
molecules

Article

Synthesis, Biological Evaluation and Molecular
Modelling of 21-Hydroxychalcones as
Acetylcholinesterase Inhibitors

Sri Devi Sukumaran 1, Chin Fei Chee 1,2, Geetha Viswanathan 1, Michael J. C. Buckle 1,*,
Rozana Othman 1, Noorsaadah Abd. Rahman 2 and Lip Yong Chung 1,*

1 Department of Pharmacy, Faculty of Medicine, University of Malaya, 50603 Kuala Lumpur, Malaysia;
shivanesri@yahoo.com (S.D.S.); cfchee@yahoo.com (C.F.C.); geethaviswa@gmail.com (G.V.);
rozanaothman@um.edu.my (R.O.)

2 Department of Chemistry, Faculty of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia;
noorsaadah@um.edu.my

* Correspondence: buckle@um.edu.my (M.J.C.B.); chungly@um.edu.my (L.Y.C.);
Tel.: +60-3-7967-4959 (M.J.C.B. & L.Y.C.)

Academic Editor: Jean Jacques Vanden Eynde
Received: 16 March 2016; Accepted: 16 July 2016; Published: 22 July 2016

Abstract: A series of 21-hydroxy- and 21-hydroxy-41,61-dimethoxychalcones was synthesised and
evaluated as inhibitors of human acetylcholinesterase (AChE). The majority of the compounds were
found to show some activity, with the most active compounds having IC50 values of 40–85 µM.
Higher activities were generally observed for compounds with methoxy substituents in the A ring
and halogen substituents in the B ring. Kinetic studies on the most active compounds showed that
they act as mixed-type inhibitors, in agreement with the results of molecular modelling studies,
which suggested that they interact with residues in the peripheral anionic site and the gorge region
of AChE.
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1. Introduction

Alzheimer’s disease (AD) is a degenerative brain condition characterised by severe memory loss
and cognitive impairment. It currently affects more than 30 million people worldwide, and these
numbers are set to quadruple by the year 2050 [1]. Following the cholinergic hypothesis, the current
first-line treatment for AD is the administration of acetylcholinesterase (AChE) inhibitors, which block
the enzymatic hydrolysis of acetylcholine (ACh), resulting in increased levels of the neurotransmitter
in the synapses between cholinergic neurons, thereby improving nerve transmission [2]. The agents
that have been approved for clinical use to date have limited efficacy and may produce adverse effects,
such as nausea, vomiting, diarrhea, dizziness, and weight loss [3]. There is therefore a need for the
development of new AChE inhibitors.

Crystallographic studies of AChE complexed with various inhibitors have shown that the enzyme
possesses two separate ligand binding sites—a catalytic site (CAS) and a peripheral anionic site
(PAS)—which are connected by a narrow gorge [4]. The two key binding residues in the CAS and PAS
are aromatic residues, Trp84 and Trp286. The classical hydrolytic role of AChE is performed at the CAS,
whereas the PAS has been associated with a number of non-classical roles, including the induction of
amyloid β (Aβ) aggregation to form fibrils, which is a key step in the formation of Aβ plaques. Since
these plaques are one of the main pathological hallmarks of AD, the use of inhibitors that bind to the
PAS and so inhibit both Aβ aggregation and ACh hydrolysis by blocking the approach to the catalytic
site has been proposed as a potential disease-modifying therapy [5]. Electron-rich aromatic rings are
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a common feature of PAS-binding AChE inhibitors, which are believed to stack against the Trp286
residue of the PAS site, as exemplified in the recently-determined crystal structure of human AChE in
complex with donepezil [6]. However, in the case of compounds which contain aromatic rings that
interact with residues in the CAS or the gorge, electron-withdrawing substituents have been found to
increase AChE inhibition in comparison to unsubstituted compounds, especially when they are in the
para position [7,8].

Chalcones, or 1,3-diaryl-2-propen-1-ones, are a class of polyphenolic compounds belonging to
the flavonoid family which possess a wide range of pharmacological activities, including anti-cancer,
anti-inflammatory, and anti-oxidant activities [9]. However, there have been relatively few previous
reports of chalcones and their derivatives with AChE inhibitory activity [10–16], and the effects of
different substituents on the phenyl rings have not yet been extensively investigated. In the present
work, we chose to study 21-hydroxychalcones, as compounds with this scaffold have been previously
reported to show good activity against AChE with strong selectivity compared to butyrylcholinesterase
(BChE) [10]. Furthermore, it has been recently reported that good AChE inhibitory activity has
been exhibited by some derivatives of the naturally-occurring 21-hydroxy-41,61-dimethoxychalcone,
flavokawain B [15], and that compounds with this substitution pattern in the A ring are non-cytotoxic
at 100 µM concentration towards human embryonic kidney (HEK-293) cells [17], which resemble
developing neuronal cells [18]. Hence, we decided to synthesise and compare the AChE inhibitory
activities of a series of 21-hydroxy- and 21-hydroxy-41,61-dimethoxychalcones with a range of
substituents attached to the B ring. Furthermore, kinetic and molecular modelling studies were carried
out on the most active compounds to investigate their mode of inhibition and binding interactions
with AChE.

2. Results and Discussion

21-hydroxychalcones 1–14 were prepared from the corresponding 21-hydroxyacetophenones and
benzaldehydes via the Claisen–Schmidt reaction (Scheme 1). The physicochemical and spectroscopic
data obtained from the new compounds 8 and 14 were in agreement with their structures, and those
from the known compounds were in agreement with published data. Examination of the predicted
Lipinski rule of five parameters of the compounds (Table 1) shows that they all obey both the rule of
five and the more restrictive blood-brain permeability considerations (molecular weight < 450, number
of hydrogen bond donors (HBD) < 3, log P 2–5, polar surface area (PSA) < 90 Å2) [19], suggesting that
they should be orally active and able to reach the central nervous system.

Table 1. Lipinski rule of five parameters for 21-hydroxychalcones 1–14.

Compound MW HBD HBA A log P PSA/Å2

1 224.26 1 2 3.46 38.12
2 238.28 1 2 3.95 38.12
3 303.15 1 2 4.21 38.12
4 258.70 1 2 4.12 38.12
5 267.32 1 3 3.62 41.49
6 254.28 1 3 3.44 47.05
7 303.15 1 2 4.21 38.12
8 309.14 2 3 4.55 58.93
9 298.33 1 4 3.91 55.98

10 363.20 1 4 4.18 55.98
11 327.37 1 5 3.59 59.33
12 314.33 1 5 3.41 64.91
13 363.20 1 4 4.18 55.98
14 369.20 2 5 4.51 76.79

Donepezil 379.49 0 4 4.57 38.51

MW: molecular weight; A log P: logarithm of octanol–water partition coefficient; HBD: number of hydrogen
bond donors; HBA: number of hydrogen bond acceptors; PSA: polar surface area.
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The inhibitory activity of the prepared 21-hydroxychalcones at human recombinant AChE was
evaluated at 10 µM using Ellman’s colorimetric assay method [20], and the IC50 values of the
compounds that showed more than 20% inhibition were determined. The results are summarised
in Table 2. The majority of the compounds showed some AChE inhibitory activity, with the most
active compounds having IC50 values in the range of 40–85 µM. This level of activity is comparable
to that observed for the standard PAS-binding AChE inhibitor propidium, but somewhat lower than
that obtained for the standard CAS-binding inhibitor tacrine. Compounds 9–14, which bear methoxy
groups at positions C-4´ and C-6´ in the A ring, were generally more active than the corresponding
compounds 1–8, which lack these substituents. This observation is consistent with previous work
which has shown the beneficial effect of electron-donating moieties in PAS-binding AChE inhibitors
with different scaffolds [21,22]. In contrast, when examining the effect of substitution in the B ring,
compounds 7, 10, 13, and 14 with halogen substituents (Br/Cl) showed the greatest activity, although
not all the compounds with halogen substituents in the B ring had measurable activity at 10 µM.
Such an effect due to halogen substituents has also been previously observed in different series of
AChE inhibitors and has been explained in terms of additional hydrogen bonding or dipole-dipole
interactions, or increased van der Waals interactions [7,8].
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Scheme 1. Synthesis of 21-hydroxychalcones.

Table 2. Substituent patterns and human acetylcholinesterase (AChE) inhibitory activity of
21-hydroxychalcones 1–14.

Compound R4´ R6´ R2 R3 R4 R5
% Inhibition

at 10 µM a IC50/µM b

1 H H H H H H 11 nd c

2 H H H H Me H na d nd c

3 H H H H Br H na d nd c

4 H H H H Cl H na d nd c

5 H H H H NMe2 H 28 266 ˘ 48
6 H H H H OMe H 6 nd c

7 H H Br H H H 38 55 ˘ 12
8 H H OH Cl H Cl na d nd c

9 OMe OMe H H Me H 23 354 ˘ 33
10 OMe OMe H H Br H 30 41 ˘ 13
11 OMe OMe H H NMe2 H 5 nd c

12 OMe OMe H H OMe H 7 nd c

13 OMe OMe Br H H H 23 85 ˘ 16
14 OMe OMe OH Cl H Cl 51 73 ˘ 22

Propidium e 50 11 ˘ 3
Tacrine f 91 0.19 ˘ 0.04

a Values are expressed as mean of triplicate; b Values are expressed as mean ˘ SEM; c Not determined; d No
activity observed at 10 µM; e Standard PAS-binding AChE inhibitor; f Standard CAS-binding AChE inhibitor.

To investigate the mode of inhibition of the most active compounds and to determine their
apparent inhibition constant (Ki and Ki

1) values, kinetic studies were carried out on their steady state
inhibition of AChE. For each of the compounds, Lineweaver–Burk plots showed increasing slopes and
increasing intercepts at higher inhibitor concentrations and intersections in the second quadrant, above
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the x-axis and to the left of the y-axis, suggesting that they are all mixed-type inhibitors (see Figure 1).
The apparent Ki and Ki

1 values obtained from nonlinear regression analysis are shown in Table 3.
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Figure 1. Lineweaver-Burk plot for the inhibition of AChE hydrolysis of acetylthiocholine at different
concentrations of compound 10. Each point is the mean of triplicate determinations.

Table 3. Apparent human AChE inhibition constant (Ki and Ki
1) values, equine butyrylcholinesterase

(BChE) inhibitory activity and selectivity for AChE for the most active compounds.

Compound
Human AChE Equine BChE Selectivity

Ki /µM Ki
1 /µM IC50 /µM a for AchE b

7 40 59 108 ˘ 18 2.0
10 31 47 59 ˘ 12 1.4
13 113 165 71 ˘ 14 0.8
14 56 92 81 ˘ 18 1.1

a Values are expressed as mean ˘ SEM; b Selectivity is defined as IC50 (BChE)/IC50 (AChE); values for IC50
(AChE) are shown in Table 2.

The IC50 values of the four compounds that gave the greatest inhibition of AChE were also
determined for equine BChE, which is readily available and is considered a good model for human
BChE [23], as the equine form has 90% sequence identity compared to the human form. The compounds
all showed appreciable BChE inhibitory activity, but generally at lower levels than for AChE, giving
selectivities for AChE ranging from 1.1–2.0 (see Table 3). The exception was compound 13, which
showed some selectivity for BChE. Interestingly, BChE has been proposed as a therapeutic target for
advanced AD, when BChE takes over the role of ACh hydrolysis from AChE, as neuronal AChE is
depleted [24]. Hence, compounds that act as dual inhibitors of both AChE and BChE may also be
clinically useful.

To investigate possible binding interactions, molecular modelling studies were performed by
randomly docking the most active compounds 7, 10, 13, and 14 into human AChE using AutoDock
v4.0. The recently-solved X-ray crystal structure of the mixed-type inhibitor, donepezil, with human
AChE (PDB ID: 4EY7) [6] was used as the starting model. All the compounds were found to exhibit
binding poses similar to those of donepezil occupying the PAS and, to varying extents, the gorge
connecting it to the CAS (see Figure 2 and Supplementary Figures S1–S3). Specifically, in the case of
compound 10, aromatic rings A and B formed π–π stacking interactions with Trp286 (in the PAS) and
Tyr 341 (at the entrance to the gorge leading to that CAS), respectively. The other three compounds
showed π–π stacking or non-polar interactions with one or other of these two residues and/or Tyr337
and Phe338 in the gorge. These interactions with residues in the gorge region may account for the Ki
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values obtained from the kinetic studies being less than the Ki
1 values—i.e., the competitive part of the

mixed-type inhibition was more pronounced than the uncompetitive part. Furthermore, in the case of
compounds 7 and 10, the carbonyl oxygen atom and the ortho hydroxyl group on the A ring were also
observed to form hydrogen bonds with backbone atoms from acyl pocket residues, Phe295 (2.8–3.0 Å)
and Arg296 (2.7–2.9 Å), respectively. This may be one of the reasons to account for the greater activity
of these two compounds, as compounds 13 and 14 only interacted with Arg296. Hydrogen bonds to
Phe295 have previously been observed in crystal structures of AChE in complex with donepezil and
other inhibitors [8,25,26]. The modelling studies also suggested that the beneficial effect of the halogen
substituents in the active compounds might be due to interactions with aromatic residues in the CAS
and gorge. Such interactions have previously been observed in a number of other protein–ligand
complexes [27].
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Figure 2. (A–C) 3D representations of the binding poses of standard and test compounds in complex
with human AChE (PDB ID: 4EY7). The hydrophobic surfaces of the interacting residues are shown
in blue relief. Ligand–protein interactions are depicted with dotted lines: hydrogen bonds (green),
π-cation interactions (orange), π-halogen interactions (purple). (A) donepezil; (B) propidium and
tacrine; (C) compound 10; (D) Schematic representation of the binding interactions of compound
10. Hydrogen bonds and π–π stacking interactions are depicted with black and green dotted lines,
respectively. The green curve represents other non-polar interactions.

Molecular modelling studies were also performed by randomly docking the most active
compounds 7, 10, 13, and 14 into a model derived from the recently-solved X-ray crystal structure
of tacrine in complex with human BChE (PDB ID: 4BDS) [28]. Although all four compounds were
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found to bind, the calculated binding energy was 1.1–1.8 kcal/mol lower for AChE compared to BChE.
These results are consistent with the slight selectivity for AChE compared to BChE that was observed
for three out of the four most active compounds in the inhibition studies.

3. Materials and Methods

3.1. General Information

All melting points were taken on a Stuart melting point apparatus SMP30 (Staffordshire, UK).
NMR spectra were obtained using Jeol ECA 400 (400 MHz) and EX 270 (270 MHz) NMR spectrometers
(Jeol Ltd., Akishima, Tokyo, Japan) with tetramethylsilane as the internal standard. All chemical
shifts are reported in ppm. MS analysis was performed on an Agilent 6500 series accurate mass
Q-TOF (Agilent Technologies, Santa Clara, CA, USA) Analytical thin-layer chromatography (TLC)
was carried out on pre-coated aluminum silica gel sheets (Kieselgel 60 F254) from Merck (Darmstadt,
Germany). Column chromatography was performed with silica gel 60 (230–400 mesh) from Merck.
Human recombinant AChE and equine BChE were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other chemicals were purchased from Sigma-Aldrich or Merck and were of analytical grade.
The Lipinski rule of five parameters of the synthesised compounds were determined using Discovery
Studio v3.1 (Accelrys Inc., San Diego, CA, USA).

3.2. Synthesis of Chalcones 1–14

A mixture of the corresponding acetophenone (1 equiv) and benzaldehyde (1 equiv) in EtOH
(5 mL/1 mmol of acetophenone) was stirred at room temperature for 30 min. Then, a solution of
50% w/w aqueous KOH (1 mL/1 mmol) was added. The reaction mixture was stirred at rt until all
benzaldehyde was consumed when monitored on TLC. Afterwards, the mixture was poured into
ice-water acidified with 3 N HCl. In cases in which the chalcones precipitated, they were filtered,
purified using column chromatography, and crystallised from ethanol (yields: 65%–90%).

21-Hydroxychalcone (1). Yellow crystals, mp 89–90 ˝C, lit. 89–90 ˝C [29]; for NMR data see ref. [30].

21-Hydroxy-4-methylchalcone (2) Yellow needles, mp 117–118 ˝C, lit. 116–117 ˝C [31]; for NMR data see
ref. [31].

4-Bromo-21-hydroxychalcone (3). Yellow needles, mp 138–139 ˝C, lit. 138–139 ˝C [32]; 1H-NMR (400 MHz,
CDCl3): δ 12.67 (s, 1H, OH), 7.80 (dd, J = 8.0, 1.5 Hz, 1H, H-61), 7.73 (d, J = 16.0 Hz, 1H, Hβ), 7.53 (d,
J = 16.0 Hz, 1H, Hα), 7.47 (d, J = 8.1 Hz, 2H, H-2, H-6), 7.41 (d, J = 7.8 Hz, 2H, H-3, H-5), 7.40 (m, 1H,
H-41), 6.94 (dd, J = 8.0, 1.5 Hz, 1H, H-31), 6.85 (m, 1H, H-51); 13C-NMR (100 MHz, CDCl3): δ 193.44,
163.65, 143.96, 136.56, 133.53, 132.31, 129.97, 129.62, 125.27, 120.71, 119.94, 118.92, 118.70.

4-Chloro-21-hydroxychalcone (4). Yellow needles, mp 145–146 ˝C, lit. 148–151 ˝C [29]; for NMR data see
ref. [31].

21-Hydroxy-4-(dimethylamino)chalcone (5). Orange powder, mp 170–171 ˝C, lit. 172 ˝C [33]; for NMR
data see ref. [33].

21-Hydroxy-4-methoxychalcone (6). Orange needles, mp 92–93 ˝C, lit. 92–94 ˝C [29]; for NMR data see
ref. [31].

2-Bromo-21-hydroxychalcone (7). Yellow needles, mp 104–105 ˝C, lit. 103–104 ˝C [32]; 1H-NMR (400 MHz,
CDCl3): δ 12.63 (s, 1H, OH), 8.12 (d, J = 15.3 Hz, 1H, Hβ), 7.77 (dd, J = 8.1, 1.8 Hz, 1H, H-61), 7.61 (dd,
J = 8.1, 1.8 Hz, 1H, H-3), 7.51 (dd, J = 8.2, 1.9 Hz, 1H, H-41), 7.44 (d, J = 15.4 Hz, 1H, Hα), 7.38 (m,
1H, H-5), 7.25 (t, J = 7.3 Hz, 1H, H-6), 7.13 (m, 1H, H-4), 6.90 (dd, J = 8.0, 1.8 Hz, 1H, H-31), 6.82 (m,
1H, H-51); 13C-NMR (100 MHz, CDCl3): δ 193.42, 163.66, 143.65, 136.61, 134.70, 133.67, 131.69, 129.78,
128.03, 127.81, 126.16, 122.93, 119.90, 118.97, 118.68.



Molecules 2016, 21, 955 7 of 10

3,5-Dichloro-2,21-dihydroxychalcone (8). Yellow powder, mp 125–126 ˝C. 1H-NMR (400 MHz, DMSO-d6):
δ 12.48 (s, 1H, OH), 10.43 (s, 1H, OH), 8.26 (d, J = 7.8 Hz, 1H, H-61), 8.12 (d, J = 15.5 Hz, 1H, Hβ), 8.06
(d, J = 15.5 Hz, 1H, Hα), 7.57 (m, 1H, H-41), 7.55 (d, J = 2.3 Hz, 1H, H-4), 7.53 (d, J = 2.3 Hz, 1H, H-6),
7.00 (m, 1H, H-31), 6.98 (m, 1H, H-51); 13C-NMR (100 MHz, DMSO-d6): δ 193.99, 162.45, 151.89, 138.05,
136.93, 131.43, 131.38, 126.80, 126.19, 124.59, 123.82, 123.59, 121.11, 119.60, 118.20; HREIMS m/z 309.0085
[M + H]+ (calculated for C15H11O3Cl2, 309.0080).

21-Hydroxy-41,61-dimethoxy-4-methylchalcone (9). Orange needles, mp 130–131 ˝C, lit. 132–133 ˝C [31];
for NMR data see ref. [31].

4-Bromo-21-hydroxy-41,61-dimethoxychalcone (10). Orange powder, mp 150–151 ˝C, lit. 150–151 ˝C [34];
for NMR data see ref. [34].

21-Hydroxy-41,61-dimethoxy-4-(dimethylamino)chalcone (11). Brown crystals, mp 163–165 ˝C; for NMR
data see ref. [17].

21-Hydroxy-4,41,61-trimethoxychalcone (12). Orange powder, mp 112–113 ˝C, lit: 112 ˝C [35]; for NMR
data see ref. ref. [35].

2-Bromo-21-hydroxy-41,61-dimethoxychalcone (13). Orange powder, mp 147–148 ˝C, lit. 146–147 ˝C [36];
for NMR data see ref. [36].

3,5-Dichloro-2,21-dihydroxy-41,61-dimethoxychalcone (14). Yellow needles, mp 192–193 ˝C. 1H-NMR
(400 MHz, DMSO-d6): δ 13.22 (s, 1H, OH), 7.84 (d, J = 15.6 Hz, 1H, Hβ), 7.80 (d, J = 15.6 Hz, 1H, Hα),
7.68 (d, J = 2.4 Hz, 1H, H-4), 7.58 (d, J = 2.4 Hz, 1H, H-6), 6.15 (s, 1H, H-51), 6.13 (s, 1H, H-31), 3.88, 3.83
(s, 3H each, OCH3); 13C-NMR (100 MHz, CDCl3): δ 192.87, 166.07, 165.66, 162.35, 151.55, 136.15, 130.69,
130.46, 127.21, 126.68, 124.42, 123.46, 107.01, 94.36, 91.56, 56.70, 56.16; HREIMS m/z 369.0303 [M + H]+

(calculated for C17H15O5Cl2, 369.0297).

3.3. Enzyme Inhibition Studies

AChE and BChE inhibition studies were performed in 96 well plates by the method of
Ellman, et al. [20]. 110 µL of sodium phosphate buffer (pH 8.0) was added to each well followed
by 20 µL of test compound, 50 µL of 5,51-dithiobis-(2-nitrobenzoic acid) (DTNB) (0.126 mM) and 20 µL
of AChE or BChE (0.15 units/mL). The mixture was preincubated for 20 min at 37 ˝C before addition
of 50 µL (0.120 mM) of the substrate, acetylthiocholine (ATC) iodide or butyrylthiocholine (BTC) iodide
(depending on the enzyme). The hydrolysis of ATC or BTC was monitored using an Infinite® M200
PRO multimode reader (Tecan Group Ltd., Männedorf, Switzerland) by measuring the absorbance due
to yellow 5-thio-2-nitrobenzoate anion at 412 nm every 30 s for 25 min. Each assay was performed in
triplicate. Propidium iodide and tacrine were used as standard inhibitors. The percentage of inhibition
was calculated using the expression:

pE-Sq{Eˆ 100

where E is the activity of the enzyme without test compound and S is the activity of the enzyme with
test compound.

IC50 values were obtained from concentration-inhibition experiments by nonlinear regression
analysis using PRISM® v5.0 (GraphPad Inc., San Diego, CA, USA).

Kinetic characterisation of AChE inhibition was performed under similar conditions to the
AChE assay using different concentrations of test compounds (0–100 µM) at substrate concentrations
ranging from 0.1 mM to 1.0 mM. Each assay was performed in triplicate. The mode of inhibition
was investigated using Lineweaver–Burk plots of 1/initial reaction rate (1/V) against 1/substrate
concentration (1/[S]). Apparent inhibition constant (Ki and Ki

1) values were determined using the
nonlinear regression mixed-model inhibition method in PRISM® v5.0 (GraphPad Inc.).
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3.4. Molecular Modelling Studies

The X-ray crystal structures of human AChE and BChE in complex with donepezil and tacrine,
respectively, were retrieved from the Protein Data Bank (PDB IDs: 4EY7 and 4BDS). Ligands and
water molecules were removed using Discovery Studio v3.1. Hydrogen atoms were added and
double coordinates were corrected using Hyperchem Pro v6.0 (Hypercube Inc., Gainesville, FL, USA).
Hydrogen atoms were again added, non-polar hydrogen atoms were merged, and missing atoms
were repaired using AutoDock Tools v4 [37]. Gasteiger charges were added and AutoDock v4.0 type
atoms were assigned to the protein. Three dimensional structural models of the test compounds were
built using Chem Bio-3D v13 (CambridgeSoft, Cambridge, MA, USA) and saved in MOL2 format.
The compounds were then prepared in protonated form, where appropriate for physiological pH, and
minimised using Hyperchem Pro v6.0 (geometry optimisation using MM+) to give the lowest energy
conformation. Test compounds were randomly docked into the protein structures with AutoDock
v4.0 using a hybrid Lamarckian Genetic Algorithm [38], with an initial population size of 150 and
a maximum number of 2,500,000 energy evaluations. The grid box was set to cover the entire protein
with a spacing of 0.375 Å. The root mean square deviation (RMSD) tolerance was set to 2.0 Å for the
clustering of docked results and the docked pose of each ligand was selected on the basis of free energy
of binding and cluster analysis. Ligand-protein interactions were analysed using Discovery Studio
v3.1 and PoseView [39].

4. Conclusions

In conclusion, a series of 21-hydroxychalcones was synthesised and evaluated as inhibitors of
human AChE. Compounds with methoxy substituents on the A ring and halogen substituents on the
B ring were generally found to be more potent, with activities that are comparable to the standard
PAS-binding AChE inhibitor, propidium. Kinetic studies on the most active compounds showed
that they act as mixed-type inhibitors. This finding was consistent with molecular modelling studies,
which suggested that the compounds interact with residues in the PAS and gorge region of AChE.
Further investigations into the use of 21-hydroxychalcone derivatives as potential disease-modifying
drug candidates for the treatment of AD are in progress.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/
21/7/955/s1.

Acknowledgments: The research was supported by grants from the Ministry of Education, Malaysia
(ER002-2012A and TR001C-2014A) and the University of Malaya (RP002-2012E and PG034-2014A).

Author Contributions: S.D.S.: biological evaluation, molecular modelling and manuscript preparation. C.F.C.:
chemical synthesis. G.V.: biological evaluation, M.J.C.B.: project design and co-ordination and manuscript
preparation. R.O. and N.A.R.: project co-ordination. L.Y.C.: project design and co-ordination.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brookmeyer, R.; Johnson, E.; Ziegler-Graham, K.; Arrighi, H.M. Forecasting the global burden of Alzheimer’s
disease. Alzheimers Dement. 2007, 3, 186–191. [CrossRef] [PubMed]

2. Suh, W.H.; Suslick, K.S.; Suh, Y.-H. Therapeutic agents for Alzheimer’s disease. Curr. Med. Chem. Cent. Nerv.
Syst. Agents 2005, 5, 259–269. [CrossRef]

3. Hansen, R.A.; Gartlehner, G.; Webb, A.P.; Morgan, L.C.; Moore, C.G.; Jonas, D.E. Efficacy and safety of
donepezil, galantamine, and rivastigmine for the treatment of Alzheimer’s disease: A systematic review and
meta-analysis. Clin. Interv. Aging 2008, 3, 211–225. [PubMed]

4. Wiesner, J.; Kriz, Z.; Kuca, K.; Jun, D.; Koca, J. Acetylcholinesterases—The structural similarities and
differences. J. Enzym. Inhib. Med. Chem. 2007, 22, 417–424. [CrossRef] [PubMed]

5. Silman, I.; Sussman, J.L. Acetylcholinesterase ‘classical’ and ‘non-classical’ functions and pharmacology.
Curr. Opin. Pharmacol. 2005, 5, 293–302. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jalz.2007.04.381
http://www.ncbi.nlm.nih.gov/pubmed/19595937
http://dx.doi.org/10.2174/156801505774913035
http://www.ncbi.nlm.nih.gov/pubmed/18686744
http://dx.doi.org/10.1080/14756360701421294
http://www.ncbi.nlm.nih.gov/pubmed/17847707
http://dx.doi.org/10.1016/j.coph.2005.01.014
http://www.ncbi.nlm.nih.gov/pubmed/15907917


Molecules 2016, 21, 955 9 of 10

6. Cheung, J.; Rudolph, M.J.; Burshteyn, F.; Cassidy, M.S.; Gary, E.N.; Love, J.; Franklin, M.C.;
Height, J.J. Structures of human acetylcholinesterase in complex with pharmacologically important ligands.
J. Med. Chem. 2012, 55, 10282–10286. [CrossRef] [PubMed]

7. Kwon, Y.E.; Park, J.Y.; No, K.T.; Shin, J.H.; Lee, S.K.; Eun, J.S.; Yang, J.H.; Shin, T.Y.; Kim, D.K.; Chae, B.S.; et al.
Synthesis, in vitro assay, and molecular modeling of new piperidine derivatives having dual inhibitory
potency against acetylcholinesterase and A β1–42 aggregation for Alzheimer’s disease therapeutics.
Bioorg. Med. Chem. 2007, 15, 6596–6607. [CrossRef] [PubMed]

8. Andersson, C.D.; Forsgren, N.; Akfur, C.; Allgardsson, A.; Berg, L.; Engdahl, C.; Qian, W.; Ekström, F.;
Linusson, A. Divergent structure-activity relationships of structurally similar acetylcholinesterase inhibitors.
J. Med. Chem. 2013, 56, 7615–7624. [CrossRef] [PubMed]

9. Sahu, N.K.; Balbhadra, S.S.; Choudhary, S.S.; Kohli, D.V. Exploring pharmacological significance of chalcone
scaffold: A review. Curr. Med. Chem. 2012, 19, 209–225. [CrossRef] [PubMed]

10. Hasan, A.; Khan, K.M.; Sher, M.; Maharvi, G.M.; Nawaz, S.A.; Choudhary, M.I.; Atta-ur-Rahman;
Supuran, C.T. Synthesis and inhibitory potential towards acetylcholinesterase, butyrylcholinesterase and
lipoxygenase of some variably substituted chalcones. J. Enzym. Inhib. Med. Chem. 2005, 20, 41–47. [CrossRef]
[PubMed]

11. Shen, Y.; Zhang, J.; Sheng, R.; Dong, X.; He, Q.; Yang, B.; Hu, W. Synthesis and biological evaluation of novel
flavonoid derivatives as dual binding acetylcholinesterase inhibitors. J. Enzym. Inhib. Med. Chem. 2009, 24,
372–380. [CrossRef] [PubMed]

12. Sheng, R.; Lin, X.; Zhang, J.; Chol, K.S.; Huang, W.; Yang, B.; He, Q.; Hu, W. Design, synthesis and evaluation
of flavonoid derivatives as potent AChE inhibitors. Bioorg. Med. Chem. 2009, 17, 6692–6698. [CrossRef]
[PubMed]

13. Kang, J.E.; Cho, J.K.; Curtis-Long, M.J.; Ryu, H.W.; Kim, J.H.; Kim, H.J.; Yuk, H.J.; Kim, D.W.; Park, K.H.
Inhibitory evaluation of sulfonamide chalcones on β-secretase and acylcholinesterase. Molecules 2013, 18,
140–153. [CrossRef] [PubMed]

14. Bag, A.; Ghosh, S.; Tulsan, R.; Sood, A.; Zhou, W.; Schifone, C.; Foster, M.; LeVine III, H.; Török, B.; Török, M.
Design, synthesis and biological activity of multifunctional α, β-unsaturated carbonyl scaffolds. Bioorg. Med.
Chem. Lett. 2013, 23, 2614–2618. [CrossRef] [PubMed]

15. Liu, H.R.; Huang, X.Q.; Lou, D.H.; Liu, X.J.; Liu, W.K.; Wang, Q.A. Synthesis and acetylcholinesterase
inhibitory activity of Mannich base derivatives flavokawain B. Bioorg. Med. Chem. Lett. 2014, 24, 4749–4753.
[CrossRef] [PubMed]

16. Liu, H.R.; Liu, X.J.; Fan, H.Q.; Tang, J.J.; Gao, X.H.; Liu, W.K. Design, synthesis and pharmacological
evaluation of chalcone derivatives as acetylcholinesterase inhibitors. Bioorg. Med. Chem. 2014, 22, 6124–6133.
[CrossRef] [PubMed]

17. Mai, C.W.; Yaeghoobi, M.; Rahman, N.A.; Kang, Y.B.; Pichika, M.R. Chalcones with electron-withdrawing and
electron-donating substituents: Anticancer activity against TRAIL resistant cancer cells, structure-activity
relationship analysis and regulation of apoptotic proteins. Eur. J. Med. Chem. 2014, 77, 378–387. [CrossRef]
[PubMed]

18. Shaw, G.; Morse, S.; Ararat, M.; Graham, F.L. Preferential transformation of human neuronal cells by human
adenoviruses and the origin of HEK 293 cells. FASEB J. 2002, 16, 869–871. [CrossRef] [PubMed]

19. Hitchcock, S.A. Blood–brain barrier permeability considerations for CNS-targeted compound library design.
Curr. Opin. Chem Biol. 2008, 12, 318–323. [CrossRef] [PubMed]

20. Ellman, G.L.; Courtney, K.D.; Andres, V., Jr.; Featherstone, R.M. A new and rapid colorimetric determination
of acetylcholinesterase activity. Biochem. Pharmacol. 1961, 7, 88–95. [CrossRef]

21. Sugimoto, H.; Iimura, Y.; Yamanishi, Y.; Yamatsu, K. Synthesis and structure-activity relationships of
acetylcholinesterase inhibitors: 1-Benzyl-4-[(5,6-dimethoxy-1-oxoindan-2-yl)methyl]piperidine hydro-chloride
and related compounds. J. Med. Chem. 1995, 38, 4821–4829. [CrossRef] [PubMed]

22. Ucar, G.; Gokhan, N.; Yesilada, A.; Bilgin, A.A. 1-N-Substituted thiocarbamoyl-3-phenyl-5-thienyl-
2-pyrazolines: A novel cholinesterase and selective monoamine oxidase B inhibitors. Neurosci. Lett. 2005,
382, 327–331. [CrossRef] [PubMed]

23. Sawatzky, E.; Wehle, S.; Kling, B.; Wendrich, J.; Bringmann, G.; Sotriffer, C.A.; Heilmann, J.; Decker, M.
Discovery of highly selective and nanomolar carbamate-based butyrylcholinesterase inhibitors by rational
investigation into their inhibition mode. J. Med. Chem. 2016, 59, 2067–2082. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/jm300871x
http://www.ncbi.nlm.nih.gov/pubmed/23035744
http://dx.doi.org/10.1016/j.bmc.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17681794
http://dx.doi.org/10.1021/jm400990p
http://www.ncbi.nlm.nih.gov/pubmed/23984975
http://dx.doi.org/10.2174/092986712803414132
http://www.ncbi.nlm.nih.gov/pubmed/22320299
http://dx.doi.org/10.1080/14756360400015231
http://www.ncbi.nlm.nih.gov/pubmed/15895683
http://dx.doi.org/10.1080/14756360802187885
http://www.ncbi.nlm.nih.gov/pubmed/18830885
http://dx.doi.org/10.1016/j.bmc.2009.07.072
http://www.ncbi.nlm.nih.gov/pubmed/19692250
http://dx.doi.org/10.3390/molecules18010140
http://www.ncbi.nlm.nih.gov/pubmed/23344193
http://dx.doi.org/10.1016/j.bmcl.2013.02.103
http://www.ncbi.nlm.nih.gov/pubmed/23540646
http://dx.doi.org/10.1016/j.bmcl.2014.07.087
http://www.ncbi.nlm.nih.gov/pubmed/25205193
http://dx.doi.org/10.1016/j.bmc.2014.08.033
http://www.ncbi.nlm.nih.gov/pubmed/25260958
http://dx.doi.org/10.1016/j.ejmech.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24675137
http://dx.doi.org/10.1096/fj.01-0995fje
http://www.ncbi.nlm.nih.gov/pubmed/11967234
http://dx.doi.org/10.1016/j.cbpa.2008.03.019
http://www.ncbi.nlm.nih.gov/pubmed/18435937
http://dx.doi.org/10.1016/0006-2952(61)90145-9
http://dx.doi.org/10.1021/jm00024a009
http://www.ncbi.nlm.nih.gov/pubmed/7490731
http://dx.doi.org/10.1016/j.neulet.2005.03.028
http://www.ncbi.nlm.nih.gov/pubmed/15925113
http://dx.doi.org/10.1021/acs.jmedchem.5b01674
http://www.ncbi.nlm.nih.gov/pubmed/26886849


Molecules 2016, 21, 955 10 of 10

24. Nordberg, A.; Ballard, C.; Bullock, R.; Darreh-Shori, T.; Somogyi, M. A review of butyrylcholinesterase as
a therapeutic target in the treatment of Alzheimer’s disease. Prim. Care Companion CNS Disord. 2013, 15.
[CrossRef]

25. Kryger, G.; Silman, I.; Sussman, J.L. Structure of acetylcholinesterase complexed with E2020 (Aricept (R)):
Implications for the design of new anti-Alzheimer drugs. Structure 1999, 7, 297–307. [CrossRef]

26. Berg, L.; Andersson, C.D.; Artursson, E.; Hörnberg, A.; Tunemalm, A.K.; Linusson, A.; Ekström, F. Targeting
acetylcholinesterase: Identification of chemical leads by high throughput screening, structure determination
and molecular modeling. PLoS ONE 2011, 6, e26039. [CrossRef] [PubMed]

27. Matter, H.; Nazaré, M.; Güssregen, S.; Will, D.W.; Schreuder, H.; Bauer, A.; Urmann, M.; Ritter, K.; Wagner, M.;
Wehner, V. Evidence for C-Cl/C-Br¨ ¨ ¨ pi interactions as an important contribution to protein-ligand binding
affinity. Angew. Chem. Int. Ed. Engl. 2009, 48, 2911–2916. [CrossRef] [PubMed]

28. Nachon, F.; Carletti, E.; Ronco, C.; Trovaslet, M.; Nicolet, Y.; Jean, L.; Renard, P.Y. Crystal structures of human
cholinesterases in complex with huprine W and tacrine: Elements of specificity for anti-Alzheimer’s drugs
targeting acetyl- and butyryl-cholinesterase. Biochem. J. 2013, 453, 393–399. [CrossRef] [PubMed]

29. Imafuku, K.; Honda, H.; McOmie, J.F.W. Cyclodehydrogenation of 21-hydroxychalcones with
2,3-dichloro-5,6-dicyano-p-benzoquinone: A simple route for flavones and aurones. Synthesis 1987, 2,
199–201. [CrossRef]

30. Maiti, G.; Karmakar, R.; Bhattacharya, R.N.; Kayal, U. A novel one pot route to flavones under dual catalysis,
an organo- and a Lewis acid catalyst. Tetrahedron Lett. 2011, 52, 5610–5612. [CrossRef]

31. Detsi, A.; Majdalani, M.; Kontogiorgis, C.A.; Hadjipavlou-Litina, D.; Kefalas, P. Natural and synthetic
21-hydroxy-chalcones and aurones: Synthesis characterization and evaluation of the antioxidant and soybean
lipoxygenase inhibitory activity. Bioorg. Med. Chem. 2009, 17, 8073–8085. [CrossRef] [PubMed]

32. Chen, F.C.; Yang, C.H. Haloflavones. Taiwan Yaoxue Zazhi 1951, 3, 39–41.
33. Prasad, Y.R.; Prasoona, L.; Rao, A.L.; Lakshmi, K.; Kumar, P.R.; Rao, B.G. Synthesis and antimicrobial activity

of some new chalcones. Int. J. Chem. Sci. 2005, 3, 685–689.
34. Boeck, P.; Leal, P.C.; Yunes, R.A.; Cechinel Filho, V.; Lopez, S.; Sortino, M.; Escalante, A.; Furlan, R.L.E.;

Zacchino, S. Antifungal activity and studies on mode of action of novel xanthoxyline-derived chalcones.
Arch. der Pharm. 2005, 338, 87–95. [CrossRef] [PubMed]

35. Aponte, J.C.; Verástegui, M.; Malaga, E.; Zimic, M.; Quiliano, M.; Vaisberg, A.J.; Gilman, R.H.; Hammond, G.B.
Synthesis, cytotoxicity, and anti-Trypanosoma cruzi activity of new chalcones. J. Med. Chem. 2008, 51,
6230–6234. [CrossRef] [PubMed]

36. Cabrera, M.; Simoens, M.; Falchi, G.; Lavaggi, M.L.; Piro, O.E.; Castellano, E.E.; Vidal, A.; Azqueta, A.;
Monge, A.; de Ceráin, A.L.; et al. Synthetic chalcones, flavanones, and flavones as antitumoral agents:
Biological evaluation and structure–activity relationships. Bioorg. Med. Chem. 2007, 15, 3356–3367. [CrossRef]
[PubMed]

37. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4
and AutoDockTools4: Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30,
2785–2791. [CrossRef] [PubMed]

38. Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, R.K.; Olson, A.J. Automated docking
using a Lamarckian genetic algorithm and empirical binding free energy function. J. Comput. Chem. 1998, 19,
1639–1662. [CrossRef]

39. Stierand, K.; Maaß, P.; Rarey, M. Molecular complexes at a glance: Automated generation of two-dimensional
complex diagrams. Bioinformatics 2006, 22, 1710–1716. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds 7, 10, 13 and 14 are available from the authors.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4088/PCC.12r01412
http://dx.doi.org/10.1016/S0969-2126(99)80040-9
http://dx.doi.org/10.1371/journal.pone.0026039
http://www.ncbi.nlm.nih.gov/pubmed/22140425
http://dx.doi.org/10.1002/anie.200806219
http://www.ncbi.nlm.nih.gov/pubmed/19294721
http://dx.doi.org/10.1042/BJ20130013
http://www.ncbi.nlm.nih.gov/pubmed/23679855
http://dx.doi.org/10.1055/s-1987-27891
http://dx.doi.org/10.1016/j.tetlet.2011.08.078
http://dx.doi.org/10.1016/j.bmc.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19853459
http://dx.doi.org/10.1002/ardp.200400929
http://www.ncbi.nlm.nih.gov/pubmed/15799012
http://dx.doi.org/10.1021/jm800812k
http://www.ncbi.nlm.nih.gov/pubmed/18798609
http://dx.doi.org/10.1016/j.bmc.2007.03.031
http://www.ncbi.nlm.nih.gov/pubmed/17383189
http://dx.doi.org/10.1002/jcc.21256
http://www.ncbi.nlm.nih.gov/pubmed/19399780
http://dx.doi.org/10.1002/(SICI)1096-987X(19981115)19:14&lt;1639::AID-JCC10&gt;3.0.CO;2-B
http://dx.doi.org/10.1093/bioinformatics/btl150
http://www.ncbi.nlm.nih.gov/pubmed/16632493
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Information 
	Synthesis of Chalcones 1–14 
	Enzyme Inhibition Studies 
	Molecular Modelling Studies 

	Conclusions 

