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ABSTRACT

Ribosomes are evolutionary conserved ribonucle-
oprotein complexes that function as two separate
subunits in all kingdoms. During translation initi-
ation, the two subunits assemble to form the ma-
ture ribosome, which is responsible for translating
the messenger RNA. When the ribosome reaches a
stop codon, release factors promote translation ter-
mination 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 cova-
lently linked to form a single entity, was recently de-
scribed in Escherichia coli. A hybrid ribosomal RNA
(rBNA) consisting of both the small and large sub-
unit 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 during amino acid
misincorporation, —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, al-
tering its ability to initiate and terminate translation
correctly.

INTRODUCTION

Translation is the last step in gene expression, in which the
coding sequence of the messenger RNA (mRNA) is trans-
lated into the amino-acid sequence of the corresponding
protein. Ribosomes catalyze protein synthesis, a vital cel-
lular 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 synthesis (1).

In all kingdoms of life, ribosomes consist of two sub-
units. The 30S subunit contains the 16S rRNA and 21
ribosomal proteins responsible for decoding genetic se-
quences. 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 catalyz-
ing peptide bond formation. These two subunits associate
with each other during translation initiation, rotate during
elongation, and dissociate after protein release. This orga-
nization 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 re-
cently engineered in Escherichia coli (2,3). The hybrid ribo-
somal RNA (rRNA) consisted of the small and large sub-
unit rRNA sequences, linked by short RNA linkers. The re-
sulting 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 synthe-
sis with Ribo-T catalysis was 50% that with wild-type ribo-
somes. 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 activity
(3).

Cell viability depends on a balance between rapid pro-
tein synthesis and accurate decoding of the genetic infor-
mation. Translational error rates remain low throughout all
steps in the process (4). However, signals present in specific
mRNAs at defined locations can program a high rate of er-
rors (5). These recoding events can occur during translation
elongation (frameshifting) or at the termination step (stop
codon readthrough). During frameshifts, the ribosome is in-
duced 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 there-
fore powerful tools for investigations of the translation ac-
curacy of Ribo-T ribosomes.

In this study, we investigated the translational properties
of Ribo-T ribosomes. Do these ribosomes have the same
range of translational missense error rates as wild-type ri-
bosomes? Do they maintain the correct reading frame as
faithfully as wild-type ribosomes? Do they terminate trans-
lation accurately at stop codons? Do they translate messen-
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ger RNA accurately? We investigated the behavior of Ribo-
T ribosomes on misreading of near-cognate codons, and
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 in-
separable. Our data reveal an impairment of tethered ri-
bosomes for +1 frameshifting and termination, but show
that these ribosomes are otherwise as effective as wild-type
ribosomes.

MATERIALS AND METHODS
Escherichia coli strains

The experiments were performed with the Escherichia coli
BL21 (DE3) strain (Invitrogen), with and without the
poRibo-T2 vector carrying the oRibo-T ribosomal DNA
for the expression of oRibo-T ribosomes (2). The ASD se-
quence of the Ribo-T 16S rRNA was altered from the wild-
type sequence (5'-UCACCUCCUUA-3') to an orthogonal
sequence (5-UCAUUGUGGUA-3') (6), resulting in the
oRibo-T ribosomes.

Plasmids

We used the bacterial pCL99 dual reporter system. This
plasmid carries the lacZ-Iuc fusion gene, encoding the -
galactosidase and luciferase enzymes, under the control of
the T7 promoter, together with the streptomycin resistance
gene, and the CloDF13-derived CDF replicon (7). The var-
ious target sequences tested for translation accuracy were
inserted by oligo-cloning into the Mscl restriction site of
pCL99, which placed them at the junction between the
lacZ and luc genes. The cloned double-stranded oligonu-
cleotides were obtained by hybridizing the two complemen-
tary 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 con-
structs were verified by sequencing. The target sequences
are listed in Table 1.

For creation of the pCL99_oRibo-T constructs, con-
taining the lacZ gene controlled by an orthogonal SD
sequence (0SD), the wild-type SD sequence (AGGAGQG)
was mutated to an orthogonal sequence, CACCAC,
recognized by the oRibo-T ribosomes (2). A PCR
fragment encompassing the /lacZ SD sequence from
the Acll to Fspl sites of the vector was generated by
PCR with the mutated sequence. An upstream PCR
fragment was amplified with the oligonucleotides 5'-
CTCTGCGACATCGTATAACGTTACTGG-3  (Acll
site underlined) and 5-GACCGTAATCATGGTATA
TTGTGGTGTTAAAGTTAAACAAAATTATTTC-3
(mutated oSD sequence underlined), and a downstream
PCR fragment was amplified with the oligonucleotides
S-GTTTAACTTTAACACCACAATATACCATGA
TTACGGAC-3" (mutated oSD underlined) and 5'-
CGCCATTCAGGCTGCGCAACTGTTGGG-3  (Fspl
site underlined). These two PCR fragments were joined
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by PCR with equimolar amounts of the two fragments
as the template and oligonucleotides containing the Ac/l
and Fspl sites. The resulting PCR fragment was digested
with Acll and Fspl and inserted into the pCL99 constructs
predigested with the same enzymes. The replacement of the
wild-type SD sequence with the mutated oSD sequence was
verified by sequencing, for all pCL99_oRibo-T constructs.

For constructs with the intergenic sequence contain-
ing a stem-loop structure (SL), the 5-GCGATATCCC
GTGGAGGGGCGCGTGGTGGCGGTGCT-¥ and
the phosphorylated 5-CACCACGCGCCCCTCCAC
GGGATATCGC-3" oligonucleotides were hybridized,
as were the phosphorylated 5-GCAGCACCGCCACC
ACGCGCCCCTCCACGGGATATCGCT-3 and 5-
AGCGATATCCCGTGGAGGGGCGCGTGGTGG
CGGTGCTGCAGCACCGC-3' oligonucleotides. These
two pairs of annealed oligonucleotides were then ligated
together to produce the 75 bp fragment forming a —105
kcal/mol stem-loop structure (from RNA folder Web-
Server). This fragment was inserted into the Smal site of
the pCL99_oRibo-T oSD without SL. The presence of the
correct SL was verified by sequencing.

The constructs for misreading of the lysine 529 codon
of the luciferase mRNA were obtained by directed mu-
tagenesis of the pCL99 and pCL99_oRiboT carrying the
lacZ-Iuc fusion gene (in-frame controls for readthrough).
The AAA lysine codon was modified either in a TTT
phenylalanine codon, a CAA glutamine codon, an AGA
arginine codon, or an AAT asparagine codon. Two 0.9kb
and 0.15kb PCR fragments carrying the mutated K529
codon were amplified, respectively, with the oligonu-
cleotides 5'-CCTAAGGGTGTGGCCCTTCCGC-3
and with 5-GGATCTCTCTGATTTTTCTTGCGTCG
AGNNNTCCGGTAAGACCTTTCGGTACTTCG-

3’ (mutated nucleotides underlined NNN = AAA or
TTG or TCT or ATT), or with 5-CGAAGTACCG
AAAGGTCTTACCGGANNNCTCGACGCAAGA
AAAATCAGAGAGATCC-3' (mutated nucleotides un-
derlined NNN = TTT or CAA or AGA or AAT) and
5-GGTTATGCTAGTTATTGCTCAGCGG-3'. The
couples of corresponding fragments were joined by PCR,
then the resulting 1kb fragments were digested by Sphl and
HindIII, and finally they were cloned into the pCL99 and
pCL99_0oRiboT vectors to replace the SphI-HindIII wild-
type AAA K529-encompassing fragment. All constructs
were verified by sequencing.

Quantification of translation fidelity

Escherichia coli BL21 or BL21 poRIBO-T2 competent cells
were transformed with the pCL99 or pCL99_oRibo-T con-
structs, respectively, carrying the various target sequences
used to test the translation accuracy of ribosomes. The
transformants were cultured overnight at 30°C in 500 .l
of Luria broth supplemented with the appropriate antibi-
otics (50 pg/ml streptomycin, 100 wg/ml ampicillin). Cul-
tures were centrifuged for 2 min at room temperature, and
the cell pellets were resuspended in 100 pl of luc buffer (25
mM Tris-phosphate pH 7.8, 8 mM MgCl,, | mM DTT, 1
mM EDTA, 1% Triton X-100, 0.1% BSA, 15% glycerol and
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Table 1. Target sequences used in the study

Name Sequence

IS911 GAAATGGAGAATGAAATATTAAAAAAGGCTACCGCGCTCTTGATGTCAGACTCCCTGAA
CAGTTCTCGATAATCGGGAAACTCAGAGCGCATTATCCT

IS91L.if GAAATGGAGAATGAAATATTAAACAAAGGCTACCGCGCTCTTGATGTCAGACTCCCTGAA

CAGTTCTCGATAATCGGGAAACTCAGAGCGCATTATCCT
1S3 CGGGATGAAGAGCTGGCTATCCTCCAAAAGGCCGCGACATACTTCGCGAAGCGCCTGAAA
TGAAGTATGTCTTTATTGAAAAACATCAGGCTGAG

1S3.if CGGGATGAAGAGCTGGCTATCCTCCACAAAGGCCGCGACATACTTCGCGAAGCGCCTGAA
ATGAAGTATGTCTTTATTGAAAAACATCAGGCT

dnaX CAGGGAGCAACCAAAGCAAAAAAGAGTGTACCGGCAGCCGCTACCCGCGCGCGGCCGG
TGAA

dnaX_if CAGGGAGCAACCAAAGCAAACAAAGAGTGTACCGGCAGCCGCTACCCGCGCGCGGCCG
GTGAA

dnaXoSD CCACCACCAACCAAAGCAAAAAAGAGTGTACCGGCAGCCGCTACCCGCGCGCGGCCGG
TGAA

dnaXoSD._if CCACCACCAACCAAAGCAAACAAAGAGTGTACCGGCAGCCGCTACCCGCGCGCGGCCG
GTGAA

prfB GTTCTTAGGGGGTATCTTTGACTACGAC

prfB_if GTTCTTAGGGGGTATCTTGACTACGAC

prfBoSD GTTCTTCACCACTATCTTTGACTACGAC

prfBoSD_if GTTCTTCACCACTATCTTGACTACGAC

TAG readthrough ATGGGTGTCTAGGGCCCAGAG (corresponding constructs with TGA and TAA)

wt SD TAATAATAACCTGGGCAGGCCATGTCTGCCCGTATTTCGCGTAAGGAGGTCCATTATG

no SD TAATAATAACCTGGGCAGGCCATGTCTGCCCGTATTTCGCGTAACCTCCTCCATTATG

oSD TAATAATAACCTGGGCAGGCCATGTCTGCCCGTATTTCGCGCACCACAATCCATTATG

oSD without SL TAATAATAACCTGGGCAGGCCATGCCCGGGTCTGCCCGTATTTCGCGCACCACAATCCAT

TATG

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 oRibo-T SD
sequence (called oSD) upstream from the slippery sequence (dnaXoSD and prfBoSD, respectively). The Smal site used for stem-loop (SL) cloning is
indicated in bold typeface. To allow translation of the F-luc gene after frameshifting, the UGA stop codon in the —1 frame of the dnaX frameshifting site

was changed to an UGU codon.

cOmplete Protease Inhibitor Cocktail (Roche)) with 50 pl
of acid-washed glass beads (Sigma) (8). Cells were lysed by
vortexing for 30 min at 4°C. Luciferase and (3-galactosidase
activities were quantified, in 1-10 pl and 20 pl of cell ex-
tract, respectively (8). B-Galactosidase activity was mea-
sured through the hydrolysis of ONPG by determination of
optical density at 420 nm. Luciferase activity was measured
with a Tecan Infinite M200 pro luminometer for light de-
tection after addition of luciferin 0,2mM and ATP 2mM in
luc buffer.

The translational efficiency of the ribosomes was calcu-
lated as the ratio of luciferase activity to B-galactosidase ac-
tivity for the target, divided by the ratio of luciferase activity
to B-galactosidase activity for the corresponding in-frame
construct. We calculated the median value for at least six in-
dependent experiments. The significance of differences was
determined in Student’s z-tests.

We used constructs with a lacZ gene carrying a wild-type
SD sequence AGGAGG to analyze the translational effi-
ciency of wild-type ribosomes. For assessments of the trans-
lational efficiency of oRibo-T ribosomes, we used the cor-
responding constructs with a mutated oSD sequence CAC-
CAC upstream from the /lacZ gene, in the presence of the
vector encoding the oRibo-T ribosomes. The mutated oSD
sequence was complementary to the 3’ end of the 16S ribo-
somal RNA of the oRibo-T ribosomes. In strains contain-
ing this vector, both wild-type and oRibo-T ribosomes are
present, but only the oRibo-T ribosomes can initiate lacZ
translation, because of the mutated oSD sequence (see be-
low).

Total RNA purification

Exponential cultures of the BL21 and BL21 carrying the
poRibo-T2 vector cells were mechanically broken with
beads and total RNA extracted following the QIAGEN
RNeasy, Macherey-Nalgen Nucleospin RNA, and Nucle-
ospin RNA Plus kit protocols. Following the RNA Easy
protocol, a DNase treatment was done according to the QI-
AGEN RNase-free DNase Set.

RESULTS
Validation of the orthogonal system

The presence of the oRibo-T ribosomes in the cells was con-
trolled by expression of the oRibo-T hybrid 16S/23S rRNA
molecule, in addition to the individual chromosomal rRNA
molecules (Figure 1B). Crosstalk between wild-type ribo-
somes and the orthogonal mRNA has recently been de-
scribed (9). We checked the level of crosstalk in our system
and found that it was too low to affect the results (Figure
1C). Indeed, in the presence of wild-type ribosomes only,
constructs with a mutated oSD sequence upstream from
the lacZ gene generate too little B-galactosidase activity for
measurement in our conditions (5-fold less B-galactosidase
activity). Similarly, expression of the /uc gene with the mu-
tated oSD sequence resulted in levels of activity one tenth
those observed with oRibo-T ribosomes (see also below).
With our validated system, we first analyzed the range of
translational missense error rates done by the oRibo-T ri-
bosomes in reading near-cognate codons (amino acid mis-
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Figure 1. Translation of lacZ with either the wt SD or the 0SD sequences by the wild-type or oRiboT ribosomes. The constructs analyzed are shown on
the left (A). Agarose gel electrophoresis of total RNA preparation from cells expressing either the wild-type ribosomes (1 (BL21 cells)) or the wild-type and
oRiboT ribosomes (2 (BL21 + poRibo-T2 vector cells)). Results obtained with the RNAPIus kit are shown with, below, the quantification of the respective
rRNA species (B). The B-galactosidase activities with arbitrary units are shown for the wt SD lacZ (SD, black) or the oSD lacZ (oSD, light gray) translated
by wild-type (WT), or oRibo-T (0SD, hatched light gray) ribosomes. Translation of the oSD /lacZ results (light gray and hatched light gray) are shown on
a smaller scale on the right panel indicated by an arrow (C). Results are from at least six independent experiments, with the median value indicated

incorporation). To this aim we used the same approach than
the one developed by Farabaugh’s group. It relies onto the
modification of an essential lysine in the active site of firefly
luciferase (10). Misincorporation of the wild-type amino-
acid at the mutant codon restore enzymatic activity. The
misreading frequency was shown to reflect the details of
codon:anticodon pairing, as well as how cognate and near-
cognate aa-tRNA compete for the codon (10).

Ribo-T ribosomes discriminate tRINAs as efficiently as WT
ribosomes

We used a reporter system that measures the frequency of
near-cognate misreading errors by Lys-tRNAYUUY at K529
position in the luciferase gene. As previously shown by
Farabaugh’s group mutant proteins retaining activity result
from mistranslation of the mutant codon to incorporate ly-
sine at position 529 (10).

We tested the near-cognate misreading errors with
codons differing from AAA lysine codon by a single nu-
cleotide in the first (CAA), second (AGA) and third (AAT)
position. In each case, the Lys-tRNAYYY can recognize the
mutant codon as a near-cognate substrate with only one
base mismatch. We also replaced the AAA lysine codon
with a TTT phenylalanine codon, a negative control for
misreading as no base pairs can be formed with the Lys-
tRNAYVU . The luciferase is expressed as a single polypep-
tide with the upstream B-galactosidase. Any difference in
the ratio of the luciferase activity to the B-galactosidase ac-
tivity must reflect a change in the activity of the mutant lu-
ciferase.

We measured the enzyme activities for each mutant con-
struct translated by wild-type or oRibo-T ribosomes (Fig-
ure 2). Whatever the mutated codon was, results were simi-
lar between the wild-type and oRibo-T ribosomes (P-value
of 0.807 for TTT, 0.51 for CAA, 0.402 for AGA and 0.519
for AAT; P-value of 0.284 for the wild-type AAA). This in-

dicated the two ribosomes display the same frequency of
translational misreading errors. Interestingly the range of
misincorporation is the same than previously observed (10),
with a higher level at AAT, than AGA or CAA indicating
than oRibo-T successfully discriminates the wobble posi-
tion from the two other positions.

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

We then investigated the way in which oRibo-T ribosomes
deal with programmed frameshifting sequences. In essence,
frameshifting is triggered by two features: a slippery se-
quence favoring tRNA slippage and one or several stimu-
latory elements that enhance the process by inducing a ri-
bosomal pause.

We selected three programmed —1 frameshifting sites
from the IS911 and IS3 insertion sequence elements and the
E. coli dnaX gene (Figure 3) (11). Frameshifting is stimu-
lated by two elements: an RNA structure (a stem—loop for
IS911 and dna X, 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 a
—1 frameshifting efficiency of about 13%, 8% and 60% for
IS911, 1S3 and dnaX, respectively (12—-14).

We first measured frameshifting efficiencies with WT se-
quences (i.e. with a wt SD). As oRibo-T ribosomes cannot
base pair to the WT SD, we assumed that they would be un-
able to frameshift. Surprisingly, this turned out not to be the
case, as the efficiency of -1 ribosomal frameshifting was 12%
for IS911 with wild-type ribosomes and 13% with oRibo-T
ribosomes (P-value of 0.8), 29% for IS3 with wild-type ribo-
somes and 34% with oRiboT ribosomes (P-value of 0.97),
45% for dnaX with either type of ribosomes (P-value of
0.77) (Figure 4A). These results suggest that oRibo-T ribo-
somes frameshift independently of the SD. We investigated
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Figure 2. Translational misreading errors. The ratio of luciferase activity to 3-galactosidase activity is shown as arbitrary units for each construct carrying
the indicated sequence of the codon 529 of the luciferase gene (wild-type AAA, or mutants TTT, CAA, AGA and AAT). The positive control (wild-type
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analyzed are shown in (A), with the type of ribosomes present in the cells. Translations of the lacZ-luc fusion gene by wild-type (WT) (dark gray), or
oRibo-T (oRibo-T) (light gray) ribosomes. Results are from at least six independent experiments.

this possibility by performing the reverse experiment. We
replaced the dnaX SD sequence with an oSD recognized by
oRibo-T ribosomes (dnaXoSD). This modification greatly
decreased the frameshifting efficiency of WT ribosomes (8%
versus 45%; P-value of 1.7 x 1073), but this change had
no significant impact on oRibo-T ribosome frameshifting
(45% versus 48%; P-value 0.85) (Figure 4B), confirming that
oRibo-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 ef-
fect 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 5A). 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 up-
stream from the slippery site (15).

We obtained a +1 frameshifting efficiency of 34% for
the WT ribosome, confirming previous results (16). How-
ever, oRibo-T ribosomes frameshift inefficiently on this
sequence, with an efficiency of only 2% (P-value of 8.9
x 107 versus wild-type ribosomes; Figure 5B). This may
be because the stimulatory SD sequence is wild-type and is
not, therefore, recognized by oRibo-T ribosomes. We ad-
dressed this possibility, by replacing the wild-type SD se-
quence with a 0SD sequence recognized by oRibo-T ribo-
somes. Interestingly, this did not restore the +1 frameshift-
ing efficiency of oRibo-T ribosomes (1.1%, P-value of 0.56
relative to the previous finding), but it did strongly de-
crease the +1 frameshifting activity of wild-type ribosomes
(0.3% versus 34%, P-value of 1.6 x 107°), which were un-
able to recognize this oSD sequence as an SD sequence
(Figure 5C).

These results confirm that oRibo-T ribosomes are unable
to sense SD sequences and use them as stimulatory elements
for frameshifting to either the —1 or +1 frame.
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Ribo-T ribosomes make inefficient use of the SD sequence to
initiate translation

Our data demonstrate the inability of oRibo-T ribosomes to
use SD sequences to stimulate frameshifting. This led us to
investigate the recognition of the SD sequence during trans-
lation initiation, when this sequence is used to assemble the
ribosome at the start codon. We used the 46-nucleotide in-
tergenic E. coli lacZ-lacY sequence, which carries the SD
sequence promoting initiation at the /acY start codon to
address this question. We modified this sequence by delet-
ing the SD sequence or replacing it with the oSD sequence
recognized only by oRibo-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 /acZ. The ability of
wild-type or oRibo-T ribosomes to translate /uc depended
on whether the second SD sequence was recognized.

In the absence of oRibo-T ribosomes, we observed almost
no luciferase activity when the SD sequence upstream from
the /uc gene was removed. By contrast, when the wild-type
SD 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 6A). In the presence of the oSD sequence,
we observed no statistically significant difference with the
absence of a SD sequence (P-value 0.04, versus no SD) in
luciferase activity, which suggests that wild-type ribosomes
cannot use this alternative oSD sequence to initiate transla-
tion (Figure 6B). Interestingly, in the presence of oRibo-T
ribosomes, luciferase induction was increased by a factor
of four (P-value 4.7 x 10#), indicating that oRibo-T ribo-
somes can use this alternative oSD sequence, albeit ineffi-
ciently relative to WT ribosomes in the presence of a wild-
type SD sequence (Figure 6B).

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) (17,18). Both these pro-
cesses 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 reini-
tiation of protein synthesis by ribosomes. The long inter-
genic sequence between lacZ and luc, with three successive
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Figure 4. Translational efficiencies during -1 frameshifting. The constructs analyzed are shown on the left, with the type of ribosomes present in the cells,
and in-frame controls in (C). The percent frameshifting is shown for the IS911, IS3 and dnaX sequences translated by wild-type (WT) (dark gray) and
oRibo-T (light gray) ribosomes (A); and for the dnaX (dark gray) and dnaXoSD (light gray) sequences translated by oRibo-T or wild-type ribosomes (B).

Results are from at least six independent experiments.

stop codons ending the first ORF, would not favor a scan-
ning process.

We investigated whether the type of ribosomes translat-
ing lacZ influenced the rate of translation initiation for the
luc gene, by replacing the wild-type SD sequence upstream
from lacZ with a oSD sequence. We reasoned that if 70S re-
initiation could occur, we would observe an increase in lu-
ciferase activity due to oRibo-T ribosomes initiating trans-
lation upstream in lacZ. We found that expression of the
luciferase reporter gene was four times stronger when the
oSD sequence was placed in front of the start codon for the
upstream /acZ than in the total absence of an SD sequence
(no-SD; P-value 9.8 x 10-%; Figure 6C). This increase was of
a similar magnitude to that obtained when a wild-type SD
sequence was placed upstream from the lacZ gene (Figure
6B). The higher activity ratio obtained for the oRibo-T ri-
bosomes translating both lacZ and luc (Figure 6C) resulted
from lower levels of B-galactosidase activity than were ob-
tained when wild-type ribosomes translated /acZ (oSD data
in Figure 6B (2)). Thus, translation initiation at the /uc gene
is not dependent on the nature of the ribosomes translat-
ing the upstream lacZ gene. For confirmation of this ob-
servation, we inserted a stable stem loop structure imme-
diately downstream from JacZ, 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 /uc translation oc-
curred through the internal loading of oRibo-T ribosomes
(Figure 6D). Overall, our results indicate that oRibo-T ri-

bosomes 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
frame (19). Quantifying stop codon readthrough is an effi-
cient way to assess the accuracy of ribosomes and their abil-
ity 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 se-
quence of the mtmBIl gene encoding monomethylamine
methyltransferase from the archaea Methanosarcina barkeri
(20), which allows the insertion of a pyrrolysine, to estimate
the accuracy of oRibo-T ribosomes during translation ter-
mination. This sequence has been shown to promote stop
codon readthrough in E. coli, even in the absence of pyrroly-
sine (7).

We found that oRibo-T ribosomes terminated translation
less efficiently than wild-type ribosomes (Figure 7; 0.06%
versus 0.01%, P-value of 4.7 x 1077; 0.27% versus 0.10%,
P-value of 5 x 10#; 0.04% versus 0.01%, P-value of 2.5 x
104, for UAG, UGA and UAA stop codons, respectively).
Thus, oRibo-T ribosomes display a slight impairment of
stop codon recognition.
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DISCUSSION

In all organisms, the ribosome consists of two unequal sub-
units, the large and small ribosomal subunits, which asso-
ciate with each other in a labile manner, via bridges. It re-
mains unclear why the ribosome consists of two loosely as-
sociated 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 transloca-
tion mechanism. However, a functional ribosome with co-
valently linked subunits has been successfully created inde-
pendently by two groups (2,21), calling this hypothesis into
question, or suggesting that the covalently linked structure
retained some mobility.

Surprisingly, tethered ribosomes (also called Ribo-T ri-
bosomes) support cell growth and are not associated with
any obvious phenotype, other than a slow-growth pheno-
type that has been attributed to slower rRNA processing
rather than translational defects (3). We investigated the
translational accuracy of oRibo-T ribosomes. For this pur-
pose, we constructed reporters for measuring translational
errors such as amino acid misincorporation, stop codon
readthrough, and frameshifting. Such recoding events con-

stitute useful tools for studying translation accuracy, as the
sequences concerned alter ribosome proofreading activity,
and translational defects are amplified at these sites. Dur-
ing translation, the oRibo-T ribosomes show the expected
misreading error rates of near-cognate codons compared to
the wild-type ribosomes, whatever is the mismatch position
(Figure 2). This highlights that the ability of Ribo-T ribo-
somes to discriminate between cognate and near-cognate
or non-cognate tRNAs is not impacted by tethering both
subunits. To our surprise, we observed no change in —1
frameshifting efficiency, whatever the type of SD sequence
(either wild-type or oSD) used (Figure 4B). These initial
results were confirmed for +1 frameshifting (Figure 5C).
Interestingly, the efficiency of +1 frameshifting was much
lower for oRibo-T than for wild-type ribosomes (Figure
5B). These results suggest that oRibo-T ribosomes do not
use SD sequences to promote frameshifting. The tether may
intrinsically stimulate frameshifting so that the presence or
absence of the SD has no further effect on its efficiency.
The tether is epistatic to the SD-ASD interaction, in a way
that support regular (—1 event) or poor frameshifting (+1
event). This may reflect the different roles of SD-ASD in-
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teraction in these two events. Indeed, for +1 frameshift-
ing, this interaction causes the release of the deacylated E-
site tRNA, destabilizing the ribosome complex and affect-
ing P-site tRNA slippage (22,23), while for —1 frameshift-
ing the SD is thought to slow-down the translocation step
to increase the probably to tRNAs to slip in the —1 read-
ing frame. Both types of frameshifting are known to in-
volve base pairing between the SD sequence and the ASD
sequence on the 16S rRNA to increase frameshifting effi-
ciency (22,24-27).

We therefore propose that in oRibo-T the physical link
between both subunits precludes the translocation from
taking place normally. In this situation, as the transloca-
tion is already slowed down, the SD no longer has the stim-
ulating role that it plays in WT condition. Although, this
situation is atypical, because frameshifting occurs during
the elongation phase and SD sequences are usually used at
the initiation step. This may reflect a general trend towards
oRibo-T ribosomes not efficiently using SD sequences for
either elongation or initiation. We therefore assessed the
ability of oRibo-T ribosomes to use SD sequences dur-
ing translation initiation. We constructed a specific dual re-
porter for monitoring translation efficiency in the presence
of various SD sequences. We found that oRibo-T ribosomes
used the SD sequence much less efficiently than wild-type
ribosomes (Figure 6).

The translation initiation rate of a given gene can be mod-
ulated 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 se-
quence interactions are associated with a higher translation
efficiency, as they stabilize the assembly of the translation
initiation complex. Hockenberry et al. (28) suggested that
decreasing the translation initiation rates for a large num-
ber of genes would probably lead to substantially longer
doubling times. This may be the case for E. coli cells with
oRibo-T ribosomes, which had longer doubling times and
a lower translational efficiency, with a protein synthesis rate
50% that in cells with wild-type ribosomes (2). Thus the
slower growth rate of the Ribo-T expressing strain may be
due to both defects in ribosome biogenesis and in transla-
tion. 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 de-

void of the SD sequence clearly indicated that this sequence
was neither necessary nor sufficient for translation initia-
tion (29). A local absence of RNA secondary structure has
been shown to be necessary and sufficient for the initiation
of SD sequence-independent translation (30) although the
presence of the SD sequence greatly increased the efficiency
of translation initiation (31).

The mechanism of translation initiation by oRibo-T ri-
bosomes remains unclear. However, the two subunits are
linked together via helix 44 (h44) in these ribosomes (2).
This helix is known to play an important role in the fidelity
of translation initiation (32). The tethering of ribosomes
may allow sufficient translation for cell viability, but it prob-
ably 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 oRibo-
T ribosomes, preventing them from efficiently using SD se-
quences in a normal manner during translation initiation
and elongation. The elucidation of a high-resolution struc-
ture for Ribo-T ribosomes would help to resolve this ques-
tion.

We also observed that oRibo-T ribosomes promoted ter-
mination less efficiently than wild-type ribosomes (Figure
7). 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 to-
ward 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 fac-
tors, it also depends on the conformational dynamics of the
factors and the ribosome. One may suggest that key confor-
mational motions of the ribosome during termination, may
be less dynamic, and associated with an A-site less able to
bind termination factors in Ribo-T ribosomes.

These results are consistent with a previous ribosome
profiling analysis in Ribo-T-expressing cells, which high-
lighted an increase in ribosome density at start codons and
close to the 3’ ends of genes (3). The tethering of the ri-
bosomal subunits had mild effects on the initiation and
termination/recycling steps of translation.

Our work reveals the specific behavior of tethered ribo-
somes and highlights the greater-than-expected flexibility of
ribosomes. Undoubtedly, pushing ribosomes to their limits
will also provide important information about their func-
tioning. One question of interest concerns whether tethered
ribosomes would be efficient in eukaryotes, which have a
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different mechanism of translation initiation not involving
SD-ASD interaction.
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