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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s Disease (AD) is the most common type of dementia that develops with age, threatens the quality of
Acetylcholinesterase life, is increases in number around the world, and has no effective treatment. The most important therapeutic
Butyrylcholinesterase

targets in drug development studies for the treatment of AD are acetylcholinesterase (AChE) and butyr-
ylcholinesterase (BChE) inhibitors. The inadequacy of existing AChE and BChE inhibitors in the treatment of AD
has led to the need to identify new AChE/BChE inhibitors with fewer side effects. In this study, considering the
pharmacological importance indole derivatives, inhibition effects of some indole derivative molecules (a-e) on
AChE and BChE activity were investigated. ICsg values of a-e against AChE were found to be 0.480 uM, 1.682 uM,
0.916 pM, 1.093 pM, 0.340 uM, respectively. On the other hand, ICsy values of compounds a-e on BChE activity
were determined as 2.18 pM, 4.49 uM, 2.28 uM, 6.36 pM, 1.940 uM, respectively. As a result, it was seen that
indole derivatives (a-e) showed strong inhibition effect on both enzymes. Additionally, these inhibition results
were supported by molecular modelling studies. As a conclusion, results of this study will contribute to studies on

Indole derivative
Enzyme inhibition
Molecular docking

the synthesis of new indole-derived AChE and BChE inhibitors for the treatment of AD.

1. Introduction

Alzheimer’s Disease (AD) is the most common type of dementia that
develops with age, characterized by a decrease in thinking skills,
behavioral and cognitive disorders, and progressive memory loss [1-3].
Alzheimer’s is the leading cause of death in developing countries [4],
and the number of Alzheimer’s patients is estimated to reach 107 million
in 2050 [2]. AD has been associated with decrease in acetylcholine
(ACh) levels [5,6], inflammation in brain cells, accumulation of -am-
yloid peptide (Ap) [7-9] and hyperphosphorylated tau-protein [10-12],
neuronal cell death [13], oxidative stress [14], environmental factors
and genetic risk [15]. The pathology of AD is quite complex, although
many mechanisms have been proposed to explain the pathogenesis of
AD, the causes of the disease and appropriate treatment methods are still
unclear [6,16]. According to the cholinergic hypothesis, the leading
cause of cognitive impairment in AD is thought to be attributed to the

decreased ACh levels in the brain [17,18]. ACh plays a potential role in
cognitive functions, especially memory. Therefore, the predominant
therapeutic agents for AD are inhibitors of cholinesterases (ChEs), such
as acetylcholinesterase (AChE) and, by extension, butyrylcholinesterase
(BChE); these improve cholinergic neurotransmission in the synaptic
cleft by reducing the degradation of ACh [4,19]. AChE inhibitors such as
tacrine [20], rivastigmine [21], donepezil [22], galantamine [23],
huperzine A [24] have been determined for the treatment of AD.
Donepezil, rivastigmine, and galantamine have been approved for use in
the treatment of Alzheimer’s symptoms [6,25]. Although these
approved AChE inhibitors have the effect of improving cognitive dis-
orders and reducing the symptoms of the disease in AD patients, their
effects are temporary and do not provide complete recovery [3]. Addi-
tionally, these drugs have serious side effects such as hepatoxicity and
gastrointestinal discomfort [26]. Therefore, there has been a great need
to identify new, effective AChE inhibitors with fewer side effects for the
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Fig. 1. Molecular structures and synthesis pathway of indole derivative compounds (a-e).

treatment of AD. AChE and BChE are sister enzymes that play a key role
in cholinergic transmission by hydrolyzing the neurotransmitter
acetylcholine [2]. While AChE activity remains unchanged or decreases
in the brain of Alzheimer’s patients. Additionally it has been observed
that BChE activity increases, and the BChE/AChE ratio gradually in-
crease in the brain [3,26]. Recent studies have shown that specific BChE
inhibitors improve the cognitive performance of aged rats and other
pathological markers of AD in transgenic mice [3,27]. Therefore, the
development of not only AChE inhibitors but also specific BChE in-
hibitors for the treatment of AD has become a topic of increasing
interest.

Indole is a heterocyclic compound with two ring systems containing
a benzene ring and a pyrrole ring fused to it [28]. It is known as one of
the “privileged scaffolds” due to the unique structural motif of the indole
ring and can bind with high affinity to various receptors and enzymes
[29]. Therefore, indoles are a very valuable class of biochemical com-
pounds that play important roles in the physiological and biochemical
processes of living organisms [30]. Indole and indole-based compounds
show important biological activities such as anti-inflammatory, anti--
microbial, anti-tubercular, anti-cancer, anti-HIV, anti-viral, antioxidant,
antimalarial, antidiabetic and anticholinesterase [31]. Indoles are het-
erocyclic compounds of medical importance that are widely found in the
organism.

Pappola et al. [32] was observed that by directing multiple patho-
logic mechanisms concurrently, certain indoles could be exceptional
candidates to improve neurodegeneration. Furthermore, they suggest
that controlling of the microbiota to prompt a developed production of
neuroprotective indole molecules might support brain well-being
through aging. A recent study defined that some indole-based sulfon-
amide derivatives was found potent having ICso value 0.15 + 0.050 pM
and 0.20 + 0.10 pM for both AchE and BChE respectively [33]. Similarly
novel oxathiolanyl, pyrazolyl and pyrimidinyl indole derivatives
exhibited superior inhibitory activity compared with donepezil [34]. In
another study, a series of indole derivatives analogous to donepezil was

synthesized as acetylcholinesterase inhibitors. 1-(2-(4-(2-fluorobenzyl)
piperazin-1-yl) acetyl) indoline-2,3-dione was found to be the most
potent [35]. In some studies quinoline-indole derivatives were synthe-
sized and evaluated as multitarget-directed ligands for the treatment of
AD [36]. Indole and 7-azaindole derivatives containing, nitrile, piperi-
dine and N-methyl-piperidine substituents at the 3-position prevent the
pathological self-assembly of amyloid-p [37]. Novel indole-containing
compounds, mainly 3-(2-phenylhydrazono) isatins were synthesized
and tested as inhibitors of beta amyloid (Ap) aggregation. Some of these
molecules displayed interesting multitarget activity, by inhibiting
monoamine oxidases A and B [38].

In our earlier study, novel indole-based hydrazide/hydrazone de-
rivatives synthesized and established to be possible antioxidant mole-
cules with significant protective effect against amyloid p-induced
damage [39]. Most new indole hydrazones were found to have strong
antioxidant activities, while they were devoid of inherent cytotoxicity
against Chinese hamster ovary (CHO-K1) and rat pheochromocytoma
(PC12) cells. In this study, considering the previous data and pharma-
cological importance of AChE and BChE inhibitors and indole de-
rivatives, inhibition effects of some indole derivative molecules (a:
2-(2-(1H-Indol-3-yl)acetyl)-N-phenylhydrazinecarbotioamide, b: 5-(1H-
Indol-3-yl)methyl)—2-propylamino-1,3,4-thiadiazole, c¢: 5-((1H-Indol-
3-yDmethyl)—2-(3-chlorophenyl)amino-1,3,4-thiadiazole, d:5-((1H-in-
dol-3-yl)methyl)—4-ethyl-4H-1,2,4-triazole-3-thiol,  e:2-(5-(1H-Indol-
3-yDmethyl)—4-benzyl-4H-1,2,4-triazol-3-ylthio)-N-(2-fluorophenyl)
acetamide) on AChE and BChE activity were investigated. Additionally,
molecular docking and molecular simulation studies were performed to
shed light on inhibition studies.

2. Material and methods
2.1. Materials

Acetylthiocholine iodide (CAS no: 1866-15-5), DTNB (Ellman
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reagent, 5,5-dithio-bis-(2-nitrobenzoic acid) (CAS no: 69-78-3) and
other chemicals that were used in this study were purchased from Sigma
(Germany) and Aldrich (USA). In addition AChE (CAS no. 9000-81-1)
and BChE (CAS No. 9001-08-5) was purchased from Sigma-Aldrich.

2.2. Synthesis of indole derivative compounds (a-e)

For the synthesis a (Fig. 1) Equal amounts of 2-(1H-indol-3-yl) ace-
tohydrazide (5 mmol) and phenyl isothiocyanate (5 mmol) were dis-
solved in absolute ethanol (20 ml). The mixture was heated under reflux
for 4-5 h at 80-85 °C. The reaction mixture was then concentrated in the
rotary evaporator under reduced pressure and kept at room temperature
overnight. The crystals thus obtained were purified by washing with
petroleum ether [40,41].

2-(2-(1H-Indol-3-yDacetyl)-N-phenylhydrazincarbothioamide (a):
Yield 90 %, m.p. 178.5 C; 'H NMR: 3.63 (s, 2H, COCH2);6.98 (m, 1H, H-
5); 7.07 (m, 1H, H-6); 7.26 (d, 1H, J% 2.4 Hz, H-2); 7.60 (d, 1H, J' 7.6,
H-4); 7.14-7.41 (m, 6H, Ar-H); 9.54,9.64, 10.11, 10.91 (s, 4H,
NH-NH-CS-NH and NH indole); I3CNMR: 31.17, 108.45, 110.00,
111.75, 118.80, 119.27, 121.44,124.45, 125.44, 126.04, 127.71,
128.55, 136.50, 139.57, 167.71,171.01 (C%0), 181.33 (S'4C); ESI MS
m/z 325 (M + H, 100 %);Anal. calcd. for C17H16N40S: C, 62.94 %; H,
4.97 %; N, 17.27 %.Found: C, 63.05 %; H, 5.33 %; N, 17.05 %.

In order to synthesis b and ¢ (Fig. 1), concentrated sulfuric acid (3
ml) was placed in a conical flask, and 5-((1H-Indol-3-yl)methyl)—2-
propylamino-1,3,4-thiadiazole and 5-((1H-Indol-3-yl)methyl)—2-(3-
chlorophenyl)amino-1,3,4-thiadiazole (1 mmol) was added in small
portions over a period of 2 h under stirring while keeping the temper-
ature at 0-5 °C. When the reaction was complete, the mixture was
poured into crushed ice and neutralized dropwise with 2 N NH,OH until
the pH was adjusted to 7. The formed precipitate was filtered, washed
with water, dried at room temperature and recrystallized from absolute
ethanol [40,41].

5-((1H-Indol-3-y)methyl) — 2-propylamino-1,3,4-thiadiazole (b):Yield
44 %, m.p. 148 C; 'H NMR: 0,86 (t, 3H, JY 7.6 Hz,CH3); 1.52 (m, 2H,
CH2); 3.15 (q, 2H, NH-CHZ2); 4.26 (s, 2H, Ar-CH2); 6.98 (t, 1H, J" 8 Hz,
H-5); 7.09 (t, 1H, J% 8 Hz, H-6); 7.31(d, 1H, J% 2.4 Hz, H-2); 7.36 (d,
1H, J¥4 8 Hz, H-7); 7.46 (d, 1H,J% 8.4 Hz, H-4); 7,82 (s, 1H, NH); 11.00
(s, 1H, NH-indole); 13CNMR: 11.78, 22.16, 26.51, 47.05 (NH-C);
110.91, 112.03, 118.77, 119.12, 121.74, 124.29, 127.01, 136.76,
159.22, 169.06 (N-C-S); ESI MS m/z (M + H, 100 %), 314 (M + H +
CH3CN,100 %); Anal. calcd. for C14H16N4S: C, 51.51 %; H, 6.79 %;
N,17.16 %. Found: C, 51.23 %; H, 5.57 %; N, 16.78 %.

5-((1H-Indol-3-yl)methyl) —2-(3-chlorophenyl)amino-1,3,4-thiadiazole
(c): Yield 70 %, m.p. 168 C; 'H NMR: 4.38 (s, 2H, Ar-CH2); 7.10 (m, 1H,
H-6); 7.50 (d, 1H, H-4); 6.97-7.88 (m, 7H, Ar-H); 11.04 (s,1H, NH
indol); 10.39 (s,1H, NH); *CNMR: 26.38; 110.92; 112.06; 116.07;
117.03;118.76; 119.17;121.56;121.77; 124.35; 126.95; 131.07; 133.87;
136.77;142.42;162.10; 164.27 (S-C-N); ESI MS m/z 341.2 (M + H,%
100), 343 (M + H + 2,%45), 382.2 (M + H+CH3CN,%38); Anal. calcd.
for C14H16N4S: C, 55.51 %; H, 4.38 %; N,15.23 %. Found: C, 55.22 %;
H, 4.09 %; N, 15.34 %.

For the synthesis d (Fig. 1), 2-(1H-Indol-3-yl-acetyl)-N-Ethyl hydra-
zincarbothioamide (2 mmol) and 2 N NaOH solution (25 ml) were
placed in conical flask. The mixture was heated under reflux for 4-5 h.
The reaction mixture was then neutralized dropwise with 2 N HCI untill
the pH was adjusted to 7. The precipitate thus obtained was filtered,
washed with water and recrystallized from a mixture of ethanol/water
(4:1) [40,41].

5-((1H-Indol-3-yDmethyl) —4-ethyl-4H-1,2,4-triazole-3-thiol (d): Yield
91 %, m.p. 191.5 C; 'H NMR: 0.92 (t, 3H, J% 7.6 Hz,CH3); 3.90 (q, 2H,
CH2); 4.20 (s, 2H, Ar-CH2); 6.98 (dt, 1H,J1 % 7.2, J2 % 0.8 Hz, H-5);
7.09 (dt, 1H, J1 %4 7.2, J2 Y4 1.2 Hz H-6); 7.33 (d, 1H, J% 2.4 Hz, H-2);
7.37 (d, 1H, J% 8 Hz, H-7); 7.49(d, 1H, J'4 7.6 Hz, H-4); 11.05 (s, 1H, NH
indole); 13.54 (s, 1H,SH); 3¢ NMR: 13.31; 22.34; 38.72; 107.70;
112.057; 118.73;119.16; 121.76; 124.61; 127.14; 136.70; 151.70;
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166.67 (N-C-S);ESI MS m/z 259 (M + H, 100 %), 300 (M + H + CH3CN,
8 %);Anal. caled. for C13H14N4S: C, 57.63 %, H, 5.73 %, N, 20.68 %.
Found: C, 57.93 %, H, 5.96 %, N, 20.51 %.

Finally, in the e synthesis (Fig. 1), 5-((1H-Indol-3-yl) methyl)—4-
ethyl-4H-1,2,4-triazole-3-thiol (1 mmol) was dissolved in a solution of 2
N KOH (2 ml) and absolute ethanol (20 ml) in a conical flask. 2-chloro-
N-(2-fluorophenyl) acetamide (1 mmol) was added in to the mixture and
stirred at room temperature for 2-3 h. After completion of the reaction,
the mixture was poured onto crushed ice. The resulting precipitate was
filtered, washed with water, dried at room temperature and recrystal-
lized from absolute ethanol [41,42].

2-(5-((1H-Indol-3-yDmethyl) —4-benzyl-4H-1,2,4-triazole-3-ylthio)-N-
(2fluorophenyl) acetamide (e): Yield 30 %, m.p.182.5 C; 1 NMR: 4.13(s,
2H, indole-CH2); 4.20 (s, 2H,benzyl-CH2); 5.18 (s, 2H, amide-CH2);
6.92-7.88 (m, 14H,Ar-H); 10.16 (s, 1H, amide-NH); 10.91 (s, 1H, NH-
indole); 3CNMR: 22.20; 37.64 (S-C); 47.02 (N-C); 108.48;
111.89;115.87; 116.07; 118.98; 121.67; 124.09; 124.25; 124.87;
125.86;126.27; 126.38; 127.02; 127.22; 128.20; 129.08; 135.832;
136.76;149.86; 152.56; 155.00; 155.46; 166.82 (CY%0); ESI MSm/z
472.2 (M + H, 100 %); Anal. calcd. for C26H22 FN50S:C, 66.22 %, H,
4.70 %, N, 14.85 %. Found: C, 65.73 %, H, 5.08% N, 14.36 %.

2.3. Activity assays of AChE and BChE

In this study, AChE activity measurement was performed according
to a spectrophotometric method of Ellman et al. [43]. The basis of this
method is as follows: Acetylthiocholine iodide used as substrate. AChE
hydrolyzes acetylthiocholine to thiocholine and acetic acid. The thio-
choline formed as a result of the reaction reacts with the DTNB (Ellman
reagent, 5,5-dithio-bis-(2-nitrobenzoic acid) used in the reaction me-
dium to form 5-thio-2-nitrobenzoic acid, a yellow compound. The color
intensity of the resulting compound is monitored for 3 min as an increase
in absorbance at 412 nm using a spectrophotometer. This change in
absorbance is due to the formation of 5-thio-2-nitrobenzoic acid from
the reaction of thiocholine with DTNB. The rate of change in absorbance
is proportional to AChE activity. The enzyme unit was calculated using
the molar absorption coefficient (13.600 M L.em™1) of 5-thio-2-nitro-
benzoic acid at 412 nm [44]. On the other hand, BChE is another
enzyme involved in cholinergic neurotransmission, and its activity is
measured spectrophotometrically by the Ellman method, similar to
AChE activity. In other words, here too, the hydrolysis of butyrylth-
iocholine iodide substrate by BChE and the formation of green 5-thio-2--
nitrobenzoate anion as a result of the reaction of thiocholine with DTNB
are monitored with a spectrophotometer at 412 nm [45].

2.4. In vitro inhibition studies on AChE and BChE

AChE (CAS no. 9000-81-1) and BChE (CAS No. 9001-08-5) used in
the study were purchased from Sigma-Aldrich. The inhibitory effects of
indole derivatives (a-e) on AChE and BuChE activities were determined
by ICso values under in vitro conditions. ICsg refers to the inhibitor
concentration that reduces the enzyme activity by half, and a low ICsg
value indicates high inhibition power. To determine the ICs( values of a-
e molecules, AChE and BChE activities were measured at least five
different concentrations of each a-e molecules and% Activities were
calculated. The control activity of the enzymes was accepted as 100 %.
Inhibitor concentrations were then plotted against% Activity for each
molecule. From these graphs, the ICsq values of each molecule for AChE
and BuChE were determined.

2.5. Insilico studies

2.5.1. Homology modelling

Since the three-dimensional structure of equine serum BChE has not
been experimentally solved, homology modeling was performed for this
enzyme. The amino acid sequence of equine BChE was obtained from the
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Fig. 2. Compound e and ICsy graphs showing strong inhibitory effects on AChE and BChE.

UniProt Knowledgebase (entry: P81908) and used as input for the pro-
tein homology modeling process. The Prime Homology Modeling mod-
ule was employed to create a comparative model of equine serum BChE.
This modeling process utilized the high-resolution crystal structure of
full-length, recombinant human BChE (PDB ID: 4TPK) as a template for
generating the equine BChE model. Prime combines homology modeling
and fold recognition in a single integrated tool. Additionally, it offers the
flexibility for expert users to fine-tune and customize various parame-
ters, thus enhancing the accuracy and effectiveness of the predictions
[46,471].

2.5.2. Molecular docking

In silico studies were conducted to investigate the interaction be-
tween indole derivatives and AChE and BChE enzymes through Induced-
fit molecular docking simulations [48] as detailed in our previous
studies [49-51]. The simulations were carried out using Maestro 12.5, a
component of the Schrodinger Molecular Modeling Suite software [52].
The crystal structure of the AChE receptor, identified by its PDB ID:
4TVK, was acquired from the RCSB Protein Data Bank. Conversely, the
crystal structure of the BChE receptor was constructed using homology
modeling, utilizing the template with PDB ID: 4TPK. Both receptors
were prepared at physiological pH using the Protein Preparation Wizard
[53]. Optimization and minimization of the receptors were performed
using the OPLS3e force field. A receptor grid was generated around the
natural ligands in the protein structures. The ligands were prepared and
protonated at pH 7.0 + 2.0 using the LigPrep module.

2.5.3. Calculation of binding free energy using molecular mechanics/
generalized born surface area (MM-GBSA)

To calculate the binding free energies (AGyping), the Molecular Me-
chanics/Generalized Born Surface Area (MM/GBSA) method was
employed. This method combines continuum solvation models with
molecular mechanics computations to estimate the binding free energies
of protein-ligand complexes. The Prime/MM-GBSA calculations utilized

the OPLS3e force field and the VSGB dissolvable model [54].

2.5.4. ADME studies

ADME studies were performed to better understand the pharmaco-
kinetic properties, drug-likeness, and physicochemical characteristics of
indole derivatives (a, b, ¢, d, and e). The absorption, distribution,
metabolism, and excretion properties of these indole derivatives were
analyzed using the QikProp panel in Maestro 12.5. QikProp provides
information by comparing the properties of a novel molecule to those of
95 % of known drugs. This analysis helps evaluate drug-likeness and
predict the potential behavior of the indole derivatives in terms of their
absorption, distribution, metabolism, and excretion.

2.5.5. Molecular dynamics simulations

Molecular dynamics simulations were carried out using the Desmond
software from D. E. Shaw Research [55]. According to the results of
molecular docking, the compound with the highest binding score against
both enzymes was selected and combined with the corresponding
enzyme. The protein-ligand complex was prepared using the Desmond
system builder module and positioned in the center of an orthorhombic
box with a 10 A buffer zone around the protein. To create a solvated and
neutral system, water molecules (Tip3p) and counter ions (NaCl at 0.15
M) were added. The system underwent energy minimization using the
OPLS4 force field. The complex was then loaded into the Desmond
molecular dynamics module, and a simulation of 50 ns duration was
performed under constant temperature (300 K) and pressure (1 bar)
conditions using default parameters. The simulation employed a time
step of 2.5 fs and the RESPA integrator. The interactions between the
ligand and protein during binding were analyzed, along with the
calculation of the Root Mean Square Deviation (RMSD) of the protein’s
Ca atoms and the ligand’s heavy atoms, using Desmond.
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Table 1
The ICsq values for a-e compounds on AChE and BChE.

Compounds 1Cs for AChE ICs for BChE
a 0.480 uM 2.18 yM
b 1.682 uM 4.49 uM
c 0.916 uM 2.28 yM
c 1.093 uM 6.36 uM
e 0.340 uM 1.94 uM
Tacrine* 57,9 nM 3,19 nM

* Tacrine was used as standard inhibitor for AChE and BChE.

3. Results and discussion

AD is a neurodegenerative disorder that is becoming more common
with the aging population worldwide. The Alzheimer’s Association es-
timates that unless effective treatment methods are found, the disease
could reach over 100 million worldwide by 2050. The adverse effects of
AD can place a significant burden on healthcare systems [56]. Therefore,
conducting studies on the development of effective treatment methods
for AD is a very important need today. AChE and BChE are enzymes that
play a vital role in cholinergic transmission by hydrolyzing the neuro-
transmitter acetylcholine [17]. Acetylcholine plays an important role in
the cognitive functions of the brain, and therefore the impairment of
cognitive functions due to Alzheimer’s is associated with Acetylcholine
deficiency [18]. Because of AD association with cholinergic loss,
cholinesterase inhibitors are the most effective and well-established
strategy for treating AD [57]. To date, many cholinesterase inhibitors
have been developed for the treatment of AD, but their inability to fully
treat the disease and their side effects have [3,26] led to the need to
discover new inhibitors that have fewer side effects and are more
effective against the disease. In recent years, pharmacological studies on
the treatment of AD have focused on research based on multiple targets
with a single drug, and this has been shown to be effective for the
treatment of AD [58,59]. In the light of this information, the inhibition
effects of indole-derived molecules (a-e) on both AChE and BChE ac-
tivities were investigated in this study.

The inhibitory effects of compounds a-e on AChE and BChE activity
were determined by ICs¢ (inhibitor concentration that halves the ac-
tivity) values. For AChE, ICs( values of molecules a-e were found to be
0.480 pM, 1.682 uM, 0.916 uM, 1.093 pM, 0.340 uM, respectively. Ac-
cording to these results, the compound showing the strongest inhibitory
effect on AChE activity was compound e. On the other hand, ICsg values
showing the inhibition effects of compounds a-e on BChE activity were
determined as 2.18 uM, 4.49 pM, 2.28 uM, 6.36 uM, 1.940 uM, respec-
tively. Compound e had the strongest inhibitory effect for BChE as well
as AChE (Fig. 2). Inhibition results are summarized in Table 1. Tacrin
was used as the reference inhibitor for both enzymes. When the inhi-
bition results were compared with tacrine, it was seen that the indole
molecules we used in this study were less effective inhibitors than
tacrine. However, the inhibitory effects of indole molecules on AChE and
BChE were at micromolar levels. In addition, our results showed that
compounds a-e had a stronger inhibitory effect for AChE than for BChE.

In this investigation, molecular modeling methodologies were
employed to elucidate the potential inhibitory mechanisms of indole
derivatives known for their experimentally validated dual inhibition
effects on AChE and BChE enzymes. The study aimed to distinguish the
complex interactions between these compounds and the enzymes. To
achieve this goal, a comprehensive array of in silico techniques was
applied, including molecular docking, MM-GBSA, ADME analysis, mo-
lecular dynamics, and homology modeling methods.

Within the context of homology modeling, the model created by the
Prime module was presented as a ribbon representation in the work-
space. The final model was automatically annotated with two distinct
colors to indicate their respective significance. Specifically, residues that
were identical to the template were colored blue, while similar residues
were highlighted in cyan. Sequence insertions are colored appropriately
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Fig. 3. 3D model of the protein obtained by homology modeling.

as shown in Fig. 3.

Subsequently, it is essential to assess the quality of the model and
address any identified issues, such as steric clashes, deviations in bond
lengths and angles, and other structural anomalies. The Protein Prepa-
ration Wizard provides a valuable tool to effectively rectify common
structural problems. The sequence identity of the equine serum BChE
enzyme, when compared to the 4TVK crystal structure used as a tem-
plate, was found to be 90 %. Additionally, the positivity rate was
determined to be 94 %.

The model produced using the Prime module in Schrodinger Maestro
underwent evaluation through a Ramachandran plot, which allows
visualization of residues positioned within specific regions of the phi/psi
space. In the plot, residues residing within the allowed regions were
depicted in yellow, those in favored regions appeared in reddish-orange,
while residues falling into disallowed regions were represented in white.
Notably, Fig. 4 illustrates that the majority of residues were found
within the allowed regions, while only a negligible number of residues
were situated in disallowed regions. ERRAT and Verify3D online models
were also used for further validation of the protein structure obtained as
a result of homology modeling. The data derived from Verify3D analysis
reveals that 89.27 % of the residues exhibit an average 3D-1D score of
>=0.1. Furthermore, following the ERRAT analysis, the Overall Quality
Factor of the homology-modeled protein was determined to be 92.88
(Supplementary Figs. 1, 2, and 3). These results indicate a high level of
structural accuracy for the modeled protein [60-62].

We employed the Induced-Fit Docking (IFD) methodology to conduct
molecular docking studies using indole derivatives to gain a better
knowledge of the protein-ligand interactions at the atomic level a, b, c,
d, and e, which have strong inhibitory effects on AChE and BChE en-
zymes, were subjected to the Induced-fit docking protocol. As positive
control substance, tacrine, a standard inhibitor of both AChE and BChE
enzymes, was utilized. In addition, we utilized the Prime MM/GBSA
module to quantify free binding energies to truly comprehend the
thermodynamic variables involved in the AChE and BChE inhibitory
actions of a, b, ¢, d, and e. Table 2 summarizes the IFD docking scores
and Prime/MM-GBSA values.

Compound e demonstrated the most potent inhibitory activity
against AChE and BChE enzymes among the indole compounds tested, as
evidenced by its lowest ICsg value. The results from molecular docking
studies for e consistently support the experimental data. Significantly,
the induced-fit docking simulations yielded remarkably high docking
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Fig. 4. Ramachandran plot of the modelled protein.
bl with TRP82, PHE329, and TYR332 (Fig. 5B). These observations provide

Table 2

IFD docking scores, and Prime/MM-GBSA free binding energy results of the
indole compounds that show potent enzyme inhibitory activity.

AChE BChE

Compound  IFD Docking MM-GBSA IFD Docking MM-GBSA
Score (kcal/ AGying (kecal/ Score (kcal/ AGyping (kecal/
mol) mol) mol) mol)

a -11.112 —55.06 —10.649 —49.11

b —10.093 —34.98 —9.818 —47.17

c —11.061 —33.38 —10.788 —47.30

d —10.413 —30.43 —9.385 —27.67

e —12.240 —96.91 —12.925 —83.73

Tacrine —13.570 —75.45 —9.873 —58.58

scores of —12.240 kcal/mol for the AChE enzyme and —12.925 kcal/mol
for the BChE enzyme, underscoring the strong binding affinity between
the compounds and the respective enzymes. Moreover, the MM-GBSA
analysis demonstrated a calculated free binding energy of —96.91
kcal/mol and —83.73 kcal/mol, respectively, further highlighting the
strong and robust interaction between compound e and the AChE and
BChE enzymes (Table 2).

In the active site of the AChE enzyme, compound e formed hydrogen
bonds with specific amino acid residues, namely ASP72, TYR121,
PHE288, and ARG289. Additionally, compounds e engaged in pi-pi in-
teractions with TYR70, PHE290, PHE330, and PHE331, critical com-
ponents situated in the active site of the AChE enzyme (Fig. 5A). In the
active site of the BChE enzyme, compound e formed hydrogen bonds
with specific amino acid residues, namely GLY116, GLY117, ALA328,
and HIS438. Additionally, compound e engaged in pi-pi interactions

confirmation that compound e effectively occupies the active sites of
both the AChE and BChE enzymes, exerting a potent inhibitory effect
through its extensive and substantive interactions.

Molecular docking studies were conducted on compound a, which
exhibited a remarkably potent experimental inhibition effect against
both AChE and BChE enzymes, second only to compound e. These
computational investigations further confirmed the validity of the
experimental findings. Notably, the induced-fit docking simulations
resulted in remarkably high docking scores of —11.112 kcal/mol for the
AChE enzyme and —10.649 kcal/mol for the BChE enzyme, indicating a
profound binding affinity between the compounds and the respective
enzymes. Additionally, the MM-GBSA analysis revealed calculated free
binding energies of —55.06 kcal/mol and —49.11 kcal/mol, respec-
tively, further emphasized the strong and robust interaction between
compound a and the AChE and BChE enzymes (Table 2).

Compound a demonstrated hydrogen bonding with specific amino
acid residues, including ASP72, GLH199, SER200, and HIS440, within
the active site of the AChE enzyme. Additionally, it engaged in pi-pi
interactions with TRP84 and PHE330, crucial components situated in
the AChE enzyme’s active site (Fig. 3). Similarly, within the BChE en-
zyme’s active site, compound a formed hydrogen bond with particular
amino acid residue, namely HIS438, and participated in pi-pi in-
teractions with TRP82, TRP231, and PHE329 (Fig. 3).

Molecular docking and molecular mechanics studies were carried
out for compounds b, ¢, and d, which exhibited pronounced in vitro
inhibition effects against AChE and BChE enzymes in experimental as-
says. The computational analyses further corroborated and validated the
experimental data for these compounds.

To assess the drug-likeness and pharmacokinetic attributes of the
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Fig. 5. The detailed 3D docking pose (on the left) and the corresponding 2D ligand-receptor interaction diagram (on the right) of compound e for both AChE (A) and

BChE (B) receptors.

indole compounds, we utilized the QikProp tool from Maestro. This
analysis aimed to evaluate the compounds’ potential as viable drugs
based on their physicochemical and pharmaceutical characteristics. The
molecular weight (mol MW), the number of hydrogen bonds accepted
(accptHB), and the number of hydrogen bonds donated (donorHB)

Table 3

values of the compounds were found to be within acceptable ranges.
Additionally, we utilized the QPPCaco factor, which ranged from
634,647 to 1790,066, to assess the potential apparent Caco-2 cell
permeability in nm/sec. Cell permeability through biological mem-
branes is a crucial factor in drug development. Furthermore, the

The evaluation of ADME (Absorption, Distribution, Metabolism, and Excretion) prediction results for the indole compounds.

Compound mol MW donorHB accptHB QPlogPo/w QPlogS QPlogHERG QPPCaco QPlogBB QPPMDCK  %HOA RuleOfFive RuleOfThree

a 324,4 3,25 4,25 3342 —5052 —6471
b 272,367 2 2,5 3603 —4,51 —5263
c 340,829 2 2,5 4,59 —5652 —5926
d 258,34 1,8 2 3393 —3861 —4514
e 471,551 2 4,5 5916 —6876 —6965
Tacrine 198,267 1,5 2 2,56 —3071 —4067

634,647 —0,836 542,749 96,671 0
1608,985 —0,438 1370,446 100 0
1375,319 —0,296 2519,185 100 0
1790,066 -0,187 2216,853 100 0
794,747 —0,938 829,737 100 1
2851,902 0,032 1535,666 100 0

o= oo oo
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and their cell-permeable parameter (QPPMDCK) values ranged from
542,749 to 2519,185, while their Kt channel blockage (QPlogHERG)
values were less than —5 (except for 1d). Moreover, the compounds
displayed percentages of human oral absorption (%HOA) values be-
tween 96,671 and 100 %. Notably, the QPlogBB parameter assessed the
compounds’ ability to pass the blood-brain barrier, suggesting their
potential utility in treating neurological disorders. Specifically, com-
pound e, identified as a potent inhibitor of AChE and BChE enzymes
involved in neurological illnesses, exhibited a QPlogBB value within the
recommended range. Overall, all the compounds met the pharmacoki-
netic criteria for drug-like substances and were well within the clinically
acceptable range (Table 3). These findings indicate their promising
potential as drug candidates.

In order to assess the stability of the ligand-protein complex and
identify key interactions, molecular dynamics simulation studies were
conducted specifically for compound e, given its exceptional in vitro
inhibition, docking score, and significant MM-GBSA binding free energy
results. Figs. 5 and 6 illustrate the results of the molecular dynamics
simulation analysis for the complex of compound e with AChE and
BChE, respectively.

Fig. 6A illustrates the hydrogen bond interactions (indicated by the
purple arrow) of compound e with TRP84 (33 % of simulation time),
TYR130 (17 % of simulation time), GLU199 (31 % of simulation time),
and TRP432 (18 % of simulation time) within the active site of the AChE
enzyme. Furthermore, compound e forms dual pi-pi stacking in-
teractions (shown by the green line) with TRP84 (31 % and 39 % of
simulation time, respectively) and a single pi-pi interaction with the
PHE331 residue (28 % of simulation time).

Fig. 6B displays the ligand and protein RMSD plots. The average
protein Cox RMSD value was determined as about 2.8 A (pale blue), the
average ligand fit on protein RMSD value as about 2 A (red), and the ’Lig
fit Lig’ RMSD value was measured at about 1 A (pink).

Fig. 6C presents the interaction fraction histograms, depicting the
ligand’s interactions with key residues of the protein during the 50-
nanosecond simulation. Hydrogen bond interactions are represented
by green columns, hydrophobic interactions by purple columns, and
water-bridged hydrogen bond interactions by blue columns.

Fig. 7A illustrates the hydrogen bond interactions (indicated by the
purple arrow) of compound e with GLY116 (49 % of simulation time),
GLY117 (97 % of simulation time), ALA199 (31 % of simulation time),
and TYR440 (41 % of simulation time), within the active site of the BChE
enzyme. Compound e exhibited additional hydrogen bond interactions
with residues THR120, TYR440, and HIS438, facilitated by water mol-
ecules. Furthermore, compound e forms pi-pi stacking interaction
(shown by the green line) with TRP82 (18 % of simulation time),
TRP231 (42 % of simulation time) and PHE329 residue (13 % of simu-
lation time).

Fig. 7B displays the ligand and protein RMSD plots. The average
protein Ca RMSD value was determined as about 2.7 A (pale blue), the
average ligand fit on protein RMSD value as about 3 A (red), and the ’Lig
fit Lig” RMSD value was measured at about 1 A (pink).

Fig. 7C presents the interaction fraction histograms, depicting the
ligand’s interactions with key residues of the protein during the 50-
nanosecond simulation. Hydrogen bond interactions are represented
by green columns, hydrophobic interactions by purple columns, and
water-bridged hydrogen bond interactions by blue columns.

4. Conclusion

In drug development studies targeting therapeutic agents for AD are
focusing on AChE and BChE inhibitors, that aim to alleviate acetylcho-
line loss. The deficiencies observed in existing inhibitors for AD under-
score the necessity of identifying novel and effective AChE and BChE
inhibitors. This study elucidates the inhibitory effects of indole mole-
cules a-e on AChE and BChE activities, with in vitro inhibition results
confirmed by molecular modeling studies. The findings presented herein

Journal of Molecular Structure 1311 (2024) 138276

are anticipated to make significant contributions to the synthesis of
novel indole-derived AChE and BChE inhibitors, thereby advancing
therapeutic avenues for Alzheimer’s disease.
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