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ABSTRACT

DNA methylation is an important epigenetic mark in
eukaryotes, and aberrant pattern of this modifica-
tion is involved in numerous diseases such as
cancers. Interestingly, DNA methylation is reversible
and thus is considered a promising therapeutic
target. Therefore, there is a need for identifying
new small inhibitors of C5 DNA methyltransferases
(DNMTs). Despite the development of numerous
in vitro DNMT assays, there is a lack of reliable
tests suitable for high-throughput screening, which
can also give insights into inhibitor mechanisms of
action. We developed a new test based on scintilla-
tion proximity assay meeting these requirements.
After optimizing our assay on human DNMT1 and
calibrating it with two known inhibitors, we carried
out S-Adenosyl-L-Methionine and DNA competi-
tion studies on three inhibitors and were able to de-
termine each mechanism of action. Finally, we
showed that our test was applicable to 3 other
methyltransferases sources: human DNMT3A, bac-
terial M.Sssl and cellular extracts as well.

INTRODUCTION

DNA methylation is an important epigenetic mark, which
is essential among others for many biological processes,
such as imprinting, X-inactivation, embryonic develop-
ment, differentiation (1-4), maintenance of chromosomal
stability (5) and gene transcription control in most eu-
karyotes [reviewed in (6-9)]. Consequently, abnormal
patterns of DNA methylation are involved in various
pathologies from neurodegenerative diseases (10,11) to
cancers (12-14). Interestingly, unlike genetic mutations,
epigenetic alterations are reversible and are therefore con-
sidered a promising therapeutic target (15).

In mammals, the enzymes responsible for DNA methy-
lation are DNA methyltransferases (DNMTs), which cata-
lyze the transfer of a methyl group from S-Adenosyl-L-
Methionine (SAM) to the C5 position of cytosine in a
CpG dinucleotide context (cytosine followed by a
guanine). Three catalytically active DNMTs have been
identified, DNMT1, DNMT3A and DNMT3B, whose
features have been extensively described in several
reviews (16-18). DNMT1 has mainly a maintenance role
of DNA methylation pattern during replication because of
its strong preference for hemimethylated DNA rather than
unmethylated DNA (19-23), whereas DNMT3A and
DNMT3B have a de novo methylation role (24,25).
Nevertheless, it has been shown that DNMT1 collaborates
with  DNMT3A/3B during the de novo methylation
process (26,27), whereas DNMT3s act also as mainten-
ance methyltransferases in a DNMTI-deficient back-
ground (28,29) and in repetitive sequences (30-33).
Hence, it is of interest to study the inhibition of both
DNMTI1 and DNMT3s. Here, we focused on the devel-
opment of a universal and flexible DNMT assay.

Numerous enzymatic bioassays have been designed to
find DNMT inhibitors. They are based on detection of
the methylation reaction products, S-Adenosyl-L-
Homocysteine (SAH) or methylated DNA [reviewed in
(7)]. The quantification of SAH is often indirect and can
suffer from different shortcomings. For example, SAH
converting assays by coupled enzymes can reveal false posi-
tives that inhibit other enzymes than DNMTs, and there-
fore additional tests are needed to confirm the DNMT
inhibitory activity of the hit compound (34,35). Similarly,
the assay described by Graves et al. (36) uses an anti-SAH
antibody that can cross-react with SAM. Therefore, we
focused only on assays quantifying methylated DNA.

Previously, we developed a test to identify Dnmt3A/3L
inhibitors (37). It is based on the use of an immobilized
DNA duplex containing a single CpG site, which is
cleaved by a restriction enzyme when not methylated.
The duplex contains a fluorophore, which is lost on
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restriction cleavage when a compound inhibits DNA
methylation. The assay is fully compatible with automa-
tion, and Medium Throughput Screenings have been per-
formed on the murine Dnmt3A/3L catalytic complex
(37,38), but the same assay gave poor results on
DNMTI. In addition, the test is in heterogeneous phase,
not allowing DNA-competition assays to investigate
mechanisms of inhibition of the compounds. Thus, we
preferred to develop a new test in homogeneous reaction.

To this aim, we switched to monitoring the incorpor-
ation of tritiated [°’H] methyl groups into DNA. More
precisely, DNMT transfers from [methyl-’H] SAM the
radiolabeled methyl group into the DNA duplex, and
the unreacted [methyl-’H] SAM can be separated from
the radiolabeled DNA using standard methods such as
gel filtration (39), filter-binding (40) or thin layer chroma-
tography (41). The *H-CHj;-containing duplex can then be
quantified by liquid scintillation. This radioactive assay
can be applied to all DNMTs. However, this test has
numerous drawbacks including significant radioactive
wastes, high cost per point and low throughput.
Consequently, we aimed at a new assay to quantify
DNMTs inhibition, compatible with high-throughput
screening (HTS). We chose a Scintillation Proximity
Assay (SPA). In SPA, the scintillant is coated onto a
microplate (Flashplate™) or incorporated into beads
[Yttrium silicate (YSi) or polyvinyl toluene (PVT)].
Owing to the short distance that the B-particles emitted
by tritium decay can travel in aqueous medium, only the
bound molecules can excite the scintillant, which limits
background noise and avoids purification step. In our
assay, the methylation step is performed in homogeneous
phase incorporating tritiated methyl groups into a
biotinylated DNA duplex. The reaction is then transferred
and stopped in a streptavidin coated Flashplate™ or
in a microplate containing streptavidin coated beads
(Figure 1).

We characterized our system by determining the best
SPA  support, the methylation stop buffer, the
streptavidin-biotin binding linearity range and the best
duplex sequence. Subsequently, we were able to assess
the inhibition activity against DNMT]1 of reference com-
pounds and proved the feasibility of SAM and DNA-com-
petition assays. Finally, we carried out our test on 3 other
DNMTs sources: human catalytic DNMT3A, bacterial
M.Sssl, and on cellular extracts as well.

MATERIALS AND METHODS
Materials and reagents

Two different concentrations of [methyl-*H] SAM
(3TBg/mmol and 0.6TBq/mmol) were purchased from
PerkinElmer (France) as well as Microscint'™-20,
OptiPlate™-24, OptiPlate™-96, streptavidin coated YSi
beads, PVT beads and Flashplate™ PLUS Streptavidin
96-well scintillant coated microplates. Micro Bio-Spin®
Columns with Bio-Gel® P-30 were purchased from Bio-
Rad (France) and 384-well low-volume white round
bottom polystyrene NBS™ microplate from Corning
(France).
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SAH, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
ethylenediaminetetraacetic acid (EDTA), bovine serum
albumin, Tris-HCI (pH 7.4) and Tween®-20 were bought
from Sigma-Aldrich (France). SAM chloride dihydro-
chloride from New England Biolabs (France) other chem-
icals from VWR (France).

All cell lines were obtained from the ATCC and grown
at 37°C, 5% CO,. KG-1 cells were maintained in
RPMI1640 (Lonza, France), supplemented with 10%
fetal calf serum (Lonza, France), and K-562 cells were
maintained in IMDM (Sigma, France), supplemented
with 10% foetal calf serum (Lonza, France) and 4 mM
L-Glutamine (Sigma, France).

Enzyme production

The sequence encoding the C-terminal domain (residues
624-912) of human DNMT3A (DNMT3A-C) was
amplified by PCR from IMAGE clone (Origene) with
the following primers: sense 5-CCATGGCTCATATGA
ACCACGACCAGGAATTTGAC-3 and anti-sense: 5'-C
TCGAGAAGCTTTTACACACACGCAAAATACTC-
3. The amplicon was cloned into pCR®2.1 TOPO
(Invitrogen™, Life Technologies, France). After amplifi-
cation, the plasmid was digested by Ndel and HindIII, and
the resulting fragment (884pb) cloned into pET28a
(Novagen®, Merck Chemicals, Germany). The final
plasmid pET28a-DNMT3A(624-912) was transformed
in Escherichia coli BL21(DE3, pLys) (Novagen®, Merck
Chemicals, Germany) for the expression of the
DNMT3A-C. Cells were amplified over night in LB
medium supplemented with ampicilin and chlorampheni-
col antibiotics, and the protein was expressed by 4h
isopropyl B-p-1-thiogalactopyranoside induction. Cells
were collected by centrifugation for purification according
to Jeltsch et al. and Jia et al. (41,42). DNMT3A-C purity
was assessed by Coomassie-stained SDS gels and
estimated to be >90%. Finally, total proteins concentra-
tion was determined by Bradford assay as 1.11pg/uL
(28.3 uM).

His-DNMT]1 (182 kDa, human) was cloned, expressed
and purified as described by Lee et al. (43). The concen-
tration of total proteins was determined by Bradford assay
as 1.72 ug/uL (9.45 uM). M.Sssl was purchased from New
England Biolabs (France) at 4000 U/mL and was supplied
with NEBuffer 2.

Duplex formation and cellular extracts

Oligonucleotides were purchased from FEurogentec
(Belgium). Duplexes were formed by hybridization of
the two complementary strands in sterilized water accord-
ing to standard procedures.

Cellular extracts were obtained according to Fritsch
et al. (44). Briefly, we used 10 billion cells (dried pellet),
which were resuspended in a hypotonic buffer (10 mM
Tris—HCI (pH 7.65), 1.5mM MgCl,, 10 mM KCl) and dis-
rupted with 20 strokes of a tight-fitting Dounce homogen-
izer. At the end of cell lysis, sucrose, spermidine and
spermine-containing buffer was added to limit nuclei
leak. The cytosolic fraction was separated from nuclei
by 7min centrifugation at 4°C at 9000 rpm. The soluble
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Figure 1. DNMT]I Flashplate™ SPA principle. Biotin is represented as a gray circle, tritium atoms as stars and the lightning represents the ability
of a tritium atom to excite the plastic scintillator. In homogeneous phase, the hemimethylated duplex is methylated by the studied DNMT. The
biotin is then captured and the methylation reaction is stopped on a streptavidine-coated Flashplate™. Only the bound *H-CH3-DNA can excite the

coated scintillant and emit a signal.

nuclear extract (SNE) was obtained by incubation of the
nuclear pellet in a high salt buffer (900 mM NaCl, 20 mM
Tris (pH 7.65), 25% glycerol, 1.5mM MgCl,, 0.2mM
EDTA), to obtain a final concentration of 300mM
NaCl, for 30min at 4°C and centrifugation at
10000 rpm, 4°C for 10min. The resulting pellet, which
corresponds to chromatin fraction (nuclear chromatin
extract (NCE)), was resuspended and digested with micro-
coccal nuclease (cat# N3755, Sigma, France). Soluble
nuclear and chromatin fractions were then ultracentri-
fugated at 32000 rpm for 1h at 4°C, and protein concen-
tration was determined by Bradford assay. The presence
of DNMTI1 and DNMT3A in both fractions was verified
by a western blot (DNMTI1 antibody NB100-264 from
Novus Biological, UK, and DNMT3A antibody
CST3598 from Cell Signaling, USA) as described in the
Supplementary Information.

Enzymatic assays

The radioactive gel filtration assay was carried out in
SOpL of total reaction volume, containing the tested
compound (up to 1% DMSO), 0.28 uM of [methyl-*H]
SAM (3TBg/mmol), 0.2uM of DNA duplex (Dup 0,
Table 1) and 90nM of His-DNMTI in reaction buffer
[20mM HEPES (4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid) (pH 7.2), 1mM EDTA, 50mM KClI,
25ug/mL BSA (bovine serum albumin)]. The reaction
was incubated at 37°C for 2h, then the unreacted
Lmethyl-3H] SAM and the enzyme were separated from
“H-CHjs-containing DNA by passing through a Micro
Bio-Spin® P-30 column. The filtrate was then transferred
into a white opaque 24-well OptiPlate™, ImL of
Microscint™-20 was added, and the microplate was
read on TopCount NXT (PerkinElmer, France).

In the Flashplate™ assay, the reaction was performed
in a 10 uL of total reaction volume in low-volume NBS™
384-well microplates, containing the tested compound
(up to 1% DMSO), 1uM of a SAM/[methyl-*H] SAM
(3TBg/mmol) mix in a ratio of 3-to-1 (isotopic dilution
1*:3), 0.3 uM of biotinylated DNA duplex (Dup_I hmC
for DNMTI1, Dup_1 nmC for DNMT3A and M.Sssl,
Table 1), and 90nM of DNMTI, 1uM of DNMT3A or
100nM of M.Sssl. For DNMT1 and DNMT3A, the

reaction was incubated at 37°C for 2h in the aforemen-
tioned reaction buffer, whereas the M.SssI methylation
reaction was carried out in 1X NEBuffer 2 for 1h at
37°C. Eight puL are then transferred into a streptavidin
96-well scintillant coated Flashplate™  containing
190 uLL of 20 uM SAH in 50 mM Tris—HCI (pH 7.4). The
Flashplate™ was agitated at room temperature for 1h,
washed three times with 200 uL of 0.05% Tween®-20 in
50mM Tris—HCI (pH 7.4), and read in 200 pL of 50 mM
Tris—HCI (pH 7.4) on TopCount NXT. We pl_erformed all
our measurements in 96-well Flashplate™, as our
TopCount did not possess the module allowing lecture
of 384-well microplates.

The YSi and PVT beads tests followed the same
protocol. After the incubation at 37°C, 8uL were
transferred into a white 96-well OptiPlate™ containing
190 uLL of 20 uM SAH in 50 mM Tris—HCI (pH 7.4) and
200png of YSi beads or 400pg of PVT beads. The
microplate was then read on TopCount.

For the Flashplate™ assay on cellular extracts, the
methylation step was performed in a 10pL of total
reaction volume in low volume NBS™ 384-well micropla-
tes, containing the tested compound, 1 M of [methyl-*H]
SAM (3TBg/mmol), 0.3 uM of biotinylated DNA duplex
(Dup_1 hmC or nmC, Table 1) and 1.5 ug/uL of K-562
SNE in the reaction buffer. The reaction was incubated at
37°C for 2h, and 8uL are then transferred into a
streptavidin 96-well scintillant coated Flashplate™ con-
taining 190 pL of 20uM SAH in 50 mM Tris—HCI (pH
7.4). The Flashplate™ was agitated at room temperature
for 1h, washed three times with 200 puL of 0.05% Tween®-
20 in 50mM Tris—HCI (pH 7.4), and read in 200 uL of
50mM Tris—HCI (pH 7.4) on TopCount. For the heat
inactivated controls, the 5X solutions of 1.5 pg/ul. were
heated at 95°C for 10 min.

For every assay, 40000 total counts were accumulated
for each well, with a maximum time limit of counting fixed
at 10 min per well. All signals were expressed in counts per
minute (cpm).

Determination of 1Cs, values and K,, values

The concentration at which 50% of inhibition is observed
(ICsp) was determined by analysis of a concentration range
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of the tested compound in duplicates. The negative and
positive controls were defined as points without enzyme
and points without any compound, respectively. The per-
centage of inhibition (%]I) were calculated as following:
%1 = 100-100 x (cpm; — CpMype,)/(CPMypos — CPMyee), Where
cpm; is the inhibitor signal, cpm,, the negative control
signal and cpm,,s the positive control signal. The non-
linear regression fittings with sigmoidal dose response
(variable slope) were performed with GraphPad Prism
4.03 (GraphPad Software).

For K,, determination, one substrate was varied while
maintaining the other at a saturating concentration. SAM
(0.6TBg/mmol) was varied from 0.25 to 20 uM with an
isotopic dilution of 1*:1, whereas the DNA duplex con-
centration was kept at 1.0 uM. DNA duplex concentration
was titrated from 0.05 to 1.0 uM, whereas SAM was hold
at 15uM (1*:2) total. All reactions were performed in du-
plicates. The K, value of each substrate was then
determined by non-linear fitting of the data with the
Michaelis—Menten equation on GraphPad Prism 4.03.

CCTCC-3
BIOT-5-CAGTGCATGTCTGGTAGTGACCTGCGGAGGCTC

BIOT-5-CAGTGCATGTCTGGTAGGGTTCACAGTAmCGTATA
ACAGGA-3

TATAGC-3
BIOT-5-CAGTGCATGTCTGGTAGGGTTCACAGTACGTAT

ATATAGC-3'
BIOT-5-CAGTGCATGTCTGGTAGTGACCTACAGGATCGTCA

TATATATGC-3
BIOT-5-CAGTGCATGTCTGGTAGTGACCTACAGCAGGCGG

ebGATC-3'
BIOT-5-ATCGCATCGATCGCGATTCGCGCATCGGCGATC-3’

5'-ATZebGCATZebGATZebGZebGATT ZebGZebGCATZebGGZ
BIOT-5-ATCGCATCGATCGCGATTCGCGCATCGGCGATC-3’

5-ATCGCATCGATCGCGATTCGCGCATCGGCGATC-3’

Anti-sense

Competition studies

In SAM-competition assays, SAM (0.6TBq/mmol) was
varied between 0.5 and 15puM with an isotopic dilution
of 1*:1 at a fixed DNA duplex concentration of 1.0 uM.
For each SAM concentration, the tested compound con-
centration was adjusted between its IC;o and its I1Cgy.

In DNA-competition assays, the DNA duplex concen-
tration was varied between 0.05 and 1.0 pM, whereas
SAM (0.6TBg/mmol) concentration was hold at 15uM
with an isotopic dilution of 1*:2. For each DNA duplex
concentration, the tested compound concentration was
adjusted between its IC;y and its 1Cyg.

For each substrate concentrations, the ICs, of tested
compound was calculated by non-linear regression fitting
with sigmoidal dose response (variable slope). For each
compound concentration, KiPP and VPP of each
susbrate were approximated by non-linear fitting of the
data with the Michaelis-Menten equation on GraphPad
Prism 4.03.

RESULTS AND DISCUSSION
Optimization of the Flashplate™ assay

The following steps of the assay (Figure 1) were optimized
on DNMTTI.

5'-GATmCGCmCGATGmCGmCGAATmMCGmCGATmCGATGmCGAT-3'
5-GATmCGCmCGATGmCGmCGAATmCGmCGATmCGATGmCGAT-3'
5-GATmCGCmCGATGmCGmCGAATmMCGmCGATmCGATGmCGAT-3
5-GATCGCCGATGCGCGAATCGCGATCGATGCGAT-3’
5-GCTATATATACGTACTGTGAACCCTACCAGACATGCACTG-3'
5-GCTATATATACGTACTGTGAACCCTACCAGACATGCACTG-3'
5-GCATATATATGAmCGATCCTGTAGGTCACTACCAGACATGCACTG-3'
5-GGAGGCCmCGCCTGCTGTAGGTCACTACCAGACATGCACTG-3’
5-TCCTGTGAGCCTCCmCGCAGGTCACTACCAGACATGCACTG-3'

Sense

Methylation reaction stop

First, we assessed several stop methods to ensure that the
reaction does not proceed during the streptavidin-biotin
binding step. This issue was addressed on the previously
developed radioactive gel filtration assay (39). Addition of
MgCl, (from 1 to 100mM) or NaCl (from 0.5 to 1 M),
known to inhibit DNMT (45), did not block the methyla-
tion reaction (data not shown). Acidification of the
solution (4-5 decrease in pH) by adding concentrated
HCI resulted in a drastic signal loss, probably due to
DNA degradation. Heat inactivation was not investigated
because it is poorly compatible with automation. Lastly,
SAM (from 15 to 200 uM) or SAH (from 20 to 100 uM)

Number
of CpG

8
8
8
8
1
1
1
1
1

duplex
Dup_1 hmC
Dup_1 nmC

nmC

hmC, hemi-methylated cytosine; nmC, non-methylated cytosine; BIOT, biotin; Zeb, zebularine.

Table 1. Sequences of tested duplexes.
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were added with success, the first to compete with
radiolabeled SAM, the latter being a well-known inhibitor
of DNMTs as product of the methylation reaction.
Finally, we chose to use as stop buffer 20uM SAH in
S0mM Tris—HCI (pH 7.4) solution.

Comparison of SPAs supports

Second, as several SPA supports are commerciall}z{ avail-
able, YSi beads, PVT beads and FlashplatesT were
compared. To this purpose, the methylation reaction was
performed with Dup_1 hmC (Table 1) according to the
radioactive gel filtration protocol (39). Three aliquots of
35uL.  were withdrawn and transferred into a
Flashplate™ or into a 96-well microplate containing
200 pg of YSi beads or 400 pg of PVT beads, respectively.
All the wells contained a final volume of 200 uL of a 20 uM
SAH in 50mM Tris=HCl (pH 7.4). After 1h of
streptavidin-biotin binding, the samples were read on a
liquid scintillation counter. The best maximal signal was
obtained with YSi beads at 165000cpm, against
125000 cpm for Flashplate™ and 80000cpm for PVT
beads. The signal-to-background ratio was way better for
Flashplate™ (>400) than for YSi beads or PVT beads,
both about 145 (Supplementary Figure S1A). In addition,
the use of beads can induce more variability because of the
difficulty to suspend them homogeneously. Moreover, YSi
and PVT beads assays are twice more expensive than
Flashplate™ test for equivalent performances. Therefore,
Flashplate™ were the best compromise between sensitiv-
ity, signal-to-background ratio, cost and convenience.
Besides, it allowed us to reduce the [methyl->’H] SAM
amount and the total reaction volume.

Binding linearity and duplex choice

Third, we assessed the linearity of biotin-streptavidin
binding in Flashplates™ by transferring aliquots of dif-
ferent volumes after the methylation reaction. For this
optimization, the methylation reaction was performed ac-
cording to the radioactive gel filtration protocol (39) with
the use of Dup_1 hmC (Table 1). After 2h of incubation,
aliquots of different volumes were transferred into a
Flashplate™ to a final 200 pL volume of 20 uM SAH in
Tris—HCI (Supplementary Figure S1B). This binding step
was linear up to 4 pmol of transferred biotinylated duplex.
Therefore, we adjusted the volume to be transferred into
the Flashplate™ according to the biotin concentration in
the methylation reaction in order not to exceed this
limitation.

Several duplexes were tested to identify the best
DNMT]I target (Table 1). Dup_1 contained 8 CpGs and
was used previously in the radioactive gel filtration assay
(39). Sequences of Dup_2 and Dup_3 were described by
Ceccaldi et al. (37), for DNMT3A and DNMT]I, respect-
ively, and displayed only one CpG site. Dup_4 and Dup_5
were designed after those used by Song et al. (23,46) for
DNMTI crystallization and in enzymatic assays, bearing
one single CpG site.

The influence of the hemi or non-methylated status of
the DNA duplex was confirmed. In agreement with the
literature (19,21,22), DNMTI1 had a strong preference
for hemimethylated substrates, as illustrated by the
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difference in methylation of hemimethylated Dup_1 and
hemimethylated Dup 2 compared with non-methylated
Dup 1 and non-methylated Dup 2 (Figure 2). We
compared the duplexes among them by calculating the
CpGs concentration; thus, 0.3 uM of 8 CpG-containing
duplex were compared with 2.4 uM of 1 CpG-containing
DNA. Overall, for each duplex tested, we observed that
the intensity of the signals at 2.4 uM concentration was
lower than those measured at 0.3puM concentration
(Figure 2), suggesting a possible inhibition by an excess
of substrate. Finally, we chose the hemimethylated duplex
Dup_1, which gave the best results and had the advantage
of displaying more than 1 CpG site and thus increasing the
amount of transferred *H-CHj; for the same amount of
biotin.

Optimization of the conditions for the methylation
reaction by DNMTI

To optimize the DNMTI Flashplate™ assay, we per-
formed an enzymatic titration and studied the kinetics of
the reaction at 37°C and at room temperature to limit
evaporation. As 90 nM of enzyme gave the highest signal
in the linear response range (Supplementary Figure S2A),
it was chosen as concentration for the assay. Room tem-
perature kinetics resulted in weak signals; therefore, the
methylation reaction was performed at 37°C for 2h, for
which the response of the enzyme was both linear and
maximal (Supplementary Figure S2B).

Next the K, of the two subssgqates SAM and DNA was
measured. To determine the K, we used the Michaelis—
Menten model in a SAM concentration range spanning
from 0.25 to 20uM, whereas the DNA concentration
was kept near saturating concentration at 1.0uM
(Figure 3A). The K,,, of DNA was determined by using
the same fitting model with a DNA concentration range
spanning from 0.05 to 1.0 uM and near saturating SAM
concentration at 15uM (Figure 3B). The approximated
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Figure 2. Comparison of different duplexes for DNMT1 methylation
assay. Means =+ standard deviation of duplicates are displayed. hmC
stands for hemimethylated duplex and nmC stands for non-methylated
duplex.
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Figure 3. Characterization of the DNMTI assay and inhibition studies on reference compounds. (A) Determination of SAM K,, at 1.0uM of
hemimethylated Dup_I. (B) Determination of DNA K, at 15uM of [methyl->H] SAM. (C) Two independent dose-response curves for zebularine-
containing duplex, each in duplicates. (D) Two independent dose-response curves for sinefungin, each in duplicates. (E) Two independent dose-
resg)onse curves for 47, each in duplicates. K., and coefficient of determination (R?) are displayed. Means of ICs, and coefficient of determination

(R?) are displayed.

K., values were 4.4+ 0.5uM and 0.27 + 0.03uM for
SAM and DNA, respectively. It is established that to
maximize opportunities of identifying the full constella-
tion of inhibitory molecules (competitive, non-competitive
or uncompetitive), the optimal concentration of substrates
is the K,,, value (47). We thus chose to conduct the assay at
the K,, value for biotinylated DNA and at K,,/4 for
[methyl->’H] SAM. This latter choice was dictated by the
fact that it was too expensive to work at K, value for
[methyl->’H] SAM, even with an isotopic dilution of 1*:3.

Z factor

Finally, this resulted in a new optimized DNMT1 inhib-
ition assay on Flashplate™. To assess the reliability of our
test, we determined the Z’ factor. This factor is a statistical

parameter that evaluates the quality of an HTS assay. It is
defined as 1-(3SDpos + 3SDneg)/(upos-pneg) where SDpos
is the standard deviation of positive controls, SDneg is the
standard deviation of negative controls, ppos is the mean of
positive controls, and pneg is the mean of negative controls
(48). In our case, it resulted in Z' = 0.88, which is charac-
teristic of a good and reliable assay.

Tolerance to DM SO

As DMSO is widely used as solvent for chemical com-
pounds in HTS, we assessed the DMSO tolerance of our
Flashplate™ assay. Surprisingly, a slight stimulation
(<10%) of DNMTT1 activity was observed when adding
1 to 10% (v/v) of DMSO and then inhibition when adding
15 to 50% (v/v) (Supplementary Figure S3). Yokochi and
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Robertson hypothesized that the stimulation by DMSO is
probably due to two types of interactions: DMSO-DNA
and DMSO-SAM (45). We recommend not to exceed a
final 1% (v/v) DMSO concentration. However, if needed
(e.g. because of compound solubility), it is still possible to
perform experiments in up to 10% (v/v) DMSO, with ad-
justing the corresponding controls.

Inhibition studies on DNMT1

Reference inhibitors

As the aim of our study was to evaluate the inhibitory
activity of small chemical molecules, we validated it with
three different inhibitors of the literature: sinefungin
(49,50), zebularine-containing DNA (51) and 3-chloro-3-
nitroflavanone 47 (37). Sinefungin is a bacterial analog of
SAM and SAH and act as a SAM competitor (49,50).
Zebularine, which is a nucleoside analog of cytidine, was
used as DNA competitor, as it binds strongly but revers-
ibly to the DNMT (51). In the zebularine-containing
DNA, each cytidine in a CpG context on the anti-sense
strand of Dup_1 was replaced by zebularine (Table 1).
Finally, we previously identified compound 47 as a
DNMT inhibitor (37).

For each compound, a classical sigmoidal dose-
response curve spanning from 0 to nearly 100% of
inhibition was obtained (Figure 3C-E). ICs, were
approximated with narrow confidence interval and are
reported in Table 2. The reproducibility of the assay was
assessed by two independent experiments run each in du-
plicates (Figure 3C- T) Based on these good perform-
ances, the Flashplate assay was therefore considered
validated for screening studies on DNMT].

SAM-competition studies

The assay was also developed with the aim to perform
competition experiments with the 2 substrates, SAM and
DNA. Thus, the assay ability to determine inhibitory
mechanism was assessed on the reference inhibitors.
Sinefungin was varied from IC;, to ICgy and, for each
concentration, SAM concentrations spanned from 0.5
to 15 uM.

For each SAM concentration, we approximated t}\le
ICs of sinefungin, and we plotted it against [SAM]/K
(Figure 4A). As displayed, the ICs, increased with SAM
concentration, corresponding to a SAM-competitive
inhibitor (47). To further confirm this, the KPP and
ViPP values for each sinefungin concentration were

Table 2. Inhibitory activities of reference compounds on DNMT]1

Inhibitors DNMTI

ICsy (WM ) =+ standard deviation
Sinefungin 80uM = 4
Compound 47 44.5uM =+ 0.6

Zebularine-containing duplex 0.095 uM + 0.004

Means of two independent experiments are displayed + standard devi-
ation. ICsy were assessed from dose-response curves of each com-
pounds, for 0.3uM of Dup_| hmC (Table 1), 1uM SAM (isotopic
dilution of 1*:3), 90nM DNMTI.
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extrapolated using the Michaelis-Menten equation. KiPP
plotted against sinefungin concentration gaye ahgned
points with a linear regression coefficient (R?) superior
to 0.98 (Figure 4C), confirming the SAM-competitive
behavior (52). Hence, both methods are consistent with
literature indicating that sinefungin is a SAM competitor
(49,50).

We then studied the zebularine- contalnmhg duplex. The
ICs seemed independent of the [SAM]/K,, (Figure 4B),
indicating a SAM non-competitive behavior (47).
Moreover, Michaelis—Menten fitting resulted in an
overall constant K%P (Figure 4D) and a linearly in-
creasing 1/ViPP (Rl§l> 0.92, Figure 4F) when plotted
against the inhibitor concentration. In addition, plotting
of 1/KIPP against the inhibitor concentration gave no
linear dependency (Figure 4H), excluding a hypothetical
uncompetitive behavior. These results are consistent with
a SAM non-competitor as expected for a DNA
competitor.

The Flashplate™ assay was able to discriminate
between competitive and non-competitive inhibition for
two reference inhibitors. Therefore, we applied the
method to compound 47 to determine 1ts mechanism of
action. Plotting ICs, against [SAM]/K showed that
compound 47 might be a SAM non-competitive or un-
competitive as the curve slightly decreased with [SAM]/

(Figure 4A) (47). Similarly to the zebularine-contain-
ing duplex, KiPP and 1/KEPP plots against inhibitor con-
centration did not give linear dependency (Figure 4C and
G), whereas 1/ViPP as a function of 47 concentration gave
aligned points with R? superior to 0.99 (Flgure 4E). These
data clearly indicated that compound 47 is a SAM non-
competitive inhibitor.

DNA-competition studies

In parallel, DNA competition experiments were carried
out on DNA concentrations from 0.05 to 1.0uM at a
constant 15uM SAM concentration with a 1*:2 isotopic
dilution. First, we evaluated the zebularine-containing
duplex, varyin from IC,y to ICgy. The ICsq increased
with [DNA]/K,, (Figure 5B), as the KiPP with inhibitor
concentration (R?> 0.97), confirming a DNA -competitive
behavior as expected.

Then we studled sinefungin whose plot of ICs, against
[DNA] /K displayed a decreasing branch of hyperbola
(Figure 5A), consistent with an uncompetitive inhibition
(47). The Michaelis—Menten analysis confirmed this
tendency, with a linear dependency of 1/ViPPand 1/KZPP
on the inhibitor concentration (R®>0.97, Figure 5E
and G).

In agreement, we have identified a SAM-competitor
that is DNA-uncompetitive (sinefungin) and a DNA-com-
petitor that is SAM non-competitive (the zebularine-con-
taining duplex). These results seem to suggest that
DNMTI1 proceeds according to an ordered sequential
mechanism (53), where DNA binds first, followed by
SAM, consistent with previous results (54,55). However,
this remains a hypothesis, as we cannot exclude that
DNMTI! was co-purified with some SAM and DNA.

As the method was validated on reference compounds,
it was then applied to flavanone 47. Similar results as with
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Figure 4. SAM-competition assays on DNMTI1 with sinefungin, zebularine-containing duplex and compound 47. Experiments with sinefungin are
represented by open diar})}q(znds, zebularine-containing duplex by plain triangles and compound 47 by plain squares. (A and B) ICs, of each molecule
as function of [DNA]/K, . (C and D) KiPP as function of [inhibitor]. (E and F) 1/ViPP as function of [inhibitor]. (G and H) 1/KZPP as function of
[inhibitor]. For each linear regression, if the slope is significantly different from 0, then the regression is represented by a plain line, and the coefficient
of determination (R?) is displayed along the corresponding line.

sinefungin were obtained: 1Cs, against [DNA]/K;NA was In agreement with literature, we have confirmed that
compatible with both non-competitive or uncompetitive sinefungin was a SAM-competitive and DNA-uncompeti-
inhibition (Figure 5.A), whereas 1/ViPP and 1/KiPP tive inhibitor (49,50), whereas the zebularine-containing
clearly identified an uncompetitive behavior (R*>> 0.97, duplex was qualified as a SAM non-competitor and
Figure 5SE and G). DNA-competitior (51). Our assay was also able to
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Figure 5. DNA-competition assays on DNMT]1 with sinefungin, zebularine-containing duplex and compound 47. Experiments with sinefungin are
represented by open diarll)lN(inds, zebularine-containing duplex by plain triangles and compound 47 by plain squares. (A and B) ICs, of each molecule
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of determination (R?) is displayed along the corresponding line.
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identify the inhibitory mechanism of 3-chloro-3-nitrofla-
vanone 47, which seemed to be SAM non—com&titive and
DNA-uncompetitive. Hence, the Flashplate assay is
validated for screening and for mechanistic studies. To
address the selectivity question, we tested it on two
other C5 DNMTs (human DNMT3A and bacterial
M.Sssl) and on cellular extracts.

Applications to other DNMTs and cellular extracts

Application of the assay to nuclear extracts

The assay was also adapted to measure DNMT activities
in NCE and SNE from leukemia K-562 cell line, known to
be sensitive to demethylation (56,57). NCE and SNE were
tested for DNA methylation on both the hemimethylated
and unmethylated duplex (Dup_1 hmC and nmC, Table 1,
Figure 6A). Due to low signals, we chose to test nuclear
extracts in our assay without isotopic dilution at final con-
centration of 1 pM [methyl->’H] SAM. This loss in signal
may be due to the dilution of the tritiated SAM by the
cellular non-radioactive SAM.

The control of heat inactivated extracts did not display
any activity (labeled ‘inact’ in Figure 6A), whereas NCE
and SNE displayed a dose response on hemimethylated
duplex. The fact that SNE signals were higher than
NCE signals can be explained by the presence of more
DNMT1 in SNE than in NCE, as shown in the corres-
ponding western blot (Supplementary Figure S4).
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Interestingly, the signals recorded with unmethylated
duplex were lower (Figure 6A), which correlates with the
poor activity of DNMT1 on unmethylated duplex and the
low quantity of DNMT3s in these nuclear extracts
(Supplementary figure S4). Therefore, we decided to
work at 1.5pg/puL of K-562 SNE on hemimethylated
Dup_1 (hmC Dup_1) to test the reference inhibitor
sinefungin.

Sinefungin gave full dose-response curve from 0 to
100% of inhibition with good reproducibility and
narrow confidence interval (ICsy: 51 £ 6 uM, mean of
two experiments each run in duplicates + standard devi-
ation, Figure 6B). This result proves that studying the in-
hibition of DNA methylation in cellular extract is
achievable with the protocol developed here.

Application of the assay to other C5 DNMTs

The assay was easily adapted to human DNMT3A and
M.Sssl. As both enzymes are able to react on unmethy-
lated DNA duplexes, they were tested on unmethylated
Dup_1 (Dup_1 nmC, Table 1).

Titration of DNMT3A displayed a response linearity
range between 0 and 1.5uM, whereas M.Sssl had a
lincar response up to 120nM (data not shown).
Therefore, we chose 1 uM of enzyme for DNMT3A and
100nM for M.Sssl.

Sinefungin was assayed on both enzymes and gave full
dose-response curves from 0 to nearly 100% of inhibition
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Figure 6. Application of the assay to K-562 nuclear extracts and other C5 DNMTs. (A) Increasing amounts of NCE and SNE from K-562 cells have
been tested for DNA methylation activity using Dup_1 hmC and nmC (Table 1). The experiment was performed in duplicates. Means are represented
with standard deviation. (B) Two independent dose-response curves for sinefungin on K-562 SNE, each in duplicates. (C) Two independent dose-
response curves for sinefungin on DNMT3A-C, each in duplicates. (D) Two independent dose-response curves for sinefungin on M.Sssl, each in
duplicates. Means of ICs, and coefficient of determination (R?) are displayed.
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with satisfactory confidence intervals and good reprodu-
cibility (ICso: 1.8 £ 0.6 upM on DNMT3A and 45 £ 7uM
on M.Sssl, means of two experiments each run in dupli-
cates + standard deviation, Figure 6C and D).
Altogether, these data confirm that the assay can be
applied to cellular extracts and other C5 DNMTs.

CONCLUSION

The existing in vitro DNMTs tests suffer from different
shortcomings, whether measuring the SAH or the
methylated DNA production. On one hand, SAH quanti-
fication is applied to both histone methyltransferases and
DNMTs (34-36). However, they can reveal false positive
due to cross-reaction between SAM and anti-SAH
antibody or to inhibition of enzymes that convert SAH
into ATP. On the other hand, measurement of methylated
DNA is performed either in heterogeneous phase, prevent-
ing any competition study, or in radioactive homogeneous
phase but with high costs per point and large radioactive
waste.

We here described a DNMT]1 Flashplate™ assay that
was miniaturized in final 10 uLL of reaction volume, then
optimized and finally shows good reliability and sensitivity,
with signal-to-background ratios up to 400 and a calculated
7! factor of 0.88. This assay is able to monitor inhibition
activities on DNMT1, DNMT3A and M.SssI of small mol-
ecules with satisfactory dose-response curves. It can also be
applied to screen microorganism extracts (data not shown)
and different source of enzymes such as purified DNMTs
or cellular extracts. This assay is fully compatible with
automation and can be easily adapted to HTS. In
addition, it provides insights on the inhibition mechanisms
of compounds, on SAM and DNA-competition studies, as
we were able to confirm SAM-competitive and DNA-com-
petitive inhibition of sinefungin and zebularine-containing
DNA, respectively (49-51). Moreover, we were able to
characterize the mechanism of action of 3-chloro-3-
nitroflavanone 47, previously identified as a DNMT inhibi-
tor (37), which appeared to be a SAM non-competitor and
DNA-uncompetitor. Therefore, this assay can be useful
either as a screening test in HTS or in mechanistic studies
of a lead molecule.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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