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Very Important Paper

Bisubstrate Strategies to Target Methyltransferases
Rostom Ahmed-Belkacem,*[a] Françoise Debart,[a] and Jean-Jacques Vasseur*[a]

Bisubstrate strategies address the lack of specificity encoun-
tered with S-adenosyl-L-methionine (SAM) analogues targeting
methyltransferases (MTases). Specifically, a bisubstrate inhibitor
mimics the transition state complex associating a substrate and
the SAM methyl group donor to a particular methyltransferase.
These potential inhibitors contain both parts of the substrate

and the methyl group donor. In this review, bisubstrate
inhibitors of several MTases including DNA, RNA, protein,
catechol or nicotinamide MTases are discussed in order to
evaluate the interest of these promising molecules for the
development of selective therapeutics against cancers, neuro-
psychiatric disorders and viral infections.

1. Introduction

Methyltransferases (MTases) that methylate DNA, RNA, proteins,
carbohydrates and small molecule metabolites play key roles in
biological processes such as epigenetic, epitranscriptomic, as
well as in a variety of human diseases, including neuro-
degenerative, cardiovascular, and cancer diseases, as well as
viral and parasitic diseases.[1] Regardless of biochemical sub-
strates, most MTases use S-adenosyl-L-methionine (SAM) as a
cofactor to methylate them. MTases harbor two pockets: a SAM-
binding pocket and a substrate-binding pocket.[2] During meth-
ylation, SAM and substrate are close enough into their
respective recognition sites in the MTase to allow transfer of
the methyl group from the SAM to the substrate, resulting in a
high-energy transition state. This unstable transition state lasts
only few femtoseconds and evolves spontaneously to a lower
energy state where the methylated substrate is released from
the MTase.

SAM analogues such as sinefungin and S-adenosyl-L-
homocysteine (SAH) are non-specific pan-MTase inhibitors due
to the similarity of the SAM binding pocket of these enzymes.[3]

The bisubstrate strategy could circumvent this lack of specificity
because bisubstrate inhibitors, which mimic the transition state
of substrate methylation by SAM, simultaneously target both
MTase pockets. Therefore, bisubstrate inhibitors may have
increased selectivity compared to compounds targeting only
the SAM binding pocket. This is because these compounds are
designed to interact specifically with the MTase of interest
because they lack the structural element required to interact
with other MTases. Another advantage of the bisubstrate
strategy is that, unlike a ligand that targets only one MTase site,
bisubstrate analogues targeting two sites at the same time
result in increased affinity. This advantage is due to a reduced
energy cost to assemble both the bisubstrate inhibitor and
MTase in a binary system compared to the less entropic ternary

complex bringing together SAM, substrate and MTase. The
higher specificity and affinity for their targets make bisubstrate
inhibitors more effective in targeting MTases.

Structurally, a bisubstrate analogue is constructed with a
chemical unit mimicking SAM covalently linked to another unit
simulating the methylated substrate (Figure 1).[4] The linkage
between the two parts of the bisubstrate molecule carries at
least one carbon atom representing the methyl group of SAM.
By modifying the length of the linker between both units or by
inserting other chemical motifs, chemists are able to design
various bisubstrate structures.

This bisubstrate strategy has shown particular interest in the
inhibition of methyltransferases involved in the development of
many diseases and viral infections. Several examples will be
presented in this review.

2. Bisubstrate Inhibitors Designed for Targeting
DNA Methyltransferases (DNMTs)

Mutations, deletions or overexpression of genes encoding the
DNMTs could give rise to specified cancers.[5] These genetic
incidents result in methylation defects provided by DNMTs in
epigenetic processes.

In 2001, Stephen J. Benkovic’s group pioneered the syn-
thesis and evaluation of bisubstrate inhibitors of DNA MTases,
in particular the cell cycle regulated DNA MTase (CcrM), a
methyltransferase involved in the survival of certain bacteria
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Part of the “Institute Feature IBMM” Special Collection. Figure 1. Mode of action of a bisubstrate inhibitor of MTases.
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such as Brucella abortus, Helicobacter pylori, and Haemophilus
influenza.[6] CcrM catalyzes the transfer of the methyl group
from SAM to the N6 site of a deoxyadenosine residue within the
recognition sequence GANTC. Thus, the group designed SAM
analogues where the N6 atom of the adenine base was
covalently linked to the homocysteine chain of SAM (Figure 2).[7]

Of four compounds, nucleotide 1 inhibited both Brucella
abortus and Caulobacter crescentus CcrMs with a Ki in the
micromolar range. Furthermore, this bisubstrate strategy
proved to be efficient as nucleotide 1 did not inhibit bacterial
C5 cytosine DNA MTase (HhaI) whereas sinefungin inhibited
CcrM and HhaI in the same order of magnitude.

In 2018, Paola B. Arimondo’s group[8] reported the synthesis
of bisubstrate inhibitors mimicking the transition state of DNA
methylation at the C5 position of 2’-deoxycytidine to target
DNMTs involved in the formation of certain cancers.[9] The
reaction mechanism in C5-MTases begins with the nucleophilic
addition of a cysteine placed in the active site to the C6 atom
of the cytosine ring (Figure 3). Methyl transfer from the SAM
cofactor to the C5 position takes place and the excess H5
proton is extracted by β-elimination, resulting in the methylated
DNA released from the enzyme.[10] To increase the chemical
stability of the bisubstrate inhibitors, the sulfur atom of SAM
was replaced by a nitrogen atom (compounds 2–3) or even
deleted (compound 4) and the SAM analogue was attached to
the C5 position of a cytosine by a methylene linkage. The
length and/or the position of the spacer between the SAM
analogue (in green) and the cytosine derivative (in blue) were
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Figure 2. Transition state of internal 2’-deoxyadenosine N6-methylation by a
DNMT and bisubstrate SAM analogue 1 developed by Stephen J. Benkovic
and co-workers.[7]

Figure 3. Transition state of the methylation of 2’-deoxycytidine in DNA by
DNMT and bisubstrate inhibitors 2–4 developed by Arimondo and co-
workers.[8]
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then changed to lead to several transition state analogues 2–4
(Figure 3).

However, unexpectedly none of these bisubstrate nucleo-
sides 2–4 showed inhibitory activity on DNMTs. These SAM
analogues were then tested on several viral and human RNA
MTases (RNMTs) displaying structural similarities with the
initially targeted DNMTs. Among the eight RNMTs tested, only
the human N7-methyltransferase hRNMT was inhibited.[11] This
enzyme is involved in the methylation of the N7 position of the
cap-guanosine in messenger RNAs (mRNA). More surprisingly,
by expanding the range of methyltransferases tested, several
analogues were identified as good inhibitors of protein arginine
methyltransferases (PRMTs) with IC50 in the micromolar range
(see section 4).

In another study, Arimondo and co-workers developed non-
nucleoside analogues as bisubstrate inhibitors of DNMT3A and
DNMT1 in cancer cells. The adenosine of SAM was replaced by a
base mimic: aminoquinazoline, 2’-deoxycytidine was changed
by different quinoline groups and several linkers were inves-
tigated (Figure 4).[12] The most potent inhibitors induced
demethylation of the CDKN2A promoter in HCT116 colon
carcinoma cells. In addition, these quinoline-quinazoline con-
jugates were found to be potent growth inhibitors of all asexual
blood stages of Plasmodium falciparum and reduce DNA meth-
ylation in Plasmodium. The main advantage is the ability of
these bisubstrate inhibitors of DNA methylation to kill multi-
drug-resistant P. falciparum at the nanomolar level (with an IC50

of 60 nM�14 and a selectivity index of 42 for the best
compound 5 against human HepG2 cells), including artemisi-
nin-resistant strains (Figure 4).[13]

3. Bisubstrate Inhibitors Designed for Targeting
RNA Methyltransferases (RNMTs)

3.1. Targeting 2’O-RNA MTases

Viral RNA methyltransferases play a crucial role in catalyzing the
methylation of the mRNA cap structure. This cap structure at
the 5’-end of mRNAs is essential for translation into proteins.
Viral mRNAs are primarily methylated at the nitrogen N7-
position of cap-guanosine and at the 2’-O-position of the first
nucleotide of the mRNA (adenosine or guanosine). These
methylations are essential for RNA stability, protection against
innate immune system and stimulation of translation into viral

proteins. Small-molecule inhibitors of RNA MTases, such as SAM
analogues, have already been described, but they show
insufficient selectivity due to the high homology of the SAM
binding domain of different RNA MTases.[14]

To overcome this lack of selectivity, our group recently
reported the synthesis of bisubstrate nucleoside analogues 6–8
as potential inhibitors of 2’O-MTases by mimicking the
transition state of 2’O-methylation of RNA with each substrate
(Figure 5). Several dinucleosides were designed with an adeno-
sine in place of the SAM adenosine, linked to the 2’-OH of an
adenosine unit via linkers of different sizes containing various
heteroatoms (S,[15] N[16]), groups of atoms, and even the amino
acid side chain of SAM.

Surprisingly, none of the dinucleosides inhibited 2’O-
MTases, including NS5 (Dengue), nsp10/nsp16 (SARS-CoV) and
VP39 (vaccinia). Unexpectedly, inhibition of the SARS-CoV N7-
MTase nsp14 by certain dinucleosides bearing a benzenesulfo-
namide moiety in the linker was observed with an IC50 in the
micromolar and submicromolar range (Figure 6). This inhibition
was highly specific because human N7-methyltransferase
hRNMT and other viral MTases were nearly unaffected. In fact,
these dinucleosides appear to act as bisubstrate inhibitors, as
molecular docking experiments show that the phenyl ring of
nitrobenzenesulfonamide moiety occupies the cap binding
pocket and establishes π-π stacking interactions with Phe426 of
the viral enzyme that naturally stacks the guanosine of the viral
mRNA cap-structure.[17] Among a small library of synthesized
dinucleosides, dinucleoside 9 containing a 4-chloro-3-nitro-
benzenesulfonamide moiety displayed the best inhibitory
activity with an IC50 of 0.6 μM (Figure 6). Thermal shift assay

Figure 4. Quinoline–quinazoline derivative 5 as bisubstrate DNMTs
inhibitor.[12]

Figure 5. Design of adenine dinucleosides 6–8 as potential bisubstrate
inhibitors of RNA 2’O-MTases.[15,16]

Figure 6. Transition state of N7-methylation of mRNA cap structure by SAM
and structure of adenine dinucleoside 9 as inhibitor of SARS-CoV N7-MTase
nsp14.[16]
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experiments to determine affinity with the protein confirmed
the value of this new class of bisubstrate inhibitors, as they
stabilized the SARS-CoV nsp14 protein better than sinefungin,
and for some, better than the natural SAM cofactor. Given that
the overall amino acid sequence of the SARS-CoV-2 nsp14
protein has 95.1% identity and 99.1% similarity to the SARS-
CoV nsp14 sequence,[18] this work paves the way for the
development of a new class of SARS-CoV-2 inhibitors to fight
the Covid-19 pandemic and future coronaviruses.

3.2. Targeting N7-RNA MTases

In 1986, Rottman and co-workers used the bisubstrate strategy
to specifically target the Vaccinia virus N7-MTase by synthesiz-
ing a dinucleoside analogue mimicking the transition state of
N7-guanine methylation of capped mRNA by SAM where the
sulfur atom is linked to the N7 position of guanine.[19] To avoid
the formation of a quaternary nitrogen atom therefore a
positive charge responsible for the chemical instability of the
cap structure, the N7 nitrogen atom of guanine was replaced by
a carbon atom (Figure 7). A series of bisubstrate compounds
were then developed by chemically modifying the
pyrrolo[2,3d]pyrimidine moieties. The target compound 10 (R=

NH2) could not be obtained despite several attempts, however
its structurally related derivative 11 (R=H) was synthesized.
Compound 11 showed no inhibitory activity, which is surprising
giving its structural similarity to the transition state. In contrast,
the C-6 substituted pyrrolo[2,3-d]pyrimidino derivative 12
described in Figure 7 was able to inhibit 81% of capped mRNA
methylation at a concentration of 100 μM (IC50 =93 μM).

Remarkably, this inhibitor showed interesting substrate selectiv-
ity against the RNA guanine N7-MTase compared with two
other SAM-dependent N-MTases: phenylethanolamine-N-meth-
yltransferase (PNMT) and indole-N-methyltransferase (INMT).

In response to the recent SARS-CoV-2 pandemic, M. Vedadi
and co-workers screened a library of 161 in-house synthesized
SAM analogues in order to discover small-molecule inhibitors of
the SARS-CoV-2 N7-MTase nsp14.[20] Among the 161 com-
pounds, they identified DS0464 (13) as a good and selective
bisubstrate inhibitor of SARS-CoV-2 nsp14 (IC50 =1.1�0.2 μM),
as it barely affected 28 out of 33 human RNA, DNA and protein
MTases (Figure 7). This study can be used as a relevant starting
point for the development of selective therapeutics against
coronaviruses. Indeed, molecular docking experiments revealed
that the bisubstrate inhibitor 13 competes with both SAM and
mRNA within the enzyme: while the adenosine moiety overlays
with the SAM structure, the phenyl-ethyl-urea moiety overlays
with the guanosine of the mRNA cap structure and interacts
with the surrounding residues.

3.3. Targeting N6A-RNA MTases

Certain RNA methyltransferases catalyze the transfer of the
methyl group from the SAM to the N6 position of adenosine
residues in the internal sequences of RNAs (including messen-
ger, ribosomal and transfer RNAs). In fact, methylation of
adenosine to N6-methyladenosine (m6 A) is the most common
internal RNA modification in eukaryotes, bacteria and viruses.[21]

For example, in Escherichia coli, the m6 A modification at
position 2030 of rRNA results in improved nucleic acid
stability.[22] In 2018, Etheve-Quelquejeu and co-workers de-
scribed the synthesis of dinucleosides mimicking the transition
state of this N6-methylation.[23] These dinucleosides are con-
structed such that the 5’ position of the adenosine-mimicking
SAM is connected to the N6 position of the adenosine-
mimicking mRNA. In these compounds, the 5’ sulfur atom of
the SAM has been replaced with a nitrogen atom to anchor the
α-amino acid chain of the SAM for greater similarity (Figure 8).

The synthesized dinucleosides were evaluated against
several human RNA methyltransferases (METTL3/METT14 and
METTL16) and Ribosomal RNA large subunit MTase J (RlmJ) in E.
Coli.[24] Two dinucleosides 14 and 15 bind to the RlmJ active site
with micromolar affinity (Kd=25 μM and 30 μM, respectively).

Figure 7. Bisubstrate inhibitor 12 developed by Rottman and co-workers to
inhibit Vaccinia virus N7-MTase[19] and DS0464 13, a selective bisubstrate
inhibitor of SARS-CoV-2 N7-MTase nsp14 developed by M. Vedadi and co-
workers.[20]

Figure 8. Transition state of adenosine N6-methylation in mRNA by a RNMT and bisubstrate dinucleosides 14–15 developed by Etheve-Quelquejeu and co-
workers.[23]
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However, these bisubstrate analogues were not shown to be
specific to RlmJ using differential scanning fluorimetry since
they were also found to be good ligands for an N1 A-tRNA
methyltransferase (TrmK). Nevertheless, these starting scaffolds
will be useful for developing future inhibitors against N6A-RNA
MTases.

3.4. Targeting N1A-RNA MTases

As an extension of their previous work on bisubstrate analogues
targeting N6A-RNA MTases (Figure 8), the same group de-
scribed in 2020 the synthesis of novel SAM-adenosine con-

jugates 16–19 mimicking the transition state of N1-methylation
of adenosine residues.[25] In these bisubstrate analogues, a 1,2,3-
triazole ring was introduced by a copper(I)-catalyzed alkyne-
azide cycloaddition (CuAAC) to connect the two adenosines,
the RNA substrate mimic at the N1-position (in blue) and the
SAM analogue (in green) (Figure 9). These dinucleosides could
be used as tools for structural studies on RNA N1-meth-
yltransferases.

4. Bisubstrate Inhibitors Targeting Arginine
N-Methyltransferases (PRMTs)

Arginine methylation is an important process involved in
several cellular mechanisms such as transcription, RNA splicing,
translation of mRNAs into proteins and even DNA repair.
However, overexpression of genes encoding PRMTs can lead to
cancer formation.[26] Thus, these MTases have been investigated
by several laboratories for the development of cancer treat-
ments.

As mentioned in section 2, SAM analogues 20–21 devel-
oped by Arimondo and co-workers and designed to target
DNMTs ultimately showed inhibitions of PRMT4 (also known as
CARM1) (Figure 10).[8] Structural elucidations showed that
cytosine occupies the arginine binding pocket, which may
provide an explanation for this unexpected result.

More rationally, Martin and co-workers synthesized bisub-
strate analogues that mimic the transition state of arginine
methylation in peptides by the SAM cofactor.[27] These ana-
logues were designed to occupy both the SAM binding pocket
and the arginine-bearing peptide substrate recognition site, in
the MTase protein (Figure 11). This pocket is surrounded by a
few glutamic acid residues, which are highly conserved in the
eleven PRMTs identified in humans and important for guanidine
binding. The bisubstrate compounds were tested against
several PRMTs and lysine methyltransferase G9a to assess their

Figure 9. Transition state of adenosine N1-methylation and bisubstrate
inhibitors 16–19 developed by Etheve-Quelquejeu and co-workers.[25]

Figure 10. Bisubstrate PRMTs inhibitors 20–21 developed by Arimondo and
co-workers.[8]

Figure 11. Reaction mechanism of the arginine methylation and bisubstrate PRMT4 inhibitors 22–29 developed in Martin’s group.[27,29]
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specificity. While compounds 22–24 were barely active against
PRMT4, compounds 25–27 showed submicromolar inhibitory
activities, which has been identified as the cause of some forms
of cancer such as colorectal and prostate cancers.[28]

Interestingly, the bisubstrate inhibitors exhibited significant
PRMT / G9a specificity as their IC50 towards G9a was greater
than 50 μM. In comparison, SAH inhibited both PRMT4 (IC50 =

0.8 μM) and G9a (IC50 =16.6 μM) in the same range. Although
these compounds did not display any inhibitory effect on
cancer cell proliferation, they may serve as starting building
blocks for the development of more specific bisubstrate
analogues for PRMT inhibition.

In continuation of this work, the same group reported the
synthesis and evaluation of bisubstrate inhibitors 28–29 where
the adenosine scaffold was linked to an arginine residue located
in a short peptide sequence.[29] Also designed to target CARM1,
some of these nucleoside-peptide hybrid compounds showed
potent inhibitions with IC50 in the low nanomolar range (IC50<

100 nM) while affecting 50- to 200-fold less PRMT1 activity
(Figure 11).

Ward and co-workers also developed bisubstrate analogues
to target PRMTs.[30] By replacing the sulfur atom of SAM with a
nitrogen atom, they synthesized several compounds in which
the nitrogen atom was substituted with both a guanidine
moiety and the SAM amino acid chain (Figure 12). Three of
them, compounds 30–32 bearing guanidine attached by 3-, 4-
and 5-carbon alkyl linkers showed micromolar inhibitory
activities against PRMT1 (IC50 between 2.9 μM and 6.2 μM), and
they barely inhibit the SET-domain lysine methyltransferase
(SET7) (IC50>50 μM), indicating a good discrimination between
these proteins.

The same authors extended the original set of PRMT1
inhibitors by replacing the guanidine with a primary amine or
an aryl guanidine or they changed the SAM amino acid chain to
a propyl chain terminated by a carboxylic acid, an amine or a
guanidine group.[31] With the exception of the compound
bearing two N-propyl chains terminated by a carboxylic acid or
a guanidine group, all synthesized nucleoside analogues
inhibited PRMT1 with similar micromolar IC50 values. However,
some of them with an amine and a guanidine via the propyl
linker, or a symmetrical bis-amine, or a symmetrical bis-
guanidine inhibited PRMT4 (also known as CARM1 cofactor-
associated arginine methyltransferase) with the same efficiency.

In contrast, none of these compounds had inhibitory activity on
SET7.

Recently, Dreveny and co-workers developed novel bisub-
strate inhibitors where the carboxylate group of the amino acid
chain was removed.[32] In some compounds, the guanidine
moiety was replaced by 2-aminopyridine and 2-aminopyrimi-
dine scaffolds to decrease polarity and validate a new isosteric
approach (Figure 12). In addition, the number of linker carbon
atoms was set to three based on preliminary inhibition results.
The inhibition data showed on the one hand, with compounds
33–35, that the carboxylate group provided a slight increase in
PRMT1 inhibition and on the other hand, with compounds 37–
39, that the aromatic motifs were less effective than the original
guanidine motif. Nevertheless, it should be noted that 2-
aminopyridine and 2-aminopyrimidine scaffolds are more
beneficial modifications for CARM1 inhibition than PRMT1
(Figure 12).

Finally, in 2020, Huang and co-workers reported the syn-
thesis of bisubstrate inhibitors of PRMTs where the SAH moiety
was linked to an arginine motif, carrying various peptide
sequences to explore the effect of the substrate peptide moiety
on inhibition (Figure 13).[33] More interestingly, their best
compound 40 did not affect the activity of various other
methyltransferases including N-terminal methyltransferases
(NTMTs), histone methyltransferases (HMTs) and DNMTs. Un-
fortunately, these compounds have shown poor cell penetra-
tion. Thus, in 2021, to improve cell permeability, Huang R. and
co-workers developed new nucleoside analogues with peptide
sequences replaced by various alkyl/aryl groups increasing
lipophilicity.[34] This novel series resulted in the pan-PRMTs
inhibitor 41 with an IC50 in the nanomolar range and specificity
towards other MTases (Figure 13).

Figure 12. Bisubstrate PRMT1 inhibitors described by Ward and co-workers[30] (30–32) and by Dreveny and co-workers[32] (33–39).

Figure 13. Bisubstrate PRMTs inhibitors 40–41 developed in Huang’s
group.[33,34]
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5. Bisubstrate Inhibitors Designed for Targeting
N-Terminal Methyltransferase NTMT1

Using SAM as a methyl donor, certain α-N-terminal amines of
proteins undergo methylation catalyzed by the protein N-
terminal methyltransferase (NTMT1). Specifically, NTMT1 recog-
nizes and methylates proteins that possess a canonical X-Pro-
Lys motif (X=Ala, Gly, Pro, or Ser) at the N-terminus. Although
they play an important role in the regulation of mitosis and
DNA repair, their overexpression in various tissues of cancer
patients, including malignant melanoma, as well as colorectal
and brain cancers, make them attractive targets for the
development of potent and selective anticancer therapies.

Over the past five years, Huang and co-workers have
developed several bisubstrate inhibitors designed to specifically
interact with NTMT1. Structurally, these compounds are con-
structed such that a SAM analogue is covalently linked to a
short peptide. In 2015, they reported the synthesis and
evaluation of NAH (N-adenosylhomocysteine) bisubstrate ana-
logues where the peptide was attached to the nucleoside
scaffold via a triazole ring using CuAAC conditions (Fig-
ure 14).[35]

For the first time, a specific inhibition of NTMT1 was noticed.
Indeed, NAH-TZ-SPKRIA 42 was found to be a potent inhibitor
with an IC50 of 0.81�0.13 μM (fluorescence assay) without
affecting the lysine methyltransferase G9a and the arginine
methyltransferase PRMT1. To assess the importance of the
bisubstrate structure, both NAH-TZ 43 and TZ-SPKRIA 44
monosubstrates were tested as control compounds for their
ability to inhibit NTMT1 and finally showed no detectable

inhibition at 100 μM, thus supporting the bisubstrate approach
for the development of effective inhibitors (Figure 14).

One year later, the same group reported the synthesis of
NAH-TZ-SPKRIA analogues where the triazole (TZ) ring was
replaced by a propyl chain (C3) in the linker (Figure 15).[36]

Moreover, the peptide sequence was modified and starts with a
Gly residue instead of a Ser residue. A fluorescence-based assay
showed that the NAH� C3-GPRRRS analogue inhibited NTMT1
with an IC50 of 0.94�0.16 μM in a range similar to inhibition by
NAH-TZ-SPKRIA. In 2019, the synthesis of a modified analogue
of NAH� C3-GPRRRS was described with a Pro residue replacing
the N-terminal Gly residue of the peptide.[37] Indeed, the peptide
substrate starting with Pro showed the highest binding affinity
among all peptide substrates tested in a recent study.[38] In this
study, three bisubstrate inhibitors 45–47 were synthesized:
NAH� C3-PPRRRS, NAH� C3-PPKRIA[37] and NAH� C3-PPKR.

Of the three compounds, NAH� C3-PPRRRS 46 exhibited a
two-fold higher inhibition with an IC50 of 485�74 nM against
NTMT1 compared to NAH� C3-GPRRRS 45 previously described
by Zhang and Huang.[37] This result supports the relevance of a
Pro residue at the N-terminus of the peptide.[38] Nevertheless,
the bisubstrate NAH� C3-PPKRIA 47 was the best inhibitor with
an IC50 of 158�20 nM. Its selectivity profile is noteworthy as the
activity of other methyltransferases were not affected (IC50 >10
– 100 μM) including the protein lysine methyltransferases
PKMTs (G9a and SETD7), protein arginine methyltransferases
(PRMT1 and TbPRMT7) and nicotinamide N-methyltransferase
(NNMT).

In 2020, the synthesis of NAH� C4-GPKRIA, in which the
linker between the SAM analogue and the peptide was
extended with an additional carbon atom, was reported.[39] Gly
was chosen as the starting amino acid of the peptide due to its
synthetic versatility and, therefore, the synthesis strategy was
similar to that described previously.[36] Fluorescence-based assay
proved that NAH� C4-GPKRIA compound containing a 4-C linker
was 1.5-fold better inhibitor than NAH� C3-GPKRIA with a 3-C
linker (IC50 of 82�17 nM and 130�40 nM, respectively). The
selectivity of NAH� C4-GPKRIA was further examined and the
activity of other methyltransferases was not affected (IC50>33–
100 μM).

Finally, in 2021, Huang’s group reported a chemoproteomic
study to evaluate the selectivity of NTMT1 bisubstrate inhibitors.
Thus, biotinylated NAH� Cn-GPK and NAH� Cn-GPKK compounds
(n=3 or 4) were synthesized.[40] Although inhibition was
confirmed for all substrates (5.0 nM<Ki <44 nM), the bisub-
strate NAH� C3-GPKK was found to inhibit HemK2/KMT9 meth-
yltransferase (a lysine and glutamine methyltransferase with the

Figure 14. Transition state of the methylation at N-terminus of proteins, first
generation of bisubstrate NTMT1 inhibitor 42 and control compounds 43–44
derived from the bisubstrate inhibitor NAH-TZ-SPKRIA 42.[35] Figure 15. Second generation of NTMT1 inhibitors 45–47.[37]
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cofactor Trm112) overexpressed in prostate cancer lines.[41]

Therefore, this compound remains a solid starting point for the
development of selective HemK2/KMT9 inhibitors. This last
result strongly validates the selectivity profile of NAH-peptide
analogues developed by several teams led by R. Huang, a
pioneer in this field.

6. Bisubstrate Inhibitors Designed for Targeting
Histone Lysine Methyltransferases (HKMTs)

Histone lysine methyltransferases (HKMTs) play an important
role in the regulation of gene expression. Recently, various
reports have suggested that HKMTs are involved in the
development of various diseases, including cancer.[42] In 2010,

Hirano reported the design and synthesis of bisubstrate
inhibitors 48–50 of the histone lysine methyltransferase SET7/
9.[43] As the crystal structure of SET7/9 revealed the presence of
an aromatic amino acid such as tyrosine surrounding the
substrate binding site, the secondary amine representing the
lysine was attached to various hydrophobic linkers (Figure 16).
An ethylene linker between the secondary amine and the 5’N
atom was chosen to best mimic the methyl group of SAM.
Similar inhibitory activity (at 100 μM) of SET7/9 to that of the
non-specific inhibitor sinefungin was observed, making these
compounds good starting points for the development of potent
and specific SET7/9 inhibitors.

7. Bisubstrate Inhibitors Designed for Targeting
Catechol-O-methyltransferase (COMT)

Catechols are compounds with a 1,2-dihydroxybenzene unit.
Adrenaline, norepinephrine and dopamine are among the best
known biological catechols. Dopamine is a neurotransmitter
that transfers information in the central nervous system.
However, its methylation by SAM-dependent catechol-O-meth-
yltransferase leads to its degradation which can cause Parkin-
son’s disease.[44] In 2003, Diederich and co-workers developed a
class of bisubstrate analogues that mimic the methylation
transition state of catechols (Figure 17).[45] The bisubstrate
inhibitors 51–55 were designed to occupy both the SAM
recognition site and the motif recognition site of catechol of
neurotransmitters. As nitro-substituted catechols have previ-

Figure 16. Transition state of the methylation of lysine-containing peptide
and bisubstrate inhibitors 48–50 of SET7/9 developed by Hirano and co-
workers.[43]

Figure 17. Transition state of the dopamine methylation and three series of bisubstrate COMT inhibitors 51–59 developed by Diederich and co-workers.[45,48,49]
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ously shown efficacy in COMT inhibition and two drugs with
such a motif (Comptan® and Tasmar®) are on the pharmaceut-
ical market, Diederich and co-workers have also developed
inhibitors with a nitro group in the catechol unit.[45]

It is noteworthy that the introduction of a rigidified olefinic
linker in 52 between the two parts of the substrate led to a
significant increase in inhibition (from 0.2 μM to 9 nM) due to a
reduction in entropy loss during binding for the constrained
analogue. However, it should be noted that Tasmar® has shown
significant liver toxicity limiting the use of this drug.[46] As it was
assumed that the nitro group of the catechol was responsible
for this toxicity,[47] Diederich’s group developed a 2nd series of
bisubstrate analogues, based on the structure of the best
inhibitor of the 1st series, where the nitro group was replaced
by different substituents.[48] The three compounds described in
Figure 17 with replacements of the NO2 group by phenyl or
pyridyl rings in 56–58 led to IC50 values in the nanomolar range.
Compared to the initial compound 52 containing a nitro group
(IC50 =9 nM), the three most potent compounds showed
inhibitions of the same order of magnitude. This result
demonstrates that high inhibitory activity can be maintained
while removing the nitro group.

To evaluate the importance of the adenine motif in these
bisubstrate inhibitors, in 2011, Diederich and co-workers
developed a third series of compounds where the nucleobase
adenine was replaced by various aromatic heterocycles.[49]

Keeping the 4-fluorobenzene derivative that proved to be an
efficient substitute for the nitro group, a library of C6-modified
nucleoside analogues was obtained to finally identify the 6-
methylpurine analogue 59 with an IC50 of 6 nM, 5-fold better
than the reassessed IC50 of 31 nM for the adenine analogue 56
(Figure 17).

8. Bisubstrate Inhibitors Designed for Targeting
Nicotinamide N-Methyltransferase (NNMT)

Nicotinamide N-methyltransferase catalyzes the transfer of a
methyl group from SAM to N1 position of nicotinamide (also
called vitamin B3). In some individuals, the gene encoding this
protein is overexpressed, leading to overproduction of NNMT, a
phenomenon implicated in the development of certain diseases
such as cancer.[50] In 2017, Martin’s group described the
synthesis of bisubstrate inhibitors, mimicking the transition
state of nicotinamide methylation (Figure 18).[51] These ana-
logues are designed to occupy both the SAM and nicotinamide
binding sites. Among about 30 analogues synthesized, com-
pound 60 that respected the overall transition state structure
showed the best inhibitory activity towards NNMT. Later, in line
with this work, Jin and co-workers synthesized another
bisubstrate analogue 61 where the linker between SAM and
nicotinamide was lengthened by the addition of a methylene
(Figure 18).[52] Out of a total of 34 MTases (histone MTases, DNA
MTases, RNA MTases), compound 61 showed a significant
selectivity since only four of them were inhibited, including the
histone methyltransferase DOT1 L in the micromolar range.

In 2019, Martin and co-workers reported the evaluation of
novel bisubstrate NNMT inhibitors where the amino acid chain
was modified (62–63) and the nicotinamide motif was replaced
with other aromatic substituents (64–65) while keeping the
same methylene linker (Figure 18).[53] The SAM amino acid chain
seems to be crucial since compounds with modified amino acid
chains barely inhibited the NNMT (IC50>250 μM) while chang-
ing the nicotinamide motif with a naphthalene ring was more
convincing. Indeed, a 10-fold increase in inhibition was noticed.
These observations are partly justified by recent work describ-
ing bisubstrate inhibitors containing other amino acid chain
substitutions that did not show higher inhibition than the
parental compound.[54] Furthermore, this work identified a
bisubstrate inhibitor 64 with 381-fold (IC50 =3.7 nM) higher
inhibitory activity than the naphthalene-containing compound

Figure 18. Transition state of nicotinamide methylation and bisubstrate NNMT inhibitors respectively developed by Martin and co-workers[51,53] (60, 62–65)
and Jin and co-workers[52] (61).
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65 (IC50 =1.41 μM) (Figure 18), making it one of the most potent
NNMT inhibitors reported to date.[54]

In the same year, Huang and co-workers continued this
work by extending the linker between the 5’ nitrogen atom of
the nucleoside and the nicotinamide mimic.[55] This choice to
extend the linker by an additional carbon atom is supported by
the work of Shair who, based on the crystal structure of NNMT
bound to SAM and nicotinamide, showed a distance of 4 Å
between the methyl group of SAM and the N1 position of
nicotinamide.[56] Furthermore, as with the compounds devel-
oped by Diederich (cited above),[45] the linker was made more
rigid with an alkynyl linker, leading to compounds 66–68 with
high affinity with Ki ranging from submicromolar to nanomolar
(Figure 19). To evaluate the importance of the different parts of
the potent ligands, a deconstruction strategy was conducted
where control compounds lacking the nicotinamide motif (69),
the exact amino acid chain (70) or strictly the amino acid chain
(71) were synthesized (Figure 19). The most striking observa-
tions concern the absence of the nicotinamide motif for the 3-C
linker (700-fold reduced affinity for 69) and the absence of the
amino acid chain for the alkynyl linker (441-fold reduced affinity
for 71). In addition, a selectivity assay proved the ability of the
alkynyl linker-containing compound 68 to not affect other
methyltransferases, including PRMTs, lysine methyltransferases
and N-terminal methyltransferases at 100 μM, which strongly
supports the use of a bisubstrate strategy.

The alkynyl linker turned out to be interesting since at the
same time, Shair and co-workers reported the synthesis and
evaluation of bisubstrate NNMT inhibitors with the same
motif.[56] One of the main differences was the replacement of
the nitrogen atom with a CH at the 5’ position, which allowed
them to reduce the linker length between the nucleoside and
the nicotinamide scaffold. A 14-step synthesis strategy finally
led to the identification of a high affinity inhibitor 72

characterized by a Ki of 0.5 nM, making this compound the best
NNMT inhibitor (Figure 19). A library of approximately 30
control compounds was also obtained (structure not shown).
Although some showed affinities of the same order of
magnitude, none showed a stronger affinity. Again, these data
show the importance of nicotinamide, the purine motif, and the
amino acid chain for NNMT inhibition.

9. Bisubstrate Inhibitors Designed for Targeting
Phenylethanolamine N-Methyltransferase
(PNMT)

Phenylethanolamine N-methyltransferase (PNMT) catalyzes the
transfer of a methyl group from SAM to the primary amine of
norepinephrine to give epinephrine (also called adrenaline)
(Figure 20). Secreted during a moment of stress, it causes an
increase in heart rate and blood pressure. Thus, PNMT remains
a potential drug target for hypertension control.

In 2020, Schramm and co-workers reported the synthesis of
the first bisubstrate inhibitor 73 of PNMT, which showed a high
binding affinity to hPNMT (Ki =12.0 nM).[57] Structurally, the NAH
moiety was attached to the PNMT inhibitor SK&F 64139
(Figure 20), which showed specificity and permeability issues.
According to the crystal structure of hPNMT in complex with
SK&F 64139 and SAH (PDB: 1YZ3) supported by the SAM docked
structure, the linker between SK&F 64139 and NAH was
estimated to be three carbon atoms (Figure 20).

At the same time, Grunewald and co-workers also reported
the synthesis of bisubstrate PNMT inhibitors with low nanomolar
affinity.[58] Here, the amino acid chain was removed to retain the
sulfur atom of the SAM structure. A propylamino linker was first

Figure 19. Bisubstrate NNMT inhibitors 66–68 and control compounds 69–71 developed by Huang’s group[55] and NNMT inhibitor 72 developed by Shair and
co-workers.[56]
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added to at the 5’ end to obtain the desired compound 74
(Figure 20).

10. Bisubstrate Inhibitors Designed for
Targeting Mycolic Acid Methyltransferases
(MA-MTases)

MA-MTases are involved in the development of Mycobacterium
tuberculosis, the causative agent of tuberculosis and one of the
most widespread infectious diseases in the world. Indeed, MA-
MTases catalyze the transfer of a methyl group onto very long
chain α-alkylated β-hydroxylated fatty acids, major components
of the thick lipid-rich envelope of the genus Mycobacterium
(Figure 21).[59] In 2009, Mourey and co-workers highlighted S-
adenosyl-N-decyl-aminoethyl (SADAE) 75 as an effective inhib-
itor of MA-MTases (0.1 μM< IC50<1 μM) in contrast to the pan-
inhibitor SAH and sinefungin which showed no inhibition
against MA-MTases. Therefore, SADAE may represent a first step
towards the design of anti-tuberculosis therapeutics.

11. Conclusions and Outlook

Methyltransferases that play crucial roles in biological processes
are considered promising therapeutic targets for the treatment
of various human diseases. Most of them use SAM as the
methyl donor and many efforts have been made by research

groups to design bisubstrate MTase inhibitors. DNA, RNA,
proteins such as histones for example and smaller molecules
such as catechol or nicotinamide have been targeted by these
bisubstrate inhibitors. They are very promising as novel
therapeutics and valuable tools for biological studies of MTases.
Nevertheless, much remains to be investigated for their bio-
logical and biomedical applications. For this, cell membrane
permeability, stability, selectivity remain the main limitations
and challenges to overcome. In this review, more than 80% of
the design studies presented are consistent with the observed
enzymatic results, emphasizing that careful tuning of the
bisubstrate structure is generally worthwhile. However, system-
atic analysis and modeling studies of the bisubstrate in the
binding pockets of different MTases would further justify the
selectivity and without dispute, validate this strategy. Of note,
for less than 20% of the reported studies, the enzymatic results
contradicted the bisubstrate design performed prior to syn-
thesis. These results, although disappointing at first glance,
nonetheless suggest new prospects for the design of more
potent inhibitors, especially since the researchers would not
have discovered these structures if they had thoroughly copied
the substrate-SAM binding state during the methylation
reaction. In our opinion, solving the structures of MTases with
small selective inhibitors will provide the essential structural
information to determine their mechanism of action and
optimize these inhibitors. Co-crystallization of an MTase and the
SAM cofactor is often possible and the SAM binding site can
therefore be well characterized. In contrast, the substrate
binding site is less known due to the lower affinity of the
substrate for MTase and thus the challenge of crystallizing the
MTase-substrate complex. The bisubstrate approach would
increase the stability of the complex and consequently facilitate
its crystallization to allow structural studies. Methyltransferases
still have secrets to share and motivate the scientific community
to understand their structures and mechanisms. Moreover, all
the data described in this review may provide a new starting
point in the search for more effective and selective bisubstrate
compounds.

Figure 20. Transition state of norepinephrine methylation yielding epinephrine and bisubstrate inhibitors of hPNMT developed by Schramm and co-workers[57]

(73) and Grunewald and co-workers[58] (74).

Figure 21. Transition state of mycolic acid methylation and bisubstrate
inhibitor SADAE 75 developed by Mourey and co-workers.[59]
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