
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 363–378 |  363

Cite this: RSC Chem. Biol., 2023,

4, 363

Methylated guanosine and uridine modifications
in S. cerevisiae mRNAs modulate translation
elongation†
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Chemical modifications to protein encoding messenger RNAs (mRNAs) influence their localization,

translation, and stability within cells. Over 15 different types of mRNA modifications have been observed by

sequencing and liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) approaches. While

LC-MS/MS is arguably the most essential tool available for studying analogous protein post-translational

modifications, the high-throughput discovery and quantitative characterization of mRNA modifications by LC-

MS/MS has been hampered by the difficulty of obtaining sufficient quantities of pure mRNA and limited

sensitivities for modified nucleosides. We have overcome these challenges by improving the mRNA purification

and LC-MS/MS pipelines. The methodologies we developed result in no detectable non-coding RNA

modifications signals in our purified mRNA samples, quantify 50 ribonucleosides in a single analysis, and

provide the lowest limit of detection reported for ribonucleoside modification LC-MS/MS analyses. These

advancements enabled the detection and quantification of 13 S. cerevisiae mRNA ribonucleoside modifications

and reveal the presence of four new S. cerevisiae mRNA modifications at low to moderate levels

(1-methyguanosine, N2-methylguanosine, N2,N2-dimethylguanosine, and 5-methyluridine). We identified four

enzymes that incorporate these modifications into S. cerevisiae mRNAs (Trm10, Trm11, Trm1, and Trm2,

respectively), though our results suggest that guanosine and uridine nucleobases are also non-enzymatically

methylated at low levels. Regardless of whether they are incorporated in a programmed manner or as the

result of RNA damage, we reasoned that the ribosome will encounter the modifications that we detect in

cells. To evaluate this possibility, we used a reconstituted translation system to investigate the consequences

of modifications on translation elongation. Our findings demonstrate that the introduction of

1-methyguanosine, N2-methylguanosine and 5-methyluridine into mRNA codons impedes amino acid

addition in a position dependent manner. This work expands the repertoire of nucleoside modifications that

the ribosome must decode in S. cerevisiae. Additionally, it highlights the challenge of predicting the effect of

discrete modified mRNA sites on translation de novo because individual modifications influence translation

differently depending on mRNA sequence context.

Introduction

Post-transcriptional modifications to RNA molecules influence
their structure, localization, stability, and function.1,2 Over
150 different nucleoside modifications exist within non-coding
RNAs (ncRNA) and many are important, or even essential, for cellular

processes including protein synthesis.1,3 The biological significance
of ncRNA modifications is underscored by decades of observations
implicating the dysfunction and mis-regulation of ncRNA modify-
ing enzymes in cancer and other diseases.4–9 Although a handful of
chemical modifications [N7-methylguanosine (m7G), N6-methyl-
adenosine (m6A), inosine(I), and 5-methylcytidine (m5C)] have long
been detected in protein coding messenger RNAs (mRNAs),
recently there has been an explosion in the discovery of additional
mRNA modifications enabled by technological advances in RNA
sequencing. There are now over 15 different types of modified
nucleosides reported within mRNAs,1,10–17 and it is becoming
rapidly apparent that, akin to their ncRNA counterparts, modifica-
tions likely modulate molecular function of mRNAs.
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While the impacts of ncRNA modifications on gene expres-
sion are extensively documented, the consequences of mRNA
modifications are just beginning to be evaluated. One of the
most abundant and well-studied mRNA modifications, m6A, is
implicated in multiple facets of the mRNA lifecycle including
nuclear export,18–20 mRNA stability,21–23 and translational
efficiency.22,24–28 Given this wide range of potential roles it is
unsurprising that sequencing based studies suggest that the mis-
regulation of m6A is linked to a host of diseases including
endometrial cancer29 and type 2 diabetes.30 Initial largely corre-
lative studies of m6A distribution provide an example of the
biological impact mRNA modifications might have, but the
quantitative investigation of m6A and other mRNA modifications
is required to determine the biological role (if any) of each of the
thousands of individual modified mRNA sites. Furthermore, it is
vital to continue exploring the chemical diversity of modifications
in mRNAs, as the 410-fold larger variety of modifications found
in ncRNA raises the possibility that the breadth of the chemical
landscape in mRNA nucleosides might still remain to be revealed.

The development of further sensitive, quantitative techniques
to detect mRNA modifications is essential to direct future
investigations into the molecular level consequences of this
emerging class of RNA modifications. Deep sequencing based
technologies capable of mapping the location of mRNA mod-
ifications have enabled their widespread study. Nonetheless,
like all methods, these approaches have limitations – they are
computationally laborious, not generally quantitative, and
typically detect a single type of modification at a time. Liquid
chromatography coupled to tandem mass spectrometry (LC-MS/
MS) technologies12,31–34 have the potential to complement the
knowledge obtained by sequencing based modification mapping
approaches. The sensitivity and specificity of LC-MS/MS methodol-
ogies have long made it the method of choice for identifying and
extensively characterizing protein35 and ncRNA modifications.36–44

Currently published LC-MS/MS methods can assay for up to
40 ribonucleosides in a single analysis and use calibration curves
constructed with nucleoside standards to enable quantification,31

though they do not report on where individual modifications reside
throughout the transcriptome.13 Despite the demonstrated utility
of LC-MS/MS methodologies for studying chemical modifications
to biomolecules, LC-MS/MS platforms are not widely used to
examine mRNA modifications.

Here, we identify two factors that have impeded the applica-
tion of LC-MS/MS to mRNA modification analysis: the quantity
of mRNA required for current LC-MS/MS sensitivities, and the
difficulty of obtaining highly pure mRNA. We integrated an
improved chromatographic approach with enhanced mRNA
purification and validation processes to overcome these limitations
and develop a robust workflow for mRNA modification
characterization. Our method is capable of quantifying 50 ribo-
nucleoside variants in a single analysis. Using this method, we
found that purified S. cerevisiae mRNA samples contain four
previously undetected modifications, 1-methylguanosine (m1G),
N2-methylguanosine (m2G), N2,N2-dimethylguanosine (m2

2G)
and 5-methyluridine (m5U), that are likely incorporated into
mRNAs both enzymatically (Trm10, Trm11, Trm1, and Trm2)

and non-enzymatically. Investigations into the impact of these
mRNA modifications on translation elongation in a fully purified
in vitro translation system demonstrate that the inclusion of the
methylated nucleosides into mRNA codons can slow amino acid
addition by the ribosome. Collectively, our findings advance
available chromatography and mRNA purification and validation
methods to enhance the high-confidence and high-throughput
detection of modified nucleosides by LC-MS/MS, and support a
growing body of evidence that the inclusion of mRNA modifica-
tions alter the peptide elongation during protein synthesis.

Results and discussion
Development of highly sensitive LC-MS/MS method for
simultaneously quantifying 50 ribonucleosides

Quantitative ribonucleoside LC-MS/MS methods typically rely
on reversed phase chromatography to separate ribonucleosides
prior to detection by multiple reaction monitoring (MRM) on a
triple quadrupole mass spectrometer.31,36,38,45,46 These
approaches have reported limits of detection (LODs) down to
B60 attomole for select ribonucleosides using standard mixtures
with canonical and modified nucleosides at equal concentration.36

However, the abundance of unmodified and modified nucleosides
in RNAs are not equivalent in cells, with canonical bases existing in
20- to 10 000-fold higher concentrations than RNA modifications
(Fig. 1(A)). In currently available chromatography methods, mod-
ified nucleosides (e.g., m5U, m1G, m1C, and s2U) commonly coelute
with canonical nucleosides, reducing the detectability of some
modified bases.36,38,39 Coelution limits the utility of available LC-
MS/MS methods because it results in ion suppression of modified
nucleoside signals, with abundant canonical nucleosides out-
competing modified nucleosides for electrospray droplet sur-
face charge. Additionally, this phenomenon makes calibration
curves non-linear and worsens the quantifiability of modifications
at concentrations necessary for mRNA modification analyses.
Recent efforts have been made to derivatize ribonucleosides prior
to LC-MS/MS analysis to increase sensitivity and retention on
reversed-phase chromatography.32,47–49 The analogous benzoyl
chloride derivatization of neurochemicals has previously been
an important separation strategy for many neurochemical mon-
itoring applications.50,51 However, labeling strategies are unlikely
to prove as useful for investigating mRNA modifications because
derivatizing agents are typically nucleobase specific, limiting the
ability of LC-MS/MS assays to be multiplexed.32,47,48 Furthermore,
labeling increases the amount of mRNA sample required due to
additional sample preparation steps following derivatization. This
is an important consideration given that mRNAs represent only
B1–2% of the total RNAs in a cell, and purifying sufficient
quantities of mRNA for LC-MS/MS analysis is challenging.

We addressed these limitations by first improving upon
existing chromatography techniques. Current methods normally
utilize 2 mm internal diameter (I.D.) columns that require higher
flow rates (300 to 400 mL min�1), which worsens ionization
efficiencies compared to smaller I.D. chromatography with lower
flow rates. We utilized a 1 mm I.D. column with flow rates at

Paper RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

5:
17

:1
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00229a


© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 363–378 |  365

100 mL min�1 to lessen these effects. In principle, even smaller
bore columns (i.e., ‘‘nano-LC’’), which are commonly used in in
proteomics,52 could be used. Indeed, some studies have shown
their effectiveness for nucleosides.53,54 However, we selected a
1 mm I.D. column because smaller bore columns can suffer
from robustness issues in some conditions and the low binding
capacity of polar nucleosides results in poor peak shapes in
nano-LC due to relatively large injection volumes. Furthermore,

the stationary phases used in nano-LC present a limitation, as
porous graphitic carbon columns yield poor chromatographic
performance for some ribonucleosides (e.g., methylated guano-
sine modifications) and many C18 phases have low binding
capacity for some ribonucleosides (e.g., cytidine and pseudour-
idine) making them difficult to retain. Therefore, we used a polar
endcapped C18 column to provide more retention and good
performance for all nucleosides. We also used mobile phase
buffers previously shown to provide high ESI-MS sensitivity for
modified ribonucleosides.36 These alterations combined improved
the limit of detection (LOD) of the assay by 50 to 250% for all
nucleosides tested compared to standard 2 mm I.D. chromatogra-
phy at 400 mL min�1 (Fig. 1(B)) while maintaining adequate
ribonucleoside binding capacity for early eluting ribonucleosides.

In addition to switching columns, we also altered the chroma-
tographic conditions, increasing the temperature (35 1C vs.
25 1C) and modifying mobile phase gradients to prevent coelu-
tion of the highly abundant canonical nucleosides with the
modified nucleosides. Notably, in contrast to most available
methods, m5U, m1G, m1C do not coelute with unmodified
nucleosides in our method (Fig. 1(C)). This greatly improves
separation, resulting in the reduced ionization suppression of
these nucleosides. Together, these advancements result in our
method having a wider linear dynamic range than previous
reports with over four orders of magnitude for most modifica-
tions and LODs down to 3 amol (0.6 pM) using a single internal
standard and no derivatization steps. This method represents at
least a 10-fold improvement over previous ultrahigh-
performance LC (UHPLC) and nano-LC analyses for most mod-
ifications analyzed (Table S1 and Fig. S1–S4, ESI†). With these
advances, the LC-MS/MS technique described here provides a
linear dynamic range and LODs capable of analyzing both highly
(i.e., ncRNA) and modestly (i.e., mRNA) modified RNAs without
large sample requirements. In this method in-depth RNA mod-
ification analysis requires approximately 50 to 200 ng of total
RNA or mRNA per replicate, which is achievable using standard
eukaryotic and bacterial cell culture techniques. Overall, this
assay can simultaneously quantify the 4 canonical nucleosides,
45 naturally occurring modified nucleosides, and 1 non-natural
modified nucleoside (internal control) (Fig. 1(C), and Table S2,
ESI†). This approach ameliorates current quantitative ribonucleo-
side LC-MS/MS methodologies by improving chromatographic
conditions and characterizing quantifiability at nucleoside con-
centrations representative of typical RNA digest samples to enable
higher confidence total RNA and mRNA modification analyses.

Three-stage mRNA purification and validation pipeline
provides highly pure S. cerevisiae mRNA

The total cellular RNA pool is mainly comprised of the highly
modified non-coding transfer and ribosomal RNAs (tRNAs,
rRNA), with mRNA representing only a small percentage of
RNA species in the cell. Unlike RNA-seq, LC-MS/MS nucleoside
assays do not distinguish between modifications arising from
ncRNA or mRNA. In total RNA digestions, mRNA modifications
typically exist at concentrations 100-fold (or more) lower than
ncRNA modifications.31 Therefore, even low-level contamination

Fig. 1 LC-MS/MS method development to quantify 50 ribonucleosides in
a single analysis. (A) Extracted ion chromatogram for the 30 ribonucleo-
sides (4 canonical bases and 26 naturally occurring modifications)
detected in a S. cerevisiae total RNA digestion displaying that the canonical
bases exist at much larger levels than the ribonucleoside modifications.
(B) LC-MS/MS signal percent improvement using 1 mm chromatography at
100 mL min�1 compared to 2 mm chromatography at 400 mL min�1.
(C) Extracted ion chromatogram for 50 ribonucleoside standards (4 cano-
nical bases, 45 naturally occurring modifications, and 1 non-natural
modifications). The concentrations of each ribonucleoside standards
within the standard mix and their corresponding peak numbers are dis-
played in Table S2 (ESI†). For the chromatograms, each color peak
represents a separate ribonucleoside in the method, and the colors are
coordinated between panel (A) and (C).
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of tRNA and rRNA in purified mRNA samples can lead to
inaccurate quantifications and false mRNA modification discov-
ery. Most of the published mRNA purification pipelines use a
combination of poly(A) enrichment and rRNA depletion steps to
obtain mRNA.10,12,31,34,55–57 However, this is insufficient to
remove all detectable signal from contaminating ncRNA mod-
ifications during LC-MS/MS analyses, especially those arising
from tRNA.31,58 The inability to confidently obtain highly pure
mRNA samples has limited the utility of nucleoside LC-MS/MS
for studying these molecules. Recently, small RNA depletion
steps have begun to be incorporated into mRNA purification
pipelines to remove residual tRNA contamination;59 however,
the highest efficiency purifications typically require expensive
instrumentation and materials (liquid chromatograph and size
exclusion column)33 or expertise in RNA gel purification.32

Despite these improvements, most reports do not provide the
extensive mRNA purity quality controls necessary to confidently
confirm the removal of ncRNA from mRNA samples. To apply the
sensitive LC-MS/MS method we developed to studying mRNAs, we
developed and implemented a three-stage purification pipeline
comprised of a small RNA depletion step, two consecutive poly(A)
enrichment steps, and ribosomal RNA depletion to selectively
deplete the small ncRNA (e.g., tRNA and 5S rRNA) in addition to
the 18S rRNA and 28S rRNA using fully commercial kits (Fig. 2).
Additionally, we performed extensive quality control on our
mRNA samples prior to LC-MS/MS analysis – assessing the

purity of our mRNA following the three-stage purification pipe-
line using chip electrophoresis (Bioanalyzer), RNA-seq, qRT-
PCR, and LC-MS/MS. The highly purified mRNA contained no
detectable tRNA and rRNA peaks based on our Bioanalyzer
electropherograms (Fig. 3(A) and Calculation S1, ESI†). Similarly,
RNA-seq indicated the mRNA is enriched from 4.1% in our total
RNA to 499.8% in our purified mRNA samples (Fig. 3(B) and
Table S3, ESI†). Additionally, we observed a 43000-fold deple-
tion of 25S and 18S rRNAs and an 49-fold enrichment of actin
mRNA based on qRT-PCR (Fig. S5, ESI†). Similar purities by
RNA-seq have been achieved without a small RNA depletion
step,31,57 but we previously found that this protocol was insuffi-
cient to remove all contaminating ncRNA signals by LC-MS/
MS levels, as low levels of tRNA- and rRNA-specific modified
nucleosides are detected in the mRNA samples isolated solely
by poly(A) pull-down.31 This observation is in line with the fact
that RNA-seq does not accurately report on tRNA levels,60

making additional quality control analyses necessary to judge
the extent of tRNA contamination. While the incorporation of
tRNA compatible reverse transcriptases into the RNA-seq pipe-
line could be used to assay for tRNA contamination,60 we elected
to apply a multiplexed LC-MS/MS assay for this purpose instead.
Our LC-MS/MSprovides a direct, quantitative, and highly
sensitive method to obtain multiple measurements for assessing
if ncRNA contaminants are present above the LOD for our
assays.

Fig. 2 Three-stage mRNA purification pipeline. Total RNA from S. cerevisiae is purified to mRNA using a three-stage purification pipeline: (1) small RNA
(e.g., tRNA and 5S rRNA) is depleted; (2) mRNA is enriched from the small RNA depleted fraction through two consecutive poly(A) enrichment steps; (3)
remaining rRNA is depleted to result in highly purified mRNA. The displayed percent removed is the additive percent of total RNA removed throughout
the three-stage purification pipeline.
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To quantitatively evaluate the purity of our mRNA from the
three-stage purification pipeline by LC-MS/MS we measured the
levels of modifications present in our total RNA and purified
mRNA (Fig. 2 and 4(A)). The level of the modifications in each
sample was normalized to their corresponding canonical
nucleosides (e.g., m6A/A) to account for any variations in RNA
quantities digested. In our total RNA samples, we detected 26
out of 30 known S. cerevisiae ribonucleoside modifications that
we assayed for; f5C, s2U, m2,7G, and m3G were not detected
(Fig. 4(B) and Table S4, ESI†). This was expected because these
modifications likely exist at levels below our LOD in our total
RNA samples as they either arise from oxidative damage of m5C
(f5C),61,62 are present at very low levels on S. cerevisiae tRNA

(s2U),63–65 or are only found in low abundance snRNA and
snoRNA (m2,7G and m3G).66–68 Additionally, we did not detect
the 16 ribonucleoside modifications in our assay that have
never been reported in S. cerevisiae (1 non-natural and 15
naturally occurring modifications that exist in other organisms)
(Fig. 4(B) and Table S4, ESI†). Our purified mRNA samples
contained markedly fewer modifications than total RNA, as
anticipated. In addition to the 16 non-S. cerevisiae modifica-
tions, we did not detect 13 of the S. cerevisiae non-coding RNA
modifications present in the total RNA samples (Fig. 3(C) and
Table S4, ESI†).

All modifications not detected in the purified mRNA are
reported to be exclusively located in S. cerevisiae tRNAs or

Fig. 3 mRNA purity following three-stage purification pipeline. (A) Bioanalyzer electropherograms displaying the RNA distribution following each stage
of our purification pipeline. (B) Average percentage of reads mapping to ncRNA (rRNA, tRNA, snRNA, etc.) and mRNA determined by RNA-seq of two
biological replicate total RNA and purified mRNA samples. (C) Representative overlaid extraction ion chromatograms for five RNA modifications that exist
solely in ncRNA. These five modifications, in addition to eight additional ncRNA modifications, were detected in our total RNA samples (blue) while not
detected in our mRNA samples (red) above our control digestions without RNA added (grey). The LODs for DHU, m3U, mcm5U, t6A, and i6A are 530 amol,
45 amol, 29 amol, 21 amol, and 44 amol, respectively.
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rRNAs (e.g., i6A, m3C),3 result from oxidative damage (f5C),69 or
were only previously detected in S. cerevisiae mRNAs purified
from cells in grown under H2O2 stress (ac4C).31 The highly
abundant dihydrouridine (DHU) modification provides a key
example of such a common ncRNA modification that is not
detected in our purified samples. DHU is located at multiple
sites on every S. cerevisiae tRNA and is present at high levels (1.9
DHU/U%) in our total RNA samples (Tables S5 and S6, ESI†).
However, we do not detect DHU above our LOD in our purified
mRNA (Fig. 3(C)). Using our LOD data, we calculated the
maximum tRNA contamination in our purified mRNA to be
0.002% since DHU is not present in S. cerevisiae rRNAs (Calcu-
lation S2, ESI†).

Previous studies have used a similar, but more limited,
approach for judging mRNA purity by only measuring the levels
of a select few ncRNA target modifications. While useful, these
analyses provide a limited picture of the RNA modification
landscape (and therefore possible levels of contamination)
present in a sample. Because the LC-MS/MS assay described
here quantifies up to 46 ribonucleoside modifications in a
single analysis, we are able to use this method to thoroughly
characterize our mRNA purity. These analyses ensure that rRNA
and tRNA specific modifications are not present at detectable
levels in our highly purified mRNA, corroborating our Bioana-
lyzer, qRT-PCR and RNA-seq findings (Fig. 3(C)). Our quality
controls for mRNA purity give us confidence in downstream

LC-MS/MS analyses. Multifaceted quality control data are not
yet standard in mRNA modification LC-MS/MS studies, and we
believe that the inclusion of controls (i.e., protocols presented
here, or the combined application of LC-MS/MS and sequen-
cing methods capable of detecting tRNAs) will increase the
utilization of data generated from mRNA studies by LC-MS/MS
analysis going forward.

Trm1, Trm2, Trm10 and Trm11 are involved in the formation of
methylated guanosine and uridine modifications in S.
cerevisiae mRNA

We detected 13 ribonucleoside modifications in purified
mRNAs with abundances ranging from that of pseudouridine
(0.023 C/U%) to 1-methyladenosine (0.00014 m1A/A%)
(Fig. 4(B) and Fig. S6, Tables S5, S6, ESI†). These abundances
are lower than other previous mRNA modification LC-MS/MS
analyses, including a previous S. cerevisiae study.31 We attribute
this to the higher purity of our mRNAs than in previous LC-MS/
MS studies, which leads to lower observed modification abun-
dances since our samples lack detectable modifications arising
from contaminating ncRNA species. While most of the mod-
ifications we observe in our samples were previously reported
in in S. cerevisiae mRNA, we detected four modifications for the
first time in S. cerevisiae (m1G, m2G, m2

2G, and m5U) (Fig. 5(A)
and Fig. S7, ESI†). The detection of m1G and m5U in S.
cerevisiae is in line with recent reports of these modifications

Fig. 4 Enzymatic digestion and LC-MS/MS analysis of S. cerevisiae total RNA and mRNA. (A) RNA is enzymatic digested to ribonucleosides through a
two-stage process. RNA is first digested to nucleotide monophosphates by nuclease P1 and then dephosphorylated to ribonucleosides by bacterial
alkaline phosphatase. The resulting ribonucleosides are separated using reverse phase chromatography and then quantified using MRM on a triple
quadrupole mass spectrometer. (B) S. cerevisiae total RNA and mRNA were analyzed using the LC-MS/MS method developed to quantify 46
modifications in a single analysis. In total RNA, 26 modifications were detected while 13 ribonucleosides were detected in the highly purified mRNA.
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in Arabidopsis thaliana and multiple mammalian cell lines at
similar levels.32,34,70,71

Many of mRNA modifications, such as pseudouridine, are
incorporated by the same enzymes that catalyze their addition
into tRNAs and rRNAs.3 We investigated if enzymes responsible
for inserting m1G, m2G, m2

2G, and m5U into S. cerevisiae tRNAs
(Trm10, Trm11, Trm1 and Trm2, respectively) also insert them
into S. cerevisiae mRNAs. We compared the levels of m1G, m2G,
m2

2G, and m5U in mRNA purified from wild-type and mutant
(trm10D, trm11D, trm1D, and trm2D) S. cerevisiae. The abun-
dance of all four modifications decreased significantly in
mRNA purified from the knockout cell lines (Fig. 5(B) and
Table S6, ESI†). While this indicates that these tRNA modifying
enzymes can methylate S. cerevisiae mRNA nucleosides, it is

notable that low levels of m1G, m2G, m2
2G, and m5U modifica-

tions are still detected in the mRNA purified from knockout cell
lines (Fig. 5(B)). Several explanations could account for this.
A second enzyme, Trm5, also catalyzes m1G addition into
tRNAs and could possibly explain the remaining mRNA m1G
signals. However, given that m1G and m2G were previously
found as minor products of methylation damage in DNA and
RNA,72–79 it is perhaps more likely that the remaining low-level
signals that we detect arise from methylation associated RNA
damage or minor off target methylation by other enzymes.
Regardless of how they are incorporated, when present, these
modifications have the potential to impact the function of
mRNAs on which they exist.

m1G, m2G and m5U containing mRNA codons slow amino acid
addition by the ribosome in a position dependent manner

The frequency of mRNA modification is analogous to that of
N-linked and O-linked protein glycosylation, which occur at
rates less than approximately 1% and 0.04% per target amino
acid, respectively.80 Despite their low abundance, glycosylation
influences protein localization and function81,82 and mis-
regulation is linked to multiple diseases.83 Similarly, even
though they are incorporated into less than 1% of all mRNA
nucleosides, evidence is mounting that chemically modified
nucleosides impact the mRNA lifecycle.13 mRNAs serve as
substrates for the ribosome, and post-transcriptional modifica-
tions can alter ribosome decoding speed and accuracy by
altering the hydrogen bonding patterns between the mRNA
codons and incoming aminoacyl-tRNAs.24,25,84–95 Such pertur-
bations to protein synthesis have significant consequences even
when modifications are incorporated into mRNA transcripts at
very low levels, as exemplified by the biological consequences of
oxidatively damaged mRNAs, which exist at levels similar to that
of m1G, m2G, m2

2G and m5U.79,96 We therefore sought to estab-
lish how the insertion of m5U, m1G, and m2G into mRNA codons
impacts translation using a well-established reconstituted bacter-
ial translation system24 (Fig. 6(A)). This system has long been used
to conduct high-resolution kinetic studies investigating how the
ribosome decodes mRNAs. Translation elongation is well con-
served between bacteria and eukaryotes,97 and prior studies
demonstrate that mRNA modifications (e.g. pseudouridine, N6-
methyladenosine and 8-oxo-G) that slow elongation and/or
change mRNA decoding elongation in the reconstituted E. coli
system24,25,84,98 also do so in eukaryotes.24,99–101 m2

2G was not
selected for study because the phosphoramidite required for
mRNA oligonucleotide synthesis is not commercially available.

In our assays, 70S E. coli ribosome initiation complexes (ICs)
with 35S-fMet-tRNAfMet programmed in the A site are formed on
transcripts encoding Met-Phe, Met-Arg, or Met-Val dipeptides.
Ternary complexes comprised of aminoacyl-tRNA:EF-Tu:GTP
are added to the ICs to begin translation. Reactions are
quenched at desired timepoints by KOH, and the unreacted
35S-fMet-tRNAfMet and dipeptide translation products are visua-
lized by electrophoretic TLC (eTLC) (Fig. S8–S11, ESI†). We
evaluated the extent of total dipeptide synthesis and/or the rate
constants (kobs) for amino acid incorporation on unmodified

Fig. 5 m1G, m2G, m2
2G, and m5U are present in S. cerevisiae mRNA. (A)

Overlaid extracted ion chromatograms displaying m1G, m2G, m2
2G, and

m5U are detected in our mRNA samples (red) above our digestion control
samples without RNA added (grey). (B) m1G, m2G, m2

2G, and m5U are
incorporated into S. cerevisiae mRNA by their corresponding tRNA mod-
ifying enzymes (Trm10, trm11, Trm1, and Trm2 respectively). The mod-
ification/main base% (e.g., m1G/G%) were normalized to their levels in the
average WT mRNA levels. A significant decrease (**p o 0.01) was detected
for all cases. The error bars are the standard deviation of the normalized
mod/main base%.
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(CGU, GUG, UUC, UUU) and modified (Cm1GU, Cm2GU, m1GUG,
m2GUG, GUm1G, GUm2G, m5UUC, Um5UC, UUm5U) codons. The
presence of modifications in the codons were verified by direct
infusion ESI-MS or nanoelectrospray ionization (nESI)-MS (Fig.
S12–S14, ESI†). Our assays reveal that the extent of amino acid
addition is drastically reduced when m1G is present at the first or
second position in a codon, but restored to normal levels when
m1G is at the third nucleotide (Fig. 6(B) and Fig. S8–S10, ESI†).
Codons containing m2G display more modest defects in dipeptide
production, only reducing the extent of dipeptide synthesis by
1.9 � 0.2-fold when m2G is in the third position of a codon
(Fig. 6(B) and Fig. S8–S10, ESI†). These findings are consistent

with a previous report indicating that insertion of a single m1G
and m2G modification into a reporter mRNA codon lowers the
overall protein production and translation fidelity in a position
and codon dependent manner.89

m1G and m2G should both disrupt Watson–Crick base
pairing between mRNAs and tRNAs (Fig. 6(A)) and might be
expected to alter amino acid addition in similar ways. However,
our results reveal that the insertion of m1G has a much larger
consequence than m2G on peptide production. This can be
partially rationalized by the fact that m1G would impede
canonical Watson–Crick base-pairing by eliminating a central
H-bond interaction, while m2G disrupts peripheral interactions
(Fig. 6(A)). The N1-methylation of adenosine (m1A), structurally
analogous to m1G, abolishes the ability of the ribosome to add
amino acids,102 suggesting that the conserved N1 position on
purine nucleobases is particularly crucial to tRNA decoding.
The hydrogen bonding patterns possible between m2G and
other nucleosides would be expected to closely resemble those
of another well studied modification, inosine. Inosine also has
a moderate (if any) impact on the rates of protein synthesis,
though it can promote amino acid mis-incorporation.103,104

The limited consequence of both inosine and m2G on overall
peptide production indicates that purine peripheral amines on
the Watson–Crick face are less important than the N1 position
for ensuring the rapid addition of amino acids by the ribosome.

In contrast to the guanosine modifications that we investi-
gated, we did not observe changes in the overall amount of
dipeptide product generated from mRNAs with m5U inserted
into Phe codons (Fig. 6(C)). However, we did find that the
inclusion of m5U modestly decreased the rate constants for
amino acid addition (kobs) on Phe codons in a position dependent
manner, similar to what we previously observed for C-modified
Phe codons.24 The rate constants (kobs) for Phe incorporation on
unmodified and modified codons at the 1st and 2nd position
were comparable, (B5 s�1) (Fig. 6(C) and Fig. S11, ESI†). However,
when m5U is in the 3rd position, the kobs value decreases by 2-fold
(kobs,UUm5U = 2.5 s�1) (Fig. 6(C) and Fig. S11, ESI†). It is not
clear how m5U and other modifications that do not change
the Watson–Crick face of nucleobases (e.g., C and 8-oxoG) alter
amino acid addition by the ribosome.105 It is possible that such
modifications alter nucleobase ring electronics to perturb the
strength of the hydrogen bond donors and acceptors involved in
mRNA:tRNA base pairing.

While the levels of the m1G, m2G, m2
2G and m5U modifica-

tions we measured in S. cerevisiae are lower than that of the best
characterized modifications (m6A and C), our findings suggest
that they still have potential to impact biology. Although these
data do not report on the ability of the modifications that we
uncovered to control gene expression or identify the number of
mRNAs that they are in, they do suggest that there will be
consequences for translation if (and when) they are encoun-
tered by the ribosome. Additionally, given that the levels and
distributions of mRNA modifications, both enzymatic and
damage products, can change significantly in response to
different environmental conditions, we anticipate that the
modest levels of m1G, m2G, m2

2G and m5U modification that

Fig. 6 Methylated guanosine and uridine modifications alter amino acid
addition. (A) Watson–Crick base pairing of m1G, m2G and m5U. The added
methylation is displayed in red and the hydrogen bond interactions
displayed as a dashed orange line. (B) Total peptide formation of transla-
tion reactions after 600 seconds using transcribed or single-nucleotide
modified mRNAs encoding for either (left panel) Met-Val (GUG) or (right
panel) Met-Arg (CGU) dipeptide. Error bars are the standard deviation. (C)
Time courses displaying the formation of fMet-Phe dipeptide on an
unmodified and singly modified UUC or UUU codons (left panel). Observed
rate constants (right panel) were determined from the fit data. The error
bars are the standard deviation of the fitted value of kobs.
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we observed in healthy, rapidly growing S. cerevisiae have the
potential to increase under stress.16,31,96,106

The three modifications we investigated alter translation
differently depending on their location within a codon. Such a
context dependence has been observed for every mRNA modifi-
cation investigated to date.105 Modifications have the capacity to
change intra-molecular interactions within an mRNA, and inter-
actions between mRNAs and proteins or rRNA. There is growing
evidence that such factors, and not only tRNA anticodon:mRNA
codon interactions, have a larger contribution to translation
elongation than previously recognized. For example, ribosome
stalling induced by the rare 8-oxo-guanosine damage modifica-
tion has the potential to perturb ribosome homeostasis, and the
small pauses in elongation induced by mRNA pseudouridine
modifications can impact levels of protein expression in a gene
specific manner.79,101 We posit that in addition to influencing
the level of protein production, transient ribosome pauses might
offer the cells an avenue for enhancing co-translational protein
folding or provide sufficient time for RNA binding proteins to
interact with a transcript.107,108 Future systematic biochemical
and computational studies are needed to uncover the causes of
the context dependent effects of mRNA modifications on trans-
lation that we and others have observed. This information will be
broadly useful as researchers seek to identify which of the
thousands of reported modified mRNA codons in the transcrip-
tome are the most likely to have biological consequences when
encountered by the ribosome.

Conclusions

Mass spectrometry based approaches are widely used to study
protein post-translational modifications, but the application of
similar techniques to investigate mRNA post-transcriptional
modifications has not been widely adopted. We present mRNA
purification, validation, and LC-MS/MS pipelines that enable the
sensitive and highly multiplexed analysis of mRNA and ncRNA
modifications. These developments enable us to confidently
identify four previously unreported mRNA modifications in
S. cerevisiae (m1G, m2G, m2

2G and m5U), demonstrating the utility
of applying LC-MS/MS to discover and quantify mRNA modifica-
tions. Going forward, integrating quantitative LC-MS/MS
approaches, like the one presented here, with sequencing based
methodologies for transcriptome-wide modification mapping can
facilitate the development of rigorous platforms to study mRNA
modifications.69,109–118 In addition to revealing the enzymes that
incorporate these modifications, we also demonstrate that the
presence of m1G, m2G, and m5U in mRNA as consequences on
protein synthesis. However, the impacts of modifications on
amino acid addition are not uniform, with the position and
identity of each modification resulting in a different outcome
on dipeptide production. Our work is consistent with a growing
body of evidence suggesting that the ribosome regularly encoun-
ters a variety of modified codons in the cell and that, depending
on the identity and position of the modification, these interac-
tions can alter the elongation step in protein synthesis.

Experimental
S. cerevisiae cell growth and mRNA purification

Wild-type, Dtrm1, Dtrm2, Dtrm10 and Dtrm11 BY4741 S. cerevi-
siae (Horizon Discovery) were grown in YPD media as previously
described.31 Knockout cells lines were grown on media includ-
ing 200 mg mL�1 Geneticin (G418 Sulfate). Briefly, 100 mL of
YPD media was inoculated with a single colony selected from a
plate and allowed to grow overnight at 30 1C and 250 rpm. The
cells were diluted to an OD600 of 0.1 with 300 mL of YPD and
were grown to an OD600 of 0.6–0.8 at 30 1C and 250 rpm. The
cell suspension was pelleted at 3220� g at 4 1C and used for the
RNA extraction.

S. cerevisiae cells were lysed as previously described with
minor alterations.31,119 The cell pellet was resuspended in
12 mL of lysis buffer (60 mM sodium acetate pH 5.5, 8.4 mM
EDTA) and 1.2 mL of 10% SDS. One volume (13.2 mL) of acid
phenol : chloroform : isoamyl alcohol (125 : 24 : 1; Sigma-Aldrich,
USA; P1944) was added and vigorously vortexed. The mixture was
incubated in a water bath at 65 1C for five minutes and subse-
quently vigorously vortexed. The incubation at 65 1C and vortex-
ing was repeated once. Then, the mixture was rapidly chilled in
an ethanol/dry ice bath until the lysate became partially frozen.
The lysate was then allowed to thaw and centrifuged for 15 min
at 15 000 � g. The resulting upper layer containing the total RNA
was then washed three times with 13.2 mL phenol, and the
phenol removed using two chloroform extractions of the same
volume. The layer containing RNA was ethanol precipitated in
the presence of 1/10th volume of 3 M sodium acetate and 2.5
volumes of ethanol. The precipitate was resuspended in water
and ethanol precipitated a second time in the presence of 1/2
volume of 7.5 M ammonium acetate and 2.5 volumes of ethanol.
The precipitated total RNA was pelleted at 12 000 � g for 30 min,
resuspended in 400 mL of water, and treated with 140 U RNase-
free DNase I (Roche, 10 U mL�1) in the supplied digestion buffer
at 37 1C for 30 min. The DNase I was removed by acid phenol-
chloroform extraction. was ethanol precipitated in the presence
of 1/10th volume of 3 M sodium acetate and 2.5 volumes of
ethanol. The precipitate was resuspended in water and ethanol
precipitated a second time in the presence of 1/2 volume of 7.5 M
ammonium acetate and 2.5 volumes of ethanol. The precipitated
RNA was pelleted and resuspended in water. The resulting total
RNA was used for our LC-MS/MS, bioanalyzer, and RNA-seq
analyses, and as a starting point for mRNA purification. For
a 300 mL culture grown to an OD600 of 0.6, we obtain between
500 mg and 2 mg of total RNA.

mRNA was purified from total RNA through a three-stage
purification pipeline. First, small RNA (tRNA and 5S rRNA) was
depleted from 240 mg of total RNA using a Zymo RNA Clean and
Concentrator-100 kit to purify RNAs 4200 nt in length. Two
consecutive poly(A) enrichment steps were applied to 125 mg of
the resultant small RNA diminished samples using Dynabeads
oligo-dT magnetic beads (Invitrogen, USA). The resulting
poly(A) RNA was ethanol precipitated using 1/10th volume of
3 M sodium acetate pH 5.2 and 2.5 volumes of ethanol and
resuspended in 14 mL of water. Then, we removed the residual
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5S, 5.8S, 18S, and 28S rRNA using the commercial riboPOOL
rRNA depletion kit (siTOOLs Biotech). The Bioanalyzer RNA
6000 Pico Kit (Agilent) was used to evaluate the purity of the
mRNA prior to LC-MS/MS analysis.

qRT-PCR

DNase I treated total RNA and three-stage purified mRNA (200
ng) were reverse transcribed using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific) using the random
hexamer primer. The resulting cDNA was diluted 5000-fold
and 1 mL of the resulting mixture was analyzed using the
Luminaris Color HiGreen qPCR Master Mix (Thermo Scientific)
with gene-specific primers (Table S8, ESI†). RNA level fold
changes were calculated using the Ct values for Act1, 18S rRNA,
and 25S rRNA using the following equation:

Relative fold change ¼ 2�ðCtmRNA�CttotalRNAÞ

RNA-seq

The WT S. cerevisiae mRNA was analyzed by RNA-seq as previously
described with minimal alterations.31 Briefly, 50 ng of DNase I
treated total RNA and three-stage purified mRNA from the two
biological replicates were fragmented using the TruSeq RNA Library
Prep Kit v2 fragmentation buffer (Illumina). First-strand cDNA
synthesis was performed using the random hexamer primer, and
the second strand was synthesized using the Second Strand Master
Mix. The resulting cDNA was purified with AMPure XP beads
(Beckman Coulter), the ends were repaired, and the 30 end was
adenylated. Lastly, indexed adapters were ligated to the DNA frag-
ments and amplified using 15 PCR cycles. Paired-end sequencing
was performed for the cDNA libraries using 2.5% of an Illumina
NovaSeq (S4) 300 cycle sequencing platform flow cell (0.625% of flow
cell for each sample). All sequence data are paired-end 150 bp reads.

FastQC (v0.11.9)120 was used to evaluate the quality of the raw
and trimmed reads. Then, cutadapt (v1.18)121 was used to trim to
paired-end 50 bp reads and obtain high quality clean reads with
the arguments -u 10 -U 10 -l 50 -m 15 -q 10. Following, Bowtie2
(v2.2.5)122 was used to align the forward strand reads to S.
cerevisiae reference genome (R64-1-1) with the default para-
meters. Following alignment, Rmmquant tool R package
(v1.6.0)123 and the gene_biotype feature in the S. cerevisiae GTF
file was used to count the number of mapped reads for each
transcript and classify the RNA species, respectively. Only reads
solely associated with an mRNA transcript are considered mRNA
reads, while all others are considered ncRNA reads.

RNA digestions and LC-MS/MS analysis

RNA (200 ng) was hydrolyzed to composite mononucleosides
using a two-step enzymatic digestion. The RNA was first hydro-
lyzed overnight to nucleotide monophosphates using 300 U mg�1

Nuclease P1 (NEB, 100 000 U mL�1) at 37 1C in 100 mM
ammonium acetate (pH 5.5) and 100 mM ZnSO4. Following, the

nucleotides were dephosphorylated using 50 U mg�1 bacterial
alkaline phosphatase (BAP, Invitrogen, 150 U mL�1) for 5 h at
37 1C in 100 mM ammonium bicarbonate (pH 8.1) and 100 mM
ZnSO4. Prior to each reaction, the enzymes were buffer
exchanged into their respective reaction buffers above using a
Micro Bio-Spin 6 size exclusion spin column (Biorad) to remove
glycerol and other ion suppressing constituents. After the reac-
tions, the samples were lyophilized and resuspended in 9 mL of
water and 1 mL of 400 nM 15N4-inosine internal standard.

The resulting ribonucleosides were separated using a Waters
Acquity HSS T3 column (1 � 100 mm, 1.8 mm, 100 Å) with a
guard column at 100 mL min�1 on a Agilent 1290 Infinity II
liquid chromatograph interfaced to a Agilent 6410 triple quad-
rupole mass spectrometer. Mobile phase A was 0.01% (v/v)
formic acid in water and mobile phase B was 0.01% (v/v) formic
acid in acetonitrile. The gradient is displayed in Table S9 (ESI†).
The autosampler was held at 4 1C, and 5 mL was injected for
each sample. The eluting ribonucleosides were quantified
using MRM and ionized using electrospray ionization in posi-
tive mode at 4 kV (Table S10, ESI†). The electrospray ionization
conditions were optimized by infusing 500 nM uridine at
100 mL min�1 at 5% mobile phase B. The gas temperature was
350 1C, the gas flow rate was 10 L min�1, and the nebulizer gas
pressure was 25 psi. After each RNA digestion sample, a wash
gradient injection was performed to eliminate any column carry-
over of late eluting nucleosides (e.g., i6A) (Table S9, ESI†).

To compare the sensitivity between the 1 mm and 2 mm I.D.
column chromatographies, a 2.1 mM Waters Acquity HSS T3
column (2.1� 100 mm, 1.8 mm, 100 A) with a guard column was
used at 400 mL min�1 using the same gradient and mobile
phases described above. The source conditions for the 2.1 mm
I.D. column were optimized by infusing 500 nM uridine at
400 mL min�1 at 5% mobile phase B. The gas temperature was
350 1C, the gas flow rate was 10 L min�1, and the nebulizer gas
pressure was 55 psi. For both analyses, 5 mL of ribonucleoside
standard mixes containing 1.4 mM canonical nucleosides and
72 nM modifications was injected.

To quantify RNA nucleosides calibration curves were created
for the four main bases, 45 natural modified nucleosides, and 1
non-natural modified nucleoside using seven calibration points
ranging over four orders of magnitude. 15N4-inosine (40 nM)
was used as the internal standard for all ribonucleosides. The
concentrations of ribonculeoside in the calibration curves
standards can be found in Table 11 (ESI†). Suppliers for
ribonucleoside standards can be found in Table 12 (ESI†).
Automated peak integration was performed using the Agilent
MassHunter Workstation Quantitative Analysis Software. All
peaks were visually inspected to ensure proper integration.
The calibration curves were plotted as the log10(response ratio)
versus the log10(concentration (pM)) and the RNA sample
nucleoside levels were quantified using the resulting linear
regression. The limits of detection were calculated using:

LOD ðpMÞ ¼ 10

3� standard error of regressionð Þ þ log10 average response ratio of blankð Þ � ðy interceptÞ
Slope of linear regression
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The calculated LOD was then converted to amol. For each RNA
enzymatic digestion samples, the respective calibration curve
was used to calculate nucleoside concentrations in the samples.

tRNA and mRNA for in vitro translation assay

Unmodified transcripts were prepared using run-off T7 tran-
scription of Ultramer DNA templates that were purchased from
Integrated DNA Technologies (Table S13, ESI†). HPLC purified
modified mRNA transcripts containing 5-methyluridine, 1-methyl-
guanosine, and N2-methylguanosine were purchased from Dhar-
macon (Table S14, ESI†). The homogeneity and accurate mass for
most of the purchased modified oligonucleotides were confirmed
by direct infusion ESI-MS prior to use by Dharmacon (Fig. S11–
S13, ESI†). For the remaining purchased oligonucleotides lacking
Dharmacon spectra, they were analyzed on a ThermoFisher
Q-Exactive UHMR Hybrid Quadrupole-Orbitrap Mass Spectro-
meter in a negative ionization polarity. Samples were buffer
exchanged into 100 mM ammonium acetate (AmOAc) using Micro
Bio-Spin P-6 gel columns and directly infused via nanoelectro-
spray ionization (nESI). nESI was performed using borosilicate
needles pulled and coated in-house with a Sutter p-97 Needle
Puller and a Quorum SCX7620 mini sputter coater, respectively.
The acquired native mass spectra were deconvoluted using
UniDec124 in negative polarity (Fig. S11, ESI†).

Native tRNA was purified as previously described with minor
alterations.125 Bulk E. coli tRNA was either bought in bulk from
Sigma-Aldrich or purified from a HB101 E. coli strain contain-
ing pUC57-tRNA that we obtained from Prof. Yury Polikanov
(University of Illinois, Chicago). Two liters of media containing
Terrific Broth (TB) media (TB, 4 mL glycerol per L, 50 mM
NH4Cl, 2 mM MgSO4, 0.1 mM FeCl3, 0.05% glucose and 0.2%
lactose (if autoinduction media was used)) were inoculated with
1 : 400 dilution of a saturated overnight culture and incubated
with shaking at 37 1C overnight with 400 mg ml�1 of ampicillin.
Cells were harvested the next morning by 30 min centrifugation
at 5000 rpm and then stored at �80 1C. Extraction of tRNA was
done by first resuspending the cell pellet in 200 mL of resus-
pension buffer (20 mM tris-Cl, 20 mM Mg(OAc)2 pH 7). The
resuspended cells were then placed in Teflon centrifuge tubes
with ETFE o-rings containing 100 mL acid phenol/chloroform/
isoamyl alcohol mixture. The tubes were placed in a 4 1C
incubator and left to shake for 1 h. After incubation, the lysate
was centrifuged for 60 min at 3220 � g at 4 1C. The supernatant
was transferred to another container and the first organic
phase was then back-extracted with 100 mL resuspension
buffer and centrifuged down for 60 min at 3220 � g at 4 1C.
Aqueous solutions were then combined and a 1/10 volume
of 3 M sodium acetate pH 5.2 was added and mixed well.
Isopropanol was added to 20% and after proper mixing was
centrifuged to remove DNA at 13 700 � g for 60 min at 4 1C. The
supernatant was collected, and isopropanol was added to 60%
and was left to precipitate at �20 1C overnight. The precipitated
RNA was pelleted at 13 700 � g for 60 min at 4 1C and
resuspended with approximately 10 mL 200 mM tris-acetate,
pH 8.0. The RNA was incubated at 37 1C for at least 30 min to
deacylate the tRNA. After incubation 1/10th volume of 3 M

sodium acetate pH 5.2 and 2.5 volumes of ethanol was added to
precipitate the RNA. Then, the mixture was centrifuged at
16 000 � g for 60 min at 4 1C. The pellet was washed with
70% ethanol, resuspended in water, and desalted using an
Amicon 10 kDa MWCO centrifugal filter prior to purification
(Millipore-Sigma, USA).

Next, the tRNA was isolated using a Cytiva Resource Q
column (6 mL) on a AKTA Pure 25M FPLC. Mobile phase A
was 50 mM NH4OAc, 300 mM NaCl, and 10 mM MgCl2. Mobile
phase B was 50 mM NH4OAc, 800 mM NaCl, 10 mM MgCl2. The
resuspended RNA was filtered, loaded on the Resource Q
column, and eluted with a linear gradient from 0–100% mobile
phase B over 18 column volumes. Fractions were pulled and
ethanol precipitated overnight at �20 1C.

The precipitated RNA was resuspended in water and filtered
prior to purification on a Waters XBridge BEH C18 OBD Prep
wide pore column (10 � 250 mm, 5 mm). Mobile phase A was
20 mM NH4OAc, 10 mM MgCl2, and 400 mM NaCl at pH 5 in
100% water. Mobile phase B was 20 mM NH4OAc, 10 mM
MgCl2, and 400 mM NaCl at pH 5 in 60% methanol. The
injection volume was 400 mL. A linear gradient of mobile phase
B from 0–35% was done over 35 min. After 35 min, the gradient
was increased to 100% mobile phase B over 5 min and held at
100% for 10 min, column was then equilibrated for 10 column
volumes before next injection with mobile phase A. TCA pre-
cipitations were performed on the fractions to identify fractions
containing the phenylalanine tRNA as well as measuring the
A260 and amino acid acceptor activity.

Formation of E. coli ribosome initiation complexes

Ribosomes were purified from E. coli MRE600 as previously
described.24 All constructs for translation factors were provided
by Dr Rachel Green’s lab unless specifically stated otherwise.
The expression and purification of translation initiation and
elongation factors were carried out as previously described in
detail.24 Initiation complexes (ICs) were formed in 1 � 219-tris
buffer (50 mM tris pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM
MgCl2, 5 mM b-ME) with 1 mM GTP as previously described.125

70S ribosomes were incubated with 1 mM mRNA (with or
without modification), initiation factors (1, 2, and 3) all at
2 mM final, and 2 mM of radiolabeled 35S-fMet-tRNAfMet for
30 min at 37 1C. After incubation, MgCl2 was added to a final
concentration of 12 mM. The ribosome mixture was then layered
onto 1 mL cold buffer D (20 mM tris-Cl, 1.1 M sucrose, 500 mM
NH4Cl, 10 mM MgCl2, 0.5 mM disodium EDTA, pH 7.5) and
centrifuged at 69 000 rpm for 2 h at 4 1C. After pelleting, the
supernatant was discarded into radioactive waste, and the pellet
was resuspended in 1 � 219-tris buffer and stored at �80 1C.

In vitro amino acid addition assays

IC complexes were diluted to 140 nM with 1 � 219-tris buffer.
Ternary complexes (TCs) were formed by first incubating the
EF-Tu pre-loaded with GTP (1 � 219-tris buffer, 10 mM GTP,
60 mM EFTu, 1 mM EFTs) at 37 1C for 10 min. The EF-Tu mixture
was incubated with the tRNA mixture (1 � 219-tris buffer, Phe-
tRNAPhe (1–10 mM), 1 mM GTP) for another 15 min at 37 1C.
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After TC formation was complete, equal volumes of IC complexes
(70 nM) and ternary complex (1 mM) were mixed either by hand
or using a KinTek quench-flow apparatus. Discrete time-points
(0–600 seconds) were taken as to obtain observed rate constants
on m5U-containing mRNAs. Each time point was quenched with
500 mM KOH (final concentration). Time points were then
separated by electrophoretic TLC and visualized using phosphor-
escence as previously described.24,125 Images were quantified with
ImageQuant. The data were fit using (eqn 1):

Fraction product ¼ A � 1� ekobst
� �

: (1)
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N. Amariglio, G. Rechavi and C. He, The dynamic N1-
methyladenosine methylome in eukaryotic messenger
RNA, Nature, 2016, 530, 441–446.

56 D. Dominissini, S. Moshitch-Moshkovitz, S. Schwartz,
M. Salmon-Divon, L. Ungar, S. Osenberg, K. Cesarkas,
J. Jacob-Hirsch, N. Amariglio, M. Kupiec, R. Sorek and
G. Rechavi, Topology of the human and mouse m6A RNA
methylomes revealed by m6A-seq, Nature, 2012, 485,
201–206.

57 X. Li, P. Zhu, S. Ma, J. Song, J. Bai, F. Sun and C. Yi,
Chemical pulldown reveals dynamic pseudouridylation of
the mammalian transcriptome, Nat. Chem. Biol., 2015, 11,
592–597.

58 C. Legrand, F. Tuorto, M. Hartmann, R. Liebers, D. Jacob,
M. Helm and F. Lyko, Statistically robust methylation
calling for whole-transcriptome bisulfite sequencing
reveals distinct methylation patterns for mouse RNAs,
Genome Res., 2017, 27, 1589–1596.

59 M.-Y. Cheng, W.-B. Tao, B.-F. Yuan and Y.-Q. Feng, Meth-
ods for isolation of messenger RNA from biological sam-
ples, Anal. Methods, 2021, 13, 289–298.

60 A. Behrens, G. Rodschinka and D. D. Nedialkova, High-
resolution quantitative profiling of tRNA abundance and
modification status in eukaryotes by mim-tRNAseq, Mol.
Cell, 2021, 81, 1802–1815.e7.

61 B. Chen, B.-F. Yuan and Y.-Q. Feng, Analytical Methods for
Deciphering RNA Modifications, Anal. Chem., 2019, 91,
743–756.

62 S. M. Huber, P. van Delft, L. Mendil, M. Bachman, K. Smollett,
F. Werner, E. A. Miska and S. Balasubramanian, Formation
and Abundance of 5-Hydroxymethylcytosine in RNA, ChemBio-
Chem, 2015, 16, 752–755.

63 S. Laxman, B. M. Sutter, X. Wu, S. Kumar, X. Guo,
D. C. Trudgian, H. Mirzaei and B. P. Tu, Sulfur Amino
Acids Regulate Translational Capacity and Metabolic
Homeostasis through Modulation of tRNA Thiolation, Cell,
2013, 154, 416–429.

64 C. Chen, B. Huang, M. Eliasson, P. Rydén and
A. S. Byström, Elongator Complex Influences Telomeric
Gene Silencing and DNA Damage Response by Its Role in
Wobble Uridine tRNA Modification, PLoS Genet., 2011,
7, e1002258.

Paper RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

5:
17

:1
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00229a


© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 363–378 |  377

65 N. Shigi, Biosynthesis and functions of sulfur modifica-
tions in tRNA, Front. Genet., 2014, 5, 67.

66 J. Mouaikel, C. Verheggen, E. Bertrand, J. Tazi and
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