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Abstract 

Ribosomes are evolutionary conserved ribonucleoprotein complexes that function as 

two separate subunits in all kingdoms. During translation initiation, the two subunits assemble 

to form the mature ribosome, which is responsible for translating the messenger RNA. When 

the ribosome reaches a stop codon, release factors promote translation termination and peptide 

release, and recycling factors then dissociate the two subunits, ready for use in a new round of 

translation. A tethered ribosome, called Ribo-T, in which the two subunits are covalently linked 

to form a single entity, was recently described in Escherichia coli1. A hybrid ribosomal RNA 

(rRNA) consisting of both the small and large subunit rRNA sequences was engineered. The 

ribosome with inseparable subunits generated in this way was shown to be functional and to 

sustain cell growth. Here, we investigated the translational properties of Ribo-T. We analyzed 

its behavior in -1 or +1 frameshifting, stop codon readthrough, and internal translation initiation. 

Our data indicate that covalent attachment of the two subunits modifies the properties of the 

ribosome, altering its ability to initiate and terminate translation correctly.  

 

 

Introduction 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 12, 2020. ; https://doi.org/10.1101/2020.03.12.988394doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988394
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

Translation is the last step in gene expression, in which the coding sequence of the 

messenger RNA (mRNA) is translated into the amino-acid sequence of the corresponding 

protein. Ribosomes catalyze protein synthesis, a vital cellular activity. Translation is a highly 

dynamic process, with four major phases: initiation, elongation, termination and ribosome 

recycling. During each phase, ribosomes form transient complexes with auxiliary translation 

factors that facilitate protein synthesis2. 

In all kingdoms of life, ribosomes consist of two subunits. The 30S subunit contains the 

16S rRNA and 21 ribosomal proteins responsible for decoding genetic sequences. The 16S 

rRNA is involved in recognition of the Shine-Dalgarno (SD) sequence or ribosome binding site 

of the mRNA when it emerges from the RNA polymerase. This sequence is complementary to 

the 3’end of the 16S ribosomal RNA (anti-Shine-Dalgarno (ASD) sequence). The 50S subunit 

contains two rRNA molecules, the 5S and 23S rRNAs, with 33 proteins. It is responsible for 

catalyzing peptide bond formation. These two subunits associate with each other during 

translation initiation, rotate during elongation, and dissociate after protein release. This 

organization is thought to be essential for biogenesis, successful protein synthesis and cell 

viability. 

A ribosome with tethered subunits, in which the two subunits were covalently linked in 

a single entity, was recently engineered in Escherichia coli1,3. The hybrid ribosomal RNA 

(rRNA) consisted of the small and large subunit rRNA sequences, linked by short RNA linkers. 

The resulting ribosome, Ribo-T, with its inseparable subunits, was shown to be functional and 

able to sustain the cell growth, although doubling times were slower (107 min for Ribo-T, 35 

min for wild-type ribosomes). The rate protein synthesis with Ribo-T catalysis was 50% that 

with wild-type ribosomes. The slow growth of Ribo-T cells was probably due to Ribo-T 

biogenesis being slower than the biogenesis of wild-type ribosomes, rather than impaired Ribo-

T activity3. 
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Cell viability depends on a balance between rapid protein synthesis and accurate 

decoding of the genetic information. Translational error rates remain low throughout all steps 

in the process4. However, signals present in specific mRNAs at defined locations can program 

a high rate of errors5. These recoding events can occur during translation elongation 

(frameshifting) or at the termination step (stop codon readthrough). During frameshifts, the 

ribosome is induced to shift to an alternative, overlapping reading frame, whereas, in stop codon 

readthrough, the specific context of the termination codon may promote decoding with a near-

cognate tRNA rather than a release factor. These sequences have specific impacts on translation 

fidelity, and are therefore powerful tools for investigations of the translation accuracy of Ribo-

T ribosomes. 

In this study, we investigated the translational properties of Ribo-T ribosomes. Do these 

ribosomes maintain the correct reading frame as faithfully as wild-type ribosomes? Do they 

terminate translation accurately at stop codons? Do they translate messenger RNA accurately? 

We investigated the behavior of Ribo-T ribosomes with recoding signals instructing the 

ribosome to change translational reading frame (frameshifting) or to read stop codons as sense 

codons (stop codon readthrough). We also investigated the preferential mode of translation used 

by Ribo-T ribosomes to express adjacent open reading frames on the same mRNA, given that 

the two subunits were inseparable. Our data reveal an impairment of tethered ribosomes for +1 

frameshifting and termination, but show that these ribosomes are otherwise as effective as wild-

type ribosomes. 

 

Materials and Methods 

 

Escherichia coli strains 
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The experiments were performed with the E. coli BL21 (DE3) strain (Invitrogen), with 

and without the poRibo-T2 vector carrying the Ribo-T ribosomal DNA for the expression of 

Ribo-T ribosomes1. The ASD sequence of the Ribo-T 16S rRNA was altered from the wild-

type sequence (5’-UCACCUCCUUA-3’) to an orthogonal sequence (5’-UCAUUGUGGUA-

3’).  

 

Plasmids 

We used the bacterial pCL99 dual reporter system. This plasmid carries the lacZ-luc 

fusion gene, encoding the b-galactosidase and luciferase enzymes, under the control of the T7 

promoter, together with the streptomycin resistance gene, and the CloDF13-derived CDF 

replicon6. The various target sequences tested for translation accuracy were inserted by oligo-

cloning into the MscI restriction site of pCL99, which placed them at the junction between the 

lacZ and luc genes. The cloned double-stranded oligonucleotides were obtained by hybridizing 

the two complementary oligonucleotides in ligation buffer after heating for 5 min at 100°C and 

incubation at room temperature. In-frame controls were constructed for each target sequence. 

All constructs were verified by sequencing. The target sequences are listed in Table 1. 

 

Name Sequence 

IS911 GAAATGGAGAATGAAATATTAAAAAAGGCTACCGCGCTCTTGATGTCAGACTC

CCTGAACAGTTCTCGATAATCGGGAAACTCAGAGCGCATTATCCT 

IS911_if GAAATGGAGAATGAAATATTAAACAAAGGCTACCGCGCTCTTGATGTCAGACT

CCCTGAACAGTTCTCGATAATCGGGAAACTCAGAGCGCATTATCCT 

IS3 CGGGATGAAGAGCTGGCTATCCTCCAAAAGGCCGCGACATACTTCGCGAAGC

GCCTGAAATGAAGTATGTCTTTATTGAAAAACATCAGGCTGAG 

IS3_if CGGGATGAAGAGCTGGCTATCCTCCACAAAGGCCGCGACATACTTCGCGAAG

CGCCTGAAATGAAGTATGTCTTTATTGAAAAACATCAGGCT 
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dnaX CAGGGAGCAACCAAAGCAAAAAAGAGTGTACCGGCAGCCGCTACCCGCGCGC

GGCCGGTGAA 

dnaX_if CAGGGAGCAACCAAAGCAAACAAAGAGTGTACCGGCAGCCGCTACCCGCGCG

CGGCCGGTGAA 

dnaXRibo-T CCACCACCAACCAAAGCAAAAAAGAGTGTACCGGCAGCCGCTACCCGCGCGC

GGCCGGTGAA 

dnaXRibo-T_if CCACCACCAACCAAAGCAAACAAAGAGTGTACCGGCAGCCGCTACCCGCGCG

CGGCCGGTGAA 

prfB GTTCTTAGGGGGTATCTTTGACTACGAC 

prfB_if GTTCTTAGGGGGTATCTTGACTACGAC 

prfBRibo-T GTTCTTCACCACTATCTTTGACTACGAC 

prfBRibo-T_if GTTCTTCACCACTATCTTGACTACGAC 

TAG 

readthrough 
ATGGGTGTCTAGGGCCCAGAG (corresponding constructs with TGA and TAA) 

SD WT 
TAATAATAACCTGGGCAGGCCATGTCTGCCCGTATTTCGCGTAAGGAGGTCCA

TTATG 

No SD 
TAATAATAACCTGGGCAGGCCATGTCTGCCCGTATTTCGCGTAACCTCCTCCAT

TATG 

Ribo-T SD TAATAATAACCTGGGCAGGCCATGTCTGCCCGTATTTCGCGCACCACAATCCA

TTATG 

Ribo-T SD 

without SL 

TAATAATAACCTGGGCAGGCCATGCCCGGGTCTGCCCGTATTTCGCGCACCAC

AATCCATTATG 

Table 1: Target sequences used in the study. For frameshifting sites, the slippery 

sequence is underlined. In-frame control sequences corresponding to each target sequence are 

indicated by “_if”. For -1 frameshifting, a C was added within the slippery sequence; for +1 

frameshifting, the T of the TGA stop codon was removed; and for stop codon readthrough, the 

stop codon was replaced by AAG. The dnaX and prfB frameshifting sites were also obtained 

with a specific CACCAC Ribo-T SD sequence upstream from the slippery sequence 
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(dnaXRibo-T and prfBRibo-T, respectively). The SmaI site used for stem-loop (SL) cloning is 

indicated in bold typeface. 

 

For creation of the pCL99_Ribo-T constructs, containing the lacZ gene controlled by an 

orthogonal SD sequence, the wild-type SD sequence (AGGAGG) was mutated to an orthogonal 

sequence, CACCAC, recognized by the Ribo-T ribosomes. A PCR fragment encompassing the 

lacZ SD sequence from the AclI to FspI sites of the vector was generated by PCR with the 

mutated sequence. An upstream PCR fragment was amplified with the oligonucleotides 5’-

CTCTGCGACATCGTATAACGTTACTGG-3’ (AclI site underlined) and 5’-

GACCGTAATCATGGTATATTGTGGTGTTAAAGTTAAACAAAATTATTTC-3’ 

(mutated SD sequence underlined), and a downstream PCR fragment was amplified with the 

oligonucleotides 5’-GTTTAACTTTAACACCACAATATACCATGATTACGGAC-3’ 

(mutated SD underlined) and 5’-CGCCATTCAGGCTGCGCAACTGTTGGG-3’ (FspI site 

underlined). These two PCR fragments were joined by PCR with equimolar amounts of the two 

fragments as the template and oligonucleotides containing the AclI and FspI sites. The resulting 

PCR fragment was digested with AclI and FspI and inserted into the pCL99 constructs 

predigested with the same enzymes. The replacement of the wild-type SD sequence with the 

mutated sequence was verified by sequencing, for all pCL99_Ribo-T constructs. 

For constructs with the intergenic sequence containing a stem-loop structure (SL), the 

5’-GCGATATCCCGTGGAGGGGCGCGTGGTGGCGGTGCT-3’ and the phosphorylated 

5’-CACCACGCGCCCCTCCACGGGATATCGC-3’ oligonucleotides were hybridized, as 

were the phosphorylated 5’-

GCAGCACCGCCACCACGCGCCCCTCCACGGGATATCGCT-3’ and 5’-

AGCGATATCCCGTGGAGGGGCGCGTGGTGGCGGTGCTGCAGCACCGC-3’ 

oligonucleotides. These two pairs of annealed oligonucleotides were then ligated together to 
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produce the 75 bp fragment forming a -105 kcal/mol stem-loop structure (from RNA folder 

WebServer). This fragment was inserted into the SmaI site of the pCL99_Ribo-T Ribo-T SD 

without SL. The presence of the correct SL was verified by sequencing. 

 

Quantification of accurate target sequence translation 

E. coli BL21 or BL21 poRIBO-T2 competent cells were transformed with the pCL99 or 

pCL99_Ribo-T constructs, respectively, carrying the various target sequences used to test the 

translation accuracy of ribosomes. The transformants were cultured overnight at 30°C in 500 

µl of Luria broth supplemented with the appropriate antibiotics (50 µg/ml streptomycin, 100 

µg/ml ampicillin). Cultures were centrifuged for 2 min at room temperature, and the cell pellets 

were resuspended in 100 µl of luc buffer (25 mM Tris-phosphate pH 7.8, 8 mM MgCl2, 1 mM 

DTT, 1 mM EDTA, 1% Triton X-100, 0.1% BSA, 15% glycerol and cOmplete Protease 

Inhibitor Cocktail (Roche)) with 50 µl of acid-washed glass beads (Sigma)7. Cells were lysed 

by vortexing for 30 min at 4°C. Luciferase and b-galactosidase activities were quantified, in 1 

µl and 20 µl of cell extract, respectively7. 

The translational efficiency of the ribosomes was calculated as the ratio of luciferase 

activity to β-galactosidase activity for the target, divided by the ratio of luciferase activity to β-

galactosidase activity for the corresponding in-frame construct. We calculated the median value 

for at least six independent experiments. The significance of differences was determined in 

Student’s t-tests. 

We used constructs with a lacZ gene carrying a wild-type SD sequence AGGAGG to 

analyze the translational efficiency of wild-type ribosomes. For assessments of the translational 

efficiency of Ribo-T ribosomes, we used the corresponding constructs with a mutated SD 

sequence CACCAC upstream from the lacZ gene, in the presence of the vector encoding the 

Ribo-T ribosomes. The mutated SD sequence was complementary to the 3’ end of the 16S 
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ribosomal RNA of the Ribo-T ribosomes. In strains containing this vector, both wild-type and 

Ribo-T ribosomes are present, but only the Ribo-T ribosomes can initiate lacZ translation, 

because of the mutated SD sequence. Crosstalk between wild-type ribosomes and the 

orthogonal mRNA has recently been described8. We checked the level of crosstalk in our 

system, and found that it was too low to affect the results. Indeed, in the presence of wild-type 

ribosomes only, constructs with a mutated SD sequence upstream from the lacZ gene generate 

too little b-galactosidase activity for measurement in our conditions. Similarly, expression of 

the luc gene with the mutated SD sequence resulted in levels of activity one tenth those observed 

with Ribo-T ribosomes (see also below). 

 

 

Results 

 

 We first investigated the way in which Ribo-T ribosomes deal with programmed 

frameshifting sequences. In essence, frameshifting is triggered by two features: a slippery 

sequence favoring tRNA slippage and one or several stimulatory elements that enhance the 

process by inducing a ribosomal pause. 

 

Ribo-T ribosomes are prone to frameshift independently of the SD sequence 

 

We selected three programmed -1 frameshifting sites from the IS911 and IS3 insertion 

sequence elements and the E. coli dnaX gene (Figure 1)9. Frameshifting is stimulated by two 

elements: an RNA structure (a stem-loop for IS911 and dnaX, a pseudoknot for IS3) located 

downstream from the slippery site, and an SD sequence located upstream from the slippery site. 

The combination of these elements, together with the highly efficient slippery sequence, gave 
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a -1 frameshifting efficiency of about 13%, 8% and 60% for IS911, IS3 and dnaX, 

respectively10-12. 

 We first measured frameshifting efficiencies with WT sequences (i.e. with a WT SD). 

As Ribo-T ribosomes cannot base pair to the WT SD, we assumed that they would be unable 

to frameshift. Surprisingly, this turned out not to be the case, as the efficiency of -1 ribosomal 

frameshifting was 13% for IS911 with wild-type ribosomes and 14% with Ribo-T ribosomes 

(p-value of 0.54), 33% for IS3 with either type of ribosome (p-value of 0.77), 43% for dnaX 

with wild-type ribosomes and 45% with Ribo-T ribosomes (p-value of 0.77) (Figure 2A). These 

results suggest that Ribo-T ribosomes frameshift independently of the SD. We investigated this 

possibility by performing the reverse experiment. We replaced the dnaX SD sequence with an 

SD recognized by Ribo-T ribosomes (dnaXRibo-T). This modification greatly decreased the 

frameshifting efficiency of WT ribosomes (11% versus 43%; p-value of 1.7x10-3), but this 

change had no significant impact on Ribo-T ribosome frameshifting (45% vs. 44%; p-value 

0.85) (Figure 2B), confirming that Ribo-T ribosomes are insensitive to the presence of an SD 

sequence even though they maintain high levels of -1 frameshifting. 

 

This surprising result led us to investigate whether this effect was specific to -1 

frameshifting signals, or also applied to +1 frameshifting. 

For +1 frameshifting, we selected the site from the E. coli prfB gene (Figure 3A). 

Frameshifting efficiency is typically around 30% - 50%, and this process is dependent on a poor 

termination context of the stop codon (UGA C), together with the stimulatory effect of an SD 

sequence located upstream from the slippery site13. 

We obtained a +1 frameshifting efficiency of 33% for the WT ribosome, confirming 

previous results14. However, Ribo-T ribosomes frameshift inefficiently on this sequence, with 

an efficiency of only 2% (p-value of 8.9x10-9 versus wild-type ribosomes; Figure 3B). This 
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may be because the stimulatory SD sequence is wild-type and is not, therefore, recognized by 

Ribo-T ribosomes. We addressed this possibility, by replacing the wild-type SD sequence with 

a sequence recognized by Ribo-T ribosomes. Interestingly, this did not restore the +1 

frameshifting efficiency of Ribo-T ribosomes (1.8%, p-value of 0.56 relative to the previous 

finding), but it did strongly decrease the +1 frameshifting activity of wild-type ribosomes (0.6% 

versus 33%, p-value of 1.6x10-5), which were unable to recognize this sequence as an SD 

sequence (Figure 3C). 

These results confirm that Ribo-T ribosomes are unable to sense SD sequences and use 

them as stimulatory elements for frameshifting to either the -1 or +1 frame.  

 

 

Ribo-T ribosomes make inefficient use of the SD sequence to initiate translation 

 

Our data demonstrate the inability of Ribo-T ribosomes to use SD sequences to stimulate 

frameshifting. This led us to investigate the recognition of the SD sequence during translation 

initiation, when this sequence is used to assemble the ribosome at the start codon. We used the 

46-nucleotide intergenic E. coli lacZ-lacY sequence, which carries the SD sequence promoting 

initiation at the lacY start codon to address this question. We modified this sequence by deleting 

the SD sequence or replacing it with the Ribo-T SD sequence recognized only by Ribo-T 

ribosomes (see Materials and Methods, Table 1). In this system, lacZ could be translated only 

by wild-type ribosomes, because all constructs carried a wild-type SD sequence upstream from 

lacZ. The ability of wild-type or Ribo-T ribosomes to translate luc depended on whether the 

second SD sequence was recognized.  

In the absence of Ribo-T, we observed almost no luciferase activity when the SD 

sequence upstream from the luc gene was removed. By contrast, when the wild-type SD 
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sequence was used, we obtained high levels of luciferase activity, demonstrating the correct 

reconstitution of the SD dependence of translation initiation context by the reporter system 

(Figure 4A). In the presence of the Ribo-T SD sequence, we observed no statistically significant 

difference (p-value 0.04, versus no SD) in luciferase activity, which suggests that wild-type 

ribosomes cannot use this alternative SD sequence to initiate translation (Figure 4B). 

Interestingly, in the presence of Ribo-T ribosomes, luciferase induction was increased by a 

factor of four (p-value 4.7x10-4), indicating that Ribo-T ribosomes can use this alternative SD 

sequence, albeit inefficiently relative to WT ribosomes in the presence of a wild-type SD 

sequence (Figure 4B).  

In prokaryotes, ribosomes are thought to initiate the translation of a downstream gene 

either by 70S re-initiation after translation of the upstream gene is terminated, or by internal 

loading of the 30S at the initiation site (70S for Ribo-T with tethered subunits)15,16. Both these 

processes depend on the distance between the upstream stop codon and the downstream start 

codon, with a seven-codon interval thought to be crucial for the posttermination reinitiation of 

protein synthesis by ribosomes. The long intergenic sequence between lacZ and luc, with three 

successive stop codons ending the first ORF, would not favor a scanning process. 

We investigated whether the type of ribosomes translating lacZ influenced the rate of 

translation initiation for the luc gene, by replacing the wild-type SD sequence upstream from 

lacZ with a Ribo-T SD sequence. We reasoned that if 70S re-initiation could occur, we would 

observe an increase in luciferase activity due to Ribo-T ribosomes initiating translation 

upstream in lacZ. We found that expression of the luciferase reporter gene was four times 

stronger when the Ribo-T SD sequence was placed in front of the start codon for the upstream 

lacZ than in the total absence of an SD sequence (no-SD; p-value 9.8x10-6; Figure 4C). This 

increase was of a similar magnitude to that obtained when a wild-type SD sequence was placed 

upstream from the lacZ gene (Figure 4B). The higher activity ratio obtained for the Ribo-T 
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ribosomes translating both lacZ and luc (Figure 4C) resulted from lower levels of b-

galactosidase activity than were obtained when wild-type ribosomes translated lacZ (SD Ribo-

T data in figure 4B(2)). Thus, translation initiation at the luc gene is not dependent on the nature 

of the ribosomes translating the upstream lacZ gene. For confirmation of this observation, we 

inserted a stable stem loop structure immediately downstream from lacZ, to act as a roadblock 

for potential scanning ribosomes. We found that structure had no effect on the initiation of luc 

translation (p-value 0.22), strongly suggesting that the initiation of luc translation occurred 

through the internal loading of Ribo-T ribosomes (Figure 4D). Overall, our results indicate that 

Ribo-T ribosomes do not use SD sequence efficiently during either initiation or programmed 

frameshifting. 

 

Ribo-T ribosomes terminate translation less efficiently at stop codons 

Stop codon readthrough occurs when the ribosome reads the termination codon as a 

sense codon and continues translation until the next stop codon in the same reading frame17. 

Quantifying stop codon readthrough is an efficient way to assess the accuracy of ribosomes and 

their ability to accommodate near-cognate tRNAs. Unfortunately, no natural stop codon 

readthrough sequence has ever been identified in E. coli. We therefore used the stop codon 

sequence of the mtmB1 gene encoding monomethylamine methyltransferase from the archaea 

Methanosarcina barkeri18, which allows the insertion of a pyrrolysine, to estimate the accuracy 

of Ribo-T ribosomes during translation termination. This sequence has been shown to promote 

stop codon readthrough in E. coli, even in the absence of pyrrolysine6.  

We found that Ribo-T ribosomes terminated translation less efficiently than wild-type 

ribosomes (Figure 5; 0.07% vs. 0.013%, p-value of 4.7x10-7; 0.26% vs. 0.11%, p-value of 5x10-

3; 0.04% vs. 0.01%, p-value of 2.5x10-4, for UAG, UGA and UAA stop codons, respectively). 

Thus, Ribo-T ribosomes display a slight impairment of stop codon recognition.  
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Discussion 

 

 In all organisms, the ribosome consists of two unequal subunits, the large and small 

ribosomal subunits, which associate with each other in a labile manner, via bridges. It remains 

unclear why the ribosome consists of two loosely associated subunits that must be associated 

for translocation to occur. It has been suggested that the mutual mobility of the two ribosomal 

subunits is essential for the translocation mechanism. However, a functional ribosome with 

covalently linked subunits has been successfully created independently by two groups1,19, 

calling this hypothesis into question, or suggesting that the covalently linked structure retained 

some mobility.  

Surprisingly, tethered ribosomes (also called Ribo-T ribosomes) support cell growth and 

are not associated with any obvious phenotype, other than a slow-growth phenotype that has 

been attributed to slower rRNA processing rather than translational defects3. We investigated 

the translational accuracy of Ribo-T ribosomes. For this purpose, we constructed reporters for 

measuring translational errors at stop codons and in reading frame maintenance (frameshifting). 

Such recoding events constitute useful tools for studying translation accuracy, as the sequences 

concerned alter ribosome proofreading activity, and translational defects are amplified at these 

sites. To our surprise, we observed no change in -1 frameshifting efficiency, whatever the type 

of SD sequence (either wild-type or Ribo-T) used (Figure 2B). These initial results were 

confirmed for +1 frameshifting (Figure 3C). Interestingly, the efficiency of Ribo-T ribosomes 

was much lower for +1 frameshifting than for -1 frameshifting (Figures 2A and 3B). This may 

reflect the different roles of SD-ASD interaction in these two events. Indeed, for +1 

frameshifting, this interaction causes the release of the deacylated E-site tRNA, destabilizing 

the ribosome complex and affecting P-site tRNA slippage20,21. Both types of frameshifting are 
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known to involve base pairing between the SD sequence and the ASD sequence on the 16S 

rRNA to increase frameshifting efficiency, but the mechanisms of these two types of 

frameshifting event are different20,22-25. 

These results indicate that Ribo-T ribosomes do not use SD sequences to promote 

frameshifting. This situation is atypical, because frameshifting occurs during the elongation 

phase and SD sequences are used at the initiation step. This may reflect a general trend towards 

Ribo-T ribosomes not using SD sequences for either elongation or initiation. We therefore 

assessed the ability of Ribo-T ribosomes to use SD sequences during translation initiation. We 

constructed a specific dual reporter for monitoring translation efficiency in the presence of 

various SD sequences. We found that Ribo-T ribosomes used the SD sequence much less 

efficiently than wild-type ribosomes (Figure 4).  

The translation initiation rate of a given gene can be modulated by the structural 

accessibility of the SD sequence, the thermodynamic binding potential between the SD 

sequence and the ASD sequence, and the exact positioning of the SD sequence relative to the 

start codon. Stronger SD-ASD sequence interactions are associated with a higher translation 

efficiency, as they stabilize the assembly of the translation initiation complex. Hockenberry et 

al. 26 suggested that decreasing the translation initiation rates for a large number of genes would 

probably lead to substantially longer doubling times. This may be the case for E. coli cells with 

Ribo-T ribosomes, which had longer doubling times and a lower translational efficiency, with 

a protein synthesis rate 50% that in cells with wild-type ribosomes1. In recent years, the role of 

SD sequence as the most important element governing various aspects of translation initiation 

(efficiency, reading frame selection, regulation) has been called into question. The existence of 

mRNAs devoid of the SD sequence clearly indicated that this sequence was neither necessary 

nor sufficient for translation initiation27. A local absence of RNA secondary structure has been 

shown to be necessary and sufficient for the initiation of SD sequence-independent 
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translation28. In prokaryotic mRNAs, most of the coding sequence is highly structured and not 

accessible in the single-stranded form. The presence of an AUG codon in an unstructured region 

can define the correct translation initiation site, as recently confirmed by a genome-wide 

translation analysis showing the initiation of wild-type ribosomes at the correct site without the 

SD sequence, although the presence of the SD sequence greatly increased the efficiency of 

translation initiation 29. 

The mechanism of translation initiation by Ribo-T ribosomes in the absence of the SD 

sequence remains unclear. However, the two subunits are linked together via helix 44 (H44) in 

these ribosomes1. This helix is known to play an important role in the fidelity of translation 

initiation30. The tethering of ribosomes may allow sufficient translation for cell viability, but it 

probably also has structural consequences for the geometry of H44. The ASD sequence is 

located at the top of H44. We therefore suggest that its orientation is modified in Ribo-T 

ribosomes, preventing them from using SD sequences in a normal manner during translation 

initiation and elongation. The elucidation of a high-resolution structure for Ribo-T ribosomes 

would help to resolve this question. 

We also observed that Ribo-T ribosomes promoted termination less efficiently than 

wild-type ribosomes (Figure 5). The termination and stop codon readthrough processes are in 

competition every time a ribosome encounters a stop codon. The balance between these 

processes is displaced toward readthrough when the ribosomal A-site is occupied by a near-

cognate tRNA. Not only does efficient translation termination require the coordinated action of 

release factors, it also depends on the conformational dynamics of the factors and the ribosome. 

The key conformational motions of the ribosome during termination, and throughout all phases 

of translation, include the rotation of ribosomal subunits relative to each other, the swiveling 

motion of the body and head domains of the small ribosomal subunit, the movement of the 

ribosomal protein L1 toward or away from the E-site tRNA, and the movement of all 
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tRNAs2,31,32. The structure of Ribo-T ribosomes, in which the rRNA molecules are covalently 

linked, may be less dynamic, and associated with an A-site less able to bind termination factors. 

These results are consistent with a previous ribosome profiling analysis in Ribo-T-

expressing cells, which highlighted an increase in ribosome density at start codons and close to 

the 3’ ends of genes3. The tethering of the ribosomal subunits had mild effects on the initiation 

and termination/recycling steps of translation. 

Our work reveals the specific behavior of tethered ribosomes and highlights the greater-

than-expected flexibility of ribosomes. Undoubtedly, pushing ribosomes to their limits will also 

provide important information about their functioning. One question of interest concerns 

whether tethered ribosomes would be efficient in eukaryotes, which have a different mechanism 

of translation initiation not involving SD-ASD interaction. 
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Figure 1: The -1 frameshifting sites. 
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Figure 2: Translational efficiencies during -1 frameshifting. The constructs analyzed are 

shown on the left, with the type of ribosomes present in the cells. The percent frameshifting is 

shown for the IS911, IS3 and dnaX sequences translated by wild-type (WT) (dark gray) and 

Ribo-T (light gray) ribosomes (A); and for the dnaX (dark gray) and dnaXRibo-T (light gray) 

sequences translated by Ribo-T or wild-type ribosomes (B). The UGA stop codon in the -1 

frame of the dnaX frameshifting site was changed to an UGU codon for translation of the luc 

gene after frameshifting. 
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Figure 3: prfB +1 frameshifting. Sequence of the E. coli frameshifting site (A). Translational 

efficiencies for prfB frameshifting, for wild-type ribosomes (dark gray) and Ribo-T ribosomes 

(light gray) (B); or for the prfB (dark gray) and prfBRibo-T (light gray) sequences translated by 

Ribo-T or wild-type ribosomes (C). The constructs analyzed are shown on the left, with the 

type of ribosomes present in the cells. 
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Figure 4: Internal initiation of wild-type ribosomes. The constructs analyzed are shown on 

the left, with the type of ribosomes present in the cells. The ratio of luciferase activity to b-
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galactosidase activity measured for each construct is shown in the right box plot. Translations 

of the lacZ gene by wild-type ribosomes (WT), and of the luc gene with either a wild-type SD 

(WT SD) (dark gray) or no SD (black) by wild-type ribosomes (A). Translations of lacZ by 

wild-type ribosomes, and of luc with either no SD (black) or a Ribo-T SD (light gray) by wild-

type ribosomes (1), or a Ribo-T SD (hatched) by wild-type and Ribo-T ribosomes (2) (B). 

Translations of lacZ by Ribo-T ribosomes and of luc with either no SD (black) or a Ribo-T SD 

(light gray) by wild-type and Ribo-T ribosomes (C), or by Ribo-T ribosomes with (light gray) 

or without (black) a stem-loop structure upstream from luc (D). 

 

 

 

 

 

 

Figure 5: Translational readthrough efficiencies. The percent readthrough is shown for the 

three stop codons encountered by the wild-type (WT) (dark gray) and Ribo-T (light gray) 

ribosomes. The constructs analyzed are shown on the left, with the type of ribosome present in 

the cells. 
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