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Abstract
Introduction: Histone deacetylases (HDACs) have emerged as important therapeutic targets for various diseases, such as
cancer and neurological disorders. Although a majority of HDAC inhibitors use hydroxamic acids as zinc binding groups,
hydroxamic acid zinc-binding groups suffer from poor bioavailability and nonspecific metal-binding properties, necessitating a new
zinc-binding group. Salicylic acid and its derivatives, well-known for their therapeutic value, have also been reported to chelate zinc
ions in a bidentate fashion. This drew our attention towards replacing hydroxamic acid with salicylamide as a zinc-binding group.
Methods: In this study, for the first time, compound 5 possessing a novel salicylamide zinc-binding group was synthesized and
evaluated biologically for its ability to inhibit various HDAC isoforms and induce acetylation upon a-tubulin and histone H3 among
MDA-MB-231 cells.
Results: Compound 5 exhibits selective inhibition against class I HDAC isoforms (HDAC1, 2, and 3) over class II and IV HDAC
isoforms (HDAC4, 6, and 11). The exposure of MDA-MB-231 cells to compound 5 efficiently induced the acetylation of more histone
H3 thana-tubulin, suggesting that compound 5 is a class I selective HDAC inhibitor. Moreover, themolecular docking study indicated
that the salicylamide zinc-binding group of compound 5 coordinates the active zinc ion of class I HDAC2 in a bidentate fashion.
Conclusion:Overall, salicylamide represents a novel zinc-binding group for the development of class I selective HDAC inhibitors.
Graphical abstract: (http://links.lww.com/MD/G668)
Abbreviations: d = parts per million, Boc2O = di-tert-butyl dicarbonate, C = O = Carbonyl group, DIPEA = N,N-
Diisopropylethylamine, DMF = dimethylformamide, EDC = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, FK228 = Romidepsin,
GAPDH = glyceraldehyde 3-phosphate dehydrogenase, HBI-8000 = Chidamide, HDAC = histone deacetylase, HOBt = 1-
hydroxybenzotriazole, Hz = Hertz, IC50 = half maximal inhibitory concentration, J = coupling constants, LBH589 = Panobinostat,
MPLC=medium pressure liquid chromatography, NMR = nuclear magnetic resonance, PXD101 = Belinostat, SAHA = Vorinostat,
ZBG = zinc-binding group, Zn2+ = zinc ion.
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1. Introduction

Lysine acetylation is a reversible post-translational modification
regulated by histone deacetylases (HDACs) and their counter-
part histone acetyltransferases.[1,2] This post-translational
modification plays an important role in regulating gene
transcription and protein function. Histone deacetylases
(HDACs) require a zinc ion (Zn2+) to catalyze the cleavage of
acetyl groups from e-N-acetyl-lysine side chains of histone and
non-histone proteins.[3] The zinc-dependent HDACs are divided
into 4 classes, including class I (HDAC 1, 2, 3, and 8), class IIa
(HDAC 4, 5, 7, and 9), class IIb (HDAC6 and 10), and class IV
(HDAC11). Over the past decade, HDACs have emerged as
important drug targets with a broad range of applications, such
as treating cancers and central nervous system diseases.[4–9] To
date, 5 HDAC inhibitors are globally approved (Fig. 1). Four
HDAC inhibitors, including Vorinostat (SAHA), Romidepsin
(FK228), Belinostat (PXD101), and Panobinostat (LBH589), are
approved by the United States Food and Drug Administration
for the treatment of cutaneous T-cell lymphoma and multiple
myeloma, and Chidamide (HBI-8000) is approved by the
Chinese Food and Drug administration for the treatment of
cutaneous T-cell lymphoma.[10–14]

A majority of HDAC inhibitors share a common pharmaco-
phore, consisting of 3 distinct groups: a capping group, a linker
group, and a zinc-binding group (ZBG), as shown in Fig. 2.[15–17]

The capping group binds to the external surface area of the active
site pocket, the linker group connects the ZBG and the cap, and
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Figure 1. Structures of FDA-approved HDAC inhibitors. FDA=Food and Drug Administration, HDAC=histone deacetylase.
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the ZBG chelates the catalytic zinc ion in the active site, which is
critical for the catalytic function of HDAC enzymes. Despite the
importance of ZBGs in potency and isoform selectivity, a
relatively small number of studies on ZBGs have been
conducted. Moreover, the most commonly used ZBG, hydroxa-
mic acid, has limitations of poor pharmacokinetics and
nonspecific metal-binding properties, highlighting its limitations
in clinical use.[18,19] Therefore, there is growing interest in
finding novel ZBGs for the development of HDAC inhibitors.
To address the need for novel ZBGs, we explored salicylic acid

as a potential novel ZBG. Salicylic acid is a natural compound,
commonly obtained from the willow tree bark and responsible
for the anti-inflammatory effects of aspirin.[20] More important-
ly, a number of studies have indicated that salicylic acid and its
Figure 2. Drug design with a novel zinc binding group (ZBG).

2

derivatives can chelate zinc ions in a bidentate fashion due to the
existence of the hydroxyl group (–OH) in the ortho position to
the carbonyl group (C=O).[21–23] Based on the zinc chelating
property of the salicylate structure, we decided to design a new
HDAC inhibitor (5) by replacing the hydroxamic acid ZBG of
SAHA with a salicylamide group, as illustrated in Fig. 2.
2. Materials and methods

2.1. General synthesis methods

All reagents and solvents were purchased from commercial
suppliers andwere usedwithout further purification. Experiments
involving moisture-sensitive substances were performed under
inertatmosphereusingargonandrotaryevaporatorwasemployed
to evaporative and concentrating purposes. Analytical thin-layer
chromatography (TLC), Supplemental Digital Content, http://
links.lww.com/MD2/A944was performed on precoated silica gel
F254 TLCplates (E,Merck) whichwere visualized under UV lamp
(254nm) or iodine staining. Column chromatography was
conducted with the help of hexane/ethyl acetate phase under
medium pressure on silica (Merck Silica Gel 40-63 m) or
performed by medium pressure liquid chromatography (MPLC,
Supplemental Digital Content, http://links.lww.com/MD2/A943
Biotage IsoleraOne instrumentequippedwith254and280nmUV
detector) using silica gel cartridges (Biotage SNAP HP-Sil).
Nuclear magnetic resonance (NMR; Supplemental Digital
Content, http://links.lww.com/MD2/A946) analyses were carried
outusing a JNM-ECZ500R (500MHz) instrumentmanufactured
by JEOL Ltd. Chemical shifts are reported in parts per million (d).
The deuterium lock signal of the sample solvent was used as a
reference, and coupling constants (J) were given in hertz (Hz). The
splitting pattern abbreviations are as follows: s, singlet; d, doublet;
t, triplet;q,quartet;dd,doubletofdoublet; td, tripletofdoublet;m,
multiplet. The purity of final compound was confirmed to be
higher than 95% by analytical high performance liquid chroma-
tography performedwith a dual pump Shimadzu LC-6AD system
equipped with a VP-ODS C18 column (4.6�250mm, 5mm,
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Shimadzu). Mass spectrometric analysis was performed using an
Agilent 6530 Accurate-Mass Quadrupole Time-of-Flight Liquid
Chromatography/Mass Spectrometry, Supplemental Digital Con-
tent, http://links.lww.com/MD2/A945 system with an Agilent
1290 Infinity LC (Agilent Technologies, Santa Clara, CA).
2.2. Synthetic scheme

The synthesis of the target compound 5 is illustrated in Scheme 1.
We first commenced the synthesis of compound 2 following the
previously reported procedure with a slight modification.[24,25]

Briefly, the protection reaction of commercially purchased
6-aminohexanoic acid (1) with di-tert-butyl dicarbonate (Boc2O) in
the presence of sodium hydroxide quantitatively provided com-
pound 2. We then carried out an 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC)-mediated amide coupling reaction of
compound 2with aniline in the presence of N,N-Diisopropylethyl-
amine (DIPEA) and 1-hydroxybenzotriazole (HOBt), successfully
furnishing compound 3 in 23%yield. Subsequently, acidic cleavage
of the N-Boc protecting group provided compound 4 in a qua-
ntitative yield. Finally, the amide coupling reaction of compound 4
with salicylic acid afforded the target compound 5 in 48% yield.
6-((tert-Butoxycarbonyl)amino)hexanoic acid (2) Commercial-

ly purchased 6-aminohexanoic acid (1.01g, 7.62mmol) was
dissolved in a mixture of dioxane (110mL) and water (55mL) to
which 1M aqueous solution of NaOH (10mL, 7.62mmol) was
added. This was followed by introduction of Boc2O (1.83g, 8.39
mmol) at 0 °C. The reaction mixture was allowed to stir at room
temperature for 3hours after which themixturewas concentrated
under reduced pressure using a rotary evaporator. The aqueous
solution was then washed with ethyl acetate (50mL) and the pH
was lowered to 1 using 1N aqueous HCl. Following that the
aqueous layer was extracted with ethyl acetate (3�50mL). The
combined organic phase was dried over MgSO4, filtered, and
concentrated under reduced pressure to get compound 2 in 100%
Scheme 1. Synthesisofcompound5.Reagentsandconditions: (A)Boc2O,dioxane,1
(C) HCl, diethyl ether, rt, 24hours, 100% (D) salicylic acid, EDC, DIPEA, HOBt, DMF,

3

yieldwhichwas used in the next stepwithout further purification.
1H-NMR (500MHz, DMSO-d6) d 11.97 (s, 1H), 6.75 (t, J=5.4
Hz, 1H), 2.87 (q, J=6.7Hz, 2H), 2.17 (t, J=7.4Hz, 2H), 1.43–
1.47 (m, 4H), 1.34 (t, J=7.7Hz, 9H), 1.18–1.24 (m, 2H).
tert-Butyl (6-oxo-6-(phenylamino)hexyl)carbamate (3) Com-

pound 2 (0.70g, 3.06mmol), aniline (0.28g, 3.06mmol), EDC
(0.52g, 3.37mmol), DIPEA (0.64mL, 3.67mmol), and HOBt
(0.41g, 3.06mmol) were dissolved in dimethylformamide
(DMF) (40mL) and stirred at room temperature for 3hours
under argon. The reaction mixture was then concentrated under
reduced pressure to remove excessive DMF, diluted with ethyl
acetate (80mL), and washed with 1N HCl (80mL), followed by
brine (80mL). The organic layer was collected and dried over
MgSO4, concentrated under reduced pressure, and purified by
MPLC (Biotage SNAP HP-Sil column) to afford compound 3 in
23% yield. Rf=0.26 (4:6 ethyl acetate/hexane). 1H NMR (500
MHz, CDCl3) d 7.94 (s, 1H), 7.52 (d, J=8.0Hz, 2H), 7.26 (t, J=
7.7Hz, 2H), 7.05 (t, J=7.4Hz, 1H), 4.67 (s, 1H), 3.07 (q, J=6.3
Hz, 2H), 2.31 (t, J=7.7Hz, 2H), 1.66–1.72 (m, 2H), 1.41–1.49
(m, 11H), 1.32 (td, J=15.2, 8.4Hz, 2H).
6-Amino-N-phenylhexanamide (4) A mixture of compound 3

(0.071g, 0.23mmol) and 2N HCl in diethyl ether (5mL) was
stirred at room temperature for 24hours. The reaction mixture
was concentrated under reduced pressure to afford compound 4
in 100% yield which did not require any further purification. 1H
NMR (500MHz, DMSO-d6) d 10.02 (s, 1H), 7.93 (s, 2H), 7.60
(d, J=8.0Hz, 2H), 7.26 (t, J=7.7Hz, 2H), 7.00 (t, J=7.4Hz,
1H), 2.75 (q, J=6.9Hz, 2H), 2.31 (t, J=7.4Hz, 2H), 1.53–1.59
(m, 4H), 1.33 (q, J=7.8Hz, 2H).
2-Hydroxy-N-(6-oxo-6-(phenylamino)hexyl)benzamide (5)

Compound 4 (0.064g, 0.31mmol), salicylic acid (0.028g,
0.20mmol), EDC (0.062g, 0.40mmol), HOBt (0.027g, 0.20
mmol), and DIPEA (0.040mL, 0.22mmol) were taken together
and dissolved in DMF (20mL). The reaction mixture was then
allowed to stir at room temperature for 12hours under argon.
MNaOH,rt,12hours,100%(B)aniline,EDC,DIPEA,HOBt,DMF, rt,12hours,23%
rt, 12hours, 48%.
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Upon completion, the mixture was diluted with ethyl acetate
(100mL) and washed with water (100mL). The organic layer
was washed twice with 1N HCl (100mL), followed by brine
(100mL), dried over Na2SO4, concentrated under reduced
pressure, and purified by MPLC (Biotage SNAP HP-Sil column)
to obtain compound 5 in 48% yield. Rf=0.42 (5:5 ethyl acetate/
hexane). 1H NMR (500MHz, CD3OD) d 7.71–7.73 (m, 1H),
7.50–7.52 (m, 2H), 7.35 (td, J=7.7, 1.5Hz, 1H), 7.27 (t, J=8.0
Hz, 2H), 7.10–7.02 (1H), 6.90–6.81 (2H), 3.39 (t, J=7.2Hz,
2H), 2.38 (t, J=7.4Hz, 2H), 1.72–1.78 (m, 2H), 1.64–1.70 (m,
2H), 1.43–1.49 (m, 2H). 13C NMR (126MHz, CD3OD) d
174.53, 170.96, 161.23, 139.83, 134.64, 129.74, 128.70,
125.13, 121.31, 120.01, 118.43, 116.99, 40.29, 37.80, 30.19,
27.61, 26.55. ESI MS (m/z) = 327.05 [M + H]+.
2.3. Docking study

In silico docking of compound 5with the 3D coordinates of theX-
ray crystal structures of HDAC2 (PDB code: 4LXZ) was
accomplished using the AutoDock program downloaded from
the Molecular Graphics Laboratory of the Scripps Research
Institute. The reasonbehind choosingAutoDockwas the ability of
thisprogramtousegeneticalgorithmandgenerate the ligandposes
inside a known or predicted binding site through the Lamarckian
version of the genetic algorithm, where the changes in con-
formations adopted by molecules after in situ optimization are
used as subsequent poses for the offspring. In the docking
experiments, Gasteiger charges were placed on the X-ray
structures of HDAC2 with compound 5, using tools from the
AutoDock suite. A grid box centered on the substrate-binding
pocket of theHDAC2enzymewith50�50�50points and0.375
Å spacingwas selected for the ligand during docking experiments.
Among thedockingparameters population sizewas set to 150, the
number of generations to 27,000, the number of evaluations to
2,500,000, and the number of docking runs were adjusted to 100
with a cutoff of 1Å for the root-mean-square tolerance for the
grouping of each docking run. Rendering of the pictures was
generated with the help of PyMol (DeLano Scientific).
2.4. Biology materials

Dulbecco’s modified Eagle’s medium (DMEM)with L-glutamine
was purchased fromGenDEPOT(Barker, TX), fetal bovine serum
was purchased from HyClone, and penicillin and streptomycin
were purchased fromGibco BRL (Gaithersburg,MD).Antibodies
for a-tubulin, Ac-a-tubulin (Lys40), Histone H3, Ac-Histone H3
(Lys9), HDAC1, HDAC6, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were purchased from Cell Signaling
Technology (Boston, MA). Goat anti-rabbit IgG horseradish
peroxidase conjugate was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Cell Titer 96AqueousOne Solution cell
proliferation assay kit was purchased from Promega (Madison,
WI). Amersham ECL Select western blotting Detection Reagent
was purchased fromGEHealthcare.HDACfluorogenic assaykits
(HDAC1,#50061;HDAC2,#50062;HDAC3,#50073;HDAC4,
#50064;HDAC6, #50076;HDAC11, #50687)were bought from
BPS Bioscience (San Diego, CA).
2.5. Cell culture

MDA-MB-231 breast cancer cells were grown in Dulbecco’s
modified Eagle’s medium with L-glutamine supplemented with
4

10% fetal bovine serum, 100units/mL penicillin, and 10mg/mL
streptomycin. The cells were incubated in a humidified
atmosphere (37 °C, 5% CO2).
2.6. HDAC assay

The enzymatic HDAC assay was performed according to the
manufacturer’s protocol (BPS Bioscience). Briefly, HDAC assay
buffer (35mL) was mixed with 5mL of bovine serum albumin (1
mg/mL) and 5mL of HDAC substrate (200mM) in a 96-well
black plate. The HDAC enzyme (5mL, 7ng/mL) was added to
each well, treated with various concentrations of compound 5
(5mL) or SAHA (5mL) as a positive control, and then incubated
at 37 °C for 30minutes. Upon completion of the incubation
period, 50mL of undiluted HDAC developer was added to each
well, and the plate was incubated at room temperature for 15
minutes. Fluorescence intensity was measured using a Tecan
Infinite F200 Pro plate reader at the excitation and emission
wavelengths of 360 and 460nm respectively. The half maximal
inhibitory concentration (IC50) values and curve fits were
obtained using Prism software (GraphPad Software).
2.7. Cell proliferation assays

MDA-MB-231 cells (2�103cells/well) were seeded in a
transparent 96-well plate, to which the medium volume was
made up to 100mL per well, and the cells were allowed to attach
overnight. Various concentrations of compound 5were added to
the wells, and the cells were incubated at 37 °C for 1, 2, and 3
days. Cell viability was determined using the Promega Cell Titer
96 Aqueous One Solution cell proliferation assay. The
absorbance values were recorded at 490nm with a 96-well
plate reader, and presented as a percentage of absorbance from
cells incubated in DMSO alone.
2.8. Western blot

MDA-MB-231 cells were seeded in 100mm culture dishes,
incubated overnight, and treated with the indicated concen-
trations of compound 5 for 24hours. The cells were then
harvested and lysed on ice using Radio-Immunoprecipitation
Assay buffer (23mM Tris–HCl pH 7.6, 130mMNaCl, 1% NP-
40, 1% sodium deoxycholate, 0.1% SDS) supplemented with
protease and phosphatase inhibitor cocktails. Next, 30mg of
protein per lane was separated using sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA).
The membrane was blocked with 5% skim milk in Tris buffered
saline with Tween and then incubated with the corresponding
primary antibodies (a-tubulin, Ac-a-tubulin, Histone H3, Ac-
Histone H3, HDAC1, HDAC6, or GAPDH) overnight. This was
followed by the treatment with an appropriate secondary
antibody (Santa Cruz, CA) coupled to horseradish peroxidase.
The resulting membranes blotted with proteins were visualized
using ECL chemiluminescence according to the manufacturer’s
instructions (GE Healthcare, USA).
2.9. Assessment of cell morphology

MDA-MB-231 cells (1�104cells/well) were seeded into a 6-well
plate. After 24hours, the culture medium was replaced with
fresh medium containing compound 5 and further incubated for



Table 1

In vitro inhibitory activity of compound 5 against histone
deacetylase isotypes.

HDAC
∗

subtype
Compound 5
(IC50; mM)

SAHA†

(IC50; mM)

Class I HDAC1 22.2±2.69 0.14±0.02
HDAC2 27.3±3.71 0.44±0.01
HDAC3 7.9±2.57 0.73±0.03

Class IIa HDAC4 >100 5.40±2.5
Class IIb HDAC6 >100 0.03±0.01
Class IV HDAC11 >100 >100

Data are presented as the mean±SD (n=2).
∗
HDAC=histone deacetylase.

† SAHA= vorinostat.
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24hours. Cell morphology was observed using a light micro-
scope at 200� magnification.
2.10. Statistical analysis

The results were quantified using data from multiple individual
experiments (n) and presented asmean± standard deviation. The
assessment of P-value was carried out using Student t test and the
statistical significance was considered as ∗P< .05, ∗∗P< .01,
∗∗∗P< .001.
3. Results

3.1. Compound 5 inhibits class I HDAC enzymes

Upon synthesis completion, we examined the inhibitory activity
of compound 5 to HDAC isoforms, using FDA-approvedHDAC
inhibitor SAHA as a reference drug. As shown in Table 1,
compound 5 could inhibit class I HDAC isoforms, including
HDAC1, 2, and 3 (HDAC1 IC50=22.2mM, HDAC2 IC50=
27.3mM, andHDAC3 IC50=7.9mM), but failed to inhibit other
HDAC classes, including class IIa, IIb, and IV. In contrast, the
pan-HDAC inhibitor, SAHA, efficiently inhibited HDAC 1, 2, 3,
and 6 at submicromolar concentrations (HDAC1 IC50=0.14m
M, HDAC2 IC50=0.44mM, HDAC3 IC50=0.73mM, and
HDAC6 IC50=0.03mM). SAHA also exhibited mediocre
Figure 3. Dose- and time-dependent effect of compound 5 on the cell viability of h
(n=4). The results were considered statistically significant ∗P< .05, ∗∗P< .01, ∗

5

inhibitory activity against class IIa HDAC4 (IC50=5.40mM)
and no inhibition against class IV HDAC11 up to 100mM
concentration, which are in line with the previously reported
data.[26,27] Despite its relatively mediocre inhibitory activity, the
salicylamide moiety of compound 5 could act as a ZBG with a
modest selectivity for class I HDACs in the development of
HDAC inhibitors.
3.2. In vitro anti-proliferative activity of compound 5
against MDA-MB-231 cells

Furthermore, we investigated the dose- and time-dependent
effect of compound 5 on the cell viability of human breast
carcinoma MDA-MB-231 cells. MDA-MB-231 cells were
treated with various concentrations of compound 5 for 1, 2,
and 3days, and cell viability was measured using MTS
colorimetric assay (Fig. 3). The assay indicated that compound
5 exhibited no anti-proliferative activity against MDA-MB-231
cells up to 100mM concentration. However, compound 5
displayed mediocre dose- and time-dependent anti-proliferative
activity at concentrations from 300 to 1000mM. The treatment
of cells with compound 5 (500 and 1000mM) for 3days
impaired 64% and 81% of MDA-MB-231 cell growth,
respectively. This relatively poor cellular anti-proliferative
activity was probably due to the higher IC50 value of compound
5 in the HDAC enzyme assay, shown in Table 1.
We further studied the underlying cellular mechanisms and

dose–response of compound 5 (Fig. 4). Accordingly, we treated
MDA-MB-231 cells with compound 5 at concentrations ranging
from 50 to 500mM for 24hours and analyzed the levels of
Histone H3, acetylated Histone H3, a-tubulin, acetylated
a-tubulin, HDAC1, and HDAC6 using western blot. Histone
H3 is a substrate of HDAC1, and a-tubulin is a substrate of the
HDAC6 enzyme. Therefore, the inhibition of HDAC1 and
HDAC6 epigenetically induces the acetylation of Histone H3
and a-tubulin, respectively. As shown in Fig. 4, compound 5
dose-dependently increased the acetylation ofHistoneH3 via the
inhibition of HDAC1 enzyme up to 300mM concentration. In
contrast, compound 5 promoted the acetylation of a-tubulin at
concentrations ranging from 300 to 500mM. Interestingly,
compound 5 decreased the expression level of HDAC6 in a dose-
uman breast carcinomaMDA-MB-231 cells. Data are presented asmean±SD
∗∗P< .001.
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Figure 4. Effect of compound 5 on the acetylation status of Histone H3 and
a-tubulin. MDA-MB-231 cells were incubated with the indicated concentra-
tions of compound 5 for 24hours and the expression level of Histone H3, Ac-
Histone H3, a-tubulin, Ac-a-tubulin, HDAC1, HDAC6, and GAPDH were
analyzed using Western blotting. DMSO (D) was used as a negative control.
GAPDH=glyceraldehyde 3-phosphate dehydrogenase, HDAC=Histone
deacetylase.

Figure 5. Effect of compound 5 on the cell morphology of MDA-MB-231 cells. MD
for 24hours and cell images were taken at 200� magnification.
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dependent manner, and the administration of compound 5 at
500mM concentration significantly depleted the expression level
of HDAC6, in that the expression level of internal standard,
GAPDH remained unchanged. This result suggested that
compound 5 promoted the acetylation of a-tubulin via the
downregulation of HDAC6 rather than the inhibition of
HDAC6 enzyme activity. The western blotting experiment
indicated that compound 5 selectively inhibited HDAC1 over
HDAC6, which was well correlated with the results in HDAC
enzyme assay, shown in Table 1.

3.3. Compound 5 induces morphological changes in
MDA-MB-231 cells

Microtubules are highly dynamic biological polymers composed
of tubulin subunits that play an essential role in cell division, cell
migration, and cytoplasm architecture. Recent studies have
demonstrated that the acetylation of a-tubulin leads to the
stabilization of microtubules, highlighting the importance of
tubulin acetylation in the dynamic microtubule assembly.[28]

Hence,we examined the effect of compound 5 on themorphology
of MDA-MB-231 cells (Fig. 5). The treatment of MDA-MB-231
cellswith compound5 inducedmorphological changes in cells in a
dose-dependent manner. As concentration increased, MDA-MB-
231 cells became more elongated and spindle-shaped. These
morphological changes were most significant at concentrations
from 300 to 500mM. This observation indicated that the
acetylation of a-tubulin at concentrations ranging from 300 to
500mM stabilized microtubules, resulting in elongated and
spindle-shaped morphology changes.

3.4. Molecular docking study of compound 5

Recently, the need to predict and understand the binding mode
of protein and ligand has become quite popular in the field of
drug discovery. Our interest in this domain led us to assess the
binding mode of compound 5 in the binding pocket of HDAC2.
The crystal structure of HDAC2 (PDB code: 4LXZ) was used in
this study. As shown in Fig. 6, the docking simulation of
compound 5 showed a similar interaction pattern to the crystal
structure of HDAC2-SAHA complex. A new ZBG, the
salicylamide of compound 5, was positioned at the bottom of
the binding pocket and the C=O, and the phenolic oxygen (OH)
of salicylamide coordinated the active Zn2+ ion in a bidentate
A-MB-231 cells were treated with the indicated concentrations of compound 5



Figure 6. Molecular docking pose of compound 5 bound in the substrate-binding pocket of HDAC2 (PDB code: 4LXZ). The docking pose of compound 5 (lime)
and the crystal structure of SAHA (pink) complex were overlapped in the substrate-binding pocket of HDAC2. The oxygen, nitrogen, and hydrogen atoms of
compound 5 and SAHA are shown in red, blue, and white, respectively. The side chains of the binding site are colored according to the atom types (carbon, light
blue; oxygen, red; nitrogen, blue) and labeled with their residue name. The hydrogen bonds are shown as dashed red lines. The docking poses are visualized using
PyMOL1.3.
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fashion. The phenyl ring of salicylamide occupied the very
bottom of the substrate binding pocket, forming a proximal van
der Waals interaction with side chains of Leu144, Cys156, and
Met35. The middle alkyl chain of compound 5 fit into the
hydrophobic channel and formed a hydrophobic interaction
with the side chains of Phe155, Phe210, and Leu276 residues.
The terminal anilide (Cap group) occupied the surface outside of
the substrate binding pocket, while the C=O of the anilide
formed a hydrogen bond with Asp104 residue. Collectively, the
docking study indicated that compound 5 could bind to the
substrate binding pocket of HDAC2 with diverse intermolecular
interactions.

4. Discussion

The use of salicylamide moiety as a ZBG in this study suggests
the possibility of developing a new class of HDAC inhibitors
that, in near future, could possibly be free from most of the
undesired side effects that currently available hydroxamic acid
based HDAC inhibitors present. Due to close resemblance of
compound 5 with the FDA approved HDAC inhibitor SAHA,
SAHAwas used as a reference drug in experiments. A decrease in
the HDAC enzyme inhibitory activity upon compromising the
typical hydroxamic group and using salicylamide instead is
understandable and consistent with the finding from the recent
studies.[29,30] Despite interacting with the active Zn2+ ion of
HDACpocket in a bidentate manner, that is similar to the case of
most hydroxamic acids including SAHA, the aforementioned
decline in inhibitory activity might be attributed to the bulky
nature of salicylamide. A modest selectivity for class I HDACs
(HDAC1, 2, and 3) over other HDAC classes (HDAC4, 6, and
11) in the HDAC enzyme assay indicates that along with cap and
linker, ZBG also has an influence upon this phenomenon.
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Although the anti-proliferative potential of the compound 5
appears to be mediocre, the impairment in the growth of a triple
negative human breast carcinoma (MDA-MB-231 cells) in a
dose- and time-dependent manner is encouraging but definitely
needs further optimization. It is also noteworthy thatMDA-MB-
231 cells upon treatment with compound 5 induced the
acetylation of histone H3 more efficiently as compared with
a-tubulin suggesting that compound 5 is a class I selective
HDAC inhibitor. Moreover, it is important to note that the
compound 5 caused a visually distinguishable change in the
morphology ofMDA-MB-231 cells at concentrations of 300mM
and above which further supports the argument about the
promise that salicylamide shows as a new ZBG option for future
HDAC inhibitors. A shift from oval to an elongated appearance
with increasing concentrations of compound 5 (Fig. 4) hints
towards a reduced invasive behavior and retardation of cell
viability.[31]
5. Conclusion

To the best of our knowledge, this is the first report of an HDAC
inhibitor with a salicylamide ZBG, furnishing class I HDAC
selectivity. This new finding warrants further studies on hit-to-
lead and lead optimization of salicylamide ZBG, and these
studies will be reported in due course.
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