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RESUMÉ  
 

 

Etude structurale de la traduction de l'ARNm dans les kinétoplastides par cryo-

microscopie électronique 

 

Initiation à la traduction chez les eucaryotes 

Comme chez les procaryotes, la traduction chez les eucaryotes comprend plusieurs étapes, telles 

que l'initiation, l'élongation, la terminaison et le recyclage. 

L'initiation de la traduction chez les eucaryotes est un processus dynamique, cyclique 

et complexe, régulé pour plus de 20 protéines différentes (revu dans Aitken et Lorsch, 2012). 

Ce processus peut être subdivisé en deux grands groupes, dépendants de la coiffe (cap) et 

indépendants de la coiffe. 

L'initiation dépendant du cap est le processus plus commun par lequel l'ARNm est 

traduit chez les eucaryotes, c'est pourquoi on l'appelle aussi le processus d’initiation canonique 

de la traduction. La première étape principale de l'initiation de la traduction est l'assemblage du 

complexe de pré-initiation 43S (43S PIC). Ce processus commence avec la formation d'un 

complexe ternaire (eIF2-TC), composé d'un ARNt initiateur (Met-ARNti
Met) et d'un GTP 

(Guanosine tri-phosphates) lié au facteur d'initiation eucaryote 2 (eIF2). Une fois assemblé, 

eIF2-TC est recruté dans la sous-unité ribosomique 40S. Le recrutement d'eIF2-TC est 

également renforcé par d'autres facteurs, notamment eIF1, eIF1A, eIF3 et eIF5, qui aboutissent 

ensemble à la formation du 43S PIC (Pestova et Kolupaeva, 2002, de Georges et al., 2015, 

Hashem et al. 2013b, Hussain et al., 2014a, Llacer et al., 2015a). ABCE1 (Rli1 dans la levure), 

un facteur bien caractérisé de recyclage ribosomique, a également été récemment observé 

impliqué dans l'assemblage du 43S PIC (Dong et al., 2004a, Mancera-Martínez et al., 2017, 

Heuer et al., 2017). 

L'étape suivante de l'initiation de la traduction est l'assemblage du complexe d'initiation 

48S (48S IC). Une fois assemblé, le 43S PIC est recruté dans l'ARNm, ce qui permet la 

reconnaissance base par base du messager jusqu’au codon d'initiation AUG, un processus 

mieux connu sous le nom de « scanning ». Le scanning inclut le mouvement du messager dans 

le complexe de préinitiation 43S dans un sens unique allant de l’extrémité 3’ vers l’extrémité 

5’, et ce faisant permettre l'appariement de bases entre le codon dans l'ARNm et l'anticodon 

contenu dans sa tige-boucle (ASL) du Met-ARNti
Met. Il a été montré que le 43S PIC est capable 
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de se lier à l'ARNm par sa région 5' non traduite (5’UTR). Les 5’UTRs peuvent être non 

structurées et dans ce cas le recrutement du 43S PIC se fait directement t(Pestova et Kolupaeva, 

2002), cependant les ARNm naturels possèdent bien souvent différents degrés de structure 

secondaire à leurs 5’UTRs, incluant des boucles et des hélices (Kozak, 1999). Par conséquent, 

le recrutement du 43S PIC à l'ARNm nécessite l'activité d'un complexe composé de facteurs 

multiples appelé le complexe de liaison à la coiffe, ou communément en Anglais « cap-binding 

complex (CBC) », formé par eIF4F, eIF4B et eIF4A. 

eIF4F à son tour est constitué de la protéine de liaison à la coiffe (eIF4E), d'une 

deuxième copie de l’hélicase à ARN de type DEAD (eIF4A) et de la protéine d'échafaudage 

eIF4G (revue dans Jackson et al., 2010). L'activité hélicase de eIF4A est renforcée par l'activité 

de eIF4B qui se lie à l'ARNm simple-brin et empêche son repliement en structures secondaires 

(Marintchev et al., 2009). Le complexe multifactoriel eIF4F/4B/4A est capable de dérouler 

l'ARNm 5' UTR et de favoriser sa fixation sur le 43S PIC via l'interaction eIF4G-eIF3. 

Néanmoins, les ARNm ayant un degré élevé de structures secondaires nécessitent d'autres 

hélicases à boîte DEAD en plus de eIF4A, comme la protéine DEAH boîte DHX29 (Pisareva 

et al., 2008; Parsyan et al., 2009). 

Après le scanning, les facteurs d'initiation sont libérés, ce qui permet l’association du 60S et la 

formation du complexe d'initiation 80S. 

 

Perspectives structurales et fonctionnelles du ribosome des kinetoplastides 

Le kinétoplastide est un groupe de protozoaires flagellés ayant une importance médicale 

et économique. Ils présentent un élargissement d’une région sur la mitochondrie appelée 

kinétoplaste, d’où leur nom. De plus, leurs ribosomes présentent des différences significatives 

comparés aux ribosomes de leurs hôtes mammaliens. 

Le ribosome eucaryotique est composé de deux sous-unités, une 40S/SSU et une 60S/LSU. La 

petite sous-unité contient l'ARNr 18S, tandis que la grande sous-unité contient les ARNr 28S, 

5.8S et 5S (revue dans Mandal, 1984). Les 18S, 5.8S et 28S sont codés dans une seule unité de 

transcription, connue comme l'unité de transcription principale. Le gène de l'ARNr 5S n'est pas 

lié à l'unité de transcription principale. En effet, le gène 5S est transcrit par l'ARN polymérase 

III, tandis que le reste est transcrit par l'ARN pol I. 

L'analyse de l’ARNr des kinetoplastides a démontré le caractère unique de leurs ribosomes. 

Contrairement à leurs hôtes mammifères, l'homologue kinétoplastidien de l'ARNr 28S 

eucaryotique présente de multiples sites de clivage (Campbell et al., 1987). En effet, l'ARNr de 

la LSU des trypanosomes est composée de LSU-a, LSU-b, de quatre petits ARNr (srRNA1, 
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srRNA2, srRNA3 et srRNA4), d'ARNr 5S et 5.8S (Campbell et al., 1987, Hashem et al., 2013a, 

Liu et al., 2016a). De plus, il a été démontré qu'ils possèdent un nombre important de sites de 

modification de l'ARNr (Eliaz et al., 2015). 

Les avancées technologiques récentes de la cryo-microscopie électronique (cryo-ME) a conduit 

à l'obtention de la structure du ribosome des kinétoplastides à une résolution aussi élevée que 

2,5 Å. La structure à haute résolution de ces ribosomes a mis en évidence la présence des larges 

segments d'expansion (SEs), ainsi que l'extension des protéines ribosomiques (protéines r) 

(Hashem et al., 2013a, Liu et al., 2016a, Zhang et al., 2016a). 

 Le rôle de leurs plus grandes SEs a été discuté dans plusieurs publications (Hashem et 

al., 2013a, Zhang et al., 2016). Ils ont été associés à l'initiation de la traduction et à la stabilité 

du ribosome 80S. En effet, la structure cryo-ME du ribosome 80S de T. brucei a révélé qu'ils 

sont impliqués dans la formation de quatre ponts additionnels antre les deux sous-unités 

ribosomiques, qui semblent être spécifiques aux kinétoplastides (Hashem et al., 2013a). 

Un autre aspect important des kinétoplastides dans leur 40S est l'emplacement de leurs grands 

segments d'expansion SE6S et SE7S près de la sortie du canal de l'ARNm. Il a été proposé qu'un 

tel emplacement puisse leur permettre de jouer un rôle dans l'initiation de la traduction en 

interagissant avec eIF3 (Hashem et al., 2013a).  

En résumé, les 40S des kinétoplastides possèdent certains éléments spécifiques qui suggèrent 

que l'initiation de la traduction dans ces organismes peut avoir plusieurs divergences par rapport 

à celle observée chez leur hôte mammifère. 

 

La biologie des kinétoplastides et les maladies transmises par des vecteurs humains 

Depuis plus d'un siècle, les kinétoplastides attirent l'attention de la communauté scientifique et 

médicale en raison de leur importance en matière de santé publique. Néanmoins, l'Organisation 

mondiale de la santé (OMS) a toujours classé toutes les maladies humaines causées par les 

kinétoplastides dans un groupe de maladies tropicales négligées. 

Trypanosoma cruzi (T. cruzi), Trypanosoma brucei spp. et Leishmania spp. sont des 

kinétoplastides responsables de plusieurs maladies à transmission vectorielle, qui menacent 

ensemble plus de 400 millions de personnes dans le monde (Organisation mondiale de la Santé, 

2012). 

Le mécanisme d'expression des gènes chez les kinétoplastides est nettement différent 

de leurs hôtes mammifères. En outre, compte tenu de leur déficience de la régulation de la 

transcription, toutes les étapes post-transcriptionnelles, incluant la traduction, ont une 

importance accrue pour la régulation de l'expression génique et l'homéostasie cellulaire. 
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Néanmoins, on sait peu de choses sur l'initiation de la traduction dans les kinétoplastides. Les 

connaissances actuelles soulignent la faible identité des eIFs des kinétoplastides par rapport à 

leurs hôtes mammifères (Meleppattu et al., 2015, Rezende et al., 2014, Li et al., 2017), ce qui 

met en évidence la traduction en tant que domaine prioritaire à étudier dans ces organismes. Par 

conséquent, l'objectif principal de cette thèse est de comprendre l'architecture du complexe 

d'initiation de la traduction dans les kinétoplastides, ce qui peut nous permettre de comprendre 

certains aspects spécifiques de ces parasites quant à la régulation de la traduction de l'ARNm. 

Ces eucaryotes précoces ont une biologie et une séquence génomique similaires (El-Sayed et 

al., 2005b). En outre, ils présentent certaines caractéristiques uniques liées au mécanisme 

d'expression génique. Ces caractéristiques communes représentent une opportunité de traiter 

ces maladies en utilisant une nouvelle famille de médicaments qui pourraient être plus efficaces 

et bien moins toxiques que les peu d’alternatives actuelles (Khare et al., 2016). 

 

L'étude structurale des complexes 40S de Trypanosoma cruzi révèle l'existence d'une voie 

de régulation de l'initiation de la traduction spécifique aux kinétoplastides 

Bien que de nombreuses études aient mis en évidence la divergence évolutive de la 

traduction de l'ARNm dans les kinétoplastides, on sait peu de choses sur ses bases structurales. 

Nous présentons ici des reconstructions de cryo-ME de complexes 40S natifs et à l’arrêt, 

purifiés à partir de Trypanosoma cruzi, le parasite kinétoplastidique responsable de la maladie 

de Chagas. 

Nos structures montrent que le facteur de recyclage des ribosomes ABCE1 interagit avec le site 

conservé de liaison aux GTPases ribosomiques sur la face interne de la sous-unités 40S, et 

adopte une conformation qui diffère de celle observée pendant le recyclage ribosomique. Plus 

important encore, nous découvrons un facteur non caractérisé à la plate-forme des complexes 

40S, appelé provisoirement ηF. De plus, notre étude a dévoilé une structure de dimères 40S, 

éventuellement spécifiques aux kinétoplastidés. Notamment, ηF se chevauche les contacts 

impliqués dans la formation des dimères de 40S, suggérant un rôle dans la prévention de la 

dimérisation 40S. Enfin, nos structures montrent que ηF inhibe le formation des complexe eIF2-

ternaires, indiquant que ηF doit être libéré avant l'assemblage du complexe de (pré)initiation. 

Notre travail représente un premier aperçu structural des aspects spécifiques aux kinétoplastide 

de la régulation de la traduction. 
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La structure par cryo-ME d'une nouvelle protéine ribosomique spécifique du 

kinétoplastide 40S 

Il existe un besoin critique de cibles plus spécifiques pour le développement de molécules 

thérapeutiques anti-kinétoplastidiques, plus sûres qui peuvent remplacer les médicaments 

actuels rares et hautement cytotoxiques. Le ribosome kinétoplastidique représente une cible 

thérapeutique potentielle en raison de sa divergence structurale par rapport à son homologue 

humain. Cependant, plusieurs caractéristiques ribosomiques spécifiques aux kinétoplastidiens 

restent non caractérisées. Nous présentons ici la structure par cryo-ME à résolution quasi-

atomique d'une nouvelle protéine ribosomique kinétoplastidique spécifique (KSRP) liée à la 

petite unité ribosomique 40S. KSRP est une protéine essentielle située à la face du solvant de 

la sous-unité 40S, où elle se lie et stabilise les domaines spécifiques aux kinetoplastides faisant 

partie de l'ARNr, suggérant son rôle dans l'intégrité de la structure du ribosome. KSRP interagit 

également avec la protéine-r eS6 à une région qui est seulement conservée dans les 

kinétoplastides. L'environnement ribosomique spécifique des kinétoplastidés autour de KSRP 

constitue une cible prometteuse pour la conception de médicaments anti-kinétoplastidiens plus 

sûrs et plus efficaces. 

 

 

La structure par Cryo-ME du complexe natif d'initiation de la traduction chez 

Trypanosoma cruzi 

Les kinétoplastides possèdent des caractéristiques inhabituelles, telles que la présence d'une 

coiffe conservée d'épissage dans tous les ARNm matures, appelée en Anglais « Spliced-

Leader ». De plus, les segments d’expansions (SE) ribosomiques de l'ARN 40S, tels que SE3S, 

SE6S, SE7S et SE9S sont plus grands que ceux de leurs équivalents hôtes mammifères. Ici, nous 

avons purifié à partir de lysats cellulaires de T. cruzi des complexes natifs de l’initiation de la 

traduction que nous avons ensuite analysés par cryo-ME. 

La structure des complexes natifs de l’initiation révèle certains aspects spécifiques de 

l'initiation de la traduction, un tel modèle d'accommodation du noyau structural d’eIF3 dans le 

48S, grâce à l'interaction d’eIF3a, eIF3c et eIF3e avec SE6S et SE7S. Notre structure révèle 

également que eIF3c est pris en étau par les hélices A et B du SE7S (SE7S-hA et SE7S-hB). En 

outre, SE9S se lie et stabilise la sous-unité d d’eIF3. Nos analyses structurale et protéomique 

révèlent que le la protéine DDX60 chez les kinétoplastids peut jouer un rôle important dans 

l'initiation de la traduction en déroulant les ARNm coiffés avec le Spliced-Leader. Les 

particularités révélées ici dans cette première structure de complexe d'initiation du parasite 
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protozoaire ouvre de nouvelles perspectives pour le développement d'agents thérapeutiques 

contre les kinétoplastides ciblant l’étape de la traduction, et plus particulièrement son initiation. 

 

Conclusions 

La caractérisation de la sous-unité native du 40S nous a permis de découvrir une 

nouvelle protéine ribosomique spécifique des kinétoplastides, appelée ici KSRP. KSRP se lie 

au pied gauche du 40S où il interagit avec SE3S et SE6S. En outre, KSRP interagit également 

avec l'extension spécifique kinétoplastidique de la protéine ribosomique eS6. Le site de liaison 

des deux domaines de motifs de reconnaissance d’ARN (RRM) de KSRP suggère un rôle en 

tant que chaperonne de l'ARNr ainsi qu'un échafaudage pour la liaison d'autres protéines 

régulatrices. La découverte d'une nouvelle protéine ribosomqie essentielle à la viabilité des 

kinétoplastides a introduit une nouvelle cible potentielle pour le développement d'agents 

thérapeutiques anti-kinétoplastidiens plus sûrs et plus spécifiques qui bloquent la traduction de 

l'ARNm chez ce pathogène. 

 
Figure I: Modèle schématique de la traduction de l'ARNm dans les kinétoplastides. La protéine-r KSRP 

se lie au pied gauche de 40S. Nous proposons que le facteur spécifique des kinétoplastides, ηF, empêche la 

dimérisation des 40S, ce qui rend les sous-unités 40S disponibles pour la traduction. Cependant, ηF doit être 

libéré car sa liaison empêche le recrutement de l'ARNm et de l'eIF2-TC. ABCE1 et ηF agissent comme des 

facteurs d’anti-association ribosomiqueq critiques. Après l'assemblage du 43S, ABCE1 doit être libéré, car 

le domaine de cluster de fer se heurte au site de fixation de DDX60. Enfin, DDX60 lui-même doit également 

être libéré car sa présence empêche la formation de la conformation fermée du complexe 48S. 
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Nos reconstructions par cryo-ME des complexes 40S natifs et liés à ABCE1 à partir de 

lysats de T. cruzi nous permettent d'identifier un nouveau facteur lié à la plateforme de 40S 

proche du site E, établissant des interactions protéine/ARNr avec les hélices 24 et 23 du 18S. 

Ce facteur, appelé ici ηF, se connecte également au canal de l'ARNm. Le site de liaison de ηF 

se heurte à eIF2-TC ainsi qu'à l'ARNm. Par conséquent, ηF empêche l'assemblage de 43S PIC 

(figure I). Sur la base de cela, nous proposons ici que ηF est un facteur de régulation de la 

traduction spécifique aux kinétoplastides qui doit être libéré avant l'assemblage du complexe 

d'initiation. Bien que nos données structurales aient suggéré un rôle pour ηF dans le contrôle 

de la traduction, nous ne disposons pas de données expliquant le mécanisme moléculaire par 

lequel ηF est libéré du ribosome. Par conséquent, plus d’études biochimiques visant à mieux 

caractériser ηF ainsi que son profil d'expression au cours de différents stades du cycle de vie 

du parasite seront obligatoires pour élucider son mécanisme dans le contrôle de la traduction. 

De plus, nous avons montré ici que la liaison d’ABCE1 au 40S est entièrement 

compatible avec l'assemblage du PIC 43S. En effet, il est en conformité avec notre récente étude 

chez les mammifères (Mancera-Martínez et al., 2017), où nous avons présenté la structure 

d’ABCE1 dans le contexte d'un complexe d'initiation de stade tardif chez les mammifères. Cette 

structure nous a permis de conclure que ABCE1 agit comme un facteur d’anti-association 

empêchant l'assemblage prématuré de la sous-unité large 60S (figure I). Une autre étude récente 

a également démontré que la conformation du domaine de cluster de fer d’ABCE1 dans le 

contexte du complexe de post-recyclage empêche la formation du pont ribosomique formé entre 

uL14 et h44 (Heuer et al., 2017), entre les deux sous-unités. 

Enfin, la structure du complexe de pré-initiation 48S quasi complet nous permet 

d'identifier le schéma de liaison de la majorité des eIFs (figure I), qui révèle l'architecture du 

noyau structural d’eIF3 dans le contexte du complexe d'initiation kinétoplastidien. Les 

segments d’expansion de taille inhabituellement grande dans les kinétoplastides jouent un rôle 

important dans l'initiation de la traduction en agissant comme un socle pour accueillir le noyau 

structural d’eIF3 et en liant et stabilisant la sous-unité périphérique d d’eIF3. De plus, nos 

analyses structurale et protéomique révèlent un rôle insoupçonné pour DDX60 dans l'initiation 

de la traduction, probablement en liant et en déroulant l'ARNm coiffée du Spliced-Leader. Le 

site de liaison de DDX60 au 43S PIC n'est pas compatible avec la liaison de ABCE1. Par 

conséquent, contrairement aux mammifères où il a été constaté que ABCE1 est présent durant 

l'initiation même à un stade tardif du processus (Mancera-Martínez et al., 2017), dans les 

kinétoplastides ABCE1 doit être relâché pour permettre la liaison de DDX60 (Figure I). Bien 

que notre structure actuelle du 48S IC présente un grand nombre d'aspects de traduction 
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spécifiques aux kinétoplastides, une résolution améliorée combinée à des approches 

biochimiques, telle le profilage des ribosomes sont encore nécessaires pour une meilleure 

interprétation de nos reconstructions. 

En conclusion, nos analyses structurale et biochimique mettent en évidence la 

singularité de la machinerie traductionnelle ainsi que le mécanisme d'initiation de la 

traduction chez les pathogènes kinétoplastides humains. 
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INTRODUCTION  
 
 mRNA translation is the cornerstone of the central dogma of molecular biology. The 

genetic information encoded in DNA is transcribed into mRNA and the latter is translated, 

forming proteins. Like in bacteria, translation in eukaryotes includes several stages, such as 

initiation, elongation, termination and recycling. All these steps of mRNA translation are 

assisted by different proteins/factors termed according to the stage of translation that they assist.  

Translation initiation in eukaryotes is more complex than that in bacteria. While in bacteria the 

small ribosomal subunit (30S or 40S in eukaryotes) is recruited to the mRNA through an 

interaction  between the Shine-Dalgarno sequence and the complementary sequence in 16S 

rRNA (anti-Shine-Dalgarno sequence), in eukaryotes this process is more complex and requires 

a scanning mechanism (reviewed in Jackson et al., 2010). 

 Although bacteria and eukaryotes present a deep divergence for the initiation step of 

translation, they share several common aspects for elongation. For instance, this process in 

eukaryotes is assisted by eukaryotic elongation factor 1 (eEF1) and eEF2 that are homologs of 

bacterial EF-Tu and EF-G, respectively.  

 Similarly to the initiation step of translation, the termination and recycling are divergent 

between bacteria and eukaryotes. For instance, ATP-binding cassette sub-family E member 1 

(ABCE1) is a key player for the recycling process in eukaryotic translation, however this 

protein is not present in bacteria. All this process of mRNA translation occurs in one of the 

largest and most complex molecular machines, the ribosome.   

 

Structural and functional insights on the eukaryotic ribosome 
 
 The ribosome is a large macromolecular complex composed of both rRNAs and proteins 

(r-proteins). The discovery of this ribonucleoprotein dates back to 1955, when George E. Palade 

(Palade, 1955) described it as a “component of the ground substance of the cytoplasm which is 

particulate in nature and small in size”. Because it is essential for any living organism, the 

architecture and functions of ribosome have been thoroughly studied for decades.   

 Early structural studies of bacteria and archaea ribosomes using X-ray crystallography had 

allowed us to have the first structural and functional insights of the ribosome (Ban et al., 2000; 

Wimberly et al., 2000; Schluenzen et al., 2000). However, eukaryotic ribosome presents several 

differences when compared to that from bacteria or archaea. The first structural attempt to 

reveal the architecture of eukaryotic ribosome was performed by cro-EM, which had allowed 

the identification of some structural differences as well as the universally conserved core 
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(Spahn et al., 2001). However, the discovery of the full architecture of the eukaryotic ribosome 

was possible only with recent advances of cryo-EM together with new approaches from X-ray 

crystallography (Armache et al., 2010; Ben-Shem et al., 2011; Hashem et al., 2013a; Anger et 

al., 2013; Khatter et al., 2015).   

 

   

	
Figure 1: Structure and some conserved features of eukaryotic ribosome. The 60S and 40S subunits 

(PDB: 4UG0 from Khatter et al., 2015) viewed from different orientations. The r-proteins are colored in 

goldd and the rRNAs are colored in gray.  In both subunits the three binding sites of tRNA are indicated, A, 

P and E-site.  The central protuberance proteins are colored in magenta, while the L1 stalk region is colored 

in blue. 

 



 
	

	 20	Jailson Brito Querido	|	University of Strasbourg	

 The eukaryotic ribosome is composed of 40S (small subunit) and 60S (large subunit) 

(Figure 1). The two subunits can reversibly associate through the inter-subunit bridges to form 

the 80S ribosome (Ben-Shem et al., 2011). 40S is composed by the 18S rRNA and by 33 r-

proteins, while the 60S is built of 47 r-proteins and rRNA 5S, 5.8S and 28S (reviewed in Klinge 

et al., 2012). 

In addition to more ribosomal proteins, one of the most remarkable differences between 

eukaryote and bacterial ribosome is the presence of large rRNA insertions named expansion 

segments (ESs) in eukaryotes (Spahn et al., 2001; Ben-Shem et al., 2011; Hashem et al., 2013a; 

Anger et al., 2013; Khatter et al., 2015). The 18S contains several ESs that interlink to form 

often species-specific features. For instance, ES6S (the largest ES from 18S) can form five sub-

structure that interact with ES3S to form a eukaryotic-specific structure at the left foot of 40S 

(Armache et al., 2010). 

 The r-proteins are also another remarkably difference between eukaryotic and bacterial 

ribosome. In addition to eukaryotic-specific r-proteins from both 40S and 60S, eukaryotic 

ribosome also present some r-proteins extensions (reviewed in Klinge et al., 2012).  

 As a protein factory, the ribosome needs to read the instructions contained in the mRNA 

and translate it into protein sequence. For that, the ribosomes possess conserved binding sites 

for aminoacyl-tRNA, termed aminoacyl-site (A-site), peptidyl-site (P-site) and exit-site (E-site) 

(Figure 1A-B). The structure of the bacterial large ribosomal subunit revealed the ribozyme 

activity of rRNA and allowed the identification of the conserved peptidyl transferase center 

(PCA) (Nissen et al., 2000). The aminoacyl-tRNA that are ready to be incorporated into the 

growing polypeptide chain binds at the A-site, while the P and E-sites are occupied by 

deacylated tRNAs prior their dissociation from the ribosome. However, during the translation 

initiation in eukaryotes the initiatior tRNA must be accommodated into the P-site (discussed 

later).  

 In addition to the active core, eukaryotic ribosomes also share many structural features 

with bacteria, such as the central protuberance and the L1-stalk (Figures 1 A and C) (reviewed 

in Melnikov et al., 2012). The L1-stalk complex (formed by uL1 and rRNA) adopts different 

conformations during the translation cycle, and allows it to coordinate the position of E-site 

tRNA and promotes its release from the ribosome.  

Although they conserve numerous structural and functional features, translation 

initiation is markedly different between eukaryotes and bacteria, in part the importance of 

translation initiation during the evolution.   
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Translation initiation in eukaryotes  
 
 Translation initiation in eukaryotes is a dynamic, cyclical and complex process, regulated 

by more than 20 different proteins (reviewed in Aitken and Lorsch, 2012). This process can be 

subdivided in two large types, cap-dependent and cap-independent. 

 The cap-dependent initiation is the most common process through which eukaryotic 

mRNA is translated, therefore is also known as canonical translation initiation. The first main 

step of translation initiation is the assembly of the 43S pre-initiation complex (43S PIC). This 

process starts with the formation of a ternary complex (eIF2-TC), composed by initiator tRNA 

(Met-tRNAi
Met) and eukaryotic initiation factor 2 (eIF2) bound to GTP. Once assembled, eIF2-

TC is recruited to the to the 40S ribosomal subunit. The recruitment of eIF2-TC is also enhanced 

by other factors, including eIF1, eIF1A, eIF3 and eIF5, which together lead to the formation of 

43S PIC (Pestova and Kolupaeva, 2002; des Georges et al., 2015; Hashem et al., 2013b; 

Hussain et al., 2014a; Llácer et al., 2015). Interestingly, ABCE1 (Rli1 in yeast), a well-

characteized recycling factor, was also shown to take part in 43S PIC assembly (Dong et al., 

2004; Mancera-Martínez et al., 2017; Heuer et al., 2017). 

 The next step of translation initiation is the formation of the 48S initiation complex (48S 

IC). Once assembled, the 43S PIC is recruited to the mRNA, yielding the 48S IC. After the 

attachment of the mRNA to the 43S PIC, the scanning for the AGU start codon takes place. 

The scanning process include the movement of 43S PIC downstream the 5′ cap, which allows 

the base-pairing between the codon within 5′	mRNA to the anticodon within the Met-tRNAi
Met 

anticodon stem loop (ASL).  

 It was found that 43S PIC is able to bind the mRNA through their 5’ unstructured regions 

(5′UTR) (Pestova and Kolupaeva, 2002). However, natural mRNAs possess different degree of 

secondary structures at their 5’UTR, including loops and helices (Kozak, 1999). The 

recruitment of the 43S PIC to the mRNA requires the activity of the multifactor cap-binding 

complex (eIF4F). 

 eIF4F is constituted by the cap binding protein (eIF4E), a DEAD-box RNA helicase 

(eIF4A), and the scaffold protein eIF4G (reviewed in Jackson et al., 2010). The helicase activity 

of eIF4A is enhanced by the activity of eIF4B (homologous of eIF4H) which binds to the single-

stranded mRNA and prevent the re-annealing (Marintchev et al., 2009). The multifactorial 

complex eIF4F/4B is able to unwind the 5′ UTR mRNA, and promote it attachment to the 43S 

PIC likely via eIF4G-eIF3 interaction. Nevertheless, mRNAs with highly structured 5’UTR 
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require an auxiliary DEAD or DEAH box helicases, such as DHX29 (Pisareva et al., 2008; 

Parsyan et al., 2009). 

 After scanning, the initiation factors are released progressively, allowing the binding of the 

60S subunit and the formation of 80S initiation complex.  

 Although cap-dependent is the general mechanism of translation initiation in eukaryotes, 

about 10% of cellular mRNA are able to be translated in a cap-independent mechanism 

(Stoneley and Willis, 2004; Johannes et al., 1999). These mRNAs contain an Internal Ribosome 

Entry Site (IRES) at the 5′ UTR that directly recruit ribosome for translation initiation.  

 

The role of eIF1 and eIF1A during translation initiation 
 
 eIF1 and eIF1A are essential proteins that bind to 40S subunit (Figure 2A) with high 

affinity (Lomakin et al., 2003; Battiste et al., 2000; Pestova et al., 1998). eIF1A is a monomeric 

protein that binds near the A-site (Figure 2B), while eIF1 binds near the P-site (Yu et al., 2009; 

Weisser et al., 2013; des Georges et al., 2015).  

 
Figure 2: Structure 40-eIF1A-eIF1 in context of yeast preinitiation complex. A, Atomic model of yeast 

eIF1 and eIF1A bound on the ribosome (PDB: 3JAQ from Llácer et al., 2015), highlighting their position on 

the top of h44. B, Close-up view of the A-site, highlighting the eIF1A. C, Close-up view of the P-site, 

highlighting the eIF1.  

 

 X-ray crystallography and cryo-EM structures of eIF1A and eIF1 in context of 40S have 

revealed their OB barrel folds (globular). eIF1 does not interacts with the head of 40S subunit, 

instead it interacts only with rRNA helices 24, 44 and 45 located at the body of 40S. On the 
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other hand, eIF1A interacts with r-protein eS31 located on the head of 40S. Furthermore, eIF1A 

also interacts with elements on the body of 40S, such as r-proteins uS12 and eS30, and with the 

rRNA helices 18 and 44 (Weisser et al., 2013). Although their close proximity in the context of 

initiation complex, eIF1 and eIF1A do not interact. Indeed, the only common contact point they 

possess is the h44 (Weisser et al., 2013).   

 The scanning process is only possible if the mRNA entry channel latch of 40S subunit is 

open. In this context, the first attempt to reveal the architecture of these two factors in context 

of 40S subunit have suggested that they bind synergistically to 40S and that induce an upward 

movement of the 40S head, which open the mRNA latch (Passmore et al., 2007). However, 

structural studies that proceed that first attempted have found that this activity is performed 

synergistically with other initiation factors (Llácer et al., 2015; Weisser et al., 2013).  

 eIF1A is a homolog of bacterial IF1, however eIF1A possesses additional unstructured N- 

and C-terminal tail (CTT) (Battiste et al., 2000). Indeed, the widely established function for 

eIF1 and eIF1A is assured in part through the tails that stabilize the open conformation. For 

instance, the CTT of eIF1A is located in the P-site, where it prevents the full accommodation 

of the tRNA, while its NTT enhance the start codon recognition (Saini et al., 2010). 

 eIF1 also play another important role in translation by ensuring the fidelity of start codon 

selection. It prevents premature hydrolysis of eIF2-bound GTP (reviewed in Jackson et al., 

2010). Nevertheless, due to its location near to the P-site, its release is important for the 

formation of stable codon-anticodon base pairing and the close conformation (Maag et al., 

2005; Unbehaun et al., 2004; Lomakin et al., 2003). 

 

eIF2-Ternary complex and the codon-anticodon base pairing 
 
 A key step in the mRNA translation is the base paring between the anticodon of a tRNA to 

the codon within the mRNA (reviewed in Jackson et al., 2010). Cells contain 20 different amino 

acids attached to their corresponding tRNAs, in a process mediated by a group of enzymes 

called aminoacyl tRNA synthetases. The first tRNA which participates in translation is the Met-

tRNAi
Met. The accommodation of the Met-tRNAi

Met into the P-site is guaranteed by eIF2 (Figure 

3). eIF2 is a heterotrimeric protein composed by eIF2a, eIF2b and eIF2g subunits (Lloyd et al., 

1980; Schmitt et al., 2010). The eIF2g subunit is the central core of eIF2 and it contains the 

main domain responsible for the binding of GTP and Met-tRNAi
Met

 (Kimball, 1999; Naranda et 

al., 1995), while eIF2a is the global regulator of mRNA translation. The functional role of 

eIF2b is still poorly understood, however it has been suggested to be involved the the 
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stabilization of Met-tRNAi
Met (Naveau et al., 2010; Llácer et al., 2015). Furthermore, eIF2b is 

involved in several interactions with other initiation factors, such as eIF1, eIF1A and eIF5, as 

well as with the anticodon stem loop (reviewed in Aitken and Lorsch, 2012; Hinnebusch, 2017). 

These interactions are important for the fidelity of the initiation process.  

 

 
Figure 3: Structure of eIF2-TC in context of initiation complex. A, Structure of yeast initiation complex 

highlighting the architecture of eIF2 in context of pre-initiation complex (PDB: 3JAQ from Llácer et al., 

2015). B-C, close-up views highlighting the arrangement of the eIF2-TC during the Met-tRNAi
Met 

accommodation into the P-site.  

 

 Fidelity of initiation is a discriminatory process that prevents partial base pairing of triplets 

of the 5′ UTR mRNA with the anticodon. During canonical translation initiation the codon is 

the first AUG in the correct frame GCC(A/G)CCAUGG, and normally it is flanked by a purine 

(A or G) at -3 position and a G at the +4 position (relative to the A of the AUG codon, as 

described by Kozak) (Kozak, 1986; Kozak, 1987; Kozak, 1991). It was found that the -3 and 

+4 positions play a role on start codon selection by interacting with eIF2a and h44 of 18S 
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rRNA, which stabilizes the conformational changes that take place after the codon-anticodon 

base pairing (Pisarev et al., 2006).  

After the start codon recognition, the eIF2 is released from the 48S IC. The start codon 

recognition lead to the release of eIF1, and consequent eIF2g-bound GTP hydrolysis. The 

GTPase activity of eIF2g is activated by the GTPase activating protein, eIF5 (Paulin et al., 

2001). The carboxyl terminal domain (CTD) of eIF5 binds to eIF2b (Luna et al., 2012), which 

allows the eIF5 N-terminal domain to induces the GTP hydrolysis performed by eIF2g, and 

consequent eIF2 release together with eIF5 (Unbehaun et al., 2004; Paulin et al., 2001; Saini et 

al., 2014). 

The affinity of eIF2 to the Met-tRNAi
Met is the base of the main mechanism of translation 

initiation regulation among eukaryotes. The intrinsic affinity of eIF2 to GDP is higher than to 

GTP (Erickson and Hannig, 1996). Therefore, the guanine nucleotide exchange is catalyzed by 

another factor, eIF2B (guanine nucleotide-exchange factor). In order to promote the nucleotide 

exchanging, the C-terminal segment of eIF2Be interacts directly with the G domain of eIF2g 

and with lysine-rich segments of eIF2b (Gomez and Pavitt, 2000; Gomez et al., 2002). 

Nevertheless, eIF2a also interacts with eIF2B through the regulatory sub-complex (eIF2Ba, 

eIF2Bb and eIF2Bd), and this interaction is highly reinforced under eIF2a phosphorylation 

conditions (Krishnamoorthy et al., 2001). It has been proposed that the phosphorylation of 

serine 51 within eIF2a lead to formation of a tight bound between eIF2a and eIF2B regulatory 

sub-complex, which affects the interaction between eIF2g and eIF2Be and lead to the formation 

of inactive eIF2–eIF2B complex (reviewed in Holcik and Sonenberg, 2005). Translational 

control plays a key role on gene expression regulation and cell homeostasis. Its effects on cell 

is faster than the transcriptional control, therefore it is important for the viability of the cells 

under certain environmental conditions, such as stress or starvation.  

In summary, the eIF2 plays a key role during the initiation by recruiting the Met-

tRNAi
Met and accommodated it into the P-site, on the other hand its regulation also guaranteed 

cells viability under stress condition.    

 

Structure of eIF3 and its interactions with 40S subunit 
 
 eIF3 is the largest (~800 kDa) and the most complex eukaryotic translation initiation factor.  

It participates in nearly every step of translation initiation. Indeed, it plays a key role during the 

recruitment of both eIF2-TC and mRNA. Furthermore, it is also important for the fidelity of 
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the start codon selection (reviewed in Valášek et al., 2017). Finally, eIF3 is also important in 

preventing the premature association of 60S subunit (Kolupaeva et al., 2005).  

 In mammals, this multimeric protein complex is composed of 13 subunits, termed eIF3a to 

eIF3m. In other eukaryotic organisms such as Saccharomyces cerevisae or kinetoplastids, eIF3 

is composed by 6 and 12 orthologous of mammalian eIF3, respectively (Phan et al., 1998; 

Rezende et al., 2014).  

 The subunits eIF3a, c, e, k, l and m possess a PCI domain (for Proteasome-COP9 

signalosome-eIF3), characterized by harboring several helical repeats. On the other hand, the 

subunits eIF3f and eIF3h harbour a MPN domain (for Mpr1-Pad1 N-terminal), which consist 

of a β-barrel surrounded by α helices and additional β strands. That suggest that together they 

belong to a large multiprotein complex (Sun et al., 2011; des Georges et al., 2015). Accordingly, 

structure of mammalian eIF3 in context of 43S PIC confirmed that these 8 subunits form the 

eIF3 structural core (Figure 4) (des Georges et al., 2015). The remaining subunits (eIF3b, d, g, 

i and j) are known as peripheral subunits.  

 
Figure 4: Cryo-EM structure of mammalian eIF3 octamer core. A–C, Segmented Cryo-EM map of eIF3 

core viewed from different orientations. Each colour represents one of the subunit that composed the eIF3 

octamer core. D, Schematic two-dimensional representation of the three-dimensional structure of eIF3 core. 

Zig-zagged line on eIF3c indicates possibly unstructured N-terminal tail. (Adapted from des Georges et al., 

2015). 
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 Functionally, is the sub-complex formed by the conserved subunits eIF3a and eIF3b is of 

pivotal importance. The interaction between these two subunits occurs through the N-terminal 

RNA recognition motif (RMM) of eIF3b with the CTD of eIF3a (Valásek et al., 2001;  

Khoshnevis et al., 2012).  In yeast it has been shown that the CTD of eIF3b is responsible for 

the recruitment of the eIF3g and eIF3i (Asano et al., 1998). Accordingly, it has been shown that 

in mammals the eIF3b also form a subcomplex with eIF3g and eIF3i, that bind at the solvent 

side of 40S subunit in close vicinity to h16. Indeed, this subcomplex also interacts with the 

CTD of eIF3a (Figure 5) (Hashem et al., 2013b; des Georges et al., 2015). 

According the present model, the first step of eIF3 formation is the binding of eIF3c, 

eIF3f, eIF3h and eIF3m to the eIF3a, already bound to the eIF3 b-i-g. The following step is the 

binding of eIF3e and eIF3d. The last event for the assembly of eIF3 is the binding of the 

subunits eIF3k and eIF3l (Wagner et al., 2016); Smith et al., 2016). This model is also in 

agreement with the structure of mammalian eIF3, which also indicated that eIF3k and eIF3l are 

loosely attached to the peripheral region of the octamer structural core (des Georges et al., 

2015).    

  

 
Figure 5: Structure of mammalian eIF3 in context of 43S pre-initiation complex. A-B, Atomic model of 

mammalian 43S PIC (PDB: 5A5T and 5A5U from des Georges et al., 2015), highlighting the distribution of 

eIF3 around 40S subunit (40S PDB: 5K0Y from Simonetti et al., 2016).   

 

 Cryo-EM structure of mammalian 43S PIC mapped the entire network of eIF3 octamer 

core with 40S subunit (Figure 5), excluding the CTT and NTT of eIF3a and eIF3c, respecitvely. 

In mammals, eIF3 core interactions with ribosome occur mainly through the subunits eIF3a and 

eIF3c. eIF3a interacts with eS1 and slightly with eS26. Furthermore, it also interacts with rRNA 



 
	

	 28	Jailson Brito Querido	|	University of Strasbourg	

through the apical loop of ES7S. On the other hand, eIF3c interacts with r-proteins eS27 and 

slightly with uS15. Finally, eIF3c also interact with rRNAs through the apical loop of ES7S and 

with h22 (des Georges et al., 2015). 

In yeast the interaction between eIF3 and the 40S subunit also occurs though the 

subunits eIF3a and eIF3c. Nevertheless, in yeast these two factors form a core that is rotated 

towards the solvent side, when compared to that one observed in mammals (Erzberger et al., 

2014; Aylett et al., 2015; Valášek et al., 2003). Indeed, as mentioned above, there are some 

difference between yeast and mammals eIF3. For instance, yeast possess only six subunits of 

eIF3, including eIF3a, eIF3b, eIF3c, eIF3g, eIF3i and the non-consensual subunit, eIF3j. In 

yeast it binds bellow the beak of the 40S, bridging the r-proteins eS30 and uS12 (Aylett et al., 

2015). That position in mammals can also be occupied by DHX29 (des Georges et al., 2015). 

Indeed, there is an ongoing controversy about the real nature of mammalian eIF3j, wondering 

whether eIF3j is a true subunit of eIF3 or it is an eIF3-associated factor (Wagner et al., 2016; 

Beznosková et al., 2013). Therefore, in theory the interaction of eIF3 with 40S can be markedly 

different among species, such as in kinetoplastids, where the eIF3 presents low conservation 

when compared to mammals.  

 

The role of RNA helicases during translation initiation  
 
 The attachment of the mRNA to the 43S PIC requires the activity of a multifactor complex, 

including the cap-binding complex (eIF4F) (Pestova and Kolupaeva, 2002).  

 

 
Figure 6: Schematic representation of structural domains of eIF4G. eIF4G is a scaffold protein that 

interacts with several others proteins during the scanning process. It contains binding domains of PABP, 

eIF4A, eIF4B, eIF4E, and eIF3. (Adapted from Jackson et al., 2010). 

 

 eIF4F is a multifactor complex constituted by the 5′ cap binding protein (eIF4E), a RNA 

helicase (eIF4A), and the scaffold protein (eIF4G). The eIF4F complex is able to unwind the 5′ 

UTR mRNA, and promote its attachment to the 43S, likely via eIF4G-eIF3 interaction (Figure 

6). Nevertheless, in addition to eIF4A (also known as DDX2), several RNA helicases from the 
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DEAD and DEAH box family are also shown to be linked to translation. These two families of 

helicase harbor characteristic motifs Asp-Glu-Ala-Asp (DEAD) and Asp-Glu-Ala-His 

(DEAH), that distinguish them from other helicases (Linder et al., 1989). At least seven RNA 

helicase from these families are shown to be linked to translation, including eIF4A, DHX29, 

Ded1, Vasa, RNA helicase A (also known as DHX9), RCK (also known DDX6) and DDX25 

(reviewed in Parsyan et al., 2011).  

 Although canonical helicases processively unwind RNA, the DEAD and DEAH box 

helicases that are linked to translation initiation seems to present poor processivity (reviewed 

in Parsyan et al., 2011). Furthermore, these ATP dependent RNA helicase do not use the energy 

from ATP hydrolysis to unwind the mRNA, instead the ATP is only important for the active 

close conformation and for the release of the enzyme from its RNA substrate (Liu et al., 2008; 

Chen et al., 2008). Indeed, several structural studies have addressed the structure of the helicase 

core (reviewed in Linder and Jankowsky, 2011). They have found that the core harbours the 

binding site for RNA and ATP. While RNA binds on the surface of the RecA (for recombinase 

A) domains, ATP bound in a pocket between the two RecA domains.   

eIF4A and DHX29 are the two helicase widely studied in context of translation 

initiation. As mentioned above, eIF4A is an integrated protein within eIF4F complex. The main 

role of this protein during the initiation in through the unwinding the secondary structure at the 

5′ UTR mRNA (Rozen et al., 1990). At least three isoforms of eIF4A have been identified in 

eukaryotes, eIF4A I to III. Nevertheless, only eIF4AI and eIF4AII are known to be functionally 

related and assist mRNA translation (Nielsen and Trachsel, 1988). In spite of the tremendous 

advances in structural studies thanks to cryo-EM, eIF4A structure in the context if the initiation 

complex has remained elusive. Functionally, eIF4A is a non-processive helicase, able to 

unwind short duplex. Indeed, it has been shown that its activity decreases with the increasing 

of the stability of the RNA duplex (Rogers et al., 1999). Therefore, the translation of mRNA 

with long and high structured 5’ UTR require the activity of other helicases such as Ded1 or 

DHX29 (Pisareva et al., 2008; Parsyan et al., 2009).  

DHX29 is a RNA helicase member of the DEAH helicase family. This helicase is 

required for the translation of mRNA with highly structure 5’UTR (Pisareva et al., 2008) and 

only exists in higher eukaryotes such as mammals. It binds to the 40S subunit at the solvent site 

near the mRNA channel entry (Figure 7A). Indeed, structural studies found that it contacts the 

rRNA helix 16 and perhaps also the r-protein eS9 at the frontal face of 40S (Figure 7B). 

Furthermore, it also interacts directly with eIF3i and eIF3b (Hashem et al., 2013b, des Georges 

et al., 2015).    



 
	

	 30	Jailson Brito Querido	|	University of Strasbourg	

 The binding of DHX29 at the mRNA channel entry allows it to be in a privileged 

position to unwind mRNA prior its entrance into the channel. Nevertheless, DHX29 is also a 

non-processive helicase, and its activity is stimulated by eIF3 rather than mRNA (Pisareva and 

Pisarev, 2016), and it has been shown that this helicase presents week contacts with mRNA in 

context of 48S IC. Therefore, it has been proposed that in addition to mRNA unwinding, 

DHX29 may play different roles during the scanning. Consistently, it was found that DHX29 

NTD interacts with eIF1A OB domain and that it stimulate the recognition of the AUG codon 

(Pisareva and Pisarev, 2016).  

 

 

 

 
Figure 7: Structure of DHX29 in context of mammalian 43S pre-initiation complex. A-B, Structure of 

mammalian 43S PIC, viewed from different side, highlighting the binding site of DHX29 (eIF3 PDB: 5A5T 

and 5A5U; EMD-3057 from des Georges et al., 2015) (40S PDB: 5K0Y from Simonetti et al., 2016).   

 

Put together, eIF4A and DHX29 seems to be the most important helicases during 

translation initiation. Nevertheless, structural data is still needed to complete our understanding 

of their entire mechanisms during translation initiation.   

 

80S initiation complex formation 
 
 The last step of translation initiation is the 60S subunit joining. It has been shown that 60S 

can bind to 40S and form inactive 80S (Kolupaeva et al., 2005). Nevertheless, ABCE1 and 

some eIFs such as eIF3 and eIF6 can prevent the pre-mature association of 60S, which allows 
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the proper assembly of 48S initiation complex before the subunit joining.  The subunit joining 

is mediate by eIF5B (Pestova et al., 2000), the eukaryotic GTPase that is homologous to the 

prokaryotic IF2 (Choi et al., 1998). The release of eIF5B is one of the last events that take place 

during the translation initiation process. 

 

 

 
Figure 8: Schematic representation of the last events in eukaryotic translation initiation. After the start 

codon recognition and hydrolysis of eIF2-bound GTP, the initiation factors are displaced, remaining only 

eIF1A. The binding of eIF5B allows the 60S recruitment, forming 80S initiation complex. The eIF1A is also 

displaced together with eIF5B after the hydrolysis of eIF5B-bound GTP. (Adapted from Jackson et al., 2010). 

 
 The current model (Figure 8) suggests that after the displacement of the C-terminal tail of 

eIF1A from the P-site, it can interacts with eIF5B-CTD (Marintchev et al., 2003) and trigged 

the hydrolysis of eIF5B-bound GTP. The hydrolysis of GTP induce a conformational change 

on eIF5B and it release with eIF1A (reviewed in Jackson et al., 2010). The release of the factors 

allows the formation of active 80S initiation complex, able to accommodate the aminoacyl-

tRNA into the A-site and proceed to the elongation steep of mRNA translation.   

   

Structure of the kinetoplastids ribosome  
 
 Kinetoplastid is a group of flagellated protozoans. Kinetoplastids possess some very 

unusual features in their ribosomes. Indeed, it was found that their ribosomes present significant 

structural differences when compared to those of their mammalian hosts (Hashem et al., 2013a).  
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 As mentioned earlier, eukaryotic ribosome is composed by 40S/SSU and 60S/LSU 

subunits. The small subunit contains the 18S rRNA, while the large subunits contains 28S, 5.8S 

and 5S rRNAs (reviewed in Mandal, 1984). The 18S, 5.8S and 28S are encoded in a single 

transcription unit, known as the main transcription unit. The 5S rRNA gene is not linked to the 

main transcription unit. Indeed, the 5S gene is transcribed by RNA polymerase III, while the 

rest are transcribed by RNA pol I. 

 

 

 

 
Figure 9: General organization of the ribosomal main transcription unit. Schematic representation of 

rDNA kinetoplastids and their human host counterpart.    

 
 
 The first evidence of the uniqueness of kinetoplastids ribosome came from the analysis of 

their rRNA. In contrast to their mammalian hosts, the kinetoplastidian homologous of 28S 

rRNA have multiple cleavage site (Campbell et al., 1987). Trypanosoma LSU rRNA is 

composed by LSU-a, LSU-b, four small rRNAs (srRNA1, srRNA2, srRNA3 and srRNA4), 5S 

and 5.8S rRNA (Figure 9) (Campbell et al., 1987; Hashem et al., 2013a; Liu et al., 2016).  

Furthermore, it has been shown that they possess an extensive number of rRNA modification 

sites (Eliaz et al., 2015).   
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Figure 10: Atomic model of the T. brucei ribosome, highlighting some kinetoplastid-specific elements 

that do not exist in other ribosomes. The kinetoplastid-specific elements are colored in red. (PDB: 4V8M 

from Hashem et al., 2013a). 

 
  Recent advance of cryo-EM has led to the obtaining of kinetoplastids ribosome structure 

at a resolution as high as 2.5 Å. High resolution structure of kinetoplastids ribosomes have 

highlighted the presence of large expansion segments, as well as r-proteins extension (Figure 

10) (Hashem et al., 2013; Liu et al., 2016; Zhang et al., 2016).  

 

Kinetoplastid unusual 60S puzzle   
 
 The kinetoplastidian LSU-a is analogous to domains I and II of the yeast 25S rRNA, while 

LSU-b is analogous to domains IV and V. The srRNA1 and the srRNA2-4 are analogous to 

yeast 25S rRNA domains III and IV, respectively (Liu et al., 2016). Although these analogies 

to yeast, it is known that kinetoplastids LSU rRNA is larger than that in yeast (Hashem et al., 

2013a).  

 Another remarkably difference of kinetoplastids 60S compared to other eukaryotes relies 

in their deficiency of the r-protein eL41 (Shalev-Benami et al., 2016a). eL41 is an important r-

protein, responsible for the only eukaryote-specific intersubunit bridge locate at the center of 

the ribosome (Ben-Shem et al., 2011). Instead, they possess some uniqueness protein extensions 

that give them additional rRNA–r-protein interactions absent in any other known eukaryote 

ribosomes (Hashem et al., 2013a; Liu et al. 2016; Shalev-Benami et al., 2016a; Zhang et al., 

2016a).     
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Figure 11: The assembly model for kinetoplastids 60S rRNAs. The rRNA LSU-a (black), LSU-b (gray) 

and 5.8S (green) form the scaffold which allow the assembly of the srRNA2 (purple) and srRNA3 (hellow), 

followed by the assembly of srRNA1 (pink) and srRNA4 (brown). The last piece of rRNA to be assembled 

is 5S (sky-blue), which is placed at the central protuberance (CP), forming the full assembled 60S. The r-

proteins are colored in white (PDB: 4V8M from Hashem et al., 2013a). 

 
 As mentioned above, kinetoplastids LSU rRNA is an eight pieces’ puzzle, and its proper 

assembly has been an enigma. Nevertheless, recent cryo-EM structure of T. cruzi 60S at atomic 

resolution (2.5 Å) allowed a detailed analysis of the rRNA–rRNA and rRNA–r-protein 

interactions involved in the stabilization of this “biological puzzle” (Liu et al., 2016). The 

comparative analysis of the kinetoplastidian 60S with that from yeast allowed them to propose 

a model for the assembly of the 60S (Figure 11). In the present model the 5.8S rRNA together 

with LSU-a and LSU-b form the core that acts as a scaffold for the assembly of the other LSU 

rRNAs. The 5′ end of LSU-a interacts with the whole 5.8S rRNA, while the 3′ end of LSU-a 

interacts with the 5′ end of LSU-b. Together, these two interactions form and stabilize the core 

of the scaffold. It is worth mentioning that both groups of interactions were observed also in 

yeast, but in T. cruzi LSU is via ES3L within 5.8S rRNA, which point 5.8S rRNA as central 

player for 60S rRNAs assembly (Liu et al., 2016).    

 The formation of the scaffold allows the assembly of srRNA2 and srRNA3. Indeed, it 

has been shown that srRNA2 has five contact sites with LSU-b and form several contacts with 

LSU-a, which support that assembly model (Shalev-Benami et al., 2016; Hashem et al., 2013a; 

Zhang et al., 2016; Liu et al., 2016). 

It is well known that kinetoplastids present some ribosomal protein extensions (Hashem 

et al., 2013a; Zhang et al., 2016; Liu et al., 2016). The structure of 60S indicated that an 

extension in the globular domain of eL33 provides a binding site for both srRNA3 and LSU-a 

(Liu et al., 2016), that explain the assembly of srRNA3 through the scaffold. Finally, srRNA1 

and srRNA4, the two last srRNAs to be assembled. The srRNA2 play a key role in the assembly 
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of these two srRNAs, because it provides a bind surface that allow them to be anchored on the 

scaffold (Liu et al., 2016).  

The last piece of the puzzle seems to be 5S rRNA. It was found that 5S rRNA can bind 

the ribosomal proteins uL5 and uL18, forming the 5S ribonucleoprotein complex (RNP), which 

is important for the 60S biogenesis (Leidig et al., 2014). In yeast it has been proposed that RNP 

can acts as chaperone-like to guide the flanking 25S rRNA helices (Leidig et al., 2014). 

Remarkably, 5S ribonucleoprotein complex seems to be extremely conserved among 

eukaryotes, because it is also present in kinetoplastids (Michaeli and Agabian, 1990). 

Therefore, likely it can play a similar role in kinetoplastids.  

 The role of 5S ribonucleoprotein complex in ribosome biogenesis in kinetoplastids has 

been associated with the activity of a kinetoplastid-specific 60S-biogenisis factor, P34/P37 

(Umaer et al., 2014). Nevertheless, recent study (Oliveira et al., 2016) reopened the discussion 

about the role of P34/P37 in 60S biogenesis and in translation in general, since P34/P37 has 

been found to co-purify with monosomes and polysomes (Oliveira et al., 2016). Several other 

biochemical studies reported the same observation (Ayub et al., 2009; Klein et al., 2015; 

Hellman et al., 2007; Umaer et al., 2014), which could have already indicated that P34/P37 is 

a r-protein rather than a 60S biogenesis factor.  

 Put together, kinetoplastids 60S presents some features markedly different from that 

observed in their mammalian host counterpart. Cryo-EM has decisively contributed in the 

understanding of their architecture and their assembly mechanism. Nevertheless, the 60S 

biogenesis in this organism still represents a big gap, highlighting the need a structure of a pre-

mature kinetoplastids 60S, which can clarify the hypothetical role of P34/37 in this process.    

  

Structure and function of the 40S expansion segments  
 

The uniqueness of kinetoplastids ribosome extends also to 40S subunit. Cryo-EM 

structure of T. brucei and L. donovani 80S ribosome (Hashem et al., 2013a; Zhang et al., 2016) 

revealed their unusual large expansion segments, include that of 40S, such as ES3S, ES6S, ES7S, 

ES9S and ES10S.  

The role of their larger ESs were discussed in several publications (Hashem et al., 

2013a; Zhang et al., 2016). They have been associated with translation initiation and with the 

stability of 80S ribosome. Indeed, cryo-EM structure of T. brucei 80S ribosome revealed that 
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they are involved in the formation of four additional inter-subunit bridges that seems to be 

kinetoplastids-specific (Hashem et al., 2013a).  

 

 
Figure 12: Structure T. brucei 40S subunit. The solvent side of the T. brucei  40S (PDB: 4V8M from 

Hashem et al., 2013a)  highlighting expansion segments of 40S. 

 
 Another important aspect of kinetoplastids 40S is the location of their large expansion 

segments ES6S and ES7S near to the mRNA exit channel (Figure 12). It has been proposed that 

such location can allow them to play a role in translation initiation by interacting with eIF3 

(Hashem et al., 2013a). Although no data from Structural Biology or Biochemistry corroborate 

such observation, this hypothesis is plausible since according to our current knowledge of the 

structure of eIF3 (Hashem et al., 2013a; des Georges et al., 2015) it is reasonable to assume that 

eIF3 interacts with both expansion segments during the assembly of the 43S pre-initiation 

complex.  

 In summary, kinetoplastids 40S possesses some specific elements which suggest that 

translation initiation in these organisms may have several divergences when compared to that 

observe in their mammalian host.    

 
The unusual RNA polymerase II from kinetoplastids   
 
 Kinetoplastids have a complex life cycle, including stages in invertebrate, vertebrate or 

plant hosts. All these developmental stages are orchestrated by an unusual gene expression 

mechanism, which include polycistronic transcription of the protein encoding genes and mRNA 

maturation through the trans-splicing (Jensen et al., 2009; Agabian, 1990; Sutton and 
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Boothroyd, 1986; Clayton, 2016). Furthermore, they possess a highly divergent mechanism for 

gene expression regulation relative to other eukaryotes (reviewed in Clayton and Shapira, 

2007). 

 The gene expression starts with the transcription, in which the RNA pol enzymes copy a 

segment of DNA, yielding different types of RNA. Unlike prokaryotes that perform the 

transcription by using a single type of RNA pol, in eukaryotes the transcription is performed 

by at least three types of RNA pol. RNA pol I transcribes rRNA precursor, RNA pol II 

transcribes pre-mRNA and regulatory RNAs, and finally RNA pol III transcribes small non-

coding RNAs such as transfer RNAs (tRNA).    

 Distinctively to what happens in most eukaryotes, kinetoplastids RNA pol I can also 

transcribe a subset of mRNA. This unexpected role has been observed in T. brucei, in which 

RNA pol I can transcribe variant surface glycoproteins (VSGs) and the procyclins encoding 

genes (Günzl et al., 2003). 

 

 
Figure 13: Schematic representation of RNA pol II transcription and mRNA maturation process. RNA 

pol II starts the transcription of the of the polycistronic gene cluster (PGCs) at the strand-switch region (SSR), 

yielding a polycistronic pre-mRNA. The primary transcript is processed by trans-splicing at the 5ʹ end and 

polyadenylation at the 3ʹ end, which lead to the formation of a monocistronic mature mRNA.   

  

 The nuclear genome of kinetoplastids are organized into large polycistronic gene clusters 

(PGCs) (Ivens et al., 2005; El-Sayed et al., 2005b; Berriman et al., 2005). These clusters can 

contain up to hundreds open reading frames arranged sequential on the same strand of DNA 

(Figure 13) (Berriman et al., 2005; El-Sayed et al., 2005a; Ivens et al., 2005; Johnson et al., 
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1987). Therefore, the RNA pol II transcription in kinetoplastids is polycistronic. Furthermore, 

it has been shown that kinetoplastids RNA pol II starts the transcription at the strand-switch 

region (SSR) containing a bidirectional promoter (Martínez-Calvillo et al., 2003). In addition 

to the transcription of protein encoding gene, kinetoplastids RNA pol II also play another 

important role in gene expression, by transcribing the spliced leader RNA encoding genes 

(Gilinger and Bellofatto, 2001). 

 Although eukaryotic transcription initiation by RNA pol II is well-known (reviewed in 

Sainsbury et al., 2015), this process is still poorly understood in kinetoplastids. Indeed, only 

few general transcription factors have been identified in kinetoplastids, and some of them 

present very low degree of similarity to other eukaryotes (Martínez-Calvillo et al., 2010). 

Therefore, is difficult to present a full picture of transcription initiation in kinetoplastids.  

 
Figure 14: Chemical structure of kinetoplastids cap-4. Splice leader confer to all mature mRNA an 

unusual hyper-methylated cap-4 structure. cap-4 has 2ʹ-O ribose methylations on the first four nucleotides 

and two base methylations on the first adenosine and fourth uridine (Adapted from Bangs et al., 1992).  

 
 Unlike prokaryotes where the nascent RNAs are ready to be translated, in eukaryotes the 

first transcript undergoes to a maturation process. The maturation process includes capping, 

polyadenylation and splicing. Capping is a co-transcriptional process by which a 7-

methylguanosine cap is added to the 5′ end of the pre-mRNA. Polyadenylation is also a co-

transcriptional process, by which the primary transcript is cleaved downstream from the 
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AAUAAA conserved sequence, and that allows the poly (A) polymerase (PAP) to add an 

adenine tail at the 3′ end. The third maturation process is splicing, a mechanism by which the 

introns are excised by spliceosome. Remarkably, kinetoplastids present an unusual low number 

of introns. Therefore,  instead of cis-splicing, kinetoplastids mRNA maturation is essentially 

by the trans-splicing (Jäger et al., 2007; Parsons et al., 1984; Sutton and Boothroyd, 1986). 

 Trans-splicing is a process through which a highly conserved 39 nucleotides (Kramer 

and Carrington, 2011; Parsons et al., 1984; Preußer et al., 2012; Sutton and Boothroyd, 1986) 

miniexon, also known as the spliced-leader (transcribed by RNA pol II), is transpliced at the 

5ʹ end of the mRNA (Figure 13). The spliced-leader confers to all mature mRNA a 5ʹ hyper-

methylated cap-4 structure (Figure 14). 

 Transcriptional control is one of the key steps of gene expression regulation in eukaryotes. 

Although the RNA pol II promoter has been identified for this group of ancestral eukaryote, 

clues about its regulation mechanisms are lacking (reviewed in Clayton and Shapira, 2007). 

The general accepted model for gene expression regulation in kinetoplastids alleges that the 

regulation is essential at the post-transcriptional level. The post-transcriptional regulation 

introduces an additional importance to the translational control mechanism in the general 

control of gene expression and cell homeostasis. Several mechanisms have been indicated to 

regulate the gene expression in kinetoplastids, including trans-splicing, polyadenylation, 

mRNA degradation (both in nucleus and cytosol), mRNA export from the nucleus, formation 

of cytoplasmic RNP granules, and translation (reviewed in Clayton and Shapira, 2007). 

Nevertheless, little is known about translation control in these organisms.  

 

Kinetoplastids biology and human vector borne diseases  
 
 For more than one century kinetoplastids have been attracting the attention of the scientific 

and medical community due to their relevance to public health. Nevertheless, the World Health 

Organization (WHO) to date, is still considering all the human diseases caused by kinetoplastids 

as a group of neglected tropical diseases. 

  Trypanosoma cruzi (T. cruzi), T. brucei spp. and Leishmania spp. are kinetoplastids 

responsible for several human vector-borne diseases, that together threaten more than 400 

million people world-wide (World Health Organization, 2012). 
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Figure 15: Schematic representation of subcellular structure and main cellular forms of kinetoplastids. 

A, Schematic representation of longitudinal section of T. cruzi epimastigote form. B, The main cellular forms 

of kinetoplastids based on cell shape, position of nucleus, and kinetoplast. (Adapted from Docampo et al., 

2005).  
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 As early-diverged from other eukaryotes, kinetoplastids share some uniqueness features, 

such as a single mitochondrion with an enlarged region known as kinetoplast (Figure 15A). 

Kinetoplast is located close to the basal body in an anterior or posterior position relative to 

nucleus –depending on life cycle stage (Figure 15B)– and it contains the unusual mitochondrial 

DNA structure known as kinetoplast DNA (kDNA).  

 kDNA is a mitochondrial DNA arranged in a very unusual fashion, which contains a 

network of catenated rings (Riou and Delain, 1969; Laurent and Steinert, 1970). It represents 

about 30% of the total cell DNA, and contains two different types of DNA, minicircles and 

maxicircles.  

 Maxicircles is the homologous of mitochondrial DNA in eukaryotes, and like in other 

eukaryotes it is responsible for encoding the rRNA and mRNAs for some mitochondrial 

proteins, include thus involved in oxidative phosphorylation process (Simpson, 1987). On the 

other hand, the minicircles encode for some small mitochondrial transcripts (guide RNAs) 

involved in RNA editing process (Sturm and Simpson, 1990). 

 Put together (Leishmania spp., T. cruzi and T. brucei spp.), about 20 million people 

worldwide are infected with kinetoplastids. In spite of their similarity, they are transmitted by 

different insect vectors and their life cycle diverge significantly from each others.  

 
Trypanosoma cruzi (T. cruzi) 
 
 T. cruzi is the etiological agent of Chagas disease (also known as American 

trypanosomiasis), and it is transmitted to humans and to more than 150 species of domestic and 

wild animals. The transmission is mainly by the contact with feces of the blood-sucking vector, 

triatomine. In addition to the vectorial transmission, T. cruzi also can be transmitted to humans 

by non-vectorial mechanisms, such as from mother to infant (vertical), blood transfusion, organ 

transplantation, or by ingestion of contaminated food or drink (reviewed in Rassi et al., 2010).  

 The life cycle of T. cruzi (Figure 16) presents multiple developmental stages in both the 

insect vector and mammalian host. During its blood meal, triatomine ingests trypomastigotes 

from infected host. Once in the midgut of the insect, the trypomastigotes differentiate into the 

replicative form, epimastigotes. The epimastigotes differentiate into infective metacyclic 

trypomastigotes, readying them for mammalian host infection.  
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Figure 16: Life cycle of T. cruzi, from insect to mammalian host. T. cruzi has a complex life cycle, with 

a multiple developmental stages. Epimastigote is present only during the insect stage, while amastigote is the 

intracellular form, which is present only during the mammalian stage of the life cycle. Trypomastigote can 

be found both in mammalian host and in insect vector. (Adapted from Field et al., 2017). 

 
The trypomastigotes are excreted in the feces of triatomine. The contaminated feces 

carrying parasites that can then enter through a bite wound or a mucous membrane of the host, 

where they can invade several types of cells. T. cruzi is an intracellular parasite, so once in the 

cytoplasm, the trypomastigotes differentiate into the intracellular replicative form, amastigotes. 

After the intracellular replication, the amastigotes differentiate into trypomastigotes, followed 

by the rupture of the cells, which released them into the bloodstream. The released parasite can 

invade new cells or infect an insect vector during its blood meal. 

  Chagas disease used to be confined only to Latin America countries – where vector-

borne transmission occurs– but today this disease is becoming challenging also in non-endemic 

countries, such as USA or several European countries (Basile et al., 2011; Coura and Viñas, 

2010). 

 According to the WHO, Chagas disease affects about 7 million people worldwide, however 

there is no preventives vaccines and there are only two drugs recommended for the treatment. 

Moreover, the first-line therapy, benznidazole (not currently approved by the Food and Drug 

Administration, USA), can cause some adverse effects in up to 30% of patients, which to lead 

the discontinuation of the treatment (Bern, 2011). Therefore, almost 50 years after the 
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introduction of benznidazole, there are a critical need for new treatments (Field et al., 2017; 

Clayton, 2010; Khare et al., 2016). 

 
Trypanosoma brucei spp. (T. brucei spp.) 
 
 T. brucei spp. is the etiological agent of sleeping sickness (also known as human African 

trypanosomiasis). It is transmitted by the insect vector tsetse flies (Glossina genus). According 

to WHO, sleeping sickness is endemic in 36 sub-Saharan countries, where it threatens more 

than 50 million people (World Health Organization, 2012). Unlike Chagas disease, which is 

caused by a single species of T. cruzi, sleep sickness can be caused by at least two different 

species of parasites, T. b. gambiense and T. b. rhodesiense. The most common form of sleeping 

sickness is caused by T. b. gambiense, which is normally associated with the chronic infection. 

It is present in 24 countries in west and central Africa, and represents about 97% of the total 

cases of sleep sickness reported between 2000 and 2014 (Franco et al., 2017).  

 

 
Figure 17: Life cycle of T. brucei, highlighting the different stage development. T. brucei can be 

transmitted to humans and others mammals by more than 20 species and subspecies of tsetse. (Adapted from 

Field et al., 2017). 
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 The life cycle of T. brucei is complex and has multiple stages (Figure 17). During its blood 

meal a tsetse fly can injects the metacyclic trypomastigotes into the mammalian host. Once into 

the host, metacyclic trypomastigotes transform into bloodstream trypomastigotes, which can 

spread to different part of the body, including the central nervous system (CNS). T. brucei is 

an extracellular parasite and the trypomastigotes can multiply by binary fission in different 

body fluids, such as blood, lymph and spinal fluid. The blood stream long slender form can 

differentiate into short stump form, readying them for the life cycle into the insect vector 

(MacGregor et al., 2011). Once into the midgut of the insect, the short stump can differentiate 

into procyclic trypomastigotes and multiply by binary fission. The procyclic trypomastigotes 

can leave the midgut and transform into procyclic epimastigotes, which migrate to the salivary 

gland. Finally, after reach the salivary gland the epimastigotes multiply and transform into 

metacyclic trypomastigotes, able to start a new cycle of infection. 

 Like Chagas disease, the treatment for sleeping sickness still a challenge (Field et al., 

2017). For example, despite the fact that sleeping sickness is treatable, for many years the main 

medication used for the late-stage of this disease was melarsoprol – a toxic compound derived 

from arsenic – that is responsible for the death of 3-10% of patients under treatment (Willyard, 

2011). 

 

Leishmania spp. 
 
 Leishmania spp. is the etiological agent of leishmaniasis, a vector-borne disease caused by 

more than 20 different species of Leishmania. Leishmaniasis is transmitted to humans through 

biting of about 30 different species of phlebotomine sandflies (Chappuis et al., 2007). 

According to WHO leishmaniasis is present in 98 countries or territories, threatening about 350 

million people (World Health Organization, 2012).  

 Several species of Leishmania are responsible for different clinical form of leishmaniasis, 

including cutaneous, mucocutaneous, visceral and dermal leishmaniasis. Cutaneous 

leishmaniasis is the most common form of this disease and is caused by different species of 

Leishmania, include L. major, L. tropica, L. donovani, L. braziliensis, L. mexicana, or L. 

aethiopica. While mucocutaneous leishmaniasis is caused by L. braziliensis and L. guyanensis. 

Finally, visceral leishmaniasis, also known as kala-azar, which is known to be the most severe 

form of leishmaniasis. Visceral leishmaniasis is a systemic disease caused by the Leishmania 

donovani complex (L. donovani and L. infantum) (Lukes et al., 2007).   
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Figure 18: The life cycle of Leishmania, from insect vector to human host. Like any other kinetoplastids, 

Leishmania also present different forms during developmental stage. (Adapted from Field et al., 2017).

   

 Leishmania is inoculated into mammalian hosts by female sandflies during a blood meal. 

(Figure 18). The injected promastigotes are phagocyted by several types of cells, include 

macrophages, and that allow them to transform into intracellular amastigotes. The life cycle of 

the parasite proceeds with the ingestion of infected macrophages by a sandfly. Once the 

amastigotes reach the midgut, they transform into promastigotes, which divide and migrate 

towards proboscis, readying them for a new cycle of infection.  

 Considering the deficiency of transcription regulation in kinetoplastids, the entire post-

transcriptional step, including translation, has an additional importance for the gene expression 

regulation and cell homeostasis. Nevertheless, little is known about the translation initiation in 

kinetoplastids. The current knowledge point out the low identity of kinetoplastids eIFs 

compared to their mammalian host (Meleppattu et al., 2015; Rezende et al., 2014; Li et al., 

2017), which highlights translation as a privileged area to be studied in these organisms. 

Therefore, the main aim of this PhD thesis is to understand the architecture of the translation 

initiation complexes in kinetoplastids, which can allow us to understand some of the 

kinetoplastid-specific aspect of mRNA translation.  Kinetoplastids share a similar biology and 
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genomic sequence (El-Sayed et al., 2005b). These commons features may represent an 

opportunity to treat these diseases using a single effective and well tolerated drug (Khare et al., 

2016). 
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RESULTS 
 

Article 1: Structural study of 40S complexes from Trypanosoma cruzi reveals the 
existence of a kinetoplastid-specific translation initiation regulation pathway 
 

 

In Brief  

The gene expression regulation in kinetoplastids is essentially at the post-transcriptional level. 

That suggest an additional importance to the translation control process.  Querido et al., 

discovered an uncharacterized factor (termed provisionally ηF) at the platform of the 40S 

complexes. The binding site of ηF is incompatible with the recruitment of eIF2-ternary 

complex, as well as with the mRNA attachment to the 43S PIC. Our findings suggest ηF as a 

kinetoplastid-specific translation regulation factor. Furthermore, our structure revels that the 

binding of ABCE1 to the 40S is fully compatible with the formation of 43S PIC. Put together, 

here we present the first structural insights on kinetoplastids-specific aspects of translation 

regulation. 

 

 

Highlights  

• Structure of 40S complex from Trypanosoma cruzi reveals a novel uncharacterized 

factor (ηF). 

• ηF binds at the 40S platform and threads into the mRNA channel.  

• The binding of ηF prevents the assembly of the initiation complex as well as the 

dimerization of 40S. 

• The binding of ABCE1 to the 40S is fully compatible with the assembly of the initiation 

complex formation 
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Summary  

Although many studies have highlighted the evolutionary divergence of mRNA translation in 

kinetoplastids, little is known about its structural basis. Here we present cryo-EM 

reconstructions of native and stalled 40S complexes purified from Trypanosoma cruzi, the 

kinetoplastid parasite causing Chagas disease. Our structures show that the ribosome-recycling 

factor ABCE1 interacts with the GTPase-binding site on the 40S intersubunit-face, and adopts 

a conformation that differs from that observed during ribosomal-recycling. Most importanly, 

we discover an uncharacterized factor at the platform of the 40S complexes, termed 

provisionally ηF. In addition, our study unveiled a structure of 40S dimers, possibly 

kinetoplastid-specific. Notably, ηF overlaps with key 40S dimers contacts, suggesting a role in 

preventing their formation. Finally, our structures show that ηF clashes with the eIF2-ternary 

complex, indicating that ηF must be released before the assembly of the (pre)initiation complex. 

Our work represents the first structural insights of kinetoplastids-specific aspects of translation 

regulation.  

 

Keywords: ABCE1, translation initiation, Trypanosoma cruzi, ribosome, cryo-EM  
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Introduction  

The advances over the last years in determining the structures and molecular 

mechanisms of the eukaryotic protein factories have revealed differences among species. As 

early diverging eukaryotes, kinetoplastids, unicellular eukaryotic pathogens responsible for a 

wide range of human, animal and plant diseases, display several unusual features within their 

translational machineries. Recent cryo-electron microscopy (cryo-EM) reconstructions of the 

kinetoplastidian ribosomes have highlighted some structural differences when compared to 

other eukaryotes, including the size and arrangement of the eukaryotic-specific ribosomal 

proteins and the species-specific ribosomal RNA expansion segments (Hashem et al., 2013a; 

Liu et al., 2016; Shalev-Benami et al., 2016b; Zhang et al., 2016b). In addition, although 

orthologs of most of the canonical translation initiation factors are encoded by kinetoplastidian 

genomes (Bindereif, 2012; Ivens et al., 2005), several genetic and biochemical reports revealed 

that they substantially diverge when compared to their eukaryotic counterparts on the basis of 

amino sequence similarity and functional activity (Bindereif, 2012; Freire et al., 2011, 2014; 

Meleppattu et al., 2015; Rezende et al., 2014; Yoffe et al., 2004, 2009; Zinoviev and Shapira, 

2012; Zinoviev et al., 2011). Moreover, all mRNAs from kinetoplastids harbor a 39-nucleotide 

conserved spliced leader (SL) that is trans-spliced onto their 5’ ends (Perry et al., 1987) and 

confer them a chemically hypermodified 5’-cap structure known as cap-4 (Bangs et al., 1992). 

Both the 5’-SL and the cap-4 are essential for mRNA translation in kinetoplastids (Zamudio et 

al., 2009; Zeiner et al., 2003). Despite certain progress in determining the molecular basis of 

kinetoplastidian translation, deeper structural studies are needed to better understand the 

molecular rationale of their species-specific ribosomal features in orchestrating protein 

synthesis, a key step towards developing safer anti-kinetoplastid therapies. 

Examples of uncharacterized fundamental ribosomal processes in kinetoplastids are 

numerous, such as ribosomal recycling and translation initiation. Ribosome recycling in 

eukaryotes is an essential process that triggers splitting of post-terminating ribosome complexes 

(post-TCs) into 40S and 60S subunits for readying them for a new cycle of translation initiation 

(Pisarev et al., 2010). Upon stop-codon recognition, the release factor 1 (eRF1) (Nakamura and 

Ito, 2003) catalyzes hydrolysis of the ester bond that links the nascent polypeptide chain to P-

site tRNA, stimulated by the GTPase activity of eRF3, which couples stop-codon recognition 

and P-site-bound peptidyl-tRNA hydrolysis to ensure rapid and efficient peptide release 

(Jacobson, 2005; Salas-Marco and Bedwell, 2004). In eukaryotes, besides the known 

termination factors, the highly conserved and essential ATP-binding cassette (ABC)-type 

NTPase Rli1 (yeast)/ABCE1 (mammals) also plays a key role in eRF1-associated post-TC 
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recycling (Khoshnevis et al., 2010; Pisarev et al., 2010). After peptide release, eRF1 remains 

bound to post-TCs and, together with ABCE1, splits them into free 60S subunits and tRNA- 

and mRNA-associated 40S subunits (Pisarev et al., 2010; Shoemaker and Green, 2011).  

It has been previously shown, that ATP-binding cassette proteins bind and hydrolyze 

(at similar rates) any natural nucleotide triphosphates (Fendley et al., 2016). The binding of 

nucleotide triphosphates triggers the fully closed conformation, in which nucleotide binding 

domains (NBDs) dimerize (Fendley et al., 2016). Notably, comparative sequence analyses have 

shown that this protein is one of the most conserved in evolution, especially their NBDs, which 

share 90% amino acid identity across all eukaryotes (Gabaldón and Huynen; Kerr, 2004). 

Because RNase L is only found in mammals, the evolutionary conserved role of ABCE1 must 

be different from its inhibition of RNase L (Gabaldón and Huynen; Kerr, 2004).  

So far, the current model of the ABCE1/Rli1 function in translation is attributed to its 

binding to eRF1- associated post-TCs to promote their splitting (Pisarev et al., 2010). However, 

several reports have provided solid evidence that ABCE1/Rli1 associates with translation 

initiation factors, as well as with the small ribosomal subunit (eukaryotic 40S and archaeal 30S) 

(Andersen and Leevers, 2007; Chen et al., 2006; Dong et al., 2004; Heuer et al., 2017; Kispal 

et al., 2005; Pisarev et al., 2010; Yarunin et al., 2005; Zhao et al., 2004) pointing to its 

underexplored role in translation initiation. For example, the Drosophila melanogaster ABCE1 

ortholog (called Pixie) binds 40S in an ATP-dependent manner, as well as eIF3 and eIF5, and 

it is required for normal levels of translation initiation (Andersen and Leevers, 2007). Moreover 

the essential ABCE1 yeast ortholog Rli1 co-purifies with eIF3, eIF2 and eIF5 and it associates 

with 40S in vivo (Dong et al., 2004; Yarunin et al., 2005). In addition, binding analyses strongly 

suggest that Rli1 binds directly to eIF3a, eIF3j and eIF5 (Gavin et al., 2002; Kispal et al., 2005; 

Yarunin et al., 2005). Furthermore Rli1 was shown to be required for proper 43S preinitiation 

complex assembly (Dong et al., 2004). Additional data indicate that the vertebrate and 

Caenorhabditis elegans ABCE1 orthologues also play a role in translation initiation (Chen et 

al., 2006; Roy et al., 2005; Zhao et al., 2004). Consistent with these previous reports, it was 

observed that the AMP-PNP-bound form of ABCE1 efficiently binds 43S complexes (Pisarev 

et al., 2010). However, the molecular rearrangement induced by NTP-hydrolysis on ABCE1, 

its molecular mechanism and its function in translation initiation in eukaryotes remain unclear. 

In kinetoplastids more specifically, none of the above-mentioned processes has been 

characterized biochemically or structurally. 

Here, we present a 5.9Å cryo-EM structure of ABCE1 bound to stalled 40S in near-

native conditions from cell extracts (through GMP-PNP) from Trypanosoma cruzi, the 
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kinetoplastidian pathogen that causes Chagas disease. This complex shows that ABCE1 

interacts with 40S subunits under a conformation that differs substantially from that displayed 

in the context of the recycling ribosomal complexes (Becker et al., 2012). These particles along 

with the non-stalled 40S complexes (native 40S subunits solved at an average resolution of 6.75 

Å), include one additional uncharacterized factor that we termed provisionally as η (ETA in 

Greek) factor (ηF), which binds the intersubunit side of 40S platform and extends near the P-

site. A second complex at low resolution represents the first structure of 40S dimers from a 

kinetoplastid organism (the presence of 40S dimers was reported in early studies in mammals 

(Goumans et al., 1980; Henshaw et al., 1973; Peterson et al., 1979). This work provides the first 

structural insights into kinetoplastid-specific aspects of translation regulation and highlights 

relevant mechanistic differences during an early stage of initiation when compared to other 

eukaryotes. 

 

Results 

ABCE1-bound 40S complex purification from Trypanosoma cruzi 

Near-native ABCE1-containing 40S complexes were isolated ex vivo from a lysate of 

Trypanosoma cruzi epimastigotes treated with non-hydrolysable GTP analogue GMP-PNP 

(Figures 1A and Supplementary S1). Whole T. cruzi cell extracts treated or not with GMP-PNP 

(yielding stalled and unstalled native 40S complexes, respectively) were fractionated by sucrose 

density gradients. Pelleted 80S and 40S complexes were characterized by SDS-PAGE and non-

denaturing agarose gel electrophoresis for checking protein patterns and RNA quality, 

respectively (Figures 1A and Supplementary S1; see Methods).  

In the absence of GMP-PNP, ABCE1 was undetectable in 80S or 40S (Figure 1A and 

Supplementary Table 1). In contrast, a strong enrichment of ABCE1 in the 40S-related fractions 

was observed only when ABCE1 is stalled by the addition of GMP-PNP (Figure 1A and 

Supplementary Table 1). The 40S binding of ABCE1 in the presence of GMP-PNP was 

confirmed by gel filtration chromatography of high molecular weight complexes pelleted from 

40S-related peak fractions after sucrose gradient fractionation and subsequent liquid and in-gel 

MS/MS analyses (Figures 1A, Supplementary S1 and Table S1). 
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Figure 1: SDS-PAGE/MS analyses and cryo-EM reconstructions of the native and stalled 40S 

complexes from T. cruzi. (A) Absorbance profile at 254 nm from 10-30% sucrose gradient, displaying peaks 

for native and stalled 40S, 60S and 80S complexes. Red curve indicates stalled complexes and dashed curve 

indicates native complexes. Stalling was accomplished by adding 20 mM of GMP-PNP to T. cruzi lysate. 

SDS-PAGE analysis of the stalled 40S (s40S) fractions revealed the presence of some additional bands when 

compared with native 40S fractions. By mass spectrometry analysis we identified ABCE1 on the additional 

band of higher intensity, see Supplementary Table 1. (B-D) Cryo-EM structure of the T. cruzi ABCE1-bound 

40S complex viewed from different orientations. Density segments correspond to 40S (yellow), ABCE1 
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(pink) and ηF (green).  (E-G) Cryo-EM structure of the T. cruzi native 40S complex viewed from different 

orientations. Density segments correspond to 40S (yellow) and ηF (green). All the displayed maps are low-

pass filtered according to the average resolution of each reconstruction. 

 

GMP-PNP has been widely used as a tool in many biochemical and structural studies 

as it blocks translation initiation, inducing the accumulation of 48S initiation complexes stalled 

at the AUG initiation codon (Anthony and Merrick, 1992; Hershey and Monro, 1966). Indeed, 

trapping eIF2 by GMP-PNP synchronizes initiation complexes at a late stage of translation 

initiation, just before its dissociation and subsequent 60S joining (Simonetti et al., 2016). 

Consistent with our previous report in mammals (Simonetti et al., 2016), we found that adding 

GMP-PNP to cell extracts promotes an enrichment of eIF3 in the pelleted 40S-related fractions. 

However, the spectral counts for other 48S IC-related factors, remain low when compared to 

the levels observed in mammals (Simonetti et al., 2016) (Supplementary Table 1; see ref. 

(Lundgren et al., 2010) for details on semi-quantitative MS/MS analysis). These results show 

that stalling with GMP-PNP does not yield substantial amounts of 43S/48S initiation complexes 

and strongly suggest the existence of other uncharacterized mechanisms preceding the complete 

43S/48S IC assembly in kinetoplastids. Finally, our data suggest that ABCE1 may associate to 

40S subunits to play an NTP-hydrolysis dependent role during an early-stage of the preinitiation 

complex formation, even before the association of the eIF2-tRNAiMet-GTP ternary complex 

(eIF2-TC) (Andersen and Leevers, 2007; Dong et al., 2004), and provide an additional 

argument in favor of the underexplored role of ABCE1 in translation initiation. 

 

Model of ABCE1-40S complexes 

Using single particle cryo-EM analysis (see Methods and Supplementary Figure S2) on 

the pelleted 40S-related fractions isolated from GMP-PNP treated lysates, we obtained a major 

class comprising 40S ribosomal complexes (class III, 37% of the total data set), yielding a cryo-

EM reconstruction with an average resolution of 5.9Å (Supplementary Figures S2A and B). 

Interestingly, a fraction of 40S dimers (~2%) was also sorted out during our data-processing, 

in addition to 80S elongating complexes (~9%) (Supplementary Figure S2B). The cryo-EM 

map of the major class corresponding to stalled 40S complexes was analyzed (Figures 1B-D). 

As a reference control we have also purified and analyzed by cryo-EM native 40S complexes, 

which were not stalled by GMP-PNP and the 40S fractions were simply collected and imaged. 

When compared to the cryo-EM reconstruction of native 40S subunits (Figures 1E-G), our 

segmentation indicates clearly the presence of an extra mass of density at the translation 
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GTPase binding-site. Surprisingly, we also observed a second mass of density at the 

intersubunit face, on the platform, presenting partially a helical shape that is also found in native 

40S subunits (Figure 1). 

 
Figure 2: Atomic model of T. cruzi ABCE1-bound 40S fitted into its cryo-EM segmented map. (A-C) 

Atomic model of ABCE1-bound 40S, focused on the ABCE1 (pink), seen from the intersubunit side, in the 

context of the segmented (A and C) and unsegmented map (B). (D) Atomic model of GMP-PNP bound 

ABCE1 fitted into 40S segmented Cryo-EM map, viewed from beak face. (E) Close-up view of the atomic 

model of the iron–sulfur (FeS) cluster domain of ABCE1, fitted into its cryo-EM segmented map, illustrating 

the density clouds (pink) corresponding to the two FeS clusters of ABCE1 (red) shown at high contour levels. 

(F) Conformational changes undertaken by the T. cruzi GMP-PNP-bound ABCE1 by comparison to X-ray 

structure of Pyrococcus abyssi ADP-bound ABCE1(Karcher et al., 2008). The FeS domain from T. cruzi 

ABCE1 rotates by ~180° when compared to P. abyssi crystal structure. The green arrow shows the direction 

of the FeS domain rotation. The orange arrows indicate the direction of NDB2 domain movement. Each 

domain is colored variably. 

 

We unambiguously assigned the density located at the GTPase binding-site to ABCE1 

on the basis of its size and shape (Figures 2A-C), as it displays a local resolution sufficiently 

high to clearly distinguish secondary structure elements (Figures 2A-E and Supplementary 

S2A). Most importantly, our MS/MS and SDS-PAGE analyses show the presence of high levels 

of ABCE1 on stalled 40S when compared to the control native 40S (Supplementary Table 1 

and Figure 1A). Using available crystal structures of archaeal ABCE1 from Pyrococcus abyssi 
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(Karcher et al., 2005) and taking into account the degree of conservation of this protein among 

archaeal and eukaryotic species (more specifically T. cruzi, see alignment in Supplementary 

Figure S3) we assigned and placed the functional domains of ABCE1 into our cryo-EM map, 

including its N-terminal [4Fe-4S] cluster (FeS), both NBDs and hinge regions (Figure 2). A 

near-complete atomic model of T. cruzi ABCE1 (side chains are not resolved at this resolution) 

was built by homology based on its archaeal counterpart X-ray structure (See Methods). After 

fitting T. cruzi ABCE1 model into its cryo-EM corresponding density, we can conclude that in 

our structure T. cruzi GMP-PNP-bound ABCE1 adopts a fully closed conformation, similarly 

to that observed for the yeast AMP-PNP-bound ABCE1 (Heuer et al., 2017), and differs to that 

found in eukaryotic and archaeal recycling complexes (Becker et al., 2012). According to 

previous work (Becker et al., 2012), the adoption of the fully closed ATP-bound state would 

demand a shift of the FeS cluster domain of 8 Å to impair a steric clash with the NBD2. In our 

structure, the FeS cluster domain of ABCE1 displays a very ample rotation that not only impairs 

the above-mentioned steric clash but also enable it to acquire a proper orientation for binding 

to 40S (Figure 2F). Importantly, the high electron density of the FeS spots of ABCE1 are 

distinctly discernible even at high-density thresholds in our map reconstruction (Figure 2E), 

validating our model that displays a ~180° rotation of the N-terminal FeS domain with respect 

to the archaeal crystal structure of ABCE1 (Figures 2F and Supplementary S4). This 

conformation is similar to that displayed in the binary ABCE1/40S complex from yeast (Heuer 

et al., 2017). Consistently, a previous report has demonstrated that the FeS cluster domain of 

archaeal AMP-PNP-stalled ABCE1 is essential for 30S small subunit interaction (Barthelme et 

al., 2011). On the basis of the aforementioned observations, the 40S particles in our 

reconstruction may represent the first structure reported so far of a very early stage of 

preinitiation, just before the beginning of the assembly of the preinitiation complex from the 

eukaryotic pathogen T. cruzi. 

 

ABCE1-40S ribosomal subunit interaction 

After fitting our model in its corresponding density, we determined the residues of 

ABCE1 that directly contact components of the 40S, at the intersubunit face where translation-

related GTPases typically bind (Figures 3A-E). Although the resolution is insufficient to 

display side-chains and single bases, it was possible to pinpoint an ensemble of residues at the 

interface between ABCE1 and the 40S. Direct 40S interactions of the FeS cluster domain, 

NBD1 and hinges I and II from ABCE1 were observed (Figures 3A-E). Hinges I and II contact 

h14 and h8 respectively (Figure 3C). These interactions occur via highly conserved regions 
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within these hinge domains spanning the residues R315-N319 of hinge I, and residues R575, 

N586, S590 and K592 from hinge II (Figure 3C). The highly conserved HLH domain within 

the NBD1 of ABCE1 contacts the h5–h15 junction vicinity, whereas residues P111, Q113, 

K273 and E274 (less conserved when compared to archaeal ABCE1), provide additional 

contacts with the C-terminal part of ribosomal protein eS24 spanning amino acids 128-134 

(Figure 3E), which is less conserved when compared to other eukaryotes and absent in archaea.  

In our resulting ABCE1 model, hinges I and II, as well as its NBD1, create a wide 

contact area which seems to be essential for 40S binding. These results are consistent with the 

findings of a previous report showing that the same conserved residues are engaged in 

ABCE1/small ribosomal subunit interaction during eukaryotic and archaeal ribosome recycling 

(Becker et al., 2012). However, in spite of this similarity, the FeS cluster domain of NTP-closed 

ABCE1 from T. cruzi interacts directly with the small ribosomal subunit (Figure 3D), similar 

to that proposed in the binary ABCE1/40S complex from yeast (Heuer et al., 2017). Our results 

reveal that a drastic conformation switch of ABCE1 regarding the FeS cluster is also required 

for small ribosomal subunit binding in kinetoplastids. Accordingly, the T. cruzi FeS-containing 

N-terminal core of ABCE1 is rotated by ~180° away from the rest of the structure towards the 

intersubunit side of 40S, particularly the h44 and the ribosomal protein uS12 (Figure 3D). We 

observed that residues surrounding L69 of ABCE1 interact with a well-conserved loop within 

the ribosomal protein uS12 created by residues I75 and L74. It seems that the FeS cluster 

domain/uS12 interaction network observed in our structure is similar to that reported in archaea 

using cross-linking and a low resolution cryo-EM reconstruction (Kiosze-Becker et al., 2016), 

except that in our model the residues of uS12 implicated in this interaction are different. In 

addition to these contact points, we found that the residues S28-S31 of ABCE1 face the 

nucleotides G2196/G2195 and A2125/U2126 from h44 (Figure 3D). Such observations offer 

new molecular basis for the role of ABCE1 right after ribosomal subunit dissociation upon 

recycling and even perhaps during the assembly of initiation complexes. 
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Figure 3: Atomic model of T. cruzi ABCE1-bound 40S and ηF segmented density. (A-B) Atomic model 

of ABCE1 bound at the intersubunit side of 40S, seen from the intersubunit and beak sides. (C) Close-up 

view of the interaction points between ABCE1, h8 and h14. (D) Close-up view of the interaction between 

the FeS-containing N-terminal core of ABCE1 and h44 and the ribosomal protein uS12. (E) Close-up view 

showing the interaction points between the NBD1 of ABCE1 and the h5–h15 junction vicinity and C-ter of 

eS24. (F-G) Close-up view showing the ηF segmented density (green) and its binding to h23, h24 and 40S 

ribosomal proteins. Dashed black circle highlights a discontinued density fragment that could be part of the 

main core of ηF in both the native and stalled 40S maps. 
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An uncharacterized factor binds to the platform of native and stalled 40S subunits 

Notably, we observe an uncharacterized factor, termed here η factor (“eta” in Greek; 

ηF), which binds to the intersubunit face of the 40S platform in close proximity of the E site, 

of both the native and stalled 40S complexes. Its conformation does not display significant 

changes between the two complexes, suggesting that this factor is naturally associated under 

these particular growing conditions to 40S subunits in vivo and its binding does not depend on 

the presence of GMP-PNP (Figure 1). The overall shape is similar in both maps and its location 

could indicate a critical role in regulation of translation in kinetoplastids (Figures 1 and 3). At 

this resolution, we can distinguish putative helical and b-sheet domains that primarily bind to 

the intersubunit face of h24 and h23 (Figure 3F). Because the densities corresponding to ηF are 

similar in both complexes, we describe its features in the higher resolution stalled 40S complex 

(Figures 3F and G). The main helical domain of this density displays a mast-like shape and 

binds to h24, protruding towards the head of 40S. A smaller putative multi-helical domain is 

located in close proximity to h23 and ribosomal protein eS1 and establishes numerous contact 

points on a wide area of the platform (Figures 3F and G). However, we will not dwell more on 

the structure and interactions of ηF as we have not identified it yet with certainty and we do not 

dispose of its high-resolution structure. Remarkably, we see an additional density discontinued 

from the main one, which threads into the mRNA channel from the intersubunit interface near 

h24 till the mRNA channel exit. This density fragment circumvents a loop of h24 and goes 

towards ribosomal proteins uS7 and uS11 (Figure 3G, dashed black circle). Despite the fact 

that at low contour density levels this density fragment in the mRNA channel seems to be 

connected with the main core of ηF in both the native and stalled 40S maps, we cannot 

unambiguously affirm that is part of it. Strikingly, in both 40S complex reconstructions the 

mRNA channel latch is fully opened (Figures 1 and 3), as observed previously in py48S 

scanning initiation complexes (Llácer et al., 2015). We believe that this conformation should 

allow mRNA to be loaded directly to the mRNA channel and may represent an early state of 

initiation in which 40S subunits are ready to bind the 43S initiation factors. 

Even if the location of ηF could have lead us to think that this factor is a peripheral 

extension of one of the eIF3 subunits (e.g. eIF3c-NTD, eIF3a-CTD; see Llácer et al., 2015 for 

details) or a ribosome assembly factor (e.g. Dim1, Rio2; see Strunk et al., 2011 for details), our 

MS/MS data did not reveal any strong evidence that could validate this assumption 

(Supplementary Table 1), as because none of these eF3 subunits were detected in sufficient 

abundance in the native 40S. It is worthy to mention that the NTD of eIF3c and the CTD eIF3a 

from Trypanosoma cruzi are shorter and present a low level of conservation when compared to 
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other eukaryotes, and the above-mentioned eukaryotic ribosomal assembly factors (Strunk et 

al., 2011) are not encoded by the Trypanosoma cruzi genome (except Dim1, but it is absent in 

our MS/MS data from both 40S complexes). Moreover, the fact that the visible domains of ηF 

interact with the small subunit rRNA moiety belonging to h24 and h23 (Figures 3F-G) strongly 

suggests that this protein could possess RNA binding-like motifs. However, more evidence is 

required to attribute it with certainty to any of the potential candidates found in our MS/MS 

data, leaving the way wide open for future research.  

 

 
Figure 4: Cryo-EM reconstruction of 40S dimers from T. cruzi and their related intersubunit bridges 

(A) Segmented cryo-EM map of T. cruzi 40S dimers viewed from different orientations. Density segments 

correspond to 40S subunit 1 (yellow) and 40S subunit 2 (orange). All the displayed maps are low-pass filtered 

according to the average resolution of each reconstruction. (B) Atomic model of 40S dimers and close-up 

view showing the five intersubunit bridges implicated in 40S dimerization. The bridges were highlighted 

with variable colors. The atomic model was simply generated by rigid-body-fitting the previously published 

model of the 40S subunit from T. brucei into the T. cruzi 40S densities.  
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η factor interferes with 40S dimers 

The intrinsic tendency of naked 40S subunits to dimerize has been reported since the 

early 70’s (Goumans et al., 1980; Henshaw et al., 1973; Peterson et al., 1979). After particle 

sorting of the cryo-EM data from native and stalled 40S fractions, we obtained minor classes 

that represent 40S dimers (Supplementary S2). The binding pattern observed displays an 

antiparallel dimeric geometry that engages mainly the head and the platform of each 40S 

subunit symmetrically (head of monomer 1 “40S1” on platform of monomer 2 “40S2” and vice-

versa) (Figure 4A). Our structure enables us to pinpoint five 40S intersubunit bridges implicated 

in 40S dimerization (Figure 4B). All these bridges are symmetrical. The first bridge is the 

strongest of all and is formed by h23 and h24 from 40S1 with uS13 and uS9 from 40S2, and 

vice-versa (Figure 4B). The second bridge is formed by 40S1 h44 and ribosomal protein eS30 

on 40S2 (Figure 4B), and vice-versa. The third bridge is very peculiar as it is formed by 40S1 

h44 and 40S2 h44 (Figure 4B) at the A-site and represents the central axis of these dimers. This 

bridge involves two large RNA/RNA interactions that could engage up to five nucleotides from 

each helix. Finally, the fourth bridge is formed by 40S1 h14 and 40S2 h17 (Figure 4B), and 

vice-versa.  

 
Figure 5: The overlapping of ηF with T. cruzi 40S dimer intersubunit bridges. (A-B) Docking of ηF 

(colored in red and green for 40S 1 and 40S 2, respectively) onto the cryo-EM reconstruction of T. cruzi 40S 

dimer, viewed from different orientations highlighting ηF steric clash with the 40S dimer main bridges 

located on the head and the platform. (C) Close-up view showing the ηF segmented density and its binding 

to h23, h24 and 40S ribosomal proteins, which clashes with the main bridges involved in 40S dimerization.  
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Figure 6: Docking of ABCE1 and ηF on mammalian 43S PIC and 48S IC structures. (A) T. cruzi GMP-

PNP-bound ABCE1 atomic model (green), was docked on mammalian 43S PIC (des Georges et al., 2015) at 

the exact position observed in our stalled ABCE1/40S complex (left). Close-up view (right) showing that 

none of the constituents of the 43S PIC occupies the 40S GTPase binding-site, where ABCE1 interacts, hence 

all these factors can in theory co-exist at this stage of initiation. (B) T. cruzi ηF related density from our cryo-

EM reconstruction was docked on mammalian 48S IC(Simonetti et al., 2016) (left). Close-up view (right) 

showing the clash between T. cruzi ηF (green) and eIF2-TC from mammalian 48S initiation complex.  

 

Early reports revealed that native mammalian 40S subunits have low tendency for 

dimerization. Nevertheless salt washed native 40S subunits tend to dimerize strongly, 

suggesting that extra proteins serve to maintain them as individual subunits (Henshaw et al., 

1973). However, in T. cruzi 40S dimers we observe no extra electron density on the 40S dimer 

interface suggesting that intersubunit binding is not mediated by any factors, at least in the 

present complexes. Indeed, we found that ηF was not present in 40S dimers and its location, 

within both the native and stalled 40S monomers, occludes the first and strongest 40S dimer 

bridge on the head and the platform (Fig. 5). Taken together, our data indicate that ηF could 

play the important role by preventing the 40S dimerization in kinetoplastids and make them 

available to commence the initiation process. 
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Discussion 

Our reconstructions of native and stalled 40S complexes from Trypanosoma cruzi 

lysates enable us to unveil the presence of a persistently bound factor named here ηF, which 

displays a ling a-helix and can interact with the intersubunit side of the 40S platform, close to 

the E site, establishing protein/rRNA interactions with h24 and h23. The main helical domain 

of this molecule points out from the bottom of the platform towards the mRNA channel latch, 

and its position interferes with the formation of two key contact points that are involved in 40S 

dimerization. Notably, 40S dimers were sorted out after processing cryo-EM images from 

native and stalled 40S samples and their binding geometry is well defined, which seems to 

differ from that of mammalian 40S dimers, as to date, no clear pattern of assembly of 40S 

dimers was definable from structural data of the numerous initiation-related studies by cryo-

EM. Our results point out that this dimeric arrangement may be specific for kinetoplastids.  

Taking into account that the density assigned to ηF interferes with the formation of 40S 

dimer, we believe that this factor can play a role in preventing the latter. Hence, 40S dimer 

splitting could be a critical regulation checkpoint in kinetoplastidian mRNA translation, in 

which 40S subunits are made available for initiation after their “parking” as dimers upon 

ribosomal recycling. This may suggest that this process could be one of the first stages of the 

initiation cycle in kinetoplastids. Previous reports have shown that factors involved in 43S PIC 

formation can promote dissociation of 40S dimers (Goumans et al., 1980). However, in our 

case, since no eukaryotic initiation factor was consistently detected in the native 40S and none 

of them could be attributed to the intersubunit density named ηF, we could not make a link 

between those initiation factors and 40S dimers. 

Unexpectedly, once we have stalled our T. cruzi 40S complexes with GMP-PNP we 

were not able to obtain bona fide 48S ICs as widely reported by us an others in the literature 

for other eukaryotes (Anthony and Merrick, 1992; Gray and Hentze, 1994; Simonetti et al., 

2016). Instead of inducing the formation of a canonical 48S IC by the presence of GMP-PNP, 

in which the eIF2-TC is at the AUG codon, we captured a snapshot of the kinetoplastid 

translation cycle that involves a 40S ribosomal complex with the recycling NTPase ABCE1. 

Notably, this stalled ABCE1-containing 40S complexes highly resemble the native 40S 

subunits in the way that the ηF-related density is present in both complexes and they display 

the same fully open conformation of their mRNA channel latches, suggesting that ABCE1 

binding does not trigger substantial rearrangements in the native 40S subunits. 
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Figure 7: Model of ABCE1 and ηF activities during translation initiation. We propose that the 

kinetoplastid-specific factor, ηF (depicted in pink), is one of the first factors to participate in early 

kinetoplastid translation initiation, by preventing 40S dimerization to make 40S subunits available for 

initiation. After 40S dimer splitting, when bound to NTP, ABCE1 (green) can take its place on 40S, and 

together with ηF, act as critical ribosomal anti-association factors. Due to the presence of ηF, we believe that 

this early stage of the initiation cycle is specific for kinetoplastids (yellow bubble). After this stage, ηF should 

leave the complex since it clashes with the eIF2-TC. Therefore, after ηF departure, ABCE1 would be the 

only anti-association factor preventing the premature 60S subunit joining during 43S PIC assembly. We 

believe that the 40S/ABCE1 complex is common for all eukaryotes because ABCE1 does not clash with any 

43S-related initiation factor, at least at this stage of the process. Finally, we propose that eIF5B (red) replaces 

ABCE1 on the 40S before 60S subunit and eIF5B release at a later stage of the process. 

 

It was observed that the presence of extra-ribosomal intersubunit binding proteins are 

required to prevent either the re-association of freshly recycled 60S with 40S subunits or the 

formation of 40S dimers, suggesting that ribosomal dissociation is only transient in nature and 

re-association is the by-default ribosomal behavior (Goumans et al., 1980; Henshaw et al., 

1973). It is plausible to presume that in the presence of NTP, ABCE1 can take its location on 

the GTPase binding pocket of the 40S, and together with ηF, to play a role in early initiation as 

probably the first anti-association factors of ribosomal subunits. Thus, with the prevention of 

premature 60S joining and 40S dimerization, the 43S preinitiation complex can assemble 

efficiently without being out-competed by naked ribosomal subunits. Moreover, the 43S PIC 

assembly cannot be hindered by ABCE1, as the latter does not collide with any 43S-related 
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initiation factor (Fig. 6A). Hence, the lack of the expected 48S IC could not be due to the 

presence of ABCE1. In addition, it was demonstrated that ABCE1 can bind to in vitro and in 

vivo assembled preinitiation complexes (Pisarev et al., 2010, Heuer et al., 2017). Nevertheless, 

the location of ηF-related density is incompatible with the binding of the eIF2-TC (des Georges 

et al., 2015; Hashem et al., 2013a; Hussain et al., 2014; Llácer et al., 2015; Simonetti et al., 

2016) (Fig. 6B), thus probably inhibiting the formation of a bona fide 48S initiation complex 

in Trypanosoma cruzi. This observation suggests that the departure of ηF is required for the 

proper proceeding of the initiation cycle at this early stage (Fig. 7), highlighting again its 

relevance in the regulation of kinetoplastid translation. However, the trigger for ηF release from 

the 40S is completely unknown and future investigation will aim at deciphering this exciting 

question. Importantly, after the detachment of ηF, ABCE1 would be the only factor preventing 

the premature 60S subunit joining for the formation of the 43S PIC (Fig. 7). Therefore, we 

suggest that ABCE1 participates actively in translation initiation in kinetoplastids and more 

generally in eukaryotes. 

Moreover, in the light of our structure, along with the 40S-ABCE1 binary complex 

(Heuer et al., 2017), we also revisit the interpretation of our late-stage mammalian 48S initiation 

complex (m48S IC) structure (Simonetti et al., 2016) and we propose a model for ABCE1 in 

mRNA translation initiation in eukaryotes. Indeed, our cryo-EM reconstruction of a 

mammalian late-stage 48S initiation complex captured the rabbit 48S initiation complex right 

after start-codon recognition showing a density on the GTPase binding site of the 40S subunit 

that was attributed to eIF3i and the RNA recognition motif (RRM) of eIF3g at the exact binding 

site of ABCE1 in the Trypanosoma cruzi ABCE1/40S complex (Supplementary S5). Rigid-

body fitting of the atomic model of T. cruzi ABCE1 shows a quasi-perfect compatibility with 

the densities previously attributed to eIF3i and eIF3g. Although both interpretations, eIF3i+g 

and ABCE1, appear possible at the local resolution of the intersubunit densities (~9 to 10Å), 

ABCE1 is more consistent with the general shape of the densities and correspond closely to the 

resolved secondary structure elements. 

Since ABCE1 does not clash with any element of the 43S PIC (Fig. 6A), another 

putative role of ABCE1 in enhancing initiation, which can be complementary to the anti-

association function, could be the stimulation of the 43S PIC assembly. Indeed, it was reported 

previously (Andersen and Leevers, 2007; Chen et al., 2006; Dong et al., 2004) that the depletion 

of yeast, mammalian and fruit fly ABCE1 induces a reduction in polysomes and accumulation 

of vacant 80S monomers, typically symptomatic of initiation defects. Thus, it has been 

suggested that ABCE1 could participate in 43S PIC assembly by interacting directly with 
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components of the eukaryotic translation initiation machinery such as eIF2, eIF5 and eIF3 (via 

its subunits a and j) (Andersen and Leevers, 2007; Chen et al., 2006; Dong et al., 2004; Gavin 

et al., 2002; Kispal et al., 2005; Yarunin et al., 2005), and contribute to their recruitment to the 

40S. This role is suggested by our MS/MS data of the stalled 40S in comparison with the native 

40S, where we can observe a significant enrichment in eIF3 subunits in the stalled samples. 

However, kinetoplastidian eIF3 could not be directly observed in our structure, probably due 

to the putative collision of the eIF3c N-terminal domain with hF, but it remains associated to 

ABCE1/40S complexes (probably loosely) after gel filtration assays, (Supplementary Fig. 1 

and Table 1, and Fig. 1) suggesting that eIF3 and ABCE1 could coexist within a preinitiation 

complex in Trypanosoma cruzi similarly to other eukaryotic counterparts (Andersen and 

Leevers, 2007; Chen et al., 2006; Dong et al., 2004; Yarunin et al., 2005). Accordingly, the 

structure of the stalled 40S initiation complex from GMP-PNP-treated Trypanosoma cruzi 

lysates reported here could readily represent a snapshot of an early eukaryotic initiation 

complex in which ABCE1 may participate in early 43S PIC assembly by inhibiting ribosomal 

subunit premature association, and perhaps also by promoting eIF3, eIF5 and eIF2-TC 

recruitment (Fig 6B and 7). The exact moment when ABCE1 departure occurs remains 

unknown, however even if it persists after mRNA binding, it should be released upon the 

binding of eIF5B (as they bind the same GTPase binding site), which promotes the association 

of the 60S subunit marking the end of the initiation stage by producing the elongation-

competent 80S ribosome (Fig. 7). 

Finally, it is appropriate to discuss the NTP hydrolysis activity of ABCE1. Since ATP-

like enzymes can bind and hydrolyze any natural nucleotide triphosphate and their NBDs are 

highly similar among all these enzymes, this raises the possibility that under physiological 

conditions ATP is not always the nucleotide triphosphate bound and hydrolyzed by ABCE1.  

We observed that after nucleotide triphosphate binding, ABCE1 displays the fully closed 

conformation, in which its NBDs dimerize and its FeS cluster domain rotates towards the h44 

of 40S. According to this viewpoint, ATP-bound ABCE1 binds the 40S complexes till the ATP 

is hydrolyzed to ADP. ADP-bound ABCE1 has low affinity to the 40S complexes (Pisarev et 

al., 2010), probably due to the radical conformational changes characterized by the NDBs 

opening and the rotation of the FeS binding domain away from h44. An important question is 

whether the ATP hydrolysis is triggered or spontaneous. It is possible that the ATP hydrolysis 

is triggered by a certain geometry imposed by the stage of the initiation complex assembly such 

as the reported interactions with eIF3, eIF2 or eIF5 at any stage of the process. However, no 
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solid arguments seem to support this hypothesis to our knowledge and further studies will have 

to be conducted in this direction. 

We believe that ABCE1 can bind efficiently to the GTPase binding-site on the 40S 

whenever the latter is available where ABCE1 acts as a place keeper in synergy with other 

initiation factors till the next step, and it is very likely that there are more undiscovered 

intermediate steps where ABCE1 can assure its roles. Our data reinforces the paradigm for the 

underexplored role of ABCE1 in translation initiation that is consistent with previous reports, 

but naturally the molecular rationale proposed here must be critically evaluated in future 

research on eukaryotes.  
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Material and methods 

Trypanosoma culture and ribosome isolation 

Epimastigotes form of Trypanosoma cruzi Y strain were grown at 28ºC in liver infusion 

tryptose (LIT) medium, supplemented with 10% heat-inactivated fetal bovine serum. The cells 

were grown to a maximum density of 9.5 x 106 cells/mL in a 400 mL of total medium volume, 

and they were collected by centrifugation at 1,000 x g for 15 min. The parasite pellets were 

washed three times with a buffer containing 20 mM HEPES-KOH pH 7.4, 100 mM KOAc, 4 

mM Mg (OAc)2, 2 mM DTT, EDTA free protease inhibitor cocktail and RNasin inhibitor 

(Promega). The parasite suspension was freeze-thawed three times and the lysate was 

centrifuged twice for 30 min and 5 min at 12,000g to remove the cells debris present in the 

suspension.  

The 40S and 80S ribosomes were purified from a clean T. cruzi lysate suspension. Briefly, 400 

uL of clean lysates at an OD260 of between 30-40 units were loaded on the top of a sucrose 

gradient (10%-30%) prepared in the same buffer mentioned above, and then centrifuged at 

210,000 x g for 5h30. The gradient was fractionated from the bottom to the top, and the 40S 

and 80S related fractions were collected according the UV absorbance profile. After the 

fractionation, 40S and 80S ribosomes were pelleted by ultracentrifugation at 624,000 x g for 

2h and resuspended in a buffer containing 10 mM HEPES-KOH pH 7.4, 50 mM KOAc, 10 mM 

NH4Cl, 5 mM Mg(OAc)2, 2 mM DTT and EDTA free protease inhibitor cocktail. The quality 

of the sample was analyzed by SDS-PAGE, agarose gel (after phenol chloroform rRNA 

extraction) and mass spectrometry.    

 

Ex vivo isolation of the stalled ABCE1-containing 40S complex for Cryo-EM 

The T. cruzi lysate was obtained according to the protocol mentioned above, and 

incubated with 20 mM GMP-PNP (Sigma-Aldrich) for 10 min on ice and then at 28ºC for 10 

min, to stall ABCE1 on ribosomal small subunit as described before (Andersen and Leevers, 

2007; Barthelme et al., 2011). The stalled 40S was purified on sucrose gradient by using the 

same protocol mentioned above, and resuspended in a buffer containing 10 mM HEPES-KOH 

pH 7.4, 50 mM KOAc, 10 mM NH4Cl, 5 mM Mg (OAc)2, 2 mM DTT. Native 40S sapmples 

where prepared similarly with the exception of adding GMP-PNP. Samples were then deposited 

on grids for their analysis by cryo-EM. In order to have high pure native 40S and stalled 40S, 

the samples were additionally purified by gel filtration, using Superose 6/300 column (GE 

healthcare) coupled to a HPLC system (Agilent systems). The pure samples were analyzed by 

SDS-PAGE (15% polyacrylamide gel) followed by mass spectrometry.     
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NanoLC-MS/MS analysis 

The 40S, 80S and stalled 40S complexes were analyzed by liquid mass spectrometry 

(MS) as previously described42. Briefly, liquid samples were precipitated with 0.1 M 

ammonium acetate in 100% methanol. After a reduction-alkylation step (Dithiothreitol 5 mM - 

Iodoacetamide 10 mM), proteins were digested overnight with 1/25 (W/W) of sequencing-

grade porcine trypsin (Promega). The mixtures of peptide were resuspended in water containing 

0.1% FA and injected on nanoLC-MS/MS (NanoLC-2DPlus system with nanoFlex ChiP 

module; Eksigent, ABSciex, Concord, Ontario, Canada, coupled to a TripleTOF 5600 mass 

spectrometer). 5%-40% gradients of acetonitrile were used to elute the peptides from the C-18 

analytical column (75 µm ID x 15 cm ChromXP; Eksigent). Peptides were identified with 

Mascot algorithm (version 2.2, Matrix Science, London, UK) through the ProteinScape 3.1 

package (Bruker). They were validated with a minimum score of 30, a p-value<0.05 and 

proteins were validated respecting a false discovery rate FDR<1%. The data were searched 

against the T. cruzi proteome set from the UniProt database (release from July 2015, with decoy 

sequences) and complemented by search on TriTrypDB (http://tritrypdb.org/tritrypdb/). For the 

MS/MS analysis of the polyacrylamide gel, the SDS-PAGE bands of stalled 40S sample were 

excised from the gel, digested with trypsin, and subjected to nanoLC-MS/MS, using the same 

procedure described above. 

  

Cryo-EM data acquisition 

4 µL of 120 nM 40S or 200 nM stalled 40S, were applied to 400 mesh holey carbon 

Quantifoil 2/2 grids (Quantifoil Micro Tools), as described in our previous work (Simonetti et 

al., 2016). The grids were blotted with filter paper from both sides for 1.5 s at 4ºC, 100% 

humidity, blot force 5 and waiting time 30 s (Vitrobot apparatus Mark IV). The data were 

collected on a spherical aberration (Cs) corrected Titan Krios S-FEG instrument (FEI) operating 

at 300 kV acceleration voltage and at a nominal underfocus of Δz = ‒ 0.6 to ‒ 4.5 µm using the 

second-generation back-thinned direct electron detector CMOS (Falcon II) 4,096 x 4,096 

camera and automated data collection with EPU software (FEI). The microscope was carefully 

aligned as well as the Cs corrector. The Falcon II camera was calibrated at nominal 

magnification of 59,000 x. The calibrated magnification on the 14 µm pixel camera was 127,272 

x, resulting in 1.1 Å pixel size at the specimen level. The camera was set up to collect 7 frames 

(starting from the second one) out of 22 possible. Total exposure was 1.5 s, with a dose of 57 

/Å2 (or 2.2 /Å2 per frame). 
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Image processing 

We used the SCIPION (Abrishami et al., 2015; de la Rosa-Trevín et al., 2016; Sorzano et 

al., 2015) package for image processing and 3D reconstruction, which integrates several data 

processing software. The movie alignment was performed with the Optical Flow algorithm 

integrated in Xmipp3 (de la Rosa-Trevín et al., 2013). Then, an average image of the whole 

stack was used to determine the contrast transfer function by CTFFIND4 (Rohou and 

Grigorieff, 2015) and to select (semi-automatically) ~197,000 particles for the stalled 40S and 

~188,500 particles for the native 40S in SCIPION (Abrishami et al., 2013). RELION (Scheres, 

2012) was used for particle sorting through 3D classification via SCIPION, leading to two major 

3D classes comprising ~73,000 particles for the stalled 40S and ~53,000 particles for the native 

40S (Supplementary Fig. S2) showing structural features attributable to the Trypanosome 40S 

and stalled 40S, immediately obvious thanks to the presence of large RNA expansion segments 

6 (Fig. 2). Other minor 3D classes were derived: 40S dimers, stalled 80S and a low-resolution 

40S/ABCE1 class that does not display the additional platform density, which were found in 

the stalled sample (Supplementary Fig. S2B), and 40S dimers, empty 80S, and a low-resolution 

native 40S (Supplementary Fig. S2E). We have attempted additional classification that did not 

yield any additional classes. The major classes were refined using RELION’s 3D autorefine, 

and the final refined classes were then post-processed using the procedure implemented in 

RELION applied to the final maps for appropriate masking, B factor sharpening, and resolution 

validation to avoid over-fitting (Scheres, 2012), indicating an average resolution of 5.9 Å for 

the stalled 40S complex and 6.75 Å for the native one.  

 

Segmentation and display of density maps. Cryo-EM reconstructions were segmented in 

UCSF Chimera (Pettersen et al., 2004) using the SEGGER module (Pintilie et al., 2010). 

Segments counting fewer than 1,000 voxels were discarded.  

 

Atomic model 

Atomic model of the small ribosomal subunit from Trypanosoma brucei (Hashem et al., 

2013a) was rigid-body fitted into our cryo-EM map for its analysis and figures rendering only. 

A near-complete atomic model of ABCE1 from T. cruzi was derived by homology to the crystal 

structures of archaeal ABCE1 from Pyrococcus abyssi(Karcher et al., 2005) using SWISS-PDB 

(Arnold et al., 2006). After the construction of the atomic model, it was placed into its cryo-

EM density map segment of ABCE1 by rigid- body fitting using Chimera. Starting from this 
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system including only T. cruzi ABCE1, the atomic model was flexibly fitted into its map 

segment using MDFF (molecular dynamics flexible fitting) (Trabuco et al., 2008) as described 

in previous work (Georges et al., 2015). Briefly, the initial system was prepared for MDFF 

using VMD (Humphrey et al., 1996) by embedding ABCE1 in a solvent box of TIP3P water 

molecules, with an extra 12 Å padding in each direction, and the model’s charge was neutralized 

by using KCl. The trajectories were run in NAMD using CHARMM force field parameters 

(Combined CHARMM All-Hydrogen Topology File for CHARMM22 Proteins and 

CHARMM27 Lipids) (Brooks et al., 1983; MacKerell et al., 1998). The runs were stopped at 

350 ps of simulation time, after convergence. 

 

Local resolution measurement of the cryo-EM map. The local resolution of the cryo-EM 

reconstruction was measured using RESMAP (Kucukelbir et al., 2014) and represented as a 

variable color scale using UCSF Chimera (Pettersen et al., 2004).  

 

 

 

 

 

 

 

 

 

 



 
	

	 79	Jailson Brito Querido	|	University of Strasbourg	

Supplementary 

 

Figure S 1: nanoLC–MS/MS characterization of native and stalled 40S complexes, related 

to Figure 1. (A-B) After pelleting sucrose gradient peak fractions and subsequent gel filtration 

chromatography (Fig. 1), purified 40S samples (stalled with GMP-PNP and native) were 

analyzed by SDS-PAGE followed MS/MS analysis on the sliced bands indicated by numbers 1 

to 4 for the stalled 40S (s40S) and by zone 1 for the native 40S complexes. Stalled and native 

80S samples were used as controls for ribosomal proteins. (A) Five μg of either s80S or s40S 

were loaded in 15% SDS-PAGE gels. Bands 1 to 4 from s40S sample were individually excised 

from the gel and characterized by nanoLC- MS/MS. The identities of each band are reported in 

Supplementary Table 1. ABCE1 was by far the strongest hit in band 4 and it is highlighted in 

pink. (B) Five μg of either 80S or 40S were loaded in 15% SDS-PAGE gels. The highlighted 

zone 1 was excised from the gel and characterized by nanoLC- MS/MS. The identities of 

proteins found in this zone are reported in Supplementary Table 1. (C-D) After rRNA phenol-

chloroform extraction, rRNA quality control on stalled or native ribosomal samples was 

performed using non-denaturing agarose gels. (C) 500 or 1000 ng of rRNA from s80S or s40S 

samples were loaded in 1% agarose gels. (D) 1000 ng of rRNA from either native 80S, 60S or 

40S were loaded in 1% agarose gels. Related to figure 1. 
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Figure S 2: Particle sorting of the cryo-EM images and the local and average resolutions 

of native and stalled 40S. (A) Local resolution of the cryo-EM map from class 

40S/ABCE1/ηF, displayed�from different orientations, colored according to the local 

resolution as estimated by RESMAP. Close- up views (red and blue squares) highlight local 

resolution of the ABCE1 density located at the GTPase binding site. According to RESMAP 

the local resolution of ABCE1 is roughly between 5.5 and 7 Å. (B) Overview of the particle 
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classes obtained after particle sorting. The populations of all classes are indicated by their 

particle numbers and percentages over the total number of particles. The ABCE1/40S/ηF 

complex was processed from a total of ~197000 particle images (see Methods) using the 

eukaryotic small ribosomal subunit as a reference. Green rectangle indicates the retained classes 

for further refinement in RELION. (C) Gold-standard FSC curve for the three-dimensional 

reconstructions from class 40S/ABCE1, marking the corresponding resolution in angstrom, 5.9. 

(D) Local resolution of the cryo-EM map from class native 40S, displayed from different 

orientations, colored according to the local resolution as estimated by RESMAP. (E) Overview 

of the particle classes obtained after particle sorting. The populations of all classes are indicated 

by their particle numbers and percentages over the total number of particles. The native 40S 

complex was processed from a total of ~1885000 particle images (see Methods) using the same 

method mentioned above. Green rectangle indicates the retained class for further refinement in 

RELION. (F) Gold-standard FSC curve for the three-dimensional reconstructions from class 

native 40S, marking the corresponding resolution in angstrom, 6.75 Å. Related to figure 1. 
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Figure S 3: Sequence alignment of ABCE1 from different species highlighting the 

conservation of ABCE1 domains. A multiple sequence alignment colored by BLOSUM 62 

score of ABCE1 orthologues highlighting high conserved regions of T. cruzi ABCE1 when 

compared to its archaeal, plant, yeast, drosophila and human counterparts. The darkest color 

represents the highest conserved residues. Different domains of ABCE1 are framed in variably 

colored rectangles according to the color code used on the atomic model shown on the bottom. 

Related to figures 2 and 3. 
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Figure S 4: Conformational changes undertaken by the T. cruzi ABCE1 by comparison 

to X-ray structure of archaeal ABCE1. Comparison of the ADP-bound ABCE1 crystal 

structure from Pyrococcus abyssi24 (shown on the left) with the GMP-PNP-bound ABCE1 in 

complex with 40S found in the T. cruzi (shown on the right) viewed from three different 

orientations. The FeS domain from T. cruzi ABCE1 rotates by ~180° when compared to the 

archaea crystal structure. The green arrow shows the direction of the FeS domain rotation. The 

orange arrows indicate the direction of NDB2 domain movement. Each domain is colored 

variably. Related to figure 2. 
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Figure S 5: Comparison between models of ABCE1 and eIF3i and eIF3g fitted in Cryo-

EM segmented map of mammalian 48S late-stage initiation complex (Simonetti et al., 

2016). (A) Cryo-EM structure of the m48S late-stage IC viewed from intersubunit side, 

highlighting the densities segments that previously was attributed to eIF3i (pink), and eIF3g 

(green). (B) Atomic model of the m48S late-stage IC fitted in its cryo-EM segmented map 

(Simonetti et al., 2016), focused on the eIF3 peripheral subunits i (pink) and g (green), seen 

from the intersubunit and beak sides. Bottom panel, same as B, but with ABCE1 fitted in the 

intersubunit density instead of eIF3i+g, showing the better fit of ABCE1 for that latter density. 

Related to figure 7. 
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 Article 2: The cryo-EM structure of a novel 40S kinetoplastid-specific ribosomal 
protein 

 

In Brief  

Querido et al., presented a cryo-EM structure of a novel kinetoplastid-specific ribosomal (r-) 

protein (KSRP) bound to the ribosome. Recent advance in cryo-EM field have allowed the 

description of nearly all the rRNA chains, including most of the kinetoplastid-specific ESs and 

elements and r-protein extension. However, r-protein assignments were performed mainly 

according to homology to known r-proteins from other eukaryotes such as Saccharomyces 

cerevisiae, therefore the discovery of novel kinetoplastid-specific r-proteins has been out of 

reach. Here we demonstrate the existence of a novel r-protein in kinetoplastids, which binds at 

the left foot of 40S. The general features of KSRP highlight its potential as a new target for the 

development of safer and more specific anti-kinetoplastid therapeutic agents.  

 

 

 

 

Highlights 

• Cryo-EM structures of ribosomal complexes unveiled the first bona fide kinetoplastid-

specific ribosomal protein reported so far. 

• NRBD/KSRP is an essential 40S ribosomal protein that stabilizes kinetoplastid-specific 

rRNA elements. 

• It also interacts with the kinetoplastid-specific C-terminal region of ribosomal protein 

eS6. 

• The entire interacting network of NRBD/KSRP is kinetoplastid-specific.  
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Article 3: Cryo-EM structure of native translation initiation complex from human 
pathogen Trypanosoma cruzi 
 

 

In Brief 

Querido et al., presentes here the cryo-EM structure of 48S preinitiation complex from human 

pathogen Trypanosoma cruzi. Kinetoplastids possess some unique features such as larger rRNA 

expansion segments, protein extension and cap-4 structure in all mature mRNA. These 

specificities suggest that translation initiation in kinetoplastids may be regulated differently 

compared to other know eukaryotes, and present kinetoplastid-specific aspects. However, little 

is known about translation regulation in these organisms. The structure of the near complete 

48S initiation complex from T. cruzi reveals the binding pattern of most eIFs and highlights the 

important role of their larger expansion segments for the binding and stabilization of eIF3 core, 

as well as the binding of eIF3d. Furthermore, structural and proteomic analysis reveals an 

unsuspected role of DDX60 in translation initiation in kinetoplastids. The kinetoplastid-specific 

aspects of translation initiation revealed here highlight the potential of translation for the 

development of new therapeutic agents against kinetoplastids 

 

 

Highlights 

• Cryo-EM structure together with proteomic analysis indicated DDX60 as an important 

player during translation initiation in kinetoplastids. 

• The biding patter of kinetoplastidian eIF3 core to the 40S is different from that observed 

in their mammalian host.    

• eIF3c is sandwiched by ES7S-hA and ES7S-hB. 

• ES9S binds and stabilizes eIF3d.  
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SUMMARY 

Kinetoplastids are responsible for several human vector-borne diseases, that together threaten 

more than 400 million people world-wide, include that of Chagas disease caused by 

Trypanosoma cruzi. They possess unusual features, such as the presence of a spliced-leader in 

all mature mRNAs. Moreover, ribosomal RNA expansion segments (ESs), such as ES3S, ES6S, 

ES7S and ES9S are larger than that in their mammalian host counterparts. The location of their 

larger ES6S, ES7S and ES9S close to the mRNA exit channel suggest an involvement in the 

translation initiation process. Here, we purified from T. cruzi cell lysates native initiation 

complexes that we then analyzed by cryo-EM. The structure of the native initiation complexes 

reveals several key kinetoplastid-specific aspects of translation initiation, such as the peculiar 

accomodation of eIF3 core in the 48S, through the interaction of eIF3a, eIF3c and eIF3e with 

ES6S and ES7S. Indeed, our structure reveals that eIF3c is sandwiched by ES7S-helix A (ES7S-

hA) and ES7S-hB. Furthermore, ES9S binds and stabilizes eIF3d. Notably, our structural and 

proteomic analysis reveals that kinetoplastidian DDX60 may play an important role in 

translation initiation by unwinding the spliced-leader mRNAs. The peculiarities revealed here 

in this first structure of initiation complex from protozoan parasite, provides new perspectives 

for the development of translation-targeted therapeutic agents against kinetoplastids.    
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INTRODUCTION 

Kinetoplastid is a group of flagellated protozoans, pathogens of plants, invertebrate, and 

vertebrate, including human pathogens such as Trypanosoma cruzi (etiologic agent of Chagas 

disease), Trypanosoma brucei spp. (etiologic agent of sleeping sickness) and Leishmania spp. 

(etiologic agent of leishmaniosis). Together they threaten more than 400 million people world-

wide (World Health Organization, 2012), however, preventive vaccines are lacking and the 

treatment is based on highly toxic drugs (Field et al., 2017; Clayton, 2010). As early-diverged 

from other eukaryotes, kinetoplastids share some unique features, such as unusual large rRNA 

expansion segments (ESs) on the small ribosomal subunit, ribosomal protein (r-protein) 

extension (Hashem et al., 2013a; Shalev-Benami et al., 2016; Zhang et al., 2016; Liu et al., 

2016) and a hypermethylated cap structure (cap-4) (Perry et al., 1987). Furthermore, the 

kinetoplastidian polycistronic pre-mRNA maturation occurs by trans-splicing of a Splice leader 

(high conserved 39 nt mine exon) at the 5' end. The spliced-leader confers a hypermethylated 

cap structure (cap-4) to all mature mRNA (Perry et al., 1987). The presence of an unusual 5' 

cap-4 structure, suggests a different mechanism for the 43S preinitiation complex (43S PIC) 

recruitment to the mRNA. Indeed, although orthologues of most of the canonical initiation 

factors (eIFs) are encoded in kinetoplastidian genomes, it has been shown that they present low 

sequence conservation when compared to those from their mammalian host counterparts 

(Rezende et al., 2014; Meleppattu et al., 2015; Li et al., 2017).   

Cryo-EM structure of kinetoplastids ribosome (Hashem et al., 2013a; Zhang et al., 

2016) revealed that their unusual large expansion segments ES6S, ES7S and ES9S localize close 

to the mRNA exit channel (Hashem et al., 2013a; Hashem et al., 2013b; Zhang et al., 2016).  

Due to that location and their size, it has been proposed that they may play a role in translation 

initiation by interacting with eIF3 (Hashem et al., 2013b). Nevertheless, little is known about 

the translation initiation in these early eukaryotes.  

Translation initiation in eukaryotes is a dynamic, cyclical and complex process, 

regulated for more than 12 eukaryotic eIFs and some auxiliary factors (reviewed in Hinnebusch, 

2017). This process begins with the assembly of the eIF2-ternary complex composed by eIF2, 

GTP and Met-tRNAi
Met (eIF2-TC). The recruitment of eIF2-TC to the 40S is enhanced by other 

eIFs, such as eIF1, eIF1A, eIF3 and eIF5. Together they lead to the formation of 43S PIC. 

Recent data have indicated that also ATP-binding cassette subfamily E member 1 (ABCE1; 

Rli1 in yeast) plays role during 43S PIC assembly (Dong et al., 2004; Heuer et al., 2017; 

Mancera-Martínez et al., 2017).   
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Once assembled, the 43S PIC is recruited to the eIF4F-bound mRNA complex. eIF4F 

complex is composed by the cap-binding protein (eIF4E), a scaffold protein (eIF4G) and a 

DEAD-box RNA helicase (eIF4A).  The helicase activity of eIF4A is enhanced by the activity 

of eIF4B, and the later binds to the single-stranded mRNA to prevents the re-annealing 

(reviewed in Marintchev et al., 2009). The multifactor complex eIF4F/4B is able to unwind the 

5′ UTR mRNA, and promotes its attachment to the 43S likely via eIF4G-eIF3 interaction. 

Nevertheless, some RNA requires the activity of other DEAD or DEAH helicases in addition 

to eIF4A. These two groups of helicases form the largest family of RNA helicases and they are 

characterized by the presence of an Asp-Glu-Ala-Asp (DEAD) or Asp-Glu-Ala-His (DEAH) 

motifs. They are implicated in a number of cellular processes involving RNA binding and 

unwinding of the secondary structure. Remarkably, it has been shown that several DEAD and 

DEAH box helicases such as DHX29, Ded1/DDX3, Dhh1/DDX6, Vasa/DDX4 and 

RHA/DHX9 can play roles during translation initiation (reviewed in Parsyan et al., 2011). The 

mechanisms by which these helicases influence translation are still unclear. Nevertheless, the 

role of DHX29 on the translation of high structure 5′-UTR mRNA (Pisareva et al., 2008), as 

well as its binding site on the ribosome have been extensively described. DHX29 binds at the 

vicinity of the mRNA entry channel and interacts with eIF3i and eIF3b located at the solvent 

side of 43S PIC (Hashem et al., 2013b; des Georges et al., 2015; Pisareva and Pisarev, 2016).  

The role of several DEAD box helicases such as DDX60 are still unclear. It has been 

shown that human DDX60 is a sentinel helicase for cytoplasmic viral RNA sensor RIG-I 

(retinoic acid-inducible gene-I) (Miyashita et al., 2011; Oshiumi et al., 2015), however the same 

activity through the RIG-I signaling has also been attributed to DHX29 in human airway 

epithelial cells (Sugimoto et al., 2014). This cross-correlation, suggest that a RNA helicase can 

play different roles in processes that involve RNA, either by promoting the mRNA translation 

or by acting as a sentinel helicase for exogenous RNA.  

As mention above, some mRNAs require other helicases in addition to eIF4A for an 

efficient translation initiation, however the identification of auxiliary helicase that can assist 

translation is still out of reach in some human pathogens, such as kinetoplastids. Indeed, we 

expect that translation in these organisms present several unusual features. Accordingly, we 

have reported the structure of a novel kinetoplastid-specific ribosomal protein (KSRP) bound 

at the left foot of 40S (Querido et al., 2017). KSRP interacts with the ES3S, ES6S and also with 

the kinetoplastid-specific C-terminal extension of the r-protein eS6. These findings highlight 

the uniqueness of the translational machinery in kinetoplastids and suggest the functional 

importance of their large ESs during the translation.  
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Here, we purified from T. cruzi cell lysates native translation initiation complex, that 

we then analyzed by cryo-EM. The structure of native initiation complexes reveals several 

kinetoplastid-specific aspects of translation initiation, such as an intricate interaction between 

eIF3 and ES6S and ES7S. Furthermore, our data revels an unsuspected role of a DDX60 during 

translation initiation in kinetoplastids.   

 

RESULTS AND DISCUSSION 

 

Proteomic analysis of native kinetoplastids initiation complex revels the presence of 

DDX60 

To purify native initiation complexes from T. cruzi, we treated the whole cell lysate 

(See Methods) with a non-hydrolysable analog of GTP (GMP-PNP). The use of GMP-PNP is 

known to synchronize translation initiation at late stage, after start-codon recognition and prior 

Pi release (Simonetti et al., 2016; Merrick, 1979). Furthermore, the use of GMP-PNP also 

prevents the nucleotide hydrolyses and the consequent recycling of several auxiliary factors, 

including helicases (Mallam et al., 2012; Chen et al., 2008; Liu et al., 2008). The native 

initiation complex was purified by sucrose gradient, as described before (Simonetti et al., 2016). 

As we have expected, the use of GMP-PNP lead to an increase of initiation complexes (Figure 

1A). In order to characterize the purified initiation complexes, we also run a second gradient 

without treating the lysate with GMP-PNP (Figure 1A). Proteomic analysis (MS/MS) have 

indicated that the initiation complex is enriched with eIFs, including eIF1, eIF1A, eIF2, eIF3 

and eIF5 (Figures 1B, S1). 

Consistent with our recent report in mammals (Simonetti et al., 2016; Mancera-

Martínez et al., 2017), we found that the use of GMP-PNP to treat the cell extracts lead to the 

arrest of ABCE1-containing translation initiation complex. Indeed, it is also in agreement with 

a recent publication that also suggested that Rli1 (ortholog of ABCE1 in yeast) can bind to 40S 

even after the subunit splitting and plays a role in translation initiation (Heuer et al., 2017). 

Surprisingly, proteomic analysis also has indicated that the initiation complex is 

enriched with DDX60 (Figures 1B, S1). The binding of DDX60 to the initiation complex was 

validated by size-exclusion chromatography followed by liquid MS/MS analyses (Figure S1). 

There is no information about the role of DDX60 in translation initiation, therefore in order to 

understand the specie-specificity of the role of DDX60 in translation initiation, we also purified 

native initiation complex from mammals (rabbit reticulocyte lysate), yeast Saccharomyces 

cerevisiae and Leishmania tarentolae. Proteomic analysis revels that the presence of DDX60 
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is exclusive to the two kinetoplastids we have analyzed, T. cruzi and L. tarentolae 

(Experimental Procedure; Figure S2). This finding suggests that the role of DDX60 in 

translation initiation is a kinetoplastid-specific aspect of translation initiation.    

 

 
Figure 1: Purification of initiation complex and proteomic analysis. A, Sucrose-gradient profile of T. 

cruzi cell lysate treated (10 mM) and untreated with GMP-PNP.  Fractions containing 48S particles (magenta 

circle) were pooled and used for proteomic analysis and cryo-EM reconstruction. B, Volcano plot of the 48S 

fractions (10 mM GMP-PNP) compared against the native 40S fractions (0 mM GMP-PNP). The plot is the 

log2 ratios plotted against the adjusted negative log p values (adjusted p value < 0.05 and log2 fold change 

>1). Black dots are proteins that we could not validated their co-purification with 48S by size exclusion 

chromatography. See also supplementary figure S1. 

 

The overall structure of the native initiation complex from kinetoplastids  

The cryo-EM reconstruction was derived after particle sorting and 3D classification 

(Experimental Procedures). The structure of native initiation complexes purified from T. cruzi 

cell lysate was determined to overall resolutions of 6.0 Å (Figure S3).  

The cryo-EM reconstruction of the main eIF3 core-contain class reveals an open 

conformation, scanning-competent stage, in which the head of 40S is tilted upwards to open the 

mRNA entry channel latch, as described before in yeast (Llácer et al., 2015). Therefore, 

following the terminology from yeast complexes, we hereafter referred to our complex as 48S 

pre-initiation complex (48S-open).  
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We segmented the cryo-EM map based on the structure of mammalian 43S pre-initiation 

complex (des Georges et al., 2015) and yeast 48S-open (Llácer et al., 2015). Our segmentation 

displayed densities corresponding to 40S, eIF1A, eIF1, eIF2a, eIF2b, eIF2g, Met-tRNAi
Met, 

eIF3d and eIF3 core (Figures 2A-D). Furthermore, we also observed the helix-rich segment of 

eIF3c-NTD, formed by a cluster of five helices in a pocket formed by h11, h24, h27, h44, and 

uS15 (Figure 3A), as described before in yeast 48S-open (Llácer et al., 2015). 

The structure of eIF2α either in context of ternary complex or in context of translation 

initiation complexes has been characterized (Hussain et al., 2014; des Georges et al., 2015; 

Schmitt et al., 2012). It contains three domains: a N-terminal β-barrell domain (D1), a helical 

domain (D2) and a C-terminal α−β domain (D3). The structure of kinetoplastidian eIF2α is not 

known yet. However, the sequence analysis indicated that kinetoplastidian eIF2a contains 

additional 120 amino acids at the N-ter region when compared to that from other eukaryotes 

(Figure S4A). Therefore, as anticipated, there is an additional density connected to the domain 

1 and 2 of eIF2a (Figures 2 and S4B), which is also interacting with the T-loop of the Met-

tRNAi
Met. This density has not been described before in any eukaryotes (Figure S4B).  

Furthermore, its general shape is compatible with the helix-rich secondary structure predicted 

by SYMPRED (Lin et al., 2005). Therefore, we uniquely attributed this density to the additional 

N-terminal elements of kinetoplastidian eIF2a. 

It is not clear what is the main role of the kinetoplastidian additional domain of eIF2a. 

Nevertheless, considering that it also interacts with the head of 40S subunit, it can stabilize the 

binding of the ternary complex during the scanning process.   

The structure of eIF2b has also been described in several studies, such as in archaea and 

yeast (Schmitt et al., 2012; Llácer et al., 2015). However, due to its flexibility, the structure of 

the unstructured N-terminal region has not been described so far. Interestingly, here we have 

an unidentified density, attached to the N-terminal region of eIF2b, which is also interacting 

with eIF2g. Due to the limitation imposed by the resolution, it is not possible to unambiguously 

assign this density (Figures 2A-B). However, the size and the location suggest that it may 

belong to the N-terminal domain of eIF2b that could not been solved when the discovered of 

the structure of eIF2b in the context of translation initiation complex (Llácer et al., 2015). 
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Figure 2: Cryo-EM structure of kinetoplastids 48S pre-initiation complex. Density segments 

corresponding to different initiation factors, 40S, Met-tRNAi
Met, and mRNA are colored variably. A, 

Initiation complex viewed from the intersubunit side highlighting all the initiation factors. B, Beak side view 

highlighting the additional density at the intersubunit side, close to the mRNA channel. C, Solvent side view 

highlighting the conformation of the ES6S-hA. D, top view showing the distribution of the factors around the 

head. 

  

Finally, the cryo-EM reconstruction revels also an additional density that seems to be 

the mRNA. It starts near the helix 16 and threads into the mRNA channel towards the exit 

channel (Figures 2B-C). At the P-site it is interacting with the Met-tRNAi
Met. Unexpectedly, our 

reconstruction revels a large mass of density at the 40S intersubunit face, in close vicinity to 

the mRNA channel (Figures 2B-D). Remarkably, the mRNA passes through the core of this 

unidentified density, which suggest that it may belong to a helicase (DDX60), as discussed later 

in this manuscript.  
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The interaction between the mRNA and the anticodon stem–loop within 48S-open 

It has been shown that the treatment of mammalian cell lines (RRL) with GMP-PNP, 

yields 48S-close with the Met-tRNAi
Met full accommodated in the P-site (PIN) (Simonetti et al., 

2016). However, following the same procedure with T. cruzi cell lysate leads to an 

accumulation of 48S-open, in which the Met-tRNAi
Met is not fully engaged in the P-site, POUT 

conformation (Figures 3A-B). Indeed, here the anticodon stem–loop (ASL) is lifted upwards 

when compare to that observed in m48S IC. In contrast to the Met-tRNAi
Met in context of m48S-

close here the Met-tRNAi
Met does not interact with any elements from the body of 40S (Figure 

3B). The Met-tRNAi
Met within kinetoplastidian 48S-open present a conformation similar to that 

observed in yeast 48S-open (Llácer et al., 2015).  

Genetic studied indicated that eIF2b interacts with Met-tRNAi
Met through the residues 

S202 and K214.  That interaction is important for the stabilization of the open conformation, 

which prevents initiation at Near-Cognate (Llácer et al., 2015). Accordingly, here we also 

observed several interactions between the ASL and eIF2b, which is preventing the full 

accommodation of the Met-tRNAi
Met in the P-site and prevents translation initiation at Near-

Cognate codons. This observation comforts the role of eIF2b in ensuring the fidelity of 

translation initiation. 

eIF1 plays an important role in the stabilization of the open conformation (Llácer et al., 

2015; Pestova and Kolupaeva, 2002). Nevertheless, due to its location adjacent to the P-site, its 

release is mandatory for the formation of stable codon-anticodon base pairing and the close 

conformation (Lomakin et al., 2003). Accordingly, our particles image sorting revealed a class 

displaying the 48S complex in the closed conformation (48S-close) at lower resolution (~8), 

which does not present neither eIF2b nor eIF1 (Figure S5). Our structures suggest that the role 

of eIF1 in preventing the premature hydrolysis of eIF2-bound GTP is also conserved in 

kinetoplastids.  

A remarkable difference between kinetoplastids and their mammalian host lies at the 

codon-anticodon base pairing level. The use of GMP-PNP to treat mammalian cell lysate lead 

the arrest of translation initiation complex with a full codon-anticodon base-pairing (Simonetti 

et al., 2016). Here, only a single base pair of the codon-anticodon interaction appears to be 

established (Figure 3C). This interaction occurs between the C base of the ASL with a base 

within the 5’ UTR mRNA. This kinetoplastid singular behavior can be explained by the 

presence of kinetoplastid-specific player during translation initiation, i.e. as mentioned above, 
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in kinetoplastids DDX60 seems to play a role during translation initiation, perhaps different 

from any other known eukaryotes. 

 

 
Figure 3: Met-tRNAi

Met accommodation and interactions within 48S-open. A, Superposition of 

kinetoplastid POUT Met-tRNAi
Met with mammalian PIN Met-tRNAi

Met (Simonetti et al., 2016). B, Close-up 

view of the P-site, highlighting the distinct position of the two tRNA. C, Close-up view of the P-site, 

highlighting the interaction between the Met-tRNAi
Met with the mRNA.  

 

Kinetoplastid unusual interactions between eIF3 and expansion segments 

Kinetoplastids do not require eIF3m subunit, therefore the left leg of the heptameric 

eIF3 structural core is residual (Figures 4A) when compared to that five-lobed conformation 

observed in mammalian octameric eIF3 structural core (Figures 4B) (Hashem et al., 2013b; des 

Georges et al., 2015). Furthermore, the binding of kinetoplastidian eIF3 to the 40S is different 

from that observed in mammals.  

ES6S and ES7S are positioned close to the mRNA exit channel, in close vicinity to the 

eIF3 binding site (Figure 4C-D). In mammals, the only interaction between eIF3 and ES6S or 

ES7S is that observed between the apical loop of ES7S (Figure 4D) with eIF3a and eIF3c (des 

Georges et al., 2015). Kinetoplastids is known for their larger ESs, including ES6S, ES7S and 

ES9S (Hashem et al., 2013a). Indeed, kinetoplastidian ES7S is about 7 times larger than its 
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homolog in mammals. Therefore, in contrast to what is observed in mammals, in kinetoplastids 

the ES7S is the main binding point of eIF3 core. Compared to its conformation in the context 

of native 40S (Querido et al., 2017), ES7S within 48S-open is bent to the intersubunit side and 

acts as a cradle for the accommodation of eIF3 (Figure 4C). Indeed, unlike in any other 

eukaryotes, eIF3c is sandwiched by ES7S-helix A (ES7S-hA) and ES7S-hB (Figures 4C), thus 

forming a kinetoplastid-specific interaction (Figure 4D).  

The size of ES6S varies among different species of kinetoplastids (429nt to 512nt). 

However, is about twice lager than that observed in most of in mammals (~230nt). Here, we 

report an interaction between kinetoplastidian ES6S and the eIF3 core, through ES6S-hE and 

eIF3e contact point (Figure S6). Because of their unusual larger and structurally different ES6S, 

is very unlikely that this interaction can also occur in their mammalian host. These intricate 

interactions between eIF3 core and ES6S and ES7S seem to be the main mechanism through 

which kinetoplastids can bind and stabilize the eIF3 core even without the eIF3m subunit, 

inexistent in kinetoplastids. 

Another remarkable difference between kinetoplastids and their mammalian hosts lies 

in the kinetoplastid-specific interaction between eIF3d and ES9S. Kinetoplastidian eIF3d binds 

close to the mRNA exit channel (Figure 3E), as described before in mammals (Figure 3F) (des 

Georges et al., 2015). However, kinetoplastidian eIF3d binds ES9S (Figure 3E). It has been 

shown that kinetoplastids and Drosophila melanogaster possess unusual larger ES9S when 

compared to its counterpart observed in mammals (Hashem et al., 2013a; Anger et al., 2013). 

In D. melanogaster the larger ES9S is in a conformation reaching towards the 40S beak (Anger 

et al., 2013), while in kinetoplastids ES9S points towards the mRNA exit channel (Hashem et 

al., 2013a). That architecture allows kinetoplastidian ES9S to plays an important role in 

translation initiation by binding and stabilize eIF3d, which in these organisms might be a 

mandatory subunit that is required for translation of all mRNA, in contrast to other eukaryotic 

organisms. 

Finally, another remarkable difference between kinetoplastids and other known 

eukaryotic similar complexes relies in the conformation of their larger ES6S-hA. In mammals 

ES6S-hA binds and stabilize eIF3b (des Georges et al., 2015). However, here ES6S-hA is 

reoriented by 120° in the direction of the 40S head, when compared to that in mammals and 

yeast (Figures 2C). This unusual conformation makes any interaction between ES6S-hA and 

eIF3b unlikely to occurs. Accordingly, our particles image sorting revealed one class of 48S-

open at lower resolution (~13 Å), which presents additional densities at the solvent site (Figure 

S7) close to the h16, at the exact binding site of the eIF3b-i-g module in mammals (des Georges 
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et al., 2015). However, even in that class the conformation of ES6S-hA is exactly the same as 

in the main 6.0 Å resolution complex presented here. Therefore, our results indicated that 

kinetoplastidian ES6S-hA does not bind eIF3b.   

 
 

Figure 4: Side-by-side comparison of eIF3-40S subunit interactions within kinetoplastidian 48S-open 

and mammalian 43S PIC. A-B, Structure of kinetoplastidian 48S-open (left) and mammalian 43S PIC 

(right) as presented previously (des Georges et al., 2015). C, Close-up view of the contacts between ES7S 

and eIF3a and eIF3c in kinetoplastids (left). D, Close-up view of the interaction between the apical loop of 

ES7S with mammalian eIF3a (right). E-F, Close-up view highlighting the interaction between kinetoplastid 

ES9S and eIF3d, which is not present in mammals (right). Black arrows indicate sites of interaction.    
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Put together, the unusual larger ESs from kinetoplastids seems to be an important player 

during translation initiation, by binding and stabilizing the eIF3 core but also eIF3d, probably 

tuning translation initiation in one preferential setup specialized for initiating on spliced-leader 

mRNAs of kinetoplastids. 

 

Putative location of DDX60 and its interaction with mRNA 

Our cryo-EM reconstruction revels an unexpected density mass at the intersubunit side 

in close vicinity to the mRNA channel latch (Figure 4A-B). This density between eIF2b and 

40S beak has not been described in any other equivalent complex from other eukaryotic 

organisms. The fitting of atomic models from known eIFs into this density enables us to discard 

its attribution to any known eIFs found in our MS/MS analysis. Indeed, we were able to identify 

the biding site of the majority of eIFs, including that of peripheral subunits b, i and g of eIF3 

(Figure S7). However, rigid-body fitting of the conserved structural core of helicases indicated 

that this density contains a helicases core (Figure S8). Furthermore, the density that corresponds 

to the mRNA passes through the hypothetical core of the helicase in its trajectory from the 

vicinity of h16 towards the mRNA exit channel (Figure 4C). Therefore, based on rigid-body 

fitting, size, shape and proteomic analysis (Figure S1), we have tentatively assigned this density 

to DDX60. However, due to limitation imposed by the resolution, we still need to validate this 

assignment.  

 RNA helicases of the DEAD or DEAH box families have been reported in all eukaryotic 

cells. They are involved in several process, including RNA transcription, translation and 

degradation. All the enzymes which belong to these families are NTPase, able to unwind RNA. 

Indeed, several structural studies have indicated that members of the DEAD box enzymes 

possess a highly conserved structural core, composed by an ATP and RNA biding domains (Del 

Campo and Lambowitz, 2009; Sengoku et al., 2006; Andersen et al., 2006). The conserved core 

harbors two recombinase A (RecA)-like helicase domains. Furthermore, the structures of RNA-

bound DEAD box enzymes reveals clearly a conserved binding mode of RNA, which normally 

involve only the RNA sugar phosphate backbone (Del Campo and Lambowitz, 2009; Sengoku 

et al., 2006; Andersen et al., 2006). However, in spite of their high conservation, the functions 

of DEAD box proteins are very distinct (Linder and Jankowsky, 2011). The conserved core is 

surrounded by variable auxiliary domains, which determine the function of each DEAD box 

helicase (Linder and Jankowsky, 2011). Human DDX60 is known for its role in RIG-I-mediated 

innate immune response against viral RNA (Oshiumi et al., 2015). Nevertheless, 
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kinetoplastidian DDX60 (~246 kDa) is larger than that in humans (~197 kDa), which may 

confer them additional auxiliary domains that are not present in human. Together, these 

observations indicate that kinetoplastidian DDX60 is able to play different role from that 

described in mammals.  

 

Figure 5: Mass density potentially from DDX60 and its interaction with mRNA. A, The location of the 

additional density that potentially belongs to DDX60. B-C, Close-up view highlighting the interaction 

between mRNA and the density that we tentatively assigned to DDX60.  

 
DDX60 is not the only helicase that may play different roles according to the cell type. 

Mammalian DHX29 also can play a dual role. For years, DHX29 has been studied for its role 

in translation initiation (Pisareva et al., 2008; Hashem et al., 2013b). Nevertheless, a recent 

study has indicated that DHX29 can play a role in RIG-I-mediated innate immune response 

against viral RNA in human airway epithelial cells (Sugimoto et al., 2014). Therefore, we 

believe that is plausible to consider that the activity of DDX60 is also cell-specific, either by 

unwinding the mRNA during translation initiation in kinetoplastids or by co-sensing the viral 

mRNA and trigger the antiviral immunity in mammals. 

Analysis of spliced-leader RNA from T. brucei indicates the presence of several short 

RNA duplex structure (Harris et al., 1995). Therefore, based on our results and previous reports, 

we propose that kinetoplastids may require an auxiliary helicase for the unwinding of the 

secondary structure of the spliced leader mRNA. It is known that most of the DEAD box 

helicases require the biding of ATP to catalyze the unwinding of short RNA duplexes by local 
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strand separation (Yang et al., 2007; Mallam et al., 2012). The binding of ATP is important for 

the closed conformation of the core, which is able to unwinding the RNA duplex (Mallam et 

al., 2012). Although the hydrolysis of ATP is not required for the RNA unwinding by DEAD 

box helicase, it was found that it is necessary for the release of the helicase from its RNA 

substrate (Liu et al., 2008). Accordingly, here we observe that the use of a non-hydrolysable 

nucleotide (GMP-PNP) arrests the helicase DDX60 bound to its mRNA substrate (Figure 4C).  

 

Conclusions 

The cryo-EM reconstruction of kinetoplastidian 48S pre-initiation complex presented 

here enabled us to characterize the near complete structure of the 48S complex and determine 

the exact ribosomal position of majority of eIFs (Figure 5), excepting for eIF5.  

  

 

 
Figure 6: Schematic representation of the kinetoplastidian 48S pre-initiation complex. A-C, The present 

here only included the eIFs and subunits present in the reconstruction obtainded at 6Å resolution. The model 

is shown in different orientation, highlighting the intricate interaction between ESs and eIF3 core and eIF3d. 

Furthermore, it is also highlighting the possible position of DDX60 in context of kinetoplastidian initiation 

complex. A-B, Is also highlighting the position of the kinetoplastid-specific N-terminal domain of eIF2a as 

well as the possible location of the N-terminal residues of eIF2b. C, Is highlighting the kinetopasd-specific 

conformation of ES6S-hA, which prevents its biding to the eIF3b.  

 
The structure of auxiliary helicases in context of translation initiation complex was 

solved for mammalian DHX29 (des Georges et al., 2015; Hashem et al., 2013b). However, 

these reconstructions were obtained in a complex void of mRNA (43S pre-initiation complex). 

Therefore, here we present for the first time a cryo-EM reconstruction showing the binding site 

of a hypothetical auxiliary helicase and its interaction with mRNA in context of 48S translation 

pre-initiation complex. DDX60 seems to play a specific role in translation initiation in 

kinetoplastids by unwinding the 5¢ UTR of the spliced-leader mRNA.  It is worth mentioning 
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that the binding of DDX60 prevents the rotation of the 40S head toward the intersubunit side 

and the closure of the mRNA latch. Therefore, its release is mandatory for the formation of 

48S-close conformation and full codon-anticodon base-pairing. Considering, that DEAD box 

helicases are poorly processive helicases, after each unwinding of short duplex they should be 

released from their substrate RNA. In this context, after the unwinding of the short duplexes 

within the spliced-leader mRNA, the nucleotide bound to DDX60 is hydrolyzed. The hydrolysis 

leads to its release from the 48S-open and the rotation of the 40S head to forms 48S-close 

initiation complex. 

Kinetoplastids present several specie-specificities, however our reconstructions revel 

that they have conserved the global architecture of eIF3 core composed seven PCI/MPN subunit 

(ceIF3a, eIF3c, eIF3e, eIF3f, eIF3h, eIF3k and eIF3l) (Masutani et al., 2007). Furthermore, the 

architecture of eIF3 is comparable to that observed in mammals with the exception of eIF3m 

that doesn’t exist in kinetoplastids. The architecture of eIF3 in the context of kinetoplastidian 

translation initiation complexes revels that the binding and the stabilization of the septamer 

core is guaranteed only by the central subunits, eIF3a, eIF3c and eIF3e, which may explain the 

absence eIF3m that would play a minor structuring role in this context. Most importantly, the 

accommodation of eIF3c within ES7S and the interaction of eIF3e with ES6S are kinetoplastid-

specific. Furthermore, the binding and the stabilization of eIF3d by ES9S appears so far to be 

kinetoplastids-specific.   

Put together, our results present the first structural insights into the mechanism of 

translation initiation and scanning in the human pathogen T. cruzi. The kinetoplastidian 

peculiarities described here may offer new perspectives for the research and development of 

translation-targeted therapeutic agents against kinetoplastids.    
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Materials and methods 

Kinetoplastids cultures  

Trypanosoma cruzi epimastigotes were grown at 28ºC in liver infusion tryptose (LIT) medium, 

supplemented with 10% heat-inactivated fetal bovine serum. Leishmania tarentolae strain T7-

TR (Jena Bioscience) were grown at 26°C in brain-heart infusion-based medium (LEXSY BHI; 

Jena Bioscience), supplemented with Nourseothricin and LEXSY Hygro (Jena Bioscience), 

hemin and penicillin-streptomycin. 

 

Yeast culture 

Saccharomyces cerevisiae strain JD1370 were grown in YPD media (yeast extract 10 g/L, 

peptone 20 g/L, glucose 20 g/L) at 30°C with orbital agitation of 150 rpm. The cells were 

harvested when the OD is bellow 1.5.  

 

Native initiation complex isolation  

T. cruzi, L. tarentolae and Saccharomyces cerevisiae native initiation complex were purified 

from cell suspension lysates. Briefly, parasites were harvested and lysed in buffer I (20 mM 

HEPES-KOH pH 7.4, 100 mM KOAc, 4 mM Mg (OAc)2, 2 mM DTT, EDTA free protease 

inhibitor cocktail and RNasin inhibitor). The cleared supernatant was incubated with 10 mM 

GMP-PNP (Sigma) for 10 min on ice, followed by 10 min incubation at 28 °C. The suspension 

was layered onto 10-30 % (w/v) sucrose gradients and centrifuged (35 000 rpm, 5h30min, 4 

°C) using an SW41 Ti rotor (Beckman-Coulter).  The fractions containing 43S and 48S 

initiation complex were collected and pooled according the UV absorbance profile and pelleted. 

The pelleted ribosomal complex was re-suspended in sucrose-free buffer II (10 mM HEPES-

KOH pH 7.4, 50 mM KOAc, 10 mM NH4Cl, 5 mM Mg(OAc)2, and 2 mM DTT).  

Mammalian near native initiation complex was purified as described before (Simonetti et al., 

2016). In brief, 48S was purified from 60 μl of nuclease-treated RRL (Promega) supplemented 

with 13 μg of in vitro transcribed human β-globin mRNA and fractionated in 5%–25% linear 

sucrose gradient.  
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NanoLC-MS/MS analysis 

The mass spectrometry (MS/MS) analysis of liquid translation initiation complexes samples 

were performed as described before (Chicher et al., 2015). Briefly, the precipitated proteins 

were subjected to reduction and alkylation, followed by digestion overnight with trypsin 

(Promega). The peptides generated were injected on nanoLC-MS/MS (nano HPLC Easy nLC 

1000 coupled to a Thermo-Scientific Qexactive Plus mass spectrometer). The data were 

searched against the T. cruzi, L. major, Saccharomyces cerevisiae and Oryctolagus cuniculus 

proteome sets from the UniProt database. The identification of the peptides was performed with 

Mascot algorithm (version 2.5, Matrix Science, London, UK) through Proline Software (ProFi; 

http://proline.profiproteomics.fr/), validated with a minimum score of 25, and with a peptide 

and spectrum false discovery rate FDR<1%. A search on TriTrypDB 

(http://tritrypdb.org/tritrypdb/) complemented the pipeline for kinetoplastidian samples. 

The volcano plot was obtained from the analysis of three independent replicates. The spectral 

count was analyzed by GLM regression statistical test using EdgeR package. For each protein 

identified here, the adjusted P-value and the fold-change (FC) were calculated and plotted. Each 

protein found in 48S PIC was manually validated by comparing with MS/MS results of the 

sample analyzed after size-exclusion chromatography.   

 

Cryo-EM data acquisition 

The cryo grids were prepared by apply 4 µL of 130 nM initiation complex onto mesh holey 

carbon Quantifoil 2/2 grids (Quantifoil Micro Tools) coated with an additional continuous thin 

layer of carbon. The grids were previously submitted to plasma cleaning. They were blotted for 

1.5 sec (blot force 5) at 4ºC, 100% humidity and using waiting time 30 s (Vitrobot Mark IV). 

The data acquisitions were performed using a Talos Arctica instrument (FEI) operated at 200 

kV acceleration voltage and at a nominal underfocus of Δz = ‒ 0.6 to ‒ 4.0 µm. The microscope 

is equipped with the third-generation back-thinned direct electron detector CMOS (III) 4,096 x 

4,096 camera and automated data collection with EPU software (FEI). The Falcon III camera 

was calibrated at nominal magnification of 75,000 x. The calibrated magnification on the 14 

µm pixel camera is 134,615 x, resulting in 1.16 Å pixel size at the specimen level. The camera 

was set up to collect 20. Total exposure was 1.5 s, with a dose of 24 /Å2.  

 

Image processing 

The data process and 3D reconstruction was performed using SCIPION (Abrishami et al., 2015; 

de la Rosa-Trevín et al., 2016; Sorzano et al., 2015) package which integrates several data 
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processing software. The movie alignment of ~6000 images were performed using Optical Flow 

algorithm integrated in Xmipp3 (de la Rosa-Trevín et al., 2013). CTFFIND4 (Rohou and 

Grigorieff, 2015) was used for the estimation of defocus for particles selection. After manual 

selection of the images by analyzing their corresponding Fourier transform, approximately 

950,000 particles were selected using SCIPION (Abrishami et al., 2013). RELION (Scheres, 

2012) was used for particle sorting through 3D classification via SCIPION, refer to Extended 

Data Figure S3 for particle sorting details. The refinement of the selected classes was performed 

using RELION’s 3D autorefine. The final refined classes were then post-processed using the 

procedure implemented in RELION applied to the final maps for appropriate masking, B factor 

sharpening, and resolution validation to avoid over-fitting (Scheres, 2012), indicating an 

average resolution of 6.0 Å (Figure S3).  

The cryo-EM map was segmented by UCSF Chimera (Pettersen et al., 2004) using the 

SEGGER module (Pintilie et al., 2010). All the segments counting fewer than 1,000 voxels 

were discarded.  

 

Atomic model 

Atomic models of the 40S ribosome from Trypanosoma cruzi (Querido et al., 2017) was used 

to derive a preliminary atomic model of the T. cruzi 48S initiation complex ribosomal 

complexes. The atomic models of the initiation factors were derived by homology to the crystal 

and cryo-EM structures of yeast and mammals initiation complex (Llácer et al., 2015; des 

Georges et al., 2015) using SWISS-MODEL (Arnold et al., 2006). The atomic models of eIFs 

were placed into its corresponding cryo-EM density map segment by rigid- body fitting using 

Chimera.  
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Supplementary Figures 

 
Figure S 1: Mass spectrometry characterization of native initiation complex from T. cruzi 

before and after size-exclusion chromatography (SEC). The initiation complexes obtained 

from T. cruzi cell lysate were analysed by MS/MS. The figure contains only 40S and initiation 

factors. The full list of proteins identified here will be online. The spectral counts were used for 

relative quantification. Darker colors indicate the most abundant protein present in the sample. 

Related to Figure 1. 
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Figure S 2: Mass spectrometry characterization of native initiation complex purified from 

different organisms. The native initiation complexes obtained from L. tarentolae (A), 

Saccharomyces cerevisiae (B) and rabbit reticulocyte lysate (C) were analyzed by MS/MS. The 

figure contains only 40S and initiation factors. The spectral counts were used for relative 
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quantification. Darker colors indicate the most abundant protein present in the sample. Related 

to Figure 1. The full list of proteins identified here will be online. 

 

 

 

 

Figure S 3: Particle sorting and resolution. A, Gold-standard FSC curve for the three-

dimensional reconstruction from class 48S with additional densities at the intersubunit side, and 

its corresponding resolution of 6.0 Å. B, Overview of the particle sorting of the sample purified 

from initiation complex fractions. The final reconstruction was performed from ~7% of the 

particles (see Methods), and using the eukaryotic small ribosomal subunit as a reference. 

Related to figure 2. 
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Figure S 4: A multiple sequence alignment and superposition of eIF2a highlighting the 

kinetoplastidian-specific additional N-terminal domain. A, Multiple sequence alignment colored 

by BLOSUM 62 score of T. cruzi eIF2a when compared to its T. brucei, Leishmania major, 

Saccharomyces cerevisiae, rabbit and human counterparts. B-C, Superposition of T. cruzi and yeast 

eIF2a highlighting the kinetoplastidian additional N-terminal domain.  
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Figure S 5: Superposition of the 40S from T. cruzi 48S-open and the T. cruzi 48S-close. A-

C, Highlighting the movement of the head and the lack of the density that may correspond to 

DDX60.  

 
 
 

 
Figure S 6: Side-by-side comparison of eIF3-40S subunit interactions within 

kinetoplastidian 48S-open and mammalian 43S PIC. A-B, Structure of kinetoplastidian 48S-

open (left) and mammalian 43S PIC (right) as presented previously (des Georges et al., 2015). 

C, Close-up view of the contacts between ES7S and eIF3a and eIF3c in kinetoplastids (left). 

Related to figure 3. 
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Figure S 7: Superposition of the two classes of T. cruzi 48S-open. A-C, Highlighting the two 

additional densities in the low resolution class. The additional density at the solvent side that 

may correspond to eIF3b is colored. The additional density at the intersubunit side that may 

correspond to eIF5 is colored in pink. 

 

 
 
 
 

 
Figure S 8: Rigid-body fitting of the atomic model of helicase into the uncharacterized 

density located at the intersubunit side. Atomic model of the core of Vasa helicase (PDB: 

4D25 from Xiol et al., 2014) fitted in the cryo-EM segmented map that may correspond to 

DDX60. 
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CONCLUSION AND PERSPECTIVES  
 

The characterization of native and salt-washed 40S allowed us to identified a new 

ribosomal protein specific for kinetoplastids, termed here KSRP (Figure 19). KSRP binds at 

the left foot of 40S where it interacts with ES3S and ES6S. Furthermore, KSRP also interacts 

with kinetoplastid-specific extension of r-protein eS6. The binding site of the two RRM 

domains of KSRP suggest a role as rRNA chaperone as well as a scaffold for the binding of 

other regulatory proteins. The discovery of a new r-protein essential for the viability of 

kinetoplastids, introduced a new potential target for the development of safer and more specific 

anti-kinetoplastid therapeutic agents that block the mRNA translation in this pathogen.  

  

 
Figure 19: Schematic model of mRNA translation in kinetoplastids. The r-protein KSRP binds at left 

foot of 40S in its solvent side. Furthermore, we propose that the kinetoplastid-specific factor, ηF, prevents 

the 40S dimerization, which make 40S subunits available for translation. However, ηF must be released, 

because its binding prevents the recruitment of the mRNA and eIF2-TC. ABCE1 and ηF act as critical 

ribosomal anti-association factors. After the 43S assembly, kinetoplastidian ABCE1 must be released, 

because the FeS cluster domain clashes with DDX60 biding site. Finally, DDX60 itself also need to be 

released because its presence prevents the formation of 48S-close conformation. 
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Notably, our cryo-EM reconstructions of native and ABCE1-bound 40S complexes from 

T. cruzi lysates enable us to identify a new factor bound at the platform of 40S close to the E-

site, establishing protein/rRNA interactions with h24 and h23. This factor, named here as ηF, 

also threads into the mRNA channel. The biding site of ηF clashes with eIF2-TC as well as 

with the mRNA. Therefore, ηF prevents the assembly of 43S PIC. Based on that, we proposed 

here that ηF is a kinetoplastid-specific translation regulation factor that must be released before 

the assembly of the initiation complex (Figure 19). Although our structural data have suggested 

a role for ηF in translation control, further investigation is required to confirm its role and 

understand the molecular mechanism through which ηF is released from the ribosome. 

Therefore, biochemical identification of ηF as well as its expression profile during different 

stages of the parasite life cycle will be mandatory to fully grasp and unravel the different 

kintoplastid-specific aspects of translational control.  

Furthermore, here we have shown that the binding of ABCE1 to the 40S is fully compatible 

with the assembly of the 43S PIC. Indeed, it is in conformation with our recent publication 

concerning mammals (Mancera-Martínez et al., 2017), where we presented the structure of 

ABCE1 in context of mammalian late stage initiation complex. That structure has allowed us 

to conclude that ABCE1 act as an anti-association factor by preventing the premature joining 

of 60S (Figure 19). Accordingly, recent study found that the conformation of the ABCE1 FeS 

cluster domain in context of post-recycling complex prevent the intersubunit bridge formed 

between uL14 and h44 (Heuer et al., 2017).       

Finally, the structure of a near complete 48S pre-initiation complex enables us to 

identify the binding pattern of most of eIFs (Figure 19), which reveals the architecture of eIF3 

core in context of kinetoplastidian initiation complex. The unusual larger ESs in kinetoplastids 

play an important role in translation initiation either by work as a platform for the 

accommodation of eIF3 core or by binding and stabilize the eIF3d. Furthermore, our structural 

and proteomic analysis reveals an unexplored role of DDX60 in translation initiation, likely by 

binding and unwinding the spliced leader mRNA. The binding site of DDX60 to the 43S PIC 

is not compatible with the binding of ABCE1. Therefore, unlike in mammals where it was 

found that ABCE1 is present in the initiation even a late stage of initiation (Mancera-Martínez 

et al., 2017), in kinetoplastids ABCE1 must be release to allow the accommodation of DDX60 

(Figure 19). Although our current structure of 48S IC presents large number of kinetoplastids-

specific aspect of translation, an improved resolution combined with biochemical approaches, 

such us protein crosslinking and ribosome profiling are still required for a better assignment of 

the reconstruction.  
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 In conclusion, our structural and biochemical analysis highlight the singularity of the 

translational machinery as well as the translation initiation mechanism (Figure 19) in the human 

pathogens kinetoplastids.   
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KEY RECOURSES TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit polyclonal anti-KSRP/NRBD 
Gift of Dr. Samuel Goldenberg (Oliveira et 

al., 2016) 
N/A 

Goat anti-rabbit IgG (whole molecule) - 

peroxidase 
Sigma Cat#A0545 

Amersham ECL Rabbit IgG, HRP-linked 

whole Ab (from donkey) 
GE Healthcare Cat#NA934V 

Chemicals 

Protease inhibitor cocktail tablets Roche Cat#11873580001 

RNasin® Ribonuclease Inhibitors Promega Cat#N251B 

GMP-PNP Sigma Cat#G0635 

Cell lines 

Trypanosoma cruzi strain Y This thesis N/A 

Leishmania tarentolae strain T7-TR Jena Bioscience Cat#LT-110 

Saccharomyces cerevisiae strain strain 

JD1370 
This thesis N/A 

Rabbit Reticulocyte Lysate Promega Cat#L4960 

Commercial Assays 

Amersham ECL Prime Western Blotting 

Detection Reagent 
GE Healthcare Cat#RPN2232 

Deposited Data  

Structure of T. cruzi 80S  This thesis, deposited at EMdatabank EMDB- 3844 

Structure of T. cruzi 40S  This thesis, deposited at EMdatabank EMDB- 3845 

Structure of T. cruzi KSRP This thesis, deposited at PDB PDB: 5OPT 

Structure of L. donovani KSRP This thesis, deposited at PDB PDB: 5OSG 

Software and Algorithms 

SCIPION (Abrishami et al., 2013) N/A 

Xmipp3 de la Rosa-Trevín et al., 2013) N/A 

CTFFIND4 (Rohou and Grigorieff, 2015) N/A 

RELION (Scheres, 2012) N/A 

UCSF Chimera (Pettersen et al., 2004) N/A 

SEGGER (Pintilie et al., 2010) N/A 

Coot v. 0.8.2 (Emsley et al., 2010) N/A 

Phenix v. dev-2474 (Adams et al., 2010) N/A 

RESMAP (Kucukelbir et al., 2014) N/A 

ChemiDoc Imaging Systems Bio-Rad N/A 
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Jailson BRITO QUERIDO 
Structural study of mRNA translation in 

kinetoplastids by cryo-electron microscopy

ABSTRACT 

RÉSUMÉ 

Les kinétoplastides sont un groupe de protozoaires flagellés hautement importants dans le domaine

de santé public, et qui menace plus de 400 millions de personnes dans le monde entier. Ils
possèdent des segments d'expansion d'ARNr (SE) inhabituellement plus larges dans les sous-unités

40S, tels que SE6S, SE7S et SE9S et leur emplacement suggère une implication dans le processus

d'initiation. De plus, tous les ARNm matures possèdent une coiffe commune de structure conservée

appelée le Spliced-Leader d'épissage. Ici, nous avons purifié à partir de lysats de cellules de T. cruzi

des complexes d'initiation natifs et des sous-unités de 40S natives que nous avons ensuite analysées

par cryo-ME et pas spectrométrie de mass. La structure des complexes d'initiation natifs révèle

certains des aspects spécifiques de la traduction aux kinétoplastides, tels qu'un réseau d’interaction

complexe entre eIF3 et SE6S et SE7S. En outre, notre structure met en évidence le rôle de DDX60

dans l'initiation de la traduction chez les kinétoplastides. La structure d'une sous-unité 40S native

révèle l'existence d'un facteur non caractérisé (appelé ηF) lié à la plate-forme des 40S. Le site de
liaison de ηF suggère un rôle dans le contrôle de la traduction. De plus, nous avons rapporté la

structure d’une nouvelle protéine ribosomale (-r) spécifique des kinétoplastides (KSRP) liée à la

sous-unité 40S. Notre travail pose les premières bases structurales des aspects spécifiques de

l'initiation de la traduction chez les kinétoplastides.

Kinetoplastid is a group of flagellated protozoans highly relevant to public health, which threatens

more than 400 million people world-wide. They possess unusual large rRNA expansion segments
(ES) in the 40S, such as ES6S, ES7S and ES9S and their location suggests an involvement in the

initiation process. Furthermore, all mature mRNAs possess a conserved 5¢ spliced-leader. Here, we

purified from T. cruzi cell lysates native initiation complexes and native 40S subunits that we then

analysed by cryo-EM and mass spectrometry. The structure of native initiation complexes reveals

several kinetoplastid-specific aspects of translation, such as an intricate interaction network

between eIF3 and ES6S and ES7S. Furthermore, it reveals the role of DDX60 in translation

initiation in kinetoplastids. The structure of native 40S subunits reveals the existence of an

uncharacterized factor (termed ηF) bound at platform of the 40S. The binding site of ηF suggests a

role in translational control. Moreover, we reported a novel kinetoplastid-specific ribosomal (r-)

protein (KSRP) bound to the 40S subunit. Our work represents the first structural characterization
of kinetoplastids-specific aspects of translation initiation.


