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A. Introduction générale

Les acides ribonucléiques (ARN) sont des molécules biologiques trouvées dans pratiquement
tous les organismes vivants. lls se présentent comme un enchainement linéaire de nucléotides,
chaque nucléotide étant constitué d'un groupement phosphate, d'un sucre (ribose) et d'une base
azotée (adénine, guanine, cytosine et uracile). Les cellules vivantes les utilisent comme un support
intermédiaire des genes pour fabriquer les protéines dont elles ont besoin. Les ARN sont produits
par transcription a partir de I'ADN support de l'information génétique et situé dans le noyau des
cellules eucaryotes. Chaque ARN est une copie de I'un des brins d'une région d'ADN. Les ARN ainsi
produits assurent trois grands types de fonctions, 1) ils peuvent étre un support de l'information
génétique d'un ou plusieurs génes codant des protéines (ARN messagers), 2) ils peuvent adopter
une structure secondaire et tertiaire stable pour accomplir des fonctions catalytiques et I'on parle
alors de ribozymes (par exemple la ribonucléase P ou I'ARN ribosomique), 3) ils peuvent enfin
intervenir dans la régulation de I'expression génique, soit en s'appariant directement a un ARNm
cible dans le cas des petits ARN régulateurs et ARN antisens, soit en agissant aprés une étape de
maturation par des facteurs multi-protéiques dans le cas des petits ARN interférents et des micro
ARN (Berg et al. 2015). Des études sur la production cellulaire d’ARN ont montré que les cellules
fabriquaient plus de molécules d’ARN qu’elles n’en accumulaient, suggérant I'existence de
processus de dégradation (Houseley and Tollervey 2009). En général, ils sont détruits dés la fin de
leur utilisation par la cellule. Les molécules d’ARN comportant des défauts d’épissage ou des
problemes de repliement seront détruites par la machinerie de surveillance. Comme la
dégradation des ARN est un processus clé de la vie cellulaire, ce mécanisme doit étre finement
controlé afin d’identifier les ARN cibles. La voie de dégradation est largement contrélée par

I’action coordonnée et successive de complexes macromoléculaires multi-protéiques.

Le complexe CCR4—-NOT est une machine macromoléculaire multifonctionnelle extrémement
conservée et impliquée dans divers processus cellulaires, en particulier dans le controle du
métabolisme des ARN messagers (Collart and Panasenko 2012). De nombreuses études menées,
dans un premiere temps chez la levure et plus récemment chez les eucaryotes supérieurs, ont mis
en évidence que le complexe régulait I'expression des genes a de multiples niveaux ce qui influait
sur l'initiation de la transcription, le contréle de la taille de ’ARN messager par déadénylation qui

provoque la dégradation de I’ARN messager, la traduction et méme la dégradation des protéines.



Les composants du complexe CCR4—NOT sont par ailleurs associés a diverses fonctions dans
différentes espéces, soit dans le noyau, soit dans le cytoplasme. Ceci inclut en particulier la
réparation de I’ADN et la méthylation des histones chez la levure, la régulation de la longueur des
microtubules chez Caenorhabditis elegans et la spermatogénése chez la souris (Chapat and Corbo

2014).

B. Découverte du complexe CCR4-NOT

Le complexe CCR4-NOT a été découvert et étudié chez la levure. La majorité des composants
de ce complexe a été identifié par une sélection génétique dont le but était de mettre en évidence
des activateurs de la transcription. Il a été dans un premier temps présumé que le complexe était
composé de deux sous-complexes indépendants: CCR4 et NOT. Le module CCR4 (Carbon
Catabolite Repressor) est composé des protéines CCR4 et CAF1. CCR4 a été identifié comme un
géne régulant les enzymes répressibles au glucose. CCR4 interagit avec la protéine CAF1 (CCR4-
associated factor 1). Les protéines NOT (Negative On TATA-less) ont été identifiées grace a un
criblage de génes réprimant les promoteurs sans boite TATA. En 1998, Clyde Denis et ses collegues
ont publié une communication mettant en évidence que le coeur du complexe était composé des
modules CCR4 et NOT. Cette étude était principalement basée sur des expériences de co-
immunoprécipitation et de spectrométrie de masse révélant un complexe chez la levure d'une
taille allant de 0.9 a 1.2 MDa (Liu et al. 1998b). Au total, le complexe de levure est constitué de
cing protéines NOT (NOT1 a NOT5) et deux sous-unités catalytiques, CCR4 et CAF1.

Le cceur du complexe CCR4—NOT a été extrémement conservé au cours de |'évolution chez les
organismes eucaryotes (Draper et al. 1994; Albert et al. 2000). Chez les mammiféres, les protéines
homologues forment aussi un complexe similaire qui a un réle important dans la régulation de
plusieurs processus cellulaires (Mahadevan and Struhl 1990; Collart et al. 1993; 1994; Oberholzer
et al. 1998; Badarinarayana et al. 2000; Albert et al. 2002; Deluen et al. 2002; Lenssen et al. 2002;
Maillet et al. 2002; Viswanathan et al. 2004). D’autres sous-unités périphériques ont été
identifiées par la suite et se composent des protéines CNOT9, CAF130, NOT10 (CNOT10), C20rf29
(CNOT11), and TAB182. Certaines de ces sous-unités sont especes-spécifiques : par exemple
CAF130 est spécifique a la levure (Collart and Panasenko 2012), alors que les protéines NOT10,
C20rf29, et TAB182 se trouvent dans le complexe humain et sont absentes chez la levure. Par
ailleurs, NOT10 and C20rf29 sont conservées chez les métazoaires (Bawankar et al. 2013; Mauxion

et al. 2013).



C. Les fonctions biologiques du complexe CCR4-NOT

C.1. Le complexe CCR4-NOT est responsable de la déadénylation des ARN

Ce complexe est responsable du processus de déadénylation, qui consiste a catalyser la
dégradation de la queue poly(A) des ARN. Cet événement a pour conséquences de réprimer la
traduction et de marquer I'’ARN messager pour le processus de dégradation (Collart 2003). La
déadénylation constitue un processus crucial notamment dans des événements impliquant
I'expression des geénes et qui a un role dans des processus biologiques variés tel que le
développement embryonnaire. Cette réaction de déadénylation est une étape biphasique
(Yamashita et al. 2005; Wahle and Winkler 2013). La premiere phase est une réaction
synchronisée par étape qui consiste a raccourcir la queue poly(A) de I’ARN messager d’une
longueur avoisinant 110 nucléotides. Dans une seconde phase, déterminante dans le
déclenchement de la dégradation de I'ARN, la queue devient plus hétérogene en longueur,
pouvant varier d’'une centaine a une vingtaine de ribonucléotides. Plusieurs travaux ont mis en
évidence ce processus biphasique et I'hypothése consensuelle avancée a ce jour propose que ce
processus est le résultat d’une action séquentielle du complexe de déadénylation PAN2—PAN3 qui
domine dans la premiére phase, alors que le complexe CCR4—NOT serait prédominant dans la

seconde (Figure 1) (Yamashita et al. 2005; Zheng et al. 2008; Wahle and Winkler 2013).

C.2. Les activités biochimiques principales du complexe CCR4-NOT

Deux activités biochimiques majeures sont associées au complexe CCR4-NOT, la déadénylation
et I'activité E3 ubiquitine ligase. La premieére limite la vitesse de dégradation d’'un ARN messager
normal par les voies 5--> 3’ ou 3’--> 5’. Des études chez la levure ont montré que le complexe
CCR4-NOT était principalement responsable de cette activité in vivo (Tucker et al. 2002). Les
protéines responsables de l'activité de déadénylation sont les protéines CCR4 et CAF1. CCR4
appartient a la classe des exonucléases de type lll qui possédent une activité exoribonucléasique
3’-5’ pour les ARNs poly(A) in vitro. CAF1 contient un domaine RNase D/DEDD et posséde une
activité 3’ exonucléasique (Arraiano et al. 2013). Bien que CCR4 et CAF1 soient requises pour
atteindre des taux de déadénylation normaux chez la levure, il a été montré que CCR4 était le
composé majoritairement actif du complexe (Chen et al. 2002; Tucker et al. 2002). En effet chez

Saccharomyces cerevisiae, la protéine CAF1 a des acides aminés substitués en son site actif (Berg



et al. 2015; Thore et al. 2003) qui sont indispensables a son activité, mais qui contribuent au
recrutement de la protéine CCR4 sur le complexe. D’autres études plus récentes ont mis en
évidence que chez les métazoaires les protéines CAF1 ont aussi conservé les acides aminés de la
version de la levure. Les protéines CAF1 et CCR4 sont actives sous forme isolée in vitro (Houseley
and Tollervey 2009; Chen et al. 2002; Thore et al. 2003; Bianchin et al. 2005; Clark et al. 2004) mais
in vivo la déadénylation semble se produire dans le cadre du complexe olu la protéine
d’échafaudage Notl est indispensable. L’identification d’homologues de ces protéines chez les
métazoaires a démontré que la voie de dégradation des ARNs est un processus conservé au cours
de I’évolution (Collart and Panasenko 2012; Bianchin et al. 2005; Bartlam and Yamamoto 2010;

Denis et al. 2003; Dupressoir et al. 2001; Temme et al. 2004; Viswanathan et al. 2004).
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Figure 1 : Déadénylation d’'un ARNm cytoplasmique, dégradation et contréle qualité

Adapté de Norbury, C. J. (2013).

Un ARNm est représenté dans son état traductionnel et polyadénylé. Par souci de clarté, les
facteurs d'initiation de la traduction autres que le complexe elF4F ne sont pas représentés. Un
raccourcissement de la queue poly(A) est d'abord effectué par le complexe PAN2-PAN3 qui est
stimulé par PABP. La dégradation s'effectue ensuite par une déadénylation par le complexe CCR4-
NOT. Cette étape de déadénylation est soit suivie par la dégradation 3'-5' par le complexe
Exosome ou alors plus fréquemment par le recrutement du complexe PAT1-LSM1-LSM7 qui
stimule le décoiffage par les protéines (DCP1)-DCP2 et qui induit I'attaque exonucléasique de



XRN1. L'absence de codon stop court-circuite cette voie de dégradation en stimulant la voie 3'-5'
de dégradation par I'exosome (non stop decay) ou les ribosomes bloqués déclenchent le clivage
endonucléotidigue des ARNm (no-go-decay). La présence d'un codon stop prématuré conduit
aussi au clivage endonucléotidique et a la déadénylation et au décoiffage (NMD:nonsense-
mediated decay).

Cytoplasmic RNA: a case of the tail wagging the dog. Nature Reviews. Molecular Cell Biology,
14(10), 643-653.

La seconde activité enzymatique liée au complexe décrite in vitro est l'ubiquitination.
L'ubiquitination est une modification post-traductionnelle biochimique nécessitant plusieurs
étapes de modifications successives par des ligases de type E pour aboutir a la fixation covalente
d'une ou de plusieurs protéines d'ubiquitine (8 kDa) sur une ou plusieurs lysines acceptrices de la
protéine substrat. Ces modifications biochimiques ont plusieurs fonctions dont la plus connue est
la dégradation de la protéine ubiquitinée par le protéosome. La protéine NOT4 possede une
activité ligase ubiquitine RING E3 conservée de la levure aux métazoaires (Draper et al. 1994;
Albert et al. 2002; 2000; Mersman et al. 2009; Mulder et al. 2007). Les enzymes E2 qui
fonctionnent avec la protéine NOT4, sont Ubc4 et Ubc5 (Mahadevan and Struhl 1990; Panasenko
et al. 2012; Collart et al. 1993; 1994; Oberholzer et al. 1998; Badarinarayana et al. 2000; Albert et
al. 2002; Deluen et al. 2002; Lenssen et al. 2002; Maillet et al. 2002; Viswanathan et al. 2004),
deux enzymes de conjugaison de I'ubiquitine qui sont impliquées dans des processus
d’ubiquitination. Peu de substrats de I'enzyme E4 ont été décrits, on retrouve parmi eux la
protéine ribosomal Rps7A47 et le complexe protéine chaperonne NAC (Nascent-polypeptide
associated complex) dont l'ubiquitination régule I’association au ribosome et au protéosome
(Collart and Panasenko 2012; Panasenko et al. 2009). D’autres cibles d’ubiquitination ont pu étre
identifiées chez la levure en particulier une enzyme de déméthylation des histones, la protéine
Jhd2. L'ubiquitination de cette enzyme de modification de la chromatine conduit a sa dégradation
par le protéosome. Bien que I’homologue humain de Jhd2 (JARID1C) soit ubiquitiné in vitro par la
protéine CNOT4, il reste a confirmer que ces cibles d’ubiquitination sont conservées chez les

métazoaires.

C.3. Le complexe CCR4-NOT et la régulation de la transcription

Le complexe CCR4-NOT a été décrit dans un premier temps comme étant un régulateur global

de la transcription (Bawankar et al. 2013; Denis et al. 2003; Mauxion et al. 2013; Dupressoir et al.



2001; Temme et al. 2004; Viswanathan et al. 2004; Albert et al. 2002; Mersman et al. 2009;
Mulder et al. 2009; Collart 2003) ou CCR4 influait sur I'activation de la transcription, bien que les
protéines NOT semblaient étre des facteurs répresseurs des promoteurs sans boite TATA. Des
expériences d’interactions génétiques, confirmées par des mesures d'interactions physiques ont
pu mettre en évidence que les sous-unités du complexe CCR4-NOT interagissaient avec des
facteurs régulant la transcription tels que TBP (TATA-binding protein) (Collart 2003;
Badarinarayana et al. 2000) et ses cofacteurs TAF (TBP associated factors) (Yamashita et al. 2005;
Lemaire et al. 2000; Wahle and Winkler 2013; Deluen et al. 2002; Sanders et al. 2002), le complexe
SAGA agissant comme une acétyltransférase d’histone et enfin le complexe SRB/médiateur
(Yamashita et al. 2005; Benson et al. 1998; Zheng et al. 2008; Wahle and Winkler 2013). Toutes ces
données ont permis d’élaborer un modele ol le complexe CCR4-NOT régule l'initiation de la
transcription en modulant la fonction des complexes TBP/TFIID. La participation des sous-unités
du complexe CCR4-NOT dans la régulation de la transcription a fait I'objet de revues détaillées
(Tucker et al. 2002; Collart and Panasenko 2012; Miller et al. 2012). Chez les métazoaires,
I'interaction du complexe CCR4-NOT dans la modulation de la transcription a été mise en évidence
principalement par des études focalisées sur la sous-unité CNOT3. En effet de part sa proximité
avec le promoteur et son role dans la transcription, CNOT3 semble étre un régulateur tres
important de fonctions biologiques telles que I'hémostase rétinienne, la physiologie du coeur ou le
renouvellement des cellules souches (Arraiano et al. 2013; Neely et al. 2010; Venturini et al. 2012).
De plus, il semblerait que le complexe CCR4-NOT par l'intermédiaire des récepteurs nucléaires
hormonaux chez les mammiferes influence la régulation de la transcription. En effet les sous-
unités CNOT6, CNOT9 et CNOT7 accroissent significativement I'activation de la transcription de
nombreux récepteurs nucléaires, tels que RARa, RXRB, TRa et Era (Chen et al. 2002; Morel et al.
2003; Tucker et al. 2002; Prévot et al. 2001; Garapaty et al. 2008). Par ailleurs la sous-unité CNOT1
réprime l'activation de la transcription du récepteur nucléaire Era, en interagissant directement
avec ce dernier et en recrutant les autres sous-unités du complexe sur les promoteurs régulant les

cestrogenes (Bardwell et al. 2006).

Les protéines CNOT2 et CNOT3 possedent également un domaine appelé NOT-box connu pour
étre un répresseur de la transcription. Le complexe de co-répression SMRT/NCoR-HDAC3 est
suspecté d’agir sur la répression de la transcription en interagissant avec la sous-unité CNOT2. Le
contréle nucléaire de la transcription par le complexe CCR4-NOT a des répercutions indirectes au
sein du cytoplasme. La délétion des protéines (NOT2, NOT5 et NOT4) chez la levure provoque
I’accumulation de protéines agrégées dans la cellule (Berg et al. 2015; Halter et al. 2014). La perte

de la protéine NOT4 qui exhibe une activité ubiquitine ligase E3 induit une accumulation



significative des protéines nouvellement synthétisées ainsi que des protéines poly-ubiquitinées
(Houseley and Tollervey 2009; Panasenko et al. 2012; Badarinarayana et al. 2000; Lemaire et al.
2000; Deluen et al. 2002; Sanders et al. 2002; Benson et al. 1998; Neely et al. 2010; Venturini et al.
2012; Prévot et al. 2001; Garapaty et al. 2008). Il n’est pas prouvé que la machinerie de
transcription soit directement affectée chez les mutants dépourvus des sous-unités NOT, mais le
phénotype observé conforte I'idée que I'influence significative de I’action du complexe CCR4-NOT
au sein du cytoplasme puisse jouer un réle sur la transcription dans le noyau. Cette idée est
renforcée par le fait que le complexe CCR4-NOT contréle la transcription d’un pool de géne en
ciblant le facteur de transcription STAT1, qui joue un role important dans la transmission du signal
interféron de type | (a/B) et de type Il (») (Collart and Panasenko 2012; Bromberg and Darnell
2000) dans le cytoplasme (Draper et al. 1994; Chapat et al. 2013; Albert et al. 2000). La sous-unité
humaine CAF1 interagit directement avec la fraction cytoplasmique de STAT1. Chez un mutant ou
a été supprimé hCAF1, on observe une activation de la transcription des génes régulés par STAT1
et une décondensation locale de la structure de la chromatine sur leurs promoteurs et sites
d’accrochages (Mahadevan and Struhl 1990; Chapat et al. 2013; Collart et al. 1993; 1994;
Oberholzer et al. 1998; Badarinarayana et al. 2000; Albert et al. 2002; Deluen et al. 2002; Lenssen
et al. 2002; Maillet et al. 2002; Viswanathan et al. 2004).

C.4. Le complexe CCR4-NOT régule I'’équilibre entre synthese et dégradation des ARNs

messagers

Des études récentes ont démontré que la dégradation des ARN messagers dans le cytoplasme
était coordonnée avec la transcription dans le noyau (Collart and Panasenko 2012; Dahan and
Choder 2013). Le taux de synthese et de dégradation des ARN messagers a évolué de maniere
inverse chez différentes especes de levure (Bawankar et al. 2013; Dori-Bachash et al. 2011;
Mauxion et al. 2013), comme le montre une étude ou ont été mutés Rpb4 mais aussi certaines
unités du complexe CCR4-NOT (NOT5, CCR4 et CAF1). L'existence de ce phénomene a été
renforcée par une autre étude ou la délétion des sous-unités responsables de la déadénylation
augmente les taux de dégradation mais aussi décroit le taux de synthése de I’ARN messager
(Collart 2003; Sun et al. 2012). Ces données semblent indiquer que la synthése et dégradation sont
interconnectées par I'action de Rpb4 (sous unité de I’ARN polymérase Il) et du complexe CCR4-
NOT, qui régule I'équilibre entre ces deux processus. En cohérence avec cette observation une
autre étude a mis en évidence que Rpb4 en complexe avec Rpb7 formaient un module de

dissociation de I’ ARN polymérase Il (RNAPII) qui pourrait s’associer a I’ARNm nouvellement



synthétisé contribuant a sa traduction et sa dégradation dans le cytoplasme (Yamashita et al.
2005; Harel-Sharvit et al. 2010; Wahle and Winkler 2013; Lotan et al. 2005; Goler-Baron et al.
2008). Il est donc probable que les modules Rpb4/7 et le complexe CCR4-NOT agissent de maniére
concertée. Il a été établit que le complexe CCR4-NOT est un facteur qui stimule I’élongation chez la
levure en influant sur les complexes RNA polymérase Il (RNAPII). Cette étude montre également
gue l'association de RNAPII et du complexe CCR4-NOT ne nécessite pas la présence de Rpb4db
(Yamashita et al. 2005; Kruk et al. 2011; Zheng et al. 2008; Wahle and Winkler 2013). Dans ce cas,
il est possible que la régulation de la synthése et de la dégradation des ARN messagers fasse
intervenir le complexe CCR4-NOT dans le transfert de Rpb4/7 des complexes d’élongation sur les

ARN messagers.

C.5. Le complexe CCR4-NOT est un régulateur de la synthése des ARN

Parallelement a l'activité de régulation de la transcription, le complexe semble étre aussi
impliqué dans des processus liés a la formation nucléaire ainsi qu’au contrbéle qualité des
particules ribonucléoprotéiques liées a ’ARN messager (mRNP). Une étude a ainsi montré que des
mutations du complexe CCR4-NOT pouvaient mener a une accumulation de petits ARN nucléaires
polyadénylés (Tucker et al. 2002; Azzouz et al. 2009). Ces transcrits se retrouvent normalement
dégrader par les mécanismes de surveillance des ARN dont les acteurs principaux sont I'exosome

et le complexe de polyadénylation (TRAMP) composé des protéines Mtr4/Trf4/Air2.

Plus récemment, il a été démontré que le complexe CCR4-NOT jouait aussi un réle dans la voie de
transformation des ARN messagers nucléaires. Une approche protéomique dans un systéme
utilisant des cellules Hela exprimant des sous-unités CNOT a révélé I'existence d'interaction entre
ces CNOT et des facteurs liés a la transcription et a la stabilité des ARN, mais aussi avec des
facteurs impliqués dans la machinerie de traitement des ARN, tels que des facteurs d’épissage
ainsi que des protéines du complexe du pore nucléaire (Arraiano et al. 2013; Kerr et al. 2011). Des
liens physiques et fonctionnels entre le complexe CCR4-NOT et le complexe de pore nucléaire ont
pu étre confirmés par une autre étude chez la levure (Chen et al. 2002; Kerr et al. 2011; Tucker et
al. 2002). Cependant les mutants CCR4-NOT n’ayant pas d’effets observables sur le transport des

ARN, ce lien devra étre confirmé.



C.6. Le complexe CCR4-NOT a un role capital dans la relation entre traduction et dégradation

des ARN messagers

Il est clairement établit que la protéine PAPB (poly A binding protein) se fixe sur la queue
poly(A) des ARN messagers lors de leur transport dans le cytoplasme. PAPB a pour role de
stabiliser les ARNm et de faciliter leur traduction. PAPB se fixe au facteur d’initiation de la
traduction elF4G, qui lui méme se fixe sur elF4E (complexe se fixant a la coiffe). La circularisation
des messagers stimule la traduction et I'initiation (Thore et al. 2003; Kahvejian et al. 2001). De plus
les ARN possédant des queues poly(A) plus courtes quittent les polysomes et se retrouvent
ségrégués dans les P-Bodies (Decker and Parker 2012). Il est généralement accepté que la queue
poly(A) doit contenir une taille de 250 a 300 adénosines afin de permettre la traduction (Chen et
al. 2002; Weill et al. 2012; Thore et al. 2003; Bianchin et al. 2005; Clark et al. 2004). Il n’a pas
encore été établit un lien strict entre la déadénylation de la queue poly(A) et le contrdle de la
traduction, mais plusieurs indices suggerent une implication du complexe CCR4-NOT dans la

traduction sans intervention de sa fonction de déadénylation.

C.7. ROle dans la répression de la traduction

Il est maintenant fermement établit que le recrutement du complexe CCR4-NOT sur I'ARN
messager provoque la déadénylation et la répression. Des tests de « tethering » ont mis en
lumiére une activité inattendue du complexe, I'impliquant dans la répression de la traduction. En
effet dans un test ou le complexe CCR4-NOT est recruté sur un ARN rapporteur sans queue
poly(A), on observe un effet répressif. Ce phénomene a été décrit la premiere fois chez des
oocytes de Xenopus laevis ou la déadénylase CAF1 couplée artificiellement a un rapporteur d’ARN
messager réprime la traduction (Temme et al. 2004). Cet événement est indépendant de I'activité
de déadénylation, puisque l'inactivation de CAF1 n'empéche pas la répression de la traduction
(Bianchin et al. 2005; COOK et al. 2012; Bartlam and Yamamoto 2010; Denis et al. 2003;
Dupressoir et al. 2001; Viswanathan et al. 2004). Ces observations ont été complétées par la suite
par d’autres études observant un effet similaire sur des micro ARN (Albert et al. 2002; Braun et al.

2011; Mersman et al. 2009; Chekulaeva et al. 2011; Mulder et al. 2007).

Bien que les observations convergent vers I'implication du complexe dans la répression de la
traduction, le mode d’action reste a élucider. Une hypothése est qu’un domaine de la protéine
NOT1, domaine appelé MIF4G (middle domain of eukaryotic initiator factor 4G) et situé au centre

de la protéine, pourrait jouer un role dans cette fonction de répression de la traduction. Ce



domaine de 30kDa est retrouvé communément dans d’autres protéines impliquées dans la
régulation de la traduction tels que elF4G, CPP80 ou méme PAIP1 (Panasenko et al. 2012; Lei et al.
2011; Marcotrigiano et al. 2001; Mazza et al. 2001). Dans le cas d'elF4G, le domaine MIF4G est
impliqué dans l'interaction avec I'hélicase DEAD d'elF4A. Dans ce contexte, notre laboratoire a
mis en évidence l'association du domaine MIF4AG de CNOT1 avec DDX6, une hélicase qui est
vraisemblablement impliquée dans I'activation des facteurs de décoiffage (Panasenko et al. 2009;
Mathys et al. 2014). De plus nous avons montré que I'activité ATPasique de DDX6 était nécessaire
a l'inhibition traductionnelle (silencing) par les micros ARN, et que par ailleurs cette activité était
stimulée par CNOT1 (Denis et al. 2003; Mathys et al. 2014; Dupressoir et al. 2001; Temme et al.
2004; Viswanathan et al. 2004; Albert et al. 2002; Mersman et al. 2009; Mulder et al. 2009; Collart
2003).

Une autre étude a montré que le recrutement du complexe CCR4-NOT par la protéine GW182
induisait une dissociation de PABP de la queue poly(A) des ARNm en absence de déadénylation, ce
qui provoquait leur circularisation et leur traduction (Badarinarayana et al. 2000; Zekri et al. 2013).
Dans chaque cas le recrutement du complexe CCR4-NOT induit un remodelage des complexes

protéines — ARN messager qui de ce fait, facilite la répression de leur traduction.

C.8. Role dans la fidélité de la traduction

Dans le cadre d’expérience de fractionnement des polysomes, il a été montré que les sous-
unités du complexe CCR4-NOT pouvaient se retrouver dans des fractions de polysomes engagés
dans la traduction. De plus une délétion des sous-unités NOT2, NOT4 et NOT5 induit d'importants
changements sur le profil de fractionnement des polysomes, conduisant a de l'agrégation
protéique (Lemaire et al. 2000; Panasenko et al. 2012; Deluen et al. 2002; Sanders et al. 2002). La
contribution du complexe CCR4-NOT a la fonction ribosomale, principalement par son association
a la chaperonne ribosomale NAC (Nascent-polypeptide-associated peptide), a également été
démontrée (Benson et al. 1998; Panasenko and Collart 2011; Mulder et al. 2007; Hiraishi et al.
2009). L'activité ligase E3 de NOT4 a été décrite comme pouvant renforcée l'interaction de la
chaperonne NAC avec le ribosome et le protéosome (Collart and Panasenko 2012; Panasenko et al.
2009; Miller et al. 2012). La proximité du complexe CCR4-NOT avec les ribosomes semble
nécessaire au bon controle des événements de traduction. En effet, dans le cas ou un ARN
messager ne possede pas de codon de terminaison pouvant causer une traduction délétere de la

gueue poly(A) qui conduit a I'arrét de la traduction, il a été montré que NOT4 était nécessaire pour



effectuer la dégradation du peptide nouvellement synthétisé chez la levure (Neely et al. 2010;

Dimitrova et al. 2009; Venturini et al. 2012).

Des expériences de co-purification ont mis en évidence que le complexe CCR4-NOT pouvait se
trouver associé avec la protéine SMG7, un facteur pouvant étre recruté par le complexe de
surveillance composé des protéines UPF1, UPF2 et UPF3 sur les ARN anormaux. Ce complexe
s’associe autour d’un codon de terminaison prématuré (PTC) et active la voie de dégradation de
type NMD (Non sense Mediated Decay). SMG7 en s’associant a la sous-unité CAF1 et, de par sa
fonction de déadénylation, augmente la dégradation de ’ARN contenant un codon de terminaison

prématuré (Morel et al. 2003; Loh et al. 2013; Prévot et al. 2001; Garapaty et al. 2008).

C.9. CCR4-NOT et réponse immunitaire innée

C.9.1. Implication du complexe CCR4-NOT dans la régulation du signal en réponse aux

interférons

Comme indiqué plus haut, des études récentes ont mis en lumiere I'implication du
complexe CCR4-NOT dans la régulation négative du signal des interférons de type | et Il, en
influant sur la fonction de STAT1, un facteur clé de la réponse immunitaire innée (Bardwell et al.
2006; Chapat et al. 2013). Les interférons (IFN) identifiés pour leurs activités antivirales, exercent
aussi des activités immunomodulatrices anti-prolifératives et apoptotiques. Les IFN sont utilisés
dans le traitement de certains cancers, de |'hépatite C et de la sclérose en plaque. lls sont
composés de trois types : | (IFN alpha, IFN béta, IFN oméga, IFN kappa), Il (IFN gamma) et Il (IFN
lambda). Les IFN se fixent sur des récepteurs spécifiques et activent deux voies de signalisation
dépendantes des protéines JAK/STAT, aboutissant a 'homo ou I’'hétérodimérisation des STAT, qui
déclenche leur translocation vers le noyau et provoque l'induction de génes cibles. Les produits de
ces genes sont les médiateurs des effets biologiques des IFN. STAT1 est activée en réponse a une
stimulation du IFN-gamma par la voie de transduction du signal JAK-STAT, au cours de laquelle les
protéines kinases JAK et STAT sont activées par phosphorylation sur les résidus tyrosines par les
kinases de la famille JAK. Cette phosphorylation entraine leur dimérisation et permet leur entrée
dans le noyau ou elles jouent un réle de facteur de transcription. Il a été montré que la protéine
CAF1 pouvait s’associer avec une forme dormante de STAT1 dans le cytoplasme de cellules
latentes. Une stimulation de ces cellules par IFN gamma induit une dissociation de STAT1 et de

CAF1, suggérant que cette derniére joue un role sur le controle du trafic de STAT1. De plus CAF1



joue un role de par son activité déadénylase car elle participe a I'accélération de dégradation des
ARNm codant pour STAT1, permettant de moduler la réponse immunitaire. Le role de CAF1 dans la
signalisation des interférons a été confirmé dans des cellules n’exprimant pas CAF1, qui exhibent

un meilleur niveau de résistance a l'infection virale (Chapat et al. 2013).

C.9.2. Le complexe CCR4-NOT affecte le complexe majeur d’histocompatibilité

D’autre part, un vaste criblage d'ARN interférents (ARNi) a mis en évidence que les sous-
unités du complexe CCR4-NOT affectaient le complexe majeur d'histocompatibilité (CMH), un
systeme de reconnaissance du soi présent chez la plupart des vertébrés (Dorf 1981). Les molécules
du CMH sont a la surface des cellules et assurent la présentation des antigenes aux lymphocytes T
afin de les activer. Cette étude a montré que la répression de CNOT1 augmentait I’expression des
génes CMHC-II. Ces génes sont eux-mémes controlés par le signal des interférons. Ces résultats
suggeérent que le complexe joue un réle dans la présentation de I'antigene. De plus une autre
étude a identifié la protéine CNOT4 comme interagissant et régulant la cascade JAK/STAT chez la

drosophile et 'homme (Gronholm et al. 2012).

c.10. Mécanismes de sélection de '’ARN messager

La vitesse de dégradation d’'un ARN messager est principalement déterminée par les éléments de
séquence capable de recruter des protéines responsables de la régulation de sa dégradation.
Certaines de ces protéines ont été trouvées comme pouvant interagir avec les sous-unités du
complexe CCR4-NOT. Par exemple, son recrutement sur I’ARN messager est conduit par I'action
concertée de la protéine se liant a la queue poly(A) (PAPB) et des protéines TOB1&TOB2, en
interaction avec la sous-unité CAF1 (Ezzeddine et al. 2007; Okochi et al. 2005). Par ailleurs d’autres
facteurs peuvent s’associer directement de maniere spécifique aux protéines pouvant se lier a
I’ARN. C'est la cas de la protéine Pumilio fem3 qui s’associe au complexe CCR4-NOT et induit la
déadénylation et la répression de la traduction (Goldstrohm et al. 2007; 2006). D’autre part, |a
protéine tristétraproline (TTP) qui s’associe aux facteurs AREs (AU-rich éléments), peut interagir
directement avec la sous-unité CNOT1 du complexe CCR4-NOT pour entrainer une augmentation
rapide de la dégradation (Fabian et al. 2013; Sandler et al. 2011). De la méme maniére le complexe
est recruté sur des ARNm spécifiques par 'action de facteurs que I'on retrouve aussi dans la
répression des micros ARNs (Huntzinger and lzaurralde 2011). En effet les éléments CDE

(constitutive decay element) adoptent une structure en tige/boucle et constituent un motif tres



conservé responsable de la dégradation des ARN. Ainsi il a été démontré qu’un de ces CDE,
stimulant la dégradation a travers son association avec la protéine Roquin, pouvait recruter le

complexe CCR4-NOT (Leppek et al. 2013).

La localisation des ARN au sein de la cellule influe grandement sur leur propension a étre dégradés
plus ou moins rapidement. Les protéines mRNP qui s’associent avec les facteurs responsables de la
dégradation et du décoiffage peuvent étre séquestrées au sein des particules P-bodies (PB)
(Eulalio et al. 2007; Parker and Sheth 2007). Dans ce contexte, il est intéressant de mentionner
gue les sous-unités CCR4 et CAF1 peuvent elles aussi y étre retrouvées et que l'activité de
déadénylation est indispensable a la formation de ces particules (Zheng et al. 2008). La
séquestration des ARN messagers dans les PB, ainsi que des facteurs de dégradation associés
constitue un moyen de les extraire de facon temporaire de la fraction disponible pour la

traduction, ou de les conserver pour une utilisation ultérieure.

Le complexe CCR4-NOT est organisé autour d’une protéine d’échafaudage de 240 kDa. Cette
protéine NOT1 représente une surface étendue sur laquelle viennent s’ancrer les autres
composants du complexe. Une étude de microscopie électronique a permis de révéler
I'architecture globale du complexe (Nasertorabi et al. 2011). Les auteurs de cette étude ont placé
les différentes sous unités du complexe dans I'enveloppe en fonction de leur taille respective mais
sans validation expérimentale. Le complexe arbore une architecture en L. Notre laboratoire a
contribué depuis 2012 a enrichir les connaissances sur I'architecture de ce complexe. Nous avons
pu notamment apporter des détails sur la structure et la fonction des différents modules qui le
composent (Module de Déadénylation, Module NOT, Module impliqué dans la répression de la
traduction et Module d’ubiquitination). J’ai choisi dans cette partie de mon manuscrit de détailler
les différentes découvertes des structures des composants du complexe CCR4-NOT et de les

exposer dans |'ordre chronologique de leurs découvertes.
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Figure 2 : Composants du complexe CCR4-NOT chez I’humain et la levure.

Dans le tableau de gauche sont détaillées les différentes protéines qui composent le complexe
CCR4-NOT, leurs positions respectives sur la protéine d’échafaudage au sein du complexe, ainsi
gue les domaines structuraux qui les caractérisent. Le schéma de droite donne une représentation
de I'organisation du complexe.

D. Architecture et analyse structurale du complexe CCR4-NOT et des sous unités qui le

composent

D.1.Les déadénylases du complexe CCR4-NOT

Le complexe CCR4-NOT comporte deux enzymes de déadénylation qui appartiennent a deux
types distincts. La protéine CAF1 appartient au type de nucléase DEDD, ainsi nommé a cause des
acides aspartiques et glutamines conservés au sein du site actif. Par ailleurs la protéine CCR4
appartient a la classe de I'exonucléase-endonucléase-phosphatase de type EEP. Le complexe de
levure comporte ces deux enzymes qui sont toutes deux impliquées dans la dégradation des ARN
messagers, bien que seule la nucléase CCR4 soit indispensable a cette fonction. Le complexe
humain présente une composition similaire mais posséde la particularité d’avoir deux orthologues
de chaque enzyme de déadénylation. Dans le cas de CCR4 on retrouve les orthologues humains
CNOT6 et CNOT6L, qui sont impliqués dans des fonctions distinctes. D’autre part, CNOT7 et CNOTS8
sont les orthologues humains de CAF1. lls partagent une trés forte homologie de séquence et
jouent un role dans la prolifération cellulaire. Ces orthologues sont retrouvés de maniere exclusive

au sein du complexe, suggérant qu’ils partagent le méme site de fixation.

D.1.1. CAF1 :une déadénylase de type DEDD



La premiére structure cristallographique de CAF1 a été déterminée chez la levure
Saccharomyces cerevisiae en 2003 (Thore et al. 2003). Deux études similaires chez
Schizosaccharomyces Pombe en 2007, puis en 2008 (Jonstrup et al. 2007; Andersen et al. 2009)
ont permis de compléter les informations structurales disponibles sur cette déadénylase. CAF1
adopte une structure en forme de croissant composée de 13 hélices a et de 6 feuillets B (Figure 3).
La comparaison de la structure de CAF1 avec les structures disponibles dans les bases de données
a permis de la classifier comme faisant parti de la famille des nucléases de type DEDD qui adopte
les repliements classiques de type DnaQ. La famille DEDD a pour caractéristique le fait d’arborer
un site actif conservé qui comporte les acides aminés Asp-Glu-Asp-Asp. Bien que I'homologie de
séquence soit trés faible, CAF1 partage des caractéristiques structurales tres proches de la sous-
unité e- de I'ADN polymérase Il et du domaine exonucléasique de I'’ADN polymérase |. La
détermination de la structure de CAF1 chez S. Pombe a apporté des détails qui contribuent a
expliquer la sélectivité de ce type de déadénylase. Dans cette structure, deux ions divalents ont
été localisés dans le site actif (appelés sites A et B), et des expériences de biochimie ont montré
gu’ils étaient essentiels a son activité. Par ailleurs cette étude a montré que le site A était
favorablement occupé par du zinc (Zn%*) et que le site B quant a lui favorisait I'occupation du
manganeése (Mn?*). La composition de ces ions dans le site actif a une influence sur les cinétiques
de déadénylation. Par exemple en présence d’ions Mg?*, Mn?* et Zn?*, la déadénylation est trés
lente et non spécifique. En absence de Zn?*, CAF1 exhibe une activité trés rapide et spécifique de
substrat arborant une queue poly(A). Ce résultat conduit a I’hypothése que les niveaux ioniques
cellulaires contribuent a réguler le taux de dégradation des ARNm. Chez S. cerevisiae, le motif
DEDD de CAF1 est substitué par un motif SEDQ. La perte de deux acides aminés catalytiques
conservés explique que chez la levure CAF1 ait perdu sa fonction catalytique et que son rdle soit
essentiellement structural. En effet, CAF1 contribue au recrutement de CCR4 sur le complexe
CCR4-NOT. Il a été montré par des essais de dégradation in vitro que CAF1 était capable de
dégrader des substrats ARN, poly(U), poly(C) et poly(A), avec une légére préférence pour ces
derniers. Cette faible spécificité peut étre expliquée par le fait que les interactions entre ces
substrats ARN et I'enzyme sont principalement des interactions de type Van der Waals. La
structure de CNOT7, I'orthologue humain de CAF1, a été résolue en présence de la protéine TOB,
un facteur antiprolifératif (Horiuchi et al. 2009). La structure révele un cceur catalytique
caractéristique de la famille des ARNase D arborant le motif DEDD, comme dans le cas des
protéines de levure. La Figure 3 montre une représentation du complexe ainsi qu’une vue détaillée

du site actif.



Figure 3 : Les déadénylases DEDD

(A) Structure cristalline du Complexe humain CNOT7-Tob.

(B) Structure cristalline de Cafl de S.Pombe.

(C) Zoom du site actif montrant le motif DEDD en représentation baton avec les ions Mn?* et Zn?*
représentés par des spheres.

D.1.2. CCR4 : une déadénylase de type EEP

CCR4 a été identifiée par plusieurs études comme principale responsable de I'activité de
déadénylation chez la levure. La structure du domaine nucléase de la protéine humaine CNOTS6,
orthologue de CCR4 a été déterminée en 2010 (Wang et al. 2010). Le repliement de CNOT6 est
caractérisé par un sandwich a-B dans lequel deux feuillets B sont pris en sandwich entre deux
couches d'hélices a. Le site actif se situe au sommet de la molécule ou se trouvent deux ions
magnésium (Mg?*). Le Glutamate 240 est responsable de la coordination d’un des ions. La
mutation de cet acide aminé ou I'absence de magnésium, abolit I'activité, suggérant que I'action
de CNOT6 est dépendante du magnésium. L'autre ion magnésium est coordonné par l'action
combinée des acides aminés Asp410, Asn412 et His529. Des essais de déadénylation ont montré
gue CNOT6 possédait une spécificité stricte pour les substrats poly(A). Deux structures de CNOT6
en complexe soit avec un ADN poly(A) ou avec une molécule de AMP (adenosine 5’
monophosphate) permettent d’expliquer la spécificité de cette déadénylase. Dans le site actif de
la structure avec I’ADN poly(A) on peut observer trois nucléotides. L'interaction est induite par des
liaisons hydrogénes de I'ion magnésium et de ’ASN412 sur le phosphate de la deuxiéme base.
L’adénine de la base A2 se cale entre la Phe484 et la Pro365. Les nucléotides Al et A3 ne forment
pas d’interaction particuliere avec les résidus du site actif. Une seconde structure avec une
molécule d'AMP confirme I'importance de ces résidus dans la reconnaissance du substrat. Une
mutation des acides aminés Asn412 et Phe484 abolit 'activité. Les autres bases, de part leur

spécificité chimique, ne pourraient pas étre accommodées a I'intérieur du site actif.
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Figure 4 : Les déadénylases EEP

(A) Structure cristalline du domaine nucléase humain de CCR4 (CNOT6L) en complexe avec un
poly(A) ADN. Le ligand est représenté en baton jaune et les ions Mg2+ sont représentés en
spheres.

(B) Substrat dans le site actif montrant le poly(A) ADN en batons jaunes et le rAMP en baton vert
pale. Les résidus de CNOTG6L sont représentés en baton rose et les ions Mg2+ en sphéres vertes.
(C) Vue détaillée du site actif de CNOT6L montrant les résidus en baton, les ions Mg2+ en spheres
et les molécules d’eau en spheéres rouges.

D.2.Le module de déadénylation du complexe CCR4-NOT

L'étude structurale que j'ai mené a permis d’élucider l'architecture du sous-complexe qui
comprend les protéines CAF1/CCR4 et NOT1 de S. cerevisiae (Basquin et al. 2012). Ce complexe

ternaire est situé a la fin de la premiere moitié de la protéine d’échafaudage NOT1.

D.2.1. Le domaine NOT1 (754-1000) adopte un repliement MIF4G

Le domaine NOT1 (754-1000) contient dix hélices antiparalleles. Cet arrangement est
caractéristique de ce qui peut étre observé pour les répétitions HEAT. Ces motifs sont formés par

deux hélices antiparalleles (nommées hélice A et B) qui s’empilent I'une sur I'autre (Andrade et al.



2001). Une recherche dans les bases de données structurales avec le logiciel DALl (Holm and
Rosenstréom 2010) a permis d’identifier un domaine MIF4G (middle domain of eukaryotic initiator
factor 4G) composé de répétitions HEAT. Les cing répétitions HEAT de NOT1 (754-1000) peuvent
étre superposées avec les domaines MIFAG de elF4G (Schiitz et al. 2008) et UPF2 (Kadlec et al.
2004) avec un écart quadratique moyen inferieur a 2.8 Angstroms, sur soixante dix pour cent des
atomes de carbone. De plus, NOT1 (754-1000) possede deux segments étendus aux extrémités N
et C-terminale qui font partie intégrante du domaine MIF4G et s'associent aux répétitions HEAT
par des interactions hydrophobes. Ce domaine est similaire dans les structures déterminées en
I’absence ou en présence de CAF1 (écart quadratique moyen inférieur 3 0,5 A, sur 'ensemble des
atomes de carbone). L'analyse structurale du domaine NOT1 (754-1000) met en évidence une
surface concave composée d’une large région comprenant des résidus conservés sur les hélices B
des répétitions HEAT 1-5. Une plus petite région de résidus conservés est aussi présente sur l'autre

surface entre les boucles connectant les répétitions HEAT 3-5 et HEAT 4-5 (Figure 5).
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Figure 5 : Le domaine MIF4G de NOT1

Sur le panneau de gauche sont représentées les interactions des segments N et C- terminales de
NOT1 (754-1000) en cyan sur les hélices des répétitions HEAT. Les résidus conservés impliqués
dans les interactions polaires et hydrophobes sont indiqués.

Sur le panneau de droite sont représentés les différentes structures du domaine MIF4G de NOT1.
En gris la structure isolée, en jaune en complexe avec CAF1 et en orange en complexe avec CAF1
et CCR4 (Basquin et al. 2012).

D.2.2. Llinteraction du domaine NOT1 (754-1000) avec CAF1 implique des résidus

conservés

CAF1 est reconnue par une petite surface composée par des résidus conservés situés entre
les boucles connectant les répétitions HEAT 3-5 et HEAT 4-5. Comme indiqué plus haut, CAF1
adopte un repliement contenant un feuillet a-f entouré d’hélices alpha, a I’exception d’une petite

surface qui forme la cavité du site actif. Le site actif de CAF1 de S. cerevisiae possede les résidus



Ser188-Glu190-Asp310-GIn394 (SEDQ) qui sont sub-optimaux comparé a la séquence canonique
(DEDD) chez S. Pombe ou chez les orthologues humain. Dans le complexe CCR4-NOT, CAF1
interagit dans une région diamétralement opposée au site actif. L'interaction entre CAF1 et NOT1
(754-1000) est conduite par des résidus conservés, en particulier, par Met290, Met296 et Trp333
chez CAF1 et Pro897, Phr938, Pro943 et Trp944 chez NOT1 (Figure 6). Au total, cette interface
comprend seulement 8,4% de la surface de solvant accessible (230 A2 pour CAF1 et 420 A2 pour
NOT1), laissant une large surface de résidus conservés sur la surface concave opposée libre et

exposée au solvant.
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Figure 6 : Interface NOT1-CAF1
Zoom montrant les résidus en batons a l'interface NOT1-CAF1

D.2.3. Ll'interaction de CAF1 avec le domaine LRR de CCR4 forme un cceur hydrophobe

Le site actif de CAF1 reste accessible dans le complexe car la fixation de CCR4 est conduite
par le domaine LRR sur une surface adjacente. L'interaction de CAF1 avec le domaine LRR de CCR4
forme un coeur hydrophobe continu. Le domaine LRR de CCR4 contient cinqg répétitions riches en
leucine (Leucine Rich Repeat) qui forment une structure en croissant. La surface convexe
extérieure est formée par des hélices, alors que la surface concave est formée par des brins B
paralléles. La surface concave est souvent liée a des interactions intermoléculaires (Bella et al.
2008). Chez CCR4 de levure, la surface concave du domaine LRR interagit intramoléculairement
avec les hélices de la région N-terminale. La région de 70 acides aminés reliant la partie N-
terminale et le LRR est désordonnée. La partie ordonnée de la région N-terminale recouvre la
surface hydrophobe du feuillet f du domaine LRR (entouré par les résidus Tyr363, Val384, Tyr407,
Tyrd09, Phed411 et Phe430). L'analyse structurale suggéere que la région N terminale et le domaine

LRR de CCR4 forme une unité structurale unique. Chez les vertébrés, CCR4 ne possede pas la



région N-terminale et la surface concave du domaine LRR est polaire. Le domaine LRR de CCR4
inclut deux hélices qui recouvrent les résidus leucines de la cinquieme répétition et conduit
directement au domaine nucléase (Figure 7). Le cceur hydrophobe de la premiere répétition du
domaine LRR est recouvert par CAF1. CAF1 interagit avec CCR4 via une surface formée par une
longue boucle (résidus 193-206 - Figure 7) et une hélice (résidus 207-219). Cette région de CAF1
subit un changement de conformation, comparé a la structure de CAF1 isolée. Les résidus de CAF1
197-199 forme un brin B qui étend le feuillet B de CCR4. Les résidus hydrophobes de la premiére
répétition du domaine LRR contactent des chaines latérales apolaires de CAF1 (Ala215 et Phe219).
Les résidus responsables de l'interaction CAF1 - CCR4 sont conservés des champignons aux
animaux, et la surface d’interaction a été confirmée par mutagénese (Clark et al. 2004; Ohn et al.

2007).
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Figure 7 : Interface CCR4-CAF1
Zoom montrant les résidus en batons a l'interface CCR4-CAF1.

D.2.4. Le domaine nucléase de CCR4 est adjacent au domaine LRR

Le domaine nucléase de CCR4 est adjacent au domaine LRR. Une étude structurale
précédente a montré que le domaine catalytique humain CNOT6, orthologue de CCR4, peut étre
classé parmi les membres de la famille de I'endonucléase-exonucléase-phosphatase (EEP) (Wang
et al. 2010). Le repliement de CNOT6 est caractérisé par un sandwich a-B constitué de deux
feuillets B pris en sandwich entre deux couches d'hélices, formant un site actif proéminent. Dans
deux molécules de I'unité asymétrique des cristaux du complexe NOT1 (754-1000), CAF1 et CCR4,

les hélices de la moitié du domaine LRR interagissent avec le domaine nucléase, quand l'autre



moitié est désordonnée. La partie ordonnée du domaine nucléase correspondant a I'orthologue
humain de CNOT6 adopte la méme conformation et peut étre superposée avec un écart
guadratique moyen inférieur a 1,1 A, sur I'ensemble des atomes de carbone de la chaine

principale. L'interaction entre les domaines nucléase et LRR recouvre une surface d’environ 400

A2, L'interface présente des contacts hydrophobes (entre Phe403 de la surface du feuillet B du
domaine LRR et la Pro773 du domaine nucléase) et des contacts polaires (entre Asp460 de I'hélice
C terminale du domaine LRR et la Ser528 de la nucléase). Bien que les interactions ioniques
intramoléculaires de CCR4 soient de nature faibles et stabilisées par des contacts au niveau du
réseau cristallin, elles sont conservées et forment une région continue de résidus conservés
exposés au solvant (Tyr457 et Asn461 du domaine LRR et Trp529, Asp534 et Tyr535 du domaine
nucléase). De plus ces interactions ont été précédemment suggérées par un criblage d’interaction
double hybride chez la levure (Clark et al. 2004). L’arrangement relatif des deux domaines en
forme de L est semblable a la région en L décrite par la structure du complexe CCR4 NOT chez
S.cerevisiae déterminée par microcopie électronique en coloration négative (Nasertorabi et al.

2011).
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Figure 8 : Interface LRR-Nucléase de CCR4
Zoom montrant les résidus en batons a l'interface LRR-Nucléase de CCRA4.
Les résidus hydrophobes a I'interface sont indiqués ainsi que les résidus conservés sur la surface.
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Figure 9 : Structure de complexe NOT1 (754-1000) CAF1-CCRA4.

Panneau A : Le complexe est représenté dans deux orientations tournées de 180° autour de I'axe
vertical. NOT1 est en orange, CAF1 en bleu et CCR4 en rose. Sur la droite le complexe est
représenté superposé a l'orthologue humain CNOT6L, en gris.

Panneau B : Représentation de la surface du complexe dans une orientation identique au panneau
A. La surface est colorée en fonction du niveau de conservation des résidus.

D.2.5. Mutations entrainant |la déstabilisation de NOT1-CAF1 et CAF1-CCR4

Des mutations basées sur I'analyse structurale ont été introduites pour désorganiser les
interactions des protéines NOT1-CAF1 et CAF1-CCR4. Afin de déstabiliser I'interface NOT1 (754-
1000) et CAF1 nous avons con¢u un double mutant de CAF1 (M290K, M296K) et un double mutant
de NOT1 (F938E, P943Y). Des expériences d’immunoprécipitation utilisant des protéines
étiquetées ont montré que le mutant de CAF1 perdait I'interaction avec NOT1 tout en préservant

celle avec CCR4. De méme le mutant de NOT1 affecte l'interaction avec CAF1.

Afin de déstabiliser I'interface entre CAF1 et CCR4, nous avons conc¢u un double mutant de CAF1
(A215E et F219E) et un double mutant de CCR4 (L339E et L341E). Le mutant de CAF1 abolit
I'interaction avec CCR4 dans des expériences d'immuno-précipitation et réduit légerement
I'interaction avec NOT1. Inversement le mutant de CCR4 abolit I'interaction avec CAF1 mais

n‘impacte pas l'interaction avec NOTL1. Il est important de souligner que dans tous les cas les



protéines mutantes sont produites a des niveaux normaux (Basquin et al. 2012).

Bien que les déadénylases soient actives in vitro, les résultats des expériences in vivo confirment
qgue l'incorporation de CCR4 et CAF1 au complexe CCR4-NOT est cruciale pour l'activité de
déadénylation. En effet lorsque I'on perturbe linteraction entre CAF1 et NOT1, les levures
exhibent un phénotype de croissance perturbé a haute température. Par ailleurs, on observe
I'accumulation d'intermédiaires de dégradation des ARNm. Ces observations ont été confortées
par une étude ou un mutant de la protéine CAF1 chez la drosophile qui empéche I'interaction avec

NOT1 avait un large effet sur la dégradation des ARN messagers (Petit et al. 2012).

Il est a noter que dans le méme temps, une autre étude a confirmé cette structure chez I’humain
avec un complexe binaire des protéines CNOT1 et CNOT7, qui sont les orthologues de NOT1 et

CAF1 (Petit et al. 2012).

D.3.Le domaine NOT1 (154-754) est une plateforme étendue de répétitions HEAT

La structure du domaine de NOT1 (154-753) est entierement composée d’hélices antiparalléles
arrangées cote a cote qui forment une molécule allongée de 120 A. L’analyse de la structure révele
13 épingles a cheveux hélicoidales semblable a des répétitions HEAT. Les répétitions HEAT 1-9
présentent un arrangement antiparallele a I'exception d’une rotation inhabituelle entre les
répétitions HEAT 4 et 5. Les répétitions HEAT 10-13 sont aussi organisées parallelement mais cette
région est tournée de 90 degrés par rapport aux répétitions HEAT 1-9. Une recherche de similarité
structurale avec le logiciel DALI (Holm and Rosenstrém 2010) a identifié une similarité entre les
répétitions HEAT 10-13 (résidus 571-746) et quatre répétitions HEAT de MIF4G1. Les répétitions
HEAT 10-13 représentent la partie la plus conservée du domaine NOT1 (154-753). En effet les
résidus situés sur les hélices A des répétitions HEAT 10-11 forment une région conservée au cours
de I’évolution sur la surface extérieure de ce domaine. Ces surfaces conservées des domaines
NOT1 (154-753) et NOT1 (754-1000) constituent des candidats de choix pour développer des
interactions protéines-protéines soit dans le cadre du coeur du complexe CCR4-NOT, soit pour le

recrutement d’autres facteurs.
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Figure 10 : NOT1 (154-753) est une plateforme de répétitions HEAT.

Panneau A : Structure cristalline de NOT1 (154-753) représenté en ruban et coloré en rouge. Les
répétitions HEAT sont numérotées.

Panneau B : Représentation de la surface de NOT1 (154-753) dans une orientation identique au
panneau A. La surface est colorée en fonction du niveau de conservation des résidus.

D.4.Le module NOT

Le module NOT est formé par I'association des protéines CNOT1, CNOT2 et CNOT3 chez I’lhumain
et des protéines NOT1, NOT4 et, NOT5 ou NOT3, chez la levure. Dans le complexe de la levure,
NOT2 est un orthologue de CNOT2, les protéines NOT5 et NOT3 sont orthologues de CNOT3. Les
protéines NOT5 et NOT3 sont par ailleurs paralogues probablement issues d’un événement de
duplication de géne. Ces deux protéines partagent la méme partie N-terminale, mais se
distinguent par leur partie C-terminale (Figure 11). Il a été démontré que NOT5 était indispensable
pour la viabilité chez de la levure, tandis que NOT3 présentait un phénotype de croissance trés
léger (Oberholzer et al. 1998). La fonction du module NOT n’est pas tres bien caractérisée, mais il

semble qu'il soit impliqué dans la régulation de I'activité du complexe CCR4-NOT et de son



recrutement sur des ARNm spécifiques. Ce module est par ailleurs impliqué dans diverses

fonctions, par exemple la transcription.
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Figure 11 : Organisation et carte d’interaction des protéines NOT de levure.

Les rectangles de couleur montrent les domaines structuraux connus. Les rectangles hachurés
représentent des régions de basse complexité impliquées dans des interactions protéine-protéine.
Les rectangles gris et blanc représentent des régions pour lesquelles il n’existe pas d’information
structurale.

Le complexe NOT1c (1567-2058), NOT2 et NOT5c (partie C terminale de NOT5) est organisé autour
de la protéine NOT1. Celle-ci est composée entierement d’hélices a arrangées antiparallelement,
formant ainsi une molécule allongée de 85 A. La topologie de CNOT1c est typique de ce qui peut
étre observé dans les répétitions de types HEAT (décrites plus haut). Un enchainement de
plusieurs répétitions HEAT forme une structure superhélicoidale qui présente une surface convexe
formée par les hélices de type A et une surface concave formée par les hélices B (Figure 12).
NOT1c comporte dix motifs HEAT qui peuvent étre divisés en deux groupes. Le premier groupe
comprend les répétitions HEAT de 1 a 6 (résidus 1567-1849) et constitue une structure réguliere
qui se différencie des motifs habituellement retrouvés. Le second groupe formé par les répétitions
HEAT de 7 a 10 (résidus 1888-2058) présente aussi une structure réguliere a I'exception d’une
longue structure beta en épingle a cheveux connectant les répétitions HEAT 7 a 8 et une hélice C-
terminale additionnelle (résidus 2059-2079). Par ailleurs, ce second groupe possede quatre des
cing répétitions HEAT qui sont caractéristiques d’'un domaine MIF4G. Un segment de 40 résidus
connecte les répétitions HEAT 6 a 7 et s’enroule autour afin de former une large région
hydrophobe. Les deux groupes de répétitions HEAT se fixent I'un sur I'autre perpendiculairement

afin de former une structure en T. Comme dans la structure du domaine N-terminal de NOT1



(décrite plus haut), les domaines N et C-terminaux sont construits suivant des principes

extrémement similaires, bien que I'orientation de chacun de ces domaines differe dans le détail.
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Figure 12 : Structure du complexe de levure NOT1.-NOT2-NOT5

Panneau A : Représentation schématique de l'organisation des domaines des protéines S.
cerevisiae NOT1., NOT2 et NOTS5. Les rectangles de couleur indiquent les domaines globulaires
présents dans la structure (Jaune, NOT1 ; Magenta, NOT2 ; vert, NOT5).

Panneau B : Structure du complexe NOT1l. -NOT2-NOT5 représenté en ruban dans deux
orientations.

Le domaine de NOT2 se fixant a NOT1. peut étre découpé en trois segments. Le premier segment
(NOT2 résidus 5-13) se fixe au domaine MIFAG de NOT1c, principalement sur ces hélices A des
répétitions HEAT 9 et 10. A cet endroit se trouve une poche hydrophobe dans laquelle s’enfonce la
Leucine 9, un résidu conservé dont on a montré qu’il était important fonctionnellement in vivo
(Russell et al. 2002). Le second segment (NOT2 résidus 31-64) se fixe a NOT1. sur une répétition
HEAT adjacente, zigzagant entre les hélices B des répétitions HEAT 4-6. Ce segment de NOT2
forme une hélice courte et une épingle a cheveux. L’hélice se fixe a des résidus hydrophobes de la
surface conservée de la répétition HEAT 5, centrée sur les résidus Argl811 et Leu1814. L'épingle a
cheveux plonge dans un creux hydrophobe de résidus conservés des répétitions HEAT4-5
(Phel1751 a 1le1812). Le troisieme segment (NOT2 résidus 65-75) s’étend au-dessus de I'hélice B
vers la répétition HEAT 3. Le domaine de NOT5 (298-560) se fixant a NOT1. peut étre également
découpé en trois segments. Le premier segment (NOT5 résidus 346-373) contient une hélice a et
se fixe a I'hélice A de NOT1. au travers d’interactions hydrophobes. Le second segment (NOT5



résidus 374-391) contient également une hélice alpha et se fixe sur le flanc de NOT1c formé par la
connexion des répétitions HEAT 3-5 au travers d’interactions hydrophobes. Le troisieme segment
(NOTS5 résidus 392-404) s’étend au-dessus des hélices B de NOT1c entre les répétitions HEAT 1-3
formant des contacts polaires et apolaires. il interagit directement avec le troisieme segment de
NOT2 par le biais d’un pont salin (entre Asp393 et Arg65).

Panneau C : Représentation de la surface du complexe dans les mémes orientations que le
panneau B.

NOT2 et NOT5(298-560) contiennent des domaines globulaires similaires appelés NOT box qui
sont précédés par des extensions N-terminales dont les résidus 5-75 de NOT2 et les résidus 346-
404 de NOT5(298-560) sont responsables de l'interaction avec NOT1. Ces régions N-terminales
s'étendent sur de plus de 100 A et couvrent une surface de 3700 A2. Chacune de ces extensions
peut étre découpée en trois segments interagissant avec NOT1c principalement pour des
interactions hydrophobes (Figure 13). L’analyse de la structure suggére que NOT2 et NOT5(298-
560) se fixent a NOT1c de facon synergique. Cette hypothése a été vérifiée par des expériences de
co-précipitation avec NOT1c ou des protéines NOT2 et NOT5 amputées de leur extrémité N-

terminale ne pouvait s’associer au sein du complexe.

A B Not2 segment Il

Not2 segment |

Not2 segment il Not5 segment Il

Not5 segment ||

E T 750
o

(4

Figure 13 : NOT1 interagit avec les extensions de NOT2 et NOTS5.



Panneau A-E : Zoom des régions d’interactions de NOT1 avec NOT2 et NOT5 montrant les trois
segments (I,11,111) des extensions N-terminale de NOT2 et NOT5 qui forment les interactions avec
NOT1. Les résidus conservés responsables des interactions sont indiqués.

Les domaines globulaires de NOT2 et NOT5 sont positionnés au-dessus des hélices B des
répétitions HEAT 1-4 de NOT1, qui prennent en sandwich en partie les extensions N-terminales de
NOT2 et NOT5. Ces domaines globulaires contiennent chacun une boite NOT (NOT box). Celle de
NOT2 (résidus 99-191) se compose de trois hélices et d’'un feuillet beta formé par quatre brins
beta antiparalléles. Le feuillet beta est extrémement courbé, tandis que les brins B 3 et § 4 sont
longs et incurvés avec un résidu glycine conservé (gly166) au point de pliure/courbure du brin B 3.

Une courte extension C terminale se fixe contre le brin B 1 pour créer un petit tonneau beta.

La boite NOT de NOTS5 (résidus 464-560) est trés similaire structurellement a celle de NOT2. En
effet, ces deux domaines peuvent étre superposés avec un écart quadratique moyen inférieur a
1,3 A, sur 'ensemble des atomes de la chaine principale (Figure 14). La différence principale réside

dans le fait que les brins B de NOT5 sont plus courts, formant un feuillet B plus plat.

Une recherche d’homologie de structure des boites NOT avec le serveur DALl a identifié les
domaines Sm comme structures présentant la plus forte similarité. Les protéines Sm, constitutants
du coeur du splicéosome, sont au nombre de sept et s'associent pour former un anneau
heptamérique entourant un segment du snARN (Salgado-Garrido et al. 1999). Toutefois les boites
NOT different des domaines canoniques Sm par plusieurs aspects. Tout d’abord, il manque les
motifs Sm1 et Sm2 dans la séquence d’acides aminés. D’un point de vue structural, les boites NOT
ne possedent pas le cinquiéme brin beta responsable de la dimérisation des domaines et a fortiori
de l'oligomérisation en structure en anneau (Toro et al. 2002; Khusial et al. 2005; Leung et al.
2011). Les boites NOT utilisent un autre mode d’interaction, leur dimérisation s'opérant via leurs
hélices a N-terminale. L’hélice a 1 de la boite NOT de NOT2 se fixe contre la base du feuillet B de
NOTS et vice et versa. Au centre de l'interaction, les hélices a 2 de NOT2 et de NOTS5 se fixent I'une
a l'autre (Figure 14). L'interface de dimérisation est régie par des interactions multiples centrées
sur les résidus conservés Phel14 et Leul115 de NOT2 et leurs correspondants chez NOT5 (Phe479
et 11e480). Enfin les extensions N-terminales des domaines globulaires, les résidus 67-93 de NOT2
s’enroulent autour de la boite NOT de NOTS5, et les résidus 408-427 de NOT5 s’enroulent autour
de celle de NOT2 (Figure 14). Les extensions N-terminales quant a elles ancrent les boites NOT a

NOT1, comme décrit plus haut.
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Figure 14 : Superposition et surface d'interaction des boites NOT de NOT2 et NOT5.
Zoom des surfaces d’interaction entre les boites Not de NOT2 et NOTS5. Les résidus conservés
impliqués dans l'interaction sont indiqués.

D.5. Structure CNOT9 et CNOT1

Il a été montré chez I'homme que la sous-unité CNOT9 (homologue CAF40 chez la levure) du
complexe CCR4-NOT interagissait avec la protéine CNOT1 par son domaine DUF3819 (Domain of
Unkown Function), situé aprés (Bawankar et al. 2013). La structure de CNOT9 a été déterminée en
2007 (Garces et al. 2007). Le repliement de CNOT9 en complexe avec CNOT1 est identique a celui
de la protéine seule (Figure 15). CNOT9 se compose d’un tandem de six répétitions de type
armadillo (ARM). Ces répétitions ARM sont chacunes formées par trois hélices (H1, H2 et H3) qui
ensemble forment une structure en forme de croissant, avec une surface convexe délimitée par
les hélices H1 et une surface concave délimitée par les hélices H2 et H3. Dans la structure de la
protéine isolée, la surface convexe des répétitions ARM 2 et 3 fourni une interface pour la
dimérisation. A contrario, dans le cadre du complexe CNOT9/CNOT1 (Mathys et al. 2014) cette
surface est utilisée pour l'interaction avec CNOT1, qui se présente comme une molécule allongée
articulée autour de trois longues hélices qui s’entrelacent. Cet ensemble est complété par deux
segments avec des éléments hélicoidaux. Dans la partie N-terminale se trouve un segment de 35
acides aminés formant une région hydrophobe a I'extrémité de la molécule. Dans la partie C-
terminale se trouve un segment de 50 acides aminés qui s’enroule autour de I'autre extrémité de

CNOT1 et de la premiere répétition ARM de CNOTO.

D’autre part il a été démontré que la protéine GW182, protéine d’échafaudage pouvant
s’associer aux ARN messagers et stockée dans les P bodies (Braun et al. 2011; Zielezinski and
Karlowski 2015), au travers de son domaine CED, interagissait avec la partie CNOT9 au travers des
résidus tryptophanes (Braun et al. 2011; Chekulaeva et al. 2011; Fabian et al. 2011). Une

expérience de trempage des cristaux du complexe CNOT9-CNOT1 dans une solution de



tryptophane a permis de résoudre la structure du complexe en présence de tryptophane. En effet,
la molécule de tryptophane a pu étre modélisée dans la surface concave entre les répétitions
ARMS5 et ARM6. Le groupement indole du tryptophane s’enfonce dans une poche hydrophobe
formée par les résidus Tyr203, Phe206 et Ala248. La chaine principale du tryptophane est exposée
au solvant dans une position compatible avec une géométrie de la chaine polypeptidique étendue
de GW182. Une molécule de MES, issue du tampon de cristallisation, a pu étre modélisée dans
une poche située entre les répétitions ARM5 et ARM6. Cette seconde poche est également
compatible avec l'interaction d’une molécule de tryptophane. Des mutants congus pour perturber
les poches d’interactions des tryptophanes bloquent totalement l'interaction de CNOT9 avec le
domaine CED de GW182, prouvant ainsi que les deux poches étaient occupées synergiquement

par les résidus tryptophanes de GW182 (Mathys et al. 2014)

Figure 15 : Structure du complexe CNOT1 et CNOT9.

Panneau A : Structure de CNOT9 (en gris avec les 6 répétitions ARM numérotées) et CNOT1 (les
différents éléments sont colorés de rouge a bleu). La structure est représentée selon deux
orientations, avec la densité électronique pour les petites molécules (Trp et MES).

Panneau B : Zoom des deux poches d’interaction contenant les petites molécules (Trp et MES).

D.6. Le domaine central de CNOT1 interagit directement avec la protéine DDX6 a boite DEAD

Le domaine central MIF4G (se liant a CAF1) de CNOT1 interagit via une petite région de résidus



conservés dans sa surface convexe (Basquin et al. 2012; Petit et al. 2012), bien que la surface la
plus conservée se trouve sur la surface concave de CNOT1. D’autres études structurales ont pu
mettre en évidence que les domaines MIFAG de plusieurs protéines interagissaient avec des
hélicaces/ATPases ARN dépendantes de la famille a boite DEAD via leur surface concave, tels que
elF4A—elF4G (Schiitz et al. 2008), Gle1l-Dbp5 (Montpetit et al. 2011), et CWC22-elF4Alll (Buchwald
et al. 2013). Nous avons émis I'hypothése que CNOT1 pouvait interagir de facon similaire avec une
protéine a boite DEAD. Afin de confirmer cette hypothése, nous avons exprimé une construction
de la protéine humaine GST-NOT1 dans des cellules HEK293, effectué une purification d’affinité et
analysé les interactants par spectrométrie de masse. Cette expérience a identifié DDX6, une
ATPase/hélicase membre de la famille a boite DEAA. DDX6 est un inhibiteur de la traduction et un
activateur du décoiffage des ARNSs et est aussi impliqué dans la répression des micro ARNs (Chu et
Rana 2006, Su et al 2011), comme le complexe CCR4-NOT chez la levure (Maillet et al. 2002). Nous
avons pu sur-exprimer les protéines CNOT1 et DDX6 et formé un complexe stable en
chromatographie d'exclusion de taille. Il a été ensuite possible d’obtenir des cristaux qui ont

abouti a la résolution de la structure tridimensionnelle (Mathys et al. 2014).

D.6.1. La structure du complexe CNOT1 MIF4G DDX6 explique le mode d’interaction

spécifique et conservé

DDX6 posséde un repliement caractéristique des protéines a boite DEAD, avec deux
domaines RecA contenant les résidus interagissant avec I’ARN et I’ATP (Henn et al. 2012). Nous
avons dans premier temps résolu la structure de DDX6 sous forme isolée ou les deux domaines se
calent I'un contre I'autre adoptant une conformation trés compacte impliquant de nombreux
contacts intramoléculaires. Il est a noter que cette conformation est différente de celle observée
chez I'orthologue de levure DDH1 (Cheng et al. 2005). Nous avons ensuite déterminé la structure
de DDX6 en complexe avec le domaine MIG4G de CNOT1. Au sein du complexe les domaines RecA
adoptent une configuration différente et contactent le domaine MIF4G de CNOT 1 par sa surface
concave. L’extension N-terminale du domaine MIF4AG contribue a l'interaction avec le domaine
RecA2. Les répétitions HEAT 1 et 2 du domaine MIF4G interagissent avec le domaine RecA2 de
DDX6, et la répétition HEAT 5 interagit avec le domaine RecAl. Nous avons pu identifier trois
régions conservées d’interactions (Figure 16). La premiére est centrée autour des résidus Phe1101,
Asn1105 et Lys 1114 de CNOT1, la deuxieme autour des résidus Glu1142, Asn1144 et Phe1145 de
CNOT1. Ces deux régions se situent a l'interface d’interaction avec le domaine RecA2. La troisieme

région contactant le domaine RecAl est formé par les résidus Phel1281, Glu1284 et Lys1276 de



CNOT1. Ces interactions impliquent les résidus Arg105 et Phel112 du domaine RecAl de DDX6 et

les résidus Arg331, GIn333 et Asn335 du domaine RecA2.

Figure 16 : Structure de DDX6 en complexe avec le domaine MIF4G de CNOT1(1069-1309).
Panneau A : Structure de DDX6 sous forme isolée avec ses deux domaines RecA.

Panneau B : Structure de DDX6 en bleu interagissant avec le domaine MIF4G de CNOT1. Les cing
répétitions HEAT sont colorées en orange et la partie N-terminale en rouge.

Panneau C : Régions d’interactions entre les deux protéines.

D.7.Structure de TTP en complexe avec CNOT1

La tristetraproline (TTP), protéine a répétitions de proline, peut se lier a I’ARN et interagir avec le
complexe CCR4-NOT afin de réprimer I'expression des genes. TTP est capable d’interagir avec les
éléments riches en AU (AREs) se trouvant dans la région 3’ de la séquence non codante des ARN

messagers et d’induire ainsi leur déadénylation. Une étude structurale a identifié un motif



conservé dans la partie C terminale de TTP pouvant se lier a la protéine CNOT1 (Fabian et al.
2013). La structure révele qu’un peptide de 14 acides aminés de TTP interagit avec une cavité
hydrophobe conservée des hélices a 1 et a 3 du domaine MIF4G de CNOT1. La partie centrale du
peptide forme deux tours d’hélice a qui interagissent avec la cavité, et sa partie C-terminale
interagit électrostatiquement avec les résidus chargés de CNOT1. Des essais de déadénylation in
vitro ont, par ailleurs, montré qu’un mutant de TTP, abolissant I'interaction avec CNOT1, affectait

de facgon significative I'activité déadénylase.

Figure 17 : Structure cristalline du complexe TTP-CNOT1 (adapté de (Fabian et al. 2013)).
Panneau A : Représentation de CNOT1 (820-999) en gris avec un peptide TTP en violet.
Panneau B : Représentation de la surface de CNOT1 avec le peptide TTP.

Panneau C: Interface d’interaction entre CNOT1 et le peptide de TTP.

D.8. Structure de NOT4

NOT4 a été identifiée par un criblage génétique comme étant un régulateur de la transcription
(Liu et al. 1998; Collart et al. 1994). La structure du domaine RING de CNOT4 (orthologue humain
de NOT4) a été déterminée par résonance magnétique nucléaire (RMN) (Hanzawa et al. 2001).
Cette structure a révélé un nouveau motif C4C4 qui coordonne deux ions zincs de maniére
diagonale. Il a été montré que le domaine RING de CNOT4 possédait une activité ligase ubiquitine
E3 avec UbcHS5. Les résidus a l'interface de CNOT4-UbcH5 ont été identifiés par une approche
combinée de RMN, de mutagénése et un modele théorique a été proposé (Albert et al. 2002;
Winkler et al. 2004). Une seconde étude a mis évidence par purification d’affinité en tandem (TAP-
tag) que Ubc4/Ubc5 (homologue de UbcH5 chez la levure) interagissaient avec le complexe CCR4-

NOT (Mulder et al. 2007).

Le domaine RING de NOT4 régule de nombreuses voies cellulaires en ubiquitinant des substrats
variés tels que le facteur de transcription Yapl, la Cycline C, la déméthylase d’histone Jhd2 et des

facteurs s’associant aux ribosomes comme les facteurs de transcription NAC (Gulshan et al. 2012;



Laribee et al. 2007; Mulder et al. 2007; Cooper et al. 2012; Mersman et al. 2009). On pense que le
domaine RING de NOT4 joue un réle essentiel dans le maintien du niveau d’ubiquitine libre dans la
cellule pour faciliter I'assemblage du protéosome (Panasenko and Collart 2011). D’autre part, une
autre étude a révélé que NOT4 pouvait stimuler la voie de transduction du signal JAK/STAT

(Gronholm et al. 2012).

Le domaine RING de NOT4 possede une hélice centrale qui est entourée de chaque c6té par deux
boucles coordonnées par deux ions zinc. Le domaine RING de NOT4 est trés similaire a celui de
CNOT4 (écart quadratique moyen inférieur & 1 A). De méme le repliement de Ubc4 en complexe
avec le domaine RING de NOT4 est tres similaire a la structure de Ubc4 isolé, avec une hélice N
terminale suivie d’un feuillet B central, composé de 4 brins B, et de trois hélices C-terminales

(COOK et al. 1993).

L'interface du complexe NOT4 (RING)-Ubc4 est principalement formée par les interactions des
deux ions zinc coordonnant les boucles de NOT4 avec I’hélice 1, ainsi que deux régions de Ubc4
formant une boucle connectant le troisieme et quatrieme brin B et une boucle connectant le
quatrieme brin B a I'hélice 2 (Figure 18). La structure du complexe NOT4 (RING)-Ubc4 est trés
similaire au modéle théorique précédemment proposé (Albert et al. 2002; Mulder et al. 2007), a
I’exception de différences subtiles qui incluent un mouvement modéré de I’hélice alpha de NOT4

et de I’hélice 1 de Ubc4.

c
Not4 (RING)

Figure 18 : Structure cristalline du complexe NOT4 (RING)-Ubc4.

Panneau A : Représentation du complexe NOT4 (RING)-Ubc4. NOT4 est coloré en bleu pale et
Ubc4 est coloré en violet.

Panneau B : Zoom des différents segments de NOT4 interagissant avec Ubc4.

Le centre de l'interaction est formé par l'insertion de la Phe63 de Ubc4 dans une poche
hydrophobe formée par Leu35, I1so37, I1so56, Cys60, Asn63, lle64, Pro75 de NOT4 et Asp60, Pro62
et Pro95 de Ubc4. Cette région hydrophobe est entourée de chaque c6té par deux interactions de
type pont cristallin. Le premier pont salin est formé par la Lys5 de Ubc4 et la Glu38 de NOTA4. Le
deuxieme pont salin implique la lys64 de Ubc4 et le Glu69 de NOT4. D’autres liaisons hydrogénes
impliquant Arg78 de NOT4 et GIn93 de Ubc4 sont présentes a la périphérie de I'interface.



L'analyse de la structure du complexe NOT4 (RING)-Ubc4 et sa comparaison avec les autres
structures E2-E3 indique que la spécificité est principalement conférée par les trois interactions
électrostatiques situées a la périphérie de la poche hydrophobe conservée. Tous les résidus
impliqués dans cette interaction sont conservés uniquement chez les homologues de Ubc4/Ubc5,
indiquant que Ubc4/Ubc5 serait la seule protéine qui agirait comme enzyme de type E2 pour

NOT4.

D.9. Structure de NOT1 en complexe avec NOT4

L'architecture de NOT1c(1541-2093) en complexe avec la partie C-terminale de NOT4 ou
NOT4c(418-477) est tres similaire a la structure de NOT1c-NOT2-NOT5c (Bhaskar et al. 2013). Le
premier résidu de NOT1 visible dans cette structure est la Vall567. La plupart des résidus de
NOT1c sont bien représentés dans la carte de densité électronique, a I'exception des régions entre
les acides aminés 1791 a 1800, et, 2065 a 2071. Une différence notable par rapport a la structure
NOT1c-NOT2-NOT5c est un changement de conformation dans la région entre les résidus 1917 a
1930, qui est prédite comme n’étant pas structurée et qui connecte les répétitions HEAT 7 et 8.
Dans la structure précédente, cette région adopte une conformation en épingle a cheveux B, qui
implique un contact cristallin, mais dans la structure NOT1c-NOT4c cette région est déstructurée

et contacte la molécule adjacente dans le cristal.

Figure 19 : Structure cristalline du complexe NOT1c(1541-2093)-NOT4c(418-477).



Panneau A : Représentation du complexe NOT1c-NOT4c. NOT4c est coloré en bleu pale et NOT1c
est coloré en jaune.
Panneau B : Zoom des différents segments de NOT4c interagissant avec NOT1c.

D.9.1. NOT4c entoure les répétitions HEAT N-terminales de NOT1c

NOT4c entoure les trois premiéres répétitions HEAT de NOT1c (partie C-terminale de
NOT1), s’étirant sur une longueur de presque 100 A et couvrant une surface de 3020 A2. Ces
importants contacts entre NOT4c et NOT1c peuvent étre divisés en trois segments. Le premier
segment impligue une région composée d’une hélice et d’'une boucle ou I'hélice a de NOT4c
(résidus 428-439) se cale contre les hélices a de la seconde et de la troisieme répétition de NOT1c.
Cette interface est principalement caractérisée par des interactions hydrophobes impliquant les
résidus Leu430, Leud434 et Leud437 de NOT4c et les résidus Leul613, Leul671, Leul674 et Vall675
de NOTIC. Le second segment se compose des régions entre les résidus 442-452 de NOT4, qui
interagissent avec deux boucles de NOT1c, la premiére connectant les répétitions HEAT 1 et 2 et la
seconde connectant les répétitions HEAT 3 et 4. Une partie de ce segment interagit aussi avec
I’"hélice B de la premiere répétition HEAT de NOT1c. Cette interface est principalement dominée
par des interactions polaires et impliqgue également un nombre réduit de contacts hydrophobes.
Le troisieme segment de NOT4c (résidus 462-469) est tres structuré et se cale entre les hélices A et
B de la premiere répétition HEAT de NOT1c. Cette région de NOT4c se compose de résidus
hydrophobes et aromatiques tels que Vall575, Phel596, Leul600 et Vall605 de NOT1c. La
structure suggére que NOT4c contacte NOT1c a travers deux régions d’interactions majeures, la
région N-terminale de NOT4c (résidus 428-439) et la région C-terminale de NOT4c (résidus 462-
469) formant un motif décomposé en deux parties. Afin de tester I'implication des différentes
interfaces nous avons généré deux mutants de troncation GST-NOT4442-477 (GST-NOT4c-EN) et
GST-NOT4418-462 (GST-NOTA4cHIC) et testé leur capacité a se lier a NOT1lc dans des tests
d’interaction. La GST a été utilisé comme témoin négatif et GST-NOT4c comme contrble positif.
Alors que GST-NOT4c-EN peut interagir de la méme maniére que GST-NOT4c, GST-NOT4c-BC n’est
pas capable d’interagir avec NOT1lc. Puisque seule la région C-terminale de NOT4 abolit
I'interaction avec NOT1c, nous concluons que cette région est indispensable pour I'association

avec NOT1 et les deux autres segments sont des surfaces d’interactions additionnelles.



E. Contribution de mon travail de thése

Les différents travaux sur lesquels j’ai eu l'occasion de travailler depuis 2010 ont conduit a la
résolution des structures des différents modules du complexe CCR4-NOT. Mon travail a contribué
a élucider I'organisation générale du complexe ainsi que de révéler des détails structuraux qui ont
permit de contribuer a comprendre et confirmer certaines des fonctions biologiques du complexe.
D’autre part, mon travail a aussi permis de mettre en lumiére la connexion du complexe CCR4-
NOT avec la répression de la traduction. Ces travaux apportent des données précieuses pour les
chercheurs dont l'intérét est focalisé sur la dégradation des ARN et plus généralement sur la
régulation de I'expression des genes. Les travaux qui sont présentés dans ce manuscrit, en dépit

de leurs relatives nouveautés, ont déja été cités a de nombreuses reprises.



Etudes fonctionnelles et structurales du module
nucléase du complexe CCR4-NOT



E.1. Etudes fonctionnelles et structurales du module nucléase du complexe CCR4-NOT

E.1.1. Contexte et objectifs du projet

Le complexe CCR4-NOT est un des complexes majeurs de la dégradation des ARN. Ce complexe est
étudié depuis de nombreuses années, mais tres peu d’informations sur sa structure étaient
connues lors de l'initiation de ce projet par notre laboratoire. Comme ce complexe, de par sa taille
ainsi que par son organisation multi-modulaire, représente un véritable défi pour une approche
par cristallographie aux rayons X, nous avons décidé de mettre en place une stratégie de

résolution des structures des différents modules de ce complexe.

E.1.2. Approches expérimentales

Identification de la région de NOT1 s’associant a la déadénylase CCR4-NOT

La protéine NOT1 de levure (S.cerevisiae) se compose de 2108 acides aminés. Des expériences de
double hybride ont montré que la région de NOT1 interagissant avec les protéines CCR4 et CAF1 se
situait entre les résidus 667 a 1152. Afin d’identifier de maniére plus précise cette région de NOT1,
j’ai utilisé une méthode combinant les approches bioinformatique et expérimentale. L'analyse de
séquences a mis en évidence une large région structurée se situant dans les premiers 1000 résidus
de NOT1, ce qui m'a conduit a sur-exprimer et purifier une construction de NOT1(1-1000). Afin
d’identifier des domaines, j’ai utilisé la protéolyse ménagée qui a mis en évidence I'existence deux
larges fragments : NOT1(154-753) et NOT1(754-1000). Ces fragments ont ensuite été sur-exprimés

et purifiés individuellement.

Résolution par étape des structures cristallines du module de déadénylation du complexe CCR4-

NOT

Pour les études structurales, il est nécessaire de surproduire et de purifier la protéine d’intérét
avec un haut degré de pureté (>95%). Les différentes constructions de NOT1 ont été sous-clonées
dans un vecteur plasmidique de type pET codant pour une étiquette His-Sumo clivable positionnée
a I'extrémité N-terminale, ce qui a permis de sur-exprimer les protéines NOT1 dans E.coli et de les
purifier de facon optimale et efficace par chromatographie d'affinité. Le complexe CCR4-(résidus
110-837)-CAF1(résidus 146-433) a été cloné dans un vecteur pFastBac DUAL vector (Systéme

Baculovirus Invitrogen) qui a été utilisé pour générer des bacmides et des virus pour I'infection de



cellules d’insectes de type SF9.

Des expériences de chromatographie d'exclusion de taille m’ont permis d’identifier le fragment de
NOT1 pouvant s’associer de facon stable a la protéine CAF1. Finalement, j'ai pu reconstituer un
complexe ternaire stoechiométrique tout d’abord en mixant les protéines CAF1, CCR4 (exprimées
dans les cellules d’insectes) et le fragment 754-1000 de la protéine NOT1 (exprimée dans E.coli)
en léger exces, puis en purifiant le complexe sur une colonne de chromatographie d'exclusion de

taille.

Not1
reconstitution du complexe sur
Sous unité exprimée dans E.Coli une colonne de permeation de gel

Not1

Sous unités co-exprimées dans des celulles d'insectes

kDa] 1 2 3
16

mAL

ww Ccrd
3 66
1
2 45
35 Caf
m | o Not1
18
14 -

5 50 s 100 V. (ml)

Afin de caractériser ces interactions de maniere précise, j'ai entrepris de cristalliser les différents
composés du complexe et de résoudre leurs structures tridimensionnelles par cristallographie aux

rayons X.

Pour la recherche des conditions de cristallisation de ce projet, j’ai utilisé de maniere systématique
qguatre matrices clairsemées : Magic | suite (inhouse), Magic Il suite (inhouse), Index (Hampton
Research), PEGs suite (Qiagen). Pour ces expériences, j'ai utilisé la technique de diffusion de
vapeur en gouttes assises, sur des plaques 96 puits contenant 1 réservoir. Cette approche m’a
permis de tester 384 conditions de cristallisation et a été réalisée grace a un robot « Phoenix», sur

la plateforme de cristallisation de I'institut Max-Planck de biochimie. J’ai isolé plusieurs conditions



de cristallisation, et travaillé en optimisation manuelle pour obtenir des cristaux de taille

compatible (100 um?3) avec les expériences de diffraction des rayons X.

Il a été possible de cristalliser et de résoudre les structures cristallines des deux fragments N-
terminaux de la protéine NOT1 (NOT1154-753 et NOT1754-1000). Ces deux structures ont été
déterminées apres |'obtention de phases expérimentales. Pour le domaine NOT1754-1000, le
signal anomal de l'iode contenu dans la solution de cristallisation a été utilisé. Les cristaux du
fragment 154-753 ont été trempés dans une solution de KAu(CN).. J’ai ensuite réussi a cristalliser
un complexe binaire composé du fragment NOT1754-1000 et de la protéine CAF1. J'ai finalement
pu reconstituer un complexe ternaire composé des protéines CCR4, CAF1 et du domaine

NOT1754-1000. Ce complexe a été cristallisé et sa structure a été résolue par remplacement

moléculaire.



Structure cristalline du domaine MIF4G de NOT1
Resolution: 1,7 A

Phasage experimental avec de |'lode

pdb: 4B89

CCR4
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Nuclease
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Structure cristalline du complexe SF’“?“‘”’ e cristalline du complexe
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Structure cristalline du domaine N-terminal de NOT1(153-753)
Résolution: 2,6 A

Phasage expérimental avec un composé contenant l'or (KAu(CN)2)
pdb: 4B8B

E.1.3. Résumé de I'étude

Cette étude structurale a permis de mettre en évidence que la partie N terminale de NOT1 était
composée de répétitions HEAT qui sont caractéristiques de domaines adoptant le repliement
MIF4G. Un domaine MIF4G est positionné dans la partie centrale de NOT1 qui est responsable de
I'interaction avec la protéine CAF1, qui a son tour, contacte le domaine LRR de la protéine CCR4
qui recrute le domaine nucléase. Les interactions qui forment le module de déadénylation du
complexe sont conservées a travers |'évolution. La perturbation de ces interactions agit sur la
viabilité cellulaire et sur la déadénylation des ARN messagers in vivo chez la levure. La partie N-
terminale de NOT1 forme une plateforme étendue caractéristique des protéines d’échafaudage et

place le module de déadénylation dans une position pivot au centre de complexe CCR4-NOT1.
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SUMMARY

Shortening eukaryotic poly{A) tails represses mRNA
translation and induces mRBNA turnover. The major
cytoplasmic deadenylase, the Ccr4-Not complex,
is a conserved multisubunit assembly. Ccr4-Not is
organized around Not1, a large scaffold protein that
recruits two 3'-5' exoribonucleases, Cafl and Ccr4.
We report structural studies showing that the
N-terminal arm of yeast Notl has a HEAT-repeat
structure with domains related to the MIF4G fold. A
MIF4G domain positioned centrally within the Not1
protein recognizes Cafl, which in turn binds the
LRR domain of Ccrd and tethers the Ccrd nuclease
domain. The interactions that form the nuclease
core of the Ccrd4-Not complex are evolutionarily con-
served. Their specific disruption affects cell growth
and mRNA deadenylation and decay in vivo in yeast.
Thus, the N-terminal arm of Not1 forms an extended
platform reminiscent of scaffolding proteins like
elF4G and CBP80, and places the two nucleases in
a pivotal position within the Ccr4-Not complex.

INTRODUCTION

Since the discovery of the poly{A) tail over 40 vears ago, a wealth
of functional information has accumulated on the major influence
it exerts on the posttranscriptional regulation of eukaryotic gene
expression (Edmonds etal., 1971; reviewed in Zhang et al., 2010;
Eckmann et al., 2011). The poly{A) tail consists of a long stretch
of adenosine nucleotides and is coated by multiple poly(A)-
binding proteins in the nucleus and in the cytoplasm (Mangus
et al.,, 2003). The resulting structure of the mature messenger
ribonucleoprotein particle (nRNP) protects the 3 extremity of
the messenger RNA (mRNA) from exoribonucleolytic degrada-
tion, thus increasing mRNA stability (reviewed in Zhang et al.,
2010). It also increases translational efficiency by promoting
the recruitment of translation initiation factors (Tarun et al.,
1997; reviewed in Sonenberg and Dever, 2003). Conversely,

poly(A) tail shortening, a process known as deadenylation, is
linked to cytoplasmic mRNA decay and to translational repres-
sion (Decker and Parker, 1993; reviewed in Goldstrohm and
Wickens, 2008; Zhang et al., 2010).

In yeast and mammalian cells, deadenylation begins with the
PanzZ-Pan3 complex (Boeck et al., 1996; Brown and Sachs,
1998; Yamashita et al., 2005) and continues with the Ccrd-Not
complex (Daugeron et al., 2001; Tucker et al.,, 2001, 2002;
Chen et al., 2002). Ccrd-Not is thought to reduce the poly{A)
tail to a short oligo(A) tract before the body of the mRNA is
degraded by subsequent enzymatic activities (the exosome-
Ski complex, the decapping complex, and Xrn1) (reviewed in
Garneau et al., 2007). The core enzymes and regulators of this
pathway are universally conserved throughout eukaryotes.
Studies in yeast have shown that neither the Pan2-Pan3 nor
the Ccrd-Not deadenylase activities are essential in vive (Malvar
et al., 1992; Boeck et al., 1996; Brown et al., 1996). Synthetic
phenotypes observed in double mutants of the deadenylase
complexes suggest that they act in a partially redundant manner
(Tucker et al., 2001).

While the interplay between Pan2-Pan3 and Ccr4-Not is not
fully understood, it is clear that their concerted action is often
the rate-limiting step for mRNA decay (Cao and Parker, 2001)
and a focal point for regulation. The direct recruitment of Ccr4-
Not to specific regulators impacts for example ARE-mediated
decay (Sandler et al., 2011), microRNA-mediated gene silencing
(Braun et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011),
and translational repression during developmental processes
(de Moor et al., 2005). Finally, Ccrd-Not has been proposed to
modulate mRNA levels by acting at the transcription level, via
interactions with transcription factors (reviewed in Collart and
Timmers, 2004) and with the elongating RNA polymerase |l
(Denis et al., 2001; Kruk et al., 2011). Recently, altered transcrip-
tion in Cecrd-Not mutants was also shown to arise in compensa-
tion of reduced mMRNA decay (Sun et al., 2012).

The core subunits of Ccr4-Not were first identified in the early
nineties (reviewed in Collart and Timmers, 2004). Biochemical
approaches later indicated that these gene products exist in
the context of a multiprotein complex with an approximate
mass of 1 MDa (Liu et al., 1998; Maillet et al., 2000; Chen
et al., 2001). Yeast two-hybrid and coimmunoprecipitation
studies suggest that Ccrd-Not is organized around Not1 (also
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Figure 1. The Caf1-Ccr4-Binding Domain of
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148 arrangement of yeast Not1, Cafl, and Ccrd. The
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known as Cdc39), a 240 kDa protein believed to function as
a structural scaffold (Collart and Timmers, 2004). The N-terminal
half of Notl recruits the two interacting exoribonuclease
subunits Cafl (also known as Pop2 in yeast) and Ccr4, forming
the “nuclease module™ of the complex (Dupressoir et al., 2001;
Draper et al., 1995; Bai et al.,, 1999). The C-terminal half of
Not1 interacts with Not2, Not3, Not5, and Not4, forming the
so-called “Not module” (Bai et al., 1999; Deluen et al., 2002).
The overall architecture of the Ccrd-Not complex is likely con-
served in humans, Drosophila, and trypanosomes, although
the complexity of the interactions and the interplay of the
nuclease activities differ (Albert et al., 2000; Temme et al.,
2004; Schwede et al., 2008; Lau et al., 2009). Perhaps the
most striking difference lies in the balance of the nuclease activ-
ities: while Ccrd is the primary deadenylase in yeast (Chen et al.,
2002; Tucker et al., 2002), in mammalian cells Caf1 contributes
significantly, if not predominantly, to poly(A) tail shortening
(Mauxion et al., 2008, Sandler et al., 2011).

Despite the importance of the Ccr4-Not complex, limited
structural information is currently available. A negative-stain

different active sites (Thore et al., 2003;

Jonstrup et al., 2007; Horiuchi et al.,

2009; Wang et al., 2010). However, how
the Not1-Caf1l-Ccrd network of interactions is established
and how it positions the two exoribonucleases within the com-
plex is unknown. To address these questions, we undertook a
structural and functional analysis of the nuclease module of the
Ccrd-Not complex.

RESULTS AND DISCUSSION

Domain Organization of the 114 kDa N-Terminal Region
of Yeast Not1

S. cerevisiae Not1 is a 2,108 amino acid residue protein (Fig-
ure 1A). Yeast two-hybrid experiments previously mapped the
interaction of Cafl and Cecr4 to residues 667-1,152 of Noti
(Bai et al., 1999). To precisely identify the domains present in
this portion of Not1, we used a combination of computational
and experimental approaches. Sequence analysis and sec-
ondary structure predictions indicated the presence of a largely
structured region in the first 1,000 residues of Not1, followed
by a less-conserved, low-complexity segment. We expressed
and purified a construct of yeast Not1 encompassing residues
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Molecular Cell
Structure of the Not1-Caf1-Cerd module

1-1,000 (Not14_1090), subjected it to limited proteclysis, and
identified the domain boundaries of the two largest fragments
as cormesponding to Notl,s54 753 and Not1zs4_100p (Figure S1A
available online). These proteolytically resistant fragments could
be separately expressed and purified to homogeneity (Fig-
ure S1A) and did not coelute in size-exclusion chromatography
(data not shown). These results indicated that Not1,54 753 and
Not1754 1000 are stable and folded as individual domains.

The Not1;54 1000 Domain Recruits Caf1-Ccerd and Is
Essential for Function in Yeast

Next, we identified the minimal domains required for the forma-
tion of a core Not1-Caf1-Cecrd complex by mixing individually
purified components in size-exclusion chromatography experi-
ments (Figure S1B). These experiments were guided by previous
coimmuneoprecipitation studies showing that Cafl bridges the
interaction between Not1 and Ccr4 (Bai et al., 1999). We found
that Not1+54_1900 was sufficient to form a ternary complex with
the nuclease domain of Cafl (hereafter referred to as Cafl)
and with a construct of Ccrd encompassing part of the
N-terminal region, the leucine-rich repeat (LRR) domain and
the nuclease domain (residues 110-837, hereafter referred to
as Ccrd) (Figures 1A and S1B) (Simén and Séraphin, 2007).
The interacting regions of Caf1 and Cer4 include the functionally
important residues that had been previously identified (Bai et al.,
1999; Clark et al., 2004).

To delineate precisely the regions of the N-terminal half of
Not1 important for function in vivo, we generated plasmids ex-
pressing Not1 full-length, Not1 truncation mutants (Not1 4545108,
Not1754 108, Notlggi_pios. Notliog1-210s), @and Not1 deletion
mutants (Not1A7s4-1900, NOtT1A 54-753) with a C-terminal tandem
affinity purification (TAP) tag (Figure 1B). As a control, we gener-
ated a plasmid with a C-terminal truncation (Not1,_i40s) that
eliminates an essential portion of Not1 involved in the interaction
with Not2/3/5 {of unknown function) and Not4 (a ubiquitinating
enzyme) (Maillet et al., 2000; Collart and Timmers, 2004). These
plasmids were introduced into a not7 4 haploid strain rescued by
a URA3-marked NOT? plasmid. Growth phenotypes were as-
sayed after counterselection of the URAS3 plasmid on 5-FOA.
Wild-type Not1 as well as the Not1154519g and Not1 75451 gg trun-
cations complemented the chromosomal not? deletion (Fig-
ure 1B). In contrast, Not11g1-210s @and Not14_495 did not rescue
cell growth on synthetic media (Figure 1B), consistent with the
very slow growth reported only in rich media for Not1 3192108
and Notli451_01pg In a different genetic background (Maillet
et al., 2000). Strikingly, the larger Not1A,54 753 deletion was
viable while the smaller Not1Azs._1000 deletion was not (Fig-
ure 1B). Western blot detection of the TAP-tag confirmed that
these phenotypes did not result from protein instability as all
mutants accumulated at wild-type levels or higher (Figure 1C).
We concluded that, in addition to the C-terminal region of
Not1, the Caf1-Ccrd-binding domain (Not1754-1000) is essential
for Not1 function.

Overall Structure of the Not1;54_1000-CGaf1-Cerd
Complex

To determine the structure of the 5. cerevisiae Not1-54_1000-
Caf1-Ccrd core complex, we proceeded in a stepwise manner.

We first solved the structure of the Notl;54 1000 domain by
iodine-based single anomalous diffraction (SAD) and refined it
against a native data set at 1.4 A resolution to an Rfres of
21.0% (Table 1). We then determined the crystal structure of
the Not1+54_1000-Cafl binary complex by molecular replacement
{using the coordinates of Not1 754-1000 and of the previously pub-
lished yeast Cafi structure [Thore et al., 2003] and refined it at
2.3 A resolution to an Rfree of 23.8% (Table 1). Finally, we
determined the structure of the ternary Notl,5. 1000-Caf1-Cord
complex by molecular replacement using the coordinates of
Not1+54-1p00-Caf1, followed by iterative rounds of model building
and refinement.

The final model of Not1,54_1g00-Caf1-Ccrd was refined to 3.4 A
resolution with an Rfree of 27.4% and good stereochemistry
(Table 1). The crystals contain four independent copies of the
complex in the asymmetric unit. For each copy, the model
includes Not1 residues 759-991, Cafl residues 149-428 (with
the exception of a disordered loop between 357-369), and
Ccrd residues 135-187 and 242-261 in the N-terminal region
and 332-470 in the LRR domain (Figure S2). In two copies of
the asymmetric unit, ordered electron density is also present
for about half of the Ccrd nuclease domain (Supplemental Exper-
imental Procedures).

The Not1754-1000-Caf1-Ccrd complex is built by the sequential
interaction of a MIF4G {middle domain of initiation factor 4G),
nuclease, LRR, and nuclease domains (Figure 2). The relative
orientation of the domains within the ternary complex is the
same in the different copies of the asymmetric unit (Figure S3A).
Below we describe the Not1+54_1000-Caf1-Cord structure of one
of the two copies in the asymmetric unit where the nuclease
domain is partially ordered (Figure 2).

The Not1;54 1000 Domain Has a MIF4G Fold

The Not1754_190p domain contains ten antiparallel « helices (Fig-
ure 3A, left panel). The arrangement is characteristic of that
observed in HEAT-repeat proteins. HEAT motifs consist of two
antiparallel « helices (known as A and B helices) and pack against
each other in an almost parallel fashion (Andrade et al., 2001).
Database searches for structural similarities to Not1754_1 g9 Using
the program Dali (Holm and Rosenstrém, 2010) indeed identified
the HEAT-repeat fold of MIF4G (Figure 3A, left panel). The five
HEAT repeats of Notl:54 1000 (residues 782-976) superpose
with MIFAG domains of elF4G (Schiitz et al., 2008) and UPF2
(Kadlec et al., 2004) with a root-mean-square deviation (rmsd)
of 2.8 A for more than 70% of all & carbon atoms. In addition,
Not1+s54-1000 features two extended segments at the N and C
termini (Figure 3A, left panel) that are anchored to the HEAT-
repeat core by extensive hydrophobic interactions (Figure S3B),
and thus form an integral part of the domain. The entire
Not1754-1000 domain is essentially unaltered when comparing
the structures determined in the absence and presence of Cafi
(rmsd of 0.53 A over more than 98% of « carbon atoms) (Fig-
ure S3C). Analysis of the Not1;754_1000 Structure shows that the
concave surface of the MIF4G domain is characterized by a large
patchof conserved residues contributed by the B helices of HEAT
1to 5 (Figure 3A, right panel). A small patch of conserved residues
is also present on the opposite surface (Figure 3A, right panel), at
the interrepeat loops connecting HEAT 3-4 and HEAT 4-5.
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Table 1. Crystallographic Data Collection/Refinement Statistics

Data Set Not1754_1000 Notl 7541000 (| SAD) Not1 754_1000-Cafl Notl754_1000-Cafi-Gerd  Notly54 753 (Au SAD)

Data Collection

Beamline SLS PXII Kealibur Nova (CuKe)  SLS PXII SLS PXII SLS PXIN

Space group P4,242 P44242 P2:2424 P1 P2,

Unit cell parameters (f\) a=b =536, a=b =536, a=718,b=76.56, a=12286b=12292, a=550,b=1645,
c=187.2 c=1835 c=1099 c=126.4, « = 89.4, c=86.1,p=100.1°

B=289.7 v=642

Wavelength (f\) 1.000 1.540 1.000 1.000 1.0396

Resolution range (5‘)a 93.6-1.4 20.3-2.6 47.7-2.3(2.42-2.30) 48.2-34(3.6-3.4) 47.7-2.8(2.95-2.8)
(1.48-1.41) (2.74-2.60)

Unique reflections® 54,005 (7,437) 8,699 (1,265) 27,615 (3,835) 90,023 (13,150) 36,994 (5,266)

Multiplicity® 7.06.9) 42.523.9) 6.0(5.9 3637 4.8 (4.8)

Completeness (%)° 99.8 (29.6) 97.3 (28.9) 99.5 (86.5) 98.5 (98.4) 99.5 (97.1)

Anomalous completeness (%9)* 98.6 (09.1) 97.5(93.2)

Va()? 22227 40.4 (12.6) 15.3(4.4) 10.0 2.9 20.0 (2.6)

Beym (%) 3.7(59.4) 10.2 (30.0) 8.6 (45.0) 11.2 (51.1) 5.2 (53.0)

Refinement

Ruwork (%) 19.5 18.0 235 23.7

Riree (96) 21.0 238 274 27.3

Rmsd bond (.3\) 0.007 0.007 0014 0.002

Rmsd angle () 1.16 1.05 1.64 1.28

Ramachandran values: 98.2 97.3 935 96.7

Favored (%)

Ramachandran values: 0.0 0.0 0.0 0.0

Disallowed (%)

Walues in parentheses correspond to the highest-resolution shell.

The Interaction of Not1,54 1000 With Caf1 Involves
Evolutionary Conserved Residues

Cafl is recognized by the small conserved patch of the
Not1254 1000 MIF4G domain formed by the interrepeat loops of
HEAT 34 and HEAT 4-5 (Figures 3A and 3B). The structure of
Cafl has been previously described (Thore et al., 2003; Jonstrup
et al., 2007; Horiuchi et al., 2009). In brief, Cafl has an RNase
D fold characteristic of the DEDD superfamily of exoribo-
nucleases. The fold contains a § sheet to a large extent sur-
rounded by « helices, with the exception of a small surface
area that forms the active-site cavity (Figure 2A). The active
site of 5. cerevisiae Cafl has a suboptimal Ser188-Glu190-
Asp310-GInd94 (SEDQ) sequence as compared to the canonical
DEDD sequence of the S. pombe or human orthologs (Thore
et al., 2003; Jonstrup et al., 2007; Horiuchi et al., 2009). In the
Ccrd4-Not complex, Cafl binds Not1;s54_1000 @t the opposite
side of the molecule with respect to the active-site pocket
(Figure 2A).

The interaction between Cafi and Not1+54_ 1900 is mediated by
conserved hydrophobic residues, in particular by Met290,
Met296, and Trp333 in Cafl and Pro897, Phe938, Pro943, and
Trp944 in Notl (Figure 3B). Overall, the Notl1754_1900-Cafl
interface buries only 8.4% of the total accessible solvent area
(230 A?for Caft and 420 A? for Not1), leaving the large conserved
patch on the concave surface of Notl;si_1000 exXposed to
solvent and accessible (Figure 2B, right panel). The active-site

pocket of Cafl is also solvent exposed in the ternary com-
plex, since the binding of the Ccr4 LRR domain occurs at an
adjacent and nonoverlapping surface (Figure 2B, right panel,
and Figure S3C).

The Interaction of Caf1 with the LRR Domain of Ccrd
Forms a Contiguous Hydrophobic Core
The LRR domain of Ccrd contains five leucine-rich repeats (Fig-
ure 2A, right panel). The repeats assemble side by sideto form a
crescent-shape structure, with the outer convex surface formed
by a helices and the concave surface formed by parallel
p strands. The concave surface of LRR domains is often the
site of intermolecular interactions (Bella et al., 2008). In yeast
Ccrd4, the concave surface of the LRR domain interacts intramo-
lecularly with the helices of the N-terminal region (Figure 2A). The
70 amino acid linker (residues 262-331) that connects the
N-terminal region to the LRR domain is disordered. The ordered
part of the N-terminal region buries the hydrophobic B sheet
surface of the LRR domain (lined by Tyr363, Val384, Tyr407,
Tyrd409, Phed411, and Phe430). The structural analysis thus
suggests that the N-terminal region and the LRR domain in yeast
Ccrd form a single structural unit. In vertebrates, Ccr4 lacks the
N-terminal region (Figure S2), and the concave surface of the
LRR domain is instead polar in nature.

The LRR domain of Ccrd includes two helices that shield the
leucine residues of the fifth repeat and lead directly into the
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Figure 2. Structure of the Not1;54_1000-Gaf1-Ccrd Gomplex

{(A) The complex is shown in two different orientations related by a 180° rotation arcund a vertical axis. Not1 is in orange, Caf1 in blue, and Cerd in pink. On the
right, the complex is shown superposed to the structure of the nuclease domain of the human Cer4 orthclog CNOTEL (in gray, PDB 3NGQ). The five LRR motifs
and the N and C termini are labeled. Disordered loops are indicated with a dotted line. Residues at the active sites of Cafl and Cerd are shown in stick
representation. All structure figures in this manuscript were generated with Pymol (hitp/Avww.pymol.org/).

(B) Surface representation of the complex in similar crientations as in (A) and including the superpcsed CNOT6L nuclease domain. The surface is colored ac-
cording to sequence conservation, ranging from white (variable residues) to dark crange (invariant residues). The conservation was mapped with the program

Consurf (Ashkenazy et al., 2010) based on the alignment in Figure S2.
See also Figure 52.

Ccrd nuclease domain (Figure 2A). It however lacks an analo-
gous flanking region at the first repeat. The hydrophobic core
of the first repeat is shielded intermolecularly by Caf1. Cafi inter-
acts with Cer4 via a surface formed by a long loop (residues 193
206) and an a helix {residues 207-219) (Figure 3C). This region of
Caf1 undergoes a localized conformational change as compared
to the unbound Caf1 structure (Figure S3C). Cafl residues 197-
199 form a p strand that effectively extends the Ccr4 j sheet. The
hydrophobic residues of the first LRR repeat (Leu339 and
Leu341) contact nonpolar side chains of Cafl (Ala215 and
Phe219) (Figure 3C). The residues involved in the Caf1-Ccrd

interaction are conserved from fungi to animals (Figure S2),
and the interaction surface is consistent with previous mutagen-
esis studies (Clark et al., 2004; Chn et al., 2007).

The Nuclease Domain of Ccr4 Is Adjacent to the

LRR Domain

Structural studies had shown that the catalytic domain of human
CNOT6L, the ortholog of yeast Ccrd, belongs to the endonu-
clease-exonuclease-phosphatase (EEP) protein family (Wang
et al., 2010). The fold is organized into two [ sheets that face
each other and are sandwiched between two outer layers of
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Figure 3. The Interactions in Notis4 4000~
Caf1-Ccr4 Are Conserved

The figure shows four enlarged regions cof the
complex discussed in the text.

(A) On the left, the crystal structure of the
Not17s4-1000 domain is shown in orange super-
posed to a MIF4G domain of UPF2 (Kadlec
et al., 2004, in gray). The five HEAT repeats
are labeled and the N- and C-terminal segments
are indicated. On the right, Notlz541000 iS
shown in the same crientation as a surface re-

5 453,
b 4 )
m

presentation colored according to seguence
conservation, ranging from white (variable) to
dark orange (conserved), as described for
Figure 2B.

(B) Zoom-in showing a subset of residues in stick
representation at the Not1-Cafl interface. Resi-
dues mutated in the functicnal assays in Figure 4
are indicated.

(C) Zoom-in showing a subset of residues in stick
representation at the Caf1-Cerd interface. Resi-
dues mutated in the functional assays in Figure 4
are labeled. Also shown are residues repoerted in

Cerd LAR

clease previous mutagenesis studies {(Asp357, Phe3s8)
{Clark et al., 2004) and residues at the Cafl active
site (Glu190, etc).

(D) Zeom-in of the LRR-nuclease interaction of
Cerd. Hydrophobic residues at the interface are
indicated, as well as censerved residues exposed
on the surface.

See also Figure S3.

helices, forming a prominent active-site pocket (Figure 2, right
panels). In two molecules of the asymmetric unit of the
Not1+54-1000-Cafl-Ccrd crystals, the helices in one half of the
Ccrd nuclease interact with the LRR domain, while the other
half is disordered. The ordered part of the nuclease domain in
the yeast structure has the same conformation as the come-
sponding part of human CNOT6L (rmsd of 1.1 A upon superpo-
sition of 105 « carbon atoms) (Figure 2A, right panel).

The interaction between the LRR and nuclease domains of
Ccrd buries a surface of about 400 A2, The interface features
hydrophobic contacts (between Phe403 from the 5 sheet surface
of the LRR domain and Pro773 from the nuclease domain) and
polar contacts (between Asp460 from the C-terminal helix of
the LRR and Ser528 from the nuclease) (Figure 3D). Although
the intramolecular interactions in Ccrd appear to be weak and
stabilized by lattice contacts, they are generally conserved (Fig-
ure S2) and create a continuous patch of evolutionary conserved
solvent-exposed residues (Tyrd57 and Asn461 from the LRR
domain and Trp529, Asp534, and Tyr535 from the nuclease
domain) (Figures 30 and $2). Moreover, an intramolecular
contact between the nuclease domain and the LRR region had
also been suggested by yeast two-hybrid studies (Clark et al.,
2004). The relative arrangement of the two domains in Ccrd
results in an L-shape conformation, reminiscent of the central
region in the L-shaped negative-stain EM structure of the
Ccerd4-Not complex (Nasertorabi et al., 2011).

Structure-Based Mutations Specifically Disrupt

the Not1-Caf1 and the Caf1-Ccr4 Interfaces

Mutations based on the structural analysis were designed to
specifically disrupt the interactions between Not1, Cafl, and
Ccer4. To impair the Not1+54_1000-Caf1 interface, we engineered
a M290K, M296K double substitution in Cafl (Caf1-290/296
mutant) and a FI938E, P943Y substitution in Not1 (Not1-938/
943 mutant). In coimmunoprecipitation experiments using
tagged Caf1, Cecrd, and Not1 proteins, the Caf1-290/296 mutant
disrupted the interaction with Not1 and did not affect the Cafl-
Cerd interaction (Figure 4A). Conversely, the Not1-938/943
mutant impaired the interaction with Cafi without interfering
with Not1 stability or the assembly of the Caf1-Ccr4 heterodimer
(Figure 4A). Similar results were obtained using yeast two-hybrid
assays (Figure S4A).

To disrupt the Caf1-Ccrd interface, we engineered an
A215E, F219E double substitution in Caf1 (Caf1-215/219 mutant)
and a L339E, L341E in Ccrd (Ccrd-339/341 mutant). The
Caf1-215/219 mutant abolished the interaction with Ccr4, as
shown by coimmunoprecipitation experiments (Figure 4B) and
in yeast two-hybrid assays (Figure S4A), and slightly reduced
interaction with Not1 (Figure 4B). Conversely, the Ccr4-339-
341 mutant abolished the interaction with Cafi but did not
impact on the Cafi-Not1 interaction (Figure 4C and S4A).
Importantly, the mutant proteins accumulated at normal level
in all cases.
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Figure 4. The Interactions in Not17541000-Caf1-Ccr4 Are Essential for Normal Growth and mRNA Decay

(A-C) Coimmunoprecipitation was used to assay Not1-Caf1-Ccr4 interactions.

(A) VS8V-tagged wild-type or mutant Caf1 present in strains expressing wild-type HA-tagged Not1 and HA-tagged Cerd were immunoprecipitated with anti-VSV
antibodies. Parallel anti-VSV immunoprecipitaticns were performed from strains expressing VSV-tagged wild-type Caf1, HA-tagged mutant Not1, and wild-type
HA-tagged Cerd. Proteins present in the pellet fracticn were detected by western blotting with anti-HA (Ccrd4 and Not1) and anti-V8V (Caf1) antibodies.

(B) TAP-tagged wild-type Cer4 (left lanes) or TAP-tagged Not1 (right lanes) present in strains expressing either wild-type or mutant VSV-tagged Cafl were
immunoprecipitated on |gG beads. Proteins present in the pellet fraction were detected by western blotting with anti-V8V antibedies (Gaf1) and peroxidase-
anti-peroxidase complex (Ccrd or Not1).

(C) TAP-tagged wild-type Not1 present in strains expressing either VSV-tagged Cerd and/or VSV-tagged Cafl was immunoprecipitated. Either wild-type or the
indicated mutant forms of Cerd were used for this experiment. Proteins present in the pellet fraction were detected by western blotting with anti-VSV antibodies
(Cerd and Caf1) and peroxidase-anti-percxidase complex (Not1).

(D) Growth phenotypes resulting frem mutations of interface residues. Plasmids enceding the Caf1, Gerd, and Not1 mutantswereintroduced in strains deleted of the
cognate wild-type gene, either directly (Gaf1 and Cerd) or by plasmid shuffling (Not1). Growth of the resulting strain was assayed on YPDA mediaat30°Cand 37°C.
(E) The plasmid encoding the MFA2pG reporter was introduced in the wild-type yeast strain, isogenic deletion strains lacking Cer4 or Cafl and point mutant of
interface residues. The decay of the MFA2 mRNA was monitered in chase experiments. The MFA2 mRNA, decay intermediates and U5 small nuclear RNA were
detected by northern blotting after fractionation in denaturing polyacrylamide gels.

See also Figure S4.
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The Recruitment of Caf1 and Ccer4 to Notl Is Essential
for Their Biological Function

We used the structure-based mutants to test the physiological
consequences of disrupting the Not1-Cafl and the Gaf1-Ccrd
interactions in vivo. To dissociate Cafl from Not1, we introduced
the Caf1-290/296 mutant in a strain carrying a chromosomal
deletion of Cafl. Assaying the growth of the resulting strain
demonstrated that preventing the association of Cafl with
Not1 results in a poor growth phenotype at high temperature
(Figure 4D). In the latter conditions, the Caf1-290/296 mutant
barely differed from the strain lacking Caf1.

Ina complementary analysis, we introduced the Not1-938/943
mutant in the not? 4 haploid strain rescued by a URA3-marked
NOT1 plasmid. The Not1-938/943 mutant was able to rescue
the lethal phenotype conferred by Not1 inactivation, but the re-
sulting strain grew at reduced rate at normal temperatures and
very poorly at high temperatures (Figure 4D). The growth proper-
ties of the Not1-938/941 mutant strain were similar to those of an
otherwise isogenic CaflA strain (Figure 4D). The more severe
phenotype observed with the Not1 mutant may reflect differ-
ences in residual interaction and/or the possibility that the
mutated region of Not1 could be involved in additional functions.
Nevertheless, because these mutations did not alter the level of
Cafl, Ccrd, and Notl or the formation of an active Ccr4-Cafi
dimer, these observations demonstrate that the association of
Caf1-Ccrd with Not1 is required for their biological activity. Inter-
estingly, fusing Cafl at the N terminus of the Not1-938/943
mutant partly rescued the slow growth phenotype of the Not1-
938/943 protein, demonstrating that its inability to recruit Caf1
(and indirectly Ccrd) explains the poor activity of this factor
(Figure S4B).

To dissociate Cecrd from Cafl, we introduced the Caf1-215/
219 and the Ccr4-339/341 mutants in strains devoid of Cafl
and Ccrd4, respectively (Figure 4D). In both cases, the mutant
strains grew at slightly reduced rate, a phenotype that was exac-
erbated at high temperature. We conclude that the recruitment
of Ccrd to the Cord4-Not complex is essential for its biological
activity.

Detachment of Caf1 and Ccrd4 from Not1 Impairs
Deadenylation and mRNA Decay

Next, we monitored the effect of the mutations on mRNA half-life.
We introduced inthe cognate mutants a reporter plasmid encod-
ing the MFA2 mRNA under the control of a galactose-inducible
promoter (Decker and Parker, 1993). Yeast cells were grown in
galactose containing medium and transferred to glucose media
to repress the reporter (time 0). Samples were withdrawn from
the culture at various time points, to extract RNA and monitor
the decay of the MFAZ2 reporter by northern blotting. The reporter
mRNA was specifically detected with a probe hybridizing to a oli-
go(G) tract introduced in the reporter mRNA 3’ untranslated
region (UTR) that also allowed the visualization of mMRNA decay
fragments by blocking the main 5’-3 exonuclease, Xrn1.

Decay of the MFA2 reporter occurred with normal kinetic in
control strains expressing wild-type Cafi, Ccrd and Not1 (half-
life [t'2] of 4-5 min) but was strongly impaired in strains lacking
Cafl or Cord (/2 of 14 and 22 min, respectively) (Figure 4E). In
the absence of Cafl and Ccré4, longer length intermediates that
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carried extended poly(A) tracts compared to their wild-type
counterparts were detected (Figure 4E), as reported (Daugeron
et al.,, 2001; Tucker et al., 2002). These intermediates extend
from a stem loop in the reporter 3 UTR to the mRNA 3 end
and originate from 5-3 exonucleolytic degradation of the
mRNA body after decapping. Their increased length indicates
that decapping proceedes despite the fact that poly(A) tails
have not been shortened to the same length as in wild-type
strains.

Upon assaying the disruption of the Not1-Caf1 interface (Fig-
ure 4E), we found that the reporter was only mildly affected inthe
Caf1-290/296 mutant (normal half life, moderately extended
intermediates), while its decay was more severely impaired in
the Not1-938/943 strain ¥z 15min, highly extended intermedi-
ates). When assaying the disruption of the Cafl1-Ccr4 interface,
both the Caf1-215/219 and the Ccr4-339/341 mutant strains
resulted in the stabilization of the reporter (t¥: of 14 and
12 min, respectively) and in extended decay intermediates (Fig-
ure 4E). These phenotypes were highly reproducible when the
independent biological replicates were performed. Altogether,
these observations demonstrate that the incorporation of Caf1
and Ccrd in the Ccrd-Not complex (via the interaction with
Not1) is essential for efficient deadenylation in vivo, as qualita-
tively evidenced by altered reporter mBNA half-life and the
increased size of the decay intermediate. Quantitative differ-
ences observed between the mutants (i.e., the more severe
phenotype of the Not1 mutation) may originate from different
residual levels of interaction. It is also possible that the incorpo-
ration of Caf1-Ccr4 within the complex might differentially affect
the deadenylation of different mRNAs. Finally, the Not1 mutant
might also affect other properties or activities of the Ccr4-Not
complex in addition to the recruitment of the deadenylases.

The Not1,54 754 Domain Is an Extended Platform

of HEAT Repeats

To obtain a more complete view of the N-terminal arm of Not1,
we also determined the structure of its largest domain. We
solved the crystal structure of Notlis4 753 using Au-based
SAD phasing and refined it at 2.8 A resolution to an Riree of
27.3% (see Table 1 for data collection and refinement statistics).
The asymmetric unit of the crystals contains two independent
copies of Notlss 753, which have a rmsd of 0.62 A over all
o carbon atoms. The final model includes residues 193-745,
with the exception of disordered loops at residues 211-232
and 268-270.

The Not1,54_7s3 structure is entirely built by antiparallel helices
assembled side by side to form an elongated molecule with
approximate dimensions of 120 AxosAx25A (Figure 5A).
Analysis of the structure identifies 13 helical hairpins related to
HEAT repeats. HEAT repeats 1-9 have an overall parallel
arrangement, with the exception of an unusually large rotation
between HEAT 4 and 5. HEAT repeats 10-13 are also organized
ina parallel fashion, but this region as a whole is rotated by about
90° with respect to HEAT 1-9 (Figure 5A). A search of the struc-
tural database using the Dali server (Holm and Rosenstrém,
2010) identified structural similarity between HEAT 10-13 (resi-
dues 571-746) and four HEAT repeats of MIF4G1 (rmsd of
3.9 Aover 115 Caatoms after optimal superposition) (Figure 35).
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A . Not1154-753

Figure 5. Notlys4.753 Is @ HEAT-Rrepeat
Platform

(A) Crystal structure of Notlis47s3 shown in
a ribbon representation in red. The HEAT repeats
and the ordered N and C termini are labeled.
Discrdered lcops are indicated with a dotted line.
(B) Notlis4_752 is shown in the same view as
a surface representation colored according to
seguence conservation as in Figure 2B.

See alse Figure S5.

HEAT 5-9

sequence identity

HEAT 1013 is the most conserved portion of the Not1154 753
domain (Figures 5B and 82). In particular, residues from the A
helices of HEAT 10-11 form an evolutionary conserved patch
on the outer surface of this domain. This conserved surface
of Notlis4-753 (Figure 5B) and the conserved surface of
Not1754 1000 (Figure 2B, right panel) are prime targets for
protein-protein interactions either within the core of the Ccr4-
Not complex or for the recruitment of other factors.

Conclusions
The emerging picture from the cument structural and functional
information is that Not1 scaffolds the Ccrd4-Not complex into
two structural arms organized around the two halves of its
240 kDa polypeptide chain (Figure 6). In the N-terminal arm,
the Notli54 753 and Notlz54 190 domains have a HEAT-repeat
organization with regions related to MIF4G. This architecture is
reminiscent of other scaffolding proteins involved in mRNA
metabolism such as elF4G (Schitz et al., 2008), CBC (Mazza
et al.,, 2001), and UPF2 (Kadlec et al., 2004). The N-terminal
arm of Not1 ends with a MIF4G domain that forms a rather rigid
platform for the interaction with the Caf1 nuclease. Caf1 is sand-
wiched between Not1 and the LRR domain of Ccr4, which in turn
tethers the nuclease domain with a covalent linkage and intra-
molecular interactions. The interactions between Not1, Cafl,
and Ccr4 are evolutionarily conserved and functionally essential
in vivo in yeast.

In vitro, Caf1-Ccr4 are active deadenylases in the absence
of Not1 (Thore et al., 2003; Clark et al., 2004; Jonstrup et al.,

HEAT 10-13 2007). Inthe crystal structure, their active
sites do not contact Not1;54 1900 @and are
accessible. In vivo, however, longer
mRNA decay intermediates accumulate
when disrupting the Not1-Cafi-Ccrd
interactions. These observations argue
that the recruitment of Caf1-Ccr4 in the
Cerd-Not complex (via Not1) is required
for full activity in yeast. It is possible that
the complex might target the deadeny-
lases to specific substrates and/or that
the additional proteins in the Cecr4-Not
complex might contribute. Indeed,
studies in human cells have shown that
depletion of Not2, a protein bound at
the C-terminal arm of Not1 (Bai et al.,
1999), affects the stability and enzymatic
activity of the complex (lto et al., 2011).
Finally, the incorporation of Caf1-Ccrd into the Not complex
might also impact other processes inthe cell, such as ubiquitina-
tion by Not4 or transcription.

The interpretation of the available data suggests that
Not1-54_1000-Caf1-Ccrd connects the two structural arms
(Figures 6 and S6). The resulting model has interesting implica-
tions. First, it shows that the two nucleases are positioned
centrally within the Ccr4-Not complex. Second, it rationalizes
how regulators like BTG/Tob factors can be recruited to the
surface of the complex to thread RNA substrates to the nuclease
active sites (Figure S6). While BTG/Tob proteins bind directly to
Cafl (Horiuchi et al., 2009), it is possible to envisage that other
regulators might be recruited to the extended HEAT-repeat
platform in the N-terminal arm or to the C-terminal Not module.
Finally, the model suggests that the nuclease domain of Cocrd
is adjacent to the Not module (Figures 6 and §6), rationalizing
how a crosstalk between the nucleases and the Not proteins
might be achieved. Understanding the structure and function
of the Not module and the recruitment of regulators are open
questions for future studies.

EXPERIMENTAL PROCEDURES

Protein Purification and Structure Determination

Net1 and Cafl proteins were produced recombinantly in E. coli, while Gerd
was obtained from insect-cell expression (Supplemental Experimental
Procedures). The Notlzs41000-Cafl and Not1zs4-1900-Caf1-Cord complexes
were reconstituted by mixing the purified components and by subseguent
purification by size exclusicn chromatography (Sephadex 200, GE
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Not1 C-terminal arm

Not1 N-terminal arm

Figure 6. Structural Organization of the Yeast Ccrd4-Not Complex
The scheme recapitulates the information from the crystal structures of
Net17s4-1000-Caf1-Cerd  and Notlysazsz reported in this manuscript,
combined with structural information from an EM study of the Cerd-Not
complex (Nasertorabi et al., 2011) (Figure §6) and previous interaction studies
(reviewed in Collart and Timmers, 2004). Net1 is shown with the two structural
arms colored from red (N terminus, residue 1) to yellow (G terminus, residue
2,108). Caf1 and Ger4 are shown in blue and pink, with stars indicating their
active sites. The Not2, Net3, Notd4, and Notb proteins that are part of the
C-terminal “Not module™ are shown in gray. Not shown here are Caf40 and
Caf130, for which the interacting regions within the complex have yet to be
precisely identified. See also Figure S6.

Healthcare). The samples were crystallized with the sitting-drop vapor
diffusion technigue at 18°C. Crystals were cryoprotected in mother liguor
supplemented with 20% glycerol, meunted in nylon locps, and flash-frozen
in liguid nitrogen for data collection at 100 K. Detailed procedures for
crystallization and structure determination are in the Supplemental Experi-
mental Procedures. The data statistics and quality of the models are summa-
tized in Table 1.

Yeast Strains, Plasmids, and Growth Conditions

Yeasts were grown in standard media at 30°C, except when ctherwise indi-
cated. Yeast strains are listed in Table S1. Standard cloning, mutagenesis,
and transformation precedures were used. Plasmids are listed in Table §2.

Reporter RNA Analysis, Western Blots and Coimmunoprecipitation
Assays

RNA chase experiments were essentially performed as described previ-
ously (Daugeron et al., 2001). Details are in the Supplemental Experimental
Procedures.

For coimmunoprecipitation assays, yeast total proteins were extracted from
pellets prepared from 150 ml of yeast culture grown to ODggg 1.5. Coimmuno-
precipitations were performed with 20 pl |gG-sepharose (GE Healthcare) for
TAP-tagged preteins, or using protein G-sepharose preincubated with
antiVSV |1gG (Roche) for VSV-tagged proteins. Details are in the Supplemental
Experimental Procedures. The input and precipitated fractions were analyzed
by western blotting with antibodies described in the Supplemental Experi-
mental Procedures.

ACCESSION NUMBERS
The coordinates and the structure factors have been deposited in the Protein

Data Bank with accession numbers 4b8c (Notl7sq1000-Caf1-Cerd), 4bBa
(Not1754 1000-CGaf1), 4082 (NoOt1754 1000), and 4bBb (Not11s4_753).
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Supplemental Experimental Procedures

Protein purification

N0t11_1000, N0t11_153, N0t1154_753, N0t1754_1000 and Cafl were subcloned with a
cleavable SUMO-His tag at the N-terminus. Each protein was individually expressed
in E. coli BL21(DE3) cells. The pellets were resuspended in 20 mM Tris pH 7.3,
250 mM NaCl, 20 mM imidazole and lysed by sonication. The proteins were purified
with a Ni-nitriloacetate (NTA) affinity step followed by tag cleavage with the SUMO-
protease Senp2 (in a 1:40 proteaseprotein ratio) and by heparin Sepharose
chromatography (GE Healthcare). The final purification step by size-exclusion
chromatography was carried out using a Sephadex 75 (for Not1;.153, Notl7s4.1000 and
Cafl) or a Sephadex 200 (for Notl;.;900 and Not1;s4.753) column (GE Healthcare).

For Cerd insect-cell expression, a derivative of a pFastBac DUAL vector (Invitrogen)
inserted with His-tagged Cerd (residues 110-837) and Cafl (residues 146-433) at its
two different promoters (kind gift of Carlo Carolis) was used to generate bacmids and
viruses. The proteins were co-expressed in SF9 cells according to standard
procedures. Cells were lysed after resuspending the pellet in a low-salt buffer (20 mM
Tris pH 7.5, 10 mM NaCl, 2mM MgCl,). The clear lysate was supplemented with 250
mM NaCl and 20 mM imidazole, and purified by consecutive Ni-NTA Sepharose,
heparin Separose and size-exclusion chromatography (Sephadex 200, GE Healthcare).
The Notlisaqo00-Cafl and Notlyssiop-Cafl-Cerd complexes were reconstituted by
mixing the purified components described above and by subsequent purification by
size exclusion chromatography (Sephadex 200, GE Healtheare). In all cases, the final
purification steps by size-exclusion chromatography were carried out in 20 mM Tris
pH 7.5, 250 mM NaCl and 1 mM DTT.

Crystal structures determination

Notlys4.753 was concentrated to 15 mg/ml and crystallized in 2.8 M NaCl and 50 mM
Tris pH 7.2. Notljsq7s3 crystals grew to about 0.3 x 0.3 x 0.3 mm in size, but with
severe macroscopic defects. Phases were obtained from a crystal derivatized by
soaking with 6 mM KAu(CN), for 2 hours and then manually dissected inte small
fragments. Using one of the fragments, we collected a SAD data set to 2.8 A
resolution with synchrotron radiation tuned at the peak wavelength of the gold
absorption edge (Table 1). After substructure solution and phasing with Phenix
AutoSol (Adams et al., 2010), an initial model was built automatically with
BUCCANEER (Cowtan, 2006) and extended manually in COOT(Emsley et al,



2010). Structure refinement was carried out using phenix.refine with TLS refinement
(Adams et al., 2010).

Notlsssq000 was concentrated to 20 mg/ml and erystallized in 20% (w/v) PEG3350,
0.5 M Nal and 50 mM Tris pH 7.5. We obtained phases from a data set collected to
2.6 A resolution using in-house CuKo. radiation, exploiting the anomalous signal of
iodine. Substructure solution and phasing were carried out with Phenix AutoSol. The
model was built with COOT and refined using phenix.refine against a native data set
to 1.4 A resolution collected at the Swiss Light Source (SLS) synchrotron (Table 1).
The Notl7s4.1000-Cafl binary complex was concentrated to 20 mg/ml and crystallized
in 8% (w/v) PEG 8000, 0.2 M Na malonate, 30 mM Tris pH 8.0 and 0.1% low-
melting agarose. The crystals diffracted to 2.3 A resolution at SLS. The structure was
solved with the program PHASER (McCoy et al., 2007) implemented in Phenix
AutoMR using as search models the Not17s4.1000 coordinates (see above) and the Cafl
coordinates (PDB 1UQC, (Thore et al., 2003)).

The Notlyssqoo-Cafl-Cerd temary complex was concentrated to 15 mg/ml and
crystallized in 8% PEG 3350, 75 mM ammonium acetate and 10% glycerol (w/v).
Tterative rounds of seeding were used to improve the size and morphology of the
crystals, which were then screened for diffraction at SLS. The best crystal diffracted
to 3.3 A resolution. Initial phases were obtained by molecular replacement with
Phenix AutoMR using the coordinates of Notlssgg —Cafl as search model (see
above). We subsequently placed a model for the LRR domain of Cer4 obtained with
the program PHYRE (ref) and part of the model of the nuclease domain (residues
512-555, 557-568, 576-579, 600-607, 766-779, 797-820) aided by the crystal
structure of the human orthologue (ref). The model was completed the model by
cyclic rounds of model building (with COOT) and refinement (with Phenix).

Reporter RNA analysis

1ImL aliquots of cells harboring the MFA2pG reporter (Decker and Parker, 1993)
were collected at the indicated time points. Cell pellets were frozen in liquid nitrogen
and stored at -80°C. Yeast total RNA was obtained by hot acid phenol extraction.
Nerthern blot analyses were carried out after polyacrylamide gel electrophoresis. The
reporter RNA was detected using a radiolabeled poly(C) probe oRP121 (Boeck et al.,
1998). Signals were measured and quantified using Phosphorlmager (GE Healthcare).
The mRNA half-lives were calculated using the best fit to an exponential decay. U3
snRNA, detected with a specific probe (EM19, S'GGCCCACAGTTCTTGATGTTG
3"), was used as loading control.

Co-immunoprecipitation assays

Yeast total proteins were extracted from pellets prepared from 150 ml of yeast culture
grown to ODggp 1.5, that were stored at -80°C. 1mlL of glass beads, 1.5 mL of buffer
A (150mM NaCl, 40 mM Tris-Cl pH 7.5, 0,1% NP-40. 12% glycerol, lmM DTT,
protease inhibitors (1 tablet of protease inhibitor cocktail (Roche), added per 100ml,
of buffer) and 100 pL of 1M PMSF were added to each pellet in a Corex tube. After 3
rounds of vortexing at maximum speed for 30 seconds at 4°C, large cell debris were
removed by low speed centrifugation. 1.4 mL of lysate fraction was transferred to a
cold Eppendorf tube and spun at 14krpm for 20 min at 4°C. 1.2 mL of the supernatant
was transferred to new tubes and spun again at 14krpm for 10 min. 1ml of clarified
lysate was flash frozen in liquid nitrogen and stored at -80°C.
Co-immunoprecipitations were performed with 20ul of IgG-sepharose 6 Fast Flow
(GE Healthcare) for TAP-tagged proteins, or using protein G Sepharose, preincubated



with antiVSV IgG (Roche) for VSV-tagged proteins, i IPP150 buffer (30mM Tris-Cl
pH38.0, 150mM NaCl, 0.1% NP40). Beads were rotated with 4mg of total extract for 2
hours at 4°C. After spinning, the flow-through fractions were kept and beads were
washed 3 times with IPP150 at 4°C. Bound proteins were eluted with IPP150 + 1%
SDS. Protein present in input and precipitated fractions were analyzed by western
blotting fellowing standard procedure. Monoclonal antibodies against VSV and HA
tags were used (anti VSV-G antibody clone P5D4 from Roche; anti HA antibody
clone HA.11 from Covance). Polyclonal antibodies against Stml (gift of F. Wyers)
were used to ascertain equal loading. Peroxidase-anti-preroxidase complexes (Sigma)
were used for detection TAP-tag containing proteins.

Yeast-two-hybrid assays

MAV?203 competent yeast strain (MATo, Invitrogen) and HF 7¢ yeast strain (MATa,
(Feilotter et al., 1994)) were transformed with constructs in pDEST32 (DNA-binding
domain, Invitrogen) and pDEST22 (Activation domain, Invitrogen) vector,
respectively. After crossing, diploids were grown in 2ml of selective media and 3 -
galactosidase activity was monitored using the NovaBright § -galactosidase Enzyme
Reporter Gene Chemiluminescent Detection Kit (Invitrogen) following the
manufacturer recommendations. Resulting values were normalized to cell densities
monitored by ODygp readings.
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Figure S1. In Vitro Characterization of Notl Domains, Related to Figure 1
A) Identification and purification of individual domains present in Notl.jg00. The

B)

12.5 % (w/v) SDS gel (stained with Coomassie) shows in lanes 1, 3 and 4 the
peak fractions from size exclusion chromatography. Lane 2 shows the
proteolysed Notl .00 after treatment with trypsin. We note that since we
could not obtain full-length Notl in a recombinant form., we identified
computationally the rough boundaries of about half of the Notl protein (Notl |
wo0). which could be expressed and purified. We then used experimental
approaches (limited proteolysis) to map the precise boundaries within this
region,

Identification of the minimal interacting core of Notl, Cafl and Ccrd. All
lanes correspond to peak fractions from size exclusion chromatography. The
12.5 % (w/v) SDS gel was stained with Coomassie. Upon mixing individually
puriﬁed pmteins, full-iength Cafl co-eluted with NOtn.umu, N0t1154..1|:.1)n or
Not7s4-1000 in size exclusion chromatography (lanes 1 to 3). However, Cafl
failed to interact with Noty;.1s3 and with Not;;.7s; (data not shown). We used
insect cells to co-express and purify a construct of Ccrd encompassing the
functionally important residues (110-837, referred to as Ccr4) together with



the nuclease domain of Cafl (residues 146-433, referred to as Cafl). Upon
mixing, the Cafl-Cerd complex and Notj7ss.1000 co-eluted in size exclusion
chromatography, indicating that they form a ternary complex (lane 4).
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Figure S2. Structure-Based Sequence Alignment, Related to Figure 2

Sequence alignments including of Notl_jpe, full-length Cafl and Crrd including
orthologues from S. cerevisiae (Sc), H. sapiens (Hs). D. melanogaster (Dm), D. rerio
and X. tropicalis. Conserved residues are highlighted in gray. The secondary structure
elements are shown above the sequences (as colored-filled cylinders for a-helices and

arrows for B-strands). The colors of the secondary structure elements is according to
the schematics in Figure 1A, with red for Notlss.7s3, orange for Notlsssjo00, blue for
Cafl and pink for Cer4. In the Cer4 alignment, the secondary structure elements from
the structure of the human orthologue (Wang et al., 2010) are shown in gray.
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Figure S3. Similarity of the Notlssy 000 and Cafl Proteins in the Bound and
Unbound Forms, Related to Figure 3
A) Superposition of the 4 independent copies of Notlssy.jp0-Cafl-Cerd in the
crystal structure. Each copy is shown in a different colour (gray, vellow,
green and blue).

10



B) On the left panel, the iteractions of the N-and C-terminal segments of
Notl7ss1000 (in cyan) are shown with the underlying helices of the HEAT
repeats. The N-terminal segment consists of 20 residues and wraps around the
MIF4G domain, stretching across the A helices of HEAT 2 to 4. The C-
terminal segment consists of 15 residues and packs against the side of HEAT
5. Highlighted are conserved residues mnvolved in hydrophobic and polar
interactions. To view the N-terminal segment, the structure has been rotated
about 45° clockwise with respect to the view m Figure 2A, right pancl. The
right panel shows the superposition of the structure of Not17s4.1000 in isolation
(in gray) with the structure of Notl7s4.1000 in the binary complex with Caf1 (in
yellow) and with the structure of Notlgss o0 in a ternary complex with Cafl
and Ccrd (in orange). In both cases, Notl superposes with an rmsd of less
than 0.53 A overall all Co atoms. The structure is viewed in a similar
orientation as in Figure 2A, right panel.

() Superposition of Cafl m isolation (in gray) (Thore et al., 2003) with the
structure of Caf1 in the binary complex with Notl (in light blue) and with the
structure of Cafl in the ternary complex with Notl and Cerd (right side, in
blue).
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Figure S4. Effect of Structure-Based Mutations Monitored Using the Two-
Hybrid Assay, Related to Figure 4
A) Two-hybrid interactions between wild type and mutant Notl (as DNA binding
domain fusions) and either Cafl (wild type or mutant derivatives) or Ccrd
(wild tvpe or mutant derivatives) (as activation domain fusions) monitored by
B-galactosidase production. The average of two measurements (each in
duplicate) is plotted, together with the error bars. A logarithmic scale is used
for B-galactosidase activities to allow the simultaneous visualization of low
background activities and strong positive interactions. Details of the
experiments are in Supplemental material. Full length proteins were used for
these assavs.
B) Same as panel A, except that two-hybrid interactions between wild tvpe and
mutant Ccr4 (as DNA binding domain fusions) and wild type and mutant Cafl
(as activation domain fusions) were monitored.

12



154
S.c. Not1

754 1000

~
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Figure S5. The N-Terminal Half of Notl Contains Domains Related to MIF4G,

Related to Figure 5

The scheme of N-terminal half of Notl shows the Notl 7541000 domain in orange and
the Notls4.753 domain in three different shades of red, according to the division of
HEAT repeats described in the text. The MIF4G domain of Notlsss.1000 i canonical
(right panel), as shown with the superposition of MIF4Gl1 (in gray). The four HEAT
repeats at the C-terminus of Notlsy753 (HEAT repeats 10-13) also superpose well
with four of the HEAT repeats of MIF4G1 (central panel). HEAT repeats 5 to 9 of

Not1 154753
HEAT 10-13

Notl s4.753 are instead more divergent (left panel).
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746

nuclease

Figure S6. Pseudo-Atomic Model of the Nuclease Module of the Ccr4-Not
Complex, Related to Figure 6

In the upper panels, the negative-stain EM map of the Ccrd4-Not complex (EMDB
code 1901) (Nasertorabi et al., 2011) is shown as a grav surface in two views related
by a 90° rotation around a horizontal axis. The atomic coordinates of the Notls4.753
and the Notlsssipm-Cafl-Cerd structures were tentativelv docked into the EM map
and colored as in Figures 2A and 5A.

As the Notlysei000 domain is located centrally within the Notl sequence, we docked
the Notlss1000-Cafl-Cerd structure centrally in the EM map. We positioned Ccrd at
the hinge region of the EM density based on the similarity of the L-shape surfaces and
on the observation that flexibility in this region was observed both in the crystal
structure and in the EM study (Nasertorabi et al., 2011). In this model, the C-terminus
of Notls4.1000 would point towards the thicker arm of the Cer4-Not complex, where
the protein-dense Not module is expected to reside based on the components of
complex and their known binding sites on Notl (Collart and Timmers, 2004:
Nasertorabi et al.. 2011). In the model. the Notlsssi000 N-terminus would be
positioned within the thinner arm of the EM density. pointing towards an extended
platform-like ridge. Here. the Notls4.7s3 crvstal structure could be docked with good
agreement with the features of the map and with a compatible distance to Not17s4-1000-
Although the docking is speculative and is unlikely to be precise in details, it suggests
that the deadenylase module (comprising the N-terminal half of Notl, Cafl and Ccr4)
would explain most of the density of the thinner arm observed in the Ccr4-Not EM
analysis. This region of the molecule might be even more extended in solution in the
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absence of crosslinking and could contribute a large surface for protein-protein
interactions.

The lower panel shows the additional superposition of the Cafl-Tobl structure
(Horiuchi et al., 2009). Tab1, a regulator that accelerates mRNA decay, is not present
i yeast. Upon Cafl superposition, Tobl (in green) resides outside the EM density.
The figure panecls were generated with the program Chimera (Goddard and Ferrin,
2007).
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Table S1. Yeast Strains Used in This Work, Related to the Experimental
Procedures

Strain Genotype

BMA64 MATa, ade2-1, leu2-3,112, his3-11,15, ura3-1, Atrpl (Baudin-Baillieu
ct al. 1997)

T26N28 MATa ade2-1, leu2-3,112, his3-11,15, ura3-1, Atrpl, ANOTI::HIS3
pFL 38 (NOT1I)

T23N3 MATa, ade2-1, leu2-3,112, his3-11,15, ura3-1, Atrpl, POP2::TRP]

T23N10 MATa ade2-1, leu2-3,112, his3-11,15, ura3-1, Atrpl, CCR4::TRP]

BSY?2681 MATa ade2-1, leu2-3,112, his3-11,15, ura3-1, Atrpl, ANOTI::HIS3

pFL39-NOT1-3HA

BSY2682 MATa ade2-1, leu2-3,112, his3-11,15, ura3-1, Atrpl, ANOTI::HIS3
PpEL39-notl-F938E-3HA

BSY2683 MATa ade2-1, leu2-3,112, his3-11,135, ura3-1, Atrpl, ANOTI::HIS3
pFL39-notl-P943Y-3HA

BSY2684 MATa ade2-1, leu2-3,112, his3-11,15, ura3-1, Aftrpl, ANOTI::HIS3
PFL39-notl-938/943-3HA
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Table 82. Plasmids Used in This Work, Related to the Experimental Procedures

Plasmid
pBS4721

pBS4725

pBS4726

pBS4727

pBS4728

pBS4729

pBS4730

pBS2618
pBS4736

pBS4739
pBS2672
pBS4756

pBS4762

pBS2661
pBS4757

pBS4763
pBS4779

pBs4781

Description
pRS413-Caf1-6His-
3VSV

pRS413-Caf1-M290K-
6His-3VSV

pRS413-Caf1-M296K-
6His-3VSV

pRS413-Caf1-M290K,
M296K-6His-3VSV

pRS413-Caf1-A215E-
6His-3VSV

pRS413-Caf1-F219E-
6His-3VSV

pRS413-Caf1-A215E,
F219E-6His-3VSV

pDONR-Cafl
pDONR-Caf1-M290K,
M296K

pDONR-Caf1-A215E,
F219E

pDEST22-Cafl

pDEST22-Caf1-M290K,

M296K
pDEST22-Caf1-A215E,
F219E

pDEST32-Cafl

pDEST32-Caf1-M290K,

M296K
pDEST32-Caf1-A215E,
F219E

pRS415-Cerd

pRS415-Cer4-6His-
3VSV

Comments

Insertion of tag in pBS4003 (pRS413-Caf1) using
pUGH3VSV (De Antoni and Gallwitz, 2000) as a
source of tag. Cloning was performed using the
ColdFusion kit according to the manufacturer
recommendation and oligonucleotides OBS43562-
OBS4567

Site-directed mutagenesis of pBS4721 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS4657 and OBS4658
Site-directed mutagenesis of pBS4721 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS4659 and OBS4660
Site-directed mutagenesis of pBS4721 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS4661 and OBS4662
Site-directed mutagenesis of pBS4721 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5462 and OBS5463
Site-directed mutagenesis of pBS4721 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5464 and OBS5465
Site-directed mutagenesis of pBS4721 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5466 and OBS5467
Gateway cloning

Site-directed mutagenesis of pBS2618 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS4661 and OBS4662
Site-directed mutagenesis of pBS2618 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5406 and OBS35467

LR reaction between pDEST22 and pBS2618
LR reaction between pDEST22 and pBS4736

LR reaction between pDEST22 and pBS4739

LR reaction between pDEST32 and pBS2618
LR reaction between pDEST32 and pBS4736

LR reaction between pDEST32 and pBS4739

Cloning of PCR fragment amplified from yeast
genomic DNA in pRS415

Insertion of tag in pBS4779 (pRS415-Cer4) using
pUGH3VSV (De Antoni and Gallwitz, 2000) as a
source of tag. Cloning was performed using the
ColdFusion kit according to the manufacturer
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pBS4783

pBS4784

pBS4785

pBS2683
pBS4792

pBS2702
pBS4798

pBS2703
pBS4799

pBS4040

pBS4802

pBS4803

pBS4804

pBS4805

pBS2873

pRS415-Cer4-L339E-
6His-3VSV

pRS415-Cer4-L341E-
O6His-3VSV

pRS415-Cerd-L339E,
L341E-6His-3VSV

pDONR-Cerd
pDONR-Cer4-1.339E,
L341E

PDEST22-Cerd

pDEST22-Cerd-L339E,

L341E
PDEST32-Cerd

pDEST32-Cerd-L339E,

L341E
pFL39-Not1

pFL39-Notl-6His-3HA

PFL39-Not1-F938E-
6His-3HA

pFL39-Notl-P943Y-
6His-3HA

pFL39-Not1-FO38E,
P943Y-6His-3HA

pDONR-Not1

recommendation and oligonucleotides OBS5429-
OBS3434

Site-directed mutagenesis of pBS4781 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5456 and OBS5457
Site-directed mutagenesis of pBS4781 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5458 and OBS5459
Site-directed mutagenesis of pBS4781 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5460 and OBS35461
Gateway cloning

Site-directed mutagenesis of pBS2683 performed
using QuickChange method (Stratagene) and
oligonucleotides OBS5460 and OBS35461

LR reaction between pDEST22 and pBS2683

LR reaction between pDEST22 and pBS4792

LR reaction between pDEST32 and pBS2683
LR reaction between pDEST32 and pBS4792

Not1 inserted in pFL39 backbone

Insertion of tag in pBS4040 (pFL.39-Not1) using
pU6H3HA (De Antoni and Gallwitz, 2000) as a
source of tag. Cloning was performed using the
ColdFusion kit according to the manufacturer
recommendation and oligonucleotides OBS4570-
OBS4575

Mutant derived from pBS4802. Cloning was
performed using the ColdFusion kit according to
the manufacturer recommendation and
oligonucleotides OBS4589-OBS4594. An
expression plasmid containing the mutated Cafl-
binding domain of Notl served as source of
mutation

Mutant derived from pBS4802. Cloning was
performed using the ColdFusion kit according to
the manufacturer recommendation and
oligonucleotides OBS4589-OBS54594. An
expression plasmid containing the mutated Cafl-
binding domain of Notl served as source of
mutation

Mutant derived from pBS4802. Cloning was
performed using the ColdFusion kit according to
the manufacturer recommendation and
oligonucleotides OBS4589-OB54594. An
expression plasmid containing the mutated Cafl-
binding domain of Not1 served as source of
mutation

Gateway cloning
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pBS4812

pBS2872
pBS4817

pBS2876
pBS4818

pBS4806

pBS4823

pBS4824

pBS4825

pBS4828

pBS4829

pBS4830

pBS4831

pDONR-Not1-F938E,
Po43Y

PDEST22-Notl
pDEST22-Notl1-F938E,
Po43Y

PDEST32-Notl
pDEST32-Notl1-FO38E,
Po43Y
pFL39-Not1-TAP

pFL39-Notl (1-1696)-
TAP

pFL39-Not1 (981-2108)-

TAP

pFL39-Notl (1081-
2108)-TAP

pFL39-Notl (154-2108)-

TAP

pFL39-Notl (754-2108)-

TAP

pFL39-Notl A(754-
1000)-TAP

PFL39-Notl A(154-753)-

TAP

Mutant derived from pBS2873. Cloning was
performed using the ColdFusion kit according to
the manufacturer recommendation and
oligonucleotides OBS4589-OB54594. An
expression plasmid containing the mutated Cafl-
binding domain of Not1 served as source of
mutation

LR reaction between pDEST22 and pBS2873
LR reaction between pDEST22 and pBS4812

LR reaction between pDEST32 and pBS2873
LR reaction between pDEST32 and pBS4812

Insertion of tag in pBS4040 (pFL.39-Not1) using
pBS1479 (Rigaut et al., 1999) as a source of tag.
Cloning was performed using the ColdFusion kit
according to the manufacturer recommendation
and oligonucleotides OBS4570, OBS4922,
OBS4923, OBS4573, OBS4924 and OBS4925
Deletion of pBS4806 constructed by PCR-fusion
using oligonucleotides OBS482 and OBS5053
Deletion of pBS4806 constructed by PCR-fusion
using oligonucleotides OBS5072, OBS3076,
OBS3075 and OBS5077

Deletion of pBS4806 constructed by PCR-fusion
using oligonucleotides OBS5072, OBS5078,
OBS3075 and OBS5079

Deletion of pBS4806 constructed by PCR-fusion
using oligonucleotides OBS5072, OBS5468,
OBS5469 and OBS5075

Deletion of pBS4806 constructed by PCR-fusion
using oligonucleotides OBS5072, OBS5471,
OBS3472 and OBS35075

Deletion of pBS48006 constructed by PCR-fusion
using aligonucleotides OBS5474, OBS5475,
OBS3476 and OBS35473

Deletion of pBS4806 constructed by PCR-fusion
using oligonucleotides OBS5072, OBS5477,
OBS5478 and OBS5479
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Détermination de la structure du module
NOT1-NOT2-NOT5 du complexe CCR4-NOT de
levure.




E.2. Détermination de la structure du module NOT1-NOT2-NOT5 du complexe Ccr4-Not de

levure

E.2.1. Contexte et objectifs du projet

Le complexe CCR4-NOT est impliqué dans différents aspects de I'expression des génes incluant la
dégradation des ARN, la répression de la traduction et la transcription. Notre laboratoire a conduit
une étude structurale qui a mené a la résolution de la structure d’un sous complexe de 120 KD,
nommé module NOT, du complexe CCR4-NOT de S. ceverisiae. Ce module comprend la partie C

terminale de NOT1 complexée avec les protéines NOT2 et NOTS5.

E.2.2. Approches expérimentales

Production du complexe NOT1-NOT2-NOT5

J'ai commencé par sous-cloner dans des vecteurs de surexpression chez E.coli un complexe
comprenant les 750 derniers résidus de NOT1 et les protéines NOT2 et NOT5 individuellement. Le
complexe a été reconstitué en mélangeant les protéines séparément purifiées, puis le mélange a
été purifié sur une colonne de d'exclusion de taille. Ce complexe a été soumis a une étude de
protéolyse ménagée ou la protéase élastase a permis d’identifier un complexe plus compact
composé des fragments NOT1 (1541-2093), NOT2 FL and NOT5 (298-560). Cette approche s'est
révélée particulierement fructueuse. Elle est désormais utilisée en routine dans notre laboratoire
afin de générer des complexes plus compacts, meilleurs candidats pour des essais de

cristallisation. Le gel ci dessous illustre cette approche.
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Approche rationnelle de sélection des atomes lourds

Il a été ensuite possible de produire et d’optimiser des cristaux compatibles avec des analyses de
cristallographie aux rayons X. Comme il n’existait pas de modéle permettant une approche de
résolution de structures par remplacement moléculaire, il a été nécessaire de déterminer un jeu
de phases expérimentales. Nous avons tenté de produire des protéines sélénométhioninées mais
le faible rendement de production était insuffisant pour la production de cristaux. Afin de
contourner ce probleme, nous avons décidé de mettre en place une approche rationnelle de
dérivatisation des cristaux avec des métaux lourds. En effet, cette étape nécessite trés souvent un
criblage long et aléatoire par la technique de trempage des cristaux dans des solutions de métaux
lourds. Nous avons procédé a un criblage en mélangeant la solution de notre complexe avec
different métaux lourds. Aprés un échange de tampon, chacun de ces mélanges a été analysé par
spectrométrie de masse. Cette stratégie nous a permis d’identifier un dérivé mercurique et de

déterminer le nombre de sites de liaison du mercure a notre complexe. Nous avons ensuite réalisé



une co-cristallisation de notre complexe avec une stoechiométrie calculée en considérant le
nombre de sites présents sur notre complexe. Cette stratégie a permis de générer les cristaux
nécessaires a I'enregistrement de plusieurs jeux de données anomales. Un modele initial a été
tracé dans une carte expérimentale a 3,2 A et le modéle final a été affiné a partir d’un jeu de

données natif a une résolution de 2,2 A.

E.2.3. Résumé de I'étude

NOT1 est une protéine d’échafaudage composée de répétitions HEAT. Les protéines NOT2 et
NOT5 adoptent un repliement caractéristique des protéines Sm formant un domaine globulaire
appelé Boite Not. Ces deux domaines interagissent entre eux pour former une interface de
dimérisation atypique. L'introduction de mutation sur cette interface conduit a des défauts
séveres de croissance chez la levure. De plus NOT2 et NOT5 arborent des extensions N-terminales
étendues qui viennent s’ancrer sur la protéine NOT1. Le complexe ternaire forme une surface
composite capable de se lier a 'ARN in vitro. L'ensemble des résultats de cette étude nous a
conduit a proposer que le complexe du module NOT forme une plateforme favorisant les

interactions macromoléculaires.



Structure cristalline du complexe ternaire Not1-Not2-Not5
Résolution: 2,8 A

Phasage experiemental avec un composé contenant du mercure(ethyl mercury phosphate EMP)
pdb: 4B8A
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Structure and RNA-binding properties of the Not1-Not2-
Not5 module of the yeast Ccr4-Not complex

Varun Bhaskar!, Vladimir Roudko??, Jérome Basquin!, Kundan Sharma?, Henning Urlaub?,
Bertrand Séraphin?? & Elena Conti!

The Ccrd—Not complex is involved in several aspects of gene expression, including mRNA decay, translational repression and
transcription. We determined the 2.8-A-resolution crystal structure of a 120-kDa core complex of the Saccharomyces cerevisiae
Not module comprising the C-terminal arm of Not1, Not2 and Not5. Not1 is a HEAT-repeat scafiold. Not2 and Not5 have
extended regions that wrap around Not1 and around their globular domains, the Not boxes. The Not boxes resemble Sm folds and
interact with each other with a noncanonical dimerization surface. Disruption of the interactions within the ternary complex has
severe effects on growth in vivo. The ternary complex forms a composite surface that binds poly(U) RNA in vitro, with a site at the

Not5 Not box. The results suggest that the Not module forms a versatile platform for macromolecular interactions.

The Ccr4-Not complex is a large assembly that regulates eukaryotic
gene expression at multiple levels. The best-studied function of Cerd-
Not relates to its action as the major deadenylase involved in shorten-
ing the poly(A) tail of cellular mRNAs in the cytoplasm (reviewed in
ref. 1). Deadenylation by Ccr4-Not is a key step in the constitutive
and regulated turnover of mRNAs% 2. Ccr4-Not can also be targeted
to cis-acting elements in the 3’ untranslated region (UTR) of spe-
cific transcripts to accelerate their decay (for example, in the case
of ARE-containing mRNAs)*° or to mediate microRNA-dependent
repression®-% or translational repression (examples in refs. 9,10). In
addition, Ccr4-Not has been implicated in transcription initiation
and elongation in the nucleus as well as in ubiquitylation (reviewed
in refs. 11,12). The nuclear and cytoplasmic functions of Ccr4-Not
havelong been thought of as disconnected. However, recent evidence
is converging on the functional coupling between mRNA synthesis
and degradation'?.

Ccr4-Not contains several evolutionarily conserved proteins
(Not1, Cafl (also called Pop2), Not2, Not3 or Not5 and Caf40) that
are constitutive components of the complex in all species examined
to date (yeast'1°, humans'®1”, flies'®!” and trypanosoma®®). Other
bona fide subunits of Ccr4-Not are peripheral (for example, Ccr4
and Not4)161821 and/or species specific%1%2%23 Variants of the core
complex are likely to exist, as homologs are present both in yeast
(Not3 and Not5)?4 and humans (for Cafl and for Ccr4)1617, The core
complex is built around Notl, a large scatfold protein of ~240 kDa
(refs. 21,25). The N-terminal half of Notl associates with the Cafl
and Ccr4 RNases and is involved in the formation of the deadeny-
lase module of the complex®12%. The C-terminal half of Not1 binds
Not2, Not3, Not4 and Not5 to form the so-called Not module!$21:27,

Synthetic lethality between the yeast deadenylase subunits and Not
subunits suggests that they have separate or only partially overlapping
functions®!. The deadenylase module is connected to the cytoplasmic
activities of Ccrd-Not (reviewed in refs. 1,11) and has been studied at
the structural and functional level?®*”. How the Not module is struc-
tured and how it functions are far less clear (reviewed in ref. 30).
Genetic and biochemical studies have shown that Not2, Not3 and
Not5 are closely associated!»21. S. cerevisize Not3 and Not5 are cur-
rently thought of as paralogous proteins®. Yeast Not5 is reported to be
crucial for vegetative growth, whereas Not3 deletion has milder pheno-
types®%. The only Not3 and Not5 homolog in metazoans (known as
Not3) is essential in mice for embryonic development and for control
of heart function® and metabolism?? in adults. In metazoans, Not2
is believed to recruit Not3 into the complex!”1?, to be important for
the integrity of Cer4-Not**34 and to act as a repressor of promoter
activity in the nucleus. In yeast, Not2 and Not5 have been reported
to interact with components of the transcription machinery, specifi-
cally with subunits of TFIID*-%* and SAGA*. In addition to data
pointing to connections with transcription (reviewed in refs. 11,12),
the Not module has also been implicated in mRNA-decay pathways
in the cytoplasm'®3°. To shed light on how the Not module can medi-
ate these different functions, we have determined the structure and
biochemical properties of a core complex from S. cerevisiae.

RESULTS

Structure determination of a yeast Not1-Not2-Not5 complex
Yeast two-hybrid and coimmunoprecipitation assays have shown that
Notl (2,108 residues in S. cerevisiae) binds Not2, Not3 and Not5ina
region that spans approximately the last 700 residues!®*12° (Fig. 1a).
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Not2 (191 residues in S. cerevisiae) is predicted to contain a poorly
structured N-terminal region followed by a conserved domain known
as the Not-box domain? (Fig. 1a). Not5 (560 residues) contains an
N-terminal coiled-coil region followed by a low-complexity linker
and a C-terminal Not-box domain’®® (Fig. la). §. cerevisize Not3
has a similar domain architecture as does Not5, but it could not be
expressed as full length in a soluble form (V.B. and E.C., unpublished
observations). We purified and reconstituted a complex containing
the last ~750 residues of Not1, full-length (FL) Not2 and FL Not5,
subjected it to limited proteolysis and identified the core complex
composed of Not1 residues 1541-2093, Not2 FL and Not5 residues
298-560 (hereafter defined as Notlc, Not2 and Not5c, respectively)
(Supplementary Fig. 1).

The Notle-Not2-Not5¢ complex yielded crystals diffracting to
2.8-A resolution. We determined the structure by SAD, using crystals
derivatized with mercury, and refined it to an R, 0f22.6% and Ry i
of 18.1% with good stereochemistry (Table 1). The two independent
copies of the Notlc-Not2-Not5¢ complex present in the crystal
asymmetric unit are virtually identical (superposing with an r.m.s.
deviation of 0.85 A over all Cezatoms), The final model includes Not1
residues 1567-2079, Not2 residues 5-191 (with the exception of two
disordered segments at residues 14-29 and 44-48) and Not5 residues
346-560 (with the exception of two loops al residues 428-453 and
517-529) (Fig. 1b and Supplementary Fig. 2).

The C-terminal region of Not1 is a scaffold of HEAT repeats

The Notle-Not2-Not5c¢ structure is organized around Not1 (Fig. 1b).
Notlc is built almost entirely of antiparallel o-helices, forming an
elongated molecule of the approximate dimensions 85 A x 35 A x
40 A. The topology of the secondary-structure elements in Not1c¢ is
typical of that observed in HEAT-repeat proteins. Canonical HEAT
repeats are characterized by a helix A-turn-helix B motif and are
arranged in tandem in an almost-parallel fashion, with a 15° rotation
between consecutive repeatsi. Multiple repeats typically give rise to
superhelical structures with a convex layer formed by the A helices
and a concave layer formed by the B helices. Notlc contains ten HEAT
repeats, which can be grouped into two units.

Figure 1 Structure of a yeast Not1-Not2-Not5 core complex.

(@) Schematic representation of the domain organization of S. cerevisiae
(Sc) Notl, Not2 and Not5. Color-filled rectangles indicate globular
domains present in the crystal structure (yellow, Notl; magenta, Not2;
green, Not5). Dashed rectangles indicate low-complexity regions of the
molecules with ordered electron density. Gray rectangles indicate globular
domains either from previous structures?® or predicted from sequence
analysis. (b) Structure of the complex shown in cartoon representation in
two orientations (right, front view of the Not boxes; left, side view), Notl
features are labeled in black. Disordered regions are shown as dotted
lines. The N- and C-terminal residues are indicated. The labeled linker
and P-hairpin refer to the HEAT 6-7 and the HEAT 7-8 inter-repeat loops.
This and all other cartoon drawings were generated with PyMOL (http://
www. pymol.org/). (€) Surface representations of the complex in the same
orientations and colors as in b

The first unit, comprising HEATs 1-6 (residues 1567-1849), has a
regular architecture, albeit one less curved than for canonical HEAT-
repeal proteins (Fig. 1b). The second unit, comprising HEATs 7-10
(residues 1888-2058), also adopts a regular architecture, with the
exception of a long B-hairpin connecting HEATs 7 and 8 and of an
additional C-terminal helix (residues 2059-2079). This unit contains
four of the five HEAT repeats characteristic of the middle domain
of eukaryotic initiation factor 4G (MIFAG)'! and can therefore be
described as an MIF4G-like domain. The 40-residue linker connecting
HEATSs 6 and 7 wraps around both units and contributes to formation
of the extensive hydrophobic core of Notlc. The two HEAT-repeat
units pack against each other in a perpendicular fashion resulting
in a T-shaped architecture (Fig. 1b and Supplementary Fig. 3a).
Interestingly, the domain formed by residues 193-745 in the N-terminal

Table 1 Data collection and refinement statistics

Native Hg derivative

Data collection®
Space group P2y P2y
Cell dimensions

abcth 110.45, 10917, 133.62 109.67, 106.19, 136.02

o, B, (M 90, 94.7, 90 90, 94.0, 90

Peak

Wavelength 1.00004 1.00606
Resolution (A) 49.15-2.80 (2.95-2.80) 47.77-3.20(3.37-3.20)
Rinerge 6.50 (42.90) 16.70 (80.60)
1ol 17.30 (2.90) 10.60 (2.40)
Completeness (%) 99.50 (97) 100 (100)
Redundancy 4.80 (4.50) 6.90 (7.20)
Refinement
Resolution (A) 419.15-2.80 (2.83-2.80)
No. reflections 77,882 51,653
Rk / Brree 0.18121/0.2258
No. atoms 14,019

Protein 13078

Ligand/ian 36

Waler 5
B factors 67.00

Prolein 67.10

Ligand/ion 62.20

Waler 39.90
r.m.s. deviations

Bond lengths (A) 0,009

Bond angles () 1.12

“One native and one Hg-derivative crystal were used for data collection. Yalues in parentheses
are for highest-resolution shell,
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Figure 2 Notl interacts with extended regions of Not2 and Nol5. (a—e) Close-up views of the interactions of Notl with Not2 and Nol5 showing the three
segments (1, 11 and 111) of the N-terminal extensions of Not2 and Net5 that form the Not1-binding domains. The positions of the individual close-up
views within the complex are indicated at center left. Interacting residues involved in evolutionarily conserved interactions are indicated and labeled
(conservation shown in Supplementary Fig. 2). (f) Pulldown experiments of GST-tagged Notlc with untagged Not2, Natbe, Not2-AN and Not5-AN

(AN refers to the removal of the N-terminal extension invelved in Notl binding). GST is shown as a control. Input samples (top) and samples precipitated
on glutathione-agarese beads (bottom), analyzed on 4-12% Bis-Tris NuPAGE gel with MES running buffer, are shown. The proteins corresponding to

the bands are indicated on the right.

arm of yeast Notl is also formed by a MIF4G-like unit and a longer
HEAT-repeat unit arranged perpendicularly to each other®. Although
the relative orientations of the individual units differ in detail, the
N-terminal and C-terminal arms of Notl are built with remarkably
similar principles (Supplementary Fig. 3a).

Extended regions of Not2 and Not5 wrap around Not1

Not2 and Not5 both contain a globular domain preceded by N-terminal
extensions (Fig. 1b,c). In the N-terminal extensions, Not2 residues
5-75 and Not5 residues 346-404 mediate binding to Notlc, covering a
distance of >100 A each and burying a total surface of ~3,700 A% The
Notl-binding domain of Not2 can be described as composed of three
segments (Fig. 2). The first segment (Not2 residues 5-13) binds the
MIF4G-like unit of Not1c, mainly at the A helices of HEATs 9 and 10.
Here, a conserved hydrophobic pocket of Notl recognizes Not2 Leu9
(Fig. 2a), a conserved residue that has been shown to be functionally
important in in vivo studies®. The second segment (Not2 residues
31-64) binds Notlc at the adjacent HEAT-repeat unit, zigzagging
over the B helices of HEATs 4-6 (Fig. 2b). This segment of Not2

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 20 NUMBER

forms a short helix and a hairpin. The helix docks with hydrophobic
residues on the conserved surface of HEAT 5 centered at Argl811 and
Leu1814. The hairpin wedges into another set of hydrophobic residues
in a conserved groove at HEATs 4-5 (from Phel751 to 1le1812). The
third segment (Not2 residues 65-75) extends over the B helices of
Notlc toward HEAT 3 (Fig. 2c).

The Notl-binding domain of Not5 wraps around HEATs 1-5 of
Notl (Fig. 1b) and can also be subdivided into three segments. The
first segment (Not5 residues 346-373) contains an o-helix and binds
the A helices of Notlc with apolar interactions (Fig. 2d). The second
segment (Not5 residues 374-391) contains another ot-helix and binds
the edge of Notlc formed at the intrarepeat connections of HEATs
3-5 through hydrophobic interactions (Fig. 2e). The third segment
(Not5 residues 392-404) stretches over the B helices of Notlc between
HEATSs 1-3, making both polar and apolar contacts (Fig. 2¢). The
third segment of Not5 flanks the third segment of Not2 and directly
interacts with it through a salt bridge (between Asp393 and Arg65)
(Fig. 2¢). The structure suggests that the Notl-binding domains of
Not2 and Not5 bind Notlc synergistically. We tested the effect of
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(b) Zoom view of the interaction interface Not3Dm 749 DTVE

between the Not2 and Not5 Not boxes,
with conserved interacting residues indicated.
The molecules are shown rotated 90° clockwise
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RVALFODETLFFLFYKHPOTYIQELTYLELR . KANWRYHKTLKAWL 147
KLGRYGEDLLFYLYYMNGGDVLOLLAAVELF NRDWRYHKEERVWI 479
VLEKLQEDLLFFLFYTNIGDMMOLMAAAELH SHREWRYNVEEK IW)! 528
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| FMKFDLDTLFFIFYHYQGSYEOFLAARELFKNRNWLFNKVDRCWY 513
NFRTLEMFSLFYNYYFAITPLEREIAYKILN ERDWKVSKDGTMWF 743
FYORLSTETLFFIFYYLEGTKAQYLAAKALK .KQSWRFHTKYMMWF 706
FYQRLSTETLFFVFYYMEGSKAQYLAAKALK KQSWRFHTKYMMWF 797

Not2Sc 148 TKDPMMEP | VSADGLSERGSYVFFOP QRWEKCQRD. . FLLFYNAIM 191
i i i Not2Hs 480 TRAPGMEPTMKTN . TYERGTYYFFrOC. LNWRKVAKE FHLEYDKLE 522
a_roun_daAhorlzonta\_axlswnhrespecttotne Not2Dm 529 TH I PG IDQY . EKNGTKERGTFYYFDA . QSWKRLSKV. .FQIDPEKLD 571
view in Figure 1b, right. (¢) Structure-based s B OIMEAC
sequence alignment of the Not2 and Not5 Not NotsSc 514 YKE IEKLP . . PGMGKSEEESWRYFDYKKSWLARRCGNDFVYNEEDFEKL 560
boxes. Secondary-structure elements are shown NotaSc 744 LRQGEVK. . . FFNEICEVGDYKIFKL .DDWTVIDKIN.FALDYSFLQPP 787
i 4 Not3Hs 707 QRHEEPK TITDEFEQGTY IYFDY EKWGORKKEG.FTFEYRYLEDR 750
above the sequences, which include orthologs Not3Dm 798 QRHEEPK | INDDYEQGTYIYFDY . EKWSQRKKEG. FTFEYKYLEDK 841

from 8. cerevisiae (Sc), Homo sapiens (Hs) and

D. melanogaster (Dm). S. cerevisiae Notb is similar to Not3. Sequence conservation is highlighted as magenta text for Not2 and green text for Not5.
Below the sequences, the residues of Not2 that interact with Not5 are indicated with green circles, and residues of Not5 that interact with Not2 are

indicated with magenta circles.

deleting either domain on Notl binding in pulldown assays with
purified proteins. As a control, Not2 and Not5¢ coprecipitated with
glutathione S-transferase (GST)-tagged Not1c (Fig. 2f, lane 4). In this
assay, Not5¢ was not coprecipitated with Not1c when Not2 was trun-
cated (to Not2-AN, residues 76-191) (Fig. 2f, lane 5). Analogously,
Not2 did not coprecipitate with Notlc when Not5c was truncated
(to Not5-AN, residues 405-560) (Fig. 2f, lane 6). We concluded that
formation of the core of the Not module requires the cooperative
binding of Not2 and Not5.

The Not boxes of Not2 and Not5 have divergent Sm-like folds
The globular domains of Not2 and Not5 are positioned on top of the
B helices of Notl HEATs 1-4, sandwiching in between parts of the
Not2 and Not5 N-terminal extensions (Fig. 1b,c). The globular
domains contain the so-called Not boxes. The Not box of Not2 (resi-
dues 99-191) consists of three N-terminal helices (@1, ¢£2 and @3)
and a B-sheet formed by four antiparallel B-strands adjacent to each
other (Fig. 3a, Supplementary Fig. 3b and Supplementary Fig. 3c).
The B-sheet is highly bent: strands B3 and p4 are long and curved,
with a conserved glycine residue (Gly166) at the bending point of
B3. A short C-terminal extension packs against f1, creating a small
B-barrel. The Not box of Not5 (residues 464-560) is similar in struc-
ture to that of Not2, superposing with an r.m.s. deviation of <1.3 A
over all Cet atoms (Fig. 3a and Supplementary Fig. 3b). The main
difference is that in Not5 all the B-strands are short, thus resulting in
a rather flat B-sheet.

Database searches on the DALI server?? for structural similarities
to the Not-box domains identified Sm domains as the most similar
in fold (rm.s. deviation of 2.2 A and 2.7 A with SmD3 and SmF,

respectively®®) (Fig. 3a). The Not boxes, however, differ from canoni-
cal Sm folds in several aspects. Uirst, they lack the characteristic Sm1
and $m2 signature motifs in the amino acid sequence. At the struc-
tural level, the Not boxes lack the fifth B-strand that in Sm proteins
mediates the interaction forming dimeric Sm-Sm subcomplexes®?
and ring-like structures*4¢ (Supplementary Fig. 3b). The Not boxes
of Not2 and Not5 also interact with each other, but in the absence of
a [ifth B-strand they do so with a different dimerization mechanism
that involves the N-terminal o-helices (Fig. 3b and Supplementary
Fig. 3b). Helix el of the Not2 Not box packs against the base of the
[-sheet of the Not5 Not box and vice versa. Between them, the o2
helices of Not2 and Not5 pack against each other. The dimerization
interface is mediated by extensive interactions centered at the con-
served Phell4 and Leull5 of Not2 and the corresponding Phe479
and Ile480 of Not5 (Fig. 3b,c). Finally, the globular domains are also
formed by parts of the N-terminal extensions. Residues 67-93 of Not2
wrap around the Not box of Not3, and residues 408-427 of Not5
wrap around the Not box of Not2 (Fig. 3b). The interactions of the
N-terminal extensions effectively clamp the Not boxes on the Not1
scaffold (Fig. 1b.c).

Not1-Not2-Not5 mutations lead to growth defects in vivo

It has previously been shown that deletion of ~400 residues from the
C terminus of Notl is lethal in yeast?>?¥, In hindsight, these dele-
tions generated Not1 proteins that lacked the last eight HEAT repeats
(HEATSs 3-10 in the Notlc structure). To test the functional impaor-
tance of the Not module, we used the structural information to design
point mutations that would disrupt specific interactions in the context
of tagged full-length proteins.
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Figure 4 Analysis of mutants targeting interaction a

surfaces of the Not module. (a) Top, growth assays Noti R1811E

of Notl mutants. Serial dilutions ef cultures of Not1 L1814E
strains expressing the indicated mutants incubated x"‘I ;‘_?QJEE L1814E
on YPDA medium at the indicated temperature are NE:T F1788E
shown. Bottom, western blot analysis of Not1-TAP Nott WT
protein from cells expressing the wild-type (WT) or

mutant proteins at 30 °C detected by peroxidase—

antiperoxidase complex (PAP) prepared in rabbit,

Ponceau staining of the membrane, used to assess

equal loading in the different lanes, is shown.

(b) Top, growth assays of Not2 mutants. Mutant

strains were analyzed as for Not1 in a, Bottom, b

western blot analysis of Not2 mutant protein levels.
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expressing the indicated mutant on YPDA medium NGt F114E L11SE o O G
containing 1 M NaCl at the indicated temperature is Not2 M37E 45 - S & & e —GST Not2-AN
shown. Bottom, western blot analysis of Not3 mutant Not2 L34E = % S8 e  Nois Not box
protein levels. Mutant strains were analyzed as for Not2 M37E L34E E B oews *o. GsT
Not2 in b, (d) Pulldown experiment of GST Not2-AN i E
with Not3 Not box, Not5 Not box and Not5-AN. & & Size (kDa)
The experiment was carried out as in Figure 2f. The o8 o@ & 3 ;g 4 i —GST Not2-AN
Not3 Not box, Not5-AN and Not5 Not box include & ST S o . s _Not Notbox
residues 685-800, 405-560 and 460-560 (with Ho2 _— g 18 .

-

an N-terminal His-Z tag). The asterisks indicate a
degradation product of GST Not2-AN.

We constructed four substitutions of Not1 residues contributing
to the interaction with Not2 and Not5 (R1811E, L1814E, F1751E or
F1788E) and a double mutant (R1811E L1814E) in a tandem affinity
purification (TAP)-tagged plasmidic copy of the gene. R1811E and
L1814E target the conserved binding site for the second segment of
Not2 (Fig. 2b). Phe1751 is sandwiched between Not2 Trp60 and Not5
Leu388 and thus is expected to affect the binding of both proteins
(Fig. 2b.e). F1788L targets the binding to the second segment of Not5
(Fig. 2e). Mutants were introduced in a noflA strain rescued by a
NOTI gene (official symbol CDC39) on a URA3-marked plasmid.
We recovered strains expressing only the mutant protein after counter
selection for the URA3 plasmid and scored the growth phenotypes
at different temperatures. This revealed that Not1 R1811E or L1814E
had little effect on cell growth at 30 °C and 37 °C, whereas strains
expressing Notl R1811E L1814E, F1751E or F1788E had a slow-
growth phenotype at 30 °C that was exacerbated at 37 °C, particularly
for the F1751E mutant (Fig. 4a). Western blot analyses demonstrated
that the Not1 mutant proteins were expressed at comparable levels to
those of the wild type (Fig. 4a). Coimmunoprecipitation experiments
showed that the Notl R1811E L1814E and F1751E mutants indeed
blocked the interaction of Not1 with Not2 but maintained a normal
interaction with Pop2 (Supplementary Fig. 4a).

Next, we engineered substitutions in Not2, The Not2 mutants L34F,
M37E and the double mutant combining these substitutions target
the Not1-binding site (Fig. 2b). The Not2 mutants F114E, L115E and
combination of these substitutions target the binding to the Not5 Not
box (Fig. 3b). We did not test the corresponding mutations in Not5
because of the lack of easily scorable phenotypes of Not5 mutants
in our strain background (V.R. and B.S., unpublished observations).
We introduced the Not2 mutants in yeast cells with the correspond-
ing wild-type gene deleted and assayed the growth phenotypes of
the resulting strains at various temperatures on appropriate medium.
At 30 °C, the different mutations had no detectable effect, whereas
growth of the double-mutant strains was severely impaired at 37 °C
(Fig. 4b). Western blot analyses revealed that the double-mutant
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proteins were barely detectable (Fig. 4b). This observation that inter-
fering with the dimerization of the Not2 Not box destabilizes Not2 is
consistent with previous analyses of Not2 mutants showing protein
instability with a concomitant reduction of Not5 protein level **,

Differences between yeast and human Not3

In coimmunoprecipitation experiments, mutation on the surface of
Notl that interacts with Not2-Not5 also prevented the association
with Not3 (Supplementary Fig. 4a), a resull reinforcing the parallel
between Not3 and Not5. The Not box of Not3 is predicted to have a
similar fold and dimerization interface as those of Not5 or Not2. The
central residues at the putative dimerization interface of the Not3 Not
box are conserved, including Leu703 and Tyr710 (which are equiva-
lent to 8. cerevisiae Not5 Phe472 and PheF479; Fig. 3b,c). Using strat-
cgies described above, we constructed and evaluated yeast strains with
the Not3 L703R and Y710R substitutions and a combination of both.
As in the case of Not2, the single mutants had no growth phenotypes,
whereas the growth of the double-mutant strain was severely impaired
at 37 °C (Fig. 4¢). Similarly as for the Not2 double mutants, low levels
of the Not3 protein were present for the Not3 L703R Y710R double
mutant (Fig. 4c). These resulls are consistent with the notion that
Not3 is also destabilized if the Not-box domain is mutated at the
putative dimerization interface.

Yeast Not3 and Not2 have been shown to associate in vivo
(Supplementary Fig. 4b), although with the caveat that the interaction
might be indirect. The interaction between human Not2 and Not3 Not
boxes has been shown to be direct by in vitro assays'?. To test for direct
interactions of the yeast proteins in vitro, we engineered a fragment
of yeast Not3 encompassing a minimal Not-box region (residues
685-800). In contrast to that of Not5, the Not3 Not box failed to
interact with GST Not2-AN in pulldown assays with purified pro-
teins (Fig. 4d, comparison of lane 4 with lanes 5 and 6). The Not3 Not
box also did not bind on top of the GST Not2-AN-Not5-AN complex
(Fig. 4d, lane 7). A close inspection of the amino acid sequences
revealed that a subset of residues at the putative dimerization interface

21,47,48
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Figure 5 Notlc-Not2-Not5c binds poly(U) a 3 B kel b U i

RNA. (a) Left, Coomassie-stained 13.5% b ﬁ L rdrrtitrereees Labeled Uy~ + + ++

SDS-PAGE gel with the protein samples used (ﬁggmg g 12‘5 Motic-2-5¢ Notio-2-5c Not2-5c Matic R e v Y

for the biochemical assays. Right, EMSA with 116 e e I | i nd L

Ay of Uy, RNA (50 nM) labeled at the 5" end wdioce i ——

with [y-32P]phosphate and incubated with 45 - uv ]

increasing amounts of proteins. M, molecular L Notse i 't = } -

welght marker. (b} Protein-RNA cross-linking. B Not2 Mol Sl

Proteins and y-*2P body-labeled poly(U) 18 - 3 NOtSS ewemamee e GST

20-mer RNAs cross-linked under UV light and 4= g it Sea R

separated on 13.5% SDS PAGE are shown. gD o

The gel was stained with Coomassie blue (top)

and analyzed by phosphorimaging (bottom). s = 9 Rrpdd

A/T1, mixture of RNases A and T1. (¢) Tandem Notse ! -

mass spectrum of Not5 residues 545-560, Not2 : Sitane A4
ase

identifying an additional mass of 476.0338

Da corresponding to a U nucleoside with an
adduct of 152 Da (associated with a cysteine).
Peptide sequence and fragment ions are
indicated at top. b ions with a mass shift
corresponding to U-H3P04 + 152 and to U +
152 are shown with an asterisk and hash mark,
respectively. IM, immonium ions. (d) Structure
of the Not5 Not box showing the position of
the U-cross-linked Cys546 surrounded by a
patch of positively charged residues. (e) Surface
representation of the ternary complex colored
by electrostatic potential (positive in blue and
negative in red), calculated with PyMOL APBS
tools. The structure is shown after a 180°
rotation around a vertical axis with respect

te Figure 1b, left. Circle, RNA-binding site;
square, positively charged surface patch at the
intersection of Notl, Not2 and Not5, (f) RNase
protection assay. The protected RNA fragments
obtained after treatment with & mixture of
RNase Aand T1 (A/T1), labeled at the 5" end
with y-22P, resolved by denaturing PAGE and
analyzed by phospherimaging are shown.

16

Relative intensity

is conserved between Not5 and metazoan
Not3 but diverges in S. cerevisiae Not3 (for
example, S. cerevisiae Not3 Thr702, Phe706,
Asn711 and Ala715 in Fig. 3¢c), thus ration-
alizing the different behavior of the yeast
Not3 protein.

The Not1-Not2-Not5 complex is a binding platform for proteins
The interaction of the Not2 and Not5 Not boxes creates a V-shaped
surface (Fig. 1b,c). In one molecule of the asymmetric unit, the
f-sheet of Not2 is extended by a loop that mediates a crystal con-
tact with the P4 strand of Not5 from a symmetry-related molecule
(Supplementary Fig. 3¢). Another interaction is present between
the B4 strand of Not2 and the B-hairpin of Not1 from a symmetry
copy (Supplementary Fig. 3¢). These crystal-packing contacts are
somewhat reminiscent of canonical Sm-Sm interactions and point
to the Not boxes as possible interaction surfaces. Genetic evidence
suggests that the Not box of Not5 interacts with Not4 (ref. 24), a con-
served subunit of the complex with ubiquitin-ligase activity*®. The
Not box of Not2 interacts with ADA2, a component of the transcrip-
tion-regulatory histone-acetylation complex SAGA Y. Mutation of
Not2 Argl65 has been shown to abrogate the interaction with ADA2
without affecting the integrity of the Cerd-Not complex in yeast™, In
the structure, Argl65 protrudes on the surface of the B-barrel and is
indeed accessible to solvent (Supplementary Fig. 5a).
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Not1-Not2-Not5 is a binding platform for poly(U) RNA

Mapping of the electrostatic potential on the molecular surface of the
Notlc-Not2-Not5¢ complex showed patches of positively charged
residues. We therefore tested whether the Not module can mediate
RNA binding. In electrophoretic maobility shift assays (EMSAs), a
single-stranded pely(U) 15-mer RNA (U5) bound the Notlc-Not2-
Not5¢ complex, whereas we detected no binding with a poly(A)
15-mer RNA (A,5) (Fig. 5a). The Not module recognized poly(U)
RNA specifically, albeit with low affinity (in the low-micromolar
range; Supplementary Fig. 5b). The EMSAs showed no binding of
U5 RNA to either Not1c or the Not2-Not5¢ subcomplex in isolation
(Fig. 5a), suggesting that the different portions of the Not module
contribute together to RNA recognition. Indeed, after incubation of
the Notlc-Not2-Not5¢ complex with a body-labeled U,y RNA and
exposure to UV irradiation at 254 nm, all bands showed RNA cross-
linking, which was strong in the case of Notlc and Not2 and less
pronounced in the case of Not5¢ (Fig. 5b). In this experiment, Rrp44
and GST were positive and negative controls, respectively (Fig. 5b).
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Next, we used MS to identify residues of the complex cross-
linked to the U,y RNA. This approach is based on the detection and
sequencing by LC-MS/MS of peptides conjugated to the mass of an
RNA nucleotide (reviewed in ref. 50). The advantage of this approach
is that RNA-contact sites are determined in an unbiased manner. The
caveat is that the identification is limited to sites where the ribonucleo-
tide is in proximity to amino acids with reactive groups (for example,
thiol groups in cysteine residues) and is limited by the amounts
of the cross-linked species and the complexity of the spectra. The
MS analysis identified a Not5 peptide corresponding to residues
545-560, with a single U nucleoside cross-linked to Cys546 (Fig. 5¢).
In the structure, Cys546 is positioned at the top of the Not-box
B-sheet and is part of a surface patch with positively charged residues
(Lys515, Arg533, Arg544 and Arg545; Fig. 5d). This RNA-binding
site (circle in Fig. 5e) differs from the U nucleoside-binding site of
canonical Sm folds (Supplementary Fig. 5a) and is contiguous to a
positively charged surface patch at the intersection of Not1, Not2 and
Not5 (square in Fig. 5e). To estimate the length of the RNA-binding
path on the complex, we carried out RNase protection assays. We
found that fragments of 11-15 nucleotides accumulated in the pres-
ence of Notlc-Not2-Not5c (Fig. 51, lanes 6-8). Fragments of this
size could easily span a distance of 40-60 A.

DISCUSSION

The core of the Not module that we investigated in this work is
built around the C-terminal arm of Notl by the cooperative bind-
ing of Not2 and Not5. The C-terminal arm of Notl has a HEAT-
repeat architecture similar to that found in the N-terminal arm®%.
It is thus possible to imagine that the two arms of Notl might have
originated from a duplication event. Not2 and Not5 interact through
their C-terminal Not-box domains. At the structural level, the Not
boxes resemble Sm folds. The similarity extends to their biochemical
properties in terms of the ability of the Not boxes to dimerize and to
bind poly(UU) RNA stretches, although the interaction mechanisms
have diverged from those of canonical Sm folds. The heterodimeri-
zation of the two Not boxes in the Notl-Not2-Not5 complex serves
multiple purposes.

First, heterodimerization of the Not boxes tethers the N-terminal
regions of Not2 and Not5, promoting their synergistic binding
to Notl. Previous studies have shown that the N-terminal region
of Not2 is essential for the structural integrity of the Not module
because it recruits Not5 into the complex®’. We found that the
N-terminal region of Not5 is equally important in recruiting Not2.
The two Not boxes thus contribute indirectly to Notl binding by
bringing the two separate N-terminal regions into spatial proximity,
thus probably increasing their effective local concentration. Not-box
heterodimerization is also important for the stability of the individual
proteins in vive, as shown by mutational analysis of Not2 as well as
Not3. Yeast Not3 and Not5 are currently considered homologs with
partially redundant functions?43% Unexpectedly, we found that the
yeast Not3 Not box has diverged from that of Not5 and does not
interact with the Not2 Not box in vifro. The Not2-Not5 dimerization
interface is instead conserved in Not2-Not3 from higher eukaryotes,
thus suggesting that the protein that we currently refer to as metazoan
Not3 is an ortholog of 8. cerevisiae Not5. The identity of the direct
interactions that mediate the recruitment of S. cerevisiae Not3 Not
box in the complex is currently unclear and is an important question
for future studies.

Second, the Not boxes together with Notl form a composite plat-
form for macromolecular interactions. Extensive data indicate that
the Not module is closely connected to the transcriptional machinery

ARTICLES

and physically recruits transcription factors, such as ADA2 (ref. 33;
reviewed in refs. 11,12). Evidence is also accumulating on the ability
of the Not modules to mediate protein-protein interactions impor-
tant for cytoplasmic mRNA metabolism. For example, in Drosophila
melanogaster Not3 binds the translational repressor BicC®L, and in
mice the C-terminal arm of Not1 binds the mRNA developmental
regulator NANQOS2 (ref. 52). We found that the Not module creates
a composite RNA-binding surface for U nucleosides, with a specific
site in the Not box of Not5. Although this RNA-binding activity of
the Not module was unexpected, it rationalizes previous observa-
tions. In yeast, the decay of the Edcl mRNA has been shown to pro-
ceed through a deadenylation-independent decapping pathway that
depends on the Not proteins and on a poly-U tract in its 3' UTR.
A model is conceivable in which binding of the Not module to this
3 UTR might bring the mRNA into proximity of Dhh1, a decapping
activator (known as DDX6 or RCK in metazoans) that is recruited
to Cerd-Not??5354, Interestingly, mouse Not3 has been shown to
regulate the deadenylation of specific mRNAs by recruiting their
3" UTRs*, which also contain U-rich stretches. The emerging picture
is that the Not module of the Ccrd-Not complex creates a platform for
protein and nucleic acid interactions that is able to contribute to the
many functions of the Ccrd-Not complex, including the degradation
of specific mRNAs.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Coordinates and structural factors have been
deposited in the Protein Data Bank under accession code 4BYe6.

Note: Any Supplementary Information and Seurce Data files are available in the online
version of the paper.
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ONLINE METHODS

Protein purification. All the proteins were cloned and expressed individually in
E. coli BL21{DE3) pLysS cells (Stratagene) in TB medium with IPTG induction
overnight at 18 °C. Notl sy a093 (Notlc), Not5 FL and Not5zgz_se0 { Not5c) were
expressed with an N-terminal His-SUMO tag (cleavable with the Senp2 protease).
The Notl C-terminal arm (starting at 1348), Not2 FL and Not5 440_sg, (Not5 Not
box) were expressed with an N-terminal His-Z tag(cleavable with TEV protease).
Not3s85_sgo0 (Not3 Notbox) was expressed with an N-terminal His tag { cleavable
with TEV protease). The cells were lysed in buffer A (50 mM sodium phosphate
buffer, pH 7.5, 250 mM NaCl and 20 mM imidazole) by sonication. The lysates
were cleared by centrifugation and were loaded on a 5-ml His-trap column (GE
Healthcare). The column was washed with buffer B (50 mM phosphate buffer,
pH 6.5, 1 M NaCl, 20 mM imidazole, 50 mM KCl, 10 mM MgSO, and 2 mM
ATP) and with buffer A. The proteins were eluted by a gradient of buffer A and
buffer C (buffer A supplemented with 500 mM imidazole). Except for the Not5
Not box and Not2, all other proteins were dialyzed overnight in gel-filtration
buffer (without DTT) in the presence of TEV or Senp2 proteases and were then
applied to the His-trap column to remove the cleaved tag (second affinity step).
The proteins were further purified by size-exclusion chromatography in the gel-
filtration buffer (20 mM Tris-Cl buffer, pH 7.5, 250 mM NaCland 2mM DTT).
The complex of Notlc-Not2-Not5¢ wasformed by mixing the purified protein in
a1:1.25:1 molar ratio and was incubated with TEV protease overnight at 4 °C to
cleave the N-terminal His- Z tag of Not2. The complex was applied onto the 5-ml
His-trap column { GE Healthcare) to remove the cleaved tag and was purified by
gel filtration {Superdex 200 16/60, GE Healthcare) in the gel-filtration buffer.

For the pulldown assays, Not5c, Not5-AN and Not2-AN were expressed as
N-terminal His-GST fusion proteins, whose tags were cleavable with 3C protease.
Not2, Not5c and Not5- AN wete affinity purified with a 5-ml His-trap column
(GE Healthcare) asdescribed above. Not2- AN wasaffinity purified at a pH of 8.5
(with buffer A and C at pH 8.5) instead of pH 7.5. Not2-Not5¢, Not2- AN-Not5c
and Not2-Not3-AN complexes were formed by mixing a 1:1.5 molar ratio of the
larger to smaller protein and dialyzed in gel-filtration buffer (without 2 mM DTT)
in the presence of 3C protease and TEV protease. The dialyzed proteins were
subjected to a second His-affinity purification with a 5-ml His-trap column (GE
Healthcare) and subsequent incubation with glutathione-agarosebeads (Protino)
for 2 hat4 °C to remove the GST-tag contamination. The proteins were then puri-
fied by gel filtration (Superdex 75 10/30, GE Healthcare) in gel-filtration buffer.
Notle-GST was affinity purified as described above. The protein was dialyzed
against heparin buffer A (20 mM Tris, pH 7.5, and 100 mM NaCl), applied onto
the 5-ml heparin column {GE Healthcare) and purified with a gradient elution
with heparin buffer A and heparinbuffer A supplemented with 1 M NaCl. Notlc-
GST was further purified by gel filtration (Superdex 200 10/30, GE Healthcare).
The Not3 Not box was expressed as TEV protease-cleavable Hisy fusion protein
and purified in a similar way as mentioned above.

For the RNA-binding experiments, Not2 and Not5c were expressed and puri-
fied as individual proteins as described above. The Not2-Not5c complex was
formed by mixing the proteins in a 1.25:1 molar ratio and subsequent overnight
incubation with TEV protease. The cleaved protein was subjected to His-affinity
purification to remove the cleaved tag and a subsequent heparin-column purifica-
tion. The complex was further purified by gel filtration (Superdex 200 16/60, GE
Healthcare). Notl ¢ was expressed and purified as above, with an additional step
of heparin purification included after the second His-affinity step. Notlc-Not2-
Not5¢ was purified by mixing Notlc and Not2-Not5¢ in a 1:1.25 molar ratio and
subsequent gel filtration (Superdex 200 16/60, GE Healthcare).

Limited proteolysis experiment. 0.6 mg/ml of the Not1A1347-Not2-Not5 com-
plex was incubated with elastase (Roche) at a 1:10 (w/w) enzyme/protein ratio
for 30 min on ice. The products of the protealysis were identified by N-terminal
sequencing and MS analysis. The interacting core complex was identified by
size-exclusion chromatography of the proteolyzed sample.

Crystallization and structure solution. The Notl ¢-Not2-Not5c¢ complex was con-
centrated to 16 mg/ml and crystallized at room temperature in 8.5% (w/v) PEG
8000, 100 mM MES, pH 6.5, and 200 mM calcinm acetate. The mercury derivative
was prepared by cocrystallization of a solution of Notlc-Not2-Not5c with ethyl
mercury phosphate (EMP) at 0.55 mM final concentration. The crystals were frozen
in the presence of 20% glycerol as cryopratectant. X- ray data were collected at 100 K

atthe SLS synchrotron (PXITand PXIIT beamlines), with tuning of the wavelengthat
the Hg edgein the case of the EMP-containing crystals for SAD data collection. The
data were processed with XDS%°. The crystals belong to a monaclinic space group
(P2;) with two molecules per asymmetric unit, We used PHENIX.autosol* for
phasing and Buccaneer®” for the initial automatic model building, We completed the
maodel with iterative roundsof manual model building with Coot™ and restrained
refinement with PHENIX?®. The final model has 97.3% residues in the most-favored
regions of the Ramachandran plot, as calculated with MolProbity*®.

Pulldown assays. For the experiments in Figure 2f, 50 pmol of bait (GST or GST-
Notlc) were incubated with 100 pmol of prey (Not2-Not5¢, Not2- AN-Not5¢
and Not2-Not5- AN} for 1 h at 4 °C in 40 mM Tris, pH 7.5, 150 mM NaCl, 2 mM
DTT, 12.5% {¥/v} glycerol and 0.1% (w/v) NP-40 (binding buffer). The protein
mixwasincubated with 20 |1l of GSH-agarose beads (Protino) for 1 hwith gentle
rocking at 4 °C. The resin was washed three timeswith the binding buffer, and the
proteins were eluted in 15 L1l of binding buffer containing 100 mM glutathione.
Input and precipitates were mixed with SDS loading dye, resolved on 4-12%
Bis-Tris NuPAGE gel (Invitrogen) with MES as running buffer, and visualized
by Coomassie-blue staining. A similar protocol was used for the GST pulldown
assays in Figure 4d with 40 mM Tris, pH 8.5, 100 mM NaCl, 2 mM DT'T and
12.5% (v/v) glycerol as binding buffer.

Sequence alignments and superpositions. All the sequence alignments were
done with Clustal W® and ALINE®!, and the structural superpositions were done
with SSM in Coot®®. The r.m.s. deviations reported are from the output of Coot.
Structure-based sequence alignment was done in STRAP# with the Aligner3D
method and manually edited in ALINE.

Yeast strains. Yeast strains used in this study are all derivatives of W303 (ade2-1,
canl-100, len2-3,112, his3-11,15, ura3-1, trpI-I). Genes differing from W303
are as follows: T26N28 (MATa, Atrp1, ANOT1::HIS3 pFL 38 (NOT1)), BSY1110
(MATa, Atrpl, not2::HISMX6), BSY1111 (MATa, Atrpl, not3::HISMX6),
BSY1230 (MATa, Atrpl, NOT3-VSV, NOT2-3HA :-hisMX6), BSY1231 (MATa,
Afrpl, POP2-VSV, NOT2-3HA :hisMX6), BSY1240 (MATa, Atrpl, NOT3-
TAP - TRPI;, POP2-VSV, NOT4 HA - hisMX6) and BSY1242 (MATx, Afrp1,
NOT3-TAP: TRPIy;, POP2-VSV, NOT2-HA :: hisMX6).

Coprecipitation assays. Protein extract preparation and coimmunoprecipitation
were performed as described previously®®.

Mutant analyses. Mutations in Notl, Not2 and Not3 were constructed in
plasmids pBS4806 (ref. 28) (Not1-TAP), pBS4968 (Not2-VSV) and pBS4975
(Not3-VSV) by one or multiple rounds of site-directed mutagenesis. The pres-
ence of the desired mutation was ascertained by sequencing. The resulting plas-
mids were introduced into yeast strains with the lithinm acetate transformation
procedure. Plasmid shuffling, growth assays, protein extraction and western blot
analyses were performed with standard procedures as previously described?®®.

Electrophoretic mobility shift assays. Proteins at 3, 10, 13 and 20 pM concen-
tration (30, 100, 130 and 200 pmol, respectively) were incubated with 50 nM
(0.5 pmol) of 5™-labeled RNA (A5 or Uys) at4 °C overnightin 20 mM HEPES, pH
7.5, 5mMEDTA, 0.1% NP-40 and 2 mM DT'T (EMS A buffer). The reaction mix-
tures were complemented with gel-filtration buffer to a final NaCl concentration of
54 mM, resolved on a 6% (w/v) native PAGE and visualized by phosphorimaging.

RNA cross-linking. 200 pmol (20 uM) of Not1-Not2-Not5c complex were incu-
bated with 2.5 pmol (250 nM) of body-labeled Uy RNA overnight in EMSA
buffer at 4 °C. The cross-linking was performed by irradiation of the mix ata
wavelength of 254 nm for 5min on ice. The mixture was then treated with 1% SDS
and 0.5 ] of RNase A/T1 mixture at 37 °C for 5 min. The samples were heated
with SDS loading dye at 70 °C for 2 min, separated on 13.5% (w/v) SDS-PAGE gel
and visualized by phosphorimaging and Coomassie-blue staining.

Mass spectrometry. UV-induced protein-RNA cross-linking and enrichiment of
cross-linked peptides. UV cross-linking and enrichment of cross-linked pep-
tides was performed according to the established protocols described in ref. 63.
Briefly, 1 nmol of the single-stranded U;s RNA oligonucleotide and 1 nmol of
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Notle-Not2-Not5c complex were mixed in a 1:1 molar ratio, and the total reac-
tion volume wasbrought to 100 ulin 20 mM HEPES, pH 7.5, 50 mM NaCl, 2 mM
DTT and 5mM EDTA. The mixture was incubated on ice overnight for complex
formation. The samples were then transferred to black polypropylene microplates
(Greiner Bio-One) and irradiated at 254 nm for 10 min. After ethanol precipita-
tion, the samples were denatured in 4 M urea and 50 mM Tris-HCL, pH 7.9, and
digested for 2 hat 52 °C with 1 |Lg RNase A (Ambion, Applied Biosystems). After
RNA digestion, proteolysis with trypsin (Promega) was performed overnight
at 37 °C. The sample was desalted on an in-house-prepared C18 (Dr. Maisch
GmbH) column, and the cross-linked peptides were enriched on an in-house-
prepared TiO; (GL Sciences) column with the protocol describedin ref. 63. The
samples were dried and then resuspended in 10 l sample solvent (5% v/v ACN
and 1% v/v FA) for MS analysis.

Nano-liquid chromatography and MS analysis. 5 \L of the above sample was
injected onto a nano-liquid chromatography system ( Agilent 1100 series, Agilent
Technologies) including a C18 trapping column of length ~2 cm and inner diam-
eter 150 pum, in line with a C18 analytical column of length ~15 ¢m and inner
diameter 75 um (both packed in house; C18 AQ 120 A 5 um, Dr. Maisch GmbH).
Analytes were loaded on the trapping column at a flow rate of 10 uL/min in
buffer A (0.1% v/v FA) and subsequently eluted and separated on the analytical
column with a gradient of 7-38% buffer B (95% v/v acetonitrile and 0.1% v/v
FA) with an elution time of 33 min (0.87%/min) and a flow rate of 300 nL/min.
Online ESI-MS was performed with an LTQ-Orbitrap Velos instrument { Thermo
Scientific), operated in data-dependent mode with a TOP10 method. MS scans
were recorded in the m/z range of 350-1,600 and for subsequent MS/MS the
top ten most-intense ions were selected. Both precursor ionsas well as fragment
ions were scanned in the Orbitrap. Fragment ions were generated by higher-
energy collision dissociation (HCD) activation (normalized collision energy = 40)
and recorded from m/z = 100. As precursor ions as well as fragment ions were
scanned in the Orbitrap, the resulting spectra were measured with high accuracy
(=5 p.p.m), both in the MS and MS/MS level.

Data analysis. The MS rawfiles were converted into the .mzML format with mscon-
vert5%, Protein-RNA cross-links were analyzed with OpenMS%%5¢ and OMSSA®7
as a search engine. Data-analysis workflows were assembled as described!’.
The high-scoring cross-linked peptices were manually annotated for confirma-
tion. Protein-RNA interactions between the complex and poly(U) RNA were
analyzed with UV-induced protein-RNA cross-linking followed by MS. Peptide
RCGNDFYYNEEDFEKL in Not5 (position 545-560) was observed carrying an
additional mass of 476.0338 Da corresponding to U nucleoside with an adduct of
152. The y-ion series could be observed from 1 to 10, unshifted. In contrast, b ions
from b3 until b8 were observed with a mass shift corresponding to U-H,PO, and
152 adduct (Fig. 5¢). Also, the b ions from b5 until b8 were observed with a mass
shift corresponding to U and 152. We have always observed that the 152 adduct is
observed as a shift associated with cysteine, which could be the amino acid that is
cross-linked. In the corresponding figure (Fig. 5¢), the b ions that were observed
with a mass shift corresponding to U-H,PO, + 152 and to U + 152 are shown with
an asterisk (*) and hash (#), respectively and the immonium ions with IM.

RNase protection assays. 100, 150 and 200 pmol (10, 15 and 20 uM) of Notlc-
Not2-Not5¢ complex were incubated with 0.5 pmol (50 nM) of Uy RNA in
the EMSA buffer overnight at 4 °C. The reaction mixtures were treated with
0.5 1l of RNase A/T1 mix for 30 min at 4 °C. RNA was purified with phenol/
chloroform/isoamyl alcohol extraction and ethanol precipitation. The purified
RNA was 5" labeled with [y-**P]ATP with T4 polynucleotide kinase, repurified
by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation,
separated on 22% (w/v) denaturing PAGE with 5 M urea and visualized by
phosphorimaging.

Fluorescence anisotropy. 5™-6-catboxy-fluorescein (6-FAM)-labeled Uy RNA
was used in fluorescence anisotropy measurements at 20 °C with Genios Pro
(Tecan). RNA was 9.1 nM at final concentration and was incubated with vary-
ing concentrations of Notlc-Not2-Not5¢ complex in the gel-filtration buffer
supplemented with 10 mM EDTA. We used 250 mM NaCl in the buffer for
the measurement because the protein was not stable at 100 or 150 mM salt in
such high concentration at 20 °C. The excitation and emission wavelengths
were 485 nm and 535 nm, respectively. Each titration peint was measured
three times with ten reads with an integration time of 40 psec. The data were
analyzed by nonlinear regression fitting with Origin (OriginLab; http://www.
originlab.com/).
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propertics of Not-box domains. The subcomplex of SmF and SmE (PDB code 2Y9A?) is shown on the left in gray.
The p4 strand of one monomer (SmE) interacts with strand B35 of the other monomer (SmF)., On the right,
dimerization of Not2—Not5 leaves strand 4 exposed to solvent. (¢) Lattice contacts are reminiscent of Sm—Sm
interactions. In the upper pancl, the loop between strands 32 and (3 of a Not2 molecule (in magenta) has an
extended conformation and interacts both with the 4 strand of a symmetry—related Not5 molecule (in cyan). In
the lower panel, the [34 strand of a Not2 molecule (in magenta) interacts with the j—hairpin of a symmetry-related

Notl molecule (in orange).
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Supplementary Figure 4 /n vivo interactions of Not proteins (a) Immunoprecipitation of Notl from yeast strains
harbouring a TAP tagged Not!l wild-tvpe (WT) or indicated mutants and carrying tagged chromosomal variant of
Not2 and Not3 (BSY1230), or Not2 and Pop2/Cafl (BSY1231). Coimmunoprecipitation of Not2-HA, Not3—VSV
or Pop2-VSV was assaved by western blotting. As a control, the presence of the tagged protein in the starting
extracts was also assaved. (b) Immunoprecipitation of’ Not3 [rom yveast strains carrving tagged chromosomal
variant of Not3, Pop2/Cafl and Not4 (BSY1240), or Not3, Cafl/Pop2 and Not2 (BSY1242).
Coimmunoprecipitation of Not2-HA or Not4—HA was assaved by western blotting. As a control, the level of the

tagged protein in the starting extracts was also assayed.

Nature Structural and Molecular Biology: doi:10.1038/nsmb.2686



c

Y653

Not2 Not-box Not5 Not-box SmE

|15U

120
1001
L
80
6801
401
204
0f
L L J 4 :}
0.01 o1 1 10 100

Concentration Not1c—Not2—-Not5c (uM)

Anisotropy (mUnit)

Supplementary Figure 5 Protein and RNA interactions at the Not-boxes (a) Surface features of the Not2 and
Not5 Not-boxes. On the left is the structure of Not2, showing Argl65 (putative ADA2-binding residue) as well as
positively charged residues at a similar position as in Not5. In the central panel is the Not-box of Not5, in the same
orientation, showing the uridine—crosslinked residue Cys546 as well as the surrounding positively charged
residues (as in Fig. 5d). On the right is the structure of RNA-bound SmE (U4 snRNP, PDB code 2Y9A?) oriented
in a similar view as the structures in the left and central panels (after optimal superimposition), showing a bound
uridine nucleotide (in black). (b) Quantification of the RNA-binding properties of Notlc—Not2-Not5¢ by
fluorescence anisotropy. The K, of the Notlc—Not2-Not5c complex to 6-FAM-labeled U;s RNA under these

conditions was found to be 9.47+0.95 uM.
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Methods

Protein purification.



All the proteins were cloned and expressed individually in E. coli BL21(DE3) pLysS cells (Stratagene) in TB medium with
IPTG induction overnight at 18 °C. Not11541-2093 (Notlc), Not5 FL and Not5298-560 (Not5c) were expressed with an
N-terminal His-SUMO tag (cleavable with the Senp2 protease). The Notl C-terminal arm (starting at 1348), Not2 FL
and Not5460-560 (Not5 Not box) were expressed with an N-terminal His-Z tag (cleavable with TEV protease).
Not3685-800 (Not3 Not box) was expressed with an N-terminal His tag (cleavable with TEV protease). The cells were
lysed in buffer A (50 mM sodium phosphate buffer, pH 7.5, 250 mM NaCl and 20 mM imidazole) by sonication. The
lysates were cleared by centrifugation and were loaded on a 5-ml His-trap column (GE Healthcare). The column was
washed with buffer B (50 mM phosphate buffer, pH 6.5, 1 M NaCl, 20 mM imidazole, 50 mM KCI, 10 mM MgS04 and 2
mM ATP) and with buffer A. The proteins were eluted by a gradient of buffer A and buffer C (buffer A supplemented
with 500 mM imidazole). Except for the Not5 Not box and Not2, all other proteins were dialyzed overnight in gel-
filtration buffer (without DTT) in the presence of TEV or Senp2 proteases and were then applied to the His-trap
column to remove the cleaved tag (second affinity step). The proteins were further purified by size-exclusion
chromatography in the gel-filtration buffer (20 mM Tris-Cl buffer, pH 7.5, 250 mM NaCl and 2 mM DTT). The complex
of Notlc—Not2—Not5c was formed by mixing the purified protein in a 1:1.25:1 molar ratio and was incubated with TEV
protease overnight at 4 °C to cleave the N-terminal His-Z tag of Not2. The complex was applied onto the 5-ml His-trap
column (GE Healthcare) to remove the cleaved tag and was purified by gel filtration (Superdex 200 16/60, GE
Healthcare) in the gel-filtration buffer.

For the pulldown assays, Not5c, Not5-AN and Not2-AN were expressed as N-terminal His-GST fusion proteins, whose
tags were cleavable with 3C protease. Not2, Not5c and Not5-AN were affinity purified with a 5-ml His-trap column (GE
Healthcare) as described above. Not2-AN was affinity purified at a pH of 8.5 (with buffer A and C at pH 8.5) instead of
pH 7.5. Not2—Not5c, Not2-AN—Not5c and Not2—Not5-AN complexes were formed by mixing a 1:1.5 molar ratio of the
larger to smaller protein and dialyzed in gel-filtration buffer (without 2 mM DTT) in the presence of 3C protease and
TEV protease. The dialyzed proteins were subjected to a second His-affinity purification with a 5-ml His-trap column
(GE Healthcare) and subsequent incubation with glutathione-agarose beads (Protino) for 2 h at 4 °C to remove the
GST-tag contamination. The proteins were then purified by gel filtration (Superdex 75 10/30, GE Healthcare) in gel-
filtration buffer. Not1c-GST was affinity purified as described above. The protein was dialyzed against heparin buffer A
(20 mM Tris, pH 7.5, and 100 mM NacCl), applied onto the 5-ml heparin column (GE Healthcare) and purified with a
gradient elution with heparin buffer A and heparin buffer A supplemented with 1 M NaCl. Notlc-GST was further
purified by gel filtration (Superdex 200 10/30, GE Healthcare). The Not3 Not box was expressed as TEV protease—
cleavable His6 fusion protein and purified in a similar way as mentioned above.

For the RNA-binding experiments, Not2 and Not5c were expressed and purified as individual proteins as described
above. The Not2—Not5c complex was formed by mixing the proteins in a 1.25:1 molar ratio and subsequent overnight
incubation with TEV protease. The cleaved protein was subjected to His-affinity purification to remove the cleaved tag
and a subsequent heparin-column purification. The complex was further purified by gel filtration (Superdex 200 16/60,
GE Healthcare). Notlc was expressed and purified as above, with an additional step of heparin purification included
after the second His-affinity step. Notlc—Not2—Not5c was purified by mixing Notlc and Not2—Not5c in a 1:1.25 molar
ratio and subsequent gel filtration (Superdex 200 16/60, GE Healthcare).

Limited proteolysis experiment.

0.6 mg/ml of the Notl1A1347-Not2—Not5 complex was incubated with elastase (Roche) at a 1:10 (w/w)
enzyme/protein ratio for 30 min on ice. The products of the proteolysis were identified by N-terminal sequencing and
MS analysis. The interacting core complex was identified by size-exclusion chromatography of the proteolyzed sample.

Crystallization and structure solution.

The Notlc—Not2—Not5c complex was concentrated to 16 mg/ml and crystallized at room temperature in 8.5% (w/v)
PEG 8000, 100 mM MES, pH 6.5, and 200 mM calcium acetate. The mercury derivative was prepared by
cocrystallization of a solution of Notlc—Not2—-Not5c with ethyl mercury phosphate (EMP) at 0.55 mM final
concentration. The crystals were frozen in the presence of 20% glycerol as cryoprotectant. X-ray data were collected
at 100 K at the SLS synchrotron (PXIl and PXIIl beamlines), with tuning of the wavelength at the Hg edge in the case of
the EMP-containing crystals for SAD data collection. The data were processed with XDS>°. The crystals belong to a
monoclinic space group (P21) with two molecules per asymmetric unit. We used PHENIX.autosol® for phasing and
Buccaneer® for the initial automatic model building. We completed the model with iterative rounds of manual model
building with Coot®® and restrained refinement with PHENIX®®. The final model has 97.3% residues in the most-favored
regions of the Ramachandran plot, as calculated with MolProbity>.

Pulldown assays.

For the experiments in Figure 2f, 50 pmol of bait (GST or GST-Notlc) were incubated with 100 pmol of prey (Not2—
Not5c, Not2-AN—Not5c and Not2—Not5-AN) for 1 h at 4 °C in 40 mM Tris, pH 7.5, 150 mM NaCl, 2 mM DTT, 12.5% (v/v)



glycerol and 0.1% (w/v) NP-40 (binding buffer). The protein mix was incubated with 20 pl of GSH-agarose beads
(Protino) for 1 h with gentle rocking at 4 °C. The resin was washed three times with the binding buffer, and the
proteins were eluted in 15 ul of binding buffer containing 100 mM glutathione. Input and precipitates were mixed
with SDS loading dye, resolved on 4-12% Bis-Tris NUPAGE gel (Invitrogen) with MES as running buffer, and visualized
by Coomassie-blue staining. A similar protocol was used for the GST pulldown assays in Figure 4d with 40 mM Tris, pH
8.5, 100 mM NaCl, 2 mM DTT and 12.5% (v/v) glycerol as binding buffer.

Sequence alignments and superpositions.

All the sequence alignments were done with ClustalW®® and ALINE®!, and the structural superpositions were done with
SSM in Coot>8. The r.m.s. deviations reported are from the output of Coot. Structure-based sequence alignment was
done in STRAP®? with the Aligner3D method and manually edited in ALINE.

Yeast strains.

Yeast strains used in this study are all derivatives of W303 (ade2-1, can1-100, leu2-3,112, his3-11,15, ura3-1, trp1-1).
Genes differing from W303 are as follows: T26N28 (MATa, Atrpl, ANOT1. .HIS3 pFL 38 (NOT1)), BSY1110 (MATa, Atrp1,

not2: HISMX6), BSY1111 (MATa, Atrpl, not3.HISMX6), BSY1230 (MATa, Atrpl, NOT3-VSV, NOT2-3HA. hisMX6),
BSY1231 (MATa, Atrpl, POP2-VSV, NOT2-3HA: hisMX6), BSY1240 (MATa, Atrpl, NOT3-TAP. TRPIKI, POP2-VSV, NOT4-
HA: hisMX6) and BSY1242 (MATa, Atrpl, NOT3-TAP: TRP1KI, POP2-VSV, NOT2-HA: hisMX6).

Coprecipitation assays.
Protein extract preparation and coimmunoprecipitation were performed as described previously?8.
Mutant analyses.

Mutations in Notl, Not2 and Not3 were constructed in plasmids pBS4806 (ref. 28) (Not1-TAP), pBS4968 (Not2-VSV)
and pBS4975 (Not3-VSV) by one or multiple rounds of site-directed mutagenesis. The presence of the desired
mutation was ascertained by sequencing. The resulting plasmids were introduced into yeast strains with the lithium
acetate transformation procedure. Plasmid shuffling, growth assays, protein extraction and western blot analyses
were performed with standard procedures as previously described?.

Electrophoretic mobility shift assays.

Proteins at 3, 10, 13 and 20 uM concentration (30, 100, 130 and 200 pmol, respectively) were incubated with 50 nM
(0.5 pmol) of 5'-labeled RNA (A15 or U15) at 4 °C overnight in 20 mM HEPES, pH 7.5, 5 mM EDTA, 0.1% NP-40 and 2
mM DTT (EMSA buffer). The reaction mixtures were complemented with gel-filtration buffer to a final NaCl
concentration of 54 mM, resolved on a 6% (w/v) native PAGE and visualized by phosphorimaging.

RNA cross-linking.

200 pmol (20 uM) of Notl-Not2—Not5c complex were incubated with 2.5 pmol (250 nM) of body-labeled U20 RNA
overnight in EMSA buffer at 4 °C. The cross-linking was performed by irradiation of the mix at a wavelength of 254 nm
for 5 min on ice. The mixture was then treated with 1% SDS and 0.5 pl of RNase A/T1 mixture at 37 °C for 5 min. The
samples were heated with SDS loading dye at 70 °C for 2 min, separated on 13.5% (w/v) SDS-PAGE gel and visualized
by phosphorimaging and Coomassie-blue staining.

Mass spectrometry.

UV-induced protein-RNA cross-linking and enrichment of cross-linked peptides. UV cross-linking and enrichment of
cross-linked peptides was performed according to the established protocols described in ref. 63. Briefly, 1 nmol of the
single-stranded U15 RNA oligonucleotide and 1 nmol of Notlc—Not2—Not5c complex were mixed in a 1:1 molar ratio,
and the total reaction volume was brought to 100 pl in 20 mM HEPES, pH 7.5, 50 mM NaCl, 2 mM DTT and 5 mM
EDTA. The mixture was incubated on ice overnight for complex formation. The samples were then transferred to black
polypropylene microplates (Greiner Bio-One) and irradiated at 254 nm for 10 min. After ethanol precipitation, the
samples were denatured in 4 M urea and 50 mM Tris-HCI, pH 7.9, and digested for 2 h at 52 °C with 1 ug RNase A
(Ambion, Applied Biosystems). After RNA digestion, proteolysis with trypsin (Promega) was performed overnight at 37
°C. The sample was desalted on an in-house—prepared C18 (Dr. Maisch GmbH) column, and the cross-linked peptides
were enriched on an in-house—prepared TiO2 (GL Sciences) column with the protocol described in ref. 63. The samples



were dried and then resuspended in 10 ul sample solvent (5% v/v ACN and 1% v/v FA) for MS analysis.

Nano-liquid chromatography and MS analysis. 5 pL of the above sample was injected onto a nano-liquid
chromatography system (Agilent 1100 series, Agilent Technologies) including a C18 trapping column of length ~2 cm
and inner diameter 150 um, in line with a C18 analytical column of length ~15 cm and inner diameter 75 um (both
packed in house; C18 AQ 120 A 5 pm, Dr. Maisch GmbH). Analytes were loaded on the trapping column at a flow rate
of 10 uL/min in buffer A (0.1% v/v FA) and subsequently eluted and separated on the analytical column with a
gradient of 7-38% buffer B (95% v/v acetonitrile and 0.1% v/v FA) with an elution time of 33 min (0.87%/min) and a
flow rate of 300 nL/min. Online ESI-MS was performed with an LTQ-Orbitrap Velos instrument (Thermo Scientific),
operated in data-dependent mode with a TOP10 method. MS scans were recorded in the m/z range of 350-1,600 and
for subsequent MS/MS the top ten most-intense ions were selected. Both precursor ions as well as fragment ions
were scanned in the Orbitrap. Fragment ions were generated by higher-energy collision dissociation (HCD) activation
(normalized collision energy = 40) and recorded from m/z = 100. As precursor ions as well as fragment ions were
scanned in the Orbitrap, the resulting spectra were measured with high accuracy (<5 p.p.m.), both in the MS and
MS/MS level.

Data analysis.

The MS .raw files were converted into the .mzML format with msconvert®. Protein-RNA cross-links were analyzed
with OpenMS®> ¢ and OMSSA®7 as a search engine. Data-analysis workflows were assembled as described!. The high-
scoring cross-linked peptides were manually annotated for confirmation. Protein-RNA interactions between the
complex and poly(U) RNA were analyzed with UV-induced protein-RNA cross-linking followed by MS. Peptide
RCGNDFVYNEEDFEKL in Not5 (position 545-560) was observed carrying an additional mass of 476.0338 Da
corresponding to U nucleoside with an adduct of 152. The y-ion series could be observed from 1 to 10, unshifted. In
contrast, b ions from b3 until b8 were observed with a mass shift corresponding to U-H3P0O4 and 152 adduct (Fig. 5c).
Also, the b ions from b5 until b8 were observed with a mass shift corresponding to U and 152. We have always
observed that the 152 adduct is observed as a shift associated with cysteine, which could be the amino acid that is
cross-linked. In the corresponding figure (Fig. 5¢c), the b ions that were observed with a mass shift corresponding to U-
H3PO4 + 152 and to U + 152 are shown with an asterisk (*) and hash (#), respectively, and the immonium ions with
IM.

RNase protection assays.

100, 150 and 200 pmol (10, 15 and 20 uM) of Notlc—Not2—Not5c complex were incubated with 0.5 pmol (50 nM) of
U20 RNA in the EMSA buffer overnight at 4 °C. The reaction mixtures were treated with 0.5 ul of RNase A/T1 mix for
30 min at 4 °C. RNA was purified with phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. The
purified RNA was 5’ labeled with [y-32P]JATP with T4 polynucleotide kinase, repurified by phenol/chloroform/isoamyl
alcohol extraction and ethanol precipitation, separated on 22% (w/v) denaturing PAGE with 5 M urea and visualized
by phosphorimaging.

Fluorescence anisotropy.

5’-6-carboxy-fluorescein (6-FAM)-labeled U15 RNA was used in fluorescence anisotropy measurements at 20 °C with
Genios Pro (Tecan). RNA was 9.1 nM at final concentration and was incubated with varying concentrations of Notlc—
Not2—Not5c complex in the gel-filtration buffer supplemented with 10 mM EDTA. We used 250 mM NaCl in the buffer
for the measurement because the protein was not stable at 100 or 150 mM salt in such high concentration at 20 °C.
The excitation and emission wavelengths were 485 nm and 535 nm, respectively. Each titration point was measured
three times with ten reads with an integration time of 40 psec. The data were analyzed by nonlinear regression fitting
with Origin (OriginLab; http://www.originlab.com/).

Accession codes.

Coordinates and structural factors have been deposited in the Protein Data Bank under accession code 4BY6.
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E.3. Caractérisation biochimique et structurale du réle du complexe CCR4-NOT et ATPase

DDX6 dans la répression des microARN.

E.3.1. Contexte et objectif de I'étude

L'objectif de cette étude était de caractériser le réle de deux régions de CNOT1, a savoir CN9BD et
MIF4G, toutes deux impliquées dans I'activité inhibitrice des protéines GW182. Ces derniéres sont
des médiateurs importants de la répression des microARN. D’autre part le domaine MIFAG de
CNOT1 recrute la protéine DEAD box DDX6, un inhibiteur de la traduction. Nous avons entrepris de
comprendre le réle de ces deux domaines de la protéine NOT1 en caractérisant ses interactions

avec les protéines CNOT9 et DDX6.

E.3.2. Approches expérimentales

Notre laboratoire s’est concentré sur I'aspect structural de I'étude en combinant une nouvelle fois
les approches biochimique et structurale. Il a été possible de mettre en évidence par des
expériences d’interaction in vitro que le domaine CN9DB de NOT1 interagissait avec la protéine
CNOT9. Nous avons focalisé nos efforts sur le complexe CNOT1 et CAF40 (homologue chez S.
cerivisiae de CNOT9). Les protéines NOT1(1071-1282) et CAF40 ont été sous-clonées dans des
vecteurs plasmidiques d’expression de type pET et sur-exprimées séparément afin de reconstituer
le complexe. Une expérience de protéolyse ménagée avec la trypsine a permis d’isoler un
complexe plus compact comprenant le domaine CN9BD de NOT1 et CAF40. Il a été possible de
produire un échantillon suffisant pour les essais de cristallisation en réalisant cette procédure a
plus grande échelle. Il a ainsi été permis de produire et d’optimiser des cristaux de ce complexe en
vue de l'analyse par cristallographie aux rayons X. Plusieurs jeux de données ont été collectés a
une résolution maximale de 3,8 A. Un modéle de 'homologue humain de CAF40 (CNOT9) a été
utilisé pour le remplacement moléculaire, ce qui a permis de résoudre une partie de la structure
mais celle correspondant a CNOT1 n’était pas assez définie pour envisager une reconstruction a
partir de cette carte de densité électronique. J’ai donc dérivatisé des cristaux avec un cluster de
tantale de brome, collecté des données anomales et déterminé des phases expérimentales a basse

résolution. Il m'a été ensuite possible de résoudre la structure en combinant remplacement



moléculaire et phases expérimentales. La carte de densité électronique ainsi obtenue était de
qualité suffisante pour permettre le tracage de la plus grande partie du modeéle. Cet aspect du
projet a représenté la plus grande difficulté d’un point de vue cristallographique. En effet,
I'interprétation de la carte et la construction du modele ont nécessité un grand nombre de cycles

de construction et d’affinement.

J'ai ensuite entrepris de produire les homologues humains CNOT1 et CNOT9 afin d’en résoudre
également la structure. Cette démarche a été motivée par la possibilité d’obtenir une structure a
plus haute résolution en changeant d’espéces. J'ai opté pour la méme stratégie que celle utilisée
pour le complexe de la levure en sur-exprimant une construction de CNOT1 (1054-1601) et
CNOT9. Ce complexe a été protéolysé avec de la trypsine, puis purifié par chromatographie
d'exclusion de taille et soumis a des essais de cristallisation. J'ai obtenu des cristaux de bonne
qualité et la structure de ce complexe a été résolue par remplacement moléculaire a 2,1 A en
utilisant le modéle du complexe de la levure précédemment résolu. Comme les résidus
tryptophanes du domaine CED de la protéine GW182 sont essentiels pour l'interaction avec
CNOTY9, nous avons réalisé une expérience de trempage de nos cristaux du complexe CNOT1
CN9BD-CNOT9 dans une solution contenant du tryptophane. Plusieurs jeux de données ont été
collectés révélant deux sites d’interactions pour cet acide aminé ; I'un étant occupé par une
molécule de tryptophane, I'autre étant occupé par une molécule de MES provenant du tampon de
cristallisation. L’'identification de ces sites nous a permis de générer des mutants de CNOT9 pour

valider ces sites d’interactions.

S. cerevisiae H. sapiens

Structure cristalline du complexe NOT1-CAF40 Structure cristalline du complexe CNOT1-CNOTS
Résolution: 38 A Résolution: 2,0 A
Phasage experimental avec un composé de bromure de Tantale Remplacement moléculaire

pdb: 4CV5 pdb: 4CT7



Nous nous sommes ensuite aussi intéressés a I’ATPase DDX6. Des études d’interactions ont
montré que cette protéine interagissait avec le domaine central MIFAG de la protéine NOT1. Il a
été possible de surproduire la protéine DDX6 dans E. coli et de la purifier a une qualité compatible
avec des essais de cristallisation. |l a été ensuite possible d'isoler un complexe stoechiométrique de
la protéine DDX6 et du domaine MIF4G de la protéine NOT1 par chromatographie de perméation
de gel, ainsi que de cristalliser a la fois la protéine DXX6 et le complexe DDX6-CNOT1(MIF4G). Les
structures de ces deux complexes ont été réalisées par remplacement moléculaire a 3,0 et 2,3 A
respectivement.

L'analyse de ces deux structures nous a montré que la protéine DDX6 subissait un large
changement de conformation entre la forme libre et la forme complexée a la protéine CNOT1.
Cette analyse nous a conduit a émettre I'hypothése que I'activité ATPase de la protéine DDX6
pouvait étre stimulée par ce changement de conformation. Des essais biochimiques d’ATPase ont

permis de confirmer cette hypothese.

E.3.3. Résumé de I'étude

Le domaine CN9BD de CNOT1 interagit directement avec la sous-unité CNOT9 du complexe CCR4-
NOT, qui elle méme contacte la région répressive SD/CED de la protéine GW182, médiateur
important de la répression des microARN, par un motif a tryptophane. Le domaine MIF4G de
CNOT1 recrute la protéine DEAD box DDX6, un inhibiteur de la traduction, en stimulant son

activité enzymatique. L'activité de DDX6 est importante pour la répression des microARN.
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SUMMARY

MicroRNAs {miBNAs) control gene expression
by regulating mRNA translation and stability. The
CCR4-NOT complex is a key effector of miRNA func-
tion acting downstream of GW182/TNRC6 proteins.
We show that miRNA-mediated repression requires
the central region of CNOT1, the scaffold protein of
CCR4-NOT. A CNOT1 domain interacts with CNOTG,
which in turn interacts with the silencing domain of
TNRC6 in a tryptophan motif-dependent manner.
These interactions are direct, as shown by the struc-
ture of a CNOT9-CNOT1 complex with bound tryp-
tophan. Another domain of CNOT1 with an MIF4G
fold recruits the DEAD-box ATPase DDX6, a known
translational inhibitor. Structural and biochemical
approaches revealed that CNOT1 modulates the con-
formation of DDX6 and stimulates ATPase activity.
Structure-based mutations showed that the CNOT1
MIF4G-DDX6 interaction is important for miRNA-
mediated repression. These findings provide insights
into the repressive steps downstream of the GW182/
TNRCS6 proteins and the role of the CCR4-NOT com-
plex in posttranscriptional regulation in general.

INTRODUCTION

MicroRNAs (miRNAs) control gene expression posttranscrip-
tionally, generally by imperfectly base-pairing to the 3 UTR of
target MRNAs and causing inhibition of their translation as well
as deadenylation and destabilization. miRNAs function as part
of ribonucleoprotein particles (miRNPs) with Argonaute (AGQO)
and GW182 family proteins as key components. The GW182s,
known as TNRCBA, TNRCBB, and TNRCBC in mammals, are
recruited to mRNAs by direct interaction with AGO proteins via
their N-proximal Gly-Trp (GW) repeats (reviewed by Fabian

k!)&meali

et al., 2010; Huntzinger and |zaurralde, 2011). Although a direct
role of AGOs in inducing repression by miRNAs has also been
reported (Fukaya and Tomari, 2012), much evidence indicates
GW182s to be mediators of both translational inhibition and
deadenylation (Fabian et al., 2010; Huntzinger and lzaurralde,
2011). Recent studies have revealed that GW182s induce
mRBNA deadenylation by recruiting two major cellular dead-
enylase complexes, PAN2-PAN3 and CCR4-NOT (Braun et al,,
2011; Chekulagva et al., 2011; Chen et al., 2009; Christie
et al., 2013; Eulalio et al., 2008; Fabian et al., 2009, 2011; Piac
et al., 2010).

Translational repression by miBNAs is less well understood,
and several different mechanisms have been proposed. There
is much evidence that early steps of cap-dependent initiation
are targeted by miRNAs. However, targeting of other initiation
steps, such as scanning by the initiation factor elF4A, and of
elongation has also been proposed (Fabian et al., 2010; Fukaya
and Tomari, 2012; Huntzinger and |zaurralde, 2011; Meijer et al.,
2013). Apart from AGO and GW182 proteins, many other factors
have been implicated in the regulation of repression by miRNAs,
although the mechanisms remain largely unknown (Fabian et al.,
2010). Importantly, kinetic studies have indicated that transla-
tional repression precedes mRNA deadenylation and decay,
with the latter effects being generally dominant at steady state
(Bazzini et al., 2012; Béthune et al., 2012; Djuranovic et al,,
2012; Fabian et al., 2009).

Observations that the CCR4-NOT complex or its subunits act
not only in MRNA deadenylation, but also in mediating transla-
tional repression, both miRNA controlled (Braun et al., 2011;
Chekulaeva et al., 2011) and miBNA independent (e.g., see
Cooke et al., 2010; Van Etten et al., 2012), indicate CCR4-NOT
as a potential central player in posttranscriptional regulation.
CCR4-NOT is an evolutionarily conserved complex of ~10 sub-
units, two of which (CCR4 and CAF1) have mRNA deadenylase
activity (reviewed by Collart and Panasenko, 2012). Recently, it
was shown that human TNRC6s interact directly with CCR4-
NOT, likely by contacting its large scaffold subunit CNOT1. The
TNRC6 C-terminal regions, referred to as C-terminal effector
domain (CED) or silencing domain (SD), are responsible for the
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CCR4-NOT recruitment, consistent with their activity as major
effectors in miRNA repression (Braun et al., 2011; Chekulasva
et al., 2011; Fabian et al., 2011). Detailed analysis of the CED/
SD regions of GW182/TNRC6 proteins, and also of a more
N-proximal repressive region in Drosophila GW182, revealed
that functional interaction with CCR4-NCT requires Trp (W) res-
idues in the G/S/TW or WG/S/T context (W motifs), dispersed
across the domains and acting in an additive manner (Cheku-
laeva et al., 2011; Chekulagva et al., 2010). CIM-1 (CCR4-NOT
interaction motif 1) and CIM-2 elements identified as important
for functional TNRC6C interaction with CCR4-NOT also contain
conserved W residues (Fabian et al., 2011).

While the importance of the W motif-bearing GW182/TNRC6
domains in the interaction with CCR4-NOT is well documented
(Chekulasva et al., 2011; Fabian et al., 2011; Huntzinger et al.,
2013}, little is known about their partners inthe CCR4-NOT com-
plex. Likewise, the mechanism of CCR4-NOT-mediated repres-
sion of MRNA translation is largely unknown. Here, we have used
a combination of functional and structural approaches and
revealed interactions and mechanisms related to the role of the
CCR4-NOT complex in posttranscriptional regulation.

RESULTS

A Central Region of CNOT1 Mediates Repression of
mRNA Function

We and others have identified the CCR4-NOT complex as a
factor acting downstream of GW182 during miRNA-induced
repression (Braun et al., 2011; Chekulaeva et al., 2011; Fabian
et al., 2011). These studies have also suggested that CNOT1,
the largest subunit of CCR4-NOT, plays a key role. We have
now investigated which regions of human CNOT1 repress
mRBNA function. Different CNOT1 fragments expressed in human
embryonic kidney 293 (HEK293) cells at similar levels (Figures 1A
and S1A available online) were tested for their ability to repress
protein synthesis when tethered to reporter mRNA (Figure S1B}).
Tethering NHA-tagged CNOT1 repressed activity of the Renilla
luciferase (RL) 5BoxB reporter ~8-fold when compared to the
protein lacking the % phage N peptide. Terminal and internal
deletions revealed that the central region of CNOT1 (residues
727-1,601; named CNOT1-R) was still able to repress mRNA
function 4.5-fold (Figures 1A and 1B}).

The CNOT1 fragments were also tested for repression of the
RL-5BoxB reporter, which is devoid of the poly(A) tail. This re-
porter, RL-5BoxB-H3L+HhR (Figure S1B), is repressed by the
tethered CNOT1 without a decrease in mBNA level (Chekulasva
et al., 2011). Effects of CNOT1 fragments on RL-5BoxB-HSL+
HhR activity were qualitatively similar to those seen with the
poly(A)* reporter (Figure 1C). Both the full-length CNOT1 and
the CNCT1-R fragment repressed activity of the poly(A) RNA
approximately 4-fold, consistent with previous indications that
the CCR4-NOT complex can mediate translational repression
in a deadenylation-independent manner (Braun et al., 2011; Che-
kulagva et al., 2011; Huntzinger et al., 2013).

The repressive region of CNCT1-R is centered at the MIF4G
(middle of initiation factor 4G; Basquin et al., 2012; Petit et al.,
2012) domain, which is flanked by the region that interacts with
the RNA decay factor tristetraprolin (TTP) (Fabian et al., 2013)
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and the region that binds the CCR4-NOT subunit CNOTS
(Bawankar et al., 2013), hereafter referred to as CNOT9-binding
domain or CN9BD (Figure 1A). Individual deletion of each flank-
ing domain had a limited effect on repression, but their simulta-
necus elimination (resulting in fragments bearing MIF4G alone)
affected repression very strongly. The flanking domains had no
appreciable repressive activity in isolation (Figures 1B and 1C).

The CNOT1-R CN9BD Recruits TNRC6C via Interaction
with GNOT9

We investigated which CNOT1 regions mediate the interaction
with the TNRC8C C-terminal repressive regions SD (residues
1,260-1,690) or CED (residues 1,369-1,690) (Figure S1C). We
tested CNOT1 fragments for their association with a glutathione
S-transferase (GST) fusion of SO or CED coexpressed in HEK293
cells. The glutathione Sepharose pull-downs identified two
different nonoverlapping CNOT1 fragments that strongly asso-
ciate with SD in an RNA-independent manner, namely CNSBD
and the C-terminal region CNOT1-C (residues 1,827-2,376)
(Figures 1A, 81D, and S1E). Importantly, the interaction of both
fragments with CED, tested in both directions, depended on
Trp residues present in W motifs (Figures 10 and S1F). The
weaker interaction with SD/CED of a third CNOT1 region,
corresponding to residues 830-1,001 (TTP region; Figures 1A
and S1D) was not investigated further. Since SD and CED re-
gions showed no appreciable difference in their interaction
with the CNOT1 fragments investigated, we will often refer to
the silencing region as SD/CED.

We focused on CNOT1 CN9BD, which is part of the repressive
CNGOT1-R region. Experiments performed in HEK293 cells indi-
cated that CNOT1 CN9BD is pulled down by CED more effec-
tively in the presence of coexpressed CNOT9, and that CNOT9
expressed alone is pulled down by the CED in a W motif-depen-
dent manner (Figure 1E). Testing CED subfragments, we found
that substitution of just one or two Trp residues strongly affected
the pulldown of CNOT9 (Figure 31G). Using size-exclusion
chromatography with purified recombinant proteins, we as-
sessed whether the interactions observed in HEK293 cells are
direct (Figures 2A, 2B, and S2A-S2D). We identified a soluble
fragment of CNOT1 encompassing both the MIF4G domain
and CNSBD (CNOT1 MID,; residues 1,092-1,827). Purified
CNOT1 MID,_ formed a trimeric complex with purified CNOT9
and CED (Figure 2A, left panel). Mutation of W residues in the
CED (CED-7W) abrogated its interaction with the CNOT1
MID -CNOTS binary complex (Figure 2A, right panel). Notably,
CNOT9 alone (Figure 2B), but not CNOT1 MID_ alone (Fig-
ure SZ2E), was found to interact with the CED; the CNOT9-CED
interaction was W motif dependent (Figure 2B). We concluded
that CNOT9 bridges the interaction between CNOT1 CNSBD
and the TRNC6C CED.

The CNOT1-CNOT9 Structure Reveals a Trp-Binding
Pocket in CNOT9

We subjected the binary complex of CNOT9 with CNCT1 MIDg
(residues 1,054-1,601) to limited proteclysis to cleave away
the CNOT1 MIF4G domain and crystallized the resulting
CNOT1 CN9BD-CNCT9 complex. The structure was solved to
a 2 A resolution and refined to an Riee Of 24%, Riactor Of 21%,
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Figure 1. Deletion Analysis of CNOT1 ldentifies Regions Mediating Repression of mMRNA Function and Interaction with the TNRC6C SD/CED
{A) Deletion mutants. The evolutionarily conserved CNOT1 regions: TTP-binding, MIF4G, CNIBD (formerly DUF3818), and NOT1 superfamily homology (SH) are
indicated. The efficacy of interaction (Figure S1D and data not shown) and its dependence on the CED W motifs (D and E) are summarized on the right,
with ++, +, +/—, and — indicating strong, intermediate, weak, and no interaction, respecitively.

(B and C) Effect of the tethering of CNOT1 mutants, expressed as NHA fusions, on the activity of poly(A)” {B) and poly(A) {C) reporters. Fold repression relative to

HA-CNOT1 overexpression is shown. Values are means = SEM {n = 3).

{D) Interactions of the GST-CED with CNOT1-C and two variants of the CNOT1 CN9BD are W motif dependent. CED-7W, CED bearing seven W — A mutations.
{E) Comparison of the ability of CNOT9 and CNOT1 CN9BD to associate with the GST-CED or its 7W mutant in HEK293 cells. Hemagglutinin (HA)-tagged CNOT2

was used as HA control protein.

and good stereochemistry (Table 1). The fold of CNOT9 in the
CNOT1-bound structure is essentially identical to the fold of
CNOT9 in isolation (Garces et al., 2007). Briefly, CNOT9 consists
of a tandem array of six armadille (ARM) repeats (gray in Fig-
ure 2C). The ARM repeats are each formed by three helices
(H1, H2, and H3) and together create a crescent-shaped mole-
cule with a convex surface lined by the H1 helices and a concave
surface lined by helices H2 and H3. In the CNOT structure, the
convex surface of ARM2 and ARMS provides the interface for

homodimerization (Garces et al., 2007), In our structure, this sur-
face patch instead binds CNOT1 CN9BD, which is a rod-like
molecule built around a three-helix bundle (Figures 2C and
S2F). The long helices of the bundle (orange, yellow, and pink
in Figure 2C) coil around each other. The bundle is comple-
mented by two segments with additional helical elements. At
the N terminus of the bundle, a 35-residue-long segment (red
in Figure 2C) forms part of the hydrophobic core at one end of
the rod. At the C terminus, a 50-residue-long segment (blue)
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Table 1. Data Collection, Phasing, and Refinement Statistics

CNOT1 CNeBD- CNOT1 CN8BD- Not1 CNSBD- CNOT1 MIF4G-
Data Collection CNQOT9 CNOTS-W Cafd0-Ta DDX6 DDX6
Space group Ci24 Ci24 P42,2 P24 P2,2424
Cell Dimensions (A)
a 153.67 155.031 188.341 71.54 113.12
b 66.141 66.984 188.341 120.03 113.14
c 72.436 72.653 126.682 78.48 77.18
Cell Dimensions (%)
o 80.0 90.00 90.0 90.00 80.00
B 100.35 99.85 90.0 104.01 90.00
¥ 90.0 90.00 90.0 90.00 80.00
Wavelength 1.00002 1.00002 1.25472 1.00000 1.00002
Resolution (/3\) 47.90-2.00 48.27-2.0 48.29-3.81 76.15-2.2% 80.00-3.00
(2.11-2.00) (2.11-2.00) (4.01-3.81) (2.41-2.29) (3.17-3.00
Rsym 0f Rmarge 3.7 (48.2) 5.0 (55.7) 13.5 (170.0) 7.0 (66.6) 7.6 (66.0)
ifat 14.6 4.2} 156 (2.3) 18.02.7 11.6(22) 11.7 (2.40)
Completeness (%) 98.9 (85.13) 99.4 (96.1) 99.8 (89.5) 98.9 (93) 99.4 (28.8)
Anomalous completeness - - 99.7 (89.2) - -
(%)
Redundancy 4.6 (4.2) 4.6 (4.3) 25.5 (22.3) 4.7 (4.50) 5.2 (5.3)
Refinement
Resolution (.5\) 47.90-2.00 48.27-2.0 48.29-3.81 76.15-2.29 80.00-3.00
2.11-2.00) 2.11-2.00) (4.01-3.81) (2.41-2.29) (3.17-3.00)
No. of reflections 41,743 49,511 24,269 66,414 27,768
Ruwork/Riree 0.1961/0.2342 0.1837/0.2212 0.292/0.316 0.1660/0.2198 0.2213/0.2624
No. of atoms 4,378 4,402 6,385 9,026 11,627
Protein 3,961 3,875 6,361 9,653 11,613
Ligand/ion - 12 34 & 14
Water M7 415 - 268 0]
B Factors 54.00 52.60 91.1 57.90 17
Protein 53.3 51.70 89.3 58.10 17
Ligand/ion - 101.30 211 61.30 128
Water 60.50 60.30 - 50.60 -
Root-Mean-Square Deviation
Bond lengths (A) 0.009 0.008 0.005 0.008 0.004
Bond angles (*) 117 1.09 0.95 1.19 0.79

Two crystals (one native and one Hg derivative) were used for data collection. Values in parentheses are for the highest-resolution shell.

wraps around the other end of the rod and around the first ARM

repeat of CNOT9.

Since Trp residues in the CED of TNRC6C are essential for the
interaction with CNOT9, we used a strategy similar to that
described for the TNRC6-binding protein AGO-2 (Schirle and

MacRae, 2012), and soaked free tryptophan in the CNOT1

CNSBD-CNOT9 crystals. The 2.0 A data set (Table 1) revealed

the presence of an unaccounted density peak on CNOTS, at
the convex surface between ARMS and ARMS, where a Trp moi-
ety could be modeled unambiguously (Figure 2C). The Trp indole

Figure 2. CNOT9 Mediates TNRC&C-CED Interaction with CNOT1 CNOBD

(A and B) Analysis of complexes between GED, CNOT9, and the CN9BD-centaining fragment of GNOT1 {CNOT1 MIDy; residues 1,092-1,827). Molecular weights
(MW), measured by MALS, are given at the bottom below the gels showing protein distributicn aleng the column. Theoretical MW values for CNOT9, CED,
CED-7W, and CNOT1 MID_ are 30.5, 28.9, 28.2, and 80.5 kDa, respectively. LS, light scattering.
(C) Structure of CNOT9 (in gray, with the 6 ARM repeats labeled) and the CNOT1 CN9BD (with the different structural elements colored from red to blue). The
structure is shown in two orientations, with the difference density corresponding to twe small molecules (Trp and MES) (green, contoured at xo).

(D) Zoomed-in views of the two CNOT8-bound small molecules identified from the structural analysis. The two panels refer to the two insets in (C). Selected
CNOT9 residues are shown and labeled.
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CNOT1
MIF4G

protein phosphatase 2A, and the yeast kinase TOR1) repeats
pack side by side and form a slightly curved molecule with
characteristic concave and convex surfaces. The CNOT1
MIF4G interacts with CAF1 via a small patch of conserved res-
idues on its convex surface (Basquin et al., 2012; Petit et al.,
2012). However, the most extensive patch of evolutionarily
conserved residues resides on the concave surface (Basquin
et al., 2012; Petit et al., 2012). Previous structural studies
have shown that the MIF4G domains of several proteins
interact with RNA-dependent ATPases/helicases of the
DEAD-box family via their concave surface, as in the case of
elF4A—elF4G (Schiulz et al., 2008), Gle1-Dbp5 (Montpetit
et al., 2011), and CWC22-elF4Alll (Buchwald et al., 2013). We
reasoned that the CNOT1 MIF4G domain might also interact
with a DEAD-box protein.

To investigate interacting proteins, we expressed GST-
CNOT1-R in HEK293 cells, performed pull-downs, and analyzed
the precipitates by mass spectrometry (MS). We identified the
DEAD-box protein DDX6 and a member of a different ATPase/
helicase family, the DEAA-box protein HELZ (Table $1). DDX6
(also known as Rck/p54 in mammals, Me31b in flies, and Dhh1

% 5

Figure 4. Structure of Human DDX6 in
Complex with the CNOT1 MIF4G Domain
{A) Structure of DDX6 in isolation. The two RecA
domains are indicated.
{B) Structure of DDX6 {blue) bound to CNOT1
MIF4G. The molecule is viewed with the RecA1
domain of DDX6 in the same orientation as the
structure of unbound CNOT1 in (A). The five HEAT
repeats of the CNOT1 MIF4G domain are in or-
ange, and the N-terminal extension is in red.
{C) Hotspats of the interaction between MIF4G and
DDX6 RecA2 (patches 1 and 2) or RecA1 {patch 3).
The upper right panel shows the position of the
patches in two views of the complex {rotated by
180" arcund a vertical axis). The zoomed-in panels
highlight conserved interacting residues that
have been subjected to mutagenesis for the ex-
periments in Figure 6. CNOT1 mutations at patch 1
{F1101A, N1105A, K1114A), patch 2 (E1142R,
N1144A, F1145A), and patch 3 (K1276A, F1281A,
E1284A) correspond to mutants MIF4G. .,
y MIF4Gio2, and MIFAG,.5, respectively. The lower
panels also show a subset of the DDX6 residues
il targeted for mutagenesis for the experiments in
Figure 7 (R105E, F112D in RecAl; mutant
DDX8m1), [Q333E, N335E in RecA2; DDX6,).
and [R386E in RecA2; DDX6;)). The CNOT1
surface targeted for disrupting CAF1 binding is
indicated in the upper right panel.

RecAt

RecA2

in yeast) is an established inhibitor of

translation and activator of decapping

461 (Parker and Sheth, 2007) and has been

1070 implicated in mMIRNA repression (Chu

Ra31 and Rana, 2006; Su et al., 2011) as well

as interaction with the CCR4-NOT com-

™ plex in yeast (Maillet and Collart, 2002).

We tested the interaction of DDX6 with

the CNOT1 MIF4G domain using purified

proteins and found that they coelute as a complex during gel
filtration (Figure S4A).

312

The Structure of the CNOT1 MIF4G-DDX6 Complex
Explains the Basis of the Conserved and Specific
Interaction

DDX8 has the typical domain architecture of DEAD-box proteins,
with two RecA domains containing the ATP- and RNA-binding
residues (reviewed by Henn et al., 2012). We first determined
the 3.0 A resolution crystal structure of a region of DDX6 encom-
passing both RecA domains (residues 95-469) (Ryee of 26.2%,
Rtactor Of 23.1%; Table 1). In the apo state of DDX6, the two
RecA domains pack against each other in a close configuration
with extensive intramolecular contacts (Figure 4A), although
with an overall conformation different to that observed in the
yeast ortholog Dhh1 (Cheng et al., 2005; Figure S4D). We then
determined the crystal structure of DDXBgs 469 in complex with
a CNOT1 MIF4G fragment (residues 1,063-1,314) (Figure 4B).
The final model of the complex was refinedto a2.3 A resolution,
with an Rgee Of 22.0%, Riaetor ©f 16.6%, and good stereochem-
istry (Table 1). In the complex, the RecA domains of DDX6
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show a conformation different from the apo state and contact
the concave surface of the CNOT1 MIF4G domain (orange) (Fig-
ure 4B). In addition, an N-terminal extension of the MIF4G
domain (red) contributes to the formation of the RecA2-binding
site.

Inthe DDX6-CNOT1 structure, HEAT repeats 1 and 2 of MIF4G
bind the RecA2 domain of DDX6, while HEAT 5 binds the RecAl
domain. We identified three patches of evolutionarily conserved
interactions (Figure 4C). Patch 1 is centered at CNOT1 Phe1101,
Asn1105, and Lys1114, and Patch 2 is centered at Glu1142,
Asn1144, and Phel145, both at the RecA2-binding interface.
Patch 3 is at the RecA1-binding site and is centered at CNOT1
Phe1281, Glu1284, and more peripherally, Lys12786. The interac-
tions involve DDX6 Arg105 and Phe112 in the RecA1 domain and
Arg331, GIn333, and Asn335 in the RecA2 domain (Figure 4C).

Several CNOT1-binding residues are conserved not only
in DDX6 orthologs, but also in elF4A paralogs (Figure S4B).
Recently, elF4All has been implicated in CNOT1 binding (Meijer
et al., 2013). However, structural superimpositions suggested
that elF4All binding would result in electrostatically unfavorable
interactions (Figure S4B). We designed and purified a DDX6
mutant that would mimic elF4All at these positions. Mutating
DDX6 Thr327 and Ser330 to the corresponding negatively
charged residues of human elF4All (Asp266, Glu269) indeed
abolished binding to CNOT in vitro (Figure S4A). We concluded
that elF4A proteins are unlikely to interact directly with the
CNOT1 MIF4G domain (see below).

Structure-Based Mutations in the CNOT1 MIF4G Domain
Disrupt DDX6 Binding In Vivo
We designed structure-based mutations on the concave surface
of the CNOT1 MIF4G domain to specifically weaken the interac-
tion with DDX6. Residues listed above for patches 1, 2, and 3
of CNOT1 (Figure 4C) were substituted by alanine (with the
exception of Glu1142 changed to Arg), giving rise to MIF4Gq1,
MIF4Ghep, and MIF4Gy. s mutant proteins and combinations
thereof (Figure S5A). We verified that the mutations did not
disrupt CNOT1-R interaction with CAF1 (Figure S5B), arguing
that they do not significantly affect the MIF4G fold. We also
introduced mutations in the CNOT1 convex surface to impair
CAF1 binding (F1252E and P1257E [MIF4G_4]; Basquin et al.,
2012; Petit et al.,, 2012) (Figure S5A). We expressed GST-
CNOT1-R or its MIF4Ggpia, MIF4Gea, and combination
MIF4Ghap13/car1 Mutants in HEK293 cells and carried out pull-
down assays. The DDX6 association with CNOT1-R or its
MIF4G sy mutant was strongly affected by the MIF4Giez.s
mutation (Figures 5A and 5B). Importantly, other DEAD-box pro-
teins with established functions in translation initiation, including
elF4Al, elF4All, DDX3X, and DHX29 (reviewed by Hinnebusch,
2011), did not associate with CNOT1-R (Figures 5A and 5B).
These findings confirmed the MS and in vitro data (Figure S4A).
Western blotting also confirmed the interaction with the HELZ
helicase. However, since the HELZ interaction was not affected
by the MIF4Gy .3 mutation and rather involved CNOT1 se-
quences flanking the MIF4G domain (Figures 5A-5C), it was
not investigated further.

We found that the CNOT1-R subfragment corresponding
to the MIF4AG domain alone (residues 1,054-1,314; CNOTH
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MIF4G) pulled down endogenous DDX6 more effectively than
CNOT1-R; here again, the MIF4G, e mutation eliminated
the interaction (Figure 5C). To further document the specificity
of the interaction of CNOT1 MIF4G with DDX8, we also per-
formed pull-downs with the MIF4G domain of human elF4Gl.
The elF4G1 MIF4G domain effectively associated with endoge-
nous elF4Al and elFAll, but not with DDX6. In contrast, CNOT1
MIF4G associated with DDX6, but not elF4Al or elF4All
(Figure 5D).

Disruption of DDX6 Binding Affects the Repressive
Function of CNOT1

We tested the importance of the DDX6-CNGT1 interaction for the
repressive activity of CNOT1-R. Tethering experiments revealed
that each of the three CNOT1-R MIF4Ghry mutations partially
relieved repression ofthe poly{A)* RL-5BoxB reporter (Figure 6A).
The effect of combining two or three patch mutations was not
stronger than that of single-patch mutants (Figure S6A). The
MIF4G4¢ mutation relieved the repression more than MIF4Gy,,
mutations, and combination of MIF4G .+ and MIF4G;,. muta-
tions had an additive effect (Figures 6A and S6A).

To eliminate a potential contribution of deadenylation to the
observed effects, we tested the influence of different CNCT1-R
MIF4G mutations on the translation of poly(A) reporter and of
poly{A)™ reporter in the presence of overexpressed dominant-
negative catalytic mutants of PAN2 and CAF1 deadenylases,
PAN2 41q, and CAF1 ;4. We and others have shown previously
that these mutants effectively inhibit miRNA-mediated deadeny-
lation of reporters (Béthune et al., 2012; Chen et al., 2009; Piao
et al., 2010). For both of the aforementioned conditions, the ef-
fect of single MIF4G,,,) mutations was markedly stronger than
that seen with mRNA undergoing deadenylation. The MIF4G,
mutations, either alone or when combined with MIF4G 44,
generally alleviated repression 2.5- to 3.5-fold (Figures 6B and
6C). In contrast, the MIF4G .y mutation had no effect on
CNGOT1-R-induced repression of reporters not undergoing dead-
enylation (Figures 6B and 6C).

Northern analysis of RNA isclated from cells expressing the RL-
5BoxB poly(A)” reporter in the absence or presence of PAN2 ../
CAF1cata revealed that the MIF4G,,, mutations had a minimal
(PANZ 442/ CAF1 oo absent; Figure 6D) or moderate (~1.5-fold
increase; PANZ2.4a/CAF1caa present; Figure 6E) effect on
mMRNA levels. In both conditions, the MIF4G .y mutation alone
had no effect on the RL-5BoxB RNA level, but in combination
with MIF4G;,.) mutations it noticeably suppressed mRNA decay,
particularly when PAN2 41,/CAF1 4 were present (Figures 6D,
6E, and S6B). Comparison of the protein and mRNA data (Fig-
ure S6B) indicated that individual MIF4G,, mutations had a
relieving effect on protein stronger than that on mRNA levels.

Importantly, the MIF4G, mutations, either alone or in combi-
nation with MIF4G ¢4+, also had significant suppressive effects
on repression induced by tethering of full-length CNOT to either
poly(A)* or poly(A) reporter (Figures S6C and S6D).

CAF1 Deadenylase Does Not Contribute to Translational
Repression

The results presented above, particularly those obtained with
reporters not undergoing deadenylation, indicated that the
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integrity of the concave surface of MIF4G is more important for
the repression than the potential of MIF4G to associate with
CAF1 deadenylase. Yet, Cooke et al. (2010) reported recently
that the tethering of CAF1 to either poly(A)™ or poly(A)” mRNA re-
porters leads to the cap-dependent repression of translation in
Xenopus oocytes. To address this apparent inconsistency, we

ClFAN - - - G

Interaction with CNOT1 MIF4G

% Mitigate miRNA Repression
Structural information on the DDX6-
MIF4G complex also allowed us to design
mutations in DDX6 that affect its associa-
tion with CNOT1 MIF4G. Four mutants of
DDX6 were generated: one in the RecAl
domain (R105E, F112D [DDX61]), two
in the RecA2 domain (Q333E, N335E
[DDX8mir2] and R386E [DDX6]), and
one representing a combination mutant
(DDX6,mis152) (for more details, see Figures 4C and S7A). All failed
to interact with the CNOT1 MIF4G domain expressed in HEK293
cells (Figure 7A).

Complementation assays were used to test whether CNOT1
MIF4G-mediated recruitment of DDX6 is required for repression
of reporters responding to miRNAs; mutant reporters with

-
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nucleotide substitutions in seed regions were used as controls.
Assays were performed in either the absence or presence of
PAN2 aa and CAF1.y to eliminate effects resulting from
mRNA deadenylation. Following depletion of the endogenous
DDX6 by RNAi (Figure S7B), cells were transfected with plasmids
expressing RNAi-resistant DDX86, either WT or DDX6,,,; mutant
forms. We found that depletion of DDX6 partially relieved repres-
sion of each of the three tested reporters responding to miBNAs
expressed either endogenously or exogenously in HEK293
cells. Importantly, WT DDX6, but not DDX8n1, DDX6ia, OF
DDX6,,if1 .2, were able to rescue reporter repression, irrespective
of whether or not PAN2_,, and CAF1gaim were coexpressed
(Figures 7B, 7C, and S7C). The RecA2 mutant DDX6,,» retained
considerable repressive activity. All DDX6 mutants were ex-
pressed at comparable levels (Figure S7D). We also verified
that DDX6 depletion had no effect on levels of CNCT1, AGO,
and GW182/TNRC6 proteins (Figure S7TF). Taken together, the
data support a role for MIF4G-DDX8 interaction in miRNA
repression.

CNOT1 MIF4G Binding Results in Activation of the DDX6
ATPase

Having established the importance of the CNOT1 MIF4G-DDX6
interaction in MiRNA repression, we sought to determine the
molecular mechanism. Comparison of DDX6 in the apo and
CNOT1-bound states showed a large conformational change
in the DEAD-box protein (Figures 4A and 4B}). In the apo struc-
ture, the occurrence of tight intramelecular interactions be-
tween the RecA domains is reminiscent of the yeast ortholog
Dhh1, which is in a constitutively inactive conformation (Dutta
et al, 2011). In the CNOT1-bound structure, the two RecA
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Figure 6. Importance of the DDX6-Interact-
ing Surface of the CNOT1 MIF4G for Medi-
ating Repression of mRNA Function by
Tethered CNOT1-R

(A-C) Effect of mutations in the CNOT1-R MIF4G
on repression of poly(A)* (&), poly(A)* (in HEK293
cells alsc expressing PANZ2 .44 and CAF1.aa) (B),
and poly{&) (C) reporters. Values are means =
SEM (n = 3) with the value for HA-CNOT1-R
at 100%. Western blots documenting similar
expression are below (A) and (B). *HA-tagged
PANZ, 4. NHA-RRM is not shown due to its faster
migraticn.

(D and E) mRNA nerthern blots for (A) and (B)
are shown in (D) and (E), respectively. Numbers
are averages of two biclogical replicates cor-
rected for coexpressed FL mRNA (see also
Figure S6B).

poly(A)”

wit

hel1

hel2

hel3
caf1
caft/hell

cafl/hel? e —

caf1/held
NHA-RRM

HA-CNOT1-R

NHA-CNOT1-R {wt and
MIF4G mutants)

domains are oriented such that the
RNA-binding and ATP-binding residues
approach the positions expected for
the active, ATPase-competent state.
The conformation of DDX6 bound to
CNOT1 is similar to that observed in
the structures of elF4A-elF4G (Schitz
et al., 2008) and Gle1-Dbp5 (Montpetit
et al.,, 2011), which represent activated states of these
ATPases (Figure S4C).

The structural analysis prompted us to test whether CNOT1
binding impacts the ATPase activity of DDX6. Reactions
containing purified proteins (Figure S7E), polyuridylic acid,
and «-[**PJATP were analyzed by thin-layer chromatography
(Figure 7D). For DDX6 alone, we detected very low accumula-
tion of ADP. In contrast, incubation of DDX6 with the CNOT1
MIF4G domain resulted in increased hydrolysis of ATP.
Importantly, the result of DDX6 incubation with the CNOT1
MIF4Gq 12,5 mutant was similar to DDXS in isolation. From
these qualitative assays, we concluded that interaction
with CNCT1 MIF4G stimulates the ATPase activity of DDX6
by releasing it from the constitutive inactive conformation
of the unbound state and stabilizing it in an activated
conformation.

DDX6 ATPase Activity Is Important for miRNA
Repression

We used complementation assays described above to deter-
mine if ATPase activity is important for the DDX6 function as
mediator of miRNA repression. We generated DDX6 mutants
(DDXBcatar through DDX6,4ta.4; Figure S7A) bearing amino acid
substitutions in four different motifs known as important for
ATP binding or hydrolysis and, consequently, for RNA or RNP
remodeling (Henn et al.,, 2012). We found that WT DDX86, but
none of the mutants, was able to rescue the RL-Hmga2 re-
porter repression, irrespective of whether or not PAN2_ 415 and
CAF1 44 were coexpressed (Figure 7E; for western analysis,
see Figure S7F). We concluded that DDX6 ATPase activity is
essential for miRNA repression.
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Figure 7. Importance of the CNOT1 MIF4G-
DDX6 Interaction and ATPase Activity of
DDX6 for miRNA-Mediated Repression

(A) Mutaticns in DDX6 affect its interaction with
CNOT1 MIF4G. GST-CNOT1 MIF4G and HA-
DDX6 (WT and mutants) were expressed in
HEK293 cells and used for pull-downs.

(B and C) DDX6p mutations mitigate repression of
reporters responding to exogencus (B) or endog-
enous (C) miRNAs. In (8) (lower graph) and (E),
HEK293 cells also expressed PANZ .. and
CAF1_ 4. Values are means + SEM (n =3-7).

(D) Effect of MIF4G and its MIF4Gha2.3 mutant cn
the ATPase activity of DDX6.

(E) DDXB, 5oy mutations prevent repression of RL-
Hmga2 reporter. In lower graph, HEK293 cells also
expressed PANZ2 . and CAFl.m. Values are
means + SEM (n = 4-5).

(F) Central CNOT1 region as a hub of protein-pre-
tein interactions important for posttranscriptional
regulation.

CCR4-NOT, and that CNOT9, through as-
sociation with the CN9BD of CNOT1, acts
as an adaptor mediating the recruitment
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DISCUSSION

By combining biochemical and structural approaches, we have
characterized the involvement of two CNOT1 regions, CN9BD
and MIF4G, in the inhibitory activity of GW182/TNRC6 proteins
as key mediators in miRNA repression. The CNCT1 CN9BD
domain interacts directly with the CCR4-NOT subunit CNOT9,
which in turn contacts the repressive SD/CED region of TNRC6C
in a W motif-dependent manner. The CNOT1 MIF4G domain
recruits the DEAD-box ATPase DDX6, an established inhibitor
of translation, stimulating its enzymatic activity. The ATPase
activity of DDX6 is important for miRNA repression.

CNOT?9 Mediates TNRCEC-CNOT1 Interaction
One of the important findings of this work is that the SD/CED
region of TNRCBC directly contacts the CNCT9 subunit of

previously (Chekulaeva et al., 2011) that
the W motifs present in M2 and Cterm
CED regions function, in a context of full-length TNRCS proteins,
in a genuine miRNA-mediated repression. Present data provide
molecular insights into the mechanism of the CCR4-NOT com-
plex recruitment by the W motifs and also argue that these motifs
may represent a collection of functionally different elements.
The CN9BD is part of a larger region of CNOT1 (CNOT1-R),
which we have identified as a potent repressor of mRNA activity.
The CNSBD has a helical bundle architecture in contrast to the
HEAT repeat architecture of all other known CNOT1 domains
(Basquin et al., 2012; Bhaskar et al,, 2013; Boland et al., 2013;
Fabian et al.,, 2013; Petit et al., 2012). The structure of the
CNOT9-CN9BD complex reveals that the CNOT9 surface
involved in the interaction with CN9BD is also responsible for
CNOT9 dimerization (Garces et al., 2007). The two interactions
appear to be mutually exclusive, suggesting that CNOT9 dimer-
ization may have a regulatory role.
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The CNOTY9-mediated mechanism is not the only way by
which CCR4-NOT may be recruited by TNRCBC. We found
that the TNRC6C SD/CED is also able to associate with the
C terminus of CNOT1 (in a W motif-dependent manner) and,
less effectively, with the TTP-binding CNOT1435_1,001 region.
Interaction of the latter region with the TNRC6C SD is direct
and depends on the integrity of CIM-1 and CIM-2 elements
(M. Fabian and N. Sonenberg, personal communication). These
observations point to the complexity and regulatory potential of
the GW182/TNRCS interactions with CCR4-NOT. They also pro-
vide a plausible explanation of why CNOT9 depletion and rescue
experiments did not provide a clear answer as to the role of this
protein in miRNA repression. It is likely that redundant TNRC6-
CNOT1 interactions mediated by TTP and C-terminal regions
of CNOT1 mask the effect of CNOT9 depletion.

The CNOT1 MIF4G Domain Recruits and Activates the
DEAD-Box ATPase DDX6

In CNOT1-R, a centrally positioned MIF4G domain was found
to be indispensable for the induction of mBNA repression and
to specifically recruit the DEAD-box protein DDX6. The overall
mode of interaction of CNOT1 MIF4G with DDX8, as revealed
by crystallization of the complex, is similar to that observed in
the structures of yeast elF4A-elF4G (Schutz et al., 2008) and
Gle1-Dbp5 (Montpetit et al., 2011). Comparison with the struc-
ture of human DDX6 in isolation revealed a dramatic effect of
CNOT1 MIF4G binding on the conformation of DDX8, with the
relative position of the two RecA domains in the CNOT1-bound
complex approaching the typical conformation of DEAD-box
proteins in the active, ATPase-competent state (Henn et al.,
2012). Consistently, while isolated DDX6 had no significant
RNA-dependent ATPase activity, addition of the purified
CNOT1 MIF4G markedly stimulated ATP hydrolysis.

Our identification of the CNOT1 MIF4G as the ligand of DDX6
that induces its ATPase activity fills an important gap in under-
standing the role of DDX6 proteins in posttranscriptional regula-
tion. To date, attempts to measure activity of purified DDX6
have met with limited success (e.g., Tritschler et al., 2009).
Only recently, Dutta et al. (2011) reported that yeast Dhh1 has
weak RNA-dependent ATPase activity that can be enhanced
by mutations disrupting intramolecular RecA1-RecAZ contacts.
Our findings that mutations in ATP binding/hydrolysis motifs of
DDX6 compromise its repressive activity strongly suggest that
CNOT1-induced activation of the DDX6 ATPase is also important
for its function in miRNA repression. Previous work has
shown that similar motif mutations avert the repressive activity
of DDX6 proteins in cell extracts (Coller and Parker, 2005) and
tethering assays in Xenopus oocytes (Minshall et al., 2009; Min-
shall and Standart, 2004). These and other authors have found
that DDX8 inhibits translation at the initiation step, in the absence
of mRNA decay (Carroll et al., 2011; Coller and Parker, 2005;
Minshall et al., 2009; Minshall and Standart, 2004). In contrast,
Sweet et al. (2012) reported that Dhh1 affects elongation by
slowing ribosome movement and targeting the mRNA to P
bodies. Is it possible to reconcile these apparently conflicting
observations? Generally, DDX8 proteins are very abundant
(~10-fold molar excess over mRNAs in vertebrate cells) and
have the potential to oligomerize along RNA in a sequence-
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and ATP-independent manner (Ernoult-Lange et al., 2012;
Minshall and Standart, 2004). This form of RNA binding differs
from the ATP-dependent mode generally required for RNA or
RNP remodeling by DEAD-box ATPases/helicases (Henn et al.,
2012). In yeast Dhh1, the two modes of RNA binding appear to
involve different, though partially overlapping, surfaces, and
RNA binding to the ATP-independent surface is mutually exclu-
sive with Dhh1 binding to other proteins involved in mBNA trans-
lational repression and/or decapping (Sharif et al., 2013). These
observations underscore the complexity of the DDX6 function in
posttranscriptional regulation. They also raise the possibility that
multiple DDX6 molecules can be recruited to mRNA, perhaps
via sequential interactions with the CNOT1 MIF4G and cycles
of ATP binding and hydrolysis, affecting rates of initiation or elon-
gation. Such a scenario would explain observations that not
only initiation, but also elongation, can be targeted by miRNAs
(Fabian et al., 2010; Huntzinger and |zaurralde, 2011).

Consistent withthe findings of others (Carrcllet al., 2011; Coller
and Parker, 2005; Minshall et al., 2009) and the postulated role of
DDX6 ingerm cells (reviewed by Minshall et al., 2009; Weston and
Sommerville, 2008), our data support the DDX6 role as a transla-
tional repressor. In both tethering and miBNA reporter assays,
repression mediated by DDX6 also applied to mRNAs not under-
going deadenylation, and analysis of mRNA levels showed that
the DDX6 recruitment-dependent repression by CNOT1-R has
a stronger effect on protein than on mRNA levels. Previous
research has suggested that the repressive activity of DDX6 in-
volvestargeting elF4E or elF4E-transporter (elF4E-T; el F4E inter-
acting protein, which blocks its association with elF4G) (reviewed
by Minshall et al., 2009; Weston and Sommerville, 2008). In fact,
two-hybrid screens with human proteins revealed that DDX6 may
interact with elF4E-T (http://interactome.dfci.harvard.eduw/).
Moreover, depletion of elF4E-T was recently found to partially
alleviate miRNA repression (Kamenska et al., 2014).

By establishing the molecular mechanism of DDX6 recruit-
ment and activation by CCR4-NOT, our data significantly extend
previous observations that depletion of DDX6 in mammalian
cells partially alleviates miRNA-mediated inhibition (Chu and
Rana, 2006; Su et al., 2011). Moreover, our data argue against
the recently proposed model that the repressive activity of
CCR4-NOT1 occurs by the CNOT1 MIF4G domain specifically
recruiting the initiation factor elF4All, which potentially interferes
with the activity of its paralog, elF4Al, in mRNA scanning for initi-
ator AUG (Meijer et al., 2013). We found that the CNOT1 MIF4G
domain does not interact with either elF4Al or elF4All, incontrast
to the MIFAG of elF4G, which effectively associated with
endogenous elF4Al and elF4All but not with DDX6 (Figure 5D).
In addition, the effect of mutating DDX6 to make its CNOT1
MIF4G-interacting surface similar to that of either elF4Al
or elF4All indicated that elF4A proteins are incompatible with
CNOT1 association.

The Central CNOT1 Region as a Hub of Protein-Protein
Interactions

Our finding that the central CNOT1 region, CNOT1-R, associates
directly with CNCTS and DDX6 via the CN9BD and MIF4G do-
mains, respectively, makes this region a hub of protein-protein
interactions relevant to posttranscriptional regulation (Figure 7F).
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MIF4G also associates directly with CAF1, and indirectly through
CAF1, with CCR4 and TOB (Basquin et al., 2012; Petitetal., 2012
and references therein), while the region N-proximal to MIF4G
interacts with TTP (Fabian et al., 2013). Our observation that
CNOT1-R, but not the MIF4G domain alone, is able to induce
repression of tetheread mMBRNA suggests that additional CNOT1-
R-mediated interactions may contribute to the repression.
Regions flanking MIF4AG may help recruit hPat1, Edc3, and
RAP55/Tral, which are repressive proteins known to directly
interact, in a mutually exclusive manner, with DDX6& (Sharif
et al., 2013; Tritschler et al., 2009). Moreover, TTP was recently
proposed to induce translational repression, possibly via recruit-
ment of CNOT1 and DDX6 (Qi et al., 2012). DDX6 was also iden-
tified among proteins associating with EDD, a protein interacting
with GW182 and implicated in miRNA repression (Su et al.,
2011). Inthis context, it is also important to discuss the potential
role of CAF1. Cooke et al. (2010) reported that tethering of CAF1
to mRNA reporters leads to cap-dependent, but deadenylation-
independent, repression of translation in Xenopus oocytes.
However, our findings (Figure S6E-S6H), together with results
obtained with Drosophila S2 cells (Bawankar et al., 2013), indi-
cate that CAF1 itself is unlikely to act as a translational inhibitor
but exerts its effect by interacting with CNOT1, which in turn
recruits DDX8 and possibly other inhibitory proteins. Similarly,
the reported repression of translation by tethered CNOT9
(Bawankar et al., 2013) is at least partially due to its recruitment
of CNOT1 (Figure 3D).

In summary, our experiments identify a set of interactions
involved in miBNA repression and document their importance
with structural information. They also reveal the complexity
and redundancy of reactions leading to the repression. This
is consistent with the general importance of the miRNA- and
CCR4-NOT-mediated regulation of gene expression.

In this issue, Chen et al. (2014) report findings that are similar
to the data described in our paper.

EXPERIMENTAL PROCEDURES

Pull-Down Assays and Western Blotting

GST pull-dewn assays were performed as described previously (Chekulaeva
et al,, 2011), using lysates from HEK293 cells transfected with plasmids
expressing the indicated GST-tagged proteins. Lysates were treated with
micrecoccal nuclease (10 ng/ul) for 25 min at 25°C and then incubated with
glutathione Sepharose beads (GE Healthcare) for 2 hr at 4°C. For western blot-
ting analysis, proteins were separated by SD3-PAGE and detected using ECL
(GE Healthcare) or SuperSignal West Femtc Chemiluminescent Substrate
{Thermo Scientific).

Northern Blotting

Nerthern blotting was performed as described previously (Chekulaeva et al.,
2011). Briefly, 7 ug of total RNA from transfected HEK293T cells were resclved
in a denaturing formaldehyde agarcse gel and transferred to Hybond-N+
membrane (GE Healthcarej. RL- or FL-specific probes internally labeled with
a-[*2PJUTP were sequentially hybridized to the RNA on the membrane, and
signals were detected using a GE Typhcon 9400 scanner. We have verified,
by preparing calibration curves, that northern signals were within the linear
range of quantification.

ATPase Assays
Assays were carried out in 20 pl reactions containing 50 mM HEPES (pH 7.0),
50 mM KCI, 5 mM Mg acetate, 0.2 mg/ml polyuridylic acid (Sigma), 2 mM

dithiothreitol (DTT), and 0.1 mg/ml BSA. Final protein concentrations were
3 uM for DDX6 and 4.5 uM for the CNOT1 MIF4G fragments. «-[PJATP
was added to the final ATP concentraticn of 1 mM (final spesific activity
50 pCi/umol). Reaction mixtures were incubated at 37°C, and aliguots
were collected at the indicated time points. Samples were resclved on Polye-
thylenimine Cellulose TLC Plates (Merck), in 300 mM of KH,PO,/KHPO,
(pH 7.8).

miRNA Reporter and Tethering Assays
These assays were carried cut as described (Chekulaeva et al., 2011) and as
detailed in the Supplemental Experimental Procedures.

Protein Purification and Structure Determination

CNOT9and DDX6 proteins, and CNOT1 and TNRGBC protein fragments, were
obtained in a recombinant form by cverexpression in E. coii and purification
protocols detailed in the Supplemental Experimental Procedures. Crystalliza-
tion was carried out by vapor diffusion using a nancliter setup. All diffraction
data were collected at 100 K at the Swiss Light Scurce (SL8), and the structure
was determined using standard phasing experiments and software. The data
collection and refinement statistics are summarized in Table 1.

ACCESSION NUMBERS

Structural data are depesited in the Protein Data Bank (PDB) under accession
numbers 4CT4 (CNOT1 MIF4G-DDX6), 4CT5 (DDX6), 4CT6 (CNOT1 CN9BD-
CNOTY), 4CT7 (CNOT1 CNSBD-CNOTS-W), and 4Cv5 (NOT1 CN9BD-Caf4Q).
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Figure 81. Representative western analyses for pull-downs summarized in Figure 1A and
activity assays summarized in Figure 1B and C, related to Figure 1

(A) Western analysis of different NHA-CNOT1 fragments (schematically shown in Figure 1A)
expressed in HEK293 cells and tested for repression of mRNA function in Figures 1B and C. To
obtain approximately equal expression of individual protein fragments, different concentrations of
plasmids were used for transfections.

(B) Scheme of poly(A)* and poly(A) reporters used in tethering assays. HSL, histone stem-loop;
HhR, hammer-head ribozyme; BoxB, an RNA hairpin recognized by the phage A N peptide.

(C) Scheme of the TNRCBC repressive regions SD and CED used for experiments shown in other
panels. M2 and C-term, W-motifs-containing non-structured repressive regions of the CED
(Chekulaeva et al., 2011). RRM, RNA recognition motif;, PAM2, the poly(A) binding protein
(PABP)-interacting motif 2.

(D) Representative western analyses of pull-downs performed with GST fusions of either
TNRC8BC SD (shown in the figure) or TNRC6C CED (see panel C) and specified NHA-tagged
fragments of CNOT1. Identity of pulled-down CNOT1 fragments, representing either terminal
deletions (left panel) or internal fragments (right panel) is specified at the top. Lower western
panels in both input and pull-down pictures visualize expression levels of the GST-SD fusion. The
pull-down data are summarized in Figure 1A. Prior to performing the pull-downs, all samples used
in this and other experiments were treated with micrococcal nuclease (see Supplemental
Experimental Procedures). Regarding the SD interaction with the CNOT1 TTP region [residues
830-1001 (right part of panel D)], hote that specific deletion of the TTP region from the CNOT1
fragment 1-1068 eliminates its interaction with SD (compare lanes 1-1068 and 1-839 in left part
of panel D), further supporting role of the TTP region in the SD binding (see also Discussion).
(E) Pull-down experiments performed with additional N- and C-terminal deletions of the CNOT1-
C fragment (residues 1827-2376; see Figure 1A) and the GST-CED, documenting that integrity
of this fragment is important for optimal interaction with the TNRC6C SD/CED.

(F) The CNOT1 CNO9BD and CNOT1-C interactions with the TNRC6 CED, measured in direction
opposite to that shown in panel D, depend on W-motifs. wt and 7V, NHA fusions of wt CED and
CED bearing seven W—=>A mutations, respectively. Pull-downs were performed with GST fusions
of CNOT1 CN9BD and CNOT1-C. Antibodies used for westerns are indicated.

(G) Interaction of the CED sub-fragments, M2-RRM and RRM-Cterm (see panel C, and
Chekulaeva et al., 2011) with CNOT9 is affected by mutation of even one or two Trp residues. wt,

fragments with wild-type sequence.
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Figure 82. CNOT9 mediates the TNRC6C-CED interaction with CNOT1-CNSBD, related to
Figure 2

(A-D) Characterization of recombinant purified proteins used for analysis of complexes shown in
Figures 2A, B and S2E. Shown are the gel filtration and electrophoresis profiles assessing purity
and molecular weights, as estimated by multi-angle static light scattering (MALS), of recombinant
proteins or their fragments: CNOT1-MID, (residues 1092-1827; panel A), CNOTS (residues 18-
285; panel B), CED (panel C), and CED-7W mutant (panel D). Theoretical M. for CNOT9, CED,
CED-7W, and CNOT1-MID_ are 30.5, 28.9, 28.2, and 80.5 kDa, respectively. The CED and CED-
7W used in experiments shown in this figure and also in Figure 2A,B correspond to TNRC6C
residues 1417-1690 encompassing M2-RRM-Cterm region (see Figure S1C). Note abnormal
elution of the CED-7W during gel filiration and the dimerization of CNOT9.

(E) Size-exclusion chromatography demonstrating inability of the TNRC6C CED (or its 7W
mutant) to form a complex with the CN9CD-containing middle fragment of CNOT1 (CNOT1-
MIDL).

Analyzed proteins are indicated at the top of each panel, and molecular weights of complexes or
individual proteins are at the bottom, below the gels showing distribution of individual proteins
along the column. Gel electrophoresis profiles of analyzed input proteins (A-D) are shown on the
right, with molecular weights of size markers (in kDa) indicated. LS, light scattering.

(F) Structure-based sequence alignment of CNOT1-CN9BD. Secondary-structure elements are
shown above the sequences (with the different structural elements colored from orange to blue
as in Figure 2C), which include orthologs from S. cerevisiae (Sc), Schizosaccharomyces pombe
(Sp), Homo sapiens (Hs) and D. melanogaster (Dm). Two short red helices depicted in Figure 2C

are not shown due to low sequence conservation among species.
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Figure 83. Characterization of the CNOT9 Trp/MES-binding pockets and structural analysis
of the CNOT1 CN9BD in a complex with CNOT9/Caf40, related to Figure 3

(A) CNOT9 interacts with the RRM-Cterm CED subfragment more strongly than with M2-RRM
(see also Figure S1G). Both interactions are affected by mutations in Trp and MES pockets
(mutant CNOT9ceq1+2).

(B) Mutations in individual pockets, either Trp (R244E, A248L; mutant CNOT9.eq1) or MES
(R205D, H208D; CNOT9¢eq2), and also the combined mutation CNOT9ceq1+42 have no effect on the
CNOT1 CN9BD - CNOT9 interaction. GST-RRM was used as a control.

(C) Comparison of structures of the yeast NOT1 CN9BD — Caf40 (orthologue of human CNOT9)
complex (left panel) and the human CNOT1 CN9BD — CNOT9 complex (right panel).
Caf40/CNOT9 is in grey and the CNSBD in yellow). Conserved residues at protein interfaces,
which have been mutated in CNOTS are indicated.

(D) The CNOT9mur1+2 mutant showing compromised interaction with CNOT1 retains the W-motif
dependent interaction with the RRM-Cterm fragment of the CED. NHA-CNOT9, either wt or
mutant form, was co-expressed in HEK293 cells with GST fusions of RRM-Cterm, either wt or V-

motifs mutant.
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Figure 84. Structural analysis of the interaction between DDX6 and the CNOT1 MIF4G
domain, related to Figure 4

(A) DDX86-MIF4G complex formation. Left panel shows size-exclusion chromatography profiles
(from a Superdex75 column), with different colors corresponding to the different input proteins
(indicated). The right panel is a 12% SDS-PAGE gel with the peak fractions of the DDX6 + CNOT1
MIF4G mixture (in blue) and the peak fractions of the DDX8 (T327D, S330E) + CNOT1 MIF4G
mixture (in red). This DDX6 mutant is detailed in panel B. The CNOT1 MIF4G domain used for
experiments shown in this figure corresponds to residues 1063-1314.

(B) Specificity of the DDX6-CNOT1 interaction. The structure of the CNOT1 MIF4G bound to
DDX6 is shown on the left, zoomed in at the RecA2-binding site and colored as in Figure 4. In the
middle panel, the structure of human elF4All has been modeled on DDX8 in the complex. The
modeling shows that elF4All would approach a negatively-charged surface of CNOT1 (Glu1093
and Glu1097) with negatively-charged residues (Asp266 and Glu269). In the case of DDX6-
CNOT1 (left panely, DDX6 approaches this CNOT1 surface with Thr327 and Ser330, and in
addition with a positively-charged residue (Arg331). The right panel shows a sequence alighment
of these interacting residues of DDX6 and howthey differ in e|F4A paralogues (highlighted in red).
(C) Difference in the conformation of the two RecA domains of DDX8 in the CNOT1 complex
(middle panel) as compared to the yeast elF4A-elF4G structure ((Schutz et al., 2008); right panel)
and to a typical DEAD-box protein in the RNA-ATP-bound state (Dbp5; (von Moeller et al., 2009);
left panel). The structures are viewed in the same orientation after superposition of their RecA2
domains. The arrows indicate the relative rotations or transitions of the RecA1 domains with
respect to the DDX6-CNOT1 structure in the middle panel.

(D) Difference in the conformation of the two RecA domains of apo DDX8 (right panel, in blue)
and apo Dhh1 ((Cheng et al., 2005); left panel, in gray). The structures are viewed in the same
orientation after superposition of their RecA2 domains (which are rotated by 90° around a

horizontal axis with respect to the views in panel C).
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Figure 85. Mutations introduced to the CNOT1 MIF4G domain do not affect its interaction
with CAF1, related to Figure 5

(A) Listing of all investigated mutations introduced to the MIF4G domain of CNOT1.

(B) Mutations introduced to the concave surface of MIF4AG (listed in panel A) have no effect on
the CNOT1-R interaction with CAF1. CNOT-R MIF4G wt and its mutants were expressed in
HEK293 cells as HA fusions and CAF1 as a GST fusion.
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Figure 86. Mutational analysis of the role of the CNOT1 MIF4G domain and CAF1 in
repression of mRNA function, related to Figure 6

(A) Effect of mutations in the CNOT1-R MIF4G domain on repression of poly(A)* RL-5BoxB
reporter. HEK293 cells were transfected with RL and control FL reporter plasmids, and plasmids
expressing indicated CNOT1-R MIF4G mutants (mutated amino acids are listed in Figure S5A).
Values represent means +/- SEM (n = 3-6) with a value for HA-CNOT1-R taken as 100%. Western
blots documenting similar expression of all mutants are shown below. Bands originate from the
same gel but are aligned with individual groups of mutants. Broken line marks activity in the
presence of wt CNOT1-R.

(B) Summary of the data presented in Figures 6A, B, D, and E, showing comparison of the effects
of different mutations in the CNOT1-R MIF4G domain on protein expression (shown in blue) and
mRNA levels [poly(A)* RL-5BoxB reporter; shown in orange]. In lower part, HEK293 cells also
expressed PAN2cata and CAF1cal. Protein values are means +/- SEM (n = 3) with the value for
HA-CNOT1-R at 100%. RNA values, corrected for co-expressed FL mRNA, represent means +/-
range (nh = 2).

(C and D) Mutations in the CNOT1 MIF4G domain affect repression of poly(A)* (panel C) and
poly(A)y (panel D) reporters also when present in the context of full length CNOT1 protein. Activity
of wt or mutated CNOT1 to repress mRNA function was measured in tethering assay. Values
represent means +/- SEM (n = 3-5) with a value for HA-CNOT1 taken as 100%. Activity of each
NHA-fusion mutant was corrected for that of the HA-fusion mutant. Western analysis measuring
expression of each CNOT1 mutant in either HA (left protein band) or NHA (right band) version is
shown below the activity bars in panel C. Note that expression of HA-tagged proteins is slightly
lower than NHA-tagged ones. For poly(A)* reporter (C) MIF4Ghen+2+43 mutation showed ~1.8-fold
relieve of repression; its combination with MIF4Gn mutation had a stronger (~2.5-fold) effect.
Effect of individual MIF4Ge mutations and triple MIF4Gg142:3 mutant was similar, consistent with
the data obtained for the CNOT1-R protein fragment (see panel A). Findings for the poly(A)
reporter (panel D) are similar for those seen with the poly(A)* reporter, with the exception that the
MIF4Gcar1 mutation had no contribution to the effect.

(E) Summary of mutations introduced to CAF1.

(F) The CAF1 protein-protein interaction mutations or combinations thereof with the D40A
catalytic mutation (CAF1 cawi) eliminate only interactions with the expected protein partners.

(G and H) Analysis of different CAF1 mutants in tethering assays with poly(A)* (panel G) and
poly(A) (panel H) reporters suggests that CAF1 per se is not a translation inhibitor but exerts its
repressive function by recruiting CNOT1. Tethering of wt CAF1 or CAF1 catal repressed activity of



both poly(A)* and poly(A) reporters. The CAF1.,4 mutation, either alone or in combination with
CAF1 cata (mutant CAF1 cearcatar) also repressed both types of reporters. The CAF1 01 mutation
alone relieved the repression of poly(A)* RNA only marginally but its combination with CAF1 cata
(CAF1 hottrcata) OF CAF1catar and CAF1 s (CAF 1 notisccrarcatal) resulted in a marked relief of the
reporter repression. In the case of the poly(A) reporter, the CAF 1,1 mutation alone was sufficient
to alleviate the repression, the effect slightly exacerbated by combining it with other mutations.

Values are means +/- SEM (n = 3-6).



Mutations introduced to DDX8: RL-3xBulge let-7 reporter {wi or mut)
mDDX6 knockdown

mif1 R10G5E, F112D = control

mif2 Q333E, N335E a“g‘
mif3 ~ R386E T 100
) = 80
catall Q123A(Q molif) g
catal2 K148A (GKS motif) 1 B0
catal3 E247Q (DEAD motif) & 40
catald R4240 (HRIGR motif) 2
T 20
: [l
B -
control control  DDX8 \33’ & {\\ (&\ 6\{& '{(\x
siRNA siRNA SiRNA Q\V" &
&: e e 22 oE& 2 HA-DDX8 (wl and mutants)
rs) £ K . & &
o8 B 2 2 2 2 &o? RL-3xBulge wt relative 1o
& RL-3xBulge mut
anti-DDXB — - — NS
Q__\f &
D E
HA-DDX86 (wt and mutants) o OE
HA-MBP  wi mif1 mif2 mif3 mif1+2 T I
fa 0 o o 0 fa = =
" ~- . _ ¥ = _ = o & ©
£ g2 £ ¢ £ € £ £ £ £ £ g X O O
c o c o c o g =) E =) = =) O Z2 2
8 a 8 a 8 a 8 a__§ Q 8 =] o oC o
E E 5 E = =
pS|CHECKT 5 5 1186
EE‘%EEEEEEEE E‘éz‘éz‘éz‘é 5= % 66.2
e —— e — . . . s — e — e — —— PAN2cata -
Mm.ﬂ_CAF,‘caal 35
DDXE e - - -------- ----!--_g - - —— -
25 «
18.4
14.4+
F HA-DDXB {wl and mulants)
HA-MBP wi catal1 catal2 catal3 catal4
o ) 0 fa fa )
_ = = = = = =
S g B8 g B g 8 g B g B g
E © T B E o T o T o € 1o
3 fa) 3 O 8 O 8 o 8 o g o
- F F  FFF FE EEE
o o o D ._ 0.2 o R S
Ri-fimoaz 2 2x23232323s2s 233s2s3s2323
TSI T ——————— e S —— g S S
TNRCBA/ Ems £ ; .
gwis; MEEHESREE . EEmEGRsReE s
AGOD = m = e ————— - — e e e e e e e

Figure S7



Table S1 Mass spectrometry analysis of GST-CNOT1-R pull-down, related to Figure 5
Identified proteins are listed along with the number of assigned spectra (Exclusive Spectrum Count).

Exclusive
# Accession Number Molecular Weight Spectrum Count
1 CNOT1 HUMAN 267kDa 742
2 EF1A]l HUMAN/EF1A3 HUMAN 50 kDa 299
3 EF1G HUMAN 50 kDa 248
4 HSP7C HUMAN 71 kDa 128
5 HSP71_HUMAN 70 kDa 119
o GRP78 HUMAN 72 kDa 90
7 TBB5 HUMAN 50 kDa 80
8 TBA1B HUMAN 50 kDa 80
9 HELZ_HUMAN 219kDa 64
10 CBR1 HUMAN 30 kDa 52
11 IMMT HUMAN 84 kDa 36
12 ADT2 HUMAN 33kDa 36
13 EF1B HUMAN 25kDa 31
14 EF1A2 HUMAN 50 kDa 29
15 RN219 HUMAN 81 kDa 28
16 PYR1_HUMAN 243kDa 28
17 PRKDC HUMAN 469 kDa 27
18 NUCL HUMAN 77 kDa 22
19 CLH1 HUMAN 192 kDa 19
20 SYCC_HUMAN 85kDa 19
21 DDX6 HUMAN 54 kDa 18
22 BASI HUMAN 42 kDa 16
23 RLA2 HUMAN 12 kDa 16
24 DYHC1] HUMAN 532kDa 15
25 HS74L HUMAN 95 kDa 15
26 FAS HUMAN 273kDa 14
27 ATIAl_HUMAN 113kDa 14
28 HS105 HUMAN 97 kDa 14
29 RLAO HUMAN 34 kDa 14
30 ACTB_HUMAN/ACTG_HUMAN 42 kDa 13
31 HS90B_HUMAN 83 kDa 13
32 ATPA HUMAN 60 kDa 12
33 SYEP HUMAN 171 kDa 12
34 HNRH1 HUMAN 49 kDa 1
35 ROA1 HUMAN 39 kDa 11
36 HSP74 HUMAN 94 kDa 11
37 SAMS0_HUMAN 52 kDa 1
38 RL3 HUMAN 46 kDa 10
39 ATFB HUMAN 57 kDa 10
40 RS815A HUMAN 15 kDa 10
L ILF2_HUMAN 43 kDa 10
12 RS19 HUMAN 16 kDa 10
43 LANC]1 HUMAN 45 kDa 9
44 RL12 HUMAN 18 kDa 9
45 RCD1 HUMAN 34 kDa 9
46 RS18 HUMAN 18 kDa 9
47 CHo60 HUMAN 61 kDa 8
48 PABP1_HUMAN 71 kDa 8
49 HAX]1 HUMAN 32 kDa 7
50 TIM50 HUMAN 40 kDa 7
51 RL28 HUMAN 16 kDa 6
52 RUVB2_HUMAN 51 kDa 6
53 GRP75 HUMAN 74 kDa 5
54 RUVB! HUMAN 50 kDa 5

54 proteins were identified with a peptide FDR of 1.75% and a protein FDR of 0%.



Figure §7. Mutations in DDX6 which prevent its interaction with the CNOT1 MIF4G domain
compromise the DDX6 inhibitory function in miRNA repression, related to Figure 7

(A) Listing of all investigated mutations introduced to DDX8.

(B) Western blot analysis documenting DDX6 knock-down (~90%) efficiency. 100% lanes
represent duplicates.

(C) DDX6is mutations mitigate repression of the RL-3xBulge reporter responding to let-7 miRNA.
Values are means +/- SEM (n = 3-4).

(D) Western blot performed with the cell lysate samples analyzed in Figure 7C. The western
ahalysis documents comparable expression of different HA-tagged DDX6 mutants (visualized
with HA antibody) and their resistance (in contrast to endogenous DDX6 visualized with the
DDX8-antibody; bottom lane) to RNAIi. Note that the DDX6 antibody visualizes both the
endogenous and the HA-tagged DDXB6. Blots also visualize expression of PAN2 .5ta and CAF1 catal,
and of maltose binding protein (MBP) used as a control. Identity of reporters (psiCHECK T wt or
mut), siRNAs (control or DDX6 KD}, and DDX6 mutants is indicated at the top.

(E) Purity of proteins used in the ATPase assay as determined by SDS-PAGE.

(F) Western blot performed with the cell lysate samples analyzed in Figure 7E. The western
analysis documents comparable expression of different HA-tagged DDX6 mutants (visualized
with HA antibody) and that the DDX6 depletion had no effect on levels of CNOT1, AGO2, and
TNRCBA/GWA182 proteins.



Table S1 Mass spectrometry analysis of GST-CNOT1-R pull-down, related to Figure 5
Tdentified proteins are listed along with the number of assigned spectra (Exclusive Spectrum Count).

Exclusive
# Accession Number Molecular Weight Spectrum Count
1 CNOT1 HUMAN 267kDa 742
2 EF1A1 HUMAN/EF1A3 HUMAN 50 kDa 299
3 EF1G HUMAN 50 kDa 248
4 HSP7C_HUMAN 71 kDa 128
5 HSP71 HUMAN 70 kDa 119
6 GRP78 HUMAN 72 kDa 90
7 TBB5_HUMAN 50 kDa 80
8 TBA1B HUMAN 50 kDa 80
9 HELZ HUMAN 219kDa 64
10 CBR1_HUMAN 30 kDa 52
11 IMMT_HUMAN 84 kDa 36
12 ADT2 HUMAN 33 kDa 36
13 EF1B_ HUMAN 25kDa 31
14 EF1A2 HUMAN 50 kDa 29
15 RN219_ HUMAN 81 kDa 28
16 PYR1 HUMAN 243 kDa 28
17 PRKDC HUMAN 469 kDa 27
18 NUCL HUMAN 77 kDa 22
12 CLH1 HUMAN 192 kDa 19
20 SYCC HUMAN 85 kDa 19
21 DDX6_HUMAN 54 kDa 18
22 BASI HUMAN 42 kDa 16
23 RLA2 HUMAN 12 kDa 16
24 DYHC1 HUMAN 532 kDa 15
25 HS74L_HUMAN 95 kDa 15
26 FAS HUMAN 273kDa 14
27 AT1Al HUMAN 113kDa 14
28 HS105 HUMAN 97 kDa 14
29 RLAO HUMAN 34 kDa 14
30 ACTB HUMAN/ACTG HUMAN 42 kDa 13
31 HS90B HUMAN 83 kDa 13
32 ATPA_HUMAN 60 kDa 12
33 SYEP HUMAN 171 kDa 12
34 HNRH1 HUMAN 49 kDa 11
35 ROAI HUMAN 39 kDa 11
36 HSP74_HUMAN 94 kDa 11
37 SAMS0 HUMAN 52 kDa 11
38 RL3 HUMAN 46 kDa 10
39 ATPB_HUMAN 57 kDa 10
40 RSI5A HUMAN 15 kDa 10
41 ILF2 HUMAN 43 kDa 10
42 RS19_HUMAN 16 kDa 10
43 LANC1_HUMAN 45 kDa 9
44 RL12 HUMAN 18 kDa 9
45 RCD1 _HUMAN 34 kDa 9
46 RSI8_HUMAN 18 kDa 9
47 CH60_HUMAN 61 kDa 8
48 PABP1 HUMAN 71 kDa 8
49 HAX1 HUMAN 32 kDa 7
50 TIM50_HUMAN 40 kDa 7
51 RL28 HUMAN 16 kDa 6
52 RUVB2 HUMAN 51 kDa 6
53 GRP75_HUMAN 74 kDa 5
54 RUVB1_HUMAN 50 kDa 5

54 proteins were identified with a peptide FDR of 1.75% and a protein FDR of 0%,



Supplemental Experimental Procedures

Cell culture, transfections, RNAi and luciferase assays.

Human HEK293T cells (referred to as HEK293) were grown in DMEM (GIBCO BRL)
supplemented with 2 mM L-glutamine and 10% (v/v) FCS. In tethering experiments, cells
were transfected with 25 ng RL-5BoxB (or 50 ng RL-5BoxB-HSL+HhR), 150 ng FL-Con
and, if not indicated otherwise, 200 ng HA- or NHA-fusion constructs per well in a 12-well
plate using nanofectin (PAA Laboratories) according to the manufacturer’s instructions.
Cells were lysed 24-48 h after transfection.

For DDX6 knockdown and rescue experiments with miRNA reporters, 300,000
cells per well of a 6-well plate were first transfected with a final concentration of 23 nM
siRNA specific for DDX6 mRNA [5-GCAGAAACCCUAUGAGAUUCTAT-3"; (Ozgur and
Stoecklin, 2013; Qi et al., 2012)] or control siRNA [5-
GCAUUCACUUGGAUAGUAAdTAT-3"; (Sandler et al, 2011)], using HiPerFect
Transfection Reagent (QIAGEN). A second transfection was performed 48 h later, using
80,000 cells per well of a 24-well plate and Attractene Transfection Reagent (QIAGEN).
In the assays of let-7 reporters the second trasfection mixtures contained 0.25 ng of pSF3
CMV-RL-hmga2-wt or -mut [these plasmids also encode FL; (Bethune et al., 2012)] or
pRL-3xBulge-wt or -mut (Pillai et al., 2005) reporters, 100 ng of plasmid encoding pri-let-
7a (Wu et al., 2006),100 ng of plasmid encoding either HA-MBP (Maltose Binding Protein;
used as control) or HA-DDX6 (wt or mutant forms; all siRNA-resistant), and either DDX6-
specific or control siRNA at a final concentration of 50 nM. In experiments testing pRL-
3xBulge-wt or -mut, transfections contained in addition 1.5 ng of FL-Con. In experiments
with the miR-16/miR-196b reporter, second transfection mixtures contained, instead of
let-7 reporters and a plasmid encoding pri-let7a, 0.25 ng of miR-16/miR-196b reporter
psiCHECK T (Landthaler et al., 2008), either wt or mut form. Cells were lysed 48 h after
the second transfection.

When indicated, transfection mixtures in both tethering and miRNA reporter
experiments also contained 100-200 ng of plasmids encoding PANZ2catal and CAF1 catal.

Luciferase activities were measured with the Dual-Luciferase Reporter Assay

System (Promega). RL activity was normalized to the activity of co-expressed FL and the



normalized RL values are shown relative to the indicated control either as percentage of
the control (control at 100%) or as fold repression relative to the control. In experiments
with miRNA reporters the normalized RL activity of the *wild-type” (wt) reporter is shown
relative to the normalized activity of the mutant (mut) reporter tested in paralell. In
tethering experiments (Figures 1B,C; BA-C; and S6A), the normalized RL activity in cells
expressing the indicated NHA-fusion proteins is shown relative to the normalized RL
activity in cells expressing either HA-CNOT1 wt (Figure 1B,C) or HA-CNOT1-R wt
(Figures 6A-C and S6A). In other tethering experiments (Figures 3D and S6C,D,G,H), the
normalized RL activity in cells expressing the indicated NHA-fusion protein is shown
relative to the normalized RL activity in cells expressing the corresponding HA-fusion
protein. In all luciferase assays, values represent means + SEM from 3 to 7 independent

biological replicate experiments.

DNA constructs

Reporter plasmids RL-5BoxB, FL-Con (Pillai et al., 2004), RL-5BoxB-HSL+HhR
(Chekulaeva et al., 2011), pRL-3xBulge-wt, pRL-3xBulge-mut (Pillai et al., 2005), pSF3
CMV-RL-hmga2-wt and -mut (Bethune et al., 2012) have been described previously.
Plasmids encoding NHA-CED, NHA-CED-7W, NHA-RRM, HA-CNOT1, NHA-CNOT1,
HA-CAF1, NHA-CAF1, HA-CAF1 D40A (CAF1 D40A is referred to as CAF1catal in the
text), NHA-CAF1 catal, and plasmids expressing GST-tagged TNRC6C CED, TNRC6C
M2-RRM, TNRC6C RRM-Cterm and their YW-motif mutants have also heen described
(Chekulaeva et al., 2011; Zipprich et al., 2009). Plasmids encoding dominant negative
catalytic mutants of PAN2 [PANZ2cata; pSR-HA-Pan2mut (Yamashita et al., 2005)] and
CAF1 [CAF1 cata; pSR-HA-Caftmut (Zheng et al., 2008)] and the plasmid pSR-HA-CCR4
(Chang et al., 2004) were kind gifts of A.B. Shyu, University of Texas Medical School,
Houston.

Plasmids encoding the HA or NHA-tagged sub-fragments of CNOT1 were
generated by PCR-amplification of the corresponding fragments of pCI-NHA-CNOT1 and
cloning into pCl-neo vector bearing an HA- or NHA-tag (Pillai et al., 2004). The CNOT1
numbering corresponds to isoform 1 of the protein (NCBI Reference Sequence:
NP_057368.3). To obtain pCI-HA-CNOT9, pCI-NHA-CNOT9, and pCI-NHA-CNOT?2, the



Pull-down assays and western blotting

GST pull-down assays were performed as described previously (Chekulaeva etal., 2011).
Briefly, HEK293 cells were grown in 10-cm dishes and transfected with 3 to 6 pg of
plasmid expressing the indicated GST-tagged proteins. When indicated the transfection
mixes in addition contained 0.5 to 2 pg of plasmid expressing the investigated HA-tagged
protein. Cells were lysed 24 h post-transfection in buffer A (50 mM Tris-HCI, pH 7.5, 150
mM KCI, 0.5% (v/v) Triton X-100, 1x complete EDTA-free protease inhibitor cocktail
(Roche)). Lysates were cleared twice and treated with micrococcal nuclease (10 ng/ul)
for 25 min at 25 °C. This nuclease treatment was shown to largely eliminate RNA-
dependent interactions (Fabian et al. 2009 and data not shown). The lysates were then
incubated with glutathione (GSH)-Sepharose beads (GE Healthcare) for 2 hat 4°C, beads
were washed 3x with buffer B (50 mM Tris-HCI, pH 7.5, 150 mM KCI, 0.1% (v/v) Triton X-
100, 1x complete protease inhibitor cocktail), and GST-tagged proteins were eluted with
50 mM GSH in buffer B.

For western blotting analysis, proteins were separated by SDS-PAGE using 10%
linear polyacrylamide gels or NUPAGE Novex 4-12% Bis-Tris Gels (Life Technologies).
Proteins were detected using ECL (GE Healthcare) or SuperSignal West Femto
Chemiluminescent Substrate (Thermo Scientific). The following primary antibodies were
used for western blotting: anti-CAF1 (CNOT7) (Abnova, clone 2F86), dilution 1:1,000; anti-
CNOT1, 1:250 - 1:1,000 (kindly provided by M. Collart, University of Geneva); anti-
CNOT1, (Proteintech 14276-1-AP), 1:1,000; anti-CNOT9 (RQCD1) (Proteintech 22503-
1-AP), 1:1,000; anti-DDX3X (EMD Millipore), 1:3,000; anti-DDX6 (Bethyl Laboratories
A300-461A), 1:10,000; anti-DHX29 (Bethyl laboratories A300-751A), 1:3,000; anti-
EIF2C2 (AGO2) (Abnova, clone 2E12-1C9), 1:1,000; anti-elF4Al (Abcam ab31217),
1:700 - 1:3,000; anti-elF4All (Abcam ab31218), 1:700 - 1:1,000; anti-elF4Alll (Abcam
ab32485), 1:3,000; anti-GST (GE Healthcare), 1:30,000 - 1:50,000; anti-
GW182/TNRCBA (Bethyl A302-3294), 1:2,000; anti-HELZ (Abnova, clone 5B2), 1:1,000;
and anti-HA tag (Roche, 3F10), 1:3,000. The following secondary antibodies were used:
ECL Anti-Mouse 1gG, HRP-linked whole Ab (from sheep) (GE Healthcare), dilution
1:10,000; ECL Anti-Rabbit IgG, HRP-linked whole Ab (from donkey) (GE Healthcare),



CNOT9 and CNOT2 coding regions were PCR-amplified from plasmids pSGCNOT9
(Zwartjes et al., 2004) and B42-hNOT2 (kind gifts of H. T. Marc Timmers, University of
Utrecht), respectively, and cloned into pCI-HA or pCI-NHA vector (Pillai et al., 2004).

To obtain the plasmid encoding GST-TNRCEC SD (residues 1260-1690) and GST-
TNRC6C CEDAPAM?2 (residues 1417-1690), the corresponding region of TNRC6C was
PCR-amplified and cloned intc the pEBG vector (Addgene). Similarly, to generate
plasmids encoding GST-CNOT1-R (residues 727-1601), GST-CNOT1-MIF4G (residues
1054-1314), GST-CNOT1-CN9IBD (1330-1601), and GST-CNOT1-C (1827-2376), the
corresponding fragments of pCI-NHA-CNOT1 were PCR-amplified and cloned into the
pEBG vector. To generate the plasmid encoding GST-elF4G-MIF4G, the region encoding
amino acids 674-1079 of elF4Gl (isoform 1) was amplified by PCR using the plasmid
pcDNA3-HA-elF4GI (1-1599) (Martineau et al., 2008) (a kind gift of Nahum Sonenberg,
McGill University, Montreal) as template and cloned into the pEBG vector. To obtain the
plasmid encoding GST-CAF1, the sequence encoding the ORF of CAF1 was PCR-
amplified using the plasmid NHA-CAF1 as template and cloned intc the pEBG vector.

To generate a plasmid encoding a siRNA-resistant version of HA-DDX6, the
EcoR1-Blp1 fragment (encompassing the region of the DDX6 ORF targeted by the
siRNA) of the plasmid Myc-RCK (Qi et al., 2012) (encoding a siRNA resistant version of
DDX6) (a kind gift of Qing Jing, Shanghai Institutes for Biological Sciences) was cloned
into the plasmid pcDNA3-HA-DDX6-R1r (Ozgur and Stoecklin, 2013) (a kind gift of Georg
Stoecklin, DKFZ-ZMBH Alliance, Heidelberg). To obtain the plasmid encoding HA-MBP,
the ORF of MBP was amplified by PCR using the plasmid pMAL-TRBP2 (Dorin et al.,
2003) as template and cloned into pcDNA3-HA-DDX8, replacing the ORF of DDX6.

Plasmid psiCHECK T (a kind gift of Markus Landthaler, Max-Delbriick-Center for
Molecular Medicine, Berlin) has been described previously (Landthaler et al., 2008). To
obtain the control psiCHECK T mut plasmid, 5-6 point mutations, mostly targeting seed
sequences, were introduced into each of the two miR-16 and two miR-196b target sites
present in psiCHECK T.

Amino acid mutations in CNOT1, CAF1, CNOT9, and DDX6 were introduced by
site-directed mutagenesis according to (Zheng et al., 2004).



1:10,000; ECL Anti-Rat 1gG, HRP-linked whole antibody (from goat) (GE Healthcare),
1:10,000; donkey anti-goat IgG-HRP (Santa Cruz Biotechnology), 1:10,000.

Purification of the human CNOT1 - CNOT9 core complex and its S. cerevisiae
ortholog

Human CNOT1-MIDs (residues 1054-1601), including the MIF4G domain and the
CN9BD, was subcloned as an N-terminal His-GST-tag fusion protein cleavable with 3C
protease. Human CNOT9 was cloned as an N-terminal His-SUMO (BxHistidine — Small
Ubiquitin-like Modifier) tag fusion protein cleavable with the SUMO-specific protease
SENP2. Proteins were expressed in Escherichia coli BL21(DE3) STAR pRARE
(Stratagene) in Terrific Broth (TB) medium. Cells were resuspended in lysis buffer (50 mM
NaHz2PO4 pH 7.5, 250 mM NaCl, 25 mM imidazole) supplemented with 5 pg/ml DNase,
20 mM MgSO4 and lysed by sonication. Proteins were purified using nickel-based affinity
chromatography. After tag cleavage and reverse affinity chromatography, proteins were
further purified by size-exclusion chromatography (Superdex 200, GE Healthcare in size-
exclusion buffer (20 mM Tris pH 7.4, 250 mM NaCl, 1 mM DTT). The CNOT1-MIDs -
CNOT9 complex was assembled by mixing the proteins in 1 : 1.2 molar ratio followed by
size-exclusion chromatography (Superdex 200, GE Healthcare). The CNOT1-MIDs -
CNOT9 complex was subjected to limited proteolysis with trypsin (0.2 mg protease for
10 mg of complex) at 4°C for 30 min. MS analysis showed that trypsin proteolyzed a
portion of CNOT9 and cleaved CNOT1-MIDs into two fragments. The proteolyzed
complex was further purified by Superdex 200 size-exclusion chromatography. One of
the two fragments of CNOT1 corresponding to the MIF4G domain eluted separately in
size-exclusion chromatography from a core binary complex that we characterized using
MS analysis as encompassing CNOT11351-1588 (referred to as CNOT1 C9BD) and
CNOT916284 (CNOT9). A similar strategy was used to purify the corresponding S.
cerevisiae complex of Not11071-1282 and Cafd0102-370 (the yeast orthologue of CNOT9).
These human and yeast CNOT1 C9BD - CNOT9 core complexes were used for

crystallization trials.



Crystallization and structure determination of the human and yeast CNOT1 C9BD -
CNOT9 complexes

Crystallization was carried out at 18°C using the vapor diffusion method by mixing equal
volumes of protein complex and of crystallization buffer. For the human CNOT1 C9BD -
CNOT9 complex, a protein solution at 18.5 mg/ml was used and the best diffracting
crystals were obtained in 50 mM MES pH 6.0, 200 mM ammonium sulfate after 2 days.
Crystals were flash-frozen after soaking in a cryo-protection buffer containing 50 mM MES
pH 6.0, 200 mM ammonium sulfate and 25 % glycerol and diffracted to 2.0 A resolution.
For the yeast complex, a protein solution at 20 mg/ml was used and the best diffracting
crystals were obtained in 50 mM Hepes pH 7.0, 3 M NaCl. Crystals were flash-frozen
after soaking in a cryo-protection buffer containing 50 mM Hepes pH 7.0, 3 M Sodium
Chloride and 25 % glycerol and diffracted to 3.8 A resolution. All diffraction data were
collected at 100K at the beamline PXIIl of the Swiss Light Source (SLS) synchrotron and
processed using XDS (Kabsch, 2010) (Table 1).

The structure of the yeast complex was solved using a combination of single
anomalous dispersion using a tantalium bromide soak and molecular replacement with
the structure of the human orthclogue of CNOT9 as search model (Garces et al., 2007)
using the program PHASER (McCoy et al., 2007). Model building was carried out
manually with the program Coot (Emsley et al., 2010) and refined with PHENIX (Adams
et al., 2010). The structure was refined to 3.8 A resolution to an Riee 0f 31.6% and Rractor
of 29.2% The atomic model of the yeast complex was used as search model to solve the
structure of the orthologous human CNOT1 C8BD - CNOT9 complex by molecular
replacement using the program PHASER (McCoy et al., 2007). The structure was refined
to 2A resolution to an Ryee of 23.4% and Rractor of 19.6%. Crystal of the human CNOT1
CO9BD - CNOT9 complex were soaked with free tryptophan at a concentration of 10 mM
for 15 min. The structure of the ternary complex was refined to 2 A resolution with an Riree
of 22.2% and Rractor of 18.4% (Table 1).

Purification of proteins used for size-exclusion chromatography
The recombinant proteins or their fragments used for size-exclusion chromatography and

MALS (multiangle static light scattering) measurements shown in Figure 2A,B and Figure



5 mM R-Mercaptoethanol) supplemented with 5 mg/m| DNase, 20 mM MgSO4 and 1 mM
phenylmethylsulfonyl fluoride (PMSF) and lysed by sonication. Proteins were purified
using Nickel-based affinity chromatography and ion-exchange chromatography at pH 8.0
(Heparin, GE healthcare), followed by tag cleavage with SENP2 and size-exclusion
chromatography (Superdex 200) in size-exclusion buffer at pH 8.0. The DDX6gs5 459
construct was identified by limited proteolysis of wt DDX6 followed by N-terminal
sequencing and MS analysis, and corresponds to a region spanning the two RecA
domains. DDX6gs.469 crystallized in 17% (w/v) PEG 10000, 100 mM bis-Tris pH 5.5 and
100 mM ammonium acetate. DDX6gs5-459 crystals were flash-frozen and diffracted to 3.0 A
resolution at the beamline PXII of the Swiss Light Source (SLS) synchrotron. Data were
processed using XDS (Kabsch, 2010). The structure was solved by molecular
replacement with the program PHASER (McCoy et al., 2007) using the DDX6 RecA2
domain structure (Tritschler et al., 2009). The model was build with Coot (Emsley et al.,
2010) and refined with PHENIX (Adams et al., 2010) to an Rfee 0f 26.2% and Rractor Of
23.1% (Table 1).

Human CNOT1 1083-1314 (CNOT1 MIF4G) and its MIF4Gre+3 mutant form were cloned as
N-terminal His-GST-tag fusion proteins cleavable with 3C protease. CNOT1 MIF4G
proteins were expressed and purified with similar protocols described above for DDXE.
After tag cleavage and reverse affinity chromatography, CNOT1 MIF4G proteins were
further purified by Superdex 75 size-exclusion chromatography. The CNOT1 MIF4G -
DDX69s-463 complex was reconstituted by mixing the proteinsin 1.5: 1 molar ratio followed
by Superdex 200 size-exclusion chromatography in 20 mM bis-Tris pH 6.5, 150 mM NaCl,
1 mM DTT. Crystallization was carried out at 18°C using the vapor diffusion method by
mixing equal volumes of protein complex at 5.4 mg/ml and of crystallization buffer (100
mM MES pH 6.5, 300 mM MgClz2). Crystals were flash-frozen after soaking in cryo
medium containing 100 mM MES pH 6.5, 300 mM MgClz, and 25 % glycerol, and
diffracted to 2.3 A resolution. The structure was solved by molecular replacement and
refined to Riree 0f 22.0% and Rractor of 16.6% (Table 1). We found that the conformation
of DDX86 bound to CNOT1 is similar to that observed in the structures of elF4A-elF4G
(Schutz et al., 2008) and of Gle1-Dbp5 (Montpetit et al., 2011), which represent activated

states of these ATPases. In all these cases, the relatively small interaction surfaces



between MIF4G and the RecA domains appear sufficient to drive the conformational
change from the unbound form of the ATPase.

Ability of purified DDX6 proteins (wt and DDX67327p,s330e mutant forms) to form a
complex with the purified CNOT1 MIF4G was also analyzed by size-exclusion

chromatography as shown in Figure S4A.

ATPase assays

Assays were carried out in 20 pl reaction volume containing 50 mM HEPES pH 7.0,
50 mM KCI, 5 mM Mg acetate, 0.2 mg/ml polyuridylic acid (Sigma), 2 mM DTT and
0.1 mg/ml BSA. Final protein concentrations were 3 uM for DDX6 and 4.5 M for the
CNOT1 MIF4G fragments. [a-32P]JATP (sp. act. 3,000 Ci/mmol, Perkin-Elmer) was added
to final ATP concentration of 1 mM (final sp. act. 50 pCi/umol) to start the reaction. A 3-
Ml aliquot was taken immediately for the initial time point. Reaction mixtures were then
incubated at 37°C and further 3-pl aliquots were collected after 5, 20, 60 and 180 min and
quenched by adding 3 pl of a buffer containing 50 mM EDTA and 0.1 % SDS. 0.5 pl of
the collected samples were spotted onto a Polyetyleneimine-Cellulose TLC plate (Merck),
and eluted with 300 mM of KH2PO4/K2HPO4, pH 7.6. Plates were exposed overnight at
room temperature to Fuji image plates and visualized using a Typhoon FLA 7000

phosphorimager (GE Healthcare).

Northern blotting

Northern blotting was performed as described previously (Chekulaeva et al., 2011).
Briefly, 7 ug of total RNA from transfected HEK293T cells isolated using Trizol Reagent
(GE Healthcare) was resolved in a denaturing formaldehyde 1% (w/v) agarose gel and
transferred to Hybond-N+ membrane (GE Healthcare) using 10X SSC. RL- or FL-specific
probes internally labelled with [a-3?P]JUTP were sequentially hybridized to the RNA on the
membrane in ULTRAhyb Ultrasensitive Hybridization Buffer (Life Technologies) at 68 °C.
Hybridization with FL-specific probe was performed ~2.5 months after that with RL probe
to allow for decay of RL-specific signal. After washing the membrane with 0.2X SSC
containing 0.1% ({v/v) SDS at 68 °C, the signal was detected using a Phosphorimager

screen and a GE TyphoonTM 9400 scanner. The bands were quantified with ImageQuant



TL software. We have verified, by preparing calibration curves, that Northern sighals

shown in Figure €D,E were within the linear range of quantification.

Mass spectrometry analysis

For MS analysis, cysteine residues of proteins from GST pull-downs were reduced and
alkylated prior to SDS-PAGE separation. The Coomassie-stained gel fragments were
digested with trypsin. The peplides were analyzed by LC-MS/MS on an LTQ Orbitrap
Velos mass spectrometer equipped with an Easy-nLC 1000 pump using an Acclaim
PepMap 100 trap column (C18, 75 um x 2 cm, 3 um) and an Easy-Spray column (C18,
75 pm x 15 cm, 3 um) at 40°C (all Thermo Fischer Scientific). Peptides were identified
searching SwissProt database (version 2012_09) using Mascot (Matrix Science, version
2.3.02), considering carbamidomethylation of cysteine as fixed modification and
deamidation of asparagine and glutamine, oxidation of methionine, acetylation of the
protein N-terminus and phosphorylation of serine and threonine as variable modifications.
Database search results were evaluated in Scaffold (Proteome Software, version 4.2.0).
The peptide as well as the protein probability threshold was set to 80% and proteins with
five or more identified peptides were accepted. Contaminants were manually excluded
from the list of identified proteins. In total, 54 proteins (Table $1) were identified with a
peptide FDR of 1.75% and a protein FDR of 0%.
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E.4. Architecture du module d’ubiquitination du complexe CCR4-NOT

E.4.1. Contexte et objectif de I'étude

Dans cette étude, nous avons étudié le module d’ubiquitination du complexe CCR4-NOT. L’objectif
était de comprendre le mécanisme de recrutement des ligases E2 et E3 sur le complexe Ccr4-Not

et de déterminer si cette interaction était compatible avec les autres modules du complexe.

E.4.2. Approches expérimentales

Le domaine N-terminal RING de NOT4 (30-83) chez S. cerivisiae peut interagir directement avec
Ubc4. Afin d’obtenir des cristaux de ce complexe, nous avons décidé de suivre une procédure
précédemment décrite pour un complexe E3-E2 ligase. Ces deux protéines ont été clonées dans un
méme vecteur d’expression E. coli et ont été fusionnées via un segment de 10 résidus. Il a été
possible de surproduire la protéine chimérique et de la purifier a un degré de pureté compatible
avec des essais de cristallisation. Un scan de fluorescence multi-longueurs d’onde réalisé au
synchrotron a révélé la présence de zinc dans les cristaux. Nous avons donc collecté des données
au pic d’absorption du zinc. La structure a été résolue en combinant une approche de

remplacement moléculaire et de diffusion anomale a une résolution de 2,8 A.

Ubc4

Structure cristalline du complexe binaire Ubc4-NOT4
Résolution: 2,8 A

Remplacement moléculaire + diffusion anomale
pdb: 5AIE



Il a été montré que le domaine C-terminal de S. cerevisiae NOT4 interagissait avec le domaine C-
terminal de NOT1 par des expériences de double hybride et de co-immunoprécipitation. Dans le
but de produire un complexe NOT1-NOT4 et de s’assurer d’inclure les extrémités nécessaires a
I'interaction nous avons aussi effectué une analyse de prédiction de structure secondaire afin de
produire des fragments plus larges que ceux prédit par les études de co-immunoprécipitation.
Nous avons réussi a produire un complexe de NOT1 (1348-2093) et NOT4 (418-587). L'approche de
protéolyse ménagée (voir chapitre 2) a permis de générer un complexe plus compact comprenant
les résidus 1541 a 2093 de NOTI, et les résidus 418 a 477 de NOT4. Ce complexe a ensuite été
cloné dans des vecteurs d’expressions plasmidiques et il a été possible de surproduire ces deux
nouvelles constructions. Le complexe a été formé par chromatographie d’exclusion de taille. Les
cristaux obtenus a partir de ce complexe ont diffracté a 3,6 A et la structure a été résolue par
remplacement moléculaire en utilisant comme modeéle la partie C-terminale de NOT1
précédemment résolue. Cette structure a mis en évidence une région étendue de NOT4 qui
s’enroulait autour d’une des répétitions HEAT de NOT1 et prouve que NOT1 peut incorporer
simultanément le module d’ubiquitination et le module NOT2 et NOT5 au sein du complexe CCR4-

NOT.

E.4.3. Résumé de I’étude

Dans cette étude, nous avons étudié le module d’ubiquitination du complexe CCR4-NOT et ainsi
révélé, comment la ligase E3 contactait la ligase E2 et était recrutée sur le complexe CCR4-NOT.
Nous avons déterminé la structure du domaine RING de NOT4 en complexe avec Ubc4. Cette
structure nous a permis de déterminer les interactions des domaines E2-E3 de ce complexe. Nous
avons également déterminé la structure du domaine C-terminal de NOT4 en complexe avec la
protéine NOT1. Cette seconde structure a mis en évidence une région étendue de NOT4 qui
s’enroulait autour d’'une des répétitions HEAT de NOT1. Cette partie C-terminale n’est que
partiellement conservée chez les métazoaires, ce qui peut expliquer son interaction faible avec
NOT1. Cette étude structurale prouve en outre que NOT1 peut incorporer simultanément le

module d’ubiquitination et le module NOT2 et NOT5 au sein du complexe CCR4-NOT.



Structure

Architecture of the Ubiquitylation Module of the

Yeast Ccr4-Not Complex

Graphical Abstract

Not-box

Not-box

Not1
C-terminus

<

Highlights
e The Notl C-terminal domain tethers the Not4 ubiquitylation
module to yeast Ccrd-Not

e Alow-complexity region of Not4 wraps around the C-terminal

HEAT repeats of Notl

e In metazoans, Not4 lacks residues that confer high affinity
binding to Not1 in yeast

e Notlc can recruit Not4 and Not2-Notb concomitantly to the
Ccr4-Not complex

Bhaskar et al., 2015, Structure 23, 921-928
crossak May 5, 2015 ©2015 The Authors
http://dx.doi.org/10.1016/j.str.2015.03.011

Authors

Varun Bhaskar, Jérome Basquin, Elena
Conti

Correspondence
conti@biochem.mpg.de

In Brief

Bhaskar et al. have determined the crystal
structures of the complexes of the Not4
C-terminal domain with Not1 and the
Not4 N-terminal RING domain with Ubc4.
The structural and biochemical data
highlight the underlying specificity of their
interaction and rationalize the
concomitant binding of Not4 and Not2-
Not3/5 modules to Not1.

Accession Numbers

5AIE
5AJD

Cell



Structure

Architecture of the Ubiquitylation Module
of the Yeast Ccr4-Not Complex

Varun Bhaskar,! Jérdme Basquin,' and Elena Conti'-*

1Department of Structural Cell Biology, Max-Planck-Institute of Biochemistry, Am Klopferspitz 18, 82152 Munich, Germany

*Correspondence: conti@biochem.mpg.de
http://dx.doi.org/10.1016/.5tr.2015.03.011

This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).

SUMMARY

The Ccrd-Not complex regulates eukaryotic gene
expression at multiple levels, including mRNA turn-
over, translational repression, and transcription. We
have studied the ubiquitylation module of the yeast
Ccrd4-Not complex and addressed how E3 ligase
binds cognate E2 and how it is tethered to the com-
plex. The 2.8-A resolution crystal structure of the
N-terminal RING domain of Notd4 in complex with
Ubc4 shows the detailed interactions of this E3-E2
complex. The 3.6-A resolution crystal structure of
the C-terminal domain of the yeast Not4 in complex
with the C-terminal domain of Notl reveals how a
largely extended region at the C-terminus of Not4
wraps around a HEAT-repeat region of Notl. This
C-terminal region of Not4 is only partly conserved
in metazoans, rationalizing its weaker Not1-binding
properties. The structural and biochemical data
show how Not1 can incorporate both the ubiquityla-
tion module and the Not2-Not3/5 module concomi-
tantly in the Ccrd-Not complex.

INTRODUCTION

The Ccrd4-Not complex is a crucial player in the regulation of eu-
karyotic gene expression (reviewed in Wahle and Winkler, 2013).
Ccr4-Not was originally discovered as a transcriptional regulator
in yeast (Collart and Struhl, 1994; Draper et al., 1994). Subse-
guent experiments revealed its fundamental function in cyto-
plasmic mRNA turnover, as a deadenylase that shortens the
poly(A) tail at the 3" end of mRNAs (Daugeron et al., 2001; Tucker
et al., 2002). More recently, Ccr4-Not was also shown toactas a
translational repressor (reviewed in Chapat and Corbo, 2014)
and to be implicated in co-translational quality control (Pana-
senko, 2014; Matsuda et al., 2014).

Purification of the Ccrd-Not core complex from endogenous
sources has revealed the presence of a large macromolecular
assembly containing several evolutionary conserved proteins
and a few proteins that are instead species specific (Chen
gt al., 2001; Lau et al., 2009; Temme et al., 2010; Erben et al.,
2014). Cer4-Not is assembled around Not1, a ~240 kDa protein
that is built by consecutive helical domains. The individual do-
mains of Not1 recruit the other core components of the complex

(W) comoe

forming structurally and functionally distinct modules. The Not1
N-terminal domain is an elongated HEAT-repeat fold (Basquin
et al., 2012) and appears to bind species-specific subunits
(CNOT10-CNOT11 in metazoans, Caf130 in yeast) (Chen et al.,
2001; Mauxion et al., 2013; Bawankar et al., 2013). The Not1
central MIF4G domain is next and recruits Cafl (also known as
Pop2 in yeast) and Ccrd, forming the deadenylase module of
the complex (Draper etal., 1994, Bai et al., 1998). This is followed
by the Not1 helical bundle domain, which binds Caf40 (Bawan-
kar et al., 2013). Last is the Not1 C-terminal domain, an elon-
gated HEAT-repeat fold that binds Not2 and Not5 (and in yeast
also the paralog Not3), forming the Not module of the complex
(Bai et al., 1999). The C-terminal domain of Not1 also binds
Not4, another core component of the yeast Ccr4-Not complex
(Baietal., 1999). Finally, several peripheral proteins are recruited
to the core complex, such as DDX6, Nanos, tristetraprolin, and
GW182 in metazoans (Maillet and Collart, 2002; Suzuki et al.,
2010; Sandler et al., 2011; Braun et al., 2011; Chekulasva
et al., 2011; Fabian et al., 2011).

In the past few years, most of the conserved interactions of the
core complex as well as the interactions with several peripheral
factors have been elucidated at the structural level (Basquin
et al,, 2012; Petit et al., 2012; Fabian et al., 2013; Boland st al.,
2013; Bhaskar et al., 2013; Bhandari et al., 2014; Chen et al.,
2014; Mathys et al., 2014), with the exception of Notd. Not4 is
an evolutionarily conserved protein that contains an N-terminal
RING domain, a central RRM domain and a C-terminal domain
predicted to be unstructured. As shown for both the yeast and hu-
man orthologs, the Notd4 RING domain harbors an E3 ubiquitin
ligase activity (Albert et al., 2002; Mulder et al., 2007a). Consis-
tently, Not4 has been reported to ubiquitylate a wide range of
substrates (Laribee et al., 2007; Mulder et al., 2007b; Mersman
et al., 2009; Cooper et al., 2012; Gulshan et al., 2012), including
ribosome-associated factors (Panasenko et al., 2006; Pana-
senko and Collart, 2012). Although the exact function is currently
debated, the enzymatic activity of Not4 has been linked to pro-
teasomal degradation in particular in the context of mRNA quality
control pathways that respond to halted translation (Dimitrova
et al., 2009; Matsuda et al., 2014). The activity of the Not4 E3
ligase depends on its interaction with a specific E2, which has
been identified as Ubc4/5 in yeast and the ortholog UbcHS5B in
humans (Albert et al.,, 2002; Mulder et al., 2007a). Structural
studies have shown how the RING domain of human CNOT4
folds via an unusual C4C4 motif whereby eight cysteine
residues coordinate two zinc ions (Hanzawa etal., 2001). A model
of the human CNOT4-UbcH5B complex has been proposed
based on chemical shift nuclear magnetic resonance restraints,
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computational docking approaches, and mutational analysis
(Dominguez et al., 2004) but no crystal structure has been re-
ported as yet.

Binding of yeast Not4 to the Ccrd4-Not complex does not
require the N-terminal RING domain but rather the C-terminal
domain (Panasenko and Collart, 2011). The C-terminal domain
of Not4, however, is the least conserved portion of the molecule.
In addition, although Not4 is a bona fide Ccrd-Not subunit in
yeast, it is not stably associated with the complex in human
and Drosophila cells (Lau et al., 2009; Temme et al., 2010). The
molecular basis for the Not1-Not4 interaction in yeast and the
reason for the weaker association in higher eukaryotes are
currently unknown. Also unknown is whether Notd can bind
Not1 in the context of the Not module, as Not2, Not3, and
Not5 also dock to the same domain of Notl. Here, we report a
structural and biochemical study that sheds light on how the
E3 ligase of Not4 binds specifically its cognate E2 and how it is
recruited to the Ccrd-Not complex.

RESULTS AND DISCUSSION

Overall Structure of Saccharomyces cerevisiae Notdy
Bound to Ubc4

The N-terminal RING domain of Not4 (Not4y, residues 3083 in
S. cerevisiag) has been shown to interact with Ubc4 (Figure 1A)
(Albert et al., 2002; Mulder et al., 2007a). To obtain crystals of
the complex, we used a strategy that had been reported for
another E3-E2 complex (Hodson et al., 2014) and connected
the two proteins covalently via a 10-residue linker. The structure
of the Notdy-Ubc4 fusion protein was determined by a combi-
nation of zinc-based single-wavelength anomalous dispersion
(SAD) and molecular replacement, and was refined to 2.8-A
resolution with Ree 0 27.1%, Riaaior 0f 22.0%, and good stereo-
chemistry (Table 1). The final model of Notdy-Ubcd has well-
defined electron density for most of the polypeptide, except for
the connecting linker (Figure 1B).

The structure of yeast Notdy bound to Ubc4 is very similar to
that of the human CNOT4 ortholog in isolation (Hanzawa et al.,
2001). The RING domain of Not4 contains two «-helices (the
short a1 helix and the long «2 helix) and two zinc ions (Figure 1B).
The zinc ions are coordinated in cross bracing fashion by
cysteine residues that protrude from helix «2 and from the three
loops regions L1, L2, and L3. The structure of yeast Ubc4 bound
to Notdy, is very similar to a previously determined structure of
Ubc4 in isolation (Cook et al., 1993). Briefly, Ubc4 is centered
at a four-stranded antiparallel B-sheet flanked by an N-terminal
a-helix («1) and by three C-terminal a-helices (a2, &3, a4) (Fig-
ure 1B). When compared with the previously proposed model
of the human CNOT4-UbcHSB complex (Dominguez et al.,
2004), the experimentally determined structure of yeast Notd-
Ubc4 shows localized differences (Figure S1A).

Specific Interaction Network between the Not4, RING
E3 and the Ubc4 E2

In the crystal structure, the Not4 helix «2 and the zinc-binding
loops L1, L2, and L3 interact with two loops of Ubc4 that precede
and follow the fourth strand of the B-sheet (L4 and L5) (Figure 1B}).
The central hotspot of the interaction is formed by Phe63 of
Ubc4, which wedges into a hydrophobic pocket formed by
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Leu35, lle56, Cys60, Asn63, Leur0, and Pro75 of Notd and by
Pro62 and Pro96 of Ubc4 (Figure 1C). In addition, 1le37 of Not4
is involved in hydrophobic interactions with the aliphatic portion
of the side chain of Lys5 and LysS in the helix a1 of Ubc4. This
hydrophobic hotspot is surrounded by polar and electrostatic
contacts: a hydrogen-bond interaction involving Not4 Arg78
and Ubc4 GIn83 and two salt bridge interactions between Not4
Glu38 and Ubc4 Lys5 and between Notd Glué9 and Ubc4
Lys64 (Figure 1C). In addition, Ubc4 Lys64 is engaged in an
intra-molecular salt bridge with Ubc4 Asp60. The Glu69-Lys64-
AspB0 network effectively pulls the L3 loop of Not4 toward
Ubcd, closing the hydrophobic core. The interaction interface
is formed by evolutionary conserved residues (Figures 1D and
1E) and is consistent with the effects of mutations previously
reported (Mulder et al., 2007a).

To understand the specificity of yeast Not4 toward Ubcd/5
enzymes, we structurally aligned the known yeast E2 proteins
on Ubc4 and analyzed if residues at the Notd-binding interface
are conserved (Figure S1B). The Ubc2 and Ubc9 E2 proteins
lack a hydrophobic residue at the corresponding position of
Ubc4 Phe63. Ube3, Ubc?, Ubc10, Ubc12, and Ubc13 lack a
positively charged residue at the corresponding position of
Ubcd Lysé4. Ubc1, Ubc6, Ubc8, and Ubc11 lack the equivalent
of Ubcd4 GIn93. These subtle differences appear to weaken
the interaction network observed in the Notdy-Ubcd structure,
driving the specificity of Not4y toward Ubc4/5 (Albert et al.,
2002; Mulder et al., 2007a).

Overall Structure of Not4. Bound to Not1
The C-terminal domain of S. cerevisiae Notd (specifically resi-
dues 430-480) has been shown to interact with the C-terminal
domain of Not1 by yeast two-hybrid and co-immunoprecipita-
tion {co-IP) studies (Albert et al., 2002; Panasenko and Collart,
2011). To ensure the identification of the correct domain bound-
aries that would include all the determinants of the interaction,
we used secondary structure predictions to engineer larger re-
gions of the interacting proteins than those mapped from the
co-IP experiment. We purified a complex encompassing Not1
residues 1348-2093 and Not4 residues 418-587 (Not4 A417).
Limited proteclysis of this complex and subsequent gel filtration
resulted in stable fragments that were characterized by N-termi-
nal sequencing and mass spectrometry analysis as encompass-
ing residues 418-477 of Not4 (Notd) and residues 1541-2093 of
Not1 {the C-terminal domain of Not1, or Not1o) (Figures 2A and
52). Consistent with the proteolysis results, GST-tagged Notd-
was able to precipitate Not1s in pull-down assays (Figure 2B,
lane 3). We purified the Not1s-Notd; minimal complex and ob-
tained crystals diffracting to 3.6-A resolution containing six
copies of the complex in the asymmetric unit. We determined
the structure by molecular replacement, using the previously
determined structure of Notl1g as the search model (Bhaskar
et al., 2013). The model was built and refined to Ry, of 31.9%,
Riactor of 26.6%), and good stereochemistry (Table 1). The six in-
dependent copies of the complex in the crystals are essentially
identical and include residues 1568-2078 of Not1 (with the major
exceptionof two loops between 1791-1800 and 2065-2071) and
residues 420-469 of Not4 (Figure 2C).

The HEAT-repeat structure of Not1; in the Notd--bound com-
plex is similar to that in the Not2-Not5.-bound complex (Bhaskar
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Figure 1. Structure of the Complex between the Not4 RING E3 and the Ubc4 E2

{A) A schematic diagram of the domain architecture of S. cerevisiae Not4 and Ubc4. The colored rectangles indicate the regions present in the crystal structure.
The gray rectangle represents another folded domain, while the empty boxes represent low-complexity regions.

{B) Caricon representation of the structure of yeast Notd,, (in blue) bound o Ubc4 (in purple). The N- and C-terminal residues of the two proteins ordered in the
electron density are indicated. The secondary structure elements are labeled. The two zinc ions are shown as spheres and the cysteine residues that coordinate
them are shown in stick representation. This structure figure and all others in the article were generated using PyMOL (The PyMOL Molecular Graphics System,

Version 1.2r3pre, Schrodinger, LLC).

{C) Close-up view of the interaction interface between Not4,, and Ubc4. Interacting residues are shown and labeled.
(D and E) Structure-based sequence alignment of Notd, and Ubc4 from different species, including S. cerevisiae (Sc), Mus musculus (Mm) and Homo sapiens
{Hs), highlighting the interacting residues. The secondary structure elements are shown above the sequence.

See also Figure S1.

et al., 2013). HEAT repeats consist of two antiparallel «-helices
(termed A and B) and pack side by side in a regular fashion.
The ten HEAT repeats of Not1e are organized in two units. The
first unit is made of six HEAT repeats and is arranged in a perpen-
dicularfashion with respect to the second unit, which is composed

of the four C-terminal repeats (Figure 2C). The loop connecting
HEATs 7 and 8 is in an extended conformation, likely due to crystal
contacts. Notdc folds into an #-helix (residues 426-439) that is
flanked by extended regions lacking defined secondary structure
elements (residues 420425 and 440-469) (Figure 2C).

Structure 23, 921-928, May 5, 2015 ©2015 The Authors 923



Table 1. Data Collection and Refinement Statistics

Notdy-Ubcd
Zinc SAD Native Not1,-Notdq,

Wavelength (A) 1.2819 1 1

Resolution 37.33-2.48 53.56-2.80 75.86-3.62

range (A)* (2.80-2.80) (3.75-3.62)

Space group P1 R3H P3.21

Unit cell 62.45,62.96, 107.11,107.11, 173.66, 173.66,

65.43 62.20 262.61
o, By () 108.50, 90, 20, 120 90, 90, 120
107.40,
108.09
Total reflections™ 95,124 67,241 352,483
(13,582) 6,289) (34,067)
Unique reflections™ 52,704 6,541 (628) 52,676 (5,095)
(7,634

Multiplicity™ 1.84 (1.77) 10.30 (10.00) 6.70 (6.70)

Completeness (%) 925 (83.2) 099.4(95.2) 099.7 (©8.6)

Mean Va(l)* 14.66 (4.78) 29.35 (2.10) 11.26 (1.37)

SigAno® 1.31 (0.95)

CCyn° 0.997 (0.949) 1(0.211) 1(0.733)

Rmerge (38)° 5.6 (@7.1) 11.2 (149.8)

Ruwork (%6)° 22.0 (45.1) 26.6 (38.7)

Riee (%6)7 27.1(50.8) 318427

Number of non- 1,575 24,555

hydrogen atoms
Macromolecules 1,573 24,555
Ligands 2 0

Protein residues 204 3,223

RMS (bonds) 0.002 0.010

RMS (angles) 0.52 0.64

Ramachandran 97 94

favored (%)

Ramachandran 0 0.064

outliers (%)

Average B-factor 103.00 124.80
Macromolecules 103.10 124.80
Ligands 94.60

SigAno = mean anomalous difference in units of its estimated standard

deviation. (|F(+) — F{-}|/s). F(+), F(-) are structure factor estimates

obtained from the merged intensity observations in each patity class.
*Statistics for the highest-resolution shell are shown in parentheses.

Extensive Interaction Network between Yeast Not1.

and Notd.

Notds binds on the surface of the first three HEAT repeats of
Not1g, extending about 100 Ain length and burying a surface
area of approximately 1500 A? (Figure 2C). The contacts be-
tween Notd and Not1- can be described as divided into three
segments. In the first segment, the «-helix of Notds packs
against the A helices of HEAT 2 and 3 of Not1s. This interface
is mainly dominated by hydrophobic interactions between
Leud30, Leudd4, and Leud37 of Notde and Leu1613, Val1671,
and Val1675 of Notl: (Figures 3A and S3A). In the second
segment, residues 442-452 of Not4 interact extensively with
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two loops of Not1c: connecting HEAT 1 to 2 and HEAT 2 to 3.
The interactions are mediated by a salt bridge and few hydro-
phobic contacts (Figure 3B). In the third segment, residues
462-469 of Notd4 are in extended conformation and pack
between the A and B helices of the first HEAT repeat of
Not1c. This interface involves hydrophobic contacts between
Leud63, Phed64, and Trp466 of Notd4 and Val1575, Leu1582,
11le1592, Phe1596, Leul1600, and Val1605 of Not1 (Figures 3C
and S3B).

To test the relevance of the interacting regions, we engineered
deletion mutants of Notd¢ and carried out pull-down assays. As
the second segment of the Not1s-Notd, interface appeared the
weakest from an analysis using the PISA server (Krissinel and
Henrick, 2007), we constructed versions of Not4; lacking either
the first hydrophobic segment (Notd--AN) or the C-terminal hy-
drophobic segment (Notds-AC). GST-tagged Notds-AN precip-
itated Not1¢ to a similar extent as GST-Not4 (Figure 3D, lanes 2
and 3}. In contrast, G3T-tagged Notdc-AC failed to interact with
Notl; in the pull-down assay (Figure 3D, lane 4). Next, we intro-
duced specific mutations in the C-terminal segment of Notdg
and tested them for their ability to interact with Not1g in GST
pull-down assays. Mutations of Notdc either at Leud63 and
Phed64 (L463E F464E) or at Phedb4 and Trpd66 (F464E
W466E) failed to precipitate Notl1; (Figure 3E, lanes 3 and 4).
Altogether, these results suggest that the C-terminal segment
of Notdc makes the most significant contribution to the Not1-
Notd interaction while the first and second segments of Notdg
have a minor role.

Not4 Binding to Not1 Is Partially Conserved in Metazoa
To date, 8. cerevisiae is the only species in which a stable as-
sociation of Notd within the Ccrd-Not core complex has been
detected. This raises the question as to whether the interac-
tions observed in the Noti1g-Notdq crystal structure are likely
to occur in other species, particularly as in metazoa the incor-
poration of Not4 in the endogenous Ccrd-Not core complex
has been barely detectable (Lau et al., 2009; Temme et al.,
2010). In the case of Not1, many Not4-binding residues are
evolutionarily conserved in higher eukaryotes (Figure S3C).
In Notd, the first hydrophobic segment of the Not1-binding
region is conserved. Human CNOT4, for example, features
Ile419, Leud23, and GInd26 at the equivalent positions of
8. cerevisiae Leud30, Leud3d4, and Leud37, respectively (Fig-
ure 3F). However, the third Noti-binding segment of Not4 is
not present in human CNQOT4. Since the third segment is
essential for stable binding of Not4 to Notl in yeast (Figures
3D and 3E), such differences rationalize the weaker in vivo
association in higher eukaryotes (Lau et al., 2009; Temme
et al., 2010).

Not4 Binding to Not1 Is Independent of the Not Module

Next, we compared the structure of the ubiquitylation module
with that of the Not module. We superposed the structure
of yeast Not1o-Notde with those of yeast Not1s-Not2-Notbg
(Bhaskar et al., 2013) and human CNOT15-CNGT2,-CNOT3¢
(Boland et al.,, 2013). While Notds binds the side surface of
the first HEAT-repeat unit of Notl, yeast Not2-Notb: and hu-
man CNOT2;-CNOT3:; bind the top and the bottom surfaces
(Figure 4A). Although there is a small overlap between the



Figure 3. Not4. Wraps around the N-termi-
nal HEAT Repeats of Notic

(A-C) Close-up view of different segments of
Not4 that form the Notl1 interacting region. The
position of each individual segment in the context
of the complex is shown on the top left. The resi-
dues involved in interactions are shown as sticks
and labeled.

(D and E) Pull-down experiments with GST-tagged
versions of Not4 and untagged Not1., carried out

as described in Figure 2B.

{F) Structure-based sequence alignment of Netd.
from different species, as menticned in Figure 1D.
The secondary structure elements are shown
above the sequence.

See also Figure 53,
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model was refined against a 2.8-A resolution native dataset (collected at 1 A
wavelength).

Notla-Notde was crystallized at 12 mg ml 7 (see Supplemental Experi-
mental Procedures). The crystals belong to space group P3:27 with six
copies in an asymmetric unit related by translational nencrystallographic
symmetry (NCS). The structure was determined by molecular replacement
using Not1- from the Not1--Not2-Not5. structure as the search model (Bhas-
kar et al., 2013). The model was refined for individual sites and individual
B-factors along with torsion angle NCS restraints (in the initial rounds of
refinement) that allow local confermational changes between the NCS-related
copies.

Pull-down Assays

Pull-down assays of GST-tagged Net4 constructs with untagged Not1- and/cr
Not2-Not5; complex were performed as described in Bhaskar el al. (2013)
(see Supplemental Experimental Procedures).
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Figure 2. Structure of the Complex between Not4. and Noti;

{A) A schematic diagram of the domain architecture of S. cerevisiae Not1 C-terminal regicn and Notd. The colored rectangles indicate the regions present in the
structure. The gray rectangles represent other folded domains, while the empty boxes represent low-complexity regions.

(B) Protein co-precipitaticn by GST pull-down experiments. GST-Not4 -, GST-Not5:-Net2 (pesitive control), or GST alone (negative control) were incubated with
untagged Not1.in a buffer containing 150 mM NaCl before co-precipitation with GSH-Sepharose beads, asindicated. Input (upper panel) and precipitates (lower
panel) were analyzed on Coomassie stained 4%—12% Bis-Tris gradient gel (NuPage, Invitrogen). The proteins are labeled on the right.

(C) Structure of the Not1s-Notd- complex shown in carteon representation in two orientaticns. Not1zis colored in yellow and Not4 in blue. The N- and C-terminal
residues of both proteins are marked. Disordered loops are indicated as dotted lines.

See also Figure S2.

N-terminal helix of Not4s and the N-terminal region of Not5; as
observed in the yeast Not1c-Not2-Not5; complex, the struc-
tural analysis indicates that the interactions of Notd; and
Not2-Not5; occur at largely separate surfaces of Notle.
Indeed, pull-down assays showed that GST-tagged Notdg
could precipitate Not2-Not5¢ in the presence of Notig (Fig-
ure 4B). Thus, the ubiquitylation module and the Not module
can form simultaneously on the C-terminal domain of Noti.
Finally, Not4¢ binds at a completely different surface compared
with the protein Nanos, which in metazoa is recognized by the
C-terminal HEAT-repeat unit of CNOT1. Thus, the interactions
of metazoan CNCOT1 with CNOT2-CNOT3, CNOT4, and Nanos
can in principle also occur simultaneously (Figure 4C). Whether
and how bringing these proteins into close proximity by their
concomitant interaction on the Not1 platform affects the regu-
lation or coordination of their functions are open questions for
future studies.

EXPERIMENTAL PROCEDURES

Protein Purification
All proteins were cloned, expressed, and purified as previcusly described
(Bhaskar et al., 2013} (see Supplemental Experimental Procedures).

Crystallization and Structure Determination

All crystals were obtained by vapor diffusion at rocm temperature. All
data were collected at the PXIl and PXIIl beamlines of the Swiss Light
Source, processed using XDS (Kabsch, 2010), and scaled and merged using
Aimless (Evans and Murshudov, 2013). The structures were obtained
after iterative rounds of model building using the program Coot (Emsley
el al., 2010) and/or BUCCANEER (Cowtan, 2006) and refined using PHE-
NIX.REFINE (Adams et al., 2010). The Notd,-Ubc4d complex was crystallized
at 48 mg ml ' {(see Supplemental Experimental Procedures). Synchrotron
data collected at the zinc edge (wavelength 1.28 »5\) were used to sclve
the structure by molecular replacement-SAD in Phaser using the Ubc4
structure as a search model for molecular replacement and anomalous
signal from the zinc atom (Cock et al., 1993; McCoy et al., 2007). The final
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Figure S1

Detailed analysis of the Not4y-Ubc4 crystal structure (Related to Figure 1)

(A) Not4y-Ubc4 crystal structure and CNOT4-UbcH5B model are shown in similar orientation
in the top panels. Superposition of the same is shown in the bottom panel. The difference in



the orientation of helix a1 of E2 and the loop regions of E3 at the interface are highlighted by
arrows.

(B) Structure-based sequence alignment of all the E2 enzymes in S. cerevisiae. Not4
interacting residues of Ubc4 are indicated with blue dots. Residues providing specificity for
this E2-E3 interaction are highlighted. The secondary structure elements are shown above

the sequence.
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Figure S2

Identification of the Not1c-Notd: minimal complex (Related to Figure 2)

Not1 (1348-2093)-Not4 A417 complex is shown in lane1. Limited proteolysis of Not1 (1348-
2093)-Not4 A417 was carried out by incubating the complex at 0.6 mg ml™? with elastase
(Roche) for 60 minutes on ice at an enzyme to protein ratio of 1:10 and is shown in lane2.
The mixture was then subjected to size-exclusion chromatography in a buffer containing 20
mM Tris-Cl pH 7.5, 250 mM NaCl and 2 mM DTT. The peaks were analyzed on 4-12% Bis-
Tris NuPage gel with MES-SDS as the running buffer. The interacting fragments were
identified by N-terminal sequencing and Liquid chromatography-Mass spectrometry (LC-MS)

analysis. Not1c-Not4c complex that was used for structural studies is shown in lane4.



SUPPLEMENTAL EXPERIMENTAL PROCEDURE

Protein purification

All proteins were cloned and expressed in £. colf BL21 pLysS cells (Stratagene) in TB
medium with 0.5 mM IPTG induction overnight at 18 "C. Not1 constructs were expressed as
previously described in (Bhaskar et al., 2013). Not4y and full-length Ubc4 were expressed as
a fusion protein (connected by the linker TGSTGSTETG) with a N-terminal His-SUMO tag
cleavable by Senp2 protease. The Notde, Notde—AN and Notdc—AC (Not4 residues 418-477,
442-477 and 418-462, respectively) constructs were expressed as N-terminal His-GST fusion
proteins followed by a 3C cleavage site. The proteins were purified using similar protocols as
previously described (Bhaskar et al, 2013). Briefly, a first step of Nickel-based affinity
chrematography was followed by tag cleavage and size-exclusion chromatography. For pull-
down experiments, the GST-tagged proteins were purified with the same protocol but omitting

the tag cleavage step.

Crystallization

The Notdy-Ubcd complex was crystallized at 48 mg ml” by vapour diffusion using 10% (w/v)
PEG 8000, 0.02 M L-Na-Glutamate, 0.02 M Alanine (racemic), 0.02 M Glycine, 0.02 M Lysine
HCI (racemic), 0.02 M Serine (racemic), 0.1 M Bicine/Tris-Cl pH 8.5 and 20% (w#/) ethylene
glycol as crystallization buffer at room temperature.

Not1c-Notde complex was crystallized at 12 mg ml™ by vapour diffusion using 10% (w/v) PEG
4000, 0.02 M 1,6-Hexanediol, 0.02 M 1-Butanol, 0.02 M 1,2-Propanediol (racemic), 0.02 M 2-
Propanol, 0.02 M 1 4-Butanediol, 0.02 M 1,3-Propanediol, 0.1 M MOPS/Hepes-Na 7.5 and
20% Glycerol as crystallization buffer at room temperature.

Pull-down assays

100 pmol of GST-tagged protein was incubated with 200 pmol of the untagged prey protein
for 1hr at 4 C in the binding buffer (BB150 — 20 mM Tris-Cl pH 7.5, 150 mM NaCl, 2 mM
DTT, 12.5% (v/v) glycerol and 0.1% (w/v) NP40). 400 uL of BB150 buffer and 20 L of 50%
GSH-Sepharose resin were added to the protein mix and incubated for 1 hr with gentle
rocking at 4 ‘C. The resin was washed 3 times with BB150 and the proteins were eluted with
15 ulL of BB150 containing 20 mM Glutathione. Input and precipitate were mixed with 3X SDS
loading dye and resolved on 4-12% Bis-Tris NuPage gel (Invitrogen) using MES-8DS as

running buffer, and visualized by Coomassie blue staining.

F. Conclusions et perspectives



Depuis quelques années, de nombreux travaux ont permis d’établir que le complexe CCR4-
NOT n’était pas uniquement impliqué dans la dégradation des ARN, mais que bien au contraire il
était un important acteur du controle de I'intégrité des programmes de régulation des genes. Ces
nouvelles connaissances ont permis de mieux comprendre la biologie du complexe CCR4-NOT.
Toutes ces nouvelles données impliquant le complexe, aussi bien chez la levure que chez les
eucaryotes supérieurs prouvent que le complexe CCR4-NOT est impliqué dans le controle des
génes a différents niveaux. Ce complexe intervient dans des processus cellulaires variés, tels que la
réparation de I’ADN (Gaillard et al. 2009), le contrdle de la longueur de microtubules (DeBella et
al. 2006) ou la méthylation des histones (Lau et al. 2009). Il interagit directement avec les facteurs
de transcription et la polymérase Il dans le noyau, mais aussi avec les ribosomes dans le
cytoplasme. Sa présence dans différents compartiments cellulaires fait penser qu’il jouerait un
role dans le controle de la qualité cellulaire. A ce titre, il peut controler la structure de la
chromatine, et dans le cas d’un événement de transcription avorté, il agit sur I’élongation de la
transcription en recrutant 'ubiquitine ligase NOT4 sur la chromatine (Reese 2013). Le complexe
joue aussi un role sur les ribosomes dans le cas d’une traduction erratique et est capable de
corriger les erreurs en jouant sur la répression de la traduction et la dégradation des ARN
messagers suivis d’'une terminaison anormale de la traduction en utilisant respectivement deux

activités enzymatiques distinctes, I'ubiquitine ligase et la déadénylase (Reese 2013).

Des expériences chez des souris génétiquement modifiées ont mis en évidence les fonctions
intégrées de ce complexe au sein de différents organes et tissus, intervenant par exemple dans la
fonction cardiaque (Morita et al. 2007), |la spermatogenése (Nakamura et al. 2004) et le controle
du renouvellement des cellules souches (Zheng et al. 2012). Il est vraisemblable que, puisque que
le complexe est impliqué dans ces grandes fonctions régulatrices, il soit un acteur principal de la

régulation et de la coordination des programmes d’expression des genes.

Les organismes vivants sont en permanence exposés a des agressions diverses, comme celles de
pathogenes, des oncogenes ou encore des réponses inflammatoires. Dans ces conditions, il est
crucial que la machinerie cellulaire soit capable de réagir trés rapidement en réponse a ces signaux
afin de garantir une bonne maintenance cellulaire pour assurer la viabilité des organismes. Chacun
de ces signaux déclenchent des événements en cascade impliquant de nombreuses interactions
dans les différents chemins de transmission du signal. Une étude a montré que le complexe CCR4-
NOT est impliqué dans la régulation du signal TNF et suggere qu’il peut agir comme plateforme
chaperonne régulatrice (Collart and Timmers 2004). De plus le complexe CCR4-NOT peut adapter

I'expression des genes en réponse aux stimuli et aux changements cellulaires. La réponse du



systeme immunitaire innée est enclenchée par une phase d’induction pour répondre rapidement a
une agression extérieure, suivie d’'une répression de cette réponse. Comme le complexe CCR4-
NOT agit sur les niveaux contrélant I’expression des génes, de la transcription a la dégradation des
ARN, il permet une rapide adaptation des cellules aux agressions extérieures. Il serait trés
intéressant de comprendre les mécanismes moléculaires qui coordonnent le complexe CCR4-NOT,

a la fois sur la synthése des ARN messagers et sur leur dégradation.

Des progres significatifs ont été accomplis ces quatre derniéres années afin d’élucider la structure
tridimensionnelle du complexe CCR4-NOT. Les interactions des différentes sous-unités ont pu étre
mises en évidence et les structures tridimensionnelles sont disponibles pour le module de
déadénylation et le module NOT. Plus récemment, il a été possible de déterminer la structure
d’autres facteurs interagissant directement avec le complexe CCR4-NOT (DDX6, TTP). En
combinant toutes les structures déterminées par cristallographie aux rayons X et la structure du
complexe déterminée par microscopie électronique en coloration négative, il est possible de
proposer un modele présentant le complexe dans sa totalité. Ce modéle devra étre confirmé par
une structure a plus haute résolution, probablement par cryo-microscopie électronique. De plus,
d’autres études devront étre menées afin de mieux comprendre les roles fonctionnels du
complexe, en particulier des modules déadénylase et NOT et leurs relations éventuelles. Pourquoi
le complexe contient deux enzymes de déadénylation (CAF1 et CCR4) est une autre question
intrigante qu’il reste a élucider. En effet, il na pas encore été déterminé si ces enzymes
coopéraient ou avaient une fonction redondante (Winkler et al. 2013). Ces deux enzymes ont des
préférences pour les substrats poly(A) mais il est a noter que chez la levure S.cerevisiae, le site
actif est suboptimale et n’est probablement pas actif in vivo, servant uniqguement a recruter CCR4
sur le complexe (Basquin et al. 2012). De plus chez le complexe humain, il n’est pas clair pourquoi

il existe deux paralogues pour CCR4 (CNOT6, CNOT6L) et pour CAF1 (CNOT7, CNOTS).

Enfin, il n’a pas encore été identifié comment le complexe CCR4-NOT cible des ARN messagers
spécifiques, ce qui doit impliquer des facteurs extérieurs pouvant se fixer sur le complexe, tels que
la protéine PABP (poly(A)-binding protein), des facteurs de traduction ou des protéines pouvant se
lier a I’ARN (Collart and Panasenko 2012). D’autres études structurales pourront se montrer tres
utiles afin de mieux définir ces interactions et a terme comprendre leurs roles dans les grandes

fonctions biologiques.
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Résumé

Le recyclage des ARN débute par un étape de déadenylation ou la queue poly (A) est
enzymatiquement clivée. La deadenylation est I'étape limitante dans le processus de
dégradation des ARN. In vivo la deadenylation s’effectue successivement par les
complexes multi-protéiques Pan2-Pan3 et Ccr4-Not. Le complexe Ccr4-not est conserve
chez les eucaryote et considéré comme le complexe prédominant responsable de
l'activité de déadenylation dans la cellule. Le complexe est compose de neuf protéines
organisées autour de la protéine d’échafaudage Not1. Le complexe comprend quatre
modules distincts ; le module de déadenylation, la module Caf40, le module N-terminal et
le module C-terminal. Mon mémoire de thése regroupe les études structurales qui ont
contribues a caractériser les structures des différents modules a la fois chez la levure et
chez ’hnumain

Complexe Ccr4-Not-Cristallographie aux rayons X -Caractérisation biochimique

Résumé en anglais

mMRNA turnover begins with deadenylation wherein the poly(A) tail at the 3’ end of the
MRNA is removed. Deadenylation is the rate-limiting step of the decay pathway. /n vivo,
deadenylation is carried out by two major macromolecular complexes, the Pan2-Pan3
complex and the Ccr4-Not complex. The Ccr4-Not complex is a multi-protein complex that
is evolutionarily conserved in all eukaryotes and is considered to be the major
deadenylase complex in the cell. In S. cerevisiae, the Ccr4-Not complex is composed of
nine subunits and is built around the scaffolding protein Not1. Structurally, the Ccr4-Not
complex assembles into four separate modules with distinct domains of Not1 acting as a
scaffold for individual modules. The four modules include the N-terminal module, the
deadenylase module, the Caf40 module and the C-terminal module. With the exception of
the C-terminal module, the architecture and biochemical role of all other modules of the
yeast Ccr4-Not complex has been characterized. My doctoral thesis is focused on the
elucidation of the architecture of the human of the yeast Ccr4-Not complex

Ccr4-Not complexe-X-ray crystallography-biochemical characterization




