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Discovery of a series of small molecules as potent histone

deacetylase inhibitors

Lei Zhang', Xuejian Wang?, Xiaoguang Li', and Wenfang Xu'

"Department of Medicinal Chemistry, School of Pharmacy, Shandong University, Jinan, Shandong, China and ?School of Pharmacy and Biology

Science, Weifang Medicinal University, Weifang, Shandong, China

Abstract

A series of small molecules were designed and synthesized based on our previous virtual
screening approach, which was performed to discover potent histone deacetylase inhibitors
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(HDACIs) with novel structures. The derived compounds were tested by Hela cell nucleus

extract for enzyme inhibition assay. Tumor cell growth inhibition assays were performed using

History

a series of tumor cell lines. Molecule 4h has the best performance among these compounds

with enzyme inhibition ICso of 0.14 pM and tumor cell growth inhibition ICsq of 1.85 (U937), 2.02
(HL60), 2.67 (K562). Docking studies showed that multiple H-bonds and hydrophobic
interactions make 4h binding to the active site of HDAC. 4h has the advantage of low
molecular weight, so a variety of structural modifications can be performed in our further

studies.

Introduction

Histone deacetylases (HDACs) are a family of 18 enzymes
responsible for the regulation of transcription and other nuclear
events by regulating the deacetylation of N-terminal tails of
histones. They are subdivided into four classes, class I (HDACI,
2, 3 and 8), class II (Ila: HDAC4, 5, 7 and 9; IIb: HDAC6 and 10)
and class IV (HDACI11) are zinc-dependent enzymes. Class
IIT (known as sirtuins, Sirtl-7) consists of NAD-dependent
enzymes'~.Overexpression and aberrant recruitment of HDACs
have a significant role in tumorigenesis*°.

Histone deacetylase inhibitors (HDACIs) have been proved
to have the effects of apoptosis, cell cycle arrest and differenti-
ation’®. Suberoyl anilide hydroxamic acid (SAHA)' and
FK228'! have been approved by FDA for treatment of advanced
cutaneous T-cell lymphoma (CTCL). Many HDACIs are still
under investigation in various stages of clinical trials for treatment
of cancer by administration individually or in combination.

In order to discover new scaffold of HDACIs, a virtual
screening approach was performed in our previous work'?.
A potent small molecule HDAC inhibitor (02) was derived as a
lead structure. Although 02 has similar enzyme inhibition activity
compared with SAHA, it has no activity in the tumor cell growth
inhibition assays. Thus, structural modification was performed to
discover more potent HDACIs (Figure 1). Hydroximic acid group
was used to bind to zinc ion, sulphonamide and amide groups
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were introduced to the linker to improve H-bond interactions.
A series of novel hydroximic acid-based compounds were
synthesized and tested by enzyme inhibition and tumor cell
growth inhibition activity assay. A phenylglycine containing
structure (4h) was discovered to have good performance in these
activity assays.

Materials and methods
Chemistry

"H NMR spectra were recorded on a Bruker DRX spectrometer at
600 MHz, § in parts per million and J in Hertz, using TMS as an
internal standard. High-resolution mass spectra were conducted
by Shandong Analysis and Test Center in Ji’'nan, China. ESI-MS
were determined on an API 4000 spectrometer (AB SCIEX,
Framingham, MA). Melting points were determined uncorrected
on an electrothermal melting point apparatus. Optical rotation
values were measured at room temperature using a modular
circular polarimeter 200 operating at A =589 nm.

Methyl 4-aminobenzoate hydrochloric acid (2)

4-aminobenzoic acid (1) (13.7g, 100 mmol) was dissolved in
100 mL of MeOH, acetyl chloride (23.6 g, 300 mmol) was added
under ice bath. The solution was stirred at 75 °C for 5 h. Then, the
solvent was evaporated with the desired compound 2 (14.4 g, 77%
yield) being recrystallized as white powder by ester. ESI-MS:
m/z: 152.1 [M+H]™.

(S)-2-((tert-butoxycarbonyl)amino)-2-phenylacetic acid (h2)

(S)-2-amino-2-phenylacetic acid (h1l) (15.1g, 100 mmol) was
dissolved in 200mL of MeOH/H,O (3:1), EtN (15.1g,
150 mmol) and (Boc),0O (32,7 g, 150 mmol) were added in turn.
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Figure 1. Design of new scaffold from the lead structure.

After stirred at room temperature for 8h, the solvent was
evaporated with the residue being dissoved in saturated citric
acid (100mL). The solution was extracted with EtOAc
(3 x60mL). The EtOAc solution was washed with saturated
brine (3 x 50mL), dried over MgSQO,, and evaporated under
vacuum. The desired compound h2 (21.6g, 86% yield) was
derived by crystallization in hexane as white powder. ESI-MS:
m/z: 252.1 [M+H]".

N-hydroxy-4-(4-nitrophenylsulfonamido)benzamide (3a)

To a solution of compound 2 (0.56 g, 3.0 mmol) in THF (50 mL)/
H,O (1.0mL), NaHCO; (1.01g, 12mmol) was added. After
10 min, 4-nitrobenzene-1-sulfonyl chloride (0.73 g, 3.3 mmol) was
added. The reaction solution was stirred at room temperature for
8 h. Then, the solvent was evaporated with the residue being taken
up in EtOAc (50mL). The EtOAc solution was washed with
saturated citric acid (3 x 20 mL), NaHCO;5 (3 x 20 mL) and brine
(3 x 20mL), dried over MgSQy,, and evaporated under vacuum.
The desired compound 3a (0.68 g, 70% yield) was derived by
crystallization in EtOAc as white powder. ESI-MS: m/z: 337.1
[M+H]™.

The other compounds (3b-3g) were prepared in the same
procedure as described above.

(S)-methyl 4-(2-((tert-butoxycarbonyl)amino)-2-
phenylacetamido)benzoate (3h)

To a solution of h2 (1.26g, 5mmol) in DCM (50mL), Et;N
(0.55g, 5.5mmol) and TBTU (1.8 g, 5.5mmol) were added in
turn. After 20min, compound 2 (0.94g, Smmol) and Et;N
(0.50 g, 5 mmol) were added. The reaction solution was stirred at
room temperature for 8 h. Then, the solvent was evaporated with
the residue being taken up in EtOAc (50 mL). The EtOAc solution
was washed with saturated citric acid (3 x 20mL), NaHCO;
(3x20mL) and brine (3 x20mL), dried over MgSO,, and
evaporated under vacuum. The desired compound 3h (1.44 g, 75%
yield) was derived by crystallization in EtOAc as white powder.
ESI-MS: m/z: 385.2 [M+H]™.

N-hydroxy-4-(4-nitrophenylsulfonamido)benzamide (4a)

Compound 3a (0.5 g, 1.6 mmol) was dissolved in 14 mL of NH,OK
(0.56 g, 24 mmol) methanol solution. After 2h, the solvent was
evaporated under vacuum. The residue was acidified with saturated
citric acid, and then extracted with EtOAc (3 x 20mL). The
organic layers were combined, washed with brine (3 x 20 mL) and
dried over MgSO,. The desired compound 4a (0.33 g, 62% yield)
was derived by crystallization in EtOAc as white powder;
m.p.=190-191°C; 'H NMR (600 MHz, (CD),SO) & 11.08
(s, 1H), 10.63 (s, 1H), 8.95 (s, 1H), 8.38 (d, /=9 Hz, 2H), 8.05
(d,J=28.4Hz,2H), 7.65 (d,J =8.4Hz, 2H), 7.16 (d, / = 6 Hz, 2H).
HRMS (AP-ESI) m/z caled for C13H12N3OGS M +H]Jr =
337.0447, found = 338.0442. Retention time: 2.9 min.

The other compounds (4b—4h and h3) were prepared in the
same procedure as described above.
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4-(4-acetamidophenylsulfonamido)-N-hydroxybenzamide (4b)

Title compound was obtained as an amorphous white solid
(0.35g, 64% yield); m.p.=214-216°C; 'H NMR (600 MHz,
(CD3),S0O) & 11.02 (s, 1H), 10.68 (s, 1H), 10.30 (s, 1H), 8.91
(s, 1H), 7.82 (d, J=8.4Hz, 2H), 7.74 (d, J=10.8Hz, 2H), 7.71
(d, J=5.4Hz, 2H), 7.19 (d, J=6Hz, 2H), 2.06 (s, 3H). HRMS
(AP-ESI) m/z caled for C,sH;¢N3OsS [M+H]"=350.0810,
found = 350.0805. Retention time: 2.9 min.

4-(4-chlorophenylsulfonamido)-N-hydroxybenzamide (4c)

Title compound was obtained as an amorphous white solid
(0.32g, 61% yield); m.p.=202-204°C; 'H NMR (600 MHz,
(CD3),SO) & 11.06 (s, 1H), 10.71 (s, 1H), 8.94 (s, 1H), 7.80
(d, J=8.4Hz, 2H), 7.65 (d, /=7.2Hz, 2H), 7.63 (d, /=8.4Hz,
2H), 7.14 (d, J=9Hz, 2H). HRMS (AP-ESI) m/z calcd for
C3H>CIN,0O,S [M +H]" = 327.0200, found = 327.0202.
Retention time: 2.9 min.

4-(4-fluorophenylsulfonamido)-N-hydroxybenzamide (4d)

Title compound was obtained as an amorphous white solid
(0.28g, 57% yield); m.p.=181-183°C; 'H NMR (600 MHz,
(CD3),SO) 6 11.05 (s, 1H), 10.66 (s, 1H), 8.93 (s, 1H), 7.87
(d, J=8.4Hz, 2H), 7.63 (d, /=8.4Hz, 2H), 7.42 (d, /=8.4Hz,
2H), 7.14 (d, J=8.4Hz, 2H). HRMS (AP-ESI) m/z calcd
for C;3H,FN,0,S [M-+H]"=311.0502, found=311.0496.
Retention time: 2.9 min.

N-hydroxy-4-(naphthalene-2-sulfonamido)benzamide (4e)

Title compound was obtained as an amorphous white solid
(0.36g, 66% yield); m.p.=237-239°C; 'H NMR (600 MHz,
(CD3),SO) & 11.06 (s, 1H), 10.97 (s, 1H), 8.88 (s, 1H), 8.72
(d, J=8.4Hz, 1H), 8.28 (d, /=7.2Hz, 1H), 8.23 (d, /=8.4Hz,
1H), 8.08 (d, /J=8.4Hz, 1H), 7.75 (t, J=7.8Hz, 1H), 7.68
(d, J=7.2Hz, 1H), 7.65 (t, J=7.8Hz, 1H), 7.53 (d, /=8.4Hz,
2H), 7.08 (d, J=9Hz, 1H). HRMS (AP-ESI) m/z calcd
for C17H;sN,0,S [M+H]"=343.0752, found = 343.0746.
Retention time: 2.9 min.

4-(2,6-difluorophenylsulfonamido)-N-hydroxybenzamide (4f)

Title compound was obtained as an amorphous white solid
(0.35g, 63% yield); m.p.=210-212°C; '"H NMR (600 MHz,
(CD3),SO) & 11.24 (s, 1H), 11.05 (s, 1H), 8.94 (s, 1H), 7.20
(d, J=8.4Hz, 1H), 7.65 (d, J=9Hz, 2H), 7.30 (d, /=9Hz,
2H), 7.18 (d, J=8.4Hz, 2H). HRMS (AP-ESI) m/z calcd
for C3H; FaN,04S [M+H]T=329.0407, found = 329.0404.
Retention time: 2.9 min.

N-hydroxy-4-(4-(trifluoromethyl)phenylsulfonamido)benzamide
(4g)

Title compound was obtained as an amorphous white solid
(0.34 g, 62% yield); m.p.=249-250°C; '"H NMR (600 MHz,
(CD3),S0) 6 11.06 (s, 1H), 10.87 (s, 1H), 8.94 (s, 1H), 8.01
(d, J=8.4Hz, 2H), 7.98 (d, J=9Hz, 2H), 7.64 (d, /J=8.4Hz,
2H), 7.16 (d, J=9Hz, 2H). HRMS (AP-ESI) m/z calcd for
C14H,F3N,048 [M+H]"=361.0470,  found =361.0463.
Retention time: 2.9 min.

(S)-tert-butyl (2-((4-(hydroxycarbamoyl)phenyl)amino)-2-oxo-
1-phenylethyl)carbamate (4h)

Title compound was obtained as an amorphous white solid
(0.37 g, 63% yield). [a]y = —6.26 (¢ = 1.0, MeOH); m.p. =200~
202°C; '"H NMR (600 MHz, (CD3),SO) & 11.10 (s, 1H), 10.44
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(s, 1H), 8.93 (s, 1H), 7.70 (d, J=9Hz, 2H), 7.63 (d, /=9Hz,
2H), 7.56 (d, J=8.4Hz, 1H), 7.49 (d, J="7.2Hz, 2H), 7.37-7.35
(m, 2H), 7.31 (d, J=7.2Hz, 1H), 5.36 (d, /J=7.2Hz, 1H), 1.40

(s, 9H). HRMS (AP-ESI) m/z calcd for C,oH»3N3NaOs
[M+Na]T=408.1536, found =408.1529. Retention time:
2.9 min.

(S)-tert-butyl (2-(hydroxyamino)-2-oxo-1-phenylethyl)carbamate
(h3)

Title compound was obtained as an amorghous white solid
(0.34g, 61% yield); m.p.=154-155°C; [a]zD =—-6.78 (c=1.0,
MeOH). 'H NMR (600 MHz, (CD3),SO) & 10.88 (s, 1H), 8.96
(s, 1H), 7.40 (d, J=7.8Hz, 2H), 7.37 (d, J=8.4Hz, 1H), 7.33
(d, J=17.2Hz, 2H), 7.27 (t, J=7.2Hz, 1H), 5.05 (d, /J=8.4Hz,
1H), 1.38 (s, 9H). HRMS (AP-ESI) m/z calcd for C;3H;3N,NaO,
[M+Na]"=289.1165, found=289.1158. Retention time:
2.9 min.

(S)-4-(2-amino-2-phenylacetamido)-N-hydroxybenzamide
hydrochloride (4hb)

To a solution of compound 4h (0.38¢g, 1 mmol) in EtOAc
(10 mL), a solution of EtOAc (15 mL) saturated by dry HCI gas
was added. The reaction solution was stirred at room temperature
for 5h. Precipitates appeared and were filtered, with the filter
being washed with ether, to give desired compound 4hb (0.19 g,
68% yield). Title compound was obtained as an amorphous
white solid; m.p. =187-188°C; a5 = —6.53 (¢ = 1.0, MeOH).
"H NMR (600 MHz, (CD5),SO) & 11.45 (s, 1H), 10.31 (s, 1H),
8.92-8.91 (m, 3H), 7.73 (d, J=8.4Hz, 2H), 7.70 (d, J=8.4 Hz,
2H), 7.69 (d, J=7.2Hz, 2H), 7.46 (d, J=7.8Hz, 2H), 7.43
(t, J=7.2Hz, 1H), 5.33 (d, /=5.4Hz, 1H). HRMS (AP-ESI) m/z
caled for C;sHgN305 [M+H]"=286.1191, found =286.1186.
Retention time: 2.9 min.

Compound h4 was prepared in the same procedure as
described above.

(S)-2-amino-N-hydroxy-2-phenylacetamide hydrochloride (h4)

Title compound was obtained as an amorghous white solid
0.21¢g, 70% yield); m.p.=209-210°C; [a]lz) =-7.21 (¢c=1.0,
MeOH). '"H NMR (600 MHz, (CD5),SO) & 11.10 (s, 1H), 9.30 (s,
1H), 8.87 (s, 3H), 7.56 (d, J=6.6Hz, 2H), 7.45 (d, J=7.2Hz,
2H), 7.43-7.41 (m, 5H), 4.85 (s, 1H). HRMS (AP-ESI) m/z calcd
for CgH;N,O, [M+H]"=167.0820, found=167.0810.
Retention time: 2.9 min.

Enzyme inhibition assay

The HDAC enzyme was extracted from Hela cells. Boc-Lys
(acetyl)-AMC was used as the substrate of HDAC. SAHA which
is the HDAC inhibitor on market was used as a positive control.
The compounds were diluted to six concentrations (25, 5, 1, 0.2,
0.04 and 0.008uM/L) to investigate their ability of inhibiting
HDAC activity.

Tumor cell inhibition assay

HCT116, K562, MDA-MB-231, ES-2, U937, HL60, MCF7 and
PC3 cells were used in the cell proliferation assays. A total of
5000 cells were seeded into each well of 96-well plates which
were incubated at 37°C, 5% CO, for overnight. Then cells
(HCT116, K562, MDA-MB-231, ES-2) were treated with 5uM
of all these molecules. In order to calculate the ICsq values, cells
(U937, HCT116, K562, HL60, MCF7 and PC3) were treated
with compound 4h and SAHA at final concentrations ranging
from 0.25 to 20uM. After 48h of incubation, 0.5% MTT
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(Amresco, Solon, OH) solution was added to each well. Then
a further 4 h of incubation was performed. After that the culture
medium was removed, and 200 puL of DMSO was added to
dissolve the formazan. After mixing for 5 min, optical density
values were detected at 570 nm on a microplate reader (Thermo
Fisher Scientific, Waltham, MA).

Molecular docking

The molecular docking process was performed using Glide (www.
schrodinger.com). Crystal structure of HDAC2 (PDB Entry:
3MAX) was selected as a receptor in the docking study. Structural
modifications were performed to make the protein suitable for
docking. The water molecules and the ligand crystallized in the
protein structure were removed. OPLS 2005 force field was
assigned to the refined structure. The ligands used in the docking
approach were sketched by maestro and prepared by LigPrep
(www.schrodinger.com). The active site was defined as a cubic
box containing residues around Zn ion at a distance of 20 A. Extra
precision was applied in the docking process, other parameters
were set as default.

Results and discussion
Chemistry

The target compounds were synthesized following the route
shown in Scheme 1. The starting material 4-aminobenzoic acid
was converted to be compound 2 by esterification. The key
intermediates (3a-3g) were generated by nucleophilic substitua-
tion of compound 2 with corresponding sulfuryl chloride'*'®,
L-phenylglycine was protected by Boc, followed by coupling with
compound 2 to yield 3h. Compounds 4a—4h were derived by
treating the corresponding intermediates (3a-3h) with NH,OK
in methanol'®. Compound 4hb was derived by deprotection of the
amino group of 4h. Compounds h3 and h4 were prepared via the
same route as 4hb.

Activity assay

The derived compounds were assayed by Hela cell nucleus extract
using SAHA as a positive control (Table 1). Molecule 4h has the
best performance in the enzyme inhibition assay. Among com-
pounds 4a—4g, 4e has the best enzyme inhibition activity. The result
means bulky R groups are beneficial for these molecules binding to
HDACS. Protection of the amino group by Boc group in the
phenylglycine improved the activity, which was proved by
comparing the ICs, values between 4h (0.14uM) and 4hb
(0.18 uM), h3 (1.60 uM) and h4 (3.79 uM). The results indicate
that substituent in the amino group improves the interaction
between the ligands and the receptor. Molecules h3 and h4 were
subsequently synthesized to find out if the phenylglycine structure
has enzyme inhibition activity without a linker. The results suggest
that removal of the linker results in the reduction of the activity.

The results of the tumor cell growth inhibition assay have
correlation with the results of the enzyme inhibition assay
(Table 1). K562 cells are more sensitive to these molecules
than other cells. In these assays, 4h is also the most potent
inhibitor. Deprotection of the amino group in the phenylglycine
and removal of the linker have significant influence on the
inhibitory activity.

The ICsq values of 4h in inhibition of U937, HCT116, K562,
HL60, MCF7 and PC3 cell growth were derived compared with
SAHA (Table 2). The results showed that 4h could efficiently
inhibit the growth of these cell lines. In inhibition, the growth
of K562, HL60 and PC3 cells, 4h even has similar performance
with SAHA. Our results also indicate that 4h can selectively
inhibit the growth lymphoma cells and hematological tumor cells.
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() NH,OK, MeOH; (f) EtOAc, HCI.

Table 1. The inhibitory activities of derived molecules.*

ICsof  HCTI116 K562 MDA-MB-231 ES-2
Compounds (uM)  (inhib%)1,f (inhib%) (inhib%) (inhib%)
4a 0.28 3.36 24.59 24.35 1.48
4b 0.74 3.77 22.75 11.40 5.07
4c 0.33 17.49 50.79 28.55 23.49
4d 1.42 20.51 55.63 21.98 13.33
4e 0.23 8.12 56.77 36.99 44.16
4f 1.05 8.31 8.22 3.05 16.73
4g 2.11 3.04 27.86 3.71 13.59
4h 0.14 22.32 57.79 35.98 50.01
4hb 0.18 8.66 50.44 9.73 32.71
h3 2.60 7.33 41.35 8.21 12.33
h4 3.79 4.65 34.88 5.06 9.55
SAHA 0.17 35.11 56.84 44.68 47.19

*The method for in vitro activity assay has been described in our previous

work?°.

tEach value is the mean of at least three experiments (all SDs are within

10% of the mean).

1The acitivity was described as inhibition%, the concentration of the

molecules is 5 uM.

Table 2. The tumor cell growth inhibitory activities of 4h compared with

SAHA.*

Compounds U937  HCTI116 K562 HL60 MCF7  PC3
4h 1.85 12.12 2.67 2.02 1270 4.93
SAHA 0.99 4.21 2.99 1.86 509 633

*Each value is the mean of at least three experiments (all SDs are within

10% of the mean).

Binding pattern analysis

Docking study was performed to simulate the binding pattern
between 4h and HDAC. In order to seek evidence for the
difference of the activity between 4h and 4hb, 4hb was also
docked to the active site of HDAC2. The docking result shows

Figure 2. Binding patterns of 4h and 4hb in the active site of HDAC2:
(a) 4h and 4hb were shown using the wire model, the residues were
displayed as sticks; carbon atoms of 4h were colored magenta, carbon
atoms of 4hb were colored green, the gray ball is zinc ion, the H-bonds
were represented as dash lines (in black—white mode, 4h is the structure
containing Boc group); (b) 4h was shown using the ball-stick model.

that 4hb has similar binding pattern with 4h (Figure 2a). The
hydroximic acid groups of both molecules play a significant role
in binding the ligands to the receptor by chelating to the zinc ion
and forming H-bond interactions with residues around zinc ion
(Figure 2b). The ketonic oxygen of the hydroximic acid group has
H-bond interaction with the phenolic hydroxyl group of Tyr308.
Nevertheless, the amino group binds to the NE2 of His164 by
forming H-bond interactions. The hydroxyl group of Asp104 has
H-bond binding with the other two amino groups, which also
make important contributions to the binding. The benzene ring of
the linker has 7m—m stacking interactions with the phenyl groups
of Phel55 and Phe210, which improves the binding of these two
molecules to the active site of HDAC.

Conclusion

In order to develop potent HDAC inhibitors with efficient
tumor cell inhibitory activities, a series of small molecules were
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synthesized based on our previous virtual screening results.
The enzyme inhibition assay and tumor cell growth inhibition
assay results show that 4h is the most potent HDAC inhibitor.
Moreover, 4h also has good performance in inhibiting the growth of
a series of tumor cell lines compared with SAHA. An important
finding is introduction of bulky group to the amino group of the
phenylglycine part that can obviously improve the inhibitory
activity. Our work emphasizes the prospect and necessity of
development HDAC inhibitors with various substituent groups
in the amino group of phenylglycine in our further work.
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