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Summary

Protein synthesis in the cell is catalyzed by the ribosome and is regulated by protein
factors that bind transiently to the ribosome during the different phases of translation-
initiation, elongation, termination and recycling. My work focussed on structural and
functional aspects of these huge (2-4 MDa) protein synthesising machines. When | started
working on this project in October 2010, a lot of structural studies had been done on the
prokaryotic ribosome, both by crystallography and by cryo electron microscopy (cryo-EM) of
functional ribosome complexes with tRNA, mRNA, and protein factors (for example
Chandramouli et al., 2008; Marzi et al., 2007; Spahn et al., 2004). However, human
ribosomes were not studied to atomic resolution because of their particularly complex
structure. Also, they are inherently difficult to prepare to high homogeneity, which is a key

requisite for high-resolution structural work.
The aim of my project was two-fold:

1. Human ribosome structure determination using X-ray crystallography and cryo-EM
to provide insights into the specific mechanism of protein synthesis and regulation, like with

respect to antibiotic side effects.

2. Elucidate the molecular mechanism of translation termination by forming in-vitro
termination complexes for cryo-EM analysis and co-crystallize the 2 eukaryotic release

factors (eRF1 and eRF3).

| established the purification of homogenous 80S ribosomes from Hela cells using sucrose
density gradients and polyethylenglycol (PEG) precipitation. The ribosomes were
characterized biophysically by Analytical Ultracentrifugation, Mass spectrometry, Multiangle

Laser Light Scattering and cryo-EM imaging and 3D reconstruction.

Human 80S samples from different preparations were frozen in the hydrated state as thin
vitreous ice films (Dubochet et al., 1988) and cryo-EM images were collected on the high-
resolution in-house Tecnai Polara F-30 electron microscope. 3D density maps were
calculated from the selected particles at a medium resolution using EMAN2 to address the

ribosome conformation and the potential presence of endogenous factors or tRNAs.



Moreover, cryo-EM was used to screen samples with modified conditions to obtain samples
with homogenous distribution on grid. With the aim of getting a high-resolution structure |
worked on the crystallization of human ribosomes. | setup crystallization trials with well-
characterized, homogenous 80S samples in drops as well as capillaries, using various screens
like PEG/Ion, Index from Hampton Research; MPD suite, PEGs suite from Qiagen. Initial hits
were obtained in capillaries with a few conditions; however, they did not diffract X-rays.
These conditions were reproduced and optimized in sitting drops after a series of trials;
since the principle of counter diffusion in capillaries is different from vapour diffusion used
in sitting drops. Plate-like crystals were obtained which diffracted at SLS (Swiss Light
Source) synchrotron up to 26 A resolution. This part of the work is described in my article
(Khatter et al., 2014) in Nucleic Acids Research, 2014, providing a very promising basis for

future high-resolution work on the human ribosome.

In the recent past, there have been interesting advances in eukaryotic ribosome studies
using crystallography (Ben-Shem et al., 2010, 2011; Rabl et al., 2010; Klinge et al., 2011) and
cryo—EM of functional ribosome complexes with tRNA, mRNA, and protein factors (Taylor et
al., 2012; Anger et al.,, 2013; Pallesen et al., 2013). Previously, our lab has worked on
prokaryotic initiation and termination of translation. Now we wanted to focus on eukaryotic
termination to reveal the interactions between the 2 eukaryotic release factors (eRF1 and
eRF3). eRF1 (Class | release factor) indentifies the stop codon and binds to the translating
ribosome, followed by eRF3 (Class Il release factor) association and release of the nascent

peptide chain.

The structures of the isolated eRF1 and eRF3, and of the eRF1/3 complex (missing the
catalytic GTPase domain) has been determined already, but N terminus and G domain of
human eRF3 have not been well studied. | cloned the eukaryotic release factors (eRF1 and
eRF3) in suitable vectors for expression in E. coli. Both the proteins were expressed, purified
to biochemical homogeneity and concentrated to 7-15 mg/ml. The interaction of the two
proteins was confirmed using Microscale thermophoresis and dissociation constant (kd) was
determined to be 150 nM consistent with values found in the literature. (yes, values were
determined to be 200nM for full erf1/3 complex, in 2010) These factors were co-crystallized,
and a few hits were obtained with protein crystals. During screening at SLS beamline

(Villigen, Switzerland), it was found that out of all these crystals obtained with different
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precipitants, only one condition with Lithium sulphate as precipitant gave diffraction up to 4
A resolution. Data sets were collected for this crystal and a few others which diffracted up
to 8 A. These crystals, for the condition with Li2504, belong to space group P412121 with 2
molecules of eRF1 and 1 copy of eRF3 in the asymmetric unit, which could be because of
eRF1 existing as a dimer in solution. Higher resolution data sets need to be obtained, but a

first molecular replacement solution has been found.

The purified ribosomes from Hela cells (Khatter et al., 2014) fulfil an essential requirement
for forming functional complexes to investigate the missing links in translation like
termination. The ribosomal termination complex was assembled using purified 80S, eRF1,
eRF3, mRNA, tRNA (uncharged) and characterized using cryo-EM. For analysis, 80 000
particles were selected and structure refined by image processing, revealing that it contains
the tRNA in the E (exit) site rather than in the P (peptidyl transferase) site. This could be due
to misplacement of mRNA or complete absence of mRNA in this structure. Also, ribosomes
exist in 2 major states, ratcheted and non-ratcheted, which is due to movement of the small
subunit, leading to heterogeneity in the sample set. The data were analysed using the image
processing softwares, EMAN2 and Relion with splitting the particle sets, to look for even a
small population which might have tRNA in P site. This is being evaluated. This structure
obtained will be analysed by fitting the structures determined by crystallography. It should
provide accurate information on the functional specificity of eukaryotic ribosomes, with a
prospect of developing specific antibiotics preferentially targeting the function of the

prokaryotic ribosome.

Alongside, in collaboration with the group of Yves Mély at the faculty of pharmacy, lllkirch,
we have been addressing the question whether interactions exist between the ribosome
and the viral proteins GAG (viral polyprotein) and NCP7 (a constituent of GAG). Hela cells
transfected with GAG or NCP7, were lysed, spun briefly to remove cell debris and enveloped
organelles (mitochondria and nuclei) and the supernatant was used for analysis. | performed
20-50% sucrose density gradients for polysome analysis and checked co-sedimentation of
ribosomes with GAG. Western blot analysis revealed co-localization of GAG with
polyribosome fractions. Even purified 80S ribosomes, when incubated with NCP7 peptide,
co-precipitated, showing that NCP7 binds to the ribosome and could be involved in its own

translational regulation.



Future Perspectives

My work on human ribosomes has established a new hybrid way of obtaining crystals for
inherently challenging molecules, based on interplay between biochemistry, cryo-EM and
crystallization assays. Sample visualisation for obtaining feedback on homogeneity and
stability of sample is a novel aspect which is important to consider for the study of complex
macromolecular assemblies in integrated structural biology. Here, it clearly highlights the
advantage of teaming up two major structural techniques, which can be used in future for

other biomolecules.

With the new in-house Titan Krios electron microscope installed recently better data sets
can be collected like in the movie mode for achieving improved structures with less number
of particles. High-resolution structure for termination complex will shed light on the exact
mode of interaction of eRF1 and eRF3 with the peptidyl transferase center (PTC) and the
decoding center, with the ultimate aim of providing insights into the molecular basis of stop

codon recognition by the class-I release factors.



Résumé de these

Dans la cellule, la synthése protéique est catalysée par le ribosome, et régulée par
des facteurs protéiques qui interagissent de maniére transitoire, pendant les différentes
phases d’initiation, élongation, terminaison et recyclage. Mon travail porte sur I'étude des
aspects fonctionnels et structuraux de cette énorme (2-4 MDa) machinerie de syntheése.
Lorsque j'ai commencé a travailler sur ce projet en octobre 2010, plusieurs études
structurales avaient été publiées, a la fois en cristallographie aux rayons-X et en cryo-
microscopie électronique, du ribosome procaryote fonctionnel, seul ou en complexe avec
des ARN de transfert (ARNt), ARN messagers (ARNm) ou facteurs protéiques (Chandramouli
et al., 2008; Marzi et al., 2007; Spahn et al., 2004). Cependant, et en raison de sa structure
particulierement complexe, le ribosome humain n’avait alors pas été étudié a résolution
atomique. De plus, sa purification homogéne —un prérequis majeur pour I'étude a haute

résolution— est tout particulierement difficile a accomplir.

Le but de mon projet était double :

1. Résoudre la structure du ribosome humain par cristallographie aux rayons-X et
cryo-microscopie électronique, afin de poser les bases structurales de la synthese
protéique et de sa régulation, par I'action d’antibiotiques par exemple.

2. Elucider le mécanisme moléculaire de la terminaison, en formant in vitro des
complexes de terminaison pour I'étude par cryo-microscopie électronique, et en

co-cristallisant les deux facteurs de terminaison eucaryotes (eRF1 et eRF3).

J'ai mis au point la purification de ribosomes 80S homogeénes, a partir de cellules
Hela, en utilisant des gradients de densité de sucrose ainsi qu’une précipitation au
polyéthylene glycol (PEG). Les ribosomes ont ensuite pu étre caractérisé par plusieurs
méthodes biophysiques, telles que l'ultracentrifugation analytique, la spectrométrie de
masse, la diffusion de lumiere-laser dynamique a plusieurs angles (MALLS) et la cryo-
microscopie électronique avec reconstitution tridimensionnelle. Des échantillons de
ribosome 80S de préparations différentes ont été congelés a I'état hydraté en fine couche
de glace vitrifiée (Dubochet et al., 1988) et des images par cryo-microscopie électronique

ont été collectées a haute résolution, sur le microscope Tecnai Polara F-30 installé dans
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notre laboratoire. Des cartes de densité tridimensionnelles, a résolution moyenne, ont pu
étre calculées a partir des particules sélectionnées a l'aide du logiciel EMAN2, pour
déterminer la conformation du ribosome et la présence potentielle de facteurs endogénes

ou d’ARNt (Figure I).

Figure I: (A) La structure en cryo-microscopie électronique du ribosome humain 80S vide et (B)
avec un ARNt dans le site E ; les deux ont été purifiés a partir de cellules Hela, a haute et faible
concentration en KCl pendant le traitement a la puromycine, respectivement ; code couleur : 40S
en jaune, 60S en bleu, ARNt en rouge.

De plus, la cryo-microscopie électronique a été mise a profit pour cribler des
échantillons dans différentes conditions, afin d’obtenir une distribution homogéne sur les
grilles. Dans le but d’obtenir une structure a résolution atomique, j’ai également travaillé a
la cristallisation du ribosome humain. J’ai mis au point des essais de cristallisation a partir
d’échantillons de ribosomes purs et préalablement caractérisés par les différents moyens
énoncés précédemment, en gouttes assises, suspendues, mais également en capillaires,
avec différents kits commerciaux de criblage (PEG/lon et Index de Hampton Research, MPD
suite et PEGs suite de Qiagen). Des premiers cristaux ont été obtenus en capillaires dans
plusieurs conditions. Cependant, ils ne diffractaient pas les rayons-X, méme sur les lignes

intenses des synchrotrons. Le principe de contre-diffusion en capillaire étant différent de
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celui de diffusion de vapeur en gouttes assises, ces conditions ont d{ étre re-optimisées
pour la mise en place de gouttes assises. Des cristaux en forme de plaques ont été obtenus,
et leur diffraction & la source synchrotron SLS (Swiss Light Source) a atteint 26 A de
résolution, illustrant la premiére obtention de cristaux du ribosome humain capables de
diffracter les rayons-X (Figure Il). Cette partie de mon travail a fait I'objet d’un article
(Khatter et al., 2014) dans Nucleic Acids Research, 2014, fournissant une base tres

prometteuse pour les futurs travaux a haute résolution sur le ribosome humain.

A B

Figure Il: (A) Premiers cristaux du ribosome humain 80S, obtenus dans les capillaires d’une plaque
de cristallisation CrystalHarp™. (B) Cristaux en forme de plaque reproduits en goutte assise,
diffractant a 26 A. La plupart sont visualisés sur leur tranche et donnent ainsi I'impression de
baguettes. (C) Le spectre de diffraction montre un réseau réciproque complet avec des
paramétres de maille d’environ a = 406 A, b=785A et c=977 A. Les cercles de résolutions affichés
sont a 23, 30 et 40 A. Le cliché montre des taches de diffraction jusqu’a 26 A de résolution.
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Récemment, des avancées intéressantes dans le domaine des ribosomes eucaryotes
ont vu le jour, grace a la cristallographie aux rayons-X (Ben-Shem et al., 2010, 2011; Rabl et
al.,, 2010; Klinge et al., 2011) ou a la cryo-microscopie électronique (Taylor et al., 2012;
Anger et al.,, 2013; Pallesen et al.,, 2013). Par le passé, notre laboratoire s’est concentré
principalement sur l'initiation et la terminaison de la traduction procaryote. Nous avons
donc souhaité faire un pas en avant et étudier la terminaison de la traduction chez les
eucaryotes, et notamment l'interaction observée entre les deux facteurs de terminaison
eRF1 et eRF3. eRF1 (facteur de terminaison de classe 1) est capable d’identifier les codons
stop et de se lier au ribosome en phase d’élongation. eRF3 (facteur de terminaison de classe

2) est alors recruté, et permet la libération de la chaine peptidique néosynthétisée.

Les structures d’eRF1 et eRF3 isolés, ainsi que du complexe eRF1/3 (sans le domaine
catalytique GTPase) ont déja été publiées, mais nous manquons d’informations concernant
I’extrémité amino-terminale ainsi que le domaine G de la protéine eRF3 humaine (Figure Il1).
J'ai donc entrepris de cloner en vecteurs bactériens les deux génes erfl et erf3. Aprés
expression en bactérie E. coli, j'ai pu isoler les deux protéines et obtenir des concentrations
de protéine pure allant de 7 a 15 mg/mL. L'interaction entre les deux facteurs a été mesurée
par thermophorese a micro-échelle et la constante de dissociation (ky) a été estimée a 150
nM. Ce résultat corrobore les valeurs décrites dans la littérature. Ces facteurs ont alors été
co-cristallisés, et quelques cristaux ont pu étre obtenus dans différentes conditions.
L'ensemble des cristaux a alors été testé a la source synchrotron SLS avec une diffraction
atteignant les 8 A de résolution et des premiers jeux de données ont été enregistrés. Apres
optimisation de tous les cristaux obtenus avec différents agents précipitants, seule une
condition avec du sulfate de lithium a permis d’obtenir une diffraction a 4 A de résolution.
Un jeu de données a donc été collecté pour ce cristal qui appartient au groupe d’espace
P4,2,24, avec deux molécules d’eRF1 et une molécule d’eRF3 par unité asymétrique. Ceci
peut s’expliquer par I'observation faite de diméres d’eRF1 en solution. Des jeux de données
a plus haute résolution sont nécessaires pour obtenir une structure plus détaillée, mais un

premier remplacement moléculaire a pu étre effectué sur ces jeux a moyenne résolution.
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Figure lll: (A) Représentation schématique des protéines eRF3 de S. pombe et humaine. (B) La
structure cristallographique de eRF1 montre les motifs catalytiquement actifs NIKS et GGQ,
marqués en rouge dans le domaine N (vert) et M (jaune), respectivement. Code d’accession PDB :
1DT9. (C) La structure cristallographique de eRF3 sans le domaine amino-terminal, montrant les
domaines 1, 2 et 3 en bleu, rose et magenta, respectivement. Code d’accession PDB : 1R5B.

Les ribosomes purifiés a partir de cellules HelLa (Khatter et al., 2014) remplissent les
conditions essentielles a la formation de complexes fonctionnels, afin d’étudier I'étape
encore mal comprise de la terminaison. Le complexe de terminaison ribosomal a été
assemblé in vitro, en mélangeant du ribosome humain 80S purifié, eRF1, eRF3, un ARNm et
un ARNt non chargé, et ce complexe a pu étre caractérisé par cryo-microscopie
électronique. Pour son analyse, 80000 particules ont été sélectionnées, et la structure,
affinée par traitement d’images, a montré que I’ARNt s’était positionné dans le site de sortie
(E) plutdt que dans le site peptidyl-transférase (P) (Figure IV). Ceci peut étre d( a un mauvais

ancrage de I'ARNm, voire son absence du complexe. De plus, les ribosomes existent

14



majoritairement sous deux états, « ratcheted » et « non-ratcheted », dus a une légere
rotation de la petite sous-unité, provoquant ainsi une hétérogénéité de I’échantillon. Les
données ont été traitées a I'aide des logiciels EMAN2 et Relion, en subdivisant les jeux de
données, afin de mettre en évidence une population, aussi minoritaire soit-elle, de
ribosomes présentant ’ARNt dans le site P. Ceci est en cours de traitement et la structure
obtenue le cas échéant sera analysée par intégration des structures cristallographiques
disponibles. Ceci devrait fournir des informations précises quant a la spécificité
fonctionnelle des ribosomes eucaryotes, avec la perspective de pouvoir développer des
antibiotiques spécifiques, ciblant préférentiellement les ribosomes procaryotes.

(A)

Meos
408
MeRF1
MeRrrF3
M E-tRNA
MeEF2

N
~ GGQloop

Figure IV: Le complexe de terminaison reconstitué in vitro, avec une courte séquence d’ARNm. (A)
Vue de coté du complexe, montrant le facteur de terminaison dans son site de liaison, eRF1 en
violet, eRF3 en rouge et I’ARNt dans le site E en vert. (B) Vue de c6té du complexe montrant eEF2.
(C) La séparation des densités électroniques montre les deux sous unités du ribosome ainsi que les
deux facteurs de terminaison. La structure cristallographique du complexe eRF1-eRF3 superposée
(code d’accession PDB : 3J5Y) montre que le motif GGQ s’oriente et pointe a I'opposé du PTC
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(Centre peptidyl-transférase). (D) La densité correspondant a eEF2 avec la structure
cristallographique superposée (code d’accession PDB : 3DNY).

Parallélement, en collaboration avec le groupe d’Yves Mély a la faculté de pharmacie
d’lllkirch, nous avons voulu répondre a I'hypothese d’interactions entre les ribosomes et les
protéines virales GAG (polyprotéine virale) et NCP7 (un constituant de GAG). Des cellules
Hela transfectées avec GAG ou NCP7, ont été lysées, brievement centrifugées pour
supprimer les débris cellulaires et les organites a enveloppes (mitochondries et noyaux)
ainsi que le surnageant ont été utilisés pour I’étude. J'ai effectué des gradients de densité de
sucrose de 20 a 50 % pour l'analyse de polysomes et vérifié la co-sédimentation des
ribosomes avec GAG. Les analyses par western blot ont révélé la co-localisation de la
protéine GAG avec les fractions de polyribosomes. De plus, les ribosomes 80S purifiés, et
incubés avec un NCP7, ont pu étre co-précipités, suggérant que NCP7 se lie au ribosome et

pourrait étre impliqué dans sa propre régulation traductionnelle.

Perspectives futures

Mon travail sur le ribosome humain a permis d’établir une nouvelle méthode
synergique pour l'obtention de cristaux dans le cadre de molécules particulierement
difficiles, basée sur l'interface entre la biochimie, la cryo-microscopie électronique et les
essais de cristallisation. La visualisation des échantillons et des particules des complexes
macromoléculaire le constituant afin d’obtenir un apercu de leur homogénéité et stabilité
est un nouvel aspect qu’il est important de prendre en compte pour I'étude de complexes
macromoléculaires en biologie structurale intégrative. Dans le cas du ribosome humain,
cette méthode montre trés clairement ses avantages, et pourra étre utilisée a I'avenir dans
le cadre d’autres biomolécules. Grace au tout nouveau Titan Krios installé récemment au
Centre de Biologie Intégrative (CBI) a 'lGBMC, de meilleurs jeux de données pourront étre
collectés, notamment en utilisant un mode d’enregistrement continu, pendant lequel le
détecteur enregistre jusqu’a dix images par seconde sous le faisceau d’électron. Enfin, la
structure a haute résolution du complexe de terminaison permettra de mettre en lumiére le
mécanisme précis d’interaction d’eRF1 et eRF3 avec le centre peptidyl-transférase et le
centre de décodage du ribosome, avec le but ultime d’apporter la réponse a la

reconnaissance moléculaire des codons stop par les facteurs de terminaison.
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1.1 Overview of translation

The genetic information in a cell is stored in the DNA and it must be “read” to
synthesise proteins. The double stranded DNA acts as a template, during transcription, to
generate RNA. The RNA, synthesised by RNA polymerase (RNA pol), is required for the next
step of translation to manufacture proteins. These two processes of transcription and
translation comprise the central dogma in molecular biology. Three types of RNA are
synthesised by their respective RNA polymerases (RNA pol). RNA pol Il synthesises
messenger RNA (mRNA). This mRNA dictates polypeptide sequence to be created by
ribosome, as it is coded so that every three nucleotides of mRNA correspond to an amino
acid. Transfer RNA (tRNA), produced by RNA pol Ill, carries specific amino acids to be
incorporated in the growing peptide chain. And lastly, ribosomal RNA (rRNA), transcribed by
RNA pol I, forms the catalytic component of the massive macromolecular machine called

ribosomes.

Ribosomes are composed of two subunits, each possessing rRNA and protein
components. Both subunits harbour specific centres to achieve this humongous and highly
regulated task of polypeptide formation. The peptidyl transferase centre (PTC), where the
peptide bond is formed; GTPase associated centre (GAC) where several GTP-binding factors
hydrolyse GTP to provide a kinetic control mechanism for this process and the peptide exit
tunnel which forms a conduit for nascent peptide chain passage; are present in the large
subunit (60S/50S). The small (40S/30S) subunit possesses the mRNA channel for associating

with mRNA and the decoding site where mRNA is recognised by tRNA.

The tRNA binding on the ribosome is compartmentalised into three (aminoacyl (A),
peptidyl (P), and exit (E)) sites depending upon the state of the tRNA bound. The A-site
binds the tRNA charged with an amino acid while the P-site tRNA carries the growing
peptide chain and the E-site has the uncharged tRNA, ready to exit from the translation
machinery. Each of these sites is partly present in both the subunits, which build upon
assembly of the full ribosome. The presence of tRNA at each of these sites is annotated as
A/A, P/P and E/E, with the first symbol denoting to the contact with the small subunit and

second referring to the large subunit.
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Figure 1: Scheme depicting translation cycle. In bacteria (on the left) and in eukaryotes (on the
right). Adapted from Melnikov et. al., 2012.

Protein synthesis is an intricate process that combines high speed with high fidelity
(Green & Noller, 1997). It is broadly categorised into four stages, initiation, elongation,
termination and recycling. Initiation is the rate-limiting step as it requires start codon
recognition by the small subunit (Fig. 1). Once the ribosome has assembled at the start site
with the AUG start codon in the P-site, the charged aminoacylated tRNA is delivered by an
elongation factor and there begins the next phase of translational elongation. It involves
aminoacylated tRNA selection, peptide bond formation (Rodnina et al., 2006), tRNA-mRNA
translocation (Frank et al., 2007; Spirin, 2009) in a repeated fashion until a stop codon is

encountered in the A-site. The stop codon (UAG, UGA or UAA) recruits release factor instead
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of tRNA which allows the release of the newly synthesised nascent peptide chain
(Youngman et al., 2008). Finally, the 2 subunits are dissociated in the recycling step
(Franckenberg et al., 2012) making them available for the next translation cycle. This basic
mechanism of the protein synthesis is conserved across species, but there are stark
differences in regulation and certain steps like initiation, associated with the higher

complexity of life.

1.2 Key players in translation

The translation machinery requires RNA and protein components. RNA is synthesised as a
single stranded molecule which can form secondary structures by folding over and forming
hairpin loops. These structures are stabilised by intramolecular hydrogen bonds formed

between the complementary bases (A:U, G:C), as observed for all three types of RNA.

mMRNA is primarily composed of coding sequences that carry genetic information for
sequence of protein to be synthesised. In addition, there are stretches of non-coding or
untranslated regions at the 5’- and 3’- ends. Prokaryotic mRNA is ready for translation
immediately after transcription. However, in eukaryotes its post-transcriptional processing
differs from prokaryotes. The eukaryotic mRNA must undergo 5’-cap addition, splicing and
3’-polyadenylation (Fig. 2A). The 5’ cap is a modified guanine (7-methylguanosine) residue,
added co-transcriptionally to the first nucleotide with 5-5’-triphosphate bond, which is
essential for ribosome recruitment. Furthermore, as soon as mMRNA is completely
transcribed, about 250 adenosine residues are added to the 3’ end to allow export of the
MRNA from the nucleus. 5’ cap addition and polyadenylation also ensure that mRNA is not
degraded in the cell by nucleolytic enzymes. Finally, it might contain some non-coding
stretches (introns) in the open reading frame which are cleaved off from the pre-mRNA,
during splicing. The protein-coding sequences are then joined, completing the processing

phase.

tRNA acts as an adaptor molecule linking the nucleotide sequence to the amino acid. The
single strand of tRNA loops back on itself to form a “clover leaf” secondary structure and
compacts further to form 3D L-shaped structure (Holley, 1965; Holley et al., 1965) (Fig. 2B).

Each of the 3 loops of tRNA has a structure-function association. The anticodon loop
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possesses the 3 nucleotides that correspond directly with its specific mMRNA codon. The D-
loop and the TYC loops are signified by modified uracil bases, dihydrouridine and
pseudouridine, respectively (Dudock et al., 1969). The 3’ end has an unpaired CCA sequence,
which is added by CCA-adding enzymes (tRNA nucleotidyl transferases) during maturation
(Deutscher and Ni, 1982). This CCA end is a prerequisite for aminoacylation and is
recognised by the enzyme, aminoacyl tRNA synthetase which charges the tRNA with its
amino acid (Xiong and Steitz, 2006). For each amino acid to be linked to the tRNA, a single
aminoacyl tRNA synthetase exists in a cell.

Cap| Start Stop

(‘ ‘)
5 Codini SQq“.nc' CDS ' UTR 3
5 UTR ing ‘ , Ju Poly-A

------- CCAtail
3 4 Il _ .
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c NH3
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c&e
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Intramolecular

base-pairing Anticodon
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mRNA & G-C-C 3

Figure 2: mRNa and tRNA. (A) Pictorial representation of eukaryotic mRNA. tRNA structure (B) 2D
(C) 3D L —shaped, the inset shows the colour coding for different loops.

In prokaryotes, the fMet-tRNA charged with (N-formyl methionine) and in eukaryotes the
Met-tRNA charged with methionine are the first residues to be delivered in synthesis of

protein coded by AUG start codon on the mRNA (Marcus et al., 1970).

Factors: Translation is regulated by protein factors that bind transiently to the ribosome
during the different phases (Table 1). Initiation is regulated by only three factors in
prokaryotes (IF1, IF2 and IF3) (Jackson et al., 2010; Myasnikov et al., 2009) as compared to
ten factors in eukaryotes. Each of these prokaryotic factors have eukaryotic equivalents,

elF1A, elF5B and elF1, performing similar functions (Eiler et al., 2013) (Table 1). elF1 and
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elF1A are recruited during the recycling phase to the small ribosomal subunit. They allow
the appropriate translation initiation site and the start codon selection during scanning on
the mRNA (Martin-Marcos et al., 2011). elF5B accelerates 60S-40S subunit joining. On the
other hand, elF6 is a unique anti association factor, which binds to the 60S and prevents its
joining to the 40S. elF2B promotes GDP-GTP exchange on elF2. The rest of the eukaryotic
initiation factors are majorly involved in either mRNA recruitment (elF4, elF3 and PABP) or
assist in delivering Met-tRNAi to the 40S subunit (elF2 and elF5) apart from performing
other important functions. elF4A, a helicase, forms a component of elF4F and allows
unwinding of the 5’ region of mMRNA and attachment of the pre-initiation complex to mRNA;
elF4B like elF4H is an RNA binding protein that enhances the helicase activity of elF4A
(Hinnebusch, 2011). These factors make initiation in eukaryotes a complicated and a highly
regulated process.

Table 1: Canonical protein factors involved in translation. The factors performing similar functions
are present in the same line.

Step in Factorsinvolved in Factorsinvolved in
translation | prokaryotictranslation eukaryotictranslation

Initiation IF1 elF1A
IF2 elF5B
IF3 elF1
elF2
elF2B
elF3
elF4
elF5
elF6
PABP
Elongation  EF-Tu eEF1A
EF-G eEF2
Termination RF1and RF2 eRF1
RF3 eRF3
Recycling RRF ABCE1
EF-G
Pelota
eRF1
elF3
elF1A
elF1

During elongation eEF1A (EF-Tu in bacteria) delivers the aminoacyl tRNA to the A-site

while eEF2 (EF-G in bacteria) provides directionality to the tRNA movement from A to P site
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and prevents tRNA from back translocation (Voorhees and Ramakrishnan, 2013). Also, each
of these steps has at least one GTPase-associated factor (elF2, eEF1A, eRF3) which, most
likely, fulfils the energy requirement for translation. The role of release and recycling factors

is discussed in section Ill.

Ribosome forms the hub of translation. It is a highly versatile machine which allows
recruitment of all these components in a stepwise manner and actively participates in all the
steps. In its fully assembled 70S or 80S form it coordinates two major activities of mRNA

decoding and peptide bond formation. Below, its structure is discussed in detail.

1.3 The prokaryotic ribosomal structure

Ribosomes are about 20nm in diameter and range from 2-4 MDa in molecular
weight, with protein and rRNA components present in 2:1 ratio in prokaryotes as well as
eukaryotes. The two subunits have disproportionate component distribution. The small
ribosomal subunit possesses a single rRNA chain while the large subunit possesses two rRNA
chains in prokaryotes and three rRNA chains in eukaryotes. The overall composition of
ribosomes was determined by biochemical studies. However, providing insights into the
structural aspects and how these components organise themselves to carry out translation,
the two major structural techniques were used cryo-electron microscopy and

crystallography.

Like biochemical studies, structural studies on ribosome complexes also involve
several technical hurdles and challenges that needed to be overcome. In the context of
crystallography, starting from obtaining a homogenous sample to solving the structure,
every step had to be optimised to obtain structure of this huge MDa machine. Due to the
presence of several flexible components and rRNA that is highly prone to degradation,
obtaining crystals of this huge complex was and continues to be a major challenge.
Moreover, the lifetime of crystals in an X-ray beam and collecting useful data sets are
another issue. The advent of cryo-crystallography technique and synchrotron facilities for X-
rays facilitated the acquisition of complete datasets. Interpreting this diffraction data

represents another challenge in terms of model building.
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For solving any structure by X-ray diffraction a “phase problem” is encountered. The
detectors record the intensity of diffracting x-rays, but miss out on recording the phases.
Adding heavy atoms to the crystal, allows determining the phases with respect to the
relative position of the atoms in the crystal. But the diffraction power of single heavy atoms
is too low compared to the size of the ribosome. Special heavy metal clusters like W18
containing about 2000 atoms came to the rescue as they could be detected in Patterson
difference maps (Ban et al., 1998; Ban et al., 2000). In addition, the low resolution electron
density maps from electron microscopy were then used to obtain phases at low resolution
and further, to localise heavy atom sites and perform phase extensions towards high

resolution (Cate et al., 1999; Yusupov et al., 2001).

. Central
. protuberance

Figure 3: Structural landmarks of the two subunits. The 50S subunit is coloured grey and 30S
yellow. The A- P- and E- site tRNAs are coloured in green, blue and yellow respectively. PDB codes:
2WDL, 2WDK.

Using these technological advances, in the first 2 years of the 21% century, several
ribosome structures (Ban et al., 2000; Clemons et al., 2001; Nissen et al., 2000; Noller et al.,
2001; Yusupov et al., 2001; Yusupova et al., 2001) were published. They revealed that rRNA
dominates the functionally important regions such as the PTC, GAC, decoding site for mRNA
and the subunit interface. The rRNA is the major workhorse, and is crucial for polypeptide
synthesis while the proteins form the scaffold, justifying application of the term ribozyme

(RNA based enzyme) to ribosome (Steitz and Moore, 2003).
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The two subunits of this ribozyme have characteristic features. 50S has 3 signature
points (Fig. 3); central protuberance (CP), the flexible L1 and L7/L12 stalks (Ban et al., 2000)

and its rRNA can be divided into seven domains (including the 5S rRNA as domain VII).
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Figure 4: 2D RNA map for the 16S rRNA. The domains are marked in the 16S rRNA.

While the 16S rRNA of the small subunit can be divided into four domains (Fig. 4) and

is characterised by the following structural landmarks (Wimberly et al., 2000):
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e body (and spur or foot) composed of 5’ and 3’ minor (h44) domains with proteins
rpS4, rpS5, rpS12, rpS16, rpS17 and rpS20;

e the head composed of the 3’ major domain and rpS2, rpS3, rpS7, rpS9, rpS10, rpS13,
rpS14 and rpS19;

e The platform made by interaction of central domain with rpS1, rpS6, rpS8, rpS11,
rpS15 and rpS18.

Both subunits need to act in a synchronised manner for translation. Several interface
contact points exist between these subunits called bridges which convey the “message”
from one subunit to the other. These bridges are highly dynamic to allow conformational
rearrangements to the components of this huge machinery, without breaking the two

subunits apart.

1.3.1 Unravelling the ribosome

Crystal and cryo-EM structures of ribosomes have been determined in a variety of
states with mRNA, tRNA, factors and antibiotics (Beckmann et al., 2001b; Chandramouli et
al., 2008; Gao et al., 2003; Halic et al., 2004; Klaholz et al., 2004a; Klaholz et al., 2003;
Nilsson et al., 2004; Simonetti et al., 2008; Spahn et al., 2001; Spahn et al., 2004a; Wilson et
al., 2005; Yusupova et al., 2001). They have led to a deeper understanding of this machinery
and mechanism of translation, down to the residues involved in every step. Below is a

domain-by-domain description of the ribosome catalysis.

1.3.2 Decoding centre

At the interface of the small subunit is the decoding centre where the codon-
anticodon interactions take place. The binding of the correct aminoacyl tRNA to A site, as
dictated by the mRNA, followed by GTP hydrolysis by EF-Tu, dissociation of the factor and
the final movement of the tRNA into PTC is called accommodation and is the rate-limiting
step in elongation. There are three universally conserved residues in 16S rRNA, A1492,
A1493, G530 (E.coli numbering) and protein S12 involved in the recognition of these

interactions (Ogle et al., 2001).

In the vacant ribosome A1492 and A1493 appear to be stacked in h44 of the 16S
rRNA. It was initially observed that on encountering a cognate tRNA these residues undergo

conformational changes. A1492 and A1493 flip out from h44, but retain stacking interaction
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with each other while contacting the minor groove of the first two basepairs (codon-
anticodon minihelix) while at the third (wobble) position the interactions are weaker, in
accord with genetic code degeneracy (Ogle et al., 2001). G530 undergoes a change of
conformation from syn to anti, allowing it to probe minor groove of the second and third
base pairs. Residue A1913 of 23S rRNA interacts with the codon—anticodon helix (Selmer et
al., 2006).

But lately, new structural insights have been obtained wherein, these
conformational changes in the decoding centre with the A1492, A1493 and G530 residues
were induced not only upon cognate or near-cognate tRNA binding (Demeshkina et al.,
2012). Instead, it was shown that these residues react in an exact similar way to near-

cognate tRNA as well.

(A) Vacant 70S (B) Preformed decoding center

S i
. PRNA 5"

A1913 A1913

A1493
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Figure 5: Decoding by the ribosome. (A) and (B) show the conformation of the universally
conserved residues at the decoding centre, in the absence and presence of a cognate or near-
cognate tRNA. (C) Depicts the formed or closed state of the centre. The discrimination of cognate,
near-cognate tRNAs and non-cognate tRNAs is suggested to be based on the energy cost imposed
by a rigid decoding centre, stressing on Watson-crick (WC) geometry. Adapted from (Demeshkina
et al., 2013).
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Moreover, the resulting rigid conformation of decoding centre is enforcing Watson-
Crick geometry upon the codon-anticodon duplex. Therefore, in the enhancement of the
previous induced-fit hypothesis (Schmeing et al., 2005b), the ribosome undergoes
conformational changes upon tRNA binding and these very changes are needed to restrain
codon-anticodon duplex geometry to force discrimination between cognate, near-cognate

or non-cognate tRNA (Fig. 5) (Demeshkina et al., 2013).

Furthermore, the tRNA at the A-site adopts conformation that features a bend at the
anticodon stem, thus facilitating interaction between the decoding centre and the factor
binding site where EF-Tu is bound. This allows GTP hydrolysis and release of EF-Tu on
correct codon-anticodon recognition. In turn, the tRNA relaxes to its open conformation into

the PTC (Schmeing et al., 2009).

The energy of these interactions with cognate as well as near-cognate tRNA induces
30S domain closure, moving the shoulder domain of the 30S towards the neck by ~3A in 705
ribosome complex with tRNA in A, P and E sites (Jenner et al., 2010). This “domain closure”
was also observed in studies with isolated 30S complexes but to a larger extent with
rotation of head towards the shoulder of the small subunit. Nevertheless, this rate of
“domain closure” tends to dictate the accuracy of the peptide incorporation, as mutations
that facilitate this movement have been observed to decrease its accuracy whereas

mutations that slow down “domain closure” increase the accuracy (Ogle et al., 2002).

In case, a non-cognate tRNA is delivered to the A-site, it will not undergo
accommodation due to its weaker interactions with the decoding centre. This will prevent
hydrolysis of GTP associated with its EF-Tu and thus, will result in tRNA release. This
proofreading step of accommodation and domain closure contributes to the high fidelity of

ribosomal protein synthesis (Wohlgemuth et al., 2010).

1.3.3 The peptidyl transferase centre (PTC)

This centre in the large ribosomal subunit is formed by 23S rRNA residues U2506,
G2583, U2584, and U2585 (E.coli numbering). No metal ion or ribosomal protein is directly
involved in the catalysis of the peptide bond formation. The first requirement to proceed
towards peptide bond formation is the proper positioning of the two substrates; the

incoming aminoacyl tRNA and the tRNA in the P-site harbouring the growing peptide chain.
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With tRNA present in the P-site, the 2’-hydroxyl group of the A76 residue functions
as a vital proton shuttle in substrate-assisted catalysis (Weinger et al., 2004). The a-amino
group from the incoming charged tRNA in A-site gives the proton to the 2’-hydroxyl group of
A76 which in turn, provides a proton to the leaving 3’-hydroxyl group of tRNA on completion
of peptide bond formation (Fig. 6). The tetrahedral transition state stabilization is possible
by hydrogen from the polar water molecule, coordinated by rRNA bases. The details,

however, are subject to debate.

Also, some proteins have been implicated in aiding the process of peptide bond
formation. The N-terminal tail of RPL27 is ordered in the PTC where it interacts with the
tRNA substrates. And RPL16 interacts with the acceptor arm of A-site tRNA and becomes

ordered in structure.

In order to prevent erroneous peptide hydrolysis, the ester linked carbonyl carbon of
the peptidyl tRNA is protected from nucleophilic attack via water molecules by U2585,
A2451 and C2063 bases of 23S rRNA. Also, to prevent intramolecular transesterification
from 3’- to 2’-oxygen, 2'-hydroxyl group of A2451 may be essential (Lang et al., 2008).

However, no rRNA residue has been shown to be directly involved in this catalysis.

O-31RNA 0 O-3-RNA 0 HO-3tRNA
H O H A2 " .
: Deacylated tRNA
PR C\'NH - Pop-h UG Pep-N- O~ S P site
R ° 0-34RNA R )\n/o-s'-tRNA R o O3-RNA
" : " Pepdidyl tRNA
Pepdidyl tRNA O Amino acyl tRNA @) @) b A sith

in P site in A site Tetrahedral Intermediate

Figure 6: Peptidyl transferase reaction. Nucleophilic attack of the a-amino group of the aminoacyl
tRNA at the A-site on the carbonyl carbon of the peptidyl-tRNA at the P-site. Adapted from
(Carrasco et al., 2011).
1.3.4 Peptide exit tunnel

The growing peptide chain passes through a 80 A long and 10-20 A wide, universally
conserved tunnel (Nissen et al., 2000) in the large ribosomal subunit. The tunnel, like other
active sites of ribosome, is predominantly composed of rRNA core and some protein
components. RPL4, RPL22 along with a bacteria-specific extension of RPL23 and the

23SrRNA segments form the tunnel wall in bacteria. RPL39e replaces the RPL23 near the
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tunnel exit in eukaryotes (Harms et al.,, 2001). RPL4 and RPL22 form a constriction of the

tunnel in both 50S and 60S, about 30 A downstream from the PTC.

Upon emerging on the solvent exposed side, the nascent polypeptide chain interacts
with several proteins like chaperones and post-translational modification enzymes (Berndt
et al., 2009). In bacteria, a deformylase enzyme binds at the N-terminus of the emerging
peptide to cleave off the formyl group bound to the first Met residue. It is recruited to the
ribosome by RPL32, present on the exit side of the peptide channel. A trigger factor (a
bacterial protein chaperone) is known to interact with RPL23 and RPL29 at the end of the
tunnel to assist in proper folding. In eukaryotes, L31e is present instead of RPL32 which
interacts with protein Zuotin in yeast (Ben-Shem et al., 2011). Zuotin is a part of eukaryote-

specific chaperone complex and is involved in co-translational folding.

Moreover, the ribosome-nascent chain complex, as a whole, can be targeted to
protein conducting channel in the membrane of cellular components like mitochondria and
the endoplasmic reticulum. This happens only if the protein being synthesised expresses a
signal sequence in the nascent peptide chain. This signal sequence is recognised by SRP

(Signal recognition particle) thus, directing the targeting of the complex to its destination.

Functionally, the tunnel was initially considered as an inert conduit for the peptide.
Lately, it has been shown that the tunnel might be involved in protein folding (Lu and
Deutsch, 2005) and translational regulation (Tenson and Ehrenberg, 2002). It has an overall
electronegative potential that might allow stalling or reducing translation by interacting
with long stretches of positively charged residues, such as arginine or lysine. Eukaryote-
specific insertion of RPL4 and RPL17 allow contact with the fungal arginine attenuator
peptide (AAP) and the human cytomegalovirus (hCMV) peptide chains in 80S affecting their
rate of translation (Bhushan et al., 2010), while in prokaryotes RPL22 mediates translation
stalling interactions (Seidelt et al., 2009). This translation pausing could be a method for
regulating translation, ensuring efficient membrane targeting of certain proteins and in
some cases in prokaryotes, confirming the correct splice variant to be translated (due to

coupling of transcription and translation).
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1.4 Structural dynamics and coordinated ribosome movements

During translation, this giant ribonucleoprotein complex needs to be flexible and
dynamic enough to allow binding of factors, tRNA and mRNA translocation. The biochemical
and footprinting experiments, in the late 1980’s, first suggested that intersubunit
movements allow translocation in two steps. The first step involves movement of tRNA to
form a hybrid state where the anticodon stems of the two tRNAs are still in A- and P- sites,
while their peptide terminals have moved to the P- and E-sites, depicted as A/P and P/E,
respectively. These hybrid intermediate configurations serve in lowering the activation
barrier for translocation (Dorner et al., 2006). Subsequently, the second step, catalysed by
an elongation factor, allows their movement completely to P-and E-sites, coupled to mRNA

movement on the 30S (Moazed and Noller, 1989; Spirin et al., 1987).

The two ribosomal subunits act in a coordinated fashion to allow rotation and
swivelling of the small subunit, relative to the large one, thereby ensuring translocation of
MRNA and tRNAs. Using cryo-EM studies and solution FRET analysis, the small subunit was
observed in a different conformation on binding EF-G (Chen et al., 2013). Frank and Agrawal
showed that the small subunit rotates counter-clockwise with respect to the large subunit
during translocation, giving rise to the ratchet like mechanism of translocation (Frank and
Agrawal, 2000). On ratcheting, the L1 stalk moves by 40 A, the small subunit body/platform
rotates by 5-8° and the head undergoes 12°-15° swivel-like rotation (Fig. 7) (Connell et al.,
2007; Spahn et al., 2004a).

In order to allow this intersubunit movement, intersubunit bridges at the extremities
are disrupted while those located near the rotation axis (B2a-c, B3, B5, B7a) are essentially
maintained (Gao et al., 2003). Later spontaneous fluctuation between this hybrid and
classical states was observed for ribosomes containing deacylated tRNA in the P-site, even in
the absence of EF-G (Cornish et al., 2008). Binding of the factor and movement of the
acceptor stem of deacylated tRNA into E-site seems to stabilise the rotated, hybrid state.
This rotation has been seen not only for EF-G, also other GTP binding factors (IF2, EF-G, RF3
and RRF and their eukaryotic orthologs), which makes it a universal mechanism for all the

steps of translation (Allen et al., 2005; Gao et al., 2005; Klaholz et al., 2004b).
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Intersubunit movement is synchronised with the rotation of the head of the small
subunit (Connell et al., 2007; Gao et al., 2003). During the first step of translocation, the
head rotates by 12°, in order to prevent breaking apart of the contacts between tRNA and
ribosome. Interestingly, an additional movement of the head is predicted for the second
step of translocation to create about 20 A space for anticodon stem loop of tRNA to pass

from P- to E-site (Schuwirth et al., 2005). This movement is reversed, on binding of mMRNA

and tRNA to the P-site, leading to classical pre-translocation state (Berk et al., 2006).

(Head

Platform

[ el
GTPase
center

Figure 7: Intersubunit movements. The arrows indicate major conformational rearrangements in
ribosome including rotation of 30S body and swivelling of the head. On the 50S the L1 proteins
form the dynamic cluster. 50S and 30S PDB codes: 2WDL, 2WDK.

On the large subunit, L1 and L11 stalks are the most flexible regions. L1 stalk
comprises RPL1, helices H76, H77 and H78 of 23S rRNA and has been observed in “closed”
and an “open” conformation. The L1 stalk moves 30-40 A inwards as compared to an open
conformation in the presence of E/E site tRNA (classical state). In the P/E hybrid state it
moves 15-20 A further closer to the small subunit (closed) conformation. To allow the
release of the deacylated tRNA from the E site, it moves to an open conformation. L11 stalk
is associated with the GAC, on the opposite side of the 50S from L1 stalk. It is composed of
helices 42, 43 and 44 of 23S rRNA and protein L11. L11 has been observed in an “inward”
and an “outward” position (Stark et al., 1997; Stark et al., 2000) in ribosome structures with

tRNA.
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Apart from these global and easily noticeable movements, there exist local
rearrangements like in the PTC and the decoding centre, making ribosome a highly
adaptable entity. Moreover, these conformational changes during translation and the
various translational active sites composing PTC, decoding centre, sites for tRNA binding,
GAC and the peptide tunnel are similar and conserved in ribosomes from all domains of life

as elaborated with eukaryotic ribosome structure in the next section.
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1.5 Eukaryotic ribosome and its biogenesis

The eukaryotic ribosomes are considerably larger as compared to their prokaryotic
counterparts (Table 2), probably representing a higher level of regulation due to

compartmentalization and increasing complexity at the cellular level.

Prokaryotes Eukaryotes (Mammalian)

2.3 MDa 4.3 MDa in humans
54 proteins and 3 rRNA 80 proteins and 4 rRNA
50S 40S 60S 408
33 proteins 21 proteins 47 proteins 33 proteins
23S rRNA 16S rRNA 28S rRNA 18S rRNA
5S rRNA 5.8SrRNA

5S rRNA

Table 2: Composition of prokaryotic and mammalian ribosomes.

Their synthesis is a multi-step, error-prone process. It requires coordinated activity
of more than 200 non ribosomal trans-acting factors (Warner, 1999). Ribosome biogenesis
starts in the nucleolus where the rRNAs components are synthesised. Except for 55 rRNA,
the rest of the three rRNA components are synthesised by RNA Pol | from a single
transcription unit. The fourth rRNA (5S) requires RNA Pol Ill. Most of these pre-rRNA
transcripts are cleaved co-transcriptionally and loaded with a set of proteins, generating

pre-40S and pre-60S ribosomes (Kos and Tollervey, 2010).

However, in some cases, a full-length transcript (35S) is generated and assembled
into a 90S pre-ribosome. This 90S particle contains no large subunit proteins and upon
cleavage of its rRNA component, it releases the pre-40S particle that follows a maturation
pathway independent of the large subunit assembly (Fig. 8) (Grandi et al., 2002). Various
trans-acting factors assist the functionally inactive pre-60S and pre-40S to exit the nucleus
via the nuclear pore (Nissan et al., 2002). In exponentially growing yeast cells, about 30 of
these pre-ribosomes are exported every second, depending upon nutrient availability
(Warner, 1999). Also, during maturation, the crucial aspect is the nucleo-cytoplasmic
partitioning of the events. For example, the acquisition of 40S beak most likely occurs once

pre-40S has reached the cytoplasm (Schafer et al., 2006). Finally, as observed for most
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cellular pathways, several GTPases and AAA-type ATPases ensure recycling of the factors
involved in late maturation steps (Ulbrich et al., 2009). Nevertheless, the identity and

function of many participating factors (unclassified factors in Fig. 8) still remains to be

determined.
A
A
m Gppp
Key:
Ribosome synthesis factors
X Surveillance complexes

Cleavage enzymes (endo- & exoRNases)

® SSU-processome modules
Unclassified pre-40S synthesis factors

® LSU-processome modules

O Unclassified pre-60S synthesis factors

® U3 snoRNPs and other processing snoRNPs

® RNA modification enzymes (RNA methyltransferase, pseudouri-
dine synthase)

® Modification snoRNPs

. Pro(em modiacahon enzymes (kinases, phosphatases, ubiquitin

conjugation systems, cis-prolyl-isomerases, etc)
e Remodebng and recycling activities (AAA ATPases, GTPases,

© Transpon ladors (intranuciear and nucleo-cytoplasmic)
@ Ribosomal protein-like and translation factor-like proteins
RNA binding domain proteins (KH, S1, etc)

Figure 8: Ribosome biogenesis. The actively transcribed rDNA unit is depicted as a reminiscent of
its visualization by Miller chromatin spread (Scheer et al., 1997), with the “trunk” (brown)
representing the rDNA locus and the “branches” (green) corresponding to nascent pre-rRNA
transcripts. The pre-40S and pre-60S entities exit the nucleus via the nuclear pore (marked in
green) and the rest of the maturation takes place in the cytoplasm. Several ribosome synthesis

factors are colour coded as indicated in the key. Adapted from (Lafontaine, 2010) with some
changes.
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1.6 Eukaryotic ribosome structure

Despite several ground-breaking studies on ribosome crystal structures, the atomic
structure of eukaryotic ribosome has been an enigma until a few years ago. At the time we
started this project, only the yeast ribosome crystal structure was known at 4.15 A
resolution (Ben-Shem et al.,, 2010). However, single-particle cryo-EM had been the
favourable approach for the higher eukaryotic structures. This could be due to the inherent
flexibility of these ribosomes which is a hindrance for crystallization. Nevertheless, these
studies for canine (Chandramouli et al., 2008), human (Spahn et al., 2004b), wheat germ
(Becker et al., 2009) ribosomes have helped in localization of eukaryote-specific proteins like
RACK1, S19e on the SSU and L30e on the LSU; and some part of the rRNA additional

nucleotide clusters called as expansion segments (ES).
The landmark for these studies was achieved in the past 3 years.

Crystal structures:

The yeast ribosome structure at 3 A (Ben-Shem et al., 2011)

Structures of the large and small ribosomal subunit of Tetrahymena thermophila at 3.5 A

and 3.9 A respectively (Klinge et al., 2011; Rabl et al., 2011).
Rabbit 40S complex at 11 A (Lomakin and Steitz, 2013).

Single particle cryo-EM structures:

Wheat ribosome structure at 5.5 A (Armache et al., 2010)

Trypanosoma brucei ribosome structure at 5 A (Hashem et al., 2013)

Human and Drosophila melanogaster ribosome structures at 5.4 A (Anger et al., 2013)
Yeast ribosome bound to CrPV IRES structure at 4 A (Fernandez et al., 2014)

Yeast mitoribosomal large subunit at 3.2 A (Amunts et al., 2014)

Pig ribosome structure bound to Sec61 complex at 3.4 A (Voorhees et al., 2014)
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Technically, it is interesting to note that so far, high-resolution crystal structures
have been reported only for single-celled eukaryotic ribosomes. For mammalian ribosome
structural studies, obtaining a highly homogenous, crystallisable sample still remains a
major hindrance. In contrast, the leap from sub nanometre resolution to attaining close to
atomic resolution in cryo EM studies shows how the two techniques complement each
other. Even with inherent plasticity in the sample, the latter allows obtaining detailed
structural information of the sample. This advancement in resolution has been made
possible due to new softwares and highly stable equipments for data collection nowadays

(detailed in methods section).

Bacterial 70S

75°C

Eukaryotic 80S

Figure 9: Conservation of the ribosome core in different domains of life. In grey is the bacterial
ribosome core, in blue the yeast specific protein and RNA addition, in orange the RNA-RNA layer
consisting of rigid RNA moieties specific for mammals and in red the highly flexible RNA expansion
segments specific for mammalian ribosomes. Adapted from (Anger et al., 2013).

These structures emphasise the conservation of ribosome core in all domains of life.
On comparison of yeast, human and bacterial ribosomes, it was established that the central

part of the ribosome possesses a conserved protein-RNA structure (Anger et al., 2013). The
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species-specific addition of RNA and proteins are majorly on the solvent exposed sides (Fig.

9), as explained in the next paragraphs.

1.6.1 Eukaryotic ribosomal proteins

The eukaryotic ribosome has 13 eukaryotic specific proteins, 35 proteins with
bacterial homologues and 32 with only archaeal homologues. Moreover, most of the
conserved proteins have eukaryote-specific extensions extending from the globular core of
the protein, which aid in long-distance interactions (50-100A) as observed for S5, L4, L7,
and L30 proteins. The interesting aspect is the intertwined interaction of expansion
segments (ES) with ribosomal proteins which do not exist in prokaryotes. Instead, they have
simple tertiary protein-RNA interactions mediated by positively charged extensions of
ribosomal proteins. These ES-protein interactions tend to stabilise the RNA segments, like

for ES7L interacting with RPL28e.

In addition, some proteins form a network of interactions with their eukaryote-
specific extensions, like RPL21e. It forms secondary structure elements (intermolecular
shared B-sheets) with RPL30, RPL7 and RPL18A; and it anchors ES12 on the surface of 60S
subunit thus, sandwiching ES12 along with eukaryote-specific protein RPL29. RPL18A also
stabilises ES39 and its associated proteins (Klinge et al., 2011). Also, it forms a cradle with
RPL14 oriented towards ES39 and a eukaryotic specific extension of RPL13A. RPLS6,
positioned on the top of ES39 contacts ES7 and ES39m and forms inter-protein shared -

sheets with RPL14e (Ben-Shem et al., 2011).

Structurally, several proteins have conserved domains involved in keeping this huge
protein-RNA moiety together. Proteins like RPL6, RPL13A and RPL14 possess SH3 (Src
homology 3) domains characterised by a B-barrel fold that consists of five or six B-strands
arranged as two tightly packed anti-parallel B sheets. These SH3 domains are used for both
protein-protein as well as protein-RNA interactions forming eukaryote-specific clusters.
Furthermore, four zinc-finger (ZnF) proteins, rpS26e, rpS27e, rpS29e and rpS31e, have been
identified in the small subunit. rpS29e is a close homologue of spS14p (bacterial) and is
embedded in the core while the other three proteins have archaeal homologues (Lecompte

et al., 2002). Another protein of the small subunit, rpS26e displays a unique fold related to
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Zn-F domains termed as FYVE domain (characterized by two small B hairpins, followed by an

a-helix). This domain might be involved in 3’-end processing of 18S rRNA (Rabl et al., 2011).

Quite a few of the ribosomal proteins participate actively in ensuring proper
biogenesis. rpS27a, located at the beak of the 40S, is expressed as a ubiquitin-fusion protein
(Lacombe et al., 2009). The cleavage of ubiquitin is a prerequisite for proper ribosome
function, in the absence of which it would prevent tRNA binding due to steric hindrance.
RPL40 similarly possesses a ubiquitin domain at its N-terminus (Lacombe et al., 2009). The
a-sarcin-ricin loop (SRL) and elongation factor binding site are present in close proximity of
RPL40. In the absence of ubiquitin cleavage it would sterically block this site. This regulation

mechanism averts immature ribosome assembly (Klinge et al., 2011).

Some eukaryotic proteins are similar to the prokaryotic proteins, like rpSle which
substitutes for bacterial rpS6p and rpS18p proteins. It consists of an N-terminal B-barrel
domain related to rpL33p and a C-terminal, a/B domain resembling rpS6p. However, rpSle
is shifted in position along the RNA as compared to its position in prokaryotic ribosomes,
and is in contact with ES7 stabilizing its conformation (Rabl et al., 2011). Another protein
with conserved structure is rpSée. It possesses a B-barrel domain at its N-terminus, which is
closely related to bacterial rpL25p. It wraps around the rRNA and has a phosphorylated C-

terminal extension in most eukaryotes.

Furthermore, rpS7e, resembles the fold of NusA (bacterial transcription regulator),
consisting of two evolutionarily conserved K homology domains (KH). The KH domain binds
RNA and can dictate RNA recognition. Here, it inserts into eukaryotic specific rRNA segments
(ES6A, ES6B, ES6E), thus binding to the 18S rRNA (Fig. 10). Also, it forms an extended B-
sheet with rpS22e (like some proteins in the large ribosomal subunit). Another eukaryote-
specific interaction is exemplified by rpS4e. It consists of three domains and an N-terminal

extension which is buried deeply in the rRNA (Rabl et al., 2011).

The small subunit head is characterised by the presence of RACK1 (Receptor for
activated C kinase 1) on the solvent exposed side. It has aseven-bladed B-propeller
structure with six-fold pseudo-symmetry. It is a scaffold protein which is involved in
connecting signalling transduction pathways with translation by recruiting several proteins.

It communicates with almost all signalling pathways in the cell including protein kinase C,
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cAMP/PKA pathway, receptor tyrosine kinases, transmembrane receptors and the Src family
of non-receptor protein tyrosine kinases. On the small subunit, it is known to interact with

acetylcholinesterase, 14-3-3 protein, androgen receptor and many others.

There exists a deep structure-function correlation in the ribosome (Fig. 10) like at the
MRNA exit and entry sites. In order to permit mRNA scanning for initiation, helix 16 (h16) of
the small subunit needs to be flexible as opposed to its rigid bent conformation in
prokaryotes. An extension in protein S4 in prokaryotes interacts with h16 while in
eukaryotes, this domain of S4 is absent. Moreover, proteins present at this site: S30e, S3

and S5; assist in mMRNA-scanning.

Functionally, only limited information is available for ribosomal proteins. So far, the
best-studied are a set of clinical phenotypes arising from ribosomopathies. They are genetic
abnormalities in eukaryotic ribosomal proteins synthesis, leading to impaired ribosome
biogenesis and function. Diamond Blackfan Anemia is caused by mutations or deletions in
one or several ribosomal proteins, including rpS7e, rpS10e, rpS17e, rpS26e, rpS19e, rpS24e
and rpS27a. It is characterised by anaemia, macrocytosis, bone marrow failure (Narla and
Ebert, 2011). Furthermore, 5g syndrome is triggered by deletion of one allele of rpSl4e,
leading to insufficient rpS14e expression. It leads to impaired erythropoiesis and macrocytic
anaemia (Narla and Ebert, 2010). Schwachman-Diamond Syndrome is another autosomal
recessive disease caused by mutations in the highly conserved SBDS gene which plays a role
in ribosome biogenesis and RNA processing. Uncoupling of GTP-hydrolysis from elF6 also

has been speculated to be the cause of this disease (Finch et al., 2011).

These ribosomopathies have also been associated with higher susceptibility to
cancer (Narla and Ebert, 2010). In spite of knowing the genotype-phenotype correlation for
these diseases, the molecular pathways are not known exactly. It has been postulated that
these defects could arise due to the regulation function of these ribosomal proteins or their
role in ribosome assembly. Further research needs to be done on structure-function

correlation of ribosome components, in order to characterise these pathways.
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Figure 10: Structure-function correlation in 80S. (A) Interweaving of rRNA and proteins at ES7L and
ES39L on the large subunit. (B) ES3S and ES6S on the small subunit with associated proteins.
Protein extensions: (C) into the tRNA binding site of 40S. mRNA (D) exit and (E) entry site on the
small subunit. Adapted from (Wilson and Doudna Cate, 2012).
1.6.2 Eukaryotic ribosomal RNA

The eukaryotic ribosome has five additional ES (ES3S, ES6S, ES7S, ES9S, and ES12S)
and five variable regions (VRs) (h6, h16, h17, h33, and h41) on the 40S and 16 expansion
segments (ES3L, ES4L, ES5L, ES7L, ESOL, ES10L, ES12L, ES15L, ES19L, ES20L, ES24L, ES26L,
ES27L, ES31L, ES39L, and ES41L) and two VRs (H16—18 and H38) on the 60S (Gerbi et al.,
1996). The VRs have diverse sequences amongst the eukaryotes while the ES are addition of
RNA sequence as compared to bacterial RNA sequence. Of these, ES7L, ES15L, ES27L, and

ES39L are significantly longer in humans (about 100-600 nucleotides longer) as compared to

yeast (Cannone et al., 2002).
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These expansion segments can be divided into two broad categories. The first being
long ES helices protruding from the ribosome like antlers and attached to the ribosome only
at their bases. They are highly flexible since almost no density for these long segments has
been observed in the cryo-EM reconstructions (Anger et al., 2013). They can adopt different
conformations like as observed for ES27L and ES6S. ES27L has been postulated to exist in
two conformations (in and out), which might have some functional significance. It has been
suggested to play a role in recruiting non ribosomal proteins, like chaperones and modifying
enzymes, to the peptide tunnel exit (Beckmann et al., 2001a). ES27L has also been
determined to be crucial for cell survival (Sweeney et al., 1994). Due to their accessibility on
the surface, it may be synonymous with increased regulation like during initiation or

termination (Sonenberg and Hinnebusch, 2009).

The second category is composed of those segments which are tightly associated
with ribosomal proteins or other rRNA expansion segments forming eukaryote-specific
clusters. One of these clusters is made by ES7L, ES39L, five eukaryotic r-proteins (L6e, L14e,
L28e, L32e, and L33e), as well as eukaryote-specific extensions of conserved r-proteins (L4,
L13, and L30) present around the solvent-exposed back of the 60S (Fig. 10). ES7La is
stabilised by the presence of L28e in wheat germ and Tetrahymena, whereas in yeast, this
helix is more flexible in due to absence of L28e. Another major ES cluster encompasses
ES19L, ES20L, ES26L, and ES31L, associated with L27e, L30e, L34e, L43e (Ben-Shem et al.,
2011). ES39L and ES31L form the core of these clusters with stretches of single-stranded
rRNA surrounded by ribosomal proteins (Melnikov et al., 2012). The exact role of all these ES
has been and remains a long-standing question. Especially, in case of human ribosomes
these ES alone increase the molecular weight by one MDa as compared to ribosomes of
single-celled eukaryotes. This additional mass must hold some significant role in regulating

translation which needs to be explored.

1.6.3 The intersubunit interface

The bridges between the two subunits play a crucial role in the process of
translation. There are seven bridges in the core of the ribosome and the subunit interface is
highly conserved with very few ES and eukaryote-specific proteins (Ben-Shem et al., 2011).
However, in recent studies several unusual bridges have been determined. These bridges

are formed by proteins extending from the large subunit and binding to the components of
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the small subunit. Like in bacteria one of these bridges is formed by protein L31, located on
the CP of the 50S while its C terminal domain is bound to the head of the 30S (Jenner et al.,

2010). L19e and L24e in eukaryotes form similar bridges (Ben-Shem et al., 2011).

The eukaryote-specific bridges are concentrated majorly at the periphery of the
ribosome and contribute in doubling up the interaction interface. They are predominantly
formed by eukaryotic-specific elements. For example, the bridge eB11 formed by protein
S8e and ES41L, allows communication between the small subunit platform, just below the
mRNA exit tunnel and the large subunit. Consequently, these bridges serve as a link

between the functionally important domains.

This is also observed for eB8 composed of ES31L and Sle. ES31L is an essential
component of a cluster formed by eukaryotic elements at the back of L1 stalk. This cluster
harbours several ES and eukaryote-specific proteins, including extension of protein L23 that
forms the universal docking site for factors involved in co-translational regulation. Also,
ES31L is attached to the highly mobile L1 stalk that is involved in evacuating exit site tRNA.
On the small subunit side, Sle interacts with the components of the mRNA exit tunnel,

namely S11 and S26e, thereby linking mRNA-tRNA translocation.

Exceptionally, L4le forms the eBl4 bridge, the only eukaryote-specific bridge
present in the centre of the ribosome. It seems to be entirely associated with 18S rRNA.
However, upon dissociation of the subunits, L41le remains as a part of the large subunit
(Melnikov et al., 2012). The binding pocket for L41e is highly conserved in eukaryotes and
bacteria, but interestingly, no corresponding protein has been determined in prokaryotes
(Schluenzen et al., 2000; Wimberly et al., 2000). The intriguing aspect is the central role of
proteins in these eukaryote-specific bridges as opposed to the bridges observed in

prokaryotes.

Thus, the prokaryotic and eukaryotic ribosomes have evolved with similar structure-
function correlation, but eukaryotic ribosomes need to be investigated in more detail. The
function with respect to location of eukaryotic ribosomal proteins, the role and structure of
ES are some of the questions that can be addressed only with ribosome and ribosomal

complex structures attaining near-atomic resolution.
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1.7 Translation Termination
The length of the protein synthesised by the ribosome is dictated by the step of

termination. This requires binding of release factors which are divided into two categories:

Class | release factors recognise the nonsense or stop codons, UAA, UGA and UAG
(Brenner et al., 1967; Brenner et al., 1965) in the A site. In bacteria RF1 (Release factor 1)
recognises UAA and UAG stop codon and RF2 (Release factor 2) recognises UAA and UGA.
The two proteins are homologous in sequence and share similar 3D structures (Nakamura et
al., 1995; Vestergaard et al.,, 2001). Thus, there is a mixed specificity with two RFs
recognising three stop codons. While in eukaryotes an omnipotent release factor, eRF1

(eukaryotic RF1) commands termination at all three stop codons.

Class Il release factors are GTPases and involve RF3 and eRF3. They assist class |
release factors and act in a GTP dependent manner. RF3 is known to promote dissociation of
class | release factors from the ribosome upon peptide release (Freistroffer et al., 1997). But
the role of its eukaryotic counterpart still remains an enigma. It might be required to
stimulate the efficiency of eRF1 and promote its recycling as discussed below (Mitkevich et

al., 2006).

1.8 RF1 and RF2 structures

The crystal structures of RF2 and RF1 were determined by Vestergaard et al., in 2001
and Shin et al.,, in 2004. They provided initial structure-function insights for termination.
Both factors are composed of 4 domains, with each domain harbouring a functional peptide

motif.

e N-terminal domain 1 consists of four a-helices and a 31p-helix. A coiled coil motif is
formed by helices al, a3 and a4. This domain is projected outwards from the main
body but hydrophobic interactions, salt bridges and hydrogen bonding keep it
secured to the rest of the protein.

e Five stranded anti-parallel B-sheet and two a-helices compose the domain 2. The SPF
motif in RF2 and PxT motif in RF1, required for stop codon recognition, is present in a

loop between B4 and B5 strands.
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e Domain 3, comprising of B6, B7, B8 strands and a long a helix, is situated above
domain 2. It harbours the GGQ motif, required for peptidyl tRNA hydrolysis.

e The C-terminal domain 4 connects closely to domain 2 and together with it forms the
decoding domain. This super-domain is stabilised by a hydrogen bonded network in

the centre composed of conserved polar residues.
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Figure 11: (A) Structure of RF2 bound to the ribosome. RF2 coloured domain wise like in (B). (B)
RF2 undergoes conformational change on binding the ribosome. In the background, in light blue is
the crystal structure of RF2. The domain 1 (dark blue) and domain 3 (peach with GGQ in orange)
movements are marked by arrows. Adapted from (Weixlbaumer et al., 2008).

However, the crystal structures of these factors are highly compact with the two active
sites placed only 23A apart (Fig. 11). The minimum distance to allow interaction between
the PTC and decoding site on ribosome is 70 A. Single particle cryo-EM (Klaholz et al., 2003;
Rawat et al., 2003) and SAXS studies (Vestergaard et al., 2005) revealed the existence of an
open conformation of RF1 and RF2. The importance of these conformational changes was

further verified by crystal structures of termination complexes on ribosome and is explained

below.

1.9 Stop codon recognition

It has been suggested that modern life forms originated from RNA based molecular
ancestors (Crick, 1968), where RNA served the dual purpose of storing genetic information
along with catalyzing biochemical reactions (Kruger et al., 1982; Pace and Marsh, 1985). This

gave rise to the concept of RNA world. And the discovery of ribosomes as ribozymes
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reinforced this hypothesis. Interestingly, recognition of mRNA sequence by a protein instead
of another RNA sequence, is an example how nature has evolved the RNA world into this
complex, intricate RNA-protein machinery. Mutational and photo cross-linking studies gave
the first insights into the residues involved in stop codon recognition (Brown and Tate,
1994). The PxT (PAT or PVT) and SPF motifs were suggested to act as “anticodons” (Ito et al.,
2000; Scarlett et al., 2003). However, it was the structural studies which gave insights into
the mechanism of stop codon recognition (Klaholz et al., 2003; Korostelev et al., 2010;

Laurberg et al., 2008; Petry et al., 2005; Weixlbaumer et al., 2008).

The residues involved in this recognition are composed of the N-terminal end of helix
a5 and the conserved recognition loop [RF1 181-195 (185-199), RF2 201-217 (200-216) in T.
thermophilus (E. coli), respectively] between B4 and B5 strands of domain 2. They together
form the “reading head”. The three nucleotides of the stop codon interact with three
elements of the reading head, but not three amino acids, as was predicted by the
“tripeptide decoding”. (Ito et al., 2000; Nakamura and Ito, 2002) Hence, it is not a direct

codon-anticodon reading mechanism between nucleotides and amino acids.

(anti) (anti)

Figure 12: Watson-crick and Hoogsteen interactions between nucleotides. On purine rotation
around the glycosidic bond (x) and base flipping (0), Hoogsteen geometry can be obtained,
affecting C8 and C1 residues, indicated in yellow.
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First base recognition in stop codon (U1)

Ul is present universally in all three stop codons and thus, the recognition
mechanism for this nucleotide is highly conserved. Specific hydrogen-bonds are formed
between the N-terminal tip of helix a5 and U1 (Fig. 13). This hydrogen bonding pattern

resembles that of the canonical A: U base pair (Laurberg et al., 2008).
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Figure 13: Interactions of the first 2 nucleotides of the stop codons with release factor. Adapted
from (Korostelev, 2011).

Second base recognition in stop codon (A2/G2)

Conserved amino acids of the recognition loop dictate the specificity of the second
nucleotide recognition. The side-chains of Thr of the PxT motif and Ser of SPF motif in RF1
and RF2, respectively form hydrogen bonds with the A or G in second position (Korostelev et
al.,, 2010; Laurberg et al., 2008). Thr interacts with Ul and the second residue (Fig. 13).
However, Ser does not interact with U1 (Weixlbaumer et al., 2008). Apart from this, other
residues of the conserved loop are involved in the stop codon specificity in this region. This
was demonstrated by simple swapping of the recognition loop of RF1 with that from RF2,
rendering RF1 nonspecific for A or G at the second position (Young et al.,, 2010).

Interestingly, it was determined that apart from interacting with Watson-Crick edges, these
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factors also interact with Hoogsteen edges (Fig. 12) of codon nucleotides. Glul87 and
Asp209 might interact with the Hoogsteen edge of the second nucleotide (Young et al.,

2010).
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Figure 14: Interactions of the third nucleotide of the stop codon with the release factor. Adapted
from (Korostelev, 2011).

Third base recognition in stop codon (A3/G3)

The third base recognition is the most remarkable, since the codon conformation is
altered on binding RF such that the third nucleotide of the stop codon is unstacked from the
first two and is recognised separately, in the G530 pocket. A conserved Thr residue at the C
terminal end of the recognition loop examines the Hoogsteen edge of the third nucleotide
and forms H-bonds with A3/G3 (Fig. 14). GIn181 present at the N-terminal end of the
recognition loop is required by RF1 to allow A3 and G3 recognition. It is unusual, as it can
accept as well as donate H-bond depending upon the nucleotide present. This GIn residue is
replaced by a Val in RF2, which would make it incapable of forming H bond with G3 and thus
make it specific for A3 (Korostelev et al., 2008b).
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1.10 Peptidyl tRNA hydrolysis

The PTC protects the peptidyl tRNA in a compact pocket; formed by A2451, C2452,
U2506, U2585 of 23S rRNA and A76 of tRNA, against premature hydrolysis (Schmeing et al.,
2005a). However, on recognising a stop codon it must allow peptide release. The universally
conserved GGQ motif in domain 3 of class | RF contacts the nucleotides of 23S rRNA and P-
site tRNA. The PTC conformation with RF, as determined from crystal structures, is similar to
that observed for ribosome structures with tRNAs bound in the A- and P-sites (Schmeing et
al., 2005a). U2506 and U2585 are retracted from the A-site binding pocket in the presence
of aminoacyl tRNA or the RF (Voorhees et al., 2009). Initially, the side-chain of GIn residue of
eRF1 was proposed to be involved directly in catalysis (Song et al., 2000; Trobro and Aqvist,
2009). However, in crystal structures this side-chain was observed to point away from the
scissile ester bond (Korostelev et al., 2008a; Laurberg et al., 2008). Also, biochemical and
mutational studies ruled out the possibility of the GIn side-chain being involved in catalysis.
Rather, the GIn side-chain appears to contribute to the affinity of RF binding to the
ribosome and probably increase specificity of the reaction by excluding nucleophiles other

than water to allow hydrolysis (Shaw and Green, 2007).

Moreover, within the GGQ motif, instead of the GIn residue, the presence of Gly was
found to be more critical. The substitution of Gly had a severe effect on peptide hydrolysis
(10* fold slower rate of peptide release) (Mora et al., 2003; Zavialov et al., 2002). Similarly,
substituting the GIn by Pro led to complete loss of peptide hydrolysis (Korostelev et al.,
2008a). It is because the main-chain amide group of GIn forms a hydrogen bond with the 3’-
OH of A76 (Laurberg et al., 2008; Santos et al., 2013). This is the reason why any mutation
that alters the GGQ motif backbone conformation drastically affects catalytic activity. Such
an involvement of the backbone amide group in catalysis is not exactly unique to the
ribosome. It has been observed to stabilise transition state in proteases, esterases and
GTPases (Maegley et al., 1996; Wilmouth et al.,, 2001) and might represent a conserved

mechanism.

Hence, most likely, the GGQ motif plays a catalytic role by stabilizing the leaving
group or the transition state intermediate as well as the hydrolysis product (Jin et al., 2010).
With these studies, a plausible mechanism of coordinating water molecule for peptide

hydrolysis has been postulated (Korostelev, 2011) (Fig. 15).
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Figure 15: Postulated mechanism for peptidyl tRNA ester bond hydrolysis. A water molecule is
positioned for a nucleophilic attack on the scissile ester bond. The middle panel depicts the
tetrahedral intermediate state stabilization by the amide backbone of the essential ‘GGQ’ motif. In
the last panel, the 3’-hydroxyl leaving group forms hydrogen bonds with the GGQ backbone post
hydrolysis. Adapted from (Korostelev et al., 2010).

1.11 Coordination between the decoding centre and PTC for
hydrolysis

The class | RF not only recognise the stop codon, instead they must somehow
communicate with the PTC to allow peptide release. Considering that even in the absence of
proofreading, the error rate of peptide release is as low as in the elongation step (103-10®),
there must exist a tight regulation between the two active sites on ribosome (Freistroffer et

al., 2000; Wohlgemuth et al., 2010).

Structural studies have shown that RF1 adopts two different conformations, a
“compact” and an “open” one and the loop connecting domains 3 and 4 (switch loop) might
act as a switch between these two conformations (Vestergaard et al., 2005). The open
conformation, most likely, represents the catalytically active conformation where the SPF
and GGQ motifs are placed apt distance (73 A) apart to allow decoding and peptide
hydrolysis, thereby bridging the two active sites on the ribosome (Ma and Nussinov, 2004).
Moreover, this switch loop is positioned in a pocket in the decoding centre formed by rpS12,
A1492, A1493 (h44) and A1913 (h69) which were shown to participate in sense codon
discrimination by aminoacyl tRNAs (Laurberg et al., 2008). In cognate tRNA complexes
A1492 and A1493 of h44 are flipped out. Instead, A1492 and A1913 flip out on RF binding,
while A1493 remains stacked, making interactions with A1913. This pocket formation on the
ribosome is coupled with stop codon recognition in the decoding centre, which in turn

places the switch loop in vicinity of h69 and positions the GGQ motif in the PTC to allow
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peptide hydrolysis (Korostelev et al., 2010; Laurberg et al., 2008; Weixlbaumer et al., 2008).
Thus, these residues are not directly involved in stop codon recognition and instead appear
to coordinate peptide hydrolysis with stop codon recognition. In agreement with these
results, disruption of interactions between helix 69 and the switch loop results in 10° fold

decrease in the rate of peptide release (Korostelev et al., 2010).

Also kinetic studies have shown that the rate with which the RF1 associates with the
ribosome (kon) does not depend on the presence of a stop codon. Conversely, the rate of
dissociation of RF1 (ko) in the presence of stop codon is drastically lowered (Hetrick et al.,
2009). Thus, stop codon recognition is the limiting factor rather than RF1 association for

termination.

Based on these observations it has been proposed that initially, the class | RF binds
to the ribosome in an inactive compact conformation. On recognising a stop codon in the
decoding site by the reading head, a conformational change (in the switch loop) would allow
docking of GGQ motif into the PTC and catalysis (Korostelev, 2011). This would lead to

peptide release, thereby concluding the role of RF1/RF2.

1.12 RF3 structure

Gao and co-workers determined the crystal structure of RF3 which exhibits a three-
domain architecture of RF3 (Gao et al., 2007) (Fig. 16A). Domain | is subdivided into the
GTPase domain and an “EF-G like” G’-subdomain. The classical G-domain is composed of a
six-stranded B-sheet (five parallel and an antiparallel B-strand) lined by six a-helices and a
310-helix, and is present in all the four major GTPases involved in translation; IF2, EF-G, EF-Tu

and RF3 in prokaryotes and elF2, eEF2, eEFla and eRF3 in eukaryotes.

Domain Il forms a B-barrel structure, which also exists as a fold in EF-Tu, EF-G and
eRF3 polypeptides. A short peptide linker connects domain Il to domain Ill. Domain |l

comprises another B-barrel along with two a-helices on either side.
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RC-RF1-RF3

Figure 16: Class Il RF. (A) crystal structure of RF3 with G, G’, domains, domain Il and Ill marked in
light brown, yellow, green and blue respectively. Switch loop is marked in red. (B) Cryo-EM
structure of RF1-apo-RF3 bound to 70S. 50S is in blue and 30S in yellow. (C) Zoomed-in view
showing RF1 contacts with the ribosome at the L7/L12 stalk. Below is the density corresponding to
RF1 and RF3, with domains marked in black and blue, respectively. (D) Cryo-EM structure from (C)
rotated by 70°, showing apo-RF3 and its lack of interaction with L7/L12 stalk (E). The arc is the
L7/L12 stalk. Adapted from (Gao et al., 2007) and (Pallesen et al., 2013) with some changes.

1.12.1 The role of class Il release factors

Post peptide release, the 70S ribosome still has tRNA, mRNA and RF1/RF2 bound to
it. It must release these components and separate out the two subunits to start another
round of translation. This is where the class Il RF come in picture (confirmed only for
prokaryotes). RF3 binds in the GDP state to the RF1/RF2 bound ribosome. The exchange of
GDP for GTP, releases the class | RF and RF3 dissociates on GTP-hydrolysis.

Recently, two crystal structures of RF3 (bound to GTP analogue) with the ribosome
(E. coli and T. thermophilus) (Jin et al., 2011; Zhou et al., 2012) confirmed that it binds at the

GAC in the small subunit, similar to EF-G binding site. The small subunit undergoes an
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intersubunit rotation of about 7° and the head is also rotated counter-clockwise by 14°
(ratcheting movement). Also, the 50S subunit is not free of conformational changes. The L1
stalk in the 50S subunit flexes towards the central protuberance (Gao et al., 2007). These
changes alter the inter-subunit bridges. The RNA-rich bridges near the axis of rotation at
bridge B3 are preserved, while the peripheral bridges like Bla (between protein S13 and h28
of 23S rRNA) and Blb (between protein S13 and L5) are disrupted and replaced by R1b
between S13 and S19 from 30S and L5 from 50S.

These structures also shed light on the position of RF3 on the ribosome. It binds such
that domain | contacts the 50S at the sarcin-ricin loop of 23S rRNA and protein L6, as
observed for G domains of other GTPases. 30S contacts are made by domains Il and lll, at
helices h5 and h15 of 16S rRNA and protein S12. RF3 itself also changes conformation on
binding to the ribosome. Both domains Il and lll are rotated as compared to the free RF3
crystal structure. Additionally, the switch loop | in GTP binding domain is ordered as
compared to the crystal structure and forms an enclosure around the GTP analogue,

probably permitting GTP hydrolysis.

RF1/RF2

=l R

Figure 17: Proposed model for translation termination. A class-1 RF recognises its cognate mRNA
stop codon in the ribosome, binds in the A-site and mediates release of the nascent protein
attached to the P-site tRNA. Post peptide release, RF3eGDP is recruited to the ribosome in its
closed form probably mediated by L12-CTD and does not form a stable complex with the
ribosome. As RF3 accommodates onto the ribosome, GDP is released and apo-RF3 assumes its
semi-open conformation contacting L12-CTD, the class-1 RF and 30S protein S12. On binding GTP,
RF3eGTP assumes its open conformation and the ribosome changes from the unrotated to the
rotated conformation. This allows the class-1 RF to leave and GTP hydrolysis to occur in the
complex probably due to contact with L6/SRL and L12-CTD. RF3eGDP dissociates from the
ribosomal complex in its closed conformation and the ribosome is ready for subunit recycling.
Adapted from (Pallesen et al., 2013).
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However, until last year, there had been no structures of both the release factors
bound simultaneously to the ribosome. This missing link was partially sealed by the cryo-EM
structure of RF1 and apo-RF3 bound to 70S (Pallesen et al., 2013). It showed that apo-RF3 in
presence of RF1 interacts differently than if only RF3 is present. Domain 1 of apo-RF3 does
not contact the SRL, instead it is just present in its vicinity on the ribosome (Fig. 16). The
apo-RF3 is anchored onto the ribosome solely through domain Ill contacts. Moreover, apo-
RF3 interacts with the L7/L12 stalk which was not the case for RF3 bound with nucleotide.
Thus, in order to proceed from apo-RF3 to RF3 with GTP, the ribosomal L7/L12 stalk would
undergo an upward rotation as depicted in the figure 16. Based on these observations,

(Pallesen et al., 2013) have proposed a mechanism for translation termination (Fig. 17).

1.13 Analogy between termination and transpeptidation

The two processes of transpeptidation and peptidyl-tRNA hydrolysis are similar and
dissimilar at the same time. The components that catalyse both the processes are similar in
structure, RF3 and EF-G (Fig. 18). Also, both of these entities depend upon codon
recognition in the A site to stimulate conformational changes and nucleophilic reaction in
the PTC. The nucleophile in transpeptidation is the a-amino group of the aminoacyl tRNA in
A site whereas for the termination reaction it is an incoming water molecule. But, both the

nucleophiles attack the carbonyl carbon atom of the ester bond.

G domain *

:I

TAY AN
:"-? -7\\.* ] ?“ Py \ (“ : % :
b ‘ ARV
EF-G ///

Figure 18: Structural similarity between EF-G (blue, PDB code 2DY1) and RF3 (green, PDB code
3vQT). The homologous G domain and domains 2 and 3 are marked.

Domain
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In addition, a proton shuttle mechanism, like as employed during elongation, has
been suggested for termination (Korostelev et al., 2010; Rodnina et al., 2006). The
conformational changes in the ribosome involving ratchet like rotation of the small subunit,
swivelling of the L1 stalk and the movement of the deacylated tRNA from P-site to the

hybrid P/E state are observed on binding of the RF3 as well as EF-G.

¢
>

VA
GGQ
CCA end

Figure 19: Functional similarity between RF2 and tRNA is not exactly corroborated by structural
similarity. tRNA (green) superposed on RF2. Domain 1 of RF2 is shown in red, domain 2/4 in
orange, and domain 3 in yellow. GGQ and anticodon ends are marked. Adapted from (Klaholz et
al., 2003).

However, that is where the similarity ends. The class | RFs and aminoacyl tRNAs that
recognise the respective codons, have different structures (Fig 19). Furthermore, unlike the
peptidyl transfer reaction, peptidyl tRNA hydrolysis requires direct participation of a class |
release factor. Secondly, the codon recognition mechanisms are different for binding tRNA
or release factor. Also, the proof reading mechanism which is essential for elongation has
not been found in bacterial stop codon recognition (Freistroffer et al., 2000). Finally, the
outcome of the two processes is different as the aminoacyl tRNA binding leads to a

transpeptidation reaction, and instead the stop codon recognition allows hydrolysis of the

peptidyl tRNA.
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1.14 Eukaryotic translation termination

The termination in eukaryotes attains a higher level of complexity and regulation as
compared to prokaryotes. With higher complexity come the inherent challenges to
understand the mechanisms. The factors involved are well studied but the interaction with
the ribosome and the mechanism of stop codon recognition are not understood at the

molecular level.

1.15 Structure of eRF1

RF1 and eRF1 in spite of having the same function, share no sequence or structural
homology. The crystal structure of human eRF1 showed that it consists of three domains
(Song et al., 2000), resembling a “Y” shape (Fig. 20 B). The N-terminal domain (NTD) is
composed of a four stranded B-sheet, enclosed on both sides by two a-helices. The TASNIKS
and YxCxxxF motifs, involved in stop codon recognition are present in this domain (Bertram
et al., 2000; Frolova et al., 2002). The TASNIKS motif is placed between helices a2 and a3.

The helix al creates an interface with domain 3.

The M domain forms the stem of the “Y” shape. The universal GGQ motif, essential
for peptidyl-tRNA hydrolysis is present in a loop at the tip of the stem. A long continuous a-
helix connects domains 2 and 3. The C-terminal domain is similar to an a/B sandwich fold.
Although the majority of the residues were not characterised in the crystal structure, NMR
studies have shown that a minidomain is formed by an a-helix and three B-strands in the C
domain (Mantsyzov et al., 2010). This C-domain interacts with the C-terminal domain of
eRF3 (Cheng et al., 2009). Thus, none of these domains bear any resemblance to the 4
domains of RF2. Also, unlike the compact form of RF1 crystallisation, eRF1 crystallises in an

extended form.

eRF1 must undergo a conformational change on binding eRF3 so that the two
catalytically active regions can be apt distance apart to allow stop codon recognition, and
peptide hydrolysis (Cheng et al., 2009). In this bent conformation, it resembles a tRNA
molecule. Functionally, eRF1 is also involved in the next translational phase of recycling.

After peptide release, it remains bound on the ribosome and coordinates with ABCE1 (ATP-
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binding cassette sub-family E member 1) to promote 80S splitting into free 60S, 40S, mRNA
and tRNA (Pisarev et al., 2010).

(A)] e — R

1 N 196 237 Domain 1 467 Domain2 544 pomain3 662
[ [ | H. sapiens
1 N 255 EFia-like 637
(B) N-domain (€) -
NIKS motif ’
C-domain
C

)

GGQ motif ~
N-terminal Domainlll

extension

Figure 20: (A) Schematic representation of eRF3 for S. pombe and humans. (B) eRF1 crystal
structure with catalytically active NIKS and GGQ motifs marked in red N-domain (green) and M-
domain (yellow). PDB code 1DT9. (C) eRF3 crystal structure without N-terminal domain with
domain 1, 2 and 3 in blue, light and dark pink respectively. PDB code 1R5B.

1.16 Structure of eRF3

The structure of S. pombe eRF3 lacking the N-terminus (1-196), sharing 52%
sequence similarity with human eRF3, is the most complete structure of eRF3 available till
now (Fig. 20). The polypeptide chain of eRF3 from S. pombe is broadly divided into a N-
terminal non homologous region and a conserved C-terminal region resembling the fold of
eEFla. The latter is further divided into a three-domain architecture. Domain 1 is the
conserved GTPase domain with a six stranded B-sheet (5 parallel and 1 antiparallel B-strand)
lined by six a-helices and a 319-helix. Domains 2 and 3 each assume a B-barrel structure as
observed for eEFla, EF-Tu and human eRF3 (Cheng et al., 2009; Kjeldgaard and Nyborg,
1992; Song et al., 1999) (Fig. 21). The last two domains are indispensible for interactions

between eRF1 and eRF3 while the GTPase domain is not necessary for such interactions.
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The structure of the N-terminal domain of eRF3 has not yet been determined. It contains a
long poly G stretch at the beginning of the N-domain. But functional studies have shown

that it is not involved in GTP-hydrolysis or eRF1-eRF3 interactions (Kushnirov et al., 1988).

Domain 2

EF-Tu eRF3 (S. pombe)

Figure 21: Structural similarity between EF-Tu (salmon red, PDB code 4J0Q) and eRF3 (magenta,
PDB code 1R5B). The homologous G domain and domains 2 and 3 are marked.

Also, the role of eRF3 is completely different as compared to RF3. RF3 mediates
recycling of RF1/RF2 after peptide release (post termination). On the contrary, translation
termination per se is highly dependent on the presence of both factors in eukaryotes. GTP-
hydrolysis by eRF3 allows coordinating eRF1’s codon recognition and peptide release

activities, as explained below.

Functionally, eRF3 is involved in several processes apart from translation
termination. It has been recently shown to undergo self cleavage at Ala73 to vyield a
processed isoform (p-eRF3) which localises in the nucleus as well as cytoplasm. p-eRF3
promotes apoptosis by interacting with inhibitors of apoptosis proteins and releasing the
caspases and might be involved in regulating cell death (Hashimoto et al., 2014). In addition,
eRF3 has been hypothesised to ensure translation continuation, linking termination with
initiation. It binds to PABPC1 (cytosolic poly-A binding proteins) via two PAM2 motifs
present in the N-domain (Kononenko et al., 2010). PABPC1 is bound to the 3’ poly-A tail of
the mRNA. These PAM2 motifs (PABPC1-interacting motif 2), PAM2-N and PAM2-C, residues
67-78 and 76-87, respectively, interact with cytosolic polyA binding domain of PABPC1
(Osawa et al., 2012). The PABPC1, in turn is known to interact with elF4G which might be
involved in forming a closed loop wherein the 3’'UTR is looped out, and the mRNA 5’-cap is

connected with ribosomes that are involved in termination.
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Furthermore, eRF3 mediates mRNA decay by participating in mRNA poly-A tail

degradation. The enzymes Pan2-Pan3, Cafl-Ccr4 (Uchida et al.,, 2004); required for
deadenylation possess the PAM2 motifs, and bind to PABPC1 only on release of eRF3 from
PABPC1 post translation (Funakoshi et al., 2007). The interaction of eRF3 with PABPC1 is
thought to be a mechanism to protect the mRNA from being deadenylated. Thus, eRF3 also

actively ensures mRNA turnover in the cell.

eRF3a --MDPGSGGGGGGGGGGGSSSGSSSSDSAPDCWDOADMEAPG-———————=————————- 40
eRF3b D SGSSSSDSAPDCWDQVDMESPG===—====—===——=—-— 24 N-terminus
eRF3-pombe -MASNQPNNGEQDEQLAKQTSKLSMSAKAPTFTPKAAPFIPS-———————---— FOQRPGF 47
eRF3-cerevisiae MSDSNQGNNQONYQQYSONGNOOQGNNRYQGYQAYNAQAQPAGGY YONYQGYSGYQQGGY 60
*
____________ e
eRF3a MEEEEEIPKPKSVVAPPGAPKKEHVNVVFIGHVDAGKSTIGGQIMYLTGMVDKRTLEKYE 247
eRF3b MEEKEETRKSKSVIVPSGAPKKEHVNVVFIGHVDAGKSTIGGQIMFLTGMVDKRTLEKYE 239 G-domain
eRF3-pombe TDLON---EVDQELLKDMYG-KEHVNIVFIGHVDAGKSTLGGNILFLTGMVDKRTMEKIE 274
eRF3-cerevisiae ALIKEQEEEVDDEVVNDMFGGKDHVSLIFMGHVDAGKSTMGGNLLYLTGSVDKRTIEKYE 296
] . .. . * * % L * ********* ** *** ***** * %  *
eRF3a REAKEKNRETWYLSWALDTNQEERDKGKTVEVGRAYFETEKKHFTILDAPGHKSFVPNMI 307
eRF3b REAKEKNRETWYLSWALDTNQEERDKGKTVEVGRAYFETERKHFTILDAPGHKSFVPNMI 299
eRF3-pombe REAKEAGKESWYLSWALDSTSEEREKGKTVEVGRAYFETEHRRFSLLDAPGHKGYVTNMI 334
eRF3-cerevisiae REAKDAGRQGWYLSWVMDTNKEERNDGKTIEVGKAYFETEKRRYTILDAPGHKMYVSEMI 356
‘k‘k‘k‘k: R ‘k‘k‘k‘k‘k‘:‘k:‘“k‘k‘k:“k‘k‘k:‘k‘k‘k:‘k‘k‘k‘k‘k‘k::::::******* :*.:**
eRF3a GGASQADLAVLVISARKGEFETGFEKGGQTREHAMLAKTAGVKHLIVLINKMDDPTVNWS 367
eRF3b GGASQADLAVLVISARKGEFETGFEKGGQTREHAMLAKTAGVKHLIVLINKMDDPTVNWS 359
eRF3-pombe NGASQADIGVLVISARRGEFEAGFERGGQTREHAVLARTQGINHLVVVINKMDEPSVOWS 394
eRF3-cerevisiae GGASQADVGVLVISARKGEYETGFERGGQTREHALLAKTQGVNKMVVVVNKMDDPTVNWS 416
KKk okk ke kkkkkkk . kok ook aokkkakkkkkkkk . kok ook ke ae e sk ckkkk k. k .k
eRF3a NERYEECKEKLVPFLK-KVGFNPKKDIHFMPCSGLTGANLKEQSD--FCPWYIGLPFIPY 424
eRF3b IERYEECKEKLVPFLK-KVGFSPKKDIHFMPCSGLTGANIKEQSD--FCPWYTGLPFIPY 416
eRF3-pombe EERYKECVDKLSMFLRRVAGYNSKTDVKYMPVSAYTGONVKDRVDSSVCPWYQGPSLLEY 454
eRF3-cerevisiae KERYDQCVSNVSNFLR-AIGYNIKTDVVFMPVSGYSGANLKDHVDPKECPWYTGPTLLEY 475
‘k‘k‘k‘:‘k R ‘k‘k: ‘k:‘ ‘k“k: :‘k‘k ‘k‘ :‘k ‘k:‘k:: * kkkk * Lo *
_____________ e
eRF3a TFKDFPQOMGRFTLRDEGKTIAIGKVLKLVPEKD 636
eRF3b TFKDFPOMGRFTLRDEGKTIATIGKVLKLVPEKD 628 Domain Il
eRF3-pombe RFEDYQYMGRFTLRDQGTTVAVGKVVKILD-—- 662
eRF3-cerevisiae TYQDYPQLGRFTLRDQGTTIAIGKIVKIAE--- 685
sk shkkkhhh ook kookokk .k

Figure 22: Above is the ClustalW (Goujon et al., 2010) sequence alignment of eRF3 from humans
and yeast. The deleted sequence is separated by (-4-- 4 -). eRF3a, eRF3b sequences are from
humans while third sequence of eRF3 is from S. pombe and the last sequence is from S. cerevisiae.
In red are the highly conserved sequences and in blue is the poly-G sequence at the N terminus of
eRF3a which causes polymerase slippage during cloning.

Table 3: ClustalW sequence alighnment score for the above mentioned eRF3 sequences.

SegA Name SeqB Name Similarity score
1 eRF3a 2 eRF3b 85.9873
1 eRF3a 3 eRF3-pombe 37.1069
1 eRF3a 4 erf3-cerevisiae 41.6667
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The eRF3 identified in humans, mouse and rat genomes has two variants; eRF3a and
eRF3b, encoded by GSPT1 and GSPT2 genes respectively, sharing long non homologous
stretches at their N termini. Fig. 22 and Table 3, indicates their homology and sequence
alignment using ClustalW (Goujon et al., 2010). The eRF3a gene possesses several intronic
sequences, and its mMRNA is present ubiquitously in all mouse tissues with varying expression
levels during the cell cycle. In contrast, the eRF3b gene has no intronic sequence and is
poorly expressed in most tissues except brain. Both the variants can interact with eRF1 and
stimulate its activity in vitro efficiently (Jakobsen et al., 2001; Zhouravleva et al., 1995). The
full-length human eRF3 structure is not yet determined. However, there have been
structures of human eRF1 with truncated eRF3 (lacking N terminus) in ternary complexes

with and without ribosomes, as explained below.

1.17 Human eRF1-eRF3 complex and inter-dependability

Unlike in prokaryotes, the two release factors in eukaryotes form a stable complex in
solution (Ebihara and Nakamura, 1999; Ito et al., 1998) and function in an interdependent
manner. In mammalian cells, eRF1 alone is enough to allow efficient termination which
might lead us to conclude that eRF3 is dispensable (Frolova et al., 1994), but in yeast, eRF3
is a prerequisite for viability (Stansfield et al., 1995). However, the very existence of eRF1-

eRF3 protein complex in eukaryotic cells is intriguing, but its purpose remains obscure.

The termination of protein synthesis on a ribosome requires the two proteins to
work in an interdependent manner. eRF3’s GTP binding activity has been determined to be
highly dependent on eRF1 (Hauryliuk et al., 2006; Pisareva et al., 2006). eRF3, in turn,
stimulates the peptide release activity of eRF1 (Alkalaeva et al., 2006). Also, the GTPase
activity of eRF3 requires eRF1 presence on the ribosome, whereas the prokaryotic RF3 does

not require RF1/RF2 for GTP hydrolysis (Frolova et al., 1996).

The crystal structure of human eRF1-eRF3 protein complex contains full length eRF1
and truncated eRF3 lacking the N-terminus and G-domain. The eRF1 C-terminal domain
interacts with domain 3 of eRF3 mainly through van der Waals and hydrophobic contacts.
These hydrophobic patches on eRF3 are highly conserved in yeast and humans, like

‘GRFTLRD’ motif. But SAXS analysis has shown that M-domain of eRF1 contacts the GTPase
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domain of eRF3 (Cheng et al., 2009) (Fig. 23). The presence of this M-domain is absolutely
crucial for GTP-binding and hydrolysis by eRF3 (Kononenko 