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Chemical modifications of RNAs have long been established as key
modulators of nonprotein-coding RNA structure and function in
cells. There is a growing appreciation that messenger RNA (mRNA)
sequences responsible for directing protein synthesis can also be
posttranscriptionally modified. The enzymatic incorporation of mRNA
modifications hasmany potential outcomes, including changingmRNA
stability, protein recruitment, and translation. We tested how one
of the most common modifications present in mRNA coding regions,
pseudouridine (Ψ), impacts protein synthesis using a fully reconsti-
tuted bacterial translation system and human cells. Our work reveals
that replacing a single uridine nucleotide with Ψ in an mRNA codon
impedes amino acid addition and EF-Tu GTPase activation. A crystal
structure of the Thermus thermophilus 70S ribosome with a tRNAPhe

bound to aΨUU codon in the A site supports these findings. We also
find that the presence of Ψ can promote the low-level synthesis of
multiple peptide products from a single mRNA sequence in the recon-
stituted translation system as well as human cells, and increases the
rate of near-cognate Val-tRNAVal reacting on a ΨUU codon. The vast
majority ofΨ moieties in mRNAs are found in coding regions, and our
study suggests that one consequence of the ribosome encounteringΨ
can be to modestly alter both translation speed and mRNA decoding.
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Nucleosides in messenger RNAs (mRNAs) can be enzymatically
modified posttranscriptionally (1, 2) to expand the chemical and

topological properties of these essential biomolecules. Transcriptome-
wide mapping of individual modifications revealed the presence of
modifications in both the untranslated and protein-coding regions of
mRNAs (2, 3). The localization of modifications throughout mRNAs
suggests that modifications could potentially alter protein production
by multiple mechanisms, including affecting interactions of the
translating ribosomal complex with the mRNA, mRNA structure,
and mRNA stability. Among the mRNA modifications identified to
date, N6-methyladenonsine (m6A) and pseudouridine (Ψ) are the
most prevalent (2, 4). m6A modifications are estimated to occur in
half of the human mRNAs and cells contain a complement of
proteins reported to write, read, and erase the modification (5, 6).
Ψ has been mapped to hundreds of mRNA sequences (7–9),

and mass spectrometry studies report the Ψ/U ratio in human
cell lines to be comparable to that of m6A/A (∼0.3% for Ψ/U vs.
∼0.5% m6A/A) (10, 11). While the frequency ofΨ at most mapped
sites has not been established, estimates of Ψ-frequency based on
Ψ-seq experiments, and the direct measurement of Ψ occupancy
at a discrete site (in EEF1A1) indicate that Ψ can be incorpo-
rated at frequencies (>50%) comparable to well-occupied m6A
sites (8, 10). The preponderance of Ψ moieties in mRNA are in
coding regions (>60%), and while a host of pseudouridinylating
enzymes have been identified that incorporate Ψ into both mRNAs
and noncoding RNAs in a reproducible, specific, and inducible
manner (7–10, 12–14), no proteins that read or erase Ψ have
been discovered. Consequently, the ribosome surely encounters
Ψ in cells and it has been hypothesized that it could serve as a key

cellular component to read Ψ in mRNAs (2). How, or even if,
mRNA pseudouridinylation contributes to gene expression is not
yet apparent. Reporter-based studies in human cells and bacterial
lysates come to conflicting conclusions regarding the role of Ψ, with
some studies suggesting that the presence of Ψ in mRNA codons
increases protein production (15) and others reporting a reduction
in protein synthesis (16, 17). The clearest evidence of a biological
role for Ψ in mRNAs comes from studies in the parasite Toxoplasma
gondii where Ψ increases mRNA stability and facilitates parasite
differentiation (12, 13). Regardless of whether or not further
studies reveal a significant role forΨ in gene regulation, the ribosome
surely translates Ψ-containing codons in cells and it is important
to establish the possible outcomes of these events.
Since Ψ can alter the fundamental properties of RNAs, including

their secondary structures and base-pairing abilities (18–20), it has
been proposed that one consequence of Ψ could be to promote the
incorporation of multiple amino acids on a single codon (2, 8). Indeed,
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Ψ-containing stop codons have been observed to direct the nonsense
suppression of translation termination (14, 21), though the effect of
Ψ in stop codons remains an unresolved question (22). Thus far,
differential decoding of Ψ-containing sense codons has not yet
been reported (16, 17). Establishing if Ψ can alter tRNA selection on
the ribosome is a timely question given that a wide range of modified
nucleosides (Ψ, N1-methyl-Ψ, 2-thiouridine, 5-methyl-cytosine)
are being routinely inserted into synthetic mRNAs at high stoi-
chiometric ratios for therapeutic applications (15).
Identifying the consequences of Ψ mRNA modification is com-

plicated in cells because the enzymes that incorporate Ψ into
mRNA also catalyze Ψ addition to noncoding RNA species.
Furthermore, the impact of mRNA and protein stability on protein
output can be difficult to deconvolute from effects on translation in
cells. Here, we directly investigate the mechanistic effects of mRNA
pseudouridinylation on translation using in vitro enzymology as well
as X-ray crystallography, and support our in vitro conclusions with
cell-based approaches. Our results demonstrate that the insertion
of a single Ψ perturbs ribosome function and promotes the low-
level synthesis of multiple peptide products from a single mRNA
sequence in a context dependent manner. These studies provide a
foundation for understanding the effects of Ψ modification on
mRNA translation in cells.

Results
Ψ Reduces Rate Constants for Translation Elongation and EF-Tu
GTPase Activation. We assessed if Ψ impacts translation by perform-
ing kinetic assays with a well-established reconstituted Escherichia
coli translation system (23, 24). In our assays, 70 nM of E. coli 70S
ribosome complexes containing 35S-labeled formylmethionine-
tRNAfMet in the P site and a UUU codon in the A site were reacted
with 0.5–5 μM Phe-tRNAPhe•EF-Tu•GTP (ternary complex) at
37 °C and the products were visualized by electrophoretic TLC (SI
Appendix, Fig. S1). We measured the rate of phenylalanine (Phe)
addition on UUU,ΨUU, UΨU, and UUΨ codons because the rate
constant for dipeptide formation on UUU codon is well established
(23) andΨ is found regularly in UUU codons in cells (7, 10) (Fig. 1;
details of oligonucleotide quality assessment by UHPLC-MS/MS
in SI Appendix). Phe was incorporated robustly on unmodified
mRNAs with reaction end point and rate constants similar to
those previously reported (23, 25) (Fig. 1 and SI Appendix, Table S1).
fMet-Phe dipeptide formation catalyzed by ribosomes onΨ-containing
mRNAs also went to completion (SI Appendix, Table S1) and
the kmax for Phe incorporation under 5 μM concentrations of
Phe-tRNAPhe (15.7 ± 0.9 s−1) was unaffected (Fig. 1, SI Appendix,
Table S1). However, the rate constant for fMet-Phe dipeptide for-
mation was modestly reduced by 2-fold under reaction condi-
tions with subsaturating concentrations of Phe-tRNAPhe (Fig. 1C
and SI Appendix, Table S1). We approximated the K1/2 for Phe

incorporation on UUU and ΨUU and found that the value is
increased by 2-fold on ΨUU. Consistent with this, we find that
the production of a full-length luciferase peptide in the recon-
stituted in vitro translation system (NEB PURExpress) is 3-fold
slower on luciferase reporter mRNA with every U substituted for
Ψ (SI Appendix, Fig. S2).
The decreased observed rate constants for amino acid incor-

poration on pseudouridinylated codons under sub- and near-
saturating concentrations of Phe-tRNAPhe could reflect changes
in the rate constants for one or more of the multiple upstream
kinetic steps (23) (SI Appendix, Fig. S3). To gain further insight into
which steps are affected by Ψ, we measured the rate constants for
GTP hydrolysis by EF-Tu after binding of the aa-tRNA•EF-Tu•GTP
ternary complex to the A site. In these assays, 1.8 μM 3H-fMet-
labeled complexes were mixed with 100 nM of α-32P-GTP labeled
ternary complex. The observed rate constant for GTP hydro-
lysis on the unmodified UUU codon (kGTP = 78 ± 10 s−1) was
consistent with previously reported values (23), while the rate
constant was slower on theΨUU codon (kGTP = 42 ± 6 s−1) (Fig. 2
A and B, SI Appendix, Table S1).

tRNAPhe 3′CCA Is Not Ordered in the Crystal Structure of 70S Bacterial
Ribosome Complex with ΨUU. To investigate whether the presence
of Ψ in the mRNA codon alters tRNA interactions with the ribo-
some during translation elongation, we solved a crystal structure of
T. thermophilus 70S ribosome in complex with ΨUU-containing
mRNA, P-site tRNAi

Met, and A-site tRNAPhe (on a ΨUU A-site
codon) at 2.95 Å resolution (Fig. 2 C and D, SI Appendix, Table S2,
PDB 6OU1). We compared this structure to our previously
published structure of the same 70S ribosome complex con-
taining tRNAPhe from the same preparation in the ribosomal A
site recognizing unmodified Phe codon. In our ΨUU-containing
structure, we observed a strong electron density corresponding to
the body and the anticodon stem-loop of the A-site tRNAPhe

interacting with the mRNA codon (SI Appendix, Fig. S4), similar
to the previous structures containing unmodified mRNAs (26).
The RMSD value of 0.612 calculated for the entire body of the
A-site tRNA (residues 1–73) indicates that it remains in its nor-
mal position.
The observed electron density corresponding to the CCA-end

of tRNAs in the ribosomal A site is strong and well defined in
most of the previously published structures (26). As expected, this is
the case for the fully accommodated CCA-end of the tRNAPhe

interacting with the unmodified mRNA (Fig. 2C). However,
when the Ψ-containing mRNA is present we observed no elec-
tron density for the bases of the CCA-end of the same A-site
tRNAPhe even though the rest of the tRNA body was visible (Fig.
2D). Even after the refinement of our X-ray data against a 70S
ribosome model containing full-length tRNAPhe in the A site, no
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Fig. 1. Ψ changes amino acid incorporation by the ribosome. (A) Coding sequences for the Ψ-containing mRNA constructs. (B and C) Time courses displaying
the formation of fMet-Phe peptide on an unmodified and modified UUU codon [UUU (black circles), ΨUU (blue squares), UΨU (green diamonds), UUΨ (red
triangles)]. Time courses were collected under single-turnover conditions (70–100 nM 70S ribosome initiation complexes, with either [B] near-saturating [1 μM]
or [C] high [5 μM] levels of Phe-tRNAPhe).

Eyler et al. PNAS | November 12, 2019 | vol. 116 | no. 46 | 23069

BI
O
CH

EM
IS
TR

Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821754116/-/DCSupplemental


density for the bases of the CCA-end could be observed in the
(2Fo-Fc) electron density map (Fig. 2 D, Inset). These data point
to the flexibility of the CCA-end of the A-site tRNA interacting
with the ΨUU codon. As a consequence, the CCA-end of this
tRNA is unable to form canonical interactions in the A site of
the peptidyl transferase center (PTC) on the large ribosomal
subunit, which normally comprises the formation of the Watson–
Crick base pair between the C75 nucleotide of the A-site tRNA
and the G2553 of the 23S rRNA. Since the primary difference of
the 70S complex crystallized in this study is the substitution of
the uridine with Ψ in a canonical Phe codon, the absence of the
CCA-end in the electron density is likely attributed to changes in
codon decoding, which occur at the opposite end of the tRNA
molecule in the decoding center and apparently propagates all of
the way to the PTC (Fig. 2 C and D). The displacement of the A-
site tRNA CCA-end has been observed in multiple structures of
the ribosome bound to antibiotics [e.g., Madumycin II (27) or
Hygromycin A (28)]. In these antibiotic-bound ribosome structures,
the observed conformational changes in the CCA-end resulted
from steric interference between the CCA-end and the drug, which
prevented proper positioning of the tRNA acceptor stem in the 70S
ribosome PTC.

Ψ Promotes Amino Acid Substitution in a Reconstituted E. coli Translation
System. Ψ has the potential to change base-pairing interactions
between tRNA anticodons and mRNA. This has raised the possi-
bility thatΨmight, at some frequency, cause the ribosome to accept
an aminoacyl-tRNA (aa-tRNA) that would not be cognate on a

U-containing codon. To test this possibility, we prepared pools of
total aa-tRNA by charging total E. coli tRNA using an S100
extract. We then presented 70S ribosome complexes with a dilute
mixture of aa-tRNAs bound to EF-Tu instead of pure Phe-tRNAPhe.
If aa-tRNA selection is not altered then we should see fMet-Phe
dipeptide formation almost exclusively. As expected, 97% of the
dipeptides formed on UUU codons were the fMet-Phe product
(Fig. 3 and SI Appendix, Fig. S5). In contrast, mRNAs containing
ΨUU or UUΨ directed the synthesis of multiple products (Fig. 3)
with reasonable efficiency; nearly half of total peptides produced
on ΨUU mRNAs were alternative nonfMet-Phe products (Figs.
3B and SI Appendix, S5A). The extent to which Ψ promotes amino
acid substitution appears to be context dependent—we found dif-
ferent levels of amino acid substitution on ribosome complexes
programmed with modified stop codon (ΨAA) in the A site (Fig.
3C). Significantly, these experiments were performed under con-
ditions that mimic starvation and result in reduced translational
fidelity. We do not expect near-cognate tRNAs to compete as ef-
fectively against appreciable concentrations of cognate aa-tRNAs.
To determine which amino acids are incorporated on the

Ψ-containing UUU codons, we performed translation reactions
with total tRNA charged one at a time with either valine (Val),
isoleucine (Ile), leucine (Leu), or serine (Ser) (Fig. 4 and SI
Appendix, S5). These amino acids were selected for investigation
based on the migration of amino acid substituted peptides in
electrophoretic TLC experiments (Fig. 3A) and their tRNA an-
ticodons. Val and Leu were incorporated on ΨUU and UUΨ
codons, Ile was incorporated only on ΨUU, and Ser was not
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incorporated above background (Fig. 4B and SI Appendix, S5B).
Our data are consistent with the known possible base-pairing
interactions of Ψ (29–31), and additionally suggest that a Ψ:U
base pair can satisfy the requirements for decoding at the first
position (SI Appendix, Table S3). This is a surprising degree of
flexibility for the decoding site, which as a general rule strictly
monitors the codon-anticodon interaction.
To quantitatively determine if Ψ reduces the ability of E. coli

ribosomes to discriminate between cognate and near-/noncognate
aa-tRNAs, we performed kinetic assays with the near-cognate Val-
tRNAVal. We reacted 10 μM Val-tRNAVal ternary complexes with
100 nM 70S ribosomes containing 35S-fMet-tRNAMet in the P site
and UUU or ΨUU in the A site in the presence of EF-Ts and an
energy regeneration mix (32). We observed a burst followed by a
long linear phase (SI Appendix, Fig. S7). Both the burst and the rate
constant were 2-fold greater on ΨUU (Figs. 5A and SI Appendix,
S7). These differences could reflect changes in any step before and
including peptidyl-transfer, but—given our experimental conditions
([Mg(II)]free = 10 mM)—likely report on the relative rates of

accommodation and rejection of Val-tRNAVal on UUU and ΨUU,
similar to what was previously observed for the incorporation of a Leu-
tRNALeu on a UUU codon (33). These findings are consistent with the
2-fold increase we observe in Val incorporation on ΨUU reacted
with Val-tRNAVal charged from a mixture of total tRNA (Fig. 4B).

Ψ Increases the Levels of Amino Acid Substitution in Human Embryonic
Kidney Cells. We next investigated the effect of Ψ on amino acid
substitution during translation in eukaryotic cells. Luciferase mRNA
was transcribed in vitro with either uridine or Ψ and transfected into
293H cells (SI Appendix, Fig. S8). Full-length luciferase protein was
purified (SI Appendix, Fig. S9) and analyzed by mass spectrometry
with a focus on a specific luciferase peptide with favorable ionization
characteristics. Amino acid substitutions in this peptide, which to-
taled ∼1%, were only observed in peptides generated from
Ψ-containing mRNAs (Figs. 4C and SI Appendix, Fig. S10, and
Tables S4 and S5). We also extended our analyses to the entire
luciferase dataset. Luciferase protein translated from Ψ-containing
mRNAs possessed a significantly higher rate of amino acid sub-
stitution (totaling ∼1.5%, integrated over all Ψ-containing codons)
relative to protein synthesized from uridine-containing mRNAs
(substitutions totaling <0.05% were observed only on two Val co-
dons) (SI Appendix, Table S6). The miscoding events that we ob-
served in our unmodified uridine-containing samples (Val
substitutions) are likely relatively common substitutions as they
have also been seen by more sophisticated mass-spectrometry
approaches investigating unmodified EF-Tu sequences (34).
These observations are consistent with the expected levels of
amino acid substitution that we would estimate from our
in vitro kinetic studies with cognate Phe-tRNAPhe and near-
cognate Val-tRNAVal, which suggest that under conditions where
all tRNAs are equally well charged and available, the expected total
level of amino acid substitution onΨUU codons should be ∼1% (SI
Appendix, Fig. S7).

mRNA:tRNA Mismatches on ΨAA in the P Site Not Surveilled by E. coli
Ribosome. Our data indicate that the ribosome can interact differ-
ently with near-/noncognate aa-tRNAs whenΨ is present within the
A-site codons. To assess if Ψ also alters how the ribosome perceives
mRNA:tRNA interactions in the P site, we investigated if the ribosome
detects mRNA:tRNA mismatches on Ψ-containing P-site codons.
On unmodified codons E. coli ribosomes sense P-site mismatches,
and release factors 2 and 3 (RF2/3) catalyze the hydrolysis of trun-
cated peptides containing substituted amino acids from sense
(nonstop) codon to ensure translational fidelity (Fig. 5B) (35).
We tested if mismatches involving a pseudouridinylated codon
are similarly surveilled by reacting ribosome initiation complexes
containing UAA or ΨAA in the A site with ternary complexes
containing Lys-tRNALys in the presence of elongation factor G
(EF-G). This generated a mixture of mismatched ribosome com-
plexes containing either fMet-Lys-tRNALys or fMet-Lys-Lys-
tRNALys in the P site (Figs. 5 and SI Appendix, Fig. S11 A and B).
We then added RF2 or RF2/RF3 and measured the rate constants
for fMet-Lys (MK) and fMet-Lys-Lys (MKK) peptide release from
these mRNAs. If a mismatch is detected, we expect that RF2/RF3
will catalyze premature peptide release much faster than RF2 alone
(35). On the unmodified mRNA we observed that MK and MKK
peptides are released by RF/RF3 at rates comparable to those
previously reported for other mismatched complexes (Figs. 5 and SI
Appendix, Fig. S11C andD) (35). In contrast, whenΨAA is in the P
site, the MK peptide was not released (Figs. 5C and SI Appendix,
Fig. S11E). However, when ΨAA is translocated into the E site,
MKK peptide release was catalyzed by RF2/RF3; this means that
the mismatch between the tRNALys and the GUU codon in the P
site is surveilled on the Ψ-containing transcript (Fig. S11F). Our
data demonstrate that mRNA:tRNA mismatches on ΨAA P-site
codons are not sensed, suggesting that Ψ can alter how the ribo-
some interacts with near-/noncognate aa-tRNAs in the P site.
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Fig. 4. Amino acids from near-cognate and noncognate tRNAs are in-
corporated on Ψ-containing codons. (A) Electrophoretic TLC displaying the
translation products of NNN and Ψ-containing messages in the presence of
total aa-tRNA (total), total tRNA aminoacylated with valine (val TC), total
tRNA aminoacylated with isoleucine (ile TC), and total aa-tRNA amino-
acylated with leucine (leu TC). (B) Percent of MV/ML/MI products generated
on UUU and Ψ-containing codons relative to NNN. The values plotted are the
mean of 4 experiments and the error bars reflect the SE. (C) Summary of
amino acid substitutions observed by mass spectrometry in a luciferase
peptide incorporated on Ψ-containing mRNAs translated in 293H cells.
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Class I Release Factor 1 (RF1) Is Modestly Impeded by the Presence
of Ψ. The presence of Ψ in stop codons has been reported to pro-
mote nonsense suppression, incorporating Ser or Thr instead of
terminating translation on UAA codons, in both bacteria and yeast
cells (14, 21). Computational studies have predicted that this is due
to alterations in release factor activity on pseudouridinylated stop
codons (36). To assess if Ψ alters the ability of class I release factors
to catalyze the hydrolysis of the peptide from peptidyl-tRNA, we
measured the rate constants for peptide release on mRNAs
encoding methionine followed by the universal stop codon (UAA/
ΨAA) (Fig. 5 D and E). At saturating concentrations of RF1 or
RF2, peptide release on the UAA codon occurred with rate con-
stants (kmax,release) between 0.06–0.24 s−1 at 22 °C, consistent with
previously published values (35, 37) (Fig. 5 D and E and SI Ap-
pendix, Table S7). Peptide release on the ΨAA codon was only
modestly perturbed: kmax,release for RF1 was decreased ∼3-fold, but
kmax,release for RF2, and the K1/2 for both RF1 and RF2 were un-
changed (Fig. 5 D and E and SI Appendix, Fig. S12 and Table S7).
Our results are mostly consistent with a previous study utilizing RF1
and the A246T variant of RF2 (38), which found no difference in
rate constants for peptide release on wild-type and Ψ-containing
stop codons (22). The modest impact on RF1 activity appears to be
specific to Ψ, as we find that m6A impedes RF2‒, but not RF1‒,
mediated peptide release (SI Appendix, Figs. S13 and S14). To-
gether, the low magnitude decrease in the rate constant for RF1
catalyzed release, our failure to incorporate Ser on ΨAA in the
absence of release factors (SI Appendix, Fig. S15), and our inability
to detect extended products from a fully Ψ substituted luciferase
reporter in the NEB PURExpress in vitro translation system, sug-
gest that Ψ is unlikely to significantly suppress translation termi-
nation under normal cellular conditions.

Discussion
The inability to knock out the enzymes that incorporate Ψ into
mRNAs without also impacting noncoding RNA modification,
coupled with the lack of known Ψ reader or eraser proteins, has
made it difficult to investigate the biological consequences of Ψ
mRNA modifications. We approached this challenge by using a

fully reconstituted in vitro translation assay and asking how the
function of one possible Ψ reader, the ribosome, is impacted by
the pseudouridinylation of mRNAs. Our studies show that the
presence of Ψ in codons subtly changes how the ribosome interacts
with both cognate and non/near-cognate aa-tRNAs. We observed
that Ψ-containing codons perturb the translation of cognate codons
and promote the synthesis of a variety of peptide products from a
single mRNA more often than from unmodified mRNAs both in a
reconstituted bacterial translation system and human cells.
Consideration of our kinetic and structural data with respect

to the established mechanistic paradigm for aa-tRNA binding to
the A site (SI Appendix, Fig. S3) (23) provides some insight into
the mechanistic effects of Ψ. We observed reductions in the rate
constants for amino acid addition (kobs) and EF-Tu catalyzed
GTP-hydrolysis (kGTP) on Ψ-containing codons, consistent with
our finding that Ψ-substituted codons decrease the overall rate of
full-length protein production. The changes to kobs, kGTP, and
Mg(II) dependence of our observations (SI Appendix, Fig. S16)
are reminiscent of those seen for near-cognate tRNAs (33), al-
though more subtle, suggesting that pseudouridinylated codon
recognition exists somewhere on a spectrum between cognate and
near-cognate complexes. Our structural data provide further evi-
dence that the ribosome interacts differently with tRNAs bound to
Ψ-containing codons. We find that the 3′ CCA of the A-site tRNA
becomes disordered, suggesting that the unconventional decod-
ing of the ΨUU A-site codon at the decoding center in the small
ribosomal subunit leads to long-range changes in the acceptor stem
of the A-site tRNA located in the PTC on the large ribosomal
subunit. Taken as a whole, our kinetic and structural results indicate
that Ψ modestly impacts multiple steps in the translation kinetic
pathway to exert an overall observed effect on amino acid addition.
Our kinetic and mass-spectrometry data demonstrate that

while amino acid substitution is increased in the presence of Ψ,
these events are relatively rare in unstressed cells (<1.5%). Fur-
thermore, many amino acid substitutions would likely be neutral,
so the incorporation of Ψ in mRNAs would not be expected to
generate significant quantities of nonfunctional protein under
normal cellular conditions. Nonetheless, there could be some con-
ditions or sequence contexts in which Ψ-mediated amino acid
substitution happens more robustly. Our observation that Ψ alters
decoding by the ribosome in cells differs from previous reporter-
based studies that did not observe amino acid substitutions at a
single, defined position in a full-length ErmCL reporter peptide
or in a fully Ψ-substituted GFP reporter (16, 17). There are several
potential explanations for this discrepancy. First, our mass-
spectrometry assays were able to detect multiple in vivo amino
acid substitution events that occurred at frequencies (0.1–0.4%; SI
Appendix, Tables S5 and S6) lower than the reported limit of
detection for the GFP study (∼1%). Second, the effect of Ψ on
decoding could depend strongly on local mRNA sequence and
structure (39). This would be unsurprising, given that our studies
indicate the degree of alternative amino acid incorporation de-
pends both on codon identity and nucleotide position within a
codon (Fig. 3). Such context dependence has been previously
observed for inosine; both how inosine is decoded and the frequency
of amino acid substitution (0.5–25%) range widely depending on
sequence context (40). Third, cellular stresses change the available
pool of aa-tRNAs and distribution of mRNA modifications (7, 41).
The extent of amino acid substitution should be highly sensitive to
the relative levels of aa-tRNAs, so different cellular conditions will
likely modulate the degree of amino acid substitution. Lastly, it is
possible that the observability of alternative decoding in different
mRNAs could be quite distinct based on the identity of the mRNA
and the posttranslational fate of the amino acid substituted peptide.
We observed that Ψ-containing codons modestly affect the

ability of the ribosome to incorporate Phe, in line with studies by
ourselves (SI Appendix, Fig. S2) and others demonstrating that
overall protein production is reduced by on mRNA reporters
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containing either a single- (<2-fold) (16, 17) or fully Ψ substituted
codons (3-fold) in a fully reconstituted E. coli translation system
and human cells (17). We anticipate that the effect ofΨ on the rate
of codon translation may depend on the sequence context of the
codon; we have seen that incorporating Ψ into different mRNA
sequences coding for identical luciferase peptides can have very
different protein expression outcomes in 293H cells (SI Appendix,
Fig. S17). Overall, our findings are similar to what has been
reported for the decoding of m6A and 2′ O-methyl containing co-
dons (32, 42) suggesting that mRNA modifications might generally
alter aa-tRNA binding and accommodation. Given the propensity
of the ribosome to react with near- and noncognate aa-tRNAs
during the translation of Ψ-containing mRNAs (Figs. 3 and 4),
these small rate defects could become important for cognate
aa-tRNA selection under conditions of cellular stress or starvation.
We speculate that it could be advantageous for cells to maintain a
small reservoir of protein diversity for evolution and adaptation to
environmental stresses (43, 44). Indeed, increased levels of amino
acid substitution have been shown to increase cellular fitness
under oxidative and temperature stress, and during transition
from stationary to cell growth conditions (45–47). The idea that
amino acid substitution levels might vary in response to cellular
conditions is supported by a recent study demonstrating that the
frequency of amino acid substitutions in the E. coli EF-Tu varies
by as much as 2 orders of magnitude depending on protein ex-
pression level (34). Ultimately, the full suite of modern scientific
tools—including ensemble and single-molecule biochemistry,
deep sequencing, and cell biology—will be required to un-
derstand how a single modification is coupled to mRNA stability
and protein synthesis in the cell.

Materials and Methods
Tight-couple 70S ribosomes were purified from E. coli MRE600. Unmodified
mRNAs were prepared by run-off T7 transcription of DNA oligonucleotides.
mRNAs containing modified nucleotides were synthesized and HPLC purified
by Dharmacon and their quality was assessed by UHPLC-MS/MS (SI Appendix,
Fig. S18). E. coli transfer RNAs were purchased from either MP Biomedical,
Sigma, or tRNA Probes. All translation experiments were performed in 1×
219-Tris buffer (50 mM Tris pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2,
5 mM β-ME) as previously described (25, 35). Initiation complexes were pu-
rified by ultracentrifugation. Detailed procedures and reaction conditions
for all experiments are provided in the SI Appendix.

Data Availability. Coordinates and structure factors were deposited in the
RCSB Protein Data Bank.
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