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Synthetic approaches to bis-adenosine derivatives
as potential bisubstrates of RNA
methyltransferasesy
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The development of bisubstrate molecules mimicking the transition state of RNA methylation offers a
promising approach for modulating post-transcriptional processes. In this study, five SAM-adenosine
conjugates were synthesized, each incorporating a SAM cofactor analog linked to the N1 position of ade-
nosine via triazole- and amide-based connectors. Cellular assays demonstrate that these compounds
were not cytotoxic at 10 pM on SW620 and MCF-7 human cancer cell lines. Notably, one conjugate sig-
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nificantly affected several mMRNA methylation processes in colorectal SW620 cells at this concentration.
Furthermore, four compounds inhibited sphere formation in both cancer cell lines, underscoring their
potential as tools to modulate RNA methylation in oncogenic contexts and guide the design of new
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Introduction

The bisubstrate strategy is used to provide molecular tools for
the study of RNA methyltransferases (MTases) or potent inhibi-
tors that mimic the transition state of RNA methylation by sim-
ultaneously targeting both MTase substrate binding sites (SAM
and RNA sites) (Scheme 1A)." We were the first to develop
SAM-RNA conjugates as m°A bisubstrates analogues for struc-
tural studies of bacterial and human m°A MTases.>”” The use
of such compounds has also enabled the inhibition of corona-
virus RNA N7 MTase with submicromolar ICs, values.*™**

In this study, we aim to synthesize new RNA bisubstrate
molecules, the design of such compounds being inspired by the
transition state of the m"A catalytic process (Scheme 1B and C).

mi1-Methyladenosine (m'A) is one of the most frequent
post-transcriptional modifications found in RNA.'® Identified
for the first time in 1963 by Dunn et al.," this covalent mark
is abundant in tRNA,*® ! rRNA,**** mitochondrial RNAs,**"2°

and was more recently observed at a low level in
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mRNA.>"*>?7?8 In addition to the introduction of the methyl
group on the Watson-Crick edge, this modification also pro-
vides a positive charge to the nucleotide at physiological con-
ditions, both conferring numerous and various biological
functions to m'A.>® For example, m1A58 in tRNA is essential
in stabilizing tRNA and translation initiation and has an
impact on reverse transcription and protein translation by
blocking Watson-Crick base pairing in mRNA.>®

The introduction of the methyl group is performed by the
writers m'A methyltransferases (m'A MTases), that use
S-adenosyl-.-methionine (SAM) as a cofactor leading to the
release of S-adenosyl-.-homocysteine (SAH) (Scheme 1B). This
process is dynamic and some demethylases belonging to the
ALKB family, also known to remove m°A, have been identified
as m'A erasers.”®*° Finally, the m'A are recognized by
members of the YTH domain protein family to regulate the
function of the modified RNAs.?"

Importantly, the dysregulation of the m'A process is
involved in pathological disorders such as cancers,*** HIV
infection,® bacterial antibiotic resistance,**® or Alzheimer’s
disease.>® Most of the research work aimed at understanding
the impact of m"A dysregulation in cancer has focused primar-
ily on tRNA methylation.*> More recently, a study has shown
that decreased m'A levels mediated by ALKBH3 resulted in
increased mRNA transcript levels of colony stimulating factor
1 (CSF1), thereby promoting cell invasion without altering cell
proliferation or migration in ovarian and breast cancer cells.*®
This result suggests a potential pathological consequence of
m'A dysregulation in mRNA molecules as well. In conclusion,
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Scheme 1 A) Bisubstrate strategy applied to RNA MTases. (B) m*A methylation of RNA catalyzed by m*A MTases. (C) General structure of bisubstrate
analogues mimicking the transition state between N1 position of adenosine and SAM cofactor.

m'A is a highly significant modification. However, the effects
of the m'A modification are still to be clarified, and there is
limited information available regarding its frequency and its
occurrence in cytosolic mRNA. For all these reasons, there is a
need for molecules that affect m'A methylation in order to
study this process at the molecular level and its biological
effects.

The synthesis of bisubstrates for m'A MTases containing a
complete analogue of the SAM moiety linked to a surrogate of
the RNA substrate (such as adenosine) has never been
achieved. An essential step in the chemical process to obtain
m'A bisubstrate molecules is the use of a N1i-selective alkyl-
ation reaction. In the literature, only a few examples report the
synthesis of 1-N-alkylated adenosine derivatives. This may be
due to the fact that 1-N-substituted adenosines are mainly
used as intermediates to access the corresponding Né6-functio-
nalized adenosines by Dimroth rearrangement.*" 1-N-Alkylated
adenosine derivatives are mainly prepared by treating adeno-
sine with the corresponding alkyl halide.**** Following this
methodology, the alkylation proceeds with high yield in the
presence of iodomethane but reveals less efficient with other
alkyl halides in which the methylene group adjacent to the
halide has to be activated thanks to unsaturated carbon chains
or aromatic substituents. Thus, this approach provides access
to a limited number of derivatives containing methyl, ethyl,
allyl or benzyl substituents. More recently, the use of barium
carbonate to avoid acidification and iodide salts such as Nal or
KI allowed for increased yields.*>*® Notably, in 2016, the
stereoselective synthesis of 1-tuberculosinyl adenosine, a viru-
lence factor of Mycobacterium tuberculosis, was achieved in
76% yield, by reacting adenosine with an allyl chloride in the
presence of sodium iodide.*” Using phase transfer catalysis,
Aritomo et al. observed the 1-N-alkylation of 6-N-benzoyl-
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2',3',5"tris-O-(tert-butyldimethylsilyl) adenosine as a
product.*® This approach was also exploited by Oslovsky et al.
for the alkylation of 6-N-acetyl-2',3',5"-tris-O-acetyladenosine at
the N1 position.”® 1-N-Alkyladenosine derivatives were also
synthesized by Terrazas et al. by reacting activated 1-(2,4-dini-
trobenzenesulfonyl)inosines with primary amines.*® Finally, a
different route allowed for the building of the 1-N-adenosine
ring by cyclisation between an imidazole nucleoside and ribo-
sylamines for the synthesis of stable analogues of cyclic ADP-
ribose analogues.* Starting from adenosine, we recently intro-
duced in a single step an alkyne group on the N1 position of
adenosine which led us to obtain by copper(i)-catalyzed
alkyne-azide cycloaddition®"** (CuAAC) the conjugate I as the
first bisubstrate analogue of m'A MTases (Scheme 2A).*
However, compound I does not contain the amino acid chain
of the SAM cofactor which may be crucial for the recognition
by the enzymes. Since our chemical route doesn’t allow the
introduction of structural variations on the conjugate, we
decided to go forward to obtain more complex SAM-adenosine
conjugates. In this new approach (Scheme 2B), an azido-ethyl
or azido-propyl group is introduced on the N1 position of ade-
nosine in a single step affording the partners mimicking the
RNA substrate. The second partner, the SAM analogue, is
obtained by a reductive amination followed by a nucleophilic
substitution reaction and the key step to connect the two part-
ners is achieved using CuAAC. This strategy affords conjugates
bearing the amino acid chain, making these compounds more
relevant for the study of m"A MTases (Scheme 2B). In addition,
we prepared a SAM-adenosine conjugate containing an amide
function to link the two units.

As the ultimate goal of this project is to target MTases in
living cells, we evaluated the effect of these conjugates on two
human cancer cell lines, namely SW620 (colorectal cancer)

CO-

This journal is © The Royal Society of Chemistry 2025
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first treated with 5 equivalents of 2-azido-iodoethane 2 or
3-azido-iodopropane 3,> using our previously reported con-
ditions for the synthesis of 1-N-propargyl-adenosine 1,* to
afford the corresponding 1-N-alkylated adenosines 4 and 5 in
16 and 6% yield, respectively (Scheme 3). The low yields
observed for the formation of compounds 4 and 5 can be
attributed to the lower electrophilicity of the iodoalkanes com-
pared to propargyl bromide. It is also important to note that
this reaction is carried out with unprotected nucleosides. This
approach reduces the number of synthetic steps by eliminating
the need for protection and deprotection of reactive groups.
However, purification must be performed by reversed-phase
HPLC, which results in some loss of product contributing to
the low yield of this reaction. The site of alkylation was con-
firmed by 2D NMR experiments. Indeed, the 2D HMBC experi-
ment carried out with compound 4 shows two correlations
between the protons (Ha) of the methylene and the carbons
C2 and C6 of adenosine (Fig. 1). Despite low yields, the alkyl-
ation reaction provided sufficient quantities of the two adeno-
sine derivatives 4 and 5 to carry out the CuAAC reactions.

This journal is © The Royal Society of Chemistry 2025

Scheme 3 Synthesis of the 1-N-alkylated adenosine derivatives 1, 4
and 5.

Two approaches were considered for the synthesis of the
SAM analogues 11 and 12. In a first intent, we used the classic
strategy to access SAM analogues with a nitrogen atom instead
of the sulfur,® by engaging the protected adenosine 6°* in a
reductive amination reaction (path A). In this aim, compound
6 was reacted with 3-azidopropanal®® providing the azido com-
pound 8 in 50% yield. Unfortunately, we were not able to
prepare azidoacetaldehyde following the reported synthesis™’
to get compound 7. As an alternative, nucleophilic substitution
reactions were carried out with the mesylate derivatives 9 and
10°° in the presence of K,CO; and KI in refluxing acetonitrile
for 72 hours (path B). In these conditions, derivatives 7 and 8
were obtained in 16 and 20% yield, due to the low nucleophili-
city of the secondary amine. Subsequent removal of the pro-
tecting groups using aqueous TFA solution provided the azides
11 and 12 in 54 and 55% yield, respectively (Scheme 4).
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CuAAC reactions were conducted in classic conditions
between the alkynes modified nucleosides (compounds 1 and
13°*) and the azido-nucleosides 4, 5, 11 and 12, in the pres-
ence of copper sulfate and sodium ascorbate. The SAM-adeno-
sine conjugates 14-17 were obtained with good yields calcu-
lated by UV (4 = 260 nm, & = 27 300 M~ " cm™ ") between 49 and
64%, after HPLC purification (Scheme 5).

The synthesis of compound 21 was achieved in 3 steps
starting from 5'-azidoadenosine 18 (Scheme 6). The azide
function of 18 was first reduced by hydrogenolysis in pres-
ence of Pd/C, leading to 5-aminoadenosine 19 in 88% yield.
The amide bond was then obtained by coupling amine 19
with 2-iodoacetic acid using DCC to afford the key inter-
mediate 20 in 49% yield. Finally, adenosine was engaged in
a reaction of alkylation with 1 equivalent of amide 20 to
afford the expected compound 21 in 5% yield after HPLC
purification. This low yield can be explained by the use of
only 1 equivalent of the electrophile 20 to avoid its own
alkylation.

5890 | Org. Biomol. Chem., 2025, 23, 5887-5896

20% (path B)

Biological evaluation

Most epitranscriptomic modifications play a key role in cell
fate and adaptation in the context of health and disease.>”°
In the context of cancer, the cells most prone to adaptation are
termed Cancer Stem Cells (CSCs).®® CSCs represent a minor
fraction of tumor cells exhibiting stem-like characteristics, as
well as enormous chemoresistance and tumor-initiating poten-
tial.®" Growing cancer cells in suspension culture promote the
CSC phenotype and the formation of microtumor-like spher-
oids derived from a single cancer progenitor cell.”*** As such,
sphere-forming ability (SFA) is often considered as a mean to
evaluate the tumorigenic potential of solid tumors. Recently,
m'A has been identified, along with other RNA marks, as a
potential adapting factor for colorectal cancer cells in suspen-
sion culture.®* Further, we have recently highlighted the role of
m1A58 modification, deposited by the SAM-dependent m'A
MTase TRM6/TRM61 complex, in tumor aggressiveness and
increased resistance to drug therapy, both hallmarks of

This journal is © The Royal Society of Chemistry 2025
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CSCs.?? In addition, the role of another modification, the N6-
methyladenosine (m°A) in colon cancer and glioma was high-
lighted, reinforcing the relevance of targeting the epitranscrip- A SW620
tome in cancer. Based on this result, we decided to test the 150
compounds to assess their impact to prevent cancer spread - :4
and recurrence while minimizing toxic effects that could be = 100 ;:-_——.Am_ﬁ___f__; . 1;
detrimental on healthy tissue. 2 . 17
The cytotoxicity of the bisubstrate analogues 14-17 and 21 - 5 2
was first assessed against two human cancer cell lines SW620 =
(a colorectal cancer cell line) and MCF7 (a breast cancer cell
line), using a sulforhodamine B assay (SRB). The compounds 00_0 05 ' 10
were tested at concentrations between 1 and 10 uM for 72 h. Concentration (Log pM)
As shown in Fig. 2, the SAM-adenosine conjugates 14-17 and
21 are not cytotoxic at these concentrations on the two cell
lines. Therefore, we decided to use a concentration of 10 pM B MCF7
for further evaluation. 1507 - 14
To identify RNA modifications that could be altered by the _ 15
compounds, we employed liquid chromatography followed by i 100 *‘;-_-_._ ;i ——3 18
i i = ———— 17
tandem MS (LC-MS/MS). Briefly, colorectal cell line SW620 was Z N o
exposed for 24 hours to a concentration of 10 pM of com- S 507
pounds 14-17 and 21. mRNA and tRNA were extracted from
treated cells, hydrolyzed and dephosphorylated, and nucleo- 000 = T 3
sides were analyzed by LC-MS/MS. For this evaluation, modifi- ' Concentration (Log 1iM) ‘

cations located either on the base or on the ribose were exam-
ined. Mass spectrometry analysis revealed that all compounds
have an impact on mRNA modifications when compared to
control (Fig. 3). Particularly, compounds 14 and 15 containing
the triazole ring close to the adenosine have similar activity

This journal is © The Royal Society of Chemistry 2025

Fig. 2 Evaluation of the cytotoxicity of the bisubstrate analogues
14-17 and 21. SW620 (A) and MCF7 (B) were treated with each com-
pound at concentrations between 1 and 10 pM for 72 h. Results are
expressed in fold change compared to control (untreated cells) and are
mean + SEM of three distinct experiments.
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Fig. 3 Multiple quantification of mRNA (A) and tRNA (B) modifications from colorectal cell line SW620. Heatmap representing log2 (fold change) of
modified nucleoside level from mRNA (A) and tRNA (B) in the dose of 10 uM (n = 3) after a 24 h exposure to the compounds 14-17 and 21. A gradual
change in the color from blue to red indicates a change in level of methylation from low to high.

profile on the modifications by increasing slightly the level of
m’G, m*C, m'A and m°U. In parallel, compound 16 and 17
with the triazole ring next to the SAM moiety show also a com-
parable behaviour, notably by decreasing m'G with the excep-
tion of their impact on m°C and Am modifications. Conjugate
21 affects most of the mRNA methylations with a slight
decrease of m'A and Nm (2’-O-methylations) level (Fig. 3).
Interestingly, the compounds do not affect m°A and m®Am.
Regarding tRNA modifications, the effects are less pro-
nounced: conjugates 15-17 and 21 slightly reduce Am levels,
while a small decrease in mem®U levels is observed when cells
are exposed to compounds 15 and 16. Given the number of
modifications altered upon exposure to the conjugates, these
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Fig. 4 Quantification of the relative percentage of sphere formation at
a concentration of 10 uM of compounds 14-17 and 21 on (A) SW620
and (B) MCF7. Results are expressed in fold change compared to
control. n = 3 biological replicates. Mean + SEM. *p-Value < 0.05 **p-
value < 0.01. One way Anova followed by multiple comparisons.
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results suggest that the compounds can cross the cell
membrane.

To assess the impact of the bisubstrate analogues on
sphere formation ability, we performed this assay on the two
previous cancer cell lines (SW620, MCF7). Briefly, cells were
incubated at low density in a serum deprived medium in the
presence of the conjugates 14-17 and 21 at a concentration of
10 pM for 7 days. The results show that compounds 14-17
decrease by 50% the ability of the two cancer cell lines to form
spheres compared to control at the concentration of 10 pM
(Fig. 4A and B). As shown in Fig. 2, this effect is not an indirect
consequence of compounds toxicity. By contrast, compound
21 does not affect sphere formation, though its capabilities to
reduce the level of several RNA methylations.

Conclusions

In summary, we have reported the synthesis of five SAM-ade-
nosine conjugates. These compounds contain either a triazole-
or an amide-based linker to connect the SAM analogue and
the adenosine that mimicks RNA substrate. These compounds
were synthesized using CuAAC to obtain the triazole linker or
by N1 alkylation of adenosine. Our chemical approach did not
require a multi-step synthesis as we avoided the use of protect-
ing groups for the functionalization of the adenosine moiety,
though introduction of the azide function provides N1 alkyl-
ated adenosine in low yields.

Preliminary biological assays were conducted to evaluate
the impact of these compounds on cancer cells. At a concen-
tration of 10 uM, none of the five compounds exhibited cyto-
toxicity against the two human cancer cell lines SW620 and
MCF-7. Then, the quantification of mRNA and tRNA modifi-
cations was carried out using mass spectrometry analysis. Only
exposure of SW620 colorectal cancer cell to compound 17 and
21 leads to a slight decrease of m'A level of mRNA in the
SW620 human cancer cell line but, also affects modifications
such as Um, Gm, and Am. It has been previously reported in
the literature that bisubstrate molecules, designed to interact
with a specific methylation process (such as m'A RNA methyl-
ation here) can also affect other methylations. For instance,

This journal is © The Royal Society of Chemistry 2025
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compounds designed to inhibit DNA MTases have shown
activity on protein MTases,®” and inhibitors targeting the 2'-O-
methylation of viral MTases have been found to act on viral
N7G MTases® and vice versa.®®

Regardless, compounds exhibit a biological effect on
sphere-forming ability. This effect may result from the inhi-
bition of multiple RNA marks.®” The next step will be to carry
out further functional tests to determine whether other “stem-
like” properties, such as chemotherapy resistance or tumor
initiation capacity, are affected.

Author contributions

M.E.Q. and E.B. conceived the idea and guided the project.
J.D., B.F., D.C., and L.I. conducted the experiments and ana-
lysed the experimental data. F.M., A.D., M.E.Q., and E.B. co-
wrote the paper with inputs from all the other authors. All
authors have approved the final version of the manuscript.

Data availability

The data supporting this article have been included in the
ESL

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

J. D. thanks the Chinese Scholarship Council for the financial
support of his PhD. This project was supported by “La Ligue
Contre le Cancer” (ARN Thérapeutique 2022 -
EpiTarget). M. E-Q thanks the “Institut Universitaire de
France” (IUF) for financial support.

References

1 R. Ahmed-Belkacem, F. Debart
Bisubstrate Strategies to Target
Eur. J. Org. Chem., 2022, €202101481.

2 C. Atdjian, L. Iannazzo, E. Braud and M. Etheve-
Quelquejeu, Synthesis of SAM-Adenosine Conjugates for
the Study of m6A-RNA Methyltransferases, Eur. J. Org.
Chem., 2018, 4411-4425.

3 S. Oerum, M. Catala, C. Atdjian, F. Brachet, L. Ponchon,
P. Barraud, L. Iannazzo, L. Droogmans, E. Braud,
M. Etheéve-Quelquejeu and C. Tisné, Bisubstrate analogues
as structural tools to investigate m6A methyltransferase
active sites, RNA Biol., 2019, 16, 798-808.

4 C. Atdjian, D. Coelho, L. Iannazzo, M. Ethéve-Quelquejeu
and E. Braud, Synthesis of Triazole-Linked SAM-Adenosine

and J.-J. Vasseur,
Methyltransferases,

This journal is © The Royal Society of Chemistry 2025

10

11

12

13

14

View Article Online

Paper

Conjugates: Functionalization of Adenosine at N-1 or N-6
Position without Protecting Groups, Molecules, 2020, 25,
3241.

V. Meynier, L. Iannazzo, M. Catala, S. Oerum, E. Braud,
C. Atdjian, P. Barraud, M. Fonvielle, C. Tisné and
M. Ethéve-Quelquejeu, Synthesis of RNA-cofactor conju-
gates and structural exploration of RNA recognition by an
m6A RNA methyltransferase, Nucleic Acids Res., 2022, 50,
5793-5806.

D. Coelho, L. Le Corre, K. Bartosik, L. Iannazzo, E. Braud
and M. Etheéve-Quelquejeu, Synthesis of Bisubstrate
Analogues for RNA Methylation Studies using two
Transition-Metal-Catalyzed Reactions, Chem. — Eur. J., 2023,
€202301134.

I. Corbeski, P. A. Vargas-Rosales, R. K. Bedi, ]J. Deng,
D. Coelho, E. Braud, L. Iannazzo, Y. Li, D. Huang,
M. Ethéve-Quelquejeu, Q. Cui and A. Caflisch, The catalytic
mechanism of the RNA methyltransferase METTL3, eLife,
2023, 12, RP92537.

R. Ahmed-Belkacem, P. Sutto-Ortiz, M. Guiraud, B. Canard,
J.-J. Vasseur, E. Decroly and F. Debart, Synthesis of adenine
dinucleosides SAM analogs as specific inhibitors of
SARS-CoV nsp14 RNA cap guanine-N7-methyltransferase,
Eur. J. Med. Chem., 2020, 201, 112557.

K. Devkota, M. Schapira, S. Perveen, A. Khalili Yazdi, F. Li,
I. Chau, P. Ghiabi, T. Hajian, P. Loppnau, A. Bolotokova,
K. J. F. Satchell, K. Wang, D. Li, J. Liu, D. Smil, M. Luo,
J. Jin, P. V. Fish, P. J. Brown and M. Vedadi, Probing the
SAM Binding Site of SARS-CoV-2 Nsp14 In Vitro Using SAM
Competitive Inhibitors Guides Developing Selective
Bisubstrate Inhibitors, SLAS Discovery, 2021, 26, 1200-1211.
R. Ahmed-Belkacem, M. Hausdorff, A. Delpal, P. Sutto-
Ortiz, A. M. G. Colmant, F. Touret, N. S. Ogando,
E. J. Snijder, B. Canard, B. Coutard, J.-J. Vasseur, E. Decroly
and F. Debart, Potent Inhibition of SARS-CoV-2 nsp14 N7-
Methyltransferase by Sulfonamide-Based Bisubstrate
Analogues, J. Med. Chem., 2022, 65, 6231-6249.

E. Jung, R. Soto-Acosta, ]J. Xie, D. J. Wilson, C. D. Dreis,
R. Majima, T. C. Edwards, R. J. Geraghty and L. Chen,
Bisubstrate Inhibitors of Severe Acute Respiratory
Syndrome Coronavirus-2 Nspl4 Methyltransferase, ACS
Med. Chem. Lett., 2022, 13, 1477-1484.

M. Hausdorff, A. Delpal, S. Barelier, L. Nicollet, B. Canard,
F. Touret, A. Colmant, B. Coutard, ].-J. Vasseur, E. Decroly
and F. Debart, Structure-guided optimization of adenosine
mimetics as selective and potent inhibitors of coronavirus
nsp14 N7-methyltransferases, Eur. J. Med. Chem., 2023,
256, 115474.

O. Bobileva, R. Bobrovs, E. E. Sirma, 1. Kanepe, A. L. Bula,
L. Patetko, A. Ramata-Stunda, S. Grinberga, A. Jirgensons
and K. Jaudzems, 3-(Adenosylthio)benzoic Acid Derivatives
as SARS-CoV-2 Nspl4 Methyltransferase Inhibitors,
Molecules, 2023, 28, 768.

M. Stefek, D. Chalupskd, K. Chalupsky, M. Zgarbova,
A. Dvorakova, P. Krafé¢ikovd, A. S. M. Li, M. Sala,
M. Dejmek, T. Otava, E. Chaloupecka, J. Kozak, J. Kozic,

Org. Biomol. Chem., 2025, 23, 5887-5896 | 5893


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob00758e

Open Access Article. Published on 02 June 2025. Downloaded on 3/3/2026 8:48:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

15

16

17

18

19

20

21

22

23

24

25

26

27

M. Vedadi, ]J. Weber, H. Mertlikova-Kaiserova and
R. Nencka, Rational Design of Highly Potent SARS-CoV-2
nsp14 Methyltransferase Inhibitors, ACS Omega, 2023, 8,
27410-27418.

R. Ahmed-Belkacem, J. Troussier, A. Delpal, B. Canard,
J.-J. Vasseur, E. Decroly and F. Debart, N-Arylsulfonamide-
based adenosine analogues to target RNA cap N7-methyl-
transferase nsp14 of SARS-CoV-2, RSC Med. Chem., 2024,
15, 839-847.

Y. Motorin and M. Helm, RNA nucleotide methylation:
2021 update, Wiley Interdiscip. Rev.:RNA, 2022, 13, e1691.

D. B. Dunn, The occurrence of 1-methyladenine in ribonu-
cleic acid, Biochem. J., 1963, 86, 14P-15P.

J. T. Anderson and L. Droogmans, Biosynthesis and func-
tion of 1-methyladenosine in transfer RNA, Top. Curr.
Genet., 2005, 12, 121-139.

M. A. Machnicka, A. Olchowik, H. Grosjean
J. M. Bujnicki, Distribution and frequencies of post-transcrip-
tional modifications in tRNAs, RNA Biol., 2014, 11, 1619-1629.
S. Oerum, C. Dégut, P. Barraud and C. Tisné, m1A Post-
Transcriptional Modification in tRNAs, Biomolecules, 2017,
7, E20.

C. Zhang and G. Jia, Reversible RNA Modification N1-
Methyladenosine (m1A) in mRNA and tRNA, Genomics,
Proteomics Bioinf., 2018, 16, 155-161.

S. Sharma, P. Watzinger, P. Kotter and K.-D. Entian,
Identification of a novel methyltransferase, Bmt2, respon-
sible for the N-1-methyl-adenosine base modification of
25S rRNA in Saccharomyces cerevisiae, Nucleic Acids Res.,
2013, 41, 5428-5443.

R. Srivastava and K. P. Gopinathan, Ribosomal RNA
methylation in Mycobacterium smegmatis SN2, Biochem.
Int., 1987, 15, 1179-1188.

X. Li, X. Xiong, M. Zhang, K. Wang, Y. Chen, J. Zhou,
Y. Mao, ]. Lv, D. Yi, X.-W. Chen, C. Wang, S. B. Qian and
C. Yi, Base-Resolution Mapping Reveals Distinct mi1A
Methylome in Nuclear- and Mitochondrial-Encoded
Transcripts, Mol. Cell, 2017, 68, 993-1005.

M. Safra, A. Sas-Chen, R. Nir, R. Winkler, A. Nachshon,
D. Bar-Yaacov, M. Erlacher, W. Rossmanith, N. Stern-
Ginossar and S. Schwartz, The m1A landscape on cytosolic
and mitochondrial mRNA at single-base resolution, Nature,
2017, 551, 251-255.

D. Bar-Yaacov, I. Frumkin, Y. Yashiro, T. Chujo,
Y. Ishigami, Y. Chemla, A. Blumberg, O. Schlesinger,
P. Bieri, B. Greber, N. Ban, R. Zarivach, L. Alfonta, Y. Pilpel,
T. Suzuki and D. Mishmar, Mitochondrial 16S rRNA Is
Methylated by tRNA Methyltransferase TRMT61B in All
Vertebrates, PLoS Biol., 2017, 15, €1002594.

D. Dominissini, S. Nachtergaele, S. Moshitch-Moshkovitz,
E. Peer, N. Kol, M. S. Ben-Haim, Q. Dai, A. Di Segni,
M. Salmon-Divon, W. C. Clark, G. Zheng, T. Pan,
O. Solomon, E. Eyal, V. Hershkovitz, D. Han, L. C. Doré,
N. Amariglio, G. Rechavi and C. He, The dynamic N(1)-
methyladenosine methylome in eukaryotic messenger
RNA, Nature, 2016, 530, 441-446.

and

5894 | Org. Biomol. Chem., 2025, 23, 5887-5896

28

29

30

31

32

33

34

35

36

37

38

39

40

View Article Online

Organic & Biomolecular Chemistry

X. Li, X. Xiong, K. Wang, L. Wang, X. Shu, S. Ma and C. Yi,
Transcriptome-wide mapping reversible and
dynamic N1-methyladenosine methylome, Nat. Chem. Biol.,
2016, 12, 311-316.

W. Xiong, Y. Zhao, Z. Wei, C. Li, R. Zhao, J. Ge and B. Shi,
N1-methyladenosine formation, gene regulation, biological
functions, and clinical relevance, Mol. Ther., 2023, 31, 308—
330.

F. Liu, W. Clark, G. Luo, X. Wang, Y. Fu, J. Wei, X. Wang,
Z. Hao, Q. Dai, G. Zheng, H. Ma, D. Han, M. Evans,
A. Klungland, T. Pan and C. He, ALKBH1-Mediated tRNA
Demethylation Regulates Translation, Cell, 2016, 167, 816-
828.

X. Dai, T. Wang, G. Gonzalez and Y. Wang, Identification of
YTH Domain-Containing Proteins as the Readers for N1-
Methyladenosine in RNA, Anal. Chem., 2018, 90, 6380-6384.

F. Macari, Y. El-houfi, G. Boldina, H. Xu, S. Khoury-Hanna,
J. Ollier, L. Yazdani, G. Zheng, I. Biéche, N. Legrand,
D. Paulet, S. Durrieu, A. Bystrom, S. Delbecq, B. Lapeyre,
L. Bauchet, ]. Pannequin, F. Hollande, T. Pan,
M. Teichmann, S. Vagner, A. David, A. Choquet and
D. Joubert, TRM6/61 connects PKCa with translational
control through tRNAi(Met) stabilization: impact on tumor-
igenesis, Oncogene, 2016, 35, 1785-1796.

S. Xie, W. Chen, K. Chen, Y. Chang, F. Yang, A. Lin, Q. Shu,
T. Zhou and X. Yan, Emerging roles of RNA methylation in
gastrointestinal cancers, Cancer Cell Int., 2020, 20, 585.

B. Yang, J. Q. Wang, Y. Tan, R. Yuan, Z. S. Chen and
C. Zou, RNA methylation and cancer treatment, Pharmacol.
Res., 2021, 174, 105937.

H. Fukuda, T. Chujo, F. Wei, S. Shi, M. Hirayama,
T. Kaitsuka, T. Yamamoto, H. Oshiumi and K. Tomizawa,
Cooperative methylation of human tRNA3Lys at positions
A58 and U54 drives the early and late steps of HIV-1 replica-
tion, Nucleic Acids Res., 2021, 49, 11855-11867.

J. P. Ballesta and E. Cundliffe, Site-specific methylation of
16S rRNA caused by pct, a pactamycin resistance determi-
nant from the producing organism, Streptomyces pactum,
J. Bacteriol., 1991, 173, 7213-7218.

J. A. Dunkle, K. Vinal, P. M. Desai, N. Zelinskaya, M. Savic,
D. M. West, G. L. Conn and C. M. Dunham, Molecular reco-
gnition and modification of the 30S ribosome by the ami-
noglycoside-resistance methyltransferase NpmA, Proc. Natl.
Acad. Sci. U. S. A., 2014, 111, 6275-6280.

H. Kanazawa, F. Baba, M. Koganei and J. Kondo, A struc-
tural basis for the antibiotic resistance conferred by an N1-
methylation of A1408 in 16S rRNA, Nucleic Acids Res., 2017,
45, 12529-12535.

A. M. Shafik, H. Zhou, J. Lim, B. Dickinson and P. Jin,
Dysregulated mitochondrial and cytosolic tRNA m1iA
methylation in Alzheimer’s disease, Hum. Mol. Genet.,
2022, 31, 1673-1680.

H. H. Woo and S. K. Chambers, Human ALKBH3-induced
m1A demethylation increases the CSF-1 mRNA stability in
breast and ovarian cancer cells, Biochim. Biophys. Acta,
Gene Regul. Mech., 2019, 1862, 35-46.

reveals

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob00758e

Open Access Article. Published on 02 June 2025. Downloaded on 3/3/2026 8:48:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

41

42

43

44

45

46

47

48

49

50

51

52

(a) O. Dimroth, Ueber intramolekulare Umlagerungen.
Umlagerungen in der Reihe des 1, 2, 3-Triazols, Justus
Liebigs Ann. Chem., 1909, 364, 183-226; (b) O. Dimroth,
Mittheilungen Ueber eine Synthese von Derivaten des
1.2.3-Triazols, Ber. Dtsch. Chem. Ges., 1902, 35, 1029-1038;
(¢) O. Dimroth and W. Michaelis, Intramolekulare
Umlagerung der 5-Amino-1,2,3-triazole, Justus Liebigs Ann.
Chem., 1927, 459, 39-46.

W. J. Jones and R. K. Robins, Purine Nucleosides. IIL
Methylation Studies of Certain Naturally Occurring Purine
Nucleosides, J. Am. Chem. Soc., 1963, 85, 193-201.

N. J. Leonard, S. Achmatowicz, R. N. Loepky,
K. L. Carraway, W. A. Grimm, A. Szweykowska, H. Q. Hamzi
and F. Skoog, Development of cytokinin activity by
rearrangement of 1-substituted adenines to 6-substituted
aminopurines: inactivation by N6, 1-cyclization, Proc. Natl.
Acad. Sci. U. S. A., 1966, 56, 709-716.

M. H. Fleysher, A. Bloch, M. T. Hakala and C. A. Nichol,
Synthesis and biological activity of some new N6-substituted
purine nucleosides, J. Med. Chem., 1969, 12, 1056-1061.

R. Ottria, S. Casati, A. Manzocchi, E. Baldoli, M. Mariotti,
J. A. M. Maier and P. Ciuffreda, Synthesis and evaluation of
in vitro anticancer activity of some novel isopentenyladeno-
sine derivatives, Bioorg. Med. Chem., 2010, 18, 4249-4254.
V. E. Oslovsky, M. S. Drenichev and S. N. Mikhailov,
Regioselective 1-N-Alkylation and Rearrangement of
Adenosine Derivatives, Nucleosides, Nucleotides Nucleic
Acids, 2015, 34, 475-499.

J. Buter, D. Heijnen, I. C. Wan, F. M. Bickelhaupt,
D. C. Young, E. Otten, D. Branch Moody and A. J. Minnaard,
Stereoselective Synthesis of 1-Tuberculosinyl Adenosine; a
Virulence Factor of Mycobacterium tuberculosis, J. Org. Chem.,
2016, 81, 6686-6696.

K. Aritomo, T. Wada and M. Sekine, Alkylation of 6-N-acy-
lated adenosine derivatives by the use of phase transfer cat-
alysis, J. Chem. Soc., Perkin Trans. 1, 1995, 1837-1844.

M. Terrazas, X. Ariza, J. Farras and J. Vilarrasa, A Novel
Nucleophilic Approach to 1-Alkyladenosines. A Two-Step
Synthesis of [1-15N]Adenosine from Inosine, Chem.
Commun., 2005, 31, 3968-3970.

T. Sato, M. Watanabe, T. Tsuzuki, S. Takano, T. Murayama,
T. Sakurai, T. Kameda, H. Fukuda, M. Arisawa and
S. Shuto, Design, Synthesis, and Identification of
4"a-Azidoethyl-cyclic ADP-Carbocyclic-ribose as a Highly
Potent Analogue of Cyclic ADP-Ribose, a Ca**-Mobilizing
Second Messenger, J. Med. Chem., 2016, 58, 7282-7286.

V. V. Rostovtsev, L. G. Green, V. V. Fokin and
K. B. Sharpless, A Stepwise Huisgen Cycloaddition Process:
Copper(1)-Catalyzed Regioselective “Ligation” of Azides and
Terminal Alkynes, Angew. Chem., Int. Ed., 2002, 41, 2596-
2599.

C. W. Tornoe, C. Christensen and M. Meldal,
Peptidotriazoles on Solid Phase: [1,2,3]Triazoles by
Regiospecific Copper(1)-Catalyzed 1,3-Dipolar

Cycloadditions of Terminal Alkynes to Azides, J. Org.
Chem., 2002, 67, 3057-3064.

This journal is © The Royal Society of Chemistry 2025

53

54

55

56

57

58

59

60

61

62

63

64

65

66

View Article Online

Paper

H. Choi, H. J. Shirley, P. A. Hume, M. A. Brimble and
D. P. Furkert, Unexpected Direct Synthesis of N-Vinyl
Amides through Vinyl Azide-Enolate [3 + 2] Cycloaddition,
Angew. Chem., Int. Ed., 2017, 56, 7420-7424.

J. Dowden, W. Hong, R. V. Parry, R. A. Pike and S. G. Ward,
Toward the development of potent and selective bisubstrate
inhibitors of protein arginine methyltransferases, Bioorg.
Med. Chem. Lett., 2010, 20, 2103-2105.

K. L, S. Ichikawa, B. Al-Dabbagh, A. Bouhss and
A. Matsuda, Function-Oriented Synthesis of Simplified
Caprazamycins: Discovery of Oxazolidine-Containing
Uridine Derivatives as Antibacterial Agents against Drug-
Resistant Bacteria, J. Med. Chem., 2010, 53, 3793-3813.

C. Tahtaoui, I. Parrot, P. Klotz, F. Guillier, ]J.-L. Galzi,
M. Hibert and B. Ilien, Fluorescent pirenzepine derivatives
as potential bitopic ligands of the human M1 muscarinic
receptor, J. Med. Chem., 2004, 47, 4300-4315.

A. Selaru, M. Costache and S. Dinescu, Epitranscriptomic
signatures in stem cell differentiation to the neuronal
lineage, RNA Biol., 2021, 18, 51-60.

L. Xi, T. Caroll, I. Matos, ]J.-D. Luo, L. Polak, H. A. Pasolli,
S. R. Jaffrey and E. Fuchs, m6A RNA methylation impacts fate
choices during skin morphogenesis, eLife, 2020, 9, €56980.

S. Malla, D. Melguizo-Sanchis and F. Aguilo, Steering pluri-
potency and differentiation with N6-methyladenosine RNA
modification, Biochim. Biophys. Acta, Gene Regul. Mech.,
2019, 1862, 394-402.

M. R. Atashzar, R. Baharlou, J. Karami, H. Abdollahi,
R. Rezaei, F. Pourramezan and S. H. Zoljalali Moghaddam,
Cancer stem cells: A review from origin to therapeutic
implications, J. Cell Physiol., 2020, 235, 790-803.

E. Battle and H. Clevers, Cancer stem cells revisited, Nat.
Med., 2017, 23, 1124-1134.

A. Olejniczak, M. Szarynska and W. Kmiec, In vitro charac-
terization of spheres derived from colorectal cancer cell
lines, Int. J. Oncol., 2018, 52, 599-612.

D. D. Fang, Y. J. Kim, C. N. Lee, S. Aggarwal, K. McKinnon,
D. Mesmer, J. Norton, C. E. Birse, T. He, S. M. Ruben and
P. A. Moore, Expansion of CD133+ colon cancer cultures
retaining stem cell properties to enable cancer stem cell
target discovery, Br. J. Cancer, 2010, 102, 1265-1275.

J. Finer-Moore, N. Czudnochowski, J. D. O’Connell III,
A. L. Wang and R. M. Stroud, Crystal Structure of the
Human tRNA m(1)A58 Methyltransferase-tRNA(3)(Lys)
Complex: Refolding of Substrate tRNA Allows Access to the
Methylation Target, J. Mol. Biol., 2015, 427, 3862-3876.

L. Halby, N. Marechal, D. Pechalrieu, V. Cura,
D.-M. Franchini, C. Faux, F. Alby, N. Troffer-Charlier,
S. Kudithipudi, A. Jeltsch, W. Aouadi, E. Decroly,
J.-C. Guillemot, P. Page, C. Ferroud, L. Bonnefond,
D. Guianvarc’h, J. Cavarelli and P. B. Arimondo, Hijacking
DNA methyltransferase transition state analogues to
produce chemical scaffolds for PRMT inhibitors, Philos.
Trans. R. Soc., B, 2018, 373, 20170072.

M. Zgarbova, T. Otava, ]. Silhan, R. Nencka, J. Weber and
E. Boura, Inhibitors of mpox VP39 2'-O methyltransferase

Org. Biomol. Chem., 2025, 23, 5887-5896 | 5895


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob00758e

View Article Online

Paper Organic & Biomolecular Chemistry

efficiently inhibit the monkeypox virus, Antiviral Res., 2023,
105714.
67 A. Amalric, A. Attina, A. Bastide, M. Buffard, S. Mateus,

Spectrometry-Based  Pipeline for Identifying RNA
Modifications Involved in a Functional Process:
Application to Cancer Cell Adaptation, Anal. Chem., 2024,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 June 2025. Downloaded on 3/3/2026 8:48:41 PM.

(cc)

C. Planque, E. Rivals, C. Hirtz and A. David, Mass

5896 | Org. Biomol. Chem., 2025, 23, 5887-5896

96, 1825-1833.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob00758e

	Button 1: 


