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ABSTRACT

Certain chemical modifications confer increased sta-
bility and low immunogenicity to in vitro transcribed
mRNAs, thereby facilitating expression of therapeu-
tically important proteins. Here, we demonstrate that
N1-methyl-pseudouridine (N1mW¥) outperforms sev-
eral other nucleoside modifications and their com-
binations in terms of translation capacity. Through
extensive analysis of various modified transcripts
in cell-free translation systems, we deconvolute the
different components of the effect on protein expres-
sion independent of mMRNA stability mechanisms. We
show that in addition to turning off the immune/elF2«
phosphorylation-dependent inhibition of translation,
the incorporated N1TmV nucleotides dramatically al-
ter the dynamics of the translation process by
increasing ribosome pausing and density on the
mRNA. Our results indicate that the increased ribo-
some loading of modified mRNAs renders them more
permissive for initiation by favoring either ribosome
recycling on the same mRNA or de novo ribosome
recruitment.

INTRODUCTION

Expression of therapeutically important proteins by intro-
ducing in vitro transcribed mRNAs into mammalian cells
is a highly promising and innovative drug development
concept. Transfection with mRNA offers many advantages
over DNA-based technologies. First, gene transfer using
mRNA poses no risk of undesirable and potentially delete-
rious chromosomal integration. Second, mRNA transfer is
more efficient than DNA transfection in both total amount
taken up and the number of targeted cells. Third, mRNA di-

rects protein expression almost immediately after reaching
the cytoplasm.

Significantly, the incorporation of modified nucleotides
into therapeutic mRNAs improves their performance in
cell culture and in animals, which leads to a reduction of
the applied dose and improved safety for patients (1-3). In
addition, cell-based studies have shown that the presence
of modified nucleotides in synthetic mRNAs reduces their
immune stimulatory activity (1). While non-modified mR-
NAs activate the interferon inducers, Toll-like receptors and
retinoic acid-inducible gene I protein, pseudouridine (V) or
2-thiouridine-containing mRNAs fail to do so (4). In ad-
dition, modified nucleotides in mRNA reduce the activa-
tion of RNA-dependent protein kinase (PKR) (5,6). PKR
is one of four kinases known to phosphorylate the a-subunit
of translation initiation factor 2 (eIF2a) and repress trans-
lation (7,8). Other elF2a kinases in mammals are PKR-
like endoplasmic reticulum kinase (PERK), general con-
trol non-derepressible-2 (CCN2) and heme-regulated in-
hibitor. e[F2, which is composed of three subunits «, B and
v forms a ternary complex with guanosine 5’-triphosphate
(GTP) and methionyl initiator tRNA (Met-tRNA;). The
role of the eIF2eGTPeMet—tRNA; complex is to deliver
Met-tRNA; to the 40S ribosomal subunit. Following GTP
hydrolysis, el[F2-GDP is released from the ribosome and is
subsequently converted to e[F2-GTP with the aid of eIF2B.
The affinity of phosphorylated elF2 for eIF2B is dramat-
ically enhanced, resulting in the sequestration of elF2B,
which impairs the regeneration of the ternary complex and
attenuates translation. Since the level of eIF2 is higher than
that of eIF2B, even low amounts of phosphorylated elF2«
are sufficient to block the activity of eIF2B (8). PKR is acti-
vated by double-stranded RNA, such as that formed during
virus infection and requires dimerization and autophospho-
rylation of the protein. However, in vitro transcribed mR-
NAs can also activate PKR (5,6,9). This activation is due
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to stable secondary structure in the mRNA 5" untranslated
region (UTR), such as the trans-activation response (TAR)
region of human immunodeficiency virus 1 mRNA (9), but
can also occur because of the generation of double-stranded
RNA during in vitro transcription (10).

A significant proportion of synthetic mRNA transfected
into cells is degraded in the endosomes, making it unavail-
able to the translation machinery (11). The restriction of
protein expression from in vitro transcribed mRNA has
also been linked to activation of the interferon-induced 2’'-
5’-oligoadenylate synthetases (OAS) (12). Activated OAS
produce short 2'-5'-linked oligomers (termed 2-5A) using
adenosine triphosphate (ATP) as a substrate. Binding of
2-5A to RNase L monomers induces their dimerization
and activation (13). Remarkably, nucleoside modifications
in RNA reduce activation of the OAS/RNase L system and
cleavage of single-stranded RNAs (12).

Cell-based assays measure new protein expression many
hours after transfection, making it difficult to study direct
effects, the kinetics of protein synthesis and roles of dif-
ferent regulatory mechanisms. To circumvent these limita-
tions, we recapitulated the stimulation of translation con-
ferred by the modified nucleosides 5-methylcytidine (5 mC)
and N1-methyl-pseudouridine (N1mW) and their combina-
tion (5 mC/N1mW) in cell-free extracts. We demonstrate
that NImW outperforms S mC and 5 mC/N1mV in transla-
tion. In cell-free extracts, phosphorylation of eIF2« is stim-
ulated by the addition of standard, but not modified, in vitro
transcribed mRNAs. Enhancement of elF2a phosphoryla-
tion inhibits the translation of other mRNAs in trans. Un-
expectedly and significantly, however, prevention of elF2«a
phosphorylation by addition of recombinant GADD34 and
K3L proteins, albeit reduced, did not completely negate the
translational superiority of N1mW-containing Firefly lu-
ciferase (Luc) mRNA over standard unmodified mRNA,
suggesting the existence of an additional mechanism. We
report the impediment of ribosome movement at defined
sites in the modified mRNA, resulting in the increase of
the abundance and size of polysomes. We suggest that in-
creased ribosome occupancy of the modified mRNA facili-
tates initiation or intra-polysomal ribosome recycling, ulti-
mately enhancing the overall translation rate above the con-
tribution of reduced immunogenicity.

MATERIALS AND METHODS
Cells and proteins

Human embryonic kidney (HEK293T) and HeLa S3 cells
were maintained in Dulbecco’s modified eagle’s medium
supplemented with 2 mM L-glutamine, 10% foetal calf
serum, 100 U/ml penicillin and 100 pwg/ml streptomycin.
Krebs-2 ascites carcinoma cells were propagated in mice
(14). Mouse embryonic fibroblasts (MEF) wild-type (WT)
and MEF that have a homozygous knockin mutation (Ser
51 to Ala) in the elF2a gene (A/A) (15) were kindly pro-
vided by Dr Maria Hatzoglou. The mutant elF2« is not a
substrate for elF2 kinases. MEF cell lines were cultured as
described above. Recombinant proteins N-terminally trun-
cated GADD34 (A1-240) (referred as GADD34) and K3L
were expressed in bacteria and purified as reported (16,17).

For the preparation of native eIF2 from rabbit reticulocyte
lysate (RRL) see (18).

mRNA preparation

Conventional and modified polyadenylated Luc and en-
hanced green fluorescent protein (GFP) mRNAs were pre-
pared by T7 polymerase in vitro transcription (New Eng-
land Biolabs) and purified with spin columns (Life Tech-
nologies). All four nucleoside triphosphates in the reaction,
natural and modified, were applied at a final concentration
of 1.8 mM. The used nucleoside modifications were the fol-
lowing: 5 mC, NImW¥, 5 mC and NImV¥ (5 mC/NImWY)
or 5mC and ¥ (5 mC/V¥). The DNA template was gener-
ated by polymerase chain reaction amplification of codon-
optimized sequences, which were obtained as custom-made
plasmids (DNAZ2.0). To increase stability and template ac-
tivity, all mRNAs were capped using the Vaccinia enzyme
m’G capping system (New England Biolabs). For quality
assurance, the mRNA preparations were analyzed by dena-
turing agarose gel electrophoresis and capillary RNA elec-
trophoresis (Agilent). The purity of the mRNA was >80%
for full-length transcripts (Supplementary Figure S1).

mRNA transfection

One day prior to transfection, HEK293T or MEF cells were
seeded into 96-well plates at a density of 6 x 10* cells/well.
mRNA (90 ng) was transfected into ~90% confluent cells
using TransIT-mRNA transfection kit as recommended by
the manufacturer (Mirus). After culturing for 4.5 h, cells
were lysed in 100 pl of Passive lysis buffer (Promega) with
a single freeze-thaw cycle. The lysates were clarified by cen-
trifugation. Aliquots (12 wl) of the 100-fold diluted sam-
ples were assayed for luc activity using the Luc assay system
(Promega) and Lumat LB 9507 bioluminometer (Berthold
Technologies).

In vitro translation assays

Translation-competent S10 extracts from Krebs and HeLa
cells untreated or treated with micrococcal nuclease
(RNase) were prepared as described previously (14,19,20).
Translation of Luc or GFP mRNAs was carried out using
standard techniques (14,21). To prevent eIF2a phosphory-
lation, extracts were supplemented with either GADD34
or the GADD34/K3L protein combination. Translation
in RNase-treated RRL was carried out as recommended
by the manufacturer (Promega). To increase m’G cap-
dependency of the system, the final concentration of KCl
in RRLs was increased by 40 mM (22). RNase-untreated
RRL (Promega) was used as described (23) with slight
modifications (22). Reaction mixtures (12.5 pl) were in-
cubated at 30°C for the times indicated in the figure leg-
ends. Reactions were stopped by 30-fold dilution with 0.6
mM cycloheximide solution in phosphate buffered saline
(PBS). Aliquots of the samples (3 wl) were withdrawn to
measure luc activity. When S-methionine labeling of pro-
teins was conducted, reactions were stopped with sodium
dodecyl sulphate (SDS)-sample buffer. The measurement



of 3S-methionine incorporation into trichloroacetic acid-
insoluble material and analysis of the translation prod-
ucts by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (14% acrylamide) and autoradio-
graphy were done as described (19). To monitor the kinetics
of luc and GFP synthesis in real time, the components of
in vitro translation reactions were assembled in a standard
white 96-well round bottom plate (Corning, NY, USA) cov-
ered with a self-adhesive fluorescence-compatible seal (Bio-
Rad, Hercules, CA, USA). Incubation was at 30°C inside
the plate reader Cytation 3 (BioTek, Winooski, VT, USA).
These assays made use of the HeLa 1-step coupled IVT kit
(ThermoFisher Scientific, Waltham, MA, USA) or RNase-
treated RRL (Promega). The reaction mixtures (20 wl) were
supplemented with 5 w1 (500 ng) of unmodified or modified
GFP or Luc mRNAs. The fluorescence and chemilumines-
cence signals in the reactions with GFP and Luc mRNAs,
respectively, increase over time and are considered propor-
tional to the occurring synthesis of the full-size proteins. Ki-
netics of GFP production in each translation reaction was
monitored for 90-180 min with the following settings: ex-
citation —485 nm, emission —515 nm. The recording sensi-
tivity was typically adjusted with a photomultiplier (PMT)
gain of 80. The distance of the reading head was set to 1
mm above the plate and a reading speed to one per sample
every 11-17 s. Each cell-free reaction with Luc mRNA (25
wl) was supplemented with 1-wl of 15 mg/ml D-Luciferin
solution in PBS. Reactions were monitored for 90—180 min
in luminescence mode. The recording sensitivity was typi-
cally adjusted with a PMT gain of 130. The distance of the
reading head was set to 7 mm above the plate and a reading
speed to one per sample every 11-17 s.

Analyses of formation of 80S initiation complexes and
polysomes

Unmodified or modified Luc mRNAs were radiolabeled
in their poly(A) tails using [a->’P]ATP and yeast poly(A)
polymerase (24). For analysis of 80S initiation complex
formation, the *’P-poly(A)-labeled mRNA (~4¢10° cpm,
200 ng) was incubated in a total reaction volume of 50 wl
with untreated Krebs extract or RRL in the presence of all
the translational components and cycloheximide (0.6 mM).
After incubation at 30°C for 15 min, the reactions were
stopped by 5-fold dilution with ice-cold polysome (P) buffer
(15 mM Tris—HCIL, pH 7.5, 15 mM Mg(OAc),, 0.3 M NaCl
and 0.2 mg/ml heparin) containing 0.6 mM cycloheximide.
80S ribosomal complexes were resolved by centrifugation
(Beckman SW41 rotor, 37 000 rpm for 2 h at 4°C) through
7.5-45% sucrose gradients prepared with buffer P. Fractions
(0.35 ml) were collected manually from the top of the gradi-
ents and radioactivity was measured by liquid scintillation
counting. For polysome profiling experiments, cyclohex-
imide was omitted from the reaction mixtures. Polysomes
were formed at 30°C for 15 or 30 min. The samples were
then diluted with buffer P containing cycloheximide and
subjected to centrifugation through sucrose gradients as de-
scribed above.
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Western blotting

Proteins were resolved by SDS-10% PAGE, transferred
onto a nitrocellulose membrane and detected using west-
ern lightning chemiluminescence kit (Perkin-Elmer). The
primary antibodies were anti-elF2a (pS°>> phosphospecific,
Invitrogen; 1:2500 dilution) and anti-eIF2a (total, Cell Sig-
naling; 1:1000 dilution). Secondary HRP-conjugated anti-
rabbit antibody (1:5000) was from GE Healthcare. The
membrane was first probed with the phosphospecific el F2a
antibody and then after stripping with the total eI[F2« an-
tibody. Vertical slab gel isoelectric focusing separation of
unphosphorylated and phosphorylated forms of elF2a in
RRL was done as described (25) using a mini-gel format.
The running settings were the following: 30 min at 100
V, 18 h at 200 V, 1.5 h at 500 V. The focused proteins
were transferred onto a Polyvinylidene Difluoride mem-
brane and probed with the total elF2«a antibody as de-
scribed above. For quantifications of signals, ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA)
was used.

Immunoprecipitation

The 5 mC/NImV¥ nucleoside modified Luc mRNA was
translated in RNase treated RRL (100 wl) in the pres-
ence of [**S]Methionine for 120 min under standard con-
ditions. The reaction was stopped by addition of 100 ul
of 2% SDS in TNE (Tris-NaCl-ethylenediaminetetraacetic
acid [EDTA]) buffer (20 mM Tris-HCI, pH 7.5, 150 mM
NaCl, | mM EDTA). Five minutes later, 10% Triton X-100
was added to the samples to a final concentration of 1%.
Following further addition of 1 ml of 1% Triton X-100 in
TNE buffer, samples were mixed with antibodies directed
against either the N-terminal or C-terminal portion of luc
protein (EPR17789 from Abcam [ab185923] and C-12 from
Santa Cruz [sc-74548], respectively) that were immobilized
on protein G-Sepharose (20 wl). After overnight incuba-
tion at 4°C and washing the beads with TNE buffer con-
taining 1% Triton X-100 (1 ml, three times), bound pro-
teins were dissolved in SDS-sample buffer, resolved by SDS-
PAGE and detected by autoradiography.

Protein phosphorylation assays

Assays were conducted with HeLa S10 extracts as described
previously (9,26). Reaction mixtures (12 pl) contained 50%
(V/V) S10 extract, 2.5 mM spermidine, 1 mM Mg(OAc),
and 20 pM (5 pCi) [y-**PJATP. Unmodified or modified
Luc and GFP mRNAs (4 pg/ml) were added where indi-
cated. After incubation at 30°C for 15 min, the phospho-
rylated proteins were analyzed by SDS-PAGE (9% acry-
lamide) and autoradiography.

Northern blot analysis

Untreated or RNase-treated Krebs extracts were incubated
with Luc or NImW-Luc mRNAs (4 pg/ml) at 30°C. At
the indicated times, 12.5 wl aliquots of the reaction mix-
tures were withdrawn and the translation was stopped by
the addition of SDS-proteinase K solution (20). Following
incubation for 15 min at room temperature, total RNA was
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extracted with phenol-chloroform and precipitated with
ethanol. RNA was separated on formaldehyde-1% agarose
gels and transferred onto nylon membranes (Hybond-N,
GE Healthcare). To confirm equal RNA loading, the blots
were stained with Blot Stain Blue (Sigma) and the inten-
sities of bands of 18S ribosomal RNA (rRNA) were mea-
sured using NIH Image J. software. RNA was then hy-
bridized with ~300 bp-long fragment of randomly primed
32P-labeled luc cDNA using ExpressHyb hybridization so-
lution (Clontech Laboratories, Inc), as described by the
manufacturer. The blots were exposed to X-ray films. Bands
of Luc mRNA were quantified using a Typhoon Phospho-
rImager (GE Healthcare).

Statistical analysis

Data were analyzed by two-tailed unpaired Student’s 7-test.

RESULTS

Incorporation of N1mW into mRNA enhances protein expres-
sion in cells

Global substitution of W for uridine in in vitro transcribed
mRNA is beneficial for protein expression (6,12). Further-
more, single NImW or double 5 mC/N1mW¥-modified mR-
NAs were recently reported to outperform W-containing
mRNAs in mammalian cell lines and mice (27). To study
the mechanism of enhanced capability of NImW-modified
mRNAs to express proteins, Luc mRNAs containing either
none, one (5 mC or NImW) or two (5§ mC/NImW) types
of modified nucleosides were transfected in HEK293T cells
and luc activity was monitored 4.5 h post-transfection. In
addition, we tested the combination of 5 mC and W nucleo-
side modifications (5 mC/W), as this was reported to poten-
tiate protein expression (28). All the modified mRNAs pro-
duced higher amounts of luc than the standard Luc mRNA
(Figure 1A). The most dramatic stimulation of luc synthe-
sis (7.4-fold) was elicited by the N1mW nucleoside modifi-
cation. Combination of NImW and 5 mC was not superior
to NImV alone (2.2-fold stimulation). The double 5 mC/W¥
modification of Luc mRNA produced a similar stimulatory
effect (~3-fold). Thus, optimal protein expression may not
require extensive mRNA modification.

Stimulation of mRNA translation in vitro by nucleoside mod-
ifications

In cell-based assays, factors other than mRNA transla-
tion, e.g. cellular uptake, endosomal activity and delivery
to the translation machinery, can determine the efficiency
of protein expression. To analyze mRNA translation inde-
pendent of these factors, we used a cell-free in vitro trans-
lation system derived from Krebs cells (14). To recapitu-
late the physiological conditions, we initially used Krebs ex-
tracts that were not micrococcal nuclease (RNase) treated.
Luc mRNAs containing unmodified or modified (5 mC/ W,
5 mC/NImW¥, 5 mC and N1mW) nucleosides were pro-
grammed into extracts and time course of luc synthesis was
followed (Figure 1B). Consistent with the results in cells,
the translation of NImW-Luc mRNA was more sustain-
able than Luc mRNA, ultimately yielding more luc activ-
ity (~4.7-fold more after 150 min). The enhancement of
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Figure 1. Recapitulation of the translational enhancement by modified nu-
cleosides in mRNA in Krebs extract. (A) Nucleoside modifications con-
ferring enhanced translation to Luc mRNA in cells. Luc mRNAs, either
not containing (Unmod) or containing the 5 mC/W¥, S mC/NImW (N1-
methyl-pseudouridine), 5 mC and N1mW¥ nucleoside modifications, were
transfected into HEK293T cells. Cells were lysed 4.5 h after transfection
and luc activity was measured in 1% aliquots of the lysates. (B) Time course
analysis of luc synthesis in untreated Krebs extracts supplemented with un-
modified or 5 mC/¥, 5 mC/NImW¥, 5 mC and N1lmW-incorporated Luc
mRNAs (4 g/ml). At the indicated time points after beginning of trans-
lation at 30°C, 1-pl aliquots of the reaction mixtures were assayed for luc
activity. (C) Unmodified and N1mW-modified Luc mRNA dose response
of translation in Krebs extract. Luc and NImW-Luc mRNAs were trans-
lated in untreated Krebs extracts at the indicated concentrations. Following
incubation at 30°C for 4 h, 1-p.l aliquots of the translation mixtures were
assayed for luc activity. Data are means from three assays & SD (*P < 0.05,
**P < 0.01). Relative luciferase units (RLU).



NImW-Luc mRNA translation was independent of mRNA
concentration (Figure 1C). Activities of other modified mR-
NAs, i.e. those with 5 mC/¥, 5 mC/NImW¥ and 5 mC
nucleosides, were intermediate between those of Luc and
NImW-Luc mRNAs (Figure 1B). As with cells, combin-
ing the N1mW nucleoside modification with 5 mC signifi-
cantly reduced its stimulatory effect. Thus, the translational
enhancement imparted by modified nucleotides in mRNA
in a cell-based system can be recapitulated in a Krebs ex-
tract.

Stability of Luc mRNA in Krebs extract is not altered by
NImVY nucleoside modifications

In vitro transcribed unmodified mRNAs were previously
shown to activate the antiviral OAS/RNase L system more
potently than RNAs containing modified nucleosides (12).
Accordingly, greater resistance of modified mRNA to cleav-
age by RNase L has been suggested to explain the en-
hanced protein production (12). We thus sought to deter-
mine whether the N1mW nucleoside modifications stabilize
Luc mRNA in Krebs extracts. Northern blot analyzes of
Luc and NImW-Luc mRNA decay in untreated (Supple-
mentary Figure S2A and B) or RNase-treated (Supplemen-
tary Figure S2C and D) Krebs extracts showed that both
mRNAs are quite stable in these systems, as more than 50%
remained intact after 150 min of incubation. We conclude
that the OAS/RNase L RNA surveillance mechanism is in-
active in the Krebs extract, making this system ideal for re-
liable comparison of translation efficiencies of unmodified
and modified mRNAs.

mRNA modifications decrease the rate of polypeptide elon-
gation

Curiously, the first appearance of luc activity occurred after
a longer time lag in the extracts translating modified than
unmodified Luc mRNA. This delay in luc synthesis was es-
pecially prominent for 5 mC/NImW-Luc mRNA (Figure
1B). Previously, the first time point at which the lumines-
cence signal becomes higher than the background level in
Luc mRNA-programmed reactions has proved a reliable
measure of translation velocity (29). To examine the lag be-
tween the start of translation and the appearance of lumi-
nescence signal in more detail, we used 3-min time incre-
ments to monitor luc activity. For the NImW-Luc mRNA
translation, luc activity was first detected after 15 min of in-
cubation, as compared to the lag of ~9-min in the control
reaction (Supplementary Figure S3A). Treatment of Krebs
extract with RNAse increased the lag of luc appearance by
~1.3-fold for both Luc and NImW¥-Luc mRNAs (Supple-
mentary Figure S3A and B). To further increase the time
resolution, we monitored protein synthesis in real time us-
ing HeLa and RRL in vitro translation systems. The smooth
kinetic curves recorded in this assay allowed measurement
of total translation time of mRNAs with high accuracy. The
timing of the first appearance of luc activity was 13 min in
HeLa extract and 6.2 min in RRL translating unmodified
Luc mRNA (Figure 2A and B). This corresponds to trans-
lation velocity of ~0.7 and 1.5 amino acids/s, in HeLa ex-
tract and RRL, respectively (given the length of Luc pro-
tein of 550 amino acids). Similar kinetics of unmodified
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Figure 2. Kinetics of luc synthesis in cell-free extracts translating un-
modified or modified Luc mRNAs as determined by real-time measure-
ments of Luc activity. Unmodified or 5 mC/¥, 5 mC/NImW¥ and NImW-
incorporated Luc mRNAs (20 pwg/ml) were translated in untreated HeLa
S10 extract (A) or RNase-treated RRL (B). The representative kinetic
curves of luc synthesis and the background levels (None) are shown. The
first time point at which the recorded signal is significantly above the back-
ground are taken as the durations of single translation cycle of mRNAs
(indicated by arrows in matching colors). For details, see "Materials and
Methods’ section.

mRNA translation was reported for other cell-free systems
(29,30). However, in mammalian cells, a faster translation
rate (5.5 amino acids/s) has been reported (31). In our ex-
tracts, nucleoside modifications in Luc mRNA delayed the
appearance of luc activity in the following order: N1mW <
S5mC/¥ < 5mC/NImW¥ (Figure 2A and B). The extension
of the single translation cycle by nucleoside modifications
in mRNA is a likely consequence of the reduced elongation
rate. For example, for NImW—-Luc mRNA, the rate of elon-
gation would be expected to be ~1.3- and ~1.5-fold lower
than on Luc mRNA in HeLa extract and RRL, respectively
(Figure 2A and B). By the same estimate, incorporation of
5mC/NImVY in Luc mRNA reduces elongation rate by 1.9-
to 3.4-fold.

Steps other than elongation (e.g. initiation and termina-
tion of translation as well as protein folding) can poten-
tially determine the first time point at which luc signal is
detected in Luc mRNA programmed reactions. To investi-
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Figure 3. Time course of synthesis of polypeptides in Krebs extracts pro-
grammed with unmodified or modified Luc mRNAs. Unmodified or 5
mC/¥, 5 mC/NImW¥, 5 mC and NlmW-incorporated Luc mRNAs (4
wg/ml) were translated in RNase-treated Krebs extracts in the presence
of 3S-methionine. At the indicated time points, aliquots of the reaction
mixtures were withdrawn and fixed with SDS-sample buffer. Translation
products were analyzed by SDS-PAGE and autoradiography. Molecular
mass markers are indicated on the right.

gate the impact of nucleoside modifications on the different
steps of translation, we examined the kinetics of incorpo-
ration of *3S-methionine in RNase-treated Krebs extracts
supplemented with unmodified or modified mRNAs. Trans-
lation time course analysis demonstrated that 5 mC/W, 5
mC/N1mW¥ and N1mW-containing Luc mRNA requires a
longer time for synthesis of full-size luc protein as compared
to the unmodified mRNA. After a short incubation of 15
min, the 62 kDa full-size luc protein while being prominent
in the Luc and 5 mC-Luc mRNA programmed reactions,
was barely detectable for the 5 mC/W, 5 mC/NImW¥ and
N1mW-containing Luc mRNAs (Figure 3). Likewise, the 5
mC/¥, 5SmC/NImW¥ and N1mW nucleoside modifications
caused a delayed synthesis of the full-size luc in RRL (Sup-
plementary Figure S4A). Thus, the delayed appearance of
a luminescent signal in extracts programmed with modified
Luc mRNAs (Figure 2) is not because of retarded folding,
but rather because of slow synthesis of the luc protein.
Interestingly, the translation of 5 mC/W¥, 5 mC/NImW
and N1mW-Luc mRNAs yielded more nascent polypep-
tides or premature terminated products in both Krebs ex-
tract and RRL as compared to the unmodified mRNA (e.g.
~20 kDa polypeptide (p20); Figure 3 and Supplementary
Figure S4A). In addition, the 5 mC/N1mW¥-Luc mRNA
produced a truncated protein of ~40 kDa (p40). Although
detectable for 5 mC/¥ and NImW¥ Luc mRNAs as well,

this product was much less abundant for the latter mRNAs.
The formation of shortened luc polypeptides strongly sug-
gests that ribosome movement is slowed down at the precise
sites of modified mRNAs (32). However, there is a slight
possibility that p20 and p40 are synthesized from alterna-
tive initiation sites in the 5 mC/NImW-Luc mRNA. These
polypeptides would be expected to differ from the full-size
Luc protein with respect to their N-terminal amino acid se-
quence. Based on the results in Supplementary Figure S4B,
itis evident that this scenario is highly unlikely. In this exper-
iment, an N-terminal luc antibody efficiently immunopre-
cipitated p20, p40 and the full-length Luc protein formed
in RRL. In contrast, and consistent with their C-terminal
truncation, p20 and p40 failed to react with an antibody
raised against the C-terminus of luc (Supplementary Fig-
ure S4B). Furthermore, inspecting the reading frame of Luc
mRNA does not reveal potential translation start sites for
p20 and p40 (i.e. the sites with the purine in position in posi-
tion —3 and the G in position +4 relative to the A of AUG)
(33). Interestingly, p20 differs from p40 with respect to its
kinetics of accumulation in the 5 mC/N1mW-Luc mRNA-
programmed reactions. While the amount of p40 as well as
the full-size luc increased with time, the amount of p20 re-
mained almost the same (Figure 3 and Supplementary Fig-
ure S4A). Thus, p20 seems to be a translational intermedi-
ate associated with stalled ribosomes rather than a terminal
product of translation.

Importantly, while incorporation of NImW¥ in Luc
mRNA delayed the appearance of luc in Krebs extract,
the NImW-modified and unmodified mRNAs directed 3°S-
methionine incorporation with similar initial kinetics (Sup-
plementary Figure S3C). Furthermore, in RRL, neither
NImW nor other nucleoside modifications in Luc mRNA
reduced the initial rate of 3*S-methionine incorporation
(Supplementary Figure S4C). We thus suspect that the neg-
ative impact of the decreased elongation rate on the trans-
lation of modified mRNAs is counterbalanced by increased
initiation rate (see below).

If elongation were more limiting for the translation of the
NImW-Luc than Luc mRNA, than the translation of the
former would be expected to be more sensitive to inhibi-
tion by suboptimal concentrations of elongation inhibitors
(34). In support of this prediction, cycloheximide dose-
response inhibition of luc synthesis directed by N1mW-
Luc mRNA was stronger than that directed by Luc mRNA
(~3.2-fold, as judged by the values for the half maximal in-
hibitory concentration, 1Csy; Supplementary Figure SSA).
In contrast, sequestering the cap-binding initiator factor
elF4E by adding increasing concentrations of the cap ana-
log m’GpppG inhibited less the translation of the NImW—
Luc than that of Luc mRNA (Supplementary Figure S5B).
The translational resistance of 5 mC/¥, 5 mC/NImW and
5 mC-containing Luc mRNAs to inhibition by the cap ana-
log was intermediate between those exhibited by Luc and
NImW-Luc mRNAs (Supplementary Figure S5C).

To generalize our conclusions, we also compared the
translation of unmodified and modified GFP mRNAs. As
for Luc mRNA, the translation of the NImW-GFP mRNA
in Krebs extract produced the highest amount of the full-
size GFP protein as compared to GFP mRNAs that con-
tain unmodified or other modified nucleosides (Figure 4A).
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kinetic analysis of active GFP synthesis in untreated HeLa S10 extract pro-
grammed with unmodified or 5 mC/N1mW and NlmW-incorporated GFP
mRNAs (see the legend to Figure 2A for details). Relative fluorescence
units (RFU).

However, we did not observe the synthesis of incomplete
GFP polypeptides for any of the modified mRNAs. In ad-
dition, although a delay in the appearance of GFP fluo-
rescence was observed for both NImW and 5 mC/NImW-
containing GFP mRNA in a HeLa extract (with NImW <
SmC/NImW), this delay was less pronounced than that for
the Luc signal (compare Figure 4B with Figure 2A). This
suggests that some features of GFP mRNA attenuate the ef-
fect of nucleoside modifications on the duration of the sin-
gle translation cycle. These features could include mRNA
length, RNA secondary structure or the sequence that de-
termine the precise location of each nucleoside modifica-
tions.
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Nucleoside modifications in mRNA promote translation by
attenuating eIF2« phosphorylation

It is plausible that the translational superiority of mod-
ifitd mRNAs is determined by more efficient initiation
or re-initiation of translation, which are generally the
rate-limiting steps. One cause of translational enhance-
ment could be the attenuation of elF2« phosphorylation
by nucleoside modifications in mRNA (6). We therefore
asked how elF2a phosphorylation status in our extracts
is changed upon the addition of unmodified and modi-
fied mRNAs. Western blotting using an antibody against
elF2a phospho-Ser-51 revealed substantial phosphoryla-
tion of elF2a following incubation of RNase-untreated
RRL, Krebs or HeLa S10 extracts in the absence of mRNA
(Figure 5A, top panel and Figure SB-D—compare lanes
none with RRL/Krebs S10/HeLa S10). This is most likely
evoked by ATP and creatine phosphate as shown before
(16). Strikingly, the addition of Luc or GFP mRNA to the
extracts increased eIF2a phosphorylation over the baseline
level in the control samples that lack mRNA (2-5.2-fold;
Figure 5A, top panel and Figure 5B-D). Significantly, nei-
ther N1mW-containing nor other modified mRNAs elicited
this effect. Consistent with published data (16), the recom-
binant protein GADD34, either alone or in combination
with K3L, prevented elF2a phosphorylation when added
to the extracts. The human stress-inducible GADD34 pro-
tein promotes dephosphorylation of elF2«a by recruiting
the phosphatase PP1 (35), while the vaccinia virus K3L
protein inhibits the phosphorylation of elF2a by acting
as a pseudosubstrate (36). As RRL exhibited the greatest
elF2a phosphorylation response to addition of unmodified
mRNA (~5-fold), we chose this system to evaluate the over-
all degree of eIF2a phosphorylation using a combination of
isoelectric focusing and western blotting (25). Incubation
of RRL with unmodified Luc or GFP mRNA resulted in
nearly complete phosphorylation of eI F2« (Figure SA, bot-
tom panel). In contrast, only partial conversion of unphos-
phorylated to phosphorylated form of eIF2a was observed
in the water control or NImW¥ mRNA-supplemented sam-
ples. As expected, the inclusion of GADD34 in the reaction
mixture inhibited elF2a phosphorylation in the presence of
unmodified Luc and GFP mRNA:s.

To relate eIF2a phosphorylation to PKR activation,
protein phosphorylation assays were carried in Hela
S10 extracts supplemented with unmodified or NImW-
incorporated mRNAs and [y-*’P]ATP. Addition of unmod-
ified Luc or GFP mRNAs to the extracts resulted in the
phosphorylation of ~68 kDa protein (Figure SE), which
has been shown previously to correspond to PKR (9,26).
In contrast, the N1mW-containing mRNAs induced no or
very little phosphorylation of this protein. Thus, the dimin-
ished elF2a phosphorylation in the presence of N1mWw-
containing mRNA could be explained by the failure of the
mRNA to activate PKR. In agreement, PKR is feebly acti-
vated in cells by the W-modified as compared to unmodified
mRNA (6). As the phosphorylation of the 68-kDa protein
did not occur in the absence of mRNA (Figure SE, none),
we conclude that the basal elF2a phosphorylation is not
mediated by PKR.
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To determine whether the induction of eIF2a phosphory-
lation by unmodified mRNAs is sufficient to cause general
translation inhibition, total cellular protein synthesis was
monitored in RNase-untreated Krebs extract pre-incubated
with unmodified or modified GFP mRNAs. Pre-incubation
of the extract with GFP mRNA decreased *°S-methionine
incorporation by 2.3-fold as compared to control (Figure
6A). In contrast, the effect of the 5 mC/W¥, 5 mC/NImW,
5 mC and N1mW nucleoside containing GFP mRNAs on
endogenous protein synthesis was minimal (<1.2-fold inhi-
bition). Importantly, trans-inhibition of 3>S-methionine in-
corporation by GFP mRNA was averted when elF2a phos-
phorylation was inhibited by the GADD34/K3L protein
combination (Figure 6A).

To determine whether the superior translation of the
NImW-containing Luc mRNA is exclusively due to the re-
duction of elF2a phosphorylation, the translation of Luc
and NImW-Luc mRNAs was analyzed in Krebs and HeLa
extracts in the presence of GADD34 (Figure 6B and C).
Inhibition of basal and PKR-induced elF2a phosphory-
lation in Krebs extract dramatically stimulated the trans-
lation of Luc mRNA (13-fold) (Figure 6B). By compar-
ison, de-repression of NImW-Luc mRNA translation by
GADD34 was less pronounced (7.5-fold), consistent with
inability of this mRNA to increase eIF2a phosphorylation
above the basal level (Figure 5B). Similarly, inhibition of
elF2a phosphorylation in HelLa extract stimulated more
the translation of Luc than NImW-Luc mRNA (30- ver-
sus 20-fold) (Figure 6C). Thus, the Luc mRNA is more
repressed by elF2a phosphorylation than the NImW—-Luc
mRNA. However, although significantly reduced, the trans-
lational difference between the NImW—Luc and Luc mR-
NAs was still detectable in GADD34-supplemented ex-
tracts (1.7- to 3.1-fold; Figure 6B and C). In agreement
with this, adding the initiation factor elF2 reduced but
did not negate the difference in the extent of Luc and
NImW-Luc mRNA translation. Therefore, the significantly
reduced elF2a phosphorylation only partially explains the
superior translation of NImW-Luc mRNA. To confirm the
ability of the NImW nucleoside modification to stimulate
translation in el F2« phosphorylation-independent manner
in cells, Luc and NImW¥-Luc mRNAs were transfected in
MEFs homozygous for the Ser51 to Ala mutation in el F2a
(A/A). The mutant e[F2a cannot be phosphorylated (15).
In WT MEFs, the Luc mRNA was 11 times less active than
NImW-Luc mRNA, which closely resembles the situation
with HEK293T cells (Figure 6D). This relatively low ex-
pression of Luc mRNA was largely overcome in the A/A
cells, as expected. However, the NImW—Luc mRNA was ex-
pressed to a higher level than Luc mRNA even in the ab-
sence of elF2a phosphorylation (~2-fold).

Facilitation of polysome assembly by nucleoside modifica-
tions in mRNAs

Increased initiation or decelerated elongation on modified
mRNAs would be expected to increase polysome size and
abundance. To test this, we analyzed polysome formation on
32P-labeled Luc and N1mW—Luc mRNAs in Krebs extracts.
Both mRNAs were associated with polysomes after 15 or 30
min incubation (Figure 7A and B). However, the association
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of the NImW-Luc mRNA with heavy polysomes was more
pronounced than the Luc mRNA. In parallel, we character-
ized binding of the first ribosome to these mRNAs (80S ini-
tiation complex formation) using the elongation inhibitor
cycloheximide. Interestingly, despite a higher proportion of
NImW-Luc mRNA that reached the state of translation af-
ter 15 min of incubation as compared to the Luc mRNA,
these mRNAs formed 80S initiation complexes with simi-
lar efficiency (Figure 7C). Hence, it is plausible that bind-
ing of the first ribosome to unmodified mRNA in Krebs
extract precedes el F2a phosphorylation. In agreement, ki-
netic analysis has shown that the formation of 80S initiation
complex on Luc mRNA in Krebs extract is already com-
plete after 5 min of incubation, while elF2a phosphoryla-
tion requires longer time to develop (10-15 min; Supple-
mentary Figure S6A and B). To generalize these findings,
Luc and NImW-Luc mRNAs were subjected to polysome
profiling after 15 and 30 min of incubation in untreated
RRL. Strikingly, in this system, the polysome profile of
NImW-Luc mRNA differed from that of Luc mRNA much
more than in the Krebs extract (Figure 7D and E). In par-
ticular, the N1mW¥ nucleoside modification increased Luc
mRNA association with heavy polysomes (arbitrarily de-
fined as those containing more than four ribosomes) by
more than 3.1- and 5.5-fold after 15 and 30 min of incu-
bation, respectively. At variance with the Krebs extract, the
proportion of NImW-Luc mRNA engaged in 80S initiation
complexes was ~1.4 higher than Luc mRNA (Figure 7F).
The 5 mC/W¥-Luc and 5 mC/NImW-Luc mRNAs were
also more efficient than the Luc mRNA in 80S initiation
complex formation in RRL (Supplementary Figure S7TA
and B). This may reflect the higher sensitivity of initiation
in RRL to inhibition by el[F2a phosphorylation (7). Thus,
the increase in polysome size on the NImW-Luc mRNA
in RRL is determined not only by the decreased elonga-
tion rate, but also by enhanced initiation during the pio-
neer round (and probably subsequent rounds) of transla-
tion. Inhibition of eIF2a phosphorylation preferentially de-
represses the translation of the Luc mRNA as compared
to NImW-Luc (Figure 6B and C). In agreement with this
observation, adding GADD34 to RRL preferentially in-
creased the recruitment of ribosomes by the Luc mRNA
(compare Supplementary Figures S§A and B). However, the
increase of ribosome binding was insufficient to offset the
difference between Luc and N1mW-Luc mRNAs with re-
gard to their polysome distribution.

In conclusion, incorporation of N1mW¥ nucleoside mod-
ification in both Luc and GFP mRNA enhances the initia-
tion step of translation, in part by suppressing eIF2«a phos-
phorylation. In addition, polysome formation and growth
on the NImW-containing Luc mRNA is enhanced due to
the reduction of elongation rate.

DISCUSSION

Incorporation of ¥ or NImW into cell-transfected mRNA
enhances protein expression by increasing both translation
and stability of the mRNA (6,12,27). Hence, the use of in-
tact cells makes it hard to study the role of translation in the
stimulation of protein synthesis. As shown here, both Krebs
and HeL a cell-free translation extracts as well as RRL faith-
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fully recapitulate the increase in protein expression from
modified mRNAs. Moreover, Luc and N1mW-Luc mR-
NAs exhibit similar stabilities in Krebs extract, making it
possible to uncouple the contribution from mRNA stabi-
lization to overall protein synthesis. In all the in vitro trans-
lation systems, incorporation of NImW in Luc and GFP
mRNAs dramatically enhanced translation. In this and a
related study (27), the major cause of this stimulation has
been assigned to the reduced activation of PKR and phos-
phorylation of elF2a«.

Surprisingly, the rate of polypeptide chain elongation
is decreased on modified mRNAs. Notwithstanding that
the time needed for initiation on NImW¥-Luc mRNA in
Krebs extract and RRL is not longer than that on Luc
mRNA (Figure 7C and F), the NImW¥—Luc mRNA trans-
lation showed ~1.5-fold longer delay in the first appear-

ance of luc protein and activity (Figures 2 and 3; Supple-
mentary Figures S3B and S4A). Furthermore, it appears
that modified nucleosides preferentially affect translational
dynamics at specific sites of the mRNA. This is evidenced
by a higher abundance of truncated proteins from modified
mRNA translation. In principle, site-specific ribosome clus-
tering on mRNA should occur if the time of clearance of
a ribosome occupied RNA fragment (~30 nt) were greater
than the time needed for initiation (32). In our case, the
appearance of a prominent ~20 kDa translational inter-
mediate among the products of translation of 5 mC/ W,
5 mC/NImW¥ and NImW-Luc mRNAs indicates the ex-
istence of a ribosome pausing site within the first 400 nt
of the Luc open reading frame. That the velocity of ribo-
some movement is uneven along the mRNA is very well es-
tablished and tRNA selection being suggested as a major
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rate-limiting step in ribosome progression (29,32,37-39). It
is plausible that modified nucleosides in mRNA impinge
on the stability of the codon-anticodon duplex and conse-
quently, on the speed of ribosome decoding. Another pos-
sibility is that modified nucleosides stabilize mRNA sec-
ondary structures, akin to W in tRNA and rRNA (40). Data
from ribosome profiling and single molecule imaging exper-
iments indicate that stable secondary structures in mRNA
pose a hurdle for translating ribosomes (39,41,42). Finally,
it cannot be excluded that some of the mRNA-binding pro-
teins (43,44) whose affinity for RNA is altered by nucleoside
modifications modulate the elongation rate.

Our data support the general tenet that initiation rather
than elongation largely determines overall translation effi-
ciency (8,45). If this were not the case, the decelerated elon-
gation rate on modified mRNAs would have been deleteri-
ous for translation. The major mechanism that enhances the
translation of modified mRNAs is the attenuation of e[F2«
phosphorylation. While standard in vitro transcribed mR-
NAs increase elF2a phosphorylation and impose general
translation repression in Krebs extracts, mRNAs bearing
nucleoside modifications fail to do so (Figures 5 and 6A).
The elF2a phosphorylation response to the unmodified
mRNASs correlates with the phosphorylation of the 68-kDa
protein previously identified as PKR (9,26). Consistently,
in intact cells, W-containing mRNA activates PKR and in-
creases el F2a phosphorylation to a lesser extent than stan-
dard mRNA (6). It is possible that the altered secondary
structures in modified mRNAs cannot be recognized well
by PKR (6,9).

The NImW-Luc mRNA is associated with heavier
polysomes than Luc mRNA (Figure 7). This is the expected
consequence of a faster initiation rate and a slower ribo-
some movement along the NImW-Luc mRNA. Interest-
ingly, we did not detect enhancement of 80S initiation com-
plex formation on the NImW-incorporated Luc mRNA in
Krebs extract although in RRL it was clearly observed. This
could be explained by the delay of elF2a phosphorylation
in Krebs extracts relative to 80S initiation complex forma-
tion (Supplementary Figure S6A and B). Low phosphory-
lation of elF2a in Krebs extract at early time points can also
account for a relatively smaller difference between polysome
formation on Luc and NImW-Luc mRNAs as compared to
the translation difference (which are measured after 15-30
and 60-150 min of incubation, respectively).

Significantly, because phosphorylation of eIF2« was sim-
ilarly reduced by all nucleoside modifications in Luc and
GFP mRNAs, but the NImW-containing mRNAs were
translated better than other modified mRNAs, the atten-
uation of elF2a phosphorylation is not the only mecha-
nism that leads to the enhancement of translation of the
N1mW¥-modified mRNAs. Consistently, the reduction in
elF2a phosphorylation to a nearly undetectable level in
Krebs and HeLa S10 extract by the addition of GADD34
did not completely offset the translational advantage of the
NImW-Luc mRNA over the Luc mRNA (Figure 6B and
C). Moreover, the NImW¥—-Luc mRNA outperformed Luc
mRNA in elF2a phosphorylation-deficient MEF cells (Fig-
ure 6D). We conclude that the superb translation activ-
ity of NImW-nucleoside modified mRNA is partially due
to increased ribosome density resulting from the decelera-

tion of elongation. Strikingly, in the steady state of trans-
lation, a significant fraction of heavy-loaded polysomes in
wheat germ and HeLa cell extracts has been shown to ac-
quire a double-raw ‘circular’ structure (46-48). These com-
pact polysomes exhibit slow exchange with free ribosomes
and mRNA suggesting that terminating ribosomes predom-
inantly initiate translation on the same mRNA template.
Furthermore, there is evidence to suggest that this circular
translation mode does not involve scanning of the 5" UTR,
which is dependent on eIF4F (46). Since eI[F4F-cap interac-
tion is generally the rate-limiting step in translation (49,50),
one would expect that the permissiveness of the mRNA
for ribosome recruitment should increase once ribosome
packing reaches a critical level. Higher translational resis-
tance of NImW-Luc than Luc mRNA to inhibition by a
cap analog is consistent with more efficient recycling of ri-
bosomes from the 3'- to 5'-end of the NImW¥—Luc mRNA
in an elF4F-independent manner (Supplementary Figure
S5B). Obviously, overall translation would diminish if ri-
bosome pausing on the mRNA were too frequent so that
it affects ribosome processivity (i.e. the ability of initiat-
ing ribosome to traverse the entire open reading frame of
mRNA). Based on the timing of appearance of luc protein
and activity in Krebs extract and RRL the S mC/W and 5
mC/NImW nucleoside modifications in Luc mRNA reduce
elongation rates stronger that the single NImW¥ or 5 mC
modification (Figures 1B, 2A, B, 3 and Supplementary Fig-
ure S4A). Such an extent of ribosome movement retarda-
tion is probably too strong to ensure an optimal translation
output. In addition, a very slow elongation rate could lead
to the formation of premature terminated proteins, such
as p40 in the 5 mC/N1mW¥-Luc mRNA-programmed re-
actions. It is noteworthy that the cap-independent mecha-
nism of ribosome recruitment has recently been suggested
for mRNAs that contain N6-methyladenosine (m6A) nu-
cleoside modification in the 5 UTR (51). These mRNAs
purportedly binds eIF3 that is a critical component of the
43S pre-initiation complex. We consider this mechanism ir-
relevant for the mRNAs used in this study. As shown, all
the employed nucleoside modifications only relaxed, but did
not eliminate, cap-dependence of Luc mRNA translation
(Supplementary Figure S5B and C).

In summary, we provide strong biochemical evidence that
the increased translation from nucleoside-modified mRNAs
is due to the enhancement of the initiation step of trans-
lation and that the attenuation of elF2a phosphorylation
plays an important role in this process. We also discov-
ered a role of modified nucleosides in mRNA in increas-
ing polysome complexity and suggest that tight ribosome
packing and cooperation on modified mRNA confers an
advantage for initiation or ribosome recycling. Our results
are of broad significance given the presence of modified
nucleosides (e.g. 5 mC, ¥, m6A, mlA, inosine and 2'-O-
methylated nucleosides) in almost all cellular mammalian
mRNA (52-60). Although only reported for 18S rRNA
(61), the natural N1mW nucleoside modification could be
present in mRNA, as it might not be distinguished from W
in the N-cyclohexyl-N’-(2-morpholinoethyl)carbodiimide
metho-p-toluenesulfonate (CMC)-based high-throughput
analysis (52). Significantly, for the m1A methylation, a dy-
namic response to stimuli and correlation with elevated



translation has been recently documented (57,60). In light
of our data, the role of natural chemical modifications of
mRNA would be not only to suppress mRNA recognition
by the innate immune system, but also to increase the ro-
bustness of translation of select mRNAs by promoting ribo-
some recycling. Finally, ribosome pausing has emerged as
an important means to fine-tune the folding of the nascent
polypeptide chains (62). Thus, the natural nucleoside mod-
ifications in mRNA can assist in proper folding of proteins
by determining the location and potency of ribosome paus-
ing sites on the mRNA.
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