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Synthesis and biological evaluation of N/O-
propargylated diarylpyrimidines as dual inhibitors
of acetylcholinesterase and monoamine oxidase
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Alzheimer's disease is a complex neurological disorder and is becoming a global health concern as the
population ages. Considering the complex aetiology of the disease and ineptness of single-targeted
drugs, the development of multi-targeted drugs emerges as the most effective strategy for the treatment
of the disease. Cholinesterases and monoamine oxidases are amongst the most widely explored targets
in Alzheimer's disease, and their dual inhibition offers a promising approach for achieving multipotent
therapeutic effects. Herein, we designed and synthesized a series of N/O-propargylated diaryl
pyrimidines and evaluated their inhibitory activity against acetylcholinesterase (AChE) and monoamine
oxidase (MAO) enzymes. Most of the compounds were found to be active against AChE, MAO-A and
MAO-B. Amongst the synthesised derivatives of the series, compounds, compounds NV-1 and NV-9
exhibited a balanced multipotent activity profile against both the targets ie. acetylcholinesterase and
monoamine oxidase. Compounds NV-1 and NV-9 displayed ICsq values of 1.30 uM and 0.88 puM against
AChE, 0.232 uM and 9.31 uM against MAO-A and 0.949 puM and 9.23 uM against MAO-B, respectively. In
the reversibility inhibition studies, both the compounds were found to be reversible in nature. In kinetic
inhibition studies, both NV-1 and NV-9 showed non-competitive inhibition for AChE. Additionally, NV-1
and NV-9 were found to be moderately neuroprotective in nature and exhibit no cytotoxicity at lower
compound concentrations. In the partition coefficient studies (octanol/water), the compound NV-9 was
found to be lipophilic in nature. Molecular docking studies illustrate their stability within the active cavity
of both enzymes. Simulation studies confirmed the thermodynamic stability of these compounds within
the cavity for up to 100 ns. Thus, the N/O-propargylated diarylpyrimidines have the potential to be
developed as multipotent drugs for the treatment of Alzheimer's disease.

nature,” and many pathological targets are involved in the
initiation and progression of the disease, including increased

Alzheimer's disease (AD) is a severe neurological condition,*
and more than 50 million people are affected worldwide. It is
the most common cause of dementia that causes memory loss
and cognitive impairment” by the degeneration of the neuronal
cells, causes continuous declining of thinking, communication,
and social skills, and affects the normal functioning of daily
life.’ The available treatments give only symptomatic relief, and
there is no drug available for the complete eradication of the
disease.* The aetiology of Alzheimer's disease is complex in
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acetylcholinesterase (AChE) inhibitor concentration, over-
activation of monoamine oxidase (MAO) enzyme, excess
formation of amyloid plaques and tangled clumps of tau
protein, disruption of glutaminergic and adrenergic systems,
metal ion dyshomeostasis and increased reactive oxygen species
(ROS) levels.®” Because of the complex aetiology of Alzheimer's
disease and the involvement of many pathological targets, the
development of multi-target-directed ligands (MTDLs) for the
simultaneous inhibition of two or more targets is proposed as
an effective treatment strategy.®

Pyrimidine scaffold is an important part of DNA and RNA
involved in almost all the biological systems.® Many pyrimidine-
based derivatives have been designed, synthesized, and evalu-
ated as anti-Alzheimer agents.' Aryl substitution at the
different positions of the pyrimidine scaffold have shown
different biological activities."»*> S. Ahmad et al. designed and
synthesized dihydropyrimidine derivatives as dual binding
(AChE and BuChE) inhibitors with good binding affinity to the
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key amino acid residues of the catalytic active site (CAS) and
peripheral anionic site (PAS) of AChE."® Manzoor and group
reported phenyl-sulfonyl substituted pyrimidine carboxylate
derivatives as potential multi-target leads for the inhibition of
AChE and AChE-induced amyloid-f aggregation. Almost all the
compounds of the series showed selective AChE inhibition over
BuChE in higher nanomolar range.* Pyrimidine-
triazolopyrimidine and pyrimidine-pyridine-based hybrid scaf-
folds were synthesized and screened against cholinesterase
enzymes, showing ICs, values in the nanomolar range and
interactions with both the CAS and PAS of AChE." Blood-brain
barrier (BBB) permeability is one of the major challenges in AD
drug discovery. A series of novel propargylamine-modified
aminoalkyl imidazole-substituted pyrimidinylthiourea deriva-
tives were screened as multifunctional agents for potential
drug-likeness, low cytotoxicity, and enhanced BBB permeability.
The lead compound from this series was reported to ameliorate
scopolamine-induced cognitive impairment in a mouse model
of Alzheimer's disease.’® Nadeem et al. reported variation in
several functionalities and linker lengths in indole-containing
2-arylidine derivatives of thiazolopyrimidine that showed
enhanced cholinesterase and monoamine oxidase inhibition
activities along with improved BBB permeability and no cyto-
toxicity to the neuronal cells."” Javed et al. synthesised and
biologically evaluated a series of pyrimidine/pyrrolidine-sertra-
line hybrids and improved short and long-term memory, and
enhanced learning behavior in AD mouse model was
observed.” Recently, substituted pyrimidine scaffolds were
synthesized and studied as potent anti-AD agents using in vivo
mouse model by Swati and group. The lead molecule showed
promising activities comparable to that of the standard.*

For the past few years, our laboratory has been working on
the design, synthesis, and screening of small organic molecules
as multi-target-directed ligands for the treatment of AD. A
number of pyrimidine derivatives were synthesized, and
a structure-activity relationship profile was developed for the
identification of active leads with a balanced multipotent profile
against different targets of AD. The propargyl group has been
identified as an important pharmacophore®**** for its inter-
action with monoamine oxidases, and we are further exploring
this moiety in the pyrimidine scaffold. We synthesized
diphenyl-substituted pyrimidine derivatives as dual inhibitors
of AChE and MAO enzymes. With variation in the substitution
pattern, these compounds showed varying activity profiles and
potent leads were identified, showing a balanced activity profile
against both the enzymes. The identified leads exhibited good
neuroprotective potential against SH-SY5Y cells in the 6-OHDA
and H,O,-induced neurotoxicity.>*** Additionally, the lead
molecule were evaluated in vivo using scopolamine-induced
neurotoxicity in mice model of Alzheimer's disease.”*
Recently, a series of phenylstyrylpyrimidine derivatives was
synthesized and evaluated as anti-AD agents, exhibiting multi-
potent profile against AChE, MAO, and self-induced amyloid-
B aggregation.”® Computational studies revealed that the prop-
argyl group strongly interacts with the MAO enzyme, probably
through the covalent interaction between its terminal alkyne
and the FAD co-factor.”
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Taking leads from the previous research work done in our
laboratory, the computational studies revealed that the pyrim-
idine moiety usually orients towards the FAD co-factor of the
MAO enzyme. In our previous studies,”***?** the propargyl
moiety was substituted at the diaryl rings attached to the
pyrimidine ring, and many times it orients away from the FAD
pocket. The propargyl group is a classified MAO pharmaco-
phore, which is well known for developing mechanism-based
inhibitors. Propargylation at the pyrimidine core was
designed to generate an MAO-reactive warhead with a rigid
heteroaromatic scaffold, exhibiting improved active-site posi-
tioning, enabling mechanism-based FAD interaction, and
enhanced overall binding and activity toward the MAO enzyme.
Thus, in the present study, we incorporated the propargyl
moiety on the pyrimidine ring and investigated its impact on
the inhibition activity of the target enzymes. The attachment of
two phenyl rings to the pyrimidine nucleus provided an elon-
gated structure, which can effectively bind to the PAS and CAS of
the AChE enzyme. Most of the synthesized compounds showed
potent inhibitory activities against AChE and MAO enzymes at
lower to sub-micromolar concentrations. The neuroprotection
potential and cytotoxicity of the potent compounds were eval-
uated against SH-SY5Y neuronal cells. In addition, molecular
docking and dynamics simulation studies were performed to
assess the binding interactions and stability of the ligands and
enzyme-ligand complexes.

Results and discussion
Chemistry

All the compounds were synthesized based on the reaction
procedures described in Scheme 1. Briefly, substituted
acetophenone and benzaldehydes were reacted in the presence
of urea and iodine to produce pyrimidinone, which was chlo-
rinated using POCI; in toluene. Finally, the chlorinated deriv-
ative was substituted with propargyl amine/alcohol in DMF to
get the final product. The formation of the product was
confirmed by 'H, '*C, and HMRS data.

Biological results

hMAO and AChE inhibition studies. The evaluation of MAO
and AChE inhibition studies of the synthesized compounds is
performed through fluorometric absorption methods using
Amplex Red®® and Ellman's assay*” kits from Molecular Probes
(Invitrogen), Life Technologies. The results of these inhibition
assays are reported in the form of ICs, (uM) values summarised
in Table 1. It has been observed that some of the compounds
were found to inhibit both MAO and AChE enzymes in the low
micromolar range concentration. The aryl rings attached to the
pyrimidine scaffold were alternatively substituted (R, and R,)
with different groups, including electron-withdrawing and
electron-donating substituents, to develop a structure-activity
relationship (SAR) profile. As evident from Table 1, compound
NV-1 was found to be the most potent inhibitor of MAO-A and
MAO-B isoforms with IC5, values of 0.232 uM and 0.949 uM,
respectively. It displayed IC5, value of 1.30 uM against the AChE

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route for diaryl-substituted propargylated pyrimidine derivatives.

enzyme. Similarly, compound NV-9 was found to be the most
potent inhibitor of the AChE enzyme with ICs, value of 0.88 uM,
and it showed ICs, values of 9.31 uM and 9.23 uM against MAO-
A and MAO-B isoforms, respectively.

Reversibility

Table 1 Results of the biological inhibition studies of MAO-A, MAO-B and AChE?*

inhibition studies.

Reversible inhibition
studies were conducted to assess whether the compounds were
reversible or irreversible inhibitors® of AChE and MAO-B
enzymes. At ICs, concentration, NV-1 showed 57.43% and

N

X
|)§N
X A BN

L N
R4 NV 1-22 R2

ICs, values (mean + S.E., uM)

Entry name X R, R, hMAO-A hMAO-B AChE

NV-1 N 4-CH;3 H 0.232 + 0.04 0.949 £ 0.001 1.30 + 0.01
NV-2 N H 3-Br 1.667 £ 0.05 4.429 £ 0.06 8.70 = 0.02
NV-3 N 4-Cl 4-Br 0.996 £ 0.03 9.728 £ 0.02 3.48 £ 0.012
NvV-4 N 4-Cl H >10 2.528 £ 0.04 7.00 = 0.005
NV-5 N 4-Br 4-OMe >10 12.371 £ 0.1 3.28 £ 0.006
NV-6 N 4-OMe H >10 10.459 £ 0.02 4.23 £ 0.006
NV-7 N 4-CH,3 4-OMe 0.805 £ 0.02 13.191 £ 0.1 9.16 £ 0.009
NV-8 N 4-Cl 4-OMe >10 7.547 £ 0.02 6.30 + 0.01
NV-9 N 3,4,5-OMe 3-NO, 9.31 £ 0.1 9.231 & 0.02 0.88 £+ 0.013
NV-10 N 4-CH; 3-Br 8.80 & 0.02 13.115 £ 0.17 23.41 £ 0.004
NV-11 (6] H 3-Br 9.815 £ 0.02 14.275 + 0.03 6.56 + 0.015
NV-12 (6] 4-OMe 4-OMe 4.90 £ 0.07 >25 26.24 £+ 0.015
NV-13 O 4-OMe 4-Cl >10 5.947 £ 0.02 1.38 £ 0.003
NV-14 (6] 4-OMe H 0.808 £ 0.009 >25 6.99 + 0.007
NV-15 (6] H 2,4-Cl >10 >25 3.26 £ 0.006
NV-16 o 4-OMe 4-Br >10 8.602 + 0.048 6.96 + 0.014
NV-17 (6] 4-CH,3 3-Br 6.68 + 0.02 >25 7.75 £ 0.042
NV-18 (6] 4-CH;3 4-OMe >10 >25 5.46 + 0.023
NV-19 O 4-Cl H 4.38 £ 0.024 >25 8.73 £ 0.038
NV-20 (0] 3-NO, H 7.69 + 0.08 >25 3.55 + 0.045
NV-21 (6] 3-Br 3,4-OMe 15.26 £ 0.31 >25 19.46 £ 0.025
Clorgyline 0.049 + 0.002 nd nd

Pargyline nd 0.072 % 0.001 nd

Donepezil nd nd 0.026 + 0.003

“ nd = not determined.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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78.92% activity, while NV-9 showed 65.30% and 55.27% inhib-
itory activity against AChE and MAO-B, respectively. Inhibition
was increased by increasing the concentrations to 10 x ICs, and
100 x ICso. The maximum inhibition was achieved at 100 x
ICso, where only 7.45% and 7.49% activities were observed for
AChE, while 43.92% and 37.39% activities were observed for
MAO-B by NV-1 and NV-9, respectively. The activity was recov-
ered by diluting the compounds to a concentration of 0.1 x
ICsp. A total of 96.56% and 97.45% activity was recovered for
AChE and 85.38% and 75.44% activity for the MAO-B enzyme by
NV-1 and NV-9, respectively (Fig. 1). This study demonstrates
the reversible nature of both the inhibitors against AChE and
MAO-B enzymes.

Kinetic studies of VAChE inhibition. Kinetic studies were
performed with the lead compounds NV-1 and NV-9 against
AChE to determine the mechanism of inhibition.>® From the
reciprocal Lineweaver-Burk plots, it was observed that with an
increase in the concentration of the compound, reduced V.
and unaffected K, values are obtained, as shown in Fig. 2. The
intercept of the double reciprocal Lineweaver-Burk plot is on
the x-axis, showing that the reaction follows non-competitive
inhibition. Therefore, the lead compounds NV-1 and NV-9
have an affinity to bind to free enzymes on a site other than the
active site (allosteric site) and thus reduce the enzyme's ability
to catalyse the reaction regardless of the substrate
concentration.

View Article Online
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Neuroprotective effects. The most potent compounds (NV-1
and NV-9) were evaluated for their neuroprotection potential
using neurotoxin 6-hydroxydopamine (6-OHDA) on human
neuroblastoma SH-SY5Y cells. Compound NV-9 did not show
any neuroprotective effects, while NV-1 displayed moderate
neuroprotective potential against the 6-OHDA neurotoxin. As
the concentration of the inhibitor increases from 0.1 uM to 10
uM, the percentage cell viability also increases. As depicted in
Fig. 3, compound NV-1 showed a maximum percentage cell
viability of 63.97%, while NV-9 showed a maximum cell viability
of 51.57%. Therefore, the compounds exhibited only moderate
neuroprotective potential.

Cytotoxicity studies. To assess the cell viability, the lead
compounds (NV-1 and NV-9) were evaluated for their cytotox-
icity against neuronal cells (SH-SY5Y). The test compounds at
0.1 uM, 1 uM and 10 uM concentrations were incubated for 24 h
with SH-SY5Y cells, and the viability of the cells was determined
using the MTT assay, as shown in Fig. 4. With the increase in
the concentration of the test compounds, the percentage cell
viability decreases. The compounds were found to be non-toxic
at lower concentrations. Compound NV-1 showed a minimum
cell viability of 51.38% at 10 pM, whereas it showed a maximum
cell viability of 61.36% at the lowest (0.1 uM) compound
concentration. As more than 50% cell viability was observed
even with the highest compound concentration (10 uM), so, the

Reversible inhibition study of AChE
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Fig. 1 Reversibility inhibition study of NV-1 and NV-9 for AChE and MAO-B enzymes.
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Fig. 2 Kinetic studies on the AChE inhibition mechanism by NV-1 and NV-9. Lineweaver—Burk plots of AChE initial velocities at increasing
substrate concentrations (0.25-6 mM) in the presence and absence of the inhibitors.
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Fig. 3 Neuroprotective studies of NV-1 and NV-9 against SH-SY5Y
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Cytotoxic Assay
100.0

61.4 5g 4 61.1 57.1

0.0 . .

Ctrl 0.1 uM 1uM
ENV-1 mNV-9

51.4 53.1

10 uM

Fig. 4 Cytotoxicity studies of NV-1 and NV-9 against SH-SY5Y cells
after 24 h of treatment.

lower micromolar ICs, values of the synthesized compounds
suggest minimal cytotoxic effects on the neuronal cell lines.
Molecular docking. Molecular docking is an important tool
for understanding the interactions between target proteins and
test molecules. It provides information about the orientation of
the test molecules and their interactions with amino acids in
the active cavity of the enzyme.?® All the synthesized compounds
of the series were docked against AChE (PDB ID-1EVE co-
crystallised with donepezil) to know the binding interactions
with the active sites of AChE. The docking studies were per-
formed using Maestro 12.8 (Schrodinger LLC) software. The
interactions and alignments of the most active compounds, NV-
1 and NV-9, from in vitro studies are depicted in Fig. 5. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

active site of AChE is divided into two compartments, namely,
the catalytic active site (CAS) and peripheral anionic site (PAS).
The CAS is mainly composed of Trp84, Tyr130, Phe330, Phe331,
and the PAS consists of Tyr70, Asp72, Tyr121, Trp279, and
Tyr334 amino acid residues at its active sites.*® The pyrimidine
ring of both NV-1 and NV-9, with an N-propargyl moiety, is
accommodated in the PAS, where one of the phenyl rings con-
taining the methyl group of compound NV-1 shows 7-7 stack-
ing interactions with Tyr70. Another phenyl ring of the
compound is accommodated in the CAS, where it displays
strong m-1 stacking interactions with the benzene ring of
Phe330 and the 5-membered indole ring of Trp84. NO,-con-
taining phenyl ring of compound NV-9 showed m-m and
cationic-T interactions with Phe330 and Trp84, respectively, in
the CAS region. It confirmed that the test compounds interact
with both the CAS and PAS of AChE, thus making them more
potent against enzymatic inhibition.

Similarly, both the compounds were docked at hMAO-B (PDB
ID-2BYB co-crystallised with pargyline) to determine the
binding interactions at the active site of the enzyme. The active
site of MAO-B is mainly divided into two cavities, namely, the
entrance cavity and the substrate cavity. The side chain of Ile199
separates both the cavities and acts as a gate between them.**
The pyrimidine ring with the N-propargyl moiety of NV-1 was
accommodated in the substrate cavity and was surrounded by
Phe99, Phe103, Thr202, and Ser200, while the pyrimidine ring
of NV-9 was situated in the entrance cavity, which was sur-
rounded by Ile198, Ile199, and Tyr326 (Fig. 6). The methyl-
containing phenyl ring of the compound NV-1 was at the
entrance cavity, while the other phenyl ring was situated deep
within the substrate cavity. Similarly, the trimethoxy phenyl
ring of the compound NV-9 was lying deep within the active
substrate cavity, while the nitrophenyl ring showed a cationic-m
interaction between the benzene ring of Tyr435 and the
nitrogen atom of NO, group. Thus, it is evident that the
compounds are well accommodated within the cavities and
show similar interactions to the standard inhibitor pargyline.

Molecular dynamics simulation studies. Understanding the
protein-ligand binding interaction is crucial in the drug design
and development process, and molecular dynamics simulation
can be used as an effective tool for the identification of potent
leads.*” It is an important tool for understanding the stability

RSC Adv, 2026, 16, 13369-13380 | 13373
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Fig.5

(A) 2D interactions of NV-1 with amino acid residues of AChE, (B) 3D binding pattern of NV-1 with amino acid residues at the active site of

AChE, (C) 2D interactions of NV-9 with amino acid residues of AChE, and (D) 3D binding pattern of NV-9 with amino acid residues at the active

site of AChE.

and conformational changes of ligands within the active cavity
of an enzyme. Therefore, the most potent compounds, NV-1 and
NV-9, were subjected to MD simulation for 100 ns using GRO-
MACS 2021.3. Fig. 7 depicts the results of the analysis from the
MD trajectory of the protein-ligand complex of NV-9. Initially,
there was a fluctuation in the RMSD plot (Fig. 7A) of the protein
between 0.075 and 0.225 nm. Protein RMSD stabilizes between
0.08 and 0.15 nm, and the ligand's RMSD value was found to be
extremely stable throughout the simulation ranging from 0.15
to 0.20 nm. The protein and ligand RMSD values were found to
be in the acceptable range for both the test compounds, sug-
gesting that the protein and ligand complex was stable
throughout the time-period of MD simulation. Additionally, the
radius of gyration (Fig. 7B) was calculated to determine the
degree of compactness in the structure and to gain insights into
the overall dimensions of the protein. The rGy value remained
constant throughout the entire trajectory time at 2.32 nm,
indicating the high stability of the complex. The stability and
flexibility in the protein structure were recorded using RMSF
throughout the simulation study to predict the dynamic
behavior of the amino acid residues. The analysis of the root
mean square fluctuation (RMSF) plot showed that there were no
internal fluctuations throughout the simulations, and the

13374 | RSC Adv, 2026, 16, 13369-13380

interaction RMSF values stayed well within the permissible
range of 0.05 to 0.4 nm. The accommodation and stability of the
ligand within the catalytic pocket are further supported by the
lower RMSF values of the ligand in the range of 0.02-0.18 nm
with minimal fluctuation during the simulation (Fig. 7C and D).

Fig. 8 shows the results of the analysis from the MD trajec-
tory of the protein-ligand complex of NV-1. Initially, there was
a fluctuation in the RMSD plot (Fig. 8A) of the protein between
0.1 and 0.4 nm for 18 ns. After that, it stabilized between 0.4 and
0.42 nm, and the ligand's RMSD value was found to be
extremely stable throughout the simulation from 0.075 to
0.12 nm. The protein and ligand RMSD values were within the
acceptable range for both the ligands, suggesting that the
protein and the ligand were stable throughout the time-period
of MD simulation. Additionally, the radius of gyration
(Fig. 8B) was calculated to determine the degree of compactness
in the structure and to gain insights into the overall dimensions
of the protein. This revealed that the complex is highly stable, as
the rGy value remains constant throughout the entire trajectory
time at 2.33-2.36 nm. The stability and flexibility in the protein
structure were recorded using RMSF throughout the simulation
study to predict the dynamic behavior of the amino acid resi-
dues. The analysis of the root mean square fluctuation (RMSF)

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08679e

Open Access Article. Published on 10 March 2026. Downloaded on 4/17/2026 12:15:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig. 6

View Article Online

RSC Advances

(A) 2D interactions of NV-1 with amino acid residues of MAO-B, (B) 3D binding pattern of NV-1 with amino acid residues at the active site

of MAO-B, (C) 2D interactions of NV-9 with amino acid residues of MAO-B, and (D) 3D binding pattern of NV-9 with amino acid residues at the

active site of MAO-B.

plot showed that there were no internal fluctuations throughout
the simulations, and their RMSF values fell well within the
permissible range of 0.07 to 0.6 nm. The accommodation and
stability of the ligand within the catalytic pocket are further
supported by the lower RMSF values of the ligand in the range of
0.02-0.22 nm without much fluctuation (Fig. 8C and D).
Physicochemical properties. For the evaluation of the drug-
like characteristics of NV-1 and NV-9, various physiological
parameters® were calculated using the QikProp application of
the Schrodinger software. Both the compounds followed Lip-
inski's rule of five and showed drug-like properties. The
molecular weights of the compounds are below 500. The log P
values of both the compounds are less than or equal to five. The
hydrogen bond donor and hydrogen bond acceptor atoms of
compound NV-1 are less than 5, whereas the hydrogen bond
acceptor atoms of compound NV-9 are 5.75. The QPlogBB values
of both the compounds lies within the optimum range of —3.0
to 1.2, and both show 100% human oral absorption.
Lipophilicity evaluation using an octanol-water partition
coefficient study. Further, we experimentally, we experimentally
evaluated the lipophilicity of the lead compound (NV-9) using
an octanol/water partition coefficient study (Table S1 and
Fig. S1-S3). An HPLC calibration curve was generated to enable

© 2026 The Author(s). Published by the Royal Society of Chemistry

accurate and reliable quantification of the compound in both
hydrophilic and lipophilic phases. The compound was clearly
detected in the octanol phase, whereas no peak was observed in
the aqueous phase, indicating a strong preference of the
compound for the lipophilic environment. These results
support the computational calculation of the log P value of 4.42
reported in Table 2. The compound is insoluble in the aqueous
phase (precipitated out at the aqueous-organic interface) and
hence the log P value could not be calculated. Thus, NV-9 di-
splayed strong binding affinity to AChE, MAO-A, and MAO-B,
and in the lipophilicity evaluation studies, this compound
was found to be highly lipophilic. A suitable salt formulation of
this compound is expected to further improve the BBB perme-
ability and drug-like characteristics.

Structure-activity relationship studies. A series of N/O-
propargyl-substituted diarylpyrimidines were designed and
synthesized. A total of 21 molecules were synthesized by varying
the substitution pattern at both the aryl rings attached to the
pyrimidine scaffold. Various electron-withdrawing and
electron-donating substituents were attached to the aryl rings to
develop a structure-activity relationship (SAR) profile (Fig. 9).
The molecules were evaluated for their inhibitory potential
against AChE, MAO-A, and MAO-B. Most of the compounds
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Fig. 7 Molecular dynamics trajectory analysis of the NV9-protein complex. (A) Protein—ligand RMSD; (B) radius of gyration for the complex, (C)

RMSF for the protein and (D) RMSF for the ligand.
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Table 2 Physicochemical properties of the most potent compounds, NV-1 and NV-9¢

% Human QPlogBB (optimum  Predicted BBB
Compound Mol.wt LogP HBdonor HB acceptor oral absorption QPlogS QPlogHERG CNS range —3.0to1.2)  permeability
NV-1 299.37 5.05 1.5 2.5 100 —-5.91 —6.80 0 —0.085 +ve
NV-9 420.42  4.42 1.5 5.75 100 —6.18 —6.43 -2 —1.417 +ve

¢ +ve = blood-brain barrier permeable and —ve = not permeable for blood-brain barrier.

isoform. On a similar note, no clear correlation was observed
between AChE inhibitory activity and the presence of N/O-
propargyl substituents on the pyrimidine scaffold. NV-1 with R,
as a para methyl substituent and R, as H was found to be the
most potent inhibitor of MAO-A and MAO-B isoforms with ICs,
values of 0.232 pM and 0.949 pM, respectively. NV-1 displayed
ICs, values of 1.30 pM against AChE enzymes. The diaryl rings
were substituted with different substituents, such as CHj,
OCHj3;, Cl, Br, and NO, and no significant improvement in the
activity was observed against the target enzymes. NV-9 with
a 3,4,5-tri-OMe substituent on the first aryl ring and 3-NO,
group on the other aryl ring was found to be the most potent
AChE inhibitor with IC5, value of 0.88 uM. However, the MAO-A
and MAO-B inhibition activity of NV-9 was found to be reduced,

IC;, values in pM
NV-1
NV-2
NV-3
NV-4 \
NV-5
NV-6
NV-7
NV-8
NV-9
NV-10
NV-11
NV-12
NV-13
NV-14
NV-15
NV-16
NV-17
NV-18
NV-19
NV-20
NV-21

MAO-A MAO-B

as reported in Table 1. Substitution of either N- and O-prop-
argylated groups on the pyrimidine ring did not show any direct
impact on the AChE inhibitory activity; however, they influ-
enced the MAO-B inhibitory potential of the compounds,
whereas the N-propargylated derivatives were found to be more
potent. Many of the O-propargylated compounds (NV-14, NV-15,
and NV-17 to NV-21) were found to be inactive against the MAO-
B isoform (IC5, > 25 uM). Molecules possessing planar or
partially  planar architectures can adopt extended
conformations that enable simultaneous interaction with both
the CAS and the PAS of AChE, while elongated substituents
are expected to traverse the flexible gating residues and
accommodate within the large substrate cavity of MAO-B.
Cationic-7 interactions and m-m stacking interactions with

Lowest IC, value

I Highest ICy, value

AChE

Fig. 9 Heatmap depicting the variation in ICsq values of the synthesized derivatives for the structure activity relationship (SAR) against MAO and
AChE enzymes. Blue and red colours indicate the most and least potent compounds with the lowest and highest ICsg values, respectively. White

colour represents inactive compounds at the tested concentrations.
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aromatic residues are essential for an enhanced activity profile,
and both were observed for the leads in the docking studies.
Thus, in this series, NV-1 and NV-9 were identified as the most
potent derivatives with a balanced activity profile against AChE,
MAO-A and MAO-B enzymes.

Conclusion

Alzheimer's disease is associated with multiple pathological
hallmarks, and the exact aetiology of the disease is not yet
known. It is considered a complex neurodegenerative condition
that requires simultaneous inhibition of two or more targets to
cure the disease effectively. AChE and MAO are two prime
targets involved in the progression of the disease. We synthe-
sized a series of N/O-propargylated diarylpyrimidines for the
simultaneous inhibition of AChE and MAO enzymes. A total of
21 derivatives were synthesized by varying the substitution
pattern with either electron-withdrawing or electron-donating
groups at both the aryl rings. Amongst the synthesized
compounds, NV-1 displayed the most potent MAO inhibitory
activities with ICs, values of 0.232 pM and 0.949 uM against
MAO-A and MAO-B, respectively. Similarly, NV-9 was found to
be the most potent AChE inhibitor with ICs, value of 0.88 uM. It
also showed inhibitory activity against MAO-A and MAO-B in the
lower micromolar range. In the reversible inhibition studies,
both compounds were found to be reversible inhibitors of AChE
and MAO enzymes. The compounds are well accommodated
within the active sites of enzymes. Although NV-1 and NV-9
indicate strong binding affinity to AChE, MAO-A, and MAO-B,
based on the in silico prediction and lipophilicity evaluation,
their BBB permeability could be further improved in future
work for these compounds to be considered as drug candidates
for AD treatment. In MD simulation studies, compounds NV-1
and NV-9 were found to be stable in the active cavities of AChE
and MAO enzymes for 100 ns. Thus, the N/O-propargylated di-
arylpyrimidines have shown a multipotent activity profile and
can be developed as drug candidates for the treatment of AD.

Experimental
Materials and methods

All the chemicals and reagents were purchased from Sigma
Aldrich, Avra Synthesis Private Limited, Spectrochem and
Qualikems Lifesciences Pvt. Ltd and used as received for the
synthesis of the intermediates and target compounds. Glass
silica plates coated with GF254 were used for thin-layer chro-
matography during the monitoring of the reaction. A 1:10 and
3:10 mixture of ethyl acetate in petroleum ether was used as the
solvent for the chromatographic separation and purification of
the compounds. For the MAO and AChE inhibition assays,
Amplex Red and Ellman's assay kits were purchased from Sigma
Aldrich and Molecular Probes, Invitrogen, Life Technologies,
India, respectively. SHSY-5Y cell lines were obtained from the
National Centre for Cell Science (NCCS), Pune, India. The mass
spectra of the synthesized compounds were recorded using
electrospray ionisation (ESI) combined with a Q-TOF high
resolution mass analyser in a positive ion mode at the Central
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Instrumentation Laboratory in the Central University of Punjab,
Bathinda. 'H and *C NMR of the purified compounds were
recorded in CDCl; or DMSO at 400 MHz using Bruker's
instrument at IIT Ropar and GNDU Amritsar. Tetra-
methylsilane, TMS (6 = 0), is used as the internal standard with
the chemical shifts reported in parts per million (ppm) with
respect to TMS. The HRMS of the synthesized compounds was
recorded at the Central Instrumentation facility, GNDU Amrit-
sar. A UV-vis spectrophotometer from Shimadzu was used for
absorption studies, and a microplate reader from BioTek was
used for fluorescence recording. Maestro (Schrodinger) soft-
ware was utilised for molecular docking and modelling simu-
lation studies.

Chemistry and biological studies

A total of 21 molecules were synthesized by following the
synthetic procedure (refer SI) as earlier reported by our research
group.** All the biological methodology*>-*® and characterization
data, including NMR and HRMS, are also available in the SI.
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Abbreviations

AD Alzheimer's disease

ACh Acetylcholine

ADME  Absorption, distribution, metabolism, and excretion
APP Amyloid precursor protein

AB Amyloid beta

hMAO Human monoamine oxidase
BuChE Butyrylcholinesterase

BBB Blood-brain barrier

CAS Catalytic active site

ChEs Cholinesterase

eeAChE Electric eel acetylcholinesterase
DTNB  5,5-Dithiobis(2-Nitro Benzoic Acid)
FAD Flavin adenine dinucleotide
FDA Food and drug administration
MTDLs Multi target-directed ligands
nM Nanomolar

NMDA  N-Methyl-p-aspartate

MD Molecular dynamics

PAS Peripheral anionic site

1Cso Half maximum inhibition conc
uM Micromolar

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion: a separate supplementary sheet is provided with the
synthetic and biological procedures, along with NMR, HRMS
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data and graphs of the final compounds. See DOI: https://
doi.org/10.1039/d5ra08679%e.
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