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SUMMARY 

 

Protein synthesis is a fundamental biological mechanism bringing the DNA-encoded 

genetic information into life by its translation into molecular effectors - proteins. The 

initiation phase of translation is one of the key points of regulation of gene expression 

in eukaryotes, playing a role in numerous processes from development to aging. 

Translation termination is also a subject of translational control via so called 

programmed stop codon readthrough that increases a variability of the proteome by 

extending C-termini of the selected proteins, for example upon stress. Indeed, the 

importance of the study of protein synthesis is increasing with the growing list of 

genetic diseases caused by mutations that affect mRNA translation. In order to grasp 

how this regulation is achieved or altered in the latter case, we must first understand 

the molecular details of all underlying processes of the translational cycle.  

 My DSc. thesis entitled ñRibozoomingò ï initiating, terminating and 

controlling protein synthesis is meant to be an adventurous and perhaps also 

amusing story that will not only provide the reader with our current knowledge on 

regulation of translation/protein synthesis, but also illustrate how unpredictable the 

science journey sometimes is and how serendipitous one can be when meeting the 

right people at the right time. First I discuss recent advances in our comprehension of 

the molecular basis of particular initiation and termination reactions and provide 

several examples of their regulation that concern our work in the lab. In the final 

section I am taking a reader on a historical journey describing our contributions to this 

field in time and space.  

 Our contributions start by showing how several initiation factors including the 

largest initiation factor of all, eIF3, promote and regulate assembly of pre-initiation 

complexes composed of small ribosomal subunit, initiator Met-tRNA and mRNA, and 

what steps need to be taken towards reaching the most critical point of the entire 

initiation process ï selection of a proper start of translation; i.e. the beginning of the 

coding sequence. I hope the reader will appreciate the step-by-step growing mosaic 

of approaches of yeast genetics, molecular biology, biochemistry, biophysics and 

later also structural biology that all progressively intertwined to provide us with a 

complex picture of the entire process that we have at our disposal today. 

Subsequently, I will illustrate how interconnected the beginning and end of a 

translational cycle are, as they are both promoted by the initiation factor eIF3. eIF3 

rather surprisingly interacts with release/termination factors (eRFs) and modulates 

the fidelity of their stop codon recognition in yeast as well as in mammals. It also 

promotes incorporation of near-cognate tRNAs and thus plays a key role in 

programmed stop codon readthrough. Finally, we will together explore the rules by 

which near-cognate tRNAs re-decode the stop codon of those mRNAs that are pre-

destined to be read through.          
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SOUHRN 

 

Synt®za proteinŢ je z§kladn² biologickĨ mechanismus, bŊhem kter®ho je genetick§ 

informace ĂpŚeloģenañ z DNA do proteinŢ, kter® funguj² v ģiv® buŔce jako molekul§rn² 

efektory. Iniciaļn² f§ze tohoto pŚekladu je jedn²m z kl²ļovĨch krokŢ regulace genov® 

exprese u eukaryot. Hraje dŢleģitou roli v mnoha procesech od vĨvoje po st§rnut². 

Takt®ģ terminaļn² f§ze pŚekladu je regulovateln§. Jedn²m pŚ²kladem takov® regulace 

je tzv. programovan® proļ²t§n² stop kod·nu, kter® zvyġuje variabilitu proteomu 

prodlouģen²m C-koncŢ vybranĨch proteinŢ, napŚ²klad pŚi stresu. Je 

neoddiskutovatelnĨm faktem, ģe s rostouc²m seznamem genetickĨch chorob 

zpŢsobenĨch mutacemi, kter® negativnŊ ovlivŔuj² pr§vŊ translaci mRNA, vĨznam 

hlubġ²ho studia proteosynt®zy neust§le vzrŢst§. Aby bylo moģn® zjistit, jakĨm 

zpŢsobem regulace translace prob²h§, popŚ. jak je v pŚ²padŊ nemoc² negativnŊ 

modifikov§na, mus²me nejprve pochopit molekul§rn² podstatu vġech z§kladn²ch 

procesŢ translaļn²ho cyklu.  

 M§ DSc. pr§ce nazvan§ ñRibozoomingò ï initiating, terminating and 

controlling protein synthesis m§ bĨti dobrodruģnĨm a snad i z§bavnĨm pŚ²bŊhem, 

kterĨ ļten§Śi nejen poskytne pŚehled o naġich souļasnĨch znalostech tĨkaj²c²ch se 

regulace proteosynt®zy (translace), ale rovnŊģ mu m§ uk§zat, jak nepŚedv²dateln§ je 

nŊkdy cesta vŊdy a jakou roli na t®to cestŊ hraje povŊstn§ ġtŊstŊna, kter§ n§m ve 

spr§vnĨ ļas zcela neoļek§vanŊ pŚivede do cesty spr§vn® lidi. Nejprve zde podrobnŊ 

popisuji ned§vnĨ znaļnĨ pokrok v naġem ch§p§n² molekul§rn²ch principŢ iniciace a 

terminace translace. RovnŊģ uv§d²m nŊkolik pŚ²kladŢ, kter® ¼zce souvis² s naġ² prac², 

jak jsou tyto dvŊ kl²ļov® f§ze regulovan®. V z§vŊreļn® ļ§sti pak zvu ļten§Śe na cestu 

minulost², kde obġ²rnŊ popisuji n§ġ pŚ²nos tomuto smŊru b§d§n² v ļase a prostoru. 

 Kapitola popisuj²c² n§ġ pŚ²nos zaļ²n§ t²m, ģe uk§ģu, jak nŊkolik iniciaļn²ch 

faktorŢ (vļetnŊ nejvŊtġ²ho iniciaļn²ho faktoru ze vġech, eIF3) stimuluje a reguluje 

sestavov§n² pre-iniciaļn²ch komplexŢ skl§daj²c²ch se z mal® ribozom§ln² 

podjednotky, inici§torov® Met-tRNA a mRNA. D§le uk§ģu, co vġechno se mus² 

odehr§t, aby doġlo k dosaģen² nejkritiļtŊjġ²ho bodu cel®ho procesu iniciace, kterĨm je 

beze sporu vĨbŊr spr§vn®ho zaļ§tku translace ï tedy nalezen² spr§vn®ho zaļ§tku 

k·duj²c² sekvence. VŊŚ²m, ģe ļten§Ś ocen² postupn® skl§d§n² mozaiky vĨzkumnĨch 

technik a pŚ²stupŢ z genetiky kvasinek, molekul§rn² biologie, biochemie, biofyziky a 

pozdŊji i strukturn² biologie, kter® se v jednom okamģiku vz§jemnŊ propojily a 

poskytly n§m souļasnĨ celistvĨ obraz procesu iniciace translace. N§slednŊ budu 

ilustrovat, jak jsou zaļ§tek a konec translaļn²ho cyklu vz§jemnŊ propojeny, neboŠ 

jsou oba stimulov§ny iniciaļn²m faktorem eIF3. eIF3 ponŊkud pŚekvapivŊ interaguje s 

terminaļn²mi faktory (eRF) a moduluje pŚesnost, s jakou rozpozn§vaj² stop kod·n jak 

v kvasink§ch, tak u savcŢ. eIF3 rovnŊģ podporuje zaļlenŊn² Ănear-cognateñ tRNA na 

m²sto stop kod·nu a hraje tak kl²ļovou roli v programovan®m proļ²t§n² stop kod·nu. 

Nakonec spoleļnŊ prozkoum§me pravidla, kterĨmi se Ś²d² Ănear-cognateñ tRNA, kdyģ 

dek·duj² stop kod·n jako Ăsenseñ kod·n u tŊch mRNA, kter® jsou urļeny k proļ²t§n².  
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INTRODUCTION 

 

Regulation of gene expression at the level of transcription and protein synthesis 

represents the core of molecular biology. The main objective of researchers who 

have entered this field is to study how genetic instructions encode for biological 

functions. One of the critical regulatory steps of gene expression occurs during 

translation initiation, which is in fact the most controlled phase of the whole 

translation process. Compared to transcriptional regulation, translational control of 

existing mRNAs allows for more rapid changes in cellôs proteome, which gives cells 

flexibility to adapt to a variable environment, external signals or damage to the cell 

etc. In addition, translational control can be used to modulate more permanent 

changes in cell physiology or fate. Thus it is not surprising that the process of 

translation is also increasingly recognized as an important component in the etiology 

and maintenance of cancer. There are also numerous examples demonstrating that 

deregulation of translational control either directly causes various diseases or 

significantly contributes to their rapid development (for example neurodegenerative 

conditions, diabetes, etc.). 

 Translation can be divided into four steps: initiation, elongation, termination 

and ribosome recycling. As mentioned above, translational regulation is believed to 

occur primarily during the initiation phase of protein synthesis, as this phase is rate-

limiting for most mRNAs. Such regulation may be mediated by altered levels of 

translational components such as ribosomes and/or some initiation factors (eIFs) ï 

i.e. quantitatively, or by signal transduction pathways that upon various stimuli either 

change phosphorylation status of the key eIFs or target specific features carried by 

mRNAs and as such affect protein synthesis qualitatively. Hence, the mechanism of 

translation initiation; i.e. localization of the authentic start of the coding sequence of 

each gene in the 5ô region of its mRNA ï in most cases defined by the first AUG 

triplet encoding methionine, has been intensively studied for decades in order to 

elucidate molecular basis of every potential control point (reviewed in (Val§ġek 2012 - 

pub 22; Hinnebusch 2014)).  

Since terminating protein synthesis at the appropriate stop codon is 

undoubtedly as important as initiating at the proper start codon, similar effort has 

been invested into understanding how the elongating ribosomes recognize the end of 

the coding sequence and stop protein synthesis at the right in-frame stop signal. 

There are altogether three stop codons ï UAA, UAG and UGA - lacking its cognate 

transfer RNA (tRNA), which are decoded by a protein complex of two release factors. 

These trigger polypeptide release from the peptidyl-tRNA occurring in the P site of 

the terminating ribosome and thus capture the entire protein synthesis process 

(reviewed in (Jackson et al. 2012)). There are many examples in all three kingdoms 

of life describing ribosomes that in some cases purposely bypass the stop codon on 

specific mRNAs to extend the nascent polypeptide to add a signaling domain or alter 

the proteinôs properties. This mechanism is called programmed stop codon 

readthrough and over the recent decade it has gained a lot of attention due to its 

potential implication in the medical research. More than 15% of all human genetic 
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diseases are actually caused by an existence of a premature termination (non-sense) 

codon (PTC) in the coding region of a functionally essential protein often leading to 

its deleterious truncation. Hence many labs have started searching for otherwise non-

toxic drugs that could specifically prevent termination at these PTCs; in other words 

that would purposefully increase readthrough at them. However, a successful 

completion of this task requires identification of all factors involved in programmed 

readthrough and detailed description of its molecular mechanism. Simply speaking, 

one has to understand all factors that make sense in non-sense readthrough. 

 

TRANSLATION INITIATION AND CONTROL IN EUKARYOTES 

 

Translation initiation in eukaryotes is a complex series of reactions leading to the 

formation of an 80S ribosomal complex that contains initiator methionyl-tRNA (Met-

tRNAi
Met) base paired to the AUG start codon in the ribosomal P-site. The main 

initiation pathway in eukaryotes is cap-dependent and is orchestrated by numerous 

proteins and protein complexes called eukaryotic initiation factors (eIFs). The 

conventional view of the translation initiation pathway is presented in Fig. 1.  

The new cycle of translation initiation starts with the recruitment of the ternary 

complex (TC) consisting of Met-tRNAi
Met and GTP-bound form of eIF2 to the 40S 

ribosomal subunit to form the 43S pre-initiation complex (PIC). The binding of TC to 

the 40S subunit is promoted by eIFs 1, 1A, 5 and the multisubunit eIF3 complex 

(reviewed in (Val§ġek 2012; Hinnebusch 2014)). There are two major ways of how 

eIFs can associate with the ribosomes to form the 43S PIC: i) the ñstochastic ï 

prokaryotic-likeò pathway where eIFs bind to the small subunit on individual basis; 

and ii) the ñhigher order ï eukaryoticò pathway, where eIFs 1, 3, 5 and the TC first 

assemble into a large multifactor complex (MFC) and then bind to the 40S ribosome 

as a preformed unit (Fig. 1). The MFC was shown to occur in yeast (Asano et al. 

2000), plants (Dennis et al. 2009) and also mammals (Sokabe et al. 2011) and 

studies in yeast showed that it enhances the formation and stability of the 43S PICs 

(Val§ġek 2012 - pub 22). After binding of these initiation factors, eIFs 1 and 1A serve 

to stabilize a specific conformation of the 40S head relative to its body that opens the 

mRNA binding channel for mRNA loading. That requires dissolving the latch formed 

by helices 18 (h18) and 34 (h34) of 18S rRNA and establishing a new interaction 

between RPS3 and h16 (Passmore et al. 2007; Hussain et al. 2014; Llacer et al. 

2015; Zhang et al. 2015) . 
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Figure 1. Schematic of the canonical translation pathway in eukaryotes with the 

ribosomal recycling and initiation phases shown in detail. This figure combines 

findings from both yeast and mammals and indicates potential differences (Val§ġek 

2012 - pub 22). 
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Next step is the loading of mRNA to the 43S PIC. With the help of eIF4F, 

eIF4B, poly(A)-binding protein (PABP) and eIF3, the 43S PICs activated by eIFs 1 

and 1A bind to the capped 5ô end of mRNA and form the 48S PIC. The eIF4F 

complex is comprised of the cap-binding protein eIF4E, scaffolding protein eIF4G, 

and the DEAD-box RNA helicase eIF4A. The eIF4A component likely unwinds any 

cap-proximal secondary structures so that the 43S PIC can bind. One consequence 

of this process is that the mRNA cannot be threaded into the 40S subunit, because 

eIF4F is bound to the 5ǋ end, and hence must be loaded laterally into the mRNA 

channel. In mammals the interaction between the eIF4FÅmRNA complex and the 

43S PIC is likely bridged by eIF3 which directly binds the eIF4G through three of its 

subunits (Villa et al. 2013) (Fig. 1 ï ñMò dashed line). It should also be mentioned 

that formation of an interaction between the cap-binding protein eIF4E and eIF4G 

has been shown to serve as one of the two major targets for the general 

translational control, especially in mammalian cells (Fig. 1 ï ñTC point i"; see also 

below).  

Once bound near the cap, the resulting 48S PIC scans the mRNA until the 

AUG start codon in the optimal context is recognized (Kozak 1986). Scanning is 

accompanied by unwinding secondary structures in an ATP-dependent reaction 

stimulated by helicases eIF4A, DHX29 and DED1 (reviewed in (Hinnebusch 2014)). 

The mRNA slides through a tunnel formed by the ribosomal proteins, eIF1A and 

eIF1, which ensures scanning processivity by keeping the mRNA unstructured and 

properly oriented for the inspection of the nucleotide sequence in the P site by Met-

tRNAi
Met. In mammalian reconstituted systems, eIFs 1, 1A, and 3 sufficiently 

promoted location of the AUG start codon on mRNAs with unstructured 5ô UTRs and 

insertion of even a weak secondary structure in the leader imposed a need for the 

eIF4F complex (Pestova and Kolupaeva 2002). Yeast genetic data then indicate that 

in addition to these, eIF5 is also required in vivo (Val§ġek 2012 - pub 22; Saini et al. 

2014). 

During scanning ribosomes have to read, integrate and respond to a variety 

of signals that orchestrate the AUG recognition (reviewed in (Hinnebusch 2014)). In 

the open conformation of the 40S ribosome that is induced by eIFs 1 and 1A, as 

mentioned above, the anticodon of Met-tRNAi
Met is not fully engaged in the 

ribosomal P-site in order to prevent premature engagement with putative start 

codons. eIF5 stimulates partial GTP hydrolysis by eIF2 to GDP and Pi, but the Pi is 

not released from the scanning complex until the anticodon of Met-tRNAi
Met base-

pairs with the AUG start codon, which induces dissociation or displacement of eIF1 

(Algire et al. 2005; Cheung et al. 2007; Karaskova et al. 2012). The Met-tRNAi
Met is 

then fully accommodated in the P-site and the 48S PIC switches its conformation to 

the closed/scanning arrested form (Saini et al. 2010; Saini et al. 2014; Llacer et al. 

2015). This irreversible reaction serves as the decisive step stalling the entire 

machinery at the AUG start codon. Besides the aforementioned factors, there is an 

increasing number of reports suggesting that also the multisubunit eIF3 contributes 
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to the regulation of AUG recognition (Val§ġek et al. 2004 - pub 10; Chiu et al. 2010 - 

pub 15; Herrmannov§ et al. 2012 - pub 18; Karaskova et al. 2012 - pub 21). 

Subsequently, after AUG start codon has been recognized, GTP-bound 

eIF5B stimulates joining of the 60S ribosomal subunit (Pestova et al. 2000; 

Fern§ndez et al. 2013). Upon subunit joining, most eIFs are ejected with exception 

of eIF1A (Unbehaun et al. 2004), and possibly also eIF3 (Szamecz et al. 2008 - pub 

13; Munzarov§ et al. 2011 - pub 17) and eIF4F (Pºyry et al. 2004). Finally, GTP-

hydrolysis on eIF5B stimulated by the GTP-ase activating center of the 60S subunit 

triggers the release of eIF1A and eIF5B itself producing an elongation-competent 

80S ribosome.  

For a new round of initiation a pool of separated ribosomal subunits has to be 

generated from those that have just finished (terminated) translation (reviewed in 

(Jackson et al. 2012; Val§ġek 2012 - pub 22)) and the ejected eIF2-GDP must be 

recycled to eIF2-GTP by the guanine nucleotide exchange factor eIF2B in order to 

form the new ternary complex with Met-tRNAi
Met (Jennings and Pavitt 2010; 

Jennings et al. 2013). It is important to note that the step of the ternary complex 

formation is the other of the two major targets of the general translational control 

(Fig. 1 ï ñTC point ii"). 

A wide variety of stimuli and cellular stresses cause eIF2 to be targeted by 

various protein kinases (for example GCN2 in Saccharomyces cerevisiae, and 

GCN2, PERK, PKR and HRI in mammalian cells). All phosphorylate eIF2 at the 

same position, serine 51 within Ŭ subunit of eIF2 (reviewed in (Jackson et al. 2010)). 

The resulting phosphorylated eIF2 (eIF2ŬP) acts as a competitive inhibitor of eIF2B, 

restricting its exchange activity and reactivation of eIF2 from its GDP to GTP form 

(Pavitt et al. 1998). This applies a brake, lowering levels of active eIF2 leading to a 

decrease in general protein synthesis initiation (reviewed in (Jennings and Pavitt 

2014)). At the same time certain mRNAs are up-regulated, including specific mRNAs 

required for the cellular stress response. One well studied class of mRNAs that 

increase expression following phosphorylation of eIF2 are GCN4 in yeast and ATF4 

in mammalian cells. Both possess short ORFs upstream of the main coding region 

that normally limit the flow of ribosomes to the main coding AUG. eIF2ŬP promotes 

ribosomes to bypass the inhibitory upstream ORF(s) and initiate at the main ORF 

(reviewed in (Hinnebusch 2005; Baird and Wek 2012; Gunisova and Valasek 2014 - 

pub 25)). 

A second extensively used mechanism in eukaryotes to control the rate of 

translation initiation involves the mRNA 5ô cap recognition process by eIF4F. The 

interaction between eIF4G and eIF4E in the eIF4F complex is inhibited by members 

of a family of related proteins, termed eIF4E-binding proteins (4E-BPs) (reviewed in 

(Pelletier et al. 2015)). The 4E-BPs compete with eIF4G for a shared binding site on 

eIF4E (Marcotrigiano et al. 1999). Consequently, 4E-BPs inhibit cap-dependent, but 

not IRES-dependent, translation (IRES stands for Internal Ribosome Entry Site). 4E-

BP binding to eIF4E is controlled by phosphorylation. Hypophosphorylated 4E-BPs 

bind strongly to eIF4E, whereas phosphorylation of 4E-BPs weakens their interaction 

with eIF4E. A critical kinase, which phosphorylates 4E-BPs, is mTOR (mammalian 
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target of rapamycin). mTOR is a downstream Ser/Thr kinase in the PI3K/Akt 

signaling pathway and senses and integrates signals from extracellular stimuli, amino 

acid availability, and oxygen and energy status of the cells (reviewed in (Dowling et 

al. 2010)). 

 

TRANSLATION TERMINATION AND STOP CODON READTHROUGH IN 

EUKARYOTES 

 

The end of a translational cycle involves another series of steps that culminate in the 

release of a newly synthesized polypeptide from the translating ribosome (the 

termination phase), and in the dissolution of the ribosome:tRNA:mRNA complex (the 

recycling phase) (reviewed in (Jackson et al. 2012)). Termination begins when a stop 

codon enters the ribosomal A-site, forming a pre-termination complex (pre-TC) 

(Alkalaeva et al. 2006). In eukaryotes, all three stop codons are decoded by the 

eukaryotic release factor 1 (eRF1). According to recent models (Shoemaker and 

Green 2011; Becker et al. 2012; Brown et al. 2015; Matheisl et al. 2015), eRF1 

enters the ribosomal A-site in complex with a second release factor, eRF3, in its GTP 

bound form. Recognition of a stop codon triggers GTPase activity of eRF3, which 

leads to its dissociation from the complex in its GDP bound form. eRF1 is then free to 

activate the ribosomal peptidyl transferase center, which hydrolyses the bond 

between the P-site tRNA and the nascent polypeptide. Importantly, these steps are 

promoted by RLI1 in an ATP-independent manner. Molecular details of this RLI1 role 

in termination are not known, nevertheless, the proposed active role of RLI1 in stop 

codon recognition is consistent with observations that conditional down regulation of 

RLI1 protein levels increases stop codon read-through in yeast (Khoshnevis et al. 

2010a). Based on the most recent structural model, RLI1 binds to the same site on 

the terminating ribosome as eRF3 (thus their binding is mutually exclusive), and its 

4Fe-4S domain interacts with the C-terminal domain of eRF1 to push the conserved 

GGQ motif in the middle domain of eRF1 to the peptidyl transferase center next to 

the acceptor stem of the P-site tRNA to trigger polypeptide release (Becker et al. 

2012). 

Recycling of eRF1-associated post-termination complexes (post-TCs) is also 

mediated by ABCE1/RLI1, this time, however, in an ATP-dependent manner (Pisarev 

et al. 2010; Shoemaker and Green 2011). It was hypothesized that RLI1, upon 

binding and hydrolyzing ATP, switches its conformation into a closed state, and the 

mechanochemical work generated by this switch splits post-TCs into free 60S 

subunits and deacylated tRNA- and mRNA-bound 40S subunits (40S-post-TC) 

(Becker et al. 2012). Recently, it was proposed that RLI1/ABCE1 not only recycles 

terminating ribosomes but also controls translation reinitiation in 3' UTRs in vivo 

(Young et al. 2015). Finally, Pisarev et al. showed that the release of tRNA and 

mRNA from the 40S-post-TCs is in vitro ensured by the bona fide initiation factors 

eIF1, eIF1A and eIF3 (Pisarev et al. 2007; Pisarev et al. 2010). eIF3, and in particular 

its j subunit (HCR1 in yeast), were suggested to play the key role in mRNA 
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dissociation. We showed that yeast eIF3 and HCR1 control termination and stop 

codon readthrough (Beznoskov§ et al. 2013 - pub 23). 

 

 
Figure 2. Schematic of the translation termination and recycling pathways in 

eukaryotes with the proposed roles of initiation factors eIF3 and HCR1 in them 

(Beznoskov§ et al. 2013 - pub 23). 

 

 In some specific cases, not all stop codons signal the proper end of 

translation, which can thus continue beyond to the next stop codon. Generally 

speaking, translation termination can be viewed as a competition between stop 

codon recognition by release factors and stop codon decoding by near-cognate 

tRNAs. This competition differs genome-wide in its efficiency. The efficiency can be 

influenced by the identity of the stop codon (Robinson and Cooley 1997; Chao et al. 

2003; Napthine et al. 2012), the nucleotide context of the stop codon (Bonetti et al. 

1995; McCaughan et al. 1995; Cassan and Rousset 2001), the identity of the last two 

amino acids incorporated into the polypeptide chain (Janzen et al. 2002), the identity 

of the P-site tRNA (Mottagui-Tabar et al. 1998), cellular levels and the identity of 

near-cognate/suppressor tRNAs (Beznoskova et al. 2015 - pub 27; Beznoskova et 

al. 2016 - pub 28), and the presence of stimulatory elements downstream from the 

stop codon (Skuzeski et al. 1991; Namy et al. 2001; Harrell et al. 2002). All these 

features increase the odds of the stop codon being decoded by a near-cognate, 

natural suppressor tRNA rather than by eRF1, resulting in the process termed stop 

codon readthrough. This allows production of C-terminally extended polypeptides 

with new or at least modified biological roles compared to their shorter, original 

versions. The mechanism whereby near-cognate tRNAs outcompete conventional 
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stop codon recognition by eRF1 has not been known until recently (Beznoskova et al. 

2016 - pub 28), nor has been known which protein factors might be functionally 

important for stop codon readthrough (Beznoskova et al. 2015 - pub 27). 

 In recent years several groups have proposed that the stop codon readthrough 

mechanism is specifically regulated by cis-acting RNA elements downstream of the 

first stop codon that may exist to generate proteome diversity in response to 

changing environmental conditions. The rapidly growing list of cellular genes under 

the control of this ñprogrammed stop codon readthroughò mechanism, the typical, 

long standing example of which is from the tobacco mosaic virus (TMV) genome 

(Skuzeski et al. 1991), strongly suggests that programmed stop codon readthrough is 

an important contributor to general translational control in all kingdoms of life (for 

review; see (Namy et al. 2004; Dreher and Miller 2006; von der Haar and Tuite 2007; 

Bidou et al. 2010). A recent ribosome profiling study detected many readthrough 

events occurring at biologically relevant levels in budding yeast, fruit fly, and human 

data sets, suggesting that this mechanism is highly conserved (Dunn et al. 2013).  

 

AUTHORôS CONTRIBUTION TO THE FIELD  

SET IN THE HISTORICAL PERSPECTIVE 

 

The story to be told begins in 1994, when I was unexpectedly contacted by Dr. JiŚ² 

Haġek from the Institute of Microbiology CAS, v.v.i. in Prague. My dream after 

graduating from the Charles University was to find an interesting PhD position 

somewhere in the US or quit science and find a job in a  private sector. JiŚ² offered 

me to join the peroxisomal group of Prof. Helmut Ruis in the Vienna Biocentrum 

(nowadays Max F. Perutz Laboratories) associated with the University of Vienna, 

whom he closely collaborated with, as a new PhD student. I was very pleased by his 

interest but, considering my dream, not that much excited about the place. 

Nevertheless, we agreed on going there together for two days to find out how it feels. 

I was truly amazed by a brand new institute at Dr. Bohr-Gasse 9 street and the 

people there and all possibilities that this serendipity was offering to me. The topic of 

my thesis was supposed to be a characterization of a newly identified budding yeast 

protein of an unknown function, initially designated as MAP110 but later renamed to 

RPG1 (for Required for Passage through G1 phase) (Kovarik et al. 1998 - pub 1). 

This protein was selected in a phage display assay carried out by Dr. Pavel Kovarik 

because it cross-reacted with antibody raised against mammalian Microtubule 

Associated Protein 2 (MAP2). The idea was that a new yeast microtubule associated 

protein was discovered that could have an interesting impact on cytoskeleton 

dynamics. It took three long years of hard work on my PhD thesis - having nothing in 

my hands that would make sense - to realize that this protein, which may have some 

connection to the cytoskeleton after all (Kovarik et al. 1998 - pub 1; Haġek et al. 

2000), is actually and primarily the largest subunit of the budding yeast translation 

initiation factor 3 (eIF3). 

This out of the blue realization dates back to spring of 1997. The group around 

Dr. William (Bill) C. Merrick from the Case Western Reserve University published an 
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article in J. Biol. Chem., where they described identification of cDNA clones for the 

large subunit of eukaryotic translation initiation factor 3 (eIF3) and deposited their 

sequences to the NCBI databases (Johnson et al. 1997). Indeed, I was carrying out 

regular blast searches with the RPG1 sequence hoping to find its homolog(s) 

(preferably with known biological roles) for all those years. But only after this report 

had been released my blast search finally retrieved something. This ñsomethingò was 

a huge surprise to all of us; at the same time, it was a true break point of my PhD 

work and undoubtedly the turning point of my entire career. Just a note out of 

curiosity, the blast searches at those days were not on-line taking seconds to retrieve 

the scoring matches; the sequences had to be sent via email to the NCBI staff and it 

took about a week or two to receive a response from them. 

 Never mind, an extensive (and relieving at the same time) literature search 

began in order to find out what is known about the eIF3 complex, what functions it 

performs etc. I quickly learned that there were at least 10 proteins called initiation 

factors  implicated in initiation of protein synthesis at that time, among which eIF3 

represented the largest and the most complex one (Merrick and Hershey 1996). eIF3 

was thought to be involved in the dissociation of the  80S ribosome into 40S and 60S 

subunits, to bind to 40S subunits and thereby to act as an anti-association factor. 

Furthermore, eIF3 was believed to stabilize the Met-tRNAi
.eIF2.GTP ternary complex 

by binding to the 40S subunit and to promote recruitment of mRNA to 40S and 80S 

ribosomes (Benne and Hershey 1978; Trachsel and Staehelin 1979). eIF3 was 

shown to bind to eIF4F via the eIF4G subunit (Lamphear et al. 1995) and to eIF4B 

(Methot et al. 1994). As mentioned above, eIF4F is a protein complex composed of 

three subunits, eIF4G, eIF4A and eIF4E, which is responsible for binding of the 

capped end of mRNA, melting of mRNA secondary structure and binding to the 43S 

preinitiation complex. The Johnsonôs 1997 ñbreakthroughò paper even suggested that 

eIF3 might be the major factor orchestrating the accurate positioning of mRNA for 

binding to the 40S subunit and subsequent recognition of the initiation AUG codon 

(Johnson et al. 1997). At the end of their discussion they claimed that: ñThe timing of 

all translation initiation events as well as their coordination are only poorly 

understood. Thus, a characterization of not yet described proteins involved in that 

process can bring more light to our understanding of the mechanism of the initiation 

step of protein synthesis.ò This was very encouraging with respect to my situation ï 

having an unknown protein waiting to be characterized genetically and biochemically 

with a clear homology to the largest subunit (p180) of also poorly characterized 

human eIF3 and with the end of my PhD endeavor rapidly approaching.   

 I also learned that the group of John W.B. Hershey from the UC Davis had 

been very actively involved in characterization of both budding yeast and mammalian 

eIF3. They revealed that mammalian initiation factor 3 is composed of at least ten 

non-identical subunits (Asano et al. 1997); later it was shown that the total number is 

13 (reviewed in (Hinnebusch 2006; Val§ġek 2012 - pub 22)). On the other hand, 

yeast eIF3 was predicted to comprise eight subunits of apparent molecular masses 

ranging from 16 to 135 kDa (Naranda et al. 1994). At that time, only four yeast 

homologues of mammalian eIF3 subunits had been identified. These were PRT1, 
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NIP1, TIF34, and TIF35, having homologs in the human eIF3 subunits p110, p116, 

p36 and p44, respectively. Yeast eIF3 also supposedly contained two previously 

described proteins, GCD10 (Garcia-Barrio et al. 1995) and SUI1 (Naranda et al. 

1996), but corresponding homologues were not found in mammalian eIF3. Later it 

was shown that the latter two proteins were falsely classified as eIF3 subunits and 

that the total number of budding yeast subunits was six (Hinnebusch 2006; Val§ġek 

2012 - pub 22). The Johnsonôs 1997 paper also stated that: ñThe S. cerevisiae 

genome encodes one additional protein, p110, homologous to the human eIF3 

subunit p180, which has not been identified and characterized yet (Johnson et al. 

1997). It was clear to me that either Billôs or Johnôs leading translation group ï or both 

ï is after identification and characterization of our yeast RPG1 homologue of 

mammalian p180 and that there was not much time left to ñpublish and not perishò. 

 Being inspired by several papers published by these two groups in the past, I 

promptly carried out a series of custom-tailored experiments and in co-operation with 

Hans Trachselôs lab from the University of Bern; i.e. another leading translation group 

where I spent 6 weeks in early 1998 working on RPG1, we quickly demonstrated that 

the essential S. cerevisiae gene RPG1 encoding a polypeptide with a calculated 

molecular weight of approximately 110 kDa is indeed the functional homologue of the 

mammalian p180 protein; i.e. the largest subunit of yeast eIF3 (Val§ġek et al. 1998 - 

pub 2). Coincidentally, during these 6 weeks in Switzerland John paid a visit to his 

ñold buddyò Hans in Bern where he talked about eIF3 and all subunits that remained 

to be characterized including yeast p110. It was intense to experience this kind of 

competition at this stage of my career. Luckily we made it in time and a year later (in 

1999) the Johnôs group also succeeded with a similar story confirming and extending 

our findings (Vornlocher et al. 1999). However, in the same year when we published 

our RPG1 story (1998), another big player joined the eIF3 game ï Dr. Alan 

Hinnebusch from NIH. His group showed in two excellent papers that all five yeast 

proteins homologous to human eIF3 subunits are components of a stable 

heteromeric complex in vivo that may comprise the conserved core of yeast eIF3 

(Asano et al. 1998; Phan et al. 1998). They also demonstrated that the NIP1 subunit 

of eIF3 interacts with eIF5 (the GTPase activating protein (GAP) for the Met-

tRNAi
.eIF2.GTP ternary complex) and with SUI1 (nowadays eIF1); interestingly, both 

eIF5 and SUI1/eIF1 have been implicated in accurate recognition of the AUG start 

codon (Huang et al. 1997). Hence they proposed that eIF5 and eIF1 may be recruited 

to the 40S ribosomes through physical interactions with the NIP1 subunit of eIF3 ï 

and they were correct. Since these two traditional translation groups (Alanôs and 

Johnôs) designated p110 as TIF32 (for Translation Initiation Factor 32), we later gave 

up on the RPG1 name and started using TIF32 too. 

 In the remaining time of my PhD in Vienna I also managed to identify and 

characterize the sixth and last Saccharomyces cerevisiae homolog of human eIF3, 

the HCR1 subunit homologous to p35, which I isolated as a High Copy suppressor of 

a temperature-sensitive mutation in RPG1 in 1997 (Val§ġek et al. 1999 - pub 3). This 

paper in principle captured the overall effort to characterize the composition of yeast 

eIF3 as it also captured my PhD thesis. It was also my first paper where I feature as 
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a corresponding author. All these sudden, successive and successful events were 

like a fuel for my scientific engine that almost conked out in early 1997. I once again 

started dreaming about the US ï this time as a post-doctoral fellow in the field of 

translation. I contacted 12 ñtranslationalò PIs, whose articles excited me the most 

during my extensive literature search, by faxing them my CV and a motivation letter 

on one July Sunday afternoon. In the following months I received 7 offers to come, 

including the one from John Hershey from California. In late summer of 1998 I 

participated at the Yeast Genetics and Molecular Biology meeting held by the 

University of Maryland where I met Alan Hinnebusch (another serendipity), who was 

unintentionally left out of my list of 12 PIs. We thoroughly talked over my ñRPG1ò 

poster and I was very much impressed by his depth and interest but also by his 

modesty. Towards the end of our discussion I indeed expressed my interest to 

continue with my research in a well-established gene expression lab in the US. He 

replied: ñI will see what I can do.ò, and left me for a beer break. Two months later I 

was offered a post-doctoral position (the NIH Visiting Fellow Award) from Alan, with 

three pages long email describing three potential projects I could choose from in an 

astonishing detail. With 8 offers to choose from I talked to a very much respected 

scientist at the Vienna Biocentrum, Dr. Gustav Ammerer. Gustav went silently 

through my list and told me without hesitation: ñGo to Hinnebusch.ò So, in May 1999 I 

joined Alanôs lab - without hesitation. 

 The project that I picked was to characterize a potential role of the NIP1 

subunit of eIF3; i.e. the subunit connecting eIF3 to eIF1 and eIF5, in regulation of the 

AUG start codon recognition. However, since I brought my RPG1, well, TIF32 and 

HCR1 projects with me, I also continued working on them. In less than two years 

since the onset of my post-doc we reported that: 1) a subcomplex of three eIF3 

subunits (TIF32, NIP1 and PRT1) binds eIF1 and eIF5 and stimulates ribosome 

binding of mRNA and Met-tRNAi
Met (Phan et al. 2001 - pub 4); 2) the sequentially 

related eIF3 subunits TIF32 and HCR1 interact with an RNA recognition motif in 

PRT1 and are required for the eIF3 integrity and ribosome binding (Val§ġek et al. 

2001b - pub 7); and also that 3) HCR1/eIF3j has a dual function in translation 

initiation and in processing of 20S pre-rRNA during ribosome biogenesis (Val§ġek et 

al. 2001a - pub 6). Alanôs group also revealed that eIF1, eIF2, eIF3, eIF5, and 

initiator tRNAMet form a so called multifactor complex (MFC) (Fig. 3) that is an 

important translation initiation intermediate in vivo (Asano et al. 2000). The interaction 

between eIF3 and eIF2 in the MFC was thought to be mediated by eIF5. These 

budding yeast results were meanwhile confirmed and extended in other organisms 

such as fission yeast and mammals by labs of Drs. Tayana Pestova, Gerhard 

Wagner and Umadas Maitra  (see for example (Das et al. 1997; Pestova et al. 1998; 

Bandyopadhyay and Maitra 1999; Fletcher et al. 1999; Das and Maitra 2000; Pestova 

and Kolupaeva 2002; Majumdar et al. 2003). 

 Next we wished to 1) obtain a detailed subunit-subunit interaction map of 

yeast eIF3, 2) to elucidate the roles of individual subunits in the initiation process, 3) 

to map the eIF3 binding site on the 40S ribosomal subunit and 4) to identify the 

mutual intermolecular bridges between eIF3 and the 40S subunit. This effort yielded 
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several key publications that fulfilled our initial plan. We even discovered the long 

suspected but never shown direct contact 

between eIF2 and eIF3, and the first 

ñsausageò model of the yeast eIF3 3D 

ñstructureò in the context of the entire MFC 

was born (Fig. 3). We also proposed where 

eIF3 and its associated factors bind on the 

small subunit (Fig. 4) (Asano et al. 2001; 

Val§ġek et al. 2002 - pub 7; Val§ġek et al. 

2003 - pub 8; Nielsen et al. 2004 - pub 9; 

Jivotovskaya et al. 2006 - pub 11; Nielsen et 

al. 2006 - pub 12). 

 

Figure 3. Schematic of eIF3 in the MFC (Val§ġek et al. 2002 - pub 7). 

 

 
Figure 4. Schematic of the MFC constituents bound to the 40S ribosome (Val§ġek et 

al. 2003 - pub 8). 

 

 When this was done, it was time to resuscitate my initial project; i.e. to 

characterize a potential role of the NIP1 subunit of eIF3 in regulation of the AUG start 

codon recognition. However, after four years of exciting but at the same time very 

hard work in Alanôs lab I felt pretty worn down and decided to leave his lab, thinking 

of transferring this project with already promising results to somebody else. A totally 

changed atmosphere in the US following the September 11th events in 2001 also 

strongly contributed to my/our decision. My NIH contract was set to be terminated in 

June 2003 and I and my wife could not wait to spend two months travelling across 

the US national parks before coming back home. With practically zero scientific 

history in the Czech Republic, however, there were not many options for me, if any, 

to continue with my career in science as a PI back in 2003. Hence, once again, I 

started thinking about quitting and going to the private sector. The priority of both of 

us was to return home no matter what. But here again the serendipity took the stage. 
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 With the value of the American dollar ï earned with great effort in Alanôs lab ï 

going down the drain post the aforementioned events, a good friend of mine 

convinced me to stay one more year and ñregainò some of its value by smart 

investment into real estate. Alan was very surprised but immediately agreed to my 

delight. He only told me that my bench had already been given to somebody else ï 

luckily to my collaborator and best friend Klaus Nielsen ï and as such we would have 

to share it, if I wished to stay one more year. Klaus also immediately agreed, so I 

could restart my post-doc soon after our arrival from the amazing 2-months long trip 

across the USA. This was critical and serendipitous at the same time for my career, 

because a year later, in 2004, The Czech Academy of Sciences launched a new 

program ï Fellowship of Jan E. PurkynŊ ï for successful researchers working abroad 

who wished to return back to the Czech Republic. This fellowship was associated 

with a guaranteed position at the one of the CAS institutes (provided that there was 

such a position available) and a decent salary. Hence returning home in 2004 was a 

lot easier with respect to staying in basic science compared to a year before. But 

back to my last post-doc year, I rushed to show that interactions of the eIF3 subunit 

NIP1 with eIF1 and eIF5 promote preinitiation complex assembly and mainly regulate 

start codon selection by a molecular mechanism that had yet to be described in detail 

(Val§ġek et al. 2004 - pub 10). This once and for all completed my scientific 

endeavor in Alanôs lab.  

Following this paper, other members of Alanôs lab and also the groups of Drs. 

Tatyana Pestova and John Lorsch have gone a long way to demonstrate that 

dissociation of eIF1 from the 40S ribosomal subunit is the key step in start codon 

selection in vivo and that the N- and C-terminal residues of eIF1A have opposing 

effects on its fidelity. In particular, they showed that eIF1 and eIF1A induce an 

open/scanning-conducive conformation of the 40S ribosome and that regulatory 

elements in the eIF1A terminal tails control the fidelity of start codon selection by 

modulating Met-tRNAi
Met binding to the ribosome. In the ñopenò scanning complex it 

occurs in the so-called Pout state, which refers to a loosely bound mode of the 

tRNAi
Met binding to the ribosomal P-site allowing successive inspection of incoming 

nucleotides. Upon AUG selection it shifts to the Pin state referring to a stable mode of 

binding, which prevents further scanning of the ribosome that adopts the 

closed/scanning-arrested conformation. All these intricate changes are under delicate 

control of mainly eIFs 1 and 1A. Finally, they demonstrated that the free Pi release 

from eIF2, not GTP hydrolysis per se, is the step controlled by start-site selection 

during eukaryotic translation initiation and that eIF5 promotes the accuracy of start 

codon recognition by regulating the Pi release and conformational transitions (open 

to closed) of the preinitiation complex (Lomakin et al. 2003; Unbehaun et al. 2004; 

Algire et al. 2005; Fekete et al. 2005; Maag et al. 2005; Lomakin et al. 2006; Pisarev 

et al. 2006; Fekete et al. 2007; Cheung et al. 2007; Passmore et al. 2007; Yu et al. 

2009; Saini et al. 2010; Saini et al. 2014). All these mostly genetic, biochemical and 

biophysical results were recently confirmed by structural studies coming from the lab 

of the Nobel laureate Dr. Venki Ramakrishnan (Hussain et al. 2014; Llacer et al. 

2015). It will never stop enrapturing me how these guys could predict all these 
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intricate reactions in such a detail using only indirect tools (Fig. 5) (reviewed in 

(Hinnebusch 2014)). 

 
Figure 5. Model of structural rearrangements in the preinitiation complex (PIC) 

accompanying start-codon recognition. (a) Binding of eukaryotic initiation factors 

(eIFs) eIF1 and eIF1A to the 40S subunit evokes an open conformation conducive to 

rapid ternary complex (TC) binding, which forms the 43S PIC. The N-terminal tail 

(NTT) of eIF2ɓ is shown as a wavy line attached to the TC. (b) The 43S subunit 

scans the messenger RNA (mRNA) 5ô untranslated region; the anticodon stem loop 

(ASL) of methionyl initiator transfer RNA (Met-tRNAi) is not fully engaged with the P 

site (Pout state) but can sample triplets for complementarity to the anticodon as they 

enter the P site. The GAP domain in eIF5-NTD (N-terminal domain, abbreviated 5N) 

stimulates GTP hydrolysis to produce GDP-Pi (phosphate), but release of Pi is 

impeded. The unstructured NTT of eIF2ɓ interacts with eIF1 to stabilize this open 

conformation of the PIC. (c) Base-pairing between the ASL and the AUG codon 

promotes movement of the tRNA from the Pout state to the Pin state, displacing eIF1 

from its location near the P site to a new 40S binding site that overlaps with the eIF5-

CTD (C-terminal domain, abbreviated 5C) binding site. This movement of eIF1 

eliminates its interaction with eIF2ɓ-NTT, and the latter interacts tightly with eIF5-

CTD instead. (d ) eIF1 dissociates from the 40S subunit to stabilize the closed, 

scanning-incompatible conformation of the 40S subunit. Ejection of eIF1 allows eIF5-

NTD to dissociate from the G domain of eIF2ɔ and bind to the 40S subunit at a 

location that overlaps the eIF1 binding site, facilitating a functional interaction with the 

eIF1A C-terminal tail (CTT) that triggers release of free Pi from eIF2-GDP-Pi and 

blocks re-association of eIF1 with the 40S subunit (Hinnebusch 2014). 

  

During the last couple of months in Alanôs lab I contacted my old ñVienneseò 

friend Dr. JiŚ² Haġek with a simple request: ñWould there be an available position for 

me at the Institute of Microbiology CAS (IM CAS), so that I could apply for the 

Fellowship of Jan E. PurkynŊ?ò The answer was Yes, so I applied, received this 

award and started as a research scientist in JiŚiôs lab in June 2004; i.e. two weeks 
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after our arrival from the US. Hence, taking a retrospective look from the eagleôs 

perspective, we did not stay in the US one more year to capitalize on our savings (in 

fact, we did not make any investments at all at the end of the day) but to hold on for a 

moment until something (like the JEP fellowship) appeared to pave my way to start 

performing science on the home ground. 

 The first year of my first Czech employment was spent mostly with writing 

international grants. And it paid off because in the other half of 2005 I received NIH 

Global Health Research Initiative Program Award, Wellcome Trust International 

Senior Research Fellowship and Howard Hughes Medical Institute International 

Research Scholar award ï all with great funding (mainly from the Trust) and all for 5 

years. I started hiring, submitted a request with the IM CAS to have my own 

Laboratory of Regulation of Gene Expression established and above all, we started 

working hard to fulfill our goals (see below). In the fall of 2005 Dr. Miroslav Flieger did 

a huge, never-to-be-forgotten favor to my group by surrendering a nice, spacious lab 

at the ground floor of building L (it has remained our leading lab-ship ever since). In 

June 2006 the lab consisted of 7 people excluding myself and was officially brought 

to life by the IM CAS director, Prof. B. ř²hov§. 

 Our initial major goals were:  

Å How does eIF3 promote the assembly of the 43S preinitiation complex; i.e. binding 

of the multifactor complex (MFC) containing the Met-tRNAi
Met-eIF2-GTP ternary 

complex to the 40S ribosome?  

Å What are the critical contact points between eIF3 and other components of the MFC 

and the 40S ribosome? 

Å Where do these factors bind on the small ribosome? 

Å What role does eIF3 play in regulation of the post-assembly events such as 

scanning, stringent selection of the start AUG codon, and GTP-hydrolysis? 

  

We first made our own existence known to the world by an unexpected finding 

that came along as a lovely surprise while we were working on the first two aims. 

Bela Szamecz, my first post-doc showed that the interaction between the N-terminal 

domain of the largest subunit of eIF3, TIF32, and a small ribosomal protein RPS0 is 

not only an important intermolecular bridge between eIF3 and the 40S ribosome but 

also critically promotes so called translation reinitiation (REI) (Szamecz et al. 2008 - 

pub 13). 

 REI is a gene-specific regulatory mechanism exploiting the presence of short 

upstream uORFs in mRNA leaders (i.e. 5ô untranslated regions ï 5ô UTRs) of various 

genes. The molecular key to this potentially abundant regulation (Calvo et al. 2009; 

Hood et al. 2009; Zhou et al. 2010) is the ability of some of these short uORFs (in 

yeast up to 5 codons in length (Vilela et al. 1998; Rajkowitsch et al. 2004; Szamecz 

et al. 2008 - pub 13), in plants up to 16 (von Arnim et al. 2014) and in mammals up to 

30 codons (Kozak 2005)) to retain 40S ribosomal subunits on the same mRNA 

molecule even after they have been translated and the large 60S subunit has been 

recycled by the ribosome recycling factors (reviewed in (Jackson et al. 2012; Val§ġek 

2012 - pub 22)). Such post-termination 40S subunits are then able to resume 
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scanning downstream and upon acquisition of the new ternary complex (TC), 

composed of Met-tRNAi
Met and eukaryotic initiation factor eIF2 in its GTP form, they 

are capable to recognize the AUG start codon of a next ORF and reinitiate translation 

thereon.  

Generally speaking, short uORFs in principle impose a functional barrier for 

sufficient expression of a downstream main ORF. This repressive effect of uORFs 

can be, however, alleviated under specific conditions such as various types of stress 

in order to boost expression of some regulatory uORF-containing mRNAs that help 

the cell to cope with the sudden environmental changes. It has been shown that the 

efficiency of REI depends on four main factors: i) time required for uORF translation, 

which is determined by the relative length of uORF and the translation elongation 

rate; ii) its 5ô and 3ô flanking sequences, which contain specific cis-acting features 

with poorly understood molecular roles; iii) translation initiation factors (eIFs) involved 

in the primary initiation event such as the eIF3 and eIF4F complexes, which are 

believed to remain associated with the ribosome throughout the short elongation as 

well as termination and recycling phases; and iv) its distance to the next open 

reading frame, which determines the likelihood of acquisition of the new TC by the 

post-termination 40S ribosome that has resumed scanning (Kozak 1987; Dever et al. 

1992; Pºyry et al. 2004; Szamecz et al. 2008 - pub 13). 

Translational control of one of the yeast most influential stress-related 

transcription factors, GCN4, represents 

undoubtedly the best studied model of 

eukaryotic translation REI. The GCN4 

mRNA containing altogether four short 

uORFs has been studied in great detail 

for several decades and found to be very 

sensitive to the TC levels that are 

changing in response to different nutrient 

conditions and to rely mainly on the first 

REI-permissive uORF1 and the last REI-

non-permissive uORF4 (reviewed in 

(Hinnebusch 2005) and recently revised 

in (Gunisova and Valasek 2014 - pub 

25) ï see below). Briefly, the first of the 

four uORFs is efficiently translated under 

both nutritional replete and deplete 

conditions and after its translation the 

post-termination 40S subunit remains 

attached to the mRNA and resumes 

scanning downstream for REI at the next 

AUG (Fig. 6; both panels). 

  

Figure 6. GCN4 translational control via reinitiation (REI) (Hinnebusch 2005).         
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In non-stressed cells, where the TC levels are high, nearly all of the ribosomes 

that translated REI-permissive uORF1 and resumed scanning can rebind the TC 

before reaching one of the last two distant uORFs (uORFs 3 and 4), neither of which 

supports efficient REI. As a result, ribosomes terminating on one of these two uORFs 

undergo the full ribosomal recycling step, which prevents them from reaching and 

translating the main GCN4 ORF (Fig 6; lower panel).  

Under starvation conditions, the GCN2 kinase phosphorylates eIF2, which 

suspends formation of new TCs in the cytoplasm. Consequently, post-termination 

40S ribosomes traveling from the uORF1 stop codon downstream will require more 

time to rebind the TC to be able to recognize the next AUG start codon. This will 

allow a large proportion of them to bypass uORF3 and uORF4 and reacquire the TC 

downstream of uORF4 but still upstream of the GCN4 start codon (Fig. 6; upper 

panel). Thus, whereas global protein synthesis is significantly down-regulated under 

nutrient deplete conditions, protein expression of the GCN4 transcriptional activator is 

concurrently induced.  
 

The exceptionally high REI potential of uORF1 has been ascribed in the past 

to 1) its 5ô sequences (Grant et al. 1995), 2) the first 10 nt immediately following the 

uORF1 stop codon (Grant and Hinnebusch 1994), and 3) the third coding triplet of 

uORF1 in combination with its 3ô UTR (Grant and Hinnebusch 1994). Bela revealed 

that the 5ô sequences of uORF1 contain cisïacting elements that functionally interact 

with the N-terminal domain (NTD) of the TIF32 subunit of eIF3 and that this 

interaction is critically required for stabilization of post-termination 40S subunits on 

the uORF1 stop codon. Without formation of this interaction, the small subunit is also 

recycled, cannot resume scanning and thus the expression of GCN4 remains off 

even when the cells are starved (Szamecz et al. 2008 - pub 13). This unexpected 

discovery initiated a brand new path of our research. 

In the following years Vanda Munzarov§ in my lab identified and characterized 

four discernible REI-promoting cisïacting elements (RPEs i. ï iv.), all of which 

together make up the so called 5Ë enhancer (Fig. 7) (Munzarov§ et al. 2011 - pub 

17). Genetic epistatic experiments revealed that two of these RPEs, RPE i. and RPE 

iv., operate in synergy and in the TIF32-NTD dependent manner, whereas RPEs ii. 

and iii. contribute by a different, yet to be elucidated mechanism. Likewise, two 

separate regions within the TIF32-NTD were described and implicated in promoting 

REI in concert with RPEs i. and iv. (they were called Boxes 6 and 17 and each of 

them is composed of 10 aa residues). A combination of computational and 

biochemical approaches revealed the 2D structure of the entire 5Ë enhancer. The two 

key features of it are a 9 bp-long bulged stem and a double-circle hairpin 

representing the RPEs ii. and iv., respectively. In addition, we also showed that the 

TIF32-NTD interacts with the small ribosomal protein RPS0A (Val§ġek et al. 2003 - 

pub 8; Kouba et al. 2012a - pub 20), occurring virtually at the 40S mRNA exit 

channel (Aylett et al. 2015), where the 5ô sequences of uORF1 also occur during 

termination on uORF1, suggesting that the a/TIF32-Boxes 6 and 17 directly interact 

with uORF1 RPEs i. and iv. (we are currently preparing a manuscript clearly showing 

that this is indeed the case in vivo). Collectively we proposed that the specific 
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secondary structures have to fold progressively while the ribosome scans through 

them prior uORF1 translation in order to form fully active REI enhancer upon uORF1 

termination that is capable of binding to the TIF32-NTD. Strikingly, the structural motif 

similar to GCN4 RPE iv. was also identified upstream of the REI-permissive uORF in 

the mRNA leader of yet another yeast transcriptional activator YAP1 (Munzarov§ et 

al. 2011 - pub 17). The fact that it likewise operated in the a/TIF32-NTD-dependent 

manner suggested that at least in yeasts the underlying mechanism of REI on short 

uORFs might be conserved. 

Subsequently, Sl§vka Guniġov§ from my lab made a rather striking discovery 

by showing that the solitary uORF2 of GCN4 is nearly as REI-permissive as uORF1, 

and not REI-non-permissive as was believed before. The similarly high efficiency of 

REI promoted by uORF2 was found to stem from the same modus operandi shared 

by uORF1 and uORF2 (Gunisova and Valasek 2014 - pub 25). In particular, we 

revealed that the REI competence of uORF2 strictly relies on: a) the structured, eIF3-

independent RPE ii. of uORF1, which thus represents a common REI-promoting 

element for both of these uORFs, and b) a specific, 10 bp-long element designated 

as RPE v., which occurs in the vicinity of the 40S mRNA exit channel of the 80S 

ribosome terminating on uORF2 and, not surprisingly, operates in the TIF32-NTD-

dependent manner. Thus, together with GCN4 uORF1 and YAP1 uORF, the GCN4 

uORF2 was the third short uORF that promotes REI by cis-acting elements upstream 

of its coding region, some of which functionally interact with the TIF32 subunit of 

eIF3.  

These findings allowed us to markedly revise the long standing model of the 

GCN4 translational control that has served as a textbook example of REI (compare 

Figs. 6 and 7). We proposed that the second REI-permissive uORF, uORF2 with 

~80-90% of the uORF1 REI activity, serves as a backup of uORF1 to capture all 

ribosomes that leaky scanned the uORF1 AUG (Gunisova and Valasek 2014 - pub 

25), especially during stress conditions that seem to increase the frequency of leaky 

scanning in general (Lee et al. 2009; Raveh-Amit et al. 2009; Palam et al. 2011; 

Sundaram and Grant 2014). This ensures that the maximum capacity of this 

intriguing regulatory system is met. Similarly, two consecutive uORFs with minimal or 

no REI-promoting potential occurring further downstream also prevent ñleakinessò of 

this system but during nutrient replete conditions (Gunisova and Valasek 2014 - pub 

25). Hence the tightness of GCN4 translational control is ensured by a fail-safe 

mechanism that effectively prevents or triggers GCN4 expression under nutrient 

replete or deplete conditions, respectively (Fig. 7). 
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Figure 7. Revised fail-safe mechanism of GCN4 translational control via reinitiation  

(Gunisova and Valasek 2014 - pub 25). 
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In our most recent article (Gunisova et al. 2016 - pub 29), we wished to 

investigate the molecular role of the first 10 nt immediately following the uORF1 stop 

codon that were shown to be critically required for efficient REI after uORF1 (Grant 

and Hinnebusch 1994) as well as the contributions of individual triplets of all uORFs. 

Our systematic analysis of all potential cis-determinants that either promote or inhibit 

reinitiation on GCN4 mRNA revealed the attributes of individual uORFs that are 

summarized in Fig. 8. 
  

 
Figure 8. Summary of all cis-determinants that either promote or inhibit reinitiation on 

GCN4 after translation of its four short uORFs (Gunisova et al. 2016 - pub 29). 

 

The 3ô sequences of uORFs 1 - 3, in particular the first 12 nt immediately 

following their stop codons, contain a conserved AU1-2A/UUAU2 motif that promotes 

REI independently of other REI-promoting elements but only when situated at the 

defined distance from the GCN4 AUG start codon, in principle corresponding to the 

position of uORF1. Hence, despite carrying this autonomous motif in their 3' 

sequences, uORF2 and uORF3 do not utilize it. Intriguingly, the 3ô sequences of 

specifically these two uORFs in addition contain inhibitory elements that immediately 

follow the AU-rich motif and decrease the REI potential of these two uORFs. 

Furthermore, Sl§vka also revealed that the authentic length of both REI-permissive 

uORFs has to be maintained for their optimal activity and that the last coding triplet 

can most probably tolerate a wide range of codons with the exception of the REI-

inhibiting proline CCG triplet. Indeed, specifically this Pro triplet occurs as the last 

triplet in uORF3 and uORF4 and, in fact, features in all ultimate uORFs in the GCN4 

mRNA leaders across yeast species. Finally, we showed that the ~4-fold difference 

between the REI potential of modestly-REI-permissive uORF3 and REI-non-

permissive uORF4 does not lie in the supposedly inhibitory 3ô sequence of uORF4, 

as suggested before (Gunisova and Valasek 2014 - pub 25), but is manifested 

through the specific effects of the sequence composition of their second codon and of 

the identity of their stop codon tetranucleotide, which together impact the efficiency of 

stop codon recognition in a positive (uORF3) or negative (uORF4) way. In other 

words, we demonstrated for the first time that there is a direct negative correlation 

between the efficiency of reinitiation and efficiency of translation termination. 

Collectively this comprehensive approach highlighted an intriguing complexity of this 

delicate regulatory system that depends on several REI-promoting as well as 

inhibiting features that mutually fine tune their often autonomous effects on the 

overall efficiency of REI on GCN4 mRNA in order to keep it as low as possible during 
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non-starvation conditions or as high as possible during starvation/stress conditions 

(Gunisova et al. 2016 - pub 29). 

As mentioned above, we are currently preparing a manuscript that will provide 

strong in vivo evidence for a long-standing hypothesis that some critical initiation 

factors needed for reinitiation (like eIF3) are preserved on the 80S ribosome post the 

subunit joining step and remain 80S-bound for a few elongation cycles to promote 

resumption of scanning of the post-termination 40S subunits. We are also 

characterizing a molecular mechanism of translational control of human functional 

orthologue of yeast GCN4, the ATF4 transcriptional activator (Vattem and Wek 

2004). Preliminary results suggest that there will be more differences than 

similarities.    

 

In the meantime, the main stream of our laboratory research aimed at 

answering the aforementioned four major goals; in short, where eIF3 and its 

associated eIFs bind on the ribosome and what is their role. We first solved the 

structure of the RRM domain of PRT1 bound to HCR1 in collaboration with the NMR 

specialist Dr. Peter Lukavsky from MRC LMB in Cambridge and Susan Wagner from 

my lab demonstrated that HCR1 closely cooperates with the PRT1-RRM and eIF1A 

on the ribosome to ensure proper formation of the scanning-arrested conformation 

required for stringent AUG recognition (ElAntak et al. 2010 - pub 14). We also 

mapped the HCR1 position on the ribosome to lie at the mRNA entry channel, which 

was in good accord with the earlier position-mapping for mammalian eIF3j by Dr. 

Doudnaôs group (Fraser et al. 2007). Next Lucka Cuchalov§ mapped the position of 

the TIF35 subunit of eIF3 by revealing its interactions with RPS3 and RPS20, which 

are located near the ribosomal mRNA entry channel (Cuchalov§ et al. 2010 - pub 

16). In this paper we also implicated TIF35 in ensuring the processivity of scanning 

through stable secondary structures and showed that it is required for resumption of 

scanning for downstream reinitiation by post-termination 40S ribosomes, like the 

TIF32-NTD mentioned above. Finally, we implicated the TIF34 subunit of eIF3 in 

stimulation of the linear scanning. Subsequently, we showed that the extreme CTD of 

TIF32 binds to RPS2 and RPS3, both situated near the mRNA entry channel, and 

directly stabilizes the 43S subunit-mRNA interaction. We also found that the TIF32-

CTD directly interacts with the aforementioned PRT1-RRMïHCR1 partial assembly 

and that this trimeric ñsubmoduleò of eIF3 regulates the transition between scanning-

conducive and scanning-arrested (initiation-competent) conformations of the PIC, 

described above (Chiu et al. 2010 - pub 15). The follow-up study, again in close 

collaboration with Peter, reported a 2.2 ¡ resolution crystal structure of the complex 

between the seven-bladed ɓ-propeller TIF34 and a C-terminal Ŭ-helix of PRT1. 

Functional analysis of critical residues mediating this contact carried out by Aniļka 

Herrmannov§ revealed that the C-terminus of PRT1 orchestrates co-operative 

recruitment of TIF34 and TIF35 to the 40S subunit for a stable and proper assembly 

of 48S pre-initiation complexes necessary for stringent AUG recognition on mRNAs 

(Herrmannov§ et al. 2012 - pub 18). 
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Two of my PhD students meanwhile focused on the opposite termini of the 

NIP1 subunit of eIF3. Tom§ġ Kouba showed that the extreme C-terminus directly 

interacts with the small ribosomal protein RACK1/ASC1, which is a part of the 40S 

head, and, consistently, that deletion of ASC1 impaired eIF3 association with the 40S 

ribosome. The extreme C-terminus is preceded by a well-defined PCI domain that we 

computer-modelled and showed that it binds to RNA. It was the first ever evidence 

implicating this typical protein-protein binding domain in mediating also the protein-

RNA interaction. Our mutational analysis of this domain entitled us to propose that 

the NIP1 C-terminal region forms an important intermolecular bridge between eIF3 

and the 40S head region by contacting RACK1/ASC1 and most probably also 18S 

rRNA, which promotes assembly of translation preinitiation complexes (Kouba et al. 

2012b - pub 19). Martina Kar§skov§ took over my first and last project in Alanôs lab 

and wished to understand the molecular role of the N-terminal domain (NTD) of NIP1, 

which mediates eIF3 binding to eIF1 and eIF5, in ensuring high fidelity of AUG 

recognition in great detail. She demonstrated that eIF5 binds to the extreme NIP1-

NTD (residues 1-45) and that impairing this interaction predominantly affects the 43S 

PIC formation. She also revealed that 

eIF1 interacts with the region (60-137) 

that immediately follows, and altering this 

contact deregulates AUG recognition. 

Together our data indicated that binding 

of eIF1 to the NIP1-NTD is equally 

important for its initial recruitment to PICs 

and for its proper functioning in selecting 

the translational start site (Karaskova et 

al. 2012 - pub 21). All these findings of 

ours and others were summarized in my 

ñRibozoominò review from 2012 (Fig. 9), 

where I also proposed a model 

suggesting where all eIFs are binding on 

the 40S ribosome and what their role is 

(Fig. 10) (Val§ġek 2012-pub 22). 

 
Figure 9. Model of the hypothetical location of eIF3 on the S. cerevisiae small 

ribosomal subunit (Kouba et al. 2012b - pub 29). The Cryo-EM reconstruction of the 

40S subunit is shown from the solvent side with ribosomal RNA represented as 

tubes. Ribosomal proteins, with known homologs and placement, are shown as pink 

cartoons and labeled. The position of RACK1/ASC1 is highlighted in bold. The mRNA 

entry channel is designated by an asterisk. Hypothetical location of S. cerevisiae eIF3 

on the back side of the 40S subunit is based on the data of several studies including 

the interactions between NIP1-CTD and ASC1 (and potentially also with 18S rRNA), 

RPS0 and TIF32-NTD, RPS2 and HCR1, RPS2 and 3 and TIF32-CTD, helices 16-18 

of 18S rRNA and TIF32-CTD, and RPS3 and 20 and g/TIF35. The yellow lines 

represent mRNA.  
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Figure 10. Hypothetical summary model of the structural arrangement of the yeast 

48 PIC. Interface and solvent-exposed views of the tertiary structure of the 40S 

showing the 18S rRNA as spheres and the proteins as gray cartoons. Positions of the 

individual eIFs is schematically depicted as color-coded ovals based on studies 

referenced throughout this text. Positions with the question marks were not 

determined experimentally, not even proposed by structural modeling, and thus 

represent only the authorôs best estimate (Val§ġek 2012 - pub 22). 

 

Two years later we published our last yeast story on this topic until now, this 

time in collaboration with the structural group of Dr. Ralf Ficner from the University in 

Gottingen. They solved a crystal structure of the PCI domain of the TIF32 subunit of 

eIF3 at 2.65-¡ resolution and Sl§vka Guniġov§ and VlaŅka Vlļkov§ from my lab 

showed that it is required for integrity of the eIF3 core and, similarly to the NIP1-PCI, 

is capable of RNA binding. We also performed its mutational analysis and identified a 

10-Ala-substitution (Box37) that severely reduced amounts of model mRNAs in the 

43-48S PICs in vivo as the major, if not the only, detectable defect. The putative 

RNA-binding surface was found to be defined by positively charged areas containing 

two Box37 residues, R363 and K364. Their substitutions with alanines severely 

impaired the mRNA recruitment step in vivo, which suggested that the TIF32-PCI 

represents one of the key domains ensuring stable and efficient mRNA delivery to the 

PICs (Khoshnevis et al. 2014 - pub 24). In the same year the Ralfôs group managed 

to solve also the structure of the unusual nine-bladed beta-propeller of the PRT1-

CTD and demonstrate that it interacts with the 40S ribosomal subunit via RPS9 (Liu 

et al. 2014). With these two studies done we presented our final, so far, model of the 

eIF3 arrangement on the ribosome (Fig. 11), because soon after these achievements 


