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Cryo-EM studies of interplay between S2 ribosomal protein and leaderless mRNA during bacterial translation 
initiation 

 

Francisco Javier Acosta-Reyes1, Max Gottesman2, Joachim Frank3 

 

1Department of Biochemistry and Molecular Biophysics, Columbia University, New York, NY, USA 
2Department of Microbiology and Immunology, Columbia University, New York, NY, USA 

3Department of Biochemistry and Molecular Biophysics & Department of Biological Sciences, Columbia 

University, New York, NY, USA 

 

E. coli ribosomes deficient in S2 ribosomal protein translate leaderless transcripts more efficiently than wild-type 
ribosomes (Shean et al., 1992). Under stress conditions or in the presence of certain drugs ribosomes can lose 
ribosomal proteins. Bacteria could be exploiting this to modulate translation, increasing the translation of 
leaderless transcripts. It is believed that translation initiation on a leaderless transcript follows a non-canonical 
pathway. Initiating occurs directly on the 70S complex rather than on the 40S initiation complex, where the lack 
of the ribosome-binding site (Shine-Dalgarno) forces the ribosome to use the sequence of the first bases of the 
transcript as a recognition signal. The initiation codon (AUG) might also work as a recognition signal for positioning 
of leaderless transcripts. A downstream box (DB) sequence located after the initiation codon can influence 
translation. These unusual features motivated us to solve the structure by single-particle cryo-EM of a mutant 70S 
ribosome deficient of S2 protein and a wild-type 70S complex bound to leaderless mRNA in the presence of fmet-
tRNAfMet. In the S2-deficient sample, we identified two populations of ribosomes, with and without S2 protein, 
using 3D focused classification with a mask placed on the S2 protein region. Ribosomes lacking S2 protein also lack 
protein S21. The absence of S21 could affect the selectivity of recruited mRNA by destabilizing the positioning of 
the anti-Shine-Dalgarno, allowing an improved translation of leaderless transcripts. From the solved structures we 
identified an interaction of π-stacking between one of the monitor bases (1493A) and the first base (A) after the 
initiation codon, which may help to stabilize the leaderless transcript in place for initiation. This interaction is seen 
in both WT and mutant ribosomes, but has not been observed with transcripts containing a Shine-Dalgarno 
sequence. 

Shean, C.S. and Gottesman, M.E., 1992. Cell, 70(3), pp.513-522. 
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Decoding an encrypted message: mitochondrial translation in trypanosomes 

 

Ruslan Afasizhev , Mikhail Mesitov, Takuma Suematsu, Tian Yu, Inna Aphasizheva 

 

Boston University  

 

Most mitochondrial mRNAs in Trypanosoma brucei undergo U-insertion/deletion editing to create open reading 
frames. Addition of short 3′ A-tail by mitochondrial KPAP1 poly(A) polymerase prior to editing protects mRNA from 
3′-5′ degradation during the editing process. Conversely, completion of editing is manifested by A-tail extension 
into long A/U-heteropolymer. This unconventional mRNA modification stimulates translation by increasing mRNA 
affinity to the small ribosomal subunit. The distinct roles and editing-dependent temporal separation of A-tailing 
and A/U-tailing events imply existence of sequence-specific factors that sense the mRNA’s editing status and 
regulate 3′ additions. We identified pentatricopeptide-repeat containing (PPR) RNA binding proteins responsible 
for monitoring mRNA editing status, 3′ modifications, and direct binding to the ribosome. We show that 
Kinetoplast Polyadenylation Factor 3 (KPAF3) specifically recognizes 3′ end of pre-edited transcripts thereby 
stabilizing mRNAs. KPAF3 also recruits KPAP1 poly(A) polymerase. Initiation of editing displaces KPAF3 leaving 
mRNA reliant on short A-tail as stability determinant. We further show that Kinetoplast Polyadenylation Factor 4 
(KPAF4) recognizes a stretch of five adenosines acting as poly (A) binding protein. In this capacity, KPAF4 blocks 
3′-5′ mRNA degradation of adenylated mRNAs by the mitochondrial processome and limits their premature 
uridylation by RET1 TUTase. The latter prevents translational activation of partially-edited mRNAs. Furthermore, 
we demonstrate that upon completion of editing KPAF1/2 heterodimer recruits KPAP1 and RET1 thereby inducing 
long A/U-tail addition specifically to fully-edited mRNA. Finally, we identify PPR factors that represent integral 
ribosomal proteins involved in direct recognition of specific mRNAs. Collectively, our findings reveal previously 
unappreciated roles of PPR proteins as polyadenylation factors, and poly(A) binding, and ribosomal proteins. 
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Testing if the primary structure of proteins encode translation-elongation rate information 

 

Nabeel Ahmed1, Pietro Sormanni1, Ulrike A. Friedrich2, Guenter Kramer2, Bernd Bukau2, Edward P. O'Brien3 

 

1Department of Chemistry, University of Cambridge, UK 
2Center for Molecular Biology of the Heidelberg University (ZMBH), Germany 

3Department of Chemistry, Pennsylvania State University, US 

 

 

A large body of evidence now demonstrates that the behavior of newly synthesized proteins depend on the rate 
at which individual codon positions in an mRNA molecule’s coding sequence are translated by the ribosome during 
protein synthesis. The codon translation rates have shown to be highly variable even for the same codon type and 
determined mostly by the context of the region flanking the codon within a transcript. Several factors including 
cellular concentration of cognate tRNA, mRNA secondary structure, positively charged nascent chain residues in 
the exit tunnel etc, have been shown to influence the codon translation rates. In this study, we work towards 
testing the hypothesis that the chemical identity of the amino acids in the P-site and A-site can also contribute to 
the variability in translation rate. Using Ribo-Seq data from S. cerevisiae, we demonstrate that the presence of a 
particular amino acid in the P-site can slow down or speed up the translation of the codon in the A-site relative to 
the overall distribution of translation rates of the A-site irrespective of the P-site.  Therefore, mutating the amino 
acid in the P-site, when certain amino acids are in the A-site, should result in a significant change in translation 
rate of the A-site codon. To experimentally test our hypothesis, we introduce amino acid mutations in the P-site 
at 10 locations across 5 high coverage genes. The results demonstrate that in 5 cases, P-site mutation resulted in 
a speed up of translation at A-site and the rest of the mutations resulted in a slowdown of translation as we predict 
from our computational analyses. A sequence analysis across the proteome of S. cerevisiae revealed that the slow 
translating pairs of amino acids are twice as likely to be depleted as compared to the fast translating pairs. This 
suggests evolution may be selecting against the slow-translating pairs of amino acids, as they could reduce the 
translation efficiency of the transcriptome. 
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A dynamic mode of cycloheximide action on polysomes 

 

Kseniya A. Akulich1,  Dmitri E. Andreev2, Ilya M. Terenin3, Valeriya I. Shlyk4, Sergey E. Dmitriev5 
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Cycloheximide is a well-known antibiotic of the glutarimide family with a high specificity towards the eukaryotic 
ribosome. The drug inhibits translocation by interfering with CCA-end of deacylated tRNA in the E-site of the large 
ribosomal subunit. Cycloheximide is widely used to inhibit protein synthesis in eukaryotic cells and to freeze 
translating ribosomes for polysome profile analysis and ribosome profiling studies. Here we applied a mammalian 
cell-free system with continuous monitoring of luciferase mRNA translation in a standard plate reader to analyze 
cycloheximide activity in vitro. We detected a pronounced delay in product appearance even at low drug 
concentrations that do not significantly affect overall translation efficiency. We concluded that cycloheximide 
molecules dynamically interact with roughly all ribosomes in the system, thus evenly distributing between 
polysomes and leading to a general slowing of ribosome progression. This mode of action fundamentally differs 
from that of other elongation inhibitors (i.e. emetine, pactamycin, amicoumacin A, anisomycin, harringtonine and 
others) which, taken at low concentrations, block only a portion of polysomes in the system and do not cause the 
delay. The two activity modes of antibiotics are discussed in a context of their differential effects on living cells, 
where short-term translation inhibition by cycloheximide is fully reversible while a similar treatment with other 
antibiotics often triggers a ribotoxic stress response and apoptosis. The same peculiarity of cycloheximide action 
could also explain the well-known artifacts found in ribosome profiling data obtained with this drug. Finally, we 
used toe-printing technique to clearly demonstrate that cycloheximide arrests the elongating ribosome by 
inhibition of deacylated tRNA movement from the P- to the E-site occupied by the drug and not by trapping the 
translocated tRNA in the latter, as suggested earlier. 
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Recycling of stalled ribosome complexes in the absence of trans-translation 

 

Tanino Albanese1, Allen Buskirk2, Isabella Moll1 

 

1MFPL, Vienna BioCenter - Vienna (AT) 
2Johns Hopkins University School of Medicine - Baltimore (USA), 

 

 

Truncation of mRNAs within the coding region results in the loss of their stop codon. Consequently, ribosomes 
that translates these “stop-less” mRNA, are stalled at the messenger 3’end. Since accumulation of stalled 
ribosomes complexes is detrimental to the cell, bacterial ribosomes are recycled by a process called trans-
translation - governed by tmRNA - and followed by degradation of the mRNA and the incomplete protein. 

Recently, two alternative rescue factors (ArfA, ArfB) have been characterized and their mechanism of action 
described. In contrast to trans-translation, alternative rescue allows the synthesis of truncated protein variants 
encoded by stop-less mRNAs. 

Considering the impact of alternative rescue into the generation of shortened protein isoforms, we sought to 
determine the impact this mechanism on bacterial physiology. We will present our efforts to determine the extent 
of alternative rescue in E. coli and explore its influence on bacterial proteome under non-lethal stress conditions 
such as antibiotic treatment and nutrient starvation. 
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Assembly and functionality of the ribosome with tethered subunits 

 

Nikolay A. Aleksashin1, Margus Leppik2, Adam J. Hockenberry3, Dorota Klepacki1, Nora Vázquez-Laslop1, Michael 
C. Jewett3, Jaanus Remme2, Alexander S. Mankin1 

 

1 Center for Biomolecular Sciences, University of Illinois at Chicago, Chicago, IL 60607, USA 
2 Institute of Molecular and Cell Biology, University of Tartu, Riia 23,Tartu, Estonia 

3 Department of Chemical and Biological Engineering and Center for Synthetic Biology, Northwestern University, 
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Ribo-T is an engineered ribosome whose small and large subunits are tethered together by linking 16S rRNA and 
23S rRNA in a single molecule. Although Ribo-T can support cell proliferation in the absence of wild type 
ribosomes, Ribo-T cells grow slower than those with wild type ribosomes. Here, we show that cell growth defect 
is likely explained primarily by slow Ribo-T assembly rather than its imperfect functionality. Ribo-T maturation is 
stalled at a late assembly stage. Several post-transcriptional rRNA modifications and some ribosomal proteins are 
underrepresented in the accumulated assembly intermediates and rRNA ends are incompletely trimmed. 
Ribosome profiling of Ribo-T cells showed no defects in translation elongation but revealed somewhat higher 
occupancy by Ribo-T of the start codons and to a lesser extent stop codons suggesting that subunit tethering 
mildly affects the initiation and termination stages of translation. Understanding limitations of Ribo-T system 
offers ways for its future development.
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In vitro reconstitution of ribosome using recombinant ribosomal proteins 

 

Kazuaki Amikura1, Ryo Aoyama1, Masaru Shimojo1, Yoshihiro Shimizu2, Takuya Ueda1 

 

1The University of Tokyo 
2RIKEN Center for Biosystems Dynamics Research 

 

Reconstitution of ribosomes in vitro from individual ribosomal proteins provides a powerful tool for understanding 
the ribosome assembly process including the sequential incorporation of ribosomal proteins. However, 
conventional assembly methods require high-salt conditions for efficient ribosome assembly. In this study, we 
reconstituted 30S ribosomal subunits from individually purified ribosomal proteins in the presence of ribosome 
biogenesis factors. In this system, two GTPases (Era and YjeQ) facilitated assembly of 30S subunit exhibiting 
poly(U)-directed polyphenylalanine synthesis and native protein synthesis under physiological conditions. 

 This in vitro system permits a study of the assembly process and function of ribosome biogenesis factors. 
Additionally, it will facilitate development of ribosome engineering tool and generation of ribosomes from DNA 
without using cells. In this poster, we also show part of recent our progress about the reconstitution of 50S subunit 
and co-transcriptional reconstitution using recombinant ribosomal proteins. 
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Towards the understanding of a dynamic 2’-O-methylation in the 18S rRNA 

 

Kasper L. Andersen1, Martin Jansson2, Meeli Mullari1, Sophia Hafner3, Matthew Kraushar4, Nicolai Krogh1,  Disa 
Tehler3,  Julia Flis4, Ulf Birkedal4 , Henrik Nielsen4 

 

1Biotech Research and Innovation Centre (BRIC), University of Copenhagen, Copenhagen, Denmark 
2Center for Protein Research, University of Copenhagen, Copenhagen, Denmark 
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Ribose 2’-O-methylations (2’-O-Me) is one of the two most abundant chemical modifications in human rRNA. They 
are believed to be important for ribosome biogenesis and stability as well as mRNA translation. Using RiboMeth-
Seq, which allows simultaneous quantification of the 2’-O-Me levels from positions across the entire rRNA, we 
have mapped the 2’-O-Me profile in a number of human cell types and tissues. Most 2’-O-Me positions are close 
to 100% methylated under all conditions tested whereas, others are fractionally methylated and can vary 
dramatically in degree of methylation giving support to the notion of specialized ribosomes. 

Here we analyse one of the most variable 2’-O-Me at position C174 (Cm174) in the 18S rRNA. Notably, this position 
exhibits 2’-O-Me level dynamics during cellular differentiation and upon MYC over-expression. Knock-out (KO) of 
SNORD45C guiding Cm174 abolishes methylation and results in decreased growth rate and a translational 
deregulation of distinct sets of mRNAs. Interestingly, detailed analysis of ribosome profiling data revealed an 
accumulation of ribosome foot-prints at the start-codon of a subset of transcripts in SNORD45C KO cells. 

In order to further understand the functional impact of Cm174 on the ribosome, we purified populations of 
ribosome subunits, monosomes, and polysomes from SNORD45C wt and KO cells and analysed the ribosome-
associated protein components using LC-MS/MS. A small number of proteins including an RNA helicase and an 
initiation factor showed differential association with ribosome populations from the two cell lines. It is tempting 
to associate these protein factors with the start-codon foot-print phenotype of the SNORD45C KO ribosomes as 
either a co-factor involved in resolving stalled ribosome or as a result of a changed start-codon occupancy time, 
respectively. Currently, we are investigating the potential structural differences between the wild-type and 
SNORD45C KO ribosomes with cryo-EM analysis. 
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Mapping Conformational Space of the 70S E. coli Ribosome in Solution Using Small Angle Scattering and 
Molecular Modeling 

 

Emily Armbruster1,2, Kevin Weiss2, Loukas Petridis2, Jose Borreguero Calvo2, Peter Cornish1, Sai Venkatesh 
Pingali2 

 

1Department of Biochemistry, University of Missouri, Columbia, MO 

2Oak Ridge National Laboratory, Oak Ridge, TN 

 

The translation of mRNA to protein by the ribosome involves large scale molecular movements and determining 
the varied structural conformations involved in this process can provide insight toward understanding ribosomal 
function. Currently, the field of functionally oriented structural biology emphasizes the importance of mapping 
conformational space. However, mapping the continuous structural variation of the ribosome can be difficult due 
to low energy barriers between several ribosomal conformational states. This study combines experimental small-
angle scattering methods with molecular modeling to divulge the ensemble of structural conformations of 70S E. 

coli ribosome in solution. This integrated approach is a promising pathway to resolve the collection of ribosomal 
structures involved in translation. 
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mRNA stem-loops can induce ribosome pausing by hindering A-site tRNA binding 

 

Chen Bao, Clarence Ling, Dmitri Ermolenko  

 

Department of Biochemistry & Biophysics at School of Medicine and Dentistry and Center for RNA Biology, 

University of Rochester, Rochester, NY,  USA 

 

During translation elongation the ribosome moves along mRNA in a codon-by-codon manner. Although the 
elongating ribosome is an efficient helicase, certain RNA stem-loop structures are known to impede ribosome 
movement along mRNA and stimulate programmed ribosome frameshifting in both bacteria and eukaryotes. 
Molecular mechanisms by which these mRNA stem-loops, also known as Frameshifting Stimulating Sequences 
(FSSs), perturb translation elongation are poorly understood. To delineate the effect of the FSS RNA hairpin on 
ribosome pausing from frameshifting, which may partially alleviate ribosome pausing, we study FSSs from E.coli 
dnaX mRNA and the gag-pol transcript of Human Immunodeficiency Virus (HIV) in the context of “non-slippery” 
codons that were previously shown to dramatically diminish frameshifting efficiency. Using single-molecule 
Förster resonance energy transfer (smFRET), we find that dnaX and HIV FSSs efficiently induce stalling of the 70S 
ribosome and inhibit ribosome intersubunit rotation that normally accompanies each translation elongation cycle. 
mRNA-induced ribosome pausing occurs when the ribosome encounters the FSS, i.e. when the FSS is positioned 
at the mRNA entry channel of the small subunit. Biochemical assays show that upon encountering the ribosome, 
dnaX and HIV FSSs interfere with A-site tRNA binding. The inhibition of the A-site tRNA binding by mRNA stem-
loops might be the common mechanism of the regulation of translation elongation shared by FSSs and other 
mRNA stem-loops that trigger ribosome pausing. 
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Biogenesis of mitochondrial ribosomes 

 

Antonio Barrientos, Rui Zeng 

 

University of Miami 

 

Mitoribosomes are specialized for the synthesis of hydrophobic membrane proteins encoded by mtDNA, all 
essential for oxidative phosphorylation. Despite their linkage to human mitochondrial diseases and the recent 
cryoelectron microscopy reconstruction of yeast and mammalian mitoribosomes, how they are assembled 
remains obscure. Here, we dissected the yeast mitoribosome large subunit (mtLSU) assembly process by 
systematic genomic deletion of 44 mtLSU proteins (MRPs). Analysis of the strain collection unveiled 37 proteins 
essential for functional mtLSU assembly, three of which are critical for mtLSU 21S rRNA stability. Hierarchical 
cluster analysis of mtLSU subassemblies accumulated in mutant strains revealed co-operative assembly of protein 
sets forming structural clusters and preassembled modules. It also indicated crucial roles for mitochondrion-
specific membrane-binding MRPs in anchoring newly transcribed 21S rRNA to the inner membrane, where 
assembly proceeds. Our results define the yeast mtLSU assembly landscape in vivo and provide a foundation for 
studies of mitoribosome assembly across evolution. 

  



 Poster - 12 - 

 

Deciphering the function of a putative class-1 release factor, RFH 

 

Zahra Batool, Yury Polikanov 

 

University of Illinois at Chicago 

 

During protein translation in bacteria, termination is controlled by class-1 release factors, RF1 and RF2, which 
recognize canonical stop codons UAA/UAG/UGA and hydrolyze newly synthesized proteins off the tRNA-carriers. 
Recently, a putative class-1 release factor, release factor homolog (RFH), has been identified in many Gram-
negative bacteria. It was suggested that RFH recognizes sense codons as stop signals which can be attributed to 
conserved differences in the decoding domain of the RFH, as compared to RF1 or RF2. We have observed that 
under normal growth conditions RFH is not expressed in E. coli and no growth defects were observed when the 
corresponding prfh gene is deleted or over-expressed. However, prfH is expressed under certain stress conditions. 
We hypothesize that RFH rescues stalled ribosomes during certain stress conditions by recognizing specific sense 
codons as stop signals and hydrolyzing the nascent polypeptide chain off the peptidyl-tRNA. To assess the function 
of RFH as a potential release factor, we will test for peptidyl hydrolysis activity and codon specificity of RFH in 
vitro. To understand the molecular basis of codon recognition, we will determine X-ray crystal structure of RFH 
bound to the 70S ribosome in the context of functional termination complex. We will also investigate the role of 
RFH in vivo under stress conditions. Together these approaches will help us unravel a potentially unique 
mechanism of codon-specific rescue activity. 
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Characteristics of the stress-induced 70SΔ43 ribosome and its promiscuity in initiation complex formation 

 

Heather Beck, Isabella Moll 

 

Max F. Perutz Laboratory, University of Vienna 

 

Bacteria possess a variety of mechanisms to reduce translational activity as a result of environmental stress. One 
such process involves the endoribonuclease MazF which, upon activation, cleaves single stranded ACA sequences 
thereby resulting in bulk mRNA degradation.  

However, in a subset of mRNAs, MazF effectively removes the 5’-untranslated region without complete 
degradation, meanwhile also cleaving the 16S rRNA to remove the anti-Shine-Dalgarno (aSD) sequence. Hence, a 
distinct population of ribosomes, termed 70SΔ43, is generated that translates the MazF-processed mRNA, thereby 
globally regulating protein synthesis.  

The stress-induced 70SΔ43 ribosomes are able to bind and translate the MazF-processed mRNA, despite the lack 
of the aSD sequence and the presence of a 5’-terminal hydroxyl group on the mRNA, which is known to be 
inefficiently bound by wild-type 70S ribosomes. These data suggest that the 16S rRNA cleavage removes a 
discriminatory element that generally differentiates against the 5’-hydroxyl end. This notion is supported by 
results which indicate that 70SΔ43 ribosomes do not distinguish between 5’-triphosphate and 5’-hydroxyl termini 
and form ternary complexes with either mRNA variant.  Conversely, the 5’-hydroxyl appears to have no effect on 
the binding of the 30S or 30SΔ43subunits, suggesting that the 30S subunit does not similarly examine 5’-termini 
as part of the mRNA recognition process. Differences in the kinetics between the 70S and 70SΔ43 ribosome 
complex formation on the 5’-hydroxyl termini were also demonstrated.  The identity of the 5’-terminus appears 
to impact initiation suggesting that 70S ribosomes scan mRNA termini which parallels the eukaryotic mode of 
translation initiation.  
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Structure of a hibernating 100S ribosome reveals an inactive conformation of the ribosomal protein S1 and E-
site tRNA 
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Jürgen M. Plitzko2, Daniel N. Wilson1 

 

1University of Hamburg 
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To survive under conditions of stress, such as nutrient deprivation, bacterial 70S ribosomes dimerize to form 
hibernating 100S particles. In Escherichia coli, 100S formation requires the ribosome modulation factor (RMF) and 
the hibernation promotion factor (HPF). While high-resolution structures exist of E. coli RMF and HPF bound 
individually to Thermus thermophilus 70S ribosomes, only low-resolution structures exist of the E. coli 100S 
particle. Here we present single particle cryo-electron microscopy structures of hibernating 70S and 100S particles 
isolated from stationary phase E. coli cells. Preferred orientation bias for the complete 100S particle was overcome 
using tilting during data collection. The structures reveal the bindings sites for HPF and RMF as well as the 
unexpected presence of enriched specific pool of deacylated E-site tRNA and the full ribosomal protein S1 in the 
100S particle. HPF interacts with the anticodon-stem-loop of the E-tRNA and occludes the binding site for the 
mRNA as well as A- and P-site tRNAs. RMF stabilizes a compact conformation of S1, which together sequester the 
anti-Shine-Dalgarno sequence of the 16S ribosomal RNA, thereby inhibiting translation initiation. At the 
dimerization interface, S1 and S2 form intersubunit bridges with S3 and S4 and the C-terminus of S2 probes the 
mRNA entrance channel of the symmetry related particle. The back-to-back 100S dimerization and inactivation 
mechanism mediated by HPF, RMF and S1 is distinct from that observed previously in Gram-positive bacteria. 
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YARIS: an in vivo assay for comprehensive study of translational readthrough 

 

Petra Beznoskova, Jakub Zeman, Zuzana Pavlíková, Leoš Shivaya Valášek 

 

Institute of Microbiology of the CAS, Prague 

 

Programmed translational readthrough is an important recoding event during protein synthesis with a regulatory 
potential, during which a stop codon is read as a sense codon by a near-cognate (nc) tRNA. As a result, translation 
continues to the next stop codon producing small amounts of C-terminally extended proteins that, however, might 
have specific roles in the cell, for example during stress. There are several known factors acting in cis or in trans 
that were shown to influence efficiency of readthrough. Here we have established the Yeast Applied Readthrough 
Inducing System (YARIS) to systematically examine what nc-tRNAs really efficiently promote readthrough at any 
of the three stop codons, and what influence the +4 base; i.e. the base immediately following stop codons, plays 
in this preferential tRNA selection, if any. This system, based on the previously established dual luciferase assay, 
allowed us to expand the decoding rules by defining the stop codon tetranucleotide-specific readthrough inducing 
tRNAs (rti-tRNAs). It also revealed that the basal level of readthrough is dependent on cellular levels of these rti-
tRNAs. The broad applicability of YARIS in systematic examination of any readthrough impacting factor is then 
demonstrated by screening the mutual influence of rti-tRNAs and selected readthrough inducing drugs, such as 
G418, paromomycin and tobramycin, on the readthrough efficiency at individual stop codon tetranucleotides. A 
wide range of genetic interactions was observed, suggesting that YARIS could be beneficial for screening the 
readthrough therapeutic candidates in applied research. 
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A novel pulse-chase system to study the fate of selected ribosomes 

 

Eliana Bianco, Philipp Kimmig, Matthias Peter 

 

Institute of Biochemistry, ETH Zürich, Switzerland 

 

Ribosomes are universally conserved cellular factories of protein synthesis. They are essential for life since 
increased protein synthesis is required for cell growth and proliferation. Different ribosome concentrations are 
regulated by the balance between ribosome biogenesis and ribosome degradation and by that dictate the growth 
rate of a cell. 

However, specific and efficient experimental tools to study the fate of individual ribosomes through their lifetime 
and in particular to measure their specific half-life in living cells are still missing. Previously, an in vivo biotinylation 
proximity labeling system for ribosomes has been developed. It uses a BirA ligase enzyme which covalently 
biotinylates endogenously avi-tagged 60S and 40S ribosomal proteins in the presence of biotin. However, this 
system doesn’t allow for time resolved biotinylation needed to follow labeled ribosomes over time. To circumvent 
this limitation, we have developed a “switch-off” feature to the proximity labeling system. As novelty, the system 
allows for spatial and temporal control of ribosome biotinylation including an additional chase step. Briefly, the 
expression of BirA enzyme is drug-titratable and the biotin labeling in the cytoplasm only occurs in biotin-rich 
medium (pulse). To ensure a temporal control of ribosome labeling (chase), biotinylation is rapidly switched-off 
by drug-induced degradation of the BirA ligase. Pulse-chase labeled ribosomes can then be followed over time, 
purified and characterized in any kind of experimental condition. As a proof of principle, nutrients scarcity induces 
ribosome degradation and applying this system to nitrogen starved cells allowed us to measure the half-life of 
ribosomes opening new questions about the mechanism and dynamics of their degradation. This novel proximity 
labeling pulse-chase system fills a gap among the necessary tools to study ribosome homeostasis and constitutes 
a powerful method for its applicability in living cells. 
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Evidence for direct interaction between RNA polymerase and the small ribosomal subunit 

 

Gregor Blaha, Adam B Conn, Stephen Diggs, Preston B. Williams, Yinsheng Wang 

 

University of California, Riverside 

 

In E. coli, RNA polymerase can directly bind ribosomes. This direct interaction may enable the coordination of the 
RNA polymerase and ribosome during transcription-translation coupling. The coupling is exploited for gene 
regulation to enable immediate response to environmental changes.  

To establish transcription-translation coupling, small ribosomal subunits have to be recruited to the nascent RNAs 
to initiate translation. Here, we report the recruitment of the small ribosomal subunit by RNA polymerase. Similar 
to the binding of ribosomes to RNA polymerase, the small ribosomal subunit binding to RNA polymerase is 
modulated by the conformation and functional states of both macromolecules. The RNA polymerase binding site 
on the small ribosomal subunit was identified by chemical crosslinking followed by LC-MS/MS and is centered on 
the mRNA exit site of the small ribosomal subunit. 
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Endogenously encoded ribosomal RNA sequence variation within the assemble ribosome can regulate stress 
response gene expression and phenotype 

 

Scott Blanchard1, Chad M. Kurylo1, Matthew M. Parks1,  Manuel F. Juette1, Boris Zinshteyn2,  Roger B. Altman1, 
Jordana K. Thibado1, C. Theresa Vincent1 
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Prevailing dogma holds that ribosomes are uniform in composition and function. Single-molecule investigations 
of translation reveal, however, that the ribosome and translation factors visit metastable, transient intermediates 
that can be highly sensitive to even modest perturbations, including small-molecule drugs and single-nucleotide 
substitutions in ribosomal RNA (rRNA). These insights suggest the possibility that subtle changes in the ribosome's 
composition may have functional impacts. Recent evidence further implicates changes in the ribosome's core 
protein composition with gene-specific changes in translational efficiency. In this light, we set out to examine the 
potential physiological impacts of endogenously encoded sequence variations in the rRNA components of the 
assembled ribosome. Mammalian genomes encode hundreds of ribosomal DNA operons (rDNA) that exhibit 
extensive sequence variation with the rRNA components of the ribosome, which are both conserved and 
expressed in a tissue-specific fashion. Using E.coli as a genetically tractable model system, we now show that 
nutrient limitation-induced stress changes the relative expression of rDNA operons to alter the ribosomal RNA 
(rRNA) composition within the actively translating ribosome pool. The most upregulated operon encodes the 
unique 16S rRNA gene, rrsH, distinguished by conserved sequence variation within the small ribosomal subunit. 
rrsH-bearing ribosomes alter the levels of the RpoS sigma factor, the master regulator of the general stress 
response, to affect the expression of functionally coherent gene sets. These impacts are associated with 
phenotypic changes in antibiotic sensitivity, biofilm formation, and cell motility, and are regulated by ribosome-
associated stress response proteins. Specific aspects of these phenotypic differences could be reconstituted in 
vitro using highly purified translation components. These findings establish that endogenously encoded, naturally 
occurring rRNA sequence variation can modulate ribosome function, central aspects of gene expression 
regulation, and cellular physiology. 
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In eukaryotes, translation elongation is performed by two canonical translation factors, eEF1A and eEF2. However, 
in fungi, an additional essential factor, elongation factor 3 (eEF3), is involved in this step. eEF3 binds to the 
ribosome across the 40S and 60S subunits in proximity to the E site, but does not interfere with the binding of 
eEF1A or eEF2. Even though several hypotheses have been proposed, the exact function of eEF3 during translation 
elongation remains to be elucidated. Here, we address the function of eEF3 during translation elongation using 
rapid kinetics codon walk approach in the fully reconstituted yeast in vitro translation system. 
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The translation apparatus —or ribosome— is a target for many drugs. Among the most promising sites for 
therapeutic intervention, expansion segments within the ribosomal RNA show a strong potential because they 
carry out species-specific functions. We show here the reconstructions of the ribosome from four different types 
of parasites, which were made possible by recent advances in cryo-electron microscopy. Our comparative analysis 
at atomic or near-atomic resolution rationalizes our budding understanding of the roles of expansion segments 
and lays the basis for further functional as well as drug-design studies. 
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Programmed -1 ribosomal frameshifting during the translation of bacterial dnaX, occurs while two tRNAs are 
bound to the slippery sequence codons and the ribosome is paused by a downstream mRNA stem-loop structure. 

Mutations of the slippery sequence have dramatic effects on the frameshift efficiency. Combining biochemistry, 
kinetic experiments and Bayesian statistics, we show that the efficiency of -1 frameshifting can be predicted based 
on the free-energy difference of the tRNA-mRNA interactions in the 0 and the -1 reading frame. The observation 
that the free-energy difference determines the probability of ending up in either reading frame indicates that the 
ribosome is paused to such a degree that the free-energy barrier hindering the change of the reading frame can 
be overcome. Therefore, the frameshifting is controlled by thermodynamics and not by kinetics. Further, the base-
pair free energies obtained from our analysis allow us to quantify the effect that the ribosomal environment has 
on the strength of the base pairs in the P and A sites. 
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In response to metabolic conditions, protein synthesis is regulated in a variety of ways that often involve the 
interaction of effector proteins with the ribosome. However, the physiological functions and mechanisms of action 
of many of these translation regulatory factors remain poorly characterized. We have reported that Escherichia 
coli EttA, the most prevalent member of ATP Binding Cassette F (ABC-F) protein sub-family is a novel translation 
regulatory factors that gates entry of the ribosome into the translation elongation cycle in response to the cellular 
ATP/ADP ratio. We are now investigating the physiological response of the cell to the deletion of the ettA gene. 
We have shown that EttA is important during phosphate depletion and growth on specific carbon sources. We are 
using proteomic and transcriptomic approaches to identify which proteins synthesis are affected by EttA during 
the physiological response to the stress. 

E. coli has three paralogs of EttA for which the function remains unknown. They are all presumably involved in the 
translation process because inhibition of their ATPase activity leads to inhibition of protein synthesis. Strain 
deleted for the paralogs show different phenotype than ettA deleted strain, suggesting different regulations. We 
will present our preliminary results on their effects on the bacteria physiology. 

Since EttA is involved in energy regulation we are studying orthologs in an organism that uses drastically different 
energy sources like the photosynthetic cyanobacterium Synechocystis. Our results suggest that two of the ABC-Fs 
are necessary to protect the bacteria against excess of light and that both of the ABC-F proteins interact with the 
ribosome. Preliminary results suggest that the two ABC-F proteins are involved in the photosystem recovered. 
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Multiple age-related metabolic alterations have been associated with a decline in mitochondrial function. We 
have established an experimental model of mitoribosomal misreading conferred by mutation V338Y in 
mitochondrial ribosomal protein S5 (MrpS5). We have used RNAseq of post-mitotic tissues (brain, muscle) from 
homozygous knock-in mutant V338Y MrpS5 mice to study the transcriptional changes associated with 
mitoribosomal misreading and, in particular, the link to organismal aging. Surprisingly, the V338Y mutation 
resulted in little overall changes in the transcriptome. However, further metabolomics studies in skeletal muscle 
revealed that the V338Y mutation conferred enhanced metabolic aging associated with increased pentose 
phosphate pathway activity and enhanced glycolysis and fatty acid biosynthesis. 
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The homoplasmic nucleotide 1555 A to G substitution in the A-site of mitochondrial 12S rRNA is associated with 
maternally transmitted sensorineural deafness of variable penetrance in the absence of otherwise overt disease. 
Here, we recapitulate the suggested A1555G-mediated pathomechanism in an experimental model of 
mitoribosomal mistranslation. We first established that the ratio of cysteine / methionine incorporation and read-
through of mtDNA-encoded MT-CO1 protein constitute reliable measures of mitoribosomal misreading. We then 
used in-silico protein modelling to demonstrate that replacing valine with tyrosine at amino acid position 336 of 
the human mitoribosomal protein MRPSS5 results in sterical hindrance within the protein C-terminal domain. 
Next, we demonstrated that human HEK293 cells expressing mutant V336Y MRPS5 show an increased 
mitoribosomal mistranslation. As with immortalized lymphocytes of individuals with the pathogenic A1555G 
mutation, little changes were found in the transcriptome of mutant V336Y MRPS5 HEK cells, except for a 
coordinated upregulation of transcripts for cytoplasmic ribosomal proteins. The introduction of the homologous 
mutation V338Y into C57BL/6 mice gave rise to homozygous knock-in mutant Mrps5 animals with impaired 
mitochondrial function as revealed by decreased respiration in brain cortical mitochondria. V338Y mutant mice 
showed a phenotype composed of enhanced susceptibility to noise-induced hearing damage and anxiety-related 
behavioral alterations. The characteristics observed in V338Y mutant mice point to a key role for mitochondrial 
function in stress-related behavioral and physiological adaptations. 
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The ribosome, a multi component universal particle that is composed of RNA and proteins, translates the genetic 
code into proteins in all living cells. Active ribosomes are essential for cell life therefore inhibiting their function 
will damage the cell.  Currently, about 40% of the clinically used antibiotic compounds target functional centers 
in the ribosome. 

The macrolides have been known as antibacterial drugs from the beginning of the 1950s and are used to treat 
gram positive bacterial infections as well as a limited number of gram negative bacteria. They are well established 
as clinically used antibiotics and known for their broad antimicrobial spectrum as well as relatively high margin of 
safety. Their structure is composed of a macrolactone ring with variety of ring sizes, to which one or more sugars 
as well as various short chemical moieties are attached.  

Macrolides were shown to inhibit protein biosynthesis by binding to the nascent peptide exit tunnel (NPET) in 
proximity to the peptidyl transferase center (PTC), thus interfering with nascent chain progression. 

We have determined the crystal structure of the D. radiodurans large ribosomal (D50S) subunit in complex with 
five biosynthetically made macrolides, shedding light on their binding, inhibition, selectivity and resistance modes 
of action. 
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Protein synthesis is a key target of action for many classes of antibiotics, including the proline rich antimicrobial 
peptides (PrAMPs) produced by multicellular organisms. PrAMPs reach their intracellular target through 
specialized membrane transporters. We previously showed that the PrAMP Apidaecin (Api) has the unique 
mechanism of arresting translation termination by penetrating the nascent peptide exit tunnel (NPET) after 
peptide hydrolysis and trapping the release factors (RF1 or RF2) on the ribosome. The cryoEM analysis of the Api-
bound terminating ribosome showed that the orientation of Api in the NPET matches that of the ribosome-
synthesized nascent chain: the Api N-terminus extends down the tunnel and the C-terminal amino acids interact 
with the P-site tRNA and with the RF in the A site. A number of Api residues interact with rRNA nucleotides and 
ribosomal proteins of the NPET. However, it remained uncertain which of those potential interactions between 
Api and the ribosome are essential for the binding and consequent inhibitory function of Api. To address this 
question and also to select more active Api analogs, we established an experimental model that, instead of relying 
on exogenously added synthetic Api, employs endogenously expressed Api in the bacterial cell from a plasmid 
vector. Using this system, we have prepared a library of 512 plasmid variants expressing Api analogs with single 
amino acid mutations at every Api position. This system allows selection of the most inhibitory Api variants and 
will help us identify which mutations diminish Api binding and inhibitory action. Our experimental Api expression 
system can be also implemented for the selection of species-specific Api varieties. Additionally, the minimalist 
active Api gene could serve as a convenient counter-selective marker in genetic experiments.
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Translation speed and nascent chain folding rates appear to be balanced to ensure high efficiency of native protein 
folding over a range of growth temperatures. To investigate the relationship between these parameters we are 
using E. coli mutants harboring streptomycin pseudo-dependent ribosomes. These mutants allow to alter 
translation rates by adjusting the streptomycin concentration in the growth media, while maintaining the growth 
temperature constant, hence the protein folding environment unchanged. We determined a 3.7-fold reduction in 
global translation speed by lowering the streptomycin concentration from 25 to 1 µg/ml, and a 6.5-fold reduction 
in 1 µg/ml streptomycin-grown mutants as compared to wt cells, with gene-specific variations in translation speed 
of 2- to 10-fold.  

Slow-down of translation speed at 1 µg/ml streptomycin caused massive aggregation of hundreds of proteins, 
especially large proteins with long synthesis times. Aggregation massively increased further in Trigger Factor (TF)-
deficient ∆tig mutants depleted for DnaK, and deletion of DnaK alone caused lethality. Given this increased 
chaperone dependency, we employed TF- and DnaK-selective ribosome profiling to investigate whether the 
pattern of nascent chain interactions of chaperones is altered in these cells. However, we observed very similar 
nascent chain binding patterns as compared to fast translating cells, indicating TF and DnaK interact with nascent 
chain substrates in translation speed independent manner. We conclude that although the nascent chain 
interaction profiles of the chaperones involved are unchanged, large proteins have major folding problems when 
translation speed is lowered in a constant folding environment. We speculate this is due to untimely, incorrect co-
translational interactions between folding (sub)domains of proteins. Overall this study reveals that synthesis and 
native folding are in delicate balance, sensitive to even small perturbations.  
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The Ccr4-Not complex is an essential and conserved multisubunit complex in eukaryotes. It comprises at least nine 
core subunits and it is involved in almost every aspects of gene regulation. In the nucleus, it functions in 
transcription and mRNA export. In the cytoplasm, it exerts its main function as the major cellular deadenylase. 
Thereby it initiates degradation of the majority of mRNAs by shortening of the 3'-poly-A-tail, which is typically 
followed by removal of the 5'-cap and 5'-to-3' degradation. Although it has been established that mRNA 
degradation can occur co-translationally, it is not clear whether the Ccr4-Not complex engages in deadenylation 
while directly associated to the translation machinery. In the context of translational regulation, however, the 
Ccr4-Not complex has been linked to translating ribosomes. The Not4 subunit, has been shown to ubiquitinate 
the small ribosomal subunit and the Not5 subunit appears to be important for polyribosome levels in yeast1. In 
absence of structural snapshots of interactions between the Ccr4-Not complex and the ribosome, the underlying 
molecular mechanisms remain unclear.  

We report the cryo-EM analysis of an endogenous complex between the yeast 80S ribosome and Ccr4-Not. Our 
structure elucidates molecular details of the interaction between a highly conserved subunit of the complex, 
which serves as an anchor, and the ribosome. Notably, presence of this subunit and the translation factor eIF5A 
are mutually exclusive. Moreover, the observed interaction is specific for late ribosomal initiation complexes with 
an initiator-tRNA present in the P-site. Taken together, the structure elucidates a direct physical link between the 
Ccr4-Not complex and the ribosome, and serves as a basis for deciphering the complex role of Ccr4-Not during 
translation. 
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During protein synthesis, the ribosome translocates along messenger RNA in one-codon steps, catalyzed by the 
GTPase activity of elongation factor EF-G. mRNA secondary structures constitute mechanical barriers that must 
be overcome prior to translocation, since the entry tunnel on the ribosome can only accommodate single-stranded 
RNA. Several positively charged amino acid side chains located at the entry tunnel are known to facilitate this 
opening but it is not known whether this disruption occurs prior to or concomitantly with translocation. Likewise, 
what parts of the translation cycle are affected by the presence of the barrier is not known. Specifically, does a 
barrier decrease the rate of EF-G catalyzed mRNA translocation? Does it result in several futile EF-G catalysis 
events? These questions reflect the fact that, during their operation, molecular machines progress simultaneously 
along multiple chemical and mechanical reaction coordinates. To adequately describe their complex dynamics, it 
is necessary, therefore, to monitor several of these coordinates in a co-temporal manner. We have built an ultra-
high-resolution optical tweezers instrument which possesses single molecule fluorescence detection capability 
and we have used it to grab an mRNA hairpin by its ends while it is being translated by a single ribosome. As a 
result, we can monitor in parallel hairpin opening (tweezers signal) and EF-G binding (fluorescence signal) as a 
function of the tension applied to the hairpin, which can be used to increase or decreased the magnitude of the 
barrier. We find that the helicase (barrier opening) and translocase activities of the ribosome are tightly coupled 
taking place concomitantly and simultaneously. Surprisingly, the presence of a mechanical barrier biases 
ribosomes prior to EF-G binding into an alternative 7-fold slower pathway (slow ‘gear’) that primes the ribosomes 
into a state competent for hairpin unwinding.  Furthermore, the co-temporal detection of the tweezers and 
fluorescence signals reveals that occasionally the hairpin is opened in two successive sub-codon steps while EF-G 
remains bound to the ribosome. Our experiment suggests that these split codons correspond to intermediate 
states of the head rotation which has been implicated in the movement of the mRNA relative to the 30S body 
during translocation. 
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Bacterial translation initiation entails the tightly regulated joining of the 50S ribosomal subunit to an initiator 
transfer RNA (fMet-tRNAfMet)-containing 30S ribosomal initiation complex (IC) to form a 70S pre-IC (PIC) that 
subsequently matures into an elongation-competent 70S IC. Rapid and accurate 70S PIC formation is promoted 
by 30S IC-bound initiation factor (IF) 1 and the guanosine triphosphatase (GTPase) IF2, both of which must 
ultimately dissociate from the 70S PIC before the resulting 70S IC can begin translation elongation. Specifically, 
the GTP-form of 30S IC-bound IF2 ensures the fidelity of fMet-tRNAfMet selection by coupling recognition of fMet-
tRNAfMet by IF2 to an increase in the rate with which IF2 can promote 50S subunit joining to the 30S IC. Based on 
a combination of molecular genetics, biochemistry, and single-molecule fluorescence resonance energy transfer 
(smFRET) studies, we have recently proposed an allosteric mechanism in which a GTP- and fMet-tRNAfMet-
dependent conformational change of 30S IC-bound IF2 is principally responsible for conferring rapid 50S subunit 
joining. To test this hypothesis, we have developed novel intramolecular IF2-IF2 smFRET signals that enable us to 
directly characterize the intramolecular structural dynamics of 30S IC-bound IF2 during fMet-tRNAfMet 
recognition. Complementing these smFRET studies, we have used time-resolved cryogenic electron microscopy 
(TR cryo-EM) to produce the first, near-atomic-resolution view of how a time-ordered series of conformational 
changes drive and regulate 50S subunit joining, IF dissociation, and fMet-tRNAfMet positioning during 70S PIC 
formation and maturation of the 70S PIC into a 70S IC. Integration of our smFRET and TR cryo-EM results provides 
a time-resolved, atomic-resolution model that describes the mechanism and regulation of IF2-mediated 50S 
subunit joining and 70S IC formation. 
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Recent structural and biochemical studies have demonstrated that in vivo ribosome-dependent protein synthesis 
in bacteria requires an increasing number of non-canonical translation factors. Many of them are universally 
conserved GTPases such as HflX (1) and LepA (2). Among these emerging translation factors the protein YchF is of 
particular interest. Its sequence is highly conserved and although annotated as a GTPase YchF binds and 
hydrolyses ATP more efficiently than GTP (3,4). We demonstrate that YchF is essential at low temperatures and 
provides a strong fitness advantage at 37°C. Together with its expression profile, this suggests a role of YchF during 
ribosome biogenesis. Here we report for the first time structural information revealing YchF bound to the bacterial 
ribosome in complex with a non-coding RNA (ncRNA). Overall the YchF-ncRNA complex resembles the shape of 
several canonical translation factors, thereby allowing YchF to mimic the interactions these translation factors 
make with the ribosome. We propose based on the data presented, that YchF and the ncRNA are involved in 
ribosome quality control to ensure proper function during protein synthesis. Furthermore, our detailed 
biochemical analysis reveals a previously unidentified enzymatic activity of YchF that is consistent with its role in 
ribosome quality control. The fitness advantage conferred by YchF and its potential role in ribosome biogenesis 
represent new point of regulation during ribosome- dependent protein synthesis in bacteria that has the potential 
to become a target of novel antibiotics. 

1. Coatham, M., ..., Wieden, HJ, Nucleic Acid Res., 2016 

2. Heller JLE, ..., Wieden, HJ, Mol Cell Biol. 2017 

3. Rosler, K., ..., Wieden, HJ, J Biol. Chem., 2015 
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A translating ribosome stalls when it encounters the end of a non-stop mRNA, truncated during cellular stress or 
other conditions (Hayes and Keiler, 2010; Keiler, 2015) . ArfB (alternative rescue factor B) rescues ribosomes 
stalled on truncated mRNAs by hydrolyzing peptidyl-tRNA (Chadani et al., 2011). ArfB crystal structure, formed 
with an mRNA truncated after the P-site codon, (Gagnon et al., 2010) showed that the C-terminal α-helix of ArfB 
binds in the mRNA entry tunnel downstream of the A site. ArfB function therefore appears incompatible with 
longer mRNAs. However, biochemical data demonstrate that ArfB can act on ribosomes stalled on a rare codon 
cluster suggesting that ArfB can function on mRNAs containing codons beyond the P-site (Handa et al., 2011). In 
this work, we sought to test this possibility. We used kinetic assays and single-particle cryo-EM to elucidate the 
mechanism of ArfB action on a 70S ribosome loaded with an mRNA extending beyond the P site. 
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rRNAs play a central role in the translation process, by monitoring monitor codon:anti-codon recognition, 
coordinating ribosomal subunit activity and catalysing peptide-bond formation. rRNAs contain over 200 naturally 
occurring chemical modifications which stabilize rRNA structure and create additional molecular interactions not 
provided by non-modified nucleotides. We, and others, showed that rRNA chemical modifications contribute to 
fine-tuning of ribosome function and modulate translational activity of ribosomes in normal and cancer cell.  

5-fluorouracil (5-FU) is the most widely used chemotherapy to treat patients with solid tumours. While it was 
developed to inhibit DNA replication, 5-FU toxicity relies largely on altering cellular RNAs pathways, including 
mRNA translation. However, the mechanisms by which 5-FU alters translation remain to be elucidated. Here we 
show, that in cancer cells treated with clinically relevant doses of 5-FU, ribosome production was maintained, 
despite a decrease of rRNA processing. Using an improved HPLC/MS approach, we demonstrate that 5-FU 
incorporates into ribosomal RNAs (rRNA) and leads to production of fluorinated ribosomes (F-ribosomes). F-
Ribosomes are produced in cell lines of different cancer origin, in xenograft tumours and in colorectal tumours of 
patients. Most importantly, F-ribosomes appears functional and can engage in translation. Yet, they display a 
selective translational activity toward mRNAs carrying different 5'-untranslated regions (5'UTR). Therefore, 
incorporation of 5-FU into rRNA is likely to modify rRNA functions. This work emphasize that chemotherapeutic 
agents may induce non-natural chemical modifications of cellular complexes and entail a change of function rather 
than an inhibition. Understanding the functions of such “human made” biological complexes may be instrumental 
to understanding and improvement of currently used chemotherapies. 
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Nascent polypeptides can modulate the polypeptide elongation speed on the ribosome. Here, we show that 
nascent chains can even destabilize the translating Escherichia coli ribosome from within. This phenomenon, 
termed intrinsic ribosome destabilization (IRD), occurs in response to a special amino acid sequence of the nascent 
chain, without involving the release or the recycling factors. Typically, a consecutive array of acidic residues and 
those intermitted by alternating prolines induce IRD. The ribosomal protein bL31, which bridges the two subunits, 
counteracts IRD, such that only strong destabilizing sequences abort translation in living cells. We found that MgtL, 
the leader peptide of a Mg2+ transporter (MgtA), contains a translation-aborting sequence, which sensitizes the 
ribosome to a decline in Mg2+ concentration and thereby triggers the MgtA-upregulating genetic scheme. 
Translation proceeds at an inherent risk of ribosomal destabilization, and nascent chain-ribosome complexes can 
function as a Mg2+ sensor by harnessing IRD. 
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Bacterial ribosomes stall on the end of truncated mRNAs because the lack of mRNA surveillance systems causes 
these mRNAs to persist in the cell. These stalled ribosomal complexes cannot be resolved by canonical translation 
termination machinery, as release factors RF1 and RF2 require interactions with a stop codon to hydrolyze the 
peptidyl-tRNA in the ribosomal P site. Three mechanisms have evolved to rescue these stalled ribosomes and 
maintain healthy protein synthesis levels. tmRNA-SmpB mediated trans-translation is the most well-characterized 
of the three, and is common to many bacterial species. The more recently identified ArfB- and ArfA-mediated 
rescue pathways are not as well studied. 

Here we investigate the mechanism of ribosome rescue by ArfB, a protein that is conserved in Gram-negative 
bacteria and has eukaryotic homologs that are targeted to mitochondria. We use a bacterial in vitro translation 
system to examine the kinetics of ArfB-mediated peptidyl-tRNA hydrolysis, and probe the interactions between 
ArfB and the ribosome using fluorescence-based methods. We also use affinity purification mass spectrometry to 
characterize endogenous ArfB. A detailed understanding of ArfB will give insights into the role of non-canonical 
release factors in bacterial translation, and provide a basis for research on ribosome rescue in mitochondria. 
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Protein synthesis is an essential process in all living organisms and it is catalyzed by the ribosome. Structural 
studies of the ribosome and of its complexes have provided pivotal insights into the process of protein synthesis. 
While the general process of protein synthesis is quite well understood, we still lack a clear understanding of 
numerous fundamental questions central to ribosome structure and function. The main focus of our lab is 
answering those questions using X-ray crystallography. Specifically, I am interested in ribosome hibernation, a 
conserved process in bacteria that occurs during stress, where ribosomes undergo reversible inactivation 
mediated by the action of specific proteins termed hibernation factors. Although ribosome hibernation is 
relatively well explored in Escherichia coli and a few other bacteria species, this mechanism varies between 
bacteria species and is not yet studied in most human pathogens. The objective of this proposal is to (i) determine 
if Pseudomonas aeruginosa and Thermus thermophilus hibernation factors exhibit interchangeability and cause 
dimerization of non-cognate ribosomes from a different bacterium, (ii) identify which hibernation factor drives 
dimerization in P. aeruginosa and to (iii) elucidate the ribosome hibernation mechanism in P. aeruginosa. The 
results of my proposed research will answer a long-standing question in this field, provide crucial insights into 
ribosome hibernation in bacteria, alter current theories regarding ribosome hibernation and provide a foundation 
for future development of anti-bacterial therapies. 

  



 Poster - 37 - 

 

Evidence argue against a mechanism to ensure coupling of transcription and translation 

 

Menglin Chen, Kurt Fredrick 

 

Department of Microbiology, Ohio State Biochemistry Program, and Center for RNA Biology, The Ohio State 

University, 484 W. 12th Ave, Columbus, Ohio, 43210 

 

In prokaryotes, the synthesis of RNA and protein occurs simultaneously in the cytoplasm. A number of studies 
indicate that translation can strongly impact transcription, a phenomenon often attributed to physical coupling 
between RNA polymerase (RNAP) and the lead ribosome on the nascent mRNA. Whether there generally exists a 
mechanism to ensure or promote RNAP-ribosome coupling remains unclear. Here, we used an efficient 
hammerhead ribozyme and developed a novel reporter system to measure ‘single’- versus multiple-round 
translation in E. coli. Six pairs of co-transcribed and differentially-translated genes were analyzed. For five of them, 
the stoichiometry of the two protein products came no closer to unity (1:1) when the rounds of translation were 
severely reduced in wild-type cells. Introduction of mutation rpoB(I572N), which slows RNAP elongation, could 
promote coupling, as indicated by stoichiometric SspA and SspB products in the ‘single’-round assay. These data 
are consistent with models of stochastic coupling, where the probability of coupling depends on the relative rates 
of transcription and translation, and suggest that RNAP often transcribes without a linked ribosome. 
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Chloramphenicol (CHL) and linezolid (LZD) are clinically relevant antibiotics that inhibit translation by binding to 
the peptidyl transferase center of the ribosome. Previously, both CHL and LZD has been suggested to block peptide 
bond formation between all combinations of amino acids based on its position within the ribosome. Yet recently, 
a strong nascent-peptide context-dependency of CHL- and LZD-induced translation arrest has been discovered, 
suggesting a more complex mechanism whose key aspects remained unknown. Here, we gained critical insights 
into the CHL and LZD mode of action by using single-molecule fluorescence microscopy and cryo-electron 
microscopy (cryo-EM) to monitor dynamic structural changes during the translation arrest induced by the 
presence of antibiotics and the relevant nascent peptide context. We observed that the presence of CHL or LZD 
does not alter dynamics of translation outside of the arrest-context of the nascent peptides. In the arrest-context, 
CHL or LZD do not preclude binding and full accommodation of the cognate aminoacyl-tRNA in the A site, but 
inhibit peptidyl transfer and cause the A-site tRNA to undergo repeated rounds of eventual dissociation and 
rebinding. The glycyl amino-acid moiety on the accommodated A-site tRNA helps to overcome the arrest, resulting 
in peptidyl-transfer and continuation of translation in spite of the antibiotic presence. Our single-molecule and 
cryo-EM data complementarily illuminate the mechanism of CHL and LZD action through their interactions with 
the ribosome, the nascent peptide and the incoming amino-acid. 
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MicroRNAs (miRNAs) are 21-24-nucleotide RNAs present in many eukaryotes that regulate gene expression as 
part of the RNA-induced silencing complex. The sequence identity of the miRNA provides the specificity to guide 
the silencing effector Argonaute (AGO) protein to target mRNAs via a base-pairing process. The AGO complex 
promotes translation repression and/or accelerated decay of this target mRNA. There is overwhelming evidence 
both in vivo and in vitro that translation repression plays a major role. However, there has been controversy about 
which of these three mechanisms is more significant in vivo, especially when effects of miRNA on endogenous 
genes cannot be faithfully represented by reporter systems in which, at least in metazoans, the observed 
repression vastly exceeds that typically observed for endogenous mRNAs. Here, we provide a comprehensive 
global analysis of the evolutionarily distant unicellular green alga Chlamydomonas reinhardtii to quantify the 
effects of miRNA on protein synthesis and RNA abundance. We show that, similar to metazoan steady-state 
systems, endogenous miRNAs in Chlamydomonas can regulate gene expression both by destabilization of the 
mRNA and by translational repression. However, unlike metazoan miRNA where target site utilization localizes 
mainly to 3′ UTRs, in Chlamydomonas utilized target sites lie predominantly within coding regions. These results 
demonstrate the evolutionarily conserved mode of action for miRNAs, but details of the mechanism diverge 
between the plant and metazoan kingdoms. 
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Mitochondria are organelles responsible for the production of adenosine triphosphate (ATP) and represent the 
primary energy producers in eukaryotic cells. Their small double-stranded DNA encodes for 13 polypeptides 
essential for oxidative phosphorylation (OXPHOS). Mitoribosomes are macromolecular complexes structurally and 
functionally conserved across vertebrates that are responsible for protein synthesis in mitochondria. Only few 
factors involved in the mitoribosomal assembly pathways have been characterised so far. In bacteria, several 
GTPases are involved in the assembly of either 50S or 30S subunit. Among these, ObgE has been identified to 
interact with 50S subunit. In this study we characterised two human Obg-family members, GTPBP10 and GTPBP5, 
both interacting specifically with the mtLSU. Interestingly, in presence of the non-hydrolyzable analog of GTP, the 
binding of GTPBP10 to the mtLSU is enhanced, whereas for GTPBP5 is reduced, suggesting their different 
mechanisms of action. We also show that depletion of either GTPBP10 or GTPBP5 leads to impairment in the 
OxPhos system, marked reduction in mitochondrial translation and decreased levels of 55S monosome, thus 
suggesting a role of both proteins in the late stage maturation of the mtLSU.
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Nascent proteins can begin to fold from N- to C-terminus as they are synthesized by the ribosome. The maximum 
speed for co-translational folding is regulated by the rate of translation elongation, which adds an additional layer 
of spatial and temporal regulation to the folding process. Changes to elongation rate can alter co-translational 
folding mechanisms of some proteins. However, the specific effects of elongation rate on the population of 
specific folding intermediates have proven difficult to observe, due to both the transient nature of folding 
intermediates and the paucity of signals available to detect protein folding in vivo. Elongation rate has long been 
regarded as sensitive to synonymous codon usage, with rare codons translated more slowly than common codons, 
although such effects have proven difficult to detect as differences in mRNA occupancies in ribosome profiling 
experiments. We have developed a sensitive system to detect effects of synonymous codon substitutions on co-
translational folding in E. coli, coupling the success of folding to E. coli fitness. We find that position-specific 
synonymous codon changes can have dramatic effects on folding yield, particularly at those positions that 
correspond to sub-domain “motif” structures. However, widespread substitutions to more common synonymous 
codons can increase gene expression and mask the effects of some folding defects. 
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Rotation of the 30S ribosomal subunit head domain is an integral component of the translocation step of protein 
synthesis. The aminocyclitol antibiotic spectinomycin impedes movement of the head domain and thus impairs 
translocation by binding to a critical Hinge 2 at the junction of helices 34 and 35. Here we report that our model 
organism, the thermophilic bacterium Thermus thermophilus, is insensitive to spectinomycin at its optimal growth 
temperature, but becomes sensitive at sub-optimal growth temperatures. These observations indicate that the 
extreme growth temperature of T. thermophilus provides sufficient thermal energy to overcome inhibition by 
spectinomycin, and are consistent with a model in which spectinomycin acts by increasing the activation energy 
of a conformational transition involving 30S subunit head motion. We have observed a similar temperature-
dependent sensitivity to the aminocyclitol antibiotic kasugamycin, known primarily as an inhibitor of 30S initiation 
complex formation. Kasugamycin binds to a second hinge, Hinge 1 at the junction of helices 28 and 29, which is 
also involved in positioning of the 30S head domain. The temperature dependence of sensitivity of T. thermophilus 
to spectinomycin and kasugamycin suggests that stabilization of a specific conformation of the 30S head domain 
underlies the mechanism of inhibition by these antibiotics.   
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The assembly of large multimeric complexes is challenging in the crowded cytoplasm. In this work we reveal a 
mechanism that ensures accurate production of the proteasome and involves ribosome pausing and co-
translational assembly of Rpt1 and Rpt2. We show that the N-terminal disordered domain of Rpt1 is necessary for 
assembly of ribosome-associated nascent Rpt1 protein complexes into soluble heavy particles in which the RNCs 
are stable and escape ribosome quality control. These particles contain the Ccr4-Not complex scaffold Not1. We 
call them Not1-Containing Assemblysomes (NCA) because they are favorable for co-translational assembly of Rpt1 
and Rpt2. Immunofluorescence and in situ hybridization studies indicate that Rpt1- and Rpt2-encoding mRNAs co-
localize with these particles. Further, these particles are smaller and distinct from other RNA granules such as 
stress granules, GW- or P-bodies. Synthesis of Rpt1 with ribosome pausing and NCA induction is conserved from 
yeast to human cells. 
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The coordinated expression of gene products from overlapping coding sequences through programmed ribosomal 
frameshifting (PRF) has been described in the expression of many viral and a growing number of cellular genes. 
Sites of PRF typically contain a stimulatory mRNA secondary structure which promotes the change of frame during 
decoding of a heptanucleotide “slippery” sequence. The genome of the economically-important arterivirus 
porcine reproductive and respiratory syndrome virus (PRRSV) is unusual in that it contains two sites of PRF, one 
at the pp1a/pp1b overlap that facilitates expression of the viral replicase, and a second, non-canonical signal, 
which induces both -1 and -2 PRF to generate alternative forms of the viral protein nsp2. The latter signal is unusual 
in that the stimulatory element is not an RNA structure, but a protein complex of viral nsp1β and host poly(C) 
binding protein (PCBP). 

We investigated frameshifting in PRRSV by ribosome profiling, using the vaccine strain, SD95-21 and a derivative 
with mutations at the nsp2 site that render it PRF-defective. Highly efficient PRF was observed at both the 
canonical, RNA pseudoknot-dependent -1 PRF site (efficiency of 43-56%), and the nsp1�/PCBP site (combined -1 
and -2 PRF efficiency of 20-24%). Analysis of the genomic distribution and read depth of classical ribosome-
protected fragments (RPFs) of ~29 nucleotides (nt) did not reveal any obvious ribosome pausing at either PRF site. 
However, when we analysed a group of shorter RPFs (~21 nt) that likely represent ribosomes captured in a rotated 
state, a pause was evident at the non-canonical frameshift site of the WT virus when compared to the PRF-
defective mutant. This supports the hypothesis that pausing has functional significance in the mechanism of 
frameshifting, and that PRF occurs during translocation. 

Future work will include analysis of shorter RPFs at a variety of PRF sites to ascertain whether this pause is specific 
to non-canonical frameshifting.
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The ribosome, a 2.5MDa molecular machine that polymerizes α-amino acids into proteins, is the catalytic 
workhorse of the translation apparatus. The catalytic capacity of the translation machinery has attracted extensive 
efforts to repurpose it for novel functions. One key idea is that the natural translation machinery can be harnessed 
to synthesize polymers containing non-natural building blocks. Expanding the repertoire of ribosome substrates 
and functions is a difficult task, however, because the requirement of cell viability severely constrains the 
alterations that can be made to the ribosome, a catalyst that sustains the life of a cell. In practice, these constraints 
have made the natural ribosome difficult to evolve and, so far, no generalizable approach for modifying the 
catalytic peptidyl transferase center (PTC) of the ribosome has been advanced. We address this grand challenge 
by using cell-free systems that harness the biosynthetic potential of cellular machines without using intact cells, 
thus removing cell viability constraints. Here, we use our in vitro ribosome synthesis, assembly, and translation 
system (termed iSAT) to generate variant ribosomes with mutations in the 23S rRNA (especially those that are 
dominantly lethal in the PTC) and inquire how these modifications affect protein synthesis. Using iSAT, we 
assembled 180 mutant ribosomes possessing single base substitutions at 23S rRNA nucleotides in the PTC, A-loop, 
and P-loop. By successfully quantifying full-length protein synthesis kinetics of iSAT-assembled WT and mutant 
ribosomes, we unexpectedly found many key PTC mutations, which were expected to abolish ribosome activity, 
still permitted full-length protein synthesis. We also assessed translation read-through, as well as ribosome 
assembly. We have now generated the first and only comprehensive mutational flexibility map of the ribosome’s 
active site. Our work provides a comprehensive mapping of the systems effect of ribosomal mutations on protein 
synthesis, laying the groundwork for future engineering efforts. The understanding gained has provided insight to 
the basic biology of the ribosome’s active site, and is currently facilitating efforts to engineer ribosomes for 
synthetic biology. 
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Ribosomes are central macromolecular machines synthesizing every protein in every cell, including their own 
ribosomal proteins. At very high cellular concentrations, ribosomes are either freely diffusing in the cytoplasm, 
localized in expression foci or immobilized to membranes to direct protein trafficking, yet their mechanism of 
action is usually studied in vitro under homogenous dilute conditions. We present a scenario to emulate and study 
the spatial distribution of ribosomes driven by gene expression in DNA compartments on a chip (1, 2). Imaged by 
TIRF microscopy, we find that fluorescently labeled RNA polymerase and ribosomes in a PURE in vitro 
transcription/translation reaction are localized to DNA brushes patterned on a glass surface but are excluded from 
promotor-less DNA brushes (3). Remarkably, protein products are concomitantly localized to the DNA brush 
creating optimized conditions for multi-protein assembly. Protein products can be further immobilized to antibody 
traps near the brush, creating genotype/phenotype linkage and structural scaffolding (4). By coupling protein 
synthesis to assembly, ribosome localization to DNA brushes establishes favorable conditions for the assembly of 
multi-component biological machines such as ribosomes and viruses (5). 
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Riboswitches are structured cis-acting RNA elements located in the 5’-untranslated region of mRNA that regulate 
gene-expression at the level of transcription, RNA cleavage and translation in response to binding of a cognate 
ligand. The direct regulation of protein synthesis by riboswitches operates by interfering with the formation of 
translation initiation complexes. The accessibility of the ribosome binding site is modulated due to allosteric 
refolding of the riboswitch’s secondary structures upon ligand binding. A single stranded and thereby accessible 
RBS composed of Shine-Dalgarno sequence and start codon is a prerequisite for the formation of the translation 
initiation complex. However, a structural description of the interaction between riboswitches and ribosomes 
during translation initiation is currently missing. It therefore has remained elusive how further structured 
elements can be fully accommodated within the initiation complex. We investigate the influence of the 30S 
ribosomal subunit on the function of the adenine-sensing riboswitch from Vibrio vulnificus. It is a prime example 
of a cis-regulatory mRNA that comprises a structured RNA element in the 5’-UTR of the add gene that regulates 
the translation of the encoded enzyme adenosine deaminase as adenine concentrations increase. It modulates 
the accessibility of the SD sequence and the SC in a ligand-dependent manner by acting as a translational ON-
switch. Surprisingly, the adenine-induced allosteric switch leading to an opening of the RBS is insufficient for 
efficient translation initiation. Additional stable structured elements around the initiation region prevent mRNA 
accommodation in the ribosome decoding channel.  RNA chaperone activity of the ribosomal protein S1 is needed 
for melting of secondary structures that would otherwise preclude complex formation. Our results show that the 
full activity of the riboswitch is only obtained upon concerted interaction with adenine and ribosomal proteins  
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It is generally assumed that translation efficiency is determined mostly by translation initiation. However, 
efficiency of protein synthesis is regulated by multiple factors including among the others tRNA abundance, codon 
composition, mRNA motifs and amino acid sequence which influence translation elongation rates.  Over the last 
decade multiple groups have indicated early elongation, or so-called 5’ translational ramp, as one of the major 
contributors to efficiency of protein synthesis. However, multiple mechanisms were proposed for the existence 
of short or long translation ramps including tRNA abundance bias, translation initiation, mRNA and ribosome 
structure or even presence of retained initiation factors. 

Here we show that translation efficiency measured by the amount of synthesized protein is dependent on the 
early translational ramp that comprises the first five codons of any gene. Using a library of 240 000 reporter 
sequences we show that efficiency of the protein synthesis is dependent on possibility of ribosomes to synthesize 
penta-peptide at the N-terminus of protein sequence. This selection is responsible for the four order of magnitude 
difference in protein amounts. The observed difference is not dependent on tRNA abundance, the efficiency of 
translation initiation or overall mRNA structure. Surprisingly translation of reporter constructs in vitro and in vivo 
is regulated by the composition of the amino acid sequence and to a lower extent local mRNA structure. Single-
molecule fluorescence measurements and translation kinetics indicate substantial pausing of ribosome on the 3rd 
and 4th codon for the distinct amino acid composition of the short translational ramp, resulting in abortive protein 
synthesis. Introduction of preferred sequence motifs at exact positions improves translation output for numerous 
recombinant proteins indicating an evolutionarily conserved mechanism for controlling translational efficiency. 
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Chloramphenicol is a potent inhibitor of peptide bond formation that acts by binding to the peptidyltransferase 
active site on the 50S ribosomal subunit. Since its discovery in 1947, it has been used as a broad-spectrum 
antibiotic, but its efficacy is challenged by toxicity and the rise of resistance. Resistance to chloramphenicol can 
occur by mutations affecting drug uptake, single base substitutions in the chloramphenicol binding site on the 
ribosome, or expression of the enzyme Chloramphenicol Acetyltransferase (CAT). Resistance conferred by CAT 
results from mono- and di-acetylation of chloramphenicol. Addition of bulky acetyl groups presumably decreases 
the binding affinity of chloramphenicol to the ribosome by creating steric clashes with rRNA. Using ribosome-
chloramphenicol and CAT-chloramphenicol co-crystal structures as guides, we have synthesized eight derivatives 
of chloramphenicol designed to prevent binding to CAT while minimizing interference with ribosome binding. 
While these derivatives show reduced inhibitory activity against the Gram-positive Bacillus subtilis compared to 
native chloramphenicol, their inhibitory activity is not affected by the expression of CAT from the Staphylococcus 
aureus resistance plasmid pC194. These results demonstrate the feasibility of using rational design to develop 
antibiotic derivatives that can bypass the most prevalent mechanism of resistance. 
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Ribosomal RNA modifications are largely assumed to optimize ribosomal function yet in most cases a precise role 
for individual modified nucleotide has not been established. Here we studied the role in translation of two large 
ribosomal subunit RNA modifications located on the intersubunit surface, namely: m1A2142 and m5C2278 
deposited on the yeast 25S rRNA by BMT2 and RCM1, respectively. Using ribosomal profiling, we show that mRNAs 
encoding proteins involved in stress-response are differentially translated in cells producing ribosomes lacking 
either modification. On the basis of the differential translation observed, we predicted and validated by using 
phenotypic assays that specific cellular pathways are impacted. Unmethylated ribosomes were found to have 
distinct 5' and 3' UTR presence on stress-related transcripts and distinct global codon occupancy, providing initial 
mechanistic insights onto differential translation. Ribosomes differing by a single methyl group are thus endowed 
with specific translational capacity. A conclusion that bears implications for the role of specialized ribosomes in 
normal and pathophysiological processes. 
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The ribosome, an assembly of RNA and proteins, translates the genetic code into proteins in all living cells. As the 
ribosomes are essential for cell life, inhibiting their function will damage the cell. As a result, about 40% of the 
antibiotics, which are in clinical use, target functional centers in the ribosome. The growing burden on human 
health caused by various antibiotic resistance mutations now includes prevalent pathogen Staphylococcus aureus 
resistance to last line antimicrobial drugs such as linezolid. 

Here we present single-particle reconstruction cryo-electron microscopy studies on the structures of the 70S 
ribosomes from a wild type Staphylococcus aureus vs. a clinical isolate [1]. An unorthodox, surprising mechanism 
of resistance to the antibiotic linezolid was revealed. This high-resolution structural information demonstrated 
that a single amino acid deletion in ribosomal protein uL3 confers linezolid resistance despite being located 24 Å 
away from the linezolid binding pocket in the peptidyl-transferase center. The mutation induces a cascade of 
allosteric structural rearrangements of the rRNA that ultimately results in the alteration of the antibiotic binding 
site. This work may provide a step toward the redesign of oxazolidinone antibiotics, a strategy that could thwart 
known mechanisms of linezolid resistance 

Also, new features of the Staphylococcus aureus large ribosomal subunit, which were missing in the crystal 
structure [2], were revealed. 
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Since ancient times, yeast were used to convert simple sugars into alcohol. Genetic engineering and genome 
editing unleashed the yeast potential as versatile cell factories which can be designed to produce a wide range of 
useful organic molecules. However, yeast grown for such industrial purposes are subjects to various stresses 
caused by external environmental factors and by toxicity of designed metabolic alterations. Thus, the rational 
design of synthetic yeast organisms that can be robustly grown in industrial settings requires understanding the 
stress response. This includes biochemical pathways activated during stress as well as molecular mechanisms 
employed by individual genes that allow them to resist the stress-induced global downregulation of the protein 
synthesis. To gain insight into this we decided to analyse changes in the gene expression occurring during the 
adaptation to stress using the ribosome profiling technique. We focused on Kluyveromyces marxianus, a 
thermotolerant yeast that can grow at temperatures of up to 50oC. Also, unlike a better studied S. cerevisiae, in 
addition to glucose K. marxianus can utilize a variety of other simple sugars, e.g. cellobiose, xylose, arabinose, 
lactose. These features make K. marxianus an attractive organism for industrial use. Fermentation is more rapid 
at higher temperatures, it does not require cooling and prevents contamination by other microorganisms that 
cannot live at such high temperatures. Due to its ability to utilize lactose it can be grown on whey waste helping 
to reduce the environmental impact of the dairy industry. Here we present the first ribosome profiling data 
obtained in K. marxianus. We combined these data with publicly available data on transcription start site mapping, 
that is based on oligo-capping, to improve its genome annotation. This includes discovery of previously 
unrecognized protein coding genes. 
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Programmed −1 ribosomal frameshifting (−1 PRF) is a mechanism of gene expression whereby specific signals 
within messenger RNAs direct a proportion of translating ribosomes to shift −1 nt and continue translating in the 
new reading frame. Such frameshifting normally occurs at a set ratio and is utilized in the expression of many viral 
genes and a number of cellular genes. Recently, we identified the only two known cases of protein-stimulated PRF 
– one in the arteriviruses (Napthine et al., 2016, PMID 27257056) and one in the cardioviruses (Napthine et al., 
2017, PMID 28593994). In both cases, −1 frameshifting on a G_GUU_UUU shift site is stimulated by a viral protein 
binding to an RNA element beginning 11–15 nt downstream. In encephalomyocarditis cardiovirus (EMCV), viral 
protein 2A binds to a stem-loop structure in the mRNA. As the cellular concentration of 2A increases, the 
frameshifting efficiency switches from ~0 to ~70% between 4 and 6 hours post infection, thus temporally 
regulating the expression levels of the viral structural and enzymatic proteins encoded respectively upstream and 
downstream of the frameshift site. Here we performed a detailed analysis of the PRF stimulators in a different 
cardiovirus, Theiler's murine encephalomyelitis virus (TMEV). We show that TMEV 2A stimulates efficient PRF on 
both EMCV and TMEV mRNAs whereas EMCV 2A only stimulates efficient PRF on the EMCV mRNA. Since 2A is 
known to interact with the viral L protein, we tested whether L had an effect on PRF but found none. We 
performed an extensive mutational analysis of the frameshift stimulators using in vitro translations, 
electrophoretic mobility shift assays and ribosome pausing assays. The predicted RNA stem-loop structure was 
verified with chemical and enzymatic probing. We also introduced mutations into the viral genome to test their 
effect during infection. Our results substantially extend previous characterization of the cardiovirus frameshifting 
stimulators. 
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Apidaecin (Api) belongs to the group of proline-rich antimicrobial peptides (PrAMPs), which are produced by 
multicellular organisms to protect the host from bacterial infection. Recently, we have shown that Api specifically 
targets the termination step of translation, by binding to the nascent chain exit tunnel where it locks release 
factors RF1 or RF2 on the ribosome after peptide release. We hypothesized that by trapping RF1 and RF2, Api 
leads to depletion of free RFs in the cell, resulting in stalling of the remaining ribosomes at the stop codons in the 
pre-release state. 

We used ribosome profiling (Ribo-Seq) to investigate the mechanism of action of Api at a genome-wide level. Our 
data show that, indeed, in Api-treated E. coli cells, ribosomes are mainly stalled at the last sense codons of the 
genes, indicating that Api is a global inhibitor of termination. Nevertheless, several genes exhibit stop codon 
readthrough. We are investigating the context which leads to high stop codon readthrough efficiency and its 
potential physiological relevance. Our results show that Api-guided Ribo-Seq can be used to map termination sites 
in bacteria. To apply Api-guided Ribo-Seq to bacterial strains that lack the membrane transporters that 
internalized PrAMPs, we are implementing inducible expression systems to endogenously produce Api or its 
optimized variants.
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Message-specific translational regulation mechanisms shape the biogenesis of multimeric oxidative 
phosphorylation (OXPHOS) enzyme complexes in mitochondria from the yeast Saccharomyces cerevisiae. These 
mechanisms, driven mainly by the action of mRNA-specific translational activators, help to coordinate synthesis 
of OXPHOS catalytic subunit proteins by the mitoribosomes with the import of their nucleus-encoded partners 
and their assembly to form the holocomplexes. However, little is known regarding the role that the mitoribosome 
itself may play in mRNA-specific translation regulation. Here, we show that the mitoribosome small subunit 
protein Cox24/mS38, known to be important for mitoribosome-specific intersubunit bridge formation and 15S 
rRNA H44 stabilization, is required for efficient mitoribogenesis. Consequently, mS38 is necessary to sustain the 
overall mitochondrial protein synthesis rate, despite an adaptive ~2-fold increase in mitoribosome abundance in 
mS38-deleted cells. Additionally, mS38 interacts with to COX1, COX2, and COX3 mRNAs and is specifically required 
for their efficient translation initiation, through a mechanism most likely independent of mRNA-specific 
translational activators. We propose that mS38 confers the mitochondrial ribosome an intrinsic capacity of 
translational regulation, probably acquired during evolution from bacterial ribosomes to facilitate the translation 
of mitochondrial mRNAs, which lack typical anti-Shine-Dalgarno sequences. 
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The prokaryotic ribosome is a target for several classes of antibiotics, which bind between the PTC and a 
constricted region formed by r-proteins uL4 and uL22. This area is also known to bind small metabolites and 
interact with regulatory nascent peptides. Alterations in the amino acid sequences of uL4 and uL22 are observed 
to affect antibiotic sensitivity as well as protein expression, suggesting that these proteins have evolved to control 
protein synthesis. In order to understand the roles of uL4 and uL22 in the general expression of genes and their 
importance in the physiology of bacteria, we compared the amino acid residues of 231 bacterial orthologs of these 
two r-proteins. We found that several positions (E. coli numbering) 89-94 in uL22 and 60-70 in uL4, which face the 
tunnel lumen, were highly variable. These positions in both proteins rarely hold acidic amino acids; contrary an 
enrichment of basic amino acids was observed. We replaced basic amino acids with acidic amino acids in the 
variable positions of both proteins. We compared the effects of mutant ribosomes on cell growth, protein 
expression, and sensitivity to erythromycin in E. coli. We observed that the replacement K90D in uL22 induced 
slow growth. K90D in uL22 and R61D in uL4 replacements conferred a synergistic effect on erythromycin 
resistance. In the case of uL22, we observed that the advantage of gaining antibiotic resistance does not favor cell 
growth. Protein expression of specific genes was altered by the uL22 K90D replacement. This data suggests that 
some sections of the tunnel evolved to maintain optimal protein expression and any changes will affect cellular 
physiology. Current efforts involve comparable experiments replacing all lumenal amino acid residues in uL22 and 
uL4 with those of another species. We expect to understand the evolutionary function of the ribosomal exit tunnel 
constriction region during ribosomal assembly as well as on the efficiency of translation.
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Plants are autotrophic and require essential minerals for growth.  Concentrations of minerals in soils are often in 
inadequate ranges and to adapt such conditions, plants utilize a wide range of mechanisms to regulate root 
development and transport activities. We found that expression of mineral transporters are transnationally 
regulated in response to mineral conditions.  Arabidopsis thaliana BOR1 and NIP5;1 encode transporters of boric 
acid (B), an essential element, and both are required for efficient uptake of boron from soil and transport to 
shoots. Both BOR1 and NIP5;1 expressions are regulated in boron dependent-manners and expressions are high 
under low-boron conditions, although mechanisms of boron-dependent regulations are different to each other.  
NIP5;1 mRNA accumulates to a high level in roots under the condition of low boron in soils. This is regulated mainly 
through B-dependent mRNA degradation and this degradation is regulated through AUGUAA sequence in the 
5’UTR of the gene.  We found that ribosome stalls at AUGUAA in a boron dependent manner and this stall induces 
mRNA degradation (Tanaka et al Plant Cell 2016).  Furthermore, we found that for the control of NIP5;1 mRNA 
accumulation over a long period, transcriptional regulation plays an important roles, suggesting importance of 
coordination between transcriptional and translational control. In the case of BOR1, boron-dependent 
translational control also plays an important role as is the case of NIP5;1, but unlike the case of NIP5;1, longer 
uORFs are key for the regulation (Aibara et al 2018). To further explore the role of translational regulation at 
genome scale, plants exposed to low- or high-boron conditions were subjected to ribosome profiling and revealed 
a number of boron-dependent translational regulation phenomena. 
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Although co-translational events are important for protein biogenesis, we lack a global picture of nascent chain 
dynamics in the cell. Here, we attempt at capturing co-translational events in living bacteria by exploiting 
“monitoring substrates”, which feedback-regulate the expression of a protein localization factor in real-time 
according to the activity changes of the machinery (1). One of them, MifM, in B. subtilis regulates the YidC 
insertase by its ability to stall the translating ribosome (2) through the nascent chain interactions with the peptidyl 
transferase center, exit tunnel, and the outer surface of the ribosome (3). The elongation arrest is subject to 
cancellation under conditions of disrupted MifM-ribosome interactions brought about by active membrane 
insertion of the nascent chain physiologically, and presumably by other types of events that generate a pulling 
force against the nascent chain (4). We carried out transposon-based unbiased screening of protein sequences 
that released the elongation arrest when placed N-terminally to the arrest determinant region of MifM, which 
lacked the N-terminal transmembrane sequence and was followed by C-terminally attached LacZ reporter. The 
current list of B. subtilis proteome sequences (mostly, N-terminal partial sequences) thus identified include not 
only those of secretory and membrane proteins but also soluble proteins. Evidence suggests that co-translational 
formation of a protein complex can lead to arrest release. Force-sensing arrest peptides would be useful to define 
co-translational interactome. 

 

1.  Ito, K., Mori, H., and Chiba, S. (2018) FEMS Microbiol. Lett. 365, 1–11 

2.  Chiba, S., Lamsa, A., and Pogliano, K. (2009) EMBO J. 28, 3461–3475 

3.  Fujiwara, K., Ito, K., and Chiba, S. (2018) Sci. Rep. 8, 10311 

4.  Goldman, D. H., Kaiser, C. M., Milin, A., Righini, M., Tinoco, I., and Bustamante, C. (2015) Science 348, 
457–460 
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Upon encountering a stop codon, the polypeptide chain is released and the ribosome is left with bound mRNA 
and deacylated tRNAs in the peptidyl (P) and exit (E) sites. In bacteria, the post-termination ribosome complex 
(PostTC) is recycled into subunits for a new round of translation by two essential factors, the elongation factor G 
(EF-G) and the ribosome recycling factor (RRF). We present two crystal structures of the Thermus thermophilus 
70S PosTC trapped before subunit splitting and bound to RRF and EF-G. The structures show that the acceptor end 
of the deacylated P-site tRNA is displaced toward the E site by RRF, taking a previously unseen p/PE chimeric state 
of binding. In this position, the codon-anticodon interaction between the P-site tRNA and the mRNA is distorted. 
The structures reveal a missing tRNA intermediate during ribosome recycling which may also occur during tRNA 
translocation, providing insights into the mechanism of tRNA movement through the ribosome. 
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The ribosomal bL12 stalk plays an important role in protein translation especially with regards to the translational 
GTPase (trGTPase) function. Bacterial protein synthesis involves four major trGTPases – IF2, EF-Tu, EF-G and RF3. 
We have recently clarified the role of bL12 in IF2 function and demonstrated that bL12-C terminal domain interacts 
with the G domain of IF2 by electrostatic charge complementation (Xueliang G, 2018). In this study, we explore 
the role of bL12 in relation to RF3, a trGTPase factor involved in the release of the class-I release factors (RF1 and 
RF2) during translation termination. Moreover, following a recent structural study, which suggests bL12 
interaction with RF1 (Graf et al., 2018), we also study the role of bL12 in class-I RF function. Using stopped-flow 
based pre steady-state kinetics we show that depletion of L12 or mutagenesis of its conserved residues of the CTD 
impairs the rate of peptide release from the ribosomal release complex containing RF1 and RF2. We also find that 
L12 depleted ribosomes are severely defective in stimulating GTP hydrolysis by RF3. We have further characterized 
several mutations of RF3 for identifying the reactive residues for bL12 interaction. We also identify the conserved 
residues in the CTD of bL12 that are responsible for stimulating the GTPase activity of RF3. Our study provides 
molecular insight into the function of bL12 in translation termination.
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The ribosome is a complex macromolecular machine that has recently been suggested to be a source of 
heterogeneity.  Our lab has previously shown that ribosomes within a single cell type are heterogeneous in 
composition and that ribosome diversity alters the capacity of ribosomes to translate specific mRNAs.  To 
determine the magnitude of ribosome composition changes and its functional contribution to cell fate 
specification, we developed a sophisticated model system to measure ribosome heterogeneity by quantitative 
mass spectrometry on a day-by-day basis as human embryonic stem cells differentiate in a step-wise fashion down 
two distinct endoderm and mesoderm lineages.  In this first-ever roadmap of ribosome composition dynamics 
during cellular differentiation, we identified approximately thirty core ribosomal proteins (RPs) as changing 
significantly in abundance in actively translating ribosomes. Interestingly, a comparison of the abundance of each 
RP in the polysomes versus the whole cell or cytoplasm frequently showed distinct mechanisms for changes in RP 
stoichiometry, suggesting multiple levels of control to ribosome composition.  To determine the function of 
ribosome diversity at the cellular level, we developed a novel strategy to selectively extract RPs from mature 
ribosomes in the cytoplasm.  At the organismal level, we further generated a unique mouse model where a 
heterogeneous, large subunit RP has impaired function but still is incorporated into the ribosome, thereby 
mitigating the cellular stress responses that often are triggered by decreased expression of RPs in the nucleolus.  
We observed a remarkable series of phenotypes that include striking defects in mesodermal cell populations 
where the RP is most dynamically incorporated into the ribosome.  These findings set the stage for studies of 
ribosome heterogeneity and specialization, creating a tool box for reprogramming and studying the functions of 
ribosomal heterogeneity from cells to organisms. 
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BipA is a conserved translational GTPase that resembles elongation factor EF-G and 30S assembly factor LepA.  
Recent evidence from the Flower group suggests that BipA functions in 50S subunit assembly, but the precise role 
of the factor remains unclear. Here, we use stable isotope labeling of amino acids in culture and mass 
spectrometry (SILAC / MS) to examine the function of BipA in ribosome biogenesis. During growth at suboptimal 
temperature, loss of BipA leads to accumulation of immature large subunit particles (~40S) that lack several 
proteins. These include L2, L10, L14, L16, L17, L19, L25, L27, L28 and L32.  Parallel analysis of the control (wild-
type) strain shows accumulation of virtually identical intermediate particles, although at much lower levels. These 
data suggest that BipA acts in some way to destabilize or inhibit formation of this 40S intermediate. Loss of BipA 
causes no apparent defect in 30S subunit assembly. In fact, the proportion of 30S assembly intermediates 
decreases in the mutant strain, presumably due to an increase in free mature 30S subunits unable to enter the 
translation pool because they have no functional 50S partner. Notably, LepA and BipA bind similarly to the 
ribosome, and the GTP hydrolysis activity of each factor depends on the intact 70S ribosome.  

Based on these observations, we propose that, for each subunit, part of the assembly process occurs in the context 
of the 70S ribosome.   
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Aminoacyl (aa)-tRNA selection during accommodation into the ribosomal A-site is critical for the fidelity of protein 
synthesis. This process is facilitated by the GTPase EF-Tu which delivers aa-tRNA to the ribosome. The successful 
delivery of aa-tRNA by the aa-tRNA•EF-Tu•GTP ternary complex proceeds through a series of sequential steps. 
Each step is dependent on the preceding one, in particular EF-Tu GTPase activation requires cognate codon-
anticodon interactions. Structural studies of EF-Tu with cognate and near-cognate aa-tRNA bound to the ribosome 
have shown multiple intermediate states, nevertheless, the mechanism leading to different rates of GTPase 
activation between these systems are not well understood. 

Here, we investigate transitions during the tRNA selection process using all-atom molecular dynamics simulations 
of EF-Tu bound to the 70S ribosome in the presence of cognate and near-cognate tRNAs, with the goal of 
understanding the dynamics involved in GTPase activation. Interestingly, we observe a high transition barrier in 
the near-cognate codon-anticodon complex, while cognate codon-anticodon interactions facilitate rapid aa-tRNA 
accommodation into the ribosomal A-site.  

To gain insight into the role that the near-cognate barrier plays for regulating the GTPase activity of EF-Tu, we 
computed the covariance matrix of protein and RNA dynamics to describe possible communication pathways in 
the respective complexes. For the first time, we are able to identify distinct communication pathways between 
the codon on the mRNA to the nucleotide binding pocket of EF-Tu in the cognate intermediate when compared 
to near-cognate system. Our results give for the first time a structural dynamics explanation of how a larger barrier 
for near-cognate aa-tRNA during EF-Tu mediated accommodation into the ribosomal A-site alters the 70S•aa-
tRNA•EF-Tu•GTP complex dynamics and attenuates the GTPase activation of EF-Tu.  
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The peptidyltransferase active site (PTC) of the ribosome is the central component in catalysis of peptide bond 
formation and contains some of the most highly conserved nucleotide sequences in biology. Paradoxically, the 
PTC is robust to mutation, as evidenced by the numerous base substitutions that confer resistance to antibiotic 
inhibitors of protein synthesis. Some base substitutions have little or no effect on fitness and presumably directly 
eliminate drug-ribosome contacts without distorting the active site. Others have severe impacts on fitness, 
presumably a result of distorting the PTC conformation and interfering with catalysis or substrate binding. 
Surprisingly, phenotypic severity does not appear to correlate strongly with conservation. Multiple base 
substitutions in the PTC could potentially result from sequential challenge with multiple antibiotics, but the 
phenotypic interactions among, and structural consequences of, multiple base substitutions in the PTC are 
unpredictable and are likely to be complex. Using the thermophilic bacterium Thermus thermophilus as our model 
system, we have applied iterative genetic selections to generate multiple base substitutions in the PTC to examine 
the limits of mutational robustness of this critical active site, and to detect synergistic and antagonistic phenotypic 
interactions between and among mutations.
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Naked mole-rats (Heterocephalus glaber) are the longest-living rodents known, with a maximum lifespan 
exceeding 30 years – at least 5 times longer than expected based on their body size (Edrey et al., 2011). They also 
display sustained good health into old age, maintaining their levels of activity, body composition, bone density, 
etc (Edrey et al., 2011). In this regard, the naked mole-rat serves as an interesting model to study health span and 
longevity. In the last decade, it’s been established that modulating the translational machinery can extend lifespan 
in a variety of organisms (Steffen & Dillin, 2016) and recent studies have shown that translational fidelity co-
evolves with longevity (Ke et al., 2017). The naked mole-rat has significantly increased translational fidelity in 
comparison to the short-lived mouse even when cells are forced to grow more quickly (Azpurua et al., 2013). The 
28S ribosomal RNA was also observed to have an unusual rRNA band pattern resulting from the unique processing 
of the rRNA into two smaller fragments. (Azpurua et al., 2013). Conceivably, this unique structure may contribute 
to the higher fidelity of translation in the naked mole-rat. Here we present a high-resolution structure (3.2 Å) of 
the naked mole-rat ribosome. Our study takes advantage of single-particle methods and cryo-EM’s ability to 
visualize several structures coexisting in a single sample at once. Three distinct classes representing three 
conformational states of the ribosome were identified, including a class of particles containing eEF2. We also 
present the structure (3.0 Å) of the tuco-tuco (Ctenomy Spp.) ribosome, the only other known mammal with split 
28S rRNA (Melen et al., 1999) which remarkably also shows high translational fidelity (Ke et al., 2017). These 
studies will provide a fuller picture of mRNA translation in these rodents and elucidate the potential effect of the 
rRNA cleavage on translational fidelity. 
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The eukaryotic protein ligatin, also known as eIF2D, appears to play a role in initiation when eIF2 availability is 
limited. Ligatin consists of N-terminal DUF1947 and PUA domains, a winged-helix (WH) domain and C-terminal 
SWIB and SUI domains. It positions Met-tRNAiMet on the AUG start codon at the 40S P-site via its PUA and SWIB-
SUI domains, but the subsequent steps necessary for the formation of an elongation-competent complex are 
unknown. In particular, the role of ligatin WH domain, which does not contact the initiator tRNA and is absent 
from the MCT1/DENR homolog, is unknown.  

Here, we used a classical swine fever virus (CSFV) internal ribosome entry site (IRES) RNA in complex with 40S, 
ligatin and Met-tRNAiMet as a model system to shed light on the mechanism of ligatin-mediated initiation. We 
obtained single-particle cryo-electron microscopy reconstructions of this complex and found that ligatin appears 
to stabilize a CSFV pseudo-tRNA structure in the 40S A-site via its WH domain. This potential function of ligatin 
does not seem to be fully conserved in the MCT1/DENR homolog. 
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For half a century, ribosomes were considered uniform protein production machineries with no intrinsic control 
over translation. Accumulating evidence though suggests that variations in the protein composition and 
modifications of ribosomal RNA (rRNA) contribute to the existence of specialised ribosomes. This leads to the 
question of whether ribosome heterogeneity allows for the fine-tuning of translational quality, quantity and 
selectivity. Recent studies have shown that variability of ribosomal proteins links to selective translation, yet the 
role of rRNA modifications in translational regulation is still to be explored. The most abundant modification of 
human rRNA is 2'O-methylation (2'O-me). By RiboMeth-seq, we generated a complete and quantitative picture of 
the rRNA methylome in many cell types, revealing that a subset of positions is fractionally methylated and that 
the methylation signature differs between cell types. Moreover, we observed dynamics in 2'O-me levels following 
various stimuli. The differentiation of human embryonic stem cells (hESCs) constitutes an excellent physiological 
model for investigating changes of the translatome. We identified a number of rRNA 2'O-me positions displaying 
substantial dynamics during the differentiation of hESCs into the 3 embryonic germ layers. In order to prove the 
link between 2'O-me dynamics and cell fate, we manipulated individual methylation sites in hESCs and assessed 
the impact on differentiation. Excitingly, the removal of one methylation shifted 2 independent ESC clones 
towards a neural identity. Ribosome profiling experiments by the team have previously shown that the KO of a 
MYC-responsive methylation impacts selective translation. Similarly, we hope to uncover the mechanism 
underlying the link between 2'O-methylation and cell fate. Altogether our data strongly hint that rRNA 2'O-
methylation can tune translation, granting us with a potent tool to understand and shape translational output. 
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Signal recognition particle (SRP) is a universally conserved targeting machine that mediates the targeted delivery 
of ~30% of the proteome. The molecular mechanism by which eukaryotic SRP achieves efficient and selective 
protein targeting remains elusive. Here, we describe the first quantitative analysis of completely reconstituted 
human SRP and SRP receptor. Enzymatic and fluorescence analyses showed that the ribosome together with a 
functional signal sequence on the nascent polypeptide are required to activate SRP for rapid recruitment of the 
SRP receptor, thus delivering translating ribosomes to the ER. Single molecule fluorescence spectroscopy 
combined with cross-complementation analyses reveal a sequential mechanism of activation, wherein the 
ribosome unlocks the human SRP from an auto-inhibited state and primes SRP to sample a variety of 
conformations. The signal sequence further pre-organizes the mammalian SRP into the optimal conformation for 
efficient recruitment of the SRP receptor. Finally, the use of a signal sequence to activate SRP for receptor 
recruitment is a universally conserved feature to enable efficient and selective protein targeting, while the 
eukaryote-specific components confer upon the mammalian SRP the ability to sense and respond to ribosomes.
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In living cells, the majority of ribosomes are engaged in elongation of protein chains. During the elongation cycle 
the ribosome undergoes large-scale and highly coordinated conformational rearrangements. In addition, the 
molecular composition of the translating particle varies as new aminoacyl-tRNAs are delivered to the ribosomal A 
site and the ribosome moves along the messenger RNA. Unlike initiation and termination of translation and 
recycling of the ribosome, the elongation cycle has traditionally been seen as highly conserved between all 
domains of life.  

Using an in vitro reconstituted human translation system and single-molecule fluorescence resonance energy 
transfer (smFRET) biophysical techniques our lab has previously discovered unexpected functional distinctions 
between human and bacterial translation elongation. In particular, the regulatory role of the E site in the human 
ribosome appears to have no counterpart in bacterial translation. 

We have now used newly developed in vitro smFRET tools to investigate the conformational and compositional 
dynamics of the elongating human ribosome in unprecedented detail. We have compared the dynamics of human 
translation elongation complexes with their more well-studied bacterial counterparts and observed broad 
similarities but also functional differences relating to both the roles of E-site tRNA and GTP hydrolysis by 
translation factors. 
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ATF4 (activating transcription factor 4) is the key player in the process called integrated stress response (ISR) which 
is an important cellular program enabling to manage incoming stress stimuli. It has been shown that translational 
upregulation of ATF4 mRNA in stress is governed by a gene-specific regulatory mechanism called translation 
reinitiation (REI). This process exploits the ability of short uORFs (upstream open reading frames) present in ATF4 
mRNA 5´UTR to retain the post-termination 40S ribosomal subunit on the mRNA. Both in yeast and humans it has 
been shown that REI requires a presence of cis-acting sequences surrounding a REI-permissive uORF that 
functionally interact with specific subunits of eIF3 (eukaryotic initiation factor 3). Establishment of this contact 
post-termination is crucial for stabilization of the small ribosomal 40S subunit on the mRNA and subsequent REI. 

Despite the fact that uORF-driven ATF4 expression serves as one of the textbook examples of translational control 
via REI, there are still many open questions as how exactly it is regulated under various stresses. There are also 
many specific features within human ATF4 mRNA, which have never been investigated even though they may 
significantly contribute to the translation control of this mRNA. Hence, we decided to test them and created a 
comprehensive battery of ATF4 reporter plasmids. All of them were tested under normal and corresponding stress 
conditions to properly decipher all modes of translational control of ATF4. 
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Ribosomes are conserved RNA-protein complexes responsible for protein synthesis in all cells. Their assembly 
involves a highly regulated process that begins in the nucleolus and is completed in the cytoplasm. This process is 
aided by >200 conserved and mostly essential factors, which promote maturation, and enable regulation and 
quality control. These functions are critical as evidenced by the diseases that are caused by the release of 
misassembled ribosomes into the translating pool. 

A translation-like quality control cycle has been identified during the late cytoplasmic maturation of 40S subunits, 
in which the maturation of 40S subunits is coupled to the dissociation of one the seven assembly factors via a 
translation-like event. This cycle is initiated by joining of mature 60S subunits with pre-40S intermediates to form 
80S-like ribosomes in a reaction catalyzed by the translation initiation factor, eIF5B. Bypassing steps in this cycle 
allows the release of defective ribosomes into the translating pool, causing translational fidelity defects. Despite 
the central role that the translation-like cycle plays in maturation, most individual steps within the cycle remain 
poorly understood. Further unknown are the mechanisms by which quality control occurs.  

A central player during the translation-like cycle is eIF5B, a GTPase that promotes joining of 60S subunits both 
during translation initiation and 40S maturation. Exactly how eIF5B promotes subunit joining remains unclear, and 
what, if any, role it plays in the regulation and quality control of 40S maturation remains entirely unexplored.  

Based on the previous observations that one of the assembly factors, Tsr1, must reposition to accommodate eIF5B 
binding, while another assembly factor, Ltv1, located away from the subunit interface, must dissociate in order to 
allow subunit joining, I have identified a network of proteins on pre-40S ribosomes, extending from the subunit 
interface to the solvent side, which is important for formation of 80S-like ribosomes. Genetic data suggest that 
the function of this interaction network is dependent on the presence of eIF5B. An eIF5B-bound intermediate has 
therefore been proposed to mediate the dissociation and repositioning of assembly factors to promote the 
formation of 80S-like ribosomes.
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DNA damage activates a robust transcriptional stress response, but much less is known about its impact on 
translation. The advent of genome editing via Cas9-induced DNA double-strand breaks has intensified interest in 
understanding cellular responses to DNA damage. Here we demonstrate that Cas9-induced DNA double-strand 
breaks lead to a reduction of core ribosomal proteins, RPS27A and RPL40, and to the shutdown of translation 
through phosphorylation of eukaryotic initiation factor 2 alpha. Depletion of these core ribosomal proteins is 
caused by double-strand DNA damage but not other kinds of genomic lesions. The reduction of these ribosomal 
proteins is post-transcriptional and p53-independent. Our results demonstrate that even a single double-strand 
break can lead to ribosome remodeling and reduced translational output. 
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The role of RRF in the translational coupling was studied using E. coli harboring temperature sensitive ribosome 
recycling factor (RRF). At the permissive temperature, RRF releases the ribosomes from the UAA of the junction 
sequence such as UAAUG and allows them to bind back to AUG. This causes the reading of the downstream ORF 
without Shine Dalgarno (SD) sequence. At the non-permissive temperature, ribosomes remain on the termination 
codon of the junction sequence and translate downstream ORF in all three frames due to thermal frameshift at 
UAA. Absence of RRF allows the ribosomes to remain on UAA and high culture temperature causes the UAA-bound 
ribosomes to undergo the frame shift in all frames.  When upstream ORF was short, translation of the downstream 
reading was abolished suggesting that the ribosomes released by RRF are moving toward the SD sequence of the 
upstream ORF rather than reading the downstream ORF. The thermal frame shift at UAA was also influenced by 
the upstream SD sequence. At the non-permissive temperature, the ribosome-bound mRNA may take the 
secondary structure around the junction sequence resulting in extremely efficient (over 70%) reading of the 
downstream ORF. In vitro translational coupling system supported the concept that the major role of RRF in the 
translational coupling was to release ribosomes from mRNA of the post-termination complex. The splitting 
function of RRF was not necessary. In support of this, with T-ribo (genetically splitting-deficient ribosomes), we 
showed that complete ribosomal splitting is not required for the action of RRF in the in vitro translational coupling. 
The main role of RRF is to release ribosomes from mRNA. 
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In eukaryotic translation, eukaryotic initiation factors (eIFs) are at least as important as the ribosome. Some of 
these factors play different roles throughout the entire process to ensure proper assembly of the preinitiation 
complex on the right mRNA, accurate selection of the initiation codon, errorless production of the encoded 
polypeptide and its proper termination. Perhaps, the most important one integrating signals from others and 
coordinating their functions on the ribosome is eIF3. In S. cerevisiae, eIF3 is formed by five subunits. All these 
subunits contain structural motifs responsible for contact with ribosomal proteins and RNAs. In addition to these 
highly structured parts, the rest of eIF3 is unstructured and very flexible. Therefore, despite recent progress thanks 
to the use of a cryo-electron microscopy, a precise structure and position of eIF3 on the 40S ribosomal subunit 
are still not known. 

To crack mysteries of yeast eIF3, we used chemical crosslinking coupled to mass spectrometry, X-ray 
crystallography, and cryo-EM. 

We demonstrate that eIF3 is very compactly packed when free in solution. This finding is in a sharp contrast with 
the situation when eIF3 interacts with the 40S to almost fully embrace it from both the mRNA entry and exit 
channels. Considering that eIF3 association with its major interacting partners, namely eIF1 and eIF5, do not seem 
to dramatically change the globular shape of ribosome-free eIF3, we conclude that it is most probably the initial 
contact of eIF3 with the 40S that triggers its dramatic structural rearrangement. In addition, using the same 
approach we have determined the so far unknown binding site of eIF5 on the 40S and propose how eIF5 influences 
binding of eIF3 on the surface of the 40S subunit. 

Our study thus extends the knowledge of yeast eIF3, its geometry, and structural rearrangements provoked by its 
different binding partners. 
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Expression of VAR2CSA gene in Plasmodium falciparum causes pregnancy-associated malaria. P. falciparum 
expressing the gene was sorted and the ribosome was purified and analyzed by single-particle cryo-electron 
microscopy. 2.6 angstrom overall-resolution cryo-EM map was obtained from 827,919 particles. The particles are 
classified into nine classes depending on tRNAs and protein factors bound at the A, P and E sites. Three classes of 
them have EF2, while unknown extra density was found in the EF1a binding site in other three classes. The extra 
density consists of tRNA and protein parts. We identified the protein from the mass-spectrometry data by protein 
folding search. The protein is a GTP-binding-protein member with unknown function, which is extremely 
conserved in all three domains of life. The protein interacts to the CCA-end of the tRNA with base-specific manner, 
while the other interactions are non-base specific. The protein-tRNA complex occupies the similar position to that 
of EF1a-tRNA complex, although there is no codon-anticodon interaction or tRNA distortion. Moreover, no 
aminoacyl group was observed on the tRNA. The faction of the protein was analyzed by a cell-free translation 
system from Escherichia coli. 
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Enterococcus faecalis is a commensal, gram-positive bacterium that is an important cause of serious infections 
like septicemia and endocarditis, which can be difficult to treat due to antibiotic resistance. We have determined 
the structure of the E. faecalis 70S ribosome by cryo-electron microscopy in five higher resolution classes to up to 
3.5 Å. These five conformations vary in the extent of 30S body and head rotations relative to the 50S subunit. 30S 
body rotation ranges from 1.8 to 4.5 degrees relative to a classical state, Escherichia coli reference structure, while 
30S head rotation ranges between 2.6 and 19.7 degrees. In one of these structures, we observe density for a tRNA 
in a chimeric pe/E state in a rotated 70S conformation that has previously been observed only in complexes with 
EF-G. Our work provides insights into conformational states of E. faecalis 70S ribosomes and may offer new 
opportunities for the urgently needed development of antibiotic compounds effective against this important 
human pathogen. 
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The eukaryotic-specific ribosomal protein S25 (eS25) has been implicated in the control of several forms of 
specialized translation and as a host factor for viral infection. To elucidate some of the molecular mechanisms that 
might govern this specificity, we determined the structure of human 40S ribosomal subunits lacking eS25 bound 
to the HCV IRES--a viral mRNA that interacts with and is thought to be require eS25 for optimal activity. 
Surprisingly, while eS25 was clearly absent in our electron density map, its loss did not lead to substantial 
rearrangements in the IRES RNA or notable ribosome conformational changes. These results prompted us to 
revisit the cell biology and virology of RPS25 knockout cell lines, where we discovered that the cells had undergone 
remodeling of cellular signaling that coincides with an unusual ribosome composition. Collectively, our results 
suggest that adaptation to ribosomal protein loss, rather than translational control by a ribosomal protein 
deficient ribosome, may be causative of certain phenotypes seen in ribosomal protein knockout cell lines.
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Eukaryotic ribosomes are largely pre-assembled in the nucleus but require important maturation steps after 
export to the cytoplasm, culminating in the insertion of the ribosomal protein Rpl10 (uL16) to complete the 
peptidyl transferase center (PTC). Using cryo-electron microscopy, we determined the structures of six eukaryotic 
ribosomal intermediates from budding yeast in late nuclear and cytoplasmic maturation at ~3.5 Å resolution. 
These structures reveal a tightly-choreographed sequence of protein interchanges and protein and RNA 
conformational rearrangements required for insertion of Rpl10 and completion of the PTC. Intriguingly, the 
nuclear export factor Nmd3 “primes” the precursor for loading Rpl10 via interaction with two RNA helices that 
form its binding site. Conversely, the insertion of Rpl10 causes retraction of these helices away from Nmd3, 
facilitating its release. A second critical assembly event in the cytoplasm is assembly of the P stalk, mediated by 
the biogenesis factor Yvh1. We were able to build an atomic model of the ribosome-binding domain of Yvh1 from 
our structures and found that it engages the sarcin-ricin loop, bridging Rpl12 (uL11) and the subunit anti-
association factor Tif6. These assembly events set up the nascent 60S subunit for a subsequent quality control 
check prior to its release into the active pool of ribosomes. 
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Influenza A virus is the causative agent of flu and is responsible for several thousand deaths annually.  Influenza A 
virus depends on the host translational machinery to produce viral proteins in infected cells. Previous studies have 
indicated that influenza virus is able to up-regulate the production of viral proteins in infected cells with the help 
of Non-Structural Protein 1 (NS1). NS1 is a 26 kDa viral protein that binds to double-stranded and single-stranded 
RNAs. NS1 has also been proposed to stimulate the translation of viral mRNAs by interacting with Poly (A) Binding 
Protein 1 (PABP1) and eukaryotic Initiation Factor 4G (eIF4G). However, the mechanism used by NS1 to specifically 
stimulate the translation of viral mRNAs is not clear. We are investigating the interaction of NS1 with PABP1 and 
eIF4G using quantitative biochemical assays. Our studies showed that NS1 increased the affinity of PABP1 for 
binding to poly (A) RNA. Additionally, NS1 appears to enhance the binding of eIF4G to mRNA. Our studies suggest 
that NS1 stimulates translation initiation by stabilizing the “closed-loop” mRNA structure. 
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Protein phosphorylation is known to regulate translational output acting at initiation or elongation. A recent 
report suggested that phosphorylation of ribosomal protein uS5 by Ctk1 kinase instead regulates translational 
accuracy. Because of some inconsistencies in reported data, we further analyzed Ctk1's role in accuracy, finding 
the the originally identified target of Ctk1, Ser238, is not actually involved in maintaining accuracy. We have shown 
that the target is Ser176 by site directed mutagenesis of uS5. This amino acid is in the interface with uS4, previously 
identified as regulating accuracy. Most importantly, mutation of Ser176 to Glu (S176E) renders the cell 
hyperaccurate independent of any phosphorylation by Ctk1. Based on the structure of the region, we proposed 
that pSer176 forms a salt bridge to either of two nearby Arg residues in uS4. Charge reversal mutagenesis suggests 
that the pSer176 forms a salt bridge with Arg57. Acceptance of an aa-tRNA in the A site involves small subunit 
domain closure and disruption of the uS4-uS5 interface; these data suggest that by stabilizing this interface, 
pSer176 increases the energy required to accept the aa-tRNA, which would be expected to decrease near-cognate 
acceptance, increasing accuracy. 

We suspected that Ctk1 does not directly phosphorylate Ser176 because of the lack of match to the kinase's 
consensus target site. We have shown that Ser176 phosphorylation can also be induced by inhibiting Pkc1 or TORC 
kinases even in the absence of Ctk1, suggesting the involvement of other kinases. Both Ctk1 and Pkc1/Torc-
regulated phosphorylation require the Ypk2 kinase, a candidate for the direct kinase of Ser176. 

Our data suggest the existence of at least two kinase pathways that regulate accuracy oppositely by regulating 
the phosphorylation of uS5 Ser176; a salt bridge to pSer176 stabilizes the uS4-uS5 interface and indirectly 
increases translational accuracy. 
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Ribosome biogenesis in eukariotes is a complex process that requires the participation of several accesory proteins 
that no form part of the mature particle. Efl1 is a GTPase homologous to the elongation factor 2 (EF-2) and is 
required for the cytoplasmic maturation of the 60S ribosomal subunit. Together with Sdo1, the yeast ortholog of 
the human protein SBDS, they evict the anti-association factor Tif6 from the surface of the 60S subunit allowing 
the assembly of mature ribosome. In humans, mutations in the SBDS gen cause the disease known as Shwachman 
Diamond Syndrome (SDS). Since there is a 10% of patients with SDS that lack mutations in SBDS, other genes have 
also been associated with this disease. Recently we reported patients with homozygous misssense mutations in 
the EFL1 gene. To understand the functional implications of these mutations, studies where done using the yeast 
proteins yeast mutants; EFL1 M882K in humans (Efl1 L910K in S. cerevisiae) and EFL1 R1095Q in humans (Efl1 
R1086Q in S. cerevisiae).  

The GTPase activity of the Efl1 mutants was evaluated following the release of inorganic phosphate with a 
colorimetric method using green malachite. They had similar enzymatic activities as the wild type protein, and so 
it was its activation upon binding to the SBDS protein and the 60S ribosomal subunit. Binding to guanine 
nucleotides was assessed by fluorescent studies and did not show significative differences compaerd to the wild 
type protein. These results suggested that the activity of mutant Efl1 proteins is not affected. Despite these 
observations, fluorescence localization of Tif6 showed it presence in the cytoplasm of the mutant cells compared 
to the nuclear localization in native cells. 
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PURE (Protein synthesis Using Recombinant Elements) system is a reconstituted cell-free protein synthesis system, 
which consists of only purified factors necessary for transcription, translation and energy regeneration. The PURE 
system has the unique features. It contains less contaminant such as nucleases and proteases, and the 
composition of the reagents can be easily adjusted in accordance with the purpose. We refined the preparation 
methods of all components that were purified from Escherichia coli and developed the new PURE system as 
“PUREfrex”. The product is easily purified with simple step, and also it is directly applicable to cell-based assay 
even without purification because of very low endotoxin level. The latest version of PUREfrex is PUREfrex 2.0, 
which has the productivity of GFP and E. coli dihydrofolate reductase reaching to approximately 1 mg/mL in simple 
batch mode.  

 Here we report three topics about PUREfrex 2.0. First, we found that AT-rich codon at the N-terminal region of 
ORF facilitated the productivity in various proteins including proteins with disulfide bonds like antibody derivatives 
(scFv, Fab, IgG) and membrane proteins. For example, 600 µg/mL of heavy chain of Trastuzumab could be 
synthesized from the template DNA containing AT-rich codon at the N-terminal region. Second, we found that a 
reducing agent in the reaction mixture had influence on the formation of disulfide bonds in the synthesized 
protein. When alkaline phosphatase (AP) was synthesized in the presence of reduced glutathione (not oxidized 
glutathione), synthesized AP could form disulfide bonds and had enzymatic activity, while synthesized AP with 
DTT was not active. Finally, we succeeded in the synthesis of functional aglycosylated IgGs such as Trastuzumab 
and Nivolumab with a productivity of 30-120 µg/mL under the optimized condition. 

This result shows that even disulfide-bonds-containing proteins such as IgGs can be synthesized by a constructive 
approach using a reconstituted system.
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Peptides containing consecutive D- and/or β-amino acids are attractive scaffolds for novel peptide drugs and 
nanomaterials. Although ribosomal incorporation of single or non-consecutive D- or β-amino acids into peptides 
has previously been reported, consecutive incorporation of these amino acids had not been accomplished. This is 
primarily due to their incompatibility with the ribosomal translation system. Here, we took advantage of 
engineered D- and β-aminoacyl-tRNAs bearing optimized T-stem and D-arm motifs for enhancing binding affinity 
to EF-Tu and EF-P, respectively. Combined with a reconstituted E. coli translation system with optimized 
translation factor concentrations, up to ten consecutive D- or β-amino acids could be incorporated into model 
peptides. Furthermore, the synthesis of macrocyclic peptides consisting of D- or β-amino acids closed by a 
thioether bond is also demonstrated. This represents the first example of the ribosomal synthesis of peptides 
containing stretches of consecutive D- or β-amino acids. 
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Isolated α-helices and partially structured protein folding intermediates have been previously reported to be able 
to fold even before exiting the ribosomal tunnel (1, 2). Increasingly new evidence appears showing that also small 
protein domains can fold within the ribosomal tunnel (3, 4). Nevertheless, it is far from being adequately studied 
mainly due to a lack of appropriate methods. 

Single-molecule techniques are essential for the study of protein synthesis and subsequent folding since these are 
asynchronous processes that are extremely difficult to be observed using ensemble methods. Especially optical 
tweezers were used in the past to show full synthesis and co-translational protein folding outside the ribosomal 
tunnel in real time (5). 

In this study we combine confocal fluorescence with optical tweezers to study the folding of the small zinc-finger 
domain ADR1a that takes place while it is still in the ribosomal tunnel. We use a continuous dual-trap optical 
tweezers featuring two-color confocal scanning fluorescence with single-photon sensitivity (C-trap, Lumicks, 
Amsterdam), allowing correlated high-resolution force spectroscopy and smFRET measurements (6). This allows 
for the observation of folding states, transitions, as well as kinetics and at the same time for the determination of 
the role of the interactions between the nascent chain and the tunnel on the entire process. 

Studying such a domain inside the tunnel and how the rate of translation and the folding are influenced by the 
spatial constraints and the interactions within the ribosomal tunnel will help elucidating the role of the ribosome 
in initial protein folding events. 
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Programmed -1 ribosomal frameshifting (-1 PRF) is a mechanism of translational recoding through the use of 
specific signals in messenger RNAs which stimulate a subset of ribosomes to shift back one nucleotide and 
continue translation in the -1 reading frame. -1 PRF was first discovered in viruses and subsequently has been 
found to be widespread. However, few cases of cellular frameshifting are known in Homo sapiens and most of 
these are in Ty3/gypsy retrotransposons: mobile genetic elements that are thought to share evolutionary origin 
with viruses. Thus, there is a need to determine if functionally utilized cellular -1 PRF is widespread in H. sapiens. 
Here we show the top hits from a novel identification program named Frameshift Extension Predictor (FEP) that 
employs a scoring system to prioritize -1 PRF signals with long, -1 frame ORFs. Top hits from this program include 
previously identified -1 PRF signals and several promising candidates that we examine here. 
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RACK1 was originally describes as a receptor for activated C kinase 1 involved in inflammatory chemokine 
expression (IFN-γ, TNF-α, MAPK) (Yao et al., Cell Res., 2014) and later studies identified RACK1 as a component of 
the 40S subunit of the ribosome (Labrurur et al., Nucleic acids Res., 2016). RACK1 is involved in ribosome 
biogenesis, it favors 40S association to the 60S subunit by inducing eIF6 phosphorylation prior to its releases (Ceci 
et al., Nature, 2003). Moreover, a RACK1 independent mechanism for eIF6 release was describes in a 
ribosomopathie: the Shwachman-Bodian-Diamond syndrome (SDBS) (Finch et al., Genes Dev., 2011). 

Recently the team has identified RACK1 as a viral restriction factor (Majzoub et al., Cell, 2014). After viral infection, 
some viruses used Internal Ribosomal Entry Site (IRES) to overcome translation shut down upon cellular response. 
The lab demonstrates that RACK1 is involved in IRES-mediated translation for DCV (IRES type I) and VHC (IRES type 
III) suggesting that RACK1 could be a complementary target in antiviral strategy. IRES was first described in viral 
translation but some IRES have been found in many cellular mRNAs like TP53, cSrc (Allam & Ali, J. Biol. Chem., 
2010; Yang et al., Oncogene, 2006). 

In this project, we proposed to decipher the molecular mechanism of RACK1 in IRES-mediated viral and cellular 
RNAs translation. To target specifically the RACK1 ribosomal function, we have introduced two points of mutations 
R36D and K38E by CRISPR/Cas9 technique in human hepatocarcinoma cells (Huh7) (Jinek et al., Science, 2012; Ran 
et al., Nature Protocol, 2013). This cell line will allowed us to observe the general behavior of the cell when RACK1 
is mutated; identity the RACK1 spectrum of action on IRES containing viral and cellular RNA translation 
(ribosomopathie model); and unveil the molecular mechanism of RACK1 in ribosome biogenesis. These results will 
help us to validate RACK1 as a target in broad-spectrum antiviral treatment. 
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The continuing emergence of antibiotic resistance requires an understanding of mechanisms of resistance for both 
the rational design of novel variants and predictions of likely resistance mutations. Tiamulin is a semisynthetic 
pleuromutilin antibiotic that binds to the 50S ribosomal subunit A site and whose (((2-diethylamino)ethyl)thio)-
acetic acid tail extends into the P site to directly interfere with peptide bond formation. In an effort to investigate 
the structural basis for tiamulin resistance, we have isolated spontaneous tiamulin-resistant mutants of the 
thermophilic bacterium Thermus thermophilus. Ribosomes of this organism can be examined using both genetics 
and structural biology, potentially allowing a direct determination of the structural basis for tiamulin resistance. 
We have identified tiamulin-resistant mutants containing either single base substitutions in the 
peptidyltransferase active site of 23S rRNA or amino acid substitutions in ribosomal protein L3. These mutations 
are consistent with those found in other organisms and are in close proximity to the crystallographically-
determined tiamulin binding site. Through cross-resistance analysis, we have found that other base substitutions 
in the peptidyltransferase active site, selected for resistance to structurally unrelated antibiotics, also confer 
tiamulin resistance. While some of the base substitutions in 23S rRNA are positioned to directly affect tiamulin-
ribosome contacts, amino acid substitutions in L3 are predicted to act indirectly by perturbing rRNA conformation 
in the active site. Future structural studies are expected to distinguish between these mechanisms of resistance.
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During synthesis of the topoisomerase subunit encoded by the gene 60 of bacteriophage T4 the ribosomes take 
off from a certain codon, bypass a 50-nt non-coding segment of mRNA and resume translation on a specific landing 
codon. The signals required for bypassing are programmed within the gene 60 mRNA and include several mRNA 
structures/sequences as well as the nascent peptide interactions in the ribosome exit tunnel. It is still unclear 
which event initiates the take-off and what defines the directionality of the ribosome movement. We investigate 
the bypassing mechanism in the reconstituted E. coli in vitro translation system and find the components required 
to induce the ribosome take-off. We also probe the ribosome dynamics during bypassing using single-molecule 
FRET. We propose that the nascent peptide within the ribosome exit tunnel together with a short stem-loop of 
mRNA formed in the A site facilitate a temperature-dependent conformational rearrangement of the decoding 
site and induce a non-canonical hyper-rotated state of the ribosome. Elongation factor G (EF-G) interacts with the 
vacant A site of the ribosome stalled at the take-off codon and performs pseudo-translocation which disrupts the 
codon-anticodon interaction in the P site, providing the starting force for bypassing. These data suggest that EF-G 
plays an important, previously unanticipated role in translational bypassing initiation. 
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Mammalian mitochondrial ribosomes (mitoribosomes) are responsible for synthesizing thirteen polypeptides that 
form essential components of the complexes involved in oxidative phosphorylation (ATP generation). Despite 
their bacterial origin, the composition and structure of the human mitoribosome and its translational factors have 
been found to be significantly different from their bacterial counterparts. The mammalian mitoribosome recycling 
factor (RRFmt) carries an 80 amino-acid mito-specific N-terminus extension (NTE), which is necessary for the 
function of RRFmt. We have obtained a 3.7 - 3.9 Å resolution cryo-EM structure of the human 55S mitoribosome-
RRFmt complex, which reveals α-helix and loop structures for a portion of the NTE that makes multiple mito-
specific interactions with functionally critical regions of the mitoribosome. These include ribosomal RNA segments 
that constitute the peptidyl transferase center (PTC), those that connect PTC with the GTPase-associated center, 
and with mitoribosomal proteins (MRPs), L16 and L27. Our structure also reveals conformational changes in MRPs 
S12 and L27, inter-subunit bridges of the RRFmt-bound mitoribosome, and an interaction between the E-site tRNA 
and a mito-specific MRP mL64, which could be involved in facilitating tRNA movement on the rRNA-deficient 
mammalian mitoribosomes. Our observation that the mito-specific NTE of RRFmt spans across A and P loops of 
PTC, encompassing the entrance of the nascent polypeptide-exit tunnel, suggests that the NTE interaction with 
the mitoribosome ensures a complete inaccessibility to tRNAs and other ligands to both PTC and the entrance 
nascent polypeptide-exit tunnel of the mitoribosome. This situation is in sharp contrast to that in bacterial RRF, 
which does not interact with the A loop. Novel interactions between the RRFmt and mitoribosome and between 
E-site tRNA and a mito-specific MRP mL64 highlight unique features of mitoribosome recycling and E-tRNA 
dynamics, respectively. 
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A hallmark of translation in human immunodeficiency virus type 1 (HIV-1) is a –1 programmed ribosome 
frameshifting (–1FS) event that produces the Gag-Pol fusion polyprotein. –1FS efficiency at the gag-pol slippery 
site determines the Gag to Gag-Pol ratio, which is essential for HIV-1 replication, particle formation, and infectivity. 
In human cells, frameshifting efficiency is about 10%, and –1FS can proceed via two different pathways resulting 
in a signature peptide FFR (about 2.5%) or FLR (about 7.5%), and this frameshifting efficiency has been 
recapitulated in Escherichia coli both in vivo and in vitro. Here we show that –1FS is modulated by Leu-
tRNALeu(UUA) reading the second codon of the slippery site UUA. Both UUA codon and Leu-tRNALeu(UUA) are 
rare in human cells. Depending on Leu-tRNALeu(UUA) concentration the virus can switch between the two 
different frameshifting regimes while maintaining the robust overall frameshifting efficiency. Under Leu-
tRNA(UUA) limitation FFR pathway is dominant, and overall –1FS efficiency is high, whereas at increased Leu-
tRNA(UUA) concentration FLR route becomes prevalent and frameshifting is suppressed. The lack of specific 
aminoacyl-tRNAs can also lead to –2 and +1 frameshifting events. In addition to the canonical slippery site, HIV-1 
contains the second slippery site, which normally does not contribute to frameshifting. However, mutations at 
this site in response to antiviral drug therapy induce efficient –1 and –2 slippages. Together, these different 
frameshifting regimes allow the virus to maintain a constant –1 frameshifting efficiency, thereby ensuring 
successful virus propagation. 
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Protein biosynthesis is the most energy-consuming process during cellular proliferation. Therefore, any event that 
interferes with protein production jeopardizes cell viability. A particular challenge is ribosome stalling where a 
ribosome gets trapped on an mRNA and can neither proceed with translation nor be released. To counter the 
threats posed by ribosome stalling, cells have evolved quality control pathways that detect and release the stalled 
ribosome, and degrade both the mRNA and the nascent polypeptide. Ubiquitination and subsequent degradation 
of the emerging nascent peptide is mediated by the Ribosome Quality control Complex (RQC). Although the RQC 
has been extensively studied in yeast, far less is known about the mammalian pathway. 

We have engineered a non-stop decay reporter and used it to perform a whole-genome CRISPR interference 
screen for factors that facilitate the degradation of the stalled nascent polypeptide. This unbiased approach 
allowed us to gain a comprehensive view of the mammalian RQC pathway, as well as to identify mammalian 
specific RQC components. We have discovered a novel complex in the RQC pathway that translationally silences 
faulty mRNAs by blocking ribosome initiation. This novel quality control mechanism could prevent the formation 
of ribosome “traffic jams” on defective messages, alleviating the stalling burden in mammalian cells. 
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Chemical modifications of RNAs have long been appreciated as key modulators of non-coding RNA structure and 
function in cells. However, it has recently become apparent that nucleoside modifications are also sometimes 
present in the sequences of mRNAs, which direct protein synthesis. It is widely hypothesized that mRNA 
modification may serve to modulate gene expression because the enzymatic incorporation of mRNA modifications 
has the potential to impact mRNA stability, protein-recruitment, and translation in a programmed manner. One 
major obstacle to defining how RNA modifications contribute to gene expression is the difficulty of de-coupling 
the effects on protein synthesis from protein and mRNA stability in cells. We overcame this challenge by using a 
fully-purified translation system to directly assess how protein synthesis is impacted by two of the most prevalent 
modifications present in mRNA coding sequences, pseudouridine (Ψ) and N6-methyladenosine (m6A). Our work 
reveals that replacing a single nucleotide with Ψ or m6A in an mRNA codon perturbs how the ribosome decodes 
an mRNA. We find that the presence of both m6A and Ψ reduce the rate of amino acid incorporation. Additionally, 
incorporation of Ψ, but not m6A, promotes the synthesis of multiple stable peptide products from a single mRNA 
sequence due to ribosome miscoding. Furthermore, our work mechanistically rationalizes previous observations 
that Ψ promotes suppresses translation termination in cells; we observe that the presence of Ψ in stop-codons 
inhibits peptide hydrolysis by class I release factors. These studies provide support for the provocative hypothesis 
that chemical modifications in mRNA could potentially provide a distinct way for cells to quickly and directly 
regulate and alter protein production. 
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Between two rounds of protein synthesis, ribosomes are disassembled into their large and small subunits so they 
can successfully engage in a new round of translation. In archaea and eukaryotes, the recycling factor ABCE1 is 
crucial for the splitting process. The highly conserved ABC-type ATPase is recruited to the termination complex 
and interacts with the A-site bound release factor (aRF1, eRF1). In archaea, aRF1 interaction and ATP-binding 
induces a conformational change in ABCE1, which results in dissociation of the subunits. Afterwards, ABCE1 
remains bound to the 30S subunit and the position of its FeS cluster domain prevents rejoining of the large 
ribosomal subunit. In the next step, initiation factors, Met-tRNAiMet and mRNA can form the (pre-) initiation 
complex. In eukaryotes, ABCE1 has been found associated with pre-initiation complexes suggesting a putative role 
of ABCE1 also during initiation. We investigate the contribution of ABCE1 in this process in an archaeal in vitro 
system. Here, only aIF1, aIF1A and aIF2, which are homologous to their eukaryotic counterparts, are present to 
facilitate recognition of the start codon and delivery of the Met-tRNAiMet.  

We reconstituted archaeal ABCE1-containing post-splitting and pre-initiation complexes to obtain high-resolution 
cryo-EM structures of the archaeal 30S subunit with bound aABCE1 as well as a number of initiation factors. 
Exhaustive 3D classification regiments enabled us to obtain multiple conformational states of these complexes, 
which provide important new insights into the link between ribosome recycling and initiation. 
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Cancer cells are addicted to ribosome biogenesis and high levels of translation. Thus, differential inhibition of 
cancer cells can be achieved by targeting e.g. pol I transcription, pre-rRNA processing or structural differences in 
ribosomes in cancer cells compared to normal cells. Structural differences comprise post-transcriptional rRNA 
modifications and the protein composition of the ribosomes. Ribosomal RNA is a well-known drug target in 
combatting infections and in several cases, post-transcriptional modifications are implicated in target 
discrimination of drugs. Thus, an alternative to inhibition of rRNA synthesis in cancer would be to target mature 
ribosomes based on differences in their rRNA modification pattern. We developed a sequencing-based method, 
RiboMeth-seq, for profiling the ~110 2’-O-Me sites in human rRNA and previously showed distinct profiles in HeLa 
cervical and HCT116 colon carcinoma cancer cell lines. Here, we focus on cell lines and patient samples from 
diffuse large B-cell lymphoma (DLBCL), the most common and aggressive non-Hodgkin’s lymphoma in adulthood 
accounting for 30-40% of diagnoses. Treatment of DLBCL is complicated by the fact that it is a heterogeneous 
diagnostic category comprising different subtypes that probably originate from B-cells at different stages of 
differentiation. 

We demonstrate pronounced hypomethylation at several sites in patient-derived DLBCL cell lines as also noted 
for other cancer cell lines. The extent of hypomethylation appeared more severe in two representatives of 
activated B-cell like DLBCL (ABC-DLBCL) compared to two representatives of germinal center B-cell like DLBCL 
(GBC-DLBCL). Thus, the extent of hypomethylation in cell lines correlates with clinical aggressiveness of the two 
subtypes. In a comparison of 17 tumor samples from patients to control samples from benign reactive lymph 
nodes, a distinct pattern of hypo- and hypermethylation was noted at a small fraction of sites clustering in the 5’ 
domain of the SSU and domain VI of the LSU. A correlation with clinical parameters will be presented and the 
applicability of RiboMeth-seq to diagnosis and for predicting sites for drug targeting will be discussed.
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A central question in biology is how information encoded in the genome is translated into body form. Our lab 
identified RNA motifs in Homeobox (Hox) 5’ UTRs that in conjunction with more specialized ribosomes direct 
tissue-specific translational control. A subset of Hox mRNAs contain Internal Ribosome Entry Site (IRES)-like 
elements that control Hox spatiotemporal protein expression as well as a novel Translation Inhibitory Element 
(TIE) that suppresses cap-dependent translation. We applied RNP affinity purification from mouse embryos of Hox 
IRES-protein complexes to understand the role of cis-acting RNA-protein complexes. This led to the identification 
of an only 35 nt long stem-loop of the Hoxa9 IRES structure that is sufficient for recruitment of the 40S ribosomal 
subunit. Next, we used RNA structural mutagenesis and RNA structure-function analysis to show that this short 
stem-loop in presence of a leader sequence can initiate translation of a reporter mRNA. We further employed 
cryo-EM analysis and identified an 18S rRNA expansion segment (ES) in the human 40S subunit that directly binds 
to the Hoxa9 full-length IRES RNA, as well as the 35 nt stem-loop RNA alone. During eukaryotic evolution from 
yeast to mammals, this ES, with a yet unknown function, increased in size. While yeast ribosomes do not bind to 
the Hoxa9 IRES structure or stem-loop RNA, we engineered chimeric ribosomes by “humanizing” yeast 18S rRNA 
exclusively in the distal part of this specific ES. Such humanized ribosomes are sufficient to specifically reconstitute 
Hoxa9 IRES binding to the ribosome. We further incubate fragmented mouse embryo mRNAs with WT and 
humanized ribosomes and find 90 mRNAs that differentially bind to this ES. These findings indicate a defined 
interplay of mRNA elements with the core ribosome and reveals a role for the evolution of the translation 
machinery itself, particularly its rRNA content, in guiding transcript-specific translation control in higher 
eukaryotes
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Synchronizations of translation rates between the mitochondria and their cellular host is critical for the 
maintenance of cellular fitness, with cancer cells being especially vulnerable to translation uncoupling. Although 
alterations of cytosolic protein synthesis are common in human cancer, the compensating mechanisms in place in 
the mitochondria remain elusive. Here we show that the malignant lncRNA SAMMSON promotes a balanced 
increase in rRNA maturation and protein synthesis in the cytosol and mitochondria by modulating the localization 
of CARF, an RNA-binding protein sequestering XRN2 in the nucleoplasm and limiting nucleolar rRNA maturation. 
SAMMSON interferes with XRN2 binding to CARF in the nucleus by favoring the formation of an aberrant 
cytoplasmic RNA-protein complex containing CARF and p32, a mitochondrial protein required for the processing 
of the mitochondrial rRNAs. This data highlights how a single oncogenic lncRNA can simultaneously modulate 
RNA-protein complex formation in two distinct cellular compartments to promote cell growth. 

Paper In press in Nature Structural and Molecular Biology 
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The functional dynamics of the ribosome requires numerous large-scale structural rearrangements. While these 
motions are intrinsically multi-dimensional, modern single-molecule measurements typically report a small 
number of interatomic distances. Accordingly, a major challenge in single-molecule studies is to identify the most 
kinetically-relevant coordinates. To address this issue for the ribosome, we use a range of theoretical models and 
molecular dynamics simulations in order to simulate hundreds/thousands of spontaneous large-scale (~30-50 Å) 
conformational transitions, including accommodation, hybrid-state formation (A/P and P/E), translocation, 
subunit rotation and domain rearrangement in elongation factors. With these large data sets, we are assessing 
the ability of experimentally-accessible coordinates to capture the rate-limiting free-energy barriers (1-3). This 
analysis provides design strategies for next-generation single-molecule and cryo-EM measurements, as well as 
helps rationalize controversial and/or contradictory experimental observations (4). Finally, these calculations 
provide a quantitative foundation that is allowing us to study the precise relationship between structure, 
energetics and dynamics in the ribosome (5-7). 
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4. M. Levi, K. Nguyen, L. Dukaye, P. C. Whitford. Biophys. J., 113, 2777-2786, 2017. 
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6. K. Nguyen, P. C. Whitford. Nature Communications. 7, 10586, 2016. 
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During protein synthesis, ribosomes can shift reading frames on the mRNA they are translating by slipping one or 
two nucleotides in the 5’ or 3’ direction. Given the importance of reading frame maintenance for faithful 
translation of mRNAs, the translation machinery has evolved strategies to suppress frameshifting errors to a 
frequency of <10^–5 events per codon. Contrasting with this, the translation machinery has also evolved strategies 
in which the frequency of frameshifting is increased to 10^–2 – 0.8 events per codon in order to correct frameshift 
mutations or to produce multiple proteins from the same mRNA. Despite decades of genetic, biochemical, and 
structural studies, the mechanisms underlying reading frame maintenance and frameshifting remain elusive, with 
many competing models proposed in the literature. In particular, it is not clear whether and how tRNAs, 
translation factors, and mRNA elements manipulate the dynamics of the translation machinery in order to 
maintain the reading frame and/or regulate frameshifting. Exemplifying the importance of such strategies, we 
have previously shown that a frameshift-stimulating stem-loop in the Escherichia coli dnaX mRNA modulates the 
dynamics of the translating ribosome so as to inhibit productive binding of elongation factor G (EF-G) to the 
ribosome, thereby promoting a high-efficiency frameshift. Building on this work, I will describe new studies in 
which we are using a combination of single-molecule fluorescence resonance energy transfer (smFRET) and 
biochemical approaches to investigate whether and how frameshift-prone tRNAs, frameshift-suppressor tRNAs, 
and frameshift-stimulating drugs modulate the dynamics of the translating ribosome as part of their mechanisms 
of action. Collectively, our studies are uncovering the fundamental roles that mRNA-, tRNA- and drug-mediated 
modulation of ribosome dynamics play in the mechanisms of reading frame maintenance and frameshifting. 
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Ribosomal Fidelity in Bacterial Stress Responses and Pathogenesis 
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Fidelity during protein synthesis is maintained by precise quality control mechanisms in all domains of life, and 
reduced translational fidelity can lead to growth defects in bacteria and neurodegeneration in mammals. Recently, 
growing evidence suggests that reduced translational fidelity may also benefit microorganisms under stress 
conditions. For example, we have shown that reduced ribosomal fidelity activates the general stress response in 
Escherichia coli and enhances bacterial tolerance to oxidative stress. To date, very little is known about how 
translational fidelity affects bacterial pathogenesis and host-pathogen interactions. Our recent data reveal that 
optimal ribosomal fidelity is critical for bacterial pathogenesis and adaptation to host environments. We have also 
developed sensitive reporters to visualize ribosomal fidelity in single bacterial cells, enabling us to study regulation 
of ribosomal fidelity by environmental cues and its role in bacteria-host interactions. 
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POLG encodes the catalytic subunit of mitochondrial DNA (mtDNA) polymerase, which is a hotspot for more than 
200 known mutations in humans that cause mitochondria-associated diseases such as PEOA1, SANDO, AHS, and 
MNGIE (https://tools.niehs.nih.gov/polg/). Disease development is believed to result from a gradual depletion of 
mtDNA due to polymerase dysfunction(s). We noticed that the 5’ leader of the POLG mRNA contains a 23-codon 
conserved AUG-initiated upstream open reading frame (uORF). In general, uORF translation represses main ORF 
translation by decreasing the number of scanning 43S preinitiation complexes that can reach the main ORF start 
codon. However, fusion of the POLG 5’leader upstream of a reporter gene and deletion of the POLG uORF resulted 
in decreased reporter translation. Examination of publicly available ribosome profiling data suggested translation 
of an alternative reading frame (-1) overlapping the POLG main ORF. Moreover the footprint density aligning to 
the -1 frame is higher than the footprint density aligning to the POLG main ORF frame and decreases abruptly at 
the first -1 frame stop codon. Notably, this -1 frame stop codon is universally conserved across placental mammals. 
Since there are no AUG triplets that could initiate translation of the -1 frame ORF we searched for conserved near-
cognate initiation codons and identified a CUG triplet located upstream of the POLG main start codon. 
Experiments with reporter constructs confirmed that highly efficient (50-60%) initiation at this CUG codon allows 
translation from a 260 codon ORF in humans which we term POLGARF (POLG Alternative Reading Frame). 
POLGARF product localizes to the nucleoli and can interact with C1QBP (p32) with concomitant C1QBP nucleolar 
accumulation. The POLG gene has been studied extensively because of its link to many Mendelian genetic 
disorders. Several naturally occurring synonymous changes in POLG alter the amino acid sequence of POLGARF, 
cautioning against potential roles in mitopathies and other diseases with, as yet, unknown etiology.
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Understanding the evolution of the modern protein synthesis machinery is a multidimensional problem. Since the 
biological time clock cannot be re-winded, we are addressing this question by characterizing the sequence 
reconstructed, ancestral bacterial translation factors with structure and function. Our first study-system is an 
absolutely essential elongation factor, EF-Tu, which brings aminoacyl tRNAs to the ribosome. The strong 
correlation between the thermal stability of EF-Tu and the optimal growth temperature of the host makes EF-Tu 
a good candidate for studying protein evolution.  

Gaucher et al. in 2003 published several resurrected sequences for EF-Tu, which would occur at the ancient nodes 
in the bacterial evolutionary tree (Gaucher, Nature 2003). We have cloned, purified and crystallized all major nodal 
ancestral EF-Tus and solved structure of a two billion year old EF-Tu (262) at 2 Å resolution. Despite 84% sequence 
identity with Escherichia coli EF-Tu (which is ‘thermo unstable’) the EF-Tu (262) shows significantly high 
thermostability - comparable to Thermus thermophilus EF-Tu. In depth comparative sequence and structural 
analysis of EF-Tu (262) reveals certain motifs of its G-domain, which could be responsible for its enhanced 
thermostability. We are characterizing the importance of these motifs towards modulating thermostability by site 
directed mutagenesis. In parallel, we have tested EF-Tu (262) in dipeptide formation assay using ribosomes from 
both E. coli and T. thermophilus.  The kinetic parameters (kcat and KM) are determined, which show similar 
compatibility of EF-Tu (262) to both the T. thermophilus and E. coli ribosomes. EF-Tu (262) has further been tested 
for affinity to GTP/GDP, GTP hydrolysis, affinity to EF-Ts and accuracy in tRNA delivery. Our data developed insights 
for understanding the evolution of thermal stability and ribosome specificity in the ancestral EF-Tus. 
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It has been assumed that antibiotics which target the ribosome universally block protein synthesis. However, due 
to the dynamic nature of translation and the variety of substrates the ribosome interacts with, structural analysis 
and biochemical experiments may not completely predict how protein synthesis is inhibited in vivo. Our lab has 
previously shown the action of classical antibiotics such as erythromycin and chloramphenicol to depend on the 
context of the nascent chain.  

Evernimicin (EVN) is an orthosomycin antibiotic that binds to the large ribosomal subunit protein uL16 and rRNA 
helices H89 and H91. When bound to this location, EVN should prohibit the accommodation of tRNA into the 
classic A/A position, universally inhibiting elongation. However, the maximum inhibition by EVN is template-
dependent in cell free translation reactions. Additionally, toeprinting experiments show that while translating 
some model mRNAs, EVN-bound ribosomes can proceed through multiple rounds of elongation before stalling. 
We therefore hypothesize that EVN action is also context dependent, differentially inhibiting the full A/A state 
accommodation of each tRNA. We used ribosome profiling to identify locations of efficient EVN action genome-
wide. 

Our preliminary analysis suggests multiple variables determine drug action. Ribosomes preferentially stall with 
proline and leucine codons in the A-site, but apparently only when within a certain context. We found that the 
nascent chain and identity of the P-site amino acid affects the efficiency of drug action. EVN efficiently stalls 
ribosomes at proline rich sequences and when histidine occupies the P-site. We are currently performing 
biochemical experiments to understand the molecular principles underlying the mechanism of action of 
orthosomycins. Our findings suggest that dynamics of tRNA accommodation in the presence of EVN are affected 
by the nascent chain and may contribute to rational drug design of new A-site inhibitors.
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Ribosomopathies are characterized by a number of intriguing clinical features. One, known as “Damashek’s 
Riddle” is based on the observation that the first phase of disease is often marked by too few cells (anemias), 
while the second involves too many (cancers). A second stems from the fact that mutations of different ribosomal 
proteins/ribosome biogenesis factors result in distinctly different pathologies. A third lies in the pleiotropic 
presentation and variable penetrance of each of the different syndromes.  These observations have been used by 
some to bolster the “specialized ribosomes” hypothesis, and by others to argue in favor of a “ribosome 
homeostasis” model.  Here, a series of yeast-based experiments were used to address these questions. In one set 
of experiments, RNAseq and followup studies revealed that ribosomopathy model cells are subject to two 
independent stressors, which could be traced back to the fact that mutant ribosomes are both unstable and 
translate mRNAs with reduced fidelity. A second set of experiments revealed that gene dosage rather than 
ribosomal protein gene identity is responsible for observed phenotypic differences in RP gene deletion strains. In 
both cases, constant stress due to defective ribosomes rendered yeast cells resistant to additional stressors. These 
findings support the homeostasis model, with the caveat that it is limited to yeast cells growing in the presence 
of abundant metabolic resources.  A more generalizable model accounting for the pleiotropic clinical features of 
ribosomopathies is presented. 
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Staphylococcus aureus is a formidable human pathogen that uses secreted cytolytic factors to injure immune cells 
and promote infection of its host. Among these proteins, the PSM family of pore-forming toxins plays critical roles 
in S. aureus pathogenesis. The regulatory mechanisms governing the expression of these toxins are incompletely 
defined. Differential transcriptomics and proteomics of extracellular proteins, and in vivo and in vitro translation 
analyses, revealed that ribosomal protein S1 (SauS1), which in not associated with the ribosome, influences the 
expression and production of exotoxins like PSMs, α-haemolysin, b-haemolysin and γ-haemolysins and 
exoenzymes (proteases and lipases) and it is required for cellular cytotoxicity (leucocytes and erythrocytes). By 
binding their highly structured mRNAs, SauS1 specifically promotes translation initiation of the different PSM 
peptides, from the αpsm 1-4 operon, from hld locus encoded into the long regulatory RNAIII gene and from the 
βpsm operon. We propose that the presence of structures at the RBS of these different toxins requires additional 
translation activators, which could be either S1 protein as shown, or sRNA too. Thus SauS1 belongs to a new class 
of RNA chaperones that play key roles in the regulation of translation in S. aureus. Its role in virulence will be 
discussed. 
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Translation initiation in bacteria often entails pairing between the Shine Dalgarno (SD) sequence of mRNA and the 
anti-Shine Dalgarno (ASD) at the 3’ end of the 16S rRNA. Genomic studies have revealed that certain bacterial 
lineages, such as the Bacteroidetes, completely lack SD sequences [1]. Despite this, the ASD remains conserved in 
these organisms, implying an alternative function of the ASD. Here, we present our initial work to probe the 
function of the ASD in Flavobacterium johnsoniae, a genetically tractable member of the Bacteroidetes. In E. coli, 
ribosomes harboring substitutions in the core ASD (CCUCC) fail to support cell growth and cause dominant 
lethality.  

We have begun to generate and characterize analogous mutations in the 16S rRNA of F. johnsoniae. This organism 
contains six virtually identical rrn operons. We are working to delete all 6 operons from the chromosome, such 
that cells are supported by a single plasmid-born copy of the rrn operon, akin to the Δ7 prrn strain of E. coli. Three 
rrn operons have been deleted so far. This Δ3 strain exhibits a reduced growth rate, which can be complemented 
by a plasmid containing the rrn operon. In cells expressing heterogeneous 16S populations, mutant ribosomes can 
and will be tracked in sucrose gradients to assess ribosome assembly and function. The results, which may uncover 
the role of the ASD in the Bacteroidetes, will be discussed. 

1. Nakagawa, S., Niimura, Y., Miura, K. & Gojobori, T. Dynamic evolution of translation initiation mechanisms 
in prokaryotes. Proc Natl Acad Sci USA 107, 6382-6387, doi:10.1073/pnas.1002036107 (2010). 
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Ribosomes are the molecular machines responsible for the synthesis of all cellular proteins. The process of 
ribosome assembly requires more than 200 non-ribosomal factors, which hierarchically assist and coordinate the 
folding, chemical modification, and processing of the different ribosomal RNAs and their association with 
ribosomal proteins. Among these biogenesis factors are many enzymes, such as nucleases, GTPases, and RNA 
helicases. Prp43 is a DEAH-box RNA helicase involved both in pre-mRNA splicing and biogenesis of both 60S and 
40S ribosomal subunits. To accomplish these distinct functions, Prp43 associates with different cofactors such as 
Ntr1, Pfa1, and Pxr1, which recruit it to its target and/or stimulate its ATPase and RNA helicase activity via their 
glycine-rich G-patch domain. The high-throughput sequencing of ∆nsa1 suppressors performed in our lab revealed 
mutations both in PRP43 and in a gene coding for a nucleolar protein containing a slightly degenerate G-patch 
domain. Here, in line with a functional connection, we show that this new G-patch protein interacts physically 
with Prp43, and present a detailed in vivo and in vitro interaction mapping revealing crucial regions required for 
the interaction with the RNA helicase. Furthermore, we also show the results of functional complementation 
analyses carried out with N- and C-terminal truncated variants of the putative Prp43 cofactor uncovering essential 
and dispensable sequences required for its functionality in vivo. 
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Riboseq.Org (http://RiboSeq.Org) is a growing internet portal dedicated to the analysis of ribosome profiling data. 
It consists of three on-line tools, RiboGalaxy, GWIPS-viz and Trips-VIZ. RiboGalaxy aims to free researchers 
processing their own ribosome profiling data from the need to write computer code by providing essential 
pipelines through a cross-platform internet browser interface. GWIPS-viz is a genome browser that displays 
ribosome footprints aligned to the reference genomes of several species. Its primary purpose is to help the 
identification of novel translated genomic regions. The latest addition is Trips-VIZ which is an interactive graphical 
environment enabling collaborative exploratory analysis of public and private data in the context of whole 
translatomes and of individual transcripts. It enables analysis of dataset quality characteristics, detection of 
differentially expressed genes, and can facilitate the discovery of uORFs and alternative proteoforms. 

References: 

1. Kiniry SJ, O’Connor PBF, Michel AM, Baranov PV. (2018) Trips-Viz: A transcriptome browser for exploring 
Ribo-Seq data. Nucleic Acids Res [under review]. 

2. Kiniry SJ, Michel AM, Baranov PV. (2018) The GWIPS-viz Browser. Current Protocols in Bioinformatics e50. 
3. Michel AM, Kiniry SJ, O'Connor PBF, Mullan JP, Baranov, PV. (2018) GWIPS-viz: 2018 update. Nucleic Acids 

Res 46:D823-D830. 
4. Michel AM, Mullan JPA, Velayudhan V, O'Connor PBF, Donohue C, Baranov PV. (2016) RiboGalaxy: a 

browser based platform for the alignment, analysis and visualization of ribosome profiling data. RNA 
Biology 3:316-319. 

5. Michel AM, Ahern AM, Donohue CA, Baranov PV. (2015) GWIPS-viz as a tool for exploring ribosome 
profiling evidence supporting the synthesis of alternative proteoforms. Proteomics 15:2410-2416. 

6. Michel AM, Fox G, Kiran AM, De Bo C, O'Connor PBF, Heaphy SM, Mullan JPA, Donohue CA, Higgins DG, 
Baranov PV. (2014) GWIPS-viz: development of a ribo-seq genome browser. Nucleic Acids Res, 42:D859-
864. 
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Ribosomes are the dynamic protein synthesis machineries of the cell. They may exist in different functional states 
in the cell. Therefore, it is essential to have structural information on these different functional states of ribosomes 
to understand their mechanism of action. I will present single particle cryo-EM reconstructions of the 
Mycobacterium smegmatis 70S ribosomes in the P/P state (with P-tRNA), trans-translating state (with tmRNA), 
and hibernating state (with HPF) resolved to 3.4, 12.5, and 4.1 Å, respectively. The high-resolution structure of the 
P/P state reveals various rRNA and r-protein extensions in M. smegmatis ribosome and suggest how these 
mycobacterial features can be exploited as the potential drug targets. Structure of the trans-translating state 
suggests a conserved bacterial rescue mechanism of stalled ribosomes. A comparison of the P/P state to the 
hibernating state provides possible functional insights about the Mycobacteria-specific Helix 54a rRNA segment. 
Interestingly, densities for all the four OB domains of bS1 protein is visible in the hibernating 70S ribosome 
displaying the molecular details of bS1-70S interactions. Our structural data shows a Mycobacteria-specific H54a-
bS1 interaction which seems to prevent subunit dissociation and degradation during hibernation without the 
formation of 100S dimer. This indicates a new role of bS1 protein in 70S protection during hibernation in 
mycobacteria in addition to its conserved function during translation initiation. 
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Within the larger ABC superfamily of ATPases, ABCF family members eEF3 in Saccharomyces cerevisiae and EttA 
in Escherichia coli have been found to function as ribosomal translation factors. Several other ABCFs including 
biochemically characterised VgaA, LsaA and MsrE confer resistance to antibiotics that target the peptidyl 
transferase centre or exit tunnel of the ribosome. However, the diversity of ABCF subfamilies, the relationships 
among subfamilies and the evolution of antibiotic resistance factors from other ABCFs have not been explored. 
To address this, we analysed the presence of ABCFs and their domain architectures in 4505 genomes across the 
tree of life. We find 45 distinct subfamilies of ABCFs that are widespread across bacterial and eukaryotic phyla, 
suggesting they were present in the last common ancestor of both. Surprisingly, currently known antibiotic 
resistance (ARE) ABCFs are not confined to a distinct lineage of the ABCF family tree. This suggests that either 
antibiotic resistance is a pervasive feature of bacterial ABCFs, or it is relatively easy to evolve antibiotic resistance 
from other ABCF functions. Our data suggest there are a number of previously unidentified ARE ABCFs in antibiotic 
producers and important human pathogens. We find that ATPase-deficient mutants of all four E. coli ABCFs (EttA, 
YbiT, YheS and Uup) inhibit protein synthesis, indicative of their ribosomal function, and demonstrate a genetic 
interaction of ABCFs Uup and YheS with translational GTPase BipA involved in assembly of the 50S ribosome 
subunit. Finally, we show that Bacillus subtilis VmlR is a ribosome-binding resistance factor localised to the 
cytoplasm. 
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Capreomycin and viomycin are tuberactinomycin antibiotics that act by interfering with translocation. Resistance 
to tuberactinomycins can be caused by base substitutions in the tuberactinomycin binding site consisting of helix 
69 of 23S rRNA and helix 44 of 16S rRNA. Here we describe the structural basis of tuberactinomycin resistance 
based on X-ray crystal structures of 70S ribosomes from capreomycin-viomycin resistant mutants of the 
thermophilic bacterium Thermus thermophilus. In wild-type ribosomes, A1913 of 23S rRNA extrudes from the loop 
of helix 69 to interact with the anticodon loop of aminoacyl-tRNA, an interaction that is stabilized by 
tuberactinomycins. Several sites of contact with both antibiotics are disordered in ribosomes bearing an A1913U 
substitution, providing a straightforward explanation for resistance. In contrast, a mU1915G base substitution 
confers resistance indirectly by disrupting drug-ribosome contacts, and also destabilizes A-site tRNA-ribosome 
interactions. These results illustrate distinct mechanisms of resistance to this important class of antibiotics.
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Peptidyl-tRNAs in the early elongation stage frequently dissociate from the ribosome (peptidyl-tRNA drop-off), 
presumably due to insufficient affinity of the short nascent chains of pep-tRNAs with the ribosome tunnel. The 
pep-tRNAs are deacylated and recycled by peptidyl-tRNA hydrolase (PTH) which is an essential enzyme in bacteria.  

The pep-tRNA drop-off is a regular event frequently occurring during elongation in protein synthesis. However, 
little is known about biological roles and molecular mechanism of this event. 

To characterize nascent chain of pep-tRNAs accumulated in the cells, we successfully isolated total species of 
individual pep-tRNAs extracted from the temperature sensitive E. coli pth strain cultured at non-permissive 
temperature. The peptide moiety of each isolated pep-tRNA was deacylated and subjected to mass spectrometry. 
We sequenced and profiled nascent peptides attached to each pep-tRNA and identified nascent chains of 
dipeptides to oligopeptides (up to 15 residues) that correspond to N-terminal sequences of E. coli ORFs. We also 
found non-cognate pep-tRNAs that do not match to N-terminal sequences of any ORFs (non-cognate pep-tRNAs). 
Sequence analysis of these non-cognate peptides revealed that mistranslation frequently takes place at the drop-
off sites on the ribosome. The non-cognate peptides are shorter than the cognate peptides. A reporter assay 
revealed that the non-cognate pep-tRNAs produced by misreading is not able or hard to participate in the next 
round of elongation, suggesting that the ribosome has an active mechanism to reject such non-cognate pep-tRNAs 
by the drop-off mechanism in the early stage of elongation. 
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As most biological molecules are flexible, cryo electron microscopy (Cryo-EM) is an ideal method of choice for 
describing native conformations. To facilitate Cryo-EM based discoveries, numerous automations have been 
pursued both in equipment wise and software wise. However, a popular flexible fitting method which is based on 
molecular dynamics (MD) simulation is not only manual but also challenging to be practiced by non-MD simulation 
experts. Here, we introduce an automatic flexible fitting of atomic model for Cryo-EM map, cryo_fit, as a Phenix 
based software. Not only we made manual and error-prone complex multi steps of MD simulation be one 
automatic step, but also we designed it to keep record of input commands and files for reproduction and 
management, automatically readjust critical options to be reapplied, analyze correlation changes and allow 
further refinement and validation. We expect that even scientists who have no experience of MD simulation and 
movie analysis can flexibly fit atomic model and describe dynamic conformational change of biological molecules 
to exploit full potential of cryo electron microscopy. 
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Programmed −1 ribosomal frameshifting (−1 PRF) is a mechanism of gene expression whereby specific signals 
within messenger RNAs direct a proportion of translating ribosomes to shift −1 nt and continue translating in the 
new reading frame. Such frameshifting normally occurs at a set ratio and is utilized in the expression of many viral 
genes and a number of cellular genes. Recently, we identified the only two known cases of protein-stimulated PRF 
– one in the arteriviruses (Napthine et al., 2016, PMID 27257056) and one in the cardioviruses (Napthine et al., 
2017, PMID 28593994). In both cases, −1 frameshifting on a G_GUU_UUU shift site is stimulated by a viral protein 
binding to an RNA element beginning 11–15 nt downstream. In encephalomyocarditis cardiovirus (EMCV), viral 
protein 2A binds to a stem-loop structure in the mRNA. As the cellular concentration of 2A increases, the 
frameshifting efficiency switches from ~0 to ~70% between 4 and 6 hours post infection, thus temporally 
regulating the expression levels of the viral structural and enzymatic proteins encoded respectively upstream and 
downstream of the frameshift site. Here we performed a detailed analysis of the PRF stimulators in a different 
cardiovirus, Theiler's murine encephalomyelitis virus (TMEV). We show that TMEV 2A stimulates efficient PRF on 
both EMCV and TMEV mRNAs whereas EMCV 2A only stimulates efficient PRF on the EMCV mRNA. Since 2A is 
known to interact with the viral L protein, we tested whether L had an effect on PRF but found none. We 
performed an extensive mutational analysis of the frameshift stimulators using in vitro translations, 
electrophoretic mobility shift assays and ribosome pausing assays. The predicted RNA stem-loop structure was 
verified with chemical and enzymatic probing. We also introduced mutations into the viral genome to test their 
effect during infection. Our results substantially extend previous characterization of the cardiovirus frameshifting 
stimulators.
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Ribosomes are large macromolecular assemblies in the cells that are responsible for the conversion of mRNA into 
polypeptides in all organisms. Over the last decade, X-ray crystallography and cryo electron microscopy (cryo-EM) 
have provided structure-function insights into ribosomes from bacteria, yeast and parasites, but high-resolution 
structural studies on human ribosomes remained elusive because of their complex structure. Our high-resolution 
structural studies using advanced single particle cryo-EM analysis resolved the human 80S ribosome structures, 
which allowed us to visualize the positions of the amino-acids side chains, nucleotide bases (Khatter et al., 2015) 
and a eukaryotic antibiotic ligand in the human 80S ribosome, which emphasizes the importance of the human 
80S as a cancer target (Myasnikov et al., 2016). We next wanted to address the location of chemical modifications 
in ribosomal RNAs (rRNA) that are introduced during ribosomes biogenesis. This intrinsic feature of the rRNAs 
scarcely and locally alters the chemical and topological properties of the nucleotides at the functional sites and 
their neighborhood, which strongly influence the assembly and efficiency of this large molecular machinery. 
Recently, rRNA modifications in human ribosomes received large attention, because their occurrence is correlated 
with several human diseases including cancers. They are implicated in the dysregulation of protein synthesis, but 
their structure and functional roles therein are unknown. Here we visualize for the first time rRNA modifications 
in the three-dimensional structure of the human 80S ribosome (Natchiar et al., 2017). At an average resolution of 
2.9, 3.0 and 3.1 Å for the 60S, 40S body and 40S head, respectively, the cryo-EM map reveals unprecedented local 
features of the human 80S ribosome to 2.5 Å resolution that allows identifying over 100 modified nucleotides, 
comprising different chemical modification types on the entire structure. This high-resolution structure of the 
human 80S ribosome provides structural insights into the role of chemical modifications in the secondary and 
tertiary structure of the rRNAs and will allow to analyzing their functional influence in protein synthesis in more 
detail. Beyond some universally conserved modified nucleotide sites, we identified many eukaryote/human-
specific modifications and new sites some of which may be specific to cancer cells (Natchiar et al., 2017). Further 
detailed analysis reveals that ribose conformations of the rRNA backbone differ when the 2'-OH position is 
methylated, with 3'-endo conformations being the default and the 2'-endo conformations being characteristic in 
that the associated base is flipped-out (Natchiar et al., 2018). This work provides the currently most complete 
high-resolution structure of the human 80S ribosome and paves the way to understanding the structural role of 
rRNA modifications in human diseases and drug-design.  
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The ribosome is a complex and highly conserved molecular machine that is responsible for cellular protein 
synthesis (translation) in all three domains of life. During translation, the ribosome decodes the mRNA sequence 
three nucleotides at a time (i.e. in a universal triplet reading code) with extreme precision to ensure accurate 
protein expression critical for cellular growth and function. However, it remains unclear how the ribosome 
maintains, or deliberately deviates from this three-nucleotide mRNA reading frame. Since the mRNA frame 
directly corresponds to protein sequence, the molecular mechanism of both frame maintenance and programmed 
frameshifting is an important question of the Central Dogma. While frameshifting events have been attributed to 
multiple factors, tRNAs alone can influence the ribosome to allow for a shift into noncanonical mRNA reading 
frames. We previously demonstrated that certain tRNA modifications and insertions alter how the ribosome 
interprets the mRNA sequence during decoding using structural biology approaches. Methylation at position 37 
of the anticodon loop of tRNAPro(CGG) has the same impact on disrupting the structural integrity of the anticodon 
loop as an inserted anticodon nucleotide in tRNASufA6 (tRNASufA6 is a frameshift suppressor variant of 
tRNAPro(CGG) with a guanosine insertion between positions 37 and 38). Both situations cause a +1 shift in the 
mRNA frame and prevent the interactions between the 32-38 pair in the anticodon loop, a universally conserved 
pair in all tRNAs known to affect the ability of the ribosome to discern correct from incorrect tRNAs. Here, I 
determined how the tRNAPro(CGG) modification and insertions influence decoding and selection. I determined 
that the m1G37 methylation of tRNAPro(CGG) is essential for binding to the cognate codon, corroborating the 
increased levels of frameshifting observed in cells lacking the m1G37-specific TrmD methyltransferase. 
Modulation of the 32-38 pair in tRNASufA6 shows a restoration of tight binding and thus selection by the 
ribosome. These studies provide insights into mRNA frame maintenance by the ribosome and further suggest 
rational approaches to engineer tRNAs for recoding of the genetic code with non-natural amino acids.
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Proteins must fold into unique three-dimensional structures to exercise their intended biological function. In living 
cells proteins may begin folding during their synthesis by the ribosome, meaning that the rate of synthesis can 
influence their ability to fold. Some protein molecules can become kinetically trapped in non-functional states for 
long timescales after their synthesis, preventing them from exercising their intended function. Here, we present 
the first high-throughput investigation of kinetic trapping with the E. coli proteome by simulating the translation 
elongation, translation termination, and post-translational dynamics of 50 multi- and 72 single-domain proteins 
with representative distributions of structural class and number of amino acids. These simulations are facilitated 
by a high-speed coarse-grain methodology that accelerates dynamics four-million fold, allowing the simulation of 
the equivalent of up to 10 minutes of real time. This data set amounts to approximately 10% of all cytosolic E. coli 
proteins for which experimental structures exist. Preliminary results indicate a wide range of behavior with some 
domains kinetically trapped for multiple minutes after their synthesis is complete. Further analysis will reveal the 
prevalence and timescales of kinetic trapping within the E. coli proteome as well as some underlying causes of 
kinetic trapping. 
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In order to accelerate drug discovery, a simple, reliable, and cost-effective system for high-throughput 
identification of a potential antibiotic mechanism of action is required. To facilitate such screening of new 
antibiotics, we created a double-reporter system for not only antimicrobial activity detection but also 
simultaneous sorting of potential antimicrobials into those that cause ribosome stalling and those that induce the 
SOS response due to DNA damage. The gene of the far-red fluorescent protein, katushka2S, was inserted 
downstream of the tryptophan attenuator in which two tryptophan codons were replaced by alanine codons, with 
simultaneous replacement of the complementary part of the attenuator to preserve the ability to form secondary 
structures that influence transcription termination. This genetically modified attenuator makes possible 
Katushka2S expression only upon exposure to ribosome-stalling compounds. New reporter not only helps to 
identify new ribosome-targeting antibiotics, but also gives new information about mechanism of action of the old 
ones. 

By means of this reporter new translational inhibitor, polyketide antibiotic Tetracenomycin X (TetrX), was found. 
TetrX was discovered more then 30 years ago, but because of its structural similarity to daunorubicin, it was 
considered as DNA intercalator. We have shown, that TetrX inhibits translation in vivo and in vitro. Mutations in 
G2609 and U2586 of the 23S rRNA provide resistance to TetrX, A2058,2059 and U2585 are protected from 
chemical modification, so binding site of TetrX should be in the peptide exit tunnel, close to macrolide binding 
site. TerX is also similar to tetracycline, but binding site and mode of action should be different. By means of 
toeprinting analysis, we have determined, that TetrX stalls ribosome on the mRNA and its activity is strongly 
dependent from the sequence of the peptide, and not only codons in A and P site influence on activity, but also 
amino acids at -1, -2, -3, and -4 position to P-site. TetrX could also inhibit termination, but again the length and 
sequence of the peptide chain is important for this activity.  

Work was supported by the Russian Science Foundation (grant 18-44-04005) for I.A.O. 
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The ribosome, the integration point for protein synthesis in the cell, is conventionally considered a homogenous 
molecular assembly that only passively contributes to gene expression. Yet, epigenetic features of the ribosomal 
DNA (rDNA) operon and changes in the ribosome’s molecular composition have been associated with disease 
phenotypes, suggesting that the ribosome itself may possess inherent regulatory capacity. Here, analyzing whole 
genome sequencing data from the 1000 Genomes Project and the Mouse Genomes Project, we find that rDNA 
copy number varies widely across individuals and we identify pervasive intra- and inter-individual nucleotide 
variation in the 5S, 5.8S, 18S and 28S ribosomal RNA (rRNA) genes of both human and mouse. Conserved rRNA 
sequence heterogeneities map to functional centers of the assembled ribosome, variant rRNA alleles exhibit 
tissue-specific expression, and ribosomes bearing variant rRNA alleles are present in the actively translating 
ribosome pool. These findings provide a critical framework for exploring the possibility that the expression of 
genomically encoded variant rRNA alleles gives rise to physically and functionally heterogeneous ribosomes that 
contribute to mammalian physiology and human disease
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During translation, the ribosome moves along the mRNA one codon at a time. Maintaining the step size of 
translation is important, as unintended ribosome slippage out of the ORF in most cases leads to synthesis of 
aberrant proteins. The mechanism by which the ribosome maintains the reading frame is unclear. Studies on 
programmed ribosome frameshifting indicated that frameshifting is likely to take place during the tRNA–mRNA 
translocation step which is catalyzed by the elongation factor G (EF-G). The ribosome is particularly prone to 
frameshifting when moving over the slippery sequence, which allows a tRNA to pair to its codons in the 0- or -1-
frame. Here we examine how the ribosome avoids slippage at such sequences. Using a model mRNA with a 
slippery sequence, we estimated the spontaneous error frequency of -1-frameshifting during EF-G-catalyzed and 
spontaneous reactions. Based on crystal and cryo-EM structures of the ribosome–EF-G complexes, we identified 
the residues at the tip loops of domain IV of EF-G that appear to interact with the tRNA in the course of 
translocation and introduced mutations at these positions. Amino acid substitutions in EF-G altered the 
spontaneous frameshifting efficiency and, moreover, the ability of EF-G to suppress spontaneous frameshifting 
correlated with the speed of translocation. Using the toolbox of fluorescence reporters, we identified how 
mutations in EF-G alter the trajectories of translocation. Our results present a kinetic framework for the reading 
frame maintenance during translocation over slippery sequences and demonstrates the contribution of EF-G to 
this process. 
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The ribosome-associated quality control (RQC) pathway degrades nascent chains (NCs) arising from interrupted 
translation. First, recycling factors split stalled ribosomes into 40S subunits and 60S ribosome-nascent chain-tRNA 
(60S RNC) complexes. Dissociation of 40S subunits allows binding to 60S RNCs of NEMF, which recruits the E3 
ubiquitin ligase Listerin that ubiquitinates NCs, targeting them for degradation. However, the subsequent 
proteasomal degradation of ubiquitinated nascent chains (Ub-NCs) requires their prior release from 60S subunits.  

To investigate the mechanism of ribosomal release of nascent chains, we reconstituted the entire mammalian 
RQC pathway in vitro, from stalling of ribosomes to recognition and processing of 60S complexes by the RQC 
ubiquitinating machinery, ribosomal release of Ub-NCs, and their degradation by the 26S proteasome. We found 
that in non-ubiquitinated 60S RNCs and 80S RNCs formed on non-stop mRNAs, tRNA is not firmly fixed in the P 
site, which allows peptidyl-tRNA hydrolase Ptrh1 to cleave NC-tRNA. This suggests the existence of an additional 
pathway involving release of non-ubiquitinated NCs, which could be employed when 60S RNCs cannot be 
ubiquitinated by Listerin because the NC in the Listerin-accessible 'window' lacks Lys residues. Association with 
NEMF/Listerin and ubiquitination of NCs results in accommodation of NC-tRNA, rendering 60S RNCs resistant to 
Ptrh1 but instead susceptible to ANKZF1. However, ANKZF1 does not release ubiquitinated NCs by causing 
hydrolysis of the peptidyl-tRNA ester bond in the PTC. Instead, it induces specific cleavage in the tRNA acceptor 
arm, releasing proteasome-degradable Ub-NCs linked to four 3’-terminal tRNA nucleotides. We also found that 
TCF25, a poorly characterized RQC component, ensures preferential formation of the K48-ubiquitin linkage. 
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Loss of APC gene is the most predisposing event in the development of colorectal cancer (CRC). Its genetic 
alteration results in an abnormal activation of Wnt-signalling, which is required for tumour initiation. APC loss 
leads to a hyperproliferative oncogenic phenotype in the murine intestine that is dependent on increased mTORC1 
signalling. A deregulated mTORC1-signalling results in an increase in RNA translation elongation, a rate-limiting 
component for Wnt-driven oncogenic proliferation of the intestine, rendering it as an attractive target for therapy. 
However, the specific contribution of translation elongation in the oncogenic process in APC-driven models of 
colorectal cancer is not well known. To study this, we have established three major objectives: 

1. To identify mRNAs controlled by translation elongation following APC loss in the murine intestinal epithelium.   

2. To identify the mechanism of specificity of increase elongation of translationally regulated mRNAs. 

3. To functionally investigate the phenotypic consequences of the deregulated mRNA previously identified. 

The identification of mRNAs that are specifically controlled by translation elongation following APC deletion will 
involve the use of RiboSeq, an innovative unbiased screening technology. The resultant data will be thoroughly 
analyzed to study the mechanism behind the alteration in elongation by means of the Diricore method, which will 
allow us to identify codons that are important for APC-driven translation elongation. Alongside codon usage, tRNA 
availability as well as RNA secondary structure will also be studied as components that can potentially modulate 
translation elongation. Additionally, CRISPR and shRNA functional screens will be carried out to functionally 
investigate the phenotypic consequences of the deregulated mRNAs. For validation, promising candidates will be 
characterized using ex vivo and in vivo models. 

By successfully completing this project, we will deepen our understanding of the role of RNA translation in the 
oncogenic process in the murine intestine, while at the same time we will identify potential novel targets for 
therapy. 
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The ribosomal stalk protein L7/L12 (L12) is crucial for the function of elongation factor Tu (EF-Tu) and elongation 
factor G (EF-G) on the ribosome. It consists of an N-terminal dimerization domain and a globular C-terminal 
domain (CTD) connected by a flexible linker which facilitates the dynamics of the CTDs. It has been suggested that 
multiple copies of L12 is necessary for efficient recruitment of the trGTPases and/or stimulation of GTP hydrolysis 
on the ribosome. The precise role of L12 and the underlying mechanisms in relation to the functions of the 
elongation factors (Tu and G) are still obscure. Here, we aim to clarify the exact role of the protein L12 on EF-Tu 
and EF-G mediated peptide elongation on Escherichia coli ribosome using fast kinetics. Using a fully reconstituted 
bacterial in vitro translation system we have compared the native, L12 depleted and L12 reconstituted ribosomes 
in single- and multiple-turnover assays for factor binding, dipeptide formation, GTP hydrolysis and mRNA-tRNA 
translocation. Our results allow systematic delineation of the role of L12 in various substeps of peptide elongation. 
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Many factors, such as transport factors and molecular chaperones, associate with the ribosome and with emerging 
nascent polypeptides. However, the interaction sites of these factors and, in particular, the coordination of their 
activities towards nascent chains are poorly understood so far. Interestingly, structural data suggest a potential 
role for the essential eukaryotic ES27 rRNA expansion segment. ES27 can undergo conformation changes during 
protein synthesis and rotate to reach over the tunnel exit site where the nascent polypeptides emerge from the 
ribosome. Thus this expansion segment might be involved in the coordination of the ribosome-associated factors 
that gain access to the emerging nascent proteins. We employed different strategies to study the function and 
mechanism of ES27 as interaction site for different ribosome-associated chaperones and factors in Saccharomyces 
cerevisiae. We introduced different mutations into ES27 in vivo for a structure-function analysis of this element. 
Moreover, in vitro transcribed ES27 RNA is used in an in vitro RNA-protein-pulldown assay to identify interaction 
partners of ES27 RNA from cell lysate. These combined in vitro and in vivo approaches will help to elucidate the 
role of ES27 during protein biogenesis.
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Recently, the ribosome was identified as binding target for numerous small non-protein-coding RNAs (ncRNAs) in 
various organisms of all three domains of life. Interestingly, it appears that these ribosome-associated ncRNAs 
(rancRNAs) do not represent passive hitchhikers of the translation machinery but rather constitute an emerging 
class of non-coding regulators of protein biosynthesis during stress. 

One of our previous studies demonstrated that an 18 residue long ribosome-associated non-coding RNA 
(rancRNA_18) derived from the TRM10 locus of S. cerevisiae is needed for rapid shut down of translation and 
efficient growth resumption under hyperosmotic conditions. 

Using mRNA sequencing in the presence and the absence of rancRNA_18, we are now able to suggest that this 
small RNA inhibits translation on a global scale. Further in vitro studies performed to dissect the molecular 
mechanism of rancRNA_18 function revealed a reduced A-site tRNA binding efficiency in the presence of the 
rancRNA. Moreover, growth analyses of cells expressing the shortest TRM10 RNA construct that can still be 
processed into a functional rancRNA_18 molecule reveal that it increases the biological fitness of yeast cells 
cultured in high salt medium and suggest that Rnt1 is the ribonuclease involved in biogenesis of rancRNA_18. 
Currently, crosslink and Cryo-EM analyses are conducted to elucidate the position and structure of rancRNA_18 
on the ribosome.
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Translation initiation in eukaryotes has been extensively studied in various uni and pluri –cellular organisms 
(mainly yeasts and mammals). Although these studies illustrate the extent of the regulatory complexity of the 
initiation process, numerous aspects of the process are still poorly understood. Most importantly, to date only 
very few studies of this process have been reported in pathogenic eukaryotic organisms such as kinetoplastids 
that cause a variety of potentially lethal diseases to humans, like the African sleeping sickness and the Chagas 
disease. The latter is caused by the protozoa Trypanosoma cruzi, highly spread in South America. The structures 
of their ribosomes show the presence of specific features partly characterized by a peculiarly large RNA expansion 
segments (ESs) at the small ribosomal subunit (SSU), such as ES 6, 7 and 9. The ribosomal location of these ESs 
suggest their involvement in the initiation process. In addition, the structure of some of the initiation factors (eIFs) 
in these organisms are expected to present significant differences compared to yeast and mammals because of 
their modest level of conservation such as eIF3. 

Here, we present the structure of the preinitiation complex from T. cruzi, purified directly from cell extract. Our 
structure reveals the unique organization of this complex in Kinetoplastids, mainly characterized by the intricate 
interaction between eIF3 and ES 6 and 7, highly specific for this family of organisms. Most importantly, our study 
reveals the presence of a novel uncharacterized kinetoplastid-specific helicase, bound at the intersubunit face of 
the SSU. Furthermore, our structure unveils the architecture and the binding site of other conserved components 
of the initiation complex, so far elusive to structural studies in other eukaryotic organisms, such as eIF5. 

 References: 

1. Gao et al. (PNAS 2005) 

2. Hashem et al. (Nature 2013) 

3. Zhang et al. (PNAS 2016) 
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Proteins must fold to their native structure in order to carry out their cellular functions.  While some small, simple 
proteins are able to refold reversibly to their native structure in vitro, most proteins tend to misfold and aggregate.  
In the cell, many of these proteins can fold faithfully to their native structure.  This suggests that the cellular 
environment provides additional information to guide a protein along a specific set of trajectories on its energy 
landscape, increasing the likelihood of forming the native protein structure.  Modulation of translation elongation 
rate during protein synthesis on the ribosome is one cellular mechanism available to help a nascent protein avoid 
off-pathway folding trajectories that can lead to misfolding and/or aggregation.  One way to modulate translation 
rate in the cell is by altering synonymous codon usage: More commonly-used codons tend to be translated faster 
than other, rarer codons.  However, much remains unknown regarding the absolute translation rate of specific 
codons (and codon combinations) in vivo and which codons along a gene contribute most significantly to folding.  
Here, we test the hypothesis that preserving the pattern of rare and common codon usage along a gene that is 
expressed in a non-native host is important for producing properly folded protein since doing so would mimic the 
translation rate of that gene in the native host.  Additionally, we will test whether preserving translation rate is 
equally important across genes displaying different codon usage bias and under different levels of expression.  We 
predict that regardless of gene-specific traits, preserving the pattern of translation rate is important for folding in 
vivo.  These experiments will give insight into the significance of translation rate across proteins that have evolved 
under different selection pressures to fold to their native structure.
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Translation begins at AUG, GUG, or UUG codons in bacteria. Start codon recognition occurs in the P site, which 
may help explain this first-position degeneracy. However, the molecular basis of start codon specificity remains 
unclear. In this study, we measured the codon dependence of 30S•mRNA•tRNAfMet and 30S•mRNA•tRNAMet 
complex formation. We found that complex stability varies over a large range with initiator tRNAfMet, following 
the same trend as reported previously for initiation rate in vivo (AUG > GUG, UUG > CUG, AUC, AUA > ACG). With 
elongator tRNAMet, the codon dependence of binding differs qualitatively, with virtually no discrimination 
between GUG and CUG. A unique feature of initiator tRNAfMet is a series of three G-C basepairs in the anticodon 
stem, which are known to be important for efficient initiation in vivo. A mutation targeting the central of these G-
C basepairs causes the mRNA binding specificity pattern to change in a way reminiscent of elongator tRNAMet. 
Unexpectedly, for certain complexes containing fMet-tRNAfMet, we observed mispositioning of mRNA, such that 
codon 2 is no longer programmed in the A site. This mRNA mispositioning is exacerbated by the anticodon stem 
mutation and suppressed by IF2. These findings suggest that both IF2 and the unique anticodon stem of fMet-
tRNAfMet help constrain mRNA positioning to set the correct reading frame during initiation.
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Our research is centered on understanding translational control of gene expression in both normal health and 
cancer etiology. We have uncovered that a common denominator of multiple oncogenic pathways is their ability 
to directly establish a “cancer translation machinery” to rapidly rewire mRNA translation programs promoting 
distinct hallmarks of cancer development. The immune system functions to recognize and provide protection from 
foreign invaders and internal threats including cancer through key immune checkpoint molecules. Cancer cells can 
escape immunosurveillance, although how this is achieved molecularly remains largely unresolved. Here, we 
develop an in vivo mouse model of liver cancer to study oncogene cooperation in immunosurveillance. We show 
that MYC overexpression (MYCTg) synergizes with KRASG12D to induce an aggressive liver tumor leading to 
metastasis formation and reduced survival compared to KRASG12D alone. Our findings unexpectedly show little 
change in the genome-wide transcriptional landscape of MYCTg; KRASG12D tumors compared to KRASG12D, but 
rather a highly selective alteration in ribosome footprints on mRNAs, including the master immune checkpoint 
regulator: programmed death-ligand 1 (PD-L1). PD-L1 translation is repressed in KRASG12D tumors by functional, 
non-canonical upstream open reading frames (uORFs) in its 5’ untranslated region (UTR), which is bypassed in 
MYCTg; KRASG12D tumors to evade immune attack. Importantly, we show that this mechanism of PD-L1 
translational upregulation is effectively targeted by a novel, clinical compound that inhibits eIF4E phosphorylation, 
eFT508, which reverses the aggressive and metastatic characteristics of MYCTg; KRASG12D tumors. Together, 
these studies reveal how immune checkpoint proteins are exquisitely manipulated by distinct oncogenes at the 
level of mRNA translation, which can be exploited for new immunotherapies. 
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Translocation moves the tRNA2•mRNA module directionally through the ribosome during the elongation phase 
of protein synthesis. While translocation is known to entail large conformational changes within both the 
ribosome and tRNA substrates, the orchestrated events that ensure speed and fidelity of this critical aspect of the 
protein synthesis mechanism have not been fully elucidated. Here, we present three high resolution structures of 
intermediates of translocation on the mammalian ribosome where, in contrast to bacteria, ribosomal complexes 
containing the translocase eEF2 and the complete tRNA2•mRNA module are trapped by the non-hydrolysable 
GTP analog, GMPPNP. Consistent with the observed structures, single-molecule imaging revealed that GTP 
hydrolysis principally facilitates rate-limiting, late steps of translocation, which are differentially regulated in 
bacterial and mammalian systems by the rates of deacylated tRNA dissociation from the E site.
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Tuberculosis is the leading cause of mortality due to a single bacterial pathogen, Mycobacterium tuberculosis. 
Part of the success of this pathogen lies in its ability to establish latent infection, in which bacteria enter a state of 
non-replicating persistence in granulomas in the lung. The mechanisms underlying mycobacterial adaptation and 
persistence are still poorly understood but one hypothesis is that translational regulatory mechanisms may be 
important. We are using ribosome profiling (RP) and the isolation of ribosome-nascent chain complexes (RNCs) to 
study translation in M. tuberculosis under conditions that mimic persistence. RP analysis revealed the expected 
distribution of mRNA and footprint reads across various genomic features and showed a strong overall correlation 
between transcription and translation. Our data reflect previously established responses to nutrient starvation 
that show a significant increase in the translation of leaderless (lacking a 5’ untranslated region, including a Shine-
Dalgarno sequence) mRNAs during starvation. Unlike E. coli, which has a strong preference for AUG start codons 
on leaderless transcripts, M. tuberculosis is able to initiate translation of non-AUG starting leaderless mRNAs. It is 
hypothesised that the robust translation of leaderless mRNAs may play an important role in the biological 
adaptation of mycobacteria; indeed metagene analysis reveals differences in the distribution of reads close to the 
start codon for leaderless vs canonical mRNAs, possibly reflecting differences in initiation rate or mechanism. To 
further investigate the mechanism of leaderless translation in M. tuberculosis, we have developed a strategy for 
isolating RNCs of reporter genes. We present this strategy along with preliminary results, which, together with 
the RP analysis, shed light on the translational regulatory mechanisms of M. tuberculosis and may enhance 
understanding of the mechanism of biological adaptation of this important pathogen. 

  



 Poster - 131 - 

 

A Cryo-EM and NMR approach unravels RbfA’s role in ribosome assembly 

 

Andreas Schedlbauer1,  Retina Capuni1, Jorge Pedro López-Alonso1, Idoia Iturrioz1, David Gil-Carton1, Borja Ochoa 
de Eribe1, Paola Fucini2, Sean Connell2 

 

1Molecular Recognition and Host-Pathogen Interactions, CIC bioGUNE, Bizkaia Technology Park, 48160 Derio, 

Spain 
2Molecular Recognition and Host-Pathogen Interactions, CIC bioGUNE, Bizkaia Technology Park, 48160 Derio, 

Spain . IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain 

 

Ribosome biogenesis is an essential process for the cell that requires the coordinated participation of a variety of 
protein assembly factors. In bacteria these factors include Era, RbfA, and RsgA, which play intertwined roles during 
the late assembly phase of the 30S subunit. Specifically, these factors assist in the folding of the decoding centre 
ensuring the correct placement of the 3´minor domain (helices 44, 45 and the 3´of the 16S rRNA) between the 
rRNA domains forming the 30S head, body and platform.  

To further our understanding of the specific role played by RbfA in this process we have used NMR and cryo-EM 
to study the structure of RbfA in isolation and in complex with the 30S ribosomal subunit. The structures reveal 
how RbfA alters its native conformation to bind to the 30S subunit and a thus far unknown interaction between 
RbfA and the 3’ end of the 16S-rRNA. The Cryo-EM reconstructions describe two distinct states of the 30S-RbfA 
complex (3.1-4.5 Å) characterized by an immature decoding center harboring alternative structures for the rRNA 
linkers between h28, h44 and h45 and with RbfA bound close to the mRNA exit channel such that it displaces S21 
while interacting with h28 and the 3´end of the 16S rRNA.  

The results obtained are consistent with the idea that assembly factors guide 30S assembly through the formation 
of distinct immature 30S and explain why Era overexpression complements RbfA deletion. The binding position of 
RbfA partially overlaps with Era which, as RbfA, has also a KH-domain able to recruits the 3’ of the 16S rRNA. 
Moreover, the altered conformation observed in the 30S-RbfA complex at the level of h44-h45 and their linker 
region, suggests that as expected from biochemical and mutagenesis experiments, RbfA prepares the 30S for 
interaction with RsgA, exposing its initial binding site and allowing this factor to perform its function, to form the 
final connection between h44-h45 and the rRNA domains forming the 30S head, body and platform. 

Finally, the role described here for RbfA is reminiscent of that proposed for the eukaryotic assembly factor Pno1 
in 40S subunit assembly, indicating an underlying similar mechanism for biogenesis of the small ribosomal subunit. 
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Defects in the formation of ribosomal subunits are associated with an accumulation of dysfunctional subunit 
precursors and eventually can result in an overall loss of cellular homeostasis. Thus, ribosome assembly is tightly 
regulated and the complex interplay of its numerous RNA and protein components is assisted by various assembly 
factors, including chaperones, helicases, GTPases and other protein and RNA modifying enzymes.  

To understand the cellular response to assembly stress more precisely, we generated knock-down strains of 
different assembly factors and elucidated the consequences of their absence using a set of fluorescently labelled 
reporter strains. We monitored the severity of the occurring assembly defects both biochemically and in cell-
based in vivo assays. These analyses revealed alterations in the assembly landscapes and enabled us to assess 
changes in the cellular distribution of ribosomal particles, using super-resolution live cell fluorescence imaging. 

  



 Poster - 133 - 

 

Ribosomal stalling landscapes revealed by high-throughput inverse toeprinting of custom transcript libraries 

 

Britta Seip1, Guanael Sacheau1, Denis Dupuy1, C. Axel Innis1 

 
1 Institut Européen de Chimie et Biologie, Université de Bordeaux, INSERM (U1212), CNRS (UMR 5320), Pessac, 

France 

 

 

While it is known that the amino acid sequence of a nascent polypeptide can impact its rate of translation, 
dedicated tools to systematically investigate this process are lacking. Here, we present high-throughput inverse 
toeprinting, a method to identify peptide-encoding transcripts that induce ribosomal stalling in vitro. Unlike 
ribosome profiling, inverse toeprinting protects the entire coding region upstream of a stalled ribosome, making 
it possible to work with random or focused transcript libraries that efficiently sample the sequence space. We 
used inverse toeprinting to characterize the stalling landscapes of free and drug-bound Escherichia coli 
ribosomes, obtaining a comprehensive list of arrest motifs that were validated in vivo, along with a quantitative 
measure of their pause strength. Together with the modest sequencing depth and small amounts of material 
required, inverse toeprinting provides a highly scalable and versatile tool to study sequence-dependent 
translational processes.  
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There are two types of transfer RNAs (tRNAs) present in all domains of life - initiator tRNA, and elongator tRNA. 
In bacteria initiator tRNA acts exclusively at the first step of protein synthesis at the ribosomal P site and has no 
role thereafter. In contrast, elongator tRNAs work throughout the process of protein chain elongation following 
decoding at the A site. Even though both tRNAs have a common backbone structure, the initiator tRNA differs 
from the elongator tRNAs by a mismatch at the acceptor arm and by having three conserved G-C base pairs at the 
anti-codon stem loop. These features are highly important for the function of initiator tRNA [1].  

In vivo studies have demonstrated that under special conditions mRNA translation can initiate with 
unconventional initiator tRNAs (which lacks either one, two or three  of the conserved G-C base pairs) [2] as well 
as with elongator tRNAs [3]. Here, by using pre steady state kinetics and a fully reconstituted cell-free translation 
system with in vivo like rate and accuracy we have clarified the mechanism of unconventional translation 
initiation. 3G-C mutated initiator tRNAs are systematically compared with the native initiator tRNAs in subunit 
association and peptide bond formation assays. Our results show that the 3G-C base pairs of the initiator tRNA 
are crucial for stable, elongation-competent 70S initiation complex formation. We also show that the relative ratio 
of the elongator and the initiator tRNAs is the key factor for the unconventional initiation of protein synthesis. 

1. RajBhandary, U.L., Initiator transfer RNAs. J Bacteriol, 1994. 176(3): p. 547-52. 

2. Shetty, S., et al., Two highly conserved features of bacterial initiator tRNAs license them to pass through 
distinct checkpoints in translation initiation. Nucleic Acids Res, 2016. 

3.           Samhita, L., et al., Initiation with elongator tRNAs. J Bacteriol, 2013. 195(18): p. 4202-9. 
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Translational bypassing is employed by the ribosome to skip a non-coding region in the mRNA. The signals that 
promote efficient bypassing on gene 60 mRNA of bacteriophage T4 are specified by the mRNA sequence and do 
not require any auxiliary factors except for components of translation elongation machinery. Here we present 
kinetic studies of the bypassing process. We estimated the translation rates at different segments of the mRNA 
by probability analysis. The bypassing process was visualized by analysis of in-vitro translation products in the 
fully reconstituted bypassing system, combined with mRNA mutational analysis. The initial velocity of gene 60 
mRNA translation is very high, >20 aa/s. The ribosome slows down to about 2 aa/s when approaching the mRNA 
stem-loop structures adjacent to the ribosome take-off site. The majority of the ribosomes can take off and start 
sliding towards the landing site, but with each nucleotide, a fraction of ribosome complexes dissociate the 
mRNA (or lose the peptidyl-tRNA), resulting in the loss of bypassing efficiency. The ribosomes that remain on the 
mRNA track can land and continue translation with a rate of 6 aa/s. We propose a kinetic model of bypassing 
where the mRNA elements 5´ of the take-off site and 3’ of the landing site, together with the nascent peptide 
sequences in the ribosome exit tunnel, coordinate the ribosome movement over the gap. 
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Diphthamide (DPH) is a conserved amino acid modification found in archaeal and eukaryotic translation 
elongation factor eEF2, the ortholog of bacterial EF-G. Multiple steps catalyzed by seven different proteins are 
required for DPH modification. However, the only known role of DPH is to serve as a target for ADP ribosylation 
by diphtheria toxin. High-resolution Cryo-EM structure of an 80S/eEF2/CrPV-IRES complex indicated that DPH 
interacts directly with the codon-anticodon bases in the decoding center of ribosome, and it was proposed that 
DPH facilitates translocation by breaking the decoding interaction in the A site of the ribosome. To gain further 
insights into the role of DPH in protein synthesis, we conducted ribosome profiling analyses of yeast strains or 
human cell lines lacking a DPH modification enzyme or expressing eEF2 mutants that cannot be modified by DPH. 
In both WT and DPH-less strains, ribosomal density was greatest at the 5’ end of open reading frames (ORFs) and 
decreased continuously toward the end of the ORF, indicating that a measurable fraction of ribosomes fails to 
complete protein synthesis before reaching the stop codon at the end of the ORF. Interestingly, in strains lacking 
DPH, the rate of ribosome drop-off was significantly increased. The lack of DPH did not cause a similar gradient in 
mRNA abundance across ORFs, and deletion of UPF1 to block nonsense mediated decay did not impact the 
ribosome drop-off defect in strains lacking DPH.  

We propose that DPH is required to maintain translational fidelity. Accordingly, in cells lacking DPH, elongating 
ribosomes frameshift in a stochastic manner throughout ORFs and independent of conventional programmed 
ribosomal frameshifting sites. This promiscuous frameshifting leads to premature termination of translation at 
out-of-frame stop codons and thus explains the increased rate of ribosome drop-off observed in cells lacking DPH.
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The intestinal epithelium undergoes constant renewal during normal homeostasis and is a clear example of a rapid 
self-renewing tissue. The dynamic processes underlying this fast cellular turnover depend on the intestinal stem 
cells (ISCs) and recent studies have shown that these cells play an important role in tumor growth and therapy 
response. The plasticity intrinsic to the ISCs allows them to adapt to different conditions, including nutrient 
availability, which has been shown to be a major regulator of the small intestine morphology and physiology. 
Amino acid content has also been linked to RNA translation and protein synthesis. RNA translation has been 
proposed to be differentially regulated in stem cells, however this relationship remains unclear. Our group has 
previously shown that RNA translation is required for proliferation after APC deletion in the intestine, suggesting 
this process may constitute an important target for therapy. Moreover, preliminary data suggests that the 
translation efficiency between ISCs and differentiated cells is altered, and that inhibiting this process differentially 
affects these two populations. In this project, we aim to explore the importance of such differences and the 
interplay between amino acid availability, RNA translation and ISCs dynamics, and its relation to colorectal cancer 
(CRC).  To do so, we plan on using RiboTag mouse models, which, when combined with RiboSeq, will allow us to 
identify transcripts that are differentially translated in ISCs. These data will also reveal potential interventions to 
alter stem cell dynamics, such as through amino acid restriction or other methods of translation inhibition. 
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In eukaryotes, cap-dependent translation initiation represents one of the most complex processes along the 
mRNA translation regulation pathway. It results in the formation of several transient complexes involving over a 
dozen eukaryotic initiation factors (eIFs) and culminates in the accommodation of the start-codon at the P-site 
of the small ribosomal subunit (SSU). In higher eukaryotes, the mRNA sequence in the direct vicinity of the start-
codon, called the Kozak sequence, is known to influence the rate of the initiation process. However, its 
interactions in the initiation complex and more generally the molecular basis underlying its regulatory role are 
poorly understood. In our study, through cryo-EM structures at near-atomic resolutions, we elucidate the 
interactions of Kozak sequence of Beta-globin mRNA with the late-stage initiation complex in mammals. Our 
complexes are prepared directly in near-native conditions in rabbit reticulocyte lysate (RRL). Our results are 
consistent with mass spectrometry analysis that reveals the composition of the initiation complex (IC). Using in 
vitro translation assays, we show that the mutations of different nucleotides of Kozak sequence on different 
positions have a significant impact on the translation rate. Our structures shed light on the fine architecture of 
the mammalian late-stage IC and provide structural and functional insights into the Kozak regulatory role in the 
canonical cap-dependent translation initiation pathway. Finally, our results draw a comprehensive map of the 
eIFs – mRNA interactions. 

  



 Poster - 139 - 

 

Spatial and temporal localization of mitochondrial ribosome interactors 

 

Abeer P. Singh*1, Roger Salvatori*1, Wasim Aftab2, Axel Imhof2, Martin Ott1  

 

1Department of Biochemistry and Biophysics, Stockholm University, Stockholm, Sweden 
2Ludwig-Maximilians-University, Munich, Germany 

 

Mitochondria possess a dedicated ribosome (mitoribosome), deeply remodeled from the bacterial one, which 
shows strong species-specific features. In Saccharomyces cerevisiae, the mitoribosome is part of a large 
expressosome-like assembly termed MIOREX, containing factors involved in all the steps of post-transcriptional 
gene expression. To date, very little is known about how and when these factors-mitoribosome interactions take 
place. In this study, we aimed to understand the spatial and temporal interaction of these factors with the 
mitoribosome. Employing biochemical tools and mass spectrometry, we were able to accurately localize in vivo 
factors involved in mitochondrial gene expression in specific areas of the mitoribosome; strikingly, the position of 
most of the proteins on the different sections of the mitoribosome functionally reflected their role in 
mitochondrial gene expression. 
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The mammalian mitochondrial (mt) translation is peculiar in many ways when compared to the cytosolic 
counterpart or to mt translation in other organisms: i) It synthesizes one of the smallest sets of proteins (13 
proteins in human); ii) All synthesized molecules are implicated in the same molecular pathway of ATP production; 
iii) The constitutive molecules are of dual genetic origins with RNAs encoded by the mt genome and proteins 
encoded by the nuclear genome. The two genomes accumulate evolutionary mutations at significant different 
rates. As a consequence, mt-encoded RNAs have restricted numbers of nucleotides, a biased nucleotide 
composition with far fewer guanines, the base most sensitive to oxidative damage. The "shrunken" RNAs are, 
however, recognized by nuclear-encoded partner proteins. 

As an outstanding example, mammalian mt ribosomes evolved from bacterial ribosomes by reduction of 
ribosomal RNAs, increase of ribosomal protein content, and loss of guanine nucleotides. By systematically 
comparing high-quality, small ribosomal subunit RNA sequence alignments and solved 3D ribosome structures 
from mammalian mitochondria and bacteria, we deduce rules for folding a complex RNA with the remaining 
guanines shielded from solvent. Almost all conserved guanines in both bacterial and mammalian mt ribosomal 
RNA form guanine specific, local or long-range, RNA–RNA or RNA– protein interactions. Many solvent-exposed 
guanines conserved in bacteria are replaced in mammalian mitochondria by bases less sensitive to oxidation.  

New guanines, conserved only in the mitochondrial alignment, are strategically positioned at solvent inaccessible 
sites to stabilize the ribosomal RNA structure. New mitochondrial proteins substitute for truncated RNA helices, 
maintain mutual spatial orientations of helices, compensate for lost RNA–RNA interactions, reduce solvent 
accessibility of bases, and replace guanines conserved in bacteria by forming specific amino acid–RNA interactions.  
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Modifications of the bacterial ribosome regulate the function of the ribosome and modulate its susceptibility to 
antibiotics. By modifying highly conserved adenosine A2503 in 23S rRNA, methylating enzyme Cfr confers 
resistance to eight classes of ribosome-targeting antibiotics. To date, no structure of Cfr-modified ribosome has 
been solved. Using directed evolution of Cfr under antibiotic selection, we obtained Cfr variant that mediates 
increased antibiotic resistance and is capable of near quantitative methylation of the C8 position of A2503. This 
variant enabled us to acquire homogenous Cfr-modified ribosomes and to obtain first structure of the 70S Cfr-
modified E. coli ribosome. These results reveal the structural basis for broad-spectrum antibiotic resistance 
conferred by Cfr, and can aid in the structure-based design of antibiotics effective against Cfr-containing 
pathogens.
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Bacterial toxin-antitoxin (TA) systems modulate their life cycles to survive under stressful conditions. The RelE 
protein, a toxic component of the type-II TA system, is a ribosome-dependent endoribonuclease that digests 
mRNA at the A site. Although the structures of RelE and its complex with the ribosome have been reported, the 
precise reaction mechanism, which lacks the typical catalytic amino acids, is still under discussion (Pedersen 2003, 
Neubauer 2009, Bøggild 2012, Dunican 2015). In this study, we determined the crystal structures of the wild-type 
RelE and the ribosomal small subunit from Thermus thermophilus HB8, in complex with the mRNA. The complex 
crystals were obtained by soaking the ribosome crystals with RelE and mRNA. In the pre-cleavage state, the four 
highly conserved residues, K57 (K54 in Escherichia coli RelE), R64 (R61), R84 (R81) and Y88 (Y87), were located 
near the phosphate group at the cleavage site. In addition, the two Arg residues individually form significant 
stacking interactions. Consequently, the nucleotide conformations were remarkably different from those in the 
canonical A-form. 
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Messenger RNA (mRNA) turnover represents a critical modulator of gene expression. Most eukaryotic mRNAs are 
degraded after 3’ deadenylation and 5’ decapping by the activity of 5’-3’ exoribonuclease Xrn1 and/or in the 3ʹ-5ʹ 
direction by the exosome. Xrn1 is the most prominent evolutionary conserved 5’-3’ exoribonuclease with a broad 
range of functions in the cell. It requires a free monophosphorylated 5’ RNA substrate for processive degradation. 
These substrates are produced either by decapping or endonucleolytic cleavage in the context of mRNA turnover 
or decay. Co-translational mRNA degradation by Xrn1 produces in vivo ribosomal footprint utilized in the 5PSeq 
ribosomal profiling [1].  

Besides mRNA degradation, Xrn1 has been implicated in various cellular processes including telomere metabolism, 
transcription regulation, RNA interference, non-coding RNA processing and antiviral response. In humans, Xrn1 
inhibition has been implicated in the pathogenesis of certain Flaviviruses. The lack of redundancy in the 5’-3’ 
exoribonuclease activity underscores the importance of Xrn1 in all tested organisms with mutations leading to 
developmental defects in multicellular eukaryotes. 

We report that Xrn1 directly and specifically interacts with both subunits of yeast 80S ribosome. We have 
determined the structure of an endogenous Xrn1-ribosome complex using cryo-electron microscopy. We show 
that Xrn1 binds predominantly to the 40S ribosomal subunit at the mRNA exit site. Several interaction interfaces 
could be directly observed in the electron density map, involving numerous rRNA segments and ribosomal 
proteins such as Asc1 (RACK1). Capturing endogenous Xrn1 on stalled ribosome allowed us to reveal post-cleavage 
state of native Xrn1 on mRNA substrate. This completes the picture of the cleavage cycle in the conserved catalytic 
core of Xrn1. 
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Orthogonal ribosomes are unnatural ribosomes that are directed towards orthogonal messenger RNAs in 
Escherichia coli, through an altered version of the 16S ribosomal RNA of the small subunit. Directed evolution of 
orthogonal ribosomes has provided access to new ribosomal function, and the evolved orthogonal ribosomes 
have enabled the encoding of numerous non-canonical amino acids into proteins. Present orthogonal ribosomes 
share the pool of 23S ribosomal RNAs, contained in the large subunit, with endogenous ribosomes. Selectively 
directing a new 23S rRNA to an orthogonal mRNA, by controlling the association between the orthogonal 16S and 
23S rRNAs, would enable the evolution of new function in the large subunit. Previous work covalently linked 
orthogonal 16S rRNA and a circularly permuted 23S rRNA to create orthogonal ribosomes with low activity; 
however, the linked subunits in these ribosomes do not associate specifically with each other, and also mediate 
translation by associating with endogenous subunits. Here we discover engineered orthogonal ‘stapled’ 
ribosomes (with subunits linked through an optimized RNA staple) with activities comparable to that of the parent 
orthogonal ribosome; they minimize association with endogenous subunits and mediate translation of orthogonal 
mRNAs through the association of stapled subunits. We evolve cells with genomically encoded stapled ribosomes 
as the sole ribosomes, which support cellular growth at similar rates to natural ribosomes. Moreover, we visualize 
the engineered stapled ribosome structure by cryo-electron microscopy at 3.0 Å, revealing how the staple links 
the subunits and controls their association. We demonstrate the utility of controlling subunit association by 
evolving orthogonal stapled ribosomes which efficiently polymerize a sequence of monomers that the natural 
ribosome is intrinsically unable to translate. Our work provides a foundation for evolving the rRNA of the entire 
orthogonal ribosome for the encoded cellular synthesis of non-canonical biological polymers.
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The mitochondrial ribosome is the macromolecular protein complex responsible for protein synthesis in 
mitochondria. The mitochondrial ribosome has its evolutionary roots in the cytosolic ribosome but has developed 
a unique overall structure and new functions separate from its ancestor. In order to investigate the scope of 
ribosomal evolution we determined the structure of the mitochondrial ribosome from the ciliate Tetrahymena 
Thermophila. The resulting structure revealed the most structurally divergent ribosome to date, defying 
convention with a small subunit larger than the large subunit and harboring at least 26 previously uncharacterized 
ribosomal proteins. Among the identified ribosomal proteins are enzymes involved in amino acid synthesis, fatty 
acid catabolism and iron sulfur cluster biogenisis. Despite these obvious differences the T.thermophila 
mitochondrial ribosome represents the most bacterial like ribosome so far observed hinting at a potential 
evolutionary path of the mitochondrial ribosome. 
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A mechanism frequently used by bacteria to evade antibiotics that target the ribosome involves the use of RNA 
modifying enzymes to alter antibiotic binding sites. The enzyme Cfr is particularly concerning in this regard. Cfr 
modifies ribosomal RNA (rRNA) within the peptidyl transferase center (PTC). Specifically, Cfr adds a methyl group 
to C8 carbon atom of a highly conserved adenosine A2503 in 23S rRNA (E. coli numbering). Acquisition of Cfr by 
pathogens and the resulting methylation causes resistance to 8 classes of PTC targeting antibiotics, including the 
two critical clinical antibiotics clindamycin and linezolid. To better elucidate the mechanism of Cfr mediated 
resistance, we used directed evolution to generate Cfr variants that confer high levels of resistance to PTC 
targeting antibiotics. Interestingly, the evolved variants of Cfr harbor mutations that appear far (>12 Angstroms) 
from the enzyme active site. We isolated 23S rRNA fragments from E.coli expressing the Cfr variants and 
determined the methylation state of A2503 by MALDI-TOF mass spectrometry. Our findings indicate that the 
evolved Cfr variants confer enhanced antibiotic resistance by increasing the extent of A2503 C8 methylation. 
Ongoing efforts involve investigating kinetic parameters and stability of the evolved Cfr variants to determine how 
the identified mutations elicit enhanced rRNA methylation and antibiotic resistance. 
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The bacterial ribosome represents a major target for antimicrobial drugs. Macrolide antibiotics bind in the 
nascent peptide exit tunnel (NPET) of the large ribosomal subunit in the vicinity of the peptidyl transferase 
center (PTC) and inhibit translation in a context-specific manner. In spite of the general structural conservation 
of the ribosomes between species, eukaryotic cytoplasmic ribosomes are resistant to macrolides. Since 
nucleotide A2058 (E. coli numbering) in 23S rRNA is critically important for the tight binding of macrolides to the 
bacterial ribosome, it is generally thought that the presence of a guanine residue at the equivalent 2400 position 
in eukaryotic 25S rRNA is the main reason for the lack of sensitivity of the eukaryotic ribosome towards 
macrolides. To test whether it is possible to sensitize eukaryotic ribosomes to macrolides and explore the 
possible context specificity of the inhibitors action during eukaryotic translation, we engineered a S. cerevisiae 
strain where G2400 of 25S rRNA was mutated to A. RNA footprinting and direct antibiotic binding studies 
demonstrated strong interaction of the ketolides solithromycin and telithromycin with the mutant eukaryotic 
ribosome. This binding is functionally significant and leads to sensitivity of the mutant cells to the antibiotic 
action and to the drug-induced inhibition of translation. A weak binding of erythromycin to the mutant 
ribosomes was also observed, although the mutant cells remain resistant to this antibiotic. Our preliminary 
analysis of Ribo-seq experiments show that macrolides arrest translation of yeast genes at preferential sequence 
motifs which are similar, but not identical, to the macrolide arrest sequences of bacterial genes. Our results 
demonstrate the general possibility of biasing the proteome of a eukaryotic cell by small molecules binding in 
the macrolide binding site of the NPET. 
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The use of alternative translation initiation sites enables production of more than one protein from a single gene, 
thereby expanding the cellular proteome. Although several such examples have been serendipitously found in 
bacteria, genome-wide mapping of alternative translation start sites has been unattainable. We found that the 
antibiotic retapamulin specifically arrests initiating ribosomes at start codons of the genes. Retapamulin-enhanced 
Ribo-seq analysis (Ribo-RET) not only allowed mapping of conventional initiation sites at the beginning of the 
genes but, strikingly, it also revealed putative internal start sites in a number of Escherichia coli genes. Experiments 
demonstrated that the internal start codons can be recognized by the ribosomes and direct translation initiation 
in vitro and in vivo. Proteins, whose synthesis is initiated at an internal in-frame and out-of-frame start sites, can 
be functionally important and contribute to the ‘alternative’ bacterial proteome. The internal start sites may also 
play regulatory roles in gene expression. 
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The ribotoxic stress response (RSR) elicits inflammatory activation of MAP kinases p38 and JNK in response to 
deleterious structural modifications of the ribosome. Such alterations can be brought about by the actions of 
rRNA-modifying ribotoxins ricin, shiga and sarcin, cross-linking by UV-irradiation, as well as the bacterially 
produced ribosome inhibitors anisomycin and cycloheximide. Among several proposed mechanisms, 
ZAK/MLTK/MAP3K20 has been described as the upstream MAP3 kinase that mediates RSR-associated p38 
activation. Here we show that the long isoform of this protein (ZAK-�) contains an RNA-binding domain in its 
unique C-terminus that mediates binding of ZAK to the ribosome. This interaction is crucial to the RSR, as RNA 
binding-deficient mutants of ZAK fail to auto-phosphorylate and activate p38 and JNK in response to anisomycin 
treatment. Employing SILAC-based proteomics and polysome profiling, we show that ZAK binds to structurally 
intact, but not necessarily actively translating, ribosomes and that this interaction is lost upon anisomycin 
treatment in a manner dependent on ZAK activity. Interestingly, the RNA-binding domain in ZAK contains a cluster 
of auto-phosphorylation sites that may be responsible for releasing the activated and signaling-competent form 
of ZAK from the ribosome. Finally, we show that ZAK-dependent RSR is conserved in the nematode C. elegans and 
that a patient-derived mutation in the SAM domain is associated with constitutive ZAK activity. In summary, our 
work highlights a novel mechanism by which cells surveil ribosomal integrity, and activates appropriate signaling 
responses upon ribotoxic stress. 
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During amino acid starvation, heat shock and other stress conditions the bacterial cell diverts resources away from 
growth and division by entering the process called stringent control signaled by the alarmone molecule (p)ppGpp. 
We have studied the (p)ppGpp-mediated regulation of the protein biosynthesis in the reconstituted in vitro 
bacterial system: we apply advanced techniques of fluorescent spectroscopy to study the mechanism of (p)ppGpp 
interaction with IF2 along the pathway of 30S initiation complex (IC) formation. 
 
Microscale Thermophoresis (MST) confirms the cooperative character of 30S IC formation, strongly dependent on 
all ligands, and highlights guanosine nucleotides GTP and (p)ppGpp as key components to regulate fMet-tRNAfMet 
and mRNA recruitment. Pre-steady state kinetic assays show that the alarmone prevents rapid 50S joining to the 
30S subunit, indicating that (p)ppGpp promotes 30S pre-IC complex formation. Nucleotide competition 
experiments show that (p)ppGpp is better competitor (in comparison to GDP) with GTP. Furthermore, the 
competitive character of (p)ppGpp appears to be mRNA sequence dependent. Highly translated mRNAs enhance 
GTP affinity for 30S complexes, resulting in fast transitions to elongation of protein synthesis. Less demanded 
mRNAs allow ppGpp to compete with GTP for IF2, stalling 30S complexes until exchange of the mRNA enhances 
the affinity for GTP. 
 
Altogether, we provide a novel model for translation initiation regulation by alarmone (p)ppGpp and suggest that 
upon stringent response the alarmone regulates translation initiation in an mRNA-dependent manner. 
 
Experiments on different types of mRNA were supported by RFBR grant 17-00-00368, experiments on kinetics 
were partially supported by Russian Science Foundation grant 17-14-01416. Work in PM lab is supported by 
InnóvatePerú grants 382-PNICP-PIBA-2014, 297-INNOVATEPERU-EC-2016 and Fondecyt grant 154-2017. 
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Our ability to directly relate results from biochemical experiments in the test tube, to the dynamic processes 
occurring in living cells is very limited. We have recently developed new experimental and analytical tools to 
directly study the kinetics of fast biochemical reactions in live cells. In a pilot study, dye-labeled tRNAs were 
electroporated into E. coli cells, and tracked using super-resolved single-molecule microscopy. Trajectories were 
analyzed by machine-learning algorithms, and we were able to monitor the dwell times of the tRNAs in different 
diffusional states, hence measuring directly rates of translation initiation and elongation (Volkov et al, 2018, Nat 
Chem Biol). 

With the experimental system at hand, we are now expanding our studies in several directions. For example, by 
tracking dye-labeled SRP (Signal Recognition Particle), we measure the kinetics of co-translational translocon 
targeting of inner-membrane protein producing ribosomes. 
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The Translation Complex Profile sequencing (TCP-seq) method, which was initially implemented in yeast, is related 
to the popular ribosome profiling approach with the key difference that small ribosomal subunit (SSU) footprint 
libraries are generated in addition to the usual full ribosome (RS) footprints. We have now developed TCP-seq 
further, first, by readjusting the approach to work with mammalian cells in culture, and second, by combining it 
with a prior immuno-purification step to selectively isolate translation intermediates containing affinity-tagged 
factors of choice (IP-TCP-seq). Regarding the former, metagene footprint alignments indicate that mammalian and 
yeast SSU complexes distribute in a broadly similar manner across mRNA 5’UTRs, consistent with strong 
evolutionary conservation of the translation initiation machinery and mechanism. Regarding the latter, we 
focused on yeast eIF2 and eIF3, components of the multi-factor complex (MFC). Distribution patterns along mRNA 
5’UTRs and at start codons of eIF-tagged SSUs compared to the full complement of mRNA associated SSUs showed 
interesting quantitative differences in that eIF-tagged SSU complexes were over-represented in 5’UTRs relative to 
start codons. This is consistent with the prevailing model that eIF2 and eIF3 travel along the 5’UTR with the SSU 
and are dissociating from the complex as a consequence of start codon recognition. SSU complexes at start codons 
generate several classes of footprints of different size, due to complex rearrangements during start codon 
recognition. Here, eIF-tagged SSU complexes showed a distinct footprint size distribution profile suggestive of a 
staged dissociation of these factors during this process. Intriguingly, when inspecting patterns of eIF-tagged RS 
footprints, we found ample evidence for co-translational assembly of eIF3 subunits and other MFC components. 
Collectively, these results show that TCP-seq is a versatile method of broad utility in studying translation. 
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Ribosomal translocation is a high fidelity process, in which the ribosome scanned exactly 3 nucleotides to decoding 
the next codon.  Because there is no gap between codons, errors during translocation are deadly to the cell.  
However, the atomic mechanism of ribosome’s faithful translocation is not clear.  High-resolution X-ray structural 
studies have revealed extensive tRNA-rRNA network to guide the proper transitions, but the dynamics and 
biophysical information are missing.  On the other hand, certain mRNAs induce ribosomal nucleotide-skipping to 
express fused/truncated proteins at percentage much higher than random errors.  Sometimes the frameshifting 
can occur at 100%.  The balance between frameshifting and normal translocation is not well understood. 

We have developed a novel magnetization sensing based force spectroscopy that can measure the ribosome 
translocase EF-G dynamics and track the translocation with single nucleotide precision, from both the 5’- and 3’- 
ends.  We have found: (a) a mechanical force is associated with the EF-G hydrolysis, in agreement with the active 
process of ribosome translocation, (b) highly efficient “-1” and “-2” frameshiftings on a GA7G slippery mRNA 
without the downstream secondary structure, (c) EF-G bound with GTP is indispensable to frameshifting, (d) 
translocation proceeds with a stepwise, asymmetric intermediate state. 
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Translation initiation establishes the reading frame of an elongation-competent ribosome complex and hence 
determines both the quantity and identity of the protein product. How eukaryotic ribosomes transition from 
translation initiation to elongation is not well understood. Here, we developed and applied in vitro single-molecule 
fluorescence approaches to monitor yeast translation in real time. We engineered yeast ribosomes to 
fluorescently label the two subunits, which allowed detection of 80S initiation complex assembly on single model 
or natural capped mRNAs in real time by inter-subunit single-molecule FRET. With fluorescently labeled initiation 
factors and aminoacyl-tRNAs, we were able to correlate ligand occupancies to the 80S assembly process and watch 
the transition from initiation to elongation in real time. We have determined the key compositional events during 
late initiation and revealed the determinant that gates the transition to elongation. This work sets the stage to 
interrogate the dynamics of the complete eukaryotic translation initiation process. 
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The ribosome the most efficient tool for generation of sequence-defined polymers, but remains limited to catalysis 
on α-amino acids. While the ribosome easily translates a wide variety of these α-amino acids, many with exotic 
side-chains, it struggles to handle backbone-modified substrates. Due to their differences in size, flexibility, and 
reactivity, monomers including peptoids, N-methyl amino acids, and β-amino acids are barely tolerated as single 
insertions, let alone for consecutive polymerizations. These issues are some of the primary roadblocks for the 
potential of the ribosome as a platform for more general sequence-defined polymer synthesis. As first steps to 
overcome these challenges, screens have identified an E. coli ribosome, P7A7, with a mutant 23S rRNA that can 
incorporate a single β-amino acid monomer with greatly improved efficiency over wild type. Here we present 
structural, in vitro, and in vivo studies of P7A7 and related mutants as steps to understand its unusual catalytic 
abilities and as a guide for more general ribosome engineering towards sequence defined non-α-amino acid 
polymerization.
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Structural characterization of mutant ribosomes is key in understanding how they achieve their altered catalytic 
activity. The P7A7 ribosome, which contains 13 rRNA mutations around the peptidyl transferase center, has been 
previously reported to incorporate β-amino acids into protein chains in vivo. As backbone alterations in the 
substrate are very challenging for the ribosome to accommodate, we used cryo-EM to solve the structure of the 
P7A7 ribosome 50S subunit, as well as the wildtype E. coli 50S for comparison. Significant portions of both maps 
resolved beyond 3 Å resolution. The P7A7 map reveals several RNA helices around the interface that are 
unstructured, perhaps indicating assembly defects caused by the mutations.

  



 Poster - 157 - 

 

Tuning translational control with a minimal rna-in-rna-out regulatory set 

 

Hans-Joachim Wieden, Jumai Abioye, R. Hakstol 

 

Department of Chemistry and Biochemistry, University of Lethbridge, Canada 

 

Precise and predictable translational control is an important aspect of biomanufacturing and an emerging toolset 
for therapeutics. In the naturally-occurring Tn10/IS10-encoded RNA-IN-RNA-OUT system, a cis-encoded RNA, 
RNA-OUT regulates transposase expression by binding to the 5’ translation initiation region (TIR) of the 
transposase mRNA (RNA-OUT). This RNA-mediated antisense system has been repurposed for general protein 
translational control. More recently, computational design has enabled the generation and standardization of 
thousands of RNA-IN-RNA-OUT antisense regulatory pairs. However, in the current design, full-length RNA-IN-
RNA-OUT variants based on the Tn10/IS10 system are utilized. Also, a relic of the RNA-IN construct is co-expressed 
as an N-terminal fusion to the protein of interest. For bioproduction, such extensive insertions are intolerable. 
Here we report the design of the minimal RNA-IN-RNA-OUT translation regulatory set. We also show the 
mechanistic characterization of RNA-IN-RNA-OUT regulation of protein expression from polycistronic constructs. 
Our goal was to decipher the primary strategy of translational control, mRNA occlusion or instability. We present 
this fully characterized modular minimal RNA-IN-RNA-OUT system as a reliable and programmable tool for 
regulating biomolecular production at a translational level.

  



 Poster - 158 - 

 

Mapping oxidation of the ribosomal RNA via Mass Spectrometry 

 

Jessica Willi1, Peter Lobue1, Norbert Polacek2, Patrick A. Limbach1 

 

1Rieveschl Laboratories for Mass Spectrometry, Department of Chemistry, University of Cincinnati 
2Department of Chemistry and Biochemistry, University of Bern 

 

Previous research found that ribosomal RNA (rRNA) is oxidized under physiologically relevant conditions of 
oxidative stress, such as in aging and disease. These oxidative lesions such as 8-oxo-G, 8-oxo-A, 5-HO-C and 5-HO-
U have been shown to impair translation, since they interfere with the structural integrity and molecular 
mechanisms within the ribosome. However, the effect of any given rRNA oxidation heavily depends on the exact 
location of the oxidative lesions within the ribosome.  

We utilized liquid chromatography-tandem mass spectrometry (LC-MS/MS) in order to identify oxidative lesions 
in the rRNA in a sequence-dependent manner. We established a specialized workflow for the creation of rRNA 
oxidation maps, including sample preparation, LC-MS/MS approach and data analysis. This work resulted in single-
nucleotide resolution, comprehensive and quantitative maps of different oxidation states of the E. coli ribosome. 

Understanding where oxidative lesions accumulate in the rRNA deepens our molecular understanding of how 
translation fails in age-related diseases. Furthermore, this method is useful for other researchers in need for 
positional information of oxidation, such as those studying oxidized mRNA, ncRNA, or rRNA of eukaryotes. 
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High-resolution three-dimensional structures of biological macromolecules such as ribosomes are increasingly 
being determined by single-particle cryoEM methods. The raw images used to determine these structures 
necessarily suffer from poor contrast and from beam-induced sample motion. If high resolution is needed, it is 
essential to maximize contrast and to minimize the effects of sample movement. While image contrast is reduced 
by the use of a thin continuous support for the sample, such supports are in practice often necessary. Exquisitely 
thin single-layer graphene and graphene oxide (GO) supports are becoming more popular because they hardly 
reduce image contrast and because they can exhibit less motion than a traditional thin amorphous carbon support. 
Because GO flakes are both water soluble and commercially available, an increasing number of laboratories is 
reporting structures determined using a GO support, with the GO support deposited on the grid by the end-user 
microscopist. However, there are many anecdotal reports of difficulties with getting a high percentage of grid 
coverage with GO, as well as getting undesirable multiple-layer rather than single-layer coverage. Most of these 
difficulties in coating EM grids with GO arise from the heterogeneous and aggregation-prone nature of GO flakes. 
We have experimented with a wide variety of methods to fractionate, stabilize, and deposit GO on EM grids. We 
summarize strategies for optimizing single-layer coverage of GO on EM grids, and we provide illustrative examples 
of improvement using both relatively large and small samples.
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How a protein acquires its biologically active structure is a key biological question, since folding is closely linked 
to a wide range of cellular processes, and where aberrant folding can result in aggregation, a process that has 
been strongly implicated in several human disorders, including Alzheimer’s and Parkinson’s diseases. Currently, 
there is still very little understanding of the differences between folding that occurs on the ribosome relative to 
that of isolated proteins, as there are very few high-resolution structural and dynamical studies detailing the 
process of co-translational folding. Moreover, the role of the ribosome in this process is not fully understood. 

In order to change this picture I use coarse-grained as well as all-atom molecular dynamics simulations, the latter 
I combine with enhanced sampling methods and structural restrains from various NMR and CryoEM experiments, 
to study co-translational protein folding. My research is focused  on two model ribosomal nascent chain (NC) 
systems: (a) the immunoglobulin-like domain and (b) alpha-synuclein. First system provides understanding of the 
folded-unfolded transition in a single globular domain, whereas the second one is offering unique insights into the 
capacity for an unfolded nascent chain (the first state visited by all nascent chains) to sample conformational 
space. Additionally, using bioinformatics methods I study the evolutionary conservation of potential NC 
interactions sites present on the ribosome surface (such as in uL23, uL24 and uL29 proteins). Function of obtained 
conserved regions I study by structure-based modelling and simulations of protein folding on the modified 
ribosomes. Such simulations direct further protein/ribosome design projects in the lab. 

Altogether, my studies offer the unique capacity to comprehensively characterise both structure and dynamics 
during co-translational protein folding in an unprecedented level of atomistic detail as well as to better understand 
the role of the ribosome. 
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Each cell type in a metazoan organism performs unique functions that require expression of cell type-specific 
proteins. This phenomenon has been intensely investigated at the level of transcriptional regulation, and 
emerging evidence suggests that selective translation may also control specialized protein synthesis. In one 
proposed mechanism, modulating ribosome composition may optimize ribosomes to fulfill particular protein 
synthesis demands. However, a thorough characterization of ribosome composition at a single-cell level across all 
cell types in an organism has yet to be conducted. Given that the canonical mammalian ribosome contains 80 
ribosomal proteins (RPs), many of which may have multiple paralogs and splice variants encoded in the genome, 
a vast number of permutations in ribosome composition is conceivable. Here, we have analyzed a large volume 
of single-cell RNA sequencing data to profile RP mRNA stoichiometry within highly resolved cell types across 
dozens of distinct mouse tissues. While most RP genes maintain consistent relative transcript levels across most 
cell types, certain RPs display cell type-specific differential transcript stoichiometry, and several cell types feature 
broadly different expression patterns across many RP genes. Our ongoing studies will address whether these 
variations in RP mRNA stoichiometry impact the composition of translational machinery, and how such structural 
diversity among ribosomes may control gene expression. This organism-wide, cell type-resolved roadmap of RP 
mRNA stoichiometry has the potential to greatly expand our understanding of ribosome heterogeneity as a mode 
of mammalian gene regulation that diversifies expression of cell type-specific proteins.
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Newly synthesized proteins in bacteria start with formyl methionine, which can be removed during the N-terminal 
methionine excision (NME) process by peptide deformylase (PDF) and methionine aminopeptidase (MAP), two 
essential enzymes in bacteria. PDF and MAP bind the ribosome near the peptide tunnel exit and process nascent 
peptides cotranslationally, raising questions as to how they coordinate their action with other cotranslational 
protein biogenesis factors during translation. To address this question, we carried out presteady-state kinetic 
measurements of NME on ribosome-nascent chain complexes (RNCs). We showed that for ideal substrates, the 
MAP reaction is diffusion-controlled and occurs upon every encounter of MAP with RNC; in comparison, the PDF 
reaction is ~10-fold slower and rate-limiting for NME. The new assays also allow us to redefine the second-site 
specificity for the MAP reaction in a more physiological setting, and assess the role of other ribosome-bound 
factors, such as trigger factor and signal recognition particle, on NME. Based on the kinetic data, we constructed 
an analytical model for cotranslational nascent protein processing, which accurately predicted the NME efficiency 
of nascent proteins in cell extracts. Our results explain how NME takes place efficiently and specifically within the 
crowded environment near the ribosome exit site.
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KRAS and HRAS are highly homologous oncogenic Ras GTPase family members that are mutated in a wide 
spectrum of human cancers.  Despite their high amino acid identity, KRAS and HRAS have very different codon 
usage biases: HRAS has a strong preference for common codons and KRAS is enriched for rare codons. Rare codons 
in KRAS suppress its protein expression, which have been shown to affect normal and cancer biology in mammals. 
Here we show that KRAS rare codons inhibit both translation efficiency and transcription, and that the 
contribution of these two varies from cell line to cell line. Codon usage regulates mRNA translation efficiency so 
that wild-type KRAS mRNA is poorly translated. On the other hand, common codons increase transcription by 
promoting activating histone modifications and recruitment of transcriptional coactivators.  Finally, we find that 
codon usage also influences KRAS protein conformation, likely due to its effect on co-translational protein folding. 
Together, our results demonstrate codon usage has multi-dimensional effects on protein expression from 
transcription to protein folding in human cells.
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S-adenosylmethionine decarboxylase 1 (AMD1) is an enzyme with a crucial role in polyamine metabolism in many 
species. In mammals, its regulation at the translation level by an uORF is well documented. Recently, we proposed 
an additional layer of regulation mediated through features in its 3' trailer region. A 381 nt long open reading 
frame (ORF) between the main ORF stop codon and the next in-frame stop codon (AMD1 tail), is highly conserved 
within vertebrates. Aggregated ribosome profiling data revealed a high footprint density at the stop codon at the 
end of AMD1 tail suggesting ribosome stalling at that position. We have shown that translation of this sequence 
has a dramatic inhibitory effect on the translation of an upstream reporter ORF. The observed effect cannot be 
explained solely by changes in protein and mRNA stability. We proposed a regulatory mechanism that acts as a 
"counter" of synthesized protein molecules involving stop codon readthrough followed by ribosome stalling and 
queuing that results in translation inhibition. Here we provide furthercharacterization of AMD1 tail translation 
features. This includes its roadblock effect on the translation of a downstream reported ORF (in the absence of 
stop codons), the role of the distance between the ribosomes translating AMD1 on its inhibitory properties and 
the interplay of AMD1 effects with nearby StopGo motifs. 
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The salamander Ambystoma mexicanum (the axolotl) is a powerful model for studying regeneration due to its 
remarkable ability to regenerate complex structures like limbs, hearts and spinal cords. Since cellular stress is 
commonly associated with inhibition of energetically costly processes like transcription and translation, we are 
interested to investigate how the translational machinery is efficiently utilized by the axolotl to promote tissue 
regeneration. Despite the cellular stress associated with limb amputation in axolotls, we find that during the 
process of tissue regeneration, there is a paradoxical increase in global protein synthesis. By performing sucrose 
gradient fractionation on axolotl forelimbs prior and after amputation, we observed a significant reduction in 
the ribonucleoprotein and light polysomal fractions within 24 hours. Moreover, we observed a de-novo 
presence of heavy polysomal fractions, indicating a significant translational remodeling of pre-existing mRNAs. 
By sequencing of polysome-associated mRNAs, we have identified a subpool of at least 300 genes that show 
increased translation efficiency without significant changes in mRNA abundance. These lead us to speculate that 
an RNA storage mechanism may be involved in regeneration. Surprisingly, we found that RNA-containing DDX6 
granules are normally present in axolotls at the steady state but then dissolve after 24 hours of limb amputation. 
These observations suggest a potentially critical role of RNA storage and translational activation in tissue repair 
that may hold important implications for regenerative medicine. 
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Viomycin is a member of tuberactinomycin class antibiotics that are widely used to fight infections of tuberculosis. 
Previous biochemical experiments showed that it can block ribosome translocation by trapping the ribosome in 
the intermediate hybrid state. The molecular mechanisms by which viomycin stabilize transient intermediate state 
remains unclear. We present a cryo-electron microscopy (cryo-EM) reconstructions of E.coli 70S ribosome bound 
to P/E hybrid state transfer RNA (tRNA) at 3.8-angstrom resolution. Atomic model was built from the density map 
after fitting and refinement.  We also solved a crystal structure of viomycin bound to rotated state ribosome and 
revealed three new binding sites of viomycin. These results provided structural explanations of how viomycin 
inhibit ribosome translocation. 
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GTP binding proteins (GTPBPs) form a divergent group of translational GTPases that are most closely related to 
eEF1A, eRF3 and Hbs1. GTPBPs exist in all major groups of eukaryotes and the gene is often duplicated. Both 
mammalian GTPBPs have been linked to neurodegeneration, but despite their physiological importance and 
widespread distribution, their functions have remained obscure. One recent report implicated GTPBP1 in mRNA 
surveillance (FASEB J. 25, 2757-2769 (2011)), suggesting that through direct interaction with the RNA exosome, it 
directs the latter to its mRNA targets. To elucidate the functions of mammalian GTPBP1, we applied integrated 
biochemical, kinetic and in vitro reconstitution approaches. 

Strikingly, we found that GTPBP1 has eEF1A-like elongation activity, delivering cognate aa-tRNA to the ribosomal 
A site in a GTP-dependent manner. It also stimulated exosomal degradation of mRNAs that are engaged in 80S 
elongation complexes, but did not influence degradation of free mRNAs. The kinetics of GTPBP1-mediated 
elongation argues against its functioning in elongation per se, but supports involvement in mRNA surveillance. 
Thus, GTP hydrolysis by GTPBP1 is not followed by rapid peptide bond formation, suggesting that after hydrolysis, 
GTPBP1 retains aa-tRNA, delaying its accommodation in the A site. In physiological 

settings, this would cause ribosome stalling, enabling GTPBP1 to elicit quality control programs, e.g. by recruiting 
the exosome. 

GTPBP1 was found to possesses one very unique activity, being able to bind strongly to GTP and deacylated tRNA, 
and to deliver the latter to the A site. In contrast, other translational GTPases have a very low affinity to deacylated 
tRNA in their apo, GDP and GTP forms. The ability of GTPBP1 to deliver deacylated tRNA to the A site suggests 
that it might function in mRNA surveillance and quality control mechanisms via the interaction with deacylated 
tRNA, which accumulates in response to various cellular stresses. 
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A key step in elucidating the mechanism of action for ribosome-binding proteins or small molecules is the 
determination of their binding site on the ribosome. Chemical footprinting can readily identify ligand binding sites 
in RNA molecules, but its application to the ribosome has been limited by the need to run many primer extension 
gels to survey the entire rRNA, as well as by semi-quantitative manual analysis of reverse transcription stops. To 
overcome these difficulties, we have adapted mutational profiling (MaP) methods to rapidly and comprehensively 
survey the ribosome for binding sites of both protein and small-molecule ligands. We have implemented this 
technology for several chemical probes including DMS, which probes the base-pairing status of adenosine and 
cytosine residues, and NAz, a light-activated probe that interrogates the solvent accessibility of adenosine and 
guanosine C8 positions. We have used this technique to interrogate binding and associated ribosome 
conformational changes of protein and small molecule ligands in vitro and in vivo 
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Bacteria employ a variety of mechanisms to adjust gene expression according to their needs and to the availability 
of resources. Among these, nascent amino acid sequences known as arrest peptides trigger ribosome stalling to 
regulate expression of downstream genes in response to elevated concentrations of specific metabolites within 
the environment. While a handful of arrest peptides have been identified to date, their prevalence in nature and 
the types of metabolites they can sense remain mostly elusive. Here, we present the in-silico identification, and 
biochemical and structural characterization of the Escherichia coli arrest peptide SpeFL. We show that ribosomes 
translating speFL undergo translational arrest in vitro and in vivo in the presence of inducing concentrations of 
the non-proteinogenic amino acid L-ornithine to regulate the expression of speF. Moreover, we determined the 
structure of an arrested SpeFL-70S ribosome complex by cryo-EM to an overall resolution of 2.9 Å, which reveals 
the binding site for L-ornithine within the ribosome. The joint coordination by SpeFL and by the ribosome of L-
ornithine through all of its functional groups explains the high specificity of SpeFL for its natural ligand. We 
propose a two-step sensing-arresting mechanism by the nascent chain, in which the N-terminus of SpeFL acts as 
an L-ornithine sensor and compaction of the C-terminal domain results in peptidyl transferase inactivation and 
ribosome immobilization on the mRNA. 
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To quickly undergo synaptic plasticity, neurons target specific mRNAs to their dendritic compartments, which 
allows resident synapses to sculpt their proteomes through local translation. Interestingly, RNA-sequencing data 
characterizing the dendritic transcriptome indicated the presence of mRNAs encoding for Ribosomal Proteins 
(RPs). This observation was surprising since RPs are known to get assembled into functional ribosomes through a 
process which starts in the nucleolus. To validate that these mRNAs are indeed present in dendrites, we 
performed high resolution FISH in rat hippocampal neurons. Not only did we confirm the presence of RP mRNAs 
within dendrites, we also observed different levels of dendritic enrichment amongst the RP mRNAs.  

We then asked whether dendritic RP mRNAs are locally translated. Using PuroPLA, we observed sites of protein 
synthesis in dendrites for several RP candidates, consistent with differential enrichment of the RP mRNAs. These 
findings open greater questions: can distally synthesized RPs associate with previously assembled ribosomes? 
Such a mechanism could be advantageous in neurons to locally repair ribosomes under stress conditions without 
the slow and energy-demanding contribution of nuclear biogenesis. More interestingly, is it possible that local 
association of RPs serve as an in situ tool to specialize translation at the synapses, e.g. after synaptic stimulation 
events? Furthermore, is there an extra level of ribosome heterogeneity in different neuronal cell types? I will 
present ongoing experiments addressing these questions and discuss their implications for neuronal and 
ribosomal biology.  
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Evolved over 4 billion years ago, the ribosome has acquired an astonishing plasticity in its assembly while the 
functional core was maintained virtually unchanged. In bacteria, the ribosome is composed of three RNAs and 54 
ribosomal proteins. rRNAs are transcribed in a single primary transcript from which they are processed by several 
RNases and modified at several dozen nucleotides. The orchestrated assembly of this ~2.5 MDa molecular 
machine occurs co-transcriptionally with rRNA folding and ribosomal protein binding being highly interdependent 
and cooperative. Several accessory factors facilitate ribosome maturation.  Recent data show that assembly can 
follow alternative routes involving several building blocks in E. coli limited for the r-protein L17. Here, we present 
assembly intermediates of the E. coli ribosome obtained in an in vitro assembly approach. We identified several 
unique classes with a resolution of under 6 Å in our initial dataset of 40,000 particles. Among them are 
intermediates of increasing maturity as well as functional 70S ribosomes. 
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Translation capacity of each messenger RNA (mRNA) in human cells depends on a multitude of signals. These 
signals often converge on translation initiation events, and exploit cis-acting elements in the non-coding regions 
of mRNAs. However, the molecular mechanisms that confer specific regulatory outputs for each mRNA are not 
well understood. We recently discovered that eukaryotic translation initiation factor 3 (eIF3) serves dual roles in 
translation. Human eIF3 not only acts as a general scaffold for assembly of translation preinitiation complexes at 
the start codon, but also has built-in specificity to directly control the translation of specific mRNAs. The mRNAs 
we identified encode key regulatory proteins involved in, for example, cell cycling, differentiation and apoptosis. 
We found that eIF3 can either activate or repress the translation of these mRNAs by binding to their 5’ 
untranslated regions (5’ UTRs), and can also directly bind the 5’-m7G cap on certain mRNAs using subunit EIF3D. 
Building on these results, obtained using a human kidney-derived cell line, we have begun to analyze how eIF3 
regulates translation during the early events of T cell activation. Using activated Jurkat cells as a model for T cells, 
we have obtained preliminary evidence that eIF3 regulates an entirely different network of mRNAs, compared to 
those identified in HEK-293T cells. Furthermore, eIF3 cross-links to a subset of mRNAs across their entire length, 
rather than at discrete sites. Using a combination of systems biology, cell biology, and biochemistry we have also 
obtained direct evidence on how eIF3 mediates translation of these mRNA during the early events of T cell 
activation. With this study we hope to understand the molecular mechanisms used in human cells to direct eIF3-
mediated activation and repression of specific mRNAs important for T cell activation. 
 
 


