S International Journal of
Molecular Sciences

Article

ATP-Independent Initiation during Cap-Independent
Translation of m®A-Modified mRNA

Pavel A. Sakharov, Egor A. Smolin, Dmitry N. Lyabin * and Sultan C. Agalarov

check for

updates
Citation: Sakharov, P.A.; Smolin,
E.A.; Lyabin, D.N.; Agalarov, S.C.
ATP-Independent Initiation during
Cap-Independent Translation of
mP®A-Modified mRNA. Int. ]. Mol. Sci.
2021, 22, 3662. https://doi.org/
10.3390/1jms22073662

Academic Editor: Alexandre Smirnov

Received: 21 February 2021
Accepted: 26 March 2021
Published: 1 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Protein Research, Russian Academy of Sciences, 4 Institutskaya St., 142290 Pushchino, Russia;
p_sakharov@inbox.ru (P.A.S.); smolinegoralexeyevich@gmail.com (E.A.S.); sultan@vega.protres.ru (5.C.A.)
* Correspondence: lyabin@vega.protres.ru

Abstract: The methylation of adenosine in the N® position (m®A) is a widely used modification of
eukaryotic mRNAs. Its importance for the regulation of mRNA translation was put forward recently,
essentially due to the ability of methylated mRNA to be translated in conditions of inhibited cap-
dependent translation initiation, e.g., under stress. However, the peculiarities of translation initiation
on m® A-modified mRNAs are not fully known. In this study, we used toeprinting and translation in a
cell-free system to confirm that m® A-modified mRNAs can be translated in conditions of suppressed
cap-dependent translation. We show for the first time that m® A-modified mRNAs display not
only decreased elongation, but also a lower efficiency of translation initiation. Additionally, we
report relative resistance of m®A-mRNA translation initiation in the absence of ATP and inhibited
elF4A activity. Our novel findings indicate that the scanning of m® A-modified leader sequences is
performed by a noncanonical mechanism.
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1. Introduction

Although the methylation of adenosine in the N°-position (m°®A) modification was
originally identified back in the 1970s [1], its abundance and role in the regulation of gene
expression have been revealed recently [2,3], along with the finding that m®A enriches 5'-
and 3'-untranslated regions (UTRs) of mRNA and stop-codon-adjacent sequences [2—6].
In mRNA, the methylation of adenosine in the N® position results from the enzymatic
activity of methyltransferases and demethylases. In mammalian mRNA, a methyl group
appearance in the N® position of adenosine is catalyzed by the heterodimers METTL3 and
METTL14, the latter being associated with a pool of proteins where WTAP is crucial [7,8].
The cessation of methylation can be caused by the demethylases FTO or ALKBHS5 (both
from the ALKB family) [9,10]. The m°A is recognized by many proteins that frequently
mediate its function. Specifically, YTHDF1 supports the translation of m®A-modified
mRNAs by recruiting the initiation factor elF3 into the 5’ UTR, thus involving the 43S
pre-initiation complex [11]. The m®A modification also affects the mRNA stability as
the average half-life of m®A-modified transcripts is shorter than nonmodified ones. The
degradation of these transcripts is mediated by the protein YTHDEF2, which preferably
binds to m®A-containing transcripts and moves them into P-bodies or stress granules [12].
YTHDE2 can recruit the deadenylase complex CCR4-NOT through direct interaction with
CNOT]1, thereby apparently initiating deadenylation and mRNA degradation [13,14].

The m®A modification affects, directly or indirectly, the regulation of mRNA trans-
lation and stability and many other cellular events, including splicing and RNA ex-
port [11,12,15-18]. By itself, this modification does not affect the translation accuracy,
probably because a significant proportion of methylation occurs in untranslated regions.
However, the additional methyl group changes the AU-pair energetics and destabilizes
uracil pairing [19]. Therefore, the presence of m®A in mRNA can be structure-affecting,
thus altering the accessibility of motifs to RNA-binding proteins. For example, the global
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decrease in the m°® A level masks a considerable subgroup of hnRNP C binding sites, thereby
affecting the alternative splicing [20].

Mapping of m®A in the transcriptome identified a subset of m®A sites located in the
mRNA 5 UTR [2,3] that is crucial for ribosome recruiting. As a rule, translation begins
when the 43S preinitiation complex is recruited into mRNA by the complex of translation
initiation factors elFAF (elF4E + elF4G + elF4A) associated with the cap structure and the
adjacent mRNA region. Under stress, translation can be independent of the cap structure
and the cap-binding initiation factor eIF4E [21-23].

mPA modification has lately been considered responsible for switching from the
cap-dependent mechanism of translation initiation to a cap-independent one, as well as
translation of particular mRNAs in stress conditions. It was shown that the presence
of m®A in the mRNA 5 UTR ensures the direct e[F3-to-mRNA binding, which proves
to be sufficient for translation initiation through the recruitment of the 43S preinitiation
complex [24]. It was also found that elF3 preferably binds mRNA transcripts that have
m°A in the 5’ UTR. The effect of the 5’ UTR m®A on translation initiation was also reported
by Coots et al. [25]. They showed that in the case of disturbed elF4F-dependent translation
initiation, cells use another mechanism, which is neither cap- nor IRES (internal ribosome
entry site)-dependent, employing ® A-methylation of mRNA. This study identified the
protein ABCF1 as the crucial mediator of the initiation of m® A~-RNA translation that serves
as an alternative recruiter of the ternary complex (TC) during the noncanonical initiation
of translation. So far, the literature offers only one study on the mechanism of initiation
of m® A-mRNA translation. Using both in vitro reconstitution approaches and translation
assays, Meyer et al. [24] showed that methylated Fluc mRNA carrying the 5’ UTR from
beta-globin mRNA is translated by a cap-independent mechanism; the translation occurs
by a 5’-end-dependent mechanism that probably involves scanning of the reporter mRNA
5" UTR, which apparently may happen without the participation of e[F4F. However, the
role of the initiation factor eIF4A, and whether ATP hydrolysis was required for scanning
remained obscure. Additionally, experiments on the translation of methylated mRNA used
a rather unusual translation system based on cellular lysates deficient in eIF4E activity.

Our study confirms that ®A-methylated mRNA can be translated despite the sup-
pressed mechanism of cap-dependent translation, although the efficiency of translation
initiation is lower than that of unmodified mRNA in standard conditions. The major novel
finding of our work is that for methylated leader sequences, scanning does not necessarily
recruit ATP.

2. Results
2.1. The Toeprinting Assay of Initiation on m®A-Modified mRNA

To reveal the peculiarities of m® A-modified mRNA translation initiation, we used an
in vitro system based on individual initiation factors from rabbit reticulocyte lysates [26].
We experimented on mRNA containing the rabbit beta-globin leader sequence and a part
of the beta-globin coding sequence. Three variants of this mRNA were used: one was
a capped modification-free control, and two others were capped and uncapped forms
with ®A methylation. After incubation in the reaction mixture to form 48S complexes, the
toeprinting assay was performed using a fluorescein-labeled primer [27]. The toeprints
were visualized using denaturing electrophoresis, followed by the detection of cDNA by
fluorescence. Capillary electrophoresis with fluorescence detection was used to quantify
the ratio of toeprinting products [28]. As follows from the toeprinting electropherogram
(Figure 1, tracks 1-3) with the complete set of the initiation factors present, the 485 complex
was formed on all the used mRNAs, as evidenced by the two bands corresponding to the
full-length reverse-transcription product (upper band) and a truncated cDNA fragment
(lower band), that is, the 485 complex. The specificity of the formed 48S complexes was
confirmed experimentally using an elF2-deficient system. As shown in Figure 1 (tracks 6,
9, 12) that in the absence of elF2, no truncated toeprinting product was formed on any of
these mRNAs; there is only one band corresponding to the full-length reverse transcription
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product. The experiments on the unmodified mRNA (Figure 1, track 5) reproduced our
previous results [29] showing that the initiation of the translation of mRNA with the
beta-globin leader sequence is cap-dependent and elF4F-dependent (the removal of eIF4F
results in the disappearance of the 48S-corresponding band). Additionally, for this mRNA,
we identified the ATP dependence of the translation initiation (Figure 1, track 13) since no
48S complex was formed in the absence of ATP. The addition of mutant eIF4A (R362Q),
an inhibitor of the ATP-dependent scanning (Figure 1, track 16), entailed the initiation
inhibition. The absence of the initiation factor elF3 (Figure 1, track 17) also prevented the
formation of the 485 complex.
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Figure 1. The formation of 485 complexes on capped mRNA with the rabbit beta-globin leader sequence. Toeprinting

electropherograms (denaturing 6% PAGE, GelDoc Systems (BioRad, USA) visualization) are presented. Toeprints were

detected by fluorescence; the fluorescent dye (FAM) was within the reverse transcription primer. Full-length cDNA and the

48S complex are indicated. The addition of components is denoted as +, their absence as 0. Red lanes, capped unmodified

mRNA; green lanes, capped m® A-modified mRNA; azure lanes, uncapped m®A-modified mRNA. Detailed examination of

toeprinting electropherograms (lanes 3, 10, 11, 12, and 15) revealed additional bands between the 5’ and 3’ ends of modified

mRNA. These stops in reverse transcription were observed previously and associated with the presence of a stretch of

adjacent modified nucleotides mPA(4) [24], which were poorly recognized by the reverse transcriptase and caused the

termination of reverse-transcription elongation.

The translation initiation on the used m6A-modified mRNAs (both capped and un-
capped) demonstrated another type of initiation factors and ATP dependence in standard
conditions. As shown previously using capped m®A-mRNA, the absence of eIF4F does not
result in the complete inhibition of formation of the 485 complex, thus suggesting that the
initiation is cap-independent [24]. Our results are consistent with these data. As seen in
Figure 1, in the absence of elF4F, the 48S complex formed, though with lower efficiency, on
the capped mRNA (track 8); the direct evidence for the cap-independence of the initiation
on the uncapped m®A-modified mRNA is shown by the presence (track 3) and absence
(track 11) of elF4F.

The translation of m® A-modified mRNA in an ATP-deficient system (Figure 1, tracks
14 and 15) performed in this study is a fundamentally new approach. As shown, the
absence of ATP caused no significant inhibition of the 485 complex formation on the
modified beta-globin mRNA. An experiment with added elF4A (R362Q)), an inhibitor of
ATP-dependent scanning [30], also confirmed the ATP-independent nature of the initiation
that occurs on the m® A-modified beta-globin mRNA.

To quantify the efficiency of the formation of 48S complexes, capillary electrophoresis
was carried out, followed by the detection of fluorescence of toeprinting samples (Figure 2).
The specific fluorescence intensity corresponding to each 485 complex peak was calcu-
lated [28] (Figure 3).
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Figure 2. The formation of 48S complexes on mRNAs with the beta-globin leader. Left panel, capped unmodified mRNA
(Cap-5'UTRy,.g1); middle panel, capped m®A-modified mRNA (Cap-5'UTRp. g (m®A)); right panel, uncapped m®A-modified
mRNA (5'UTRy_g1 (m®A)). Capillary electrophoresis electropherograms of mRNA toeprints are presented. The peak on the
5’ end corresponds to the full-length reverse-transcription product: the peaks on AUG—to 48S complexes. The calculated
specific fluorescence intensity is indicated above each 48S peak (%). Quantification is relative (the proportion between

peaks) for each electropherogram.
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Figure 3. The efficiency of the formation of 485 complexes on mRNAs with the beta-globin leader. Red column, capped
unmodified mRNA (Cap-5’ UTRp.g)); green column, capped m®A-modified mRNA (Cap-5' UTRyp g (m®A)); blue column,
uncapped m®A-modified mRNA (5’ UTRyp. g1 (m®A)). The histogram is based on the specific fluorescence intensities corre-

sponding to 485 peaks of the toeprinting reaction (Figure 2). Y-axis, fluorescence percentage at the AUG codon.

The specific fluorescence intensities of the 48S peaks demonstrated the efficiency of
translation initiation, i.e., the percentage of mRNAs carrying the formed initiation complex.
As shown, with the complete set of factors present, 72% of unmodified (control) mRNAs
possessed a successfully formed initiation complex. Regarding capped and uncapped
m®A-modified mRNAs, the percentage was 47% and 42%, respectively (Figures 2 and 3,
bar group 1), which indicated that methylation causes a decrease in the initiation along
with the elongation decrease [31,32]. The removal of el[F4A and elF4B from the system
(Figures 2 and 3, bar group 2) revealed virtually the same efficiency of initiation on the
control mRNA (21%) and on the capped and uncapped m6A-modified mRNAs (23%
and 24%, respectively). Notably, the control mRNA showed a much greater decrease in
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the initiation efficiency than the modified mRNAs (Figures 2 and 3, bar group 1 and 2)
compared with the case of the complete set of factors. In other words, the unmodified
mRNA is more sensitive to the absence of el[F4A and eIF4B than m®A-mRNA.

The removal of eIlF4F from the system (Figures 2 and 3, bar group 3) resulted in the
virtually complete absence of the initiation complexes from the control mRNA (5%), while
for the capped and uncapped m®A-modified mRNAs, the initiation efficiency amounted
to 24% and 30%, respectively. A similar dependence was observed for the ATP-deficient
system: no initiation occurred on the control mRNA, while for the capped m® A-modified
mRNA, the efficiency was 25%, and 20% for the uncapped one (Figures 2 and 3, bar group
5). The addition of eIF4A (R362Q) entailed a dramatic decrease in the initiation efficiency
on the control mRNA (10%) and led to 41% and 29% efficiency on the capped and uncapped
m®A-modified mRNA, respectively (Figures 2 and 3, bar group 6). In the absence of the
initiation factor elF2 or elF3, no 485 complex was formed on either of the mRNAs under
study (Figures 2 and 3, bar groups 4 and 7).

Thus, methylated mRNAs exhibit lower initiation efficiency than unmodified ones.
However, the m®A modification allows initiation of mMRNA translation in the presence of
elF4A (R362Q), an inhibitor of the ATP-dependent scanning, or in the absence of ATP.

2.2. The In Vitro Translation of m® A-Modified mRNA

Next, we checked the extent to which the observed effect of mRNA methylation
was pronounced in experiments using a cell-free translation system based on HEK293T
cells. For this purpose, the translation of methylated reporter mRNA carrying the rabbit
beta-globin mRNA 5'-UTR was tested for sensitivity to the addition of a cap analog, a
specific inhibitor of cap-dependent translation. Of note, an ATP/m°ATP = 1:1 ratio was
used for the synthesis of m®A-mRNA in the in vitro system. This ratio allowed a high
level of m®A incorporation into mRNA (Supplementary Figure S1A), while the level
of mRNA translation remained sufficiently high (Supplementary Figure S1B). Notably,
during the in vitro transcription, incorporation of the modified A’s occurred over the entire
mRNA body, including the coding region, thereby, as shown, slowing down the translation
elongation at certain codons and affecting the rate of codon-anticodon recognition [31,32].
Figure 4 shows that the methylated mRNA displayed a higher resistance to the inhibition
of cap-dependent initiation, which is in good agreement with both the toeprinting results
(Figure 1, track 8) and the literature data [24].
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Figure 4. The translation of methylated mRNA shows lower sensitivity to the cap-analog-induced
inhibition of cap-dependent translation. C + A + Firefly luciferase reporter mRNA carrying the beta-
globin 5" UTR (0.15 nmol) was translated in HEK293T cell extract with or without a cap analog
(0.1 mM). The reaction mixture was incubated for 60 min at 30 °C before the determination of Firefly
luciferase activity, which was measured as 100% with no cap analog added. The results of three
independent experiments are presented. Bars are 2 standard deviations. A two-tailed Student’s t-test
was used to estimate the statistical significance; *** p < 0.001. The absolute values of luciferase activity
are plotted in Supplementary Figure S2.
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Next, we studied the translation of m® A-modified and unmodified mRNAs in cell-free
systems containing e[F4A (R362Q) and hippuristanol, the inhibitors of ATP-dependent
scanning. As seen in Figure 5A, translation of the m® A-modified reporter luciferase mMRNA
with the rabbit beta-globin mRNA 5'-UTR showed a lower sensitivity to e[F4A (R362Q).
However, hippuristanol caused a less-pronounced difference in translation inhibition
between the 6A—me’rhylated and unmodified mRNAs (Figure 5B).
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Figure 5. Comparison of translation of unmodified and m®A-modified reporter mRNA in the presence of elF4A (R362Q) (A)
or hippuristanol (B). C + A + Firefly luciferase reporter mRNA carrying the beta-globin 5 UTR (0.15 pmol) was translated in
HEK293T cell extract with or without increasing concentrations of recombinant elF4A (R362Q) (0.43, 0.87, 1.3, and 1.74 umol)
or increasing concentrations of hippuristanol (1, 2, and 4 pmol). The reaction mixture was incubated for 60 min at 30 °C
before the determination of Firefly luciferase activity, which was taken to be 100% with no eIF4A (R362Q) or hippuristanol
added. The results of three independent experiments are presented. Bars are 2 standard deviations. A two-tailed Student’s
t-test was used to estimate the statistical significance; ** p < 0.01; *** p < 0.001.

Due to the elevated affinity of e[F4A (R362Q) for the elF4F components, this mutant
protein removes elF4F from translation, and the inhibition of elF4A activity is superimposed
on the inhibition of the activity of eIFAF to which the ® A-methylated mRNA is less sensitive.

3. Discussion

To date, we have no comprehensive explanation of the role of m®A in the regulation of
protein biosynthesis. So far, it is unclear how exactly this modification affects the initiation
of translation on the modified mRNA and the protein biosynthesis in general. We proved
that the initiation can occur without recruiting the 5'-end cap-structure. It was reported
previously that on modified mRNAs, the translation initiation is independent of the factor
elF4F [24], which was the basis for a conclusion about the cap independence of the initiation
on m®A-modified mRNA. However, the authors used a cap-containing mRNA; therefore,
the conclusion about cap independence was drawn from the function of the factor elF4F as a
cap-binding protein. Here, we present direct evidence for cap independence of the initiation
on modified mRNAs. The quantitative analysis of toeprinting products and the evaluation
of translation initiation efficiency allowed us to state, for the first time, that although the
initiation may occur on uncapped modified mRNA4, its efficiency is significantly lower in
comparison with unmodified mRNA. Additionally, the considerably lower level of protein
synthesis observed on modified mRNAs (Supplementary Figure S1) is indicative of a lower
level of elongation efficiency on modified templates. This observation is in agreement with
the literature data [31,32].

It should be emphasized that our in vitro experiments used mRNA with m®As local-
ized to all feasible positions over the entire mRNA. However, in the cell, mRNA methylation
occurs only at specific sites. This suggests that the use of mRNA with a natural methylation
profile would allow no additional (nonspecific) effect of methylation on the translation
elongation, and probably the initiation as well. Yet, as shown here, even excessive and
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nonspecific methylation of mRNA confers an advantage over a nonmodified mRNA when
the cap-dependent translation is inhibited.

Our study first demonstrates the possibility of ATP-independent translation initiation
on m®A-modified mRNAs. As shown in this work, ATP hydrolysis energy is not required
for the ribosome to reach the AUG codon on modified templates. Hence, a question arises
as to the mechanism of translation initiation on modified mRNAs. The authors of the
above-cited paper [24] stated that it is scanning that occurs on these mRNAs. This was
proved by introducing both a hairpin preventing the ribosome from reaching the AUG
codon and an additional upstream AUG codon. In this case, at the downstream AUG
codon, the initiation occurred with much lower efficiency or did not occur at all.

We suggest that modified mRNAs have two possible pathways of translation initiation
that do not require the energy of ATP hydrolysis. The first is the internal ribosome entry
that is close to the AUG codon, probably due to the elF3-to-m°A binding (eIF3 affinity
for m®A was shown previously [24]). The inhibitory effect of the 5 UTR hairpin can be
explained by the spatial structure of the hairpin, in that it hampers the ribosome binding to
mRNA. Alternatively, the ribosome complex can reach the AUG codon on such mRNAs
through one-dimensional diffusion (phaseless wandering) along the leader sequence [33,34].
Regardless, we suggest that with m°A in the 5’ UTR, the translation initiation pathway
is noncanonical. Although the alternative pathway is less efficient, it becomes the only
possible one in conditions when no translation initiation occurs on unmodified mRNAs.

So, methylation supports mRNA translation in the case of the suppressed mechanism
of cap-dependent translation, which frequently occurs under stress. Whether this plays a
role in overcoming stress is currently widely discussed and a focus of current research. For
example, mMTORC1 (mammalian target of rapamycin complex 1) inhibition, a key event
in different types of stress [35], causes inhibition of cap-dependent translation through
neutralization of the complex elF4F. It appears that the suppression of ®A methylation
in mRNA entails a higher sensitivity of cellular mRNA translation to the inhibition of
mTORC1 activity [25]. In other words, in the absence of methylation, mRNA translation
displays a higher cap dependence. Interestingly, these data are consistent with those
reported by Slobodin et al. [32], who showed that TOP mRNAs, whose translation is most
sensitive to mTORC1 activity, carry less numerous m®A modifications than other mRNAs
because the transcription of TOP mRNAs is more rapid. Under stress, it is TOP mRNA
translation that probably must be suppressed first as the most resource-consuming one in
the cell, while the translation of the rest of methylated mRNAs remains at its basic level
due to the cap-independent mode. Yet, it remains unknown what mechanisms realize the
cap-independent translation in this case.

Additionally, it was shown that under stress, the methylation of some mRNAs, whose
translation products are required to overcome the stress effects, can increase, thereby
provoking a higher level of translation of these mRNAs. For example, HSP70 mRNA is
hypermethylated under heat shock, which enables its efficient translation and participation
of the synthesized protein HSP70 to remove the heat shock effects [24]. It is suggested
that the stress-induced translation of HSP70 mRNA requires the initiation factor elF3
in immediate interaction with m®A and the protein ABCF1, which contributes to TC
recruiting.

mRNA methylation can interfere with the translation of some mRNAs. An important
pathway that regulates translation under stress is known to be based on elF2 «-subunit
phosphorylation [36]. This modification ultimately reduces the overall level of translation.
In contrast, in some mRNAs with several upstream open reading frames (UORFs), the
initiation of translation of the main ORF increases as the TC amount decreases. In this case,
the ®A methylation hampers the initiation of translation of the main ORF since, as shown
by [37], it slows down the mRNA scanning, which contributes to a higher probability of
translation initiation at the uORF. However, as shown for templates such as ATF4- and
GADD45G mRNAs, under stress, they undergo specific demethylation, thereby increasing
the probability of translation of the main ORFE.
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Further investigation is required to clarify how the relative elF4F/ ATP-independence
of the translation of modified mRNAs during mRNA scanning promotes mRNA translation
both under stress and with suppressed cap-dependent translation.

4. Materials and Methods
4.1. Plasmids

To synthesize rabbit beta-globin mRNA for experiments on the formation of 485 com-
plexes, the plasmid pET28a-BetaGlob-bGlob was used. This plasmid was obtained from
pET28 MVHL-STOP [38] by quick change mutagenesis using KOD Hot Start DNA poly-
merase (Merck Millipore Novagen, Madison, WI, USA) and DNA primers 5'-CGACTCACT
ATAGGCACTTGCTTTTGACACAACTGTG-3' and 5'-CACAGTTGTGTCAAAAGCAAGT
GCCTATAGT GAGTCG-3'.

For the construction of pSP36TBetaGlobFLucA50, the 5" UTR of the rabbit beta-globin
DNA fragment was obtained by annealing two oligonucleotides (5'-AGCTTACTTGCTTTT
GACACAACTGTGTTTACTTGCAATCCCCCAAAACAGACAC-3 and 5'-CATGGTGTCT
GTTTTGGGGGATTGCAAGTAAACACAGTTGTGTCAAAAGCAAGTA-3’; sticky ends
similar to those formed after HindIII and Ncol restriction are shown in bold), followed by
their ligation into pSP36TLucA50 [39] and treatment with Ncol and HindlIIl
restriction endonucleases.

4.2. In Vitro Transcription

Rabbit beta-globin mRNA was transcribed by T7 RNA polymerase from pET28a-
BetaGlob-bGlob linearized with EcoRI. Firefly luciferase mRNA with 5 UTR from rabbit
beta-globin mRNA was transcribed by SP6 RNA polymerase from pSP36TBetaGlobFLucA50
linearized with Smal. The transcription was performed using a SP6-Scribe Standard RNA
IVT Kit (CellScript, W1, USA). For co-transcriptional rabbit beta-globin mRNA capping, the
GTP concentration in the reaction mixture was reduced to 0.2 mM, and the m7G(5’)ppp(5’ )G
RNA cap structure analog (NEB, Ipswich, MA, USA) was added to 3.8 mM. The capped
mRNA transcript for in vitro translation was obtained using a ScriptCap™ m’G Capping
System and ScriptCap 2'-O-Methyltransferase Enzyme (CellScript, Madison, WI, USA)
according to the manufacturers’ recommendations.

To obtain m® A-containing mRNA for experiments on the formation of 485 complexes,
ATP was completely replaced by m° ATP at the same concentration (4 mM) in the transcrip-
tional mixture. For translation in a cell-free system, mRNA containing 50% m°®A was used.
To obtain such mRNA, a mixture of 2 mM ATP and 2 mM m®ATP was used for in vitro
transcription. The quality of the obtained mRNAs was checked by electrophoresis in 6%
polyacrylamide gel (PAGE) containing 7 M urea.

4.3. Components for Assembling 48S Initiator Complexes

Native factors elF2, eIF3, and elF4F, as well as ribosomal 40S subunits, were isolated
from rabbit reticulocyte lysate, as described in [40]. Recombinant translation initiation
factors elF1, eIF1A, elF4A, and elF4B were obtained according to the protocol presented in
the same paper.

4.4. Primer Extension Inhibition Assay (Toeprinting)

Formation of the ribosomal initiation complex, and the analysis of the products of the
primer extension reaction were performed as described in [27,28,40]. The assembly of the
ribosomal 48S initiation complexes was performed from individual purified components
of the translation apparatus, namely 40S ribosomal subunits; mRNA; Met-tRNAi, initiation
factors elF1, elF2, elF3, elF4A, elF4B, and elF4F; as well as ATP and GMP-PNP (the latter
was added to block translation after reaching the initiation codon). The mixture was
incubated at 37 °C for 15 min. The primer extension reaction was performed using DNA
primer with fluorescent labeling. The cDNAs formed in the primer extension reaction were
analyzed by denaturing electrophoresis in 6% polyacrylamide gel. Visualization of cDNA
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fragments was performed by fluorescence using the Gel Doc System (Bio-Rad, Hercules,
CA, USA).

Capillary gel electrophoresis was performed to quantify the ratio of reverse-transcription
products. The collected data were processed with GeneMarker 1.5 software (SoftGenetics,
State College, PA, USA). Fluorescence intensities corresponding to each cDNA peak were
measured to determine the amount of reverse transcription products.

4.5. In Vitro Translation

The HEK293T cell extract for a cell-free translation system was obtained as described
previously [41].

The translation mixture (10 uL) contained 5 pL. HEK293T cell extract, 1 uL 10x
translation buffer (200 mM HEPES-KOH, pH 7.6, 10 mM DTT, 5 mM spermidine-HCI, 80
mM creatine phosphate, 10 mM ATP, 2 mM GTP, and 250 uM of each amino acid), 100 mM
KOACc, 1 mM Mg(Ac),, 2 units of Human Placental Ribonuclease Inhibitor (Thermo Fisher
Scientific, USA), and 0.15 pmol reporter Fluc mRNA. Reaction mixtures were incubated for
45 min at 30 °C, and the luciferase activity was then measured using the OneGlo Luciferase
Assay kit (Promega, USA). When indicated, various amounts of m’GpppG, ApppG, or
hippuristanol, were added, and the translation mix was preincubated for 5 min before the
addition of mRNA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22073662/s1.

Author Contributions: Conceptualization, S.C.A., PA.S. and D.N.L.; methodology, P.A.S. and D.N.L.;
validation, PA.S., E.A.S. and D.N.L.; formal analysis, S.C.A., PA.S,, and D.N.L,; investigation, PA.S.,
E.AS. and D.N.L,; resources, P.A.S. and D.N.L.; writing—original draft preparation, S.C.A., P.A.S.
and D.N.L.; writing—review and editing, S.C.A., P.A.S. and D.N.L,; visualization, P.A.S., E.A.S. and
D.N.L,; supervision, D.N.L.; funding acquisition, D.N.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Russian Foundation for Basic Research # 20-34-90047
(in vitro translation assay) and the Russian Science Foundation # 19-74-20186 (initiation factors
purification and toeprinting assay).

Acknowledgments: We are grateful to V.A. Kolb for the fruitful discussion and useful advice in the
course of this work. We thank E. Serebrova for help in manuscript preparation, and D. Severinov for
the technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Desrosiers, R.; Friderici, K.; Rottman, F. Identification of methylated nucleosides in messenger RNA from Novikoff hepatoma
cells. Proc. Natl. Acad. Sci. USA 1974, 71, 3971-3975. [CrossRef] [PubMed]

2. Dominissini, D.; Moshitch-Moshkovitz, S.; Schwartz, S.; Salmon-Divon, M.; Ungar, L.; Osenberg, S.; Cesarkas, K.; Jacob-Hirsch, J.;
Amariglio, N.; Kupiec, M.; et al. Topology of the human and mouse m6A RNA methylomes revealed by m6A-seq. Nature 2012,
485, 201-206. [CrossRef] [PubMed]

3. Meyer, K.D.; Saletore, Y.; Zumbo, P.; Elemento, O.; Mason, C.E.; Jaffrey, S.R. Comprehensive analysis of mRNA methylation
reveals enrichment in 3" UTRs and near stop codons. Cell 2012, 149, 1635-1646. [CrossRef]

4. Batista, P.J.; Molinie, B.; Wang, J.; Qu, K.; Zhang, J.; Li, L.; Bouley, D.M.; Lujan, E.; Haddad, B.; Daneshvar, K ; et al. m(6)A
RNA modification controls cell fate transition in mammalian embryonic stem cells. Cell Stem Cell 2014, 15, 707-719. [CrossRef]
[PubMed]

5. Bodi, Z.; Bottley, A.; Archer, N.; May, S.T.; Fray, R.G. Yeast m6A Methylated mRNAs Are Enriched on Translating Ribosomes
during Meiosis, and under Rapamycin Treatment. PLoS ONE 2015, 10, e0132090. [CrossRef]

6.  Chen, T; Hao, YJ.; Zhang, Y.; Li, M.M.; Wang, M.; Han, W.; Wu, Y; Lv, Y,; Hao, J.; Wang, L.; et al. m(6)A RNA methylation is
regulated by microRNAs and promotes reprogramming to pluripotency. Cell Stem Cell 2015, 16, 289-301. [CrossRef]

7. Liu, J.; Yue, Y.; Han, D.; Wang, X.; Fu, Y.; Zhang, L.; Jia, G.; Yu, M.; Lu, Z; Deng, X.; et al. A METTL3-METTL14 complex mediates
mammalian nuclear RNA N6-adenosine methylation. Nat. Chem. Biol. 2014, 10, 93-95. [CrossRef]

8.  Wang, X,; Feng, J.; Xue, Y.; Guan, Z.; Zhang, D.; Liu, Z.; Gong, Z.; Wang, Q.; Huang, J.; Tang, C.; et al. Structural basis of
N(6)-adenosine methylation by the METTL3-METTL14 complex. Nature 2016, 534, 575-578. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms22073662/s1
https://www.mdpi.com/article/10.3390/ijms22073662/s1
http://doi.org/10.1073/pnas.71.10.3971
http://www.ncbi.nlm.nih.gov/pubmed/4372599
http://doi.org/10.1038/nature11112
http://www.ncbi.nlm.nih.gov/pubmed/22575960
http://doi.org/10.1016/j.cell.2012.05.003
http://doi.org/10.1016/j.stem.2014.09.019
http://www.ncbi.nlm.nih.gov/pubmed/25456834
http://doi.org/10.1371/journal.pone.0132090
http://doi.org/10.1016/j.stem.2015.01.016
http://doi.org/10.1038/nchembio.1432
http://doi.org/10.1038/nature18298

Int. J. Mol. Sci. 2021, 22, 3662 10 of 11

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Jia, G.; Fu, Y.;; Zhao, X,; Dai, Q.; Zheng, G.; Yang, Y.; Yi, C; Lindahl, T.; Pan, T.; Yang, Y.G.; et al. N6-methyladenosine in nuclear
RNA is a major substrate of the obesity-associated FTO. Nat. Chem. Biol. 2011, 7, 885-887. [CrossRef]

Zheng, G.; Dahl, J.A.; Niu, Y.; Fedorcsak, P.; Huang, C.M.; Li, C.J.; Vagbo, C.B.; Shi, Y.; Wang, W.L.; Song, S.H.; et al. ALKBH5 is a
mammalian RNA demethylase that impacts RNA metabolism and mouse fertility. Mol. Cell 2013, 49, 18-29. [CrossRef]

Wang, X.; Zhao, B.S.; Roundtree, I.A.; Lu, Z.; Han, D.; Ma, H.; Weng, X.; Chen, K.; Shi, H.; He, C. N(6)-methyladenosine Modulates
Messenger RNA Translation Efficiency. Cell 2015, 161, 1388-1399. [CrossRef] [PubMed]

Wang, X.; Lu, Z.; Gomez, A.; Hon, G.C; Yue, Y.; Han, D.; Fu, Y.; Parisien, M.; Dai, Q.; Jia, G.; et al. N6-methyladenosine-dependent
regulation of messenger RNA stability. Nature 2014, 505, 117-120. [CrossRef] [PubMed]

Du, H.; Zhao, Y,; He, J.; Zhang, Y.; Xi, H.; Liu, M.; Ma, J.; Wu, L. YTHDEF?2 destabilizes m(6)A-containing RNA through direct
recruitment of the CCR4-NOT deadenylase complex. Nat. Commun. 2016, 7, 12626. [CrossRef] [PubMed]

Heck, A.M.; Wilusz, ]. The Interplay between the RNA Decay and Translation Machinery in Eukaryotes. Cold Spring Harb.
Perspect. Biol 2018, 10. [CrossRef]

Meyer, K.D. m(6)A-mediated translation regulation. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 301-309. [CrossRef]
Shi, H.; Wang, X.; Lu, Z.; Zhao, B.S.; Ma, H.; Hsu, PJ.; Liu, C.; He, C. YTHDEFS3 facilitates translation and decay of N(6)-
methyladenosine-modified RNA. Cell Res. 2017, 27, 315-328. [CrossRef] [PubMed]

Xiao, W.; Adhikari, S.; Dahal, U.; Chen, Y.S.; Hao, Y.J.; Sun, B.F; Sun, H.Y,; Li, A; Ping, X.L.; Lai, W.Y.; et al. Nuclear m(6)A Reader
YTHDC1 Regulates mRNA Splicing. Mol. Cell 2016, 61, 507-519. [CrossRef]

Xu, C.; Wang, X.; Liu, K; Roundtree, .A.; Tempel, W.; Li, Y.; Lu, Z.; He, C.; Min, J. Structural basis for selective binding of m6A
RNA by the YTHDC1 YTH domain. Nat. Chem. Biol. 2014, 10, 927-929. [CrossRef] [PubMed]

Roost, C.; Lynch, S.R.; Batista, PJ.; Qu, K.; Chang, H.Y; Kool, E.T. Structure and thermodynamics of N6-methyladenosine in RNA:
A spring-loaded base modification. J. Am. Chem. Soc. 2015, 137, 2107-2115. [CrossRef] [PubMed]

Liu, N.; Dai, Q.; Zheng, G.; He, C.; Parisien, M.; Pan, T. N(6)-methyladenosine-dependent RNA structural switches regulate
RNA-protein interactions. Nature 2015, 518, 560-564. [CrossRef] [PubMed]

Kwan, T.; Thompson, S.R. Noncanonical Translation Initiation in Eukaryotes. Cold Spring Harb. Perspect. Biol. 2019, 11. [CrossRef]
Merrick, W.C.; Pavitt, G.D. Protein Synthesis Initiation in Eukaryotic Cells. Cold Spring Harb. Perspect. Biol. 2018, 10. [CrossRef]
[PubMed]

Robichaud, N.; Hsu, B.E.; Istomine, R.; Alvarez, E; Blagih, J.; Ma, E.H.; Morales, S.V.; Dai, D.L.; Li, G.; Souleimanova, M.; et al.
Translational control in the tumor microenvironment promotes lung metastasis: Phosphorylation of eI[F4E in neutrophils. Proc.
Natl. Acad. Sci. USA 2018, 115, E2202-E2209. [CrossRef] [PubMed]

Meyer, K.D.; Patil, D.P; Zhou, J.; Zinoviev, A.; Skabkin, M.A.; Elemento, O.; Pestova, T.V.; Qian, S.B.; Jaffrey, S.R. 5 UTR m(6)A
Promotes Cap-Independent Translation. Cell 2015, 163, 999-1010. [CrossRef]

Coots, R.A.; Liu, X.M.; Mao, Y.; Dong, L.; Zhou, J.; Wan, J.; Zhang, X.; Qian, S.B. m(6)A Facilitates eIF4F-Independent mRNA
Translation. Mol. Cell 2017, 68, 504-514 €507. [CrossRef]

Pestova, T.V.; Kolupaeva, V.G. The roles of individual eukaryotic translation initiation factors in ribosomal scanning and initiation
codon selection. Genes Dev. 2002, 16, 2906-2922. [CrossRef] [PubMed]

Hartz, D.; McPheeters, D.S.; Traut, R.; Gold, L. Extension inhibition analysis of translation initiation complexes. Methods Enzymol.
1988, 164, 419-425. [CrossRef] [PubMed]

Shirokikh, N.E.; Spirin, A.S. Poly(A) leader of eukaryotic mRNA bypasses the dependence of translation on initiation factors.
Proc. Natl. Acad. Sci. USA 2008, 105, 10738-10743. [CrossRef]

Sakharov, P.A.; Agalarov, S.C. Free Initiation Factors el[F4A and elF4B Are Dispensable for Translation Initiation on Uncapped
mRNAs. Biochemistry 2016, 81, 1198-1204. [CrossRef]

Pause, A.; Methot, N.; Sonenberg, N. The HRIGRXXR region of the DEAD box RNA helicase eukaryotic translation initiation
factor 4A is required for RNA binding and ATP hydrolysis. Mol. Cell Biol. 1993, 13, 6789—-6798. [CrossRef]

Choi, J.; Ieong, K.W.; Demirci, H.; Chen, J.; Petrov, A.; Prabhakar, A.; O’Leary, S.E.; Dominissini, D.; Rechavi, G.; Soltis, 5.M.; et al.
N(6)-methyladenosine in mRNA disrupts tRNA selection and translation-elongation dynamics. Nat. Struct. Mol. Biol. 2016, 23,
110-115. [CrossRef]

Slobodin, B.; Han, R.; Calderone, V.; Vrielink, J.; Loayza-Puch, E; Elkon, R.; Agami, R. Transcription Impacts the Efficiency of
mRNA Translation via Co-transcriptional N6-adenosine Methylation. Cell 2017, 169, 326-337 e312. [CrossRef] [PubMed]
Agalarov, S.; Sakharov, P.A.; Fattakhova, D.; Sogorin, E.A.; Spirin, A.S. Internal translation initiation and eIlF4F/ ATP-independent
scanning of mRNA by eukaryotic ribosomal particles. Sci. Rep. 2014, 4, 4438. [CrossRef]

Spirin, A.S. How does a scanning ribosomal particle move along the 5’-untranslated region of eukaryotic nRNA? Brownian
Ratchet model. Biochemistry 2009, 48, 10688-10692. [CrossRef] [PubMed]

Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960-976. [CrossRef] [PubMed]
Boye, E.; Grallert, B. e[F2alpha phosphorylation and the regulation of translation. Curr. Genet. 2020, 66, 293-297. [CrossRef]
[PubMed]

Zhou, J.; Wan, J.; Shu, X.E.; Mao, Y.; Liu, X.M.; Yuan, X.; Zhang, X.; Hess, M.E.; Bruning, ].C.; Qian, S.B. N(6)-Methyladenosine
Guides mRNA Alternative Translation during Integrated Stress Response. Mol. Cell 2018, 69, 636—647 e637. [CrossRef]
Alkalaeva, E.Z.; Pisarev, A.V,; Frolova, L.Y.; Kisselev, L.L.; Pestova, T.V. In vitro reconstitution of eukaryotic translation reveals
cooperativity between release factors eRF1 and eRF3. Cell 2006, 125, 1125-1136. [CrossRef] [PubMed]


http://doi.org/10.1038/nchembio.687
http://doi.org/10.1016/j.molcel.2012.10.015
http://doi.org/10.1016/j.cell.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26046440
http://doi.org/10.1038/nature12730
http://www.ncbi.nlm.nih.gov/pubmed/24284625
http://doi.org/10.1038/ncomms12626
http://www.ncbi.nlm.nih.gov/pubmed/27558897
http://doi.org/10.1101/cshperspect.a032839
http://doi.org/10.1016/j.bbagrm.2018.10.006
http://doi.org/10.1038/cr.2017.15
http://www.ncbi.nlm.nih.gov/pubmed/28106072
http://doi.org/10.1016/j.molcel.2016.01.012
http://doi.org/10.1038/nchembio.1654
http://www.ncbi.nlm.nih.gov/pubmed/25242552
http://doi.org/10.1021/ja513080v
http://www.ncbi.nlm.nih.gov/pubmed/25611135
http://doi.org/10.1038/nature14234
http://www.ncbi.nlm.nih.gov/pubmed/25719671
http://doi.org/10.1101/cshperspect.a032672
http://doi.org/10.1101/cshperspect.a033092
http://www.ncbi.nlm.nih.gov/pubmed/29735639
http://doi.org/10.1073/pnas.1717439115
http://www.ncbi.nlm.nih.gov/pubmed/29463754
http://doi.org/10.1016/j.cell.2015.10.012
http://doi.org/10.1016/j.molcel.2017.10.002
http://doi.org/10.1101/gad.1020902
http://www.ncbi.nlm.nih.gov/pubmed/12435632
http://doi.org/10.1016/s0076-6879(88)64058-4
http://www.ncbi.nlm.nih.gov/pubmed/2468068
http://doi.org/10.1073/pnas.0804940105
http://doi.org/10.1134/S0006297916100175
http://doi.org/10.1128/MCB.13.11.6789
http://doi.org/10.1038/nsmb.3148
http://doi.org/10.1016/j.cell.2017.03.031
http://www.ncbi.nlm.nih.gov/pubmed/28388414
http://doi.org/10.1038/srep04438
http://doi.org/10.1021/bi901379a
http://www.ncbi.nlm.nih.gov/pubmed/19835415
http://doi.org/10.1016/j.cell.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28283069
http://doi.org/10.1007/s00294-019-01026-1
http://www.ncbi.nlm.nih.gov/pubmed/31485739
http://doi.org/10.1016/j.molcel.2018.01.019
http://doi.org/10.1016/j.cell.2006.04.035
http://www.ncbi.nlm.nih.gov/pubmed/16777602

Int. J. Mol. Sci. 2021, 22, 3662 11 of 11

39.

40.

41.

Wakiyama, M.; Futami, T.; Miura, K. Poly(A) dependent translation in rabbit reticulocyte lysate. Biochimie 1997, 79, 781-785.
[CrossRef]

Pisarev, A.V.; Unbehaun, A.; Hellen, C.U.; Pestova, T.V. Assembly and analysis of eukaryotic translation initiation complexes.
Methods Enzymol. 2007, 430, 147-177. [CrossRef]

Terenin, LM.; Andreev, D.E.; Dmitriev, S.E.; Shatsky, I.N. A novel mechanism of eukaryotic translation initiation that is neither
m7G-cap-, nor IRES-dependent. Nucleic. Acids Res. 2013, 41, 1807-1816. [CrossRef] [PubMed]


http://doi.org/10.1016/S0300-9084(97)86937-4
http://doi.org/10.1016/S0076-6879(07)30007-4
http://doi.org/10.1093/nar/gks1282
http://www.ncbi.nlm.nih.gov/pubmed/23268449

	Introduction 
	Results 
	The Toeprinting Assay of Initiation on m6A-Modified mRNA 
	The In Vitro Translation of m6A-Modified mRNA 

	Discussion 
	Materials and Methods 
	Plasmids 
	In Vitro Transcription 
	Components for Assembling 48S Initiator Complexes 
	Primer Extension Inhibition Assay (Toeprinting) 
	In Vitro Translation 

	References

