient for NOT1 and NOT3 binding and that 
residues 402–436 (upstream of the NOT-box) are required for 
the interaction with NOT1 and NOT3. To determine whether 
these residues were sufficient for NOT1 binding, we performed 
co-immunoprecipitation assays using NOT2 fragments compris-
ing residues 1–436 and 402–436 (fused to GFP). We observed 
that these fragments did not interact with NOT1 (Fig. 4E, lanes 
7 and 8). Therefore, both the NOT2 NOT-box and the upstream 
N-terminal sequences (residues 402–436) are required for NOT1 
binding.

CAF40 interacts with a middle region of NOT1. CAF40 con-
tains a highly conserved domain comprising six armadillo repeats 
(Fig. 5A).35 In yeast, CAF40 interacts with NOT1; however, the 
domains mediating the NOT1 and CAF40 interaction have not 
been precisely defined.25 In immunoprecipitation assays, we con-
firmed that CAF40 preferentially associates with NOT1 (Fig. 
5B, lane 8), specifically, the NOT1-M region (Fig. 5C, lane 9). 
These results indicate that CAF40 binds NOT1 independently 
of NOT2 and NOT3, which interact with the NOT1-C frag-
ment. A more detailed analysis indicates that CAF40 interacts 
with the C-terminal portion of the NOT1-M fragment (residues 
1,387–1,717) comprising the DUF3819 domain and not with 
the MIF4G domain, which interacts with POP215,16 (Fig. 5D, 
lane 14). Moreover, CAF40 interacts with a NOT1-M fragment 
harboring a mutation that abolishes its interaction with POP2 
(K1277A)16 (Fig. 5D, lane 16). These results indicate that CAF40 
binds NOT1 independently of POP2. Additionally, CAF40 did 
not detectably interact with NOT10 and C2orf29 (see below). 
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the NOT11 fold. Together, our results indicate that NOT10 and 
NOT11 form a complex that docks onto the NOT1 scaffold via 
interactions with NOT11 and the N-terminal NOT1 domain.

Human CNOT10 and CNOT11 form a complex that 
interacts with the CNOT1 N-terminal domain. To investigate 
whether the interactions between NOT1, NOT10 and NOT11 
are conserved in humans, we performed immunoprecipitation 
assays of the human orthologs in human HEK293 cells (Fig. 8A). 
As observed for the D. melanogaster proteins, human CNOT10 

assays, NOT10 interacted with NOT1 more efficiently and 
enhanced NOT11 binding (Fig. 7A). One possible explanation 
for this observation is that NOT11 is present in excess in S2 cells. 
Therefore, overexpressed NOT10 efficiently binds endogenous 
NOT11 and NOT1, whereas overexpressed NOT11 does not 
efficiently compete with endogenous NOT11 for NOT1 binding 
unless NOT10 is also overexpressed. This possibility also sug-
gests that NOT10 facilitates the interaction between NOT11 
and NOT1, either by contacting NOT1 directly or by stabilizing 

Figure 4. The NOT2 NOT-box is not su!cient for binding to NOT1-C and NOT3-C. (A and B) Interaction between GFP-tagged NOT3 and NOT2 (full-
length or fragments) and HA-tagged NOT1-C. (C–E) Interaction between GFP-tagged NOT2 (full-length or fragments) and HA-tagged NOT1-C and 
NOT3-C.
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the interaction of CNOT11 with CNOT10 is conserved, we 
speculated that this interaction is most likely mediated by the 
most conserved region of CNOT11, the DUF2363 domain. 
Accordingly, we observed that a CNOT11 fragment comprising 
the DUF2363 domain interacted with CNOT10 as efficiently as 
full-length CNOT11 did (Fig. 8D, lanes 6 vs. 5). We conclude 
that CNOT10 and CNOT11 form a complex that interacts with 
CNOT1 in both human and D. melanogaster cells.

NOT10 and NOT11 promote the degradation of bound 
mRNAs. Tethering of the CCR4-NOT complex subunits pro-
motes the degradation of polyadenylated mRNA targets.10,37 
These effects have been shown for NOT1, NOT2, NOT3, CCR4 

interacted with CNOT1 and CNOT11 (Fig. 8B, lanes 9 and 14, 
respectively). More specifically, CNOT10 interacted with the 
N-terminal domain of CNOT1 (CNOT1-N) but not with the 
CNOT1-M or CNOT1-C domains (Fig. 8B, lanes 10–12). The 
interaction between CNOT11 and CNOT1 was weak and was 
enhanced when CNOT10 was co-expressed as observed in S2 
cells (Fig. 8C, lane 6 vs. 8). In contrast to the D. melanogaster 
proteins, the 302 N-terminal-most residues of CNOT1 were not 
sufficient for CNOT10 binding (Fig. 8B, lane 13).

Human CNOT11 consists of a highly conserved C-terminal 
DUF2363 domain (residues 260–496; Fig. 8A) and a less con-
served N-terminal region that is absent in Dm NOT11. Because 

Figure 5. CAF40 interacts with a NOT1 fragment comprising the DUF3819 domain. (A) CAF40 contains a highly conserved domain comprising six 
armadillo repeats (ARM). (B) S2 cells were transiently transfected with expression vectors encoding GFP-tagged subunits of the CCR4-NOT complex 
and HA-tagged CAF40. Cell lysates were immunoprecipitated using anti-GFP antibodies and analyzed as described in Figure 1. GFP-F-Luc served as 
a negative control. (C) Interaction between GFP-tagged NOT1 (full-length or fragments) and HA-tagged CAF40. (D) Interaction between GFP-tagged 
CAF40 and the indicated HA-tagged NOT1 fragments. (E) Interaction between GFP-tagged CAF40 (full-length or the armadillo repeat domain) and a 
HA-tagged NOT1 fragment comprising the DUF3819 domain.
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CCR4-NOT subunits in a tethering assay. 
For this assay, CCR4-NOT complex subunits 
were expressed with an N-terminal tag derived 
from the N protein of the bacteriophage λ (λN 
tag) to enable tethering to a firefly luciferase 
(F-Luc) reporter.38 The F-Luc reporter con-
tained five Box B hairpins (5BoxB) inserted 
in the 3' UTR;38 which bind the λN tag with 
high affinity and recruit CCR4-NOT com-
plex subunits to the F-Luc-5BoxB mRNA. We 
observed that all of the CCR4-NOT subunits 
repressed the expression of the F-Luc-5BoxB 
mRNA reporter (Fig. 9A). Northern blot 
analyses revealed that all of the subunits also 
reduced the abundance of the F-Luc-5BoxB 
mRNA to different extents (Fig. 9B). CAF40 
was a potent trigger of mRNA degradation, 
whereas although active, NOT10 and NOT11 
promoted F-Luc mRNA degradation less effi-
ciently (Fig. 9B). All subunits were expressed 
at comparable levels and had no effect on an 
F-Luc reporter lacking the BoxB hairpins 
(Fig. 9C, D and G).

To identify the CCR4-NOT complex sub-
units that can promote translational repres-
sion, we used an F-Luc-5BoxB reporter whose 
3' end is generated by a self-cleaving ham-
merhead ribozyme (F-Luc-5BoxB-HhR) and 
lacks a poly(A) tail.39 In agreement with pre-
vious studies,10,37 tethering of the λN-tagged 
NOT1, NOT2, NOT3, CCR4 and POP2 
subunits reduced luciferase activity without 
affecting mRNA abundance (Fig. 9E and 
F).10,37 CAF40 was a potent translational 
repressor when expressed at comparable levels, 
whereas NOT10 was inactive at the concen-
tration tested (Fig. 9E). These results indi-
cate that the tethering of any subunit of the 
CCR4-NOT complex leads to the recruitment 
of additional subunits via direct and indirect 
protein-protein interactions (except NOT10 
at this concentration), resulting in the transla-
tional repression of unadenylated reporters or 
the deadenylation and degradation of polyad-
enylated mRNAs.

Multiple NOT1 domains promote target degradation. 
Given that all of the CCR4-NOT complex subunits have the 
ability to recruit the complete complex, tethering assays using 
full-length proteins do not reveal the contribution of the individ-
ual subunits to translational repression and mRNA degradation. 
Therefore, we examined the activity of isolated protein domains. 
We observed that the NOT1-N fragment, which interacts with 
NOT10 and NOT11, was inactive in tethering assays, irrespec-
tive of the poly(A) tail (Fig. 10A–F). Accordingly, deletion of 
the NOT1-N region did not significantly affect the activity of 
the NOT1 protein in tethering assays (Fig. 10A–F). NOT1 

and POP2.10,37 These data suggest that tethered complex subunits 
recruit the catalytic module to promote the deadenylation and 
degradation of mRNAs. Additionally, the CCR4-NOT com-
plex subunits repress the translation of mRNA reporters lacking 
poly(A) tails in tethering assays, indicating that the CCR4-NOT 
complex has the ability to repress translation in the absence of 
deadenylation.10,37 The identity of the CCR4-NOT subunits 
mediating translational repression and the mechanism of this 
repression are unknown.

To gain insight into the role of NOT10 and NOT11, we 
compared the activity of these proteins with that of additional 

Figure 6. NOT10 directly interacts with NOT11. (A) NOT10 and NOT11 (also known as CG13567 
or C2orf29) are predicted to be primarily α-helical. NOT11 contains a conserved domain of 
unknown function named DUF2363. (B and C) S2 cells were transiently transfected with 
expression vectors encoding GFP-tagged NOT10, NOT11 or CAF40 and HA-tagged NOT10 (B) 
or NOT11 (C). Cell lysates were immunoprecipitated with anti-GFP antibodies and analyzed as 
described in Figure 1. (D) The interaction between recombinant GST-tagged NOT11 and an 
MBP fusion of NOT10 was analyzed by SDS-PAGE followed by Coomassie blue staining. The 
pull-downs were performed using glutathione agarose beads (lanes 4–6) or amylose resin 
(lanes 7–9). Input samples (1%) and bound fractions (50%) were analyzed on SDS PAGE. The 
asterisk indicates a contaminant protein that copuri!ed with GST (lane 4) or bound to the 
amylose resin (lanes 7–9).
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Figure 7. The NOT10-NOT11 complex interacts with the NOT1 N-terminal domain. (A) S2 cells were co-transfected with a mixture of two plasmids: one 
expressing GFP-NOT11 and one expressing HA-NOT1. In addition, where indicated, the transfection mixtures contained a third plasmid expressing 
HA-NOT10 (lanes 2, 3, 5 and 6). Cell lysates were immunoprecipitated using polyclonal anti-GFP antibodies. The inputs and immunoprecipitates were 
analyzed by western blotting as described in Figure 1. (B and C) Interaction between GFP-tagged NOT1 (full-length or fragments) and HA-tagged 
NOT10. (D and E) The interaction between recombinant GST-tagged NOT1 (1–1083 or 1–412) and an MBP fusion of NOT11 was analyzed by SDS-PAGE 
followed by Coomassie blue staining, as described in Figure 6D.
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mRNA regulation. In contrast, the NOT1-M and NOT1-C 
fragments elicited translational repression and mRNA degrada-
tion (Fig. 10A–F). The activity of the NOT1-M fragment was 
reduced by a single amino acid substitution (K1277A), which 
disrupts POP2 binding16 (Fig. 10H), indicating that the activity 
of the NOT1-M fragment is primarily mediated by the catalytic 
module but not by CAF40. However, the K1277A mutation had 
only a minor effect in the context of full-length NOT1 (Fig. 10I), 
indicating that the interaction with POP2 contributes but is not 
strictly required for NOT1 to promote translational repression 
and mRNA degradation in tethering assays.

The catalytic module requires interaction with the NOT 
module for full activity. We next tested the activity of POP2 
and CCR4 mutants in tethering assays. A catalytically inac-
tive POP2 mutant (Cat, D53A+E55A) promoted mRNA deg-
radation as reported previously.10,37 In contrast, a POP2 mutant 
(E151A)16 that does not interact with NOT1 was impaired in 
tethering assays (Fig. 11A). Similarly, mutations that disrupt the 
interaction with CCR4 (C80E,L84E) impaired POP2 activity in 
tethering assays (Fig. 11A). POP2 activity was abolished when 
the mutations that disrupt NOT1 and CCR4 binding were com-
bined (Fig. 11A). The effect of these mutations was independent 
of whether POP2 was catalytically active or inert (Fig. 11A). 
These results indicate that wild-type POP2 requires interaction 
with NOT1 and CCR4 for full activity and that the catalytic 
activity of POP2 is not sufficient to trigger degradation of the 
reporter in tethering assays. All POP2 mutants were expressed at 
comparable levels (Fig. 11B).

For CCR4, we observed that the isolated LRR, but not the 
catalytic domain (CCR4-C), was active in tethering assays at 
the concentrations tested (Fig. 11C). Accordingly, a catalyti-
cally inactive CCR4 mutant also promoted target degradation 
(Fig. 11C, Cat: D412A,N414A). This mutant still interacted 
with POP2 (Fig. 1C, lane 14). The activity of CCR4 or the iso-
lated LRR was abolished by mutations that disrupt POP2 binding 
(L42E,I44E) despite the fact that these mutants were expressed 
at levels comparable to the wild-type (Fig. 11D). Therefore, as 
shown for POP2, the catalytic activity of CCR4 is not sufficient 

fragments were expressed at comparable levels (Fig. 10G). This 
result suggests that the NOT1-N region and, thus, the NOT10-
NOT11 complex may not participate in post-transcriptional 

Figure 8. The NOT10-NOT11 complex is conserved in human cells. (A) 
Human CNOT1 consists of an N-terminal (NOT1-N), middle (NOT1-M) 
and C-terminal (NOT1-C) region. The POP2-binding domain adopts an 
MIF4G fold and is termed the CNOT1 MIF4G domain.15,16 The CNOT1-C 
region harbors a conserved NOT1 homology domain. (B) GFP-tagged 
CNOT1 (full-length or fragments) or GFP-CNOT11 were co-expressed 
with HA-tagged CNOT10 in HEK293 cells. The GFP-tagged proteins were 
immunoprecipitated from RNase A-treated cell lysates using anti-GFP 
antibodies. GFP-tagged MBP served as a negative control. Inputs (1.25% 
for the GFP-tagged proteins or 0.5% for HA-tagged proteins) and immu-
noprecipitates (10% for the GFP-tagged proteins or 25% for HA-tagged 
proteins) were analyzed by western blotting. (C) HEK293 cells were 
cotransfected with a mixture of two plasmids: one expressing GFP-
CNOT1 and one expressing HA-CNOT11. In addition, where indicated, 
the transfection mixtures contained a third plasmid expressing HA-
CNOT10 (lanes 3, 4, 7 and 8). Cell lysates were immunoprecipitated us-
ing polyclonal anti-GFP antibodies. The inputs and immunoprecipitates 
were analyzed by western blotting as described in B. (D) Interaction of 
GFP-tagged CNOT11 (full-length or DUF2363 domain) with HA-tagged 
CNOT10 in HEK293 cells.
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irreversible degradation of mRNA targets.3,8,10,37 In addition to 
its role in mRNA regulation, the CCR4-NOT complex has been 
implicated in a wide range of cellular processes, including tran-
scription, ubiquitination, DNA repair and protein modification.8 
Although most of the complex subunits are conserved among 
eukaryotes, yeast-specific and metazoan-specific subunits have 
been described, indicating that the complex composition differs 
across species. Therefore, the study of this multifunctional com-
plex in diverse organisms is relevant and promises to further our 
understanding of its diverse molecular functions. In this study, 
we characterized the Dm CCR4-NOT complex. We confirmed 
and extended the interactions that have been described in other 
species and defined the domains mediating the NOT1-CAF40 
interaction (Fig. 13). We further demonstrated that NOT10 
and NOT11 interact and dock onto the N-terminal NOT1 
domain through NOT11 (Fig. 13) in both D. melanogaster and 
human cells. Similar results are presented in the accompanying 
manuscript describing interactions between human CNOT10, 
CNOT11 and CNOT1.36 We conclude that NOT10 and NOT11 
form a conserved module of the CCR4-NOT complex. Finally, 
our analysis of the protein domains that mediate the interac-
tions between the subunits and play a role in mRNA degradation 
provides a foundation for future studies aimed at understanding 
how the complex assembles and regulates the expression of target 
mRNAs.

Materials and Methods

Co-immunoprecipitation assays in D. melanogaster and human 
cells. The plasmids encoding the deadenylase subunits for expres-
sion in D. melanogaster S2 cells are described in Table S1. Plasmids 
encoding Dm NOT10 (CG18616), Dm C2orf29 (CG13567) and 
Dm CAF40 (CG14213) were generated by inserting the corre-
sponding cDNAs into the pAc5.1-EGFP and pAc5.1-λNHA vec-
tors using the following restriction sites: EcoRV-XbaI (NOT10) and 
HindIII-XbaI (CG13567 and CAF40). Co-immunoprecipitation 
assays using S2 cells were performed as previously described.9 S2 
cells were grown in 6-well dishes, transfected using Effectene 
(Qiagen) transfection reagent and harvested 3 d after transfection. 
The transfection mixtures contained a total of 2–5 μg of plasmid, 
including both HA-tagged and GFP-tagged proteins. A plasmid 
expressing GFP-F-Luc served as a negative control. HA and GFP-
tagged proteins were detected using HRP-conjugated monoclonal 
anti-HA (Roche 3F10; 1:5,000) and anti-GFP antibodies (Roche, 
catalog number 11814460001; 1:2,000), respectively. All western 
blots were developed using the ECL western blotting detection 

to trigger degradation of the reporter in tethering assays at the 
concentration tested. However, it is important to note that at 
higher concentrations, the catalytic domain was active.

Importantly, the POP2 and CCR4 mutants that promoted 
degradation of the polyadenylated reporter also promoted trans-
lational repression of the unadenylated reporter (Fig. S1), indi-
cating that these activities are interconnected. Furthermore, at 
the concentration tested, the proteins had no effect on a reporter 
lacking the BoxB hairpins, indicating that the effects are specific 
(Fig. S1).

The NOT2 N-terminal domain promotes the translational 
repression and degradation of bound mRNAs. We also ana-
lyzed the activity of NOT2 and NOT3 fragments. For NOT2, 
we observed that the N-terminal extension and the C-terminal 
region were active in tethering assays (Fig. 12A and B). In 
contrast, for NOT3, only the C-terminal region, which inter-
acts with NOT2, was active (Fig. 12C and D), suggesting that 
NOT3 promotes mRNA degradation through its interaction 
with NOT2, which, in turn, interacts with the remainder of 
the CCR4-NOT complex. As shown for POP2 and CCR4, the 
NOT2 and NOT3 fragments that promoted degradation of the 
polyadenylated reporter also promoted translational repression of 
the unadenylated reporter but had no effect on a reporter lacking 
the BoxB hairpins (Fig. S1).

The observation that the isolated NOT2 N-terminal region 
promotes target degradation was unexpected because this region 
exhibited no detectable interaction with the core complex sub-
units, suggesting that this region interacts with unidentified pro-
tein partners. Our observations indicate that in contrast to the 
full-length proteins, only a subset of protein domains can cause 
translational repression and mRNA degradation independently 
(e.g., NOT2-N, NOT2-C, NOT1-M and NOT1-C). Further 
studies are required to determine whether these domains have 
intrinsic activity or interact indirectly with additional complex 
subunits or with unknown partners to regulate mRNA expres-
sion. In particular, structural studies of the interaction of sub-
units of the complex are needed to provide information on how to 
specifically disrupt these interactions, which is of critical impor-
tance to evaluate the contribution of the individual subunits to 
mRNA degradation and translational repression.

Discussion

The CCR4-NOT complex is a master regulator of mRNA 
expression. It promotes translational repression, which can 
occur even in the absence of deadenylation, and can direct the 

Figure 9 (See previous page). All subunits of the CCR4-NOT complex elicit translational repression and mRNA degradation in tethering assays. (A and 
B) S2 cells were transfected with a mixture of three plasmids: one expressing the F-Luc-5BoxB reporter, one expressing Renilla luciferase (R-Luc) as a 
transfection control and a plasmid expressing the λN-HA or λN-HA-tagged subunits of the CCR4-NOT complex. Fire!y luciferase activity was normal-
ized to that of Renilla luciferase and set to 100 in cells expressing λN-HA. The mean values ± standard deviation of three independent experiments are 
shown in panel A. (B) northern blot of representative RNA samples. The numbers below the panel indicate the F-Luc-5BoxB reporter levels normalized 
to that of the R-Luc mRNA and set to 100 in cells expressing the λN-HA peptide. Mean values ± standard deviation of three independent experiments 
are shown. (C and D) An experiment similar to that described in A and B was performed using an F-Luc reporter lacking the Box B hairpins. (E and F) 
An experiment similar to that described in A and B was performed using an F-Luc-5BoxB reporter in which the cleavage and polyadenylation signal 
was substituted with a self-cleaving hammerhead ribozyme (F-Luc-5BoxB-HhR). (G) Western blot showing the expression levels of the λN-HA tagged 
CCR4-NOT complex subunits.



240 RNA Biology Volume 10 Issue 2

Figure 10. For !gure legend, see page 241.
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bound proteins were eluted with 40 μl of sample buffer [50 mM 
TRIS-HCl (pH 6.8), 2% SDS, 10% (v/v) glycerol, 100 mM 
DTT and 0.05% bromophenol blue] and separated on an 11% 
SDS-PAGE.

Tethering assays in S2 cells. For the λN-tethering assay, 
S2 cells were grown in 6-well dishes and transfected using 
Effectene transfection reagent (Qiagen). The transfection mix-
tures contained the following plasmids: 0.1 μg of reporter plas-
mid (F-Luc-5BoxB, F-Luc or F-Luc-5BoxB-Hhr), 0.4 μg of 
pAc5.1-R-Luc as a transfection control and various quantities of 
pAc5.1λN-HA constructs encoding the CCR4-NOT subunits 
that were adjusted to obtain comparable protein expression levels 
as follows: 1,000 ng for the λN-HA control, NOT1 and NOT11; 
100 ng for NOT10 and CAF40; 70 ng for CCR4; 30 ng for 
NOT2 and 5 ng for NOT3 and POP2. When necessary, the total 
amount of transfected DNA was adjusted to 1.5 μg using the 
pAc5.1A plasmid lacking an insert. Firefly and Renilla luciferase 
activities were measured three days after transfection using the 
Dual-Luciferase Reporter Assay System (Promega). Total RNA 
was isolated using TriFast (Peqlab Biotechnologies) and analyzed 
as previously described.38
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system (GE Healthcare) as recommended by the manufacturer. 
Co-immunoprecipitation assays in human HEK293 cells were 
performed as described previously.16 Plasmids expressing deadenyl-
ase subunits in human cells were described previously.9 Plasmids 
encoding GFP or HA-tagged human CNOT10 were generated 
by inserting the CNOT10 cDNA (clone on15275; Kazusa DNA 
Research Institute) into the pEGFP-C1 and pλN-HA-C1 vectors, 
respectively, using the BamHI and XhoI restriction sites. Plasmids 
encoding GFP or HA-tagged human CNOT11 (full-length or 
fragment 260–496) were generated by inserting the CNOT11 
cDNA into the pT7-EGFP-C1 and pλN-HA-C1 vectors, respec-
tively, using the BamHI and KpnI (CNOT11 full-length) or the 
BamHI and XhoI (CNOT11 260–496) restriction sites.

In vitro pull-down assays. To express the Dm NOT2-C 
fragment in E. coli, the corresponding cDNA was cloned into 
the pnEA-NvG vector,40 resulting in an N-terminal TEV pro-
tease-cleavable GST-tagged NOT2-C protein (Table S1). Dm 
NOT3-C was cloned into the pETM-60 plasmid and resulted in 
a vector encoding N-terminal NusA-tagged proteins. To express 
the Dm NOT1 fragments 1–412 and 1–1,083 in E. coli, the cor-
responding cDNAs were cloned into the pnEA-NvG and pnEA-
NpG vectors, respectively,40 resulting in N-terminal GST fusion 
proteins. For co-expression, the full-length Dm NOT10 cDNA 
was cloned into pnYC-NpHM, and the full-length Dm NOT11 
cDNA was cloned into both pnYC-NpHM and pnEA-NpG vec-
tors,40 resulting in N-terminal MBP or GST fusion proteins, 
respectively. GST-NOT11 or GST-NOT1 was co-expressed with 
MBP-NOT10 or MBP-NOT11 in E. coli BL21 cells at 20°C over-
night. Cells were resuspended in lysis buffer [50 mM Tris-Cl (pH 
7.5), 200 mM NaCl, 2 mM MgCl2, 2 mM ATP, 1 mM DTT] 
supplemented with lysozyme (1 mg/ml), DNase I (5 μg/ml) and 
protease inhibitors. Cell lysates were incubated on ice for 10 min, 
lysed by sonication and cleared by centrifugation. Cleared lysates 
were incubated with 50 μl (50% slurry) of Protino Glutathione 
Agarose 4B beads (Macherey Nagel) or 50 μl (50% slurry) of 
amylose resin (New England BioLabs) for 1 h at 4°C with gentle 
rotation. Beads were washed three times with lysis buffer. The 

Figure 10 (See previous page). Activity of NOT1 protein domains in tethering assays. (A and B) A tethering assay was performed as described 
in Figure 9A with NOT1 (full-length or fragments). Fire!y luciferase activity was normalized to that of Renilla luciferase and set to 100 in the cells 
expressing λN-HA. The mean values ± standard deviation from three independent experiments are shown in A. (B) northern blot of representative 
RNA samples analyzed as described in Figure 8B. (C and D) Tethering assay using the F-Luc reporter lacking the Box B hairpins. (E and F) Tethering 
assay using the unadenylated F-Luc-BoxB-HhR reporter. (G) Western blot showing the expression level of the protein fragments tested. (H and I) 
The e"ect of the K1277A mutation (which disrupts POP2 binding)16 on the activity of NOT1-M and full-length NOT1 was tested in tethering assays 
using the F-Luc-5BoxB reporter as described above.
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Figure 13. Diagram summarizing the interactions described in this study.
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Table S1. Plasmids used in this study. 

Protein (alternative names) / 
ORF length in amino acids / 
accession 

Plasmid  Protein  Cloning sites 

CCR4/CG31137/552/NM_170129.
2 

pAc5.1B-EGFP-DmCCR4 CCR4 HindIII-XbaI 

  pAc5.1B-EGFP-DmCCR4 1-
166 

LRR EcoRI-NotI 

  pAc5.1B-EGFP-DmCCR4 168-
552 

CCR4-C HindIII-XbaI 

  pAc5.1B-!N-HA-DmCCR4 CCR4 HindIII-XbaI 
  pAc5.1B-!N-HA-DmCCR4 1-

166 
LRR EcoRI-NotI 

  pAc5.1B-!N-HA-DmCCR4 
168-552 

CCR4-C HindIII-XbaI 

  pAc5.1B-!N-HA-CCR4 168-
552 D412A,N414A 

CCR4-C-Cat HindIII-XbaI 

  pAc5.1B-!N-HA-DmCCR4-1-
166 L42E,I44E 

LRR L42E,I44E  HindIII-XbaI 
 

  pAc5.1B-!N-HA-CCR4 
D412A/N414A 

Cat HindIII-XbaI 

  pAc5.1B-!N-HA-CCR4 168-
552 D412A,N414A 

CCR4-C-cat HindIII-XbaI 

  pAc5.1B-!N-HA-DmCCR4 
L42E,I44E 

CCR4 L42E,I44E HindIII-XbaI 

  pAc5.1B-!N-HA-DmCCR4- 
L42E,I44E,D412A,N414A 

CCR4 
Cat,L42E,I44E 

HindIII-XbaI 

POP2/CG5684-
Pa/297/NM_140281.2 

pAc5.1B-!N-HA-DmPOP2a POP2 EcoRV-NotI 

  pAc5.1B-EGFP-DmPOP2a POP2 EcoRV-NotI 
  pAc5.1B-!N-HA-DmPOP2a POP2 EcoRV-NotI 
  pAc5.1B-!N-HA-DmPOP2a 

D53A,E55A 
Cat EcoR-NotI 

  pAc5.1B-!N-HA-DmPOP2a 
E151A 

POP2 E151A   EcoRV-NotI 

  pAc5.1B-!N-HA-DmPOP2a-
D53A,E55A,E151A 

Cat,E151A EcoRV-NotI 

  pAc5.1B-!N-HA-DmPOP2a 
C80E,L84E 

C80E,L84E  EcoRV-NotI 

  pAc5.1B-!N-HA-DmPOP2a 
D53A,E55A,C80E,L84E 

Cat,C80E,L84E EcoRV-NotI 

  pAc5.1B-!N-HA-DmPOP2a 
E151,C80E,L84E 

C80E,L84E,E151
A 

EcoRV-NotI 

  pAc5.1B-!N-HA-DmPOP2a 
D53A,E55A,E151,C80E,L84E 

Cat,C80E,L84E,E
151A 

EcoRV-NotI 

NOT3.5/CG8426/844aa/NM_1363
32.2 

pAc5.1B-EGFP-DmNNOT3  NOT3 HindIII-NotI 

  pAc5.1B-EGFP-DmNOT3 1-
246 

NOT3-N HindIII-NotI 

  pAc5.1B-EGFP-DmNOT3 239-
681 

NOT3-L HindIII-
EcoRI 

  pAc5.1B-EGFP-DmNOT3 677-
844 

NOT3-C HindIII-NotI 

  pAc5.1B-!N-HA-DmNOT3 NOT3 HindIII- NotI 
  pAc5.1B-!"-HA-DmNOT3 

677-844 
NOT3-C HindIII-NotI 

  pETM-60-DmNOT3 677-844 NOT3-C NdeI-XhoI 
NOT2/CG2161, 
Rga/585aa/NM_169080 

pAc5.1B-!N-HA-DmNOT2 NOT2 HindIII-XbaI 



  pAc5.1B-EGFP-DmNOT2 NOT2 HindIII-XbaI 
  pAc5.1B-EGFP-DmNOT2 1-

401 
NOT2-N HindIII-Not1 

  pAc5.1B-EGFP-DmNOT2 402-
585 

NOT2-C HindIIIXbaI 

  pnEA-NvG-DmNOT2 402-585 GST-NOT2-C NdeI-XhoI 
  pnEA-NvM-DmNOT2 402-585 MBP-NOT2-C NdeI-XhoI 
  pAc5.1B-EGFP-DmNOT2 436-

585 
436-585 HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT2 452-
585 

452-585 HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT2 469-
585 

469-585 HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT2  
478-585 

478-585 HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT2 1-
436 

1-436 HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT2 402-
436 

402-436 HindIII-XbaI 

NOT1/ 
CG34407/2505aa/NM_001103772.
2. 

pAc5.1B-EGFP-DmNOT1 NOT1 PacI- XbaI 

  pAc5.1B-!N-HA-DmNOT1 NOT1 PacI-HpaI 
  pAc5.1B-EGFP-DmNOT1 1-

1148 
NOT1-N EcoRI-XbaI 

  pAc5.1B-EGFP-DmNOT1 
1147-1717 

NOT1-M NheI-XbaI 

  pAc5.1B-EGFP-DmNOT1 
1147-2505 

NOT1-M+C HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT1 
1710-2505 

NOT1-C NheI-XbaI 

  pAc5.1B-!N-HA-DmNOT1 
1147-1717 

NOT1-M HindIII-XbaI 

  pAc5.1B-!N-HA-DmNOT1 
1387-1717 

NOT1 1387-1717 HindIII-XbaI 

  pAc5.1B-!N-HA-DmNOT1 
1147-1386 

MIF4G HindIII-XbaI 

  pAc5.1B-!N-HA-DmNOT1 
1710-2505 

NOT1-C HindIII-XbaI 

  pAc5.1B-!N-HA-DmNOT1 
1147-1717 K1277A 

M-K1277A 
 

HindIII-XbaI 

  pAc5.1B-EGFP-DmNOT1 1-
412 

1-412 EcoRI-XbaI 

  pAc5.1B-EGFP-DmNOT1 416-
1148 

416-1148 EcoRI-XbaI 

  pAc5.1B-EGFP-DmNOT1 1-
226 

1-226 EcoRI-XbaI 

  pAc5.1B-!NHA-DmNOT1 "1-
1148 

NOT1-"N HpaI-PacI 

  pAc5.1B-!NHA-DmNOT1 
"1147-1717 

NOT1-"M PacI-XbaI 

  pAc-5.1B-!NHA-DmNOT1 
"1-1717 

NOT1-C HpaI-PacI 

  pAc-5.1B-!NHA-DmNOT1 
"1710-2505 

NOT1-"C PacI-XbaI 

  pAc5.1B-!N-HA-DmNOT1 
K1277A 

K1277A PacI-XbaI 

 pnEA-NpG-DmNOT1 1-1083 GST-NOT1  
1-1083 

XhoI-XbaI 

 pnEA-NvG-DmNOT1 1-412 GST-NOT1 1-412 BamHI-XbaI 
 

CAF40/CG14213/304aa/NM_1676
75.1 

pAc5.1B-!N-HA-DmCAF40 CAF40 HindIII-XbaI 



 pAc5.1B-EGFP CAF40 25-291 CAF40 25-291 HindIII-XbaI 

 pAc5.1B-EGFP-DmCAF40 CAF40 HindIII-XbaI 

NOT10/CG18616/635aa/NM_1419
58.3 

pAc5.1B-!N-HA-DmNOT10 NOT10 EcoRV-XbaI 

 pAc5.1B-EGFP-DmNOT10 NOT10 EcoRV-XbaI 

 pnEA-NpM-DmNOT10 MBP-NOT10 XhoI-XbaI 
 

 pnYC-NpHM-DmNOT10 MBP-NOT10 KpnI-XbaI 

C2orf29/CG13567/227aa/NM_138
030 

pAc5.1B-!N-HA-DmC2orf29 NOT11 HindIII-XbaI 

 pAc5.1B-EGFP-DmC2orf29 NOT11 HindIII-XbaI 

 pnEA-NpG-DmC2orf29 GST-NOT11 XhoI-BamHI 
 

 pnYC-NpHM-DmC2orf29 MBP-NOT11 KpnI-XbaI 
 


