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Abstract

The catalytic activity of the histone deacetylase (HDAC) enzymes is directly relevant to the
pathogenesis of cancer as well as several other diseases. HDAC inhibitors have been shown to have
the potential to treat several types of cancers. The role of computational study of the HDAC enzymes
is reviewed, with particular emphasis on the important role of molecular modeling to the development
of HDAC inhibitors with improved efficacy and selectivity. The use of two computational approaches
—one structure-based, and the second ligand-based—toward inhibitors against the different HDAC
sub-classes, are summarized.

INTRODUCTION

The opposing catalytic activities of the histone acetyltransferases (HATS) and histone
deacetylases (HDACS) are critical in the regulation of gene transcription [1]. The HATs and
HDACs are two distinct families used for the reversible change of the chemical state of e-amino
group of the lysine residues residing at the N-termini of the core histone proteins. The chemical
state of these lysines (whether as the free e-amine or the N-acetylated -amine) profoundly
effects chromatin remodeling and the epigenetic regulation of genes [2]. Acetylation is one of
the most abundant epigenetic modifications of the histones, and acetylation positively
correlates with active gene expression. Conversely, deacetylation is positively correlated to
gene silencing.

Aberrant control of the state of histone acetylation/deacetylation leads to the development of
several types of cancers [3]. HDAC inhibition leads to a hyperacetylated state of the histones,
initiating the transcriptional activation of suppressed genes. In cancer states hyperacetylation
ultimately causes cell cycle arrest and apoptosis. This approach recently was proven to be a
valid strategy for the treatment of cancer [4]. The first HDAC inhibitor, SAHA (Vorinostat®),
was approved in 2006 by the FDA for the chemotherapy of cutaneous T-cell lymphoma
(CTCL). Several other very promising HDAC inhibitors are currently in Phase I/11 clinical
trials [5]. Accumulated evidence also shows that HDAC inhibition may have therapeutic
benefit against several central nervous system disorders [6] and against malaria [7].

Human HDACs are grouped into four classes (Classes I, 11, I11 and IV) on the basis of sequence
homology to their yeast orthologues (Rpd3, Hdal, and Sir2) [8], Table 1. Classes I, Il and IV
are Zn(I1)-dependent HDACS, containing 11 separate enzymes denoted as HDACs 1-11. The
Class 11l HDACs are NAD*-dependent, and having a catalytic mechanism that is distinctly

different from the other three HDAC classes. Class | HDACs (HDAC1, 2, and 3), each about
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350-500 amino acid residues in length, are usually recruited as subunits of transcriptional
multiprotein complexes in the nucleus. For example, HDAC1 and 2 are involved in the NuRD
and Sin3 repressor complexes [9]. HDACS3 is part of the N-COR and SMRT complexes [10].
Class Il is divided into two sub-classes, the class lla enzymes (HDAC4, 5, 6, 7, and 9) and the
class 11b enzymes (HDACS, 10). Class Ila HDACs have distinct tissue-specific patterns of
expression, and are predominantly localized in muscle and heart tissues [11]. The class Ila
HDACs comprises a total of 500-600 residues, reflecting the presence of an extended C-
terminal domain not found in the class | HDACSs. This domain plays a key role in the interaction
of the class Ila HDACs with other proteins, including HDAC3 and the myocyte enhancer factor
2 (MEF2). HDACS, one of the class I1b HDACs, is unique among the entire HDAC family. It
contains two independent catalytic domains and a zinc finger ubiquitin-binding domain at its
C-terminus. HDACS catalyzes deacetylation of acetylated a-tubulin, thus altering the stability
of the microtubules in cytoplasm [12]. HDAC10, a second class 11b member, lacks the second
catalytic domain found in HDACS. Its function is still unknown. HDAC11 is the only member
of class IV, and is primarily localized in the nucleus. Little information is available regarding
its expression and function. Sequence alignment implies that its structure may be related to
both classes I and Il HDACs.

The Sirtuin, or class 1l HDACs, includes seven enzymes (SIRT1 to 7). Each shows substantial
sequence similarity to the yeast protein Sir2 (silent information regulator 2) [13]. These HDACs
use NAD™ as a co-substrate during their catalysis of hydrolytic deacetylation. Each sirtuin has
a conserved catalytic domain, comprising 270 amino acid residues. Human SIRT1 regulates
energy metabolism, aging and the circadian rhythm [14]. SIRT1 specifically targets acetylated
lysines at position 3 of Histonel (H1), position 16 of Histone3 (H3), and position 14 of Histone4
(H4). Acetylated lysines in non-histone proteins (such as p53, TAF;68, and p300) are also
SIRT1 substrates. Like HDAC-6, SIRT-2 also can remove an acetyl group from acetylated o-
tubulin and microtubules, as well as at lysinel6 of H4. SIRT3 to 5 are characterized as
mitochondrial sirtuins. There is little information about their targets and function.

The biological function and relevance of the HDAC enzymes, as well as the design and
synthesis of their inhibitors, have been reviewed regularly [15-17]. In contrast, the
computational study of these important pharmaceutical targets is much less frequently
summarized. Here, an overview is provided of the recent computational work on these
important enzymes. This review is organized as follows. First, a description of current
computational techniques for protein ligand studies is given, followed by structural features of
HDACs with practical applications concerning docking, homology modeling, molecular
dynamics (MD) simulation. QSAR (Quantitative structure-activity relationship) and other
computational methods for the purpose of identifying inhibitors against the HDAC sub-classes
follow. Finally, prospective directions of this field are discussed.

CURRENT COMPUTATIONAL APPROACHES FOR ENZYME INHIBITOR

DESIGN

Computer-aided molecular design is an integral aspect of drug design and discovery. In general,
computational methods for drug discovery and design may be divided into two categories. The
first category is structure-based drug design. Using available 3D structural and other important
biological information concerning the target protein, the binding strength of small molecule
inhibitors is optimized. The 3D structural information is obtained either from experiment (X-
ray or NMR determination of the protein structure) or from reliable computational methods
(such as homology modeling, using a known structure showing high sequence similarity to the
target protein). Molecular mechanical (MM) as well as quantum mechanical (QM) approaches
may be used to identify small molecules with binding affinity, and then to refine the structure
of these small molecules toward higher binding affinity.

Curr Top Med Chem. Author manuscript; available in PMC 2009 October 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang

Page 3

Quite often, the 3D structural information of the target protein is not available and there is no
good template for homology modeling. In this case, a second category of computational
techniques, ligand based methods such as QSAR are used. From the dataset obtained from a
series of lead compounds, 2D or 3D descriptors are generated. QSAR equations are derived
based on the 2D descriptors, and usually a pharmacophore model is created from the 3D
descriptors. The QSAR equation and the pharmacophore model are used to suggest new
compounds with improved activity.

STRUCTURAL FEATURES OF HDACS

The first X-ray structure (2.0 A resolution) of an HDAC-related protein, the histone
deacetylase-like protein (HDLP) from Aquifex aeolicus, in complex with two HDAC inhibitors
(TSA and SAHA) was elucidated by Finnin et al. in 1999 [18]. These X-ray structures revealed
a tube-like, 11 A deep channel for accommodation of the TSA and SAHA structure (Fig. 1).
The long chain found in the lysine substrate as well as the inhibitors TSA and SAHA makes
several favorable contacts with the hydrophobic residues of the protein lining this channel. The
hydroxamic acid group in TSA and SAHA binds to the active site Zn(ll) center, located at the
bottom of this channel. Just adjacent to the channel, there is a 14 A deep internal cavity formed
by Arg, Tyr and Cys residues (Chart 3 and Fig. 6). This internal cavity is thought to be a
common structural feature of the class | HDACs, at least for the HDAC1, HDAC2 and HDAC3
isoforms which have high sequence similarity.

The sequence of HDACS is unique compared to other members of the class | HDACs [8].
Nonetheless, the two X-ray structures of human HDACS, which were solved by two groups,
show a substrate entry channel [19] corresponding to the 11 A channel found in HDLP. The
internal cavity adjacent to the tunnel is also present. However, the dimensions for this cavity
found in the two structures are different [19], suggesting that the cavity size may be dynamic
(Fig. 2). Comparing the two structures, significantly different conformations for the Ser30-
Lys36 loop, located between the last and second-to-last helices, are observed. To some extent
this difference supports an earlier hypothesis that the function of 14 A internal cavity is to
accommodate, and ultimately to facilitate, the egress of the acetate reaction by-product to bulk
solvent [18,20]. The critical role of Asp101 in substrate binding and interaction with inhibitors
was confirmed by lowered enzymatic activity and in binding assays of Asp101 mutants of
HDACS [21].

Two X-ray structures of the catalytic domain of the human class Ila enzymes HDAC7 and
HDACA4 recently were solved [22-23]. The overall fold of both HDAC7 and HDAC4 is similar
to previously reported HDAC structures. The principle difference is in a loop region around
the active site entrance. Both HDAC7 and HDAC4 have a second, surface exposed zinc binding
motif adjacent to the exit of the active site that is not observed in class | HDACs. This motif
very likely participates in substrate recognition and protein-protein interactions. A more subtle
difference is that in the class I/1lb HDAC structures obtained thus far, the hydroxyl group of
a conserved tyrosine (Tyr306 of HDACS8 or Tyr312 of HDAH—Histone Deacetylase-like
AmidoHydrolase) that is suggested to provide a stabilizing hydrogen bond to the oxyanion
intermediate encountered during catalysis (Fig. 3) is replaced by a histidine conserved in all
class lla HDACs. In HDACA4, this position is occupied by a histidine (His976) whose side
chain points away from the active site and does not bind to a ligand. A water molecule (W2)
bridges between Glu975 and the oxygen atom in either the carbonyl of the substrate or the
hydroxamate inhibitors (Fig. 3). If the function of the tyrosine is to stabilize the oxanion of the
intermediate, it can be hypothesized that the class Ila enzyme may have lower enzymatic
activity due to loss of this interaction [22].

Curr Top Med Chem. Author manuscript; available in PMC 2009 October 23.
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Only one class IIb related structure is available, that of the C-terminal portion of the bacterial
protein HDAH isolated from Bordetella/Alcaligenes strain FB188 [24]. The folding of HDAH
is very similar to that seen for the class | HDAC structures, except for the two different loops.
The first loop, which is not present in class | HDACs, contains residues 16 to 38 and may be
class l1b-specific. The second loop, including residues 92-96, unfortunately, has a poorly
defined structure. Among eukaryotic HDACs, the catalytic domains of human HDAC6 show
the highest sequence homology to FB188 HDAH. Therefore, HDAH is the best template
available for homology modeling of the catalytic domains of HDACS.

A number of sirtuin structures are known at this time. These structures include two human
sirtuins, SIRT2 [25] and SIRT5 [26], and several SIRT2 homologues from other species
[27-31,69-70]. The overall domain organization and folds are very similar among all of these
structures. A large domain (approximately 180 residues) having a Rossmann fold is seen,
similar to what is found in many NADH/NADPH-binding enzymes. A smaller domain contains
astructural Zn binding motif (Fig. 4). NAD* binds in a pocket between the two domains. Larger
structural variations among all SIRT structures are seen in the amino- and carboxyl-terminal
extensions. In the Rossmann fold domain, a longer helix and a loop insertion is observed for
SIRT2 than is observed for SIRT5. A unique inserted loop in the structural zinc binding motif
is found in the SIRT5 structure compared to the other sirtuin structures.

STRUCTURE-BASED STUDY OF HDACS
Class | HDACs

Among all HDAC isoforms, HDACL1 is the one most studied since its activity most directly
correlates to human diseases such as cancer. Numerous HDACL1 inhibitors have been
discovered in the last ten years, many as a result of structure-based design using HDAC
structure and computer modeling of HDAC-inhibitor interactions. Since no structure of human
HDACU1 has been solved so far, several homology models of human HDAC1 have been
constructed [20,32-33]. These models have enriched our understanding at the atomic level as
to how HDAC inhibitors interact with HDAC1, and why some inhibitors have stronger
inhibition activity.

Massa et al. [33] reported a series of arayl-pyrrolyl-hydroxyamides (APHAS) with low
micromolar activity against the maize histone deacetylase HD2 (Chart 1). An initial docking
study showed that the pyrrole was a linker, interacting with the tube-like 11 A substrate entry
channel. Optimization of the activity of this inhibitor class was done by modification at C-2
and/or C-4 of the pyrrole, and by alteration of the number of methylene units in the linker
region [34]. Using a human HDAC1 homology model, three docking approaches were
compared. Initial binding mode analyses were carried out by a semiautomatic dock (SAD)
method. Two docking studies were performed in parallel, using DOCK 4.02 and AutoDock
3.0.5 software. Three bound APHA conformations were obtained, and ranked with their in-
house vauioate scoring function.

Three more potent APHA molecules were identified computationally, and confirmed by
synthesis and assay as HDAC inhibitors. Compound 1 gave ICsq values of 0.1 uM against
maize HD2 and 0.5 uM against mouse HDAC1. Compound 2 had very similar activities against
these two enzymes (for both enzymes, 1Csq values of 0.3 uM). Compound 3 is a stronger HD2
inhibitor (1Csq value of 0.05 pM) than mouse HDACL1 (0.78 uM). Docking results showed
different orientations of the pyrrole linkers. In these docking studies, compounds 2 and 3 gave
a better fit into the model of the HDACL1 binding cavity than 1 (Fig. 5). The hydroxyamate
groups in 2 and 3 are closer to the Zn(I1) ion. The (C)O---Zn and (H)O---Zn distances are
respectively 3.3 A, 2.7 Afor2; 2.9 A, 3.2 Afor 3and 4.0 A, 4.7 A for 1. The docking studies
suggest three positive interactions to account for the tight fit of 3 in the homology model of
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HDAC1: (1) favorable -x stacking interactions between the pyrrolyl-ethylene and the Phe140
and Phel197 residues; (2) a hydrogen bond network among the hydoxamate group, His130,
His131 and Asp167 sidechains and the catalytic water; (3) a hydrogen bond between Tyr296
and the oxygen atom of the hydroxamate group. It is worth mentioning that the N-methylpyrrole
in 3 does not make crucial interactions with any residues in HDACL. This may allow the
propenoylhydroxamate tail to better reach the Zn(1l) ion. A slightly different picture was
observed for the complex of 2. The N-methyl group of 2 contacts Gly139, and the benzoyl
oxygen atom may interact with Tyr90 through a water-bridged hydrogen bond. These
additional interactions were suggested [34] to contribute to the stronger inhibition activity of
2.

In the meantime, we carried out a systematic docking study of nine strong HDACL1 inhibitors
into the HDLP structure (Chart 2). We focused on identifying common features of inhibitor
binding to HDLP/HDAC1 and analyzed HDAC structure to see if other structural features
beyond the 11 A channel in HDAC are important for inhibitor binding [20]. We treated the
side chains of His131 and His132 as neutral state with protonated N& atom. The hydroxymate
group in the docked ligands were treated as neutral as well. The docking poses for TSA with
HDLP showed excellent agreement to the X-ray structure. The RMSD of all of the heavy atoms
of TSAwas 0.9 A. In the X-ray structure, the Zn2*---O=C and Zn?*---O(H) distances were 2.45
Aand 2.24 A respectively, and 2.54 A and 1.84 A in the best docked structure. This close result
are in line with improved density function theory calculations for hydroxamic acid and
hydroxamates bound to a simple HDAC active site model [35,36]. Other calculations using
different model systems and may be different protonation states gave poorer results (2.9-4.0
A, 3.2-4.7 A) [34]. The docking result for the HDLP-SAHA complex also agreed well with
the X-ray structure. The successful outcomes with these two inhibitors give confidence that
the calculated HDLP complexes with SK-683, APHA-8, SK-658, SK-692, and CG1521 are
reasonable models [20].

Several general and important features for those complexes were found. (1) Four shallow
pockets (A to D) on the surface of the active site exit in HDLP perfectly accommodate aromatic
groups in the “cap region” (i.e. the surface binding group found in most HDAC inhibitors). In
particular, these interactions may explain the pM potency of SK-683 as an HDAC inhibitor.
The aromatic group of the SK-683 linker makes favorable r-x interactions with the two parallel
Phel41 and Phe198 residues, similar to the methyl group of TSA (Fig. 7). (2) The APHA-8
complex suggests the N1-methyl of APHA-8 is positioned similarly to the C-4-methyl group
of TSA, as seen in the X-ray structure. The N1-methyl forms favorable CH---x interaction with
Phel41 and Phe198. The aromatic group at C-4 of the pyrrole occupies pocket D on the surface
of HDLP (Fig. 8). These inhibitor conformation and location are different to what was
calculated by others [34]. (3) The 14 A internal cavity is proposed as a pipeline to transfer the
acetate by-product of the hydrolysis from the active site away from the catalytic center (Chart
3 and Fig. 6). This result suggests that this cavity can serve as an additional pocket for
occupancy by substituents of HDAC inhibitors. Although these conclusions were drawn from
the HDLP system, it is reasonable to postulate that the complexes with human HDACL1 are
similar [37]. This hypothesis was substantiated subsequently by others [38]. Moradei et al.
demonstrated that the 14 A internal cavity indeed can be used as a second binding pocket for
additional interactions. Based on this hypothesis, aminophenyl benzamide-type HDAC
inhibitors with enhanced potency and selectivity were designed and synthesized. These
inhibitors target primarily HDAC1 and 2, with weaker activity against HDAC3 and 11[38].

We further developed four human class | HDAC homology models for HDACs1, 2, 3 and 8

[37]. Six HDAC inhibitors were docked into each active site. From this study, it was concluded
that the 11 A channel is difficult to exploit for the design of isoform-selective HDAC inhibitors.
Instead, the subtle differences in the shape and charge distribution around the entrance of the
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11 A channel is potentially a better means of differentiating among these four HDACs (Fig.
9). As the differences between HDACL1 and 2 around the entrance are very small, the design
of an inhibitor to selectively distinguish between HDAC1 and 2 is anticipated to be very
difficult. MD simulations of several HDAC-inhibitor complexes suggest that the
conformational behavior of the cap group of inhibitor is important to binding affinity [37].
Finally, a comparison between our HDAC8 homology model and the X-ray structure showed
excellent agreement and thus validated our homology modeling [37].

While most groups used nonbonded Zn(I11) model for modeling of HDAC-inhibitor
interactions, Park and Lee used bonded Zn(11) parameters to simulate the complexes of several
inhibitors with a homology model of DAC1. Free energy perturbation methods were applied
to estimate the relative free energy of binding of nine HDAC inhibitors through fairly short
MD trajectory (300 ps). The relative calculated free energy calculated agreed well with the
order of potency obtained from experimental observation [32].

Kim et al. designed several 6-lactam-based HDAC inhibitors incorporating modified cap
groups [39]. The objective was to incorporate a 3-lactam linker domain between the surface
recognition cap group and the zinc-binding hydroxamate. Compounds 4 and 5 (Chart 4) were
the most potent inhibitors from among the twenty compounds studied. The respective ICgg
values for these two compounds (37 nM and 30 nM) against HDAC1 are approximately four-
fold more potent than SAHA. Compound 4 showed the most potent growth inhibitory activity
against five human tumor cell lines (PC-3, ACHN, NUGC-3, HCT-15, and MBA-MB-231).
In order to understand the binding mode for these inhibitors, a docking study based on the
crystal structure of HDLP (PDB code 1C3R) was done. A model of the catalytic core of human
HDAC1 was made using the oiscover program. The hydroxamic acid moiety of 4 chelates to the
catalytic Zn(l1) ion, and the 3-lactam interacts with the tubular hydrophobic pocket. In addition,
the hydrophobic 2-naphthyl cap group forms favorable interactions with the protein surface.
Their docking result also suggested that the chain length between the hydrophobic cap group
and the é-lactam, and the size of cap group, are both very critical for formation of the flexible
conformation required to occupy the binding pocket of human HDAC1. These findings are
consistent with the previous studies [20,37].

Further effort toward an HDAC inhibitor with improved class | selectivity was reported by
Hamblett et al. [40], using MS-275 as the lead compound and with structurally diversification
around its pyridine ring. A human homology model based on the combination of two X-ray
structures—HDLP (PDB code 1C3S) and human HDACS8 (PDB code 1T64)—was created to
understand the interactions of inhibitor 6 (Chart 5). The NH, group of the aniline, and the
carbonyl oxygen of the nicotinamide, were assumed to bind to the Zn(ll) ion through a 7-
membered ring chelate. The amino group of the aniline also forms hydrogen bonds with His140
and His141, while the nitrogen lone pair of the NH, interacts with the Zn(l1) ion 2.4 A away.
This distance is close to the 2.2 A distance obtained from density functional theory calculations
[35,36]. The minimized structure showed the piperazine in a chair-like conformation, allowing
the benzyl carbamate to efficiently interact with the protein surface. The side chain of Phe150
rotates by almost 90° to form an edge-to-face = stacking interaction with the amide NH (Fig.
10). The observed selectivity of 6 for HDAC1 over HDACS8 was suggested to arise from
exclusion of the aniline ring from the channel in HDACS by the bulky side chain of Trp141,
while the Leu139 at the same position in HDACL1 allows such binding.

Azumamides A-E were isolated recently from the marine sponge Mycale izuensis [41].
Structurally, they have three o-a-amino acids and a unique p-amino acid. Biological assay
undertaken by Maulucci et al. [42] indicated that Azumamide E (Chart 6) was a selective
inhibitor of HDAC1, 2 and 3, with respective I1Csg values of 50 nM, 100 nM and 80 nM. It is
one of the few highly potent and selective HDAC inhibitors having a carboxylate as the zinc
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binding group. The calculated complex for azumamide E and HDLP is shown in Fig. 11. The
o-Phe side chain is nicely surrounded by a pocket defined by the Tyr264, Leu265, Ser266 and
Arg267 residues. The cyclotetrapeptide core interacts with the shallow pocket on the receptor,
which we have denoted as pocket D [20]. The long aliphatic chain bearing a carboxylate group
inserts into the 11 A channel to allow carboxylate binding to the Zn(l1) ion .

Weerasinghe et al. investigated the influence of residues in the 11 A channel of HDAC1 on its
enzymatic activity by alanine scanning mutagenesis [43]. The residues in the 11 A channel
were found to be critical for deacetylase activity. Eight alanine mutants (H28A, P29A, D99A,
G149A, F150A, Y204A, F205A and L271A) showed a 62-91% reduction in activity compared
to wild-type enzyme. Nonetheless, a 2 ns MD simulation suggested that the channel residue
mutants maintained the overall wild-type structure, and that the global protein structure was
not altered significantly. In the native enzyme, Y204 and F205 display significant rotations
prior to ligand binding. The F150A mutant showed significantly greater flexibility at F205
position. Because a favorable interaction exists between these two phenyl rings in the native
structure, it is possible that the loss of this interaction causes movement of F205 (Fig. 12).
Interestingly, the structurally similar F150Y mutant is inactive. This dramatic loss of activity
in this mutant may result from a hydrogen bond between the hydroxyl group of Y150 and D99.
Such an interaction changed the side chain conformation of D99 and opened the channel for
F205 to undergo a flip. F205 and Y150 would not be parallel anymore. Therefore, the structure
of this changed channel may not be as good as that in the wild-type enzyme for inhibitor
binding.

Class Il HDACs

Considerable effort has been directed toward isoform-selective HDAC inhibitor design, as
discussed in several well-prepared reviews [44-45]. Since the active site residues for all HDAC
isoforms are almost identical, isoform selectivity remains a quite challenging objective. Only
a few class Il-selective HDAC inhibitors (HDAC4 or 6) have been reported [46-48].

Schafer et al. reported biaryalaine-containing hydroxamic acids as class I1b-selective HDAC6
inhibitors, with modest selectivity for HDAC6 over HDACL (Chart 7) [49]. Since HDACS has
two catalytic domains, it is unclear that which one (or whether both) contribute to catalytic
activity. Two conflicting interpretations have been argued. Zhang et al. suggest that both
domains should be equally active in HDACS6 [50], while Zou et al. showed that the C-terminal
domain is the major functional one [51]. To address the question of whether both domains
function equally, both catalytic domains of HDAC6 were generated using homology modeling
using three X-ray structures of HDACS8 (PDB code 1T64), HDAC7 (PDB code 2PQO) and
HDLP (PDB code 1C3R) as homology templates. The two catalytic domain models show high
structural similarity. Large differences are observed at the entrance of the 11 A channel. The
docking study demonstrated large variations in HDAC-inhibitor interactions on the cap region
of compound 7 for HDACS6 catalytic domain | and catalytic domain |1, while the rest of
compound 7 interacts similarly with both catalytic domains. Only catalytic domain Il of
HDACS explains the experimentally-derived structure-activity relationships. This result
supports the conclusion that the second HDAC-6 domain is the predominant binding site for
HDAC-6 inhibitors [51].

A set of phenylisoxazole-containing hydroxamates (Chart 8) was reported to have HDAC6
selectivity with picomolar activity [52]. Compound 8 shows good HDACES selectivity. A
homology model of HDAC6 was built using the X-ray structure of HDAC7 [52]. A docking
study using 8 revealed that its hydroxamic acid group and six methylene linker bind deep inside
the tube-like channel. An interaction between carbonyl group of the Boc moiety and His499
was found. This may help the cap region of 8 interacting with the protein surface (Fig. 13).
Since there is no such an interaction for the other HDAC inhibtiors in the same study, this may
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explain the high activity of 8 against HDAC6. Among various classes HDACs, significant
differences in the loop region adjacent to the active site channel which interacts with the cap
group were found. These differences may account for the observed high selectivity.

Estiu et al. [53] performed molecular dynamics simulations to study the structural origin of
selectivity of the class Il-selective HDAC inhibitors SAHA, tubacin and NK308 (Chart 9). A
homology model of human HDAC6 with only one HDAC domain was created using the
structure of the bacterial HDAC6 homologue FB188 HDAH (PDB code 1ZZ1). Sequence
alignment showed 38% similarity between human HDAC6 and FB188 HDAH. The model was
refined through consecutive MD minimizations. In order to see low frequency motions,
trajectories of at least 10 ns were calculated using aveer 8 and ff02 force field parameters.
Enzyme assays showed that SAHA is an almost equally strong inhibitor for HDACL1 and
HDACS6 (48 nM and 21 nM respectively), but it is a weak inhibitor for HDAC8 (~2000 nM).
In contract, tubacin and NK308 are more potent inhibitors of HDAC6 (142 nM and 28 nM
respectively) than HDAC1 (995 nM and 88 nM).

Trajectory snapshots plotted from the simulation indicated that there is no preferred interaction
between the cap group in SAHA and the surface of HDAC1. Rather, SAHA reached different
pockets on the surface with equal probability. Similar results were obtained for the complexes
of SAHA with HDACS6 and 8 (Fig. 14). On the other hand, tubacin showed quite different
binding modes for HDACs 1, 6 and 8. In HDACG6-tubacin complex, the 2,3-diphenyloxazole
is close to the Phel181 and Phel82 residues at the mouth of the active site (Fig. 15). Tyr201
and Tyr204 of HDAC1 also participate in tubacin binding in the HDAC1-tubacin complex but
this interaction in turn changed the position of hydroxymethylphenyl moiety to a solvent-
exposed position. Such a binding mode difference would explain the lower binding affinity of
tubacin to HDAC1 compared to HDACS6. Thus, the different structural characteristics and
shape of the protein surface around the mouth of the active site, as well as the differences in
protein flexibility between HDAC6 and HDACS, are important to the future rational design of
class Il- vs. class I-selective HDAC inhibitors.

Class lll NAD*-dependent HDACs

The study of class 111 NAD*-dependent HDACs has been bloomed in recent years. Of the seven
human SIRTs, SIRT1 has been the most extensively studied since it is highly expressed in
several adult tissues, such as those of the brain, heart, and in skeletal muscle [54]. It also
interacts with several important transcriptional factors, such as p53 and NF-kB to regulate their
activity [67]. A recent review on class |1l HDAC inhibitors was published [56]. Two recent
computational studies related to this enzyme are summarized here.

Huhtiniemi et al. published a comparative modeling of human SIRT1 [57]. In order to
investigate the active site-ligand interactions and design novel SIRT1 inhibitors, a model of
the catalytic core domain (residues 244 to 498) of the full length of SIRT1 was built using the
HOMOLOGY module implemented in Insight I1. Six X-ray structures of the sirtuin decaetylase
family (Human SIRT2, PDB code 1J8F [25]; Saccharomyces cerevisiae HST2, PDB code
1Q1A [27]; Thermotoga maritima SIR2Tm, PDB code 1YC5 [28]; Archaeoglobus fulgidus
SIR2-Af2, PDB code 1S7G [29]; Archaeoglobus fulgidus SIR2-Af1, PDB code 1M2G [30]
and Eschericia Coli. cobB, PDB code 1S5P [31]) were used as templates. The model was
minimized with the CVFF force field in Insight 11 to remove the bad contacts and further refined
with MD simulation using the GROMACS package to locate favorable side chain
conformations. S and R enantiomers of 19 indole derivates (38 total structures) were docked
into the binding site of the SIRT1 model using the GOLD. The best pose was selected according
to GoldScore fitness function. The results demonstrated that an hydrogen bond network among
the amide group of the indole in EX-527, shown in Chart 10 and D348, T349, 1347, N346 as
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well as Q345 is well established in the C-pocket, which is part of the flexible loop (from 269
to 295) with highly conserved residues in the sirtuin family.

Neugebauer et al. reported a docking study for various SIRT2 inhibitors against the human
SIRT2 X-ray structure using the GOLD [58]. Their initial docking result showed that cambinol
interacts with the nicotinamide subpocket and the lysine-substrate channel (Chart 11). This is
in agreement with the experimental observation [59]. Consideration of four water molecules
near the active site significantly improved the docking result. Residues GIn167 and Asn 168
form hydrogen bonds with a polar group in cambinol.

LIGAND-BASED STUDY OF HDACS

Although 3D structural information for HDACSs and their inhibitors is available, it is still quite
challenging to identify potent compounds from a huge compound pool. Docking of every
compound from the pool is not practical. What structural descriptors are significant to active
compound selection? A ligand-based approach may give an answer. At least, this approach
helps to decrease the size of the candidate compound pool, by quickly eliminating unlikly ones
and further increases the selection ratio (active vs. inactive). In addition, this approach is much
faster than routine docking calculations and can include physicochemical parameters that allow
the incorporation of ADME properties in whole-cell studies. This will make it quite suitable
to apply to huge (size of millions) compound pool. Selected QSAR and 3D-QSAR studies for
HDACSs are presented here.

QSAR Studies

Using calculated physiochemical descriptors of nineteen TSA and SAHA-like hydroxamic
acids [60], we derived two QSAR equations for PC-3 cell line inhibition activity [61]. Both
equations gave the same physical meaning with three variables. Further analysis of the two
equations indicated that Eqg. 1 was more reliable than Eq. 2.

pICs, (uM)=1.96+14.08 Qco — 15.73Glob+0.05 FISA
R%=0.92,N=19, F=59.25 (Eq. 1)

pICs, (uM)=0.44+422.85ACxDN — 10.03Glob+1.26LogP
R?=0.90,N=19, F=46.63 (Eq. 2)

Eqg. 1 clearly indicates that a high charge reflecting a more polarized C=0 bond in the N-
hydroxyl-amide group indicates a compound will have strong inhibition activity. The negative
coefficient globularity term Glob means a compound with a lower Glob value will have stronger
inhibiton activity. This is consistent with the fact that a linear shape compound with a straight
linker 6 or 7 carbons long is usually a good HDAC inhibitior.

Xie et al. did a QSAR study on histone deacetylase inhibitors [62] in 2004. They analyzed and
reconstructed a fairly large biological activity dataset with 124 compounds from various
published sources which covered most important HDAC inhibitors available at that time. The
dataset was further reorganized as datasetl (47 compounds, most of which are TSA/SAHA-
type linear hydroxamic acids, several bearing a sulfonamide group), dataset2 (62 compounds,
more diverse than datasetl), and dataset3 (94 compounds). Finally, three QSAR equations, Eq.
3-5, were built with four descriptors, a_aro, vsa_hyd, SlogP_VSA9 and PEOE_VSA+0. The
most significant descriptors in these models are vsa_hyd (approximation to the sum of VDW
surface of hydrophobic atoms of enzyme-binding region of the HDAC inhibitor), and
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SlogP_VSAQ9 (corresponding to atomic contribution of logP (oct/ow) > 0.40). A_aro and
PEOP_VSA are related to the number of aromatic atoms and the partial charge of certain atoms.

For datasetl—

pIC5,=4.262 — 0.198 x (a_ aro) — 0.015 x (SlogP_ VSA9) — 0.014 x (PEOE_ VSA+0) +0.029x
(vsa_hyd)
R2=0.61, RMSE=0.62, XR?=0.57, XRMSE=0.72, n=47, F=17.18 (Eq. 3)

For dataset2—

pIC5,=5.588 — 0.214 x (a_ aro) — 0.010 x (SlogP_ VSA9) — 0.014 x (PEOE_ VSA+0) +0.022x
(vsa_hyd)
R2=0.61, RMSE=0.62, XR?>=0.57, XRMSE=0.72,n=47, F=17.18 (Eq. 4)

For dataset3—

pIC5,=5.504 — 0.229 x (a_ aro) — 0.013 x (SlogP_ VSA9) — 0.017 x (PEOE_ VSA+0) +0.024x
(vsa-hyd)
R?=0.76, RMSE=0.63, XR?=0.73, XRMSE=0.66, n=94, F=69.97 (Eq. 5)

Kozikowski et al. designed and synthesized a series of substituted biaryl hydroxamates and
mercaptoacetamides as HDAC inhibitors against pancreatic cancer cell growth with nanomolar
potency [63]. Five QSAR equations (Eg. 6-10) were developed from the 23 compounds
(biphenyl or phenylthiazoles bearing hydroxamates or mercaptoacetamides) against HDACs
1, 2, 8, 10 and 6 incorporating the binary indicators I-NHCOCH,SH and I-Thiazole and
calculated LogP (ClogP). If the compound is mercaptoacetamide, then I-NHCOCH,SH = 1.0;
otherwise it is 0. If the compound is phenylthiazole, then I-Thiazole = 1.0; otherwise it is 0.

pICs, (HDACI) = — 1.844 x I - NHCOCH,SH-+0.983 x I — Thiazole+7.299
R2=0.92, n=23, RMSE=0.322, p<0.0001 (Eq. 6)

pICs, (HDAC2) = — 2.127 x I - NHCOCH,SH+0.606 X I — Thiazole+6.813
R2=0.92,n=22, RMSE=0.318, p<0.0001 (Eq. 7)

pICs, (HDACS) = — 0.461 x I - NHCOCH,SH+5.668
R%=0.52,n=23, RMSE=0.176, p<0.0001 (Eq. 8)

pICs, (HDAC10) = — 2.029 x I - NHCOCH,SH+1.007 x I — Thiazole+7.192
R2=0.92, n=22, RMSE=0.328, p<0.0001 (Eq 9)
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pIC5, (HDACS) = — 1.429 x I - NHCOCH,SH+0.711 x I — Thiazole
+0.046 x (ClogP)*+7.799  R?=0.86,n=23, RMSE=0.384, p<0.0001 (Eq. 10)

It is clear from these results that the inhibition activities against different isoforms of HDAC
are highly correlated. For instance, Eq 6 and Eq 9 are very similar although they are developed
for the HDAC1 and HDACY isoforms. This again demonstrates the subtleties necessary to
obtain isoform selective HDAC inhibitors.

3D QSAR Studies

Usually, 3D QSAR studies are accompanied by docking studies. So far, only a few applications
have been published for class | HDAC inhibitors [64-67] and only one for class 1| HDAC
inhibitor [68]. To my knowledge, no 3D QSAR study for class Il HDAC inhibitors has been
published to date.

Chen et al. developed a 3D QSAR pharmacophore model from 30 known HDAC inhibitors to
identify essential ligand features for HDAC inhibition activity [55]. The model, Hypo1,
includes HBA (hydrogen bond acceptor) and HBD (hydrogen bond donor) features
corresponding to the metal-binding function and representing coordination to the Zn(ll) ion.
In addition, hydrophobic/zn-n stacking interaction between the ligand and enzyme also play a
critical role for the inhibition activity. A comparison of TSA conformation between in Hypol
and in the HDLP-TSA complex showed a RMSD of 1.19 A. Then 25 known HDAC inhibitors
were applied to such a model to validate its prediction ability. The predicted and experimental
activities showed a fairly good correlation coefficient (0.896), confirming the validity of the
model.

Ragno et al. [68] carried outa 3D QSAR study for their new developed class I1-selective HDAC
inhibitors (APHAS) against maize HD1-A and HD1-B with modest selectivity. 25 APHAS
were used in their training set. Conformational search by simulated annealing in continuum
solvent simulation (GBSA) was applied to these molecules. The optimized structures were
imported by amono software (MIA, Perugia, Italy) to generate crino descriptors. It was found
that the most important variable is the distance between an H-acceptor bond group (C=0) and
anaromatic portion of the cap (DRY-N1: 6 for HD1-B and DRY-N1: 7 for HD1-A). The models
further suggest that a bent molecular shape is important for selective HD1-A activity, while a
straight molecule is good for HD1-B activity. 14 compounds were used to validate the
prediction power of the models for class I/11 selectivity. Both models correctly predicted that
all compounds in the test set were class Il-selective HDAC inhibitors.

SUMMARY AND PERSPECTIVES

This review presents an overview of the computational studies used to identify novel and potent
HDAC. Thanks to the elucidation of HDAC X-ray structures and the study of molecular
modeling, many active HDAC inhibitors have been discovered. Several very promising
compounds have undergone human clinical trials. Molecular modeling has shown its ability
as a useful tool to develop novel HDAC inhibitors. The valuable information obtained from
molecular modeling has enriched our understanding of these biologically important targets.

Several important issues should be considered in the future study: 1) Regulating the level of
different HDACs has significant biological impact. Among the HDAC inhibitors that have
been studied so far, there are only a few isoform-selective inhibitors. Even rarer are compounds
that have high selectivity. Therefore, the development of novel inhibitors with higher isoform-
selectivity is needed. Computational studies will continue to have significant impact toward
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this objective. 2) The majority of HDAC inhibitors have a hydroxamic acid zinc-binding group.
Because of the concerns regarding toxicity of hydroxamic acid, the identification of alternative
zinc-binding groups within the HDAC inhibitors is highly desirable. 3) In most computational
studies of HDAC enzymes, the ionization states of the HDAC enzymes and the bound ligands
were not discussed or compared. Therefore, itis highly recommended to consider this important
issue later. 4) All published studies used docking methods that treated the HDAC enzyme as
a rigid structure. The flexibility of the HDACS second pocket and surface mobility
demonstrated in the few X-ray structures demands future consideration of protein flexibility.
5) The creation of a more effective scoring function for HDAC with predictive power is also
necessary for the rapid virtual screening of libraries of novel HDAC inhibitors.
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Fig. (1).
TSA (green stick) in the active site of HDLP. Zn: magenta ball.
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Open form (PDB code 1T64) Closed form (PDB code 1W22)

Fig. (2).
Surface representation of open and closed forms of the second pocket, corresponding to 14 A
internal cavity, in human HDACS. The area with major structural change is indicated by the

dotted circle.
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Fig. (3).
The active sites of HDACS8 (A, 1W22, inhibitor: light brown carbon) and HDAC4 (B: 2VQQ,
TMFK: yellow carbon; 2VQM, HA: green carbon). Image reprinted with permission from

[23].
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Fig. (4).
X-ray structure of human SIRT5 with bounded suramin (yellow stick). Large subdomain with
Rossmann fold (Left). Structural Zn containg domain (right). Zn is shown as magenta ball.

Only chain A in X-ray structure (PDB code 2NYR) is displayed here.
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Chart 1.
APHA HDAC inhibitors.
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Fig. (5).
AutoDock binding mode of 2 (right, shown as ball-and-stick) and 3 (left, shown as ball-and-
stick). Image reprinted with permission from [34].
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Chart 2.
Known HDAC inhibitors included in our study [20].
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Fig. (6).
Surface representation of 11 A channel and 14 A internal cavity of HDLP. TSA is displayed
as a yellow CPK model. Image reprinted with permission from [20].
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Chart 3.
Proposed function of 14 A internal cavity for transferring deacetylation byproduct and water
molecules. Image reprinted with permission from [20].
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Fig. (7).
View of surface and active site of SK-683 bound to HDLP. Image reprinted with permission
from [20].
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Fig. (8).
View of surface and active site of APHA-8 bound to HDLP. Image reprinted with permission

from [20].
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HDACB(1T69)

Fig. (9).
Electrostatic surfaces on a scale of +5 to —5 for homology models and X-ray structures of
HDLP and HDACs 1, 2, 3, and 8. Image reprinted with permission from [37].
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Chart 4.
6-Lactam based HDAC inhibitors
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Chart5.
6-piperazinyl nicotinamides 6 as HDAC inhibitors
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Fig. (10).
A proposed binding mode for bezamide inhibitor (green) in human HDAC1 homology model.
Image redrew from [40].
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Chart 6.
Azumamide E as class | selective HDAC inhibitor
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Fig. (11).
Docked azumamide E (yellow) in the active site of HDLP. O: red; N: dark blue; C: gray; Polar
H: cyan. Image reprinted with permission from [42].
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Fig. (12).
F150A mutant shows increased flexibility of the F205 containing loop. (Blue: first snapshot;
red: last snapshot). Image reprinted with permission from [43].
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Chart 7.
Class llb selective HDACS inhibitors. Compound 7: n=6
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Chart 8.
HDACS selective phenylisoxazole-containing HDAC inhibitors. Compound 8: Ry=H,
R,=NHBoc, n=6

Curr Top Med Chem. Author manuscript; available in PMC 2009 October 23.

Page 37

Ry



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Wang

Page 38

Fig. (13).
Compound 8 docked into the active site of HDAC6 model. Image reprinted with permission
from [52].
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HDAC inhibitors studied with 10-ns MD simulation [53].
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Fig. (14).
Snapshots from the MD simulation of SAHA in HDACG6 show no preferred protein-CAP group
interactions. Image reprinted with permission from [53].
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Fig. (15).
Phe181 and 182 interact with 2,3-diphenyl oxazole in HDAC6-tubacin complex in MD
simulation. Image reprinted with permission from [53].
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Chart 10.
Structure of EX-527 (S-isomer)
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Chart 11.
Docked cambinol in the active site of human SIRT2 model. Image reprinted with permission
from [58].
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