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ABSTRACT

Ribosomal decoding is an essential process in every living cell. During protein synthesis the 30S ribosomal
subunit needs to accomplish binding and accurate decoding of mRNAs. From mutational studies and
high-resolution crystal structures nucleotides G530, A1492 and A1493 of the 16S rRNA came into focus as
important elements for the decoding process. Recent crystallographic data challenged the so far accepted
model for the decoding mechanism. To biochemically investigate decoding in greater detail we applied
an in vitro reconstitution approach to modulate single chemical groups at A1492 and A1493. The modified
ribosomes were subsequently tested for their ability to efficiently decode the mRNA. Unexpectedly, the
ribosome was rather tolerant toward modifications of single groups either at the base or at the sugar
moiety in terms of translation activity. Concerning translation fidelity, the elimination of single chemical
groups involved in a hydrogen bonding network between the tRNA, mRNA and rRNA did not change the
accuracy of the ribosome. These results indicate that the contribution of those chemical groups and the
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formed hydrogen bonds are not crucial for ribosomal decoding.

Introduction

The ribosome is a multifunctional ribonucleoprotein particle
that is responsible for fast and accurate protein synthesis. It has
to faithfully translate the 4-letter genetic code into amino acid
sequences. The basis for this process is the base-complementar-
ity of the transfer RNA (tRNA) anticodon and the messenger
RNA (mRNA) codon at the A-site of the ribosome. About 50
different aminoacyl-tRNAs (aa-tRNA) in complex with the
elongation factor Tu (EF-Tu) and GTP constantly surround
the translation apparatus in the cell.' Out of this pool the cor-
rect aa-tRNA has to be selected at every round of translation. It
soon became clear that a fast and accurate selection could not
solely be based on the simple base-pairing interaction of the
codon and anticodon. Single mismatches within this RNA
duplexes would not destabilize the interactions to an extend
that could explain the accuracy of the translation process
(reviewed in®). The concept of “kinetic proofreading” was pro-
posed in the 1970s that could explain how enzymes can
increase their fidelity.* Subsequent pre-steady-state kinetics>”
and single molecule experiments'>'! deepened the knowledge
of this mechanism and provided a detailed picture of ribosomal
decoding. In addition, studies using streptomycin and other
error inducing antibiotics targeting the ribosome revealed that
the ribosome must be more than just a passive stage for mRNA
and tRNA interaction."> Early biochemical investigations
located this stage where the codon and anticodon concur in the

30S subunit.'> The development of footprinting techniques
exhibited that especially nucleotides G530, A1492 and A1493
of the 16S rRNA were protected from chemical modifications
upon binding of an aa-tRNA into the A-site.'>'> Additional
work revealed that these nucleotides are essential for viability
and affect the A-site binding."*'*"”

With the turn of the millennium, high-resolution crystal struc-
tures became available disclosing the topography of the decoding
site."®" For these studies small ribosomal subunits of Thermus
thermophilus were crystallized in presence of U6 hexanucleotides
as mRNAs and anticodon stem loops (ASLs) were bound to the
A-site. It was observed that the nucleotides G530, A1492 and
A1493 changed their position considerably upon binding of a
cognate tRNA to the A-site, underlining the potential importance
of these residues. A1492 and A1493, which in the prospecting
ribosome are located in the internal loop of helix 44, rotate out of
the helix and point into the A-site forming type I and type II A-
minor motifs together with the codon-anticodon helix.>** Simul-
taneously, a rearrangement of the 30S subunit occurs, termed
“domain closure,” thereby tightening the acceptor binding site by
rotation of the head toward the shoulder (reviewed in?).

This structural information provided the premises to under-
stand how the ribosome can possibly discriminate between cog-
nate and near- or non-cognate tRNAs. In case a cognate tRNA
binds into the decoding site, A-minor motifs are formed.
Thereby A1493 spans the minor groove of the tRNA/mRNA
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Figure 1. The split 16S rRNA decoding site. (A) Interaction of rRNA with the codon-anticodon helix. 16S rRNA nucleotides are shown in white (A1492, A1493, C518 and
G530), mRNA in green (U2) and (C1) and tRNA residues in yellow (A35 and G36). Structures were modified from Demeshkina et al.’® (B) The secondary structure of the
16S rRNA used for split 16S rRNA reconstitutions. The oligonucleotide added in trans to the assembly reaction is depicted in bold. Nucleotides A1492 and A1493, which
were modified in this study are shown in blue. (C) The poly(U) translation activity of ribosomes composed of 12 pmol reconstituted 30S subunits and 5 pmol native E. coli
50S. Poly(Phe) product yields of in vitro assembled ribosomes in the absence (no oligo) or in the presence of the compensating wild type 57-mer (wt) and carrying A to G
mutations at position 1492 or 1493 are depicted. Values are depicted as mean 4 SEM from at least 4 independent experiments.

helix and contacts both by hydrogen bonding (Fig. 1A). In
addition, A1492 interacts with a part of the groove and forms
hydrogen bonds with mRNA nucleotides (Fig. 1A). Binding of
a near-cognate tRNA, meaning a G-U wobble base pair present
either at the first or second position of the codon-anticodon
helix, results in a distorted geometry and leads to disrupted
hydrogen bonds® This uncompensated loss of desolvation of
these hydrogen bonds was postulated not to induce the domain
closure of the 30S subunit and therefore the tRNA is rejected.

However, recent X-ray studies using Thermus thermophilus
70S ribosomes, harbouring full-length tRNAs and bona fide
mRNAs paint a different picture.”' ** Mismatches between the
codon and the anticodon were positioned at the first or second
position of the codon resulting in a G-U base pair. Unexpect-
edly, a Watson-Crick geometry and not a wobble base pair was
formed. This indicated that the hydrogen bonds between G530,
A1492 and A1493 and the codon-anticodon helix are not dis-
rupted and therefore do not contribute to the decoding process
as proposed in earlier work. Rather recent biochemical and
computational investigations confirm these structural observa-
tions,”***> whereas others assign A1492 and A1493 an active
role during tRNA decoding.*®

In our study we followed the question on the importance of
single chemical groups in the decoding site for translational

activity and fidelity. An in vitro reconstitution approach based
on the procedure first described in 1973 was chosen to shed
light on the exact decoding mechanism.”” This setup was fur-
ther modified to allow the site-specific introduction of non-nat-
ural modifications at the nucleotides A1492 and A1493 within
the decoding site of the small ribosomal subunit. The modified
ribosomes were tested in in vitro translation assays for their
activity in protein synthesis. Surprisingly, the decoding site
turned out to be more flexible than anticipated and tolerated
various modifications at nucleosides A1492 and A1493.

In respect to translation fidelity, potentially important
hydrogen bonds could be removed without displaying a major
impact on the error rate. These results implicate that the hydro-
gen bonding interactions are not the major discriminating fac-
tor to differentiate between cognate and near-cognate tRNAs.
This is in line with recent decoding models based on structural
investigations.

Results
Split 16S rRNA for 30S assembly

To introduce non-natural modifications site specifically, we
established a 30S in vitro reconstitution system employing split
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16S rRNA molecules. A nick was positioned within helix 44 3’ to
nucleotide (nt) U1485 resulting in a 2-pieced (split) rRNA mole-
cule: a 1485 nucleotide long 5 part and a 57 nt short 3’ part
(Fig. 1B). The 3’ oligonucleotide started with the nucleotide
G1486 and included the nucleotides A1492 and A1493. This
short RNA can be chemically synthesized and allows the substi-
tution of single chemical groups at various positions within this
oligonucleotide.”®** The synthesized RNA was added to the
assembly reaction in trans simultaneously with the 5" part. After
the complete reconstitution of the 30S particles, native E. coli
50S subunits were added and the activity of the reassociated 70S
was tested by using a poly(U)-dependent poly(Phe) translation
assay. Depending on the quality of the reconstitution compo-
nents, we could incorporate up to 30 phenylalanines per ribo-
some using the unmodified wild-type (wt) sequence at the
endpoint of the reaction (Fig. 1C). We observed that the activity
of the small subunit was strictly dependent on the presence of
the oligonucleotide, indicating that the 3’ end can be added in
trans (Fig. 1B) and is successfully incorporated into functional
small ribosomal subunits. Aminoglycoside antibiotics that bind
close to the decoding center, such as paromomycin, neomycin
or streptomycin affected the translation process, indicating a
correctly assembled decoding site (see below).

In addition, using transcribed split 16S rRNA carrying A to
G substitutions at positions 1492 and 1493, resulted in an
approximately 10-fold reduction in poly(Phe) synthesis
(Fig. 1C and Fig. S1A). These mutations were reported earlier
to have a dominant lethal phenotype and to be defective in pro-
tein biosynthesis in vivo and in vitro.">'”*> The decline in
translation activity was in the same order of magnitude using
full-length 16S rRNA transcripts harbouring these mutations
(Fig. S1B). This indicates that our experimental approach of
using a split 16S rRNA recapitulates, on a qualitative level, the
previously observed functional performance of genuine 30S
subunits during the decoding process.

Additionally, we took into consideration that the absence of
natural modifications within the rRNA was reported to have an
impact on activity, assembly and also translation fidelity.***
To ensure that the outcomes of our experiments were only
caused by the introduced modifications, we always referred our
results to reconstituted particles carrying the unmodified wt
sequence. The background level, on the other hand, was set by
ribosomes reconstituted in the absence of the short RNA frag-
ment, implicating possible contaminations of protein extracts
or 508 subunit preparations. To be certain that oligonucleotides
carrying modifications that inactivate the ribosome are assem-
bled correctly, we performed filter binding assays measuring
the amount of oligonucleotides that are incorporated in the
reconstituted 30S subunit. All tested RNA fragments showed
similar incorporation into the 30S, implicating that the modifi-
cations do not interfere with the overall assembly (Fig. S2).

Furthermore, we reconstituted ribosomes using the unmodi-
fied wt RNA oligonucleotide and added equal amounts of RNA
carrying an inactivating modification to the same reaction. We
expected the poly(Phe) activity to be reduced compared with
wt if equal binding is given, indicating that about the half of the
30S subunits were harbouring the inactive RNA modification.
This indeed was the case excluding substantial binding differ-
ences of the tested modified RNA fragments (data not shown).

Effects of modified bases on translation
Position 1492

A1492 forms hydrogen bonds with the mRNA, nucleotides
G530 and C518 of the 16S rRNA and serine 50 of ribosomal
proteins S12 (Fig. 1A)."” We investigated the impact of disrupt-
ing single or multiple hydrogen bonds on translation by intro-
ducing modified RNA nucleotides (Fig. 2A). In the beginning
we concentrated on overall translation activity and took the
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Figure 2. (A) Chemical structures of the tested nucleoside analogs. (B) Product yield of ribosomes carrying modifications at A1492 or A1493 determined in a poly(U)
dependent poly(Phe) assay. The activity of ribosomes carrying the unmodified wt RNA oligonucleotide was taken as 1.0. The values shown are the mean £ SEM of at least
3 independent experiments. The bar depicted in gray represents relative poly(Phe) activity for the simultaneous incorporation of 2’-dA at 1492 and 1493.



poly(U) directed poly(Phe) synthesis as indication thereof
(Fig. 2B). The most severe chemical and steric modification
which was introduced in the decoding site was a deoxy-abasic
variant (d-abasic) (Fig. 2A), which eliminated not only all
hydrogen bonds but also potential stacking interactions. This
change of the decoding site composition drastically reduced the
activity to background levels and hardly allowed a reliable
quantification of the product formed (Fig. 2B). Single deletions
of proposed interaction partners did not reveal equally strong
effects. The incorporation of purine (Pu), lacking the amino
group at position 6, led to a slightly reduced activity, although
the amino group is in hydrogen bonding distance to C518 and
Ser(50) of S12. However, positioning a carbonyl oxygen at posi-
tion 6 (incorporating inosine (I)) showed an approximately 5-
fold reduction (Fig. 2B). The introduction of 2-aminopurine
(2-AP) at 1492 significantly reduced the amount of product
formed as well. Both of these modifications seem to explain
why G mutants are not able to efficiently translate the poly(U)
message. Neither inosine nor the 2-aminopurine was tolerated
in the decoding site whereas the lack of an exocyclic group at
position 6 of adenine did not drastically affect protein
biosynthesis.

Also the 2’-OH group of the ribose at position 1492 was
modified. This group is in hydrogen bonding distance with the
second nucleotide of the mRNA codon in the A-site. An incor-
poration of a deoxy-adenosine (2'-dA) retained almost full
activity. Even the introduction of a bulky methoxy-group (2'-
OCH3) reduced the amount of poly(Phe) only slightly, pointing
to a certain flexibility concerning the 2’ position of A1492.
Positioning a fluor-atom at the 2’ position (2'-F) even increased
the amount of peptide formed (Fig. 2B).

Position 1493

A1493 spans the minor groove of the codon-anticodon helix
and interacts with both the mRNA and the tRNA by hydrogen
bonds (Fig. 1A). Again we introduced nucleotide derivatives at
position 1493 to alter the composition of the decoding site. In
line with the results at position 1492 the deoxy-abasic deriva-
tive in the A-site almost completely eliminated ribosomal activ-
ity (Fig. 2B). However, introducing a purine at 1492 reduced
the product yield more than 2-fold, which is unexpected con-
sidering that no obvious hydrogen bonding partners were evi-
dent from the crystal structures (Fig. 2B). Incorporating an
inosine did not reduce the amount of formed peptide signifi-
cantly, rescuing the activity resulting from the absence of the
N6 amino group. Additionally, the introduced 2-aminopurine
hampered the ribosome to translate the poly(U) message. This
modification reduced the activity by a factor of 10, reminiscent
of the A to G substitution at this position. We also examined
the effect of dA-incorporation at 1493 and determined only a
small loss of product formation. Positioning hydrogen bond
acceptors like fluorine at the 2’ position resulted in a fully active
translation apparatus. The rather bulky methoxy group only
modestly reduced the translation activity.

Because the 2'-OH of A1492 and A1493 were both supposed
to be involved in multiple hydrogen bonds and single deletion
of these hydroxyl groups did not show strong defects in poly
(Phe) synthesis, deoxy-adenosines at position 1492 and 1493
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(2'-dAdA) were simultaneously introduced. Even these modi-
fied ribosomes showed considerable amounts of product
formed (Fig. 2B).

Additionally to using a poly(U) message, an mRNA carrying
a Shine Dalgarno (SD)-sequence as well as multiple UUC
codons were employed. In analogy to the poly(U) mRNA this
SD-(UUC);, -mRNA did not carry a start codon but an effi-
cient translation of this mRNA requires a faithful reading frame
maintenance because of the absence of the amino acids corre-
sponding to the frameshifted context. The amount of product
formed was significantly less (about 30 fold) than using a poly
(U) message as was also described for native 70S particles.*
However, these results in principal reflected those obtained by
using the standard poly(U) dependent translation assay sug-
gesting an unperturbed reading frame maintenance using
assembled 30S harboring split 16S rRNA (Fig. S3).

Rescue of abasic variants using paromomycin or
streptomycin

Aminoglycoside antibiotics are known to be able to compensate
for the loss of interactions in the A-site when using mRNA
codons harbouring 2'-deoxynucleotides.”> In addition, ribo-
somes carrying either A1492G or A1493G mutations can be
partly recovered from their defects in tRNA binding into the
A-site, peptide bond formation or EF-Tu dependent GTP
hydrolysis.>>*> We tested if the aminoglycoside antibiotics
paromomycin or streptomycin could rescue the hampered
ribosomes carrying the deoxy-abasic variant or the 2-AP in the
decoding site. The addition of paromomycin to reconstituted
ribosomes carrying the unmodified wt sequence, stimulated
poly(Phe) synthesis (Fig. 3). This was observed earlier using a
poly(U) based translation system using native ribosomes as
well.*® The abasic variants, showing no product formation in
the absence of aminoglycoside antibiotics, could be partially
activated by paromomycin, as were 2-AP harbouring ribo-
somes. Essentially the same effects but to a smaller extend could
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antibiotics (white) was set to 1. The values are means & SEM of at least 3 indepen-
dent experiments.
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be seen by adding streptomycin, which has a binding site dis-
tinct to paromomycin and a different mechanism of interacting
with the ribosome.””**

Translation fidelity of modified ribosomes

By chemically modifying the decoding site we wanted to addi-
tionally elucidate the effect on translation fidelity. We assumed
that eliminations of potential hydrogen bonding partners or
sterical modifications might significantly interfere with the
integrity of the decoding center and consequently reduce the
capability to accurately discriminate tRNAs. Classically, leucine
is the amino acid most frequently misincorporated when trans-
lating a poly(U) mRNA. The Leu codon differs from the Phe
codon only in the third position, which is not as tightly moni-
tored by the ribosome as the first 2 positions. The error rate of
reconstituted ribosomes carrying the unmodified sequence was
~1.8 misincorporations/1000 phenylalanines (Fig. 4A). Com-
pared to literature we detected higher numbers of misincorpo-
rations, which is likely to be caused by higher concentrations of
Mg**, that are needed to achieve efficient translation activities
using in vitro assembled ribosomes.’® The addition of neomy-
cin or paromomycin, members of the aminoglycoside family of
antibiotics, increased the number of misincorporations and val-
idated this modified experimental setup (Fig. 4A-C).
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All modifications at 1492/93 that showed considerable
translation activities were examined employing this misincor-
poration assay. 2-AP and the d-abasic could not be investigated
due to their low translation activity. Strikingly, neither modifi-
cations at the ribose nor at the base significantly reduced the
fidelity of the ribosomes (Fig. 4A). Because A1492 and A1493
are not supposed to be directly involved in monitoring the
wobble position of the codon, we also wanted to determine if
other amino acids are effected by the modified decoding site.
The amount of L-serine, L-tyrosine and L-lysine being misin-
corporated into a poly(Phe) peptide using a poly(U) message,
was determined. It was reported that mutations of the 16S
rRNA, which induce misreading are codon dependent,39 hence
also modifications at the decoding nucleotides A1492 and
A1493 might have codon-anticodon dependent effects.

We quantified the wrongly incorporated tyrosine, which is
encoded by UAC and UAU, placing a U-U mismatch at the
second position. For the unmodified reconstituted particles an
average error rate of ~0.6 Tyr/1000Phe was measured
(Fig. 4B). None of the introduced modifications did increase
the error rate considerably. To further examine the decoding
performance we also utilized L-serine having a U-G mismatch
at the second codon position to be analyzed. In line with our
results employing leucine and tyrosine, strong defects in tRNA
discrimination were not observed (Fig. 4C). Interestingly,

98]

error rate (Tyr / 1000 Phe)

O

15-

? Lys

i

o T

o

S 101

2

)

@ =]

2 5

5 I

® 0l - iz ol - W
N [s) 3 W &
SRR {E',b"' q’ OQN bv_b"'

P

Figure 4. Misincorporations of various amino acids in a poly(U) based translation system. Ribosomes were reconstituted harboring modifications at position 1492 (dark
gray) and 1493 (light gray) of the 16S rRNA. The error rates per ribosome per 1000 phenylalanines (Phe) translated were determined for leucine (A), tyrosine (B), serine
(0), and lysine (D), respectively. The antibiotics neomycin (Neo) or paromomycin (Paro) served as positive controls. The mean & SEM of at least 3 independent experi-

ments are shown.



ribosomes carrying a purine at 1492 or 1493 or harbouring ino-
sine at 1492 showed modestly higher misincorporations of ser-
ine into the poly(Phe) peptide chain.

Finally, we determined the misincorporation of lysine,
which can only be incorporated overcoming 3 non Watson-
Crick interactions. The tested modifications did not distinc-
tively alter the performance of the ribosome. However, some
modifications at 1492 did show a slightly higher number of
wrongly incorporated lysines (Fig. 4D). Because of the low
error rate in general (approximately 0.1 Lys/1000 Phe) these
effects have to be considered cautiously. Even in the presence
of aminoglycoside antibiotics the misincorporation of lysine
was low compare with the other amino acids tested (Fig. 4).

Discussion

In this study we established a novel in vitro 30S reconstitution
system to modulate the chemical and sterical composition of
the ribosomal decoding site. By employing a chemical synthe-
sized RNA oligonucleotide complementing a shortened in vitro
transcribed 5’ fragment for reconstitution of the 30S subunit, it
is possible to site-specifically introduce different types of nucle-
oside modifications at position 1492 and 1493 (Fig. 1B). This
allowed investigating the influence of single chemical groups of
the decoding site on translation activity and translation fidelity.

A1492 and A1493 were shown to be essential for ribosomal
function®® and mutations and deletions of these nucleotides
severely hampered translation.'*'®!” Deoxy-abasic sites at posi-
tion 1492 and 1493 were introduced, to eliminate most of the
potential interaction partners possibly involved in hydrogen
bonding or base-stacking interactions. In contrast to a complete
deletion of a nucleotide, the backbone is still intact and the
spacing between the neighboring nucleotides should not be
altered. Additionally, the ribose ring itself could also be contrib-
uting to the functionality.”® However, ribosomes encompassing
abasic sites did not show translation activity (Fig. 2A), under-
lining the necessity of the base during peptide synthesis. Ami-
noglycoside antibiotics like paromomycin could partially
recover the inactive ribosomes (Fig. 3) in a manner observed
with mutations at 1492 and 1493°>***! indicating that the pres-
ence of the bases is not absolutely essential to induce domain
closure, if paromomycin is bound. This agrees with recent crys-
tal structures that paromomycin binds the phosphate backbone
of 1493 and thereby modulates ribosomal functions.**

To dissect the decoding process more precisely, we intro-
duced adenine derivatives differing only at single positions
from the unmodified RNA (Fig. 2B). Interestingly, amino
groups at the C2-position at 1492 and 1493 seem to sterically
interfere with the geometry of the decoding site by disturbing
the A-minor motif.*>* Stacking effects are improbable to
be responsible because of a similar m-electron distribution
throughout the aromatic ring system within adenosine and
2-aminopurine.”” Unexpectedly, the amino group at A1492
could be eliminated without drastic effects on peptide synthesis.
According to the crystal structure this group is in hydrogen
bonding distance to Ser50 and C518. It is possible that the
interaction of N3 with U(4-5) is sufficient to provide the correct
geometry. However, an exocyclic oxygen at C6 either disturbs
the correct formation of a functional decoding site or interferes
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with translocation as this group is involved in the interaction
with EF-G.*?

According to structural data, the amino group at 1493 was
not found to be interacting with neighboring residues of the
decoding site (Fig. 1A). Nevertheless, the loss of this group
strongly reduced translation, but the activity could be rescued
by placing a carbonyl oxygen at this position (Fig. 2). This
indicates that a hydrogen bond acceptor is needed to form
a productive interaction with EF-G and consequently for
translocation.*?

The formation of hydrogen bonds between the 2'-OH
groups of A1492 and A1493 and the mRNA was proposed to
be an important part of the decoding process.>"* Employing
deoxy-adenosines in the decoding center allowed us to deter-
mine the importance of these interactions during translation.
Strikingly, the effects observed were modest (Fig. 2). Even a
simultaneous deletion of the 2’-hydroxyl groups at 1492 and
1493 did not fully inhibit the translation activity of the ribo-
some. This is in agreement with recent studies where 2’-deoxy
or 2'-fluorine nucleotides were introduced into mRNAs thereby
eliminating its interactions with A1492 and A1493.>

Being able to modulate the decoding site, we also investi-
gated the decoding fidelity of the modified ribosomes. Leucine
is the classic amino acid to be misincorporated at UUU, since
the Leu codons (UUA and UUG) only differ from the Phe
codon at the wobble position. Independent of the modification
we introduced at either 1492 or 1493, an increase in leucine
incorporation could not be observed. Even the simultaneous
introduction of dA1492 or dA1493 did not reduce the transla-
tion accuracy. These results indicate that the hydrogen bonds
formed by adenosine at 1492 or 1493 with the mRNA or tRNA
in the decoding site are not essential for faithful translation.

Because it was shown that mutations of the 16S rRNA that
influence translation fidelity to varying degrees depend on the
codon-anticodon interaction,”® different amino acids were
tested for their ability to be wrongly embodied in a poly(Phe)
peptide. For the incorporation of tyrosine a U-U mismatch at
the second codon position is present but none of the modifica-
tions tested made the ribosome more error-prone (Fig. 4B).
The same held true for a serine incorporation placing a U-G
mismatch at the second codon position (Fig. 4C). Only purines
at 1492 and 1493 or inosine at 1492 seem to increase the error
rate slightly, indicating a potential involvement of the exocyclic
N6 during decoding of this codon-anticodon combination.

When we tested for lysine, which is encoded by AAA and
AAG and 3 mismatches have to be overcome, we could deter-
mine a slightly increased error rate when incorporating modifi-
cations at position 1492. Although the overall error rate that
was determined was very low, modifications at the C6 and 2'-
ribose position seem to slightly lower the decoding fidelity. Pos-
sibly, the interactions formed by 1492 are adjuvant to help dis-
criminating certain types of codon-anticodon interactions.

Recent structural data proposed that the geometry of cog-
nate and near-cognate interactions at the decoding site show
the same geometry, excluding the possibility to discriminate
through differences in the number of hydrogen bonds
formed.”'*>** These findings based on high-resolution crystal
structures were supported by biochemical studies introducing
modified RNA nucleotides into the mRNA.>> Molecular
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dynamic studies proposed that the main task of G530, A1492
and A1493 is to exclude water molecules from the codon-
anticodon helix, thereby enhancing the discriminating power
of the ribosome.”* However, at the same time all atom molecu-
lar simulation studies argue in favor of hydrogen bonding
between A1492/A1493 and the mRNA/tRNA helix being an
essential part of the decoding process.*®

The use of reconstituted 30S subunits to substitute or delete
single chemical groups allowed us to evaluate the importance
of single interactions of A1492 and A1493 during peptide syn-
thesis. The advantage to manipulate the decoding site at the
molecular level comes with the disadvantage of lower transla-
tion activities, limiting certain applications. Nevertheless, this
approach enabled us to modify 16S rRNA nucleotides in the
decoding site and to describe their impact on translation activ-
ity and fidelity. We observed that single hydrogen bonds could
be removed without having a major impact on translation fidel-
ity, arguing against their general importance during the aa-
tRNA discrimination process. However, small defects depend-
ing on the codon-anticodon interactions could be detected.
This suggests that hydrogen bonding interactions might not
be essential but beneficial for discriminating certain codon-
anticodon combinations. It seems feasible that the decoding
site needs various tools to be able to read every possible codon-
anticodon interaction and decide which one to accept and
which one to reject.

Material and methods
Material

tRNAPP tRNAY® and tRNAPX as well as the poly(U)-mRNA
were ordered from Sigma Aldrich. The RNA oligonucleotides
and mRNAs used in this study were purchased from Integrated
DNA Technology (IDT), Microsynth or Dharmacon. Antibiot-
ics and reagents were dissolved in water, unless otherwise
stated.

Generating 16S rRNA constructs

To create the different 16S rRNA constructs used for reconstitu-
tion, transcription templates were generated by PCR and cloned
into pUC19 vectors. The full-length 16S rRNA gene was amplified
from genomic DNA of E. coli CAN20-12E using a forward primer
GGCTGCAGGATCCTAATACGACTCACTATAGGGAAATT

GAAGAGTTTGATCATGGCTCAGATTG including a T7 pro-
moter sequence (underlined) and the Pstl restriction site (bold).
Two additional Gs following the T7 promoter were introduced
during PCR to ensure efficient transcription initiation. The reverse
primer for this PCR with the sequence CCCGGATCCTAAG
GAGGTGATCCAACCGCAGGTTC contained a BamHI site
(bold) to enable run-off transcriptions. The PCR product was gel-
purified and subsequently cloned into a pUC19 vector using the
indicated restriction sites. The 16S rRNA-1485 was generated simi-
larly to the full-length 16S rRNA construct but using a different
reverse primer CCCCTCTAGAGTCATGAATCACAAAGTGG
TAAGC containing an Xbal restriction site. This transcription
template allowed the generation of the 16S rRNA terminating at
position 1485. Transcriptions were performed using the

RiboMAX™ Large Scale RNA Production System-T7 (Promega)
according to the manual. The transcript was purified as previously
described.”>** The RNA oligonucleotides compensating the miss-
ing 3’ end of the 16S rRNA with the sequence GGGGUGAAGUC
GUAACAAGGUAACCGUAGGGGAACCUGCGGUUGGAUC
ACCUCCUUA were chemically synthesized. The nucleotides cor-
responding to position 1492 and 1493 are depicted in bold.

30S in vitro reconstitution

The 30S subunits were assembled using 12 pmol 16S rRNA-
1485, 100 pmol of the RNA oligonucleotide and total pro-
teins of the 30S subunits in 1 x assembly buffer (25 mM
Tris/Cl pH 7.5, 330 mM KCI, 2 mM DTT).* For reconsti-
tutions using full-length 16S rRNA the MgCl, concentration
was set to 20 mM and for the split 16S rRNA to 30 mM.
The total proteins (TP30) were prepared according to a
modified protocol from.*® The last dialysis step of the pro-
tein preparation was performed against the buffer TKMD
(25 mM Tris/Cl pH7.5, IM KCl, 20 mM MgCl,, 2 mM
DTT).*> The optimal amount of TP30 added to one recon-
stitution was optimized after every protein preparation. The
rRNA and the ribosomal proteins were incubated separately
for 20 minutes at 40°C before combining them. After a sub-
sequent incubation step at 40°C for 40 minutes, 5 pmol of
purified E. coli 50S subunits were added and incubated for
20 minutes. The ribosomal particles were then precipitated
employing 3 volumes ethanol and the samples were incu-
bated at —80°C for 45 minutes. After a 30-minute centrifu-
gation step the pellets were resuspended in the reaction
buffer needed for subsequent functional testing.

Poly(U)-dependent poly(Phe) synthesis

The assay was modified from previously used protocols.”®**

One reaction contained the assembled 70S from one recon-
stitution (see above). During the first step the ribosomes
were dissolved in 15 pul buffer M (20mM Hepes/KOH 7.6,
10 mM MgAc,, 150 mM NH,Ac, 4 mM 2-mercaptoethanol,
2 mM spermidine, 0.05 mM spermine) containing 20 ug of
poly(U). The poly(U)-message was bound to the ribosome
for 15 minutes at 42°C. Meanwhile the charging reaction
was prepared containing 3.2 mM ATP, 1.6 mM GTP,
1.6 mM acetylphosphate, 1 nmol unlabelled L-phenylalanine,
which was combined with [*H]-L-phenylalanine (specific
activity ~300 cpm/pmol) and 4-5 ul of E. coli S100.*” The
binding and the charging reactions were combined and
incubated for 3 hours at 42°C. Then 30 ul of BSA (10 ug/
ul) were added and a hot trichloroacetic acid (TCA) precipi-
tation was performed. Therefore 2 ml of 5% TCA were
added and incubated for 15 minutes at 95°C. After cooling
the reaction on ice the samples were filtrated through glass
microfiber filters (Whatman) and subsequently washed with
2 ml of 5% TCA. The filters were dried using 2 ml of etha-
nol/ether (50/50) and quantified using a scintillation
counter. For the rescue experiments the antibiotics were
added after the binding and charging reactions were com-
bined to a final concentration of 5 uM.



Misincorporation assays

This assay was performed as described for poly(U)-dependent
poly(Phe) synthesis with following adjustments. For one reac-
tion 24 pmol of reconstituted 30S particles were associated with
10 pmol of native E. coli 50S subunits and treated as described
above. Instead of purified tRNA™™ tRNA""™ was added and
['*C]-L-Phe was employed instead of [*H]-L-Phe. L-Leucine
(L-Lysine, L-Serine, L-Tyrosine) was *H-labeled and the spe-
cific activity was between 7000-15000 cpm/pmol. The reactions
were incubated for 3 hours at 42°C. The scintillation counter
was programmed to allow the separation of *H and "*C signals.

Translation of SD-(UUC),;, mRNA

This assay was performed as described above with the poly(U)
mRNA but SD-(UUC);,-mRNA with the sequence GCGGCAAG
GAGGUAAAUAUUCUUCUUCUUCUUCUUCUUCUUCUU
CUUCUUCUUC was used instead.*® The specific activity of [*H]-
L-Phe was increased to 1500 cpm/pmol.

Quantification of the 57-mer in reconstituted particles

The reconstitution of the small ribosomal subunit was per-
formed in presence of **P-labeled oligonucleotides. After the
assembly of the 30S particle, filter binding was performed using
nitrocellulose filters (Millipore, MF 0.45 uM HA). The reaction
was applied on the filter in 100 ul assembly buffer and washed
with 2 ml of the same buffer. The **P-labeled oligonucleotides
were quantified using a scintillation counter.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Acknowledgment

We would like to thank Norbert Polacek, Melanie Amort, Alexander
Hiittenhofer and Thomas Hoernes for critical reading of the manuscript
and valuable suggestions and discussions. W. Piendl is acknowledged for
experimental support.

Funding

This work was supported by grants from the Austrian Science fund FWF
(P 22658-B12 to M.E.) and the “Tiroler Wissenschaftsfond” (UNI-0404/
987 to M.E.).

References

1. Rodnina MV, Wintermeyer W. Fidelity of aminoacyl-tRNA selection
on the ribosome: kinetic and structural mechanisms. Annu Rev Bio-
chem 2001; 70:415-35; PMID:11395413; http://dx.doi.org/10.1146/
annurev.biochem.70.1.415

2. Ogle JM, Ramakrishnan V. Structural insights into translational fidel-
ity. Annu Rev Biochem 2005; 74:129-77; PMID:15952884; http://dx.
doi.org/10.1146/annurev.biochem.74.061903.155440

3. Hopfield JJ. Kinetic proofreading: a new mechanism for reducing
errors in biosynthetic processes requiring high specificity. Proc Natl
Acad Sci U S A 1974; 71:4135-9; PMID:4530290; http://dx.doi.org/
10.1073/pnas.71.10.4135

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

RNA BIOLOGY 11

. Ninio J. Kinetic amplification of enzyme discrimination. Biochimie

1975; 57:587-95; PMID:1182215; http://dx.doi.org/10.1016/S0300-
9084(75)80139-8

. Pape T, Wintermeyer W, Rodnina M. Induced fit in initial selec-

tion and proofreading of aminoacyl-tRNA on the ribosome.
EMBO ] 1999; 18:3800-7; PMID:10393195; http://dx.doi.org/
10.1093/emboj/18.13.3800

. Pape T, Wintermeyer W, Rodnina MV. Complete kinetic mechanism

of elongation factor Tu-dependent binding of aminoacyl-tRNA to the
A site of the E. coli ribosome. EMBO ] 1998; 17:7490-7;
PMID:9857203; http://dx.doi.org/10.1093/emboj/17.24.7490

. Rodnina MV, Pape T, Fricke R, Kuhn L, Wintermeyer W. Initial bind-

ing of the elongation factor Tu.GTP.aminoacyl-tRNA complex pre-
ceding codon recognition on the ribosome. J Biol Chem 1996;
271:646-52; PMID:8557669; http://dx.doi.org/10.1074/jbc.271.2.646

. Johansson M, Bouakaz E, Lovmar M, Ehrenberg M. The kinetics of

ribosomal peptidyl transfer revisited. Mol Cell 2008; 30:589-98;
PMID:18538657; http://dx.doi.org/10.1016/j.molcel.2008.04.010

. Johansson M, Zhang J, Ehrenberg M. Genetic code translation dis-

plays a linear trade-off between efficiency and accuracy of tRNA selec-
tion. Proc Natl Acad Sci U S A 2012; 109:131-6; PMID:22190491;
http://dx.doi.org/10.1073/pnas.1116480109

Blanchard SC, Gonzalez RL, Kim HD, Chu S, Puglisi JD. tRNA selec-
tion and kinetic proofreading in translation. Nat Struct Mol Biol 2004;
11:1008-14; PMID:15448679; http://dx.doi.org/10.1038/nsmb831
Geggier P, Dave R, Feldman MB, Terry DS, Altman RB, Munro JB,
Blanchard SC. Conformational sampling of aminoacyl-tRNA during
selection on the bacterial ribosome. ] Mol Biol 2010; 399:576-95;
PMID:20434456; http://dx.doi.org/10.1016/j.jmb.2010.04.038

Davies ], Gilbert W, Gorini L. Streptomycin, Suppression, and the
Code. Proc Natl Acad Sci U S A 1964; 51:883-90; PMID:14173007;
http://dx.doi.org/10.1073/pnas.51.5.883

Noller HF, Chaires JB. Functional modification of 16S ribosomal RNA
by kethoxal. Proc Natl Acad Sci U S A 1972; 69:3115-8;
PMID:4564202; http://dx.doi.org/10.1073/pnas.69.11.3115

Moazed D, Noller HF. Transfer RNA shields specific nucleotides in
16S ribosomal RNA from attack by chemical probes. Cell 1986;
47:985-94; PMID:2430725; http://dx.doi.org/10.1016/0092-8674(86)
90813-5

Moazed D, Noller HF. Binding of tRNA to the ribosomal A and P sites
protects two distinct sets of nucleotides in 16 S rRNA. ] Mol Biol 1990;
211:135-45; PMID:2405162; http://dx.doi.org/10.1016/0022—2836(90)
90016-F

Yoshizawa S, Fourmy D, Puglisi JD. Recognition of the codon-antico-
don helix by ribosomal RNA. Science 1999; 285:1722-5;
PMID:10481006; http://dx.doi.org/10.1126/science.285.5434.1722
Abdi NM, Fredrick K. Contribution of 16S rRNA nucleotides forming
the 30S subunit A and P sites to translation in Escherichia coli. RNA
2005; 11:1624-32; PMID:16177132; http://dx.doi.org/10.1261/rna.21
18105

Wimberly BT, Brodersen DE, Clemons WM, Jr, Morgan-Warren RJ,
Carter AP, Vonrhein C, Hartsch T, Ramakrishnan V. Structure of the
30S ribosomal subunit. Nature 2000; 407:327-39; PMID:11014182;
http://dx.doi.org/10.1038/35030006

Ogle JM, Brodersen DE, Clemons WM, Jr, Tarry M]J, Carter AP, Ram-
akrishnan V. Recognition of cognate transfer RNA by the 30S ribo-
somal subunit. Science 2001; 292:897-902; PMID:11340196; http://dx.
doi.org/10.1126/science.1060612

Lescoute A, Westhof E. The A-minor motifs in the decoding recogni-
tion process. Biochimie 2006; 88:993-9; PMID:16889885; http://dx.
doi.org/10.1016/j.biochi.2006.05.018

Demeshkina N, Jenner L, Westhof E, Yusupov M, Yusupova G. A new
understanding of the decoding principle on the ribosome. Nature
2012; 484:256-9; PMID:22437501; http://dx.doi.org/10.1038/
naturel0913

Demeshkina N, Jenner L, Westhof E, Yusupov M, Yusupova G.
New structural insights into the decoding mechanism: translation
infidelity via a G.U pair with Watson-Crick geometry. FEBS Lett
2013; 587:1848-57; PMID:23707250; http://dx.doi.org/10.1016/j.
febslet.2013.05.009


http://dx.doi.org/10.1146/annurev.biochem.70.1.415
http://dx.doi.org/10.1146/annurev.biochem.70.1.415
http://dx.doi.org/15952884
http://dx.doi.org/10.1146/annurev.biochem.74.061903.155440
http://dx.doi.org/4530290
http://dx.doi.org/10.1073/pnas.71.10.4135
http://dx.doi.org/10.1016/S0300-9084(75)80139-8
http://dx.doi.org/10.1016/S0300-9084(75)80139-8
http://dx.doi.org/10393195
http://dx.doi.org/10.1093/emboj/18.13.3800
http://dx.doi.org/10.1093/emboj/17.24.7490
http://dx.doi.org/10.1074/jbc.271.2.646
http://dx.doi.org/10.1016/j.molcel.2008.04.010
http://dx.doi.org/22190491
http://dx.doi.org/10.1073/pnas.1116480109
http://dx.doi.org/10.1038/nsmb831
http://dx.doi.org/10.1016/j.jmb.2010.04.038
http://dx.doi.org/14173007
http://dx.doi.org/10.1073/pnas.51.5.883
http://dx.doi.org/10.1073/pnas.69.11.3115
http://dx.doi.org/10.1016/0092-8674(86)90813-5
http://dx.doi.org/10.1016/0092-8674(86)90813-5
http://dx.doi.org/10.1016/0022-2836(90)90016-F
http://dx.doi.org/10.1016/0022-2836(90)90016-F
http://dx.doi.org/10.1126/science.285.5434.1722
http://dx.doi.org/10.1261/rna.2118105
http://dx.doi.org/10.1261/rna.2118105
http://dx.doi.org/11014182
http://dx.doi.org/10.1038/35030006
http://dx.doi.org/11340196
http://dx.doi.org/10.1126/science.1060612
http://dx.doi.org/16889885
http://dx.doi.org/10.1016/j.biochi.2006.05.018
http://dx.doi.org/10.1038/nature10913
http://dx.doi.org/10.1038/nature10913
http://dx.doi.org/10.1016/j.febslet.2013.05.009
http://dx.doi.org/10.1016/j.febslet.2013.05.009

112 (&) P.SCHRODEET AL.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rozov A, Demeshkina N, Westhof E, Yusupov M, Yusupova G. Struc-
tural insights into the translational infidelity mechanism. Nat Commun
2015; 6:7251; PMID:26037619; http://dx.doi.org/10.1038/ncomms8251
Satpati P, Sund ], Aqvist J. Structure-based energetics of mRNA
decoding on the ribosome. Biochemistry 2014; 53:1714-22;
PMID:24564511; http://dx.doi.org/10.1021/bi5000355

Khade PK, Shi X, Joseph S. Steric complementarity in the decoding center
is important for tRNA selection by the ribosome. ] Mol Biol 2013;
425:3778-89; PMID:23542008; http://dx.doi.org/10.1016/j.jmb.2013.02.038
Zeng X, Chugh ], Casiano-Negroni A, Al-Hashimi HM, Brooks CL,
3rd. Flipping of the Ribosomal A-Site Adenines Provides a Basis for
tRNA Selection. ] Mol Biol 2014; 426:3201-13; PMID:24813122;
http://dx.doi.org/10.1016/j.jmb.2014.04.029

Held WA, Mizushima S, Nomura M. Reconstitution of Escherichia
coli 30 S ribosomal subunits from purified molecular components. |
Biol Chem 1973; 248:5720-30; PMID:4579428

Amort M, Wotzel B, Bakowska-Zywicka K, Erlacher MD, Micura R,
Polacek N. An intact ribose moiety at A2602 of 23S rRNA is key to
trigger peptidyl-tRNA hydrolysis during translation termination.
Nucleic Acids Res 2007; 35:5130-40; PMID:17660192; http://dx.doi.
org/10.1093/nar/gkm539

Clementi N, Chirkova A, Puffer B, Micura R, Polacek N. Atomic
mutagenesis reveals A2660 of 23S ribosomal RNA as key to EF-G
GTPase activation. Nat Chem Biol 2010; 6:344-51; PMID:20348921;
http://dx.doi.org/10.1038/nchembio.341

Erlacher MD, Lang K, Shankaran N, Wotzel B, Huttenhofer A, Micura
R, Mankin AS, Polacek N. Chemical engineering of the peptidyl trans-
ferase center reveals an important role of the 2'-hydroxyl group of
A2451. Nucleic Acids Res 2005; 33:1618-27; PMID:15767286; http://
dx.doi.org/10.1093/nar/gki308

Chirkova A, Erlacher MD, Clementi N, Zywicki M, Aigner M, Polacek
N. The role of the universally conserved A2450-C2063 base pair in the
ribosomal peptidyl transferase center. Nucleic Acids Res 2010;
38:4844-55; PMID:20375101; http://dx.doi.org/10.1093/nar/gkq213
Erlacher MD, Polacek N. Ribosomal catalysis: the evolution of mecha-
nistic concepts for peptide bond formation and peptidyl-tRNA hydro-
lysis. RNA Biol 2008; 5:5-12; PMID:18388484; http://dx.doi.org/
10.4161/rna.5.1.5922

Cochella L, Brunelle JL, Green R. Mutational analysis reveals two
independent molecular requirements during transfer RNA selection
on the ribosome. Nat Struct Mol Biol 2007; 14:30-6; PMID:17159993;
http://dx.doi.org/10.1038/nsmb1183

Melancon P, Gravel M, Boileau G, Brakier-Gingras L. Reassembly of
active 30S ribosomal subunits with an unmethylated in vitro tran-
scribed 16S rRNA. Biochem Cell Biol 1987; 65:1022-30;
PMID:3331285; http://dx.doi.org/10.1139/087-134

van Buul CP, Visser W, van Knippenberg PH. Increased translational
fidelity caused by the antibiotic kasugamycin and ribosomal ambiguity
in mutants harbouring the ksgA gene. FEBS Lett 1984; 177:119-24;
PMID:6568181; http://dx.doi.org/10.1016/0014-5793(84)80994-1
Szaflarski W, Vesper O, Teraoka Y, Plitta B, Wilson DN, Nierhaus
KH. New features of the ribosome and ribosomal inhibitors: non-

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

enzymatic recycling, misreading and back-translocation. ] Mol Biol
2008; 380:193-205; PMID:18508080; http://dx.doi.org/10.1016/j.
jmb.2008.04.060

Carter AP, Clemons WM, Brodersen DE, Morgan-Warren R],
Wimberly BT, Ramakrishnan V. Functional insights from the
structure of the 30S ribosomal subunit and its interactions with
antibiotics. Nature 2000; 407:340-8; PMID:11014183; http://dx.doi.
org/10.1038/35030019

Gromadski KB, Rodnina MV. Streptomycin interferes with conforma-
tional coupling between codon recognition and GTPase activation on
the ribosome. Nat Struct Mol Biol 2004; 11:316-22; PMID:15004548;
http://dx.doi.org/10.1038/nsmb742

McClory SP, Devaraj A, Fredrick K. Distinct functional classes of ram
mutations in 16S rRNA. RNA 2014; 20:496-504; PMID:24572811;
http://dx.doi.org/10.1261/rna.043331.113

Taliaferro DL, Farabaugh PJ. Testing constraints on rRNA bases that
make nonsequence-specific contacts with the codon-anticodon com-
plex in the ribosomal A site. RNA 2007; 13:1279-86; PMID:17592040;
http://dx.doi.org/10.1261/rna.552007

Pape T, Wintermeyer W, Rodnina MV. Conformational switch in the
decoding region of 16S rRNA during aminoacyl-tRNA selection on
the ribosome. Nat Struct Biol 2000; 7:104-7; PMID:10655610; http://
dx.doi.org/10.1038/72364

Liu G, Song G, Zhang D, Li Z, Lyu Z, Dong ], Achenbach ], Gong W,
Zhao XS, Nierhaus KH, et al. EF-G catalyzes tRNA translocation by
disrupting interactions between decoding center and codon-anticodon
duplex. Nat Struct Mol Biol 2014; 21(9):817-24; PMID:25108354;
http://dx.doi.org/10.1038/nsmb.2869

Rozov A, Demeshkina N, Khusainov I, Westhof E, Yusupov M,
Yusupova G. Novel base-pairing interactions at the tRNA wobble
position crucial for accurate reading of the genetic code. Nat
Commun 2016; 7:10457; PMID:26791911; http://dx.doi.org/
10.1038/ncomms10457

Erlacher MD, Chirkova A, Voegele P, Polacek N. Generation of chem-
ically engineered ribosomes for atomic mutagenesis studies on protein
biosynthesis. Nat Protoc 2011; 6:580-92; PMID:21527916; http://dx.
doi.org/10.1038/nprot.2011.306

Talkington MW, Siuzdak G, Williamson JR. An assembly landscape
for the 30S ribosomal subunit. Nature 2005; 438:628-32;
PMID:16319883; http://dx.doi.org/10.1038/nature04261

Nierhaus K. Reconstitution of ribosomes. In: Spedding G, ed. Ribo-
somes and Protein Synthesis: A practical approach. IRL Press at
Oxford University Press, 1990, 1990:161-89.

Bommer U, Burkhardt N, Jiinemann R, Spahn CMT, Triana-Alonso
FJ, and Nierhaus KH. Ribosomes and polysomes. In Subcellular frac-
tionation. A practical approach (eds. J. Graham and D. Rickwoods).
IRL Press, 1996; 271-301; IRL Press, Oxford University Press, Oxford,
UK

Koch M, Clementi N, Rusca N, Vogele P, Erlacher M, Polacek N. The
integrity of the G2421-C2395 base pair in the ribosomal E-site is cru-
cial for protein synthesis. RNA Biol 2015; 12:70-81; PMID:25826414;
http://dx.doi.org/10.1080/15476286.2015.1017218


http://dx.doi.org/10.1038/ncomms8251
http://dx.doi.org/10.1021/bi5000355
http://dx.doi.org/10.1016/j.jmb.2013.02.038
http://dx.doi.org/4579428
http://dx.doi.org/17660192
http://dx.doi.org/10.1093/nar/gkm539
http://dx.doi.org/20348921
http://dx.doi.org/10.1038/nchembio.341
http://dx.doi.org/15767286
http://dx.doi.org/10.1093/nar/gki308
http://dx.doi.org/10.1093/nar/gkq213
http://dx.doi.org/18388484
http://dx.doi.org/10.4161/rna.5.1.5922
http://dx.doi.org/17159993
http://dx.doi.org/10.1038/nsmb1183
http://dx.doi.org/10.1139/o87-134
http://dx.doi.org/10.1016/0014-5793(84)80994-1
http://dx.doi.org/10.1016/j.jmb.2008.04.060
http://dx.doi.org/10.1016/j.jmb.2008.04.060
http://dx.doi.org/11014183
http://dx.doi.org/10.1038/35030019
http://dx.doi.org/15004548
http://dx.doi.org/10.1038/nsmb742
http://dx.doi.org/24572811
http://dx.doi.org/10.1261/rna.043331.113
http://dx.doi.org/17592040
http://dx.doi.org/10.1261/rna.552007
http://dx.doi.org/10655610
http://dx.doi.org/10.1038/72364
http://dx.doi.org/26791911
http://dx.doi.org/10.1038/ncomms10457
http://dx.doi.org/21527916
http://dx.doi.org/10.1038/nprot.2011.306
http://dx.doi.org/10.1038/nature04261
http://dx.doi.org/25826414
http://dx.doi.org/10.1080/15476286.2015.1017218

	Abstract
	Introduction
	Results
	Split 16S rRNA for 30S assembly

	Effects of modified bases on translation
	Position 1492
	Position 1493
	Rescue of abasic variants using paromomycin or streptomycin
	Translation fidelity of modified ribosomes
	Discussion

	Material and methods
	Material
	Generating 16S rRNA constructs
	30S in vitro reconstitution
	Poly(U)-dependent poly(Phe) synthesis
	Misincorporation assays
	Translation of SD-(UUC)12 mRNA
	Quantification of the 57-mer in reconstituted particles

	Disclosure of potential conflicts of interest
	Acknowledgment
	Funding
	References

