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ABSTRACT

RNA methyltransferases (MTases) are ubiquitous en-
zymes whose hitherto low profile in medicinal chem-
istry, contrasts with the surging interest in RNA
methylation, the arguably most important aspect of
the new field of epitranscriptomics. As MTases be-
come validated as drug targets in all major fields
of biomedicine, the development of small molecule
compounds as tools and inhibitors is picking up
considerable momentum, in academia as well as in
biotech. Here we discuss the development of small
molecules for two related aspects of chemical biol-
ogy. Firstly, derivates of the ubiquitous cofactor S-
adenosyl-L-methionine (SAM) are being developed
as bioconjugation tools for targeted transfer of func-
tional groups and labels to increasingly visible tar-
gets. Secondly, SAM-derived compounds are be-
ing investigated for their ability to act as inhibitors
of RNA MTases. Drug development is moving from
derivatives of cosubstrates towards higher genera-
tion compounds that may address allosteric sites in
addition to the catalytic centre. Progress in assay
development and screening techniques from medic-
inal chemistry have led to recent breakthroughs, e.g.
in addressing human enzymes targeted for their role
in cancer. Spurred by the current pandemic, new in-
hibitors against coronaviral MTases have emerged
at a spectacular rate, including a repurposed drug
which is now in clinical trial.

INTRODUCTION

Concomitant with a surge in research and publication activ-
ity about a decade ago, the ficld of RNA modification was
dubbed ‘epitranscriptomics’ (1,2). This term was coined in
analogy to the field of epigenetics to imply the transport
of information that is not encoded in the sequence of nu-
cleic acids. The single most important type of such informa-
tion is conveyed by RNA methylation, a reaction catalyzed
by RNA methyltransferases (MTases), frequently addressed
as ‘writers’ of such information. MTases are a major en-
zyme class that has, until recently, received some attention
in chemical biology, but less so in medicinal chemistry.

Especially in comparison to other enzymes catalyzing
group transfer reactions, such as kinases (3-5), literature
on MTases in general (6,7), and on RNA MTases in par-
ticular, is surprisingly scarce. Because involvement of RNA
MTases in numerous pathologies has become increasingly
apparent in recent years, they are now being targeted for
small molecule drug development, as evidenced by the ap-
pearance of a number of start-up biotech companies (8—11).
Development of resulting compounds as antibiotics or anti-
cancer drugs is considered highly promising.

Because this recent development is liable to entail in-
creased activity in the field of medicinal chemistry, we de-
cided to collect and compile pertinent literature and to
summarize the state of science. In doing so, we acknowl-
edge that, in addition to a relatively low number of small
molecules available in the literature for modulating RNA
MTase activity, there is a related field that provides valu-
able insight in terms of structure—activity relationships
(SAR). Interestingly, the use of functional S-adenosyl-L-
methionine (SAM) analogues for group transfer was first
developed with DNA, before being applied to RNA as well,
therein recapitulating the dynamic research interest in the
fields of epigenetics and epitranscriptomics.
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The vast majority of MTases utilizes SAM as
cofactor (12) with few exceptions using N° N'0-
methylenetetrahydrofolate (MTHF) (13-16). SAM
MTases, which are found in all three domains of life,
have been categorized into 9 classes of which class I to V
have already been reviewed elsewhere (12,17-19). Among
them class I the so called Rossmann-fold MTases are the
most frequent ones (12,17,19,20), whereas the structure
of Class II, III and V is determined by their specific func-
tion (21-23). The classification is based on the enzymes’
characteristic structural fold and is independent from its
phylogenetic content (24-26). Noteworthy, only classes, I,
1V, VII, VIII and IX have been described to include RNA
MTases. A brief overview is given in Table 1 including
exemplary crystal structures and references for further
information.

On the contrary, MTHF-dependent MTases have not
been put into a generally accepted classification system,
even though they too, are found in all three domains of life
(27), methylate a broad collection of substrates, like small
molecules, RNA and proteins (28-30). They include clin-
ically relevant drug targets such as the thymidylate syn-
thase, the target of the anti-cancer drug 5-fluorouracil (5-
FU) (31,32).

SAM dependent MTases are known to methylate a wide
variety of biomolecules, e.g. DNA (33), RNA (34), proteins
(6) and small molecules (35) as illustrated in Figure 1, yet
we will restrict our overview to nucleic acids, with a clear
focus on RNA MTases.

MTASES FOR GROUP TRANSFER REACTIONS
ONTO NUCLEIC ACIDS

Among the first attempts to exploit or manipulate the trans-
fer activity of MTases was the use of SAM analogues with
moderately modified side chains. Early work found that, al-
though transferring saturated chains longer than methyl-
groups was possible, transfer ability decreased with increas-
ing chain length (36-38), suggesting a dead end. After a gap
in activity, several new molecular concepts were developed
to increase side chain transferability for applications of site-
specific labelling conferred by the high specificity of the en-
Zymes.

The first MTase mediated labelling was described for
DNA. A plain aziridine derivative (structure shown in
Figure 2A) of adenosine was transferred to the DNA
backbone with the enzyme Mtaql (39). Furthermore, so
called N-mustard derivatives for the in situ generation of
aziridines have been developed (40). Using more complex
molecules, this technique was applied to transferring reac-
tive groups (40-44) and biotin residues (45) for subsequent
labelling of the DNA (Figure 2A). Further development
led to an approach for fluorescent labelling of DNA in one
step (46).

Because the employed enzymes originated from bac-
terial restriction/modification systems with known se-
quence specificity for restriction sites, targeting of the labels
was straightforward. The aziridine based sequence-specific
methyltransferase-induced labelling was hence dubbed
‘SMILing’ (47). Because the high affinity of the MTases
for the reaction product impeded dissociation and therefore

Nucleic Acids Research, 2022, Vol. 50, No. 8 4217

multiple turnover (48), efficient labelling reactions required
stoichiometric amounts of enzyme (39,49).

To avoid this problem, the field turned back to the trans-
fer of SAM analogue side chains, rather than of the entire
cofactor. The activation of the transferable alkyl chain re-
sulting from a central trivalent sulfur atom had shown to be
adequate for methylgroups, but insufficient for transfer of
longer saturated alkyl chains (vide infra). Two approaches
to improve this activation were developed. On one hand,
the sulfur was replaced with higher chalcogenes (i.e. sele-
nium and tellurium), on the other hand, unsaturated sys-
tems were introduced to stabilize the transition state of the
transfer reaction.

Exchange of the sulfur atom of SAM to selenium in-
creased the electrophilicity of the adjacent side chain and
thus the overall reactivity of the derivatives in methyla-
tion reactions. Simultaneously, selenium decreases the effi-
ciency of at least three degradation pathways known from
sulfur-SAM derivatives, as well as racemization (see Figure
3 and legend for a recapitulation of relevant chemical con-
cepts) (50,51). These properties are even more pronounced
in telluro derivatives. However, relative to sulfur, their elec-
trophilicity is lower, leading to a lower reactivity in group
transfer reactions. Therefore, their practical application is
less interesting and consequently less investigated than for
derivatives of sulfur or selenium (50,51).

The second approach was based on the observation that
the group transfer rate can be increased by using B,y-
unsaturated SAM analogues (‘double-activated’ SAM ana-
logues, Figure 2B). The transmethylation follows a bimolec-
ular nucleophilic substitution (Sy2) mechanism, implying
the occurrence of an sp” hybridized transition state on the a
atom (52). Overlapping nonbonding orbitals from the cen-
tral chalcogen are thought to stabilize this transition state
via backbonding. Furthermore, the overlapping m-orbitals
of an unsaturated 3,y bond present in synthetic SAM ana-
logues are thought to stabilize this transition state.

The combination of both these activation mechanisms
to enhance the reactivity of the « position towards nucle-
ophilic attacks has coined the term ‘double activation’ (de-
picted in Figure 3A) (38,53). During the transfer reaction,
the thus double activated alpha carbon in the side chain of
SAM derivatives is attacked by a nucleophilic residue of the
substrate molecule.

Utilizing this methyltransferase-directed transfer of
activated groups (mTAG), group transfers of various
reactive groups (54-56) as well as direct labelling with
fluorophores (57) to DNA have been described, which are
here only mentioned in passing. Conceptually, those are
expected to be transferable to RNA substrates, although
this has been put into practice only for a limited number,
which are described in the following paragraph.

RNA
Synthesis of SAM analogues

Chemical synthesis of SAM analogues commonly starts
from S-adenosyl-L-homocystein (SAH) or its respective
analogues. The central chalcogen typically acts as a nucle-
ophile in a simple nucleophilic substitution, usually of the
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Table 1. Overview of MTase classification

Name

Structure

Exemplary crystal structure

Class I Rossmann-Fold MTases
(264,286-288)

ClassII(21)

Class I1I (22)

Class IV SPOUT (SpoU-TrmD)
MTases (26,289)

Class V SET-domain containing
proteins (23,290)

Class VI Transmembrane
MTases (291,292)

ClassVII TIM barrel MTases
(293,294)

ClassVIII(295,296)

Class IX (297)

Seven B-sheets flanked by three a-helices on each
side forming an aa-sandwich

Eight central B-sheets framed by several a-helices
at both ends including a characteristic central,
antiparallel B-sheet

Two aB-clusters each containing five central
B-sheets surrounded by four a-helices

Characteristic knot structure at the C terminus;
six-stranded parallel B-sheet surrounded by seven
a-helices

Combination of three B-sheet formations each
consisting of three B-strands surrounding the
remarkable ‘pseudoknot’ at the C terminus

Five transmembrane a-helices and a
cofactor-binding pocket enclosed within a highly
conserved C-terminal catalytic subdomain
comprising an a-helix.

Partial (a/B)s TIM barrel or full TIM barrel in
some cases: a B-sheet is anchored inside by
peripheral a-helices, on top the [4Fe-4S] cluster.

Six-stranded anti-parallel B-barrel, B-sheets are
connected by numerous extended loops.

Two four-stranded antiparallel -sheets forming a
concave surface with five a-helices at the reverse
side of the protein.

nspl0-nspl6 methyltransferase complex
SARS-CoV-2 PDB 6YZ1 (264)

MetH methionine synthase E. coli K12
PDB IMSK (21)

CDbiF cobalt-precorrin-4 transmethylase
Priestia megaterium PDB 1CBF (22)

RImB 2'-O-methyltransferase E. coli PDB:
1GZ0 (289)

SET7/9 lysine methyltransferase H.
sapiens PDB: IMT6 (23)

Isoprenylcysteine carboxyl
methyltransferase (ICMT),
Methanosarcina acetivorans PDB: 4A2N
(291)

MiaB radical methylthiotransferase
Bacteroides uniformis PDB: TMIV (294)

TrmO/YaeB tRNA methyltransferase
Archaeoglobus fulgidus PDB: 2NV4
(295,296)

SsTaw3 tRNA-yW N-4 Methyltransferases
Saccharolobus solfataricus PDB: 1TLJ
(297)

The table includes information about characteristic structural features and examples of enzyme structures.
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Figure 1. Methylation reactions performed by MTases. Methyl groups are transferred to DNA, small molecules, proteins, or RNA, leading to the formation
of SAH as byproduct. Protein structure created with PyMOL (Schrodinger LLC (2010) The PyMOL Molecular Graphics System, Version 1.3.). PDB ID

used: 6PWW (280).

SN2 type, with e.g. an alkylhalogenide as electrophile. A ma-
jor drawback of this reaction is the racemic nature (Figure
3) of the resulting product, with only the S isomer being bi-
ologically active (Figure 3B). This may necessitate an addi-
tional challenging purification step, which lowers the overall
yield (49,58).

Enzymatic synthesis of SAM derivatives circumvents the
stereochemistry problem and thus presents a viable alter-

native, whose feasibility was demonstrated with various
enzymes. The chlorinase SalL and fluorinases FDAS are
degrading SAM in vivo, but their reactivity can be in-
verted to synthesize a diverse set of SAM analogues us-
ing the corresponding methionine analogues as starting
points. Bioengineered variants of these enzymes are able
to accept even voluminous residues and the SAM prepa-
ration can directly be coupled to alkylation reactions us-
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Figure 2. Concepts for group transfer by MTases. (A) Reaction scheme for SMILing (sequence-specific methyltransferase-induced labelling) using aziridine
derivatives of SAM, which can be produced in situ from the corresponding N-mustard derivatives. (B) Reaction scheme for mTAG using SAM derivatives
with B,y-unsaturated side chains.
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Figure 3. Chemical concepts in biological chemistry of SAM derivatives. (A) The ,y-double bonds of SAM analogues used in mTAG stabilize the transi-
tion state formed during nucleophilic attacks in which a nucleophile (Nu ™, marked in purple) attacks the side chain’s a carbon atom. The attack resolves the
sp>-hybridisation and a sp?-like hybridization state with a new p-orbital is formed (marked in red). Here, the newly generated p-orbital now overlaps with
w-orbitals of the double bond (marked in green). This stabilization of the transition state decreases the activation energy of the reaction and accelerates
it (38,52,53). (B) The central sulfur atom of SAH is connecting two parts of the molecule committing two electrons into two single bonds. Like other
elements of the sixth group of the periodic table (chalcogens) this leaves four of the six valence electrons forming two nonbinding (also known as ‘lone’)
electron pairs. Upon methylation of SAH, one of these nonbinding electron pairs is shared with the methyl group (marked in red) resulting in an electron
deficient positively charged sulfur. In higher chalcogens the lone electron pair (marked in blue) is stable in its configuration and therefore the central sulfur
atom now features four different substituents, making it a chiral center. In enzymatically produced SAM, only the biologically active S-isomer occurs. In
synthetic SAM and its derivatives both isomers may be present, depending on the synthesis and purification methods. A mixture of a one-to-one ratio of
both isomers is called a racemate or racemic mixture (49,58).
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ing various MTases, like protein or small molecule MTases
(59,60).

The human enzyme Methionine Adenosyltransferase
(MAT) was engineered to act more promiscuously in the
preparation of artificial SAM analogues. This enzyme fam-
ily’s biological role is to synthesize SAM from ATP and
methionine. Through enzymatic cascade reactions, start-
ing from the corresponding methionine analogues, various
groups were not only transferred to small molecules, pro-
teins and DNA, but also to RNA (61-64). Using an en-
gineered MAT enzyme, suitable methionine analogues and
the RNA MTases Ecm1 and GlaTgs2-Varl RNA caps (gen-
eral structure depicted in Figure 4A) were functionalized
with various groups, such as azides, or terminal triple or
double bonds.

SAM analogues featuring a central selenium atom were
well accepted (64,65). Since, in contrast to SAM analogues,
methionine and its analogues are cell permeable, RNA was
directly labelled in cells using a seleno analogue of methio-
nine bearing a propargylic group (65).

The MAT from Cryptosporidium hominis (ChMAT) was
also used to synthesize SAM derivatives for subsequent
MTase mediated labelling of minimal RNA-cap analogues,
either in its native form (66) or as engineered variant for the
transfer of bulky photocaging groups (PC-ChMAT) (63).

Click chemistry

A number of concepts from DNA labelling by SAM-
analogues have been adapted for group transfer onto
RNA using various RNA MTases, portrayed in Figure 4B.
Among the variety of transferred groups, most were de-
signed for subsequent labelling via ‘click’ chemistry (67-69)
(Figure 5A). Within the field of click chemistry, the major-
ity of reactions have by now been performed with RNA as a
substrate, and consequently, most of the functional groups
prominent in click chemistry have been included in sub-
strates for transfer to RNA.

Together with the steadily increasing toolbox of en-
zymes used for RNA labelling, they allow site-specific-
functionalization of various RNA species, including dual
modified RNA. The latter was prepared using combinations
of different enzymes and orthogonal click reactions (70).

The first group transfer using mTAG for RNA was de-
scribed using eukaryotic tRNA-MTase Trml. The SAM
analogue used here contained an activating B,y-double
bond and a terminal alkyne. The latter moiety was thus
transferred to the N? of guanosine 26 on tRNAP and sub-
sequently labelled with an azide derivative of a fluorescent
dye via the copper catalyzed azide-alkyne 1,3-cycloaddition
(CuAAC, Figure 6A). The click adduct was confirmed by
liquid chromatography—mass spectrometry (LC-MS) and
the labelled tRNA was found suitable for application in
single molecule spectroscopy (71). Numerous other group
transfers utilizing SAM analogues with terminal alkynes
variably linked to B,y-double bonds have been described so
far.

A variant of the trimethylguanosinsynthase from Giar-
dia lamblia (GlaTgs2-Varl) with a V34A mutation (72,73),
was reported to transfer these residues to the N? position of
m’G-caps (64,70,72,74,75). The N7 position of guanosines

in caps was found accessible for labelling using the Ecm1 en-
zyme (70,76). Furthermore, N® positions of adenine bases
were modified at least in traces with terminal alkynes con-
taining B,y-double bonds using the METTLL3-METTL14
or METTL16 enzymes (77). The HEN1 enzyme from Ara-
bidopsis thaliana was employed for transfer to the 2’-OH
group on the 3’ end of small, double-stranded RNAs or
RNA-DNA duplexes (78,79).

Subsequent CuAAC reactions transferred fluorescent
dyes (64,72,74) or biotin groups (64) to yield functionalized
RNA. Numerous alternatives to the ‘classical’ CuA AC click
reaction have meanwhile been developed to avoid the use of
copper ions. Among these alternatives, a photoclick reac-
tion was implemented to attach fluorescent dyes to alkyne
modified RNA cap analogues (75) (Figure 6A).

The various RNA MTases that would catalyze trans-
fer of propargylic residues included GlaTgs2-Varl (64,70),
as well as Ecml (70), METTL3-METTL14 (65,77), and
METTLI16 (77). As described above, resulting terminal
alkynes could be modified using the CuAAC click reaction.
Thus, not only fluorescent dyes (64,70,80) and biotin (64,65)
could be attached to the RNA, but also sterically demand-
ing chemical groups (65). These bulky residues block the re-
verse transcription at the RNA label site, which could be
utilized for the characterization of enzyme specificity and
detection of unknown modification sites.

The fact that selenium analogues of SAM can act as
suitable and even better substrates for RNA MTases was
shown by using an enzymatic cascade with a MAT-Var and
GlaTgs2-Varl on the RNA cap analogue m’GpppA. For
a terminal alkyne, containing a B,y-double bond, at least
a moderate increase of incorporation was observed. When
exchanging the sulfur atom to selenium in the SAM ana-
logue bearing a propargylic residue, the incorporation effi-
ciency rose strongly from the low two-digit percentage range
to near quantitative incorporation (64). These findings are
in line with data from a protein MTase, which demonstrates
that propargylic residues are better transferred when using
the corresponding selenium derivative instead of the sulfur
one (81).

Aside from terminal alkynes, residues bearing azides
were transferred to RNA in substantial yield using
the MTases GlaTgs2-Varl (64,70,74,76,82), Ecm1 (70,83)
and HEN1 (79,84), while the adenine-N® modifying en-
zymes METTL3-METTL14 and METTLI16 on the other
hand were only able to transfer traces of azides so far
(65,77). Azide labelled RNA has been tagged using the
CuAAC as described above, with alkyne bearing fluorescent
dyes (79,84). As a copper-ion-free alternative, the strain-
promoted azide-alkyne 1,3-cycloadditions (SPAAC, Figure
6A) used the strained alkyne residue dibenzocyclooctyne
(DIBO) for functionalization of RNA with fluorescent dyes
(64,70,74,76,82,83) or biotin (70).

Within the selection of click reactions the attachment
of double bonds to RNAs is also of interest, since
these can be functionalized using thiol-ene, inverse elec-
tron demand diels-alder (IEDDA), and specific photoclick
reactions (Figure 6A). For this purpose, allyl groups
were conjugated to RNAs by the enzymes GlaTgs2-
Varl (64,70,72,73,75,85), Ecm1 (70,76) and METTL3-
METTLI14 (65). These moieties were further modified ei-
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Figure 5. Typical residues transferred to RNA by mTag (A) for subsequent covalent labelling, (B) as photoreactive groups or (C) as one-step labelling.

ther with biotin in a thiol-ene reaction (72), or with fluores-
cent dyes using IEDDA (85) or photoclick reactions (59,69).

Another double bond bearing group transferred to
RNA is the benzyl-vinyl group, which was introduced
to RNA with GlaTgs2-Varl (70,74,85), Ecml (70,76)
and METTL3-METTLI14 in satisfying yields (77). Simi-
lar to allyl groups, fluorophores were attached by IEDDA
(70,74,76,85) and photoclick reactions (76,85).

Interestingly, even bulky residues such as norbornene
derivatives with benzylic linkers have been successfully
transferred from corresponding SAM analogues to RNA
caps with the Ecm1 enzyme. The norbornene double bond
was exploited for the attachment of biotin or fluorescence
labels using the IEDDA reaction (83).

Beyond classical click reactions in the proper sense, re-
actions of amines with N-hydroxysuccinimide (NHS, Fig-

ure 6A) esters are popular bioconjugations, which are fre-
quently exploited for protein and nucleic acid functionaliza-
tion (86). This reaction was also used to modify RNA with
fluorescent dyes or biotin, after transferring amino groups
with A. thaliana and D. melanogaster HEN1 (78,79,84).

A highly interesting development concerned the substrate
RNA specificity of enzymes employed in transfer reactions.
Most of the used MTases typically display high target se-
lectivity, thus limiting the targetable range of RNA species,
residues, and functional groups within the latter. Not only
is there no free choice of positional labelling, but in poten-
tial in vivo applications, an enzyme must also compete with
native MTases for RNA substrates, which could limit the
application. This makes the C/D small ribonucleoprotein
RNA 2’-O-methyltransferase (C/D RNP) particular inter-
esting, since its substrate specificity is programmable via
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a guide RNA and can thus be targeted to variable sites
on RNA where it modifies 2’-O residues. This way, a pre-
mRNA and tRNA™ could be modified with a propargylic
residue at various sites, each addressed by suitable guide
RNAs and the corresponding seleno-derivative of SAM
(80).

In summary of the above, various divergent functional
groups were shown to be transferable from their respective
SAM analogues to different RNAs using the mTAG ap-
proach. Subsequent derivatization with all major types of
click chemistries enabled RNA functionalization not only in
vitro, but also in vivo. For the latter, the labelling was based
on the use of methionine analogues and MAT enzymes.
While the GlaTgs2-Varl, Ecm1 and HEN1 enzymes have
been investigated quite thoroughly, the scope of M Tases ex-
ploited for mTAG remains rather limited. This might hinder
the use of mTAG if no suitable enzyme for a given substrate
is available. Thus, detection and development of novel RNA
modifying enzymes for mTAG remains a desirable goal.

One-step transfer concepts

In all of the above mentioned cases the mTAG modified
RNA must undergo a secondary click reaction step to at-
tach the desired label, which exposes the RNA to potentially
damaging chemical conditions. In a more gentle approach,
fluorescent dyes or biotin were attached to the side chains
of SAM-derivatives, before the enzymatic transfer to RNA
(Figure 5). These voluminous side chains were then grafted
onto the RNA by the A. thaliana and D. melanogaster
HENI enzymes (78,79,84).

Photo-crosslinking and photo-caging

A number of SAM derivatives have been designed for trans-
fer reactions of photoactivatable groups, which were typ-
ically used for the characterization of RNA-protein com-
plexes (Figure 5). One important application is photo-
crosslinking which can be conducted with native RNA,
thereby causing crosslinks to its interacting proteins upon
irradiation with UV-light. The introduction of more re-
active photoactivatable groups can overcome a number
of drawbacks which are encountered e.g. in techniques
using low wavelength UV light of e.g. at 254 nm, such
as UV crosslinking with subsequent Immunoprecipitation
(CLIP) (87). These drawbacks include an overall low yield,
photo-induced RNA strand breaks, inter- or intramolecular
crosslinking of the RNA, and varying reactivities of differ-
ent nucleotides and amino acids (88,89).

Well established photoreactive groups include aryl azides,
trifluoromethyl phenyl diaziridines, and benzophenones
(90), and all of these have been employed in SAM ana-
logues and corresponding transfer reactions to RNA caps
using Ecm1 (Figure 6B). Wavelengths used were still in the
UV range, e.g. 312 nm (azides) or 365 nm (diaziridines and
benzophenones), but out of the absorption range of RNA.
While azide- and diaziridine-containing RNA-caps could
be crosslinked successfully to the eukaryotic translation ini-
tiation factor elF4, benzophenone-modified RNA was not
able to crosslink, presumably due to the bulkiness of the
group (91,92).
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The same bulkiness of the benzophenone group was in-
stead exploited for photo-caging in the same context: in
photo-caging, photo-labile groups block interactions or ac-
tivity, which are restored upon removal of the caging group
by irradiation (93,94). In the case at hand, the affinity
of Ecml-modified capped RNA analogues to the RNA-
interacting enzymes eIF4E and DcpS was restored upon re-
moval of the benzophenone by irradiation at 365 nm (95)
(Figure 6C). Light dependent uncaging of the benzophe-
none group was also possible when internal RNA positions
were chemically labelled at the N7 position of guanosine.

Other prominent photo-caging groups like ortho-
nitrobenzyl (ONB) and para-nitrobenzyl (PNB), were
successfully transferred from SAM derivatives to RNA
cap analogues by Ecml but could not be removed upon
irradiation (95). ONB, as well as a bromo and dimethoxy
derivative could also be attached to an RNA cap analogue
in an enzymatic cascade starting from corresponding me-
thionine analogues and the above mentioned PC-ChMAT
in combination with Ecm1 (63). Using a mutated MjMAT
from Methanocaldococcus jannaschii and Ecml ONB,
p-bromo ONB and 4,5-dimethoxy ONB residues could be
transferred to RNA caps with higher yields compared to
the reaction with PC-ChMAT and Ecm1 (96).

Internal RNA modification with photocaging groups was
achieved by using METTL3-METTL14, which was able
to transfer ONB and a 6-nitropiperonyl group (NP) to
model mRNAs. Contrary to the findings with Ecm1 mod-
ified RNA caps, both groups could be removed success-
fully after irradiation with wavelengths of 365 or 405 nm
(ONB) and 420 nm (NP). Furthermore, the ONB modifi-
cation blocked reverse transcriptase activity on the labelled
RNA, which was restored after light induced uncaging (77).

As for chemical reactive groups, various photoreactive
groups have been transferred to RNAs, the extent of used
enzymes however, is very limited. Since the requirement of
spacious conjugated 1 electron systems for photoreactivity
naturally increases the size of the residues, the requirements
for the MTases are more demanding, making this limita-
tion understandable. Nevertheless, a broader selection of
enzymes might be wish worthy since the high utility of pho-
toreactive groups in RNA research.

Advanced applications

Beyond proof-of-concept studies for transfer of the vari-
ous functional groups, the mTAG approach has been ap-
plied to a number of biological questions. One such applica-
tion addressed the methylation specificity of the METTL3-
METTLI14. Using recombinant enzymes, allyl side chains
of a corresponding SAM derivative were transferred to
mRNA. Subsequent treatment with iodine led to N'-N°-
cyclization of the modified adenine base but was inert with
respect to unmodified adenosines. The resulting bulky tri-
cyclic RNA modification caused misincorporation during
reverse transcription, which was then identified by high-
throughput sequencing. This technique thus revealed the
site-specificity of alkylation by the METTL3-METTL14,
implying similar specificity in the biogenesis of m®A (97).
In a similar objective, propargyl groups were trans-
ferred from seleno derivatives to RNA using the METTL3-
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METTLI14 complex. After conjugation of the propargylic
group to biotin with the CuAAC, the RNA was pulled down
by streptavidin coated beads. The following reverse tran-
scription, followed by Illumina sequencing of the cDNA,
showed high stop ratios at the positions which were inter-
preted as modification sites along the same lines as above.
Since methionine analogues are cell permeable and are
metabolized to the corresponding SAM derivatives, this
method can be used in living cells (65).

Cap modifications are currently of increased interest be-
cause they are known to modulate both translation effi-
ciency and immunogenicity of mRNAs, including in par-
ticular mRNA vaccines. The ability of Ecm1 and GlaTgs2-
Varl to modify mRNA caps was exploited to tune the trans-
lation efficiency of synthetic mRNA by incorporating un-
natural cap modifications. In most cases, this led to an abol-
ishment of translation, however, caps modified with N2-allyl
and N’-benzyl residues sustained moderate protein synthe-
sis (76).

Another cap modifying enzyme applied for mTAG is CA-
PAM, which further modifies 2’-O methylated adenosines
next to the m’G-cap, leading to a m°A,, modification.
While this methylation leads to a strong decrease in trans-
lation, an incorporated propargyl residue from the corre-
sponding seleno SAM derivative on this position only mod-
erately impeded protein biosynthesis. Furthermore, the N°
propargyl modification significantly increased the innate
immune response relative to unmodified adenosine, making
it an interesting tool for the tuning of mRNA vaccines (98).

Via their multiple modification sites, RNA caps offer the
opportunity for multiple labelling. This was exploited using
Ecml and GlaTgs2-Varl, to attach two functional groups
on the same cap in several permutations: either double la-
belling with the same fluorescent dye, or with a forster res-
onance energy transfer (FRET) pair, or with biotin and
a fluorescent dye (70). Since mRNA can be modified by
METTL3-METTL14 and METTL16 using mTAG, a simi-
lar approach could, in principle, be applied here as well (77).

One obvious problem in using mTAG for RNA labelling,
especially in vivo, is the potentially low selectivity of SAM
analogues in the presence of multiple MTases. To tackle
this, ATP analogues with a derivatized adenine bases and
2'-0 positions were prepared. In enzymatic cascade reac-
tions using MAT and various M Tases, these were first trans-
formed to the corresponding SAM analogues, which then
transferred their residues onto the RNA. Remarkably, par-
tial selectivity towards certain enzymes was achieved with
specific residues (66).

Highlights of RNA MTase chemical biology

The above mentioned examples clearly demonstrate the
benefit of RNA MTase mediated labelling. For the use of
mTAG in RNA research, cap modifying enzymes have been
the most utilized. Even in its native form, the Ecm1 enzyme
has proven highly promiscuous and was shown to transfer
a remarkable variety of chemical and photoreactive groups
to RNA caps in high yields. Just as remarkable, the HEN1
enzymes of A. thaliana and D. melanogaster were not only
able to attach numerous reactive groups to RNA from the
corresponding SAM analoga but can also perform single-

step transfer of voluminous side groups bearing fluorescent
dyes or biotin.

In our perception, the field is poised to move to a new
level of usefulness to the wider community. Current ob-
jectives revolved around the enzyme’s characteristics with
respect to cofactor promiscuity versus specificity on one
hand, and the targeting of specific RNA moicties or se-
quences on the other hand. While cap modifying enzymes
are best characterized for the former aspect, their target
residue in RNA is essentially invariant. Here, M Tase activ-
ities featuring guide RNAs offer a promising opportunity
for further development. As an example, M Tase activity on
C/D RNPs can be programmed with a guide RNA and ac-
cordingly could be made to modify various sites in different
RNAs almost at will (80). Remarkably, not only C/D RNP
activity can be directed by guide RNAs, but also the activ-
ity of RNA acetylases like Kre33 or Nat10, acetylating cy-
tosins and implementing ac*C modifications, which might
expand the scope for site specific RNA labelling concepts in
the future (99,100).

INHIBITION OF RNA MTASES BY SMALL
MOLECULES

A survey of published literature reveals that the number
of known inhibitors of MTases in general (101-103) and
RNA MTases in particular is relatively limited (104). As
already stated, this is in contrast to other transferase en-
zyme families, such as kinases (3-5). Although not quite as
abundant as ATP, SAM is still a widespread cofactor, and
inhibition of methyltransfer activity offers numerous per-
spectives for therapeutic intervention. DNA MTases have
been targeted for small molecule drug development mostly
in the perspective of developing antibiotics or anti-cancer
drugs (105,106). This holds true for RNA methyltrans-
ferases (107,108), which, in addition have been identified as
an attractive target for antiviral drugs (109).

Assay development

On a general level, development of small molecule in-
hibitors for methyltransferases may follow one of sev-
eral well-established approaches. Among other things, the
choice of approach will depend on the availability of a pre-
cise and accurate assay. In a conventional methyl trans-
fer reaction, one may e.g. target the formation of the by-
product SAH (110,111). Furthermore, depending on the
type of methyltransferase, quantification of the methylated
target molecule is an option (110,112-114). While the for-
mer approach lends itself to the development of generic as-
says, which may be applied to essentially any methyltrans-
ferase, the latter one must be specifically adapted to each
individual enzyme.

Generic detection schemes for methylated products fre-
quently rely on mass spectrometry, but occasionally, typi-
cally in well studied systems, specific substrates have been
developed that the use of detection methods other than
mass spectrometry. One such is the synthesis of a fluorescent
cap structure analogue as an accepted substrate for N7-G
mRNA cap MTases, which changes its fluorescence proper-
ties (114).



Quantification of the generic co-substrate SAM and
its metabolite SAH commonly relies on separation by
high-performance liquid chromatography (HPLC). After
the methylation reaction, macromolecules like enzymes
and RNA are typically precipitated, followed by chro-
matographic analysis of the supernatant. Chromatographic
quantification methods for SAM and SAH have been de-
scribed in conjunction with either UV (115), fluorescence
(116-118), mass spectrometry (119), or electrochemical de-
tection (120). However, the time-consuming nature of such
an end-point analysis limits its use to low or medium sample
throughput. While such methods can be refined to perform
with appreciable accuracy, reproducibility, and sensitivity,
the required instrumentation imposes an intrinsic limit to
throughput numbers.

For the development of techniques with higher through-
put in combination with HPLC, e.g. in a 96-well plate for-
mat or higher, a staggered parallel scheme was developed.
In this approach, multiple HPLC systems are connected to
one mass-spectrometer and are run with a time delay to al-
low the MS system to switch to incoming analytes, thus min-
imizing the unused time of the detector (121,122).

In the RapidFire approach the HPLC column is replaced
by an automated solid-phase-extraction. This lowers the
throughput time for the purification drastically before an-
alytes are quantified with a mass-spectrometer (123,124).
RapidFire-MS/MS was indeed used for larger screenings to
identify novel RNA MTase inhibitors (125,126).

Plate formats are also frequently applied for spectropho-
tometric methods, thus methods suitable for plate reader
equipment are desirable, that typically rely on either absorp-
tion (127), luminescence (128) or fluorescence (129-131).
Given that SAM and SAH consist of generic metabolic
building blocks with commonplace spectroscopic proper-
ties, their specific quantification by spectroscopy constitutes
a challenge. Hence, it is common to enzymatically convert
the produced SAH into metabolites for which specific de-
tection schemes have already been established.

Such pathways have been established for both con-
stituents of SAH, namely homocysteine and adenine, ei-
ther of which can be converted into better chromophores to
generate a downstream spectrometric signal. Enzymatic ly-
sis of SAH catalyzed by adenosylhomocysteinase (AHCY)
or a combination of AdoHcy nucleosidase (mtnN) and
S-ribosylhomocysteine lyase (LuxS) releases homocysteine
which can be spectrometrically quantified after coupling to
reactive stains like ThioGlol, DTNB, or monobromobi-
mane (132,133).

On the other hand, adenine released by cleavage through
mtnN, can further be converted into hypoxanthine via
adenine deaminase, and then spectrometrically quantified
(134). Alternatively, ATP enzymatically generated out of
adenine was fed into a bioluminescence assay, where a com-
bination of a total of four enzymes were ultimately coupled
to a luciferin/luciferase reaction (135,136).

The advantage of high-throughput numbers offered by
concatenated enzymatic conversion methods is partially off-
set by potential side reactions and interfering substances in
each enzymatic conversion. Hence, such assays frequently
come into play when an MTase system is already well under-
stood, and the time required for their optimization corre-
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lates with an expected return from high-throughput screen-
ing (HTS).

In early assay development and low-throughput screen-
ing (LTS), the arguably most direct and robust way to detect
a methylation reaction consists in tracing isotope-labelled
methylgroups during their transfer from SAM onto the sub-
strate. A widespread method for RNA MTases is based on
radioactive labelled *H-SAM. After separation from the
tritiated cosubstrate, methylated product can be directly
quantified via scintillation counting. For example, methy-
lated RNA can be separated from *H-SAM by precipitation
with trichloroacetic acid (TCA) on paper (137). Small frag-
ments or nucleotides, including digested substrate RNA,
can be quantified by imaging of the radioactive labelled re-
action product after separation by thin-layer chromatogra-
phy (138-140).

Scintillation proximity assays (SPA) represent an ap-
proach to improve throughput numbers when working with
radioactivity. Using a similar detection principle, these
can be carried out in 96 or higher well plate formats.
Methylated, tritium-containing RNA is being separated
from remaining labelled SAM by binding to scintillator
beads. Binding can be mediated by unspecific electrostatic
interactions or by exploiting specific affinity pairs such
as biotin/streptavidin when using biotinylated substrate
RNA. Radioactive decay from tritium in proximity to the
beads then causes excitation of the scintillator and a subse-
quent emission that allows quantification of bound tritiated
RNA (141-143).

Provenance of RNA MTase Inhibitors

Many of the currently known RNA MTase inhibitors have
been developed as substrate analogues, either by unin-
formed library screening, or by screening of focussed li-
braries, compiled with the help of computer-aided docking
studies. Prior to the advent of X-ray structures, which might
have allowed the design of non-substrate analogues as in-
hibitors, numerous derivatives of SAM and of SAH, itself
an efficient inhibitor of many enzymes, were tested (Figure
7). Such substrate analogues would be expected to effect in-
hibition by competing with SAM for the respective binding
pocket.

In addition to SAH (144), sinefungin (SFG) was found to
inhibit most M Tases investigated (145). Asa SAM analogue
that was first isolated from Streptomyces griseolus, SFG fea-
tures a central nitrogen en lieu of the typical trivalent sulfur
atom and is therefore more stable against hydrolysis (Figure
7). Both compounds are often used as inhibition controls in
assay development and frequently serve as starting points
for inhibitor design (111). This approach was also utilized
for the design of inhibitors for various RNA MTases and
thus will be discussed in detail below.

Recent developments of MTase inhibitors in the RNA
field are based on some general findings dating back about
half a century ago. Back then, correlations between RNA
methylation and the spread of cancer, as well as the infec-
tiousness of viruses had already been established (146,147).
Consequently, attempts to modulate the enzymatic activity
of RNA MTases are nearly as old (148).
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Figure 7. Natural product pan-MTase-inhibitors. The byproduct of the methylation reaction, SAH, acts as a feedback inhibitor. SFG is a natural product
extracted from Streptomyces griseolus. Both molecules are well known pan-MTase-inhibitors. Protein structure created with PyMOL (Schrédinger LLC
(2010) The PyMOL Molecular Graphics System, Version 1.3.), PDB ID used: SIL2 (281).

Prior to the advent of technologies for recombinant pro-
tein expression, several closely related derivatives of the
above-mentioned pan MTase inhibitors SFG and SAH
were typically tested against the MTase activities of crude
enzymatic extracts (149-157). These inhibitors typically
show moderate potency against their respective targets at
best, but first cases of selectivity towards specific enzymes
were already observed (158,159). Furthermore, early cases
of structure activity relationships were established against
specific enzymatic extracts with RNA MTase activity (160—
162).

Yet another important concept that was already pursued
was the use of bivalent inhibitors that would address the
separate binding sites for SAM and RNA with a single small
molecule (163). This idea was taken up recently for the de-
sign of inhibitors e.g. against severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) nspl4 or RImJ (164-
166).

Screening approaches

For the identification of novel ligands or inhibitors for a
given target, different strategies have been developed, which
differ significantly with respect to throughput numbers. In
high-throughput screening (HTS) campaigns up to millions
of compounds can be tested to find new hits, provided a
robust and sensitive assay format is available (167). A dif-
ferent approach to identify novel inhibitors is fragment-
based drug discovery (FBDD). Here, molecules with lim-
ited molecular weight (< 300 Da), which are considered
fragments of a to-be-developed inhibitor compound, are
screened by sensitive biophysical techniques, typically fol-
lowed by structure determination of the target-hit com-
plexes, e.g. X-ray crystallography (168). Fragment hits may
be acceptable even with low binding affinities in the high mi-
cromolar to low millimolar range, provided they show high
ligand efficiency, meaning that nearly every atom of a frag-
ment contributes productively to the binding event (169).
In a next step, such fragments are then expanded based
on the co-structure with their respective target. In this

‘fragment growing’ step, potential additional interactions in
proximity to the fragment binding site are explored by ad-
dition of matching functional groups to the fragment. Pro-
vided the new functional groups do indeed improve binding
parameters, this step can be repeated several times, leading
to bigger compounds which usually have high affinities cou-
pled with high ligand efficiencies.

Alternatively, multiple fragments binding to distinct sites
can be linked in a search for synergy akin to bidentate lig-
ands. Of course, the growth process outlined for fragments
can be applied to the resulting multi-fragment compounds
as well. Advantages relative to HTS include smaller libraries
and better understanding of the chemical, physical and bi-
ological properties of compounds, as they emerge from the
rational fragment growing process (168—170).

As a viable supplementary approach, different flavours of
virtual screening (VS) approaches aim to select promising
molecules in silico prior to experimental testing (171). Li-
braries used in VS approaches may contain 10" and more
molecules (172,173), which do not necessarily have to be
physically available at the onset. Rather, their prospective
make-on-demand synthesis needs to be plausible in case
they emerge as promising from the VS. VS can further be
divided into structure-based drug design (SBDD) or ligand-
based drug design (LBDD). SBDD involves virtual molec-
ular docking, thereby taking advantage of the knowledge
of the target’s three-dimensional structure. In contrast op-
timization in LBDD is based on the structures of known
ligands (174).

As the success rates of both HTS and VS rely on the
quality of the screened molecular libraries, general rules like
drug-likeness, lead-likeness, or removal of unwanted (reac-
tive) groups and awareness for pan-assay interference com-
pounds (PAINS) are regularly applied in library design to
avoid false-positive hits (175-179).

Bacterial MTase inhibitors

The treatment of bacterial infections with multiple antibi-
otic resistances is nowadays a significant and growing chal-



lenge. New strategies involve both, overcoming resistance
mechanisms, and developing antibiotics against new tar-
gets. Both strategies are also being pursued with prokary-
otic RNA methyltransferases as targets, which are displayed
in Table 2.

An interesting target with respect to overcoming re-
sistances is the erythromycin resistance methyltransferase
(Erm) family, as their enzymes modify rRNA at binding
sites for antibiotics such as macrolides, lincosamides and
streptogramin, thus simultaneously causing resistance to
multiple antibiotics (180) (Figure 8). Therefore, they rep-
resent promising targets for the treatment of bacterial in-
fections by a combination therapy of Erm inhibitors and
conventional antibiotics e.g. macrolides.

The ErmC enzyme is the best characterized member
of this family (181). Utilizing different methods of vir-
tual (182-184) and high-throughput (185) screenings, in-
hibitors of ErmC with moderate affinity (e.g. UK-105730
(Figure 8), half maximal inhibitory concentration (ICsy =
0.45 wM) could be identified. Inhibition showed the sensi-
tization of resistant bacteria to azithromycin (185). These
findings sound promising, however, the recent interest in
such inhibitors is low and there are no signs for a medici-
nal use so far.

Another enzyme of the Erm family is ErmAM, for which
inhibitors were identified by an nuclear magnetic resonance
(NMR) screening approach. Optimisation of hits by paral-
lel synthesis led to inhibitors in the low micromolar range
that bind competitively in the SAM pocket (186).

Next to ErmC, which is an almost traditional target,
TrmD, which modifies tRNA at N' of G37, has been exten-
sively studied in the more recent past. Various SAH-like as
well as non-SAH-like inhibitors were tested against TrmD
from different prokaryotes including E. coli (142,187), P.
aeruginosa (108,188), M. tuberculosis (188,189), H. influen-
zae (142), S. aureus (142,188), and M. abscessus (190). Ei-
ther SAR studies were conducted (187,188), or, in order to
determine new structures, different approaches have been
followed such as HTS (108,142) and FBDD (189,190).

Further targets for which inhibitors were developed in-
clude RImJ in E. coli (166), a dimethyladenosine transferase
in C. pneumoniae (191) and the rsmD like rRNA-MTase in
Wolbachia (192). In early studies, the effect of inhibitors
on the methylation of RNA was characterized in E. coli
(160,193) and several strains of Streptomyces (162), how-
ever, specific targets were not determined.

Eukaryotic single cell organisms as targets

Over decades, the development of RNA MTase inhibitors
against yeast or single cell fungi has seen very low activity
(Table 3). Sinefungin, whose name implies antifungal activ-
ity, has been tested on targets in fungi such as Ecml1 in E.
cuniculi (114), and CCM1 in C. albicans (194). Additionally,
it has been tested on ABD1 in yeast (S. cerevisiae) (194), and
on Cmtl in L. infantum (195).

Next to sinefungin, only few inhibitor classes were inves-
tigated as potential inhibitors of eukaryotic single cell RNA
MTases. SAH, the side product of the methyl transfer reac-
tion, has been tested on Cmtl in Trypanosoma brucei (196).
Further inhibitors derived from the SAH scaffold have been
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tested on Ecml in E. cuniculi (197,198), and Cmtl in L. in-
fantum (195).

Metazoan targets

The organisation of genes and the regulation of their expres-
sion increases very significantly when moving from bacteria
to single cell eukaryotes and on to metazoans. The human
genome codes for hundreds of proteins and at least equally
many regulatory RNAs that are involved in shaping the so-
called epitranscriptome. Not surprisingly, the human epi-
transcriptome, dominated by RNA methylations, receives
continuously growing attention with respect to its impor-
tance for various diseases (199).

RNA methylations, including in particular m°A (200
205), m>C (206), m*C (207) and m’G (208-210), were linked
to cancer in numerous reports, and their respective M Tases
proposed as promising drug targets (211). Given their ubiq-
uitous involvement in regulation of gene expression, the
implication of RNA methylations in a variety of develop-
mental and metabolic processes is unsurprising, and so is
the potential for therapeutic intervention in any number of
diseases. Thus, RNA methylations repeatedly emerge in re-
ports on the development of neuronal disorders. For exam-
ple, the loss of 2’-O methylations incorporated by FTSJ1
for example was linked to intellectual deficiencies, and both
m>C and m°A reportedly affect neuronal development and
an imbalance of the methylations can lead to malignant
phenotypes (212,213). Further prospects for future drug de-
velopment may be found in human MTases that affect viral
replication (214-217), or epigenetic inheritance (218,219).

Mammalian RNA MTases as targets have only recently
resurged in the literature. A recent study on SAH analogues
with heterocycles in their side chain found activity against
the protein methyltransferase PRMT4. At this occasion, the
selectivity of the compounds against several other MTases
(DNA and RNA) was tested. Remarkably, only one com-
pound (Table 3) showed appreciable activity against the hu-
man cap MTase hRNMT with 90% inhibition at a concen-
tration 50 wM. The inhibition in this case was stronger than
against the actual targets and might indicate a potential
starting point for the development of novel RNA MTase
inhibitors (220). In contrast, most of the recent attention in
the literature was focussed on the inhibition of N® methyla-
tion of adenosine (Table 3).

METTLS3 inhibitors as future therapeutics in cancer treat-
ment. As a consequence of its well documented activity
in mRNA methylation and the associated central function
in the regulation of gene expression, METTL3, the ac-
tive subunit in the METTL3-METTL14 complex, has ar-
guably become the best known mammalian RNA MTase,
and certainly the most popular as a target for drug develop-
ment. Being involved in various types of cancer e.g. acute
myeloid leukaemia (AML), it has become a central tar-
get for new cancer therapies(200-205). Table 3 lists known
small-molecule compounds acting on this target, having
been detected by methods that cover the complete range
from pure in silico (166,221) to high end combinations of
in vitro and in vivo techniques (126,222).
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Table 2.  List of small molecule inhibitors for prokaryotic RNA MTases. The ‘design strategy’ column describes the basic method for inhibitor design,
while ‘evaluation method’ roughly lists the experiments conducted in the associated references. CADD = computer aided drug design, i.s. = in silico; i.vt.

= in vitro; i.c. = in cellulo; i.vv. = in vivo

Enzyme/ Modification/

RNA speceis Organism Design strategy Evaluation method References
ErmC/ m®A/ rRNA E. coli CADD is.,ivt. (184)
CADD i.s., i.vt. (183)
7 CADD i.s., i.vt. (182)
Staphylococcus aureus/pyogenes HTS ivt., L.vv. (185)
ErmAM/ m°A/ rRNA 7 NMR-based screening ivt. (186)
TrmD/ m'Gs7/ tRNA E.coli SAH analogue vt (187)
HTS ivt. (142)
Pseudomonas aeruginosa HTS i.vt. (108)
SAR, non SAH-like i.vt. (188)
Mycobacterium tuberculosis SAR, non SAH-like vt (188)
Mycobacterium tub. + FBDD ivt., i.c. (189)
abscessus + leprae
Haemophilus influenzae HTS L.vt. (142)
S. aureus HTS 1.vt. (142)
SAR, non SAH-like i.vt. (188)
Mycobacterium abscessus FBDD vt (190)
crude extract/ m°U/ tRNA E. coli SAH analogue vt (160)
RlmJ/ m°A/ rRNA E. coli SAH analogue i.vt. (166)
crude extract/ unknwon Purine & adenosine i.vt. (193)
modification/ tRNA analogs
crude extract/ m'A, m°A, Streptomyces SAH analogue vt (162)
m®A, m’G/ tRNA, rRNA
Not specified SFG, Azacytidin i.c. (298)
Dimethyladenosine Chlamydia pneumoniae Similarity based VS is., 1.c. (191)
transferase/ m®A/ rRNA
rsmD like rRNA-MTase/ Wolbachia CADD 1.s., 1.vVv. (192)

m2G/ rRNA

Of increased academic interest are the results of an in
silico-based study, followed up by in vitro *H-SAM methy-
lation assays and cell experiments of selected ligands. Inter-
estingly, several of the latter turned out to activate rather
than inhibit the enzymatic activity by a yet unknown mech-
anism (223).

Another impressive example of a successful application
of in silico hits towards high affinity METTL3-METTL14
regulators led to the development of spiro molecules from
an inhibitor discovered in a virtual screening (221). With the
structural adjustments studied, 1Csy values improved from
the low micromolar to the low nanomolar range and fur-
thermore, the compound exhibited m°A reduction in cell
experiments (224).

Certainly a milestone was the discovery and character-
ization of the inhibitor STM2457 (Figure 9) against the
METTL3-METTL14 complex (126). The predecessor of
this compound emerged from an HTS of 250 000 drug-like
compounds and was subsequently optimized for pharma-
cokinetic and pharmacodynamic properties in vitro and in
vivo. The final inhibitor, as listed in Table 3, exhibited an in
vitro 1Cs as low as 16.9 nM.

Conspicuous structural moieties include two heterocycles
bearing similarities to purine bases. The terminal bicyclic
pyrimidone is linked via an amide to an imidazopyridine.
The second heterocycle contains an alkyl side chain consist-
ing of a secondary amine with a terminal cyclohexane ring
on the opponent end (Figure 9).

X-ray crystallization showed that the terminal pyrimi-
done moiety interacts with the adenosyl binding part of the
SAM-pocket, whereas the central imidazopyridine occupies

the pocket of the transferred methyl group and thereby po-
sitioning the terminal alkyl moiety in a different direction
from the homocysteine pocket. Due to these two heterocy-
cles the inhibitor still bears analogies to nucleobases with-
out losing its remarkable structural difference from the sub-
strate SAM.

Indeed, STM2457 was developed from one of only two
non SAM-like hits in the initial library, yet, despite struc-
tural discrepancies of STM2457 compared to SAM, Figure
9 clearly shows that the binding modes of both molecules
strongly superimpose in the X-ray structure. Plausibly due
to its particular binding mode in the SAM pocket, the
compound was found to have remarkable selectivity for
METTLS3.

Transition to antivirals. Many cytostatic drugs used in
cancer therapy have functional and structural equivalents
among antiviral drugs (225,226). Certain cancer therapy
mechanisms include partial or complete shutdown of cen-
tral metabolic steps, such as DNA replication, transcrip-
tion, or translation, to deprive fast growing cells of the basis
required for their perpetuation, a concept that is also ap-
plied to viruses.

By analogy, the concept of targeting human RNA
MTases to impede viral replication has been pursued. For
example, it has been shown that inhibiting mammalian
METTL3 activity depresses viral replication, pointing out
new strategies against SARS-CoV-2 or other RNA viruses
(216). Further human MTases involved in modification of
viral RNA, such as FTSJ3, credibly lend themselves to an-
tiviral research (214).
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Table 3. List of small molecule inhibitors for eukaryotic RNA MTases. The ‘design strategy’ column describes the basic method for inhibitor design,
while ‘evaluation method’ roughly lists the experiments conducted in the associated references. CADD = computer aided drug design, i.s. = in silico; 1.vt.

= in vitro; i.c. = in cellulo; 1.vv. = in vivo

Enzyme/Modification/RNA Evaluation
Type Organism species Design strategy method References
Eukaryotes (single Fungi, Encephalitozoon Ecml/ m’G/ mRNA cap SAH analogue ivt., i.c. (197,198)
cell) cuniculi
Nucleotide analogue vt (114)
Fungi C. albicans CCM1/ m’G/ mRNA cap Natural products i.c. (194)
Yeast S. cerevisiae ABDI (S.c.)/ m’G/ mRNA Natural products i.c. (194)
cap
Leishmania infantum Cmtl/ m’G/ mRNA cap SAH analogue ivt. (195)
Trypanosoma brucei Cmtl/ m’G/ mRNA cap SAH analogue i.vt. (196)
Eukaryotes (multiple Human, H. sapiens METTL3-METTLI14/ m®A/ CADD is., i.vt., i.c. (223)
cell) mRNA internal
SAH analogue i.vt. (166)
i.s., i.vt. (221)
i.s., 1.vt., i.c. (222)
ivt., i.c. (299)
Non SAH analogue i.s., 1.vt., i.c., 1.vV. (126)
ivt., i.c. (216,224,300)

Antiviral M Tase inhibitors

Many viral pathogens with potential for lasting epi- or pan-
demics, like the zika virus (ZIKV), dengue virus (DENYV)
and most recently the SARS-CoV-2, feature an RNA
genome (227-229). Many RNA viruses bring their own
RNA MTases coded in their genome. While not all tar-
gets and functions of the associated RNA methylations are
known, recurrent findings indicate a particular importance
of modification of coding RNA, specifically at or near the
cap structure. Several cellular antiviral strategies in meta-
zoa aim at identifying viral RNA via its 5'-end structure,
or double stranded segments of their genome inside differ-

ent cellular compartments. Non-canonical 5'-ends, such as
a S-triphosphate, trigger antiviral pathways that decrease
translation and release cytokines. From the widespread oc-
currence of viral capping enzymes and MTases one can de-
duce that these manage to mask the presence of viral RNA,
at least partially.

Capping starts with an ‘inverse’ attachment of an un-
modified guanosine nucleotide via triphosphate bridge, fol-
lowed by a first methylation at the N’ of this guanosine. In
a second step, the first nucleotide of the RNA sequence is
methylated at its ribose 2’-oxygen. While this is performed
by distinct catalytic entities, both modification activities re-
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side in the same protein in flaviviruses (230). Given that
RNA cap methylations were shown to be crucial for the
life cycle, replication, and infection of various virus strains,
e.g. flaviviruses and coronaviruses, as well as for escaping
the host’s innate immune response (231-234), these enzymes
represent attractive targets for the development of antiviral
compounds (232,235,236). Indeed, this was experimentally
underpinned by early work demonstrating that inhibiting
viral MTases by SAH, SFG and their derivatives was effec-
tive, and that some of the corresponding compounds dis-
played antiviral activities (150,152,163,237,238).

Flaviviral inhibitors.  Flaviviruses, with prominent mem-
bers being dengue, zika or west nile virus (WNYV), are the
origin of as many as 400 million infections per year, causing
serious diseases like encephalitis, hepatitis and fetal death
(239). Flaviviruses carry genetic information encoding both
N7 and 2'-O-MTase functions in the NS5 protein. This mul-
tifunctional protein also contains a guanylyl transferase and
an RNA dependent RNA polymerase (RdRp) functional-
ity. Accordingly, the NS5 protein features separate binding
sites for its multiple substrates and cofactors. Besides the
RNA binding pocket, the SAM binding site is of particu-
lar interest for MTase activity, while a GTP binding site is
present for the guanylyl transferase part (240-242).

While the N7 modification is relevant for mRNA transla-
tion into viral proteins (243-245), lack of 2’-O cap methy-
lation leads to an elevated immune response of the host
organism (234,246). Thus, both MTases are considered as
drug targets, and several inhibitors against these enzymes

have been developed. An overview of these inhibitors is
given in Table 4. We will here restrict our discussion to a
few examples with particular features.

A conserved hydrophobic pocket in the SAM binding site
of flaviviral NS5 (247), was addressed by designing SAH
analogues modified with hydrophobic residues at the N° po-
sition of the adenine. These compounds were highly po-
tent against (DENV) MTase activity (both N7 and 2'-0)
with Kj values in the sub micromolar range, clearly outper-
forming SAH. Furthermore, some selectivity towards hu-
man MTases was observed (248).

Against the same DENV MTase, a fragment-based
screening was performed using a thermal shift assay (TSA).
500 drug-like fragments were screened of which 32 frag-
ments were retained. Five fragments were able to inhibit at
least one of the MTase activities, while seven of these hits
could be co-crystallized with the enzyme. The fragments
bound to four distinct sites, one corresponding to the GTP
binding pocket of the enzymes guanylyl transferase func-
tionality. Interestingly, the other fragments bound to three
previously unexplored binding sites. Two of these were in
close proximity to each other and to the SAM binding site
(249).

Fragments found in these pockets were linked together
based on the crystal structures and submitted to further
fragment growing (vide supra) to fill out their respective
binding sites, without reaching into the SAM binding site.
This led to compounds which did not affect the N7 MTase
function, but exclusively inhibited the 2’-O function. I1Cs
values were in the 3-digit micromolar range, with the best
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Table 4.  List of small molecule inhibitors for viral RNA MTases. The ‘design strategy’ column describes the basic method for inhibitor design, while
‘evaluation method’ roughly lists the experiments conducted in the associated references. CADD = computer aided drug design, i.s. = in silico; i.vt. = in
vitro; i.c. = in cellulo; 1.vv. = in vivo

Enzyme/modification/RNA

Organism species Design strategy Evaluation method References
dengue virus (DENV) NS5/ m’G/ mRNA cap CADD i.vt. (301)
i.s., 1.vt. (302)
ivt., i.c. (303)
SAH analogue i.vt. (248)
i.vt., i.c. (304)
LTS i.vt. (305)
FBDD i.vt. (249)
i.s.,1.vt., i.c. (250)
NS5/ 2’-0/ mRNA cap CADD ivt. (301)
is., i.vt. (302,306)
ivt., i.c. (303)
i.s., 1.vt., i.c. (143)
Nucleotide analogue ivt (307)
i.vt. (308)
is., L.vt., i.c (309)
SAH analogue ivt., i.c. (304)
i.vt. (248,310)
LTS ivt. (305)
FBDD i.vt. (249,251)
ivt.,i.c. (252)
is., 1.vt., i.c. (250)
not determined CADD is. (311-315,323)
ivt.,i.c. (316)
Nucleotide analogue ivt., i.c. 317)
LTS i.s., i.c., L.VV. (318)
HTS ivt. (319)
zika virus (ZIKV) NS5/ 2'-O/ mRNA cap Nucleotide analogue is., L.vt.i.c. (309)
FBDD ivt. (251)
is., 1.vt., i.c. (252)
not determined CADD i.s. (320-322)
is., i.c. (324)
is., 1.vt. i.c. (316)
SAH analogue i.s., i.vt. (325)
i.c. (326)
HTS i.s., L.vt.,L.c. (327)
west nile virus (WNV) NS5/ m’G/ mRNA cap CADD ivt.i.c. (302)
i.s., 1.vt.i.c. (303)
Nucleotide analogue i.s., L.vt.,l.c. (328)
SAH analogue 1.8., 1.vt. i.c. (304)
HTS ivt.,i.c. (329)
NS5/ 2’-O/ mRNA cap CADD ivt.,i.c. (302)
is., L.vt.,i.c. (303)
Nucleotide analogue is., L.vt.i.c. (328)
SAH analogue i.s., L.vt.,i.c. (304)
FBDD i.vt. (250)
not determined Nucleotide analogue i.s., L.Cc. (317)
yellow fever virus (YFV) NS5/ m’G/ mRNA cap CADD i.vt. (302,303)
SAH analogue iv.,i.c. (304)
NS5/ 2'-0/ mRNA cap CADD i.vt. (302,303)
SAH analogue iv., i.c. (304)
Nucleotide analogue i.s., I.C. (309)
not determined HTS i.vt. (330)
i.s., i.vt. (319)
wesselbron virus (WV) NS5/ m’G/ mRNA cap CADD is., 1.v. (301)
NS5/ 2’-O/ mRNA cap CADD is., 1.v. (301)
Jjapanese encephalitis virus (JEV) not determined CADD i.c. (303)
St. louis encephalitis virus (SLEV) not determined CADD i.c. (303)
severe acute respiratory syndrome nspl4/ m’G/ mRNA cap SAH analogue is., 1.vt. (164)
coronavirus (SARS-CoV)
LTS i.vt. (259)
HTS i.vt. (331)
ivt., i.c. (332)
nspl6/ 2’-0/ mRNA cap LTS i.vt. (259)
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Table 4. Continued

Enzyme/modification/RNA

Organism species Design strategy Evaluation method References
SARS-CoV-2 nspl4/ m’G/ mRNA cap CADD is. (267,333-338)
SAH analogue is., L.vt. (268,270)
i.s., i.vt., i.c. (269)
HTS vt (125)
ivt.,i.c. (131,339)
nspl6/ 2’-0O/ mRNA cap CADD is. (267,337,338,
340-363)
i.s., i.vt. (364)
SAH analogue i.s., 1.vt., i.c. (269)
HTS ivt. (365,366)
chikungunya virus (CHIKV) nspl/ m’G/ mRNA cap GTP analogue LTP (367)
nucleoside analogue i.c. (368)
CADD, nucleoside ivt., i.c. (369,370)
analogue
natural products i.vt. (371)
HTS ivt.,i.c. (372)
HTS i.c., i.vt. (373)

compound displaying an 1Csy value of around 90 wM. The
newly designed inhibitors were also able to reduce west nile
virus and zika virus MTase activity with ICsy values in the
same order of magnitude (250,251).

These allegedly allosteric inhibitors were further opti-
mized using an in silico pipeline, in which a focused library
was created around the essential scaffold, and subsequently
docked to the DENV MTase. This led to compounds in-
hibiting DENV and ZIKV 2'-O MTase activity, with the
best candidates having 1Csy values around 20 wM. None
of the compounds displayed antiviral activity (252) (Figure
10).

Coronaviral inhibitors. The RNA based genome of coro-
naviruses has been repeatedly scrutinized for antiviral tar-
gets in the course of meanwhile three major epi- and pan-
demics since the start of the century (253). These activities
have picked up considerable momentum with the onset of
the latest pandemic in late 2019, and, not surprisingly, they
also focused attention on the two M Tase activities of SARS-
CoV-2 encoded proteins.

In coronaviruses the N7 MTase function resides in nsp14.
MTase dysfunction was not only associated with decreased
viral replication and translation, but also with reduced abil-
ity of the virus to shut down hosts translation and innate
immune response (254-257).

The 2’-O-MTase function is located on nspl6 which
needs to form a complex with nsp10 to be active (258-264).
As in flaviviruses, the 2’-O-methylation contributes to eva-
sion of the host’s immune response, making both MTases
suitable drug targets (265,266). An overview over the mean-
while vast literature on inhibitors against coronaviruses is
given in Table 4. We here outline selected examples of spe-
cial interest from the different approaches used.

Remarkable is the high number of computational stud-
ies published in the short time period since the breakout
of SARS-CoV-2. As a case in point, an in silico study im-
plemented an ultra large virtual screening against all rele-
vant viral proteins. Correspondingly, suggested potential in-
hibitors included such directed against both MTases (267).

Of course, druggability of coronaviral MTases was not
only a topic of in silico studies, but also of a sizable num-
ber of wet lab campaigns. Both SARS-CoV-2 MTase func-
tions, i.e. nspl4 and 16, respond to inhibition by SAH ana-
logues. Remarkably, some of the latter reached ICsy values
in the nanomolar range (268-270). The more sophisticated
concept of SAH-like bisubstrate inhibitors, targeting both,
the SAM and RNA binding sites (vide supra), was also ap-
plied to inhibition of SARS-CoV and SARS-CoV-2 MTases
(164,270).

A serendipitous M Tase inhibitor discovery resulted from
a screening of a library of 1771 FDA approved drugs for
repurposing against SARS-CoV-2. Among 12 hits against
nspl4, nitazoxanide provided the most compelling effects.
With an ICs value of around 10 wM it displayed only mod-
erate affinity but was selective for nspl4 when compared
with hRNMT. Importantly, this compound was previously
shown to inhibit SARS-CoV-2 activity in cell culture (125)
and is currently being investigated in clinical studies against
coronavirus disease 2019 (COVID-19) some of which
are concluded (Figure 11, NCT04486313, NCT04459286,
NCT04348409, NCT04746183, as of 02/2022).

Macromolecular approaches to RNA MTase inhibition

In addition to classical approaches using small molecule
inhibitors, experimental approaches based on macro-
molecules are being put forward at an increasing rate. As
a recent example, disruption of the coronavirus nspl0-
nspl6 complex was achieved using peptides of around 1.3
to 4.9 kDa, thereby abolishing enzymatic activity (271,272).

Aptamers are structured RNAs whose specific binding to
targets can be directed during their genesis in an in vitro
selection process called SELEX (systematic evolution of
ligands by exponential enrichment) (273,274). Such RNAs
have been employed in diverse roles in drug discovery, in-
cluding competitive binding to targets. Aptamers were de-
veloped against the MTases from DENV and japanese en-
cephalitis virus (JEV). The best RNAs were found to bind
in the low nanomolar range and inhibited the N7 and 2'-O
MTase functions. In cells, which were co-transfected with
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the JEV genome and an aptamer against JEV, replication
of the viral RNA was impeded pointing to a potential an-
tiviral activity of the aptamer (273,274).

A special case in the field of macromolecular RNA
MTase inhibitors is azacitidine, a ribonucleoside drug used
for the treatment of leukemia and myelodysplastic syn-
dromes (Figure 12A). Chemically it belongs to the group
of cytidine analogues and is incorporated into RNA and
DNA upon uptake into cells. As suicide bait, it is able to
trap the corresponding MTases with its electron deficient
aromatic ring on the nucleic acid and thereby inactivating
them as illustrated in Figure 12B and C (275,276). Azaciti-
dine was shown to inhibit the human RNA MTases Dnmt2
and Nsun2, both m°>C MTases (277-279).

Highlights and shortcomings in medicinal chemistry of RNA
MTases

The development of inhibitors of RNA dependent MTases
features a long, but slow history, that has only recently ac-
celerated, albeit now with sustained motivation and impact.
Will the incentive of working in a field, which has sud-
denly become ‘timely’, lead to new concepts and approaches
in medicinal chemistry, and will there be impact beyond
academia? There is an obvious and direct need for potent
hits, leads, and drug-like inhibitors as antibiotics, antivirals,
and in cancer therapy. Aided by a general hype in this newly
minted field of epitranscriptomics, venture capital in the or-
der of 10° $ was recently raised and invested into biotech
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place.

startups (8-11). Unfortunately, commercially driven target
selection still follows the usual preferences. Thus, before the
advent of SARS-CoV-2 in our midst, cancer therapy was
largely predominant, and likely will be again.

Upheld only by academia and a token commitment
of Big Pharma, antibiotics research aimed at overcoming
strains with multiple resistance is badly needed, but ap-
parently lacking sufficient financial incentive. A case in
point is the ErmC family of bacterial MTases, a long-
standing prime study object for learning important lessons.
Its methylation activity on the bacterial ribosome, which
confers multiple resistances (180), is orthogonal to any
MTase in humans, making specificity a minor problem; yet
clinical trials are not in sight. In contrast, human METTL3
activity has come to the limelight only very recently, and
although drugging this human enzyme must face scrutiny
with respect to cross inhibition of a score of other human
MTases, lead development was impressively fast (126). Here
we see the importance of lessons learned from other do-
mains of medicinal chemistry, which taught us that even
within a large group of enzymes employing the same cofac-
tor (e.g. kinases (3-5)), compounds may be developed that
combine efficient inhibition with high specificity.

Thus, at least in academia, the stage is set for a boost in
RNA MTase related developments in medicinal chemistry.
The field urgently needs better assays for medium and high-
throughput screening efforts. Inhibitors need to be applied
as tools in fundamental research, involving cell biologists
early in the game. Fundamental insights on specificity, se-
lectivity, and bioavailability of competitive inhibitors, such
as SAM analogues, are missing, as are — with few exceptions
— allosteric inhibitors. Our understanding of escape strate-
gies in antibiotic, anticancer and antiviral settings is still in
its infancy.

Again, funding will have a decisive impact, but in contrast
to past decades, it will be more easily allocated to this topic.
Sad though it is, editors of high impact journals are also
more likely to consider sending manuscripts out for review,
if the topic is ‘timely’, and for a while still, RNA methyla-

tion will be. On the downside, the epitranscriptomic field is
currently facing a flood of superficial copycat papers, whose
character is likely to eventually spill over into the medchem
field.

Many of the above facets, including negative ones, have
recently been developed in fast forward time lapse. The thus
far ultimate demonstration of what a joint worldwide effort
can achieve in the field of MTases is arguably the develop-
ment of inhibitors against SARS-CoV-2 MTases in the con-
text of the pandemic. Its volume can be gleaned from the en-
tries in Table 4, and although drug development is a matter
of decades rather than years, serendipity originating from a
repurposing approach has it, that an inhibitor of a SARS-
CoV-2 RNA MTase is now in clinical trials (125).

GLOSSARY

B,y-unsaturated chain double- or triple-bond, seperated by
one carbon atom from a specific position (e.g. functional
groups, SAM scaffold or RNA molecules, Figures 2B and
3A).

backboding/w-backbonding stabilization of chemical
bonds by additional electron donation via — m-orbitals
(Figure 3A).

CADD computer aided drug design/discovery, drug-
design method based on or supplemented with — in silico
methods, such as molecular docking.

chalcogen element of the 6" main group in the periodic
table (e.g. oxygen, sulfur, selenium, tellurium).

chirality molecules which cannot be overlaid with their
mirror images by rotation, as the left and right hand. The
two different isomer forms are dubbed R- and S-isomers.

click chemistry various reaction types used for bioconju-
gation. Relevant reactions are displayed in Figure 6A.

double activated SAM analogues SAM analogues con-
taining — B,y -unsaturated side chains used in — mTAG
RNA labelling (Figures 2B and 3A).

epitranscriptomics research centered around RNA modi-

fications.



FBDD fragment-based drug design/discovery, drug-
design method in which small molecular fragments are first
screened and then rationally improved towards their respec-
tive targets.

HTS high throughput screening, drug-design method in
which thousands of molecules are screened towards their
respective targets to identify novel enzyme inhibitors.

in silico experiments conducted on a computer.

in situ emerging of the molecule in question directly ‘on
site’, 1.e. in the reaction mixture.

ICs5¢ half maximal inhibitory concentration, a widely
used value for quantifying the potential of inhibitiors.

K; equilibrium constant describing binding affinity of
the enzyme—inhibitor complex as calculated by the Cheng—
Prussov equation, a widely used value for quantifying the
potential of inhibitiors.

mTAG methyltransferase-directed transfer of activated
groups, labelling technique for biomolecules exploiting
promiscuous MTases and — double activated SAM ana-
logues (Figure 2B).

N-mustard derivatives compounds used for — SMILing
which generate the corresponding aziridine derivatives —
in situ as displayed in Figure 2.

orthogonal click reactions — click reactions, that can
independently and selectively address different functional
groups and thus allow multiple labelling.

wr-orbital oribtals responsible for double- and triple-
bonds located above the binding plane (Figure 3A).

racemate/racemic mixture an even mixture of corre-
sponding R- and S-isomers of the same, — chiral molecule
(Figure 3B).

SAR structure—activity relationship, correlation between
the molecular structure of a compound and its biological
activity.

SMILing sequence-specific methyltransferase-induced
labelling, labelling technique for biomolecules exploiting
promiscuous MTases and aziridine derivatives of SAM
(Figure 2A).

sp? hybridisation electron distribution as found in double
bonds leading to their planar shape. In carbon atoms three
sp>-hybrid orbitals exist together with one p-orbital.

DATA AVAILABILITY

All relevant data are available in the manuscript itself.

FUNDING

Deutsche Forschungsgemeinschaft (DFG) [HE3397/17-1,
SPP1784, TRR319 RMaP, TP CO1, C03, A05 to M.H.,
TRR319 RMaP TP A01 to T.S.]. The open access publica-
tion charge for this paper has been waived by Oxford Uni-
versity Press — NAR Editorial Board members are entitled
to one free paper per year in recognition of their work on
behalf of the journal.

Conflict of interest statement. Mark Helm is a consultant for
Moderna Inc.

REFERENCES

1. Saletore,Y., Meyer,K., Korlach,J., Vilfan,I.D., Jaffrey,S. and
Mason,C.E. (2012) The birth of the epitranscriptome: deciphering
the function of RNA modifications. Genome Biol., 13, 175.

20.

21.

22.

23.

24.

25.

Nucleic Acids Research, 2022, Vol. 50, No. 8 4235

. Meyer,K.D. and Jaffrey,S.R. (2014) The dynamic epitranscriptome:

N6-methyladenosine and gene expression control. Nat. Rev. Mol.
Cell Biol., 15, 313-326.

. Ferguson,F.M. and Gray,N.S. (2018) Kinase inhibitors: the road

ahead. Nat. Rev. Drug Discov., 17, 353-377.

. Laufkétter,O., Hu,H., Miljkovi¢,F. and Bajorath,J. (2021) Structure-

and similarity-based survey of allosteric kinase inhibitors, activators,
and closely related compounds. J. Med. Chem., 65 922-934.

. Kannaiyan,R. and Mahadevan,D. (2018) A comprehensive review

of protein kinase inhibitors for cancer therapy. Expert Rev.
Anticancer Ther., 18, 1249-1270.

. Boriack-Sjodin,P.A. and Swinger,K.K. (2016) Protein

methyltransferases: a distinct, diverse, and dynamic family of
enzymes. Biochemistry, 55, 1557-1569.

. Greer,E.L. and Shi,Y. (2012) Histone methylation: a dynamic mark

in health, disease and inheritance. Nat. Rev. Genet., 13, 343-357.

. Hodgson,J. (2018) RNA epigenetics spurs investor interest, but

uncertainties linger. Nat. Biotechnol., 36, 1123-1124.

. Garber,K., Landhuis,E., Sheridan,C., Senior,M. and

DeFrancesco,L. (2019) Nature biotechnology’s academic spinouts of
2018. Nat. Biotechnol., 37, 601-612.

. Charlotte,S. (2019) Technology feature | epitranscriptomics: RNA

revisited. Science, 364, 696.

. Ryan Cross (2019) Epitranscriptomics: the new RNA code and the

race to drug it. C&EN Global Enterprise, 97, 34-39.

. Schubert,H.L., Blumenthal,R.M. and Cheng,X. (2003) Many paths

to methyltransfer: a chronicle of convergence. Trends Biochem. Sci,
28, 329-335.

. Delk,A.S., Nagle,D.P. and Rabinowitz,J.C. (1980)

Methylenetetrahydrofolate-dependent biosynthesis of ribothymidine
in transfer RNA of streptococcus faecalis. Evidence for reduction of
the 1-carbon unit by FADH?2. J. Biol. Chem., 255, 4387-4390.

. Urbonavicius,J., Skouloubris,S., Myllykallio,H. and Grosjean,H.

(2005) Identification of a novel gene encoding a flavin-dependent
tRNA:m5U methyltransferase in bacteria—evolutionary
implications. Nucleic Acids Res., 33, 3955-3964.

. Costi,M., Ferrari,S., Venturelli,A., Calo,S., Tondi,D. and

Barlocco,D. (2005) Thymidylate synthase structure, function and
implication in drug discovery. Curr. Med. Chem., 12, 2241-2258.

. Carreras,C.W. and Santi,D.v (1995) The catalytic mechanism and

structure of thymidylate synthase. Annu. Rev. Biochem., 64, 721-762.

. Martin,J.L. and McMillan,EM. (2002) SAM (dependent) i AM: the

S-adenosylmethionine-dependent methyltransferase fold. Curr.
Opin. Struct. Biol., 12, 783-793.

. Wlodarski, T., Kutner,J., Towpik,J., Knizewski,L., Rychlewski,L.,

Kudlicki,A., Rowicka,M., Dziembowski,A. and Ginalski,K. (2011)
Comprehensive structural and substrate specificity classification of
the saccharomyces cerevisiae methyltransferome. PLoS One, 6,
e23168.

. Sun,Q., Huang,M. and We1,Y. (2021) Diversity of the reaction

mechanisms of SAM-dependent enzymes. Acta Pharmaceutica
Sinica B, 11, 632-650.

Smietanski,M., Werner,M., Purta,E., Kaminska,K.H., Stepinski,J.,
Darzynkiewicz,E., Nowotny,M. and Bujnicki,J.M. (2014) Structural
analysis of human 2’-O-ribose methyltransferases involved in
mRNA cap structure formation. Nat. Commun., 5, 3004.
Dixon,M.M., Huang,S., Matthews,R.G. and Ludwig,M. (1996) The
structure of the C-terminal domain of methionine synthase:
presenting S-adenosylmethionine for reductive methylation of Bi,.
Structure, 4, 1263-1275.

Schubert,H.L., Wilson,K.S., Raux,E., Woodcock,S.C. and
Warren,M.J. (1998) The X-ray structure of a cobalamin biosynthetic
enzyme, cobalt-precorrin-4 methyltransferase. Nat. Struct. Biol., 5,
585-592.

Jacobs,S.A., Harp,J.M., Devarakonda,S., Kim,Y., Rastinejad,F. and
Khorasanizadeh,S. (2002) The active site of the SET domain is
constructed on a knot. Nat. Struct. Biol., 9, 833-838.

Wolf,Y.I., Brenner,S.E., Bash,P.A. and Koonin,E. v (1999)
Distribution of protein folds in the three superkingdoms of life.
Genome Res., 9, 17-26.

Mosquera-Rendon,J., Cardenas-Brito,S., Pineda,J.D., Corredor,M.
and Benitez-Paez,A. (2014) Evolutionary and sequence-based
relationships in bacterial adomet-dependent non-coding RNA
methyltransferases. BMC Res. Notes, 7, 440.



4236 Nucleic Acids Research, 2022, Vol. 50, No. 8

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Tkaczuk,K.L., Dunin-Horkawicz,S., Purta,E. and Bujnicki,J.M.
(2007) Structural and evolutionary bioinformatics of the SPOUT
superfamily of methyltransferases. BMC Bioinf., 8, 73.

Hannu,M., Skouloudis,S., Henri,G. and Liebl,U. (2009) In:
Folate-Dependent Thymidylate-Forming Enzymes: Parallels between
DNA and RNA Metabolic Enzymes and Evolutionary Implications.
Madame Curie Bioscience Database (Internet). Landes Bioscience,
Austin (TX).

Doukov,T., Seravalli,J., Stezowski,J.J. and Ragsdale,S.W. (2000)
Crystal structure of a methyltetrahydrofolate- and
corrinoid-dependent methyltransferase. Structure, 8, 817-830.
Nishimasu,H., Ishitani,R., Yamashita,K., Iwashita,C., Hirata,A.,
Hori,H. and Nureki,O. (2009) Atomic structure of a
folate/FAD-dependent tRNA T54 methyltransferase. Proc. Nat.
Acad. Sci. U.S.A., 106, 8180-8185.

Koutmos,M., Datta,S., Pattridge,K.A., Smith,J.L. and
Matthews,R.G. (2009) Insights into the reactivation of
cobalamin-dependent methionine synthase. Proc. Nat. Acad. Sci.
US.A., 106, 18527-18532.

Chu,E., Callender,M.A., Farrel, M.P. and Schmitz,J.C. (2003)
Thymidylate synthase inhibitors as anticancer agents: from bench to
bedside. Cancer Chemother. Pharmacol., 52, 80-89.
Heidelberger,C. (1981) On the rational development of a new drug:
the example of the fluorinated pyrimidines. Cancer Treat. Rep.,
65(Suppl. 3), 3-9.

Lyko,F. (2018) The DNA methyltransferase family: a versatile
toolkit for epigenetic regulation. Nat. Rev. Genet., 19, 81-92.
Blanco,S. and Frye,M. (2014) Role of RNA methyltransferases in
tissue renewal and pathology. Curr. Opin. Cell Biol., 31, 1-7.
Fujioka,M. (1992) Mammalian small molecule methyltransferases:
their structural and functional features. Int. J Biochem., 24,
1917-1924.

Schlenk,F. and Dainko,J.L. (1975) The S-n-propyl analogue of
S-adenosylmethionine. Biochim. Biophys. Acta (BBA) - Gen. Subj.,
385, 312-323.

PARKS,L.W. (1958) S-Adenosylethionine and ethionine inhibition.
J. Biol. Chem., 232, 169-176.

Dalhoff,C., LukinaviCius,G., Klimasaauskas,S. and Weinhold,E.
(2006) Direct transfer of extended groups from synthetic cofactors
by DNA methyltransferases. Nat. Chem. Biol., 2, 31-32.
Pignot,M., Siethoff,C., Linscheid,M. and Weinhold,E. (1998)
Coupling of a nucleoside with DNA by a methyltransferase. Angew.
Chem. Int. Ed., 37, 2888-2891.

Weller,R.L. and Rajski,S.R. (2005) DNA
methyltransferase-moderated click chemistry. Org. Lett., 7,
2141-2144.

Comstock,L.R. and Rajski,S.R. (2005) Methyltransferase-Directed
DNA strand scission. J. Am. Chem. Soc., 127, 14136-14137.
Comstock,L.R. and Rajski,S.R. (2005) Conversion of DNA
methyltransferases into azidonucleosidyl transferases via synthetic
cofactors. Nucleic Acids Res., 33, 1644-1652.

Weller,R.L. and Rajski,S.R. (2006) Design, synthesis, and
preliminary biological evaluation of a DNA
methyltransferase-directed alkylating agent. ChemBio Chem, 7,
243-245.

Du.Y., Hendrick,C.E., Frye,K.S. and Comstock,L.R. (2012)
Fluorescent DNA labeling by N-Mustard analogues of
S-Adenosyl-L-Methionine. ChemBioChem, 13, 2225-2233.
Pljevaljci¢,G., Schmidt,F., Scheidig,A.J., Lurz,R. and Weinhold,E.
(2007) Quantitative labeling of long plasmid DNA with nanometer
precision. ChemBioChem, 8, 1516-1519.

Pljevaljcic,G., Pignot,M. and Weinhold,E. (2003) Design of a new
fluorescent cofactor for DNA methyltransferases and
sequence-specific labeling of DNA. J Am. Chem. Soc., 125,
3486-3492.

Pljevaljci¢,G., Schmidt,F. and Weinhold,E. (2004) Sequence-specific
methyltransferase-induced labeling of DNA (SMILing DNA).
ChemBioChem, 5, 265-269.

Osborne, T., Weller Roska,R.L., Rajski,S.R. and Thompson,P.R.
(2008) In Situ generation of a bisubstrate analogue for protein
arginine methyltransferase 1. J Am. Chem. Soc., 130, 4574-4575.
Deen.J., Vranken,C., Leen,V., Neely,R.K., Janssen,K.P.F. and
Hofkens,J. (2017) Methyltransferase-Directed labeling of

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

biomolecules and its applications. Angew. Chem. Int. Ed. Engl., 56,
5182-5200.

Iwig,D.E., Grippe,A.T., McIntyre, T.A. and Booker,S.J. (2004)
Isotope and elemental effects indicate a rate-limiting methyl transfer
as the initial step in the reaction catalyzed by escherichia coli
cyclopropane fatty acid synthase. Biochemistry, 43, 13510-13524.
Iwig,D.F. and Booker,S.J. (2004) Insight into the polar reactivity of
the onium chalcogen analogues of S-Adenosyl-l-methionine.
Biochemistry, 43, 13496-13509.

Ho,D.K., Wu,J.C., Santi,D.v and Floss,H.G. (1991) Stereochemical
studies of the C-methylation of deoxycytidine catalyzed by hha i
methylase and the N-methylation of deoxyadenosine catalyzed by
EcoRI methylase. Arch. Biochem. Biophys., 284, 264-269.
Dalhoff,C., Lukinavicius,G., Klimasauskas,S. and Weinhold,E.
(2006) Synthesis of S-adenosyl-L-methionine analogs and their use
for sequence-specific transalkylation of DNA by methyltransferases.
Nat. Protoc., 1, 1879-1886.

Lukinavic¢ius,G., Lapieng,V., Stasevskij,Z., Dalhoff,C., Weinhold,E.
and Klimasauskas,S. (2007) Targeted labeling of DNA by
methyltransferase-directed transfer of activated groups (mTAG). J.
Am. Chem. Soc., 129, 2758-2759.

Vranken,C., Deen,J., Dirix,L., Stakenborg, T., Dehaen,W., Leen,V.,
Hofkens,J. and Neely,R.K. (2014) Super-resolution optical DNA
mapping via DNA methyltransferase-directed click chemistry.
Nucleic Acids Res., 42, e50.

Kriukieng,E., Labrie,V., Khare,T., Urbanavicitité,G., Lapinaité,A.,
Koncevicius,K., Li,D., Wang,T., Pai,S., Ptak,C. et al. (2013) DNA
unmethylome profiling by covalent capture of CpG sites. Nat.
Commun., 4, 2190.

Grunwald,A., Dahan,M., Giesbertz,A., Nilsson,A., Nyberg,L.K.,
Weinhold,E., Ambjornsson,T., Westerlund,F. and Ebenstein,Y.
(2015) Bacteriophage strain typing by rapid single molecule analysis.
Nucleic Acids Res., 43, el17.

Mannschreck,A., Kiesswetter,R. and von Angerer,E. (2007)
Unequal activities of enantiomers via biological receptors: examples
of chiral drug, pesticide, and fragrance molecules. J. Chem. Educ.,
84, 2012.

Thomsen,M., Vogensen,S.B., Buchardt,J., Burkart,M.D. and
Clausen,R.P. (2013) Chemoenzymatic synthesis and in situ
application of S-adenosyl-L-methionine analogs. Org. Biomol.
Chem., 11, 7606-7610.

Lipson,J.M., Thomsen,M., Moore,B.S., Clausen,R.P, la Clair,J.J.
and Burkart,M.D. (2013) A tandem chemoenzymatic methylation
by S-adenosyl-L-methionine. Chembiochem, 14, 950-953.

Singh,S., Zhang,J., Huber,T.D., Sunkara,M., Hurley,K., Goff,R.D.,
Wang,G., Zhang,W., Liu,C., Rohr,J. ez al. (2014) Facile
chemoenzymatic strategies for the synthesis and utilization of
S-adenosyl-(L)-methionine analogues. Angew. Chem. Int. Ed. Engl.,
53, 3965-3969.

Wang,R., Islam,K., Liu,Y., Zheng,W., Tang,H., Lailler,N., Blum,G.,
Deng,H. and Luo,M. (2013) Profiling genome-wide chromatin
methylation with engineered posttranslation apparatus within living
cells. J. Am. Chem. Soc., 135, 1048-1056.

Michailidou,F., Klocker,N., Cornelissen,N.v, Singh,R.K., Peters,A.,
Ovcharenko,A., Kiimmel,D. and Rentmeister,A. (2021) Engineered
SAM synthetases for enzymatic generation of adomet analogs with
photocaging groups and reversible DNA modification in cascade
reactions. Angew. Chem. Int. Ed. Engl., 60, 480-485.

Muttach,F. and Rentmeister,A. (2016) A biocatalytic cascade for
versatile one-pot modification of mRNA starting from methionine
analogues. Angew. Chem. Int. Ed., 55, 1917-1920.

Hartstock,K., Nilges,B.S., Ovcharenko,A., Cornelissen,N.v,
Piillen,N., Lawrence-Dorner,A.-M., Leidel,S.A. and Rentmeister,A.
(2018) Enzymatic or in vivo installation of propargyl groups in
combination with click chemistry for the enrichment and detection
of methyltransferase target sites in RNA. Angew. Chem. Int. Ed., 57,
6342-6346.

Cornelissen,N.v, Michailidou,F., Muttach,F., Rau,K. and
Rentmeister,A. (2020) Nucleoside-modified adomet analogues for
differential methyltransferase targeting. Chem. Commun. (Camb. ),
56,2115-2118.

Jewett,J.C. and Bertozzi,C.R. (2010) Cu-free click cycloaddition
reactions in chemical biology. Chem. Soc. Rev., 39, 1272-1279.



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Hoyle,C.E. and Bowman,C.N. (2010) Thiol-Ene click chemistry.
Angew. Chem. Int. Ed., 49, 1540-1573.

Pickens,C.J., Johnson,S.N., PressnalL M.M., Leon,M.A. and
Berkland,C.J. (2018) Practical considerations, challenges, and
limitations of bioconjugation via azide-alkyne cycloaddition.
Bioconjug. Chem., 29, 686-701.

Holstein,J.M., Muttach,F., Schiefelbein,S.H.H. and Rentmeister,A.
(2017) Dual 5’ cap labeling based on regioselective RNA
methyltransferases and bioorthogonal reactions. Chemistry, 23,
6165-6173.

Motorin, Y., Burhenne,J., Teimer,R., Koynov,K., Willnow,S.,
Weinhold,E. and Helm,M. (2011) Expanding the chemical scope of
RNA:methyltransferases to site-specific alkynylation of RNA for
click labeling. Nucleic Acids Res., 39, 1943-1952.

Schulz,D., Holstein,J.M. and Rentmeister,A. (2013) A
chemo-enzymatic approach for site-specific modification of the
RNA cap. Angew. Chem. Int. Ed., 52, 7874-7878.

Holstein,J.M., Stummer,D. and Rentmeister,A. (2014) Engineering
giardia lamblia trimethylguanosine synthase (GlaTgs2) to transfer
non-natural modifications to the RNA 5'-cap. Protein Eng. Des.
Select., 28, 179-186.

Holstein,J.M., Stummer,D. and Rentmeister,A. (2016) Enzymatic
modification of 5’-Capped RNA and subsequent labeling by click
chemistry. In: Rhoads,R.E. (ed). Synthetic mRNA: Production,
Introduction Into Cells, and Physiological Consequences. Springer
New York, NY, pp. 45-60.

Stummer,D., Herrmann,C. and Rentmeister,A. (2015) Quantum
chemical calculations and experimental validation of the photoclick
reaction for fluorescent labeling of the 5’ cap of eukaryotic mRNAs.
ChemistryOpen, 4, 295-301.

Holstein,J.M., Anhéuser,L. and Rentmeister,A. (2016) Modifying
the 5'-Cap for click reactions of eukaryotic mRNA and to tune
translation efficiency in living cells. Angew. Chem. Int. Ed., 55,
10899-10903.

Ovcharenko,A., Weissenboeck,F.P. and Rentmeister,A. (2021)
Tag-Free internal RNA labeling and photocaging based on mRNA
methyltransferases. Angew. Chem. Int. Ed., 60, 4098-4103.
Plotnikova,A., Osipenko,A., Masevicius, V., Vilkaitis,G. and
Klimasauskas,S. (2014) Selective covalent labeling of miRNA and
siRNA duplexes using HEN1 methyltransferase. J. Am. Chem. Soc.,
136, 13550-13553.

Osipenko,A., Plotnikova,A., Nainyté,M., Masevicius,V.,
Klimasauskas,S. and Vilkaitis,G. (2017) Oligonucleotide-Addressed
covalent 3'-Terminal derivatization of small RNA strands for

enrichment and visualization. Angew. Chem. Int. Ed., 56, 6507-6510.

Tomkuviene,M., Clouet-D’Orval,B., Cerniauskas,I., Weinhold,E.
and Klimasauskas,S. (2012) Programmable sequence-specific
click-labeling of RNA using archaeal box C/D RNP
methyltransferases. Nucleic Acids Res., 40, 6765-6773.

Willnow,S., Martin,M., Lischer,B. and Weinhold,E. (2012) A
selenium-based click adomet analogue for versatile substrate
labeling with wild-type protein methyltransferases. ChemBioChem,
13, 1167-1173.

Holstein,J.M., Schulz,D. and Rentmeister,A. (2014) Bioorthogonal
site-specific labeling of the 5'-cap structure in eukaryotic mRNAs.
Chem. Commun., 50, 4478-4481.

Muttach,F., Muthmann,N., Reichert,D., Anhduser,L. and
Rentmeister,A. (2017) A benzylic linker promotes methyltransferase
catalyzed norbornene transfer for rapid bioorthogonal tetrazine
ligation. Chem. Sci., 8, 7947-7953.

Mickute,M., Nainyte,M., Vasiliauskaite,L., Plotnikova,A.,
Masevicius, V., Klimasauskas,S. and Vilkaitis,G. (2018) Animal
HENI1 2’-O-methyltransferases as tools for 3’-terminal
functionalization and labelling of single-stranded RNAs. Nucleic
Acids Res., 46, ¢104.

Holstein,J.M., Stummer,D. and Rentmeister,A. (2015) Enzymatic
modification of 5’-capped RNA with a 4-vinylbenzyl group provides
a platform for photoclick and inverse electron-demand diels-alder
reaction. Chem. Sci., 6, 1362-1369.

Koniev,0O. and Wagner,A. (2015) Developments and recent
advancements in the field of endogenous amino acid selective bond
forming reactions for bioconjugation. Chem. Soc. Rev., 44,
5495-5551.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Nucleic Acids Research, 2022, Vol. 50, No. 8 4237

Lee,F.C.Y. and Ule,J. (2018) Advances in CLIP technologies for
studies of Protein-RNA interactions. Mol. Cell, 69, 354-369.
Pashev,1.G., Dimitrov,S.I. and Angelov,D. (1991) Crosslinking
proteins to nucleic acids by ultraviolet laser irradiation. Trends
Biochem. Sci, 16, 323-326.

Wheeler,E.C., van Nostrand,E.L. and Yeo,G.W. (2018) Advances
and challenges in the detection of transcriptome-wide protein-RNA
interactions. Wiley Interdiscip. Rev. RNA, 9, e1436.

Murale,D.P., Hong,S.C., Haque,M.M. and Lee,J.-S. (2017)
Photo-affinity labeling (PAL) in chemical proteomics: a handy tool
to investigate protein-protein interactions (PPIs). Proteome Sci., 15,
14.

Muttach,F., Mising,F., Studer,A. and Rentmeister,A. (2017) New
adomet analogues as tools for enzymatic transfer of
photo-cross-linkers and capturing RNA-Protein interactions. Chem.
Eur. J., 23, 5988-5993.

Muthmann,N., Muttach,F. and Rentmeister,A. (2019) Enzymatic
transfer of photo-cross-linkers for RNA-Protein photo-cross-linking
at the mRNA 5'-Cap. In: Sunbul,M. and Jaschke,A. (eds).
Proximity Labeling: Methods and Protocols. Springer New York,
NY, pp. 131-146.

Klan,P, Solomek, T., Bochet,C.G., Blanc,A., Givens,R., Rubina,M.,
Popik,V., Kostikov,A. and Wirz,J. (2013) Photoremovable protecting
groups in chemistry and biology: reaction mechanisms and efficacy.
Chem. Rev., 113, 119-191.

Brieke,C., Rohrbach,F., Gottschalk,A., Mayer,G. and Heckel, A.
(2012) Light-Controlled tools. Angew. Chem. Int. Ed., 51,
8446-8476. ;

Anhauser,L., Klocker,N., Muttach,F., Mising,F., Spacek,P.,
Studer,A. and Rentmeister,A. (2020) A benzophenone-based
photocaging strategy for the N7 position of guanosine. Angew.
Chem. Int. Ed. Engl., 59, 3161-3165.

Peters,A., Herrmann,E., Cornelissen,N., Klocker,N., Kiimmel,D.
and Rentmeister,A. (2021) Visible-light removable photocaging
groups accepted by MjMAT variant: structural basis and
compatibility with DNA and RNA methyltransferases.
ChemBioChem, 23, €202100437.

Shu,X., Dai,Q., Wu,T., Bothwell,I.R., Yue,Y., Zhang,Z., Cao.J.,
Fei,Q., Luo,M., He,C. et al. (2017) N6-Allyladenosine: a new small
molecule for RNA labeling identified by mutation assay. J. Am.
Chem. Soc., 139, 17213-17216.

van Diillmen,M., Muthmann,N. and Rentmeister,A. (2021)
Chemo-Enzymatic modification of the 5" cap maintains translation
and increases immunogenic properties of mRNA. Angew. Chem. Int.
Ed., 60, 13280-13286.

Sharma,S., Langhendries,J.-L., Watzinger,P., Kotter,P.,
Entian,K.-D. and Lafontaine,D.L.J. (2015) Yeast kre33 and human
NATI10 are conserved 18S rRNA cytosine acetyltransferases that
modify tRNAs assisted by the adaptor Tanl/THUMPDI. Nucleic
Acids Res., 43, 2242-2258.

Sharma,S., Yang,J., van Nues,R., Watzinger,P., Kotter,P.,
Lafontaine,D.L.J., Granneman,S. and Entian,K.-D. (2017)
Specialized box C/D snoRNPs act as antisense guides to target
RNA base acetylation. PLoS Genet., 13, e1006804.

Zhou,Z., Li,H.-Q. and Liu,F. (2018) DNA methyltransferase
inhibitors and their therapeutic potential. Curr. Top. Med. Chem.,
18, 2448-2457.

Copeland,R.A. (2018) Protein methyltransferase inhibitors as
precision cancer therapeutics: a decade of discovery. Philos. Trans.
R. Soc. Lond. B Biol. Sci., 373, 20170080.

Rugo,H.S., Jacobs,I., Sharma,S., Scappaticci,F., Paul, T.A.,
Jensen-Pergakes,K. and Malouf,G.G. (2020) The promise for
histone methyltransferase inhibitors for epigenetic therapy in clinical
oncology: a narrative review. Adv. Ther., 37, 3059-3082.

Cully,M. (2019) Chemical inhibitors make their RNA epigenetic
mark. Nat. Rev. Drug Discov., 18, 892-894.

Mashhoon,N., Pruss,C., Carroll,M., Johnson,P.H. and Reich,N.O.
(2006) Selective inhibitors of bacterial DNA adenine
methyltransferases. J. Biomol. Screening, 11, 497-510.
Pechalrieu,D., Etievant,C. and Arimondo,P.B. (2017) DNA
methyltransferase inhibitors in cancer: from pharmacology to
translational studies. Biochem. Pharmacol., 129, 1-13.

Shriwas,O., Mohapatra,P., Mohanty,S. and Dash,R. (2021) The
impact of m6A RNA modification in therapy resistance of cancer:



4238 Nucleic Acids Research, 2022, Vol. 50, No. 8

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

implication in chemotherapy, radiotherapy, and immunotherapy.
Front. Oncol., 10, 612337.

Zhong,W., Koay,A., Ngo,A., Li,Y., Nah,Q., Wong,Y.H.,
Chionh,Y.H., Ng,H.Q., Koh-Stenta,X., Poulsen,A. et al. (2019)
Targeting the bacterial epitranscriptome for antibiotic development:
discovery of novel tRNA-(N1G37) methyltransferase (TrmD)
inhibitors. ACS Infect. Dis., 5, 326-335.

Byszewska,M., Smietar’lski,M‘, Purta,E. and Bujnicki,J.M. (2014)
RNA methyltransferases involved in 5’ cap biosynthesis. RNA Biol.,
11, 1597-1607.

Jin,W.-B., Wu,S., Jian,X.-H., Yuan,H. and Tang,G.-L. (2018) A
radical S-adenosyl-L-methionine enzyme and a methyltransferase
catalyze cyclopropane formation in natural product biosynthesis.
Nat. Commun., 9, 2771.

Zhang,J. and Zheng,Y.G. (2016) SAM/SAH analogs as versatile
tools for SAM-dependent methyltransferases. ACS Chem. Biol., 11,
583-597.

Poh,W.J., Wee,C.P.P. and Gao,Z. (2016) DNA methyltransferase
activity assays: advances and challenges. Theranostics, 6, 369-391.
Illamola,S.M., Echaabi,A K., Mazeron,C., Deshayes.S.,
Loriot,M.A. and Pallet,N. (2019) Development and validation of a
UPLC-UV method for the quantification of thiopurine
methyltransferase enzyme activity in human erythrocytes. J.
Chromatogr. B, 1113, 91-97.

Kasprzyk,R., Fido,M., Mamot,A., Wanat,P., Smietanski,M.,
Kopcial, M., Cowling,V.H., Kowalska,J. and Jemielity,J. (2020)
Direct high-throughput screening assay for mRNA cap guanine-n7
methyltransferase activity. Chemistry, 26, 11266-11275.

Wise,C.K., Cooney,C.A., Ali,S.F. and Poirier,L.A. (1997)
Measuring S-adenosylmethionine in whole blood, red blood cells
and cultured cells using a fast preparation method and
high-performance liquid chromatography. J. Chromatogr. B:
Biomed. Sci. Applic., 696, 145-152.

Castro,R., Struys,E.A., Jansen,E.E.W., Blom,H.J., de Almeida,I.T.
and Jakobs,C. (2002) Quantification of plasma
S-adenosylmethionine and S-adenosylhomocysteine as their
fluorescent 1, N6-etheno derivatives: an adaptation of previously
described methodology. J. Pharm. Biomed. Anal., 29, 963-968.
Lin,Y., Fan,H., Frederiksen,M., Zhao K., Jiang,L., Wang.Z.,
Zhou,S., Guo,W., Gao,J., Li,S. et al. (2012) Detecting
S-adenosyl-l-methionine-induced conformational change of a
histone methyltransferase using a homogeneous time-resolved
fluorescence-based binding assay. Anal. Biochem., 423, 171-177.
Albu,C., Litescu,S.C., Radu,G.L. and Aboul-Enein,H.Y. (2013)
Validated HPLC-FI method for the analysis of
S-Adenosylmethionine and S-Adenosylhomocysteine biomarkers in
human blood. J. Fluoresc., 23, 381-386.

LiS., Gu,X.J., Hao.,Q., Fan,H., Li,L., Zhou,S., Zhao.K.,
Chan,H.M. and Wang,Y.K. (2013) A liquid chromatography/mass
spectrometry-based generic detection method for biochemical assay
and hit discovery of histone methyltransferases. Anal. Biochem., 443,
214-221.

Melnyk,S., Pogribna,M., Pogribny,l.P., Yi,P. and James,S.J. (2000)
Measurement of plasma and intracellular S-adenosylmethionine
and S- adenosylhomocysteine utilizing coulometric electrochemical
detection: alterations with plasma homocysteine and pyridoxal
5'-phosphate concentrations. Clin. Chem., 46, 265-272.

King,R.C., Miller-Stein,C., Magiera,D.J. and Brann,J. (2002)
Description and validation of a staggered parallel high performance
liquid chromatography system for good laboratory practice level
quantitative analysis by liquid chromatography/tandem mass
spectrometry. Rapid Commun. Mass Spectrom., 16, 43-52.

Li,S., Hao,Q., Gounarides,J. and Wang,Y.K. (2012) Full utilization
of a mass spectrometer using on-demand sharing with multiple LC
units. J. Mass Spectrom., 47, 1074-1082.

Rohman,M. and Wingfield,J. (2016) High-Throughput screening
using mass spectrometry within drug discovery. In: Janzen,W.P. (ed).
High Throughput Screening: Methods and Protocols. Springer New
York, NY, pp. 47-63.

Maegley,K.A., Krivacic,C., Bingham,P.,, Liu,W. and Brooun,A.
(2015) Comparison of a high-throughput mass spectrometry method
and radioactive filter binding to assay the protein methyltransferase
PRMTS. Assay Drug Dev. Technol., 13, 235-240.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Pearson,L.-A., Green,C.J., Lin,D., Petit,A.-P., Gray,D.W.,
Cowling,V.H. and Fordyce,E.A.F. (2021) Development of a
high-throughput screening assay to identify inhibitors of the
SARS-CoV-2 guanine-n7-methyltransferase using rapidfire mass
spectrometry. SLAS Discov.: Adv. Life Sci. R&D, 26, 749-756.
Yankova,E., Blackaby,W., Albertella,M., Rak,J., de Braekeleer,E.,
Tsagkogeorga,G., Pilka,E.S., Aspris,D., Leggate,D., Hendrick,A.G.
et al. (2021) Small-molecule inhibition of METTLS3 as a strategy
against myeloid leukaemia. Nature, 593, 597-601.

Biastoff,S., Teuber,M., Zhou,Z. and Drager,B. (2006) Colorimetric
activity measurement of a recombinant putrescine n
-Methyltransferase from datura stramonium. Planta Med., 72,
1136-1141.

Hsiao,K., Zegzouti,H. and Goueli,S.A. (2016)
Methyltransferase-Glo: a universal, bioluminescent and
homogenous assay for monitoring all classes of methyltransferases.
Epigenomics, 8, 321-339.

Kimos,M., Burton,M., Urbain,D., Caudron,D., Martini,M.,
Famelart,M., Gillard,M., Barrow,J. and Wood,M. (2015)
Development of an HTRF assay for the detection and
characterization of inhibitors of catechol-o-methyltransferase. J.
Biomol. Screening, 21, 490-495.

LY., Zou,X., Ma,F., Tang,B. and Zhang,C. (2017) Development of
fluorescent methods for DNA methyltransferase assay. Methods
Applic. Fluorescence, 5, 012002.

Basu,S., Mak,T., Ulferts,R., Wu,M., Deegan,T., Fujisawa,R., Wei
Tan,K., Lim,C.T., Basier,C., Canal,B. ef al. (2021) Identifying
SARS-CoV-2 antiviral compounds by screening for small molecule
inhibitors of nspl4 RNA cap methyltransferase. Biochem. J., 478,
2481-2497.

Hendricks,C.L., Ross,J.R., Pichersky,E., Noel,J.P. and Zhou,Z.S.
(2004) An enzyme-coupled colorimetric assay for
S-adenosylmethionine-dependent methyltransferases. Anal.
Biochem., 326, 100-105.

Schulz,D. and Rentmeister,A. (2012) An enzyme-coupled
high-throughput assay for screening RNA methyltransferase activity
in e. Coli cell lysate. RNA Biol., 9, 577-586.

Dorgan,K.M., Wooderchak,W.L., Wynn,D.P., Karschner,E.L.,
Alfaro,J.F., Cui,Y., Zhou,Z.S. and Hevel J.M. (2006) An
enzyme-coupled continuous spectrophotometric assay for
S-adenosylmethionine-dependent methyltransferases. Anal.
Biochem., 350, 249-255.

Hemeon,I., Gutierrez,J.A., Ho,M.-C. and Schramm,V.L. (2011)
Characterizing DNA methyltransferases with an ultrasensitive
luciferase-linked continuous assay. Anal. Chem., 83, 4996-5004.
Ibanez,G., McBean,J.L., Astudillo,Y.M. and Luo,M. (2010) An
enzyme-coupled ultrasensitive luminescence assay for protein
methyltransferases. Anal. Biochem., 401, 203-210.

Tovy,A., Hofmann,B., Helm,M. and Ankri,S. (2010) In vitro tRNA
methylation assay with the entamoeba histolytica DNA and tRNA
methyltransferase dnmt2 (Ehmeth) enzyme. J. Visual. Exp.: JoVE,
€2390.

Hausmann,S. and Shuman,S. (2005) Giardia lamblia RNA cap
guanine-N2 methyltransferase (Tgs2). J. Biol. Chem., 280,
32101-32106.

Benarroch,D., Jankowska-Anyszka,M., Stepinski,J.,
Darzynkiewicz,E. and Shuman,S. (2010) Cap analog substrates
reveal three clades of cap guanine-N2 methyltransferases with
distinct methyl acceptor specificities. RNA, 16, 211-220.

Helm,M. and Attardi,G. (2004) Nuclear control of cloverleaf
structure of human mitochondrial tRNALys. J. Mol. Biol., 337,
545-560.

Baker,M.R., Zarubica,T., Wright,H.T. and Rife,J.P. (2009)
Scintillation proximity assay for measurement of RNA methylation.
Nucleic Acids Res., 37, e32.

Hill,P.J., Abibi,A., Albert,R., Andrews,B., Gagnon,M.M., Gao,N.,
Grebe,T., Hajec,L.I., Huang,J., Livchak,S. ez al. (2013) Selective
inhibitors of bacterial t-RNA-(N1G37) methyltransferase (TrmD)
that demonstrate novel ordering of the lid domain. J. Med. Chem.,
56, 7278-7288.

Podvinec,M., Lim,S.P., Schmidt,T., Scarsi,M., Wen,D.,
Sonntag,L.-S., Sanschagrin,P., Shenkin,P.S. and Schwede,T. (2010)
Novel inhibitors of dengue virus methyltransferase: discovery by in



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

vitro-driven virtual screening on a desktop computer grid. J. Med.
Chem., 53, 1483-1495.

Richon,V.M., Johnston,D., Sneeringer,C.J., Jin,L., Majer,C.R.,
Elliston,K., Jerva,L.F., Scott,M.P. and Copeland,R.A. (2011)
Chemogenetic analysis of human protein methyltransferases. Chem.
Biol. Drug Des., 78, 199-210.

Hamill,R.L. and Hoehn,M.M. (1973) A9145, a new
adenie-containing antifungal antibiotic, i. discovery and isolation. J.
Antibiot. (Tokyo), 26, 463-465.

Cheng,C.C. (1972) Inhibitors of t-RNA O-Methyltransferase as
possible antineoplastic agents. J. Pharm. Sci., 61, 645-649.
Both,G.W., Furuichi,Y., Muthukrishnan,S. and Shatkin,A.J. (1975)
Ribosome binding to reovirus mRNA in protein synthesis requires
5" terminal 7-methylguanosine. Cell, 6, 185-195.

Hildesheim,J., Hildesheim,R., Lederer,E. and Yon,J. (1972) Etude
de I'inhibition d’une t-ARN N2-guanine méthyl transférase de foie
de lapin par des analogues de la S-adénosyl homocystéine.
Biochimie, 54, 989-995.

Michelot,R., Legraverend,M., Farrugia,G. and Lederer,E. (1976)
Nouvelles études de I'inhibition d’une tRNA N2 guanine
méthyltransférase par des analogues de la S-adénosyl-homocystéine
et de la S-adénosyl-méthionine. Biochimie, 58, 201-205.
Mertens,P.P.C. and Payne,C.C. (1983) The effects of S-adenosyl
methionine (AdoMet) and its analogues on the control of
transcription and translation in vitro of the mRNA products of two
cytoplasmic polyhedrosis viruses. Virology, 131, 18-29.
Hildesheim,J., Goguillon,J.-F. and Lederer,E. (1973) Selective
inhibitions of tRNA methyltransferases by S-adenosylhomocysteine
and two of its analogues. FEBS Lett., 30, 177-180.

Pugh,C.S.G., Borchardt,R.T. and Stone,H.O. (1977) Inhibition of
newcastle disease virion messenger RNA
(guanine-7-)-methyltransferase by analogs of
S-adenosylhomocysteine. Biochemistry, 16, 3928-3932.
Chang,C.-D. and Coward,J.K. (1976) Analogues of
S-adenosylhomocysteine as potential inhibitors of biological
transmethylation. Synthesis of analogues with modifications at the
5'-thioether linkage. J. Med. Chem., 19, 684-691.

Coward,J.K., Bussolotti,D.L. and Chang,C.-D. (1974) Analogs of
S-adenosylhomocysteine as potential inhibitors of biological
transmethylation. Inhibition of several methylases by
S-tubercidinylhomocysteine. J. Med. Chem., 17, 1286-1289.
Poldermans,B., Roza,L. and van Knippenberg,P.H. (1979) Studies
on the function of two adjacent N6, N6-dimethyladenosines near
the 3’ end of 16 s ribosomal RNA of escherichia coli. III.
Purification and properties of the methylating enzyme and
methylase-30 s interactions. J. Biol. Chem., 254, 9094-9100.
Gnegy,M.E. and Lotspeich,F.J. (1976) Inhibitors of tRNA
methyltransferases. S-Adenosylsulfonium salts. J. Med. Chem., 19,
1191-1195.

Hildesheim,J., Hildesheim,R., Blanchard,P., Farrugia,G. and
Michelot,R. (1973) Studies on synthetic inhibitors of t-RNA methyl
transferases: analogs of S-adenosyl homocysteine. Biochimie, 55,
541-546.

Leboy,PS., Glick,J.M., Steiner,F.G., Haney,S. and Borchardt,R.T.
(1978) S-adenosylhomocysteine analogues as inhibitors of specific
tRNA methylation. Biochim. Biophys. Acta (BBA) - Nucleic Acids
Protein Synth., 520, 153-163.

Pugh,C.S.G. and Borchardt,R.T. (1982) Effects of
S-adenosylhomocysteine analogs on vaccinia viral mRNA synthesis
and methylation. Biochemistry, 21, 1535-1541.

Shugart,L. and Chastain,B. (1979) Escherichia coli tRNA
(uracil-5-)-methyltransferase: inhibition by analogues of
adenosylhomocysteine. Enzyme, 24, 353-357.

Segal.D.M. and Eichler,D.C. (1989) The specificity of interaction
between S-adenosyl-lI-methionine and a nucleolar
2'-O-methyltransferase. Arch. Biochem. Biophys., 275, 334-343.
Yebra,M.J., Sanchez,J., Martin,C.G., Hardisson,C. and Barbes,C.
(1991) The effect of sinefungin and synthetic analogues on RNA
AND DNA methyltransferases from streptomyces. J. Antibiot.
(Tokyo), 44, 1141-1147.

Benghiat,E., Crooks,P.A., Goodwin,R. and Rottman,F. (1986)
Inhibition of vaccinia RNA guanine 7-methyltransferase by
compounds designed as multisubstrate adducts. J. Pharm. Sci., 75,
142-145.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

1717.

178.

179.

180.

181.

182.

183.

184.

Nucleic Acids Research, 2022, Vol. 50, No. 8 4239

Ahmed-Belkacem,R., Sutto-Ortiz,P., Guiraud,M., Canard,B.,
Vasseur,J.-J., Decroly,E. and Debart,F. (2020) Synthesis of adenine
dinucleosides SAM analogs as specific inhibitors of SARS-CoV
nspl4 RNA cap guanine-N7-methyltransferase. Eur. J. Med. Chem.,
201, 112557.

Ahmed-Belkacem,R., Sutto-Ortiz,P., Decroly,E., Vasseur,J.-J. and
Debart,F. (2019) Synthesis of adenine dinucleosides 2/, 5'-bridged by
sulfur-containing linkers as bisubstrate SAM analogues for viral
RNA 2'-O-methyltransferases. Eur. J. Org. Chem., 2019, 6486-6495.
Oerum,S., Catala,M., Atdjian,C., Brachet,F., Ponchon,L.,
Barraud,P, lannazzo,L., Droogmans,L., Braud,E.,
Etheve-Quelquejeu,M. er al. (2019) Bisubstrate analogues as
structural tools to investigate m(6)A methyltransferase active sites.
RNA Biol., 16, 798-808.

Macarron,R., Banks,M.N., Bojanic,D., Burns,D.J., Cirovic,D.A.,
Garyantes, T., Green,D.V.S., Hertzberg,R.P., Janzen,W.P,,
Paslay,J.W. et al. (2011) Impact of high-throughput screening in
biomedical research. Nat. Rev. Drug Discov., 10, 188-195.

Li,Q. (2020) Application of fragment-based drug discovery to
versatile targets. Front. Mol. Biosci., 7, 180.

Murray,C.W. and Rees,D.C. (2009) The rise of fragment-based drug
discovery. Nat. Chem., 1, 187-192.

Erlanson,D.A., Fesik,S.W., Hubbard,R.E., Jahnke,W. and Jhoti,H.
(2016) Twenty years on: the impact of fragments on drug discovery.
Nat. Rev. Drug Discov., 15, 605-619.

Leelananda,S.P. and Lindert,S. (2016) Computational methods in
drug discovery. Beilstein J. Org. Chem., 12, 2694-2718.

Lyu,J., Wang,S., Balius, T.E., Singh,I., Levit,A., Moroz,Y.S.,
O’Meara,M.J., Che,T., Algaa,E., Tolmachova,K. et al. (2019)
Ultra-large library docking for discovering new chemotypes. Nature,
566, 224-229.

Hoffmann, T. and Gastreich,M. (2019) The next level in chemical
space navigation: going far beyond enumerable compound libraries.
Drug Discov. Today, 24, 1148-1156.

Acharya,C., Coop,A., Polli,J.E. and Mackerell,A.D. Jr (2011)
Recent advances in ligand-based drug design: relevance and utility
of the conformationally sampled pharmacophore approach. Curr.
Comput.-aided Drug Des., T, 10-22.

Lipinski,C.A., Lombardo,F., Dominy,B.W. and Feeney,P.J. (2001)
Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv.
Drug. Deliv. Rev., 46, 3-26.

Veber,D.F.,, Johnson,S.R., Cheng,H.-Y., Smith,B.R., Ward, K.W. and
Kopple,K.D. (2002) Molecular properties that influence the oral
bioavailability of drug candidates. J. Med. Chem., 45, 2615-2623.
Oprea,T.1., Davis,A.M., Teague,S.J. and Leeson,P.D. (2001) Is there
a difference between leads and drugs? A historical perspective. J.
Chem. Inf. Comput. Sci., 41, 1308-1315.

Brenk,R., Schipani,A., James,D., Krasowski,A., Gilbert,I.H.,
Frearson.J. and Wyatt,P.G. (2008) Lessons learnt from assembling
screening libraries for drug discovery for neglected diseases.
ChemMedChem, 3, 435-444.

Baell,J. and Walters,M.A. (2014) Chemistry: chemical con artists foil
drug discovery. Nature, 513, 481-483.

Liu,M. and Douthwaite,S. (2002) Activity of the ketolide
telithromycin is refractory to erm monomethylation of bacterial
rRNA. Antimicrob. Agents Chemother., 46, 1629-1633.
Denoya,C.D. and Dubnau,D. (1987) Site and substrate specificity of
the ermC 23S rRNA methyltransferase. J Bacteriol., 169,
3857-3860.

Kreander,K., Kurkela,M., Siiskonen,A., Vuorela,P. and Tammela,P.
(2006) Identification of COMT and ErmC inhibitors by using a
microplate assay in combination with library focusing by virtual
screening. Pharmazie, 61, 247-248.

Foik,I.P.,, Tuszynska,l., Feder,M., Purta,E., Stefaniak,F. and
Bujnicki,J.M. (2018) Novel inhibitors of the rRNA ermc’
methyltransferase to block resistance to macrolides, lincosamides,
streptogramine b antibiotics. Eur. J. Med. Chem., 146, 60—67.
Feder,M., Purta,E., Koscinski,L., Cubrilo,S., Maravic
Vlahovicek,G. and Bujnicki,J.M. (2008) Virtual screening and
experimental verification to identify potential inhibitors of the
ErmC methyltransferase responsible for bacterial resistance against
macrolide antibiotics. ChemMedChem, 3, 316-322.



4240 Nucleic Acids Research, 2022, Vol. 50, No. 8

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Clancy,J., Schmieder,B.J., Petitpas,J.W., Manousos,M.,
Williams,J.A., Faiella,J.A., Girard,A.E. and Mcguirk,P.R. (1995)
Assays to detect and characterize synthetic agents that inhibit the
ermcmethyltransferase. J. Antibiotics, 48, 1273-1279.

Hajduk,PJ., Dinges,J., Schkeryantz,J.M., Janowick,D.,
Kaminski,M., Tufano,M., Augeri,D.J., Petros,A., Nienaber,V.,
Zhong,P. et al. (1999) Novel inhibitors of erm methyltransferases
from NMR and parallel synthesis. J. Med. Chem., 42, 3852-3859.
Lahoud,G., Goto-Ito,S., Yoshida,K.-I., Ito,T., Yokoyama,S. and
Hou,Y.-M. (2011) Differentiating analogous tRNA
methyltransferases by fragments of the methyl donor. RNA4, 17,
1236-1246.

Zhong,W., Pasunooti,K.K., Balamkundu,S., Wong,Y.H., Nah,Q.,
Gadi,V., Gnanakalai,S., Chionh,Y.H., McBee,M.E., Gopal,P. ef al.
(2019) Thienopyrimidinone derivatives that inhibit bacterial tRNA
(Guanine37-N(1))-Methyltransferase (TrmD) by restructuring the
active site with a tyrosine-flipping mechanism. J. Med. Chem., 62,
7788-7805.

Thomas,S.E., Whitehouse,A.J., Brown,K., Burbaud,S.,
Belardinelli,J.M., Sangen,J., Lahiri,R., Libardo,M.D.J., Gupta,P.,
Malhotra,S. et al. (2020) Fragment-based discovery of a new class of
inhibitors targeting mycobacterial tRNA modification. Nucleic
Acids Res., 48, 8099-8112.

Whitehouse,A.J., Thomas,S.E., Brown,K.P., Fanourakis,A.,
Chan,D.S.-H., Libardo,M.D.J., Mendes,V., Boshoff, H.1.M.,
Floto,R.A., Abell,C. ef al. (2019) Development of inhibitors against
mycobacterium abscessus tRNA (m(1)G37) methyltransferase
(TrmD) using fragment-based approaches. J. Med. Chem., 62,
7210-7232.

Alvesalo,J.K.O., Siiskonen,A., Vainio,M.J., Tammela,P.S.M. and
Vuorela,P.M. (2006) Similarity based virtual screening: a tool for
targeted library design. J. Med. Chem., 49, 2353-2356.

Rana,A K., Chandra,S., Siddiqi,M.I. and Misra-Bhattacharya,S.
(2013) Molecular characterization of an rsmD-like rRNA
methyltransferase from the wolbachia endosymbiont of brugia
malayi and antifilarial activity of specific inhibitors of the enzyme.
Antimicrob. Agents Chemother., 57, 3843-3856.

Wainfan,E. and Landsberg,B. (1973) Inhibition of transfer
ribonucleic acid methylating enzymes by cytotoxic analogs of
adenosine. Biochem. Pharmacol., 22, 493-500.

Chrebet,G.L., Wisniewski,D., Perkins,A.L., Deng,Q., Kurtz,M.B.,
Marcy,A. and Parent,S.A. (2005) Cell-Based assays to detect
inhibitors of fungal mRNA capping enzymes and characterization
of sinefungin as a cap methyltransferase inhibitor. J. Biomol.
Screening, 10, 355-364.

Bhattacharya,A., Sharma,M., Pakkinathan,C., Rosen,B.P,,
Leprohon,P. and Ouellette,M. (2019) Genomewide analysis of mode
of action of the S-Adenosylmethionine analogue sinefungin in
leishmania infantum. Msystems, 4, €00416-19.

HallLM.P. and Ho,C.K. (2006) Characterization of a trypanosoma
brucei RNA cap (guanine N-7) methyltransferase. RNA, 12,
488-497.

Hausmann,S., Zheng,S., Fabrega,C., Schneller,S.W., Lima,C.D. and
Shuman,S. (2005) Encephalitozoon cuniculi mRNA cap (Guanine
N-7) methyltransferase: methyl acceptor specificity, inhibition by
S-adenosylmethionine analogs, and structure-guided mutational
analysis. J. Biol. Chem., 280, 20404-20412.

Zheng,S., Hausmann,S., Liu,Q., Ghosh,A., Schwer,B., Lima,C.D.
and Shuman,S. (2006) Mutational analysis of encephalitozoon
cuniculimRNA cap (guanine-N7) methyltransferase, structure of the
enzyme bound to sinefungin, and evidence that cap
methyltransferase is the target of sinefungin’s antifungal activity. J.
Biol. Chem., 281, 35904-35913.

Hsu,P.J.,, Shi,H. and He,C. (2017) Epitranscriptomic influences on
development and disease. Genome Biol., 18, 197.

Vu,L.P, Pickering,B.F., Cheng,Y., Zaccara,S., Nguyen,D.,
Minuesa,G., Chou,T., Chow,A., Saletore,Y., MacKay,M. et al.
(2017) The N(6)-methyladenosine (m(6)A)-forming enzyme
METTLS3 controls myeloid differentiation of normal hematopoietic
and leukemia cells. Nat. Med., 23, 1369-1376.

Barbieri,l. and Kouzarides,T. (2020) Role of RNA modifications in
cancer. Nat. Rev. Cancer, 20, 303-322.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Shi,H., Wei,J. and He,C. (2019) Where, when, and how:
context-dependent functions of RNA methylation writers, readers,
and erasers. Mol. Cell, 74, 640-650.

Boriack-Sjodin,P.A., Ribich,S. and Copeland,R.A. (2018)
RNA-modifying proteins as anticancer drug targets. Nat. Rev. Drug
Discov., 17, 435-453.

Zaccara,S., Ries,R.J. and Jaffrey,S.R. (2019) Reading, writing and
erasing mRNA methylation. Nat. Rev. Mol. Cell Biol., 20, 608-624.
Livneh,I., Moshitch-Moshkovitz,S., Amariglio,N., Rechavi,G. and
Dominissini,D. (2020) The m6A epitranscriptome: transcriptome
plasticity in brain development and function. Nat. Rev. Neurosci.,
21, 36-51.

Xue,C., Zhao,Y. and Li,L. (2020) Advances in RNA cytosine-5
methylation: detection, regulatory mechanisms, biological functions
and links to cancer. Biomark. Res., 8, 43.

Ignatova,V., Kaiser,S., Ho,J.S.Y., Bing,X., Stolz,P., Tan,Y.X.,
Lee,C.L., Gay,F.P.H., Lastres,P.R., Gerlini,R. ez al. (2020)
METTLG6 is a tRNA m(3)C methyltransferase that regulates
pluripotency and tumor cell growth. Sci. Adv., 6, eaaz4551.
Dunn,S., Lombardi,O., Lukoszek,R. and Cowling,V.H. (2019)
Oncogenic PIK3CA mutations increase dependency on the mRNA
cap methyltransferase, RNMT, in breast cancer cells. Open Biol., 9,
190052.

Orellana,E.A., Liu,Q., Yankova,E., Pirouz,M., de Brackeleer,E.,
Zhang,W., Lim,J., Aspris,D., Sendinc,E., Garyfallos,D.A. et al.
(2021) METTLI-mediated m’G modification of Arg-TCT tRNA
drives oncogenic transformation. Mol. Cell, 81, 3323-3338.

Lin,S., Liu,Q., Lelyveld,V.S., Choe,J., Szostak,J.W. and Gregory,R.I.
(2018) Mettll /Wdrd-Mediated m7G tRNA methylome is required
for normal mRNA translation and embryonic stem cell self-renewal
and differentiation. Mol. Cell, 71, 244-255.

Delaunay,S. and Frye,M. (2019) RNA modifications regulating cell
fate in cancer. Nat. Cell Biol., 21, 552-559.

Chen,Y.-S., Yang,W.-L., Zhao,Y.-L. and Yang,Y.-G. (2021) Dynamic
transcriptomic m5C and its regulatory role in RNA processing.
WIREs RNA, 12, ¢1639.

Angelova,M.T., Dimitrova,D.G., Dinges,N., Lence,T.,
Worpenberg,L., Carré¢,C. and Roignant,J.-Y. (2018) The emerging
field of epitranscriptomics in neurodevelopmental and neuronal
disorders. Front. Bioeng. Biotechnol., 6, 46.

Ringeard,M., Marchand,V., Decroly,E., Motorin,Y. and
Bennasser, Y. (2019) FTSJ3 is an RNA 2'-O-methyltransferase
recruited by HIV to avoid innate immune sensing. Nature, 565,
500-504.

Baquero-Perez,B., Geers,D. and Diez,J. (2021) From a to m(6)A: the
emerging viral epitranscriptome. Viruses, 13, 1049.

Burgess,H.M., Depledge,D.P., Thompson,L., Srinivas,K.P,,
Grande,R.C., Vink,E.I., Abebe,J.S., Blackaby,W.P.,, Hendrick,A.,
Albertella,M.R. et al. (2021) Targeting the m6A RNA modification
pathway blocks SARS-CoV-2 and HCoV-OC43 replication. Genes
Dev., 35, 1005-1019.

Tsai,K. and Cullen,B.R. (2020) Epigenetic and epitranscriptomic
regulation of viral replication. Nat. Rev. Microbiol., 18, 559-570.
Liebers,R., Rassoulzadegan,M. and Lyko,F. (2014) Epigenetic
regulation by heritable RNA. PLoS Genet., 10, e1004296.
Zhang,Y., Zhang,X., Shi,J., Tuorto,F., Li,X., Liu,Y., Liebers,R.,
Zhang,L., Qu,Y., Qian,J. ez al. (2018) Dnmt2 mediates
intergenerational transmission of paternally acquired metabolic
disorders through sperm small non-coding RNAs. Nat. Cell Biol.,
20, 535-540.

Halby.L., Marechal,N., Pechalrieu,D., Cura,V., Franchini,D.-M.,
Faux,C., Alby.F., Troffer-Charlier,N., Kudithipudi,S., Jeltsch,A.

et al. (2018) Hijacking DNA methyltransferase transition state
analogues to produce chemical scaffolds for PRMT inhibitors.
Philos. Trans. R. Soc. Lond. B Biol. Sci., 373, 20170072.

Bedi,R.K., Huang,D., Eberle,S.A., Wiedmer,L., Sledz,P. and
Caflisch,A. (2020) Small-Molecule inhibitors of METTL3, the
major human epitranscriptomic writer. ChemMedChem, 15,
744-748.

Moroz-Omori,E., Huang,D., Kumar Bedi,R., Cheriyamkunnel,S.J.,
Bochenkova,E., Dolbois,A., Rzeczkowski,M.D., Li,Y., Wiedmer,L.
and Caflisch,A. (2021) METTLS3 inhibitors for epitranscriptomic
modulation of cellular processes. ChemMedChem, 16, 3035-3043.



223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

Selberg,S., Blokhina,D., Aatonen,M., Koivisto,P, Siltanen,A.,
Mervaala,E., Kankuri,E. and Karelson,M. (2019) Discovery of
small molecules that activate RNA methylation through cooperative
binding to the METTL3-14-WTAP complex active site. Cell Rep.,
26, 3762-3771.

Dolbois,A., Bedi,R.K., Bochenkova,E., Miiller,A.,
Moroz-Omori,E.v, Huang,D. and Caflisch,A. (2021) 1, 4,
9-Triazaspiro(5.5)undecan-2-one derivatives as potent and selective
METTLS3 inhibitors. J. Med. Chem., 64, 12738-12760.
Jordheim,L.P., Durantel,D., Zoulim,F. and Dumontet,C. (2013)
Advances in the development of nucleoside and nucleotide
analogues for cancer and viral diseases. Nat. Rev. Drug Discovery,
12, 447-464.

Glickman,M.S. and Sawyers,C.L. (2012) Converting cancer
therapies into cures: lessons from infectious diseases. Cell, 148,
1089-1098.

Halstead,S.B. (1992) The XXth century dengue pandemic: need for
surveillance and research. World Health Stat. Q., 45, 292-298.
Brito,A.F., Machado,L.C., Oidtman,R.J., Siconelli, M.J.L.,
Tran,Q.M., Fauver,J.R., Carvalho,R.D., de,O., Dezordi,F.Z.,
Pereira,M.R. et al. (2021) Lying in wait: the resurgence of dengue
virus after the zika epidemic in brazil. Nat. Commun., 12, 2619.
Hu,B., Guo,H., Zhou,P. and Shi,Z.-L. (2021) Characteristics of
SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol., 19, 141-154.
Ferron,F., Decroly,E., Selisko,B. and Canard,B. (2012) The viral
RNA capping machinery as a target for antiviral drugs. Antiviral
Res., 96, 21-31.

Bradrick,S.S. (2017) Causes and consequences of flavivirus RNA
methylation. Front. Microbiol., 8, 2374.

Chang,L.-J. and Chen,T.-H. (2021) NSP16 2’-O-MTase in
coronavirus pathogenesis: possible prevention and treatments
strategies. Viruses, 13, 538.

Menachery,V.D., Debbink,K. and Baric,R.S. (2014) Coronavirus
non-structural protein 16: evasion, attenuation, and possible
treatments. Virus Res., 194, 191-199.

Daffis,S., Szretter,K.J., Schriewer,J., Li,J., Youn,S., Errett,J.,
Lin,T.-Y., Schneller,S., Zust,R., Dong,H. et al. (2010) 2’-O
methylation of the viral mRNA cap evades host restriction by IFIT
family members. Nature, 468, 452-456.

Liu,L., Dong,H., Chen,H., Zhang,J., Ling,H., Li,Z., Shi,P.-Y. and
Li,H. (2010) Flavivirus RNA cap methyltransferase: structure,
function, and inhibition. Front. Biol., 5, 286-303.

Dong,H., Zhang,B. and Shi,P.-Y. (2008) Flavivirus
methyltransferase: a novel antiviral target. Antiviral Res., 80, 1-10.
Pugh,C.S.G., Borchardt,R.T. and Stone,H.O. (1978) Sinefungin, a
potent inhibitor of virion mRNA (guanine-7-)-methyltransferase,
mRNA (nucleoside-2'-)-methyltransferase, and viral multiplication.
J. Biol. Chem., 253, 4075-4077.

Serafinowski,P., Dorland,E., Harrap,K.R., Balzarini,J. and de
Clercq,E. (1992) Synthesis and antiviral activity of some new
S-adenosyl-L-homocysteine derivatives. J. Med. Chem., 35,
4576-4583.

Pierson,T.C. and Diamond,M.S. (2020) The continued threat of
emerging flaviviruses. Nat. Microbiol., 5, 796-812.

el Sahili,A. and Lescar,J. (2017) Dengue virus non-structural protein
5. Viruses, 9, 91.

Dong,H., Ren,S., Zhang,B., Zhou,Y., Puig-Basagoiti,F., Li,H. and
Shi,P.-Y. (2008) West nile virus methyltransferase catalyzes two
methylations of the viral RNA cap through a
substrate-repositioning mechanism. J. Virol., 82, 4295-4307.
Zhao,R., Wang,M., Cao.J., Shen.J., Zhou,X., Wang,D. and Cao,J.
(2021) Flavivirus: from structure to therapeutics development. Life
(Basel, Switzerland), 11, 615.

Dong,H., Chang,D.C., Xie,X., Toh,Y.X., Chung,K.Y., Zou,G.,
Lescar,J., Lim,S.P. and Shi,P--Y. (2010) Biochemical and genetic
characterization of dengue virus methyltransferase. Virology, 405,
568-578.

Kroschewski,H., Lim,S.P., Butcher,R.E., Yap,T.L., Lescar,J.,
Wright,PJ., Vasudevan,S.G. and Davidson,A.D. (2008) Mutagenesis
of the dengue virus type 2 NS5 methyltransferase domain. J. Biol.
Chem., 283, 19410-19421.

Zhou,Y., Ray,D., Zhao.,Y., Dong,H., Ren,S., Li,Z., Guo,Y.,
Bernard,K.A., Shi,P-Y. and Li,H. (2007) Structure and function of
flavivirus NS5 methyltransferase. J. Virol, 81, 3891-3903.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

Nucleic Acids Research, 2022, Vol. 50, No. 8 4241

Zuist,R., Dong,H., Li,X.-F., Chang,D.C., Zhang,B.,
Balakrishnan,T., Toh,Y.-X., Jiang,T., Li,S.-H., Deng,Y.-Q. et al.
(2013) Rational design of a live attenuated dengue vaccine:
2'-0-methyltransferase mutants are highly attenuated and
immunogenic in mice and macaques. PLoS Pathog., 9, e1003521.
Dong,H., Liu,L., Zou,G., Zhao,Y., Li,Z., Lim,S.P., Shi,P-Y. and
Li,H. (2010) Structural and functional analyses of a conserved
hydrophobic pocket of flavivirus methyltransferase. J Biol. Chem.,
285, 32586-32595.

Lim,S.P.,, Sonntag,L.S., Noble,C., Nilar,S.H., Ng,R.H., Zou,G.,
Monaghan,P., Chung,K.Y., Dong,H., Liu,B. ez a/. (2011) Small
molecule inhibitors that selectively block dengue virus
methyltransferase. J. Biol. Chem., 286, 6233-6240.

Coutard,B., Decroly.E., Li,C., Sharff,A., Lescar,J., Bricogne,G. and
Barral,K. (2014) Assessment of dengue virus helicase and
methyltransferase as targets for fragment-based drug discovery.
Antiviral Res., 106, 61-70.

Benmansour,F., Trist,I., Coutard,B., Decroly,E., Querat,G.,
Brancale,A. and Barral,K. (2017) Discovery of novel dengue virus
NS5 methyltransferase non-nucleoside inhibitors by fragment-based
drug design. Eur. J. Med. Chem., 125, 865-880.

Coutard,B., Barral,LK., Lichiére,J., Selisko,B., Martin,B., Aouadi,W.,
Lombardia,M.O., Debart,F., Vasseur,J.-J., Guillemot,J.C. et al.
(2017) Zika virus methyltransferase: structure and functions for
drug design perspectives. J. Virol., 91, €02202-16.

Hernandez,J., Hoffer,L., Coutard,B., Querat,G., Roche,P,,
Morelli,X., Decroly,E. and Barral, K. (2019) Optimization of a
fragment linking hit toward dengue and zika virus NS5
methyltransferases inhibitors. Eur. J. Med. Chem., 161, 323-333.
Cui,J.,, Li,F. and Shi,Z.-L. (2019) Origin and evolution of pathogenic
coronaviruses. Nat. Rev. Microbiol., 17, 181-192.

Ma,Y., Wu,L., Shaw,N., Gao,Y., Wang,J., Sun,Y., Lou,Z., Yan,L.,
Zhang,R. and Rao,Z. (2015) Structural basis and functional
analysis of the SARS coronavirus nspl14-nsp10 complex. Proc. Nat.
Acad. Sci. U.S.A., 112, 9436-9441.

Chen,Y., Cai,H., Pan,J., Xiang,N., Tien,P., Ahola,T. and Guo,D.
(2009) Functional screen reveals SARS coronavirus nonstructural
protein nspl4 as a novel cap N7 methyltransferase. Proc. Nat. Acad.
Sci. U.S.A., 106, 3484-3489.

LuY, Cai,H., LuM., Ma,Y., Li,A., Gao,Y., Zhou,J., Gu,H., Li,J.
and Gu,J. (2020) Porcine epidemic diarrhea virus deficient in RNA
cap guanine-n-7 methylation is attenuated and induces higher type i
and III interferon responses. J. Virol., 94, ¢00447-20.

Hsu,J.C.-C., Laurent-Rolle,M., Pawlak,J.B., Wilen,C.B. and
Cresswell,P. (2021) Translational shutdown and evasion of the innate
immune response by SARS-CoV-2 NSP14 protein. Proc. Nat. Acad.
Sci. US.A., 118, ¢2101161118.

Bouvet,M., Lugari,A., Posthuma,C.C., Zevenhoven,J.C.,
Bernard,S., Betzi,S., Imbert,I., Canard,B., Guillemot,J.-C., Lécine,P.
et al. (2014) Coronavirus nspl0, a critical co-factor for activation of
multiple replicative enzymes. J. Biol. Chem., 289, 25783-25796.
Bouvet,M., Debarnot,C., Imbert,I., Selisko,B., Snijder,E.J.,
Canard,B. and Decroly,E. (2010) In vitro reconstitution of
SARS-coronavirus mRNA cap methylation. PLoS Pathog., 6,
€1000863.

Decroly,E., Imbert,I., Coutard,B., Bouvet,M., Selisko,B.,
Alvarez, K., Gorbalenya,A.E., Snijder,E.J. and Canard,B. (2008)
Coronavirus nonstructural protein 16 is a cap-0 binding enzyme
possessing (nucleoside-2'O)-methyltransferase activity. J. Virol., 82,
8071-8084.

Aouadi,W., Blanjoie,A., Vasseur,J.-J., Debart,F., Canard,B. and
Decroly,E. (2017) Binding of the methyl donor
S-Adenosyl-1-Methionine to middle east respiratory syndrome
coronavirus 2’-O-Methyltransferase nsp16 promotes recruitment of
the allosteric activator nspl0. J. Virol., 91, €02217-16.

Decroly,E., Debarnot,C., Ferron,F., Bouvet,M., Coutard,B.,
Imbert,I., Gluais,L., Papageorgiou,N., Sharff,A., Bricogne,G. et al.
(2011) Crystal structure and functional analysis of the
SARS-coronavirus RNA cap 2'-O-methyltransferase nspl10/nsp16
complex. PLoS Pathog., 7, ¢1002059.

Lin,S., Chen,H., Ye,F.,, Chen,Z., Yang,F., Zheng,Y., Cao,Y., Qiao,J.,
Yang,S. and Lu,G. (2020) Crystal structure of SARS-CoV-2
nspl0/nspl6 2'-O-methylase and its implication on antiviral drug
design. Signal Transduct. Targeted Ther., 5, 131.



4242 Nucleic Acids Research, 2022, Vol. 50, No. 8

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

271.

278.

279.

280.

281.

Krafcikova,P, Silhan,J., Nencka,R. and Boura,E. (2020) Structural
analysis of the SARS-CoV-2 methyltransferase complex involved in
RNA cap creation bound to sinefungin. Nat. Commun., 11, 3717.
Menachery,V.D., Yount,B.L. Jr, Josset,L., Gralinski,L.E.,
Scobey,T., Agnihothram,S., Katze,M.G. and Baric,R.S. (2014)
Attenuation and restoration of severe acute respiratory syndrome
coronavirus mutant lacking 2’-o-methyltransferase activity. J. Virol.,
88, 4251-4264.

Menachery,V.D., Gralinski,L.E., Mitchell,H.D., Dinnon,K.H. 3rd,
Leist,S.R., Yount,B.L. Jr, Graham,R.L., McAnarney,E.T.,
Stratton,K.G., Cockrell,A.S. et al. (2017) Middle east respiratory
syndrome coronavirus nonstructural protein 16 is necessary for
interferon resistance and viral pathogenesis. Msphere, 2, €00346-17.
Gorgulla,C., Padmanabha Das,K.M., Leigh,K.E., Cespugli,M.,
Fischer,P.D., Wang,Z.-F., Tesseyre,G., Pandita,S., Shnapir,A.,
Calderaio,A. et al. (2021) A multi-pronged approach targeting
SARS-CoV-2 proteins using ultra-large virtual screening. Iscience,
24, 102021,

Otava,T., Sala,M., Li,F., Fanfrlik.J., Devkota,K., Perveen,S.,
Chau,l., Pakarian,P., Hobza,P., Vedadi,M. et al. (2021) The
structure-based design of SARS-CoV-2 nspl4 methyltransferase
ligands yields nanomolar inhibitors. ACS Infect. Dis., 7, 2214-2220.
Bobileva,O., Bobrovs,R., Kanepe,l., Patetko,L., Kalnins,G.,
Sisovs,M., Bula,A.L., Gri Nberga,S., Boroduskis,M.R.,
Ramata-Stunda,A. et al. (2021) Potent SARS-CoV-2 mRNA cap
methyltransferase inhibitors by bioisosteric replacement of
methionine in SAM cosubstrate. ACS Med. Chem. Lett., 12,
1102-1107.

Devkota,K., Schapira,M., Perveen,S., Khalili Yazdi,A., Li,F.,
Chau,l., Ghiabi,P., Hajian,T., Loppnau,P., Bolotokova,A. et al.
(2021) Probing the SAM binding site of SARS-CoV-2 nspl4 in vitro
using SAM competitive inhibitors guides developing selective
bisubstrate inhibitors. SLAS Discov.: Adv. Life Sci. R&D, 26,
1200-1211.

Ke,M., Chen,Y., Wu,A., Sun,Y., Su,C., Wu,H., Jin, X., Tao,J.,
Wang,Y., Ma,X. et al. (2012) Short peptides derived from the
interaction domain of SARS coronavirus nonstructural protein
nspl0 can suppress the 2’-O-methyltransferase activity of
nspl0/nspl6 complex. Virus Res., 167, 322-328.

Wang,Y., Sun,Y., Wu,A., Xu,S., Pan,R., Zeng,C., Jin, X., Ge,X.,
Shi,Z., Ahola,T. et al. (2015) Coronavirus nsp10/nsp16
methyltransferase can be targeted by nsp10-Derived peptide in vitro
and in vivo to reduce replication and pathogenesis. J. Virol., 89,
8416-8427.

Han,S.R. and Lee,S.-W. (2017) Inhibition of japanese encephalitis
virus (JEV) replication by specific RNA aptamer against JEV
methyltransferase. Biochem. Biophys. Res. Commun., 483, 687-693.
Jung,J.I., Han,S.R. and Lee,S.-W. (2018) Development of RNA
aptamer that inhibits methyltransferase activity of dengue virus.
Biotechnol. Lett, 40, 315-324.

Scott,L.J. (2016) Azacitidine: a review in myelodysplastic syndromes
and acute myeloid leukaemia. Drugs, 76, 889-900.

Lu,L.-JW. and Randerath,K. (1980) Mechanism of
5-Azacytidine-induced transfer RNA Cytosine-5-methyltransferase
deficiency. Cancer Res., 40, 2701.

Khoddami,V. and Cairns,B.R. (2013) Identification of direct targets
and modified bases of RNA cytosine methyltransferases. Nat.
Biotechnol., 31, 458-464.

Khoddami,V. and Cairns,B.R. (2014) Transcriptome-wide target
profiling of RNA cytosine methyltransferases using the
mechanism-based enrichment procedure Aza-IP. Nat. Protoc., 9,
337-361.

Schaefer,M., Hagemann,S., Hanna,K. and Lyko,F. (2009)
Azacytidine inhibits RNA methylation at DNMT?2 target sites in
human cancer cell lines. Cancer Res., 69, 8127.

Park,S.H., Ayoub,A., Lee,Y.-T., Xu,J., Kim,H., Zheng,W.,
Zhang,B., Sha,L., An,S., Zhang,Y. et al. (2019) Cryo-EM structure
of the human MLL1 core complex bound to the nucleosome. Nat.
Commun., 10, 5540.

Wang,X., Feng,J., Xue,Y., Guan,Z., Zhang,D., Liu,Z., Gong,Z.,
Wang,Q., Huang,J., Tang,C. et al. (2016) Structural basis of
No6-adenosine methylation by the METTL3-METTL14 complex.
Nature, 534, 575-578.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

Steinhilber,D., Schubert-Zsilavez,M. and Roth,H.J. (2005) In:
Medizinische Chemie Deutscher Apotheker Verlag Stuttgart.
Stuttgart.

Sledz,P. and Jinek,M. (2016) Structural insights into the molecular
mechanism of the m6A writer complex. Elife, 5, ¢18434.

Duan,W., Song,H., Wang,H., Chai,Y., Su,C., Qi,J., Shi,Y. and
Gao,G.F. (2017) The crystal structure of zika virus NS5 reveals
conserved drug targets. EMBO J., 36, 919-933.

Chang,L., Wei,S., Scott,T.B., David,G.S., Bin,L. and Yang,Y. (2021)
Structural basis of mismatch recognition by a SARS-CoV-2
proofreading enzyme. Science, 373, 1142-1146.

Nencka,R., Silhan,J., Klima,M., Otava,T., Kocek,H., Krafcikova,P.
and Boura,E. (2022) Coronaviral RNA-methyltransferases:
function, structure and inhibition. Nucleic Acids Res., 50, 635-650.
Qiu,C., Sawada,K., Zhang, X. and Cheng,X. (2002) The PWWP
domain of mammalian DNA methyltransferase dnmt3b defines a
new family of DNA-binding folds. Nat. Struct. Biol., 9, 217-224.
Schluckebier,G., Zhong,P,, Stewart,K.D., Kavanaugh,T.J. and
Abad-Zapatero,C. (1999) The 2.2 A structure of the rRNA
methyltransferase ermc’ and its complexes with cofactor and
cofactor analogs: implications for the reaction mechanism11Edited
by i. A. Wilson. J. Mol. Biol., 289, 277-291.

Michel,G., Sauvé,V., Larocque,R., Li,Y., Matte,A. and Cygler,M.
(2002) The structure of the RImB 23S rRNA methyltransferase
reveals a new methyltransferase fold with a unique knot. Structure,
10, 1303-1315.

Dillon,S.C., Zhang,X., Trievel,R.C. and Cheng,X. (2005) The
SET-domain protein superfamily: protein lysine methyltransferases.
Genome Biol., 6, 227.

Yang,J., Kulkarni,K., Manolaridis,I., Zhang,Z., Dodd,R.B.,
Mas-Droux,C. and Barford,D. (2011) Mechanism of
isoprenylcysteine carboxyl methylation from the crystal structure of
the integral membrane methyltransferase ICMT. Mol. Cell, 44,
997-1004.

Stephenson,R.C. and Clarke,S. (1992) Characterization of a rat liver
protein carboxyl methyltransferase involved in the maturation of
proteins with the -CXXX C-terminal sequence motif. J. Biol. Chem.,
267, 13314-13319.

Kaminska,K.H., Purta,E., Hansen,L.H., Bujnicki,J.M., Vester,B.
and Long,K.S. (2010) Insights into the structure, function and
evolution of the radical-SAM 23S rRNA methyltransferase cfr that
confers antibiotic resistance in bacteria. Nucleic Acids Res., 38,
1652-1663.

Esakova,O.A., Grove,T.L., Yennawar,N.H., Arcinas,A.J., Wang,B.,
Krebs,C., Almo,S.C. and Booker,S.J. (2021) Structural basis for
tRNA methylthiolation by the radical SAM enzyme miaB. Nature,
597, 566-570.

Kimura,S., Miyauchi,K., Ikeuchi,Y., Thiaville,P.C., Crécy-Lagard,V.
and Suzuki, T. (2014) Discovery of the B-barrel-type RNA
methyltransferase responsible for N6-methylation of
No-threonylcarbamoyladenosine in tRNAs. Nucleic Acids Res., 42,
9350-9365.

Forouhar,F., Kuzin,A., Seetharaman.J., Lee,I., Zhou,W.,
Abashidze,M., Chen,Y., Yong,W., Janjua,H., Fang,Y. et al. (2007)
Functional insights from structural genomics. J. Struct. Funct.
Genomics, 8, 37-44.

Currie,M.A., Brown,G., Wong,A., Ohira,T., Sugiyama,K.,
Suzuki,T., Yakunin,A.F. and Jia,Z. (2017) Structural and functional
characterization of the TYW3/Taw3 class of SAM-dependent
methyltransferases. RNA, 23, 346-354.

Fernandez,M., Soliveri,J., Novella,I.S., Yebra,M.J., Barbés,C. and
Sanchez,J. (1995) Effect of 5-azacytidine and sinefungin on
streptomyces development. Gene, 157, 221-223.

Buker,S.M., Gurard-Levin,Z.A., Wheeler,B.D., Scholle,M.D.,
Case,A.W., Hirsch,J.L., Ribich,S., Copeland,R.A. and
Boriack-Sjodin,P.A. (2019) A mass spectrometric assay of
METTL3/METTL14 methyltransferase activity. SLAS Discov:
Adv. Sci. Drug Discov., 25, 361-371.

Lee,J.-H., Kim,S., Jin,M.S. and Kim,Y.-C. (2022) Discovery of
substituted indole derivatives as allosteric inhibitors of m6A-RNA
methyltransferase, METTL3-14 complex. Drug Dev. Res.,
https://doi.org/10.1002/ddr.21910.

Milani,M., Mastrangelo,E., Bollati,M., Selisko,B., Decroly,E.,
Bouvet,M., Canard,B. and Bolognesi,M. (2009) Flaviviral


https://doi.org/10.1002/ddr.21910

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

methyltransferase/RNA interaction: structural basis for enzyme
inhibition. Antiviral Res., 83, 28-34.

Brecher,M., Chen,H., Liu,B., Banavali,N.K., Jones,S.A., Zhang,J.,
Li,Z., Kramer,L.D. and Li,H. (2015) Novel broad spectrum
inhibitors targeting the flavivirus methyltransferase. PLoS One, 10,
¢0130062.

Brecher,M., Chen,H., Li,Z., Banavali,N.K., Jones,S.A., Zhang,J.,
Kramer,L.D. and Li,H. (2015) Identification and characterization of
novel broad-spectrum inhibitors of the flavivirus methyltransferase.
ACS Infect. Dis., 1, 340-349.

Chen,H., Zhou,B., Brecher,M., Banavali,N., Jones,S.A., Li,Z.,
Zhang,J., Nag,D., Kramer,L.D., Ghosh,A K. et al. (2013)
S-adenosyl-homocysteine is a weakly bound inhibitor for a flaviviral
methyltransferase. PLoS One, 8, €76900.

Barral,LK., Sallamand,C., Petzold,C., Coutard,B., Collet,A.,
Thillier,Y., Zimmermann,J., Vasseur,J.-J., Canard,B., Rohayem,J.
et al. (2013) Development of specific dengue virus 2/-O- and
N7-methyltransferase assays for antiviral drug screening. Antiviral
Res., 99, 292-300.

Luzhkov,V.B., Selisko,B., Nordqvist,A., Peyrane,F., Decroly,E.,
Alvarez, K., Karlen,A., Canard,B. and Aqvist,J. (2007) Virtual
screening and bioassay study of novel inhibitors for dengue virus
mRNA cap (nucleoside-2'O)-methyltransferase. Bioorg. Med.
Chem., 15, 7795-7802.

Benarroch,D., Egloff,M.-P., Mulard,L., Guerreiro,C., Romette,J.-L.
and Canard,B. (2004) A structural basis for the inhibition of the
NS5 dengue virus mRNA 2'-O-Methyltransferase domain by
ribavirin 5'-Triphosphate *. J. Biol. Chem., 279, 35638-35643.
Selisko,B., Peyrane,F.F., Canard,B., Alvarez,K. and Decroly,E.
(2010) Biochemical characterization of the
(nucleoside-2’'O)-methyltransferase activity of dengue virus protein
NS5 using purified capped RNA oligonucleotides 7MeGpppACn
and GpppACn. J. Gen. Virol., 91, 112-121.

Thames,J.E., Waters,C.D. 3rd, Valle,C., Bassetto,M., Aouadi,W.,
Martin,B., Selisko,B., Falat,A., Coutard,B., Brancale,A. et al. (2020)
Synthesis and biological evaluation of novel flexible nucleoside
analogues that inhibit flavivirus replication in vitro. Bioorg. Med.
Chem., 28, 115713.

Lim,S.P., Wen,D., Yap,T.L., Yan,C.K., Lescar,J. and
Vasudevan,S.G. (2008) A scintillation proximity assay for dengue
virus NS5 2’-O-methyltransferase—kinetic and inhibition analyses.
Antiviral Res., 80, 360-369.

Lim,S.V., Rahman,M.B.A. and Tejo,B.A. (2011) Structure-based
and ligand-based virtual screening of novel methyltransferase
inhibitors of the dengue virus. BMC Bioinf., 12(Suppl.13), S24-S24.
Powers,C.N. and Setzer, W.N. (2016) An in-silico investigation of
phytochemicals as antiviral agents against dengue fever. Comb.
Chem. High Throughput Screen., 19, 516-536.

Tambunan,U.S.F., Zahroh,H., Utomo,B.B. and Parikesit,A.A.
(2014) Screening of commercial cyclic peptide as inhibitor NS5
methyltransferase of dengue virus through molecular docking and
molecular dynamics simulation. Bioinformation, 10, 23-27.
Tambunan,U.S.F., Nasution,M.A_ F., Azhima,F., Parikesit,A.A.,
Toepak,E.P., Idrus,S. and Kerami,D. (2017) Modification of
S-Adenosyl-l-Homocysteine as inhibitor of nonstructural protein 5
methyltransferase dengue virus through molecular docking and
molecular dynamics simulation. Drug Target Insights, 11,
1177392817701726.

Idrus,S., Tambunan,U.S.F. and Zubaidi,A.A. (2012) Designing
cyclopentapeptide inhibitor as potential antiviral drug for dengue
virus ns5 methyltransferase. Bioinformation, 8, 348-352.
Spizzichino,S., Mattedi,G., Lauder,K., Valle,C., Aouadi,W.,
Canard,B., Decroly,E., Kaptein,S.J.F., Neyts,J., Graham,C. et al.
(2020) Design, synthesis and discovery of n, N’-Carbazoyl-aryl-urea
inhibitors of zika NS5 methyltransferase and virus replication.
ChemMedChem, 15, 385-390.

Vernekar,S.K., Qiu,L., Zhang,J., Kankanala.J., Li,H., Geraghty,R.J.
and Wang,Z. (2015) 5'-Silylated 3'-1, 2, 3-triazolyl thymidine
analogues as inhibitors of west nile virus and dengue virus. J. Med.
Chem., 58, 4016-4028.

Boonyasuppayakorn,S., Saelee, T., Visitchanakun,P.,
Leelahavanichkul,A., Hengphasatporn,K., Shigeta,Y.,

Huynh, T.N.T., Chu,J.J.H., Rungrotmongkol,T. and Chavasiri,W.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

Nucleic Acids Research, 2022, Vol. 50, No. 8 4243

(2020) Dibromopinocembrin and dibromopinostrobin are potential
anti-dengue leads with mild animal toxicity. Molecules, 25, 4154.
Geiss,B.J., Thompson,A.A., Andrews,A.J., Sons,R.L., Gari,H.H.,
Keenan,S.M. and Peersen,O.B. (2009) Analysis of flavivirus NS5
methyltransferase cap binding. J. Mol. Biol., 385, 1643-1654.
Santos,F.R.S., Lima,W.G., Maia,E.H.B., Assis,L.C., Davyt,D.,
Taranto,A.G. and Ferreira,J.M.S. (2020) Identification of a potential
zika virus inhibitor targeting NS5 methyltransferase using virtual
screening and molecular dynamics simulations. J. Chem. Inf. Model.,
60, 562-568.

Byler,K.G., Ogungbe,l.V. and Setzer,W.N. (2016) In-silico screening
for anti-Zika virus phytochemicals. J. Mol. Graphics Model., 69,
78-91.

Rambharack,P. and Soliman,M.E.S. (2018) Zika virus NS5 protein
potential inhibitors: an enhanced in silico approach in drug
discovery. J. Biomol. Struct. Dyn., 36, 1118-1133.

Singh,J., Kumar,M., Mansuri,R., Sahoo,G.C. and Deep,A. (2016)
Inhibitor designing, virtual screening, and docking studies for
methyltransferase: a potential target against dengue virus. J.
Pharmacy Bioallied Sci., 8, 188-194.

Stephen,P., Baz,M., Boivin,G. and Lin,S.-X. (2016) Structural
insight into NSS of zika virus leading to the discovery of MTase
inhibitors. J. Am. Chem. Soc., 138, 16212-16215.

Jain,R., Butler,K.v, Coloma,J., Jin,J. and Aggarwal,A.K. (2017)
Development of a S-adenosylmethionine analog that intrudes the
RNA-cap binding site of zika methyltransferase. Sci. Rep., 7, 1632.
Tao,Z., Cao,R., Yan,Y., Huang,G., Lv,K., Li,W., Geng,Y., Zhao,L.,
Wang,A., He,Q. et al. (2018) Design, synthesis and in vitro anti-Zika
virus evaluation of novel sinefungin derivatives. Eur. J. Med. Chem.,
157, 994-1004.

Song,W., Zhang,H., Zhang,Y., Chen,Y., Lin,Y., Han,Y. and Jiang,J.
(2021) Identification and characterization of zika virus NS5
methyltransferase inhibitors. Front. Cell. Infect. Microbiol., 11,
665379.

Chen,H., Liu,L., Jones,S.A., Banavali,N., Kass,J., Li,Z., Zhang,J.,
Kramer,L.D., Ghosh,A.K. and Li,H. (2013) Selective inhibition of
the west nile virus methyltransferase by nucleoside analogs. Antiviral
Res., 97, 232-239.

Puig-Basagoiti,F., Qing,M., Dong,H., Zhang,B., Zou,G., Yuan,Z.
and Shi,P.-Y. (2009) Identification and characterization of inhibitors
of west nile virus. Antiviral Res., 83, 71-79.

Falk,S.P. and Weisblum,B. (2014) Aptamer displacement screen for
flaviviral RNA methyltransferase inhibitors. J. Biomol. Screening,
19, 1147-1153.

Aouadi,W., Eydoux,C., Coutard,B., Martin,B., Debart,F.,
Vasseur,J.J., Contreras,J.M., Morice,C., Quérat,G., Jung, M.-L. et al.
(2017) Toward the identification of viral cap-methyltransferase
inhibitors by fluorescence screening assay. Antiviral Res., 144,
330-339.

Sun,Y., Wang,Z., Tao,J., Wang,Y., Wu,A., Yang,Z., Wang, K.,
Shi,L., Chen,Y. and Guo,D. (2014) Yeast-based assays for the
high-throughput screening of inhibitors of coronavirus RNA cap
guanine-N7-methyltransferase. Antiviral Res., 104, 156-164.
Gurung,A.B. (2020) In silico structure modelling of SARS-CoV-2
nspl3 helicase and nsp14 and repurposing of FDA approved
antiviral drugs as dual inhibitors. Gene Reports, 21, 100860.
Selvaraj,C., Dinesh,D.C., Panwar,U., Abhirami,R., Boura,E. and
Singh,S.K. (2021) Structure-based virtual screening and molecular
dynamics simulation of SARS-CoV-2 guanine-n7 methyltransferase
(nspl4) for identifying antiviral inhibitors against COVID-19. J.
Biomol. Struct. Dyn., 39, 4582-4593.

Liu,C., Zhu,X., Lu,Y., Zhang,X., Jia,X. and Yang,T. (2021)
Potential treatment with chinese and western medicine targeting
NSP14 of SARS-CoV-2. J. Pharmaceut. Anal., 11, 272-277.
Martin, W.R. and Cheng,F. (2020) Repurposing of FDA-Approved
toremifene to treat COVID-19 by blocking the spike glycoprotein
and NSP14 of SARS-CoV-2. J. Proteome Res., 19, 4670-4677.
Gentile,D., Fuochi,V., Rescifina,A. and Furneri,P.M. (2020) New
anti SARS-Cov-2 targets for quinoline derivatives chloroquine and
hydroxychloroquine. Int. J. Mol. Sci., 21, 5856.

Halder,U.C. (2021) Predicted antiviral drugs darunavir, amprenavir,
rimantadine and saquinavir can potentially bind to neutralize
SARS-CoV-2 conserved proteins. J. Biol. Res. ( Thessalonike,
Greece), 28, 18.



4244 Nucleic Acids Research, 2022, Vol. 50, No. 8

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Kasprzyk,R., Spiewla, T.J., Smietanski,M., Golojuch,S., Vangeel,L.,
de Jonghe,S., Jochmans,D., Neyts,J., Kowalska,J. and Jemielity,J.
(2021) Identification and evaluation of potential SARS-CoV-2
antiviral agents targeting mRNA cap guanine N7-methyltransferase.
Antiviral Res., 193, 105142,

Kousar,K., Majeed,A., Yasmin,F., Hussain,W. and Rasool,N. (2020)
Phytochemicals from selective plants have promising potential
against SARS-CoV-2: investigation and corroboration through
molecular docking, MD simulations, and quantum computations.
Biomed. Res. Int., 2020, 6237160.

Dutta,M. and Iype,E. (2021) Peptide inhibitors against
SARS-CoV-2 2'-O-methyltransferase involved in RNA capping: a
computational approach. Biochem. Biophys. Rep., 27, 101069.
Khan,R.J, Jha,R.K., Amera,G.M., Jain,M., Singh,E., Pathak,A.,
Singh,R.P., Muthukumaran,J. and Singh,A.K. (2021) Targeting
SARS-CoV-2: a systematic drug repurposing approach to identify
promising inhibitors against 3C-like proteinase and 2’-O-ribose
methyltransferase. J. Biomol. Struct. Dyn., 39, 2679-2692.
Tazikeh-Lemeski,E., Moradi,S., Raoufi,R., Shahlaei,M.,
Janlou,M.A.M. and Zolghadri,S. (2021) Targeting SARS-COV-2
non-structural protein 16: a virtual drug repurposing study. J.
Biomol. Struct. Dyn., 39, 4633-4646.

Rasool,N., Yasmin,F., Sahai,S., Hussain,W., Inam,H. and
Arshad,A. (2021) Biological perspective of thiazolide derivatives
against mpro and MTase of SARS-CoV-2: molecular docking, DFT
and MD simulation investigations. Chem. Phys. Lett., 771, 138463.
Aldahham,B.J.M., Al-Khafaji,K., Saleh,M.Y., Abdelhakem,A.M.,
Alanazi,A.M. and Islam,M.A. (2020) Identification of
naphthyridine and quinoline derivatives as potential nsp16-nsp10
inhibitors: a pharmacoinformatics study. J. Biomol. Struct. Dyn.,
https://doi.org/10.1080/07391102.2020.1851305.

Sharma,K., Morla,S., Goyal,A. and Kumar,S. (2020)
Computational guided drug repurposing for targeting 2'-O-ribose
methyltransferase of SARS-CoV-2. Life Sci., 259, 118169.

Q Almeida-Neto,F.W., Castro Matos,M.G., Marinho,E.M.,
Marinho,M.M., Réseo Paula Pessoa Bezerra de Menezes,R.,
Sampaio, T.L., Bandeira,P.N., Celedonio Fernandes,C.F., Magno
Rodrigues Teixeira,A., Marinho,E.S. et al. (2021) In silico study of
the potential interactions of 4’-acetamidechalcones with protein
targets in SARS-CoV-2. Biochem. Biophys. Res. Commun., 537,
71-77.

Singh,R., Bhardwaj,V.K., Sharma,J., Purohit,R. and Kumar,S.
(2021) In-silico evaluation of bioactive compounds from tea as
potential SARS-CoV-2 nonstructural protein 16 inhibitors. J.
Tradit. Complem. Med., 12, 35-43.

Maurya,A.K. and Mishra,N. (2021) In silico validation of coumarin
derivatives as potential inhibitors against main protease,
NSP10/NSP16-Methyltransferase, phosphatase and
endoribonuclease of SARS CoV-2. J. Biomol. Struct. Dyn., 39,
7306-7321.

Vijayan,V., Pant,P., Vikram,N., Kaur,P., Singh,T.P., Sharma,S. and
Sharma,P. (2021) Identification of promising drug candidates
against NSP16 of SARS-CoV-2 through computational drug
repurposing study. J. Biomol. Struct. Dyn., 39, 6713-6727.

Liang,J., Pitsillou,E., Burbury,L., Hung,A. and Karagiannis,T.C.
(2021) In silico investigation of potential small molecule inhibitors
of the SARS-CoV-2 nsp10-nsp16 methyltransferase complex. Chem.
Phys. Lett., 774, 138618.

Kadioglu,O., Saeed,M., Greten,H.J. and Efferth,T. (2021)
Identification of novel compounds against three targets of SARS
cov-2 coronavirus by combined virtual screening and supervised
machine learning. Comput. Biol. Med., 133, 104359.

el Hassab,M.A., Ibrahim,T.M., Al-Rashood,S.T., Alharbi,A.,
Eskandrani,R.O. and Eldehna,W.M. (2021) In silico identification of
novel SARS-COV-2 2'-O-methyltransferase (nsp16) inhibitors:
structure-based virtual screening, molecular dynamics simulation
and MM-PBSA approaches. J. Enzyme Inhib. Med. Chem., 36,
727-736.

Chandra,A., Chaudhary,M., Qamar,I., Singh,N. and Nain,V. (2021)
In silico identification and validation of natural antiviral
compounds as potential inhibitors of SARS-CoV-2
methyltransferase. J. Biomol. Struct. Dyn., 1-11.

Jiang,Y., Liu,L., Manning,M., Bonahoom,M., Lotvola,A., Yang,Z.
and Yang,Z.-Q. (2020) Structural analysis, virtual screening and

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

molecular simulation to identify potential inhibitors targeting
2'-O-ribose methyltransferase of SARS-CoV-2 coronavirus. J.
Biomol. Struct. Dyn., 40, 1331-1346.

Maurya,S.K., Maurya,A.K., Mishra,N. and Siddique,H.R. (2020)
Virtual screening, ADME/T, and binding free energy analysis of
anti-viral, anti-protease, and anti-infectious compounds against
NSP10/NSP16 methyltransferase and main protease of SARS
CoV-2. J. Recept. Signal Transduct. Res., 40, 605-612.
Omotuyi,I.O., Nash,O., Ajiboye,B.O., Olumekun,V.O.,
Oyinloye,B.E., Osuntokun,O.T., Olonisakin,A., Ajayi,A.O.,
Olusanya,O., Akomolafe,E.S. et al. (2021) Aframomum melegueta
secondary metabolites exhibit polypharmacology against
SARS-CoV-2 drug targets: in vitro validation of furin inhibition.
Phytother. Res., 35, 908-919.

Encinar,J.A. and Menendez,J.A. (2020) Potential drugs targeting
early innate immune evasion of SARS-Coronavirus 2 via
2'-O-Methylation of viral RNA. Viruses, 12, 525.

Mabhalapbutr,P., Kongtaworn,N. and Rungrotmongkol, T. (2020)
Structural insight into the recognition of
S-adenosyl-L-homocysteine and sinefungin in SARS-CoV-2
nspl6/nspl0 RNA cap 2'-O-Methyltransferase. Comput. Struct.
Biotechnol. J., 18, 2757-2765.

Jaan,S., Waheed,S., Bashir,S., Javed,M.S., Amjad,A., Nishan,U.,
Nawaz,H. and Shah,M. (2021) Virtual screening and molecular
docking of FDA approved antiviral drugs for the identification of
potential inhibitors of SARS-CoV-2 RNA-MTase protein. Int. J.
Adv. Biol. Biomed. Res., 9, 105-118.

Saliu, T.P., Umar,H.I., Ogunsile,0.J., Okpara,M.O., Yanaka,N. and
Elekofehinti,O.0. (2021) Molecular docking and pharmacokinetic
studies of phytocompounds from nigerian medicinal plants as
promising inhibitory agents against SARS-CoV-2 methyltransferase
(nspl6). J. Genet. Eng. Biotechnol., 19, 172.

Malik,A., Kohli,M., Jacob,N.A., Kayal,A., Raj,T.K., Kulkarni,N.
and Chandramohan,V. (2021) In silico screening of phytochemical
compounds and FDA drugs as potential inhibitors for NSP16/10 5’
methyl transferase activity. J. Biomol. Struct. Dyn., 1-13.
Kumar,M., Roy,A., Rawat,R.S., Alok,A., Tetala, K.K.R.,
Biswas,N.R., Kaur,P. and Kumar,S. (2021) Identification and
structural studies of natural inhibitors against SARS-CoV-2 viral
RNA methyltransferase (NSP16). J. Biomol. Struct. Dyn., 1-11.
Alzahrani,A.Y., Shaaban,M .M., Elwakil,B.H., Hamed,M.T.,
Rezki,N., Aouad,M.R., Zakaria,M.A. and Hagar,M. (2021)
Anti-COVID-19 activity of some benzofused 1, 2,
3-triazolesulfonamide hybrids using in silico and in vitro analyses.
Chemom. Intell. Lab. Syst., 217, 104421.

Khalili Yazdi,A., Li,F.,, Devkota,K., Perveen,S., Ghiabi,P.,
Hajian,T., Bolotokova,A. and Vedadi,M. (2021) A high-throughput
radioactivity-based assay for screening SARS-CoV-2 nsp10-nspl6
complex. SLAS Discov.: Adv. Life Sci. R&D, 26, 757-765.
Perveen,S., Khalili Yazdi,A., Devkota,K., Li,F., Ghiabi,P.,
Hajian,T., Loppnau,P., Bolotokova,A. and Vedadi,M. (2021) A
high-throughput RNA displacement assay for screening
SARS-CoV-2 nspl0-nspl6 complex toward developing therapeutics
for COVID-19. SLAS Discov.: Adv. Life Sci. R&D, 26, 620-627.
Bullard-Feibelman,K.M., Fuller,B.P. and Geiss,B.J. (2016) A
sensitive and robust high-throughput screening assay for inhibitors
of the chikungunya virus nsP1 capping enzyme. PLoS One, 11,
e0158923.

Kovacikova,K., Morren,B.M., Tas,A., Albulescu,I.C., van
Rijswijk,R., Jarhad,D.B., Shin,Y.S., Jang,M.H., Kim,G., Lee,H.W.
et al. (2020) 6’-B-Fluoro-Homoaristeromycin and
6'-Fluoro-Homoneplanocin a are potent inhibitors of chikungunya
virus replication through their direct effect on viral nonstructural
protein 1. Antimicrob. Agents Chemother., 64, €02532-19.
Kristina,K., Marina,G.G., Rhian,J., Juan,R., Alba,G.,
Maria-Jests,P.-P., Gerhard,P, Julia,M., Thierry,L., Shin,J.L. et al.
(2021) Structural insights into the mechanisms of action of
functionally distinct classes of chikungunya virus nonstructural
protein 1 inhibitors. Antimicrob. Agents Chemother., 65, €02566-20.
Mudgal,R., Mahajan,S. and Tomar,S. (2020) Inhibition of
chikungunya virus by an adenosine analog targeting the
SAM-dependent nsP1 methyltransferase. FEBS Lett., 594, 678-694.


https://doi.org/10.1080/07391102.2020.1851305

Nucleic Acids Research, 2022, Vol. 50, No. 8 4245

371. Kaur,R., Mudgal,R., Narwal,M. and Tomar,S. (2018) Development 373. Abdelnabi,R., Kovacikova,K., Moesslacher,J., Donckers,K.,

of an ELISA assay for screening inhibitors against divalent metal Battisti, V., Leyssen,P., Langer,T., Puerstinger,G., Quérat,G., Li,C.
ion dependent alphavirus capping enzyme. Virus Res., 256, 209-218. et al. (2020) Novel class of chikungunya virus small molecule

372. Feibelman,K.M., Fuller,B.P, Li,L., LaBarbera,D. and Geiss,B.J. inhibitors that targets the viral capping machinery. Antimicrob.
(2018) Identification of small molecule inhibitors of the chikungunya Agents Chemother., 64, €00649-20.

virus nsP1 RNA capping enzyme. Antiviral Res., 154, 124-131.



