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ABSTRACT: Histone deacetylases (HDAC) are evolutionary conserved enzymes, which catalyze removal of acetyl
groups from histone and non-histone proteins, therefore, control multiple biological processes. Inhibition of their
activities have been investigated to modify gene expression and/or protein functions not only for treatment of certain
diseases but also for understanding functions of deacetylase isoforms. We previously synthesized aryl butenoic acid
derivatives and identified their pan-HDAC inhibition activities. In this study, we investigated selective inhibition
activities of these derivatives (C1, C3, C4) on class | HDACs using in silico and in vitro approaches. Molecular docking
studies of the three aryl butenoic acid derivatives were performed on the crystal structures of HDAC 1, 2, 3 and 8, which
were obtained from RCSB protein databank, using Glide software. In vitro inhibition activities of the compounds at two
different concentrations were tested using fluorometric assay. In silico results indicated that all the compounds showed
higher affinity to HDAC 1 and 8 than other class I deacetylases. In vitro analysis showed that the compounds inhibit
HDAC 8 more effectively than HDAC 1. It was shown that C1 had higher binding affinity and inhibition activity to both
enzymes. We concluded that, C1 inhibited both HDAC 1 and 8, however, C3 and C4 showed slight selectivity for HDAC
8 over HDAC 1, which was in agreement with the docking studies. Further cell culture studies will be valuable to
determine increased acetylation on target proteins in response to compound treatment.

KEYWORDS: Histone deacetylase inhibitors; aryl butenoic acid derivatives; molecular docking; in vitro activity
screening.

1. INTRODUCTION

Genomic information is regulated by epigenome, which consists of covalent modifications of DNA and
histone proteins. These modifications are controlled by various enzymes known as writers, readers and
erasers, and interplay of these protein groups set specific marks on chromatin. While writer proteins introduce
modifications, readers recognize them and remodel chromatin to regulate gene expression [1, 2] Some
modifications are reversible and removed by eraser proteins. One of the reversible modifications is acetylation
of histones which are small and positively charged proteins playing role in DNA packaging. Histones are
acetylated at lysine amino acids, mostly in amino terminal tail of histones by a group of writer enzymes,
histone acetyltransferases (HATSs). Acetylation creates an open chromatin structure by altering packaging of
DNA and histones, which allows gene expression. Acetyl groups of histones are removed by histone
deacetylase enzymes (HDACs) and deacetylation represses transcription through condensation of chromatin,
which prevents accessibility of transcription factors on genomic regions. To date, 18 HDAC subtypes have
been identified in human and grouped into four classes according to their sequence and structural homologies.
ClassI (HDAC1, 2, 3, 8), Il (HDAC Ila; 4, 5, 7, 9, 1Ib; 6, 10) and IV (HDAC11) enzymes require zinc, although
class III (SIRT 1-7) require NAD+ for their catalytic activities [3-5]. Classical HDACs (class I and II) remove
acetyl groups from both histone and non-histone proteins (transcription factors, structural proteins, enzymes
etc). HDACs have different catalytic activities such that class Ila HDACs have minimal deacetylase activities,
which can function in the presence of class | HDACs. In parallel to their functions, subcellular localization of
class I HDACs is primarily nucleus, class Il enzymes shuttle between nucleus and cytoplasm [6, 7]. HDACs
control multiple cellular processes such as proliferation, differentiation and apoptosis by either regulating
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gene expression directly or interacting with non-histone regulatory /structural proteins [8, 9]. These properties
make HDACs suitable targets for modifying molecular and cellular mechanisms. Since it has been known that
HDAC:s are druggable targets, several pan or selective inhibitors with different potencies have been developed
and tested for the treatment of various neurodegerative diseases such as spinal muscular atrophy,
amyotrophic lateral sclerosis, Huntington’s and Alzheimer’s diseases as well as different types of cancer [9-
16]. Classical HDAC inhibitors are structurally divided as hydroxamic acids, short-chain fatty acids,
benzamides and cyclic tetrapeptides. Several pre-clinical and clinical studies have been performed with these
inhibitors to evaluate their therapeutic potentials, especially for cancers. Besides, three hydroxamic acids
(Vorinostat, Belinostat, Panobinostat) and one cyclic tetrapeptide (Romidepsin) have been approved by FDA
as anti-cancer drugs for lymphoma and myeloid myeloma (Figure 1).
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Figure 1. Chemical structures of FDA-approved HDAC inhibitors.

It has been known that therapeutic efficacies of HDAC inhibitors are limited due to resistance and side
effects [17-20]. Therefore identification of selective HDAC inhibitors are important for both increasing efficacy
and reducing side effects. Our group previously synthesized three aryl butenoic acid derivatives and
identified their pan-HDAC inhibition activities [21, 22]. In this study, we focused on class I HDACs (1, 2, 3, 8)
due to their catalytic potencies and analyzed selective inhibition activities of three aryl butenoic acid
derivatives (C1, C3 and C4) by using in silico molecular modelling and in vitro activity screening approaches.

2. RESULTS

Class I HDACs are zinc-containing enzymes including HDAC 1, 2, 3, and 8 showing high sequence
identity and catalytic site similarity. Among them, HDAC 8 functions alone, however others need to recruit
into multi-subunit co-repressor complexes for activity [23]. Inhibitors of class I HDACs are known to bind to
the catalytic site by interacting as the fourth ligand of Zn*?, which form the other three coordination bonds
with the side chains of two aspartic acid and one histidine residues [24]. Among our previously reported
compounds, C1, C3, and C4, which showed promising pan-HDAC inhibition were docked to the crystal
structures of class | HDACs to predict their affinity to these enzymes [21]. C1 was found to bind to HDAC 1
stronger than C3 and C4 (Table 1), by interacting with the Zn*? through the carbonyl oxygen at the 2nd position
of its butanoate moiety. C1 was stabilized in the catalytic site through n-m interactions with Phe150. C3 and
C4 interacted with the Zn*2? through the oxygen of their p-methoxybenzene ring. C3 accepted an H bond via
its morpholine oxygen from Asn95 side chain, and C4 from Gly149 backbone via the carbonyl oxygen at the
Istposition of its butenedione moiety (Figure 2).

Binding orientations of the compounds were very similar in the catalytic site of HDAC 2 compared to
HDAC 1, except C1, which interacted with Zn*? through the 4-methoxybenzene oxygen like C3 and C4 (see
Supplementary Material for details). This lowered its affinity to the receptor probably due to the steric
hindrance caused by the methyl group linked to the oxygen compared to its carbonyl oxygen (Table 1). In the
case of HDAC 3, however, C1’s binding mode was very similar to that with HDAC 1, and so were the docking
scores. In the shallower active cavity of HDAC 3, however, the morpholine moieties of C3 and C4 were partly
solvent exposed, which lead to low binding affinities. C1 showed higher affinity to HDAC 8 than C3 and C4,
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according to the docking studies (Table 1). The orientation of C1 regarding the zinc was same as that in HDAC
1 (Figure 2). We observed two H bonds accepted by the carbonyl oxygens of C1 from His142 and Tyr306 side
chains. The co-crystallized ligand, N-hydroxy-4-(naphthalen-1-yl)benzamide, in HDAC 8's catalytic site also
makes H bond with the former. Docking scores of C3 and C4 were better for HDAC 8, although their binding
modes were very similar to those in HDAC 1 catalytic site. Both compounds made n-n contacts with Phe152
side chain, which also engages in hydrophobic contacts with the co-crystallized ligand.

Table 1. Docking scores (kcal/mol) of C1, C3, and C4 in class I HDACs’ catalytic sites.

Compound HDAC 1 HDAC 2 HDAC 3 HDAC 8
C1 -7.89 -5.80 -7.32 -7.59
Cc3 -5.35 -6.28 -3.93 -6.66
C4 -5.04 -6.19 -3.66 -6.14
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Figure 2. Docking poses of C1 (green), C3 (orange), and C4 (yellow) in the catalytic site of HDAC 1 (A, B,
and C, respectively) and HDAC 8 (D, E, and F respectively).

In silico results showed that all the compounds bound to the zinc-containing catalytic site of HDAC 1
and HDAC 8, however C1 showed higher affinity to both enzymes. Their binding modes revealed favorable
interactions with Zn*? and a number of catalytically relevant residues. Therefore, HDAC 1 and HDAC 8
inhibition activities of the compounds were tested in vitro using recombinant enzymes in a fluorometric assay.
We found that both HDAC 1 and HDAC 8 inhibition activities of the compounds were close to sodium
phenylbutyrate (NaPBA), which is short chain fatty acid-based pan-HDAC inhibitor at 50 ptM concentration.
However, inhibition potencies of compounds were higher than NaPBA at 500 uM concentration. We found
that compounds generally inhibit HDAC 8 more effectively than HDAC 1. C1 has better HDAC 1 inhibition
activity than C3 and C4, however, HDAC 8 inhibition activities of compounds were similar (Table 2, Figure
3).

Table 2. In vitro HDAC 1 and HDAC 8 inhibition activities of C1, C3 and C4.

Compound HDAC 1 activity (%) HDAC 8 activity (%)

50 pM 500 pM 50pM 500 pM

NaPBA 9 28 34 72
C1 18 89 31 91
c3 9 49 37 95
c4 9 43 41 89
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Figure 3. In vitro inhibition activities of C1, C3 and C4 at 50 and 500 uM concentrations. Remaining HDAC
1 and HDAC 8 activities in inhibitor-treated wells were calculated according to no inhibitor “controls”.

3. DISCUSSION

HDAC:s are important players of epigenetic regulation via histone modifications. Preventing activities
of HDACs by natural or synthetic inhibitors have been investigated to alter gene expression for the treatment
of several diseases such as cancer and neurodegenerative diseases. Besides, deacetylation of non-histone
proteins makes HDACs as popular therapeutic targets to modify different biological processes. Therefore,
several molecules have been identified or developed as selective/non-selective inhibitors of HDACs [25-29].
Depending on chemical structures, these inhibitors interact with HDACs differently, which affects their
potencies, toxicities and eventually efficacies. Previously, we identified three aryl butenoic acid derivatives,
C1, C3, and C4, which showed more than 50% inhibition against pan-HDAC panel at 500 uM concentration
and their binding properties to human HDACS were evaluated [21]. In this study, due to the availability of
isoform-specific contemporary crystal structures and in vitro screening platforms, we could identified class I
HDAC isoform-specific inhibition profiles of the compounds in the light of the molecular docking studies,
which was performed using various HDAC isoforms. We focused on class I HDACs due to their potent
deacetylase activities. Our molecular docking studies showed that HDAC 1 and HDAC 8 binding affinities of
the compounds were higher than the other class I HDACs. In the case of HDAC 2, binding orientation of C1
changed and its affinity reduced. Relatively smaller cavity of HDAC 3 was unable to accommodate C3 and C4
effectively, which was apparent with their docking scores. Therefore, HDAC 1 and HDAC 8 inhibition
activities of the compounds were tested using an in vitro fluorometric assay. Similar to in silico results, we
found that the compounds generally inhibited HDAC 8 more effectively than HDAC 1. At low concentration
(50 uM), the compounds weakly inhibited HDAC enzymes, however, inhibition potencies increased at high
concentration (500 pM), especially for HDAC 8. Among the three compounds, C1 non-selectively inhibited
both HDAC 1 and HDAC 8, however, C3 and C4 showed slight selectivity for HDAC 8 over HDAC 1. This
selectivity was also apparent in their docking scores with these enzymes. Concerning the HDACS8 binding
profiles, the results of the current study clearly shows better correlation with the in vitro results than those of
Ayhan Esiyok et. al [21], probably owing to Glide, the preferred current crystal structure and HDAC8-specific
in vitro screening assay that was used.

Increased expression of HDAC 1 and HDAC 8 was reported in some cancer types such as myeloma and
neuroblastoma [30, 31]. Additionally, several reports indicated both neurotoxic or neuroprotective properties
of HDAC 1 [8]. This is also the case for other HDACs, except HDAC 8, since there is lack of information about
neurodegeneration. The possible reason is that HDACs form multiprotein complexes and depending on
interaction partners, HDACs can deacetylate various proteins and involve in different biological processes.
Therefore, same HDAC can have opposing functions depending on the cell type, subcellular localization and
its targets. Although HDACs are suitable as drug targets, this makes inhibitor design complicated and
indicates that elucidating functions of HDAC subtypes are essential to evaluate the effects of inhibitors.
Selective inhibitors can also be used as tools to understand functions of HDAC subtypes, as well [8].
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4. CONCLUSION

We concluded that aryl butenoic acid derivatives have different inhibition potencies and selectivities
over class I HDACs. According to our in silico and in vitro results, C1 inhibits both HDAC 1 and HDAC 8
enzymes however, C3 and C4 are slightly selective for HDAC 8 over HDAC 1. Molecular modelling and in
vitro screening are powerful approaches for inhibitor design, however cell culture studies are required to
determine both inhibition activities on native HDAC conformations and increased acetylation of target
proteins.

5. MATERIALS AND METHODS
5.1. Chemistry

Compounds 1a, C1, C3 and C4 were synthesized as shown in Figure 4. The construction of aryl butenoic
acid ester involved the usual condensation reactions of corresponding p-anisaldehyde with pyruvic acid
under basic conditions followed by esterification with HCI. The ester moiety was functionalized with
morpholines in the presence of triethylaluminum. Details about synthesis of the compounds were both given
in patent description and Esiyok et al. [21, 22]. NMR spectra of the compounds are given in Supplementary
Material (Figure S1-4).
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Figure 4. Synthesis diagram of 1a, C1, C3 and C4. Reagents and conditions: (i) KOH, MeOH, 0 °C; (ii)
CH3COCI, MeOH, 65 °C; (iii) morpholine / 2,6-dimethyl morpholine, Al(C2Hs)3, toluene, heptane, 80 °C.

5.2. Molecular modeling

The compounds were modelled and minimized using MacroModel (2018-4, Schrodinger, LLC, New York,
NY, 2018) and OPLS 2005 force field parameters [23]. The crystal structure of HDAC 1 (PDB ID: 51CN), HDAC
2 (PDBID: 4LXZ), HDAC 3 (PDB ID: 4A69) and HDAC 8 (PDB ID: 5FCW) was downloaded from RCSB Protein
Data Bank (www.rcsb.org) and prepared for docking with the Protein Preparation Wizard (2018-4,
Schrodinger, LLC, NY, 2018) of Maestro (2018-4, Schrodinger, LLC, NY, 2018) [23, 33-37]. In this procedure
unwanted residues were removed and the protons were handled with Epik (2018-4, Schrédinger, LLC, New
York, NY, 2018), water orientations were sampled and H bonds were set with Propka. Receptor grids was
generated for the catalytic site of each enzyme structure taking the centroid coordinates of each co-crystallized
ligand. Glide (2018-4, Schrodinger, LLC, New York, NY, 2018) was used to dock the ligands to these grids at
standard precision with 50 runs for each ligand [38-40]. Docking scores are expressed as XP GScore in
kcal/mol. The co-crystal ligands were re-docked to HDAC 1, 2, 3 and 8; the obtained binding poses were close
their original conformations (2.43, 1.00, 0.26, and 0.35 A, respectively).

5.3. In vitro HDAC inhibition activity assay

HDAC 1 and 8 inhibition activities of the compounds were tested using in vitro HDAC fluorometric
drug discovery assay kits (Enzo). Briefly, recombinant HDAC 1 or HDAC 8 enzymes were mixed with
compounds at 50 and 500 uM final concentrations. To initiate reactions, Fluor de Lys substrate was added and
microplates were placed into 37°C incubator for 1h. Reactions were stopped by addition of developer II,
containing 1 uM final concentration of trichostatin A (TSA), a potent hydroxamate-based pan-HDAC inhibitor.
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Microplates were then kept in dark at room temperature for additional 45 min before measuring fluorophore
at 360-460 nm wavelengths with a microplate reader (Molecular Devices Spectramax M2). TSA (5 uM) was
also used as a positive control. Inhibition activity of sodium phenylbutyrate (NaPBA), a short-chain fatty acid-
based pan-HDAC inhibitor was tested at the same concentrations together with the compounds due to
structural similarities. Measurements were performed in triplicate and the percentage of remaining HDAC
activities in inhibitor-containing wells were normalized to no inhibitor controls. Graphpad prism 8 software
was used for data analysis.
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