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The b-carboline scaffold are very potent for encouraging molecular interactions with a wide range of
Alzheimer’s target. Based on biological importance of carboline nucleus, we have designed a new series
of carboline derivatives and screened them for acetyl cholinesterase and butyrylcholinesterase inhibition.
The structural interpretation of the synthesized analogs was done by spectroscopic techniques such as 1H
NMR, 13C NMR. Almost all analogs of the series exhibited good to moderate inhibition activities. The most
potent analog among the series was analog 2 having, three hydroxyl groups on the phenyl ring. The IC50

values for this analog was 0.10 ± 0.01 for acetylcholinesterase and 0.30 ± 0.01 for butyrylcholinesterase.
To understand the interactions of this analogs with the active sites of enzyme docking study was also car-
ried out.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction language problems (Huang et al., 2020). Alzheimer’s disease
Currently there are about 50 million Alzheimer’s disease
patients, and it is expected that this number will increase up to
150 million by 2050 (Breijyeh and Karaman, 2020). Alzheimer’s
disease has been professed as global health priority by WHO as
there is no everlasting treatment for it (Downer et al., 2021). It is
a widespread neuro-deteriorating disease, characterized by mem-
ory weakening at the beginning followed by perceptive dysfunc-
tion such as visual perception aberrations, decision making and
mainly affects the hippocampus and neocortex, a region in the
temporal lobe that is responsible for learning, memory and natural
ability to retain body posture (Boccia et al., 2019; Eichenbaum,
2017). Cholinesterase that belongs to the carboxylesterases is pre-
sent consistently in high level organisms and is crucial for
neurotransmission.

Human cholinesterase is of two types of Acetylcholinesterase
(AChE; EC 3.1.1.7) and butyrylcholinesterase (BuChE); (EC
3.1.1.8) (Obaid et al., 2022). Acetylcholinesterase (AChE) a member
of the hydrolase superfamily converts acetylcholine into acetate
and choline (Obaid et al., 2022). It is mainly present in primary
cleft post junctional fold, but its great proportion is present in basal
lamina. The major role of AChE is to terminate neuronal transmis-
sion and signaling between synapses to prevent AChE dispersal
and activation of nearby receptors (Heo et al., 2020).

BuChE is another closely related enzyme to AChE which also
plays an effective role in the hydrolysis of acetyl choline. Research
have shown that as the Alzheimer’s disease progress there is
increase in BChE activity in most affected area of brain. This
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increase in BuChE plays a crucial role in b-amyloid aggregation
during the early stage of senile plaque formation (Mascarenhas
et al., 2021). In the advanced stage of Alzheimer’s disease when
the cholinergic neurons have been destroyed, the amount of AChE
decreases while the level of BuChE increases making it the leading
Ach metabolic enzyme (Mushtaq et al., 2014). The ACh’s duration
of action is prolonged by cholinesterase inhibitors, whereby reduc-
ing the clinical signs of dementia brought on by the loss of cholin-
ergic neurons or a reduction in cholinergic activity in the brain
(Kandiah et al., 2017). Among the drugs that are used for the treat-
ment of minor to severe Alzheimer’s disease, rivastigmine is now
approved by the U.S. Food and Drug Administration (FDA) which
is a dual inhibitor of both AChE and BChE. While galantamine
and donepezil are selective inhibitors of AChE only. Therefore,
the development of innovative dual inhibitors is important to
expand the therapeutic choices and enhance the management of
this disorder (Khoury et al., 2018; Wu et al., 2020).

b-carboline is a heterocyclic compound which belongs to alka-
loid family. It is also known as nor-harmane, a member of the
indole alkaloids family with a pyridine ring attached to an indole
molecule (Torromino et al., 2021). They are classified based on sat-
uration and unsaturation of pyridine ring. Unsaturated carboline
are designated as aromatic carboline while partially or completely
saturated are dihydrocarboline or tetrahydrocarboline (Gooyit
et al., 2015; Laine et al., 2014). As a result, synthesized and natural
-carbolines were most frequently used for their wide range of bio-
logical activities such as anticancer (Aaghaz et al., 2021; Ahmad
et al., 2020), anti-malarial (Kamboj et al., 2021; Mathew et al.,
2022), anti-viral (Beus et al., 2022; Hegazy et al., 2023), anti-
diabetic (Singh et al., 2019; Zhu et al., 2021) and antioxidant
(Kontham et al., 2021).

Our research group has reported various indole derivatives as
potential inhibitor of Alzheimer’s disease and has found promising
results (Khan et al., 2023; Taha et al., 2021a, 2021b). Similarly,
compounds having hydrazides scaffold are also important com-
pounds due to the presence of azomethine group accompanying
the carbonyl group which accounts for various biological activities
such as anti-inflammatory (Salgın-Göks�en et al., 2007), antioxidant
(Settypalli et al., 2019), anti-cancer (Nasr et al., 2014) and anti-viral
(S�enkardes� et al., 2016). Keeping in view the biological significance
of indole and hydrazides derivatives, we also synthesized b-
carboline hydrazides as potent class of acetylcholinesterase and
butyrylcholinesterase inhibitor.
2. Result and discussion

2.1. Chemistry

The methyl 9H-pyrido[3,4-b]indole-3-carboxylate (I) was
refluxed with mixture of hydrazine hydrate and methanol to form
9H-pyrido[3,4-b]indole-3-carbohydrazide (II) 4 h. The 9H-pyrido[
3,4-b]indole-3-carbohydrazide (II) was treated with various aryl
aldehyde along with catalytic amount of acetic acid for 3–4 h to
obtain (E)-N’-aryl-9H-pyrido[3,4-b]indole-3-carbohydrazide (1–
16). The completion of reaction was monitored by TLC and after
completion of reaction the solvent was evaporated and obtained
crude product was washed with diethyl ether. The products (1–
16) were further recrystallized in methanol. All synthesized com-
pounds 1–16 were fully characterized by different spectroscopic
method. (Scheme 1, Table 1).
2.2. Structure-activity relationship

All the synthesized analogs were screened for their potential
acetylcholinesterase and butyrylcholinesterase inhibition activi-
2

ties. Most of the analogs of the series exhibited good inhibition
potential when compared to the standard drug donepezil having
an IC50 value of 0.016 ± 0.12 for acetylcholinesterase and
0.30 ± 0.010 for butyrylcholinesterase. The most potent analog
among the series was analog 2 having three hydroxyl group on
the phenyl ring. The IC50 values for this analog was 0.10 ± 0.01
for acetylcholinesterase and 0.30 ± 0.01 for butyrylcholinesterase.
The high inhibition potential of this analog might be due to the
participation of hydroxyl groups in hydrogen bonding with the
active sites of enzymes (Hussain et al., 2022).

Similarly, if we compare the analogs 1, 5, 10, 11 and 12 these
analogs have two hydroxyl groups on phenyl ring, but their posi-
tion is different. The most active analog among them is analog
10 having an IC50 value of 0.10 ± 0.01 for acetylcholinesterase
and 0.20 ± 0.01 for butyrylcholinesterase, this may be due to
intramolecular hydrogen bonding of compound 10 which makes
it more proton donor. The analog 1 having hydroxyl group at 2
and 3 position has an IC50 value of 0.20 ± 0.01 and 0.40 ± 0.01
for acetylcholinesterase and butyrylcholinesterase respectively.
The higher activity of compound 1 due to same reason intramolec-
ular hydrogen bonding. The IC50 values of analogs 5, 11 and 12 are
almost close to each other. The slight difference in their inhibition
potential might be due to the difference in the position of hydroxyl
group on phenyl ring which may interact with enzymes in different
ways.

Similarly, if we compare the analogs 3, 6 and 15, these analogs
have only one hydroxyl group on the phenyl ring, but its position is
different. The activity of analog 6 having hydroxyl group at para
position is superior to 3 and 15 having hydroxyl group at ortho
and meta positions respectively. The IC50 value of this analog is
0.80 ± 0.01 for acetylcholinesterase and 1.30 ± 0.10 for butyryl-
cholinesterase respectively. The IC50 value of analog 3 having
hydroxyl group at meta position is 1.80 ± 0.10 for AChE and
2.10 ± 0.10 for BChE and that of analog 15 is 2.70 ± 0.10 and
2.90 ± 0.10 for AChE and BChE respectively.

The interaction between analogs and the ligand protein is not
equally favored by identical substituents on the phenyl ring there-
fore, analogs 4, 7 and 8 have fluoro group on phenyl ring, but their
position is different. Analog 4 having fluoro group at ortho position
has an IC50 value of 0.70 ± 0.01, analog 7 having fluoro group at
para position has an IC50 value of 0.30 ± 0.01 and analog 8 having
fluoro group at meta position has a value of 0.90 ± 0.01. This shows
that fluoro group at para position is promising for interactions with
the active sites of enzymes (Hussain et al., 2022). The analogs 13
and 14 have methyl groups at position 3 and 4 of phenyl ring.
The analog 13 has methyl group at meta position is superior in
activity (IC50 = 4.80 ± 0.20 for AChE and 5.10 ± 0.10 for BChE) than
the analog 14 having methyl group at para position (IC50 = 8.30 ±
0.30 for AChE and 8.30 ± 0.10 for BChE). Analog 9 having dimethy-
lamino group also exhibited good activity having IC50 value of
2.10 ± 0.10 for AChE and 2.60 ± 0.01 for BChE. The analog 16 having
methoxy group displayed moderate activity having IC50 value of
9.10 ± 0.20 and 8.90 ± 0.20 for AChE and BChE respectively.

2.3. Docking analysis of acetylcholinesterase and butyrylcholinesterase

The molecular docking studies had been performed to visualize
plausible binding interactions that can form between active com-
pounds with acetylcholinesterase and butyrylcholinesterase. Prior
to performing molecular docking studies, validation had been car-
ried out for both crystal structures, acetylcholinesterase and
butyrylcholinesterase using their co-crystallized ligands (Fig. 1).
It was observed that validation for butyrylcholinesterase through
redocking of the co-crystallized ligand, butyrylthiocholine (BTC),
gives a rmsd value of 1.7Å, while redocking of donepezil against
acetylcholinesterase recorded lower rmsd value of 0.8Å. These



Scheme 1. Synthesis of (E)-N’-aryl-9H-pyrido[3,4-b]indole-3-carbohydrazide (1–16).
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rmsd values, which are less than 2Å, indicate that the molecular
docking protocol is well established for the target proteins.

The molecular docking results for compound 2 against acetyl-
cholinesterase showed that hydroxyl (OH) group at para position
can possibly form a conventional hydrogen bonding with the back-
bone (O) of Gly120 (2.03Å) while the other hydroxyl group at meta
position displayed the ability to form a conventional hydrogen
bonding with side chain (OE1) of Glu202 at the distance of 1.96Å
(Fig. 2). These interactions were stabilized by hydrophobic p-p
stacking interactions between the extended ring and the indole
sidechain of Trp86. As for the hydrazone linkage, flexibility allows
the methine (=CH) moiety to form a carbon hydrogen bond with
the backbone (O) of His447 (2.60Å).

On the b-carboline moiety, methine (=CH) group next to the
nitrogen of the pyridine ring can form a carbon hydrogen bonding
with sidechain (OD2) of Asp74 (2.67Å). The b-carboline can be fur-
ther stabilized via several hydrophobic p-p stacking involving resi-
dues Tyr124, Tyr337, Tyr341, and Trp286. Comparison between
compound 2 and 10 showed that the extended aromatic ring can
be positioned in such a way that allows the hydroxyl group atmeta
position to either act as a hydrogen bond donor to form interaction
with Glu202 or a hydrogen bond acceptor to interact with His447.
The extended ring of compound 10 was stabilized by a hydropho-
bic amide-p stacking interaction with residue Gly120. Docking
results displayed that compound 1 is extended towards the interior
cavity allowing the hydroxyl group (OH) at meta position to act as
hydrogen bond donor and form a conventional hydrogen bond
interaction with the sidechain phenolic OH of Tyr133 (2.04Å).
The hydroxyl group at meta position can also form a carbon-
hydrogen bond interaction with the sidechain (HA) of Gly126
(2.51Å). On the other hand, the carbonyl oxygen can potentially
act as hydrogen bond acceptor and form a carbon-hydrogen bond
interaction with the sidechain (HD2) of His447 (2.67Å) while b-
carboline moiety stabilizes the structure through hydrophobic p-
p stacking with residues Trp286 and Tyr341, and a p-p T-shaped
interaction Tyr124.

Further analysis on molecular docking results for active com-
pounds 5, 11, and 12 suggested that presence of hydroxyl group
played a crucial role in establishing interaction with active resi-
dues Gly120, Tyr133, and Glu202 as being observed for the most
active compounds 1, 2, and 10 (Fig. 3). It was observed for com-
3

pound 5 that the hydroxyl group at ortho position can act as a
hydrogen bond donor to form conventional hydrogen bond with
the sidechain (OE1) Glu202 (1.91Å) while the hydroxyl group at
para formed another hydrogen bond interaction with the backbone
(O) of Gly120 at the distance of 2.07 Å. On the other hand, molec-
ular docking result for compound 11 suggests that the hydroxyl
group at para position can possibly act as a hydrogen bond donor
to form hydrogen bond interaction with either the backbone (O)
of Gly120 (2.72Å), the backbone (HH) of Tyr133 (2.83 Å), or the
sidechain (OE1) of Glu202 (1.89Å). As for compound 12, the hydro-
xyl group at meta position was observed to form similar interac-
tions as compound 11. In this case, the hydroxyl group at meta
position can possibly form hydrogen bonding with the backbone
(O) of Gly120 (2.50 Å), the backbone (HH) of Tyr133 (2.58 Å), or
the sidechain (OE1) of Glu202 (1.89 Å). In both cases, the hydroxyl
at ortho position for compound 11 and the second hydroxyl group
at meta position of compound 12 did not participate in any inter-
action, indicating that additional hydroxyl group on the extended
aromatic group is not very crucial for the activity.

The fact that the inhibition activity displayed by the derivatives
does not depend on additional hydroxyl groups attached to the
extended ring was further supported by docking results for com-
pounds 3, 6, and 15which clearly showed that the hydroxyl groups
at various positions can possibly interact with either Gly202 or
Tyr133 inhibit acetylcholinesterase (Fig. 4). The docking result
for compound 3 suggests that hydroxyl at ortho position can form
a hydrogen bonding interaction with the side chain (OE1) of
Glu202 (1.89 Å). Similarly observed for compound 6, the hydroxyl
group at para position can also form a hydrogen bonding with side
chain (OE1) Glu202 at the distance of 1.96 Å. For compound 3, the
hydroxyl group at meta position formed a hydrogen bonding with
the backbone (HH) of active residue Tyr133 (3.02 Å). The results
showed similar pattern for derivatives with mono-fluoro sub-
stituent on the extended aromatic. Compounds 4, and 7 displayed
better activity as compared to disubstituted compounds. Molecular
docking results for compound 4 suggest that the fluorine at meta
position can possibly form a halide bond with the sidechain
(HA2) of Gly121 (2.72 Å). On the other hand, docking results also
showed that fluorine substituent of compounds 7 can form a halide
bond interaction with Glu202 through its sidechain (HE2) at the
distance of 2.37 Å.



Table 1
Acetylcholinesterase and butyrylcholinesterase inhibition activity of b-carboline hydrazide.

S. No R AChE IC50 (lM ± SEM) BuChE IC50 (lM ± SEM) S. No R AChE IC50 (lM ± SEM) BuChE IC50 (lM ± SEM)

1 0.20 ± 0.01 0.40 ± 0.01 9 2.10 ± 0.10 2.60 ± 0.10

2 0.10 ± 0.01 0.30 ± 0.01 10 0.10 ± 0.01 0.20 ± 0.01

3 1.80 ± 0.10 2.10 ± 0.10 11 1.10 ± 0.10 1.30 ± 0.10

4 0.70 ± 0.01 0.40 ± 0.10 12 1.30 ± 0.10 1.60 ± 0.10

5 1.30 ± 0.10 1.10 ± 0.10 13 4.80 ± 0.20 5.10 ± 0.10

6 0.80 ± 0.01 1.30 ± 0.10 14 8.30 ± 0.30 8.30 ± 0.10

7 0.30 ± 0.01 0.60 ± 0.01 15 2.70 ± 0.10 2.90 ± 0.10

8 0.90 ± 0.01 1.30 ± 0.10 16 9.10 ± 0.20 8.90 ± 0.20

Standard Donepezil 0.016 ± 0.12 0.30 ± 0.010
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For inhibition of butyrylcholinesterase, compound 10 hydroxyl
groups at ortho and para position can possibly form conventional
hydrogen bonding interactions with backbone (OE1) of residue
Glu197 at the distance of 1.99Å and 1.97Å (Fig. 5). The hydroxyl
group at para position can also form a hydrogen bonding with
backbone (NH) of Gly115 (2.35Å) and the sidechain (HH) of residue
Tyr128 (2.31Å). The extended ring can be further stabilized via
amide p-stacking involving the backbone of Gly115. Besides that,
observation also showed that methine (CH) moiety can also form
a carbon hydrogen bond with the sidechain (OG1) of residue
Thr120 (3.05Å). b-carboline moiety on the other hand forms an
electrostatic p-anion interaction with the sidechain (OD2) of resi-
due Asp70 and multiple p-p stacking interactions with residue
Tyr332 via its p-orbital. As for compound 2, hydroxyl at para posi-
4

tion of the extended ring can either act as a hydrogen bond donor
to interact with sidechain (OE1) of residue Glu197 (1.91Å) or a
hydrogen bond donor to interact with sidechain hydroxyl group
(OH) of residue Tyr128 (1.89Å). On the other hand, it was observed
that the other hydroxyl group at ortho position can form another
hydrogen bond with the sidechain (OG1) of residue Thr120
(2.80Å). The compound is positioned in a way that allows the oxy-
gen of the carbonyl (C = O) group to form a hydrogen bonding with
sidechain (HG1) of residue Thr120 (2.13Å). The imine nitrogen can
act as a hydrogen bond acceptor for carbon-hydrogen bond inter-
action with the sidechain (HA2) of residue Gly116 (2.67Å). The b-
carboline moiety is stabilized via a hydrophobic p-alkyl interaction
with Ala277. The molecular docking results for compound 1
showed that the extended ring flipped in such a way that both



Fig. 1. (a) Redocked butyrylthiocholine overlapping with co-crystallized butyrylthiocholine in the active site of BChE with rmsd of 1.7Å; (b) Redocked donepezil aligned well
with co-crystallized donepezil in the active site of AChE with rmsd of 0.8Å.
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hydroxyl groups can act as hydrogen bond donor to form hydrogen
bond interactions with the sidechain (OE1) of active site residue
Glu197 at the distance of 1.97Å and 2.07A. The extended ring
was further stabilized via several hydrophobic interactions that
includes a p-p T-shaped interaction with the residue His438 and
two p-p T-shaped interactions with residue Trp82. The ring was
also stabilized by an additional electrostatic p-cation interaction
with the sidechain (NE2) of residue His438. The hydroxyl group
at ortho position extended towards residue Ser198 to form a car-
bon hydrogen interaction with its sidechain (HB1) at the distance
of 2.51Å. Another carbon hydrogen bond was observed between
methine (=CH) and Ser198 which took place through the side chain
(H35) at the distance of 2.72Å. The carbonyl oxygen on hydrazone
linkage can act as a hydrogen bond donor to form another carbon
hydrogen interaction with the sidechain (HA) of Leu286 (2.77Å).
2.4. Molecular dynamics

Molecular dynamics simulation was performed for both AChE
and BChE. Analysis on molecular dynamics trajectory of compound
2-AChE complex showed that the protein–ligand is stable (Fig. 6a).
The RMSD values for acetylcholinesterase suggested that there are
no large conformational changes in the protein structure as indi-
cated by maximum rmsd value of 0.29A. As for compound 2, there
were no large conformational changes for the first 40 ns. A signif-
icant conformational change was observed after 40 ns which then
remained stable towards the end of the simulation. The RMSF of
compound 2 showed that b-carboline moiety fluctuated the most
compared to the rest of the compound with carbons C11, C12, and
C13 displaying among highest RMSF value (Fig. 6b). It was also
observed that the oxygen atoms O25, O26, and O27 displayed
low RMSF values which allows conformational changes in the
binding position affecting crucial interactions. Similar observation
was observed for compound 10 in complex with BChE. It was
observed that the protein is quite stable with no major fluctuation
in rmsd values throughout the simulation (Fig. 6c). Compound 10
displayed slight rmsd value fluctuation throughout the simulation.
Both proteins and ligands displayed maximum rmsd values of not
more than 3A indicating formation of stable complexes. Unlike
compound 2, the b-carboline moiety for compound 10 in complex
with BChE displayed low RMSF values with most fluctuation com-
ing from the extended aromatic moiety (Fig. 6d). The RMSF plot
also showed that the oxygen atom O26 fluctuated more than O25.
This clearly indicates that oxygen atom O25 can form more stable
hydrogen bonding compared to O26.
5

In the torsional plot of compound 2 it was observed that the bond
between carbonyl and b-carboline moiety was quite rigid with a
maximum rotatability of up to 45� angle throughout the simulation
(Fig. 7a). Some of the most flexible bonds for compound 2 that were
to rotate up to 180� angle throughout the simulation includes the
bonds between para/ortho hydroxyl groups and benzene ring. On
the other hand, the bond between the nitrogen atoms of the hydra-
zone linkage was less flexible compared to the hydroxyl bonds with
larger rotatability range between 45�-180� angle. Comparison
between compound 2 and 10 showed not much difference except
for the bond between the nitrogen atoms of the hydrazone linkage
for compound 10 which displayed higher rotatability (Fig. 7b). This
could be due to lack of hydroxyl group at ortho position on com-
pound 10 which lead to lack of intramolecular hydrogen bonding
with nitrogen of hydrazone linkage as observed in compound 2.
3. Conclusions

In conclusion, we have synthesized sixteen analogs of b-
carboline hydrazides due to biological importance of both carbo-
line nucleus and hydrazides. The newly synthesized analogs were
evaluated using spectroscopic methods like 1H NMR and 13C
NMR. The synthesized analogs were screened for the inhibition
of acetylcholinesterase and butyrylcholinesterase enzymes. Com-
paring the inhibition potential of all the synthesized analogs with
reference drug shows that most of the analogs displayed good inhi-
bition potential. Moreover, according to the structure–activity
relationship, the number, type and position of substituents also
played a key role in inhibition which make more interactive or less
interactive with enzymes. The most potent inhibitors of the AChE
and BChE were those having hydroxyl groups on phenyl ring due
to the participation of these substituents in H-bonding with the
active site of the enzyme. Additionally, molecular docking research
was carried out to investigate the interactions of the synthesized
compounds with the active sites of enzymes and the results veri-
fied the experimental results.
4. Experimental

4.1. General procedure for the synthesis of the compounds

The Methyl 9H-pyrido[3,4-b]indole-3-carboxylate (5 g,
22.12 mmol) (I) was refluxed with mixture of hydrazine hydrate
(25 mL) and methanol (25 mL) to form 9H-pyrido[3,4-b]indole-3-
carbohydrazide (4.5 g, 19.9 mmol) (II) 4 h. The 9H-pyrido[3,4-b]i



Fig. 2. (a) Binding interactions and 2D-interaction diagram of compound 2 with acetylcholinesterase; (b) Binding interactions and 2D-interaction diagram of compound 10
with acetylcholinesterase; (c) binding interactions and 2D-interaction diagram of compound 1 with acetylcholinesterase.
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Fig. 3. (a) 2D-interaction diagram for compound 5, 11, and 12 against acetylcholinesterase.
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ndole-3-carbohydrazide (II) (0.226 g, 1 mmol) was treated with
various aryl aldehyde (1 mmol) in methanol (15 mL) along with
catalytic amount of acetic acid for 3–4 h to obtained (E)-N’-aryl-9
H-pyrido[3,4-b]indole-3-carbohydrazide (1–16). The completion
of reaction was monitored by TLC and after completion of reaction
the solvent was evaporated and obtained crude product was
washed with diethyl ether. The products (1–16) were further
recrystallized in methanol. All synthesized compounds 1–16 were
fully characterized by different spectroscopic methods.

4.2. Characterization data for compounds

4.2.1. (E)-N’-(2,3-dihydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (1)

1H NMR (500 MHz, DMSO d6): d 12.52 (s, 2H, 2xNH,), 12.09 (s,
1H, OH), 11.64 (s, 1H, OH), 9.10 (s, 1H, H-C = N), 8.96 (s, 1H,
pyrido-H), 8.85 (s, 1H, pyrido-H), 8.46 (d, J = 7.8, 1H, Ar), 7.75 (d,
J = 8.0 Hz, 1H, Ar), 7.68 (t, J = 7.5 Hz, 1H, Ar), 7.37 (t, J = 7.5 Hz,
7

1H, Ar), 6.92–6.87 (m, 2H, Ar), 6.77 (dd, J = 6.0, 2.0 Hz, 1H, Ar);
IR (KBr): 3425 cm�1 (OH-str), 3264 cm�1 (2� amine N–H Str),
1606 cm�1 (Ar C = C), 1551 cm�1 (N–H Bend), 1233 cm�1 (C-N
str); 13C NMR (125 MHz, DMSO d6): d 161.72, 150.22, 146.65,
146.09, 141.53, 138.91, 137.94, 132.95, 129.29, 128.74, 122.86,
121.39, 120.93, 120.69, 119.58, 119.21, 117.79, 115.74, 112.83;
HREI-MS: m/z calcld for C19H14N4O3, [M]+ 346.1066 Found
346.1047.

4.2.2. (E)-N’-(2,4,6-trihydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (2)

1H NMR (500 MHz, DMSO d6): d 12.32 (s, 1H, NH), 12.03 (s, 1H,
NH), 11.20 (s, 1H, OH), 9.81 (s, 1H, OH), 8.97 (s, 1H, OH), 8.95 (s, 1H,
H-C = N), 8.94 (s, 1H, pyrido-H), 8.82 (s, 1H, pyrido-H), 8.43 (d,
J = 7.7, 1H, Ar), 7.68 (d, J = 7.8 Hz, 1H, Ar), 7.62 (t, J = 7.5 Hz, 1H,
Ar), 7.32 (t, J = 7.4 Hz, 1H, Ar), 5.84 (s, 2H, Ar); IR (KBr):
3375 cm�1 (OH-str), 3322 cm�1 (2oamine N–H Str), 1640 cm�1

(C = O), 1611 cm�1 (Ar C = C), 1584 cm�1 (N–H Bend),



Fig. 4. The 2D-interaction diagram for compounds 3, 4, 5, 6, and 7 against acetylcholinesterase.
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1251 cm�1 (C-N str), 1162 cm�1 (C-O str); 13C NMR (125 MHz,
DMSO d6): d 164.55, 161.78, 161.28, 160.21, 147.58, 141.50,
139.30, 137.80, 132.87, 128.69, 122.80, 121.39, 120.61, 115.38,
112.80, 110.04, 99.90, 94.80, 92.49; HREI-MS: m/z calcld for
C19H14N4O4, [M]+ 362.1015 Found 362.1003.
4.2.3. (E)-N’-(2-hydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (3)

1H NMR (500 MHz, DMSO d6): d 12.46 (s, 1H, NH), 12.05 (s, 1H,
NH), 11.63 (s, 1H, OH), 9.03 (s, 1H, H-C = N), 8.96 (s, 1H, pyrido-H),
8.86 (s, 1H, pyrido-H), 8.43 (d, J = 7.1 Hz, 1H, Ar), 7.72 (d, J = 7.5 Hz,
1H, Ar), 7.62 (t, J = 6.9 Hz, 1H, Ar), 7.45 (d, J = 7.0 Hz, 1H, Ar), 7.40–
7.37 (m, 2H, Ar), 6.97–6.90 (m, 2H, Ar-H); IR (KBr): 3338 cm�1 (OH-
str), 3267 cm�1 (2� amine N–H Str), 3040 cm�1 (Ar C–H str),
1614 cm�1 (Ar C = C), 1562 cm�1(N–H Bend), 1270 cm�1 (C-N
8

str), 1121 cm�1 (C-O str); 13C NMR (125 MHz, DMSO d6): d
163.26, 161.74, 159.12, 158.10, 149.64, 141.54, 138.93, 137.94,
133.69, 132.94, 120.68, 120.06, 119.78, 119.16, 118.66, 117.00,
116.95, 115.71, 112.83; HREI-MS: m/z calcld for C19H14N4O2, [M]+

330.1117 Found 330.1104.
4.2.4. (E)-N’-(2-fluorobenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (4)

1H NMR (500 MHz, DMSO d6): d 12.35 (s, 1H, NH), 12.03 (s, 1H,
NH), 9.02 (s, 1H, H-C = N), 8.96 (s, 1H, pyrido-H), 8.92 (s, 1H,
pyrido-H), 8.44 (d, J = 7.4 Hz, 1H, Ar), 8.00 (t, J = 7.4 Hz, 1H, Ar),
7.72 (d, J = 7.5 Hz, 1H, Ar), 7.61 (t, J = 7.4 Hz, 1H, Ar), 7.50 (dd,
J = 6.5, 2.0 Hz, 1H, Ar), 7.37–7.30 (m, 3H, Ar); IR ʋ (KBr disk):
3308 cm�1 (NH stretch), 3084 cm�1 (Ar.C–H stretch), 1633 cm�1

(C = O), 1551 cm�1 (C = N), 1492 cm�1 (C-N), 1311 cm�1 (C = C),



Fig. 4 (continued)
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1154 cm�1 (C-F); 13C NMR (125 MHz, DMSO d6): d 162.24, 161.93,
160.25, 141.54, 141.23, 139.28, 137.91, 132.83, 132.23, 129.26,
128.77, 126.94, 125.37, 122.87, 121.40, 120.65, 116.54, 116.37,
112.81; HREI-MS: m/z calcld for C19H13FN4O, [M]+ 332.1073 Found
332.1054.

4.2.5. (E)-N’-(2,4-dihydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (5)

1H NMR (500 MHz, DMSO d6): d 12.33 (s, 1H, NH), 12.08 (s, 1H,
NH), 10.76 (s, 1H, OH), 9.01 (s, 1H, OH), 8.97 (s, 1H, H-C = N), 8.95
(s, 1H, pyrido-H), 8.75 (s, 1H, pyrido-H), 8.45 (d, J = 7.5 Hz, 1H, Ar),
7.69 (d, J = 7.4 Hz, 1H, Ar), 7.62 (t, J = 7.4 Hz, 1H, Ar), 7.36 (t,
J = 7.5 Hz, 1H, Ar), 6.95 (t, J = 7.4 Hz, 1H, Ar), 6.81–6.76 (m, 2H,
Ar); IR (KBr): 3411 cm�1 (OH-str), 3264 cm�1 (2� amine N–H
Str), 1633 cm�1 (C = O), 1604 cm�1 (Ar C = C), 1558 cm�1 (N–H
Bend), 1237 cm�1 (C-N str), 1079 cm�1 (C-O str); 13C NMR
(125 MHz, DMSO d6): d 191.82, 161.63, 150.86, 150.48, 150.30,
149.21, 141.53, 139.04, 137.91, 132.91, 129.28, 128.74, 125.00,
122.84, 120.67, 119.34, 118.73, 115.63, 112.83; HREI-MS: m/z cal-
cld for C19H14N4O3, [M]+ 346.1066 Found 346.1043.

4.2.6. (E)-N’-(4-hydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (6)

1H NMR (500 MHz, DMSO d6): d 12.03 (s, 1H, NH), 11.87 (s, 1H,
NH), 9.76 (s, 1H, OH), 9.00 (s, 1H, H-C = N), 8.95 (s, 1H, pyrido-H),
8.93 (s, 1H, pyrido-H), 7.75 (d, J = 7.0 Hz, 1H, Ar), 7.71 (dd, J = 7.4,
2.0 Hz, 1H, Ar), 7.66–7.60 (m, 3H, Ar), 7.32 (t, J = 7.5 Hz, 1H, Ar),
9

6.89–6.85 (m, 2H, Ar); IR (KBr): 3351 cm�1 (OH-str), 3263 cm�1

(2� amine N–H Str), 1631 cm�1 (C = O), 1588 cm�1 (Ar C = C),
1283 cm�1 (C-N str), 1033 cm�1 (C-O str); 13C NMR (125 MHz,
DMSO d6): d 191.38, 163.92, 161.39, 159.81, 148.82, 141.53,
139.56, 137.79, 132.77, 132.56, 129.31, 129.21, 128.77, 126.04,
122.83, 121.40, 120.59, 116.34, 112.78, 56.5093; HREI-MS: m/z
calcld for C19H14N4O2, [M]+ 330.1117 Found 330.1101.

4.2.7. (E)-N’-(4-fluorobenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (7)

1H NMR (500 MHz, DMSO d6): d 12.08 (s, 1H, NH), 12.03 (s, 1H,
NH), 8.97 (s, 1H, H-C = N), 8.94 (s, 1H, pyrido-H), 8.65 (s, 1H,
pyrido-H), 8.43 (d, J = 7.8 Hz, 1H, Ar), 7.80 (t, J = 8.6 Hz, 1H, Ar),
7.80 (t, J = 7.2 Hz, 1H, Ar), 7.68 (t, J = 7.5 Hz, 1H, Ar), 7.62 (t,
J = 7.5 Hz, 1H, Ar), 7.58 (t, J = 7.2 Hz, 1H, Ar), 7.36–7.24 (m, 2H,
Ar); IR ʋ (KBr disk): 3302 cm�1 (NH stretch), 3080 cm�1 (Ar.C–H
stretch), 1630 cm�1 (C = O), 1550 cm�1 (C = N), 1490 cm�1 (C-N),
1308 cm�1 (C = C), 1210 cm�1 (C-F); 13C NMR (150 MHz, DMSO d6):
d 164.50, 162.53, 161.70, 147.36, 141.54, 139.33, 137.87, 132.81,
131.70, 131.68, 129.70, 129.64, 129.25, 128.78, 121.40, 120.64,
116.29, 115.51, 112.80; HREI-MS: m/z calcld for C19H13FN4O, [M]+

332.1073 Found 332.1052.

4.2.8. (E)-N’-(3-fluorobenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (8)

1H NMR (500 MHz, DMSO d6): d 12.18 (s, 1H, NH), 12.02 (s, 1H,
NH), 8.97 (s, 1H, H-C = N), 8.95 (s, 1H, pyrido-H), 8.65 (s, 1H,



Fig. 5. (a) Binding interactions and 2D-interaction diagram of compound 10 with butyrylcholinesterase; b) Binding interactions and 2D-interaction diagram of compound 2
with butyrylcholinesterase; (c) binding interactions and 2D-interaction diagram of compound 1 with butyrylcholinesterase.
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pyrido-H), 8.44 (d, J = 7.6 Hz, 1H, Ar), 7.68 (d, J = 7.5 Hz, 1H, Ar),
7.62 (t, J = 7.4 Hz, 1H, Ar), 7.60–7.54 (m, 3H, Ar), 7.33–7.25 (m,
2H, Ar); IR ʋ (KBr disk): 3301 cm�1 (NH stretch), 3087 cm�1 (Ar.
10
C–H stretch), 1631 cm�1 (C = O), 1554 cm�1 (C = N), 1496 cm�1

(C-N), 1307 cm�1 (C = C), 1230 cm�1 (C-F); 13C NMR (125 MHz,
DMSO d6): d 163.89, 161.82, 147.12, 141.54, 139.23, 137.90,



Fig. 6. (a) The RMSD value for compound 2 in complexed with acetylcholinesterase; (b) RMSF value for compound 2; (c) RMSD value for compound 10 in complexed with
butyrylcholinesterase; (d) RMSF value for compound 10.
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137.72, 132.84, 131.47, 131.39, 129.28, 128.78, 124.00, 122.89,
121.40, 120.67, 115.62, 113.38, 112.81; HREI-MS: m/z calcld for
C19H13FN4O, [M]+ 332.1073 Found 332.1058.
4.2.9. (E)-N’-(4-(dimethylamino)benzylidene)-9H-pyrido[3,4-b]
indole-3-carbohydrazide (9)

1H NMR (500 MHz, DMSO d6): d 12.04 (s, 1H, NH), 11.79 (s, 1H,
NH), 8.97 (s, 1H, H-C = N), 8.96 (s, 1H, pyrido-H), 8.53 (s, 1H,
pyrido-H), 8.48 (d, J = 7.5 Hz, 1H, Ar), 7.67 (dd, J = 7.0, Hz, 1H,
Ar), 7.62 (t, J = 7.4 Hz, 1H, Ar), 7.58 (d, J = 7.8 Hz, 2H, Ar), 7.32 (t,
J = 7.4 Hz, 1H, Ar), 6.78 (d, J = 7.8 Hz, 2H, Ar), 2.96 (s, 6H, N
(CH3)3); IR ʋ (KBr disk): 3472 cm�1 (C-N-C), 3283 cm�1 (NH
stretch), 3040 cm�1 (Ar.C–H stretch), 1637 cm�1 (C = O),
12
1558 cm�1 (C = N), 1477 cm�1 (C-N); 13C NMR (125 MHz,
DMSO d6): d 199.94, 151.94, 149.27, 148.80, 146.76, 142.56,
141.52, 139.70, 137.65, 135.73, 132.75, 128.92, 122.84, 122.34,
121.40, 120.59, 115.15, 112.77, 112.29, 35.60, 34.95; HREI-MS:
m/z calcld for C21H19N5O, [M]+ 357.1590 Found 357.1509.
4.2.10. (E)-N’-(3,4-dihydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (10)

1H NMR (500 MHz, DMSO d6): d 11.82 (s, 2H, 2xNH), 10.70 (s,
1H, OH), 9.35 (s, 1H, OH), 8.97 (s, 1H, H-C = N), 8.92 (s, 1H,
pyrido-H), 8.44 (s, 1H, pyrido-H), 8.41 (d, J = 7.5, Hz, 1H, Ar), 7.67
(d, J = 7.5, Hz, 1H, Ar), 7.62 (t, J = 7.5 Hz, 1H, Ar), 7.32 (t,
J = 7.6 Hz, 1H, Ar), 7.26 (t, J = 7.4 Hz, 1H, Ar), 6.93 (dd, J = 7.2,



Fig. 7. (a) Torsions plot on conformational evolution of every rotatable bond for compound 2; (b) Torsions plot on conformational evolution of every rotatable bond for
compound 10.
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2.0 Hz, 1H, Ar), 6.80 (d, J = 7.0 Hz, 1H, Ar); IR (KBr): 3414 cm�1 (OH-
str), 3240 cm�1 (2� amine N–H Str), 3028 cm�1 (Ar CH str),
1621 cm�1 (C = O), 1552 cm�1 (N–H Bend), 1254 cm�1 (C-N str),
1140 cm�1 (C-O str); 13C NMR (125 MHz, DMSO d6): d 161.31,
148.99, 148.32, 146.18, 141.53, 139.62, 137.77, 132.75, 129.23,
128.78, 126.52, 122.84, 121.41, 120.92, 120.60, 116.07, 115.26,
113.31, 112.78; HREI-MS: m/z calcld for C19H14N4O3, [M]+

346.1066 Found 346.1051.
4.2.11. (E)-N’-(2,5-dihydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (11)

1H NMR (500 MHz, DMSO d6): d 12.18 (s, 1H, NH), 12.05 (s, 1H,
NH), 10.80 (s, 2H, 2xOH), 9.03 (s, 1H, H-C = N), 8.95 (s, 1H, pyrido-
H), 8.72 (d, J = 6.5 Hz, 1H, Ar), 8.43 (s, 1H, pyrido-H), 7.72 (d,
J = 6.8 Hz, 1H, Ar), 7.60 (d, J = 7.6 Hz, 1H, Ar), 7.32 (d, J = 7.0 Hz,
1H, Ar), 7.23 (d, J = 7.6 Hz, 1H, Ar), 6.40 (dd, J = 7.5, 20 Hz, 1H,
Ar), 6.37 (d, J = 7.5 Hz, 1H, Ar); IR(KBr): 3502 cm�1 (OH-str),
3342 cm�1 (2�amine N–H Str), 3047 cm�1 (Ar CH str), 1660 cm�1

(C = N), 1614 cm�1(Ar C = C), 1542 cm�1 (N–H Bend), 1301 cm�1

(C-N str), 1142 cm�1 (C-O str); 13C NMR (125 MHz, DMSO d6): d
161.39, 161.07, 150.39, 147.65, 142.56, 141.52, 139.13, 137.86,
132.90, 132.14, 129.24, 128.73, 122.80, 121.38, 120.63, 115.48,
13
111.14, 108.12, 103.23; HREI-MS: m/z calcld for C19H14N4O3, [M]+

346.1066 Found 346.1044.

4.2.12. (E)-N’-(3,5-dihydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (12)

1H NMR (500 MHz, DMSO d6): d 12.06 (s, 1H, N–H), 12.01 (s, 1H,
NH), 11.95 (s, 1H, OH), 9.52 (s, 1H, OH), 8.97 (s, 1H, H-C = N), 8.95
(s, 1H, pyrido-H), 8.51 (s, 1H, pyrido-H), 8.44 (d, J = 7.6 Hz, 1H, Ar),
7.67 (d, J = 7.6 Hz, 1H, Ar), 7.62 (d, J = 7.5 Hz, 1H, Ar), 7.31 (t,
J = 7.8 Hz, 1H, Ar), 6.65–6.62 (m, 2H, Ar), 6.32 (dd, J = 7.2, 2.0 Hz,
1H, Ar); IR (KBr): 3305 cm�1 (OH-str), 3284 cm�1 (2� amine N–H
Str), 3067 cm�1 (Ar CH str), 1620 cm�1 (C = O), 1580 cm�1 (N–H
Bend),1150 cm�1 (C-O str); 13C NMR (125 MHz, DMSO d6): d
161.59, 159.18, 156.3, 151.0, 148.87, 141.53, 139.40, 137.85,
136.76, 132.80, 129.25, 128.78, 122.85, 121.40, 120.63, 115.45,
112.80, 105.69, 104.86; HREI-MS: m/z calcld for C19H14N4O3, [M]+

346.1066 Found 346.1040.

4.2.13. (E)-N’-(3-methylbenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (13)

1H NMR (500 MHz, DMSO d6): d 12.04 (s, 1H, NH), 12.01 (s, 1H,
NH), 8.96 (s, 1H, H-C = N), 8.94 (s, 1H, pyrido-H), 8.62 (s, 1H,
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pyrido-H), 8.44 (d, J = 7.3 Hz, 1H, Ar), 7.68 (d, J = 7.5 Hz, 1H, Ar),
7.62 (dd, J = 7.0, 2.0 Hz, 1H, Ar), 7.51 (dd, J = 6.9, 2.0 Hz, 1H, Ar),
7.35–7.32 (m, 3H, Ar), 7.24 (d, J = 7.1 Hz, 1H, Ar), 2.41 (s, 3H,
CH3); IR ʋ (KBr disk): 3285 cm�1 (NH stretch), 3064 cm�1 (Ar.C–
H stretch), 1649 cm�1 (C = O), 1537 cm�1 (C = N), 1363 cm�1 (C-
N); 13C NMR (125 MHz, DMSO d6): d 161.67, 148.57, 141.54,
139.38, 138.53, 137.86, 135.04, 132.80, 131.13, 129.25, 129.20,
128.78, 127.79, 124.99, 122.87, 121.41, 120.64, 115.50, 112.80,
21.57; HREI-MS: m/z calcld for C20H16N4O, [M]+ 328.1324 Found
328.1305.

4.2.14. (E)-N’-(4-methylbenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (14)

1H NMR (500 MHz, DMSO d6): d 12.01 (s, 1H, NH), 11.92 (s, 1H,
NH), 8.94 (s, 1H, H-C = N), 8.92 (s, 1H, pyrido-H), 8.60 (s, 1H,
pyrido-H), 8.44 (dd, J = 7.5 Hz, 1H, Ar), 7.81 (d, J = 7.9 Hz, 2H,
Ar), 7.66–7.61 (m, 2H, Ar), 7.32 (d, J = 7.5 Hz, 1H, Ar-H), 7.25 (d,
J = 7.9 Hz, 2H, Ar-H), 2.41 (s, 3H, CH3); IR ʋ (KBr disk):
3290 cm�1 (NH stretch), 3050 cm�1 (Ar.C–H stretch), 1651 cm�1

(C = O), 1523 cm�1 (C = N), 1360 cm�1 (C-N); 13C NMR
(125 MHz, DMSO d6): d 161.59, 148.54, 141.54, 140.20, 139.43,
137.84, 132.79, 132.38, 129.91, 129.24, 128.78, 127.54, 122.87,
121.40, 120.63, 115.44, 112.79, 111.02, 107.29, 35.23; HREI-MS:
m/z calcld for C20H16N4O, [M]+ 328.1324 Found 328.1307.

4.2.15. (E)-N’-(3-hydroxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (15)

1H NMR (500 MHz, DMSO d6): d 12.08 (s, 2H, 2xNH), 9.88 (s, 1H,
OH), 9.03 (s, 1H, H-C = N), 8.94 (s, 1H, pyrido-H), 8.57 (s, 1H,
pyrido-H), 8.45 (d, J = 7.4 Hz, 1H, Ar), 7.72 (d, J = 7.5 Hz, 1H, Ar),
7.62 (t, J = 7.2 Hz, 1H, Ar), 7.40 (t, J = 7.4 Hz, 1H, Ar), 7.34–7.30
(m, 3H, Ar), 6.82 (dd, J = 7.2, 2.0 Hz, 1H, Ar); IR (KBr): 3420 cm�1

(OH-str), 3205 cm�1 (2� amine N–H Str), 3032 cm�1 (Ar CH str),
1603 cm�1 (Ar C = C), 1503 cm�1 (N–H Bend), 1224 cm�1 (C-N
str), 1160 cm�1 (C-O str); 13C NMR (125 MHz, DMSO d6): d
161.64, 158.15, 148.58, 141.53, 139.38, 137.85, 136.35, 132.80,
130.34, 129.25, 128.78, 122.87, 121. 40, 120.64, 119.20, 117.76,
115.48, 113.17, 112.80; HREI-MS: m/z calcld for C19H14N4O2, [M]+

330.1117 Found 330.1097.

4.2.16. (E)-N’-(4-methoxybenzylidene)-9H-pyrido[3,4-b]indole-3-
carbohydrazide (16)

1H NMR (500 MHz, DMSO d6): d 12.05 (s, 1H, NH), 12.01 (s, 1H,
NH), 9.01 (s, 1H, H-C = N), 8.95 (s, 1H, pyrido-H), 8.66 (s, 1H,
pyrido-H), 8.47 (d, J = 7.5 Hz, 1H, Ar), 7.67 (d, J = 7.2 Hz, 1H, Ar),
7.62 (t, J = 6.9 Hz, 1H, Ar), 7.43–7.34 (m, 4H, Ar), 7.08 (dd, J = 7.0
2.0 Hz, 1H, Ar-H), 3.89 (s, 3H, OCH3); IR ʋ cm�1 (KBr disk):
3309 cm�1 (NH stretch), 3070 cm�1 (Ar.C–H stretch), 1631 cm�1

(C = O), 1588 cm�1 (C = N), 1552 cm�1 (C-N), 1142 cm�1 (C-O
str); 13C NMR (125 MHz, DMSO d6): d 161.72, 160.04, 148.44,
141.55, 139.32, 137.88, 136.51, 132.85, 130.42, 129.25, 128.77,
122.86, 120.64, 120.58, 116.39, 116.60, 115.52, 112.81, 111.61,
55.66; HREI-MS: m/z calcld for C20H16N4O2, [M]+ 344.1273 Found
344.1208.

4.3. Assay protocol for acetylcholinesterase and butyrylcholinesterase

The Ellman’s method was used for the test substances to check
their ability to inhibit AChE and BChE from electric eel and horse
serum, respectively, as well as human cholinesterase (Sigma-
Aldrich) (Ellman et al., 1961). The incubation of the test sample
was done with 20 L of either the AChE/BChE solution or 140 L of
sodium phosphate buffer (pH 8.0) for 15 min at room temperature.
14
AChE/BChE 10 lL and DTNBwere used to start the reaction, respec-
tively. 15 min later, unrestrained by the enzymatic hydrolysis of
AChE and BChE, AChE or BChE was hydrolyzing the interaction of
DTNB with thiocholine. Inhibition was estimated as a percentage
(%) using the formula E - S / E 100, where E&S represent enzyme
activity with and without the test material. Each sample’s ChEs
inhibitory activity was represented in terms of IC50 value (g/mL)
or lM necessary for the prevention of substrate hydrolysis
(Mansha et al., 2021). The IC50 values are determined for all sub-
stances using a general graph. Excel created the graph, and the
IC50 values were produced by considering that Y = 50 and identify-
ing the value of � as the IC50.

4.4. Molecular docking studies for acetylcholinesterase and
butyrylcholinesterase

All compound structures were prepared using Chemdraw and
minimized using CHARMM forcefield. The crystal structures of
acetylcholinesterase (PDB: 4EY7) and butyrylcholinesterase (PDB:
1P0P) had been obtained from RCSB database and the structures
were optimized using macromolecule module in Discovery Studio.
Molecular docking studies had been validated and carried out using
CDOCKER based on the coordinate of butyrylthiocholine within
butyrylcholinesterase (x: 133.52, y: 115.38, z: 41.15) and donepezil
within the active site of acetylcholinesterase (x: �14.10, y: �43.83,
z: 27.66). The molecular docking results obtained were then anal-
ysed using Discovery Studio visualizer 2016.

4.5. Molecular dynamics for acetylcholinesterase and
butyrylcholinesterase

Molecular dynamics for acetylcholinesterase and butyryl-
cholinesterase had been performed using the results obtained from
molecular docking studies. The selected protein–ligand complexes
for acetylcholinesterase and butyrylcholinesterase were prepared
and optimized using Protein Preparation Wizard in Maestro
(Schrodinger Release 2019–3: Maestro, Schrodinger, LLC, New
York, NY, USA 2017). The complexes were then solvated using
water molecules (TIP3P) in an orthorhombic simulation box with
a buffering distance of at least 10 Å. Sodium chloride (0.15 M)
was added to achieve suitable physiological conditions. The
OPLS_2005 force field was applied for the minimization of the sol-
vated systems. Molecular dynamic simulation was then performed
using Desmond V 5.9 package (Schrodinger 2019–3) accelerated by
NVidia GTX3070 GPU. The total simulation time was set at 100 ns
while time-step was set at 2 fs. The trajectories were recorded at
50 ps interval that generated 2000 frames. The molecular dynamic
simulation was performed in the NPT ensemble by keeping the sys-
tem temperature constant at 310 K using the NoseHoover chain
thermostat, and the pressure constant at 1.01325 bar using the
Martyna-Tobias-Klein barostat.
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