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Introduction générale

Les domaines de la modélisation moléculaire et de la bioinformatique, au sens large, re-
couvrent en fait beaucoup d’approches qui sont développées et appliquées & des systémes biolo-
giques trés différents et pour répondre & des questions biologiques distinctes. En tant que jeune
chercheur dans le domaine depuis mon travail de doctorant et de post-doctorant, j’ai eu 'occa-
sion d’utiliser et de développer un certain nombre d’approches et de méthodes afin de répondre
a des questions biologiques trés diverses mais dont la trame de fond était toujours reliée a une
problématique d’étude des liens structure/fonction des ARN. Dans le "RNA World", plusieurs
grandes thématiques de recherche existent car elles correspondent a la diversité et versatilité de
structures et de fonctions des ARN. Mon intention n’est pas d’en faire une revue exhaustive mais
de me focaliser les principaux thémes concernant mon expérience de recherche et d’encadrement.
Ces thémes peuvent étre regroupés sous trois grands axes qui couvrent des problématiques phares
dans le domaine ARN dans lesquelles les approches in silico ont contribué de fagon plus ou moins
importante a une meilleure compréhension des liens structure/fonction des ARN.

Le premier axe de recherche concerne 1’étude de la réactivité des ARN; la découverte de
I’existence d’ARN catalytiques a bouleversé les dogmes et les conceptions en biologie moléculaire
et bien au-dela. Les méthodes faisant appel a la mécanique quantique peuvent contribuer & mieux
comprendre la catalyse par les ARN, la catalyse au niveau atomique étant difficile a appréhen-
der et la structure 3D des ARN difficile & déterminer, expérimentalement. Le second grand axe
est ’exploitation et l'interprétation de données biologiques par des méthodes de bio-analyse et
bio-informatique. Ces méthodes existent depuis un certain nombre d’années (recherche de simi-
larité de séquence, méthodes d’alignement, etc) mais elles étaient davantage utilisées dans une
optique d’analyse des données biologiques que d’extraction de connaissances ("data mining" ou
fouille de données, etc). L’essor de la génomique s’est accompagné d’un développement paralléle
de méthodes de traitement massif de I'information biologique (notamment en RNomics) qui ont
joué un roéle dans la découverte récente de I'importance des fonctions biologiques de nombreux
petits ARN. Ces découvertes bouleversent & nouveau nos conceptions sur I’expression des génes
et leur régulation. Le troisiéme axe de recherche est la compréhension des bases moléculaires des
interactions ARN /protéines et ARN/ligands en général qui ont des roles clés dans beaucoup de
processus biologiques. L’altération ou la modulation de ces interactions peuvent parfois faire la
différence entre un fonctionnement "sain" et un fonctionnement pathologique associé & une ma-
ladie. Malgré les avancées réalisées en biologie structurale, les ARN et complexes ARN /protéine
restent des objets difficiles & étudier du point de vue expérimentale. Les méthodes de modélisation
moléculaire et de bioinformatique structurale offrent alors la possibilité de construire des modéles
3D a partir desquels il est possible de poser des questions et d’avancer des hypotheéses. La possi-
bilité de prédire la structure 3D d’ARN et de complexes ARN /protéine est rendue possible par
I’amélioration des méthodes de modélisation. D’autre part, elles ouvrent des perspectives dans
la conception de ligands & partir d’une structure 3D utilisée comme cible. Les ARN deviennent
alors aussi des cibles thérapeutiques potentielles.
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Introduction générale

L’étude de la réactivité des ARN et les méthodes MQ

Les ARN sont des molécules biologiques qui possédent une réactivité chimique intrinséque.
A la différence de ’ADN, ’ARN présente un groupe 2’-OH pouvant se comporter comme un
nucléophile et qui lui confére en grande partie sa réactivité. D’autres facteurs entrent ensuite
en jeu (pH, conformation de PARN, présence de cofacteurs : métaux ou nucléobase, etc) qui
vont conférer & PARN une simple réactivité non-enzymatique ou enzymatique lorsqu’il s’agit
d’ARN catalytiques qui ont évolué par rapport a une fonction biologique donnée : les ribozymes.
On distingue deux grandes familles de ribozymes qui catalysent chacune un type de réaction
de clivage d’un lien phosphodiester ot les produits formés comportent soit des extrémités 2’-
3’-phosphate cyclique et 5-OH dans le cas des ribozymes auto-clivables soit des extrémité 5’-
phosphate et 3’-OH pour les ribozymes auto-épissables (Fig. 1).
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Figure 1. Réactions d’auto-clivage et d’auto-épissage. A. Les ribozymes auto-clivables catalysent une réaction
ou le nucléophile attaquant est le groupe 2’-OH et le groupe partant le groupe 5’-OR. B. Les ribozymes auto-
épissables (ou la RNase P) catalysent une réaction qui différe par les nucléophile attaquant qui sont un groupe
3’-OH d’une guanosine exogéne et 2’-OH d’une adénosine intronique (premiére étape de la réaction dans les introns
des groupes I et II). Chacune des deux réactions procéde par une inversion de la configuration stéréochimique
des atomes d’oxygéne non liant du groupe phosphate subissant 'attaque nucléophile. Le mécanisme réactionnel
obéit & une attaque nucléophilique de type Sy2 avec formation d’un état de transition ou intermédiaire trigonale
bipyramidale correspondant & une groupe phosphate pentavalent.

L’attribution du prix Nobel de chimie en 1989 & Sidney Altman [1] et Thomas Cech [2]
récompensés pour leur découverte respective des propriétés catalytiques de la RNase P (dont
le composant enzymatique est PARN et non la partie protéique) [3] et de précurseurs d’ARN
ribosomiques auto-épissables [4] marque le début d’un intérét sans cesse grandissant pour les
ARN en général et les ribozymes en particulier. Les ARN ne sont plus alors considérés comme
de simples intermédiaires dans la transmission de l'information génétique contenue dans ’ADN
mais comme des molécules clés a 'origine de la vie servant & la fois de porteur d’une information
génétique et de biocatalyseur ("RNA World"). La découverte de nombreux autres ribozymes
et plus particuliérement d’une famille de ribozymes auto-clivables baptisés ribozymes a téte de
marteau ("hammerhead") [5] va beaucoup faire progresser les connaissances dans le domaine. Du



fait de leur petite taille (moins de 50 nucléotides) comparée a celle de la RNase P ou de ribozymes
auto-épissables (prés de 400 nucléotides) et de la nature modulaire de leur repliement (ARN a
jonction triple), les ribozymes a téte de marteau vont rapidement devenir un prototype de la
catalyse ARN. La transformation des ribozymes & téte de marteau naturels, issus de viroides, en
"nucléases" artificielles en fera un objet d’étude privilégié en enzymologie des ARN mais aussi
un outil trés utilisé en biologie moléculaire (Fig. 2).
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Figure 2. Structures 2D d’un ribozyme & téte de marteau. A. Ribozyme auto-clivable présent dans les viroides.
B. Ribozyme artificiel (HH16) enzyme/substrat.

Les premiers calculs théoriques sur de petits modéles atomiques destinés & modéliser la réac-
tion catalytique des ribozymes a téte de marteau sont publiés en 1994 [6]. Un modéle minimaliste
mimant un groupe ribose phosphate composé de 9 atomes lourds est alors utilisé : il s’agit d’un
oxyphosphorane (une groupe phosphate cyclique incluant les carbones C2’ et C3’ du ribose).
Les calculs mettaient en évidence la formation d’états de transition correspondant & une groupe
phosphate pentavalent ; ils suggéraient aussi la position de cations Mg?T comme cofacteurs pour
optimiser la réaction. L’utilisation de modéles extrémement simples et limités en taille est ca-
ractéristique des approches quantiques (en particulier pour les méthodes de calculs ab initio)
en raison des coftits élevés en temps de calcul. On cherche donc toujours & simplifier le systéme
au maximum quitte a sacrifier le réalisme du modéle par rapport & la réalité chimique et bio-
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Introduction générale

chimique. Le systéme pourra ensuite étre compliqué en fonction des besoins. L’avantage d’une
telle approche est de pouvoir appréhender un systéme chimique et biochimique & différents de-
grés de complexité et d’évaluer les contributions de différents composants ou facteurs dans la
catalyse. Les calculs récents effectués sur un modéle & 12 atomes lourds correspondant & un
groupe ribose-phosphate non tronqué ont permis d’évaluer les barriéres d’énergie dans les réac-
tions non-enzymatiques de transestérification et d’hydrolyses des ARN [7] (Fig. 3). Les chemins
réactionnels des 3 mécanismes catalytiques possibles & pH neutre, & pH basique (mécanisme
di-anionique, Fig. 3A) ou a pH acide (mécanisme mono-anionique, Fig. 3B) ont été identifiés et
comparés dans le contexte d’une réaction non catalysée. L’utilisation d’un modéle plus complet
incluant la présence de cations métalliques fournit la possibilité d’évaluer 'influence et le role de
cations métalliques comme cofacteurs dans une réaction catalysée.

A) B)
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(
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Figure 3. Mécanismes réactionnels pour la transestérification des ARN. A. Mécanisme di-anionique (3 points
stationnaires et un état de transition) en conditions basiques. B. Mécanisme mono-anionique (5 points stationnaires
et 2 états de transition) en conditions acides.

Plusieurs études structurales amorcées en 1992-1993 par radiocristallographie [8, 9] et spec-
troscopie [10] vont fournir les premiéres données structurales sur les ribozymes a téte de marteau.
La premiére structure 3D expérimentale d’un ribozyme biologiquement actif sera déterminée en
1996 [11] et situe le contexte toujours actuel des recherches menées sur ces ribozymes dans 1’objec-
tif de comprendre les liens structure/fonction. Une question crucuale est : comment la structure
globale du ribozyme et celle de la poche catalytique sont fagconnées et comment elles influent
sur le mécanisme catalytique ? Ces données susciteront beaucoup de controverses qui ne sont pas
totalement résolues a ce jour en raison d’apparentes contradictions entre les premiéres données
structurales d’une part et les données biochimiques d’autre part [12, 13].

La découverte d’autres ribozymes auto-clivables et 1’étude de leur mécanisme réactionnel a
révélé différentes stratégies catalytiques possibles [5, 15|. Ces stratégies different par le degré
d’optimisation de chacun des 4 processus clés impliqués dans la catalyse de la réaction de tran-
sestérification qui conduit au clivage site-spécifique d’un lien phosphodiester (Fig. 4) [16]. IIs
correspondent a l'activation du nucléophile () et a Pattaque nucléophilique («), a la stabilisa-
tion de la charge sur les oxygeénes non-liant du groupe phosphate (3) suite a I'attaque nucléophile
et la formation du groupe phosphate pentavalent et & la stabilisation de la charge sur 'oxygéne
en 5" du groupe partant (§). Chacun des 4 processus peut étre optimisé a des degrés divers d'un
ribozyme & l'autre, ce qui conduit a des performances catalytiques variables ou quelquefois équi-
valentes méme si la catalyse n’est pas optimisée de la méme facon dans les 4 processus. D’aprés

xii
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Figure 4. Modéles structure/fonction de ribozymes a téte de marteau. Haut : modéle de catalyse issu des données
structurales de 1996 [11]. Bas : modéle de catalyse issu des données structurales de 2006 [14]. A. Structures 2D
des ribozymes (d’aprés Scott et al., 1996 [11]). B. Structures 3D des ribozymes (d’aprés Scott et al., 1996 [11]).
C. Mécanisme réactionnel proposé (d’aprés Martick et al., 2008 [14]).

les caractéristiques chimiques des groupes chimiques impliqués dans chacun des 4 processus, il
est possible de prévoir les limites théoriques de performances catalytiques des ribozymes (Table
1). Ces limites expliquent le fait que la vitesse de la réaction catalysée par les ARN (de 'ordre de
la min—!) soit nettement inférieure & celle d’enzymes protéiques comme la RNase A (de 1'ordre
de la psec™!) méme si elle est largement plus rapide que la réaction non-catalysée (de I'ordre
de 10~ "min~"). Toutefois, I’existence d’effets synergiques liés a la géométrie du site actif, et les
découvertes récentes de I'implication de nucléobases dans la catalyse par les ARN (pouvant jouer
notamment le role d’acide/base générale [17]) suggére que ces limites peuvent sans doute étre
repoussées [16, 18|. La compréhension fine des ces limites ouvre des perspectives dans la concep-
tion de ribozymes artificiels ayant des performances catalytiques proches de celles des enzymes
protéiques.
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Figure 5. Mécanisme catalytique d’auto-clivage. Les 4 stratégies catalytiques qui peuvent influencer la réaction
sont : « 'attaque nucléophilique "in-line" (bleu); 3 la neutralisation de la charge négative sur les oxygénes non-
liant du groupe phosphate (violet); v la déprotonation du groupe 2’-OH utilisé comme nucléophile (rouge); ¢ la
neutralisation de la charge négative sur oxygéne 5’ du groupe partant (vert). D’aprés Emilsson et al., 2003 [16].

Table 1 : Combinaisons possibles de stratégies catalytiques d’auto-clivage

Combinaison de stratégies

Taux d’accélération maximum Vitesse limite de réaction

catalytiques (pH neutre) (min—1)
absence de catalyse - 1078

a 102 1076
6] 109 1073

v 106 1072

5* >106 >1072

a B 107 1071
« ¥ 108 100
a 5* >10% >10°
By 101 103
I&; 5* > 101! >103
v > 1012 > 10*

a B v 1013 10°
a v oo > 10 > 108
a 3 ) > 103 10°
B v 0 > 107 10°

a B v 6 > 10 10t

la premiére ligne, en absence de catalyse, correspond & la constante de réaction utilisée comme référence en
conditions standards (23°C, 250 mM K™). Les vitesses limites sont les constantes de réaction correspondant a
Poptimisation maximale de chacun des 4 processus (Fig. 4). Les astérisques indiquent la vitesse limite de catalyse
pour le processus § catalysé sans le processus (3 catalysé qui sont prédits comme n’étant pas permis chimiquement.
D’aprés Emilsson et al., 2003 [16].
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Fonctions et évolution des ARN : bio-analyse et bio-informatique

L’annotation de génomes, par la recherche de génes homologues, repose en grande partie sur
la recherche de séquences similaires a I'aide de programmes tels que BLAST ou FASTA. Avec le
développement des techniques de séquencage et ’accés aux séquences complétes de génomes, ce
type de programmes a été largement utilisé pour la recherche de génes homologues et ’annotation
génomique. Les génes d’ARN, qui peuvent étre définis en premier lieu comme des génes donnant
naissance a des transcrits non traduits (ARN non-codant), avaient peu attiré Pattention jusqu’au
début des années 2000 [19] lorsque le phénomeéne d’ARN interférence déja mis en évidence chez le
nématode est détecté également chez les mammiféres [20]. D’autre part, les découvertes récentes
indiquant que le génome humain est transcrit en trés grande partie (a plus de 80%) [21, 22|
et qu’il existe de nombreux éléments conservés du point de vue phylogénétique entre génomes
parfois trés distants (allant des insectes & I'homme par exemple [23]) ont de fortes implications
quant & la présence potentielle de nombreux ARNnc encore inconnus.

Avant les années 2000, ’exploitation informatique des données brutes de séquence de génomes
complets avait donc surtout été limitée a la recherche de génes de protéine souvent assimilée aussi
a l'identification de phases ouvertes de lecture ou ORF ("Open Reading Frame"). L’annotation
systématique des génes d’ARNnc était limitée aux ARNr dont la séquence primaire est suffi-
samment conservée pour étre détectée par une simple recherche de similarité de séquences de
type BLAST, ou & certains autres ARNnc tels que les ARNt qui possédent une structure secon-
daire canonique plutét bien définie et conservée. La recherche d’ARN fonctionnels, ou RNomics,
demande beaucoup de ressources lorsqu’elle est abordée par une approche expérimentale de
criblage étendu de tous les petits ARN contenus dans une cellule et représente un réel défi tech-
nique [24, 25]. Les méthodes bio-informatiques offrent la possibilité de cribler a priori des génes
d’ARNnc potentiels qui peuvent ensuite étre validés expérimentalement. On pourra distinguer
deux cas de figure selon que les ARNnc recherchés sont déja connus et assez bien caractérisés du
point de vue structural ou bien que I’on recherche de nouveaux ARNnc inconnus ou sur lesquels
on ne dispose que de trés peu d’informations.

Les ARN fonctionnels homologues peuvent avoir une séquence plus ou moins dégénérée d’un
organisme a 'autre par rapport a celle de leur ancétre commun, mais leur structure secondaire
est souvent bien définie pour un ARNnc donné. Certains ARNnc présentent des motifs caractéris-
tiques comme une jonction triple dans le cas d’un motif de ribozyme a téte de marteau (Fig. 2).
Une approche visant & identifier des génes potentiels d’ARNnc peut donc consister a rechercher,
dans les génomes, des motifs ARN spécifiques. Plusieurs programmes ont été développés pour
rechercher des motifs d’ARN bien définis. Certains ont été congus pour rechercher des motifs
structuraux et/ou fonctionnels : des ARNt (tRNAScan-SE) [26], des snoRNA (snoscan [27]), ou
d’autres ARN non-codant (ncrnascan [28]), etc. D’autres programmes sont plus généralistes et
permettent la recherche de motifs ARN en utilisant : un descripteur qui décrit 1’enchainement
des éléments de structure primaire et secondaire (ou méme tertiaire) de TARN (Rnamot [29],
RNAMotif [30]), ou un profil de séquences (ERPIN [31, 32]) qui correspond & un alignement de sé-
quences d’ARN présentant le motif recherché et incluant une information de structure secondaire.
D’autres approches encore sont issues de la linguistique (“stochastic context-free grammars” [28]).
Ce type d’approche (Rnamot) a été appliquée par exemple & la recherche de motifs ARN dans
les génomes et constitue un des premiers exemples de "ribonomics" [33] ou "RNomics" qui est
le terme actuel consacré pour faire référence a la recherche d’ARN fonctionnels. Le motif "ham-
merhead" fait parti des motifs d’ARN fonctionnels qui ont fait ’objet de recherches spécifiques
[34] (Fig. 6).
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Figure 6. Structures 2D et descripteurs des classes de ribozymes & téte de marteau. Les 3 descripteurs HH-I, HH-
II, et HH-III différent par la position de ’hélice en 5’. Chaque descripteur est décrit par ses éléments simple-brin
(s) et double-brin (H). Les éléments sont donnés dans 1’ordre de la séquence (5’ vers 3’), leur longueur (minimale :
maximale) et la spécificité de séquence, ainsi que le nombre de mésappariements (pour les éléments H seulement,)
H1 s1 H2 s2 s3 H3 s4 H3 s5 H1 ou H1 est
un élément double-brin de longueur fixe sans mésappariement ni séquence spécifique ; H2 est aussi un élément
double-brin sans mésappariement mais avec une premiére paire G-C. H3 est un élément double-brin avec 2 paires,
la premiére étant une paire A-U; S1 est un élément simple-brin de 7 résidus avec une séquence spécifique ; s2 est
un élément simple-brin qui peut varier en longueur entre 0 et 100 résidus, etc. Les résidus en gras indiquent les
résidus importants (pour le repliement et I'activité des ribozymes). Le site de clivage est indiqué par une fléche

sont indiqués. Par exemple :

HH-I contient les éléments suivants :

H1 sl H2 s2 H2 s3 H3 s4 H3 s5 H1

H1 330

H2 3:3 0 GNN:NNC
H3 2:2 0 AN:NU

sl 7:7 CYGANGA
s2 0:100

s3 3.3 GAA

s4 0:100

sS I:'1 H

H1 sl H2 s2 H2 s3 H3 s4 H3 s5 H1

H1 3:3 0 NNC:GNN
H2 2:2 0 AN:NU
H3 330

sl 3:3 GAA

s2 0:100

s3 I'1 H

s4 0:100

s5 7.7 CYGANGA

H1 sl H2 s2 H2 s3 H3 s4 H3 s5 H1

H1 3:3 0 NNU:ANN
H2 3:3 0

H3 3:3 0 GNN:NNC
sl I:1 H

s2 0:100

s3 7.7 CYGANGA
s4 0:100

s5 3:3 GAA

a la position H17. Les noms des résidus sont indiqués en respectant la nomenclature IUPAC, (H) :
(N): A, C,G,or U; (Y) : Cor U (d’aprés Bourdeau et al., 1999 [33]).
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Dans I’état actuel des connaissances, il apparait que les génes d’ARNnc sont majoritairement
présents dans les régions situées entre les ORF identifiées et annotées dans les banques de sé-
quences (ou alternativement dans certains introns). La présence de signaux d’expression comme
un promoteur transcriptionnel en amont du géne, ou la forte structuration des ARNnc codés
dans certaines régions du génome peuvent aussi étre utilisés comme critéres pour rechercher des
génes d’ARNnc. Toutefois ce type de critéres intrinséques & la séquence des ARNnc n’est pas
nécessairement suffisant pour l'identification de ces génes : les ARNnc ne possédent pas tous
un fort degré de structuration interne; c’est vérifié pour un certain nombre d’organismes, et en
particulier chez les archaea. Chez ces derniers, les informations sur les signaux de transcription
sont quasiment inexistantes, ce qui limite encore les possibilités de détection de génes d’ARNnc.

Bases moléculaires de la reconnaissance ARN /ligand : Modélisa-
tion 3D

Plusieurs classifications ont été proposées pour répertorier les différents motifs ARN struc-
turaux et fonctionnels rencontrés dans les structures 3D connues [35, 36]. Le nombre total de
motifs ARN au sein des organismes vivants, comme celui des repliements (ou “fold”) chez les
protéines, est probablement limité. Il a été montré que des motifs de liaison & des protéines, a
des acides aminés, & des antibiotiques, ainsi que des motifs correspondant & des ribozymes sont
potentiellement présents dans de nombreuses séquences naturelles [33]. Avec la détermination de
la structure 3D des petites et grosses sous-unités du ribosome [37, 38|, plusieurs motifs ARN ont
pu étre identifiés ou révélés. La présence de motifs communs & des ARN fonctionnels différents
montre que le méme motif structural peut effectivement se retrouver dans différents contextes
fonctionnels pour ses propriétés de liaison a un ligand, en particulier un protéine ou une famille
de protéines. L’exemple du motif K-turn est assez démonstratif : il est présent dans des ARN
aussi variés que : les ARNr [39], les snRNA (U4) [40], les snoRNA & boites B/C et C/D [41], les
sRNA a boites H/ACA d’archea [42]| ou les ARNm (codant la protéine L30) [43].

La détermination de la structure 3D des ARN et de leur(s) complexe(s) avec des ligands est
un pas important pour comprendre les bases moléculaires de la fonction des ARN. Pourtant,
la structure en tant que telle, si elle fournit les bases a partir desquelles la fonction peut étre
appréhendée et comprise au niveau moléculaire et atomique, ne suffit pas. Elle doit permettre
avant tout d’expliquer la fonction biologique ou d’avancer des hypothéses sur le role de tel ou
tel résidu par exemple, dont la mutation a un impact sur la fonction, ou I'influence de tel ou tel
autre facteur (exemple des ribozymes a téte de marteau ; voir ci-dessus : "L’étude de la réactivité
des ARN et les méthodes MQ"). Avant la détermination des structures 3D des sous-unités du
ribosome & partir des années 2000 [37, 38|, peu de données structurales sur les ARN sont dispo-
nibles (Fig. 7). La détermination de la structure 3D des sous-unités du ribosome a été possible
grice aux progrés réalisés dans les méthodes de biologie structurale, en particulier pour étudier
de gros complexes ribonucléoprotéiques. En effet, des avancées significatives ont été réalisées
dans ces méthodes de détermination de la structure 3D des acides nucléiques [44] a la fois a
haute résolution par radiocristallographie [45, 46] ou RMN [47, 48| ou & plus faible résolution
par microscopie cryo-électronique [49]. Toutefois, les ARN et leur(s) complexe(s) ARN/ligand
restent des objets difficiles & étudier et dont la structure 3D est rarement déterminable dans
des conditions standards. Dans ce contexte, une premiére étape vers la compréhension des liens
structure/fonction des ARN passe donc souvent par une étude initiale biochimique et éventuel-
lement l'acquisition de contraintes structurales par des méthodes spectroscopiques ou d’autres
techniques. Lorsque la structure 3D expérimentale est connue, les méthodes de modélisation
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Introduction générale

peuvent permettre d’analyser les propriétés moléculaires des ARN et notamment les propriétés
électrostatiques qui conditionnent énormément les interactions des ARN avec des métaux, des
protéines, etc.

1976 M protéines

1978 I acides nucléiques

1980 complexes acides nucléiques/protéines
1982
1984
1986 !
1988 !
1990
1992
1994
1996
1998
2000
2002
2004
2006
2008

0 10000 20000 30000 40000 50000 60000

Figure 7. Statistiques du nombre de structures 3D expérimentales dans la banque RCSB-PDB. Les données
sont exprimées en nombre cumulé d’entrées de la banque pour chaque année et par catégorie de macromolécules
biologiques : protéines, acides nucléiques et complexes acides nucléiques/protéines. La catégorie "acides nucléiques”
inclut ADN et ARN, sachant que la part ADN est assez conservée (bien qu’en légére diminution) au cours du
temps avec une proportion d’environ les 2/3, les ARN représentant environ 1/3 des acides nucléiques. En 2008, la
part des acides nucléiques représente 3,4% du total des entrées de la banque. Environ la moitié des entrées "acides
nucléiques" correspondent a des complexes acides nucléiques/protéines.

La premiére structure 3D d’un ribozyme a téte de marteau biologiquement actif [11] fournis-
sait les bases moléculaires pour comprendre la catalyse ARN. Cependant, si les variants conforma-
tionnels du ribozyme mis en évidence pouvaient expliquer les changements locaux dans la poche
catalytique susceptibles de permettre I’attaque nucléophilique "in-line", ils laissaient beaucoup
de zones d’ombre sur le role de nombreux résidus éloignés de la poche catalytique et qui pourtant
sont essentiels pour la catalyse. En effet, ces résidus ne présentaient aucune interaction spécifique
avec d’autres résidus ou un cation métallique. Plusieurs hypothéses pouvaient étre avancées pour
expliquer ces apparentes incohérences entre les données structurales et biochimiques reliées a
leur implication dans des interactions dans d’autres conformations actives du ribozyme ou des
conformations transitoires associées au repliement de ’ARN, ou dans des interactions avec des
métaux [12|. Une tentative pour expliquer ces incohérences s’appuyait : sur U'interprétation de
données de modifications chimiques de certaines bases nucléiques et sur I’analyse du profil élec-
trostatique de 'ARN & des positions clés du ribozyme (Fig. 8) [50]. Le profil électrostatique a
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révélé une région trés électronégative a proximité des résidus A13, Al4 et A 15.1 qui suggérait
la présence d’un cation métallique [50]. La coordination d’un métal aux oxygénes non-liant des
groupes phosphates des résidus A13, A14 et a 'azote N1 du résidu G8 est en mesure d’expliquer
le role important de ces résidus. Des données biochimiques [51] et RMN [52] ont montré par la
suite l'existence d’un site de fixation a cette position.

Figure 8. Prédiction d’un nouveau site de liaison pour un cation métallique du ribozyme a téte de marteau. A.
Profil électrostatique dans la région du résidu Al4 (calculé par le programme Delphi). B. Vue stéréo du site de

fixation de Mg?t predit (coordinations avec les oxygénes non-liant des groupes phosphate de A13 et Al4 et N1
de G8). D’aprés Chartrand et al., 1997 [50].

Des données spectroscopiques (RMN ou fluorescence) peuvent étre utilisées pour générer
des modeéles 3D en l'absence de données structurales a plus haute résolution. Des données de
fluorescence ont ainsi été utilisées comme contraintes de distance pour modéliser la structure 3D
du ribozyme a téte de marteau avant la détermination de sa structure 3D par radiocristallographie
[10]. Le modéle prenait en compte les contraintes pour prédire I'orientation relative des 3 hélices
de la jonction triple du motif "hammerhead". L’approche utilisée est essentiellement basée sur
une modélisation manuelle. Ce type d’approche repose sur 1'utilisation d’éléments de structure
secondaire déja identifiés dans des banques de données ou des nucléotides sont assemblés les uns
aux autres en utilisant le graphisme moléculaire comme principal outil.

D’autres approches par modélisation automatique ont été développées. Le caractére automa-
tique de ces méthodes de modélisation implique que la géométrie et la stéréochimie notamment,
soient définies de facon formelle ainsi que les relations d’appariement entre nucléotides qu’ils
soient canoniques (Watson-Crick ou Wobble) ou non canoniques. Ce type d’approche a été ini-
tialement popularisé par le programme Mc-Sym [53] qui a été largement utilisé avec différents
types de contraintes de distance correspondant & des données de fluorescence [54], de RMN (NOE)
[55], de pontages chimiques [56], etc. D’autres données expérimentales sur des covariations de
séquence, obtenus par mutagénése ou par des expériences de SELEX (" systematic evolution of
ligands by exponential enrichment"), peuvent étre utilisées pour déduire la présence d’apparie-
ments spécifiques qui constituent des contraintes de distance pour la modélisation 3D de struc-
tures d’ARN. Les données de SELEX permettent d’identifier des variants pouvant comporter
des paires de bases isostériques qui renseignent sur le type d’appariement présent a des posi-
tions précises dans la séquence. L’information sur les paires isostériques constitue une contrainte
structurale pouvant étre exploitée pour la modélisation 3D [57]. L’ARN RBE est un motif tige-
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boucle-tige qui constitue le site primaire de fixation de la protéine Rev du VIH-1 auquel cette
approche a été appliquée avec succés [57, 58|. Bien que le modéle 3D différe quelque peu de la
structure 3D déterminée par RMN a posteriori, il montre une grande similarité et prédisait une
ouverture du grand sillon de ’ARN du fait de la présence de deux paires non-canoniques empilées
et de nucléotides non appariés apportant une flexibilité dans cette région de I’ARN insérée entre
2 tiges [57, 59]. La qualité du modéle 3D permettait de tester a nouveau les performances des
méthodes de modélisation pour la prédiction de la structure 3D de complexes ARN /protéine
et comprendre le lien entre le repliement spécifique de ’ARN et le mode de reconnaissance par
Rev dans le grand sillon de ’ARN, habituellement peu accessible dans des régions strictement
double-brin. L’utilisation d’une méthode de "docking" a permis proposer un modeéle 3D d’inter-
action entre ’ARN RBE et le domaine basique de la protéine Rev [60]. La comparaison entre
le modele 3D et la structure RMN du complexe RBE/Rev (publiés séparément) a montré que
le mode d’interaction de Rev était correctement prédit : le domaine basique de Rev (hélice-a)
est dans la bonne orientation dans le grand sillon de ’ARN et la plupart des contacts établis
entre résidus d’acides aminés et de nucléotides (en particulier ceux faisant intervenir les résidus
essentiels) sont reproduits (Fig. 10) [59, 60].
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paires non-canoniques (modele)
paires non canoniques (RMN)

structure RMN moyenne structures RMN

Figure 9. Comparaison entre la modéle 3D de ’ARN RBE généré par Mc-Sym et la structure 3D obtenue par
RMN. Gauche : superposition du modéle 3D et de la structure 3D moyenne; droite : superposition du modéle
3D et des 20 structures RMN. Modeéle 3D : le squelette phosphodiester est représenté par un ruban (bleu), les
paires par des batonnets pour les appariements canoniques (bleus) ou non canoniques (violets). Structure 3D : le
squelette phosphodiester est représenté par un ruban (blanc), les paires par des batonnets pour les appariements
canoniques (blancs) ou non canoniques (oranges). Les positions A68 et U72 correspondent a des nucléotides non
appariés et non empilés.

nucléotides essentiels

Structure RMIN Modéle 3D

Figure 10. Comparaison entre la modéle 3D du complexe RBE/Rev généré par "docking" et la structure 3D
obtenue par RMN. L’ARN (bleu) est représenté par un ruban pour le squelette phosphodiester et par des batonnets
pour les nucléotides. Le peptide Rev (rouge), correspondant au domaine basique de la protéine, est également
représenté par un ruban (hélice-a). Les résidus d’acides aminés (jaune) ou de nucléotides essentiels (vert) sont
indiqués spécifiquement ; les nucléotides impliqués dans des contacts par le squelette phosphodiester sont indiqués
par des sphéres (5 résidus).
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Chapitre 1
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1.1 Résumé

La découverte des propriétés catalytiques des ARN a bouleversé nos conceptions en biologie
moléculaire sur les roles des ARN au cours de I’évolution, des origines de la vie jusqu’a main-
tenant. Du point de vue biochimique, on commence seulement & comprendre dans le détail la
catalyse des ribozymes. L’enzymologie moléculaire offre des approches expérimentales pour étu-
dier la catalyse par les ARN ; les méthodes de mécanique quantique permettent de modéliser les
réactions qualitativement et quantitativement et d’essayer de comprendre 'origine du pouvoir
catalytique des enzymes. C’est dans cette optique que nous avons modélisé la réaction chimique
qui intervient dans le ribozyme & téte marteau qui est considéré comme un prototype dans la
catalyse par les ARN car il est un des plus petits ribozymes naturels que ’on connaisse. Nous
avons proposé le ler modéle a 2 cations métalliques pour un ribozyme auto-clivable. A ce jour,
le mécanisme réactionnel et les changements conformationnels associés a la catalyse ne sont pas
complétement élucidés. Pour y contribuer, nous cherchons a comparer de fagon théorique les
catalyses de type "metallo-enzyme" et "nucléobase" ou hybrides.
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1.2 Contexte

La partie de ce travail qui a donné lieu & publications a été réalisée en collaboration avec
M. Karplus (ISIS-Université Louis Pasteur, Strasbourg) ainsi que dans le cadre d’un travail
conjoint avec notamment Xavier Lopez (Euskal Herriko Unibertsitatea, Euskadi, Espagne), An-
nick Dejaegere (Université Louis Pasteur, Strasbourg) et Darrin York (University of Minnesota,
USA). Les travaux en cours sont désormais développés en collaboration avec Z. Chval, Profes-
seur & I’Université de Bohéme du Sud dans le département de Physique Médicale et Biophysique
(C’eské Budéjovice, République Tchéque), qui a réalisé un stage post-doctoral d’'un an et demi
sous ma direction & Nancy. Cette thématique au sein de 'UMR 7567 se situe & l'interface des
axes de recherche développés sur les ARN dans I’équipe de Maturation des ARN et sur la ca-
talyse, dans I’équipe d’Enzymologie Moléculaire. Elle bénéficie du soutien 'IDRIS (Institut du
Développement et des Ressources en Informatique Scientifique, Orsay) en terme de ressources de
calcul.

1.3 Introduction

Jusqu’au début des années 2000, tous les ribozymes étaient considérés habituellement comme
des métallo-enzymes en raison de la « pauvreté » du répertoire de groupes chimiques des bases
nucléiques [61]. Elles étaient du coup jugées peu réactives et donc peu susceptibles de contribuer
a la réactivité chimique. L’idée était donc que, dans ces métallo-enzymes, les cations métalliques
jouent le role d’acide/base de Lewis et/ou d’acide/base générale en fonction de la géométrie du
site actif et de son environnement [62|. Parmi les ARN naturels a activité catalytique, il existe 2
grandes familles : 1) les ARN auto-clivables, 2) les ARN auto-épissables; outre leurs différences
structurales, les premiers (ribozymes a téte de marteau, ribozyme du virus de I’hépatite D,
ribozyme en hairpin) conduisent a des produits de réaction portant des extrémités 5-OH et
2’-3’-cyclique (ensuite hydrolysé), alors que les seconds (ribozymes des introns de groupe I et de
groupe II, spliceosome) générent des produits avec des extrémités 5-phosphate et 3’-OH [5].

La découverte récente de I'implication de bases nucléiques dans la catalyse par des ribozymes
auto-clivables [17, 63] et celle des métaux dans la catalyse par des ribozymes auto-épissables
[64, 65| suggére une catalyse de type « nucléobase » pour les premiers et de type « métallo-enzyme
» pour les seconds (Fig. 11). Bien que la catalyse de type « nucléobase » puisse apparaitre comme
plus efficace en ce qui concerne les étapes chimiques liées a 'activation de nucléophiles (par I'in-
tervention d’une base nucléique dans des transferts de protons), aucune explication quantitative
ne permet de comprendre exactement ’avantage d’une catalyse de type « nucléobase » par rap-
port & une catalyse par des métaux ou vice versa. La classification entre ribozymes auto-clivables
a catalyse de type « nucléobase » (Fig. 11B-E) et ribozymes auto-épissables a catalyse de type «
métallo-enzyme » (Fig. 11F) n’est pas non plus définitive ou absolue. En 'occurrence, les données
expérimentales les plus récentes sur certains ribozymes a téte de marteau suggérent ’'intervention
probable d’une base nucléique dans la catalyse [14] sans pour autant que les métaux ne soient
totalement exclus de role(s) catalytique(s) [66].

1.4 Contribution des méthodes de chimie théorique a la compré-
hension des mécanismes d’action des ribozymes

Depuis la découverte des premiers ARN catalytiques il y a maintenant plus de 20 ans, les
connaissances sur les liens structure/fonction des ribozymes se sont considérablement accrues
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nucléophile (B-) et faciliter le départ du groupe partant (AH+). B) Catalyse acide générale dans le ribozyme HDV
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grace & des approches expérimentales faisant appel a la biologie moléculaire, la chimie des acides
nucléiques, I'’enzymologie ou encore la biologie structurale. Elles ont montré en particulier I'im-
portance des cations métalliques en permettant de localiser leurs sites de liaison & proximité des
sites de clivage (role catalytique) ou au contraire éloignés (role structural) ; elles ont aussi révélé le
role de bases nucléiques participant a la catalyse. Toutefois, le détail & 1’échelle atomique des mé-
canismes catalytiques reste difficilement accessible par ces approches. Par contre, les approches
théoriques (mécanique quantique, simulations Car-Parrinello, etc) offrent une bonne complé-
mentarité en permettant de construire des modéles atomiques de mécanismes catalytiques et des
chemins réactionnels complets du réactant au produit. Les méthodes dites « hybrides » com-
binant la mécanique moléculaire et la mécanique quantique permettent aussi de tenir compte
des contributions aux barriéres énergétiques provenant & la fois de la formation ou de la rup-
ture de liaisons chimiques et des changements conformationnels qui jouent un role important
dans les ARN et plus particuliérement les ribozymes. Les méthode théoriques restent toutefois
trés coliteuses en ressources de calcul, surtout pour des systémes complexes qui incluent des ca-
tions métalliques solvatés. L’ensemble de ces approches ont permis de proposer des mécanismes
réactionnels pour plusieurs ribozymes ot les 2 réles catalytiques principaux sont associés a ’ac-
tivation du nucléophile (par une base) et au départ du groupe partant (facilité par un acide),
(Fig. 11).

Une facon d’aborder le probléme du réle des cations métalliques dans la catalyse de type «
métallo-enzyme » ou des bases nucléiques dans la catalyse de type « nucléobase » est d’utiliser
des approches de chimie théorique. Notre objectif est donc d’utiliser ces approches pour proposer
un modéle pour chaque type de catalyse pour les ribozymes & tétes de marteau et d’identifier les
facteurs qui influencent les barriéres d’énergie d’activation a ’échelle atomique (role des cations
métalliques et des nucléobases) et a I’échelle moléculaire (changements conformationnels associés
a la catalyse). La comparaison entre les 2 types de catalyse devrait donner des informations sur
I’évolution moléculaire possible des ribozymes. La catalyse de type « métallo-enzyme » est plutot
considérée comme ancestrale; I’évolution vers une catalyse de type « nucléobase » aurait pu se
faire a une échelle locale atomique griace & un abaissement de barriéres énergétiques, ou & une
échelle globale moléculaire par un réarrangement du site actif du ribozyme grace & un repliement
plus favorable de 'ARN (sans élévation des barriéres énergétiques).

1.5 Modéles théoriques pour la catalyse de type « métallo-enzyme
»

Plusieurs mécanismes hypothétiques sur la catalyse de type « métallo-enzyme » pour les ri-
bozymes a téte de marteau ont été avancées dés les années 90 afin de rendre compte de résultats
expérimentaux de sources diverses [11, 70]. Deux grands types de mécanismes sont proposés qui
se distinguent par le nombre et le role des métaux impliqués dans la catalyse. Le premier type
de mécanisme est largement inspiré de la catalyse acide/base générale de la RNase A, ot un
seul métal agit comme base pour activer le 2’-OH et éventuellement comme acide pour faciliter
le départ du groupe partant [70]. Quant au second type, il reprend davantage les mécanismes
d’exonucléase ou phosphatases ou encore des introns de groupe I ou de groupe II, ot deux métaux
interviennent comme acides de Lewis [71, 72]. On parle de mécanisme a un cation métallique ou
de mécanisme & deux cations métalliques pour se référer a chacun des deux types de catalyse.
Bien que ces propositions aient été disponibles pendant de nombreuses années, c’est seulement
dans les années 2000 que sont publiés les premiers modéles théoriques pour une catalyse de type
« métallo-enzyme ».
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Le premier modéle publié de catalyse « métallo-enzyme » proposé correspond & un méca-
nisme a un cation métallique [73]. Bien que la barriére énergétique calculée dans ce modéle soit
comparable a la barriére d’énergie libre déterminée expérimentalement, le modéle part d’une
conformation initiale du substrat « activée », identifiée lors d’une simulation par dynamique
moléculaire, qui néglige la barriére énergétique nécessaire a ce changement conformationnel. La
conformation initiale du subtrat utilisée comme réactant correspond en fait & un minimum local
moins stable d’environ 10 kcal /mol par rapport a la conformation « idéale » (Zdenek & Leclerc,
en préparation). La barriére proposée dans ce modéle est donc vraisemblablement largement
sous-estimée.

Le modeéle a 2 cations métalliques que nous avons développé durant ces 4 ans [74], en utilisant
une méthodologie similaire, a été publié a peu prés en méme temps qu’une comparaison entre les
deux types de mécanismes établie par une approche différente (Car-Parinello) [69]. Cette derniére
approche vise a reproduire la dynamique du processus catalytique plutoét que 'optimisation des
points stationnaires situés sur le chemin réactionnel. Les conclusions de la comparaison des 2
types de mécanisme par simulations de dynamique moléculaire suggérent que la mécanisme & 2
cations métalliques est plus favorable. Toutefois, les barriéres énergétiques sont trés élevées et peu
réalistes par rapport aux données expérimentales, ce qui suggére que les chemins réactionnels
proposés sont sous-optimaux. En revanche, dans le modéle que nous avons établi, les métaux
établissent des coordinations directes avec l'oxygéne 2’ et /ou des oxygénes du groupe phosphate
(en accord avec certaines données expérimentales), ce qui contribue a abaisser fortement les
barriéres d’énergie comme nous l’avons montré (Fig. 12). Notre modeéle est d’ailleurs en bon
accord avec les données thermodynamiques et cinétiques (calculs d’effets isotopiques) ; il suggére
non seulement un réle important des métaux dans l’abaissement des barriéres d’énergie mais
aussi une synergie entre les métaux aux 2 sites catalytiques a proximité du nucléophile et du
groupe partant |7, 74].

1.6 Modéles théoriques pour la catalyse de type « nucléobase »

Le débat sur le mécanisme catalytique prédominant agissant dans les ribozymes a téte de
marteau reste ouvert et encore sujet a polémique : a savoir s’il releve d’une catalyse de type «
métallo-enzyme » ou au contraire de type « nucléobase ». Aprés avoir modélisé la catalyse de
type « métallo-enzyme », il était intéressant d’essayer de proposer un modéle alternatif faisant
appel a la catalyse de type « nucléobase » afin de comparer les deux stratégies catalytiques. Nous
sommes partis de deux propositions de mécanismes catalytiques de type « nucléobase » qui ont
été faites par 2 groupes différents pour les ribozymes a téte de marteau (Fig. 13). La premiére
proposition correspond & une catalyse « nucléobase » dans laquelle les métaux n’ont pas de role
catalytique dans le site actif du ribozyme [14] (Fig. 13A). La seconde proposition est également
conforme & une catalyse « nucléobase » mais fait également intervenir un métal comme cofacteur
dans la catalyse : elle correspond & une catalyse « nucléobase » hybride [66] (Fig. 13B).

Nous avons construit, en collaboration avec Z. Chval, un premier modéle théorique corres-
pondant & une catalyse purement « nucléobase » (Fig. 13A). La barriére énergétique pour la
premiére étape du mécanisme, l'activation du nucléophile, a pu étre calculée. Une comparaison
avec le modéle de catalyse « métallo-enzyme » dans I’étape d’activation montre que la catalyse
« nucléobase » n’offre pas a priori d’avantage énergétique : la barriére d’énergie est d’environ 7
kcal /mol alors qu’elle n’est que de 2 kcal /mol ou méme nulle dans les meilleurs cas de la catalyse
« métallo-enzyme » (Fig. 14). Méme si la catalyse « métallo-enzyme » exige une pré-activation
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Figure 13. Modeles probables de catalyse de type « nucléobase » pour le ribozyme a téte de marteau. A)
Mécanisme acide/base générale proposé par Martick & Scott (2006). G-12 est impliquée dans l'activation du
nucléophile (2-OH) ; G-8 facilite le départ du groupe partant en transférant un proton du 2’-OH sur 1'oxygéne
5. B) Mécanisme acid-base générale inspiré de Roychowdhury-Saha & Burke (2006). G-12 est impliqué dans
I’activation du 2’-OH, un cation métallique stabilise la forme tautomérique et facilite 'activation du 2’-OH. G-8
facilite le départ du groupe partant par le transfert du proton du (N1)H sur l'oxygéne 5.
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dont la barriére est d’environ 10 kcal/mol, la barriére dans I'étape d’activation de la catalyse «
nucléobase » ne tient pas compte d’'une pré-activation due & un changement conformationnel lié
au re-positionnement du résidu G12 dans le site actif du ribozyme. Il est donc raisonnable de
penser que 'avantage d’une catalyse « nucléobase » ne se situe a I’étape d’activation mais au
stade de l'attaque nucléophile ou du départ du groupe partant. Les calculs complémentaires qui
sont en cours pour les autres étapes de la réaction devraient permettre d’identifier les facteurs
susceptibles de favoriser davantage une catalyse de type « nucléobase ».
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Figure 14. Mécanismes d’activation dans les catalyse de type « métallo-enzyme » et « nucléobase ». A. Les
mécanisme de type « métallo-enzyme » réclament une étape de pré-activation qui permet de placer le métal
dans une configuration favorable a ’activation du nucléophile : le groupe 2’-OH. B. Activation de type « métallo-
enzyme » & base générale. C. Activation de type « métallo-enzyme » & base spécifique ; la base est directement
coordinée au métal. D. Activation de type « métallo-enzyme » & base spécifique; la base est coordinée au métal
de facon indirecte. E. Activation de type « nucléobase » ; la base est une forme anionique tautomérique de la
guanine (stabilisée par une molécule d’eau). Les barriéres energétiques sont indiquées & un niveau de théorie
MP2-COSMO/6-3114+G(2d,2p)//B3LYP/6-31+G*.
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The hammerhead ribozyme is one of the best studied ribozymes, but it still presents challenges for our
understanding of RNA catalysis. It catalyzes a transesterification reaction that converts a 5',3" diester to a
2' 3" cyclic phosphate diester via an Sy2 mechanism. Thus, the overall reaction corresponds to that catalyzed
by bovine pancreatic ribonuclease. However, an essential distinguishing aspect is that metal ions are not
involved in RNase catalysis but appear to be important in ribozymes. Although various techniques have been
used to assign specific functions to metals in the hammerhead ribozyme, their number and roles in catalysis
is not clear. Two recent theoretical studies on RNA catalysis examined the reaction mechanism of a single-
metal-ion model. A two-metal-ion model, which is supported by experiment and based on ab initio and density
functional theory calculations, is described here. The proposed mechanism of the reaction has four chemical
steps with three intermediates and four transition states along the reaction pathway. Reaction profiles are
calculated in the gas phase and in solution. The early steps of the reaction are found to be fast (with low
activation barriers), and the last step, corresponding to the departure of the leaving group, is rate limiting.
This two-metal-ion model differs from the models proposed previously in that the two metal ions function
not only as Lewis acids but also as general acids/bases. Comparison with experiment shows good agreement
with thermodynamic and kinetic data. A detailed analysis based on natural bond orbitals (NBOs) and natural
energy decomposition (NEDA) provides insights into the role of metal ions and other factors important for

catalysis.

1. Introduction

The discovery of catalytic RNA molecules (ribozymes) in
the early 1980s,!? at a time when proteins were thought to be
the only enzymes, raised the fundamental question of how RNA
enzymes work. Although ribozymes have been under intense
study for the intervening years, no mechanism that provides a
detailed description of the reaction is universally accepted for
any ribozyme. Among the various known RNA enzymes, the
best-characterized is the hammerhead ribozyme. It was the first
ribozyme to be crystallized, and a series of X-ray structures
corresponding to a biologically active ribozyme have been
determined.>~® This ribozyme has also been the subject of
numerous biochemical studies, yet questions remain regarding
the reaction mechanism.””® Like the RNA-catalyzed self-
cleavage of other ribozymes,'? the reaction catalyzed by the
hammerhead ribozyme involves a transesterification step in the
phosphate ester hydrolysis.!! This step leads to isomerization
from a 5',3" diester to a 2',3’ cyclic phosphate diester. In a second
step, the 2',3" cyclic phosphate is hydrolyzed to yield a 3'
phosphate and regenerate the 2" OH group. The transesterifi-
cation reaction has been shown to proceed via an Sn2(P) or
“in-line” mechanism in which the attacking nucleophile (the 2’
oxygen) is aligned with the phosphorus atom and the 5" oxygen
atom of the phosphate group from the neighboring 3’ nucleo-

*To whom correspondence should be addressed. E-mail:
fabrice leclerc@maem.uhp-nancy fr (F.L.); marci@tammy harvard.edu (M.K.).
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tide.!?~!4 Thus, the overall mechanism corresponds to that found
in bovine pancreatic RNase,' although metal ions, which appear
to play an essential role for the ribozymes, are not present in
RNase. Models proposed for the reaction mechanism differ
particularly with respect to the number of metal ions involved
(single-metal-ion mechanisms'~20 or two-metal-ion mecha-
nisms?!'??) and their specific role in the catalysis; that is, whether
they act as a general acid/base, an electrophilic catalyst, or a
Lewis acid! (Figure 1). When the metal is involved in the
deprotonation of a nucleophile or in the protonation of a leaving
group, it can function either as a Lewis acid or as a generalized
acid/base. The metal acts as a Lewis acid if it stabilizes an
anionic nucleophile or leaving group (by direct coordination of
the metal to the oxygens of the phosphate group) but does not
participate directly in the proton transfer, while it acts as a
general acid or base when it is directly involved as a proton
donor (from hydrated metal) or acceptor (by metal hydroxide).
The metal functions as an electrophilic catalyst when it activates
the electrophile (the phosphorus atom) by making it more
susceptible to nucleophilic attack (by direct coordination of the
metal to the nonbridging pro-R or pro-S oxygens). The single-
metal-ion mechanisms are mostly based on a general acid/base
model of catalysis (Figure 1B), while the two-metal-ion mech-
anisms are mostly based on a Lewis acid model of catalysis
(Figure 1C and D). The experimental data, originally supporting
a single-metal-ion mechanism (Figure 1A),22 were shown
subsequently to be more consistent with a two-metal-ion
mechanism (Figure 1B and C).2° Since then, additional experi-
mental evidence has accumulated in favor of a two-metal-ion

10.1021/jp053835a CCC: $33.50 © 2006 American Chemical Society
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A density functional study of the hydrolysis reaction of phosphodiesters with a series of attacking nucleophiles
in the gas phase and in solution is presented. The nucleophiles HOH,EHOH, and CHO~ were studied

in reactions with ethylene phosphaté3'zibose cyclic phosphate and in their neutral (protonated) and
monoanionic forms. Stationary-point geometries for the reactions were determined at the density functional
B3LYP/6-31++G(d,p) level followed by energy refinement at the B3LYP/6-3#1G(3df,2p) level. Solvation

effects were estimated by using a dielectric approximation with the polarizable continuum model (PCM) at
the gas-phase optimized geometries. This series of reactions characterizes factors that influence the intrinsic
reactivity of the model phosphate compounds, including the effect of nucleophile, protonation state, cyclic
structure, and solvent. The present study of the in-line mechanism for phosphodiester hydrolysis, a reaction
of considerable biological importance, has implications for enzymatic mechanisms. The analysis generally
supports the associative mechanism for phosphate ester hydrolysis. The results highlight the importance for
the reaction barrier of charge neutralization resulting from the protonation of the nonbridging phosphoryl
oxygens and the role of internal hydrogen transfer in the gas-phase mechanism. It also shows that solvent
stabilization has a profound influence on the relative barrier heights for the dianionic, monoanionic, and
neutral reactions. The calculations provide a comprehensive data set for the in-line hydrolysis mechanisms
that can be used for the development of improved semiempirical quantum models for phosphate hydrolysis
reactions.

1. Introduction in which either a negatively charged nucleophile (XXX =

Phosphate diesters play a fundamental role in biology, " CHe) Or @ neutral one (XOH; X= H, CH) attacks an
including their role as the backbone of DNA and RMAThe unprotonated phosphate diester molecule (i.e., dimethyl phos-

: . - : hate or ethylene phosphate). Very few of these studies has
chemical properties and reactivity of phosphates determine how” . .
cal propert Ity Of PhoSp ! Waddressed the effect of the sugar ring on the reaction. Khe p

these biomolecules are formed and cleaved, and therefore, | £ oh h cally bel hat th
phosphate diesters have been the subject of numerous theoreticafd/ues Of phosphates (typically below 3) suggest that they are

and experimental studiés?® A first approximation to under- ionized in aqueous solution around neutral pH and, hence, are
stand phosphate diester reactivity is to characterize the energetic]%_r:e most likely reactant species in nonenzymatic hyarolysis.
of gas-phase model reactions for which a full quantum me- owever, the protonation state of the phosphate esters in
chanical treatment is possible. Of particular interest are studies€nzymatic _hydronS|_S, especially of the phosphorane_transmon
that cover nucleophilic attack of water or methanol on ethylene states a_md intermediates, are not clear. Recent experlmefntal ‘f.md
phosphate (EP), a model for the transphosphorylation andtheore‘ucal results suggest that the phosphoranes exhibit sig-
hydrolysis of RN,A chains nificantly elevated 4! (e.g., a value of 7.9 has been suggested

Previous computational studies on nonenzymatic phosphate/© &thylene phosphoraffeand 8.6 for P(OHF?). Consequently,

hydrolysis reactioré.1+13.17.23.24.27have focused mainly on it is important also to characterize neutral reaction mechanisms
the so-called dianionic and monoanionic reaction mechanismsP€¢ause the charge state of the phosphorus species can play an
important role in the enzyme-catalyzed reactions.
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Perspectives :
Etude théorique du roéle des cations
métalliques dans la catalyse de type «
nucléobase »

Nos modéles théoriques obtenus sur la catalyse « métallo-enzyme » suggérent que les cations
métalliques jouent un role important dans l’abaissement de la barriére d’énergie d’activation
de la réaction par rapport & une réaction non catalysée. Ils montrent aussi qu’une contribution
non négligeable & la barriére d’activation peut provenir d’une étape de pré-activation qui a
été associée du point de vue expérimentale au changement de conformation entre une forme
native mais inactive du point de vue biologique et une forme biologiquement active (avec un
positionnement adéquat des atomes dans le site actif pour 'attaque nucléophile). Les premiers
résultats obtenus sur un modéle de catalyse « nucléobase » suggére que cette stratégie catalytique
n’offre pas d’avantage énergétique significatif dans 1’étape d’activation des ribozymes a téte de
marteau.

Les travaux en cours visent & identifier un chemin réactionnel complet dans la catalyse «
nucléobase » & partir de I'intermédiaire formé aprés activation et déja identifié. L’estimation
de la barriére globale d’énergie libre sur ce modéle permettra d’évaluer en quoi la catalyse «
nucléobase » peut étre avantageuse et & quelle étape de la réaction. Toutefois, pour réaliser une
comparaison précise, il est nécessaire de tenir compte d’éventuelles étapes de pré-activation. Dans
le cas de la catalyse « métallo-enzyme », 'étape de pré-activation a été évaluée. Dans le cas de la
catalyse « nucléobase », la pré-activation implique la simulation du changement conformationnel
qui conduit au réarrangement du site actif dans une configuration biologiquement active. Grace a
des méthodes de dynamique moléculaire utilisant des contraintes géométriques, nous simulerons
le changement de conformationnel qui permet de passer d’une forme inactive et a forme active
du ribozyme a téte de marteau, les structures 3D des deux formes ayant été déterminées par
diffraction des rayons-X. En complément, des méthodes hybrides alliant mécanique moléculaire
et mécanique quantique permettront d’intégrer avec un seule méthodologie I’ensemble des contri-
butions énergétiques qui proviennent a la fois de changements locaux a I’échelle atomique dans
le site actif et de changements globaux a 1’échelle de la molécule d’ARN.

La stratégie catalytique des ribozymes a téte de marteau fait peut-étre appel, comme le sug-
gérent Roychowdhury-Saha & Burke (2006) [66], & une catalyse qui n’est purement « nucléobase
» mais hybride entre les deux catalyses « nucléobase » et métallo-enzyme ». Nous tenterons
également d’évaluer ce modeéle hybride de catalyse et d’identifier 'avantage que peut représenter
une telle stratégie par rapport a une catalyse purement « nucléobase » ou « métallo-enzyme »
(Fig. 15).
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s oD

Figure 15. Mode¢les alternatifs de catalyses mixtes métallo-enzyme/nucléobase des ribozymes a téte de marteau.
A. Modéle nucléobase proposé par Martick & Scott (2006) [14]. B. Modéle nucléobase avec départ du groupe
partant co-assisté par un métal. C. Modéle nucléobase avec activation nucléophilique co-assistée par un métal. D.
Modéle mixte avec départ du groupe partant assisté par un métal. E. Modéle mixte avec activation nucléophilique
assistée par un métal. F. Modéle mixte avec activation nucléophilique assistée par un métal.
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Chapitre 2

La Bioinformatique en Génomique

Comparative : Application a la
Recherche de Génes d’ARNnc
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2.1 Reésumé

Des découvertes récentes ont mis en évidence l'existence de nombreux ARN non-codant im-
pliqués dans de nombreuses et diverses fonctions biologiques. De plus, le fait que le génome
humain soit transcrit de facon trés étendue et qu’il existe de nombreux éléments phylogénétique-
ment conservés suggére I'existence de nombreux ARN fonctionnels dans les régions non codantes
d’eucaryotes supérieurs et d’autres organismes. Dans cette thématique, nous nous

des génomes
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Chapitre 2. La Bioinformatique en Génomique Comparative : Application a la Recherche de Génes d’ARNnc

sommes focalisés sur un domaine du vivant encore peu étudié : les archaea. Ces organismes ras-
semblent des espéces qui se multiplient dans des conditions d’environnement trés variées, que ce
soit en termes de température, de pression, de salinité mais aussi dans des conditions plus stan-
dards et qui en font méme parfois des hoétes dans le tractus digestif d’animaux et de I’homme en
particulier. Ils ont ’avantage d’avoir de petits génomes sur lesquels il est possible de rechercher
de fagon rapide et efficace des génes d’ARN non-codant. Nous avons développé et mis en ceuvre
une approche bio-informatique pour rechercher des génes d’ARN non-codant dans ces génomes
qui a été largement validée expérimentalement sur une classe particuliére d’ARN non-codant
que sont les ARN guides de modifications a boites H/ACA. Des développements permettant
d’améliorer la sensibilité de la méthode sont prévus. D’autre part, les connaissances acquises sur
les ARN a boites H/ACA ouvrent des perspectives dans la compréhension d’une maladie hu-
maine (la dyskératose) reliée & un dysfonctionnement associée a cette famille d’ARN non-codant
chez 'homme. Le prolongement de cette thématique abordée a 'aide d’outils bio-informatiques
s’appuiera sur l'utilisation de méthodes de modélisation 3D développées par ailleurs.

2.2 Contexte

Ces travaux sur la recherche de génes d’ARN non-codant ont été menés avec un étudiant
(Sébastien Muller) qui a soutenu sa thése le 27 novembre 2007, intitulée : « Développement et
application de méthodes bioinformatiques pour la recherche de génes de SRNA a boites H/ACA
dans les génomes d’archaea et étude fonctionnelle des ARN et sSRNP H/ACA correspondants
». Les nombreuses pistes de recherche ouvertes par ces travaux nous ont permis 'exploitation
et la valorisation des résultats obtenus du point de vue expérimental grace & une collaboration
étroite avec d’autres membres de ’équipe (B. Charpentier, Pr.; J-P. Fourmann, doctorant ; A.
Urban, doctorant ; I. Motorine, Pr.). La thématique de recherche d’ARNnc a également donné
lieu une collaboration ponctuelle, sur le plan méthodologique, avec D. Gautheret (Pr. a Paris11,
Orsay), qui a permis de développer une approche bioinformatique plus particuliérement adaptée
aux archaea. Les futurs développements méthodologiques s’inscrivent en partie dans le cadre
d’un projet ANR auquel je suis associé : BRASERO (porteur : A. Denise, Pr. Paris11-Orsay). Ce
projet vise a développer des outils bioinformatiques pour les ARN en exploitant notre expertise
sur des systémes biologiques bien caractérisés.

2.3 Introduction

Les génes d’ARN non codant (ARNnc), par opposition aux génes de protéines codent des
ARN fonctionnels (ou non fonctionnels) qui ne contiennent aucune information codante ; on dis-
tinguera alors les ARN qui sont transcrits et traduits (ARN de classe I) de ceux qui sont transcrits
mais non traduits, dépourvus de phase ouverte de lecture ou ORF (ARN de classe II), (Fig. 16).
Ils sont étonnamment nombreux et peuvent étre classés en deux grands groupes fonctionnels : (1)
les ARNs de maintenance (ARNt, ARNr, snRNA, snoRNA, etc), (2) les ARNs de régulation (de
la transcription, de la traduction, de la fonction ou de la distribution de protéines). Les ARNs
de maintenance sont naturellement présents dans tous les génomes eucaryotes ou procaryotes et
interviennent dans les fonctions cellulaires de base. De fagon similaire, des ARN de régulation,
bien que découverts plus récemment, sont retrouvés aussi bien dans les génomes d’eucaryotes
que de procaryotes. Il s’agit notamment des microRNA (ou ARNi, siRNA, etc) dont la fonc-
tion de régulation peut étre associée a la différenciation cellulaire des cellules du coeur [75], au
cancer [76] et qui sont trés présents (avec d’autres petits ARN) dans le systéme nerveux central
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des mammiféres [77]. Certains petits ARN pourraient d’ailleurs étres associés a I’émergence de
capacités cérébrales spécifiques chez '’homme et absentes chez d’autres primates [78].

Des génes d’ARNnc ont été mis en évidence chez les bactéries, notamment chez F. coli par des
approches expérimentales lourdes [79], ainsi que chez les eucaryotes [24]. Chez E. coli, certains
de ces génes sont impliqués dans le contréle fin des réponses cellulaires aux changements de
conditions de I'environnement. Chez les eucaryotes, ils peuvent aussi intervenir dans la stabilité
des ARN messagers, dans des régulations traductionnelles (liés au développement, par exemple),
dans la stabilité des protéines et leur sécrétion et agir a distance sur des cellules cibles via un
systéme circulatoire (chez les plantes par exemple). L’explosion dans la découverte de petits ARN
depuis les années 2000 est en partie liée a 'utilisation d’approches par génomique comparative
faisant appel a des méthodes informatiques. Elles ont permis d’identifier beaucoup d’éléments
conservés du point de vue évolutif qui ne se limitent pas a génes potentiels d’ARNnc mais qui
renseignent sur l'existence d’éléments fonctionnels ayant subi une pression de sélection et parfois
conservés des insectes aux vertébrés [23]. Il est important de souligner aussi que la découverte d’un
niveau extrémement élevé de transcription des génomes d’eucaryotes supérieurs et en particulier
du génome humain [21] suggére la présence de nombreux ARN cytosoliques (autres qu’ARNm) :
plus de 50%, susceptibles de contenir de contenir des ARNnc.

ARN de Classe | ARN de Classe Il
utRNA/ hnRNA/
npcRNA ARNmM
II : \\
/| \
/ | \
/ | \
/ | \
| S X
ARNr sRNA nfRNA IRNA ! ARNmM
_[snmRBRNA] ex: H19, Xist *
ARN introniques --------

scRNA miRNA snRNA snoRNA
petits ARN cytoplasmiques Si RN A petits ARN nucléaires petits ARN nucléolaires

(tRNA)

petits ARN interférant
autres petits ARN

Figure 16. Classification fonctionnelle des ARN. Les ARN de classe I (vert) sont directement fonctionnels (aprés
une éventuelle maturation) et ne contiennent pas d’ORF. Les ARN de classe II (rouge) sont traduits et contiennent
donc une ORF qui est traduite. Certains ARN sont non fonctionnels ou non directement fonctionnels (en bleu)
méme si ils peuvent étre a l'origine I’ARN de classe I ou de classe II. utRNAs ("untranslated RNAs") et npcRNAs
("non-protein-coding RNAs") sont des ARN non traduits et ne contenant pas d’information codante. Les utRNAs
d’eucaryotes peuvent étre générées par toutes les polymérases. Les petits ARN : sSRNAs ou snmRNAs ("small
non-messenger RNAs") comprennent les ARN cytoplasmiques tels que les ARNt, SRP RNA, etc. miRNA et
siRNA correspondent a des ARN régulateurs de la famille des microRNA et ARN interférant ("short interfering
RNAs"). Les snRNAs et snoRNAs correspondent aux petits ARN nucléaires et nucléolaires. Les pré-ARNm (ARN
nucléaires transcrits par 'ARN polymeérase II) donnent naissance aux ARNm matures, d’autres ARN nucléaires
hétérogenes ("heterogeneous nuclear RNAs") peuvent aussi conduire a de longs ARN non traduits (IRNAs : "long
RNAs"). Les régions introniques des pré-ARNm peuvent aussi renfermer des snoRNAs.
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Jusqu’a maintenant, ’exploitation informatique des données brutes de séquence de génomes
complets avait surtout été limitée & la recherche de séquences homologues dans les banques de
données (BLAST, FASTA, etc) et a la recherche d’ORF potentielles. L’annotation systématique
des génes d’ARNnc est limitée aux ARNr dont la séquence primaire est suffisamment conservée
pour étre détectée par une simple recherche de similarité de séquences de type BLAST, ou a
certains autres ARNnc tels que les ARNt qui possédent une structure secondaire canonique bien
définie et conservée. Les ARN fonctionnels peuvent avoir une séquence plus ou moins dégénérée
d’un organisme & 'autre, mais leur structure secondaire est souvent bien définie pour un ARNnc
donné (méme s’ils ne sont pas forcément plus structurés que d’autres ARN [28]). Certains ARNnc
présentent des motifs caractéristiques tels que ceux formés par les boites C/D ou H/ACA mis
en évidence, au départ, dans les ARN nucléolaires (snoRNA) guides de 2’0O-méthylations et de
pseudo-uridylations des ARNr et qui sont parmi les ARNnc les mieux caractérisés (Fig. 17).

On peut distinguer deux types d’approches pour l'identification et I’annotation de nouveaux
génes d’ARNnc selon que I'on recherche des génes appartenant & une famille déja connue et bien
caractérisée ou bien des génes appartenant & une nouvelle famille ou une famille pour laquelle
on dispose de peu de données. Dans le premier cas, les approches "RNomics" faisant appel aux
méthodes de recherche d’éléments de structure ou motifs plus ou moins spécifiques des ARNnc
recherchés peuvent étre utilisées. Dans le second cas, une approche par génomique compara-
tive peut permettre d’identifier des éléments conservés du point de vue évolutif et renfermant
éventuellement des éléments de structure spécifiques.

Plusieurs programmes ont été développés pour rechercher des motifs d’ARN bien définis.
Certains ont été congus pour rechercher des motifs structuraux et/ou fonctionnels : des ARNt
(tRNAScan-SE), des snoRNA (snoscan), ou d’autres ARN non-codant (ncrnascan), etc. D’autres
programmes sont plus généralistes et permettent la recherche de motifs ARN en utilisant : un
descripteur qui décrit I’enchainement des éléments de structure primaire et secondaire (ou méme
tertiaire) de 'ARN (Rnamot, RNAMotif), ou un profil de séquences (ERPIN) qui correspond a
un alignement de séquences d’ARN présentant le motif recherché. En génomique comparative,
les méthodes classiques d’alignement et de recherche de similarités de séquence peuvent étre
mises a profit pour déceler des éléments conservés dans les génomes qui ne correspondent pas
a des génes de protéines déja annotés. On pourra éventuellement distinguer les méthodes qui
reposent sur des recherches de similarités locales & travers les génomes de celles qui font appel a
des alignements globaux de génomes (lorsque peu de réarrangements génétiques ont eu lieu entre
les génomes comparés).

Dans I’état actuel des connaissances, il apparait que les génes d’ARNnc sont présents, pour
beaucoup, dans les régions situées entre les ORF identifiées et annotées dans les banques de
séquences ou encore dans des régions introniques chez les eucaryotes. La présence de signaux
d’expression comme un promoteur transcriptionnel en amont du géne, ou la forte structuration
des ARNnc codés dans certaines régions du génome peuvent aussi &tre utilisés comme critéres
pour rechercher des génes d’ARNnc. Toutefois ce type de critéres intrinséques & la séquence
des ARNnc n’est pas nécessairement suffisant pour 'identification de ces génes : les ARNnc ne
possédent pas tous un fort degré de structuration interne; c’est vérifié pour un certain nombre
d’organismes, et en particulier chez les archaea. Chez ces derniers, les informations sur les signaux
de transcription sont quasiment inexistantes, ce qui limite encore les possibilités de détection de
génes d’ARNnc. Par contre, leur génome est de petite taille, de 'ordre de 2Mb, et il existe un
certain nombre de génomes de ces organismes entiérement séquencés et proches entre eux du
point de vue phylogénétique. Les archaea représentent donc des organismes de choix pour tester
des approches bio-informatiques développées pour l'identification de génes d’ARNnc.
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5' ANANNA ACA 3'

Figure 17. Structures des ARN guides de modification : snoRNAs & boites C/D et a boites H/ACA. A snoRNAs
a boites C/D (noir) responsables de méthylations a des positions ciblées dans les ARNr (bleu). B snoRNAs a
boites H/ACA (noir) responsables de pseudo-uridylation a des positions ciblées dans les ARNr (bleu).

2.4 Développement d’une approche bioinformatique pour la re-
cherche d’ARNnc chez les Archaea

La recherche de génes d’ARNnc s’est développée assez rapidement car ils sont ubiquitaires
et impliqués dans la plupart des processus cellulaires de base (synthése protéique via les ARNt,
ARNr, snoRNA, etc) ou de régulation de la transcription. Toutefois, leur recherche reste ardue
en raison de ’absence de biais de séquence liées a la présence d’informations codantes. En fait,
la recherche de génes d’ARNnc se trouve grandement facilitée lorsque les signaux transcription-
nels sont bien caractérisés et facilement identifiables comme c’est le cas pour les eubactéries. La
distinction entre géne de protéine et géne d’ARNnc peut alors se faire sur la base des biais de
séquence liés notamment & la présence de codons. Chez les archaea, les promoteurs transcrip-
tionnels sont trés mal connus, ce qui rend la recherche d’ARNnc chez ces organismes d’autant
plus difficile. Outre les ARNr et ARNt, aucun autre ARNnc n’était annoté dans les génomes
d’archaea au démarrage du projet, mis & part quelques ARN guides de 2’-O-méthylation : les
sRNA a boites C/D annotés de fagon non exhaustive. Chez les eucaryotes, 'existence de signaux
transcriptionnels bien décrits avait permis dans le méme temps d’annoter de fagon beaucoup plus
compléte les génes de sSRNA a boites C/D [80].

Nous avons sélectionné plusieurs génomes d’archae complétement séquencés et proches du
point de vue phylogénétique qui étaient susceptibles de présenter des éléments de séquence conser-
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vés soumis & une pression de sélection et qui pourraient correspondre & des génes d’ARNnc. Le
genre Pyrococcus était alors le genre le mieux représenté avec les génomes séquencés de 3 espéces
distinctes : P. abyssi, P. furiosus et P. horikoshii relativement proches du point de vue phylo-
génétique. L’approche par génomique comparative développée et mise en ceuvre avec S. Muller
consiste a rechercher ces régions conservées en dehors des régions codantes qui présentent un
biais évident de conservation de séquence (Fig. 18). D’ailleurs, une analyse de la distribution de
génes d’ARNnc connus chez les archaea, les sSRNA a boites C/D, nous avait permis d’observer
que les génes d’ARNnc semblent étre présents de facon prépondérante dans les régions situées
entre les ORF et parfois dans les régions chevauchantes [81]. La recherche de génes d’ARNnc
dans ces régions se déroule en plusieurs étapes. Dans un premier temps, les régions situées entre
les régions codantes (régions IRC) sont extraites en utilisant ’annotation du génome ; les génes
d’ARNr et I’ARNt annotés sont également exclus (Fig. 18A). Des similarités de séquence sont
ensuite recherchées avec des outils de type BLAST (ou FASTA) (Fig. 18B). Enfin, les éléments
présentant les plus fortes similarités sont sélectionnés et réalignés par une méthode d’alignement
global de type CLUSTALW permettant d’étendre les régions conservées; un score permet d’ap-
précier le degré de similarité des régions conservées et de classer les génes d’ARNnc candidats
par ordre décroissant (Fig. 18C).

A. extraction B. comparaisons croisées
de régions inter-ORF de séquences

génomes A, B, ... génome A

BLAST

N

+—CLUSTALW —
génome A

C. sélection de
séquences similaires - —

Figure 18. Principes d’'une approche séquentielle de génomique comparative pour la recherche locale et non-
spécifique de génes d’ARNnc. A. Les régions IRC sont extraites en excluant les séquences des ORF sur chacun
des brins; une zone de recouvrement de 15 & 25 nucléotides entre les régions IRC avec les segments 5 et 3’
des ORF est prise en compte dans les analyses afin de considérer les cas ou une courte zone de chevauchement
peut exister entre un géne d’ARNnc et une ORF. B. Les séquences des régions IRC sont comparées entre elles
pour identifier des similarités locales; La comparaison est faite avec BLAST ou FASTA. Le critére quantitatif
utilisé pour sélectionner les candidats dans les régions IRC conservées correspond a la présence d’au moins 18
nucléotides consécutifs strictement conservés ou & un seuil minimum de signification statistique de 1e-04 pour
la similarité calculée par BLAST C. Un alignement global est effectué par CLUSTAL & partir de la région de
nucléation correspondant & l'alignement local. Les ensembles de séquences sont classées par un score qui varie en
fonction de la qualité de I'alignement global ; une sélection peut étre effectuée en définissant une valeur de score.

L’approche comparative conduit a I'identification de régions conservées qui ne correspondent
pas forcément & des génes d’ARNnc ni méme & des régions transcrites mais pouvant contenir des
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éléments de régulation au niveau ADN. Afin d’étre plus sélectif vis-a-vis de régions conservées
correspondant & des génes potentiels d’ARNnc, nous avons mis en place deux filtres de sélection
additionnels. Le premier est un filtre négatif qui vise simplement & éliminer les régions conservées
correspondant a des ORF mal annotées. En effet, I’absence d’annotation de petites ORF (souvent
mal reconnues par les programmes de prédiction d’ORF) ou une annotation imprécise sur le début
ou la fin d’ORF conduit & inclure dans les régions IRC des séquences codantes. Entre les deux
versions de I’annotation du génome de P. abyssi de juin 2001 et décembre 2005, plusieurs ORF ont
été réannotées. Les régions IRC conservées qui ressemblent fortement, du point de vue statistique,
a des ORF initialement mal identifiées sont alors éliminées des candidats (emploi du programme
GenMarksS, [82, 83]). Le second filtre de sélection est un filtre positif destiné a identifier les
ARNnc susceptibles de reconnaitre une cible dans le génome sur la base d’'une complémentarité
de séquence. Ce filtre a été tout particuliérement utilisé pour la recherche d’ARN guides de
pseudo-uridylation : les sSRNA a boites H/ACA.

Cette approche de génomique comparative permet d’identifier un nombre réduit et pertinent
de génes d’ARNnc candidats (Fig. 19). Le filtre de sélection négatif a permis d’éliminer une
région IRC conservée ressemblant & une ORF. A des fins de validation, nous avons vérifié que
'on retrouvait les génes d’ARNnc connus chez ces 3 espéces : & savoir les SRNA & boites C/D (49
ARN au total avaient été identifiés et annotés dans les 3 génomes). Nous avons pu retrouver 45 de
ces 49 ARNnc connus (92%). Les 4 génes manquant n’ont pu étre identifiés en raison de certaines
limitations de la méthode : 1 géne est localisé dans une ORF. Les 3 autres ne présentent pas une
similarité de séquence suffisante pour pouvoir étre détectés (Fig. 18B). Il faut noter que plus la
distance phylogénétique entre espéces comparées est élevée et plus la probabilité de divergence
de séquence est grande et moins la probabilité d’identifier des ARNnc peu conservés est élevée.
Une fagon de repousser cette limitation est de rechercher des structures 2D conservées d’ARN
plutot que des séquences conservées, ce qui permet de rechercher des génes d’ARNnc dont la
séquence a beaucoup divergé.

2.5 Amélioration de ’approche par génomique comparative pour
la recherche d’ARNnc structurés

Dans le cadre du stage de M1 de Cédric Bicep que j’ai encadré, j’ai proposé a la fois de
faciliter 1'utilisation de la méthode de recherche d’ARNnc (pour les non-experts) et d’améliorer
sa sensibilité en ajoutant un volet de recherche de structures 2D. L’approche décrite ci-dessus a été
initialement programmée en langage C-Shell en incluant des fonctions des outils UNIX sed et awk
(Fig. 20). Avec C. Bicep, nous avons travaillé sur la programmation et le portage sous une forme
informatiquement plus évoluée, en utilisant le langage Perl et les librairies spécifiques BioPerl
pré-congues pour ’analyse et la manipulation de séquences. Les améliorations majeures obtenues
pour faciliter 'utilisation de la méthode sont : 1) 'automatisation compléte de 'approche a 'aide
d’outils Perl/BioPerl, 2) le calcul d’un score permettant de classer et de sélectionner les génes
d’ARNnc candidats en fonction du degré de similarité des IRC conservées. Quant a I’amélioration
de sensibilité attendue, elle réside dans la possibilité de rechercher des ARN structurés conservés
dont la séquence a pu diverger et qui ne peuvent pas étre identifiés sur la seule base de la similarité
de séquence.

Dans la nouvelle implémentation, la recherche de régions IRC conservées se fait de fagon
automatique avec la suite d’outils Perl/BioPerl. Par ailleurs, une fonction de score est calculée
d’aprés le taux de conservation des séquences dans ’alignement global. Elle permet de classer les
régions IRC homologues en fonction de leur degré de similarité. Un seuil minimum de conservation
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P. furiosus:
1054 séquences IRC

P. abyssi: P. horikoshii:
912 séquences IRC 929 séquences IRC

Pyrococcus:
2995 séquences IRC

100%

1
- IRC non conservées
2 4%
- ORF - sRNA a boites C/D
3

recherche d'ARN cibles

7 génes de sRNA
a boites H/ACA

Figure 19. Filtrages des régions IRC pour la recherche de génes d’ARNnc. Le premier filtre (positif) est la
sélection de régions IRC conservées (similarité de séquence). Le deuxiéme filtre (négatif) est I’élimination de
régions IRC mal annotées correspondant a des ORF ou de génes d’ARNnc connus. Le troisiéme filtre (positif) est
la recherche d’ARN cibles dans le génome.

de séquence peut étre fixé. L’utilisateur peut réaliser une sélection d’aprés le score des différents
candidats.

Un ensemble de méthodes peut étre utilisé pour rechercher des ARN structurés (Fig. 20).
On distingue alors 2 cas selon que le degré de conservation de séquence est fort (plus de 60%)
ou faible (moins de 60%). Pour les ARN structurés qui présentent un fort degré de conservation
de séquence, les méthodes telles que RNAz [84] ou RNAalifold [85] permettent de rechercher
I’existence possible d’ARN dont les structures 2D potentielles sont conservées. Dans les autres
cas, une méthode telle que CARNAC [86] permet de rechercher des structures 2D conservées sur
des séquences qui ont fortement divergé et dont I'alignement risquerait de fausser les prédictions ;
elle est alors plus performante que RNAz et RNAalifold.

Dans les prédictions effectuées par RNAz et RNAalifold, une structure 2D consensus est
proposée & partir d’un alignement de type CLUSTAL ('alignement sert de base & la recherche
de régions complémentaires conservées entre les différentes séquences). La présence de mutations
compensatoires dans les régions double-brin a une influence sur le score qui est calculée pour éva-
luer différentes structures 2D conservées possibles. Ce type de mutations permet donc d’obtenir
des prédictions de meilleure qualité. Dans le cas ot le degré de conservation dans 'TRC est plus
faible, le programme CARNAC permet de proposer une structure 2D consensus en effectuant un
repliement et un alignement des séquences simultanés sans alignement préalable. Ce programme

20



2.5. Amélioration de l'approche par génomique comparative pour la recherche d’ARNnc structurés

I. extraction 2. repliement et comparaisons
de régions inter-ORF de structures 2D
génomes A, B, ... genome A
FINAz
RNAalifold
QRNA
génome A o

3. sélection de
structures 2D similaires

Figure 20. Principes d’une approche séquentielle de génomique comparative pour la recherche locale et non-
spécifique de génes d’ARNnc structurés. A. idem Fig. 18. B. Les structures 2D conservées sont soit déduites a
partir d’un alignement CLUSTAL (RNAz, RNAalifold) ou sans alignement (repliement et alignement simultanés
avec le programme CARNAC). C. Un score permet de classer les structures 2D les plus pertinentes.

est développé par 1'équipe d’Héléne Touzet (LIFL, CNRS-INRIA Futurs, Lillel), qui travaille
également sur le développement d’autres outils d’analyse de structures 2D d’ARN dans le cadre
du projet ANR BRASERO auquel nous participons.

Cette version améliorée de I'approche initiale a aussi été testée sur les 3 génomes de Pyrococcus
afin d’évaluer sa pertinence pour la détection de génes de SRNA a boites C/D et a boites H/ACA.
Comme leur séquence est fortement conservée, 'approche fait appel & un alignement préalable
(CLUSTAL) tel qu'il était réalisé dans 'approche initiale. Cet alignement sert de base a la
prédiction de structures 2D conservées par les programmes RNAz et RN Aalifold. Ces programmes
ont été développés en faisant deux hypothéses implicites. Premiérement, les séquences fournies
dans l'alignement sont supposées correspondre aux brins d’ARN transcrits. Or, notre approche ne
fait aucune distinction parmi les séquences conservées entre celles qui correspondent aux brins
transcrits et celles qui sont sur le brin complémentaire (séquences « reverse complémentaire
»), méme si le score de l'alignement correspondant aux séquences du brin transcrit devrait
étre supérieur par rapport a I'autre cas. Deuxiémement, les séquences alignées sont repliées en
supposant une structuration sur I’ensemble de la région alignée. Or, nos alignements des régions
IRC conservées peuvent contenir des ARNnc structurés dans certaines parties de ’alignement
d’une IRC mais pas nécessairement sur I’alignement complet (par exemple dans les régions non
transcrites). La présence de parties non structurées dans 'alignement en 5" ou en 3’ d’'un ARNnc
structuré peut donc conduire & favoriser des repliements alternatifs sous-optimaux.

Pour éviter le ler écueil lié & 'orientation aléatoire des séquences dans alignement d’une région
IRC conservée, la recherche de structures 2D conservées est réalisée & la fois sur les séquences
originales et sur les séquences reverse complémentaires aprés les avoir préalablement réaligner.
La stabilité de la structure 2D consensus proposée et le nombre de mutations compensatoires
dans les régions double-brin de ’ARN permettent alors de distinguer le repliement correct. Dans
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I'exemple donné ci-dessous (Fig. 21), un ARN partiellement structuré correspondant & un sSRNA
a boites C/D est retrouvé sous les 2 formes dans les régions IRC conservées. La structure 2D
correspondant & ’ARN structuré est plus stable (Fig. 21A) que celle pour ’ARN correspondant
aux séquences complémentaires inversées (Fig. 21B).

Pour éviter le second écueil lié a la présence de repliements sous-optimaux favorisés en consi-
dérant les régions IRC conservées totales, les séquences sont tronquées pour ne retenir que la
partie de l’alignement la plus conservée (& au moins 75%) ; les séquences sont alors réalignées sur
cette partie tronquée de ’alignement original et les structures 2D conservées sont prédites sur
cette base. Dans le cas de motifs simples, correspondant par exemple & un géne de sSRNA & boites
H/ACA possédant un simple motif H/ACA, la prédiction sur l'alignement original non tronqué
peut donner une bonne prédiction (Fig. 22). Dans le cas de géne de sSRNA a boites H/ACA
possédant un double ou triple motif, la troncature de ’alignement peut permettre d’identifier
correctement tous les motifs H/ACA (données non montrées).

2.6 Approche bioinformatique pour la recherche ciblée de sRNA
a boites H/ACA chez les Archaea

Une recherche des génes codant potentiellement des sSRNA a boites H/ACA a été mise au
point par l'exploitation des connaissances disponibles sur les liens structure/fonction de ces ARN
guides de modification [87]. Elles étaient limitées au début de notre étude ; seuls 3 sSRNA a boites
H/ACA avaient été identifiées chez A. fulgidus. Néanmoins, en se basant sur ce qui était connu
chez les eucaryotes, les données existantes ont été suffisantes pour démarrer 1’étude. Celles-ci
ont permis de définir un motif caractéristique sur lequel les recherches pouvaient étre basées :
une structure tige-boucle contenant une large boucle interne, une boucle terminale et un élément
simple-brin de type ANA (Fig. 23). Chez les archaea, ce motif H/ACA de base comporte en plus
un motif en K-turn (ou K-loop) dans la partie apicale de la structure tige-boucle (Fig. 23A).
La boucle interne délimite la poche de pseudo-uridylation ou une uridine de ’ARN cible est
convertie en pseudo-uridine. Dans les données connues sur les eucaryotes, ’ARN guide et ’ARN
cible s’associent grice & une complémentarité de séquence entre les éléments antisens 5’ et 3’
situés dans la boucle interne du motif H/ACA de 'ARN guide et ’ARN cible; 2 résidus de
I’ARN cible sont non-appariées, au centre le U du c6té 5’ est converti en pseudo-U (Fig. 23B).
Un descripteur du motif H/ACA (Fig. 23A) a été défini a partir de ces connaissances a ’aide du
programme Rnamot. La recherche a été réalisée sur les régions IRC des génomes de Pyrococcus.
Le descripteur étant trés général, une seconde étape importante dans le criblage a consisté a
rechercher des cibles dans les ARNr, & 'aide de descripteurs spécifiques obtenus comme décrits
ci-dessus, eux aussi construits avec le logiciel Rnamot (Fig. 23B) [29] . Pour chaque poche de
pseudo-uridylation, plusieurs descripteurs ont été définis pour tenir compte de la variabilité de
séquence et/ou de longueur des duplexes formés avec les éléments antisens 5’ et 3’ (Fig. 23B).
L’existence in cellulo de candidats SRNA présentant une ou plusieurs cibles potentielles dans les
ARNr a été validée expérimentalement par Sébastien Muller (Muller et al., "Combined in silico
and experimental identification of the Pyrococcus abyssi H/ACA sRNAs and their target sites
in ribosomal RNAs", 2008) [88].

Nous avons ainsi identifié 5 génes de sSRNA a boites H/ACA correspondant & 9 motifs H/ACA
dans le génome de P. abyssi : 2 génes comportant un simple motif H/ACA (Pab-21, Pab-91), 2
comportant deux motifs (Pab-35 et Pab-105) et 1 comportant un triple motif (Pab-40) (Fig. 24).
Avec S. Muller, nous avons ensuite utilisé les 5 SRNA H/ACA ainsi caractérisés afin de développer
une méthode applicable & une recherche réalisée directement sur les génomes complets et plus
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Figure 21. Recherche de génes d’ARNnc structurés et prédiction de leur structure 2D conservée : le cas du
sRNA 4 boites C/D sR1 des Pyrococcus (suite). A. Prédiction de la structure 2D conservée de ’ARN structuré.
B. Prédiction de la structure 2D conservée pour les ARN correspondant aux séquences reverses complémentaires.
Les positions en rouge indiquent ’absence de variation dans la structure, celles en ocre indiquent la présence de
2 types différents de paires.
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Figure 22. Recherche de génes d’ARNnc structurés et prédiction de leur structure 2D conservée : le cas du sRNA
a boites H/ACA Pab21 des Pyrococcus. A. Alignement CLUSTALW de régions inter-ORF homologues chez les

Pyrococcus. B. Prédiction de la structure 2D conservée

a partir de Dalignement original. C. Zoom sur la région

structurée de la région inter-ORF conservée. D. Prédiction de la structure 2D conservée & partir d’un alignement
tronqué (généré sur la base d’un pourcentage optimal d’identité de séquence). Les positions en rouge indiquent
l'absence de variation dans la structure, celles en ocre et vert indiquent la présence respective de 2 ou 3 types

différents de paires.
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Exemple de recherche
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Figure 23. Relations structure/fonction des sSRNA a boites H/ACA d’archaea utilisées dans la recherche bio-
informatique. A. Description du motif H/ACA : les éléments « s » correspondent & des régions simple-brin, les
éléments « H » a des régions double-brin. Le motif K-turn est défini de facon classique. B. Mode d’interaction
guide/cible dans la poche de pseudo-uridylation. La position U convertie en pseudo-U est la lére position du
dinucléotide non-apparié entre les éléments antisens 5’ et 3’.
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sensible. Pour cela, au lieu d’utiliser le descripteur Rnamot (comme décrit ci-dessus), nous avons
utilisé le programme ERPIN qui est basé sur un alignement (ou profile) des séquences des ARN
validés sur la base de leur structure 2D et des éléments de structure conservés (Fig. 25) [87]. Deux
nouveaux sRNA a boites H/ACA potentiels renfermant un motif simple (Pab-19 et Pab-160) ont
alors été détectés. La recherche sur les génomes complets a permis d’identifier un sSRNA a boite
H/ACA supplémentaire (Pab-160) qui n’avait pas ét¢ identifié initialement car son géne se trouve
localisé dans une région chevauchant une ORF [87|. D’autre part, I'utilisation de contraintes plus
laches dans certaines segments du motif H/ACA a permis d’identifier un second sRNA H/ACA
supplémentaire qui comporte une boucle interne plus grande que celle des autres sSRNA H/ACA
(l’élément 5’ de la boucle interne est plus long). L’expression de ces 2 sSRNA H/ACA a aussi été
validée expérimentalement par Sébastien Muller [88].

Sur la base des prédictions informatiques que nous avons faites, chacun des 11 motifs avait
la possibilité de cibler un ou plusieurs séquences des ARNr. Ainsi, 23 couples ARN guide/ ARN
cible potentiels ont été prédits (Fig. 26). Parmi les 23 prédictions faites, 15 se sont révélées
correspondre & des cibles modifiées par ’ARN guide attendu. Sébastien Muller a alors employé
2 approches pour essayer de déterminer quelles séquences étaient réellement ciblées dans les
ARNr et par lequel des motifs H/ACA. Tout d’abord avec I. Behm-Ansmant, il a identifié
expérimentalement les positions pseudo-uridylées dans les ARNr en utilisant un réactif chimique
spécifique des résidus W. D’autre part, il a employé la méthode de reconstitution in vitro de
particules SRNP H/ACA actives mise au point par Bruno Charpentier [89] et testé l'action de
chaque motif sur chaque séquence cible proposée par ’approche informatique [87, 88].

Nos travaux ont largement contribué & mieux comprendre les liens structure/fonction des
sRNA a boites H/ACA, c’est-a-dire a définir des régles de structuration des motifs H/ACA et
d’association entre ARN guides et ARN cibles. Grace & ces connaissances substantielles, une
approche plus globale a été mise au point pour la recherche spécifique de génes de sSRNA a boites
H/ACA dans les génomes d’archaea et de leur(s) cible(s). Elle permet une détection trés sensible
de motifs H/ACA dans les génomes. Contrairement au descripteur initial utilisé pour rechercher
des motifs H/ACA dans les régions IRC conservées (Fig. 23A), le profile permet une recherche
plus spécifique et sélective avec le programme ERPIN (Fig. 25) et nous autorise a ne faire aucune
hypothése a priori sur la localisation des motifs dans le génome.

L’approche a été utilisée spécifiquement pour la recherche de motifs H/ACA dans les génomes
de Pyrococcus. Toutefois, grace a quelques motifs H/ACA connus dans d’autres espéces d’archaea
(notamment A. fulgidus), elle a pu étre généralisée a la recherche de sSRNA H/ACA dans de
nombreux génomes d’archaea. Ainsi, des motifs H/ACA nouveaux qui n’étaient pas présents au
départ dans la banque de motifs H/ACA connus ont pu étre identifiés. L’avantage de la méthode
est justement de permettre d’enrichir la banque de motifs H/ACA au fur et & mesure que de
nouveaux motifs H/ACA sont identifiés et ainsi d’augmenter la spécificité et la sélectivité de la
méthode.

En réunissant ’ensemble des données sur les motifs H/ACA d’archaea, la banque de motifs
initiale utilisée par le programme ERPIN a compté 41 motifs différents correspondant & 26
sRNA a boites H/ACA identifiés parmi Archaeglobus fulgidus, Methanocaldococcus jannaschii et
les espéces de Pyrococcus sur lesquelles nous avons plus spécifiquement travaillé. A chaque cycle
de recherche de motifs H/ACA dans les génomes complets d’archaea, les nouveaux candidats
identifiés ont été évalués par la recherche de cibles potentielles (Fig. 23B) et validés in silico
lorsqu'un couple de motifs ARN guide/ARN cible pouvait étre proposé. Les ARN guides alors
validés ont été introduits dans la banque de motifs pour enrichir la profile ERPIN. Aprés plusieurs
cycles successifs, le nombre de motifs H/ACA identifiés est resté invariable : la taille de la banque
est actuellement 162 séquences alignées et annotées pour leur structure 2D [87]. Elle contient
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Figure 24. Structures secondaires des ARN H/ACA identifiés précédemment par 'approche informatique de
recherche des génes d’ARN non-codants dans les régions inter-ORF des génomes de Pyrococcus. Les structures
des 7 ARN identifiés chez P. abyssi sont indiquées (Pab-19,Pab-35, Pab-21, Pab-91, Pab-105, Pab-40, Pab-160) ;
seules les positions qui différent dans la séquence de leur homologue correspondant chez P. furiosus (P. f.) et P.
horikoshii (P. h.) et T. kodakarensis (T. k.) sont indiquées sur la structure 2D. Les boites ACA caractéristiques
sont encadrées ainsi que les motifs K-turn ou K-loop (violet) dans la partie supérieure des tige-boucle. Les régions
simple-brin des boucles internes qui sont soulignées par un trait correspondent & la séquence guide qui permet la
reconnaissance de la séquence cible dans les ARNr 16S et 23S et la pseudo-uridylation.
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Figure 25. Profile ERPIN pour la recherche de motifs H/ACA dans les génomes d’archaea. A. Exemple de motif
tige-boucle H/ACA (Pab91) contenant une boucle interne centrale (poche de pseudo-uridylation) et un motif
K-loop ou alternativement K-turn. B. Représentation encodée de la structure du motif H/ACA indiquant les
différents éléments de structure 2D soit simple-brin (s) soit double-brin (H) qui définit un consensus structural
sur lequel sont alignées les séquences des motifs H/ACA contenus dans la banque. C. Alignement structural des
séquences des motifs H/ACA qui constitue le contenu tronqué du profile ERPIN utilisé pour la recherche de motifs
H/ACA. Le profile ERPIN complet contient 162 séquences de motifs H/ACA spécifiques des archaea [87].
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Figure 26. Structures secondaires des complexes ARN guide/ARN cible chez les Pyrococcus. La position modifiée
dans PARN cible est indiquée par son numéro dans la séquence de ’ARNr 16S (SSU rRNA) ou 23S (LSU rRNA).
Les numéros barrés correspondent & des couples de ARN guide/ARN cible qui satisfont les critéres de base
d’association (Fig. 23B) mais qui ne sont pas formés. Deux fléches (bleu) indiquent des postions redondantes
susceptibles d’étre modifiées par 2 ARN guides différents. Une valeur théorique de ’énergie libre d’interaction est
calculée et indiquée sur quelques couples représentatifs. Les contraintes de distance entre la boite H/ACA et le
nucléotide modifé sont également indiquées.
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les séquences de 73 geénes potentiels de sSRNA a boites H/ACA réparties de fagon non-homogéne
parmi 46 espéces différentes d’archaea mais qui couvrent l’ensemble du domaine des archaea
(Fig. 27). Le calcul théorique de Iénergie libre d’interaction entre ’ARN guide et PARN cible
a l'aide d’'un modéle énergétique simple (implémentée dans le programme RNAup [90]) suggére
que 'un des facteurs qui détermine la reconnaissance entre les 2 ARN partenaires est la stabilité
thermodynamique du complexe (Fig. 26). Des facteurs structuraux interviennent probablement
également, comme par exemple la distance, dans le complexe, entre la boite ACA de ’ARN guide
et le U modifié en pseudo-U, habituellement de 14 nucléotides.
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Figure 27. Répartition phylogénétique des génes de SRNA & boites H/ACA chez les archaea. Les valeurs numé-
riques indiquent le nombre de géne(s) pour une espéce (ex : 1 pour Pyrobaculum arophilum), ou un ordre (ex : 11
pour les Thermococcales incluant P. abyssi, P. furiosus et P. horikoshii). Au total, les 162 motifs H/ACA sont
répartis dans 73 génes au sein de 46 espéces différentes.

2.7 Exploitation des résultats pour la compréhension des liens
structure /fonction des snRNP H/ACA

L’identification par notre approche bioinformatique de nombreux sSRNA & boites H/ACA et de
leur(s) cible(s) dans les ARNr chez les archaea et plus particuliérement chez les Pyrococcus a été a
I’origine de nombreuses études expérimentales qui ont permis d’explorer plus avant les relations
structure/fonction de ces ARN. Chez P. abyssi, 7 génes de SRNA H/ACA ont été identifiés
contenant un motif H/ACA : simple, double ou triple soit 11 motifs H/ACA au total (Fig. 24)
pouvant chacun cibler une ou plusieurs positions dans les ARNr soit 23 positions potentielles
(Fig. 25). Il était donc important de vérifier a la fois 'expression de ces génes d’ARNnc prédits
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mais aussi leur fonctionnalité in vitro. Le géne du sSRNA H/ACA Pab91 qui cible potentiellement
la position 2685 de ARNr 23S a été utilisé comme systéme modéle pour tester la fonctionnalité
d’une particule snRNP reconstituée & modifier la cible attendue. C’était la premiére fois qu'une
particule snRNP H/ACA active a été reconstituée in vitro (Charpentier et al., 2007) [89].

L’analyse des autres sSRNA a boites H/ACA chez P. abyssi et de leur fonctionnalité a égale-
ment été réalisée. Cette autre étude a permis d’obtenir une image compléte du role de ces ARN
dans les pseudo-uridylations des ARNr. Elle a permis de montrer que la majorité des positions
pseudo-uridylées sont modifiées par une snRNP H/ACA ; les exceptions concernent des positions
pouvant étre modifiées par les protéines de la particule mais sans ARN guide ou modifiée via
un systéme W-synthase. Sur les 23 positions de cibles prédites, 15 positions sont effectivement
modifiées par ’ARN guide attendu dont I'activité in vitro a été démontré |88|.

L’ensemble des données fonctionnelles a permis d’améliorer considérablement notre compré-
hension des liens structure/fonction de ces particules et permettront d’affiner & nouveau nos
modeéles (descripteurs, profiles) pour une détection plus spécifique et sélective de candidats pos-
sibles. Il est remarquable de noter que ’approche bioinformatique a également permis d’identifier
une cible potentielle dans un ARN autre que les habituels ARNr puisque la position ciblée est
présente dans un ARNt : ¢’est la premiére fois qu’il est montré qu'un sSRNA H/ACA guide la for-
mation de pseudo-uridine dans un ARNt. Il apparait en effet que plusieurs espéces d’archaea (S.
solfataricus et A. perniz) sont bien pourvues d'un sRNA a boite H/ACA qui sert de guide pour
la modification d'un pre-ARNt (Muller et al., "Deficiency of the tRNATY" :W35-synthase aPus7
in Archaea of the Sulfolobales order might be rescued by the H/ACA sRNA-guided machinery",
2008) [91].

2.8 Travaux publiés

2.8.1 "The ERPIN server : an interface to profile-based RN A motif identifi-
cation"
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ABSTRACT

ERPIN is an RNA motif identification program that
takes an RNA sequence alignment as an input and
identifies related sequences using a profile-based
dynamic programming algorithm. ERPIN differs from
other RNA motif search programs in its ability to cap-
ture subtle biases in the training set and produce
highly specific and sensitive searches, while keeping
CPU requirements at a practical level. In its latest ver-
sion, ERPIN also computes E-values, which tell biol-
ogists how likely they are to encounter a specific
sequence match by chance—ausefulindication of bio-
logical significance. We presenthere the ERPIN online
search interface (http://tagc.univ-mrs.fr/erpin/). This
web server automatically performs ERPIN searches
for different RNA genes or motifs, using predefined
training sets and search parameters. With a couple of
clicks, users can analyze an entire bacterial genome
or agenomic segment of up to 5Mb for the presence of
tRNAs, 5S rRNAs, SRP RNA, C/D box shoRNAs, ham-
merhead motifs, miRNAs and other motifs. Search
results are displayed with sequence, score, position,
E-value and secondary structure graphics. An exam-
ple of acomplete genome scan is provided, as well as
an evaluation of run times and specificity/sensitivity
information for all available motifs.

INTRODUCTION

The last few years have seen a continuous stream of novel non-
coding RNA (ncRNA) genes and motifs being reported.
Known RNA functions now display a wonderful diversity,
ranging from genetic data storage to sensing, transport,
targeting and even regulation of essential events such as
cell differentiation or cell death. These discoveries have led
biologists to undertake a systematic scrutiny of genomic
sequences for functional ncRNAs in the form of either inde-
pendent genes or structural motifs in the untranslated part of
transcripts. This effort is carried out in part using experimental
RNA amplification strategies. However, with the growth of
sequence databases and the development of specific algo-
rithms for RNA structure detection, bioinformatics is now
emerging as an inexpensive yet efficient alternative. What
tools are now available for computational RNA motif identi-
fication? Standard sequence alignment programs are generally
not suited to ncRNA searches, because ncRNA is largely
characterized by long-range base pair interactions and not
by its linear sequence. Bioinformatics has addressed this pro-
blem in several ways, notably through descriptor-based sys-
tems in which the topology of base-paired regions is specified
by the user (1-3), stochastic context free grammars (SCFGs),
which use a complete statistical model of RNA elements (4,5),
and secondary structure profiles, which are position weight
matrices describing stems and single strands in the RNA
motif, as implemented in the ERPIN program (6).

ERPIN takes an RNA sequence alignment and secondary
structure annotation as input. From this ‘training set’, the
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2.8.2 "A Dedicated Computational Approach for the Identification of Ar-
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Abstract

Whereas dedicated computational approaches have been developed for the
search of C/D sRNAs and snoRNAs, as yet no dedicated computational approach
has been developed for the search of archaeal H/ACA sRNAs. Here we describe
a computational approach allowing a fast and selective identification of
H/ACA sRNAs in archaeal genomes. It is easy to use, even for biologists having
no special expertise in computational biology. This approach is a stepwise
knowledge-based approach, combining the search for common structural fea-
tures of H/ACA motifs and the search for their putative target sequences. The
first step is based on the ERPIN software. It depends on the establishment
of a secondary structure-based “profile.” We explain how this profile is built
and how to use ERPIN to optimize the search for H/ACA motifs. Several exam-
ples of applications are given to illustrate how powerful the method is, its limits,
and how the results can be evaluated. Then, the possible target rRNA
sequences corresponding to the identified H/ACA motifs are searched by use
of a descriptor-based method (RNAMOT). The principles and the practical
aspects of this method are also explained, and several examples are given
here as well to help users in the interpretation of the results.
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ABSTRACT

How far do H/ACA sRNPs contribute to rRNA
pseudouridylation in Archaea was still an open
question. Hence here, by computational search
in three Pyrococcus genomes, we identified seven
H/ACA sRNAs and predicted their target sites in
rRNAs. In parallel, we experimentally identified 17 ¥
residues in P. abyssi rRNAs. By in vitro reconstitu-
tion of H/ACA sRNPs, we assigned 15 out of the 17 ¥
residues to the 7 identified H/ACA sRNAs: one
H/ACA motif can guide up to three distinct pseu-
douridylations. Interestingly, by using a 23S rRNA
fragment as the substrate, one of the two remaining
¥ residues could be formed in vitro by the
aCBF5/aNOP10/aGAR1 complex without guide
sRNA. Our results shed light on structural con-
straints in archaeal H/ACA sRNPs: the length of
helix H2 is of 5 or 6bps, the distance between
the ANA motif and the targeted U residue is of 14 or
15 nts, and the stability of the interaction formed by
the substrate rRNA and the 3'-guide sequence is
more important than that formed with the 5-guide
sequence. Surprisingly, we showed that a sRNA-
rRNA interaction with the targeted uridine in a
single-stranded 5'-UNN-3’ trinucleotide instead
of the canonical 5-UN-3’ dinucleotide is functional.

INTRODUCTION

Conversion of uridine into pseudouridine (W) residues is
one of the most abundant post-transcriptional modifica-
tions of tRNAs, rRNAs and UsnRNAs (1). Compared
to U residues, W residues can form an additional hydrogen

bond at the NI-H position. Furthermore, the carbon—
carbon link between the ribose and the base limits the
flexibility of the ribose backbone of W residues, which
favours and stabilizes base-pair interactions (2). A role of
W residues in stabilization of the tRNA 3D structure has
also been well documented (3), and the functional
importance of W residues in U2 snRNA for the activity
of splicing complexes was demonstrated (4-7). Eukaryal
rRNAs contain a large number of W residues compared to
bacterial rRNAs and they are concentrated in rRNA
regions expected to play important functional roles, in
particular in domains IV and V, which are directly
involved in the peptidyl transferase activity (8-10).
Taken individually, pseudouridylations in rRNAs are
not essential for cell growth. However, the complete
abolition of W formation in rRNAs is deleterious for
ribosome assembly and activity (10-12). Recent data
suggest their possible involvement in: (i) subunit interac-
tion (12-14), (i) the translocation step (14,15),
(i) translation termination (12,16) and (iv) folding of
23S rRNA in an active form at the peptidyl transferase
centre (PTC) (11,12,17). The large number of pseudour-
idylation sites in eukaryal rRNAs compared to bacterial
rRNAs is explained by the use of different catalysts: stand-
alone enzymes carrying both the RNA recognition
capability and the catalytic activity are used in bacteria
(10,18), whereas U to W conversions are catalyzed
by H/ACA snoRNPs in eukarya (19,20). The H/ACA
snoRNPs contain four proteins and an H/ACA snoRNA
that defines the targeted U residue by base-pair interaction
with the rRNA. Recent data revealed a similar RNA-
guided system in archaea (21-24). Most of the eukaryal H/
ACA snoRNAs contain two characteristic stem-loop
structures, with an internal loop (pseudouridylation
pocket), that is complementary to two nucleotide stretches
bordering the targeted U residue. Each of the stem-
loops is flanked by a conserved motif (H and
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ABSTRACT

Up to now, ¥ formation in tRNAs was found to be
catalysed by stand-alone enzymes. By computa-
tional analysis of archaeal genomes we detected
putative H/ACA sRNAs, in four Sulfolobales species
and in Aeropyrum pernix, that might guide ¥35 for-
mation in pre-tRNA™(GUA). This modification is
achieved by Pus7p in eukarya. The validity of the
computational predictions was verified by in vitro
reconstitution of H/ACA sRNPs using the identified
Sulfolobus solfataricus H/ACA sRNA. Comparison
of Pus7-like enzymes encoded by archaeal genom-
es revealed amino acid substitutions in motifs
llla and Il in Sulfolobales and A. pernix Pus7-like
enzymes. These conserved RNA:¥-synthase-
motifs are essential for catalysis. As expected, the
recombinant Pyrococcus abyssi aPus7 was fully
active and acted at positions 35 and 13 and other
positions in tRNAs, while the recombinant S. solfa-
taricus aPus7 was only found to have a poor activity
at position 13. We showed that the presence of an A
residue 3' to the target U residue is required for
P. abyssi aPus7 activity, and that this is not the
case for the reconstituted S. solfataricus H/ACA
sRNP. In agreement with the possible formation of
¥35 in tRNATY'(GUA) by aPus7 in P. abyssi and by an
H/ACA sRNP in S. solfataricus, the AS6G mutation in
the P. abyssi tRNATY"(GUA) abolished ¥35 formation
when using P. abyssi extract, whereas the A36G
substitution in the S. solfataricus pre-tRNA™" did
not affect ¥35 formation in this RNA when using
an S. solfataricus extract.

INTRODUCTION

In all domains of life, pseudouridine residues (W) are the
most frequent post-transcriptionally modified residues in
RNAs. They are universally found in ribosomal RNA
(rRNAs) and in tRNAs (1,2). U to ¥ conversions are
catalysed either by stand-alone enzymes [specific RNA:
W-synthases, (3)] or by small ribonucleoprotein particles
[H/ACA snoRNPs or H/ACA scaRNPs in eukarya, and
H/ACA sRNPs in Archaea, (4)]. H/ACA RNPs contain a
small RNA that defines the targeted U residue by base-
pair interaction with the RNA substrate (5-8). Archaeal
and eukaryal H/ACA RNPs contain 4 proteins: Nopl0,
Garl, L7ae/Nhp2p and Cbf5/Dyskerin (9). CBFS belongs
to the TruB family of RNA:W-synthases. Whereas aCBF5
alone has no activity on rRNAs (5-8), recent data showed
an in vitro activity of aCBF5 at position 55 in tRNAs. This
activity does not require the presence of a guide RNA
(10-12).

The additional free N;-H of the W nucleobase allows the
formation of an additional hydrogen bond, either in cis,
within the RNA molecule, or in frans, with another RNA
molecule or a protein. For instance, residue W35 in the
eukaryal cytoplasmic tRNA™(GUA) allows the forma-
tion of an hydrogen bond with the O2" of residue U33,
which stabilizes the anticodon loop structure (13,14).
Furthermore, substitution of the C-N bond between the
ribose and the nucleobase by a C-C bond limits the flex-
ibility of the ribose-phosphate backbone and favours
RNA-RNA base-pair interactions (13-15).

In all organisms, pseudouridylations were found to
occur at numerous positions in tRNAs (seven in
Escherichia coli, at least 15 in Saccharomyces cerevisiae
and even more in higher eukaryotes) (1). Formation
of residue W55 in the TWC loop is the most frequent
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Perspectives :
Recherche et modélisation des liens
structure/fonction d’ARN non-codants

Extension de la recherche de sRNA a boites H/ACA chez les ar-
chaea

Les perspectives futures dans ce projet sont d’améliorer la spécificité et la sélectivité des
méthodes de détection in silico a la fois des SRNA a boites H/ACA et de leur(s) cibles(s) afin
d’étendre notre compréhension des liens structure/fonction de ces ARN guides de modification.
L’augmentation de la spécificité et sélectivité de détection de motifs H/ACA qui pourraient dif-
férer de fagon notable de ceux déja identifiés demande un changement de stratégie. En effet, nous
avons développé des outils de plus en plus spécifiques qui ont permis d’identifier un grand nombre
de sRNA a boites H/ACA dans tous les génomes disponibles d’archaea (Fig. 27). Toutefois, ces
sRNA a boites H/ACA peuvent ne représenter qu’une sous-classe d’ARN guides de modification
par rapport aux sSRNA a boites H/ACA ou aux autres sRNA et qu'une petite partie de I’ensemble
des ARN non-codant présents dans ces organismes. L’enrichissement graduel du profile ERPIN &
partir de nouveaux candidats a permis d’augmenter la diversité des séquences représentées dans
la banque de motifs H/ACA et donc de continuer a identifier de nouveaux motifs. Cette approche
semble maintenant avoir atteint ses limites puisqu’aucun nouveau candidat n’a pu étre identifié
a partir de la banque actuelle qui compte 162 motifs H/ACA.

Afin d’identifier de nouveaux sRNA a boites H/ACA ou d’autres ARN non-codant, un re-
lachement supplémentaire des contraintes de structuration des motifs H/ACA sera testé. Un
retour & une stratégie plus générale par génomique comparative (Fig. 18 & Fig. 20) sera aussi
effectuée, afin d’identifier des ARN potentiellement structurés dans les régions IRC conservées
qui correspondraient & des motifs H/ACA différents de la forme canonique.

Les régles d’association entre ARN guides et ARN cibles semblent plus flexibles que celles
supposées initialement, en particulier en ce qui concerne le nombre de nucléotides non appariés
entre les 2 éléments de séquence complémentaires aux éléments antisens de la poche de pseudo-
uridylation (voir Pabl9, Fig. 26). D’aprés des résultats de calculs théoriques d’énergie libre de
liaison effectués sur les couples possibles ARN guide/ ARN cible (Fig. 26), il apparait qu’une
modele reposant sur la stabilité du complexe ARN/ARN et des régles structurales liées a la
position de la cible par rapport a la boite ACA pourrait améliorer la prédiction de cibles. Des
contraintes moins sévéres quant au nombre d’appariements dans les séquences complémentaires
ou au nombre de nucléotides non appariés entre ARN guide et ARN cible combinées & une
évaluation de ’énergie libre de liaison sont susceptibles d’améliorer la prédiction de cibles. Un
nouveau descripteur pour les cibles des sSRNA & boites H/ACA sera défini afin de tenir compte de
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modes d’appariement entre ARN guide / ARN cible faisant intervenir plus de 2 nucléotides non
appariés entre les régions complémentaires des 2 ARN. Davantage de cibles potentielles pourront
étre considérées au départ mais elles seront sélectionnées ensuite selon les régles structurales
établies de fagon empirique (Fig. 26) et d’aprés les données structurales (Fig. 28).

L7Ae

aCBF5

équence antisens 3’
PUA

d =14 ou 15 nt
(aCBF5) ACA/Y u

boiteACA

Figure 28. Structure 3D d’un complexe ribonucléoprotéique sSRNA H/ACA-aCBF5-aNOP10-aGAR1-L7AE dé-
terminée par radiocristallographie. Les contraintes empiriques déduites de I'analyse des régles d’association entre
ARN guide et ARN cible sont reportées sur la structure 3D.

L’approche pourra étre appliquée notamment aux Sulfolobales (3 génomes : S. tokodaii, S.
solfataricus et S. acidocaldarius) et aux Desulfurococcales (2 génomes : H. butylicus et A. per-
niz). Ce sont les 5 génomes les plus proches du point phylogénétique qui soient complétement
séquencés. L’approche basée sur ERPIN n’a permis d’identifier que 2 génes de sRNA a boites
H/ACA chez les Sulfolobus. 11 est possible que d’autres positions habituellement modifiées chez
les archaea grace a des ARN guides le soient par un systéme enzymatique de type W-synthase
sachant que ’enzyme présente chez les Sulfolobales a une spécificité différente de celle de P.
abyssi [91]. L’autre possibilité est qu’on ne les ait pas identifié car la structuration du sRNA
H/ACA dévie de la forme canonique (Fig. 23A), ou bien que 'association ARN guide / ARN
cible dévie trop des régles classiques (Fig. 23B). Par exemple, 'identification de I’ARN cible du
géne Pabl9 (Fig. 26), montre que les régles d’association peuvent faire intervenir un trinucléotide
non-apparié au lieu du classique dinucléotide non-apparié.

De données structurales récentes obtenues sur un complexe ribonucléoprotéique comprenant
un ARN guide a boite H/ACA et sa cible permettent de mieux comprendre les régles structurales
que nous avions déduites de fagon empirique sur les distances entre la position pseudo-uridylée
d’une part et la boite ACA (de 14 ou 15 nucléotides) ou le motif K-turn (5 ou 6 nucléotides)
d’autre part (Fig. 26). La structure 3D déterminée par Li & Ye en 2006 [92] éclaire de fagon inté-
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ressante ces contraintes empiriques qui permettent de discriminer parmi plusieurs cibles poten-
tielles celles qui sont les plus pertinentes et qui correspondent & des contraintes structurales fortes
pour la reconnaissance des cibles (Fig. 28). D’autres éléments de relations structure/fonction sont
étudiés au laboratoire : il a été montré expérimentalement que la séquence de I'hélice H1 a un
impact sur le taux de fixation de certaines protéines sur le complexe ARN/ARN. A partir des
données structurales existantes, 'influence de différents éléments de structures 3D pourra étre
étudiée de fagon théorique par modélisation moléculaire afin d’essayer de comprendre le role des
hélices, de la poche de pseudo-uridylation, ou du K-turn dans les différentes étapes d’assemblage
et de la catalyse.

Modéles 2D et 3D pour la co-évolution et la reconnaissance ARN
guide/ARN cible

Les données moléculaires sur la reconnaissance entre ARN guide/ARN cible des sSRNP H/ACA
obtenues a partir des génes candidats de sSRNA a boites H/ACA identifiés par génomique com-
parative ont permis de valider expérimentalement un certain nombre de couples guide/cible(s).
L’absence de contraintes fortes imposées au départ dans la recherche de cibles potentielles des
sRNA H/ACA a permis d’identifier une assez grande diversité de cibles et de modes d’interaction
(longueurs des éléments antisens 5’ ou 3’ appariés, nombre de mésappariements, positionnement
dans la structure par rapport aux motif K-turn et ACA). L’existence de couples fonctionnels et
d’autres non fonctionnels (non validés expérimentalement) a permis d’édicter un certain nombre
de régles d’association qui se sont révélées étre en accord avec les données structurales dispo-
nibles depuis peu sur un complexe SRNP H/ACA (Fig. 28). L’ensemble de ces données et modéles
permettent d’envisager d’étendre et de rationaliser les résultats obtenus dans 2 directions : la
premiére est d’essayer de comprendre 1’évolution moléculaire des génes de sSRNA et des motifs
H/ACA chez les Pyrococcus dans un premier temps et ensuite chez ’ensemble des archaea pour
lesquelles des génes de ce type ont été identifiés (le fait, par exemple, qu’il existe des génes com-
portant des motifs H/ACA triples, une caractéristique spécifique des archaea par rapport aux
eucaryotes). La seconde direction est d’exploiter les données structurales désormais disponibles
sur deux complexes SRNP H/ACA avec et sans substrat [92, 93| et les données moléculaires
obtenues notamment au laboratoire (sur les motifs naturels et mutants pour leur affinité avec
les protéines du complexe RNP, leur cinétique d’association et leur structuration étudiée par
dichroisme circulaire, etc) pour développer des modeéles 3D permettant de comprendre les liens
structure/fonction. On cherchera en particulier & comprendre le role de déterminants structu-
raux connus ou & identifier de nouveaux déterminants structuraux des ARN et des protéines liées
a la fonction en modélisant la structure 3D de complexes sSRNP H/ACA naturels ou mutants
artificiels ou associés & une maladie.

Les génes de sSRNA a boites H/ACA d’archaea sont organisés sous la forme de motifs H/ACA
simples (structure tige-boucle), de motifs doubles ou triples. La similarité de séquence et de
structures de ces motifs suggérent que ces génes ont pu évolué de fagon modulaire par des
transferts conservant le nombre de motifs H/ACA dans un géne entre différentes espéces d’archaea
ou au contraire en scindant certains génes a motifs multiples ou encore en fusionnant des motifs
pour générer un géne & motifs multiples. Notre approche combinant une recherche basée sur
le profil ERPIN des motifs H/ACA et de leur(s) cible(s) a permis d’identifier 162 candidats de
motifs & boites H/ACA identifiés chez les archaea. Des données sur des variants des motifs H/ACA
chez les Pyrococcus et la comparaison des séquences et structures 2D des 162 motifs suggérent
également qu’il y a pu avoir des co-évolutions entre le motif H/ACA (au niveau du site de pseudo-
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uridylation) et sa ou ses cibles. Par exemple, des variations d’un ou quelques nucléotides dans la
boucle interne du motif H/ACA ont pu conduire & un changement de spécificité de reconnaissance
de sa cible sur ’ARNr ou d’autres cibles. Nous tenterons d’identifier les mécanismes qui peuvent
expliquer ce type de co-évolution entre ARN guide et ARN cible par la mise en ceuvre de méthodes
telle que celle développée par Dutheil et al. [94] pour 'identification de positions covariantes entre
ARN faisant appel & un mode de reconnaissance de type sens/anti-sens.

Les résultats préliminaires obtenus sur les 33 motifs identifiés chez les Pyrococcus ont permis
de construire un arbre de similarités de structures 2D suggérant 1’existence d’un ancétre commun
a l’ensemble des motifs H/ACA de Pyrococcus et dont les plus proches descendants correspondent
au motif Pab40.2 et ses homologues chez P. horikoshii et P. furiosus (Fig. 29). Il est intéressant
de noter que ces 3 motifs (Pab4.2, Ph40.2 et Pfu7.2) ont la possibilité de se replier sous 2
formes alternatives en raison de la présence d’une région auto-complémentaire dans la boucle
interne : le repliement atypique de Pab40.2 semble fonctionnel puisqu’il permet a priori de cibler
la position 1.1932 (position 1932 dans la grande sous-unité du ribosome) alors que le repliement
canonique similaire & celui rencontré dans tous les autres motifs pourrait ne pas avoir de cible.
Etant donné la similarité relativement forte entre les motifs homologues de Pab40.3 avec le
Pab40.2, cela suggére un remaniement génétique impliquant une duplication et juxtaposition
du motif ancestral Pab40.2. Le motif Pab40.1 semble avoir divergé plus fortement par rapport
au motif ancestral et aurait pu étre intégré dans le géne Pab40 (comportant le motif triple)
moyennant un remaniement génétique avec un déplacement important au sein du génome. Les
autres génes comportant des motifs doubles (Pab105 et Pab35) pourraient avoir évolué a la suite
de duplications assez récentes.

Pal60-S922

L C} 91-1 (?\UE
-5910-922 )
Pad0.1-L.2588 mfﬁ’”\
(PRu91-L2708-2685 )
D o

H Pf7.2-2701 2()9

mJn:,(Q
@ 2673-267:

Figure 29. Arbre phylogénétique basée sur une mesure de similarité entre structures 2D des sRNA H/ACA
proposés chez les Pyrococcus. Les 33 motifs H/ACA sont classés en fonction de la similarité de leur structure 2D
calculée par le programme RNAforester (Vienna package).
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Nos travaux ont conduit & proposer 2 repliements alternatifs pour les motifs H/ACA tels qu’ils
ont été déposés dans la banque de données Rfam (http://www.sanger.ac.uk/Software/Rfam) et
identifiés comme appartenant & la classe A pour le repliement canonique et la classe B pour
le repliement non canonique (Fig. 30). Le fait que l'ancétre commun des motifs H/ACA ait
pu adopter 2 repliements alternatifs concomitants pourrait indiqué une plus grande versatilité
potentielle des motifs ancestraux pour la reconnaissance de cibles potentielles. Les motifs H/ACA
auraient ensuite évolué et co-évolué avec la séquence de leur(s) cible(s) en adoptant un repliement
plus canonique. Un exemple hypothétique de changement de spécificité de cible & partir du motif
ancestral Pa40.2 est donné pour illustrer 'effet possible de simples mutations ponctuelles; la
mutation a la position 85 de U en G entre la Pa40.2 et le Ph40.2 ou vice versa aurait permis un
changement de spécificité de la position ciblée de L1932 vers L2678 chez P. horikoshii (Fig. 31).

Une étude structurale des relations structure/fonction des sRNA a boites H/ACA a été
amorcée en utilisant une approche par modélisation 3D. Il a été montré expérimentalement au
laboratoire que le motif H/ACA du Pab21 a une meilleure affinité pour aCBF5 que le motif
H/ACA de Pab9l. Les résultats expérimentaux suggérent aussi que cette différence d’affinité
provient de la séquence de I’hélice H1. Pab91 a la particularité de posséder une hélice H1 composée
d’une longue série de pyrimidines en 5’ et de purines en 3’ alors que celle de Pab21 fait alterner
purines et pyrimidines sur le méme brin de I’hélice. Des simulations effectuées par dynamique
moléculaire sur une forme tronquée des ARN Pab2l et Pab91l (comportant 'hélice H1 et la
boucle interne) font apparaitre de légéres altérations des régions hélicoidales en ce qui concerne
I’élévation et l'inclinaison de I’hélice H1. Un léger étirement de 1’hélice H1 est observée pour
I’ARN Pab91 (h-Rise moyen de 2.83A) par rapport & une hélice standard d’'un ARN de forme A
(h-Rise moyen de 2.731&) méme s’il n’est pas significatif par rapport & 1’élévation moyenne d’une
hélice ’ARN correspondant a un duplex poly(A)-poly(U) (h-Rise moyen de 2.81A). Par contre,
I’élévation moyenne pour PARN Pab21 est conforme & celle d’'une hélice standard d’ARN. Sur
les 9 paires de base de 1'hélice H1, la différence moyenne d’élévation correspond a un étirement
de plus d’1Apour I’hélice H1 de Pab91l (Fig. 32). En revanche, 'inclinaison de 1’hélice H1 est
plus marquée dans le cas de 'ARN Pab21 que dans le cas de '’ARN Pab21 (Fig. 32). Ces légéres
différences structurales suggére qu’un positionnement légérement différent de la poche de pseudo-
uridylation de Pab91 dans la ribonucléoprotéine pourrait expliquer la différence d’affinité entre
les 2 ARN.
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Ph40.2-2673-2678 GCCCGGCc.ttagcgaggtc..... CCCTcgG. .GAggcgcecttecgegtcacggagtgeccGTGA .. ccGGGGG. . . . taaccct . gGCCGGGC. . ACA
Pa40.2-2678 GCCCGGCc.tcagcgaggte.....CCCTcgG. . TAggtgccttececgegtcacggagegeccGTGA . ccGGGGG. .« . . taaccct . gGCCGGGC . . ACA
P£7.2-2701-2678 GCCCGGCc.tcagcgaggte.....CCCTcgG. .GAggtgecttececgegtcacggagtgeccGTGA . ccGGGGG. . . . taaccct .gGCCGGGC. .ACA
Pf3.1-L2577-54  CCGCCCGGG...CGGCCCGA........ CCGAGGGA. . .GCGTGCCGGCAATGGCGCGCG . ATGAA . CGAGG. - TGACGTCTCCGGGCGG. .ACA

Pal05.1-L2554 .CCGAGGGA. . . GCGTGCCGAGAAAGGCGCGCC.ATGAA.CGAGG.
Ph105.1-L2549-54 .CCGAGGGA. . . GCGTGCCGAGAATGGCGCGCA.ATGAA.CGAGG.
Pful9-S1005-17 ACCCAGGGG. .cccgacggcggcegT. . .CGGGYGGA. . . ttgggggcaaagcccccgga. . ATGAacCCCGC .

. CGACGTCGCCGGGCGG. .ACA
- TGACGTCGTCGGGCGG. .ACA
. .cctcctCCCCTGGGT. .ATA

Pal9-51017 GCCCAGGGG.tcaagacggcggceGT. . .CGGggGGA. . . ttgggggcaaagcccccgge . . ATGAacCCCGC . .cctcctCCCCTGGGT . .ATA
Ph19-51005-17 GCCCAGGGGt .caagacggcggceGT. . . CGGggGGA. . . ttgggggcaaagcccccgga. . ATGAacCCCGC . .cctcctCCCCTGGGT. .ATA
Pf3.2-L1400-1377 GGGCCCGGC....CTTCGG...... GGCCGCCT.GA. . .GGGAGCCGAGAAGGGCAGACG.ATGA. .AGGCGGGC. . . GGATAAGCCGGGCCCTCAAA
Pal05.2-L1377 GGGCCCGGT . . .GGCCGCCT.GA. . .GGTTGCCGACAACGGCGGGCA.ATGA. . GGGCGGGT. . . GGATAAGCCGGGCCT . .ATA
Ph105.2-L1373-77 GGGCCCGGT. . .GGCCGCCT.GA. . .GGTTGCCGAGAATGGCGTTCA.ATGA. . AGGCGGGC. . . GGATAATCCGGGCCT . .AAA
Pf7.3-L2039-16 GGCCCACCTG....GGTTA. . .GCCCGCCT.GA....GAATGCATACATGCTACG. . .ATGA. .GGGCGGGT. . . GTTAC.GGGTGGGCC. .ACA
Pa40.3-L2016 GGCCCGTCTG....GGTTA. . .GCCCGCCT.GA....TCATGCCGTTGGCTTAG. .. .ATGA. .AGGCGGGT. . .GTTAC.GGGCGGGCT. .ACA
Ph40.3-L2011-2016 GGCCCGTCTG....GGTTA...... GCCCGCCC.AA....TTTTGCCGAGGGCTTAG. . ..ATGA..GGGCGGGT. . .GTTAC.GGGCGGGCC. .ACA
Pa35.1-L2930 GGGCTCGGT . .CTACCCGC..... ATGA.GCGGGG. . . TGTGCTCACGCCGAGCCC. .ACA

Ph35.1-L2925-30 GGGCTCGGT .
Pf6.1-L2953-30 GGGCTCGGT.
P£9-5910-922 GCCCCCGGG.

.CAACCCGC. .
.CAACCCGC. .

ATGA.GCGGGG. . . TGTGCTCACGCCGAGCCT. .ACA
ATGA.GCGGGG. . . TGTGCTCACGCCGAGCCT. .ACA

Pal60-5922 GCCCCCGG. . .AAACCGC..... GGGGGAG.GA. . .GCTTAGGCTTAAGCCGAGCT. .ATGA. .CTCCCCT. . .TCGCTCC.CCGGGGGC. .ACA
Ph160-5910-922 GCCCCCGG. . .AAACCGC..... GGGGGAG.GA. . .GCTGAGGCTAAAGCCGAGCT. .ATGA. .CTCCCCT. . .TCGCTCC.CCGGGGGC. .ACA
Pa21-5891 GGGCCCGGC. .TCCCGCC....CTCTCCGGGGA. « v v nnn «.TTCC.GGCCGGGCCT. .ACA
Ph91-L2680-85 CcccTeccce. .TCTCACA...... CCCCCGTGA. . .CGGTC.GGGGAGGGG. .ACA
Ph21-5879-891 CGGCCCGGT. .TCCCGCC. ...CTCTCCGGGGA. . . TTCC.GACCGGGCCG. .ACA
Pf1-5879-891 GGGCCCGGT. .TCCCGCC. ...CTCTCCGGGGA. . .TTCC.GACCGGGCCC. .ACA
Pa91-L2685 CcccTeccce. .TCTCACA..... CCTCCGG.GA. . ...TCA.. «..GTGA. .CCGGAGGG. . .CGGTC.GGGGAGGGG. .ACA
Pfu91-L2708-2685 CCCCTCCCC. .TCTCACA..... CCCCCGT.GA.. ...GAA.. «..GTGA. .GCGGGGGG. . . CGGTC.GGGGAGGGG. .ACA

Ph40.1-L2583-88 GCCCCCGC. .
Pf7.1-L2611-2588 GCCCCCGC. .

+-AAGCGAGG. ...GCTTGGCC.GA. .
+.AAGCGAGG. ...GCTTGGCT.GA. .

.GCTTA..
.TCTTA..

«..ATGA.GCCAGGT. .
«..ATGA.GGCCAGGT. ...GCGAC. .GCGGGGGCA.ACA

.GCGAC. .GCGGGGGCG.ACA

Pf6.2-L2720-2697 GGGCCGGT. . . .GCCCGCGG.GA. . ...TCA.. .. .ATGA.CCGCTGGGT. .CTCTGTT.GCCGGCCC. .ACA
Pa40.1-L2588 GCCCCCGC. . . .GCCTGGTC.GA.. ...TTA.. ...GTGA.GACCAGGT....GCGAC..GCGGGGGCT .ACA
Pa35.2-L2549 GGGCCGGT. . . .GCCCGCGG.GA. . ...TCA.. .. .ATGA.CCGCCGGGT. . .CTCTGTTGCCGGCCT. .ACA
Ph35.2-L2692-97 GGGCCGGT. . . .GCCCGCGG.GA. . ...TTA.. .. .ATGA.CCGCTGGGT. .CTCTGTT.GCCGGCCC. .ACA
#=GC SS_cons <K< et ernenesacnasannans S Y S>>, 5>>>>> it S>>>>>. ...,
//

classe B

# STOCKHOLM 1.0

Pa40.2-1932 GCCCGGCcucagcgagguCCCCUcgGUAggugccuuccgcgucacgGAgcgecGUGACCGGGGGuaacccugGCCGGGCACA
Ph40.2-2673-78 GCCCGGCcuuagcgagguCCCCUcgGGAggcgecuuccgcgucacggagugeccGUGACcGGGGGuaacccugGCCGGGCACA
P£7.2-2701-2678 GCCCGGCcucagecgagguCCCCUcgGGAggugccuuccgcgucacggagugeccGUGACcGGGGGuaacccugGCCGGGCACA
#=GC SS_cons <<KLLLLL, L4 W <LKKL<LL LG >>>>> 0L, <<, <<<<iiaenn <<<iennnn SSS>>>>>>. ... ... S>>>>>>>, ..,

//

Figure 30. Repliements alternatifs de classe A et classe B des motifs H/ACA chez les Archaea. Les 2 repliements
alternatifs sont illustrés sur la structure 2D du triple motif Pab40 (les 2 motifs extrémes sont de classe A, le motif
central de classe B ou de classe A). Les alignements de I’ensemble des séquences des motifs H/ACA de Pyrococcus
de classe A et de classe B sont donnés sous le format Stockholm.

44



Pf) C,(Ph) A

A(PF),G (Rh)
(f) A
v
cVu U (Rf)
(Pf,Ph) U eou— &Y
PO A—Fc ¢
G-C
AlPf,Ph) (Ph) U— A-U
A (PR U—» C-U «—— A(PE)
A / f) G-C—P U-A
u'a l A
(PHUC,(R)GC—p2 cAC
u (Ph) A—
PAU—C-G bh) C-G—» U-A4—— G(Pf)
(Pf,Ph) C-G — U-A -G
G-C C-G
G-C G-C
U-A c-G
(Pf,Ph) U —»C-G (Ph) C c-G
C-G N ga
G-U A .
G A G
G S\ |etrnic € d )
A C = Y
G U U
C c
A ATl ¢ S G-C
A C AN u U-G
C-G CU(‘ G _yc-6G C-G
G-C £c-6 (Pf) C—U-G
C-G G-C Pr) A-U—»G-C
C-G (Ph.) U G-C C-G
e Aencen PR e cetem
C-G 2£),G (Ph. ciG C-G
c-G oG G-c/
G-C G=C G-U
s— U [AdA] ~ [AcAl ' [ACA]—3
Ve
c A
G-C
C-G
U-G
U-A
C
(Pf,Ph.)U Cc-G
G-U
e e
c G e,
G u
A-G G
G-A U
G-C A.G
cAC G-A
U ’ G-C
. 1
TG s
c-G u-g
U-G— 120
U-Gg C-G
. Cc-G
(Rh.)c\gi E% C-u
UG A GU A
G A G A
®£Pn)G 4O c 2 c
v c pe c
¢ G
et o/ LSU1932  LSU 2678 e v
CUGG G _yc-6G c-G
AC c-G C-G
/' G-C G-C
(Ph) U G-C G-C
c-G c-¢
C-G C-G
60— C-G 60— C-G
G-C G-C
ACA J—

P horikoshiz

Figure 31. Effet possible de mutations ponctuelles sur la spécificité de reconnaissance des cibles ’ARN guides a
boites H/ACA. Une mutation & la position 85 dans la boucle interne du motif Pa40.2 de P. abyssi aurait conduit
4 un changement de spécificité de ’ARN guide pour reconnaitre la position 1.1932 au lieu de la position L2678
ciblée par le Ph40.2.

P, abyssi
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Gréace aux données structurales récentes obtenues sur 2 particules ribonucléoprotéiques conte-
nant un sSRNA a boite H/ACA, il devient envisageable de modéliser la structure compléte de la
ribonucléoprotéine pour les complexes correspondant & Pab21 et Pab91. Une modélisation des
différentes étapes d’assemblage de I’ARN guide avec sa cible et les protéines de la particule pourra
étre effectuée en exploitant les données expérimentales obtenues au laboratoire sur les affinités
de liaison, les cinétiques d’association et autres données moléculaires relatives a ces 2 complexes.
Le role d’autres déterminants fonctionnels potentiels sur les ARN pourront étre étudiés par une
approche similaire (taille de la poche de pseudo-urydilation, présence de nucléotides non appariés
dans les régions double-brin, etc).

Du point de vue méthodologique, les approches de modélisation et plus spécifiquement de
"docking" utilisés pour modéliser la structure 3D des complexes RNP sont décrites en détail dans
le chapitre suivant. Les données structurales obtenues par Li & Ye (2006) [92] correspondent &
I’association de ’ensemble des protéines du complexe RNP (Cbf5, Nopl10, Garl et L7ae) et un
ARN guide artificiel dérivé en partie d’'une sSRNA de P. furiosus. Ces données ont été utilisées pour
construire 2 modéles initiaux correspondant aux complexes sSRNP H/ACA avec les ARN guides
homologues : Pab21 et Pful (Fig 33). Le complexe avec Pful a été construit par modélisation de
I’ARN guide dans le site de fixation de ’ARN dans le complexe RNP en lieu et place de 'ARN
guide artificiel. Le complexe avec Pab21 a été construit de la méme fagon pour 'ARN (qui différe
par quelques mutations avec Pful) et en substituant les protéines de P. furiosus par celles de P.
abyssi dont les structures 3D ont été déterminées au laboratoire par I’équipe structurale (Xavier
Manival et Christophe Charron) [95, 96].

Outre les déterminants fonctionnels sur PARN guide, des déterminants fonctionnels pro-
téiques sont connus : une mutation dans le géne codant la protéine Cbfb est associée par exemple
a une maladie, la dyskeratose [97|. La modélisation 3D des complexes SRNP H/ACA avec des
mutants protéiques, cette fois, sera également utilisée pour essayer de comprendre les bases mo-
léculaires de la fonction de ces RNP dans un contexte fonctionnel et non fonctionnel lorsque la
mutation abolit ou altére fortement la fonction. Une des mutations ponctuelles associées a la
dyskeratose est celle qui affecte la position 34 de Cbf5 ot une arginine est convertie en trypto-
phane (R34W). A l'aide de modeéles 3D des structures des complexes ribonucléoprotéiques, nous
essaierons de comprendre l'effet de cette mutation sur la structure et la dynamique en solution
des complexes par des simulations de "docking" (optimisation de la structure de départ des
complexes) et de dynamique moléculaire (étude de la flexibilité) (Fig. 34).
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Figure 32. Modéles des SRNA H/ACA de Pyrococcus abyssi : Pab21 et Pab91. A. Modeéles de structures 2D des
sRNA Pab 21 et Pab91. B. Modéles 3D des formes tronquées sRNA Pab 21 et Pab91 obtenus par dynamique
moléculaire. Les sSRNA comportent les parties basales incluant ’hélice H1, la boucle interne et la boite ACA. Les
modeles 3D ont été construits avec des paramétres d’hélice standard (Mc-Sym) ; la boucle terminale (assimilée a
la boucle interne de la forme non tronquée) a été extraite d’une structure 3D correspondant & une dodecaloop
de PARNr 23S (PDB ID : 1J5A) choisie pour sa similarité de séquence et proportion purines/pyrimidines. Une
simulation par dynamique moléculaire (CHARMM) de 5ns (en plus de I’équilibration du systéme : 500ps) a été
effectuée pour chaque ARN immergé dans une boite d’eau contenant des contre-ions (ions Na'). Les mesures
d’élévation et d’inclinaison de I’hélice (h-Rise, inclination) ont été réalisées sur la structure "moyenne" (coordon-
nées moyennes sur l’ensemble de la simulation et optimisées par minimisation d’énergie). Les valeurs d’élévation
et d’inclinaison hélicoidales ont été calculées sur les 9 paires de base de ’hélice (X3DNA). Dans les 2 modéles, les
purines apparaissent en vert et les pyrimidines en rouge.
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Figure 33. Modeéles 3D des complexes SRNP H/ACA de P. abyssi et P. furiosus construits a partir des données
structurales de Li ‘e (2006). A Structure 3D du complexe sRNP déterminée par radio-cristallographie (PDB
ID : 2HVY). B Modéle 3D du complexe sRNP de P. abyssi avec 'ARN guide Pab21. C Modéle 3D du complexe
sRNP de P. fu avec PARN guide Pful. L’ARN (magenta) et les protéines (L7ae : jaune ; Cbf5 : vert ; Nop10 :

rouge; Garl : cyan) sont représentés de fagon schématique ("cartoon").
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3.1 Résumé

Les travaux menés sur les ribozymes et 'essor de la RNomics démontrent la versatilité de
fonction des ARN ; celle-ci repose sur la diversité de structure des ARN et leur capacité & interagir
avec d’autres molécules (ARN, protéines, antibiotiques, etc). La biologie structurale a permis
d’acquérir beaucoup de connaissances sur la structuration des ARN et leurs interactions avec
d’autres molécules méme si les ARN restent des objets d’étude difficiles. La conception assistée
par ordinateur de ligands dirigée contre des ARN comme cibles thérapeutiques est dés lors
possible. La détermination de la structure 3D de certains ARN et complexes ARN/ligand peut
toutefois rester inaccessible ou les structures déterminées peuvent ne pas correspondre a une
forme biologiquement active. La modélisation 3D de macromolécules offre une approche possible
d’étude des liens structure/fonction en I'absence de données structurales mais aussi d’étude
théorique (par simulation) de la flexibilité conformationnelle qui joue un réle primordial dans le
repliement des ARN et leur interaction avec des ligands. Les travaux présentés ici s’inscrivent
dans le cadre d'un développement d’approches de modélisation de complexes ARN /protéines et
ARN/ligand adaptées au mode d’interaction étudié, selon que ’ARN est essentiellement structuré
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sous forme double-brin ou bien sous forme simple-brin. Dans le premier cas, une approche de
docking classique est utilisée ot ’ARN peut étre considéré comme une cible pour un ligand
protéique ou autre. Notre participation au défi CAPRI2008 a permis de démontrer la performance
de notre approche de docking (HEX+MCDOCK) dans ce cas de figure. Dans le second cas, une
approche de docking "par fragment" (SELEX in silico) inspirée des méthodes de conception
de drogues est utilisée pour prédire la reconnaissance par des protéines de liaison & TARN et
éventuellement concevoir d’autres ligands ARN. La méthode est en cours de validation et sera
appliquée a des cibles d’intérét impliquées dans les dystrophies myotoniques.

3.2 Contexte

Le développement des méthodes de docking et de conception de ligands sont développées
dans le cadre du CPER 2008 MISN : "Modélisation, information, systémes numériques" (théme
MBI : "Modélisation des biomolécules et de leurs interactions") en collaboration avec Bernard
Maigret de I'équipe ORPAILLEUR du LORIA et avec Dave Ritchie (Université d’Aberdeen,
Ecosse) qui rejoindra prochainement le LORIA pour occuper une chaire d’excellence (projet
ANR) et renforcer I’axe de recherche. L’approche SELEX in silico a été développée avec Manuel
Simoes (posdoctorant de 2006 & 2008 au MAEM), dans le cadre du programme Décrypthon
financée conjointement par PAFM, IBM-France et les départements STIC et SDV du CNRS
(projet : "Développement et utilisation d’approches informatiques et théoriques pour I’analyse
des liens existant entre défauts d’épissage et maladies génétiques"). Le projet s’inscrivait dans une
thématique phare du laboratoire impliquant doctorant et ingénieurs pour la partie expérimentale
(Audrey Vautrin : doctorante, Nathalie Marmier-Gourrier : ingénieur). Le prolongement du projet
est focalisé sur la problématique des dystrophies myotoniques et soutenu par un financement
AFM (Denis Furling, Institut de Myologie, Paris) avec la participation d’autres chercheurs du
MAEM (Isabelle Behm-Ansmant et Xavier Manival). Le projet bénéficie également du soutien
du CINES pour 'accés & des ressources de calcul.

3.3 Introduction

La banque RCSB-PDB (http ://www.rcsb.org/pdb/) contient I’ensemble des structures 3D
expérimentales de macromolécules biologiques déterminées depuis 1976 (Fig. 7). En 2008, elle
recensait 54 825 structures 3D dont les protéines représentent 92,3% et les acides nucléiques
3,4% (1163 structures d’ADN et 685 d’ARN). Les complexes acide nucléique/protéine (2225
structures) représentent une part équivalente a celle des acides nucléiques non complexés (1848
structures). Le nombre de structures 3D de complexes ARN /protéine reste donc encore limitée
malgré le nombre important de structures issues de la détermination récente de la structure du
ribosome [98]. Prés de la moitié des structures de complexes correspondent a de complexes ribo-
nucléoprotéiques de grosse taille dans lesquels on retrouve aussi, outre les protéines ribosomiques,
les tRNA synthétases, les polymérases ou encore des composants du spliceosome. Pourtant, de
plus en plus de structures 3D de protéines de liaison & 'ARN sont déterminées. On compte
actuellement plus de 6700 structures de protéines de liaison & ’ARN dans la banque PDB pour
lesquelles la structure 3D du complexe avec ’ARN n’est pas connue. D’autre part, le nombre
de modes de liaison ARN /protéine apparait élevé, des protéines de la méme famille pouvant se
lier de fagon différente & PARN (protéines a domaines RRM ou protéines a doigts de zinc). La
détermination de la structure 3D d’un complexe pour une famille donnée de protéines ne garantit
donc pas que les autres membres de la famille protéique se lient de la méme fagon & PARN. Le
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développement de méthodes de modélisation permet de proposer des modéles 3D de complexes
ARN /protéines. Couplées a des techniques expérimentales d’étude d’interactions ARN /protéine,
ces méthodes offrent une alternative dans I’étude des relations structure/fonction des ARN. De
plus, elles offrent aussi la possibilité de simuler les propriétés dynamiques de ces complexes et
I'influence de la solvatation ou des contre-ions sur leur stabilité.

Depuis quelques années, la communauté scientifique propose, & des équipes du domaine, de
prédire en aveugle la structure 3D de cibles choisies correspondant & des complexes entre ma-
cromolécules (dont les coordonnées sont gardées secrétes); il s’agit des compétitions CAPRI
(http ://www.ebi.ac.uk/msd-srv/capri/) qui confrontent des équipes développant des méthodes
dites de "docking" pour la modélisation et la prédiction de structures 3D de complexes entre
macromolécules. Les méthodes de "docking" disposent normalement d’un outil de recherche
conformationnelle et d’une fonction de score afin d’explorer ’espace des configurations possibles
en terme de modes d’interaction possibles et d’évaluer quantitativement la force de l'interaction
ou le degré de complémentarité en termes d’énergie (enthalpie ou énergie libre). L’exploration
conformationnelle se fait généralement par des méthodes classiques de simulations moléculaires
(dynamique moléculaire ou Monte-Carlo) qui peuvent étre couplées a des méthodes d’optimisa-
tion (algorithmes génétiques, recuit simulé) ou a des banques de données (banque de rotaméres,
de contacts, etc); la fonction de score est généralement une somme de termes correspondant
a différentes contributions énergétiques (enthalpiques et entropiques) définies de fagon plus ou
moins empiriques. Outre les performances variables que peuvent avoir telle ou telle méthode de
recherche conformationnelle et de fonction de score, la performance globale d’une méthode de
"docking" peut varier beaucoup en fonction de la cible car tous les complexes ne sont pas équiva-
lents du point de vue du niveau de difficulté de prédiction. L’historique des compétitions CAPRI
montre en effet que les performances peuvent varier d’une cible & une autre. Un des facteurs clé
qui explique en partie ces différences de performance est lié a la flexibilité conformationnelle des
partenaires dont la conformation peut changer dramatiquement entre la forme liée et la forme
"libre" (non complexée) qui met fortement a I’épreuve la méthode de recherche conformationnelle
et la fonction de score.

Dans le cas des complexes ARN /protéines, il est courant que ’ARN (et parfois aussi la pro-
téine) subisse un changement conformationnel important au cours de ’association. D’autre part,
les interactions électrostatiques mises en jeu dans les complexes ARN /protéine demandent beau-
coup de ressources de calcul pour une évaluation précise. On peut donc distinguer les complexes
ARN /protéine en fonction des niveaux de difficulté différents en terme de prédiction de la struc-
ture 3D d’aprés ce critére de flexibilité ; une classification naturelle est de séparer les complexes
qui contiennent des ARN intrinséquement flexibles de ceux qui contiennent des ARN a priori
plus rigides (Fig. 35). Les ARN dont l'interface avec la protéine est non structurée, c’est-a-dire
sous forme simple-brin (Fig. 35A-C) , seront a priori les plus difficiles & prédire car le nombre
de degrés de liberté est trés élevé (conformation de la base nucléique, du sucre et du squelette
phosphodiester). En revanche, les ARN trés structurés et dont l'interface avec la protéine est sous
forme double-brin (Fig. 35D) comportent beaucoup moins de degrés de liberté et leur structure
3D liée est donc a priori plus facile & prédire. En raison des difficultés a évaluer la flexibilité
conformationnelle des ARN et les interactions électrostatiques, peu de méthodes ont été déve-
loppées pour traiter spécifiquement le "docking" ARN /protéine. Toutefois, I'intérét grandissant
pour les ARN qui se trouvent impliquées dans de nombreuses fonctions biologiques (chapitre
précédent) et qui constituent des cibles thérapeutiques attractives est une nouvelle motivation
pour le développement de méthodes de "docking" performantes pour la prédiction de la structure
3D de complexes ribonucléoprotéiques. Pour la premiére fois, I’édition CAPRI2008 proposait une
cible correspondant & un complexe ARN /protéine.
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Figure 35. Exemples représentatifs de complexes ARN /protéine avec des domaines de liaison & de ’ARN simple-
brin (A, B, C) ou double-brin (D). A Complexe formé entre la protéine HuD (stabilisation des extrémités 3’'UTR
des messagers) a domaines RRM (RRM1 et RRM2) et un ARN simple-brin (riche en U et A; PDB ID : 1FXL).
B Complexe formé entre la protéine Nova-2 (régulation du métabolisme des neurones) a domaines KH (KH3) et
un ARN partiellement structuré lié a la protéine par sa partie simple-brin (boucle terminale; PDB ID : 1EC6).
C Complexe formé entre la protéine TIS11d (dégradation des messagers par leur Uextrémité 3’UTR) a doigts de
zinc (Znl et Zn2) et un ARN simple-brin (riche en U et A ; PDB ID : 1IRGO). D Complexe formé entre la protéine
Rntl & domaines RBD (RNase III de levure) et un ARN double-brin (précurseur du snR47; PDB ID : 1T4L).

La maturation des précurseurs des ARNm (hnRNA) est un processus biologique complexe
qui fait appel & une machinerie, le spliceosome, constituée de différents composants ribonucléo-
protéiques (snRNP). Ce processus fait intervenir de nombreuses interactions ARN /protéine a la
fois dans la biogénése des snRNP et dans la reconnaissance des signaux d’épissage (présents dans
les séquences introniques et aux jonctions intron/exon) qui permet ’élimination de séquences
introniques au sein des transcrits (hnRNA), ainsi que la ligation des exons par le spliceosome.
Par ailleurs, d’autres interactions ARN/protéine interviennent aussi dans la reconnaissance de
signaux d’épissage non constitutifs reconnus par des facteurs protéiques de régulation de 1’épis-
sage. Ces interactions jouent un réle majeur dans la régulation de 1’épissage alternatif qui permet
de générer une grande diversité de transcrits matures (ARNm) a partir du méme géne ; on estime
que 60% des génes humains produisent au moins deux ARNm différents par ce processus qui joue
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un role majeur notamment dans le développement et la différenciation cellulaire.

Les mutations dans les signaux d’épissage constitutifs ou alternatifs peuvent conduire a des
maladies génétiques. Il est actuellement estimé qu’environ 30% des maladies d’origine génétique
sont liées & la génération de défauts d’épissage (proportion sans doute sous-estimée). Ces défauts
ont été répertoriés en différentes classes selon que la mutation, qui peut n’étre qu’une mutation
ponctuelle, altére les signaux d’épissage (constitutifs ou alternatifs), les composants du spliceo-
some (snRNP) ou des facteurs protéiques de régulation de 1’épissage [99, 100, 101, 102|. Une
classe d’altération de I’épissage alternatif échappe pourtant & cette classification et concerne des
mutations de plus grande ampleur qui induisent un "gain de fonction" associé a I’amplification de
séquences répétées du génome humain {103, 104, 105]. Ce "gain de fonction", qui correspond a un
effet toxique dii & la présence des séquences répétées dans les transcrits, intervient dans environ
une quinzaine de maladies neurologiques humaines [106, 107]. Dans le cas des amplifications de
triplets CTG et de quadruplets CCTG, le "gain de fonction" se traduit par le développement
plus ou moins tot dans la vie de dystrophies myotoniques (DM) de type 1 (répétitions CTG) et
de type 2 (répétitions CCTG) [108]. Ces séquences répétées, présentes au niveau des transcrits
ARN (répétitions CUG et CCUG), ont un “effet toxique” en modifiant la disponibilité respec-
tive de facteurs impliqués dans la régulation de ’épissage alternatif : les protéines des familles
Muscleblind (dont MBNL1) et CELF (dont CUG-BP1). Le "gain de fonction" a pour effet de
favoriser un épissage alternatif de plusieurs transcrits (codant un canal chlore, le récepteur de
I'insuline, etc) sous une forme anormale plutot que sous leur forme adulte attendue et conduit au
développement des symptomes de la maladie. Du point de vue moléculaire, les répétitions CUG
et CCUG forment de longues structures ARN tige-boucles [109, 110, 106] & I'origine de la toxicité
ARN associé aux DM. MBNLI serait séquestrée de fagon spécifique sur les longues répétitions
(CUG)y, ou (CCUG), (n > 37 pour la DM1 et n > 75 pour la DM2) présentes dans des ARNm
de patients atteints de DM1 ou de DM2 [111]. La séquestration de MBNL1 romprait 1’équilibre
avec un autre facteur de régulation de ’épissage antagoniste, CUG-BP1, ce qui conduirait aux
dérégulations de ’épissage observées pour plusieurs génes chez les patients atteints de DM1 ou
de DM2 (Fig. 36) [112, 113].

L’émergence des ARN comme cibles thérapeutiques potentielles pour de petites molécules
offre de nouvelles opportunités de valoriser les données génomiques [114, 115, 116, 117]. En de-
hors des cibles habituelles des antibiotiques que représentent les ARN ribosomiques bactériens,
I’acquisition de nouvelles données structurales sur les ARN ouvre la voie & la conception de ligands
dirigés contre des cibles ARN par les méthodes traditionnelles de conception basées sur 1'utili-
sation de la structure 3D. Ces méthodes ont été largement utilisées depuis une dizaine d’années
contre des cibles protéiques et font désormais parti intégrante des outils utilisés en conception
de drogues. Les ARN représentent donc des cibles de choix pour la conception d’antiviraux par
exemple mais aussi de fagon plus générale pour interférer avec la fonction associée a la recon-
naissance de la cible ARN par une ou plusieurs protéines, un autre ARN, ou d’autres molécules
biologiques. La détermination récente de la structure 3D d’un petit duplex d’ARN qui mime les
longues répétitions CUG associées a la DM1 [118] ouvre des perspectives pour la conception des
ligands contre une cible ARN & l'aide d’approches théoriques. Par ailleurs, les protéines de la fa-
mille CELF et les complexes formés par MBNL1 et les séquences répétées représentent aussi des
cibles thérapeutiques potentielles pour le développement de traitements de la DM1 et la DM2.
Acquérir des connaissances sur le mode d’interaction des protéines CUG-BP1 et MBNL1 avec
leurs cibles normales dans les ARN pré-messagers d’'une part (contexte non-pathologique) ou
avec leurs cibles “toxiques” (contexte pathologique) est la premiére étape pour pouvoir envisager
une stratégie thérapeutique rationnelle. I.’une de ces stratégies serait, par exemple, de pouvoir
bloquer l'interaction de MBNL1 avec les séquences répétées en altérant le moins possible son
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Figure 36. Modeéle "gain de fonction" et toxicité des ARN a séquence répétées (CUG et CCUG) dans les
dystrophies myotoniques. Les dystrophies myotoniques sont associées avec des expansions de répétitions CTG
dans la région 3’'UTR du géne DMPK ou CCTG dans 'intron 1 du géne codant la protéine ZNF9. Les transcrits
ARN forment des longues structures double-brin auxquelles se lie MBNL1. Les protéines MBNL co-localisent dans
les inclusions ribonucléaires formées par les mutants ARN. Il n’est pas encore clair si la séquestration de MBNL1
conduit & une baisse de son activité normale ou bien si les expansions CUG et CCUG redirigent MBNL vers un
chemin alternatif qui inhibe sa fonction. Le niveau de CUG-BP1 est accru dans les cellules DM 1, indépendamment
de la régulation par MBNL. Un accroissement de l'activité de CUG-BP1 ou la perte de fonction de MBNL1
peuvent conduire a des événements aberrants d’épissage associés avec les DM1 et DM2. Il a été montré que la
myotonie et la résistance a 'insuline peut étre attribué a des défauts d’épissage des transcrits du canal chlore 1
(CIC-1) et du récepteur de l'insuline dans les DM1 et DM2. D’autres altérations de 'épissage dans les tissus DM
impliquent notamment : la troponine T cardiaque (TNNT?2), la troponine T du muscle squelettique (TNNT3), la
protéine Tau associée aux microtubules (MAPT), le précurseur de la protéine amyloide beta (APP), le récepteur
de la N-méthyl-D-aspartate (NMDARI), le récepteur 1 de la ryanodine (RyR1), ’ATPase calcium-dépendant du
réticulum sarco et endoplasmique (SERCA), la protéine 1 myotubularine-dépendante (MTMR1). D’aprés Cho &
Tapscott (2007) [113].
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interaction avec ses cibles naturelles (cible ARN). Une autre possibilité pourrait étre de limiter
I'interaction de CUG-BP1 avec ses cibles naturelles dans les cas ot MBNL1 est séquestrée (cible
protéique).

Du point de vue méthodologique, les approches "par fragment" ("fragment-based") sont celles
qui ont remporté les succés les plus retentissants car elles offrent de fortes potentialités pour la
conception de ligands forts a partir de petits groupements chimiques qui n’ont qu’une affinité
relativement faible (de 'ordre du uM ou mM) pris séparément. Le concept de ces approches est
fondé sur 'idée qu’une cible thérapeutique, en général une macromolécule biologique (protéine,
ADN, ARN) présente des cavités qui constituent autant de sites potentiels de fixation pour des
groupes chimiques de caractéristiques différentes en termes de complémentarité de forme, d’hy-
drophobicité, de charge, etc. La cible peut ainsi étre considérée comme une succession de cavités
avec des propriétés spécifiques; la conception de drogues est ainsi assimilée & la recherche de
groupes chimiques qui présentent la meilleure complémentarité possible dans une cavité don-
née. Une drogue potentielle ou ligand peut alors étre congu en reliant entre eux plusieurs de ces
groupes chimiques présentant une affinité de liaison minimale dans leur cavité respective et situés
A proximité les uns des autres. Bien que la derniére étape de cette approche qui est de relier entre
eux des groupes pouvant avoir des propriétés chimiques trés différentes soit la plus délicate (car
elle pose des problémes parfois insolubles du point de vue de la synthése organique des ligands),
elle offre aussi les meilleures perspectives d’optimisation en termes d’affinité de liaison en per-
mettant d’augmenter 'affinité globale du ligand ainsi généré de plusieurs ordres de grandeur par
rapport & l'affinité des groupes chimiques pris de fagon isolée (Fig. 37). La mise en ceuvre de
ces approches a été réalisée a la fois du point de vue expérimental et théorique. Le concept et
son application ont été magnifiquement illustrés par le travail réalisé au sein des Laboratoires
Pharmaceutiques Abbott sur la conception de ligands dirigés contre la protéine de liaison de
I'immunosuppresseur FK506 (FKBP) [119]. Dans ce cas, il s’agit d’une approche expérimentale
ou 2 groupes chimiques différents ont été identifié et localisés a proximité 'un de l'autre par
RMN. En dernier lieu, le ligand “fusionné” a été synthétisé et son activité biologique confirmée.
Une approche par fragment in silico a également permis de proposer des inhibiteurs peptidiques
dirigés contre la protéine Ras afin d’empécher la formation du complexe Ras-Raf-GTP qui joue
un role dans le processus d’oncogénése [120]. Une validation expérimentale in vitro a démontré
la pertinence des inhibiteurs proposés par cette approche [121].
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Figure 37. Exemple de conception de ligands en utilisant une approche “par fragment”. Les 2 cavités & la surface
de la cible peuvent accueillir des groupes chimiques complémentaires a des degrés divers (forme, électrostatique,
hydrophobicité, etc) aux sites en (a) et (b). La connexion par une liaison chimique entre 2 groupes chimiques aux
sites (a) et (b) conduit & un ligand (c¢) ayant une affinité globale (f) supérieure de plusieurs ordres de grandeur a
celles des groupes chimiques pris séparément en (d) et (e). Les structures chimiques correspondent & un inhibiteur
de la liaison de le protéine E2 du papillomavirus humain (cible) & PADN (Hajduk et al., 1997) [122]. D’aprés
Pellecchia et al. (2002) [123].
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3.4 Approches par modélisation pour la compréhension des bases
moléculaires des DM

Une meilleure compréhension des maladies dues & des défauts d’épissage implique une étude
structurale des interactions ARN/ARN et ARN/protéines. Ainsi, dans le cas des mutations cor-
respondant & des amplifications de triplets de nucléotides et qui conduisent aux dystrophies
myotoniques, l'influence des séquences répétées CUG et CCUG sur les dérégulations de 1’épis-
sage est encore mal comprise. Initialement, la séquestration de différentes protéines de la famille
CELF sur les séquences répétées avait été associée a l'origine des anomalies observées, mais les
bases moléculaires de la reconnaissance entre ces protéines et leur(s) cible(s) ARN sont encore
inconnues. Des données récentes ont montré que c’est la protéine MBNL1 qui est séquestrée sur
les séquences répétées CUG et non CUG-BP1 dans un contexte pathologique [124, 125]; CUG-
BP1 intervient elle comme antagoniste de MBNL1 mais dans un contexte non pathologique.
Initialement, la protéine CUG-BP1 avait été baptisée ainsi pour son affinité pour des séquences
contenant des triplets CUG ; toutefois, elle semble ne se lier qu’a de courtes séquences répé-
tées (CUG)n (avec n < 8) ne présentant pas de structuration en double-brin contrairement aux
longues répétitions CUG. De plus, il a été montré ultérieurement de fagon expérimentale au sein
du MAEM que CUG-BP1 n’avait pas d’affinité particuliére in vitro pour de longues répétitions
(CUG),, (avec n > 16). L’absence de données structurales sur la protéine MBNLI1 ou sur une
protéine homologue qui aurait pu étre utilisée pour la modélisation de sa structure 3D ne per-
mettait pas d’envisager la modélisation des complexes entre MBNL1 et les ARN double-brin &
séquences répétées (CUG)n. Par contre, l'existence de données structurales abondantes sur les
protéines & domaines RRM (famille & laquelle appartient CUG-BP1) et leur complexe avec des
ARN simple-brin non structurés, nous a conduit a développer une nouvelle approche. En effet,
I’absence de structuration des ARN simple-brin liés aux protéines & domaines RRM ne permet
pas d’utiliser d’emblée une approche de “docking” classique.

Dans une approche de "docking" classique, on dispose d’une structure initiale définie pour
chacun des 2 partenaires & partir desquelles la procédure de "docking" est amorcée, méme si la
conformation de I’'un ou 'autre des partenaires est susceptible de changer de fagon conséquente au
cours de la simulation. Or, la grande flexibilité des ARN simple-brin ne permet pas de modéliser
sa structure séparée de celle de la protéine puisque I’ARN se structure essentiellement au contact
de la protéine; nous avons donc développé une nouvelle approche par modélisation baptisée
“SELEX in silico” (inspirée de la méthode expérimentale SELEX) congue et adaptée pour traiter
le cas de complexes avec un partenaire ARN trés flexible. L’approche “SELEX in silico” a été
développée dans 'optique de pouvoir prédire des interactions ARN /protéine et concevoir des
ligands ARN ayant une affinité optimale pour une protéine cible donnée. En effet, la méthode
SELEX expérimentale a déja montré qu’il est possible de générer des ligands ARN ayant une
meilleure affinité que le ligand ARN naturel. Il devient alors possible d’utiliser des ligands ARN
générés artificiellement pouvant interférer avec le ligand naturel, une protéine par exemple. Dans
le méme temps et dans la continuité de travaux antérieurs, une approche de "docking" classique
a été développée avec 'objectif de pouvoir modéliser les interactions entre un ARN de type
(CUG)n (pour lequel nous disposons de données structurales partielles [118]) et la protéine
MBNLI1 dont nous espérons obtenir une structure 3D compléte au laboratoire (Xavier Manival
et Christophe Charron). Pour Iinstant, on dispose de données structurales trés parcellaires sur
les seuls domaines en doigts & zinc de MBNL1 [126].

Dans le cas des DM, les protéines CUG-BP1 et MBNL1 agissent comme antagonistes dans la
régulation d’un certain nombre de génes ; interférer avec I'une ou 'autre des 2 protéines dans son
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interaction avec son ligand naturel peut représenter une stratégie thérapeutique. Par exemple,
lorsque MBNLI est séquestrée sur les longues répétitions ARN (CUG),, dans un contexte patho-
logique, CUG-BP1 se trouve en excés par rapport & MBNLI et bloquer sa fonction par un ligand
ARN peut atténuer la dérégulation de I’épissage lié au déséquilibre entre ces 2 facteurs de régu-
lation de I’épissage. Interférer avec MBNL1 par un ligand ARN empéchant qu’elle soit séquestrée
sur les répétitions ARN (CUG),, peut atténuer les dérégulations de 1'épissage dans les DM. Nous
nous sommes donc focalisé sur les interactions entre ARN simple-brin et protéines & domaines
RRM dans un premier temps en vue de modéliser les interactions entre CUG-BP1 et ses ligands
ARN naturels. Afin de valider la méthode SELEX in silico, un systéme test a été utilisé pour
reproduire le complexe formé entre une protéine & domaines RRM, la protéine HuD, et un de ses
ligands ARN riches en U et A (Wang et al., 2001; PDB ID : 1FXL). La détermination récente
de la structure 3D des domaines en doigts a zinc de MBNL1 nous a également conduit a tester
notre méthode sur un autre complexe de structure 3D connue formée entre la protéine a doigts a
zinc TIS11d et son ligand ARN, Pextrémité 3'UTR d’un ARN messager (PDB ID : 1RGO [127]).
De méme, la détermination récente de la structure 3D d’un court duplex r(CUG)g x(CUG)g
[118] nous permet d’envisager la modélisation des structures tige-boucle des longues répétitions
(CUG)y, et la recherche de ligands potentiels contre cette cible ARN.

3.5 SELEX n silico : Modélisation et Conception de Ligands
ARN

Une nouvelle méthode appelée SELEX in silico a été développée pour modéliser des complexes
protéine/ARN ou ’ARN est non structuré et essentiellement sous forme simple-brin. La méthode
repose sur une approche dite “par fragment” en faisant ’hypothése que ’ARN simple-brin peut
étre considéré comme un ligand que l'on peut naturellement décomposé en groupes individualisés
que sont les nucléotides. Plusieurs méthodes théoriques ont été développées dans la philosophie
d’une approche “par fragment” (MCSS [128]; Ludi [129]; HOOK [130]; DLD [131]; etc) mais
aucune n’apporte réellement de solution globale et trés intégrée entre les étapes de recherche
de groupes chimiques a la surface de la cible (MCSS), de construction de ligands & partir des
groupes chimiques (HOOK, Ludi) et d’optimisation des liens chimiques servant de connecteurs
entre les groupes chimiques (DLD).

La démarche “par fragment” pour modéliser la structure des complexes protéine/ ARN consiste
donc & : 1. rechercher des sites d’interaction favorables de nucléotides & la surface de la protéine
cible (programme MCSS), 2. reconstruire des chaines d’ARN a partir de nucléotides proches les
uns des autres et susceptibles de former un lien phosphodiester (programme BUILD), 3. optimi-
ser la structure globale de la chaine d’ARN ainsi construite en interaction avec la protéine cible
(programme MCDOCK), (Fig. 38). A la différence de la plupart des approches “par fragment”,
I’approche SELEX in silico développée dans ce sens intégre ’ensemble des étapes qui vont de
la recherche de sites de fixation de nucléotides, & la construction de chaines d’ARN et & leur
optimisation liées a la protéine cible. Elle a été nommeée par analogie avec la technique SELEX
expérimentale car elle doit permettre soit de faire de la “prédiction” de structure 3D d’ARN
simple brin liée & leur protéine cible en imposant la séquence, soit de faire de la “conception”
d’ARN simple brin sans contraintes de séquence (Fig. 38). Le choix de faire simplement de la
prédiction est particuliérement pertinent dans le cadre du développement et de la validation de
la méthode. Il s’agit en effet de tester rapidement si la méthode est en mesure de reproduire la
structure 3D de complexes ARN/protéine connus; ce qui est beaucoup moins coiiteux en termes
de recherche et temps de calcul que de sélectionner parmi un espace de 4n séquences, la ou les
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plus favorables en terme d’affinité théorique calculée pour sa liaison avec la protéine. D’ailleurs, il
a été démontré par la technique SELEX que les partenaires générés ainsi artificiellement peuvent
avoir une affinité améliorée de facon significative par rapport au partenaire naturel. Par consé-
quent, une approche “design” ne garantit pas non plus forcément que 'on retrouve, pour une
cible donnée, la séquence ARN correspondant au ligand naturel tel qu’il est 1ié & la protéine.
Dans un souci premier de validation, nous avons donc testé la capacité de la méthode & repro-
duire les 2 complexes ARN /protéine utilisés comme systémes tests faisant intervenir la protéine
HuD, protéine & domaines RRM comme CUG-BP1, et la protéine TIS11d, protéine & doigts de
zinc comme MBNLI. Les séquences des ARN reconnus par chacune de ces 2 protéines étant
uniquement composés de 2 nucléotides : A ou U, les calculs MCSS s’en trouvaient également
simplifiés.

Les résultats obtenus sur la protéine HuD (Fig. 39) comme cible ont révélé un des écueils
majeurs de 'approche SELEX in silico, qui est intrinséque aux approches par fragment. Les sites
d’interaction identifiés pour les nucléotides A ou U en utilisant des filtres standards (valeurs seuil
d’énergie pour considérer qu’une interaction avec un nucléotide a un site précis est “optimale”)
sont des sites optimaux alors que la position des nucléotides dans le ligand ARN naturel ne cor-
respond pas toujours & un site optimal. En effet, en raison des contraintes géométriques imposées
par la liaison des nucléotides successifs dans la chaine, la liaison de ’ARN a sa protéine cible ap-
parait comme une succession de sites ou peuvent alterner sites optimaux et sites sous-optimaux
(Fig. 39A). C’est ce que révele une analyse par décomposition de la contribution de chaque nu-
cléotide, dans la chaine ARN liée & HuD, a I’énergie globale d’interaction ARN /protéine (Fig.
39B). La méthode MCSS, utilisée dans la premiére étape de 'approche SELEX in silico, se révéle
donc trés performante pour identifier les sites d’interaction optimaux (Fig. 39C). Malheureuse-
ment, dans l'optique de 'approche “prédiction” (ou ’on cherche a reproduire la structure 3D d’un
complexe avec une chaine d’ARN de séquence donnée) la construction de chaines ARN & partir
de sites nucléotidiques isolés (dans la 2éme étape) demande de connecter des sites optimaux a
des sites sous-optimaux. Un cas typique de site sous-optimal dans le complexe HuD est celui
occupé par le résidu U6 qui interagit en fait trés peu avec la protéine : intercalé entre les résidus
U5 et A7, il est essentiellement stabilisé par une interaction ARN/ARN et non ARN/protéine
par son empilement sur A7 (Fig. 39A).
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B, ..,
e

Figure 39. Relation entre la force de liaison des résidus de ’ARN et la précision de prédiction MCSS. A. La
protéine cible utilisée est la protéine HuD a domaines RRM (RRM1 + RRM2) de topologie a8 qui reconnait des
ARN simple-brin riches en U et A. L’ARN cristallisé avec HuD a pour séquence 5-3UUUUAUUU10-3’ (le ler
résidu est numéroté 3, le résidu terminal 10). B. L’énergie de liaison (contribution enthalpique) de ’ARN a HuD
a été décomposée par résidu et par groupes chimiques a chaque position dans la séquence de ’ARN (3 a 10). C.
L’histogramme indique le nombre de prédictions MCSS des résidus d’ARN (U et A) en accord avec la structure

3D expérimentale (RMSD < 2.0A). Les sites le plus peulplés sont considérés comme optimaux (4, 5, 8, 9 et 10),
les autres comme sous-optimaux.

Plusieurs stratégies ont été envisagées et testées sur le complexe HuD pour remédier au pro-
bléme de la sous-représentation de sites sous-optimaux dans I’approche “prédiction”. La premiére
stratégie consiste & abaisser les seuils d’énergie utilisés pour identifier les sites favorables de telle
sorte & ce que MCSS donne des positions de nucléotides & des sites optimaux mais aussi & des sites
sous-optimaux (stratégie “force brute”, Fig. 40). En contrepartie, le nombre de sites & considérer
peut devenir trés important et les ressources en temps de calcul et mémoire deviennent alors li-
mitantes dans 1’étape de construction de chaines ARN. La deuxiéme stratégie est d’effectuer une
“recherche locale” et non plus une recherche globale sur la surface entiére de la protéine cible : la
probabilité de trouver des résidus dans une conformation adéquate est accrue. La recherche locale
est alors ciblée dans des régions de la protéine & proximité de sites optimaux afin d’accroitre la
possibilité de construire des chaines ARN incluant des sites sous-optimaux. La troisiéme stratégie
dite “des groupes étendus”, déja utilisée dans un travail antérieur [132|, consiste & utiliser des
groupes chimiques plus volumineux susceptibles de se loger a deux sites proximaux différents :
I’'un optimal et 'autre sous-optimal. En 'occurrence, il s’agit de rechercher des sites d’interaction
pour des dinucléotides au lieu de sites pour des mono-nucléotides. Dans le cas des résidus U6
et A7, 'utilisation de dinucléotides UA permet en effet d’identifier un résidu A au site optimal
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de A7 et un résidu U au site sous-optimal de U6 (Fig. 41). Ces trois stratégies ont contribué a
améliorer les résultats obtenus sur la prédiction du mode de liaison du ligand ARN & la protéine
HuD.

La mise en ceuvre des trois stratégies décrites a nécessité la modification du programme MCSS
mique (2.6) a été développée et intégre 'ensemble des modifications qui permettent : la recherche
et 'identification d’un grand nombre de sites optimaux et sous-optimaux, 1'utilisation de nucléo-
tides comme groupes chimiques, l'utilisation de groupes poly-nucléotidiques (dinucléotides ou
autres poly-nucléotides). Cette derniére fonctionnalité pourra d’ailleurs étre étendue a d’autres
groupes chimiques pour la recherche, par exemple, de ligands peptidiques ou oligosaccharidiques.

L’approche “prédiction” de la méthode SELEX in silico a été appliquée a la protéine TIS11d
qui appartient & la famille CCCH de protéines & doigts de zinc. La recherche d’un grand nombre
de sites optimaux et sous-optimaux a été effectuée en utilisant les 2 mono-nucléotides A et U
qui composent la séquence du ligand ARN ainsi que les 3 dinucléotides UU, AU, UA rencontrés
dans la séquence. Plus de 40 000 sites nucléotidiques potentiels ont ainsi été identifiés, distri-
bués autour de la protéine sur ces 2 faces majeures : la face qui représente la zone de fixation
de 'ARN et la face opposée (Fig. 42). Pour traiter un nombre aussi importants de sites, nous
avons défini une procédure de filtre des résultats MCSS et des résultats BUILD (2éme étape
de la méthode SELEX in silico) afin de ne retenir dans les chaines ARN possibles que les plus
pertinentes. Du point de vue thermodynamique, la liaison d’un ligand & sa cible est pénalisée
par la perte de degrés de liberté du ligand (contribution entropique) lorsqu’il est lié par rapport
a sa forme libre. Or, les sites identifiés par MCSS sont classés seulement en fonction de ’éner-
gie d’interaction (contribution enthalpique). Un filtre entropique a été ajouté en considérant le
nombre de groupes présents & un site donné. D’autre part, nous avons introduit une technique
de classification hiérarchique (“clustering”) au programme BUILD afin d’éliminer les chaines trop
similaires. Lorsque plusieurs chaines ARN sont proches les unes des autres, on les regroupe entre
elles (“cluster”) et l'on ne retient qu'une chaine parmi n possibles : celle qui est la plus repré-
sentative au sein du cluster. Ces 2 filtres ont permis d’identifier et de sélectionner 14 familles
de chaines correspondant a la séquence du ligand ARN naturel. L’ensemble des 14 familles sont
localisées sur la face de la protéine qui correspond a la zone de fixation de ’ARN (Fig. 42). De
plus, elles recouvrent aussi toutes le ligand naturel.

Le meilleur résultat, la chaine avec le meilleur score prédite par SELEX in silico, est aussi
celle qui donne la plus faible déviation par rapport a la structure 3D expérimentale (Fig. 43). Elle
donne une déviation RMSD de 3,1A et lorsque le ler résidu de la chaine (le plus mobile dans la
structure déterminée par RMN) est exclu, la RMSD est inférieure a 3,0A (Fig. 43). La derniére
étape est d’optimiser les chaines ARN sélectionnées et classées. Cette étape n’est pas détaillée
du point de vue méthodologique car elle correspond essentiellement a I'utilisation de MCDOCK
(voir section suivante). Les calculs MCDOCK sont susceptibles d’améliorer les résultats avec une
plus petite déviation entre les chaines reconstruites et la structure 3D expérimentale ; les calculs
sont actuellement en cours. Bien que la derniére étape du SELEX in silico ne soit pas totalement
achevée, on peut considérer que la méthode a été en grande partie validée, MCDOCK ayant été
en partie validé lors du défi CAPRI2008.

3.6 MCDOCK : docking de complexes ARN /protéine

MCDOCK a été développée sur les principes de la méthode de "docking" Monte-Carlo d’Ama-
déo Caflisch [133]. La procédure de docking repose sur une exploration conformationnelle a la
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Figure 40. Stratégie “force brute” pour 'identification de sites sous-optimaux par MCSS. Le site ciblé est celui
du résidu U3 (sous-optimal). La stratégie standard de MCSS (A, E, F) ne permet pas d’identifier des nucléotides
se liant & cette position qui correspond & un site sous-optimal. La stratégie “force brute” (B, D, F) modifie les
seuils d’énergie et la densité de sites identifiés. Un zoom des sites identifiés proches du résidu U3 sont montrés
en C) et E) et révélent Pabsence de candidats proches de la structure 3D expérimentale. Dans la stratégie “force
brute”, la densité de sites est plus élevée (D), et des sites sous-optimaux proches de la structure 3D expérimentale
sont identifiés (F).
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Figure 41. Stratégie “groupes étendus” pour 'identification de sites sous-optimaux par MCSS. Les site ciblé est
celui du résidu U6 (sous-optimal). La stratégie standard de MCSS (A, C) ne permet pas d’identifier des nucléotides
se liant & cette position qui correspond a un site sous-optimal (C). La stratégie des “groupes étendus”’ utilisant
un groupe MCSS composé d’un dinucléotide UA (B) permet d’identifier un site de U6 proche de la structure 3D
expérimentale (D).
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Figure 42. Application de 'approche “prédiction” de SELEX in silico & la protéine TIS11d : identification de
zones de liaison & PARN. Les différentes stratégies MCSS testées sur la protéine HuD ont été appliquées a la
protéine TIS11d, protéine appartenant a la famille de doigts a zinc (CCCH) de MBNLI1. La face de liaison de
la protéine & PARN (A) comme la face opposée (B) comportent de sites mono- et di-nucléotidiques potentiels
identifiés par MCSS (C et D). Ces sites ont permis de reconstruire plusieurs familles de chaines ARN représentées
par une surface “maillée” (les positions correspondant aux sites pour les U sont indiquées en rose, celles pour les
résidus A en bleu). Les chaines reconstruites par SELEX in silico (de la méme taille que celle du ligand ARN)
sont toutes localisées sur la face de liaison a I’ARN.
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Figure 43. Application de 'approche “prédiction” de SELEX in silico & la protéine TIS11d : identification et
sélection de chaines d’ARN. Parmi les chaines obtenues (A), la chaine d’ARN avec le meilleur score (B) est
celle qui présente la plus faible déviation par rapport a la structure 3D expérimentale (RMSD:B,L&). I’ARN
dans la structure expérimentale du complexe est représentée par son squelette phosphodiester et la position des
nucléotides (U en pourpre, A en bleu), ainsi que ’ARN de la chaine prédite par SELEX in silico (U en rose, A
i bleu clair).



3.6. MCDOCK : docking de complexzes ARN /protéine

fois globale et locale (Monte-Carlo) et une évaluation d’énergie en 2 étapes permettant d’uti-
liser au mieux les ressources de calcul (Fig. 44). La recherche conformationnelle tient compte
des degrés de liberté des partenaires en termes de translation et rotation globales et de varia-
tions des angles de torsion des chaines latérales des résidus d’acides aminés situés a l'interface
ARN/protéine et éventuellement des nucléotides. L’énergie du systéme est évalué de fagon ap-
proximative aprés une minimisation d’énergie afin d’éliminer des configurations trop défavorables
a priori et non pertinentes pour un calcul coiiteux d’énergie libre (Fig. 44). Le développement et
une validation partielle de I’approche de “docking” MCDOCK ont été réalisés sur un complexe
ARN /protéine utilisé comme systéme test (le complexe formé entre le snRNA U4 et la protéine
15.5kDa humaine). Plusieurs complexes de départ (5 au total en plus du complexe natif) sont
générés aléatoirement en modifiant les positions et orientations relatives des 2 partenaires ARN
et protéine ; ensuite une simulation par complexe est réalisée. Les résultats obtenus sur les 5 com-
plexes générés aléatoirement sont comparés au résultat obtenu sur le complexe natif : la fonction
de score permet de départager les complexes a priori les plus favorables. Les résultats obtenus
sur le systéme test plagaient le complexe natif avec le meilleur score (données non publiées).

coordonnées 3D, /
parameétres de
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MCM ———,
(fortran77) mouvements aléatoires FAUX
(translations moléculaires, «—
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Y
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= score| partie
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calcul de la
(fortran77,C) fonction globale de
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Figure 44. Schéma de la procédure de docking par MCDOCK. La recherche conformationnelle est effectuée
par simulations Monte-Carlo a haute température (600K) avec le programme CHARMM. Un terme d’interaction
non-polaire est également calculé avec CHARMM a partir de la différence de surface accessible entre les molécules
dans le complexe et les molécules libres. Les interactions électrostatiques sont calculées par la résolution de la
forme non-linéaire de 1’équation de Poisson-Boltzmann, par les programmes UHBD [134] ou APBS [135]. Les
programmes appelés & différentes étapes sont indiqués en rouge. Les taches accomplies sont indiquées en bleu.
Les indications “vrai/faux” correspondent aux décisions qui sont prises en fonction du résultat des évaluations
correspondantes.

Le développement de MCDOCK a été poursuivie et elle a été utilisée récemment dans le cadre
de I’édition 2008 du défi annuel international CAPRI auquel nous avons répondu comme équipe
participante en collaboration avec ’équipe ORPAILLEUR du LORIA (M. Chavent et B. Maigret)
et Dave Ritchie, Professeur a 1'Université d’Aberdeen (Ecosse, RU). Parmi les cibles proposées,
cette derniére édition du défi CAPRI (http://www.ebi.ac.uk/msd-srv/capri/round15/round15.html)
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proposait en effet, pour le premiére fois, de prédire la structure d’'un complexe ARN /protéine
(cible T34). Il s’agit du complexe formé entre la méthyltransférase RImA de classe II qui modifie
certaines positions de ’ARN 23S bactérien et notamment la position G748 qui se situe dans le
domaine de PARN 23S formant une jonction triple entre les hélices 33 & 35 [136]. Sur les 44
équipes participant a la prédiction en aveugle (les structures 3D expérimentales du complexe et
de la protéine seule étant inconnues), les prédictions que nous avons réalisées avec MCDOCK
(Fig. 44) nous placent au 7éme rang des meilleures équipes participantes pour cette cible (Table
2). La méthodologie reposait sur la génération de 15 complexes de départ générés par le pro-
gramme de docking HEX, développé par D. Ritchie, et qui permet d’identifier les complexes entre
molécules présentant la meilleure complémentarité de surface de contact [137]. La structure 3D
de ’ARN était donnée aux participants alors que la structure 3D de la protéine, inconnue, a été
modélisée par homologie par B. Maigret. Ensuite, les 15 complexes initiaux obtenus par HEX
étaient soumis a une approche par dynamique moléculaire (M. Chavent & B. Maigret) ou a
MCDOCK (M. Simoes & F. Leclerc). La comparaison des résultats obtenus avec HEX et les 2
approches par simulation : dynamique moléculaire (MD) et Monte-Carlo (MCDOCK) montrent
que les approches par simulation améliorent la précision des prédictions, les prédictions obtenues
par MD étant légérement meilleures (Table 3). La courte durée des simulations qui ont limité
fortement ’exploration conformationnelle des modes d’interaction ARN /protéine laisse espérer
encore de meilleures résultats avec les méthodes combinées HEX+MD ou HEX+MCDOCK (Fig.
45) dans des conditions plus idéales. Un travail complémentaire est en cours pour valider plus
avant les méthodes (Chavent et al., “Improving rigid body docking predictions for the CAPRI
Round 15 targets using short molecular dynamics and Monte Carlo simulations and bioinforma-
tics databases”, en préparation).

Nous avons montré, dans le cadre du défi international CAPRI2008, que les méthodes com-
binées telles que HEX+MCDOCK sont performantes pour prédire la structure 3D de complexes
ARN /protéine y compris avec un modeéle 3D pour la structure de la protéine, méme si la struc-
ture 3D expérimentale de 'ARN lié était elle connue. Des modifications seront apportées afin
d’améliorer la fonction de score de MCDOCK qui n’a pas permis de classer la meilleure prédiction
(le plus forte similarité avec la structure expérimentale) avec le meilleur score. En incorporant
ces modifications, la méthode pourra raisonnablement étre appliquée avec des chances de succés
pour prédire les complexes formés entre les répétitions (CUG),, et ses partenaires protéiques sous
réserve que les structures 3D des protéines soient disponibles ou a défaut celle d’un homologue
proche.

Les résultats de nos prédictions lors de CAPRI2008 suggéraient des difficultés & bien éva-
luer les meilleures modes d’interaction par la fonction de score de MCDOCK. Une série test
de complexes ARN/protéine représentatifs des principaux domaines de liaison a 'ARN (RRM,
KH, dsRBD, ZnF-CCCH, Zn-CCHH, etc) [138] sera construit et utilisé pour ajuster le para-
métrage de la fonction de score. On tiendra également compte de 'importance des interactions
électrostatiques dans le choix des complexes & tester. Des résultats préliminaires suggérent que
la mauvaise évaluation par la fonction de score est en partie reliée & la faible exploration confor-
mationnelle durant le simulations effectuées sur la cible T34 de CAPRI2008 correspondant au
complexe ARN /protéine (Fig. 45). En effet, de plus longues simulations permettent d’obtenir un
classement des 10 modéles proposés en meilleur accord avec la déviation de ceux-ci par rapport
a la structure 3D expérimentale du complexe.
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Figure 45. Modéles 3D du complexe ARN /protéine méthyltransférease RImA /ARNr 23S (CAPRI2008). Les 10
modéles générés par HEX+MCDOCK sont montrés superposés les uns par rapport aux autres (haut) ; le meilleur
modeéle dans le classement CAPRI est montré représenté par une surface accessible (ARN en pourpre, protéine
en vert).
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Table 2 : Résultats CAPRI 2008 sur la cible T'34

prédiction distance clashes L rmsd M _ RMSD Classification
capri_t34 xray 0.000 22 0.000 0.000 high

1. T34 P37.M01 0.837 17 1.675 1.442 medium
2. T34 P37.MO03 1.504 15 2.344 1.528 medium
3. T34 P61.MO03 1.055 15 2.381 1.887 medium
4.T34 P24.M03 1.073 129 2.610 1.358 medium
5. T34 P29.M01 1.168 48 2.853 1.343 medium
6. T34 P46.M03 1.510 18 3.189 1.450 medium
7. T34 P63.M06 1.635 15 3.223 1.231 medium
16. T34 P39.M02 1.936 128 4.18 1.221 medium
26. T34 P25.MO05 3.626 13 4.081 1.716 acceptable
66. T34 P25.M05 - - - - incorrect
164. T34 P25.MO05 - - - - removed

P61 : HEX+MD ( Chavent & Maigret) ; P63 : HEX+MC (Simoes & Leclerc) ; HEX (Ritchie) ; les critéres L _rmsd
et M__RMSD sont deux critéres utilisés par mesurer la déviation entre un modéle donné et la structure 3D
expérimentale ; “clashes” indique le nombre de contacts entre atomes anormalement proches dans le complexe ;

bR 1Y

la classification va de “high” pour les meilleures prédictions & “medium”, “acceptable” et “incorrect”. La Table
compléte est disponible en suivant le lien : http ://www.ebi.ac.uk/msd-srv/capri/round15/R15 T34 /index.html.

Table 3 : Performance des méthodes de docking

Modele HEX  Classement HEX + MD Classement HEX + MCDOCK classement
1 removed 5 acceptable - -
2 medium 9 medium 2 medium
3 acceptable - - 4 acceptable
4 medium 7 medium ) acceptable
5 acceptable - - 6 acceptable
6 acceptable - - 3 acceptable
7 removed 4 acceptable - acceptable
8 removed 3 medium 10 acceptable
9 incorrect 10 incorrect 9 acceptable
10 acceptable 6 acceptable 7 incorrect
11 ? 8 acceptable 1 medium
12 ? - -8 acceptable
13 ? 1 medium ?
14 ? 2 medium ?

pour chaque méthode utilisée (HEX seule, HEX+MD, HEX+MCDOCK), le classement CAPRI est indiqué;
les lignes en gras indiquent les cas ol les méthodes de simulation ont conduit & une amélioration directe de la

prédiction & partir du méme modéle de départ.
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Dans MCDOCK, la fonction de score est calculée comme la somme de 3 contributions prin-
cipales qui donne une approximation de I’énergie libre de liaison :

AGln'ndz’ng = AEjel—‘,—valw + AGel,solv + Aan,solv (31)

ou les différentes contributions pour soluté (complexe ARN-+protéine) représentent : I'énergie
interne (contributions électrostatique et van der Waals) : AFE¢4 4 calculée par le programme
CHARMM, la contribution électrostatique de I’énergie de solvatation du soluté : AGe so cal-
culée par la résolution de la forme non-linéaire de I’équation de Poisson-Boltzmann (programme
UHBD ou APBS), la contribution non polaire de I'énergie de solvatation du soluté : AGp, solw
calculée par le programme CHARMM (comme la variation de surface accessible entre le complexe
et les partenaires pris séparément). La fonction de score pourra étre ajustée a partir des calculs
effectués sur la série test de complexes ARN /protéine représentatifs en ajoutant un coefficient
multiplicateur & chacune des 3 contributions dans I’équation (3.1). L’équation prend alors la
forme suivante :

AC;binding = aAEel—i—vdw + ﬁAGel,solv + VAan,solv (32)

Une méthode statistique permettra ensuite de calculer les coefficients «, 3 et v permettant
d’obtenir le meilleur accord possible entre la fonction de score et la déviation des modéles générés
par rapport & la structure 3D expérimentale.

3.7 Travaux publiés

3.7.1 "DNA Polymorphism : A Comparison of Force Fields for Nucleic Acids"
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ABSTRACT The improvements of the force fields and the more accurate treatment of long-range interactions are providing
more reliable molecular dynamics simulations of nucleic acids. The abilities of certain nucleic acid force fields to represent the
structural and conformational properties of nucleic acids in solution are compared. The force fields are AMBER 4.1, BMS,
CHARMM22, and CHARMMZ27; the comparison of the latter two is the primary focus of this paper. The performance of each
force field is evaluated first on its ability to reproduce the B-DNA decamer d(CGATTAATCG), in solution with simulations in
which the long-range electrostatics were treated by the particle mesh Ewald method; the crystal structure determined by
Quintana et al. (1992) is used as the starting point for all simulations. A detailed analysis of the structural and solvation
properties shows how well the different force fields can reproduce sequence-specific features. The results are compared with

data from experimental and previous theoretical studies.

INTRODUCTION

Nucleic acids can adopt different conformations in solution
depending on the base composition (Hunter, 1993) and the
environment (for example pH and temperature, Kumar and
Maiti, 1994), including the nature of the solvent (Fang et al.,
1999), the counterions (Minasov et al., 1999), their
concentration (Ali and Ali, 1997), and interactions with
proteins (Jones et al., 1999), or small molecules (Reinert,
1999). Even a given sequence of DNA or RNA can exhibit
multiple conformations (Kielkopf et al., 2000). In living
systems, the conformational flexibility of DNA resides
primarily in the polymorphs of the DNA double helix (in-
cluding right-handed and left-handed double-helical DNA)
that occur under various experimental conditions (Gupta et
al., 1980). By contrast, double-stranded helical RNA is
confined to two very similar polymorphs of the A form (A
and A'), and the wide range of single-stranded nonhelical
RNA folds introduces the essential structural variability.
Significant progress in the development of empirical force
fields and molecular dynamics (MD) simulation methods has
lead to a more reliable description of the structure, energetics,
and dynamics of nucleic acids (Auffinger and Westhof, 1998;
Beveridge and McConnell, 2000; Cheatham and Kollman,
2000; Cheatham and Young, 2001). However, some
limitations related to the improper treatment of the equilib-
rium between the A and B forms of DNA (Feig and Pettitt,
1997, 1998) and the deviations of helicoidal parameters from
canonical B values (Cheatham and Kollman, 1996) have been
reported. The overstabilization of the A form relative to the B
form of DNA (Yang and Pettitt, 1996; MacKerell, 1997; Feig
and Pettitt, 1997) with the CHARMM?22 force field
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(MacKerell et al., 1995) has been addressed in a recent
reoptimization of the CHARMM?22 all-atom nucleic acid
force field. The new nucleic acid force field, called
CHARMM27, has small but important changes in both the
internal and interaction parameters relative to CHARMM?22
(Foloppe and MacKerell, 2000) and appears to treat well the
equilibrium between the A and B forms of DNA and the
influence of the environment, such as the water activity
(MacKerell and Banavali, 2000). A revised and improved
version of the AMBERA4.1 force field has also been presented
that shows better agreement with experimental data as a result
of the adjustment of internal force field parameters (Cheatham
etal., 1999). An alternative nucleic acid force field, which we
refer to as the Bristol-Myers Squibb (BMS) force field, has
been developed by Langley (Langley, 1998). Both the
CHARMM27 and AMBER force field parameters are based
on the reproduction of experimental results for nucleic acid
oligomers (e.g., condensed phase structural properties of
DNA and RNA) and consistency with small molecule results
obtained from quantum mechanical calculations and exper-
imental data. The BMS force field was developed, in part,
by adaptation of the CHARMM?22 (MacKerell et al., 1995),
QUANTA and AMBER force fields (Cornell et al. 1995. The
backbone angle and dihedral parameters were derived from
quantum mechanical calculations with refinements based on
a series of MD simulations. All the force fields used
condensed-phase MD simulations in the final stage of the
parameter optimization. The CHARMM27 force field has
also been applied to model compounds to evaluate the
contributions from the individual moieties to the overall
conformational properties of DNA and RNA (Foloppe and
MacKerell, 2000).

Recent simulations of nucleic acids using an explicit
solvent representation and an ionic environment have led
to high structural stability on the nanosecond time scale
(Beveridge and McConnell, 2000). This accuracy was
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3.7.2 "MCSS-based predictions of RNA binding sites"
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Abstract. The diversity of RNA tertiary structures
provides the basis for specific recognition by proteins
or small molecules. To investigate the structural basis
and the energetics which control RNA-ligand interac-
tions, favorable RNA binding sites are identified using
the MCSS method, which has been employed previously
only for protein receptors. Two different RNAs for
which the structures have been determined by NMR
spectroscopy were examined: two structures of the TAR
RNA which contains an arginine binding site, and the
structure of the 16S rRNA which contains an amino-
glycoside binding site (paromomycin). In accord with
the MCSS methodology, the functional groups repre-
senting the entire ligand or only part of it (one residue in
the case of the aminoglycosides) are first replicated and
distributed with random positions and orientations
around the target and then energy minimized in the
force field of the target RNA. The Coulombic term and
the dielectric constant of the force field are adjusted to
approximate the effects of solvent-screening and coun-
terions. Optimal force field parameters are determined to
reproduce the binding mode of arginine to the TAR
RNA. The more favorable binding sites for each residue
of the aminoglycoside ligands are then calculated and
compared with the binding sites observed experimental-
ly. The predictability of the method is evaluated and
refinements are proposed to improve its accuracy.

Key words: MCSS — Ligand Design — RNA — Binding

1 Introduction

Nucleic acids make logical targets for drug design,
since all enzymes and receptor proteins depend on
RNA for their synthesis. Unlike DNA, RNA may fold
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into complex and diverse molecular shapes which
constitute attractive targets for specific and selective
binding. A number of X-ray or NMR structures of
RNA and its complexes with drugs, peptides, or
proteins have been recently determined and provide
the opportunity to better understand RNA-ligand
interactions [6]. Nevertheless, only a few studies on
modeling RNA-ligand interactions have been published
[7, 8].

A primary step towards the design of drugs against
macromolecule receptors is the identification of potential
binding sites for ligand fragments (functional groups).
Such an approach has been applied in computational
and laboratory combinatorial ligand design for protein
receptors [2, 9-11]. The TAR RNA of HIV-1 and the
bacterial 16S rRNA, for which the structures have been
determined by NMR spectroscopy [3—-5], represent two
interesting targets because of their biological role in the
regulation of the HIV cycle and in the protein synthesis
of pathogenic bacteria, respectively. They are used here
as macromolecule targets with the MCSS method to
predict favorable binding sites for arginine in the case of
the TAR RNA and for aminoglycoside moieties in the
case of the 16S rRNA. The MCSS method [1] is divided
into two steps. The first step involves the replication of
pre-defined functional groups and their distribution in
random positions and orientations in a binding region
delimited by a spherical or rectangular boundary. The
second step involves their energy minimization in
the force field of the receptor [1], and the selection of the
local minima based on an energy cutoff. The search for
minima is performed by an iterative process. Details of
the method are given by Miranker and Karplus [1].

2 Specific approach

Two sets of force field parameters were used to identify
and select the MCSS minima. In the first set (Model 1),
the non-bonded interactions between the replicated
functional groups (replica) and the receptor were
calculated based on the CHARMM force field using
the recent parameters for nucleic acids [12]. Since these
parameters are designed for use with explicit solvents
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Application de ’approche SELEX in silico aux cibles des DM

La méthode SELEX in silico est actuellement appliquée aux cibles d’intérét, a savoir les pro-
téines CUG-BP1 et MBNL1. CUG-BP1 comporte trois motifs RRM : RRM1, RRM2 et RRM3;
elle est produite dans 'UMR 7567 sous différentes formes entiére et tronquées. La structure 3D
des domaines RRM1 + RRM2 d’une part (PDB ID : 2DHS) et celle du domaine RRM3 d’autre
part (PDB ID : 2CPZ) sont disponibles (Fig. 46A). Une trés petite partie de la structure de
MBNL1 est disponible : il s’agit des domaines en doigts de zinc (PDB ID : 2E5S; Fig. 46B).
L’application du SELEX in silico est utilisée pour tenter de répondre & 2 objectifs : le pre-
mier est de prédire la structure de complexes formés entre les cibles et un certain nombre de
ligands naturels ou artificiels (obtenus par SELEX expérimentale) d’aprés des données connues
ou obtenus au sein de 'UMR 7567 ; on utilisera alors ’approche “prédiction” de la méthode. Le
second objectif est de concevoir des ligands ARN potentiels susceptibles d’interférer efficacement
avec les ligands naturels ; pour cela, on utilisera ’approche “conception”. L’écueil que représente
la sur-représentation de sites optimaux (ou la sous-représentation de sites sous-optimaux) dans
I’approche “prédiction” devrait étre un avantage dans ’approche “conception”. Dans le SELEX
in silico, les calculs les plus cofiteux étant les calculs MCSS, ’ensemble des calculs MCSS sont
préparés sur ’ensemble des cibles en considérant tous les groupes possibles pour pouvoir utiliser
les 2 approches “prédiction” et “conception”. Pour cela, les calculs MCSS sont effectués avec les
4 groupes correspondant aux 4 mono-nucléotides (A, U, C, G) et les 16 di-nucléotides possibles,
donc 20 groupes au total. La version beta (2.6) de MCSS a été migrée sur la plateforme IBM-SP4
du CINES qui est utilisée pour réaliser les calculs.

Application d’approches de criblage et de conception de ligands
contre les répétitions (CUG),

Un modeéle 3D atomique d’ARN r(CUG)17 a été généré en utilisant la structure 3D du
duplex r(CUG)g : r(CUG)g obtenue par diffraction des rayons-X (PDB ID : 1ZEV, Mooers
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Figure 46. Protéines cibles impliquées dans les dystrophies myotoniques (DM). A. Représentations de CUG-
BP1 : “cartoon” et “surface”. Les domaines RRM1 et RRM2 correspondent & la structure PDB 2DHS, le domaine
RRMS3 & la structure PDB 2CPZ. B. Représentations de MBNL1 : “cartoon” et “surface”. Les domaines en doigts
de zinc correspondent & la structure PDB 2E5S.

et al., 2005). A la différence de la structure 3D expérimentale, le modéle correspond & une chaine
d’ARN monocaténaire obtenue par réplication symétrique du duplex pour la partie double-brin
(8 répétitions en double-brin) et auquel nous avons ajouté une boucle terminale qui ferme la
tige : la "triloop" CUG (Fig. 47); r(CUG);7 correspond & l'une des molécules & répétitions
CUG utilisée expérimentalement au laboratoire pour étudier in witro les interactions avec des
partenaires protéiques.

Avant la détermination de la structure 3D du duplex, un petit modeéle 3D & trois répétitions
r(GG(CUG)3CC) avait été construit afin d’étudier la flexibilité d’une tige boucle comportant
un mésappariement U :U (pour la méthodologie, voir Reddy et al., 2000 [139]). Les résultats de
simulations par dynamique moléculaire ont montré que I’ARN semble trés flexible dans la partie
de la boucle terminale. Le mésappariement U :U correspond aussi a une région de 'ARN elle
aussi trés dynamique, ot les deux résidus U peuvent glisser 'un par rapport a l'autre tout en
maintenant un appariement par leur face Watson-Crick (Fig. 48). Les deux U peuvent passer
d’un appariement ou le U en 5’ est déplacé vers le petit sillon (Fig. 48A) a un appariement
ou le U en 3’ est déplacé vers le petit sillon (Fig. 48B), ceci par référence aux appariements
Watson-Crick de I'hélice (Fig. 48). Dans la structure 3D du duplex, les mésappariements U :U
correspondent & un déplacement du U en 3’ vers le petit sillon (Fig. 48C). La transition entre le
ler type d’appariement (Fig. 48A) et le second (Fig. 48B) est observée en quelques nanosecondes
a I’échelle de la simulation. Les paires U :U constituent vraisemblablement une zone de flexibilité
dans la partie double-brin des répétitions (CUG),,.

Les résultats obtenus en dynamique moléculaire sur le petit modéle a 3 répétitions se sont
révélés transposables au modéle & 17 répétitions. Les simulations montrent une grande flexibilité
de la boucle terminale en accord avec I'instabilité conformationnelle de la partie apicale observée
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Figure 47. Modele 3D d’'un ARN & séquence répétée : r(CUG)17. Les 2 vues avec de la structure tige-boucle
représentées longitudinalement montrent les sillons et la plus grande accessibilité du petit sillon. Les 2 vues axiales
montrent une structure tige-boucle trés rectiligne un peu moins réguliére qu’une double hélice standard d’ARN.
La région double-brin de PARN a été construite a partir des coordonnées atomiques de la structure 3D d’un
duplex r(CUG)s :r(CUG)s (PDB ID : 1ZEV).

expérimentalement par la technique d’empreintes enzymatiques (Fig. 49). Les paires U :U sont
également flexibles et pourraient représenter une zone déformable au contact MBNL1 ou d’autres
ligands. Une des perspectives de ce travail sur 'ARN r(CUG);7 est d’utiliser des conformations
représentatives obtenues en dynamique moléculaire comme cibles pour la conception de ligands
susceptibles d’interférer dans Uinteraction de MBNL1 avec les répétitions (CUG),. La région
des paires U :U apparait comme un site privilégié a cibler pour la conception des ligands. Deux
approches de philosophies différentes seront utilisés pour rechercher des ligands potentiels : la
premiére entre dans la catégorie des méthodes de recherche et filtrage virtuel de molécules actives
alors que la seconde est une approche par fragment pour la conception de novo de ligands.
Dans le premier cas, I’approche consiste a rechercher des ligands potentiels parmi des molécules
biologiques "actives" connus a une site particulier de la cible alors que la seconde, plus risquée,
vise & proposer des ligands a partir de groupes chimiques susceptibles de se lier & différents
sous-sites.

La premiére approche entre dans le cadre d’une collaboration avec Bernard Maigret pour
I'adaptation du programme VSM-G ("Virtual Screening Manager for the Grid" [140]) pour le
criblage virtuel de banque de données 3D de ligands ayant une complémentarité potentielle pour
les ARN & séquence répétée CUG (Fig. 50). Une premiére banque de ligands connus comme
inhibiteurs de protéines kinases a été sélectionnée ; comme il s’agit de molécules ayant des simila-
rités moléculaires avec les nucléotides, ces inhibiteurs sont susceptibles de mimer des interactions
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A)

grand sillon

B)

C)

Figure 48. Appariements et empilements de paires U :U dans un petit modéle ARN a séquence répétée CUG.
L’appariement U :U (violet) est représenté dans le contexte d’un duplex formé par des répétitions CUG avec les
2 paires Watson-Crick C :G et G :C (C : orange, G : vert) qui I’encadrent. A) Appariement U :U observé en
simulation dans le cas du petit modéle I’ARN r(GG(CUG)3CC : le U en 5’ (coté gauche) est déplacé vers le petit
sillon. B) Appariement U :U observé en simulation dans le cas du petit modéle d’ARN r(GG(CUG)3CC : le U
en 3’ (coté droit) déplacé vers le petit sillon. C) Appariement U :U, observé dans la structure expérimentale du
duplex d’ARN r(CUG)s : r(CUG)s (PDB ID : 1ZEV [118]) : le U en 3’ (coté droit) déplacé vers le petit sillon.

ARN/ARN avec les répétitions CUG. La recherche de molécules actives pourra ensuite étre éten-
due a d’autres banques de molécules bioactives. La seconde approche correspond a une extension
du programme MCSS pour I'identification de sites d’interaction favorables de groupes chimiques
ayant une affinité potentielle pour les ARN et s’inscrit dans la continuité de travaux antérieurs
menés dans la laboratoire de Martin Karplus. Une banque de groupes chimiques MCSS a été
construite a partir de données extraites de la littérature sur des ligands connus pour se lier aux
acides nucléiques (ADN ou ARN). Les groupes existant, qui ont été paramétrés dans le champ
de force CHARMM, sont classés en 4 familles : les composés cycliques (pouvant se lier dans les
sillons ou s’intercaler), les glycosides correspondant aux résidus qui des antibiotiques de la classe
des aminoglycosides (pouvant se lier dans les sillons), les groupes amino chargés (extraits de
composés polycationiques se liant & ’ADN), les métaux ou complexes avec des métaux (Fig. 51).
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Figure 49. Structures 2D et 3D proposée pour ’ARN r(CUG);7. Structure 2D proposée sur une base expéri-
mentale : les clivages par les RNases V1, T1 et T2 sont respectivement représentés par des carrés bleus (V1), des
losanges jaunes (T1) et des cercles verts (T2). Le nombre (1, 2 ou 3) de carrés, losanges ou cercles représente
Pintensité du clivage (faible, moyen, fort, respectivement). Les carrés bleus indiquent les régions en double-brin,
les losanges jaunes et cercles verts celles en simple-brin. Les appariemments Watson-Crick sont indiqués par un
trait. Structure 3D proposée sur une base théorique : 10 conformations représentatives de la structure modélisée
et soumise a une simulation par dynamique moléculaire sont superposées. Les résidus sont colorés par type : U
en pourpre, C en orange, G en vert. La conformation initiale de la structure modélisée est représentée par une
surface accessible afin de souligner les régions flexibles (les extrémités : la base de I’hélice et la boucle terminale,
les paires U :U de la tige).
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Grille de Calcul

Dégonflement @

Etape N° 1: création de la
surface moléculaire en utilisant
MSSH

Ligands

Etape N° 2: Spherical Harmonic coEfficent
Filter (SHEF) ———— > Section 1

Etape N° 3: Affinage des résultats en
triant et en reclassant —— 3= Section 2

Etape N° 4: Inspection "a la main"—» Section 3

%

Figure 50. Schéma du principe de fonctionnement VSM-G. Les différentes étapes permettant le criblage de
molécules sur une cible donnée sont indiquées.
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Figure 51. Groupes MCSS extraits de ligands des acides nucléiques. A. Groupes cycliques correspondant a
des intercalants, & des ligands spécifiques des sillons ou & des ligands mixtes. B. Glycosides extraits des résidus
des aminoglycosides. C. Groupes amino chargés extraits de composés polycationiques se liant dans les sillons de
I’ADN. D. Métaux et complexes métalliques.
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Abstract. The diversity of RNA tertiary structures
provides the basis for specific recognition by proteins
or small molecules. To investigate the structural basis
and the energetics which control RNA-ligand interac-
tions, favorable RNA binding sites are identified using
the MCSS method, which has been employed previously
only for protein receptors. Two different RNAs for
which the structures have been determined by NMR
spectroscopy were examined: two structures of the TAR
RNA which contains an arginine binding site, and the
structure of the 16S rRNA which contains an amino-
glycoside binding site (paromomycin). In accord with
the MCSS methodology, the functional groups repre-
senting the entire ligand or only part of it (one residue in
the case of the aminoglycosides) are first replicated and
distributed with random positions and orientations
around the target and then energy minimized in the
force field of the target RNA. The Coulombic term and
the dielectric constant of the force field are adjusted to
approximate the effects of solvent-screening and coun-
terions. Optimal force field parameters are determined to
reproduce the binding mode of arginine to the TAR
RNA. The more favorable binding sites for each residue
of the aminoglycoside ligands are then calculated and
compared with the binding sites observed experimental-
ly. The predictability of the method is evaluated and
refinements are proposed to improve its accuracy.

Key words: MCSS — Ligand Design — RNA — Binding

1 Introduction

Nucleic acids make logical targets for drug design,
since all enzymes and receptor proteins depend on
RNA for their synthesis. Unlike DNA, RNA may fold
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into complex and diverse molecular shapes which
constitute attractive targets for specific and selective
binding. A number of X-ray or NMR structures of
RNA and its complexes with drugs, peptides, or
proteins have been recently determined and provide
the opportunity to better understand RNA-ligand
interactions [6]. Nevertheless, only a few studies on
modeling RNA-ligand interactions have been published
[7, 8].

A primary step towards the design of drugs against
macromolecule receptors is the identification of potential
binding sites for ligand fragments (functional groups).
Such an approach has been applied in computational
and laboratory combinatorial ligand design for protein
receptors [2, 9-11]. The TAR RNA of HIV-1 and the
bacterial 16S rRNA, for which the structures have been
determined by NMR spectroscopy [3—-5], represent two
interesting targets because of their biological role in the
regulation of the HIV cycle and in the protein synthesis
of pathogenic bacteria, respectively. They are used here
as macromolecule targets with the MCSS method to
predict favorable binding sites for arginine in the case of
the TAR RNA and for aminoglycoside moieties in the
case of the 16S rRNA. The MCSS method [1] is divided
into two steps. The first step involves the replication of
pre-defined functional groups and their distribution in
random positions and orientations in a binding region
delimited by a spherical or rectangular boundary. The
second step involves their energy minimization in
the force field of the receptor [1], and the selection of the
local minima based on an energy cutoff. The search for
minima is performed by an iterative process. Details of
the method are given by Miranker and Karplus [1].

2 Specific approach

Two sets of force field parameters were used to identify
and select the MCSS minima. In the first set (Model 1),
the non-bonded interactions between the replicated
functional groups (replica) and the receptor were
calculated based on the CHARMM force field using
the recent parameters for nucleic acids [12]. Since these
parameters are designed for use with explicit solvents
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and the calculations are done in vacuo for the sake of
efficiency, a modified set (Model 2) was derived from the
first one by scaling down the atomic charges on the
phosphate groups to mimic the presence of counterions
[13]. In both sets, the solvent screening is modeled using
a distance-dependent dielectric e(r) = (¢-») where ¢
varies from 1 to 4. The search for MCSS minima is first
carried out in a restricted binding region defined by a
sphere of 12 A of radius centered on the position of the
bound arginine residue. A more extensive search is then
performed in a box including the whole RNA. In the
case of the 16S rRNA, the first search is carried in a box
centered on the aminoglycoside binding site (8250 A%).
The MCSS functional group for the arginine side-chain
is represented by a polar hydrogen model [1, 14]. The
four MCSS functional groups corresponding to the
individual residues of paromomycin are represented with
the all-hydrogen model. The chemical structures of the
RNA ligands, arginine, and paromomycin are shown in
Scheme 1; the functional groups are separated by arrows
(the number attached to the arrow indicates where the

bond is broken for the corresponding residue) and the
net charge per group is indicated in parentheses.

The minima are sorted based on the energy of inter-
action, which is defined by the sum of the van der Waals
and electrostatic contributions. The improved MCSS
program (version 2.1) developed by Erik Evensen (un-
published), a complete reimplementation of the original
MCSS method with increased efficiency, flexibility, and
ease-of-use, and the CHARMM program [15] are used
for the calculations.

3 Results

The strong arginine binding site of the TAR RNA is
used to calibrate the method by adjusting the force field
parameters to account for the implicit presence of
counterions and/or the screening effect of solvent. The
two classes of model were tested to reproduce the
position of the arginine side-chain in the TAR RNA
binding site. For Model 1 the MCSS minima are closer
to the phosphate backbone, while they are closer to the
nucleic acid bases for the Model 2. In both models, the

1. AGIN (+1) increase of the dielectric constant produces more
P 2. STRP (+1) favorable MCSS minima in the known arginine binding
o L site. Model 2, which t.akes into account both the implicit
HO Q presence of counterions and the screening effect of
o% solvent (¢ = 3), gave the minima with the best score and
HN_ @ NH HO N2t s N\ the lowest root mean square deviation (RMSD) with
o2 respect to the position of the arginine residue in the
HN. ARGR (+1) 3. RIBO) NMR structure (see Table 1). In what follows, we
4 describe the results for Model 2.
N o The results are presented in Fig. 1: the MCSS min-
OH ima identified in a restricted searched region around the
4.ID2N (+2) arginine binding site (Fig. 1A) and on the entire RNA
oce N surface (Fig. 1B). The minima exhibit three different
binding modes: the first one involves arginine fork-like
*H3;N HO . . . .
structures with nucleic acid bases (guanine) [4], the
ARGININE PAROMOMYCIN second one corresponds to non-specific interactions
with phosphate groups, and the last one to stacking
Scheme 1. interactions with the base of bulge nucleotides
Table 1. Prediction accuracy of RNA binding sites®
RNA Ligand MCSS functional group Model 1 Model 2
RMSD  Score  Occupancy® RMSD Score  Occupancy
HIV-1 TAR®  Arginine Arginine side-chain 0.6 A 100 7% 0.6 A 100 8%
HIV-1 TAR?  Arginine Arginine side-chain I.TA 100 6% 1.0A 100 15%
16S rRNA Paromomycin  1st residue (AGIN) 1.0 A 65 1% 1.0 A 76 3%
Paromomycin  2nd residue (STRP) >4 <1 - 2.8 A 1.2 -
Paromomycin  3rd residue (RIB) 24 <l - 24 <1 -
Paromomycin  4th residue (ID2N) 0.3 A 74 2% 03 A ) 100 4%
Paromomycin ~ Residues 1 and 2 (NEA2) - - - 0.3 A/1.5A  34/92 3%

#The prediction accuracy is evaluated by two criteria: the root mean square deviation (RMSD) and the score. The RMSD is measured
for all non-hydrogen atoms between the positions of the MCSS minima and the ligands observed experimentally. The score (min = 0,

max = 100) is given by the following expression: 100(1 — |(Emax

= Ei)/(Emax

— Emin)|), where Epnax and Epin are the maximum and mini-

mum energies of interaction, respectively, and E; the energy of interaction for the corresponding MCSS minimum. A score of 100 indicates

that the minimum has the best energy of interaction

®The occupancy is defined as the proportion of MCSS minima similar to the ligand observed experimentally (RMSD < 1.5 A)

“HIV-1 TAR RNA structure determined by Puglisi et al. [4]
4HIV-1 TAR RNA structure determined by Aboul-ela et al. [3]



133

Fig. 1A-C. Distribution of MCSS minima at the surface of the
HIV-1 TAR RNA [3]. A Minima identified within a sphere of 12 A
centered on the structure of the arginine residue. B Minima
identified on the entire surface of the RNA. The RNA target,
colored in blue, corresponds to the bound TAR conformation; its
bound arginine is colored in /ight blue. The score of each minima is
given by the color scheme at the bottom representing the energy of
interaction. C Detail of the three arginine binding modes (top:
interactions with the phosphate backbone; middle: stacking
interactions with the bulge nucleotide G33; bottom: arginine fork
motif). The hydrogen bonds are represented by dashed lines. The
program InsightIl was used for the graphical representation (MSI,
San Diego)

(Fig. 1C). The minima with high scores largely overlap
with the arginine residue in the NMR structure of the
complex. They also correspond to the more favorable
binding sites on the entire surface of the RNA.
The details of the interaction between the minima with
the best score and the RNA binding site are repre-
sented on Fig. 2. The best minima (with the 10 highest
scores) reproduce accurately the position of the
arginine side-chain in the two NMR structures of the
arginine-TAR RNA complexes, but with a lower
RMSD in the case of the structure determined by
Puglisi et al. [3, 4] (see Table 1 and Fig. 2).

The distribution of the minima corresponding to the
four paromomycin residues are shown in Fig. 3A and
3B. The global distribution for the AGIN (first residue),
STRP (second residue), RIB (third residue), and ID2N
(fourth residue) groups is similar: for all the residues
(Fig. 3C), independently of the charge and shape, three
different favorable binding regions are found. The min-
ima with high scores are concentrated mostly in one

region (Fig. 3B). The position of the best AGIN and
ID2N minima are in good agreement with that of the
first and fourth residues of paromomycin (Fig. 4); the
minima for the STRP and RIB groups, which share
some overlap with the actual positions of the corre-
sponding paromomycin residues, have very low scores.
These latter could be due to the fact that these residues
occupy a sub-optimal position in the binding site as part
of the paromomycin molecule. To test this hypothesis,
an additional search was performed using a larger
functional group (NEA2) including both the first and
second residues in order to determine the more favorable
positions of the STRP group when merged to AGIN
(see Scheme 1). The results demonstrate that the binding
site of the second residues can be better predicted in the
context of a larger functional group (see Table 1). In the
case of aminoglycoside moieties, the computational cost
of the MCSS search remains linearly dependent on the
size of the functional group (on a DEC 3000 AXP 500,
around 4 h of computer time for the AGIN and STRP
groups and around 10 h of computer time for NEA2). A
general view of the paromomycin binding site and the
positions of some minima are shown in Fig. 5. The ac-
curacy of the predicted binding sites for each functional
group is summarized in Table 1.

4 Discussion

We show that a simple model that makes use of the
MCSS method with a modified CHARMM force field
(reduced phosphate charges) can simulate RNA-ligand
interactions and predict RNA binding sites. The predic-
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Fig. 2A, B. Close-up view of
the MCSS minima within the
TAR arginine binding site. The
structure of the arginine-RNA
complex is colored as in Fig. 1
(RNA in blue, arginine in
black). The binding site is rep-
resented by a solvent accessible
surface. A NMR structure by
Aboul-ela et al. [3]. B NMR
structure by Puglisi et al. [4].
The MCSS minimum with the
highest score is shown in red,
the guanine forming the argi-
nine fork motif is in green

tion accuracy is dominated by the geometry and
electrostatic properties of the RNA binding site.

In the case of the TAR RNA, the accuracy is sensitive
to the NMR structure used as the target (see differences
in RMSD and score in Table 1). In the first TAR RNA
structure [4], the bulge nucleotide U23 forms a base-
triple with the Watson-Crick base pair A27 - U38, a
structural feature absent from the second structure [3].
The presence of the base triple restrains the positions of
the MCSS minima to a well-defined cavity where the
guanidinium group of the arginine residue is perfectly
stacked over the bulge nucleotide U23 and paired to the
guanine G26 according to the arginine fork motif [4] (see
Fig. 2). In the second structure [3], the MCSS minima
tend to stack over U23 close to the phosphate backbone
and are more poorly paired to G26.

In the case of the 16S rRNA, the predictions depend
strongly on the geometry and electrostatic properties of
the RNA binding site. Independently of the functional
group used to represent one of the four residues of

paromomycin, two regions of the RNA appear to be
very favorable for binding. One binding region is a well-
defined cavity in which the first residue of paromomycin
fits by stacking interactions with the nucleotide A1492
(see Fig. 5). This region is also an attractive pole for
monocationic residues like the first and second residue of
paromomycin (see Fig. 3A, B). The second region is also

>

Fig. 3. A Distribution of MCSS minima at the surface of the 16S
rRNA. The four panels represent the distribution for each of the
functional groups corresponding to the four paromomycin residues
(first residue: AGIN; second residue: STRP; third residue: RIB;
fourth residue: ID2N) colored in [light blue. A color scheme
indicates the score of the minima for each functional group. B
Distribution of high score MCSS minima. The five minima with the
highest scores are shown for each functional group. The minima
closer to the corresponding paromomycin residue are minimum 4
for the first residue (AG1N), minimum 122 for the second residue
(STRP), minimum 122 for the third residue (RIB), and minima 1
and 2 for the fourth residue (ID2N)
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Fig. 4A, B. Close-up view of
the MCSS minima for the
AGIN and ID2N groups in the
paromomycin binding site. A
MCSS minimum for the AGIN
group. B MCSS minimum for
the ID2N group. The MCSS
minima are colored in red, the
corresponding residues in the
RNA-aminoglycoside complex
in light blue. The hydrogen
bonds between the RNA and
the ligands (distance X-H

<3.0 A where X=0, N) are
indicated by dashed lines
according to the same color
scheme. The MCSS minima
represented correspond to those
described in Table 1
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a very attractive electrostatic pole for mono- or dicat-
ionic groups because of the proximity of two portions of
the RNA backbone (the phosphates of nucleotides
G1489 and C1407 in Fig. 5). The decomposition of the
binding free energy on a per residue basis indicates that
the group for which the binding position and confor-
mations are predicted best corresponds to the residue
that contributes the most to the free energy of binding
(results not shown), in agreement with recent experi-
mental data [16].

5 Conclusions

A preliminary study has been made which indicates that
the MCSS method can be used to investigate functional
group binding to nucleic acids. To improve the reliability
of the predictions, models which give a more accurate
description of the solvent and polyelectrolyte effects on
RNA-ligand interactions are being evaluated. Reliable
predictions of known RNA binding sites will open new
perspectives for the application of combinatorial struc-
ture-based drug design to these molecules, which are
emerging as attractive drug targets.

Acknowledgements. This work was supported in part by a grant
from the Department of Energy to Harvard University.

<

Fig. 5A, B. General view of the MCSS minima within the
paromomycin binding site. The structure of the paromomycin-
16S rRNA complex is colored as in Fig. 3 (RNA in blue,
paromomycin in light blue). The binding site is represented by a
solvent accessible surface. A The minima 1 and 4 (AGIN and
ID2N) corresponding to the first and fourth residues of par-
omomycin are shown in red; the minimum 122 (STRP) corre-
sponding to the second residue of paromomycin is shown in pink
according to the score. B The minimum with the lowest RMSD (see
Tablel) corresponding to the residues 1 and 2 (NEA2) is shown
in red
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ABSTRACT The improvements of the force fields and the more accurate treatment of long-range interactions are providing
more reliable molecular dynamics simulations of nucleic acids. The abilities of certain nucleic acid force fields to represent the
structural and conformational properties of nucleic acids in solution are compared. The force fields are AMBER 4.1, BMS,
CHARMM22, and CHARMMZ27; the comparison of the latter two is the primary focus of this paper. The performance of each
force field is evaluated first on its ability to reproduce the B-DNA decamer d(CGATTAATCG), in solution with simulations in
which the long-range electrostatics were treated by the particle mesh Ewald method; the crystal structure determined by
Quintana et al. (1992) is used as the starting point for all simulations. A detailed analysis of the structural and solvation
properties shows how well the different force fields can reproduce sequence-specific features. The results are compared with

data from experimental and previous theoretical studies.

INTRODUCTION

Nucleic acids can adopt different conformations in solution
depending on the base composition (Hunter, 1993) and the
environment (for example pH and temperature, Kumar and
Maiti, 1994), including the nature of the solvent (Fang et al.,
1999), the counterions (Minasov et al., 1999), their
concentration (Ali and Ali, 1997), and interactions with
proteins (Jones et al., 1999), or small molecules (Reinert,
1999). Even a given sequence of DNA or RNA can exhibit
multiple conformations (Kielkopf et al., 2000). In living
systems, the conformational flexibility of DNA resides
primarily in the polymorphs of the DNA double helix (in-
cluding right-handed and left-handed double-helical DNA)
that occur under various experimental conditions (Gupta et
al., 1980). By contrast, double-stranded helical RNA is
confined to two very similar polymorphs of the A form (A
and A'), and the wide range of single-stranded nonhelical
RNA folds introduces the essential structural variability.
Significant progress in the development of empirical force
fields and molecular dynamics (MD) simulation methods has
lead to a more reliable description of the structure, energetics,
and dynamics of nucleic acids (Auffinger and Westhof, 1998;
Beveridge and McConnell, 2000; Cheatham and Kollman,
2000; Cheatham and Young, 2001). However, some
limitations related to the improper treatment of the equilib-
rium between the A and B forms of DNA (Feig and Pettitt,
1997, 1998) and the deviations of helicoidal parameters from
canonical B values (Cheatham and Kollman, 1996) have been
reported. The overstabilization of the A form relative to the B
form of DNA (Yang and Pettitt, 1996; MacKerell, 1997; Feig
and Pettitt, 1997) with the CHARMM?22 force field
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(MacKerell et al., 1995) has been addressed in a recent
reoptimization of the CHARMM?22 all-atom nucleic acid
force field. The new nucleic acid force field, called
CHARMM27, has small but important changes in both the
internal and interaction parameters relative to CHARMM?22
(Foloppe and MacKerell, 2000) and appears to treat well the
equilibrium between the A and B forms of DNA and the
influence of the environment, such as the water activity
(MacKerell and Banavali, 2000). A revised and improved
version of the AMBERA4.1 force field has also been presented
that shows better agreement with experimental data as a result
of the adjustment of internal force field parameters (Cheatham
etal., 1999). An alternative nucleic acid force field, which we
refer to as the Bristol-Myers Squibb (BMS) force field, has
been developed by Langley (Langley, 1998). Both the
CHARMM27 and AMBER force field parameters are based
on the reproduction of experimental results for nucleic acid
oligomers (e.g., condensed phase structural properties of
DNA and RNA) and consistency with small molecule results
obtained from quantum mechanical calculations and exper-
imental data. The BMS force field was developed, in part,
by adaptation of the CHARMM?22 (MacKerell et al., 1995),
QUANTA and AMBER force fields (Cornell et al. 1995. The
backbone angle and dihedral parameters were derived from
quantum mechanical calculations with refinements based on
a series of MD simulations. All the force fields used
condensed-phase MD simulations in the final stage of the
parameter optimization. The CHARMM27 force field has
also been applied to model compounds to evaluate the
contributions from the individual moieties to the overall
conformational properties of DNA and RNA (Foloppe and
MacKerell, 2000).

Recent simulations of nucleic acids using an explicit
solvent representation and an ionic environment have led
to high structural stability on the nanosecond time scale
(Beveridge and McConnell, 2000). This accuracy was
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achieved due to improvements of the force fields, as
described above, the inclusion of an appropriate number of
counterions, and the use of the Ewald method for the long-
range electrostatic interactions after 1995 (Cheatham et al.,
1995; Lee et al., 1995; York et al., 1995). The implementa-
tion of the particle-mesh-Ewald (PME) method (Feller et al.,
1996), which is faster than standard Ewald method, allows
accurate treatment of long-range electrostatic interactions
while preserving a reasonable simulation time. It is be-
coming a standard in nucleic acid simulations, although
some simulations with the CHARMM?27 force field suggest
that long-range electrostatic interactions can also be treated
using cutoffs (Norberg and Nilsson, 1996). In addition to
overall stability, force-field-based simulations should also
reproduce the sequence-dependent structure variations in
DNA, as manifested by the local backbone conformation
and basepair geometry at different basepair steps, and the
hydration patterns associated with these structural variations.
In this paper, we present the results of molecular dynam-
ics simulations that assess the ability of the CHARMM
force fields, CHARMM22 (MacKerell et al., 1995) and
CHARMM27 (Foloppe and MacKerell, 2000), to address the
structure and dynamics of DNA in aqueous solution. For
comparison, the performance of two additional force fields,
the AMBER4.1 (Cornell et al., 1995) and BMS (Langley,
1998) force fields, is also examined. Our goal is to evaluate
the ability of these force fields to address sequence-
dependent aspects of the structure of DNA duplexes and
DNA hydration. Simulations are carried out for a B-DNA
decamer with a central TpA step, d(CGATTAATCG),
(Quintana et al., 1992). This sequence is of particular in-
terest because its structure, obtained at very high resolution
(1.5 A), shows certain twisting and bending properties. The
minor groove is wide at the central TpA step rather than
narrow, and the twist angle of the TpA step is small rather
than large, contrary to other sequences with a central TTAA
tetramer. The presence of a Mg>" cation bound to DNA at
the TpT step probably contributes to this local widening of
the minor groove (Fig. 1). These properties appear to confer
a greater possibility of deformation that could be exploited
for sequence recognition by drugs and by proteins (Quintana
et al., 1992; Goodsell et al., 1994).

The DNA structures generated during the simulations are
analyzed in terms of global structural parameters, such as the
DNA form and the size of the major and minor grooves, and
local structural parameters such as sugar pucker, phosphate
backbone conformation, and basepair geometry. The relative
conformational flexibility arising from the different force
fields is determined by the fluctuations of these parameters
during the dynamics. The DNA hydration and distribution of
counterions is analyzed and compared with high resolution
x-ray data (Egli et al., 1998; Tereshko et al., 1999). In the
manuscript, (in preparation) on the structural and hydration
changes in the transition from A- to B-DNA, it is shown that
the DNA decamer, starting from the canonical A-DNA form
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FIGURE 1 Secondary structure and numbering of the DNA decamer
d(CGATTAATCG), (Quintana et al., 1992). The position of the Mger
binding site, in the minor groove, is indicated with the distances to O2 and
N3 atoms of thymines and adenines, respectively. A dashed line joins the P;
and P;,3 phosphorus atoms on opposing strands. The corresponding
distances are used as measure of the minor groove width.

with the CHARMM?27 force field, can undergo a quick
transition to the B form (in a simulation time as short as 1.4
ns). This contrasts with the CHARMM?22 force field, which
overstabilizes the A form. The A to B transition is analyzed
to obtain an understanding of the contributing factors. It is
shown that the internal motions and hydration of DNA are
both involved in the transition.

METHOD
Molecular simulations

Simulations were performed with the CHARMM program (Brooks et al.,
1983), in the constant NVT ensemble at 298 K. The leapfrog Verlet (Verlet,
1967) integration scheme was used with a 2-fs time step and SHAKE applied
to all covalent bonds involving hydrogens (Ryckaert et al., 1977). Images
were generated using the CRYSTAL module (Field and Karplus, 1992) in
CHARMM. The different force fields used are all-atom force fields (both
polar and nonpolar hydrogen are included) implemented in the CHARMM
program. In all the MD simulations, electrostatic interactions are treated with
the Ewald method (Ewald, 1921) as implemented in the PME formulation
(Darden et al., 1993; Petersen, 1995); the latter was implemented in the
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CHARMM program by Feller et al. (1996). PME calculations were
performed using a real space cutoff of 9 A with Lennard-Jones interactions
truncated at the same distance. A dielectric constant of unity was used. A
convergence parameter (k) of 0.32 A~ and a fifth degree B-spline in-
terpolation was employed with the PME method. In the case of the
AMBER force field, explicit scaling of 1-4 electrostatic function was applied,
as recommended for nucleic acid simulations (Cheatham et al., 1995).

To neutralize the DNA molecule, 18 Na™ ions were introduced with each
one initially placed at a distance of 6.0 A from the phosphorous atom on the
perpendicular bisector defined by the phosphorous and nonbridging oxygen
atoms; the ions were fixed in the first stage of the simulation to allow the water
molecules to relax around the DNA and counterions. The model was
minimized for 1000 steps with the Adopted Basis Newton Raphson (ABNR)
method. Periodic boundary conditions were defined using an orthorhombic
box (36.0 A X 40.0 A X 46.5 A) filled with TIP3P model water molecules
(Jorgensen et al., 1983) so that the minimum thickness of the solvation shell
around the DNA and counterions centered in the box was 5 A. The water
molecules in the box were minimized for 400 steps of the Steepest Descent
(SD) method. The box was then overlaid onto the system of the DNA decamer
model with the sodium ions. Solvent molecules with the oxygen within 2.7 A
of any DNA nonhydrogen atom or any sodium ion were deleted. The solvent
was minimized for 100 steps of SD followed by 1000 steps of ABNR, keeping
the DNA and ions fixed. After that, the entire model was minimized for 2000
steps with the ABNR method before starting the simulations.

During the equilibration, the structure was relaxed in stages, so that the
most strained parts of the system could adjust without introducing artifacts.
Harmonic constraints with a force constant of 1 kcal/mol-A were used.
Initially, the DNA and Na™ ions were constrained and only water molecules
were allowed to move. The water molecules were simulated at 298 K for 40
ps. The constraints on the ions were released and the water and ions were
reheated gradually from O to 298 K at increments of 100 K, each for 20 ps for
a total of 100 ps. These stages were carried out in the NPT ensemble (7" =
298 K, P = 1 atm), so that the water box could equilibrate in accord with the
number of 1947 water molecules included in the simulation system. The
dimensions of water box were allowed to vary only along the z-axis, because
the DNA molecule is oriented in that direction. During the course of the100
ps simulation, the box dimension fluctuated by 2-3 A from the initial value.
Then, the constraints on DNA were removed, and it was allowed to move
along with the ions and water molecules, except that NOE-like distance
constraints on the terminal basepairs of DNA between the heavy atoms
involved in hydrogen bonds were introduced. The distance constraints
applied with a force constant of 10 kcal/mol-A correspond to the distances
observed in the x-ray structure with an allowed deviation of ~0.2 A. For
subsequent simulations, the NVT ensemble was used, as it provides more
stable trajectories (Brown and Clarke, 1984). The system was reequilibrated
by heating the entire model at increments of 50 K for 20 ps each, from 0 to
298 K. Then a 30-ps simulation was run at 298 K to equilibrate the entire
system at this temperature. The heating and equilibration phase of dynam-
ics thus lasted 250 ps for each of the MD simulations. The production
simulation was then started and continued for an additional 950 ps at an
average temperature 298 K yielding a total simulation time of 1200 ps with
each force field. The distance constraints on the terminal basepairs were
present during the production simulation. In previous simulations, distance
constraints have been used in some cases (Auffinger and Westhof, 1997) and
not in others (Cheatham and Kollman, 1996); in the latter there are usually
significant distortions in these basepairs and they are not included in the
analysis. The simulations with the CHARMM?27 force field were extended
to 2000 ps, with both B- and A-type DNA starting structures; the B-DNA
starting structure corresponded to the x-ray structure (Quintana et al., 1992)
and the A-DNA to the canonical A form (Arnott and Hukins, 1972).

Structural analysis

TUPAC-IUB and EMBO nomenclature (IUPAC-IUB joint commission on
Biochemical Nomenclature, 1983; EMBO Workshop, 1989) for nucleic acids
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were followed for the representation of conformational and helicoidal
parameters of DNA, respectively. The antiparallel chains of DNA were spe-
cified as strand A with nucleotide residues from A1l to A10 and in strand B
from B1 to B10 (Fig. 1). The conformational and helicoidal parameters of the
double helix for the analysis of DNA structures were calculated, excluding
the terminal residues/basepairs which exhibit larger fluctuations than internal
basepairs. In the case of the calculated average DNA structures, a mini-
mization of 500 steps of SD was performed before analysis of the structural
parameters (average values and standard deviations) to remove unfavorable
steric interactions; these arise, in particular, from hydrogen atoms of rotatable
methyl groups on the thymines. Root-mean-square deviations (RMSD) were
calculated between the DNA structures from the simulation and the min-
imized x-ray structure, and the canonical A-DNA or B-DNA structures. The
RMSD was evaluated after least-square fitting of all the DNA heavy atoms,
except for the terminal basepairs. Base helicoidal parameters were evaluated
using the program FREEHELIX (Dickerson, 1998). Conformational and
helicoidal parameters of canonical A-type DNA (Arnott and Hukins, 1972)
and B-type DNA (Arnott and Hukins, 1973), designated hereafter as A and B,
were evaluated from DNA duplexes generated with the program InsightIl
(Molecular Simulation Inc., San Diego, CA, version 98.0).

A cluster analysis was performed to identify a number of representative
conformations from each simulation. Root mean square deviations calculated
along the simulation with respect to the average structure show that five
clusters can be generated using a cluster radius between 1.2 A (BMS) and
1.9 A (AMBER and CHARMM). A two-dimensional matrix of the RMSD
between 1200 sets of DNA coordinates from the simulation (one every 1 ps)
and the x-ray structure was built using the CHARMM program. A RMSD
threshold value was chosen so that the 1200 DNA coordinates are distributed
in five different clusters for all the force fields, each member of the cluster
being more similar to all members of the same cluster and more dissimilar to
any member of the four other clusters. The coordinate sets were then
organized into five subsets based on the RMSD threshold values, using the
program QUANTA (Molecular Simulation Inc., version 98). All the
conformers in one subset have RMSDs of less than 1.8 A from each other.
The clusters contain between 96 and 546 coordinate sets. Average
coordinates for each cluster were calculated and the conformer having the
lowest RMSD with respect to the average structure was chosen as the cluster
representative. The five cluster representatives were used for the detailed
analysis of the conformational and helicoidal parameters. The RMSD
between the five cluster representatives generally varies from 1.2 A to 1.9 A
(e.g., between 1.3 A and 1.9 A for the simulation with the CHARMM?27
force field).

Water and ion distributions were computed from the trajectories using the
program Surfnet, which generates three-dimensional density distributions of
data points and which has been widely used to analyze intermolecular
interactions (Laskowski, 1995). Before generation of the distributions, a root
mean square fit was carried out between all the DNA conformers obtained
from the simulation and the average structure used as reference. The
superimposition of all the DNA conformers on the reference structure leads to
a distribution of data points corresponding to the water oxygens and sodium
ions. A map of these points was written by counting the number of oxygen or
sodium atoms on a grid with (144 X 160 X 179) grid points in the (x,,z)
directions, corresponding to a grid separation of 0.25 A. No correction was
applied to account for the nearest periodic images of water or sodium atoms
because they lead to only small underestimations of the density at the corners
of the box. The grid maps were then contoured using the program InsightII to
visualize high-density regions and identify specific hydration patterns.

RESULTS AND DISCUSSION

General features and average
structural parameters

The results for the RMSD versus time with respect to the
x-ray, canonical B, and canonical A structures are shown in
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Fig. 2. The MD structure simulated with CHARMM?22
exhibits significant deviations from both the experimental B
structure (3.8 A) and canonical B-DNA structure (4.2 A).
After 600 ps, the structure is close to a canonical A-DNA
with a RMSD of less than 2.0 A. This corresponds to a B to A
transition. CHARMM?27 yields a stable B-DNA structure
with a small RMSD, both from the x-ray structure (1.8 A) and
canonical B-DNA (2.2 A); i.e., it remains slightly closer to
the x-ray structure. The AMBER and BMS force fields give
a MD structure that deviates more or less equally from the
x-ray structure and the canonical B-DNA. The BMS force
field has the best agreement with the x-ray structure with
an average RMSD of ~1.5 A. In all cases, there is a clear
anticorrelation between the RMSD with respect to the
canonical A-DNA and B-DNA forms. For CHARMM?27,
in a simulation of two B-DNA duplexes, MacKerell and
Banavali (2000) found that as the MD structure deviates from

Reddy et al.

canonical B-DNA, it moves toward canonical A-DNA and
vice versa. They demonstrated that this behavior is specific to
DNA (and not to RNA). They also showed that CHARMM?27
can address conformational changes involved in the A to B or
B to A transitions, as influenced, for example, by the ionic
environment. The intersection of the curves representing the
RMSD versus time with respect to canonical A- and B-DNA
in the case of the AMBER and CHARMM?27 force fields (e.g.
at 500 ps for CHARMM?27) reflects a significant sampling of
the conformational space between the A and B forms. This
highly anticorrelated behavior is common to the CHARMM
force fields; the correlation coefficient for the A versus B
RMSD is —0.96 for both CHARMM?22 and CHARMM27.
For the AMBER force field, the correlation coefficient is
—0.80. For the BMS force field, the simulated DNA remains
close to B-DNA during the entire simulation; the correlation
coefficient is —0.68.

(a) CHARMM?22 (b) CHARMM?27
6 i T I T ] 6 i I | ! | i
<
Q
/9]
>
(a4
o 500 1000 0 500 1000
time (ps)
(c) AMBER (d) BMS
6 T l T 6 T I T l
i L AM! i
i "f
< et N\. il w
> s s
2 L -
o~

0 500 1000
time (ps)

FIGURE 2 Root mean square deviation of all atoms, excluding the end basepairs of the DNA duplex, d(CGATTAATCG),, versus simulation time using
different force fields: (¢) CHARMM?22, (b)) CHARMM?27, (¢) AMBER, (d) BMS. Deviations from the minimized crystal, canonical B-DNA, and canonical
A-DNA structures are indicated by the solid, dotted and dashed lines, respectively.
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Table 1 gives the details of the conformational and
helicoidal parameters and minor groove distances of the
simulated duplexes averaged for the period from 601 to 1200
ps; the corresponding values for canonical A-DNA and
B-DNA and the x-ray structure are also listed.

A-DNA and B-DNA conformations are differentiated by
certain features related to the conformation of the phospho-
diester backbone and the geometry of the nucleic acid bases
(base stacking and basepairing). The sugar pucker is partly
responsible for the DNA form adopted; other backbone
movements can vary without changing the backbone
conformation due to crankshaft-type displacements. The
pucker, characterized by the pseudorotation angle, tends to
have values corresponding to C3’-endo/C2’-exo (P from
—36° to +36°) and C3'-ex0/C2'-endo (P from 137° to 194°)
in A-DNA and B-DNA respectively. The base stacking is
primarily determined by the basepair separation and in
particular the rise, which significantly differs between the A
form (2.56 A) and the B form (3.37 A). It is also influenced
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by the relative orientation of adjacent basepairs (twist, slide).
Helical twist varies considerably in B-type helices (35°—45°);
in A-DNA the variation of twist is less (30°-33°). The large
variations of twist in B-DNA and the small difference be-
tween the A and B forms makes the identification difficult
in terms of this parameter. The slide, corresponding to the
relative displacement between two adjacent basepairs along
their longitudinal axis, can be used to distinguish the A
(—=1.7 A) and B forms (+0.4 A) because of the small
magnitude of its variation and its strong correlation with
helical twist. Basepairs are also significantly displaced from
the helix axis (X-displacement) into the major groove by
—4.41t0 —4.9 A in A-DNA and into the minor groove (0.2—
1.8 A) in B-DNA. This affects the macroscopic structure of
the grooves of the helix, resulting in a narrow minor groove
in B-DNA and a wide major groove in A-DNA, as described
above. The inclination of basepairs to the helix axis is
positive (10°-20°) in A-type, whereas it is negative (—6°—
16.5°) in B-type.

TABLE 1 Comparison of conformational and helical parameters and minor groove distance of d(CGATTAATCG), DNA
duplexes and MD simulated structures obtained with different force fields

Average simulated structure™®

Canonical A-DNA Canonical B-DNA Crystal structure CHARMM?22 CHARMM?27 BMS AMBER

a () 276 313.2 303.9(13.5) 289.3(14.4) 304.1(16.3) 298.1(7.0) 297.5(11.4)
B© 208 214 179.1 (2.8) 167.3(27.3) 159.4(25.4) 171.2(24.0) 160.3(28.5)
v () 45.5 36.4 47.8(10.3) 57.7(4.9) 54.7(12.4) 52.2(5.7) 52.8(6.5)
5 (%) 84.3 156.4 127.1(15.9) 94.1(16.6) 128.2(14.0) 133.7(19.3) 126.8(18.6)
e (9 179.5 155 184.2(25.6) 205.1(10.3) 191.9(6.7) 201.0(25.6) 211.0(29.8)
7 311 264.8 260.1(28.9) 282.9(7.5) 244.7(17.8) 242.1(40.8) 237.3(46.7)
x © 206 262 245.4(16.2) 203.4(14.9) 247.8(15.4) 249.1(17.8) 246.6(18.3)
Pucker (°) 133 191.8 139.4(38.1) 45.8(47.7) 136.4(39.1) 138.1(39.1) 137.6(25.1)
Amplitude (°) 40.2 37.5 36.5(7.5) 37.5(9.6) 39.1(5.5) 39.6(7.9) 40.1(7.1)
Base step parameters:

Tilt (°) 0 0 0.1(1.9) —1.4(2.5) —1.5(4.4) 0.1(2.5) —0.2(4.2)

Slide (A) —1.53 —0.16 —0.10(0.38) —1.59(0.43) —0.18(0.23) 0.09(0.55) —0.08(0.59)

Roll (°) 10.7(2.2) -3.6 0.0(5.1) 6.4(7.5) 3.9(8.8) 1.3(4.4) 1.7(5.8)

Shift (A) 0 0 0.03(0.27) 0.16(0.56) —0.17(0.69) 0.07(0.75) 0.03(0.78)

Twist (°) 32.7 36 36.9(3.7) 28.5(5.1) 35.12.2) 36.1(3.6) 33.93.9)

Rise (A) 2.56 3.37 3.20(0.21) 3.39(0.39) 3.4(0.29) 3.20(0.20) 3.39(0.17)
Basepair parameters:

Tip (°) 0 0 —0.8(3.4) 2.3(7.8) 0.9(6.1) 0.2(4.1) 0.1(5.1)

Prop. twist (°) 11.7 4.3 —14.2(3.1) —10.6(6.8) —6.2(11.9) —7.2(5.0) —6.4(7.4)

Buckle (°) 0 0 —2.5(6.3) —3.2(14.6) 3.7(8.4) —0.7(7.4) 1.1(4.3)

Inclination (°) 19.9 —5.7 0.3(1.2) 16.9(3.4) 7.3(2.7) 3.5(2.2) 5.2(1.7)

X-disp. (A) —4.49 0.23 —0.27(0.42) —4.92(0.66) —1.29(0.42) —0.49(0.93) —0.87(0.58)

Y-disp (A) 0 0 0.22(0.60) —0.51(0.49) 0.14(0.65) 0.53(0.65) —0.36(0.47)
Minor groove distances (A)Jr:

PA,4.. .PByy 16.95 13.17 10.48 15.33 14.57 14.47 1291

PAs. . PBg 16.95 13.17 11.49 15.25 14.81 14.46 11.87

PAs. . PBg 16.95 13.17 13.15 14.87 13.31 15.01 13.05

PA;.. PB; 16.95 13.17 13.68 15.09 13.41 13.07 13.19

PAg.. .PBg 16.95 13.17 12.68 15.31 12.71 11.72 13.24

PAy. . PBs 16.95 13.17 11.85 15.86 13.86 12.69 13.48

PA,o...PBy 16.95 13.17 11.09 14.65 15.82 15.12 13.62

Averages of conformational and helical parameters exclude the end basepairs of DNA. Values in parentheses correspond to standard deviations.

*The values for the torsions, base step and basepair parameters are averaged over the simulation time.

*The minor groove distances are calculated between the phosphorus atoms P; on one strand and P;,3 on the opposing strand.
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The comparison of the torsions and parameters related to
the geometry of the basepairs confirms the previous trend:
CHARMM22 yields an A-like DNA whereas CHARMM?27
yields a B-like geometry in good agreement with the x-ray
structure (Table 1). Most of the torsion angles generated with
CHARMM22 correspond to an A-like geometry for the
phosphate backbone (a, ¢, {) including the sugar pucker (6
corresponding to C3’-endo). The same holds true for the
basepair geometry of the nucleic acid bases (x). The
particular orientation of the nucleic acid base (y ~ —156°)
corresponds to an inclination of ~20° of the basepair planes
with respect to the plane perpendicular to the helical axis
observed in A-DNA, whereas there is almost no inclination
of the basepairs in B-DNA. The X-displacement is another
basepair parameter that can be used to discriminate between
A and B-DNA because it gives a measure of the depth of
the major groove. Again, the average structure obtained
with CHARMM?22 is close to the A form. The relative
orientations of successive basepairs, defined by the base
step parameters, differ between A and B-DNA particularly in
the slide (relative translation of the basepairs about the long
axis of the base step), roll (relative rotation of the basepairs
about the long axis of the base step), and twist (relative
rotation of the basepairs about an axis perpendicular to the
plane of the base step). Based on these parameters, the
geometry of the double helix in the CHARMM?22 simulation
corresponds to that of A-DNA, even if the average rise is
very close to that of a standard B-DNA (Table 1).

The average structure obtained with CHARMM27 ex-
hibits torsion angles corresponding to the B form and close
to those of the x-ray structure. The CHARMM?27 force field
correctly reproduces the average ¢ and ¢ torsion angles, re-
lated to the conformation of the phosphate groups. The
AMBER and BMS force fields, give values that deviate
slightly more from those of the x-ray structure. Regarding
the geometry of the basepairs, the roll and inclination are
systematically larger in comparison with those of the x-ray
structure. They are also somewhat too large, as well as with
the AMBER force field, whereas the helical twist is smaller
than the standard values for B-DNA and for the x-ray
structure. A decrease in the average value of propeller twist
of basepairs relative to the x-ray structure is found in all the
MD structures. The geometry of the basepairs that differs
least from the x-ray structure is obtained with the BMS force
field.

Because the CHARMM?22 force field leads to an A-like
DNA, the minor groove is wide and shallow (whereas it is
deep and narrow in the B-DNA structure); the distance
between phosphorous atoms across the minor groove (P; on
one strand and P;, 3 on the opposing strand, Fig. 1) are all
more than 1.4 A over 13.17 A, a distance that corresponds to
the minor groove width for a canonical B-DNA (Table 1).
Although the minor groove is slightly wider than in B-DNA
in the structure simulated with CHARMM?27, it is consid-
erably narrower and B-DNA like.
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The minor groove is locally wider at the terminal basepairs
(PA4-PB10, PAs-PBg, PAQ'PBS, PA]()-PB4) and narrower at
the center, in particular at the ApA (AgA7) step (PAg-PBg,
Table 1). It is also relatively narrow at the TpT and TpA
basepair steps (PAg-PBg, PA;-PB,). It differs from the x-ray
structure where the minor groove morphology is reversed:
a local widening at the central basepair steps (PAg-PBg, PA7-
PB;, PAg-PBg), and narrowing at the terminal basepair steps.
The BMS force field gives a more similar minor groove
morphology than CHARMM?27: a local narrowing at the
central basepair steps (TpA and ApA) but shifted toward the
ApT step (A7Ag). By contrast, the AMBER force field leads
to a local widening at the three first terminal basepair steps
GpA, ApT, and TpT. None of the force field reproduce a local
widening at the center of the double helix. These discrep-
encies between the x-ray structure and the simulated
structures will be discussed later.

The dynamic behavior of structural parameters
specific to A- and B-DNA

As the dynamic changes in sugar pucker influence the
backbone conformation, the variations of the pucker during
the MD trajectories are of interest (Fig. 3). Most of the
nucleotides adopt a C3’-endo conformation after the B to A
transition observed with CHARMM?22 at 600 ps (Fig. 3 a);
the sugar conversion from C2’-endo to C3’-endo occur
earlier (375 ps) at some positions (B2, B3, B7), simulta-
neously (A2, AS, A6), or later at other positions (A3, A4,
B4, B5, B8, B7, B9). These results are consistent with
the average parameters (Table 1), showing that the
CHARMM22 force field favors A-type over B-type DNA,
and contrast with those obtained with the CHARMM?27
force field for which the preferred sugar pucker is C2’-endo
(Fig. 3 b). Some C2'-endo to C3’-endo transitions with
a short lifetime for the C3’-endo pucker (less than 80 ps) are
observed with CHARMM?27. They occur at a few positions
via a O4’-endo intermediate (P ~ 90°) at A3, A7, B4. Some
very short transitions C2'-endo to C3’-endo and back to C2'-
endo are also observed at positions A4 and A8 (Fig. 3 a).
Nevertheless, the more stable sugar pucker is C2'-endo at all
the positions, except for B7 which conserves a C3’-endo
conformation during the entire simulation. For the other
force fields, AMBER and BMS (Fig. 3, ¢ and d,), C2'-endo
to C3'-endo transitions, and back to C2'-endo via a O4'-
endo intermediate, are also observed at various positions.
The deviations from the standard pucker forms (C2'-endo or
C3’-endo) tend to be larger with the AMBER and BMS force
fields. The strong tendency for B7 to adopt a C3’-endo
conformation with CHARMM?27, AMBER, and BMS is
consistent with the x-ray data (Quintana et al., 1992).
Although the average torsion and pseudorotation angles
provide a description of the general conformational features
related to A or B-DNA, discrepancies are observed at
particular positions; B7, already mentioned above, is one
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example. Similarly, the double helix, whose morphology can
be evaluated using the base step parameters, can be locally
distorted at some positions even if the average parameters are
in agreement with a given canonical DNA. The rise between
adjacent basepairs, for example, exhibits quite large fluctua-
tions, which are equivalent in magnitude to the difference
between the standard values for the A and B forms (see Table
1 and Fig. 4). Despite an A-like conformation, the structure
obtained with CHARMM22 is characterized by an average
rise closer to canonical B-DNA. Most of the basepair steps
exhibit a bistable behavior with an initial value of rise
generally close to the standard B value and a final value close
to the standard A value. This is particularly evident at the
ApT (AT/AT: A3A4/B7BS), TpT (TT/AA: A4A5/B6B7),
and TpC (TC/GA: A8A9/B2B3) basepair steps (Fig. 4 a).
The rise is closer to the standard B value with CHARMM?27
(Fig. 4 b), but it oscillates between the standard A and B
values except for the ApT (AT/AT: A3A4/B7BS) and the
central TpA (TA/TA: A5A6/B5B6) basepair steps, which
exhibit a rise closer to that of a standard B-DNA. Similar
behavior is observed in the simulation with BMS (Fig. 4 ¢,
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Supplementary Material) whereas the fluctuations in rise
observed with AMBER are generally smaller and centered
around a standard rise value for the B form (Fig. 4 d,
Supplementary Material). The most striking feature that is
shared by the MD structures simulated with all the force
fields is the high rise at the central TpA (A5A6) basepair step
(Fig. 4 b). Although high rise is not specific to TpA steps, it
is known as a flexible basepair step whereas ApT, ApA, and
TpT are known as rigid basepair steps (El Hassan and
Calladine, 1996).

The helical twist also shows fluctuations, which are larger
than the difference between the standard A and B values.
Although the helical twist is only approximately anticorre-
lated with the rise, the basepair steps with low rise tend to
have high twist and vice versa for a given DNA form (Fig. 4,
a and b). In the simulation with CHARMM?22, most of the
basepair steps have a high twist/low rise profile, then they
tend to adopt a low twist/high rise profile (Fig. 4 a). For
example, the basepair steps ApT (AT/AT: A3A4/B7B8 and
ATA8/B3B4) and the TpT (TT/AA: A4A5/B6B7) switch
from the high rise/low twist state to the low rise/high twist

a GA/TC (A2A3/B8B9) AT/AT (A3A4/B7BR) TT/AA (A4A5/B6B7)
5
4
> <
2 3 Q
g &
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FIGURE 4 Time dependence of the twist (solid line) and rise (dotted line) at the basepair steps of the B-DNA decamer using the CHARMM force fields: (a)
CHARMM22, () CHARMM?27. The standard values for the canonical A- and B-DNA are represented by dotted lines for the twist and dashed line for the rise;
in both cases, the upper one corresponds to the B value and the lower one to the A value. Fig. 4, ¢ and d are in Supplementary Material.
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state after the B to A conversion in the simulation with
CHARMM?22 (Fig. 4 a). For the other basepair steps, the
average twist value is generally closer to the A value. At the
end of the simulation, all basepair steps present a twist/rise
profile corresponding to A-like DNA (Fig. 4 a). For
CHARMM27, the twist value is close to the standard B
value with short transitions toward the A value (Fig. 4 b).
Most of the basepair steps exhibit the high twist/low rise
state; the twist value is slightly more than that of canonical B
and the rise value is close to the canonical B value. It
concerns more particularly the purine-purine (GA/TC and
AA/TT) and pyrimidine-pyrimidine basepair steps (TT/AA
and TC/GA). The exception concerns the two ApT basepair
steps (AT/AT: A3A4/B7B8 and A7A8/B3B4), which ex-
hibit a twist closer to the standard A value; this is true
also for the central TpA basepair step (TA/TA: ASA6/
B5B6). This central TpA basepair step shows a high rise/low
twist state, a feature observed in the x-ray structure, as
mentioned above for the twist. Structural analyses of DNA
structures have shown that TpA steps can adopt the lowest
twist (30.6° + 6.7°, El Hassan and Calladine, 1996). The
purine-purine and pyrimidine-pyrimidine basepair steps are
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the more prone to switch between high twist/low rise and low
twist/high rise profiles (Nelson et al., 1987). It occurs at
different times during the simulation for the GA/TC and AA/
TT basepair steps (Fig. 4 b).

Similar features are observed with BMS and AMBER
(Fig. 4, c and d, Supplementary Material). In the case of the
GA/TC and TC/GA basepair steps, the deviations in twist
and rise, when switching from the high twist/low rise to the
low twist/high rise state, are more pronounced with AMBER
(Fig. 4 ¢, Supplementary Material). The twist has a bistable
behavior oscillating between the standard A and B values. A
common feature in the simulations with CHARMM?27,
BMS, and AMBER are the very large fluctuations of twist at
the central TpA basepair step. These fluctuations correspond
to unstacking of the bases at the TpA step (high rise) and
changes in the backbone conformation via By/By transitions
(the By phosphate conformation requiring the two bases
linked to the phosphate to be unstacked). This is related to
the local widening of the minor groove in regions where By
conformations are present for basepairs diagonally opposite
each other across the groove.

The X-displacement, corresponding to the depth of the
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major groove, changes in a concerted way at all basepair
steps (Fig. 5). This behavior is more obvious in the case of
the simulation with CHARMM?22 because the wide major
groove (B-DNA) becomes deep and narrow (A-DNA) after
the B to A transition, taking place at 750 ps (Fig. 5 a). The
transition is preceded by a sharp change at 600 ps
corresponding to a more B-like conformation before the
DNA continues a gradual conversion to the A form.
CHARMM27 tends to overestimate the depth of the major
groove, which oscillates between the standard A and B
values in a concerted way at all the basepairs (Fig. 5 b).
AMBER gives similar behavior, with an X-displacement that
is only slightly overestimated and closer to the standard B
value (Fig. 5 ¢, Supplementary Material). The X-displace-
ment deviates very little with BMS and stays close to the
standard B value (Fig. 5 d, Supplementary Material). The
inclination of the basepairs also changes in a concerted way
(Fig. 5). The inclination and X-displacement are strongly
anticorrelated (the correlation coefficient is around —0.7 at
most basepair steps) with CHARMM?22 (Fig. 5 a). Despite

a GA/TC (A2A3/B8B9)

AT/AT (A3A4/B7B8)
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their common behavior, the rise and X-displacement are not
significantly correlated in the CHARMM?27 simulation (the
maximum correlation coefficient is —0.5), although high rise
tends to be associated with low X-displacement and vice
versa, in particular at the central basepair steps (Fig. 5 b). The
inclination is overestimated with CHARMM?27 at all the
basepair steps. It is also overestimated, although slightly less,
with AMBER but no significant anticorrelation is observed
between inclination and X-displacement (the maximum
correlation coefficient is —0.34 at the TT/AA basepair step
and almost null at the other basepair steps; see Fig. 5 c,
Supplementary Material) or with BMS which gives an
inclination closer to its standard B value (the maximum
correlation coefficient is —0.27 at the TC/GA basepair step
and almost null at the other basepair steps, see Fig. 5 d,
Supplementary Material). Feig and Pettitt (1998) suggested
that the anticorrelation between the inclination and the
X-displacement is related to a change in the accessibility of
the major groove; that is, when the number of water
molecules in the major groove decreases, going for example
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FIGURE 5 Time dependence of the inclination (solid line) and X-displacement (dotted line) at the basepairs of the B-DNA decamer using the CHARMM
force fields: (¢) CHARMM?22, (b)) CHARMM?27. The standard values for the canonical A- and B-DNA are represented by dotted lines for the inclination (the
upper one corresponds to the A value and the lower one to the B value). Dashed lines are used for the X-displacement (the upper one corresponds to the B value
and the lower one to the A value). Fig. 5, ¢ and d are in Supplementary Material.
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FIGURE 5 Continued

from a wide major groove (B-DNA) to a narrow major
groove (A-DNA), the desolvation of some functional groups
in the groove induces an increase of the base inclination
angle. We observe a correlation between the fluctuations of
the X-displacement and the solvent accessible surface of the
major groove calculated by the Lee and Richards method
(Lee and Richards, 1971). The stronger anticorrelation
between X-displacement and inclination at T:A basepairs
is consistent with the fact that adenines are more easily
desolvated, in particular in A-DNA (Egli et al., 1998). This
feature of DNA solvation is documented in the manuscript
which describes the solvation changes associated with the A
to B transition (F. Leclerc, S. Y. Reddy, and M. Karplus,
unpublished).

Sequence dependence of the
conformational flexibility

To determine the influence of the force field on the
conformational flexibility and its sequence dependence, we
have analyzed more precisely the backbone and base con-
formations and compared the simulation results with avail-
able experimental data and previous theoretical studies. The
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CHARMM?22 force field calculations are not included be-
cause they deviate significantly from the experimental data
on B-DNA, as described above. The dynamical behavior of
the phosphate backbone can be described by two conforma-
tional substates, B; and By, which are determined by the
orientation of the phosphate group. The phosphate group can
adopt two conformations: B; with values of ¢ and { in the
range 120-210° (trans, t) and 235-295° (gauche™, g°),
respectively; and By with torsions ¢ and { values in the range
210-300° (gauche™, g~) and 150-210° (trams, t). The
conformation of the phosphate group is a good criterion for
the evaluation of the conformational flexibility because the
interconversion between these two substates is dependent on
base destacking and leads to changes in the width of the
minor groove. To determine to what extent the force fields
can reproduce sequence specific average structural features
(comparison with the x-ray structure) and the local con-
formational flexibility (comparison with analyses of other
DNA structures), we use the helicoidal parameters that were
introduced in the previous section. For this analysis, we
select the five representative conformers from the MD trajec-
tory; they were identified by a cluster analysis, as described
in the Methods section. Although we did omit from our
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simulations the Mg>" cation bound at the TpT base step in
the x-ray structure, we do not expect any significant change
in basepair or base step parameters. Because the Mg>"
cation is bound quite deep in the minor groove and not
at the top of the minor groove, it has a negligible effect on
roll, tilt, and bending (Chiu and Dickerson, 2000).

In the simulation with CHARMM?27, substate By is found
to be dominant for all positions, except B6 where the first
half of the trajectory corresponds to By and the second half to
B;. There are By-By; interconversions with a By life up to 100
ps at many but not all of the positions (the variations of the
backbone torsions ¢ and { with the different force fields are
given in Fig. 6). The nucleotides at the termini, A2:B9 and
A9:B2, show Bi-Byj interconversions as expected because of
the ease of base destacking at the ends the double helix. All
the other nucleotides preserve a B; conformation, except for
those of the central TA base step (ASA6/B5B6). Generally,
similar behavior is observed with the AMBER and BMS
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force fields, although the By conformation is more persistent
and as populated as the By conformation at A5, A6, A9, and
B8 for AMBER, at A5, A6, A9 for BMS; at B6, it is the more
populated conformation for both AMBER and BMS. In the
x-ray structure, apart from the nucleotides at the terminal
basepairs Al and B1, only A6 and B6 have a By
conformation; By-By; interconversions are observed at these
two positions with all the force fields. The simulation results
are in agreement with the x-ray data showing a preference for
B; (63-69%) over By (22-29%) in a survey of about 60
B-DNA structures (Winger et al., 1998). The three force
fields can reproduce most of the sequence specific structural
features of the DNA backbone related to the sugar pucker
(C3'-endo conformation at B7) or the phosphate conforma-
tion (By conformation at A6 and B6).

The results can be compared with a structural analysis
performed on eight DNA structures, which has shown that
the basepair parameters have large deviations from those of
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FIGURE 6 Basepair parameters (X-displacement and inclination) of the five representative conformations for: CHARMM?27, AMBER, and BMS. The bold
solid line marked by circles represents the basepair parameter of the x-ray structure; the solid line marked by stars represents the basepair parameter averaged
over the five conformations; each of the other lines represents a different conformation.

Biophysical Journal 84(3) 1421-1449



1436

ideal B-DNA, which depend on the nearest-neighbor bases.
With CHARMM?27, the three more sequence-dependent
parameters, (tip, propeller twist, and buckle) show large
deviations from the ideal values: up to 25° for the tip, 30° for
the propeller twist, and 50° for the buckle at A:T basepairs;
the maximum deviations observed in the analysis by Lam
and Au-Yeung (1997) are 7°, 10°, and 9° respectively. In
the x-ray structure of the d(CGATTAATCG), decamer
(Quintana et al., 1992), the maximum deviation in propeller
twist between two A:T basepairs is 10.5° (between A6:B5
and B3:A8). However, despite these large variations in the
simulations, the sequence-specific basepair variability is
preserved on average. Two parameters show a slightly
different behavior: the inclination and X-displacement. The
plots of the X-displacement and inclination at the different
basepair positions are shown in Fig. 6 for the simulations
with the CHARMM?27, AMBER, and BMS force fields. The
basepair parameters are represented for each of the five
representative conformers, the average structure, and the
x-ray structure for comparison. With CHARMM?27, the
X-displacement is slightly underestimated on average (twice
the maximum deviation of 0.5 A observed by Lam and Au-
Yeung) whereas the inclination is slightly overestimated
with respect to the x-ray structure (less than the maximum
deviation of 18° observed by Lam and Au-Yeung). This
tendency to underestimate the X-displacement and over-
estimate the inclination was also identified in a previous
study with CHARMM?22 (Feig and Pettitt, 1998). Equivalent
results are obtained with the AMBER force field although
CHARMM?27 tends to better preserve the sequence-specific
variations (Fig. 6). On the contrary, the BMS force field
reproduces very well the X-displacement and to a lesser
extent the inclination of the x-ray structure: the X-dis-
placement and inclination of the average structure are
almost identical to those of the x-ray structure at all
basepairs. The deviations in X-displacement and inclination
between the five representative conformers and the x-ray
structure are also very small (Fig. 6).

The variation in the basepair step parameters (tilt, slide,
rise, roll, twist, cup) are rather small and close to those ob-
served in the x-ray structure. For illustration, we have chosen
to describe more in detail: on the one hand, two backbone
independent parameters, the roll and tilt that contribute to the
DNA bending (Fig. 7 a), on the other hand two sequence-
context-dependent parameters, the twist and slide (Fig. 7 b).

With CHARMM?27, there is high roll at TpA (TA/TA:
AS5A6/B5B6) basepair step and low roll at the TpT (TT/AA:
A4A5/B6B7 and B4B5/A6A7) and ApT (AT/AT: A3A4/
B7B8 and B3B4/B7BS8) basepair steps; high tilt at the TpT
(TT/AA: A4A5/B6B7) basepair step and low tilt at the ApT
(AT/AT: A3A4/B7B8) and ApA (AA/TT: A6A7/B4BS5)
basepair steps. All these sequence-specific features are in
agreement with the experimental data (Gorin et al, 1995).
Another sequence-specific feature that is well described is
the bistable character of TpA basepair steps: in the five
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conformers, when the slide is negative (Fig. 7 b), the roll is
positive and when the slide is positive, the roll is low (Fig.
7 a), a rule established from the analysis of base stacking
interactions (Hunter, 1993). All the parameters that are
essentially backbone independent (roll, tilt, and rise) give
variations with CHARMM?27 that are compatible with
the zsequence-specific variability observed in x-ray struc-
ture. On the other hand, the parameters which are backbone-
dependent (twist) or strongly sequence-context-dependent
(slide) deviate more at some basepair steps. For example, the
twist tends to be significantly large, specifically at the central
TA/TA basepair step (Fig. 7 a). The AMBER force field
gives similar results: the roll and tilt at the ApA, TpT, ApT,
and TpA basepair steps are close on average to what is
observed in the x-ray structure (Fig. 7 a). The bistable
character, in terms of roll and slide (Fig. 7 b) of the TpA
basepair step is also reproduced by AMBER. The twist is
significantly smaller (compared to that obtained with
CHARMM27), except for the central TA/TA basepair step.
This is also a feature observed with the BMS force field (Fig.
7 b). The latter force field again gives smaller deviations
from the basepair parameters of the x-ray structure. The
larger deviations in the basepair step parameters obtained
with the CHARMM?27 and AMBER force fields result from
the larger size of the accessible conformational space, as
compared with the more rigid BMS simulation. The larger
deviations in roll and tilt between the MD simulated
structures and the x-ray structure are observed at the central
TpA step with CHARMM?27 and AMBER. Because both
roll and tilt contribute to the local DNA bending, the larger
RMSD with respect to the x-ray structure observed with
these two force fields in comparison with the BMS force field
(Fig. 2) might be due to some local bending at this particular
base step. The plots of the roll, tilt and bending versus time
(data not shown) reveal that in the case of AMBER, the jump
in RMSD around 500 ps (Fig. 2) is associated with an
increase in DNA bending at the GA/TC (A2A3/B8B9) and
TA/TA (A5A6/B5B6) basepair steps. In the case of
CHARMM?27, the first jump in RMSD at 250 ps is related
to a general increase of DNA bending at almost all basepair
steps. In contrast, no marked bending is observed with the
BMS force field, including at the TpA basepair step.

Major and minor groove hydration
and ion distribution

Experimental data (Eisenstein and Shakked, 1995; Tippin
and Sundaralingam, 1997; Egli et al., 1998; Tereshko et al.,
1999) and MD simulations (Young et al., 1997; Feig and
Pettitt, 1999a,b) have revealed the existence of hydration
patterns which are specific to the A and B forms of DNA, and
related to specific sequences. The hydration of the major
groove and minor groove show very distinct patterns
depending on the DNA form. The exocyclic amino group
of adenines in the major groove is generally not solvated in



DNA Polymorphism

a CHARMM27

Roll (*)

=
T T T T T T ]

P I (T N T |

Roll (%)

PR [T E S T I |

TTTT T 7T 7

Roll (%)

=
I P s o
P IR T I |

CGICG |~
GA/TC -
AT/AT -
TT/AA
TATA |-
ANTT
TC/GA
CG/CG |-

1437

Tilt (%)
[STN T S - -

LI L L L L L L

do & b

TC/GA =

Tilt (%)
lIlIlIi'iIIII’I
O A T T TS e

Tilt (°)

Lo I e B L
PO T T T T A T

TT/AA
AATT
AT/AT

AT/AT |- <

I
o
| |
&)
S g
%]
o o]
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A-DNA because of the formation of hydrogen bonds with
stacked thymine bases. By contrast, a string of water
molecules bridges adjacent adenines and thymines from
opposite strands in the minor groove of B-DNA (Egli et al.,
1998). Some sequence-specific patterns are also observed,
such as the extended ‘‘hydrat-ion’’ spine in B-DNA minor
groove at ApT basepair steps (Tereshko et al., 1999). This
specific minor groove hydration is believed to be due to
preferred monovalent metal ion coordination bridging the N3
and O2 atoms of adenine and thymine bases, respectively
(Tereshko et al, 1999). Other hydration patterns are
generally less extended, depending on the sequence, than
the ““‘caterpillar-like’” structures typical of the minor groove
hydration. They result from the presence of more local
hydration sites at specific atomic positions, for example at
the N4 atoms of cytosines (Feig and Pettitt, 1999a). More
extended hydration patterns can also be observed in the
major groove, at the four water oxygen atoms along the O6,

N7, C8, and backbone phosphate atoms of the guanine bases
(Feig and Pettitt, 1999a). Some of this behavior has been
reproduced and analyzed with molecular dynamics simu-
lations using the CHARMM22 (MacKerell, 1997) and
AMBER1995 (Cheatham and Kollman, 1997) force fields
or both force fields (Feig and Pettitt, 1997).

The local sequence-dependent hydration around the
hydrogen-bond donors and acceptors of the DNA duplex is
described in Fig. 8. The diagrams of local hydration around
DNA sites show that the phosphodiester backbone (O1P and
O2P) is more strongly hydrated. As found from the x-ray
crystallographic analysis of the hydration of DNA at atomic
resolution (Egli et al, 1998), the largest number of first-shell
water molecules in the A (CHARMM?22) or B form DNA
duplexes (CHARMM?27, AMBER, and BMS) are located
around phosphate groups (oxygen atoms O1P, O5’, O3’,
O2P, and O4'). This strong hydration is particularly
concentrated around the nonbridging oxygens (O1P and
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FIGURE 7 Continued

O2P) of phosphate groups, a feature observed with all the
force fields (Fig. 8, a—d). The more exposed anionic oxygen
of the phosphate group (O1P) is slightly more solvated (Fig.
8 ¢). The BMS force field and to a lesser extent the AMBER
force field lead to a stronger solvation of the nonbridging
oxygens whereas the CHARMM force fields (and more
particularly the CHARMMZ27 force field) generate a stronger
solvation of the sugar oxygen O4', which contributes to the
stabilization of the water spine in the B-DNA minor groove.
The more favorable hydration sites of the nucleic acid bases
are located around the O6/N6 atoms of purines, N2 of
guanines, and N4 of cytosines (Fig. 8, a and b). A com-
parison between the different force fields reveals that the
solvation of the nucleic bases is stronger with BMS and
AMBER than with the CHARMM force fields (Fig. 8 f). At
all the base sites, the strength of solvation decreases from
BMS to AMBER, CHARMM?27, and CHARMM?22. This
trend is slightly changed at O6/N6 sites where AMBER
gives a stronger solvation. On the other hand, the trend is
reversed at N7 sites. At the basepair level, the G:C (or C:G)
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basepairs are more solvated than A:T (or T:A) basepairs with
any of the force fields (Fig. 8 ). Among the A:T (or T:A)
basepairs (6 out of the 10 basepairs, Fig. 1), the symmetrical
fourth and seventh basepairs, corresponding to ApT steps,
are more strongly solvated, a feature common to the force
fields leading to a stable B-DNA (AMBER gives a behavior
slightly different where the eighth basepair is a bit more
solvated than the seventh one). It is noteworthy that the
residence time of water molecules around the nucleic acid
bases in the grooves is not significantly longer than that
around the phosphate groups; the proportion of short-lived
and long-lived water molecules is similar (data not shown).
Nevertheless, the presence of water-water contacts in the
vicinity of the various and more or less strong hydration sites
leads to clear differences in local water densities as discussed
below.

To determine the ability of the different force fields to
reproduce specific hydration patterns, we have compared the
water and ion densities calculated from the MD trajectories
(Figs. 9 and 10). For the CHARMM?27 simulation, we first
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FIGURE 8 Diagram illustrating the number of water molecules in the hydration shells of individual oxygen and nitrogen atoms averaged over the DNA
simulations for the different force fields: (¢) CHARMM?27, (b)) CHARMM?22, (¢) BMS, (d) AMBER. The number of water molecules averaged over all atomic
sites for all basepairs is shown in (¢); the average number of water molecules at all atomic sites around each basepair is shown in (f). Water molecules are
counted if they are less than 3.0 A from the hydrogen-bonding partners in the DNA. Colors are used to make clearer the different basepair positions (from the

first basepair at the bottom to the last one at the top).

compare the positions of high water density with those of the
crystal water molecules. Sixty percents of the high-density
spots in the map overlap positions of the crystal water
molecules (data not shown). The phosphate groups tend to be
more hydrated than the nucleic acid bases (Egli et al., 1998)

because of the negative charge carried by the phosphate
groups. In the calculated results, the high density spots are
generally smaller around the phosphate groups than around
the bases (Fig. 11). The organized waters around the
phosphate (Fig. 11 @) correspond to the first hydration shell

Biophysical Journal 84(3) 1421-1449
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FIGURE 9 Wall-eyed stereo view of water and ion hydration patterns in the minor groove of B-DNA as obtained from the MD trajectories with (¢) AMBER,
(b) BMS, (¢) CHARMM?27, (d) CHARMM?22. Density contours show water oxygen (yellow) and sodium ion (green) densities at level of 80 water molecules

per nm® and 10 ions per nm? calculated from a grid with 0.25 A resolution.

but are kinetically labile (Denisov et al., 1997); the second
shell is unorganized. The water around the bases are
well-organized and establish hydrogen bonded networks re-
vealed by the presence of large and extended caterpillar-like
density spots at specific sites in the grooves (Fig. 11 b). This
is in agreement with observations on the hydration of phos-
phate groups (Schneider et al., 1998), the kinetics of DNA
hydration (Denisov et al., 1997) and the x-ray data showing
that the water is more ordered around the bases than around
the phosphate groups (Egli et al., 1998). The difference of
hydration between the phosphate backbone and the DNA
grooves comes from the fact that the water molecules around
the nucleic acid bases are more organized in the first and
second hydration shells. The analysis of the time-dependent
organization of water molecules around a high water density
spot, in the major groove of ADE 7B, reveals the presence of
various organized water molecules in the shells of hydration
(Fig. 12). The first shell water molecules making contacts
with either the O6 or N7 atoms of ADE 7B are stabilized by
second shell water molecules that establish hydrogen bond
contacts with those of the first shell and sometimes also with
the neighboring phosphate groups.

The hydration patterns generated with the different force
fields do not differ significantly, except for CHARMM?22,
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which leads to small and very dispersed water density spots
(Figs. 9 d and 10 d). This is due in part to the transition from
B- to A-DNA that prevents the existence of organized and
long-lived water molecules around the bases. For the other
force fields, preferred hydration sites are localized at the O2
and N3 atoms of pyrimidines and purines, respectively, in
the minor groove fields (Fig. 9, a—c), and at the O6 and N7
atoms of pyrimidines and purines, respectively, in the major
groove (Fig. 10, a —c). In the minor groove, preferred
hydration sites associated with high water density are
observed at the N2 atoms of GUA A2 and B2, at the N3
atoms of ADE A3, B3, A6, and A7, at the O2 atoms of THY
A4, B4, A8, B8, and at the O2 atoms of CYT A9 and B9. In
the case of the AMBER and BMS force fields (Fig. 9, a@ and
b), many extended high density spots are observed due to the
proximity of hydrogen bond acceptors or donors between
successive basepairs either on the same strand or on both
strands. For example, the region defined by the N3 atoms of
GUA B2, ADE B3, and the O2 atom of CYT A9 is
associated with a unique and extended high density spot
spread out across the minor groove. These density spots
correspond to ordered water molecules in the minor groove
of B-DNA identified in many x-ray structures (Drew and
Dickerson, 1981; Kopka et al., 1983; Shui et al., 1998;
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FIGURE 10 Wall-eyed stereo view of water and ion hydration patterns in the major groove of B-DNA as obtained from the MD trajectories with (@)
AMBER, (b) BMS, (¢) CHARMM?27, (d) CHARMM?22. Contours show water oxygen (vellow) and sodium ion (green) densities at level of 80 water molecules

per nm® and 10 ions per nm® calculated from a grid with 0.25 A resolution.

Tereshko et al., 1999; Egli et al., 1998). Such high density
spots are also present around the O2 atoms of THY A4 and
THY BS, which belong to two successive basepairs (THY
A4/ADE B7 and ADE A3/THY BS), and similarly around

the O2 atoms of THY B4 and THY AS8. Another hydration
site with a similar pattern is found with the AMBER and
CHARMM?27 force fields (Fig. 9, a and c): it involves the
N2 atoms of GUA A2 and GUA B10. As mentioned above,

FIGURE 11 Details of water hydration patterns around
the phosphate group of THY 5B (A4) and around the major
and minor groove edges of ADE 7B (B) obtained with
CHARMM?27.

Biophysical Journal 84(3) 1421-1449
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t=1000ps

FIGURE 12 Snapshots at 1 = 0,100,500,1000 ps from the CHARMM27
simulation showing the water molecules (cyan) in the first and second
hydration shells around the nucleotide ADE 7B corresponding to the high
water density at this position in the major groove.

such hydration patterns are much less frequent in the
CHARMM27 simulation. This is due to the presence of
many counterions in the minor groove, revealed by the high
ion density spots, that prevent the existence of extended
water network. Thus, small high water density spots are
juxtaposed with high ion density spots. In the major groove,
more extended high water density spots are observed in the
CHARMM27 simulation due to the lower population of
counterions. High water density spots spread out across the
major groove between successive basepairs are observed

A
{

GUA A2

GUA B10

Reddy et al.

with the AMBER, BMS, and CHARMM 27 force fields (Fig.
10, a—c). They involve the O6 atoms of GUA B2 and THY
A8 (and its symmetrical site with GUA A2 and THY B8), the
02 atom of THY B4 and the N6 atom of ADE A6, or the O2
atoms of THY A5 and THY B5, which are 2.62 A and 2.92 A
far away, respectively, from the same crystal water molecule.
Another common hydration pattern corresponds to the high
water density spot around the N6 atom of CYT B9 that
stretches to the phosphate group of ADE B7.

Sequence-specific binding sites for sodium ions in the
minor groove, revealed by the presence of high ion density
spots, are shown in details at the following basepair steps:
CpG (Fig. 13), ApT (Fig. 14), TpA (Fig. 15), and TpT (Fig.
16). Some ion binding sites are common to DNA duplexes
simulated with the different force fields. In other cases, high
ion density spots can be substituted by high water density
spots. For example, the high water density spot present
around CYT Al, GUA A2, and CYT B9 observed with
CHARMM?27 (Fig. 13 a) is substituted with AMBER by
a high water density spot in this region (Fig. 13 b). In a MD
simulation on a B-DNA decamer using the AMBER force
field, Young et al. (1997) have found high counterion density
in a region of same sequence CpGpA (A1-A2-A3 and B1-
B2-B3 in this DNA decamer).

The minor groove of AT basepairs is known to be
a preferred location for monovalent cations (Sissoeff et al.,
1976; Denisov et al., 1997; Halle and Denisov, 1998;
Denisov and Halle, 2000). ApT steps are strong sites for
monovalent cations localization because of a uniquely low
electrostatic potential at these base steps (Young et al., 1997).
The DNA structure contains two ApT basepair steps, A3A4/
B7B8 and A7A8/B3B4, which are potential binding sites for
monovalent ions as identified in x-ray structures determined

GUA B10

—

!
-~

GUA B10

FIGURE 13 Zoom in view of sequence specific hydration and ion binding patterns (the contours for ions or water molecules are represented as described in
Fig. 12) at the first CpG (A1A2/B9B10) basepair step obtained with: (4) CHARMM?27 (counterions in green), (B) AMBER (water density spots in yellow).
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FIGURE 14 Zoom in view of sequence specific hydration and ion binding patterns at the ApT basepair steps observed with: (4) CHARMM?27 (A7A8/
B3B4), (B) AMBER (A3A4/B7BS), (C) BMS (A3A4/B7BS).

at very high resolution (Tereshko et al., 1999). One site, at the identified with BMS. An additional monovalent ion binding
ApT basepair step A7AS, is identified by CHARMM?27 (Fig. site is found in the minor groove with CHARMM?27 at the
14 a) and the alternate site, at the A3A4 basepair step, is central TpA basepair step (A5A6/B5B6, Fig. 15 a) although
identified by AMBER (Fig. 14 b); neither of the two is it does not correspond to a binding site as strong as those at

A 7] u; BS

ADE A6 T ADE A6 —

THY A5

)

1
— m—

ADE B6 -

FIGURE 15 Zoom in view of sequence specific hydration and ion binding patterns at the TpA basepair step (ASA6/B5B6) observed with: (4) CHARMM?27,
(B) AMBER.
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FIGURE 16 Zoom in view of sequence-specific hydration and ion binding patterns at the TpT basepair step (A4A5/B6B7) observed with: (4) AMBER, (B)

CHARMM?27.

the ApT steps (Denisov and Halle, 2000). No similar binding
site is observed with BMS; a high counterion density spot is
observed with AMBER around the residue A6 but at more
than 8 A away from the N3 of the adenine (Fig. 15 b). In the
x-ray structure of the DNA decamer, there is one magnesium
site centered at the TpT basepair step A4AS5 (basepaired to
B6B7). A high ion density spot, corresponding to a sodium
ion binding site, is observed in this region with AMBER (Fig.
16 @) and CHARMM?27 (Fig. 16 b). Such a sodium binding
site has already been observed in MD simulations at TpT
steps (Feig and Pettitt, 1999b). In the case of BMS, this
region is occupied by high water density spots and the close
high ion density spot is distant from the original magnesium
binding site by more than 8.0 A. For comparison, the
positions of the different ion binding sites identified in the
minor groove with the three force fields (AMBER, BMS,
CHARMM27) are represented in Fig. 17. It appears that the
presence of counterions in the minor groove (Fig. 17) leads to
a local groove narrowing at the corresponding cross-strand
phosphate groups or neighboring cross-strand phosphate
groups (Table 1). A local narrowing is observed at the PA4-
PB,o, PAs-PBg, PA¢-PBg cross-strand positions with AM-
BER: two sodium binding sites are observed at the last two
positions (Fig. 17 a). A local narrowing is also observed
at other positions: PA4PBg, PA;-PB;, PAg-PBg with
CHARMM27; two sodium binding sites are present at the
two first positions and the third position is inserted between
two sodium binding sites (Fig. 17 ¢). By contrast, the local
narrowing observed with BMS seems to be more sequence-
specific because no close sodium binding sites are observed
in the minor groove.

The ions are mostly concentrated around the phosphate
groups with CHARMM?22 (Fig. 9 d). More counterions are

Biophysical Journal 84(3) 1421-1449

present in the major groove, as we expected for A-DNA.
They are also more organized than those in the minor groove
with extended caterpillar-like structures (Fig. 10 d). In
B-DNA duplexes, because of the larger solvent accessibility
of the major groove, counterions can be distributed between
multiple binding sites. The presence of only a few high
density spots for sodium ions in the simulation structure with
CHARMM?27 (Fig. 10 ¢) is consistent with the idea of
a reduced localization of counterions in the major groove of
B-DNA compared to that of A-DNA (Feig and Pettitt, 1999a,
b). Some rare and localized high ion density spots are
observed in the major groove of the simulated structures;
they can also form caterpillar-like structures and extend from
the major groove edge to the phosphate groups, and they are
generally located around the N7 of purines (Figs. 10 and 18).
They are located at the GpA (A2A3/B8B9) and ApA (A6A7/
B4BS5) basepair steps with AMBER. A similar location is
observed for the only ion density spot obtained with
CHARMM?27 at the ApA basepair step whereas they appear
only at the terminal basepairs with BMS.

Because of the short simulation times, artifacts might
appear in the structural and solvation properties of the DNA
decamer. Thus, we extended the MD simulation with the
CHARMM?27 force field to 2 ns to determine the reliability
of our results. The DNA structure remains stable and gets
closer to both the x-ray structure and a canonical B-DNA
after 1400 ps (Fig. 19). From the structural point of view, as
a result, the sugar pucker tends to converge toward a C2'-
endo pucker; C2'-endo to C3’-endo transitions are less
frequent (THY B4) or absent from the second part of the
simulation (ADE A3). The more stable C3’-endo conforma-
tion, in the first part of the simulation at ADE B7, switches to
a C2'-endo conformation that is conserved until the end of
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FIGURE 17  Schematic representation of the locations of counterions binding sites in the minor groove of simulated structures obtained with: (4) AMBER,
(B) BMS, (C) CHARMM27. The positions of sodium ions (Na™¥) are indicated by lines annotated with the coordination distance to N3 of purines and O2 of
pyrimidines. The position of the magnesium binding (Mg>") site found in the x-ray structure is indicated for comparison. The presence of high counterion
density spots around the phosphate groups are pointed out by a purple P atom. A red dashed line joins the cross-strand phosphate groups when their distance is
lower than the standard value for a regular B-DNA helix (narrowing of the minor groove).

the simulation without any repuckering (Fig. 19). Similarly,
the deviations of the basepair or base step parameters with
respect to the x-ray structure and a canonical B-DNA are
slightly reduced. In particular, the deviations in roll and tilt
at the central TpA step are reduced and compare well with
those observed at this base step with the BMS force field.
From the point of view of solvation, some qualitative and
quantitative changes are observed around the phosphate
groups, which can be related to some changes in sugar
pucker (downstream from the position B7 for example).
However, no qualitative change is observed regarding the
position of sodium binding sites in the minor groove.

CONCLUSIONS

The average simulated structures of the d(CGATTAATCG),
DNA double helix obtained with the CHARMM27,
AMBER, and BMS force fields have a B-form geometry
close to the x-ray structure; the starting B-DNA structure

undergoes a transition to an A-like DNA structure with
CHARMM22. Thus, all three of the newer force fields are
clearly more useful for simulation studies of DNA than is
CHARMM22. From a strict comparison of the average
simulation structures with the x-ray data, the BMS force field
gives the best agreement. The two other force fields, AMBER
and CHARMM?27, give similar results although each of them
better describes certain structural features of B-DNA. A
major difference between the BMS force field and the other
two force fields is that the BMS simulation yields
a significantly more rigid structure. The higher conforma-
tional flexibility obtained with AMBER and CHARMM?27
may be more consistent with the available experimental data.
In the simulation with the BMS force field, there are no ions in
the primary solvation shell of the minor groove. The lower
calculated conformational flexibility of B-DNA with BMS
might be responsible for this, because ‘‘breathing’’ of the
minor groove is necessary to accommodate some ions.
Alternatively, the energetic penalty associated with the partial

Biophysical Journal 84(3) 1421-1449
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dehydration of the counterions might be too high to allow
the penetration of counterions into the minor groove. The
BMS force field gives the strongest solvation of nucleic acid
bases among all the force fields. The solvation of the minor
groove in the AMBER and CHARMM?27 simulations
includes ions in the primary shell, in agreement with
experimental data (Tereshko et al., 1999) and previous
DNA simulations (Feig and Pettitt, 1999b). The minor groove
of the average structures obtained with AMBER, BMS, or
CHARMM27 tends to be nonspecifically wider than that of
the x-ray structure (Table 1). However, some local narrowing
of the minor groove is observed. The narrowing of the minor
groove is generally associated with the presence of counter-
ions in the minor groove (Feig and Pettitt, 1999b; Hamelberg
et al., 2000). The presence of a divalent cation (Mg ") at the
TpT basepair step (A4AS5/B6B7) leads to a local widening of
the minor groove in the x-ray structure (distance PAs-PBg in
Table 1). In the simulated structures with AMBER and
CHARMM27, the substitution of the divalent cation by
a monovalent cation induces instead a local narrowing of
the minor groove. In the absence of any counterion at the

Biophysical Journal 84(3) 1421-1449

position of the original magnesium binding site, the minor
groove does not show any narrowing with the BMS force
field.

The anticorrelation observed between basepair inclination
and the depth of the major groove (measured by the X-dis-
placement) is another example of the influence of solvation
on the global DNA conformation in solution. Because these
two features vary in an anticorrelated way, they can be used to
monitor the conformational changes between A-like DNA
conformations (high inclination and a deep less hydrated
major groove) and B-like DNA conformations (low in-
clination and a more shallow more hydrated major groove).

At a more detailed atomic level, we observe that the
phosphate groups are more strongly hydrated than the
nucleic acid bases consistent with x-ray crystallographic data
(Egli et al., 1998). The water molecules around the nucleic
acid bases do not have calculated residence times signifi-
cantly larger than those around the phosphate groups.
However, because of the lack of reorientation of water
molecules around the bases due to water contacts between
the first and second solvent hydration shells, the solvent
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density is higher at specific base sites in the minor or major
groove and leads to more extended caterpillar-like structures.
Ion binding sites are generally more specific and localized in
the minor groove for B-DNA duplexes. They can be partially
dehydrated in the minor groove whereas they are generally
fully hydrated in the major groove.

The results obtained with the CHARMM force fields
show a significant improvement of the nucleic acid force
field parameters in CHARMM?27 relative to CHARMM?22.
The strong anticorrelation observed between the RMSD
versus time with respect to the canonical A and B forms of
DNA in the simulation with CHARMM?27, together with
the low anticorrelation between the base inclination and the
X-displacement, indicates that the conformational space
between the A and B forms of DNA is sampled. These
results suggest that the CHARMM?27 force field is
appropriate for simulations of the influence of the
environment on the form of DNA, including the relative
stabilities and possible transitions between the A- and
B-DNA forms.
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The hammerhead ribozyme is one of the best studied ribozymes, but it still presents challenges for our
understanding of RNA catalysis. It catalyzes a transesterification reaction that converts a 5',3" diester to a
2' 3" cyclic phosphate diester via an Sy2 mechanism. Thus, the overall reaction corresponds to that catalyzed
by bovine pancreatic ribonuclease. However, an essential distinguishing aspect is that metal ions are not
involved in RNase catalysis but appear to be important in ribozymes. Although various techniques have been
used to assign specific functions to metals in the hammerhead ribozyme, their number and roles in catalysis
is not clear. Two recent theoretical studies on RNA catalysis examined the reaction mechanism of a single-
metal-ion model. A two-metal-ion model, which is supported by experiment and based on ab initio and density
functional theory calculations, is described here. The proposed mechanism of the reaction has four chemical
steps with three intermediates and four transition states along the reaction pathway. Reaction profiles are
calculated in the gas phase and in solution. The early steps of the reaction are found to be fast (with low
activation barriers), and the last step, corresponding to the departure of the leaving group, is rate limiting.
This two-metal-ion model differs from the models proposed previously in that the two metal ions function
not only as Lewis acids but also as general acids/bases. Comparison with experiment shows good agreement
with thermodynamic and kinetic data. A detailed analysis based on natural bond orbitals (NBOs) and natural
energy decomposition (NEDA) provides insights into the role of metal ions and other factors important for

catalysis.

1. Introduction

The discovery of catalytic RNA molecules (ribozymes) in
the early 1980s,!? at a time when proteins were thought to be
the only enzymes, raised the fundamental question of how RNA
enzymes work. Although ribozymes have been under intense
study for the intervening years, no mechanism that provides a
detailed description of the reaction is universally accepted for
any ribozyme. Among the various known RNA enzymes, the
best-characterized is the hammerhead ribozyme. It was the first
ribozyme to be crystallized, and a series of X-ray structures
corresponding to a biologically active ribozyme have been
determined.>~® This ribozyme has also been the subject of
numerous biochemical studies, yet questions remain regarding
the reaction mechanism.””® Like the RNA-catalyzed self-
cleavage of other ribozymes,'? the reaction catalyzed by the
hammerhead ribozyme involves a transesterification step in the
phosphate ester hydrolysis.!! This step leads to isomerization
from a 5',3" diester to a 2',3’ cyclic phosphate diester. In a second
step, the 2',3" cyclic phosphate is hydrolyzed to yield a 3'
phosphate and regenerate the 2" OH group. The transesterifi-
cation reaction has been shown to proceed via an Sn2(P) or
“in-line” mechanism in which the attacking nucleophile (the 2’
oxygen) is aligned with the phosphorus atom and the 5" oxygen
atom of the phosphate group from the neighboring 3’ nucleo-
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tide.!?~!4 Thus, the overall mechanism corresponds to that found
in bovine pancreatic RNase,' although metal ions, which appear
to play an essential role for the ribozymes, are not present in
RNase. Models proposed for the reaction mechanism differ
particularly with respect to the number of metal ions involved
(single-metal-ion mechanisms'~20 or two-metal-ion mecha-
nisms?!'??) and their specific role in the catalysis; that is, whether
they act as a general acid/base, an electrophilic catalyst, or a
Lewis acid! (Figure 1). When the metal is involved in the
deprotonation of a nucleophile or in the protonation of a leaving
group, it can function either as a Lewis acid or as a generalized
acid/base. The metal acts as a Lewis acid if it stabilizes an
anionic nucleophile or leaving group (by direct coordination of
the metal to the oxygens of the phosphate group) but does not
participate directly in the proton transfer, while it acts as a
general acid or base when it is directly involved as a proton
donor (from hydrated metal) or acceptor (by metal hydroxide).
The metal functions as an electrophilic catalyst when it activates
the electrophile (the phosphorus atom) by making it more
susceptible to nucleophilic attack (by direct coordination of the
metal to the nonbridging pro-R or pro-S oxygens). The single-
metal-ion mechanisms are mostly based on a general acid/base
model of catalysis (Figure 1B), while the two-metal-ion mech-
anisms are mostly based on a Lewis acid model of catalysis
(Figure 1C and D). The experimental data, originally supporting
a single-metal-ion mechanism (Figure 1A),22 were shown
subsequently to be more consistent with a two-metal-ion
mechanism (Figure 1B and C).2° Since then, additional experi-
mental evidence has accumulated in favor of a two-metal-ion

10.1021/jp053835a CCC: $33.50 © 2006 American Chemical Society
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Figure 1. General acid/base catalysis vs metal-ion catalysis in the
transesterification step of RNA hydrolysis. (A) General acid/base
mechanism in RNase A. In this model, His12 acts as a general base to
activate the 2’ oxygen as the nucleophile by abstraction of the proton
from the 2" OH (1), while His119 acts as a general acid to facilitate
the departure of the leaving group by protonation of the 5" oxygen (2).
(B) General acid/base mechanism in the hammerhead ribozyme. In this
single-metal-hydroxide-ion model,'*"2° the metal hydroxide (site I)
activates the 2’ oxygen as the nucleophile (1). The activated 2’ oxygen
attacks the phosphorus and induces the departure of the 5’ oxygen
leaving group (2). The hydrated metal (site II) can be regenerated as a
cofactor by giving away a proton from a coordinated water molecule
to the 5" oxygen (2). (C) Metal-ion catalysis in the hammerhead
ribozyme. In this two-metal-ion model based on the dianionic
mechanism,**~2% an external Bronsted base (water molecule) activates
the 2’ oxygen (1). The attack of the 2’ oxygen on the phosphorus (2)
is followed by the departure of the leaving group (3). The metals at
sites I and II act as Lewis acids by accepting the electrons from the 2’
and 5" oxygens, respectively. (D) Alternative metal-ion catalysis in the
hammerhead ribozyme. In this two-metal-ion model based on the
triester-like mechanism (monoanionic mechanism)>~7-2 the activation
of the 2 oxygen is accomplished by one of the nonbridging oxygens
of the phosphate group that accepts the proton from the 2’ OH (1).
The rest of the mechanism is similar to the mechanism in part B. The
mechanisms in both parts B and C are shown as being sequential, though
they could be concerted, in part.

mechanism.”’ 73 The two-metal-ion mechanism is strongly
supported by the differential metal-ion effects on the cleavage
rate observed for the natural substrate (cleavage activation
observed in the presence of Mg?" and La3")?$30 and for a 5'
thio modified substrate.?” The metal ions usually involved in
chemical catalysis are divalent cations such as Mg?t or Mn?*.
Recent studies have shown that monovalents cations, such as
Na™, Li*, and NH,™, can also act as metal cofactors at extremely
high concentrations (400-fold higher).3'~3* In fact, the ham-
merhead-catalyzed reaction is significantly more efficient in the
presence of divalent ions that act as catalytic cofactors under
physiological conditions. Even under more favorable but
artificial conditions (hammerhead RNA with a small helix I
domain and an extremely high concentration of monovalent
ions), the rate enhancement in 4 M Li™ is 10-fold less than that
in 10 mM Mg?" 323 Studies where both divalent ions and
monovalent ions are combined suggest that the divalent-metal-
ion-catalyzed reaction may involve a Mg>" ion with weak
binding affinity in vivo;*>2 this could explain why the difference
in rate enhancement between the hammerhead cleavage reactions
stimulated by monovalent ions and by divalent ions is not more
significant in solution. In summary, since high concentrations
of monovalent ions are inhibitory for the hammerhead ribozyme
in cells,? all evidence points to the fact that the hammerhead
cleavage reaction in vivo should follow a divalent-metal-ion-
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dependent channel, -3¢ as assumed here. Ribozymes can func-
tion by both base-catalyzed and acid-catalyzed mechanisms,
depending on the pH of the solution. Both reaction mechanisms
produce a 2',3" cyclic phosphate and a 5" oxygen leaving group.
The base-catalyzed reaction, which we consider here, is believed
to involve a dianionic phosphorane species; the 2’ OH group is
activated by an external base, which can be assisted by the direct
coordination of a metal ion to the 2’ oxygen® to form a 2’ O~
oxyanion that attacks the adjacent phosphorus to generate the
dianionic phosphorane.?

In the monoanionic or “triester-like” mechanism (based on a
two-metal-ion model), the 2’ proton is transferred to the
nonbridging phosphoryl oxygen (pro-Rp) to render the substrate
triester-like. This latter mechanism was proposed to explain thio
effects (loss of catalytic activity when substituting one of the
nonbridging oxygens by sulfur) and rescue effects (restoration
of catalytic activity by thiophilic metal ions) in hammerhead-
catalyzed reactions.” SpS and RpS isomers of hammerhead-
ribozyme substrates are much less reactive than the natural
unmodified substrates (thio effect). The fact that the thio effect
is much larger for the RpS isomer than the SpS isomer suggested
the pro-Rp oxygen plays a more critical role. This would mean
that the pro-Rp oxygen is the proton acceptor during the 2" OH
deprotonation. However, reinvestigation of the thio effect and
rescue have shown that the data can be explained by the
coordination of a divalent metal ion to the pro-Rp oxygen at
the cleavage site.®® The dianionic mechanism is also more
consistent with other experimental data. Indeed, a pH-dependent
conformational change of the hammerhead ribozyme associated
with the chemical reaction suggests that a 2’ O~ oxyanion is
formed by deprotonation of the 2" OH group.?® The deproto-
nation, taking place at basic pH (at or above pH 8.5), would
drive the conformational change that initiates the reaction.
Quantum mechanical studies of a small RNA model compound
(a phosphorylated ribose with a 5" O-methoxy group as the
leaving group) and different phosphorothioate analogues also
suggest there is no significant preference for the triester-like
mechanism over the dianionic mechanism (Lopez et al., Leclerc
et al., to be published). The calculated activation free energies
in solution, with the unmodified analogue in the absence of
metal ions, are 34.2 (Supporting Information Figure S1) and
22.9 kcal/mol (Supporting Information Figure S2) for the two
mechanisms, respectively.

Although qualitative descriptions of the single- and two-metal-
ion mechanisms have been available for some timeZ232* a
quantitative theoretical study of the reaction pathway for a
single-ion mechanism was published only recently.”® In the
present paper, we propose a quantitative two-metal-ion model
for the reaction mechanism of the transesterification step in the
hammerhead catalysis. The study was guided by the insightful
discussions of von Hippel and co-workers?%28 of a two-metal-
ion mechanism based on experimental data and a proposal of
Steitz and Steitz?' for a variety of protein and RNA enzymes
that cleave phosphodiester bonds. The model was built from
the small RNA model mentioned above by adding two solvated
magnesium ions. Ab initio and density functional theory (DFT)
methods were used to calculate the structures of the stationary
points identified along the reaction path and the energetics
(relative energy and free energy profiles) of the corresponding
chemical processes using realistic quantum chemical models
(including electron correlation effects and a large basis set) both
in the gas phase and in solution. Reaction path calculations were
performed for each transition state to ensure that it is connected
to the corresponding starting and ending structures. The
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TABLE 1: Geometries of Stationery Points on the Reaction Path for Transesterification of Methyl Ribose Phosphate®

guess’  reactant TS1 intermediate 1 TS2 intermediate 2 TS3 intermediate 3 TS4 product
0 I IT* I Iv# \% VI Vil VI IX

P—02' 2.845 2.805 2817 2.766 2.167 1.916 1.829 1.783 1.708 1.607
H—-02' 1.035 1.131 2487
H(02")—0~ (Mg 1.538 1.321 0971
02'-0~(Mgy) 2359 2285 2.766
P—-03' 1.555 1.559 1.556 1.560 1.589 1.614 1.609 1.614 1.599 1.604
P—05' 1.730 1.606 1.607 1.620 1.663 1.692 1.697 1.709 2.027 2.955
P—0Or 1.533 1.548 1.549 1.549 1.566 1.581 1.592 1.590 1.554 1.531
P—0Os 1.476 1.478 1.479 1.478 1.489 1.499 1.519 1.530 1.497 1.475
Mg—02' 1.946 2.075 2.031 1.832 1.886 1.939 1.954 1.992 2.096 2763
Mgi—Or 2.050 1.968 1.963 2.019 1.999 1.978 1.948 2013 1.999 2.027
Mg;—05’ 2.146 2310 2317 2215 2215 2.105 2.067 1.998 2.204 2.101
Mgn—Or 2.057 1.972 1.965 1.994 1.980 1.978 1.948 2.000 1.999 2.027
Mgi—Mgu 3910 3.700 3.702 3.866 3.873 3.857 3.768 3.850 3.768 3.685
Mgi—OHy* 2273 4.782 4.762 4.688 4.524 4.450 3.649 2.079 2.038 2.578
04'—OH¢ 1.763 1.578 1.567 1.545 1.583 1.617 1.660 1.631 1.605 1.616
02'—P—-05' 140.1 161.6 161.3 1572 162.1 1629 160.7 165.6 163.7 157.5
02'—H—0~(Mgyp 131.8 1374 96.23

4 Geometries optimized at the RHF/3-21+G* level. Distances are given in angstroms, and angles, in degrees. Numbers in italics correspond to
significant variations in distance due to the change in protonation state of the 5" oxygen associated with the departure of the leaving group. ? Starting
structure used as initial guess in the geometry optimizations (Figure 2). ¢ Distance measured between the magnesium at the first metal site and the
oxygen of the water molecule associated with the switch from a penta- to hexacoordinated magnesium. ¢ Distance measured between the O4'

oxygen and the hydrogen of the water molecule associated with the switch from a penta- to hexacoordinated magnesium.

complete reaction path from the reactant, a 3" phosphorylated
ribose, to the product, a 2',3" cyclic phosphorylated ribose and
a 5" OH methyl leaving group, has been obtained. The results
show the coordination of the metal ions along the transesteri-
fication pathway and demonstrate their role in catalysis, as well
as the importance of solvent effects on the free energy profile
of the reaction.

2. Model and Methods

The model used in this study is a phosphorylated ribose
complexed with two hydrated magnesium cations. The model
is based, in part, on the structures of two conformational
intermediates of the hammerhead ribozyme obtained by crystal-
lographic freeze-trapping: the “early” intermediate shows two
Mg?* ions in proximity to the cleavage site (one coordinated
to the pro-Rp nonbridging phosphate oxygen and the second
distant from the first one by 4.4 A), in addition to three other
Mg?" ions that are further from the cleavage site;® the “late”
intermediate shows a conformation compatible with an in-line
attack mechanism.® The conformational changes associated with
these two intermediates, relative to the “ground state” structure,
are restricted to the catalytic pocket of the ribozyme. One of
the metals is coordinated to the nonbridging pro-R oxygen of
the phosphate group with a Mgt —0 distance of 2.43 A. In the
proposed two-metal-ion model (see below), the stationary points
exhibit geometries corresponding to an in-line mechanism
involving a metal-to-metal distance between 3.69 and 3.87 A
and a metal-to-pro-R-oxygen distance between 1.95 and 2.0 A
(Table 1). Preliminary calculations on a model compound
corresponding to a phosphorylated ribose allowed us to identify
the stationary points and a unique transition state connecting
the reactant and product of the transesterification step, in the
base-catalyzed phosphate ester hydrolysis (Leclerc et al., to be
published separately). In the absence of metal ions, the reaction
follows a dianionic mechanism where the nucleophilic attack
of the 2’ oxygen on the phosphorus is concerted with the
departure of the 5’ oxygen leaving group. The geometry of the
RNA part was taken from this transition state; this assumes that
the metals stabilize the in-line conformation of the phosphory-
lated ribose, which corresponds to the active conformation in
the catalytic pocket of the hammerhead ribozyme. Two solvated

metal ions, hexa- or pentacoordinated, were added via inner-
sphere coordinations with the 2" oxygen and the 5" oxygen, in
accord with the proposed metal coordinations for the two-metal-
ion model 23202 With these structural constraints, various penta-
and hexacoordinated forms of hydrated magnesium ions*’ were
constructed (a total of 10 geometries). After full optimization,
some “guessed” geometries deviated significantly from their
initial geometry while others preserved the in-line conformation
(£(02'=P—05") = 140 °). Among those, several guessed
geometries converged to the same or some equivalent confor-
mation, which differs only by the number of solvating water
molecules (for details, see the Supporting Information). In the
case of equivalent conformations with the same metal inner-
sphere coordinations, the more solvated ones were preferred.
Finally, only conformations that exhibit conserved inner-sphere
coordinations with the pro-Rp oxygen, as proposed in the two-
metal-ion model, 329 were retained. Two nonequivalent in-
line conformations with eight and nine water molecules in the
metal coordination shells were selected after optimization. One
of these, the conformation with eight water molecules (four
water molecules in the coordination shell of each metal), inner-
sphere coordination with the pro-Rp oxygen and 2" oxygen at
the first metal site and inner-sphere coordination with the pro-
Rp oxygen and 5’ oxygen at the second metal site (Figure 2),
was selected as the starting structure for the subsequent
calculations. The model with nine water molecules attached to
the metal ions was excluded because it has only a single inner-
sphere coordination (the other is an outer-sphere coordination)
with the pro-Rp oxygen, which is less consistent with experi-
mental evidence.284! Moreover, the distance between the two
metal ions (more than 5.6 A) in this model fit the X-ray data
less well (distance between metal at sites 1 and 6 of 4.4 A)
than that with eight water molecules (3.9 A, Table 1).

The geometry of the model structure, optimized at the HF/
3-214+G* level, was used as the starting point for the reaction
path calculations. The O2'—P and P—O5' distances were used
as the reaction coordinates; they correspond to the nucleophilic
attack on the phosphorus and the departure of the leaving group,
respectively. Nine geometries were generated with a distance
range for the O2'—P and P—O5’ internal coordinates that include
02'—P bond formation (distance between 3.235 and 1.742 A)
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Figure 2. Model structure used to locate stationary points. The structure of the two-metal-ion model corresponding to the geometry optimized at
the HF/3-214+G* level and its schematic representation with the stereochemistry of the nonbridging oxygens of the phosphate group are shown on
the left and right sides, respectively. The atoms are colored according to the following code: carbon, black; hydrogen, white; oxygen, red; phosphos,

magenta; magnesium, blue.

and P—O5' bond breaking (distance between 1.726 and 4.167
A); the end points were chosen by following the reaction path
(intrinsic reaction coordinate calculations) for the reaction of a
phosphorylated ribose in the absence of metal ions (i.e., in the
small RNA model mentioned above). Geometry optimizations
and frequency calculations with O2'—P and P—O5’ frozen
internal coordinates on those 10 geometries were then done to
locate possible transition states corresponding to the nucleophilic
attack, the departure of the leaving group, or both in the case
of a concerted mechanism. Four out of the ten constrained
geometries optimized at the HF/3-214+G* level had an imaginary
frequency. After full relaxation (optimization and frequency
calculations at the HF/3-21+G* level), only two geometries
corresponded to transitions states: one to the nucleophilic attack
and the other one to the departure of the leaving group. Reaction
path following was performed from these transition states to
determine the stationary points corresponding to possible
intermediates. The stationary points corresponding to the 2’ OH
activation were inferred from the intermediate (dianionic spe-
cies) that just precedes the nucleophilic attack. In this way, five
local minima corresponding to the reactant (R), product (P),
and different intermediates along the reaction pathway (I1, 12,
and 13) were obtained from the three saddle points (transition
states) corresponding to the 2’ OH activation (TS1), the
nucleophilic attack (TS2), and the departure of the leaving group
(Table 1). The presence of more than (n + 1) local minima
with respect to the number of saddle points indicated that a
saddle point was missing along the reaction pathway. The
synchronous transit-guided quasi-Newton (STQN) method was
then used to locate this missing transition state, which connects
the second and third intermediates (12 and 13). The full reaction
path involves nine stationary points: four transition states and
three intermediates plus the reactant and the product. The free
energies in the gas phase and solution of the stationary points
relative to the reactant were calculated at the B3LYP/6-
31+G**//HF/3-21+G* level (for details, see the Supporting
Information).

All geometry optimizations were performed using Gaussian
98 (Gaussian, Inc., Pittsburgh, PA, 2001, revision A.10). The
frequencies were scaled by an empirical factor of 0.9207 to
correct, at the HF/3-21+G* level, for errors in the potential
energy surface.*> The vibrational contributions to the entropy
and to the enthalpy, zero-point energy, and vibrational energy
at 298 K were calculated from the frequencies. The other
contributions (rotational and translational entropies and the work
term (PV)) were calculated according to standard classical
statistical mechanics (e.g., an ideal gas PV term was added to
obtain the Gibbs free energy). Effective energies in solution
were calculated for the geometries optimized in the gas phase
using the solvation model (Poisson—Boltzmann solver) imple-
mented in Jaguar (Jaguar, Schrodinger, Inc., 2002, version 4.2) 3
The eight explicit water molecules in the solvation shells of
the two metals are treated as part of the solute in the solvation
calculations. The use of a continuum model for the treatment
of the solvation effects is based on the assumption that water
molecules from the solvent do not modify the metal coordina-
tions we have described. The assumption is supported by the
results obtained with an explicit solvent model for each
stationary point of the reaction path (Zdenek and Leclerc, data
not shown). The latter used a combined quantum mechanical
and molecular mechanical (QM/MM) method implemented in
the CHARMM program interfaced with the ab initio quantum
mechanical GAMESS program. Optimization of the geometry
of each stationary point solvated in a 15 A3 waterbox resulted
in geometries and coordinations very close to those obtained at
the QM level in this paper (the maximum deviation is 0.07 A
for the bond length and 0.2 A for the metal coordination).

3. Results

3.1. The Reaction Mechanism. The reaction is found to
involve four chemical steps (Figure 3): (1) nucleophile activa-
tion (Figure 3A) to form a dianionic species (for comparison
with the theoretical study published recently,”® we have
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Figure 3. Proposed mechanism for hammerhead-catalyzed reactions. (A) First reaction step: nucleophile activation of the 2 OH into a 2’ oxyanion.
(B) Second reaction step: nucleophilic attack of the 2" oxygen on the phosphorus. (C) Third reaction step: coordination change at the first metal
site (site I). (D) Fourth reaction step: departure of the 5’ oxygen leaving group. The structures of the stationary points located along the reaction
pathway are shown with indication of the forward and reverse energy barriers between each of them. The activation energies (backward and
forward) are given at the B3LYP-6-314+G**//HF/3-21+G* level and at the HF/3-21+G* level in parentheses. Transition states are labeled by a
double dagger. A set of distances relevant to each chemical step are indicated. The structures are represented with the atom color code used in the
previous figure. A schematic representation (right side) shows the major features of each step: arrows indicate the bonding changes and dotted
lines the bond formation or bond breaking.
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TABLE 2: Relative Energies and Free Energies (at 298 K) for Stationery Points on the Transesterification Path of Methyl

Ribose Phosphate with Respect to the Starting Molecule®

molecule? AE AZPE¢ AEtRry TAStrv AGgs! AH¢ AGqo1 AGgn

1 0 0 0 0 0 0 0 0

I 0.544 —1.652 —2.084 —0.566 —0.542 —1.375 3.100 2.558
11 —6.773 —0.281 0.218 0.981 —8.035 —6.574 6.780 —1.255
Iv# —6.667 —0.554 —0.487 0.084 —7.087 —=7.116 6.308 —0.780
\ —6.773 —0.205 0.169 0.585 —7.346 —6.618 5.440 —1.906
VI —3.521 —0.718 —0.703 —0.162 —3.861 —4.168 4.070 0.209
%18 —12.191 —0.879 —0.339 1.378 —14.230 —12.503 5.845 —8.385
VIITF 1.790 —1.214 —1.385 —0.615 1.408 —1.377 9.520 10.928
X —27.484 —2.697 —1.661 3.231 —33.195 —29.013 12.100 —21.095

4 B3LYP/6-31+G**//HF/3-21+G* values in kilocalories per mole. The HF/3-21+G* frequencies were scaled by an empirical factor of 0.9135
to correct for errors in the potential energy surface. The solvation energies were calculated from the geometry optimized in the gas phase using the
SCRF model implemented in Jaguar (25): the van der Waals radii of the 2’ oxygen and nonbridging oxygens of the phosphate group were fitted
to reproduce the solvation energies of H;PO,, H,PO,~, and HPO,>~ (Leclerc et al., unpublished). ” States marked with a double dagger symbol are
transition states, and the other states are minima on the potential energy surface. ¢ Zero-point-energy contribution. ¢ AGgs = AE + AZPE + AEtgry
+ A(PV) — TAStry, where AEtry and AStry include the translational, rotational, and vibrational contributions. AGy, is the solvation free energy,
and AGg, is the total free energy difference in solution. The entropy (S.in), zero-point energy (ZPE), and vibrational energy (E.i,) were calculated
from the frequencies and geometries according to standard statistical mechanical formulas (26). The rotational (E\) and translational (Ey.ns) energies
and the work term (PV) were treated classically; an ideal gas PV term was added to obtain the Gibbs free energy of the reaction. ¢ The enthalpies
of reaction were calculated as the sum of the energy difference with respect to the reactant and the thermal correction to enthalpy: AH = AE +
A(PV). The calculated values for I are E = —1981.758 766 hartree, ZPE = 0.389 62 hartree, A(PV) = 0.420 251 hartree, Etry = 263.712 kcal/mol,

AStry = 189.433 cal/mol, and AGy, = —1.15 kcal/mol.

considered that the 2’ OH activation proceeds via a solvated
metal hydroxide as proposed for a single-ion mechanism, but
we do not exclude other possible modes of activation; see Figure
1), (2) nucleophilic attack on the phosphorus (Figure 3B), (3)
a coordination change at the first metal site from a pentacoor-
dinated magnesium to a hexacoordinated magnesium (Figure
3C), and (4) the departure of the leaving group (Figure 3D).
There are nine stationary points (numbered from I to IX) of
which four are transition states (II¥, IV*, VI¥, and VIII*) and
three are chemical intermediates (III, V, and VII), in addition
to the reactant (I) and product (IX). The critical geometric
parameters of the stationary points are listed in Table 1, and
the calculated energies and free energies (see the Supporting
Information) are given in Table 2. In the reactant, the first metal
ion is pentacoordinated and not hexacoordinated, as it was in
the starting structure used for the optimization; one water
molecule has moved during the optimization to become
hydrogen bonded to the O4' sugar oxygen so that it no longer
belongs to the first coordination shell of the metal. Interestingly,
this change in coordination leads to better stabilization of the
in-line conformation for an O2'—P distance more than 2.0 A
(see the Supporting Information for details); that is, the switch
from a hexacoordinated metal to a pentacoordinated metal at
site I is associated with an increase of the O2'—P—05’" angle
from 140 to 162° (compare stationary points 0 and I in Table
1). The second metal site is unchanged from its initial
conformation and corresponds to a hexacoordinated magnesium.
Overall, the resulting reactant structure has an in-line conforma-
tion stabilized by the positions and coordinations of the two
metals (Figure 3A). The pentacoordinated magnesium ion at
site I includes two inner-sphere ligands from the ribozyme (the
oxygen O2' and the nonbridging oxygen pro-R of the phosphate
group); the other three ligands are two water molecules and
one hydroxide ion. In this trigonal bipyramidal arrangement,
the 2" oxygen and the two coordinated water molecules (Figure
3A) occupy the equatorial positions; the hydroxide ion and the
pro-R oxygen occupy the apical positions of the bipyramid
(Figure 3A). The proton from the 2" OH is in the plane of the
bipyramid (defined by the pro-R and O2' oxygens, the metal,
and the hydroxide ions) and easily abstracted by the hydroxide
ion; the distance between the O2' and hydroxide-ion oxygens
(less than 2.6 A) corresponds to a relatively short hydrogen bond

(present in the reactant and transition state, see Table 1). Thus,
the deprotonation of the 2" OH occurs without any major change
in the geometry of the reactant: only the O2'—P distance is
slightly shortened from 2.80 (Figure 3A, T) to 2.77 A (Figure
3A, ). The hexacoordinated Mg?" at site II is approximately
octahedral with six ligands (the pro-R and O5' oxygens from
the RNA and four water molecules).

The nucleophilic attack also does not involve any major
geometrical change. Only the O2'—P distance changes signifi-
cantly (from 2.77 AinIII to 2.17 A in IV), and the activation
energy is very low; it equals 0.11 kcal/mol at the B3LYP/6-
31+G**//HF/3-21+G* level (Figure 3B). The activation energy
for the reverse reaction between the second intermediate (V)
and the corresponding transition state (IV¥) is the same (0.11
kcal/mol); the second intermediate (V) has a further shortening
of the O2'—P distance to 1.92 A. The transition state geometry
is essentially a trigonal bipyramid, which is maintained until
product formation.

The third step corresponds to a structural change between
the nucleophilic attack and the departure of the leaving group.
Its essential feature is the change of the metal coordination at
the first metal site from pentacoordinated to hexacoordinated,
which is required for the reaction to proceed (Figure 3C); that
is, the intermediate with two hexacoordinated metals (VII)
corresponds to a symmetric state where the 2" and 5’ bridging
oxygens (after nucleophile activation) interact equally as strongly
with both metals (the O2'—P bond starts to form with the O2'—P
distance changing from 1.916 A in V to 1.783 A in VII, while
the P—O5’ bond starts breaking with the P—O5" distance
changing from 1.692 A in V to 1.709 A in VII). This change
occurs via the migration of the water molecule hydrogen bonded
to the 04’ oxygen into the first coordination shell of the metal
at site I, so that it again is hexacoordinated (Table 1). The
activation barrier for this step is 3.3 kcal/mol. It leads to the
formation of a third intermediate (VII), which is more stable
(by 4.9 kcal/mol) than the second intermediate (V) and has a
reverse activation energy of 8.7 kcal/mol.

The fourth (final) step involves the departure of the leaving
group (5" oxygen methyl), which is protonated to form CH;OH
by proton transfer from one of the water molecules coordinated
to the second metal; this water becomes an OH™ ligand. As in
the first step of the reaction that also involves a proton transfer,
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Figure 4. Reaction profiles of the proposed reaction mechanism. The energy profiles correspond to the total free energy difference (black line),
the total free energy difference in solution (dark blue line), and the enthalpy difference (green line). For comparison, the energy profile corresponding
to the total free energy difference in solution is also shown for a metal-free system (light blue line).

a short hydrogen bond is formed between the proton donor (one
of the coordinated water molecules to the metal at site II) and
the proton acceptor (the 5" oxygen). However, the hydrogen
bond is only formed in the transition state after the proton
transfer has effectively occurred between the leaving group
(CH30/Mgy) and the water molecule (H,O/Mgy). The proto-
nated leaving group (CH;OH/Mgy) is then dissociated from the
2'3" cyclic phosphate ribose but remains coordinated with the
Mg?" ion at site II (Figure 3D). This step has the highest forward
activation energy (14.0 kcal/mol).

From the above description and the values in Table 2, the
rate-limiting step for the overall reaction is the transition from
the third intermediate (VII) to the product (IX) via the transition
state (VIIT¥). The calculated free energy barrier is AG* = 19.3
kcal/mol, which is close to the experimental value AG* = 20.1
kcal/mol. The measured value is for the overall reaction, but it
has been suggested that the cleavage of the P—O5' bond
corresponds to the rate-limiting step for nonenzymatic and
hammerhead-ribozyme-catalyzed reactions,?’** as found here.
The calculated values for the activation energies (AH* = 13.9
kcal/mol, E, = 14.0 kcal/mol) are in reasonable agreement with
the experimental values (AH* = 17.7 kcal/mol, E, = 18.3 kcal/
mol). Since the activation free energies of the first three steps
are all quite low (Table 2), the reaction could appear to be
essentially concerted.

3.2. Energetics and Solvent Effects. The relative energies
of all of the stationary points, with respect to the reactant as a
reference, are listed in Table 2; the relative free energies both
in the gas phase and in solution are also included. The
calculations at the Hartree—Fock and Becke3LYP levels give
similar energy profiles for the activation barriers; the rate-
limiting step corresponds to the departure of the leaving group
(see above and Figure 3D). In the calculations at the higher
level of theory (B3LYP/6-31+G**//HF/3-21+G¥*), the energy
barriers for the other steps are very small, the value is near zero
for the nucleophilic attack (AAGHI_'W* = 0.47 kcal/mol). The

sln
enthalpy makes the larger relative contribution to the free energy
change in most of the reaction steps (Table 2 and Figure 4).
The entropy represents between 19 and 45% of the free energy

difference except for the stationary points V and VI¥, which

correspond to the migration of the water molecule in the second
reaction step (Figure 3C), for which the entropic component is
more than 60% (97 and 64%, respectively). The free energy
barriers of the reaction are larger than the activation barriers
due to the entropic penalty (except for the formation of VII
and IX). In solution, the free energy barriers are slightly lowered
except for the departure of the leaving group where the barrier
increases from 15.6 to 19.3 kcal/mol (Figure 4). The solvation
free energy difference is large in the first step between the
reactant and the first intermediate (6.78 kcal/mol between I and
111, see Table 2) because the deprotonation of the 2" OH required
for the nucleophile activation involves a switch from a monoan-
ion (—1) to a dianion (—2) of the RNA moiety (from I to III,
Figure 3A), although the overall charge of the system does not
change. By contrast, the differential solvent effect is small in
the second and third steps of the reaction (the variation of
solvation free energy is 2.7 kcal/mol or less between II* and
VII*) because the redistribution of charge is much smaller for
the various stationary points with a trigonal bipyramidal
geometry. In the last step, there is a second significant solvent
effect that is related to two different events: the separation of
charge between the partially dissociated products (the ribose
2'3" cyclic phosphate and the CH30H) and the delocalization
of the hydroxide-ion charge formed after neutralization of the
leaving group (CH30H). The redistribution of charge associated
with the product formation is attenuated by the neutralization
of the leaving group (from CH3O~ to CH3OH) via the proton
transfer from a water molecule coordinated to the metal at site
II (Figure 3D); the solvation free energy associated with this
event is 3.7 kcal/mol (between VII and VIITF, see Table 2). The
delocalization of the hydroxide-ion charge onto three water
molecules involves secondary proton transfers (two water
molecules coordinated to the metal at site II and one water
molecule coordinated to the metal at site I, see Figure 3D). The
solvation free energy associated with this event is 2.6 kcal/mol.
Nevertheless, the magnitude of the solvent effects is much
smaller than that found, for example, in the nonenzymatic ionic
ester hydrolysis. There, the solvation free energy change
between the reactant and products is estimated to be 49.4 kcal/
mol (Supporting Information Figure S2) versus 12.1 kcal/mol
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TABLE 3: Interaction Energies between Donor and Acceptor Orbitals from the NBO Analysis®

Leclerc and Karplus

reactant TS1 intermediate 1 TS2 intermediate 2 TS3 intermediate 3 TS4 product
vicinal interactions I I 111 Iv* \Y VI VI VIII* IX

no~Me) — oy’ 474 105
”*Mg(l) — Ooy—H 4.80 6.40
n:/lg(l) — 0o2-H 1.96 4.60
noy = Op_os 1.0 0.98 4.6 54 44 52 5.7
nos' — Op_qn 52 53 59 324 0.48
Op-02 — Op_os 264 28.0 30.3
Op-05' — G;—OZ’ 32.6 30.6 31.7
Ob_0p — Op_os 164 231 502
noy — n*Mg(I) 19.2 213 423 37.5 28.3 25.7 264 24.1 2.88
nog — n*Mg(l) 253 255 20.6 20.5 242 26.1 242 28.1 253
Eorbital = X { Moy — ”;Aga)}c 445 46.8 629 58.0 525 51.8 50.6 522 282
Eomita = 2{n0i — n*Mg(l)}d 138 136 142 138 133 131 155 160 138
noy — nK/Ig(II)P 135 133 16.4 234 225 258 26.7 13.0 248
nog — n*Mg(H) 27.6 27.8 26.7 26.6 28.7 312 283 279 232
Eorvital = 2 {M0gap — ”91\6/1;;(11)} 41.1 41.1 43.1 50.0 512 570 550 409 480
Eomvital = 2{n0i — n*Mg([l)} 145 145 148 154 155 156 154 154 153

< B3LYP/6-31+G(d,p)//HF/3-21+G* values in kilocalories per mole. * Mg(I) refers to metal at site 1. ¢ The energy value corresponds to the sum
of the second-order perturbative estimates of the stabilization energies between donor—acceptor pairs where rnog,, refers to the donor p lone pairs
of the oxygen atoms belonging to the RNA moiety (pro-R and 2’ oxygen atoms at site I and pro-R and 5’ oxygen atoms at site II). ¢ Same as
footnote ¢ except that no; refers to the donor p lone pairs of the oxygen atoms from all ligands (RNA and water molecules). ¢ Mg(II) refers to metal

at site II.

for the present system. The total free energy change including
the solvation contribution is then —21 kcal/mol (see Table 2).
However, it should be noted that the geometries of the reactant
and product are likely not fully relaxed in the catalytic pocket
of the hammerhead ribozyme, as they are in this model system.
Intramolecular interactions can make the reactant more stable
or more likely in this case the product less stable and thus reduce
the relative energy difference between the reactant and product.
Such relative stabilization to equalize the reactant and product
free energy has been found in many enzymes (e.g., triose
phosphate isomerase) and could explain the observed revers-
ibility of the reaction.*

3.3. Natural Orbital Analysis. One approach to analyze the
electronic changes taking place during the reaction is to look
at the behavior of natural bond orbitals (NBOs) which are
commonly used to describe hybridization and covalency effects
in molecules. They are localized on a small number of atoms
and describe the Lewis-like molecular bonding pattern of
electron pairs. The NBO analyses at the Becke3LYP/6-31+G**//
HF-3-21+G* level show that the natural bond orbitals are
different for the various steps of the reaction. We focus on three
natural bond orbitals between (1) the 2" oxygen and its proton
before the O2" H activation in the first step of the reaction
(002—m, I and II), (2) the phosphorus and the leaving group in
the first three steps of the reaction (op—os, I to VII), and (3)
the phosphorus and the nucleophile in the last step of the reaction
(op-02, VII to IX). The 0oy -y natural bond orbital is mostly
localized on the 2" oxygen with 83—86% (I to II) of the orbital
consisting of basis functions on oxygen. The inner-sphere
coordination to the hydroxide—metal complex strongly weakens
the O2'—H bond (no-Me1y — Tgy—y from 47.4 keal/mol for I
to 105 kcal/mol for II, Table 3) and slightly increases the O2'—H
polarization (in the triester-like mechanism, the contribution
from the 2" oxygen to 0oy—p is less than 80% in the reactant
that also involves a short hydrogen bond between the 02" and
the pro-Rp oxygen, Leclerc et al., to be published). The op-os
natural bond orbital is mostly localized on the 5" oxygen with
85—87% (I to VII) of the orbital consisting of basis functions
on oxygen. In gp_oy, the contributions from the phosphorus
and oxygen to the op—o2 in V are 9 and 91%, respectively, and
they end up at 15 and 85%, respectively, in the product (IX).

The trigonal bipyramidal intermediates (V and VII) as well as
the transition state that connects them (VI¥) both exhibit the
natural bond orbitals op-py and op-ps. During the migration
of the water molecule (associated with the coordination change
of the metal at site I), the delocalization of the lone pair on the
nucleophile into the P—OS5’ antibonding orbital, which was
present in the two first steps (nucleophile activation and
nucleophilic attack), remains with an increasing interaction
energy and contributes to weaken the P—O5’ bond (noy —
Op_os from 4.4 kcal/mol for V to 5.7 kcal/mol for VII). The
three stationary points involved in this process (V to VII) are
the only ones where the two natural bonds op_ps and op—oy
are present at the same time; they also exhibit the presence of
two specific non-Lewis NBOs (0p—0» — 0p_q5 and 0p_qy —
Op_os» see Table 3). The increasing o-interactions into the
P—O05' antibonding orbital associated with the coordination
change of the metal at site I contribute to weakening of the
P—O05' bond involved in the departure of the leaving group
(P—O05' bond going from 1.692 A for V to 1.709 A for VII,
Table 1).

34. Reaction Path and Role of Metal Ions. The reaction
path was followed by performing intrinsic reaction coordinate
(IRC) calculations,*® showing that the transition states connect
the corresponding reactant, product, and intermediates
(Supporting Information Figure S3). In the presence of metal
ions, the reaction is sequential according to the model developed
here, although, as pointed out above, the kinetics might appear
concerted due to the small activation free energies for several
of the early steps. There is no direct spectroscopic evidence for
the existence of chemical intermediates, but the hammerhead-
ribozyme kinetics have been interpreted as suggesting that an
intermediate exists;*’ see also earlier ab initio molecular orbital
calculations on phosphates and phosphoranes.?® Interestingly,
the model developed for the metal-free reaction suggests a
concerted mechanism where the nucleophilic attack and the
departure of the leaving group are coupled (Leclerc et al., to be
published separately). A comparison of the energy profiles in
solution between the metal-assisted reaction and the metal-free
reaction shows that metals contribute significantly to lowering
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TABLE 4: Natural Energy Decomposition Analyses (NEDA)
of the RNA—Metal Complexes®

total binding energy

molecule  AE ES POL CT EX DEF
1 —311 —382 —242 256 —439 614
Ir* —324  —405 253 315 475 696
1II —644  —667 —332 —230 —433 628
v# —644  —674 327 232 —435 633
\ —646  —681 —322 —233 —436 634
VI¥ —652  —689  —340 —234 —453 656
VII —646  —683  —337 —257 —465 676
VIIT* —-307 375 236 —259 426 606
IX =379 —436  —269 —235 —449 607

¢ RHF/6-31+G**//RHF/3-214+G* values in kilocalories per mole.
The calculations are based on the decomposition into three molecular
fragments corresponding to the RNA model and the two hydrated metal
ions treated with their solvation shell.  The binding energy for bringing
together the three molecular fragments is given by AE, = ES + POL
+ CT + EX + DEF, sum of the electrostatic (ES), polarization (POL),
charge transfer (CT), exchange (EX), and deformation (DEF) contribu-
tions calculated by the NBO 5.0 program.*’ The metal ion at site 1 is
pentacoordinated from I to IV and hexcoordinated from V to VII. The
metal ion at site II is hexacoordinated and includes the water molecule
in the second solvation shell (I to IV) which is then transferred to the
metal at site I (V to VII).

of the energy barriers; the overall free energy barrier is reduced
by 12.0 kcal/mol (Figure 4).

Natural Energy Decomposition. To obtain a more detailed
understanding of the influence of the metal ions on the different
steps of the reaction, natural energy decomposition analyses
(NEDA)* were performed for the stationary points. On the basis
of this analysis, the binding energy between the RNA model
and the two hydrated metals and its variation along the reaction
coordinate were determined (Table 4). The binding energy was
decomposed into two-body interactions between pairs of
fragments—RNA—Mg;, RNA—Mgy;, and Mgi—Mgy (Table 5)—
and a non-pairwise-additive three-body interaction (Supporting
Information Table S1), which are further decomposed into
different energetic contributions. The method and details of the
results of the NEDA are described in the Supporting Informa-
tion.

Although the binding energy corresponding to the process
of bringing together the RNA and the two hydrated metals is
always favorable (RNA—Mg; and RNA—Mgy; are favorable,
while Mg;—Mgy; is unfavorable), it varies significantly in the
two steps of the reaction corresponding to changes of charge
on the RNA moiety, that is, during the nucleophile activation
(first step: I to III) and during the departure of the leaving group
(fourth step), which involve a switch from a monoanionic RNA
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species to a dianionic RNA species and vice versa (Figure 5).
In the first step of the reaction (I to III, Figure 3A), there is a
large increase (of more than 100%) in binding energy (>300
kcal/mol) associated with the monoanion-to-dianion conversion
due to the 2" OH deprotonation which occurs late along the
reaction pathway (Supporting Information Figure S3A). As
expected, the RNA—Mg; interaction that involves a direct
coordination between the 2’ oxygen and Mg; represents the
major contribution to the increased binding energy. However,
the RNA—Mgy interaction contributes about one-third of the
increase (Table 5). In the reactant (I), the RNA—Mgjy interaction
represents the major contribution to the total binding energy:
43% versus 32% for the RNA—Mg; interaction. After formation
of the first intermediate (III), the relative contributions of the
RNA—Mg and RNA—Mg; interactions are reversed (34%
versus 43%) and the RNA—Mg; interaction becomes predomi-
nant in the total binding energy (Figure 5A).

From the first intermediate to the product, the RNA—Mg;
interaction decreases while the RNA—Mgy; interaction increases.
The two-body interaction term between the hydrated metals
(Mgi—Mgp) remains essentially constant; it is destabilizing due
to the metal—metal electrostatic repulsion (Table 5). The
changes in the two RNA—metal terms (RNA—Mg; and RNA—
Mgqr) are compensatory and partly associated with the migration
of the water molecule from the second solvation shell of Mgy
to the first solvation shell of Mg;. The RNA—metal complex is
destabilized by the three-body term which arises mainly from
the polarization term that represents up to 74% of the unfavor-
able contribution (Supporting Information Table S1). The two
dominant contributions are the electrostatic (ES) and deforma-
tion (DEF) terms; each term contributes about 35%. The ES
term is favorable while the DEF term is unfavorable to the
association of the RNA with the metals. The DEF term is
predominantly associated with the Pauli repulsion that prevents
the charge distribution of the RNA fragment from penetrating
that of the hydrated metal fragments and vice versa. The
polarization (POL) and charge transfer (CT) terms are the two
other favorable terms that contribute significantly to the binding
energy: POL contributes from 16 to 18% and CT from 12 to
17%. The exchange (EX) term represents only 2—3% of the
binding energy. The decreasing ES and POL components for
RNA—Mg; and the increasing ES and POL components for
RNA—Mgy; explain the compensation in the binding between
these two pairs of fragments (Table 5). The stabilization energy
comes in part from the delocalization of the lone pairs on the
2" and 5’ oxygens into the metal orbitals (nonbonding lone pairs)

TABLE 5: Natural Energy Decomposition Analyses (NEDA) of the Two-Body Interactions”

two-body term (RNA + Mg)”

two-body term (Mg + Mg)

molecule  AE(I/IT) ES/1I) POL(I/IT) CT(I/1I) EX(I/1I) DEF(I/I) AE ES POL CT EX DEF
I —202/—267 —247/—284 —119/—121 —128/—101 —23.5/—18.2 315/258 152 149 —208 —30.1 —392 578
I —213/=267 —269/—286 —127/—122 —185/—103 —27.2/—18.5 395/262 153 150 —205 —28.6 —3.74 551
1 —520/—404 —510/—418 —216/—135 —108/—116 —229/—19.2 336/285 257 261 —194 —-189 213 370
A —504/—423 —500/—438 —196/—153 —109/—117 —21.6/—20.9 322/305 259 263 —196 —193 —212 374
v —496/—436 —495/—450 —184/—163 —113/—116 —21.0/—220 316/316 261 265 —19.6 —184 —203 360
VI —498/—441 —497/—461 —183/—173 —110/—123 —20.8/—240 313/340 263 269 —206 —-164 —179 328
Vil —466/—469 —478/—476 —180/—171 —139/—121 —24.8/—213 355/320 266 271 —188 —13.6 —1.77 295
VIIIF  —287/—164 —296/—212 —145/—950 —110/—138 —20.4/—21.2 284/303 131 133 —16.1 —18.1 —2.10 345
IX —137/—-280 —159/—279 —69.7/—128 —77.3/—930 —14.0/—16.5 183/235 254 200 —843 —520 —143 174

4 RHF/6-314+RHF/6-31+G*//RHF/3-214+G* values in kilocalories per mole. The binding energy calculated as previously (Table 3) is decomposed
into two-body interactions between pairs of fragments (RNA + Mg;, RNA + Mgy, and Mg; + Mgy) and a non-pairwise-additive three-body term
(Table 5, Supporting Information). * For comparison, the binding energies of the two (RNA + Mg) pairs, corresponding to the metal sites I and II,

respectively, are given together separated by a slash.
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Figure 5. Binding energy along the reaction pathway of the RNA—metal complex and comparison with the stabilization energy from the delocalization
of the lone pairs on the bridging oxygens into the metal orbitals. (A) The binding energy (left-hand vertical axis), calculated at the HF/6-31+G**//
HF/3-214+G* level by NEDA, corresponds to the energy to bring together three fragments: the RNA moiety and each of the two hydrated metal
ions (metal and solvation shells). The total binding energy between the three fragments (solid red line) and the relative contribution (two-body
interactions) from the metal at site I (RNA—Mgj, solid green line) and the metal at site II (RNA—Mgjy, solid blue line) interacting with the RNA
moiety are shown. The dashed lines (right-hand vertical axis) indicate the net charge on the RNA moiety (dashed red line), on the hydrated metal
at site I (dashed green line), and on the hydrated metal at site II (dashed blue line). (B) The contribution from the RNA—Mg; interaction (solid
green line) is compared with the stabilization energy (indicated as positive on the right-hand axis) from the delocalization of the lone pairs on the
pro-R and 2’ oxygen into the metal I orbitals (no, —m;,lgl, dashed—dotted line; noy — n*Mgl, dotted green line). (C) The contribution from RNA—Mgy
interaction is compared with the stabilization energy from the delocalization of the lone pairs on the pro-R and 5’ oxygen into the metal II orbitals
(no, — n"‘MgI , dashed—dotted blue line; nos — n;‘,lgn, dotted blue line). (D) The contributions from the RNA—Mg; and RNA—Mgj; interactions (solid
green and blue lines) are compared with the total stabilization energy from the delocalization of both the lone pairs on the pro-R and 2’ oxygen into
the metal I orbitals (dotted green line) or from the delocalization of both the lone pairs on the pro-R and 5" oxygen into the metal II orbitals (dotted
blue line). In parts B—D, the orbital delocalization contributions correspond to the right-hand vertical axis.

at Mgy and Mgy (noy — n*MgI and nos — n*MgH) that represents pairs of Mg; into the bonding ¢ orbital of the O2'—H bond
covalency contributions to the RNA—metal interactions (Figure increases but to a lesser extent (n*Mg(D — 00—y from 4.80 kcal/
5B and C). mol for I to 6.40 kcal/mol for II, Table 3). The net destabilization
Natural Orbital Analysis. As mentioned before, the coordina- effect of the metal Mg; on the O2'—H bond is thus 1.8 kcal/
tion of the 2’ oxygen to Mg; contributes to weaken the O2'—H mol.
bond in the first step of the reaction. The destabilization due to From the first intermediate to the product, the stabilization
the delocalization of the antibonding orbitals of metal-ion lone energy due to the delocalization of the lone pair on the 2’
pairs of Mgy into the antibonding o orbital of the O2'—H bond oxygen, corresponding to the coordination to Mgy, decreases
increases (nyq, — Opy— from 1.96 kcal/mol for T to 4.60 (noy — ny, from 42 to 2.9 keal/mol). Simultaneously, the
kcal/mol for II), while the corresponding stabilization due to stabilization energy due to the delocalization of the lone pair

the delocalization of the antibonding orbitals of metal-ion lone on the 5' oxygen corresponding to the coordination to Mgy
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Figure 6. Changes of charge distribution between the RNA and hydrated metal moieties along the reaction pathway in the steps involving the
monoanion/dianion interconversions for the current two-metal-ion model (A and B) and the single-metal-ion model (C and D, Torres et al., 2003).
(A) Monoanion/dianion conversion in the first step of the reaction. The three corresponding stationary points I, IT¥, and III are represented in a
schematic way. (B) Dianion/monoanion conversion in the last and rate-determining step of the reaction. The three corresponding stationary points
VII, VIII¥, and IX are represented similarly. (C) Monoanion/dianion conversion in the first step of the reaction. (D) Dianion/monoanion conversion
in the last and rate-determining step of the reaction. The rectangle represents the RNA moiety, and the spheres represent the hydrated metal moieties
(sites I and II are labeled as in Figure 3, and the fragment moieties are defined as in the NEDA calculations). The single arrows indicate the forward
direction of the reaction. The double arrows indicate the moieties involved in the changes of charge distribution.

increases somewhat (nos — nMc from 16 kcal/mol for III to
25 kcal/mol for IX). As the 02’ P bond forms, the delocal-
ization of the lone pair on the 2’ oxygen into the antibonding
orbitals of metal-ion lone pairs of Mgy decreases (Figure 5B).
Inversely, as the P—O5’ bond breaks, the delocalization of the
lone pair on the 5" oxygen into the antibonding orbitals of metal-
ion lone pairs of Mgy increases (Figure 5C). We can define a
covalency contribution to RNA—metal binding as the sum of
the stabilization energies associated with the delocalization of
the lone pairs on all of the RNA oxygens into the antibonding
orbitals of metal-ion lone pairs of Mgy and Mgy;. It includes the
contribution from the 2’ and pro-R oxygens interacting with
Mgy (noy — n*MgI and no, — n?\‘,lgl) and that from the 5" and
pro-R oxygens interacting with Mgn (nos' — nyy, and no, —
n*MgH). Thus, there is a correlation between the RNA—metal
binding energy (calculated with the NEDA) and the covalency
contribution to RNA—metal binding; the major covalency
contributions come from the delocalization of the lone pair on
the 2" and 5" oxygens into the antibonding orbitals of metal-ion
lone pairs of Mgr and Mgy, respectively (Figure 5SB—D). The
contributions from the delocalization of the lone pair on the
pro-R oxygen into the antibonding orbitals of both metals have
small variations along the reaction path (Figure 5B and C). The
total stabilization energy for o-interactions that transfer charge
from occupied lone-pair natural bond orbitals on the oxygen
atoms, belonging to both RNA and water molecules, into empty
non-Lewis orbitals on the metal ions (Eqpita = E{nol- —
n*Mg(I)} and Egmital = 2{noi — n*Mg(H)}, Table 3) varies to a
lesser extent than the stabilization energy corresponding to the
covalency contribution to RNA—metal binding. Indeed, the
decreasing stabilization energy from III to IX for the o-interac-
tions in Mg;—02" and the increasing stabilization energy from
I to VII for the o-interactions in Mg;;—O5' are compensated by
increasing and decreasing the stabilization energies, respectively,
arising from water ligands (Table 3). The total stabilization
energy for the o-interactions in metal—oxygen bonds is greater
in the case of the hexacoordinated metal Mgy (I to VI), but the
difference with the pentacoordinated metal Mg; can be small
(142 kcal/mol versus 148 kcal/mol in III, Table 3) because of
the stronger covalency contribution to RNA—Mg; binding in
comparison with RNA—Mgy; binding (62.9 kcal/mol versus 43.1
kcal/mol in III, Table 3). Nevertheless, the noncovalency

contributions to RNA—metal binding, especially the electrostatic
contribution, are more important than the covalency contribu-
tions.

During the last step of the reaction, the total binding energy
drops by more than 40% in going from the 3rd intermediate
(VID) to the product (IX) when the 5" oxygen is protonated and
the proton of a water molecule coordinated to Mgy is transferred
to the leaving group (Table 4). This large change in binding
energy is again associated with a modification of the net charge
on the RNA moiety (a dianion-to-monoanion conversion in this
case) that arises from the partial separation of the leaving group
from the ribose 2',3" cyclic phosphate (Figure 5A). The
destabilization of the RNA—metal complex is mainly electro-
static (the ES and POL contributions decrease), and it is only
partly compensated by the decrease in the unfavorable two-
body term Mgi—Mgy, which is reduced by 90% (Table 4) and
by the three-body term which also becomes less destabilizing
(Supporting Information Table S1). This destabilization is even
more pronounced in the last transition state (VIII¥) than in the
product (IX) and is associated with a double change in the
charge distribution from the third intermediate (VII) to the fourth
transition state (VIIT¥) to the product (IX). The first change in
the charge distribution is due to the first proton transfer from a
coordinated water molecule to the 5 oxygen which occurs early
in the reaction pathway, while the second one is due to the
second proton transfer between two water molecules each
coordinated to one of the metal ions (Supporting Information
Figure S3D).

Monoanion/Dianion Interconversions. The two steps of the
reaction that involve a change in the net charge on the RNA
moiety, that is, the nucleophile activation of the 2’ oxygen (first
step) and the departure of the leaving group (last step),
correspond to a monoanion/dianion conversion (first step) and
a reverse dianion/monoanion conversion (last step); that is, the
net charge on the RNA moiety switches from —1 (I) to —2
(ITI) in the first step and back from —2 (VII) to —1 (IX) in the
last steps (Figure 6). As the calculations have shown, the free
energy barrier is low in the first step (AAGi;H = 2.56 kcal/
mol) while it is high in the last step (AAG:EI_'VIH = 19.3 kecal/
mol). Both reactions lead to a lowering of the energy (AAE)
and free energy (AAGq,) of the system, as expected. Whether
there is a low activation energy (as in the first reaction) or a
high activation energy (as in the last reaction) depends on
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whether the stabilizing interactions appear as the system goes
from the reactant to the transition state or from the transition
state to the product, respectively.

The two steps both involve proton transfers between the RNA
moiety and a hydrated metal: in the first step, the proton transfer
is the only chemical process and it occurs late along the reaction
pathway (i.e., after the transition state), while the proton transfer
occurs early in the last step (i.e., before the transition state)
and is concurrent with the P—O5' bond breaking. The chemical
process which corresponds to the higher energy barrier during
the two first steps of the reaction is the proton transfer

(AAGH"* = 2.56 kcal/mol) and not the nucleophilic attack

sln

(AAGS:TW* = 0.48 kcal/mol). In the first step, the existence of
a low barrier transition state for the proton transfer (AE = 0.544
kcal/mol, AG,as = —0.542 keal/mol, AGy, = 3.1 kcal/mol, see
Table 2) is consistent with the results from a quantum chemical
study on the proton transfer in RNase A catalysis involving the
formation of short, strong hydrogen bonds (AE = 1.07 kcal/
mol, AG,,s = —1.24 kcal/mol, 2.85 kcal/mol < AGy, < 3.89
kcal/mol*®). This low barrier for proton transfer is also in
agreement with the explanation proposed for rapid enzyme-
catalyzed proton abstraction associated with late transition
states. In the particular case of phosphodiesters, the low barrier
for proton transfer in the reaction catalyzed by RNase A was
also explained by the stabilization of the developing negative
charge in the transition state that reduces the structural
reorganization between the reactant and the transition state.’!
In this two-metal-ion model, the difference in the magnitude
of the energy barriers for the two monoanion/dianion intercon-
versions lies in the synchronization (or lack thereof) between
the actual proton transfers and the associated molecular pro-
cesses. In general, it is expected that a product stabilizing factor
that lags behind bonding changes or the loss of a reactant
stabilizing factor that is ahead of bonding changes enhances
the barrier. By contrast, the late loss of a reactant stabilizing
factor or the early development of a product stabilizing factor
would lower the barrier.

In the first step, there is only one chemical process (cleavage
of the 2" O—H bond) that corresponds to the proton transfer
associated with the nucleophile activation and a single change
of charge distribution between the three fragments of the
complex: the RNA moiety, the hydrated metal at site I, and
the hydrated metal at site II (between II* and III, Figure 6A).
The proton transfer occurs late along the reaction pathway
(Supporting Information Figure S3A), so that the reactant I and
the transition state II* are very close in structure (Table 1 and

Figure 3A) and in energy (AAG;:SH* = —0.54 kcal/mol, Table
2) and conserve the same net charge of —1 on the RNA moiety
(monoanion). This similarity between the reactant I and the first
transition state II* is typical for a late loss of reactant stabilizing
factors that leads to a low intrinsic barrier (the cleavage of the
2" O—H bond occurs after the transition state).

The last step of the reaction is considerably more complex
than the first, since there are several concurrent chemical
processes. The proton transfer to the 5" oxygen of the leaving
group is associated with the first change of the charge distribu-
tion, and there is the breaking of the P—O5' bond and a second
proton transfer between the two hydrated metals, where the
negative charge (OH™) formed on the metal coordinated to the
leaving group is transferred from Mgy in VIII* to Mgy in IX
(Figure 6B). The main process, corresponding to the P—O5’
bond breaking, occurs rather late along the reaction pathway,
while the first proton transfer occurs prior to the transition state
(Supporting Information Figure S3D). The imbalance of the
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transition state is reinforced by the poor synchronization between
each of the two chemical processes and the concurrent molecular
processes corresponding to the charge delocalization and
solvation. The first proton transfer corresponding to the change
of net charge on the RNA moiety between the reactant (dianion
VII) and the transition state (monoanion VIIT¥) is characterized
by an unfavorable electrostatic contribution to the RNA—metal
interaction (AAEYSV™ = 308 kcal/mol, Table 4). On the
other hand, the late second proton transfer induces a charge
delocalization between the two hydrated metals that corresponds

to an electrostatic stabilizing factor (AAE;%HL'IX = —61 kcal/
mol, Table 4). This product stabilization is developed late along
the reaction pathway, after the bond breaking at the TS (in the
IRC profile: shoulder observed after the TS, Figure 5D). It can
be assigned as an electrostatic contribution (noncovalency
contribution) to the RNA—metal binding, which is less unfavor-
able for the product than for the transition state (AAEys =

247 keal/mol vs AAEYS VI = 308 kcal/mol). In summary,
the high energy barrier of the rate-limiting step arises from the
early destabilization of the third intermediate and the late
stabilization of the product, associated with the P—O5" bond
breaking and the secondary proton transfers.

In the single-metal-ion model developed by Torres et a
there are two equivalent steps corresponding to monoanion/
dianion interconversions (Figure 6C and D). Interestingly, the
first transition state that corresponds to a monoanion-to-dianion
conversion exhibits a high energy barrier (activation barrier of
18.6 kcal/mol). On the other hand, in the last step of the reaction,
the second transition state corresponding to a reverse dianion-
to-monoanion conversion exhibits a relative low energy barrier
(relative activation barrier of 2.2 kcal/mol from the intermedi-
ate).” In the first step (Figure 6C), the proton transfer is early
(and concurrent with the nucleophilic attack) and ahead of the
transition state, while it is late in the last step of the reaction
(Figure 6D) and lags behind the transition state. Although the
energetic trend is opposite with respect to that of the two-metal-
ion model, we can find common features between the two
models (Figure 6). The comparison of the two models suggests
that the monoanion/dianion interconversions induced by proton
transfer exhibit (1) a high energy barrier when the charge
redistribution is ahead of the transition state and (2) a low energy
barrier when the charge redistribution lags behind the transition
state. In the two-metal-ion model, the particularly low energy
barrier involved in the monoanion-to-dianion conversion (first
step) is associated with a proton transfer between two common
metal ligands (O2'H and OH™ at site I) and thus only involves
a very localized charge redistribution between the reactant and
the first transition state (II¥).

3.5. Novelty of the Two-Metal-Ion Model. The two-metal-
ion model described here is similar in spirit to the dianionic
mechanism proposed by von Hippel et al 2 However, the present
work provides quantitative calculations of the mechanism which
make possible a detailed understanding not available from the
earlier, more qualitative description. The data supporting a two-
metal-ion model?*~2® suggest that the metal ions act as Lewis
acids (i.e., stabilizing the negative charge on the bridging 2’
and 5" oxygens, Figure 1C) and not as general acids/bases, as
was proposed for the single-metal-ion model (Figure 1B); the
latter was inspired by the RNase A mechanism for transphos-
phorylation (Figure 1A). In the two-metal-ion model described
here, the metal Mgy which is coordinated to the 2’ oxygen acts
as a Lewis acid by polarizing the 2’ O—H bond and thus
facilitating the deprotonation. The calculated activation free
energy barrier for the 2 OH deprotonation and for the

]"20
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nucleophilic attack is 2.6 kcal/mol. This contrasts with single-
metal-ion-model estimates of 12 kcal/mol*? and 18.6 kcal/mol 2
The large energy difference is explained by the fact that, in the
two-metal-ion model, the pK, of the 2" OH is lowered by the
direct (inner-sphere) coordination of Mgy to the 2" oxygen, which
polarizes the hydroxide bond, and that the dianion formed after
the nucleophile activation is stabilized by both metals. These
two features are absent from the single-metal-ion model. The
NEDA results (see section 3.4) suggest that the stabilization of
the RNA—metal complex, in which the RNA moiety is a
dianion, is due both to Mg; (2/3) and Mgy (1/3). The presence
of two metal ions not only makes the nucleophile activation
more favorable, but it also stabilizes the RNA—metal complex
in a conformation for in-line attack. As result, the free energy
barrier in the solvated system for the second step of the reaction
(the nucleophilic attack) is significantly lowered; it is 22.8 kcal/
mol in the absence of the metal ions and 0.47 kcal/mol in their
presence. The calculations performed with different geometries
indicate that the pentacoordinated (rather than hexacoordinated)
metal coordinated to the 2’ oxygen plays an important role in
stabilizing the geometries which facilitate the two first steps of
the reaction and contributes to lower their energy barriers (data
not shown). However, the calculations indicate that the departure
of the leaving group prefers a hexacoordinated state for both
metals, so that a switch from Mgi(V) to Mgi(VI) takes place in
the formation of the last intermediate. The NBO analyses show
that the process of coordination change, associated with the
natural bond orbitals op—o2' and op—os', prepares the system for
the departure of the leaving group. The increasing delocalization
of the lone pair on the 2" oxygen into the P—O5’ antibonding
orbital, during the coordination change (V to VII), contributes
to slightly weaken the P—O5' bond before the departure of the
leaving group. Product formation is facilitated by the delocal-
ization of the hydroxide ion through secondary proton transfers
involving two water molecules; the first one belongs to the
solvation shell of Mgy (in the axial position opposite the 5’
oxygen), and the second one belongs to the solvation shell of
Mg; (in the axial position opposite the 2’ oxygen). The proton
transfer that occurs in the protonation of the 5’ oxygen in the
rate-limiting step of the reaction is reminiscent of the single-
metal-ion model (Figure 1B).

A theoretical model based on a single-metal-ion model and
involving a similar proton transfer was proposed recently.?’
However, since the metal is not directly coordinated to the 5
oxygen, it mostly behaves as a general acid/base. In the two-
metal-ion model developed here, Mgy acts both as a general
acid and as a Lewis acid by giving a proton from one of its
coordinated water molecules to the 5" oxygen and accepting its
electrons, a feature that has not been proposed in previous
discussions of two-metal-ion models 24283752 A two-metal-ion
model was proposed by Boero et al. after this paper was
completed, using a Car—Parrinello molecular dynamics (MD)
simulation method for a model system.>? In this model, the base
generated by the spontaneous deprotonation of a water molecule
located close to the 5' leaving group is involved in the
neutralization of the 5 oxyanion. A similar neutralization occurs
in the current model, but the water molecule involved is in the
inner-sphere coordination of the metal at site II and the proton
transfer precedes the P—O5' bond breaking (Supporting Infor-
mation Figure S3D). Both models follow a reaction path in
which the nucleophile activation proceeds via a metal hydroxide
as the general base, the subsequent nucleophilic attack leads to
the formation of a trigonal bipyramidal structure, and the rate-
limiting step is the departure of the leaving group. The major
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differences between the two models concern the interactions
with the metal ions; that is, the metal solvation shells (metal/
water or metal/OH—) and the metal coordinations with the RNA
moiety differ at all steps of the reaction (in particular the
coordinations with the nonbridging oxygens, Boero et al.’
Tateno, personal communication). As pointed out by Boero et
al.,;”3 the activation free energies calculated from first-principles
MD simulations are higher than those obtained for the single-
metal-ion model.?’ The lower activation barrier obtained in the
present model agrees well with the experimental data and is
likely to come from an optimal reaction pathway which was
not sampled by Boero et al. It is noteworthy that the relative
free energy difference between the noncatalyzed (no metal) and
metal-catalyzed (two-metal-ion models) reactions is similar in
the two models: it is 16.3 kcal/mol for Boero’s model and 13.7
kcal/mol for our model.

3.6. Solvent Isotope Effect. The occurrence of a proton
transfer during the rate-limiting step of the reaction is contro-
versial. A large solvent deuterium isotope effect (KG20/k20)
= 4.3) has been observed for the hammerhead ribozyme.?* In
the case of the participation of a metal hydroxide in the catalysis
(Figure 1B), the observed isotope effect was imputed to a change
in the equilibrium concentration of active species (Mg?*-bound
2" alkoxide).?*** Consequently, the isotope effect was not
interpreted as a proton transfer occurring in the transition state
(departure of the leaving group) but instead as an apparent
isotope effect; that is, the isotope effect simply reflects a
difference in the concentration of the activated 2’ oxyanion in
D,O (which is severalfold lower than that in H,O) at a given
pH.!72* Thus, the intrinsic isotope effect associated with the 2’
OH deprotonation would be equal to 1. However, experimental
evidence supports the proton transfer when Mg?* is substituted
by NH," as a cofactor in the reaction.’® To determine whether
the two-metal-ion model proposed here is consistent with the
observed isotope effect, we have used a simple model to estimate
the kinetic solvent isotope effect (KIE) for the rate-determining
(fourth) reaction step (Figure 3D).

Neglecting tunneling, the kinetic isotope effect can be
approximated in transition state theory (TST) by the change in
activation free energy of H,O versus D,O.> This gives

£ A
KIE, ~ o(AGH—AGI)/ksT (1

where AG¥ is the barrier height corrected for zero-point-energy
(ZPE) changes between the reactant (V, Figure 3D) and the
transition state (VI, Figure 3D) in H,O (AGE) and in D,0O
(AG*D) calculated at the HF/3-21+G** level (Supporting In-
formation Table S2). The calculations give a KIE that is close
to unity (KIE; = 1.2) and is consistent with the reaction
asymmetry for this proton transfer.> This suggests that the KIE
observed experimentally is likely to be due to a change in the
equilibrium concentration of charged species in the presence
of Mg?*, as proposed earlier,*3> but that is not incompatible
with a proton transfer to the leaving 5’ oxygen in the rate-
limiting step of the reaction. In the case of a nucleophile
activation model, based on a metal hydroxide at site I, an
intrinsic KIE corresponding to a proton transfer on the 5’
oxygen, combined with a change in the equilibrium concentra-
tion of charged species, would lead to a much larger apparent

KIE, as is observed for the NHy™-mediated reaction (kggg)/
KoY = 7.68.3

cleav
4. Concluding Discussion

A two-metal-ion model for hammerhead-ribozyme catalysis,
based on density functional quantum mechanical calculations,
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is described and analyzed. It is found that the reaction involves
a series of steps with three intermediates and four transition
states. The calculated free energy barriers for the solvated system
(Table 2), confirmed by reaction path following (Supporting
Information Figure S3), indicate that the intermediates involved
in the first three steps of the reaction (nucleophile activation,
nucleophilic attack, and formation of an intermediate involved
in the departure of the leaving group) would have lifetimes too
short to be kinetically significant; that is, the free energy barriers
of the steps from the reactant to the final intermediate are all
small, with the largest arising in the nucleophile activation (2.6
kcal/mol). The high free energy barrier which corresponds to
the rate-determining step, involves the departure of the leaving
group. The calculated free energy barrier (19.3 kcal/mol) is in
good agreement with the measured value 20.1 kcal/mol. The
high barrier is suggested to result from an “imbalanced”
transition state; that is, there is an early destabilization of the
last intermediate VII (due to the proton transfer from a
coordinated water molecule at site II on the 5’ oxygen, Figure
3D), which occurs before the P—05’ bond breaking, and a late
stabilization of the product (due to the delocalization of the OH™
formed at site II and transferred to site I) that lags behind the
breaking of the P—O5’ bond.

Comparison of a model for RNA catalysis corresponding to
the base-catalyzed reaction in solution in the absence of metal
ions (Leclerc et al., to be published separately) and the two-
metal-catalyzed reaction in the hammerhead ribozyme, as
obtained in the present paper, suggests that the metal ions
contribute to the catalysis in several essential ways: (1) by
lowering the pK, of the 2" OH, (2) by stabilization of the in-
line conformation of the reactant, (3) by stabilization of the
trigonal bipyramidal structure of the transition states and
intermediates, and (4) by stabilization of the leaving group. One
of the metal ions, identified as Mgy, acts as a Lewis acid and
a general acid, while the other metal ion, identified as Mgy,
functions as a general base and Lewis acid, so there is a clear
distinction between the roles played by the two metals. Their
roles as Lewis acids evolve along the reaction path; that is, a
strong Lewis acid is needed at site I in the first steps (roles
1—3 described above) and at site II in the last steps of the
reaction (roles 3 and 4 described above). The role of both metals
as a Lewis acid is reinforced at site I by a pentacoordinated
state of Mgy in the two first steps of the reaction and at site 11
by a hexacoordinated state of Mgy that contributes to delocalize
the negative charge developed around the leaving group in the
two last steps of the reaction. Given the above, we expect that
any factor that minimizes the imbalance of the transition state
in the rate-limiting step by making the proton transfer more
synchronized with the P—O5’ bond breaking would accelerate
the reaction. This can be accomplished, for example, by a later
destabilization of the third intermediate (VII) or an earlier
stabilization of the product (IX) with respect to the transition
state (VIII¥). As proposed previously,2® the presence of a
stronger Lewis acid at site II would allow a better stabilization
of the negative charge on the leaving group. In light of the
present two-metal-ion model, the replacement of Mg?* by La3"
at site II, which leads to an enhanced apparent rate constant for
the hammerhead-ribozyme cleavage reaction,”® lowers the
energy barrier by a slightly earlier product stabilization (i.e.,
the P—O5’ bond would break earlier, making the departure of
the leaving group more synchronized with the proton transfer)
along the reaction pathway (likely by sequestrating the OH™ at
site II).

Leclerc and Karplus

In summary, the calculations presented here have provided a
detailed reaction path for the two-metal-ion ribozyme catalysis
and identified the metal-ion contribution to the reaction.
Although the results are in agreement with experiments,
additional measurements (KIE, for example) are necessary to
confirm the analysis. We hope that having a specific proposal
will stimulate new studies of this reaction, which is of
fundamental importance in living systems.
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Abstract

Whereas dedicated computational approaches have been developed for the
search of C/D sRNAs and snoRNAs, as yet no dedicated computational approach
has been developed for the search of archaeal H/ACA sRNAs. Here we describe
a computational approach allowing a fast and selective identification of
H/ACA sRNAs in archaeal genomes. It is easy to use, even for biologists having
no special expertise in computational biology. This approach is a stepwise
knowledge-based approach, combining the search for common structural fea-
tures of H/ACA motifs and the search for their putative target sequences. The
first step is based on the ERPIN software. It depends on the establishment
of a secondary structure-based “profile.” We explain how this profile is built
and how to use ERPIN to optimize the search for H/ACA motifs. Several exam-
ples of applications are given to illustrate how powerful the method is, its limits,
and how the results can be evaluated. Then, the possible target rRNA
sequences corresponding to the identified H/ACA motifs are searched by use
of a descriptor-based method (RNAMOT). The principles and the practical
aspects of this method are also explained, and several examples are given
here as well to help users in the interpretation of the results.
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1. INTRODUCTION

Pseudouridine (¥) is one of the most abundant posttranscriptionally
modified nucleotides found in tRINAs, rRNAs, and UsnRINAs (Rozenski
et al., 1999). Uridine to pseudouridine conversion can be catalyzed by a
single protein with RINA recognition capacity and RNA/YW-synthase activ-
ity. It can also be catalyzed by H/ACA RiboNucleoProtein complexes
(H/ACA sRNPs) containing a guide RNA with H/ACA boxes, called
snoRNAs and scaRNAs in Eukarya and sSRINAs in Archaea. These RINAs
are associated with a set of proteins, Nhp2p, Nop10p, Cbt5, and Garlp
in yeast, NHP2, NOP10, Dyskerin (or NAP57), and GAR1 in human
(Henras et al., 1998; Khanna et al., 2006; Lafontaine et al., 1998; Meier and
Blobel, 1994; Wang and Meier, 2004; Watkins et al., 1998), and their
homologs L7Ae, aNOP10, aCBF5, and aGAR1 in Archaea (Baker et al.,
2005; Charpentier et al., 2005; Rozhdestvensky et al., 2003). Proteins
aCBF5 and Cbf5/Dyskerin belong to the TruB family of RNA/Y-
synthases (Hamma et al., 2005; Lafontaine et al., 1998; Manival et al.,
2006; Meier and Blobel, 1994; Rashid et al., 2006; Wang and Meier, 2004).

The guiding properties of H/ACA RNAs are based on the formation of
a complex structure: two sequences from the RNA substrate, that are
separated by a 5'-UN-3' dinucleotide, base pair with the two strands of an
internal loop of the guide RNA (pseudouridylation pocket). The U residue
in the 5'-UN-3’ dinucleotide is the target site of the reaction (Balakin ef al.,
1996; Ganot et al., 1997a,b; Ni et al., 1997).

Several studies combining computational and experimental approaches
have been dedicated to the identification of eukaryal H/ACA snoRNAs in
human, mouse, D. melanogaster, S. cerevisiae, and S. pombe (Huang et al.,
2004, 2005; Kiss et al., 2004; Li et al., 2005; Schattner et al., 2004, 2006;
Torchet ef al., 2005; Yuan et al., 2003). Most of these RINAs were found
to have a two stem-loop structure. Most generally, each of the two stem
loops contains a pseudouridylation pocket. These stem loops are linked
by a single-stranded sequence containing the ANANNA H box and the
3’ stem loop is flanked by a single-stranded element containing an ANA tri-
nucleotide. Whereas the global architecture of eukaryal snoRNAs is highly
conserved, the sizes and base compositions of their stem-loop structures are
highly variable.

Knowledge regarding archaeal H/ACA sRNAs is more limited, because
they have only been characterized in Archaeoglobus fulgidus (Tang et al.,
2002a), Pyrococcus species (Baker et al., 2005; Charpentier et al., 2005;
Rozhdestvensky et al., 2003), and Methanocaldococcus jannaschii (Thebault
et al., 2006). Identified ¥ residues in archaeal rRINAs are also very limited:
4, 6, and 3 ¥ residues were detected in the 23S rRINA of Halobacterium



Computational Identification of H/ACA sRNAs 357

halobium, Sulfolobus acidocaldarius, and Haloarcula marismortui, respectively
(Del Campo et al., 2005; Massenet et al., 1999; Ofengand and Bakin,
1997). However, the available data reveal some specific features of archaeal
H/ACA sRNAs compared with their eukaryal counterparts. Indeed,
although the target U residue is identified by the same base-pairing rules
between the guide RINA and the targeted sequence, the global architecture
of H/ACA sRINAs is more variable. One, two, or three contiguous stem-
loop structures containing a pseudouridylation pocket can be present.
They may even contain an additional stem-loop structure without a pseu-
douridylation pocket (see Pf6, Rozhdestvensky ef al., 2003). In addition,
compared with their eukaryal counterparts, they are structurally more con-
strained, with a strong conservation of the relative positions, sizes, and base
compositions of their structural elements. In each stem-loop structure, the
stems delineating the pseudouridylation pocket are highly enriched in G-C
and C-G pairs. Each stem loop also displays a K-turn motif or a K-loop motif
(Charpentier et al., 2005; Charron et al., 2004; Hamma et al., 2005; Klein
et al., 2001; Li and Ye, 2006; Rozhdestvensky et al., 2003; Vidovic ef al.,
2000) in its apical part. K-turn and K-loop motifs are characterized by the
presence of an A*G and G+ A sheared pair flanked by a U residue. Each stem-
loop structure is tailed by an ANA box that is more frequently an ACA
triplet. By inspection of the secondary structure of the identified H/ACA
sRINAs, we observed that the K-turn or K-loop motif on the one hand and
the ACA box on the other hand are located at a well-defined distance from
the targeted U residue in the pseudouridylation pocket.

Therefore, although not unique, the characteristic features of the
H/ACA sRNA stem-loop structures, flanked by their associated ANA box,
are specific enough to represent a signature that can be used for H/ACA
sRINA gene identification by computational search in sequence databases. For
simplification, we will designate these modular elements as H/ACA motifs.
On the basis of the peculiar structure formed by the H/ACA sRNA and the
RNA substrate, the finding by computational analysis of putative target
sequences can also be used as a complementary source of information to
discriminate true H/ACA sRINA genes from false-positive DINA sequences.

Taking advantage of the specificity of archaeal H/ACA sRNAs, we
developed a knowledge-based approach that combines the consecutive
searches for sequences coding for H/ACA motifs in complete sequences of
archaeal genomes and their complementary RINA targets in rRINA sequences.
The identification of H/ACA motifs is performed by use of a profile-based
approach, taking advantage of the present knowledge on H/ACA sRNA:s.
The knowledge used includes data from comparative sSRINA sequence analysis
(Baker et al., 2005; Charpentier et al., 2005; Rozhdestvensky et al., 2003;
Tang et al., 2002a; Thebault et al., 2006), in vitro reconstitution of active
H/ACA sRNPs by use of various WT and mutated H/ACA sRNAs and
various RINA substrates (Charpentier et al., 2005; S. Muller et al., unpublished
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results) and the recent determination of the 3D structure of a complete
H/ACA sRNP particle (Liand Ye, 2006). Then, the identification of possible
RNA targets associated with the identified H/ACA motifs is performed by
use of a descriptor-based approach, taking into account the rules of com-
plementarities that were also inferred from the data from in vitro reconstitu-
tion (S. Muller ef al., unpublished data). Because it is a knowledge-based
approach, each unknown H/ACA motif associated with an identified target
can, after an appropriate validation, contribute to increase and refine our
knowledge on the H/ACA structural features and their target recognition.
Thus, the general performance of the approach may be improved.

This chapter is dedicated to biologists who have no special expertise
in computational methods. Our goal is to teach how to use the proposed
strategy to get an H/ACA sRINA gene identification that will be as exten-
sive as possible with a minimized number of false-positive results. The use of
a computational approach for the prediction of H/ACA sRNA genes in
Archaea and the prediction of their target sites are as important as in vitro
reconstitution assays that are available to validate the results (see Chapter 16
by Charpentier ef al.). The combined use of computational predictions and
in vitro tests should increase considerably our knowledge on archaeal SRINAs
in the near future.

2. METHOD

Our strategy for the detection of H/ACA sRNAs follows a stepwise
and iterative procedure in which the first step is the search for H/ACA-like
motifs through archaeal genomes, and the second step is the determination
of the associated RINA target(s) in rRNAs (Fig. 15.1). In the first step
(Fig. 15.1, step 1), H/ACA-like motifs are detected by use of the profile-
based ERPIN program (Gautheret and Lambert, 2001). This program has
been applied to the search of a wide range of RNA motifs (Lambert ef al.,
2002, 2004; Legendre et al., 2005). Once H/ ACA-like motifs are identified,
their putative target(s) in rRNAs are searched (Fig. 15.1, step 2) by use of the
descriptor-based RNAMOT program. This program has also been exten-
sively applied to the identification of several kinds of RNA motifs, and
the data obtained have been experimentally validated (Bourdeau et al., 1999;
Laferriere ef al., 1994; Lescure ef al., 1999, 2002). In the present strategy, the
use of RNAMOT is atypical, because this program is applied to the search
of RINA motifs formed by partial base pairing of the internal loops of the
H/ACA motifs with ribosomal RINAs. Because of the peculiar application
of both ERPIN and RNAMOT in the present strategy, we had to create an
appropriate H/ACA profile for ERPIN and several RNA target descriptors
for RNAMOT. We will describe the rationale used for their generation
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— » H/ACA profile )
Genomic sequences

Profile-based ERPIN l / 1. Search for H/ACA motifs

H/ACA-like motifs rRNA sequences

Descriptor-based RNAMOT 2. Search for H/ACA motif target(s)

H/ACA-like motifs with putative targets
l 3. Validation

Validated H/ACA motifs

Figure 15.1 The multistep strategy proposed for the identification of H/ACA motifs.
A description of the three stepsleading to the identification of new H/ACA sRNA candi-
dates: first an ERPIN-based step is used for the search of H/ACA-like motifs, then, a
descriptor-based step is used for the search of their targets. Each of them includes tests
of the validity of the results and a final global validation step is performed, taking into
account the present knowledge on H/ACA sRNAs and rRINA pseudouridylation. The
sequences of the new validated H/ACA motifs can be integrated in the H/ACA profile,
and the search can be repeated on the same genome or run on other genomes.

and how to use them to achieve maximal efficiency and specificity of the
delivered data.

By this procedure, H/ACA-like motifs that exhibit at least one putative
RNA target are identified. They are then subjected to an evaluation step
(Fig. 15.1, step 3). This evaluation step is based on: (1) current knowledge
on ¥ positions in archaeal rRNA, (2) comparison with already identified
archacal H/ACA sRNAs and, (3) experimental data obtained from
structure—function analysis of H/ACA sRNA by use of the in vitro recon-
stituted system. Obviously, the final proof of the validity of the prediction
requires experimental tests of the proposed guiding property by use of the
in vitro assembly procedure (see Chapter 16 by Charpentier ef al.) and
the identification of a ¥ residue at the targeted position in the rRNA by
the CMCT approach (see Chapter 2). When the demonstration is com-
pleted, the newly identified H/ACA motifs can be used to enrich the
ERPIN profile.

2.1. Search for H/ACA-like motifs

The search for H/ACA-like motifs requires the establishment of a profile, as
implemented in the ERPIN program. This H/ACA profile is based on our
present understanding of the common structural features of archaeal H/ACA

motifs. Once the profile is built, the search can be started. The basic ERPIN
command, parameters, and options and the present stage of their optimization
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are explained by use of various examples of searches of H/ACA motifs
in archaeal genomes. Through the proposed interpretations of the data
obtained and by giving some tips, we intend to help users speed up their
search, analyze and evaluate the results, and improve the initial profile.

2.1.1. Requirements

2.1.1.1. Hardware and software The ERPIN program used in this
approach runs and has been tested under most UNIX platforms (for more
details about compatible operating systems, see references). The ERPIN
program 1is available as a stand-alone version that can be obtained from
D. Gautheret (Gautheret and Lambert, 2001) and as a web server (http://
tagc.univ-mrs.fr/erpin/) (Lambert et al., 2004). The results presented here
were obtained with the most recent release of ERPIN (version 5.5).

2.1.1.2. Sequence data The sequence format used for ERPIN
applications is FASTA. Already published archaeal genomic sequences can
be downloaded from the NCBI ftp site: ftp://ftp.ncbi.nth.gov/genomes/
Bacteria. The sequences of the 26 already identified H/ACA sRNAs
sequences were used to establish the H/ACA profile (Baker et al., 2005;
Charpentier ef al., 2005; Rozhdestvensky ef al., 2003; Tang et al., 2002a).
This profile is available at http://tagc.univ-mrs.fr/asterix/erpin/.

2.1.2. Establishment of the ERPIN profile

The H/ACA profile is established on the basis of a sequence alignment of
all the H/ACA motifs of the already identified H/ACA sRNAs (Baker
et al., 2005; Charpentier et al., 2005; Rozhdestvensky et al., 2003; Tang
et al., 2002a). It is based on and includes secondary structure information,
and its correct establishment is critical for the sensitivity and specificity of
the ERPIN search.

To build this profile, the sequences aligned are considered as a succession
of single-stranded (sx) and double-stranded (Hx) elements, x is a number
defined according to the position of the element in the H/ACA sequence
(5’ to 3’). Each nucleotide in a defined structural element carries the number
attributed to this element (Fig. 15.2B). These numbers correspond to the
first lines of the profile (Fig. 15.2E). Segments known to be single-stranded,
like the ACA triplet or the two guide sequences, or segments that are single-
stranded or double-stranded, depending on the considered H/ACA motif,
are each defined by a unique stretch of a given number. In contrast,
obligatory helices are identified by the presence of two stretches of residues
that are all assigned to the same number and have identical lengths. When
two stretches with an identical numbering are defined in the profile, the
RNA sequences that do not contain the corresponding base-pair interaction
are not selected in the search.

Constitution of the profile is complicated by the fact that, despite a
strong conservation, H/ACA motifs show some structural variations. For



Computational Identification of H/ACA sRNAs 361

A B C
H/ACA template N-N
N-N
N
X
6 (37x) N
A | 5 U
c?G ! A.G
U ul-30 G.A
A.G N-N
G.A| K-loop PR N-N
G-C 4 8
G-C 4 8
C-G
C-G D
U-A
C-G N(N)X
C-G N U
A.G
AC C 2 99 A.G
¢ G 22 9 G. A
G 2 % NN
U ) N-N
C U 2 9
U C 2 9
C-G 22 69
C-G 2 9
C-G 2.9
C-G
U-A
C-G
C-G
C-G 57
—C-G .
Pab 91 5~ [A C Al—3
5 10-10
.
H1 s2 H2 s5 s7 H2 s9 H1 sl
>HACASRNAs-List
00000000000 000 0000000000000000000000000000000000000 0000 000000000000 11
22222222222 444 6666666666666666666666666666666666666 8888 999999999999 00
>Afu46
AGCTCCGCC--CCTCACGCCCGGG--TGA------- GAAGC--------------————————--- ATGA--TCCCGGGTCGGTT- - - -GGCGGAGCT--ACA
>Pab35-2
GGGCCGGTG- - --CATCCGCCCGCG-GGA----=-=-============= -~ TCA----=--=-=--=--== ATGACCGCCGGGTCTCTGT - - - -TGCCGGCCT--ACA
>Pho35-2
GGGCCGGTG- - --CATCCGCCCGCG-GGA-----------— TTA-----------——————————— ATGACCGCTGGGTCTCTGT- - - -TGCCGGCCC--ACA
>Pfu35-2
GGGCCGGTG- - --CATCCGCCCGCG-GGA----~-~-~---====--=—-—- TCA------------~- ATGACCGCTGGGTCTCTGT - - - -TGCCGGCCC--ACA
>Pab9l
CCCCTCCCC--TCTCACACCTCCG--GGA-------- TCA-------- - - - - - - - - - - - - - GTGAC-CGGAGGGCGGTC----- GGGGAGGGG--ACA
>P-ho91
CCCCTCCCC--TCTCACACCCCCG--TGA-------- TCG-=-=-—=== === - - m - - - - - -~ GTGA-TCGGGGGGCGGTC----- GGGGAGGGG--ACA
>P-fu9l
CCCCTCCCC--TCTCACACCCCCG--TGA---~--=-=-====-=---— GAA---------mmmmm—mm e GTGA-GCGGGGGGCGGTC----- GGGGAGGGG--ACA
>Pab40-3
GGCCCGTCTG- - -GGTTAGCCCGCC-TGATCATGCCGTTGGCTTAG------=-==-=-=====-=----- ATGA-AGGCGGGTGTTA----- CGGGCGGGCT--ACA
>Pho40-3
GGCCCGTCTG- - -GGTTAGCCCGCC-CAATTTTGCCGAGGGCTTAG--~-~--=-===========- -~ ATGA-GGGCGGGTGTTA----- CGGGCGGGCC--ACA
>Pfu40-3
GGCCCACCTG---GGTTAGCCCGCC-TGA------ GAATGCATACATGCTACG------------- ATGA-GGGCGGGTGTTA----- CGGGTGGGCC--ACA
>Aful90
GCCCGCCAG- - -CCATGCGTTCCC--TGA------~-~- TTG------==----mmmmmmmm e m e = GTGA--GGGGAATTCCAC----- TTGGCGGGC-TACA

Figure 15.2 The structural elements of H/ACA sRNAs taken into consideration in the
ERPIN H/ACA profile and an example of H/ACA profile. (A) Secondary structure pro-
posed for the P. abyssi Pab91 sSRNA (Charpentier et al., 2005). The ACA triplet at the 3’
end of the motif, the G/C rich helices 1 and 2, and the K-loop structure on top of helix
2 are shown. (B) The structural elements taken into consideration to build the H/ACA
profile are shown, with their respective numbers (1-11), which are defined by reference
to the 5’ to 3’ orientation of the sequence. (C) and (D) The K-turn and K-loop motifs
used in the search are shown, respectively. (E) A portion of the sequence alignment of
the H/ACA profile is given. The two stretches of identical numbers correspond to the
helical elements H1 and H2. As the total number of defined structural elements exceeds
9, the digits are presented in two lines. The annotations on the top of the alignment indi-
cates the various elements taken into consideration to build the profile, with the asso-
ciated names: the basal helix (Hl), the apical helix (H2), the K-turn motif 5’ and 3’
elements (s5 and s7), the ACA box (s11) and the 5 and 3’ guide sequences (s2 and s9,
respectively). The buffer elements are not indicated. For each of the two priority orders
used in the search, only the H1, H2, s5, s7 and s11 elements were unmasked step by step.
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instance, the sizes of helices 1 and 2 slightly vary from one motif to the
other, and a limited number of bulge residues or mismatches can be present,
in particular in helix 2. An extreme case of variation is exemplified in
the second motif of the P. furiosus Pf7 sSRNA, where the 5 strand of the
pseudouridylation pocket is separated from helix 1 by an additional stem-
loop structure (see Pf7, Rozhdestvensky et al., 2003). Finally, the presence
of either an apical K-loop or an apical K-turn motif with a terminal stem
loop increases the diversity of the H/ACA motifs. For an optimized predic-
tion of H/ACA motifs, we had to take this variability into consideration.
This was of high importance, because ERPIN does not select sequences that
contain bulge residues and internal loops in the double-stranded regions
identified by the H/ACA profile. To overcome this program limitation,
two base-paired elements, H1 and H2, were defined, corresponding to the
estimated minimal regular succession of base pairs present in helices 1 and 2
(7 bps for H1 and 5 bps for H2, respectively). Furthermore, to accommo-
date the size variations of helices 1 and 2, segments that can be either
single stranded or double stranded were included in the profile (“bufter”
segments). A maximal size was defined for each “buffer’” segment, by taking
into account constant distances in H/ ACA motifs (distances between the ACA
trinucleotide and the pseudouridylation pocket and between the K-turn/
K-loop motif and this pocket, respectively), as well as the overall lengths of
known H/ACA motifs.

To be able to select RNA with either a K-loop or a K-turn motif, we
defined these elements in the H/ACA profile by their common structural
features: namely, two A*G and G+ A sheared pairs with sequence constraints
at the position 5" to the GA sequence in the 5 strand and at the two
successive positions 5’ to the GA sequence in its 3’ strand (Fig. 15.2).
Therefore, the two possible motifs are defined by the presence of a BGA
(where B is any nucleotide except A) and RUGA elements that are separated
by a loop. The maximal size of this loop was fixed to 37nts.

The 41 H/ACA motifs of the 26 identified H/ACA sRNAs were
manually aligned, taking into account the following structural elements
(Fig. 15.2B and E): a basal helical element H1 (No. 1), the 5" and 3’ strands
of the pseudouridylation pocket (Nos. 2 and 9, maximum lengths 11 and
12nts, respectively), an upper helical element H2 (No. 3), one K-turn or
K-loop motif defined by a BGA element in the 5 strand, a RUGA element
in the 3/ strand and an apical loop (Nos. 5, 7, and 6, respectively), the ANA
triplet (No. 11) and 3 “buffer” elements (Nos. 4, 8, and 10) that can be
single or double stranded and are used for flexibility. Only three of the con-
served structural elements have a sequence imposed by the presence of
conserved residues in all the aligned RNA sequences of the profile, namely,
the 5 and 3’ elements of the K-turn/K-loop motif and the ANA box
(Nos. 5, 7, and 11, respectively). The “bufter” elements numbered 4, 8,
and 10 can be considered as gaps, which can be filled or not. The maximal
size of elements 4, 8, and 10 were fixed to 3, 4, and 2nts, respectively.
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The preceding description of the rationale for generation of the ERPIN
profile will help the user of this approach to introduce new H/ACA sequences
in the profile and will also facilitate the interpretation of the data obtained
by use of this profile.

2.1.3. Practical procedure

The ERPIN searches based on the defined profile are performed by use of
a local version of the program or the ERPIN web server version accessible
at http://tagc.univ-mrs.fr/asterix/erpin/. Note that the current version of
the ERPIN server does not allow the modifications of the profile and
optional parameters. However, this server access provides a 2D structure
representation of the selected putative H/ACA motif.

First, one needs to specify the genome sequences and the H/ACA
profile to be used. To this end, the “compulsory” commands <profile>
and <genome> allow the user to enter the names and locations of the
ERPIN profile and sequence database, respectively. By default, the search
1s performed on both strands of the genome. Then, various options are
available to finely tune the ERPIN search.

When activating the ‘“no mask™ option, the genomic screening will
involve the simultaneous search of all the structural elements defined in the
profile. We do not recommend this possibility; because of the great number
of elements defined in the H/ACA profile, the computer search will be very
slow. To increase the performance of the search (both speed and efficiency)
screening for the presence of some selected structural elements can be done
with a priority order. This order is defined by the use of successive masks.
The first mask restricts the search to one or more selected element(s) (the
unmasked elements, command ‘“‘umask”). The masked elements will influ-
ence the search by their delimited sizes. The sequences of the unmasked
elements of the H/ACA motifs, which are aligned in the profile, are com-
pared with the inspected genomic sequences. Then, the remaining selected
masked elements are unmasked step by step (“~add’ option). The first step is
fast, because only a few elements are searched through the entire genome.
In the second step, the added elements are only searched within the
sequence portions of the genome identified in the first step and so on in
the following steps.

In this priority order strategy, a cutoft value can be specified to deter-
mine how stringent the search is at each of the steps defined by the
successive masks (i.e., how similar the elements have to be in comparison
with those included in the profile to be identified as hits). Different cutoft
values can be defined for the different steps of the selection, depending on
the relative importance of the elements specified in the mask. The definition
of the masks, their order of use, and the cutoft values used at each step have
an impact on the results.

To explain how these cutoft values are defined, we have to introduce the
notion of lod-scores and scores. By comparison of one residue (single-stranded
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element) or a pair of residues (double-stranded elements) in a given ele-
ment of one aligned H/ACA motif in the profile with the corresponding
residues, or pairs of residues, in the other aligned motifs, ERPIN can
establish a score of similarity (lod-score) for individual residues or pairs of
residues. On the basis of the sum of the lod-scores of all the residues or pairs
of residues in a given element, ERPIN defines a score for this element.
By extension, when a mask is used, a score can be established for the overall
unmasked regions of each of the H/ACA motifs aligned in the profile. The
cutoft value for the step of the search where this mask is used will be defined
by reference to the score values established for all the motifs aligned in
the profile.

The cutoft values can be defined as absolute values or as percentages.
We will use percentages. They indicate the minimal percentage of sequences
in the profile that are captured as hits on the basis of their calculated scores.
When a 100% or higher percentage i1s used as cutoft (100% is the default
cutoff value if no specification is given), all the sequences aligned in the
profile will be captured as hits. Lower percentages indicate that not all the
sequences in the profile are selected, thus, the search in the analyzed
genome will be highly stringent. On the other hand, a higher cutoft value
(>100%) indicates that sequences with some divergence relative to the
aligned motifs of the profile can be selected. Note that the possibility of
defining cutoft values >100% is available only for releases of ERPIN >5.3.

The two highly discriminating structural elements in the H/ACA motifs
are the helical elements H1 and H2 and the K-turn/K-loop structure,
respectively. Searches can be done by giving prevalence to one or the
other of these two elements. In the following applications, we illustrate
the relative efficiencies of two ordered series of three successive masks. In
order 1, preference is given to the selection of the helical elements H1 and
H2. Indeed, the presence of these two elements H1 (No. 1) and H2 (No. 3)
is first tested, then the 5" and 3’ strands of the K-turn/K-loop (Nos. 5 and 7)
are searched, and finally, the presence of a putative ACA motif (No. 11) is
investigated. When the second series of masks is used, designated as order 2,
the first two steps are inverted, so that priority is given to the two strands of
the K-turn/K-loop in the search. In these two procedures, the elements 2,
4,6, 8,9, and 10, namely the buffer elements, the apical loop and the two
strands of the internal loop, are always masked.

2.1.4. lllustrative tests performed on archaeal genomes whose
H/ACA sRNAs have been characterized

We will first present various tests run on genomes for which H/ACA

sRINAs were characterized (Baker et al., 2005; Charpentier et al., 2005;

Rozhdestvensky et al., 2003; Tang et al., 2002a; Thebault et al., 2006).

These tests illustrate the influence of the priority order and the cutoft values

on the detection of H/ACA-like motifs. They also show how the ERPIN
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parameters are optimized, taking into consideration the present state of the
profile. In the blind tests presented in Table 15.1 (columns denoted blind
tests), no prior knowledge on the H/ACA sRINAs identified in the analyzed
species or in the genus, in the case of the Pyrococcus species, was included.
To this end, the A. fulgidus genome was subjected to an ERPIN search by
use of a profile in which the five identified A. fulgidus H/ ACA motifs were
eliminated. Similarly, the M. jannaschii genome was subjected to an ERPIN
search by use of a profile in which the six identified M. jannaschii H/ACA
motifs were eliminated. Finally, for the searches performed on each of the
Pyrococcus genomes, the 30 motifs identified in P. abyssi, P. furiosus, and
P. horikoshii were eliminated from the profile. In parallel, we evaluated the
effect of the presence in the H/ACA profile of motifs belonging to three
species of the same genus (Pyrococcus) on searches performed on the A. fulgidus
and M. jannaschii genomes. To this end, we performed blind tests on the
A. fulgidus and M. jannaschii genomes by use of an H/ ACA profile containing
motifs from only one of the Pyrococcus species (P. abyssi) (Table 15.1B). For
each of these blind tests, the two priority orders (1 and 2) were applied, as well
as three different cutoft values (95%, 100%, and 110%). The putative H/ACA
motifs selected in the assay are next compared with the already identified
H/ACA motifs. “Positive results” in Table 15.1 correspond to motifs already
identified, whereas the other ones are denoted “likely false-positive results.”

As illustrated in Table 15.1A, priority order 1 always allows the identifi-
cation of the larger number of validated H/ACA motifs. The detection of
60-90% of the known H/ACA motifs with a cutoft value of 110% demon-
strates the performance of the approach. The number of likely false-positive
results increases with this cutoft value. However, as will be explained later,
the inspection of the motifs and their location in the genome allows an
efficient discrimination of likely false-positive results.

Some interesting observations can be made by inspection of Table 15.A
and B: the presence of motifs from three species of the Pyrococcus genus in
the profile did not bias the search. On the contrary, it has a marked positive
effect on the selection of true H/ACA motifs in both A. fulgidus and
M. jannaschii. The presence of all the H/ACA motifs from Pyrococcus is even
required for an efficient selection of the H/ACA motifs from A. fulgidus.

For training in data interpretation and to demonstrate that secondary
structure analysis of the candidate motifs helps discriminate the false-positive
results, we provide the potential secondary structures of the candidate motifs
selected for M. jannaschii in the blind tests presented in Table 15.1A
(Fig. 15.3), and we comment on these results. As evidenced in Fig. 15.3
(panel B1), all of the four selected motifs corresponding to validated H/ACA
motifs (denoted FW1, FW3, RC1, and RC3 in the search compilation) have
an ACA triplet and a canonical K-turn structure, whereas the two likely
talse-positive sequences (FW2 and R C2 motifs, respectively) contain a CCA
and an ACG motif instead of the ACA triplet (panel B2). Neither of them
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A

>Methanocaldococcus jannaschii DSM2661 complete genome
FW 1 216280..216350 35.25 4.17e-06

CTCCCCAgtgggttag----CCCTCt--TGA.cgtagcagagctaaagg----ATGAta--GAGGGtgttaaac----TGGGGAG--ACA
FW 2 864064..864141 30.10 1.20e-04
GCCCTGGtggtgta------ GCCCGgc-CTA. tcatacgggactgtcactccecGTGAct - -CGGGTtcaaatcccgg-CCAGGGCg-CCA
FW 3 986084..986151 32.88 2.12e-05
CCCCCTAcggccca------ CGCTCt--CGA.cgtggcagagccaagg----- ATGAga--GAGGGtaggata----- TAGGGGGg-ACA

>Methanocaldococcus jannaschii DSM2661 complete genome
RC 1 118060..118133 18.34 3.75e-02

CTACCCAcaaggcgg----- CCGTGc--CGA.gtagccgttatggecttca---ATGAaggcCACGGttttcca----- AGGGTAGatACA
RC 2 1150252..1150326 18.71 3.21le-02
GCGCCGGececgggatttgaacCCGGGE - -CGC. tggcttggaaggccaga----GTGAta--CCAGGectacacca- - --CCGGCGC- -ATG
RC 3 1659450..1659520 42.10 1.34e-08
GCCCCGGgaaaccgc----- GGGGGa--TGA.gcgacagccecggcaaget---GTGAgt - -CCCCTttgecteecce- - - -CCGGGGC--ACA
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Figure 15.3 Results of an ERPIN search run on the M. jannaschii genomic sequence
and the secondary structures proposed for the identified candidates. (A) The results of
the ERPIN program, as displayed in output, are shown. The ERPIN program was run
on the M. jannaschii genome sequence, using as a profile an alignment of the known
H/ACA motifs, except for the ones identified in M. jannaschii (Thebault et al., 2006) (see
Table 15.1). The names of the candidates are defined by reference to the DNA strand
screened and the order of appearance. ER PIN gives the positions relative to the forward
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contain the canonical A*G and G- A sheared pairs tandem. In addition, they
correspond to tRNA sequences, tRNAAMP(GUC) and tRNACY(UCC),
respectively. Therefore, these likely false-positive H/ACA-like motifs can
be unambiguously discarded from the ER PIN results. Note that most tRINA
sequences can be folded into a stem-loop structure, explaining their detec-
tion with the profile that we used. The undetected motifs correspond to two
motifs present in a unique sSRNA (Mj-H/ACA-3, Thebault et al., 2006).
The 5 motif has probably been discarded because of the internal loop present
in helix 2. The second one probably difters by the sequences of helices 1 and
2 compared with the H/ACA motifs of the alignment.

Interestingly, when the four validated H/ ACA motifs found in the blind
test (FW1, FW3, RC1, and RC3) are included in the profile, the 3’-terminal
motif of RNA Mj-H/ACA-3 is found in the search by use of the priority
order 2 and a cutoft value of 110% (Table 15.1A). Hence, the use of both
priority orders may be interesting in some specific cases.

More generally, a stepwise investigation including a second run after the
inclusion in the profile of the validated H/ ACA motifs selected in a first run,
strongly improves the number of selected motifs and decreases the number
of likely false-positive results (Table 15.1A). When the priority order 1 is
used, only one of the previously identified H/ACA motifs is not found in
the three Pyrococcus species, the one proposed to guide U to ¥ conversion at
position 2575 in the P. furiosus LSU rRINA (see Pf3, stem I, Rozhdestvensky
et al., 2003).

2.1.5. Example of the search of H/ACA-like motifs in a yet
unexplored genome

The genome from Thermococcus kodakarensis, a species belonging to the same
order as species of the Pyrococcus genus, was used in this teaching example.
The profile used contained the 41 known archaeal H/ACA motifs. The
search was first performed with priority order 1, and the cutoft value defined
for each step of the selection was 110%. Hence, the following ERPIN
command was used:

erpin<profile><genome>-1,11-umask 1 3—add 5 7-add 11-cutoff 110%110%110%

“1,11” indicates the beginning and the end of the chain of structural ele-
ments considered in the profile. In this case, all the elements of the profile
are considered.

strand for each selected H/ACA-like motif. (B) A secondary structure is proposed for
each of the candidates. The motifs in Panel B1 were retained after inspection of their
structures, whereas those in panel B2 were discarded. Panel B3 represents the proposed
secondary structures of the two known H/ACA motifs that were not detected in the first
step of the blind search.
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The search time was short: less than 3 min of CPU time ona 3.2-Ghz P IV.
Sixteen candidate motifs were identified. Six of them were encoded by
the plus strand and 10 by the minus strand. At the last step of the selection,
ERPIN computes an e-value reflecting the statistical significance of the
selected H/ACA-like motifs. This e-value represents the probability of
encountering this motif at random (Lambert et al., 2005). Hence, it depends
on the scores calculated for all the structural elements and on the size of the
database. The output file displays the candidate sequences that satisty the cutoft
values defined at each selection step and the e-values of these sequences
(Fig. 15.4). Only candidates with a negative e-value deserve further analysis.

In the search performed on the Thermococcus kodakarensis genome, nine
candidates had negative e-values between 1e-06 and 4e-02, which was an
indication for a good fit with the H/ACA motifs in the profile. In contrast,
seven candidates had e-values between 1e-01 and 4, suggesting that they
may correspond to false-positive results. The possible secondary structure of
each candidate 1s shown in Fig. 15.4 (panels B1 and B2). The nine candi-
dates with satisfying e-values displayed all the expected structural elements
(panel B1). Only the FW3 candidate has an AUA motif instead of the ACA
motif. Despite its high e-value, the FW1 motif has a canonical K-loop, an
ACA motif, and helices 1 and 2 with correct lengths. The high e-value
observed may be due to the presence of two G*U pairs in helix 1. Further-
more, motifs FW1, FW2 and FW3 may belong to the same H/ACA sRNA,

A

>Thermococcus-kodakarensis

FW 1 462059..462114 21.90 7.56e-01
TGCCCCTgcgcgagga----CCCCG---GGGaga--------------=-=-------~ ATGAac--CGGGGggcgatgc----GGGGGCA--ACA
FW 2 462115..462195 33.44 1.32e-04
GCCCGGCctcagcgaggtccCCGCG---GGAgggcecttececgegteccecggagecacg- -ATGAC - - -CGCGGgaaacccag- - -GCCGGGC--ACA
FW 3 462201..462272 27.43 3.49e-02

GGCCCGCcagggttag----CCCGCc--CAAgggtggcgtacgecctteg-------- ATGAgg--GCGGGagttaccg----GCGGGCC--ATA
FW 4 899083..899151 32.54 3.74e-04

GCCCCCGggaaaccgce- - - -GGGGGa--TGAgcgectecggecgagecC----—----- -~ GTGAtt--CCCCTtcgctcece----CGGGGGC--ACA
FW 5 1545183..1545239 35.55 7.44e-06
GCCCTCCcctctcacac---CCCCG---GGAgCg--~----------=-===-------- GTGAc- - -CGGGGggcggtcgg- - -GGAGGGC--ACA
FW 6 1769611..1769691 19.95 1.64e+00

CGCCCGGgtggtgta----- GCCCGgc-CCAtcatacgggactgtcactcce----- GTGAcc--CGGGTtcaaatcccggecCCGGGCGCCcATA
>Thermococcus-kodakarensis

RC 1 47849..47907 35.19 1.28e-05
GGCCTGGcgtccecgeect--CCCCGg--GGAaac------------===-=---—--—--- GTGAac--CGGGGecttecectg----- CCAGGCCt-ACA
RC 2 465056..465126 34.46 3.57e-05
GGGCCCGgtctececgga----CCGCT---GGAgggggtctctggeegtca-------- ATGAg---AGCGGgggatcagc---CGGGCCC--ACA
RC 3 465127..465197 33.20 1.77e-04

CCGCCCGgtggcecegt----GTCCC- - -GGAgggggccgaggcccaca--------- GTGAa- - -GGGATgagacgatgc--CGGGCGG--ACA
RC 4 865615..865690 19.53 1.91e+00

GGGAGCAtcatgac------ TCCGT---CAActccagccctgacgaccttcctaatgATGAtce-TCGGGttaacg------ TGCTCCC--AGA
RC 5 986951..987023 19.50 1.93e+00
AGCCACGctggagttcatg-CCCAGctcGGAaaagagtte----------------- GTGAagacCGGGGaaatgcccg---CGAGGCTEEACA
RC 6 1107274..1107331 34.45 3.64e-05
GGGCCGGgagcatccac---CCGCG---GGAgCca--~-=-=-=------=-=====-——-—--~ GTGAc---CGCGGgcctectgtac--CCGGCCC--ACA
RC 7 1107332..1107400 30.26 3.64e-03
GGGCTCGgtacaaccgc---CTCCG---CAAggtatcgggttce------------- GTGAg---CGGAGcgtgctcacge-CGAGCCC--ACA
RC 8 1371594..1371659 18.26 2.94e+00
GTCCTCTacctgaaatg---GCGCT---CAAggtgtccattec--------------- GTGAg- - -AAAGTtagaagcct - - -GGAGGATg-AAA
RC 9 1404046..1404129 21.71 8.22e-01
CGGCGCCtattcctgege--TGGCGa--TGAtaccctgaggtatagetgagagaccgGTGAgge -CAACGgtaagacc----GGCGCCGa-ATA
RC 10 1460837..1460911 17.72 3.52e+00
TCGAGGGtctgaaagt----CCAGAa--TGAaacggaagacagt------------- ATGAcagtCTTGGttaagtttaaaaCCCTCGGCcgAGA

Figure 15.4 (continued)
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Figure 15.4 Results of an ERPIN search run on a yet-unstudied genome, Thermococcus
kodakarensis, and proposed secondary structures of the identified candidates. Same
legend as in Fig. 15.3. Panel (A) also indicates the absolute score and the e-value of the
candidate. Panel (B1) displays the candidates retained after inspection of their structures,
and panel (B2) displays the discarded candidates.

because their coding sequences are adjacent in the genome. Two pairs of
motifs with a negative e-value are also encoded by adjacent sequences (RC3
and RC2 on the one hand, and RC7 and RC6 on the other hand).
Therefore, they likely belong to two H/ACA sRNAs, each containing
two H/ACA motifs. In addition, the coding sequences of the 10 motifs
represented in panel B1 are all located between ORPFs.

In contrast, the six candidate motifs with an e-value between le-01
and 4 (panel B2) can be discarded for several reasons: (1) except for motif
R C5, they do not contain an ACA triplet; (2) most of them contain bulge
residues or an internal loop in helix 1 or in helix 2; (3) the large terminal
loops of motifs FW6, RC4, RC9, and RC10 are not structured. Finally, the
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candidate motif FW 6 corresponds to a tRNAAP(GUC), and the coding
sequences of the five other motifs are located within ORFs. On the basis
of our present knowledge, SRINA genes may partially overlap ORFs but
are not included in ORFs. A strong argument for the validation of the
10 H/ACA motifs in T. kodakarensis (Fig. 15.4, panel B1) is their homology
with the 10 H/ACA sRNAs found in the Pyrococcus species. Hence, we
predict that the 10 motifs detected in T. kodakarensis are the homologs of the
10 experimentally demonstrated Pyrococcus H/ACA motifs.

Interestingly, no new putative motifs with a satisfying negative e-value
were found when a second screening was performed after insertion of the
10 validated motifs in the profile by use of the same parameters as in
the first screening step (order 1 and cutoft values of 110%). Only the num-
ber of motifs with a high e-value increased, suggesting that all of the true
H/ACA motifs were detected in the first search. Therefore, the 41
known H/ACA motifs aligned in the profile seem to provide enough infor-
mation for an exhaustive selection of the T kodakarensis motifs in a single run.

We next tested whether introduction of the probable T. kodakarensis
H/ACA motifs in the profile would increase the selection of the Pyrococcus
species known H/ACA motifs in blind tests (Table 15.2). This is, indeed,
the case. When a blind ERPIN search is performed on the P. abyssi genome
with a profile including the H/ACA motifs from A. fulgidus, M. jannaschi,
P. furiosus, and P. horikoshii, nine of the known H/ACA motifs are detected
with the priority order 1 and a 95% cutoft value (Table 15.2). No false-
positive result is found with a 95% cutoft value. When the T. kodakarensis
motifs are also added in the alignment, the 10 P. abyssi motifs are found
when a cutoff value of 95% is used. However, the number of false-positive
results increases in this case (Table 15.2).

2.1.6. Recommendations
On the basis of the data presented in Tables 15.1 and 15.2, the cutoft values
used should be defined, taking into account the number and origin of the
H/ACA motifs aligned in the profile. If they belong to species that are
phylogenetically closely related to the studied species, small cutoft values
can be used. They are expected to allow a selection of the true motifs with a
minimum of noise. When a phylogenetically distant species 1s studied, we
recommend the use of a cutoff value of 110% for each step to select true
motifs that may exhibit divergences relative to the canonical structure.
Hence, the closer the species, the smaller the cutoft values can be.

As in most cases, use of priority order 1 gives better results; we recom-
mend the use of this order and only exceptionally, when needed, order 2.

As illustrated by the blind tests in Table 15.1, to complete the identifi-
cation of H/ACA motifs in a new species, it may be worthwhile performing
a second screening, after inclusion in the profile of the H/ACA-like motifs
that were identified in the first step and contain all the needed characteristic
structural features.



SNOW YOV /H Sisuaivevpog " J,
) ‘uonippe ut ‘Ym y dgoid oy 03 spuodsariod g apgord oy, susounf g pue nysoyuoy “J ‘nyosvuuvl ‘py ‘snpisinf f7 Jo spnowr YO /H 2y3 sureauod y agoid oy,

S 8 14 01 3 8 3 0F %01
4 8 4 01 0 8 1 0T %001
! L I 01 0 L 0 6 %S6 (e 0L 1ssdqo g
SINSII SIS SIS SJ[Nsox $J[NsII SIS SIS SMsSI  JJoIn) paynuapI
aanisod  sanrsod aanisod  sanrsod sanisod  asanrsod aantsod  sanisod Apearre
-os[ey jo -9sTey jo -osTey jo -os[ey jo syrour
Apargo  PquInN ApArgo  IPquInN Aprigo  IPqUInN Apargo  IqunN VNS VOV
IqUINN IoquINN IqUINN IoquInN [H 30 19quunp]
(@ 19p10 (@) 1op10 (@) 19p10 (1) 1910
L, d1go1d o3 yarm pawrrojrad s, purg ,V 91go1d o3 yaim paurrojrad sisaf, purjg

awouds JssAqp o
9y} uo paw0)1ad S1S93 pullq Uo I0M S1Y} Ul PayIluapl SI0W YO /H SISUaIDybpoy */ Y} JO uoljeiSajul 3yl Jo 129449 8y} Jo S1sa|  Z°Stajqel



374 Sébastien Muller et al.

The H/ACA motifs detected in T. kodakarensis are included in the
H/ACA profile available at http://tagc.univ-mrs.fr/asterix/erpin/. We
are currently analyzing the H/ACA motifs of all completely sequenced
archaeal genomes, and an updated H/ACA profile including not experi-
mentally verified motifs will soon be available at the same URL.

Concerning the interpretation of the data, we recommend the selection
of H/ACA-like motifs with negative e-values for the subsequent analysis
(screening for the target sequence). Motifs with e-values between 1 and
1e-02 can be maintained if they contain almost all the needed structural
elements; a default in one of the structural elements may be accepted at this
stage of the selection, because screening for target sequences will also help in
discriminating true candidates.

Note that one strong discriminatory feature of ERPIN results is the
overlap of candidate coding sequences with sequences coding for tRNAs,
rRINAs, or proteins. Note also that, as observed in T. kodakarensis, when
the apical loop closing the K-turn motif is long enough, an important
criterion for the validation of the H/ACA motif is the possibility of forming
a stem-loop structure in this apical region.

Finally, the newly identified sSRINAs have to be experimentally con-
firmed with the approaches described in the third section of this chapter.

2.2. Search for targets of the H/ACA-like motifs

The identification of a putative RNA target for a given H/ACA motif
1s initially based on the search for a dinucleotide containing a uridine residue
at the 5" position. This dinucleotide should be flanked by two sequences
complementary to the two strands of the expected pseudouridylation
pocket. To this end, one has to first establish the most likely secondary
structure of the H/ACA motif, and we will comment in the following on
the difficulties that may be encountered at this step. Once the 2D structure
is established, a series of RNA descriptors, describing the various possible
base-paired structures that can be formed by the target RNA and the two
guiding sequences, have to be settled (Fig. 15.5). The different steps in
target 1dentification are explained in the following.

2.2.1. Requirements

2.2.1.1. Hardware and software The RNAMOT program (Gautheret
et al., 1993) version 2.1 can be run on most UNIX platforms. The source
and a tutorial are available at http://pages-perso.esil.univ-mrs.fr/~dgaut/
download/. Any equivalent simple descriptor-based software such as
RNAMotif (Macke et al., 2001) can also be used. We selected the
RNAMOT program because it is simple and easy to use.
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2.2.1.2. Sequence data The sequence format used for RNAMOT is
FASTA. The ribosomal RNA sequences of each of the studied archaeal
species were extracted from their genomic sequence subsets, including all
the noncoding RNAs (file with extension .frn obtained at ftp://ftp.ncbi.
nih.gov/genomes/Bacteria).

2.2.2. Procedure to build the RNAMOT descriptors and run
the program

2.2.2.1. Construction of the descriptors On the basis of our present
knowledge of the archaecal H/ACA system, there is no requirement
concerning the identity of the residue at the 3’ position in the single-
stranded dinucleotide (Fig. 15.5). Altogether, the two base-paired regions
most generally contain at least nine base pairs, and one wobble pair can be
included in these nine pairs.

In Fig. 15.5, we illustrate the various descriptors that have to be built to
look for the possible targets of the H/ACA motif Pab91 of P. abyssi. A roughly
equivalent number of base pairs in the two helical regions is expected to be the
most frequent situation (4 and 5 base pairs or 5 and 4 base pairs). However, one
cannot exclude the possibility of having highly asymmetrical base-pair inter-
actions (1 +8,24+7,3+6,64+ 3,7+ 2,and 8 4+ 1).

We will explain how one of the descriptors needed to look for one of
the base-paired configurations is built; all of the other descriptors are built in
the same way. The descriptor used as an example in Fig. 15.5 (panel C) is
devoted to the search of a target sequence forming base-pair interactions
including 4 and 5 residues of the 3’ and 5’ strands of the pseudouridylation
pocket, respectively (descriptor designated as 4 4 5). The descriptor file
includes two lines: the first one identifies the searched sequence, s1 in this
example. The second line defines the sequence requirements.

s1
s111:11 YUYYUNRGGYU

The two numbers separated by a colon correspond to the minimum and
maximum nucleotide lengths of the searched target sequence; Y and R
correspond to pyrimidine and purine residues, respectively.

If no positive result is obtained when the first series of descriptors
corresponding to a total of nine base pairs is used, it is recommended to
look for possible targets able to form only eight or seven base pairs. The use
of this low number of base pairs may allow the selection of interactions that
include mismatches. Indeed, such interactions cannot be selected directly by
the RNAMOT descriptors described previously.

In targets that include mismatches, an extension of the possible base-pair
interactions should be tested by inspection of the guide and target
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Figure 15.5 The strategy used for the identification of the targets of the H/ACA-like
motifs. (A) The secondary structure of the P. abyssi Pab91 sRINA is shown with a sche-
matic representation of the target RNA base pair interactions formed with the 5" and 3’
guide sequences of the H/ACA motif (Charpentier et al., 2005). The YN dinucleotide
obtained after U to ¥ conversion is shown. (B) The known interaction formed between
the P, abyssi Pab91 sRINA and its known target sequence in P. abyssi 23S rRNA. The tar-
geted U2685 residue is indicated (Charpentier ef al., 2005). (C) As an example, we show
the structure that would be used to define a 5 + 4 descriptor for the selection of target
sequences of RNA Pab91. Once the 5 and 3’ guide sequences are specified, the possible
complementary sequences are written, taking into account possible wobble G*U base-
pair interactions (Y = pyrimidines, R = purines) and the chosen numbers of base pairs
to be formed with the 5" and the 3’ guide sequence, respectively. The rRNA sequences
are then screened with a descriptor of these possible complementary sequences by use

of RNAMOT.

sequences. Even when a putative interaction including nine base pairs is
found, we recommend looking for possible extensions of the base-pair
interactions by inspection of the flanking sequences.

2.2.2.2. How to start the search? The program RNAMOT is started
using the following command line:

rnamot -s -s <rRNA sequence > -d<descriptor > -o<output > -t
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The name of the executable is “rmamot.”” The first “~s” specifies the mode
of use (-s for search, by opposition to -a for alignment); the second “-s” 1is
used to provide the name and location of the file containing the rRNA
sequences that will be screened, and “~d” the name and location of the
descriptor file. Finally, the “~-0”” option specifies the file in which the results
are written. The “-t”” option activates the display of the search stage and the
number of positive results obtained. A search has to be executed for each of
the descriptors. However, whatever descriptor is used, the search time does

not exceed a few seconds.

2.2.3. Example of application: search for the target sequences of
the M. jannaschii FW1 motif

In the M. jannaschii motif FW1, helices 1 and 2 contain nine and six
successive Watson—Crick base pairs, respectively (Fig. 15.6, panel A). In
addition, one wobble G*U pair can be present at the extremity of helix 2.
The formation or the absence of this wobble pair modifies the pseudour-
idylation pocket and, therefore, the putative target sequences. Hence, two
series of descriptors were built as described earlier. In the first series, the G- U
pair at the extremity of helix 2 was considered to be formed. In the second
series, it was considered to be opened. No putative target sequence was
detected for this second series of descriptors. In contrast, two putative target
sequences were detected with the first series, suggesting the formation of
the G*U pair in the guide SRINA. One of the target sequences (Fig. 15.6,
panel B, hit sequence 1) was obtained by use of a descriptor designed for the
search of sequences forming three and six base pairs with the 3’ and 5’ guiding
sequences, respectively (3 + 6 descriptor). The second target sequence
(panel B, hit sequence 2) was selected with a 4 + 5 descriptor. Hit sequence
1 belongs to 16S rRNA, and residue U1261 would be the target. Hit
sequence 2 belongs to 23S rRINA, and residue U2015 would be the target.

Inspection of both rRNA flanking sequences reveals the possible exten-
sion by 2 (G-C and G*U) and 1 (G-C) base pairs of the interactions that can
be formed with the 5 guide sequences for hit sequences 1 and 2, respec-
tively. Therefore, the base-pair interaction formed for hit sequence 1
involves two stretches of three and eight base pairs. However, each of
them contains two wobble pairs. Thus far, such a high number of G*U
pairs has never been described for the previously studied H/ACA sRINAs
and snoRNAs. Therefore, hit sequence 1 may correspond to a false-positive
result. In contrast, hit sequence 2 forms two stretches of four and six
uninterrupted Watson—Crick base pairs. A strong argument in favor of the
validity of hit sequence 2 is the observation of H/ACA motifs proposed
to target similar positions in the 23S rRNAs of P. furiosus (H/ACA motif
Pt7) and A. fulgidus (H/ACA motit Afu4) (Rozhdestvensky et al., 2003)
(Fig. 15.6, panels C and D).



378 Sébastien Muller et al.

A B
A (Af); C (Pf)
-t
(P.L) U AG‘A/ -_um
(Pf)A-U :‘C-G FW 15 6prG-U 14 nt
(Pf)C-G—» G-C 1 \GUGGGUUA GIUU—3’
(PLYAS)G-C —» A-U : e
(P'f)A-U;(A'f')G_U_’U-‘/X‘__A(A.f.);A(P,f:) CGCUCAAUAUCGG 5" 16S rRNA
PrAf)A —» G Aed— ' \
(PLYAS)G-C —P» C- GG G (A1) A (P.f) 1261
A
U A
24
(PLYASHIU-G —» U.U 6bp| I— 14 nt
EE— _ GeUt—mm
Chn G e T gecuyaT gupA—ECal
(Pf)G - C(Af)C G—>»U-A 2., -
Af) A U_’(C:'g ’CCCAAUAUCAAU 5" 23S rRNA
C-G \
G-U 2015
A G C ‘
(4f)C—> U U
U
G U . 6prG e 14t
WA A NgguYs guyag —RCAY
— A
(PH)U G (Af)A-U —p U-A 3o CCAAU L CAAUG =5 35 RNA
Pf)C-G—p» G-C
Pf)C-G—» A-U
(b A U—>clg CUnen ~
C-G D
€6 g “Un 6pr - 14 nt
(Pf)G-C;(Af)C- G—Pg-é / Afud s G.Ue—2nt
(PLYAS)G-C—p C- sGGUCA GUUACUC—_ACA 3
5 —
3 S'CCAGUAU(IIAAUIGGG\S
FW 1

\ 23S rRNA
1970

Figure 15.6 Target sequences found for the M. jannaschii FW1 motif by an RNAMOT
search. (A) Secondary structure proposed for the M. jannaschii FW 1 candidate. The com-
pensatory mutations and single base substitutions, insertions, or deletions found in the
A. fulgidus Afu4 (A.f) and P, furiosus Pt7 (Pf) motifs compared with the M. jannaschii
FW1 motif are indicated. A indicates one missing nucleotide. (B) The possible base-pair
interactions between the M. jannaschii FW1 motif and the two putative targeted
sequences identified for this motif by the RNAMOT search (hit sequences 1 and 2) are
shown. The distances between the basal extremity of helix 2 and either the K-loop or
the ACA box are indicated. The target sequences proposed for the third H/ACA motif of
the P. furiosus Pf7 sSRINA (C) and the third H/ACA motif of the A. fulgidus Afu4 sSRNA
(Rozhdestvensky et al., 2003) (D), and the interactions that they can form with the guide
R NA are represented.

2.2.4. Application to the search of target sequences for the 10
H/ACA-like motifs found in T. kodakarensis

As described previously, we screened the T. kodakarensis genome for H/ACA-
like motifs. We will describe how we looked for their possible target sequences
with RNAMOT. For each of the 16 hit H/ ACA motifs obtained by the ER PIN
search, different series of descriptors were built to take into consideration the
slight possible length variations of helix 2. For example, in the FW1 motif, a
noncanonical G*A pair may be included at the basal extremity of helix 2 or
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may be opened so thatits two nucleotides can be included in the guide sequences
(Fig. 15.7, panel A). At least two alternative lengths of helix 2 are possible for
almost all the selected motifs of T. kodakarensis (Fig. 15.7).

When the various series of descriptors built for each of the motifs are
used, no putative target sequence was found for the six motifs that
we discarded after inspection of their primary and secondary structures.
In contrast, up to 3 putative target sequences were found for each of the 10
motifs that we retained after this inspection. In Fig. 15.7, we present
the corresponding base-pair interactions by order of stability for each of
the motifs. The order of presentation also takes into account the fact that
some of the H/ACA motifs are expected to belong to the same sRNA
(FW1, FW2, and FW3; RC2 and RC3; RC6 and RC7).

Most generally, when two or three possible target sequences were
detected for a given motif, they difter by their stabilities and/or by the
distance between helix 2 and the ACA trinucleotide. For instance, among
the two hit sequences found for each of the FW2 and RC1 motifs, the
hit sequences numbered 2 form shorter base-pair interactions with the guide
sequences compared with the hit sequences numbered 1. In cases in which
three putative target sequences were found (motifs RC2, RC6 and RC7),
most frequently, one of them forms significantly more stable interactions
than the two other ones. Therefore, in each case, we prefer the hit sequence
forming the more stable interaction (hits numbered 1). However, peculiar
results were obtained for the RC2 motif: both hits 1 and 2 form stable
interactions (9 Watson—Crick base pairs and a G*U wobble pair for hit
sequence 2 and 19 Watson—Clrick pairs and two G*U pairs for hit sequence 1).
By use of hit sequence 2, the K-turn structure and the ACA triplet are
located at correct distances from the basal extremity of helix 2 (Fig. 15.7E).
Thus, despite the lower stability of the interaction formed by hit sequence
2 compared with hit sequence 1, we have no criterion to eliminate this hit
sequence. Furthermore, it should be noted that the interactions that can be
formed with hit sequence 1 are unusually long. Formation of these inter-
actions would result in the disruption of a large part of helix 1. Because helix
1 1s expected to be important for the folding and the activity of the H/ACA
sRNP complex, the possible interaction between the hit sequence 1 and
motif RC2 may have another function than RNA pseudouridylation.
Interestingly, this hit sequence is located 3 nts downstream from the 16S
rRNA 5" extremity. We may imagine an RNA chaperone role of motif
R C2, in addition to its possible role in pseudouridylation.

Note that no Watson—Crick base pair in helix 1 1s opened in any of the
interactions formed with the other H/ACA motifs and hit sequences. Only
the G-U pair at the extremity of helix 1 in motif RC1 may be formed
or opened, depending on whether a G*U pair is included or not in the
interaction established between hit sequence 1 and the 5 strand of the guide
sequence (Fig. 15.7D).



Sébastien Muller et al.

A
5 Gf—————+
1 Tecono0 Seon—Red ¥
1 .
’CGCUCC CGUUE'BsmNA
2592
S bp
C-G 14 nt
' —
FW2 5 G6uc AAACCCAG— 3

[
L. S-cenc UUGGGUC*sr 23S rRNA

A LJ\
2682

14 nt

. C-Ge—
~AGGUC AAAC— 3
1 1el

2' 3"UCCGGGUUUG‘5' 23S rRNA

FW 2 s

2896
— 6 14 nt
' t—>
TEeYER erpper B
37 CCAAU  CAAUGG~s 55 pa
Kzozo
B
14 nt
FW4 5 Co Ut

\AAACCG ??F??? ACA| 3’
1. 3/’UUUGGCGUGCGAGG~5, 16S rRNA

901

7bp|C-U 13 nt
EFW 4 5 G-C4——»
AEG SR ;
, #UUUGG . CGAG~s
2. 3 U 5" 23S rRNA

\ 2676

6bp|C
14 nt
FW 5 5’ A Ct———
Seyepead Cogye—Eaa »
3#GAGAGUG | GCCAGNS 1 pa
2689
D
6 bp
C. Cl4nt
RCI 5~Uccccl;lcc VUCCU—{ACA]Y

ol 11
1. 3r'GGGGCGGUUAAGGA“5' 165 rRNA

Sbp| T 15 nt
~CGeecy guu— 3
2. 37GUGGGG_ GGG s o35 mua

G

RC1 o

2642

E

RC3 5

6 bp 15 nt
G A2
“\GCCC  GACGAU—IACAY
DR U—ACA3
377CGGG,,CUGCUGS 235 IRNA

2558

Shr| i 15t _
GOVCPEEgET GRRVERGECgO e A ¢

[
1. 37CCGGAGGCC, CCUAGUUGGCCUNy 65 RNA

RC2 5

15 nt
tLe———>
T

2. 37 GGGCC, CCUAGSs 235 RNA

RC2 5,

1385

5

R
.

2. 3UGGC, GCGAGs 163 RNA

R Gl T
. 3/rUCGUAGGCUGGACA‘y 23S rRNA

2701

o]

RC6 s ZCA- CCU(iiJn(t}—

1 11 e
GGAUGAGGC‘ 5' 23S rRNA

1065

6 bp A~ 15 nt

G GyeyeyRCly

3 3G GAGACA~
: CuU

RC 6

5" 23S rRNA

2553



Computational Identification of H/ACA sRNAs 381

On the basis of the data presented in Fig. 15.7, the selected hit sequences
can form from 4 up to 7 base pairs with the 5" and 3’ guide sequences.
Interestingly, for most of the more favorable hit sequences, a noncanonical
pair is present at the basal extremity of helix 2, which may be required to
ensure enough flexibility in the cruciform structure.

2.2.5. Tips for searching and analyzing H/ACA targets

As evidenced by the preceding examples, a major difficulty in the prediction
of target sequences comes from the necessity of establishing the correct
secondary structure of the putative H/ACA-like motif and to define the
basal extremity of helix 2. Because of the irregularity and size variations of
helix 2, several possible conformations can sometimes be proposed for a
given motif. In contrast, helix 1, which consists in a regular stretch of
Watson—Crick pairs, is generally easier to predict.

In addition, even when the correct secondary structure has been estab-
lished, the size variability of the base-pair interactions formed with the 5’
and 3’ guide sequences increases the number of RNAMOT searches that
have to be run for a given motif.

As illustrated by the T. kodakarensis example given previously, we
recommend the initial use of a series of descriptors corresponding to inter-
actions including 9 base pairs. A reduction of this number of base pairs in the
first round of the selection would unnecessarily increase the number of
false-positive results and limit the chance of obtaining positive results. Hits
with a lower level of complementarity can be searched in a second step, if
no hit is obtained with the 9 base pair descriptors. Restriction of the starting
descriptors to interactions only including Watson—Crick pairs would avoid
the selection of interactions containing one wobble G*U pair such as the
one found for the T. kodakarensis motit FW1.

For interpretation of the results note that: (1) a non-Watson—Crick base
pair is often present at the basal extremity of helix 2, (2) the distances
between the basal extremity of helix 2 and the K-turn/K-loop sequence
on the one hand, and the ACA triplet on the other hand, are most often 5—6
bps and 14—15nts, respectively, (3) the base-pair interactions with both
guide sequences include most frequently 4—7 residues; however, more
asymmetrical base-pair interactions cannot be excluded.

Figure 15.7 Putative target sequences identified for the 10 H/ACA motifs of T kodakar-
ensis by an RNAMOT search. Panels A—F display the base-pair interactions that can be
formed between the putative target sequences identified by use of RNAMOTand each
of the 10 H/ACA motifs identified for T. kodakarensis. Each panel corresponds to a given
H/ACA sRNA. For each motif the possible base-pair interactions are represented
according to their stability.
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As illustrated by the T. kodakarensis example used in this chapter, the
search of putative target sequences in rRINAs by RNAMOT can confirm
the discrimination of true H/ACA motifs made by inspection of the
H/ACA-like motifs obtained in the ERPIN search. However, if an H/ACA
motif bears all the characteristic features of archaeal H/ACA motifs and if
no putative target sequence is found in rRNAs, its target sequence may be
contained in another kind of RINA. In this case, the search for possible
target sequences in other RNAs will be useful.

2.3. Phylogenetic and experimental validation of the results

2.3.1. Phylogenetic validation

When new H/ACA motifs and their putative targets have been selected by
the proposed approach, several comparisons with known data on archaeal
H/ACA motifs may be helpful for their validation. This was illustrated in
the interpretation of the RNAMOT hit sequences found for the FW1 motif
of M. jannaschii, where three homologous H/ACA motifs from P. furiosus,
A. fulgidus, and M. jannaschii, that differ by a limited number of base
substitutions, insertions or deletions (Fig. 15.6), guide modifications at
similar positions in 23S rRINA. Therefore, as a first step in the validation
of the data, we recommend the comparison of the putative H/ACA motifs
obtained for a new archaeal genome with the already identi-
fied H/ACA motifs. However, note that phylogenetic comparisons are
limited by the rapid evolution of sSRINAs.

Although pseudouridylation sites in archaeal rRNAs have only been
identified in a limited number of species and are not strongly conserved
from one species to the other (Del Campo ef al., 2005; Ofengand, 2002), a
comparison of the putative target sites detected by RNAMOT with known
pseudouridylation sites in archaeal rRINAs may also be useful, especially
when W residues have been experimentally identified in rRNAs from
phylogenetically related species.

We will again use the M. jannaschii FW1 motif to illustrate this point. One
of the two putative target sites found by the RNAMOT (U2015 in 23S
rRINA) was experimentally found to be pseudouridylated in the 23S rRINA of
archaeal species (Ofengand and Bakin, 1997; and for review, Ofengand, 2002;
corrected in Del Campo et al., 2005). The corresponding positions in the yeast
and human large subunit rRINAs are also pseudouridylated, and the H/ACA
snoRINAs snR 191 in yeast and hU19 in human are, respectively, proposed to
guide the modifications (Badis ef al., 2003; Bortolin and Kiss, 1998).

On the contrary, no counterpart of the second putative target residue
(U1261) of motif FW1 was found to be pseudouridylated, neither in
archaea nor in eukarya. Therefore, taken together, the FW1 motif of
M. jannaschii can reasonably be considered as guiding U to ¥ conversion
at position U2015 in 23S rRNA.
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2.3.2. Experimental validations

The situation described previously for the FW1 motit of M. jannaschii is
a highly favorable one in terms of validation. It is not always possible to
find homologous H/ACA motifs in other species and/or the presence of a
WY residue at the targeted position in another archaeal species. When this is
not the case, direct experimental proof is particularly important to validate
the data.

A first simple and important experiment to do is a Northern blot or
primer extension analysis on total RINA extracted from the studied archaea.
This will allow verification of the presence of the proposed H/ACA sRINA.
Radiolabeled primers complementary to the H/ACA sRINAs candidates
can be used for this purpose. In addition, these kinds of experiments will
give information on the length of the sSRINAs because, as explained before,
archaeal sSRINAs have variable lengths. A protocol for primer extension
analysis is proposed in Chapter 2 in this volume by Motorine et al.

Another validation approach involves localizing the pseudouridylation
positions in rRINAs by use of the CMCT-RT approach as described by
Motorine et al. in Chapter 2. This is not an easy technique to handle.
However, a detailed protocol and tips are given by Motorine ef al.

Finally, the complete verification of the proposed target sequences can
be obtained by in vitro reconstitution of an active H/ACA sRINP by use of
in vitro transcribed guide RINA and target sequence and recombinant
aCBF5, aNOP10, L7Ae, and aGAR 1 proteins, as described in Chapter 16
by Charpentier et al., in this volume.

3. CONCLUSIONS

The knowledge-based approach described herein, which combines
the search for H/ACA motifs and their respective target(s), is an efficient
approach as illustrated in the numerous examples given in this chapter. Its
efficiency will be further improved, on enrichment of the H/ACA profile
by inclusion of new validated motifs. One does not need much expertise in
computing to use the ERPIN and RNAMOT softwares, which are easy to
use. Moreover, a web server version of ERPIN is available for the user to
become familiar with the method. No data other than the structural or
functional features of H/ACA sRNAs, which are described in this chapter,
1S necessary.

Compared with the results recently obtained by application of the MilPat
tool to the identification of H/ACA-like motifs in the genomes from
M. jannaschii and three Pyrococcus species (Thebault ef al., 2006), the approach
proposed in this chapter is more directed and, therefore, gives a very
limited number of false-positive results. By the use of the H/ACA profile
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enriched by the H/ACA motifs of T. kodakarensis identified in this work, we
detected, in the blind test presented in Table 15.2, the 10 H/ACA motifs
present in P. abyssi, P. furiosus, and P. horikoshii. When the MilPat approach
is used, among the 89 to 148 candidates H/ACA motifs found for the
different Pyrococcus species studied, only 6 to 7 of the known motifs were
detected, depending on the species. We think that after inclusion of the
H/ACA motifs from a limited number of archaeal species belonging to
different archaeal orders, which is currently being done by our team, we
will be able to propose soon (at site http://tagc.univ-mrs.fr/asterix/erpin/),
a highly powerful tool for the search of H/ACA sRNAs in any archaeal
species. The strength of our approach is the coupling of the search of H/
ACA-like motifs to the search of their target sequences. As evidenced in the
given examples, both steps in this strategy participate in the selection of the
true H/ACA motifs among the identified hit motifs.

We would like to point out that the strategy proposed in this chapter is
well suited to the search of archaeal H/ACA motifs because of their
structural specificities (presence of a K-turn or a K loop and of G-C
rich helices). This strategy would be much less efficient if applied
to the search of snoRINA coding sequences. However, a specific
computational approach dedicated to eukaryal H/ACA snoRNAs has
been developed (Schattner ef al., 2006).
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ABSTRACT

How far do H/ACA sRNPs contribute to rRNA
pseudouridylation in Archaea was still an open
question. Hence here, by computational search
in three Pyrococcus genomes, we identified seven
H/ACA sRNAs and predicted their target sites in
rRNAs. In parallel, we experimentally identified 17 ¥
residues in P. abyssi rRNAs. By in vitro reconstitu-
tion of H/ACA sRNPs, we assigned 15 out of the 17 ¥
residues to the 7 identified H/ACA sRNAs: one
H/ACA motif can guide up to three distinct pseu-
douridylations. Interestingly, by using a 23S rRNA
fragment as the substrate, one of the two remaining
¥ residues could be formed in vitro by the
aCBF5/aNOP10/aGAR1 complex without guide
sRNA. Our results shed light on structural con-
straints in archaeal H/ACA sRNPs: the length of
helix H2 is of 5 or 6bps, the distance between
the ANA motif and the targeted U residue is of 14 or
15 nts, and the stability of the interaction formed by
the substrate rRNA and the 3'-guide sequence is
more important than that formed with the 5-guide
sequence. Surprisingly, we showed that a sRNA-
rRNA interaction with the targeted uridine in a
single-stranded 5'-UNN-3’ trinucleotide instead
of the canonical 5-UN-3’ dinucleotide is functional.

INTRODUCTION

Conversion of uridine into pseudouridine (W) residues is
one of the most abundant post-transcriptional modifica-
tions of tRNAs, rRNAs and UsnRNAs (1). Compared
to U residues, W residues can form an additional hydrogen

bond at the NI-H position. Furthermore, the carbon—
carbon link between the ribose and the base limits the
flexibility of the ribose backbone of W residues, which
favours and stabilizes base-pair interactions (2). A role of
W residues in stabilization of the tRNA 3D structure has
also been well documented (3), and the functional
importance of W residues in U2 snRNA for the activity
of splicing complexes was demonstrated (4-7). Eukaryal
rRNAs contain a large number of W residues compared to
bacterial rRNAs and they are concentrated in rRNA
regions expected to play important functional roles, in
particular in domains IV and V, which are directly
involved in the peptidyl transferase activity (8-10).
Taken individually, pseudouridylations in rRNAs are
not essential for cell growth. However, the complete
abolition of W formation in rRNAs is deleterious for
ribosome assembly and activity (10-12). Recent data
suggest their possible involvement in: (i) subunit interac-
tion (12-14), (i) the translocation step (14,15),
(i) translation termination (12,16) and (iv) folding of
23S rRNA in an active form at the peptidyl transferase
centre (PTC) (11,12,17). The large number of pseudour-
idylation sites in eukaryal rRNAs compared to bacterial
rRNAs is explained by the use of different catalysts: stand-
alone enzymes carrying both the RNA recognition
capability and the catalytic activity are used in bacteria
(10,18), whereas U to W conversions are catalyzed
by H/ACA snoRNPs in eukarya (19,20). The H/ACA
snoRNPs contain four proteins and an H/ACA snoRNA
that defines the targeted U residue by base-pair interaction
with the rRNA. Recent data revealed a similar RNA-
guided system in archaea (21-24). Most of the eukaryal H/
ACA snoRNAs contain two characteristic stem-loop
structures, with an internal loop (pseudouridylation
pocket), that is complementary to two nucleotide stretches
bordering the targeted U residue. Each of the stem-
loops is flanked by a conserved motif (H and
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ACA, respectively). In the following part of this manu-
script, one stem-loop structure containing a pseudouridy-
lation pocket flanked by one of the conserved 3’ sequence
will be denoted an H/ACA motif. In the RNA duplex
formed between the H/ACA motif and the substrate
rRNA sequence, the targeted U residue and its 3’
nucleotide are both single-stranded. The archaeal SRNA
counterparts of the snoRNAs have more diverse archi-
tectures. They are composed of one, two or three H/ACA
motifs (21-26). In addition, each archaeal H/ACA stem-
loop structure contains a K-turn or a K-loop which binds
protein L7Ae (22). The conserved 3'-flanking sequence
is an ANA trinucleotide (most frequently an ACA
trinucleotide).

As successful reconstitutions of active H/ACA sRNPs
were achieved using an in vitro transcribed H/ACA sRNA
and the recombinant archaeal H/ACA sRNP proteins
(23,24), strong progresses were recently made in the
understanding of the H/ACA sRNP structure and
function. Like the eukaryal H/ACA snoRNPs, the
archaeal H/ACA sRNPs contain four proteins. Protein
aCBF5 is the RNA: W-synthase, aNOPI10 is required
for aCBF5 activity, L7Ae binds the K-turn or K-loop
motif, and aGARI1 may facilitate the H/ACA sRNP
turnover (22-24). Both L7Ae and aGARI strongly
reinforce the sRNP activity (23). The crystal structures
of H/ACA sRNP protein complexes and of an entire
H/ACA sRNP were recently solved at high resolution
(27-31). The ANA sequence is needed for binding of
aCBF5 to the guide RNA (28,29,31). In the crystal
structure, aCBF5 also interacts with the pseudouridyla-
tion pocket, helix H1 and helix H2 of the H/ACA motif
(31). Recently a 3D structure obtained for an H/ACA
sRNP devoid of the L7Ae protein and bound to its RNA
substrate, revealed contacts between aCBF5 and the target
rRNA-H/ACA sRNA duplex (30). However, little is
known on the structural constraints required for forma-
tion of an active rRNA target-H/ACA sRNA interaction.
The two NMR structures established for a complex
formed between an H/ACA stem-loop structure and a
small target RNA revealed the capability of the two RNAs
to interact together, in the absence of protein, at the high
concentration used for NMR analysis (32,33). In these
structures, the heterologous helix formed by interaction
of the RNA target with the 3’-guide element of the SRNA
is stacked on helix H1, while the heterologous helix
formed by interaction of the RNA target with the 5'-guide
element of the sSRNA is stacked on helix H2.

At present, in contrast to this extensive knowledge on
H/ACA sRNPs, little is known on the number and
location of W residues in archaeal rRNAs. Their presence
has only been investigated in Halobacterium halobium (34),
Haloarcula marismortui (35,36), Sulfolobus acidocaldarius
(37) and Archaeoglobus fulgidus (21). Unfortunately, the
search for putative H/ACA sRNA genes by computa-
tional analysis was made for other archaeal species:
Pyrococcus furiosus (22,24,38), Methanococcus jannaschii
(26) and Thermococcus kodakarensis (25). The utilization
of RNomics approaches for the search of H/ACA
sRNAs in archaea is even more scarce, it was only applied
to the A. fulgidus (21) and Sulfolobus solfataricus (39)

species: three H/ACA sRNAs and one single SRNA were
identified, respectively. For a better definition of the rules
that govern the H/ACA sRNP specificities and efficiencies,
it was of high importance to identify all the putative
H/ACA sRNAs of a given species as well as W residues in
its rRNAs and then, to try to assign the detected W
residues to the detected H/ACA sRNAs.

To this end, here, we used different experimental
approaches in order to define the target sites of the
putative H/ACA sRNAs that we identified by a computa-
tional analysis of the genomic sequences of three
Pyrococcus species. These three species, Pyrococcus
abyssi, Pyrococcus furiosus and Pyrococcus horikoshii,
are hyperthermophiles (optimal growth temperature
between 95 and 100°C). As a first step, we developed
and used various computational approaches to identify
all the putative H/ACA sRNAs of these species and their
putative target sites in rRNAs. Then, to test for the
presence of W residues at the predicted sites in 16S and 23S
rRNAs, we applied the RT-CMCT approach to large
segments of the P. abyssi 16S and 23S rRNAs that were
including the predicted pseudouridylation sites. Finally,
to confirm the role of the identified H/ACA motifs in
formation of the identified W residues, we tested the
activities of reconstituted H/ACA sRNPs on small rRNA
fragments containing the expected target U residues.
Finally, on the basis of the data obtained, we drew
conclusions on structural constraints to which H/ACA
sRNAs and the H/ACA sRNA-rRNA interactions are
subjected.

MATERIALS AND METHODS

Extraction of inter-coding-regions (ICR) from
Pyrococcus genomes

The sequences and annotations of the archaeal genomes
Pyrococcus abyssi GES, Pyrococcus horikoshii OT3 and
Pyrococcus furiosus DSM3638 were downloaded in Fasta
and Genbank formats from NCBI ftp site, ftp://ftp.ncbi.
nih.gov/genomes/Bacteria. In each genome, the positions
of DNA sequences corresponding to ORFs or template
sequences of known stable RNAs (rRNA, tRNA, RNaseP
and 7S RNA) were listed in a table denoted ‘position
table’. Based on this table, the remaining segments of the
genomes were extracted automatically from the genomic
sequences, by using a script written in awk and perl
languages (ExtractICR). Only sequences exceeding 15 nts
were collected. ExtractICR flanks each of the linking
sequences by their two 15-nt long bordering sequences.
These exported sequences, denoted ICRs, were formatted
and assembled in data bases, using Readseq (ftp://
iubio.bio.indiana.edu/molbio/readseq) and Formatdb
(NCBI toolkit).

Selection of conserved ICRs and search for
H/ACA sRNA genes

A Blast version adapted for multi-aligment was used to
compare the ICR sequences. First, repeated elements
(more than 50-nt long segments repeated several times
in the genome) were removed by comparison of all the



ICRs extracted from one given genome. Then, the ICRs
from one given pyrococcal species were compared to those
of the two other species. Based on a statistical analysis,
the criteria retained to consider that an ICR shows a
significant degree of conservation in the three species was
the presence of at least a stretch of 18 nts with an identical
sequence in these species or a 2I-nt long sequence
with only one base-pair substitution in one or two of the
three species. The selected ICRs were then aligned using
Clustal-W (40). GeneMarks (41) was used for elimination
of the conserved ICRs corresponding to mis-annotated
ORFs. An RNAMOT (42) descriptor, that was designed
for C/D box sRNA gene detection, was used to identify
these genes in the conserved ICRs. Finally, another
RNAMOT descriptor was used to screen for the presence
of H/ACA sRNA genes. It was based on some of
the known structural features of the archaeal H/ACA
motifs: the presence of two helices H1 (at least 7 bps) and
H2 (at least 5bps) flanking an internal loop (each strand
including 5 to 1lnts). The length of the apical loop
was allowed to vary between 8 and 35 nts. The descriptor
included an ACA trinucleotide flanking helix H1. Only
H/ACA motifs having at least one putative target site
in rRNAs or tRNAs that fitted to the rules defined for
H/ACA sRNA-rRNA interactions were retained. To this
end, RNAMOT descriptors were built for each putative
H/ACA motif as described in (25).

Search for H/ACA sRNA genes in entire genomic sequences

Then, based on the results obtained with RNAMOT, we
used the ERPIN (43) software for searches with higher
constraints in the entire Pyrococcus genomes. ERPIN
builds helix and single-strand lod score profiles from
sequence alignments and screens genome sequences for
occurrences of these profiles. The H/ACA sRNAs that
we identified by screening the conserved ICRs, together
with the H/ACA sRNAs identified experimentally in
A. fulgidus (21), were used to build the ERPIN profile as
described in (25). As above, for each new candidate
detected by this approach, RNAMOT was used to predict
target sites in rRNAs (25).

The nucleotide sequences of all the H/ACA sRNAs
detected in this study and the positions of their template
sequences in the archaeal genomes are accessible at http://
tagc.univ-mrs.fr/erpin/.

P. abyssi cultures

P. abyssi strain GES5 cells were grown as described (44) at
95°C in Vent Sulfothermophiles Medium (20 g/l NaCl,
0.25g/1 KCl, 0.05g/l NaBr, 0.5g/l SrCl,-6H,0, 0.08 g/
boric acid, 3 g/l PIPES, 1g/1 yeast extracts, 4 g/l peptone,
1 g/l Resazurine, 200g/l MgSQO,, 50g/l CaCl,, 50g/1
KH,PO, pH 6.8). P. abyssi cell growth was stopped at
the end of the exponential phase.

Total RNA isolation

The P. abyssi cells were collected by centrifugation.
After washing in 1 M sorbitol, 25mM Hepes, pH 7.0,
they were frozen and stored at —80°C. The method
described by Chomczynski and Sacchi (1986) (45) was
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used for extraction of total RNA. About 10'° cells were
dissolved in 4ml of solution D (4M guanidinium
thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% sarcosyl,
0.1 M B-mercaptoethanol). The extracted RNAs were
recovered by phenol/chloroform extraction, followed by
ethanol precipitation using 0.3 M sodium acetate. They
were dissolved in bi-distilled water and quantified.

Northern blot analysis

About 10 pug of P. abyssi total RNA and 5-end labelled
DNA size markers (100 bp DNA ladder, MBI Fermentas)
were fractionated in parallel on 6% denaturing poly-
acrylamide gel (8§ M urea, 0.5x TBE buffer). After electro-
transfer on a Hybond-N+ membrane (Amersham) and
by UV-crosslinking, a pre-hybridization was carried out
for 1h at 58°C in SSPE buffer (0.9M NaCl, 47mM
Na,HPO,4-2H,O, 6 mM EDTA pH 7.4, containing 1 g/l
Ficoll, 1g/l polyvinylpyrolidone, 1g/l BSA, 0.5% SDS).
Oligonucleotide probes complementary to the predicted
H/ACA sRNAs (Table S1 in Supplementary data) were
5-end labelled with [y-**P]JATP and T4 polynucleotide
kinase for 1 h at 37°C. Hybridization was carried out at
58°C for 16h in the presence of 100 ng of the labelled
oligonucleotide. The membranes were washed four times
in SSPE buffer at 42°C for S5min and the hybridization
bands were visualized on a Typhoon 9410 (Amersham
Biosciences).

Mapping of pseudouridine (V) residues in the P. abyssirRNAs

The  N-cyclohexyl-N'-(2-morpholinoethyl)-carbodiimide
metho-p-toluolsulfonate (CMCT) RNA treatment was
adapted from Bakin and Ofengand (1993) (46), as
previously described (47). CMCT modifications were
performed on Spug of P. abyssi total RNA. Positions of
CMCT modifications were identified by primer extension
analysis, using the AMV RT (QBiogene, USA).
The sequences of the 5-end labelled primers that we
used are given in Table S1 (Supplementary data). RNA
sequencing was done on 20 pg of P. abyssi total RNA.

Recombinant protein production

The recombinant GST-L7Ae, GST-aNOP10, GST-
aGARI1, GST-aCBFS5 proteins were produced in E. coli
BL21 CodonPlus cells (Novagen). The GST-tag was
cleaved by the precision protease in the course of
purification performed on Glutathione-Sepharose 4B
(Pharmacia), as previously described (23).

In vitro transcription of H/ACA sRNAs and
their rRNA substrates

The Pabl9, Pab21, Pab35, Pab40, Pab9l, Pabl05 and
Pab160 sRNA sequences were PCR amplified from the
P. abyssi GES genomic DNA using a forward primer
containing the T7 RNA polymerase promoter and
a second primer complementary to the expected 3’ end
of the sSRNA (Table S1 in Supplementary data). The
amplified DNA fragments were cloned in the pTAdv
vector (Clontech) and sequenced. In vitro transcrip-
tions with the T7 RNA polymerase were performed as
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Figure 1. The computational process used for the search of H/ACA genes in ICRs. Panel A: ICR definition. ICRs include 15bps upstream and
downstream of the segments linking the ORFs or template sequences for known RNAs. Panel B: the helices H1 and H2, and loop size criteria used
to design the RNAMOT descriptor devoted to the search for H/ACA sRNA genes are shown. Panel C: Example of base-pair criteria used to search
for possible rRNA targets of the candidate H/ACA motifs. Panel D: the 5 computer based-steps used for the search of H/ACA genes: (1) sequences
and annotations were downloaded, (2) sequences of ICRs were extracted from the genomic sequences and assembled in databases, (3) after
elimination of ICRs containing repeated sequences, the ICR sequences from one species were compared to those of other species by using Blast, 119
conserved ICRs were selected, (4) protein-coding sequences and known C/D box sRNA genes were filtered out of the conserved sequences and (5)
RNAMOT descriptors were used for the search of H/ACA genes in ICRs, five putative genes were detected.

previously described (23). The H/ACA sRNA transcripts
were purified by gel electrophoresis.

Template DNA encoding the RNA targets derived
from P. abyssi TRNAs were obtained by annealing two
complementary oligonucleotides. In vitro transcription
was performed as previously described (23), in the
presence of 20 uCi [o-**P] NTP (800 Ci/mmol), 0.13 mM
of the same NTP and 4mM of each of the three other
NTPs. When using RNase Pl for the digestion,
[0-**PJUTP was used for labelling. When RNase T2 was
used, the identity of the [a-*?P]NTP used was defined
by the residue located 3’ to the targeted U residue. The
sequences of the in vitro transcribed substrates are given in
Table S2 in Supplementary data.

H/ACA sRNP reconstitution and test of their activity

As previously described (48), the unlabelled sRNA
(4pmol) and [0->’P] NTP-labelled targets (150 fmol)

were mixed with the four L7Ae, aCBF5, aNOP10 and
aGARI recombinant proteins at a 200 nM concentration,
at room temperature in buffer D (150 mM KCI; 1.5mM
MgCl; 0.2mM EDTA; 20mM HEPES, pH 7.9). The
mixture was incubated at 65°C for 80 min. Then, forma-
tion of W residue was detected after either T2 or P1 RNase
digestion. The 3’-mono phosphate nucleotides produced
by RNase T2 digestion or the 5-monophosphate residues
obtained after Pl RNase digestion were fractionated
by thin-layer chromatography (TLC) (mono or 2D) as
previously described, using the N1 buffer for 1D TLC and
NI1-N2 or N1-R2 buffers for 2D TLC (48). The radio-
activity in the spots or the bands was quantified with a
phosphorimager, by using the ImageQuant software.
When digestion was achieved with RNase T2, the yield
of W formation (expressed in mol of W residue per mol
of target RNA) was estimated taking into account the
total number of residues located 5 to the incorporated



labelled nucleotide. After P1 RNase digestion, we only
took into consideration the total number of U residues in
the target RNA.

RESULTS

Analysis of conserved ICRs in Pyrococcus identifies
five conserved putative H/ACA sRNAs

In order to make a link between H/ACA sRNAs and
pseudouridylation in rRNAs, in the P. abyssi species,
we first made a complete identification of H/ACA-sRNA
motifs in P. abyssi. This was done in two steps because,
when we started this study, only a limited number of
archaeal H/ACA sRNAs had been identified. As a first
step, we applied a phylogenetic approach to the
Pyrococcus genus. The idea was that DNA segments,
which link ORFs and/or template sequences for stable
known RNAs (rRNAs, tRNAs, RNase P, 7S RNA)
(Inter-Coding-Regions, ICRs) and that bear long stretches
of conserved sequences in three Pyrococcus species
P. abyssi, P. furiosus and P. horikoshii, may correspond
to genes for functional non-coding RNAs. Based on the
few H/ACA sRNAs known at that time (three from
A. fulgidus) (21) some characteristic features of H/ACA
sSRNA motifs could be delineated. They were used to
build an RNAMOT descriptor for the search of H/ACA
SRNA genes. Then, RNAMOT profiles were built for
the search of the possible rRNA target sites of each
candidate H/ACA motif. By using this approach (see
the details in Materials and Methods), we detected five
putative H/ACA sRNA genes, that were common to the
three species. Four of them have been recently character-
ized in P. furiosus by the use of a computational approach
based on G/C content analysis, namely, the Pfl, Pf3,
Pf6 and Pf7 sRNAs (22,49). The counterparts that we
identified in P. abyssi and P. horikoshii are designated as
Pab21, Pabl105, Pab35 and Pab40 sRNAs (P. abyssi) and
Pho21, Pho 105, Pho35 and Pho40 sRNAs (P. horikoshii),
respectively (Figure 2). The fifth common H/ACA sRNA,
which had not been characterized by other teams, is
denoted Pab91, Pfu9l and Pho9l in P. abyssi, P. furiosus
and P. horikoshii, respectively. We previously used it
to settle conditions for in vitro reconstitution of active
H/ACA sRNPs (23). Taking into account the numerous
compensatory base-pair mutations in the three species
studied and in 7. kodakarensis, we could propose relevant
secondary structures for each of the five sRNAs
(Figure 2). Only for sRNA Pab2l and for motif 2 in
sRNA Pab40, it was difficult to make a choice between
two possible 2D structures that were both containing a
K-loop motif (Figure 2). Production of the H/ACA
sRNAs Pab21, Pab35, Pab40, Pab91 and Pabl05 in P.
abyssi was verified by Northern blot analysis (Figure 3),
and two forms of Pab21 sRNA with or without the C/
D box motif were found to be present in vivo (Figure 3).

Screening of complete genomes with ERPIN identifies two
additional common putative H/ACA sRNAs in Pyrococci

Some H/ACA motifs may have escaped detection when
using the above comparative approach. Therefore,
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we took advantage of the increased knowledge on
H/ACA sRNAs, which was brought by the 15 pyrococcal
H/ACA sRNAs that we identified, to develop another
computational approach based on the ERPIN software
(25,43). To this end, the sequences of the 3 known H/ACA
sRNAs from A. fulgidus and the 15 pyrococcal H/ACA
sRNAs were aligned by ERPIN, on the basis of their
proposed 2D structures and conserved sequence elements.
As recently described (25), by comparison of such a profile
with complete archaeal genomic sequences, ERPIN can
predict H/ACA sRNA genes with a high degree of
efficiency. By using different sets of constraints for the
lengths of the 3’- and 5-guide strands of the pseudour-
idylation pocket, we detected two other putative H/ACA
sRNAs common to the three Pyrococcus species. One of
them was also recently detected in P. furiosus (SRNA Pf9)
by another approach (24). Its counterparts in P. abyssi
and P. horikoshii were denoted Pabl60 and Phol60,
respectively (Figure 2F). The second H/ACA sRNA
identified (Pabl9, Pful9 and Phol9 in P. abyssi,
P. furiosus and P. horikoshii, respectively) had not been
detected previously, probably because of its extended
5’-guide sequence (Figure 2). Nucleotide sequence con-
servation in the three species and secondary structure
conservation by compensatory base changes strongly
suggest the presence of a small 5 stem-loop structure
upstream from the H/ACA motif in SRNA Pabl19. Note
that the Pabl9 pseudouridylation pocket is larger than
usual due to the length of its 5'-guide sequence (15 nts)
(Figure 2F). By applying the ERPIN search approach
with other kinds of relaxed constraints to each of the
3 Pyrococcus genomes, we did not find any other putative
H/ACA sRNA gene. Therefore, we concluded that
Pyrococcus species probably contain only seven H/ACA
sRNAs, which are highly conserved in this genus.
In addition, they are also conserved in Thermococcus
kodakarensis that belongs to the same order as the
Pyrococcus genus (25).

The seven pyrococcal H/ACA sRNAs are predicted
to target 21 sites in rRNAs

We used the RNAMOT software (25) to predict possible
target sites in rRNAs for each of the seven identified
putative H/ACA sRNAs, and this in the three species
studied. One up to four distinct target sites were predicted
for each putative pseudouridylation pocket (Figure 4).
Taken together, 14 and 7 target sites were predicted in 23S
and 16S rRNAs, respectively. Note that motif 1 in SRNA
Pab35 and sRNA Pabl60 are both predicted to guide
modifications at position 922 in 16S rRNA and at position
2672 in 23S rRNA (Table 1). Only 8 of the 17 sites that we
predicted for the five previously identified P. furiosus
H/ACA sRNAs had been proposed (22). Strong con-
servation of the possibility to form the rRNA-sRNA
interactions are observed in the three species (Figure 4).
Note that in the non-canonical interaction proposed for
sRNA Pabl9, two single-stranded residues are found 3’ to
the targeted U residue (5-UGC-3') (Figure 4G). We veri-
fied that none of the seven identified H/ACA sRNAs can
act on tRNAs. In addition, no other putative H/ACA
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Figure 2. Sequences and proposed secondary structures of the seven pyrococcal H/ACA sRNA candidates. The sequences and proposed secondary
structures for the seven candidate P. abyssi SRNAs, Pab21 (A), Pab35 (B), Pab40 (C), Pab9l (D), Pab105 (E), Pab160 (F) and Pabl9 (G) sRNAs, are
shown. The ANA sequence at the 3’ end of the RNA and the K-turn or K-loop motif in the apical part of the H/ACA motif are boxed. Base
substitutions in the P. furiosus (P.f.), P. horikoshii (P.h.) and T. kodakarensis (T.k.) (25) sSRNAs are shown. The two putative foldings, which can be
proposed for SRNA Pab2l and for motif 2 in sSRNA Pab40, are shown (insets in panels A and C). Only the conformation shown in the entire

molecule turned to be functional.
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Figure 3. Northern blot analysis of the candidate P. abyssi H/ACA
sRNAs. The expression of each gene encoding a putative H/ACA
sRNA was tested by Northern blot analysis of P. abyssi total RNA
extracts, as described in Materials and Methods (Lane 1 in each panel).
The nucleotide sequences of the specific 5-end radio-labelled
probes used for each sSRNA are given in Table S1 in Supplementary
data. A 5-end labelled DNA ladder was loaded in Lane 2. The
detected transcripts are shown with an arrow on the left of each
autoradiogram.

sRNA that may guide modification of a tRNA was
detected in any of the three species.

Experimental search for ¥ residues at the
predicted target sites in rRNAs

We used the CMCT-RT approach (47) to test for the
presence of W residues at the rRNA positions predicted
to be targeted by the seven putative H/ACA sRNAs. To
this end, total RNA from P. abyssi was treated with
CMCT with or without further alkaline incubation.
Positions of the alkaline-resistant W residues were detected
by primer-extension analyses using a large series of
oligonucleotide primers (Table S1 in Supplementary
data). Altogether, the 16S and 23S rRNA segments that
were probed represented 20 and 27% of the entire
molecules, respectively. In particular, large parts of the
23S rRNA domains located at the peptidyl-transferase
centre (domains IV and V) were analysed. We identified
3 and 11 W residues in P. abyssi 16S and 23S rRNAs,
respectively, 8 of them are located in domain V of 23S
rRNA.
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The experimental analysis confirmed W formation at 12
of the 21 predicted sites (positions 27, 891, 922 in 16S
rRNA, and positions 1932, 2549, 2554, 2588, 2672, 2685,
2697, 2794 and 2930 in 23S rRNA) (Table 1 and Figure 5).
In addition, the absence of W formation was clearly
demonstrated at six of the predicted positions (positions
892, 995 and 1122 in 16S rRNA and 278, 2250, and 2552)
(Table 1 and Figure 5). Note that three of these unmodi-
fied positions were previously proposed to be modified in
P. furiosus (22). Based on the present data, they are
unlikely to be modified in this species. For three of the
positions predicted to be modified in P. abyssi, the
experimental analysis was obscured by the presence of
an RT pause at the level of the stop expected after CMCT
modification (positions 1017 in 16S rRNA, 1377 and 2016
in 23S rRNA). Therefore, we could not determine whether
U to W conversion occurred at these positions. However,
for one of them (2016 in 23S rRNA), formation of a ¥
residue was detected at the corresponding position in
two other archaeal species: H. halobium (34) and
H. marismortui (35,36), and in nearly all bacterial and
eukaryal organisms which were studied up to now (10).

Interestingly, in the course of this analysis, W residues
were found at two positions that were not predicted to be
targeted by any of the identified H/ACA sRNAs (posi-
tions 2585 and 2603 in 23S rRNA). Even by relaxing the
constraints in the ERPIN search, we could not detect
putative H/ACA sRNAs for these positions. Therefore,
their formation may be sSRNA independent.

The seven H/ACA sRNPs are active in vitro

To get experimental supports for the relationships that
we established between W residues in P. abyssi TRNAs
and the identified H/ACA sRNAs, we used the H/ACA
sRNP in vitro reconstitution method which was developed
in the laboratory (23). To this end, each of the seven
identified H/ACA sRNAs was transcribed, and the four
recombinant aCBFS5, aNOP10, aGAR1 and L7Ae pro-
teins were produced. Assembly of individual proteins
and different combinations of them on the H/ACA
sRNAs was tested by electrophoresis-mobility shift assay
(EMSA). Each of the identified H/ACA sRNA could be
assembled into a sRNP (data not shown), which was a
clear demonstration that they were true H/ACA sRNAs.
Then, we measured the activities of the reconstituted
particles on all their predicted target sites. To this end, we
used small P. abyssi rRNA fragments containing from 18
up to 31 nts, most of them had a single target U residue
located in the middle of the molecule, except 3 substrates
that were containing 2 or 3 target U residues, because of
the close vicinity of these U residues in 23S rRNA
(see Table S2 in Supplementary data). Therefore, the
activity of one up to three distinct sSRNPs was tested on a
given RNA substrate. This activity was measured by
the nearest-neighbour method as previously described
(23,48). T2 RNase digestion was performed on RNA
substrates labelled with [¢->’P]JATP, CTP, GTP or UTP.
Pl RNase hydrolysis was done on [0-**P]JUTP labelled
RNA substrates. Each RNA substrate was incubated
with the four core proteins (LCNG) at 65°C as
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Table 1. Predicted and experimentally identified target sites of the identified P. abyssi H/ACA sRNAs and comparison with P. furiosus

P. abyssi H/ACA  Predicted targets RT-CMCT analysis

In vitro activity  P. furiosus counterparts  Predicted targets

Pab21 16S rRNA 891

16S rRNA 892*

motif 1: 16S rRNA 1122
motif 1: 16S rRNA 922
motif 1: 23S rRNA 2930
motif 1: 23S rRNA 2672
motif 2: 23S rRNA 2250
motif 2: 23S rRNA 2549
motif 2: 23S rRNA 2697*
motif 1: 23S rRNA 2588*
motif 2: 23S rRNA 278"
motif 2: 23S rRNA 1932

+

Pab35

Pab40

e I e S B

motif 3: 23S rRNA 2016*
23S rRNA 2685

motif 1: 23S rRNA 2552*
motif 1: 23S rRNA 2554
motif 2: 16S rRNA 995
motif 2: 16S rRNA 27*
motif 2: 23S rRNA 1377
motif 2: 23S rRNA 2794
23S rRNA 2672

23S rRNA 922

16S rRNA1017

Pab9l
Pabl105

Pabl60

RS BN R

Pabl19

+ + Pfl1 16S rRNA 879
— Pf6
++ motif 1: 23S rRNA 2953
++ motif 1: 23S rRNA 2695
++ motif 2: 23S rRNA 2572
+++ motif 2: 23S rRNA 2720*
+++ Pf7 motif 1: 23S rRNA 2611*
+

motif 2: 23S rRNA 2701
++ + motif 3: 23S rRNA 2039*
+++ Pfudl 23S rRNA2708
— Pf3
++ motif 1: 23S rRNA 2577
+ + motif 2: 16S rRNA 15*
++ + motif 2: 23S rRNA 1400
+++ motif 2: 23S rRNA 2817
— P9
+ 4+ 16S rRNA 910"
+++ Pful9 16S rRNA 1005

The predicted target positions in 16S and 23S rRNAs are indicated for each of the candidates H/ACA motifs. Detection by CMCT-RT analysis of a
W residue at the predicted position in P. abyssi rRNAs is indicated by “+ in the second lane. ‘7’ indicates the presence of an RT pause that obscured
the analysis. Detection of an in vitro activity of the reconstituted H/ACA sRNP at the predicted site is indicated by *+°,°+ +’ or *+ + +’ in the third
lane. The number of ‘+ is proportional to the rate of modification detected after a 80 min incubation (25-50%, 50-80% and 80—100%, respectively).
Column 5 gives the name of the P. furiosus counterpart sSRNAs (22,24). The target positions that were previously predicted for these P. furiosus Pfl,
Pf3, Pf6, Pf7 and Pf9 sSRNAs (22,24) are indicated by an asterisk in column 2. Based on the rules that we established from our P. abyssi experimental
data, we predicted modification positions for both the previously identified P. furiosus sSRNAs and the two additional sSRNAs detected in this study
(column 6). The validated previously proposed modified positions are marked by an asterisk.

previously described, in the presence or the absence of the
H/ACA sRNA (23). Then, the RNAs were extracted,
digested, and fractionated by thin layer chromatography
(as described in Materials and Methods) (Figure 6).

Only 15 of the 21 predicted sites were found to be
modified by the reconstituted sSRNPs and the rates of U to
W conversions were ranging from 30 to 100% (Figure 6
and Table 1). The rRNA segments predicted to be
modified by two distinct H/ACA motifs were in
fact modified by only one of them (motif 1 in sSRNA
Pab35 modifies position 2672 in 23S rRNA and sRNA
Pabl160 acts at position 922 in 16S rRNA). The data
obtained confirmed that each of the 11 H/ACA motifs is
capable to guide pseudouridylation. Even the Pabl9 H/
ACA motif, which has a large internal loop and forms a
non-canonical interaction with its substrate, was active
(Figure 6D). Deletion of the additional single-stranded C
residue, which is located 3’ to the 5-UN-3'dinucleotide
(mutant S-C1019A) (Figures 4G and 6D), showed that the
Pabl9 sRNP modifies the WT and mutated RNA
substrates at very similar rates. Among the two possible
conformations of motif 2 in SRNA Pab40, only con-
formation denoted a in Figure 2C is active in vitro.
Interestingly, this structure includes an additional stem-
loop in the 5-guide strand and a poorly stable helix
2 (Figure 2C). This may explain the low yield of U to W
conversion found for this H/ACA motif as compared to
the other P. abyssi H/ACA motifs (Figure 6C).

Some of the H/ACA motifs can guide modification at more
than one position in rRNAs

Some of the H/ACA motifs can guide modifications at
two or even three distinct positions. For instance,
altogether, motifs 1 and 2 in SRNA Pab35 can guide U
to W conversion at positions 2672, 2930, 2549 and 2697 in
23S rRNA. Motif 1 in sSRNA Pab105 only guides modifi-
cation at one position (2554 in 23S rRNA), while motif 2
in this SRNA can act at positions 1377 and 2794 in 23S
rRNA and 27 in 16S rRNA. Therefore, both sRNAs
Pab35 and Pabl05 can guide modifications at four posi-
tions in rRNAs. Interestingly, we found that all the
H/ACA sRNAs that contain a single H/ACA motif
(Pab21, Pab9l, Pab160 and Pabl9) guide modification
at a unique position in rRNAs. Altogether, the 11 H/ACA
motifs of the 7 P. abyssi SRNAs can guide U to ¥
conversion at 15 sites in the P. abyssi rTRNAs (Table 1).
Presence of W residue was detected at 12 of these sites
(Figure 5 and Table 1). As mentioned above, for technical
reasons, modification could not be tested experimentally
at the three other positions. However, the strong activity
measured in vitro at these three rRINA positions is a strong
argument for the occurrence of these modifications in vivo.

Constraints on the H/ACA sRNA structure and
H/ACA sRNA-target RNA interaction

Based on the above data, we tried to define rules for
H/ACA sRNA structure and interactions. In several of
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Figure 5. Identification of W residues in the P. abyssi 16S (Panel A) and 23S (Panel B) rRNAs by the RT-CMCT method. The P. abyssi total RNA
was treated in the absence (—) or the presence of CMCT (+), for 2, 10, or 20 min as indicated on the top of the lanes. The CMCT treatment was (+)
or was not (—) followed by an alkaline treatment at pH 10.4 as indicated above the lanes. The appearance of an RT stop of increasing intensity after
this treatment reveals the presence of a W residue. They are indicated by horizontal arrows. Lanes U, G, C and A correspond to the RNA sequencing
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Figure 6. In vitro activity tests of the seven reconstituted H/ACA sRNPs. H/ACA sRNP particles were assembled by using 4 pmol of in vitro
transcribed H/ACA sRNA, the four recombinant proteins L7Ae (L), aCBF5 (C), aNOP10 (N) and aGARI1 (G) (LCNG) (200 nM each) and 150 fmol
of radio-labelled in vitro transcribed RNA substrate as previously described (23). The putative target position in the RNA substrate is given on the
left side of the chromatograms. After a 80-min incubation at 65°C, the RNAs were extracted and digested with T2 (Panels A and B) or P1 nuclease
(Panels C and D). The nucleotide 3 or 5 monophosphate, that are respectively released, were fractionated by 2D (Panel A, B and Cz) or 1D (Panel
D) thin layer chromatography. When RNase T2 was used for the digestion, the RNA template was labelled by incorporation of [0->*P] ATP, CTP,
GTP or UTP depending on the identity of the residue located 3’ to the targeted U residue. When P1 nuclease was used for digestion, labelling was
achieved by [0->°P] UTP incorporation. 2D TLC on cellulose plates were performed using either the N1-N2 (Panels A and C), or the N1-R2 (Panel
B) buffers and the N1 buffer was used for 1D TLC. Positions of Ap, Cp, Gp, Up and Wp or pU and p¥ in the chromatograms are indicated as well
as their numbers in the substrate RNAs. The W spots are circled. The indicated numbers of W moles formed per mole of RNA substrates were
calculated as explained in Materials and Methods.
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Figure 7. The aCBF5/aNOP10/aGARI1 complex catalyses U to W in vitro conversion at position 2603 in a 23S rRNA fragment. Panel A:
Comparison of the 2D structure of the TWC arm of the P. abyssi tRNA® with the 2D structure that can be formed by the P. abyssi 23S rRNA
fragment used to test the pseudouridylation activity of the aCBF5/aNOP10/aGARI at position 2603 in this rRNA. The three G residues located at
the 5 extremity of the rRNA substrate arose from the T7 promoter. The U residues targeted by the aCBF5/aNOP10/aGARI1 complex are circled
(Panel B). Panel B: The 20-nt long RNA substrate (150 fmol) was incubated with the aCBF5/aNOP10/aGARI protein complex (200 nM each). The
experiment was performed in conditions described in Figure 6, except the absence of guide RNA. A control experiment was performed in the absence
of the protein complex. Positions of the Ap, Cp, Gp, Up and Wp spots are indicated on the chromatograms, as well as their specific ratios in the
target RNA. The W spot is circled. The yield of W formation was assessed and is indicated. Panel C: Proposed secondary structure for the 23S rRNA
fragment used to test the in vitro activity of the aCBF5/aNOP10/aGARI1 protein complex at position 2585 in the P. abyssi 23S rRNA. Panel D:
Absence of in vitro activity of the aCBF5/aNOP10/aGARI1 complex at position 2585 in the P. abyssi 23S rRNA.

the predicted SRNA-target RNA interactions that turned
to be non-functional, helix H2 was too short (4 bps) or too
long (7bps). The most frequent length in functional
interactions (14 out of 15) is of 6 bps. Some of the non-
functional interactions also showed too long or too short
distances between the ACA trinucleotide and the targeted
U residue (17 or 13 nts). The distance in the active interac-
tions is of 15 or 14nts. Interestingly also, the base-pair
interaction established with the sSRNA 3’-guide sequence
is more important than that formed with the 5-guide
sequence. This is exemplified by the efficient modifications
at positions 2549 and 2672 in 23S rRNA, which are guided
by the H/ACA motifs 1 and 2 of sSRNA Pab35, respec-
tively (Figure 4). In both cases, the 5-guide sequence
forms a weak base-pair interaction with the rRNA
substrate. On the contrary, in spite of a canonical length
of helix H2 (6 bps) and a canonical distance between the
ACA trinucleotide and the target U residue (15 nts), motif
2 in SRNA Pabl105 did not guide modification at position
995 in 16S rRNA, probably because of the low stability of
the interaction formed with the SRNA 3'-guide sequence
(4 bps including two G.U pairs). Therefore, the length of
helix H2, the distance between the ACA triplet and the
targeted residue as well as the stability of the base-pair
interaction established by the 3’-guide sequence and the
rRNA substrate are essential criteria for activity. In
contrast, unexpectedly, the presence of the 5-UN-3’
single-stranded dinucleotide between the two intermole-
cular interactions is not a strict rule.

One of the two orphan W residues in 23S rRNA can
be formed in vitro without guide SRNA

As we detected no guide H/ACA sRNA for residues w2585
and w2603 in P. abyssi 23S rRNA, and as the aCBF5/
aNOP10/aGAR1 complex can modify position 55 in
tRNAs in the absence of guide sSRNA (50-52), we tested
the in vitro activity of this complex at these two 23S rRNA
positions. The assays were performed using two 20-nt long
rRNA fragments (Table S1) containing, respectively,
residue U2585 or U2603 (Figure 7). The aCBFS/
aNOP10/aGARI complex was active on the rRNA frag-
ment containing residue U2603 (46% yield) (Figure 7),
but not on that containing residue U2585. Interestingly,
we observed that the sequence containing the residue 2603
can be folded into a stem-loop structure showing some
similarity with the TWC stem-loop of tRNA (Figure 7).
We concluded that formation of residue w2603 may be
catalyzed by the free aCBF5-aNOP10-aGARI1 complex,
while an unidentified catalyst may act at position U2585.

DISCUSSION

Application of the various computational approaches
that we developed for the search of H/ACA sRNAs in
archaeal genomes turned to be highly efficient, since two
of the seven sRNAs detected in P. furiosus were not
found by other approaches previously applied to one
of this species (22,24). Our blind detection of C/D box



sRNAs in conserved ICRs allowed the detection of 45 out
of the 49 known C/D box sRNAs which are conserved
in the three pyrococcal species. This finding illustrates the
efficiency of our ICR-based approach for the search of
non-coding RNAs of unknown structural characteristics.
Up to now, computational predictions of the H/ACA
sRNA-rRNA targets were not reliable. This is illustrated
by the numerous corrections that we made in previous
predictions. Our experimental search for W residues in
P. abyssi TRNAs, together with the use of the H/ACA
sRNP reconstitution and activity assays, turned to be
essential to identify the sites which are really targeted by
the identified sSRNAs. However, by using the structural
rules that we established for functional sSRNA-rRNA
interactions, computational predictions will be more
reliable.

A high number of W residues in P. abyssi rRNAs as
compared to other archaea

Based on experimental analysis of W residues in rRNAs
and reconstitution of H/ACA sRNPs, the P. abyssi rRNA
regions that we studied (20 and 27% of the 16S and 23S
rRNAs, respectively) probably contain 17 W residues.
These rRNA regions were selected because they contain
the highest number of post-transcriptionally modified
residues in all living organisms (10). However, we cannot
exclude the possibility that some additional ¥ residues are
formed without the use of guide RNA, in P. abyssi rRNA
segments located outside of these regions. Up to now, 17
W residues is the highest number of W residues found in
archaeal rRNAs. Only three and four W residues were
found upon complete analysis of the H. marismortui,
H. halobium 16S and 23S rRNAs, respectively (34-36). Six
Y residues were detected in domains II, IV and V of the
S. acidocaldarius 23S rRNA and five W residues were
found in A. fulgidus TRNAs when looking for H/ACA
sRNA target sites (21,37). Interestingly, the two halophile
species, H. marismortui and H. halobium, which have the
smallest number of W residues, grow at 50 and 42°C,
respectively. S. acidocaldarius and A. fulgidus grow at
80 and 83°C, respectively, whereas P. abyssi optimally
grows at 98°C. Therefore, as already proposed for
archaeal 2’-O-methylations (53), there may be a correla-
tion between the number of W residues in archaeal rRNAs
and the growth temperature of the organism. Confirma-
tion of this statement requires further analysis on a larger
number of archaeal species growing at different
temperatures.

Y residuesin P. abyssi 23S rRNA are concentrated at the PTC

Interestingly, 2 and 8 of the 13 W residues expected to be
present in P. abyssi 23S rRNA are located in the
functional domains IV and V, respectively (Figure 8).
Noticeably, residue 2016 in domain IV corresponds to one
of two highly conserved W residues in stem-loop structure
69 (SLS69). Its conservation is probably explained by
the high functional importance of SLS69: (i) it contacts
both the 16S rRNA and the tRNA bound at the acceptor
site (A site) (12,14), (i) it is located at the subunit
interface and, (iii) it was proposed to play a role in tRNA
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translocation (9,54,55) and in translation termination
(12,16). Formation of two W residues in the terminal
loop of SLS69, including the P. abyssi W2016 counterpart,
was found to confer a growth advantage in S. cerevisiae
(12,17).

Eight W residues are concentrated in domain V of the
P. abyssi 23S rRNA. This domain is expected to be
directly involved in the catalytic activity of the PTC.
Interestingly, these 8 W residues are all located in helical
segments (Figure 8). They may stabilize the conformation
of this 23S rRNA region at the high growth temperature
of P. abyssi. A cooperative effect of W residues in
stabilizing RNA conformation, was previously proposed
(10). A need for this cooperative effect may explain the
presence of 4, 2 and 2 W residues in close vicinity in helices
89, 90 and 93, respectively. Only three of these eight
W residues were detected in several eukarya, including
S. cerevisiae (Figure 8) (34,56).

Altogether, four pseudouridylation sites in P. abyssi 23S
rRINAs are highly conserved in the large eukaryal rRNAs
(positions 2016 in domain IV, 2549, 2588 and 2603 in
domain V) (Figure 8). In addition, residues w2930
detected in domain VI is also present in mouse and
human rRNAs. Position 2698 in P. abyssi 23S rRNA
corresponds to a frequently pseudouridylated position
in eukarya. Instead of U2698, U2697 is converted into
a W residue in P. abyssi. Altogether, this comparison of
P. abyssi and eukaryal pseudouridylation in rRNAs
suggests that conserved pseudouridylation sites in the
large TRNA may have appeared early in evolution.
Interestingly, one of the conserved W residues in domain
V (w2603) is not guided by an H/ACA sRNA in P. abyssi.

A base substitution in SRNA Pab40 may generate a different
specificity as compared to SRNAs Afu4, Pf7 and Pho4(

Like the P. abyssi Pab40 sRNA, the Afu4, Pf7, and Pho40
sRNAs contain three H/ACA motifs. The target sites
proposed for motifs 1 and 3 in Afu4 and Pf7 sRNAs
(21,22) are identical to the ones determined experimentally
for motifs 1 and 3 in Pab40 sRNA, respectively. In
contrast, whereas motif 2 in the Afud4 and Pf7 sRNAs were
proposed to guide modification at positions 2601 and 302
in the A. fulgidus and P. furiosus 23S rRINAs, respectively
(corresponding to positions 2647 and 278 in P. abyssi 23S
rRNA, respectively), we found that motif 2 in SRNA
Pab40 is active at position 1932 in P. abyssi 23S rRNA.
A difference of specificity between motif 2 in Pab40 and
motifs 2 in Afu4, PFf7, and Pho40 sRNAs can be
explained by a point mutation in the K-turn motif (a G
to U substitution at position 85 as referred to the Pab40
numbering, Figure S1). Indeed, this base substitution
modifies the secondary structure of motif 2 and its guiding
specificity (Figure SI). Nevertheless, the target sites
previously proposed for motifs 2 in Afu4 and Pf7
sRNAs are not in agreement with the structural rules
that we established for active H/ACA sRNA-rRNA
interactions. According to these rules, positions 2632 in
the A. fulgidus 23S rRNA and 2701 in the P. furiosus
23S rRNA, that both correspond to position 2678 in
P. abyssi 23S rRNA, are expected to be the true target
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Figure 8. Location of W residues in domains IV (A) and V (B) of the P. abyssi 23S rRNA. The secondary structure of the P. abyssi 23S rRNA is
adapted from one of the Thermococcus celer 23S TRNA (M67497) (Gutell website, www.rna.icmb.utewas.edu). Numbering of residues is that of P.
abyssi 23S rRNA. The W residues detected in this work are indicated by W symbol. The one in domain IV, which could not be detected in 23S rRNA
because of an RT pause but was formed in vitro, is marked by an asterisk. Positions of pseudouridylation in E. coli, B. subtilis, D. radiodurans,
T. thermophilus, Z. mays chloroplasts, H. marismortui, H. halobium, A. fulgidus, S. acidocaldarius, S. cerevisiae, D. melanogaster, M. musculus and
H. sapiens are indicated by arrows marked by E, B, O, U, Z, L, A, F, S, Y, D M and H, respectively. Archaeal species are shown in grey.

sites (Figure S1). U 2678 is not converted into a W residue
in P. abyssi, however, this is the case in H. marismortui
(35,36), H. halobium (34), Drosophila melanogaster
and Mouse musculus (10) (Figure 8). The absence of
modification at position 2678 in the P. abyssi 23S rRNA
shows how a single point mutation can dramatically
modify the specificity of an H/ACA motif.

Note that two other proposed target sites in P. furiosus
rRNAs (corresponding to positions §92 in 16S rRNA and
2552 in P. abyssi 23S rRNA and which were expected
to be guided by sSRNAs Pfl and Pf3 respectively, Table 1),
are invalidated by our experimental rules. In addition,
some bona fide target sites were not previously predicted
in P. furiosus TRNAs (Table 1). Altogether, these data



strengthen the importance to verify experimentally the
proposed H/ACA target sites.

Poor conservation of pseudouridylation sites between
archaeal orders

Except for motif 2 in sSRNA Pab40, H/ACA sRNAs and
their target sites are conserved in the three Pyrococcus
species studied as well as in the phylogenetically related
T. kodakarensis species (25). In contrast, conservation
of W positions is poor between species of different orders.
Only one of the three W residues found in the H. halobium
and H. marismortui 23S rRNAs and only one of the six
W residues found in the S. acidocaldarius 23S rRNA are
conserved in P. abyssi (Figure 8). A. fulgidus is more
closely related to Pyrococcus species than Sulfolobus,
Halobacterium, and Haloarcula species. Accordingly,
our experimental data show that three of the six W
residues detected in the A. fulgidus 23S rRNA are
conserved in P. abyssi as well as one modified position
in 16S rRNA.

The four ¥ residues detected in 16S rRNA are
located in functional areas of the 30S subunit

The location of W residues in the bacterial and eukaryal
SSU rRNAs is rather variable from one species to the
other. Interestingly, two of the four W residues that we
detected in the P. abyssi 16S rRNA (positions 27 and §91),
are located within or very close to the essential central
pseudoknot of the 16S rRNA (57). They may play a role
in its formation or stability. This central pseudoknot is in
close vicinity of the P site (58). Residue w922 also belongs
to a 16S rRNA segment located at the P site, and residue
V1017 belongs to a segment involved in A site formation.
Hence, the four W residues present in the P. abyssi 16S
rRNA are located at or very near the A and P sites.
Noticeably, no W residue was detected in the 16S rRNA
from H. volcanii while S. solfataricus 16S rRNA was
estimated to contain five W residues based on mass
spectrometry analysis (59).

The aCBF5/aNOP10/aGARI1 complex may
act on rRNA without guide SRNA

Among the small P. abyssi rRNA substrates that we used
to test the activity of reconstituted sSRNPs (Table S2), only
that containing residue U2603 was modified in the
absence of H/ACA sRNA (Figure 7). Therefore, the
aCBF5/aNOP10/aGAR1 complex may be a specific
catalyst for this position in 23S rRNA. The stem-loop
structure formed by the small RNA substrate used in the
assay is not the one expected to be formed in the 50S
subunit (Figures 7 and 8). However, we cannot exclude
the possibility that it is formed at some stage during 23S
rRNA synthesis or 50S subunit assembly. Although a
stable stem-loop structure could also be formed by the
small substrate containing residue U2585 (Figure 7),
the aCBF5/aNOP10/aGAR1 complex did not modify it.
No activity was detected with the recombinant
Pusl0 enzyme (data not shown). Two other RNA:
W synthases are expected to be present in archaea,
the E. coli TruA and TruD (Pus7) homologues (60).
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The implication of Pus7 is unlikely, since residue 2585 is
not located in a sequence that fits the consensus sequence
recognized by this enzyme (RSUNWAR (R = purine, S =
G/C, N= any nucleotide) (61 and our unpublished data).
Therefore, it would be interesting to test the activity of the
TruA homologue at position 2585 in P. abyssi 23S rRNA.

In agreement with the absence of E. coli RIuE, RIuB
and RIuC homologues in P. abyssi, the pseudouridylations
at the three positions modified by these enzymes in E. coli
are catalyzed by one H/ACA sRNA, Pab35.

Structural determinants for H/ACA sRNA specificity

Our data shed light on structural determinants of the
sRNA-rRNA interaction that will be useful for the
identification of new H/ACA sRNAs and their target
sites. They can be explained taking structural data into
account: (i) NMR analysis of the H/ACA snoRNA-
rRNA interaction showed that the P1S and P2S inter-
molecular helices formed with the 3'- and 5'-guide
sequences, respectively, can be coaxially stacked on helices
HI1 and H2 of the sRNA (32,33), and in this structure,
the substrate is folded into a U-shape, with the targeted U
residue protruding in the middle (32), (ii) based on the
sRNP crystal structure, the H2-P2S pseudo-helix likely
interacts with protein L7Ae bound to the K-turn or
K-loop (22-24) and to a lesser extent with aNOP10 and
aCBF5 through helix H2 (31), (ii) the various X-ray
structures which have been established show that several
interactions are formed between the aCBF5 and aNOP10
proteins (27-31) and the L7Ae and aNOP10 proteins (31)
and (iv) finally, the HI-P1S pseudo-helix is expected
to interact with protein aCBF5 bound to the ACA triplet
(23,24,30,31). Therefore, it is highly conceivable that
variations of the distances that separate the ACA box
and the targeted uridine residue on the one hand (14 or 15-
nt long in archaea, versus 16-nt long in eukarya) (62), and
the K-turn and targeted U residue on the other hand (5 or
6 bps), disturb the positioning of aCBF5 relative to the
targeted U residue and/or prevent some protein—protein
interactions in the core protein structure (23,51). Impor-
tantly, we noticed that helix H2 never contains more than
one bulged nucleotide.

Noticeably, for the first time, we show a greater
importance of the rRNA interaction formed with the 3'-
guide sequence (P1S), compared to that formed with the
5’-guide sequence (PS2). This difference can be explained
by the close contact of aCBF5 with the 3’-guide sequence,
compare to its limited contact with the 5'-guide sequence
in the sSRNP 3D structure (30). Remarkably, also the
minimal length of the overall rRNA-sRNA base-pair
interaction seems to be shorter in archaea compared to
eukaryal system. This decreased stringency in archaea
may explain why, in archaea but not in eukarya, a given
H/ACA motif can guide ¥ formation at up to three
different positions in TRNAs.

SUPPLEMENTARY DATA
Supplementary Data is available at NAR Online.
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Résumé

Mots-clés: ARN, ribozymes, RNomics, modélisation 3D, docking, conception de ligands.

La découverte des propriétés catalytiques des ARN a bouleversé nos conceptions en biologie
moléculaire sur les roles des ARN au cours de ’évolution, des origines de la vie jusqu’a main-
tenant. Du point de vue biochimique, on commence seulement a comprendre dans le détail la
catalyse des ribozymes. L’enzymologie moléculaire offre des approches expérimentales pour étu-
dier la catalyse par les ARN ; les méthodes de mécanique quantique permettent de modéliser les
réactions qualitativement et quantitativement et d’essayer de comprendre 'origine du pouvoir
catalytique des enzymes. C’est dans cette optique que nous avons modélisé la réaction chimique
qui intervient dans le ribozyme a téte marteau qui est considéré comme un prototype dans la
catalyse par les ARN car il est un des plus petits ribozymes naturels que 'on connaisse. Nous
avons proposé le ler modéle a 2 cations métalliques pour un ribozyme auto-clivable. A ce jour,
le mécanisme réactionnel et les changements conformationnels associés a la catalyse ne sont pas
complétement élucidés. Pour y contribuer, nous cherchons a comparer de fagon théorique les
catalyses de type "metallo-enzyme" et "nucléobase" ou hybrides.

Des découvertes récentes ont mis en évidence l'existence de nombreux ARN non-codant im-
pliqués dans de nombreuses et diverses fonctions biologiques. Dans cette thématique, nous nous
sommes focalisés sur un domaine du vivant encore peu étudié : les archaea. Nous avons développé
et mis en ceuvre une approche bio-informatique pour rechercher des génes d’ARN non-codant
dans ces génomes qui a été largement validée expérimentalement sur une classe particuliére
d’ARN non-codant que sont les ARN guides de modifications & boites H/ACA. Des développe-
ments permettant d’améliorer la sensibilité de la méthode sont prévus. D’autre part, les connais-
sances acquises sur les ARN a boites H/ACA ouvrent des perspectives dans la compréhension
d’une maladie humaine (la dyskeratose) reliée a un dysfonctionnement associée a cette famille
d’ARN non-codant chez ’homme. Le prolongement de cette thématique abordée a ’aide d’outils
bio-informatiques s’appuiera sur l'utilisation de méthodes de modélisation 3D développées par
ailleurs.

Les travaux menés sur les ribozymes et ’essor de la RNomics démontrent la versatilité de fonc-
tion et de structure des ARN. La biologie structurale a permis d’acquérir beaucoup de connais-
sances sur la structuration des ARN et leurs interactions. La conception assistée par ordinateur
de ligands dirigée contre des ARN comme cibles thérapeutiques est dés lors possible. La modéli-
sation 3D de macromolécules offre une approche possible d’étude des liens structure/fonction en
I’absence de données structurales mais aussi d’étude théorique de la flexibilité conformationnelle
qui joue un role primordial dans le repliement des ARN et leur interaction avec des ligands. Les
travaux présentés ici s’inscrivent dans le cadre d’un développement d’approches de modélisation
de complexes ARN /protéines et ARN/ligand adaptées au mode d’interaction étudié, selon que
I’ARN est structuré ou non. Dans le premier cas, une approche de docking classique est utilisée
ou I’ARN peut étre considéré comme une cible pour un ligand protéique ou autre. Dans le se-
cond cas, une approche de docking "par fragment" (SELEX in silico) inspirée des méthodes de
conception de drogues est utilisée pour prédire la reconnaissance par des protéines de liaison a
I’ARN et éventuellement concevoir d’autres ligands ARN. La méthode est en cours de validation
et sera appliquée a des cibles d’intérét impliquées dans les dystrophies myotoniques.
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