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Abstract In our search for novel small molecules targeting
histone deacetylases, we have designed and synthesized a
series of novel hydroxamic acids incorporating indole
moiety as a cap group (3a-1). Biological evaluation showed
that these hydroxamic acids potently inhibited HDAC2
with ICs, values in submicromolar range and up to tenfold
(compound 3j) better than that of SAHA (also known as
suberoylanilide hydroxamic acid). In four human cancer
cell lines [SW620 (colon), PC-3 (prostate), AsPC-1 (pan-
creatic), NCI-H23 (lung)], the synthesized compounds that
exhibited potent cytotoxicity with several compounds (3K,
3l) were found to be 12- to 77-fold more cytotoxic than
SAHA. Docking experiments indicated that the compounds
tightly bound to HDAC?2 at the active binding site with
binding affinities much higher than that of SAHA. Our
present results demonstrate that these novel hydroxamic
acids are potential for further development as anticancer
agents.

Electronic supplementary material The online version of this
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Introduction

Anticancer drug discovery in the past was often based on
random screening or empirical design. As a result, many of
the currently used anticancer therapeutics are very toxic,
non-specific, and prone to cellular resistance. In order to
overcome these disadvantages, today’s anticancer drug
design is increasingly based on a molecular target approach.
With the advances in cancer molecular biology, dozens of
important proteins or genes have been validated as promising
targets for anticancer drug design, for example, protein
kinases, farnesyl transferases, telomerases, and histone
deacetylases, among many others (Nam and Parang 2003).
Histone deacetylases (EC 3.5.1.98, HDACS) constitute a
group of enzymes which catalyze removal of the acetyl
groups from lysine residues in the acetylated histones (Witt
etal. 2009; De Ruijter et al. 2003). In mammalians, at least 18
different HDAC isoforms have been identified. Based on the
relative sequence similarity, these isoforms can be catego-
rized into four classes (Witt et al. 2009; De Ruijter et al.
2003; Zwergel et al. 2015). Relating to cancer biology, two
classes including class I and class I of HDACs have been
comprehensively investigated and demonstrated to be dee-
ply involved in a number of cell-related processes (De Rui-
jter et al. 2003; Zwergel et al. 2015; West and Johnstone
2014). Especially class I, which has four members (HDACI,
2, 3 and HDACS) have been demonstrated to promote cel-
lular proliferation. These HDAC isoforms (HDACI, 2, and
3) and some isoforms of class II (HDAC4, 5) have also been
shown to prevent cellular apoptosis and differentiation. On
the other hand, several HDAC isoforms, including HDAC4,
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6,7, and 10, have been demonstrated to promote angiogen-
esis and cell migration. These two processes are known to be
very important for cancer cell metastasis (Zwergel et al.
2015; West and Johnstone 2014). Inhibition of HDAC iso-
forms has been shown to cause a number of events which led
to differentiation, apoptosis, and cell cycle arrest in different
types of tumor cells (Zwergel et al. 2015; West and John-
stone 2014). In addition, selective inhibition of the growth of
tumor cells as a result from HDAC inhibition has been
demonstrated not only in vitro but also in a number of in vivo
preclinical models and clinical settings (Hamm and Costa
2015; Glaser 2007). Therefore, design of compounds that
appropriately target different HDAC isoforms has became
very interesting approach in cancer drug development
(Bolden et al. 2006). In the past decades, with the extensive
efforts of medicinal chemists worldwide, dozens of HDAC
inhibitors have been reported. Structurally, these inhibitors
are diverse, from short-chain fatty acids (like butyric or
valproic acid) to hydroxamic acids (like suberoylanilide
hydroxamic acid, also known as SAHA), or benzamides
(Dallavalle et al. 2009; Bracker et al. 2009; Iyer and Foss
2015; Valente and Mai 2014; Li et al. 2013; Ververis et al.
2013; Qiu et al. 2013). Up to 2016, at least 5 HDAC inhi-
bitors have been approved for use in clinical settings. The
first HDAC inhibitor approved by the U.S. FDA in October
2006 for the treatment of cutaneous T cell lymphoma
(CTCL) was vorinostat (trade name, Zolinza®) (SAHA)
(Fig. 1). The second HDAC inhibitor went to the market was
romidepsin (trade name, Istodax®), which was approved by
the U.S. FDA for the same indication in 2009. The third
HDAC inhibitor (belinostat, PXD101) was approved in 2014
in the US for the use against peripheral T cell lymphoma.
Meanwhile, panobinostat (LBH-589, trade name Farydak®)

Fig. 1 Structures of some
HDAC inhibitors
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was approved by the U.S. FDA for the treatment of multiple
myeloma in Feb 2015 (Cheng et al. 2015). In that same year,
chidamide (Epidaza®) was approved by the Chinese FDA
for relapsed or refractory peripheral T cell lymphoma
(Malini 2015). In addition, a number of other HDAC inhi-
bitors such as entinostat (MS-27-527), mocetinostat
(MGCDO0103), or givinostat (ITF2357) are currently under
different phases of clinical trials for several types of cancer
(Fig. 1).

In our research program to find novel hydroxamic acids as
potential inhibitors of HDACs and anticancer agents, we
have previously reported several series of heterocyclic ana-
logs of SAHA, which incorporated benzothiazole, 5-aryl-
1,3,4-thiadiazole, or 2-oxoindoline systems (Fig. 2) (Oanh
et al. 2011; Tung et al. 2013; Nam et al. 2013 and 2014).
These compounds were found to display very potent HDAC
inhibitory activity as well as cytotoxicity. Some represen-
tative compounds from these series also exhibited significant
antitumor activity in PC-3 prostate cancer cells’ xenografted
mice model (Tung et al. 2013). Inspired by these results, we
expanded our research into new series of hydroxamic acids
which incorporated indole moiety as a cap group. The pre-
sent paper reports the results we obtained from the synthesis,
biological evaluation, and docking study on these novel
indole-based hydroxamic acids.

Experimental
Chemistry

All reagents and solvents were purchased from Aldrich,
Fluka Chemical Corp. (Milwaukee, WI, USA), or Merck
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Fig. 2 Structures of some
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Scheme 1 Synthesis of hydroxamic acids incorporating indole moiety (3a-1). Reagents and conditions: a methyl 5/6/7-bromopentan/hexan/
heptanoate, NaH, KI, DMF, rt, 24 h; b hydroxylamine hydrochloride, NaOH, MeOH, —5 °C, 30-60 min
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Scheme 2 Synthesis of N-hydroxy-4-(indolin-1-yl)heptanamide (6). Reagents and conditions: a methyl 7-bromoheptanoate, K,COs;, KI, DMF,
rt, 24 h; b hydroxylamine hydrochloride, NaOH, MeOH, —5 °C, 30-60 min

unless noted otherwise. Solvents were used directly as
purchased unless otherwise indicated. Thin-layer chro-
matography which was performed using Whatman®
250 pm Silica Gel GF Uniplates and visualized under UV
light at 254 and 365 nm was used to check the progress of
reactions and preliminary evaluation of compounds’
homogeneity. In all cases, the compounds achieved purity
of 97% or above, as determined by HPLC. Melting points
were measured using a Gallenkamp Melting Point Appa-
ratus (LabMerchant, London, United Kingdom) and are
uncorrected. Purification of compounds was carried out
using crystallization methods and/or open silica gel column
flash chromatography employing Merck silica gel 60
(240-400 mesh) as a stationary phase. Nuclear magnetic
resonance spectra (1H NMR) were recorded on a Bruker
500 MHz spectrometer with DMSO-dg as solvent unless
otherwise indicated. Tetramethylsilane was used as an
internal standard. Chemical shifts are reported in parts per
million (ppm), downfield from tetramethylsilane. Mass
spectra with different ionization modes including electron
ionization (EI) and Electrospray ionization (ESI) were
recorded using PE Biosystems API2000 (Perkin Elmer,

Palo Alto, CA, USA) and Mariner® (Azco Biotech, Inc.
Oceanside, CA, USA) mass spectrometers, respectively.

The synthesis of a series of novel hydroxamic acids
incorporating indole moiety (3a-1) was carried out as
illustrated in Scheme 1. One indoline-incorporated
hydroxamic acid (5) was synthesized according to
Scheme 2. Details are described as follows.

General procedures for the synthesis of compounds 3a-1

Compounds 1a-1 (2.00 mmol) were dissolved in DMF
(abs) (3 mL). To the resulting solutions, NaH (120 mg,
5.00 mmol) was added. The reaction mixtures were stirred
at 80 °C for 2 h and then KI (33.2 mg, 2.00 mmol) was
added. After stirring for further 10 min, 0.20 mL of a
solution of methyl bromoalkanoates (2.00 mmol) in DMF
(abs) (0.2 mL) was dropped slowly into the mixtures. The
reaction mixtures were stirred at room temperature for
12-24 h. Upon completion, the resultant mixtures were
cooled, poured into ice-cold water, and acidified to
pH ~ 6. Then, the mixtures were extracted by dichlor-
omethane and dried over anhydrous sodium sulfate,
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filtered, and dried to give 2a-1, which were used for the
next step without further purification.

A solution of each intermediate 2a-1 (~2.00 mmol) was
dissolved in a sufficient volume of methanol (10 mL). The
mixture was cooled to —5 -+ 0 °C. Then, hydroxylamine.
HCI (1.40 g, 20.0 mmol) was added and stirred for 15 min,
followed by dropwise addition of a solution of NaOH to
pH ~ 12. The mixture was stirred until the reaction
completed. The resultant mixture was poured into ice-cold
water and neutralized to pH ~ 7 by dropwise addition of a
solution of HCl 5%. The mixture was extracted by ethyl
acetate and dried over anhydrous sodium sulfate. After
evaporation under vacuum to give a black or umber viscous
liquid (3a-1), the compounds 3a-1 were purified by flash
column chromatography (SiO,). Elution was carried out
using a mobile phase consisting of DCM/MeOH (25/1).

N-Hydroxy-5-(1H-indol-1-yl)pentanamide (3a)

Viscous liquid, black; Yield: 52%. R;= 0.46
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3233 (NH), 3195
(OH), 3015 (C-H, arene), 2845 (CH, CH,), 1725, 1655
(C=0), 1612 (C=C), 1455 (C-N). ESI-MS (m/z): 230.9
[M — HJ". "H-NMR (500 MHz, DMSO-d, ppm): 6 10.34
(1H, s, —OH); 8.67 (1H, s, —NH); 7.53 (1H, d, J = 7.5 Hz,
H-4'); 7.45 (1H, d, J = 7.5 Hz, H-7"); 7.35 (1H, s, H-2);
7.11 (1H, t, J = 6.5 Hz, H-6'); 7.00 (1H, t, J = 7 Hz,
H-5"); 6.42 (1H, s, H-3'); 4.17 (2H, s, H-5); 1.97 (2H, s,
H-2); 1.81-1.66 (2H, m, H-4); 1.46 (2H, s, H-3). '*C NMR
(125 MHz, DMSO-dgs, ppm): 6 168.82; 135.61; 128.54;
128.06; 120.88; 120.37; 118.77; 109.71; 100.35; 45.11;
31.83; 29.44; 22.54. Anal. Calcd. For C;3H;cN,O,
(232.27): C, 67.22; H, 6.94; N, 12.06. Found: C, 67.25; H,
6.97; N, 12.09.

5-(6-Chloro-1H-indol-1-yl)-N-hydroxypentanamide (3b)

Viscous liquid, black; Yield: 48%. R;= 0.42
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3445 (NH), 3185
(OH), 3045 (C-H, arene), 2855 (CH, CH,), 1715, 1650
(C=0), 1615 (C=C), 1455 (C-N). ESI-MS (m/z): 264.9
[M — H]". "H-NMR (500 MHz, DMSO-d, ppm): J 10.36
(1H, s, —OH); 8.69 (1H, s, -NH); 7.61 (1H, s, H-7'); 7.53
(1H, d, J = 8.5 Hz, H-4'); 7.39 (1H, d, J = 3 Hz, H-2);
7.01 (1H, q, J = 1.5, 8.5 Hz, H-5'); 6.45 (1H, d, J = 3 Hz,
H-3'); 4.15 (2H, t, J = 7 Hz, H-5); 1.96 (2H, t, J = 7.5 Hz,
H-2); 1.69 (2H, quintet, J = 7.5 Hz, H-4); 1.44 (2H,
quintet, J = 7.5 Hz, H-3). '>*C NMR (125 MHz, DMSO-
de, ppm): 0 168.83; 136.09; 129.70; 126.78; 125.90;
121.68; 119.15; 109.65; 100.79; 45.22; 31.83; 29.40; 22.49.
Anal. Calcd. For C;3H;sCIN,O, (266.72): C, 58.54; H,
5.67; N, 10.50. Found: C, 58.56; H, 5.65; N, 10.53.

@ Springer

5-(5-Chloro-1H-indol-1-yl)-N-hydroxypentanamide (3c)

Viscous  liquid, black; Yield: 50%. Ry= 041
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3435 (NH), 3180
(OH), 3035 (C-H, arene), 2850 (CH, CH,), 1720, 1645
(C=0), 1620 (C=C), 1450 (C-N). ESI-MS (m/z): 264.8
[M — H]". "H-NMR (500 MHz, DMSO-d,, ppm): § 10.35
(1H, s, -OH); 8.68 (1H, s, -NH); 7.58 (1H, d, J = 1.5 Hz,
H-4); 749 (1H, d, J =85 Hz, H-7"); 742 (1H, d,
J=25Hz, H-2'); 7.11 (1H, q, J = 1.5, 8.5 Hz, H-6');
6.42 (1H, d, J = 3 Hz, H-3'); 4.15 (2H, t, J = 7 Hz, H-5);
195 (2H, t, J=7.5Hz, H-2); 1.69 (2H, quintet,
J = 7.5 Hz, H-4); 1.43 (2H, quintet, J = 7.5 Hz, H-3). 3¢
NMR (125 MHz, DMSO-ds, ppm): o 168.79; 134.16;
130.28; 129.16; 123.56; 120.82; 119.50; 111.33; 100.23;
45.32; 31.80; 29.41; 22.48. Anal. Calcd. For C;3H;5CIN,_
0, (266.72): C, 58.54; H, 5.67; N, 10.50. Found: C, 58.55;
H, 5.66; N, 10.52.

N-Hydroxy-5-(5-methoxy-1H-indol-1-yl)pentanamide (3d)

Viscous  liquid, black; Yield: 48%. Ry= 0.39
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3445 (NH), 3175
(OH), 3040 (C-H, arene), 2850 (CH, CH,), 1705, 1605
(C=0), 1615 (C=C), 1450 (C-N). ESI-MS (m/z): 260.9
[M — H]". "H-NMR (500 MHz, DMSO-de, ppm): § 10.37
(1H, s, —-OH); 8.70 (1H, s, -NH); 7.33 (1H, d, J = 9 Hz,
H-7"); 7.28 (1H, d, J=3 Hz, H-4); 7.05 (1H, d,
J =25 Hz, H-2'); 6.76 (1H, q, J = 2.0, 8.5 Hz, H-6');
6.33 (1H, d, J = 2.5 Hz, H-3'); 4.09 (2H, t, J = 7 Hz,
H-5); 3.75 (3H, s, -OCH3); 1.96 (2H, t, J = 7.5 Hz, H-2);
1.69 (2H, quintet, J = 7.5 Hz, H-4); 1.44 (2H, quintet,
J = 7.5 Hz, H-3). '3C NMR (125 MHz, DMSO-d, ppm):
0 168.90; 153.38; 130.99; 128.98; 128.50; 111.07; 110.42;
102.22; 100.03; 55.34; 45.30; 31.88; 29.54; 22.58. Anal.
Calcd. For C;4HgN,O5 (262.30): C, 64.10; H, 6.92; N,
10.68. Found: C, 64.12; H, 6.90; N, 10.70.

N-Hydroxy-6-(1H-indol-1-yl)hexanamide (3e)

Viscous liquid, black; Yield: 54%. Ry= 045
(DCM:MeOH = 10:1). IR (KBr, cm™"): 3440 (NH), 3190
(OH), 3040 (C-H, arene), 2856 (CH, CH,), 1714, 1655
(C=0), 1608 (C=C), 1463 (C-N). ESI-MS (m/z): 245
[M — H]". "H-NMR (500 MHz, DMSO-de, ppm): § 10.43
(1H, s, ~OH); 8.69 (1H, s, -NH); 7.53 (1H, s, H-5); 7.43
(1H, s, H-8'); 7.33 (1H, s, H-2'); 7.12 (1H, s, H-7'); 7.01
(1H, s, H-6'); 6.41 (1H, s, H-3'); 4.13 (2H, s, H-6); 1.93
(2H, s, H-2); 1.74 (2H, s, H-5); 1.52 (2H, s, H-3); 1.22 (2H,
s, H-4). '3C NMR (125 MHz, DMSO-ds, ppm): & 169.06;
135.62; 128.52; 128.09; 120.92; 120.41; 118.80; 109.70;
100.36; 45.33; 32.16; 29.56; 25.88; 24.73. Anal. Calcd. For



Chem. Pap. (2017) 71:1759-1769

1763

Ci14H1sN>0O, (246.31): C, 68.27; H, 7.37; N, 11.37. Found:
C, 68.29; H, 7.35; N, 11.38.

6-(6-Chloro-1H-indol-1-yl)-N-hydroxyhexanamide (3f)

Viscous liquid, black; Yield: 50%. Ry= 0.40
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3430 (NH), 3191
(OH), 3043 (C-H, arene), 2850 (CH, CH,), 1714, 1655
(C=0), 1608 (C=C), 1460 (C-N). ESI-MS (m/z): 281.10
[M + H]". "H-NMR (500 MHz, DMSO-d, ppm): 6 10.29
(1H, s, —OH); 8.63 (1H, s, -NH); 7.59 (1H, s, H-7'); 7.53
(1H, d, J = 8.5 Hz, H-4"); 7.39 (1H, d, J = 3 Hz, H-2);
7.01 (1H, q, J = 2.0, 8.5 Hz, H-5"); 6.44 (1H, d, J = 3 Hz,
H-3'); 4.13 (2H, t, J = 7 Hz, H-6); 1.90 (2H, t, J/ = 7 Hz,
H-2); 1.69 (2H, quintet, J = 7.5 Hz, H-5); 1.48 (2H,
quintet, J = 7.5 Hz, H-3); 1.20 (2H, m, H-4). 3C NMR
(125 MHz, DMSO-dg, ppm): 6 168.90; 136.04; 129.67,
126.74; 125.83; 121.64; 119.09; 109.60; 100.72; 45.37,
32.10; 29.47; 25.76; 24.65. Anal. Calcd. For C;4H7CIN,_
0, (280.75): C, 59.89; H, 6.10; N, 9.98. Found: C, 59.91;
H, 6.12; N, 10.01.

6-(5-Chloro-1H-indol-1-yl)-N-hydroxyhexanamide (3g)

Viscous liquid, black; Yield: 48%. Ry= 0.37
(DCM:MeOH = 10:1). IR (KBr, cm™'): 33,350 (NH),
3175 (OH), 3125 (C-H, arene), 2885 (CH, CH,), 1700,
1650 (C=0), 1618 (C=C), 1443 (C-N). ESI-MS (m/z):
315.31 [M + NH,OH]". 'H-NMR (500 MHz, DMSO-dj,
ppm): 6 10.31 (1H, s, -OH); 8.66 (1H, s, -NH); 7.57 (1H,
s, H-7"); 7.48 (1H, s, H-4"); 7.43 (1H, s, H-2"); 7.11 (1H, s,
H-6'); 6.41 (1H, s, H-3"); 4.14 (2H, s, H-6); 1.91 (2H, s,
H-2); 1.72 (2H, s, H-5); 1.50 (2H, s, H-3); 1.21 (2H, s,
H-4). 3C NMR (125 MHz, DMSO-dq, ppm): ¢ 168.96;
134.14; 130.26; 129.14; 123.51; 120.80; 119.48; 111.31;
100.20; 45.51; 32.10; 29.50; 25.78; 24.65. Anal. Calcd. For
C4H7CIN,O, (280.75): C, 59.89; H, 6.10; N, 9.98. Found:
C, 59.90; H, 6.14; N, 10.00.

N-Hydroxy-6-(5-methoxy-1H-indol-1-yl)hexanamide(3h)

Viscous  liquid, black; Yield: 46%. R;= 0.35
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3435 (NH), 3165
(OH), 3024 (C-H, arene), 2843 (CH, CH,), 1724, 1642
(C=0), 1612 (C=C), 1435 (C-N). ESI-MS (m/z): 311.33
[M + NH,OH]". 'H-NMR (500 MHz, DMSO-ds, ppm): &
10.33 (1H, s, —-OH); 8.68 (1H, s, -NH); 7.32 (1H, d,
J =9.0 Hz, H-7"); 7.28 (1H, d, J = 2.5 Hz, H-4'); 7.03
(1H, d, J =2 Hz, H-2); 6.75 (1H, q, J = 2.0, 9.0 Hz,
H-6'); 6.31 (1H, d, J=2.0Hz, H-3'); 407 (2H, t,
J=7Hz, H-6); 374 (3H, s, —-OCH3); 1.89 (2H, t,
J =7 Hz, H-2); 1.68 (2H, quintet, J = 7.5 Hz, H-5); 1.47
(2H, quintet, J = 7.5 Hz, H-3); 1.16 (2H, m, H-4). 1°C

NMR (125 MHz, DMSO-ds, ppm): 6 169.02; 153.34;
130.96; 129.00; 128.47; 111.08; 110.45; 102.14; 100.01;
55.33; 45.50; 32.18; 29.67; 25.89; 24.76. Anal. Calcd. For
C,sHyoN,05 (276.33): C, 65.20; H, 7.30; N, 10.14. Found:
C, 65.23; H, 7.32; N, 10.11.

N-Hydroxy-7-(1H-indol-1-yl)heptanamide (3i)

Viscous  liquid, black; Yield: 55%. R;= 0.45
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3455 (NH), 3163
(OH), 3025 (C-H, arene), 2874 (CH, CH,), 1706, 1648
(C=0), 1617 (C=C), 1424 (C-N). ESI-MS (m/z): 261.0
[M +H]™", 243.0 [M-OH]". 'H-NMR (500 MHz,
DMSO-dg, ppm): 6 10.38 (1H, s, —OH); 8.68 (1H, s, -NH);
7.52 (1H, d, J = 7.5 Hz, H-4'); 7.43 (1H, d, J = 7.0 Hz,
H-7'); 7.33 (1H, s, H-2); 7.10 (1H, t, J = 6.5 Hz, H-6);
6.98 (1H, t, J = 6.5 Hz, H-5'); 6.40 (1H, s, H-3'); 4.13 (2H,
s, H-7); 1.92 (2H, s, H-2); 1.72 (2H, m, H-6); 1.44-1.23
(6H, m, H-3, H-4, H-5). '3C NMR (125 MHz, DMSO-d,
ppm): & 169.22; 135.64; 128.53; 128.10; 120.91; 120.40;
118.78; 109.69; 100.35; 45.40; 32.19; 29.70; 28.17; 25.98;
25.02. Anal. Calcd. For C;5H,N,05 (260.15): C, 69.20; H,
7.74; N, 10.76. Found: C, 69.23; H, 7.75; N, 10.72.

7-(6-Chloro-1H-indol- 1-yl)-N-hydroxyheptanamide (3j)

Viscous liquid, wumber; Yield: 53%. R;= 0.42
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3444 (NH), 3194
(OH), 3043 (C-H, arene), 2850 (CH, CH,), 1712, 1655
(C=0), 1618 (C=C), 1463 (C-N). ESI-MS (m/z): 295.11
[M + H]"". '"H-NMR (500 MHz, DMSO-ds, ppm): o
10.30 (1H, s, -OH); 8.62 (1H, s, -NH); 7.59 (1H, s, H-7");
7.53 (1H, d, J = 8 Hz, H-4"); 7.40 (1H, d, J = 2.5 Hz,
H-2); 7.00 (1H, d, J=7.5Hz, H-5); 6.44 (1H, d,
J =2 Hz,H-3");4.13 (2H, t,J = 7.0 Hz, H-7); 1.90 2H, t,
J =7.0Hz, H-2); 1.70 (2H, quintet, J = 7.5 Hz, H-6);
1.43 (2H, quintet, J = 7.5 Hz, H-3); 1.23 (4H, m, H-4,
H-5). >C NMR (125 MHz, DMSO-dg, ppm): § 169.03;
136.06; 129.69; 126.75; 125.83; 121.66; 119.09; 109.60;
100.73; 45.46; 32.14; 29.63; 28.13; 25.89; 24.98. Anal.
Calcd. For C;5H;oCIN,O, (294.78): C, 61.12; H, 6.50; N,
9.50. Found: C, 61.15; H, 6.52; N, 9.52.

7-(5-Chloro-1H-indol-1-yl)-N-hydroxyheptanamide (3k)

Viscous liquid, wumber; Yield: 50%. R;= 0.39
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3441 (NH), 3197
(OH), 3049 (C-H, arene), 2856 (CH, CH,), 1714, 1655
(C=0), 1608 (C=C), 1463 (C-N). ESI-MS (m/z): 295.44
[M + H]"". '"H-NMR (500 MHz, DMSO-dq, ppm): o
10.33 (1H, s, —-OH); 8.67 (1H, s, -NH); 7.57 (1H, d,
J = 1.5 Hz, H-4'); 7.48 (1H, d, J = 9.0 Hz, H-7); 7.43
(1H, d, J = 3.0 Hz, H-2); 7.10 (1H, g, J = 2.0, 8.5 Hz,
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H-6'); 6.41 (1H, d, J=2.5Hz, H-3); 412 (2H, t,
J =17.0 Hz, H-7); 1.89 (2H, t, / = 7.0 Hz, H-2); 1.69 (2H,
quintet, J = 7.5 Hz, H-6); 1.40 (2H, quintet, J = 7.5 Hz,
H-3); 1.19 (4H, m, H-4, H-5). >*C NMR (125 MHz,
DMSO-dg, ppm): ¢ 169.14; 134.21; 130.35; 129.19;
123.56; 120.86; 119.55; 111.39; 100.25; 45.63; 32.20;
29.72; 28.17; 25.96; 25.04. Anal. Calcd. For C;sH;¢CIN,._
0, (294.78): C, 61.12; H, 6.50; N, 9.50. Found: C, 61.10;
H, 6.54; N, 9.50.

N-Hydroxy-7-(5-methoxy-1H-indol-1-yl)heptanamide (31)

Viscous  liquid, umber; Yield: 47%. R,= 0.41
(DCM:MeOH = 10:1). IR (KBr, cm™'): 3435 (NH), 3185
(OH), 3035 (C-H, arene), 2846 (CH, CH,), 1711, 1654
(C=0), 1607 (C=C), 1463 (C-N). ESI-MS (m/z): 289.0
[M — H]". "H-NMR (500 MHz, DMSO-d, ppm): 6 10.30
(1H, s, -OH); 8.62 (1H, s, -NH); 7.32 (1H, d, J = 8.5 Hz,
H-7); 728 (1H, d, J=3Hz, H-4); 7.03 (1H, d,
J = 2.5 Hz, H-2'); 6.75 (IH, q, J = 9.0 Hz, J = 2.5 Hz,
H-6'); 6.31 (1H, d, J=2.5Hz, H-3"); 4.08 (2H, t,
J=17Hz, H-7); 374 (3H, s, —-OCH;), 1.89 (2H, t,
J =7.0 Hz, H-2); 1.69 (2H, quintet, J = 7.5 Hz, H-6);
1.42 (2H, quintet, J = 7.5 Hz, H-3); 1.20 (4H, m, H-4,
H-5). 3C NMR (125 MHz, DMSO-dq, ppm): 6 169.05;
153.29; 130.93; 128.92; 128.42; 111.00; 110.34; 102.15;
99.92; 55.30; 45.50; 32.14; 29.72; 28.13; 25.93; 24.97.
Anal. Calcd. For C;cH,,N,05 (290.36): C, 66.18; H, 7.64;
N, 9.65. Found: C, 66.21; H, 7.66; N, 9.63.

Synthesis of N-hydroxy-4-(indolin-1-yl)heptanamide (6)

Indoline (4, 0.24 g, 2.00 mmol) was dissolved in DMF
(abs) (2 mL) in a 50-mL round-bottomed flask containing
potassium carbonate (0.55 g, 4.00 mmol) and a catalytic
amount of potassium iodide (30 mg). The mixture was
stirred at room temperature for 45 min, and then a solution
of methyl-7-bromoheptanoate (0.45 g, 2 mmol) in DMF
(abs) (1 mL) was added dropwise. The reaction mixture
was further stirred for 24 h at room temperature. After that,
the whole reaction mixture was transferred into 20 mL of
cold water. It was neutralized by a solution of HC1 5% and
extracted by dichloromethane. The extract was dried over
anhydrous sodium sulfate and evaporated under vacuum to
give a bright yellow oil (5). The oil obtained was dissolved
directly into 10 mL of methanol in a 50-mL round-bot-
tomed flask. To the resulting solution was added NH,.
OH.HCI (1.40 g, 20.0 mmol). The mixture was cooled to
—5 + 0°C and stirred at this temperature for about
30 min, and then a solution of NaOH (1.20 g, 30.0 mmol)
in water (3 mL) was slowly added. The reaction was
continued for 60 min at —5 — 0 °C, then transferred to
20 mL of ice-water, and acidified to pH 5 by a solution of
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HCl 5% to give precipitates. The precipitates were
recrystallized from ethanol/water to give compound 6 as
yellow solids. Yield: 48%; mp: 132-133 °C; Ry = 0,43
(DCM:MeOH:AcOH, 90:8:1). IR (KBr, cmfl): 3047
(Von)> 2931 (Vas.ch2)> 2857 (Vscm2), 1648 (ve-o), 1488,
1470, 1459 (vc. ). CI-MS: m/z 262.9 [M + H]'; 244.9
[M—OH]*. '"H-NMR (500 MHz, DMSO-dg, ppm):6 10.35
(1H, s, OH), 8.68 (1H, s, NH), 8.07 (1H, d, J/ = 8 Hz, H-7’,
indoline), 7.20 (1H, d, J = 7.0 Hz, H-4', indoline); 7.12
(1H, t, J=7.5Hz, H-6, indoline); 6.96 (1H, t,
J =75 Hz, H-5, indoline); 3.99-3.95 (2H, m, CH,,
indoline); 3.39-3.37 (2H, m, CH,), 3.10-3.07 (2H, m, CH,,
indoline); 2.17-2.15 (2H, m, CH,), 1.78-1.72 (4H, m,
CH,), 1.33-1.29 (4H, m, CH,); *C NMR (125 MHz,
DMSO-dg, ppm): ¢ 169.22; 135.64; 128.53; 128.10;
120.91; 120.40; 118.78; 109.69; 100.35; 45.40; 32.19;
29.70; 28.17; 25.98; 25.02. Anal. Calcd. For C;5H,,N>0,
(262.17): C, 68.67; H, 8.45; N, 10.68. Found: C, 68.71; H,
8.48; N, 10.71.

Cytotoxicity assay

The cytotoxicity of the synthesized compounds was eval-
uated against four human cancer cell lines, including
SW620 (colon cancer), PC3 (prostate cancer), AsPC-1
(pancreatic cancer), and NCI-H23 (lung cancer). The cell
lines were purchased from a Cancer Cell Bank at the Korea
Research Institute of Bioscience and Biotechnology
(KRIBB). The media, sera, and other reagents that were
used for cell culture in this assay were obtained from
GIBCO Co. Ltd. (Grand Island, New York, USA). The
cells were cultured in DMEM (Dulbecco’s Modified Eagle
Medium) until confluence. The cells were then trypsinized
and suspended at 4 x 10* cells/mL of cell culture medium
for SW620 or 5 x 10* cells/mL of cell culture medium for
NCI-H23, PC-3, and AsPC-1. On day 0, each well of the
96-well plates was seeded with 180 pL of cell suspension.
The plates were then incubated in a 5% CO, incubator at
37 °C for 24 h. Compounds were initially dissolved in
dimethyl sulfoxide (DMSO) and diluted to appropriate
concentrations by culture medium. Then, 20 pL of each
compound’s samples, which were prepared as described
above, was added to each well of the 96-well plates, which
had been seeded with cell suspension and incubated for 24
h at various concentrations. The plates were further incu-
bated for 48 h. Cytotoxicity of the compounds was mea-
sured by the colorimetric method, as described previously
(Skehan et al. 1990) with slight modifications (Nam et al.
2003; You et al. 2003; Ye et al. 2007). The ICs, values
were calculated using a Probits method (Wu et al. 1992)
and computed averages of three independent determina-
tions (SD < 10%).
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Enzyme assay

The HDAC2 enzyme was purchased from BPS Bioscience
(San Diego, CA, USA). The HDAC enzymatic assay was
performed using a Fluorogenic HDAC Assay Kit (BPS
Bioscience) according to the manufacturer’s instructions.
Briefly, HDAC2 enzymes were incubated with vehicle or
various concentrations of the assayed samples or SAHA for
30 min at 37 °C in the presence of an HDAC fluorimetric
substrate. The HDAC assay developer (which produces a
fluorophore in reaction mixture) was added, and the fluo-
rescence was measured using VICTOR? (PerkinElmer,
Waltham, MA, USA) with excitation at 360 nm and
emission at 460 nm. The measured activities were sub-
tracted by the vehicle-treated control enzyme activities and
IC5yp values were calculated using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

Docking studies

An AutoDock Vina program (Trott and Olson 2010) (The
Scripps Research Institute, CA, USA) was used for dock-
ing. The structure of HDAC2 protein in complex with
SAHA (Lauffer et al. 2013) was obtained from the Protein
Data Bank (PDB ID: 4LXZ). The coordinates of the
compounds were generated by using the GlycoBioChem
PRODRG2 Server (http://davapcl.bioch.dundee.ac.uk/
prodrg/) (Schuttelkopf and van Aalten 2004). For the
docking studies, the grid maps were centered on the
SAHA-binding site and comprised 26 x 26 x 22 points
with 1.0 A spacing after SAHA was removed from the
complex structure, as described in the previous works
(Oanh et al. 2011; Tung et al. 2013; Nam et al. 2014). As
the ionization state of hydroxamic acids in complex with
Zn*" was widely suggested as negative hydroxamate
coordination (Wu et al. 2011), herein their hydroxyl groups
were deprotonated. The AutoDock Vina program was
performed using eight-way multithreading and the other
parameters had default settings.

Results and discussion
Chemistry

The target hydroxamic acids (3a-1) were synthesized via
two-step pathway, as illustrated in Scheme 1. The first step
was a nucleophilic substitution (Sy2) between indole (1)
and methyl bromoalkanoates (including methyl 5-bro-
mopentanoate, methyl 6-bromohexanoate, and methyl
7-bromoheptanoate) using sodium hydride (NaH) as a base
and a catalytic amount of potassium iodide in anhydrous
dimethylformamide (DMF, abs). The second step was also

a nucleophilic acyl substitution between hydroxylamine,
which was generated from hydroxylamine hydrochloride,
and the esters (2). This reaction occurred under alkaline
conditions in methanol at —5 °C. The overall yields of
compounds 3a-1 were moderate (from 45 to 55%).

One compound bearing an indoline moiety instead of
indole (compound 6) was also synthesized by a similar
strategy via a two-step pathway (Scheme 2). The overall
yield was 48% calculated from the indoline starting
material 4. The structures of the synthesized compounds
(3a-1, 6) were determined straightforwardly by analysis of
spectroscopic data, including IR, MS, 'H-NMR, and 3C-
NMR.

Bioactivity

It has been demonstrated that HDAC2 deacetylates a
number of histone proteins and plays very important roles
in different events relating to cancer cell proliferation.
HDAC?2 is also one of the key proteins that cause cell
apoptosis arrest (Pelzel et al. 2010). Therefore, in this
study, we firstly screened the synthesized compounds for
inhibitory effects against this type of enzyme. The HDAC2
inhibitory activities of compounds 3a-1 and compound 6
are summarized in Table 1. Table 1 shows that the HDAC2
inhibitory potency of the compounds increased with the
length of the carbon bridge between the indole and
hydroxamic acid moieties. For example, the ICso of com-
pounds 3a (4C-bridge), 3e (5C-bridge), and 3i (6C bridge)
were 53.16, 26.20, and 0.93 uM, respectively. Thus,
compound 3i (6C bridge) was found to be more than 28-
and 57-fold more potent than compounds 3e and 3a,
respectively. Similar trends were also observed for almost
all cases (e.g., compounds 3j-1 vs. 3f-h; 3g-h vs. 3c—d).
Thus, 6C-bridge was found to be the best among different
length linkers investigated. Substitution of either Cl or —
OCH; groups at positions 5 or 6 on the indole ring was
found to enhance the HDAC2 inhibitory effects signifi-
cantly (e.g., compounds 3c-d vs. compound 3a; compounds
3f-h vs. compound 3e; compounds 3j-1 vs. compound 3i).
It was found that in spite of the truncation of the amide
moiety, the HDAC2 inhibition of the indole-based
hydroxamic acids 3i-1 was still more potent than SAHA.
Especially, compounds 3j, 3k, and 31 were ten-, three- and
fivefold more potent than SAHA in terms of HDAC2
inhibition. Thus, the indole ring could be more favorable as
a cap group compared to the phenyl ring in SAHA. In
contrast, the indoline heterocycle seemed to be less
favorable, as manifested by the inhibitory effects of com-
pound 6 towards HDAC?2 activity (Table 1).

All compounds were then evaluated for their cytotoxi-
city against four human cancer cell lines, including SW620
(human colon cancer), PC-3 (prostate cancer), AsPC-1
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Table 1 Inhibition of HDAC activity and cytotoxicity of the compounds synthesized against several cancer cell lines

R RS o) R O
< ~ N\ N
iAo O o
— n n
1 6

3a-

Cpd code n R LogP? Molecular Weight HDAC?2 inhibition (ICs, pr) Cytotoxicity (ICs, pr)/cell lines®
SW620  PC3 AsPC-1 NCI-H23

3a 2 H 1.96 232.12 53.16 >30 >30 >30 >30
3b 2 6-Cl 2.60 266.08 9.85 4.18 3.83 3.66 5.56
3c 2 5-Cl 2.60 266.08 17.40 7.37 4.59 2.29 6.58
3d 2 5-OCH; 2.04 262.13 30.48 5.40 4.50 3.17 4.12
3e 3 H 245 246.14 26.20 17.6 6.66 6.49 11.90
3f 3 6-Cl 3.09 280.10 11.07 5.93 11.67 5.57 6.78
3g 3 5-Cl 3.09 280.10 4.39 2.21 2.36 2.61 1.36
3h 3 5-OCH; 2.53 276.15 322 2.79 1.88 1.38 0.94
3i 4 H 2.94 260.15 0.93 1.96 1.96 1.69 2.31
3j 4 6-Cl 3.58 294.11 0.10 1.84 1.87 1.36 1.33
3k 4 5-Cl 3.58 294.11 0.31 0.82 0.51 0.92 0.51
31 4 5-OCH; 3.02 290.16 0.21 0.65 0.31 0.69 0.04
6 4 H 2.94 262.17 4.51 6.84 7.11 7.23 #
SAHA! 1.44 264.15 1.06 2.80 3.56 2.84 3.07

# Calculated by ChemDraw 9.0 software

" The concentration (UM) of compounds that produces a 50% reduction in enzyme activity or cell growth, the numbers represent the averaged

results from triplicate experiments with deviation of less than 10%

¢ Cell lines: SW620 colon cancer, PC3 prostate cancer, AsPC-1 pancreatic cancer, and NCI-H23 lung cancer

4 SAHA suberoylanilide hydroxamic acid, a positive control

(pancreas cancer), and NCI-H23 (lung cancer). In this
evaluation, we used an SRB method (Skehan et al. 1990).
The ICsy values of compounds were calculated using a
Probits method (Wu et al. 1992) and expressed as averages
of three independent determinations (SD < 10%)
(Table 1). The IC5( values of compounds shown in Table 1
clearly demonstrate a very good correlation between the
cytotoxicity of the compounds in four cancer cell lines with
their inhibition of HDAC?2. Six compounds, including 3g—
31, were more cytotoxic than SAHA. Two compounds 3k
and 31 were the most potent ones in the series. Especially
compound 3l was approximately 12-fold more cytotoxic
than SAHA in PC3 cells, and up to 77-fold more potent
than SAHA in terms of cytotoxicity towards NCI-H23 cell
line.

Preliminary assessment of drug-like properties of these
compounds showed that all compounds met criteria of
Lipinski’s rule of five. The logP values of the compounds
in the series were in the range of 1.96-3.58, generally
favorable for cellular penetration while retaining accept-
able water solubility.
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Docking studies

The crystal structure of HDAC2 in complex with SAHA
(PDB ID: 4LXZ) has been reported by Lauffer and co-
workers (Lauffer et al. 2013), so we decided to utilize this
crystal structure in docking experiments to study the
interaction between these hydroxamic acids and HDAC. A
control docking with co-crystal SAHA to the crystal
structures of HDAC?2 using AutoDock Vina program (Trott
and Olson 2010) was firstly carried out, taking into account
the RMSD values and interactions with the enzyme (Oanh
et al. 2011; Tung et al. 2013; Nam et al. 2014; Huong et al.
2017). Accordingly, the re-docked SAHA displayed low
deviation (RMSD = 0.627 10%), docking score of
—7.4 kcal/mol and similar interaction pattern to the co-
crystal SAHA compound (key binding site residues include
Aspl104, His145, His146, and Tyr308). Considering the
suitable results obtained, our protocol is further applied for
the docking studies of synthesized hydroxamic derivatives.

From docking experiments, it was found that all of the
hydroxamic acids synthesized were well located in the active
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site of the enzyme with binding affinities comparable or
slightly higher than that of SAHA, as indicated by docking
score energies ranging from —7.2 to —7.7 kcal/mol.
Importantly, all the compounds exhibited chelate interaction
with the catalytic Zn*" ion in a similar manner as SAHA did
(Fig. 3). It was found that the linker-chelator motif is the
principal component of HDAC inhibitors (Wu et al. 2011),
and the Zn”>" ion formed octahedral coordination geometry
with the catalytic residues (Asp181, His183, and Asp269)
and the docked ligand. The coordination distances from
Zn*" to carbonyl and hydroxyl oxygen atoms of hydroxamic
acids were in the range of 2.3-2.8 A (those of SAHA range
2.3-2.4 10\). With the exception of 3a, 3¢, 3d, and 3f, all the
compounds formed two H-bonds with His145 and His146 in
the binding site. These interactions are typical in pharma-
cophore model of SAHA-like inhibitors proposed by
Vanommeslaeghea et al. (2005). Compounds with extensive
hydrogen-bonding interactions are 3b, 3g, 3h, and 3i-l,
whose hydroxamic groups participated in four H-bonds with
His145, His146, Asp181, and/or Glu208. Additionally, the
indole part was found to enhance hydrophobic interactions
compared with aniline ring of SAHA at the rim of the pocket
(Fig. 4). Residues involved in hydrophobic interactions
namely, Leu276, His183, and Tyr209 were quite consistent.
The aliphatic linkers were positioned to appropriately fit in
narrow hydrophobic tunnel of the active pocket of HDAC2
enzyme. Interestingly, the activity of this series correlated to
some degree with the length of the linker. Accordingly,

Fig. 3 Stereo-view of the
overlapping of the compounds
3a-1, 6 and SAHA’s binding
modes at the HDAC2’s binding
site. Compounds are represented
as a stick model. SAHA
presented as bold magenta stick.
Binding site is represented as
H-bonding surface

Acceptor

compounds 3i-1 displayed suitable flexibility and better
superposition with SAHA than other analogs.

From docking score evaluation however, very little vari-
ance in the binding affinities among the compounds with
different substituted groups was observed. For example, the
docking score energies of predicted binding modes on
HDAC2 of compounds 3i (no substituent on the indole
moiety) and 31 (with a methoxy substituent at position 5 on
the indole moiety) were found tobe —7.7 and —7.6 kcal/mol,
respectively. These values were not much different from that
of compounds 3j and 3k (—7.4 and —7.3 kcal/mol, respec-
tively). Thus, the difference in the docking score could not
explain for the three- to ninefold difference in the ICs(, value
of compound 3i with that of compounds 3j-1 in the HDAC2
enzyme inhibition assay (Table 1). Unsurprisingly, the rea-
sons of unmatched results between docking scores and ICs,
values have been widely discussed in the literature (Huang
and Zou 2010; Cheng 2015; Ramirez and Caballero 2016),
including suboptimal docking tool and/or setup, imperfec-
tion of the docking scoring algorithm, missing structural
information related to solvation, protonation, tautomerism,
isomerism during the docking procedures, and even unsuit-
able ICs( value assessment, to name a few. In order to better
correlate the binding affinities of the compounds towards
HDACS and their HDAC inhibitory effects, a more realistic
binding energy estimation approach should be considered,
such as QM/MM-GBSA, MM-PBSA, or MM-GBSA
(Khandelwal et al. 2015).
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Glu208

His145

Compound 31

Fig. 4 Stereo-view presentations of the actual binding poses of SAHA and simulated docking poses of compounds 3j, 3k, and 31 to HDAC2. The
most important parts for the enzyme for interaction of these compounds were shown as a stick model. Zn>" ion is shown as a light blue sphere

Conclusions

In conclusion, we have reported that a series of hydroxamic
acids incorporated indole moiety as a cap group and dif-
ferent linker lengths with significant HDAC2 inhibitory
effects and potent cytotoxicity against several human
cancer cell lines, including SW620 (human colon cancer),
PC-3 (prostate cancer), AsPC-1 (pancreas cancer), and
NCI-H23 (lung cancer). The results we obtained from this
study again confirm that the indole moiety could well serve
as a cap group for hydroxamic acid HDAC inhibitors. Also,
different substituents on the indole system substantially
enhanced both HDAC inhibition and cytotoxicity of the
resulting compounds. From this study, several potent
HDAC inhibitors with strong cytotoxicity against human
cancer cells, such as compounds 3k, 31, have emerged.
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