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Design, synthesis and biological evaluation of xanthone derivatives for possible
treatment of Alzheimer’s disease based on multi-target strategy
Aihong Yang, Qiao Yu, Hui Ju, Lulu Song, Xiaodi Kou* and Rui Shen*

School of Chinese Materia Medica, Tianjin University of Traditional Chinese Medicine, Tianjin 301617.
*E-mail address for correspondence: xiaodikou2013@163.com, shenr2016@126.com.

Four xanthone derivatives were synthesized and evaluated as acetylcholinesterase inhibitors (AChEIs) with
metal chelating ability and antioxidant ability against Alzheimer’s disease (AD). Most of them exhibited
potential acetylcholinesterase (AChE), butylcholinesterase (BuChE) inhibitory, antioxidant and metal
chelating properties. Among them, 3-(2-( pyrrolidinyl)ethoxy)-1- hydroxy-9H-xanthen-9-one (2) had the
highest ability to inhibit AChE and displayed high selectivity towards AChE (ICs50=2.403+0.002 uM for
AChHE and 1C5¢=31.2214£0.002 uM for BuChE). And it was also a good antioxidant (ICs50=2.662+0.003 uM).
Enzyme Kkinetic studies showed that compound 2 was a mixed-type inhibitor, which could interact
simultaneously with the catalytic anionic site (CAS) and the peripheral anionic site (PAS) of AChE.
Interestingly, the copper complex (2-Cu?') showed more significant inhibitory activity for AChE
(IC50=0.934+0.002 pM) and antioxidant activity (ICs¢=1.064+0.003 uM). Molecular dockings were carried
out for the four xanthone derivatives in order to further investigate the binding modes. Finally, the blood-
brain barrier (BBB) penetration prediction indicated that all compounds might penetrate BBB. These
results suggested that compound 2 was promising AChEI with metal chelating ability and antioxidant

ability for the further investigation.

Keywords: Xanthone * Anti-ChE activity * Anti-oxidant activity * Metal chelation

Introduction

Alzheimer's disease (AD) is a progressive neurological disease leading to memory impairment.!'] AD is the
main cause of dementia. The amount of patients is increasing year by year. It is estimated that there will be
one in every 85 people to suffer AD by 2050.12! AD also induced a great amount of economic loss, the
overall cost for AD was estimated to be 818 billion dollars in 2015, with an increase of 35.3% compared to
2010 and the datum is expected to double by 2030.131 Although considerable researches have been devoted
to understanding and modulating the pathogenetic mechanisms of AD, the etiology of AD still remains
unclear. Diverse factors have been demonstrated to play crucial roles in the pathogenesis of AD, including
deficits of choline,™ oxidative stress,’! dyshomeostasis of biometals!® and formation of B-amyloid (Ap)
deposits,” etc. Due to the complex pathogenesis of AD, multi-target-directed ligands (MTDLSs) strategy
has been applied in the search for potential anti-AD drugs.[®")

In fact, the different pathogenetic factors of AD are interconnected. The peripheral anionic site (PAS)

of acetylcholinesterase (AChE) can accelerate the formation of AP aggregation andamyloid fibril. The
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interaction between AP and the PAS produces stable AChE-AP complexes, which are more toxic than AP
peptide aggregates.l'’] Metal ions, such as Cu?* and Fe’* can stimulate the generation of reactive oxygen
species (ROS) and lead to oxidative stress.['l'?] Oxidative stress with degradation of several cellular
biomolecules including nucleic acids, proteins, and lipids is an event that precedes the appearance of other
pathological hallmarks of AD, such as senile plaques and neurofibrillary tangles.!'>!4] The cholinergic
hypothesis proposed by scientists has been proved to be a clinically viable strategy. In recent years, the new
acetylcholinesterase inhibitors (AChEIs) have attracted many researchers.[!%16]

Xanthones, widely exist in Polygalaceae, Guttiferae, Gentianaceae and some families of fungi and

17,18

lichens, are well-known natural compounds.['-'®8] They display a wide range of biological activities, such as

anti-inflammatory,!'”) antitumour,?" antioxidant®!! and inhibition of cholinesterase,l??l which has led to the
xanthones being designated as 'privileged structures'.?3] Especially, xanthone derivatives as cholinesterase
inhibitors have received significant attention in the recent years.[?+2°]

In this work, four xanthone derivatives with tertiary amine side chains have been synthesized as novel
effective candidates against AD. The rational design of these xanthone derivatives is shown in Figure 1.
Firstly, most of the reported or clinically used reversible AChEIs are tertiary amines (such as donepezil and
rivastigmine) or quarternery ammonium salt (such as neostigmine). So tertiary and quaternary amines are
valuable candidates for the development of AChEI medicines. In this work, we designed the double sites
inhibitor and chose xanthone to interact with PAS and the tertiary amine to interact with CAS. Secondly,
the active sites of AChE include PAS, CAS and a hydrophobic area. In consideration of the distance of the
active sites in AChE, the flexible and hydrophobic carbon chain consisting of two or three carbon atoms is
suitable to work as the linker. In addition, the linker length with two carbon atoms is more likely to
penetrate the blood-brain barrier than compounds with longer carbon chains. Therefore, in this work,
xanthone derivatives with two carbon chain lengths were selected as the research objects. Thirdly, the 1-
hydroxy group and carbonyl group on the xanthone scaffold can work as the chelating sites to metal ions.
Finally, the phenol and amine moieties can be good antioxidants. So, these compounds may contain the
properties of AChE inhibition, metal chelating, and antioxidant at the same time. Furthermore, the
absorption and blood-brain barrier (BBB) permeability were predicted and molecular dockings were

studied.
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Figure 1. Rational design of xanthone derivatives.
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Results and Discussion

Synthesis

1,3-Dihydroxy xanthone (1,3-DHX) was prepared according to the literatures.?®) Amination of 1,3-DHX
with amine alkyl halides in acetone was carried out according to the literatures®”) with some improvements
(Schemel).The structures of all compounds were confirmed by 'H NMR, 3C NMR, MS, Elemental

analyses and IR.[?%]

O OH
OH Reflux 1.5h 0 OH
O OH

Anhydrous K,COg3, KI
Reflux, 8 h o G

(1-4)

/ /\
1: R= —N\ 2: R= —N/\:’ 3: R= —N [e) 4: R= —N

Scheme 1. Synthesis of compounds 1-4.

Metal-chelating properties

In compounds 1-4, 1-hydroxy and 9-carbonyl can work as binding sites to chelate with metal ions,
which can be confirmed by the disappearance of 1-hydroxy peak at 12.71 ppm and the shift of peaks on the
xanthone ring in the 'H NMR of the zinc complex. The 'H NMR spectra were shown in Figure S1 of
Supporting Information. To further study the chelating ability of compounds, a series of absorption spectra
of 1-4 titrated with Cu®* or Fe** were collected. Compound 2 was taken as an example and the results were
shown in Figure 2. The black line is full-wavelength UV scan curve of 2 without metal ions. The curves of
other colors are full-wavelength scans of different mole ratios of metal and compound 2. Compound 2
exhibits a maximum absorption at 236 nm and moderate-intensity absorption at 303 or 304 nm. When Cu?*
or Fe*" was added into the solution, a new peak appeared at 269 nm, indicating the formation of the copper
or iron complex. To confirm the component of the complex, the binding stoichiometry of compound 2 with
Cu?" or Fe*" was determined by measuring the changes in absorption at 269 nm. As shown in the scatter
plot in Figure 2, the results of titration analysis indicate that the stoichiometric ratio of complex is 2:1.

In addition, the experimental results of metal chelating ability of the other compounds were similar to

2 (the titration figures were shown in Figure S2-S4 of Supplemental Information).
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Figure 2. Metal chelating capacity of 2: the absorption spectra of 2-Cu?*(A) and2-Fe**(B) in absolute ethyl alcohol and

determination of the stoichiometry of 2-Cu?* or 2-Fe3* complex (embedding figure).
Cholinesterase inhibitory activity

The AChE (from electric eel) and BuChE (from equine serum) inhibition effects of 1-4 and 2-Cu’*were
determined by Ellman method.!*”! Tacrine was applied as standard compound for comparison.®! Tacrine, a
classical AChE inhibitor, could bond to the important amino acids Phe330, Prp84 and Ser122 of AChE
through n-cation and =w-m interactions (Figure S5 of Supporting Information). The ICso values and
selectivity index were presented in Table 1. In vitro assays proved that all of the compounds had higher
inhibitory activities against AChE than 1,3-DHX. 2 and 4 effectively inhibited AChEs in the micromolar
range, which were comparable to tacrine. 1 exhibited moderate inhibitory activity for AChE. However, 3
showed weak inhibitory ability. Interestingly, the 2-Cu?* complex displayed stronger inhibitory activity for
ACHhE than 2. In addition, the results of BuChE inhibitory activity of 1-4 showed that 2 had high inhibition
selectivity for AChE over BuChE. While 4 might act as a potent dual inhibitor of AChE and BuChE.
Table 1. AChE and BuChE inhibitory activity and antioxidant activity.

Compound AChHE ICso(pM)@ BuChE ICso(uM)® Selective Index! Scavenging-OH ICso(uM)!

1 19.731+0.003 37.250+0.021 1.888 3.841+0.004

2 2.403%0.002 31.221%0.002 12.992 2.662+0.003

3 156.310+0.004 >200 — 12.399+0.012

4 2.615+0.004 2.816+0.004 1.076 6.448+0.005

2-Cu?* 0.934+0.002 — — 1.064+0.003

Tacrine 0.529+0.003 0.261+0.001 0.493 —

Vitamin C — — — 7821+0.004

1,3-DHX >200 >200 — —

[BI[Cso: 50% inhibitory concentration (means + SEM of three times).

% Selectivity Index = ICso (BuChE)/ICso (AChE)

Kinetic study of AChE inhibition

Enzyme kinetic study was carried out to investigate the inhibitory mechanism of compound 2 based on the
above results. Inhibition mechanism was analyzed with Lineweaver—Burk Plots. As shown in Figure 3, all

straight lines are intersected in the second quadrant. According to the Michaelis—Menten equation,’" as the
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sample concentration increased, Vmax decreased, Kn increased, and Km/Vmax increased. It was showed a
mixed-type inhibition. The K (slope) and Ki' (intercept) value of compound 2 were calculated.*!! The K;
and K’ values were estimated as 3.3824 uM and 4.9139 puM. The value of o (Ki/Ki' ) < 1 further indicated 2

was a competitive/noncompetitive mixed-type inhibitor.3?]
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Figure 3. Kinetic study of the mechanism of AChE inhibition activity of compound 2.
Antioxidant ability

Antioxidative activity is considered valuable therapeutic pathway against AD. Hydroxyl radical (-OH) is
the major ROS in human body. The -OH scavenging activities of compounds 1-4 and 2-Cu?'were examined
and shown in Table 1. With vitamin C as a control,!33] the antioxidant capacity tests were conducted with
the Fenton reaction.®¥ As shown in Figure 4, they show exceptional excellent antioxidant activities
compared with vitamin C, of which the ICso value is 7821 uM. The excellent antioxidative activity of
compounds 1-4 might come from the phenol moiety.? It might also come from the introduced amine
moieties since amines are notoriously easy to be oxidized by donating the lone pair. Amines can even be
oxidized during storage in contact with the air.[33 So compounds 1-4 can act as good antioxidants when
ROS present. While the increased antioxidant activity of 2-Cu?* could be attributed to the synergetic effect
of metal and the ligand.
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Figure 4. Antioxidant activity of compounds 1-4, 2-Cu?*, and vitamin C.
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The Docking Studies

Molecular docking is a useful tool for complex interactions between the receptor and ligand.[3%371 To further
investigate the binding ability and mode of compounds 1-4 to cholinesterase, molecular modeling was
carried out by the Cdocker module of Discovery studio (DS, V7.6). As shown in Figure 5-8, the docking
results indicated that 1-4 could bind with the CAS, mid-gorge site and PAS of AChE. In the bottom of the
gorge, the terminal amine of 1-2 and 4 were observed to bind to the CAS via a carbon-hydrogen bond
interaction between His 440 (2.73 A, 2.66 A and 2.83 A). The pyrrolidine ring in 2 and piperidine ring in 4
were observed to bind to the CAS via the carbon-hydrogen bond and n-alkyl interaction between Trp84 and
Phe330. However, the oxygen atom of morpholinyl in 3 might reduce the electron density of terminal
amine via the electron-withdrawing effect, thus affecting the protonation of amine and the interaction
between 2 and AChE. So, 3 exhibited much weaker affinity with AChE than the other compounds. Cdocker
interaction energy was used to evaluate the binding affinity.*® The higher the -Cdocker interaction energy,
the greater the binding affinity between the acceptor and the ligand is. The docking scores of the
compounds with AChE (Table 2) showed that among compounds 1-4, 2 had the strongest affinity, but was
slightly weaker than donepezil (-Cdocker interaction energy = 50.8019 kcal-mol!). The sequence of -
Cdocker interaction energy was 2 > 4> 1> 3.

The results showed that the inhibitory potency against AChE was closely related with the tertiary
amine groups. The tertiary amine groups could improve the affinity of xanthone to cholinesterase. The
higher the pK, value, the stronger the binding energy was. The order of the pK, value of the tertiary amine
group was pyrrolealkyl (pK.= 11.27) > piperidinyl (pK.= 11.22) > dimethylamino (pK.= 10.64) >
morpholinyl (pK.= 8.36). So compound 2 showed the highest inhibition and binding energy to AChE,

which was consistent with the results of in vitro experiments.
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Figure 5. Molecular modeling of compound 1 with AChE.
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Figure 8. Molecular modeling of compound 4 with AChE.

As shown in Table 2, the affinities of 2 to AChE and BuChE were significantly different, suggesting
that 2 could be used as a selective AChE inhibitor. And the affinities of 4 to AChE and BuChE were
comparative, indicating that 4 could be used as a double inhibitor. Molecular modeling figures (Figure S6-
S7) illustrate the difference between 2 and 4 with BuChE. Compound 4 had richer binding modes with
BuChE than 2 such as electrostatic attraction (attractive charge). Furthermore, 4 bound to the active site of
BuChE more strongly since it could interact with the aromatic ring of Trp82 by face to face n-m interactions.

The docking result was useful to understand the results of in vitro experiments.

This article is protected by copyright. All rights reserved.
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Table 2. -Cdocker interaction energy of compounds (kcal-mol™!).

Compounds -Cdocker interaction energy (AChE) -Cdocker interaction energy (BuChE)
1 39.1120 37.9944
2 41.3323 32.7270
3 39.8513 38.2094
4 40.4663 41.5472
1,3-DHX 30.2141 27.7674

Prediction of absorption and BBB permeability

The drug-likeness and blood brain barrier permeability are important for studying on drugs of central
nervous system (CNS). In recent years, rule of 58*] (including H-bond donors < 5, H-bond acceptors < 10,
the molecular weight (MW) < 500, CLogP < 5 and rotatable bonds < 10) and polar surface area < 70 A2[40]
have been used to predict the absorption and BBB permeability of compounds. The H-bond acceptors, H-
bond donors and rotatable bonds values were calculated by the admet SAR server.*' The MW, ClogP and
polar surface area were calculated by ChemDraw 12.0. The prediction of BBB penetration was also
evaluated by the admet SAR server. As shown in Table 3, the evaluation data of compounds 1-4 satisfied

the above rules and are similar to standard drugs (donepezil). It suggested that 1-4 had good absorption and

permeability.
Table 3. The evaluated data of the compounds 1-4 and donepezil.
1 2 3 4 donepezil
MW 299.8 325.8 341.1 339.1 379.5
ClogP 3.7 4.4 3.8 4.9 4.6
H-bond acceptors 5 5 6 5 4
H-bond donors 1 1 1 1 0
Rotatable bonds 4 4 4 4 6
Polar surface area (A?) 59 59 68 59 39
BBB penetration + + + + +
Conclusions

In summary, four novel xanthone derivatives were synthesized. In vitro results showed that 1-4 displayed
inhibitory activity for AChE. Moreover, these compounds showed strong antioxidant activity and metal
chelating property. And the results from ChemDraw and the admet SAR server indicated that 1-4 had good
absorption and permeability. 2 exhibited the highest AChE inhibition activity, selectivity for inhibition of
AChHE over BuChE and antioxidant activity. The enzyme kinetics and molecular modeling studies indicated
that the xanthone scaffold of 2 can bind the PAS, while the introduced terminal amine group could interact
with CAS. Especially, after coordinating to metal, 2 displayed much better bioactivities possibly due to the
synergetic effect. So, compounds 1-4, especially 2, have potential to be developed into new anti-

Alzheimer’s agents.
Experimental

Materials and methods
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All chemicals were purchased from Aladdin Reagent Co. Ltd. (Shanghai, China) without being purified
before use. AChE, BuChE, bull serum albumin (BSA), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB),
acetylthiocholine iodide (ATCI) and butylthiocholine iodide (BTCI) were purchased from Sigma-Aldrich
LLC. (Shanghai, China). "'HNMR spectra were recorded using TMS as the internal standard in CDCl; on a
Bruker 400 MHz instrument (Bruker, Karlsruhe, Germany). Elemental analyses were performed at CNQO
(CSIC, Spain). Mass spectrometry (MS) was acquired on a Quadrupole 6120 MS spectrometer (Agilent
Technologies Co., Ltd., USA). Melting points were measured on the X-4 micro melting point meter
(Shanghai precision scientific instrument Co. Ltd., China). UV spectra were recorded on a Shimadzu UV-
2401 PC spectrophotometer. The absorbance in enzyme tests was measured at 405 nm using a microplate

reader (TECAN, infinite m200 pro).
1,3-dihydroxy xanthone

100 mL previously prepared Eaton’s reagent was added slowly into the mixture of dehydrated
phloroglucinol (50 mmol, 6.31 g) and salicylic acid (50 mmol, 6.92 g). Then, the reaction mixture was kept
stirring at 75°C until TLC indicated completion. After cooling to room temperature, the reaction mixture
was poured into crushed ice and stirred for 3 h.[?] The resulting solid was filtered, washed with distilled
water. The dried solid was purified by silica gel column chromatography to obtain a pale yellow solid, yield

75 %.
General procedures for the preparation of compounds 1-4.

A mixture of 1,3-DHX (Ci3HsO4, 2.0 mmol, 0.46g) and K>CO3 (6.0 mmol, 0.83 g) was dissolved in
anhydrous acetone. The mixture was refluxed under stirring at 60°C. After 30 minutes, KI (3.0 mmol, 0.50
g) and amines chloride hydrochloride salt (6.0 mmol) were added to the reaction solution. The reaction
mixture was kept stirring until TLC indicated completion.’] The crude products were purified by

chromatography on a silicagel column and recrystallized to obtain compounds 1-4 as yellow solids.
3-(2-(dimethylamino)ethoxy)-1- hydroxy-9H-xanthen-9-one (1)

Yellow crystals, yield 42 %, m.p. 93-95 °C. 'H NMR (CDCLs) & (ppm): 12.71 (s, 1H), 8.06 (dd, J = 7.87,
1.14 Hz, 1H), 7.84-7.79 (m, 1H), 7.51 (d, J = 8.38 Hz, 1H), 7.42 (t, J = 7.50 Hz, 1H), 6.51 (d, J = 2.06 Hz,
1H), 6.29 (d, J = 2.07 Hz, 1H), 4.12 (t, J = 5.69 Hz, 2H), 2.62 (t, J = 5.67 Hz, 2H), 2.21 (s, 6H); 13C NMR
(DMSO) § (ppm): 179.9, 165.7, 162.4, 157.0, 155.2, 135.6, 125.1, 124.3, 119.6, 117.5, 102.9, 97.3, 92.9,
66.7,57.2, 45.4. MS: 299.8 (M + H] *. Anal. calc. for C17H17NO4 (299.12): C 68.22, H 5.72, N 4.68; found:
C 68.02, H 5.49, N 4.72. IR (KBr) v(cm™): 3426, 2923, 1660, 1602, 1467, 1292, 1229, 1164, 925, 749.

3-(2-( pyrrolidinyl)ethoxy)-1- hydroxy-9H-xanthen-9-one (2)

Yellow crystals, yield 20 %, m.p.112-114 °C. 'H NMR (CDCls) 6 (ppm): 12.86 (s, 1H), 8.24 (dd, J=1.0,
7.5 Hz, 1H), 7.74-7.68 (m, 1H), 7.43 (d, J = 8.42 Hz, 1H), 7.38 (t, J = 7.52 Hz, 1H), 6.46 (d, J = 2.08 Hz,
1H), 6.37 (d, J=2.08 Hz, 1H), 4.20 (t, /= 5.86 Hz, 2H), 2.94 (t, J = 5.85 Hz, 2H), 2.64 (m, 4H), 1.89-1.76
(m, 4H); 3C NMR (CDCl;3) 6 (ppm): 180.8, 166.0, 163.5, 157.7, 156.1, 135.0, 125.9, 124.0, 120.7, 117.6,
104.0, 97.6, 93.4, 67.7, 54.8. 54.7, 23.5. MS: 325.8 (M + H] *. Anal. calc. for CioH;9NO4 (325.13): C

9
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70.14, H 5.89, N 4.31; found: C 70.01, H 5.82, N 4.52. IR (KBr) v(cm™): 3406, 2953, 1658, 1601, 1465,
1292, 1234, 1161, 936, 754.

3-(2-(morpholinyl)ethoxy)- 1- hydroxy-9H-xanthen-9-one (3)

Yellow crystals, yield 16 %, m.p.131-136 °C."H NMR (CDCl;3) J (ppm): 12.86 (s, 1H), 8.25 (dd, J = 7.92,
1.33 Hz, 1H), 7.74-7.69 (m, 1H), 7.43 (d, J = 8.43 Hz, 1H), 7.38 (t, J = 7.54 Hz, 1H), 6.44 (d, J=2.17 Hz,
1H), 6.35 (d, J=2.16 Hz, 1H), 4.20 (t, J = 5.66 Hz, 2H), 3.76-3.73 (m, 4H), 2.84 (t, J = 5.65 Hz, 2H), 2.61-
2.57 (m, 4H); 3C NMR (CDCls). 6 (ppm): 180.9, 163.6, 157.8, 156.1, 135.1, 125.9, 124.1, 120.7, 117.7,
104.1, 97.5, 93.4, 66.7, 66.4, 57.2, 54.0. MS: 341.8 (M + H] *. Anal. calc. for Ci7H;7NO4 (341.13): C
66.85, H 5.61, N 4.10; found: C 66.78, H 5.49, N 4.06. IR (KBr) v(cm™): 3470, 2969, 1646, 1608, 1421,
1297, 1231, 1164, 917, 764.

3-(2-(piperidinyl)ethoxy)-1- hydroxy-9H-xanthen-9-one (4)

Yellow crystals, yield 33 %, m.p.106-110 °C.'H NMR (CDCls) é ppm: 12.83 (s, 1H), 8.30 (dd, /= 0.8, 7.6
Hz, 1H), 7.79-7.60 (m, 1H), 7.41 (d, J= 8.41 Hz, 1H), 7.36 (t, J= 7.54 Hz, 1H), 6.43 (d, J=2.01 Hz, 1H),
6.34 (d, J=2.00 Hz, 1H), 2.82 (t, J = 5.92 Hz, 2H), 4.19 (t, J = 5.93 Hz, 2H), 1.50-1.43 (m, 2H), 2.53 (s,
4H), 1.62 (td, J=11.03, 5.58 Hz, 4H); '*C NMR (CDCls) d(ppm): 180.9, 166.1, 163.6, 157.8, 156.2, 135.1,
126.0, 124.1, 120.8, 117.7, 104.1, 97.7, 93.5, 66.8, 57.6, 55.2, 26.0, 24.2. MS: 339.9 (M + H] *. Anal. calc.
for C20H21NO4 (339.15): C 70.78, H 6.24, N 4.13; found: C 70.58, H 6.12, N 4.10. IR (KBr) v(cm™): 3470,
2932, 1650, 1606, 1416, 1289, 1233, 1169, 912, 755.

Metal chelation

The chelating studies were performed with a UV-Vis spectrophotometer with wavelength ranging from 200
to 400 nm. The chelating abilities of compounds 1-4 and mole ratio of Cu?" and Fe3" complexes were
measured by a molar ratio method through titrating the methanol solution of compounds with ascending
amounts of CuCl>:2H>O and FeCl;-6H,0.4?l The absorption spectra were recorded at room temperature.

The reaction was stopped after the mole fraction of the metal ion to compounds 1-4 reached 1.
Inhibition of ChEs

The inhibitory activities were evaluated by Ellman’s method.*’l All test compounds were dissolved in
DMSO and diluted to different concentrations with buffer solution A (Tris-HCI, 50 mM, pH = 8.0). The
final concentration of DMSO was less than 0.5 %. Buffer solution B (0.02% BSA in buffer A, 30 pL),
DTNB (2.4 mM, 10 pL), AChE or BuChE (10 pL) and different concentrations of the test compounds (10
pL) were incubated at 37 °C for 10 min. Then ATCI (1.6 mM, 10 uL) or BTCI (1.6 mM, 10 uL) was added
as the substrate. After incubation for another 15 min at 37 °C, SDS (0.4 %, 30 uL) was added to stop the

reaction. The ICso values were calculated using SPSS.
Kinetic of AChE inhibition

Kinetic characterization of AChE was performed using Ellman’s method. Buffer solution B (30 pL),
DTNB (2.4 mM, 10 pL), AChE (10 pL) and 10 uL different concentrations (1.2 uM, 2.4 uM, 5.0 uM) of
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compound 2 were pre-incubated at 37 °C for 10 min. Then, different concentrations of ACTI (20 pL, 0.32
mM, 0.48 mM, 0.64 mM, 0.8 mM, 0.96 mM) were added. After incubation for another 15 min at 37 °C,
SDS (30 uL, 0.4 %) was added to stop the reaction. The absorbance was measured at 405 nm using a

microplate reader.*3] The data were analyzed using Origin 2018.
Antioxidant ability

The ability of the compounds to scavenge hydroxyl radical was tested by the Fenton reaction.’?! The
reaction mixture was composed of safranine T solution (0.5 mM, 20 uL), EDTA-Fe** (10 mM, 10 uL),
different concentrations of 2 (20 pL), buffer solution (Tris-HCI, pH=7.4, 30 pL,) and H>O; solution (3%,

40 pL). The absorbance at 520 nm was measured using a microplate reader and analyzed by Origin 2018.
Molecular modeling study

Molecular docking studies were performed using Discovery studio (DS, V7.6). The X-ray crystallographic
structures of AChE with donepezil (PDB code 1EVE) and BuChE (PDB code 1POI) were obtained from
the PDB. The 3D structures of 1-4 were constructed by ChemDraw 12.0. Hydrogenation, completion the
loop chain, and adding CHARMm force field to the protein were completed with the protein preparation
tool. Ligands were optimized with minimizing ligand program. The active site was selected as an amino
acid in the range of 5 A around the original ligand (donepezil), and the radius of the SBD_Site Sphere is
15.0.4% To validate the docking reliability, co-crystalized ligand donepezil was first re-docked to the
binding site of AChE.*! The Cdocker module was used for docking compounds 1-4 into the active site of
the corresponding protein. The interactions with binding pocket residues were analyzed and evaluated by

Cdocker interaction energy.
Supplementary Material

Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/MS-

number.
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