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O&8'! .7$! 205N?! #7! -&6'#7! /7! 3$1*1%'7$!

/'! M#.'F! L'%%'! &-%'$#,%&1-! '.%! $'-O1$,+'!

3#$!2#!6'-7'!/'!TVAA5!37&.!,'22'!/'!TVAAUF!

H#! "12! AA! '.%! '-.7&%'! $',$7%+'! /#-.! 2'!

,1*32'8'! #6',! TVAAVF! H1$.K7'! ,'.!

!
"#$%&'! ()! *+,-./! 0/! 12&./3#24! 5-6%'43#'00'! 7%!
+2.80'9'!7'!8&-#4#3#/3#24!7'!0/!3&/45+&#83#24)!
N#-.! ,'! *1/=2'<! 2'.! O#,%'7$.! I+-+$#78! /'! 2#!
%$#-.,$&3%&1-! .'! O&8'-%! .+K7'-%&'22'*'-%! 317$!
O1$*'$! 2'!,1*32'8'!/'!3$+&-&%&#%&1-! B"ALCF!;$a,'!G!
7-!,D#-I'*'-%!/'!,1-O1$*#%&1-! 2'!"AL!3#..'!/07-!
+%#%!O'$*+!G!7-!+%#%!176'$%!'%!7-'!3D1.3D1$@2#%&1-!
/'!2#!K7'7'!L9%'$*&-#2'!/'!2#!I$#-/'!.17.97-&%+!/'!
205>?! 312@*+$#.'! AA! 3'$*'%! /'! ,1**'-,'$!
20+21-I#%&1-F!
!
!



! "#$%&'!(!)!*+,#-&.*'.!/0&-&%&#%&1-.!/'!2#!%$#-.,$&3%&1-!
!

! (J!

O#,%'7$.! O1$*'-%!7-!,1*32'8'!.%#M&2&.+<!TVAAZ!'%!'-O&-!TVAA^!3'76'-%!G! 2'7$! %17$!6'-&$!

317$!%'$*&-'$! 2#! O1$*#%&1-!/7!,1*32'8'!/'!3$+&-&%&#%&1-!/'! 2#! %$#-.,$&3%&1-!BV&I7$'!(C!

BTD1*#.!Q!LD&#-I<!J44YCF!

Le modèle holoenzyme 

! L'!*1/=2'!#!67!2'!W17$!.7&%'!G!2#!37$&O&,#%&1-!/07-!,1*32'8'!,1-%'-#-%!205>?!"12AA<!

,'$%#&-.!;TV!#&-.&!K7'!/0#7%$'.!O#,%'7$.!&*32&K7+.!/#-.!2#!$+I72#%&1-!/'!2#!%$#-.,$&3%&1-!

,1**'! 2'! *+/&#%'7$<! 7-! ,1*32'8'! ,19#,%&6#%'7$<! '%! :bAc:?V<! 7-! ,1*32'8'! &*32&K7+!

/#-.! 2'! $'*1/'2#I'! /'! 2#! ,D$1*#%&-'F! N#-.! ,'! ,#.<! TVAAN! '.%! %17W17$.! 2'! O#,%'7$! /'!

$',1--#&..#-,'!'%!/'!2&#&.1-!#7!3$1*1%'7$!/'!M#.'F!H0&-%'$#,%&1-!'.%!.%#M&2&.+'!3#$!TVAA5!

'%!,'!K7&!3'$*'%!20#$$&6+'!/'!20D121'-E@*'!3$+O1$*+'F!

! A2!'8&.%'!/'.!#$I7*'-%.!'-!O#6'7$!/'.!/'78!*1/=2'.!'%!G!20D'7$'!#,%7'22'<! &2!-0'.%!

3#.!31..&M2'!/'!%$#-,D'$!'-!O#6'7$!/'!207-!17!/'!20#7%$'!BTD1*#.!Q!LD&#-I<!J44YCF!

La synthèse de la première liaison phosphodiester  

! d-'!O1&.!2'!,1*32'8'!O1$*+<!TVAA^<!I$a,'!G!.1-!#,%&6&%+!D+2&,#.'!5T"!/+3'-/#-%'!

6#!3'$*'%%$'!/'!3#..'$!/07-!,1*32'8'!O'$*+!G!7-!,1*32'8'!176'$%F!H#!"12!AA!3'7%!#21$.!

,#%#2@.'$! 2#! O1$*#%&1-! /'! 2#! 3$'*&=$'! 2&#&.1-! 3D1.3D1/&'.%'$! #21$.! K7'! 2#! .+$&-'! _! /7!

/1*#&-'! L9%'$*&-#2! /'! 2#! I$#-/'! .17.97-&%+! /'! 2#! "12! AA! '.%! 3D1.3D1$@2+! 3#$! TVAA^!

BTD1*#.!Q!LD&#-I<!J44YCF!
!

III. Généralités sur la régulation de la transcription 

! "17$!$+I72'$!2'!%#78!/'!%$#-.,$&3%&1-!/#-.!7-!%@3'!,'2272#&$'!17!G!7-!.%#/'!/1--+!

/7! /+6'2133'*'-%<! /'.! $+I72#%'7$.! /'! 2#! %$#-.,$&3%&1-! B#,%&6#%'7$.! 17! $+3$'..'7$.C!

3'76'-%!.'! 2&'$! .3+,&O&K7'*'-%!G! 205N?!/#-.! 2#! $+I&1-!/7!3$1*1%'7$!/'!M#.'!'%c17!#7!

-&6'#7!/'!.+K7'-,'.!/'!$+I72#%&1-!327.!+21&I-+'.!B/'.!e!'-D#-,'$.!f!17!e!.&2'-,'$.!fCF!H'!

327.! .176'-%<! 20&-O1$*#%&1-!#331$%+'!3#$! 2'.! $+I72#%'7$.!'.%! %$#-.*&.'!G! 2#!*#,D&-'$&'!

%$#-.,$&3%&1--'22'! /'! M#.'! 3#$! /'.! ,19$+I72#%'7$.! B,19#,%&6#%'7$.! '%! ,19$+3$'..'7$.CF!

L',&!3'7%!.'!O#&$'!3#$!7-'!&-%'$#,%&1-!/&$',%'!'-%$'!2'.!,19$+I72#%'7$.!'%!2#!*#,D&-'$&'!/'!

M#.'! 17! /'! O#g1-! &-/&$',%'! I$a,'! G! 7-'!*1/&O&,#%&1-! /'! 2#! .%$7,%7$'! /'! 2#! ,D$1*#%&-'!

Bh#$%&-'E<!J44JCF!



! "#$%&'!(!)!*+,#-&.*'.!/0&-&%&#%&1-.!/'!2#!%$#-.,$&3%&1-!
!

! (i!

 

IV. L’organisation de la chromatine et la notion de code des histones 

La chromatine 

! LD'E! 2'.! '7,#$@1%'.<! 205N?! '.%! 21,#2&.+! /#-.! 2'! -1@#7! '%! &2! &-%'$#I&%! #6',! /'.!

3$1%+&-'.!D&.%1-'.!317$! O1$*'$! 2#! ,D$1*#%&-'F! H'!3$'*&'$!-&6'#7!/01$I#-&.#%&1-!/'! 2#!

,D$1*#%&-'!'.%!2'!-7,2+1.1*'F!L'27&9,&!'.%!,1-.%&%7+!/07-!1,%#*=$'!/0D&.%1-'.!'%!/'!(`Y!

3M!/05N?F!H01,%#*=$'!,1*3$'-/!/'78!,13&'.!/'.!D&.%1-'.!^J5<!^JU<!^i!'%!^`!BV&I7$'!

JCF!H'.!D&.%1-'.!.1-%!/'!3'%&%'.!3$1%+&-'.!M#.&K7'.!O1$*+'.!/07-!/1*#&-'!I21M72#&$'!'%!

/07-'! $+I&1-! 327.! O2'8&M2'! '%! 327.! ,D#$I+'! '-! ?9%'$*&-#2F! H'.! D&.%1-'.! O1$*'-%! /'.!

D+%+$1/&*=$'.! .3+,&O&K7'.! I$a,'! G! 2'7$.! /1*#&-'.! /'! %@3'! D&.%1-'! B^VNC! K7&!

.0#..'*M2'-%! '-%$'! '78! 317$! O1$*'$! 7-! 1,%#*=$'F! N#-.! 2'.! I+-1*'.! /0'7,#$@1%'.<! 1-!

!
!
Figure 2. Structure atomique d’un nucléosome résolue par cristallographie. 
Chaque brin d’ADN est représenté par un bleu différent. L’ADN fait 1,7 tour en s’enroulant autour du 
nucléosome. En haut à gauche est représenté le tétramère H3-H4, avec H3 en vert et H4 en jaune. En haut au 
centre est représenté le dimère H2A-H2B, avec H2A en rouge et H2B en rose. Enfin, en haut à droite est 
représenté l’histone H1 ; les séquences en N-terminal et en C-terminal, non structuées, sont indiquées. La 
figure est adaptée de : (Khorasanizadeh, 2004). 
!



! "#$%&'!(!)!*+,#-&.*'.!/0&-&%&#%&1-.!/'!2#!%$#-.,$&3%&1-!
!

! (`!

$'%$176'!,'%%'!.%$7,%7$'!%17.!2'.!J44!j!`4!3MF!H05N?!K7&!.'!%$176'!'-%$'!/'78!1,%#*=$'.!

/0D&.%1-'!'.%!#33'2+!5N?!H&-k'$F!H0D&.%1-'!^(!K7#-%!G!27&!6#!3'$*'%%$'!/'!.%#M&2&.'$!2'.!

-&6'#78! /01$I#-&.#%&1-! .%$7,%7$#78! .73+$&'7$.<! 2'! -7,2+1.1*'! +%#-%! 2'! 3$'*&'$! -&6'#7!

/01$I#-&.#%&1-!/'! 2#! ,D$1*#%&-'F![-!1M.'$6'!'-.7&%'! 2'! ,122&'$!/'!3'$2'.<! 2#! O&M$'!/'!i4!

-*<!,'22'!/'!i44!-*!W7.K70#7!,D$1*1.1*'!*&%1%&K7'!BV&I7$'!iCF!

! N'! O#g1-! I+-+$#2'<! 1-! /&.%&-I7'! /'78! %@3'.! /'! ,D$1*#%&-'F! H#! 3$'*&=$'<!

20D+%+$1,D$1*#%&-'!,1$$'.31-/!G!/'.!$+I&1-.!K7&!-'!.1-%!3#.!%$#-.,$&%'.F!Z22'.!.1-%!%$=.!

,1-/'-.+'.! 3'-/#-%! 20&-%'$3D#.'F! L'$%#&-'.! .1-%! /'.! E1-'.! -1-! ,1/#-%'.! ,1**'! 2'.!

,'-%$1*=$'.! 17! 2'.! %+21*=$'.! BD+%+$1,D$1*#%&-'! ,1-.%&%7%&6'C! 17! /'.! E1-'.! -1-!

%$#-.,$&%'.! /#-.! 2#! ,'2272'! ,1-.&/+$+'! G! 7-! %'*3.! /1--+! BD+%+$1,D$1*#%&-'!

,1-/&%&1--'22'CF!H'!.',1-/!%@3'!/'!,D$1*#%&-'!'.%!20'7,D$1*#%&-'<!2#!,D$1*#%&-'!176'$%'!

/#-.!2#K7'22'!2'.!I=-'.!3'76'-%!S%$'!%$#-.,$&%.!BTD1*#.!Q!LD&#-I<!J44YCF!

Le code histone 

! H#! .%$7,%7$'! /'! 2#! ,D$1*#%&-'! W17'! 7-! $X2'! &*31$%#-%! /#-.! 2#! $+I72#%&1-! /'!

20'83$'..&1-!/'.!I=-'.F!H'.!K7'7'.!?9%'$*&-#2'.!/'.!D&.%1-'.!3'76'-%!S%$'!*1/&O&+'.!3#$!

/'.! '-E@*'.! .3+,&O&K7'.F! L'.! *1/&O&,#%&1-.! ,16#2'-%'.! '%! $+6'$.&M2'.! 3'76'-%! S%$'!

-1%#**'-%! /'.! #,+%@2#%&1-.<! /'.! *+%D@2#%&1-.<! /'.! 3D1.3D1$@2#%&1-.! /'.! 5N"9

$&M1.@2#%&1-.! 17! /'.! 7M&K7&%&-#%&1-.! '%! '22'.! 1-%! 2&'7! G! /'.! 31.&%&1-.! .3+,&O&K7'.F!

!
Figure 3. Représentation schématique des différents niveaux de compaction de l’ADN. 
Les différents niveaux de compaction de l’ADN sont représentés de la forme la moins condensée, l’ADN 
libre, en haut, à la forme la plus condensée, le chromosome en métaphase de la mitose, en bas. Le diamètre 
de la fibre chromatinienne est indiqué à chaque niveau. La figure est adaptée de : (Hansen, 2002). 



! "#$%&'!(!)!*+,#-&.*'.!/0&-&%&#%&1-.!/'!2#!%$#-.,$&3%&1-!
!

! (_!

H0D@31%D=.'!/7!,1/'!D&.%1-'!3$131.'!K7'!2'.!/&OO+$'-%'.!*1/&O&,#%&1-.!/'!2#!,D$1*#%&-'!

.1&'-%! $',1--7'.! 3#$! /'.! 3$1%+&-'.! $+I72#%$&,'.! .3+,&O&K7'.! '%! K70'22'.! 6+D&,72'$#&'-%!

/1-,!7-'!&-O1$*#%&1-!3#$%&,72&=$'F!N'!327.<!,'.!*1/&O&,#%&1-.!.1-%!&-%'$/+3'-/#-%'.F!"#$!

#&22'7$.<! &2! '.%! 3$1M#M2'! K7'! 2#! .%$7,%7$'! /'! 2#! ,D$1*#%&-'! /+3'-/'! 2#$I'*'-%! /'! 2#!

,1-,'-%$#%&1-!21,#2'<!/7!%@3'<!'%!/'!2#!31.&%&1-!3$+,&.'!/'.!/&OO+$'-%'.!*1/&O&,#%&1-.F!"#$!

'8'*32'<!7-'!D@3'$#,+%@2#%&1-!/'.!D&.%1-'.!$'-/!2#!,D$1*#%&-'!327.!#,,'..&M2'!317$!2#!

%$#-.,$&3%&1-F!

! H#!e!2',%7$'!f!/'!,'!,1/'!6#!O&-#2'*'-%!,1-/7&$'!G!20#,%&6#%&1-!17!G!2#!$+3$'..&1-!

/07-!I=-'!'%!/07-'!O#g1-!327.!I21M#2'!&-O27'-,'$!/'.!3D+-1*=-'.!,1**'!2#!3$12&O+$#%&1-!

,'2272#&$'!17!2#!/&OO+$'-%&#%&1-!3#$!'8'*32'F!N'.!+%#%.!+3&I+-+%&K7'.!61-%!S%$'!#&-.&!,$++.!

K7&! 61-%! S%$'! %$#-.*&.! #78! ,'2272'.! O&22'.! 3#$! 2#!*+&1.'! 17! 2#!*&%1.'F! H'! ,1/'! D&.%1-'!

#331$%'! /1-,! 7-'! &-O1$*#%&1-! ,1*32+*'-%#&$'! G! 20&-O1$*#%&1-! I+-+%&K7'! 31$%+'! 3#$!

205N?! Bl'-7m'&-! Q! 522&.<! J44(CF! H'.! '-E@*'.! K7&! 61-%!*1/&O&'$! 2'.! K7'7'.! /0D&.%1-'.!

W17'-%! /1-,! 7-! $X2'! ,$7,&#2! /#-.! 2#! $+I72#%&1-! /'! 2#! %$#-.,$&3%&1-F! "#$! 2#! .7&%'<! -17.!

#221-.! +%7/&'$! 7-! ,1*32'8'! ,1#,%&6#%'7$! /'! 2#! %$#-.,$&3%&1-! K7&! 31..=/'! 7-'! #,%&6&%+!

/0#,+%@2#%&1-!/'.!D&.%1-'.!^i!'%!7-'!#,%&6&%+!/'!/+7M&K7&%&-#%&1-!/'!20D&.%1-'!^JUF!

V. Les coactivateurs de la transcription 

! L'.!/'$-&=$'.!#--+'.<!/'.!+%7/'.!M&1,D&*&K7'.!'%!I+-+%&K7'.!1-%!*&.!'-!+6&/'-,'!

/'!-1*M$'78!,1$+I72#%'7$.!/'!2#!%$#-.,$&3%&1-F!L'.!,1$+I72#%'7$.!B,19#,%&6#%'7$.!'%!,19

$+3$'..'7$.C! .1-%! $',$7%+.! 2#! 3273#$%! /7! %'*3.! #7! -&6'#7! /'! 3$1*1%'7$.! I$a,'! G! /'.!

&-%'$#,%&1-.!.3+,&O&K7'.!#6',!2'.!/1*#&-'.!/0#,%&6#%&1-!17!/'!$+3$'..&1-!/'.!$+I72#%'7$.!

/'! 2#! %$#-.,$&3%&1-F! A2.! 3'76'-%! #7..&! /#-.! ,'$%#&-.! ,#.! ,1-%#,%'$! 2#! *#,D&-'$&'!

%$#-.,$&3%&1--'22'! /'! M#.'! '%! W17'-%! 7-! $X2'! 3$+31-/+$#-%! /#-.! 2#! $+I72#%&1-! /'! 2#!

%$#-.,$&3%&1-F! A2! '8&.%'! /'78! I$#-/'.! ,#%+I1$&'.! /'! ,1$+I72#%'7$.!)! 2'.! ,1O#,%'7$.! /'!

$'*1/'2#I'!/'!2#!,D$1*#%&-'!'%!2'.!#/#3%#%'7$.F!H'.!#/#3%#%'7$.!.1-%!/'.!,1O#,%'7$.!K7&!

61-%! O#&$'! 2'! 2&'-! '-%$'! 2'.! $+I72#%'7$.! '%! 2#! *#,D&-'$&'! /'! %$#-.,$&3%&1-! /'! M#.'F! H'!

*+/&#%'7$! '.%<! 3#$! '8'*32'<! 7-! ,1*32'8'! #/#3%#%'7$! K7&! W17'! 7-! $X2'! ,$7,&#2! /#-.! 2#!

$+I72#%&1-!/'!2#!%$#-.,$&3%&1-!/07-!%$=.!I$#-/!-1*M$'!/'!I=-'.F!A2!6#!O#&$'<!'-%$'!#7%$'.<!

2'!2&'-!'-%$'!/'.!#,%&6#%'7$.!'%!2#!I$#-/'!.17.97-&%+!/'!2#!"12!AA!Bh#$%&-'E<!J44JCF!

! N7$#-%! *#! %D=.'<! W0#&! %$#6#&22+! .7$! 7-! ,1*32'8'! ,19#,%&6#%'7$! '-%$#n-#-%! /'.!

*1/&O&,#%&1-.!/'!2#!,D$1*#%&-'<!2'!,1*32'8'!:5;5F!L'.!,1*32'8'.!3$1%+&K7'.!31..=/'-%!

7-'!#,%&6&%+!'-E@*#%&K7'!K7&!6#!*1/&O&'$!2#!.%$7,%7$'!/'!2#!,D$1*#%&-'!/1-%!2#!-#%7$'!'.%!



! "#$%&'!(!)!*+,#-&.*'.!/0&-&%&#%&1-.!/'!2#!%$#-.,$&3%&1-!
!

! (Y!

&-%$&-.=K7'*'-%! $+3$'..&6'! '%! $'-/$'! 205N?! #,,'..&M2'! G! 2#! *#,D&-'$&'!

%$#-.,$&3%&1--'22'F! A2! '8&.%'! /'78! %@3'.! /'! ,1*32'8'! ,1**'! -17.! #221-.! 2'! 61&$!]! 2'.!

,1*32'8'.! /'! $'*1/'2#I'! 5T"! /+3'-/#-%.! '%! 2'.! ,1*32'8'.! /'! *1/&O&,#%&1-! 31.%9

%$#/7,%&1--'22'!/'.!D&.%1-'.!Bh#$%&-'E<!J44JCF!

Les complexes de remodelage ATP dépendants 

! A2.! 61-%! #2%+$'$! 20#..1,&#%&1-!/'.!D&.%1-'.! G! 205N?F![-!3'7%! ,&%'$!3#$! '8'*32'! 2'!

,1*32'8'! :bA9:?V! /1-%! 1-! %$176'! /'.! D1*121I7'.! ,D'E! 2#! 2'67$'! !"# $%&%'()(*%<! 2#!

/$1.13D&2'!'%!20^1**'F!L'.!,1*32'8'.!.1-%!O1$*+.!3#$!/'!-1*M$'7.'.!.17.97-&%+.!/1-%!

7-'!31..=/'!7-'!#,%&6&%+!5T"#.'F!T$1&.!*1/'.!/'!$'*1/'2#I'!/'!2#!,D$1*#%&-'!1-%!+%+!

*&.! '-! +6&/'-,'!)! 7-! *176'*'-%! /'! %$#-.2#%&1-! /'! ,'$%#&-.! 1,%#*=$'.! /0D&.%1-'.<!

20+2&*&-#%&1-! /07-! 1,%#*=$'! /0D&.%1-'.<! 17! 2#! *1/&O&,#%&1-! /'! 2#! /&.%#-,'! '-%$'! /'78!

-7,2+1.1*'.!BP'-%'$.!Q!"7ID<!J44RCF!

Les complexes de modification post-traductionnelle des histones 

! L'.! ,1*32'8'.! 61-%<! '-%$'! #7%$'.<! 3#$%&,&3'$! G! 2#! *&.'! '-! 32#,'! /7! ,1/'! /'.!

D&.%1-'.F! ?17.! #221-.! *#&-%'-#-%! 3$+.'-%'$! '-! /+%#&2! 2'! ,1*32'8'! :5;5<! K7&! '.%!

,1-.&/+$+! ,1**'!7-!*1/=2'! /'! ,19#,%&6#%'7$!*1/&O&#-%! /'! O#g1-! 31.%9%$#/7,%&1--'22'!

2'.! D&.%1-'.! I$a,'! G! .'.! #,%&6&%+.! /0#,+%@2#%&1-! '%! /'! /+7M&K7&%&-#%&1-! /'.! D&.%1-'.! B,OF!

"#$%&'!.7$!2'!,1*32'8'!:5;5CF!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! (\!

Partie 2 : SAGA, un complexe co-activateur de la 

transcription 

A. Généralités sur le complexe SAGA 
A/'-%&O&+! /#-.! 7-! 3$'*&'$! %'*3.! ,D'E! 2#! 2'67$'! !"# $%&%'()(*%<! :5;5! '.%! 7-! ,1*32'8'!

*#,$1*12+,72#&$'!/'!3$=.!/'!J!hN#!K7&!,1*31$%'!(R!.17.97-&%+.!/#-.!,'%!1$I#-&.*'!'%!

&2! #33#$#n%! K7'! 2#! ,1*31.&%&1-! /7! ,1*32'8'! :5;5! '.%! %$=.! ,1-.'$6+'! #7! ,17$.! /'!

20+6127%&1-! /'! 2#! 2'67$'! G! 20D1**'! BT#M2'#7! (! '%! V&I7$'! `CF! Z-! *'! M#.#-%! .7$! 2'.!

37M2&,#%&1-.! 1$&I&-#2'.! '%! .7$! 327.&'7$.! $'67'.! $+,'-%'.! Bo17%'217! '%! #2<! J4(4]!

>1/$&I7'E9?#6#$$1<! J44R]! :#*#$#! Q!b12M'$I'$<! J4((]! b'#k'! Q!b1$k*#-<! J4((C<! W'!

6#&.! M$&=6'*'-%! 3$+.'-%'$! 2'.! /&6'$.'.! O1-,%&1-.! #..1,&+'.! #7! ,1*32'8'! :5;5F! l0#&!

'-.7&%'! ,D1&.&! /0#-#2@.'$! 7-! I$#-/! -1*M$'! /0#33$1,D'.! '83+$&*'-%#2'.<! K7&! /'!

20&/'-%&O&,#%&1-!/'.!.17.97-&%+.!/7!,1*32'8'!3#$!/'.!,$&M2'.!I+-+%&K7'.!17!/'.!#33$1,D'.!

/'! 3$1%+1*&K7'! W7.K70G! /'.! +%7/'.! .%$7,%7$'! O1-,%&1-! %$=.! $+,'-%'.<! 1-%! 3'$*&.! /'!
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,'%%'! 1$I#-&.#%&1-! .%$7,%7$#2'! '%! 2#! $+#2&.#%&1-! /'.! -1*M$'7.'.! O1-,%&1-.! #..1,&+'.! G!

:5;5F!

I. Un complexe multifonctionnel 

H'!,1*32'8'!:5;5!'.%!,1-.&/+$+!,1**'!7-!3$1%1%@3'!/'!,19#,%&6#%'7$!#6',!7-'!
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! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! (p!

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

'3!"#!+,-.%! /#!-%0*1,2*)3%&! 4#!)*+(%1)!

:+4;! :+4;! :<=;>?<@"!

5/#J! 5/#JM! 5N5JM!

5/#i! 5/#i! 5N5i!

5,670%!489!
:8$;3<0*3(,1!6%!4=>!

:IOJR! :IOJR! :;VJR!

AB8C! =245328! A*?DD!

:IO\i! L;RpYY! 5Tq?\c9H(!c9HJ!

:IO((! :IO((! 5Tq?\Hi!

5,670%!/?@!
:/;7.(A7(3(1*3(,1!6%!4B@>!

:7.(! ZB@CJ! Z?rJ!

C(%1!*'%$!6%)!*$3('*3%7&)! T$#(! T$#(! T>>5"!

:3%i! :3%i! :"Ti!
D;270*3(,1!6%!9@E!

:3%p! 9! 9!

T5V_! bN5! T5V_H!

T5VY! :5VY! T5VYH!

T5VR! T5VR! T5VRcT5VRM!

T5V(4! T5V(4M! T5V(4!

T5V(J! T5V(J! T5V(J!

5/#(! 5/#(! 5N5(!

:3%\! :3%\! :"T\!

FG7&!)3&7$37&*0!

:3%J4! :3%J4! :"TJ4!
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! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! (R!

/+7M&K7&%&-#%&1-!BNdU*C!BT#M2'#7!(!'%!V&I7$'!`CF!:5;5!#,+%@2'!327.&'7$.! 2@.&-'.!/'! 2#!

K7'7'! ?9%'$*&-#2'! /'! 20D&.%1-'! ^i! '%! &2! '.%! .7331.+! K7'! 20#,+%@2#%&1-! /'.! D&.%1-'.!

3'$*'%!/'!/+,1*3#,%'$! 2#! ,D$1*#%&-'!#7%17$!/7!3$1*1%'7$!#&-.&!K7'!/'! $',$7%'$!/'.!
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/'!3$+&-&%&#%&1-!/'!2#!%$#-.,$&3%&1-!B?#I@!Q!T1$#<!J44\CF!?17.!$'6&'-/$1-.!M$&=6'*'-%!
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.%$7,%7$'! O1-,%&1-! /7!^5T*! B,OF! LF! APF! (FCF! H0#,%&6&%+! NdU! /'! :5;5! '.%! 3$&-,&3#2'*'-%!

/&$&I+'! ,1-%$'! 2#! *1-197M&K7&%&-#%&1-! /'! ^JU! B^JU7MC! '%! #! +%+! *1&-.! +%7/&+'! K7'!

20#,%&6&%+!^5TF!?+#-*1&-.<!/'.!+%7/'.!$+#2&.+'.!,D'E!2#!2'67$'<!2#!/$1.13D&2'!'%!20D1**'!

*1-%$'-%! K7'! ,'%%'! #,%&6&%+! '.%! $'K7&.'! 317$! 3'$*'%%$'! 2#! %$#-.,$&3%&1-! 13%&*#2'! /07-!

,'$%#&-!-1*M$'!/'!I=-'.!:5;5!/+3'-/#-%.!B^'-$@!'%!#2<!J44i]!b'#k'!'%!#2<!J44pCF!LD'E!

2#!/$1.13D&2'<!&2!#!#7..&!+%+!.7II+$+!K7'!20#,%&6&%+!NdU!/'!:5;5!3'$*'%%#&%!/0'*3S,D'$!2#!

3$13#I#%&1-!/'!20D+%+$1,D$1*#%&-'!BsD#1!'%!#2<!J44pCF!N#-.!7-'!3$1,D#&-'!3#$%&'<!-17.!

$'3#$2'$1-.!/'.!O1-,%&1-.!K7&!.1-%!#..1,&+'.!G!207M&K7&%&-#%&1-!'%!G!2#!/+.7M&K7&%&-#%&1-!

/'!^JU!B,OF!"#$%&'!.7$!207M&K7&%&-#%&1-!/'!^JUCF!

Z-! 327.! /'! ,'.! /'78!*1/72'.! '-E@*#%&K7'.<! :5;5! 31..=/'! 7-! ,t7$! .%$7,%7$#2!

,1*31.+!3#$!327.&'7$.!3$1%+&-'.!T5V!BT5T59M&-/&-I!3$1%'&-!BTU"C9#..1,&#%'/!O#,%1$.C!

K7&! .1-%! 3#$%#I+'.! #6',! 2'! O#,%'7$! I+-+$#2! /'! 2#! %$#-.,$&3%&1-! TVAAN! '%! 3#$! 327.&'7$.!

.17.97-&%+.!.3+,&O&K7'.!/'!:5;5!,1**'!:3%\<!:3%J4!'%!5/#(!,D'E!!"#$%&%'()(*%!BV&I7$'!`C!

B;$#-%! '%! #2<! (RRp#]! :%'$-'$! '%! #2<! (RRRCF! Z-O&-<! ,D'E! !"# $%&%'()(*%/! :3%i! '%! :3%p!

&-%'$#I&..'-%!/'!O#g1-!/&$',%'!#6',!/'.!*'*M$'.!/'!2#!*#,D&-'$&'!%$#-.,$&3%&1--'22'!/'!

M#.'! ,1**'! TU"! '%! $+I72'-%! 2#! /&.%$&M7%&1-! /'! ,'%%'! 3$1%+&-'! #7! -&6'#7! /'! ,'$%#&-.!

3$1*1%'7$.!BV&I7$'!`C!BZ&.'-*#--!'%!#2<!(RRJ]!H#3$#/'!'%!#2<!J44\]!H#$.,D#-!Q!b&-.%1-<!

J44(]!h1D&M722#D!Q!^#D-<!J44pCF!A2!#!-1%#**'-%!+%+!*1-%$+!K7'!2'!$',$7%'*'-%!/'!TU"!

'%! 2#!O1$*#%&1-!/7!,1*32'8'!/'!3$+&-&%&#%&1-!/'!2#!%$#-.,$&3%&1-!#7!3$1*1%'7$!/7!I=-'!

01!2!/+3'-/#&%!7-&K7'*'-%!/7!,1*32'8'!:5;5!'%!3#.!/'!TVAAN!BV&.DM7$-!'%!#2<!J44_CF!

L'%%'!#,%&6&%+!/'!:5;5!'.%!+I#2'*'-%!$'K7&.'!317$!2#!*1M&2&.#%&1-!/7!$+%$1%$#-.31.1-!T@!

,D'E!!"#$%&%'()(*%!,'!K7&!#!3'$*&.!/0&/'-%&O&'$!2'.!/&OO+$'-%'.!.17.97-&%+.!/'!,'!*1/72'!3#$!

2'!,$&M2'!I+-+%&K7'!:"T!B,OF!UF!AF!(FCF!

A2!#!+I#2'*'-%!+%+!.7II+$+!K7'!:5;5!3#$%&,&3#&%!#7!,1732#I'!'-%$'!2#!%$#-.,$&3%&1-!

'%! 20'831$%!/'.!5>?*F!T17%!/0#M1$/<! ,D'E! 2#! 2'67$'!!"# $%&%'()(*%<! 2#! .17.97-&%+! :7.(!/7!

NdU*! /'! :5;5! '.%! +I#2'*'-%! $'%$176+'! #7! .'&-! /7! ,1*32'8'! T>ZqJ! BT$#-.,$&3%&1-!

Z831$%! JC! K7&! '.%! #..1,&+! #6',! 2'! ?"L! B?7,2'#$! "1$'! L1*32'8C! '%! $+I72'! 20'831$%! /'.!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! J4!

5>?*!B>1/$&I7'E9?#6#$$1!'%!#2<!J44`CF!N'!O#g1-!&-%+$'..#-%'<!2#!/+2+%&1-!/'!:7.(!,D'E!!"#

$%&%'()(*%! #! 317$! ,1-.+K7'-,'!7-!/+O#7%! /#-.! 20'831$%! /'.!5>?*!'%! ,'! 3D+-1%@3'! '.%!

#,,'-%7+!3#$!2#!/+2+%&1-!#//&%&1--'22'!/'!:IO((<!7-'!#7%$'!.17.97-&%+!/7!NdU*!/'!:5;5!

Bo1D2'$! '%! #2<! J44YCF!N0#7%$'.! +%7/'.!1-%! &-/&K7+!K7'! 2'.! .17.97-&%+.!5/#J! B^5T*C!'%!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! J(!

:IO\i!BNdU*C!/'!:5;5!$+I72#&'-%!2'!,1732#I'!%$#-.,$&3%&1-!u!'831$%!'%!3#$%&,&3#&'-%!#7!

31.&%&1--'*'-%! /'! I=-'.! #,%&O.! G! 3$18&*&%+! /'! 31$'.! -7,2+#&$'.! 317$! O#,&2&%'$! 2'7$!

'831$%<!7-!*+,#-&.*'!#33'2+!e!I'-'!I#%&-I!f!BL#M#2!'%!#2<!J44Y]!ovD2'$!'%!#2<!J44pCF!LD'E!

2#!/$1.13D&2'<!&2!#!+I#2'*'-%!+%+!*1-%$+!K7'!'B@CJ<!2#!3$1%+&-'!D1*121I7'!/'!:7.(<!+%#&%!

G!2#!O1&.!3$+.'-%'!/#-.!:5;5!'%!/#-.!5hZq!B5-,D1$&-I!#-/!*>?5!'831$%C<!20D1*121I7'!

/'!T>ZqJ!Bo7$.D#k16#!'%!#2<!J44\CF!N'!327.<! 2'.!$+.72%#%.!/'!,'%%'!+%7/'!*1-%$'-%!K7'!

'B@CJ! &-%'$#I&%! #6',! 2'!?"L!'%! .7II=$'-%!K7'! :5;5!'%!5hZq!3#$%&,&3'-%! G! 20'831$%!/'.!

5>?*!3#$! 20#-,$#I'!/07-!,'$%#&-!-1*M$'!/'!I=-'.! %$#-.,$&%.! G! 2#!3+$&3D+$&'!-7,2+#&$'!

Bo7$.D#k16#!'%!#2<!J44\CF!

Z-O&-! 327.&'7$.! +%7/'.! 3$131.'-%! K7'! :5;5! .1&%! &*32&K7+!/#-.! 2'! 3$1,'..7.! /'!

$+3#$#%&1-!/'!205N?!,D'E!20D1**'!BU$#-/!'%!#2<!J44(]!h#$%&-'E!'%!#2<!J44(]!>1M'$%!'%!#2<!

J44YC!'%!K7'!:5;5!W17'!7-!$X2'!/#-.!2'!/+6'2133'*'-%!/'!,'$%#&-.!,#-,'$.<!3#$!'8'*32'!

'-!$+I72#-%!/'.!I=-'.!/+3'-/#-%!/'!201-,1I=-'!,h@,F!"17$!7-'!$'67'!61&$!Bo17%'217!'%!

#2<!J4(4CF!

II. Rôle dans la régulation de l’expression des gènes 

1. Chez la levure 

LD'E! 2#! 2'67$'! !"# $%&%'()(*%<! #7,7-'! .17.97-&%+! .3+,&O&K7'! /7! ,1*32'8'! :5;5! -0'.%!

'..'-%&'22'F! H'.! .'72'.! .17.97-&%+.! '..'-%&'22'.! 3$+.'-%'.! /#-.! :5;5! .1-%! +I#2'*'-%!

3#$%#I+'.!#6',!/0#7%$'.!,1*32'8'.F!L0'.%! 2'!,#.!/'.!3$1%+&-'.!T5V!K7&!.1-%!'..'-%&'22'.!

,#$! '22'.! .1-%! 3#$%#I+'.! #6',! 2'! O#,%'7$! I+-+$#2! /'! 2#! %$#-.,$&3%&1-! TVAAN! K7&! '.%!

&-/&.3'-.#M2'! 317$! 2#! %$#-.,$&3%&1-! /07-'! %$=.! I$#-/'!*#W1$&%+! /'! I=-'.! B^7&.&-I#! Q!

"7ID<!J44`CF!N0#7%$'!3#$%<!T$#(!'.%!'..'-%&'22'!*#&.!2#!3$1%+&-'!'.%!#7..&!3$+.'-%'!/#-.!2'!

,1*32'8'!^5T!?75`F!L1**'!Z.#(<!20'-E@*'!^5T!/'!,'!,1*32'8'!?75`<!'.%!'..'-%&'22'!

'%!K7'!;,-_!-'!20'.%!3#.<!&2!'.%!/1-,!O1$%!3$1M#M2'!K7'!T$#(!.1&%!'..'-%&'22'!G!,#7.'!/'!.#!

3$+.'-,'!/#-.!2'!,1*32'8'!?75`!327%X%!K7'!/#-.!2'!,1*32'8'!:5;5!B522#$/!'%!#2<!(RRR]!

L2#$k'!'%!#2<!(RRR]!:*&%D!'%!#2<!(RRpCF!

h#2I$+! 20#M.'-,'! /'! .17.97-&%+! '..'-%&'22'! .3+,&O&K7'! /'! :5;5<! ,'! ,1*32'8'! '.%!

$'K7&.! 317$! 7-'! '83$'..&1-! 13%&*#2'! /07-! %$=.! I$#-/! -1*M$'! /'! I=-'.! ,1**'! 2'!

*1-%$'-%! 2'.! #-#2@.'.! %$#-.,$&3%&1--'22'.! $+#2&.+'.!/#-.!/'.! 2'67$'.!!"# $%&%'()(*%! 17!!"#

+,-.%!3$+.'-%#-%!7-'!/+2+%&1-!/'!-1*M$'7.'.!.17.97-&%+.!/'!:5;5!B^'2*2&-I'$!'%!#2<!

J4((]! H'-.%$#! '%! #2<! J4((CF! LD'E! !"# $%&%'()(*%<! 7-'! #7%$'! #-#2@.'! %$#-.,$&3%&1--'22'!

$+#2&.+'!G!3#$%&$!/'!327.&'7$.!*7%#-%.!/'!:5;5!'%!/'!TVAAN!#!.7II+$+!K7'!2#!%$#-.,$&3%&1-!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! JJ!

/'!(4w!/'.! I=-'.!/+3'-/!3$&-,&3#2'*'-%!/'! :5;5!#21$.!K7'!R4w!/'.! I=-'.! .'$#&'-%!

3$&-,&3#2'*'-%! $+I72+.!3#$!TVAAN! B^7&.&-I#!Q!"7ID<! J44`CF! H'.!(4w!/'! I=-'.! .17.! 2#!

/+3'-/#-,'! /'! :5;5! .1-%! -1%#**'-%! &*32&K7+.! /#-.! 7-'! $+31-.'! G! /&6'$.! .%$'..! '%!

.'*M2'-%!D#7%'*'-%!$+I72+.!B^7&.&-I#!Q!"7ID<!J44`CF!L'3'-/#-%<! &2!,1-6&'-%!/'!$'.%'$!

3$7/'-%!#6',!20&-%'$3$+%#%&1-!/07-!%'2!*1/=2'F!Z-!'OO'%<!3#$*&!2'.!I=-'.!/1-%!20'83$'..&1-!

$'K7&'$%!TVAAN<!2#!%$#-.,$&3%&1-!13%&*#2'!/'!M'#7,173!/0'-%$'!'78!-+,'..&%'!-+#-*1&-.!

2#!3$+.'-,'!/7!,1*32'8'!:5;5!B^7&.&-I#!Q!"7ID<!J44`CF!

N'!327.<!,D'E!!"#$%&%'()(*%<!/'!-1*M$'78!I=-'.!-1-!'83$&*+.!/#-.!2'.!,1-/&%&1-.!

13%&*#2'.! .1-%! $+I72+.! 3#$! 2'! ,1*32'8'! :5;5F! "#$! '8'*32'<! 7-! *7%#-%! 3$45x! 17! 7-!

*7%#-%! )+67x!-'! 6#! 3#.! 317..'$! ,1$$',%'*'-%! '-! 3$+.'-,'! /'! I#2#,%1.'! ,1**'! .'72'!

.17$,'! /'! .7,$'F! Z-! 'OO'%! 2#! /+2+%&1-! /'! 20'-E@*'! ^5T! 17! ,'22'! /'! :3%i<! K7&! $+I72'! 2#!

/&.%$&M7%&1-! /'! TU"<! 3$161K7'! 7-'! /&*&-7%&1-! /$#.%&K7'! /'! 20'83$'..&1-! /'! 327.&'7$.!

I=-'.!89:!/1-%! 2'.!3$1/7&%.!.1-%!-+,'..#&$'.!#7!*+%#M12&.*'!/7!I#2#,%1.'!BU&#-!'%!#2<!

J4((]!N7/2'@!'%!#2<!(RRR]!:%'$-'$!'%!#2<!(RRRCF!"17$!,1-,27$'<!1-!3'7%!/1-,!/&$'!K7'!.#-.!

S%$'!#M.127*'-%!$'K7&.!G!2#!6&'!/'.!2'67$'.!/#-.!2'.!,1-/&%&1-.!13%&*#2'.<!:5;5!.'*M2'!

-+#-*1&-.! -+,'..#&$'! 317$! 7-'! M1--'! #/#3%#%&1-! /'.! 2'67$'.! G! 2'7$! '-6&$1--'*'-%!

,D'E! !"# $%&%'()(*%! '%! ,',&! '.%! +I#2'*'-%! 2'! ,#.! ,D'E! !"# +,-.%! B^'2*2&-I'$! '%! #2<! J4((]!

:%'$-'$!'%!#2<!(RRRCF!

2. Rôle dans le développement des métazoaires 

N'.!*7%#%&1-.!#7!.'&-!/'!.17.97-&%+.!/'!:5;5!3$161K7'-%!/'.!#-1$*#2&%+.!#7!,17$.!/7!

/+6'2133'*'-%!/'!.17$&.!17!/'!*17,D'!;&,),+<(=*#-%=*4,3*)6%&!Bo17%'217!'%!#2<!J4(4CF!!

LD'E! 2#! /$1.13D&2'<! /'.! *7%#%&1-.! #OO',%#-%! ,D#,7-'! /'.! /'78! #,%&6&%+.!

'-E@*#%&K7'.!/'!:5;5!1-%!/'.!,1-.+K7'-,'.!.7$!2'!/+6'2133'*'-%!'*M$@1--#&$'F!"#$!

'8'*32'<! /'.! *7%#-%.! /'! .17.97-&%+.! /7! NdU*! ,#7.'-%! 7-'! #2%+$#%&1-! /'! 2#! *&.'! '-!

32#,'!/'!20#81-'!/'.!3D1%1$+,'3%'7$.!Bb'#k'!'%!#2<!J44pCF!N'!327.<!7-!*7%#-%!/'!5/#JM<!

7-'! .17.97-&%+! /7! ^5T*! /'! :5;5<! *'7$%! #7! ,17$.! /7! /+6'2133'*'-%! '*M$@1--#&$'!

B"#-k1%#&!'%!#2<!J44_CF!N0#7%$'!3#$%<!&2!.'*M2'$#&%!K7'!:5;5!37&..'!'8'$,'$!7-'!3#$%&'!/'!

.'.!O1-,%&1-.!/'!,19#,%&6#%'7$!&-/+3'-/#**'-%!/'!.'.!#,%&6&%+.!'-E@*#%&K7'.F!Z-!'OO'%<!

7-!*7%#-%!/07-'!.17.97-&%+!.%$7,%7$#2'<!:5VY!B:5;5!#..1,&#%'/!O#,%1$!Y<!7-!3#$#21I7'!/'!

T5VY!.3+,&O&K7'!/'!:5;5!BT#M2'#7!(C!*'7$%!#7!,17$.!/7!/+6'2133'*'-%!'*M$@1--#&$'F!

[$<!'-!#-#2@.#-%!/'.!2#$6'.!/'!,'.!*7%#-%.<!&2!#!+%+!*1-%$+!K7'!20'83$'..&1-!/'!327.&'7$.!

I=-'.! $+I72+.! 3#$! :5;5! +%#&%! /&*&-7+'! *#&.! K7'! 2'.! -&6'#78! I21M#78! /'! ^JU7M! '%!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! Ji!

/0#,+%@2#%&1-!/'!/&OO+$'-%'.!2@.&-'.!/'!^i!/1-%!oR!'%!o(`!-0+%#&'-%!3#.!*1/&O&+.!Bb'#k'!

'%!#2<!J44RCF!

! LD'E! 2#! .17$&.<! /'.! *7%#%&1-.! /'! :"TJ4<! 7-'! .17.97-&%+! .%$7,%7$#2'! /'! :5;5<!

,1-/7&.'-%!G!/'.!/+O#7%.!/'!2#!I#.%$72#%&1-!Bs1D-!'%!#2<!J44YCF!N'!327.<!/'.!.17$&.!/#-.!

2'.K7'22'.! 8$45! '.%! #M.'-%'! B8$45! -c-C<! *'7$'-%! /7$#-%! 2'7$! /+6'2133'*'-%!

'*M$@1--#&$'!#7!W17$!(4<_!31.%,1&%7*!G!,#7.'!/'!/+O#7%.!#7!-&6'#7!/7!*+.1/'$*'!K7&!

.1-%! /7.! G! 7-'! #313%1.'! #,,$7'! /#-.! ,'.! %&..7.! Bq7! '%! #2<! J444CF! A2! O#7%! ,'3'-/#-%!

3$+,&.'$!K7'!,D'E!2'.!*+%#E1#&$'.<!;L?_!'.%!$'%$176+'!#7!.'&-!/'!/'78!,1*32'8'.!'%!K7'!

.#!O1-,%&1-!-0'.%!/1-,!3#.!7-&K7'*'-%!2&+''!G!:5;5F!!

! Z-!,1-,27.&1-<!&2!#33#$#n%!K7'!:5;5!'8'$,'!/'.!$X2'.!,$7,&#78!/#-.!2#!$+I72#%&1-!

/'! 20'83$'..&1-! /'.! I=-'.! ,D'E! 2'.! *+%#E1#&$'.<! '%! K707-! ,1*32'8'! :5;5! &-%=I$'! '.%!

-+,'..#&$'!317$!2'!/+6'2133'*'-%!/'!,'.!1$I#-&.*'.F!

III. Recrutement aux promoteurs de gènes cibles 

1. Localisation et mode d’action 

H#!3$'*&=$'!+%#3'!/#-.!20#,%&6#%&1-!/'!2#!%$#-.,$&3%&1-!3#$!2'!,1*32'8'!:5;5!-+,'..&%'!2'!

$',$7%'*'-%! /'! ,'27&9,&! #7! -&6'#7! /'.! 3$1*1%'7$.! /'! ,'$%#&-.! I=-'.! ,&M2'.F! N'.!

'83+$&'-,'.!/'!LDA"!$+#2&.+'.!,D'E!2#!2'67$'!!"#$%&%'()(*%!1-%!*1-%$+!K70#3$=.!20&-/7,%&1-!

/7!I=-'!*1/=2'!89:><!20#,%&6#%'7$!;#2`!$',$7%'!:5;5!.7$!2'!3$1*1%'7$!/'!,'!I=-'!#6#-%!

2#! "12AA! '%! 2#! O1$*#%&1-! /7! "AL! BUD#7*&k! Q! ;$''-<! J44(]! U$@#-%! Q! "%#.D-'<! J44i]!

H#$.,D#-!Q!b&-.%1-<!J44(CF!A2!#!#7..&!+%+!*1-%$+!K7'!2#!3'$%'!/07-'!.17.97-&%+!/7!^5T*!

3$161K7'! 7-'! /&*&-7%&1-! &*31$%#-%'! /'! 20#,+%@2#%&1-! /'.! D&.%1-'.! #7! -&6'#7! /7!

3$1*1%'7$!/'!89:>! ,'!K7&!$+/7&%! O1$%'*'-%! 2#! %$#-.,$&3%&1-!/7!I=-'!BU&#-!'%!#2<!J4((]!

:%'$-'$! '%! #2<! (RRRCF! N'! 327.<! 2#! /+2+%&1-! /'! !?@7! '*3S,D'! 2'! $',$7%'*'-%! /'! TU"! #7!

3$1*1%'7$!/'!89:>!,'!K7&!M21K7'!20&-/7,%&1-!%$#-.,$&3%&1--'22'!/'!,'!I=-'!BN7/2'@!'%!#2<!

(RRRCF!L1**'!-17.!20#61-.!67<! 2'.!/'78!*7%#-%.!3$45x!17!)+67x!3$+.'-%'-%!7-!$'%#$/!

/'!,$1&..#-,'!.7$!7-!*&2&'7!-'!31..+/#-%!K7'!/7!I#2#,%1.'!,1**'!.17$,'!/'!.7,$'F!N'!

327.<!7-!/17M2'!*7%#-%!3$45x!)+67x!3$+.'-%'!7-!3D+-1%@3'!'-,1$'!327.!.+6=$'!.7$!7-!

%'2! *&2&'7! ,'! K7&! &-/&K7'! K7'! 20#,%&6&%+! ^5T! /'! :5;5! '%! ,'22'! /'! $+I72#%&1-! /'! TU"!

#I&..'-%!/'!O#g1-!,1*32+*'-%#&$'!317$!$+I72'$!20'83$'..&1-!/7!I=-'!89:>!B:%'$-'$!'%!#2<!

(RRRCF! L'3'-/#-%<! ,1**'! -17.! 2'! 6'$$1-.! 3#$! 2#! .7&%'<! &2! -0'.%! 3#.! 31..&M2'! /'!

I+-+$#2&.'$!,'%%'!1M.'$6#%&1-!G!%17.!2'.!3$1*1%'7$.!$+I72+.!3#$!:5;5F!Z-O&-<!/'.!+%7/'.!

327.! $+,'-%'.! &-/&K7'-%! K7'! 20#,%&6&%+! NdU! /'! :5;5! '.%! #7..&! -+,'..#&$'! 317$! 7-'!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! J`!

&-/7,%&1-!%$#-.,$&3%&1--'22'!13%&*#2'!/'!89:>#B^'-$@!'%!#2<!J44iCF!H0'OO'%!/'!2#!/+2+%&1-!

/'! 207M&K7&%&-'!3$1%+#.'!dM3p!.7$! 2#! %$#-.,$&3%&1-!/'!89:>! '.%!327.!*1/'.%'!K7'!,'27&!

1M.'$6+! '-! 20#M.'-,'! /'! ;,-_! 17! /'! :3%iF! L'3'-/#-%<! /'! O#g1-! &-%+$'..#-%'<! 20'OO'%!

%$#-.,$&3%&1--'2!.7$!89:>!#&-.&!K7'!2'!3D+-1%@3'!/'!$'%#$/!/'!,$1&..#-,'!.7$!7-!*&2&'7!

I#2#,%1.'!'.%!327.!O1$%!/#-.!7-'!.17,D'!3$45x!A.+Bx!K7'!/#-.!7-'!.17,D'!3$45x!B^'-$@!

'%!#2<!J44i]!ovD2'$!'%!#2<!J44p]!H''!'%!#2<!J44_CF![-!3'7%!/1-,!,1-,27$'!K7'! 20'-.'*M2'!

/'.!#,%&6&%+.!/'!:5;5!3#$%&,&3'!G!2#!$+I72#%&1-!/'!2#!%$#-.,$&3%&1-!/7!I=-'!89:>F!

N0#7%$'.!'83+$&'-,'.!/'!LDA"!1-%!/+*1-%$+!K7'!2'!,1*32'8'!:5;5!+%#&%!'-$&,D&!#7!

-&6'#7! /7! 3$1*1%'7$! /'! %$=.! -1*M$'78! I=-'.! /#-.! /&6'$.'.! '.3=,'.! /'! 2'67$'.!*#&.!

#7..&!,D'E!2'.!'7,#$@1%'.!.73+$&'7$.!B^'2*2&-I'$!'%!#2<!J4((]!H#-I!'%!#2<!J4((]!:'22#*!'%!

#2<! J44R]! P'-%'$.! '%! #2<! J4((]!b'#k'! '%! #2<! J4((CF! "#$! '8'*32'<! 2#! .17.97-&%+!5/#J!/7!

^5T*!/'!:5;5!'.%!21,#2&.+'!.7$!'-6&$1-!J44!3$1*1%'7$.!/'!I=-'.!&*32&K7+.!/#-.!7-'!

$+31-.'!G!/&OO+$'-%.!.%$'..!#&-.&!K7'!/'!I=-'.!/'!61&'.!*+%#M12&K7'.!,D'E!2'!3#%D1I=-'!

C*4D(D*#*=.($*4)F!N'!327.<!/#-.!/'.!,'2272'.!D7*#&-'.<!2'.!.17.97-&%+.!/7!,1*32'8'!:5;5!

:;VJR<! T>>5"<! :"Ti<! :"TJ4<! 5Tq?\Hi! '%! 5N5i! 1-%! +%+! 21,#2&.+'.! 3#$! LDA"! .7$! 2'.!

3$1*1%'7$.!/'!I=-'.!3'$*'%%#-%!2#!$+31-.'!G!7-!.%$'..!/7!$+%&,727*!'-/132#.*&K7'<!/'!

I=-'.!#..1,&+.!G!2#!$+I72#%&1-!/'!2#!%$#-.,$&3%&1-<!/'!2#!$+32&,#%&1-!'%!/7!/+6'2133'*'-%!

B?#I@!'%!#2<!J44R]!P'$*'72'-!'%!#2<!J4(4C!B,OF!"#$%&'!>+.72%#%.CF!d-'!+%7/'!$+,'-%'!#!#7..&!

*1-%$+!K7'!/#-.!/'.!,'2272'.!D7*#&-'.<! 2#!.17.97-&%+!:"TJ4!/'!:5;5!+%#&%!#..1,&+'!#7!

3$1*1%'7$!/'!I=-'.!/'!*+-#I'!/1-%!20'83$'..&1-!'.%!,1-.%&%7%&6'!Bo$'M.!'%!#2<!J4((CF!

2. Recrutement sur la chromatine 

N'!-1*M$'7.'.!+%7/'.!*1-%$'-%!K7'!,D'E!!"#$%&%'()(*%<!T$#(!W17'!7-!$X2'!,$7,&#2!/#-.!2'!

$',$7%'*'-%! /'! :5;5! #7! -&6'#7! /'! 3$1*1%'7$.! .3+,&O&K7'.! '-! &-%'$#I&..#-%! /'! O#g1-!

/&$',%'!#6',!/'.!#,%&6#%'7$.!/'!2#!%$#-.,$&3%&1-!BV&I7$'!`C!BUD#7*&k!'%!#2<!J44`]!U$1m-!

'%!#2<!J44(]!V&.DM7$-!'%!#2<!J44_]!>''6'.!Q!^#D-<!J44_CF!LD'E! 2'.!*#**&O=$'.<! &2!#!+%+!

*1-%$+! K7'! 201$%D121I7'! /'! T$#(<! T>>5"! BT$#-.O1$*#%&1-c%$#-.,$&3%&1-! /1*#&-9

#..1,&#%'/! 3$1%'&-C! ! &-%'$#I&%! /&$',%'*'-%! #6',! /'.! #,%&6#%'7$.! /'! 2#! %$#-.,$&3%&1-!

,1**'!2'.!O#,%'7$.!1-,1I+-&K7'.!,9h@,!'%!ZJV!Bh,h#D1-!'%!#2<!(RRpCF![-!3'7%!#21$.!.'!

/'*#-/'$! .&! 20&-%'$#,%&1-! /'! T$#(cT>>5"! #6',! /'.! #,%&6#%'7$.! '.%! .7OO&.#-%'! 317$!

$',$7%'$!:5;5!.7$!20'-.'*M2'!/'!.'.!I=-'.!,&M2'.F!d-!%$#6#&2!$+,'-%!$+#2&.+!,D'E!2#!2'67$'!

!"# +,-.%!*1-%$'!K7'! ,'2#!-0'.%! 3#.! 2'! ,#.F! Z-! 'OO'%<! /#-.! ,'%! 1$I#-&.*'<! &2! '8&.%'!/'78!

3#$#21I7'.! T$#(! '%! T$#J<! 2'! 3$'*&'$! +%#-%! -1-! '..'-%&'2! '%! .3+,&O&K7'! /'! :5;5! '%! 2'!

.',1-/!+%#-%!.3+,&O&K7'!/7!,1*32'8'!^5T!?75`F!N'!O#g1-!.7$3$'-#-%'<!/'.!'83+$&'-,'.!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! J_!

/'! LDA"! /#-.! 7-'! .17,D'! 6&*>x!*1-%$'-%! K7'! 2'! $',$7%'*'-%! /7! ,1*32'8'! :5;5! '.%!

3'$/7! .7$! 2'! 3$1*1%'7$! /'! ,'$%#&-.! I=-'.! ,&M2'.! *#&.! K70&2! -0'.%! 3#.! #2%+$+! .7$! 2'!

3$1*1%'7$!/0#7%$'.!I=-'.!B^'2*2&-I'$!'%!#2<!J4((CF!

N0#7%$'.! .17.97-&%+.! /'! :5;5! /'6$#&'-%! /1-,! #7..&! S%$'! &*32&K7+'.! /#-.! /'.!

&-%'$#,%&1-.! #6',! /'.! #,%&6#%'7$.! %$#-.,$&3%&1--'2.F! LD'E! 2#! 2'67$'<! /'.! +%7/'.!

M&1,D&*&K7'.!.7II=$'-%!K7'<!'-!327.!/'!T$#(<!T5V(J!317$$#&%!&-%'$#I&$!/&$',%'*'-%!#6',!

/'.! #,%&6#%'7$.! BV&.DM7$-! '%! #2<! J44_]! >''6'.! Q! ^#D-<! J44_CF! LD'E! !"# $%&%'()(*%<!

20&-%'$#,%&1-! /'! :3%i! '%! :3%p! #6',! TU"! 317$$#&%! +I#2'*'-%! O#,&2&%'$! 2'! $',$7%'*'-%! /'!

:5;5! #7! -&6'#7! /'! ,'$%#&-.! 3$1*1%'7$.! BH#$.,D#-! Q! b&-.%1-<! J44(]! h1D&M722#D! Q!

^#D-<!J44pCF!Z-O&-<!327.&'7$.!.17.97-&%+.!/'!:5;5!31..=/'-%!7-!/1*#&-'!/'!2&#&.1-!G!2#!

,D$1*#%&-'! '%! ,'! %@3'! /0&-%'$#,%&1-.! 317$$#&%! +I#2'*'-%! .%#M&2&.'$! 2'! $',$7%'*'-%! /7!

,1*32'8'!:5;5!.7$!.'.!I=-'.!,&M2'.!BU&#-!'%!#2<!J4((]!^#..#-!'%!#2<!J44J]!P'$*'72'-!'%!

#2<! J4(4CF!"#$! '8'*32'<! ,D'E!!"# $%&%'()(*%<! 2'!U$1*19/1*#&-'!/'!:3%\!'%! ,'27&!/'!;,-_<!

$',1--#&..'-%! /'.! 2@.&-'.! #,+%@2+'.! '%! .1-%! &*31$%#-%.! 317$! 2#! $+%'-%&1-! /'! :5;5! .7$!

,'$%#&-.!3$1*1%'7$.!'-!20#M.'-,'!/0#,%&6#%'7$.!/'!2#!%$#-.,$&3%&1-!B^#..#-!'%!#2<!J44JCF!

>+,'**'-%<! &2!#!+I#2'*'-%!+%+!/+*1-%$+!K7'!2'!/17M2'!T7/1$9/1*#&-'!/'!:;VJR!3'7%!

&-%'$#I&$!.3+,&O&K7'*'-%!#6',!2#!/&!17!2#!%$&!*+%D@2#%&1-!/'!2#!2@.&-'!o`!/'!20D&.%1-'!^i!'%!

K7'! ,'%%'! &-%'$#,%&1-! '.%! -+,'..#&$'! #7! $',$7%'*'-%! 13%&*#2'! /7! ,1*32'8'! :5;5! .7$!

20'-.'*M2'!/'!.'.!,&M2'.!,D'E!2#!2'67$'!!"#$%&%'()(*%!,1**'!2'!.7II=$'-%!/'.!'83+$&'-,'.!

/'!LDA"!BU&#-!'%!#2<!J4((]!P'$*'72'-!'%!#2<!J4(4CF!N#-.!2#!3#$%&'!$+.72%#%<!-17.!6'$$1-.!

+I#2'*'-%!K707-!/1*#&-'!/07-'!.17.97-&%+!/7!NdU*! &-%'$#I&%!#6',! 2#! O#,'! 2#%+$#2'!/7!

-7,2+1.1*'!#7!-&6'#7!/7!/&*=$'!^J59^JU!'%!K7'!,'%%'!&-%'$#,%&1-!317$$#&%! O#,&2&%'$!2'!

$',$7%'*'-%!/7!NdU*!6'$.!.1-!.7M.%$#%!BV&I7$'!`C!B,OF!"#$%&'!>+.72%#%.CF!

Z-!,1-,27.&1-<!1-!3'7%!/&$'!K7'!/'.!#,%&6#%'7$.!/'!2#!%$#-.,$&3%&1-!#&-.&!K7'!/'.!

*1/&O&,#%&1-.!/'! 2#!,D$1*#%&-'!3'$*'%%'-%!G!:5;5!/0S%$'!3$+.'-%!.7$!/'.!3$1*1%'7$.F!

L'3'-/#-%<! 1-! -'! 3'7%! 3#.! '8,27$'! K7'! :5;5! '8'$,'! 7-'! 3#$%&'! /'! .'.! O1-,%&1-.! G!

/0#7%$'.! 21,7.!I+-1*&K7'.F!Z-!'OO'%<! 2'.! '83+$&'-,'.!/'!LDA"!-'!/+%',%'-%! 2'! ,1*32'8'!

:5;5!K70#7!-&6'#7!/'!3$1*1%'7$.<!2G!1y!:5;5!'.%!.%#M&2&.+!3#$!/'.!#,%&6#%'7$.F!L1**'!

-17.!2'!6'$$1-.!/#-.!2#!3#$%&'!>+.72%#%.<!:5;5!/1&%!#7..&!#I&$!.7$!2#!$+I&1-!%$#-.,$&%'!/'.!

I=-'.!.#-.!@!S%$'!/+%',%+!3#$!/'.!'83+$&'-,'.!LDA"!G!,#7.'!/07-!%'*3.!/'!$+.&/'-,'!%$13!

,17$%!B,OF!"#$%&'!>+.72%#%.CF!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! JY!

B. Identification de ses sous-unités et caractérisation du complexe 
:5;5! -0'.%! 3#.! .&*32'*'-%! 7-! ,1*32'8'! /0#,+%@2#%&1-! /'.! D&.%1-'.! *#&.! .'.!

-1*M$'7.'.! .17.97-&%+.! 27&! 3'$*'%%'-%! /0'8'$,'$! 7-! I$#-/! -1*M$'! /'! O1-,%&1-.F! H#!

,1*31.&%&1-! '-! .17.97-&%+.! /7! ,1*32'8'! :5;5! '.%! #7W17$/0D7&! ,1--7'! '%! #/*&.'! 3#$!

%17.F!LD'E!2#!2'67$'!!"#$%&%'()(*%<!:5;5!,1-%&'-%!(R!.17.97-&%+.!#@#-%!+%+!,#$#,%+$&.+'.!/'!

/&6'$.'.!*#-&=$'.!)!

9 3#$!/'.!,$&M2'.!I+-+%&K7'.!M#.+.!.7$!/'.!'OO'%.!%$#-.,$&3%&1--'2.!

9 '-!7%&2&.#-%!/'.!#33$1,D'.!/'!3$1%+1*&K7'!3'$*'%%#-%!)!

o 20&/'-%&O&,#%&1-!/'!.17.97-&%+.!,1/+'.!3#$!/'.!I=-'.!'..'-%&'2.!

o 2#!,#$#,%+$&.#%&1-!/'!3$1%+&-'.!/'!O1-,%&1-!&-,1--7'!

9 3#$! 2#! $',D'$,D'! /07-! 3D+-1%@3'! /'! 2+%#2&%+! .@-%D+%&K7'! #6',! 7-! O#,%'7$!

/0'831$%!/'.!5>?*F!

N'!2#!,#$#,%+$&.#%&1-!/7!I=-'!!?@7!,D'E!2#!2'67$'!!"#$%&%'()(*%!'-!(Rp`<!G!20&/'-%&O&,#%&1-!

/'! 2#! 3$1%+&-'! :7.(<! J4! #--+'.! .'! .1-%! +,172+'.F! ?17.! #221-.! 61&$! K7'! 2'.! /&OO+$'-%'.!

.%$#%+I&'.! 7%&2&.+'.! 317$! &/'-%&O&'$! /'.! .17.97-&%+.! /'! :5;5! *'%%'-%! '-! +6&/'-,'! 2#!

-#%7$'! *1/72#&$'! '%! *72%&! O1-,%&1--'22'! /7! ,1*32'8'! :5;5F! L'%%'! 3#$%&'! '.%! ,'$%'.!

D&.%1$&K7'!*#&.! -0'.%! 3#.! 7-'! .&*32'! ,D$1-121I&'! /0&/'-%&O&,#%&1-.! /'! .17.97-&%+.F! l0#&!

#7..&!,D1&.&!/'! %$#6#&22'$!.7$!,'%!#.3',%!317$!/+,$&$'! 2'.!'83+$&'-,'.!K7&!.1-%!G! 2#!M#.'!

/'.! ,1--#&..#-,'.! #,%7'22'.! .7$! 2'! ,1*32'8'! :5;5! K7'! -17.! #61-.! /&.,7%+'.! /#-.! 2'!

,D#3&%$'! 3$+,+/'-%F! Z-O&-<! W0#&! '..#@+! /'! $'*'%%$'! '-! 27*&=$'! ,'$%#&-.! $+.72%#%.! '%!

D@31%D=.'.!.7$!2#!O1-,%&1-!/'!:5;5!K7'2K7'.!3'7!17M2&+.!#7W17$/0D7&F!!

I. Cribles transcriptionnels SPT et des ADA 

d-!,$&M2'!I+-+%&K7'!3'$*'%!/0&.12'$!/'.!I=-'.!&*31$%#-%.!317$!7-!3$1,'..7.!M&121I&K7'F!

N#-.!2'.!/'78!,#.!K7&!61-%!-17.!&-%+$'..'$<!2'.!2'67$'.!!"#$%&%'()(*%!K7&!1-%!+%+!,D1&.&'.!

-'! .1-%! 3#.! ,#3#M2'! /'! 317..'$! /#-.! 7-'! ,1-/&%&1-!/1--+'F!d-! #I'-%!*7%#I=-'! #! +%+!

7%&2&.+!317$!3$161K7'$!/'.!*7%#%&1-.!,#3#M2'.!/'!.733$&*'$!,'!3D+-1%@3'!/0#M.'-,'!/'!

,$1&..#-,'F!

?17.!#221-.!61&$!'-!/+%#&2!/'78!,$&M2'.!K7&!1-%!3'$*&.!/'!/+,$&$'!/'78!O#*&22'.!/'!

.17.97-&%+.!/'!:5;5F!"17$!,'2#<!W'!*'!.7&.!&-%+$'..+!G!/'.!3#3&'$.!$'2#%&6'*'-%!#-,&'-.!

K7'! W0#&! '..#@+! /'! 2&$'! /'! O#g1-! ,$&%&K7'! #6',! ,'! K7'! -17.! .#61-.! /7! ,1*32'8'! :5;5!

#7W17$/0D7&F! l0#&! +%+! .7$3$&.! /'! 61&$! K7'!327.&'7$.!/'.!3$'*&=$'.! '83+$&'-,'.! $+#2&.+'.!

317$!,#$#,%+$&.'$!2'.!I=-'.!,1/#-%!/'.!.17.97-&%+.!/'!:5;5!-'!.1-%!327.!/&.,7%+'.!/#-.!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! J\!

2'.! $'6&'m.! #,%7'22'.F! L'.! $+.72%#%.! 1-%9&2! +%+! 3#..+.! .17.! .&2'-,'! ,#$! 2#! K7#2&%+! /'.!

'83+$&'-,'.! -0+%#&%! 3#.! .7OO&.#**'-%! M1--'! 17! .1-%9&2.! .&*32'*'-%! 3#..+.! /'!*1/'!z!

L0'.%!,'!K7'!W0#&!'..#@+!/'!*'%%$'!'-!+6&/'-,'!'%!/'!/&.,7%'$F!

1. Gènes SPT de la classe TBP 

Description du crible 

H'!,$&M2'!I+-+%&K7'!:"T!B:733$'..&1-!1O!T@C!'.%!M#.+!.7$!207%&2&.#%&1-!/7!$+%$1%$#-.31.1-!

T@!/'!2#!2'67$'!!"#$%&%'()(*%F!L'!$+%$1%$#-.31.1-!'.%!,1*31.+!3#$!/'78!$+I&1-.F!H#!3#$%&'!

,'-%$#2'! /'! _<R! kM! ,1-%&'-%! /'78! I=-'.! ,1/#-%! /'.! 3$1%+&-'.! .&*&2#&$'.! #78! 3$1%+&-'.!

6&$#2'.! ;#I! '%! "12F! L'%%'! $+I&1-! '.%! '-%17$+'! 3#$! /'78! $+3+%&%&1-.! /&$',%'.! /07-'!

.+K7'-,'!#33'2+'!{F!H0&-.'$%&1-!/'! 20+2+*'-%!T@!'-!#*1-%!/07-!I=-'!3'7%!*1/&O&'$!.1-!

'83$'..&1-F! :7&6#-%! 2'! I=-'!'%! 2'! 2&'7!/'! 20&-.'$%&1-<! 7-'!I$#-/'!6#$&+%+!/'!3D+-1%@3'.!

#22#-%!/'!20'83$'..&1-!,1-.%&%7%&6'!G!2#!3'$%'!/'!20'83$'..&1-!/7!I=-'!3'7%!S%$'!1M.'$6+'F!

H#!.17,D'!7%&2&.+'!317$!,'!,$&M2'!I+-+%&K7'!/+$&6'!/07-'!.17,D'!3$+.'-%#-%!7-!+2+*'-%!

T@! '-! #*1-%! /7! I=-'!01!2F! N#-.! ,'%%'! .17,D'<! 2'! $+%$#-.31.1-! #! +%+!*1M&2&.+! '%! &2! -'!

$'.%'! 327.! K707-'! .'72'! .+K7'-,'! {F! L'%%'! &-.'$%&1-! /07-! +2+*'-%! {! 3$161K7'! 2#! 3'$%'!

,1*32=%'! /7! 3$1/7&%! /7! I=-'!01!2! '%! 2#! .17,D'! 3$+.'-%'! /1-,! 7-'! #781%$13D&'! 317$!

20D&.%&/&-'<!,0'.%!G!/&$'!7-'!&-,#3#,&%+!G!.@-%D+%&.'$!20D&.%&/&-'!BV&I7$'!_!5FCF!H'!M7%!/'!,'!

,$&M2'!I+-+%&K7'!#!/1-,!+%+!/'!,#$#,%+$&.'$!/'.!*7%#-%.!3176#-%!317..'$!.7$!7-!*&2&'7!

-'!,1-%'-#-%!3#.!/0D&.%&/&-'!Bb&-.%1-!'%!#2<!(Rp`#CF!

Identification de SPT3 

L'%%'!.%$#%+I&'!#!3'$*&.!20&/'-%&O&,#%&1-!/'!327.&'7$.!I=-'.!/1-%!!?@7#B:733$'..&1-!1O!T@!

iC! /1-%! 2#! O1-,%&1-! #! +%+! +%7/&+'! '-! /+%#&2! Bb&-.%1-! '%! #2<! (Rp`#CF! d-! /+O#7%! /'! 2#!

%$#-.,$&3%&1-!/'!20+2+*'-%!T@!#!37!S%$'!*&.!'-!+6&/'-,'!/#-.!7-'!.17,D'!*7%#-%'!)+67!

BV&I7$'! _! UFCF! Z-! 'OO'%<! /#-.! 7-'! .17,D'! .#76#I'<! 20+2+*'-%! T@! 3'7%! S%$'! %$#-.,$&%<!

20&-&%&#%&1-! /'! 2#! %$#-.,$&3%&1-! #@#-%! 2&'7! /#-.! 2#! 3$'*&=$'! .+K7'-,'! {! /'! T@! '%! .'!

%'$*&-#-%! /#-.! 2#! /'78&=*'! .+K7'-,'! {F! N#-.! 7-'! .17,D'! )+67<! 2#! %$#-.,$&3%&1-! {9{!

/&.3#$#n%! '%! 7-! %$#-.,$&%! ,1**'-g#-%! p44! 3M! '-! #6#2! /'! 2#! 3$'*&=$'! $+I&1-! {! '.%!

.@-%D+%&.+!BV&I7$'!_!UFCF!!

d-'! .17,D'! )+67! -'! 3176#-%! 327.! &-&%&'$! 2#! %$#-.,$&3%&1-! /'37&.! 7-'! .+K7'-,'! {<!

20'83$'..&1-! /'.! I=-'.! 31..+/#-%! 7-! +2+*'-%! T@! /#-.! 2'7$! $+I&1-! _0! -0'.%! /1-,! 327.!

#2%+$+'! /#-.! ,'%%'! .17,D'! Bb&-.%1-! '%! #2<! (Rp`MCF! L1**'! 2#! .17,D'# )+67! 3$+.'-%'!

+I#2'*'-%! 7-! /+O#7%! /#-.! 2#! $'3$1/7,%&1-! .'87+'! '%! /#-.! 2#! .31$72#%&1-<! 2'.! #7%'7$.!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! Jp!

3$131.'-%! K7'! !?@7! '8'$,'!

7-'! O1-,%&1-! 327.! I+-+$#2'!

K7'! 2#! .'72'! %$#-.,$&3%&1-!/'.!

+2+*'-%.! T@! Bb&-.%1-! '%! #2<!

(Rp`MCF!

Sous-groupe de gènes SPT3 

H'.! *7%#%&1-.! 3'$%'! /'!

O1-,%&1-! /'.! /&OO+$'-%.! I=-'.!

&/'-%&O&+.! 21$.! /7! 3$'*&'$!

,$&M2'! I+-+%&K7'! :"T!

3'$*'%%'-%! G! 2#! .17,D'!

7%&2&.+'! /'! 3'$/$'! .1-!

#781%$13D&'! 317$! 20D&.%&/&-'!

Bb&-.%1-! '%! #2<! (Rp`#CF! ! "#$!

,1-%$'<! .'72'! 7-'! .17,D'! )+67!

3'$/! 2#! ,#3#,&%+! /0&-&%&'$! 2#!

%$#-.,$&3%&1-!/'37&.!2|+2+*'-%!

{! '%! 3$1/7&%! 7-! %$#-.,$&%! /'!

20+2+*'-%!T@!$#,,17$,&!/'!p44!

3M! Bb&-.%1-! '%! #2<! (Rp\CF! d-!

,$&M2'! ,1*32+*'-%#&$'! #! +%+!

$+#2&.+! 317$! &/'-%&O&'$! /'!

-176'#78!I=-'.!#@#-%!2'.!*S*'.!,#$#,%+$&.%&K7'.!K7'!!?@7"!N'78!I=-'.<!!?@E!'%!!?@B/#

1-%!37!S%$'!#&-.&!&.12+.F!H#!3273#$%!/'.!3D+-1%@3'.!/'!2#!.17,D'!)+67!.1-%!$'%$176+.!317$!

/'.!*7%#-%.!/'!,'.!/'78!-176'#78!I=-'.!,1**'!3#$!'8'*32'!7-!/+O#7%!/'!.31$72#%&1-!

Bb&-.%1-!'%!#2<!(Rp\CF!

A2! #!+I#2'*'-%!+%+!*1-%$+!K7'! 2'.!3$1/7&%.!/'.!I=-'.!!?@E! '%!!?@B!-'! $+I72'-%!

3#.!2#!%$#-.,$&3%&1-!/'!!?@7#Bb&-.%1-!'%!#2<!(Rp\CF!A2!.'*M2'!/1-,!K7'!2'.!3$1/7&%.!/'!,'.!

%$1&.!I=-'.!#I&..'-%!'-.'*M2'!317$!$+I72'$!-1%#**'-%!2#!%$#-.,$&3%&1-!/'!20+2+*'-%!T@!

/'37&.! .#! .+K7'-,'! {F! H'.! #7%'7$.! /'! 20+%7/'! &*#I&-'-%! 327.&'7$.! *+,#-&.*'.! 317$!

'832&K7'$! ,'2#F! H07-'! /'.! 3$131.&%&1-.! '.%!)! BW'! ,&%'C! e!! 2'.! %$1&.! 3$1/7&%.! /'.! I=-'.!

317$$#&'-%! &-%'$#I&$! 317$! O1$*'$! 7-! ,1*32'8'! K7&! .'$#&%! /&$',%'*'-%! &*32&K7+! /#-.!

20#,%&6#%&1-! /'! 2#! %$#-.,$&3%&1-! /'37&.! 2#! .+K7'-,'! {!f! Bb&-.%1-! '%! #2<! (Rp\CF! L0'.%! 2#!

!
Figure 5. Le crible génétique SPT. 
A. Dans une souche sauvage (WT), l’insertion de la séquence ! du 
rétrotransposon Ty et la transcription à partir de cet élément !, en 
amont du promoteur du gène HIS4, bloque la transcription correcte 
de ce gène et provoque une auxotrophie de la souche pour 
l’histidine. Chez un mutant spt3, la transcription depuis l’élément ! 
est perdue et le gène HIS4 est normalement exprimé. 
B. Pour mobiliser le rétrotransposon Ty, une souche sauvage (WT) 
est capable de transcrire l’élément Ty depuis sa première séquence 
! jusqu’à sa seconde séquence !. En revanche, une souche mutante 
spt3 ne peut plus initier la transcription depuis l’élément ! et perd 
donc la capacité à mobiliser l’élément Ty. 
 !



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! JR!

3$'*&=$'!*'-%&1-!/07-!,1*32'8'!37%#%&O!K7&!,1-%&'-/$#&%!#7!*1&-.!:3%i<!:3%\!'%!:3%p!'%!

$+%$1.3',%&6'*'-%<!7-'!3$'76'!I+-+%&K7'!/'!2#!*1/72#$&%+!O1-,%&1--'22'!/'!:5;5F!A2!'.%!

+I#2'*'-%! 3$131.+! K707-! /'! ,'.! %$1&.! O#,%'7$.! 317$$#&%! 2&'$! 205N?! '%! $',1--#n%$'!

.3+,&O&K7'*'-%! 2#!M1n%'!T5T5!/'! 2#!.+K7'-,'!{!Bb&-.%1-!'%!#2<!(Rp\CF!Z-! O#&%<!*S*'!.&!

,'%%'!/'$-&=$'!3$131.&%&1-!-0'.%!3#.!$&I17$'7.'*'-%!'8#,%'<!1-!.#&%!#7W17$/0D7&!K7'!,'.!

%$1&.!3$1%+&-'.!O1-%!3#$%&'!/07-!*1/72'!O1-,%&1--'2!/'!:5;5!K7&!&-%'$#I&%!#6',!TU"!317$!

$+I72'$!20&-&%&#%&1-!/'!2#!%$#-.,$&3%&1-!,D'E!2#!2'67$'!!"#$%&%'()(*%!BZ&.'-*#--!'%!#2<!(RRJ]!

H#3$#/'!'%!#2<!J44\]!H#$.,D#-!Q!b&-.%1-<!J44(]!h1D&M722#D!Q!^#D-<!J44pC!B,OF!5F!AFCF!

La fonction du sous-groupe SPT3 est reliée à celle de TBP 

i!*7%#%&1-.!/#-.!2'!I=-'!!?@>5!1-%!+I#2'*'-%!+%+!&.12+'.!3#$!2'!,$&M2'!:"TF!H'.!.17,D'.!

K7&!3$+.'-%'-%!/'.!*7%#%&1-.!O#789.'-.!/#-.!!?@>5!3$+.'-%'-%!7-!3D+-1%@3'!.+6=$'!,'!

K7&!.7II=$'!K7'!2'!3$1/7&%!/'!,'!I=-'!'.%!$'K7&.!317$!7-'!O1-,%&1-!%$=.!&*31$%#-%'!61&$'!

'..'-%&'22'! /#-.! 2#! ,'2272'F! H'! ,21-#I'! /7! I=-'! !?@>5<! .1-! .+K7'-g#I'! '%! 7-'! #-#2@.'!

I+-+%&K7'! 1-%! 3'$*&.! /'!*1-%$'$! K7'! !?@>5# ,1/'! 2#! 3$1%+&-'! TU"! BZ&.'-*#--! '%! #2<!

(RpRCF!Z-!'OO'%<!TU"!6'-#&%!/0S%$'!&/'-%&O&+'!&-/+3'-/#**'-%!3#$!7-'!#7%$'!+K7&3'!K7&!

#6#&%!37$&O&+!M&1,D&*&K7'*'-%!,'%%'!3$1%+&-'!.7$!2#!M#.'!/'!.1-!#,%&6&%+!/#-.!/'.!%'.%.!/'!

%$#-.,$&3%&1-!(4#'(6&,!B^#D-!'%!#2<!(RpRCF!

"27.&'7$.!#7%$'.!I=-'.!1-%!+%+!&.12+.!3#$!2'!,$&M2'!:"T!/1-%!/'.!I=-'.!,1/#-%!2'.!

D&.%1-'.F!L'3'-/#-%<!7-!.17.9I$173'!/'!I=-'.!!?@<!#33'2+!2'!I$173'!TU"<!/#-.!2'K7'2!1-!

$'%$176'!!?@>5<!!?@7<!!?@E!'%!!?@B!#!37!S%$'!/+O&-&F!L1**'!-17.!20#61-.!67<!,'.!I=-'.!

3#$%#I'-%! '-! 'OO'%! /'! -1*M$'7.'.! 3$13$&+%+.F! N'.! *7%#-%.! /'! ,'.! I=-'.! #OO',%'-%!

-1%#**'-%!20'83$'..&1-!/07-!*S*'!'-.'*M2'!/'!I=-'.F!H#!O1-,%&1-!/'.!3$1/7&%.!/'!,'.!

I=-'.!'.%!/1-,!.7331.+'!S%$'!2&+'!G!,'22'!/'!TU"!'%!G!20&-&%&#%&1-!/'!2#!%$#-.,$&3%&1-F!

VF!b&-.%1-!'%!,122F!1-%!61727!317$.7&6$'!2'7$!,$&M2'!I+-+%&K7'!#O&-!/0&/'-%&O&'$!/'!

-176'#78!I=-'.!&*32&K7+.!/#-.!2#!$+I72#%&1-!/'!2#!O1-,%&1-!/'!TU"F!d-!-176'#7!,$&M2'!#!

+%+!$+#2&.+!'-!7%&2&.#-%!7-'!.17,D'!D#321}/'!/#-.!2#K7'22'!7-'!/'78&=*'!,13&'!/'.!I=-'.!

!?@7!'%!!?@>5!#6#&%!+%+!&-%$1/7&%'!317$!+6&%'$!/0&/'-%&O&'$!/'.!*7%#-%.!/'!,'.!I=-'.F!L',&!
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Description du crible 
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Figure 6. Démonstration in vitro de l’existence 
d’adaptateurs. 
A. En présence d’un extrait cellulaire de levure, 
l’activateur chimérique GAL4-VP16 peut activer la 
transcription à partir d’une matrice d’ADN nue possédant 
l’UAS (Upstream Activating Sequence) reconnue par 
GAL4. B. En l’absence de l’UAS reconnue par GAL4, 
l’activateur chimérique GAL4-VP16 se fixe de façon 
aspécifique sur la matrice d’ADN et y séquestre la 
machinerie transcriptionnelle de base. C. L’ajout d’un 
oligonucléotide dont la séquence est reconnue 
spécifiquement par GAL4-VP16 empêche l’activateur 
chimérique de lier la matrice d’ADN mais lui permet de 
titrer un adaptateur. Ceci empêche l’activation de la 
transcription par un autre activateur et seule une 
transcription de base peut avoir lieu. 
!
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'-E@*'!3176#-%!#,+%@2'$!2'.!D&.%1-'.!BU$1m-'22!'%!#2<!(RRYCF!Z-O&-<!20+K7&3'!/'!NF!522&.!#!

*1-%$+! (4# '(6&,! K7'! 2#!3$1%+&-'! $',1*M&-#-%'!;,-_!#,+%@2#&%!/'! O#g1-!3$+O+$'-%&'22'! 2#!

2@.&-'!(`!/'!20D&.%1-'!^i!'%!2#!2@.&-'!p!/'!20D&.%1-'!^`!/'!2'67$'!Bo71!'%!#2<!(RRYCF!?17.!

#61-.! 3#$2+! /'! 20&*31$%#-,'! /'! 20#,%&6&%+! ^5T! /'! :5;5! /#-.! 2'.! I+-+$#2&%+.! .7$! 2'!

,1*32'8'! :5;5! '%! -17.! $'/&.,7%'$1-.! /'! 2#! .3+,&O&,&%+! /'! .7M.%$#%! /'! ;,-_! /#-.! 7-!

3$1,D#&-!3#$#I$#3D'!B,OF!LF!APF!(FCF!!
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!

! i`!

Interactions physiques 

H#!,#$#,%+$&.#%&1-!/'!;,-_!,1**'!*'*M$'!/'!2#!O#*&22'!/'!I=-'.!9;9!3'$*'%!/'!*'%%$'!

'-!+6&/'-,'! 2#!3$'*&=$'! &-%'$#,%&1-!3D@.&K7'!'-%$'!/'.!.17.97-&%+.!/7! O7%7$!,1*32'8'!

:5;5F!Z-!'OO'%<!5/#J!&-%'$#I&%!/'!O#g1-!/&$',%'!#6',!;,-_!(4#'(6&,!#&-.&!K7'!/#-.!7-!%'.%!

/'!/17M2'!D@M$&/'!Bh#$,7.!'%!#2<!(RR`CF!N#-.!,'%%'!*S*'!+%7/'<! 2'.!#7%'7$.!3$131.'-%!

K7'!2'.!3$1/7&%.!/'.!I=-'.!/'!2#!O#*&22'!9;9!37&..'-%!'8'$,'$!2'7$!O1-,%&1-!#7!.'&-!/07-!

,1*32'8'Bh#$,7.! '%! #2<! (RR`CF! H0#--+'! /0#3$=.<! 7-! ,1*32'8'! $',1*M&-#-%! ,1-%'-#-%!

;,-_<!5/#J!'%!5/#i!'.%!37$&O&+F!d-'! &-%'$#,%&1-!/&$',%'!'-%$'! 2#! $+I&1-!?9%'$*&-#2'!/'!

5/#J!'%!2#!$+I&1-!,'-%$#2'!/'!;,-_!'.%!1M.'$6+'!#&-.&!K70'-%$'!2#!$+I&1-!,'-%$#2'!/'!5/#J!

'%!2#!$+I&1-!L9%'$*&-#2'!/'!5/#i!BU#$2'6!'%!#2<!(RR_]!^1$&7,D&!'%!#2<!(RR_CF!

ADA5 code la protéine Spt20 

H'! ,$&M2'! 5N5! #! +I#2'*'-%! 3'$*&.! 20&/'-%&O&,#%&1-! /07-! -176'#7! I=-'! #33'2+! 9;95#

Bh#$,7.!'%!#2<!(RR`CF!L'!I=-'!3#$%#I'!2'.!3$13$&+%+.!/'.!#7%$'.!I=-'.!9;9F!N'!327.<!7-'!

&-%'$#,%&1-!3D@.&K7'! #! 37! S%$'! /+*1-%$+'! '-%$'!5/#_! '%!5/#i! (4# '(',F! L'3'-/#-%<! /'.!

*7%#-%.!/7!I=-'!9;95!3$+.'-%'-%!+I#2'*'-%!7-!3D+-1%@3'!327.!.+6=$'!K7'! 2'.!#7%$'.!

I=-'.!9;9F!H#!/+2+%&1-!/7!I=-'!9;95!3$161K7'!-1%#**'-%!7-!$'%#$/!/'!,$1&..#-,'!.7$!

7-!*&2&'7!$&,D'F!N'!327.<!2#!K7#-%&%+!/05>?*!,1/#-%!20#,%&6#%'7$!,D&*+$&K7'!;5H`9P"(Y!

'.%! /&*&-7+'! '-! 20#M.'-,'! /'! 9;95F! L1**'! 2'! I=-'! ,1/#-%! ;5H`9P"(Y! '.%! .17.! 2#!

/+3'-/#-,'! /7! 3$1*1%'7$! 9;0><! 2'.! #7%'7$.! /'! 20+%7/'! 1-%! 61727! /+%'$*&-'$!

20&*31$%#-,'! /'! 9;95! /#-.! 20&-&%&#%&1-! /'! 2#! %$#-.,$&3%&1-! /'37&.! /&6'$.! 3$1*1%'7$.F!

"17$!,'2#<!7-!I=-'!$#331$%'7$!.17.!2#!/+3'-/#-,'!/'!/&OO+$'-%.!%@3'.!/0d5:!#!+%+!7%&2&.+!

,D'E! 2#! 2'67$'F!L1**'!#%%'-/7!/#-.!7-'!.17,D'!*D*5<!7-'!3'$%'!/'! 2#! %$#-.9#,%&6#%&1-!

'.%! 1M.'$6+'! #6',! 2'.! d5:! #OO',%+'.! 3#$! 2#! /+2+%&1-! /'! 9;9F! 17! 9;97F! "#$! ,1-%$'<!

20#,%&6#%&1-!/'!2#!%$#-.,$&3%&1-!'.%!#7..&!3'$/7'!#6',!327.&'7$.!#7%$'.!d5:!,1**'#9;0><!

0I!17!1HI>!/#-.!7-'!.17,D'!*D*5K!,'!K7&!-0+%#&%!3#.!2'!,#.!#6',!2'.!#7%$'.!I=-'.!9;9#

Bh#$,7.!'%!#2<!(RRYCF!Z-O&-<! '-!,1*3#$#-%! 2'.! .+K7'-,'.!/'.!I=-'.!9;95! '%!!?@FG<! 2'.!

,D'$,D'7$.! .'! .1-%! $'-/7.! ,1*3%'!K70&2! .0#I&..#&%! '-! O#&%!/7!*S*'!I=-'! Bh#$,7.!'%! #2<!

(RRY]!>1M'$%.!Q!b&-.%1-<!(RRYCF!

H1$.!/7!,21-#I'!/7!I=-'!9;95<!HF!;7#$'-%'!'%!,122F!1-%!1M.'$6+!K707-!O$#I*'-%!/'!

9;95! ,1/#-%! 2'.! `i\! 3$'*&'$.! $+.&/7.! /'! 2#! 3$1%+&-'! 5/#_c:3%J4! 3'7%! 3#$%&'22'*'-%!

,1*32+*'-%'$! 2'.! 3D+-1%@3'.! 1M.'$6+.! #6',! 7-'! .17,D'! *D*5KF! L'! O$#I*'-%! 3'$*'%!

-1%#**'-%! /'! .733$&*'$! 2'! 3D+-1%@3'! /'! $'%#$/! /'! ,$1&..#-,'! .7$! *&2&'7! $&,D'! '%!

#%%+-7'$!,'27&!1M.'$6+!.7$!*&2&'7!*&-&*#2F!"#$!,1-%$'<! ,'!*7%#-%!/'!*D*5! '.%! %17W17$.!
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!

! i_!

$+.&.%#-%!G!20'83$'..&1-!/'!20#,%&6#%'7$!,D&*+$&K7'!;5H`9P"(YF!L',&!.7II=$'!/1-,!K7'!2#!

$+I&1-! L9%'$*&-#2'! /'! 5/#_c:3%J4! 317$$#&%! &-%'$#I&$! #6',! 2'! *1/72'! /0#,+%@2#%&1-! /'!

:5;5! K7&! ,1-%&'-%! 2'.! 3$1/7&%.! /'.! #7%$'.! I=-'.! 9;9F! H01M.'$6#%&1-! /07-! #2&I-'*'-%!

*72%&32'!/'.!3$1%+&-'.!5/#_c:3%J4!/'!327.&'7$.!'.3=,'.!/'!2'67$'<!3'$*'%!/'!/+2&*&%'$!

7-'!.'72'!$+I&1-!,1-.'$6+'!K7&!317$$#&%!$'*32&$!,'%%'!O1-,%&1-!B$+.&/7.!`Y_!G!_J4!,D'E!

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

3. Chevauchement des cribles SPT et ADA 

L1**'!-17.!20#61-.!67!3$+,+/'**'-%<!2'.!*7%#-%.!*D*>!3$+.'-%#&'-%!/'.!3D+-1%@3'.!

/&OO+$'-%.! /'! ,'78! 1M.'$6+.! #6',! 2'.! .17,D'.! *D*F! '%! *D*7F! N#-.! 7-! 3$'*&'$.! %'*3.<#

20+%7/'!/'!9;9>!-0#6#&%!3#.!+%+!,1-%&-7+'!BU'$I'$!'%!#2<!(RRJC<!*#&.! &2!#33#$#n%!'-! O#&%<!

K70'-! 327.! /'.! 3D+-1%@3'.! 3$13$'.! #78! I=-'.! 9;9<! 9;9>! 31..=/'! #7..&! 2'.!

,#$#,%+$&.%&K7'.!/'.!I=-'.!!?@E!'%!!?@FG!B^1$&7,D&!'%!#2<!(RR\]!h#$,7.!'%!#2<!(RRYCF!

N#-.! 2'7$.! 1MW',%&O.! &-&%&#78<! ,'.! /'78! ,$&M2'.! I+-+%&K7'.! 3#$#&..'-%! %1%#2'*'-%!

&-/+3'-/#-%.F!A2.!1-%!'-!'OO'%!3'$*&.!/0&/'-%&O&'$!/'78!I$173'.!/'!I=-'.!K7&!.1-%!,D#,7-!

,#$#,%+$&.+.!3#$!7-!,'$%#&-!-1*M$'!/'!3$13$&+%+.F!N'!O#g1-!327.!&-%+$'..#-%'<!327.&'7$.!

I=-'.! &/'-%&O&+.! 3#$! 207-! 17! 20#7%$'! /'.! ,$&M2'.! $+31-/'-%! #78! ,$&%=$'.! /+O&-&..#-%! ,'.!

/'78! I$173'.F! Z-! 'OO'%<! 9;9><! 9;95c!?@FG<! !?@E! '%! !?@>5# 3$+.'-%'-%! G! 2#! O1&.! 2'!

3D+-1%@3'!5N5!'%!#7..&!2'!3D+-1%@3'!:"TF!5!20&-6'$.'<!9;9F<!9;97!'%!8CH5!3$+.'-%'-%!

7-&K7'*'-%! 2'! 3D+-1%@3'!5N5F! Z-O&-<! 3#$*&! 2'.! I=-'.!!?@#/7! .17.9I$173'!TU"<! .'72.!

!?@7!'%!!?@B!-'!3$+.'-%'-%!K7'!2'!3D+-1%@3'!:"TF!!

N07-!31&-%!/'!67'!I+-+%&K7'<!,'.!1M.'$6#%&1-.!.7II=$'-%!/1-,!7-!2&'-!O1-,%&1--'2!

'-%$'!2'.!I=-'.!!?@#/'!2#!,2#..'!TU"!B!?@7<!!?@E<!!?@B!'%!!?@FGC!'%!2'.!I=-'.!9;9F!"17$!

'832&K7'$!,'.!1M.'$6#%&1-.!I+-+%&K7'.<!7-'!/'.!31..&M&2&%+.!/&.,7%+'.!/#-.!20#$%&,2'!/'!VF!

b&-.%1-!'.%!K7'!20'-.'*M2'!/'.!3$1/7&%.!/'!,'.!I=-'.!'8'$,'!2'7$!O1-,%&1-!#7!.'&-!/07-!

,1*32'8'F! :3%J4<! :3%\! '%! 5/#(! 317$$#&'-%! #21$.! O#&$'! 2'! 2&'-! '-%$'! /'78! $+I&1-.!

O1-,%&1--'22'.<! 207-'! ,1-%'-#-%! 2'.! 3$1/7&%.! /'.! I=-'.!9;9! '%! 20#7%$'! 2'.! 3$1/7&%.! /'.!

I=-'.!!?@!B>1M'$%.!Q!b&-.%1-<!(RRYCF!

4. Identification du complexe SAGA 

5O&-! /'! 37$&O&'$! 7-! %'2! ,1*32'8'! ,1-%'-#-%! /'.! 3$1%+&-'.! :3%! '%! 5/#<! 20+K7&3'! /'! lF!

b1$k*#-!#!*&.!G!3$1O&%!2'!O#&%!K7'!;,-_!31..=/'!7-'!#,%&6&%+!/0#,+%@2#%&1-!/'.!D&.%1-'.F!

L'.!,D'$,D'7$.!1-%!*1-%$+!K7'!2#!3$1%+&-'!$',1*M&-#-%'!;,-_!-0'.%!,#3#M2'!/0#,+%@2'$!

20D&.%1-'!^i!K7'!.0&2!'.%! 2&M$'!*#&.!3#.!21$.K70&2!'.%! &-,1$31$+!#7!.'&-!/07-!-7,2+1.1*'F!
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"#$! ,1-%$'<! /#-.! 7-! '8%$#&%! /'! 2'67$'<! &2! '8&.%'! /'.! #,%&6&%+.! '-E@*#%&K7'.! 3176#-%!

#,+%@2'$!7-!-7,2+1.1*'F!53$=.! O$#,%&1--#%&1-!/07-!'8%$#&%!3$1%+&K7'!/'! 2'67$'!3#$!7-'!

,121--'!+,D#-I'7.'!/0&1-.<! ,'.!/&OO+$'-%'.! #,%&6&%+.!1-%! +%+! .+3#$+'.! '-!327.&'7$.!3&,.!

K7&! 31..=/'-%! ,D#,7-! 7-'! #,%&6&%+! /0#,+%@2#%&1-! /'! -7,2+1.1*'.F! "#$!m'.%'$-! M21%<! '-!

7%&2&.#-%!/'.!#-%&,1$3.!.3+,&O&K7'.<!2'.!#7%'7$.!1-%!#21$.!61727!/+%'$*&-'$!2'.!3$1%+&-'.!

3$+.'-%'.!/#-.!,D#K7'!3&,F!N#-.! 207-!/0'78<! 2#!3$+.'-,'!/'!5/#J!'%!;,-_!#&-.&!K7'!/'.!

3$1%+&-'.!:3%i<!:3%\<!'%!:3%J4!#!+%+!1M.'$6+'F!d-'!O$#,%&1--#%&1-!M&1,D&*&K7'!327.!O&-'!#!

'-.7&%'! *1-%$+! K7'! 20'-.'*M2'! /'! ,'.! 3$1%+&-'.! O#&%! 3#$%&'! /07-! ,1*32'8'!

*#,$1*12+,72#&$'! K7&! #! 7-'!*#..'! #33#$'-%'! /0'-6&$1-! (<p!hN#F! L',&! /+*1-%$'! M&'-!

K70&2!'8&.%'!7-!2&'-!3D@.&K7'!'-%$'!2'.!3$1%+&-'.!5/#!'%!2'.!3$1%+&-'.!:3%F!L'!,1*32'8'!#!

/1-,!+%+!21I&K7'*'-%!#33'2+!:5;5!317$!:3%!9!5/#!9!;,-_!5,+%@2!%$#-.O+$#.'!B;$#-%!'%!#2<!

(RR\CF!

5. Cribles génétiques et modularité fonctionnelle 

H#!/'.,$&3%&1-!3$+,&.'!'%!/+%#&22+'!/'!,'.!/'78!,$&M2'.!I+-+%&K7'.!-17.!3'$*'%!/'!

,1*3$'-/$'!K7'22'!#!+%+!2#!3$'*&=$'!6&.&1-!O1-,%&1--'22'!/07-!,'$%#&-!-1*M$'!/'.!I=-'.!

,1/#-%! /'.! .17.97-&%+.! /'! :5;5F! N'! 327.<! /'! O#g1-! %$=.! .&I-&O&,#%&6'<! ,'.! /'78! ,$&M2'.!

-17.!/1--'-%!/+WG!7-'!6&.&1-!#..'E!3$+,&.'!/'!201$I#-&.#%&1-!O1-,%&1--'22'!'%!*1/72#&$'!

/7! ,1*32'8'! :5;5! BV&I7$'! \CF! Z-! 'OO'%<! 2'.! %$1&.! I=-'.! 9;9><! !?@E! '%! !?@FG<! K7&!

3#$%#I'-%!2'.!/'78!3D+-1%@3'.!5N5!'%!:"T<!.1-%!&*32&K7+.!/#-.!20#$,D&%',%7$'!/'!:5;5!

'%! /1&6'-%! 3#$%&,&3'$! #7! $',$7%'*'-%! /'.! #7%$'.! *1/72'.! O1-,%&1--'2.! #7! .'&-! /7!

,1*32'8'F! N#-.! 207-! /'! ,'.! ,1*32'8'.<! 1-! $'%$176'! 2'.! 3$1%+&-'.! :3%i! '%! :3%p! K7&!

$+I72'-%!2#!O1-,%&1-!/'!2#!3$1%+&-'!TU"!,D'E!2#!2'67$'F![-!3'7%!.#-.!/17%'!$'%'-&$!/'!,'!

3$'*&'$!,D#3&%$'!K7'!,'!*1/72'!'.%!$'K7&.!317$!2#!%$#-.,$&3%&1-!/7!$+%$1%$#-.31.1-!T@!

#&-.&! K7'! 317$! 2#! $'3$1/7,%&1-! .'87+'! /'.! 2'67$'.F! L'! -'! .1-%! 3'7%9S%$'! 3#.! /'.!

O1-,%&1-.!'..'-%&'22'.!G!,17$%!%'$*'!*#&.!.7$!2'!21-I!%'$*'<!,'%%'!O1-,%&1-!/'!:5;5!/1&%!

S%$'! ,$7,&#2'! 317$! 2#! 6&'! /'.! 2'67$'.! '%! 2'7$! #/#3%#%&1-! G! /&6'$.! ,1-/&%&1-.!

'-6&$1--'*'-%#2'.F! Z-O&-<! -17.! 6'$$1-.! K7'! 2'.! 3$1/7&%.! /'.! I=-'.! /'! 2#! O#*&22'!9;9!

&-%'$#I&..'-%! '-%$'! '78! 317$! O1$*'$! 7-! *1/72'! /0#,+%@2#%&1-! #7! .'&-! /'! :5;5F! 5! ,'!

3$131.<!W'!617/$#&.!.172&I-'$!&,&!7-'!1M.'$6#%&1-!.7$3$'-#-%'F!H#!6&.&1-!#,%7'22'!'.%!K7'!

5/#J<!5/#i<!;,-_!'%!:IOJR! ~2'!I=-'!,1/#-%! ,'%%'!3$1%+&-'!31..=/'!#7..&! 2'.!3$13$&+%+.!

O1-,%&1--'22'.! /7! I$173'!5N5! BH''! '%! #2<! J4((#C�! 3'$*'%%'-%! 2#! O1$*#%&1-! /7!*1/72'!

/0#,+%@2#%&1-!/'.!D&.%1-'.F!L'3'-/#-%<! -17.!6'-1-.!/'!61&$!K7'! 2'.! I=-'.!9;9! 1-%! +%+!

&/'-%&O&+.!G!2#!M#.'!,1**'!/'.!e!#/#3%#%'7$.!f!'-%$'!7-!#,%&6#%'7$!'%!/'.!O#,%'7$.!/'!2#!
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*#,D&-'$&'!%$#-.,$&3%&1--'22'!/'!M#.'F!T17%!2'!3D+-1%@3'!5N5!3'7%9&2!#21$.!S%$'!'832&K7+!

3#$!2#!.'72'!#,%&6&%+!/0#,+%@2#%&1-!31$%+'!3#$!;,-_!z!"17$!@!$+31-/$'<!&2!.'$#&%!&-%+$'..#-%!

/0#-#2@.'$! 2'.! 3$13$&+%+.! /07-'! .17,D'! /#-.! 2#K7'22'! 2'.! $+.&/7.! ,#%#2@%&K7'.! /'! ;,-_!

.'$#&'-%! *7%+.F! d-'! $+31-.'! 3#$%&'22'! #! +%+! #331$%+'! 3#$! 20+K7&3'! /'! :F! U'$I'$! K7&! #!

#-#2@.+!7-'!.+$&'!/'!*7%#-%.!/'!$+.&/7.!/7!/1*#&-'!#,+%@29%$#-.O+$#.'!/'!;,-_!Bb#-I!

'%! #2<! (RRpCF! "17$! ,D#,7-! /'! ,'.! *7%#-%.<! 20#,%&6&%+! /0#,+%@2#%&1-! /'.! ,1*32'8'.!

,1-%'-#-%! ;,-_! #! +%+! *'.7$+'! (4# '(6&,! '%! /'.! %'.%.! /'! %$#-.9#,%&6#%&1-! #6',! 2'.!

#,%&6#%'7$.! ,D&*+$&K7'.! H'859;,-`! '%! ;5H`9P"Y! 1-%! +%+! $+#2&.+.! (4# '(',F! H'.! $+.72%#%.!

&-/&K7'-%!7-'!%$=.!M1--'!,1$$+2#%&1-!'-%$'!7-!/+O#7%!/0#,+%@2#%&1-!(4#'(6&,!'%!2#!3'$%'!/'!

2#! %$#-.9#,%&6#%&1-! (4# '(',! Bb#-I! '%! #2<! (RRpCF! L'3'-/#-%<! G! *#! ,1--#&..#-,'<! #7,7-'!

+%7/'! -'! /+*1-%$'! ,2#&$'*'-%! K707-!*7%#-%! ,#%#2@%&K7'! /'! ;,-_! 3$+.'-%'! 20'-.'*M2'!

/'.!3D+-1%@3'.!,#$#,%+$&.%&K7'.!/'! 2#! O#*&22'!9;9F!Z%!.&!,0+%#&%! 2'!,#.<!,1**'-%!/'61-.!
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Figure 7. Modularité du complexe SAGA définie par les cribles génétiques. 
Chaque sous-unité du complexe SAGA de la levure S. cerevisiae est représentée par un rond ou un oval dont 
la taille est à peu près proportionnelle à la masse de la protéine. Les sous-unités dont la délétion cause un 
phénotype SPT sont colorées en orange, celles dont la délétion provoque un phénotype ADA sont en rouge 
et celles dont la délétion conduit aux deux phénotypes sont représentées en orange et en rouge. Les sous-
unités indiquées en gris n’ont pas été identifiées lors des cribles génétiques. La fonction des modules de 
SAGA définis dans la Figure 4 est indiquée derrière une tête de flèche. 
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Figure 8. Identification de sous-unités du complexe SAGA par des approches de protéomique. 
Chaque sous-unité du complexe SAGA de la levure S. cerevisiae est représentée par un rond ou un oval dont 
la taille est à peu près proportionnelle à la masse de la protéine. Les sous-unités essentielles qui ont été 
identifiées par les premières approches de protéomique sont représentées en violet. Les sous-unités qui ont 
été identifiées au sein de SAGA par des études de protéomique complémentaires et dont la fonction en lien 
avec la transcription n’était pas connue sont indiquées en bleu. Les sous-unités qui n’ont pas été identifiées 
par les approches de protéomique (Sus1) où celles qui avaient déjà été caractérisées au sein du complexe 
SAGA sont colorées en gris. La fonction des modules de SAGA définis dans la Figure 4 est indiquée 
derrière une tête de flèche. 
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Figure 9. Formation du module de déubiquitination de SAGA chez la levure S. cerevisiae. 
A. La déubiquitinase Ubp8 (ainsi que son homologue chez l’homme USP22) posséde en plus de son 
domaine catalytique un domaine à doigts de zinc N-terminal appelé domaine ZnF-UBP (zinc finger 
ubiquitin-specific protease domain). B. Représentation schématique du module de déubiquitination (DUBm) 
de SAGA chez S. cerevisiae. C. Dans une souche ubp8", Sgf11 et Sus1 ne sont pas intégrées à SAGA. 
D. L’absence de Sgf11 provoque la perte de Ubp8 et de Sus1 du complexe SAGA. E. La délétion de SUS1 
empêche Sgf11 et Ubp8 d’être associées à SAGA. F. Dans une souche dépourvue de Sgf73, l’ensemble des 
autres sous-unités du DUBm ne sont pas recrutées au sein de SAGA. La figure est adaptée de : (Rodriguez-
Navarro, 2009) 
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Figure 10. GCN5 et PCAF sont des protéines homologues. 
Chez les vertébrés, GCN5 possède une protéine paralogue appelée PCAF 
(p300/CBP Associated Factor). Les deux protéines humaines GCN5 et 
PCAF présentent une forte identité de séquence (73%) ainsi qu’une même 
organisation en domaines avec une longue région N-terminale (PCAF 
homology domain) suivie par un domaine acétyl-transférase et un Bromo-
domaine. Seuls le domaine acétyl-transférase et le Bromo-domaine sont 
présents chez Gcn5, l’orthologue de GCN5 et PCAF chez la levure S. 
cerevisiae. 
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3#$!.3',%$1*+%$&'!/'!*#..'!'.%!7-'!.17.97-&%+!.3+,&O&K7'!/07-!,1*32'8'F!L'2#!'832&K7'!

+I#2'*'-%! 317$K71&! /#-.! 7-! 3$'*&'$! %'*3.<! 1-! -0#! $'%$176+! #7! .'&-! /'.! ,1*32'8'.!

;L?_! '%! "L5V! K7'! /'.! 3$1%+&-'.! /+WG! ,#$#,%+$&.+'.! ,1**'! W17#-%! 7-! $X2'! /#-.! 2#!

%$#-.,$&3%&1-F!H0'8'*32'!/'.!3$1%+&-'.!T5V!3'$*'%!M&'-!/0&227.%$'$!,'%%'!.&%7#%&1-F!T17.!

2'.!$+.72%#%.!3$+.'-%+.!3#$!2'.!#7%'7$.!,1-,'$-#-%!,'!I$173'!/'!3$1%+&-'.!.1-%!W7.%'.!'%!

,1*32'%.!B[I$@Ek1!'%!#2<!(RRpCF!

Le complexe STAGA 

H0+K7&3'!/'!>F!>1'/'$!.0'.%!&-%+$'..+'!G!201$%D121I7'!D7*#&-!/'!:3%i!K7&<!,D'E!2#!2'67$'<!

&-%'$#I&%!#6',!TU"!BZ&.'-*#--!'%!#2<!(RRJCF!L'3'-/#-%<!,D'E! 20D1**'!:"Ti!-0+%#&%!3#.!

&**7-13$+,&3&%+! 3#$! /'.! #-%&,1$3.! #-%&9T5V`<! T5V_! 17! TU"F! "#$! ,1-%$'<! 2#! 3$1%+&-'!

:"Ti!'.%! ,1937$&O&+'!3#$!7-!#-%&,1$3.!/&$&I+! ,1-%$'!T5VR! &-/&K7#-%!K7'!:"Ti!'%!T5VR!

O1-%! 3#$%&'! /07-! ,1*32'8'! /&OO+$'-%! /'! TVAANF! A2! '.%! #7..&! *1-%$+! K7'! ,'! ,1*32'8'!

,1-%&'-%! 7-'! #,%&6&%+! /0#,+%@2#%&1-! .7$! 2'.! D&.%1-'.! ^i! 2&M$'.F! L'22'9,&! '.%! /7'! G! 2#!

3$1%+&-'!;L?_!K7&!'.%! &**7-13$+,&3&%+'!/#-.!.#! O1$*'!21-I7'!3#$!/'.!#-%&,1$3.!#-%&9

:"Ti! 17! T5VRF! L'! ,1*32'8'! #! /1-,! +%+! #33'2+! :T5;5! B:"Ti! T5VR! ;L?_! 5,'%@29

%$#-.O'$#.'C! Bh#$%&-'E! '%! #2<! (RRpCF! H#! *S*'! +K7&3'! #! #OO&-+! 2#! ,#$#,%+$&.#%&1-! /7!

,1*32'8'! '-! I+-+$#-%! /'78! 2&I-+'.! /'! ,'2272'.! ^'H#! K7&! '83$&*'-%! /'.! 6'$.&1-.!

+%&K7'%+'.! B+3&%13'.! ^5! '%! V2#IC! /'! T5VR! '%! /'! :"TiF! 53$=.! 7-'! /17M2'! 37$&O&,#%&1-!

/0#OO&-&%+<! 2#! ,1*31.&%&1-! /'.! ,1*32'8'.! #! +%+! #-#2@.+'! 3#$! .3',%$1*+%$&'! /'! *#..'F!

N#-.! 2#! 37$&O&,#%&1-! $+#2&.+'! G! 3#$%&$! /'!T5VR<! /'78! ,1*32'8'.! .1-%! 37$&O&+.! BTVAAN! '%!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! `\!

:T5;5C! #21$.! K7'! 2#! 37$&O&,#%&1-! G! 3#$%&$! /'! :"Ti<! 3'$*'%! /0&.12'$! .3+,&O&K7'*'-%! 2'!

,1*32'8'! :T5;5F! N'.! 3$1%+&-'.! 3$+.'-%'.! /#-.! 2'.! /'78! %@3'.! /'! 37$&O&,#%&1-! '%!

#M.'-%'.! /#-.! 2'! ,1-%$X2'! 1-%! 37! /1-,! S%$'! ,1-.&/+$+'.! ,1**'! /'.! .17.97-&%+.! /'!

:T5;5F! ;$a,'! G! ,'%%'! *+%D1/'<! &2! #! +%+! /+*1-%$+! K7'! T>>5"<! 5N5i<! :;VJR<! T5V_H<!

T5VYH<! 5N5(<! '%! :"T\H! .1-%! /'! -176'#78! ,1-.%&%7#-%.! /7! ,1*32'8'! Bh#$%&-'E! '%! #2<!

J44(CF! H'.! #7%'7$.! .7II=$'-%! '-O&-!K7'! 2#!3$1%+&-'! :5"(i4<! 7-! ,1-.%&%7#-%!/7! O#,%'7$!

/0+3&..#I'! :ViM<! 317$$#&%! &-%'$#I&$! /'! *#-&=$'! %$#-.&%1&$'! #6',! 2'! ,1*32'8'! :T5;5!

Bh#$%&-'E!'%!#2<!J44(CF!

Le complexe TFTC 

H0+K7&3'!/'!HF!T1$#!%$#6#&22#-%!.7$!2'.!*+,#-&.*'.!/0&-&%&#%&1-!/'!2#!%$#-.,$&3%&1-!'%!'-!

3#$%&,72&'$!.7$!2'.!3$1%+&-'.!T5V!#!'-%$'3$&.!/0&/'-%&O&'$!7-!,1*32'8'!,1-%'-#-%!/'.!T5V!

*#&.!3#.!2#!3$1%+&-'!TU"F!"17$!/+*1-%$'$!,'2#<!/'78!A"!.7,,'..&6'.!1-%!+%+!$+#2&.+'.<!G!

3#$%&$! /0'8%$#&%.! -7,2+#&$'.! /'! ,'2272'.! ^'H#F! T17%! /0#M1$/! 7-! #-%&,1$3.! /&$&I+! ,1-%$'!

T5V(4! 3'$*'%! /'! $'%'-&$! 2'.! ,1*32'8'.! ,1-%'-#-%! ,'%%'! 3$1%+&-'F! 53$=.! 7-'! +27%&1-!

3'3%&/&K7'!/'!,'%%'!3$'*&=$'!A"<!207%&2&.#%&1-!/07-!#-%&,1$3.!#-%&9TU"!3'$*'%!/'!.+3#$'$!

TVAAN! /0#7%$'.! ,1*32'8'.! K7&! -'! 31..=/'$#&'-%! 3#.! TU"F! H0#-#2@.'! /'! 2#! O$#,%&1-!

/+317$67'! /7! ,1*32'8'! TVAAN! 3#$! m'.%'$-! M21%! *1-%$'! K7'! ,'22'9,&! ,1-%'-#&%! /'.!

3$1%+&-'.! T5V! *#&.! 3#.! /'! TU"F! L',&! /+*1-%$'! /1-,! M&'-! 20'8&.%'-,'! /07-! B17! /'!

327.&'7$.C!,1*32'8'B.C!,1-%'-#-%!/'.!T5V!'-!20#M.'-,'!/'!TU"F!L'!,1*32'8'!#!/1-,!+%+!

#33'2+! TVTL! BTU"! V$''! T5V! L1-%#&-&-I! ,1*32'8C! '%! &2! ,1-%&'-%! -1%#**'-%! T5V(4! '%!

T5V(J!Bb&',E1$'k!'%!#2<!(RRpCF!N#-.!7-!.',1-/!%'*3.<!&2!#!+%+!*1-%$+!K7'!TVTL!,1-%&'-%!

2#!3$1%+&-'!;L?_!/#-.!.#!O1$*'!21-I7'F!L',&!,1-O=$'!#7!,1*32'8'!#7!,1*32'8'!TVTL!7-'!

#,%&6&%+!/0#,+%@2#%&1-!/'.!D&.%1-'.F!H0D&.%1-'!^i!&-,1$31$+!/#-.!7-!-7,2+1.1*'!3'7%!S%$'!

#,+%@2+! 3#$! TVTL! /'! *S*'! K7'! 20D&.%1-'! ^(! #21$.! K7'! ;L?_! .'72'! -'! 31..=/'! 3#.!

/0#,%&6&%+!.7$!7-!-7,2+1.1*'F!N0#7%$'.!.17.97-&%+.!1-%!+I#2'*'-%!+%+!&/'-%&O&+'.!)!:"Ti<!

5N5i<!T5V_H!'%!T>>5"!BU$#-/!'%!#2<!(RRRMCF!

[-!.#&%!#7W17$/0D7&!K70#7!.'&-!/'!,'%%'!37$&O&,#%&1-!TVTL<!1-!$'%$176'!:5;5!*#&.!

+I#2'*'-%!7-!'-.'*M2'!/0#7%$'.!,1*32'8'.!,1-%'-#-%!/'.!T5V!K7&!317$$#&'-%!S%$'!/'.!

*1/72'.!/0#..'*M2#I'!/7!,1*32'8'!TVAAN!17!/'.!6#$&#-%'.!/'!TVAAN!3176#-%!3#$%&,&3'$!

G!20&-&%&#%&1-!/'!2#!%$#-.,$&3%&1-!(4#'(',F![-!3'7%!/0#&22'7$.!-1%'$!K70&2!#!+%+!*1-%$+!K7'!2#!

O$#,%&1-! TVTL! 3'7%! &-&%&'$! 2#! %$#-.,$&3%&1-! (4# '(6&,! G! 3#$%&$! /07-'! *#%$&,'! /05N?! -7!

,1-%'-#-%!17!-1-!7-'!M1n%'!T5T5F!L'!.1-%!.#-.!/17%'!,'.!.17.9,1*32'8'.!/'!T5V!'%!-1-!

:5;5!K7&!.1-%!$'.31-.#M2'.!/'!,'%%'!#,%&6&%+!Bb&',E1$'k!'%!#2<!(RRpCF!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! `p!

Bilan et commentaire 

L'.! %$1&.! .%$#%+I&'.! '83+$&*'-%#2'.! 1-%! 3'$*&.! /'! 37$&O&'$! 2'.! ,1*32'8'.! "L5Vc;L?_<!

:T5;5!'%!TVTLF![-!.#&%!#7W17$/0D7&!#6',!/7!$',72!K7'!2'.!/&OO+$'-,'.!1M.'$6+'.!/#-.!2#!

,1*31.&%&1-! '-! .17.97-&%+.! /'! ,'.! ,1*32'8'.! .1-%! /7'.! G! /'.! 2&*&%#%&1-.! %',D-&K7'.F!

?17.!6'$$1-.!/#-.!2'.!3$1,D#&-.!3#$#I$#3D'.!K7'!2#!,1*31.&%&1-!/7!,1*32'8'!:5;5!/'!

2'67$'! '%! ,'22'! /'! .1-! D1*121I7'! D7*#&-! .1-%! 3$'.K7'! &/'-%&K7'.F! "17$! 327.! /'!

.&*32&,&%+<!-17.!3#$2'$1-.!/1-,!/7!,1*32'8'!:5;5!K7'2K7'!.1&%!20'.3=,'!/#-.!2'K7'2!&2!#!

+%+!+%7/&+!B"&W-#33'2!Q!T&**'$.<!J44pCF!

2. Identification de SGF29 et de SPT20 

LD'E!2'!$#%<!:;VJR!#!+%+!&/'-%&O&+'!,1**'!+%#-%!7-'!.17.97-&%+!/7!,1*32'8'!:5;5!

'%!7-!3#$%'-#&$'!/&$',%!/'!5N5iF!N#-.!7-!%'.%!/'!/17M2'!D@M$&/'<!2'.!#7%'7$.!/+*1-%$'-%!

K7'!2'!/1*#&-'!,1&2'/9,1&2!/'!2#!$+I&1-!?9%'$*&-#2'!/'!:;VJR!&-%'$#I&%!#6',!2#!$+I&1-!?9

%'$*&-#2'! /'! 5N5iF! N#-.! 2#! *S*'! +%7/'<! &2! '.%! *1-%$+! K7'! :;VJR! '.%! $'K7&.! 317$!

3'$*'%%$'!20'83$'..&1-!13%&*#2'!/'!I=-'.!$+I72+.!3#$!,9h@,F!Z-O&-<!2'.!#7%'7$.!.7II=$'-%!

7-'!&*32&,#%&1-!/'!2#!3$1%+&-'!:;VJR!/#-.!2#!%$#-.O1$*#%&1-!1-,1I+-&K7'!$+#2&.+'!3#$!,9

h@,!Bo7$#M'!'%!#2<!J44\CF!

5!3#$%&$!/07-'!37$&O&,#%&1-!/'!%@3'!TVTL<!HF!T1$#!'%!,122F!1-%!%'-%+!/0&/'-%&O&'$!/'!

-176'22'.! .17.97-&%+.! /'! :5;5F! d-'! #-#2@.'! 3#$! .3',%$1*+%$&'! /'!*#..'! #! 3'$*&.! /'!

*'%%$'!'-!+6&/'-,'!/'.!3'3%&/'.!,1$$'.31-/#-%!G!7-'!-176'22'!.17.97-&%+!31%'-%&'22'<!2#!

3$1%+&-'!3ipA"<! &/'-%&O&+'! &-&%&#2'*'-%!.7$! 2#!M#.'!/07-'! &-%'$#,%&1-!#6',! 2#!k&-#.'!3ip!

h5"o!B*&%1I'-9#,%&6#%'/!3$1%'&-!k&-#.'CF!N'.!#-#2@.'.!M&1&-O1$*#%&K7'.!1-%!3'$*&.!/'!

*'%%$'! '-! +6&/'-,'! 7-'! .&*&2#$&%+! /'! .+K7'-,'! '-%$'! 3ipA"! '%! 2#! 3$1%+&-'! /'! 2'67$'!

:3%J4F! L',&! .7II=$'! K7'! 3ipA"! 37&..'! S%$'! 20D1*121I7'! D7*#&-! /'! :3%J4F! "27.&'7$.!

+6&/'-,'.!M&1,D&*&K7'.!/1-%!/'.!'83+$&'-,'.!/'!,19A"!1-%!*1-%$+!K7'!2#!3$1%+&-'!3ipA"!

'.%!M&'-!7-'!.17.97-&%+!/'!:5;5F!Z-!'OO'%<!7-!#-%&,1$3.!/&$&I+!,1-%$'!3ipA"!3'$*'%!/'!

37$&O&'$! 2'.! #7%$'.! .17.97-&%+.! /'! :5;5! '%! /#-.! 20'83+$&'-,'! $+,&3$1K7'<! .&! 1-! #-#2@.'!

7-'!37$&O&,#%&1-!/'!:5;5!3#$!m'.%'$-!M21%<!7-'!M#-/'!'.%!$+6+2+'!3#$!7-!#-%&,1$3.!#-%&9

3ipA"F! L'%%'! 3$1%+&-'! #! /1-,! +%+! $'-1**+'! :"TJ4F! H'.! $+.72%#%.! /'! 20+%7/'! .7II=$'-%!

+I#2'*'-%! K7'! :"TJ4! W17'! 7-! $X2'! &*31$%#-%! /#-.! 20#$,D&%',%7$'! /7! ,1*32'8'F! Z-O&-<!

20+K7&3'!/'!HF!T1$#!*1-%$'!K7'!:5;5!$+I72'!7-'!,2#..'!/'!I=-'.!&-/7&%.!3#$!7-!.%$'..!/7!

$+%&,727*!'-/132#.*&K7'!'%!K70'-!20#M.'-,'!/'!:"TJ4<!20&-/7,%&1-!13%&*#2'!/'!,'.!I=-'.!

'.%!3'$/7'!B?#I@!'%!#2<!J44RCF!d-'!#7%$'!+%7/'!#!+I#2'*'-%!/+*1-%$+!K7'!:"TJ4!+%#&%!

7-'!.17.97-&%+!/'!:5;5!Bb#-I!'%!#2<!J44pCF!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! `R!

3. Identification de ATXN7 

56#-%! K7'! :IO\i! .1&%! &/'-%&O&+'! ,1**'! 7-'! .17.97-&%+! /'! :5;5! ,D'E! 2#! 2'67$'<! /'.!

$',D'$,D'.!+%#&'-%!/+WG!*'-+'.!.7$!.1-!31..&M2'!D1*121I7'!D7*#&-<!2#!3$1%+&-'!5%#8&-9

\!B5Tq?\CF!Z-!'OO'%<!7-'!'83#-.&1-!/'!%$&32'%.!L5;!/#-.!2#!3D#.'!,1/#-%'!/7!I=-'!9@OHE!

'.%! 2#! ,#7.'! /07-'!*#2#/&'! -'7$1/+I+-+$#%&6'! #7%1.1*#2'! /1*&-#-%'! #33'2+'! 20#%#8&'!

.3&-1,+$+M'22'7.'!/'!%@3'!\!B:L5\CF!56#-%!/'!/+,$&$'!2'.!'83+$&'-,'.!#@#-%!/+*1-%$+'.!

2#! 3$+.'-,'! /'! 5Tq?\! #7! .'&-! /7! ,1*32'8'! :5;5! D7*#&-<! W'! 617/$#&.! /+,$&$'!

M$&=6'*'-%!,'!K7&!'.%!,1--7!/'!2#!*#2#/&'!:L5\F!

SCA7 est une maladie à expansion polyglutamine 

LD'E!2'.!3#%&'-%.!:L5\<!1-!1M.'$6'!7-'!'83#-.&1-!/07-!*1%&O!312@I27%#*&-'!G!20'8%$+*&%+!

?9%'$*&-#2'! /'! 5Tq?\F! [-! ,1*3%'! p! #7%$'.! 3#%D121I&'.<! #33'2+'.! *#2#/&'.! 3#$!

'83#-.&1-!312@I27%#*&-'<!/7'.!#7!*S*'!%@3'!/'!*7%#%&1-F!"#$*&!'22'.<!1-!$'%$176'! 2#!

*#2#/&'! /'! ^7-%&-I%1-! #&-.&! K7'! /Å#7%$'.! O1$*'.! /0#%#8&'.! .3&-1,+$+M'22'7.'.F! L'.!

*#2#/&'.!G!'83#-.&1-!312@I27%#*&-'!3$+.'-%'-%!/'.!,#$#,%+$&.%&K7'.!,1**7-'.!)!&2!.0#I&%!

/'! *#2#/&'.! -'7$1/+I+-+$#%&6'.! 3$1I$'..&6'.! /+M7%#-%! ,D'E! 20#/72%'F! H'! .'7&2!

3#%D121I&K7'!#33#$#n%!.&*&2#&$'<!#6',!/'.!#22=2'.!*7%+.!31$%#-%!327.!/'!`4!%$&32'%.!L5;!

'-6&$1-<! '%! 2#! .+6+$&%+! /'! 2#! *#2#/&'! '.%! ,1$$+2+'! G! 2#! %#&22'! /'! 20'83#-.&1-F! A2! #! +%+!

,2#&$'*'-%!/+*1-%$+! I$a,'! G!/'.! #-#2@.'.!*12+,72#&$'.! '%! I+-+%&K7'.!K7'! 2#!*7%#%&1-!

3#$!'83#-.&1-!312@I27%#*&-'!,1-O=$'!7-!I#&-!/'!O1-,%&1-!G!2#!3$1%+&-'!*7%#-%'F!h#2I$+!

7-'! '83$'..&1-! 7M&K7&%#&$'! /#-.! %17%! 201$I#-&.*'! /'.! 3$1%+&-'.! *7%+'.<! .'72'! 7-'!

31372#%&1-!3#$%&,72&=$'!/'!-'7$1-'.!'.%!.'-.&M2'!G!,D#K7'!3$1%+&-'!*7%+'F!"#$!'8'*32'<!

:L5\! '.%! 2#! .'72'! *#2#/&'! 3#$! '83#-.&1-! 312@I27%#*&-'! /#-.! 2#K7'22'! 2'.! 3#%&'-%.!

3$+.'-%'-%! 7-'! #%%'&-%'! /'! 2#! $+%&-'F! H'.! M#.'.! *12+,72#&$'.! /'! ,'%%'! .3+,&O&,&%+! /'!

-'7$1/+I+-+$'.,'-,'! .1-%! '-,1$'! *#2! ,1*3$&.'.F! N07-'! *#-&=$'! 327.! I+-+$#2'<! 2'.!

*+,#-&.*'.! 3D@.&13#%D121I&K7'.! /'! :L5\! -'! .1-%! 3#.! ,2#&$'*'-%! +%#M2&.F! A2! #33#$#n%!

,'3'-/#-%! K70'-! 327.! /'! 2#! %18&,&%+! 3$13$'! /'.! '83#-.&1-.! 312@I27%#*&-'<! 2#! O1-,%&1-!

-1$*#2'! /'! 2#! 3$1%+&-'! *7%+'! 317$$#&%! W17'$! 7-! $X2'! /#-.! ,'.! *+,#-&.*'.!

3D@.&13#%D121I&K7'.!B;#%,D'2!Q!s1IDM&<!J44_CF!

ATXN7 est une sous-unité de SAGA 

H#! O1-,%&1-! -1$*#2'! /'! 5Tq?\! #! -1%#**'-%! +%+! +%7/&+'! 3#$! ^'2*2&-I'$! '%! ,122F!

N&OO+$'-%'.!#33$1,D'.!M&1,D&*&K7'.!1-%!3'$*&.!/'!/+*1-%$'$!K7'!5Tq?\!'.%!7-'!.17.9

7-&%+! /'! :5;5F! Z-! 3#$%&,72&'$<! /'.! '83+$&'-,'.! /'! ,19A"! .7$! /'.! '8%$#&%.! -7,2+#&$'.! /'!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! _4!

,'2272'.! ^'H#! #6',! 7-! #-%&,1$3.! /&$&I+! ,1-%$'! 5Tq?\! 1-%! 3'$*&.! /'! *1-%$'$! K7'!

/&OO+$'-%'.! .17.97-&%+.! /'! :5;5! .1-%! #..1,&+'.! G! 5Tq?\<! ,1**'! ;L?_<! T>>5"! 17!

T5V(4F!N'!327.<! &2! #! +%+!*1-%$+!K7'! 2#! O$#,%&1-! &**7-13$+,&3&%+'!3#$! 20#-%&,1$3.!#-%&9

5Tq?\!,1-%'-#&%!7-'!#,%&6&%+!/0#,+%@2#%&1-!B^'2*2&-I'$!'%!#2<!J44`MCF!

Altérations transcriptionnelles et chromatiniennes 

"17$!+%7/&'$!2'.!,1-.+K7'-,'.!/'!20'83#-.&1-!"12@I27%#*&-'!/#-.!5Tq?\<!/'78!2&I-+'.!

/'! .17$&.! %$#-.I+-&K7'.! 1-%! +%+! I+-+$+'.<! 207-'! B2&I-+'! >\?C! '83$&*#-%! 7-'! O1$*'!

-1$*#2'!/'!5Tq?\!#6',!(4Ç!'%!20#7%$'!B2&I-+'!>\ZC<!7-'!O1$*'!*7%+'!/'!2#!3$1%+&-'!#6',!

R4ÇF!N#-.! 2'.!/'78! ,#.<! 2#!3D#.'! ,1/#-%'!/'!5Tq?\!'.%!32#,+'! .17.! 2#!/+3'-/#-,'!/7!

3$1*1%'7$!/'! 2#! $D1/13.&-'!,'!K7&!3'$*'%!7-'!'83$'..&1-! O1$%'!'%!.3+,&O&K7'!/#-.! 2'.!

3D1%1$+,'3%'7$.! /'! %@3'! Ma%1--'%F! H'! .'72! 3D+-1%@3'! 1M.'$6+! 6#! /1-,! ,1-,'$-'$! 2#!

$+%&-'F!N'.!#-1*#2&'.!/'!2#!%$#-.,$&3%&1-!1-%!+%+!*&.'.!'-!+6&/'-,'!/#-.!2'!*1/=2'!>\ZF!

5Tq?\!*7%+'!&-/7&%!7-'!/&*&-7%&1-!$#3&/'!'%!%$=.!O1$%'!/'!20'83$'..&1-!/'!2#!3273#$%!/'.!

I=-'.! .3+,&O&K7'.! /'.! Ma%1--'%.! K7&! .1-%! -1$*#2'*'-%! %$=.! O1$%'*'-%! '83$&*+.F! H'.!

I=-'.! 2'.! 327.! %17,D+.! .1-%! ,'78! K7&! ,1/'-%! 317$! /'.! 3$1%+&-'.! &*32&K7+'.! /#-.! 2'!

3$1,'..7.! /'! 3D1%1%$#-./7,%&1-F! d-'! #-#2@.'! %'*31$'22'! #! *1-%$+! K7'! 2#! M#&..'! /'!

20'83$'..&1-! /'! 2#! $D1/13.&-'! #22#&%! /'! 3#&$! #6',! 7-'! /&*&-7%&1-! /'.! $+31-.'.!

+2',%$13D@.&121I&K7'.! /'.! Ma%1--'%.! '%! 2'! $#,,17$,&..'*'-%! /'! 2'7$.! .'I*'-%.F! H'!

3$'*&'$! +6+-'*'-%! 3#%D121I&K7'! /+%',%+! .'*M2'$#&%! /1-,! S%$'! 7-'! #-1*#2&'!

%$#-.,$&3%&1--'22'!K7&!'832&K7'$#&%! 2#!3'$%'!/'! O1-,%&1-!/'.!3D1%1$+,'3%'7$.!/'.!.17$&.!

>\Z!B^'2*2&-I'$!'%!#2<!J44`#CF!

N0#7%$'! 3#$%<! 20#-#2@.'! 3#$! *&,$1.,13&'! +2',%$1-&K7'! /'! 2072%$#.%$7,%7$'! /'.!

Ma%1--'%.!$+6=2'!7-'!/&OO+$'-,'!*#W'7$'!/'!201$I#-&.#%&1-!-7,2+#&$'!/'.!Ma%1--'%.!/#-.!

/'.!$+%&-'.!/'!.17$&.!>\Z!3#$!$#331$%!#78!,1-%$X2'.F!LD'E!2'.!.17$&.!.#76#I'.<!2'.!-1@#78!

/'.!Ma%1--'%.!1-%!7-'!1$I#-&.#%&1-!3#$%&,72&=$'!'%!,#$#,%+$&.%&K7'!/'!,'!%@3'!,'2272#&$'<!

#6',! 7-! 2&.'$+! /0'7,D$1*#%&-'! 3+$&3D+$&K7'! '-%17$#-%! 7-'! 2#$I'! E1-'!

/0D+%+$1,D$1*#%&-'! ,'-%$#2'F! N#-.! 2'.! $+%&-'.! /'.! .17$&.! >\Z<! 1-! 1M.'$6'! 7-'!

*1/&O&,#%&1-! %$=.! &*31$%#-%'! /'! ,'%%'! .%$7,%7$'! ,D$1*#%&-&'--'! #6',! 7-'!

/+,1-/'-.#%&1-!*#W'7$'!/'!2#!,D$1*#%&-'<!#..1,&+'!G!7-'!O1$%'!#7I*'-%#%&1-!/7!6127*'!

/7!-1@#7F!L'.!*1/&O&,#%&1-.!.1-%!3$+,1,'.!'%!2'7$!3$1I$'..&1-!'.%!/&$',%'*'-%!,1$$+2+'!G!

2#!$+3$'..&1-!/'.!I=-'.!.3+,&O&K7'.!/'.!3D1%1$+,'3%'7$.F!

L'.! #2%+$#%&1-.! %$#-.,$&3%&1--'22'.! '%! ,D$1*#%&-&'--'.! .7II=$'-%! /1-,! K7'! 2#!

O1-,%&1-!/'!:5;5!37&..'!S%$'!'-!3#$%&'!#2%+$+'!'%!/1-,! &*32&K7+'!/#-.! 2'.!*+,#-&.*'.!



! "#$%&'!J!)!:5;5<!7-!,1*32'8'!,19#,%&6#%'7$!/'!2#!%$#-.,$&3%&1-!
!

! _(!

3D@.&13#%D121I&K7'.! /'! :L5\F! H0#-#2@.'! /'.! .17$&.! >\Z! '%! ,1-%$X2'.! *1-%$'! K7'!

20'83#-.&1-!312@I27%#*&-'!#7!.'&-!/'!5Tq?\!-0#2%=$'!3#.!2'!$',$7%'*'-%!/'!;L?_!17!/'!

T5V(J! /#-.! 2'! ,1*32'8'! :5;5F! N'! 327.<! 20#,%&6&%+! /0#,+%@2#%&1-! /'.! D&.%1-'.! 17! /'.!

-7,2+1.1*'.! /'.! ,1*32'8'.! 37$&O&+.! -0'.%! 3#.! #OO',%+'! 3#$! 20'83#-.&1-! 312@I27%#*&-'!

&-/&K7#-%! K7'! /#-.! 2#! $+%&-'! /'.! .17$&.! >\Z! 2'! ,1*32'8'! :5;5! I#$/'! .1-! #,%&6&%+!

/0#,+%@2#%&1-F! "#$! ,1-%$'! /'.! '83+$&'-,'.! /'! LDA"! .7II=$'-%! 7-'! *1/&O&,#%&1-! /7!

$',$7%'*'-%!/'!:5;5!'%!7-'!#,+%@2#%&1-!#-1$*#2'!.7$!,'$%#&-.!I=-'.!B^'2*2&-I'$!'%!#2<!

J44YCF! L'3'-/#-%<! /0#7%$'.! %$#6#78! 7%&2&.#-%! 2#! 2'67$'! 17! /'.! 2&I-+'.! ,'2272#&$'.<!

.7II=$'-%!#7!,1-%$#&$'!K7'!20'83#-.&1-!312@I27%#*&-'!/#-.!5Tq?\!&-D&M'!20#,%&6&%+!^5T!

/7!,1*32'8'!:5;5!Bh,h#D1-!'%!#2<!J44_]!"#2D#-!'%!#2<!J44_CF!

h1-!%$#6#&2!/'!%D=.'!#!3'$*&.!/'!*1-%$'$!K7'!2'!/1*#&-'!?9%'$*&-#2!/'!5Tq?\!

3#$%&,&3'! G! 2#! O1$*#%&1-! /7!NdU*! #&-.&! K70G! 2#! $+I72#%&1-! '-E@*#%&K7'! /'! d:"JJ! B,OF!

"#$%&'!>+.72%#%.CF!H#!$+I&1-!/'!5Tq?\!K7&!,1-%&'-%!20'83#-.&1-!312@I27%#*&-'!+%#-%!.&%7+!

G! 3$18&*&%+! /'! ,'! /1*#&-'<! &2! .'$#&%! &-%+$'..#-%! /'! /+%'$*&-'$! 20'OO'%! /'! 20'83#-.&1-!

312@I27%#*&-'!.7$!2#!O1$*#%&1-!/7!NdU*!#&-.&!K7'!.'.!+6'-%7'2.!'OO'%.!.7$!20#,%&6&%+!NdU!

/'!:5;5!(4#'(6&,#'%!(4#'(',F!

4. Identification d’un module de déubiquitination 
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IV. Evolution du complexe SAGA 

1. Conservation au cours de l’évolution 
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4. Autres complexes contenant des sous-unités de SAGA 
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I. Structure tridimensionnelle de SAGA 

1. Structure modulaire 
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2. Localisation des sous-unités 
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3. Cœur structural de SAGA 
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Figure 11. Structure tridimensionnelle de SAGA obtenue par microscopie électronique. 
A. Superposition de la structure de complexe SAGA de la levure S. cerevisiae (en bleu) (Wu et al, 2004) 
avec celle du complexe SAGA humain (en rouge) (Brand et al, 1999a). La barre représente 3,7 nm. B. 
Structure du complexe SAGA de la levure S. cerevisiae contenant le cinquième domaine plus flexible. Les 5 
domaines structuraux du complexe SAGA sont mis en évidence. C. Représentation schématique du contenu 
en sous-unités des 5 domaines structuraux du complexe SAGA. La localisation des sous-unités marquées 
par une étoile a été déterminée expérimentalement. Les sous-unités n’étant pas incluses dans un des cinq 
domaines n’étaient pas encore identifiées au sein de SAGA au moment où cette étude structurale a été 
réalisée. La figure est adaptée de : (Timmers & Tora, 2005; Wu et al, 2004). 
!
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4. Localisation des fonctions co-activatrices de SAGA 
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II. Analyse protéomique et architecture de SAGA 

1. Approche expérimentale 
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2. Les 4 modules structuraux  

H07%&2&.#%&1-! /'! 37$&O&,#%&1-.! G! 3#$%&$! /'! .17,D'.!*7%#-%'.! #! '-.7&%'! 3'$*&.! /'!

/+O&-&$! K7#%$'!*1/72'.F! N0#3$=.! ,'%%'! +%7/'<! 2'! NdU*! ,1-%&'-%!)! :IO((<! :7.(<! dM3p! '%!

:IO\i<!'%!,'%%'!/'$-&=$'!3'$*'%!/'!$',$7%'$!2'!NdU*!/#-.!:5;5F!H'!^5T*!'.%!,1*31.+!

/'! 5/#J<! 5/#i<! :IOJR! '%! ;,-_! '%! .'*M2'! S%$'! &-%+I$+! G! :5;5! 3#$! 2#! .17.97-&%+! 5/#JF!

Z-O&-<! /'78! *1/72'.! O1$*#-%! 201..#%7$'! .%$7,%7$#2'! /'! :5;5! 1-%! +%+! ,#$#,%+$&.+.F! d-!

3$'*&'$<! #33'2+!*1/72'! :"T<! ,1-%&'-%! :3%i<! :3%\<! :3%p<! :3%J4<!5/#(! '%!T$#(F! Z-O&-<! 7-!

.',1-/!*1/72'!.%$7,%7$#2<! 2'!*1/72'!T5V<!31..=/'!T5V_<!T5VY<!T5VR<!T5V(4!'%!T5V(J!

BV&I7$'!(JC!BH''!'%!#2<!J4((#CF!

3. Rôle structural et fonctionnel de Spt20 
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Figure 12. Modularité du complexe SAGA définie par une approche de protéomique. 
L’analyse par spectrométrie de masse de purifications de SAGA réalisées à partir de souches délétées de 
différentes sous-unités du complexe SAGA a permis de définir 4 modules structuraux principaux (Lee et al, 
2011a). Le DUBm, le HATm, le module structural SPT et le module structural TAF sont représentés 
respectivement en violet, en rouge, en orange et en bleu. La sous-unité Spt20 (entourée par des pointillés 
rouges) est nécessaire au recrutement du DUBm et de Tra1 dans SAGA (représenté par une flèche rouge). 
De plus, Spt20 stabilise le recrutement du HATm au sein du complexe (représenté par une fléche en 
pointillés rouges). La fonction des modules de SAGA définis dans la Figure 4 est indiquée derrière une tête 
de flèche. 
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III. Analyse des transcriptomes et modules fonctionnels : 

1. Chez S. cerevisiae 

Approche expérimentale 
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2. Chez S. pombe 

Approche expérimentale 
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Figure 13. Analyse des transcriptomes et définition de modules fonctionnels. 
Le profil d’expression des gènes de tous les mutants de délétion viables des sous-unités de SAGA chez les 
levures S. cerevisiae (A.) et S. pombe (B.) a été analysé. Ceci a permis de définir différents modules 
fonctionnels (Helmlinger et al, 2011; Lenstra et al, 2011). Les sous-unités entourées en rouge sont des sous-
unités essentielles alors que les sous-unités dont la délétion ne provoque pas de changements 
transcriptionnels importants sont uniquement en gris. A. Chez S. cerevisiae, trois groupes de sous-unités ont 
été définis : un premier contenant Ada1, Spt7 et Spt20 (en bleu), un second avec Gcn5, Ada2 et Ada3 (en 
rouge) et un troisième avec Spt3 et Spt8 (en orange). La délétion de Sgf73 provoque la dérégulation d’un 
petit nombre de gènes mais le profil de dérégulation peut être difficilement regroupé avec celui d’autres 
sous-unités. B. Chez S. pombe, trois groupes de sous-unités ont pu être définis : un premier contient les 
sous-unités Ada1 et Spt20 (en bleu), un second, les sous-unités Gcn5, Ada2 et Ada3 (en rouge) et un 
troisième, les sous-unités Spt8, Spt20, Sgf11 et Sus1 (en orange). Notons que chez S. pombe, Spt3 est une 
sous-unité essentielle mais que Tra1 ne l’est pas. A. et B. La fonction des modules de SAGA définis dans la 
Figure 4 est indiquée derrière une tête de flèche. 
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Le complexe SAGA chez S. pombe est modulaire 
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Analyse phénotypique des mutants de S. pombe 
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IV. Analyses structurales et fonctionnelles de modules de SAGA 

1. Le HAT module 
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!
 
Figure 14. Structure de domaines du HATm de SAGA. 
A. Structure du domaine acétyl-transférase de Gcn5 de Tetrahymena (en bleu) en présence d’acétyl-CoA 
(donneur de groupement acétyl, en vert) et d’un peptide correspondant à la queue de l’histone H3 (en rouge, 
la lysine à acétyler est en jaune). La référence PDB est : 1QSN. B. Structure du Bromo-domaine de Gcn5 de 
S. cerevisiae en complexe avec un peptide correspondant à la queue N-terminale de l’histone H4 dans lequel 
la lysine 16 est acétylée. La référence PDB est : 1E6I. C. Structure du double domaine Tudor de la protéine 
Sgf29 de la levure S. cerevisiae en présence d’un peptide correspondant à la queue N-terminal de l’histone 
H3 et qui contient une lysine 4 triméthylée. Cette modification est reconnue par la poche formée par le 
domaine Tudor 1. La référence PDB est : 3MP1. La figure est adaptée de : (Bian et al, 2011; Owen et al, 
2000; Rojas et al, 1999).!
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2. Le DUB module 
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3. Tra1 et organisation structurale de SAGA 

Organisation modulaire de Tra1/TRRAP 
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Figure 15. Organisation en domaines des protéines Tra1 et TRRAP. 
A. Les cinq types de domaines retrouvés au sein de Tra1 et de TRRAP sont indiqués sur le schéma et une 
structure représentative de chaque domaine est présentée avec sa référence PDB. B. Comparaison de 
l’organisation structurale qui a été prédite pour Tra1 et TRRAP. Chaque petit rectangle localisé au sein des 
domaines HEAT et FAT correspond respectivement à un motif HEAT (structure en orange en A.) ou un 
motif TPR (structure en vert en A.). Les rectangles gris foncés indiquent des régions qui sont prédites 
comme dépliées, et les rectangles gris clairs indiquent une région qui ne contient pas de motif HEAT. 
L’absence d’une répétition d’un motif HEAT dans la séquence de Tra1 est indiquée par un trait noir. Le 
pourcentage d’identité entre Tra1 et TRRAP est de 27%. La figure a été adaptée de : (Knutson & Hahn, 
2011) 
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Rôle dans la régulation de l’activité HAT 
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V. Données additionnelles pour définir la structure du complexe SAGA 

1. Modifications post-traductionnelles des sous-unités de SAGA  
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2. Stœchiométrie des différentes sous-unités 
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Cœur structural de SAGA 
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Figure 16. Proximité spatiale de certaines sous-unités de SAGA avec Gcn5. 
Chaque sous-unité du complexe SAGA de la levure S. cerevisiae est représentée par un rond ou un oval dont 
la taille est à peu près proportionnelle à la masse de la protéine. Les sous-unités qui peuvent être acétylées 
par Gcn5 au sein d’un même complexe SAGA sont représentées en bleu. Gcn5 qui possède l’activité acétyl-
transférase est en rouge. Les autres sous-unités du complexe sont en gris. La fonction des modules de SAGA 
définis dans la Figure 4 est indiquée derrière une tête de flèche. 
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Le complexe SAGA contient une copie du DUBm 
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Partie 3 : Les Déubiquitinases de la famille USP 

A. Le monde de l’ubiquitine 

I. Machinerie de mise en place 

H07M&K7&%&-'! '.%! 7-'! 3$1%+&-'! /'! \Y! #,&/'.! #*&-+.! /1-%! 2#! .+K7'-,'! '.%! .%$&,%'*'-%!

,1-.'$6+'! ,D'E! 2'.! '7,#$@1%'.! BV&I7$'! (\C! B^'$.Dk1! '%! #2<! J444CF! H#! /+,176'$%'! /'!

207M&K7&%&-'! $'*1-%'! G! 7-'! %$'-%#&-'! /0#--+'.! '%! 201-! .#&%! #7W17$/0D7&! K7'!

207M&K7&%&-#%&1-<!,0'.%!G!/&$'! 2#!*1/&O&,#%&1-!,16#2'-%'!/'!3$1%+&-'.!3#$! 207M&K7&%&-'<!'.%!

7-'!*1/&O&,#%&1-!31.%9%$#/7,%&1--'22'!#7..&!2#$I'*'-%!$+3#-/7'!K7'!2#!3D1.3D1$@2#%&1-!

Bb&2k&-.1-<!J44RCF!

! d-'!2&#&.1-!&.13'3%&/&K7'!

'-%$'! 2'! I$173'*'-%! ,#$M18@2!

/'! 2#! I2@,&-'! L9%'$*&-#2'! /'!

207M&K7&%&-'!'%! 2'! I$173'*'-%!"9

#*&-'! /07-'! 2@.&-'! /07-'!

3$1%+&-'! ,&M2'! 3'7%! S%$'!

.@-%D+%&.+'! 3#$! 20#,%&1-!

.7,,'..&6'! /'! %$1&.! '-E@*'.!)!

7-'! '-E@*'! /0#,%&6#%&1-! /'!

207M&K7&%&-'!BZ(C<!7-'!'-E@*'!/'!

,1-W7I#&.1-!/'!207M&K7&%&-'!BZJC!

'%! 7-'! 7M&K7&%&-'! 2&I#.'! BZiC!

BV&I7$'! (pCF! U$&=6'*'-%<!

207M&K7&%&-'!'.%!%17%!/0#M1$/!%D&129'.%+$&O&+'!#7!-&6'#7!/'!.1-!'8%$+*&%+!L9%'$*&-#2'!3#$!

20'-E@*'!Z(!,'!K7&!,1-.1**'!7-'!*12+,72'!/05T"<!37&.! 207M&K7&%&-'!'.%!,1-W7I7+'!.7$!

7-'!ZJF! A2!'8&.%'!'-O&-!/'78! O#*&22'.!/0Zi! 2&I#.'.!K7&!.1-%!,#$#,%+$&.+'.!3#$! 2#!3$+.'-,'!

/07-!/1*#&-'!>A?;!B>'#22@!A-%'$'.%&-I!?'m!;'-'C!17!/07-!/1*#&-'!^ZLT!B^1*121I17.!

%1! %D'! ZY95"! L#$M18@2! T'$*&-7.C! '%! /1-%! 2'!*1/'! /'! O1-,%&1--'*'-%! /&OO=$'! K7'2K7'!

3'7F! H#! 3$'*&=$'! ,2#..'! /0Zi! 2&I#.'.! 6#! &-%'$#I&$! #6',! 20ZJ! 317$! 20#..&.%'$! /#-.! 2'!

%$#-.O'$%!/'! 207M&K7&%&-'!.7$!7-!.7M.%$#%F!"#$!,1-%$'<!/#-.! 2'!,#.!/'.!Zi! 2&I#.'.!/'!%@3'!

^ZLT<! 207M&K7&%&-'!'.%!/0#M1$/!%$#-.O+$+'!.7$! 20Zi! 2&I#.'!K7&!6#!'-.7&%'!$',1--#n%$'!.1-!

!
Figure 17. La molécule d’ubiquitine. 
A. Représentation de la structure de l’ubiquitine (Code PDB : 
1UBQ). La Glycine 76 de l’extrémité C-terminale est mise en 
évidence. B. Localisation des principales lysines qui sont 
impliquées dans la formation de chaines de polyubiquitine (en 
bleu). La figure est adaptée de (Hurley et al, 2006). 
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Figure 18. La machinerie d’ubiquitination. 
Représentation schématique de la cascade 
enzymatique menant à l’ubiquitination d’un substrat 
(S). Dans un premier temps, l’hydrolyse d’une 
molécule d’ATP permet la formation d’une liaison 
thio-ester entre une cystéine de l’enzyme d’activation 
E1 et l’extrémité C-terminale de l’ubiquitine. Celle-ci 
est ensuite transférée sur une cystéine d’une enzyme 
de conjugaison E2. Enfin, l’ubiquitine est fixée sur 
une lysine d’un substrat par une enzyme E3 ligase. 
Les E3 ligases possédant un domaine RING facilitent 
le transfert de l’ubiquitine de l’E2 vers le substrat 
alors que pour les E3 ligases présentant un domaine 
HECT, l’ubiquitine lie transitoirement l’E3 ligase 
avant d’être transférée sur le substrat. Dans les deux 
cas, les E3 ligases participent à la reconnaissance 
spécifique du substrat. Les pointillés rouges retracent 
le cheminement de la molécule d’ubiquitine vers son 
substrat. La figure est adaptée de (Hochstrasser, 
2006). 
!
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Figure 19. Conformation adoptée par les différents types de chaines de polyubiquitine. 
Représentation de la conformation de chaines de quatre ubiquitines liées par les Met1, Lys48, Lys63, et Lys11. 
Les chaines liées par les Lys11 et Lys48 adoptent des structures compactes alors que les chaines linéaires ou 
liées par la Lys63 sont allongées. Pour ces deux derniers types de chaines, l’ubiquitine proximale (celle dont 
l’extrémité C-terminale est libre ou liée à un substrat) et l’ubiquitine distale (à l’opposé de l’ubiquitine 
proximale) sont représentées. Les références PDB des différentes structures sont : Met1, 2W9N ; Lys48, 
2O6V ; Lys63, 2JF5 et Lys11, 2XEW). La figure est adaptée de : (Behrends & Harper, 2011). 
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B. Mécanismes de régulation des USP 

I. Cinq familles de déubiquitinases 
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II. Caractéristiques générales des USP 

1. Diversification au cours de l’évolution 
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4. Description structurale du domaine USP 
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Figure 20. Structure du domaine catalytique de différentes USP. 
Les domaines Pouce, Paume et Doigts de diverses USP sont représentés respectivement en mauve, en bleu 
et en vert. Les chaines latérales des résidus catalytiques ainsi que les éventuels atomes de zinc (sphères 
jaunes) sont mis en évidence. A. La structure de USP7 est présentée sans ou avec B. de l’ubiquitine 
(référence PDB 1nbf). L’ubiquitine distale se situe dans le site catalytique et interagit principalement avec le 
domaine Doigts. Le site putatif de liaison de l’ubiquitine proximale est indiqué en rouge. C. La structure du 
domaine catalytique de USP8 indique que les Doigts sont repliés sur eux-mêmes vers le domaine Pouce, ce 
qui bloque la venue de l’ubiquitine dans le site catalytique de l’enzyme (référence PDB 2gfo). Notons que 
les domaines Doigts d’un certain nombre d’USP sont stabilisés par un atome de zinc. D. Structure du 
domaine catalytique de CYLD, la seule USP connue pour être spécifique des chaines liées par la Lys63 ou 
des chaines linéaires (référence PDB 2vhf). L’absence d’un domaine Doigts classique permet à CYLD de 
cliver des chaines liées par la Lys63 en leur milieu, et une longue boucle (en orange) située non loin du site 
actif  participe à la reconnaissance spécifique du substrat. Contrairement à d’autres domaines catalytiques 
d’USP, celui de CYLD présente une conformation active en l’absence d’ubiquitine. CYLD contient 
également un doigt de zinc B-box qui est inséré dans le domaine catalytique et dont la fonction serait de 
participer à la localisation cytoplasmique de l’enzyme. La figure est adaptée de : (Komander et al, 2009) 
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Figure 21. 
Vue détaillée du site catalytique de USP7. 
Les atomes des chaines latérales des résidus 
catalytiques sont représentés comme des boules et 
les interactions entre les trois résidus catalytiques 
sont indiquées par des pointillés jaunes. 
L’extrémité C-terminale de l’ubiquitine est 
dessinée en jaune (référence PDB 1nbf). La figure 
est adaptée de : (Komander et al, 2009) 
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Figure 22. Interaction de l’ubiquitine avec USP7. 
Les résidus de l’ubiquitine qui interagissent 
directement avec le domaine catalytique de USP7 sont 
colorés en bleu. Les quatre résidus de l’extrémité C-
terminale de l’ubiquitine sont en verts. L’image de 
gauche est centrée sur le patch hydrophobe de 
l’isoleucine 44 (en bleu clair) alors que l’image de 
droite montre la face opposée de l’ubiquitine. Ceci 
illustre que le patch hydrophobe de l’Ile 44 est 
impliqué dans l’interaction avec le domaine 
catalytique de USP7. On peut noter que l’interaction 
entre l’ubiquitine et USP7 implique près de 40% de la 
surface de l’ubiquitine alors que de nombreux 
domaines de liaison à l’ubiquitine n’interagissent 
qu’avec environ 10% de la surface de la molécule. La 
détermination des résidus de l’ubiquitine en contact 
avec USP7 a été réalisée grâce au serveur PISA 
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html). 
La figure a été adaptée de : (Komander et al, 2009)!
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Figure 23. Liaison de l’ubiquitine par deux endo-DUB. 
A. Modèle du complexe formé entre une molécule d’ubiquitine (en jaune) et le site catalytique de l’USP CYLD 
(en blanc, les parties bleues correspondant à des zones conservées avec d’autres USP). Dans ce modèle, la Lys 
63 de l’ubiquitine liée au site catalytique de CYLD est accessible, ce qui permet à l’enzyme d’interagir et de 
cliver en son milieu une chaine de polyubiquitine liée par la Lys 63 (activité endo-DUB). B. La structure du 
domaine catalytique de USP21 (domaine Doigts (en vert), Paume (en bleu ciel) et Pouce (en bleu marine)) avec 
une chaine linéaire de diubiquitine (en jaune) révèle deux sites de liaison de l’ubiquitine sur ce domaine 
catalytique. En plus du site de liaison de l’ubiquitine présent au sein du domaine catalytique de toutes les USP, 
l’extrémité des Doigts de USP21 peut interagir avec une deuxième molécule d’ubiquitine ce qui permet à 
l’enzyme d’exercer une activité endo-DUB. La figure est adaptée de :!(Komander et al, 2008; Ye et al, 2011). 
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Fonction de USP14 au sein du protéasome 
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Figure 24. Localisation de Ubp6/USP14 au sein de la 
particule 19S du protéasome. 
A. Organisation en domaines de USP14 ou de son homologue 
Ubp6 chez la levure S. cerevisiae. B. Modèle représentant 
l’interaction entre un substrat polyubiquitiné et la particule 19S 
du protéasome de levure. La structure de la particule 19S a été 
obtenue par microscopie électronique et celle de la chaine de 4 
ubiquitines liées par la Lys 48 (en mauve) par cristallographie 
(référence PDB 2KDE). Cette chaine de polyubiquitine est 
fixée sur un substrat (en rouge) et interagit avec Rpn13, un 
récepteur à ubiquitine du protéasome (en orange). Ubp6 (en 
bleu marine et entourée en pointillés rouges) se situe à 
proximité de l’ubiquitine distale de la chaine et peut donc cliver 
celle-ci pour éventuellement permettre le relargage du substrat. 
Dans le cas inverse, la DUB Rpn11 (en vert, son site actif est 
représenté par une étoile) peut cliver la liaison isopeptidique 
entre le substrat et sa chaine de polyubiquitine et celui-ci va 
être déplié au niveau de la base de la particule 19S (bleu ciel) 
avant d’être dégradé dans la particule 20S. La figure est 
adaptée de : (Lander et al, 2012). 
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Figure 25. Mécanisme d’activation de USP7 par ses domaines Ubl. 
A. USP7 contient un domaine TRAF/Math (brun), un domaine catalytique (orange) et 5 domaines Ubl (arc-
en-ciel). B. Représentation de la structure des 5 domaines Ubl de USP7. Les domaines 1 et 2 ainsi que les 
domaines 4 et 5 forment deux paires alors que le domaine 3, au centre, est plus libre (référence PDB : 
2YLM). C. Schéma représentant le mécanisme d’activation du domaine catalytique de USP7 par ses 
domaines Ubl. Dans l’état inactif, les résidus du site catalytique ne sont pas correctement positionnés ce qui 
empêche l’enzyme de déubiquitiner un substrat. Cependant, l’interaction des domaines Ubl 4 et 5 avec le 
domaine catalytique de USP7 provoque un changement de conformation de la « boucle de permutation » ce 
qui permet de rendre l’enzyme active en positionnant les résidus catalytiques de façon optimale (schéma du 
dessus). La liaison de GMPS sur les domaines Ubl 1, 2 et 3 va ensuite pouvoir stabiliser la forme active de 
USP7 en augmentant l’affinité des domaines Ubl 4 et 5 pour le domaine catalytique de USP7 (schéma du 
dessous). La figure est adaptée de :!(Faesen et al, 2011). 
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3. Inhibition de USP4 par un domaine Ubl 
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Figure 26. Mécanisme d’inhibition de USP4 par son domaine Ubl interne. 
A. En N-terminal par rapport à son domaine catalytique (en rouge), USP4 possède un domaine DUSP 
(Domain in USP) (en bleu) et un domaine Ubl (en vert). De plus, USP4 présente un second domaine Ubl (en 
vert) qui est inséré au sein du domaine catalytique de l’enzyme. B. Modèle schématique illustrant le 
mécanisme d’auto-inhibition exercé par le domaine Ubl interne (en jaune) sur le domaine catalytique (en 
gris) de USP4. La présence du domaine Ubl interne dans le domaine catalytique de USP4 empêche la venue 
d’un substrat. C. D’autres USP, comme USP39 pourrait participer à la levée de l’inhibition du domaine Ubl 
interne de USP4 en interagissant avec lui. La figure est adaptée de : (Komander et al, 2009; Luna-Vargas et 
al, 2011). 
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IV. Activations allostériques réalisées par des ZnF-UBP 

1. Régulation de Ubp8 par le DUBm de SAGA 
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Figure 27. Structure du module de déubiquitination de SAGA chez S. cerevisiae. 
Deux vues orthogonales du DUBm contenant Ubp8 (en violet), Sgf11 (en rouge), Sus1 (en vert) et le 
domaine N-terminal de Sgf73 (en orange) sont présentées. Le lobe d’assemblage contient le ZnF-UBP de 
Ubp8, Sus1 et l’hélice N-terminale de Sgf11 alors que le lobe catalytique contient le domaine catalytique de 
Ubp8 et le doigt de zinc C-terminal de Sgf11. Le domaine N-terminal de Sgf73 permet de maintenir les 
deux lobes à proximité l’un de l’autre. Les régions non structurées apparaissent en pointillés. Les atomes de 
zinc sont représentés par des sphères jaunes et la chaine latérale de la cystéine catalytique est colorée en bleu 
ciel (référence PDB : 3M99). La figure est adaptée de : (Kohler et al, 2010). 
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Figure 28. Modèle de la liaison du DUBm avec un 
nucléosome ubiquitiné sur H2B. 
Le DUBm (référence PDB : 3MHS) est composé par Ubp8 (en 
vert), Sgf11 (en rose foncé), Sus1 (en violet), et par le domaine 
N-terminal de Sgf73 (en rose pâle). Les atomes de zinc 
stabilisant la structure sont représentés en rouge. L’ubiquitine 
(en jaune) est fixée sur une molécule de H2B (en orange) et 
interagit avec le domaine catalytique de Ubp8. Les autres 
histones sont colorées en gris et l’ADN nucléosomal est 
représenté en rouge. Les arginines du doigt de zinc de Sgf11 
(chaine latérale en bleu ciel) qui sont nécessaires pour que le 
DUBm déubiquitine un nucléosome, sont en contact avec les 
groupements phosphates de l’ADN du nucléosome. Ces 
interactions doivent permettre au DUBm de reconnaître 
spécifiquement son substrat. La figure est adaptée de :!(Samara 
et al, 2010). 
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Figure 29. Interaction du domaine 
ZnF-UBP de USP5 avec l’ubiquitine. 
Les deux glycines (motif GG) de 
l’extrémité C-terminale de l’ubiquitine 
libre lient la poche du domaine ZnF-
UBP de USP5 (référence PDB : 2G45). 
La figure est adaptée de : (Reyes-Turcu 
et al, 2006). 
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Figure 30. Domaines de liaison à l’ubiquitine de USP5. 
A. USP5 possède 4 domaines de liaison à l’ubiquitine : un 
domaine ZnF-UBP, un domaine catalytique USP, et deux 
domaines UBA. B. Liaison putative d’une chaine de 4 ubiquitines 
sur USP5. L’extrémité libre de l’ubiquitine proximale occupe la 
poche du domaine ZnF-UBP, ce qui active l’enzyme, et les autres 
ubiquitines occupent les deux domaines UBA ainsi que le domaine 
catalytique de USP5. L’ensemble de ces sites de liaison de 
l’ubiquitine doit permettre à USP5 de cliver spécifiquement et 
efficacement des chaines libres de polyubiquitine. La figure est 
adaptée de : (Reyes-Turcu et al, 2008). 
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]!a" 3$,"1(2"V,$$<."#acaA#%@#*=""FTMM_G"@ES")4,-Z(-$)(")-0='8$-()"Z0)-+,("WT*"1('R0&'0-48$-0+,"R4"
-Z("(<0D(,(-0%")08(,%(2"KJSLa"D,=#3%=="!L."QP_ULML"
]Ta" J$2\$20."?aA#%@#*=""FTMMPG"O*Hc!U=(10$-(1"2(%2'0-=(,-"+>"$"Z0)-+,("WT*"1('R0&'0-48$-0,D"
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]Pa" VZ$2%Z(,\+."SalaA#%@#*=""FTM!!G"A+=<2(Z(,)03("$,$84)0)"+>"-Z("%Z2+=$-0,"8$,1)%$<("0,"
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<'-$-03("-'=+2")'<<2())+2"-Z2+'DZ")(8(%-03("2(D'8$-0+,"+>"D(,("(X<2())0+,a"5%>%)#;%'"TT."TQQNUTQLQ"
N_a" JZ(=$."OaA#%@#*=""FTM!!G"IH?TM"0,Z0R0-)":?BBJU>$%080-$-(1"-2$,)%20<-0+,$8"(8+,D$-0+,"-+")'<<2())"
<2+U+,%+D(,0%"D(,("(X<2())0+,a"D,=#3%=="NT."NLLUN^^"
NQa" *20DD)."Ja/aA#%@#*=""FTMMTG"@(,(")08(,%0,D["-2$,)UZ0)-+,("2(D'8$-+24"<$-ZY$4"0,"%Z2+=$-0,a"
F*@J&%"N!^."NP^"
NLa" /+3(2."#aA#%@#*=""FTMMTG"E(-Z48$-0+,"+>"Z0)-+,("W]"R4"AjEScJJ"2(&'02()"'R0&'0-0,$-0+,"+>"
Z0)-+,("WT*"R4"I$1Qa"G#<(,=#3B%-"TLL."T^]Q^UT^]L!"
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N^a" HD."WaWaA#%@#*=""FTMMTG"KR0&'0-0,$-0+,"+>"Z0)-+,("WT*"R4"I$1Q"0)"2(&'02(1">+2"(>>0%0(,-"/+-!U
=(10$-(1"=(-Z48$-0+,"+>"Z0)-+,("W]"84)0,("LPa"G#<(,=#3B%-"TLL."]NQ__U]NQ_L"
NPa" J',."gaha."$,1"c880)."Aa/a"FTMMTG"KR0&'0-0,$-0+,"+>"Z0)-+,("WT*"2(D'8$-()"W]"=(-Z48$-0+,"$,1"
D(,(")08(,%0,D"0,"4($)-a"F*@J&%"N!^."!MNU!M^"
_Ma" JZ$ZR$70$,."Ea/aA#%@#*=""FTMM_G"W0)-+,("WT*"'R0&'0-48$-0+,"%+,-2+8)"<2+%())03("=(-Z48$-0+,"
R'-",+-"=+,+=(-Z48$-0+,"R4"/+-!"$,1"J(-!a"D,=#3%=="!P."TL!UTLL"
_!a" ?2(1(20\)."?aA#%@#*=""FTMM^G"H+,<2+%())03("=(-Z48$-0+,"R4"/+-!"8($1)"-+">',%-0+,$8"2(1',1$,%4"
+>"Z0)-+,("W]VLP"=(-Z48$-0+,")-$-()a"F*@#!@&J$@#D,=#<(,="!_."__MU__L"
_Ta" E%@0,-4."IaVaA#%@#*=""FTMM^G"AZ(=0%$884"'R0&'0-48$-(1"Z0)-+,("WT*")-0='8$-()"Z/+-!5U
=(10$-(1"0,-2$,'%8(+)+=$8"=(-Z48$-0+,a"F*@J&%"N_]."^!TU^!Q"
_]a" 5((."#aJaA#%@#*=""FTMMLG"W0)-+,("%2+))-$8\"R(-Y((,"WT*"=+,+'R0&'0-0,$-0+,"$,1"W]"
=(-Z48$-0+,"=(10$-(1"R4"AjEScJJa"3%=="!]!."!M^NU!MPQ"
_Na" l0-$80$,+US2',0(2."caA#%@#*=""FTMM^G"KR0&'0-48$-0+,"+>"-Z("AjEScJJ"%+=<+,(,-"JY1T"80,\)"WT*"
'R0&'0-48$-0+,"-+"W]VN"-20=(-Z48$-0+,a"F*@#3%==#<(,="!M."!]Q_U!]L!"
__a" J+,D."oaWa."$,1"cZ,."JaWa"FTM!MG"c"*2(!U$))+%0$-(1"<2+-(0,."8$2D("!"F5D(!G."<2+=+-()"WT*"
'R0&'0-48$-0+,"1'20,D"-Z("($284")-$D()"+>"-2$,)%20<-0+,"(8+,D$-0+,a"G#<(,=#3B%-"T^_."T]Q!UT]QL"
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Partie 5 : Résultats 

I. Analyses structure fonction des domaines SCA7 

Constat : 

12!30045!&.!#!+%+!6+782%$+!9-'!:;<=>!+%#&%!.?8$%@8.8A-'!6'!.#!B$8%+&2'!6'!.'C-$'!DAE>F!

'%!9-?'..'!+%#&%!682G!-2'!,8-,H-2&%+!6-!G87B.'I'!D:J:!@-7#&2!KL'.7.&2A'$!'%!#.5!3004MNO!

P'%%'! B$8%+&2'5! 682%! -2'! E8$7'!7-%+'! G#-,'! -2'! 7#.#6&'! 2'-$86+A+2+$#%&C'! #BB'.+'!

DP:>!K:%#I&'!DB&28G+$+M'..'-,'!6'!%QB'!>N5!G82%&'2%!%$8&,!687#&2',!E82G%&822'.,!,+B#$+,!

B#$! 6',! $+A&82,! 682%! .#! ,+9-'2G'! ',%! B'-! G82,'$C+'! KR&A-$'! F/NO! P82%$#&$'7'2%! #-I!

687#&2',!=H!'%!PH%'$7&2#-I5!.#!,+9-'2G'!6-!687#&2'!G'2%$#.!',%!%$S,!G82,'$C+'!#-!G8-$,!

6'! .?+C8.-%&82! '%! G'! 687#&2'! ',%! $'%$8-C+! G@'T! %8-,! .',! 8$%@8.8A-',! 6'! :;<=>! 6'! .#!

.'C-$'!U! .?@877'5!U! .?'IG'B%&82!6'!.#!6$8,8B@&.'O!P'!687#&2'!G'2%$#.!#!682G!+%+!#BB'.+!

687#&2'!DP:>!'%! &.!#!+%+!-%&.&,+!B8-$!6+E&2&$! .#! E#7&..'!6',!AS2',!@878.8A-',!U!!"#$%!

G@'T!.?@877'O!V2'!#2#.Q,'!6'!%QB'!W.#,%!#!B'$7&,!6'!7'%%$'!'2!+C&6'2G'!.?'I&,%'2G'!6'!

6'-I!B$8%+&2',!B#$#.8A-',!6'!:;<=>!K:;<=>X/!'%!:;<=>X3N5!9-&!B$+,'2%'2%!-2'!%$S,!

!

!
Figure 31. La famille des protéines ATXN7. 
Représentation schématique de la famille des protéines ATXN7 chez l’homme et la levure S. cerevisiae. 
Pour chaque domaine conservé, le pourcentage d’identité de séquence par rapport à ATXN7 humaine est 
indiqué. Sgf73, ATXN7, ATXN7L1, ATXN7L2, ATXN7L3 possèdent toutes un domaine SCA7. Le 
domaine N-terminal de ATXN7L3 (qui contient un doigt de zinc) est par contre orthologue avec Sgf11. Le 
motif polyglutamine de ATXN7 est indiqué par un rectangle rouge. 
!
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E8$%'! G82,'$C#%&82! 6'! ,+9-'2G'! #C'G! :;<=>! #&2,&! 9-?-2'! 7Z7'! 8$A#2&,#%&82! '2!

687#&2',5!G'!9-&!,-AAS$'!9-'!G',!6'-I!B$8%+&2',!'I'$G'2%!.#!7Z7'!E82G%&82!9-'!:;<=>!

KR&A-$'!F/N!KL'.7.&2A'$!'%!#.5!3004MNO!=8,!#2#.Q,',!$+G'2%',!B#$!,B'G%$87+%$&'!6'!7#,,'!

6'!B-$&E&G#%&82,!6'!D:J:!782%$'2%!6?#&..'-$,!9-'!:;<=>X/!'%!:;<=>X3!,82%!6',!,8-,H

-2&%+,!6-!G87B.'I'O!=8,!$+,-.%#%,!,-AAS$'2%!+A#.'7'2%!9-'!.?82!%$8-C'!-2'!G8B&'!6'!.?-2!

6',!%$8&,!B#$#.8A-',!K:;<=>5!HX/!8-!HX3N!#-!,'&2!6?-2!G87B.'I'!D:J:!&26&9-#2%!9-'!.#!

E82G%&82!6'!G',!%$8&,!B$8%+&2',!',%!$'6826#2%'!K[822+',!282!B-M.&+',!6-!.#M8$#%8&$'!6'!

XO!;8$#NO!V2!687#&2'!DP:>!#!+A#.'7'2%!+%+! &6'2%&E&+!#-!,'&2!6?-2'!9-#%$&S7'!B$8%+&2'!

9-&! #! +%+! #BB'.+'! :;<=>XF! KL'.7.&2A'$! '%! #.5! 3004MNO! ['! E#\82! &2%+$',,#2%'5! -2'!

G87B#$#&,82! 6',! ,+9-'2G',! 6',! 9-#%$'! 687#&2',! DP:>! @-7#&2,! &26&9-'! 9-'! .',!

687#&2',! DP:>! 6'! :;<=>X/! '%! :;<=>X3! B$+,'2%'2%! -2! B8-$G'2%#A'! 6?&6'2%&%+! %$S,!

&7B8$%#2%! #C'G! G'.-&! 6'! :;<=>! K$',B'G%&C'7'2%! >(]! '%! (^]N! #.8$,! 9-'! .'! 687#&2'!

DP:>! 6'! :;<=>XF! B8,,S6'! -2! B8-$G'2%#A'! 6?&6'2%&%+! B$',9-'! 6'-I! E8&,! B.-,! E#&M.'!

KF4]N!#C'G!.'!687#&2'!DP:>!6?:;<=>!KL'.7.&2A'$!'%!#.5!3004MNO!['!B.-,5!&.!#BB#$#_%!9-'!

.?8$A#2&,#%&82!'2!687#&2',!6'!:;<=>XF!',%!6&EE+$'2%'!6'!G'..'!6'!:;<=>!KR&A-$'!F/N!'%!

6',! +%-6',! #66&%&822'..',! 82%! 782%$+! 9-'! .'! 687#&2'! =H%'$7&2#.! 6'! :;<=>XF! +%#&%!

.?8$%@8.8A-'! 6?-2'! #-%$'! ,8-,H-2&%+! 6-! [VW7! 6'! D:J:5! .#! B$8%+&2'! DAE//! K`@#8! '%! #.5!

300^NO! P@'T! .#! .'C-$'5! G'%%'! 6'$2&S$'! B$8%+&2'! 2'! B8,,S6'! G'B'26#2%! B#,! 6'! 687#&2'!

DP:>! '%! G'.-&HG&! 2?#BB#$#_%! #-! G8-$,! 6'! .?+C8.-%&82! 9-?#-! ,'&2! 6',! 8$%@8.8A-',! 6'!

DAE//a:;<=>XF!G@'T!G'$%#&2,!&2,'G%',O!

=8-,!#C82,!+A#.'7'2%!782%$+!9-'!G@'T!.?@877'5!:;<=>!'%!:;<=>XF!,82%!6'-I!

,8-,H-2&%+,! 6&,%&2G%',! 6-![VW7!6'! D:J:! K`@#8! '%! #.5! 300^N5! G'! 9-&! &26&9-'! 682G! 9-'!

6#2,! .#!G'..-.'5! .?'2,'7M.'!6',!687#&2',!DP:>!,82%!$'%$8-C+,!#-!,'&2!6'!G'!786-.'!6'!

D:J:O!!

[?#-%$'! B#$%5! -2! #.&A2'7'2%!7-.%&B.'! 6'! 287M$'-I! 687#&2',! DP:>!782%$'! 9-'!

%$8&,!GQ,%+&2',!'%!-2'!@&,%&6&2'!,82%!,%$&G%'7'2%!G82,'$C+',!'%! &.!#!+%+!6+782%$+!9-'!.'!

687#&2'!DP:>!6?:;<=>! .&'!-2!#%87'!6'!T&2G! KL'.7.&2A'$!'%!#.5!3004MNO!P'B'26#2%5!6'!

E#\82! $'7#$9-#M.'5! .',! $+,&6-,! ,'2,+,! G88$6822'$! .?#%87'! 6'! T&2G! B$+,'2%'2%! -2'!

G82E&A-$#%&82! %$S,! B#$%&G-.&S$'! 6'! %QB'! PQ,H<
bH/0

HPQ,H<
(
HPQ,H<

3
HL&,! #C'G! -2'! %$S,! .#$A'!

&2,'$%&82!'2%$'!.',!6'-I!B$'7&S$',!GQ,%+&2',!6-!78%&E!G'!9-&!,-AAS$'!9-'!.',!687#&2',!

DP:>! ,82%! 6',! 68&A%,! 6'! T&2G! #%QB&9-',! '%! B8,'! .#! 9-',%&82! 6'! .'-$! 8$A#2&,#%&82!

,%$-G%-$#.'O!
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Questions posées : 

=8-,! #C82,! 682G! C8-.-! 6+%'$7&2'$! G877'2%! .',! 68&A%,! 6'! T&2G! DP:>! 6'! :;<=>! '%!

:;<=>XF!,82%!$'B.&+,!'%!G877'2%!.',!6&EE+$'2G',!8M,'$C+',!'2%$'!.',!,+9-'2G',!6'!G',!

6'-I!687#&2',!DP:>!,'!%$#6-&,'2%!6?-2!B8&2%!6'!C-'!,%$-G%-$#.O![?#-%$'!B#$%5!28-,!#C82,!

',,#Q+!6'!6+E&2&$!9-'..',!+%#&'2%!.',!E82G%&82,!'I'$G+',!B#$!G@#G-2!6'!G',!6'-I!687#&2',!

DP:>!#-!,'&2!6-![VW7!6'!D:J:O!

Résultats principaux : 

J$cG'!U!-2'!G8..#M8$#%&82!#C'G!.'!A$8-B'!6'!*d=!6'!W$-28!e&'EE'$!U!.?fJWdP5!28-,!#C82,!

6+782%$+! 9-'! .',! 687#&2',! DP:>! 6'! :;<=>! '%! :;<=>XF! B$+,'2%'2%! -2! 28-C'#-!

$'B.&'7'2%! ,%$-G%-$#.! 9-&! ',%! ,B+G&E&9-'! U! G',! 6'-I! 687#&2',! DP:>O! P'! $'B.&'7'2%! ',%!

6+E&2&! B#$! -2! 68&A%! 6'! T&2G! #%QB&9-'5! 6#2,! .'9-'.! .#! .82A-'! &2,'$%&82! '2%$'! .',! 6'-I!

B$'7&'$,!$+,&6-,!G88$6822#2%!.'!T&2G!2?',%!B#,!E.'I&M.'!7#&,!E8$7'!-2!B,'-68!!H@#&$B&2!
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The structural plasticity of SCA7 domains defines
their differential nucleosome-binding properties
Jacques Bonnet1*, Ying-Hui Wang2*, Gianpiero Spedale3, R. Andrew Atkinson2, Christophe Romier2,
Ali Hamiche1, W.W.M. Pim Pijnappel3, H.Th. Marc Timmers3, László Tora1, Didier Devys1+ & Bruno Kieffer2++
1Department of Functional Genomics and 2Department of Structural Biology and Genomics, Institut de Génétique et de Biologie

Moléculaire et Cellulaire (IGBMC), CNRS UMR 7104, INSERM U 964, Université de Strasbourg, Illkirch, France, and
3Department of Physiological Chemistry, University Medical Center Utrecht, Utrecht, The Netherlands

SAGA (Spt–Ada–Gcn5 acetyltransferase), a coactivator complex
involved in chromatin remodelling, harbours both histone acetyla-
tion and deubiquitination activities. ATXN7/Sgf73 and ATXN7L3,
two subunits of the SAGA deubiquitination module, contain an
SCA7 domain characterized by an atypical zinc-finger. We show
that the yeast Sgf73–SCA7 domain is not required to recruit Sgf73
into SAGA. Instead, it binds to nucleosomes, a property that is
conserved in the human ATXN7–SCA7 domain but is lost in the
ATXN7L3 domain. The solution structures of the SCA7 domain of
both ATXN7 and ATXN7L3 reveal a new, common zinc-finger
motif at the heart of two distinct folds, providing a molecular basis
for the observed functional differences.
Keywords: SAGA; ATXN7; ubiquitin; zinc-finger; nucleosome
EMBO reports (2010) 11, 612–618. doi:10.1038/embor.2010.98

INTRODUCTION
Transcription initiation is regulated by the diverse functions of
multiprotein coactivator complexes that include histone modifica-
tion and nucleosome remodelling activities, as well as interactions
with gene-specific activators and general transcription factors
(Naar et al, 2001; Martinez, 2002). SAGA (Spt–Ada–Gcn5
acetyltransferase) is one such coactivator complex that is highly
conserved throughout evolution, with the histone acetyltransferase
GCN5 being the catalytic subunit (Baker & Grant, 2007; Nagy &
Tora, 2007). The structural organization of the SAGA complex
revealed that its activities are localized in distinct functional
modules (Wu et al, 2004). This complex hosts a second enzymatic

activity, as it was shown to remove ubiquitin from mono-
ubiquitinated histone H2B (Henry et al, 2003; Daniel et al, 2004).
In agreement with this observation, the human ubiquitin protease
USP22 (or its yeast orthologue Ubp8), together with ATXN7L3
(Sgf11), ENY2 (Sus1) and ATXN7 (Sgf73), forms a deubiquitination
module (DUBm; Fig 1A; Powell et al, 2004; Rodriguez-Navarro
et al, 2004; Ingvarsdottir et al, 2005; Lee et al, 2005; Zhang et al,
2008; Zhao et al, 2008). Analysis of ATXN7/Sgf73 protein
sequences reveals the presence of two domains showing a strict
conservation of cysteine and histidine residues (Fig 1B). The first
amino-terminal domain contains a C2H2 zinc-finger (ZnF) and its
deletion dissociates the DUBm from SAGA (Kohler et al, 2008).
This ZnF has an important structural role in the DUBm, mediating
interactions with the three other components (Kohler et al, 2010;
Samara et al, 2010). The second domain, hereafter referred to
as the SCA7 domain (InterPro: IPR013243), shows an atypical
sequence pattern with a Cys-X9–10–Cys-X5–Cys-X2-His motif,
which is characterized by a long sequence insertion between
the first two zinc-coordinating residues (Fig 1C; Helmlinger et al,
2004). An SCA7 domain is also found in ATXN7L3, but not in
its yeast orthologue Sgf11, suggesting that the ATXN7L3–SCA7
domain might have evolved to achieve a function distinct from
that of ATXN7–SCA7 (Zhao et al, 2008). Both the structure and the
function of the two distinct SCA7 domains remain unknown.

To provide structural and functional insights into the SCA7
domains, we undertook a structure–function analysis of these
atypical ZnFs. Our results unveil a new zinc-binding fold, and we
link the striking structural differences observed between the two
SCA7 domains to their ability to bind to nucleosomes.

RESULTS AND DISCUSSION
ATXN7 and ATXN7L3 contain distinct SCA7 domains
The SCA7 domain is found exclusively in members of the
ATXN7 gene family, which includes two distinct subunits of
SAGA complexes: ATXN7 and ATXN7L3 orthologues (Fig 1B).
To examine the functional divergence of the SCA7 domains
between ATXN7 and ATXN7L3 proteins, we performed multiple
alignments of the corresponding sequences from different
genomes. This analysis highlights the consensus signature for the
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Fig 1 | Conservation of the SCA7 domain in ATXN7 and ATXN7L3 orthologues. (A) Schematic representation of the SAGA deubiquitination module.

(B) Domain organization of ATXN7 homologues. The highly conserved SCA7 domain (grey box) is shared by all ATXN7 orthologues, as well

as a subset of ATXN7L3 orthologues. Sequence conservation of the amino-terminal ZnF domain distinguishes ATXN7L3/Sgf11 orthologues

(ZnF-Sgf11, white box) from ATXN7/Sgf73 orthologues (ZnF-Sgf73, black box). (C) Multiple sequence alignment of the SCA7 domain from

selected species reveals the sequence similarities and differences that allow the SCA7 domains of ATXN7/Sgf73 orthologues to be distinguished

from those of ATXN7L3 orthologues. Invariant residues are indicated by asterisks and zinc-chelating residues are coloured in magenta. Hydrophobic,

positive, negative and glycine residues are coloured in green, blue, red and yellow, respectively. Prolines are shown in inverted contrast. a-Helices are
indicated as rectangles and extended segments as arrows, and the deviations of Ca chemical shifts from random coil values are represented above and

below the ATXN7 and ATXN7L3 sequences. The positions of zinc-coordinating residues are indicated with magenta triangles. (D,E) Topologies of

ATXN7–SCA7 (D) and ATXN7L3–SCA7 domains (E). SAGA, Spt–Ada–Gcn5 acetyltransferase; ZnF, zinc-finger.
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SCA7 domain (Fig 1C, asterisks), encompassing the putative zinc-
coordinating residues, but also reveals the distinct features of the
two proteins (Fig 1C). Marked differences are found mostly in the
carboxy-terminal of the domain, suggesting that divergent evo-
lution of the SCA7 ZnF domain occured in order to achieve
specific functions in the SAGA complex.

SCA7 domains contain a new type of ZnF
On the basis of both sequence conservation analysis and
biochemical screening, the SCA7 domains of ATXN7 and
ATXN7L3, encompassing residues Lys 330–His 401 of ATXN7
(ATXN7–SCA7) and Gly 197–Gly 276 of ATXN7L3 (ATXN7L3–
SCA7), were produced and analysed using NMR spectroscopy.
Notably, analysis of Ca chemical shifts revealed the presence
of disordered regions in both SCA7 domains, albeit not in the
same region (Fig 1C). Whereas the first and last 10 residues of

ATXN7–SCA7 are not folded, the N-terminal region of ATXN7L3–
SCA7 is well structured and the last 30 residues of this domain are
not folded.

The structures of the two proteins were determined by using
nuclear Overhauser enhancement spectroscopy (NOESY) spectra
recorded at 950MHz, allowing efficient automated analysis by
ATNOS/CANDID software (Table 1 and supplementary Table S1
online). Both sets of calculations resulted in a well-defined fold
as shown by the superimposition of the lowest energy models of
ATXN7–SCA7 and ATXN7L3–SCA7 (supplementary Fig S1 online).
The larger number of NOEs assigned for ATXN7–SCA7 reflects the
greater number of folded residues that form an extended core,
as compared with ATXN7L3–SCA7.

In both ATXN7–SCA7 and ATXN7L3–SCA7, the large sequence
insertion between the first and second zinc-coordinating cysteines
corresponds to a protruding extended hairpin structure (Fig 2A,B).

Table 1 |NMR and refinement statistics for protein structures

ATXN7 ATXN7L3

NMR distance and dihedral constraints

Distance constraints

Total NOE 1589 970

Intra-residue 387 289

Inter-residue

Sequential (|i–j|¼ 1) 474 383

Medium-range (|i–j|o4) 376 167

Long-range (|i–j|45) 352 131

Protein–zinc restraints 10 10

Hydrogen bonds 0 0

Total dihedral angle restraints

f 29 23

c 27 23

Structure statistics

Violations (mean±s.d.)

Distance constraints (Å) 0.0664±0.0034 0.0725±0.0040

Dihedral angle constraints ( 1) 0.1706±0.2998 0.1293±0.1373

Max. dihedral angle violation ( 1) 4.935 2.441

Max. distance constraint violation (Å) 0.488 0.356

Deviations from idealized geometry

Bond lengths (Å) 0.0177±0.0009 0.0147±0.0007

Bond angles ( 1) 2.0232±0.0400 1.8581±0.0471

Impropers ( 1) 1.9413±0.0777 1.8466±0.0865

Average pairwise r.m.s. deviation* (Å)

Heavy 1.17±0.16 1.44±0.17

Backbone 0.60±0.19 0.54±0.12

NOE, nuclear Overhauser enhancement.
*Pairwise r.m.s. deviations were calculated among 20 refined structures by using residues 342–394 for ATXN7–SCA7 and residues 199–211 and 220–244 for ATXN7L3–SCA7.
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The core of the zinc-binding site shows a conserved structure
formed by two short adjacent loops (Fig 2A,B, L1 and L2) located
at the bottom of the hairpin. This particular three-dimensional
organization of zinc-coordinating residues has not been observed
previously and represents a new fold, which seems to be specific to
SCA7 domains as no homologous fold was found in the Protein
Data Bank. The zinc-binding scaffold contains two conserved
hydrophobic residues that hook onto the remaining parts of
the domain. In particular, the valine residue of the SCA7-specific
Cys-Gly-Val motif (Val 349 in ATXN7, Val 211 in ATXN7L3)
interacts with the a-helix located immediately downstream from
the zinc-binding site and contributes to its orientation (Fig 2A,B).
A second hook is provided by the Leu 362 located at the tip of the
first loop of the zinc-coordination cage that anchors the second
a-helix in the ATXN7–SCA7 domain (Fig 2A).

SCA7 domains differ in their helical structures
Although the SCA7 domains of both ATXN7 and ATXN7L3
contain two a-helices, these are not located at similar positions in
the sequences. In ATXN7–SCA7, the two a-helices (encompassing
residues Leu 369–Ala 374 and Phe 382–Thr 393) are located
downstream from the zinc-binding site and are separated by

a loop containing a large number of positively charged residues
(Fig 1C,D). In ATXN7L3–SCA7, the two a-helices (encompassing
residues Pro 198–Thr 207 and Asp 231–Leu 242) lie to either side
of the zinc-binding site (Fig 1C,E), leading to a different packing of
the two helices (Fig 2C,D).

In ATXN7–SCA7, the two helices have an almost perpendicular
orientation, the a2 helix being anchored to the zinc-binding
site by the hydrophobic contact between Leu 362 and Leu 385
(Fig 2A). The closed conformation of the elbow formed by the two
helices is due to the tight packing of several conserved residues,
namely Phe 382 and Leu 386 in helix a2 and Arg 372 in helix a1
(Fig 2C). In addition, a conserved salt bridge is observed between
Arg 373 in helix a1 and Asp 383 in helix a2. Notably, the side
chain of Arg 378 is buried inside the elbow and might contribute
to the closed conformation through a cation–pi interaction with
the side chain of Phe 382.

In ATXN7L3–SCA7, the helices a1 and a2 adopt an anti-
parallel orientation defined by hydrophobic interactions involving
residues Leu 201 and Leu 205 in helix a1, and Val 237, Phe 241
and Leu 242 in helix a2 (Fig 2D). Interestingly, sequence analysis
of the Apis mellifera ATXN7L3 orthologue suggests that the
hydrophobic interaction between Leu 201 and Leu 242 is replaced
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Fig 2 | Solution structures of the SCA7 domains of human ATXN7 and ATXN7L3. (A,B) Ribbon representation of (A) ATXN7–SCA7 and (B)

ATXN7L3–SCA7 domains showing the hydrophobic contacts that hook the two a-helices onto the zinc-finger. (C,D) Conserved interactions

define the relative orientations of the two a-helices within (C) ATXN7–SCA7 and (D) ATXN7L3–SCA7 domains. The side chains of conserved

hydrophobic, positive or negative residues are shown by using green, blue or red sticks, respectively. The figures were prepared using PyMOL

(DeLano Scientific LLC).

Structural plasticity of SCA7 domains

J. Bonnet et al

&2010 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION EMBO reports VOL 11 | NO 8 | 2010

scientificreport

615



by an electrostatic interaction between a lysine and a glutamate
residue (Fig 1C).

Analysis of the solution structures of ATXN7–SCA7 and
ATXN7L3–SCA7 shows that sequence divergence between the
two SCA7 domains translates into a major structural rearrangement
of helical structures around a conserved zinc-coordination scaffold.

The ATXN7–SCA7 domain binds to nucleosomes
We then asked whether these structural differences account for
potential distinct functions of the SCA7 domains of ATXN7 and
ATXN7L3. Although the function of the ATXN7L3–SCA7 domain
has never been addressed, it has been suggested that SCA7
domains from both Sgf73 and ATXN7 are involved in the
incorporation of these proteins into SAGA (Helmlinger et al,
2004; Kohler et al, 2008). To confirm this observation, we
analysed a yeast strain in which the SCA7 domain of Sgf73 was
deleted (Sgf73DSCA7). Tandem affinity purification (TAP) of TAP-
tagged Spt20 from this mutant strain revealed normal incorpora-
tion of Sgf73DSCA7 (Fig 3A; supplementary Fig S2 online),
indicating that Sgf73–SCA7 is dispensable for Sgf73-mediated
incorporation of the DUBm into SAGA.

We then asked whether the ATXN7/Sgf73 SCA7 domain
helps recruit nucleosomes to the DUBm of SAGA, as described
for the SAGA histone acetyltransferase module that contains
several chromatin-binding domains (Lee & Workman, 2007). In
glutathione S-transferase (GST)-pulldown assays, nucleosomes
were retained specifically by the GST–ATXN7–SCA7 fusion
protein, but not by GST alone, nor by the fusion protein pretreated
with EDTA solution (Fig 3B). Under the same experimental
conditions, we observed the nucleosome-binding properties of

the SCA7 domain of Sgf73, whereas the ATXN7L3–SCA7 domain
did not interact with nucleosomes (Fig 3B). Evidence of the
nucleosome-binding property of the ATXN7–SCA7 domain was
also obtained by NMR, as the addition of an increasing amount of
mononucleosomes to a solution of 15N-labelled ATXN7–SCA7 led
to the progressive loss of free ATXN7–SCA7 resonances (supple-
mentary Fig S3 online). The observation of a subset of correlation
peaks, the intensity of which increases on addition of nucleo-
somes, suggests slow exchange between the bound and free states
of ATXN7–SCA7. By assuming a diffusion-limited on-rate, an
upper limit of 10mM was obtained for the Kd, suggesting a fairly
strong interaction (supplementary Fig S3 online).

Role of the C-terminal helix in nucleosome binding
The different organizations of the two helices found in the SCA7
domains of ATXN7 and ATXN7L3 suggested that the nucleosome-
binding properties depend on sequence elements located outside
the zinc-binding site. To confirm this, we generated and expressed
mutant forms of the GST–ATXN7–SCA7 fusion protein, in which
either the N-terminal or the C-terminal residues of the domain were
deleted (ATXN7-DNter and ATXN7-DCter, respectively; Fig 3C).

GST-pulldown experiments revealed that the N-terminal
deletion mutant interacted with nucleosomes as efficiently as
the full-length domain. By contrast, deletion of the C-terminal
residues of the domain completely abolished the interaction
(Fig 3D). Superposition of the 1H–15N heteronuclear single
quantum coherence (HSQC) NMR spectrum of ATXN7-DCter
on that of ATXN7–SCA7 revealed that the mutation disrupts
a2 helix but leaves the rest of the structure unaffected, thus
emphasizing the role of this helix in nucleosome binding
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Fig 3 | The SCA7 domains of human ATXN7 and yeast Sgf73 bind to nucleosomes. (A) Tandem affinity purifications (TAP) of SAGA using TAP-tagged
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(supplementary Fig S4 online). This result was reinforced by
further mutagenesis experiments in which the Gly-Arg-Arg motif,
found specifically in ATXN7 homologues (positions 377–379)
in the elbow between the two helices (Fig 1C), was mutated to
Ile-Tyr-Leu, reminiscent of the Ile-Tyr-Phe motif found in the
ATXN7L3 domain. This mutation abolished nucleosome binding,
whereas the mutation of the strictly conserved Arg 360—located
in the ZnF fold and exposed to solvent—to an alanine did not
affect nucleosome binding, again suggesting that the core SCA7
ZnF is not involved directly in the interaction (Fig 3D). Together,
these observations suggest that both the orientation and composi-
tion of the C-terminal helix in the SCA7 domain of ATXN7, which
are strikingly different from those of ATXN7L3, have a role in
nucleosome binding.

Regulation of SAGA deubiquitination activity
We further demonstrated that the ATXN7–SCA7 domain inter-
acted with H2A–H2B dimers (Fig 4A) and with octamers
reconstituted from histones of which the N-terminal tails had
been deleted (Fig 4B), but not with H3-H4 tetramers (supplemen-
tary Fig S5 online). Our in vitro binding experiments indicate that
the ATXN7–SCA7 domain binds to the core or the C-terminal ends
of the histone H2A and H2B dimer, a region located on the lateral
face of the nucleosome that contains the ubiquitinated Lys 120 of
H2B (Luger et al, 1997; Zhang, 2003). The ATXN7–SCA7 domain
could therefore facilitate the recruitment of the SAGA DUBm to its
substrate. To test this hypothesis, we analysed whether the
deletion of the Sgf73–SCA7 domain affected the deubiquitination
activity of SAGA. As reported previously, we observed a strong
accumulation of monoubiquitinated H2B (H2Bub1) in ubp8D and
sgf73D strains in which the SAGA deubiquitination activity is
completely lost (Kohler et al, 2008; Fig 4C). We further analysed a
mutant form of Sgf73 lacking the SCA7 domain (Sgf73DSCA7) but
containing the N-terminal region that interacts with other subunits
of the DUBm. In the Sgf73DSCA7 strain, the mutant form of Sgf73
remained associated with SAGA (Fig 2A) and the global levels of
H2Bub1 were reproducibly increased by 2.5-fold as compared
with the wild-type strain (Fig 4C). Together, our results suggest that
the nucleosome-binding properties of the ATXN7/Sgf73–SCA7
domain provide a further regulatory mechanism for USP22/Ubp8.
Indeed, the first ZnF of Sgf73, together with other subunits of the
DUBm, mediates the allosteric activation of Ubp8 (Bonnet et al,

2008; Kohler et al, 2008, 2010). In addition, we propose that the
interaction of Sgf73–SCA7 with nucleosomes has a role in fine-
tuning the deubiquitination activity of SAGA through optimal
positioning of the DUBm relative to its substrate.

The structures of the SCA7 domains of ATXN7 and ATXN7L3
provide striking examples of the diversity and plasticity of ZnFs as
protein interaction mediators. In contrast to previous observations,
the nucleosome-binding ability that distinguishes the SCA7
domains of ATXN7 and ATXN7L3 is related to a significant
change in the position of the helical structural elements around an
otherwise conserved zinc-binding core. Indeed, whereas a unique
prototypal structure can usually be associated with a given ZnF
sequence signature, we found two distinct folds for the SCA7
sequence signature, providing the first example of a class of ZnF
domains for which distinct interaction properties are associated
with different folds.

METHODS
Plasmids. Plasmids for the expression of GST–SCA7 fusion
proteins (ATXN7: 330–401, ATXN7-DNter: 338–401 and
ATXN7-DCter: 330–388) were described previously (Helmlinger
et al, 2004). The DNA coding for SCA7 domains of Sgf73
(211–283) and of ATXN7L3 (197–276) were amplified by PCR and
inserted into pGEX-4T1 (GE Healthcare). The sgf73 genomic locus
(ChrVII: 377258, 379763) was amplified by PCR from genomic
DNA of a BY4742 strain and cloned into a pRS315 vector. This
plasmid was modified to introduce the sequence coding for
3-haemagglutinin and a Myc Tag upstream from the Sgf73 stop
codon. Mutants were generated by using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Stratagene).
Expression and purification of SCA7 domains. Expression of all
proteins was achieved by using Escherichia coli BL21 [DE3] cells
(Novagen) as described earlier (Nomine et al, 2005). The final
purification step involved size exclusion chromatography using a
Superdex G75 (HiLoad 16/60) gel filtration column equilibrated
with phosphate buffer (50mM phosphate, pH 7.0, 200mM NaCl,
2mM dithiothreitol) before concentration.
NMR spectroscopy. NMR samples contained 0.2mM of 13C,15N-
labelled or unlabelled proteins. Most NMR experiments were
recorded at 298K on a Bruker DRX600 spectrometer. For structure
calculations, homonuclear 2D NOESY spectra were recorded
with a mixing time of 150ms on a Bruker 950MHz spectrometer.
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The protonation state of the zinc-coordinating His367 of ATXN7
was set to Ne2, based on the frequencies of the 15N nuclei of the
imidazole ring, which were measured using a long-range 1H–15N
HSQC spectrum.
Structure calculation. 950MHz 2D NOESY and 600MHz 3D
15N- and 13C-edited NOESY spectra, together with backbone F
and C angles derived from resonance assignments using the
TALOS program (Cornilescu et al, 1999), were used as input data
to the semi-automatic ATNOS/CANDID procedure (Herrmann
et al, 2002). The final set of structures was refined in explicit water
using the RECOORD protocol (Nederveen et al, 2005). The final
ensemble of the 20 lowest energy structures contained no distance
violations greater than 5 Å, nor dihedral angle violations greater
than 5 1. Three-dimensional structures of ATXN7–SCA7 and
ATXN7L3–SCA7 have been deposited in the Protein Data Bank
under accession numbers 2kkr and 2kkt, respectively.
Generation of yeast strains. The deletion of sgf73 gene and the
genomic integration of a TAP-Tag in the C-terminal of Spt20 were
performed using standard methods involving the transformation of
yeast with PCR fragments for homologous recombination. The
constructs inserted in pRS315 and pRS413 were transformed,
selected and grown on complete synthetic medium minus leucine
and minus histidine, respectively. All strains were generated in a
BY4742 background and are listed in supplementary Table S2 online.
Analysis of the level of ubiquitinated H2B. Two independent
clones of each tested strain were grown in complete synthetic
medium minus leucine and histidine to the midlog phase.
A volume of 1ml of each culture was resuspended in 100 ml of
200mM NaOH for 5min at room temperature (20 1C). Pellets of
cells were then boiled for 5min at 100 1C in 100 ml Laemmli
buffer. In all, 10% of the whole-cell extract was analysed
by western blot with the Flag antibody (M2, Sigma) to detect
Flag-H2B. Quantification of the H2Bub1/H2B ratio was done
by using ImageJ software.
GST-pulldown assay and tandem affinity purifications. GST-
pulldown assay and tandem affinity purifications were performed
according to standard procedures, with minor modifications
(see the supplementary information online).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Supplementary Methods 

GST-pull down assay  

Glutathione sepharose beads (GE Healthcare) equilibrated in binding buffer (50 mM Tris-

HCl, pH 8.0, 150 mM NaCl, 0.1% NP40, 10 µM ZnCl2, 1 mM DTT and protease inhibitors), 

were incubated with bacterial lysates containing GST or GST-SCA7 domains of hATXN7, 

hATXN7L3 or ySgf73. Mononucleosomes, recombinant H2A-H2B dimers and H3-H4 

tetramers or recombinant tail-less histone octamers were prepared as described (Hamiche et 

al., 2001) and added to the GST-coated sepharose beads and incubated overnight at 4°C in 

binding buffer. Beads were washed with binding buffer containing 250 mM NaCl. 30% of the 

bound proteins were analysed by SDS-PAGE followed by Coomassie  blue R250 coloration 

and 30% were analysed by immunoblot analysis. A monoclonal anti-H2B antibody (5HH2-

2A8) was obtained by immunization of mice with a peptide corresponding to residues 111-

125 (VSEGTKAVTKYTSSK) of H2B. An antibody against H3 (ab1791) was obtained from 

Abcam. 

Cell Extraction and Tandem Affinity Purifications 

Cell extracts were prepared from S. cerevisiae strains TAP-tagged on Spt20 (WT, sgf73 and 

Sgf73 SCA7, Supplementary Table 1). Cells were harvested from a 2 L suspension culture in 

CSM minus Leucine at an OD-600 of 2, disrupted by glass bead homogenization in extraction 

buffer (20 mM HEPES-NaOH, pH 8.0, 150 mM sodium chloride, 10% glycerol, 0.1% Tween 

20, and Protease Inhibitor Cocktail (Sigma-Aldrich)) and cleared by ultracentrifugation. 

40 µL of biotinylated rabbit anti goat IgG (Bethyl Laboratoties) were incubated with 400 µL 

of Dynabeads® M-280 Streptavidin (Invitrogen). After extensive washes in extraction buffer,  

the resin was incubated for 2 h with 10 mL of cell extract and subsequently washed with 30 

mL of extraction buffer and 10 mL of cleavage buffer (10 mM Tris-HCl, pH 8.0, 150 mM 

sodium chloride, 0.5 mM EDTA, pH 8.0, 0.1% Tween 20 and 1 mM DTT). The protein A 



moiety of the tag was cleaved off with 10 L of TEV protease (Invitrogen) in 1 mL of 

cleavage buffer for 2 h. Binding to calmodulin agarose (Stratagene) for 1 h in binding buffer 

(10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM magnesium acetate, 1 mM imidazole, 2 mM 

calcium chloride, 10% glycerol, 0.1% Tween 20 and 10 mM mercaptoethanol) was followed 

by washing with 30 mL of binding buffer and elution in 400 L of elution buffer (10 mM 

Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM magnesium acetate, 1 mM imidazole, 2 mM EGTA, 

pH 8.0, 10% glycerol, 0.1% Tween 20 and 10 mM mercaptoethanol). The eluate was 

precipitated according to (Wessel and Flugge, 1984) and analysed on a NuPAGE® Novex 4-

12% Bis-Tris Gel (Invitrogen), revealed by Coomassie blue staining or by western blotting 

using PAP (Sigma) or HA antibody (3F10, Roche). 
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Supplementary Figure 1 : Solution structures of the SCA7 domains of human ATXN7 

and ATXN7L3 

(A,B) Stereoview of the C  traces from the ten lowest energy structures of (A) ATXN7-SCA7 

and (B) ATXNL3-SCA7 ZnFs. Only the folded parts of the proteins are represented. The 

heavy atoms of the zinc-coordinating residues are shown in orange and the position of the 

zinc ion is indicated by a gray sphere. Helices  and  are coloured in blue and red 

respectively. 

 



 

Supplementary Figure 2 : Sgf73-SCA7 is not required for Sgf73 incorporation into 

SAGA 

Tandem affinity purification of SAGA complexes using Tap-tagged Spt20 from the indicated 

strains were analyzed by Coomassie staining.  

 

 

 



Supplementary Figure 3 : Interaction of ATXN7-SCA7 domain with nucleosomes 

(A) The interaction between the SCA7 domain of ATXN7 and nucleosome particles was 

probed using NMR by mixing 13C, 15N uniformly labelled ATXN7-SCA7 domain with 

different amounts of a preparation of purified nucleosomes. (B) The presence of an isolated 

methyl resonance at -0.015 ppm observed in the NMR spectrum of the nucleosome 

preparation was used to assess the relative concentration of nucleosome as compared to that 

of ATXN7 (B). The ratio of 1:30 (stock solution of nucleosome versus ATXN7) was found to 

be compatible to the 1:20 ratio found by Bradford assay. The absence of peak overlap 

between free ATXN7 and the nucleosome signal allowed specific saturation of the 

nucleosome particles using selective irradiation at -0.015 ppm during the relaxation time of 

the 1H-15N HSQC experiments. (C) Peak intensities were measured in 1H-15N HSQC spectra 

of ATXN7-SCA7 domains recorded in absence and with two different subst�œchiometric 

amounts of nucleosome particles. In addition, peak intensities were recorded under a selective 

irradiation of the histone methyl resonance (light blue, red and green colours) or under off-

resonance (-13.3 ppm) irradiation (dark blue, red and green colours). While the addition of 

increasing amounts of nucleosomes leads to an overall decrease of ATXN7 signals, a set of 

additional peaks, with increasing intensities could be observed in the region of the HSQC 

spectrum that corresponds to unfolded parts of the ATXN7 protein (see peaks labelled a,b and 

c in (A)). The intensity of these peaks is affected by nucleosome on-resonance irradiation, 

suggesting that they originate from a nucleosome bound form of ATXN7. Furthermore, 

analysis of frequencies of these secondary peaks suggests that they probably correspond to 

residues located at the edges of the SCA7 domain, where sufficient protein backbone 

flexibility is present in the complex to allow their observation, while frequencies are slightly 

affected by the nucleosome environment. The observation of a slow exchange regime between 



free and nucleosome bound forms of ATXN7 suggests a tight binding involving all residues 

of the SCA7 domain, with an upper limit of the Kd of about 10 M. 

 



Supplementary Figure 4 :  

Superposition of HSQC spectra from ATXN7-SCA7 (black) and the mutant ATXN7- Cter 

(red). Correlations with significant shifts upon mutation are labelled. Zinc-coordinating 

residues are boxed. 

 

 



Supplementary Figure 5 : ATXN7-SCA7 does not interact with H3H4 tetramers in vitro 

GST-pull down experiments using H3-H4 tetramers were analyzed by Coomassie blue 

staining or western blotting using anti-H3 antibodies. 

 

 
 



Supplementary Table 1 
 
Ramachandran statistics of ATXN7 and ATXN7L3 structures 
 
 ATXN7 ATXN7L3 
Backbone dihedral angles statistics   
Residues in most favorable regions (%) 72.4 76.0 
Residues in additional favorable regions(%) 27.1 21.0 
Residues in generously favorable regions (%) 0.6 2.0 
Residues in disallowed regions (%) 0.0 1.1 
 
 
 
Supplementary Table 2 
 
Name Strain Genotype Source 

  YGL066W Mat a; his3D1; leu2D0; lys2D0; ura3D0; 
sgf73 ::Kan Euroscarf 

  YMR223W Mat a; his3D1; leu2D0; lys2D0; ura3D0; 
ubp8 ::Kan Euroscarf 

Spt20-TAP sgf73  YJB100 Isogenic to YGL066W except SPT20-TAP::URA3;  
pRS315 This study 

Spt20-TAP WT YJB101 Isogenic to YGL066W except SPT20-TAP::URA3;  
pRS315-Sgf73-3HA-Myc This study 

Spt20-TAP Sgf73 SCA7 YJB103 Isogenic to YGL066W except SPT20-TAP::URA3;  
pRS315-Sgf73  227-281-3HA-Myc This study 

Flag-H2B sgf73  YJB104 Isogenic to YGL066W except  pRS315;  pRS413-
FLAG-HTB1-HTA1 This study 

Flag-H2B WT YJB105 Isogenic to YGL066W except  pRS315-Sgf73-3HA-
Myc;  pRS413-FLAG-HTB1-HTA1 This study 

Flag-H2B Sgf73 SCA7 YJB106 Isogenic to YGL066W except  pRS315-Sgf73 227-
281-3HA-Myc;  pRS413-FLAG-HTB1-HTA1 This study 

Flag-H2B-K123R WT YJB107 Isogenic to YGL066W except  pRS315-Sgf73-3HA-
Myc;  pRS413-FLAG-htb1-K123R-HTA1 This study 

Flag-H2B ubp8  YJB108 Isogenic to YMR223W except  pRS315;  pRS413-
FLAG-HTB1-HTA1 This study 
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II. Régulation de l’activité de USP22 par les sous-unités du DUBm 
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.G-;&<-&%&3'!.&;$'!#Y#3%!+%+!7;,'$8+'6!&.!#!+%+!,-II+$+!<-'!.',!97@#&3',!V3^H=T"!+%#&'3%!

9',!97@#&3',!9'!.&#&,73!9'!.G-;&<-&%&3'W!S'!A.-,6!-3'!+.+I#3%'!+%-9'!,%$-?%-$'!:73?%&73!#!

9+@73%$+! <-'! .G&3%'$#?%&73! '3%$'! .'! 97@#&3'! V3^H=T"! 9'! =>"(! '%! .G'B%$+@&%+! \H

%'$@&3#.'!9'!.G-;&<-&%&3'!.&;$'!A7-8#&%!,%&@-.'$!.G#?%&8&%+!9'!?'%%'!'3FY@'!R*'Y',HK-$?-!

'%!#.6!400`UW!

Question posée : 

M7-,! #873,! 973?! 87-.-! ,#87&$! ,&! .'! 97@#&3'! V3^H=T"! 9'! =>"44! A#$%&?&A#&%! #-!

@+?#3&,@'!9G#?%&8#%&73!9'!=>"446!'%!,&!.G'B%$+@&%+!\H%'$@&3#.'!9'!.G-;&<-&%&3'!#&3,&!<-'!

.',! #-%$',! ,7-,H-3&%+,! 9-! S=T@! A7-8#&'3%! X7-'$! -3! $a.'! 9#3,! ?'! @+?#3&,@'! 9'!

$+I-.#%&73!'3FY@#%&<-'W!

Résultats principaux : 

S#3,!-3'!A$'@&]$'!+%-9'6!37-,!37-,!,7@@',!&3%+$',,+,!#-!97@#&3'!V3^H=T"!9'!

=>"44W!C!A#$%&$!9'!9733+',!9'!.#!.&%%+$#%-$'!#&3,&!<-'!9G-3!#.&I3'@'3%!@-.%&A.'!<-'!XG#&!

I+3+$+!'%!<-&!?7@A$'39!.G'3,'@;.'!9',!,+<-'3?',!9',!97@#&3',!V3^H=T"!?79+,!A#$!.',!

I+37@',!9'! .GE7@@'!'%! 9'! .#! .'8-$'!()# *+&+$!,!-+6! 37-,! #873,! 7;,'$8+!<-'! .',! $+,&9-,!

&@A.&<-+,!9#3,!.#!.&#&,73!9'!.G-;&<-&%&3'!A#$!.'!V3^H=T"!9'!=>"(!3G+%#&'3%!A#,!?73,'$8+,!

?E'F!.',!97@#&3',!V3^H=T"!9'!=>"44!'%!9'!,73!7$%E7.7I-'!9'!.'8-$'!=;A5W!M7-,!#873,!



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

!

! //0!

973?!+@&,! .GEYA7%E],'!<-'! .#! :73?%&73!9-!97@#&3'!V3^H=T"!9'!=>"44!+%#&%!9'!$+#.&,'$!

9',! &3%'$#?%&73,! #8'?! .',! #-%$',! ,7-,H-3&%+,! 9-! S=T@! ?'! <-&! 9'8#&%! A'$@'%%$'! 9'!

,%&@-.'$! .G#?%&8&%+! '3FY@#%&<-'! 9'! =>"44! R?:W! C$%&?.'! A-;.&+! 9#3,! .#! $'8-'! K$'39,! &3!

T&7?E'@&?#.!>?&'3?',!'3!4005UW!

S#3,!-3!9'-B&]@'!%'@A,6!XG#&!87-.-!9+@73%$'$!'BA+$&@'3%#.'@'3%!<-'!?'!@79].'!

+%#&%!?7$$'?%W!"7-$!?'.#6!37-,!#873,!I+3+$+!9&::+$'3%,!;#?-.78&$-,!<-&! !@G73%!A'$@&,!9'!

A-$&:&'$6! J!A#$%&$!9'! ?'..-.',!9G&3,'?%',6!-3!S=T@!$'?7@;&3#3%! ?73%'3#3%! .',!A$7%+&3',!

'3%&]$',!=>"44!'%!2MQ4!#&3,&!<-'!.',!97@#&3',!MH%'$@&3#-B!9'!CKLMN!'%!9'!CKLMNOPW!

M7-,!#873,!7;,'$8+!<-'!.#!:7$@#%&73!9G-3!S=T@!,%#;.'!$'A7,#&%!,-$!-3!$+,'#-!?7@A.'B'!

9G&3%'$#?%&73,! '3%$'! .',! 9'-B! 97@#&3',! 9'! =>"44! '%! .',! #-%$',! ,7-,H-3&%+,! 9-! S=T@W!

SG#-%$'!A#$%6!.',!97@#&3',!MH%'$@&3#-B!9'!CKLMN!'%!9'!CKLMNOP!A7,,]9'3%!%7-,!9'-B!

-3!97&I%!9'!F&3?!'%!37-,!#873,!@73%$+!<-'!.'!97&I%!9'!F&3?!9'!CKLMN6!@#&,!A#,!?'.-&!9'!

CKLMNOP6!+%#&%!&@A.&<-+!9#3,!.#!:7$@#%&73!9G-3!@79-.'!,%#;.'W!

bG#&! '3,-&%'! 9+8'.7AA+! -3! %',%! 9'! 9+-;&<-&%&3#%&73! ,'@&H<-#3%&%#%&:6! ;#,+! ,-$!

.G-%&.&,#%&73!9G-;&<-&%&3'!8&3Y.!,-.:73'!R=;c>U6!-3!,-;,%$#%!,-&?&9'!A7-8#3%! &3%'$#I&$!9'!

:#d73!?78#.'3%'!#8'?! .#! :7$@'!#?%&8'!9'!37@;$'-,',!=>"W!\'!%',%!@G#!A'$@&,!9G+8#.-'$!

.G#?%&8&%+! 9',! 9&::+$'3%',! 8'$,&73,! 9-!S=T@!<-'! XG#&! A-$&:&+',! '%! 37-,! #873,! 9+@73%$+!

<-'! .#! A$+,'3?'! 9',! <-#%$'! ,7-,H-3&%+,! 9-! S=T@! +%#&%! $'<-&,'! A7-$! 7;%'3&$! .G#?%&8&%+!

7A%&@#.'!9'!=>"44!9#3,!9',!?739&%&73,!9733+',W!M7-,!#873,!+I#.'@'3%!7;,'$8+!<-'!.'!

97&I%! 9'! F&3?! 9'!CKLMNOP!A#$%&?&A#&%! 9'! :#d73!9&$'?%'! J! .#! ,%&@-.#%&73!9'! .G#?%&8&%+! 9'!

=>"44W!S'!A.-,6!@',!$+,-.%#%,! &39&<-'3%!<-'! .#!A$+,'3?'!9'!?'!97@#&3'!',%!3+?',,#&$'!

A7-$! <-'! .'! S=T@! A-&,,'! 9+-;&<-&%&3'$! Z4T-;! 9#3,! .'! ?73%'B%'! 9G-3! 3-?.+7,7@'! !"#

$!%&'W!

OG'3,'@;.'! 9'! ?',! 9733+',!@73%$'! 973?! <-'! ?E'F! .GE7@@'6! .#! :7$@#%&73! 9G-3!

S=T@!&3%]I$'!A'$@'%!9G#?%&8'$!=>"44!'%!<-'!.'!97&I%!9'!F&3?!9-!97@#&3'!MH%'$@&3#.!9'!

CKLMNOP!X7-'!-3!$a.'!9&$'?%!9#3,!?'!@+?#3&,@'!9'!$+I-.#%&73!#..7,%+$&<-'W! e.!#AA#$#f%!

+I#.'@'3%! <-'! ?'! 97&I%! 9'! F&3?! 97&%! ,#3,! 97-%'! A'$@'%%$'! #-! S=T@! 9'! $'?733#f%$'!

,A+?&:&<-'@'3%!-3!3-?.+7,7@'!-;&<-&%&3+!R?:W!C$%&?.'!A-;.&+!9#3,!.#!$'8-'!g7.'?-.#$!#39!

\'..-.#$!T&7.7IY!'3!40//UW!

!

23!A#$#..].'!9'!?'%%'!+%-9'!!"#$!%&'6!D-&..#-@'!O#3I!#!#3#.Y,+!.#!:73?%&73!9-!S=T@!

9'!>CDC!!"#$!$'W!"7-$!?'.#6!&.!#!%&$+!#8#3%#I'!9-!:#&%!<-'!CKLMNOP!',%!&39&,A'3,#;.'!J!.#!

:7$@#%&73!9-!S=T@!#&3,&!<-GJ!.G#?%&8#%&73!'3FY@#%&<-'!9'!=>"44W!M7-,!#873,!#&3,&!A-!



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

!

! ///!

,-AA$&@'$! .G#?%&8&%+! S=T! 9'! >CDC! '3! I+3+$#3%! -3'! .&I3+'! ?'..-.#&$'! R#AA'.+'! .&I3+'!

,ECKLMNOPU!<-&!'BA$&@'!9'!:#d73!,%#;.'!-3!A'%&%!C*M!'3!+A&3I.'!J!?E'8'-B!<-&!A'$@'%!

.#! 9+I$#9#%&73! 9'! .GC*M@! '397I]3'! 9'! CKLMNOP! A#$! C*M! &3%'$:+$'3?'W! S#3,! ?',!

?'..-.',6!D-&..#-@'!#!9+@73%$+!<-'!.'!3&8'#-!I.7;#.!9'!Z4T-;!#-I@'3%#&%!A$],!9'!(!:7&,!

A#$! $#AA7$%! J! .#! ,&%-#%&73! ,#-8#I'! '%! <-'! .'! 3&8'#-! I.7;#.! 9'! Z4C-;! ,'@;.#&%! #-,,&!

#-I@'3%'$6! @#&,! 9'! :#d73! ;'#-?7-A! A.-,! @79+$+'! <-'! 9#3,! .'! ?#,! 9'! Z4TW! \'?&!

9+@73%$'! 973?! <-'! >CDC! ',%! .#! A$&3?&A#.'! 9+-;&<-&%&3#,'! 9'! Z4T! !"# $!$'# '%! <-'! ,#!

:73?%&73!3'!A'-%!A#,![%$'!?7@A'3,+'!A#$!9G#-%$',!9+-;&<-&%&3#,',W!

S#3,!-3! ,'?739! %'@A,6!37-,!#873,!+%-9&+!-3!I$7-A'!9'!I]3',!<-&! ,73%! $+I-.+,!

A#$!-3!,%$',,!9-!$+%&?-.-@!'397A.#,@&<-'!'%!<-&!,73%!?733-,!A7-$![%$'!9+A'39#3%,!9'!

>CDC! RM#IY! '%! #.6! 4001UW! D-&..#-@'! O#3I! #! #&3,&! A-! 9+@73%$'$! <-'! .G#?%&8&%+! S=T! 9'!

>CDC! +%#&%! $'<-&,'! A7-$! A'$@'%%$'! -3'! &39-?%&73! 7A%&@#.'! 9'! ?',! I]3',W! "7-$!

9+%'$@&3'$! '3,-&%'! 7h! .'! S=T@! 9+-;&<-&%&3'! Z4T! !"# $!$'.# &.! #! ?7@A#$+! .'! 3&8'#-! 9'!

Z4T-;! ,-$! .',! A$7@7%'-$,! '%! .#! $+I&73! %$#3,?$&%'! 9'! ?',! I]3',! 9#3,! 9',! ?'..-.',!

?73%$a.',! #&3,&! <-'! 9',! ?'..-.',! ,ECKLMNOP! '3! $+#.&,#3%! 9',! 'BA+$&'3?',!

9G&@@-37A$+?&A&%#%&73! 9'! .#! ?E$7@#%&3'! R\Ee"U! #8'?! -3! #3%&?7$A,! $'?733#&,,#3%! 9'!

:#d73!%$],!,A+?&:&<-'!Z4T-;!Rg&3,iY!'%!#.6!4005UW!\',!$+,-.%#%,!&39&<-'3%!<-'!.'!3&8'#-!

9'!Z4T-;!#-I@'3%'!9'!:#d73!%$],!&@A7$%#3%'!,-$!.#!$+I&73!%$#3,?$&%'!9',!I]3',!#3#.Y,+,!

'%!9'! :#d73!;'#-?7-A!@7&3,!@#$<-+'!#-!3&8'#-!9',!A$7@7%'-$,!9'!?',!I]3',W!SG#-%$'!

A#$%6!9',!'BA+$&'3?',!9'!\Ee"!$+#.&,+',!#8'?!9',!#3%&?7$A,!9&$&I+,!?73%$'!9',!,7-,H-3&%+,!

9'! >CDC! 3'! A'$@'%%'3%! 9'! 9+%'?%'$! .#! A$+,'3?'! 9-! ?7@A.'B'! >CDC! <-G#-! 3&8'#-! 9',!

A$7@7%'-$,6!#A$],!.G&39-?%&73!9',!I]3',!#3#.Y,+,W!

\',!$+,-.%#%,!A$+.&@&3#&$',!,-II]$'3%!973?!<-'!A7-$!9',!I]3',!>CDC!9+A'39#3%,6!

?'!?7@A.'B'!9+-;&<-&%&3'!.GE&,%73'!Z4T!,-$!.G'3,'@;.'!9'!.#!,+<-'3?'!9-!I]3'!#.7$,!<-'!

A#$! \Ee"6! 37-,! 3'! 9+%'?%73,! >CDC! <-G#-! 3&8'#-! 9-! A$7@7%'-$! ?7$$',A739#3%W! \'%%'!

7;,'$8#%&73!,'@;.'!&39&<-'$!<-'!.'!?7@A.'B'!>CDC!',%!A$7;#;.'@'3%!$'?$-%+!9'!:#d73!

,%#;.'!,-$!.'!A$7@7%'-$!R7h!&.!',%!9+%'?%+!A#$!\Ee"U!@#&,!<-G&.!#I&%!,-$!.G'3,'@;.'!9'!.#!

,+<-'3?'! %$#3,?$&%'!9'! ?'!I]3'! R7h! &.!3'! ,'$#&%!A#,!9+%'?%#;.'!A#$!\Ee"!'3! $#&,73!9G-3!

%'@A,!9'!$+,&9'3?'! %$],!?7-$%U! R?:W!C$%&?.'!A-;.&+!9#3,! .#! $'8-'!g7.'?-.#$!#39!\'..-.#$!

T&7.7IY!'3!40//UW!
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Deubiquitylating enzymes have key regulatory roles in
multiple cellular processes by mediating ubiquitin
removal and processing. The ubiquitin-specific proces-
sing proteases (USPs) represent the largest subclass of
deubiquitylases. Recently, several USPs that recognize
the monoubiquitylated histones H2A and/or H2B have
been identified. Among these enzymes, three USPs con-
tain a zinc-finger ubiquitin-specific protease (ZnF-UBP)
domain, indicating that this domain plays a crucial part
in regulating their activity. To address the putative func-
tion of this domain, we systematically analysed and
aligned yeast and human ZnF-UBP-containing proteins.
By complementing our analysis with structural and
functional data, we present a classification of the
different ZnF-UBP-containing proteins and a model for
their regulation.

Different classes of deubiquitylating enzymes
Post-translational modification of intracellular proteins
by ubiquitin is a key regulator of many cellular processes
[1,2]. Ubiquitin is a highly conserved 76-amino acid poly-
peptide that is covalently attached to target proteins via
an isopeptide bond between the C-terminal glycine of
ubiquitin and the amino group of a lysine in substrate
proteins. This occurs through a three-step process invol-
ving ubiquitin-activating (E1), ubiquitin-conjugating (E2)
and ubiquitin ligase (E3) enzymes. Proteins can be mono-
ubiquitylated (attachment of a single ubiquitin molecule),
multiubiquitylated (attachment of single ubiquitin mol-
ecules to different lysine residues of the protein) or poly-
ubiquitylated through alternative linkage leading to the
regulation of different functions. Besides polyubiquityla-
tion mediated by linkage through Lys48 and its role in
protein degradation, other types of ubiquitylation are
involved in many different cellular functions (reviewed
in Refs [2–5]). For example, the ubiquitylation of histones
H2A and H2B occurs mainly in a monoubiquitylated form
and is not linked to degradation but, rather, regulates
transcription initiation and elongation, silencing and
DNA repair [6,7].

Another level of regulation is provided by deubiquity-
lating enzymes (DUBs) that mediate the removal and
processing of ubiquitin. There are now !100 human DUBs
that have been identified by in silico efforts and activity-

based profiling, which can be divided into five subclasses:
(i) ubiquitin C-terminal hydrolases, (ii) ubiquitin-specific
processing proteases (USPs), (iii) Machado-Joseph disease
protein domain proteases, (iv) ovarian tumour proteases
and (v) JAMM (JAB1/MPN/Mov34 metalloenzyme) motif
proteases (reviewed in Ref. [8]). The largest subclass is the
USPs, which contains >50 members and belongs to the
cysteine protease family. All USPs have a catalytic domain
characterized by two highly conserved histidine and
cysteine boxes that contain the catalytic residues. How-
ever, the size of the protease domain varies from 300 to 800
amino acids between members, owing to the insertion of
unrelated sequences [8]. The catalytic domain is sur-
rounded by one or more additional domains, some of which
contribute to target recognition, such as ubiquitin associ-
ated (UBA) or DUSP (domain in USPs) domains (Figure 1).
The ZnF-UBP domain [also known as deacetylase and
ubiquitin-specific protease (DAUP), polyubiquitin-associ-
ated zinc-finger (PAZ) or binder of ubiquitin zinc-finger
(BUZ)] is another additional domain of !100 residues
found in several USPs, whichmight regulate their protease
activity (reviewed in Refs [4,9]).

To better understand the function of ZnF-UBP domains,
we performed searches for all budding yeast and human
proteins containing this domain and analysed multiple
alignments of their ZnF-UBP domains. By combining these
data with known structural and functional data, we dis-
tinguished two classes of ZnF-UBPs that can or cannot
bind ubiquitin. In addition, we propose a model in which
USP catalytic activity is regulated by these domains
through different mechanisms, depending on their ability
to bind to the free C terminus of unanchored ubiquitin.

The ZnF-UBP domain structure
Investigation of the budding yeast and human genomes
has identified two yeast (Ubp14p and Ubp8p) and ten
human USPs (USP5, USP13, USP3, USP16, USP45,
USP22, USP44, USP49, USP33 and USP20) containing
a ZnF-UBP domain (Figure 1). This domain is also found in
two predicted protein sequences (USP27 and USP51) that
are highly similar to USP22, but encoded by intronless
genes. The functionality of these putative genes is there-
fore questionable (Figure 1). Interestingly, among USP
family members the ZnF-UBP domain is always localized
N-terminally to the catalytic domain. The conserved ZnF-
UBP domain is also found in USP39, a protein related to
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USPs but devoid of protease activity and involved in
spliceosome maturation [10]. Finally, this domain is also
present in otherwise unrelated proteins, including the E3
ubiquitin ligase BRAP2 [BRCA1-associated protein 2, also
known as IMP (impedes mitogenic signal propagation)]
[11] and the cytoplasmic deacetylase (HDAC6) [12,13]
(Figure 1).

During the past two years, the structures of three ZnF-
UBPs from different USPs (USP5, USP16 and USP33)
have been reported [14–16]. All domains are organized
around a central five-stranded twisted b-sheet and a
nearby a-helix (Figure 2). Although this central region is
highly conserved in all structures, a larger variability is
observed in the other elements of secondary structure that
surround it, possibly owing to different structural and/or
functional specificities (Figure 2b).

The different ZnF-UBP domains coordinate, or are pre-
dicted to coordinate, one, two or three zinc ions [14,17]. For
example, USP5 contains a single zinc ion, whereas in
USP16, USP33 and HDAC6, three zinc ions are coordi-

nated by 12 cysteine or histidine residues that are
arranged in an atypical cross-braced ring finger and encap-
sulated within a third zinc finger in the primary structure
[15] (Figure 2c). In HDAC6, substitutions of each residue
involved in zinc binding impair ubiquitin binding of this
domain (see later) [17], underlying the importance of these
zinc ions for ZnF-UBP structural stability. By contrast, the
ZnF-UBPs in BRAP2 and its yeast orthologue Yhl010cp
are predicted to contain two zinc ions. It is unclear why the
number of bound zinc ions varies between domains, even in
cases of known functional homologues. For instance, USP5,
the human homologue of Ubp14p, can functionally replace
its yeast counterpart in complementation assays but, sur-
prisingly, the two proteins do not bind the same number of
zinc ions (Ubp14 binds three, whereas USP5 binds only
one) [18].

USP5 regulation by ubiquitin–ZnF-UBP binding
Initial biochemical studies demonstrated that murine
HDAC6 ZnF-UBP binds ubiquitin [12,13]. In addition,

Figure 1. Human and budding yeast ZnF-UBP-containing proteins. Proteins were classified according to their ZnF-UBP sequence similarities. A multiple alignment
(Figure 2c) was used to generate a phylogenetic tree with the PHYLO_WIN software [36]. Where the bootstrap value was significant (>75%), the sequences were grouped
together. Within each class, we have arbitrarily chosen a representative sequence and indicated their domain composition. In addition to the ZnF-UBP domain (blue, ZnF),
all USP family members contain a protease domain (purple) characterized by a catalytic Cys-His-Asp triad (CHD). In USP39, an inactive protease, the catalytic triad is
mutated as indicated. UBA (light blue) and DUSP (orange) domains are additional domains found in some USPs. RING (green) and HDAC (red) domains are associated with
ZnF-UBP in unrelated proteins. Substrates of the representative proteins are indicated at the right-hand side. The associated functions are indicated below in brackets.
SwissProt accession numbers are as follows: USP5/IsoT, P45974 [14,18–21]; USP13/IsoT3, Q92995; Ubp14p, P38237; USP3, Q9Y6I4 [22]; USP16/Ubp-M, Q9Y5T5 [15,28,29];
USP45, Q70EL2; USP22, Q9UPT9 [30,31]; Ubp8p, P50102 [24,33]; USP27, A6NNY8; USP51, Q70EK9; USP44, Q9H0E7 [37]; USP49, Q70CQ1; USP33, Q8TEY7 [16,38]; USP20,
Q9Y2K6; USP39/SNUT2, Q53GS9 [10]; Sad1p, P43589; BRAP2/IMP, Q7Z569 [11]; Yhl010cp, P38748; and HDAC6, Q9UBN7 [12,13,15,17,34,35].
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Seigneurin-Berny et al. [13] showed that USP5 (also called
isopepitdase T), an enzyme that enables polyubiquitin-
chain degradation following their release from conjugated
proteins, is retained by ubiquitin-agarose [19]. The recent
X-ray structure of the USP5 ZnF-UBP, free and in complex
with ubiquitin, provides a clear mechanism for ubiquitin
recognition by this domain [14]. The free ubiquitin C
terminus, notably the C-terminal Arg-Gly-Gly sequence,
penetrates a pocket formed by the conserved five-stranded
b-sheet and a loop extending from it (Figure 2a). Major
residues involved in ubiquitin C terminus recognition are
Trp209, Arg221, Tyr223, Tyr259, Tyr261 and Asp264 (the
numbering corresponds to the USP5 sequence); all but
Tyr223 are located within, or in the vicinity of, the central
b-sheet (Figure 2a). It should be noted that, unlike many
domains that bind ubiquitin with a low affinity, the ZnF-
UBP-ubiquitin affinity is high (KD !3 mM and 60 nM, for
USP5 and HDAC6 ZnF-UBPs, respectively) [14,17].

The structural and functional studies of USP5 provided
clues toward understanding its catalytic regulation. USP5
disassembles polyubiquitin chains that contain an intact
and unblocked Arg-Gly-Gly sequence at the C terminus of
the proximal subunit (defined as the end that contains the
free C terminus) [19]. The USP5 catalytic activity relies on
two ubiquitin-binding domains with different functions:
the catalytic site and a distinct activation domain. Indeed,
USP5 catalytic activity against the artificial substrate
ubiquitin-amino-methylcoumarin increased after the
addition of free ubiquitin which binds the activation
domain [20,21]. The activation domain was later identified
as the ZnF-UBP [14]. Indeed, Reyes-Turcu et al. [14] have
demonstrated that binding of ubiquitin through its C-
terminal Arg-Gly-Gly motif to the ZnF-UBP domain is
sufficient to enhance USP5 catalytic activity in vitro. More-
over, substitutions of cysteine and histidine residues that
coordinate the zinc ion (Figure 2c) interfere with ubiquitin-
mediated USP5 activation. Similarly, alanine substi-
tutions for most of the residues interacting with ubiquitin
decrease (Asp264) or completely abolish (Trp209, Arg221
and Tyr261) USP5 activation by free ubiquitin [14].
Altogether, these results indicate a model in which the
USP5 ZnF-UBP binds the free C terminus of proximal
ubiquitin in polyubiquitin chains, a binding event that is
required for full USP5 activation (Figure 3a).

The binding of ZnF-UBPs to the unanchored ubiquitin C
terminus
In agreement with the observations made for USP5,
nuclearmagnetic resonance studies have revealed similar
interactions between the USP16 ZnF-UBP domain and
the unanchored ubiquitin C-terminal Arg-Gly-Gly motif
[15]. Different biochemical studies have reported an inter-
action between ubiquitin and ZnF-UBP domains from
HDAC6, USP3 and Yhl010cp [14,17,22]. Together with
the conservation between these proteins and USP5 of all
residues involved in ubiquitin recognition, this result
indicates that these ZnF-UBPs interact with ubiquitin
through binding of the C-terminal Arg-Gly-Gly motif
(Figure 2c). On the basis of these results, it could
have been tempting to speculate that ubiquitin-binding
is common to all ZnF-UBP domains.

However, recent biochemical and structural studies
have revealed that the USP33 ZnF-UBP domain cannot
bind ubiquitin, although the binding pocket is still formed
and most of the ubiquitin-binding residues defined in
USP5 are conserved in USP33 [16]. However, in USP33
Asp264 is replaced by a serine and, notably, Arg221 is
replaced by a glutamate. The negative charge of this latter
residue leads to the disappearance of an otherwise crucial
interaction between free ubiquitin and the USP33 ZnF-
UBP domain, and probably accounts for the loss of binding
between these two molecules.

Consequently, to predict whether a ZnF-UBP can inter-
act with ubiquitin, we have aligned all the known human
and yeast ZnF-UBPs. Multiple alignments using ClustalX
[23] have revealed that several uncharacterized human
ZnF-UBPs (in USP44, USP49, USP45 and BRAP2) either
share all the crucial residues with USP5, USP16, USP3,
Yhl010cp and HDAC6 or harbour residues with similar
properties for ubiquitin binding, as defined from structural
studies. Thus, we predict that the USP44, USP49, USP45
and BRAP2 ZnF-UBPs interact with ubiquitin. By con-
trast, the crucial Arg221 residue present in USP5 but
missing in USP33 (see earlier) [16] is also missing in three
additional ZnF-UBPs, Ubp8p, USP22 and USP20, indicat-
ing that a subclass of these domains cannot bind ubiquitin.
Moreover, other residues that come into contact with
ubiquitin are poorly conserved within Ubp8p and
USP22. In agreement, Ubp8p cannot be retained by
immobilized ubiquitin [24], lending further credence to
the idea that the Ubp8p and USP22 ZnF-UBP domains
do not interact with free ubiquitin.

The ZnF-UBPs from USP13 and USP39 harbour
another substitution among the residues involved in ubi-
quitin binding: Tyr261 is replaced with phenylalanine and
leucine, respectively (Figure 2). The lack of the hydroxyl
group brought by this Tyr261 probably affects ubiquitin
binding. However, it remains to be determined experimen-
tally whether these ZnF-UBP domains can bind ubiquitin.

It is thus possible, for the subgroup of ZnF-UBPs that
bind ubiquitin, that enhancement of USP catalytic activity
following free ubiquitin binding would be a general regu-
latory mechanism as demonstrated for USP5. Indeed, such
a mechanism could apply to USP3 and USP16, two
proteins that were recently shown to be involved in histone
deubiquitylation.

Histone deubiquitylation by ZnF-UBP-containing USPs
USP3, recently identified as a deubiquitylase enzyme for
monoubiquitylated histones H2A (H2Aub1) and H2B
(H2Bub1), is involved in S-phase progression and DNA
repair [22]. Interestingly, the substitution of a histidine
residue within the ZnF-UBP that coordinates zinc abro-
gatedUSP3 deubiquitylation activity to the same extent as
a substitution of the cysteine in the catalytic triad.
Although immunoprecipitation experiments indicate that
the USP3 ZnF-UBP would be involved in substrate recog-
nition, the fact that both USP3 and USP5 are retained by
ubiquitin-agarose strongly indicates that USP3, like
USP5, binds the ubiquitin free C-terminal Arg-Gly-Gly
motif [22]. Thus, as has been demonstrated by different
structural studies [25–27], it seems that theUSP3 catalytic
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Figure 2. Binding of free ubiquitin to the ZnF-UBP domain. A subset of ZnF-UBPs binds the free ubiquitin C terminus, a process that triggers USP catalytic activity. (a) Close
view of the interaction of ubiquitin C terminus (yellow) with USP5 (red). The free C terminus of ubiquitin penetrates the pocket formed by the five-stranded b-sheet and helix
a3 of the ZnF-UBP domain for specific recognition. The main residues involved in interaction are shown and labelled. Atom colour coding: carbon yellow, ubiquitin; grey,
USP5; blue, nitrogen; red, oxygen. (b) Superposition of USP5 (red), USP16 (green) and USP33 (blue) ZnF-UBP domains illustrates the conservation of the ubiquitin
recognition pocket (the ubiquitin C terminus is shown in yellow to mark the pocket) and the variability of the rest of the domain structures. It should be noted that, although
the pocket is conserved, USP33 ZnF-UBP cannot bind ubiquitin. PDB accession numbers are: 2g45 (USP5/Ubiquitin complex), 2g43 (free USP5), 2i50 (USP16) and 2uzg
(USP33). (c) Sequence alignment of the human and yeast ZnF-UBP domains enables discrimination of ubiquitin-binding and non-ubiquitin-binding ZnF-UBPs. Conserved
residues with 80–100% and 60–80% identity are indicated with dark grey and light grey shading, respectively. The USP5 residues that interact with ubiquitin are indicated
with red arrowheads: Trp209, Arg221, Tyr223, Phe224, Tyr259, Tyr261 and Asp264. Among these, Trp209, Arg221, Tyr261 or residues with similar properties for ubiquitin
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domain recognizes the ubiquitylated target and that the
ZnF-UBP domain binds free ubiquitin, performing the
same activating function as observed for USP5 (Figure 3).

USP16 (also termed Ubp-M) was also identified as a
histone deubiquitylase; however, its activity is specific for
H2Aub1 [28]. Through this function, USP16 regulates cell-
cycle progression and gene expression. As indicated by
sequence and structural similarities between the USP5,
USP3 and USP16 ZnF-UBPs, we propose that these
domains have a comparable positive regulatory activity
within these proteins. Therefore, we suggest that the two
H2Aub1 deubiquitylases, USP3 and USP16, are both
regulated by their respective ZnF-UBPs, which could act
as free ubiquitin pool sensors. However, the functional
specificities of these enzymes might be directed by
additional regulatory mechanisms; indeed, USP16 activity
is affected by oligomerization and/or phosphorylation
[28,29].

A third human ZnF-UBP-containing USP, USP22, was
recently identified as a deubiquitylase for histones
H2Aub1 and H2Bub1 [30,31]. USP22 is involved in cell-
cycle progression, heterochromatin silencing and nuclear
receptor coactivation. In contrast to the previously
described ZnF-UBPs, no interaction could be detected
between ubiquitin and the Ubp8p ZnF-UBP (Ubp8p is
the yeast USP22 orthologue) [24]. Although it has not
yet been experimentally demonstrated, protein sequence
analysis strongly indicates that the USP22 ZnF-UBP does
not bind free ubiquitin (see earlier and Figure 2c). Further-
more, the ZnF-UBP domains of either Ubp8p or USP22,
which are components of the Spt-Ada-Gcn5-acetyltransfer-
ase (SAGA) complexes, are required for interactions with
other subunits of the corresponding SAGA complexes
[24,31,32]. Interestingly, neither free recombinant
USP22 nor Ubp8p can efficiently deubiquitylate H2Bub1
or H2Aub1 (in the case of USP22) in vitro, indicating that

Figure 3. Classification and proposed regulation of ZnF-UBP-containing proteins. Three different modes of USP regulation by the ZnF-UBP domain are schematized.
Representative proteins are classified according to the ability of their ZnF-UBP domain to bind the C terminus of free ubiquitin. (a) USP5 participates in free polyubiquitin
processing. The ZnF-UBP domain (ZnF; dark blue) binds the C terminus of free polyubiquitin chains (red) and therefore participates in substrate recognition together with
the catalytic domain (light blue) and, probably, the two additional UBA domains. Binding of ubiquitin to ZnF-UBP triggers USP5 catalytic activation (represented by
scissors). (b) The USP3 and USP16 ZnF-UBPs can also bind free ubiquitin; however, both enzymes process monoubiquitylated H2A. We propose that these ZnF-UBPs
function as sensors for free ubiquitin. We speculate that ubiquitin binding regulates the catalytic activity of ZnF-UBP, as demonstrated for USP5. (c) By contrast, the Ubp8p
and USP22 ZnF-UBPs do not interact with ubiquitin but, rather, mediate interactions between SAGA complex subunits. Incorporation of Ubp8p or USP22 into SAGA is
required for its full histone deubiquitylation activity.

binding in other sequences are highlighted in red. ZnF-UBP domains that can or cannot bind ubiquitin, as demonstrated experimentally, are indicated by a red or a blue star,
respectively. Secondary structures of ZnF-UBP from USP5, USP16 and USP33 are drawn under the alignment. Conserved histidine and cysteine residues are indicated with
blue, red or yellow circles according to the coordinated zinc ion. Sequence accession numbers are as in Figure 1.
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an interaction(s) between the ZnF-UBP and other SAGA
subunits is required for the full activity of USP22 and
Ubp8p [30,31,33] (Figure 3c).

Functional classification of ZnF-UBP domains
We propose that the ZnF-UBP domain is one of several
means by which to regulate USP activity. In addition, our
classification of ZnF-UBPs that can or cannot bind free
ubiquitin has enabled us to identify two main types of
regulation by these domains. First, we propose that, for the
ZnF-UBP domains that can bind ubiquitin, the interaction
with the ubiquitin C-terminal Arg-Gly-Gly motif enhances
the catalytic activity of the corresponding USPs. This
activation has been clearly demonstrated for USP5, a
protein involved in free polyubiquitin processing. In this
situation, the substrate contains a free C-terminal Arg-
Gly-Gly motif that is recognized by the ZnF-UBP domain.
Therefore, recognition of free polyubiquitin chains by
USP5 is mediated by both its catalytic and ZnF-UBP
domains. Thus, USP5 activation is mediated by binding
of the ubiquitin Arg-Gly-Gly motif to its ZnF-UBP
(Figure 3a). Other ZnF-UBPs that can bind free ubiquitin
participate in the processing of different substrates that do
not contain the free Arg-Gly-Gly motif. For these enzymes
we propose, based on structural and functional data, a
model in which the ZnF-UBP domains act as free ubiquitin
sensors and bind the ubiquitin C-terminal Arg-Gly-Gly
motif, leading to enzymatic activation (Figure 3b). This
model could apply to two recently identified histone DUBs,
USP3 and USP16, because their DUB activity could be
regulated by the pool of free nuclear ubiquitin, the levels of
which undergo variations throughout the cell cycle.

It has been proposed that HDAC6, a cytoplasmic dea-
cetylase, could be regulated by the binding of free C-term-
inal ubiquitin to its ZnF-UBP domain [15]. In addition,
many studies have reported that HDAC6 binds polyubi-
quitylated proteins in a ZnF-UBP-dependent manner,
thereby transporting misfolded ubiquitylated proteins to
aggresomes ([34] and references therein). Therefore,
HDAC6 ZnF-UBP undergoes two types of ubiquitin-bind-
ing depending on the accessibility of a free Arg-Gly-Gly
end. According to this model, the strong binding of free
ubiquitin to HDAC6 ZnF-UBPwould impede interaction of
HDAC6 with polyubiquitylated proteins, thereby regulat-
ing the turnover of misfolded proteins [15,34,35]. BRAP2, a
RING (really interesting new gene) E3 ligase,might also be
regulated by free ubiquitin levels [11,14]. Indeed, free
ubiquitin sensing could be a more general role of each
ubiquitin-binding USP.

Surprisingly, another novel class of ZnF-UBP domains
cannot be regulated by binding free ubiquitin. Indeed, the
Ubp8p and USP22 ZnF-UBPs cannot bind ubiquitin, but
are necessary for the incorporation of these enzymes in the
multi-subunit SAGA complexes [24,31,32] (Figure 3c).
Interestingly, SAGA complex histone- deubiquitylation
activity is mediated by Ubp8p or USP22 in the correspond-
ing yeast or human complexes, whereas both recombinant
enzymes are inactive in isolation [31,33]. Therefore, the
Ubp8p and USP22 ZnF-UBP domains that mediate inter-
actions with other SAGA complex subunits could regulate
the activity of these enzymes (Figure 3c). Such regulation

could be explained by conformational changes induced by
these interactions or by the dependence upon other sub-
units for the recruitment of SAGA complexes to nucleo-
somes. The precise mechanisms leading to Ubp8p and
USP22 regulation by the ZnF-UBP domain in the SAGA
complexes remain to be elucidated.

Concluding remarks
Increasing evidence indicates that the fine tuning of ubi-
quitylation is controlled by both the ubiquitin conjugation
and deconjugation systems. This model shows a tight
regulation of DUBs, which use a variety of mechanisms
to regulate their activities. ZnF-UBP domains are found in
a subset of USPs and provide a paradigm for the regulation
of DUB activity by specific domains. Recent biochemical
and structural data differentiate two types of ZnF-UBPs
according to their ubiquitin-binding ability. The first sub-
class of ZnF-UBP domains do not bind ubiquitin directly
but, rather, regulate the activity of the corresponding
enzyme by promoting interaction with other proteins
(Figure 3c). By contrast, the second subclass of ZnF-UBPs
bind the free ubiquitin C terminus; this binding leads to
USP catalytic activation as demonstrated for USP5
(Figure 3a,b). In addition, we propose that the latter sub-
class of ZnF-UBPs act as sensors of the free ubiquitin pool.

Despite the recent progress toward understanding the
role of ZnF-UBP in USP activation, several questions
remain unanswered. More functional and structural stu-
dies are required to identify the catalytic domain confor-
mational changes that are mediated by the ZnF-UBP upon
either ubiquitin binding or interaction with other partners.
Although the DUB activity of USP5 is increased by binding
of ubiquitin to USP5 ZnF-UBP, it remains to be deter-
mined whether the binding of ubiquitin to other ZnF-UBP
domains would activate or inhibit the activity of the corre-
sponding enzymes. Lastly, because the ubiquitin C-term-
inal Arg-Gly-Gly motif is conserved in other ubiquitin-like
proteins (e.g. NEDD8 and ISG15) we propose that such
proteins would bind to ZnF-UBP domains, thereby regu-
lating USP activity.
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The multisubunit SAGA coactivator complex facilitates access of general transcription factors to DNA
through histone acetylation mediated by GCN5. USP22 (ubiquitin-specific protease 22) was recently described
as a subunit of the human SAGA complex that removes ubiquitin from monoubiquitinated histone H2B and
H2A in vitro. Here we demonstrate an allosteric regulation of USP22 through multiple interactions with
different domains of other subunits of the SAGA deubiquitination module (ATXN7, ATXN7L3, and ENY2).
Downregulation of ATXN7L3 by short hairpin RNA (shRNA) specifically inactivated the SAGA deubiquitina-
tion activity, leading to a strong increase of global H2B ubiquitination and a moderate increase of H2A
ubiquitination. Thus, SAGA is the major H2Bub deubiquitinase in human cells, and this activity cannot be
fully compensated by other deubiquitinases. Here we show that the deubiquitination activity of SAGA is
required for full activation of SAGA-dependent inducible genes. Interestingly, the reduction of the SAGA
deubiquitination activity and the parallel increase in H2B ubiquitation at inducible target genes before
activation do not induce aberrant gene expression. Our data together indicate that different dynamic equilib-
riums of H2B ubiquitination/deubiquitination are established at different gene regulatory elements and that
H2B ubiquitination changes are necessary but not sufficient to trigger parallel activation of gene expression.

Transcription initiation by RNA polymerase II (Pol II) is a
highly regulated process that requires the coordinated action
of numerous factors. Coactivators are multisubunit complexes
that are recruited to promoters by gene-specific activators to
facilitate transcription initiation either by direct interaction
with general transcription factors and Pol II or indirectly
through modifications of the chromatin structure (reviewed in
references 18 and 19).

SAGA (Spt-Ada-Gcn5-Acetyltransferase) is a coactivator
complex that is functionally and structurally conserved from
yeast to mammals and contains two enzymatic activities (14,
32). Histone acetylation is mediated by the catalytic activity of
the GCN5 subunit and is thought to facilitate the recruitment
of the general transcription machinery (19). Yeast SAGA con-
tains the ubiquitin (Ub)-specific protease (USP) yUbp8, which
was shown to remove ubiquitin from monoubiquitinated his-
tone H2B (2, 6). yUbp8 strongly interacts with ySgf73, ySgf11,
and ySus1 to from a functional deubiquitination module
(DUBm) that is anchored within SAGA through ySgf73 (7, 10,
11, 17, 25). More recently, a similar enzymatic activity carried
out by hUSP22 has been described in the human SAGA
(hSAGA) complex deubiquitinating monoubiquitinated his-
tones H2A (H2Aub) and H2B (H2Bub) in vitro (35–37). Sim-
ilarly to the yeast complex, hUSP22 was shown to be a com-
ponent of the DUBm that contains hATXN7, hATXN7L3, and
hENY2, the orthologues of ySgf73, ySgf11, and ySus1, respec-

tively. Two ATXN7 paralogues, ATXN7L1 and ATXN7L2,
are also components of the hSAGA complex, and due to their
strong sequence similarity with ATXN7 it is expected that
these proteins have redundant functions with ATXN7 (4, 15).
Interestingly, an expansion of a polyglutamine motif found in
the N-terminal region of ATXN7 but missing from the other
paralogues is responsible for an inherited neurodegenerative
disorder called spinocerebellar ataxia type 7 (SCA7) (reviewed
in reference 5).

yUbp8 was shown to be inactive unless it is associated with
the other proteins of the yeast DUBm. Recent determination
of the yeast DUBm structure revealed how this module assem-
bles and activates yUbp8 (12, 29). Similarly to the yeast pro-
tein, hUSP22 alone has almost no activity, and we previously
hypothesized that hUSP22 has to be incorporated into SAGA
to be active (37). hUSP22 and yUbp8 belong to a subclass of
USPs that contain a zinc finger (ZnF) domain called ZnF-UBP
in their N-terminal region (13, 24). This domain was first char-
acterized as an interactor of free ubiquitin and has been in-
volved in the catalytic activation of USP5, an enzyme which
degrades free polyubiquitin chains (27). However, it has been
shown that the Ubp8 ZnF-UBP is not able to bind free ubiq-
uitin (7) and sequence conservation analysis revealed that this
ubiquitin-binding property is likely absent from USP22 (1). In
line with these studies, a mechanism for USP22 catalytic acti-
vation that involves the ZnF-UBP domain and its interactions
with the other subunits of the DUBm has been proposed (1).

In mammals, monoubiquitination of H2B is catalyzed by the
E2 conjugating enzymes HR6A/HR6B and the E3 ligase
RNF20/RNF40 (8, 9, 38). The H2B ubiquitination machinery
is recruited at the promoter through interactions with activa-
tors and is then activated through interactions with additional
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factors such as the PAF complex (34; reviewed in reference
33). However, the precise function of this mark in transcription
regulation remains elusive. In mammalian cells, H2Bub was
found genome-wide to associate preferentially with transcribed
regions of highly expressed genes, suggesting a positive role in
transcription (20). In human cells, the SAGA deubiquitination
activity is required for full transcriptional activity mediated by
nuclear receptors (37). In yeast, increased levels of H2Bub
were detected on the GAL1 core promoter and throughout the
transcribed region upon transcriptional activation, with both
ubiquitination and deubiquitination being required for optimal
transcription (6). Hence, H2B monoubiquitination seems to be
a highly dynamic process, although its precise functions in
transcription regulation remain unclear.

In this study, we show that interactions of USP22 with other
proteins of the DUBm are required for its incorporation in the
human SAGA complex and for its activation. We also demon-
strate that in vivo, the SAGA deubiquitination activity is di-
rected against H2Bub and to a lesser extent H2Aub. This
activity is required to fully activate SAGA-regulated inducible
genes, and our results suggest that this occurs via distinct
ubiquitination/deubiquitination cycles at the promoters and
the transcribed regions of these genes.

MATERIALS AND METHODS

Plasmids. Plasmids that were used to generate the baculoviruses expressing
Fl-USP22, Fl-ATXN7L3, and ENY2 were previously described (37). A full-
length USP22 cDNA was PCR amplified using a 5! primer encoding a hemag-
glutinin (HA) epitope and cloned into pVL1393 baculovirus transfer vector (BD
Biosciences). cDNAs corresponding to ATXN7L3 fragments from amino acid 3
to amino acid 151 [ATXN7L3(3-151)], ATXN7L3(3-76), and ATXN7L3(3-55)
were PCR amplified and cloned into a derivative of the pBacPAK8 baculovirus
transfer vector (Clontech) containing a sequence encoding a Flag epitope up-
stream of the cloning site. cDNA corresponding to ATXN7(75-172) and
ATXN7(75-142) was amplified by PCR and cloned into a derivative of the
pFBDOCS (a kind gift from Imre Berger) containing a sequence encoding the
HA and Flag epitopes upstream of the cloning site. Production of recombinant
viruses, Sf9 cell infection, and preparation of whole-cell extracts were performed
as described previously (37).

Antibodies. The anti-ATXN7L3 (2997) and anti-SPT20 (3006) polyclonal an-
tibodies were obtained by immunization of rabbits with protein fragments cor-
responding to residues 197 to 276 of human ATXN7L3 and 330 to 531 of mouse
SPT20. Antibodies against the following proteins have been described earlier:
GCN5 (5GC 2A6), SGF29 (2461), ATXN7L3 (2325), USP22 (2391), ENY2
(2585), and H2B (LG11-2) (15, 22, 37, 21). Other antibodies used in this study
are as follows: FLAG (M2 [Sigma]), HA (12CA5), AR (PG21 [Upstate]), RNA
Pol II (7G5), H2Bub (NR03 [Medimabs]), H2A (07-146 [Upstate]), H2Aub
(E6C5 [Millipore]), and Ub (FK2 [Biomol International]).

Cell culture. HeLa cells were grown in Dulbecco’s modified medium supple-
mented with 1 g/liter glucose, 5% fetal calf serum, and gentamicin. Stress treat-
ments were carried out using 100 nM thapsigargin (Sigma) or dimethyl sulfoxide
(DMSO) for 3 h or 4 h. LNCaP cells were grown in RPMI medium supplemented
with 10% fetal calf serum, 10 mM HEPES, 1 mM sodium pyruvate, and genta-
micin. Before induction, cells were grown in charcoal-treated medium and then
treated for 210 min with 10"5 M R1881 or with ethanol (EtOH).

shRNA cell line constructions. HEK293T were cotransfected with pLVTH (len-
tiviral vector containing the short hairpin RNA [shRNA] sequence), pCMVdR8.2,
and pMD2G-VSVG plasmids with JetPEI (polyplus transfection). Forty-eight hours
later, medium containing lentiviruses was collected and used to infect HeLa or
LNCaP cells. Positive cells were sorted by fluorescence-activated cell sorting
(FACS). Sequences were as follows: for shATXN7L3, 5!-GGAACTTAGCAAT
TCGGATCCTTCAAGAGAGGATCCGAATTGCTAAGTTCC-3!; and for
shControl, 5!-CTTACGCTGAGTACTTCGATTCAAGAGATCGAAGTACT
CAGCGTAAG-3!.

Complex purifications. Whole-cell extracts from Sf9 cells were immunopre-
cipitated using anti-HA antibodies coupled to protein A-agarose beads (EZview
Red anti-HA affinity gel [Sigma]) for 3 h at 4°C. Antibody-protein A-bound

protein complexes were washed two times with IP buffer (25 mM Tris-HCl, pH
7.9; 10% glycerol; 0.1% NP-40; 1 mM dithiothreitol [DTT]; 5 mM MgCl2)
containing 0.5 M KCl and twice with IP buffer containing 100 mM KCl. The
immunoprecipitated material was then eluted by peptide competition overnight
at 4°C in 100 mM KCl IP buffer. Eluted complexes were analyzed by Coomassie
blue staining or Western blotting using the indicated primary antibodies and
chemiluminescence detection was performed according to manufacturer’s in-
structions (GE-Healthcare). Whole-cell extracts from HeLa stable cell lines were
immunoprecipitated using monoclonal anti-GCN5 (5GC 2A6) and protein G-
Sepharose (GE-Healthcare).

In vitro deubiquitination assay. Histones were prepared from HeLa cells by
lysing the cells in 10 mM HEPES, pH 7.9; 1.5 mM MgCl2; 10 mM KCl; 0.5 mM
DTT; 1.5 mM phenylmethylsulfonyl fluoride (PMSF); 10 mM N-ethylmaleimide
supplemented with 0.2 M HCl. Samples were incubated on ice for 30 min and
centrifuged, and the supernatant was dialyzed first against 0.1 M acetic acid and
then against water. Nucleosomes were purified from HeLa cells as described
previously (30). Free histones or mononucleosomes were incubated with SAGA
complexes immunopurified using an anti-USP22 antibody or purified recombi-
nant USP22 in 100 mM Tris-HCl, pH 8.0; 5% glycerol; 1 mM EDTA; 3 mM DTT
for 2 h at 37°C and analyzed by Western blotting using specific antibodies. For in
vitro assays using ubiquitin vinyl sulfone (Ub-VS [BostonBiochem]), the purified
complexes were incubated with 5 #M Ub-VS in a reaction buffer (100 mM
Tris-HCl, pH 8.0; 5% glycerol; 100 mM KCl; 3 mM DTT) for 15 min at room
temperature (RT). Alternatively, purified complexes were added on mono-
nucleosomes in the presence or absence of 5 #M Ub-VS in a reaction buffer (20
mM Tris-HCl, pH 8.0; 100 mM KCl; 4 mM EDTA; 8 mM MgCl2; 3 mM DTT)
for 2 h at 37°C. The reactions were stopped by the addition of Laemmli blue and
then the reaction products were analyzed by Western blotting.

RNA isolation, reverse transcription, quantitative PCR (qPCR). Total RNA
was isolated using the TRIzol reagent (Invitrogen). Reverse transcription was
performed using SuperScript II (Invitrogen) and random hexamers according to
the manufacturer’s instructions. cDNAs were quantified by real-time PCR using
SYBR green PCR master mix (Qiagen or Roche) on a LightCycler 480 instru-
ment (Roche). Primers used are shown at http://igbmc.fr/Lang_mcb2011.

Chromatin immunoprecipitation (ChIP). Cells were cross-linked with 1%
formaldehyde at RT for 10 min, resuspended in lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris-HCl [pH 8.0], and protease inhibitor cocktail [Roche]), and
sonicated using a Bioruptor apparatus (Diagenode) until an average DNA frag-
ment size of 200 to 500 bp was achieved. Supernatants were diluted in dilution
buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl, pH
8.0) followed by preclearing with sheared salmon sperm DNA, bovine serum
albumin (BSA), and protein G-Sepharose (Sigma) (for monoclonal mouse an-
tibodies) or protein A-Sepharose (for polyclonal rabbit antibodies). The pre-
cleared chromatin samples were shaken overnight at 4°C with the antibody, and
then beads were added for 4 h to the samples to pull down specific protein-DNA
complexes. Antibodies used are as follows: RNA Pol II (7G5), H2Bub (NR03
[Medimabs]), H2B (LG11-2), AR (PG21 [Upstate]), anti-ATXN7L3 (2997), and
anti-SPT20 (3006). The following washes were carried out at 4°C: twice with
TSEI (0.1% SDS; 1% Triton X-100; 2 mM EDTA; 150 mM NaCl; 20 mM
Tris-HCl, pH 8.0; and protease inhibitor cocktail), twice with buffer TSEII (0.1%
SDS; 1% Triton X-100; 2 mM EDTA; 500 mM NaCl; 20 mM Tris-HCl, pH 8.0;
and protease inhibitor cocktail), twice with buffer III (250 mM LiCl; 1% NP-40;
1% Na-deoxycholate; 1 mM EDTA; 10 mM Tris, pH 8.0; and protease inhibitor
cocktail), and finally twice with Tris-EDTA buffer (10 mM Tris, pH 8.0; 1 mM
EDTA). Bound fractions of the chromatin were eluted with 200 #l of elution
buffer (50 mM Tris, pH 8.0; 1 mM EDTA; 1% SDS) at 65°C and treated with
RNase A (5 #g/ml), cross-link was reversed in 200 mM NaCl at 65°C overnight,
and immunopurified material was incubated with proteinase K. DNA was phe-
nol-chloroform extracted, precipitated by ethanol, and then used for qPCR
analysis using a Roche LightCycler 480 with SYBR green master mix (Qiagen or
Roche). Primers used in the ChIP experiments are available at http://igbmc.fr
/Lang_mcb2011.

RESULTS

USP22 enzymatic activity requires its incorporation within
the human SAGA complex. Preliminary observations suggested
that the free recombinant USP22 has a very weak deubiquiti-
nation activity on recombinant histones (36, 37). To test
whether free USP22 would have a stronger activity on nucleo-
somal templates, we directly compared the deubiquitination
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activity of the recombinant USP22 with that of the endogenous
hSAGA complex after normalization for the amount of USP22
(Fig. 1A, bottom panel) on either free histones (Fig. 1A) or
nucleosomes (Fig. 1B) purified from HeLa cells. Although the
purified SAGA complex efficiently removed the ubiquitin moi-
ety from H2Aub and H2Bub on histone and nucleosomal sub-
strates, the recombinant USP22 had no detectable activity on
the same substrates (Fig. 1). These observations demonstrate
that SAGA deubiquitinates H2Aub and H2Bub also in a
nucleosomal context and that USP22 has to interact with other
SAGA subunits to be fully active.

The human SAGA subunits, ATXN7, ATXN7L3, ENY2, and
USP22, assemble in a stable deubiquitination module. To an-
alyze how USP22 gets activated, we first analyzed how the
DUBm is assembled. To this end, we coexpressed in Sf9 cells
various combinations of the different subunits of the DUBm
and immunopurified the corresponding subcomplexes (Fig. 2).
In order to study the catalytic regulation of USP22, we ana-
lyzed the assembly of the DUBm using a full-length USP22
construct. Furthermore, interaction experiments using trun-
cated versions of USP22 showed that neither the ZnF-UBP
domain nor the catalytic domain alone could assemble into a
stable complex with ATXN7L3 and ENY2 (see Fig. S1 at

http://igbmc.fr/Lang_mcb2011) (37). We also used a full-length
ENY2 construct as this small protein of 101 amino acids is
expected from yeast studies to bind a long $ helix in the
N-terminal region of ATXN7L3 (3). Similarly, we expressed an
N-terminal fragment of ATXN7L3 [ATXN7L3(3–151)] that
contains the sequence that is homologous to Sgf11, the yeast
orthologue of ATXN7L3.

A stable recombinant DUBm could be purified when this
ATXN7L3 fragment and the full-length ENY2 and USP22
were coexpressed together with an N-terminal fragment of
ATXN7 [ATXN7(75–172)] (Fig. 2B, lane 1). ENY2 appeared
dispensable for the DUBm assembly as a complex composed of
ATXN7, ATXN7L3, and USP22 could be purified (Fig. 2B,
lane 4), even though it appeared slightly less stable than the
complex formed with the four proteins. Similarly a stable
USP22-ATXN7L3-ENY2 complex was purified in the absence
of ATXN7 (Fig. 3B). By contrast, no stable complex could be
formed in the absence of either USP22 or ATXN7L3 (Fig.
2B, lanes 2 and 3; also see Fig. S2 at http://igbmc.fr/Lang

FIG. 1. H2Aub or H2Bub are deubiquitinated by the purified hu-
man SAGA complex but not by the free USP22 enzyme. Mononucleo-
somes (A) or free histones (B) extracted from HeLa cells and enriched
in H2Aub and H2Bub were incubated with no enzyme (CT) or with
purified SAGA complex (hSAGA) or recombinant USP22 (USP22
rec). Specific purification of hSAGA complex was verified by mass
spectrometry analysis (see Table S1 at http://igbmc.fr/Lang_mcb2011).
The deubiquitination reaction was analyzed by Western blotting using
antibodies directed against ubiquitin, H2Bub, H2Aub, H2A, and
USP22 as indicated. The Coomassie blue staining shows that similar
amounts of mononucleosomes or free histones were used.

FIG. 2. The DUB module is stabilized by a network of interactions
between the different subunits. (A) Sf9 cells were infected with different
combinations of baculoviruses expressing Flag-USP22, HA-ATXN7(75–
172), Flag-ATXN7L3(3–151), and ENY2 as indicated. Whole-cell ex-
tracts were analyzed by Western blotting and revealed with the indicated
antibodies. (B) Immunoprecipitations using an anti-HA antibody fol-
lowed by peptide elution were analyzed by Western blotting revealed with
the indicated antibodies. ATXN7(75–172) (in bold) is harboring the HA
epitope. The asterisk indicates a nonspecific band.
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_mcb2011). Taken together, these results show that the
DUBm is assembled through multiple interactions, rather
than pairwise interactions, occurring between the four
different subunits of the module.

Determination of the minimal domains required to assem-
ble the deubiquitination module of the human SAGA complex.
We next asked which domains of the subunits forming the
DUBm are involved in the interaction networks that drive the
assembly of this module. Both ATXN7 and ATXN7L3 incor-
porated within the DUBm through their N-terminal regions,
which are composed of their respective ZnF domains (hereaf-
ter called ZnF-Sgf73 and ZnF-Sgf11) and poorly conserved
N-terminal extensions (Fig. 3A; also see Fig. S3 and S4 at
http://igbmc.fr/Lang_mcb2011). Based on this common do-
main organization of the two proteins, we hypothesized that
the ZnF of ATXN7 and ATXN7L3 plays a pivotal role in the
assembly and/or the enzymatic regulation of the DUBm.

To test this hypothesis and to investigate the minimal
domains of ATXN7L3 that are required to incorporate into
the DUBm, we expressed different truncation mutants of
ATXN7L3. A mutant containing the whole N-terminal re-
gion [ATXN7L3(3–151)] and two mutants deleted for the

ZnF domain [ATXN7L3(3–76) and ATXN7L3(3–55)] inter-
acted with USP22 and ENY2 as well as the full-length
ATXN7L3 (Fig. 3B, lanes 2 to 5; also see Fig. S2 at http:
//igbmc.fr/Lang_mcb2011). In contrast with the smallest mu-
tant [ATXN7L3(3–55)], the ATXN7L3(3–76) mutant, which
does not contain the ZnF, could assemble a stable ATXN7-
containing DUBm (Fig. 3C, lanes 2 to 4). These results
indicate that the ZnF of ATXN7L3 is dispensable for its
incorporation into the DUBm. In addition, the “linker”
region of ATXN7L3 (amino acids 41 to 80), which is located
N terminally from its ZnF-Sgf11 domain, is required for a
stable interaction with ATXN7. Finally, the most N-terminal
region of ATXN7L3 (Sus1 binding region) (Fig. 3A) bound
ENY2 (data not shown), in agreement with the yeast struc-
tural data (3).

Similarly, we constructed deletion mutants of ATXN7 to
analyze which region mediates its interaction with other sub-
units of the DUBm. We excluded the most N-terminal low-
complexity sequences of ATXN7, which include the polyglu-
tamine motif and are missing from its yeast orthologue, Sgf73,
or from human paralogues, ATXN7L1 and ATXN7L2 (Fig.
3A; also see Fig. S4 at http://igbmc.fr/Lang_mcb2011). A mu-

FIG. 3. Identification of the domains required for the formation of a stable DUB module. (A) Schematic representation of the domains of
ATXN7L3 and ATXN7 involved in the formation of the DUBm. The functional regions of the human proteins are indicated as compared to their
yeast orthologues Sgf11 and Sgf73, respectively (also see Fig. S3 and S4 at http://igbmc.fr/Lang_mcb2011). The different truncated mutants of
ATXN7L3 and ATXN7 that were used in immunopurification experiments are shown and their ability to form a stable/active DUBm composed
of the four proteins is summarized. (B and C) Sf9 cells were infected with several combinations of baculoviruses expressing different versions of
USP22, ATXN7, ATXN7L3, and ENY2 as indicated. Immunoprecipitations using an anti-HA antibody followed by peptide elution were analyzed
by Western blotting revealed with the indicated antibodies. Coomassie blue staining of the purified complexes are shown in Fig. S5 at the URL
given above. The subunits harboring an HA epitope (that were used to pull down the complexes) are indicated in bold.
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tant containing the ZnF-Sgf73 and the poorly conserved up-
stream sequence [ATXN7(75–172)] stably integrated within
the DUBm, whereas another mutant lacking the ZnF-Sgf73
[ATXN7(75–142)] did not interact with ATXN7L3, USP22, or
ENY2 (Fig. 3C, lanes 2 and 5). The ZnF of ATXN7 is there-
fore required for the assembly of the DUBm, in contrast with
that of ATXN7L3, which is dispensable. This analysis allowed
us to better understand the domains that are necessary to
reconstitute a minimal recombinant DUBm, composed of the
full-length USP22 and ENY2, the N-terminal region of
ATXN7 (amino acids 75 to 172), and the most N-terminal
region of ATXN7L3 (amino acids 3 to 76).

Regulation of USP22 catalytic activity. To understand which
of the domains of the DUBm are required for the activation of
USP22, we analyzed the enzymatic activities of the above-
reconstructed USP22-containing complexes. To this end, we
assessed the catalytic activity of USP22 in the different recom-
binant complexes using ubiquitin vinyl sulfone (Ub-VS), an
irreversible and specific inhibitor of deubiquitinating enzymes.
Ub-VS binds exclusively to an active deubiquitinase but not to
an inactive one. Such binding creates a covalent bound be-
tween ubiquitin and the active site of the deubiquitinase, which
can be revealed by Western blotting as a 7-kDa shift of the
active enzyme corresponding to the size of ubiquitin.

When the free recombinant USP22 was incubated with Ub-
VS, no shift could be detected, indicating that the enzyme
alone is inactive under the assay conditions used (Fig. 4A). We
then treated the purified ATXN7L3(3–151)-ENY2-USP22 and
an ATXN7(75–172)-ATXN7L3(3–151)-ENY2-USP22 recom-
binant complexes with Ub-VS and analyzed the activity of
USP22. USP22 was only partially shifted in the complex con-
taining three subunits but was almost completely shifted in the
complex containing the four subunits (Fig. 4A). These results
together suggest that USP22 is partially activated by its inter-
actions with ATXN7L3 and ENY2 but that its full activity is
also dependent on additional interactions with ATXN7. There-
fore, the full-length ENY2 and the N-terminal fragments of
both ATXN7(75–172) and ATXN7L3(3–151) are sufficient to
incorporate USP22 in a stable and fully active DUBm.

We showed that the ZnF from ATXN7, but not that from
ATXN7L3, is required for the assembly of the DUBm. We
therefore asked whether the ATXN7L3 ZnF plays a role in the
regulation of USP22 enzymatic activity. Using two different
fragments of ATXN7L3 that contain or do not contain the ZnF-
Sgf11 [ATXN7L3(3–151) or ATXN7L3(3–76), respectively], we
purified stable recombinant complexes as above (Fig. 3C) and
tested them in the enzymatic assay using Ub-VS. This analysis
revealed that the ATXN7L3 ZnF-Sgf11 has an additional stimu-
latory effect on USP22 catalytic activity (Fig. 4B).

We further analyzed USP22 activity in the different com-
plexes in another in vitro deubiquitination assay using monou-
biquitinated histone H2B, one of the natural substrates of
USP22 (see below). Mononucleosomes purified from HeLa
cells were incubated with different USP22-containing com-
plexes and the levels of H2Bub were analyzed by Western
blotting. Similarly to the results obtained by using Ub-VS, the
free USP22 alone had no detectable activity on H2Bub in this
assay. In contrast, a recombinant DUBm containing the
ATXN7L3(3–151) mutant efficiently deubiquitinated H2Bub.
This activity was lost when Ub-VS was added to the reaction

mixture, further indicating that Ub-VS reacted with the cata-
lytic cysteine of USP22 (Fig. 4C). Interestingly, a complex
containing an ATXN7L3 mutant that lacks the ZnF-Sgf11
[ATXN7L3(3–76)] did not deubiquitinate H2Bub in this assay.
However, the addition of Ub-VS in this reaction induced a
partial shift of USP22 from this latter complex (Fig. 4C). Al-
together, these results suggest that the ATXN7L3 ZnF-Sgf11
plays a role in the allosteric regulation of USP22 but also in the
binding of the SAGA DUBm to nucleosomes. This hypothesis
is strongly supported by structural analysis of the yeast complex
showing that the ZnF-Sgf11 of Sgf11 contains a patch of strictly

FIG. 4. USP22 catalytic activity is regulated by the other subunits
of the DUB module. (A) The DUB module containing the first domain
of ATXN7 is active. (B) The ZnF-Sgf11 of ATXN7L3 is required for
the full activity of USP22. Equal amounts of the different purified
complexes described for Fig. 2 and 3 were incubated with or without 5
#M the suicide substrate ubiquitin vinyl sulfone (Ub-VS). This com-
pound can form a covalent bond only with the active form of USP22,
which is revealed by a 7-kDa shift of the enzyme when analyzed by
Western blotting. (C) The above-described complexes were incubated
with purified mononucleosomes with or without Ub-VS. H2B monou-
biquitination was assessed by Western blotting using an anti-H2Bub
antibody and USP22 reactivity with Ub-VS was measured as described
for panel B.
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conserved positively charged residues, which are exposed to
solvent and may be involved in interactions with nucleosomal
DNA to target the DUBm to its substrate (12, 29) (see Fig. S3
at http://igbmc.fr/Lang_mcb2011). Thus, these results show an
allosteric regulation of USP22 through multiple interactions
with different domains of the other subunits of the DUBm
including domains that are not necessary for a stable assembly
of this module.

In vivo deubiquitination activity of the SAGA complex. Al-
though the human SAGA complex was shown to deubiquiti-
nate H2Aub and H2Bub in vitro (35–37), it has not been
demonstrated that these substrates are recognized by SAGA in
vivo. To specifically inactivate the SAGA deubiquitination ac-
tivity, we generated a HeLa cell line expressing a specific
shRNA against ATXN7L3, an hSAGA subunit that is required
for both the assembly of the DUBm and the activation of
USP22. Immunopurification of GCN5-associated proteins
from this cell line, in which the ATXN7L3 levels were strongly
reduced, revealed that not only ATXN7L3 but also USP22 was
lost from the SAGA complex (Fig. 5A). This result further
indicates that ATXN7L3 is crucial for the integrity and thus
the activity of the SAGA DUBm, in good agreement with our
in vitro interaction studies (Fig. 2 and 3).

Next, we asked whether the global levels of monoubiquiti-
nated histones are affected in this cell line, in which the SAGA

deubiquitination activity is impaired. We observed a 1.5-fold
increase of H2Aub levels in ATXN7L3 knockdown cells, indi-
cating that human SAGA can participate in the deubiquitina-
tion of histone H2A in vivo (Fig. 5B and C). Moreover, the
global levels of H2Bub were dramatically increased after
ATXN7L3 knockdown, indicating that SAGA is a major
H2Bub deubiquitinase and that this activity can not be fully
compensated for by other deubiquitinases (Fig. 5B and D).

Induction of SAGA-dependent gene expression strongly in-
creased H2B ubiquitination at the transcribed regions but not
at the promoters. To further understand the regulation of H2A
and H2B ubiquitination in human cells (22, 37), we analyzed
the dynamics of these modifications at SAGA-regulated genes
in two different cell types. We used LNCaP cells, in which we
studied the androgen receptor (AR)-dependent stimulation of
the PSA gene in the presence or absence of an AR ligand, the
dihydrotestosterone analogue R1881 (Fig. 6A and B). We
also studied two endoplasmic reticulum (ER) stress genes
(HERPUD and ERP70) in HeLa cells before and following
induction of ER stress with thapsigargin (Fig. 7A to C). To
measure in vivo histone ubiquitination, we used chromatin
immunoprecipitation (ChIP) experiments with antibodies rec-
ognizing either H2Aub or H2Bub in the two cellular systems.
Unfortunately, the commercially available anti-H2Aub anti-

FIG. 5. Monoubiquitinated H2A and H2B are in vivo substrates of hSAGA deubiquitination activity. (A) SAGA complexes were immunopu-
rified from HeLa cells stably expressing a shRNA against ATXN7L3 (shATXN7L3) or a control shRNA (shCt) by using anti-GCN5 antibodies
and analyzed by Western blotting with the indicated antibodies. IgG heavy chains are indicated (*). (B) Total histones were purified by acidic
extractions from these cell lines. Levels of ubiquitinated histones were analyzed with specific antibodies as indicated. (C and D) H2Aub and H2Bub
relative levels were quantified and normalized to H2A and H2B levels, respectively.
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bodies did not give us reproducible results in ChIP, and thus
the dynamics of this modification could not be further studied.

First, we analyzed the distribution of H2Bub at promoters of
the PSA gene (in LNCaP cells) and of the HERPUD and
ERP70 genes (in HeLa cells) before and after induction. In-
terestingly, H2B ubiquitination seen for the three promoters
did not significantly change after induction (Fig. 6C and 7D,
compare shCt " and % in promoter panels). At the PSA
enhancer (AREIII), the H2Bub levels were also unchanged
after induction in LNCaP cells, whereas the AR was strongly
recruited at this region following induction, as demonstrated
by the anti-AR ChIP (Fig. 6D). These results suggest that in
wild-type cells following gene activation, the H2B-ubiquitinat-
ing enzymes are not active at the enhancer and the tested
promoters or that their activity is reversed by a deubiquitina-
tion activity at these regions. In favor of the latter hypothesis,
our ChIP experiments using antibodies against two different
hSAGA subunits (SPT20 and ATXN7L3) revealed an in-
creased recruitment of the SAGA complex at the promoters of
HERPUD and ERP70 after induction (Fig. 7F and G).

Next, we analyzed H2B ubiquitination on the transcribed
regions of the three genes. Following transcription induction,
H2B ubiquitination strongly increased (2.5- to 4-fold) in the
transcribed regions of all tested genes (Fig. 6C and 7D, com-
pare shCt " and % in coding panels). These observations are
in good agreement with the previously described positive cor-
relation between H2Bub levels and gene expression (20). How-
ever, these results strikingly contrast with the observed un-
changed H2Bub levels at the promoter regions after induction,
suggesting a differential regulation of this modification in the
different transcriptional regulatory regions.

The SAGA deubiquitination activity is required for optimal
gene expression. As we have shown that SAGA is a major
H2Bub deubiquitinase in vitro and in vivo, we further asked
whether this activity influences the regulation of SAGA-de-
pendent inducible gene expression. To this end, we used the
above-described shATXN7L3 HeLa cell line and generated an
LNCaP cell line in which the SAGA deubiquitination activity
was impaired by expressing the shRNA against ATXN7L3. In
the two different cellular systems, we observed a 60 to 90%
reduction of ATXN7L3 mRNA levels compared to those in
control shRNA-expressing cells (see Fig. S6 at http://igbmc.fr
/Lang_mcb2011).

Next, we analyzed the expression of the PSA gene after
treatment with an AR ligand and that of the HERPUD and
ERP70 genes after thapsigargin treatment for 3 or 4 h. Follow-
ing ligand treatment, the PSA gene induction was reduced by
20 to 30% in the ATXN7L3 knockdown LNCaP cells (Fig.
6A). Similarly, in the shATXN7L3-expressing HeLa cells, the
expressions of HERPUD and ERP70 were reduced by 25% and
45%, respectively (Fig. 7A and B). To demonstrate that the
observed differences are explained only by the specific inacti-
vation of the SAGA deubiquitination activity and not by other
SAGA functions, we analyzed by ChIP the recruitment of
SAGA in this shATXN7L3 cell line. The increased recruitment
of ATXN7L3 at the promoters of ER stress genes after induc-
tion was lost in ATXN7L3 knockdown cells, further indicating
that the used anti-ATXN7L3 is specific. In contrast, the re-
cruitment of the SAGA core at these promoters after induc-
tion was not altered by the downregulation of ATXN7L3 as

FIG. 6. Regulation of H2B ubiquitination at different regions of an
AR-dependent gene. (A) LNCaP cells stably expressing a shRNA
against ATXN7L3 or a control shRNA were treated with or without an
AR ligand (R1881). mRNA levels of an AR-dependant gene (PSA)
were analyzed by qPCR of reverse transcribed RNA and normalized to
GAPDH mRNA levels and are presented as mean values & SD of
three independent experiments. (B) Schematic representation of the
genomic locus of the PSA gene. Black boxes represent primer sets used
for ChIP analysis. (C and D) Control LNCaP cell lines and LNCaP cell
lines expressing a shRNA against ATXN7L3 were incubated with (%)
or without (") ligand (R1881) for 210 min. Quantitative ChIP assays
were performed for H2Bub (C) and AR (D). Precipitated DNA was
quantified by real-time qPCR using primers on enhancer/AREIII,
promoter/AREI/II, and coding region/exon4 of the PSA gene and an
intergenic control region. The values (mean & SD of triplicates) are
expressed as percentages of the amount of immunoprecipitated DNA
normalized to the respective input DNA signal (% input). These re-
sults are representative of three independent experiments. The same
color code is used in all panels.
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revealed by a SPT20 ChIP (Fig. 7F and G). These results
indicate that the deubiquitination activity associated with the
hSAGA complex is required for full activation of different
SAGA-dependent genes.

SAGA deubiquitinates H2Bub at the promoter and tran-
scribed regions of SAGA-regulated genes. To understand how
the control of H2B ubiquitination by SAGA contributes to the
regulation of gene expression, we compared H2Bub levels in
ATXN7L3 knockdown cells with those of control cells at the
different gene regulatory regions. Surprisingly, our ChIP anal-
yses showed that H2B ubiquitination at the three tested pro-
moters was increased by 2.5- to 3.5-fold in ATXN7L3 knock-
down cells before induction when compared to the noninduced
control cells (Fig. 6C and 7D, compare shCt " to shL3 " in

promoter panels). The increase of H2Bub levels at promoters
when the SAGA deubiquitination activity is impaired reveals
the activity of H2B-ubiquitinating enzymes at the promoter
region of these genes, even in the absence of induction. Inter-
estingly, this strong increase of H2Bub under noninduced con-
ditions in the ATXN7L3 knockdown cells had no effect on
transcription, as we did not measure transcriptional changes
from the three studied promoters before induction (Fig. 6A
and 7A and B). At these promoters, we observed a further 1.5-
to 2-fold increase of H2Bub after induction in the shATXN7L3
cell line as compared to the noninduced conditions. This result
demonstrates an increased activity of H2B-ubiquitinating en-
zymes at promoters following induction of gene expression.

Next, we analyzed the transcribed regions of these genes and

FIG. 7. Dynamics of H2B ubiquitination at the promoter and the transcribed region of ER stress genes. (A) HeLa cells stably expressing a shRNA
against ATXN7L3 or a control shRNA were treated with thapsigargin for 3 or 4 h or with DMSO as a control. mRNA levels of ER stress genes (HERPUD
and ERP70) were analyzed by qPCR of reverse transcribed RNA and normalized to CycloB mRNA levels and are presented as mean values & SD of
three independent experiments. (B) Schematic representation of the genomic locus of the HERPUD and ERP70 genes. Black boxes represent primer sets
used for ChIP analysis. (D to G) Control and ATXN7L3 shRNA HeLa cell lines were incubated with thapsigargin for 4 h or with vehicle only (DMSO).
Quantitative ChIP assays were performed for H2Bub (D), RNA Pol II (E), SPT20 (F), and ATXN7L3 (G). Precipitated DNA was quantified by real-time
qPCR using primers on ERP70 and HERPUD promoters and coding regions and on an intergenic control region. The values (mean & SD of triplicates)
are expressed as percentages of the amount of immunoprecipitated DNA normalized to the respective input DNA signal (% input). These results are
representative of three independent experiments. The same color code is used in all panels.
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observed that before induction, the H2Bub levels strongly in-
creased (by 3- to 4-fold) in the ATXN7L3 knockdown cells as
compared to control cells (Fig. 6C and 7D). This result indi-
cates that SAGA deubiquitinates H2Bub not only at the pro-
moter but also in the transcribed region of these SAGA-de-
pendent genes. In contrast, an increased recruitment of SAGA
was observed only at the promoter but not in the gene body of
HERPUD and ERP70 upon induction (Fig. 7F and G). Inter-
estingly, the H2Bub increase in the coding regions before in-
duction did not induce aberrant transcription from the studied
genes in these cells (Fig. 6A and 7A and B). After induction,
H2Bub levels were further increased (by about 1.5-fold) in the
ATXN7L3 knockdown cells when compared to control cells
(Fig. 6C and Fig. 7D, compare shCt % with shL3 % in coding
panels). Concomitantly, transcription activation was reduced
by about 25 to 45% (Fig. 6A and 7A and B). However, the
recruitment of RNA Pol II at the promoter and the coding
regions of HERPUD and ERP70 was not modified after
ATXN7L3 knockdown in either induced or noninduced con-
ditions (Fig. 7E).

It is noteworthy that, at each individual region examined in
the two cellular systems, the total H2B levels were not signif-
icantly changed after ATXN7L3 knockdown (see Fig. S7 at
http://igbmc.fr/Lang_mcb2011). However, at the PSA enhancer
and promoter region, an approximately 2-fold reduction of
H2B occupancy could be detected after induction in both con-
trol and ATXN7L3 knockdown cells (see Fig. S7 at the URL
given above), which likely reflects nucleosome eviction upon
transcriptional activation.

In summary, our data indicate that different dynamic equi-
libriums of H2B ubiquitination are established at different
gene regulatory elements. Moreover, our results suggest that at
the studied promoter and transcribed regions, changes of H2B
ubiquitination alone are not sufficient to trigger parallel
changes in gene expression.

DISCUSSION

The allosteric regulation of human USP22. Recent struc-
tural and functional studies of the yeast DUBm demonstrated
an allosteric regulation of Ubp8 through multiple interactions
with other subunits of the DUBm (12, 29). In good agreement,
we show here that the enzymatic activity of human USP22 is
similarly regulated by its interactions with ATXN7, ATXN7L3,
and ENY2. We show that this regulation is mediated not only
by domains that are required for the assembly of DUBm but
also by the ZnF of ATXN7L3, which is not involved in the
assembly of the DUBm. Our results thus suggest an allosteric
regulation of human USP22 in which the ZnF domains of
ATXN7 and ATXN7L3 play a crucial role. Therefore, the
mechanisms of the regulation of SAGA deubiquitination ac-
tivity appear remarkably conserved through evolution.

Similarly to the yeast complex, the assembly of the human
DUBm is mediated through multiple interactions between the
four different subunits. These interactions mainly involve the
ZnF-UBP of USP22 and the N-terminal regions of ATXN7
and ATXN7L3. However, subtle differences between the yeast
and the human complex can be detected. Our reconstruction
experiments showed that, in contrast to yeast Ubp8, (12) the
ZnF-UBP from USP22 is not sufficient to build up a stable

DUBm (see Fig. S1 at http://igbmc.fr/Lang_mcb2011), suggest-
ing that the protease domain of USP22 is required to stabilize
the DUBm. Functional studies of the yeast DUBm revealed
that Sgf73 was absolutely required for Ubp8 activation, as an
Ubp8-Sgf11-Sus1 complex was inactive (11), whereas in the
case of the human DUBm the USP22-ATXN7L3-ENY2 com-
plex was partially active (Fig. 4A). In addition, the N-terminal
ZnF-Sgf73 domain of human ATXN7 is required for the as-
sembly of the DUBm (Fig. 3), although the homologue domain
in yeast Sgf73 is dispensable (12). Therefore, it appears that
structural elements such as the ZnF domain of Sgf73 or the
protease domain of Ubp8, which are mainly involved in the
enzymatic regulation of the yeast DUBm, have evolved to
participate in the stability of the human DUBm in addition to
playing their role in the allosteric regulation of the enzyme.
This suggests a coevolution of both the stability of the DUBm
and the enzymatic regulation of the deubiquitinase, highlight-
ing the biological relevance of the regulation of the deubiq-
uitination activity of SAGA.

The allosteric regulation of USP22 could play an important
role in controlling the specific recognition of the substrates by
the enzyme. USP22 within the SAGA complex is recruited at
specific loci on the genome, where it will act on its specific
substrates, H2Aub and H2Bub. Importantly, the mechanism of
allosteric regulation described here would prevent the free
USP22 enzyme that is not incorporated into the SAGA com-
plex from acting on nonspecific substrates.

The majority of SAGA DUB activity on H2Bub is not redun-
dant with other USPs. A recent study suggested that USP22
might be found in complexes other than SAGA (31), and
ENY2 is expected to be part of an mRNA export complex (16,
28). Therefore, the downregulation of USP22 or ENY2 might
alter functions other than the SAGA deubiquitination activity.
Moreover, human cells contain two additional ATXN7 paral-
ogues (ATXN7L1 and ATXN7L2), which are highly similar
with ATXN7 (4) and which could likely compensate for the
loss of ATXN7. In contrast, the downregulation of ATXN7L3,
which has not been described in any protein complex other
than SAGA and whose function is not redundant with that of
any other human protein, should exclusively impair the SAGA
deubiquitination activity.

Therefore, by comparing H2Bub levels between control cells
and cells in which ATXN7L3 is downregulated, we could di-
rectly measure where the SAGA deubiquitination activity is
acting on different genomic positions and indirectly where the
SAGA complex is recruited. The analysis of different inducible
SAGA-dependent genes using anti-H2Bub ChIP experiments
revealed several unexpected features of the SAGA deubiquiti-
nation activity. First, SAGA appears to have a global deubiq-
uitination activity as revealed by the important increase of
global H2Bub levels in ATXN7L3 knockdown cells. In agree-
ment, our anti-H2Bub ChIP experiments suggest that SAGA
could maintain a low level of H2B ubiquitination at different
gene regulatory elements genome-wide. Indeed, even in non-
induced conditions, the inactivation of SAGA deubiquitination
activity increased the H2Bub levels at the enhancer, promoter,
and transcribed regions of the three tested genes. This dem-
onstrates that SAGA regulates H2Bub at different gene re-
gions irrespective of their transcriptional status. However, our
ChIP experiments failed to detect stable SAGA recruitment at
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these regions in the noninduced conditions, suggesting a very
transient and dynamic association of SAGA on these genes.
After gene induction, SAGA recruitment was detected only at
the tested promoters but not in the transcribed regions. In
contrast, the deubiquitination activity of SAGA, as tested by
H2Bub ChIP in the shATXN7L3 versus wild-type cells, re-
vealed SAGA activity at both promoter and transcribed re-
gions. These results suggest that after activation, SAGA asso-
ciation with chromatin in the gene body is transient, whereas it
is less dynamic at the promoter. Such stable recruitment of
SAGA at the promoter could be explained by interactions with
promoter-associated activators and histone posttranslational
modifications recognized by the different reader domains of
SAGA, which in turn would enhance the residency time of
SAGA. Finally, the striking difference in H2Bub levels be-
tween wild-type and ATXN7L3 knockdown cells indicates that
most of the SAGA deubiquitination activity is not redundant
with that of other deubiquitinases. Although different H2B
deubiquitinases have been identified in yeast and in Drosoph-
ila, USP3 was the only other human enzyme suggested to
deubiquitinate H2Bub (23). However, the precise role of USP3
has still to be determined.

The dynamics of H2B ubiquitination and deubiquitination
at promoters and transcribed regions are differentially regu-
lated. Our ChIP analyses on different SAGA-dependent genes
showed an increased H2B ubiquitination at the corresponding
promoters in ATXN7L3 knockdown cells as compared to con-
trol cells, under noninduced conditions. This observation sug-
gests the interesting possibility that the deubiquitination activ-
ity of SAGA is already present together with the activities that
ubiquitinate H2B at the inducible gene promoters before ac-
tivation, leading to equilibrium between these two antagonistic
activities. Moreover, the lack of changes in transcription under
noninduced conditions in the ATXN7L3-downregulated cell
line versus wild-type cells suggests that at the studied inducible
promoters, the deregulation of the deubiquitination activity
and the consequent upregulation of H2B ubiquitination have
no direct consequence on transcription.

Our results also show that the SAGA deubiquitination ac-
tivity can very rapidly reverse the action of H2B-ubiquitinating
enzymes at the promoter of SAGA-dependent genes after in-
duction. In yeast cells, it has been shown that the machinery of
H2B ubiquitination is recruited to promoters by activators
where coactivator complexes such as SAGA are also expected
to be recruited through interactions with specific activators.
However, the time course recruitment of each complex is un-
known, and it is possible to speculate that both complexes are
recruited simultaneously by an activator at the promoter of
SAGA-dependent genes. In this case, a very fast deubiquitina-
tion may be necessary to start efficiently a new cycle of tran-
scription and to maintain a high level of H2B-ubiquitinating
enzymes around the promoter. Therefore, a constant cycling of
H2B ubiquitination and deubiquitination could be required to
maintain the respective enzymes and their associated factors at
the promoter of SAGA-dependent genes.

In the transcribed region of these SAGA-dependent genes,
the H2Bub levels were significantly increased after induction,
suggesting that SAGA is less stably recruited at these regions
than at the promoters. Alternatively, much higher levels of
H2Bub in the transcribed region could exceed the ability of

SAGA to deubiquitinate H2B. In addition, it has been sug-
gested that H2Bub facilitates the action of FACT, thereby
facilitating transcription elongation (26). Our results do not
support this model, as in ATXN7L3 knockdown cells in the
noninduced conditions, a dramatic increase of H2Bub levels in
the transcribed region of SAGA-dependent genes did not cor-
relate with increased transcription of these genes.

Our study highlights the tight control of USP22 catalytic
activity through an allosteric mechanism based on complex
interactions with other subunits of the SAGA DUBm. Further-
more, our data suggest that SAGA has a global deubiquitina-
tion function that appears required to maintain low levels of
H2Bub at the promoter and in the transcribed region of genes
in noninduced conditions. Our study demonstrates that, after
induction, SAGA deubiquitinates H2Bub at both the promot-
ers and the transcribed regions of SAGA-regulated genes but
that this complex has very different dynamics on these distinct
regions.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES  
 
Oligonucleotides used for the qPCR experiments: 
 
ATXN7L3 RT f :  5’-GTCTTTGTCTGGCCTGGATAAC-3’  
ATXN7L3 RT r : 5’- GGTGTACCTCAAAGCAGAATCC -3’; 
 
HERPUD RT f: 5’-GGTTGGGGTCTTCAGTTTCAGG-3’ 
HERPUD RT r: 5’-CTACTCCTCCCTGAGCAGATTC-3’ 
 
ERP70 RT f: 5’-TGACGGGTCCCTTGTTGTTCT-3’ 
ERP70 RT r: 5’-AGAGTGGGGAGGATGTCAATG-3’ 
 
CyclophilinB RT f : 5’-CTTCCCCGATGAGAACTTCCAAACT-3’ 
CyclophilinB RT r : 5’-CACCTCCATGCCCTCTAGAACTTT-3’ 
 
PSA RT f : 5’-CACCTGCTCGGGTGATTCTG-3’ 
PSA RT r : 5’-CCACTTCCGGTAATGCACCA-3’ 
 
GAPDH RT f :  5’-GAAGGTGAAGGTCGGACTC-3’ 
GAPDH RT r : 5’-GAAGATGGTGATGGGATTTC-3’ 
 

PSA ARE III f : 5’-GGGGTTTGTGCCACTGGTGAG-3’ 
PSA ARE III r : 5’-GGGAGGCAATTCTCCATGGTT-3’ 
 
PSA ARE I/II f : 5’-GCCAAGACATCTATTTCAGGAGC-3’ 
PSA ARE I/II r : 5’-CCCACACCCAGAGCTGTGGAAGG-3’ 
 
PSA exon4 f : 5’-GTGTGTGGACCTCCATGTTATT-3’ 
PSA exon4 r : 5’-CCACTCACCTTTCCCCTCAAG-3’ 
 
HERPUD Promoter f : 5’-CTGCAACGACAGTTCACGTCTCT-3’ 
HERPUD Promoter r : 5’-GGTTGCATCAGCCCGTGCCC-3’ 
 
ERP70 Promoter f : 5’-CTCCGAGCCCTAACGTGAGGTGCC-3’ 
ERP70 Promoter r : 5’-CCCAGGCTCCGCCTCTCCTGC-3’ 
 
HERPUD exon2-3 f : 5’-CTGGGAAGCTGTTGTTGGAT-3’ 
HERPUD exon2-3 r : 5’-AAAACATGCCGTTTTTCCTG-3’ 
 
ERP70 exon10 f :  5’-GGCCTTCAAAGCTCTTCCTT-3’ 
ERP70 exon10 r : 5’-AGCCTGGCCAAGAAGTACAA-3’ 
 
Non coding region f : 5’-TGGAACTTCTGGAAGACACTGGAA-3’ 
Non coding region r : 5’-TACACCACTCAAGGGAAACTGGAA-3 
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SUPPLEMENTAL TABLE 1 : SAGA subunits identified in a mass spectrometry 
analysis of USP22-associated proteins 
 

Usual name 
 
 

Swiss-Prot Entry 
 
 

Unique 
peptides 

 

Protein 
coverage 

(%) 
 

TRRAP gi|116242829|sp|Q9Y4A5.3|  381 34 
ATXN7 gi|5921169|sp|O15265.1| 19 18 
GCN5 gi|209572743|sp|Q92830.3| 73 26.1 
ATXN7L2 gi|74745198|sp|Q5T6C5.1|  16 14.1 
ATXN7L1 gi|160413379|sp|Q9ULK2.2|  7 5.9 
SPT20 gi|71151886|sp|Q8NEM7.1|  29 19.6 
TAF6L gi|46577572|sp|Q9Y6J9.1|  74 37 
TAF5L gi|46577305|sp|O75529.1|  43 28.9 
SPT7L gi|23396859|sp|O94864.1| 14 16.9 
USP22* gi|78103328|sp|Q9UPT9.2|  13 12 
ADA3 gi|46397743|sp|O75528.1|  39 39.8 
ADA2b gi|166225686|sp|Q86TJ2.2| 20 20.2 
ADA1 gi|74760738|sp|Q96BN2.1|  37 43.9 
ATXN7L3 gi|121948758|sp|Q14CW9.1|  5 10.8 
SPT3 gi|20978763|sp|O75486.2| 11 22.3 
SGF29 gi|74731608|sp|Q96ES7.1|  29 42 
TAF9 gi|2498981|sp|Q16594.1|  16 16.7 
TAF10 gi|3024688|sp|Q12962.1|  12 34.4 
TAF12 gi|3024708|sp|Q16514.1|  21 39.8 
 
* This analysis retrieved all known SAGA subunits except ENY2 but did not identify any 
other deubiquitinase with more than two unique peptides.
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SUPPLEMENTAL FIGURES 
 

 
 
Figure S1. 

The ZnF-UBP of USP22 did not assemble a stable complex with ATXN7L3 and ENY2. 

ENY2 and the N-terminal part of ATXN7L3 (Fl-ATXN7L3 3-151) were co-expressed with 

either the full-length USP22 (HA-USP22) or the ZnF-UBP domain of USP22 (HA-USP22 1-

162). Proteins associated with these HA-tagged USP22 constructs were analyzed by western 

blotting using the indicated antibodies after immunopurification using anti-HA antibodies 

(HA-IP). 
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Figure S2. 

Specific interaction of ATXN7L3 with USP22 and ENY2 (A) Sf9 cells were infected with 

different combinations of baculoviruses expressing HA-USP22, Flag-ATXN7L3 3-151 and 

ENY2 as indicated. Whole cell extracts were analyzed by western blotting. (B) USP22-

associated proteins were analyzed after anti-HA immunoprecipitation followed by petide 

elution. Western blotting were revealed using a anti-USP22, anti-Flag and anti-ENY2 

antibodies. Asterisks (*) indicate non specific bands. 

 

 
 

Figure S3. 

Sequence alignment of hATXN7L3 orthologs from representative species. 

Only the homology region with Sgf11 was taken into account. Three main regions of 

sequence conservation (Sus1 binding, Linker and ZnF-Sgf11) corresponding to functional and 

structural regions of ySgf11 are indicated. Conserved residues with 90-100%, 70-80%, 50-

60% identity are represented with dark grey, grey and light grey shading, respectively. Black 

triangles label the residues of the ZnF-Sgf11 that coordinate the zinc ion. Asterisks indicate 

the conserved basic patch within the ZnF-Sgf11 that may be involved in interactions with the 

phosphate backbone of nucleosomal DNA. 
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Figure S4. 

Sequence analysis of the ATXN7 region that is involved in the formation of the DUB module. 

This domain is composed by a long and poorly conserved N-terminal region and by the ZnF-

Sgf73 (see Figure 3). (A) Sequence alignment of the ZnF-Sgf73 of hATXN7 orthologs from 

representative species. (B,C,D) Sequence alignments of the entire domain for three subgroups 

of hATXN7 orthologs. Due to the lack of significant similarity between the N-terminal 

regions of these different proteins, all sequences could not be aligned together and were 

therefore divided in three subgroups (B vertebrate species, C insect species and D yeast 

species). Conserved residues with 90-100%, 70-80%, 50-60% identity are represented with 

dark grey, grey and light grey shading respectively. The polyQ stretch (Qn in a black box in 

panel B) is specific to the vertebrate orthologs of hATXN7 and is not found in the closely 

related vertebrate paralogs ATXN7L1 and ATXN7L2. In ySgf73, a WK motif was shown to 

be important for the assembly of the DUB module (black rectangle in D). A similar motif can 

be observed in the insect sequences (black rectangle in C) and may be involved in an 

interaction with Nonstop, the insect ortholog of USP22. A reminiscent motif, WxxW is also 

present in all the vertebrate sequences (black rectangle in B). Black triangles label the 

residues of the ZnF-Sgf73 that coordinate the zinc ion. 
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Figure S5. 

Stoechiometry of the purified recombinant complexes as assessed by coomassie blue staining. 

(A,B) Coomassie blue staining of purified complexes shown in Fig3.B,C.  (C) Analysis of the 

protein extracts used for the complex purifications presented in (B) and Fig. 3C. USP22 and 

ENY2 are present in similar amounts in the Sf9 cells infected by their respective baculovirus 

as shown by western blot. Asterisk (*) indicates an aspecific band. 

 

 

 
 

Figure S6. 

Efficiency of ATXN7L3 downregulation by shRNA. RNA extracted from HeLa (A) or LNCaP 

(B) cell lines stably expressing a shRNA against ATXN7L3 or a control shRNA were reverse 

transcribed and quantified by qPCR. ATXN7L3 mRNA levels are presented as a percentage 

of the mean of control cells after normalization to CycloB for HeLa cells or GAPDH for 

LNCaP cells. All the results are presented as mean value +/- SD of three independent 

experiments. 
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Figure S7. 

H2B ChIP experiments on the PSA and HERPUD genes revealed that the H2B levels are not 

significantly changed after ATXN7L3 knock-down in LNCaP or in HeLa cells. (A) Control 

LNCaP cell lines and LNCaP cell lines expressing a shRNA against ATXN7L3 were 

incubated with (+) or without (-) ligand (R1881) for 210 min. Precipitated DNA was 

quantified by realtime qPCR using primers on enhancer/AREIII, promoter/AREI/II and 

coding region/exon4 of the PSA gene and an intergenic control region. (B) Control and 

ATXN7L3 shRNA HeLa cell lines were incubated with thapsigargin for 4 hours or with 

vehicle only (DMSO). Precipitated DNA was quantified by realtime qPCR using primers on 

ERP70 and HERPUD promoters and coding regions and on an intergenic control region. 

(A,B) The values (mean +/- SD of triplicates) are expressed as percentage of the amount of 
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immunoprecipitated DNA normalized to the respective input DNA signal (%input). 

Quantitative ChIP assays were performed for H2B. These results are representative of three 

independent experiments. 
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Figure 32. SAGA exerce son activité DUB sur la région transcrite de gènes exprimés. 
A. Profil d’ubiquitination de H2B (H2Bub) sur un gène représentatif dans les conditions contrôle et 
shATXN7L3 (suppression de l’activité DUB de SAGA). H2Bub est enrichi sur la région transcrite de ce 
gène, mais la marque est absente en amont et en aval du gène, et est très faible au niveau du promoteur (peu 
de H2Bub au niveau du pic de PolII (les données de PolII proviennent du consortium ENCODE)). Le profil 
de H2Bub est très similaire entre la situation contrôle et shATXN7L3 mais le niveau de H2Bub est 1,5 fois 
plus élevé dans la situation shATXN7L3 par rapport à la situation contrôle. B. H2Bub est presque absent du 
promoteur de ce gène représentatif. La colocalisation entre le signal de H2Bub et deux marques associées 
avec les promoteurs (H3K4me3 et H3K9Ac, données générées par le consortium ENCODE) est presque 
inexistante. 
!
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&FF-/.[0$:,&0&%#%&./! $:#5&+:'! #1',! -/! #/%&,.$0+! ;&$&7:! ,./%$'! D4"33N! =B#/#59+'! ;'+!

M$#,%&./+!.C%'/-'+!_!5#!+.$%&'!;'!5#!,.5.//'!/.-+!#!0'$F&+!;'!F'%%$'!'/!:1&;'/,'!-/!0&,!

,.$$'+0./;#/%! #-! ,.F05'L'! 4GHG!'%! -/! #-%$'!0&,>! ;'!F#++'! #00#$'/%'! C'#-,.-0!05-+!

M#&C5'>!,./%'/#/%!#-!F.&/+!D4"33!'%!G^`Za=TN!

Z.-+! $'+%./+! %.-%!;'!FQF'!0$-;'/%! ,./,'$/#/%! 5B'L&+%'/,'!;B-/!*DEF! 5&C$'!'%!

#,%&M! ;#/+! 5#! ,'55-5'N! ^.-%! ;B#C.$;>! 5'+! %'+%+! '/b9F#%&6-'+! 6-'! PB#&! $:#5&+:+! !"# $!%&'! ./%!

F./%$:!6-'!0.-$!Q%$'!05'&/'F'/%!#,%&1:'>!D4"33!#1#&%!C'+.&/!;B&/%'$#7&$!/./!+'-5'F'/%!

#1',! RZh3! '%! G^`Za=T!F#&+! :7#5'F'/%! G^`ZaN! j$>! ;#/+! 5'! k!*DEF! 5&C$'!l! 6-'! /.-+!

#1./+!.C+'$1:! '/! +.$%&'!;'! 5#! ,.5.//'!;B'L,5-+&./!i! &/,5-+&./>!/.-+!/B#1./+! P#F#&+!0-!

;:%',%'$!G^`Za!0#$!]'+%'$/!C5.%N!K5!'+%!;./,!0.++&C5'!6-'!,'!F.;-5'!5&C$'!/'!,./%&'//'!

6-'! G^`Za=T>! RZh3! '%! D4"33N! *#/+! ,'! ,#+>! ,'!F.;-5'! /'! +'$#&%! 0#+! ,#%#59%&6-'F'/%!

#,%&M>!F#&+!,'!+'$#&%!;#1#/%#7'!-/!F.;-5'!;'!0$:[#++'FC5#7'!6-&!+'$#&%!0$Q%!_!&/%'$#7&$!

#1',!G^`Za!0.-$!Q%$'!#,%&1:!'%!Q%$'!&/%:7$:!_!4GHGN!

".-$! ,5#$&M&'$! ,'! 0.&/%>! /.-+! 1.-;$&./+! F#&/%'/#/%! 0.-1.&$! ;:%'$F&/'$! +&! 5'!

*DEF! 5&C$'! 0'-%! Q%$'! $',$-%:! +-$! 5#! ,J$.F#%&/'! !"# $!$'>! ;'! M#Y./! &/;:0'/;#/%'! #-!

,.F05'L'! 4GHGN! ".-$! ,'5#>! /.-+! 1.-5./+! #/#59+'$! 5#! 5.,#5&+#%&./! +-$! %.-%! 5'! 7:/.F'!



! "#$%&'!(!)!*&+,-++&./!'%!"'$+0',%&1'+!
!

! 22(!

;B-/'! +.-+[-/&%:! ;-! *DEFN! Z.-+! '/1&+#7'./+! ;B-%&5&+'$! -/! #/%&,.$0+! 0.59,5./#5! #/%&[

G^`Za=T! 0.-$! $:#5&+'$! -/! IJK"[+'6! ;#/+! ;'+! ,'55-5'+! +#-1#7'+>! '%! 0.-$! 1:$&M&'$! 5#!

+0:,&M&,&%:!;'! ,'%!#/%&,.$0+>!/.-+!1.-5./+! $:#5&+'$! 5#!FQF'!#00$.,J'!;#/+!;'+! ,'55-5'+!

+JG^`Za=T!6-&!+./%!;:0.-$1-'+!;'! 5#!0$.%:&/'!G^`Za=TN!D/'!#-%$'!#5%'$/#%&1'!+'$#&%!

;'!7:/:$'$!-/'!5&7/:'!,'55-5#&$'!6-&!'L0$&F'$#&%!;'!M#Y./!+%#C5'!-/'!1'$+&./!:%&6-'%:'!;'!

D4"33! M-+&.//:'! _! %$.&+! :0&%.0'+! SGN! *#/+! -/! +',./;! %'F0+>! /.-+! ,.F0#$'$./+! ,'+!

$:+-5%#%+! ;'! IJK"! #1',! ,'-L! .C%'/-+! 0.-$! -/'! #-%$'! +.-+[-/&%:! ;'! 4GHG>! 0$:+'/%'! '/!

;'J.$+! ;-! *DEFN! 4&! 5'! /.FC$'! ;'! +&%'+! .\! 5'! *DEF! '+%! .C+'$1:! '+%! C'#-,.-0! 05-+!

&F0.$%#/%!6-'!,'5-&!.\!4GHG!'+%!;:%',%:>!#5.$+!/.-+!0.-$$./+!0'/+'$!6-'!5'!*DEF!5&C$'!

#!-/'!&F0.$%#/,'!M./,%&.//'55'! !"#$!$'!'%!6-'!,'!F.;-5'! 5&C$'!0#$%&,&0'!#1',!4GHG!_! 5#!

;:-C&6-&%&/#%&./!;'!S3EN!

Quelle est la fonction jouée par le DUBm au sein de SAGA ? 

*#/+!5#!0#$%&'!;'!5B&/%$.;-,%&./!,./+#,$:'!#-!,.F05'L'!4GHG>!/.-+!#1./+!1-!6-'!,J'b!5#!

5'1-$'!'%!;#/+!5'+!,./;&%&./+!+%#/;#$;>!5#!0'$%'!;'!5B#,%&1&%:!*DE!;'!4GHG!/B#MM',%'!6-'!

;'! M#Y./! %$8+! F.;'+%'! 5#! %$#/+,$&0%&./! ;'+! 78/'+N! G! 5B&/1'$+'>! 5#! 0'$%'! ;'! 5B#,%&1&%:!

;B#,:%95#%&./!.-!5#!;:5:%&./!;'!+.-+[-/&%:+!;-!F.;-5'!;'!$:7-5#%&./!;'!^E"!0$.1.6-'!5#!

;:$:7-5#%&./!;'!5B'L0$'++&./!;B-/!/.FC$'!&F0.$%#/%!;'!78/'+N!Z.-+!#1./+!#-++&!1-!6-'!

5#!,.[;:5:%&./!;'!DC0m!'%!;'!H,/f!,./;-&+#&%!_!-/'!#77$#1#%&./!;'+!0J:/.%90'+!.C+'$1:+!

;#/+! -/'! +.-,J'! ()"*nN! =B'/+'FC5'! ;'! ,'+! .C+'$1#%&./+! +-778$'! ;./,! 6-'!

,./%$#&$'F'/%! #-!F.;-5'!;B#,:%95#%&./>! 5#! M./,%&./!;-!*DEF!;'!4GHG!/B'+%!0#+! $'5&:'!

;&$',%'F'/%!#-L!F:,#/&+F'+!;B&/&%&#%&./!;'!5#!%$#/+,$&0%&./>!F#&+!6-'!5B#,%&1&%:!*DE!;'!

4GHG!$:7-5'!;B#-%$'+!0$.,'++-+!;#/+!5#!,'55-5'!6-'!/.-+!;'1$./+!&;'/%&M&'$N!

! R/!#,,.$;!#1',!,'%%'! &;:'>!./!0'-%!/.%'$!6-'!F'+! $:+-5%#%+!;'!IJK"!#/%&[S3E-C!

;#/+! 5'+! ,'55-5'+! ,./%$c5'+! '%! +JG^`Za=T! F'%%'/%! '/! :1&;'/,'! -/'! #C+'/,'! ;'!

,.5.,#5&+#%&./!'/%$'!5'!+&7/#5!;'!S3E-C!<0$:+'/%!+-$!5#!$:7&./!%$#/+,$&%'!;'+!78/'+!F#&+!

#C+'/%!#-!/&1'#-!;-!0$.F.%'-$@!'%!5'!+&7/#5!;'!STUX!#,:%95:!<,'/%$:!+-$!5'!0$.F.%'-$@!

<W&7-$'! T3!EN@N! j$>! 5#! +',./;'!F#$6-'! '+%!F&+'! '/! 05#,'! 0#$! 5B#,%&1&%:! ;B#,:%95#%&./! ;'!

4GHG!#5.$+!6-'!S3E-C!'+%!;:-C&6-&%&/:'!0#$!D4"33N!=#!$:0#$%&%&./!;'!,'+!;'-L!F#$6-'+!

+-778$'!;./,!6-'!5'+!;'-L!#,%&1&%:+!;'!4GHG!/'!+./%!0#+!'L'$,:'+!0#$! 5'!,.F05'L'!+-$!

5'+!FQF'+!/-,5:.+.F'+N!j/!0'-%!#5.$+!&F#7&/'$!6-'!!"#$!$'>!05-+&'-$+!,./M.$F#%&./+!;-!

,.F05'L'! 4GHG!0.-$$#&'/%! 'L&+%'$! '%! 6-B'/! M./,%&./!;'! 5B'/1&$.//'F'/%! ,J$.F#%&/&'/!

4GHG! 0.-$$#&%! ;#1#/%#7'! #,:%95'$! ST! .-! ;:-C&6-&%&/'$! S3EN! j/! 0'-%! +-00.+'$! 6-'!

5B#,:%95#%&./! 0#$! HIZf! 0.-$$#&%! /:,'++&%'$! 5#! 0$:+'/,'! ;B#-%$'+! F#$6-'+!



! "#$%&'!(!)!*&+,-++&./!'%!"'$+0',%&1'+!
!

! 22a!

,J$.F#%&/&'//'+!#++.,&:'+!#1',! 5'+!0$.F.%'-$+!#&/+&!6-B-/'!+%#C&5&+#%&./!;-!,.F05'L'!

+-$! 5#! ,J$.F#%&/'! 0#$! ;'+! &/%'$#,%&./+! #1',! ;'+! #,%&1#%'-$+>! #5.$+! 6-'! 5#!

;:-C&6-&%&/#%&./! 0#$! D4"33! 0.-$$#&%! +&F05'F'/%! $'6-:$&$! 5#! 0$:+'/,'! ;'! S3E-CN!

4-&1#/%!5#!/#%-$'!;'+!F.;&M&,#%&./+!;'!5#!,J$.F#%&/'!#1.&+&/#/%'>!./!0'-%!;./,!:F'%%$'!

5BJ90.%J8+'!6-'! 5'!,.F05'L'!4GHG!0'-%!'L'$,'$!;'! M#Y./!+0:,&M&6-'! 5B-/'!.-! 5B#-%$'!;'!

+'+!#,%&1&%:+!'/b9F#%&6-'+!#M&/!;'!$:7-5'$!%'5+!.-!%'5+!0$.,'++-+!C&.5.7&6-'+N!!

La déubiquitination de H2B dépend-elle de la transcription ? 

*#/+!5#!0#$%&'!;'!5B&/%$.;-,%&./!,./+#,$:'!_!5B-C&6-&%&/#%&./!;'!S3E>!/.-+!#1./+!1-!6-'!

+&! 5B./! C5.6-'! 5#! %$#/+,$&0%&./! +-$! ;'+! ,'55-5'+! J-F#&/'+! +#-1#7'+>! ./! 0$.1.6-'! -/'!

0'$%'! %.%#5'! ;'! S3E-C! '/! F.&/+! ;B-/'! J'-$'N! I'%%'! .C+'$1#%&./! #&/+&! 6-'! ;B#-%$'+!

$:+-5%#%+!;:F./%$'!6-'!5B-C&6-&%&/#%&./!;'!S3E!'+%!-/!0$.,'++-+!,.[%$#/+,$&0%&.//'5!'%!

6-B'/! 5B#C+'/,'! ;'! %$#/+,$&0%&./>! S3E! /'! 0'-%! 0#+! Q%$'! -C&6-&%&/:N! =#!FQF'! 6-'+%&./!

0.-$$#&%! Q%$'! 0.+:'! 0.-$! ,'! 6-&! '+%! ;'! 5#! ;:-C&6-&%&/#%&./N! R/! ;B#-%$'+! %'$F'+>! ./!

0.-$$#&%!+'!;'F#/;'$!+&!4GHG!k!+-&%!l!5#!".5KK!+-$!5'!,.$0+!;'+!78/'+!.-!+&!-/'!0#$%&'!;'+!

,.F05'L'+!4GHG!;&MM-+'!5&C$'F'/%!+-$!5#!,J$.F#%&/'!'%!;:-C&6-&%&/'!S3E!5.$+6-'!,'5-&[

,&!'+%!-C&6-&%&/:!#M&/!;'!F#&/%'/&$!-/!/&1'#-!$'5#%&1'F'/%!C#+!;'!S3E-C!+-$!5'!,.$0+!;'+!

78/'+!%$#/+,$&%+N!

".-$!;:%'$F&/'$!+&!5#!0'$%'!$#0&;'!;'!S3E-C!#0$8+!-/!C5.,#7'!;'!5#!%$#/+,$&0%&./!

'+%!;-'!_!5B#,%&1&%:!*DE!;'!4GHG>!&5!+'$#&%!+#/+!;.-%'!0.++&C5'!;'!+-&1$'!5#!,&/:%&6-'!;'!

;&+0#$&%&./!;'!S3E-C>!;#/+!;'+!,'55-5'+!+#-1#7'+!'%!;'+!,'55-5'+!+JG^`Za=T!#0$8+!-/!%'5!

C5.,#7'! ;'! 5#! %$#/+,$&0%&./N! ".-$! ,'5#! &5! M#-;$#&%! $:#5&+'$! ;'+! 'L%$#,%&./+! #,&;'+! ;'+!

J&+%./'+!;'!,'+!;'-L!5&7/:'+!,'55-5#&$'+!_!;&MM:$'/%+!F.F'/%+!#1#/%!'%!#0$8+!#1.&$!C5.6-:!

5#! %$#/+,$&0%&./N! ='! /&1'#-! 75.C#5! ;'! S3E-C! +'$#&%! '/+-&%'! #/#59+:! 0#$! ]'+%'$/! C5.%N!

G0$8+!5'!C5.,#7'!;'!5#!%$#/+,$&0%&./>!+&!-/'!;&F&/-%&./!;-!+&7/#5!;'!S3E-C!:%#&%!;B#C.$;!

1&+&C5'! ;#/+! 5'+! ,'55-5'+! ,./%$c5'+! +#/+! 6-B'55'! /'! +.&%! ;:%',%#C5'! ;#/+! 5'+! ,'55-5'+!

+JG^`Za=T>! ,'5#! +&7/&M&'$#&%! 6-'! ,'%%'! C#&++'! '+%! ;-'! _! 5B#,%&1&%:! *DE! ;'! 4GHGN! j/!

0.-$$#&%!;./,!,./,5-$'!6-'!4GHG!0'-%!;:-C&6-&%&/'$!S3E!'/!5B#C+'/,'!;'!%$#/+,$&0%&./N!

*#/+! ,'! ,#+>! ,'5#! +-778$'$#&%! 6-B-/'! M./,%&./! &F0.$%#/%'!;-!*DEF!;'! 4GHG! +'$#&%! ;'!

0#$%&,&0'$! _! 5BJ.F:.+%#+&'! ;'! 5B-C&6-&%&/'! '/! F#&/%'/#/%! -/! :6-&5&C$'! #;:6-#%! '/%$'!

/&1'#-!;'!S3E-C!'%!/&1'#-!;B-C&6-&%&/'!5&C$'N!

 

 



! "#$%&'!(!)!*&+,-++&./!'%!"'$+0',%&1'+!
!

! 22m!

Déubiquitination de H2B et régulation de la quantité d’ubiquitine libre 

=B-C&6-&%&/'!'+%!-/'!F.5:,-5'!&F05&6-:'!;#/+!5#!$:7-5#%&./!;'!%$8+!/.FC$'-L!0$.,'++-+!

,'55-5#&$'+! #55#/%! ;'! 5#! %$#/+,$&0%&./>! _! 5#! ;:7$#;#%&./! ;'+! 0$.%:&/'+! '/! 0#++#/%! 0#$! 5#!

$:0#$#%&./! ;'! 5BG*Z! <,MN! "#$%&'! +-$! 5'+! D4"@N! D/'! F#-1#&+'! $:7-5#%&./! ;'! 5#! 6-#/%&%:!

;B-C&6-&%&/'! 5&C$'! ;#/+! 5#! ,'55-5'! 0'-%! ;./,! #MM',%'$! ;&1'$+'+! 1.&'+! M./,%&.//'55'+N! *'!

M#Y./! &/%:$'++#/%'>! /.%./+! 6-B-/! C5.,#7'! ;-! 0$.%:#+.F'! 0$.1.6-'! -/'! 0'$%'! ;'!

5B-C&6-&%&/#%&./! ;'! S3E>! ,'! 6-&! &55-+%$'! 5B&F0.$%#/,'! ;'! 5#! $:7-5#%&./! ;'! ,'! /&1'#-!

;B-C&6-&%&/'!5&C$'N!

! *#/+!/.%$'!,#+>!&5!M#-;$#&%!.C+'$1'$!+&!5'!%$#&%'F'/%!;'!,'55-5'+!J-F#&/'+!+#-1#7'+!

#1',! -/! GOZ! &/%'$M:$'/%! ;&$&7:! ,./%$'! G^`Za=T! ,#-+'! -/'! ;&F&/-%&./! ;'! 5#! 6-#/%&%:!

;B-C&6-&%&/'!5&C$'!;'!5#!,'55-5'N!4&!,B:%#&%!5'!,#+>!&5!+'$#&%!#5.$+!&/%:$'++#/%!;'!,.FC&/'$!5#!

0'$%'!;'!5B#,%&1&%:!*DE!;'!4GHG!_!-/!;'-L&8F'!+%$'++!#9#/%!#-++&!0.-$!'MM'%!;'!;&F&/-'$!

5'! /&1'#-! ;B-C&6-&%&/'! 5&C$'N! j/! 0.-$$#&%! 0#$! 'L'F05'! :5&F&/'$! 0#$! GOZ! &/%'$M:$'/,'!

D4"2V>!-/'!;:-C&6-&%&/#+'!6-&!'+%!#++.,&:'!#-!0$.%:#+.F'!'%!;./%!5#!0'$%'!;'!M./,%&./!

0$.1.6-'!-/'!C#&++'!;-!/&1'#-!;B-C&6-&%&/'!5&C$'N!".-$!:1#5-'$!5'+!,./+:6-'/,'+!;'!,'!

;.-C5'!+%$'++>!/.-+!0.-$$&./+!#5.$+!F'+-$'$!5'!%'F0+!;'!;-05&,#%&./!;'!,'55-5'+!%$#&%:'+!

0#$! 5'+! ;'-L! GOZ! &/%'$M:$'/%+! ,./%$'! G^`Za=T! '%! D4"2V! '%! 5'! ,.F0#$'$! _! ,'5-&! ;'!

,'55-5'+!+#-1#7'+N!

Analyse de la distribution de H2Bub chez la levure 

I.FF'! /.-+! 5B#1./+! ;:P_! 1->! ,J'b! 5BJ.FF'>! /.-+! ;&+0.+./+! ;B-/! #/%&,.$0+! %$8+!

+0:,&M&6-'! ,./%$'! S3E-C! 6-&! ;.//'! /.%#FF'/%! ;B'L,'55'/%+! $:+-5%#%+! '/! IJK"N!

I'0'/;#/%>!,'%!#/%&,.$0+!/'!$',.//#A%!0#+!S3E-C!,J'b!5#!5'1-$'!+,#)-&-$!.!/-!'%!0.-$!5'!

F.F'/%>!#-,-/!#/%&,.$0+!+0:,&M&6-'!;'!,'%%'!F#$6-'!/B'L&+%'!;#/+!,'%!.$7#/&+F'>!,'!6-&!

'F0Q,J'!;B#/#59+'$!5#!;&+%$&C-%&./!;'!S3E-C!+-$!5'!7:/.F'!;'!5#!5'1-$'N!

Z.-+!#1./+!&F#7&/:!-/'!+%$#%:7&'!6-&!;'1$#&%!/.-+!0'$F'%%$'!;B-%&5&+'$!5B'L,'55'/%!

#/%&,.$0+!#/%&!S3E-C!,J'b!5#!5'1-$'N!*#/+!,'%!.$7#/&+F'>!/.-+!1.-5./+!;./,!#/#59+'$!5'!

0$.M&5!;'!;&+%$&C-%&./!;'!S3E-C!'%!;:%'$F&/'$!.\!4GHG!;:-C&6-&%&/'!S3E!'/!,.F0#$#/%!

0#$!IJK"!5'!/&1'#-!;'!S3E-C!;#/+!;'+!5'1-$'+!+#-1#7'+!'%!;'+!5'1-$'+!.(011n!.-!2345n!

<;#/+! 5'+6-'55'+! 5B#,%&1&%:!*DE!;'!4GHG!'+%!0'$;-'@N!Z.-+!0.-$$./+!#-++&! &F#7&/'$!;'!

,.F05:%'$! ,'+! $:+-5%#%+! #1',! -/'! #/#59+'! ;'! 5#! 5.,#5&+#%&./! ;-! ,.F05'L'! 4GHG! +-$! 5'!

7:/.F'!;'!5#!5'1-$'!'/!$:#5&+#/%!;'+!IJK"!_!0#$%&$!;'!05-+&'-$+!+.-+[-/&%:+!;-!,.F05'L'N!



! "#$%&'!(!)!*&+,-++&./!'%!"'$+0',%&1'+!
!

! 22X!

B. Analyses structure fonction du DUBm 

I. Analyses structure fonction des domaines SCA7 

o./!%$#1#&5!;'!%J8+'!#!;./,!0'$F&+!;'!,#$#,%:$&+'$!5'+!;'-L!;.F#&/'+!4IGa!;'!G^`Za!'%!

G^`Za=T>! ;'-L! +.-+[-/&%:+! ;-! F.;-5'! ;'! ;:-C&6-&%&/#%&./! <*DEF@! ;'! 4GHG! ,J'b!

5BJ.FF'N! Z.-+! #1./+! F./%$:! 6-'! FQF'! +&! ,'+! ;'-L! ;.F#&/'+! 0#$%#7'/%! -/! ,p-$!

+%$-,%-$#5! ,.FF-/!'%! +0:,&M&6-'>! &5! 'L&+%'!;'+!;&1'$7'/,'+!+%$-,%-$#5'+!6-&!;&+%&/7-'/%!

5'+! ;.F#&/'+! 4IGa! ;'! G^`Za! '%! ;'! G^`Za=T! '%! 6-&! ;.&1'/%>! #-! F.&/+! '/! 0#$%&'>!

'L05&6-'$! 5'+! +0:,&M&,&%:+! M./,%&.//'55'+!;'! ,'+!;'-L!;.F#&/'+N! d'!1.-;$#&+!F#&/%'/#/%!

;:1'5.00'$! %$.&+! 0.&/%+! 1&+#/%! _! F&'-L! ;:M&/&$! 5'+! 0$.0$&:%:+! M./,%&.//'55'+! ;'! ,'+!

;.F#&/'+! 4IGaN! *#/+! -/! 0$'F&'$! %'F0+>! /.-+! 0#$5'$./+! ;'! 5#! b./'! ;B&/%'$#,%&./! ;-!

;.F#&/'! 4IGa!;'!G^`Za! +-$! -/!/-,5:.+.F'>! 0-&+! P'! ;&+,-%'$#&! '/+-&%'! C$&81'F'/%! 5'!

M#&%!6-'!5'!;.F#&/'!4IGa!;'!G^`Za!0-&++'!&/%'$#7&$!#1',!5'!,.F05'L'!^OR`3!'%!'/M&/>!P'!

0$.0.+'$#&!-/'!;:F#$,J'!'L0:$&F'/%#5'!#M&/!;'!;:M&/&$!5#!M./,%&./!;-!;.F#&/'!4IGa!;'!

G^`Za=TN!
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Lien entre le domaine SCA7 de Sgf73/ATXN7 et le complexe TREX2 ? 
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II. Régulation enzymatique de l’activité DUB de SAGA par les sous-unités 

du DUBm 

Comparaison du DUBm chez la levure et chez l’homme 
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SUMMARY

Transcriptional activators, several different coactiva-
tors, and general transcription factors are necessary
to access specific loci in the dense chromatin struc-
ture to allow precise initiation of RNA polymerase II
(Pol II) transcription. Histone acetyltransferase (HAT)
complexes were implicated in loosening the chroma-
tin around promoters and thus in gene activation.
Here we demonstrate that the 2 MDa GCN5 HAT-
containing metazoan TFTC/STAGA complexes con-
tain a histone H2A and H2B deubiquitinase activity.
We have identified three additional subunits of TFTC/
STAGA (ATXN7L3, USP22, and ENY2) that form the
deubiquitination module. Importantly, we found that
this module is an enhancer of position effect variega-
tion in Drosophila. Furthermore, we demonstrate that
ATXN7L3,USP22, andENY2are required as cofactors
for the full transcriptional activitybynuclear receptors.
Thus, the deubiquitinase activity of the TFTC/STAGA
HAT complex is necessary to counteract heterochro-
matin silencing and acts as a positive cofactor for
activation by nuclear receptors in vivo.

INTRODUCTION

Transcription initiation by RNA polymerase II (Pol II) is a highly
regulated process that requires the coordinated action of numer-
ous factors. Coactivators are multisubunit complexes that are
recruited to promoters by gene-specific activators to facilitate
transcription initiation either by direct interaction with general
transcription factors (GTFs) or Pol II or indirectly through modifi-
cation of chromatin structure (reviewed in Li et al., 2007 and
Martinez, 2002).

The yeast 2 MDa SAGA coactivator complex and its Drosoph-
ila and human homologs, the TBP-free TAF complex (TFTC) and
the SPT3/TAF9/GCN5 acetyltransferase complex (STAGA), are
multisubunit complexes that facilitate access of GTFs to DNA
through histone acetylation mediated by the catalytic activity of
the GCN5 subunit (Martinez, 2002). Human homologs of most
SAGA subunits have been identified in STAGA and TFTC, and
the three-dimensional structure of TFTC can be superimposed
to that of SAGA (Wu et al., 2004). In addition, biochemical and
functional characterization demonstrated that the described
human complexes are almost identical (hereafter called TFTC/
STAGA complex; reviewed in Nagy and Tora, 2007). Thus,
genetic and structural studies point to an evolutionarily con-
served function of these complexes with modular organiza-
tion that relates to their multiple activities in regulating gene
expression.
Gcn5 and other SAGA or TFTC/STAGA subunits have been

shown to play a role in ligand-dependent gene activation by
nuclear receptors (Wallberg et al., 2000 and Yanagisawa et al.,
2002, and references therein). These observations suggested
a model in which nuclear receptors recruit, in addition to other
coactivator complexes, the SAGA/TFTC/STAGA complex, and
that this contributes to chromatin remodeling via a mechanism
involving histone acetylation.
Biochemical studies identified new components of the yeast

SAGA complex that confer additional functions to the complex
(Powell et al., 2004; Rodriguez-Navarro et al., 2004; Sanders
et al., 2002). A ubiquitin-specific protease, Ubp8, was shown to
be incorporated into SAGA through interaction with Sgf11 and
to confer a histoneH2B ubiquitin protease activity to the complex
(Daniel et al., 2004; Henry et al., 2003; Ingvarsdottir et al., 2005;
Lee et al., 2005). H2B has been shown to be monoubiquitinated
(H2Bub1) on Lys 123 in S. cerevisiae by the E2-conjugating en-
zyme Rad6 and the E3-ligase enzyme Bre1 (reviewed in Zhang,
2003). Rad6-mediated H2Bub1 was found to regulate subse-
quent methylation of histone H3 at Lys 4 and Lys 79 through
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a ‘‘trans tail’’ mechanism and was shown to be required for
subtelomeric gene silencing (Zhang, 2003). In addition to its
role in gene silencing, H2B ubiquitination plays an important
role in activation of specific genes. H2Bub1 seems to be transient
at the promoter of SAGA-dependent genes, and both ubiquitina-
tion and deubiquitination of H2B are required for optimal gene
activation (Daniel et al., 2004; Henry et al., 2003). Interestingly,
Sus1, which was shown to be a component of both SAGA and
the Sac3-Thp1 mRNA export complex (Rodriguez-Navarro
et al., 2004), interacts with Sgf11 and Ubp8 and regulates the
deubiquitination activity of the complex (Kohler et al., 2006).
In higher eukaryotes, histone H2A is also monoubiquitinated
(H2Aub1), a modification which has not been reported in yeast.
H2Aub1 is more prevalent (5%–15%) when compared with that
of H2Bub1 (1% to 2%). H2A ubiquitination is mediated by the
Polycomb repressive complex 1 (PRC1) and is crucial for Poly-
comb-mediated gene silencing and X inactivation (de Napoles
et al., 2004; Joo et al., 2007; Wang et al., 2004).
In this study we identified ATXN7L3, USP22, and ENY2 as the

human orthologs of yeast Sgf11, Ubp8, and Sus1, respectively,
and show that they are integral components of TFTC/STAGA
complex. These three proteins together form a module of the
TFTC/STAGA complex, which specifically removes the ubiquitin
moiety from monoubiquitinated histones H2A and H2B. We
demonstrate that the deubiquitination module of the Drosophila
TFTC/STAGA complex counteracts heterochromatin silencing
in vivo and both the Drosophila and the human deubiquitination
module are required for full transcriptional activation by the an-
drogen receptor (AR). These findings suggest that the deubiqui-
tinase activity of the TFTC/STAGA complex, in addition to its his-
tone acetyltransferase (HAT) activity, participates in the dynamic
turnover of histone modifications during the transcription cycle
and functions as a positive cofactor for activation by nuclear
receptors.

RESULTS

USP22, ATXN7L3, and ENY2 Are Components
of TFTC/STAGA Complex
Homologs of recently identified yeast SAGA subunits (i.e., Ubp8,
Sgf11, and Sus1) remained to be identified in the mammalian
TFTC/STAGA complex. We analyzed a highly purified TFTC frac-
tion (Wieczorek et al., 1998) by MS-MS mass spectrometry and
identified peptides corresponding to USP22, ATXN7L3, and
ENY2 (see the Experimental Procedures). Human USP22 is the
closest homolog of yeast Ubp8 having a similar organization to
the yeast ubiquitin protease possessing an N-terminal zinc finger
domain (ZnF-UBP) and a C-terminal ubiquitin carboxyl-terminal
hydrolase motif (UCH-2; Figure 1A). Human ATXN7L3 is the ho-
molog of the yeast Sgf11 protein containing a highly conserved
zinc finger domain at its N-terminal end (ZnF-Sgf11; Figure 1B).
We have previously described ATXN7L3, an unknown protein at
that time, based on its homology to ATXN7, another subunit of
the TFTC/STAGA complex (Helmlinger et al., 2004). Indeed,
ATXN7 and ATXN7L3 share a second C-terminal domain, the
so-called SCA7 domain (InterPro: IPR013243), which is highly
conserved through all members of the ATXN7 gene family (Fig-
ure 1B). In addition, we identified a peptide corresponding to

ENY2, a 101 amino acid protein that is homologous to yeast
Sus1.
To test whether the identified polypeptides are indeed TFTC/

STAGA subunits, polyclonal antibodies against synthetic pep-
tides corresponding toUSP22, ATXN7L3, and ENY2were raised.
These antibodies efficiently recognized the corresponding re-
combinant proteins overexpressed in Sf9 cells at the expected
size, 60 kDa for USP22, 42 kDa for ATXN7L3, and 13 kDa for
ENY2 (see Figure S1 available online). We thus analyzed whether
USP22 and ATXN7L3 would be present in a highly purified TFTC
preparation. Western blot analysis using anti-USP22 and anti-
ATXN7L3 detected a specific signal at the expected size in the
HeLa cell nuclear extract and showed that USP22 and ATXN7L3
were enriched in the purified TFTC similarly to known compo-
nents of TFTC/STAGA such as TRRAP, GCN5, and TAF10 (Fig-
ure 1C). In order to confirm that USP22, ATXN7L3, and ENY2
are integral components of the TFTC/STAGA complex, we per-
formed a series of coimmunoprecipitation experiments on
HeLa cell nuclear extract using antibodies against USP22,
ATXN7L3, or ENY2. Following these immunoprecipitations, we
analyzed USP22 and ATXN7L3-associated proteins by western
blot and identified different TFTC subunits, such as TRRAP,
ATXN7, GCN5, SPT3, or TAF10 (Figure 1D, lanes 2 and 3). Simi-
larly, TRRAP, GCN5, and TAF10 were detected in an anti-ENY2
immunoprecipitation (Figure 1E). None of the TFTC subunits
weredetected in acontrol immunoprecipitation usingpreimmune
sera (Figure 1D, lane 5 and Figure 1E, lane 2). TBP, a component
of TFIID, but not of TFTC/STAGA, was not found associated with
USP22, ATXN7L3, or ENY2.Wepreviously showed that ATXN7 is
a specific subunit of TFTC/STAGA (Helmlinger et al., 2004).West-
ern blot analysis of complexes obtained after an ATXN7
immunopurification showed that USP22 and ATXN7L3 associate
with ATXN7 together with other components of TFTC/STAGA
(Figure 1D, lane 4). Taken together, these results indicated that
USP22, ATXN7L3, and ENY2 are bona fide subunits of the
TFTC/STAGA complex.

Identification of the TFTC/STAGA
Deubiquitination Subcomplex
Havingestablished thatATXN7L3,USP22, andENY2are compo-
nents of the TFTC/STAGA complex, we next asked how these
subunits interact and incorporate into TFTC/STAGA. In order to
identify putative interactions between these proteins, 293T cells
were transfected with expression vectors encoding Flag-tagged
ATXN7L3 or USP22, or HA-tagged ENY2, and proteins were im-
munoprecipitated using anti-ATXN7L3 or anti-HA antibodies. Im-
munoblot analysis of purified complexes revealed an interaction
between ATXN7L3 and USP22 (Figure 2A, lane 1) and between
ATXN7L3 and ENY2 (Figure 2A, lanes 3 and 7), but not between
ENY2 and USP22 (Figure 2A, lanes 8). When the three proteins
were coexpressed, they formed a stable complex that could be
purified bothwith anti-ATXN7L3 or anti-HA antibodies (Figure 2A,
lanes 2 and 6). Formation of a stable TFTC module composed of
ATXN7L3, USP22, and ENY2 was further confirmed by coinfec-
tion of Sf9 cells with different combinations of baculoviruses
and immunopurification of ATXN7L3-associated proteins (Fig-
ure 2B). Note that when USP22 and ENY2 were coexpressed in
the absence of recombinant ATXN7L3, no signal corresponding
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to these proteins could be detected after an ATXN7L3 immuno-
precipitation (Figure 2A, lane 4 and Figure 2B, lane 5).

To analyze whether ATXN7L3 is required for USP22 associa-
tion with TFTC/STAGA, we have downregulated ATXN7L3 ex-
pression by an siRNA treatment. HeLa cells were transfected
with siRNA against ATXN7L3, cells were grown for 48 hr, TFTC/
STAGA was purified by an ATXN7 immunoprecipitation, and
the levels of TFTC/STAGA subunits were compared to those of
complexes purified from control cells (Figure 2C). While the
amount of GCN5 did not change in the purified complexes,
USP22 was significantly reduced in the complex prepared from
the cells where ATXN7L3 was knocked down (Figure 2C). These
results together suggest that ATXN7L3, USP22, and ENY2 form
a stable subcomplex and that USP22 and ENY2 are recruited
into TFTC/STAGA by ATXN7L3 (Figure 2D).

We further asked which domains of ATXN7L3 and USP22 are
involved in the formation of this subcomplex. Cotransfection and
coimmunoprecipitation experiments revealed that the ATXN7L3
ZnF-Sgf11 domain alone is able to interact with both ENY2 and

USP22 as efficiently as the full-length ATXN7L3 (see Figure S3B).
Similar experiments using USP22 deletion mutants showed that
its interaction with ATXN7L3 required the ZnF-UBP domain, but
not the catalytic domain of USP22 (data not shown). Thus, the
formation of this module would be driven by interactions
between ATXN7L3 and USP22 through their respective ZnF-
Sgf11 and ZnF-UBP domains, and between ATXN7L3 ZnF-
Sgf11 and ENY2 (Figure 2D). Finally, we showed that two differ-
ent TFTC/STAGA subunits, TAF5L and ATXN7, interacted with
this module and may mediate its association with TFTC/STAGA
(Figure 2B and Figures S2 and S3).

Deubiquitination Activity of TFTC/STAGA
It hasbeenshown that the yeast SAGAspecifically removesubiq-
uitin moiety from H2Bub1 (Henry et al., 2003). We thus tested
whether the human TFTC/STAGA complex has a similar activity
on human H2Bub1. Although it plays an important role in tran-
scription regulation, H2Bub1 is expected to represent less than
2% of H2B in human cells. To detect H2Bub1, HEK293T cells

Figure 1. USP22, ATXN7L3, and ENY2 Are Integral Com-
ponents of TFTC/STAGA Complexes
(A) Schematic representation of Ubp8 orthologs in human

(hUSP22), Drosophila (dNonstop), and S. cerevisiae (yUbp8). Se-

quence identities in the N-terminal zinc finger domain (ZnF-UBP,

dark gray) and in the C-terminal catalytic site (UCH-2, light gray)

are indicated relative to the human USP22 sequence. Cysteine,

histidine, and aspartic residues forming the catalytic triad were

positioned in the proteins. SwissProt/TrEmbl/RefSeq accession

numbers are as follows: Homo sapiens USP22 (Q9UPT9), Dro-

sophila melanogaster Nonstop (NP_524140), and Saccharomyces

cerevisiae Ubp8 (P50102).

(B) Schematic representation of ATXN7 and Sgf11 orthologs in S.

cerevisiae (ySgf11), Drosophila (dSgf11), and human (hATXN7L3).

Sequence identities in the N-terminal zinc finger (ZnF-Sgf11, dark

gray) or in themore C-terminal SCA7 domain (light gray) are shown

when compared to ATXN7L3. Lower panel, sequence alignment of

the ZnF-Sgf11 from different species. Conserved residues with

100%, 80%, and 60%–80% identity are indicated with black

shading, dark gray shading, and light gray shading, respectively.

Histidine and cysteine residues that coordinate zinc are labeled

(*). SwissProt/TrEmbl/RefSeq accession numbers are as follows:

Homo sapiens ATXN7L3 (Q14CW9), Mus musculus Atxn7l3

(XP_997968.1), Brachydanio rerio (NP_001005396.1), Apis melli-

fera (XP_393291.2), Drosophila melanogaster (NP_649050.1),

Saccharomyces cerevisiae (NP_015278.1), Kluyveromyces lactis

(XP_453582.1), and Schizosaccharomyces pombe

(NP_001018231.1).

(C) Proteins in HeLa cell nuclear extract (HeLa NE) or in a purified

TFTC fraction were detected by western blot with the indicated

antibodies.

(D) HeLa cell NEs were immunoprecipitated using anti-ATXN7L3,

anti-USP22, or anti-ATXN7 antibodies or preimmune serum as

a control (Ctrl). Purified complexes were analyzed by immunoblot-

ting using antibodies against the indicated TFTC/STAGA subunits.

A fraction (5%) of the input nuclear extract before immunoprecip-

itation was loaded as a control. IgG heavy chain migrating just

above ATXN7L3 is indicated (*).

(E) Complexes associated with ENY2 were analyzed by immuno-

precipitation of HeLa NE using an anti-ENY2 antibody or preim-

mune serum as a control (Ctrl). Purified complexes and a fraction

(5%) of the input nuclear extract were analyzed by immunoblotting

revealed with the indicated antibodies.
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were cotransfected with expression vectors encoding a Flag-
tagged histone H2B (Flag-H2B) and/or an HA-tagged ubiquitin
(HA-Ub). Cells were grown for 48 hr, and recombinant histone
H2B was immunoprecipitated using an anti-Flag antibody.
When testing the purified proteins by immunoblotting, the anti-
HA antibody specifically detected H2Bub1 (Figure 3A, lanes 4
and 5), while the anti-Flag antibody revealed the unmodified his-
tone H2B and a faint signal corresponding to H2Bub1. The spe-
cific detection of H2Bub1 was also confirmed by the absence
of signal when Flag-H2B or HA-Ub was omitted from the trans-
fection reactions (Figure 3A, lanes 2 and 3).
To characterize the deubiquitination activity of TFTC/STAGA,

we used the immunopurified fraction of H2B, which contains
both unmodified H2B and H2Bub1 as a substrate in the in vitro
deubiquitination assay. Two independent TFTC preparations de-
creased the level of H2Bub1 significantly, when analyzed with an
anti-HA antibody, while the level of unmodified H2B was equal in
each reaction (Figure 3B, compare lane 2 to lanes 3 and 4). The
levels of H2Bub1 were further decreased when the amount of
purified TFTC was increased in the deubiquitination assay, sug-
gesting a dose-dependent effect (Figure 3B, lanes 4 and 5). Be-
cause in mammalian cells an important fraction of histone H2A is
monoubiquitinated on Lys 119, we investigated the deubiquitina-
tion activity of TFTC/STAGA on the H2Aub1. Recombinant Flag-
H2A-HA-Ub was prepared as described above for H2Bub1 and
used as a substrate in an in vitro deubiquitination assay. Two
different TFTC preparations could deubiquitinate H2Aub1 with
a high efficiency (Figure 3C). From these results we conclude
that the human TFTC/STAGA complex deubiquitinates H2Aub1
and H2Bub1.

Both nonstop, the Drosophila Homolog of USP22,
and dSgf11, the Drosophila Homolog of
ATXN7L3, Counteract Genomic Silencing
Mediated by Heterochromatin
To characterize the in vivo function of the TFTC/STAGAdeubiqui-
tination activity, we followed a genetic approach in Drosophila.
The Drosophila homolog of USP22 is called nonstop (Figure 1A)
andwas shown to be required for glial cell and neuronal develop-
ment (Poeck et al., 2001). To determine a possible role of nonstop
in themodulation of chromatin structure in vivo,we have used the
well-defined In(1)Wm4h system that allows the identification of
modifiers of position effect variegation (PEV) (Tartof et al.,
1984). The In(1)Wm4h inversion brings the white locus close to
a heterochromatic breakpoint leading to variegated expression
of the white gene and a mosaic pattern of eye pigmentation.
We found that mutation of one nonstop copy (not02069, 75D4) or
a deficient line, lacking the chromosomal region containing non-
stop (Df[3L]ED225, 75C1-75D4), gave significant decrease in pig-
ment area in this PEVmodel, resulting in a 2-fold decrease of pig-
ment levels in In(1)Wm4h (Figure 4A). In good agreement, we also
showed that overexpressionof full-length (FL)Nonstop increased
eye pigmentation to wild-type levels in the In(1)Wm4h PEV model
(Figure 4B). To further investigate which domain of Nonstop is
required for the effect on PEVmodification, we constructed Non-
stop N- or C-terminal truncation mutations. Transgenic fly lines
expressing only the deubiquitinase catalytic domain of Nonstop
(UCH-2) had significant increase in pigment area in the eye
when tested in the In(1)Wm4h PEV model (although weaker than
FL), whereas there was no modification of PEV in transgenic fly
lines expressing only the ZnF-UBP domain of Nonstop

Figure 2. Interaction between Subunits of
the TFTC/STAGA Deubiquitination Module
(A) 293T cells were transfected with different com-

binations of plasmids expressing epitope-tagged

USP22, ATXN7L3, and ENY2 as indicated.

Whole-cell extracts were made and proteins

were immunoprecipitated using anti-ATXN7L3 or

anti-HA antibodies. Purified proteins were ana-

lyzed by western blotting using anti-Flag (upper

panels) or anti-HA antibodies (lower panels). IgG

heavy chain is indicated (*).

(B) Sf9 cells were infected with different combina-

tions of baculoviruses expressing ATXN7, TAF5L,

USP22, ATXN7L3, and ENY2 as indicated. Immu-

noprecipitations using an anti-ATXN7L3 antibody

were analyzed by western blotting revealed with

the indicated antibodies. IgG heavy chain migrat-

ing above ATXN7L3 is indicated (*).

(C) HeLa cells were transfected with siRNA against

ATXN7L3 or a control (Ctrl) siRNA. TFTC/STAGA

complexes were purified using an anti-ATXN7 an-

tibody and analyzed by western blotting.

(D) Schematic representation of interactions be-

tween different subunits of the TFTC deubiquitina-

tion module.
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(Figure 4B). Thesedata strongly suggest that thedeubiquitination
activity of Nonstop is required for the modification of PEV in the
In(1)Wm4h system.

Because both yUbp8/ySgf11 and their human homologs
USP22/ATXN7L3 seem to exert their activity in a common sub-
complex, next we set out to identify the Drosophila homolog of
ySgf11 or ATXN7L3. The CG13379 gene product (hereafter
called dSgf11) was identified as a homolog of yeast Sgf11 and
human ATXN7L3 (Figure 1B). We then investigated the effect

of mutations of the dSgf11 gene on the In(1)Wm4h PEV system.
dSgf11, similarly to nonstop, acted as an enhancer of PEV as
its mutations led to decreased white expression assessed by
eye pigmentation (Figure 4C). In contrast, mutation of dRpd3,
a histone deacetylase, had no visible effect on PEV in the
In(1)Wm4h system (Figure 4C). These results together suggest
that both Nonstop and its partner dSgf11 are required to coun-
teract heterochromatic gene silencing in vivo.

The Subunits of the Drosophila TFTC/STAGA
Deubiquitination Module Are Required for Androgen
Receptor-Mediated Transactivation
The fact that TFTC/STAGA has been implicated as a chromatin-
modifying cofactor for activated transcription and that both Non-
stop and dSgf11 counteract heterochromatic gene silencing
suggested that the deubiquitination module of dTFTC/STAGA
may play a coactivator role for transcriptional activators by mod-
ifying chromatin. To test this possibility, we developed an andro-
gen receptor (AR)-associated position effect variegation (AR-
PEV) model in Drosophila. In this system, the AR or a truncated
AR harboring the ligand-independent AF-1 domain (AR[AF-1])
is expressed in the Drosophila eye using the glass multimer
reporter (GMR) gene promoter (Figure 5A). A reporter construct
that contains thewhite gene and a gene encoding the green fluo-
rescent protein (GFP) controlled by eight AR-responsive ele-
ments (AREs) was inserted into a heterochromatic region leading
to a mosaic red eye phenotype (Figures 5A and 5B). In this
system, the AR counteracted silencing by heterochromatin
spreading in a ligand-dependent manner (data not shown). The
ligand-independent AR(AF-1) led to higher transactivation of
the reporter genes and was hereafter used to analyze the AR-
dependent alteration of chromatin structure. Two different muta-
tions of nonstop (not02069 and Df[3L]ED225) gave significant
decrease (2.2-fold) in the pigment area in this AR-dependent
PEV model (Figure 5B). In good agreement, we also show that
overexpression of Nonstop increased eye pigmentation to
wild-type levels in the AR(AF-1)-PEV model (data not shown).
We further analyzed the effects of Nonstop on AR-dependent

gene activation in vivo by testing AR(AF-1)-mediated transacti-
vation on the GFP reporter gene expression system. In order to
be able to detect GFP expression, we used additional transgenic
lines expressing AR(AF-1) in the Drosophila eye using a GMR
GAL4 driver in a GAL4-UAS system. The ARE-GFP reporter
was inserted in euchromatic region and further mobilized into
pericentric heterochromatin leading to variegated expression
of GFP reporter (Y.Z., K.-I.T., and S.K., unpublished data). In
agreement with our results obtained with the above described
AR-dependent PEVmodel, this reporter system confirmed again
that nonstop loss-of-function mutations, not02069 and
Df(3L)ED225, dominantly reduce AR(AF-1) transactivation of
the reporter transgene inserted in pericentric heterochromatin
(Figure 5C). In contrast, but consistent with the loss-of-function
effects, nonstop overexpression (UAS-nonstop) significantly
increased GFP transactivation by AR(AF-1) (Figure 5C).
Having established that overexpression of Nonstop-mediated

AR-dependent gene activation in pericentric region, we investi-
gated whether this activity requires the association of Nonstop
with TFTC/STAGA complex. To this end, we examined how

Figure 3. Deubiquitination Activity of the TFTC/SAGA Complex
(A) Purification of recombinant H2B and monoubiquitinated H2B (H2Bub1).

HEK293T cells were cotransfected with plasmids encoding Flag-H2B and

HA-Ub. Proteins from whole-cell extracts were immunopurified with an anti-

Flag antibody and analyzed by immunoblotting with the indicated antibodies.

H2Bub1 is specifically detected with the anti-HA antibody just above the IgG

light chain (*).

(B) The purified TFTC complex removes ubiquitin from H2Bub1. Recombinant

H2B, unmodified and monoubiquitinated, was eluted by peptide competition

and used as a substrate in an in vitro deubiquitination assay using two inde-

pendent TFTC preparations (in lane 3 a different preparation was used than

in lanes 4 and 5). Recombinant H2B and H2Bub1 were analyzed by immuno-

blotting revealed with anti-Flag and anti-HA antibodies as indicated.

(C) Recombinant ubiquitinated histone H2A was purified as H2Bub1 in (A) and

used in an in vitro deubiquitination assay with two independent TFTC prepara-

tions (lanes 3 and 4) as in (B).
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mutations of different TFTC/STAGA components affect Non-
stop-mediated AR(AF-1) transcriptional activation in vivo using
the second GFP transactivation system. As shown in Figure 5D,
Nonstop overexpression enhanced AR(AF-1) transactivation of
the ARE-GFP reporter gene expression. In good agreement
with our biochemical interaction studies, mutations of dSgf11
(CG13379e01308) and e(y)2 (Df(1)m259-4) significantly reduced
GFP expression (Figure 5D). Importantly, the coactivation ac-
tivity of Nonstop was not modified by mutation of dTAF5
(Taf5EY01764b), which is a specific component of TFIID. Taken
together, these results suggest that the deubiquitination activity
of Drosophila TFTC/STAGA, mediated by Nonstop, requires the
components of the TFTC/STAGA deubiquitination module to
play an important role in AR-dependent transactivation in vivo.

The Human Deubiquitination Module and Its Activity
Are Positive Modulators of AR-Mediated
Transactivation in Human Cells
The fact that Drosophila Nonstop, Sgf11, and E(y)2 increased
in vivo transactivation activity of the AR on silenced reporter
transgenes suggested that these proteins play a coactivator
role in AR activation. To further investigate this hypothesis, we
analyzed putative interactions of USP22 or ATXN7L3 with AR
in mammalian cells. Cotransfection in HEK293T cells and coim-
munoprecipitation experiments revealed that AR interacted with
ATXN7L3 in a ligand-dependent manner, similarly to GCN5,
while interaction between AR and USP22 was detected also in
the absence of ligand (see Figure S6A). As AR and USP22 inter-
acted in vivo, we next tested whether AR could be a substrate
of the TFTC/STAGA deubiquitination activity. Coexpression of

increasing amounts of USP22 with AR in 293T cells revealed
that the AR steady-state levels were not modified, indicating
that AR is not a substrate of USP22 (see Figure S6B).
In order to determine whether USP22, ATXN7L3, and ENY2

are required for AR-dependent transcriptional activity in human
cells, we performed AR-dependent reporter assays. 293T cells
were transfected with an AR-dependent reporter gene together
with expression vectors encoding AR alone, or together with
USP22, ATXN7L3, and ENY2 in the presence or absence of
ligand (Figures 6A and 6B). USP22, ATXN7L3, and ENY2 signif-
icantly enhanced AR-mediated transactivation in the presence of
ligand (2.5- to 3.5-fold compared to AR alone), similarly to the
effect of the GCN5 HAT (Figures 6A and 6B). Furthermore, we
observed that USP22 dominantly increased also ER- or GR-me-
diated transactivation in similar reporter assay analyses (data not
shown). These results suggested that USP22, ATXN7L3, and
ENY2 can function as coactivators for nuclear receptor-medi-
ated transactivation. We next examined whether the deubiquiti-
nation activity of USP22 is required for coactivation of AR tran-
scriptional activity. To this end we constructed an expression
vector encoding a USP22 mutant in which the two conserved
histidine residues in the catalytic site (His box) were mutated to
alanines. Such mutations in the active site of ubiquitin-specific
proteases were shown to result in undetectable levels of cata-
lytic activity (Hu et al., 2002). Expression of this inactive USP22
catalytic mutant did not change the ligand-induced activation
of the AR-dependent luciferase reporter (Figure 6A), further dem-
onstrating that USP22 deubiquitination activity is required for its
nuclear receptor coactivation function. In good agreement with
our observations in Drosophila, ATXN7L3, ENY2, and USP22,

Figure 4. Drosophila Nonstop Counteracts Heterochromatic Gene Silencing
(A) Two different fly lines carrying nonstop loss-of-function mutation (not02069) or deficiency line including nonstop gene location (Df[3L]ED225) or wild-type flies

(+/+) were crossed with In(1)Wm4h flies. Modification of PEV was analyzed by areas of eye pigmentation in the progeny (upper panels) and by optical density (OD)

measurement at 480 nm (lower panel). Average values of more than three independent measurements are shown with SD. *p < 0.01 when compared to +/+ con-

trol (Student’s t test).

(B) The catalytic domain of Nonstop is required for its modification effect on PEV. In(1)Wm4h flies were crossedwith wild-type flies (+/+) or with flies overexpressing

full-length Nonstop (FL), Nonstop catalytic domain (UCH-2), or Nonstop ZnF-UBP (ZnF-UBP) (upper panels). Effect of Nonstop overexpression was assessed by

modification of eye pigmentation. Flies carrying the white gene in its normal locus were used as a control (lower panels).

(C) Both Nonstop and Sgf11 are enhancers of PEV. Heterozygousmales from the lines bearing mutations of dSgf11 and Rpd3 were mated to (In[1]Wm4h) females.

Eye pigmentation was analyzed in 2- to 3-day-old male progeny.
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but not the USP22 catalytic mutant, increased transactivation
also by the ligand-independent AR(AF-1) in similar reporter as-
says (Figure 6C).

We then asked whether the TFTC/STAGA deubiquitination ac-
tivity is required for endogenous AR-dependent gene activation
in vivo. To this end, we turned to LNCaP prostate tumor cells in
which the AR is constitutively expressed and analyzed the an-
drogen-induced expression of the endogenous AR target gene
KLK2 after downregulation of USP22. Transfection of LNCaP
cells with siRNA against USP22 led to a 55% reduction of
USP22mRNA and protein levels (Figure 6D and data not shown).
Induction of KLK2 expression by the synthetic AR agonist R1881
in LNCaP cells transfected with control siRNA was 3-fold and
significantly reduced in cells transfected with siRNA against
USP22 (1.6-fold) (Figure 6D). This result together with the ob-
served interaction between the AR and both ATXN7L3 and
USP22 suggested that these proteins are recruited together to
the promoters of AR-dependent genes upon ligand induction.
To test this hypothesis, chromatin was prepared from LNCaP
cells treated with or without ligand and subjected to chromatin
immunoprecipitation (ChIP) using anti-AR and anti-USP22 anti-
bodies. Recruitment of the AR was significantly increased at
the promoter region of KLK2 gene after ligand addition

(Figure 6E). Similarly, USP22 associated with the chromatin of
KLK2 promoter in a ligand-dependent manner (Figure 6E). No
significant association of AR and USP22 with chromatin at an in-
tergenic region could be detected, and the amount of histone H3
at KLK2 promoter remained constant, further demonstrating
specificity (Figure 6E). Taken together, these results indicate
that upon ligand induction TFTC/STAGA is recruited to the pro-
moter of AR-dependent genes where its deubiquitination activity
facilitates gene expression.

DISCUSSION

In this study, we identified three subunits of the 2 MDa GCN5-
containing TFTC/STAGA complex. We show that the ubiquitin
protease USP22 forms a subcomplex with ATXN7L3 (ySgf11 ho-
molog) and ENY2 (ySus1 homolog). Importantly, we demon-
strate that the catalytic domain of the ubiquitin protease together
with dSgf11 is necessary to modify PEV in the Drosophila eye,
pointing to the involvement of the deubiquitination module in
chromatin remodeling. Furthermore, we show that the subunits
of the deubiquitination subcomplex are required for the full activ-
ity of the ligand-induced AR and other nuclear receptors in vivo.
Thus, to our knowledge we established for the first time the

Figure 5. The AndrogenReceptor Coactiva-
tion Function of Nonstop Requires dSfg11
and dE(y)2
(A) Schematic representation of the expression

and reporter constructs. The expression con-

structs include the full-length human androgen re-

ceptor (hAR) or hAR(AF-1) driven by four GMR

binding sites. The reporter construct harbors

GFP and white reporter genes driven by the

hsp70 promoter in which eight AREs were intro-

duced.

(B) AR(AF-1)-PEV flies were crossed with nonstop

mutant lines, and progeny were analyzed as in

Figure 4A.

(C) Flies expressing AR(AF-1) in the eye using

a GMR GAL4 driver and carrying an ARE-GFP

reporter in pericentric heterochromatin were

crossed with lines harboring nonstop loss-of-

function (not02069, Df[3L]ED225) or gain-of-

function (UAS-nonstop) mutations as indicated.

Expression of AR(AF-1) was assessed by immuno-

staining using an anti-AR antibody (upper panels).

The effect of nonstopmutations or overexpression

on AR(AF-1)-mediated transactivation was as-

sessed by examination of GFP expression (middle

panels). Merge images are shown in lower panels.

(D) Flies carrying ARE-GFP reporter and AR(AF-1)

expression transgenes were crossed with flies

carrying UAS-nonstop and loss-of-function

mutations of dSgf11 (CG13379e01308), e(y)2

(Df[1]m259-4), and dTaf5 (Taf5EY01764b). Analysis

of AR(AF-1) transactivation was performed on

eye disc of the third instar larvae from the progeny.

Average values of four independent measure-

ments are shown with SD. *p < 0.001 and **p >

0.10 when compared to UAS-nonstop/+ control

(Student’s t test).
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deubiquitination activity of the metazoan TFTC/STAGA HAT
complexes as a second positive chromatin-modifying function.

TFTC/STAGA Complex Has a Modular Organization that
Links the Deubiquitination Function to HAT, Activator
Binding, and Transcription Initiation
An overlay of the yeast SAGA and the human TFTC structures
indicated, in good agreement with their similar subunit composi-
tion (Nagy and Tora, 2007), a high degree of structural conserva-
tion in size and shape (Wu et al., 2004). Several SAGA subunits
have been localized in one of the five domains of the complex
(Wu et al., 2004). Gcn5 was detected in the central region of
SAGA and colocalized with Ada2 and Ada3, indicating that this
central domain harbors the HAT activity. We have now identified
amodule of TFTC/STAGA, which is responsible for the deubiqui-
tination activity of this complex on H2Aub1 and H2Bub1. This
module is composed of three subunits, among which ATXN7L3
(hSGF11) interacts with TAF5L and ATXN7 and allows the re-
cruitment of both USP22 and ENY2 to TFTC/STAGA. Because
yTAF5 localizes close to the Gcn5-containing HAT module, it is
tempting to speculate that a functional connection may exist
between the HAT and the deubiquitination modules. Along these
lines it is interesting to note that neither free USP22 nor a stable
recombinant subcomplex, composed of TAF5L, ATXN7L3,
ENY2, andUSP22, can deubiquitinateH2Aub1 orH2Bub1 in vitro
(see Figure S4), suggesting that additional TFTC subunits are
required for the regulation of this activity.
Interestingly, the two different TFTC/STAGA subunits, ATXN7

(ySgf73 homolog) and ATXN7L3 (ySgf11 homolog) share a con-
served domain and may have a related function within the com-
plex. A polyglutamine expansion in ATXN7 has been identified as
the mutation responsible for an inherited neurodegenerative
disorder, Spinocerebellar ataxia type 7 (SCA7). It remains to be
investigated whether a polyglutamine expansion in ATXN7 de-
regulates the TFTC/STAGA deubiquitination activity andwhether
this would account for chromatin modifications and transcrip-
tional alterations previously identified in SCA7 models (Helmlin-
ger et al., 2006).
The yeast and the Drosophila homolog of hENY2 (Sus1 and

E[y]2, respectively) were identified as subunits of SAGA and an
anchoring and mRNA export (AMEX) complex, homolog of the
yeast Sac3-Thp1-Sus1 complex (Kurshakova et al., 2007; Rodri-
guez-Navarro et al., 2004). Sus1 or dE(y)2 as subunits of AMEX
function together with SAGA/TFTC in the anchoring of a subset
of transcription sites to the nuclear pore complexes (NPCs) to
achieve efficient transcription and mRNA export (Cabal et al.,
2006; Kurshakova et al., 2007). The association of USP22 and
ENY2 in the same TFTC/STAGA module would therefore

Figure 6. Androgen Receptor-Dependent Transactivation Requires
the Deubiquitination Activity of USP22, ATXN7L3, and ENY2 in
Human Cells
(A and B) 293T cells were cotransfected with plasmids expressing the full-

length androgen receptor (AR) together with USP22, USP22(HH/AA), GCN5

(A), ATXN7L3, or ENY2 (B) expression plasmids with AR-dependent reporter

in the absence (white bars) or presence (gray bars) of ligand (DHT). GCN5,

ATXN7L3, ENY2, and USP22, but not a USP22 catalytic mutant, mediate

AR-induced transcriptional activity.

(C) Similar results were obtained using the ligand-independent AF-1 domain

(AR[AF-1]). In (A)–(C), the error bars represent mean ± SD (n R 4).

(D) LNCaP cells were transfected with either control (Ctrl) or USP22 siRNA and

treated with or without ligand (R1881). Induction of KLK2 expression is ex-

pressed as the ratio of KLK2 mRNA levels normalized to GAPDH levels be-

tween cells treated and untreated with R1881 (upper panel). USP22 downre-

gulation was assessed by quantitative RT-PCR. USP22 levels are presented

as a percentage of the mean of control cells after normalization to GAPDH

mRNA levels (lower panel).

(E) LNCaP cells were incubated with or without ligand (DHT) and subjected to

ChIP using antibodies against AR (upper panel), USP22 (middle panel), or un-

modified histone H3 (lower panel). Precipitated DNA was quantified by real-

time qPCR using primers flanking the promoter region of KLK2 gene (!343

to!90). The values are expressed as percentage of the amount of immunopre-

cipitated DNA normalized to the respective input DNA signal. Background sig-

nals obtained from an intergenic region were subtracted for the quantification

of AR and USP22 association with the specific region. All results are represen-

tative of at least two independent experiments. In (D) and (E), the error bars

represent mean ± SD (n = 2).
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suggest that two activities, histone deubiquitination and mRNA
export, may also be coregulated within this complex. Although
we showed that TFTC/STAGA deubiquitinates H2Aub1 and
H2Bub1, USP22 could act on other nonhistone targets as sug-
gested by the accumulation of several ubiquitinated proteins
after inactivation of Drosophila nonstop (Poeck et al., 2001).

Different histone deubiquitinases involved in transcriptional
regulation have been identified in metazoan. Drosophila USP7
specifically deubiquitinates H2Bub1 and regulates Polycomb-
mediated silencing (van der Knaap et al., 2005). Recently, two
ubiquitin proteases, Ubp-M/USP16 and 2A-DUB/KIAA1915/
MYSM1, were identified as specific H2A deubiquitinases regu-
lating Hox gene expression and AR-dependent gene activation
(Joo et al., 2007; Zhu et al., 2007). In contrast to the specific rec-
ognition of either H2Aub1 or H2Bub1 by these enzymes, we
showed that TFTC/STAGA is active on both H2Aub1 and
H2Bub1 in vitro. Thus, it seems that, in addition to these en-
zymes that seem to be active only at specific target genes,
TFTC/STAGA has a broader specificity to counteract hetero-
chromatin silencing and to regulate gene activation by nuclear
receptors. Alternatively, the action of TFTC/STAGA on either
H2Aub1 or H2Bub1 could be restricted to specific genes in vivo.

The Functional Link between the HAT
and the Deubiquitination Activities of TFTC/STAGA
in Gene Activation
Genetic and biochemical analysis in yeast and Drosophila sug-
gested that the 2 MDa GCN5-containing complexes have multi-
ple roles in the cells: global deposition of histone H3 acetylation
marks along the entire chromosomes and targeted acetylation of
histones at specific loci. Our results obtained with the ubiquitin
protease mutants in both the In(1)Wm4h PEV system or the
AR-dependent PEVmodel suggest that, similarly to its HAT activ-
ity, the deubiquitination module of SAGA/TFTC is influencing
both the global chromatin architecture, as a modifier of PEV,
and the gene-specific function of the complex, as a nuclear re-
ceptor coactivator. This intriguing parallel raises the following
questions: is the TFTC/STAGA HAT activity in vivo functionally
connected with deubiquitination activity within the complex,
and which activity is needed first? Interestingly, all the subunits
of the deubiquitination module of TFTC/STAGA are able to func-
tion as coactivators during the activation process of AR, similarly
to what has been demonstrated for individual subunits of the
HAT module (Meng et al., 2004; vom Baur et al., 1998) or for
the entire 2 MDa HAT complexes (Yanagisawa et al., 2002). In
this respect the HAT and the deubiquitination modules seem to
fulfill similar functions suggesting that the two activities together
are necessary to achieve full activation of nuclear receptors on
chromatin templates. Histone acetylation is thought to open up
the chromatin, which may suggest that the deubiquitination ac-
tivity of the complex would work on templates, which have
been previously acetylated by the complex.

Our study pinpoints the monoubiquitination of histone H2A
and H2B as a mark that is timely regulated for appropriate tran-
scription inmetazoan organisms and further emphasizes that the
precise turnover of chromatin modifications is crucial for the
control of gene expression. The association of both HAT and
deubiquitination activities in the TFTC/STAGA complex provides

an attractive mechanism by which the so called ‘‘cross-talk’’
between given histone marks is coordinated within the same
regulatory complex. Further mechanistic studies will be required
to address the exact link between these activities and the other
chromatin-modifying complexes to understand how these se-
quential events participate in chromatin remodeling and gene
activation.

EXPERIMENTAL PROCEDURES

Plasmids, Fly Stocks, and Genetics
Plasmid construction, generation of transgenic flies, fly stocks, and crossing

schemes are presented in the Supplemental Experimental Procedures.

Mass Spectrometry
Mass spectrometry was performed using LTQ-FTmass spectrometer (Thermo

Electron, Bremen, Germany) essentially as described previously (Olsen et al.,

2004). Peptides identified were as following: SPHIPYK, DFFLSDR, and ITSNC

TIGLR corresponding to USP22; SHLSLVGTASGLGSNKK and SLLTTQCGVI

SEHTK corresponding to ATXN7L3; and TFLAQHASL corresponding to ENY2.

Antibodies
The anti-USP22 (2391 and 2392) and anti-ENY2 (2584 and 2585) polyclonal

antibodies were obtained by immunization of rabbits with peptides corre-

sponding to residues 2–15 (VSRPEPEGEAMDAE) of human USP22 and to

residues 50–66 (CKEVIKEKGLEHVTVDD) of human ENY2. Rabbits and mice

immunization with ATXN7L3 peptides corresponding to residues 278–296

(LQWDGSSDLSPSDSGSSKT) and to residues 335–353 (KKKPKPPAPPTPS

IYDDIN) produced the 2326 polyclonal and the 2ATX-2B1 monoclonal anti-

bodies and the 2325 polyclonal and 1ATX-2D7 monoclonal antibodies,

respectively.

In Vitro Deubiquitination Assay
293T cells transfected with Flag-H2A or Flag-H2B (gift form R.G. Roeder) and/

or HA-Ub (gift from I. Dikic) plasmids were collected in phosphate buffer saline

1X (PBS1X) containing 20 mM N-ethylmaleimide (NEM) and 1 mM PMSF.

Whole-cell extracts prepared in modified RIPA buffer (50 mM Tris-HCl [pH

7.9], 150 mM NaCl, 5 mM EDTA, 15 mM MgCl2, 1% NP40, 0.5% sodium de-

oxycholate, 1 mM DTT, 1X protease inhibitor, 1 mM PMSF, and 20 mM NEM)

were immunoprecipitated using M2 beads (Sigma). After extensive washing,

bound proteins were eluted with an excess of free Flag peptide. Eluted pro-

teins were used as a substrate in a deubiquitination reaction with different

amounts of highly purified TFTC complex prepared as described (Wieczorek

et al., 1998). The reaction was performed in 100 mM Tris-HCl (pH 7.9), 5%

glycerol, 1 mM DTT, and 1 mM EDTA for 2 hr at 37"C. Unmodified and mono-

ubiquitinated recombinant H2A or H2B were analyzed by immunoblotting

using anti-Flag and anti-HA antibodies.

Supplemental Data
Supplemental Data include six figures, Supplemental Experimental Proce-

dures, and Supplemental References and can be found with this article online

at http://www.molecule.org/cgi/content/full/29/1/92/DC1/.
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Nine neurodegenerative diseases, including spinocer-
ebellar ataxia type 7 (SCA7), are caused by the expan-
sion of polyglutamine stretches in the respective dis-
ease-causing proteins. A hallmark of these diseases is
the aggregation of expanded polyglutamine-containing
proteins in nuclear inclusions that also accumulate mo-
lecular chaperones and components of the ubiquitin-
proteasome system. Manipulation of HSP70 and HSP40
chaperone levels has been shown to suppress aggregates
in cellular models, prevent neuronal death in Drosoph-
ila, and improve to some extent neurological symptoms
in mouse models. An important issue in mammals is the
relative expression levels of toxic and putative rescuing
proteins. Furthermore, overexpression of both HSP70
and its co-factor HSP40/HDJ2 has never been investi-
gated in mice. We decided to address this question in a
SCA7 transgenic mouse model that progressively devel-
ops retinopathy, similar to SCA7 patients. To co-express
HSP70 and HDJ2 with the polyglutamine protein, in the
same cell type, at comparable levels and with the same
time course, we generated transgenic mice that express
the heat shock proteins specifically in rod photorecep-
tors. While co-expression of HSP70 with its co-factor
HDJ2 efficiently suppressed mutant ataxin-7 aggrega-
tion in transfected cells, they did not prevent either
neuronal toxicity or aggregate formation in SCA7 mice.
Furthermore, nuclear inclusions in SCA7 mice were
composed of a cleaved mutant ataxin-7 fragment,
whereas they contained the full-length protein in trans-
fected cells. We propose that differences in the aggrega-
tion process might account for the different effects of
chaperone overexpression in cellular and animal mod-
els of polyglutamine diseases.

Spinocerebellar ataxia type 7 (SCA7)1 is a dominantly inher-
ited neurodegenerative disorder, characterized by late-onset

neuronal loss in cerebellum, brainstem, and retina (1). SCA7 is
caused by an abnormal expansion of a polyglutamine (poly(Q))
tract (38–460 repeats) in the SCA7 gene product ataxin-7 (2),
a 892-amino acid protein recently identified as a new compo-
nent of a multisubunit transcriptional complex (3). Eight other
neurodegenerative diseases are caused by a CAG/poly(Q) re-
peat expansion, including Huntington disease (HD), denta-
torubro-pallidoluysian atrophy, spinobulbar muscular atrophy
(SBMA) and spinocerebellar ataxia types 1, 2, 3, 6, and 17.
Genetic and molecular studies indicate that poly(Q) tracts con-
fer a novel toxic function to the otherwise unrelated proteins,
but the mechanisms by which poly(Q) expansions lead to neu-
rodegeneration remain unclear (4, 5).

All of these diseases are characterized by continuous accu-
mulation of mutant proteins in insoluble aggregates, typically
forming nuclear inclusions (NIs) (6). NIs have been shown to
stain positively for ubiquitin, chaperones (mainly heat shock
proteins), and proteasome subunits, in various cellular and
animal models of poly(Q) diseases, as well as in post-mortem
patient brains (7, 8). Several SCA7 mouse models, which re-
produce many features of the human situation, display numer-
ous NIs consistently stained for ubiquitin, proteasome sub-
units, and chaperones (HSP70, HSC70, and HDJ2) (9–12). In
SCA7 patient brains, HDJ2, ubiquitin, and 19 S proteasome
subunits co-localize with NIs (13–15). Furthermore, the levels
of several chaperones, including the HSP70 and the HSP40
chaperones HDJ1 and HDJ2, were shown to be reduced in
SCA7 and/or HD mouse models (16, 17). Altogether, these
findings suggested that protein misfolding and impaired clear-
ance might be a common pathogenic event in poly(Q) diseases.
Accordingly, several studies showed that overexpression of
chaperones in cells reduces aggregate formation and, in some
cases, suppresses poly(Q) toxicity (reviewed in Refs. 8 and 18).
Genetic screens, in Drosophila models overexpressing mutant
ataxin-1 or a pure 127Q stretch, identified molecular chaper-
ones and components of the ubiquitin-proteasome pathway as
strong modulators of poly(Q)-induced toxicity (19, 20). In par-
ticular, deletion of HSP70 genes exacerbated SCA1 or SBMA
fly phenotypes, whereas overexpression of HSP70 or HDJ1
suppressed neurodegeneration in various Drosophila models
(19–24). Furthermore, Chan et al. (25) showed that HSP70 and
HDJ1 synergistically suppressed poly(Q) toxicity in a SCA3 fly
model. These chaperones work together in an ATP-dependent
manner, notably to help refold denaturated and aggregated
proteins. HSP40 co-chaperones recognize abnormally folded
polypeptide substrates, present them to HSP70, and stimulate
HSP70 ATPase activity (26).
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Overexpression of HSP70 had a more mitigated outcome in
modulating poly(Q) toxicity in mouse models (17, 27, 28). The
authors hypothesized that this might be explained by the lack
of HSP40 induction that would be required for HSP70 to mod-
ulate neurodegeneration. Overexpression of both HSP70 and
HSP40 has not been investigated in mouse models of poly(Q)
diseases. We decided to address this question in a SCA7 trans-
genic mouse model that presents with a progressive and severe
retinopathy (9, 29). In this model, neuronal dysfunction of a
single cell type (rod photoreceptors) can be quantified on living
animals by recording electroretinograms (ERGs). To co-express
mutant ataxin-7 and the molecular chaperones in the same cell
type, we generated transgenic mice overexpressing HSP70 and
HDJ2 specifically in rod photoreceptors. These heat shock pro-
teins efficiently suppressed mutant ataxin-7 aggregation in
transfected cells but were not able to prevent either neuronal
toxicity or aggregate formation in photoreceptors from SCA7
mice. We show here for the first time that expressing both
HSP70 and its co-factor HDJ2 has no beneficial effect on phe-
notype progression in a poly(Q) mouse model.

EXPERIMENTAL PROCEDURES

Generation of Transgenic Animals—A 2.2-kb XbaI-SmaI fragment of
the human rhodopsin promoter, encompassing the distal enhancer re-
gion, was subcloned from the R7N construct (9) into the pGSp2 vector,
kindly provided by Dr. D. Metzger, upstream of the rabbit !-globin
intron II, to generate the pGS-Rho vector. The 1.9-kb human HSP70
cDNA was amplified by PCR from clone pH2.3, kindly provided by Dr.
R. Morimoto, using a 5! primer encoding a FLAG epitope. The 1.2-kb
human HDJ2 cDNA was amplified by PCR from clone J3, kindly pro-
vided by Dr. T. Mohanakumar, using a 3! primer encoding a HA epitope.
These PCR fragments were XhoI-NheI-digested and cloned into the
pGS-Rho vector to generate pGS-Rho-RH70 and pGS-Rho-RH40 trans-
gene constructs, respectively. All final plasmids were verified by se-
quencing and subsequently SalI-ApaLI-digested to remove bacterial
sequences, purified on sucrose gradients, and microinjected into FVB/
N-fertilized eggs, as described (9). Mouse tail DNA was screened by
PCR for the presence of the transgenes. Founder mice were backcrossed
on the inbred C57BL/6 background to get F3 RH40 or RH70 transgenic
mice with a mixed (87.5% C57BL/6; 12.5% FVB/N) genetic background.
The loss of the rd allele from the FVB/N background was checked by
PCR followed by DpnI digestion. For genotyping of R7E, RH70, and
RH40 transgenic mice, mouse tail DNA was screened by PCR using
specific primers (5!-AGGCGATGACAAAGAAGAG-3! and 5!-AGGG-
GATGAGGATGAAGAG-3! for the SCA7 transgene, 470-bp product; 5!-
CAACAAGATCACCATCACCAAC-3! and 5!-GCTATTGCTTTATTTGT-
AACC-3! for the HSP70 transgene, 500-bp product; 5!-GGGGTCAAA-
CCCAATGCTACTC-3! and 5!-CATCCTTCCTCCTCCTCCAAAA-3! for
the HDJ2 transgene, 260-bp product). For genotyping of double and triple
transgenic mice, two independent PCR reactions were performed on the
same mouse tail DNA sample; one including both HSP70 and HDJ2
primer pairs and another using primers specific for the SCA7 transgene.

Plasmid Construction and Cell Transfection—For cell transfection
experiments, a full-length SCA7 cDNA with 128 CAGs was obtained by
PCR amplification of the B7E2B construct (10), using a 5! primer
encoding a FLAG epitope. This fragment was subcloned into
pcDNA3.1(") (Invitrogen) to generate pc7E2FL. A truncated SCA7
construct (pc7E2–456) was generated by PCR amplification of pc7E2FL
and introduced into pcDNA3.1(") vector (Invitrogen). Tagged full-
length HDJ2 and HSP70 cDNAs were subcloned from pGS-Rho-RH70
and pGS-Rho-RH40 constructs into pcDNA3.1(") (Invitrogen) to gen-
erate pcHDJ2 and pcHSP70 constructs, respectively. 2 # 105 HEK293T
cells were transiently transfected by calcium phosphate precipitation,
washed 16 h later, and harvested or fixed 24 or 48 h after washing.

Immunoblot Blot Analysis—Whole cell extracts from dissected retina
or from transfected HEK293T cells were obtained by homogenization in
lysis buffer containing 50 mM Tris-HCl, pH 8.0, 10% glycerol, 5 mM

EDTA, 150 mM KCl, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl
fluoride, and a mixture of protease inhibitors. Homogenates were then
incubated for 20 min on ice and centrifuged for 30 min at 10,000 # g and
4 °C. Supernatants were resolved on 8% SDS-PAGE gels. Primary
antibodies used were mouse monoclonal anti-FLAG M2 (Sigma), an-
ti-HA 12CA5, anti-HSP70 SPA-810 (Stressgen, Victoria, Canada), and
anti-HDJ2/Hsp40 (Neomarkers, Fremont, CA).

Antibody Production—The anti-ataxin-7 polyclonal 1599 antibody
was generated by immunization of rabbits with a peptide corresponding
to amino acids 226–245 (KEKLQLRGNTRPMHPIQQSR) of human
ataxin-7 and purified as described previously (9).

Immunohistology and Light Microscopy—For histology, retina were
dissected from enucleated eyes and then fixed by immersion in 2.5%
glutaraldehyde. Fixed eyes were rinsed in phosphate-buffered saline,
dehydrated with a graded alcohol series, and embedded in Epon. Semi-
thin (1 "m) sections were stained with toluidin blue. For immunocyt-
ofluorescence, transfected HEK293T cells were fixed in 4% paraform-
aldehyde and stained with anti-ataxin-7 2A10 monoclonal and affinity-
purified 1261 and 1598 polyclonal antibodies, as described (9, 10).
Immunohistofluorescence staining was performed as described previ-
ously (29). Briefly, dissected retina were fixed in 4% paraformaldehyde,
cryoprotected, and frozen in Cryomatrix (Thermo Shandon). 10-"m
cryostat sections were permeabilized, blocked, and then immunostained
using the following primary antibodies: anti-ataxin-7 2A10 monoclonal
and affinity-purified 1261, 1599, and 1598 polyclonal antibodies, as
described (9, 10), anti-FLAG M2 (Sigma), anti-HA 12CA5, anti-HSP70
SPA-810 (Stressgen), and anti-HDJ2/Hsp40 (Neomarkers, Fremont,
CA) mouse monoclonal antibodies. Secondary antibodies used were
CY3- and Oregon Green-conjugated goat anti-rabbit and anti-mouse
IgG (Jackson ImmunoResearch, West Grove, PA). Nuclei were counter-
stained with 0.5 "g/ml 4,6-diaminido-2-phenylindole (DAPI).

Real-time RT-PCR Analysis of Retinal RNA—Real-time RT-PCR
analysis was performed as described previously (29). Briefly, reverse-
transcribed total retinal RNA was amplified with SYBR Green I
(Sigma) on a Light-Cycler instrument (Roche Applied Science, Basel,
Switzerland) using Rho- and Ppia-specific primers.

Electroretinogram Recordings—Electroretinographic analysis was
performed as described previously (29). Briefly, dark-adapted mice were
anesthetized, pupils were dilated, and the cornea was locally anesthe-
tized. Scotopic rod ERGs were recorded by using a gold loop electrode
placed on the corneal surface and calibrated to a reference electrode
inserted subcutaneously on the head. Light stimulation was increased
from $4 to 1.4 log candela s m$2, as measured with a luxmeter at eye
level. The duration of the light stimulus was constant. Responses were
digitized using a data acquisition labmaster board (Multiliner Vision).

RESULTS

Molecular Chaperones Suppress Formation of Aggregates in
Cells Expressing Mutant Ataxin-7—We first evaluated whether
overexpression of HSP70 and/or HSP40/HDJ2 could modulate
mutant ataxin-7 aggregation in mammalian cells. We trans-
fected HEK293T cells with truncated or full-length mutant
SCA7 cDNA constructs (128 CAG) either alone or together with
human HSP70- and HDJ2-tagged cDNA constructs. Fourty
hours after transfection, Western blots revealed high and com-
parable expression of FLAG-tagged mutant ataxin-7, FLAG-
tagged HSP70, and HA-tagged HDJ2 (Fig. 1A). We then per-
formed immunofluorescence staining of transfected cells using
an N-terminal anti-ataxin-7 antibody (1261 (9)). While trun-
cated (residues 1–456) and full-length normal ataxin-7 dis-
played a diffuse nuclear staining (3), mutant ataxin-7 either
showed a similar localization or accumulated into large NIs
(Fig. 1B, upper panels). Co-transfection of both HDJ2 and
HSP70 cDNAs with truncated (residues 1–456) or full-length
mutant SCA7 completely suppressed formation of NIs (Fig. 1B,
lower panels and data not shown). All transfected cells dis-
played a diffuse nuclear staining suggesting that overexpres-
sion of these chaperones inhibited mutant ataxin-7 aggrega-
tion. We then quantified this effect by counting cells displaying
either NIs or homogenous nuclear staining after transfecting
either truncated mutant SCA7 cDNA alone or together with
HDJ2, with HSP70, or with both HDJ2 and HSP70 cDNAs.
Overexpression of HDJ2 had a mild effect on the number of
aggregates (20.3% % 2.6% versus 31.3% % 2.7%) that was not
statistically significant (one-way analysis of variance, F(2,14) &
1.6, p ' 0.05). Drastic suppression of aggregate formation was
achieved by overexpressing HSP70 alone (1.0% % 0.5% versus
31.3% % 2.7%; one-way analysis of variance, F(3,14) & 4.8, p (
0.05), or together with its co-factor HDJ2 (Fig. 1C). These
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results show that mutant ataxin-7 aggregation can be sup-
pressed in transfected cells by manipulating HSP70 and HDJ2
chaperone expression levels.

Generation of Transgenic Lines Overexpressing HDJ2 or
HSP70 in the Retina—We then wanted to address whether
HSP70 and/or HDJ2 overexpression could modulate mutant
ataxin-7 aggregation and neuronal toxicity in a SCA7 mouse
model. We previously generated SCA7 transgenic mice (R7E)
that highly and specifically overexpress mutant ataxin-7 (90Q)
in a single cell type, rod photoreceptors. These mice (from the
R7E.A line) have an early and severe retinal dysfunction, as
revealed by a progressive decrease of rod photoreceptor elec-
trophysiological activity (9, 29).

We thus made new transgenic mice that co-express molecu-
lar chaperones and mutant ataxin-7 in the same cells, at com-
parable levels and with the same time course. We constructed
expression vectors with human HSP70 or HDJ2 cDNAs down-
stream from the same 2.2 kb of the human rhodopsin promoter
used to drive mutant ataxin-7 expression. To assess recombi-
nant chaperone expression, we FLAG-tagged HSP70 and HA-
tagged HDJ2 cDNAs (Fig. 2A). The FLAG tag was inserted at
the N-terminal end of HSP70 to preserve the integrity of its
C-terminal co-chaperone binding domain, while the HA tag was
inserted at the C-terminal end of HDJ2 to avoid interference
with the structure of its N-terminal J domain (30, 31). We
generated several transgenic lines containing HSP70 or HDJ2
transgenes and called RH70 and RH40, respectively. They ex-
press the recombinant chaperones at different levels relative to
the endogenous proteins (Fig. 2B and Table I), as determined
by Western blot analysis of retinal homogenates using anti-
HSP70 or anti-HDJ2 antibodies. RH40 line B and RH70 line G
showed the highest expression, reaching 5–10-fold the endog-
enous levels. Expression levels of endogenous Hsp70 and Hdj2
were not modified in transgenic mice compared with wild type
(Fig. 2B). Immunostaining with either anti-tag or anti-chaper-
one antibodies indicated that expression was high and clearly
restricted to rod photoreceptors (Fig. 2C). In RH40 line E and
RH70 line H, we observed strong expression of recombinant
chaperones confined to a small subset of rods, accounting for
moderate levels detected by Western blots. Finally, chaperone
overexpression did not affect retinal structure and function, as
revealed by histological examination and electroretinogram re-
cordings (Fig. 2C and data not shown).

HSP70/HDJ2 Overexpression, Alone or in Combination, Does
Not Modulate SCA7 Retinopathy—F2 hemizygous animals
from RH70 line G and RH40 line B were cross-bred with hem-
izygous R7E mice to generate double transgenic mice R7E/
RH70 and R7E/RH40, respectively. This breeding scheme re-
sults in all genotypes (wild-type, R7E, RH70, RH40, and double
transgenic mice) from the same litter. Rod photoreceptor func-
tion was quantified on living animals at 9 weeks of age by
measuring the amplitude of the a-wave from electroretinogram
recordings performed on dark-adapted mice (scotopic ERGs).
At this age, RH70 and RH40 mice displayed similar ERG
recordings to that of wild-type littermates (data not shown). We
previously showed that rod activity was reduced by around 65%
in 9-week-old R7E mice compared with wild-type littermates.
These results were obtained with mice maintained on a pure
C57BL/6 genetic background (29). As our breeding scheme
generated mice with a mixed background (87.5% C57BL/6,
12.5% FVB/N, see “Experimental Procedures”), we first per-
formed ERG recordings on R7E and control mice from these
litters. Rod response was only reduced by 40% in 9-week-old
R7E mice as compared with control (CT) littermates, indicating
a slightly less severe disease progression on this mixed back-
ground (Fig. 3).

A comparable reduction of rod response was observed be-
tween age-matched R7E (106 % 11 "V), R7E/RH40 (120 % 16
"V), and R7E/RH70 (94 % 14 "V) mice as compared with

FIG. 1. HSP70 and HSP40/HDJ2 chaperones can prevent mu-
tant ataxin-7 aggregation in transfected cells. A, HEK293T cells
were co-transfected with a full-length mutant SCA7 cDNA construct
(pc7E2FL) and either an empty vector, a human HDJ2 HA-tagged
cDNA construct (pcHDJ2), or a human HSP70 FLAG-tagged cDNA
construct (pcHSP70). Whole cell extracts were prepared 40 h after
transfection and analyzed by immunoblotting using an anti-FLAG an-
tibody (upper and middle panels) or an anti-HA antibody (lower panel).
B, HEK293T cells were co-transfected with pc7E2FL and with either an
empty vector or both pcHDJ2 and pcHSP70 constructs (ratio pc7E2FL:
pcHDJ2:pcHSP70 1:1:2). Immunolocalization of transiently expressed
mutant ataxin-7 (128 Gln) using an anti-ataxin-7 antibody (1261, left
panels) was performed 24 h after transfection and showed that a sig-
nificant proportion of transfected cells had nuclear inclusions. When
both HDJ2 and HSP70 chaperones were overexpressed, mutant
ataxin-7 resulted in homogenous nuclear staining, whereas almost no
aggregates could be detected. Nuclei were counterstained with DAPI
(right panels). The scale bar represents 5 "m in each panel. C,
HEK293T cells were co-transfected with a truncated mutant SCA7
cDNA construct (pc7E2–456) and either with an empty vector or
pcHDJ2, pcHSP70, or both constructs. Immunolocalization of ataxin-7
was performed 24 h after transfection and the percentage of transfected
cells with nuclear inclusions (dark gray bars) or displaying diffuse nuclear
staining (light gray bars) was counted in each condition. Each bar repre-
sents the mean % S.E. of at least three independent experiments.

Role of Molecular Chaperones in Modulating SCA7 Retinopathy 55971



control littermates (182 % 13 "V) (Fig. 3B). As it has been
previously shown that HSP70 and HDJ2 act synergistically in
preventing polyQ-induced toxicity (25), we then generated tri-
ple transgenic mice to overexpress both HSP70 and its co-factor
HDJ2 in rod photoreceptors of R7E mice. At 9 weeks of age,
ERG recordings showed that rod photoreceptor responses were
comparable in R7E/RH40/RH70 (107 % 11 "V) and R7E (106 %
11 "V) mice (Fig. 3).

We previously reported that progressive reduction of rod
photoreceptor activity was accompanied by dramatic thinning
of the segment layer in R7E mice. We assessed progression of
retinopathy by histological examination of retina from the 10-
week-old R7E, R7E/RH40/RH70 triple transgenic, and WT
mice that had been used for the ERG recordings. Toluidin
blue-stained retinal sections from triple transgenic R7E/RH40/
RH70 or R7E mice were indistinguishable (Fig. 4A). At this
age, mice of both genotypes displayed heterogeneous pattern of
segment loss, accounting for the wavy shape adopted by the
photoreceptor nuclear layer (ONL). Massive loss of the outer
segments is likely due to a failure of rods to renew their seg-
ments. Indeed, we previously reported an early down-regula-
tion of rhodopsin expression in R7E mice (29). We thus quan-
tified Rho mRNA levels by performing quantitative RT-PCR on
RNA extracted from R7E, R7E/RH40/RH70 triple transgenic,
and WT retina. At 10 weeks of age, Rho mRNA levels were
reduced to 9% % 2% in retinal extracts from R7E mice com-
pared with wild-type mice. A similar down-regulation of Rho
expression was observed in retina from R7E/RH40/RH70 mice
(10% % 4%) (Fig. 4B). Taken together, these results indicate
that high and specific overexpression of either HSP70, HDJ2,
or both molecular chaperones does not overcome rod photore-
ceptor dysfunction and is not sufficient to counteract poly(Q)-
induced toxicity in this SCA7 model.

We previously showed that the mutant SCA7 transgene in
R7E mice, which is controlled by the rhodopsin promoter, is
transiently expressed with less than 5% residual expression
from 6 weeks of age (29). We wondered whether recombinant
chaperone expression would be affected in R7E/RH40 or in
R7E/RH70 mice. Western blot analysis of retinal extracts
showed a 2-fold reduction of recombinant HDJ2 levels in 10-

number of photoreceptors in RH70.H and RH40.E retina (right panels).
Both recombinant and endogenous HSP70 and HDJ2 were found in the
photoreceptors cytoplasm, particularly within the outer and the inner
segments, respectively. Each panel is divided in two showing HDJ2/
HSP70 immunoreactivities (left) or merged image after couterstaining
with DAPI (right). OS, outer segment; IS, inner segment; ONL, outer
nuclear layer; INL, inner nuclear layer. The scale bar represents 20 "m
in each panel.

FIG. 2. Expression of recombinant HSP70 and HDJ2 in trans-
genic mouse retina. A, schematic view of the transgene constructs
generated and used in this study. A representative PCR genotyping of
the different transgenic mice is shown below and demonstrates unam-
biguous determination of all genotypes analyzed in this study (lane 2,
wild type; lane 3, RH40; lane 4, RH70; lane 5, RH40/RH70 double
transgenic; lanes 6 and 7, R7E/RH40/RH70 triple transgenic animal;
lane 1, 100-bp DNA ladder). B, analysis of protein expression in
1-month-old WT, RH40 (lines C and B), and RH70 (lines J and G)
transgenic mice. Western blots of retinal homogenates were probed
with anti-HSP70 or anti-HDJ2 antibodies. Recombinant tagged HSP70
or HDJ2 (arrowheads) were detected above endogenous Hsp70 or Hdj2
(arrows) allowing to estimate recombinant proteins expression levels
relative to endogenous chaperones levels. C, immunofluorescence of
retina from 1-month-old WT, RH40 (lines B and E), and RH70 (lines G
and H) transgenic animals using anti-HSP70 or anti-HDJ2 antibodies.
Faint staining was detected in wild-type retina (left panels). In contrast,
strong HSP70 and HDJ2 immunoreactivities were found exclusively in
photoreceptors of RH70.G and RH40.B retina (middle panels). Finally,
strong HSP70 and HDJ2 staining were observed in a very restricted

TABLE I
Summary of the different HSP70/HDJ2 transgenic

mouse lines generated

Construct No. founders Linesa Protein expressionb

RH40 12 A ""c

B """
C """
D "
E "
F ""

RH70 16 G """
H "
I ""
J ""

a Only lines that stably transmitted the transgene over three gener-
ations and expressed detectable levels of protein are presented.

b Estimated by Western blot analysis using anti-HDJ2 and anti-HA
antibodies or anti-HSP70 and anti-FLAG antibodies.

c Recombinant/endogenous chaperones expression ratio: """, '5-
fold; "", around 1-fold; ", (1-fold.
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week-old R7E/RH40 double transgenic mice, compared with
RH40 littermates (Fig. 4C). Recombinant HDJ2 levels were
still higher than endogenous Hdj2 in R7E/RH40 mice (Fig. 4C).
Similar observations were made for recombinant HSP70 lev-
els, as a FLAG antibody detected a significant signal in
R7E/RH40/RH70 mice (Fig. 5D). Thus, the decrease of recom-
binant chaperone expression was less severe than SCA7
transgene repression in R7E mice, indicating that the ab-
sence of a protective effect is unlikely to be due to HSP70/
HDJ2 down-regulation.

HSP70/HDJ2 Overexpression Has No Effect on Mutant
Ataxin-7 Aggregation in Vivo—Despite the lack of functional
improvement in R7E/RH40/RH70 triple transgenic mice, we
examined whether mutant ataxin-7 aggregation is modulated
by overexpression of these molecular chaperones. We per-
formed immunostaining using an anti-ataxin-7 antibody to de-
tect NIs in retinal cryosections from 10-week-old R7E and

R7E/RH40/RH70 triple transgenic mice. In marked contrast
with what was observed in transfected cells, NI content was
indistinguishable between R7E (Fig. 5, A and B) and R7E/
RH40/RH70 (Fig. 5, C and D) retina. At this age, all ataxin-7
immunoreactivity is concentrated into a single, intense nuclear
aggregate in most rod nuclei. These NIs were distributed
throughout the whole photoreceptor nuclear layer and were of
similar size in R7E and R7E/RH40/RH70 retina. Immuno-
staining using anti-HA or anti-FLAG antibodies indicated that
recombinant HDJ2 or HSP70 were not recruited into NIs (Fig.
5, C and D). These findings indicate that overexpression of
HSP70 together with its co-factor HDJ2 is not sufficient to
prevent aggregate formation in this SCA7 mouse model. The
differential effect of molecular chaperones on mutant ataxin-7
aggregation between cellular and mouse models suggest that
the aggregation process is different in vitro and in vivo.

Proteolytic Processing and Aggregate Formation of Mutant
Ataxin-7—As NI formation in R7E mice is not suppressed by
HSP70/HDJ2 overexpression, we addressed what might differ-
entiate mutant ataxin-7 aggregation in transfected cells versus
transgenic mice. Yvert et al. (9) previously reported that NIs
are composed of an N-terminal fragment of mutant ataxin-7 in
R7E mice. Proteolytic processing of mutant ataxin-7 was con-
firmed in another transgenic SCA7 model and in the brain of a
SCA7 patient (14, 32). We thus examined whether mutant
ataxin-7 is cleaved in transfected HEK293T cells. We per-
formed immunostaining using anti-ataxin-7 antibodies that
recognize either N-terminal (2A10) or C-terminal (1598)
epitopes 48 h after transfecting vector that express full-length
mutant SCA7 cDNA carrying 128 CAGs. Both antibodies
stained mutant ataxin-7, whether it displayed homogenous
nuclear staining or was aggregated into multiple NIs (Fig. 6B).
This result indicates that, in transfected cells, NIs are formed
by full-length mutant ataxin-7. Similarly, aggregation of full-
length ataxin-7 in NIs was independently reported by Zander et
al. (14). We next assessed whether mutant ataxin-7 proteolytic
processing occurred in R7E/RH40/RH70 triple transgenic mice.
To confirm and better characterize this proteolytic event, we
generated a new polyclonal antibody (1599) raised against a
synthetic peptide corresponding to amino acids 226–245 of
human ataxin-7. Western blots of retinal homogenates from
R7N mice (R7N.C line), which overexpress normal ataxin-7
(10Q) in rod photoreceptors, were probed with the purified 1599
antibody. Full-length recombinant ataxin-7 was detected in
whole cell extracts from both R7N retina and cells transfected
with SCA7 cDNA constructs (Fig. 6D). The 1599 antibody also
detected a cross-reacting band in both WT and R7N animals.
However, immunostaining of retina cryosections showed that
this antibody specifically detected recombinant ataxin-7 in rod
photoreceptor nuclei in R7N (Fig. 6C) but not in WT mice (data
not shown), similarly to what was observed using other specific
anti-ataxin-7 antibodies (Fig. 6C, upper panels). In both R7E
and R7E/RH40/RH70 mice, an N-terminal antibody (1261)
stained NIs in most rod photoreceptors, while the two more
C-terminal antibodies (1599 and 1598), recognizing different
epitopes, failed to detect NIs (Fig. 6C, middle and lower pan-
els). These results indicate that NIs are composed of an N-
terminal fragment of mutant ataxin-7 and that this processing
is not affected by HSP70/HDJ2 overexpression. In transfected
cells, the aggregation process is markedly different, as indi-
cated by the fact that NIs are composed of the full-length
mutant protein and that chaperone overexpression could sup-
press full-length or truncated mutant ataxin-7 aggregation.
These discrepancies suggest that mutant ataxin-7 processing is
markedly different in vitro from the in vivo situation and might
provide one explanation for why chaperone overexpression has

FIG. 3. Overexpression of HSP70 and HDJ2 does not modulate
rod photoreceptors dysfunction in SCA7 mice. A, scotopic ERG
responses of WT, R7E, and R7E/RH40/RH70 triple transgenic mice at 9
weeks of age. Each recording corresponds to the average response of one
animal at maximal light intensities (from 0 to 1.4 log candela s m$2).
Single recordings revealed a similar decrease of rod electrophysiological
activity in R7E and R7E/RH40/RH70 mice. B, scotopic ERG responses
from R7E, R7E/RH40, R7E/RH70, R7E/RH40/RH70 transgenic mice
and control littermates (CT) at 9 weeks of age (n & 6–12 for each group).
Rod photoreceptors activity is quantified as the mean amplitude of the
a-wave recorded at the four maximal light stimulus intensities (from 0
to 1.4 log candela s m$2). Quantification of rod dysfunction revealed a
similar decline in electrophysiological activity in all the genotypes stud-
ied compared with control mice. Each bar represents the mean value %
S.E. of 6–12 animals in each group.
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no beneficial effects on aggregate formation and eventually on
neuronal dysfunction in this SCA7 model.

DISCUSSION

This report demonstrates that high level expression of
HSP70 together with its co-factor HDJ2 does not afford protec-
tion against poly(Q)-induced toxicity in a mouse model of a
poly(Q) disease. The retinopathy in our SCA7 mouse model
offers an excellent opportunity to reproducibly quantify the
progressive dysfunction of a single cell type and thus to assess
the protective effects of chaperone overexpression in mice. We
thus generated transgenic lines expressing HSP70 and/or
HDJ2 at high levels specifically in rod photoreceptors and
backcrossed them with R7E mice. Rod dysfunction was not
overcome in R7E mice overexpressing both HSP70 and HDJ2,

as assessed by the similar reduction of ERG responses and the
comparable histological and transcriptional abnormalities.

Several control experiments were performed to check that
the absence of rescue was not due to flaws in our experimental
design. First, we controlled that our tagged HSP70/HDJ2
transgenes retained a refolding activity. These constructs were
indeed able to interfere with mutant ataxin-7 aggregation, as
shown by the complete inhibition of NI formation after overex-
pressing FLAG-tagged HSP70 and HA-tagged HDJ2 in trans-
fected HEK293T cells (Fig. 1). Furthermore, this observation
indicates that mutant ataxin-7 misfolding and aggregation can
be prevented by molecular chaperones in cells, as observed for
other polyQ-containing proteins (7, 33–43). Then, we confirmed
that rod photoreceptors can simultaneously express multiple
transgenes controlled by the same promoter by generating

FIG. 4. Absence of rescue at the histological and molecular levels. A, histological examination of WT, R7E, and R7E/RH40/RH70 triple
transgenic mice at 10 weeks of age. Semi-thin toluidin blue-stained sections revealed that the photoreceptor nuclear layer (ONL) is disrupted.
There are numerous “waves” that correspond to focal loss of the outer segments (OS) and thinning of the inner segements (IS) in both R7E and
R7E/RH40/RH70 mice. OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer. B, rhodopsin mRNA levels are
severely reduced in both R7E and R7E/RH40/RH70 mice. Quantification of Rho expression in control, R7E, and R7E/RH40/RH70 mice at 10 weeks
of age (n & 4 for each group) by real-time RT-PCR using primers specific for Rho and Ppia as an internal control. Down-regulation of Rho mRNA
is comparable in R7E and R7E/RH40/RH70 mice. Rho levels are represented as a percentage of the mean of control (CT) littermate mice, after
normalization to Ppia levels. Each bar represents the mean value % S.E. C, analysis of recombinant HDJ2 expression in 10-week-old RH40 and
R7E/RH40 mice. The Western blot of retinal homogenates was probed with an anti-HDJ2 antibody and quantified by densitometric analysis.
Recombinant HDJ2 (arrowhead) was normalized to endogenous Hdj2 (arrow) levels. Ratios are indicated at the bottom of the gel for each mouse.
There is a 2-fold reduction of recombinant HDJ2 levels in the R7E background at this age.
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double transgenic RH70/RH40 or R7N/RH40 mice. In both
cases, the expression levels of both recombinant proteins were
similar to those observed in single transgenic mice (data not
shown). Furthermore, homozygous RH40 and RH70 mice
showed 2-fold higher mRNA and protein levels as compared
with hemizygotes (data not shown). This suggests that rods
from triple transgenic mice can overexpress different trans-
genes at the expected levels. Finally, Muchowski et al. (44)
showed that HSP70, in conjunction with HSP40, efficiently
inhibited poly(Q) aggregation only when added during the
early phase of the process but failed to inhibit polymerization
once seeding has occurred. In this study, the respective trans-
genes were all controlled by the same promoter, leading to an
identical onset of expression, in the same cell type and at
comparable levels. We previously reported that poly(Q) expan-
sions repress rhodopsin promoter activity, resulting in repres-
sion of SCA7 transgene expression (29). Similarly, HDJ2 and
HSP70 transgene expression was also affected but to a lesser
extent than the SCA7 transgene. Thus, in R7E/RH40/RH70
triple transgenics, rod photoreceptors expressed recombinant
ataxin-7, HSP70, and HDJ2 at comparable levels during the
time course of SCA7 retinopathy.

Polyglutamine aggregates are highly dynamic structures
that sequester various proteins either irreversibly or tran-
siently (45–47). In R7E mice, NIs are also dynamic rather than
permanent structures, as we previously reported partial clear-
ance of aggregates after loss of mutant SCA7 transgene expres-
sion (29). Expression of both HSP70 and HDJ2 in R7E mice had
no effect on the number and size of nuclear inclusions (Fig. 5),
indicating that mutant ataxin-7 aggregation was not altered.
This observation may not be sufficient to explain why overex-
pressed chaperones have no beneficial effect on SCA7 retinop-
athy. While it is clear that progressive accumulation of poly(Q)-
containing proteins is a key pathogenic event, the exact role of

aggregation in neurodegeneration is not fully understood (6,
48). NI formation could be dissociated from neuronal toxicity in
one SCA1 mouse model (49, 50). Furthermore, chaperone mod-
ulation of poly(Q) neurodegeneration in flies and of SCA1 mo-
tor impairment in mice was not accompanied by a reduction in
aggregate formation (19, 21, 27). Although mature aggregates
are the observable outcome of the aggregation process, poly(Q)
toxicity might stem from earlier oligomer intermediates, which
are difficult to detect and quantify (51–53). Interestingly, some
studies have suggested that chaperone overexpression renders
poly(Q) aggregates more sensitive to detergent solubilization
(17, 25). In R7E mice, HSP70/HSP40 chaperone overexpression
had no effect on the SDS-extractability of mutant ataxin-7
aggregates (data not shown). In marked contrast, the same
molecular chaperones completely suppressed mutant ataxin-7
aggregation in transfected cells, similarly to numerous previ-
ous studies.

Many nonexclusive explanations may account for the differ-
ential effects of molecular chaperones on poly(Q) aggregation in
cellular and animal models. In transfected cells, NIs become
visible by light microscopy as early as 1 day after overexpres-
sion of poly(Q) proteins, whereas in most transgenic mouse
models, aggregates are detectable a few weeks after the onset
of expression (9, 50, 54). In cell-based models, the massive and
rapid overload of poly(Q) proteins might hide specific or unspe-
cific molecular events associated with continuous formation
and processing of aggregates in vivo. We observed that mutant
ataxin-7 is proteolytically processed in transgenic mice but not
in transfected cells. This discrepancy suggests that the full-
length protein is handled differently in vivo. However, we could
not assess whether mutant ataxin-7 is specifically cleaved or
non-specifically trimmed, since the aggregated protein could
not be resolubilized using standard procedures. Furthermore,
HSP70/HSP40 chaperones were able to handle aggregates

FIG. 5. Hsp70 and Hdj2 do not suppress aggregates formation in SCA7 mice. Retinal cryosections (10 "m) from R7E (A and B) and
R7E/RH40/RH70 triple transgenic mice (C and D) at 10 weeks of age were immunostained using anti-ataxin-7 (1261), anti-HDJ2 (A), anti-HSP70
(B), anti-HA (C), and anti-FLAG (D) antibodies. Numerous mutant ataxin-7 nuclear aggregates (green) were found throughout the photoreceptor
nuclear layer from both genotypes (compare A and B with C and D). Endogenous Hdj2 was recruited into nuclear inclusions (red, A). Recombinant
HDJ2 and HSP70, detected using anti-tag antibodies, did not co-localize with mutant ataxin-7 (red, panels C and D). Nuclei were counterstained
with DAPI. The scale bar represents 10 "m.
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formed in cells transfected with constructs encoding full-length
or truncated mutant ataxin-7 (Fig. 1C). Thus, proteolytic proc-
essing of ataxin-7 in transgenic mice might be one out of a
number of nonexclusive molecular mechanisms, which alto-
gether account for the differential sensitivity of poly(Q) aggre-
gates to molecular chaperones in different model systems.

So far, the protective effects of chaperones have been inves-
tigated by crossing SCA1, SBMA, and HD transgenic models
with mice that overexpress HSP70 ubiquitously. HSP70 over-
expression in SBMA mice improved their motor phenotype and
survival rate, probably by reducing nuclear translocation of the
mutant androgen receptor (55). Similar experiments in SCA1
mice led to a milder amelioration of the motor dysfunction (27),
while in R6/2 mice, two independent studies reported no effect
on disease progression and survival (17, 28). We show here that
even high and specific overexpression of both HSP70 and its
co-factor HSP40/HDJ2 did not ameliorate the SCA7 mouse
phenotype. Altogether, these observations indicate that chap-
erone overexpression in mammals might have different effects,
depending on the specific features of each poly(Q) protein. In
addition, there is a striking discrepancy between these findings
and the identification of molecular chaperones as powerful
suppressors of poly(Q) toxicity in all fly models generated so
far. HSP70 overexpression has been shown to protect flies
against other pathological conditions, including #-synuclein
toxicity, fragile X premutation, and normal aging (56–58). Mo-
lecular chaperones might have beneficial effects by preventing
misfolded proteins from adopting toxic conformations or
through a variety of other pathways which could be differen-
tially regulated and implicated between model systems. For
instance, chaperones might inhibit apoptosis that is triggered
by misfolded proteins. Indeed, HSP70 has been shown to coun-
teract the activity of the stress-induced kinase JNK and to
negatively regulate the apoptosome (59). At variance with
mammalian models, poly(Q) flies are characterized by massive
neuronal loss. This phenotype can be fully rescued by overex-
pression of chaperones, which could exert their beneficial effect
via anti-apoptotic functions. Furthermore, the HSP70/HSP40
system helps ubiquitin ligases to recognize and target mis-
folded proteins for proteasomal degradation (60). Many mech-
anisms at the crossroads of protein misfolding, protein degra-
dation, and apoptosis could be influenced by chaperones and
could contribute to the differential effect of molecular chaper-
ones in invertebrate and mouse models.

In mammals, the high redundancy of the chaperone and
ubiquitin-proteasome systems suggest that there are addi-
tional protein quality control components which might not be
present or required in invertebrates. This redundancy is prob-
ably critical for mammals to protect themselves against specific
stress associated with an extended neuronal life span or envi-
ronmental conditions. If many of these additional factors are
altered in poly(Q) mouse models, correction of a single pathway
would not be sufficient to suppress the neurological phenotype.
In agreement with that hypothesis, Hay et al. (17) recently
reported that there is a decrease in the levels of several heat
shock proteins, which correlates with phenotype progression in
R6/2 mice, and that pharmacological induction of chaperones

recognizes normal and mutant ataxin-7 by Western blot. Whole cell
extracts of HEK293T cells transfected with full-length normal
(pc7NFL) or mutant (pc7E2FL) SCA7 cDNA constructs were analyzed
by Western blot using 1599 antibody. Bands corresponding to normal
(10 Gln) and mutant (128 Gln) ataxin-7 were specifically revealed by
1599 at the expected sizes (110 and 160 kDa, respectively). Western blot
of retinal homogenates from WT or R7N mice confirmed that 1599
recognizes normal recombinant ataxin-7 at the expected size (110 kDa).
A nonspecific cross-reacting band of lower molecular weight (asterisk)
was detected in both WT and R7N retina.

FIG. 6. Nuclear inclusions contain different forms of ataxin-7
in transfected cells and SCA7 mice. A, schematic representation of
human ataxin-7 indicating the positions of the epitopes recognized by
the antibodies used in this study. B, HEK293T cells were transfected
with a full-length mutant SCA7 cDNA construct (pc7E2FL). Immuno-
localization of transiently expressed mutant ataxin-7 (128 Gln), using
an N-terminal monoclonal antibody (2A10, red) and a C-terminal poly-
clonal antibody (1598, green) was performed 24 h after transfection. The
merged image shows that nuclear inclusions are labeled by both anti-
bodies, indicating that NIs are composed of full-length mutant ataxin-7.
C, retinal cryosections (10 "m) from R7N, R7E, and R7E/RH40/RH70
mice at 10 weeks of age were immunostained using anti-ataxin-7 anti-
bodies (1261, 1599, and 1598) covering the full-length protein. Normal
ataxin-7 was stained with all antibodies (upper panels) and displayed a
characteristic nuclear staining in rod photoreceptors. In contrast, mu-
tant ataxin-7 accumulated in NIs that were detected using N-terminal
antibodies (1261) but not using more C-terminal antibodies (1599 and
1598) in R7E mice (middle panels). Similar results were obtained in
R7E/RH40/RH70 mice (lower panels) indicating that C-terminal se-
quences are lost in both genotypes. Nuclei were counterstained with
DAPI. The scale bar represents 5 "m. D, 1599 polyclonal antibody
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significantly delayed aggregates formation in an organotypic
slice culture assay. Thus, induction of a global heat shock
response, not exclusively HSP40 and HSP70, might be a more
useful therapeutic approach that is worthy of further investi-
gation in mouse models of poly(Q) diseases. Our results also
indicate that a better understanding of the molecular mecha-
nisms underlying the discrepancies between cellular, inverte-
brate, and mouse models would be required before further
validation of chaperone induction as a therapeutic strategy.
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Analyses structure fonction du module de 
déubiquitination du complexe SAGA 

 

 

Résumé 
Pour faciliter l’initiation de la transcription par l’ARN Polymérase II, le complexe co-activateur de la 
transcription SAGA possède une activité d’acétylation des histones H3 et une activité de 
déubiquitination des histones H2B, catalysée chez l’homme par l’enzyme USP22. 

Mon travail de thèse a porté sur l’étude de la régulation de cette activité de déubiquitination. 
Au sein de SAGA, USP22 interagit fortement avec trois protéines pour former un module structural 
appelé module de déubiquitination (DUBm). Nous avons montré que la formation d’un tel module 
était requise pour activer USP22. 

D’autre part, deux sous-unités du DUBm humain, ATXN7 et ATXN7L3, contiennent un 
domaine SCA7. Nos résultats montrent que le repliement structural adopté par ces deux doigts de 
zinc n’avait pas encore été décrit. Nous avons démontré que le domaine SCA7 de ATXN7 peut 
interagir avec un nucléosome in vitro et que cette interaction participe à la régulation fine de l’activité 
de déubiquitination de SAGA. 
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Summary 
To facilitate transcription by RNA Polymerase II, the transcriptional co-activator SAGA harbours two 
enzymatic activities. In human cells, these two enzymes are called GCN5 and USP22 and they can 
respectivelly acetylate histones H3 and deubiquitinate histones H2B. 

During my PhD thesis, I have worked on the regulation of SAGA deubiquitination activity. In 
the SAGA complex, USP22 interacts strongly with three proteins to form a structural module, named 
deubiquitination module (DUBm). We have shown that the formation of a stable DUBm increases 
USP22 catalytic activity. 

Secondly, two subunits of the human DUBm, ATXN7 and ATXN7L3, contain a SCA7 domain. 
Our results show that the new structural fold adopted by these two domains is specific to these zinc-
fingers. We have shown that the ATXN7 SCA7 domain can interact in vitro with a nucleosome which 
fine tunes SAGA deubiquitination activity, possibly by an optimal positionning of the module to its 
substrate. 
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