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The ribosome utilizes hydrogen bonding between mRNA codons and
aminoacyl-tRNAs to ensure rapid and accurate protein production. Chemical
modification of mRNA nucleobases can adjust the strength and pattern of this
hydrogen bonding to alter protein synthesis. We investigate how the N1-
methylpseudouridine (m'¥) modification, commonly incorporated into ther-
apeutic and vaccine mRNA sequences, influences the speed and fidelity of
translation. We find that m'W does not substantially change the rate constants
for amino acid addition by cognate tRNAs or termination by release factors.
However, we also find that m'W can subtly modulate the fidelity of amino acid
incorporation in a codon-position and tRNA dependent manner in vitro and in
human cells. Our computational modeling shows that altered energetics of
mRNA:tRNA interactions largely account for the context dependence of the

low levels of miscoding we observe on W and m'® containing codons. The
outcome of translation on modified mRNA bases is thus governed by the
sequence context in which they occur.

Chemically modified nucleosides are present in all organisms, often
playing essential roles in key cellular processes including splicing and
translation'>. Defects in ribosomal RNA (rRNA) and transfer RNA
(tRNA) modifying enzymes are linked to a host of deleterious human
health outcomes, illustrating the importance of RNA modifications in
protein synthesis*”. There are over 150 unique modifications reported
in RNAs that range in size and complexity from isomerized or satu-
rated nucleosides (e.g. pseudouridine and dihydrouridine) to large,
chemically diverse functional groups (e.g. NAD*, N®-threonylcarba-
moyladenosine, glycan and farnesyl)®*". RNA modifications have been
widely studied for almost three quarters of a century and until recently
were thought to be almost exclusively incorporated into non-coding
RNA species (ncRNAs). However, the transcriptome wide mapping of
13 RNA modifications revealed that protein coding messenger RNAs
(mRNAs) can also contain modifications at thousands of sites'>". This

discovery raised the possibility that mRNA modifications might play a
previously underappreciated role in post-transcriptionally regulating
gene expression.

The majority of enzymes that modify mRNAs also catalyze their
incorporation into ncRNAs central to protein synthesis®. Like their
protein post-translational counterparts, mRNA post-transcriptional
modifications are generally present at sub-stoichiometric levels, with
transcripts existing in a mixed population of modified and unmodified
states™ . Together these circumstances make ascertaining the impact
of mRNA modifications on translation challenging. In cells, any chan-
ges to protein output observed when RNA modifying enzymes are
removed cannot be directly attributed to alterations in a particular
mRNA’s modification status. Therefore, studies using reconstituted
translation systems, where it is possible to uniformly change the
modification status of an mRNA without impacting that of ncRNA, have
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been particularly useful for assessing the consequences of mRNA
modifications on translation elongation'. Although these recon-
stituted systems are typically bacterial in origin, the core mechanism of
elongation phase of translation is fairly well conserved between bac-
teria and eukaryotes®. Initial studies reveal that modifications
commonly slow the ribosome, though some only do so only in parti-
cular mRNA sequence contexts'®. Additionally, a subset of mRNA
modifications, including pseudouridine (W) and inosine (I), also mod-
ulate codon decoding by the ribosome to varying degrees? . These
findings suggest that there is a broad range of possible consequences
when the ribosome encounters an mRNA modification. Developing a
framework for understanding how individual modifications impact
translation in differing sequence contexts will be crucial as researchers
seek to uncover which of the thousands of chemically modified posi-
tions reported in mRNA codons are the most likely to have con-
sequences for protein synthesis in cells.

In addition to being present in naturally occurring RNA molecules,
modifications are also heavily incorporated in RNA-based therapeutics
and mRNA vaccines® . Indeed, the mRNA transcripts that form the
basis of many currently available COVID-19 mRNA vaccines substitute
every uridine nucleoside with N1-methylpseudouridine (m'W)*. The
addition of m'W limits the cellular innate immune response to dra-
matically stabilize the mRNA transcript, and ultimately increase the
amount of protein synthesized*>*. Recent studies in a lysate-based
translation system suggest that m'W slows the ribosome in a manner
that can be alleviated by the addition of membranes®. However, there
is limited information available directly evaluating how m'¥ can
influence the rate and fidelity of amino acid addition, apart from stu-
dies establishing the translational accuracy of the carefully engineered
COVID mRNA vaccine constructs®**. This is an important question to
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Fig. 1| Cognate amino acid addition is modestly increased on UUm'¥, but not
m'¥ UU or Um'WU, codons. A The chemical structures of the nucleobases we
investigated. B The formation of ‘Met-Phe (MF) dipeptide as a function of time by E.
coli ribosomes containing *S-Met-tRNA™* bound to an AUG start codon in the P
site, and unmodified (black circles - UUU, n =23 reactions divided between 2
experiments) or modified (blue squares - m'WUU (n = 36 reactions conducted in 3
experiments), green diamonds - Um'WU (n = 45 reactions over 4 experiments), red
triangles - UUm'W (n = 44 reactions/3 experiments)) codons in the A site. C The Ky,
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ask because m'W shares much of its structure with pseudouridine (W)
(Fig. 1A), a modification that has been shown to change translation
speed and tRNA selection®>*%*°, Furthermore, recent findings indi-
cate that m'¥ promote low levels of +1 ribosomal frameshifting on the
COVID mRNA vaccine sequence, likely promoted by slowed-down
translation®>***”. Even subtle changes in translation rates or fidelity
have the potential to impact protein folding or function***. Therefore,
establishing if there are situations in which m'W can alter translation
will be critical for the continued design of mRNA-based therapeutics
and vaccines in addition to understanding how different types of
chemical moieties and contexts impact translation.

To ascertain the molecular level consequences of m'¥ codon
maodifications on ribosome decoding, we compared the translation of
unmodified and m'W- modified codons in both a fully reconstituted
bacterial in vitro translation system and HEK293 cells. These studies
reveal that, in contrast to W, the presence of a single m'¥ does not
substantially reduce the rate constant for cognate amino acid addition.
However, m'W does influence the accuracy of amino acid addition. We
demonstrate that W and m'¥ can both impede and enhance alternative
tRNA selection depending on the surrounding sequence context and
identity of the tRNA. Comparison of how W and m'¥ modifications
affect translation reveal that uridine base isomerization and methyla-
tion each contribute to the ability of m'W to perturb mRNA decoding.
Computational modeling of tRNA"YA¢ bound to modified and unmo-
dified Phe (UUU) codons in the context of the A site suggests that
changes in the energies of mRNA:tRNA interactions likely account for
the context dependent effects of W and m'¥ we observe. These find-
ings demonstrate that W and m'W modulate ribosome decoding and
have the potential to impact the speed and accuracy of protein pro-
duction from both native and therapeutic mRNA sequences.
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curve for RF1. Fitted kops values (n =12 independent measurements of kqps) for RF1-
catalyzed *S-Met release on UAA (circles) or m'WAA (squares) are displayed as a
function of [RF1]. D The K, curve for RF2. Fitted k,ps Values (n =11 independent
measurements of ko) for RF2-catalyzed *°S-Met release on an UAA (black circles)
or m'WAA (blue squares) are displayed as a function of [RF2]. Error bars in (C) and
(D) indicate the standard error of the fitted value of kop,s. Source data are provided
as Source Data file.
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Results

m'W modestly impacts the rate constant for Phe addition in
some sequence contexts

We used a fully reconstituted E. coli in vitro translation system to
evaluate the consequences of incorporating m'® into mRNA codons
on translation elongation and termination. In contrast to reporter-
based studies in cells and lysates, the in vitro system we implemented
is not influenced by extra-translational factors that can change
observed protein levels (e.g. RNases and proteases) and allows us to
directly and quantitatively examine individual steps along the trans-
lation pathway*. This E. coli translation system has long been used to
study translation elongation because tRNA binding sites and ribosome
peptidyl-transfer center are highly conserved between eukaryotic and
bacterial ribosomes'*~?",

The rate constants for amino acid addition were measured on
unmodified (UUU) and m'¥ modified (m'$UU, Um'WU, and UUmM'Y)
phenylalanine (Phe) codons (Fig. 1B). We chose to first evaluate amino
acid incorporation rates on a UUU codon because the kinetics of Phe
addition on UUU is well established, and UUU codons are present in
the Pfizer/BioNTech mRNA COVID-19 vaccine sequence®. Our trans-
lation reactions were initiated by mixing E. coli 70 S ribosome initiation
complexes (ICs; *S-labeled formylmethionine-tRNA™ [35S-Met]
bound to an AUG in the P site and Phe codon in the A site) with an
excess of ternary complexes (TCs; Phe-tRNAP"-EF-Tu+-GTP). Reactions
were quenched at select time points, and the unreacted *S-Met and
3S-"Met-Phe products visualized by electrophoretic TLC (eTLC) (Sup-
plementary Fig. 2A). These studies reveal that cognate Phe incor-
poration on m'¥ modified codons is largely unchanged, though we
observe a very slight (2 + 0.3 -fold) increase in the rate constant for Phe
addition when m'W is in the third position in the codon (Fig. 1B, Sup-
plementary Fig. 2B, Supplementary Table 1). Similarly, the inclusion of
m'W across all codon positions (M'Wm'Wm'W) results in no observable
defect in Phe addition.

All three stop codons begin with uridine (UAA, UAG, UGA)
ensuring that modified stop codons will be present in synthetic mRNA-
based vaccines and therapeutics. We evaluated the ability of bacterial
class I release factors (RF1 and RF2) to hydrolyze peptidyl-tRNA bonds
and terminate translation on m'¥ modified stop codons. To accom-
plish this, we reacted termination complexes (E. coli 70 S ribosomes
with ¥S-Met bound to an AUG in the P site, and a universal stop codon
positioned in the A site (UAA, m'WAA)) with varying concentrations of
RF1 and RF2 (0.05-10 pM). The reactions were quenched at a range of
time points and *S-‘Met hydrolyzed by RFs was detected on an eTLC
(Supplementary Figs. 3 and 4). The observed rate constants for peptide
release (Kopsmax) 0N UAA and m'WAA codons are equivalent (-0.1s™)
and comparable previously published termination rates on an unmo-
dified UAA codon (Supplementary Tables 2 and 3)***". Effects on Ky,
were minimal (Fig. 1C, D, Supplementary Tables 2, 3) and not statisti-
cally significant. In sum, we do not expect m'W to impede translation
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Fig. 2 | m1W impacts amino acid selectivity in vitro and in HEK293 cells.

A Representative eTLC displaying dipeptide products from translation reactions
performed with 70 S initiation complexes (ICs) containing an unmodified UUU or
m'WUU codon in the A site and total £. coli tRNA aminoacylated with a single amino
acid (aa-TC). Relative to ICs containing a UUU codon in the A site, higher levels of

termination in cells unless the concentration of release factors
becomes severely limited, or, the termination codon is in a particularly
poor sequence context***°, This supposition is supported by numer-
ous observations that reporter peptides and therapeutic RNA
sequences generated from fully m'W-substituted mRNAs yield protein
products of the expected length®>%*,

m'Y influences aminoacyl-tRNA selection by the ribosome in a
context dependent manner
Chemical modifications to mRNA nucleobases can change the pro-
pensity of the ribosome to incorporate alternative amino acids into a
growing polypeptide chain’®. In comparison to uridine, m'¥ possesses
a repositioned, methylated nitrogen in its pyrimidine ring (Fig. 1A).
These two changes provide m'W the opportunity to alter the con-
formational fit of an mRNA in the ribosome, and potentially change the
strength and pattern of mRNA:tRNA interactions. Consistent with this
idea, W, which shares a repositioned nitrogen with m'W, was previously
shown to enhance the reaction of some non-cognate tRNAs on UUU
codons in vitro and in HEK293 cells®. To begin examining if m'W
similarly influences aminoacyl-tRNA (aa-tRNA) selection, we qualita-
tively evaluated the impact of m'W on the propensity of Phe codons to
react with tRNAs beyond tRNA™, In these assays, 70 S E. coli initiation
complexes were generated with unmodified (UUU) and modified
(M'WUU, Um'WU, and UUm'W) codons in the A site, and reacted with
EF-Tu containing ternary complexes formed using a mixture of total
tRNA aminoacylated either by reacting all 20 amino acids with S100
(total aa-tRNA™), or with a single amino acid and aminoacyl tRNA
synthetase (Phe-tRNA™®, Ser-tRNAS, Leu-tRNA', Ile-tRNA"™ and Val-
tRNAY)*, Relative to UUU, we observed that m'WUU reacts more
robustly with total aa-tRNA*, and promotes the production of higher-
levels of miscoded Met-lle (MI) and Met-Val (MV) peptides (Fig. 2A).
Um'PU and UUm'W codons also exhibit different levels of reactivity
with multiple tRNAs than an unmodified UUU (Supplementary Fig. 5).
Using the information obtained from our qualitative screens, we
selected to further study three tRNAs that either appeared to react
more (tRNA™CY)  less (tRNA'““A9) or to the same extent
(tRNASeUSY on unmodified and m'® modified codons (Fig. 2A). We
performed multiple-turnover tRNA selection assays to quantitatively
characterize differences in tRNA selection for these three tRNAs and
the three modified codons. In these assays, saturating concentrations
of ternary complex were reacted with initiation complex. Energy
regeneration mix and EF-Ts were included to catalyze re-formation of
ternary complex after rejection and maintain a saturating concentra-
tion of ternary complex®. The rate constants we observed for dipep-
tide formation reflects not only the rate constant for the rate-limiting
step in peptide bond formation, but also the many other steps involved
in formation and breakdown of the post-accommodation elongating
ribosome complex. As such, these measurements should not directly
be compared to the single-turnover rate constants measured for
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miscoded MI and MV dipeptide products and lower levels of MS were generated
from m'WUU containing ICs. B Summary of amino acid substitutions observed by
mass spectrometry in a luciferase peptide incorporated on m'W-containing mRNAs
translated in 293H cells (Supplementary Table 8). Source data are provided as
Source Data file.
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Fig. 3 | W and m'¥ impact the rates of the ribosome reacting with near-cognate
tRNAs in a sequence context dependent manner. Plots of dipeptide formation as
a function of time (seconds). Miscoding reactions were performed with E. coli ICs
containing **S-Met-tRNA™® bound to an AUG start codon in the P site, and
unmodified (black circles-UUU) or modified (blue squares-W/m'WUU, green dia-
monds-UW/m'WU, red triangles-UUW/m'W) codons in the A site. Purified ICs were
reacted with TCs containing (A) lle-tRNA™CAY (B) Leu-tRNA'A9) or (C) Ser-
tRNASUY | At least 30 independent time points were collected for each IC in
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experiments conducted over three or more separate days. D The fitted rate con-
stants (Kops) for isoleucine, leucine, and serine misincorporation on W- and m'y-
modified codons relative to the fitted rate constants for isoleucine, leucine, and
serine misincorporation on a UUU codon. Each ratio has an n of 1 (since each is
computed by dividing Kobs modified/Kobs,uuu) and error bars were calculated by
propagating the 95% confidence intervals of each fitted rate constant. Source data
are provided as Source Data file.

phenylalanine incorporation in Fig. 1. Our approach contrasts with that
of a recent study which uses neither saturating aa-tRNA nor energy
regeneration to maintain saturation, resulting in second-order
kinetics™.

We find that tRNA identity and the position of m'¥ within a codon
influence the rate constants for amino acid substitution (Fig. 3, Sup-
plementary Table 4). For example, m'W substitution at the first position
in the Phe codon (m'WUU) does not change the ks values for Leu or
Ser incorporation but increases the rate constant for lle addition by
2.2+ 0.4-fold (Figs. 3D and 4A, Supplementary Table 4). This differs
markedly from what we observed on Um'WU-modified codons, which
have a much larger effect on tRNA selection. The ks Values are sig-
nificantly reduced for lle (10 + 2-fold) and Leu (4 + 1-fold) addition, while
the rate constant for Ser mis-incorporation is conversely increased by
3.5+ 0.4-fold (Fig. 3D, Supplementary Table 4). Substitution at the
wobble position (UUM'W) generally had modest impacts on the rate
constants for amino acid incorporation; decreasing the ks for Leu
addition (2 + 0.3-fold), while not impacting the ks values for lle and Ser
addition (Fig. 3D, Supplementary Table 4). The findings of our kinetic
studies are generally consistent with our initial qualitative assays
(Figs. 2, 3 and Supplementary Fig. 5), and together indicate that m'®y
codon modifications can both increase and decrease the ability of Phe
UUU codons to react with a variety of tRNAs in the A site.

Uridine isomerization contributes to observed changes in amino
acid substitution on m'W containing codons

To determine how the C5-glycoside uridine isomerization and N1-
methylation individually impact the ability of m'® to modulate
amino acid incorporation, we measured the rate constants for Leu,
Ile and Ser mis-incorporation on ¥ modified Phe codons (PUU, UWU
and UUW). W was selected for study because it contains the same

isomerized uridine base as m'W, but lacks the methylation at position
N1 (Fig. 1A). The impact of W on lle and Leu insertion was similar to
what we observed when m'W is present in codons (Fig. 3, Supple-
mentary Table 5). For example, the rate constant for lle is sig-
nificantly decreased (10+2 -fold) when W is incorporated at the
second codon position (UWU), while Leu is added more slowly when
W is at any position in the codon (Fig. 3, Supplementary Table 5). In
contrast to m'W, Ser incorporation occurs with a 4 + 0.5-fold faster
rate constants when W is at the first and second positions in the
codon and is not influenced by W substitution at the wobble position
(UUW). These observations indicate that uridine isomerization lar-
gely accounts for changes in how the ribosome decodes some tRNAs
for m'W-substituted mRNAs. However, comparing the reactivity
profiles of W and m'WUU reveals the N1 methyl group can suppress
the effect of uridine isomerization on the rate constants for amino
acid misincorporation by other tRNAs (e.g. WUU vs m'WUU reacting
with tRNASe USA) (Fig, 3D).

Amino acid substitution in HEK293 cells increases on some m'W
containing codons

Our in vitro translation data reveal that m'® and W affect tRNA selec-
tion by E. coli ribosomes in different ways depending on their sequence
context. We next asked if m'W has similar effects on amino acid
selection in eukaryotic cells. To approach this question, we transfected
luciferase encoding mRNAs transcribed in vitro with either UTP or
m'WTP into HEK293 cells where they were translated. The base com-
position of the unmodified and modified mRNAs was assessed by
liquid chromatography-mass spectrometry (LC-MS) and is consistent
between the unmodified and modified mRNA species we generated
(Supplementary Fig. 7). We observed increased levels of luciferase
protein expression in the m'W-substituted mRNAs, consistent with
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and m'W impact the rate constants for the reaction of near-cognate tRNAs.
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(C) tRNA™CAY residue (AEy,,) relative to an unmodified mRNA U. Black bars reflect
the total change in energy (AEzy/muw:x.y) for interactions between a modified mRNA
position (¥/m'W) and three (B) tRNAPC* or (C) tRNA™AY residues (the base
paired nucleotide, and nucleotides 5’ and 3’ the bp) relative to an unmodified
mRNA U. D Molecular model of an unmodified sequence coding for a Phe UUU
codon and a tRNA"™AY_ The hypermodification t°A37 is also shown on the tRNA.

previous reports (Supplementary Figs. 8 and 9)*. The luciferase pro-
teins generated from both unsubstituted and m'¥-substituted mRNAs
were purified and analyzed by mass spectrometry to identify amino
acid substitutions.

Our mass spectrometry data analyses focused on a specific luci-
ferase peptide with favorable ionization characteristics (Fig. 2B)*. ~1%
of the amino acids in this peptide were substituted. This is a >20-fold
increase over the level of amino acid substitution we previously
observed for peptides generated from an unmodified version of the
same luciferase reporter (<0.05% of their amino acids substituted)?.
Nonetheless, the levels of misincorporation are still quite low. m'y-
mediated substitutions were observed on multiple codons (e.g. UUU,
UAU), though we did not observe amino acid substitutions above
background for every U-containing codon (e.g. UGG) (Supplementary
Table 6). The highest levels of substitution were observed on the two
Phe codons (UUU and UUC). Similar to our in vitro observations, serine
and isoleucine/leucine amino acid substitutions were detected on both
Phe codons with a >6-fold increased frequency of substitution over
peptide from unmodified mRNA (Fig. 2B, Supplementary
Tables 6-8)™. Isoleucine and leucine have the same mass and therefore
cannot be distinguished in this assay. We also noted that the likelihood
of substitutions occurring was not uniform across m'¥ containing
codons. The levels of miscoding that we detect are consistent with
what we would predict from our in vitro studies, as is the heterogeneity
of amino acid substitution on m'¥-modified codons (Figs. 2, 3). Fur-
thermore, the lack of uniformity in amino acid substitution was also
seen in our previous findings indicating that W also increases the levels
of amino acid misincorporation in the same luciferase reporter
peptide”’. Our results collectively suggest that the extent of mis-
incorporation on any codon containing a C5-glyocside uridine isomer
is low and strongly depends on both the codon and sequence context
in which the modification is present.

Impact of m'W and W on duplex melting temperatures is context
dependent

W and m'¥ are known to affect the melting temperature of RNA
duplexes®™**. We sought to better understand the role of sequence
context in our kinetic data by assaying the melting temperature of
short (7-8 basepairs) duplexes containing U, ¥ and m'¥, modeling our
approach after that used in a recent study®. The T,;s we observed
(-23°C) were far below those reported previously (-78 °C) on similar
sequences®, and several mismatch-containing duplexes were too
unstable to allow a T,,, determination. The T, values that we measure
are in line with T,,s predicted by programs for estimating the physical
properties of RNAs such as OligoCalc**. The unusually high T, values
(>70°C) previously reported likely reflect hydrolysis of RNA in the
presence of magnesium at elevated temperatures, which also results in
increased absorbance. Ultimately, we successfully assayed U, W, and
m'W in the context of a perfect duplex, a duplex containing a mis-
match, and in a duplex adjacent to a wobble base pair (Supplementary
Figs. 10-12). Pseudouridine increased the melting temperature of all
duplexes, as expected, though the extent to which W substitutions
increased T, values varied with the surrounding sequence context
(AT =1.5-4°C). The effects of m'W varied even more dramatically
depending on the sequence context, and sometimes differed from that
of W. For example, in the CXU context, pseudouridine stabilized the
duplex, while m'W did not. In the UXU context, with a 3’ U:G wobble
pair, ¥ and m'W provided equal stabilization.

W-derived modifications change the energetics of mRNA:tRNA
nucleoside interactions in the ribosome A site

We sought to understand why W and m'¥ modifications alter the
interactions between mRNAs and tRNAs during translation in a posi-
tion dependent manner (Figs. 1-4A). Although our melting tempera-
ture studies were generally consistent with our translation assays and
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suggest that modification-induced alterations base pairings fluctuate
with sequence context, the changes in T,, measured between oligo-
nucleotides outside of the ribosome structural context did not satis-
factorily explain alterations in tRNA selection on W and m'y-
containing codons that we observed. Therefore, we turned to mole-
cular modeling (MM) and quantum mechanical calculations to exam-
ine unmodified and W-, m'W- and 3-methylpseudouridine (m*W)
modified UUU mRNA codons interacting with a tRNAP®40 and
tRNA™Y9 in a portion of the ribosome A site (Figs. 1A, 4). Although we
did not investigate the translation of m*W¥-containing codons, we
included m*W in our computational studies as a positive control for a
modification that should severely perturb mRNA:tRNA interactions.
Methylation at the uridine N3 position removes the ability of uridine to
donate a hydrogen bond and will limit tRNA binding. Our MM studies
were conducted using models developed based on previously pub-
lished crystal structure of the 70 S Thermus thermophilus ribosome
with tRNA™ bound on a WUU codon®. The MM investigations were
designed to examine how the location of a modification impacts the
pairwise tRNA:mRNA interaction energies. Each modification was
modeled in either the first, second, or third codon position, and the
energetics of tRNA™":mRNA interactions on modified codons were
compared to those on an unmodified UUU codon (AE) (Fig. 4, Sup-
plementary Data 1 and 2). Only AE values with magnitudes =1 kcal/mol
are considered large enough to potentially influence mRNA:tRNA
interactions.

We computed pairwise energy differences between a modified
base and an unmodified base at the same position within a UUU codon.
Both the change in base-pairing energy between the modified base and
its partner in the tRNA were examined, as well as changes in energy
derived from interactions between the modified base and neighboring
tRNA bases. In general, the trends in modeled energy differences
recapitulated trends in reaction free energy shown by changes in the
observed rate constants for the reaction (Supplementary Fig. 13). In
particular, the sum of changes in modeled energies between the
modified base, its tRNA pair, and the upstream and downstream tRNA
base (AEsy/muw:rna1,0+1) Were well correlated, while the individual
pairwise interaction energies (E,,) were less well correlated. The one
exception was the summed energy change for m'¥ in the second
position, which predicted an increased ks that was not borne out in
the experimental data.

The in vitro translation, T,,, and modeling data all support the idea
that pseudouridine-derived modifications affect the energetic land-
scape for codon interactions. As an additional check on our modeling,
we calculated energy differences for codons containing m*W, which
should be strongly disruptive. Indeed, codon:anticodon pairings
including this modification had significantly (+6 to +20 kcal/mol)
increased interaction energies, strongly suggesting that m*¥-modified
codons are not substrates for amino acid addition by tRNAP(CA%,
In contrast to m*W, W and m'W had changes in energy differences
(AEsw/miw:rna-1,0+1) that ranged from significantly negative (—4.5 kcal/
mol) to slightly positive (1.1 kcal/mol) depending on the modification,
its position within the codon, and the anticodon. Pseudouridine sub-
stitution has small effects on both modeled energy differences
(<1 kcal/mol) and on changes in rate constant (<2-fold) (Supplemen-
tary Fig. 13A) tRNA™™AY  N1-methylpseudouridine substitution is
predicted to increase codon:anticodon stability when in the second
and third position (Supplementary Fig. 13A); this is observed experi-
mentally in the third position but not in the second (Fig. 2, Supple-
mentary Table S1).

Modeling studies were further performed with tRNA"™CAY, The
trends in calculated energy differences and changes in experimental
rate constants correlated well for both W and m'W (Supplementary
Fig. 13). This is likely attributable to differences in which steps in the
kinetic mechanism the measured k., values reflected, which were
single-turnover with respect to amino acid addition (Fig. 1B) but

multiple-turnover with respect to tRNA selection (Fig. 3). In the mul-
tiple turnover scenario, small energy differences in selection are
effectively integrated over many cycles of tRNA selection, making the
kobs in this experiment more sensitive to changes in tRNA selection
than those in a true single-turnover experiment, such as those with
tRNAPCAY Net energy differences (AEsy/miy:trna-10+41) Were better
correlated with Kops than individual mRNA:tRNA base pairs (AEyy,). For
m'W¥ in the first and third positions, this particularly reflects the con-
tributions of compensatory interactions with tRNA bases adjacent to
the modified base. The AE,jy1.crRnatsa3y interaction, for example, con-
tributes —6.8 kcal/mol which is equal to the sum of contributions from
all the other bases in the codon and anticodon. Our findings are con-
sistent with previous studies which demonstrate that tRNA nucleotides
adjacent to tRNA codon: anticodon base pairs are important deter-
minants of mRNA decoding®. Our computational analyses generally
support our experimental findings that W-derived modifications dif-
ferentially affect the interactions between codons and both tRNAs in
context dependent manner to alter mRNA:tRNA interactions in the
ribosome decoding center’>**° (Fig, 4, Supplementary Data 1, 2).

Discussion

During the selection of aminoacylated-tRNAs, the ribosome must
compromise between the speed and accuracy of decoding. Chemical
modifications of the RNAs involved in decoding (e.g. mRNA and tRNA)
permit the fine tuning of this balancing act. m'$ modifications are
heavily used in mRNA-based therapeutics and vaccines and we were
interested in establishing how their inclusion in mRNA transcripts can
impact translation elongation?**°. Our studies indicate that, depending
on where it was located within a phenylalanine codon, a single m'®y
substitution has little effect on the rate constant (k.,s) for cognate
amino acid incorporation (Fig. 1B). These findings are consistent with
our melting temperature data (Supplementary Fig. 10), and the kops
values previously measured values for singly substituted Tyr codons
(m'WAC), which were altered by <2-fold*. Similarly, the rate constants
(khya,max) for translation termination are not perturbed (Fig. 1C, D). The
failure to detect defects in the rates of single amino acid incorporation
on an exemplar codon does not preclude the possibility that over-
all translation elongation rate along an mRNA - which involves a
variety of codons and ribosome translocation - is not perturbed by
m'¥ incorporation.

The small effect (if any) of m'W on the ribosome reacting with
cognate tRNAs depends largely on the position of the modification
within a codon (Figs. 2, 3). Our computational studies reveal that the
minor context-dependent effect of m'¥ on Phe incorporation that we
observe might be at least partially explained by changes in the ener-
getics of base pairing interactions between m'W-substituted UUU
codons and their cognate tRNAP"™CA (Fig, 4A, B), which vary
depending on where m'W is incorporated in the codon. Perturbations
in base pairing energies can influence central steps in the translation
elongation pathway including tRNA selection and accommodation®.
Overall, our data support previous observations indicating that the
increased protein yield observed from m'W containing transcripts in
cells (Supplementary Figs. 8 and 9) are largely due to m'¥-induced
enhancements in mRNA stability and avoidance of the cell’s innate
immune system?®>3+°061,

In our studies, we found that m'® modestly alters tRNA interac-
tions with the ribosome. Our kinetic investigations reveal that both
m'® and ¥ modifications can both enhance or limit amino acid sub-
stitution depending on aa-tRNA identity and the position of the
modification within the codon (Figs. 3 and 4A). These in vitro obser-
vations are supported by cellular reporter studies indicating that m'y
can promote miscoding events when included in full-length transcripts
expressed in human cells (Fig. 2B, Supplementary Tables 6, 8). The
mass spectrometry assay does not have sufficient sensitivity to detect
if there are any modified codons that exhibited lowered levels of amino
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acid substitution, as we might expect on Leu codons based on our
kinetics. Our findings are consistent with the increase in miscoding we
previously observed on W-containing mRNAs in the same experimental
system*. Comparison of miscoding rates on m'¥ and W-containing
codons suggests that the addition of a methyl group and altered ring
electronics resulting from the exchange of the nitrogen, play distinct
positional and codon specific roles in the modulation of miscoding
(Fig. 3). This is further supported by our MM calculations revealing that
methylations (m'¥ and m*¥) have larger impact on the energetics of
tRNA:mRNA interactions than isomerization at the C5-position alone
(W) (Fig. 4).

Two studies published while this manuscript was under revision
have also investigated the effects of m'W in mRNA on translational
fidelity in cells. Kim et al.*® expressed the SARS-CoV2 spike protein
from mRNA constitutively substituted with ¥ or m'W¥ in HEK293 cells
and utilized mass spectrometry to search for miscoded peptides.
They achieved 39% coverage of the spike protein sequence and
identified six peptide fragments with single amino acid substitutions
detected in at least one sample. On average, any individual miscoded
peptide was observed in 4 out of 9 samples (3 each of U, ¥, and m'®);
the most-abundant/best-detected individual miscoded peptide was
found in 7 out of 9 samples, though the two samples lacking the
peptide were both m'W samples, making reliable quantitation diffi-
cult. More recently, Mulroney et al.”’” utilized multiple methods to
determine that translation of m'W-containing SARS-CoV2 spike pro-
tein mRNA yields +1 frameshifting products in cell culture and in
mice, indicating a role for m'W in frame maintenance. Although
Mulroney et al.*’ do not directly discuss amino acid substitutions,
they observe that production of full-length spike protein from m'y
mRNA is increased when cells are treated with paromomycin, sug-
gesting that m'W does affect decoding by the ribosome. Although we
are unable to say definitively why the results of Kim et al. differ from
ours and those of Mulroney et al., we note that the constitutively-
modified Pfizer mRNA vaccine sequence used in the Kim et al.
study was likely experimentally optimized to minimize amino acid
substitutions in human cells, which might make it a poor reporter of
m'W’s effects on translational fidelity.

Our data reveal that the impact of m'W and W on mRNA decoding
depends strongly on the sequence context of the modification (Figs.
3 and 4). These findings are in line with previous work demonstrating
that naturally occurring mRNA modifications can differentially affect
translation depending on their location within a codon or mRNA
sequence*?**2, In this work, we go beyond observing these differences
to try and identify how pseudouridine-derived modifications change
the fundamental interactions between mRNAs and tRNAs in a context
dependent manner. Comparison of the rate constants for amino acid
misincorporation on m'¥ and W containing codons, coupled with T,
measurements and MM calculations provide evidence that funda-
mental changes in the energetics of mRNA:tRNA base pairing con-
tribute to the context dependent outcomes we observe. Indeed, we
find that the strongest predicted interactions between the tRNA"
anticodon and W and m'¥ modified UUU Phe codons occurs when
these modifications are in the first and third position of the codon
(Fig. 4D, E). This is consistent with our tRNA selection assay indicating
that Ile-tRNA™ reacts more rapidly with codons containing W and m'y
in the first and third position of a codon than in the second position
(Figs. 3, 4A).

tRNA anticodon step loop (ASL) modifications have long been
known to influence ribosome decoding. Our data suggest that these
modifications might also contribute to the context dependence
decoding on modified W and m'W codons. We observe that the rate
constants for non-cognate tRNAs possessing hyper-modifications
(t°A37 in tRNA™CY ms?iA37 and cmo’U34 in tRNASU) were
more sensitive to the position of mRNA modifications within a
codon than the tRNAM™“*9) that contains only a methylation at

position 37 (m'G37) (Fig. 4A). Additionally, our MM calculations
indicate that the hypermodifications adjacent to tRNA™CAY and
tRNA"AY anticodons also influence the energetics of codon:anti-
codon interactions with W and m'W, and can make tRNA interactions
with a non-cognate codon up to 7.6 kcal/mol more energetically
favorable. This correlates with our kinetic studies demonstrating
that tRNA"AY reacts more rapidly on m'WUU, and is further sup-
ported by previous studies demonstrating that modified tRNA A37
nucleosides (t°A, ms?t°®A,ct®A) can improve the stability of the
codon:anticodon duplex through enhanced base
stacking®*#°¢5763°65  Together, our biochemical amino acid mis-
incorporation and modeling data suggest that tRNA ASL modifica-
tions may help to mediate tRNA discrimination on and modified
codons during the decoding process (Fig. 4D, E and Supplemen-
tary Fig. 5).

The ability of m'W and W to modestly impact ribosome speed and
decoding has several implications. Given the emerging evidence that W
is commonly included into mRNA at increased levels under cellular
stress conditions, these findings support the possibility that W
—derived modifications can provide the cells with a way to transiently
reshape the proteome under stress to increase fitness'®**°**, Fur-
thermore, this could potentially be advantageous for mRNA vaccines
relative to traditional vaccine platforms; greater antigen diversity
might provide broader protection against circulating virus popula-
tions than single-strain vaccine formulations, similar to the increased
efficacy of multivalent vaccines. Indeed, a recent report demonstrates
that +1 ribosomal frameshift products generated from the translation
of m'W-substituted transcripts trigger an immune response®. While
potentially beneficial in the context of mRNA vaccines, even small
changes translational fidelity may need to be more carefully con-
sidered in the context of other classes of mRNA therapeutics. The
complex rules which govern the translational outcome of mRNA
modifications such as m'® are only beginning to be elucidated, and
may in some cases prove to be critical to designing effective mRNA
therapeutics.

Methods

In vitro ribosome amino acid addition assays

E. coli MRE60O tight coupled 70 S ribosome were prepared by sedi-
mentation and rate zonal ultracentrifugation®. Unmodified mRNAs
were generated by run-off T7 transcription of DNA oligonucleotides.
mRNAs containing modified nucleotides were synthesized and HPLC
purified by Dharmacon. mRNA sequences were generally of the form
GGUGUCUUGCGAGGAAUAAGUGCAUU AUG UUU UAA GCCCUUCU-
GUAGCCA; the coding sequence is underlined. Modified mRNA had
either the first, second, third position of the Phe (UUU) codon mod-
ified with m'® (Supplementary Data 3). Dharmacon verified quality
control via ESI-MS data (Supplementary Fig. 14). E. coli translation
factor and tRNA constructs were gifted from the laboratories of Dr.
Rachel Green and Dr. Yury Polikanov unless otherwise noted.
Recombinant translation factors and release factors were purified via
sequential affinity, ion exchange, and gel filtration chromatography
steps?>*, Natively modified tRNA™ was expressed and purified from
HB101 £. coli and Ser-, lle-, and Leu- tRNAs were expressed and purified
from BL21(DE3) E. coli utilizing ion exchange and reversed-phase
chromatography®. The acceptor activity of the tRNA was validated via
triplicate aminoacylation assays with both the appropriate synthetase
and S100 lysate.

E. coli initiation complexes (ICs) were prepared in 1x219 - Tris
Buffer (50 mM Tris pH 7.5, 70 mM NH,4CI, 30 mM KCI, 7mM MgCl,,
5 mM B-ME) with 1 mM GTP**, Ternary complexes (TCs) were formed
in the same buffer but with 10 mM GTP*. Amino acid addition reac-
tions were conducted at final concentrations of 1 pM aminoacylated
tRNA, 20 pM EF-Tu, 70 nM pre-formed ICs in buffer 1x 219 at 37 °C.
Reactions were quenched with 500 mM KOH (final) on a KinTek RF-3
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quench-flow apparatus. eTLCs were visualized by phosophorimaging
and then quantified with ImageQuant software (Cytiva). Data was fit to
the following Eq. 1, where A is the amplitude of the signal.

FractionProduct=A - (1 — ghons't ) @

In vitro translation termination assays

Pre-termination complexes (pre-TCs) were prepared by forming ICs on
a mRNA containing the coding sequence AUG-UAA or AUG-m'WAA.
Release assays were performed by mixing 70 nM pre-TCs with release
factors (RF1 or RF2; 50 nM to 10 uM) at room temperature (-20 °C).
Reaction time points were quenched in 5% formic acid. The fraction of
released of f-[*S]-Met was fit to Equation 1 and Ky, values were
obtained by fitting to Eq. 2.

— kmax ) [RF]
Kpyg = W ()

In vitro translation amino acid misincorporation

Assays performed with total aa-tRNA* were conducted by reacting ICs
(70 nM final) with TCs (1 uM total tRNA aminoacylated with either S100
enzymes or specific synthetases, 40 UM EF-Tu and 10 mM GTP) at 37 °C
for 15 min. Reactions were quenched with 500 mM KOH (final). The
reactants and products were separated by eTLC and visualized using
ImageQuant software (Supplementary Figs. 5 and 6). For assays with
high kinetic resolution (e.g. Fig. 3), ICs were reacted with Ternary
complexes (40 uM EF-Tu:10 uM EF-Ts: 10 uM of aminoacylated tRNA
(either lle, Leu, Ser)). These reactions were prepared and conducted as
previously published®.

Luciferase mRNA transfection and expression analyses

The template for in vitro synthesis of luciferase mRNA consists of: the
T7 RNA polymerase promoter, followed by an N-terminal 3x Hemag-
glutinin (HA) tag fused in-frame with the firefly luciferase gene, in-
frame C-terminal Strepll and FLAG tags. The open reading frame spans
from the 3xHA tag to the FLAG tag enabling the purification of full-
length luciferase protein and not translation truncated products. The
luciferase mRNA was transcribed using T7 RNA polymerase (New
England Biolabs) as previously published?.

Synthesized, purified mRNAs were transfected into 293H cells
using TransIT-mRNA transfection kit as recommended by the manu-
facturer (Mirus). Tandem purification of the luciferase translation
products was performed using the FLAG tag followed by selection for
the N-terminal HA tag as described previously*>***° Three independent
transfections were performed for uridine/ N1-methylpseudouridine
-containing mRNAs. The tandem-affinity purified products were ana-
lyzed on 8% SDS-PAGE, gels were then silver stained (ProteoSilver,
Sigma) and processed for mass spectrometry. For western blot ana-
lyses of the luciferase protein, proteins were separated by SDS- PAGE
and blotted as previously described®.

In-gel digestion and LC-MS/MS analysis

In-gel digestion and LC-MS/MS analysis were performed as pre-
viously published®”’. Three independent transfections were per-
formed for each RNA (modified and unmodified) and each sample
was harvested and processed independently. UPLC was performed
on a Waters NanoAcquity instrument using water +0.1% formic acid
as mobile phase A and acetonitrile + 0.1% formic acid as mobile phase
B. Peptides were loaded at 5% mobile phase B and separated using a
5-35% B gradient over 45min at a flow rate of 4 uL/min. Positive
mode electrospray ionization with a liquid junction potential of
1.4 kV was used to introduce ions into a Thermo Scientific Q Exactive
hybrid mass spectrometer. An m/z range of 300-1750 at 70,000

resolution and an AGC target of le6 were used. Data-dependent
acquisition selected the ten most abundant precursor ions for HCD
fragmentation using an isolation width of 1.6 Da, fill time of 110 ms,
and an AGC target of 1le5. Peptides were fragmented using a nor-
malized collision energy of 27, and fragment spectra were acquired
with a resolution of 17,500 at m/z=200.

Raw data files were peak-picked by Proteome Discoverer (version
2.1), and preliminary searches were performed using the MASCOT
search engine (version 2.4) against the SwissProt Human FASTA file
(downloaded 05/2018) modified to include the luciferase protein
sequence. Search parameters included Trypsin/P specificity, up to 2
missed cleavages, a fixed modification of carbamidomethyl cysteine,
and variable modifications of oxidized methionine, pyroglutamic acid
for Q, and N-terminal acetylation. The processed peak list was then re-
searched in MASCOT against luciferase only as described previously?,
using an error-tolerant search allowing for all possible substitutions.
Substitutions with a greater than 90% probability in Scaffold (v4.8.8)
were added back to the original search in Proteome Discoverer and re-
run using MASCOT with these included as variable modifications®.
This final search was loaded into Skyline-daily (University of
Washington, v4.1), extracted ion chromatograms were generated for
each peptide of interest, and peaks were manually inspected for
proper peak picking, isotope dot product >0.8, good fragment ion
coverage, and elution times consistent with the time of MS/MS
detection. The sum of the top 3 isotopes were then exported for each
modification for further analysis.

Molecular modeling

Fragment molecular orbital (FMO) calculations were used to quantify
the pairwise Phe UUU codon anti-codon interaction energies’® 2. First,
the initial coordinates of the Phe UUU codon:phe tRNA complex were
taken from the X-ray crystal of the Thermus thermophilus 70 S ribo-
some in complex with mRNA (PDB ID: 6UO1). Starting from these
coordinates, we generated six additional codon:tRNA complexes with
the UUU codon changed to m'$UU, Um'¥ U, Uum'¥, $UU, UY U, and
UUY, respectively. The codon:tRNA complexes were then processed
through CHARMM-GUI webserver add hydrogens, patch the terminal
5 and 3’ residues, and prepare the input files for energy
minimization”>”*. Each complex was energy minimized with 50 steps of
steepest descent (SD) and 200 steps of adopted basis Newton-
Raphson (ABNR) method with a gradient tolerance of 0.001. During
energy minimization, the non-bonded list was generated at a cutoff of
15.0 A and updated heuristically; and the Lennard-Jones and electro-
static interactions were treated with the switching function. Energy
minimization was carried out using the CHARMM36 nucleic force field
for the RNAs and solvation effects were models using the Generalized
Born using Molecular Volume (GBMV) implicit solvent’>”’. The energy
minimized coordinates of the complexes were used as the starting
geometries for FMO calculations.

All calculations were carried out at the Mgller-Plesset perturba-
tion theory (MP2)/6-31G* level of theory’®™®., Solvation effects were
modeled using the polarizable continuum model (PCM) interfaced
with the FMO method®’. For the FMO-MP2/6-31 G*/PCM calculations,
each RNA residue was treated as a single fragment. Input files for FMO
calculations we generated from the energy minimized coordinates of
the codon:tRNA complexes using an in-house fragment script (https://
github.com/atfrank/RNAFMO). Briefly, fragmentation was performed
at the C5’-05’ bond of the RNA residues following the approach used in
the computational chemistry software Facio (version 22.1.1.32)%*%*, All
FMO calculations were carried out using the ab initio quantum
chemistry package, general atomic and molecular electronic structure
system (GAMESS) (September 2018, R3)®. The Pair interaction energy
decomposition analysis (PIEDA) facility in GAMESS was used to com-
pute and decompose the pairwise interaction energies between indi-
vidual fragments (nucleotides) in the mRNA:tRNA complexes®®.
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Melting temperature determination
Annealing and melting were performed in a Beckman-Coulter DU-
6000 equipped with the 6-position T, cell changer and Peltier
temperature control. RNA oligos were obtained from Horizon Dis-
covery and from IDT. Stoichiometric quantities of RNA oligos were
mixed in a cuvette in 20 mM sodium cacodylate, pH 7, and 100 mM
NaCl at a sufficient concentration to give an A,s, reading of
approximately 0.5 at 8 °C. RNA oligos were annealed by heating from
10 °Cto 65 °C at 5 °C/min, holding at 65 °C for 5 min, and then cooling
to 8°C at 5°C/min. Annealing was validated by observation of the
Aysq trace during the annealing procedure. Following annealing,
cuvettes were removed from the instrument, kept on ice, and ice-
cold MgCl, was added to each cuvette to a final concentration of
10 mM. Cuvettes were returned to the instrument and the melting
experiment was performed according to the following protocol.
Cuvettes were held at 8°C for 10 min, then heated at 0.1°C per
minute to 45°C with readings every 0.1°C. Subsequently, samples
were heated to 65°C with readings every 5°C. Each experiment
contained one blank cuvette containing only buffer, and one cuvette
for each duplex containing U, W, or mlW. Three independent
experiments were performed on different days for each set of
duplexes.

Absorbance data at 254 nm from independent experiments were
normalized using Eq. 3:

A
A — Ain @)

AA; (normalized) =
Amax — Tmin

Normalized absorbance data were overlaid on the same plot and
fitted using Eq. 4:

@)

ek(x—T,n)
A=mx+b; +Ab (ek(x—Tm) +1)

This equation assumes a two-state model for melting and
allows us to explicitly fit T,, as a parameter without performing
material-intensive determination of heat capacities. It further
assumes that the duplex and single-stranded RNAs display the same
dependence of absorbance on temperature; however, due to the
limited amount of data in the fully-annealed region below 10 °C, we
cannot prove or disprove this assumption. The key feature of this
equation is that the maximum value of its first derivative occurs at
Tm, which is a characteristic it shares with the theoretically com-
plete treatment (Turner Methods Enzymology 2009). GraphPad
Prism was used for curve fitting. Reported T,,s are the values
determined by fitting curves to absorbance data collected in three
separate experiments (-500 data points per RNA duplex) and the
reported error values are the 95% confidence intervals of the fitted
parameter calculated by Prism.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw mass spectrometry data have been deposited to the Proteo-
meXchange Consortion (http://proteomecentral.proteomexchange.
org) via the PRIDE partner repository (https://www.ebi.ac.uk/pride/)
with the dataset identifiers PXD053919. Structural data from 6UO1 was
used for molecular modeling. Source data are provided with
this paper.

Code availability
The in-house script used in the molecular modeling is available on the
GitHub repository at https://github.com/atfrank/RNAFMO.
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