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SOMMAIRE

Les bactéries utilisent un large éventail de mécanismes afin d’ajuster avec précision le niveau
d’expression génique en fonction des besoins cellulaires. Aujourd’hui, il est clair que les ARN
régulateurs ont une fonction clef dans ce phénomene d’adaptation. Parmi eux se trouvent les
riborégulateurs. Ces éléments génétiques sont localisés dans la région 5° non traduite de certains
ARNm bactériens. La liaison d’un métabolite au riborégulateur induit un changement

conformationnel de I’ARNm ce qui contrdle I’expression du géne en aval.

Durant mes recherches doctorales, je me suis intéressée aux riborégulateurs thiM et btuB
d’Escherichia  coli, reconnaissant respectivement la thiamine pyrophosphate et
I’adénosylcobalamine. Ces deux riborégulateurs étaient initialement connus pour bloquer
I’initiation de la traduction du géne adjacent suite a la liaison du ligand. Cependant, mes travaux
ont montré que I’arrét de la traduction est corrélé a une diminution du niveau d’ARNm des geénes
régulés. Dans le cas du riborégulateur thiM, j’ai démontré que I’inhibition de la traduction est un
prérequis a la diminution de I’ARNm. Cette régulation implique une séquence unique de ’ARNm
qui induit a la fois une terminaison de la transcription Rho-dépendante et I’initiation de la
dégradation. Mes résultats suggerent que ce mécanisme de contrdle serait davantage répandu.
Cette découverte établit ainsi un nouveau paradigme expliquant le fonctionnement des

riborégulateurs bactériens.

Au cours de mes recherches, j’ai également montré que le petit ARN OmrA s’apparie par
complémentarité de séquence a bruB afin d’inhiber I’initiation de la traduction. L’expression du
méme gene est donc contrdlée au niveau traductionnel par deux catégories distinctes d’ARN non
codants. Tout comme pour le riborégulateur, le blocage de la traduction induit par OmrA est suivi
de la diminution rapide de I’ARNm. Etonnamment, mes résultats montrent que les voies de
contrdle de I'ARNm employées par le riborégulateur et le petit ARN sont foncierement
différentes. Cette étude contribue grandement a améliorer la compréhension des mécanismes

corrélant la traduction a la dégradation.

Mots clefs : Riborégulateurs, petits ARN, traduction, ARNm, régulation



“Alice: Would you tell me, please, which way I ought to go from there?
The Cheshire Cat: That depends a good deal on where you want to get to.

Alice: I don’t much care where

The Cheshire Cat: Then it doesn’t much matter which way you go.

Alice: so long as I get somewhere

The Cheshire Cat: Oh, you're sure to do that, if only you walk long enough”

— Lewis Carroll, Alice in Wonderland
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INTRODUCTION

A- Mise en contexte

A.1- Le contréle de l'initiation de la traduction chez les procaryotes

A.1.1- Apercu de I’étape d’initiation de la traduction

L’étape limitante de la syntheése protéique est I’initiation de la traduction (Kudla et al.,
2009). Celle-ci dépend de I’assemblage du complexe d’initiation qui est composé de la
sous-unité 30S du ribosome, de I’ARNt (acide ribonucléique de transfert) initiateur et de

I’ARNm (ARN messager) a traduire (Fig. 1).

La sous-unité 30S s’associe a I’ARNm au niveau du site de liaison du ribosome appelé
région Shine-Dalgarno (SD). Le SD est une séquence de 3 a 8 nt (nucléotides) de long,
riche en purine, qui est localisée de 5 a 8 nt en amont du codon d’initiation de la
traduction dans la région 5’ non traduite (5’UTR pour 5° untranslated region) de
I’ARNm. La liaison du ribosome au SD passe par une interaction entre le SD et une
séquence complémentaire présente a I’extrémité 3 de I’ARNr 16S (ARN ribosomal), un
composant de la sous-unité 30S. En parallele, I’ARNt initiateur (le plus souvent un N-
formylméthionyl-ARNt™®) s’apparie via sa séquence anticodon au codon d’initiation de
la traduction de ’ARNm (le plus souvent un AUG parfois un GUG). Une fois que les
éléments du complexe de préinitiation sont assemblés, la sous-unité 50S du ribosome

s’associe et I’étape d’élongation de la traduction peut s’ensuivre (Fig. 1).



/A- Les acteurs de I’étape d’initiation de la traduction N

ARNIL initiateur : ARNm:

e

Ribosome:

SDIAUG Seqg.codante  STOP

Sous-unité 70S

Sous-unité 30S
B- Le complexe d’initiation de la traduction

@ e
s ML
- = )

Figure 1 : Etape d’initiation de la traduction. SD : Shine Dalgarno. AUG : codon
d’initiation de la traduction, Seq codante : séquence codante, STOP : codon stop.
L’ARNt initiateur est ici un N-formylméthionyl-ARN{™ (fMet : formylméthionine). Les
Ribosomes, I’ARNt initiateur ainsi que [’ARNm sont les composantes permettant
Uinitiation de la traduction (A). Une fois que la sous-unité 30S et I’ARNt s’associent a
I’ARNm, la sous-unité 708 peut s’assembler au complexe (B).

A.1.2- Modulation de I’initiation de la traduction

Le niveau de traduction est tributaire de plusieurs parametres intrinseques a la région
d’initiation (Osterman et al., 2012). Parmi ces éléments sont retrouvés : la stabilité de
I’interaction entre la séquence du SD et la séquence anti-SD de I’ARNr 16S; la distance
entre le SD et le codon d’initiation; la nature du codon d’initiation de la traduction ou
bien la présence de structures de I’ARN. L’ensemble de ces parametres permet d’établir

un niveau basal adéquat de protéine par rapport aux besoins cellulaires.

Afin de répondre aux changements environnementaux, 1’étape d’initiation de la
traduction peut étre soumise a des régulations génétiques. Les principaux acteurs de ce

contrdle sont des ARN non-codants (ARNnc) régulateurs et des protéines liant I’ARN.



Généralement, le mécanisme implique 1’obstruction a I’acces des ribosomes a la région

d’initiation de la traduction de I’ARNm.

A .1.3- Effet de I’inhibition de la traduction sur le niveau d’ARNm

Le ralentissement ou I’inhibition compléte de la traduction induit souvent un arrét
prématuré de la transcription (Bossi et al., 2012.; de Smit et al., 2008) ou la dégradation
complete de I’ARNm (Deana et Belasco, 2005). Dans les deux cas, le principe est
similaire : 1’absence de ribosome sur I’ARNm permet la formation de structures
terminatrices ou bien facilite 1’acces de facteurs de terminaison de la transcription ou

d’endoribonucléases.

A.2- Vue globale du projet de thése

Dans le projet de theése présenté ici, nous nous intéressons a deux types d’ARN
régulateurs bactériens qui controlent 1I’expression génétique au niveau de 1’initiation de la
traduction. Ce contrdle traductionnel module la quantité d’ARNm des genes régulés. Afin
de comprendre au mieux les mécanismes mis en jeu dans une telle régulation, la
prochaine partie décrit I’impact de la régulation traductionnelle sur le niveau d’ARNm.
Plus précisément sur la terminaison Rho-dépendante et la dégradation puisque ce sont ces
deux mécanismes qui nous intéressent ici. La partie suivante aborde les ARN régulateurs
bactériens et met I’emphase sur les protagonistes du projet qui sont les riborégulateurs

thiM et btuB ainsi que les petits ARN régulateurs OmrA et OmrB d’Escherichia coli.



B- Impact de la régulation traductionnelle sur le niveau d’ARNm

B.1- Impact de 'inhibition de la traduction sur la terminaison Rho-dépendante

B.1.1- La terminaison de la transcription Rho-dépendante

B.1.1.1- Importance de la terminaison Rho-dépendante

La terminaison Rho-dépendante joue un rdle crucial dans la physiologie bactérienne. Les
terminateurs Rho-dépendants requierent la protéine Rho qui est une hélicase hexamerique
avec une activité ATPase (adénosine triphosphatase). Au cours de la transcription, Rho se
lie et transloque dans le sens 5° — 3’ le long de I’ARNm jusqu’a rencontrer I’ARN
polymérase (ARNp). Ceci aboutit a la dissociation de I’ARNp du duplex ARN/ADN

(acide désoxyribonucléique).

Une étude menée par le 1’équipe de Landick a permis d’identifier chez E. coli, dans des
conditions données, 199 sites de terminaison de la transcription Rho-dépendantes putatifs
(Peters et al., 2009). Parmi ces sites, 102 sont localisés dans des régions intergéniques et
permettraient la terminaison de la transcription des ARNm ou petits ARNnc. Les 97
autres sites restants de terminaison Rho-dépendantes sont localisés dans des régions
intragéniques. Ces derniers seraient dépendants de 1’efficacité du processus de traduction.
Ainsi, ils aideraient a diminuer la quantit¢ d’ARNm lorsque ceux-ci sont peu ou pas
traduits. Rho est aussi responsable de 1’effet de polarité de la transcription d’un opéron
(de Smit et al., 2008). En effet, lorsque 1’'un des premiers génes d’un opéron est peu ou
pas traduit, sa transcription est réduite par action de la protéine Rho. Ceci a un impact
direct sur I’expression des genes situés en aval. Ainsi, il est clair que le mécanisme liant

Rho aux ribosomes est d’'une importance primordiale pour la cellule.



B.1.1.2- Mécanisme de la terminaison Rho-dépendante

Trois étapes décrites dans les lignes suivantes caractérisent la terminaison Rho

dépendante (Peters, Vangeloff, et Landick, 2011).

B.1.1.2.1- Liaison de Rho a ’ARN

Tout d’abord, la protéine Rho se lie a des séquences d’ARN non structurées appelées
sites rut (Rho utilisation site). Comme les séquences rut sont trés variables, il n’existe
aucun consensus permettant une identification in silico des terminateurs Rho-dépendants.
Cependant, I’analyse des sites rut connus montrent que Rho se lie préférentiellement a
des séquences d’ARN linéaire d’environ 70 a 80 nt qui ont la particularité d’€tre riche en
cytosine. Des expériences de SELEX in vitro (Systematic Evolution of Ligands by
Exponential Enrichment) montrent que Rho peut se lier aussi efficacement a des régions
riches en cytosine qu’a des structures tige-boucles (Schneider et al., 1993). Ainsi les sites
de liaison de Rho pourraient étre bien plus complexes que ceux qui sont actuellement

connus.

B.1.1.2.2- Translocation de Rho le long de I’ARN

Apres sa liaison au site rut, Rho transloque le long de I’ARN dans le sens 5° — 3’ grace a
son activité ATPase. Deux modeles de translocation sont proposés (Peters et al., 2011).
Dans un premier modele nommé « poursuite » (tracking), le site rut est toujours associé a
Rho pendant la translocation (Fig. 2A). Dans le second modele, nommé « translocation
simple », le site rut est dissocié€ et I’ARN passe dans la cavité centrale de la protéine Rho

(Fig. 2B).
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Figure 2 : Modéles de translocation de Rho au long de ARN. Le site rut est représenté
en rouge sur I’ARNm. Les modéles représentent la vue latérale de la protéine Rho.
L’encadré montre la vue frontale de la protéine Rho en cours de translocation. Dans le
modele de poursuite (A) le site rut est toujours associé a Rho contrairement au modéle de
translocation simple (B).

B.1.1.2.3- Dissociation de I’ARN polymérase

A I’étape finale Rho dissocie le complexe d’élongation de la transcription arrété a un site
de pause. Les pauses de I’ARNp au cours de la transcription sont induites par des
séquences d’ADN ou des structures naissantes de ’ARNm (Artsimovitch et Landick
2000; Komissarova et Kashlev 1997; Landick 2009). Généralement la terminaison a lieu
a plusieurs sites de pauses localisés entre 60 et 120 nt en aval du site rut (Lau et al., 1982;

Hollands et al., 2012).

Trois modeles expliquent comment le facteur Rho permet la dissociation de I’ARNp de
I’hybride ARN-ADN (Peters et al., 2011). Dans un premier modele, appelé «la cassure
des hybrides » (hybrid shearing), Rho transloque le long de I’ARN diminuant ainsi la
distance la séparant de I’ARNp. Quand Rho et ’ARNp sont a proximité, ceci induit une
tension de I’ARN qui déstabilise le duplex ARN:ADN et déloge I’ARNp. Dans le second
modele, appelé « hypertranslocation », Rho pousse I’ARNp qui transloque sur I’ADN
sans faire 1’élongation de I’ARN. Enfin dans un dernier mode¢le, appelé « invasion »,
c’est I’activité hélicase de Rho qui permet de défaire 1’hybride ARN:ADN aboutissant

ainsi a la dissociation de I’ARNp.



B.1.2- La traduction et la terminaison Rho-dépendante

B.1.2.1 Le couplage entre la transcription et la traduction

L’efficacité du couplage du processus de transcription et de traduction est déterminante
dans la terminaison Rho dépendante. Chez les bactéries, la traduction commence des que
le SD émerge de I’ARNp. L’ARNp est donc suivie de pres par les ribosomes. Nudler et
son équipe ont récemment découvert que le taux de transcription est dépendant du taux de

traduction (Proshkin ez al., 2010). Dans leur modele, le ribosome pousse I’ARNp.

La coordination entre les processus de traduction et de transcription repose sur
I’interaction de la protéine NusG avec la protéine NusE (aussi nommée S10; Burmann et
al., 2010). NusG est un facteur d’élongation de la transcription qui est lié via son
domaine N-terminal a I’ARNp (Sevostyanova et Artsimovitch, 2010). Cette interaction a
pour effet d’accélérer la transcription. Le domaine C-terminal de NusG interagit avec la
protéine NusE. La protéine NusE est quant a elle associée a la sous-unité¢ 30S du
ribosome. L’interaction NusG :NusE permet ainsi d’ajuster le taux de transcription par

rapport au niveau de traduction (Fig. 3B).

Les pauses de I’ARNp au cours de la transcription participent aussi au couplage de la
synthese d’ARN et de protéines (Gong et Yanofsky, 2003; Landick et al., 1985). Lorsque
I’ARNp s’arréte a un site spécifique durant la biosyntheése d’ARN, ceci alloue du temps
au ribosome pour rejoindre le complexe d’élongation de la transcription. Une fois que le
ribosome contacte I’ARNp, celle-ci est libérée de son site de pause et poursuit ainsi

I’élongation de la transcription.

B.1.2.2- Compétition entre Rho et le ribosome pour ’acces a ’ARNm

Lorsque les sites de terminaison sont dans des régions traduites de I’ARNm, Rho et le
ribosome sont en compétition pour leur liaison a ’ARNm [18]. Deux modeles sont

actuellement proposés afin d’expliquer ce phénomene. Dans un premier modele, la



présence de ribosomes sur I’ARNm masque les sites rut. De ce fait, Rho ne peut pas se
lier a I’ARNm naissant (Fig. 3A). Lorsque la traduction est diminuée ou bien arrétée, Rho
accede plus facilement au site rut et provoque 1’arrét de la transcription. Dans un second
modele, Rho et le ribosome sont en compétition pour lier le facteur NusG complexé a
I’ARNp (Fig. 3B). La protéine NusG est, dans certains cas, essentielle a la terminaison
Rho-dépendante (Peters et al., 2014). Le domaine C terminal de NusG peut lier la
protéine Rho (Chalissery et al., 2011). Les interactions NusG-NusE (voir section
précédente) et NusG-Rho sont mutuellement exclusives. Dans un contexte ou la
traduction est efficace, la protéine NusE du ribosome interagit avec NusG, ce qui
empéche ’association NusG-Rho de se former. En revanche, si la traduction est arrétée
ou inefficace, Rho peut alors interagir avec la protéine NusG et terminer la transcription.
Les deux modeles présentés ci-dessus ne sont pas incompatibles puisque la liaison de

Rho au site rut n’exclue pas une interaction entre Rho et NusG.
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Figure 3 : Modéles de compétition entre Rho et le ribosome pour la liaison a '’ ARNm.
Le site rut est représenté en rouge sur I’ARNm. Les ribosomes masquent le site rut par
encombrement stérique (A). Rho et le ribosome sont en compétition pour lier le facteur
NusG qui est associé a ’ARNp (B).



B.2- Impact de l'inhibition de la traduction sur la dégradation de TARNm

B.2.1- Apercu des étapes de la dégradation chez E. coli

Les processus de dégradation de I’ARN font participer de facon combinée des
endoribonucléases et des 3° exoribonucléases (Fig. 4). La dégradation est généralement
initiée par une endoribonucléase qui clive les liens phosphodiesters internes de 1’ARN.
C’est souvent la RNase E qui amorce le processus de dégradation. Le clivage
endonucléolytique initial est considéré comme limitant pour la suite de la dégradation
(Fig. 4A; Deana and Belasco 2005; Mackie 2013). Les fragments d’ARN résultants sont
dégradés par des exoribonucléases qui clivent de fagcon processive le nucléotide terminal
de la chaine d’ARN dans le sens 3° — 5’ sans spécificité de séquence (Fig. 4B et C;
Kushner 2002). La PNPase, la RNase Il et la RNase R sont les principales
exoribonucléases impliquées dans la dégradation des ARN. La RNase R et la PNPase,
contrairement a la RNase II, peuvent dégrader des ARN structurés. Toutefois, ces deux
enzymes nécessitent une région linéaire d’ARN comme point d’ancrage pour amorcer la
réaction (Belasco, 2010). Pour pallier a cela, la cellule possede une poly(A) polymérase
(PAP) qui ajoute une succession d’une vingtaine d’adénines en 3’ de I’ARN (queue
poly(A)). Ceci suffit a initier la dégradation par les exoribonucléases (Fig. 4C; Andrade
et al., 2009; Hajnsdorf et al., 1995; Liu et Parkinson 1989). L’ajout répété d’une queue
poly(A) ainsi que parfois I’aide d’une hélicase, facilite la dégradation complete d’ARN
tres structurés (Coburn et al., 1999a). Enfin, I’oligoRNase intervient a la toute fin du
processus de dégradation (Ghosh et Deutscher, 1999). Cette enzyme est une
exoribonucléase essentielle a la cellule. Elle convertit les intermédiaires de dégradation
présents sous forme de courts oligonucléotides en mononucléotides afin qu’ils soient

utilisés de novo pour la transcription.
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Figure 4 : Voie de dégradation des ARNm chez E. coli. Le processus de dégradation
débute par le clivage d’une endoribonucléase (A). Les fragments résultants sont ensuite
pris en charge par des exoribonucléase (B). Si les fragments d’ARN sont structurés, la
PAP ajoute une queue poly(A) afin que les exoribonucléases puissent poursuivre la
dégradation (C).

B.2.2-LaRNase E

La RNase E est considérée comme I’enzyme majeure de dégradation et de maturation des
ARN. Cette endoribonucléase est connue pour étre impliquée dans la maturation des
ARNTr (5S et 16S), des ARNt et de la sous-unité ARN de la RNase P (Ghora et Apirion
1978; Li et al., 1999; Li et Deutscher, 2002; Lundberg et Altman, 1995). En plus de cela,
plusieurs études montrent que la RNase E joue un rdéle primordial dans la dégradation de
I’ensemble des ARN chez E. coli. Des analyses transcriptomiques (Stead et al., 2011)

révelent ainsi que I’absence de la RNase E affecte la quantité d’environ 60% des ARN
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chez E. coli. Les prochaines sections visent a donner un apercu du fonctionnement de la

RNase E.

B.2.2.1- Structure de la RNase E

La RNase E est un tétramere composé de quatre monomeres Rne qui forment le cceur du
complexe protéique appelé Dégradosome ARN (Callaghan et al., 2005). Chaque
monomere contient 1061 acides aminés et peut étre subdivisé en deux domaines majeurs
(Fig. 5). La partie globulaire N-terminale (de 1 a 529 acides aminés) héberge I’activité
catalytique de I’enzyme. La partie C-terminale (de 565-1061 acides aminés) est
faiblement structurée. Elle est le siege des interactions avec des protéines composant le
complexe du Dégradosome ARN (voir section B.2.3). Le domaine C-terminal possede
également un motif de liaison aux phospholipides responsable de 1’association de la

RNase E a la membrane interne de la paroi bactérienne (Khemici et al., 2008).
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Figure 5 : Représentation des différents domaines de la RNase E. Le domaine N-
terminal porte I’activité catalytique et est divisé en plusieurs sous-domaines fonctionnels.
Le domaine DNase I like (désoxyribonucléase) catalyse le clivage. Les domaines RNase
H se replient de facon similaire a la RNase H, mais aucune fonction ne leur est attribuée
a ce jour. La région Zn lie le zinc pour la coordination des deux monomeres Rne. Le
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domaine C-terminal permet [’association a différentes protéines et a la membrane
interne par le segment A. Deux segments riches en arginine (ARl et AR2) seraient
impliqués dans la liaison a ’ARN.

B.2.2.2- Mécanisme de dégradation par la RNase E

La RNase E clive usuellement des régions linéaires de I’ARN riches en résidu adénine et

uracile. Elle peut accéder a son substrat selon deux mécanismes bien distincts (Fig. 6).

Le premier mécanisme dépend de 1’état de phosphorylation de I’extrémité 5° de I’ARNm.
En effet, la RNase E a une forte affinité pour les substrats ARN présentant une extrémité
5’ monophosphate (Mackie, 1998). Le cristal de la RNase E montre que le domaine
senseur localisé dans la partie catalytique N-terminal peut facilement accommoder une
extrémité 5° monophosphate de I’ARN (Callaghan et al., 2005). La reconnaissance du 5’

monophosphate augmente 1’efficacité du clivage.

Cette voie d’entrée de la RNase E requiert la génération d’une extrémité 5’
monophosphate car les ARNm arborent normalement une extrémité 5’ triphosphate.
Celle-ci peut résulter d’un clivage préliminaire par une autre endoribonucléase (Fig. 6A).
Dans ce cas, la RNase E cible les ARNm dont la dégradation est déja amorcée.
L’extrémité 5° triphosphate de I’ARNm peut aussi étre convertie en monophosphate par
une ARN pyrophosphorylase nommée RppH (Celesnik et al., 2007; Deana et al., 2008).
Cette enzyme Ote les groupements phosphate et y du 5° de ’ARN ne laissant alors que
le groupement o (Fig. 6A). L’action de RppH peut étre bloquée par la présence de
structure tige-boucle en 5° de ’ARNm (Emory et al., 1992; Hsieh et al., 2013).
Toutefois, ceci ne suffit pas a expliquer la spécificité de reconnaissance de RppH et la

sélection des ARNm cibles.

Le deuxieme mode d’acces de la RNase E a son substrat est indépendant du 5° de
I’ARNm (Fig. 6B). Cette voie alternative est nommée « voie d’entrée directe » ou « voie
d’entrée interne » (Bouvier et Carpousis, 2011). Une étude récente suggere qu’il s’agirait

de la voie majeure de dégradation des ARN chez E. coli (Clarke et al., 2014). Bien que le
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mécanisme d’entrée interne de la RNase E ne soit pas élucidé, celui-ci impliquerait la

reconnaissance spécifique de la région d’ARN a cliver.
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Figure 6 : Les différentes voies d’entrée de la RNase E pour accéder a son substrat. La
RNase E accede a son substrat de facon dépendante (A) ou indépendante (B) de
Uextrémité 5’ de ’ARNm ciblé. Le clivage de la RNase E génére dans les deux cas (A et

B) une extrémité 5’ monophosphate qui stimule de novo [’activité de la RNase E.



B.2.3- Le dégradosome ARN

Chez E. coli, 1a RNase E fait partie d’un complexe protéique de dégradation majeur
appelé « dégradosome ARN » (Fig. 7). En plus de la RNase E, le dégradosome ARN, est
formé de la PNPase, d’une hélicase nommée RhIB et d’une énolase. Ces enzymes

interagissent directement avec le domaine C-terminal de la RNase E (Fig. 5 et Fig. 7).

La protéine RhIB est de la famille des hélicases a motif DEAD. Ce motif trés conservé
est nécessaire a 1’hydrolyse de I’ATP permettant I’activité hélicase. L’efficacité de
I’activité de RhIB est significativement augmentée lorsque la protéine est associée au
dégradosome ARN (Coburn et al., 1999b). La fonction de RhIB dans le dégradosome
ARN serait de dérouler les structures d’ARN qui bloqueraient la dégradation 3° — 5’ par
la PNPase. La RNase E, la PNPase et RhIB agiraient donc conjointement pour la

dégradation rapide et efficace des ARN.

Figure 7 : Le dégradosome ARN. Le complexe est composé de la RNase E, la PNPase,
I’hélicase RhIB et une énolase. Il est associé a la membrane interne de la paroi
bactérienne.

L’énolase joue un role central dans le métabolisme bactérien puisqu’elle est impliquée
dans la voie de la glycolyse [44]. Par contre, la fonction de cette enzyme au sein du
dégradosome n’est pas entierement €lucidée. Une étude structurale indique que

I’association de 1’énolase au dégradosome faciliterait la réorganisation du site de liaison a
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I’ARN (AR2, Fig. 5) de la RNase E (Chandran et Luisi 2006). De plus, ’interaction
énolase-dégradosome affecte le niveau d’ARNm impliqués dans le métabolisme
énergétique et la réponse au stress sucre-phosphate (Bernstein et al., 2004; Morita et al.,
2004; Carpousis 2007). Une des hypotheses actuelles est que 1’énolase, associée au

dégradosome ARN, permettrait d’établir un lien étroit entre le métabolisme et la

dégradation des ARN [48].

Outre la PNPase, I’énolase et RhIB, d’autres protéines peuvent faire partie du complexe
de dégradation. Ainsi, la RNase II a été récemment montrée pour s’associer au
dégradosome ARN en présence de RhIB et de la PNPase [49]. Le dégradosome ARN est
aussi un complexe dynamique dont la composition dépend des phases ou des conditions
de croissance. Par exemple, RhIB peut étre remplacée par 1’hélicase CsdA exprimée lors

d’un choc thermique ou RhIE (Prud’homme-Genereux et al., 2004; Vanzo et al., 1998).

B .2 .4- La traduction et la dégradation

Les processus de traduction et de dégradation de I’ARNm sont intimement liés. En effet,
beaucoup d’ARN sont inactivés par I’initiation de la dégradation qui empéche par la suite
le processus de traduction. Cette dégradation appelée «nucléolytique» (Fig. 8A) est
souvent médiée par une endoribonucléase. Celle-ci peut cliver soit entre les ribosomes
soit en aval du ribosome de té€te ou enfin de part et d’autre de la région codante, au niveau

de séquences importantes a la traduction (Dreyfus, 2009).

A- Nucléolytique B- Non nucléolytique

Initiation de la ————— Traduction Inibition de la ———— Dégradation

dégradation traduction

Figure 8 : Représentation des deux modes de dégradation de "TPARNm. La dégradation
nucléolytique aboutit a l’inhibition de la traduction (A) tandis que la dégradation non
nucléolytique est une conséquence de l’inhibition de la traduction (B).
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A T'inverse de la dégradation nucléolytique, I’inhibition de la traduction peut provoquer
I’initiation de la dégradation [52]. Il s’agit ici d’une dégradation «non nucléolytique»
(Fig. 8B). Cette régulation est basée sur la fonction protectrice des ribosomes, car leur
présence sur ’ARNm rend inaccessibles les sites de clivage aux RNases cellulaires.
L’inhibition de la traduction est généralement médiée par un répresseur qui bloque
I’acces des ribosomes a I’ARNm (voir section A.1.3). Alors que le contrdle traductionnel
exercé ici peut €tre théoriquement réversible, I’initiation de la dégradation permet de

rendre la régulation irréversible.

C- Les ARN régulateurs chez les procaryotes

C.1- Les petits ARN régulateurs

Les petits ARN régulateurs bactériens sont des acteurs cruciaux de la régulation
génétique. Le plus souvent, ils s’apparient a un ARNm et affectent sa traduction ou sa
stabilité (Lalaouna et al., 2013). Les spécificités des mécanismes d’action sont néanmoins
variées. Ainsi un petit ARN peut contréler I’expression de plusieurs geénes selon des
modes différents. Des études globales ont grandement facilité 1’identification des petits
ARN régulateurs (Thomason et Storz, 2010). A titre d’exemple, E. coli posséde plus de
50 petits ARN de 40 a 400 nt ce qui représente plus de 1% de son génome. Les tailles et
les séquences des petits ARN sont hétérogenes et leur expression répond a un large
éventail de changements environnementaux (Thomason et Storz, 2010). De par
I’ensemble de ces propriétés, les petits ARN assurent une régulation rapide et simultanée

de I’expression génique en fonction des besoins cellulaires.

C.1.1- Apercu des mécanismes de régulation
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D’une maniere générale, les petits ARN modulent 1’expression génique en s’appariant a
des ARNm par complémentarité de séquence. Certains petits ARN sont encodés sur le
brin opposé de I’ARNm régulé. Il s’agit d’une régulation en cis ot I’ARN s’apparie a sa
cible par complémentarité de base parfaite. A I’inverse, d’autres petits ARN sont encodés
sur un locus distant de ’ARNm régulé. Il s’agit alors d’une régulation en trans et la
complémentarité de bases entre le petit ARN et ’ARNm est ici imparfaite. Dans la
grande majorité des cas le petit ARN requiert la protéine chaperonne Hfq pour son
fonctionnement (De Lay et al., 2013; Vogel et Luisi, 2011). Les caractéristiques d’Hfq
sont présentées plus en détail dans la section C.1.2. Les lignes suivantes décrivent

bricvement les différents modes de régulation des petits ARN.

C.1.1.1- Mode de régulation négatif

L’appariement du petit ARN a sa cible affecte fréquemment de facon négative
I’expression génique (Fig. 9A). Le mécanisme de régulation prédominant est 1’inhibition
de la traduction (Lalaouna et al., 2013). Le petit ARN s’apparie sur ou a proximité de la
région d’initiation de la traduction de I’ARNm ce qui empéche le complexe de
préinitiation de la traduction de s’assembler. La syntheése protéique n’a alors pas lieu
(Fig. 9Ai). De fagon concomitante a 1’inhibition de la traduction, le dégradosome ARN
peut étre recruté a I’ARNm ciblé via une interaction avec la protéine Hfq. Il s’en suit

ainsi la dégradation du transcrit (Prévost et al., 2011).

Quelques fois, I'initiation de la dégradation peut avoir lieu en absence de contrdle
traductionnel (Fig. 9Aii). Selon le méme principe, le dégradosome ARN est recruté au
site d’appariement du petit ARN qui peut étre, dans ce cas, localis€ dans la région
codante de I’ARNm (Pfeiffer et al., 2009). La RNase III est également connue pour
initier la dégradation de I’ARNm médiée par des petits ARN. Toutefois, son recrutement

semble étre indépendant de la protéine Hfq et passerait plutdt par la reconnaissance et le

clivage du duplex petit ARN-ARNm (Huntzinger et al., 2005; Viegas et al., 2011).
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C.1.1.2- Mode de régulation positif

A contrario des mécanismes présentés ci-dessus, I’appariement du petit ARN a ’ARNm
module parfois de facon positive 1’expression génique (Fig. 9B; Papenfort et Vanderpool
2015). Par exemple, celui-ci peut faciliter 1’acces du ribosome au SD en induisant un
changement de conformation de I’ARN dans la région d’initiation de la traduction (Fig.
9i; Prevost et al., 2007). D’une tout autre facon, un petit ARN peut stabiliser un ARNm
en s’appariant au niveau du site de clivage d’'une RNase. Comme la RNase ne peut
accéder au site, la dégradation de I’ARNm n’a pas lieu (Fig. 9Bii; Kalamorz et al., 2007,
Urban et al., 2007).

C.1.1.3- Titration de protéines

Certains petits ARN ont un mode de régulation qui ne repose pas sur un appariement
ARN-ARN, mais sur la titration de protéines liant I’ARN. Les petits ARN interagissent
au niveau du site de liaison de ’ARNm de la protéine et ’empéchent d’exercer leur
fonction cellulaire. Par exemple, le petit ARN 6S « mime I’ADN » et interagit ainsi avec
I’ARNp associée au facteur o(70) (Wassarman et Storz, 2000). Ceci prévient

I’association de I’ARNp avec certaines régions promotrices.
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Figure 9 : Mécanismes d’action des petits ARN régulateurs par appariement de bases a
un ARNm. Les petits ARN peuvent avoir un effet négatif sur I’expression génique (A) en
inhibant Uinitiation de la traduction (Ai.) ou bien en induisant la dégradation (Aii.).
Parfois les petits ARN peuvent avoir un effet positif sur [’expression génique (B) en
modifiant la structure de I’ARNm de facon a permettre Uinitiation de la traduction (Bi.)
ou bien en protégeant I’ARNm de la dégradation (Bii.)

C.1.2- Role de la protéine Hfq dans la régulation par les petits ARN

Chez E. coli, la majorité des petits ARN s’associent a la protéine chaperonne Hfq. Une
analyse comparative montre que Hfq est homologue aux protéines Sm et LSm (Sm-like)
qui font partie du complexe d’épissage et de dégradation chez les eucaryotes
(Schumacher et al., 2002). Les monomeres de Hfq s’assemblent en hexamere ou

dodécamere dans la cellule. La protéine forme alors un anneau avec une face dite
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«proximale» et une autre face dite «distale» (Mikulecky et al., 2004). La face proximale
de Hfq lie les petits ARN au niveau de la queue poly(U) de leur terminateur de
transcription (Otaka et al., 2011). La face distale interagit avec ’ARNm au niveau de

séquences riches en adénine (Link ef al., 2009).

Les roles de Hfq dans la régulation sont multiples. Tout d’abord, en se liant au petit
ARN, Hfq bloque 1’acceés aux RNases. Le petit ARN est donc stabilisé. Ensuite, en se
liant a ’ARNm, Hfq augmente la concentration locale en petits ARN. Parfois, Hfq
remodele des structures de I’ARNm favorisant ainsi 1’appariement du petit ARN (Zhang
et al., 2003; Moller et al., 2002). La protéine Hfq peut avoir un réle crucial dans la
régulation de 1’expression génique. Par exemple, la liaison de Hfq au niveau du SD de
I’ARNm peut étre directement responsable de 1’inhibition de la traduction (Desnoyers et
Masse 2012; Vytvytska et al., 2000). La protéine Hfq est également connue pour
s’associer de fagcon stable a la région C-terminale de la RNase E. Cette interaction est a
I’origine du recrutement du dégradosome au site d’appariement. Ce qui résulte en la

dégradation rapide du duplex petit ARN-ARNm (Ikeda et al., 2011).

C.1.3- Les petits ARN OmrA et OmrB

C.1.3.1- Description d’OmrA et OmrB

Les séquences ADN d’OmrA et OmrB sont localisées de facon adjacente dans le génome
d’E. coli. L’expression de ces deux petits ARN est sous le contrdle d’un systeme a deux
composants EnvZ-OmpR qui répond au choc osmotique (Fig. 11). EnvZ est I’histidine
kinase et OmpR le régulateur de réponse. Lorsque le milieu extracellulaire présente une
osmolarité élevée, c’est-a-dire une forte concentration en un soluté, OmpR est
phosphorylé. Sous cette forme, OmpR active ’initiation de la transcription d’OmrA et
OmrB en se liant a leur séquence promotrice respective [75]. OmpR sous sa forme
phosphorylée aurait plus d’affinité pour la région promotrice d’OmrB que d’OmrA

(Argaman et al., 2001; Zhang et al., 2003). Une étude récente indique également que
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I’expression d’OmrA  (mais pas celle d’OmrB) serait dépendante du facteur de

transcription alternatif o(S) en réponse a un stress (Peano et al., 2015).

Les petits ARN OmrA et OmrB comptent respectivement 88 et 82 nt de long. Tandis que
les nucléotides de la région centrale différent, les 21 premiers et 30 derniers nt sont
similaires (Fig. 10; Guillier et Gottesman, 2006). Cette caractéristique indique qu’OmrA
et OmrB pourraient controler I’expression de cibles identiques par la région 5° ou 3’ et de

cibles différentes par la région centrale.

C U 40

30p€ G
u G
30c \ c-a
U C A-U
OmrA u u OomrB A-U
A / C-G
U -
U.G GU AG
A-U>50 70 A C 40 G A
G-C G A AG—CA A U
A-U G u 20 o a c-G
20 G-C c-G G-C
% G-C G-U C-G70
c-G G-G 60 G_C
G A-A
C G-C U-A U-A
U-A U-A cC-G
G-C C-G ) A-U c-G
5 10 G- C60 C-Ggo 3 5 10 GeUg, GeU 80 3
CCCAGAGGUAUUGAUU—A Uuuuvuuuu CCCAGAGGUAUU-ACACCA uuuuuuu

Figure 10 : Structure secondaire des petits ARN OmrA et OmrB. Les nucléotides en
rouges représentent les régions similaires entre les deux petits ARN; ceux en noirs les
régions variables. La structure est basée sur des analyses Mfold et sur la structure
conservée donnée sur Rfam.

C.1.3.2- Les genes régulés par OmrA et OmrB

Une étude transcriptomique a récemment montré que la surexpression d’OmrA et OmrB
controle négativement le niveau d’ARNm codant pour des protéines de la membrane

externe (Guillier et Gottesman, 2006). Parmi eux se trouvent: ompT codant pour une
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protéase de peptides antimicrobiens; cirA, fecA et fepA qui codent pour des récepteurs au
fer ainsi que btuB qui code pour un récepteur du coenzyme B12. CirA, FecA, FepA et
BtuB sont également des récepteurs a colicines et aux bactériophages. La méme étude
montre que les deux petits ARN controlent I’expression de leur propre régulateur OmpR.
OmrA et OmrB sont également connus pour réguler négativement 1’expression des genes
csgD, flhDC, ydaM, impliqués dans la mobilité bactérienne (Holmgqvist et al., 2010; De
Lay et Gottesman, 2012; Mika et Hengge, 2014).

Les deux petits ARN OmrA et OmrB provoquerait ainsi le remodelage de la composition
en protéine de la membrane externe et inhiberait la mobilité cellulaire en cas de choc
osmotique ou d’un autre stress. L’intérét serait d’éviter ’entrée de composés qui
pourraient nuire a la survie bactérienne et de prévenir la biosynthése de curli et de
flagelle qui serait délétere dans certaines conditions (Mika et Hengge, 2014). Dans le cas
de bactéries pathogeénes qui sont confrontées a des stress varié€s, la diminution de la
présence de récepteur a surface de la bactérie pourrait permettre d’échapper au systéme

immunitaire de 1’hote (Guillier et Gottesman, 2006; Barnhart et Chapman, 2006).

C.1.3.3- Le mode d’action d’OmrA et OmrB

Le mécanisme d’action d’OmrA et OmrB a été caractérisé plus en détail pour les cibles
ompT, ompR, cirA et csgD (Guillier et Gottesman, 2008; Holmqvist et al., 2010). Comme
pour beaucoup d’autres petits ARN, Hfq est essentielle au mécanisme d’action d’OmrA
et OmrB. Dans tous les cas caractérisés, la région 5’ des deux petits ARN s’apparient
directement a I’ARNm cible au niveau ou a proximité du SD (Fig. 11). Ceci résulte en
I’inhibition de la traduction de I’ARNm ciblé. L’arrét de la traduction induit par OmrA et
OmrB est combiné a une dégradation rapide de I’ARNm (Fig. 11). Le dégradosome ARN
est nécessaire a cette étape. Le mécanisme présenté ici est basé uniquement sur 1’étude de
quelques cibles. Ainsi, OmrA et OmrB pourraient employer des mécanismes d’action

plus divers pour controler I’expression génique.
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Figure 11 : Résumé du mécanisme d’action des petits ARN OmrA et OmrB. Le systeme
a deux composants EnvZ/OmpR controle I’expression d’OmrA et OmrB. Les deux petits
ARN requierent la protéine Hfg. OmrA et OmrB inhibent ’initiation de la traduction et
activent la dégradation de I’ARNm cible par le dégradosome ARN. Cyt cytoplasme, MI :
membrane interne, ME : membrane externe, PG : peptidoglycane.
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C.2- Les riborégulateurs

C.2.1- Définition du concept de riborégulateur

Les riborégulateurs sont des éléments génétiques situés dans les régions 5’ non traduites
de certains ARNm bactériens (Fig. 12). Ces éléments régulent I’expression du géne en
aval suite a la liaison directe et spécifique d’une petite molécule. L’ ARN possede donc a
la fois une fonction de senseur et d’effecteur lui permettant de répondre a un stress
environnemental ou cellulaire sans 1’intervention de facteurs en trans (Serganov et

Nudler, 2013).

Séquence codante h

5UTR __3’UTR

|

Plateforme
Aptamere d’expression

_/

Figure 12 : Schématisation d’un riborégulateur bactérien. Les riborégulateurs sont
composés de deux domaines : [’aptamere qui reconnait un ligand et la plateforme
d’expression qui module I’expression du gene en aval. 3’UTR pour 3’ untranslated region
(région 3’non codante).

Les riborégulateurs sont composés de deux domaines fonctionnels juxtaposés (Nudler et
Mironov, 2004): un aptamere et une plateforme d’expression (Fig. 12). L’aptamere joue
le role de senseur puisqu’il a la capacité de lier spécifiquement un métabolite. Les bases
azotées sont décisives pour I’interaction avec le ligand, ainsi la séquence nucléotidique et
la structure secondaire sont extrémement conservées pour ce domaine. La liaison du

métabolite a I’aptamere génere des changements conformationnels au niveau du motif. La
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restructuration de la plateforme d’expression est déterminante dans la modulation de
I’expression du gene adjacent. Ce domaine joue donc le réle d’effecteur. La plateforme
d’expression adopte des structures secondaires particulieres pouvant moduler directement
les processus d’expression génique, généralement la transcription et la traduction. La

plateforme d’expression est beaucoup moins conservée que 1I’aptamere.

C.2.2- Diversité et abondance des riborégulateurs

De par la grande conservation de 1’aptamere au cours de 1’évolution, ce domaine définit
la classe de riborégulateur dépendamment du métabolite reconnu. Une classe de
riborégulateurs est donc composée d’un type d’aptamere, mais peut en revanche présenter
des plateformes d’expressions variables. Actuellement une vingtaine de classes sont
caractérisées. La grande majorité de ces éléments sont régulés par la concentration
intracellulaire en un métabolite (Fig. 13- Henkin 2008). En régle générale, une molécule
est reconnue par un seul type d’aptamere, soit par une classe de riborégulateurs.
Néanmoins, cinq riborégulateurs différents sont capables de lier le S-adenosyl méthionine
(SAM; Corbino et al., 2005; Fuchs, Grundy, et Henkin, 2006) et deux lient la pré-
quéuosine (Meyer et al., 2008).
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Figure 13 : Représentation des différentes classes de riborégulateurs. Il est a noter que
cette représentation ne comprend pas tous les riborégulateurs actuellement connus
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Il existe également des motifs d’ARN conservés qui détectent des parametres physico-
chimiques afin de moduler ’expression génique (Fig. 13). La classification de ces
éléments en tant que riborégulateur est controversée, car le mécanisme ne correle pas
entierement avec la définition donnée qui souligne la formation d’un complexe ligand-
riborégulateur. Actuellement deux classes sont connues qui sont les ARN thermosenseurs
et le riborégulateur pH (potentiel hydrogéne) (Narberhaus et al., 2006; Nechooshtan et
al., 2009).

Le séquencage des génomes et les études bio-informatiques révelent toute
I’étendue de ce mécanisme de régulation chez les bactéries [91]. La base de
données Rfam indique I’existence de 36 riborégulateurs (putatifs et connus) et
selon Breaker, plus d’une centaine de classes de riborégulateur restent a découvrir
[92]. Le riborégulateur TPP est le plus répandu a travers les especes tandis que
pré-Q1 est parmi les moins communs. A titre indicatif, Rfam signale plus de
12000 séquences correspondant au riborégulateur TPP dans ~ 4300 especes et ~
750 séquences du riborégulateur Pré-Q1 dans ~ 600 especes. A ce jour, seul le
riborégulateur TPP a été démontré pour contréler I’expression génique chez les

eucaryotes (Sudarsan et al., 2003).

C.2.3- Les mécanismes de régulation

Les riborégulateurs interviennent essentiellement dans la modulation de 1’expression de
genes du métabolisme primaire nécessaires a la croissance bactérienne. Dépendamment
de la liaison du métabolite a I’aptamere, la plateforme d’expression adopte des
conformations structurales distinctes définissant le mode de régulation. Le plus souvent,
la formation du complexe ligand-riborégulateur a un effet inhibiteur sur I’expression
génique. Les prochaines lignes visent a donner un apercu des principaux mécanismes de

controle utilisés par les riborégulateurs bactériens
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C.2.3.1- Contréle de la terminaison prématurée de la transcription

Dans le cas d’une régulation transcriptionnelle Rho-indépendante (Fig. 14Ai), la liaison
du ligand induit la formation d’un terminateur intrins€que de la transcription dans la
plateforme d’expression. Les terminateurs sont caractérisés par une structure tige-boucle
de I’ARN de 7 a 20 nucléotides, riche en GC, suivie d’une succession de 7 a 8 uraciles
appelée queue poly(U). Au cours de la transcription, la formation de la tige déstabilise
I’hybride ARN-ADN ce qui a pour effet de dissocier I’ARNp (Peters et al., 2011). La
transcription du gene localisé en aval du riborégulateur est avortée et donne lieu a un

transcrit tronqué.

Récemment, les équipes de Groisman et Nudler ont montré qu’au moins deux
riborégulateurs (le riborégulateur ribB d’E. coli et mgtA de Salmonella enterica)
controlent 1’expression génique par un arrét de la transcription Rho-dépendant (Fig.
14Aii; Hollands et al., 2012). Dans ce cas, la liaison du ligand rendrait accessible les sites
rut a la protéine Rho. La protéine Rho par son activité hélicase-ATPase transloque le
long de I’ARN jusqu’a rencontrer I’ARNp et la dissocier du complexe ARN-ADN (voir

section B.1.1.2). Le gene localisé en aval du riborégulateur n’est alors pas transcrit.

C.2.3.2- Contréle de Uinitiation de la dégradation

L’implication des riborégulateurs dans le controle de la dégradation de I’ARNm a été
mise en évidence avec le riborégulateur liant la glucosamine-6-phosphate (GImS). En
plus de sa fonction de riborégulateur, celui-ci posseéde une activité autocatalytique qui fait
de lui un ribozyme [94]. La liaison du GImS agit comme un cofacteur et favorise un
clivage en amont de I’aptamere. Chez Bacillus subtilis, il a été montré que I’ARN
résultant arbore une extrémité 5’OH qui est reconnue par les RNases cellulaires. Suite a
I’autoclivage, I’ARNm est donc rapidement dégradé. Le cas du riborégulateur GlmS reste
particulier. A ce jour, un tel mécanisme n’a jamais été rencontré pour d’autres classes de

riborégulateurs.
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Notre équipe a récemment découvert un tout autre mécanisme de régulation de I’initiation
de la dégradation qui pourrait étre davantage répandu (Caron et al., 2012). En plus de
controler l’initiation de la traduction, le riborégulateur lysine d’E. coli module
I’accessibilité de sites de clivage de la RNase E qui sont localisés dans la plateforme
d’expression (Fig. 14B). En absence de ligand, les sites de clivage sont séquestrés dans
une structure tige-boucle. L’ARNm lysC n’est alors pas dégradé. En présence de ligand,
la plateforme d’expression change de conformation et les sites deviennent accessibles a la

RNase E. L’ARNm [lysC est alors rapidement dégradé.

Derni¢rement, le contréle de ’initiation de la dégradation a été également retrouvé pour
le riborégulateur FMN de Corynebacterium glutamicum (Takemoto et al., 2014). Ce
riborégulateur controlerait directement 1’accessibilité d’un site de clivage de la RNase G
(homologue a la RNase E) en fonction de sa liaison au FMN. En plus du contréle de
I’initiation de la dégradation, ce riborégulateur modulerait aussi directement la

terminaison Rho-dépendante.

C.2.3.3- Contréle de I’initiation de la traduction

Dans le cas d’une régulation traductionnelle (Fig. 14C), la plateforme d’expression
module la formation d’une structure tige-boucle qui séquestre les signaux d’initiation de
traduction. En absence de ligand, le SD et le codon d’initiation de la traduction sont
accessibles aux ribosomes. L’ARNm est donc traduit. En présence de ligand, le SD et/ou
le codon d’initiation de la traduction sont séquestrés dans la structure tige-boucle. Les

ribosomes ne peuvent pas accéder a ces signaux, I’ARNm n’est alors pas traduit.
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Figure 14 : Principaux mécanismes de controle de I’expression génique employés par
les riborégulateurs bactériens. Le plus souvent les riborégulateurs controlent la
terminaison prématurée de la transcription de facon Rho-indépendante (Ai, terminaison
intrinseque) ou bien Rho-dépendante (Aii);, [Dinitiation de la dégradation (B) et
Uinitiation de la traduction (C).

C.2.4- Controle cinétique ou thermodynamique des riborégulateurs

Le contrdle cinétique et thermodynamique de la liaison du ligand dicte la transition du
riborégulateur d’une forme inactive vers une forme active. Le contrdle cinétique est
fonction de la vitesse de liaison du ligand a 1’aptamere par rapport a la vitesse de

polymérisation de I’ARNp (Fig. 15A). La vitesse d’élongation de I’ARNp est tributaire
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de la disponibilit¢ en NTP (Nucléotide Triphosphate), magnésium ainsi que de la
présence de sites de pauses sur I’ARNm (Coppins et al., 2007). Si la vitesse de
polymérisation est plus élevée que la vitesse de liaison du ligand, alors la structure active
sera adoptée avant méme que le ligand n’ait pu se lier (Fig. 15Ai). A D’inverse, si la
vitesse de liaison du ligand est plus rapide, alors le ligand se liera a I’aptamere avant que
la plateforme d’expression n’ait pu étre transcrite (Fig. 15Aii). Cette derniere pourra
adopter une conformation inactive. La liaison du ligand ainsi que le changement de

conformation du riborégulateur se font ici au cours du processus de transcription.

A- Contréle cinétique
i. V. RNAp > V. Ligand

Ligand)

@ B- Contrdole thermodynamique

ii. V. RNAp < V. Ligand

. aUUUUUU

Figure 15 : Principe des controles cinétique et thermodynamique des riborégulateurs.
Lors d’un contréle cinétique (A), si la vitesse de ’ARNp (V. ARNp) est supérieure a la
vitesse de liaison du ligand (V. Ligand), alors le riborégulateur ne pourra pas répondre
au ligand (Ai). Si la vitesse de I’ARNp est inférieure a la vitesse de liaison du ligand, le
riborégulateur pourra lier le ligand et adopter la structure adéquate (Aii). Lors d’un
controle thermodynamique (B), le ligand stabilise une conformation du riborégulateur
par rapport a ’autre.
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Le contrdle thermodynamique correspond a un équilibre entre 1’aptamere complexé au
ligand et I’aptamere non lié¢ (Fig. 15B). Le contexte transcriptionnel n’est pas essentiel a
la liaison du ligand et au changement de conformation. Il peut donc avoir lieu de fagon
post-transcriptionnelle. La liaison du ligand va ici simplement stabiliser la forme inactive

du riborégulateur.

C.2.5- Le riborégulateur thiM d’E. coli

Les riborégulateurs TPP (thiamine pyrophosphate) sont les premiers a avoir été
découverts (Winlker et al., 2002). Ils sont tres largement retrouvés chez les procaryotes et
les seuls a avoir été identifiés chez les plantes et les champignons (Sudarsan et al., 2003).
Dans le cadre de cette étude, nous nous intéresserons au riborégulateur thiM d’E. coli

dont les différentes caractéristiques sont présentées ci-dessous.

C.2.5.1- Le ligand: la thiamine pyrophosphate

Le riborégulateur TPP lie la thiamine pyrophosphate correspondant a la forme active de
la vitamine B1 (Fig. 16). La TPP consiste en un anneau pyrimidine liée a un groupement
thiazole lui-méme attaché a un pyrophosphate. La TPP est un cofacteur essentiel a
plusieurs enzymes qui sont impliquées dans le métabolisme des carbohydrates. Tous les
organismes vivants utilisent la TPP cependant seulement les bactéries et certains

protozoaires, plantes et champignons sont capables de la synthétiser.
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Figure 16 : Structure d’une molécule de TPP

C.2.5.2- Les genes régulés par le riborégulateur TPP chez E. coli

Chez E. coli, il existe trois riborégulateurs TPP. Le riborégulateur thiB est localisé en
amont de 1’opéron thiBPQ dont les génes codent pour un ABC transporteur nécessaire a
I’importation ou I’exportation de la thiamine et du TPP. Le riborégulateur thiC est présent
en amont de I’opéron thiCEFSGH dont les génes codent pour des enzymes directement
impliquées dans la biosynthese de la pyrimidine et de I’ajout du groupement thiazole.
Enfin, le riborégulateur thiM est retrouvé en amont de 1’opéron thiMD dont les geénes
codent pour des kinases permettant 1’ajout du pyrophosphate afin former une molécule de

TPP (Fig. 17).

[N 11 [
gﬁ;{mﬂ nt 939 nt, 936 nt 1736 nt
- thiM (262 aa) thiD (266 aa)

Figure 17 : Représentation du contexte génomique du riborégulateur thiM d’E. coli.
Le riborégulateur TPP est localisé en amont des génes thiMD.

C.2.5.3- Structure du riborégulateur thiM

D’une facon générale, les riborégulateurs TPP sont caractérisés par cinq structures tige-

boucle et une séquence nucléotidique conservées (Nahvi et al., 2002). Les riborégulateurs
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TPP forment une jonction 3 voies c’est-a-dire que trois tiges entourent le cceur de
I’aptamere (Fig. 18A). Le cristal du riborégulateur thiM (Serganov et al., 2006) révele
une architecture composée de deux domaines hélices paralleles reliées par la tige P1 (Fig.
18B). Le domaine le plus en 5 inclut les tiges P2 et P3 qui forment une poche de liaison
du groupement pyrimidine du TPP. Le domaine le plus en 3’ contient les tiges P4 et P5

formant une poche de liaison pour le groupement pyrophosphate.
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Figure 18: Structure secondaire et tertiaire du riborégulateur thiM d’E. coli. Les
structures colorées en A correspondent aux mémes structures colorées en B. (A)
Représentation de la structure secondaire du riborégulateur thiM d’E. coli (B)
Représentation de la structure tertiaire obtenue a partir du cristal du riborégulateur thiM
d’E. coli basé sur I’étude de Serganov et al., 2006 (fait par F.Colizzi).

C.2.5.4- Le mécanisme de régulation du riborégulateur thiM

Le riborégulateur thiM d’E. coli est connu pour contrdler strictement 1’initiation de la
traduction du gene thiM (Winkler et al., 2002; Rentmeister et al., 2007). Dans le modele

de régulation actuel, la liaison du ligand a 1’aptamere stabilise la tige P1 ce qui induit la
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formation d’une structure tige-boucle séquestrant les séquences d’initiation de la
traduction (Fig. 19; Rentmeister et al., 2007). A Ulinverse, en absence de ligand, la
séquence 3’ de la P1 s’apparie a des nucléotides situés dans la plateforme d’expression
afin de former une tige « anti-séquestratice ». Le SD et le codon d’initiation de la

traduction sont alors accessibles aux ribosomes.

—
A- Forme ACTIVE (Absence de TPP) B- Forme INACTIVE (Présence de TPP)
tige Tige
anti-sequestratrice sequestratice

5

Figure 19 : Controle de Uinitiation de la traduction par le riborégulateur thiM d’E.
coli. En absence de ligand, le riborégulateur adopte une structure active (A) qui permet
Uinitiation de la traduction. En présence de ligand, le riborégulateur adopte une
structure inactive (B) qui bloque ’acces des ribosomes a la région d’initiation de la
traduction.

Nous avons récemment découvert que la liaison du TPP a 1’aptamere provoque une
diminution rapide du niveau d’ARNm de thiM (Caron et al., 2012). Nos résultats
indiquent que des éléments localisés dans la région codante de thiM permettent de réguler
le niveau d’ARNm de facon dépendante du TPP. Ceci laisse supposer que le contrdle
reposerait sur un mécanisme d’inactivation non nucléolytique (voir section B.2.4) ou la
dégradation de I’ARNm serait une conséquence de I’inhibition de la traduction.
L’€lucidation des mécanismes mis en jeux dans cette régulation fait I’objet du premier

article présenté dans le chapitre 1 de cette these.
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C.2.6- Le riborégulateur btuB d’E. coli

Les riborégulateurs liant 1’adénosylcobalamine (AdoCbl) sont extrémement répandus a
travers les especes bactériennes (Barrick et Breaker 2007). Structurellement parlant, il
s’agit du plus grand et plus complexe riborégulateur actuellement connu. Le chapitre 2 de
cette étude a pour sujet le riborégulateur btuB d’E. coli liant 1’AdoCbl. Dans cette

section, nous verrons les caractéristiques inhérentes a ce riborégulateur et le géne régulé.

C.2.6.1- Le ligand: I’adénosylcobalamine

Le ligand AdoCbl (aussi appelé coenzyme B12) est la forme active de la vitamine B12.
L’AdoCbl est une molécule particulicrement grande et complexe qui aurait été
synthétisée a la période prébiotique (Roth et al., 1996). L’AdoCbl est composée d’un
anneau corrin qui contient en son centre un cobalt, d’un groupement adenosyl et d’une
boucle nucléotidique (Fig. 20). Cette molécule est le cofacteur essentiel d’enzymes
intervenant dans la fermentation anaérobie de petites molécules tel que le glycérol, le
propanédiol et I’éthanolamine (Abeles et Lee., 1961; Bradbeer, 1965; Toraya, Honda et
Fukui, 1979). La bactérie E. coli ne possede pas les enzymes liées au métabolisme du
glycérol et du propanédiol, ainsi I’ AdoCbl est principalement utilisé dans le métabolisme
de I’éthanolamine. Ce dernier composé est un dérivé de lipides membranaires.
L’utilisation de 1’éthanolamine est importante chez les bactéries entériques pour leur
croissance in vivo et la pathogenese (Garsin et al., 2010). L’AdoCbl est aussi utilisée
dans des réactions aérobies dites secondaires (car apparue plus tard que la fermentation
en terme d’évolution) telles que la synthése des méthionines et la réduction des
nucléotides. Ces dernieres réactions sont aujourd’hui cruciales au métabolisme des
organismes du régne animal et de plusieurs procaryotes. E. coli possede deux voies de
biosynthése de la méthionine, dont une qui est dépendante de I’AdoCbl (Guest et al.,

1960).
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Seulement certains organismes procaryotes ont la capacité de synthétiser I’AdoCbl. E.
coli ne possede pas I’ensemble des geénes cob permettant la biosynthése complete de
1’ AdoCbl. Cette bactérie initie ainsi la biosyntheése d’AdoCbl en utilisant un intermédiaire

cobinamide provenant du milieu extracellulaire.

HO,
H O .o o 5,6-dimethylbenzimidazole

Figure 20 : Structure d’une molécule d’AdoCbl

C.2.6.2 Les genes régulés par le riborégulateur AdoCbl chez E. coli

Un seul riborégulateur AdoCbl a été identifié chez E. coli. Celui-ci est localisé en amont

du gene btuB qui formerait un opéron avec le géne murl (Fig. 21).

] ; 240nt 2124nt, 2079nt 2646nt
N AR btuB (628 aa) murl (286 aa)

Figure 21 : Représentation du contexte génomique du riborégulateur btuB d’E. coli.
Le riborégulateur AdoCbl est retrouvé en amont des genes btuB et murl. La séquence
codante de murl chevauche la séquence codante de btuB sur 45nt.
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La protéine BtuB est un récepteur de la membrane externe qui fait partie d’un systéme
d’ABC transporteur impliqué dans I’importation de vitamine B12 et de ses dérivés. BtuB
est également connu pour €tre un récepteur a la colicine E, colicine A et au bactériophage
BF3. Le geéne murl de son c6té code pour une glutamate racémase impliquée dans la

biosynthese de peptidoglycane.

C.2.6.3 La structure du riborégulateur btuB

Le riborégulateur btuB d’E. coli est caractérisé par un coeur contenant une jonction 4
voies définissant la région centrale; une région périphérique avec des structures tige-
boucle P10 et P11 trés conservées; et enfin une tige-boucle dite accessoire qui forme une
interaction boucle-boucle avec la tige-boucle P5 (Fig. 22A). La structure cristalline du
riborégulateur AdoCbl des organismes Symbiobacterium thermophyllium et
Thermoanaerobacter tengcongensis montre que 1’AdoCbl se lie dans une cavité semi-
ouverte impliquant les tiges P3-P6 et P5 puis P11 (Fig. 22B; Johnson Jr. et al., 2012;
Peselis et Serganov 2012). L’interaction boucle-boucle L5-L13 pi¢gerait le ligand a
I’intérieur de la poche de liaison. Bien que les interactions soient faibles entre cette
derniere structure et le ligand, elle est néanmoins essentielle a la régulation (Nahvi et al.,
2002). Le riborégulateur btuB est hautement spécifique a 1’AdoCbl, cependant il existe
des variants qui reconnaissent des dérivés de I’ AdoCbl. Cette différence de spécificité est
liée a un résidu adénosine localisé dans la jonction 6-3 qui interagit avec le groupement

adénosyl de 1’AdoCbl.
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Figure 22 : Structure secondaire et structure tertiaire du riborégulateur btuB. (A)
Représentation de la structure secondaire du riborégulateur AdoCbl d’E. coli (B)
Représentation de la structure tertiaire obtenue a partir du cristal du riborégulateur
AdoCbl de T. tengcongensis (Johnson Jr. et al., 2012; fait par F. Colizzi).

C.2.6 4-Le mécanisme de régulation du riborégulateur btuB

Le riborégulateur btuB d’E. coli a été montré pour contrdler strictement I’initiation de la
traduction (Nou et Kadner, 2000). Dans le modele de régulation actuel, en absence de
ligand, la P1 et Dl’interaction boucle-boucle L5-L13 ne sont pas formées (Fig. 23;
Perdrizet et al., 2012). En revanche, une structure P13’ alternative est stabilisée ce qui
rend accessible la séquence SD aux ribosomes. En présence de ligand, la P1 et
I’interaction L5-L.13 sont stabilisées. La tige P13 est plus courte et permet la formation
d’une «tige sequestratrice » qui renferme la séquence du SD. Dans ce contexte, la

traduction du gene btuB n’a pas lieu.
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Figure 23 : Controle de Uinitiation de la traduction par le riborégulateur btuB d’E.
coli. En absence de ligand, le riborégulateur adopte une structure active (A) qui permet
Uinitiation de la traduction. En présence de ligand, le riborégulateur adopte une
structure inactive (B) qui bloque ’acces des ribosomes a la région d’initiation de la
traduction.

En plus du contréle traductionnel, des séquences régulatrices localisées au début de la
région codante de bruB modulent la quantité d’ARNm en fonction de la présence de
ligand (Franklund et Kadner 1997; Nou et Kadner 1998). Ces études ont été menées
avant de savoir que 1’élément localisé en 5’ de bruB était en fait un riborégulateur.
Kadner et son équipe ont identifi€ une structure tige-boucle suivie d’une succession de
quatre uraciles dans la région codante qui serait potentiellement importante pour le
controle du niveau d’ARNm. Ceci les a amenés a spéculer qu’il pouvait s’agir d’un
terminateur intrinséque de la transcription (Franklund et Kadner 1997). Plus tard, ils ont
montré que le début de la région codante de bruB est responsable de la diminution de la
stabilit¢ de I’ARNm en présence d’AdoCbl (Nou et Kadner 1998). Leurs résultats
suggerent également que cette dégradation accrue serait la conséquence indirecte de
I’inhibition de I’initiation de la traduction. Ainsi, le contrdle du niveau d’ARNm se ferait

par une inactivation de 1’expression du géne bruB selon un mode « non nucléolytique »

(voir section B.2.4).
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OBJETCIFS DU PROJET DE RECHERCHE

A mon arrivée dans le laboratoire du Pr. Daniel Lafontaine en 2009, le mécanisme et la
fonction cellulaire de ces éléments régulateurs étaient encore un domaine pour le moins
inexploré. Pourtant, aux vues des applications émergentes utilisant ces motifs d’ARN, cet
aspect est de toute évidence d’une importance fondamentale. L’objectif général de mon
projet de theése visait donc a caractériser les mécanismes de controles sous-jacents des

riborégulateurs dans la bactérie.

Au cours de mes recherches doctorales, je me suis concentrée sur les riborégulateurs thiM
(voir section C.2.5) et btuB (voir section C.2.6) de 1’organisme modele E. coli. Ces deux
riborégulateurs étaient alors connus pour agir strictement au niveau de 1’initiation de la
traduction. Cependant, des données préliminaires suggéraient que les ARNm thiMD et
btuB étaient aussi régulés en fonction de leur ligand respectif (Franklund et Kadner,
1997; Caron et al., 2012). Les deux riborégulateurs contrdleraient donc a la fois
I’initiation de la traduction et le niveau d’ARNm. Ces derniers constituent un syst¢me
intéressant en vue d’améliorer la compréhension des mécanismes de coordination entre le
niveau de traduction et le niveau d’ARNm. Ainsi, mon premier objectif de recherche était
de caractériser les éléments régulateurs affectant le niveau d’ARNm suite a la liaison du
riborégulateur au ligand. Cet objectif est présenté dans le chapitre 1 de cette theése qui

concerne le riborégulateur thiM.

Une étude précédente nous indiquait que I’ARNm bruB serait aussi controlé par les petits
ARN régulateurs OmrA et OmrB (Guillier et Gottesman, 2006). Dans le chapitre 2 de
cette thése, nous montrons que tout comme le riborégulateur, OmrA bloque I’initiation de
la traduction de btuB. Nous avions donc un systéme unique permettant de comparer les
mécanismes d’action d’un riborégulateur et d’un petit ARN. Cette comparaison compose

le deuxieme objectif de recherche qui est présenté dans le chapitre 2 de cette these.
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CHAPITRE 1

Riboswitch-mediated translation repression directs Rho termination and

mRNA decay through a single RNA element
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RESUME

Le riborégulateur thiM d’E. coli est retrouvé en amont des genes thiMD codant pour des
protéines impliquées dans la biosyntheése du TPP. La liaison du ligand TPP au riborégulateur
bloque I’initiation de la traduction du geéne thiM. Toutefois, nos expériences de buvardage de
type northern montrent une diminution du niveau d’ARNm thiMD apres 1’ajout du TPP. Le
riborégulateur contrdlerait donc 1’expression de 1’ensemble des geénes de 1’opéron thiMD.
L’article présenté dans ce chapitre vise a caractériser les mécanismes régulant le niveau
d’ARNm thiMD en fonction de la liaison du riborégulateur au TPP.

Dans cet article, nous montrons que 1’arrét de la traduction, induit par le TPP, est un prérequis
a la diminution du niveau d’ARNm thiMD. La région nucléotidique comprise entre les 6 et les
27 premiers codons de thiM est suffisante pour la régulation du niveau d’ARNm.
Remarquablement, au sein de cette région, une séquence unique est la cible a la fois du
dégradosome ARN et de la protéine Rho. Le niveau d’ARNm thiMD est donc étroitement
controlé suite a la liaison du riborégulateur au TPP. Le mécanisme implique une terminaison
Rho-dépendante et la dégradation active de I’ARNm.

Dans cette méme étude, nous montrons que le riborégulateur traductionnel lysC d’E. coli
(reconnaissant la lysine) contrdle aussi la dégradation et la terminaison Rho-dépendante en
utilisant une séquence d’ARN unique. Ceci suggere que le mécanisme caractérisé ici pourrait
étre davantage répandu.

Enfin, dans le but d’identifier d’autres riborégulateurs d’E. coli qui en plus d’exercer un
controle traductionnel, modulent la terminaison Rho-dépendante; nous avons utilisé la
technique de ChiP (immunoprécipitation de la chromatine) de I’ARNp. Les résultats indiquent
que parmi les sept riborégulateurs d’E. coli, cinq pourraient contrdler la terminaison Rho-

dépendante en fonction de la liaison a leur ligand respectif.
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ABSTRACT

Riboswitches are mRNA regulatory elements that control gene expression by modifying their
structure when bound to cellular metabolites. Most studies have been performed on Bacillus
subtilis riboswitches regulating transcription termination and very little information is
currently available on Escherichia coli riboswitches that are presumed to control translation
initiation. In contrast to previous reports, we demonstrate here that the E. coli TPP-dependent
thiM riboswitch modulates RNase E cleavage activity and Rho-dependent transcription
termination. We found that both regulation mechanisms were triggered upon riboswitch-
mediated translation repression, and relied on recognition determinants found in a single
regulatory element. This provides a unique means to ensure that prematurely terminated
transcripts are targeted by the RNA degradosome. We show that such a dual-regulatory
mechanism is also employed by the lysine-dependent E. coli lysC riboswitch. Furthermore,
our data suggest that most translationally-acting riboswitches in E. coli modulate mRNA
levels upon ligand binding, thus ensuring the regulation of single genes or large polycistronic
mRNAs. Our work provides strong evidence that translationally-regulating riboswitches not
only control translation initiation, but also affect the level and decay of regulated mRNAs

through an integrated mechanism ensuring tight control of gene expression.
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INTRODUCTION

Bacteria must adapt to a wide range of environmental conditions such as changes in
temperature, pH, ions and metabolite levels. The bacterial adaptive response is exemplified by
riboswitches, which are structured RNA elements specifically recognizing cellular metabolites
(Haller et al. 2011; Breaker 2012; Serganov and Nudler 2013). Riboswitches are located in the
5' untranslated regions (UTR) of several bacterial mRNAs and control the expression of
downstream genes as a function of metabolite binding. Riboswitches exert their regulatory
effects by controlling transcription termination, translation initiation or mRNA decay
(Serganov and Nudler 2013). These RNA switches are composed of two modular regions: an
aptamer domain involved in metabolite recognition and an expression platform that undergoes
structural change to regulate gene expression (Serganov and Nudler 2013). In Bacillus subtilis,
the majority of characterized riboswitches have been shown to control premature transcription
termination by modulating the formation of Rho-independent terminators (Breaker 2012;
Serganov and Nudler 2013). In contrast, close inspection of Escherichia coli riboswitch
sequences (Barrick and Breaker 2007) suggests that they control gene expression by
modulating ribosome access to the ribosome binding site (RBS) and/or AUG start codon.
However, in addition to controlling translation initiation, recent studies have reported that E.
coli riboswitches make use of additional mechanisms to regulate gene expression. For
example, in agreement with chromatin immunoprecipitation and microarray data (ChIP-chip)
(Peters et al. 2009), Hollands et al. have shown that the E. coli ribB riboswitch controls Rho-
dependent transcription termination (Hollands et al. 2012). Moreover, Caron et al. discovered
a different mechanism for the E. coli lysC lysine-sensing riboswitch that directly modulates
RNase E-dependent degradation of the /ysC mRNA (Caron et al. 2012). Lastly, it was also
shown that while the bruB riboswitch only represses translation initiation, regulatory elements
located in this ORF negatively modulate the level of btuB mRNA in the presence of
adenosylcobalamin (AdoCbl) (Nou and Kadner 1998). Together, these studies suggest that E.
coli riboswitches can efficiently regulate gene expression by combining translational and

mRNA level controls, the latter ensuring irreversible gene repression.
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Although the E. coli thiM thiamine pyrophosphate (TPP)-sensing riboswitch is one of the most
studied riboswitches (Winkler et al. 2002; Lang et al. 2007; Miranda-Rios 2007; Rentmeister
et al. 2007; Ontiveros-Palacios et al. 2008; Chen et al. 2010), we know very little about the
RNA regulatory elements involved in inhibiting translation initiation. The thiM riboswitch is
found upstream of the thiMD operon, which encodes enzymes involved in TPP biosynthesis
(see Supplemental Fig. S1A for schematic description of thiMD operon). Thiamine
pyrophosphate is an essential cofactor for carbohydrate metabolism. According to the current
thiM riboswitch regulation model (Winkler et al. 2002; Edwards and Ferre-D'Amare 2006;
Rentmeister et al. 2007), TPP binding stabilizes the aptamer domain, leading to the formation
of the RBS/AUG sequestering stem, thereby inhibiting translation initiation (Supplemental
Fig. S1B). Whereas previous studies have reported that ligand-dependent thiM riboswitch
conformational changes strictly regulate translation initiation (Winkler et al. 2002; Ontiveros-
Palacios et al. 2008), we have obtained experimental evidence suggesting that thiM mRNA
levels are modulated in TPP-rich growth conditions (Caron et al. 2012).

Herein, we characterize TPP-dependent thiM riboswitch regulation at both the translational
and mRNA levels. We observed that, in addition to translation repression, TPP binding to the
riboswitch initiates a series of regulatory events involving the RNA degradosome and Rho
transcription terminator. Our data suggest that both mechanisms rely on overlapping
regulatory elements in a region located between the 20th and 34th thiM codons. Furthermore,
we observed that TPP binding to the riboswitch occurred both co- and post-transcriptionally,
indicating that the riboswitch controls the outcome of nascent transcripts through Rho
transcription termination and pre-existing thiMD mRNAs via RNA degradosome cleavage
activity. Strikingly, chromatin immunoprecipitation (ChIP) revealed that most E. coli
riboswitches modulate Rho transcription termination, suggesting that mRNA control is
widespread among transcriptionally acting riboswitches. Our data describe a novel mechanism
for coordinated control of transcription termination and mRNA degradation when translation
initiation is repressed. This is the first characterization of a single RNA element controlling

both Rho transcription termination and mRNA decay.
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Figure S1. Genetic regulation of the E. coli thiM riboswitch.

(A) Schematic representing the thiM riboswitch and the thiMD operon. The secondary
structure of the thiM riboswitch aptamer is shown upstream of the thiM and thiD genes.
Genomic locations and sizes of both proteins are indicated. Note that there is an overlap of 3
nucleotides between thiM and thiD. (B) Predicted secondary structure of the thiM riboswitch
in the presence of TPP (OFF state). Nucleotides involved in the formation of the
antisequestering stem (ON state) are shown in gray and indicated by dotted lines. The RBS
and AUG start codons are in blue boxes. The nomenclature indicates the nucleotide positions
and the paired regions (P1-P5).
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RESULTS

The thiM coding region is important for TPP-dependent mRNA control

According to available data (Winkler et al. 2002; Ontiveros-Palacios et al. 2008; Caron et al.
2012), TPP binding to the thiM riboswitch induces a structural change leading to translation
inhibition through the formation of a RBS/AUG sequestering stem (Fig. 1A). We recently
reported that inhibition of thiM translation is associated with a decreased level of its mRNA
(Caron et al. 2012). Although several mechanisms are possibly involved in thiM mRNA
regulation, we previously postulated that regulation could be achieved via a non-nucleolytic
degradation pathway (Caron et al. 2012). In such a mechanism, mRNA decay is facilitated by
the absence of translating ribosomes to protect the mRNA from ribonuclease attack (Dreyfus
2009). Here, we characterize the molecular basis underlying a TPP-induced, non-nucleolytic
mRNA repression mechanism.

We first investigated thiM mRNA regulation in Northern blot experiments using a probe
targeting the thiM ORF. As shown in Figure 1B, a large decrease in mRNA was observed
when TPP was added to the culture medium, consistent with modulation of the thiM mRNA
levels in the presence of TPP. A similar ligand-induced mRNA decrease was also observed
with a probe directed against thiD (Fig. 1C), indicating that the riboswitch modulates the
mRNA level of the complete thiMD operon. These results further expand the riboswitch
regulatory role that was initially presumed to control only thiM translation initiation (Winkler
et al. 2002). Analysis of thiMD mRNA regulation with a probe targeting the riboswitch
domain produced a different profile containing three different major RNA fragments
corresponding to the thiMD operon and two other smaller fragments (Fig. 1D). Using
molecular markers (Supplemental Fig. S2) and 3' RACE assays, we determined that the longer
fragment corresponds to an mRNA species of ~225-260 nt (intermediate 1) and the shorter
fragment consists of the aptamer domain, exhibiting 3' ends of ~106-110 nt. While the level of
intermediate 1 was not significantly affected by the presence of ligand, the aptamer domain
levels increased in a TPP-dependent manner (Fig. 1D), suggesting that aptamer production is

related to thiMD mRNA regulation.
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Figure 1. The E. coli thiM riboswitch controls translation initiation and mRNA levels.

(A) Schematic representing thiM riboswitch translational control. In the absence of TPP, the
anti-sequestering stem (gray) exposes the ribosome binding site (RBS) and allows translation
initiation. TPP binding sequesters both the RBS and the AUG start codon. The dotted line
represents the immediate connectivity between linked regions.

(B, C and D) Northern blot analysis of thiMD mRNA levels. Total RNA was extracted at the
indicated times immediately before (0-) and after (0+) addition of TPP (0.5 mg/mL). The
probe was designed to detect thiM (B), thiD (C) or the riboswitch domain (D). RNA species
are indicated on the right of the gels. 16S rRNA was used as a loading control.

(E) B-Galactosidase assays of translational ThiM-LacZ and transcriptional thiM-lacZ fusions
performed in the absence or presence of 500 ug/mL TPP. The number of thiM codons is
indicated below the histograms. Values were normalized to the activity obtained in the
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absence of TPP. The average values of three independent experiments with standard
deviations (SD) are shown.
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Figure S2. Determination of molecular sizes of thiMD mRNA species detected by Northern
blot analysis.

Total RNA was extracted at midlog phase from wild-type and rne-131 E. coli strains. RNAs
were co-migrated with the RiboRuler Low Range RNA Ladder (Fisher Scientific) in 5%
denaturing acrylamide gel. RNA ladder bands were visualized with ethidium bromide and
thiMD mRNA by Northern blot assays using a probe hybridizing to the riboswitch domain.
RNA species are indicated to the right of the gel. Note that intermediate species are more
abundant in the E. coli strain carrying a rne-131 mutation, which prevents the formation of the
RNA degradosome (Kido et al. 1996). The use of rne-131 strain is described in the Results
section The RNA degradosome targets thiMD mRNA upon translation repression.

We previously observed that TPP reduces thiM mRNA levels in the presence of ORF
sequence elements (Caron et al. 2012). To determine the minimum sequence conferring TPP-
dependent mRNA regulation, we used transcriptional lacZ chromosomal fusions containing
various thiM OREF sizes. Constructs containing 34 codons or more resulted in an approximate
6-fold reduction in [3-galactosidase activity in presence of TPP (Fig. 1E). In contrast, shorter
fusions containing 6, 10 or 20 codons did not result in repression, indicating that the minimum

sequence for mRNA modulation is between 20 and 34 codons. As expected, a translational
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lacZ fusion containing the riboswitch fused to only the first 6 thiM codons demonstrated TPP-
dependent repression (Fig. 1E). These results suggest that while the thiM riboswitch regulates
translation initiation in the presence of only 6 codons, the mRNA regulation requires specific

element(s) located between codons 20 and 34.

Inhibition of translation initiation is a prerequisite for mRNA regulation

To determine if the thiM mRNA decrease was dependent on translation inhibition, we
engineered constructs harboring mutations expected to reduce translation initiation (Fig. 2A).
These experiments were performed using the lacZ transcriptional construct containing 34
codons, which is the shortest fusion producing TPP-dependent mRNA regulation (Fig. 1E). As
shown in Figure 2A, RBS (G142C) and AUG (U152A) mutations resulted in a TPP-
independent loss of regulation and low B-galactosidase activities, suggesting that translation
elongation is crucial for mRNA control. As expected, B-galactosidase assays performed with
transcriptional fusions containing RBS or AUG mutations in the presence of only the first 6
thiM codons yielded high B-galactosidase activities (Fig. 2B), demonstrating the absence of
any mRNA regulatory element. No B-galactosidase expression was detected when altering the
RBS and AUG start codon in the context of translational fusions (Supplemental Fig. S3).
Thus, these results support a model where TPP-induced translation inhibition triggers an
mRNA control mechanism relying on regulatory element(s) located between thiM codons 20

and 34.
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Figure 2. Translation inhibition is a prerequisite for TPP-dependent mRNA decrease.

(A and B) B-Galactosidase assays of transcriptional thiM-lacZ fusions containing 34 (A) or 6
thiM codons (B) performed in the absence or presence of 500 pg/mL TPP. Assays were done
with wild-type, and RBS (G142C) and AUG start codon (U152A) mutants. Values were
normalized to enzymatic activity obtained for the WT construct in the absence of TPP. The
average values of three independent experiments with SDs are shown. (C and D) B-
Galactosidase assays using translational BtuB-LacZ, transcriptional btuB-lacZ fusions (C) and
transcriptional btuB-thiM-lacZ fusions (D). Enzymatic activities were measured in the absence
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or presence of 5 uM AdoCbl or 500 ug/mL TPP. Values were normalized to enzymatic
activity obtained without ligand. Schematics representing transcriptional constructs are shown
on the right. The average values of three independent experiments with SDs are shown.
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S3. B-galactosidase assays using translational ThiM-LacZ fusions containing mutations at the
level of the RBS (G142C) and AUG (U152A) start codon sequences. Values were normalized
to the enzyme activity obtained for the wild-type in absence of ligand. Enzymatic activities
were measured in the absence or presence of 500 ug/mL TPP. Values were normalized to the
enzyme activity obtained for the wild-type in absence of ligand. The average values of three
independent experiments with SDs are shown.

Riboswitch identity is not crucial for mRNA control

Since the first 23 nt of thiM ORF mRNA are part of the riboswitch expression platform
(residues 151-172, Supplemental Fig. S1B), we determined whether riboswitch sequence
element(s) were involved in mRNA control. To do so, we used the E. coli AdoCbl-sensing
btuB riboswitch that was shown to strictly control translation initiation (Nou and Kadner
2000). We first assayed a translational BtuB-LacZ fusion containing only the first 6 codons of
btuB in the absence or presence of AdoCbl, and observed ligand-dependent repression (Fig.
2C). Importantly, no ligand-dependent repression was observed using a lacZ transcriptional
fusion (Fig. 2C), consistent with bfuB translation inhibition not modulating mRNA levels.
However, adding a sequence corresponding to codons 9 to 34 of thiM, downstream of bruB
codons, significantly reduced B-galactosidase activity in the presence of AdoCbl (Fig. 2D). No
such effect was observed with TPP (Fig. 2D). These results indicate that thiM codons 9-34 are
sufficient to modulate mRNA levels. Hence, thiM mRNA regulation does not rely on specific

riboswitch elements but, rather, on inhibiting translation initiation.
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The RNA degradosome targets thiMD mRNA upon translation repression

In E. coli, the initiation of mRNA decay is often mediated by RNase E (Kushner 2002). This
endoribonuclease is part of the RNA degradosome complex, which typically contains an
exoribonuclease (PNPase), an RNA helicase (RhIB) and an enolase. A previous transcriptomic
study (Bernstein et al. 2004) showed that thiM mRNA half-life is higher in a degradosome
mutant strain. We thus speculated that the degradosome could be involved in TPP-dependent
thiM mRNA control. To test this hypothesis, we employed an E. coli strain carrying a rne-131
mutation, preventing the formation of the degradosome but retaining RNase E ribonucleolytic
activity (Kido et al. 1996). Northern blot assays showed an efficient TPP-dependent decrease
of the thiMD mRNA in the mutant strain (Fig. 3A), suggesting that RNA degradosome
integrity is not essential for mRNA control. In addition, rifampicin treatments revealed that the
half-life of thiMD mRNA is decreased approximately 2-fold in the presence of TPP, both in
wild-type and rne-131 strains (Supplemental Fig. S4A-F), indicating that mRNA decay is
modulated in a TPP-dependent manner. The higher abundance (Fig. 3A) and stability
(Supplemental Fig. S4G) of intermediate 1 in rne-131 suggests that this fragment is targeted
by the RNA degradosome. Given that intermediate 1 (~225-260 nt) encompasses the first 34
thiM codons (252 nt), which is the shortest ORF region showing TPP-dependent regulation
(Fig. 1E), we speculated that the RNA degradosome could be involved in thiM gene
regulation. Thus, to determine whether the RNA degradosome directly targets thiM mRNA in
a TPP-dependent manner, we performed B-galactosidase assays using the 34-codon thiM-lacZ
transcriptional construct in a rne-131 background. TPP-induced repression was less efficient
in rne-131 than in the wild-type, suggesting that the RNA degradosome targets the 34-codon
thiM region (Fig. 3B).
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Figure S4. Study of thiMD mRNA stability as a function of TPP.

(A and B) Northern blot analysis of thiMD mRNA levels in the context of the wild-type strain.
The strain was grown to mid-log phase in M63 minimal medium with 0.2% glucose at 37°C
and total RNA was isolated at different times before (-1) and after (0) the addition of
rifampicin (250 yg/mL). The experiment was performed in the absence (A) or presence of 500
pug/mL TPP (B). The loading control was 16S rRNA. The thiMD operon, the intermediate 1
and aptamer species are shown to the right of the gels. (C) Quantification analysis of Northern
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blots shown in panels A and B. Half-lives obtained in absence and presence of TPP are
indicated. The quantification represents the stability of the thiMD mRNA in the context of the
wild-type strain. The average values of three independent experiments with SDs are shown. (D
and E) Northern blot analysis of thiMD mRNA level in the context of the rne-131 strain.
Experiments were performed as indicated in panel A and B. The loading control was 16S
rRNA. The thiMD operon, the intermediate 1 and the aptamer species are shown to the right of
the gels. (F) Quantification analysis of Northern blots shown in panels D and E. The
quantification represents the stability of the full-length thiMD mRNA in the context of the rne-
131 strain. Half-lives obtained in the absence and presence of TPP are indicated. The average
values of three independent experiments with SDs are shown. (G) Quantification analysis of
Northern blots shown in panels A and D. The quantification represents the stability of the
intermediate 1 species in the wild-type and rne-131 strains. The average values of three
independent experiments with SDs are shown.
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Figure 3. The RNA degradosome is involved in TPP-dependent thiMD mRNA decay.

(A) Northern blot analysis of the thiMD mRNA in a rne-131 background. A probe hybridizing
to the riboswitch domain was used. 16S rRNAs was used as a loading control. (B) B-
Galactosidase experiments of transcriptional thiM-lacZ fusions performed with wild-type and
rne-131 strains in the absence or presence of 500 ug/mL TPP. Values were normalized to the
enzymatic activity obtained in the absence of TPP. The average values of three independent
experiments with SDs are shown. (C) Northern blot analysis of thiMD mRNA levels in the
rne-3071 strain (RNase E®) grown at 30°C followed by a temperature shift to 44°C. 16S rRNA
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was used as loading control. The presence of unprocessed 5S rRNA intermediates confirms
the inactivation of RNase E at 44°C. (D) Quantification analysis of Northern blots shown in
Figure 3C and Supplemental Figure S5. The intermediate 2 species was increased in the rne-
3071 strain at 44°C. Such a recovery was not observed in the wild-type strain (Supplemental
Fig. S5). The average values of three independent experiments with SDs are shown.

Because the degradation efficiency of thiMD mRNA in rne-131 can be due to the remaining
activity of RNase E (Fig. 3A), we next employed an rne-3071 E. coli strain carrying a
thermosensitive mutation in the RNase E active site (Apirion and Lassar 1978). While rne-
3071 exhibits active RNA degradosome complexes at 30°C, the catalytic activity of RNase E
is completely abolished at 44°C (Apirion and Lassar 1978). Accordingly, addition of TPP at
30°C decreased thiMD mRNA levels (Fig. 3C). However, no recovery of thiMD mRNA was
observed when cells were shifted to 44°C, indicating that RNase E is not essential for
initiating thiMD mRNA decay. Importantly, a new mRNA species, intermediate 2 (~600 nt,
see Supplemental Fig. S2 for molecular markers), showed an increase of approximately 300%
over time (Fig. 3C,D), whereas no such increase was detected in the wild-type (Supplemental
Fig. S5). These data suggest that intermediate 2 is generated by at least one other RNase
cleaving within the thiM ORF at ~600 nt, and is degraded through RNase E activity.
Furthermore, the abundance of intermediate 1 in rne-131 but not in rne-3071 suggests that
intermediate 1 is generated through RNase E cleavage, either from intermediate 2 or the full
thiMD mRNA. Hence, only an active RNA degradosome complex can degrade the resulting

intermediate 1.

TPP
¥ 30°C 44°C

0 2 5101215 17 20 22 25 min

. ' - -thiMD

B S o= o =W W W - intermediate 2

g e

.. e w == == -intermediate 1

i

- e ® - ptamer
- 16S rRNA
~ -55rRNA

WT

58



Figure S5. Northern blot analysis of thiMD mRNA as a function of temperature.

The wild-type strain was grown from 0 to 5 min at 30°C followed by a temperature shift to
44°C for 10 to 25 min. Bacteria were cultured and RNA extracted as described in Figure 3B.
The quantification of intermediate 2 is shown in Figure 3D. Note that intermediate 2 is lower
in abundance in the WT than in the rne-131 strain (Fig. 3C). The loading control was 16S
rRNA. The absence of unprocessed 5S rRNA intermediates indicates that RNase E is active at
44°C.

In light of these results, we looked for additional ribonucleases targeting thiMD mRNA. We
performed Northern blot assays using various ribonuclease mutant strains inactivated for
RNase III, RNase II, RNase R, RNase G or PNPase (Supplemental Fig. S6B-F), and a strain
mutated for polyadenylate polymerase, which is known to facilitate the degradation of
structured RNA (pcnB, Supplemental Fig. S6G). Our results showed that thiMD mRNA
regulation was unaffected in any of the mutant strains. Nevertheless, the intermediate 1
species and a ~170 nt fragment (identified by 3° RACE) were more abundant in the PNPase
mutant strain (Supplemental Fig. S6F), indicating that this exoribonuclease, a component of
the RNA degradosome, participates in the decay of mRNA intermediates. Furthermore, the
TPP-dependent increase of the aptamer species was significantly higher in rnr (encoding
RNase R) and pcnB mutant strains (3.6-fold and 4.0-fold, respectively, Supplemental Fig.
S6H), indicating that both enzymes are involved in degrading the TPP-bound aptamer. This is
supported by an aptamer half-life about 2-fold higher in the pcnB mutant in the presence of
TPP (Supplemental Fig. S6I). Although our experiments did not identify an additional
ribonuclease important for thiMD mRNA decay, they suggested that the highly structured
TPP-bound aptamer is likely degraded via the addition of a polyA tail (PcnB) and the

exoribonuclease activity of RNase R.
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Figure S6. Northern blot analysis of thiMD mRNA in different mutant strains.

(A,B,C,D,E, F and G) Northern blot analyses of thiMD mRNA level performed in wild-type
(A) and mutated strains for RNase III (B), RNase II (C), RNase R (D), RNase G (E), PNPase
(F) and PcnB (G). Experiments were performed as indicated in Figure 1B.

(H) Normalized aptamer ratios determined in the presence and in absence of TPP for the wild-
type and mutant strains. The relative intensities of the aptamer species at 0 and 10 min after
TPP addition were determined from Northern blot assays performed for each strain (panels A
to G). The horizontal line represents the ratio obtained in the wild-type strain. The average
values of three independent experiments with SDs are shown.(/) Half-life determination
performed for wild-type and pcnB strains. Only the pcnB mutant strain is showing a
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significant half-life increase (~2-fold) of the aptamer in presence of TPP, suggesting that the
poly A polymerase (PAP) is important for its degradation. The average values of three
independent experiments with SDs are shown.

The RNA degradosome targets thiMD mRNA between codons 20 and 34

To characterize the RNase E cleavage activity targeting the 34-codon thiM region, we carried
out an in vitro cleavage assay using purified RNA degradosomes (Caron et al. 2012). We used
a portion of the thiM mRNA sequence (174-271 nt) encompassing codons 9 to 40 (Fig. 4A).
When incubating the transcript in the presence of purified RNA degradosomes, three cleavage
site regions were mapped at positions 212, 219 and 255 (Fig. 4B). The sequence of the
cleavage site at position 219 is similar to that previously observed for the lysC riboswitch
(Caron et al. 2012), suggesting that both thiM and lysC are recognized through similar
determinants by the RNA degradosome. Based on these observations, we constructed several
mutants to examine the importance of the cleavage site at position 219 and the stem-loop
structure for the specificity of RNA degradosome cleavage (Fig. 4B,C). Overall, altering the
sequence of the 219 cleavage site resulted in the complete inhibition, or drastic reduction, of
cleavage activity at positions 219 and 255. Even though positions 212 and 219 are closely
located in the thiM sequence (Fig. 4A), cleavage at position 212 was preserved when cleavage
at 219 was disabled (M1, M2 and M3 mutants), indicating that RNA degradosome cleavage at
these sites can be uncoupled. Furthermore, stem-loop mutagenesis data showed that the
stability of the stem (M4 mutant), but not the sequence of the loop (M5 mutant), is highly

important for cleavage activity (Fig. 4C).
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Figure 4. The RNA degradosome activity targets specific thiMD RNA sites.

(A) Schematic representing thiM ORF comprising codons 9 to 40. Nucleotides shown in black
squares correspond to RNA degradosome cleavage sites (positions 212, 219 and 255).
Mutations and deletions (A) are shown in the structure. (B and C) In vitro mapping of RNA
degradosome cleavage sites. Experiments were done with mutants of cleavage site 219 (B) and
stem-loop (C). RNA molecules were incubated in the absence (-) or presence (+) of RNA
degradosomes (Deg). Alkaline hydrolysis (L) was used to generate molecular markers for gel
migration. Cleavage sites 212, 219 and 255 are indicated on the left. Asterisks indicate
mutants resulting in shorter RNA cleavage products. (D and E) B-Galactosidase assays of
transcriptional thiM-lacZ fusions performed in the absence or presence of 500 pg/mL TPP.
Measurements were performed for mutants targeting site 219 (D) and the stem-loop (E).
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Values were normalized to the activity obtained in the absence of TPP. The average values of
three independent experiments with SDs are shown.

Of the mutants we tested, only M2 and M4 completely abolished TPP-dependent gene
regulation in thiM-lacZ transcriptional fusions (Fig. 4D,E), suggesting that the cleavage site at
position 219 and stem-loop stability are the major requirements for mRNA control.
Interestingly, lysC riboswitch gene regulation is also completely perturbed in the presence of
M2 mutations (Caron et al. 2012), suggesting that the cleavage site at position 219 is
important for both thiM and lysC riboswitches. Increasing the ORF size to more than 100
codons in an M2 mutant background recovered TPP-dependent mRNA regulation
(Supplemental Fig. S7A). This result agrees with the presence of additional downstream
sequences controlling the level of thiMD mRNA. However, although such downstream
elements could include cleavage site 255, which is not present in 34-codon transcriptional
fusions (Fig. 4D.,E), the absence of regulation in the 50-codon M2 mutant transcriptional
fusion indicates that it is not crucial for thiMD mRNA control (Supplemental Fig. S7A).
Consistent with these results, no effect on thiMD mRNA regulation was detected when
performing mutations of the cleavage site at position 255 (Supplemental Fig. S7B,C).
Importantly, our data show that even if targeted by the RNA degradosome, cleavage within the
first 34 thiM codons is not limiting for thiMD mRNA regulation.
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Figure S7. Characterization of the M2 mutant and cleavage site at position 255 for thiM
mRNA regulation.

(A) B-Galactosidase assays of transcriptional thiM-lacZ fusions of the M2 mutant with fusions
at codons 34, 50, 100 and 167 of thiM. Enzymatic activities were conducted in the wild-type
strain in the absence or presence of 500 ug/mL TPP. Values were normalized to the enzymatic
activity obtained in the absence of TPP. The average values of three independent experiments
with SDs are shown. (B) In vitro mapping of RNA degradosome cleavage sites (see Fig. 4A
for mutant description). RNA molecules were incubated in the absence (-) or presence (+) of
RNA degradosomes (Deg). Alkaline hydrolysis (L) was used to generate molecular markers
for gel migration. Cleavage sites 212, 219 and 255 are indicated to the left of the gel. Asterisks
indicate mutants resulting in shorter RNA cleavage products. (C) B-Galactosidase assays of
transcriptional thiM-lacZ fusions performed in the absence or presence of 500 pg/mL TPP (see
Fig. 4A for mutant description). Constructs contained 50 codons to include the target site.
Values were normalized to the activity obtained in the absence of TPP. The average values of
three independent experiments with SDs are shown.

The Rho transcription terminator is involved in thiMD mRNA regulation

Based on previous studies (Hollands et al. 2012), we speculated that Rho transcription
termination could be involved in thiMD regulation. Close examination of the first 34-codon

sequence shows high and low proportions of cytosines and guanines, respectively, often
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associated with Rho utilization sites (rut) (Fig. SA) (Hollands et al. 2012; Figueroa-Bossi et al.
2014). Interestingly, a C-stretch sequence located at nucleotides 215-218 is positioned
immediately upstream of the RNA degradosome cleavage site at position 219 (Fig. 4A). To
establish if Rho is involved in thiM mRNA regulation, we measured B-galactosidase activity
using a thiM-lacZ transcriptional fusion in presence or absence of bicyclomycin, an inhibitor
of Rho translocation activity (Kohn and Widger 2005). As shown in Figure 5B, we observed a
complete loss of TPP-induced repression (34 cd, WT TrX fusion), indicating that Rho
transcription termination is directly involved in thiMD mRNA control. Intriguingly, even
when Rho is inhibited by bicyclomycin, TPP-dependent gene regulation resulting from RNase
E cleavage activity is expected. However, given that bicyclomycin interferes with Rho
translocation but not mRNA binding (Skordalakes et al. 2005) (see Discussion), it is most
likely that a bicyclomycin-Rho complex stalls around position 219, thereby preventing RNA
degradosome cleavage activity. We thus reasoned that a larger thiM ORF fragment should
allow TPP-dependent mRNA regulation due to the presence of downstream regulatory
element(s) (Supplemental Fig. S7A). Partial restoration of TPP-dependent gene regulation was
indeed obtained using a longer thiM-lacZ fusion (100 cd, Fig. 5B), consistent with the
presence of a stalled bicyclomycin-Rho complex inhibiting RNase E activity at position 219.
A large increase in B-galactosidase activity was observed when assessing an RBS-mutated
thiM-lacZ construct in the presence of bicyclomycin (RBS construct, Fig. 5B), consistent with
constitutive Rho transcription termination in the absence of active translation. Moreover, a
btuB-thiM-lacZ transcriptional fusion completely abolished gene repression in the presence of
bicyclomycin (Fig. 5C). These results indicate that Rho transcription termination does not rely
on riboswitch identity and that the region containing thiM codons 9-34 is sufficient for
regulation. Our data suggest that, in addition to RNase E cleavage activity, the thiM riboswitch

modulates Rho transcription termination through translational control.
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Figure 5. The thiM riboswitch controls Rho-dependent transcription termination.

(A) Sequence analysis of cytosine (C%) and guanine (G%) distribution in the thiM sequence.
A scanning window of 25 nt was used to determine C and G occurrences as a function of the
transcription start site (TSS). (B and C) B-Galactosidase assays of the wild-type and RBS
mutant in transcriptional thiM-lacZ fusions (B) and of a transcriptional btuB-thiM-lacZ fusion
(O). Sizes of thiM ORFs (34 and 100 codons) are indicated below histograms. Enzymatic
activities were measured in the absence or presence of 500 yg/mL TPP, 5 uM AdoCbl or 25
pug/mL bicyclomycin (BCM). Values were normalized to enzymatic activity obtained for wild-
type constructs without ligand. The average values of three independent experiments with SDs
are shown. (D) In vitro Rho-dependent transcriptions performed using wild-type thiM mRNA
and thiM-lacZ transcriptional fusion. Transcriptions were done in the absence (-) or presence
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(+) of 50 nM NusG or 50 nM Rho. Readthrough and termination transcripts are indicated at
the right. Termination efficiencies are indicated below. Note that readthrough products of 400
and 274 nt are expected for the wild-type and 34-codon thiM-lacZ fusion, respectively. (E)
RNase H probing of Rho binding on thiM mRNA. RNase H assays were performed in the
absence (-) or presence (+) of 50 nM Rho. Cleavage assays were done using DNA
oligonucleotides targeting regions 130-139 (130) or 201-210 (201). Cleavage products and
cleavage efficiencies are indicated on the right and below, respectively. Non-cleaved
transcripts (N) are shown as controls.

Rho transcription termination occurs close to RNase E cleavage sites

Single-round transcription assays were next performed to determine Rho transcription
termination sites. In the presence of Rho, we observed specific thiM mRNA transcription
arrests at several sites, including positions 237 and 262 (WT, Fig. 5D). An additional strong
termination site was observed at position 231 when Rho and the transcription factor NusG (Li
et al. 1993; Shashni et al. 2014) were included in the transcription reaction (WT, Fig. 5D). No
difference was observed in the presence of TPP (data not shown). As expected, Rho
termination occurred in the context of a transcriptional 34-codon lacZ-thiM fusion (Fig. 5D),
consistent with bicyclomycin inhibiting Rho transcription termination in lacZ fusions (Fig.
5B).

To establish whether the Rho binding site occurs in the first 34 codons of thiM mRNA, we
employed a well-established RNase H assay that cleaves at RNA:DNA hybrid regions (Treiber
and Williamson 2000). In these experiments, 5'-radiolabelled thiM mRNA transcripts
produced using the E. coli RNA polymerase (RNAP) were incubated in presence of Rho, but
without ATP, to avoid Rho translocation activity. We used a DNA oligonucleotide to target
residues 201-210 (oligonucleotide 201, Fig. SE). We expect these residues to be part of the rut
site, given their high and low composition in cytosines and guanines, respectively (Fig. SA). In
the absence of Rho, we observed efficient cleavage of the thiM transcript by RNase H (39%),
indicating that the region is accessible for the binding of the oligonucleotide 201 (Fig. SE).
However, the presence of Rho resulted in much decreased RNase H cleavage (17%),
suggesting that Rho binding protects the 201-210 nucleotides region from oligonucleotide
binding. No such Rho-dependent protection was observed when using an oligonucleotide
targeting residues 130-139 (oligonucleotide 130, Fig. SE). Thus, our data indicate that Rho
binding specifically occurs at the predicted rut in the first 34 codons of thiM mRNA (Fig. 5A).
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The importance of the rut sequence was determined using transcriptional thiM-lacZ fusions
containing deletions of the C-rich region (205-213 nt, R1 mutant) or base substitutions of the
C-stretch (215-218 nt, R2 mutant; see Fig. 4A for mutant description). While a loss of
regulation was observed for mutant R1 (Supplemental Fig. S8A), both a disruption in gene
regulation and higher B-galactosidase activities were obtained for the mutant R2
(Supplemental Fig. S8A), suggesting that the C-stretch is highly important for thiM mRNA
regulation. Moreover, in vitro assays showed that RNA degradosome cleavage activity on
mutant R2 was also more perturbed, since only the cleavage site at position 212 was not
significantly affected for this mutant (Supplemental Fig. S8B). These results imply that the C-
stretch sequence is involved in both Rho transcription termination and RNA degradosome
cleavage activity. Notably, M2 mutations, which are located immediately downstream of the
C-stretch, completely inhibited gene regulation (Fig. 4E), consistent with this region being

crucial for thiM regulation.
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Figure S8. In vitro mapping of RNA degradosome cleavage sites.

(A) B-Galactosidase assays of transcriptional thiM-lacZ fusions for wild-type, R1 and R2
mutants (see Fig. 4A for mutant description). Enzymatic activities were measured as a
function of 500 yg/mL TPP. Values were normalized to the enzyme activity obtained for the
wild-type construct without TPP. The average values of three independent experiments with
SDs are shown. (B) In vitro mapping of RNA degradosome cleavage sites for R1 and R2
mutants (see Fig. 4A for mutant description). Experiments were performed as described for
Figure 4B. RNA molecules were incubated in cleavage buffer in the absence (-) or presence
(+) of RNA degradosomes. Expected cleavage sites for positions 212, 219 and 255 are
indicated to the left of the gel.
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Monitoring Rho transcription termination using ChIP assays

To evaluate the influence of Rho on thiM mRNA transcription, we performed chromatin
immunoprecipitation (ChIP) of the RNAP (3 subunit) with quantitative PCR (ChIP-qPCR).
These experiments were performed in the context of a wild-type and a R66S Rho mutant
strain; R66S mutant Rho is defective in the termination of many RNAs, presumably due to a
defect in its ability to bind RNA (Martinez et al. 1996). Cells were grown in rich LB medium
allowing TPP intracellular accumulation (Leonardi and Roach 2004). RNAP local occupancy
was assessed by measuring the amount of thiM DNA co-immunoprecipitated with RNAP,
using two pairs of primers targeting specific regions of the 5' UTR and ORF domains. We
found lower RNAP occupancy within the ORF compared to the 5' UTR, suggesting
transcriptional termination within the early coding sequence (Fig. 6A). However, a smaller
difference in RNAP occupancy between 5' UTR and ORF domains was detected in the rho
mutant cells (Fig. 6A), consistent with Rho inactivation leading to increased transcription
efficiency across thiM. To summarize the effect of the R66S Rho mutant on RNAP association
across a gene, we calculated a "Rho termination score", defined as the ratio of RNAP
association in the ORF versus the transcript 5° UTR in the Rho mutant, normalized to the
equivalent ratio in the wild-type. Rho termination scores significantly greater than 1.0 indicate
of Rho termination within the gene. We determined a Rho termination score for thiM of 2.8,
indicating Rho-dependent termination within rhiM (Fig. 6A), consistent with in vitro
transcription data (Fig. 5D). As expected, a Rho termination score of 9.3 was observed for rho
(Fig. 6B), which is known to be auto-regulated (Matsumoto et al. 1986). In contrast, we
determined the Rho termination score for bfuB to be 0.9 (Fig. 6A), suggesting that Rho is not
involved in bruB regulation. The similar level of RNAP occupancy for both 5' UTR and ORF
domains in the wild-type strain suggests either that no transcriptional control is in place or that
a low AdoCbl concentration is present in the growth medium (Lawrence and Roth 1995).
Nevertheless, the absence of Rho participation is supported by both the lack of bicyclomycin
effect when using a 27-codon btuB-lacZ transcriptional construct (Supplemental Fig. SOA) and
the absence of a C-rich/G-poor sequence profile in the corresponding mRNA region
(Supplemental Fig. S9B). Together, our data indicate a role for Rho-dependent termination in

the regulation of thiM but not btuB.
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Figure 6. The Rho/RNA degradosome regulation mechanism is crucial for mRNA decay.

(A and B) ChIP-gPCR data showing RNA polymerase occupancy upstream for thiM and btuB
(A) and rho (B). ChIP-qPCR data showing RNA polymerase (3 subunit) occupancy at
indicated locations. Values indicated represent the relative enrichment of ChIP DNA to the
input control in wild-type cells or cells expressing the R66S Rho mutant from its native locus.
(C and D) Northern blot experiments using wild-type (C) and rne-131 (D) strains in presence
of 500 pg/mL TPP and 25 ug/mL bicyclomycin (BCM). RNAs were extracted at midlog phase
before (-20 min) and after bicyclomycin addition (-10 min), and before (0) and after (1, 2, 3, 4,
5 min) TPP addition. A probe hybridizing to the thiM ORF domain was used. 16S RNA was
used as a loading control. (E) Quantification analysis of Northern blots shown in panels C and
D. The graph represents the relative percentage of mRNA as a function of time. The average
values of three independent experiments with SDs are shown.
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Figure S9. The E. coli btuB riboswitch does not rely on Rho transcription termination.

(A) B-Galactosidase assays of transcriptional btuB-lacZ fusions containing 27 btuB codons
were performed in the wild-type strain. Reactions were performed in the absence or presence
of 5 uM AdoCbl and 25 ug/mL bicyclomycin (BCM). Values were normalized to the enzyme
activity obtained for wild-type constructs without ligand. The average values of three
independent experiments with SDs are shown. (B) Sequence analysis of the cytosine (C%) and
guanine (G%) distribution on bfuB riboswitch and 77 btuB codons. A scanning window of 25
nt was used to determine the relative presence of both nucleotides (C and G) as a function of
btuB sequence positions. Note that there is no C-rich/G-poor sequence indicating a possible rut
site.

The dual Rho/RNA degradosome mechanism is crucial for thiiMD mRNA control

The importance of a dual Rho/RNA degradosome mechanism was assessed in the context of
endogenous thiMD mRNA. Addition of TPP to a bicyclomycin-containing growth medium
efficiently decreased thiMD mRNA levels (compare Figs. 1B and 6C), suggesting that Rho
inactivation does not perturb thiMD mRNA regulation. Rho inactivation was confirmed by the
increased in rho mRNA levels in the presence of bicyclomycin (Supplemental Fig. S10A). In
contrast, bicyclomycin addition to an RNA degradosome-defective rne-131 strain resulted in a
significantly slower rate of mRNA decrease (Fig. 6D.E), indicating that inactivation of both
mechanisms is detrimental for thiMD mRNA control. Furthermore, the use of a probe
targeting the thiM riboswitch in wild-type and rnel31 strains resulted in the accumulation of
multiple intermediate mRNA fragments (Supplemental Fig. S10A,B), probably reflecting
alternative degradation pathways to ensure thiMD mRNA degradation when Rho is inhibited.
Thus, our results suggest that both Rho transcription termination and RNA degradosome

activity must be simultaneously inhibited to perturb TPP-dependent thiMD mRNA regulation.

71



Our results suggest that the thiM riboswitch regulates gene expression both co-
transcriptionally by Rho transcription termination and post-transcriptionally by RNA
degradosome activity, the latter supported by reduced mRNA half-life in the presence of TPP
(Supplemental Fig. S4C). To investigate TPP binding kinetics, we used RNase H cleavage
assays to monitor TPP binding to nascent thiM transcripts. In this assay, a DNA
oligonucleotide is added after transcription completion to probe TPP-dependent formation of
the P1 stem (Supplemental Fig. S11A,B). Thus, by monitoring P1 formation as a function of
time (Supplemental Fig. S11C), it is possible to estimate the apparent rate of TPP binding to
the riboswitch. We first performed transcription of the thiM riboswitch without TPP and
observed efficient RNase H cleavage of nascent transcripts (lane C, Supplemental Fig. S12A).
However, transcription reactions with TPP (co-transcriptional binding) yielded cleavage
protection for all transcription time points, consistent with efficient TPP binding
(Supplemental Fig. S12A). Post-transcriptional TPP addition also resulted in RNase H
protection, although to a lesser degree (Supplemental Fig. S12A). Fitting the data to a single-
exponential model yielded apparent binding rates of 0.13 + 0.02 s and 0.05 + 0.01 s for co-
and post-transcriptional TPP addition, respectively (Supplemental Fig. S12B). These apparent
binding rates indicate that TPP recognition is performed only 2.5-fold slower post-
transcriptionally, suggesting that the riboswitch can sense TPP both co- and post-

transcriptionally.
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Figure S10. Analysis of the thiMD mRNA level as a function of TPP, bicyclomycin and RNA
degradosome integrity.

(A and B) Northern blot analysis of thiMD mRNA levels in wild-type (A) and rne-131 (B)
strains using a probe targeting the riboswitch domain. Bacterial strains were grown and RNA
extracted as indicated in Figure 6C. Bicyclomycin (25 ug/mL) and TPP (500 ug/mL) were
added at the indicated times. A probe targeting rho mRNA (positions 256 to 455) was used to
establish the efficacy of bicyclomycin in blocking Rho activity. The loading control was 16S
rRNA. RNA species are indicated to the right of the gels.
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Figure S11. Schematic of the RNase H cleavage assay probing TPP binding to the thiM
riboswitch.

(A) Representation of the thiM riboswitch in the absence of TPP. Because the riboswitch is in
the ON state, the incubation of a DNA oligonucleotide (red) specifically hybridizing to the
aptamer domain results in RNase H cleavage activity of the riboswitch.

(B) Representation of the thiM riboswitch in presence of TPP. TPP binding leads to the
adoption of the OFF state in which the P1 stem is formed. In this condition, DNA
oligonucleotide binding to the riboswitch is not possible and RNase H cleavage of the
riboswitch is not observed. (C) Experimental setup assessing TPP binding to the thiM
riboswitch. Addition of TPP is performed either at the beginning or at the end of a 15 s
transcription reaction, thereby allowing TPP binding to occur either co-transcriptionally or
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post-transcriptionally, respectively. Under these conditions, full-length transcription is
achieved in less than 15 s and the presence of heparin ensures that no transcription re-initiation
occurs. RNase H cleavage assays were performed at the indicated time points for 15 s.
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Figure S12. RNase H cleavage assays monitoring co- and post-transcriptional TPP binding to
the thiM riboswitch.

(A) RNase H assays performed on nascent thiM mRNAs. Transcription was performed using
E. coli RNAP and RNase H reactions were performed for 15 s in all cases. A control (lane C)
shows the cleaved product in the absence of TPP, consistent with accessibility of the P1 stem
to oligonucleotide binding and RNase H cleavage. Co-transcriptional studies were carried out
by adding TPP (10 M) at the beginning of the transcription and by performing RNase H
assays at the indicated times. Post-transcriptional TPP binding studies were conducted
similarly but TPP was added at the end of transcription. The DNA probe was designed to
target the P1 stem. (B) Quantification analysis of RNase H experiments shown in panel A.
Data were fitted to a single-exponential model and yielded apparent TPP binding rates of 0.13
+0.02 s" and 0.05 + 0.01 s for co- and post-transcriptional binding, respectively. The model
assumes that no cleavage protection is obtained in the absence of TPP. Reported errors are
related to the standard error in the fitting, which is assumed to be approximated by the
standard deviation of the points from the fitted curve (Rist and Marino 2001).
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The lysC riboswitch relies on a dual Rho/RNA degradosome mechanism to control gene

expression

Our previous work on the lysC riboswitch suggested that Rho is not involved in /ysC mRNA
control (Caron et al. 2012). However, analysis of the lysC riboswitch expression platform
indicated that previously determined RNase E cleavage sites 1 and 2 (Supplemental Fig.
S13A) are located in a region containing high and low proportions of C and G residues,
respectively (Supplemental Fig. S13B). Bicyclomycin addition resulted in the complete loss of
lysine-dependent mRNA regulation when wusing a transcriptional [lysC-lacZ fusion
(Supplemental Fig. S13C), clearly indicating the implication of Rho transcription termination.
Further confirmation was obtained from ChIP assays producing a Rho termination score of 6.1
(Fig. 7A). These findings, together with our previous work (Caron et al. 2012), indicate that
the lysC riboswitch also directly controls both Rho transcription termination and the RNA

degradosome to modulate /ysC mRNA.

Rho transcription termination is used by most E. coli riboswitches

To establish whether Rho transcription termination is widespread among all other known E.
coli riboswitches, we used ChIP-qPCR for riboswitch-controlled genes thiB, thiC, ribB and
mgtA. We obtained Rho termination scores of 12 for thiB, 3.0 for thiC and 3.1 for ribB (Fig.
7B,C), indicative of Rho termination within these genes. The Rho termination score of ribB is
consistent with previous results (Hollands et al. 2012). In contrast, our Rho termination score
of 1.0 for mgtA (Fig. 7C) suggests that Rho transcription termination is not involved for this
riboswitch. Our data indicate that, in addition to their translational regulation, most E. coli

riboswitches use Rho-dependent termination to modulate gene expression.
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Figure 7. Monitoring the RNA polymerase occupancy of several E. coli riboswitches using
ChIP.

(A, B and C) ChIP-qPCR data showing RNA polymerase (3 subunit) occupancy for lysC (A),
thiB and thiC (B) and for ribB and mgtA (C). Values represent the relative enrichment of ChIP

DNA to the input control in wild-type cells or cells expressing the F66S Rho mutant from its
native locus.
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Figure S13. The lysC lysine riboswitch modulates Rho transcription termination upon lysine
binding.

(A) Schematic representing the lysC riboswitch with nucleotide sequence and predicted stem-
loop structure of the expression platform. Arrows indicate previously identified RNA
degradosome cleavage sites (Caron et al. 2012). Boxed nucleotides show the potential rut site
located immediately upstream of the translation-sequestering stem. Nucleotides emphasized in
gray show the RBS sequence and the AUG start codon. (B) Sequence analysis of cytosine
(C%) and guanine (G%) distribution in lysC mRNA. A scanning window of 25 nt was used to
determine C and G occurrences as a function of nucleotide positions. Note that the region
around position 250 nt shows a profile predicted for rut sites where high and low proportions
of cytosines and guanines are observed, respectively. (C) B-Galactosidase assays of lysC-lacZ
transcriptional fusions. Enzymatic activities were measured in the absence or presence of 10
pug/mL lysine and 25 pg/mL bicyclomycin (BCM). Values were normalized to the enzyme
activity obtained for the wild-type in absence of ligand and BCM. The average values of three
independent experiments with SDs are shown.
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DISCUSSION

Overlapping sequences direct riboswitch-mediated RNA processing and Rho-dependent

transcription termination

Based on our study, TPP-induced rhiM translational inhibition triggers both Rho-dependent
transcription termination and mRNA decay. Our model proposes that these mechanisms rely
on intrinsic properties of the thiM riboswitch that allow TPP binding both co- and post-
transcriptionally (Fig. 8). This is in marked contrast to the adenine-sensing pbuFE riboswitch,
which only binds ligand co-transcriptionally (Lemay et al. 2011; Frieda and Block 2012). By
binding TPP both co- and post-transcriptionally, the riboswitch allows mRNA regulation to be
performed on nascent transcripts as well as on transcribed polycistronic mRNAs (Fig. 8).
Because Rho and RNase E target sequences overlap, biological regulatory activities may be
part of an integrated process that has evolved to ensure intimate coupling of both mechanisms.
[-galactosidase experiments using a thiM-lacZ transcriptional fusion indicate that Rho
termination elements are localized within the first 34 thiM codons. Nonetheless, even if ChIP
experiments clearly show Rho transcription termination's involvement in thiMD regulation,
the TPP-dependent decrease of thiMD mRNA levels remains unaffected when Rho is
inhibited. A reasonable explanation highlighted in our study is that thiMD mRNA remains
actively degraded by cellular RNases, as suggested by the approximately 2-fold decrease of
thiMD mRNA half-life in the presence of ligand. It is worth noting that half-life measurements
strictly report the effect of TPP on already transcribed mRNAs, suggesting that control of thiM
mRNA decay must occur through post-transcriptional TPP binding to the riboswitch. Our
results also indicate that RNase E is involved but not essential for TPP-dependent thiMD
mRNA decay. This is mainly supported by the accumulation of a 600 nt RNA (intermediate
2)—but not the complete thiMD mRNA—when RNase E is inactivated in the presence of
TPP. Hence, we infer that intermediate 2 is most likely generated by an additional unidentified

RNase (RNase X), and requires RNase E activity for its degradation (Fig. 8).
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Figure 8. Proposed model describing Rho transcription termination and RNA degradosome
regulation mechanisms for thiM riboswitch.

Co-transcriptional riboswitch TPP binding (yellow panel) favors inhibition of translation
initiation. As a result, the Rho transcription factor binds to a rut site, leading to prematurely
terminated transcripts containing an RNase E recognition signal (yellow star). RNase E
cleavage of terminated transcripts generates an mRNA fragment (intermediate 1).
Alternatively, riboswitch TPP binding occurs post-transcriptionally (blue panel) leading to
direct targeting of the thiMD mRNA operon by RNase E and other putative RNase(s) to
generate intermediates 1 and 2.
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Only when Rho is inhibited in an RNA degradosome mutant background is TPP-induced
thiMD mRNA control perturbed (Fig. 6E), suggesting that a synergetic effect exists between
both regulation mechanisms. This observation is substantiated by key findings indicating that
a single RNA sequence localized in the first 34 thiM codons controls both Rho-dependent
termination and mRNA degradation. First, a Rho termination mechanism is consistent with
both the presence of a rut region, determined by sequence analysis and RNase H assays (Fig.
5A.E), and Rho transcription termination sites, which occur at positions 231, 237 and 262
(Fig. 5D). Second, in vitro degradosome assays, together with f-galactosidase experiments,
revealed the presence of RNA degradosome cleavage sites at positions 212, 219 and 255 (Fig.
4B). Taken as a whole, these results strongly indicate that Rho and RNase E recognize
overlapping target sequences, consistent with a unique mRNA domain being important for
both mechanisms (Fig. 8).

We evaluated various mutants in this RNA regulatory region in the presence of the 34-codon
thiM-lacZ transcriptional fusion. Only R2, M2 and M4 mutations completely abolished TPP-
dependent mRNA decay (Fig. 4D.E; Supplementary Fig. 8A). Therefore, the 215-219 nt
sequence and the stability of the stem-loop structure are important for both Rho-dependent
transcription termination and RNA degradosome cleavage. No mutation was found to
significantly prevent Rho-dependent termination in vitro (data not shown), suggesting that
other cellular factors modulate Rho specificity in vivo. One straightforward explanation could
be a technical limitation since Rho termination is likely to be very efficient in vitro in the
absence of ribosomes or other constraining factors. The strong overlap between Rho and
RNase E target sequences is also supported by bicyclomycin-dependent abolition of mRNA
regulation in transcriptional lacZ fusions (Fig. 5B). Previous experimental evidence indicated
that bicyclomycin induces Rho to stall at the rut site (Skordalakes et al. 2005). We expect that
Rho stalling could impede RNA degradosome cleavage activity by perturbing mRNA
regulation.

In addition to direct implication in thiMD mRNA control, colocalization of Rho and RNase E
targeted sequences ensures that RNase E efficiently degrades all transcripts prematurely
terminated by Rho. This hypothesis is compatible with Rho termination at position 262
(determined in vitro) but will need further investigation for transcripts terminated at positions

231 and 237 since our data underlined the importance of the stem-loop structure for RNA
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degradosome activity (Fig. 4E). However, such a mechanism is supported by the increase of
both intermediate 1 abundance and half-life in the degradosome-deficient rne-131 strain (Fig.
3A; Supplemental Fig. 4G), and intermediate 1 decrease after bicyclomycin addition in rne-
131 (compare lanes -20 min and -10 min in Supplemental Fig. S10B). Our results also indicate
that intermediate 1 is further processed by PNPase (Supplemental Fig. S6F), likely leading to
production of the aptamer domain. Hence, the highly structured TPP-bound aptamer is
polyadenylated and degraded by the exoribonuclease RNase R (Fig. 8; Supplemental Fig.
S6H.I). The degradation of such an RNA intermediate is obviously an essential component of
the thiM riboswitch regulatory control as it recycles both TPP and ribonucleotides for

incorporation into new RNA molecules (Belasco 2010).

Dual regulation of riboswitch-controlled genes is a widespread mechanism

Strikingly, we observed similarities in lysC and thiM mRNA regulatory sequences. Both
regulatory elements contain an RNase E cleavage site consisting of a UCUU sequence
followed by a downstream stem-loop (Fig. 4A, Supplementary Fig. 13A). Interestingly,
mRNA regulation of lysC and thiMD is unaffected in an RppH mutant strain (ArppH)
(Supplemental Fig. 14A-C), which prevents 5’-dependent entry of RNase E (Deana et al.
2008). The latter result suggests that both UCUU sequences could be internal entry sites for
RNase E. These findings are consistent with recent RNA-seq analysis showing that the direct
entry of RNase E is a major pathway for mRNA decay (Clarke et al. 2014). More importantly,
our data indicate that the [ysC riboswitch also employs a dual regulatory mechanism
combining RNA degradosome and Rho transcription termination activities. In this case, the
regulating sequence is located in the riboswitch expression platform (Supplemental Fig. S13B)
(Caron et al. 2012) and could, therefore, be a riboswitch-controlled mechanism. Similar to
thiM, the predicted rut site overlaps (Supplemental Fig. S13A) the RNA degradosome
cleavage sites (Caron et al. 2012), consistent with the total absence of lysine-induced

repression with bicyclomycin (Supplemental Fig. S13C).
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Supplemental Figure S14. The thiMD operon and the lysC mRNA do not rely on RppH
activity for mRNA control.

(A) Northern blot analysis of thiMD mRNA level in the context ArppH strain. Bacteria were
grown and RNA extracted as indicated in Figure 1B. Samples were taken immediately before
(0-) and after (0+) the addition of TPP (500 ug/mL). The loading control was 16S rRNA.

(B) B-Galactosidase assays of transcriptional thiM-lacZ fusions in wild-type and ArppH
mutant strains. Enzymatic activities were measured as a function of 500 yg/mL TPP. Values
were normalized to the enzyme activity obtained without TPP. The average values of three
independent experiments with SDs are shown.

(C) Northern blot analysis of lysC mRNA levels in the ArppH strain. Bacteria were grown and
RNA extracted as indicated in Figure 1B. Samples were taken immediately before (0-) and
after (0+) the addition of lysine (10 ug/mL). The loading control was 16S rRNA. Note that
because the RNA degradosome activity was previously shown to influence endogenous lysC
mRNA (Caron et al. 2012), a potential decrease in RNA degradosome efficiency should be
detected by Northern blot analysis.

Although no other study has reported Rho and RNA degradosome being part of an integrated
mechanism targeting a similar mRNA region, it was recently found in Corynebacterium
glutamicum that both Rho and RNase G are involved in the FMN riboswitch control
mechanism (Takemoto et al. 2015). Similar to our findings, the regulation of mRNA levels
was significantly altered only by simultaneously disrupting both Rho and RNase G activity.
However, the mechanistic details describing both cellular activities still remain to be
established. Interestingly, several prior studies support our model. First, it was reported that a
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defect in Rho binding makes mRNA more susceptible to degradation (Sozhamannan and Stitt,
1997). Moreover, a recent study showed that E. coli rppH mutants are more sensitive to
bicyclomycin, consistent with stalled bicyclomycin-Rho complexes preventing direct entry by
RNase E to target cleavage sites (Tran et al. 2011). Also, co-immunoprecipitation experiments
have shown that Rho is strongly associated with the RNA degradosome complex in
Rhodobacter capsulatus (Jager et al. 2001), providing evidence that both protein effectors may
be involved in overlapping regulatory pathways. Combined with these findings, our work
suggests that coordinated action involving Rho transcription termination and RNase activity
may be widespread among prokaryotic organisms.

In the course of this study, we investigated the importance of Rho regulation for several E. coli
riboswitches. Our ChIP data revealed that riboswitches sensing TPP (thiB and thiC) and FMN
(ribB) control Rho-dependent transcription termination (Fig. 7B,C). Rho termination in thiC
and ribB ORFs is supported by previous reports indicating mRNA modulation by both
riboswitches (Winkler et al. 2002; Hollands et al. 2012). In contrast, despite ChIP data clearly
showing an RNAP decrease in the mgtA ORF, indicative of a transcriptional control, no
obvious regulation appears to be performed in a Rho-dependent manner (Fig. 7C). One
possible explanation is either that the E. coli mgtA riboswitch uses a different molecular
mechanism to its Salmonella enterica homolog (Hollands et al. 2012). Alternatively, the R66S
Rho mutant may not prevent mgtA Rho-dependent termination. Consistent with this notion, the
R66S mutant grows almost as well as wild-type, despite Rho being essential for viability.
Moreover, another RNA-binding domain mutant of Rho, F62S, is only defective in Rho
termination for a subset of RNAs (Shashni et al. 2014). In the case of the AdoCbl sensing
riboswitch (btuB), the combination of ChIP and B-galactosidase data suggests that Rho is not
involved in the regulation mechanism. As previously suggested, mRNA degradation would be
the main mechanism employed by this translationally-acting riboswitch to control the mRNA
level (Nou and Kadner 1998). Strikingly, all E. coli riboswitches we tested regulate gene
expression at the mRNA level, and at least 5 of 7 riboswitches employ Rho-dependent
transcription termination. Further investigation is needed to determine whether they all
regulate translation and whether they combine both mRNA degradation and premature

transcription termination.
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Conclusions

Our work provides the first detailed mechanism describing how ligand binding to translation-
controlling riboswitches orchestrates the regulation of both premature transcription
termination and mRNA decay. The strategic location of such regulatory sequences at the
beginning of regulated mRNAs ensures they are recognized early in the expression pathway,
thus providing efficient coordination of translation and mRNA regulation. Importantly our
study suggests that this mechanism is widespread among riboswitches and most likely among

all bacterial mRNA.
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MATERIAL AND METHODS

pB-Galactosidase Assays

Strains used in the study are listed in the Supplemental Table S1. Kinetic assays for B-
galactosidase experiments were performed as described previously (Caron et al. 2012) and
fusions used in the study are described in the Supplemental Table S2. Briefly, an overnight
bacterial culture grown in M63 0.2% glycerol minimal medium was diluted to an ODy,, of
0.02 in 50 mL of fresh medium. The culture was incubated at 37°C until an OD,, of 0.1 was
obtained. Arabinose (0.1%) was then added to induce the expression of lacZ constructs. TPP
(500 pg/mL), lysine (10 pg/mL) or AdoCbl (80 pg/mL) was added where indicated. B-
galactosidase experiments determining Rho factor involvement were performed in 3 mL of

culture media as described above. Bicyclomycin (25 yg/mL) was added where indicated.

Northern Blot analysis and mRNA half-life determination

Bacterial cultures were grown at 30°C or 37°C in M63 0.2% glucose minimal medium to
midlog-phase (ODq,, of 0.35). Cells were then centrifuged and resuspended with sterile water,
and total RNA was extracted immediately using the hot phenol method (Caron et al. 2012).
TPP (500 pg/mL), lysine (10 pg/mL) or bicyclomycin (25 pg/mL) was added at indicated
times. For half-life determination, RNA transcription was blocked by adding of rifampicin
(250 ug/mL). Northern blot experiments were performed as described previously (Caron et al.

2012). Probes were generated by PCR (see Supplemental Table S3 for constructs).

ChIP-qPCR

Wild-type MG1655 and MG1655 rhoR66S mutant strains were grown in LB at 37°C to mid-
exponential phase. ChIP of RNAP was performed as described previously (Stringer et al.
2014) using anti- mouse monoclonal antibody (NeoClone). After purification of ChIP and
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input (starting material) DNA samples, real time PCR was performed using an ABI 7500
instrument with the primers listed in Supplementary Table 2. In each reaction, forward and
reverse primers were used to amplify either the UTR or ORF region of rho or selected
riboswitch genes. The percentage of IP efficiency was calculated for each region of interest as
the ratio of DNA in the ChIP sample compared to the input sample. Forward and reverse PCR

primers are listed in the Supplemental Table S4.
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SUPPLEMENTAL METHODS

DNA oligonucleotides, Bacterial Strains and Plasmids.

DNA oligonucleotides were purchased from Integrated DNA Technologies. Strains used in
this study are derived from Escherichia coli MG1665. Strain genotypes are listed in
Supplemental Table S1. Strain DH5a was used for routine cloning procedures (Yu et al. 2000)
and BL21 (DE3) was used for overproduction of the RNA degradosome, Rho and NusG
proteins. The thiM transcriptional and translational fusions were constructed with the PM 1205
strain (Supplemental Table S2) (Caron et al. 2012). The PCR strategy to obtain thiM
riboswitch translational constructs is listed in Supplemental Table S3. Transcriptional fusions
used an additional PCR step (LB1-LB47) to insert a stop codon. Mutations performed in thiM
were made using 3 PCR steps (Supplemental Table S3). PCR1 and PCR2 were performed
with the genomic DNA and PCR3 was performed using products of the PCR1 and PCR2
reactions. The insertion of pFRDthiM,;, into genomic DNA has been described previously
(Caron et al. 2012). The thiM DNA fragment obtained by PCR (LB38-LB39) was cloned into
plasmid pRFD. The resulting vector was inserted into bacterial cells by transduction. DNA

oligonucleotides used in this study are listed in the Supplemental Table S4.

Enzymes and chemicals

T7 polymerase, RNA degradosome, Rho and NusG protein were purified as described
previously (Rabhi et al. 2011). The E. coli RNA polymerase was purchased from Epicentre.
Bicyclomycin was obtained from Santa Cruz Biotech. TPP, lysine and coenzyme B12 were
purchased from Sigma Aldrich. The RiboRuler Low Range RNA Ladder was obtained from

Fisher Scientific.
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In vitro degradation assays

Templates corresponding to thiM positions 175-274 nt were in vitro transcribed using purified
T7 polymerase. Transcripts were radiolabelled at the 3' end and used for in vitro degradation

assays as previously described (Caron et al. 2012).

3’ Rapid Amplification of cDNA ends (RACE)

Bacterial cultures were grown at 37°C in M63 0.2% glucose minimal medium to midlog phase
(ODgy, of 0.5). Cells were centrifuged and resuspended in sterile water, and total RNA was
extracted immediately using hot phenol (Caron et al. 2012). RNA was then treated with Turbo
DNase (Ambion) and polyadenylated as previously described (Caron et al. 2012). Reverse
transcription was performed using SuperScript II (Invitrogen) and the poly-dT oligonucleotide
EM1363. The resulting cDNA was used as template in PCR reaction using oligonucleotides
LB1-EM1364. PCR products were cloned using the Zero Blunt TOPO kit (Invitrogen) and

sequenced.

Rho transcription termination assays

In vitro transcriptions were performed using either the first 400 nt of thiM mRNA or the first
336 nt of the 34-codon thiM-lacZ transcriptional fusion. The transcription buffer contained 40
mM Tris-HCI pH 8.0, 50 mM KCl, 5 mM MgCl, and 1.5 mM DTT. In a reacting vessel, 300
fmol DNA template, 10 uM CUGC tetranucleotide and 400 nM ATP/GTP were incubated in
the transcription buffer at 37°C for 5 min. 50 nM Rho and/or NusG were added where
indicated. A mixture containing 0.2 U E. coli RNA polymerase and 10 xCi [a-P] UTP were
then added to the transcription reaction and incubated at 37°C for 15 min. A solution
containing 50 uM NTPs and 1.5 pg/mL rifampicin was added to complete the transcription
reaction. Resulting reactions were phenol/chloroform treated and mixed 1:1 with a stop

solution containing 95% formamide, 10 mM EDTA and 0.1% SDS.
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TPP binding kinetics monitored using RNase H assays

In vitro transcription assays were conducted using the first 300 nt of thiM mRNA. The
transcription buffer contained 20 mM Tris-HCI pH 8.0, 20 mM NacCl, 20 mM MgCl,, 100 uM
EDTA and 14 mM B-mercaptoethanol. Radiolabeled transcripts were mixed 1:1 with a
solution containing 0.12 U/uL. RNase H and 200 M DNA oligonucleotide (AC3, see
Supplemental Table S4) in 5 mM Tris-HCI pH 8.0, 20 mM MgCl,, 100 mM KCI, 50 uM
EDTA and 10 mM B-mercaptoethanol at 37°C for 15 s. Reactions were stopped with
denaturing buffer containing 95% formamide, 10 mM EDTA and 0.1% SDS.
Co-transcriptional and post-transcriptional TPP binding analysis was performed by
adding TPP either at the beginning (co-transcriptionally) or after the transcription reaction
(post-transcriptionally), which was stopped through the addition of heparin. In both cases,
samples were taken at various time points and treated with RNase H for 15 s and stopped
using the denaturing buffer. Ligand binding analysis assumed a 1:1 stoichiometry between the
aptamer and TPP, consistent with in-line probing data (Winkler et al. 2002) and crystal
structure (Edwards and Ferre-D'Amare 2006; Serganov et al. 2006; Thore et al. 2006). The
fitting was done using a single exponential decay to yield the pseudo-first order rate of ligand

binding.

Rho binding monitored using RNase H assays

Using a DNA template corresponding to the first 400 nt of thiM mRNA, transcripts were
prepared in the absence of Rho, as described in the section Rho transcription termination
assays. After transcription was complete, the mixture was passed twice through a G50 column
to remove free nucleotides. Purified transcripts were then incubated in the presence of 70 nM
Rho for 5 min at 37°C. The resulting mixture was incubated with a solution containing 10 uM
of a DNA oligonucleotide (130 or 201, see Supplemental Table S4) and 0.12 U/uLL RNase H
in 5 mM Tris-HCI pH 8.0, 20 mM MgCl,, 100 mM KCI, 50 yM EDTA and 10 mM B-
mercaptoethanol at 37°C for 5 min. Reactions were stopped using 95% formamide, 10 mM

EDTA and 0.1% SDS.
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Bioinformatic analysis of riboswitch sequences for rut determination

A bash shell script was written to calculate the proportion of cytosines and guanines using
riboswitch sequences obtained from public databases. A scanning window of 25 nt was used
with a stepping value of 1 nt. The validity of the technique was verified using pgaA, which

was shown to be a rut site recognized by Rho (Figueroa-Bossi et al. 2014).
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Supplemental Table S1. Summary of strains/plasmids used in this study.

Strains Relevant marker References

AM147 JW5741-1(11550), rnr-729(del)::kan, CGSC, Yale
BL21(DE3) plA247 (nusG)
BL21(DE3) pET28b-rho

BTU1 PM1205 lacl’::PBAD-BtuBg This study

BTU2 PM1205 lacl’::PBAD-btuBgq This study

BTU3 PM1205 lacl’::PBAD-btuB;7cq This study

CRBO16 MG1655 rho-R66S ilvD500::Tn10 Laboratory collection

DAL1 BL21(DE3) F~ompT hsdS(rB— mB-) gal dcm A (DE3) Laboratory collection

DAL2 JW1279-1 (99150) Arnb-723::kan, CGSC, Yale

EM1055 MG1655 AlacZ X174 (Masse and Gottesman 2002)

EM1047 DH50 + pACYC184 Laboratory collection

EM1237 DY330 [W3110 delta-lacU169 gal490 lambda-cl857 (Yu et al. 2000)
delta-(cro-bioA)]

EM1277 EM1055 rne-3071(Ts) zce-726::Tn10 (Masse et al. 2003)

EM1321 EM1055 rnc14 [P1 from EM1320] Laboratory collection

EM1377 EM1055 rnel31 zce-726::Tn10 (Masse et al. 2003)

GDO054 EM1055 P1GDO053 [pcnB ::tet] Laboratory collection

JF185 EM1055 rppH::Tet Laboratory collection

JF296 JW5851-1 (11950), pnp-776::kan, CGSC, Yale

MPC16 PM1205 lacl’::PBAD-lysC-lacZ (Caron et al. 2012)

PM1205 lacl'::Pgap-cat-sacB-lacZ, mini | tet" (Mandin and Gottesman 2009)

TPP3 PM1205 lacl’::PBAD-thiMg (Caron et al. 2012)

TPP4 PM1205 lacl’::PBAD-ThiMg (Caron et al. 2012)

TPP5 PM1205 lacl’::PBAD-thiMsgy This study

TPP6 EM1055::pfrAthiMsscq This study

TPP7 EM1377::pfrAthiMzscy This study

TPP8 rppH::pfrAthiMsscq This study

TPP9 PM1205 lacl’::PBAD-thiM gy This study

TPP10 PM1205 lacl’::PBAD-thiM,1y This study

TPP11 PM1205 lacl’::PBAD-thiM,y This study

TPP12 PM1205 lacl’::PBAD-thiM gy This study

TPP13 PM1205 lacl’::PBAD-thiMig7c4 This study

TPP14 PM1205 lacl’::PBAD-thiM3s.qmutRBS This study

TPP15 PM1205 lacl’::PBAD-thiM3s.¢qmutAUG This study

TPP16 PM1205 lacl’::PBAD-thiMg.qmutRBS This study

TPP17 PM1205 lacl’::PBAD-thiMg.qmutAUG This study

TPP18 PM1205 lacl’::PBAD-ThiMg.qmutRBS This study

TPP19 PM1205 lacl’::PBAD-ThiMg.qmutAUG This study

TPP20 PM1205 lacl"::PBAD-btuBthiM This study

TPP21 PM1205 lacl’::PBAD-thiM34.qM3 This study

TPP22 PM1205 lacl’::PBAD-thiM3s.qM2 This study

TPP23 PM1205 lacl’::PBAD-thiM3s.qM1 This study

TPP24 PM1205 lacl’::PBAD-thiMsy.qM4 This study

TPP25 PM1205 lacl’::PBAD-thiMsy.qM5 This study

TPP26 PM1205 lacl’::PBAD-thiMs,.qM6 This study

TPP27 PM1205 lacl’::PBAD-thiM34.qM8 This study

TPP28 PM1205 lacl’::PBAD-thiM34.qM7 This study

TPP29 PM1205 lacl’::PBAD-thiMsy.qM2 This study

TPP30 PM1205 lacl’::PBAD-thiMp.4M2 This study

TPP31 PM1205 lacl’::PBAD-thiMg7.4M2 This study
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TPP32
TPP33

PM1205 lacl’::PBAD-thiMs44R1
PM1205 lacl’::PBAD-thiMs44R2

This study
This study
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Supplemental Table $S2. Summary of lacZ fusions used in this study.

Oligonucleotides

Strains Construct
Transcriptional and translational fusions in PM1205
BTU1 BtuBg.y

BTU2 btuBgy

TPP3 thiMey

TPP4 ThiMeg

TPP5 thiMsgcq

TPP9 thiM1gcq

TPP10 thiMy1cq

TPP11 thiMs4cq

TPP12 thiM100cd

TPP13 thiM167¢4
TPP14 thiMs4cgmutRBS
TPP15 thiM34cdetAUG
TPP16 thiMg.gmutRBS
TPP17 thiMeg.qmutAUG
TPP18 ThiMggmutRBS
TPP19 ThiMggmutAUG
TPP20 btuBthiM
TPP21 thiMs4cqM3
TPP22 thiMs4cqM2
TPP23 thiMs4cqM1
TPP24 thiMso.qM4
TPP25 thiMso.qM5
TPP26 thiMso.qM6
TPP27 thiMsz4.qM8
TPP28 thiMz4.qM7
TPP29 thiMsg.qM3

LB18-LB19 (genomic DNA)
LB18-LB20 (genomic DNA)
LB1-LB3 (genomic DNA)

LB1-LB2 (genomic DNA
LB1-LB7 (genomic DNA
LB1-LB4 (genomic DNA
LB1-LB5 (genomic DNA
LB1-LB6 (genomic DNA
LB1-LB8 (genomic DNA
LB1-LB9 (genomic DNA)

)
)
)
)
)
)

PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:

LB1-LB11 (genomic DNA)
LB10-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)
LB1-LB12 (genomic DNA)
LB13-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)

LB1-LB3 (thiM34cgmutRBS)
LB1-LB15 (thiM3ssmutAUG)
LB1-LB2 (thiM34cgmutRBS)
LB1-LB14 (thiM3ssmutAUG)

PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:

LB18-LB17 (genomic DNA)
LB16-LB6 (genomic DNA)
LB18-LB6 (PCR1-2)
LB1-LB21 (genomic DNA)
LB22-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)
LB1-LB24 (genomic DNA)
LB23-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)
LB1-LB26 (genomic DNA)
LB25-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)
LB1-LB28 (genomic DNA)
LB27-LB7 (genomic DNA)
LB1-LB7 (PCR1-2)
LB1-LB30 (genomic DNA)
LB29-LB7 (genomic DNA)
LB1-LB7 (PCR1-2)
LB1-LB32 (genomic DNA)
LB31-LB7 (genomic DNA)
LB1-LB7 (PCR1-2)
LB1-LB34 (genomic DNA)
LB33-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)
LB1-LB36 (genomic DNA)
LB35-LB6 (genomic DNA)
LB1-LB6 (PCR1-2)

LB1-LB7 (thiM167c,4M3)



TPP30

TPP31

TPP32

TPP33

thiMlooch3

thiM167CdM3

thiMs4aR1

thiMs44R2

Cloning in plasmid pfRA

TPP6-7-8

pfrAthiMsgg

LB1-LB8 (thiM167c,4M3)

PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:
PCR1:
PCR2:
PCR3:

LB1-LB24 (genomic DNA)
LB23-LB9 (genomic DNA)
LB1-LB9 (PCR1-2)
LB1-LB48 (genomic DNA)
LB49-LB9 (genomic DNA)
LB1-LB6 (PCR1-2)
LB1-LB50 (genomic DNA)
LB51-LB9 (genomic DNA)
LB1-LB6 (PCR1-2)

LB37-LB38 (genomic DNA)
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Supplemental Table S$3. PCR constructs used for in vitro RNA synthesis.

Constructions

Oligonucleotides

In vitro degradation assay
thim-wT
thiM-M1

thiM-M2
thimM-M3
thiM-M4
thiM-M5
thiM-M6
thiM-M8
thiM-M7

thiM-R1

thiM-R2

In vitro transcription assay
PlacUV5thiMsaglacZ

P/GCUV5th/M300
P/GCUV5th/M4QO

Northern Blot RNA probe
thiM probe

thiM riboswitch probe
thiD probe

lysC probe

rho probe

16S RNA probe

55 RNA probe

LB52-LB53 (genomic DNA)

PCR1: LB54-LB58

PCR2: LB52-LB53 (PCR1)
PCR1: LB54-LB57

PCR2: LB52-LB53 (PCR1)
PCR1: LB54-LB55

PCR2: LB52-LB53 (PCR1)
PCR1: LB61-LB62

PCR2: LB52-LB62 (PCR1)
PCR1:LB61-LB63

PCR2: LB52-LB63 (PCR1)
PCR1: LB61-LB64

PCR2: LB52-LB64 (PCR1)
PCR1: LB54-LB59

PCR2: LB52-LB53 (PCR1)
PCR1: LB54-LB60

PCR2: LB52-LB53 (PCR1)
PCR1: LB1-LB48

PCR2: LB49-LB53

PCR3: LB52-LB53 (PCR1-2)
PCR1: LB1-LB50

PCR2: LB51-LB53

PCR3: LB52-LB53 (PCR1-2)

PCR1: LB45-LB46 (Strain TPP11)
PCR2: AC1-LB65 (PCR1)
AC1-AC4 (genomic DNA)

AC1-AC2 (genomic DNA)

LB39-LB40 (genomic DNA)
LB43-LB44 (genomic DNA)
LB41-LB42 (genomic DNA)
EM649-EM656 (genomic DNA)
LB66-LB67 (genomic DNA)
EM293-EM294 (genomic DNA)
EM192-EM193 (genomic DNA)
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Supplemental Table $S4. Summary of oligonucleotides used in this study.

Oligonucleotides

Sequence 5'-3'

130
201
AC1

AC2
AC3
AC4
EM192
EM193
EM293
EM294
EM649
EM656
LB1
LB2
LB3
LB4
LB5
LB6
LB7
LB8
LB9
LB10
LB11
LB12
LB13
LB14
LB15
LB16
LB17
LB18
LB19
LB20
LB21
LB22
LB23
LB24
LB25
LB26
LB27
LB28
LB29
LB30
LB31

GCCATAACGT
TTGGTGAAAA

GGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATAATGTGTGGCTGCGATTTATCATCGCAAC
C
CACGCATCGCCTGAGCGCGT

CCGAGTCGTT

CATCGCTGGCGATGCACCGAG
TAATACGACTCACTATAGGGAGATGCCTGGCAGTTCCCTACTC
TGCCTGGCGGCAGTAGCG
TAATACGACTCACTATAGGGAGACGCTTTACGCCCAGTAATTCC
CTCCTACGGGAGGCAGCAGT
TGTAATACGACTCACTATAGTCCACCACTTGCGAAACGCC
CAAGTAACGGTGTTGGAGGA
ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATGATTTATCATCGCAACCAAAC
TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACCAGCAGGTCGACTTGCATAG
GTGTGATAAAGAAAGTTAAAATGCCGGATCCAGCAGGTCGACTTGCATAG
GTGTGATAAAGAAAGTTAAAATGCCGGATCCGCAGATTGCGCTGAACC
GTGTGATAAAGAAAGTTAAAATGCCGGATCCGCAGATTGCGCTGAACC
GTGTGATAAAGAAAGTTAAAATGCCGGATCTTGCACCACATCATTGGTCAT
GTGTGATAAAGAAAGTTAAAATGCCGGATCCATCGCTGGCGATGCACCGAG
GTGTGATAAAGAAAGTTAAAATGCCGGATCTGGATCAAGCGTCCAGGGTGT
GTGTGATAAAGAAAGTTAAAATGCCGGATCGATTGCGCCAGTTTCCCGTGC
TATGGCAGCAGCAAACTATGCAAGTCG

CGACTTGCATAGTTTGCTGCTGCCATA

GGAGCAAACTATACAAGTCGAC

GTCGACTTGTATAGTTTGCTCC
TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACCAGCAGGTCGACTTGCTTAG
GTGTGATAAAGAAAGTTAAAATGCCGGATCCAGCAGGTCGACTTGCTTAG
AAAAGCCGGTCAATCTGCGCACGCGTTACACCT
GTGCGCAGATTGACCGGCTTTTTTAATCATTGTAAAG
ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATGCCGGTCCTGTGAGTTAATAG
TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACCGAAGCTTTTTTAATCATTGTAAAGC
GTGTGATAAAGAAAGTTAAAATGCCGGATCCGAAGCTTTTTTAATCATTGTAAAGC
GTCATGCAGTGCACAGGGGAATGTTGGTGAAAAAGGTG
CATTCCCCTGTGCACTGCATGACCAATGATGTGGTGC
CCAACATTCCCCGGTTGTGCACTGCATGACCAATGATG
CAGTGCACAACCGGGGAATGTTGGTGAAAAAGGTG
CCCCTCGGGTGCACTGCATGACCAATG
CAGTGCACCCGAGGGGAATGTTGGTGAAAAAGG
GATGTGGTGCAAACCGCCAATACCTTGCTGGCGCTC
GTATTGGCGGTTTGCACCACATCATTGGTCATGCAG
GCAATGGTTTACCGCCAATACCTTGCTGGCGC
GGCGGTAAACCATTGCACCACATCATTGGTCATGCAGTG
GATGTGGTGCAAACCGCCACCGCCAATACCTTGCTGGCGC
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LB32
LB33
LB34
LB35
LB36
LB37
LB38
LB39
LB40
LB41
LB42
LB43
LB44
LB45
LB46
LB47

LB48
LB49
LB50
LB51
LB52
LB53
LB54
LB55

LB56

LB57

LB58

LB59

LB60

LB61
LB62
LB63
LB64
LB65
LB66
LB67
F-rho-UTR
R-rho-UTR
F-rho-ORF
R-rho-ORF
F-thiM-UTR

GGCGGTGGCGGTTTGCACCACATCATTGGTCATG
GGTTTGCACCACATCGAAATGCAGTGCACAAGAGGGGAATGTTGG
CTTGTGCACTGCATUUCGATGTGGTGCAAACCTTTACCGCCAATACCTTGC
TTCCACATCATTGGTCATGCAGCAAGAGGGGAATGTTGGTGAAAAAGGTG
CTGCATGACCAATGATGTGGAAACCTTTACCGCCAATACCTTGCTGGCGC
TACCCGGAATTCCGAAGGTGCTGGATTCATATATC
TACCGCGGATCCGCTTGCACCACATCATTGGTCAT
AATAATACGACTCACTATAGGGTGGATCAAGCGTCCAGGGTGTTTG
CCTTTACCGCCAATACCTTGCTG
AATAATACGACTCACTATAGGGCGCCGCTTTTTGCCAGCATAACGG
GGCGTACAGTCGGTGTATCGCA
AATAATACGACTCACTATAGGGATTGGTCATGCAGTGCACAAGAGG
ACCCGTATCACCTGATCTGG

GAATCTGGTGTATATGGCGAGC

GGGGGATGTGCTGCAAGGC

TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACCATAGCTGTTTCCTGTGTGATAAAGAAA
GTTAAAATGCCGGATC
CAAGAGGGGAAAAAAGGTGTAACGCGTGCGCAGATTGCG

CGCGTTACACCTTTTTTCCCCTCTTGTGCACTGCATGACC
CAAGACCCCAATGTTGGTGAAAAAGGTGTAACGCGTG
CAACATTGGGGTCTTGTGCACTGCATGACCAATGATG
AATAATATCGACTCACTATAGGGGCGCAATCTGCGCACGCGTT
GCAAGGTATTGGCGGTAAAGG
GCGCAATCTGCGCACGCGTTACACCTTTTTCACCAACATTCCCC

GCAAGGTATTGGCGGTAAAGGTTTGCACCACATCATTGGTCATGCAGTGCACAGGGGAATGTTGGTG
AAAAAGGTG
GCAAGGTATTGGCGGTAAAGGTAACGTGGTGTACATTGGTCATGCAGTGCACAAGAGGGGAATGTT
GGTGAAAAAGGTG
GCAAGGTATTGGCGGTAAAGGTTTGCACCACATCATTGGTCATGCAGTGCACAACCGGGGAATGTTG
GTGAAAAAGGTG
GCAAGGTATTGGCGGTAAAGGTTTGCACCACATCATTGGTCATGCAGTGCACCCGAGGGGAATGTTG
GTGAAAAAGGTG
GCAAGGTATTGGCGGTAAAGGTTTGCACCACATCGAAATGCAGTGCACAAGAGGGGAATGTTGGTG
AAAAAGGTG
GCAAGGTATTGGCGGTAAAGGTTCCACATCATTGGTCATGCAGCAAGAGGGGAATGTTGGTGAAAA
AGGTG

GCGCAATCTGCGCACGCGTTACACCTTTTTCACCAACATTCCCCTCTTGTGCACTGCATGAC

GCAAGGTATTGGCGGTTTGCACCACATCATTGGTCATGCAGTGCACAAGAGGGGA
GCAAGGTATTGGCGGTAAACCATTGCACCACATCATTGGTCATGCAGTGCACAAGAGGGGA
GCAAGGTATTGGCGGTGGCGGTTTGCACCACATCATTGGTCATGCAGTGCACAAGAGGGGA
AAGAAAGTTAAAATGCCGGATCTTGCACCACATCATTGGTCAT
TAATACGACTCACTATAGGGGAACGGAGGAAACCAAATCCATC
ATGAATCTTACCGAATTAAAG

CAACGCTTCCCGTTTTATCT

TTGTGAATGGTATGGCAGGA

TGTGTGCTGATGGTTCTG

CTTCTCGATCACCATTTCC

TGAGAAATACCCGTATCACC
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R-thiM-UTR
F-thiM-ORF
R-thiM-ORF
F-thiC-UTR
R-thiC-UTR
F-thiC-ORF
R-thiC-ORF
F-lysC-UTR
R-lysC-UTR
F-lysC-ORF
R-lysC-ORF
F-ribB-UTR
R-ribB-UTR
F-ribB-ORF
R-ribB-ORF
F-mgtA-UTR
R-mgtA-UTR
F-mgtA-ORF
R-mgtA-ORF
F-btuB-UTR
R-btuB-UTR
F-btuB-ORF
R-btuB-ORF
F-thiB-UTR
R-thiB-UTR
F-thiB-ORF
R-thiB-ORF

GTAAAGGTTTGCACCACATC
ATGGACATCGTATCATTGGT
GGAAATGTGGAACAAAACTG
TTAATCTGCTATCGCATCG
ATAAATGCGTTTTGAGTTGG
ACATCTGCCGGAAAATATCA
GCTTTTCCACTTCTTCTTCG
GGGTGAAAATAGTAGCGAAG
TCAGAAAGCACAATATCAGC
ATGTACGTAAAGTGATGCGT
GGTCCAGATATCAACACGAG
GGATGGGAGAGAGTAACGAT
GTGCATTTTCAACACGTTC
CTTGATGATGAAGACCGTGA
TTGGCAGATCGAGTTGTTTA
GTCCCTGCTCAGCTTTATTA
GACCACCGTATTCACTGTCT
CGCTGATTGTGCATATGAT
TCATATACCCTGCCAGAATC
CATCTGGTTCTCATCATCG
AAAACGGTTAGCAGTAACGA
GTATGACTTCGACTGGGGTA
GCAGTTTGGTAGCCATAGAC
GAGAAAATACCCGTCGAAC
GCGAAGGAATCGTAGGTAT
CCTGAAAGAACTGGTTGAGA
TGGTGTAACTCAGTACCAGA
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RESUME

Pour répondre efficacement aux changements physiologiques, I’expression d’un géne peut étre
controlée par différents signaux et mécanismes de régulation. Le contréle de 1’expression du
gene bruB d’E. coli est particulierement remarquable puisqu’il dépend d’un riborégulateur et
d’un petit ARN. L’article présenté dans ce chapitre vise a comparer les modes d’action de ces
deux ARNnc.

Dans cet article, nous montrons que le petit ARN OmrA contréle 1’initiation de la traduction
de bruB. Nos résultats suggerent qu’OmrA s’apparie au début de la région codante de bruB et
guide la liaison d’Hfq au niveau des sites d’initiation de la traduction. La chaperonne Hfq
bloque de cette facon I’acces des ribosomes a I’ARNm. Nos données montrent que la
répression traductionnelle est accompagnée de la dégradation de I’ARNm bruB par le
dégradosome ARN. Le clivage endonucléolytique initial a lieu en aval et dans une région
distal du site d’appariement.

En paralle¢le, nous nous sommes intéressés au contrdle exercé par le riborégulateur AdoCbl qui
est localisé dans le 5’UTR de bruB. En présence de ligand, le riborégulateur inhibe 1’initiation
de la traduction de btuB ce qui a pour effet de diminuer le niveau d’ARNm. Dans I’article
présenté ici, nous montrons que la régulation du niveau d’ARNm est induite par une
terminaison Rho-dépendante et par I'initiation de la dégradation. Ainsi, bien qu’OmrA et le
riborégulateur agissent tous deux au niveau traductionnel, les mécanismes conduisant a la
diminution de I’ARNm bfuB sont différents.

A notre connaissance, cette étude est la premiére a établir une comparaison sur les modes
d’action d’un petit ARN et d’un riborégulateur. Les résultats obtenus ici contribuent sans

équivoque a une meilleure compréhension des mécanismes de régulation exercée par I’ARN.
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ABSTRACT

To efficiently adapt to physiological changes, bacterial gene expression is controlled by
different signals and regulatory mechanisms. The expression of the Escherichia coli btuB
gene, encoding a cobalamin transporter, is regulated by an adenosylcobalamin (AdoCbl)-
dependent riboswitch. In addition to this feedback regulation, we report here that bruB
translation initiation is repressed by the small RNA OmrA induced during osmotic stress. Our
results put forward a mechanism where OmrA recruits Hfq to bfuB translation initiation
region, thus preventing ribosome access. Strikingly, concomitantly to the translational arrest,
the riboswitch and sRNA control the level of bruB mRNA through different regulatory
pathways. While AdoCbl binding to the bfuB riboswitch co-transcriptionally controls mRNA
levels through Rho-dependent termination, OmrA binding appears to act only at a post-
transcriptional level by inducing btuB mRNA cleavage at a downstream mRNA site. Taken
together, this is the first study demonstrating that riboswitch and small RNA riboregulators
may target similar mRNA regions, thus indicating that gene expression can be differentially

modulated in response to specific regulatory inputs, such as RNA and cellular metabolites.
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INTRODUCTION

Bacteria adapt to environmental changes by employing a variety of regulatory mechanisms
that adjust the level of mRNA and proteins in function of a specific signal. In the last decade,
non-coding RNAs (ncRNAs) have emerged as crucial actors of the bacterial adaptive
response. One of the most common mechanisms employed by regulatory RNAs to control
gene expression is to prevent mRNA translation by occluding the access of the Shine Dalgarno
(SD) sequence and/or the AUG start codon. Riboswitches and small RNAs (sRNAs) are
representative of such a class of RNA translational repressors. Riboswitches are positioned in
the 5° untranslated region of certain bacterial mRNA and regulate the expression of
downstream gene(s) upon metabolite binding. The translational control exerted by those RNA
switches consists in modulating the formation of a stem-loop structure, which sequesters
translation initiation region (TIR) upon ligand binding.

Small RNAs (sRNAs) are also translationally controlling elements, but in contrast to
riboswitches, they modulate ribosome access by directly base pairing to the SD region of the
mRNA target with the help of the Hfq chaperone. Translation repression induced by sRNAs
and riboswitches is commonly accompanied by a fast degradation of the regulated transcript
2 The widely accepted view is that mRNA degradation is a consequence of translation
inhibition where the absence of translating ribosomes allows cellular endoribonucleases to
cleave and degrade untranslated mRNAs °. Such a regulation mechanism has been proposed
for the bhtuB gene, which encodes an external membrane transporter of cobalamin. In this
regulatory system, the expression is controlled by a translationally-acting riboswitch
recognizing adenosylcobalamin (AdoCbl), an active form of vitamin B12 (Supplementary Fig.
1), where ligand binding promotes the sequestering of the SD sequence. However, in the
absence of ligand, the riboswitch adopts a structure allowing ribosome binding and translation
initiation *° (Supplementary Fig. 1B). In addition to the translational control, experimental
evidence indicated that the riboswitch controls mRNA levels by a mechanism that is not yet
fully understood .

Previous microarray data suggested that bruB expression is also modulated by two highly

similar sSRNAs, OmrA and OmrB °, which are adjacently located in the Escherichia coli
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chromosome. Their expression is controlled by the two-component system EnvZ-OmpR upon
an osmotic stress and by the o(S) during the exponential to the stationary phase transition .
OmrA and OmrB downregulate the expression of genes involved in cell mobility or encoding

outer membrane proteins '

. The OmrA/B regulatory mechanism has been recently
characterized for cird, ompT, ompR and csgD mRNA target '>'%. Typically, the SRNA pairs by
an antisense mechanism within the TIR mRNA whereby it inhibits ribosome access. OmrA
and OmrB pairing lead to fast mRNA decay involving the RNA degradosome complex.

In this study, we show that in addition to the AdoCbl-responsive riboswitch, OmrA also
regulates btuB gene expression at the translational level. Remarkably, our data indicate that
OmrA pairs within btuB ORF and induces Hfq binding to btuB AUG start codon. This
observation suggests a mechanism where Hfq, rather than OmrA, directly blocks ribosome
access. Our work reveals that the mRNA control mediated by the AdoCbl riboswitch is
fundamentally different from the one employed by OmrA. While the beginning of the bruB
ORF is important for OmrA-meditated translational arrest, this sequence is required for

AdoCbl-dependent mRNA decay. The characterization of bfuB regulation provides a unique

system showing how different regulatory inputs can differentially regulate mRNA levels.
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Figure S1: Representation of the bfuB gene and riboswitch

(A) Schematic representing the bruB riboswitch located in the 5’UTR of the bruB gene.
Genomic locations of btuB gene and size of BtuB protein are indicated. (B) Schematic
representing btuB riboswitch translational control. In the absence of AdoCbl, the anti-
sequestering stem (bleu) exposes the SD and allows translation initiation. AdoCbl binding
sequesters the SD.
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RESULTS

OmrA controls btuB translation and mRNA decay

The small RNA OmrA has recently been shown to control the expression of several mRNA
targets at the translational level ''™". Moreover, experimental evidence has suggested that the
inhibition of translation and the recruitment of the RNA degradosome by the OmrA/Hfq
complex drives the fast degradation of the mRNA target >'*. To decipher the molecular basis
of this regulatory process, we first analyzed by Northern blot experiments the effect of the
ectopic expression of OmrA from an arabinose inducible promoter (pBAD-OmrA) on the
chromosomally encoded bruB mRNA. We performed these experiments in the context of the
wild-type strain (Fig. 1A), Afg mutant (Fig. 1B) and rne-131 mutant strain (Fig. 1C) carrying a
mutation in the RNase E C-terminal domain preventing the assembly of the RNA
degradosome complex '*. Cells were grown in minimal medium and total RNA was extracted
before and after the induction of OmrA expression at several time points. Our results showed
an important decrease of bruB mRNA levels in the wild-type strain only after inducing OmrA
for 2 min (Fig. 1A). No effect was observed when using a control plasmid not harboring
OmrA (PNM12), suggesting that arabinose addition by itself does not impact btuB mRNA
levels (Fig. 1A). In contrast, btuB mRNA levels remained largely unaffected in hfg (Fig. 1B)
or rne-131 (Fig. 1C) mutant strains. Therefore, these results suggest that Hfq and the RNA
degradosome are essential for OmrA-mediated downregulation of brfuB mRNA levels. These
observations are consistent with the idea that OmrA expression, together with Hfq, recruits the
RNA degradosome to trigger bruB mRNA degradation. We obtained similar results with the
small RNA OmrB (Supplementary Fig. 2A, B and C), indicating that both small RN As control
btuB expression.

In order to define the region of brmuB sufficient for OmrA activity, we employed
chromosomally encoded translational fusions containing various btuB ORF lengths fused to
the lacZ reporter gene. The expression of the BtuB-lacZ fusion was placed under the control of
an arabinose promoter to ensure that observed effects do not originate from promoter

transcriptional control. Strains harboring BtuB-lacZ fusions were transformed either with an
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IPTG-inducible plasmid expressing OmrA or an empty control plasmid (pBR). BtuB-lacZ
fusions of 140, 70, 40 and 27 codons (cd) showed a ~50% to ~75 % decrease in [3-
galactosidase activity in presence of OmrA (Fig. 1D). However, while btuB gene expression
was repressed by ~20 % when using a fusion of 21 cd (Fig. 1D), no repression was observed
when using a fusion containing 6 cd. Hence, we conclude the region essential for OmrA-
mediated btuB control is localized between the 6™ and 27" codons of btuB ORF.

Because Northern blot assays showed that OmrA controls the bfuB mRNA decay through
RNA degradosome activity (Fig. 1C), we next assayed the effect of OmrA on f3-galactosidase
activity of bruB-lacZ transcriptional fusions. We observed that OmrA expression decreased the
[B-galactosidase activity of the transcriptional fusion containing the first 140 cd by ~33% (Fig.
1E). In contrast, no OmrA-dependent repression was obtained when using constructs
containing 70, 27 or 6 cd (Fig. 1E). The low reduction in P-galactosidase activity (140 cd)
markedly differs from our Northern Blot experiments showing the complete disappearance of
btuB mRNA (Fig. 1A). Such a striking difference indicates that additional regulatory elements
are probably located further downstream bfuB ORF. More importantly, given that OmrA
reduces the expression of a 6 cd BtuB-lacZ translational fusion but not of the related
transcriptional fusion, it suggests that OmrA primarily controls bfuB expression at a
translational level. Similar results were observed in presence of OmrB (Supplementary Fig.
2D and E), supporting the idea that both SRNAs act in a comparable way. However, the effect
of OmrB on btuB expression is clearly weaker compared to OmrA suggesting that the affinity

of both sSRNAs for bruB mRNA is different.
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Figure 1: OmrA regulates btuB expression

(A, B and C) Northern blot analysis of the bzuB mRNA level in function of the expression of
OmrA in the wild type strain (A), the Afg mutant strain (B) and the rne-131 strain (C). Total
RNA was extracted at the indicated times immediately before (0) and after (2,5,7,10 min) the
induction of the expression of OmrA (pBAD-OmrA) with 0.1% arabinose. The empty plasmid
PNM12 was used as control. The probes were designed to detect the bruB mRNA or OmrA.
16S and 5S rRNA were used as a loading control for the membrane corresponding to the bruB
and OmrA detection respectively. (D and E) Effect of OmrA expression on translational
BtuB-LacZ (D) and transcriptional btuB-lacZ fusions (E) containing various btuB ORF
lengths. The number of bfuB codons is indicated below the histograms. The empty plasmid
(pBR) was used as a control. The average values of three independent experiments with
standard deviations are shown. Values were normalized to the activity obtained for the strain
with the empty plasmid. (F) Nothern blot analysis of the btzuB mRNA level in function of the
expression of OmrA fused to the MS2 tag (MS2-OmrA) in the wild type strain. Total RNA
was extracted at the indicated times immediately before (0) and after (2,5,7,10 min) the
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induction of the expression of MS2-OmrA (pBAD-MS20mrA) with 0.1% arabinose. The
asterik corresponds to RNA extracted form a strain harboring the untagged OmrA plasmid
(pBAD-OmrA). The probes were designed to detect the btuB mRNA or OmrA. 16S and 5S
rRNA were used as a loading control for the membrane corresponding to the bruB and OmrA
detection respectively. Note that line indicated by an asterisk corresponds to an RNA
extraction of a strain harboring the untagged OmrA (G) RNA-seq profile for the htuB mRNA
obtained after in vivo affinity purification using the MS2-aptamer tagged OmrA. On the top,
the arrow represents the bruB mRNA, the 5’UTR is in grey and the coding sequence in blue.
Translational (TrL) and (post-) transcriptional (TrX) regulation zones are represented by the
color gradient above the btuB mRNA. The tracks below show the number of reads obtain at
each nucleotide position on the btuB mRNA. The experiment was done with MS2-aptamer
tagged OmrA (MS2-OmrA) and OmrA without MS2 tag (OmrA) was used as control. The
scale on the left indicates the number of sequencing reads for each nucleotides position.
Vertical dashed lines indicate the corresponding position on the hfuB mRNA represented on
the top.
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Figure S2: OmrB regulates btuB expression

(A, B and C) Nothern blot analysis of the btuB mRNA level in function of the expression of
OmrB in the wild type strain (A), the Afg mutant strain (B) and the rne-131 strain (C). Total
RNA was extracted at the indicated times immediately before (0) and after (2, 5, 7, 10 min)
the induction of the expression of OmrB (pBAD-OmrB) with 0.1% arabinose. The probes
were designed to detect the btuB mRNA or OmrB. 16S and 5S rRNA was used as a loading
control for the membrane corresponding to the bruB and OmrB detection respectively. (D and
E) Effect of OmrB expression on translational BtuB-LacZ (D) and transcriptional btuB-lacZ
fusions (E) containing various btuB lengths ORF. The number of btuB codons is indicated
below the histograms. The empty plasmid (pBR) was used as a control. The average values of
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three independent experiments with standard deviations are shown. Values were normalized to
the activity obtained for the strain with the empty plasmid

OmrA interact with the bruB mRNA in vivo

To determine whether OmrA directly interacts with bruB mRNA in vivo, we employed an
affinity purification approach using the MS2 coat phage protein that we recently used to
identifying SRNA target "°. This technique relies on the high affinity of the MS2 coat phage
protein for an RNA aptamer composed of stem loop structure. We designed a construct in
which two consecutive MS2 RNA aptamers were fused to OmrA 5’ end and where an
inducible arabinose promoter controls the expression of the construct. Northern blot
experiments showed that the addition of the MS2 aptamer does not prevent OmrA-dependent
btuB mRNA regulation (Fig. 1F). Because the aim was to co-purify OmrA mRNA targets, we
expressed the MS2-OmrA fusion within a strain carrying the rne-131 mutation to avoid
mRNA fast degradation. Cells were grown in minimal medium and total RNA was extracted
10 min after MS2-OmrA induction. The SRNA MS2-OmrA was then purified by affinity
chromatography using the MS2 protein. To discriminate against non-nonspecific binding,
experiments were also done using the plasmid harboring the untagged OmrA.

Following affinity purification, eluted RNAs were analyzed using RNA-seq to determine
OmrA targets. We calculated the enrichment of putative RNA binding partners by comparing
the number of reads obtained from tagged MS2-OmrA and untagged OmrA control
experiments. As expected, several previously reported OmrA targets were specifically co-
purified with MS2-OmrA (Supplementary Fig. 3). For instance, we obtained a strong
enrichment for ompR, ompT, cirA and csgD mRNAs (Supplementary Fig. 3). Importantly, we
found a 10-fold enrichment of btuB mRNA indicating that OmrA interacts with bruB mRNA
in vivo. Our results also revealed that several putative targets such as fliY, sdaB and folP were
significantly enriched, suggesting that they could also be controlled by OmrA (Supplementary
Fig. 3A). The examination of RNA-seq profiles for known mRNA targets showed in several
cases a higher number of reads nearby the experimentally determined OmrA pairing site
(Supplementary Fig. 3B, C and D). Taking advantage of this, we analyzed the RNA-seq
profile for the btuB mRNA (Fig. 1G and Supplementary Fig. 4B). Sequencing reads were
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found to be concentrated in three main regions of btuB mRNA (AUG start codon; ~170 codon
and ~500 codon). Interestingly, the distribution of sequencing reads nearby the AUG codon
are mostly contained within the first 27 bfuB codons, which are required for OmrA-mediated
regulation (Fig. 1D).

We performed similar experiments to determine the OmrB targets. Northern blot experiments
showed that the MS2-OmrB construct downregulates btuB expression (Supplementary Fig.
4A). Enrichment calculation and RNA seq profiles demonstrated that MS2-OmrB co-purified
with several known and putative mRNA targets (Supplementary Fig.3). The enrichment in
btuB mRNA was lower compared to the experiment realized with MS2-OmrA (~3 for OmrB
and ~10 for OmrA; Supplementary Fig. 3A). Moreover, the RNA-seq profile (Supplementary
Fig.4B) showed no significant enrichment within the beginning of the btuB ORF. These data
together with our previous [-galactosidase experiments (Supplementary Fig. 2D and E)
established that OmrB pairing to btuB mRNA as well as the resulting regulation is less

important compared to OmrA.
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Figure S3: Validity of MS2-Affinity purification technic

(A) Summary of OmrA and OmrB targets enriched after MS2-OmrA and MS2-OmrB affinity
purification (ratio MS2-Omr/Omr control) in an rne-131 background. The reads on gene
sequences are reported. * Report the repression level of the mRNA after OmrA or OmrB
overexpression (microarray data form Guillier and Gottesman °). (B, C and D) RNA-seq
profile for the ompT (B), ompR (C) and csgD (D) mRNA obtained after in vivo affinity
purification using the MS2-aptamer tagged OmrA and OmrB. On the top, the line represents
the mRNA, the 5’UTR is in light grey and the coding sequence in dark grey. Some codons
positions are indicated. The OmrA/OmrB pairing site position is framed. The tracks below
show the number of reads obtains at each nucleotides position on the mRNA. The experiment
was done with MS2-aptamer tagged OmrA and OmrB (MS2-OmrA and MS2-OmrB) and
OmrA or OmrB without MS2 tag (OmrA and OmrB) was used as control. The scale on the left
indicates the number of the sequencing reads for each nucleotides position. Vertical dashed
lines indicate the corresponding position on the mRNA represented on the top.
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Figure S4: OmrA and OmrB pair to btuB mRNA in vivo

(A) Nothern blot analysis of the bfuB mRNA level in function of the expression of OmrB
fused to the MS2 tag (MS2-OmrB) in the wild type strain. Total RNA was extracted at the
indicated times immediately before (0) and after (2, 5, 7, 10 min) the induction of the
expression of MS2-OmrB (pBAD-MS20mrB) with 0.1% arabinose. The asterisk corresponds
to RNA extracted form a strain harboring the untagged OmrA plasmid (pBAD-OmrA). The
probes were designed to detect the bruB mRNA or OmrB. 16S and 5S rRNA was used as a
loading control for the membrane corresponding to the bruB and OmrB detection respectively.
(G) RNA-seq profile for the btuB mRNA obtained after in vivo affinity purification using the
MS2-aptamer tagged OmrA and OmrB. On the top, the arrow represents the bfuB mRNA, the
5’UTR is in grey and the coding sequence in bleu. Some codons positions are indicated. The
tracks below show the number of reads obtains at each nucleotide position on the btuB mRNA.
The experiment was done with MS2-aptamer tagged OmrA and OmrB (MS2-OmrA and MS2-
OmrB) and OmrA or OmrB without MS2 tag (OmrA and OmrB) was used as control. The
scale on the left indicate the number of the sequencing reads for each nucleotides position.
Vertical dashed lines indicate the corresponding position on the bfuB mRNA represented on
the top.

The sRNA OmrA interacts with the btuB coding region

Although our previous f-galactosidase experiments indicated that the bruB ORF region
between 21 and 27 cd is crucial for OmrA mediated regulation, we cannot exclude that OmrA
interacts with 5' UTR btuB elements as observed for several SRNAs controlling translation. To
evaluate the importance of the 5> UTR region in OmrA regulation, we constructed a BtuB-
lacZ;7.q4 fusion in which the bfuB 5> UTR from the +1 transcriptional start site to + 225 nt was
deleted (A1/225; Fig. 2A and 2B). The P-galactosidase activity of this construct and the
repression level exerted by OmrA are similar to what obtained with the WT construct (Fig.

2B), indicating that OmrA does not require the bfuB riboswitch sequence for the regulation.
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As expected, no AdoCbl-dependent repression was observed when using the A1/225 construct
(Fig. 2B).

These results suggest that the OmrA pairing site is located between positions +225 to + 321 nt
(27 codons) of btuB transcript (Fig. 2A). An in sillico prediction using the RNA hybrid
software indicated a potential pairing site for OmrA at positions +299 to +316 nt of btuB
mRNA '° (Fig. 2A). To verify this interaction, we used p-galactosidase experiment in which
we mutated bruB (B1) or OmrA (A1) nucleotides involved in predicted paired regions (from
+304 to +3090f btuB mRNA). When disrupting this predicted OmrA-bfuB interaction (Fig.
2C), we observed the total loss of OmrA-mediated regulation when using both Al and Bl
mutants. However, combining both mutations (Al and B1) did not allow restoring OmrA-
mediated bruB regulation. An mfold analysis suggested that A1 mutations affected OmrA by
forming a stem-loop structure, providing a reasonable explanation to the incapacity of
modulating the expression of the B1 mutant (Supplementary Fig. 5A). To verify if sequestered
nucleotides could participate to the regulation, we mutated OmrA and performed pB-
galactosidase experiments. Our data indicated that beside OmrA G5, A6, G7, G8 residues
(predicted to be involved in the pairing with bfuB), mutations introduced in OmrA 5' region do
not perturb btuB regulation (Supplementary Fig. 5B). Therefore, these results are in agreement
with the predicted pairing between OmrA and bfuB mRNA.

The higher OmrA-dependent repression observed when increasing btuB ORF length (Fig. 1D)
suggested that OmrA could pair to more distal regions of the bfuB mRNA. To address this
hypothesis, we carried out B-galactosidase experiments in which B1 mutations were inserted
in 70 and 140 cd BtuB-lacZ fusions. In both cases, the expression of OmrA was unable to
downregulate the expression of the fusion (Fig. 2D), clearly showing that no other OmrA

pairing sites are located within the first 170 btuB codons.
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(A) Schematic representation of btuB mRNA. The upper portion shows the bruB coding
sequence necessary and sufficient for OmrA/Hfq regulation. SD nucleotides are indicated by a
black box. The start codon corresponds to the position +1. Nucleotides in bleu constitute the
Hfq binding site defines in Fig. 2G. The in sillico predicted OmrA pairing to btuB mRNA 1is
shown with red nucleotides. OmrA and bfuB mutants used in C are indicated as Al and Bl
respectively. The lower part represents the beginning of the btuB mRNA with the AdoCbl
riboswitch (in black) and the hfuB ORF (in bleu). The arrow above the representation
corresponds to btuB deletion (+ 1to +225 nt) used in B. Arrows below the representation
show btuB RNA fragments used in E and F. The red frame represents the OmrA pairing site
position. (B) Effect of OmrA expression on translational BtuB-LacZ,7.4 fusions none mutated
(WT) or deleted for the region from +1 to +225 nt of btuB (A1/225). Bacterial cells were
grown in M63 minimal medium with 0.2% glycerol. Arabinose 0.1% and IPTG 1mM were
added to induce the expression of bruB and OmrA respectively. The effect of AdoCbl on the
[-galactosidase activity was also monitor. (C) Effect of OmrA and OmrA-A1l expression on
the WT translational BtuB-LacZ,7.4 fusions containing the mutation B1 or not mutated (WT).
(D) Effect of OmrA expression on BtuB-LacZ translational of 70 or 140 cd mutated (B1) or
not (WT) for OmrA pairing site. For B, C and D, bacterial cells were grown in M63 minimal
medium with 0.2% glycerol. Arabinose 0.1% and IPTG 1mM were added to induce the
expression of btuB and OmrA respectively. The empty plasmid (pBR) was used as a control.
The average values of three independent experiments with standard deviation are shown.
Values were normalized to the activity obtained for the strain harboring BtuB-LacZ WT
construct and the empty plasmid. (E) OmrA/btuB in vitro binding assays. 5’ end labeled
OmrA (approximatively 10nM final concentration) were incubated with increasing
concentration of unlabeled bruB RNA fragment (OnM, InM, 10nM, 50nM, 100nM) with or
without 10nM hexameric Hfq. The designed F1, F2, F3 and F4 fragment are represented in A.
Note that only the F1 and F2 fragment contain the OmrA pairing region. Arrows on the right
of gels show the unbound radiolabeled OmrA when indicated OmrA*or the shift
corresponding to an OmrA/Hfq/btuB complex. (F) btuB/Hfq binding assays. 5’ end labeled
btuB RNA fragment (approximatively 10nM final concentration) were incubated with
increasing concentration of the purified Hfq protein (OnM, 2.5nM, 5nM, 10nM, 25nM, 50nM
100nM). bruB RNA fragment used in this experiment are the same than in E. Arrows on the
right of the gel show unbound radiolabeled btuB when indicated bruB* or the shift
corresponding to bruB/Hfq complex (G) Lead Acetate probing (PbAc) of Hfq binding with the
btuB mRNA. 5° end labelled bfuB RNA fragment (form + 161 to + 321 nt) were incubated
with increasing concentration of Hfq protein (0 to 20nM). L, Alkaline hydrolysis ladder; T1,
RNase T1 ladder (guanine residues); C, non-reacted control.
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Figure 5: Nucleotides in OmrA 5’ are involved in pairing to btuB

(A) Mfold analysis of OmrA A1 mutant structure. Note that the A1 mutant formed a stem-loop
structure which sequesters the first 17" nucleotides. Mutated nucleotides are indicated in red.
(B) Pairing prediction of OmrA to btuB mRNA. A1 mutation used in Fig. 2C is indicated. (C)
Representation of OmrA structure and sequence. Mutations performed in D are indicated. (D)
Effect of OmrA mutants on BtuB-LacZ,7¢4 translational fusion. Bacterial cells were grown in
M63 minimal medium with 0.2% glycerol. Arabinose 0.1% and IPTG 1mM were added to
induce the expression of bfuB and OmrA respectively. The empty plasmid (pBR) was used as
a control. The average values of three independent experiments with standard deviation are
shown. Values were normalized to the activity obtained for the strain with the empty plasmid.

Hfq facilitates OmrA pairing and contributes to b7uB translation repression

To understand the contribution of Hfq in bfuB regulation (Fig. 1B), we performed
electrophoretic mobility shift assays (EMSA) (Fig. 2E) using different btuB RNA fragments as

a way to define the Hfq binding site. Increasing concentrations of btuB mRNA fragments (Fig.
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2A) were incubated with radiolabeled OmrA in the absence or presence of an equimolar ratio
of Hfg (10 nM), allowing an efficient OmrA migration shift when incubated with bfuB
(Supplementary Fig. 6A).

For F1 and F4 btuB fragments, we observed the appearance of a significant slower mobility
shift in OmrA migration at high btuB concentrations (Fig. 2E and Supplementary Fig. 6B),
which corresponds to an OmrA-bfuB complex. However, when OmrA was incubated in
presence of Hfq, we observed two slower mobility shifts corresponding to an OmrA-Hfq
complex. This result is in accordance with previous EMSA experiments '%. Interestingly, the
addition of btuB resulted in the formation of a complex between OmrA/btuB/Hfq for both F1
and F2 fragments. Importantly, this complex is formed at low bfuB concentrations, indicating
that Hfq stabilized the formation of the OmrA-btuB complex. As expected, when incubating
radiolabeled OmrA with increasing concentration of F3 and F4 fragments, which does not
encompass the pairing site region, complexes OmrA/btuB or OmrA/btuB/Hfq were unable to
form. Hence, the presence of the bfuB pairing site region is essential for the OmrA/btuB/Hfq
association.

Using EMSA, we next determined whether Hfq could bind to bruB RNA. In these
experiments, 5’ radiolabeled btuB RNA fragments (F1, F2, F3 and F4) were incubated with
increasing concentrations of Hfq (Fig. 2F). Our data indicated that Hfq efficiently binds to
btuB mRNA fragment F1 and F2, but not F4, and can also interact to a lower extent with the
F3 fragment. These data clearly suggested that Hfq directly interacts with the hfuB mRNA
within the portion + 161 and + 321 nt.

Interestingly, the Figure 2E shows that the addition of btuB RNA F1, F2 and F3 (but not F4) is
correlated to an increase of OmrA unbound fraction. These results suggested that bruB
displaces Hfq from OmrA. Such a phenomenon has been previously observed ''®. Typically,
Hfq proximal face binds the SRNA via the U-rich track of the transcriptional terminator and
the distal face binds mRNA via an A-rich sequence '**°. However previous data suggest that
both RNAs can compete for the binding of the same Hfq site .

To further define the Hfq binding site on btuB mRNA, we next performed foot-printing
experiment (Fig. 2F). A radiolabelled hfuB mRNA fragment (from + 161 to + 321) was
incubated with increasing concentrations of Hfq, followed by a partial digestion with lead

acetate *'. This reagent cleaves the RNA backbone in linear and accessible regions. An Hfq-
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dependent protection was observed across the region + 234 to + 254 of the btuB mRNA,
which corresponds to an A-rich region. This observation is in agreement with the propensity
of Hfq to bind mRNA on poly(A) RNA sequences *°. Strikingly, the Hfq binding site overlaps
the btuB AUG start codon, suggesting that Hfq itself could repress bfuB translation initiation.
Taken together our data suggest a regulatory mechanism where OmrA, helped by Hfq, pairs to
the htuB coding sequence. In such a mechanism, Hfq would play a critical role in the
regulation since its binding site overlaps with AtuB translation initiation codon. This suggests

that Hfq could block by steric hindrance ribosome access to bfuB mRNA.
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Figure S6: Gel shift mobility assays of OmrA/Hfq and OmrA/btuB/Hfq

(A) OmrA/Hfq binding assays. 5’ end labeled OmrA RNA fragment (approximatively 10nM
final concentration) were incubated with increasing concentration of the purified Hfq protein
(OnM, 2.5nM, 5nM, 10nM, 25nM, 50nM 100nM). Arrows on the right of the gel show
unbound radiolabeled OmrA when indicated OmrA* or the shift corresponding to OmrA/Hfq
complex. (B) OmrA/btuB in vitro binding assays. 5’ end labeled OmrA (approximatively
10nM final concentration) were incubated with increasing concentration of unlabeled bfuB
RNA F2 fragment (OnM, 1nM, 10nM, 50nM, 100nM) with or without 10nM Hfq. The F2, F3
and F4 fragment designed are represented in A. Note that to have a better separation,
migration was longer than in Fig. 2E. Arrows on the right of gels show the shift corresponding
to an OmrA/Hfq/btuB complex.

The btuB mRNA control mediated by the AdoCbl riboswitch is different from OmrA

Previous reports have shown that the bfuB riboswitch acts at a translational level *°. In
addition, regulatory elements located within the bfuB ORF trigger mRNA decrease upon
ligand binding *. Since the riboswitch and OmrA modulate bzuB mRNA levels, it provides a
unique system to determine how both regulatory inputs control mRNA decay. In this effort,

we further characterized riboswitch-mediated b7uB regulation.
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We first examined by Northern blot experiments the effect of AdoCbl on bfuB mRNA levels
in the context of the wild-type, Afq and rne-131 mutant strains (Fig. 3A). In these three strains,
the btuB mRNA levels dramatically decreased subsequently to AdoCbl addition in the growth
medium. This observation showed that conversely to the OmrA mechanism, the RNA
degradosome and the Hfq chaperone are not essential for the AdoCbl-mediated mRNA decay.
We next attempted to define the minimal regulatory region allowing an AdoCbl-dependent
mRNA decay using B-galactosidase assay. As previously described (Fig. 1B and 1C), we
performed transcriptional and translational fusions with various portions of the btuB mRNA
fused to the lacZ reporter gene (Fig. 3B and 3C). When using transcriptional fusions
containing 70 or 27 cd, we observed a significant AdoCbl-induced repression of ~80 and
~41 %, respectively. In contrast, the repression is largely reduced with a fusion containing of
15 cd (~9 %) and AdoCbl does not repress the expression of a fusion of 10 or 6 cd (Fig. 3B).
However, translational fusions containing 70 and 6 cd exhibited ~90 % decrease in f3-
galactosidase activity when adding AdoCbl (Fig. 3A). Hence, while the first 6 btuB cd are
sufficient for the riboswitch translational control, the mRNA level regulation requires at least
27 cd. Importantly, since the bruB region necessary for OmrA-dependent mRNA control
occurs between the 70™ and 140™ codons, it supports the idea that OmrA and the buB
riboswitch employ different mechanisms to regulate bzuB mRNA levels. However, it is worth
noting that OmrA-dependent and riboswitch translational regulation occur in the same region,
within the first 27 codons of bruB ORF.

Our result are consistent with studies of Kadner indicating that the first 25 cd of bfuB ORF are
necessary and sufficient to trigger AdoCbl-dependent btuB mRNA decrease °. Their data also
showed that translation repression is a prerequisite for btuB mRNA decrease. However,
regardless of the translational arrest, it is unclear whether the mRNA degradation depends on
the btuB riboswitch sequence or structure. To investigate this point, we employed the TPP-
sensing thiM riboswitch of E. coli that was known to strictly control translation initiation
222223 We first assayed a translational ThiM-LacZ fusion containing only 6 #hiM codons and
observed a strong repression in presence of TPP (Fig. 3D). As expected, no TPP-dependent
repression was detected when using a thiM-lacZ transcriptional fusion, consistent with the
thiM riboswitch not modulating mRNA levels. However, inserting a sequence corresponding

to btuB codons 2 to 70 downstream of the thiM sequence significantly reduced the -
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galactosidase activity in presence of TPP but not with AdoCbl (Fig. 3E). These data indicate
that btuB mRNA control does not rely on riboswitch identity but rather on inhibiting
translation initiation. We also performed the same experiment with a sequence corresponding
to codon 2 to 27 of btuB ORF that we added downstream of thiM. Based on our previous
results (Fig. 3C), the btuB sequence employed here would be sufficient to observe an mRNA
repression. Nevertheless, p-galactosidase activity of this transcriptional fusion is unaffected by
the TPP and, evidently, neither by AdoCbl. Therefore, the AdoCbl-dependent regulation
observed for the btuB-lacZ,;.q transcriptional fusions depends on structures or sequences
located upstream the 2™ codon.

Results presented above indicated that there are, at least, two different RNA elements
independently controlling btuB mRNA decay upon ligand binding. One is located upstream
the 27" codon and the other downstream, between the 27" and 70" codon. Kadner and
coworkers showed that the first 25 bfuB codons were required to decrease bfuB mRNA levels
upon AdoCbl binding. In addition, they also proposed that the stem-loop structure within the
first 27 btuB codons could be involved as a transcriptional attenuator (Fig. 2A). Our data are
consistent with such propositions since the AdoCbl-dependent repression is completely
abolished in a transcriptional fusion in which the stem-loop is truncated (btuB-lacZs.q) (Fig.
3B). However, mutating the 4 U-stretch (+380 to +383) following the stem-loop did not alter
the regulation, thus indicating that it is probably not a Rho-independent terminator
(Supplementary Fig. 7). We next speculated that the stem-loop could serve as a Rho-
dependent transcriptional terminator. We performed [-galactosidase experiments with the
btuB-lacZy7.q transcriptional fusion in presence of bicyclomycin, which inhibits Rho-
translocation activity (Fig. 3F). We observed no difference in the AdoCbl-induced mRNA
decrease in presence or absence of bicyclomycin. Therefore, the regulation observed within
the first 27 cd of btuB ORF does not rely on a transcriptional terminator but most likely only
on endoribonuclease activity. When performing the same experiment with a transcriptional
fusion of 70 cd, we observed a significant loss of repression in presence of bicyclomycin. This
result suggests that the regulation observed between the first 27" and 70" cd relies on a Rho-
dependent terminator. Therefore, the AdoCbl-dependent bruB mRNA decrease is dependent
on both mRNA decay and Rho-dependent termination (Fig. 3G).
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Figure 3: AdoCbl riboswitch controls btuB mRNA decay differently to OmrA

(A) Northern blot analysis of the btuB mRNA level after the addition of AdoCbl ligand, in the
wild type strain, the rne-131 strain and the Afg mutant strain. Cells were grown to midlog
phase in M63 minimal medium with 0.2% glucose at 37°C, and total RNA was extracted at
the indicated times immediately before (0) and after (2,5,7,10 min) the addition of AdoCbl 5
uM. The probe was designed to detect the bruB mRNA. 16S was used as a loading control. (B,
C) B-Galactosidase assays of translational BtuB-LacZ (B) and transcriptional btuB-lacZ (C)
fusions containing various btuB lengths ORF. Enzymatic activities were measured in the
absence and presence of AdoCbl. The number of btuB codons is indicated below the
histograms. Values were normalized to the activity obtained in absence of AdoCbl. The
average values of three independent experiments with standard deviation are shown. (D)
Effect of TPP on B-Galactosidase activity of translational (TrL) and transcriptional (TrX)
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thiM-lacZ fusions. The first 6 cd of the E. coli thiM riboswitch were fused to lacZ reporter
gene. A schematic representation of the construct is shown above the graph. (E) Effect of
AdoCbl and TPP on B-Galactosidase activity of transcriptional (TrX) and translational (TrL)
btuBthiM-lacZ fusions. The E. coli thiM riboswitch (6 cd) is fused to btuB region from the 2
to the 27" cd (27 cd) or from the 2 to 70" cd (70 cd). A schematic representation of the
construct is shown above the graph. For B, C and D, values were normalized to the enzyme
activity obtained without ligand. The average values of three independent experiments with
standard deviations are shown. (F) B-Galactosidase assays of transcriptional btuB-lacZ fusions
of 27 cd or 70 cd. Enzymatic activities were measured in the absence or presence of 5 uM
AdoCbl and with (+) or without (-) 25 ug/mL bicyclomycin (BCM). Values were normalized
to enzymatic activity obtained for wild-type constructs without ligand and BCM. The average
values of three independent experiments with standard deviation are shown. (G)
Representation of AdoCbl mediated regulation on the btuB mRNA. Upon ligand binding to the
riboswitch, the region between 6 and 27 cd is targeted by an unknown endoribonuclease
(RNase) and the region between 27 and 70 cd allows Rho-dependent termination.
Translational (TrL) and (post-) transcriptional (TrX) regulation zones are represented by the
color gradient.
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Figure 7: The conserved stem-loop structure is not a transcriptional terminator
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(A) RNAalifold analysis of the beginning of the htuB ORF. The analysis was done form the
ClustalW alignment of 13 btuB sequences from different species. The conserved stem-loop
structure and OmrA paring site are indicated. (B) Representation of the sequence and structure
of the beginning of bruB ORF. The sequence encompasses nucleotides from +247 to +285.
Mutation performed in C is indicated. (C) Effect of AdoCbl on transcriptional btuB-lacZ,7cq
fusions containing mutation term1. The average values of three independent experiments with
standard deviation are shown. Values were normalized to the activity obtained for the WT
construct in absence of AdoCbl.

Interrelationship between the riboswitch and OmrA-mediated btuB regulation

Remarkably, OmrA and riboswitch regulation occur both in the first 27 btuB codons. This
observation prompted us to examine the interrelationship between both regulation
mechanisms. We engineered BtuB-LacZ,7.4 translational fusions containing mutations in the
riboswitch expression platform to stabilize either the riboswitch OFF or ON structure (Fig.
4A). The EP1 mutant was designed to destabilize the anti-sequestering stem (Fig. 4A,
Supplementary Fig. 1B), which is important for the ON state riboswitch conformation. We
also introduced mutations to destabilize the riboswitch kissing-loop interaction (EP2) and the
SD sequestering stem (EP3 and EP4).

Very low [(3-galactosidase activity was obtained for EP1 in the absence of ligand and OmrA,
most likely because translation initiation is inhibited due to the riboswitch OFF structure (Fig.
4B). Despite this, the repression level was preserved in presence of OmrA. Interestingly, while
the EP2 mutant did not allow AdoCbl-dependent regulation, the presence of OmrA
significantly decreased the bruB expression. Furthermore, disruption of the SD sequestering
loops with either EP3 or EP4 mutants did not alter OmrA regulation, but prevented AdoCbl-
dependent regulation in the case of EP3 (Fig. 4A, Supplementary Fig. 1B). It should be
mentioned that preventing the formation of the SD sequestering stem could facilitate OmrA
regulation since the Hfq binding site overlaps with btuB TIR.

Our results suggest that the region between 6 and 27 cd of btuB transcript is crucial for OmrA
translational control (Fig. 2B) and AdoCbl-dependent mRNA modulation (Fig. 3B). Both
regulatory sites overlap and bruB structural elements located in this region could influence the
efficiency of both mechanisms. The beginning of the hfuB ORF contains an A-rich sequence

where Hfq binds (Fig. 2A and 2G) followed by a conserved stem-loop structure that was
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proposed to be a transcriptional attenuator® (Fig. 2A, Supplementary Fig. 7). To investigate the
importance of these elements in the AdoCbl and OmrA mediated regulation, we constructed
translational and transcriptional fusions of 27 cd containing various mutation of btuB ORF
(Fig. 4D and 4E). Note that the p-galactosidase activity of btuB-lacZ,7.4 transcriptional fusions
was not measured with OmrA since we have shown that the sSRNA does not affect the
expression of this construct (Fig. 1E).

Mutation of the A-rich sequence (H1) exhibited a low level of B-galactosidase activity
irrespectively of the presence OmrA or AdoCbl. Such A-rich regions located downstream of
the translation initiation codon have been previously reported to enhance translation efficiency
giving a reasonable explanation for the low expression of H1 mutant ***°. We next mutated the
conserved stem-loop structure by removing (SL(A)), stabilizing (SL1-2) or destabilizing the
stem (SL1; Fig. 4C). B-galactosidase activities of translational fusions showed a substantial
loss of OmrA-mediated regulation only with the ASL mutation. Furthermore, the mRNA
repression exerted by AdoCbl is also affected with the ASL mutation (Fig. 4E). This result is
consistent with the stem-loop being involved in the bfuB mRNA control upon ligand binding.
The SL1 mutation was expected to destabilize the stem but Mfold analysis indicate that a
shorter stem-loop structure of 7 based pairs (instead of 10) can still be formed. This
observation provides an explanation to the significant repression in presence of AdoCbl and

OmrA for the translational and transcriptional SL1 mutant (Fig. 4D and E).
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Figure 4: OmrA and riboswitch mediated bfuB regulation are independent

(A) Representation of the sequence and structure of the bruB riboswitch expression platform
(OFF state) encompassing nucleotides +172 to +240 (1™ cd). Mutations employed in B are
indicated. (B) Effect of OmrA expression and AdoCbl on translational BtuB-LacZ;7.4 fusions.
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Experiments were performed with the non-mutated bfuB sequence (WT) or mutants indicated
in A. The percentages of repression for OmrA (grey box) or AdoCbl (black box) compare to
the control (empty plasmid, without ligand) are indicated (C) Representation of the sequence
and structure of the btuB ORF encompassing nucleotides + 240 (1™ cd) to +285 (15" cd).
Mutations employed in D and E are indicated. (D) Effect of OmrA expression and AdoCbl on
translational BtuB-LacZ;7.4 fusions. Experiments were performed with the non-mutated bfuB
sequence (WT) or mutants indicated in C. The percentages of repression for OmrA (grey box)
or AdoCbl (black box) compare to the control (empty plasmid, without ligand) are indicated
(E) Effect of AdoCbl on transcriptional btuB-lacZ,;.q fusions. Experiments were performed
with the non-mutated btuB sequence (WT) or mutants indicated in C. The percentages of
repression with AdoCbl (black box) compare to the control (empty plasmid, without ligand)
are indicated (F) Concomitant effect of OmrA expression and AdoCbl on transcriptional bfuB-
lacZy7cq and btuB-lacZ;o.q4 fusions. The percentages of repression with AdoCbl (black box)
compare to the control (empty plasmid, without ligand) are indicated. For B, D, E and F the
average values of three independent experiments with standard deviation are shown. Values
were normalized to the activity obtained for the strain harboring the WT fusion with the empty
plasmid in absence of AdoCbl. (G) Proposed model explaining the loss of regulation observed
in F for the transcriptional btuB-lacZ,7.4 in presences of both OmrA and AdoCbl. The binding
of Hfq and OmrA within the first 27 cd of htuB ORF prevents the degradation of bfuB mRNA
in presence of AdoCbl. However, when using btuB-lacZ7o.¢ AdoCbl induced Rho-termination
occurs in presence of OmrA/Hfq within the region between 27 and 70 cd.

OmrA and AdoCbl promote independent regulatory mechanisms

The beginning of the btuB ORF is decisive for both OmrA-mediated translational regulation
and AdoCbl-controlled mRNA decay (Fig. 2B and Fig. 3B). OmrA and Hfq interact with this
region to block ribosomes access while upon AdoCbl binding to the riboswitch the same btuB
region would be targeted by an endoribonuclease. Based on these observations, we next
investigated the hruB mRNA regulation when OmrA is expressed in presence of AdoCbl. To
do so, we first employed a btuB-lacZ,7.q4 transcriptional fusion for which we observed gene
repression only in presence of AdoCbl but not OmrA (Fig. 1D and Fig. 3B). As expected, we
observed a~38% of repression in presence of AdoCbl (Fig. 4F). In contrast, when expressing
OmrA, the AdoCbl-dependent repression was significantly perturbed, suggesting that OmrA
expression clearly interfered with the AdoCbl-dependent regulation. However, since OmrA
downregulates the expression of bruB, which encodes an AdoCbl transporter, this can
consequently decrease the intracellular concentration of AdoCbl and affect btuB-lacZyicq

fusion expression. Also, the direct interaction of OmrA/Hfq with the beginning of the btuB
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ORF could block the access of a putative RNase involved in the AdoCbl-dependent mRNA
decay. To determine which effect is predominant, we next employed a btuB-lacZ.q
transcriptional fusion. This construct is of particular interest because our previous experiments
suggested that a Rho-dependent termination occurs between the 27" to 70™ cd in an AdoCbl-
dependent manner. We thus reasoned that if OmrA prevented AdoCbl import, we should not
observe a repression of expression of the btuB-lacZ7o.q construct. However, this latter fusion
exhibited a ~75% of repression in presence of AdoCbl and ~62% in presence of AdoCbl and
OmrA (Fig. 4F), indicating that the AdoCbl intracellular concentration is most likely sufficient
to repress btuB expression in presence of OmrA. Hence, the interaction of OmrA and Hfq with
the first nucleotides of the btruB ORF prevents the AdoCbl dependent cleavage in this region
(Fig. 4G). This result agrees with the idea that the first nucleotides of btuB ORF are important
for OmrA and AdoCbl-dependent regulation (Fig. 4G). Thus, our results show that the
presence of OmrA does not inhibit the AdoCbl-dependent regulation indicating that both

mechanisms are independent.
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DISCUSSION

The regulation of btuB gene expression provides a remarkable system to compare sSRNA and
riboswitch-mediated regulation. So far, the underlying mechanism of such a dual control
mechanism involving two ncRNAs classes has never been reported. Such a system is most
likely widespread among bacteria since Listeria monocytogenes contains a SRNA that has
recently been suggested to control pfi4 expression that is also regulated by a thermosensor *°.
Herein we show that the SRNA OmrA and the AdoCbl riboswitch control translation of bfuB
mRNA (Fig. 5). Both regulations are accompanied by a decrease of bruB mRNA levels.
However, our findings indicate that considerably different downstream regulatory pathways
are involved in OmrA and AdoCbl riboswitch mechanisms (Fig. 5).

We have shown that the SRNA OmrA controls btuB translation and mRNA decay. In contrast
to the typical SRNA mechanism targeting the mRNA 5> UTR, OmrA pairs at the beginning of
btuB ORF, 64 nucleotides downstream of the AUG start codon (Fig. 5B). This unconventional
mechanism cannot readily explain how OmrA inhibits translation since the pairing site is
distant from the TIR. However, our data indicate that Hfq could play a key role in the
regulation. From our Northern blot experiments, it is clear that bfuB regulation is dependent on
Hfq (Fig. 1B). In vitro experiments indicated that the binding site of Hfq on bruB mRNA
overlaps the AUG start codon and a downstream A-rich sequence. The latter sequence appears
decisive for OmrA-mediated regulation but also for bfuB translation efficiency. This
observation is consistent with previous studies suggesting that such A-rich elements
downstream of the start codon are a common feature for several bacterial mRNA and promote
the translation initiation complex formation *****"*’. Therefore, Hfq binding on bfuB mRNA
rather than OmrA pairing is most likely directly responsible of translation inhibition. The
model proposed below is consistent with two recent discoveries highlighting the direct
function of Hfq in sSRNA-mediated translation regulation. In the first study, Desnoyers et al.
reported a mechanism where the SRNA Spot42 recruits and drives Hfq in vicinity of the sdhC
mRNA TIR. Hfq itself blocks ribosomes association by steric hindrance while the sRNA
pairing site is far upstream of the TIR **. In the second study, Rice et al. found that the SRNA

SgrS pairs downstream of the manX mRNA start codon and blocks translation **°°. Although
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they did not elucidate the mechanistic details of the regulation, a footprinting experiment
suggested that Hfq structurally modifies the SD region and thus possibly interferes with the
mRNA translation.

This last study is particularly relevant in light of our results since SgrS, similarly to OmrA,
pairs downstream of the regulated mRNA translation initiation codon. Only one other similar
case has been reported in which the SRNA RybB pairs 5 nt downstream of the translation start
site and directly blocks ribosome association to the mRNA *'. Note that the location of the
SgrS and OmrA pairing sites differ from RybB since both are farther from the start codon (17
nt and 64 nt respectively). Such a distance probably justifies the requirement of Hfq to inhibit
translation initiation.

Interestingly, a recent study indicated that the position and orientation of the Hfq binding site
influence sSRNA pairing **. Accordingly, SRNA annealing is facilitated when Hfq binding site
is localized in the vicinity and downstream of the pairing site. In our model, Hfq binding site
is upstream and remote from OmrA pairing region suggesting that OmrA-mediated bruB
regulation is not optimal. However, RNAalifold analysis indicated the presence of conserved
structures at the beginning of btuB ORF that might compensate the distance (Supplementary
Fig. 7). The linear Hfq binding region is followed by a first stem-loop structure of 10 base
pairs that appear important for OmrA regulation (Fig. 4D). Ten nucleotides downstream,
another stem-loop structure of 6 base pairs could potentially be formed. Strikingly, this latter
structure exhibits a large loop of 11 nt encompassing the seed of OmrA pairing site. This RNA
conformation can probably give enough flexibility to allow both the annealing of the SRNA
and brings closer the Hfq binding region.

In line with these observations, our EMSA experiments suggested that Hfq helps OmrA
pairing to btuB mRNA. This mechanism is expected. However, efficient OmrA annealing
seems useless if the SRNA does not directly interfere with bfuB translation. A straightforward
manner to conciliate both is to consider Hfg/OmrA as one complex in which OmrA has the
recognition specificity and Hfq the effector function, where each component cannot act
without the other.

Our Northern blot and -galactosidase experiments show that in addition to the translational
control, OmrA drives btuB mRNA decay. The degradation process involves the RNA
degradosome complex, which cleaves between the 70™ and 140™ cd of btuB ORF. The
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degradosome cleavage site is more than 130 nt downstream from OmrA pairing site. Such a
regulation in a remote region from the pairing site has been previously reported®**. For
instance, RhyB sRNA blocks translation initiation of sodB mRNA and induces an RNA
cleavage more than 350 nt upstream its pairing site >°. Together with our data, sSRNA-induced
cleavage at a distal region from the paring site appears to be a common mechanism. Recent
studies indicated that RNase E can interact with polyribosomes and the SRNA/Hfq complex
3637 Tt is currently proposed that the RNA degradosome associated with sSRNA/Hfq complex
pass through the interaction with polyribosomes to detect its cleavage site on the target mRNA
7. We can envisage that once OmrA/Hfq complex interacts with bfuB mRNA, RNase E
remains associated with the ribosome until it encounters its cleavage site in the region 70 to
140 cd.

Interestingly the control of the mRNA exerted by the riboswitch is considerably different from
the one employed by the sRNA. It has been reported that the AdoCbl riboswitch inhibits
translation initiation of the bruB gene by sequestering the SD sequence in a stem-loop

*6_ Kadner and coworkers have previously investigated the mRNA regulation

structure
following the translational arrest ©*. They have shown that the first 25 cd are sufficient to
destabilize the btuB mRNA in presence of ligand ®. They also proposed that the conserved
stem-loop structure at the beginning of the bfuB ORF could act as a transcriptionnel
attenuator. Our results suggest that no AdoCbl-dependent transcriptional arrest occurs within
the first 27 cd of btuB ORF thus suggesting a mechanisms relying on an endoribonucleolytic
cleavage (Fig. 5A). Based on the study of Nou and Kadner showing that AdoCbl destabilizes
already transcribed bfuB mRNAs, we proposed that the riboswitch regulation can be
performed in a post-transcriptional manner °. Interestingly, the first 27 cd codon of btuB ORF
are also involved in OmrA-mediated translational regulation. Our results suggest that
OmrA/Hfq interaction with btfuB mRNA blocks endoribonuclease access to the first 27 cd of
btuB mRNA in presence of AdoCbl but has only a slight impact on AdoCbl-dependent
regulation occurring within the region 27 to 70 cd. Our f-galactosidase assays in presence of
bicyclomycin indicated the presence of a Rho-termination site in this latter region, which is
important for the AdoCbl-dependent mRNA regulation, in contrast to the regulation initiated
by OmrA (Fig. 5A). This result is of particular interest because it shows that the riboswitch-
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mediated regulation can occur in a co-transcriptional manner, and inversely, it suggests that
OmrA-mediated regulation occurs post-transcriptionally.

sRNA were previously assumed to act post-transcriptionally but a recent study of Bossi ef al.
pointed out that a SRNA pairs to its target mRNA in a co-transcriptional manner since it leads

to Rho-dependent transcriptional termination °°.

In theory, no evidence excludes the
possibility that a SRNA could interact with its mRNA target as soon as the pairing site
emerges from the transcriptional elongation complex. Although btuB mRNA levels can be
controlled in a Rho-dependent manner, OmrA pairing does not induce this pathway thus
suggesting that some factors prevent its association during the transcriptional process or limit
its action.

Despite the conformation of the riboswitch influences the amplitude of regulation by OmrA,
our results indicate that both mechanisms act independently (Fig. 4). Since OmrA pairing site
is located in the bruB ORF, it implies that in other organisms OmrA could regulate the
translation of btuB mRNAs that are not controlled by an AdoCbl riboswitch. In addition,
differences between OmrA and the riboswitch-mediated regulations could be determinant for
regulation efficiency in function of cellular needs. Even if the comparison is not fully rigorous,
assuming that AdoCbl and OmrA are in excess in cells, we can estimate from our experiments
that the regulation mediated by the riboswitch is more efficient than the one mediated by
OmrA. This phenomenon is easily understandable by the fact that OmrA control needs to
bypass ribosomes barrier and occurs in a post-transcriptional manner. Conversely, the
riboswitch-mediated regulation occurs in a co-and post-transcriptional manner and upstream
the btuB ORF. A physiological interest to such discrepancy is that it would be a waste of
energy for the cell to synthetize de novo the BtuB protein when AdoCbl is abundant.
However, when OmrA is expresssed, the cell needs to reach an equilibrium in which the
amount of BtuB protein is not deleterious and still beneficial for the metabolism. In addition,
the BtuB protein is involved in the transport of AdoCbl is also responsible for the
translocation of bacteriophage and the entrance of colicin E3. The expression of colicin is
induced by the SOS response and various environmental stress >°. We can speculate that under
osmotic shock or during the transition from the exponential to the stationary phase, OmrA
reduces the expression of hfuB in order to prevent colicin entrance, which would be lethal in

such conditions.
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Figure 5: Proposed model describing the control of btuB expression by the AdoCbl riboswitch
and the SRNA OmrA.

In absence of AdoCbl and OmrA, the bruB TIR is accessible to ribosomes, the mRNA is
translated. (A) In presence of OmrA, the SRNA pairs to btuB ORF and Hfq binds on the TIR
region. As a result bruB mRNA translation initiation is inhibited. In parallel, the RNA
degradosome is recruited by the complex Hfqg/OmrA and cleaves the bruB mRNA in a distal
region between codons 70 and 140. The translational (TrL) and post-transcriptional (TrX)
regulation zones are indicated. (B) In presence of AdoCbl, the riboswitch adopts an OFF state
structure. The SD sequence is sequestered in a stem loop structure of the expression platform
which blocks translation initiation. The AdoCbl regulation occurs in a co-and post
transcriptional manner. During transcriptional process, the absence of ribosomes on the
nascent mRNA facilitates the access of the Rho termination factor to the region 27 to 70 cd.
For fully transcribed mRNA, the absence of ribosome facilitates the access of RNases to their
cleavages site. The region between 6 and 27 cd is targeted by an unknown RNase.
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MATERIALS AND METHODS

pB-Galactosidase Assays

Strains used in the study are listed in the Supplemental Table S1. Kinetic assays for B-
galactosidase experiments were performed as described previously (Caron et al. 2012) and
fusions used in the study are described in the Supplemental Table S1. Briefly, an overnight
bacterial culture grown in M63 0.2% glycerol minimal medium was diluted to an ODy,, of
0.02 in 50 mL of fresh medium. When required, ampicillin was added at 100xg/mL. The
culture was incubated at 37°C until an OD,, of 0.1 was obtained. Arabinose (0.1%) was then
added to induce the expression of lacZ constructs. IPTG (1mM) was added to induce the
expression of OmrA or OmrB inserted in the pBr plasmid when indicated. AdoCbl (5uM) was
added where indicated. 3-galactosidase experiments determining Rho factor involvement were
performed in 3 mL of culture media as described above. Bicyclomycin (25 pg/mL) was added

where indicated.

Northern Blot analysis

Bacterial cultures were grown at 37°C in M63 0.2% glycerol minimal medium to midlog-
phase (ODy,, of 0.5). When required, ampicillin was added at 100ug/mL. Cells were then
centrifuged and resuspended with sterile water, and total RNA was extracted immediately
using the hot phenol method '. AdoCbl (54M) or 0.1% of arabinose was added at the indicated
time to induce the expression of OmrA and OmrB inserted in the PNM12 plasmid. Northern
blot experiments for the detection of btuB were performed in 1% agarose gel as described
previously *°. Northern blot experiments for the detection of OmrA and OmrB were performed
in 5% acrylamide gel as described previously '. Probes were generated by PCR followed by in
vitro transcription with radiolabeled UTP. The bfuB probe targets the region +110 to +330. 5
radiolabeled DNA oligonucleotides were used to detect OmrA and OmrB sRNA. Note that

these probes were designed to discriminate both SRNA by targeting their central region.
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RNA in vitro transcription and labelling

Unlabeled RNA were transcribed in vitro from a PCR product with purified T7 polymerase as
previously described . After 3 hours of incubations at 37°C, RNA were precipitated with
ethanol then purified form an acrylamide 8% Urea 8M gel and eluted in Millipore water at 4°C
overnight. RNA were precipitated before used with ethanol 100%, sodium acetate S0mM,

0.1% glycogen.

Electrophoretic Mobility Shift Assay (EMSA)

Prior to the experiment RNA were denature 5 min at 65°C and then slow cool up to 37°C. 5
Radiolabeled OmrA or OmrB (approximately 10nM final concentration) were incubated 10
min in presence or absence of 10nM of Hfq hexamer in solution in a protein buffer (50 mM
Tris-HCI pH 7.5, 1 mM EDTA, 0.25 M NH,Cl, 10% glycerol). sSRNA were than mixed with
unlabeled bruB RNA fragment (OnM, InM, 10nM, 50nM, 100nM) in Afonyuskin buffer (10
mM Tris—-HCI, pH 7.5, 5 mM magnesium acetate, 100 mM NH,CI, .5 mM DTT) and
incubated at 37° C for 20 min. Subsequently, reaction were mixed with loading dye (1x TBE,
50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol) and separated on native 5%
polyacrylamide gel at 4°C in TBE 1X.

For gel shift performed with Hfq and bruB fragments, 5° Radiolabeled bfuB RNA
(approximately 10nM final concentration) were incubated 20 min in presence or absence of
Hfq hexamer (OnM, 2.5nM, 5nM, 10nM, 25nM, 50nM 100nM) in solution in a protein buffer.
As previously, reactions were mixed with loading dye and separated on native 5%

polyacrylamide gel at 4°C in TBE 1X.

Probing experiments

5 Radiolabeled bruB RNA (from +218 to +321 nt) was incubated with increasing
concentration of Hfq protein (OnM, 1nM, 2.5nM, 5nM, 10nM, 20nM). Structural probing

experiment with lead acetate was performed as previously described **.
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MS2-Affinity purification coupled with RNA-seq

RNA degradosome mutant strains (rnel31) harboring pBAD-MS20mrA or pBAD-MS20mrB
and as control pPBAD-OmrA and pBAD-OmrB were used for the MS2-affinity purification.

The protocol has been details previously in the study of Lalouna et al. .
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SUPPLEMENTAL METHODS

DNA oligonucleotides, Bacterial Strains and Plasmids.

DNA oligonucleotides were purchased from Integrated DNA Technologies. Strains used in
this study are derived from Escherichia coli MG1665. Strain genotypes are listed in
Supplemental Table S1. Strain DH5a was used for routine cloning procedures (Yu et al. 2000)
and BL21 (DE3) was used for overproduction of Hfq. The btuB transcriptional and
translational fusions were constructed with the PM 1205 strain as previously described (Caron
et al. 2012). Mutations performed in btuB were made using 3 PCR steps. PCR1 and PCR2
were performed with the genomic DNA and PCR3 was performed using products of the PCR1
and PCR2 reactions. Plasmids used in this study are listed in Supplemental Table S2.
pBRplacO-OmrA mutant were constructed using PCR amplified and EcoRI/BamHI digested
pBRplacO plasmid as previously described °. pBAD-MS20mrA and pBAD-MS20mrB were
constructed using PCR amplified and EcoRI/Sphl digested pBAD-MS2 plasmid as previously

described .

Enzymes and chemicals
T7 polymerase and Hfq were purified as described previously **. The E. coli RNA polymerase

was purchased from Epicentre. Bicyclomycin was obtained from Santa Cruz Biotech. TPP and

coenzyme B12 were purchased from Sigma Aldrich.
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Supplemental Table S1. Summary of strains/plasmids used in this study.

Strains Relevant marker References

BTU1 PM1205 lacl::PBAD-BtuBecq (Bastetetal., 2015)
BTU2 PM1205 lacl::PBAD-btuBecq Bastet et al.,, 2015
BTU3 PM1205 lacl::PBAD-btuB27cq Bastet et al.,, 2015
EM1055 MG1655 AlacZ X174 (Masse and Gottesman 2002)
KP1173  AaraBrnel31 zce-726::Tn10 Hfq-3xFLAG  Masse Lab collection
EM1264 EM1055 hfg::cam Masse Lab. collection
EM1377 EM1055 rnel31 zce-726::Tn10 (Masse et al. 2003)
PM1205 lacl::Pgap-cat-sacB-lacZ, mini é tetR (Mandin and Gottesman 2009)
EM1047 DHb5a+ pACYC184 Laboratory collection
BTU4 PM1205 lacl::PBAD-BtuB140ca This study

BTUS PM1205 lacl’::PBAD-BtuB7qcq This study

BTU6 PM1205 lacl’::PBAD-BtuBuocd This study

BTU7 PM1205 lacl’::PBAD-BtuBz7cq This study

BTU8 PM1205 lacl’::PBAD-BtuBzicq This study

BTU9 PM1205 lacl’::PBAD-BtuBigcd This study

BTU10 PM1205 lacl::PBAD-btuB14ocd This study

BTU11 PM1205 lacl::PBAD-btuB7¢cd This study

BTU12 PM1205 lacl::PBAD-btuBaocd This study

BTU13 PM1205 lacl::PBAD-btuB27cq This study

BTU14 PM1205 lacl::PBAD-btuB1scd This study

BTU15 PM1205 lacl"::PBAD-BtuBz7.¢ mutB1 This study

BTU16 PM1205 lacl"::PBAD-BtuB27.,a mutH1 This study

BTU17 PM1205 lacl::PBAD-BtuB27¢ mutDSL This study

BTU18 PM1205 lacl::PBAD-BtuB;7¢ mutSL1 This study

BTU19 PM1205 lacl::PBAD-BtuBz7¢ mutSL1-2 This study

BTU20 PM1205 lacl"::PBAD-BtuB37¢c mutEP1 This study

BTU21 PM1205 lacl::PBAD-BtuB;7¢q mutEP2 This study

BTU22 PM1205 lacl::PBAD-BtuB;7¢ mutEP3 This study

BTU23 PM1205 lacl::PBAD-BtuBz7c mutEP4 This study

BTU24 PM1205 lacl"::PBAD-BtuB27.a mutEP5 This study

BTU25 PM1205 lacl::PBAD-thiMbtuB14ocd This study

BTU26 PM1205 lacl::PBAD-thiMbtuB27c4 This study

BTU27 PM1205 lacl’::PBAD-ThiMBtuB27cq This study

TPP4 PM1205 lacl’::PBAD-ThiMecq (Caron et al. 2012)
TPP5 PM1205 lacl::PBAD-thiMecq (Caron et al. 2012)

Supplemental Table S2. Summary of plasmids used in this study.

Plasmid Description Reference
pNM12 pBAD24 derivative (AmpR) Majdalani et al. 1998
pBAD-OmrA pBAD24 +OmrA This study
pBAD-OmrB pBAD24 +OmrB 3

pBAD-MS2 pBAD24 + MS2 aptamer 4

pBAD-MS20mrA
pBAD-MS20mrB

pBRplac

pBRplacOmrA

pBRplacOmrA mutA1l
pBRplacOmrA mutA2
pBRplacOmrA mutA3
pBRplacOmrA mutA4

pBAD24 + MS2 aptamer + OmrA
pBAD24 + MS2 aptamer + OmrB
pBR322 derivative

pBRplac + OmrA

pBRplac + OmrA A1l mutant
pBRplac + OmrA A2 mutant
pBRplac + OmrA A3 mutant
pBRplac + OmrA A4 mutant

This study
This study
1

1

This study
This study
This study
This study
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pBRplacOmrA mutA3 pBRplac + OmrA A5 mutant This study
pBRplacOmrB pBRplac + OmrB 1
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CONCLUSION ET DISCUSSION

1- Les riborégulateurs traductionnels modulent le niveau d’ARNm

1.1- Un paradigme

Chez les bactéries, 1’efficacité de la traduction influe sur la quantit¢ d’ARNm (Deana et
Belasco, 2005; Dreyfus, 2009). Ainsi il existe une corrélation entre 1’inhibition de la
traduction et la diminution du niveau d’ARNm. Cet effet a été observé de nombreuses fois
pour les mécanismes de controle impliquant des petits ARN (Prévost et al., 2011; Massé et al.,
2003; Morita et al., 2005; Guillier et Gottesman, 2008). En revanche, treés peu d’études se sont

intéressées au devenir de I’ARNm contr6lé par des riborégulateurs traductionnels.

Au début de cette étude, sept riborégulateurs étaient connus chez 1I’organisme modele E. coli
(Raghavan et al., 2011). Tous étaient prédits ou bien montrés pour controler I’initiation de la
traduction du geéne localisé en aval (Nahvi et al., 2002; Rentmeister et al., 2007; Nou et
Kadner, 2000; Winkler, Nahvi, et Breaker, 2002; Barrick et Breaker, 2007). Les données
exposées ici indiquent que de surcroit a une régulation traductionnelle, les sept riborégulateurs

d’E. coli modulent le niveau d’ARNm.

Les résultats exposés dans le chapitre 1 démontrent clairement que les riborégulateurs thiM et
lysC contrdlent a la fois I’initiation de la dégradation et la terminaison prématurée de la
transcription Rho-dépendante suite a leur liaison au ligand. Les expériences de ChIP de
I’ARNp suggerent que les riborégulateurs thiB, thiC ainsi que ribB modulent la terminaison
prématurée de la transcription Rho-dépendante. Cette régulation a été caractérisée
antérieurement dans le cas de ribB (Hollands et al., 2012). Des données non publiées du
laboratoire confirment que le riborégulateur thiC module la terminaison Rho-dépendante et
indiquent que thiB controle le niveau d’ARNm (travaux de A. Chauvier et M. Simoneau-Roy).
Des expériences sont en cours pour déterminer 1’importance de Rho dans la régulation exercée
par thiB. D’aprés d’autres analyses, le riborégulateur thiC (mais pas thiB) contrlerai

I’initiation de la dégradation de ’ARNm par le dégradosome ARN (travaux d’A. Dubé).
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Actuellement, aucune évidence ne permet d’assumer que thiB et ribB agissent aussi au niveau

de la dégradation de I’ARNm.

Limitées par le contexte expérimental, nos données de ChIP présentées dans le chapitre 1 ne
sont pas concluantes quant a une quelconque régulation transcriptionnelle exercée par le
riborégulateur bruB. Cependant, nous montrons dans le chapitre 2 que certaines régions de
I’ARNm btuB induiraient la terminaison Rho-dépendante en fonction du ligand AdoCbl. En
plus de cette régulation transcriptionnelle, Franklund et Kadner ont précédemment établi que
suite a la liaison du ligand, ’ARNm btuB est rapidement dégradé (Franklund et Kadner,

1997). La ou les endoribonucléases impliquées dans ce processus sont encore méconnues.

Contrairement au riborégulateur mgtA de S. thyphimurium, nos données de ChIP suggerent
que, chez E. coli, mgtA contrdle la terminaison transcriptionnelle indépendamment du facteur
Rho (Hollands et al., 2012). Des recherches plus poussées tendent a confirmer ce résultat et
indiquent que le dégradosome ARN n’est pas impliqué dans cette régulation (travaux de M.

Geffroy, non publié).

L’ensemble des observations montre que le controle du niveau d’ARNm est commun aux
riborégulateurs traductionnels d’E. coli. Ce mécanisme serait répandu a travers les especes
bactériennes puisqu’il a été retrouvé chez le riborégulateur FMN de Corynebacterium
glutamicum (Takemoto et al., 2014). Toutefois, nos résultats indiquent que les mécanismes
spécifiques de régulation de I’ARNm différent d’un riborégulateur a 1’autre. En effet, thiM,
lysC, btuB et thiC contrdlent a la fois la terminaison de la transcription et la dégradation tandis
que thiB, ribB et mgtA agiraient uniquement au niveau de la terminaison transcriptionnelle.
Les facteurs déterminant le mode de régulation sont discutés dans la section 1.3 de cette
discussion. Ensuite, la position des éléments régulateurs de I’ARN (site rut et site de clivage)
varie aussi d’un riborégulateur a I’autre. Alors que dans le cas de thiM et btuB ils sont
localisés dans la région codante, pour lysC ces éléments sont positionnés dans la plateforme
d’expression du riborégulateur. L’impact de la localisation des éléments contrélant le niveau
d’ARNm sur la régulation est abordé dans la section 1.2 de cette discussion. Le tableau 1

présenté ci-dessous résume les différentes propriétés des riborégulateurs d’E. coli.
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Tableau 1 : Résumé des mécanismes de controle des riborégulateurs d’E. coli

Riborégulateur Traduction Transcription Dégradation Localisation
lysC Confirmé Rho-dépendant Dégradosome 5’UTR
ribB Prédit Rho-dépendant ND 5’UTR
btuB Confirmé Rho-dépendant RNase ND ORF
mgtA Prédit Rho-indépendant ND 5’UTR
thiM Confirmé Rho-dépendant Dégradosome ORF
thiC Confirmé Rho-dépendant Dégradosome 5’UTR
thiB Prédit Rho-dépendant ND ORF

Les sept riborégulateurs d’E. coli, prédits ou montrés pour contrdler initiation de la
traduction, modulent le niveau d’ARNm. Régulation de la traduction (prédite ou confirmé) de
la transcription (Rho-dépendante ou indépendante) et de la dégradation (RNase impliquée ou
ND pour non déterminé). La localisation des éléments régulateurs de I’ARNm est soit dans le
5’UTR ou dans la région codante (ORF pour open reading frame)

1.2- Un contréle direct ou indirect du niveau d’ARNm

La section précédente indique que les sept riborégulateurs d’E. coli controleraient a la fois
I’initiation de la traduction et le niveau d’ARNm. Bien que le mécanisme général semble
similaire, nous pouvons distinguer un mode de régulation indirect ou bien direct du niveau

d’ARNm (Fig. 24).

1.2.1- Controle indirect

Le mode de régulation indirect est une conséquence du blocage de la traduction (Fig. 1A).
Comme détaillé en introduction, I’absence de ribosome sur I’ARNm facilite 1’acces du facteur
Rho au site rut ainsi que la dégradation non nucléolytique (voir introduction B.1.2 et B.2.4).
Dans ce cas, les sites rut ainsi que les sites de clivages des RNases sont localisés dans la
région codante de ’ARNm. Les riborégulateurs thiM et btuB utilisent ce mode de régulation
(Tableau 1). Dans les études présentées dans le chapitre 1 et 2 nous avons identifié des
éléments modulant le niveau d’ARNm positionnés au début de la région codante de thiM et

btuB. Cette localisation pourrait servir de point de détection de I’efficacité de la traduction des
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I’initiation ou lors des premieres étapes de 1’élongation. Le processus de transcription serait
bloqué suffisamment t6t pour éviter la perte d’énergie associée a la synthése d’un transcrit
pleine longueur. De la méme fagon, une telle localisation assurerait la dégradation rapide de
I’ARNm non fonctionnel. Cependant, nos résultats indiquent que les éléments régulateurs
positionnés au début de la région codante ne sont pas limitants pour le contrdle du niveau
d’ARNm. Plusieurs éléments régulateurs indépendants seraient ainsi présents tout au long de

I’ARNm de thiM et btuB.

1.2.2- Controle direct

Dans le cas d’'un mode de régulation direct, le site rut, ou bien, le site de clivage d’une RNase,
sont localisés dans la plateforme d’expression du riborégulateur (Fig. 24B). Le riborégulateur
controle directement I’acces a ces sites en fonction de sa liaison au ligand. C’est le cas du
riborégulateur lysC qui en plus du contrdle traductionnel, module directement la terminaison
Rho dépendante et I'initiation de la dégradation (chapitrel; Caron et al., 2012). L’étude de
Caron et al. montre que la régulation du niveau d’ARNm par le riborégulateur lysC peut étre
indépendante du processus d’initiation de la traduction. La dégradation est donc nucléolytique
(voir introduction B.2.4) et la terminaison transcriptionnelle Rho-dépendante aurait lieu
lorsque la structure du riborégulateur libere 1’acces au site rut (donnée du laboratoire non
publiée de Turcotte P.). D’apres les travaux de Hollands et al. le riborégulateur ribB
controlerait aussi de facon directe la terminaison Rho-dépendante (Hollands et al., 2012). Des
données du laboratoire démontrent que le riborégulateur thiC agit similairement puisque
I’accessibilité d’un site rut localisé dans sa plateforme d’expression est dépendante du TPP
(travaux de A. Chauvier). Enfin, bien que mgrA agisse indépendamment du facteur Rho, des
essais -galactosidase montrent que le domaine riborégulateur est suffisant pour moduler le

niveau d’ARNm ce qui refléte un contréle direct (travaux de M. Geffroy).

Initialement, les riborégulateurs étaient connus pour moduler I’expression génique sans
I’intervention de facteur trans. Or, des acteurs protéiques interviennent dans le controle direct

de l'initiation de la dégradation et de la terminaison de la transcription. D’un point de vue
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évolutif, nous pouvons envisager que le contrdle de I’initiation de la traduction soit le
mécanisme originel employé par les riborégulateurs d’E. coli. Des événements sélectifs ont
ensuite favorisé 1’apparition d’éléments de contrdle de ’ARNm au sein de la plateforme
d’expression du riborégulateur. Pour appuyer cette théorie, il serait nécessaire de vérifier que

les riborégulateurs ribB, thiC et mgtA controlent I’initiation de la traduction.

/
A- Controle indirect B- Contrdle direct

Figure 24 : Mécanisme direct et indirect de controle de TARNm par les riborégulateurs.
L’étoile représente le site rut. Lorsque le mécanisme est indirect, le site rut est protégé par les
ribosomes en absence de ligand. En présence de ligand, le site rut est accessible. Lorsque le
mécanisme est direct, le site rut est séquestré dans une structure tige-boucle de I’ARN. Il
devient accessible en présence de ligand. A des fins de simplicité, la figure présente
uniquement le controle de la terminaison Rho-dépendante, mais le principe est identique pour
le clivage par une RNase.

1.2.3- Les implications du contrdle direct et indirect

Les modes de contrdle direct et indirect présentés ci-dessus apportent une nuance
fondamentale au principe de ces régulations. Dans 1’absolu, la régulation directe du niveau de
I’ARNm implique que le mécanisme soit strictement dépendant de la présence du ligand
puisque le riborégulateur lui-méme dicte ’accessibilité des éléments régulateurs. A ’inverse,
une régulation indirecte sous-entend que les éléments régulateurs présents dans la région

codante de ’ARNm peuvent étre utilisés a d’autres fins que le contrdle médié par le
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riborégulateur. Ainsi, n’importe quel événement qui perturbe le processus de traduction
devrait aboutir a la diminution rapide du niveau d’ARNm selon les mémes mécanismes
employés par le riborégulateur. Il est intéressant de noter ici que les riborégulateurs qui
controlent de facon directe le niveau d’ARNm peuvent aussi exercer un contrdle indirect.
Ainsi, lorsque 1’élément régulateur de la plateforme d’expression de lysC est délété, nous
pouvons encore observer une diminution importante du niveau d’ARNm induite par la lysine
(Caron et al., 2012). Cet effet serait dii a des éléments régulateurs localisés dans la région

codante.

1.3- Un contréle co- ou post-transcriptionnel, telle est la question.

1.3.1- Le principe

Quels sont les facteurs qui déterminent qu’un riborégulateur traductionnel controle Ia
terminaison de la transcription et/ou la dégradation de I’ARNm? Ceci dépendrait de la
capacité du riborégulateur a lier le ligand et modifier sa conformation de fagon co- ou post-
transcriptionnelle, mais aussi de son mode de régulation cinétique ou bien thermodynamique

(voir introduction C.2.4).

Pour plus de clarté, nous devons distinguer ici trois catégories d’ARNm (Fig. 25): les ARNm
dont la transcription débute (A); les ARNm en cours d’élongation pour lesquels la portion
riborégulateur est déja transcrite (A’) et enfin les ARNm dont la transcription est complétée
(B). Les riborégulateurs cinétiques contrdlent uniquement I’expression des ARNm (A)
puisque ces derniers dépendent du processus de transcription pour adopter la conformation
induite par le ligand (voir introduction C.2.4). Ce contrdle est strictement co-transcriptionnel.
Ainsi, si le riborégulateur est cinétique, en présence de ligand, I’expression des ARNm (A)
sera régulée tandis que les ARN (A’) et (B) resteront fonctionnels jusqu’a ce qu’ils soient
inactivés par un clivage nucléolytique (indépendant du riborégulateur). A Dinverse, les

riborégulateurs thermodynamiques régulent I’expression des ARNm (A’) et (B) puisque la
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conformation induite par le ligand est adoptée une fois que le riborégulateur est complétement

transcrit. Ce contrdle peut donc avoir lieu de facon co- et post-transcriptionnel.

B A

ADN
o _/

Figure 25 : Régulation co- et post-transcriptionnelle. Les catégories A et A’ correspondent a
un controle co-transcriptionnel. La catégorie B a un contrdle post-transcriptionnel. Un
controle cinétique peut avoir lieu sur A mais pas A’ et B pour lesquels le contrile est
uniquement thermodynamique.

Une étude précédente menée au laboratoire indique que la propriété d’un riborégulateur a agir
de facon cinétique ou bien thermodynamique est corrélée a son mécanisme de régulation
(Lemay et al., 2011). Le riborégulateur adénine de Bacillus subtilis qui module la terminaison
prématurée Rho-indépendante de la transcription est strictement cinétique. Bien qu’il soit
théoriquement possible d’envisager un changement de conformation thermodynamique une
fois I’ARNm transcrit, ceci serait inutile puisque la formation de la tige terminatrice n’aurait
pas d’impact sur I’expression génique. Dans cette méme étude, Lemay et al., montrent que le
riborégulateur adénine de Vibrio vulnificus qui agit au niveau traductionnel est
thermodynamique. Ce mode de régulation est cohérent avec un mécanisme de controle de la
traduction des ARNm déja transcrits ou en cours de transcription. Dans les études présentées
ici nous montrons que les riborégulateurs d’E. coli modulent a la fois la traduction, la
terminaison de la transcription et la dégradation. Le mode de régulation pourrait étre plus

complexe que ce qui est présenté ci-dessus.
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1.3.2- La terminaison Rho-dépendante : un contréle cinétique ?

En toute vraisemblance, les riborégulateurs thiM, lysC, btuB, ribB et thiC agissent de facon co-
transcriptionnelle car tous contrdlent la terminaison de la transcription Rho-dépendante. De la,
nous ne pouvons pas inférer si le riborégulateur est cinétique ou bien thermodynamique.
Cependant, de maniere spéculative, la vitesse de I’ARNp est certainement importante au
mécanisme d’action. En effet, il est difficile de concevoir que le facteur Rho puisse induire
une terminaison de la transcription si des ribosomes font obstacle a sa progression sur
I’ARNm (Fig. 26B). Ainsi, la tige séquestrant le SD doit se former dés son émergence de
I’ARNp, sans quoi, un premier ribosome pourrait s’associer a I’ARNm (Fig. 26B). Comme le
ribosome de téte interagit avec I’ARNp (voir introduction B.1.2), il empéchera le facteur Rho
de provoquer la dissociation du complexe d’élongation de la transcription. Cette hypothese est
valable pour un site rut localisé dans la région codante ou dans le riborégulateur (a condition
que le site rut soit a proximité du SD). Ceci justifie I’intérét d’avoir un mécanisme couplé qui

controle a la fois la traduction et la terminaison Rho-dépendante.

L’adoption d’une conformation inactive du riborégulateur sitét que 1’ARN est transcrit
pourrait ainsi €tre un prérequis a la terminaison Rho-dépendante. Ce postulat laisse présager
que les riborégulateurs contrdlant la terminaison Rho-dépendante agissent selon un mode
cinétique. Dans le chapitre 1 de cette thése, nous comparons I’efficacité du changement de
conformation du riborégulateur thiM avant et aprés que le processus de transcription soit
complété par des essais in vitro. Nos résultats indiquent que le TPP module la structure de
thiM co- et post-transcriptionnellement. Néanmoins, le changement de conformation est plus
efficace au cours du processus de transcription. Ces données suggerent que thiM serait un
riborégulateur thermodynamique et cinétique. Ceci abonde dans le sens de 1’hypothese

exposée au-dessus.
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/A- Inhibition de la traduction avant I’association du 1er ribosome

T

Translocation

B- Inhibition de la traduction aprés I’association du 1er ribosome

: e G

Figure 26 : Mécanisme de terminaison Rho-dépendante induit par un riborégulateur.
L’étoile rouge représente le site rut. Si le SD est séquestré des son émergence de I’ARNp ceci
empéche ’association du ribosome de téte et Rho pourra rencontrer I’ARNp et provoquer sa
dissociation (A). Si le SD est séquestré apreés qu’un ou plusieurs ribosomes aient initié la
traduction, Rho peut théoriquement s’associer au site rut, mais il ne pourra pas rejoindre
I’ARNp car des ribosomes lui font obstacle (B).

1.3.3- La dégradation : un contrdle thermodynamique ?

D’apres I’étude présentée dans le chapitre 1, le contréle thermodynamique aurait son
importance pour la dégradation des ARNm déja transcrits. Nos résultats indiquent que la
dégradation de I’ARNm thiMD dépendante du TPP a lieu post-transcriptionnellement. Cette
observation est cohérente avec la localisation du dégradosome ARN a la membrane interne de
I'enveloppe bactérienne. Selon le modele proposé par Mackie, les ARNm qui sont peu ou pas
traduits diffusent vers la membrane pour y étre dégradés (Mackie, 2013). Bien que nos
résultats pour thiM indiquent un clivage post-transcriptionnel, ils n’excluent pas la possibilité

que le dégradosome ARN cible aussi I’ARNm naissant. Ce phénomene a déja été observé avec
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I’ARNm lacZ (Cannistraro et Kennell, 1985). Afin de concilier la localisation de la
dégradation avec celle de I’ARNm en cours de transcription, Dreyfus propose que I’ARNm
naissant puisse directement contacter le dégradosome. Il justifie cette hypothese par le fait que
la longueur d’un ARNm peut étre parfois plus grande que la longueur d’une cellule (Dreyfus,

2009).

1.3.4- Mode de contrdle des riborégulateurs d’E. coli

En théorie, les riborégulateurs lysC, btuB et thiC devraient fonctionner de facon similaire a
thiM puisqu’ils contrdlent la terminaison de la transcription et la dégradation. L’efficacité du
controle cinétique ou thermodynamique pourrait toutefois varier de I'un a l'autre des
riborégulateurs et aboutir a un degré différent de régulation de ’ARNm. Dans le cas de ribB,
mgtA et thiB, aucune évidence expérimentale n’indique qu’ils régulent la dégradation en
revanche tous les trois semblent contrdler la terminaison de la transcription. Ainsi, il est
possible que certains puissent étre strictement cinétiques. Une comparaison plus approfondie
des différents modes de controle de ces riborégulateurs aiderait a la compréhension des

mécanismes de régulation de I’ARNm.

1.4- Les implications du contréle du niveau dARNm

La corrélation entre le controle traductionnel et le niveau d’ARNm est d’une grande
importance pour I’expression génique. En considérant le fait que les riborégulateurs
traductionnels fonctionnent de fagcon thermodynamique, ceci suppose que la régulation puisse
étre réversible (Lemay et al., 2011). L’initiation de la dégradation de ’ARNm ou bien la
terminaison prématurée de la transcription rend la régulation traductionnelle de I’ARNm

irréversible.

Un deuxieme point important inhérent au contréle de I’ARNm par des riborégulateurs

traductionnels est relatif aux geénes organisés en opérons. En théorie, la régulation
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traductionnelle influe uniquement sur 1’expression du geéne situé en aval du riborégulateur.
Dans le cas d’un opéron, la traduction des genes adjacents devrait étre partiellement affectée
considérant que la traduction du premier gene favorise la traduction des suivants. Néanmoins,
la régulation du niveau de I’ARNm suite a la liaison du ligand au riborégulateur affecte
drastiquement 1’expression de ’ensemble des genes d’un opéron. L’enjeu de la régulation
traductionnelle par les riborégulateurs a donc ainsi davantage d’impact sur 1’expression

génique que ce qui était initialement pensé.

2- Riborégulateurs vs petit ARN: différences dans le controle de ’ARNm

2.1- Deux ARNnNc controlent la traduction et le niveau dARNm

L’étude menée dans le chapitre 2 de cette thése nous a permis d’établir une comparaison entre
le controle de I’ARNm médié par un riborégulateur et un petit ARN. Nous montrons que le
petit ARN régulateur OmrA, tout comme le riborégulateur, régule I’initiation de la traduction
de ’ARNm bruB. Les mécanismes de controle du niveau d’ARNm reliés a I’inhibition de la

traduction sont toutefois différents pour les deux ARNnc.

Dans notre modele (Chapitre 2), OmrA s’apparie a la région codante de I’ARNm bruB. Cet
appariement permettrait de guider la protéine chaperonne Hfq a son site de liaison qui
chevauche la région d’initiation de la traduction de bruB. L’association d’Hfq a I’ARNm bruB
serait responsable de I’inhibition de la traduction. L’arrét de la traduction est accompagné
d’une dégradation de I’ARNm bruB par le dégradosome ARN qui clive dans une région distale
du site d’appariement. Le riborégulateur bruB, quant a lui, contrdle ’initiation de la traduction
en modulant I’accessibilité des ribosomes au SD en fonction de I’AdoCbl. En conséquence de
la répression traductionnelle, le niveau d’ARNm btruB diminue drastiquement. La régulation
de ’ARNm s’effectue de fagon co-transcriptionnelle par la terminaison Rho-dépendante et

post-transcriptionnelle par I’induction de la dégradation.
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2.2- Pourquoi OmrA ne contrdle pas la terminaison Rho-dépendante?

Bien qu’en toute logique, les sites rut sur ’ARNm btuB pourraient autant participer au
controle de I’ARNm par OmrA que par le riborégulateur ceci n’est pas le cas. Comment

expliquer alors cette disparité dans le controle du niveau d’ARNm ?

En théorie, afin d’induire la terminaison Rho-dépendante, OmrA devrait s’apparier a bruB
avant que le premier ribosome accede au site d’initiation de la traduction de I’ARNm naissant.
Selon les mémes principes exposés dans la section 1.3 de cette discussion, le ribosome
pourrait bloquer la progression de Rho jusqu’a I’ARNp. Or, le site d’appariement d’OmrA est
localisé ~ 70 nt en aval du codon d’initiation de la traduction de bfuB. Le ribosome devrait
donc s’associer a I’ARNm bfuB avant méme que le site d’appariement d’OmrA n’ait pu étre
transcrit (Fig. 27). Dans le cas du riborégulateur, en présence de ligand le SD serait séquestré
par la plateforme d’expression dés qu’il émerge de I’ARNp permettant ainsi la terminaison de
la transcription Rho-dépendante (Fig. 26A). Récemment, Bossi et al. ont montré que le petit
ARN ChiX inhibe la traduction de chiP et module la terminaison prématurée de la
transcription de ’opéron chiPQ chez Salmonella (Bossi et al., 2012). Il est important de
souligner ici que le site d’appariement de ChiX est localisé dans la région 5 UTR du gene
chiP. De fagon cohérente avec I’hypothese énoncée au-dessus, cette disposition alloue un délai
au petit ARN pour s’apparier a sa cible avant que la région d’initiation de la traduction soit
transcrite et que le complexe de préinitiation de la traduction s’assemble. La capacité d’un
petit ARN a controler la terminaison Rho-dépendante dépendrait ainsi de sa région
d’appariement a I’ARNm cible. L’étude d’autre cas de petits ARN agissant sur la terminaison

Rho-dépendante permettrait de vérifier cette hypothese.
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(A- Le petit ARN s’apparie dans le 5’ UTR de ’ARNm cible
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Figure 27 : Mécanisme de terminaison Rho-dépendante induit par les petits ARN. L’étoile
rouge représente le site rut. Si le petit ARN s’apparie au 5’UTR et bloque !’accés du I
ribosome au SD de I’ARNm naissant, alors la terminaison Rho-dépendante pourra avoir lieu
(A). Si le petit ARN s’apparie dans la région codante, le 1 ribosome pourra s’associer au SD
de I’ARNm naissant, la terminaison Rho-dépendante ne pourra pas avoir lieu (B).

2.3- La dégradation non nucléolytique: riborégulateurs vs petit ARN

Contrairement a la régulation par OmrA, le dégradosome ARN ne semble pas avoir un effet
majeur sur le contrdle de I’ARNm bruB relatif au riborégulateur. Cependant, il est possible que

similairement a thiM, Rho et le Dégradosome ARN agissent de facon conjointe dans la
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régulation de I’ARNm bruB. Ceci est d’autant plus probable que des résultats de northern blot
montrent I’accumulation de fragments intermédiaires d’ARNm btuB dans une souche mutée
pour le dégradosome ARN (données non montrées). Des expériences sont en cours afin
d’évaluer I'implication du dégradosome dans le contrdle relatif au riborégulateur. Bien que
dans les deux cas, la dégradation serait non nucléolytique (I’arrét de la traduction précederait
la dégradation), il est fort plausible que les mécanismes induits par OmrA et le riborégulateur

reposent sur des principes bien distincts.

Cette assertion est fondée sur le fait que la protéine Hfq interagit directement avec la RNase E
(Ikeda et al., 2011). Nous pouvons étayer le modele proposé par Tsai et al. ou le petit ARN
s’apparie a I’ARNm cible avec Hfq (Fig. 28A). La chaperonne Hfq guide alors ’ARNm a la
membrane par son interaction avec la RNase E. La RNase E s’associe au polysome et
« scanne » I’ARNm jusqu’a rencontrer son site de clivage. L’ARNm est ainsi dégradé (Tsai et
al., 2012; Strahl et al., 2015). Ce modele explique la localisation du site de clivage du
dégradosome ARN dans une région distale du site d’appariement (Fig. 28A). Bien que le
principe repose sur le recrutement actif du dégradosome ARN, il s’agirait d’une dégradation
non nucléolytique, car ’arrét de la traduction serait un prérequis au clivage par la RNase E.
Dans le cas du riborégulateur, le mécanisme serait relatif au modele de Mackie présenté dans
la section 1.3.3 de cette discussion (Mackie, 2013). Suite a I’arrét traductionnel induit par le
ligand, I’ARNm dépourvu de ribosomes diffuserait jusqu’a la membrane pour y étre dégradé
(Fig. 28B). Le mécanisme de dégradation non nucléolytique serait dans ce cas un processus

passif.
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Figure 28 : Mécanisme de dégradation de 'ARNm induit par les petits ARN et les
riborégulateurs. L’ étoile jau' e représe te le site de clivage du dégradosome ARN. Lors de la
dégradatio® médiée par le petit ARN (A), Le petit ARN, aidé d’Hfq, s’apparie a I’ARNm cible
et i° hibe I'i* itiatio® de la traductio® (A.l1); Hfq i teragit avec le dégradosome ARN qui est
localisé a la membra® e (A.2). Le dégradosome peut alors i teragir avec le polysome et
sca’ " er 'ARNm jusqu’a trouver so” site de clivage (A.3). Lors de la dégradatio® médiée par
les riborégulateurs (B), le liga™ d i" duit I’ hibitio® de la traductio® (B.1). La dimi" utio® du
“ombre de ribosomes facilite la diffusio® de ’ARNm a la membra® e (B.2). L’ARNm est ai’ si
dégradé par le dégradosome ARN.

Outre ’association Hfq/RNase E, une étude récente suggere que 1’état de phosphorylation du
5’ des petits ARN peut directement stimuler le clivage de I’ARNm cible par la RNase E
(Bandyra et al., 2012). Comme stipulé dans l’introduction (B.2.2.2) la RNase E a une

préférence pour les ARNm qui arborent une extrémité 5° monophosphate. Bandyra et al. ont
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montré que le petit ARN MicC de Salmonella enterica active de la sorte le clivage de I’ARNm
ompD par la RNase E a proximité du site d’appariement. Si un tel mécanisme est impliqué
dans le contrdle de btuB par OmrA, cela nécessiterait probablement un rapprochement spatial
du site d’appariement et du site de clivage de la RNase E qui sont normalement €loignés 1’un
de I’autre. L’ARNm dépourvu de tout ribosome pourrait former une structure suffisamment
compacte qui joindrait les deux sites. Cependant, contrairement a OmrA qui agit au niveau
traductionnel, MicC s’apparie dans la région codante et contrdle uniquement la dégradation de
I’ARNm. L’utilisation du 5° monophosphate pourrait étre indispensable dans le cas spécifique

de MicC afin de contourner la présence de ribosomes sur I’ARNm et accélérer la dégradation.

3- Intérét général de I’étude

Les processus de traduction et de dégradation sont étroitement liés. La traduction inefficace
d’'un ARNm provoque souvent une dégradation non nucléolytique ou bien la terminaison
prématurée de la transcription. Ainsi, a premiere vue les mécanismes de controle de I’ARNm
relatifs aux riborégulateurs traductionnels pouvaient étre relativement attendus. Alors

qu’apporte cette étude par rapport a ce qui était déja connu?

La dégradation non nucléolytique est généralement le résultat d’un répresseur qui bloque
I’acces de la région d’initiation de la traduction aux ribosomes. Les premieres études qui ont
constaté ce phénomene ont permis d’établir une corrélation entre 1’efficacité de la traduction et
la dégradation (Kearney et Nomura, 1987; Vecerek et al., 2005; Nogueira et al., 2001; Nou et
Kadner, 1998; Desnoyers et al., 2009). Hormis pour les petits ARN, trés peu d’informations
étaient cependant disponibles concernant les mécanismes reli€s a la modulation du niveau
d’ARNm. Les riborégulateurs étant une catégorie importante de répresseurs traductionnels, ils

se prétaient parfaitement a cette étude.

De facon générale, notre étude montre que la répression traductionnelle affecte a la fois la
terminaison prématurée de la transcription Rho-dépendante et la dégradation de I’ARNm. Ces
mécanismes dépendent de la capacité du répresseur a agir de facon co- ou post-

transcriptionnelle et de son site d’action sur ’ARNm. De maniere plus spécifique, nous avons
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identifié lors de I’étude de thiM (chapitre 1) une seule et méme région qui est a la fois
responsable de la terminaison Rho-dépendante et de la dégradation par le dégradosome ARN.
En plus de controler finement 1’expression de I’ARNm thiMD, cette région assure la
dégradation des fragments générés par la terminaison Rho-dépendante. Puisque cet élément est
retrouvé dans le riborégulateur lysC il est fortement probable que celui-ci soit davantage
répandu a travers les ARNm bactériens. Aussi, le site de clivage du dégradosome ARN que
nous avons identifié chez thiM correspondrait a un site d’entrée interne de la RNase E
(chapitre 1). Bien que celui-ci soit le principal mode d’entrée de la RNase E, le mécanisme n'a
pas encore été caractérisé (Clarke et al., 2014). Nous montrons qu’une structure tige boucle
pourrait jouer un rdle important dans la reconnaissance et le clivage de ce site par la RNase E.
L’ensemble des résultats présentés dans cette thése contribue grandement a 1’enrichissement

des connaissances relatives a la régulation de ’ARNm.

Certaines lignes de recherche actuelles visent a créer des riborégulateurs synthétiques (Groher
et Suess 2014). Ces derniers controlent soit la terminaison de la transcription soit 1’initiation
de la traduction. Considérant nos résultats, nous pouvons nous attendre a ce qu’une régulation
traductionnelle soit beaucoup plus efficace qu’un contrdle transcriptionnel. L’expression du
gene régulé sera affectée autant au niveau de la biosyntheése protéique que de I’ARNm.
Toujours a des fins appliquées, les riborégulateurs sont des cibles de choix pour de nouveaux
antibiotiques. Notre étude indique qu’un antibiotique qui cible un riborégulateur traductionnel
situé en amont d’un opéron pourra affecter I’expression de I’ensemble des genes de facon
rapide et efficace. Il ne s’agira plus ici d’inhiber la biosyntheése d’une seule protéine, mais de
plusieurs protéines impliquées dans toute une voie métabolique. Notre étude contribue ainsi a

I’avancé des connaissances relatives au domaine des riborégulateurs et de ses applications.
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Begin at the beginning," the King said, very gravely,

"and go on till you come to the end: then stop.”

— Lewis Carroll, Alice in Wonderland
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