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Introduction

Novel histone deacetylase 6 inhibitors using
benzimidazole as caps for cancer treatmenty

Phuong Hong Nguyen,$®° Bui Thi Buu Hue,*¢ Minh Quan Pham, (& 3¢

Tran Phuong Hoa,?® Quang De Tran, {2 ¢ Hosun Jung,®® Le Trong Hieu,®
Nguyen Cuong Quoc, (2 Hong Vinh Quang,“ Nguyen Phu Quy,“ Hye Jin Yoo®
and Su-Geun Yang (2 *@®

Histone deacetylases (HDACs) have proven to be promising targets for the development of anticancer
drugs. In this work, we report the design and synthesis of a series of 19 novel hydroxamic acid-based
histone deacetylase inhibitors conjugated to benzimidazole and benzoxazole core structures. Five
compounds showed anti-proliferative activity with an ICsq value of 2.9-70.9 uM. Compound 7 displayed
the highest efficacy against MCF-7 cells and exhibited antiproliferative effects against a panel of cancer
cell lines. Compound 7 was the most potent selective inhibitor of HDAC6 and had an ICsq value 8- to
>111.1-fold those of HDAC3, HDAC4, HDACS8, and HDAC11, and was a superior HDAC6 inhibitor to
belinostat. Its interaction with and inhibitory activity on HDAC enzymes were then explored in a
molecular docking study. The obtained data revealed the highest binding affinity (—8.46 kcal mol™) of
compound 7 toward HDACS, as it formed interactions with the key residues Cys584 and Asp612 within
the active site. Furthermore, the HDAC inhibitory activity of compound 7 was demonstrated from the
dose-dependent increase in the tubulin acetylation level. Together, our results indicated that compound
7 with a cap of benzimidazole and four carbon-chain-containing thioether linker is a potent anticancer
agent for selective HDACSG inhibition and deserves further investigation.

developing antitumor therapy because of their key roles in
the onset and progression of cancers.” The HDAC family

Histone deacetylases (HDACs) are a family of enzymes that
play important roles in different biological processes, mainly
because of their transcription-repressive activities. Dysregula-
tion in HDAC activity to regulate various cellular processes,
including survival, differentiation, and apoptosis, has been
reported in several forms of cancers." Furthermore, HDACs
regulate the expression and activity of numerous proteins
involved in cancer initiation and progression. Therefore,
HDACs are considered as promising therapeutic agents for
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comprises 18 members categorized into four groups, namely,
class I (HDACs 1, 2, 3, and 8), class II (class ITa [HDACs 4, 5, 7,
and 9], class IIb [HDACs 6 and 10], and class IV [HDAC11]).?
At present, several HDAC inhibitors (HDACIs) have been
reported, most of which have a common structural model with
three parts: a surface recognition cap group which interacts
with amino acids near the entrance of the active site, a
saturated or unsaturated linker that occupies the narrow hydro-
phobic channel and a zinc binding group (ZBG) that chelates
the active site Zn>" ions (Fig. 1A).* Among the potent HDACIS,
hydroxamic acid containing organic molecules display a strong
affinity toward histone deacetylase due to their strong metal
ion chelating properties. Various molecules bearing free
hydroxamic acid at one terminal have been synthesized and
evaluated for their activities, and some of them are licensed or
are at various stages of clinical evaluation.” However, most
of these molecules are class I selective (FK-228, PXD-101) or
pan-HDAC inhibitors (SAHA, LBH-589).° Targeting multiple
HDAC isoforms simultaneously might cause undesirable side-
effects, as is observed for approved broad-spectrum HDACIs;
therefore, isoform-selective compounds have particularly
gained increased attention as a preferred target.”

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 1 (A) Basic pharmacophore features of HDACIs; (B) and (C) selective
HDACS6 inhibitors; (D) design for hydroxamate conjugated benzimidazole
and benzoxazole and general structures of the target compounds.

HDAC6 has a unique activity profile compared to other
HDACs and is usually localized in the cytoplasm. It contains
two catalytic sites and a ubiquitin-binding domain that removes
the acetyl group from lysine residues in non-histone substrates,
including o-tubulin and Hsp90.%° Contrary to the lethal effects of
HDAC1-3 genetic ablation, HDAC6 showed a normal phenotype
and was viable in knock out mice.'® Indeed, HDAC6 inhibitors
seems to be less cytotoxic toward mammalian cells and may have
fewer side-effects than pan-HDAC inhibitors and HDAC1-3 selec-
tive inhibitors.'! To date, several HDAC6-selective inhibitors have
been reported.”''»'2 HDACS6 is a potential new target for a
growing number of diseases with different pathophysiologies.
The inhibition of HDAC6 could be a viable approach to reduce
the toxicity associated with pan-HDAC inhibitors. Therefore,
the design of HDAC6 inhibitors seems to be more appropriate
than that of other isoforms, and several selective HDAC6
inhibitors have been developed (Fig. 1B).”> These HDAC6
inhibitors were designed and synthesized by modifying the
nature of the cap structural entity and attaching a short benzyl
or 4-aminophenyl linker. N-heterocyclic ring systems including
benzimidazoles'* and benzoxazoles' are known as cap portions
of novel HDACIs with potent anticancer activities. Shaymaa et al.
previously described a benzimidazole-based HDAC6 inhibitor
carrying 2-mercaptobenzimidazole key building blocks that
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exhibited an ICs, value of 510 nM (Fig. 1C)."® However, the
synthesis procedure is limited to unsubstituted C-5 benzimi-
dazoles, while most biologically active benzimidazole-based
compounds bear functional groups at the 1, 2, and/or 5/6
positions.”” In addition, the alkylation reactions of NH and
SH gave low yields, likely owing to the competition between
these two positions toward alkylating reagents.

Herein, we report the development of a synthetic pathway
that allows for rapid and diversity-oriented synthesis of target
benzimidazole- and benzoxazole-based hydroxamates that lead
to potent and selective HDAC6 inhibitors with antiproliferative
activity against nine diverse cancer cell lines. Docking studies
allowed rationalization of the observed selectivity profile.

1. Experimental section
1.1. Chemistry

1.1.1. General information. Reactions were monitored by
thin-layer chromatography (TLC) on 0.2 mm pre-coated silica-
gel 60 F254 plates (Merck). '"H nuclear magnetic resonance
(NMR) and '*C NMR spectra were measured on Bruker Avance
300 MHz, Bruker Avance 500 MHz, and Bruker Avance 600 MHz
spectrometers. Mass spectrometry (MS) data were recorded
on an 1100 series LC-MSD-Trap-LS Agilent spectrometer, and
high-resolution electrospray ionization mass spectrometry
(HRESI-MS) observations were performed on a Bruker
MicrOTOF-Q mass spectrometer. Fourier transform infrared
(FT-IR) spectroscopy was conducted as per the KBr pellet
method on a Thermo Nicolet 6700 spectrometer. Chemical
shifts are shown in parts per million (ppm) relative to tetra-
methylsilane (Me4Si, é = 0); J values are given in Hertz.

Appendix A. Supplementary data.

1.2. Biological methods

1.2.1. Antiproliferative assay. The MCF-7 cell line was
obtained from ATCC. The cells were cultured in vitro in DMEM
(Invitrogen, Paisley, UK) containing 10% fetal bovine serum
(Gibco) and 1% penicillin. For cytotoxicity assays, MCF-7 cells
were seeded into 96-well culture plates at 3 x 10> cells per well
in 0.1 mL of DMEM and incubated at 37 °C with 5% CO, and
90% humidity. After 16 h, the cells were treated with drugs
(250 uM concentration, serially diluted up to three-fold) for
48 h. Cell viability was measured using the CELLOMAXTM
Viability Assay kit (Precaregene, Korea). UV absorption at 450 nm
wavelength was measured using an Infinite M200 microplate
reader (Tecan, Ziirich, Switzerland). The ICs, values were calculated
using Prism v7.0. The inhibitory activity of the tested compounds
was evaluated via an 8-point dose response curve (DRC) analysis in
triplicate.

The antiproliferative activities of compounds 7 and 27 against
seven solid tumor cell lines, human ovarian cancer SKOV-3 cells,
breast cancer MCF-7, MDA-MB-231, EMT®6 cell lines, liver cancer
Hepalcilc? cells, lung cancer A549 cells, pancreatic cancer PANC1
cells, and brain N2a cells were evaluated using the CELLOMAXTM
Viability Assay kit, and belinostat was used as the positive control.
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1.2.2. HDAC enzyme inhibition assays. The compounds,
diluted to the indicated concentrations, were mixed with HDAC
enzymes (HDAC1, HDAC3, HDAC6, HDACS, and HDAC11) and
the substrate for 1 h (PBS Biosciences). The fluorescence intensity
was measured according to the manufacturer’s instructions. The
inhibition rates of the test compounds were calculated based on
the dimethyl sulfoxide (vehicle)-treated group and positive control
(belinostat) group.

1.2.3. Western blotting. MCF-7 and N2a cell lines were
incubated with various concentrations of test agents for 6 h. Cell
lysis and western blot analyses were performed as previously
described. Anti-acetylated tubulin antibody and horseradish
peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz
Biotechnology) were used. Immunoreactive bands were visua-
lized using enhanced chemiluminescence (Millipore, USA).

1.3. Molecular docking studies

1.3.1. Ligand and receptor preparation. The three-dimensional
structures of the ligands were prepared using MarvinSketch version
19.27.0 and PyMOL version 1.3r1."® Energy minimization was
carried out using the MM2 force field, and quantum chemical
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calculations were performed at the B3LYP/6-31g(d,p) level
implemented in Gaussian 09.'° Belinostat was previously
reported as a novel inhibitor of histone deacetylase; thus, it
was selected as the reference ligand for docking simulation.>°

The PDB entries chosen for docking studies 4A69 (HDAC3),>'
4CBT (HDAC4),”> 5EEI (HDAC6),”> and 1T67 (HDACS)** were
obtained from the PDB archive. The amino acid sequence of
HDAC11 was already well determined, and its information is
publicly available at the National Center for Biotechnology Infor-
mation (NCBI) archived under entry ID: NP_079103.2. The crystal
structure of human HDAC11 was built and validated using
the Swiss-Model webserver (https://swissmodel.expasy.org). The
Graphical User Interface program Autodock Tools 1.5.6 (ADT) was
employed to set up the input data. Details of the molecular
docking simulation are provided in the ESL¥

1.3.2. Docking using AutoDock4Zn. In the grid parameters,
an autogrid was carried out to pre-calculate grid maps of the
interaction energies between the atoms of the ligand and
protein. The receptor grid preparation for the docking proce-
dure was implemented by assigning the zinc ion as the center
of the grid box and comprised 64 x 64 x 64 points with 0.375 A

¥ A
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20-21 22 23
X E
20: Y=NH2 L nCOO t24:n=1,X=CI
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1-11 (48-65%, three steps)

12-19 (18-70%, three steps)

Compd. R! R2 N Total yield (%) Compd. R'  n Total yield (%)
1 H H 4 50 12 H 1 43
2 i H 4 61 13 CH; 1 69
3 OCH; H 4 48 14 1 18
4 H Bn 4 60 15 F 1 42
5 CF, Bn 4 66 16 OCH; 1 50
6 -Cl- 4

CF3 0o-Cl-Bn 58 17 H 4 56
7 H oC-Bn 4 57 ® Gy 4 70
8 H Bn 1 58 °
9 CF, Bn 1 65 19 OCH; 4 57
10 CF; o-Cl-Bn 1 59
1 H 0-CI-Bn 1 57

Scheme 1 Synthesis of benzimidazole/benzoxazole based hydroxamates.
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spacing. The grid input file also included AD4Zn.dat, which is
a specific parameter file for zinc ions. The molecular docking
study utilized AutoDock4Zn®® with the Lamarckian genetic
algorithm (LGA) to search for the optimum docking pose
together with a scoring function to calculate the binding
affinity. A total of 50 runs were performed for each docking,
and the remaining parameters were set to default values.

2. Results and discussion
2.1. Structural design and synthesis

To investigate the structure-activity relationship (SAR) of the
cap and the linker region, we designed two series of HDACIs
that used benzimidazole and benzoxazole analogs as the cap-
ping group and two different types of linkers. The general
structures of the target compounds are shown in Fig. 1D.
In these two structures, the hydroxamate ZBG moiety was
incorporated at C-2 of the heterocycle through saturated one-
or four-carbon containing thioether linkage. Different substi-
tuted benzyl moieties were introduced at the position N-3 of the
benzimidazole ring, and electron-donating groups (CHz, OCHj)
or electron-withdrawing groups (Cl, F, CF;) were added to the
position C-5 of the heterocycle rings to investigate their electro-
nic effects on activities. These designs are expected to increase
binding to HDAC enzymes and consequently enhance potency
and selectivity as well as to decrease toxicity and improve
bioavailability.

The target benzimidazole- (1-11) and benzoxazole-based
hydroxamic acids (12-19) were synthesized via a three-step
pathway, as depicted in Scheme 1.

In the first step, N-benzyl o-phenylenediamines
commercially available o-aminophenol 21 was condensed with
CS, under basic conditions (KOH in ethanol) to obtain the
corresponding benzimidazolethiols 22 and 23, respectively.'®
The thiol moieties were then coupled with ethyl 2-chloroacetate
24 or ethyl 5-bromopentanoate 25 via nucleophilic substitution
under basic conditions (K,COj). This process resulted in the
incorporation of ester functions that were eventually subjected
to aminolysis with hydroxyamine*” to afford the desired
thioether linked hydroxamate conjugated benzimidazoles 1-
11 or benzoxazoles 12-19, respectively, in moderate to good
total yields over three steps. The synthetic results of the
benzimidazole derivatives (compounds 1-11) indicated that
electron-withdrawing (Cl, CF;) or electron-donating (OCHj;)
groups on the benzene ring or/and the benzyl group on the
nitrogen of o-phenilenediamines 20 assisted the ring closure
process while the length of the alkyl side chain seemed likely
not to affect the yield of this step (Scheme S1, ESIt). However,
the methoxy group (OCHj;) appeared not to tolerate the reaction
conditions of the aminolysis step, which resulted in lowering of
the total yield of the final product (compound 3). Almost the
same results were also observed in the case of benzoxazole
derivatives (12-19) except that the lower yield of the final
aminolysis step had probably something to do with the
presence of the halogen groups (Cl, F) (Scheme S2, ESIf).

2017526 o
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Table 1 Inhibition screening results
RZ
4 \
Coime S
R"® N n HN-OH B " HN-OH
1-11 12-19

Compd R' R? n IC50” (M) Imax (%)
1 H H 4 ND 3.0
2 Cl H 4 ND 20.0
3 OCH; H 4 ND 3.0
4 H Bn 4 ND 23.0
5 CF; Bn 4 28.43 + 1.18 96.9
6 CF; 0-Cl-Bn 4 15.63 £+ 1.09 98.1
7 H 0-Cl-Bn 4 2.91 4+ 1.40 94.8
8 H Bn 1 ND 25.0
9 CF;3 Bn 1 ND 4.0
10 CF;3 0-Cl-Bn 1 50.46 + 1.14 67.15
11 H 0-Cl-Bn 1 70.96 + 1.16 85.5
12 H — 1 ND 40.0
13 CH; — 1 ND 31.0
14 Cl — 1 ND 44.0
15 F — 1 191 £+ 1.60 46.0
16 OCH; — 1 ND 38.0
17 H — 4 ND 20.0
18 CH; — 4 ND 40.0
19 OCH; — 4 ND 32.0
Belinostat — — — 2.6 £ 1.40 100

“ICso values were calculated by 8-point DRC analysis in duplicate.
Experiments were repeated at least two time independently. L.y (%)
indicates inhibitory maximum.ND: Not determined.

2.2. Inhibition screening

The MCF-7 cell line was obtained from the American Type Culture
Collection (ATCC) and cultured in vitro in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Paisley, UK) containing 10%
fetal bovine serum (Gibco) and 1% penicillin. Cells were treated
with different compounds (1-19) at a concentration of 250 uM
with three-fold serial dilutions and further incubated for 48 h. The
screening results are shown in Table 1. Compounds 5 and 6
showed moderate cytotoxicities with ICs, values of 28.43 and
15.63 M, respectively. Remarkably, compound 7 exhibited the
best activity with an ICs, value of 2.91 pM, which was comparable
to that of the positive control belinostat (ICso = 2.6 uM).

2.3. Antiproliferative activity

The antiproliferative activity of compound 7 against a variety of
cells of solid tumors was then evaluated, and belinostat was the
positive control. Compound 7 showed antiproliferative effects
against all tested cell lines with the ICs, values ranging from 2
to 17 uM (Table 2). Previously, a selective HDAC6 inhibitor ACY-
1215 also showed weaker anti-proliferative activities against a
variety of cells compared to the pan-HDAC inhibitor.® In the next
data, we will investigate their specificity against HDAC isoforms.

2.4. In vitro HDAC isoform inhibition activity

Compound 7 was evaluated for its inhibitory activity against
HDAC3, HDAC4, HDAC6, HDACS, and HDAC11 isoforms;
belinostat served as the positive control (Fig. 2 and Table 3).
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Table 2 Antiproliferation of compounds on different cell lines

IC50" (UM)

Tumor cell Cell line Compound 7 Belinostat
Breast MDA-MB-231 2.95 £ 0.01 0.52 £ 0.01
Breast EMT6 6.77 £ 0.1 1.29 £+ 0.5
Brain N2A 4.21 £ 0.1 3.13 £ 0.1
Liver Hepalclc7 9.05 £ 0.25 1.31 £ 0.2
Ovarian SKOV3 12.5 £ 0.7 4.47 £ 0.1
Colon SW620 14.8 £ 1.8 0.8 £ 0.01
Pancreas PANC1 17.2 £ 1.01 12.8 £ 0.75

“ICso values were calculated by 8-point DRC analysis in duplicate.
Experiments were repeated at least two time independently.

Compound 7 showed inhibitory activity against all HDACs.
Compound 7, with a cap of benzimidazole and a four-carbon-
containing thioether linker, served as the most potent agent
with an IC;, value of 0.09 uM for HDACS6. In contrast, the pan-
selective inhibitor belinostat was weaker than compound 7,
with an ICs, value of 0.17 pM. Compound 7 exhibited the most
potent selectivity for HDAC6 as compared to class I HDAC3
(20-fold) and HDACS (8.1-fold), class IIa HDAC4 (>111.1-fold),
and class IV HDAC11 (>111.1-fold). The HDACS6 selectivity of 7
is superior to belinostat. These data suggest that the enzymatic
activity and cellular activity are qualitatively less correlated.
Compound 7 shows a similar trend to ACY-1215, a first-in-class
isoform-selective HDAC6 inhibitor that showed weaker anti-
proliferation against various tumor cell lines compared to
belinostat.® These results indicate that compound 7 is a
potential selective HDACS6 inhibitor.

HDACS3 Inhibition Test

HDAC4 Inhibition Test

View Article Online
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2.5. Selective upregulation in the acetylation level of tubulin

The effect of compound 7 and belinostat as a positive control
on the acetylation of a-tubulin (a known substrate for HDAC6),
a biomarker of HDAC inhibition, in MCF-7 and N2a cells was
measured by western blotting (Fig. 3). As shown in Fig. 3,
compound 7 induced Ac-o-tubulin increased Ac-o-tubulin levels
in a dose-dependent manner. These data confirmed the selec-
tivity profile of compound 7 at the cellular translational level.

2.6. The SAR analysis

By comparing the cytotoxicity of the compounds reported in
Table 1, the following structure activity relationships (SAR) were
suggested. Benzimidazole-based hydroxamate derivatives with
one carbon alkyl chain as the linker (compds 8-11) together
with all benzoxazole derivatives were generally inactive. Similar
results were also observed for compounds with four carbon-
length chain linked to N-H or N-benzyl benzimidazoles
(compds 1-4). However, the introduction of an electron-
withdrawing group such as CF; at the C-5 position (compound
5) could actually induce measurable activity (ICs, = 28.43 uM) as
compared to that of compound 1. Remarkably, the presence of
the Cl group on the benzene ring at the N-3 position (com-
pound 7) led to a nearly 10-fold decrease in the ICs, value
(ICs0 =2.91 uM) as compared to that of compound 5, which was
consistent with the positive control belinostat (ICs, = 2.6 UM).
Surprisingly, the presence of the two substituents Cl and CF; in
the molecule (compound 6) led to five-fold decrease in activity
compared to compound 7.

HDACG Inhibition Test

120 _
- = 100 —4— Belinostat o c
2 S 8o W 7 S
2 £ 60 2
= E 40 =
= =
$ ® 20 S
1
3 2 -1 0 1 2 3 2 -1 0 1 2 3 2 1 0 1 2
[Concentration log], pnM [Concentration log], pM [Concentration log], pM
HDACS Inhibition Test HDAC11 Inhibition Test
120 , 120 .
- - -
< 100 Belinostat = 100 Belinostat
S 80 S 80 W 7
£ 60 2
® 20 X
1 1 1
3 2 -1 0 1 2 3 2 -1 0 1 2

[Concentration log], pM

[Concentration log], pM

Fig. 2 HDAC inhibition activity of compound. Representatives DRCs (dose response curves) of 7 (blue color) and reference belinostat (red color).
Percentage inhibition is shown in each graph. Compounds were tested in the 8-dose ICso mode in duplicate with 3-fold dilutions starting at 10 pM.

The inhibition was calculated as mentioned in the Materials and methods.
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Table 3 HDACs inhibition activity of compound 7. The ICsq values were calculated by DRC- analysis in duplicate. Experiments were repeated at last two

times independently

ICso (UM) Selective fold

HDAC3 HDACS HDAC4 HDAC6 HDAC11

(Class 1) (Class 1) (Class ITa)  (Class IIb)  (Class IV) HDAC3/HDAC6 HDAC4/HDAC6 HDAC8/HDAC6 HDAC11/HDAC6
7 1.80 + 0.06 0.73 £ 0.02 >10 0.09 £ 0.01 >10 20.00 >111.1 8.11 >111.1
Belinostat 0.45 £+ 0.01 0.34 £+ 0.06 2.70 £+ 0.12 0.17 £+ 0.02 >10 2.65 15.88 2.00 >58.82

Belinostat 7
DMSO04 2 10 04 2 10 pM
E Ac-tubulin - e
g GAPDH S S
& Ac-tubulin e - -

Z| cappH WS A —

Fig. 3 Western blot analysis of acetylated a-tubulin (HDAC6 substrate) in
MCF-7 and N2a after 6 h of treatment with compound 7 and belinostat at
10, 2, and 0.4 pM. GAPDH was used as a loading control.

In summary, hydroxamate 7 bearing benzimidazole as the
cap pharmacophore exhibited good cytotoxicity against MCF-7
cells and had potency comparable to that of belinostat. This
compound has crucial structural features, including a halogen
(Cl) group on the benzene ring at the N-3 position of the
heterocycle and a four-carbon containing thioether as a linker.

2.7. Docking study

Amongst the various docking software programs, AutoDock4 is
a non-commercial package that has been widely used with
more than 6000 citations during the last 10 years. This is a
useful tool to rapidly predict the binding affinity of ligands
toward a specific protein/enzyme target.”® Given the increase in
the demand among scientists to study metalloproteins, a new
version, AutoDock4Zn, has been developed with improvements
in the AutoDock force field for small-molecule docking to zinc
metalloproteins.”> As HDACs are well-known metalloproteins
with zinc ions included within the active site, AutoDock4Zn was
utilized to study the binding mechanism of the test compounds
with these enzymes.

According to the ranking criteria of Autodock4, the more
negative the docking energy, the better is the binding affinity
of the compound toward the targeted receptor.’®*® The
detailed docking pose analysis is presented in Table 4.

Regarding HDAC class I, including HDAC3 and HDACS, the
studied ligands showed common hydrogen bonds with essen-
tial residues within the active site of HDAC3 (Gly143, His172)
and HDACS (Cys153, Asp178). Previous studies have indicated
that His142, Cys153, Asp178, His180, and Phe208 are key
residues of HDAC8 and participate in the formation of inter-
actions with this ligand.”**° In particular, compound 7 exhib-
ited a weaker binding affinity toward these targets than
belinostat (—7.31; —9.78 kcal mol~' for HDAC3 and —7.57;
—8.13 keal mol™" for HDACS, respectively), indicating that it
may inhibit the function of targeted enzymes at a concentration
higher than that of the reference ligand (Fig. 4). Binding
orientation analysis of the studied ligands with HDAC4
(Class I1a) showed that belinostat docked to this enzyme at a
higher binding affinity than compound 7. In addition, the
obtained data confirmed that compound 7 did not form H-bonds
with the key residues at the active site, indicating that it is not a
potential inhibitor of HDAC4 (Table 3).

Binding mode analysis of compounds with HDAC6
(Class IIb) revealed the best dock score for compound 7
(—8.46 kcal mol ™), followed by belinostat (—8.00 kcal mol ™).
It should be noted that compound 7 and belinostat formed the
same H-bonding toward Asp612 within the binding site of
HDAC6. However, compound 7 formed one hydrogen bond
with Cys584 different from that formed by belinostat, suggest-
ing that this interaction might enhance the inhibitory activity.
The results of the biological experiment correlated with the
docking results where the ICs, of compound 7 was calculated to
be 0.09 uM. Thus, these amino acids might play a significant
role in the function of the targeted enzyme (Fig. 5).

Table 4 Docking results of studied compounds and hydrogen bond interacting residues

Dock score (kcal mol™*)

H-bond interacting residues

Enzyme Compound 7 Belinostat Compound 7 Belinostat

Class I

HDAC3 -7.31 —-9.78 Gly143, His172, Tyr298 Gly143, Cys145, His172

HDACS —7.57 —8.13 His142, Cys153, Asp178, His180 Gly140, Cys153, Asp178, GIn263

Class IIa

HDAC4 —6.62 —8.62 His803 His802, His803, Phe871, Asp934, Pro942
Class IIb

HDAC6 —8.46 —8.00 Cys584, Asp612 His573, His574, Asp612, His614

Class IV

HDAC11 —7.02 —6.56 Gly619 Cys621, Asp649

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 4 Plot of ligand's binding free energy between compound 7 (blue
line and pink dot) and belinostat (purple lines and orange dots) toward
studied HDAC enzymes.

As the X-ray structure of HDAC11 was not characterized, we
built a three-dimensional structure of HDAC11 by homology
modeling on the Swiss-Model webserver (ESIT S2). It is com-
monly assumed that a good quality model is expected to have a
score of over 90% in the most favored regions.*’ The data
obtained from the Ramachandran plot showed that 91.69%
amino acid residues of the HDAC11 model were located in
the most favored regions (Fig. S2.1, ESIT); thus, it could be
considered as a suitable model for further docking studies.
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Docking score analysis of the studied compounds with HDAC11
(Class IV) revealed that Gly619, Cys621, and Asp649 formed
three H-bonds; however, the low binding affinity of both
ligands suggests that they might not have the potential to
inhibit the function of this enzyme (—7.02 and —6.86 kcal mol %,
respectively).

3. Conclusions

To develop novel HDAC6 selective inhibitors with a benzimi-
dazole cap group, nineteen hydroxamic acid conjugated benz-
imidazole or benzoxazole derivatives were prepared and evaluated
for their bioactivities. Compound 7, with a cap of benzimidazole
and a four-carbon containing thioether linker, showed the highest
anticancer effect on cells. Antiproliferation assay revealed the
potency of compound 7 against diverse cancer cell lines. The
inhibitory activity of the title compound on HDAC isoforms
(3,4, 6, 8, and 11) and SAR analysis confirmed that the strategy
successfully achieved the goal of finding a novel selective and
highly efficient small molecule inhibitor of HDAC6. Compound
7 displayed the highest potency (at least eight-fold selectivity)
for HDAC6 over other isoforms and is superior to belinostat.
At the translational level, our western blot analysis further
confirmed the increase in the acetylation level of a-tubulin,
a substrate of HDAC6. Molecular docking studies indicated that
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Fig. 5 Docking conformation of compound 7 and belinostat with HDACs enzyme. (A) Docking pose of compound 7 with HDACS; (B) docking pose of

belinostat with HDACS6.
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compound 7 had the highest binding affinity toward HDAC6
among the investigated HDAC enzymes (—8.46 kcal mol %),
which was higher than that of the reference ligand (belinostat).
Docking pose analysis further revealed the H-bond interactions
with the key residues Cys584 and Asp612 in the binding region
of HDAC6. Thus, compound 7 could serve as a promising
candidate to selectively inhibit HDAC6 enzyme activity.
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