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Multiple myeloma is a deadly cancer that is a complex and multifactorial disease. In the present study, 12
belinostat derivatives (four resynthesized and eight new), HDAC inhibitors, were resynthesized via either
Knoevenagel condensation, or Wittig reaction, or Heck reaction. Then an evaluation of the
antiproliferative activities against myeloma cells MOPC-315 was carried out. Amongst them, compound
7f was the most bioactive compound with an ICsq of 0.090 4+ 0.016 puM, being 3.5-fold more potent
than the reference belinostat (ICso = 0.318 + 0.049 pM). Furthermore, we also confirmed the inhibitory
activity of 7f in a cellular model. Additionally, we found that the inhibitory activity of 7f against histone
deacetylase 6 catalytic activity (HDAC6) is more potent than that of belinostat. Finally, we observed the
strong synergistic interaction between the derivative 7f and the proteasome bortezomib inhibitor (Cl =
0.26), while belinostat and bortezomib showed synergism with a Cl value of 0.36. Taken together, the
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1. Introduction

Multiple myeloma is a hematologic malignancy that occurs
mainly in elderly patients, and is often relapsed and refractory,
and the median survival of each patient is less than a year.'?
Chemotherapy is one of the major strategies for cancer treat-
ment, and functions by targeting the physiological character-
istics of cancer cells, including proliferation, angiogenesis,
apoptosis, invasion and migration.**> Histone acetylation and
deacetylation specifically play an important role in regulating
gene expression, influencing the transcription of many genes.*®
Acetylation is a major form of protein post-translational
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above results suggest that 7f is a promising HDAC inhibitor deserving further investigation.

modification and is responsible for regulating various cellular
processes, including cell proliferation and cell survival.” Acety-
lation is catalyzed by histone acetyltransferases (HATs) and
histone deacetylases (HDACs). HATs transfer acetyl groups to
lysine residues, whereas HDACs remove acetyl groups from
lysine residues.' Deregulation of histone results in abnormal
gene expression profiles involved in controlling cell prolifera-
tion, differentiation, and apoptosis of cancer cells and is basi-
cally associated with malignancies, including multiple
myeloma. HDACs are overexpressed in many types of hemato-
logic malignancies (acute myelogenous leukemia, myelofi-
brosis, cutaneous T-cell lymphoma, and Hodgkin lymphoma),
which inhibition of HDACs can result in the inhibition of cell
proliferation and induction of apoptosis.>***> Thus, histone
deacetylase inhibitors might represent a novel therapeutic for
anticancer drugs that actually alter gene expression. Several
HDAC inhibitors have been studied for the treatment of
multiple myeloma, including trichostatin A, vorinostat, beli-
nostat, depsipeptide, KD5170, NVP-LAQ824, VPA, ricolinostat
and panobinostat.>"* In 2014, belinostat passed all preclinical
and clinical trials with results exceeding expectations and has
received FDA market approval for the treatment of patients with
relapsed and kind of refractory peripheral T-cell lymphomas
(PTCL).**** Typically, HDAC inhibitors, such as belinostat, share
the same pharmacophore model, consisting of a zinc-binding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The structure and pharmacophoric model of belinostat. HDAC inhibitory SAR (A). Crystal structures of HDAC6-belinostat complexe (PDB

ID: 5EEN) (B).

group (ZBG) to bind the zinc ion at the active site of HDACs,
a surface recognition domain (cap group), and a linker that
enters the hydrophobic tunnel connecting ZBG to the cap group
(Fig. 1).***® various studies have been reported to focus on
altering the cap, connective unit (CU), linker, and zinc binding
portions of HDAC inhibitors in recent years.'** In the structure
of belinostat, N-hydroxycinnamamide serves as both the ZBG
and the linker group. The hydroxamic acid functional group
and the E double bond are essential for activity, and exchange of
the E double bond to the Z double bond or the triple bond leads
to inactive compounds. The CU of belinostat is a sulfonamide,
which has cap-NHSO,-linker is more active than cap-SO,NH-
linker and amide. Therefore, replacement is not considered
feasible.™ In the present study, we describe the resynthesis of
belinostat analogs HDAC inhibitors by keeping the carbon
bridge part, CU, and the hydroxamic function group intact
while the phenyl frame of belinostat is replaced by ortho- and/or
meta- and/or para-substituted phenyl or benzyl. The compounds
were evaluated for their antiproliferative potency towards
MOPC-315 multiple myeloma cells (in vitro) and the most potent
derivative was tested for synergistic interaction with the pro-
teasome bortezomib inhibitor. The derivatives were considered
for potential pan-HDAC and HDACS6 inhibition activity based on
in vitro and in silico study. This study provided the underlying
mechanisms for the use of HDAC inhibitors in the treatment of
multiple myeloma and suggested potential
compounds for future preclinical implications.

therapeutic

2. Results

2.1. Organic synthesis of belinostat analogs

Belinostat analogs were successfully resynthesized through
a simple and effective process suited to the laboratory scale that
included three to seven steps (Fig. 2).

The first reaction of the procedure is the nitration reaction
employing available commercial materials, including benzal-
dehyde and the mixture of potassium nitrate and concentrated
sulfuric acid. The nitration reaction is followed by Knoevenagel
condensation between 2, and malonic acid as a nucleophile.
Pyridine is also added as a basic reagent. One advantage of
Knoevenagel's employment is that it is highly stereoscopic

© 2022 The Author(s). Published by the Royal Society of Chemistry

selective. Before a chain of reactions occurs on the nitro group,
the esterification reaction is applied to protect the carboxylic
acid group of the Knoevenagel adduct. Alternatively, compound
4 can be prepared through the Wittig reaction generated from
starting compound 2. Soon after, a reduction of the -NO, group
was carried out to convert it to an amine functional group. The
next step is the transformation from the amine group to the
sulfonamide group (it should be noted that the introduction of
the sulfonyl chloride group into the aromatic ring is considered
the most challenging but vital task of the whole procedure).
Finally, preparation of hydroxamates was completed by reacting
with hydroxylamine hydrochloride. Furthermore, the synthesis
of belinostat derivatives is possible by a 3-step process derived
from 3-bromobenzenesulfonyl chloride. However, the starting
agent was not readily available and the reaction conditions were
harsh. The structures of the final products were confirmed by
"H-NMR, "*C-NMR and HRMS spectra (see ESIT). When using 4'-
aminoacetophenone as the starting amine material, a 71
hydroxamate containing a ketoxime moiety is formed when the
carbonyl compound 6l is treated with hydroxyl amine (see
reaction mechanisms in the ESIT).

2.2. Cytotoxicity screening

All synthesized compounds were evaluated for their anti-
proliferative potency toward multiple myeloma cells. Dose-
response curve analysis of the selected belinostat is shown in
Fig. 3. Among twelve compounds tested, 7b, 7f, and 7g showed
significant cytotoxic activity (ICs, = 0.167, 0.090 and 0.159 uM,
respectively) with a range from 1.9 to 3.5-fold more toxic than
the reference belinostat (ICs, = 0.318 uM) (Table 1), in partic-
ular, compound 7f was found to be the most bioactive molecule
in this study. In addition, obtained results indicated that
compounds 7c and 7i exhibit comparable activity to belinostat,
the rests were found to exert the least inhibitory potency on cell
proliferation.

2.3. Combination study

To determine whether synergism between 7f and bortezomib
occurred in multiple myeloma cells, as previously observed
between belinostat and bortezomib,”* MOPC-315 cells were
exposed (24 h)

from micro-molar to sub-micromolar

RSC Adv, 2022, 12, 22108-2218 | 22109
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Fig.2 The general synthetic procedures of belinostat analogs. (i) KNOz, H,SO4, 0 °C; (ii) reflux, 110 °C; (iii) MeOH, H,SO4, 80 °C; (iv) SnCl,, EtOH,
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Fig. 3 Dose-response curve analysis of belinostat for anti-cancer
activity against MOPC-315.

concentrations in the presence or absence of low concentra-
tions (0.046 to 11.11 nM) of 7f and belinostat as a control, after
which cell proliferation was monitored by cytotoxicity test. In all
cases, single-agent treatment was shown with minimal to
modest toxicity, whereas combined exposure resulted in
a pronounced increase in cell death, indicating a synergistic
interaction (Fig. 4 and Table 2). The combination index (CI)
values were calculated by Chou's method.?” The combined effect
of 7f and bortezomib (strong synergism with CI value = 0.26) is
significantly higher than that of belinostat and bortezomib
(synergism with CI value = 0.36). The result suggests that the
combination of 7f and bortezomib is more potent than that of
belinostat and bortezomib.

22110 | RSC Adv, 2022, 12, 22108-22118

2.4. HDAC activity analysis

To determine if 7f could inhibit a global histone deacetylase
(HDAC) activity, a fluorescence-based assay for HDACs was
employed. As shown in Fig. 5, HDAC activity corresponded to
the high fluorescence signal obtained in the control group;
however, the activity was decreased in presence of belinostat or
7f. The assay showed the ability of compound 7f to inhibit
HDACs that can deacetylate histone.

2.5. In vitro inhibitory activity against HDAC6 enzyme

Compound 7f was evaluated for its inhibitory activity against
HDACS6 isoform, in which belinostat was utilized as the positive
control. Compound 7f exhibited inhibitory activity against
HDACS6 in a dose-dependent manner in the concentration range
of 2 nM to 5 pM (Fig. 6). Compound 7f reached an ICs, value of
0.7 uM while belinostat did a higher ICs, value of 2.6 uM.

2.6. Docking protocol

Abnormal HDAC6 enzyme activity is associated with multiple
myeloma manifestations; therefore, inhibition of HDAC6 is
considered a therapeutic target for multiple myeloma.*>*>°
Recently, the well-known antineoplastic compound ric-
olinostat, a selective HDAC6 inhibitor with an ICs, value of
5 nM, has shown to be a novel potential candidate for the
treatment of multiple myeloma.?®*® The compound 7f displayed
HDACS6 inhibitor from fluorescence-based assay (Fig. 6). For
a better understanding of the molecular interaction between 7f
and enzyme HDAC6, which were docked to the active site of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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H (o]
<&
A‘H{ /7 X N’OH

H
Compd A position ICso (UM) Fold change
7a 4-Fluorobenzyl 0.457 + 0.033 0.695
7b 4-Methylbenzyl 0.167 + 0.014 1.907
7c Benzyl 0.291 £ 0.044 1.093
7d Cyclohexyl 0.444 + 0.181 0.714
7e 5-Fluoro-2-methylphenyl 0.380 + 0.073 0.835
7t 4-Methoxyphenyl 0.090 + 0.016 3.522
78 4-Methylphenyl 0.159 £ 0.046 1.993
7h 4-Chloro-2-fluorophenyl 1.029 £ 0.469 0.309
7i 4-Fluorophenyl 0.312 £+ 0.114 1.019
7j 2,4-Difluorophenyl 0.784 + 0.198 0.405
7k 3-Fluorophenyl 0.365 & 0.019 0.869
71 (2)-4-(1-(Hydroxyimino)ethyl)phenyl 2.141 + 1.246 0.148
Belinostat” Phenyl 0.318 + 0.049 1.000

“ Compound 7f was chosen for further studies. ”
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71 (uM) 3333 1111 0.370 0.123 0.041 0.014

Belinostat was used as a positive control.
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Fig. 4 Synergistic inhibition effect of 7f and bortezomib on proliferation of multiple myeloma cells.

HDACS6 using Autodock4Zn. The three-dimensional structures
have been reported by Gohlke et al. that ligands calculated
partial charge using PM6 basic function could significantly
increase docking accuracy and cluster population of the most

Table 2 Drug-drug combinations

accurate docking.** According to the ranking criteria of Auto-
dock, the more negative value of docking energy, the better
binding affinity of the compound towards targeted receptor.*>*
Obtained dock score for belinostat was —8.39 kcal mol™, thus,

CI values® at inhibition of

Drug combination 50% 75% 90% 95% Weighted average CI values® Assigned symbol® Description
Belinostat + bortezomib 0.488 0.410 0.344 0.305 0.36 o+ Synergism
7f + bortezomib 0.572 0.359 0.225 0.164 0.26 ++++ Strong synergism

% ClI values are based on the combination index isobologram equations: CI =

[(D)1/(Ds)1] + [(D)2/(Dy)2], where D, = D[f/(1 — £,)]"™. © Because the

high degrees of effects are more important than the low degrees of effects, the weighted CI value was designed as: Cl,,; = [Cl5o + 2CI;5 + 3Clgo +

4Clg5)/10.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Degree of synergism or antagonism are based on the ranges of CI values as described in Pharmacological Reviews.””
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Fig. 6 Dose—response curve analysis of 7f for inhibitory activity against HDAC6. ICsq values were calculated by 8-point DRC analysis and

experiments were repeated at least twice independently.

any molecules whose docking energies are close or more
negative than this threshold would be considered to have a high
binding affinity toward HDAC6 and potential to inhibit the
function of this enzyme. Panobinostat was approved by the FDA
for the treatment of recurrent multiple myeloma, it was also
considered the second control.** Table 3 presents dock results
of 7f in combination with the ligand efficiency value (LE).
Potential lead compounds when the LE value was greater than
0.3.* In addition, the redocking results of the control are
considered reliable when the RMSD value does not exceed 2.0
(ESIY). In the docked result, compound 7f exhibited the dock
score of —8.57 kcal mol ™', suggesting that it has the high
binding affinity to the HDAC6 enzyme. The binding mode
analysis of the reference inhibitor, belinostat, revealed that
Pro464, His574, Phe583, Cys584, Asp612, His614, Phe643,

22112 | RSC Adv, 2022, 12, 22108-22118

Asp705, Leu712, Tyr745 are key residues of HDAC6 that
participated in the formation of interaction with this ligand.
Previous studies have indicated that key interactions for HDAC
inhibitor binding, in addition to those involving ZBG, appear to
be pi-pi interactions between the central aromatic scaffold and
both phenyllalaninine (Phe583, Phe643). The HDACs inhibitors
are embedded in a lipophilic channel whose walls consist of
Pro464, Ser531, His573, His574, Phe583, Asp612, His614,
Phe643, Asp705, Leu712, Tyr745, which are assumed as
important for inhibitory activities (Fig. 7A).** HDAC inhibition
depends on ZBG, the two oxygen atoms of ZBG coordinate with
zinc, which participates in hydrogen bonds with His573,
His574, Cys584, Asp612, Asp705 and Tyr745 by van der Waals
forces. Some studies reported that two contiguous histidines,
one aspartate and one tyrosine were observed to form hydrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Interaction residues of compound 7f obtained from molecular docking simulation

Compound  BE” (kcal mol~') Interacting residues” ZBG---Zn** distance’ (A) LE?
7f —8.57 His574, Phe583, Cys584, Asp612, His614, Phe642, Phe643, Asn645 1.35 0.36
Belinostat®  —8.39 Pro464, His574, Phe583, Cys584, Asp612, His614, Phe643, Asp705, Leu712, Tyr745 2.25 0.38
Panobinostat® —8.97 His463, Pro464, His573, Phe583, Cys584, Asp612, His614, Phe643, Asp705, Tyr745 1.71 0.35

“ Binding energy. ° The results were analyzed using Discovery Studio Visualizer. © Choose the shortest distance between HO-+-Zn*" or C=0---Zn*"
interactions. ¢ Ligand efficiency; compounds with LE > 0.3 as potential lead compounds. ¢ Control.

ASP612

Compound 7f (-8.57 kcal/mol)

Cvs584

Belinostat (-8.39 kcal/mol)

Fig. 7

(A) The active site of HDAC6 enzyme (blue light for hydrophilic to brown light for hydrophobic). (B) Interaction of compounds (7f and

belinostat) in the HDAC6 binding site suggested by molecular docking studies.

bonds with the ZBG.?****” Compounds that bind HDAC6 at the
active site were displayed relatively similar characteristics. Dock
pose analysis of selected molecules showed that, in general, the
pi-pi stacking establishment between the centre aromatic
group and Phe583/Phe643 helps to stabilize the linker in the
pocket. Another bond which is the pi-pi stacked interaction
with His614 also contributes to the stabilization of the complex.
Additionally, substituted cap group presents significant inter-
actions including pi-donor and pi-pi stacked interaction with
Asn645, Phe643, and Phe642 (Fig. 7B). These distinct charac-
teristics may be the key to the lead HDACS6 inhibitors designed
for the treatment of multiple myeloma. By combining both the
docking score and the analysis criteria of the binding mode, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

compound 7f was assumed to have the high binding affinity
towards the targeted enzyme, which formed H-bond interac-
tions with essential residues at the active site. An array of
hydrophobic interaction was observed as contributed that
further stabilizing the interaction in the binding site.

3. Discussion

Multiple myeloma is a hematological B cell malignancy and is
still considered as an incurable disease. In previous studies,
HDAC-mediated inhibition of non-histone targets was found to
cause anti-myeloma effects and HDAC inhibitors also have
emerged as a novel therapy in the treatment of such

RSC Adv, 2022, 12, 22108-22118 | 22113
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hematological cancers.?® Belinostat is a potent HDAC inhibitor,
tested as monotherapy for the treatment of multiple myeloma.*
Our study provided evidence that belinostat derivatives are
effective against multiple myeloma cell line (MOPC-315). Twelve
derivatives were selected and resynthesized to use as starting
materials for cytotoxicity and drug combination assay of
multiple myeloma cells. Four compounds (7¢, 7f, 7g, 7k) were
selected from a previous study of Finn et al.,* which displayed
as potent HDAC enzyme inhibitors at low inhibitory nano-
molars. Based on cytotoxicity screening results and different
substituents at the cap position of belinostat, compounds were
classified into three groups. Group I consists of three strong
active compounds, which ranged from 1.907 to 3.522-fold
including 7b, 7f and 7g (ICso = 0.167, 0.090, and 0.159 uM,
respectively). The cap of this compounds bearing only an
electron-donating group (methoxyl or methyl), the presence of
the -OCH; group at the para-phenyl position (7f) resulted in
a 3.5-fold increase in inhibition compared with the belinostat
compound (IC5, = 0.318 uM). Compounds 7¢ (IC5o = 0.291 pM)
and 7i (ICs5o = 0.312 uM) have almost the same activity as
belinostat (1.019 to 1.093-fold), which is classified in group II.
The remaining compounds that show less activity than belino-
stat are classified in group III, however, the ICs, value of the
compounds still reached the micromolar value. Substituted
phenyl cap group of belinostat including simple benzyl (7¢) or 4-
fluorophenyl (7i) did not reduce the inhibition of the parent
drug. However, substituted 4-fluorobenzyl (7a, IC5, = 0.450 uM)
reduces the potency of the generic drug significantly. Surpris-
ingly, the compound 7j (ICs5, = 0.784 uM) with the 2,4-difluor-
ophenyl showed poor active as compared to its analog 7i (IC5, =
0.312 puM) without the substituted ortho-fluoro atom. The
ketoxime group present in the structure of 71 showed a 6.5-fold
decrease in activity (IC5o = 2.141 uM). In summary, the struc-
ture-activity relationship (SAR) of belinostat derivatives against
multiple myeloma cell lines was considered as follows: para-
substitution patterns across the aromatic ring by electron-
donating group of cap lead to highly potent compounds, the
meta or ortho or both-substitution leads to poor active
compounds. Insertion of a straight alkyl chain —-(CH,)- between
the Ar group and the sulfonamide moiety is allowed if the Ar
group has electron-donating group in para-substitution.

The development of medicine and the combination of
multiple functions of drugs to treat diseases is getting good
results. Specifically, belinostat is used in combination with 17-
AAG as therapy for MDA-MB-231 breast cancer cells.** Belinostat
was combined with carboplatin and paclitaxel for good results
in metastatic lung cancer.”” The human acute myeloid
leukaemia, multiple myeloma, and lymphoblastic leukaemia,
belinostat was synergized with proteasome inhibitor bortezo-
mib, eicosanoid biosynthesis inhibitor dexamethasone.”**®
Therefore, compound 7f was also evaluated for its synergistic
effect with the protease inhibitor bortezomib against the
MOPC-315 multiple myeloma cells (Table 2). Interestingly,
additive effects between 7f and bortezomib were shown to be
stronger than the combination of belinostat and bortezomib.
This finding also suggests a further animal study on this
combination of bortezomib and 7f in the future.
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Belinostat is known as a hydroxamate-based pan-HDAC
inhibitor. It, thus, prompted us to examine 7f and belinostat
in the same assay against a pan-HDAC. To verify the pan-HDAC
inhibition of 7f, we have tested 7f using a fluorometric HDAC
activity assay kit. As described by the manufacturer, using an
assay kit provided a fast and fluorescence-based method that
eliminates radioactivity, extractions, or chromatography, as
used in traditional assays, which is well suited for high
throughput screening applications. The results showed that 7f
strongly inhibited HDACs, almost even more potent than
belinostat.

Recent studies have demonstrated that aberrant HDAC6
enzyme activity may be responsible for multiple myeloma.?® The
belinostat and panobinostat (pan-HDAC inhibitor) showed high
efficiency in the treatment of multiple myeloma.****** Recently,
ricolinostat, a selective inhibitor of HDAC6 (IC5, = 5 nM) has
been considered as a new candidate for the treatment of
multiple myeloma (currently in clinical trials), which also
combined with bortezomib and dexamethasone for refractory
multiple myeloma in 2017.*> Compound 7f were evaluated in
vitro for inhibitory activity against purified HDAC6 enzyme
using a fluorescence-based activity assay. As a result, 7f dis-
played as the strongest inhibitor of HDAC6 enzyme. At 5 uM,
this substance caused inhibition of 100% while belinostat was
64.5% (Fig. 6). Compound 7f inhibited HDAC6 with an ICs, of
0.7 uM (Fig. 6), which was 3.71-fold more potent than belinostat
(IC50 = 2.6 uM) in the same assay.

To better understand the molecular mechanisms, the study
also performed the molecular docking of compound 7f at the
active site of the HDAC6 enzyme. The 7f are embedded in
a lipophilic channel whose walls consist of Pro464, Ser531,
His573, His574, Phe583, Asp612, His614, Phe643, Asp705,
Leu712, Tyr745 and Zn** ion. The strong zinc-binding ability of
ZBG was observed. Through molecular docking analysis,
compound 7f was found to insert into the active site of HDAC6
and was surrounded by some amino acids including His574
(van der Waals), Phe583 (pi-pi stacked), Cys584 (hydrogen
bond), Asp612 (hydrogen bond), His614 (hydrogen bond and
pi-pi T shaped), Asn645 (hydrogen bond), Phe642 (pi-pi
stacked), Phe643 (hydrogen bond and pi-pi T shaped).

In summary, major focus of our research project, is the
identification of belinostat derivatives as potential therapeutic
compounds with exciting opportunities in multiple myeloma,
structural activity relationships, and premise for animal studies
to clinical trials in the future.

4. Conclusions

In conclusion, we have successfully synthesized 12 analogues
from benzaldehyde with a considerable yield, and the proce-
dure is convenient and has economic advantages. The key step
in these processes is the conversion of benzaldehyde to 3-for-
mylbenzenesulfonyl chloride. In the biological activity studies,
compound 7f was proved to be the most effective molecule, with
3.5-fold enhanced efficiency than reference drug belinostat
against multiple myeloma MOPC-315. The 7f/bortezomib
regimen is highly effective in inducing cell death. The inhibitory

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity of 7f against pan-HDAC and HDAC6 was remarkably
higher than that of belinostat. The molecular mechanism of 7f-
HDAC6 complex was studied using the molecular docking
method. The docking score and binding mode analysis also
demonstrated that compound 7f could be a promising inhibitor
of this targeted enzyme. Our findings suggest that compound 7f
could be a potent candidate for further pharmacological
studies.

5. Experimental

5.1. Chemistry

All reagents were purchased from commercial sources and were
used without further purification. Reactions were monitored by
thin-layer chromatography (TLC) on 0.2 mm precoated silica gel
60 F254 plates (Merck) and compounds were visualized on TLC
with UV-light. Derivatives were synthesized in the laboratory
and then purified by flash column chromatography using silica
gel 45-63 um (230-400 mesh), 60 A pore size. The nuclear
magnetic resonance (NMR) spectra were recorded on Bruker
Ascend 400 and Bruker Ascend 500. Electrospray ionization
mass spectrometry (ESI-MS) analyses were recorded by an Agi-
lent 1100. Chemical shift values (6) are given in parts per million
(ppm) downfield from tetramethylsilane as internal reference,
coupling constants are given in hertz (Hz) and spin multiplici-
ties are given as s (singlet), d (doublet), dd (doublet of doublet), t
(triplet), q (quartet) or m (multiplet). Belinostat derivatives were
prepared adopting previously reported methods as shown in
Flg. 2.40,46748

5.1.1 Belinostat. 'H-NMR (400 MHz, DMSO-ds, 6 ppm):
10.80 (1H, s, -OH), 10.27 (1H, s, ~SO,NH-), 9.10 (1H, s, -NH-),
7.90 (s, 1H, ArH), 7.76 (1H, d, ] = 7.0 Hz, ArH), 7.69 (1H, d, ] =
7.1 Hz, ArH), 7.55 (1H, t, J = 7.5 Hz, ArH), 7.45 (1H, d, J =
15.8 Hz, Ar-CH=CH-), 7.22 (2H, t, ] = 7.3 Hz, ArH), 7.08 (2H, d,
J = 7.5 Hz, ArH), 7.02 (1H, t, ] = 6.9 Hz, ArH), 6.49 (1H, d, J =
15.8 Hz, Ar-CH=CH-). *C-NMR (100 MHz, DMSO-d,, 6 ppm):
162.54, 140.72, 137.94, 137.02, 136.32, 132.47, 130.48, 129.67,
127.55, 125.20, 124.80, 121.81, 120.82. ESI-MS, m/z (%) 316.8
(M — H)™, 100).

5.1.2 Compound 7a. "H-NMR (500 MHz, DMSO-dg, 6 ppm):
10.81 (1H, s, -OH), 9.11 (1H, s, -NH-), 8.23 (1H, t, ] = 6.5 Hz,
-SO,NH-), 7.89 (1H, s, ArH), 7.78 (1H, d, ] = 7.5 Hz, AtH), 7.75
(1H, d,J = 8 Hz, ArH), 7.59 (1H, t,] = 7.75 Hz, ArH), 7.50 (1H, d, J
= 15.5 Hz, Ar-CH=CH-), 7.27-7.24 (2H, m, ArH), 7.08-7.04 (2H,
m, ArH), 6.54 (1H, d, J = 16 Hz, Ar-CH=CH-), 4.02 (2H, d, ] =
6.5 Hz, -CH,-). ">*C-NMR (100 MHz, DMSO-ds, 6 ppm): 160.57,
140.04, 136.27, 131.94, 130.37, 130.12, 130.04, 125.02, 121.63,
115.49, 115.28, 45.88. IDA-MS m/z (%) 351.0808 (M + H)", 100).

5.1.3 Compound 7b. "H-NMR (500 MHz, DMSO-d, 6 ppm):
10.81 (1H, s, -OH), 9.11 (1H, s, -NH-), 8.14 (1H, t, J = 6.25 Hz,
-SO,NH-), 7.87 (1H, s, ArH), 7.76 (2H, t, ] = 8.75 Hz, ArH), 7.59
(1H, t,J = 7.75 Hz, ArH), 7.48 (d,J = 16 Hz, 1H), 7.09 (d, / = 8 Hz,
2H), 7.04 (d, J = 8 Hz, 2H), 6.54 (1H, d, J = 16 Hz, Ar-CH=CH-),
3.97 (2H, d,J = 6.5 Hz, -CH,-), 2.23 (3H, s, ~-CH;). "*C-NMR (100
MHz, DMSO-dg, 6 ppm): 160.86, 142.10, 136.75, 130.33, 129.19,
128.08, 125.02, 121.55, 117.42, 46.46, 21.10. IDA-MS m/z (%)
347.1060 (M + H)", 100).
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5.1.4 Compound 7c. "H NMR (500 MHz, DMSO-d,, 6 ppm):
10.78 (1H, s, ~OH), 9.13 (1H, s, -NH-), 8.20 (1H, br, ~-SO,NH-),
7.92 (1H, s, ArH), 7.77 (2H, t, J = 8.25 Hz, ArH). 7.59 (1H, t, ] =
7.75 Hz, ArH), 7.49 (1H, d, J = 15.5 Hz, Ar-CH=CH-), 7.28-7.18
(5H, m, ArH), 6.55 (1H, d, J = 16 Hz, Ar-CH=CH-), 4.02 (2H, s,
-CH,-). *C-NMR (100 MHz, CD;0D, § ppm): 164.14, 141.89,
138.26, 137.04, 135.95, 130.89, 129.42, 128.02, 127.55, 127.36,
125.47, 119.36, 46.56. ESI-MS m/z (%) 333.0920 (M + H)", 100).

5.1.5 Compound 7d. "H-NMR (500 MHz, DMSO-dg, 6 ppm):
10.80 (1H, s, ~OH), 9.12 (1H, s, -NH-), 7.97 (1H, s, ~-SO,NH-),
7.79 (2H, dd, J; = 1.5 Hz, J, = 7.75 Hz, ArH), 7.68 (1H, d, ] =
7 Hz, ArH), 7.61 (1H, t, ] = 7.75 Hz, ArH), 7.51 (1H, d, ] = 15.5 Hz,
Ar-CH=CH-), 6.56 (1H, d, J = 16 Hz, Ar-CH=CH-), 2.96-2.95
(1H, m, cyclohexane), 1.56-1.55 (5H, m, cyclohexane), 1.19-1.08
(5H, m, cyclohexane). *C-NMR (100 MHz, DMSO-dg, 6 ppm):
143.56, 141.16, 136.27, 131.81, 130.39, 124.75, 121.59, 52.59,
33.68, 25.29, 24.77. ESI-MS m/z (%) 325.1228 (M + H)", 100).

5.1.6 Compound 7e. "H-NMR (500 MHz, DMSO-d, 6 ppm):
9.81 (1H, s, -SO,NH-), 7.99 (1H, d, J = 7.5 Hz, ArH), 7.92 (1H, s,
ArH), 7.70-7.61 (1H, m, ArH), 7.61 (1H, t, /] = 8 Hz, ArH), 7.61
(1H, d,J = 15.5 Hz, Ar-CH=CH-), 7.18-7.15 (1H, m, ArH), 6.97-
6.93 (1H, m, ArH), 6.82-6.80 (1H, m, ArH), 6.53 (1H, d,/ = 16 Hz,
Ar-CH=CH-), 1.94 (3H, s, -CH,). "*C-NMR (100 MHz, DMSO-dg,
6 ppm): 178.98, 162.53, 161.73, 141.51, 137.07, 137.01, 136.38,
132.59, 132.53, 132.43, 130.56, 124.89, 120.93, 17.28. ESI-MS m/z
(%) 351.0811 (M + H)", 100).

5.1.7 Compound 7f. "H-NMR (500 MHz, DMSO-d,, 6 ppm):
10.81 (1H, s, ~OH), 9.94 (1H, s, -SO,NH-), 9.10 (1H, s, -NH-),
7.85 (1H, s, ArH), 7.76 (1H, d, J = 7.5 Hz, ArH), 7.62 (1H, d, ] =
7.5 Hz, ArH), 7.56 (1H, t, ] = 7.5 Hz, ArH), 7.46 (1H, d, ] = 16 Hz,
Ar-CH=CH-), 6.97 (2H, d, J = 9 Hz, ArH), 6.81-6.79 (2H, m,
ArH), 6.50 (1H, d, J = 15.5 Hz, Ar-CH=CH-), 3.66 (3H, s, -CHj3).
3C-NMR (100 MHz, DMSO-dg, 6 ppm): 162.54, 157.16, 140.69,
137.06, 136.22, 132.36, 130.35, 130.32, 127.61, 125.15, 124.15,
121.72, 114.82, 55.62. ESI-MS m/z (%) 349.0862 (M + H)", 100).

5.1.8 Compound 7g. 'H-NMR (500 MHz, DMSO-ds, 6 ppm):
10.81 (1H, s, -OH), 10.13 (1H, s, -SO,NH-), 9.11 (1H, s, -NH-),
7.88 (1H, s, ArH), 7.77 (1H, d, ] = 8 Hz, ArH), 7.67 (1H, d, ] =
8 Hz, ArH), 7.56 (1H, t,] = 7.75 Hz, ArH), 7.46 (1H, d, J = 16 Hz,
Ar-CH=CH-), 7.03 (2H, d, J = 8.5 Hz, AtH), 6.97 (2H, d, ] =
8.5 Hz, ArH), 6.50 (1H, d, ] = 16 Hz, Ar-CH=CH-), 2.18 (3H, s,
-CHj;). "*C-NMR (100 MHz, DMSO-dg, 6 ppm): 140.78, 136.26,
135.31, 134.09, 132.38, 130.41, 130.08, 127.57, 125.18, 121.35,
20.76. ESI-MS m/z (%) 333.0893 (M + H)", 100).

5.1.9 Compound 7h. "H-NMR (500 MHz, DMSO-dg, 6 ppm):
10.81 (1H, s, -OH), 10.34 (1H, s, -SO,NH-), 9.11 (1H, br, -NH-),
7.89 (1H, s, ArH), 7.83 (1H, d, J = 7.5 Hz, ArH), 7.67 (1H, d, ] =
8 Hz, ArH), 7.60 (1H, t,] = 7.75 Hz, ArH), 7.48 (1H, d, ] = 16 Hz,
Ar-CH=CH-), 7.45-7.40 (1H, m, ArH), 7.27-7.22 (2H, m, ArH),
6.51 (1H, d, J = 16 Hz, Ar-CH=CH-). *C-NMR (100 MHz,
CD;0D, 6 ppm): 164.11, 156.68, 154.20, 140.65, 138.12, 136.02,
131.53, 129.44, 127.49, 126.98, 125.56, 124.61, 124.56, 123.53,
119.59, 116.22, 115.98. ESI-MS m/z (%) 371.0266 (M + H)", 100).

5.1.10 Compound 7i. 'H-NMR (500 MHz, DMSO-dq,
6 ppm): 10.81 (1H, s, ~-OH), 10.25 (1H, s, -SO,NH-), 9.12 (1H, s,
-NH-), 7.88 (1H, s, AtH), 7.78 (1H, d, J = 7.5 Hz, ArH), 7.65 (1H,
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d,J = 7.5 Hz, ArH), 7.57 (1H, t,] = 7.75 Hz, AtH), 7.46 (1H, d, ] =
16 Hz, Ar-CH=CH-), 7.08 (4H, d, J = 6.5 Hz, ArH), 6.50 (1H, d, J
= 16 Hz, Ar-CH=CH-). *C-NMR (100 MHz, DMSO-dg, 6 ppm):
167.57, 160.86, 158.47, 142.32, 141.12, 140.45, 136.36, 134.14,
132.50, 130.49, 127.56, 125.19, 123.63, 123.55, 121.84, 116.52,
116.29, 113.20. ESI-MS m/z (%) 337.0660 ((M + H)", 100).

5.1.11 Compound 7j. 'H-NMR (500 MHz, DMSO-ds,
0 ppm): 10.80 (1H, s, -OH), 10.17 (1H, s, -SO,NH-), 9.10 (1H, s,
-NH-), 7.85 (1H, s, ArH), 7.82 (1H, d, J = 7.5 Hz, ArH), 7.64 (1H,
d,J = 8 Hz, ArH), 7.59 (1H, t, J = 7.75 Hz, ArH), 7.48 (1H, d,J =
16 Hz, Ar-CH=CH-), 7.25-7.20 (2H, m, ArH), 7.06-7.02 (1H, m,
ArH), 6.50 (1H, d, J = 15.5 Hz, Ar-CH=CH-). "*C-NMR (100
MHz, DMSO-d,, 6 ppm): 162.54, 144.63, 141.12, 137.03, 136.29,
132.62, 130.43, 127.54, 124.96, 121.75, 112.32, 105.38, 105.14,
105.11, 104.88. ESI-MS m/z (%) 355.0566 ((M + H)", 100).

5.1.12 Compound 7k. 'H-NMR (500 MHz, DMSO-d,,
6 ppm): 10.82 (1H, s, -OH), 10.81 (1H, s, -SO,NH-), 9.12 (1H, s,
-NH-), 7.95 (1H, s, ArH), 7.80 (1H, d, J = 7.5 Hz, ArH), 7.74 (1H,
d,/ = 8 Hz, ArH), 7.59 (1H, t, ] = 7.75 Hz, ArH), 7.48 (1H, d, ] =
16 Hz, Ar-CH=CH-), 7.29-7.25 (1H, m, ArH), 6.94-6.83 (3H, m,
ArH), 6.52 (1H, d, J = 16 Hz, Ar-CH=CH-). "*C-NMR (100 MHz,
DMSO-ds, 6 ppm): 163.90, 162.52, 161.48, 140.45, 139.95,
139.85, 136.48, 132.62, 131.54, 131.45, 130.64, 127.53, 125.27,
121.94, 116.08, 111.30, 107.17, 106.92. ESI-MS m/z (%) 337.0661
(M + H)", 100).

5.1.13 Compound 7l. '"H-NMR (500 MHz, DMSO-d,,
6 ppm): 11.06 (1H, d, J = 1 Hz, =N-OH), 10.81 (1H, s, -OH),
10.46 (1H, s, -SO,NH-), 9.11 (1H, s, -NH-), 7.95 (1H, s, ArH),
7.78 (1H, d,J = 7.5 Hz, ArH), 7.72 (1H, d, J = 7.5 Hz, ArH), 7.58
(1H,t,J = 7.75 Hz, ArH), 7.52 (2H, d, ] = 8 Hz, ArH), 7.47 (1H, d, ]
=15.5 Hz, Ar-CH=CH-), 7.11 (2H, d, ] = 8 Hz, ArH), 6.52 (1H, d,
J =16 Hz, Ar-CH=CH-), 2.05 (3H, d, J = 0.5 Hz, -CH3). ESI-MS
miz (%) 343.0759 (M + H)', 100), 358.0869 (M + H)', 77),
376.0974 (M + H)', 70).

5.2. Biological methods and synergy analysis

MOPC-315 cell line was obtained from ATCC. The cells were
cultured in vitro in RPMI 1640 (Invitrogen, Paisley, UK) con-
taining 10% fetal bovine serum (Gibco), and 1% penicillin. For
cytotoxicity assays, cells were seeded into 96-well culture plates
at 2 x 104 cells per well in 0.1 mL of RPMI 1640 medium, then
incubated at 37 °C with 5% CO, and at 90% humidity. After 4 h,
the different concentrations of drugs were treated and further
incubated for 24 h. Cell viabilities were measured using CEL-
LOMAXTM Viability Assay kit (Precaregene, Korea). UV
absorption at 450 nm was measured using an Infinite M200
micro-plate reader (Tecan, Ziirich, Switzerland). Combination
index (CI) values were calculated using the Chou-Talalay
method.”

5.3. Fluorometric HDAC activity assay

MCF-7 cells were maintained in RPMI-1640 supplemented with
10% fetal bovine serum (Gibco), and 1% penicillin in an incu-
bator kept at 37 °C and 5% CO,. HDAC activity was assessed
using an HDAC Activity Fluorometric Assay Kit (Cat#K330-100,
Bio-Vision Incorporated, USA) according to the manufacturer's
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instructions. Briefly, cells were seeded at 5 x 10> cells per well
in a 96-well cell culture plate. After 24 h, the old media was
removed, 99 uL of new media, 1 puL of HDAC substrate and 1 uL
of belinostat or 7f (the final concentration is 30 uM) or 1 pL of
trichostatin A was added and incubated for 2 h. Then, 100 pL of
developer mix was added to each well and incubated for 30
minutes at 37 °C. Fluorescence was measured with a multi-well
plate reader (excitation at 368 nm and emission at 442 nm).

5.4. In vitro HDACG inhibition activity

Activity against HDAC6 was performed similarly to previously
reported.* Summarization of the protocol, the inhibitor diluted
to indicated concentrations, which were mixed with HDAC6
enzyme and the substrate for 30 min including 25 pL of HDAC
assay buffer, 2.5 pL of 1 mg mL ™" BSA, 2.5 L of 200 uM HDAC
substrate 2, 2.5 uL of HDAC6, and 2.5 pL of belinostat or 7f in
DMSO. Stop the reaction by adding 25 pL of HDAC assay
developer incubate at room temperature for 15 min. The fluo-
rescence intensity was measured according to the manufac-
turer's instructions (absorption at 485 nm wavelength and
emission at 528 nm). Belinostat was served as a positive control.

5.5. Molecular docking studies

The three-dimensional structures of designed molecules
(ligands) were prepared using MarvinSketch version 19.27.0 and
PyMOL version 2.2.2.27. The energy minimization was carried
out using MM2 force field and quantum chemical calculations
were per-formed by PM6 semi-empirical method implemented
in Gaussian 09.*° Belinostat has been proved by Buckley et al. in
2007 as a novel inhibitor of histone deacetylase, thus, it was
selected as reference ligand for the docking simulation.®
Crystal structure of HDAC6 in complex with belinostat inhibitor
(PDB code: 5EEN) was retrieved from the Protein Data Bank
archive (PDB Bank).** The Graphical User Interface program
named Autodock Tools 1.5.6 (ADT) was employed to set up
input data. Details of molecular docking simulation are given in
ESL.f The docking simulation procedure was performed by
AutoDock4Zn utilizing Lamarckian genetic algorithm and an
empirical binding free energy function.®* Search space was
restricted to a grid box size of 66 each in x, y and z dimensions
which was centered on the active site of protein and a grid
spacing of 0.375 A. A total of 50 runs were performed for each
docking and the rest of the parameters were set to default
values.
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