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The term epigenetics is defined as inheritable changes that influence the outcome of a phenotype without
changes in the genome. Epigenetics is based upon DNA methylation and posttranslational histone modi-
fications. While there is much known about reversible acetylation as a posttranslational modification,
research on reversible histone methylation is still emerging, especially with regard to drug discovery.
As aberrant epigenetic modifications have been linked to many diseases, inhibitors of histone modifying
enzymes are very much in demand. This article will summarize the progress on small molecule epige-
netic inhibitors identified by structure- and computer-based approaches.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The two major biochemical pathways of epigenetic regulation
are DNA methylation and post-translational modifications of ami-
no acids in histone proteins. The modifications interact with each
other and constitute a particular pattern of alterations in the chro-
matin structure, the histone code.! Post-translational modifica-
tions of histones have been shown to participate in many cellular
processes, including regulation of gene transcription and mitosis.
Regulations of these covalent modifications, and the implications
of this regulation, are currently of great interest in the scientific
community.? Although histone proteins are subject to several
post-translational modifications, such as acetylation, methylation,
phosphorylation, ubiquitinylation or glycosylation, the focus of
most studies has been so far mainly on lysine acetylation/deacety-
lation and methylation/demethylation. Over the years, many of the
enzymes that regulate these histone modifications have been iden-
tified and characterized on a molecular level. A large effort has
been accompanied by a wealth of 3D structures on epigenetic
targets in an attempt to understand epigenetic targets and their
regulation on a molecular level®> From the early discovery of
histone deacetylase inhibitors, such as Trichostatin A, to the more
recent discovery of other inhibitors of histone modifying enzymes,
structure- and computer-based approaches were applied to ana-
lyze target-ligand interaction and to rationalize the development
of small molecule modulators.* This review will summarize the
progress on small molecule inhibitors identified by structure-
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and computer-based approaches that have been shown to modu-
late the activity of histone deacetylases, histone acetyltransferases,
histone methyltransferases and histone demethylases.

1.1. Computer-based approaches

It has become common sense in drug discovery to use com-
puter-based design techniques to identify and optimize novel
molecules with a desired biological activity.” As a practical matter,
computer-based methods are frequently divided into disciplines
that focus on either structure-based or ligand-based approaches.
When the 3D structure of a target protein is known, then it is pos-
sible to apply structure-based methods. New candidate molecules
may be docked into a particular binding pocket in order to study if
they can interact with the protein in an optimal way. In an ideal
situation, the target protein has already been crystallized in com-
plex with a first lead structure. However, in particular for novel tar-
gets, frequently structural information is not available at the time
of the first experiments (e.g., high-throughput screening). If no 3D
structure is available, but a sufficient number of active analogs
have already been synthesized, then pharmacophore-based
methods can be applied to identify novel molecules that fit a par-
ticular model.®” It may seem straightforward to develop new mol-
ecules for known proteins by applying structure-based approaches,
but significant problems are invoked. Protein flexibility, multiple
ligand binding modes, solvation, or entropic effects are some of
the problems that must be solved to end up with reliable models.
There are also studies available that demonstrate the efficiency of
ligand- and structure-based approaches in direct comparison,® as
well as synergies obtained by using both approaches in
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combination.? As the costs for computational power keep dropping
and parallel computing is now available, theoretical modeling
techniques are no longer a limiting problem to analyze large
databases comprising millions of compounds.® In general, com-
puter-based methods gained influence on the validation of targets,
hit finding, hit to lead expansion, lead optimization, and also the
prediction of suitable ADMET and off-target activity profiles.’

2. DNA methyltransferases

Only a few studies have been published so far where rational
approaches have been used to identify selective inhibitors of
DNA methyltransferases (DNMTs). One reason might have been
the missing crystal structures of therapeutically relevant DNMTs,
such as DNMT1. Due to the lack of an experimental 3D structure
of DNMTT1, Lyko and co-workers have generated a homology model
for the catalytic domain based on the crystal structures of DNMT2
and bacterial homologues.'® While this model demonstrated a sig-
nificant conservation of the catalytic site—also due to the high se-
quence identity between the related enzymes (~50%)—it also
revealed a number of unique structural features: His1459 of
DNMTT1 is substituted with alanine at the corresponding positions
in the bacterial methyltransferases. In addition, the side chains of
Arg1310 and Arg1312 have different conformations compared to
the corresponding side chains in the two bacterial methylases.
The authors stated that these differences influence the binding of
the ribose ring in the cytosine ligand by creating a narrower cavity.

To identify small molecule DNMT inhibitors Siedlecki et al.
screened the NCI Diversity Set using an in silico virtual screening
approach (VS).!! The Diversity Set consists of 1990 compounds
that are representative of the chemical diversity of more than
140,000 compounds. To refine the database for docking calcula-
tions, unwanted compounds not suitable for the DNMTT1 active site
considering size, hydrophobicity, and uncommon atom types were
removed. To test whether the applied scoring function is suitable
for the DNMT binding pocket, known binders were used firstly as
training set. The pock5'? program was able to correctly predict
the bioactive conformation of the training set ligands. The vali-
dated protocol was then applied to screen the NCI Diversity Set.
The visual analysis of the docking and scoring data resulted in se-
ven identified virtual hits. Two of them were experimentally tested
in a cell-free in vitro assay and were found to be active in the range
between 10 and 100 uM. The most interesting and most active
compound is the tryptophan derivative 1 (RG108, NSC401077,
Fig. 1). In the same study, compound 2 (NSC303530) was also iden-
tified as a somewhat weaker inhibitor. Analogues of 1 that do not
contain the carboxylic acid group were found to be inactive.

Very recently a further VS study was reported from the same
authors.!® The screening focussed on a large database of natural
products with a validated homology model of the catalytic domain
of DNMT1. The VS focused on a lead-like subset of the natural
products docked with DNMTT1, using three docking programs, fol-
lowing a multistep docking approach. Consensus hits with high
predicted docking affinity for DNMT1 by all three docking pro-
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Figure 1. Molecular structures of two DNMT inhibitors identified by VS of the NCI
diversity set.!!

grams were identified. One hit showed DNMTT1 inhibitory activity
in a previous study. Further biological tests are necessary to con-
firm the derived hits.

3. Histone deacetylases
3.1. Classical (zinc dependent) HDACs

So far 18 different HDACs have been discovered in humans and
have been classified into four classes based on their homology to
yeast histone deacetylases.'* Class I includes four different sub-
types (HDACT, 2, 3 and 8), class Il contains six subtypes which
are divided into two subclasses, class Ila with subtypes HDAC4,
5,7 and 9, and class IIb with HDAC6 and 10. Class I and class II
HDACs share significant structural homology, especially within
the highly conserved catalytic domains. HDACs 6 and 10 are
unique as they have two catalytic domains. HDAC11 is referred
to as class IV. While the activity of class I, Il and IV HDACs depends
on a zinc based catalysis mechanism, the class Il enzymes, also
called sirtuins, require nicotinamide adenine dinucleotide as a
cofactor for their catalysis (see below).

Cocrystal structures of HDACs in complex with hydroxamic acid
containing ligands have been useful in dissecting the molecular de-
tails of HDAC inhibition.'> The first of these structures was ob-
tained with HDAC-like protein (HDLP) complexed with two
different inhibitors.* Later, crystal structures of human HDAC2,
HDAC4, HDAC7 and HDACS, as well as bacterial FB188 HDAH have
been resolved.? Unfortunately, for two of the most promising
HDAC subtypes for drug discovery, HDAC1 and HDACG, no struc-
tural data is available at the moment. The architecture of the
solved HDACs is very similar, with the residues in the active site
being conserved between bacterial and human HDACs. However,
the organization of the loop and distal helices is different in the
known HDAC structures, for example, HDAC8 shows a more open
and accessible substrate binding channel. The deacetylase active
site with the zinc ion is located at the end of an approximately
12 A long tunnel. The zinc ion is penta-coordinated by two aspartic
acids and one histidine. The rest of the substrate channel is made
up of lipophilic amino acids which are highly conserved across
the isoforms. Especially, two aromatic side chains which restrict
the width of the tunnel can be found at the same position in the
different HDAC structures. At the top of the binding cavity a rim

Figure 2. Crystal structure of HDAC7 (3C10.pdb) in complex with the inhibitor
Trichostatin A (green carbons). Only the residues in the binding pocket are shown.
The zinc ion is shown as blue colored ball.
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is leading to the surface, which is formed by several loop regions
that differ between subtypes. As an example the binding mode of
the cocrystallized inhibitor Trichostatin A (3) with HDAC7 is shown
in Figure 2.

In the crystal structures, the inhibitors coordinate to the active
site zinc and make a series of hydrogen bonds via their hydroxamic
acid moiety. The hydroxamic acids are linked by a flexible spacer
with bulky cap groups. The aromatic or aliphatic spacer partici-
pates in Van der Waals-interactions throughout the long channel,
whereas the terminal part of the inhibitor interacts with residues
at the rim of HDAC. In general, the binding mode of the cocrystal-
lized inhibitors 3 and 4 (SAHA, Vorinostat) is conserved among the
different species and subtypes.'® The recently solved crystal struc-
ture of HDAC2 in complex with a benzamide derivative, showed for
the first time that the aniline and amide group of this inhibitor
class can also be coordinated to the zinc-ion.!” (Fig. 3) Thus, the
binding mode for well known inhibitors such as 5 (MS-275) is
now better understood.

3.2. Docking studies using X-ray structures and homology
models

Ligand bound structures of the target protein provide a suitable
starting point for structure-based drug design. Since the first of the
solved structures was that of HDLP, molecular modeling studies
started with the analysis of the inhibitor binding mode for this bac-
terial enzyme. A variety of studies were reported in the meantime
where structure-based optimization of HDAC inhibitors was suc-
cessfully guided by docking the compounds into the HDLP active
site.’®28 In the case of HDAC1 and HDACS6 a crystal structure of
the enzyme is yet to be elucidated and in its absence, homology
models of HDAC-1 and HDAC-6 complexed with hydroxamate
based inhibitors were generated by several groups.?®~*° The re-
fined models were generally checked for structural integrity using
molecular dynamics simulations and various protein structure
checking tools. The predictive ability of the models was evaluated
through docking studies of known hydroxamate or benzamide
based HDAC inhibitors. For constructing the homology models
the available crystal structures of HDLP and HDAC8 were consid-
ered in case of HDAC1. The models show a high degree of similarity

Figure 3. Crystal structure of an HDAC2-inhibitor complex (3MAX.pdb). The aniline
nitrogen as well as the amide oxygen atoms of the inhibitor (green carbons) are
chelating the zinc ion of the catalytic site. The second aromatic ring is interacting at
a foot pocket identified in the HDAC2 protein structure. The zinc ion is shown as
blue colored ball.

compared to the HDACS crystal structure. The two conserved aro-
matic amino acids (Phe150 and Phe205 in case of HDAC1) face
each other and form the narrowest part of the substrate channel.
The channel exit is composed of non-structured loop regions.
Molecular dynamics simulations have indicated a high flexibility
of this region, which makes structure-based design a challenging
task.*! For HDAC6, which has two catalytic domains, so far only
two 3D models have been reported. Whereas one was generated
on the basis of the bacterial FB188 HDAH (38% sequence identity)*?
a further model was derived using the recently published human
HDAC7 crystal structure in complex with 3 and 4 (49% sequence
identity).3” Both HDAC6 models were generated for the catalytic
domain located at the C-terminal region and have been used to ex-
plain structure-activity relationships for a series of HDAC6-selec-
tive inhibitors. In the study by Schifer et al>”** the generated
HDAC6 model was used to dock a series of biaryl- and pyridylala-
nine containing hydroxamate inhibitors. A clearly defined hydro-
phobic binding cavity was proposed that is formed by several
aromatic and hydrophobic residues (His499, His560, Phe566, and
[le569) which accommodate the hydrophobic cap group of the
inhibitors.

3.3. 3D-QSAR studies

QSAR**-%6 and 3D-QSAR*’->! models for HDAC inhibitors were
used to explain the differences in activity of certain hydroxa-
mate-based compounds. All the reported models, which showed
moderate to good internal predictivity, were mainly used retro-
spectively to explain the biological activities of HDAC inhibitors.
Generally, the 3D-QSAR models were compared with ligand dock-
ing results to get insight into the structural requirements for HDAC
inhibition.

3.4. Virtual screening studies

High-throughput screening of chemical libraries is a well-estab-
lished method for finding new lead structures in early drug discov-
ery. However, the increasing number of purchasable compounds
makes fast and reliable pre-filtering methods necessary to reduce
the number of compounds selected for experimental testing. In
contrast to high-throughput screening, in VS compounds are se-
lected on the basis of computer-based prediction. In this way, VS
approaches try to select the most promising compounds from
supplier/in-house databases for biological testing. VS can be car-
ried out by applying different approaches: by searching databases
for molecules with chemical similarity to a set of known actives,>?
by identifying compounds which match a given pharmacophore,’
or by fitting molecules into the three-dimensional structure of a
macromolecular target.>® In addition, pre-screening filters are usu-
ally applied that filter out compounds with potentially poor phar-
macokinetic properties or unwanted chemical reactivity. The
secret to success in VS lies in the choice of an appropriate combi-
nation of methods.>*>°

To evaluate the performance of a given VS technique, validation
studies are usually carried out. For this purpose, known binders are
pooled with a set of randomly selected compounds (called decoys)
to assess how well the known binders ‘enrich’ during the course of
the screening process. There is a big debate as to how similar the
decoys should be to the active molecules and what the ratio of ac-
tives and decoys should be.>®~>° Such considerations are relevant
for the development of new methods; however, in actual drug dis-
covery projects, at the end of the day, a newly discovered chemo-
type or a drug-like lead structure represents the ultimate goal.
Impressive enrichment rates of known actives will not be
convincing when it is easy to separate them from the decoys solely
on simple 1D descriptors such as molecular weight or protonation
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state.>® For that purpose some guidelines are given in the literature
how to assemble a right decoy set.>” Since the early VS attempts, a
plethora of application studies has been performed and the list of
success stories is steadily growing. Despite the fact that VS is still
a developing discipline, it has been reviewed frequently,®>3-506!
most recently in comprehensive overviews.>+>>62

Only a few VS studies focussing on HDACs have been published so
far. The rationale for that might be the yet unsolved crystal structure
of the therapeutically interesting subtypes HDAC1 and HDAC6 and
the limited number of commercially available hydroxamates. At
Argenta, a VS approach was initiated based on the published crystal
structure (PDB code: 1C3R) of the HDAC-like protein (HDLP).%3 A vir-
tual library of 644 hydroxamic acids was generated from a database
of available carboxylic acids. The designed compounds, were docked
and scored using the FlexX program.®* Based on the VS results, 75
compounds were selected and tested in an HDAC (subtype) enzyme
assay. Compound 6 (ADS100380, Fig. 4) was identified as a sub-
micromolar (ICsg = 0.75 uM) HDAC inhibitor. As expected, the corre-
sponding carboxylic acid of 6 was inactive. The docking study
indicated that the catalytic zinc ion to which the hydroxamic acid
group of 6 binds is located at the bottom of a tube-shaped pocket.
Thus, optimization of 6 was designed to make additional interac-
tions at the entrance to the HDAC active site by tethering hydropho-
bic aromatic groups to the pyrazole nitrogen. Several nanomolar
HDAC inhibitors were obtained by the structure-guided optimiza-
tion process (e.g., inhibitor 7 in Fig. 4).

Very recently, a VS study was reported which was able to iden-
tify a novel class of HDAC inhibitors.®® Park et al. docked ~180,000
molecules from the InterBioScreen database into homology model
of HDAC1. The model had been validated by docking known
inhibitors of HDAC1 into the model structure. The authors were
able to identify six novel HDAC inhibitors with ICsq values in the
low micromolar range using the commercially available BIOMOL
HDAC fluorescence assay.®® Interestingly, these inhibitors contain
zinc-chelating groups not previously reported for HDAC inhibitors,
including the N-[1,3,4]thiadiazol-2-yl-sulfonamide group (com-
pounds 8-10, Fig. 5). By analyzing the docking poses it was ob-
served that the nitrogen atom of the heterocycle and one of the
sulfonamide oxygen atoms are coordinating to the zinc ion of
HDAC. The most active compound 8 with an ICso value of 4.3 uM

is shown in Figure 5.
0} O
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A variety of retrospective VS studies have been published where
ligand- and pharmacophore-based models have been tested to
identify already known HDAC inhibitors among randomly selected
decoys.%5-%8 The models were shown to be able to discriminate ac-
tive HDAC inhibitors from other molecules. Unfortunately no
experimental validation of the novel identified compounds was
carried out, thus making it impossible to evaluate the general value
of these approaches.

3.5. Sirtuins

The class IIl deacetylases, named sirtuins, are structurally and
functionally different from other HDACs. In contrast to the zinc-
dependent deacetylation of classical HDACs, sirtuins depend on
NAD" to carry out catalytic reactions. A variety of sirtuin crystal
structures have been published over the last few years (for a recent
review see®®). The structures of human Sirt2, Sirt3 and Sirt5, as
well as several bacterial Sir2 proteins could be derived whereas
no 3D structure is available for Sirt1.7% All solved sirtuin structures
contain a conserved 270 amino acid catalytic domain with variable
N- and C-termini. The structure of the catalytic domain consists of
a large classical Rossmann-fold and a small zinc binding domain.
The interface between the large and the small subdomain is com-
monly subdivided into A, B and C pocket. This division is based on
the interaction of adenine (A), ribose (B) and nicotinamide (C)
which are parts of the NAD" cofactor. (Fig. 6) Whereas the interac-
tion of adenine and ribose is similar in all available sirtuin X-ray
structures, the interaction of the nicotinamide part is less clearly
defined. Several, so called productive and non-productive, confor-
mations of nicotinamide have been observed in the crystal struc-
tures, reflecting the high flexibility of this part of the cofactor. In
the X-ray structure of a Sirt2 homologue from Archeabacteria it
was shown that the acetylated peptide binds in a cleft between
the two domains.”! The acetyl-lysine residue inserts into a con-
served hydrophobic pocket, where NAD" binds nearby (Fig. 6). In
case of the human Sirt2 X-ray structure no structural information
about the NAD" or substrate binding is available. However, due
to the homology with bacterial sirtuins, docking studies showed
that NAD" interacts in a comparable way with human and bacterial
enzyme.”?
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Figure 4. Molecular structures of HDAC inhibitors mentioned in the text.
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Figure 5. Molecular structures of sulfonamides identified as HDAC inhibitors by virtual screening.
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Figure 6. X-ray structure of human Sirt2 in complex with NAD* (predicted by
docking). The molecular surface of the protein is colored according to the
electrostatic potenital (red = negative potential, blue = positive potential).

Several inhibitors are available for Sirt2 that have been discov-
ered by VS approaches.””7> Based on docking studies that were
carried out for human Sirt2 and competition experiments with
NAD" it was found that adenosine mimetics (e.g., the kinase inhib-
itor 11, Ro-318220, Fig. 7) are potent Sirt2 inhibitors (ICso 0.4 LM)
which interact with the adenine sub-pocket.”* The planar ring sys-
tem of the docked inhibitor 11 fits perfectly in the adenine-binding
pocket and makes hydrogen bonds with Cys324 and Asp325. A sec-
ond putative binding site for the polar amidine group of Ro-318220
was observed at the polar ribose binding site near 1le93 and Asp95.

Tervo et al. carried out a receptor-based VS on the screening
collection from Maybridge comprising about 60,000 compounds.”®
Using the UNITY software’® a simple pharmacophore query was
generated first to select potential Sirt2 hits. The database searching
returned 66 candidate compounds, of which 44 compounds passed
an in silico intestinal absorption model generated with the
VOLSURF program.”’” The retrieved hits were subsequently docked

in the Sirt2 binding pocket using the GOLD program.’® The location
of the docking poses at the active site, as well as their ability to
match the requirements of the search queries, was visually ana-
lyzed. On the basis of the visual inspection, 15 compounds were se-
lected in order to test their ability to inhibit Sirt2 in vitro. Two out
of 15 experimentally tested compounds showed a moderate
in vitro inhibitory activity toward Sirt2 (12, JFD00244 ICsq 57 pM
and 13, CD04097 ICso 74 uM; Fig. 7). The docking study which
was carried out with the human Sirt2 crystal structure revealed
that the active inhibitors interact mainly with Asp95, GIn167,
Asn168, and with Ile169, mostly by forming hydrogen bonds to
the backbone atoms. On the basis of the docking study, the authors
suggested that this region, which is also the postulated binding site
for nicotinamide, is also important for the inhibitor binding. This
observation is also supported by the finding that the docked inac-
tive compounds don’t show hydrogen bonds to these amino acid
residues. Using the same approach Poso et al. performed further
VS on other compound libraries.”®-8! Several moderately active
inhibitors could be identified from the Leadquest and Maybridge
compound collections.

A recent effort to identify a Sirt2 inhibitors culminated in the re-
port of the vinylnitrile 14 (AGK2, Fig. 7). Compound 14 and chemi-
cally similar analogs were identified in a focussed library
screening. To elucidate the structural mechanism of Sirt2 inhibition
by 14 Outeiro et al.®? developed 3D models of human Sirt2 in several
different conformations by combining available human and yeast
crystal structures. The high flexibility of the active site loop made
this strategy necessary. The different Sirt2 conformations were sub-
sequently used for docking the identified inhibitors using the ICM
program.®> Comparative analysis of the low energy ligand conforma-
tions confirmed that the preferred site for ligand binding is the
pocket C where the nicotinamide part of NAD" is interacting. A
hydrogen-bonding pattern for 14 was observed which is similar to
that of other Sirt2 inhibitors. 14 inhibits Sirt2 with an ICsq value of
3.5 uM and shows more than ten-fold selectivity versus Sirt1 and
Sirt3. In further biological experiments compound 14 displayed
the ability to block a-synuclein-mediated toxicity in a Parkinson’s
disease model, possibly by modulating tubulin acetylation.

Neugebauer et al. used docking simulations to analyze the bind-
ing of several Sirt2 inhibitors and to rationalize the structure-
activity relationships of a series of developed arylsplitomicins
(15, Fig. 7).3* Docking studies using the human Sirt2 X-ray
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Figure 7. Molecular structures of sirtuin inhibitors mentioned in the text.

structure showed that the known Sirt2 inhibitor cambinol (16) as
well as the active arylsplitomicin (15, Fig. 8) interact with the nic-
otinamide subpocket (C). By synthesizing and assaying the pure
enantiomers of the B-phenylsplitomicin 15 (Fig. 7) the postulated
binding mode could be validated. As predicted by the docking
study only the (R)-isomer is a potent Sirt2 inhibitor with a ICsq of
1.0 uM whereas the (S)-isomer is weakly active. A similar binding
mode was later observed by synthesizing and docking cambinol
analogs®® which were predicted to interact with the same
subpocket C.

His187

Asn168

Phe119

GIn167

Figure 8. Binding mode of 16 (green carbons) at the Sirt2 binding pocket. Hydrogen
bonds are shown as dashed line.

VS of commercial databases and subsequent docking the hits
into the Sirt2 binding site yielded a novel class of inhibitors con-
taining a thiobarbiturate structure, which shows similarity to the
cambinol structure.®® A set of seven active Sirt1 and Sirt2 inhibitors
could be identified and the binding mode was predicted using the
GOLD docking program. To rationalize the experimental results,
binding free energy calculations were carried out by molecular
mechanics Poisson-Boltzmann/surface area (MM-PBSA) calcula-
tions.®” A significant correlation between calculated binding free
energies and measured Sirt2 inhibitory activities was observed.
Thus, the prediction model could be used to estimate the inhibitory
activity of novel candidate drugs. The analyses suggested a
molecular basis for the interaction of the identified thiobarbiturate
derivatives with human Sirt2. The interaction of the most potent
thiobarbiturate 17 (ICso 8.7 uM) with human Sirt2 is shown as an
example in Figure 9. A common feature of the active inhibitors is
the interaction (hydrogen bond) of one thiobarbiturate NH-group
with the backbone carbonyl of GIn167 and the hydrogen bond be-
tween the barbiturate CO-group and His187. The bulky naphthyl or
biaryl substituent is facing in the acetyl-lysine substrate channel
and makes van der Waals interactions with the aromatic ring sys-
tem of Phe119 and His187.

The available structural information on human sirtuins and
the derived docking results suggest that inhibitors can interact
with different binding pockets. Whereas for adenosine analogs
an interaction was predicted for the adenine pocket and verified
by competition experiments, for a variety of inhibitors (e.g., 14,
B-phenylsplitomicin 15, cambinol 16, thiobarbiturate 17, and
the indole 18) bearing polar moieties the interaction with the
nicotinamide or the substrate pocket is postulated. Crystal struc-
tures of human sirtuins together with inhibitors from the differ-
ent structural classes will be helpful for the structure-based
optimization.
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Phe119

Figure 9. Interaction of the thiobarbiturate 17 (green carbons) with the Sirt2
binding site. Hydrogen bonds are shown as dashed line.

4. Histone acetyltransferases

Histone acetyltransferases (HATs) enzymes have been divided
into several families based on conserved sequence motifs. The two
major families are named GNAT (Gcn5-related N-acetyltransferases)
and MYST (MOZ, Ybf2/Sas3, Sas2, Tip60). Numerous structural stud-
ies have been carried out on HATSs in the last decade that lead to a
wealth of structural data on the GNAT, MYST and p300/CBP
families.88-°° Despite the large number of available crystal struc-
tures derived for HATs, HAT-cofactor and HAT-substrate complexes,
only one study was reported so far which used the 3D structural
information for VS or molecular design of HAT inhibitors.®!

Bowes et al. docked 500,000 molecules into the p300 HAT crys-
tal structure using the ICM docking program®® and biologically
tested 194 selected hits coming out of the VS. Among the actively
tested compounds (Fig. 10) the pyrazolone-containing small mole-
cule p300 HAT inhibitor 19 was identified. 19 was shown to be a
competitive p300 inhibitor with an K; of 400 nM and was found
to be selective versus other acetyltransferases. In addition, two fur-
ther moderately active inhibitors (20, 21, Fig. 10) were identified.
Studies on site-directed p300 HAT mutants and synthetic modifica-
tions of 19 confirmed the predicted binding mode and the impor-
tance of particular interactions in conferring potency. The other
few available HAT inhibitors were mostly identified by random
screening campaigns or empirical findings.%?

COOH
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5. Histone methyltransferases

During the past several years, a variety of crystal structures of
histone lysine and arginine methyltransferase in complex with
the cofactor analog S-adenosyl-i.-homocysteine (SAH) and/or in
complex with peptide substrates have been reported.>> However,
only one three-dimensional structure of a complex between a his-
tone methyltransferase (HMT) and an inhibitor has been reported
so far.9

Due to the lack of experimental structures a variety of molecu-
lar modeling and docking studies has been carried out for HMTs in
order to understand the structural requirements for inhibitor
binding.

The first crystal structure for a PRMT enzyme was reported in
2000 for rat PRMT3 in complex with the cofactor analogue SAH.%®
The results revealed a two-domain structure—a SAH binding domain
and a barrel-like domain—with the active site pocket located be-
tween the two domains. The rat PRMTT1 crystal structure in complex
with SAH and a substrate peptide were published in 2003 and al-
lowed for the first time the analysis of the enzyme-substrate inter-
action.®® Mutagenesis studies on rat PRMT1 confirmed that two
active site glutamate residues (Glu144 and Glu153) are essential
for enzymatic activity, and that dimerization of PRMT1 is essential
for cofactor binding. The crystal structures of rat PRMT1 were ob-
tained at a non-physiological pH-value (pH 4.7; maximum enzy-
matic activity at pH 8.5), resulting in a conformational change of
one of the active site glutamates (Glu153) and a disordered helix
oX which is part of the substrate binding pocket.

The available rat PRMT1 and PRMT3 crystal structures have
been used to provide a structural explanation for the inhibitory
activity of a set of synthesized analogues of eosin (22, Fig. 11).
Docking of inhibitors such as 23 (Fig. 11) into PRMT1 and the
Aspergillus homologue RmtA revealed a potential interaction with
the arginine substrate and the cofactor binding pocket. In contrast,
related analogs could be docked either in the cofactor or substrate
binding site. However no experimental confirmation by competi-
tion experiments has been reported to support the postulated
binding mode.®” The reported series of dye-related small molecules
was further used to establish a receptor-based 3D QSAR model for
nine selected inhibitors from the study. The 3D QSAR model which
was generated using the GRID/GOLPE®® approach showed good
internal predictivity (q? = 0.93). However, due to the limited num-
ber of molecules in the 3D QSAR analysis, the model is of limited
validity.

In a further study Mai et al.>” have chosen the eosin (22, Fig. 11)
chemical structure as a template to design a new series of simpli-
fied analogues starting from a pharmacophore hypothesis. In this
hypothesis, the presence of two o-bromo- or 0,0-dibromophenol
moieties inserted into hydrophobic moieties were identified as
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Figure 10. Molecular structures of HAT p300 inhibitors identified by virtual screening.
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Figure 11. Molecular structures of PRMT inhibitors mentioned in the text.

crucial for having antimethyltransferase activity. They prepared a
series of substituted 1,5-diphenyl-1,4-pentadien-3-ones (e.g., com-
pound 24 Fig. 11) and docked them into the generated model struc-
tures of human PRMT1, CARM1 and into the SET7 crystal structure.
The analysis of the AutoDock-proposed binding modes revealed
that the compounds are able to bind in the SAM or in the Arg/Lys
substrate binding sites. The most active compounds could be
docked in the SAM binding pocket of the two PRMTs (PRMT1 and
CARM1), whereas for SET7, most of the developed compounds
occupied both the lysine and cofactor binding sites.

Applying a combination of structure-based VS and biochemical
characterization two drug-like substrate competitive PRMT1
inhibitors (25, stilbamidine and 26, allantodapsone, Fig. 11) have
been reported recently.'®’ Based on a generated homology model
of human PRMT1 and subsequent docking into the substrate bind-
ing site, key interactions between the identified inhibitors and
PRMTT1 could be derived. A common feature of the actively tested
inhibitors is the hydrogen bonding of a basic or polar group with
the active site Glu152 (which corresponds to Glu144 in rat PRMT1).
Abasic or polar moiety of the inhibitors mimics the guanidine group
of the arginine side chain of the substrate peptide. In addition, the
inhibitors show van der Waals interactions with several aromatic
residues of the binding pocket (Tyr47, Tyr156, Trp302) (Figs. 12A
and 12B). The proposed binding mode could be confirmed by com-
petition experiment using a synthetic histone substrate.

Based on the identified PRMT1 inhibitor 26, Heinke et al.'! ex-
panded their virtual and biological screening for novel inhibitors.
Structure-based VS of the Chembridge database comprising
328,000 molecules was performed using a combination of ligand-
and target-based in silico screening. 189,000 molecules were
screened in silico using a structure-based pharmacophore model
generated with the program LigandScout. Subsequently docking
the compounds which passed the pharmacophore and analyzing
the top-ranked hits nine compounds from clusters of similar
molecules were selected and experimentally tested using human

’ SAH

Figure 12A. Predicted binding mode of 25 (colored magenta) at the substrate
binding pocket of PRMT1. The cofactor analog SAH is shown in orange at the bottom
of the figure. Hydrogen bonds are shown as dashed lines. Only residues of the
binding site are displayed.

PRMT1 and an antibody based assay with a time-resolved fluores-
cence readout (27-29, Fig. 11). Among several aromatic amines (27
and 29) also an aliphatic amine and an amide (inhibitor 28) were
found to be active in the puM range.

A further fragment-based VS identified o-methylthioglycolic
amides as new lead PRMT inhibitors. Similarity based searching
for analogues resulted in inhibitor 30 (Fig. 11), which was identi-
fied as bisubstrate PRMT1 inhibitor. Docking of 30 showed that
the compound blocks the cofactor and the substrate channel show-
ing mainly favorable van der Waals interaction with aromatic res-
idues (Tyr43, Tyr47, Met56, Val108, Tyr156, Tyr160) of the cofactor
and Arg-binding pocket.!%?
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Figure 12B. Predicted binding mode of 26 (colored magenta) at the substrate
binding pocket of PRMT1. The cofactor analog SAH is shown in orange at the bottom
of the figure. Hydrogen bonds are shown as dashed lines. Only residues of the
binding site are displayed.

Kubicek et al. applied both VS and HTS to screen the Boehringer
Ingelheim chemical compound library for inhibitors of the lysine
methyltransferase G9a. Cheminformatic tools were used to identify
molecules that would have an increased probability to function as
potential G9a inhibitors.'®>1% The similarity was calculated on the
basis of ligand/protein-based fingerprints/site-points.'®> The ap-
proach was used both for a ligand-based and protein-based VS.
For the protein-based screening a homology model based on the
crystal structure of DIM-5 (1PEG.pdb),'°® a lysine methyltransfer-
ase with 30% identity in the SET domain to G9a, was developed.
Each method scored the compounds in the screening collection.
Additional compounds were randomly selected, and a total of
125,000 substances were subsequently evaluated in HTS. The
experimental in vitro testing on G9a revealed seven hits with
activities in the low micromolar range. Beside the unselective
inhibitor acylbenzimidazole 31 (BIX-01338), the selective inhibitor
32 (BIX-01294) was identified (Fig. 13). Compound 32 inhibited
G9a at 2.7 uM (ICsp) and did not show activity against SUV39H1
or PRMT1.

The predicted binding mode of 32 could be confirmed recently
by the crystal structure of the catalytic SET domain of the G9a-like
protein GLP (which is a close homologue of G9a) in complex with
the inhibitor and the cofactor analog SAH.* 32 was shown to bind
in the substrate peptide groove at the location where the histone
H3 residues N-terminal to the target lysine lie in the previously
solved structure of the complex with a histone peptide. The co-
crystallized inhibitor resembles the bound conformation of histone
H3 Lys4 to Arg8, and is positioned in place by residues specific for
these lysine methyltransfereases through specific interactions
(Fig. 14A).

The available crystal structure of 32 in complex with GLP has
been used to carry out structure-guided optimization of this
inhibitor family. The X-ray crystal structure of the complex re-
vealed that 32 occupied the histone peptide binding site and did
not interact with the narrow lysine binding channel. The authors
hypothesized that adding a 7-aminoalkoxy side chain to the qui-
nazoline scaffold would make new interactions with the lysine
binding channel while the rest of molecule maintained interactions
with the peptide binding groove. The new compound 33
(UNC0224) (Fig. 13) was found to be 7-times more potent (ICs
15 nM at G9a) compared to the parent compound (ICso 106 nM).

31 32

o

33

Figure 13. Molecular structures of G9a inhibitors mentioned in the text.

Figure 14A. Crystal structure of the GLP methyltransferase (3FPD.pdb) in complex
with the inhibitor 32 (colored yellow). The inhibitor is involved in two hydrogen
bonds to D1131 and D1140. (The cofactor analog SAH is colored green and the
protein backbone is shown as purple ribbon. Only interacting residues of GLP
methyltransferase are displayed).

The interaction of 33 with the enzyme could be verified by solv-
ing the crystal structure of the inhibitor bound to GLP (Fig. 14B). As
predicted, it was found that the 7-dimethylaminopropoxy side
chain of 33 indeed occupied the lysine binding channel of G9a ni-
cely, thus validating the binding hypothesis. Thus, the higher
potency of 33 compared to 32 was explained by an additional
interaction between the 7-dimethylaminopropoxy side chain and
the lysine binding channel.



3614

Figure 14B. Crystal structure of the G9a methyltransferase (3K5K.pdb) in complex
with inhibitor 33 (colored green). Same coloring scheme is used as in Figure 14A.

6. Histone demethylases

The first histone demethylases (HDMs) have been identified only
recently. In 2004, Shi and co-workers discovered the first demethyl-
ase specifically demethylating histone H3 at lysine 4 and named it
LSD1 (lysine-specific demethylase-1).171% LSD1 shows a high se-
quence homology with FAD-dependent amine oxidases. Two years
later, another family of histone demethylases was identified and
termed JmjC protein.!®® These demethylases use Fe(Il) and o-keto-
glutarate in an oxygenation reaction to remove the methyl groups
from lysine residues. Since the expression levels of several of these
demethylases are increased in primary tumors, HDMs are consid-
ered as potential drug targets.!'® Therefore it is not surprising that
a huge effort is now made to explore the structural requirements
of modulating these targets and to identify small molecule inhibi-
tors. A variety of crystal structures have been solved in the last four
years which helped in understanding the binding of substrates and
first available unselective inhibitors.!"""112 It is likely that the avail-
able 3D structures of HDMs will soon result in the structure-guided
design of druglike and selective inhibitors.'®

7. Summary

Despite many technical challenges, structure-based VS has an
important role in drug discovery. As a steadily growing number
of epigenetic targets are characterized biologically and also struc-
turally, structure-based methods are more and more applied to de-
sign specific inhibitors to elucidate their therapeutic potential.
Ligand docking and scoring technologies have steadily improved
and the importance of the adequate validation of pragmatic VS
protocols is now well recognized. While both ligand- and recep-
tor-based approaches already have demonstrated their value in
identification of novel lead compounds for epigenetic targets, there
is still the challenge to improve the predictive accuracy of scoring
functions, particularly to enable scoring-based methods to have a
greater impact in guiding lead optimization.
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