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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 I 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).  

I 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. 
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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 I 

worked on the crystallization of human ribosomes. I 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 Å 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 

cryoAEM 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 I release factor) indentifies the stop codon and binds to the translating 

ribosome, followed by eRF3 (Class II 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. I 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 

Å resolution. Data sets were collected for this crystal and a few others which diffracted up 

to 8 Å. These crystals, for the condition with Li2SO4, 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, Illkirch, 

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. I 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. 
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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.   
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Résumé de thèse 

 

Dans la cellule, la synthèse protéique est catalysée par le ribosome, et régulée par 

des facteurs protéiques qui interagissent de manière transitoire, pendant les différentes 

B-'(+(!&6).),)',)#.:!C%#.<',)#.:!,+20).')(#.!+,!2+3?3%'<+7!D#.!,2'>')%!B#2,+!($2! %6C,$&+!&+(!

aspects fonctionnels et structuraux de cette énorme (2-4 MDa) machinerie de synthèse. 

E#2(F$+! G6')! 3#00+.3C! H! ,2'>')%%+2! ($2! 3+! B2#G+,! +.! #3,#=2+! IJKJ:! B%$()+$2(! Ctudes 

structurales avaient été publiées, à 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 

B'2,)3$%)L2+0+.,! 3#0B%+M+:! %+! 2)=#(#0+! -$0').! .6'>'),! '%#2(! B'(! C,C! C,$&)C! H! 2C(#%$,)#.!

atomique. De plus, sa purification homogène Aun prérequis maG+$2! B#$2! %6C,$&+! H! -'$,+!

résolutionA est tout particulièrement difficile à 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 synthèse 

B2#,C)F$+!+,!&+!('!2C<$%',)#.:!B'2!%6'3,)#.!&6'.,)=)#,)F$+(!B'2!+M+0B%+7 

2. Elucider le mécanisme moléculaire de la terminaison, en formant in vitro des 

3#0B%+M+(!&+!,+20).')(#.!B#$2! %6C,$&+!B'2!32?#-microscopie électronique, et en 

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

 

N6')! 0)(! '$! B#).,! %'! B$2)1)3',)#.! &+! 2)=#(#0+(! OJ@! -#0#<L.+(:! H! B'2,)2! &+! 3+%%$%+(!

HeLa, en u,)%)('.,! &+(! <2'&)+.,(! &+! &+.(),C! &+! ($32#(+! ').()! F$6$.+! B2C3)B),',)#.! '$!

polyéthylène glycol (PEG). Les ribosomes ont ensuite pu être caractérisé par plusieurs 

0C,-#&+(! =)#B-?()F$+(:! ,+%%+(! F$+! %6$%,2'3+.,2)1$<',)#.! '.'%?,)F$+:! %'! (B+3,2#0C,2)+! &+!

masse, la diffusion de lumière-laser dynamique à plusieurs angles (MALLS) et la cryo-

microscopie électronique avec reconstitution tridimensionnelle. Des échantillons de 

2)=#(#0+!OJ@!&+!B2CB'2',)#.(!&)11C2+.,+(!#.,!C,C!3#.<+%C(!H! %6C,',!-?&2',C!+.!1).+!3#$3-+!

de glace vitrifiée (Dubochet et al., 1988) et des images par cryo-microscopie électronique 

ont été collectées à haute résolution, sur le microscope Tecnai Polara F-30 installé dans 
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notre laboratoire. Des cartes de densité tridimensionnelles, à résolution moyenne, ont pu 

P,2+! 3'%3$%C+(! H! B'2,)2! &+(! B'2,)3$%+(! (C%+3,)#..C+(! H! %6')&+! &$! %#<)3)+%! QD/RI:! B#$2!

déterminer la conformation du ribosome et la présence potentielle de facteurs endogènes 

#$!&6/SR, (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 à partir de cellules HeLa, à haute et faible 
concentration en KCl pendant le traitement à la puromycine, respectivement ; code couleur : 40S 
en jaune, 60S en bleu, ARNt en rouge. 

De plus, la cryo-microscopie électronique a été mise à profit pour cribler des 

C3-'.,)%%#.(!&'.(!&)11C2+.,+(! 3#.&),)#.(:! '1).!&6#=,+.)2!$.+!&)(,2)=$,)#.!-#0#<L.+! ($2! %+(!

<2)%%+(7!T'.(!%+!=$,!&6#=,+.)2!$.+!(,2$3,$2+!H!2C(#%$,)#.!',#0)F$+:!G6')!C<'%+0+.,!,2'>')%%C!H!

%'!32)(,'%%)(',)#.!&$!2)=#(#0+!-$0').7!N6')!0)(!'$!B#).,!&+(!+((')(!&+!32)(,'%%)(',)#.!H!B'2,)2!

&6C3-'.,)%%#.(! &+! 2)=#(#0+(! B$2(! +,! B2C'%'=%+0+.,! 3'2'3,C2)(C(! B'2! %+(!&)11C2+.,(! 0#?+.(!

énoncés précédemment, en gouttes assises, suspendues, mais également en capillaires, 

avec différents kits commerciaux de criblage (PEG/Ion 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, même 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 dû être re-optimisées 

pour la mise en place de gouttes assises. Des cristaux en forme de plaques ont été obtenus, 

et leur diffraction à la source synchrotron SLS (Swiss Light Source) a atteint 26 Å de 

résolution, illustrant la première obtention de cristaux du ribosome humain capables de 

diffracter les rayons-X (Figure IIU7! V+,,+! B'2,)+! &+! 0#.! ,2'>')%! '! 1'),! %6#=G+,! &6$.! '2,)3%+!

(Khatter et al., 2014) dans Nucleic Acids Research, 2014, fournissant une base très 

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

 

 

 

Figure II:  !"#$%&'(&%)#*%()+,-.#/-#%(01)1'&#2-',(3#4567#10+&3-)#/,3)#8&)#*,9(88,(%&)#/:-3&#98,;-&#
/&# *%()+,88(),+(13# <%=)+,8>,%9?@#  A"# <%()+,-.# &3# B1%'&# /&# 98,;-&# %&9%1/-(+)# &3# C1-++&# ,))()&7#
diffractant à 26 Å. La plupart sont visualisés sur leur tranche et donnent ,(3)(# 8:('9%&))(13# /&#
baguettes. (C)  Le spectre de diffraction montre un réseau réciproque complet avec des 
9,%,'D+%&)#/&#',(88&#/:&3E(%13#,#F#G5H#I7#0#F#J4K#I#&+#*#F#LJJ#I@#M&)#*&%*8&)#/&#%N)18-+(13)#,BB(*2N)#
sont à 23, 30 et 40 Å. Le cliché montre des +O*2&)#/&#/(BB%,*+(13#P-);-:Q#RH#I#/&#%N)18-+(13@ 

C 
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Récemment, des avancées intéressantes dans le domaine des ribosomes eucaryotes 

ont vu le jour, grâce à la cristallographie aux rayons-X (Ben-Shem et al., 2010, 2011; Rabl et 

al., 2010; Klinge et al., 2011) ou à la cryo-microscopie électronique (Taylor et al., 2012; 

 !"#$% #&% '()*% +,-./% 0'((#1#!% #&% '()*% +,-.2)% 0'$% (#% 3'114*% !5&$#% ('65$'&57$#% 18#1&% 95!9#!&$4%

3$7!973'(#:#!&% 1;$% (87!7&7'&75!% #&% ('% &#$:7!'715!% <#% ('% &$'<;9&75!% 3$59'$=5&#)% >5;1% '?5!1%

donc souhaité faire un pas en avant et étudier la terminaison de la traduction chez les 

#;9'$=5&#1*% #&% !5&'::#!&% (87!&#$'9&75!% 561#$?4#% #!&$#% (#1% <#;@% A'9&#;$1% <#% &#$:7!'715!%

#BC-%#&%#BC.)%#BC-%DA'9&#;$%<#%&#$:7!'715!%<#%9('11#%-2%#1&%9'3'6(#%<87<#!&7A7#$%(#1%95<5!1%

sto3%#&%<#%1#%(7#$%';%$76515:#%#!%3E'1#%<84(5!"'&75!)%#BC.%DA'9&#;$%<#%&#$:7!'715!%<#%9('11#%

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

 

F#1%1&$;9&;$#1%<8#BC-%#&%#BC.%715(41*%'7!17%G;#%<;%95:3(#@#%#BC-H.%D1'!1%(#%<5:aine 

9'&'(=&7G;#%IJ0'1#2%5!&%<4KL%4&4%3;6(74#1*%:'71%!5;1%:'!G;5!1%<87!A5$:'&75!1%95!9#$!'!&%

(8#@&$4:7&4%':7!5-terminale ainsi que le domaine G de la protéine eRF3 humaine (Figure III). 

M8'7% <5!9% #!&$#3$71% <#% 9(5!#$% #!% ?#9&#;$1% 6'9&4$7#!1% (#1% <#;@% "N!#1% #$f1 et erf3. Après 

expression en bactérie E. coli*%K8'7%3;%715(#$%(#1%<#;@%3$5&47!#1%#&%56&#!7$%<#1%95!9#!&$'&75!1%

<#%3$5&47!#%3;$#%'(('!&%<#%O%L%-P%:"H:F)%F87!&#$'9&75!%#!&$#%(#1%<#;@%A'9&#;$1%'%4&4%:#1;$4#%

par thermophorèse à micro-échelle et la constante de dissociation (kd) a été estimée à 150 

nM. Ce résultat corrobore les valeurs décrites dans la littérature. Ces facteurs ont alors été 

co-cristallisés, et quelques cristaux ont pu être obtenus dans différentes conditions. 

F8#!1#:6(#%<#1% 9$71&';@%'%'(5$1%été testé à la source synchrotron SLS avec une diffraction 

atteignant les 8 Å 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 d;%1;(A'&#%<#%(7&E7;:%'%3#$:71%<856&#!7$%;!#%<7AA$'9&75!%L%Q%R%<#%$415(;&75!)%

S!% K#;% <#%<5!!4#1% '%<5!9% 4&4% 95((#9&4% 35;$% 9#% 9$71&'(% G;7% '33'$&7#!&% ';% "$5;3#%<8#13'9#%

P412121*% '?#9%<#;@%:5(49;(#1%<8#BC-%#&%;!#%:5(49;(#%<8#BC.%3'$%;!7&4% '1=:4&$7G;#)%T#97%

peut 18#@3(7G;#$%3'$%(8561#$?'&75!%A'7&#%<#%<7:N$#1%<8#BC-%#!%15(;&75!)%U#1%K#;@%<#%<5!!4#1%

à plus haute résolution sont nécessaires pour obtenir une structure plus détaillée, mais un 

premier remplacement moléculaire a pu être effectué sur ces jeux à moyenne résolution. 
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Figure III: (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), res9&*+(E&'&3+@#<1/&#/:,**&))(13#$SA#T#
1DT9. (C) La structure cristallographique de eRF3 sans le domaine amino-terminal, montrant les 
/1',(3&)#U7#R#&+#V#&3#08&-7#%1)&#&+#',C&3+,7#%&)9&*+(E&'&3+@#<1/&#/:,**&))(13#$SA : 1R5B. 

 

Les ribosomes purifiés à partir de cellules HeLa (Khatter et al., 2014) remplissent les 

95!<7&75!1% #11#!&7#((#1% L% ('% A5$:'&75!% <#% 95:3(#@#1% A5!9&75!!#(1*% 'A7!% <84&;<7#$% (84&'3#%

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 être caractérisé par cryo-microscopie 

électronique. Pour son analyse, 80000 particules ont été sélectionnées, et la structure, 

'AA7!4#%3'$%&$'7&#:#!&%<87:'"#1*%'%:5!&$4%G;#%(8 B>&%184&'7&%3517&75!né dans le site de sortie 

(E) plutôt que dans le site peptidyl-transférase (P) (Figure IV). Ceci peut être dû à un mauvais 

'!9$'"#% <#% (8 B>:*% ?57$#% 15!% '61#!9#% <;% 95:3(#@#)% U#% 3(;1*% (#1% $76515:#1% #@71&#!&%
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majoritairement sous deux états, « ratcheted » et « non-ratcheted », dus à une légère 

rotation de la petite sous-;!7&4*% 3$5?5G;'!&% '7!17% ;!#% E4&4$5"4!47&4% <#% (849E'!&7((5!)% F#1%

<5!!4#1%5!&%4&4%&$'7&4#1%L% (8'7<#%<#1% (5"797#(1%VW >+%#&%B#(75!*%#!%1;6<7?71'!&% (#1% K#;@%<#%

données, afin de mettre en évidence une population, aussi minoritaire soit-elle, de 

$76515:#1%3$41#!&'!&% (8 B>&%<'!1%(#%17&#%0)%T#97%#1&%#!%95;$1%<#%&$'7&#:#!&%#&% ('%1&$;9&;$#%

obtenue le cas échéant sera analysée par intégration des structures cristallographiques 

disponibles. Ceci devrait fournir des informations précises quant à la spécificité 

fonctionnelle des ribosomes eucaryotes, avec la perspective de pouvoir développer des 

antibiotiques spécifiques, ciblant préférentiellement les ribosomes procaryotes. 

 

Figure IV: Le complexe de terminaison reconstitué in vitro7#,E&*#-3&#*1-%+&#)N;-&3*&#/:!WX'@# !"#
Vue de côté du complexe, montrant le facteur de terminaison dans son site de liaison, eRF1 en 
E(18&+7#&WYV#&3#%1-C&#&+#8:!WX+#/,3)#8&#)(+&#Z#&3#E&%+@# A"#[-&#/&#*\+N#/- 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 
 *1/&# /:,**&))(13# $SA : 3J5Y) montre ;-&# 8&# '1+(B# ]]^# ):1%(&3+&# &+# 91(3+&# Q# 8:1991)N# /-# $_<#
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(Centre peptidyl-transférase). (D) La densité correspondant à eEF2 avec la structure 
*%()+,881C%,92(;-&#)-9&%91)N&# *1/&#/:,**&))(13#$SA : 3DNY).  

0'$'((N(#:#!&*%#!%95(('65$'&75!%'?#9%(#%"$5;3#%<8X?#1%Mély à la faculté de pharmacie 

<8Y((Z7$9E*%!5;1%'?5!1%?5;(;%$435!<$#%L%(8E=35&EN1#%<87!&#$'9&75!1%#!&$#%(#1%$76515:#1%#&%(#1%

protéines virales GAG (polyprotéine virale) et NCP7 (un constituant de GAG). Des cellules 

HeLa transfectées avec GAG ou NCP7, ont été lysées, brièvement centrifugées pour 

supprimer les débris cellulaires et les organites à enveloppes (mitochondries et noyaux) 

'7!17%G;#%(#%1;$!'"#'!&%5!&%4&4%;&7(7141%35;$%(84&;<#)%M['7%#AA#9&;4%<#1%"$'<7#!&1%<#%<#!17&4%<#%

sucrose de 20 à 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 être co-précipités, suggérant que NCP7 se lie au ribosome et 

pourrait être impliqué dans sa propre régulation traductionnelle. 

 

Perspectives futures  

 

W5!% &$'?'7(% 1;$% (#% $76515:#% E;:'7!% '% 3#$:71% <84&'6(7$% ;!#% !5;?#((#% :4&E5<#%

1=!#$"7G;#% 35;$% (856&#!&75! de cristaux dans le cadre de molécules particulièrement 

<7AA797(#1*% 6'14#% 1;$% (87!&#$A'9#% #!&$#% ('% 6759E7:7#*% ('% 9$=5-microscopie électronique et les 

essais de cristallisation. La visualisation des échantillons et des particules des complexes 

macromolécul'7$#% (#%95!1&7&;'!&%'A7!%<856&#!7$%;!%'3#$\;%<#% (#;$%E5:5"4!47&4%#&%1&'67(7&4%

#1&%;!%!5;?#(%'13#9&%G;87(%#1&% 7:35$&'!&%<#%3$#!<$#%#!%95:3&#%35;$%(84&;<#%<#%95:3(#@#1%

macromoléculaires en biologie structurale intégrative. Dans le cas du ribosome humain, 

cet&#%:4&E5<#%:5!&$#%&$N1%9('7$#:#!&%1#1%'?'!&'"#1*%#&%35;$$'%]&$#%;&7(714#%L%(8'?#!7$%<'!1%

(#% 9'<$#%<8';&$#1%675:5(49;(#1)%I$^9#%';% &5;&%!5;?#';%J7&'!%_$751% 7!1&'((4% $49#::#!&% ';%

T#!&$#%<#%`75(5"7#%Y!&4"$'&7?#%DT`Y2%L%(8YI`WT*%<#%:#7((#;$1%K#;@%<#%<5!!4#1%35urront être 

95((#9&41*% !5&'::#!&% #!% ;&7(71'!&% ;!% :5<#% <8#!$#"71&$#:#!&% 95!&7!;*% 3#!<'!&% (#G;#(% (#%

<4&#9&#;$% #!$#"71&$#% K;1G;8L% <7@% 7:'"#1% 3'$% 1#95!<#% 15;1% (#% A'719#';% <84(#9&$5!)% V!A7!*% ('%

structure à haute résolution du complexe de terminaison permettra de mettre en lumière le 

:49'!71:#% 3$4971% <87!&#$'9&75!% <8#BC-% #&% #BC.% '?#9% (#% 9#!&$#% 3#3&7<=(-transférase et le 

9#!&$#% <#% <495<'"#% <;% $76515:#*% '?#9% (#% 6;&% ;(&7:#% <8'335$&#$% ('% $435!1#% L% ('%

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 a$#'<b 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 II 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 III, 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 



28 
   

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.   

mRNA 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 

;!&$'!1('&#<% $#"75!1% '&% &E#% P8- '!<% .8- ends. Prokaryotic mRNA is ready for translation 

immediately after transcription. However, in eukaryotes its post-transcriptional processing 

differs from prokaryotes. The eukaryotic mRNA :;1&%;!<#$"5%P8-cap addition, splicing and 

.8-polyadenylation (Fig. 2A). The P8%9'3%71%'%:5<7A7#<%";'!7!#%D7-methylguanosine) residue, 

added co-transcriptionally to the first nucleotide with P8-P8-triphosphate bond, which is 

essential for ribosome recruitment. Furthermore, as soon as mRNA is completely 

&$'!19$76#<*%'65;&%+P,%'<#!517!#%$#17<;#1%'$#%'<<#<%&5% &E#%.8%#!< to allow export of the 

mRNA from the nucleus. P8%9'3%'<<7&75!%'!<%35(='<#!=('&75! 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 aclover leafb 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 mRNA codon. The D-

(553% '!<% &E#% JkT% (5531% '$#% 17"!7A7#<% 6=% :5<7A7#<% ;$'97(% 6'1#1*% <7E=<$5;$7<7!#% '!<%

pseudouridine, respectively (Dudock et al., 1969))%JE#%.8%#!<%E'1%'!%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. 

 

Figure 2: mRNa and tRNA. (A) Pictorial representation of eukaryotic mRNA. tRNA structure (B) 2D 
(C) 3D L cshaped, 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, 

eIF1A, eIF5B and eIF1, performing similar functions (Eiler et al., 2013) (Table 1). eIF1 and 
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eIF1A 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). eIF5B accelerates 60S-40S subunit joining. On the 

other hand, eIF6 is a unique anti association factor, which binds to the 60S and prevents its 

joining to the 40S. eIF2B promotes GDP-GTP exchange on eIF2. The rest of the eukaryotic 

initiation factors are majorly involved in either mRNA recruitment (eIF4, eIF3 and PABP) or 

assist in delivering Met-tRNAi to the 40S subunit (eIF2 and eIF5) apart from performing 

other important functions. eIF4A, a helicase, forms a component of eIF4F and allows 

unwinding of &E#%P8%$#"75!%5A%:B> %'!<%'&&'9E:#!&%5A%&E#%3$#-initiation complex to mRNA; 

eIF4B like eIF4H is an RNA binding protein that enhances the helicase activity of eIF4A 

(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.

 

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 (eIF2, eEF1A, eRF3) which, most 

likely, fulfils the energy requirement for translation. The role of release and recycling factors 

is discussed in section III. 

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 a3E'1#%3$56(#:b%71%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). 

 

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 21st 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).  

 

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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  65<=% D'!<% 13;$%5$% A55&2% 95:351#<%5A%P8% '!<%.8%:7!5$% DEQQ2%<5:'7!1%g7&E%3$5&#7!1%

rpS4, rpS5, rpS12, rpS16, rpS17 and rpS20; 

  &E#%E#'<%95:351#<%5A%&E#%.8%:'K5$%<5:'7!%'!<%$3e+*%$3e.*%$3eO*%$pS9, rpS10, rpS13, 

rpS14 and rpS19; 

  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 amessageb 

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 codonlanticodon 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.  

 

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 ~3Å in 70S 

ribosome complex with tRNA in A, P and E sites (Jenner et al., 2010). This adomain closureb 

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 

a<5:'7!%9(51;$#b%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 a<5:'7!%9(51;$#b%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 +8-hydroxyl group of the A76 residue functions 

as a vital proton shuttle in substrate-assisted catalysis (Weinger et al., 2004). TE#%i-amino 

group from the incoming charged tRNA in A-site gives the proton to the +8-hydroxyl group of 

 Om%gE79E%7!%&;$!*%3$5?7<#1%'%3$5&5!%&5%&E#%(#'?7!"%.8-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 

A$5:% .8- &5% +8-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. 

 

Figure 6T#$&9+(/=8#+%,3)B&%,)&#%&,*+(13@#X-*8&192(8(*#,++,*d#1B#+2&#e-amino group of the aminoacyl 
+WX!# ,+# +2&# !f)(+&# 13# +2&# *,%013=8# *,%013# 1B# +2&# 9&9+(/=8f+WX!# ,+# +2&# $f)(+&@# !/,9+&/# B%1'#
(Carrasco et al., 2011). 

1.3.4 Peptide exit tunnel 

The growing peptide chain passes through a 80 Å long and 10l20 Å 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 Å 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 19d,81, 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 Å, 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 Å 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 mRNA 

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

 

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 Å 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 Å 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"#$%%#&'(#)**+#,)(*-.*/#0+#'+# 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.  

 

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 5S rRNA, 

the rest of the three rRNA components are synthesised by RNA Pol I from a single 

transcription unit. The fourth rRNA (5S) requires RNA Pol III. 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. 

 

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 Å 

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 Å (Ben-Shem et al., 2011)  

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

and 3.9 Å respectively (Klinge et al., 2011; Rabl et al., 2011). 

  Rabbit 40S complex at 11 Å (Lomakin and Steitz, 2013). 

Single particle cryo-EM structures:  

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

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

  Human and Drosophila melanogaster ribosome structures at 5.4 Å (Anger et al., 2013) 

  Yeast ribosome bound to CrPV IRES structure at 4 Å (Fernandez et al., 2014) 

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

  Pig ribosome structure bound to Sec61 complex at 3.4 Å (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).  

 

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 (501100Å) 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 

(&'-*/#2-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. RPL6, 

positioned on the top of ES39 contacts ES7 and ES39m and forms inter-3-,4*0+# (&'-*/#2-

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 2-barrel fold that consists of five or six 2-strands 

arranged as two tightly packed anti-3'-'55*5#2#(&**4("#6&*(*#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 (7'55#2 hairpins, followed by an 

8-helix). This domain 709&4#)*#0+.,5.*/#0+#:;-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 

8-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 rpS1e which 

substitutes for bacterial rpS6p and rpS18p proteins. It consists of an N-4*-70+'5# 2-barrel 

domain related to rpL33p and a C-4*-70+'5<#8=2#/,7'0+#-*(*7)50+9#-3>?3"#@,A*.*-<#-3>%e 

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 rpS6e. It 3,((*((*(#'#2-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 *B4*+/*/#2-

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 a seven-)5'/*/# 2-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 mRNA-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, 5q syndrome is triggered by deletion of one allele of rpS14e, 

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 eIF6 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, ES9L, ES10L, ES12L, ES15L, ES19L, ES20L, ES24L, ES26L, 

ES27L, ES31L, ES39L, and ES41L) and two VRs (H16118 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 S1e. 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, S1e interacts with the components of the mRNA exit tunnel, 

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

Exceptionally, L41e forms the eB14 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, L41e 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 I 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 II release factors are GTPases and involve RF3 and eRF3. They assist class I 

release factors and act in a GTP dependent manner. RF3 is known to promote dissociation of 

class I 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. 

  N-4*-70+'5#/,7'0+#%#C,+(0(4(#,D#D,E-#8-helices and a 310-helix. A coiled coil motif is 

D,-7*/#)F#&*50C*(#8%<#8:#'+/#8G"#6&0(#/,7'0+#0(#3-,H*C4*/#,E4A'-/(#D-om the main 

body but hydrophobic interactions, salt bridges and hydrogen bonding keep it 

secured to the rest of the protein. 

  Five stranded anti-3'-'55*5#2-sheet and two 8-helices compose the domain 2. The SPF 

motif in RF2 and PxT motif in RF1, required for stop codon recognition, is present in a 

5,,3#)*4A**+#2G#'+/#2I#(4-'+/(" 
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  J,7'0+# :<# C,73-0(0+9# ,D# 2?<# 2K<# 2L# (4-'+/(# '+/# '# 5,+9# 8# &*50B<# 0(# (04E'4*/# '),.*#

domain 2. It harbours the GGQ motif, required for peptidyl tRNA hydrolysis. 

  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. 

 

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 23Å apart (Fig. 11). The minimum distance to allow interaction between 

the PTC and decoding site on ribosome is 70 Å. 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 A*-*#(E99*(4*/#4,#'C4#'(# '+40C,/,+(!#(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 

8I#'+/#4&*#C,+(*-.*/#-*C,9+040,+#5,,3#MNO%#%L%-195 (185-199), RF2 201-217 (200-216) in T. 

thermophilus (E. coli), -*(3*C40.*5FP#)*4A**+#2G#'+/#2I#(4-'+/(#,D#/,7'0+#Q"#6&*F#4,9*4&*-#

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. 

 

 

Figure 12: Watson-crick and Hoogsteen interactions between nucleotides. On purine rotation 
"#$%&'( )*+( ,-./$01'1/( 2$&'( 345( "&'( 2"0+( 6-1771&,( 3859( :$$,0)++&( ,+$;+)#.( /"&( 2+( $2)"1&+'9(

affecting C8 and C1 residues, indicated in yellow. 

 



55 
   

First base recognition in stop codon (U1) 

U1 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-4*-70+'5# 403# ,D# &*50B# 8I# '+/# R% (Fig. 13). This hydrogen bonding pattern 

resembles that of the canonical A: U base pair (Laurberg et al., 2008).  

 

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 U1 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. Glu187 and 

Asp209 might interact with the Hoogsteen edge of the second nucleotide (Young et al., 

2010). 

 

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). Gln181 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 Gln 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 I 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 Gln 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 Gln side-chain being involved in catalysis. 

Rather, the Gln 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 Gln residue, the presence of Gly was 

found to be more critical. The substitution of Gly had a severe effect on peptide hydrolysis 

(104 fold slower rate of peptide release) (Mora et al., 2003; Zavialov et al., 2002). Similarly, 

substituting the Gln by Pro led to complete loss of peptide hydrolysis (Korostelev et al., 

2008a). It is because the main-chain amide group of Gln forms a hydrogen bond with 4&*#:;-

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 essent1"-(<==>?(;$)16@(A&(

)*+(-"0)(7"&+-9()*+(B?-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 I 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 (10-3-10-6), 

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!#'+/#'+# ,3*+! 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 Å) 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 103 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 (koff) 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 I 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 I is subdivided into the 

S6T'(*#/,7'0+#'+/#'+# UO-S#50V*!#S;-subdomain. The classical G-domain is composed of a 

six-(4-'+/*/#2-sheet (five parallel and an antiparallel 2-strand) lined by six 8-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 eIF2, eEF2, eEF1a and eRF3 in eukaryotes. 

J,7'0+# WW# D,-7(#'#2-barrel structure, which also exists as a fold in EF-Tu, EF-G and 

eRF3 polypeptides. A short peptide linker connects domain II to domain III. Domain III 

C,73-0(*(#'+,4&*-#2-barrel along with two 8-helices on either side. 
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Figure 16C(D-"00(AA(EF@(3G5(/#.0)"-(0)#%/)%#+($6(EFB(H1)*(=9(=?9('$;"1&09('$;"1&( II and III 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 II 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 II 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 I 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 B1a (between protein S13 and h28 

of 23S rRNA) and B1b (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 I 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 II and III, at 

helices h5 and h15 of 16S rRNA and protein S12. RF3 itself also changes conformation on 

binding to the ribosome. Both domains II and III are rotated as compared to the free RF3 

crystal structure. Additionally, the switch loop I in GTP binding domain is ordered as 

compared to the crystal structure and forms an enclosure around the GTP analogue, 

probably permitting GTP hydrolysis. 

 

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-01)+( )EIG@( J$0)( 7+7)1'+( #+-+"0+9( EFBK=LJ( 10( #+/#%1)+'( )$( )*+( #12$0$;+( 1&( 1)0(

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, 
EFBK=MJ( "00%;+0( 1)0( $7+&( /$&6$#;")1$&( "&'( )*+( #12$0ome changes from the unrotated to the 
rotated conformation. This allows the class-1 RF to leave and GTP hydrolysis to occur in the 
complex probably due to contact with L6/SRL and L12-DML@( EFBK=LJ( '100$/1")+0( 6#$;( )*+(

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 III 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 

4&*#T6X"#6&*#+EC5*,3&05*#0+#4-'+(3*340/'40,+#0(#4&*#8-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.  

 

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.  
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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. 

 

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 I 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 I 

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 (4-'+/*/#2-sheet, enclosed on both sides by two 8-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 0(#35'C*/#)*4A**+#&*50C*(#8Q#'+/#8:. 

6&*#&*50B#8%#C-*'4*( 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 8-

helix connects domains 2 and 3. The C-terminal domain is similar to '+#8=2#('+/A0C&#D,5/"#

Although the majority of the residues were not characterised in the crystal structure, NMR 

studies have shown that a minidomain is formed by an 8-helix and three 2-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). 

 

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 

*UO%8" The latter is further divided into a three-domain architecture. Domain 1 is the 

conserved GTPase domain with a six (4-'+/*/#2-sheet (5 parallel and 1 antiparallel 2-strand) 

lined by six 8-helices and a 310-helix. Domains 2 and 3 each assume a 2-barrel structure as 

,)(*-.*/# D,-# *UO%8<# UO-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).  

 

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-

&F/-,5F(0(# )F# *NO:# '55,A(# C,,-/0+'40+9# *NO%;(# C,/,+# -*C,9+040,+# '+/# 3*340/*# -*5*'(*#

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 yield 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). TYZTX%#0(#),E+/#4,#4&*#:;#3,5F-A tail of 

the mRNA. These PAM2 motifs (PABPC1-interacting motif 2), PAM2-N and PAM2-C, residues 

67178 and 76187, respectively, interact with cytosolic polyA binding domain of PABPC1 

(Osawa et al., 2012). The PABPC1, in turn is known to interact with eIF4G which might be 

involved in D,-70+9#'#C5,(*/#5,,3#A&*-*0+#4&*#:;R6N 0(#5,,3*/#,E4<#'+/#4&*#7N[Y#I;-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 Pan21Pan3, Caf11Ccr4 (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                --MDPGSGGGGGGGGGGGSSSGSSSSDSAPDCWDQADMEAPG------------------ 40 

eRF3b                --MD----------------SGSSSSDSAPDCWDQVDMESPG------------------ 24 

eRF3-pombe           -MASNQPNNGEQDEQLAKQTSKLSMSAKAPTFTPKAAPFIPS------------FQRPGF 47 

eRF3-cerevisiae      MSDSNQGNNQQNYQQYSQNGNQQQGNNRYQGYQAYNAQAQPAGGYYQNYQGYSGYQQGGY 60 

                        .                .  . .              *.                   

------------   ----------------------------------   -------------------------------------- 
eRF3a                MEEEEEIPKPKSVVAPPGAPKKEHVNVVFIGHVDAGKSTIGGQIMYLTGMVDKRTLEKYE 247 

eRF3b                MEEKEEIRKSKSVIVPSGAPKKEHVNVVFIGHVDAGKSTIGGQIMFLTGMVDKRTLEKYE 239 

eRF3-pombe           TDLQN---EVDQELLKDMYG-KEHVNIVFIGHVDAGKSTLGGNILFLTGMVDKRTMEKIE 274 

eRF3-cerevisiae      ALIKEQEEEVDDEVVNDMFGGKDHVSLIFMGHVDAGKSTMGGNLLYLTGSVDKRTIEKYE 296 

                        ::   : .. :       *:**.::*:*********:**::::*** *****:** * 

 

eRF3a                REAKEKNRETWYLSWALDTNQEERDKGKTVEVGRAYFETEKKHFTILDAPGHKSFVPNMI 307 

eRF3b                REAKEKNRETWYLSWALDTNQEERDKGKTVEVGRAYFETERKHFTILDAPGHKSFVPNMI 299 

eRF3-pombe           REAKEAGKESWYLSWALDSTSEEREKGKTVEVGRAYFETEHRRFSLLDAPGHKGYVTNMI 334 

eRF3-cerevisiae      REAKDAGRQGWYLSWVMDTNKEERNDGKTIEVGKAYFETEKRRYTILDAPGHKMYVSEMI 356 

                     ****: .:: *****.:*:..***:.***:***:******::::::******* :*.:** 

 

eRF3a                GGASQADLAVLVISARKGEFETGFEKGGQTREHAMLAKTAGVKHLIVLINKMDDPTVNWS 367 

eRF3b                GGASQADLAVLVISARKGEFETGFEKGGQTREHAMLAKTAGVKHLIVLINKMDDPTVNWS 359 

eRF3-pombe           NGASQADIGVLVISARRGEFEAGFERGGQTREHAVLARTQGINHLVVVINKMDEPSVQWS 394 

eRF3-cerevisiae      GGASQADVGVLVISARKGEYETGFERGGQTREHALLAKTQGVNKMVVVVNKMDDPTVNWS 416 

                     .******:.*******:**:*:***:********:**:* *:::::*::****:*:*:** 

 

eRF3a                NERYEECKEKLVPFLK-KVGFNPKKDIHFMPCSGLTGANLKEQSD--FCPWYIGLPFIPY 424 

eRF3b                IERYEECKEKLVPFLK-KVGFSPKKDIHFMPCSGLTGANIKEQSD--FCPWYTGLPFIPY 416 

eRF3-pombe           EERYKECVDKLSMFLRRVAGYNSKTDVKYMPVSAYTGQNVKDRVDSSVCPWYQGPSLLEY 454 

eRF3-cerevisiae      KERYDQCVSNVSNFLR-AIGYNIKTDVVFMPVSGYSGANLKDHVDPKECPWYTGPTLLEY 475 

                      ***.:* .::  **:   *:. *.*: :** *. :* *:*:: *   **** * .:: * 

-------------  ----------------------------------  --------------------------------------- 
 

eRF3a                TFKDFPQMGRFTLRDEGKTIAIGKVLKLVPEKD 636 

eRF3b                TFKDFPQMGRFTLRDEGKTIAIGKVLKLVPEKD 628 

eRF3-pombe           RFEDYQYMGRFTLRDQGTTVAVGKVVKILD--- 662 

eRF3-cerevisiae      TYQDYPQLGRFTLRDQGTTIAIGKIVKIAE--- 685 

                      ::*:  :*******:*.*:*:**::*:      

 

Figure 22: Above is the ClustalW (Goujon et al., 2010) sequence alignment of eRF3 from humans 
and yeast. The deleted sequence is separated by (- --   -). 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 alignment score for the above mentioned eRF3 sequences. 

Seq A Name Seq B Name Similarity score 

1 eRF3a 2 eRF3b 85.9873 

1 eRF3a 3 eRF3-pombe 37.1069 

1 eRF3a 4 erf3-cerevisiae 41.6667 

G-domain 

Domain III 

N-terminus 
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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 mRNA 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. !"#$%&'()*'+,-.,-/'012,3,24'50&'+!!-'.!2!67,-!.'28'+!'

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 

9("#):";%'782,<='>?2'@AB@'0-0C4&,&'50s 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 et al., 2008). This is 

corroborated, to some extent, by cryo-EM studies, as explained below. But the eRF1-eRF3 

complex with ribosome still needs to be studied in detail to shed light on termination 

mechanism. 

 

Figure 23: SAXS model for eRF1-eRF3-GTP complex. Adapted from (Cheng et al., 2009). 

1.18 Interactions with mammalian ribosome  

Crystal structures for individual factors and complexes have been available but the 

limiting factor for crystal structures of eukaryotic termination complexes with ribosomes is 

the crystallization process itself for higher eukaryotic ribosomes. So far, the insights into the 

eukaryotic translation termination mechanism have been from biochemistry and cryo-EM 

studies. In the last two years structures of the eRF1-eRF3 associated mammalian 

termination complex (des Georges et al., 2014; Taylor et al., 2012) and Dom34-Hbs1, Pelota-

Hbs1 associated recycling complexes (Becker et al., 2012) have brought to light the 

communication between factors and ribosomes (Fig. 25). 

 eRF3 was observed to bind at the universal GAC on the 60S with its G domain 

contacting the sarcin-ricin loop (H95) of 28S rRNA. It is in close proximity of the P stalk, 

rpL40e and rpL9. The d870,-'D'E-barrel structure contacts h5 and h15 of 18S rRNA in the 

40S (Fig. 24). The G domain and domain 2 sandwich the M-domain of eRF1, placing the GGQ 

motif, present at the tip of the M-domain, in the intersubunit space of the 80S. Also, in the 

immediate vicinity of the M-domain is the switch-I region of eRF3, which might be stabilised 



70 
   

on interaction with eRF1 enabling GTP-binding to eRF3. Fig. 24 shows a structural 

comparison of S. pombe eRF3 and cryo-EM ribosome bound form of eRF3.  

 

Figure 24: Structural comparison of S. pombe eRF3 crystal structure (salmon red), human eRF3 
crystal structure (green) and human eRF3 cryo-EM structure when bound to ribosome. (A) Shows 
the overlap in structures of the G domain from both the species. (B) Domain II and III have 
different conformations in cryo-EM and crystal structures. 

As predicted by biochemical studies, the N-domain of eRF1 contacts the helices h18, 

h30, h31, h34, h44 of 18S rRNA and proteins rpS30e and rpS31e in the 40S decoding centre 

(Bertram et al., 2000; Frolova et al., 2002). The TASNIKS motif is placed in immediate vicinity 

of the stop codon, in accord with UV cross-linking studies (Chavatte et al., 2002). The 

YxCxxxF motif is also close to the stop codon and within interacting distances of bases in 

positions 1 and 2 (Fig. 24). And the C-domain of eRF1 contacts the P-stalk base of the 60S 

subunit via RPL12, H43 and H44. The minidomain contacts the beak of the small subunit and 

might be required to limit the intersubunit and head rotation to permit efficient peptide 

release. At the same time, the C-.870,-'8<'!"#F'1877?-,102!&'G,25'25!'.870,-'$'E-barrel 

of eRF3 as observed in the crystal structure and SAXS studies of free eRF1-eRF3 proteins 

(Cheng et al., 2009).  

The remarkable aspect of these studies is the non-rotated state of the ribosome and 

the open position of L1 stalk. The P-stalk base of 60S has an altered conformation and so 

does the rpS3 of 40S. New head body connections are formed on the 40S leading to 

constriction of the mRNA entrance channel. Ribosome conformational changes on binding 

of eRF1-eRF3-GTP ternary complex to ribosomes were predicted (Alkalaeva et al., 2006), 
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since they observed a two nucleotide forward shift of ribosome toe print. These structural 

studies confirm this. 

 

Figure 25: Pre-termination complex overview showing 40S, 60S, eRF1, eRF3, P-site tRNA and 
mRNA. (B) Atomic model fitted into the cryo-EM map showing eRF1, eRF3 and P-site tRNA. (C) 
Zoomed in view of eRF1 N-domain and mRNA showing the TASNIKS, YxCxxxF motifs and their 
positions relative to the modelled stop codon containing mRNA. First, second and third codon 
positions are indicated in orange, yellow and blue. (D)- (E) Close up of eRF3 depicting human 80S 
model fitted in the cryo-EM density map. 18S rRNA is depicted in purple, 40S proteins in beige and 
60S proteins in light blue. Adapted from (des Georges et al., 2014). 

Thus, the eRF1-eRF3-GMPPNP complex on the ribosome takes on a conformation 

similar to 70S-bound tRNAHEF-Tu and yeast 80S-bound Dom34HHbs1 complexes. 

Considering that this complex has a non-hydrolysable analogue of GTP, GMPPNP bound, it 
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represents the pre-termination state of translation. The GGQ loop is placed far away from 

the PTC, indicating that GTP-hydrolysis is a prerequisite for accommodation to catalyse 

peptide hydrolysis. The GTP-hydrolysis would also change conformation of switch regions in 

G-domain so that eRF1 M-domain is accommodated to release peptide. This is achieved by a 

hinge movement of M domain as observed in these cryo-EM structures. However, eRF1 has 

been reported to have a lower kd in the post termination complex (Pisarev et al., 2010), post 

GTP hydrolysis. Becker and his co-workers showed that eRF3 and ABCE1 share the same 

binding site on the ribosome (Becker et al., 2012). This might be a mechanism to link 

termination with recycling by keeping eRF1 bound until ABCE1 has been recruited to 

promote subunit dissociation. 

These structures, however, have a limited resolution (8-10Å) which leaves a lot of 

questions unanswered. Like the long-standing dogma about factor association with 

ribosome as a ternary complex, still must be proven. They neither provide insight into the 

decoding mechanism nor the peptide release mechanism. Moreover, post termination, the 

mechanism leading to dissociation of the two factors to ensure recycling of the subunits for 

next round of translation needs to be explored structurally in more detail. 

1.19 Recycling and ribosome rescue 

Translation termination step is involved in regulating and communicating with other 

pathways as well, like mRNA quality surveillance and viral response. Aberrant mRNA 

translation can cause stalling of the translation machinery leading to unavailability of 

ribosomes and potentially dangerous by-products for the cell.  

Three mRNA surveillance mechanisms have been reported in eukaryotes. Premature 

translation termination triggers nonsense-mediated decay (NMD) while slowed or halted 

translation due to rare codons or pseudoknot or RNA stem-loop structures activates the No-

go decay (NGD). The last of these decay mechanisms, nonstop-decay (NSD), acts on arrested 

translation machinery with mRNA lacking a stop codon and have the poly-A tail translated 

into poly-Lys stretches.  
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Figure 26: The role of termination factors in distinguishing an accurate stop codon from a 
premature stop codon. (A) eRF3 interacts with PABP at the canonical stop codon, triggering 
deadenylation dependent decay of the mRNA. (B) NMD pathway is activated on eRF3 interaction 
with Upf1 instead of PABP. Adapted from (Hoshino, 2012). 

NMD depends on eRF1-eRF3 interactions with the specific factors like Upf1 (Fig. 26). 

Upf1, RNA-dependent ATPase/helicase, interacts with eRF3 and SMG1, a 

phosphatidylinositol kinase-related serine threonine protein kinase. eRF3 PAM2 motifs bind 

Upf1, so Upf1 must compete with PABPC1 to interact with eRF3. This depends on the length 

of mRNA. If mRNA is authentic, then eRF1-eRF3 complex will be able to interact with 

PABPC1 activating normal decay pathway. On the contrary, if mRNA possesses a nonsense 

codon, it will be unable to interact with PABPC1 and allow Upf1 binding to the translation 

machinery. Upf1, in turn will trigger its own phosphorylation by recruiting SMG1 and SMG6, 

thereby cleaving the nonsense codon encoding mRNA (Conti and Izaurralde, 2005) (Fig. 26). 

In mammals, NGD and NSD pathways are more complicated and less well 

understood. ABCE1 (yeast homologue Rli1) is vital for dissociation of programmed and 

vacant/stalled ribosomes (Pisarev et al., 2010). eRF1 and eRF3 paralogues, Dom34 (yeast)/ 
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Pelota (mammals) and Hbs1, respectively, coordinate with ABCE1 to promote dissociation of 

stalled elongation complexes in NGD and NSD (Doma and Parker, 2006; Tsuboi et al., 2012).  

To understand these mechanisms in the context of termination, structures of the key 

players should be briefly described. Pelota (Dom34, yeast homologue, aPelota in archaea) 

possesses a 3-lobed structure, N-terminal, central and C-terminal domain, similar to eRF1. 

The motifs required for termination (NIKS, YxCxxxF and GGQ) are replaced by a patch of 

basic residues crucial for NGD. Hbs1 is comparable to EF-Tu like GTPases (including eRF3) 

comprising the ('.870,-'0-.'E-barrels of domains II and III. The NTD is largely unstructured 

like for eRF3 but is variable in length. In archaeaI'0J#FK'20L!&'83!6'25!'<?-12,8-'8<'M+&F= 

 

Figure 27: NGD pathway. (a) The central domain movement of Pelota as observed in cryo-EM 
structures of Pelota-Hbs1 and Pelota-ABCE1 bound to ribosome. (b) Model predicted for eRF1-
eRF3 interaction and conformation change on ribosome, based on structures in (a). Adapted from 
(Franckenberg et al., 2012). 

ABCE1 belongs to the ABC family of proteins characterised by two ABC-type 

nucleotide binding domains (NBD) arranged in a head-to-toe fashion. Each NBD has Walker 

A and Walker B motifs, A loop (with aromatic residues), Q, D, H loops (named so because of 

25!'18-&!63!.'6!&,.?!&N'0-.'25!'A>O'&,/-02?6!'782,<'P:@((QN'R6!&!-2',-'0'K-helical domain. 
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ABC family of proteins have the ability to regulate access to NBD by conformational changes 

from an ADP bound open state to ATP bound closed state. Of all the family members, ABCE1 

uniquely possesses an iron-sulphur domain (FeS) with two non-equivalent diamagnetic [4Fe-

4S]2+ clusters. 

ABCE1 acts in coordination with an A-site factor on the ribosome like eRF1 or Pelota 

to split the complex into free 60S and tRNA, mRNA bound 40S. Kinetic studies have 

8+&!63!.'2502'A>OJF%&'6,+8&87!'6!141C,-/'2!-.!-14' ,&'.!R!-.!-2'8-'A)*-hydrolysis but is 

independent of peptide release. It stimulates eRF1 to release the peptide, but even in the 

absence of peptide release, ABCE1 could dissociate the two ribosomal subunits (Shoemaker 

and Green, 2011). In the cryo-EM structures of aPelota-aABCE1-ribosome and Pelota-Hbs1-

ribosome (Becker et al., 2011), aABCE1 and Hbs1 bind at overlapping sites at the canonical 

GTPase centre. When Pelota is bound with Hbs1 on the ribosome, its central domain is 

tightly packed (Fig. 27). On swapping Hbs1 for ABCE1, Pelota undergoes a 140° rotation 

placing its central domain in close vicinity of the P-site tRNA acceptor stem and intersubunit 

bridge B2a formed by h44 and H69. Also, the Fe-S domain of ABCE1 interacts with Pelota 

rather than with the ribosome, and it might mediate this conformational change.  

 

Figure 28: Proposed scheme for translation termination and ribosome recycling. Adapted from 
(Becker et al., 2012). 
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Considering the structural and functional similarity of Pelota and Hbs1 to eRF1 and 

eRF3, respectively, a model for termination mechanism has been hypothesised (Fig. 28). The 

eRF1-eRF3-GTP binds to the ribosome as a ternary complex, not individually as in 

prokaryotes. On binding to ribosome, the M-domain of eRF1 would be packed closely 

against eRF3, as depicted by SAXS studies. GTP hydrolysis would rearrange the M domain, 

placing the GGQ motif 1C8&!'28'25!'$%-CCA end of P-site tRNA to allow peptide release. This 

would be assisted by eRF3 liberation and ABCE1 recruitment. ABCE1 in turn would 

coordinate with eRF1 to ensure dissociation and turnover of components of the translation 

machinery (Fig. 28). This model, to some extent, has been corroborated by the cryo EM 

structure of pre termination complex, as discussed above.  
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1.20 Viral protein association with ribosomes 

Viruses, by far, are the most notorious infectious agents that replicate only inside a 

living cell and can infect all types of life forms. Of these, retroviridae is a family of enveloped 

viruses that stores its genetic information in the form of RNA. Upon infection in the host 

cell, this RNA is reverse-transcribed and incorporated into host DNA, using viral and host 

proteins. Thereafter, the viral genes are expressed using the canonical transcription and 

translation pathways. 

Human immunodeficiency virus (HIV) is a retrovirus that can lead to acquired 

immunodeficiency syndrome (AIDS), a condition in which the immune system relinquish to 

life-threatening opportunistic infections.  It has a very high genetic variability resulting from 

a fast replication cycle combined with a high mutation rate. Next, its core genome is 

conserved with two copies of positive single stranded RNA, each carrying three ORFs 

encoding polyproteins- gag, pol and env. Gag (group specific antigen) comprises about 50% 

of the mass of viral particle and is the major structural protein of HIV-1. Pol encodes 

precursors of reverse transcriptase, integrase and protease, while env codes for surface 

glycoproteins which participate in fusion of virus into the host cell. 

Gag is transcribed as a 9kb long unspliced transcript in the host cell, which upon 

translation yields the polyprotein containing four major domains; the N terminus matrix 

(MA), capsid (CA), nucleocapsid (NC) and the C terminus p6. Two SspacerT regions- p2 and 

p1 peptides- are present on either side of NC-p7 (Briggs et al., 2009). It has been shown that 

gag regulates the balance between RNA translation and its packaging into virions, in a 

bimodal manner. Gag initially acts in a positive feedback manner to stimulate its own 

production (Anderson and Lever, 2006). This is determined by the MA peptide interaction 

G,25'306,8?&'<01286&',-38C3!.',-'260-&C02,8-I',-1C?.,-/'!U#V>I'J#FK'+?2'25!'7!150-,&7',&'-82'

clear (Cimarelli and Luban, 1999). Beyond a certain concentration of gag, translation is 

inhibited, dictated by the recognition of packaging signal, present on the viral RNA. This 

function of Gag could be mediated through the NCp7 region, which has been shown to 

interact with RNA as well as other cellular proteins (Anderson and Lever, 2006).  
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Table 4: Proteins known to interact with NC-p7 and their cellular functions. 

NC-p7 Interacting 
partner  

Cellular protein function  Viral RNA- 
dependent  

Stau (staufen)  

(Chatel-Chaix et al., 2008) 

It is a double-stranded RNA binding protein 
involved in RNA localization, mRNA decay. Also 
forms the principal component for transport of 
ribonucleoproteins.  

No  

Lyric (Lysine-rich carcino-
embryonic antigen-related 
cell adhesion molecule co-
isolated); astrocyte-
elevated gene 1 (AEG-1) 
(Engeland et al., 2011)  

It is a HIV inducible gene in astrocytes that 
promotes HIV replication. It has also been 
implicated in HIV associated neuropathy, 
antiapoptotic effects and tumorigenesis.  

No  

Kif4 (kinesin superfamily 
protein) (Kim et al., 1998) 

It acts as a motor protein for transport toward cell 
membrane. It is abundant in juvenile neurons and 
lymphatic tissues.  

Not known  

ABCE1 (Lingappa et al., 
2006) 

It is highly conserved, ubiquitously present protein 
in archaea and eukaryotes. Required for ribosome 
biogenesis and ribosome recycling during 
translation. 

No  

TSG101 (human tumor 
susceptibility gene 101 ) 
(Garrus et al., 2001) 

It is a component of the endosomal sorting complex 
ESCRT-I and is involved in sorting of ubiquitinylated 
cargo into small vesicles. 

Not known  

Alix (apoptosis linked gene 
2 interacting protein X) 
(Popov et al., 2008) 

It promotes viral egress and membrane fission 
events. 

Not known  

Nucleolin (Bacharach et 
al., 2000) 

It shuttles between the nucleus and the cytoplasm 
and has an active role in ribosome biogenesis and 
assembly.  

Not known  
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The 55 amino acid long NC protein has two zinc fingers separated by functionally 

important basic domain 406RAPRKKG412 (Godet et al., 2012). Both the zinc fingers are 

functionally distinct, with the first being important for RNA encapsidation and the second 

required for viral particle stabilisation. During viral assembly and maturation, the NC region 

is crucial for gag-gag interactions and during viral replication (Thomas and Gorelick, 2008). 

NC has been researched extensively and a large range of its interacting partners have 

been reported (Table 4). Out of the seven interacting proteins with NC-p7, three affect 

translation by being involved in ribosome biogenesis, recycling or transport of mRNA for 

translation. Moreover, GAG polyprotein being involved in its own translation regulation 

(Anderson and Lever, 2006), has been observed to interact directly with most of the large 

and small subunit ribosomal proteins. However, the mechanism of interaction by far 

remains unclear and needs to be investigated in more detail. 
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1.21 Project Outline 

At the time of beginning this project, the human ribosome structure had not been 

studied to high resolution. This signified a limitation for eukaryotic translation studies, like 

for mechanism of interaction of viral sequences, like IRES with ribosome; with regards to 

antibiotic side effects. Most antibiotics bind to the prokaryotic ribosomes but some of them 

interact with eukaryotic counterparts, leading to risky unpredictable outcomes. Human 

ribosome structure is a necessity to avert these situations. We took upon ourselves the task 

of studying the human ribosome and its structure-function aspects. In particular, to obtain a 

homogenous ribosome sample which can in turn, be used for numerous purposes, ranging 

from studying the human ribosome structure itself to forming functional complexes. 

Specifically, we focussed on the eukaryotic translation termination, which seems to 

have diverged from prokaryotes to eukaryotes. The function of the release factors involved 

in translation is similar across the different domains of life, but their structures are 

considerably different. Moreover, the mechanism of stop codon recognition and 

coordination of the peptide release with stop codon recognition, have been a mystery. Also, 

in this regard the knowledge of high-resolution structures of eukaryotic release factors is 

inadequate. We started from exploring the structure of full-length eRF1-eRF3-GTP ternary 

complex and went on to provide insights into the interactions of these two release factors. 

This was followed by initial efforts to reconstitute translation termination complexes in 

vitro. 

Thus, my thesis primarily focuses on the structure-function aspect of the two major 

unanswered questions in eukaryotic translation: 

1. Human ribosome structure analysis. To work towards obtaining a high-resolution 

structure of human ribosome using a combination of state-of-the-art techniques in 

structural biology such as X-ray crystallography and cryo-electron microscopy (cryo- 

EM). It would provide insights into the specific mechanism of protein synthesis and 

regulation in humans as compared to other eukaryotes and bacteria, in particular.  

2. Translation termination mechanism in mammals. An attempt was made to fill the 

gaps in the understanding of the molecular mechanism of translation termination in 

higher eukaryotes. This involved purification and co-crystallisation of the two 
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eukaryotic release factors (eRF1 and eRF3). Preliminary results shed light on the 

eRF1-eRF3 interactions using biochemical studies and X-ray crystallography. Majorly, 

the study focuses on cryo-EM analysis of the pre-termination complex assembled 

using the purified ribosomes and release factors.  

Finally, another aspect that we tried to understand was the interaction of Gag, HIV-1 

polyprotein with ribosomal components. This was pursued ,-'18CC0+8602,8-'G,25'W3!&'XYC4%&'

group at the Faculty of Pharmacy, Illkirch. Proteins like Gag regulate their own translation by 

interacting with the translation machinery but the mechanism of these interactions is not 

yet revealed. We worked on the characterization of interactions between RPL7 and Gag and 

provide insights into the viral life cycle. These contacts can be exploited in future, for 

generating effective drugs against dreadful viral organisms.    
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2.1 Materials 

All chemicals were purchased from Sigma-Aldrich and Fluka. Crystallization screening kits 

and PEG solutions were purchased from Hampton Research. 

Deionized, distilled water is used for buffer preparations and complete protease inhibitor 

(Roche) is added to all the buffers. Buffer A contains 20 mM Tris pH 7.5, 2 mM Mg(OAc)2 

and 150 mM KCl. Buffer B contains 20 mM Tris pH 7.5, 6 mM Mg(OAc)2, 150 mM KCl, 6.8% 

sucrose, 1mM DTT and RNasin Plus RNase Inhibitor (Promega). Resuspension buffer C 

contains 100 mM KCl, 5 mM Mg(OAc)2, 20 mM HEPES pH 7.6, 1 mM DTT and 10 mM NH4Cl. 

For 60S and 40S subunits purification a slightly modified buffer A is required containing 20 

mM Tris pH 7.5, 2 mM Mg(OAc)2, 500 mM KCl.  

Required synthesized mRNA was purchased from Dharmacon, Thermo-fischer Scientific 

GmbH. tRNA-Lys (uncharged), purified from fresh chicken liver, was a kind gift received from 

Guillaume Bec, IBMC, Strasbourg. 

2.2 Human ribosome purification 

HeLa cell preparation 

HeLa cells are grown in suspension cultures (55 X 108 cells, approx 6L) in Minimal Essential 

Media Spinner Modification (S-MEM) (Sigma Aldrich) supplemented with 7% newborn calf 

serum, 2 mM Glutamine and  40 µg/ml gentamycin at 37° C in 5% CO2 environment. Once 

confluent, they are serum-starved for 6 hours to get a synchronized cell population. These 

cell cultures were maintained at the IGBMC HeLa cell facility. 

Lysis and sucrose cushion 

Cells are then lysed in freshly prepared lysis buffer containing 15 mM Tris pH 7.5, 0.5% NP40 

(Sigma-Aldrich), 6 mM MgCl2, 300 mM NaCl and RNAsin (Promega). After 30 minutes 

incubation on ice, the lysate is centrifuged at 12000 X g for 10 minutes to remove debris, 

nuclei and mitochondria (Belin et al., 2010). The supernatant is loaded on 30% sucrose 

cushion prepared in Buffer A and centrifuged for 16 hours at 115800 X g (50.2 Ti rotor) to 

get the crude ribosomal pellet (Jan and Sarnow, 2002) (Matasova et al., 1991). While loading 

the cushion, care must be taken to avoid disturbing the sucrose cushion, and ensure slow 
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addition of the lysate to the 30% sucrose. This pellet is resuspended in Buffer B and mixed 

thoroughly to obtain a homogenous resuspension. The presence of non-resuspended 

particles in this solution can affect the next step, and these particles must be removed by a 

short centrifugation (10 minutes at 10000 X g). Only the supernatant is used for the next 

step. 

Sucrose density gradient 

Sucrose solution must be treated with bentonite after preparation with buffer A to inhibit 

ribonucleases (Jacoli et al., 1973; Tyulkina and Mankin, 1984) if present. 

Gradient preparation: SG 50 Gradient Maker (GE Healthcare) is used to make a linear 

gradient of 15-30%, wherein the higher % sucrose solution is loaded in the mixing chamber 

and the lower % sucrose solution is loaded in the other, allowing to mix slowly. The outlet is 

connected with a pump and sucrose is collected drop-wise from the outlet. 

The supernatant is treated with 1 mM puromycin for 30 minutes at 4°C (Blobel and Sabatini, 

1971) with intermittent mixing and loaded on 15-30% sucrose gradient prepared in Buffer A. 

The samples are centrifuged at 25000 rpm for 11 hours in a SW-28 rotor and fractions are 

collected from bottom to top using an Econo Gradient Pump (Biorad) with an Econo UV 

Monitor (Biorad) and a Fraction Collector. The sample absorbance is recorded using UV 

reader (Biorad) and the peak corresponding to 80S is pooled for PEG20K precipitation (Ben-

Shem et al., 2011). A final concentration of 7% PEG20K is added to the pooled fractions, 

incubated on ice for 10 minutes and centrifuged at 17400 X g for 10 minutes. The pure 

ribosomal pellet is dissolved in resuspension buffer C and filtered using 0.22 µm filters 

(Millipore) for further analysis or stored without filtration on ice for seven days for 

crystallization. Snap freezing and storage is not advised. The concentration of the 80S 

ribosome was estimated using the absorbance measured at 260nm, one absorbance (A260) 

unit corresponds to 20 pmol of 80S ribosome. 

Subunit preparation 

After 1 mM puromycin treatment, the pellet in buffer B is loaded on 15-30% sucrose 

gradient, prepared in 20 mM Tris pH 7.5, 2 mM Mg(OAc)2 and 500 mM KCl. Two peaks 
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corresponding to 60S and 40S are pooled separately, and thereafter used for 7% PEG20K 

precipitation as for 80S ribosomes. 

2.2.1 Modifications tested for standardization of purification protocol 

1. SW-41 tubes and rotor were used for small scale preparations (500 ml to 2L of cell 

cultures) 

2. Hela cells: pelleted at different stages growth phase, stationary phase; glutamine 

starvation for 1-2 hours, serum starvation for 2-6 hours. 

3. Lysis: Using detergent NP-40, Triton X-100, homogeniser 

4. Sucrose % for gradients: 10-30%, 15-30%, 5-30%. 

5. Removal of sucrose after the gradient: dialysis using GeBaflex tubes- MWCO 6kDa, 

NAP-20 column, Zeba Spin 7K MWCO spin column, PEG precipitation and 

centrifuging the pooled fractions at high speed. 

6. Resuspension buffer: without NH4Cl, with KOAc in place of Mg(OAc)2. Different 

concentrations of Magnesium were tested, ranging 2-20 mM. 

2.3 Ribosome characterization 

2.3.1 Analytical Ultracentrifugation (AUC) 

Analytical Ultracentrifugation allows quantitative analysis of macromolecules in solution. As 

the sample is centrifuged, the components separated out into layers forming boundaries 

due to movement of particles (Kieft et al., 2007). Sedimentation is observed (measuring 

 !"#$! %&'()*+#$'"&'%&',- .%- $' *- /.0'1- +"'2- /#- & *&+* /'- /3'- 45'2!'$67"- &#'))icient (s) for 

/3'-0#*'&+*'8- 4'2.0'%/ /.#%(- 45'2!'$67"- &#')).&.'%/- 5 *+'"1- .%- /+$%1- 2'9'%2- #%- /3'- ".:'1-

shape and interactions of macromolecules in solution. 

 !
"

#$%
 

Where s, sedimentation coefficient, v, terminal velocity, ;1 is the angular velocity of the 

rotor and r is the distance of a particle to the rotor axis (radius). Using this and Lamm 

equation, it is possible to determine the hydrodynamic properties of a sample (Lebowitz et 

al., 2002). 
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Figure 29: Data collection for velocity sedimentation. The data is collected as a set of boundaries 
as the 80S sediments during centrifugation. Each trace in this figure represents a boundary 
collected at 4 min intervals using UV-absorbance. 

The Lamm equation can be written as: 

 

Where c is the solute concentration, t is time, r is radius, D is solute diffusion constant, s is 

sedimentation coefficient and   is rotor angular velocity. On spinning the samples at 

constant angular velocity and recording the change in concentration c(r, t), the parameters s 

and D can be determined. 

Sedimentation velocity experiments were conducted using Beckman Coulter Proteome Lab 

XL-I analytical ultracentrifuge using the 8-hole Beckman An-50Ti rotor at 4°C for 80S, 60S 

and 40S samples in resuspension buffer. In fact, different preparations with changes in 

buffer composition were also analysed using AUC. Sedimentation at 15000 rpm was 

monitored by absorbance at 280 nm and 260 nm with scans made at 4 min intervals (Fig. 

29). The solution density and viscosity for resuspension buffer were calculated using 

SEDNTERP software. Data was analysed using a c(s) model in SEDFIT. 

2.3.2 Size Exclusion Chromatography Multi-angle Laser Light Scattering 

(SEC MALLS) 

SEC column coupled with MALLS is a powerful technique to determine molecular weight and 

homogeneity of a sample. A SEC column is connected with a refractive index measuring 

<
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device and a lights scattering detector. When light passes through the fractions from the 

column, it is scattered depending on the interaction with the molecules. The intensity of 

light scattered is measured which determines the molar mass of protein.  

80S ribosomal sample was analysed using Superdex 200 10/300 analytical column (GE 

healthcare life sciences) connected with Dawn DSP detector (Wyatt Technology, Santa 

Barbara, CA). To prevent bacterial growth, 0.01% sodium azide was added to the 

resuspension buffer, which was then filtered through 0.25 µm filter membranes (Millipore) 

prior to equilibrating the analytical column. The system was operated at 20°C, with a flow 

rate of 0.75 ml/min. 

2.4 Single particle cryo electron microscopy (cryo-EM) 

EM is a direct visualization method and can be used for structure determination of the 

sample. For cryo-EM, as the name suggests the sample is frozen in liquid ethane which 

allows formation of vitreous ice rather than crystalline ice to keep intact the structure of the 

macromolecule. This technique of freezing the sample to reduce radiation damage was first 

developed in 1981 (Dubochet et al., 1981). Initially, cryo-EM was used only for the study of 

highly ordered patterns, such as fibers of twisted protein (actin), two-dimensional crystals 

(like crystals having one or two lipid layers), and highly symmetrical structures, such as 

viruses. Since, only such kind of sample led to good resolution. 2D crystals were also studied 

over decades for membrane proteins such as (Kuhlbrandt, 1987; Kuhlbrandt and Downing, 

1989; Unwin and Henderson, 1984) but these attempts at getting the ribosome structure 

failed (Yonath et al., 1987). The method of single particle 3D reconstruction came to the 

rescue where multiple copies of a single molecule in different orientation are used to 

reconstruct a 3D structure (Frank, 1990).   

On irradiating a sample with electrons, the protein being denser than ice, appears as a dark 

area in comparison with background. But, in the frozen sample there is a problem of low 

contrast and it is critical in cryo-EM to see particles. There exist various methods to 

overcome this problem however; each has its own limitation. For example, increasing the 

dosage of electrons, improves the visibility but on the other hand, this causes radiation 

damage to the image. Another parameter that can affect visibility is the sample distance 

from the real focal point of the lens, i.e., defocus value. High defocus values, indeed 
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improve visibility, but it leads to loss of high frequency information, in turn, limiting the 

resolution of the final structure. Moreover, specimen drift, charging, radiation damage, ice 

thickness and contamination of the sample during data collection, beam drift and 

microscope stability problems, and newly discovered particle motion in the ice caused by 

electron beam are some of the problems, explained below, that can cause poor data quality. 

Thus, there needs to be a fine play between the various parameters to collect good data. 

Firstly, in order to avoid beam damage to the sample, a relatively high dose of electrons is 

avoided. On the other hand, noisy images are recorded at low dosage exposures, where 

signal to noise ratio (SNR) remains below unity. Thus, there must exist a balance between 

electron exposures necessary to obtain useful SNR and electron dosage that avoids damage 

to the structural features. The tolerable levels of electron exposure have been determined 

to be 5-@A- B(C28- D3'$'!?1-  - * $6'- %+0!'$- #)- &#9.'"- #)- /3'- 0#*'&+*'- +%2'$- E*#F- 2#"'G-

conditions are recorded which allows image alignment and then averaging to improve SNR 

and recover the high-resolution features. 

 

Figure 30: Top panel denotes the CTF amplitude at different defocus values. In red is -1 µm, black   
-2 µm and blue -5 µm defocus values. The lower panel shows the phase flipped CTF depiction. 
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Next, using different defocus value is the simplest way to vary contrast in microscopy. In the 

figure 30, the contrast transfer function (CTF), represented as a decaying sinusoid function, 

is shown at -1 µm (red curve), -3 µm (black curve) and -5 µm (blue curve) defocus values. 

The image with low defocus, close to real focus value -1 µm here, has its first peak of CTF 

shifted towards higher resolution but it has lower signal strength and thus, the problem of 

particle localization. Conversely, at -5 µm the first peak is at low resolution but has high 

intensity, thereby high visibility and contains global particle information. In the latter case, 

fine details about the particle are lost and this limits achievable resolution. Therefore, 

usually a defocus range is used (0.5 to 4 µm) to fill the missing information. 

Moreover, the acceleration voltage needs to be chosen such that signal to noise ratio (SNR) 

versus resolution is optimum. At high voltage, the contrast tends to be lower due to less 

interaction with the specimen. Thus, small proteins (a few 100 kDa) can be better visualized 

at low voltage due to less inherent contrast while big molecules (with RNA/DNA) are usually 

imaged at high voltages (Reviewed in (van Heel et al., 2000)). 

During data processing, the particles are selected semi-automatically from the images 

collected on the microscope and corrected for CTF which involves determination of the 

zeroes of the function for each collected image and flipping the negative part of the function 

to positive one. During reconstruction, all particles with different defocus are summed up 

and in order to avoid cancelling out the positive and negative values of the sinusoidal 

function, this operation termed as CTF-flipping, is necessary.  

These particles are then centred by translational alignment and rotational alignment is used 

for determining relative orientations. The related particles with similar views are averaged 

to get classes with considerably higher SNR. The last step is 3D reconstruction based on the 

Euler angles to obtain the structure. This process of alignment, 2D classification, angular 

assignment and 3D reconstruction is carried out iteratively until a converged structure is 

obtained (Reviewed in (Orlova, 2000)). 

In the past few years, several technical advancements have enhanced the attainable 

resolution by at least an order of magnitude for single particle ribosome studies. The advent 

of optically stable electron microscopes like Titan Krios and direct electron detection devices 

(DDD) have revolutionised the field. The insistent problem of image drift caused by manual 
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microscope handling is overcome by an enclosed platform combined with automatic sample 

loading in the Titan Krios microscope. This ensures thermal and mechanical stability of the 

sample during data collection. 

Also, the new generation of detectors, the DDD have potential to improve signal transfer. 

CCD cameras used earlier have a scintillator to convert electron signals into photons which 

are then recorded into the CCD. This increases background noise by blurring the signal into 

an area of photons. Moreover, the high resolution data beyond 0.5-0.6 Nyquist frequency of 

detector tends to be down regulated. The complementary metal-oxide 

semiconductor (CMOS) cameras detect the incoming electrons directly, without the 

intermediate requirement of a scintillator. This allows attaining the Nyquist limit for 3D 

reconstructions and even beyond as observed in counting mode for Gatan K2 camera (Gatan 

Inc., Pleasanton, CA). These detectors have a particular property of making several read-

outs during an exposure and can keep these so-& **'2-E"+!-)$ 0'"G-!')#$'-"+00.%6-/3'0-

/#- 6'/-  - ).% *- .0 6'8- H / - 9$#&'"".%6- +".%6- /3'"'- E"+!-)$ 0'"G1- /'$0'2-  "- E0#5.'G-

processing, provides an effective way to compensate for previously described problems like 

sample drift or charging caused by the beam striking the sample, as it provides user the 

)*'I.!.*./?- /#- &3##"'- 2'".$'2- E"+!-)$ 0'"G8- J+$/3'$0#$'1- /3'- 9$#!*'0- #)- !' 0- .%2+&'2-

particle motion was not even noticed F./3#+/-E0#5.'G-9$#&'"".%6- 99$# &38 

In parallel, there have been new software developments like Relion (Scheres, 2012), based 

on maximum likelihood method. Its 2D classification approach can be used to 

simultaneously align and classify single-particle images in a reference-free fashion. In 

addition, the 3D classification in Relion is particularly good for samples with conformational 

heterogeneity since it sorts the data into subsets in an unsupervised manner, without prior 

knowledge about the structural variability present in the data. Thus, all these improvements 

/#6'/3'$-3 5'-9$#5.2'2- %-E#$2'$-#)-$'"#*+/.#%-K+09G-.%-".%6*'-9 $/.&*'-&$?#-EM specifically 

for ribosomes. 

80S data collection 

 80S ribosome samples were deposited on Quantifoil 2/2 holey carbon film, blotted with a 

filter paper and flash-frozen (using FEI Vitrobot (Mark IV)) to obtain ribosomes embedded in 

a thin layer of vitreous ice suspended across the holes. The samples under different 
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preparation conditions were inspected visually to verify sample homogeneity. For the 

visually good samples with no aggregation and separate particle distribution on the grid, the 

images were collected. The data set was obtained at liquid-nitrogen temperature using the 

in-house FEI Tecnai F30 (Polara) FEG field emission gun transmission cryo electron 

microscope operating at 100kV or 300kV acceleration voltage or the in-house Titan Krios 

operating at 300kV acceleration voltage. Data collection parameters are given in Table 5 for 

two different sample preparations. 

Table 5: Data collection parameters on F-30 Polara in-house electron microscope. 

 

Automatic image acquisition was performed using EPU software (FEI). After visual inspection 

only images with best power-spectra were selected for image processing. Particle selection 

was carried out semi-automatically in e2boxer.py (EMAN2) or gmpicker (in-house software) 

and subsequently, selected particles were visually inspected and validated. Defocus value 

estimation and contrast transfer function (CTF) correction by phase flipping were performed 

using the program e2ctf.py from the EMAN2 software package (Ludtke et al., 1999) (Tang et 

al., 2007). 3D reconstruction and refinement was carried out using the EMAN2 software 

packages (Ludtke et al., 1999) (Tang et al., 2007) and Relion (Scheres, 2012). The resolution 

of the final three-dimensional structures was estimated by Fourier Shell Correlation (Saxton 

and Baumeister, 1982) according to the 0.5, 0.14 (Rosenthal and Henderson, 2003) and one-

half-bit (van Heel and Schatz, 2005) criteria. The final resolution obtained for empty 

ribosome reconstruction are to 13.3 Å, 8.7 Å, 9.3 Å, consistent with the features of the 

maps; while it was 16.5 Å, 11.5 Å, 11.47 Å for ribosome with E-site tRNA at 0.5, 0.14 and 

one-half-bit FSC, respectively. 
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2.5 Crystallization of human 80S ribosomes 

Obtaining crystals of protein of interest is one of the critical steps in the high-resolution 

structure determination using X-ray crystallography. The protein of interest is maintained in 

a dissolved state in suitable buffer that keeps the natural state of the proteins. Introducing, 

suitable precipitating agent to the solvent can bring protein to its super saturated state.  

Prior to the supersaturated state, it reaches saturated state at which the crystal nuclei 

appear. When the protein reaches the super saturation state, it results in the formation of 

three dimensional crystals from the nucleation centre. For crystallization of macromolecules 

various diffusion methods are available, like vapour diffusion (sitting drop and hanging 

drop), counter diffusion (capillary) and batch method (oil drop). In the case of vapour 

diffusion methods, the mixture of protein and the precipitating agent is allowed to 

equilibrate against the precipitating agent in a sealed reservoir chamber. Initially, the 

9$#/'.%- ."- .%- "#*+/.#%-  /- 9#.%/- E<G1- .%- /3'- 93 "'- 2. 6$ 0 (Fig. 31), as the drop attains 

equilibrium, it reaches the nucleation zone in the phase diagram where crystals appear. 

Thereafter, it falls back into metastable region which is most suitable for crystal growth, 

9#.%/- ELG8- J#$- /3'- &#+%/'$- 2.))+".#%- 0'/3#2- &$?"/ *"-  $'- 6$#F%- .%- & 9.** $.'"1- where the 

kinetics is completely different. The diffusion occurs in a restricted geometry that results in 

a controlled diffusion mechanism. This minimizes the super-saturation, leading to a 

continuous gradient of super saturation phases in the reaction mixture. The nucleation front 

progresses forming a gradient of crystal sizes, from a shower of small crystal at the 

precipitant loading end to slowly increasing bigger crystals at the protein loading end (Ng et 

al., 2003).  

Practically, this requires searching for the potential precipitant conditions where protein can 

reach supersaturation (or solubility minima) to form the critical nuclei (McPherson and 

Gavira, 2014). This can be achieved by altering few critical variants:  

  Protein concentration and pH change (pH change affects the ionization state of 

surface amino acids) Altering the protein (pH change which affects the ionization 

state of surface amino acids) 

  Equilibration of drop based on salting-in or salting out phenomenon 

  Interactions between protein and solvent (addition of polymers/ ions) 
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  Temperature 

 

Figure 31: Comparison between capillary counter diffusion and conventional vapour diffusion. 
Phase diagrams and crystallization set up for sitting drop (A), (C) and capillary (B), (D). Adapted 
from Otálora et al., 2009. 

Optimisation of the potential precipitant to achieve diffraction quality crystal is equally 

critical. The optimization process involves modulation of the rate of crystallization, seeding 

and finding one or more additives to promote crystallization. Seeding is a powerful 

technique to promote crystal growth. In this method, previously nucleated crystals are 

introduced in to the fresh drop of protein-precipitant mixture and equilibrated, in which 

these crystals act as nucleation centre for the protein of interest (Thaller et al., 1985). The 

additives are small molecules which can have drastic effects on macromolecular 

crystallization (additive screen- Hampton Research). Some additive kits act as a electrostatic 

cross linking agent that promote crystallization. In addition some additives prevent 

aggregation which includes detergents, solubilising agents, osmolytes and poisons (to 

reduce twinning) like DMSO, acetone etc. 

These optimised crystals are diffracted using X-rays, which on hitting the crystal produce a 

characteristic diffraction pattern. The wavelength of X-rays, !, is of the same order of 
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magnitude as the interplanar distance, d, in a crystal lattice which makes them ideal for 

diffraction. 

 

Figure 32: Bragg's law. (Thornton & Rex Sec. 6.1). 

D3'- M$ 667"- * F- 2'"&$.!'"- /3'- &* +"'- )#$- &#%"/$+&/.5'- .%/'$)'$'%&'- )$#0- /F#- &#%"'&+/.5'-

planes of crystallographic lattice. &' ()* is the path difference between two waves 

+%2'$6#.%6- &#%"/$+&/.5'- .%/'$)'$'%&'1- F3'$'- N- $'9$'"'%/"- /3'- "& //'$.%6-  %6*'8- O3'%-

"& //'$'2-F 5'"1-" /.")?-/3'-M$ 667"-* F1-5'$?-"/$#%6-.%/'%"./?-"9#/"1-& **'2-M$ 66"-9' P"1 are 

recorded on the detector. This diffraction pattern is the key in obtaining atomic crystal 

structure. 

For crystallisation of 80S ribosomes, the purified 80S ribosomes were filtered using Millipore 

0.22 µm after 7 days of annealing on ice (as for yeast ribosomes; (Ben-Shem et al., 2011), 

and the sample was kept at room temperature for an hour before setting up crystallization 

screens. To exploit the counter diffusion mechanism, 0.35 µl of purified ribosomes at 5-9 

mg/ml were loaded on one side of The Crystal Former (Microlytic) and 0.35 µl of precipitant 

were loaded on the other side. A number of screens were tested including PEGs (Hampton 

Research), PEG-Ion pH (Hampton Research), Nucleix (Qiagen), and Protein Complex (Qiagen) 

at 4°C and 17°C. Microcrystals were obtained with 20% PEG 10K, 100 mM Na HEPES pH 7.5, 

or with 15% PEG 20K, 100 mM Na HEPES pH 7.5 at 17°C. Optimisation of the crystallization 

conditions with 30% PEG 20K, 10 mM Mg(OAc)2 and 100 mM Na-HEPES pH 7.5 resulted in 

slightly larger crystals. Apart from the crystal former, also the crystal Harp (Molecular 

Dimensions) and classical glass capillaries of 0.5 mm and 1 mm were tested. In the process 

of optimization to get diffraction quality crystals, crystallization condition optimized in 
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counter diffusion was also used in vapour diffusion methods. Since the kinetics in these two 

diffusion methods are considerably different, the same crystallization reagents failed to 

provide crystals using vapour diffusion methods. Therefore, in a concentration range of 5-9 

mg/ml of purified ribosomes, PEG 20K concentration and other conditions with PEG 10K as 

precipitant were optimized to obtain crystals in sitting drops. This included commercial 

screens such as PEGs (Hampton Research), PEG-Ion pH (Hampton Research), Nucleix 

(Qiagen) and Protein Complex (Qiagen). PEG 20K was varied from 0-20%, along with 

Magnesium 0-10mM. As concluded from drops, initially PEG 20K helped in solubilisation of 

ribosome, keeping the drops clear, but above 7-8%, the drops started to show increasing 

levels of precipitation. This helped us to narrow the search between 3 and 12%, which is just 

the border line for going from clear to precipitated drops. Plate-like crystals were obtained 

with 2 µl of 8 mg/ml of sample mixed with 2 µl of 4% PEG 20K, 100 mM Na-HEPES pH 7.5 

and 50 mM KSCN. The crystals were tested with various cryo protectants which include, 18% 

glycerol alone, a series of small PEGs such as 8% PEG 4K, 8% PEG 6K, 8% PEG 8K along with 

8% glycerol. Final concentration of 18% glycerol prepared in the above crystallization 

reagent resulted in better diffraction.    
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2.6 Release factors (eRF1 and eRF3) purification 

2.6.1 Cloning 

eRF1 

The human eRF1 sequence containing clone was ordered from Invitrogen in pENTR 221, 

compatible with the Gateway cloning strategy. The LR reaction allowed to directly clone the 

sequence into pCoGWA (with N-terminal His tag, followed by a TEV protease site) for 

expression and protein purification. The clones obtained were screened using colony PCR 

and the sequence for the positive clone was confirmed by GATC® biotech sequencing.  

eRF3 

The human eRF3 gene (with a single base change of T to C, at position 1644) was 

synthesized de novo by GATC® biotech in pUC57 plasmid. Thereafter, the plasmid pUC57 

was subjected to double digestion with restriction enzymes NdeI and BglII, alongside; the 

expression plasmid pnEAvHX was digested with NdeI and BamHI. The desired digested 

sequences were excised from agarose gel stained with Ethidium Bromide (EtBr), and ligated 

using T4 DNA Ligase of BioLabs for an hour. The ligated products were transformed into 

HQRS- &#09'/'%/- &'**"-  %2- /3'- &*#%'"- #!/ .%'2- F'$'- "&$''%'2- +".%6- ".%6*'-  %d double 

digestion. The positive clones were confirmed by GATC® biotech sequencing for the 

presence of the full eRF3 sequence. 

2.6.2 Protein expression 

Both eRF1 and eRF3 clones were transformed in BL21(DE3) and BL21(RIL) competent cells. 

One colony was picked and inoculated overnight in Luria Bertani (LB) broth containing the 

antibiotic ampicillin (100µg/ml). The expression of eRF1 and eRF3 were tested in LB, 2X LB 

and autoinducible media. BL21(DE3) worked well for eRF1 and BL21(RIL) for eRF3 

expression. For protein expression and purification of eRF1, secondary culture was grown in 

@T- UM- /- VWXL1-F./3- YZD[- .%2+&/.#%- /-  %-\8H8- ]^_`AA-%0,-#)- A8R-0.7 units, and incubated 

overnight at 16°C with continuous shaking. In contrast, for eRF3, auto inducible media was 

used; cultures were grown overnight at 37°C. After 16-18 hours, cells were pelleted at 4000 

X g for 20 minutes. The conditions were optimized to get better yield, the cells were grown 

in 20L bio-fermentor. 
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2.6.3 Protein purification 

The purification of proteins of interest was performed using a series of column 

&3$#0 /#6$ 93?- "?"/'0- E<aD<- 9+$.).& /.#%G- #)- [b- Q' */3& $'c8- <**- /3'"'- "/'9"-  $'-

performed at 4°C. At the end of every step, either 10% SDS PAGE gel or Labchip GX/GXII 

Caliper® was used to verify for the expression and purity of the sample.  

Table 6: Buffer solutions used for every step of purification of eRF1 and eRF3. The role of glycerol 
is further explained in the text. PI is the protease inhibitor cocktail from Roche. 

Step eRF1 eRF3 

1. Lysis  50 mM Tris HCl pH7.5, 200 mM 

aL*1-R-0>-d>b1-ZY8 

50 mM Tris HCl pH7.5, 300 mM 

KCl 300, 10% glycerol, 5 mM 

d>b-R1-ZY8 

2. Ni affinity Buffer A: 50 mM Tris HCl pH7.5, 

@AA-0>-aL*-1-R-0>-d>b1-ZY8 

Buffer B: Buffer A + 1 M 

Imidazole. 

Buffer A: 50 mM Tris HCl pH7.5 

300 mM KCl, 10% glycerol, 5 mM 

d>b1-ZY8 

Buffer B: Buffer A + 1 M 

Imidazole. 

3. Dialysis 50 mM Tris HCl pH7.5, 50 mM 

aL*1-R-0>-d>b1-Re-6*?&'$#*8 

50 mM Hepes KOH pH7.5, 50 

mM KCl, 10%glycerol, 5 mM 

d>b8 

4. Ion Exchange 

chromatography 

Buffer A: 50 mM Tris HCl pH7.5, 

fA-0>-d>b1-ZY8 

Buffer B: Buffer A +1M KCl. 

Buffer A: 50 mM  Hepes KOH 

pH7.5, 10 % glycerol 10%, 10 

0>-d>bg-ZY8 

Buffer B: Buffer A + 1M KCl. 

5. Gel Filtration 

S75 16/60 

50 mM Tris HCl pH 7.5, 300 mM 

KCl, 7 mM DTT , PI. 

None. 

6. Gel Filtration 

S200 for eRF1-

eRF3 complex 

50 mM Tris HCl pH7.5, 200 mM KCl, 10 % glycerol, 7 mM DTT, PI. 

eRF1 purification was performed based on the methods followed by Song and his co-

workers  (Song et al., 2000), while eRF3 purification required standardisation. 
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The cell pellets were resuspended using appropriate buffer, 0.001 g lysozyme Sigma® per 

6$ 0- #)- &'**"-  %2- Hh "'Y- E=h "'- J$''i- =#&3'c- ]@jk(6,8- D3'- " 09*'- F "- *?"'2- +".%6-

sonication and followed by centrifugation at 40000 X g for 1 h at 4°C. The supernatant 

&#%/ .%.%6-/3'-"#*+!*'-9$#/'.%-F "-).*/'$'2-]A8jR-l0,- %2-*# 2'2-#%-/3'-h.- )).%./?-&#*+0%8--

The fractions corresponding to the protein of interest were pooled and dialysed overnight 

against dialysis buffer, using a membrane with 3.5 kDa MWCO, at 4°C. This sample was 

loaded onto the ion exchange column. The chromatogram peak corresponding to the 

protein was pooled and concentrated using Amicon filter with 30 kDa MWCO (Millipore®). 

For eRF3, no further purification step was required before forming the complex. However, 

eRF1 went through an additional S75 gel filtration step. Subsequently, the pure protein was 

concentrated approximately to 10 mg/ml using Amicon filter with 30 kDa MWCO 

(Millipore®).  Both eRF1 and eRF3 were either frozen in liquid nitrogen or used directly to 

form the complex. 

2.6.4 eRF1-eRF3 complex purification 

Purified eRF1 and eRF3 carry a His tag and His-thioredoxin tag, respectively at their N-

terminus, separated by TEV protease recognition site (ENLYFQ(G/S)). Hence, to form the 

complex, eRF1 and eRF3 were mixed in 1:1 molar ratio, in the presence of TEV protease, 

added in 1:40 ratio. The sample was incubated overnight at 4°C and then loaded onto 

"Superdex 200 16/60" column. The purified protein complex was concentrated to 10-16 

mg/ml and used for biophysical characterization and crystallization assays. 

2.7 Biophysical characterization of purified release factors (eRF1 and 

eRF3) and eRF1-eRF3 complex 

Mass spectrometry (MS) 

MS allows measuring the molecular weight of the purified protein and all the other 

components or impurities present. eRF1, eRF3 and eRF1-eRF3 complex were analysed by 

Electron Spray Ionisation with a Time of Flight detector (ESI-TOF). 20 µL of minimum 50 µM 

concentration sample was dialysed overnight against a solution of ammonium acetate and 

used for ESI-TOF detection. The spectrum obtained was analysed for the expected molecular 

weights. 
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Dynamic Light Scattering (DLS) 

To check the homogeneity, stability and polydispersity of the purified protein and protein 

complex, a DLS assaywas performed. It is based on the principle of laser light scattering by 

the particles in solution. The scattering intensity which is recorded fluctuates over time due 

to the Brownian motion of the particles, thereby giving information about the dynamic 

particles. For eRF1-eRF3 complex, 4µL of sample was placed in a micro quartz cuvette. The 

+%./- iH?% Z$#h %#"/ $'i- ]O? //- /'&3%#*#6?,-'0./"- - $'2- * "'$-#)-F 5'*'%6/3-^-_-mVA-%0-

which passes through the sample across a length of 1 cm. The measuring beam provides 

information on the diffusion coefficient, hydrodynamic radius (Rd) and the polydispersity of 

the sample analysed. 

Native PAGE 

The native PAGE is used to determine proteins in their original state without denaturation, 

and is useful to detect protein-protein or protein-nucleic-acid interactions. 6%, 8% and 10% 

gels were used to examine the migration of eRF1-eRF3 complex with respect to eRF1 and 

eRF3 separately. The samples were loaded onto the polyacrylamide gel, placed in a Bio-Rad 

chamber for gels and ran with constant power of 2W for 2 hours at 4°C in migration buffer.  

Microscale Thermophoresis Technology (MST)  

MST is used to detect protein interactions. It is based on a microscopic temperature 

gradient that is generated by a laser beam. Any change of the hydration shell of 

biomolecules due to interaction with a binding partner during this temperature gradient is 

detected and is used to determine binding affinities and kinetics of interactions of the two 

components involved.  The concentration of unlabelled protein (eRF1) was serial diluted 

into 16 tubes starting with 140 µM or the highest concentration achieved (360 µM). eRF3 

was labelled at either cysteine or lysine residues with FITC labelling kit from Nanotemper 

and mixed at a constant concentration of 32 nM. The concentration of the fluorescently 

tagged protein to be used was adjusted by checking the signal for a series of dilutions. The 

16 solutions containing serial diluted concentrations of eRF1 and constant eRF3 

concentration were loaded in capillaries and placed in Nanotemper. Fluorescence 

measurements were made against a time scale and a graph was plotted for thermophoresis 

v/s concentration of unlabelled protein to detect the Kd. Both standard and hydrophilic 

capillaries were tested, with and without the presence of additional 0.05% Tween-20. 
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2.8 Crystallization of eRF1-eRF3 protein complex 

Pre-crystallization tests (Hampton Research) were performed to determine the right protein 

concentration to use for crystallization assays. It prevents having most of the screen with 

precipitates or aggregates, and thus find a balance between precipitation and solubility to 

allow crystallization according to the phase diagram. 9-14 mg/ml of eRF1-eRF3 complex was 

mixed in 1:1 ratio with precipitant (100 + 100 nl or 200 + 200 nl drops), set up in MRC 2 drop 

plates and stored at 17°C and 4°C. The plates stored at 17°C were screened automatically in 

the FORMULATRIX storage but those at 4°C were screened manually. All the 16 commercial 

screens available at the IGBMC structural biology platform, total of 1536 conditions, were 

tested (Table 7). The initial hits obtained at 17°C were repeated in manual hanging and 

sitting drops (1.5 µl + 1.5 µl). In addition, the obtained crystallization condition was 

optimized with 1% and 2% additives (Hampton Research). Once optimized, GMPPCP was 

added to the protein complex and crystallization was set up using this sample. 

Table 7: Commercial screens tested for eRF1-eRF3 protein complex. 

 Manufacturer Hampton 
Research 

Qiagen Emerald 
Biosciences 

Molecular 
Dimensions 

Crystallization 
screen 

Index 
SaltRx 
PEG/Ion 

The Anions 
The Cations 
The AmSO4 
The MDP 
The Classics 
The JSG+ 
The ProComplex 
The PEGs 
The Nucleix 

Wizard I & II Midas 
LBD 

Also, the gel filtration buffer was modified to remove the 10% glycerol to check for sample 

stability. Since the DLS results for sample with and without glycerol were similar, the 

complex seems to be stable in both conditions. The 16 commercial screens were set up for 

crystallization with 9-16 mg/ml of protein complex. The crystals of eRF1-eRF3 complex in 

the presence of 10% glycerol diffracted to 8 Å. On the other hand, the crystals produced 

with the sample in the absence of 10% glycerol diffracted to 4 Å. Data collection statistics 

are given in the table 11 in section 3.2.4. 
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2.8.1 Cryoprotectant optimisation for the crystals 

The choice of the right cryo-protectant solution is important to cause least damage to the 

crystal while freezing. In addition, cryoprotectants prevent ice formation of large amounts 

of water in the crystal during cooling, instead it forms amorphous, vitreous or glassy layer, 

which provides better diffraction. Several cryo-protectants were tested in accord with the 

original conditions. 20% glycerol, perfluoropolyethylene glycol (PF-PEG), paraffin oil and UCP 

(Ultimate cryoprotectant: 8% glycerol, 8% Ethylene glycol, 9% Sucrose, 2% Glucose) are 

some of the compounds which were used as cryoprotectants. The crystals were harvested 

using loops (Hampton Research) of variable size (40 microns to 500 microns in diameter) 

and frozen directly in liquid nitrogen stream at -160 °C. Also, for condition with 2M 

(NH4)2SO4, no cryoprotectant was added, and the crystals were frozen directly from the 

drop. While for condition with Li2SO4, the precipitant was replaced with increasing 

concentrations of (NH4)2SO4 in the reservoir and drop was equilibrated overnight with the 

new reservoir (keeping all other components same in the mother liquor).   

2.8.2 Crystal Data collection and processing 

All the crystals were checked for X-ray diffraction at the PXII beamline at SLS (Villigen, 

Switzerland), with a wavelength 0.99 Å. Data was collected for the condition F with Li2SO4 as 

precipitant after grid-scan optimisation. The high-sensitivity Pilatus detector allowed data 

collection for weak diffracting crystals as well. Diffraction data was indexed using MOSFLM 

(Battye et al., 2011) to obtain the probable cell parameters and space group. The data was 

scaled and integrated using SCALA (CCP4 suite of programs (Winn et al., 2011)) (Evans, 

2006) with particular attention to values of Rmerge  %2- Y(n8- D3'- 93 "'"-F'$'- 2'/'$0.%'2-

using molecular replacement in phaser (McCoy et al., 2007) with known eRF1 and eRF3 

structures (PDB code 3E1Y, 1R5B, 1DT9).  

The rigid body refinement of this structure was performed using Buster (Bricogne & Irwin, 

1996), keeping a check on Rwork and Rfree values. Refinement is still ongoing as Rfree values 

have not yet stabilised. Also, Contact utility in (CCP4 suite of programs) (Winn et al., 2011) 

was used to determine interacting residues with 5Å distance. And to calculate the solvent 

accessible surface area, naccess (Hubbard, S.J. & Thornton, J.M., 1993) was used. Figures 

were prepared using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.0.1 

Schrödinger, LLC) and UCSF Chimera (Pettersen et al., 2004). 



102 
   

2.9 Post termination complex 

The 80S ribosomes characterized during this work were used to study eukaryotic translation 

termination aspects. Required mRNA was synthesised by Dharmacon. Initially, a short 

sequence of 13 nt DY547- GG ACC AAA UAA GG1- )*+#$'"&'%/*?- * !'**'2- /- /3'-R7-end was 

used to perform MST studies and study formation of the complex. Attempts were made to 

assemble the post termination complex using the above mentioned components. But 

probably the length of the mRNA was not long enough to form a stable complex with the 

$.!#"#0'8- Z#"".!*?1- /3'- 9$'"'%&'- #)- R7-tag hindered the complex formation. Thus, the 

sequence was modified to comprise 40 nt: 

UUGGAAGAGGAAAUCGGGG ACC AAA UAA GGGGGAAGAGAU 

It was designed synthetically and checked for any secondary structure formation using 

RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). The AAA sequence is to 

allow tRNA Lys (UUU) binding. Also, we tried to incorporate Kozak consensus sequence, 

which allows initiation in eukaryotic translation.  

+,--./,--0112344 

AUG represents the start codon, R refers to purine (A/G) and the lower case bases are the 

most commonly occurring in a gene.   

UAA is the stop codon required for eRF1 recognition. Rest of the sequence was designed 

randomly, keeping a tab on secondary structure formation, which can make the mRNA 

unavailable to bind the ribosome. 

12 pmoles of 80S ribosomes were incubated with mRNA (13-0'$-* !'**'2-F./3-Ho-RjW- /-R7-

end or 39-mer) and tRNA-Lys (UUU) in a molar ratio of 1:1.5:2 for 30 minutes at room 

temperature. eRF1-eRF3 protein complex was added in 5: 1 molar ratio with respect to 80S 

ribosomes and the complex incubated for another 60 minutes at room temperature before 

freezing directly on the Quantifoil 2/2 holey carbon grid. Single particle cryo-EM data 

collection and analysis was done as explained earlier for human 80S ribosomes with both 

mRNA sequences. The data processing scheme is mentioned in Figure 33. 



103 
   

 

Figure 33: Pipeline for data processing in cryo-EM. 
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2.10 HIV-1 Gag interactions with ribosomal proteins 

Our collaborators at the Faculty of Pharmacy, Illkirch found that interactions exist between 

Gag protein and RPL30 using yeast two-hybrid and pull-down assays. To validate these 

interactions with RPL30 bound to ribosome, we carried out the experiments described in 

the following section. 

2.10.1 Polysome profile analysis 

To study Gag protein interaction with ribosomes, sucrose density gradients (20-50%) were 

performed. The cells were lysed using buffer composed of 15 mM Tris pH 7.5, 6 mM MgCl2, 

25mM KCl, 0.5% Triton X-100, 2mM DTT, cycloheximide CHX 100µg/ml, RNAsin and 

protease inhibitor; and incubated for 10 minutes at 4°C. The extract was centrifuged for 10 

minutes at 800 X g to remove cellular nuclei. The supernatant thus obtained was centrifuged 

again at 12500 X g for 10 minutes to remove mitochondria. Sucrose density gradients were 

prepared as mentioned before. The final supernatant was layered on 20-50% sucrose 

density gradients prepared in buffer A (20 mM Tris pH 7.5, 5 mM Mg(OAc)2, 100 mM KCl) 

and centrifuged at 33000 rpm for 3 hours using a SW41 rotor. The gradients were 

fractionated from bottom to top. All the sucrose gradient fractions were precipitated with 

acetone to run SDS gels for western blot analysis. Ribosomal proteins and NCp7 were 

detected with polyclonal NCp7, S7e and monoclonal L24 antibodies. 

In order to authenticate the specificity of these interactions, the cell lysate of gag 

transfected HeLa cells, after removing the nuclei and mitochondria, was treated with EDTA 

and run on sucrose density gradient. For these experiments, buffer A for sucrose density 

gradients did not contain magnesium. In addition, another experiment was performed using 

the cell lysate of gag transfected HeLa cells treated with puromycin and analysed for the 

density gradient profile. 

Thereafter, negative controls for polysome profile were run with only EGFP (enhanced green 

fluorescent protein) transfected HeLa cells. In parallel, HeLa cells co-transfected with Gag 

and EGFP were lysed and analysed for their polysome profiles. EGFP being a reporter gene 

does not interact with ribosome, and thus its polysome profile would help rule out non-

specific interactions. 
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2.10.2 Linear sucrose density gradient analysis NCp7 

Using a set of deletion constructs, it was determined that NCp7 region of Gag was crucial for 

its interaction with RPL30. This was further verified by incubating the NCp7 peptide with 

human 80S ribosomes purified from HeLa cells (Khatter et al., 2014), for 30 minutes at 4 °C. 

Negative controls were samples with either 80S ribosome alone or NCp7 alone. These 

samples were loaded on 15-30% sucrose density gradients prepared in buffer A and 

centrifuged at 25000 rpm, for 10 hours and 30 min, in SW41 rotor. The gradients were 

fractionated and designated fractions corresponding to the peak of 80S were precipitated 

with acetone to run SDS gels for western blotting as done for polysome profile analysis. 
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3.  !"#$%"&'&()*($#"+)*"  
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3.1 Human 80S ribosome 

The first phase of my project involved purifying 80S ribosomes to biochemical 

homogeneity which comprised setting up and optimising the protocol as described in the 

following article (Khatter et al., 2014). These purified ribosomes were characterized using an 

integrated approach encompassing various biophysical and structural biology tools. 

Human ribosomes have been the focus of study for a long time (Anger et al., 2013; 

Boehringer et al., 2005; Matasova et al., 1991; Spahn et al., 2004b; Zenkova et al., 1991), but 

mostly they have been purified from human placenta or blood. I used HeLa cells as a source 

due to their abundant availability and ease of handling. The structures so far have remained 

elusive with respect to atomic details, the major restriction being the crystallisation process 

itself probably due to a large number of flexible rRNA regions.  

The crucial aspect of this study was the use of cryo electron microscopy for screening 

the samples for absence of aggregation and homogeneity. We screened samples which had 

subtle changes in purification like different stages of cell culture, various magnesium 

concentrations and alternative methods to remove sucrose. This helped us to narrow down 

the best buffer conditions with 5 mM Mg and use this sample for crystallization. The first 

ever reported human ribosome crystals were obtained by counter-diffusion in capillaries. 

But due to lack of diffraction, it was necessary to crystallise in drops in the context of vapour 

diffusion. Several screens were made with different pH, salt and PEG concentrations, to 

study crystal growth in drops. The most interesting aspect was the effect of PEG 20K and Mg 

concentration. It was observed that appearance of precipitates in drops with respect to the 

PEG 20K and Mg concentration followed a bell-shaped curve. Lower concentrations of PEG 

20K led to precipitation, while higher concentrations led to complete solubilisation and clear 

drops. Upon going from 2% to 24% PEG 20K, the drops showed precipitation until 6%, 

beyond this, the drops were clear. In the presence of 5 mM Mg, the transition from 

precipitation to clear was shifted forward to 10% PEG 20K. On increasing Mg concentration 

further to 10 mM, the PEG20K transition concentration further shifted to 12%. These results 

are in accord with the role of Mg for eukaryotic ribosomes where Mg concentrations higher 

than 7-10 mM lead to intermolecular interactions and that results in precipitation. We 

observed this Mg effect on ribosome distribution in cryo-EM as well, as the micrographs are 

clearly consistent with these biochemical observations (Fig. 34).  
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Figure 34: Cryo-EM images, depicting 80S particle distribution with different magnesium 
concentrations in resuspension buffer. The bottom right image is a low magnification view of the 
holey carbon grid showing a good distribution of particles. The scale bar denotes 100 nm and 500 
nm. 

This was followed by optimization in the zone of transition from precipitation to 

clear drops, 3-12% of PEG 20K. Subsequently, additives (Hampton Research) were screened    

with the suitable precipitant condition for crystals. Thin and fragile plate-like crystals with 

third dimension (2-10 µm) were obtained and the thickness of the crystals limits the 

inherent diffraction capacity of crystals. Although these crystals diffract up to 26 Å only, 

nevertheless they hold promise for future work.  

Khatter, H., Myasnikov, A. G., Mastio, L., Billas, I. M. L., Birck, C., Stella, S., and Klaholz, B. P. 

(2014) Purification, characterization and crystallization of the human 80S ribosome, 

Nucleic Acids Research 1-11, 2014.  

  



Purification, characterization and crystallization of
the human 80S ribosome
Heena Khatter, Alexander G. Myasnikov, Leslie Mastio, Isabelle M. L. Billas,

Catherine Birck, Stefano Stella and Bruno P. Klaholz*

Centre for Integrative Biology (CBI), Department of Integrated Structural Biology, IGBMC (Institute of Genetics

and of Molecular and Cellular Biology), Centre National de la Recherche Scientifique (CNRS) UMR 7104/Institut
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ABSTRACT

Ribosomes are key macromolecular protein synthe-
sis machineries in the cell. Human ribosomes have
so far not been studied to atomic resolution
because of their particularly complex structure as
compared with other eukaryotic or prokaryotic ribo-
somes, and they are difficult to prepare to high
homogeneity, which is a key requisite for high-reso-
lution structural work. We established a purification
protocol for human 80S ribosomes isolated from
HeLa cells that allows obtaining large quantities of
homogenous samples as characterized by biophys-
ical methods using analytical ultracentrifugation
and multiangle laser light scattering. Samples
prepared under different conditions were
characterized by direct single particle imaging
using cryo electron microscopy, which helped
optimizing the preparation protocol. From a small
data set, a 3D reconstruction at subnanometric
resolution was obtained showing all prominent
structural features of the human ribosome, and re-
vealing a salt concentration dependence of the
presence of the exit site tRNA, which we show is
critical for obtaining crystals. With these well-
characterized samples first human 80S ribosome
crystals were obtained from several crystallization
conditions in capillaries and sitting drops, which
diffract to 26 Å resolution at cryo temperatures and
for which the crystallographic parameters were
determined, paving the way for future high-
resolution work.

INTRODUCTION

Ribosomes are composed of two subunits, the large (60S/
50S) and the small (40S/30S) ribosomal subunits, which
assemble together to form the functional 80S and 70S in
eukaryotes and prokaryotes, respectively. Each subunit
has protein and ribosomal RNA (rRNA) components
with a relatively stable rRNA/protein ratio of 2:1 in cyto-
solic mammalian and bacterial ribosomes. The overall
structure of the ribosome is conserved in all species con-
sisting of the three tRNA binding sites [aminoacyl (A),
peptidyl (P) and exit (E)], the GTPase center and the
peptidyl transferase center. However, apart from the
conserved core, eukaryotic ribosomes are more complex
and contain many more proteins (26 extra) and longer
rRNA (including long expansion segments, ES) (1).
These ES have been hypothesized to allow ribosome
docking on the endoplasmic reticulum, possibly providing
scaffolding sites to bind additional proteins and form eu-
karyote-specific inter-subunit bridges (2). Also, function-
ally, the eukaryotic ribosomes have many more factors
involved in every step of translation (initiation, elong-
ation, termination and recycling) reflecting a high level
of regulation (3–6).
The crystal structures of eukaryotic ribosomes from

Saccharomyces cerevisiae 80S at 3.0 Å (7), Tetrahymena
thermophila 60S at 3.5 Å and 40S at 3.9 Å (8,9) have high-
lighted the additional protein and rRNA components and
precisely assigned their positions. The more complex
higher eukaryotic ribosomes have been extensively
studied by single particle cryo electron microscopy (cryo-
EM) providing the first structure of the wheat germ
ribosome obtained at 38 Å (10), which recently reached
5.5 Å resolution (11). Cryo-EM maps for mammalian
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ribosomes such as canine, human (HeLa cell) and rabbit
ribosomes (12–15) are available at relatively low reso-
lutions of 8–15 Å but were the pioneer studies that
allowed localizing eukaryote-specific proteins such as
RACK1, rpS27e, rpS25e, rpL30e (16,17). Recently, the
cryo-EM structures of human and drosophila ribosomes
were elucidated in more detail with a resolution range of
5–9 Å, with the latest structure of the human ribosome
reaching the 4–5 Å range (18). The availability of only a
handful of eukaryotic ribosome structures (19–22) empha-
sizes the difficulty of appropriate purification, the limiting
point being the availability of homogenous samples in
large quantities required both for cryo-EM and
crystallography.
Studying human ribosomes as opposed to ribosomes

from other species is crucially important for understand-
ing the mechanism of antibiotic action and selectivity
with respect to ribosomes from various pathogenic
bacteria, an ever increasing problem with the constantly
growing occurrence of antibiotic resistance (23,24). The
previous structures of prokaryotic ribosomes with anti-
biotics like paramomycin, streptomycin, tetracycline,
hygromycin B, etc. have helped to elucidate the struc-
tural basis for their efficacy (25,26) and the species-
specific interactions between ribosomes and antibiotics
(27,28). Obtaining accurate information on the human
ribosome would provide a prospect of developing
specific antibiotics preferentially targeting the function
of the prokaryotic ribosome with improved efficiency
and reduced side effects, i.e. provide the molecular
basis of cross-reactivity of existing or future antibiotics,
which would be useful for the discovery of novel antibi-
otics. Human ribosomes have been purified earlier, from

HeLa cells and placenta or blood (18,29) as separate
subunits and reconstituted to 80S (30) for biochemical
and cryo-EM analysis. However, to our knowledge,
they have not yet been crystallized in the form of the
fully assembled, endogenous 80S complex, which would
be a key advance to get atomic level information. This
would be crucial in particular for antibiotic complexes
to understand the binding of those ligands that induce
side effects, and of other and future drugs targeting
the human ribosome (as accompanying drugs to reduce
cellular activity such as required in the case of the
treatment of cancer). Here, we establish a protocol
to purify 80S ribosomes from HeLa cells in large
amounts and describe the sample optimization by moni-
toring the homogeneity through sucrose gradients,
Analytical Ultracentrifugation (AUC), Size Exclusion
Chromatography Multiangle Laser Light Scattering
(SEC-MALLS) and cryo-EM, which allowed obtaining
crystallizable material. The crystals obtained here were
characterized at synchrotron X-ray sources with respect

to their crystallographic parameters such as cell param-
eters, space group, solvent content, etc., which represents
essential information for future high-resolution work
using crystallography.

MATERIALS AND METHODS

Detailed protocol of ribosome purification from HeLa
cells

Equipments required: 10-l flasks for cell culture, SW-28
rotor, Type 50.2 Ti Beckman-Coulter rotor, GE SG-50
Gradient maker, Econo UV Monitor (Biorad), a
Fraction Collector (Biorad), Econo Gradient Pump
(Biorad).

Deionized distilled water is used for buffer prepar-
ations, and complete protease inhibitor (Roche) is added
to all the buffers. Also, sucrose solution must be treated
with bentonite after preparation with buffer A to inhibit
ribonucleases (31,32) if present. Buffer A contains 20mM
Tris, pH 7.5, 2mM Mg(OAc)2, 150mM KCl. Buffer B
contains 20mM Tris, pH 7.5, 6mM Mg(OAc)2, 150mM
KCl, 6.8% sucrose, 1mM DTT, RNasin Plus RNase
Inhibitor (Promega). Resuspension buffer C contains
100mM KCl, 5mM Mg(OAc)2, 20mM HEPES, pH 7.6,
1mM DTT, 10mM NH4Cl. For 60S and 40S subunit
purification a slightly modified buffer A is required con-
taining 20mM Tris, pH 7.5, 2mM Mg(OAc)2, 500mM
KCl. The role of ion concentration in inter- and intra-
subunit interaction is discussed in the ‘Results’ section.

Step 1: HeLa cell preparation

HeLa cells are grown in suspension cultures (55� 108

cells, �6 l) in Minimal Essential Media Spinner
Modification (S-MEM; Sigma Aldrich) supplemented
with 7% newborn calf serum, 2mM Glutamine and
40 mg/ml gentamycin at 37�C in 5% CO2 environment.
Once confluent, they are serum-starved for 6 h to get a
synchronized cell population.

Step 2: Lysis and sucrose cushion

Cells are then lysed in freshly prepared lysis buffer con-
taining 15mM Tris, pH 7.5, 0.5% NP40 (Sigma-Aldrich),
6mM MgCl2, 300mM NaCl, RNAsin (Promega). After
30min incubation on ice, the lysate is centrifuged at
12 000g for 10min to remove debris, nuclei and
mitochondria (33). The supernatant is loaded on 30%
sucrose cushion prepared in Buffer A and centrifuged
for 16 h at 115 800g (50.2 Ti rotor) to get the crude ribo-
somal pellet (29,30). While loading the cushion, care must
be taken to not disturb the sucrose, and ensure slow
addition of the lysate to the 30% sucrose. This pellet is
resuspended in Buffer B to homogeneity. The presence of
nonresuspended particles in this solution can affect the
next step, and these particles must be removed by a
short centrifugation (10min at 10 000g). Only the super-
natant is used for the next step.

Step 3: Sucrose density gradient

Gradient preparation: SG 50 Gradient Maker (GE
Healthcare) is used to make a linear gradient of 15–
30%, wherein the higher % sucrose solution is loaded in
the mixing chamber and the lower % sucrose solution is
loaded in the other, allowing to mix slowly. The outlet is

2 Nucleic Acids Research, 2014

 at IR
M

A
 S

trasb
o
u
rg

 o
n
 Jan

u
ary

 2
7
, 2

0
1
4

h
ttp

://n
ar.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



connected with a pump and sucrose is collected drop wise
from the outlet.

The supernatant is treated with 1mM puromycin for
30min at 4�C (34) with intermittent mixing and loaded
on 15–30% sucrose gradient prepared in Buffer A. The
samples are centrifuged at 25 000 rpm for 11 h in a SW-
28 rotor and fractions are collected from bottom to top
using an Econo Gradient Pump (Biorad) with an Econo
UV Monitor (Biorad) and a Fraction Collector. The
sample absorbance is recorded using UV reader (Biorad)
and the peak corresponding to 80S is pooled for PEG20K
precipitation (7). A final concentration of 7% PEG20K is
added to the pooled fractions, incubated on ice for 10min
and centrifuged at 17 400g for 10min. The pure ribosomal
pellet is dissolved in resuspension buffer C and filtered
using 0.22mm filters (Millipore) for further analysis or
stored without filtration on ice for 7 days for crystalliza-
tion. Snap freezing and storage is not advised. For
concentration calculations, 1 A260 unit corresponds to
20 pmol of 80S ribosome.

Analytical ultracentrifugation

Sedimentation velocity experiments were conducted using
Beckman Coulter ProteomeLab XL-I analytical ultracen-
trifuge using the 8-hole Beckman An-50Ti rotor at 4�C for
samples in resuspension buffer (35). Sedimentation at
15 000 rpm was monitored by absorbance at 280 nm with

scans made at 4min intervals. The solution density and
viscosity for resuspension buffer were calculated using
SEDNTERP software. Data were analyzed using a c(s)
model in SEDFIT (Figure 1) (36).

Size exclusion chromatography multiangle laser light
scattering

The molecular weight and homogeneity of the sample was
checked using a SEC column coupled with MALLS Dawn
DSP detector (Wyatt Technology, Santa Barbara, CA,
USA) (Figure 1B). To prevent bacterial growth, 0.01%
sodium azide was added to the resuspension buffer,
which was then filtered through 0.25mm filter membranes
(Millipore) before equilibrating the Superdex 200 10/300
analytical column (GE healthcare life sciences). The
system was operated at 20�C, with a flow rate of
0.75ml/min.

Single-particle cryo-EM

For cryo-EM analysis, 80S ribosome samples were de-
posited on Quantifoil 2/2 holey carbon film, blotted with
a filter paper and flash-frozen [using FEI Vitrobot (Mark
IV)] to obtain ribosomes embedded in a thin layer of
vitreous ice suspended across the holes (Figure 2). The
images were collected at liquid-nitrogen temperature
using the in-house FEI Tecnai F30 (Polara) field
emission gun (FEG) transmission cryo electron

Figure 1. Biophysical characterization of human 80S ribosomes purified from HeLa cells. (A) 15–30% sucrose density gradient profiles for 80S, and
dissociated 60S and 40S subunits depicting the separation of components based on density. (B) SEC-MALLS for 80S sample and (C) AUC results
showing the homogeneity of 80S sample, which corresponds to the calculated molecular weight of 4.3 MDa.
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microscope operating at 150 kV acceleration voltage with
a dose of �10–15 electrons per Å2 at a magnification of
59 000 on a 4 k� 4 k CCD Eagle camera (FEI) resulting in
a final step size of 1.82 Å per pixel. Another data set was
collected at 150 kV acceleration voltage with magnifica-
tion of 93 000 on a CMOS Falcon 1 camera (FEI; installed
as an upgrade on the microscope while this work was
ongoing) resulting in a final step size of 1.14 Å per pixel
(Table 1). Automatic image acquisition was performed
using EPU software (FEI). After visual inspection only
images with best power-spectra were selected for image
processing. Particle selection was done semi-automatically
in e2boxer.py (EMAN2) with validation of all boxed
particles by visual inspection. Defocus value estimation
and contrast transfer function correction by phase
flipping were done by using the program 2ctf.py from
the EMAN2 software package (37,38). Structure deter-
mination and refinement was done using the EMAN2
software packages (37,38). The resolution of the final 3D
structures was estimated by Fourier Shell Correlation (39)
according to the 0.5, 0.14 (40) and one-half-bit (41) criteria
to 13.3, 8.7 and 9.3 Å for the empty ribosome consistent
with the features of the maps, while it was 16.5, 11.7 and
11.5 Å for ribosome with E-site tRNA, respectively.

Crystallization of human 80S ribosomes

The purified 80S ribosomes were filtered using Millipore
0.22mm after 7 days of annealing on ice [as for yeast ribo-
somes; (7)], and the sample was kept at room temperature
for an hour before setting up crystallization screens.
Purified ribosomes (0.35 ml) at 5–9mg/ml were loaded on
one side of The Crystal Former (Microlytic) and 0.35ml of
precipitant were loaded on the other side. A number of
screens were tested including PEGs (Hampton Research),
PEG-Ion pH (Hampton Research), Nucleix (Qiagen) and
Protein Complex (Qiagen) at 4 and 17�C. Microcrystals
were obtained with 20% PEG 10K, 100mM Na HEPES,
pH 7.5, or with 15% PEG 20K, 100mM Na HEPES, pH
7.5, at 17�C (Figure 3A). Optimization of the crystalliza-
tion conditions with 30% PEG 20K, 10mM Mg(OAc)2
and 100mM Na-HEPES, pH 7.5, allowed obtaining
slightly larger crystals. Apart from the crystal former,
also the crystal Harp (Molecular Dimensions) and clas-
sical glass capillaries of 0.5 and 1mm were tested. These
crystals could not be directly reproduced in sitting drops

(with 1:1 sample/precipitant) with the same conditions.
Therefore, in a concentration range of 5–9mg/ml of
purified ribosomes, optimization of the PEG 20K concen-
tration and other condition with PEG 10K as precipitant,
was done to get crystals in sitting drops. This included
commercial screens such as PEGs (Hampton Research),
PEG-Ion pH (Hampton Research), Nucleix (Qiagen) and
Protein Complex (Qiagen). Plate-like crystals were
obtained with 2 ml of 8mg/ml of sample mixed with 2 ml
of 4% PEG 20K, 100mM Na-HEPES, pH 7.5, and
50mM KSCN. Eighteen percent glycerol or a series of
small PEGs such as 8% PEG 4K, 8% PEG 6K, 8%
PEG 8K along with 8% glycerol as cryo-protectants
were tested, with 18% glycerol alone being the best one
found here.

RESULTS

Preparation and characterization of human 80S ribosomes

Because serum starvation is known to inhibit translation
in eukaryotic cell lines (42), we reasoned that this may be a
way to obtain more homogenous monosomes. HeLa cells
were therefore grown in suspension balloons and serum-
starved for 6 h or processed directly. Human 80S ribo-
somes were isolated from the cell lysate after centrifuga-
tion to remove mitochondria and nuclei, and the
supernatant was loaded onto a 30% sucrose cushion.
The pellet obtained was treated with puromycin to
remove nascent peptides bound to the 80S, giving a yield
of 7–8mg of pure ribosomes from 6 l of cells (20–25� 108)
after the sucrose gradient (29). The presence of 18S and
28S rRNAs was confirmed by ethidium bromide staining.
Several steps had to be optimized during purification to
ensure homogeneity of the sample to be used for structural
studies. Cell lysis being the most important step due to the
presence of numerous proteases was treated with the
maximum precaution. Several detergents such as
CHAPS, NP-40 and Triton X-100 were tried, also
dounce homogenizer was used to see if cell disruption
would work better. However, 0.5% NP-40 turned out to
be the mildest procedure, as monitored by cryo-EM
imaging of 80S particles. The other bottleneck was
removal of sucrose, which is a basic necessity for EM to
ensure a good image contrast (43). For this, different
methods were tried such as (i) centrifugation of the
sucrose gradient fractions and resuspension of the pellet,
(ii) exchanging buffer with a NAP column and then
concentrating the sample and (iii) PEG 20K precipitation.
The fastest, most convenient and least influencing proced-
ure on ribosome stability was precipitation using PEG
20K, a method also used for yeast ribosome purification
(7). Salt composition and concentration (KCl and Mg2+)
were optimized using cryo-EM imaging (see below).

The presence of all ribosomal proteins was confirmed
using mass spectrometry (Supplementary Tables 1 and 2).
It can, however, not be excluded that some loosely bound
ribosomal proteins are present with variable stoichiometry
in the 80S complex because protein peptide fragment oc-
currence depends also on how well the proteins can be
digested and detected by mass spectrometry. The sample

Table 1. Experimental details of cryo-EM data collection

cryo-EM
data collection

Empty 80S
ribosome

80S ribosome with
E-site tRNA

Detector CCD Eagle CMOS Falcon 1
4 k� 4 k 4 k� 4 k

Voltage 100 kV 300 kV
Pixel size 1.82 Å 1.14 Å
Box size 240� 240 512� 512
Magnification 59 k 93 k
Number of particles 15 000 24 000
Total dose 15 �e/Å2 20 �e/Å2

Defocus �0.8 to �3.5 mm �1 to �5 mm
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was analyzed by SEC-MALLS and AUC (Figure 1B and
C). The sedimentation coefficient was determined to be
close to 80S with a single major peak obtained in AUC
corresponding to 4.3 MDa (the theoretical value is 4.2
MDa), a result consistent with the chromatogram from
SEC-MALLS. While the precision of SEC-MALLS and
AUC cannot address whether all ribosomes contain all
ribosomal proteins because of the high molecular weight,
these analytical techniques were useful to monitor the
sample quality throughout the purification procedure.

Cryo electron microscopy

To evaluate the homogeneity and monodispersity of the
80S ribosomes, the particle distribution was analyzed
under different preparation conditions using cryo-EM
imaging (Figure 2). This helped in finding the optimal
conditions for purification, the optimal buffer being

150mM KCl and 5mM Mg2+ or less. Buffers with
higher Mg2+ concentration showed aggregation, while
higher KCl concentration increasingly leads to the appear-
ance of the individual ribosomal subunits. The role of
monovalent and divalent cations on subunit association
has been well documented for prokaryotes and to some
extent for eukaryotes as well. Previously, the concentra-
tion of potassium and magnesium in the resuspension
buffer was observed to be crucial (44,45). In our hands,
the sample completely aggregates at 20mM Mg(OAc)2,
while at 5mM and below it is monodisperse, as can be
judged from the even distribution of ribosome particles on
a cryo-EM grid (Figure 2C). This is consistent with the
cellular concentration of magnesium being around 1mM,
which would promote the ribosomes to remain monodis-
perse when not translating. In contrast, the potassium
concentration was found to be critical for the association
of the two ribosomal subunits (46). At 150mM KCl, 80S
ribosomes were found to be stable at a concentration that
compares well with that in cells. Only at significantly
higher salt concentrations such as 500mM KCl, the
subunits become dissociated on the sucrose density
gradient (Figure 1A). Consistent with this observation is
the idea that potassium is required for inter-subunit sta-
bility while magnesium ensures proper rRNA folding.
However, at higher concentrations, magnesium promotes
inter-particle contacts, which lead to ribosome aggrega-
tion and precipitation as visualized by cryo-EM imaging.
Using optimized buffers, single-particle cryo-EM data

sets were collected for 80S samples obtained from serum-
starved HeLa cell for two salt concentrations during
Puromycin treatment (150 or 300mM KCl). The serum
starvation is an important step towards getting a clean
homogenous sample as was observed from direct cryo-
EM imaging. Ribosomes isolated from nonstarved cells
show impurities (Figure 2A), while ribosomes isolated
from cells in stationary phase appear to undergo partial
degradation (Figure 2B; for these reasons 3D reconstruc-
tions were not attempted from these samples). Glutamine
starvation also shows ribosomes with either partial deg-
radation or with impurities (Figure 2C). Serum is known
to affect translation because its absence reduces the rate of
in vitro polypeptide synthesis. We observed that on serum
starvation of HeLa cells for 6 h, which leads to cell syn-
chronization, ribosomes appear to be more homogenous,
as can be judged from the cryo-EM images (Figure 2D).
A 3D reconstruction obtained from only 15 000

particles of 80S ribosomes (serum-starved) already
provides a well-defined structure of the human ribosome
with all the major landmarks such as the L1 stalk, the
central protuberance in the large subunit and the head,
beak, body and feet in the small subunit (Figure 2E).
These features are consistent with the human ribosome
structure published in previous studies (13,47). This 80S
structure was obtained from ribosomes that went through
a high-salt (300mM) washing step during puromycin
treatment right after the sucrose cushion. Next, to keep
the salt concentration constant throughout the
purification process, we decided to skip the high-salt
washing step and maintain 150mM KCl throughout.
Interestingly, the cryo-EM reconstruction from such

Figure 2. Cryo electron micrograph depicting the distribution of 80S
particles at 59k magnification, collected using a Polara F-30 electron
microscope. The ribosomes were isolated from Hela cells (A) under
normal growth conditions (B) in stationary phase of growth (C) after
glutamine starvation (D) after serum-starvation (inset shows the
zoomed-in view for individual ribosomes). (E) The cryo-EM structure
of empty human 80S and with (F) E-site tRNA; both isolated
from HeLa cells; under high and low KCl concentration during
Puromycin treatment, respectively; color code: 40S golden, 60S blue,
tRNA red.
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samples reveals the presence of an E-site tRNA
(Figure 2F), a well-defined L1 stalk next to the E-site
tRNA and well-ordered P-proteins (these regions are
largely disordered in the high-salt washed ribosomes).
This shows that the absence of a high-salt step allows
maintaining an endogenous tRNA in the E-site, while
mRNA and peptide are absent as revealed by the com-
parison of the corresponding cryo-EM reconstructions.
The lower resolution of the E-site tRNA complex as
compared with that of the empty ribosome may be due
to ribosome subpopulations with different conformations,
which would be compatible with the observation of
different conformations in the asymmetric unit of yeast
(7) and T. thermophila ribosomes (48).

Crystallization of the human 80S ribosome

The high homogeneity of the sample allowed us obtaining
crystals in the microlytic crystal former capillaries as well
as in a crystal harp, and also in sitting drops. After
screening several conditions from PEGs (Hampton),
PEG Ion pH (Hampton) and Protein complex (Qiagen)
screens at 4 and 17�C, initial hits of microcrystals were
obtained in capillaries with two conditions: 20% PEG
10K, 0.1 M Na HEPES, pH 7.5, and 15% PEG 20K,
0.1 M Na HEPES, pH 7.5, at 17�C. An increasing
gradient of microcrystals (10–30 mm in size) could be
observed from the precipitant loading side to the protein
loading side. Optimization of the conditions provided
larger crystals with 30% PEG 20K, 0.1 M Na HEPES,
pH 7.5, and 10mMMg(OAc)2 (Figure 3A). In situ diffrac-
tion from capillaries was attempted at the PX III beamline
of the Swiss Light Source (SLS) synchrotron at room tem-
perature as well as under cryo conditions (by freezing the
tip of the capillary containing crystals, tested on beamline
PX I). While no diffraction spots could be seen, this was a
first indication that these crystals were not salt. However,
owing to the complexity of handling them in capillaries
they could not be mounted in loops. Direct freezing of
capillaries was successful with respect to cryo conditions
(no ice rings), but showed no diffraction (either no diffrac-
tion or high background due to the large mass of solvent
in the capillary). Reproducing crystals under the same
conditions in sitting drops was not successful probably
because capillaries work on the principle of counter diffu-
sion, which is strikingly different from vapour diffusion
used in sitting or hanging drops in terms of the kinetics of
equilibration and concentration used. Therefore, PEG
20K concentration was varied in a large range for
forming crystals in sitting drops. Crystals with plate
morphology were finally obtained in sitting drops
(Figure 3B) with 4% PEG 20K, 100mM Na HEPES,
pH 7.5, and 50mM KSCN in the reservoir. For crystal
handling, mounting in loops (Figure 3C) and freezing,
overnight stabilization with increasing PEG 20K in reser-
voir to 6 or 8% was tried, to stabilize crystals but resulted
in no diffraction. Adding medium-sized PEGs such as
PEG 4K, 6K or 8K with or without glycerol, either
resulted in no diffraction or did not improve diffraction.
First diffraction spots up to 60 Å could be observed for
small, thin and fragile crystals (60� 10� 2 mm, SLS

beamline PX I) with 16% glycerol as cryo-protectant
added directly into the crystallization drop. With
notably larger crystals (100� 50� 5 mm) diffraction
improved to 26 Å (at SLS beamline PX I) showing a full
reciprocal lattice (Figure 3E). For this and all subsequent
experiments, the cryo-protectant was increased in steps of
2–4% to prevent osmotic shock damage to the crystal. The
sample stability under crystallization conditions was
verified using ethidium bromide–stained agarose gels for
presence of rRNA after 2–4 weeks of sample preparation
(Figure 3D). The gel shows 18S and 28S rRNA bands, as
do ribosomes that were stored at �80�C after preparation.
A full data set could be collected to �40 Å resolution
(Figure 3E and Table 2) from which the cell parameters,
space group, Matthews coefficient, solvent content and
number of molecules in the asymmetric unit could be
derived (see below). Data were collected on a Pilatus
detector at the SLS PX II beamline with a 10� 30 mm or
10� 50 mm X-ray beam and 0.2� oscillations, detector
distance 1200mm, wavelength 0.997 Å. Both 80S
complexes with or without endogenous E-site tRNA, as
characterized by cryo-EM (Figure 2), were used for crys-
tallization assays. However, crystals grew only for ribo-
somes prepared at 150mM KCl throughout, i.e., without
any E-site tRNA washing step. This indicates that the
crystals contain E-site tRNA, and that its presence could
favor crystallization.

DISCUSSION

Human ribosomes represent an important target for struc-
tural studies because of health implications such as side
effects of current antibiotics. While cryo-EM structures of
human ribosomes have been recently reported to 4–5 Å
resolution (18), no crystal structures are upcoming for
now. Obtaining crystals of human ribosomes represents
a major challenge, and any first clue on purification and
crystallization conditions would be helpful, even if initial
crystals usually diffract weakly. In a first strong effort in
this direction, crystals of the human 80S ribosome were
obtained using a nonstandard integrated structural
biology approach, using a variety of established methods
in a synergistic way rather than individually. This included
establishing a detailed method for large-scale preparation
of homogenous 80S ribosomes extracted from HeLa cells,
which can be grown in large quantities and from which the
ribosome purification is less complicated than from blood
(18) or human placenta (29), majorly due to the ease of
availability of HeLa cells and less tedious methods of
initial lysis. Placenta handling requires immediate isola-
tion of ribosomes, due to the inherent presence of large
RNase contaminations; also, the lysis itself is tedious,
requiring gauze filtration and dounce homogenizer
owing to the presence of connective tissues. Similarly,
blood samples require a ficoll-hypaque density-gradient
centrifugation to separate out lymphocytes. Such exten-
sive methods are not needed when handling HeLa cells:
the usage of a detergent is sufficient for cell lysis without
any additional purification step. Contaminants like
ferritin in placenta are difficult to get rid of and tend to
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Figure 3. (A) First human 80S ribosome crystals obtained in the capillaries of a crystal harp. (B) Crystals with plate morphology reproduced in
sitting drops that diffracted up to 26 Å, most are seen on the edge and thus give the impression of rods. (C) 80S crystal mounted in a cryogenic loop,
tested for X-ray diffraction at the PX-II beamline at SLS. (D) Agarose gel depicting the sample stability under crystallization conditions as monitored
by the presence of 18S and 28S rRNA. Lane 1 shows control ribosomes stored at �80�C, lanes 2 and 3 show ribosomes incubated with or without
precipitant, respectively, for 4 weeks at 4�C. (E) The diffraction pattern shows a full reciprocal lattice with cell parameters of approximately
a=406 Å, b=785 Å, c=977 Å, with resolution rings indicated at 23, 30 and 40 Å. The inset shows diffraction spots extending to 26 Å resolution.
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be co-purified with ribosomes. Ribosomes from HeLa cells
analyzed in the present study neither have these contam-
inants nor these RNA and protein degradation issues
known for placental ribosomes. The next two steps follow-
ing cell lysis in the purification procedure are usually used
for standard ribosome purifications: sucrose cushion and a
gradient to obtain homogenous 80S ribosomes, which
leads to an additional sucrose removal step. Here,
human 80S were purified using PEG20K precipitation,
which is a more straightforward method [used also for
yeast ribosomes (7)]. The detailed standardized purifica-
tion protocol described in this work is a prerequisite for
structural studies of the human ribosome and has allowed
obtaining first crystals that are highly reproducible from
various cell culture batches. A typical feature of the work
presented here is the biophysical characterization by SEC-
MALLS, AUC and includes the usage of sucrose gradi-
ents. For example, SEC-MALLS and AUC helped to
check the sample solubility and stability in different
ionic conditions, along with molecular weight detection
to check for presence of aggregates or dissociated
subunits. Also, the exploration of various purification pro-
cedures, optimized by monitoring sample purity and
homogeneity (in particular absence of aggregation)
through direct nondenaturing cryo-EM visualization of
the ribosome particles in conjunction with crystallization
trials is a prominent feature of this work and has been the
key in obtaining first 80S crystals, thanks to the unprece-
dented combined usage of cryo-EM and crystallography.
Rather than performing a detailed structural analysis,
cryo-EM was used for examining the sample composition
(presence of structured rRNA’s and ribosomal proteins,
presence of tRNA’s) and structural integrity from quickly
obtainable medium-resolution cryo-EM maps (using data
sets 10 times smaller than used for high-resolution struc-
tures reported previously) with the aim of obtaining crys-
tallizable material. This structural analysis revealed the
presence of E-site tRNA in human 80S ribosomes depend-
ing on a subtle difference in the purification protocol, that
is the salt concentration used during Puromycin treat-
ment. The salt-sensitivity suggests that this E-site tRNA

binds in a nonspecific manner (50), probably also because
no mRNA is present. This provides a valuable tool for
obtaining either completely empty or E-site tRNA
bound ribosomes, which can be used separately for
further complex reconstitutions. For crystallization, we
show that the presence of the E-site tRNA in human
80S ribosomes is helpful if not required because crystals
could not be obtained with completely empty 80S ribo-
somes. This is probably because the E-site tRNA stabilizes
the local ribosome structure, notably in the regions of the
L1 and P-stalk proteins (51). The resulting conformation
is compatible with the formation of inter-particle contacts
in the crystal, as illustrated by the observed crystal nucle-
ation and crystal growth, but different conformations may
still be present in the asymmetric unit, as observed for
yeast (7) and T. thermophila ribosomes (48). A related
interesting aspect is that crystals can be obtained despite
the presence of huge RNA ES elements, which protrude
from the core structure (52); this is remarkable in terms of
crystal packing, suggesting that ESs do not hamper crys-
tallization in a significant way.

The use of capillaries for crystallization of large
macromolecular complexes has been underexploited in
the recent past, even though it is known to work well
for smaller proteins (53,54). This work shows that uncon-
ventional methods like these can be helpful for initial
screening of crystallization conditions, especially for in-
herently challenging samples and provide first hits to be
further pursued in thicker capillaries or crystallization
drops. The morphology of the human 80S ribosome
crystals that form thin plates resembles that of early
crystals of T. thermophilus ribosomes (55,56). After stabil-
ization to reduce the fragile character of the thin crystals,
they could be mounted in cryo loops in a rather straight-
forward manner. The crystals obtained diffract X-rays at a
high-brilliance synchrotron source to up to 26 Å reso-
lution, and show clear and fine diffraction spots along
the reflection series of the diffraction pattern. The clean
diffraction pattern also reveals that the crystals are
monocrystalline, i.e. the crystal plates obtained under
the crystallization conditions described here do not form
multiple layers of distinct crystals, a phenomenon that
otherwise occurs rather often for crystals with plate
morphology. The diffraction pattern could be indexed,
revealing that the crystals belong to the centric ortho-
rhombic Bravais lattice type (space groups C222 or
C2221, which have eight asymmetric units). The cell par-
ameters of approximately a=406 Å, b=785 Å and
c=977 Å clearly indicate the presence of a large
complex compatible with the Mw=4.3 MDa estimated
from the AUC and SEC-MALLS data. The calculation
of the Matthews coefficient gives a value of Vm=3.0
with three molecules in the asymmetric unit and a
solvent content of 59%, or Vm=2.3 with four molecules
and 45% solvent [comparable with other ribosome
crystals (57,58); the third alternative would give
Vm=4.5 with two molecules and a rather high solvent
content of 73%]. The presence of three or four molecules
in the asymmetric unit may be useful for noncrystallo-
graphic symmetry averaging, provided the ribosome con-
formations are sufficiently similar. The small clean

Table 2. Data collection statistics of a full data set collected from

two regions of a single crystal at the SLS PX II beamline

X-ray data collection Human 80S

Beamline PX II (SLS)
Space group C222(1)
Cell dimensions
a, b, c (Å) 406.41, 784.99, 976.95
angles (�) 90, 90, 90

Resolution (Å) 150–42.0
Last shell (43.9–42.0)
Rsym (%) 7.5 (74.1)
Reflections 5022
Completeness (%) 96.8 (88.6)
Redundancy 4.1 (3.2)
I/ai 7.7 (1.8)

Numbers in brackets refer to the highest resolution shell. Rsym is
defined according to XDS (49).
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diffraction spots help in separating the spots and
integrating the data, especially in the more challenging
b- and c-directions. Because of the large cell parameters,
fine-slicing was used with angular increments of 0.1–0.2�

per frame in combination with a high-sensitivity and low
readout noise pixel detector (Pilatus). In conclusion, the
crystals are of excellent quality and diffraction data could
be collected and processed, providing a first full data set at
42 Å resolution (Table 2). Their diffraction power,
however, is limited (best resolution seen is 26 Å up to
now, Figure 3E) most likely because of the little thickness
of the crystals, which varies between 5 and 10 mm. In the
future, it might be worth exploring conditions that
promote crystal growth in the third dimension.
Possibilities worth considering comprise further refined
crystallization conditions such as the usage of additive
screens and detergents, or removal of surface-exposed
parts that may hamper further crystal growth such as
loosely bound ribosomal proteins or part of the ES
elements whose removal could help in obtaining larger
crystals (some proteins could be removed by differential
salt-wash as illustrated for the E-site tRNA, a procedure
used for S1-removal; (59, 60) or cell line engineering such
as done for L9-removal (61), which may be difficult to
apply to human cells though. Although serum starvation
was used (to synchronize cells), the ribosomes do not have
any starvation factors bound, as compared with yeast
ribosomes (7) or ribosomes isolated from blood (18),
which have Stm-1 and Stm-1 like factors bound, respect-
ively. This can be an advantage when forming translation
complexes with mRNA and ribosomal translation factors
for future crystallization or cryo-EM studies. Another
aspect which we begun to analyze here is to refine the
procedure for crystal stabilization and cryo-protection
and reduce crystal mosaicity; controlled dehydration
may also improve the diffraction of the crystals (7). In
any case, while the crystals described here are diffracting
relatively poorly and will need to be improved to reach a
stronger diffraction power, they are the very first human
ribosome crystals reported to our knowledge. This shows
that the optimized purification procedure described herein
provides crystallizable human ribosomes, a sine-qua-non
condition for further crystallography work. The present
work thus paves the way for future high-resolution
crystal structures of the human ribosome, in isolated
form or as complexes with mRNA, tRNAs and transla-
tion factors, with a major potential impact for studying
molecular mechanisms and exploring medical applications
in the ribosome field.
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Supplementary Table 1. Large subunit proteins of the human ribosome and their score as detected by MS. 

 

Large subunit proteins 

Protein name  Old nomenclature  Uniprot ID  Score  

L1 
L2 
L3 
L4 
L5 
L6 
L6e 
L8e 
L11 
L13 
L13e 
L14 
L14e 
L15 
L15e 
L16 
L18 
L18e 
L19e 
L20e 
L21e 
L22 
L22e 
L23 
L24 
L24e 
L27e 
L28e 
L29 
L29e 
L30 
L30e 
L31e 
L32e 
L33e 
L34e 
L36e 
L37e 
L38e 
L39e 
L40e 
L41e 
L43e 
L44e 
P1/P2 
P2 
P0  

L10A  
L8 
L3  
L4 
L11  
L9  
L6 
L7A  
L12  
L13A 
L13  
L23 
L14 
L27A 
L15 
L10 
L5  
L18 
L19 
L18A 
L21 
L17 
L22  
L23A  
L26  
L24 
L27 
L28  
L35  
L29  
L7  
L30 
L31  
L32  
L35A 
L34 
L36 
L37 
L38  
L39 
L40 
L41 
L37A 
L36A  
LP1  
LP2 
LP0  

P62906 
P62917 
P39023 
P36578 
P63913 
P32969 
Q02878 
P62424 
P30050 
P40429 
P26373 
P62829 
P50914 
P46776 
P61313 
P27635 
P46777 
Q07020 
P84098 
Q02543 
P46778 
P18621 
P35268 
P62750 
P61254 
P83731 
P61353 
P46779 
P42766 
P47914 
P18124 
P62888 
P62889 
P62910 
P18077 
P49207 
Q9Y3U8 
P61927 
P63173 
P62891 
P62987 
P62945 
P61513 
P83881 
P05386 
P05387 
P05388 

566 
1018 
256 
300 
1184 
1408 
145 
265 
72 
45 
83 
1833 
76 
71 
93 
198 
552 
115 
113 
176 
54 
534 
218 
610 
68 
11 
37 
20 
18 
13 
176 
175 
34 
116 
16 
3 
7 
- 
26 
- 
15 
- 
128 
22 
131 
349 
97  

The proteins marked ‘-‘ were not detected in the sample, most likely due to their low molecular weight. 
 



 
Supplementary Table 2. Small subunit proteins of the human ribosome and their score as detected by MS. 

 

Small subunit proteins 

Protein name  Old nomenclature  Uniprot ID  Score  

S1e 
S2 
S3 
S4 
S4e 
S5 
S6e 
S7 
S7e 
S8 
S8e 
S9 
S10 
S10e 
S11 
S12 
S12e 
S13 
S14 
S15 
S17 
S17e 
S19 
S19e 
S21e 
S24e 
S25e 
S26e 
S27e 
S28e 
S30e 
S31e 
RACK1 

S3A 
SA 
S3 
S9 
S4 
S2 
S6 
S5 
S7 
S15A 
S8 
S16 
S20 
S10 
S14 
S23 
S12 
S18 
S29 
S13 
S11 
S17 
S15 
S19 
S21 
S24 
S25 
S26 
S27 
S28 
S30 
S27A 
RACK1 

P61247 
P08865 
P23396 
P46781 
P62701 
P15880 
P62753 
P46782 
P62081 
P62244 
P62241 
P62249 
P60866 
P46783 
P62263 
P62266 
P25398 
P62269 
P62273 
P62277 
P62280 
P0CW22 
P62841 
P39019 
P63220 
P62847 
P62851 
P62854 
P42677 
P62857 
P62861 
P62979 
P63244 

1328 
1022 
353 
45 
248 
771 
932 
1065 
181 
132 
166 
42 
20 
695 
253 
813 
154 
57 
- 
43 
66 
280 
508 
95 
205 
76 
41 
37 
32 
84 
6 
77 
79 

The proteins marked ‘-‘ were not detected in the sample, most likely due to their low molecular weight. 
 

Mass spectrometry analysis assigns a score for each protein detected by comparison of theoretical 

data to the unknown protein. Hence, the scores validate the presence of the relevant proteins, but the 

stoichiometry of the proteins could not be determined in greater detail because the amounts of 

protease-digested peptides detected by MS analysis vary significantly (possibly due to a variable 

protease activity for different ribosomal proteins). It can therefore not be excluded that some loosely-

bound ribosomal proteins are present with variable stoichiometry in the 80S complex. 



Supplementary Table 1. Large subunit proteins of the human ribosome and their score as detected by MS. 

 

Large subunit proteins 

Protein name  Old nomenclature  Uniprot ID  Score  

L1 
L2 
L3 
L4 
L5 
L6 
L6e 
L8e 
L11 
L13 
L13e 
L14 
L14e 
L15 
L15e 
L16 
L18 
L18e 
L19e 
L20e 
L21e 
L22 
L22e 
L23 
L24 
L24e 
L27e 
L28e 
L29 
L29e 
L30 
L30e 
L31e 
L32e 
L33e 
L34e 
L36e 
L37e 
L38e 
L39e 
L40e 
L41e 
L43e 
L44e 
P1/P2 
P2 
P0  

L10A  
L8 
L3  
L4 
L11  
L9  
L6 
L7A  
L12  
L13A 
L13  
L23 
L14 
L27A 
L15 
L10 
L5  
L18 
L19 
L18A 
L21 
L17 
L22  
L23A  
L26  
L24 
L27 
L28  
L35  
L29  
L7  
L30 
L31  
L32  
L35A 
L34 
L36 
L37 
L38  
L39 
L40 
L41 
L37A 
L36A  
LP1  
LP2 
LP0  

P62906 
P62917 
P39023 
P36578 
P63913 
P32969 
Q02878 
P62424 
P30050 
P40429 
P26373 
P62829 
P50914 
P46776 
P61313 
P27635 
P46777 
Q07020 
P84098 
Q02543 
P46778 
P18621 
P35268 
P62750 
P61254 
P83731 
P61353 
P46779 
P42766 
P47914 
P18124 
P62888 
P62889 
P62910 
P18077 
P49207 
Q9Y3U8 
P61927 
P63173 
P62891 
P62987 
P62945 
P61513 
P83881 
P05386 
P05387 
P05388 

566 
1018 
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71 
93 
198 
552 
115 
113 
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116 
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131 
349 
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The proteins marked ‘-‘ were not detected in the sample, most likely due to their low molecular weight. 
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Mass spectrometry analysis assigns a score for each protein detected by comparison of theoretical 

data to the unknown protein. Hence, the scores validate the presence of the relevant proteins, but the 

stoichiometry of the proteins could not be determined in greater detail because the amounts of 

protease-digested peptides detected by MS analysis vary significantly (possibly due to a variable 

protease activity for different ribosomal proteins). It can therefore not be excluded that some loosely-

bound ribosomal proteins are present with variable stoichiometry in the 80S complex. 
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3.1.1 High-resolution cryo-EM structure of the human 80S 

The technical and software advancements in the field of cryo-EM as detailed in 

section 3.4 allowed us to pursue further structural analysis of these purified ribosomes. 

Using data collected at the in-house Titan Krios electron microscope equipped with Falcon II 

CMOS camera and Cs corrector, we were able to reconstruct 80S structure without any 

bound factors at resolution close to 5 Å (Fig. 35).  

 

Figure 35: 5 Å resolution, reference structure of 80S.  

At this resolution, we can observe most of the secondary structural elements of 

rRNA and proteins and even distinguish some bulky protein side chains like Phe and Trp. For 

 !"#$% &$'() *+&,- .&/0*10&*2&"&2*+3% &4-helical protein, can be resolved accurately as seen 

in the figure 35. Also, RACK1 complex, on the solvent-exposed side of the 40S, with six-fold 

pseudo symmetry can be easily recognised. Its seven-5%"6 6& 7-propeller architecture has 
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each of its blades resolved at this resolution. The details observed in the density map are 

well-correlated with the resolution indicated by FSC (fourier shell correlation), obtained 

after Relion refinement procedure (Fig. 36). Presently, the structure is fit with model from 

80S (Anger et al., 2013) using rigid-body fitting, further refinement and model building is 

ongoing. 

 

Figure 36: (A) The FSC curve showing the resolution attained according to 0.5 and ½ bit criteria. (B) 
The visibility of protein secondary structures is highlighted for protein S6e and RACK1. 

Moreover, this structure could serve as a reference structure for future studies of 

protein translation stages, like in case of termination complexes, as explained below.  
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3.2 Termination factors 

3.2.1 Cloning into bacterial expression vectors 

eRF1 (class I release factor) and eRF3A (class II release factor) isoform I genes (NCBI 

access code NM_004730.3, NP_004721.1; NM_002094.3, NP_002085.2, respectively) were 

cloned in bacterial expression vectors. eRF1 was cloned using the Gateway system (LR 

reaction of pENTR-eRF1 and pCoGWA) into pCoGWA with an N-terminal six-residue histidine 

tag. The plasmid map and the site of insertion are marked in the Fig. 53 in Appendix.  

eRF3 isoform I full-length has not yet been structurally characterized. Also, it has 

been shown that its expression is tedious in bacteria and must be solubilised by using 

thioredoxin (Kononenko, 2010). The gene corresponding to NP_002085.2 was chemically 

synthesised by GATC in pUC57 plasmid and double-digested with NdeI and BglII restriction 

enzymes. Alongside, empty pnEAvHX was cleaved with NdeI and BamHII. BglII and BamHI 

yield identical ends which allow the directional insertion of eRF3 (Fig. 37). The cleavage site 

in pnEAvHX was chosen such that thioredoxin and a six-residue long His tag lie at the N-

terminal to allow expression and affinity purification.  

Double digestion for ligation Clone screening 

 
 

(a), (b), (c): pUC57 double digestion with 

NdeI+BglII, (d) pUC57 + BglII 

 (e), (f): pnEAvHX vector double digestion with NdeI 

+ BamHI, (g): pnEAvHX + BamHI 

Blue box:  eRF3 insert cut from the gel and green 

box: pnEAvHX double digested vector cut from the 

gel 

 

(i), (j): single digestion : NdeI 

(h), (k): double digestion : NdeI + XbaI 

(h)(i): clone P (positive clone) 

(j)(k): clone N (negative clone) 

Clone P gives the right size of vector and insert 

on double digestion 883bp, 1045bp, 6022bp 

(6kb fragment is visible) while clone N gives 

wrong insert sizes. 

Figure 37: Agarose gels for eRF3 cloning in pnEAvHX vector. 
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Prior to the protein expression tests, the sequence of both clones was verified using 

sequencing at GATC Biotech Company. For both proteins, expression is under control of the 

T7 promoter which is in turn controlled by the lactose operon, induced by IPTG.  

3.2.2 Protein expression and purification 

A previously reported protocol was followed to purify eRF1 (Andjelkovic et al., 1996; 

Song et al., 2000). Plasmid was transformed into BL21 (DE3) cells and expression tests were 

performed for these cells at 37°C and 18°C. Cells grown in 2X LB media at 37°C, and induced 

overnight with IPTG at 18°C, gave the best yields of eRF1. The eRF1 overexpressed cells 

were lysed using sonication with the lysis buffer, and processed as explained below.  

 

Figure 38: eRF3 expression tests on 10 % SDS PAGE gels. Gel 1 shows expression in BL21 (DE3) at 
different temperatures in 2X LB media. lad denotes the protein molecular weight ladder, (a) 
Culture before induction with IPTG, (b) culture after 4 hrs at 25°C, (c) after 16 hrs at 25°C (d) after 4 
hrs at 37°C (e) after 16 hrs at 37°C. Gel 2 shows BL21 (RIL) transformed bacteria after 16 hrs at 37°C 
in different media. (f) Before induction, (g) auto-inducible media (h) 2X LB. Gel 3 BL21 (DE3) 
transformed bacteria after 16 hrs at 37°C in different media. (i) Before induction, (j) 2X LB (k) auto-
inducible media. 

Standardisation of the eRF3 purification (Kononenko et al., 2010) was more rigorous 

as it involved choosing the suitable competent cells for transformation, the temperature 

and medium for protein expression. Initially, the plasmid was transformed into BL21 (RIL) 

and BL21 (DE3) cells and the protein expression was tested at 25°C and 37°C after 4 hrs and 

16 hrs of cell growth at 37°C for 16 hrs in two different culture media; 2X LB and auto-

inducible medium (Fig. 38). Interestingly, the growth in auto-inducible medium did not 

really increase the production of eRF3, but the amount of contaminants present in the 



113 
   

soluble fraction was significantly decreased. Cell cultures at 37°C for 16 hrs provide a higher 

amount of cells expressing the protein at the size of about 100 kDa. Also, there is no 

formation of inclusion bodies or any degradation of the protein. 

Usually, the cells were grown in batches of 6L per purification, but in order to obtain 

a higher yield both the proteins were expressed in fermentor of 20L. The fermentor (Infors 

HT Techfors) allows a better control over growth parameters, agitation, oxygenation and 

temperature. Since the protein purified is from the same cell culture batch, crystal 

reproducibility is also increased. 

eRF1 Nickel affinity column 20ml eRF3 Nickel affinity column 20ml 

 

 

 

 

    Ld  Wash         50 mM             100 mM imidazole 

 

   Ld       20 mM               120 mM imidazole 

 

Figure 39: Chromatogram and gel profiles for affinity purification of eRF1 and eRF3. The gel 
profiles were obtained on LabChip GX Caliper®. 

The cells were lysed using sonication, and especially since eRF3 is highly sensitive to 

degradation, necessary precautionary measures were taken to prevent overheating the 

sample. Both eRF1 and eRF3 contain a hexa-histidine residue tag at the N-terminus, so the 

protein was pulled out using Ni-NTA column. The protein was thereafter eluted with a 

gradient of imidazole (Fig. 39). In the first step of imidazole wash, possible contaminants 

Chromatograms 

Caliper profiles 
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were removed (50 mM for eRF1 and 20 mM for eRF3). The second step of the gradient at 

150mM imidazole eluted the protein. Fractions were collected and verified with SDS page 

analysis. The protein fractions were pooled and dialysed overnight, ideally against a volume 

100 times the sample, to reduce salt to a minimum, in order to perform the next step of ion 

exchange (Fig. 40).  

eRF1 anion exchange HiTrapQ 5 ml eRF3 cation exchange HiTrapSP 5 ml 

 

 

 

 

 

             Gradient peak          Ld 

 

            

          Ld    Wash        Gradient peak 

   

Figure 40:  Chromatogram and gel profiles for ion exchange step for eRF1 and eRF3 purification. 

eRF1 was purified with the anion exchange, however for eRF3 it was observed that 

cation exchange worked better in spite of a net negative charge on protein at pH 7.5. This 

could be because of lower Kd (dissociation constant) of full-length eRF3 for GDP association, 

as compared to eRF3 lacking the N-terminus. Also, the eRF1-eRF3-GTP complex has been 

observed to have considerably higher solvent accessible surface area as compared to the 

complex with eRF3 lacking the N terminus due to conformational changes (Kononenko et 

al., 2010). The same is true for the isolated eRF3, which might be responsible for the surface 

charge being different as eRF3 has an inherent dynamic structure. Both proteins were 

eluted between 150 mM and 200 mM salt concentration. For eRF1 purification, an extra 



115 
   

step of S75 gel filtration was performed to remove contaminants that can hinder the 

complex formation (Fig. 41). eRF1 requires the presence of 10% glycerol all throughout the 

purification for solubilisation, while eRF3 is stable and solubilised in buffer probably because 

of thioredoxin which probably helps in its folding and solubilisation. The yield of both factors 

is approximately 12-14 mg from 6L cultures. Once both proteins were purified to 

homogeneity, they were either frozen in aliquots or used directly to form the complex. 

3.2.3 eRF1-eRF3 complex formation and biophysical characterization 

Complex formation and tag removal was tried in two different methods. In the first 

method, the two proteins were incubated separately with TEV to remove the tag, followed 

by complex formation. The other method being where, eRF1 and eRF3 were incubated 

together with TEV to allow cleavage and complex formation.  

eRF1 on Superdex 75 16/60 prepgrad  eRF1-eRF3 complex on Superdex 200 

16/60 prepgrad 

  

 

 

          Ld                peak               

 

 

Figure 41: Chromatogram and 10% SDS gel for size exclusion chromatography of eRF1 (left panel) 
and complex of eRF1 and eRF3 (right panel). The red boxes indicate the peak fractions each 
corresponding to the purified protein. 

The first method did not seem to be efficient in cleaving the tag, when purified eRF1 

and eRF3 were incubated separately, with TEV for overnight incubation and followed by Ni-

NTA column to remove the uncleaved protein. Less than 60% of protein was recovered 
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without the tag. But when eRF1 and eRF3 were incubated together with TEV overnight, 

almost 90% of total protein was recovered as a complex free of N-terminal tags. S200 gel 

filtration was important to separate the unbound protein and the cleaved tags from the 

protein complex (Fig. 41). 

Mass spectrometry 

ESI-TOF analysis was done under native and denaturing conditions to check for the 

protein complex, and ensure that it is stable in the buffer used. In native conditions, a peak 

at 118 kDa corresponds to the complex although there are peaks at the molecular weight of 

free proteins (50 kDa and 68 kDa) too (Fig. 42). Under denaturing conditions, both proteins 

were identified confirming the presence of the desired complex. 

 

Figure 42: Mass spectrometry analysis of the complex (A) in denaturing conditions, (B) in native 
conditions. 

Dynamic light scattering (DLS)  

DLS estimates the hydrodynamic radius and the polydispersity of the sample and 

essentially revealing the homogeneity of the sample. The eRF1-eRF3 complex initially 

contains 10 % glycerol in the buffer, and glycerol is known to solubilise the sample instead 

of aiding crystallisation. Therefore, the complex was prepared in different buffers going 

from 10% to 0% glycerol, during S200 elution of the complex. Although no visible aggregates 

were observed even in the absence of glycerol, but the polydispersity of the sample varied 

between 23 and 7 (Fig. 43 and Table 8). Crystallisation plates were set up with 10%, 5% and 

2.5% glycerol; crystals were obtained only in the sample containing 10% glycerol. This can 

be explained by the polydispersity curves obtained, since higher polydispersity indicates a 

heterogeneous sample with a large number of species, which could in turn prevent 
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crystallization. It should also be noted that the hydrodynamic radius increases on increasing 

glycerol concentration, as it interacts with hydrophobic surfaces of protein that favours 

amphiphilic interface formation and thus, prevents aggregation. 

 

Figure 43: DLS profiles for eRF1-eRF3 protein complex. 

Table 8: DLS analysis of the complex, denoting the polydispersity with decreasing glycerol content 
in the buffer. 

% glycérol Rh (nm) % Polydispersity (Pd) % Mass 

10% 9.4 23.0 99.8 

5% 6.138 8.5 99.7 

2.5% 6.241 7.4 99.5 

0% 6.038 20.4 99.5 

Native gel analysis 

Native gel analysis readily displays the complex formation and protein stability as a 

shift of molecular weight with respect to the controls. In the absence of denaturing agents 

like SDS, the proteins migrate on the poly acrylamide gel according to their net charge and 

conformation. eRF1 is known to exist as a dimer (100 kDa) in solution (Cheng et al., 2009), 

and as seen on the 6% gel, eRF3 (68 kDa) migrates faster than eRF1. The eRF1-eRF3 complex 

has a band similar to the purified eRF1 because the molecular weight for complex is 118 kDa 

and for an eRF1 dimer it would be around 100 kDa. But the complex formation is ensured in 

1:1 molar ratio, since there is no free eRF3 visible in this sample (Fig. 44). Same holds true 

for the eRF1-eRF3 complex with the GTP-analogue, GMPPCP.  
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Figure 44: Native gel depicting the eRF1-eRF3 complex (118 kDa) in comparison with only eRF1 
(100 kDa dimer in solution), and only eRF3 (68 kDa). 

Microscale Thermophoresis Technology (MST)  

To check for interactions of the two release factors in solution and determine the Kd, 

as has been reported in literature for eRF1-eRF3 complex (Kononenko et al., 2010), MST 

(Nanotemper) was used. Isothermal titration calorimetry (ITC) has been the technique used 

for such studies earlier, but MST offers a major advantage of using at least ten times less 

sample. However, the standardisation process for the suitable buffers to get a good signal to 

noise ratio, is equally time consuming for both. 

 

Figure 45: MST analysis of eRF1 and eRF3 complex to determine Kd. 

eRF1 was serial-diluted in S200 gel filtration buffer, into 16 tubes, starting with the 

highest concentration. 100 µl of 20 µM eRF3 was labelled at either lysine or cysteine 

residues with FITC flour and diluted to 1:20 or 1:50 ratio in water and checked for signal, if 
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the signal was in the right range to be detected by the Nanotemper device. A final 

concentration of 32 nM was mixed with the serial-diluted eRF1 series and centrifuged to 

remove any aggregates before loading into capillaries for Nanotemper measurements. 

A negative control was measured first, with only the fluorescent eRF3 to verify the 

non-specific interactions with capillary or buffer. eRF3 in absence of 0.05% Tween-20 failed 

to show any constant fluorescence (a variation of up to 20 units is acceptable), which is an 

indication of non-specific interactions occurring in the capillary. So to avoid these non-

specific interactions, 0.05% Tween-20 was added to buffer for eRF1 as well as for eRF3. The 

complex fluorescence measurement gave a Kd of 150 nM (Fig. 45) which is in the range 

observed in previous studies, 200 nM (Kononenko et al., 2010). 

3.2.4 Crystallization of the eRF1-eRF3 complex 

After confirming the eRF1-eRF3 complex homogeneity, I proceeded with complex 

crystallization. The initial tests were performed with conditions that yielded crystals of eRF1 

(Song et al., 2000), eRF3 (Kong et al., 2004) and the truncated eRF1-eRF3 complex missing 

the N-terminus and G domain of eRF3 (Cheng et al., 2009). Not surprisingly, these conditions 

failed to provide crystals, probably because the presence of the N-terminus and G domain 

changes the net surface charge of the complex that possibly altered the precipitation rate 

for the protein complex. So, all the 16 commercial screens available at the crystallization 

platform at IGBMC were tested with different sample preparations, glycerol contents and 

concentrations ranging from 9-16 mg/ml.  

The initial hits obtained were tested at the in-house X-ray source and SLS 

synchrotron that allowed us to narrow down to the conditions mentioned in Table 9 for 

pursuing further optimisation of crystallization conditions. Crystals obtained using condition 

B diffracted to 20 Å which was good enough to derive the space group and cell parameters. 

The crystal belongs to C2 space group with a=135 Å, b=75 Å, c=80 Å,  =!=90° and "=118°. 

Hanging and sitting drop setups were used to reproduce crystals in those conditions with 

larger drop volumes (1.5+1.5 µl). Simultaneously, additives screen from Hampton Research 

were used in 2% and 1% with the original condition to optimize and obtain good diffraction 

quality crystals. 
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Table 9: The crystallisation conditions for initial hits of eRF1-eRF3 protein complex with 10% 
glycerol in GF buffer and various precipitant agents. 

Condition Condition A Condition B Condition C 

Buffer 50 mM Sodium cacodylate, 
pH 6.5 

50 mM Sodium cacodylate, 
pH 7 

50 mM Sodium cacodylate, 
pH 6 

Precipitant 2M (NH4)2SO4 10% 2-Methyl-2-propanol 5% PEG 4000 

Salt 10 mM MgSO4 10 mM MgCl2 20 mM MgCl2 

Additives  1 mM Spermidine 2.5 mM Spermine 
Tetrahydrochloride 

For freezing the crystals, different cryoprotectants were screened including paraffin 

oil, silicon oil, ultimate cryoprotectant (UCP- 8% Glycerol, 8% ethylene glycol, 9% sucrose, 

2% glucose) and 20-30% glycerol. Essentially, the best results were obtained with UCP for 

condition B and C. Condition B was particularly tricky to handle because of the volatile tert-

butanol. The organic solvent evaporates on opening the drop, leaving the crystal in a state 

prone to damage. The initial data sets for the crystals obtained using condition C were 

collected to a resolution of around 10 Å to get a preliminary map to verify the presence of 

both the proteins. However, it was found by molecular replacement using the individual 

eRF1 and eRF3 crystal structures (PDB codes 1DT9 and 3J5Y) that only one protein was 

present in this condition and the resolution did not improve upon varying the 

cryoprotectants or adding additives in the crystallization condition. Besides, condition A has 

2M ammonium sulphate which precipitates easily, making the crystals difficult to freeze and 

can also possibly dissociate the complex because of the high salt concentration. So these 

conditions were not pursued further.  

Instead, the complex without glycerol in GF buffer was followed. Crystals were 

obtained in conditions listed in Table 10. Biochemically, the role of glycerol can be 

interpreted as follows. Glycerol interacts with large hydrophobic patches that form an 

amphiphilic interface between the hydrophobic surface and the polar solvent. This prevents 

protein aggregation/precipitation and instead solubilises the protein (Vagenende et al., 

2009). Thus, depending upon the protein complex being investigated glycerol can inhibit 
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crystallization, since it would rather keep the protein in a soluble state. The same behaviour 

possibly occurs with the eRF1-eRF3 complex as well. 

Table 10: The crystallisation conditions for initial hits of eRF1-eRF3 protein complex in the absence 
of glycerol in the GF buffer. 

Condition Condition D Condition E Condition F Condition G 

Buffer 50 mM Sodium 

cacodylate, pH 6.0 

50 mM Sodium 

cacodylate, pH 6.5 

50 mM Sodium 

cacodylate, pH 6.5 

50 mM Sodium 

cacodylate, pH 6.0 

Precipitant 10% PEG 400 1.3M Li2SO4 1.3M Li2SO4 1.7M (NH4)2SO4 

Salt 15 mM MgCl2 10 mM Mg(OAc)2 30 mM MgCl2 15 mM Mg(OAc)2 

Additives 3 mM Spermine 

Tetrahydrochloride 

 1 mM Spermine 

Tetrahydrochloride 

 

 

Crystal 

 
   

 The best diffracting crystals were obtained with 1.3 M Li2SO4 as a precipitant in 

condition F. The crystals were frozen using a higher concentration of Li2SO4 (1.8M) as a 

cryoprotectant. There was a thick skin on the drop, probably caused by precipitation, which 

was removed before freezing the crystal. Full data set of this crystal, diffracting to 3.7 Å 

resolution was collected (Table 11) and processed using molecular replacement strategy. 

The crystal belongs to P41212 space group with a=105.7 Å, b=105.7 Å, c=218.49 Å,  ="=!= 

90°, and possesses 44 % solvent content with Matthews coefficient of 2.2.  

Structure solution was obtained with molecular replacement using eRF1 (PDB code 

1DT9) and eRF3 (PDB code 3E1Y and 3J5Y) as search models. The Matthews coefficient 

suggested that the asymmetric unit contains two molecules of eRF1-eRF3 complex, or 

slightly less such as two copies of eRF1 and a single copy of eRF3. Initially, MR searches were 

performed systematically with varying the number of copies and combinations of eRF1 and 

eRF3 structures. Finally, a rational approach with independent domain searches was 
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performed, that resulted in structural solution. First the N and C domains of eRF1 were 

searched and fixed in position, followed by the search for flexible M domain which resulted 

in placement of the first molecule of eRF1 (referred to as form I   green in Fig. 46). 

Thereafter, the N domain of second eRF1 was placed successfully. The M and C domains of 

the second eRF1 were searched as a single chain. This second molecule of eRF1 is referred 

to as form II (blue in Fig. 46). Once both the eRF1 molecules were localised, then  -barrels 

domain II and !!!" #$%$" &$'%()$*+" ,-.)" .)$&$" *-/'01&" 2$013" %0()" 01"  -sheets have weak 

electron density. The G domain was placed the last, resulting in the final solution with two 

copies of eRF1 and one copy of eRF3 in an asymmetric unit. The LLG, TFZ score were 

reported to be 1306 and 37.5 respectively by Phaser (CCP4 suite). 

Table 11: Data collection and refinement statistics. Values in parentheses indicate the values in 
the outer shell. 
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The Y-shaped eRF1 structure with the N, C and M domains is well resolved, but the 

loops present in the minidomain and the C domain are not. In the case of eRF3, the G 

domain and the two  -barrel motifs, domain II and III are well resolved. But in the molecular 

replacement search, the position and orientation of the 213 residues long eRF3 N domain 

could not be found. It could be because this domain tends to be unstructured in nature. The 



123 
   

G domain was observed to interact with the N terminal domain of form I eRF1 molecule in 

the asymmetric unit (Fig. 46) and domain II interacts with the M-domain of the form II eRF1 

molecule. Also, there is no nucleotide bound in this complex, as the GTP binding pocket, 

residues 217-231, does not possess any extra positive density. Moreover, the switch helix 

residues of the eRF3 G domain were observed in an unstructured form. 

 

 

Figure 46: eRF1-eRF3 crystal structure. The components of the asymmetric unit are marked in 
green- form I eRF1, blue @ form II eRF1, magenta @ Domain II and Domain III of eRF3 and salmon @ 
G domain of eRF3. In grey are the components from the symmetry molecule. (B) eRF3 domain II 
interactions with M domain, GGQ motif is marked in orange. (C) 58TASNIKS64 motif, highlighted in 
red, of form I eRF1, 2'&%.63&2'/);2&?)A-sheet of M domain in form II eRF1. 
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Furthermore, the mode of eRF1 dimerization in this structure is similar to the 

previously reported eRF1 dimer (Song et al., 2000) with N domain primarily involved in 

dimerization interactions (Cheng et al., 2009). Four stranded  -sheet present in each eRF1 N 

domain, contiguously form a long eight-stranded  -sheet with the innermost  -strand 

(residue 121-128) contacting the same strand on the other eRF1 in opposite direction. 

Besides the positioning of the NIKS motif, involved in stop codon recognition, of two eRF1 

molecules is particularly interesting as these motifs of both molecules interact differently. 

The eRF1 form I 59TASNIKS65 motif interacts with the M domain of form II thereby creating 

new contacts and probably leading to the conformational change as discussed below. The 

eRF1 form II NIKS motif does not interact with M domain and thus, this molecule is present 

in a relatively closed conformation. These two eRF1 shared 2179 Å2 area of contact, 

signifying a strong dimer interface. On the other hand form II eRF1 and eRF3 G-domain 

surface area was determined to be 5193 Å2, indicating strong interactions which explains 

dissociation of eRF1 dimer in solution and eRF1-eRF3 heterodimer formation. In addition, 

the domain II of eRF3 and M-domain of eRF1 have only 803 Å2 contact surface representing 

only weak van der Waals and hydrophobic contacts as have been reported in the previous 

crystal structure (Cheng et al., 2009). 

During molecular replacement, finding the position and orientation of the second 

eRF1 was difficult, due to its different conformations and flexibility of M and C domains. In 

/01$2-3$456789:0$ ;<=7$<;$ /01$>$7<?596$?<4/$<;$/01$3-sheet residues 330-372 were poorly 

ordered in form II and the electron density for minidomain could not be assigned here. 

Upon aligning the N domains of both eRF1 molecules it was observed that the M and C 

domains of form I have moved towards each other, in other words, away from the N 

domain. This could be because the N domain of form I is exclusively involved in 

dimerization, while N domain of form II also interacts with eRF3 G domain. Thus, dual 

interactions make N and C domains more compact in form II eRF1, while in form I, the M 

and C domains are relatively more mobile and take up an open conformation. In addition, 

this is aided by the fact that had these molecules been in the same conformation, eRF3 

would not be able to bind eRF1 due to steric clashes between the G domain and N terminus 

of eRF1. Moreover, we noticed that the eRF3 interactions with the two eRF1 moieties at 

their M domain were remarkably different (Fig. 47). For form I eRF1 molecule, the M-
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domain GGQ end interacts with domain II and G domain, while the M domain of the form II 

eRF1 does not; instead it interacts with domain III and extends its GGQ loop in between the 

/8<$3-barrels. Probably this is a consequence of eRF1 adopting two different conformations. 

 

 

Figure 47: Interactions within the eRF1-eRF3 protein complex. (A) Form II eRF1 (blue) and G 
domain eRF3 (salmon) interactions. (B) Zoomed-in view for eRF1 and G domain interactions, some 
residues are marked. (C) Different GGQ and M-domain interactions of the two eRF1molecules 
(blue and green) with symmetry-related eRF3 molecules (grey). For simplicity, eRF3 from the 
asymmetric unit is not shown. 

Earlier, the eRF1 structure was thought to be a rigid entity (Song et al., 2000), but off 

late, it has been reported to adopt different conformations depending on its interacting 

partner, as observed upon binding to the ribosome and to eRF3 (Cheng et al., 2009; des 

Georges et al., 2014). On comparing the present crystal structure with the previously 

published eRF1-eRF3 crystal structure, the M-domain of form II, which contains the GGQ 
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motif and is required for peptide release, was observed to be moved by about 60° (Fig. 48). 

Surprisingly, the eRF1 conformation observed here is yet different from the conformation of 

the ternary :<?@=1A$8016$B1:BC9/17$<6$B9D<4<?1$DE$E1/$56</01B$$$F#+G$409;/$96$/01$=<6H$4/1?$

of the M domain (Fig. 48("$I6$4@9/1$<;$/01$:<6;<B?5/9<65=$;=1A9D9=9/E-$JYK- shaped architecture 

of eRF1 is retained in both the copies present in the asymmetric unit. 

 

Figure 48: Conformational flexibility in eRF1 structure. Form II eRF1 molecule in blue, N domain 
superposed on (A) eRF1 from previous crystal structure (PDB code 3E1Y) in yellow, (B) the 
structure of eRF1 when bound to the ribosome (PDB code 3J5Y) in pink, (C) Form I eRF1 molecule 
in green, N domain. For simplicity, eRF3 molecule is not shown. 

Thus, as explained above, eRF1-eRF3 domain interactions observed in this structure 

vary from those observed by (Cheng et al., 2009) in the previously reported crystal 

structure. Most likely the presence of the G domain alters the crystal packing, leading to 

P41212 space group instead of P43. We performed rigid body refinement and further 

refinement is ongoing. Due to limitation in resolution of the data, we cannot localise many 

side chains. Nevertheless backbone residues located within 5 Å vicinity of eRF1 are 
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considered to be involved in eRF1-eRF3 interactions which are listed in Table 12. A further 

comparison of this structure with the eRF1-eRF3-GMPPCP ternary complex bound on the 

ribosome is present in the next section, which highlights the M domain flexibility of eRF1. 

Table 12: Interacting residues in eRF1-eRF3 structure. * indicates interactions with a symmetry-
related molecule. 

eRF1 residues eRF3 residues 

M domain  
(form I) 

Ser 154 
Lys 171 
 
Thr 173 
Glu 261 
Tyr 558 
Asn 262 

Glu 562, Asn 549 
Asn 549, Asp 619, 
Glu 620 
Tyr 548 
Glu 620 
Glu 559 
Glu 560 

Domain III* 

C domain 
(form I) 

Asp 297 
Asp 418 
Gln 420 

Asn 433, Glu 211 
Thr 347 
Thr 347 

G domain* 

N domain 
(form II) 

Lys 16 
Lys 18 
Lys 19 
Leu 20 
Ser 23 
Leu 24 
Phe 56 
Ser 60 
Arg 68 
Leu 72, Thr 76 

Arg 371 
Glu 370 
Glu 370 
Thr 364 
Pro 363 
Thr 364 
Asn 255 
Glu 257 
Asn 255 
Glu 257 

G domain 

M domain 
(form II) 

Lys 178 
Lys 179 

Thr 491, Thr 493 
Ser 486, Asp 488 

Domain II 

New crystals have been obtained with the same condition and must be tested at the 

synchrotron for diffraction. A higher resolution data set could provide better insights into 

the interaction of these two proteins. 
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3.3 Pre-termination complex 

Human 80S ribosomes purified as part of this work were used to form a pre-

termination complex composed of the eRF1-eRF3 protein complex with and without 

nucleotide, mRNA and tRNA-Lys (UUU). The complexes were prepared using direct mixing 

and incubation of the different components. The property of ribosomes to JbreatheK, 

wherein the two subunits are partially dissociated in a manner depending on salt 

concentration, was exploited. Initial tests were performed with a short mRNA sequence. 

However, the complexes formed did not have the P-site tRNA present as revealed by cryo-

EM reconstructions, instead, only the E-site tRNA was present with a partial occupancy of 

the release factors on the 80S. The data collection statistics are mentioned in the table 13. 

Table 13: Cryo-EM data collection parameters for termination complex. 

 

Unexpectedly, in the complex with the short mRNA, a large density was found in the 

map different from eRF1-eRF3, suggesting the presence of an elongation factor eEF2 bound 

to ribosome in the factor binding site. A slight change in salt concentration during ribosome 

purification especially during puromycin treatment, could have led to its retention on the 

ribosome. This accounted for about 10% of the total data set after particle sorting by image 

processing (Fig. 49). It was possible to assign this density, unambiguously to eEF2 due to an 

extra domain as compared to eRF3 and perfect fitting using the eEF2 crystal structure. This 

complex was found in a ratcheted state unlike the eRF1-eRF3 containing complex (Fig. 50). 
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Later, a longer mRNA sequence (40 nucleotides) was used to assemble the complex. 

The absence of P-site tRNA in this complex as well led us to conclude that the breathing of 

the 2 subunits is not easily feasible in eukaryotic ribosomes, in sharp contrast with 

prokaryotic ribosomes. Nevertheless, in both complexes, the density for eRF1 as well as 

eRF3 was correctly identified in the factor binding site on the ribosome (Fig. 50) and is 

similar to that observed by  (des Georges et al., 2014) in the pre-termination complex.  

 

Figure 49: Scheme for splitting the data set with short mRNA. A similar scheme was used for 
splitting the data set with long mRNA. 



130 
   

Remarkably, eRF1 exists as a dimer in solution but in the presence of eRF3 it 

dissociates, probably due to relatively weak interactions. This allows formation of eRF1-eRF3 

functional heterodimer as observed on the native gel, and as detected in the termination 

complex. Thus, it is the very presence of its functional partner that allows eRF1 to go from a 

non-functional homodimer to a heterodimer form. But the eRF1 M domain is not 

accommodated exactly in the PTC in neither our complex, nor those reported before. Thus, 

it requires GTP hydrolysis to accommodate in the PTC and assist in peptide release.  

 

Figure 50: The termination complex reconstituted in-vitro, with short mRNA sequence. (A) Side 
view of the complex showing the release factor at the factor binding site, eRF1 in purple, eRF3 in 
red and E-site tRNA in green. (B) Side view of the complex showing eEF2. (C) The densities split 
corresponding to the two subunit and the release factors. The fitted eRF1-eRF3 complex, PDB code 
3J5Y shows that the GGQ motif is pointing away from the PTC. (D) The density corresponding to 
eEF2 with the fitted crystal structure, PDB code 3DNY. Large and small subunits are coloured blue 
and yellow respectively. 
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Interestingly, on aligning the crystal structure of eRF1-eRF3 with the density 

observed on ribosome, the M domain harbouring the functional GGQ motif of eRF1, 

responsible for peptide release, was found to be in a different conformation. It has moved 

by about 90° towards the PTC. The N domains were superimposed, but the C domain is also 

partially moved. eRF3 interactions in the crystal structure described above are such that 

domain 2 and 3 are in close vicinity of M domain while G domain interacts majorly with N 

and C domains of eRF1. Such interactions have not been reported so far, and may represent 

crystal packing requirements rather than in-vivo interactions. 

Due to heterogeneity in the sample, the collected data sets in both cases were 

sorted out into different 3D classes using the Relion software (Scheres, 2012). In case of the 

short mRNA, the eRF1-eRF3 protein complex was present in all the classes while for the 

complex with long mRNA, only one class out of the six had the eRF1-eRF3 protein complex. 

This decreased factor occupancy could be due to the absence of a nucleotide analogue 

GMPPCP in the eRF1-eRF3 complex, but this needs to be analysed further. The presence of 

nucleotides can help stabilise the factor binding to the ribosome, and its absence could 

make the sample heterogeneous and can even lead to factor dissociation. 

We have recently collected data for termination complex with long mRNA on the in-

house Titan Krios, which needs to be processed and could provide high resolution structural 

insights into eRF1-eRF3 binding on the ribosome as observed for the reference 80S structure 

detailed in section 3.1.1.    
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3.4 HIV-1 Gag interactions with ribosome 

HIV-1 Gag poly protein has been known to regulate its own translation (Anderson 

and Lever, 2006). However, its mechanism of action remains unclear. Previous studies using 

mass spectrometry, and our collaborators narrowed down several ribosomal proteins that 

interact with Gag (Jager et al., 2012). Of these, RPL30 (old name L7) and RPL24 (old name 

L26) were verified using the yeast two-hybrid system, the sucrose density gradient analysis 

and other biochemical assays like co-immunoprecipitation and FLIM-FRET (de Rocquigny et 

al., 2014). 

L<81M1B-$ ?<4/$ <;$ /0141$ 4/C7914$ 5B1$ :16/B17$ <6$ N5HO4$ 96/1B5:/9<6$ 89/0$ 4<=CD=1$

ribosomal proteins (Beyer et al., 2013)"$L1B1-$81$/B917$/<$96M14/9H5/1$N5HO4$96/1B5:/9<6$89/0$

the above mentioned proteins, in context of the whole ribosome. We performed polysome 

profile analysis on HeLa cells transfected with plasmids carrying the Gag insert. The sucrose 

fractions were analysed by western blot analysis for the simultaneous presence of Gag and 

RPL30. Gag was observed to be co-sedimented with polysomes and less with monosomes 

(Fig. 51). Moreover, to rule out non-specific interactions, negative controls were performed 

using cells transfected with EGFP and their polysome profiles were analysed (Fig. 51). 

 

Figure 51: Polysome profile for Gag and EGFP co-transfected cells. Below is the western blot 
analysis for each of the fractions, detecting RPL7, Gag and EGFP. 
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These control experiments would help in differentiating gag being translated using 

its own mRNA, from the ribosome-bound gag polyprotein acting as a factor for regulating its 

own translation. Strangely, EFGP profiles were similar to gag polysome profiles, so we 

performed another set of controls. Density gradient profiles were checked for Gag and EGFP 

co-transfected HeLa cells after EDTA treatment which would allow dissociation of the two 

ribosomal subunits (Nolan and Arnstein, 1969). However, even with this approach, 

interaction of Gag with either of the subunits remains inconclusive. Thus, future studies are 

needed to address this in more detail. 

 

Figure 52: NCp7 co-sedimentation with 80S ribosomes. (A) Sucrose gradient fractionation profile of 
purified 80S ribosomes incubated with NCp7. (B) Western blot analysis of fractions 8-9 from 
sucrose gradient with only NCp7 peptide (lanes 1); only 80S ribosomes (lanes 2); 80S ribosomes 
and NCp7, together (lanes 3). As a control, 90 nM of NCp7 peptide was loaded on the SDS-gel (4). 

Interestingly, despite our inconclusive results related to Gag interaction with RPL30 

as an entity of ribosome, it was determined that NCp7 region of Gag was crucial for its 

interaction with RPL30. To this, we used human 80S ribosomes purified from HeLa cells 

(Khatter et al., 2014) and chemically synthesised NCp7 peptide, to check for co-

sedimentation on sucrose density gradient. The association of NCp7 with ribosomes was 

safely inferred due to co-localisation of both these entities as determined by western blot 

analysis (Fig. 52) (Anton et al., manuscript submitted).  
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The human ribosome structure had been a relatively unexplored territory until a 

year ago (2013). One of the reasons for that is the complexity of the human ribosome in 

terms of composition, long RNA expansion segments at its surface and its instability when 

purified from human cells, parameters that all favoured the belief that the human 80S was 

not amendable for high-resolution structure investigation. Indeed, for decades the very first 

requirement of pure, homogenous sample was not fulfilled for structural studies. This 

signified a major constraint in studying eukaryotic translational aspects. In order to 

investigate these areas, I worked on the purification and characterization of human 

ribosomes purified from HeLa cells. In this thesis, I have developed and detailed a method to 

purify homogenous 80S ribosomes and the two subunits, 60S and 40S, from HeLa cells. 

These ribosomes were characterized biophysically and using structural techniques for their 

purity and uniformity. A crucial aspect for this study was the usage of cryo-EM as an 

analytical tool rather than exclusively to obtain 3D reconstructions. This allowed visual 

control of samples prepared under various conditions and thus, helped in standardizing the 

purification protocol. And eventually, obtaining crystals of human 80S in capillaries since 

only samples with an even distribution on cryo-EM grids were used for crystallisation. These 

crystals were reproduced in sitting drops and diffracted X-rays up to 26 Å. Despite the low 

resolution diffraction of these crystals, they signify a major breakthrough in human 80S 

structural studies and pave the way for future high resolution work (Khatter et al., 2014).  

Eukaryotic translation itself is a relatively less investigated target with therapeutic 

potential for fungal and viral infections as well as cancer. Also, the growing problem of 

antibiotic side-effects needs to be examined. These ribosomes can prove to be essential to 

understand and tackle such issues. In the long term these studies will be useful for drug 

discovery, targeting the pathogen more specifically rather than inducing interactions with 

human ribosomes.    

As the old adage goes, the more we learn, the more we realise how little we know. 

I6$4@9/1$<;$?<B1$/056$5$71:571O4$B1415B:0$<6$/B564=5/9<6$?1:05694?4-$<CB$C671B4/56796H$<;$

eukaryotic translation is far from complete, especially with regard to the regulatory 

mechanisms. The purified 80S ribosomes fulfil an essential criterion for studying these 

mechanisms in that they provide the core complex to which various ribosomal factors bind 

during the initiation, elongation and termination phases of translation. We tried to 
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understand the principle of translation termination using these purified ribosomes. The 

tricky part was to assemble the termination complex in vitro using separately purified and 

assembled class I (eRF1) and II (eRF3) termination factors. I assembled the 80S complex with 

these factors, mRNA and tRNA by varying temperature and salt concentrations. In the cryo-

EM structures reported here, even though the eRF1-eRF3 protein complex is bound in the 

factor binding site and GTPase centre, the absence of P-site tRNA makes this complex not 

exactly a termination complex. Instead, an E-site tRNA is bound, which could be either the 

co-purified tRNA (as for empty 80S ribosomes, Khatter et al., 2014) or the added tRNA-Lys 

which was not positioned correctly.  

  Consequently, mRNA binding and positioning was the key problem that we 

encountered. First, a short mRNA sequence was used which probably did not have enough 

B1497C14$ /<$ 5==<8$?PQR$ D96796H"$ S5/1B-$ 1M16$ 5$ =<6H1B$ ?PQR$ 41TC16:1$ 7976O/$ 01=@$ /PQR$

binding into the P-site as revealed by cryo-EM reconstruction. It is possible that the in vitro 

binding of the eRF1-eRF3 factor complex to the ribosome is not influenced by the presence 

of mRNA or the tRNA being in the correct reading frame. This needs to be verified and data 

recently collected (7.2014) on the Titan Krios cryo electron microscope could provide high 

resolution details of the termination complex. In principle it should become feasible to 

analyse atomic details of release factor interactions with the ribosome with the new 

equipment and approach for data analysis as explained earlier for the reference 80S 

complex, provided that the functional complex has formed under the conditions we 

currently used. 

In the context of translation termination, another aspect that I tried to understand 

was the full length eRF1-eRF3 protein complex. Both these release factors have been 

studied individually as crystal structures but the full-length eRF3 structure is not yet known. 

I purified both proteins and obtained well-diffracting crystals for the complex. However, 

initial trials led to crystals in conditions where the complex was dissociating. On modifying 

the final buffer composition of the complex, I could obtain crystals with both proteins 

present, which diffracted to about 4 Å. Interestingly, upon structure determination by 

molecular replacement eRF1 was observed to be in a new conformation that has not been 

reported before. While interactions between the M domain of eRF1 and C terminal domain 

of eRF3 interactions are similar to those observed before, there are also unpredicted 
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interactions between the G-domain of eRF3 and the N-domain of eRF1. The structure 

refinement is still ongoing for this complex and I have more crystals with this condition with 

nucleotide analogues bound (co-crystallised or soaked) that need to be tested at the 

synchrotron. Determining this structure to high resolution with the new crystals and even 

performing cryo-EM studies on eRF1-eRF3 protein complex in solution will shed light on the 

domain movements and flexibility of the eRF1 molecule within the eRF1-eRF3 complex. 

Furthermore, these termination complex studies fundamentally aim at answering the 

mechanism of release factor binding and decoding with the NIKS motif interaction on the 

ribosome to permit peptide release with help of the GGQ motif. To elucidate these 

interactions, high-resolution structures must be obtained in the context of the 80S 

ribosome.  

Lastly, the purified ribosomes can also be used for studying protein or factor 

interactions with 80S or ribosomal subunits, as presented here for the HIV-1 Gag 

polyprotein. This work was performed in collaboration with UM14$VW=EO4$HB<C@$5/$/01$X5:C=/E$

of Pharmacy, Illkirch. They detected that the NCp7 region of Gag was indispensable for 

interactions with ribosomal protein RPL30. We verified these interactions in the context of 

full 80S, and observed co-sedimentation of 80S and NCp7. This binding of Gag to 80S could 

be a mechanism of Gag regulating its own translation, but this needs to be verified with 

further experiments.  

In summary, the human ribosome continues to be an enigma not just structurally but 

even in terms of functional characteristics. Recent studies have confirmed the structural 

conservation of the ribosomal core during evolution from single-cell prokaryotes to the 

complex multi-cellular eukaryotes, with eukaryotic specific elements being added on the 

solvent-exposed area. We report here a human 80S structure at about 5 Å resolution in 

809:0$?<4/$41:<675BE$4/BC:/CB1$<;$/01$BPQR$54$81==$54$/0<41$<;$@B</196$2-helices and some 

ß-strands can be distinguished. Further refinement of this structure is under process and 

could provide near-atomic details about this huge translation machinery. Finally in terms of 

function, the analysis of the termination phase needs to be pursued in greater detail 

preferably using an in vitro system, to unveil the molecular mechanism of stop codon 

recognition by eRF1 in the ribosomal decoding centre of the 40S, and peptide release from 

the tRNA in the peptidyl transferase centre of the 60S ribosomal subunit.  
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5.1 Plasmid purification  

Macherey Nagel (Mini or Midi preparation from 5ml or 20 ml culture respectively) 

1. Cultivate and harvest bacterial cells from a culture grown overnight to saturation. 

Pellet cells in a standard benchtop microcentrifuge for 30 seconds at 11,000 x g. 

Discard the supernatant. 

2.  X<B$ :1==$ =E494$ 577$ #&)Y=$ DC;;1B$ R,$ 567$ B14C4@167$ /01$ :1==$ @1==1/$ :<?@=1/1=E$ DE$

M<B/1A96H$<B$@9@1//96H$C@$567$7<86"$R77$#&)$Y=$DC;;1B$R#$567$?9A$H16/=E$DE$96M1B/96H$

the tube 6Z8 times. Do not vortex to avoid shearing of genomic DNA. Incubate at 

roo?$/1?@1B5/CB1$;<B$C@$/<$&$?96$<B$C6/9=$=E45/1$5@@15B4$:=15B"$R77$!))Y=$DC;;1B$R!$

and mix thoroughly by inverting the tube 6Z8 times. Do not vortex to avoid shearing 

of genomic DNA. 

3. Clarification of lysate by centrifugation for 5 min at 11,000 x g at room temperature. 

4. To bind DNA, place a NucleoSpin® Plasmid column in a Collection Tube (2 mL) and 

@9@1//1$+&)$Y=$<;$/01$4C@1B65/56/$<6/<$/01$:<=C?6"$>16/B9;CH1$;<B$,$?96$5/$,,-)))$A$

g. Discard flow-through and place the NucleoSpin® Plasmid column back into the 

collection tube. 

5. R77$ .))$ YS$ [C;;1B$ R'$ %4C@@=1?16/17$ 89/0$ 1/056<=($ 567$ :16/B9;CH1$ ;<B$ ,$ ?96$ 5/$

11,000 x g. Discard flow-through and place the NucleoSpin® Plasmid column back 

into the empty collection tube. 

6.  Centrifuge for 2 min at 11,000 x g and discard the collection tube. 

7. Elute DNA by placing the NucleoSpin® Plasmid column in a 1.5 mL microcentrifuge 

/CD1$ 567$ 577$ &)$ YS$ [C;;1B$ R\]$ 85/1B"$ I6:CD5/1$ ;<B$ ,$ ?96$ 5/$ B<<?$ /1?@1B5/CB1"$

Centrifuge for 1 min at 11,000 x g. 
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5.2 Expression and purification of TEV Protease 

Transformation of competent cells: 

! Incubate plasmid with E. Coli BL21(DE3) on ice for 30 minutes, followed by a heat 

shock at 42 °C for 45 seconds. 

! Immediately cool on ice for 2 minutes and incubate with LB medium at 37 °C for 1 

hour. 

! After incubation, spread the culture on LB Agar plate containing Kanamycin for 

overnight growth. 

Culture and protein expression  

! Inoculate a single colony from the agar plate in 100 ml of LB containing Kanamycin 

for overnight growth at 37 °C, with constant stirring. 

! Inoculate 6L LB media with equal volumes of the overnight cultivated culture for 16 

hours. 

! Pellet the cells by centrifugation for 20min at 4000rpm. 

Cell Lysis and purification 

! Resuspend the cells in lysis buffer ( 20mM HEPES pH 8 , 1M KCl , 30mM Imidazole, 

0.1 % Triton X-,))-$,?V$3V\(" 

! Sonicate for 4 minutes (twice) on ice with 40% amplitude. 

! >16/B9;CH1$ /01$ =E45/1$ 5/$ !)))))H$ ;<B$ '&O$ 5/$ '$ G>$ /<$ B1:<M1B$ /01$ 4C@1B65/56/$

containing the protein. 

! Incubate the supernatant with Ni-NTA resin with constant stirring for 2 hours at 4°C. 

! >16/B9;CH1$5/$ ,)))H-$#O$ 5/$ '$ G>$567$ =<57$ /01$ B1496$?9A/CB1$<6/<$5$ 4?5==$794@<45D=1$

column. 

! Wash twice with lysis buffer and elute with 20x (1 ml) of elution buffer (20mM 

HEPES pH8, 1M KCl, 30mM Imidazole, 0.1 % Triton X-100, 1mV$3V\-$&)$?V$\^_R("$

Collect each fraction separately and run on 15% SDS-PAGE. 

Dialysis and Freezing 

! Pool fractions containing the TEV protein and dialyse overnight against dialysis buffer 

(50mM Tris pH 8, 50mM NaCl, 1mM DTT, 0.1% Triton X-100, 1mM EDTA). 

! Concentrate the dialysed protein using Amicon filter 10kDa cutoff. 
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! Add 50% autoclaved glycerol. Aliquot the purified TEV in 100µl fractions and freeze 

in liquid nitrogen. The protein must be stored in -80 °C, for upto 2 years. 

 

5.3 Autoinducible media 

 

STOCK SOLUTIONS  

1M MgSO4 

 

50x 5052  

 

110 ml H2O  

37.5g glycerol  

3.75g D-(+)-glucose 

,&H$`-lactose  

20x NPS 

 

270 ml H2O  

19.8g (NH4)2SO4  

40.8g KH2PO4  

42.6g Na2HPO4  

 

ZY 

 

925 mL H2O 

10g tryptone 

5g Yeast Extract 

 

Autoclave all solutions (except 50X 5052) 

For 1L of culture : 

- 928ml ZY 

- 1ml of 1M MgSO4  

- 20ml of 50x 5052  

- 50ml of 20x NPS  
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5.4 Plasmid pnEAvHX vector map 

 

 

Figure 53: pnEAvHX vector used for eRF3 cloning in E. Coli 7BCD)E63&%.26. 
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5.5 Plasmid pCoGWA vector map 

 

Figure 54: pCoGWA vector used for eRF1 cloning in E. Coli 7BCD)E63&%.26. 
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Résumé 
Les ribosomes comprennent la machinerie traductionnelle responsable de la synthèse de 
 !"#$%&'()* +,-!./%#'.#0!'* '#* 1-* !$201-#%"&* 3'* 1-* #!-30.#%"&* '0.-!4"#'5* en particulier chez 
1,/"66'5* 70#*  '&3-&#* 1"&2#'6 (* 0&* 64(#8!'*  "0!* 1'(* 9%"1"2%(#'()* :'*  !$('&#'* %.%* 0&*
protocole détaillé pour purifier de manière homogène des ribosomes à partir de cellules 
HeLa, pouvant être utilisés pour des études à la fois biochimiques mais également 
(#!0.#0!-1'()* ;&* 0#%1%(-&#* .'(* !%9"("6'(5* <,-%* "9#'&0* 3'(* .!%(#-0=* '&* 7"!6'* 3'*  1->0'*
diffractant à faible résolution, pouvant être utilisés pour de futurs travaux. Une analyse par 
cryo-microscopie électronique de ces ribosomes a abouti à une structure à 5 Å de 
résolution, permettant notamment de distinguer les structures secondaires des ARNr et des 
 !"#$%&'(5* '!6'##-&#*-%&(%*1-*."&(#!0.#%"&*3,0&*6"381')*?'* 10(5*1'(*7-.#'0!(*3'*#'!6%&-%("&*
eRF1 et eRF3, surexprimés en bactéries, purifiés et complexés à ces ribosomes, ont permis 
des premières études de la terminaison de la traduction par cryo-microscopie électronique. 
Parallèlement, les protéines eRF1-eRF3 en complexe ont été étudiées par cristallographie 
aux rayons-X, montrant de nouvelles %&#'!-.#%"&(*<0(>0,-1"!(*<-6-%(*"9('!@$'()*+,'&('691'*
de ce travail fournit donc des résultats importants pour la préparation et la description de la 
(#!0.#0!'*30* !%9"("6'*/06-%&5* -@-&#* 1-* @"%'*@'!(* 1,-&-14('*3'*."6 1'='(* 7"&.#%"&&'1(5*A*
1,%&(#-!* 3'(* ."6plexes de terminaison de la traduction pour comprendre le mécanisme 
moléculaire inhérent à la reconnaissance du codon stop et la libération du peptide néo-
synthétisé. 

Mots-clés: Ribosome, synthèse protéique, 80S humain, terminaison de la traduction. 

 

Résumé en anglais 
Ribosomes comprise the translational machinery engaged in synthesizing proteins. The 
architecture and translation regulation of eukaryotic especially, human ribosomes, has been 
an enigma for a long time. Here, I present a detailed protocol for purifying homogenous 
ribosomes from HeLa cells which can be used for structural as well as biochemical analysis. 
Using these ribosomes I obtained plate-like crystals of 80S diffracting to low resolution which 
can be used for future work. A cryo electron microscopy analysis of these ribosomes yielded 
5 Å resolution structure with secondary structures of rRNA and protein clearly visible, 
allowing model building. Furthermore, these ribosomes, along with the eukaryotic release 
factors (eRF1 and eRF3) purified by over-expression in bacteria, formed the basis for 
translation termination studies using cryo electron microscopy. Simultaneously, eRF1-eRF3 
protein complex was explored by X-ray crystallography revealing new interactions that have 
not been observed before. Together, this work provides key results on the preparation and 
structure description of the human ribosome, paving the way for the analysis of functional 
complexes such as termination complexes to explore the molecular mechanism of stop 
codon recognition and peptide release in eukaryotic translation termination.  

Keywords: ribosome, protein synthesis, human 80S, translation termination. 


