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ABSTRACT

The DNA methyltransferase (DNMT) enzyme family consists of four members with diverse functions and
represents one of the most promising targets for the development of novel anticancer drugs. However,
the standard drugs for DNMT inhibition are non-selective cytosine analogues with considerable cytotoxic
side-effects that have been developed several decades ago. In this work, we conducted a virtual screening
of more than 65,000 lead-like compounds selected from the National Cancer Institute collection using a
multistep docking approach with a previously validated homology model of the catalytic domain of
human DNMT1. Experimental evaluation of top-ranked molecules led to the discovery of novel small
molecule DNMT1 inhibitors. Virtual screening hits were further evaluated for DNMT3B inhibition reveal-
ing several compounds with selectivity towards DNMT1. These are the first small molecules reported
with biochemical selectivity towards an individual DNMT enzyme capable of binding in the same pocket
as the native substrate cytosine, and are promising candidates for further rational optimization and
development as anticancer drugs. The availability of enzyme-selective inhibitors will also be of great sig-

nificance for understanding the role of individual DNMT enzymes in epigenetic regulation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

DNA methylation plays an important role in mammalian devel-
opment and disease.! In the human genome, about 4% of the cyto-
sine residues are methylated in differentiated tissues. Methylation
is mostly found at retroelements and other repetitive sequences,
but also at promoters, genes, and intergenic regions.> Many human
tumors showed widespread epigenetic changes when compared to
their normal counterparts. This includes the hypermethylation of
tumor suppressor genes, which is often associated with their tran-
scriptional silencing.*> As such, the functional relevance of epige-
netic gene silencing to tumorigenesis® is similar to classical,
genetic mutations. However, in contrast to genetic mutations, epi-
genetic mutations need to be actively maintained by DNA methyl-
ation and pharmacological inhibition of DNA methylation thus
represents an attractive strategy for the reversion of epigenetic
mutations.”

Abbreviations: DNMT, DNA methyltransferase; EGCG, (—)-epigallocatechin-3-
gallate; HTVS, high-throughput virtual screening; moe, Molecular Operating
Environment; NCI, National Cancer Institute; RMS, root mean square; SAH, S-
adenosylhomocysteine; SAM, S-adenosylmethionine; SP, standard precision; XP,
extra precision.

* Corresponding author. Tel./fax: +1 772 345 4685.

E-mail address: jmedina@tpims.org (J.L. Medina-Franco).
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The human genome encodes four distinct DNA methyltransfer-
ases: DNMT1, DNMT2, DNMT3A, and DNMT3B. Of these, DNMT1
and DNMT3B constitute the major activities, which can be inferred
from the strongly reduced DNA methylation levels of DNMTT;
DNMT3B double knockout cell lines.® It has been shown that the
inhibition of DNA methyltransferase activity can lead to demethyl-
ation and reactivation of epigenetically silenced tumor suppressor
genes.® Thus, DNA methylation represents a central mechanism for
mediating epigenetic gene regulation, and the development of DNA
methyltransferase inhibitors provides novel opportunities for can-
cer therapy.'%!!

Among the several known candidate DNA methyltransferase
inhibitors, only two have been subjected to clinical development.
These two drugs, 5-azacytidine and 5-aza-2’'-deoxycytidine (deci-
tabine) (Fig. 1), are nucleoside analogues which, after incorpora-
tion into DNA, cause covalent trapping and subsequent depletion
of DNA methyltransferases.!?>~* The mode of action of azanucleo-
sides probably involves several additional cellular pathways and
their specificity is relatively low.’> Consequently, these drugs are
characterized by substantial cellular and clinical toxicity, which
has driven the development of novel and more specific
drugs. There is now an increasing number of substances that are
reported to inhibit DNA methyltransferases.'”> Some of these com-
pounds are approved drugs for other indications, for example, the
antihypertensive drug hydralazine!®!” or the local anesthetic
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Figure 1. Chemical structures of selected DNMT1 inhibitors.

procainamide.'’® Other compounds are natural dietary compo-
nents, like the main polyphenol compound from green tea, (—)-epi-
gallocatechin-3-gallate (EGCG) or curcumin, the major component
of the popular Indian curry spice turmeric.'®?° Recently, SAH ana-
logues presumably binding in the co-factor binding pocket, have
also been reported as selective inhibitors towards DNMTs.?!2? Un-
til now, however, most compounds were identified fortuitously
and there is only one rationally identified inhibitor of DNA methyl-
transferases, RG108.2> Chemical structures of selected DNMT1
inhibitors are illustrated in Figure 1.

Molecular modeling and virtual screening of compound dat-
abases?* are powerful computational approaches that are increas-
ingly being used in drug discovery projects. These techniques are
now commonly applied to help understand the binding mode of
active compounds and identify new hits.2>?” So far, only few
molecular modeling studies with DNMT1 have been reported, pro-
posing the binding mode of compounds such as EGCG,'® decita-
bine, procaine, procainamide,?® and curcumin.?® Application of a
docking-based virtual screening approach, with a validated homol-
ogy model of DNMT1,%° has also been published.?° In that study,
1990 compounds in the Diversity Set available from the National
Cancer Institute (NCI)*! were the starting point for the virtual
screening. Two of the top scoring compounds were tested experi-
mentally showing activity both in vitro and in vivo, probably by
binding into the DNMT1 catalytic pocket.*®

In order to identify novel DNMT1 small molecule inhibitors
with chemical scaffolds different from the currently known
inhibitors, we now performed a multistep structure-based virtual
screening of more than 65,000 lead-like compounds obtained from
the NCI Open Database.®! This is a large public database from
which sample compounds can be obtained through the NCI/Devel-
opmental Therapeutics Program (DTP, see below). Since no crystal-
lographic structure is available for the catalytic domain of DNMTT1,
structure-based screening was conducted using three docking pro-

grams with a previously validated homology model of the catalytic
domain of human DNMT1.%° A total of 13 top-ranked consensus
hits, with calculated binding affinities more favorable than
RG108 by all three docking programs were tested experimentally.
Seven hits showed detectable DNMT1 inhibitory activity in a bio-
chemical assay. The 13 compounds selected from virtual screening
with DNMT1 were also assayed for DNMT3B inhibition. Notably,
six out of the seven inhibitors appeared selective for DNMT1 and
did not inhibit DNMT3B.

2. Results

At the time of this study, the NCI Open Database, as imple-
mented in the ZINC database, consists of 260,071 compounds.>?
In order to focus the virtual screening on compounds that could
be promising for further development, we selected a subset of
lead-like compounds.?*3* The selection was made based on prop-
erties and functional groups using the riLTer program>® that reduced
the initial NCI Database to a subset of 65,375 compounds (referred
in this work as the NCI lead-like set). For riLTER we used the default
parameters in the lead-like filter without further modifications
(see Section 5 for details). The general workflow of the multistep
docking approach implemented in this work is presented in
Figure 2. Since no crystallographic structure of the catalytic site
of human DNMTT1 is available, we used an established homology
model?® in all steps of the virtual screening. The homology model
used in this work has been successfully used for previous virtual
screening® and modeling studies.?® The amino acid sequence of
the homology model of DNMT1 used in this study is shown in Fig-
ure S1 of Supplementary data. After selecting lead-like compounds,
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Figure 2. Flowchart of the multistep virtual screening strategy implemented in this
work. After selecting lead-like compounds, the NCI Database was subsequently
filtered with high-throughout docking and cuipE SP. Top-ranked compounds were
docked with cuipe XP, cowp and autopock. Consensus hits were identified and tested.
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we employed a fast docking protocol to further filter the NCI lead-
like set. As part of the screening, three docking programs were
used. Consensus hits were selected and tested experimentally
(Fig. 2). Details of the virtual screening approach and the biochem-
ical characterization of selected compounds are presented below.

2.1. Virtual screening with DNMT1

The NCI lead-like set was prepared with Licrrep®® generating dif-
ferent protonation states and tautomers. The prepared set was
docked into the DNMTT1 active site using the cLipE High-throughput
Virtual Screening (HTVS) docking module.?” Details of the dataset
preparation with LiGerer, protein preparation for docking and dock-
ing parameters, are presented in Section 5. Having targeted the
5,000 top scoring molecules for further analysis, we selected
5662 poses (5607 unique molecules) docked with cLipe HTVS and
a docking score <—5.95. These poses were further docked into
the DNMTT1 active site with cupe Standard Precision (SP). Finally,
a total of 227 unique compounds (~200 poses plus molecules with
GLIDE SP score <—7.50) were independently docked with cLipE Extra
Precision (XP), corp (GoldScore),*® and autopock.>® A total of 24 con-
sensus compounds, with favorable docking scores by all three
docking approaches, were identified out of which 13 were obtained
for experimental testing. Consensus compounds were selected
based on the corresponding docking scores of the prototypical
DNMT inhibitor RG108 (Fig. 1) that was used as a reference (see
Section 5). Consensus compounds showed more favorable docking
scores than RG108 by all three docking programs. The chemical
structures of the 13 compounds are shown in Figure 3A. The dock-
ing scores, docking ranks and selected lead-like properties are pre-
sented in Table S1 of Supplementary data. Most of the tested
compounds were among the top 44 ranked compounds (out of
the 227 docked) by any of the three docking programs. Only one
molecule, NSC 319745 was ranked 65 by cLipe XP. However, the
same molecule was ranked 7 and 8 by auropbock and coLp, respec-
tively (Table S1 in Supplementary data). The compounds selected
from the virtual screening with DNMT1 were tested experimen-
tally not only for DNMT1 inhibition but also for DNMT3B inhibition
in order to assess biochemical selectivity.

2.2. Experimental testing with DNMT1 and DNMT3B

Standard biochemical assays for DNMT enzymes have not been
established yet. In order to develop a biochemical in vitro methyl-
ation assay, human DNMT1 and DNMT3B enzymes were produced
via baculovirus expression in insect cells. The identity and integrity
of recombinant DNMT1 and DNMT3B, respectively, was confirmed
by Coomassie staining and by Western blotting (data not shown).
Enzymatic activity was determined by the incorporation of radio-
active labeled methyl groups into hemimethylated or unmethylat-
ed oligonucleotides. Tritium labeled S-adenosylmethionine (SAM)
was used as methyl group donor and the incorporation of radioac-
tivity was quantitated by a scintillation counter. All compounds
were obtained from the NCI Drug Synthesis and Chemistry Branch
and were dissolved in DMSO to 50 mM stock solutions.

Table 1 shows the relative enzymatic activities of DNMT1 and
DNMT3B in the presence of 100 uM test compound. Test com-
pound concentrations had to be high, because the assay sensitivity
and the low enzymatic activity required comparably high concen-
trations (800 nM) of enzyme. Compounds that caused an inhibition
of more than 20% were scored as inhibitors (unspecific background
signal was <10% for DNMT1 and <20% for DNMT3B). The results
indicated selective inhibition of DNMT1 activity for six compounds
(NSC 622444, 408488, 137546, 56071, 319745, 106084) and inhi-
bition of both DNMT1 and DNMT3B for only one (NSC 14778).
For comparisons, we also included a number of reference com-

pounds in our assay (Table 1). RG108 and hydralazine showed a
borderline inhibition of DNMTT1 in this assay. We also tested NSC
348926, a compound chemically related to RG108 (Fig. 3B). Both
molecules showed similar activity. Curcumin showed distinct inhi-
bition of DNMT1 and a weaker inhibitory activity towards
DNMT3B. SAH demonstrated a very efficient inhibition of both
isoenzymes.

Dose-response curves and corresponding ICso values were ob-
tained for selected compounds and the results are summarized in
Figure 4. In agreement with results in Table 1, NSC 14778 showed
inhibition of DNMT1 and DNMT3B with ICsq values of 92 uM and
17 uM, respectively. In contrast, NSC 106084 only inhibited
DNMT1. NSC 348926 was included as a negative control and re-
vealed no inhibition for any of the isoenzymes (Fig. 4 and Table 1).
SAH (S-adenosylhomocysteine) was used as a non-specific positive
control and confirmed its efficient inhibition of both DNMT1 and
DNMT3B (ICs concentrations of 4 uM and 0.25 pM, respectively).

Taken together, our results thus establish novel DNMT inhibi-
tors, and, for the first time, describe small molecules with bio-
chemical selectivity towards individual DNMT enzymes capable
of binding in the same pocket as the native substrate cytosine.

3. Discussion

The virtual screening approach using the homology model of
the catalytic site of DNMT1 was successful in identifying several
different scaffolds with DNMT1 inhibitory activity.?” Notably, the
seven compounds, that inhibit DNMTT1, had a high docking rank,
particularly with autopock (Table S1 in Supplementary data). For
AuTopock the average docking rank of the seven compounds was
8.4 (standard deviation of 7.7) with a docking rank range of 1-
23. For cupe XP and corp the corresponding average docking rank
for the same compounds was 20.7 (standard deviation of 21.8)
and 20.6, (standard deviation of 12.8), respectively. The docking
rank range was 1-65 and 8-44 for cupe XP and cotp, respectively.
Interestingly both top two ranked compounds identified by auto-
pock, NSC 106084 and 408488, showed detectable inhibitory activ-
ity in biochemical assays. The latter compound was also top ranked
by cLipE XP (Table S1 in Supplementary data).

Compounds NSC 14778, 622444, and 408488 are symmetric
methylenedisalicylic acid derivatives with a diphenylmethane
scaffold frequently found in approved drugs (Fig. 3).4° As the sub-
stitution pattern in both phenyl rings changes from hydrogen in
14778, to chlorine in 622444, and methyl in 408488, the corre-
sponding mean inhibitory activity for DNMT1 slightly decreases
(mean 71%, 74%, and 78%, respectively; Table 1). In addition, a
small change in the structure (e.g., substitution with a chlorine
or methyl group) seemed to affect the isoenzyme selectivity. Other
different scaffolds with selective DNMT1 inhibition are repre-
sented by compounds NSC 137546, 56071, 319745, and 106084.
The structural diversity of these molecules represent an attractive
potential to further explore different regions of the chemical
space*! with DNMT1 inhibitory activity and, in particular, selectiv-
ity towards individual DNMT enzymes.

We have included RG108 and hydralazine as reference com-
pounds for the biochemical assay. Surprisingly, these compounds
revealed only a borderline inhibition of DNMTT1. This is probably
related to the fact that most previous studies used crude protein
extracts or other methyltransferase enzymes for their biochemical
methylation assays.!”2%30

NSC 14778 or 5,5-methylenedisalicylic acid, was among the
most active compounds and is characterized by a distinct lead-like
structure. In order to explore the putative interactions of NSC
14778 with DNMT1, the top-ranked binding modes found by cLipE
XP in complex with the binding pocket of the enzyme were sub-
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Figure 3. Chemical structures of compounds tested experimentally. (A) Compounds derived from the multistep docking approach. (B) Compound chemically related to
RG108. Compounds selective for DNMT1 are highlighted in blue and the compound that inhibits both DNMT1 and DNMT3B is marked in red (see activity values in Table 1).

jected to full energy minimization using the MMFF94x force field
implemented in moE until the gradient 0.001 was reached. The de-
fault parameters implemented into the MOE’s LigX application
were used.*? Figure 5 shows 3D and 2D representations of the opti-
mized docked model of NSC 14778 with DNMTT1. Similar optimized
binding models were generated taking the top ranked poses pre-
dicted with coip and autopock. According to this binding model, res-
idues that form the binding pocket of NSC 14778 are Pro86, Pro87,
Cys88, GIng9, Ser92, Met94, Val130, Argl74, Thr320, Arg318,
His321, Gly440, and Asn441 (see Fig. S1 of Supplementary data
for residue numbering). A network of hydrogen bonds is predicted
between one of the carboxylic acid groups of the ligand and the
side chains of Arg174 and Arg318 (Fig. 5). A similar hydrogen bond
network has been predicted between the phosphate group of 2’-
deoxycytidine, and other related analogues, with the side chains
of Arg174 and Arg318.28 Interestingly, Arg174 plays an important
role in the catalytic mechanism of DNA methylation.?® An addi-
tional hydrogen bond is predicted between NSC 14778 and the
backbone atoms of Pro86 and the catalytic Cys88. Similar interac-
tions are observed in the optimized binding models of the related
methylenedisalicylic acids NSC 622444 and 408488 (Fig. S2 in Sup-
plementary data).

Figure 6A depicts a comparison of the optimized binding mode of
NSC 14778 with a binding mode previously reported for 2’-deoxy-
cytidine.?® NSC 14778 adopts a similar binding mode as the nucleo-
tide. Notably, one of the carboxylic groups of the virtual screening
hit occupies the same binding pocket as the phosphate group of 2’-
deoxycytidine (Fig. 6A) and is capable of making similar hydrogen
bonds with the side chains of Arg174 and Arg318 (see Fig. 5). Of note,
NSC 14778 lacks a cytosine ring. Comparison of the functional group
placement between this compound and 2’-deoxycytidine (Fig. 6A),
in addition to the analysis of the predicted binding mode within
the catalytic site of DNMT1 (Fig. 5), indicates that formation of a
covalent bond between NSC 14778 and the SH group of the catalytic
cysteine is unlikely. Therefore, these observations suggest that NSC
14778 is a mechanism-independent inhibitor. Similar observations
have been reported for RG108.3° Figure 6B depicts a comparison of
the optimized binding mode of NSC 14778, 137546, 56071, and
106084 within the catalytic site of DNMT1. Despite the very differ-
ent scaffold, all four molecules adopt a comparable binding orienta-
tion. Of note, a carboxylic group present in three of the molecules
occupies the same binding position making equivalent interactions
with Arg174 and Arg318 (Fig. S2 in Supplementary data). Similar
interactions have been predicted for RG108.3° Taken together these
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Table 1
Relative enzymatic activity of DNMT1 and DNMT3B in percent?
Compound DNMT1 DNMT3B
NSC 14778 71(£3.1) 40(0.7)
NSC 622444 74(£3.5) 104(+2.0)
NSC 408488 78(+3.8) 108(+1.9)
NSC 137546 73(+2.9) 106(+0.6)
NSC 56071 74(£2.7) 99(+1.0)
NSC 319745 66(+2.7) 128(0.7)
NSC 106084 78(+1.6) 96(+1.1)
NSC 345763 118(£6.1) 95(+0.4)
NSC 54162 98(+4.1) 99(+0.1)
NSC 154957 99(+4.4) 106(+0.6)
NSC 158324 97(+3.9) 92(+0.2)
NSC 57893 91(+4.3) 105(2.8)
NSC 138419 91(+4.8) 104(+0.6)
NSC 348926° 85(+3.1) 99(+1.0)
RG108 83(#3.2) 110(+1,4)
Hydralazine 86(%3.7) 109(%2.1)
Curcumin 66(+0.4) 80(£1.3)
SAH 26(+0.6) 28(+0.2)

2 Biochemical DNMT assay of NSC compounds against DNMT1 and DNMT3B. The
relative enzymatic activity (in percent) is shown as the mean value of two mea-
surements. Differences between individual measurements are indicated in per-
centage points. SAH (S-adenosylhomocysteine), curcumin, hydralazine and RG108
were used as reference compounds. All compounds were tested in a concentration
of 100 uM against 800 nM of DNMT1 or DNMT3B. Compounds with an inhibition
greater than 20% were scored as positive. Compounds selective for DNMT1 are
highlighted in blue and compounds that inhibit both DNMTs are marked in red.

b This molecule was included because it is chemically related to RG108.

observations suggest that the binding modes obtained with docking
for the active molecules with DNMT1 are reasonable and suggest
that the carboxylate group present in all molecules may play a major
role in the binding with DNMT1. It is hypothesized that with the
modification of this carboxylate group, the activity of the molecules
will significantly change.

As discussed above, the initial aim of this study was to identify
novel small molecule DNMT1 inhibitors. Seven compounds with
detectable inhibition of DNMT1 were identified by multistep vir-
tual screening with a validated homology model of DNMT1 and
experimental evaluation. In addition, we experimentally evaluated
the selectivity of the active compounds. In biochemical assays with
DNMT3B, six out of the seven compounds showed selectivity to-
wards DNMT1. These findings open up the possibility to study
the structural basis of selectivity.

Although a comprehensive molecular modeling study of the
selectivity was out of the scope of this work, we report here
hypotheses to explain our findings. The selectivity may be associ-
ated with the bigger catalytic site of DNMT1 as compared to the
catalytic site DNMT3B which can lead to more favorable interac-
tions with DNMT1. Since a detailed structural comparison of the
binding modes is limited by the absence of a crystallographic
structure of DNMT3B we constructed a homology model of the cat-
alytic site of human DNMT3B using the crystal structure of
DNMT3A*® (PDB code 2QVR) as a template. Sequence alignment
was done through Clustalw** and Prime,* a protein structure pre-
diction suite from Schrddinger, LLC, was used for model building.
The aligned sequence of query and template (Fig. S3 in Supplemen-
tary data) showed 81% homology and 96% similarity. Homology
structure was built using this aligned template, taking into account
the effects of solvent through various algorithms implemented in
Prime. Missing query residues that did not match/align well with
the template sequence were built using an ab initio procedure.*®
All the steric clashes were refined through minimization using
OPLS2005 force field.*” The final model showed a backbone RMSD
of only 0.08 A with the template structure. The sequence alignment
of DNMT3B and DNMTT1 is shown in Figure S4 in Supplementary
data. This aligned sequence showed 12.3% identity and 37.2% sim-

ilarity between the two enzymes. If the sequence alignment gap of
102 amino acids (Ser1394 to Leu1495) is not considered, these val-
ues are 16% identity and 48.5% similarity. An interesting observa-
tion was also made by superimposing the two structures, DNMT1
and DNMT3B. We observed that the side chain of residue GIn89
(or GIn1227 according to Supplementary data Fig. S1) is pointing
in the interior of the binding side, whereas its equivalent Asn652
in DNMT3B points ~4 A away from the binding pocket (see Supple-
mentary data Fig. S5). Since docking of the six selective DNMT1
inhibitors into the catalytic site of DNMT3B with cLibe XP showed
consistently higher (less favorable) docking scores in DNMT3B as
compared to the scores obtained with DNMT1 (data not shown),
we propose that it may be due to the peculiar conformation of
GIn89 in DNMT1. This residue acts as an important hydrogen bond
donor to the docked compounds (Fig. S2 of Supplementary data) in
DNMT1 binding site but not its equivalent Asn652 in DNMT3B.
Further molecular modeling of these and other selective inhibitors
discovered in our group with the homology models of DNMT1 and
DNMT3B are on-going and will be published in due course.

4. Conclusions and perspectives

We are reporting for the first time small molecules with bio-
chemical selectivity towards an individual human DNA methyl-
transferase enzyme. The identification of enzyme-selective
inhibitors represents a major conceptual advance for future drug
development and provides important tools for understanding the
role of individual DNMT enzymes in epigenetic regulation.

Using a multistep docking approach of lead-like compounds
with a homology model of the catalytic site of DNMT1, followed
by experimental testing, we discovered seven new molecules with
detectable DNMTT1 inhibitory activity. The seven compounds had
more favorable docking scores with DNMT1 than the reference
compound RG108 by all three docking programs (cupe XP, Gorb,
and autopock), and showed high docking ranks, particularly with
autopock. Further experimental characterization of active com-
pounds showed that six out of these seven inhibitors appeared
selective for DNMT1 and did not inhibit the DNMT3B methyltrans-
ferase. The observed potency was comparably low for most test
compounds, which we partially attribute to the high amount of
protein used in the biochemical assay. The molecules identified
in our study have diverse scaffolds, not previously reported for
DNMT inhibitors, and represent excellent candidates for optimiz-
ing their inhibitory activity and selectivity. The findings obtained
through this work represent the foundation for extensive molecu-
lar modeling studies to understand the structural basis of selectiv-
ity towards individual DNMTs.

5. Materials and methods
5.1. Database: lead-like selection and preparation

The NCI Open Database®' with 260,071 compounds was ob-
tained from ZINC.3? The compound database was processed with
FILTER,>> version 2.0.1, to select a subset of lead-like compounds.
We used the default parameters in the lead-like filter without fur-
ther modifications. The resulting database, referred in this work as
the NCI lead-like set, contained 65,375 compounds. For docking,
different protonation states and tautomers were generated with
ucprep, > version 2.2. This yielded a total of 90,653 structures.

5.2. Docking with cLipe HTVS, SP, and XP

We employed the HTVS docking mode in cupk,>” version 5.0, for a
rapid structure-based filtering of the NCI lead-like set. This data set
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Figure 4. Dose-response plots for selected NSC compounds against DNMT1 or DNMT3B. The IC5, concentrations of selected compounds were determined by biochemical
DNMT assays under identical conditions (500 nM enzyme, 0.7 uM AdoMet, 400 nM hemimethylated oligo). Each data point represents the mean + SD of three measurements,
and the data were analyzed by SigmaPlot version 10.0. Compounds selective for DNMT1 are highlighted in blue and compounds that inhibit both DNMTs are marked in red.

(previously prepared with ucprer) was docked with a validated
homology model of the catalytic domain of human DNMT1 using
the coordinates of the homology model published previously as a
starting point.?° The scoring grids were centered on the binding mode
we reported recently for 2’-deoxycytidine using the same model of
DNMT1.22 We used the following bounding box size (in A):
14 x 10 x 6, that covers the catalytic pocket and part of the co-factor
binding site. We used flexible docking with default parameters.

The top-ranked compounds with cLipe HTVS were docked flexibly
in a stepwise manner with cupe SP and XP (Fig. 2). We employed de-
fault parameters with the same receptor grids used with cLipE HTVS.

5.3. Docking with coLp

Selected compounds docked with cLipe XP and autobock into the
DNMT1 active site, were also docked with coip,3® version 4.0
(Fig. 2). The binding site was defined by selecting all atoms within
10 A of 2'-deoxycytidine (as found in the binding model we re-
ported®®) with the cavity detection mode turned on. Default
parameters were used. A maximum of 10 docking runs per mole-

cule were performed allowing early termination if top three solu-
tions are within 1.5 A RMS deviations of each other. Poses were
evaluated with GoldScore. Cys88 was allowed to rotate freely dur-
ing docking.3°

5.4. Docking with autopock

Selected compounds docked with cupe XP and cowp into the
DNMT1 active site, were also docked with autopock,>® version 3.0
(Fig. 2). We used the same grid maps (centered at the center of
coordinates of docked 2’-deoxycytidine) and docking parameters
reported for the docking of 2’-deoxycytidine and other compounds
with the model of DNMT1.2® The only modification was the num-
ber of docking runs that was set to 10 (previously 100) for faster
virtual screening.

5.5. Compound selection for testing

A set of 227 compounds was docked with cLipe XP, coip, and
autopock (Fig. 2). In order to select consensus compounds for each
list the following heuristic rule was applied:
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Figure 5. Optimized docking model of NSC 14778 with human DNMT1. (A) 3D
representation showing selected amino acid residues. Hydrogen bonds are
indicated with blue dashes. Hydrogen atoms are omitted for clarity; (B) 2D-
interaction map displaying amino acid residues within 4.5 A of the ligand. Green
and blue arrows indicate hydrogen bonding to side chain and backbone atoms,
respectively. Blue ‘clouds’ on ligand atoms indicate the solvent exposed surface area
of ligand atoms. Light-blue ‘halos’ around residues indicate the degree of interac-
tion with ligand atoms. The dotted contour reflects steric room for methyl
substitution.

If cuipE XP score < Txp and Autodock Docking Energy < Tapg and
GoldScore > T¢s then Consensus Hit

where Txp, Tapg, and Tgs are thresholds for cLipg, autopock and Gold-
Score, respectively. We applied the following thresholds:
Txp=—7.0; Tapg = —13.99; Tgs=62.0. The thresholds were based
on the docking scores obtained for RG108 (Table S1 in Supplemen-
tary data) that was taken as a reference. In total, we selected 24
consensus compounds from this list (Fig. 2). Out of the final 24
compounds identified from the multistep docking approach, 13
were obtained for experimental testing (Fig. 2).

5.6. Cloning and purification of human DNMT1 and DNMT3B
Generation of recombinant DNMT1 was described previously.*®

Recombinant baculoviruses encoding human DNMT3B fused to N-
terminal 6xHis-tag were generated via the Bac-to-Bac baculovirus

Figure 6. Comparison of the binding mode of NSC 14778 (carbon atoms in green)
with the binding model of (A) 2’-deoxycytidine® (carbon atoms in cyan); (B) NSC
137546 (carbon atoms in magenta), 56071 (carbon atoms in yellow) and 106084
(carbon atoms in pink). Non-polar hydrogen atoms are omitted for clarity.

expression system (Invitrogen) according to manufacturer’s proto-
col. The full-length DNMT3B gene was amplified by PCR and cloned
into the FastbacHTc vector (Invitrogen). Identity and integrity of
the DNMT3B gene was confirmed by plasmid sequencing. Sf9 cells
were maintained in suspension culture with Ex-Cell 405 medium
(Sigma, Taufkirchen, Germany) supplemented with gentamicin
(50 ng/ml) and 5% fetal calf serum. Cells were grown in roller bot-
tles and infected with a multiplicity of infection of 5-10 at a cell
density of 1.0 x 10° cells/ml. The cells were kept at room temper-
ature (RT) at 30 rpm and harvested 72 h after infection by centrifu-
gation. The cell pellet was washed once with PBS. For protein
purification, approximately 2.0 x 10® infected cells were resus-
pended in 15 ml of lysis buffer (150 mM KCI, 20 mM TrisCl pH
7.5, 1% NP40, 1 mM imidazole, 2 mM B-mercaptoethanol) supple-
mented with Protease Inhibitor Cocktail Complete Mini (Roche Ap-
plied Science). Cells were disrupted by sonication and centrifuged
for 30 min at 10,000g at 4 °C. The supernatant was loaded onto
NTA-agarose columns (Qiagen) equilibrated with buffer A
(20 mM Na,PO4 pH 8.0; 10% glycerol, 500 mM NacCl, 40 mM imida-
zol). Columns were washed with 10 column volumes of buffer A
and 10 volumes of buffer B (20 mM Na,PO, pH 8.0; 10% glycerol,
100 mM NacCl). Proteins were eluted with five volumes of buffer
C (20 mM Na,PO4 pH 8.0; 10% glycerol, 10 mM NaCl, 250 mM imid-
azole). The protein concentration of purified DNMT3B was deter-
mined by Bradford assay and verified by using Coomassie blue
stained SDS/polyacrylamide gels and Western blotting using stan-
dard procedures.

5.7. Biochemical DNMT assay

DNA methylation assays were carried out in total reaction vol-
ume of 25 pl containing 0.4 pM hemimethylated or unmethylated
oligonucleotide substrate purchased from MWG (upper strand: 5’'-
GATCGCXGATGCGXGAATXGCGATXGATGCGAT-3/, X=5mC for
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hemimethylated or X =C for unmethylated substrate, and lower
strand: 5-ATCGCATCGATCGCGATTCGCGCATCGGCGATC-3'), puri-
fied DNMT1 or DNMT3B protein, reaction buffer (100 mM KCL,
10 mM TrisCl pH 7.5, 1 mM EDTA) and BSA (1 mg/ml). All reactions
were carried out at 37 °C in the presence of 0.7 uM [methyl->H]
AdoMet (2.6 TBq/mmol, Perkin-Elmer). After 3 h the reaction
was stopped by adding 10 pl 20% SDS and spotting of the whole
volume onto DE81 cellulose paper. Filters were backed at 80 °C
for 2 h and washed three times with cold 0.2 M NH4HCOs, three
times with distillated water and once with 100% ethanol. After dry-
ing filters were transferred into Mini-Poly Q vial from Perkin-El-
mer and 5ml Ultima Gold LSC Cocktail was added per vial.
Analysis was done in a Scintillation counter, each measurement
was repeated once.

5.8. Compounds

All NSC compounds were obtained from the NCI/DTP Open
Chemical Repository (http://dtp.cancer.gov), dissolved in DMSO
and stored at —80 °C. S-Adenosylhomocysteine (SAH), hydralazine
and RG108 were purchased by Sigma-Aldrich (Taufkirchen, Ger-
many). Curcumin was purchased from Alfa Aesar (Karlsruhe,
Germany).
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