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Abstract

Histone deacetylase inhibitors with zinc binding groups often exhibit drawbacks like
non-selectivity or toxic effects. Thus, there are continuous efforts to modify the currently
available inhibitors or to discover new derivatives to overcome these problems. One approach
is to synthesize new compounds with novel zinc binding groups.

The present study describes the utilization of acyl thiourea functionality, known to
possess the ability to complex with metals, to be a novel zinc binding group incorporated into
the designed histone deacetylase inhibitors. N-adipoyl monoanilide thiourea (4) and N-pimeloyl
monoanilide thiourea (5) have been synthesized and characterized successfully. They showed
good cytotoxicity against cancer cells with low cytotoxicity against normal cells. Their binding

mode to the active site of histone deacetylases have been studied by docking study.
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Introduction

Histone deacetylases (HDACs) comprise a class of enzymes that catalyze the
deacetylation of the e-amino groups of lysine residues at the N-termini of histones [1], proteins
that act as a core for DNA compaction into nucleosomes that comprise chromatins [2]. The
deacetylation process results in the compaction of nucleosomes and subsequently the repression
of gene transcription. Many reports demonstrate that HDACs are overexpressed in several types
of cancer [3,4]. Therefore, they represent a valuable target for cancer treatment [5].

In mammalian cells, the identified HDACs represent eighteen isoforms and fall into four
major classes (I-1V). Class | includes HDAC1, 2, 3, and 8 while class Il includes isoforms 4-7,
9 and 10. Isoform 11 represents class V. These three classes are zinc-dependent in their
activity. The remaining seven isoforms are independent on zinc but, rather, depend on the
cofactor nicotine adenine dinucleotide for their catalytic activity and comprise class 111 [1].

The zinc-dependent classes are most commonly investigated and subjected to inhibition
studies as an approach for cancer treatment [6]. HDAC2 is a common example since its
crystallographic structure is well resolved [7]. Early studies on the binding site revealed that it
is shaped as an internal tunnel-like cavity having a length of 11 A. At the bottom of this cavity,

a zinc ion is positioned followed by a 14 A foot-like pocket [8] (Figure 1). Lysine residues of

histone fit into the tunnel so that they could be deacetylated [9,10].

Figure 1: The binding site of HDAC 2. (A): The opening of the tunnel cavity is shown in which
the linker of the inhibitor (cyan) is lying. (B): A side view of the binding site with 30%
transparency of the surface to make the whole length of the tunnel (11 A) visible together with
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the linker of the inhibitor (forest green). Zinc ion is visible at the deepest end of the tunnel. (C):
Mesh surface of the binding site showing the inhibitor inside the 14 A foot-like pocket.

Accordingly, the design of inhibitors for zinc-dependent HDACs should have a zinc
binding group (ZBG) to bind to the zinc ion, a linker chain that mimics acetylated lysine of
histone to fit into the cavity, and a hydrophobic cap to recognize and interact with the outer
surface. These are best illustrated by the classical, FDA-approved inhibitor suberoylanilide

hydroxamic acid 1 (SAHA, vorinostat) [11,12].

cap linker ZBG

1)

Other common synthetic inhibitors with ZBG other than hydroxamic acid derivatives include

entinostat 2 (MS-275), a benzamide, and the short chain aliphatic carboxylic acid, valproic acid

3 (figure 2)
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Figure 2: Common HDAIs with ZBG

The most common disadvantages encountered with these classes of inhibitors are related
to the poor pharmacokinetic profile and enzyme non-specificity of hydroxamates, in vivo
toxicity of benzamides due to the free o-amine group, and the weak binding of the carboxylic
acids to zinc ion [5]. These problems encouraged us to design new compounds that keep both
the hydrophobic cap and linker but with a new, unique ZBG.

Acyl thiourea derivatives can coordinate metals in either a bidentate fashion thorough

both the carbonyl oxygen and the thiocarbonyl sulfur [13,14], or a monodentate fashion via the




thiocarbonyl sulfur only [15,16] (Figure 3). Thiourea itself can coordinate metals through its

sulfur or through one of its nitrogens [17-19].
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Figure 3: Coordination modes of acyl thiourea derivative with metals as bidentate (a) or
monodentate (b)

Here, we wish to describe for the first time the synthesis of two novel substituted acyl
thiourea derivatives (compounds 4 and 5) as possible inhibitors for zinc-dependent histone
deacetylase enzymes that have the acyl thiourea as a unique ZBG, a 4- or 5-carbon linker and

an aromatic capping group.
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These compounds have been subjected to docking study against several histone deacetylase
enzymes and their binding parameters were compared to those obtained from docking of 1
against the same enzymes. Besides, we will mention the results of the in vitro cytotoxicity assay
for these compounds against HRT-18 cell line (human colon adenocarcinoma) and HC-04 cell

line (mouse hepatoblastoma).



Results and Discussion

Chemical synthesis

Scheme 1 illustrates the synthesis of the target compounds 4 and 5 starting from adipic

acid (4a) and pimelic acid (5a) respectively.
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Scheme 1: Synthesis of the target compounds (4 and 5)

Synthesis of the target compounds (4 and 5) was started from adipic acid and pimelic
acid respectively (4a and 5a). Heating these dicarboxylic acids in acetic anhydride for 1 hour
would result in monomeric cyclic anhydrides (4b and 5b). However, these anhydrides are
extremely instable and some of the synthesized amount is converted into non-cyclic,
polymeric anhydrides (4c and 5c) rapidly during evaporation of the solvent [20,21]. The
anhydride mixture (4b, 5b, 4c, and 5c) was used as such in the next step which is a modified
procedure from previously published work [22,23]. In this step, a slight excess of aniline (1.2

eq. relative to 4a and 5a) was added gradually to ice-cooled anhydride mixture solution in




dry DMF and then allowed to stir at room temperature for 24 hours. The sodium salts (4d
and 5d) were obtained by treatment of the precipitate, resulted after cold acidification of the
reaction mixture and filtration, with gradually increasing amounts of ice-cooled NaOH
solution (0.5 N) so that the pH was not raised above 7. After filtration and evaporation to
dryness, the off white precipitate (4d and 5d) showed the characteristic FT-IR amide peaks
(respectively) at 3332 cm™ and 3290 cm™ (aromatic NH) and at 1666 cm™ and 1654 cm
(amide carbonyl). Furthermore, the carboxylate peaks were at 1562 cm™ (asym. C=0) and
1431 cm™ (sym. C=0) for 4d and at 1558 cm™ (asym. C=0) and 1435 cm™ (sym. C=0) for
5d. These anilides were prepared as sodium salts in order to keep the amide function stable
during the next step which involved the synthesis of the acid chlorides 4e and 5e using
thionyl chloride in the presence of 1 equivalent of pyridine [24], thus avoiding the liberation
of HCI. Both of the acid chlorides 4e and 5e were used directly in the next step, which
involved refluxing them with 1 equivalent of ammonium thoicyanate (relative to 4d and 5d)
in acetone [25,26] for 2 hours to yield the yellow oily isothiocyanates (4f, 5f). These were
used directly in the next step, which involved the reaction with gaseous ammonia. This
reaction was carried out in a Drechsel gas bottle [27], containing a chloroform solution of 4f
or 5f and equipped with a stirring bar, by passing a continuous stream of ammonia gas (dried
over a column of soda lime). Chloroform was chosen as the reaction solvent since ammonia
has a considerable solubility in it through hydrogen bond formation [28]. Unlike a previously
published work [26], aqueous ammonia solution was not used to avoid hydrolysis of 4f and
5f into the carboxylic acids of monoanilides 4d and 5d and thiocyanic acid [29].

The FT-IR spectrum of both of the target acyl thioureas (4 and 5, obtained as a yellow
precipitate) showed a strong peak at 1149 cm™ that might be attributed to thiocarbonyl (C=S)
stretching. They also show two peaks that are attributed to the two amide carbonyls; the peak
at 1662 cm is attributed to the aromatic amide carbonyl stretching for both of them while

the peak at 1705 cm™ (for both) is attributed to the aliphatic amide carbony! stretching [30—
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32]. The latter's unusually high amide carbonyl stretching frequency is probably due to the
lone pair of electrons of the thiourea amide nitrogen which lies between two partially
positive carbon atoms (carbonyl and thiocarbonyl) since it might spend some of its time at
the N-C=S bonds.

The two protons attached to the thiourea primary nitrogen are chemically not
equivalent due to the hindered amine rotation [33]. This is illustrated by the difference in
their chemical shifts in the 'H-NMR spectrum of 4 and 5 (0.3 ppm and 0.33 ppm
respectively). Their peaks (9.34 and 9.64 ppm for 4 and 9.32 and 9.65 ppm for 5), together
with that of thiourea NH (11.06 ppm for 4 and 11.04 ppm for 5), are of weak intensity since
they could be considered as exchangeable protons that usually appear weak or do not appear
at all during *H-NMR spectroscopy using de-DMSO as the solvent [34,35].

Cytotoxicity study

Compounds 4 and 5 were tested in vitro for antiproliferative activity against HRT-18
cell line (human colon adenocarcinoma), HC-04 cell line (mouse hepatic carcinoma), and
HBL-100 cell line (epithelial cells obtained from healthy human breast milk) at micromolar
concentrations (6.25, 12.5, 25, 50, 100 uM). Both of them showed inhibitory activity against
the cancer cell lines higher than against the normal cell line. Figures 4 and 5 show that there
is a continuous and parallel increase in the inhibition of growth exhibited by both compounds
against both colon adenocarcinoma and hepatic carcinoma with increasing the concentration.

On the other hand, they show very low cytotoxicity against normal cells.
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Figure 4: Dose- growth inhibition curve of the tested compounds against hepatic carcinoma
cells (blue), colon adenocarcinoma (orange) and healthy breast cells (gray). (A): the
cytotoxicity of compound 4. (B): the cytotoxicity of compound 5
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Figure 5: Histogram showing the dose and growth inhibition of the tested compounds against
hepatic carcinoma cells (blue), colon adenocarcinoma (orange) and healthy breast cells
(gray). (A): the cytotoxicity of compound 4. (B): the cytotoxicity of compound 5

Compound 5 was somewhat more cytotoxic than compound 4 against the tested
cancer cells. Its 1Cso against HC-04 cell line and HRT-18 cell line were 21.44 uM and 24.12
UM respectively while those for compound 4 were 27.37 uM and 30.42 puM. Figure 6

(captured at the 1Cso) shows the difference in magnitude of cytotoxicity between the two

compounds.
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Figure 6: Morphology of the cell lines after treatment with compounds 4 and 5 at the ICso
(40x magnified)

Figure 7 illustrates a comparison between the cytotoxicity of these compounds

against the tested cell lines.
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Figure 7: Histogram showing the dose and growth inhibition of the compounds 4 and 5, (A):
against hepatic carcinoma cells and (B): against colon adenocarcinoma

The low cytotoxicity of both compounds against normal cells gives a hope of being

able to target cancer cells in a higher degree than normal cells. No more than 12% of
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inhibition of growth was observed at the highest concentration used for both compounds
(figure 8). This can possibly be considered, in agreement with previous reports [3,4], that
the synthesized compounds might exhibit relative specificity in inhibiting HDACs that are
overexpressed in cancer cells. Besides, HDAC1 and HDAC?2 are absent in normal breast
cells [36,37] which further supports this low cytotoxicity in normal tissue, Furthermore, it
was hypothesized that normal cells, in contrast to cancer cells, could struggle the inhibitory
action of HDAC inhibitors and compensate for the inhibited vital pathways since they have

multiple, alternative epigenetic regulatory pathways [38].
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Figure 8: Low cytotoxicity of compounds 4 and 5 on normal breast cells. (A): Dose- growth
inhibition curve. (B): Histogram showing the dose and growth inhibition

These findings, besides our docking results, support that our designed and
synthesized compounds (4 and 5) as being successful HDAC inhibitors.
Docking study

In order to get a preliminary confirmation that compounds 4 and 5 could be successful
HDAC inhibitors, their inhibitory mode was simulated by a docking study against several
isoforms of HDACSs, the crystalline structures of which are confirmed and well resolved and
the data of their binding modes to the co-crystallized ligands are available at the protein data

bank (PDB, www.rcsh.org) [39].
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Compounds 4 and 5 together with SAHA (1) (for comparison purposes) were docked
against various isoforms of HDACs. These isoforms together with their pdb codes are
HDAC1 (5ICN) [40], HDAC2 (4LXZ) [7], HDAC3 (4A69) [41], HDAC4 (5A2S) [42],
HDAC?7 (3ZNR) [43], HDAC8 (4QA0) [44], and HDAC10 (5TD7) [45].

For each docking, the parameters studied and compared were the binding free energy,
the inhibition constant (Ki), number and length of hydrogen bonds between the ligand atoms
and amino acid residues located in the binding site of the enzymes, and distance between
ligand heteroatoms, which might contribute to zinc binding, and zinc ion of the enzyme.

Since compounds 4 and 5 have been designed to be inhibitors with ZBG, zinc ion
was not removed during the enzyme preparation step prior to docking. Moreover, the
preparation step included the addition of hydrogen atoms to the enzyme structure to simulate
the biological pH (7.4) through correcting the oxidation and tautomeric states of the amino
acid residues.

Docking experiments showed that compounds 4 and 5 have binding affinities
comparable to, or better than, that of 1 with HDAC2 and HDACY7. Results of docking with
these isoforms are summarized in table 1. Images representing the ligand poses as well as
hydrogen bond interactions between the ligand and the enzyme are listed in Supporting
Information File 3. In order to distinguish the atoms involved in hydrogen bonding, as well
as heteroatoms, in the docked compounds, assignment numbers are given to these atoms

(figure 9).
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Figure 9: Docked compounds with important atoms assigned number

Table 1: Docking results of compounds 4 and 5 against various HDAC2 and HDAC7

H-bonds

Isoform/ Pose Energy of - Distance
Ligand binding Ki involved | lved length | from Zn*?
PDB code rank Kcal/mol no. ligand involve engt A
(Kcal/mol) residue (A) (A
atoms
20:5.117
_ *10)6
SAHA 1st 7.1 6.2%10 1 1H Tyr297 2.029 £0-2 198
1H His135 23
3H Aspl70(0D1) | 2.326 2N:2.028
HDAC2/ 4 1st 7.3 4.42%10° | 4 $:3.890
4LXZ, chain A 3H Aspl70(0D2) | 2.165 60:4.278
4H Asp258 2.705
2N:2.012
5 1st 7.1 6.2%10 1 1H Asp170 2.483 $:3.889
60:4.247
50 His137 2311 .
SAHA | 6th 6.9 8.69%10° | 2 ég;gg;i
50 His136 2.180 -
1H Aspl74(0D2) | 2.343
1H Aspl74(0D1) | 2.204 2N:1.445
4 3rd 7.2 537%10° | 4 $:3.781
HDAC7/
3ZNR. chain A 1H Asp268 2.308 60:4.819
60 His176 2152
60 Gly309 1.986
2N:2.555
5 2nd 72 537%10° | 3 1H His176 2.353 $:3.693
60:4.267
S His136 3.176
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The binding energies of compounds 4 and 5 are close to that of 1 when docked to
HDAC2, -7.3, -7.1, and -7.1 kcal/mol respectively. Compound 4 has the highest number of
hydrogen bonds, four hydrogen bonds. The 50 atom in 1 lies closer to the zinc ion than the
20 atom in. The distance is 2.198 A between the 50 atom and zinc ion whereas it is 5.117
A between the 20 atom and zinc ion. The 2N and the S atoms of compounds 4 and 5 show
closer distances to the zinc ion than those of 1 atoms; 2.028 A and 2.012 A for the 2N atoms
of compounds 4 and 5 respectively, and 3.890 A and 3.889 A for the S atom of compounds
4 and 5 respectively. This indicates that there is a high possibility for compounds 4 and 5 to
coordinate zinc ion [46,47].

Results of docking 1 into HDAC7 showed that it was away from zinc ion in the first
five poses. Similarly, 4 was away in the first two poses while 5 was away from zinc ion in
the first pose. Accordingly, the binding energy of the sixth pose of 1 with HDAC?7 is -6.9
kcal/mol whereas it is -7.2 kcal/mol for both of 4 and 5 (third and second pose respectively).
Compounds 1, 4 and 5 exhibited, respectively, two, four and three hydrogen bonds with
amino acid residues located near the end of the binding cavity. The carbonyl oxygen atom
(50) of 1 is 2.224 A away from zinc ion while the distance between the 2N atom and zinc
ionin 4 and 5 is 1.445 A and 2.555 A respectively. Furthermore, the S atom of compounds
4 and 5 is closer to the zinc ion than the oxygen atom of the hydroxyl group of 1 (20); the
distances are 3.693 A and 3.781 A for compounds 4 and 5 respectively while it is 5.314 A
for 1.

Results of docking of 4 and 5 into HDAC?2 are in agreement with their cytotoxicity
results against the chosen cell lines. There is no large difference between the 1Cso values of
both 4 and 5 of the two cancer cell lines (HC-04 and HRT-18), not more than 3 uM (figure
7). This is reflected by the equal binding energies of the two compounds when docked into
HDAC2. Likewise, their low cytotoxicity against normal cell lines (figure 8, HBL-100;

epithelial cells obtained from healthy human breast milk) is reflected by the exhibited high
14



affinity when docked into HDAC2 which is, as mentioned above, absent in normal breast
cells. All these results collectively indicate that compounds 4 and 5 could be selective

HDAC?2 inhibitors with their acyl thiourea functionality acting as a novel unique ZBG.

Conclusion

Synthesis of the target acyl thiourea derivatives (4 and 5) was achieved successfully
starting from adipic acid (4a) and pimelic acid (5a) respectively. They showed good
cytotoxicity against cancer cell lines (HC-04 and HRT-18) and lower cytotoxicity against
normal cell line (HBL-100). Their docking study, combined with cytotoxicity results, gave
a preliminary indication that they are successful candidates to be HDACIs having the acyl

thiourea functionality as a ZBG.

Supporting information

Detailed experimental procedures of chemical synthesis, cytotoxicity study, and
docking study are given in Supporting Information File 1. Characterization spectra of the
final compounds and intermediates (FT-IR, *H-NMR and '*C-NMR) are provided in
Supporting Information File 2. Figures illustrating poses of the docked ligands into HDAC?2

and HDACY and their hydrogen bonding are given in Supporting Information File 3.
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