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a b s t r a c t

To identify novel non-nucleoside DNA methyltransferase (DNMT) inhibitors, we designed and synthe-
sized a series of maleimide derivatives. Among this series, compounds 5–8 were found to be more potent
DNMT1 inhibitors than RG108, a DNMT1 inhibitor reported previously by Siedlecki et al. The binding
mode analysis of compound 5 is also reported.

� 2009 Elsevier Ltd. All rights reserved.

DNA methylation at the 5-position of cytosine in CpG dinucleo-
tides is a pivotal mechanism for the epigenetic regulation of gene
expression. Hypermethylation occurs in the CpG-rich sequence,
the so-called CpG islands, where core promoters and transcription
initiation sites are located. The hypermethylation in the CpG is-
lands leads to the silencing of genes.1–3 CpG island-specific hyper-
methylation is a characteristic common to cancer cells. This causes
the silencing of tumor suppressor genes, such as p16INK4a and hu-
man mutL homologue 1, which are involved in the tumorigenic pro-
cess, including DNA repair, cell cycle regulation, and apoptosis.4–7

Therefore, DNA methylation inhibitors are regarded as potential
anticancer agents.8

DNA methylation is catalyzed by DNA methyltransferases
(DNMTs) using S-adenosyl-L-methionine (SAM) as the methyl do-
nor (Fig. 1). At present, four mammalian DNMTs, namely, DNMT1,9

DNMT2,10 DNMT3A, and DNMT3B,11 are known. Among these,
DNMT1 is regarded as the major contributor to DNMT activity
and a maintenance methyltransferase in human cells because it
shows preference for hemi-methylated DNA substances that are
methylated in one strand and unmethylated in the other. The pri-
mary function of DNMT1 may be the copying of methylation pat-
terns from the parent DNA strand to the newly replicated
daughter strand during the DNA replication process.12

The catalytic mechanism for the methylation of cytosine-5 has
been studied extensively.13–15 As depicted in Figure 2, a thiol of
the cysteine residue in the active site of DNMTs serves as a nucle-
ophile that attacks the 6-position of cytosine to generate a covalent
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Figure 1. DNA methylation at the 5-position of cytosine catalyzed by DNMT. SAH:
S-adenosyl-L-homocysteine.
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Figure 2. Proposed catalytic mechanism for the methylation of cytosine by DNMT.
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DNA-protein intermediate that possesses nucleophilic properties
at the 5-position. This reactive intermediate accepts a methyl
group from SAM to form the 5-methyl covalent adduct and S-aden-
osyl-L-homocysteine (SAH). Following the methyl transfer, the pro-
ton at the 5-position is abstracted by a basic residue in the active
site of the enzyme that is removed from the 6-position by b-elim-
ination to generate the methylated cytosine and the free enzyme.

To date, several DNMT inhibitors have been developed.16–20

Nucleoside analogues, such as 5-azacytidine 1, 5-fluoro-20-deoxy-
cytidine 2, and zebularine 3 (Fig. 3), are DNMT inhibitors that show
antiproliferative activity against cancer cells.16,21–23 However,
many nucleoside analogues have problems, such as severe toxicity,
which are probably associated with their incorporation into DNA.24

We therefore started a search for non-nucleoside DNMT inhibitors
from the point of view of drug discovery and the discovery of a tool
for biological research. In this letter, we report the design, synthe-
sis, inhibitory activity, and binding mode study of novel non-nucle-
oside DNMT inhibitors.

In designing novel non-nucleoside DNMT inhibitors, we focused
on the structure of RG108 4 (Fig. 3), a DNMT1 inhibitor reported
previously by Siedlecki et al.25 From a computational study, it
has been predicted that the carboxylate anion and the carbonyl
of the phthalimide form hydrogen bonds with Arg 1310 and Arg
1308, respectively, and the phthalimide group lies next to Cys
1226 in the active site of DNMT1 (Fig. 4a). Based on the structure
of the RG108/DNMT1 complex, we designed maleimide derivatives
5–13 (Fig. 5). Succinimide 14 (Fig. 5) was also designed as a refer-
ence compound. These analogues were expected to undergo conju-
gate addition from a thiol of Cys 1226 in the active site of DNMT1,
which would lead to DNMT1 inhibition (Fig. 4b).

A series of compounds modeled after RG108 were synthesized,
as shown in Schemes 1 and 2. Compounds 5–13 were synthesized
from corresponding maleic anhydrides 15a–d and amines 16a–d in
only one step via the route shown in Scheme 1. Heating maleic
anhydrides 15a–d and amines 16a–d in refluxing AcOH afforded
desired compounds 5–13. The hydrogenation of maleimide 5 using
Pd/C produced succinimide 14 (Scheme 2).

The compounds synthesized in this study were tested in an
in vitro assay using human DNMT1.26 The results are summarized
in Figure 6. In this enzyme assay, RG108 4 showed 34% inhibition
of DNMT1 activity at the concentration of 1000 lM. Compounds 5–
8, in which the phthalimide of RG108 4 is replaced with various
maleimides, exerted more potent DNMT1 inhibitory activity than
RG108 4. Among these, compound 5 was the most potent DNMT1
inhibitor, displaying over 60% inhibition even at 10 lM. Com-
pounds 9 and 10, in which the indole ring of 5 is replaced with a
phenyl ring and a hydrogen, respectively, resulted in less potent
inhibition, suggesting the importance of the indole ring. In addi-
tion, compounds 11–13 that had no carboxylic acid moiety tended
to show less potent inhibitory activity than corresponding carbox-
ylic acids 5–7. These results suggest that the interaction between
the carboxylate anion and Arg 1310 is responsible for the DNMT1
inhibitory activity. Compound 14, in which the maleimide of 5 is
replaced with a succinimide, was completely inactive. The reason for the loss of activity is unclear, although it seems reasonable to

assume that it is because compound 14 does not have an a,b-
unsaturated keto structure and cannot undergo addition from a
thiol of Cys 1226 in the active site of DNMT1.

To study the binding mode of compound 5 in the active site, we
calculated the lowest energy conformation of 5 when it has been
docked into the model based on the crystal structure of M.Hha
I,27 a DNA methyltransferase from Haemophilus haemolyticus, using
software packages Glide 3.5 and Macromodel 8.1.28 An inspection
of the complex shows that the indole ring of compound 5 is located
in the hydrophobic region formed by the benzene ring of Tyr 254
and the methylene chains of Gly 88 and Gly 255 (Fig. 7). In addi-
tion, it is suggested that the carboxylate anion of 5 forms two
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Figure 3. Reported DNMT inhibitors.
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Figure 4. Simulated binding mode of RG108 4 in the active site of DNMT1 (a), and
model for the binding of maleimide derivatives (b).
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Figure 5. Structures of compounds 5–14.
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