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Cryo-EM and the Ribosome --  a Long Happy Marriage 

 

Joachim Frank 

Columbia University, USA 

 

Cryo-EM and the ribosome have had a long sustained relationship. (For the purpose of this mixed 
metaphor lets just define marriage as a partnership supporting mutual growth).  As I developed the 
single-particle techniques the ribosome was just the right particle to come along: big robust strongly 
scattering on account of its high phosphorus content and virtually unexplored as a structure.  Then 
over time the ribosome morphed from a mere particle used to demonstrate a new technique into a 
molecule with fascinating features and an over-towering role in the maintenance of life on earth.  
Several other groups picked the ribosome in its different guises to demonstrate their own 
contributions. At each step of the technique’s development as the resolution increased it revealed 
new features - its flexible multi-domain architecture its intricate conformational changes ultimately 
down to the flipping of bases as the new-coming cognate tRNA is recognized. So I think the ribosome 
deserves to be celebrated not “just” for being the wondrous molecular machine that translates 
genetic information into protein but also for its pioneering role in enabling the visualization of 
structure and dynamics of many other molecules we study today. 

 

 

 

 

 

 

 

 

 



 

 

Session 1 Antibiotics and resistance 

Ribosome protection mediated antibacterial drug resistance and the strategies 

Yong-Gui, Gao1,2,3 

 

1School of Biological Sciences, Nanyang Technological University, 60 Nanyang Drive, Singapore 
637551 

2NTU Institute of Structural Biology, Nanyang Technological University, 59 Nanyang Drive, 
Singapore 639798 

3Institute of Molecular and Cell Biology, A*STAR (Agency for Science, Technology and Research), 61 
Biopolis Drive, Singapore 138673 

 
The ribosome is one of the richest targets for over half of clinically used antibiotics.  We have 
determined several structures of ribosome complexes that offers insight into action mechanism of 
antibiotic as well as rationalizes mutations resulting in resistance 1,2. On the other hand, antibiotic 
could help us trap ribosome in certain state so that the structure can be reconstructed and visualized 
3–5.  

Current antibiotic resistance crisis urgently requires understanding of drug resistance mechanisms 
and effectively targeted drug discovery. A wide range of mechanisms could mediate antibiotic 
resistance, which is currently one of the biggest threats to global health and food security. Recently, 
we identified a few ATP-binding cassette family proteins that can confer resistance across species 
to various antibiotic classes through unknown mechanisms 6. Elucidating these mechanisms will 
enable us to rational design improved antimicrobial agents that overcome multidrug-resistant 
bacteria.  Here I will be presenting our recent progress towards a better understanding of action 
mechanisms of antibiotic and drug resistance involving ribosome protection, as well as the 
strategies to tackle this issue. In addition, ribosome-associated factor Gib2/RACK1 interacting with 
kindlin-3 has been implicated in protein translation regulation, I will also post our new data on this. 

1. Reference:Gao, Y. G. et al. The structure of the ribosome with elongation factor G trapped 
in the posttranslocational state. Science 326, 694-699 (2009). 

2. Schmeing, T. M. et al. The crystal structure of the ribosome bound to EF-Tu and aminoacyl-
tRNA. Science 326, 688-694 (2009). 

3. Kumar, V. et al. Structure of BipA in GTP form bound to the ratcheted ribosome. Proc Natl 
Acad Sci U S A 112, 10944-10949 (2015). 

4. Ero, R., Kumar, V., Chen, Y. & Gao, Y. G. Similarity and diversity of translational GTPase 
factors EF-G, EF4, and BipA: From structure to function. RNA Biol 13, 1258-1273 (2016). 

5. Kumar, V. et al. Structure of the GTP Form of Elongation Factor 4 (EF4) Bound to the 
Ribosome. J Biol Chem 291, 12943-12950 (2016). 

6. Su, W. et al. Ribosome protection by antibiotic resistance ATP-binding cassette protein. Proc 
Natl Acad Sci U S A 115, 5157-5162 (2018) 

 



 

 

Adding names to the list pf translational ABCF ATpases 

Vasili Hauryliuk 

University of Umeå, Sweden 

 

Ribosome-associated ABCF ATPases are evolutionally ubiquitous, but poorly understood on the 
molecular level. In eukaryotes, they regulate the ribosomal cycle (e.g. eEF3) and alert the cell when 
translation encounters problems, such as amino acid deprivation (Gcn20). In bacteria, antibiotic 
resistance (ARE) ABCFs mediate antibiotic resistance in numerous pathogens, including 
Staphylococcus, Streptococci and Enterococcus. Using a combination of phylogenetics, 
microbiology, biochemistry and ribosome profiling supported by collaborative cryo-EM 
reconstructions, we identify new ribosomal ABCF ATPases and uncover their molecular function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Ribosomes: a connection between the far past & near future 

Ada Yonath 

Weizmann Institute, Israel 

 

All ribosomes possess spectacular architecture, allowing for their smooth overall performance as 
well as their high accuracy in peptide bond formation, which is a highly conserved site, composed 
exclusively of rRNA and has a semi-symmetric pocket shape. The high conservation of this pocket 
may indicate that it may represent a prebiotic RNA machine, suggested by us to be the kernel around 
which life originated and hence, called by us the “proto-ribosome”. The validity of this suggestion 
was verified, for the first time, by the formation of peptide-bond by a lab synthetic “proto-ribosome” 
construct.  

Owing to their significance, the ribosomes are targeted by many antibiotics. Resistance to antibiotics 
is a severe problem in contemporary medicine. Comparisons of the structures of ribosomes from 
harmless vs. multi-resistant pathogenic bacteria revealed novel structural motifs, essential for 
protein biosynthesis, but not located in the primary ribosomal active sites, thus inspired the design 
of novel antibiotics with desired chemical properties that can be optimized also in terms of their 
toxicity, cell penetration, species-specificity for preserving the microbiome, and bio-degradability, 
for reducing the ecological hazards caused by the spread of the current antibiotics’ non-degradable 
metabolites.  

The two seemingly unrelated topics, may be correlated, as some of the pathogen’s  motifs resemble 
structural extensions typical for eukaryotic ribosomes, thus leading to the intriguing question: are 
pathogens the missing link between prokaryotes to higher organisms?   
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Session 2 Ribosome Assembly I 

 

Dynamics of rRNA-protein interactions during transcription 

Sarah Woodson, Margaret Rodgers, Yumeng Hao, Ryan Hulscher 

Johns Hopkins University, USA 

 

Ribosomal proteins guide folding of the rRNA during assembly by stabilizing its native structure and 
by switching the rRNA to a new ensemble of structures that is capable of recruiting the next protein 
in the assembly pathway. Mutations that disable conformational switches in the rRNA stall 30S 
biogenesis and prevent maturation of the pre-rRNA. To understand how early steps of ribosome 
assembly are coupled to transcription, we visualized the transcription of single pre-rRNAs using TIR 
fluorescence microscopy. Fluorescent markers for full-length rRNA synthesis and for protein binding 
show that ribosomal protein S4 binds transiently to the nascent RNA before transcription is 
complete. However, a longer period of folding post transcription is needed for stable S4 binding. To 
gain more detailed information about the structures of the pre- RNA in cells, we have adapted 
uridine pulse labeling and high-through structure probing methods to compare the conformations 
of newly made and mature ribosomes in E. coli. DMSMaP-Seq footprinting results revealed 
widespread perturbations to the rRNA conformation and hypomodification of newly made subunits. 
Surprisingly, residues that form the decoding site and the peptidyl transferase center were strongly 
protected from modification although these regions are the last to fold in vitro. This suggests that 
cellular factors widely protect the active sites of newly made subunits until they can enter the 
translation pool. 

 

 

 

 

 

 

 

 

 



 

 

Cotranscriptional assembly of the 30S 3’-domain 

 

Olivier Duss1,2, Galina A. Stepanyuk1, Annette Grot3, Seán E. O’Leary2,4, Joseph D. Puglisi2, James R. 
Williamson1 

 

1 Department of Integrative Structural and Computational Biology, Department of Chemistry, and 
The Skaggs Institute for Chemical Biology, The Scripps Research Institute, La Jolla, CA 92037, USA. 

2 Department of Structural Biology, Stanford University School of Medicine, CA 94305, California, 
USA. 

3 Department of Research and Development, Pacific Biosciences Inc., Menlo Park, CA 94025, USA. 

4 Current address: Department of Biochemistry, University of California, Riverside, CA 92521, USA. 

 

 

We have developed a co-transcriptional assembly assay using stalled transcription complexes that 
are immobilized in Zero Mode Waveguides, that allows monitoring of multiple aspects of assembly 
of nascent ribonucleoprotein complexes, using single molecule fluorescence.  Key steps of 
transcription, termination, RNA folding, and protein binding can be monitored using suitable 
choices of fluorescently labeled components.  We have applied this method to understand the 
molecular basis for misfolding, cooperativity, and protein assembly for the 3’-domain of the 30S 
subunit.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Reconstitution of Escherichia coli ribosome 
 

Daichi Tamaru1, Ryo Aoyam1, Masaru Shimojo1, Kazuaki Amikura1, Yoshihiro Shimizu2, Knud H. 
Nierhaus3, Takuya Ueda1 

 

1Department of Computational Biology and Medical Sciences, The University of Tokyo, Japan 
2Laboratory for Cell-Free Protein Synthesis, RIKEN Quantitative Biology Center, Japan 
3Institute for Medical Physics and Biophysics, Charité-Universitätsmedizin, Germany 

 
To fulfill artificial cells, translational machinery should be reproduced from DNA by the cell-free 
system. For this purpose, we have addressed the reconstitution biosynthesis process of Escherichia 
coli ribosome in vitro. All ribosomal proteins of 30S subunit of were expressed as SUMO-fusion form 
and purified as a native form by cleavage of specific proteinase. Most of all factors involved in 
biosynthesis of 30S subunits were also purified from overexpressed E. coli cells. In the presence of 
these factors assembly of 30S subunits from individually purified ribosomal proteins and 16S native 
rRNA was achieved under the physiological condition without heat treatment. The assembled 
particle contains all ribosomal proteins and exhibits translational activities of poly U and DHFR 
mRNA. Similarly, 33 ribosomal proteins of 50S subunit have been individually purified. Using purified 
L4, L13, L20, L22 and L24, assembly of early step of 50S subunit was performed and assembly 
conditions were evaluated. The previous studies in vitro and in vivo showed 33S precursor exists 
during the biosynthesis of 50S subunit. 33S precursor was reconstituted by using 21 ribosomal 
proteins of large subunit. Reconstitution of 50S subunit from 33 ribosomal proteins, 23S rRNA and 
5S rRNA is now in progress and will be discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Re-engineering the ribosome 
 

Alexander Mankin1, Shijie Huang1, Nikolay Aleksashin1, Luc Jaeger2, Dorota Klepacki1, Nora 
Vázquez-Laslop1 

1Center for Biomolecular Sciences, University of Illinois at Chicago, USA 
2University of California Santa Barbara, USA 

 
5S rRNA is one of the most mysterious components of the ribosome because its structural and 
fucntional roles remain obscure. In particular, it is unclear whether its autonomous nature, 
maintained through the course of the evolution of cytoplasmic ribosomes, is required for the proper 
assembly or the functionality of the translation apparatus.  
 
We used an engineering approach to tackle the ‘5S rRNA puzzle’. By incorporating circularly 
permutated 5S rRNA into 23S rRNA we engineered E. coli cells lacking free 5S rRNA. Fusion of the 5S 
and 23S rRNA sequences disrupted the assembly of the large ribosomal subunit and lead to 
accumulation of assembly intermediates alongside with mature 50S subunits. Strikingly, the fully-
assembeled large subunits containing tethered 23S and 5S rRNA were nearly as functionally active 
as the wt 50S subunits. Our results indicate that the evolutionary conservation of 5S rRNA as an 
independent molecule has been guided primarily by its role in the assembly of cytoplasmic 
ribosomes, rather than dictated by functional requirements during protein synthesis.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

The multifaceted roles of ribosome-associated ncRNAs during translation control 
 

Norbert Polacek 

Department of Chemistry and Biochemistry, University of Bern, Switzerland 
 

In recent years we have analyzed the small ncRNA interactome of translating ribosomes during 
stress in various model organisms. A major fraction of these ribosome-associated ncRNAs 
(rancRNAs) is processed from longer functional precursors, such as mRNAs, rRNAs, snoRNAs or 
tRNAs. Analyses of several rancRNAs revealed an unexpected functional heterogeneity. Some 
rancRNAs inhibit translation on a global scale (e.g. an archaeal tRNA-derived fragment or a short 
mRNA-derived piece in yeast), while another one regulates the expression of a specific protein (e.g. 
in a halophilic archaeon). A 60S-bound rodent tRNA half also inhibits protein synthesis globally, yet 
triggers the production of a particular small molecular weight translation product of so far unknown 
function. In the parasite T. brucei we uncovered a completely different rancRNA function. Upon 
nutritional stress a tRNA half associates with polysomes to stimulate global translation during stress 
recovery. By combining biochemical and cryo-EM approaches we are currently aiming at elucidating 
the mode of action of rancRNA-mediated translation control. Our findings reveal rancRNAs as 
functionally multifaceted ribo-regulators capable of fine-tuning protein biosynthesis during stress. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Session 3 Ribosome Assembly II 
 
 

Searching for unknown mammalian RNA methyltransferases 
 

Petr Sergiev1,2, Ivan Laptev1,2, Philipp Pletnev1,2, Kirill Petriukov1, Ekaterina Shvetsova1, Ilya 
Osterman1,2, Olga Averina1, Oleg Permyakov1, Vladimir Popov1, A. Deykin3, M. Serebryakova1, M. 

Rubsova1,2, A. Bogdanov1, O. Dontsova1,2 

 
1Lomonosov Moscow State University, Russia 

2SkolTech, Russia 
3Institute of gene biology, Russia 

 
Ribosomal RNA is methylated in all organisms. The list of ribosomal RNA methyltransferases of E. 
coli and yeast has been completed few years ago. However, the set of enzymes responsible for 
modification of mammalian mitochondrial rRNA still miss several entities. We applied a homology 
search to find genes potentially responsible for modification of mice mitochondrial 12S rRNA 
residues m5U429 and m4C839 (human numbering). While bacterial counterpart of the modified 
nucleotide m4C839 of the mitochondrial 12S rRNA is the modified nucleotide m4Cm1402 of the 16S 
rRNA, m5U429 modification is unique for mammalian mitochondria.  
 
We applied CRISPR/Cas9 system to inactivate genes presumably responsible for modification of 
mitochondrial 12S rRNA residues m5U429 and m4C839 in mice cell line.  Purification and mass-
spectrometry analysis of the mitochondrial rRNA fragments containing modification sites revealed 
loss of methylation upon inactivation of target genes. An analysis of knockout phenotype will be 
presented.  
 
Updating of the rRNA methyltransferases list allows highlighting the ways of the evolution of 
ribosome modification machinery. 
 
 
 
 
 
 
 
 
 
 
 
 



 

Structural insights into nucleolar stages of eukaryotic ribosome assembly 
 

Sebastian Klinge, Jonas Barandun, Malik Chaker-Margot, Mirjam Hunziker, Kelly R. Molloy, Brian T. 
Chait 

 
The Rockefeller University, USA 

 
Eukaryotic ribosome biogenesis is a complex and multidimensional process involving all three RNA 
polymerases, many small nucleolar RNAs and more than 200 assembly factors. Co-transcriptional 
recruitment of biogenesis factors in the nucleolus results in the formation of the earliest stable 
precursor of the small ribosomal subunit, the small subunit (SSU) processome. Here we present 
biochemical and structural data of the SSU processome, a large assembly of more than 4.5 MDa.  

Electron microscopy in combination with protein-RNA, protein-protein crosslinking and mass-
spectrometry allowed us to shed light on the early events in ribosome biogenesis. In the SSU 
processome, U3 snoRNA and 51 assembly factors chaperone a partially processed rRNA bound by 
15 ribosomal proteins. The individual domains of the small ribosomal subunit RNA are kept in an 
open conformation such that enzymes can access RNA regions occluded in the mature ribosome.  

U3 snoRNA, assisted by several proteins, remodels the central pseudoknot and prevents its 
premature formation in the particle. An extensive network of peptides and long helices pierce 
through the particle and contact distant functional sites. Steric hindrance, molecular mimicry, and 
exosome recruitment modules suggest that the maturing ribosome has to pass an extensive quality 
control system for productive ribosome assembly to occur.  

 

 

 

 

 

 

 

 

 

 

 

 

 



The human ribosome 

 
Bruno P. Klaholz 

 
Centre for Integrative Biology, Department of Integrated Structural Biology, IGBMC, Illkirch, 

France. 
 
Chemical modifications of the ribosomal RNA (rRNA) of the human ribosome are implicated in 
human protein synthesis dysregulations such as cancer and other diseases but their role therein is 
unknown. Following our first high-resolution cryo electron microscopy (cryo-EM) structure of the 
human ribosome (Khatter et al., Nature 2015) we determined the structure of a ligand complex to 
provide insights into the detailed interactions in the ligand-binding pocket of the human ribosome 
that are required for structure-assisted drug design of eukaryotic antibiotics with anti-proliferative 
effects (Myasnikov et al., 2016). Using advanced approaches such as multi-state structure sorting, 
3D sampling & classification and local/focused classifications and refinements (Klaholz et al., 2004; 
Simonetti et al., Nature 2008; Klaholz 2015, Orlov et al., 2016 & von Loeffelholz et al., 2017), atomic 
model refinement and validation (Natchiar et al., 2017; Afonine et al., 2018) we have refined the 
structure of the human ribosome to a level allowing for the first time to visualize individual rRNA 
modifications. The unprecedented quality of the cryo-EM map with local features at 2.5 Å resolution 
allowed identifying numerous modification sites on the entire structure explaining their structural 
and functional roles (Natchiar et al., 2017). Beyond some universally conserved sites, many 
eukaryote/human-specific modifications and some new unique sites are found notably in the 
vicinity of 3 bound antibiotics. The refined atomic model represents the currently most complete 
high-resolution structure of the human 80S ribosome including many corrected rRNA sequences 
that had register shifts. The structure allows to distinguish 2’- and 3’-endo conformations of the 
riboses, revealing that the 2’-endo conformation often has the associated nucleotide base flipped 
out (Natchiar et al., 2018). The structure also provides insights into specific sites involved in the 
biogenesis pathway (Ma et al., 2019). We will also discuss the importance of mRNA interactions with 
the 18S rRNA during translation initiation (Martin et al., 2016), and the organization of eukaryotic 
polysomes (Myasnikov et al., 2013; Afonina et al., 2014; Afonina et al., 2015; Myasnikov et al., 2015). 
Together, this work provides mechanistic insights into the translation mechanism in eukaryotes and 
paves the way to understanding the structural role of rRNA modifications in human diseases and to 
drug design in general such as with tetracyclines (Mortison et al., 2018). 
 
 
 
 
 
 
 
 
 
 
 
 
 



Structural snapshots of late cytoplasmic pre-60S particles from yeast 
 

Ning Gao 
School of Life Sciences, Peking University, Beijing 100871, China 

 
Ribosome biogenesis is a highly complex process in eukaryotes, involving temporally and spatially 
regulated ribosomal protein (r-protein) binding and rRNA remodeling events in the nucleolus, 
nucleoplasm and cytoplasm. Hundreds of assembly factors (AFs), organized into sequential 
functional groups, facilitate and guide the maturation process into productive assembly branches in 
and across different cellular compartments. However, the precise mechanisms by which these AFs 
function are largely unknown. Here, we use cryo-electron microscopy (cryo-EM), to characterize the 
structures of yeast cytoplasmic pre-60S particles affinity-purified using the epitope-tagged assembly 
factors, Nmd3, Lsg1 and Tif6. Our data reveal locations for these AFs and provide a framework for 
understanding the final steps of pre-60S maturation in cytoplasm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Session 4 Initiation 
 
 
Why 3GC base pairs of the initiator tRNA are crucial for successful initiation of protein synthesis? 
 

Suparna Sanyal1, Chandra Sekhar Mandava1, Sunil Shetty2, Umesh Varshney2 

 
1Department of Cell and Molecular Biology, Uppsala University, Uppsala, Sweden. 

2Department of Microbiology and Cell Biology, Indian Institute of Science, Bangalore, India 
 

Initiation of protein synthesis in all kingdoms of life starts with a special initiator tRNA. In bacteria, 
it is commonly called tRNAfMet as it adds a formylated methionine as the first amino acid in the 
protein chain. The initiator tRNA-fMet differs from elongator tRNA-Met by one base mismatch in 
the acceptor arm and by the presence of the universally conserved 3GC base pairs in the anti-codon 
stem loop. The recent in vivo studies demonstrated that the 3GC base pairs play an important role 
in the transition from initiation to elongation of protein synthesis (Shetty et. Al 2014), but the 
mechanism was unknown. Here, using pre steady-state kinetics in a fully reconstituted in vitro 
translation system with in vivo like rate and accuracy, we demonstrate that the 3GC base pairs are 
primarily crucial for stable binding of the initiator tRNA on the 30S preinitiation complex. Our results 
also show that if the 3GC base pairs are mutated the initiator tRNA can drop off irreversibly from 
the 70S initiation complex (70S IC), which limits the population of the elongation-competent 70 IC. 
These defects amplify in case of the mRNA with weak Shine-Dalgarno sequence. We have also 
observed that the 3GC base pairs work as a recognition marker for the fidelity function of the 
initiation factor 3 (IF3) during translation initiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Ribosome recycling and leaky scanning revealed by 40S ribosome profiling 

 
David J. Young, Nicholas R. Guydosh 

 
Laboratory of Biochemistry and Genetics, National Institute of Diabetes and Digestive and Kidney 

Diseases, National Institutes of Health, Bethesda, MD, USA 
 
 

Ribosome recycling leads to the removal of ribosomes from mRNAs after the completion of peptide 
synthesis and is essential for reusing ribosomes in new rounds of translation. After 60S dissociation, 
removal of the 40S subunit is known to be facilitated by the proteins Tma64, Tma20, and Tma22 
(eIF2D/ligatin, MCT-1, and DENR) in cell-free systems. However, direct evidence that these factors 
are required for this function in cells is lacking. To address this, we performed 40S ribosome profiling 
(TCP-seq) on tma64∆/tma20∆ and tma64∆/tma22∆ yeast strains using an enhanced protocol to 
increase read depth. The data revealed widespread accumulation of 40S ribosomes on stop codons 
at the ends of coding sequences, establishing these proteins as 40S recycling factors in the cell.  
 
Surprisingly, we also noticed widespread accumulation of 40S ribosomes at out of frame stop 
codons internal to coding sequences. To determine whether these ribosomes had initiated 
translation at upstream start codons, we performed 40S ribosome profiling on a rpl11b∆ strain that 
is deficient in 60S subunit production and therefore likely to slow the recruitment of 60S subunits 
to 40S subunits waiting at start codons. The data from this strain revealed footprint enrichment on 
these upstream start codons, confirming that these out of frame ORFs are translated. This result 
implies that “leaky scanning,” a process where 40S ribosomes fail to initiate at the main start codon 
and instead initiate at a downstream start codon (internal to the coding sequence), occurs widely.  
 
We show that this phenomenon impacts the stability of these transcripts through nonsense 
mediated decay (NMD) since these small ORFs terminate near the 5’ end of the transcript. Our 
approach of identifying the “bookends” that demarcate the start and stop codons of open reading 
frames serves as a powerful tool for identifying novel translation sites throughout the transcriptome 
and reveals how NMD regulates the expression of many genes. 
 
 
 
 
 
 
 
 
 
 
 
 



Global analysis of protein synthesis in Flavobacterium johnsoniae 
 

Kurt Fredrick, William Baez, Bappaditya Roy, Ralf Bundschuh 
 

Ohio State University, USA 
 
 
Genomic studies have revealed that Shine-Dalgarno (SD) sequences are completely absent in certain 
phyla of Bacteria. These lineages include the Bacteroidetes and a subset of Cyanobacteria. How the 
mechanism of translation initiation in these organisms differs from that of model organisms such as 
E. coli and B. subtilis remains unclear. Intriguingly, with very few exceptions, the 30S subunits of 
these SD-less organisms have retained the conserved ASD sequence at the 3’ end of 16S rRNA. This 
implies a critical function of the ASD beyond initiation, yet to be elucidated. Here, we used ribosome 
profiling to obtain a global snapshot of transcription and translation in F. johnsoniae, a member of 
the Bacteroidetes. We find that ribosome footprints tend to be short (~23 nt) and exhibit little-to-
no 5’ length variability, implying that ASD-mRNA pairing rarely occurs in this organism. Translation 
initiation appears to be tuned by mRNA secondary structure and by the identities of nucleotides 
upstream of the start codon. Positive determinants include adenine at position -3, reminiscent of 
the Kozak sequence of Eukarya. We also find that the trinucleotide AUG is selected against in the 
vicinity of the start codon, presumably to prevent spurious initiation at such sites. This trend was 
seen throughout the Bacteroidetes phylum, indicating one simple means by which these organisms 
compensate for the absence of SD elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



A novel conserved ribosome-associated protein binds the GTPase activating center to affect 
initiation and elongation in specific growth states 

 
Wendy Gilbert1, Yinuo J. Wang1, Pavan P. Vaidyanathan2, Maria F. Rojas-Duran1, Namrata D. 

Udeshi3, Kristen M. Bartoli2, Steven A. Carr3 

 
1Yale University, USA 

2MIT, USA 
3Broad Institute, USA 

 
Ribosome-binding proteins function broadly in protein synthesis, gene regulation, and cellular 
homeostasis, and may regulate ribosome function in response to changing cellular conditions. I will 
present the discovery and characterization of Lso2/CCDC124 as a novel and conserved ribosome-
bound protein that interacts with the universally conserved GTPase activation center of the large 
subunit. In yeast, Lso2 is specifically required for global translation during resumption of rapid 
growth. Ribosome profiling of LSO2 nulls (lso2∆) showed a 5-fold decrease in global initiation, a 4-
fold accumulation of ribosomes stalled at a subset of start codons, and a strong shift in footprint 
read lengths from long (28–34 nt) to short (20–22 nt). Given the binding site of Lso2/CCDC124, we 
suggest a mechanism whereby compromised interaction of GTPases with the GAC underlies 
perturbations to multiple stages of the translation cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Structural differences in mRNA translation initiation between pathogenic kinetoplastids and 
their mammalian hosts 

 
Yaser Hashem2, Jailson Brito Querido1, Anthony Bochler1, Aline Rimoldi Reibiro2, Quentin Vicens1 

 
1CNRS, ARN-UPR9002, Université de Strasbourg 
2Inserm, ARNA-U1212, Université de Bordeaux 

 
 
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(1-2). 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 at near-atomic resolution 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) 

 
 
 
 
 
 
 
 
 



Dynamics of Eukaryotic Translation 
 

Jody Puglisi 
 

Department of Structural Biology, Stanford University School of Medicine, Stanford, CA, USA 
 
Translation by the ribosome is a central and final step in gene expression in all organisms. The goal 
of our research is to understand the underlying conformational and compositional dynamics of 
translation. We have applied single-molecule fluorescence and structural approaches to both 
prokaryotic and eukaryotic translation systems.  Here we will describe our recent investigations of 
eukaryotic translation initiation in both yeast and humans that reveal the underlying dynamics of 
translational control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Session 5 Ribosomes/translation in plastids/mycobacteria 
 
 

Ribosomes in mitochondria and chloroplasts 
 

Alexey Amunts 
 

Stockholm University, Sweden 
 
 
Mitochondria and chloroplasts developed specialised ribosomes that have diverged from the 
cytoplasmic counterparts. While mitoribosomes synthesise proteins involved in oxidative 
phosphorylation, chlororibosomes produce components driving the photosynthetic reactions. Our 
group determined cryo-EM structures of the human mitoribosome with mRNA, tRNAs and 
translation activators in 8 different functional states, as well as its assembly intermediates. It 
revealed unique mechanisms of mRNA binding, tRNA translocation and assembly regulation. We 
also determined structures of chlororibosomes with translation factors that revealed evidences for 
convergent evolution of ribosomes from chloroplasts and mitochondria. These studies showed that 
protein synthesis machineries in organelles have adopted intricate compositions and unique tasks, 
adding not only incredible complexity to the records, but also a new perspective in investigating the 
evolution of translation and its regulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Structure of the ribosome hibernation complex in mycobacteria 

 
Rajendra Agrawal, Manjuli R. Sharma, Yunlong Li, Ravi K. Koripella, ArDean Leith, Nilesh K. 

Banavali, Anil K. Ojha 
 

Wadsworth Center, Albany, NY, USA 
 
 

Mycobacterium tuberculosis (Mtb) is harbored by ~2 billion people asymptomatically, reflecting the 
unique ability of Mtb to stay dormant in host tissues. However, molecular determinants of 
dormancy in mycobacteria remain unknown. Like in many bacterial species, 70S ribosomes in 
mycobacteria are produced in two forms: one containing ribosomal proteins with zinc (Zn)-binding 
motif (CxxC) is produced under Zn-rich condition (C+ ribosome), and the other form produced under 
limiting Zn conditions has r-proteins without the CxxC motif (C- ribosome), including S14, S18, L28, 
L31, and L33. Expression of C- r-protein paralogs are regulated by the Zn uptake regulator, ZurB, 
which under low-zinc conditions dissociates from the upstream zur-box, de-repressing transcription 
of the C- r-proteins.   
                 
By determining cryo-EM structures (~ 3 Å resolution) of C- ribosomes from M. smegmatis, we have 
discovered that C- ribosomes are the exclusive target of a novel protein, MPY, a mycobacterial 
homologue of eubacterial pY.  We also find that binding of the constitutively expressed MPY, which 
is more than double the size of the eubacterial pY, is dependent on another protein, referred to as 
MRF (MPY-recruitment factor), whose expression is also upregulated under Zn-limiting conditions.  
 
Sequential binding of these proteins induces ribosome hibernation and has a direct influence on the 
dynamics of aminoglycoside-binding pockets of the C- ribosome to prevent binding of these 
antibiotics. Our findings suggest that the mechanism of ribosome hibernation in mycobacteria is 
significantly different from those in previously studied eubacterial species. We hypothesize that the 
translational arrest triggered by ribosome hibernation under Zn-limiting condition could be a key 
event that leads to dormancy in mycobacteria while maintaining its antibiotic-free pool of C- 
ribosomes. We propose a sequence of events that could facilitate the binding of MPY/MRF 
specifically to the C- ribosome. 
 
 
 
 
 
 
 
 
 
 
 



Mutant mitochondrial protein MRPS5-associated phenotype is intimately linked to 
mitoribosomal misreading 
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We have recently identified a mutation in nuclear-encoded mitochondrial protein MrpS5 that 
confers mitoribosomal misreading, i.e., V338Y. In mutant homozygous Mrps5V338Y/V338Y mice, 
this mutation is associated with a phenotype composed of impaired mitochondrial function, 
enhanced susceptibility to noise-induced hearing damage, anxiety-related behavioral alterations, 
and accelerated metabolic aging in muscle. To challenge our findings and in particular the V338Y-
associated pathomechanism, we introduced an established bacterial ribosomal ambiguity mutation 
(ram) into Mrps5. In contrast to the V338Y mutation, the G315R mutation conferred misreading in 
the phylogenetically closely related bacterial system, but did not affect the accuracy of protein 
synthesis in mitochondria. Most notably, homozygous mutant Mrps5G315R/G315R knock-in mice 
did not present a discernible biochemical or behavioral phenotype. These results strengthen the 
postulated pathomechanistic link of mutant Mrps5-mediated mitochondrial misreading, impaired 
mitochondrial function, alterations in stress-related behavioral and physiological adaptations, and 
accelerated metabolic aging in muscle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Molecular wiring of a mitochondrial translation feedback loop 
 

Martin Ott1, Roger Salvatori1, Kirsten Kehrein1, Abeer Prakash Singh1, Braulio Varga-Möller Hergt1,  
Waim Aftab2, Axel Imhof2 

 
1Stockholm University, Sweden 
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Mitochondrial respiratory chain subunits are products of mitochondrial and nuclear gene 
expression. Both systems are coordinated at the level of mitochondrial translation by feedback 
loops that adjust production of key subunits in relation to respiratory chain assembly efficiencies. 
Here, we have revealed how ribosomes complexes are organized that are primed for translation of 
the  universally mitochondrially encoded cytochrome b. Specificity factors termed translational 
activators bind to the ribosomes to establish a subset of specialized ribosomes offering micro-
environments for the subsequent maturation of the translation products. Collectively, the data 
demonstrate how mitochondrial translation and nuclear gene expression is coordinated by context-
specific ribosomal interactions and thereby reveals the organization of mitochondrial protein 
biogenesis that is tailored for the handful of proteins encoded in mitochondrial DNA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Control of mitochondrial and cellular ribosome biogenesis by the lncRNA SAMMSON 

 
Eleonora Leucci6, Roberto Vendramin1,2, Yvessa Verheyden2, Hideaki Ishikawa3, Rìccardo Delli 
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Marine1 
 

1LMCB CCB-VIB 
2LRCB-KU Leuven 

3Tokyo University of Agriculture and Technology 
4CRG, Barcelona 
5ULB, Bruxelles 

6University of Leuven, Belgium 
 
 
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. 
 
In press in Nature Structural and Molecular Biology 
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Ribosome pausing, recoding and co-translational protein folding 
 

Marina Rodnina 
Max-Planck-Institute for Biophysical Chemistry, Germany 

 
 
Translation is a non-uniform process, with periods of rapid protein synthesis interrupted by pauses. 
We developed the methods to study ribosome processivity and co-translational folding in real time. 
We show that a small alpha-helical protein folds co-translationally within the polypeptide exit tunnel 
by vectorial docking of sequencial helices. Ribosome pausing also has an important role during 
frameshifting and bypassing and we present kinetic mechanisms of how these recoding events are 
regulated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Three flavours of GoU pairs control translational fidelity 
 

Eric Westhof 
Architecture et Réactivité de l’ARN, Université de Strasbourg, Institut de Biologie Moléculaire et 

Cellulaire du CNRS, Strasboug, France 
 

 
The wobble pair GoU is central to the decoding process. Recent crystal structures of bacterial 
ribosomes complexed with a long mRNA and tRNAs in the functional sites have shown that GoU 
pairs can occur in three configurations. The first one is the standard pair with the U moved into the 
major groove of the RNA helix, as suggested by Crick in 1966. Such a pair occurs frequently within 
helices of secondary structures of structured RNAs. This standard configuration has been observed 
in crystal structures of ribosomes only at the third position and only with the U on the message and 
the G on the tRNA, i.e. U3oG34 (and never in the reverse case G3oU34). This asymmetry was also 
observed with microfluidic experiments where all combinations of codon/anticodon triplets could 
be tested in a natural system. A second form, first discussed by Topal & Fresco in 1976, was shown 
to occur during translation at the first and second positions of the mini helix formed by tRNA and 
mRNA in the A site and is the source of the most frequent translational errors observed in bacteria 
and yeast. This second form requires a keto-enol tautomeric shift, either of the G or the U, and leads 
to a Watson-Crick-like GoU pair, isosteric to G=C or A-U pairs. The tautomeric shift is stabilized in a 
Watson-Crick-like configuration through the geometrical constraints imposed by the ribosomal grip 
at the decoding site. All four combinations (GoU/UoG) at the first and second positions have been 
observed in ribosome crystal structures. This second form has been later observed by NMR 
measurements performed by Al-Hashimi’s team. Finally, a third configuration was recently 
uncovered. In that configuration, the U is moved in the minor groove side of the mini-helix. To 
achieve this configuration, a structural rearrangement of the U occurs, either to a tautomeric or an 
ionized form. This configuration was only observed with C5-modified U (mnm5s2U) at U34, a 
position systematically modified in tRNAs. Such a configuration was previously suggested on the 
basis of theoretical calculations by B. Nawrot’s team. In summary, the first and third configurations 
are necessary to satisfy the wobbling rules for proper decoding, while the second configuration 
leads to translational errors. It is striking how molecular biology exploits the full physico-chemical 
spectrum of the keto bases G and U during the central process of translation for both controlling 
fidelity and accommodating errors. 
 
 
 
 
 
 
 
 
 



 
 

Recoding: What enables ribosomes to dynamically redefine the meaning of single or multiple 
UGAs? 
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In the ciliate Condylostoma magnum UGA, as well as UAA and UAG are reassigned to be sense 
codons and occur at numerous positions within coding sequences. However, at the end of the 
coding sequence close to the polyA tail, they are dynamically redefined to specify termination. In 
contrast in the decoding of the selenoprotein P gene of several invertebrates more than 20 UGA 
codons are recoded to specify selenocysteine instead of termination. In other cases, UGA is 
dynamically redefined to specify one or more of the universal amino acids. A subset involve 
developmental regulation. Previously known and new findings about the features that influence 
ribosomes to have the requisite decoding versatility will be presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Structural insights into translational miscoding 

Marat Yusupov, A. Rozov, N. Demeshkina, L. Jenner, E. Westhof, G. Yusupova 

IGBMC, Strasboug, France 
 

The fidelity of translation depends strongly on the selection of the correct aminoacyl-tRNA that is 
complementary to the mRNA codon present in the ribosomal decoding center. The ribosome 
occasionally makes mistakes by selecting the wrong substrate from the pool of aminoacyl-tRNAs.  

Here, we summarize recent structural advances that may help to clarify the origin of missense errors 
that occur during decoding. These developments suggest that discrimination between tRNAs is 
based primarily on steric complementarity and shape acceptance rather than on the number of 
hydrogen bonds between the molding of the decoding center and the codon-anticodon duplex. They 
strengthen the hypothesis that spatial mimicry, due either to base tautomerism or ionization, drives 
infidelity in ribosomal translation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Ribosome profiling in bacteria and pausing during elongation 

Allen Buskirk, Fuad Mohammad, Rachel Green 
 

Johns Hopkins University School of Medicine, USA 
 
In eukaryotes, ribosome profiling provides insight into the mechanism of protein synthesis at the 
codon level. In bacteria, however, the method has been plagued with problems and no consensus 
has emerged for how to best prepare profiling samples. Here, we identify the sources of these 
problems and describe new solutions for arresting translation and harvesting cells in order to 
overcome them. These improvements remove confounding artifacts and improve the resolution to 
allow analyses of ribosome behavior at the codon level. With a clearer view of the translational 
landscape in vivo, we observe that the modest stress of filtering cultures leads to translational 
pauses at serine codons through the reduction of tRNA aminoacylation levels. This observation 
illustrates how bacterial ribosome profiling studies can yield insight into the mechanism of protein 
synthesis at the codon level and how these mechanisms are regulated in response to changes in the 
physiology of the cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ribosomes shift into low gear in response to stable mRNA secondary structures 
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During protein synthesis, the ribosome translocates along messenger RNA in one-codon steps 
catalyzed by the GTPase elongation factor EF-G. mRNA secondary structurespresent mechanical 
barriers that must be opened prior to translocation, since the mRNA entry tunnel on the ribosome 
can only accommodate single-stranded RNA. Several positively charged residues located at the entry 
tunnel are responsible for the helicase activity of the ribosome and are believed to facilitate this 
opening. Here we ask: When does unwinding at the helicase site occur relative to EF-G arrival and 
subsequent translocation? Which parts of the translation cycle are affected by the presence of the 
barrier? Does a strong barrier impede the rate of EF-G-catalyzed mRNA translocation? And, does it 
result in futile EF-G catalysis events? To answer these questions, we hold an mRNA hairpin by its 
ends during translation by a single ribosome. We use high-resolution optical tweezers with single-
molecule fluorescence capability to monitor simultaneously hairpin opening (tweezers signal) and 
EF-G binding (fluorescence signal) as a function of the tension applied to the hairpin, which allows 
us to modulate the magnitude of the barrier. First, we find that the helicase (barrier opening) and 
translocase activities are tightly coupled, taking place simultaneously. More specifically, 
measurements performed in the presence of the antibiotic fusidic acid provide evidence that 
unwinding of mRNA secondary structure occurs during forward rotation of the 30S subunit head 
domain. Second, we find that each hairpin opening event is associated strictly with the binding of a 
single molecule of EF-G, regardless of the strength of the barrier. Third, surprisingly, the ribosome 
appears to sense the presence of a strong mechanical barrier prior to EF-G binding, shifting its 
operation to an alternative 7-fold slower kinetic pathway (a ‘low gear’) that favors destabilization 
of RNA secondary structures. Fourth, occasionally, the ribosome opens the hairpin in two successive 
sub-codon steps while EF-G remains bound throughout, revealing a previously unobserved 
intermediate of the translocation process. These findings shed light onto the mechanism of coupling 
of mRNA unwinding and translocation. 
 
 
 
 
 
 
 
 
 
 



Direct interaction of nonsense suppressors with the eukaryotic protein synthesis machinery 
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Nonsense suppressors (NonSups) induce “readthrough”, i.e., the selection of near cognate tRNAs at 
premature termination codons and insertion of the corresponding amino acid into nascent 
polypeptide. Prior eukaryotic readthrough measurements utilized contexts in which NonSups can 
promote readthrough directly, by binding to one or more of the components of the protein synthesis 
machinery, or indirectly, by inhibiting nonsense-mediated mRNA decay or by modulating processes 
altering the cellular activity levels of protein synthesis machinery components. Here we utilize a 
new, highly-purified in vitro assay to measure exclusively direct nonsense suppressor-induced 
readthrough. The assay exploits the ability of the intergenic internal ribosome entry site (IRES) of 
Cricket Paralysis Virus (CrPV-IRES) to form a complex with 80S ribosomes capable of initiating the 
synthesis of complete proteins in cell-free assays completely lacking initiation factors.1,2 We 
previously demonstrated that, using ribosomes programmed with mRNAs attached to CrPV-IRES, 
the first two cycles of peptide elongation proceed very slowly due to very low rates of pseudo-
translocation and translocation, but that, following translocation of tripeptidyl-tRNA, subsequent 
elongation cycles proceed more rapidly3. More recently we prepared the two CrPv IRES coding 
sequences, Stop-IRES and Trp-IRES (see Figure). Stop-IRES contains the stop codon UGA at position 
6, whereas Trp-IRES contains the cognate UGG codon for Trp-tRNATrp. Trp-IRES encodes the 
octapeptide FKVRQWLM, which permits facile quantification of octapeptide synthesis by 35S-Met 
incorporation. The same octapeptide is formed when NonSups induce readthrough of ribosomes 
programmed with STOP-IRES. We have examined 16 previously described NonSups with this assay, 
of which 12 display direct readthrough, with results indicating that such NonSups act by at least two 
different mechanisms. Single molecule and ensemble experiments are underway to elucidate the 
details of these mechanisms. 
 
 
 
 
 
 
 
 



 
Induced DNA double-strand breaks trigger ribosome remodeling and translational shutdown 
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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 the interest in understanding the cellular response 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. RPS27A is degraded by the proteasome while 
RPL40 is translationally repressed through a mechanism dependent on eIF2 alpha phosphorylation. 
Strikingly, translation can continue after depletion of these core ribosomal proteins, suggesting cells 
may create specialized ribosomes in response to DNA double-strand breaks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Eukaryotic gene-specific mRNA translational control by metabolite-sensing uORFs 
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We recently described a translational control mechanism for regulation of antizyme inhibitor 
(AZIN1) synthesis. A polyamine-induced translation elongation pause on an upstream conserved 
coding region (uCC) in the AZIN1 mRNA promotes initiation at the uCC near-cognate start codon. 
Translation of the uCC then blocks translation of the main open reading frame (mORF). We propose 
the uCC as a new paradigm of translational control involving an elongation pause and ribosome 
queuing to stimulate initiation at an upstream weak translation start site. We have now identified 
additional uCC-type translational control mechanisms that respond to different cellular metabolites. 
Plant mRNAs encoding GDP-L-galactose phosphorylase (GGP) contain a highly conserved near-
cognate-initiated uORF that confers ascorbate regulation on GGP synthesis. Similarly, the 
Neurospora inl gene, encoding an enzyme in the inositol biosynthesis pathway, and the mammalian 
SLC6A8 mRNA, encoding the creatine transporter, contain conserved upstream open reading frames 
(uORFs) that initiate with near-cognate start codons or an AUG codon in poor context. We 
reconstituted ascorbate regulation of GGP mRNA translation, inositol regulation of inl mRNA 
translation, and creatine regulation of SLC6A8 mRNA translation in mammalian cells by fusing the 
respective 5’UTRs to luciferase reporters. In all three cases, translational control is dependent on 
conserved residues in the uORF. Consistent with the notion that queuing of scanning 40S ribosomes 
is important for initiation at the weak uORF start sites, inhibition of ribosome loading by the drug 
4EGI-1 impaired regulation. Likewise, extending the 5’ end of the uORFs, to impose a requirement 
for a longer queue, reduced uORF translation. We propose that the metabolites interact with 
conserved residues of the uCC nascent peptides within the ribosome exit tunnel, causing an 
elongation pause that triggers ribosome queuing and enhanced translation of the regulatory uORFs. 
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Structural basis for the slow peptide bond formation with D-amino acids in the ribosomal active 
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During protein synthesis, ribosomes discriminate chirality of amino acids and prevent incorporation 
of D-amino acids into nascent proteins by slowing down the rate of peptide bond formation. Despite 
this phenomenon being known for nearly forty years, no structures have been reported that would 
explain the poor reactivity of D-amino acids in peptide bond formation. Here we report the first 
crystal structure of a bacterial ribosome in complex with a D-aminoacyl-tRNA analog bound to the 
A site, determined at 3.7 Å resolution. The structure reveals that, similarly to L-amino acids, the D-
amino acid binds the ribosome by inserting its side chain into the A-site cleft of the ribosomal 
catalytic center. This binding mode does not allow the reactive a-amino group of a D-amino acid to 
optimally approach the peptidyl-tRNA for nucleophilic attack. Also, in this position, the D-amino acid 
cannot participate in hydrogen-bonding with the P-site tRNA that is required for the proton shuttle 
during peptide bond formation. Overall, our work sheds light on the ancient mechanism that helps 
living cells ensure the stereochemistry of protein synthesis. Also, our study paves the way for 
rational ribosome engineering to expand its compatibility with D-amino acids and enable efficient 
ribosomal synthesis of proteins containing D-amino acids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Very large context of messenger RNA translation on the bacterial ribosome 
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Ribosome profiling techniques (Brar and Weissman, 2015, Nat Rev Mol Cell Biol, 16, 651-64) are 
powerful for studies of mRNA translation in living cells. With careful experimental design it is now 
becoming possible to estimate the steady state number of ribosomes (“ribosome reads”) reading 
any particular codon in any particular mRNA-type of the cellular transcriptome.  Furthermore, such 
reads in conjunction with growth rate can be used to approximate the mean peptide elongation 
time for each codon in each transcript and even more precise elongation times can be obtained 
iteratively. In principle, therefore, ribosome profiling promises to provide spectrums of the peptide 
elongation rate with codon resolution for each ORF in the transcriptome.  Unexpectedly, such 
spectrums display remarkable ruggedness with apparent variation of the peptide elongation time 
over orders of magnitude. The origin of these read variations has remained obscure and it has 
previously not been possible to ascribe them to varying peptidyl transfer or mRNA translocation 
times.  
 
Here, we have used ribosome profiling data from E. coli in logarithmic phase to determine the 
partitioning of bacterial elongation time spectrums between peptidyl transfer and translocation 
times.  Pertinent implications of our findings will be discussed.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Visualizing the detailed dynamics of translation by cryo-EM 
 

Andrei Korostelev 
 

UMass Medical School, USA 
 

The ribosome orchestrates accurate translation of genetic information, relying on intricate 
structural changes of the ribosome, its substrates and translation factors. Some aspects of 
translation fidelity remain incompletely understood because key intermediate states have not been 
visualized. We use cryo-EM to resolve ensembles of ribosome structures during elongation. The 
structures bring new insights into coordination of tRNA selection stages with elongation factors and 
ribosome dynamics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Spontaneous translocation of mRNA and tRNAs into a chimeric hybrid state 
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The EF-G-catalyzed translocation of mRNA and tRNA through the ribosome is a central step in the 
elongation cycle of protein synthesis.  It is essential for vacating the ribosomal A site for the next 
incoming aminoacyl-tRNA and crucial for accurately preserving the translational reading frame.  The 
3.2Å crystal structure of a trapped ribosome translocation intermediate complex containing mRNA 
and two tRNAs, formed in the absence of elongation factor EF-G or GTP, provides insight into the 
respective roles of EF-G and the ribosome in translocation. Unexpectedly, the head domain of the 
30S subunit is rotated by 21°, creating a ribosomal conformation closely resembling the chimeric 
hybrid state that was previously observed only in the presence of bound EF-G.  The tRNAs have 
moved spontaneously from their A/A and P/P binding states into ap/P and pe/E states, in which 
their anticodon loops are bound between the 30S body domain and its rotated head domain, while 
their acceptor ends have moved fully into the 50S P and E sites, respectively.  Remarkably, the A-
site tRNA translocates fully into the classical P-site position, creating contact between the anticodon 
stems of the two tRNAs. Although the mRNA also undergoes movement, codon-anticodon 
interaction is disrupted in the absence of EF-G, risking potential slippage of the translational reading 
frame. We conclude that rotation of the 30S head domain and movement of both tRNA and mRNA 
can occur spontaneously in the absence of EF-G and GTP; however, EF-G is essential to enforce 
coupled movement of the tRNAs and their mRNA codons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Superswivel head motion delivers tRNAs to their fully translocated positions 
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Translocation of tRNA through the ribosome is essential for protein synthesis and for maintaining 
the proper reading frame of mRNA translation. Translocation is associated with two large-scale 
rearrangements within the ribosome: an intersubunit rotation of the small subunit relative to the 
large subunit (rotation); and an intrasubunit rotation of small subunit head relative to its body (head 
swivel). Recent single-molecule FRET studies (smFRET) suggest that exaggerated head swivel 
motions accompany the translocation reaction coordinate. Here, we integrate molecular dynamics 
simulations of the 70S ribosome translocation complex with single-molecule FRET studies to 
characterize the conformational changes in the ribosome accompanying translocation in atomistic 
detail, as well as the transit of key intermediates late in translocation that have recently been 
identified by structural and smFRET investigations. We find that larger amplitude head swivel 
motions (‘super swivel’) satisfy the constraints of FRET efficiency and conformational changes 
predicted to accompany translocation. Placing our findings from simulation and single-molecule 
FRET in the context of available crystallographic and cryo-EM data on translocation, we find that the 
super-swivel state achieves correct positioning of the peptidyl- and deacyl-tRNAs in the P/P and E/E 
states, where the deacyl-tRNA can then disengage from the E site, facilitating backwards head swivel 
and the completion of translocation. The model is also consistent with recent single-molecule FRET 
data showing that near-cognate tRNAs stall late steps in translocation, which can be rescued by EF-
P entry into the vacant E site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Structural foundation of the mammalian translation elongation cycle 
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At the heart of protein synthesis is the elongation phase. On one hand translation elongation is 
conserved across domains of life because core elements of the ribosome, including the substrate 
binding sites and the general elongation factors, are evolutionary conserved. On the other hand, 
there are surprising differences between the bacterial 70S ribosome and their considerably larger 
eukaryotic 80S counterpart, e.g. distinctions in the dynamic behaviour of functional states (1, 2) or 
the presence of an eukaryotic-specific subunit rearrangement termed “subunit rolling” (3). In our 
previous work, we have used cryo-EM to directly visualise relevant structural intermediates of the 
mammalian elongation cycle (1, 3, 4) and have solved the structure of the human 80S ribosome at 
near-atomic resolution (4). Here, we present structural and functional data that provide insight into 
the molecular mechanism of the elongation factor-catalyzed steps of the mammalian elongation 
cycle, i.e. tRNA selection and translocation. 
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Site-specific m6A methylation under oxidative stress: Sorting for translation or triaging in stress 

granules 
 

Zoya Ignatova 
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Reversible post-transcriptional modifications on mRNA emerge as prevalent phenomena in RNA 
biology. The most abundant among them is N6-methyladenosine (m6A) which is pivotal for RNA 
metabolism and function. We use cell-wide approaches to assess RNA methylation pattern, RNA-
protein interactions and translation efficiency to extract features that control translation under 
stress. We found that cellular mRNAs exhibit site-specific methylation pattern which provides a 
mechanism to select a set of mRNAs for translation and triage the remaining pool to stress-induced 
stress granules. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Origins and consequences of ribosomal stress 
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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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Endogenously encoded ribosomal RNA sequence variation within the assemble ribosome can 

regulate stress response gene expression and phenotype 
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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. 
 
 
 
 
 
 
 
 
 
 



High resolution ribosome profiling reveals translational responses to stress 
 

Rachel Green, Colin Wu 
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There are several mRNA surveillance pathways in eukaryotes (NGD, NSD and NMD) that moderate 
the effects of natural errors in the cell and more broadly regulate gene expression. We have 
previously defined biochemical parameters of the factors Dom34, Hbs1 and Rli1 in our in vitro 
reconstituted yeast translation system. We have correlated these biochemical observations with 
ribosome profiling experiments in yeast to broadly define the in vivo targets of these same mRNA 
surveillance pathways. In the process of studying these pathways, we learned that different 
ribosome footprint (RPFs) sizes represent distinct states of elongating ribosomes in a cell: 16 nt RPFs 
represent ribosomes stuck at the end of truncated mRNAs, 21 nts RPFs represent ribosomes with 
an empty A site (pre-accommodation), and 28 nt RPFs represent ribosomes with a full A site (pre-
translocation). We have further found that the distribution of ribosomes in these distinct states 
reveals a molecular signature that can define the mechanisms that the cell uses to respond to 
various environmental stresses. We are currently following these signatures in yeast and 
mammalian systems to define the stresses and signaling pathways that lead to translation 
elongation dysfunction. 
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Structure of a hibernating 100S ribosome reveals an inactive conformation of the ribosomal 
protein S1 

 
Daniel Wilson 
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To survive under conditions of stress, such as nutrient deprivation, bacterial 70S ribosomes dimerize 
to form hibernating 100S particles (1). Under these circumstances, bacteria employ second 
messenger signaling molecules, such as (p)ppGpp and cyclic AMP (cAMP), to reprogram the cellular 
activity network, down-regulating genes associated with translation and up-regulating stress 
response and amino acid biogenesis pathways. In γ-proteobacteria, such as Escherichia coli, 100S 
formation requires the ribosome modulation factor (RMF) and the hibernation promoting factor 
(HPF), the expression of which is up-regulated by (p)ppGpp when amino acids become limiting. 
 
Although structures of E. coli 100S particles have been reported (2-3), the low resolution (18-38 Å) 
prevented the mechanism of ribosome inactivation and dimerization to be fully elucidated. Here we 
present single particle cryo-electron microscopy structures of hibernating 70S and 100S particles 
isolated from stationary phase E. coli cells at 3.0-7.9 Å resolution, respectively. Preferred orientation 
bias for the complete 100S particle was overcome using tilting during data collection. The structures 
reveal the binding sites for HPF and RMF as well as the unexpected presence of deacylated E-site 
tRNA and 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 (SD) sequence of 
the 16S ribosomal RNA (rRNA), 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, thus suggesting that only translationally 
inactive ribosomes are prone to dimerization. The back-to-back 100S dimerization mediated by HPF 
and RMF is distinct from that observed previously in Gram-positive bacteria (4) and reveals a unique 
function for S1 in ribosome dimerization and inactivation, rather than its canonical role in facilitating 
translation initiation. 
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The human ribosome as a therapeutic target 
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Small molecules that target the ribosome such as antibiotics generally impact a substantial fraction 
of the proteome. We recently identified a class of small molecules that bind the human ribosome 
and selectively stall the translation of a small subset of proteins by an unknown mechanism. I will 
present biochemical and cell-based experiments, along with structures of human ribosome nascent 
chain complexes (RNCs) stalled by one of these compounds, determined by cryo-electron 
microscopy (cryo-EM). The small molecule binds in the ribosome exit tunnel in a eukaryotic-specific 
pocket formed by the 28S ribosomal RNA (rRNA), and redirects the path of the nascent polypeptide 
chain, arresting the translating ribosome in the rotated state. The peptidyl-tRNA occupies a mixture 
of A/A and hybrid A/P sites, and spans multiple codons in the mRNA. Stalled RNCs in the non-rotated 
state with P-site tRNA are not stable and disappear with time. These structures reveal the structural 
basis of selective stalling of the human ribosome and suggest a new strategy for developing small 
molecules that selectively inhibit the production of proteins previously considered “undruggable.” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Metabolism of hibernating 100S ribosome 
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The translationally silent 100S ribosome is a poorly understood form of the dimeric 70S complex 
that is ubiquitously found in all bacterial phyla. The 100S complex is believed to prevent ribosome 
turnover and serves as a reservoir that, when conditions become favorable, allows the 100S 
ribosomes to be disassociated and recycled for translation. Recent structural studies have revealed 
two distinct mechanisms for dimerizing 70S ribosomes but very little is known regarding the 
disassembly process and regulatory pathways that control the expression of the hibernation factors.  
 
This presentation will discuss the key regulators of ribosome hibernation and reactivation in 
Staphylococcus aureus and the important link between ribosome metabolism and bacterial stress 
physiology. 



Quality control of protein synthesis by peptidyl-tRNA drop off  in the early elongation stage 
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In the early stage of bacterial translation, peptidyl-tRNAs (pep-tRNAs) with short nascent chains are 
frequently dissociated from the ribosome. This event is called “pep-tRNA drop off”. The pep-tRNAs 
are recycled by the action of peptidyl-tRNA hydrolase (PTH) which is an essential enzyme in 
Escherichia coli. Inactivation of PTH causes rapid accumulation of pep-tRNAs and depletion of 
aminoacyl(aa)-tRNAs, leading to defective protein synthesis. Thus, the pep-tRNA drop-off is not an 
accidental but a regular event frequently occurring during elongation step in protein synthesis. 
However, little is known about biological roles and molecular mechanism of this event. 
 
We established a highly sensitive analytical method using mass spectrometry for direct profiling of 
pep-tRNAs accumulated in the cell. Pep-tRNAs dissociated from the ribosome were extracted from 
the temperature sensitive pth strain cultured at non-permissive temperature. Nascent peptides of 
individual pep-tRNAs can be sequenced by collision-induced dissociation (CID). We identified a huge 
number of pep-tRNA species bearing dipeptides to oligopeptides (up to 15 residues) derived from 
N-terminal sequences of E. coli ORFs. Intriguingly, we found a set of pep-tRNAs whose nascent 
peptides did not match to N-terminal sequences of any ORFs (non-cognate pep-tRNAs), indicating a 
novel quality control mechanism to maintain the fidelity of protein synthesis after the peptidyl-
transfer reaction. 
 



The translational apparatus of bacterial cold-stressed cells 
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The translational apparatus plays important roles during the cold acclimation phase that follows a 
cold stress (e.g. a 37°C to 15°C shift of an Escherichia coli culture). Shortly after cold stress the single 
stranded nucleic acid binding protein CspA, which acts as an activator of transcription and of 
translation elongation, is synthesized in massive amounts. Specific and elaborate transcriptional and 
post-transcriptional mechanisms ensure de novo expression of translation initiation factors IF1, IF2 
and IF3. Simultaneously, ribosome synthesis and assembly slow down considerably so that the 
IFs/ribosome stoichiometric ratio increases about 3-fold during the first hours of cold adaptation 
when translation of cold-shock mRNAs is favored whereas that of non-cold-shock mRNAs is 
subjected to inhibition in a scenario known as “cold shock translational bias”. In turn, this bias largely 
depends upon the increased levels of IF3 and IF1. At low temperature the 30S subunit forms faulty 
complexes with non-cold-shock mRNAs which fail to establish codon-anticodon pairing with fMet-
tRNA which does not occupy the correct P-site. In turn, these complexes are rejected as non-
canonical by IF3 which remains more tightly bound upon docking with 50S subunits. IF2 does not 
take any role in establishing the translational bias but seems to participate in ribosome 
assembly/maturation, an activity which likely depends upon the protein chaperone activity 
displayed by this factor. Compatible with this premise is the fact that two IF2 mutants, one lacking 
the entire N-terminal domain and the other devoid of GTPase activity, display a cold-sensitive 
phenotype and accumulate ribosomal precursor particles. Furthermore, unlike IF3 and IF1, the 
excess IF2 synthesized after cold stress is found in association with the ribosomal subunits together 
with a large number of proteins playing a role in ribosome assembly and/or maturation 



 
The structural dynamics of ribosome pausing, arrest, and rescue 
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During protein synthesis, translating ribosomes can encounter many challenges that result in 
ribosome pausing or arrest. Examples of such challenges include mis-incorporation of amino acids 
into the nascent polypeptide chain; translation of prematurely truncated mRNAs lacking a stop 
codon; synthesis of problematic amino acid sequences, such as poly-proline stretches; and depletion 
of the GTP that drives translational GTPases. While some of these pauses and arrests can be 
regulatory and beneficial to the cell, many result in reduced cellular fitness and some can even 
threaten cell viability. Accordingly, cells have evolved numerous quality control systems that act to 
regulate, terminate, and/or rescue protein synthesis by paused or arrested ribosomes. Many of 
these quality control systems feature critical roles for repurposed canonical translation factors or 
for specialized regulatory translation factors. Here, I will describe single-molecule fluorescence 
resonance energy transfer (smFRET), biochemical, and structural studies of quality control systems 
in which polypeptide release factor (RF) 2 and RF3 terminate protein synthesis by ribosomes that 
have mis-incorporated amino acids and in which alternative rescue factor A (ArfA) and RF2 similarly 
terminate protein synthesis by ribosomes that have become arrested during translation of an mRNA 
lacking a stop codon. Together with similar studies of elongation factor P (EF-P)-mediated relief of 
ribosome pausing at poly-proline stretches and energy-dependent translational throttle A (EttA)-
mediated regulation of ribosome pausing in response to ATP and GTP depletion, our studies 
demonstrate how the interplay of translation factor and ribosome dynamics act to resolve ribosome 
pausing and arrest during protein synthesis. 
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mRNA with attitude: ribosomes coping with problematic messages 
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Different kinds of faulty mRNAs can be recognized by the translating ribosome, which usually leads 
to pausing of translation and the activation of one of several quality control pathways dependent 
on the nature of the problem (NGD, NSD, NMD etc.). The result is in most cases the degradation of 
the problematic mRNA and also of the incomplete translation product, the nascent polypeptide 
chain. Here, ribosome-associated protein quality control (RQC) represents such a pathway in 
eukaryotes that is active after translational stalling, ribosomal collision and subsequent dissociation 
of the ribosome into subunits. The problematic nascent peptide remains bound to the 60S subunit, 
still connected to the tRNA in the P-site. On the 60S subunit the Rqc2 protein catalyzes the C-
terminal extension of the stalled tRNA-bound peptides with alanine and threonine residues (CAT 
tails). Recently, Vms1 was shown to play a crucial role in RQC by counteracting CAT-tailing of nuclear 
encoded mitochondrial proteins that otherwise drive aggregation of mainly the mitochondrial 
proteome, resulting in a breakdown of mitochondrial and cellular homeostasis. In addition, Vms1 
was found to function as peptidyl-tRNA hydrolase or nuclease, thus, serving as the general release 
factor and terminating CAT tail formation during RQC. We describe the structural basis of Vms1 
interacting with the ribosomal 60S subunit to compete with Rqc2 and catalyze peptidyl-tRNA 
cleavage. Cryo-electron microscopy (cryo-EM) structures of native Vms1-60S ribosomal complexes 
reveal that Vms1 binds the 60S subunit with its Vms1 release factor-like domain (VLRF1), the N-
terminal Zinc finger domain and the Ankyrin domain. VLRF1 interacts with the ribosomal A-site and, 
similar to eRF1, projects its GSQ motif towards the peptidyltransferase center (PTC). This position 
overlaps with that observed for Rqc2 A-tRNA and explains the adversary activity of Vms1. Moreover, 
in the pre-hydrolysis state we discovered the ABCF-type ATPase Arb1 in the ribosomal E-site, from 
where it specifically interacts with the peptidyl-tRNA. Arb1 overexpression leads to partial 
suppression of Vms1 deletion and of protein aggregation. We suggest that Arb1 plays a role in 
positioning peptidyl-tRNA for its cleavage by Vms1 and/or in dislocating peptidyl-tRNA for extracting 
the tRNA after cleavage. In conclusion, we provide mechanistic insight into the interplay of the RQC 
factors Vms1, Rqc2 and Arb1 and their role in the protection of mitochondria from aggregation of 
toxic proteins. 

 
 
 
 
 
 



General roles of ribosome ubiquitination in quality controls induced by ribosome stalling 
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Ribosome stalling during translation elongation results in quality controls for mRNA (NGD: No-Go 
Decay) and nascent polypeptide (RQC: Ribosome-associated Quality Control). Hel2/Rqt1-dependent 
uS10 ubiquitination and Rqt complex are essential for RQC in yeast. Here, we report that Hel2/Rqt1-
dependent uS10 ubiquitination and Rqt2 plays crucial roles in both NGD and RQC within the adjacent 
stalled ribosomes (disome), one is the leading ribosome that is stalled at R(CGN)12 sequence, the 
other is the following ribosome road-blocked by the leading ribosome. The primer extension 
analysis of the cleavage sites and mass spectrometry of the arrest products revealed that both RQC 
and NGD take place only in the disome, suggesting the disome as a unit for quality controls induced 
by translation arrest. In the absence of uS10 ubiquitination or RQT complex, Hel2-mediated cleavage 
occurs at upstream of the disome that depends on Not4-mediated mono-ubiquitination of eS7 
followed by Hel2-mediated K63-linked poly-ubiquitination. We propose that two NGD pathways 
require distinct pathways of Hel2-mediated-ubiquitination of the ribosome. 
 
18S Nonfunctional rRNA Decay (NRD) eliminates non-functional ribosomes with the deleterious 
mutations in the decoding center of 18S rRNA. Ribosome profiling with the affinity-purified mutant 
ribosomes with the A1492C mutation in the decoding center revealed that the nonfunctional 80S 
ribosomes accumulated at start codons. We found that 18S NRD requires K63-linked 
polyubiquitination of uS3 at K212. Hel2 and Rsp5-mediated K63-linked polyubiquitination depend 
on the Mag2-mediated monoubiquitination of uS3. A subunit dissociation required uS3 
ubiquitination and the ATPase activity of Rqt2. We propose that sequential ribosome ubiquitination 
of uS3 induces subunit dissociation by Rqt2, leading to the degradation of the nonfunctional 40S 
subunit with the A1492C-18S rRNA. Taken together with the role of ribosome ubiquitination in RQC 
and NGD, we propose general functions of ribosome ubiquitination and RQT-dependent subunit 
dissociation in quality controls for aberrant translation. 
 



Ribosome collision, quality control and frame maintenance 
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When being translated, a typical mRNA is normally occupied by multiple ribosomes that are 
distributed across the coding sequence. This sparse distribution of the ribosomes, mainly mediated 
by slow rates of initiation relative to those of elongation, ensures that they rarely collide with each 
other. Nevertheless, modeling studies have suggested that, given the stochastic nature of protein 
synthesis, collision events do occur at an appreciable frequency. Recent work from our lab 
suggested that collisions signal for mRNA degradation through no-go decay (NGD). Interestingly, 
analogous replication-transcription “conflicts” are resolved through the action of DNA-repair 
pathways, and failure to clear them results in genomic instability. We have explored the impact of 
stalling on ribosome function in yeast, when NGD is compromised, and found it to result in +1 
frameshifting. We provide multiple lines of evidence that suggest that +1 frameshifting is induced 
through ribosome collision. For instance, efficient +1 frameshifting does not occur unless the stall 
sequence is placed beyond ~20 nucleotides from the initiation codon, suggesting that it requires 
multiple ribosomes to load onto the mRNA. Furthermore, we observe a positive correlation between 
ribosome density and frameshifting efficiency. For programmed frameshifting no such correlation 
was observed, suggesting that they exploit a distinct mechanism for recoding. In agreement with 
our model we find that, in a well-defined bacterial system, frameshifting on a stall sequence just 
beyond the initiation codon of the downstream gene of a polycistronic mRNA depends on the 
translation of the upstream gene. We propose a mechanism for collision-induced frameshifting, 
whereby the behind ribosome translocates along the mRNA until it reaches the stalled ribosome, at 
which point the mRNA is stretched completely. Under normal conditions, this triggers cleavage. 
Under conditions where cleavage is inhibited, the behind ribosome is free to pull on the mRNA, 
exerting force on the fully-stretched RNA, resulting in its slippage on the stalled ribosome and 
causing it to frameshift. As a result, it is tempting to speculate that NGD, in addition to its role in 
mRNA-quality control, evolved to cope with stochastic collisions events to prevent deleterious 
frameshifting events. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Can neurons spatially and temporally tune their protein translation machinery? 
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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. 



Thursday, January 10th  
 

Session 11 Exit tunnel, protein folding and targeting 
 
 

Protein synthesis: from ribosome assembly to targeting of membrane proteins 
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We are investigating bacterial and eukaryotic ribosomes and their functional complexes to obtain 
insights into the process of protein synthesis. Building on our studies of bacterial ribosomes we have 
increasingly shifted our attention to studying eukaryotic cytosolic and mitochondrial translation and 
were successful in obtaining first insights into the atomic structures of eukaryotic and mammalian 
mitochondrial ribosomes (1-3), which pose a significant challenge for structural studies as they are 
more complex and heterogeneous than their bacterial counterparts. The focus of our research has 
been to understand eukaryotic translation initiation, targeting of proteins to membranes, regulation 
of protein synthesis, and the assembly of eukaryotic ribosomes (4-6). The complete molecular 
structure of the unusual mammalian mitochondrial ribosome specialized for synthesis of membrane 
proteins was one of the first examples of electron microscopic structure determinations that 
allowed de-novo building, refinement and validation of the structure. These results revealed the 
interactions between tRNA and mRNA in the decoding centre, the peptidyl transferase center, and 
the path of the nascent polypeptide through the idiosyncratic tunnel of the mammalian 
mitochondrial ribosome.  Furthermore, the structure suggests a mechanism of how mitochondrial 
ribosomes, specialized for the synthesis of membrane proteins, are attached to membranes (3). 
Recent results on the unique aspects of mitochondrial translation and the divergent structure of 
mitochondrial ribosomes will also be presented (7, 8). 



 
Metabolite sensing by ribosome nascent chain complexes 
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Bacteria within the same ecological niche compete for limited resources by adjusting the expression 
of their biosynthetic enzymes in response to fluctuating metabolite levels. Often, a protein factor or 
a structured RNA known as a riboswitch is responsible for sensing a particular metabolite. This, in 
turn, activates or represses the expression of one or several genes through a range of mechanisms.  
 
In some cases, however, a metabolite can be sensed directly by a ribosome engaged in the synthesis 
of a specialized polypeptide, known as an arrest peptide. These regulatory peptides share the 
unusual ability to remain trapped within the ribosome in their nascent state, leading to the 
formation of a stalled ribosome nascent chain complex on the mRNA. Translational arrest depends 
both on the amino acid sequence of the arrest peptide and, in some cases, on inducing levels of a 
particular metabolite. Although arrest peptides have been known for over three decades, the extent 
to which they are present in nature and the mechanisms by which they sense fluctuating metabolite 
concentrations are far from being understood. Here, I will present our efforts to understand the 
diversity of mechanisms employed by arrest peptides to detect changing concentrations of 
metabolite in their environment. 



Impact of global translation speed variations on co-translational protein folding and chaperone 
recruitment 
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In bacteria, translation and nascent chain folding appear to be balanced processes to ensure correct 
protein maturation over a wide range of growth temperatures. In order to investigate the 
importance and robustness of this balance we took advantage of Escherichia coli mutants harboring 
streptomycin pseudo-dependent ribosomes. These mutants allow to alter global translation rates 
by adjusting the streptomycin concentration in the growth media, while maintaining the growth 
temperature and hence the protein folding environment unchanged. We first determined the in vivo 
translation elongation rates of these mutants by time-resolved run-off experiments of elongating 
ribosomes from the 5' ends of translated transcripts using ribosome profiling. The global translation 
speed became 5-fold reduced upon lowering the streptomycin concentration from 25 to 1 µg/ml of 
Streptomycin, whereby gene-specific variations in translation speed were observed.  
The slow-down of translation speed at low streptomycin concentrations caused massive 
aggregation of hundreds of E. coli proteins. MS-SILAC quantification of these proteins revealed some 
principles leading aggregation propensity. We further investigated the impact of the co-
translationally acting chaperones Trigger Factor (TF) and DnaK on aggregation at slow translation 
speed. Analysis of ∆tig and ∆dnaK mutants identified DnaK as essential in maintaining protein 
integrity. We determined by selective ribosome profiling whether the nascent chain interactomes 
of TF- and DnaK changed upon slowing down translation elongation speed. However, we observed 
very similar binding patterns as compared to normal translation speed and conclude that TF and 
DnaK interact with their nascent chain substrates in a translation speed independent manner.  
Overall this study reveals an unexpected strong dependence of the native folding of newly 
synthesized proteins on global translation speed variations. 
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Molecular mechanism of mammalian signal recognition particle 
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Proper localization of proteins is essential to the structure and function of all cells.  The signal 
recognition particle is a universally conserved ribonucleoprotein particle responsible for delivering 
over 30% of the newly synthesized proteome to the eukaryotic endoplasmic reticulum, or the 
bacterial plasma membrane.   I will review the high resolution model of the simplest bacterial SRP 
pathway, and describe recent progress on the biochemical and structural analyses of the more 
complex mammalian SRP pathway.  The lessons from both pathways show how SRP acts as a 
targeting machine: it undergoes multiple, discrete, largescale conformational changes during the 
targeting cycle in response to the cargo, the phospholipid membrane and the translocation 
machinery, thereby ensuring the high efficiency and spatiotemporal accuracy of all the molecular 
events in the targeting pathway. 
 



Domain topology and elongation rate determine the  recruitment of Hsp70 and TRiC to nascent 
chains 
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Eukaryotic protein folding requires elaborate and poorly understood ribosome-associated 
chaperone networks. We used ribosome profiling to define the in vivo principles governing the 
cotranslational action and substrate specificity of two distinct chaperones, TRiC/CCT and Hsp70/Ssb.  
 
We find these chaperones are sequentially recruited to, and released from, precise positions within 
domain-encoding regions of nascent polypeptides. Whereas Hsp70/Ssb is engaged at multiple sites 
throughout ribosome-bound polypeptides, TRiC is recruited later during elongation, upon ribosome 
emergence of nearly complete domains with complex topologies. Importantly, translation rate and 
chaperone association are coordinated, as mRNA and protein elements slowing elongation promote 
recruitment of Hsp70 and TRiC. Our findings linking nascent chain properties and elongation rate to 
Hsp70 and TRiC recruitment define the principles of cotranslational proteostasis. 



 
Nascent-chain modification and membrane targeting of translating ribosomes 
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The nascent peptide chain emerging from the ribosomal peptide exit tunnel is met by a number of 
ribosome-associated protein biogenesis factors (RPBs), such as the chaperone trigger factor (TF), 
the signal recognition particle (SRP), or the modifying enzymes peptide deformylase (PDF) and 
methionine amino peptidase (MAP). RPBs bind to the ribosome in the vicinity of the tunnel exit, and 
it has been shown previously that PDF and MAP strongly compete for binding, whereas TF and SRP 
bind concurrently in an anti-cooperative fashion, weakening each other´s binding about ten-fold. In 
contrast, concurrent binding of PDF/TF or PDF/SRP with very small anti-cooperative effects was 
observed with RNCs exposing TF-specific (proOmpA) or SRP-specific (Lep) nascent chains.  
 
While these results indicate that PDF binding to RNCs is not disturbed by SRP or TF, they do not 
exclude that SRP binding to an SRP-specific signal sequence inhibits deformylation by ribosome-
bound PDF, e.g., by occluding the formylated N terminus of the nascent peptide. To examine this 
possibility, we have examined the deformylation of the nascent peptide on various RNCs differing 
in sequence and length of the nascent peptide. We observe a strong dependence of deformylation 
on the length of the nascent peptide with an optimum around 75 amino acids. We also observe that 
the deformylation of nascent peptides comprising SRP-specific signal sequences is virtually 
completely inhibited when SRP is bound, while there is no, or very little, inhibition with nascent 
peptides of other sequences. The effect is not influenced by TF. These results suggest that bacterial 
inner-membrane proteins that are inserted into the membrane in an SRP-dependent manner, tend 
to retain the N-terminal fMet residue, in accordance with proteomic analyses. Formylated bacterial 
membrane proteins may serve as source of formyl peptides formed during bacterial infections that 
activate macrophages as part of the innate immune response.  
 



Session 12 Ribosome in translation 
 
 

Ribosome heterogeneity in translating the genetic code 
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In the transmission of biological information, the ribosome has been perceived to serve an integral 
but largely passive participant in the synthesis of all proteins across all kingdoms of life. Our research 
has changed this view, by demonstrating that not all of the millions of ribosomes within each cell 
are the same and that ribosome heterogeneity provides a novel means for diversity of the proteins 
that can be produced in specific cells, tissues, and organisms. I will present our work centered on 
developing a roadmap for the characterization of ribosome composition at a single cell level and 
during cellular differentiation. We employed a highly quantitative mass spectrometry-based 
approach to precisely quantify the abundance of each ribosomal protein (RP) as well as a large 
cohort of ~ 400 ribosome associating proteins (RAPs) belonging to actively translating ribosomes.  
 
This led to the identification of subsets of ribosomes that are heterogeneous for RP composition. To 
further address the functional role of ribosome heterogeneity in translational control of the 
mammalian genome, we employed CRISPR/Cas9 to endogenously tag and purify heterogeneous 
ribosome populations. We then developed an adapted ribosome profiling method to precisely 
quantify and characterize the nature of mRNAs translated by distinct heterogenous ribosomes 
genome-wide. This led to the identification of subpools of transcripts, critical for key cellular 
processes including cell signaling, metabolism, growth, proliferation and survival, which are 
selectively translated by specific types of ribosomes. Most interestingly, there are specific signaling 
pathways where almost every single component is selectively translated by specialized ribosomes 
demarcated by a single RP. I will further present recent findings on the mechanisms by which 
ribosome-mediated control of gene expression is encoded by structured RNA elements within 
5’UTRs visualized through Cryo-EM. Together, these studies reveal a critical link between ribosome 
heterogeneity and specialized translational control of the mammalian genome, which adds an 
important layer of control to the post-transcriptional circuitry of gene regulation. 
 



RNA-mediated mechanisms of translational control 
 

Christine Dunham 
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Accurate maintenance of the universal mRNA three-nucleotide code (or “reading frame”) is critical 
for correct protein expression but the molecular details of how this is controlled, or deviated from 
in a programmed manner, are not well understood. The absolute requirement for the precise 
correlation between the mRNA frame and the correct protein sequence expressed underlies an 
important, fundamental but unanswered question in molecular biology: what regulates the mRNA 
reading frame? To address this question, we study two examples of defined biological mechanisms 
that subvert the three-nucleotide mRNA reading frame and undergo high levels of frameshifting, 
i.e. movement to a noncanonical reading of the mRNA template. Our biochemical and structural 
results reveal that tRNA distortion and conformational changes of the small ribosomal subunit are 
induced by frameshift-prone tRNAs and mRNAs. We propose nonproductive EF-G interaction with 
the ribosome results in a pausing of EF-G-mediated translocation of the mRNA-tRNA pair allowing 
for the shift in a new mRNA frame. 



 
Monitoring protein synthesis in time and space with ribosome profiling 
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I will talk about recent applications of ribosome profiling including: the identification of novel 
protein coding regions, demonstration of the principle of proportional synthesis of subunits in multi 
protein complexes, and monitoring localized protein translation. 
 
 

 

  

 



Reconfiguring ribosomes during and after assembly 
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Ribosomes produce protein in all cells. In doing so, they must faithfully translate the mRNA 
sequence into protein and interpret other instructions in the mRNA to maintain protein homeostasis 
via differential translation initiation rates, and by modulating elongation and termination 
efficiencies. Failure to accurately interpret the instructions that specify protein sequence or levels 
leads to pathologies, including cancer. Our work has shown that “specialized” ribosomes, lacking 
individual ribosomal proteins, accumulate both under physiological as well as pathological cellular 
situations. These ribosomes divert the normal translational program, which can modulate the stress 
response. Using the information from high throughput sequencing and luciferase reporter assays, 
we can re-program entire cellular pathways to make them responsive to stress-induced changes in 
ribosome composition. Excitingly, computational analysis of natural yeast isolates demonstrates 
that these changes also occur during adaptation, suggesting that specialized ribosomes provide a 
facile route for evolution. Finally, we provide a mechanism by which cancer cells disrupt 
mechanisms that ensure stoichiometric assembly of ribosomal proteins into the small subunit head 
in normal cells, to produce heterogeneous ribosomes, which endow the cells with stress resistance, 
but also unique vulnerabilities. 



Synonymous codon usage affects E. coli fitness 
 

Ian Walsh, Patricia L. Clark 
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Proteins must fold correctly to their native state in order to function properly. In the cell, proteins 
can begin to fold from N- to C-terminus as they are synthesized by the ribosome. The maximum 
speed for vectorial folding is regulated by translation rate, which adds an additional layer of spatial 
and temporal control to the folding process. To study the impact of altered vectorial protein folding 
on the production of functional protein we altered codon usage in the gene encoding 
chloramphenicol acetyltransferase (CAT), which confers resistance to the antibiotic 
chloramphenicol. The CAT coding sequence contains two rare codon clusters that are predicted to 
locally slow translation. Replacing one of these clusters with common, synonymous codons was 
previously shown to lower the specific activity of CAT in an in vitro assay (Komar et al. (1999) FEBS 
Lett.). We have developed a simple in vivo assay to study the effects of synonymous codons on CAT 
folding. E. coli were induced to express a variety of synonymous CAT variants. Although the native 
structure and activity of these CAT codon variants were analogous to wild type, the folding 
intermediates were more prone to degradation in vivo, leading to decreased resistance to 
chloramphenicol corresponding decrease in fitness. Keeping cellular concentrations of CAT very low 
exacerbated this effect; at higher concentrations, the amount of CAT produced overwhelmed the 
cellular degradation machinery, partially restoring fitness. This approach will allow us to determine 
which regions of CAT are involved in co-translational folding and be adaptable to other proteins that 
provide a fitness advantage. 


