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ABSTRACT: Amyloid � (A�) peptide monomers polymerize to form insoluble amyloid fibril aggregates and accumulate as
senile plaques which eventually leads to cognitive impairment. Modulating abnormal amyloid aggregation can be considered a
therapeutic target for Alzheimer’s disease. Recent studies support that Curcumin interferes with larger protein aggregate
formation by destabilizing the salt bridge (Asp 23-Lys 28) of A� protein. The chemical library of curcumin derivative with
pyrazole, isoxazole, and isothiazole showed considerable binding affinity comparable to that of curcumin. In silico docking
studies of the library of the compound, revealed strong binding affinity with A� protein and �-secretase enzyme (BACE1). De
novo ligand design coupled with manual pharmacophore mapping of our best-fitting lead revealed another ligand having a
potential binding affinity with both A� protein and BACE-1. Both the compounds passed Lipinski’s Rule of Five, in silico
toxicity testing by admetSAR, and pharmacophore overlaps with Verubecestat, a compound under clinical trial against
Alzheimer’s disease. MD dynamic simulation study revealed the stability of protein after it binds to our ligand. Secondary
structure determination was also done to observe the changes in � and � sheets of the protein with and without ligand binding.
Ligand-based drug design was also carried out via pharmacophore mapping and searching the molecules via zinc database.

KEYWORDS: Amyloid-�; fibril destabilization; pyrazole; de novo ligand design; molecular docking; MD simulation;
pharmacophore mapping.

1. INTRODUCTION

Curcumin is a bioactive diarylheptanoid obtained from
Curcuma longa rhizome. Curcumin (1, 7-bis-(4-hy-
droxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione)
contains two methoxy phenol groups separated by a
seven carbon linker and �–� unsaturated �-diketone
groups. The �–� unsaturated �-diketone exists in keto-
enol tautomeric form of which enol form is a more
stable and dominant type. The aromatic ring is in-
volved in �–� interaction and hydroxyl group and
keto-enol group is involved in hydrogen bonding.1 The
seven carbon linkers may adopt a conformer that is
essential for lipophilic interaction. Curcumin binds to
many proteins and changes their conformation and
stability of protein molecules thus inhibiting aggrega-
tion.2 Curcumin may be involved in metal chelation,
inhibition of Amyloid-� (A�) 42 protein fibrillation
and may trigger anti-oxidative properties due to the
presence keto-enol moiety in its structure.3–8

Amyloid-� fibril formation is regarded as the etiol-
ogy of Alzheimer’s disease. Amyloid-� is a protein
formed after sequential cleavage of the amyloid pre-
cursor protein (APP), a transmembrane glycoprotein
that can be cleaved by the proteolytic enzymes �-, �-
and �-secretase.9 APP undergoes a nonamyloidogenic
pathway when it is cleaved by � and �-secretase se-
quentially and forms APP Intracellular domain (AICD)
and soluble APP�. However, successive cleavage of
APP by � and � secretase enzymes forms soluble APP�
along with an insoluble Amyloid-� protein.10 Amyloid-
� is a protein having 36–42 amino acids that form
amyloid plaques in the brain of Alzheimer’s patients.
They predominantly exist in two isoforms, A�-40 and
A�-42, A�-42 being the major amyloidogenic forms of
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the peptide. The peptide bears 16 hydrophilic residues
(Asp 1-Lys 16) and the rest of the peptide (Leu 17-Val-
40) is hydrophobic. An earlier report has elicited that
within this peptide, the amino acid residues forming
KLVFFAE fragment (Lys 16-Glu 22) form the core for
fibril formation After this nucleation, oligomers extend
to form larger aggregates in the salt bridge region (Glu
22-Gly 29). A�-42 dimer gets stabilized by the salt
bridge and HHQK fragment site contains His-13, His
14 residues which bring a conformational change of A�
from �-helix to �-sheet structure.11,12

Curcumin modulates protein fibril aggregation by
binding to monomeric species of fibrillation pathway
and tailors the intermolecular interactions between the
polypeptides. Functional groups of curcumin can
change the aggregation of proteins as they provide
multifaceted interaction forces with the proteins.13

Earlier reports have acknowledged that targeting fi-
brillation monomers might be more efficient to prevent
protein aggregation than targeting the maturing fibrils.
Curcumin is observed to inhibit fibril formation by
both globular proteins and intrinsically disordered
proteins. Curcumin interferes with oligomer formation
by destabilizing the salt bridge (Asp 23-Lys 28) of A�.
Furthermore, the additional benefit of curcumin is
that they cross blood–brain barrier when given via
parenteral route.8,14–16

Thus, the design and synthesis of new curcumin
derivatives by adding their bioisosteres may provide a
molecule with unique properties as compared to the
original. Structural activity relationship studies showed
that phenolic hydroxyl group and �–� unsaturated
�-diketone moiety are essential for anti-amyloidogenic
activity. Monosubstitutions in methoxy curcumin
analogs showed greater inhibitory activity as compared
to disubstituted ones. The curcumin derivatives must
have two aromatic ends with a seven-carbon linker for
their optimum activity. Thus, chemical library may be
prepared to fix the aromatic ends and linkers and
to modify the �–� unsaturated �-diketone moiety
which revealed enhanced stability and greater thera-
peutic efficacy.17,18

In our study, a chemical library is constructed by
fragment-based drug design (FBDD) approach and is
screened by docking over the Amyloid-� protein. The
best binding ligand was selected based on their docking
scores and was further screened over �-secretase pro-
tein or � site APP cleaving enzyme (BACE1). BACE1
protein inhibitors are in study nowadays to develop an
anti-Alzheimer drug. Dual inhibitor of both Amyloid-�
and BACE1 protein is also analyzed based on their
binding site interactions to both the proteins and is

optimized via de novo ligand design. The binding af-
finity of the best conformer generated via de novo is
also characterized by molecular docking. Finally, the
selected lead was screened through Lipinski’s Rule of
FIVE, in silico toxicity testing, and compared with the
drugs already in the clinical trial.

2. MATERIALS AND METHODS

2.1. Materials

The chemical library is created using ChemDraw Ultra
12.0. (CambridgeSoft,100 Cambridge Park Drive,
Cambridge) and was analyzed using AutoDock Vina
(The Scripps Research Institute, La Jolla, California).
Cheminformatics tool eLEA3D is used for de novo li-
gand design (https://chemoinfo.ipmc.cnrs.fr/LEA3D/
index.html). Drug likeness was evaluated by Molin-
spiration (https://www.molinspiration.com/cgi-bin/
properties) and in silico screening for toxicity was
carried out using admetSAR 2.0(http://lmmd.ecust.edu.
cn/admetsar2/) and quantified structural similarity of
the best ligand was obtained with the using ChemMine
Tools.19 MD dynamic simulation was carried out to
determine the stability study using GROMACS v2020.1
simulation software package using the CHARMM36
forcefield.20 Pharmacophore mapping (http://zinc-
pharmer.csb.pitt.edu/pharmer.html) was initiated to
generate descriptors and determine the features essen-
tial for interactions. Docking results and Pharmaco-
phore search results were correlated together.

2.1.1. Development of chemical library

Ligands are prepared by substituting various groups in
R1, R2, R3, R4, R5, R6 (1–3 and 16–18 position) in the
two aromatic rings as shown in the aromatic keto form
of Curcumin (Fig. 1). A, B and C is replaced by various
isosteres or heterocyclic moieties like pyrazole, iso-
xazole and isothiazole that may reduce metal chelation
of curcumin and enhance inhibition of � and �

Fig. 1. (Color online) Places of substitutions over curcumin
moiety for chemical library design.
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secretase.15,21,22 From the structural activity relation-
ship study, sequential ligand design was carried out by
replacing methoxy group with its isosteres in R1or R4
alone and both R1 and R4. The previous study
emphasizes replacing A, B, C with various heterocyclic
isosteres to acquire unique structural stability, greater
binding affinity, and metal chelation effect. Ligands
with two group substitutions in both R1 and R4, R2 and
R5, R3 and R6 and A, B, C group (C9–C11) and R4
replacement have been assumed to provide best results
based on earlier structure-activity relationship studies
as mentioned above. The detailed construction of the
chemical library has been provided in Table S1.

2.2. Molecular Docking studies and selection
of the lead

The prepared chemical library was docked to evaluate
the ligand and amyloid-� (A�) protein interaction via
AutoDock Vina4.2.0.23 For the A� protein, various
transition phases of �-pleated protein were down-
loaded from Protein Data Bank and docked with the
designed compounds. In vitro amyloid � structures
(40–42 amino acids) undergo transitions from soluble
protein to the aggregated beta-sheet. These transitions
are however considered as our targets and marked as
initial, intermediate, and final stages of amyloid �
protein structure changes. The initial target protein
(www.rcsb.org, PDB ID: 1IYT) has two helical regions
connected with a flexible ‘kink’. The NMR structure of
intermediate target protein (www.rcsb.org, PDB ID:
1Z0Q) shows that change of external environments
from nonpolar to polar environments, leads to loss of
C-terminal helix but N-terminal helix is retained. The
final stage of target protein (www.rcsb.org, PDB ID:
2BEG) contains residues 1–17 which are disordered
and residues 18–42 form a beta-strand (residues 18–
26), then the residues turn to form a salt bridge (resi-
dues 27–30) and a second beta-strand (residues 31–42).
Generally, two molecules of Amyloid � (residues 1–42)
are required to achieve the protofilament structure.

The ligand was designed to target initial (www.rcsb.
org, PDB ID: 1IYT), intermediate (www.rcsb.org,
PDB ID: 1Z0Q), and final stage (www.rcsb.org, PDB
ID: 2BEG) of Amyloid � protein. The alpha helix
structures of the given protein decrease from initial
protein stage and a considerable increase of beta-sheet
is observed in the final stage of Amyloid � (www.rcsb.
org, PDB ID: 2BEG). (Figs. S2 and S3)

Additionally, the selected molecules based on their
docking scores exhibited considerable binding interac-
tions with BACE-1 and the ligand-BACE-1 complex

inhibits protein fibrillating pathway by attenuating
the cleavage of the APP. We assume that the above
approach may help in preventing protein fibrillation by
destabilizing the protein fibrils themselves in the initial,
intermediate and final stages of aggregation.

The ligands were designed by structure-based drug
design and listed in the given table (Table S1). Thus,
the chemical leads with the best docking scores against
the above proteins were selected and redocked with
beta-site APP cleaving enzyme or BACE1 enzyme
protein (www.rcsb.org, PDB ID: 2ZHT).24 The bind-
ing affinity was evaluated and the binding site was
analyzed with both 2BEG and 2ZHT. The classes of
forces responsible for ligand-protein interaction were
screened in BIOVIA Discovery Studio Visualizer 2020
(Dassault Systèmes, San Diego, USA). de novo ligand
design using LEA3D was further carried out to ensure
lead optimization.

2.3. de novo ligand design

de novo ligand design was used for lead modification of
the best fitting ligand in docking. The software
e-LEA3D has been used for the purpose where protein
structure in PDB format was used as input, and the
residue details around the binding site together with
the .sdf file of the ligand (along with their atom num-
bers) was provided as further specifications. Ten cycles
of the run were allowed which worked on genetic al-
gorithm coupled with ligand-protein docking and the
results were generated based on the best binding profile
with the input protein and with the threshold fitting
scores of 60–70% with the parent ligand.

2.4. Evaluation of Lipinski’s rule of five and
admetSAR of the selected lead

Lipinski’s Rule of Five was evaluated using MOLIN-
SPIRATION server for the selected lead to unfold its in
silico potential to become a drug. In silico toxicity data
was generated from admetSAR server.25 The best lead
was selected as the candidate molecule and was ana-
lyzed for its similarity index with available drugs for
alzheimers in AD or MK-8931(Verubecestat) using
ChemMine tools.26 The structural similarity was sear-
ched by both the Tanimoto index and the manual
pharmacophore search method.

2.5. Molecular dynamic simulation

All MD simulations were carried out using the GRO-
MACS v2020.1 simulation software package using the
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CHARMM36 forcefield27 with Periodic Boundary
Conditions. Topology files for the target peptide mol-
ecule were made using GROMACS while the same for
the ligand was generated using the SwissParam online
tool,28 as per the standard protocol, and the two
merged to obtain the topology of the desired complex.

2.5.1. Root mean square fluctuations (RMSF) plots

The complex thus obtained was solvated within a do-
decahedron simulation box measuring at least 1.0 nm
on each side of the peptide and hydrated using the
Steepest Descent algorithm. Before MD run, the system
consisted of SPC216 water model. The residual charges
on the system thus generated were neutralized by
replacing the solvent molecules with Naþ or Cl� as
counter ions and subjected to 50,000 steps energy
minimization process-ligand complex, solvent mole-
cules and ions were equilibrated using NVT and NPT
ensembles, respectively with a constrained system
(�1000 kJ/mol nm2) for 100 ps at 300K. Finally, the
position restraints were released and production runs
for the desired systems were carried out at 300K for
2 ns. The output trajectories were recorded every 10 ps
for data analysis. Simulation data visualization was
done through VMD software package. Minimum
peptide-ligand distances and the RMSD of the peptide
backbone/ligand during the simulation run were eval-
uated using GROMCS tools. The peptide-ligand hy-
drogen bonds formed during the simulation run were
monitored using VMD 1.9.3 software package where
the maximum donor–acceptor distance was maintained
� 0:35 nm and hydrogen-donor–acceptor angles
� 30�. The participation of the amino acids within the
peptide secondary structural dynamics over the simu-
lated time period was also calculated using the VMD
software.

2.5.2. Dictionary of secondary structure of protein
(DSSP) algorithm plots

A�42 has an N-terminal domain and a flexible C-ter-
minal prion forming domain. The secondary structure
of A�42 includes the transition of �-helix and �-sheet
structures. Our ligand targets the �-sheet of protein,
thus protein dynamics are checked at picoseconds and
angstrom level resolutions to elucidate the transitions
at the molecular level. The secondary structure transi-
tion of A�-42 was monitored using DSSP, which uses
geometric pattern and hydrogen bond recognition for
secondary structure determination. A�-42 sheet extends
from 2–6 residues to align with other � strands.29,30

2.6. Pharmacophore mapping

To support our previous study, we correlate our
previous finding with ligand-based drug design where
we have complete information of our ligand. We shall
generate 3D structures of various conformers of ligands
and various features responsible for interaction are
marked accordingly. The pharmacophore is used for
3D database search queries. The step-in pharmaco-
phore mapping includes conformer generation of mo-
lecular structures and low energy conformers are
chosen and the features are aligned.31 The pharmaco-
phore model expressing descriptors such as hydro-
phobic interaction, hydrogen bonding interaction,
ionizable interaction, hydrogen bond donor and ac-
ceptor interaction was shown with different regions.32

3. RESULTS AND DISCUSSIONS

3.1. Molecular docking studies of compound
(49) and curcumin with 1IYT, 1Z0Q,
2BEG and 2ZHT

As per earlier reports, optimal activity of curcumin or
curcuminoids requires the phenolic aromatic group
and the seven carbon linkers between two terminal
aromatic rings along with polyhydroxy groups and
ketonic moiety in its structure.33,34 Modifications by
introducing bioisosteres of –OCH3 such as –F, –CHF2,
–CF3, –CF2CH3, –SCH3 and –OH resulted in variations
of R1 and R4. Docking scores of such modifications
mostly ranged between �5.0–6.2 Kcal/mol. Similarly,
modifications in R2, R3, R5 and R6 showed compara-
tively less binding scores such as �5.3–6.0 kcal/mol.
However, substitutions with heterocyclic moiety like
pyrazole and its derivatives yielded compounds 47, 31,
27, 26, 38, 44, (49), 30 that revealed docking scores in
between �6.4–6.8 Kcal/mol, greater than that of stan-
dard curcumin (�5.5 Kcal/mol). Derivative with iso-
xazole in compounds 45 and 42 showed a considerable
docking score with 2BEG (�7.2 and �6.5 Kcal/mol,
respectively). At least, 10 best leads were taken and
redocked on BACE1 (2ZHT) to reveal greater binding
affinity than curcumin, of which the pyrazole ring
containing compounds displayed preferentially higher
docking scores such as �9.4 (44), �9.3 (45), �8.7 (49),
�8.8 (31), �8.9 (30), �8.3 (26)Kcal/mol. Oxazole
containing analog (45) also exhibited considerable
binding affinity of �9.4 Kcal/mol (concomitant with
44) but elicited lesser binding activity with 2ZHT
compared to others, thus was not selected as the best
lead (detailed docking scores of each compound is not
shown here).

DOI: 10.1142/S2737416522500193
J. Comput. Biophys. Chem. 2022 4

April 1, 2022 10:07:07am WSPC/178-JCBC 2250019 ISSN: 2737-4165 Page Proof

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

Journal of Computational Biophysics and Chemistry Research

https://dx.doi.org/10.1142/S2737416522500193
JKSOFT
Callout
AQ: Kindly approve edit.

Approved Edit




The compound (49) (Fig. 2) was selected as the best
lead as it showed greater interaction and binding af-
finity compared to others in the library. Our lead
compound exhibited greater binding interaction and
enhanced dock score. The force interaction map
revealed that dihydroxy moiety present on two aro-
matic rings of the molecule plays an orchestral role in
binding with the protein in compliance with the earlier
report that multiple hydroxyl groups aids in potent
activity of curcumin by exerting similar kind of inter-
actions with the target protein.

Receptor (2BEG) exhibits �–� stacking with Phe19
and reaches the core of fibril or KLVFFAE fragment
(Fig. 3(a)). Compound (49) also showed a plethora of
binding interactions with the target BEG when ana-
lyzed in Discovery Studio Visualizer 2020. Notably, Ala
21 showed �–� interaction between the peptidic bond

present over it and the aromatic ring bearing –OCH3

group in the compound (Fig. 3(b)). In addition, Glu 22
exerts van der Waals interaction with the –CH3 group
present over the ring. Most interestingly, Asp 23 is
found to establish hydrogen bonding interactions with
the highly electronegative –F atoms over –CF3 bonded
with the central pyrazole nucleus. Lys 28 and Gly 29
which are adjacent to the kink forming region of 26–27
amino acid residues, are also revealed to set van der
Waals interaction with the compound. Encompassing
all these forces of interaction in between the compound
(49) and the 2BEG, it may be extrapolated that the
former may stabilize the latter (A�-42 peptide) with
considerable binding especially into the core site and
folding region, thus inhibiting it to transform into
further plaques of amyloid sheets.

Now, the question arises, can compound (49) inhibit
or stabilize BACE-1 (�-secretase) to exert a dual role in
inhibiting �-amyloidogenesis? To elucidate that, we
analyzed the binding map with compound (49) with
PDB isoforms of BACE-1 (2ZHT). The compound
showed direct interaction with Ala 157 and Val 170
with hydrogen bonding while both of these amino acids
are buried in the active site of the protein as reported in
earlier citations where it has been acknowledged that
Asp 32 to Asp 228, the entire region act as an active site
of the BACE-1 protein.35 Moreover, Ser 10 and Gly 11

Fig. 2. Compound (49) (Best selected lead from 2BEG and 2ZHT
Docking scores).

(a) (b)

Fig. 3. (Color online) Comparison of 2BEG binding site interactions. (a) Standard curcumin and (b) Compound (49).
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amino acids lie in S3 binding pocket (loop 10s) which
bears a pivotal role in stabilizing the binding of the
incoming compound Interestingly in our study, both
these amino acids exert van der Waals force of inter-
action with the compound (49) which might play ad-
ditional role in reinforcing the compound interaction
with the binding site (Fig. 4(B)). Interactions of
2BACE1 with standard also showed similar kinds of
interactions involving both active site and loop 10s
(Fig. 4(A)). Thus, compound (49) has not only shown
better docking scores than standard curcumin (Table 1)
against both 2BEG (�6.8 Kcal/mol and �5.5 Kcal/mol,
respectively) and 2ZHT (�8.7 Kcal/mol and �7.9 Kcal/
mol, respectively) but also has exhibited binding site
penetration comparable with the standard.

Pyrazole replacement (49) gives better result show-
ing that the cyclic ring in the symmetric region gives
more stability to the structure of Curcumin as they
show lower binding energy. The presence of nitrogen
shows greater binding efficiency in BACE1.

This compound was docked with another initial
(1IYT) and intermediate stages (1Z0Q) of protein.
Furthermore, the pyrazole ring might enhance the
stability of the same for target protein binding by
possible hydrogen bonding interactions between the
two basic nitrogen atoms over the ring (acting as hy-
drogen bond acceptors) and the polar hydrogen of the
protein. The pyrazole ring shows van der Waals in-
teraction with 1IYT (the initial stage of Amyloid�)
Asp 23, Gln 15, Glu 22 (Fig. S4). Similar interactions
were achieved with our final target protein (2BEG).
Similarly, our lead compound was docked with
intermediate stages (1Z0Q) and they exhibited strong
hydrogen bonding with Glu 35. Other protein inter-
actions like van der Waals interaction were exhibited
with Glu 31, �–� stacking was observed with Phe 14,
and �–anion bonding with Glu 22 (Fig. S5).

3.2. De novo ligand design

De novo ligand design of (49) with amyloid fibril
(2BEG) protein shows 63.30%–68.00% scoring func-
tion that may be an appropriate choice for selecting de
novo sequence for further consideration. However, (49)
with BACE1 (2ZHT) protein shows 53.64% scoring
function. The genetic algorithm of the first generated
offspring’s of compound ((49)) resulted in various
scaffolds with an improved fitting score with the parent
scaffold. (49) scaffold 7 (Fig. S6) being generated with

(a) (b)

Fig. 4. (Color online) Comparison of 2ZHT binding sites (a) Standard curcumin and (b) Compound (49).

Table 1. Docking score of Standard and compound (49) with
2BEG & 2ZHT.

Molecule
Docking score (2BEG)

(Kcal/mol)
Docking score (2ZHT)

(Kcal/mol)

Std (Curcumin) �5.5 �7.9
Compound (49) �6.8 �8.7
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more structural similarity with parent ((49)), was
chosen on pharmacophore similarity basis; and subse-
quently was redocked to reveal binding affinity as
�6.4 Kcal/mol with 2BEG and �7.5 Kcal/mol with
2ZHT. It shall thus enhance chances of success to de-
sign another lead with promising anti-amyloidogenic
activity together with parent compound (49). This tool
is used to find a new ligand that optimizes a user-
specified scoring function.

Both compound (49) and scaffold 7 have passed the
Lipinski rule of five. The first compound exhibited a
milogP value of 4.92 with a molecular weight of 432.40,
with 3 and 6 hydrogen bond donors and acceptors,
respectively. Although the second compound exhibited
a little bit higher log P (7.12) than the permissible value
(5.0), the other parameters complied with the permis-
sible parameters of Lipinski’s Rule (Table 2).

They exhibited drug likeliness and in silico toxicity
studies showed that they are not carcinogenic or mu-
tagenic and could cross Blood–Brain Barrier (BBB)
(Table 3) which may be a promising finding to target
Alzheimer’s disease in the brain. They have also not
shown any inhibitory potential towards steroid and
thyroid binding receptors as revealed by admetSAR
(detailed data not shown here).

3.3. Comparative study of our leads with
Verubecestat

Finally, the compound (49) is compared to get the
similarity index with the results of marketed MK-8931
(Verubecestat) and compound (49).36 The compound
showed slight similarity with MK-8931(Verubecestat)
having AP Tanimoto of 0.194051 (Fig. S7). Verubece-
stat has aromatic groups namely pyridine and thia-
diazole and compound (49) has 1-hydroxy-2-
methoxyphenyl aromatic groups in the terminal end.
The central pyrazole ring is separated by two carbon
from phenolic ends in compound (49) which is close to
the structure of Verubecestat having two-atom
separations in between fluorophenyl and pyridine.
Thus, compound (49) has slight but existing structural
resemblance with MK-8931(Verubecestat).

3.4. Molecular dynamic (MD) simulation
study

3.4.1. Root mean square fluctuations
(RMSF) plots

The peptide and ligand were found to achieve stable
conformations within the first 200 ps of the simulation
run, beyond which we did not find any significant shift
within their respective RMSDs. The minimum peptide–
ligand distance during the entire simulation run was
found to be 0:205� 0:018 nm, indicating stable inter-
action between the two moieties under consideration.
This is further substantiated by the observed 1.336 mean
peptide–ligand H-bonds over the entire simulation run
where the two molecules under consideration were
found to be H-bonded for approximately 80% of the
entire period, particularly with the Ala 21 of the A-beta
peptide. All these observations indicated that our docked
ligand can interact well with our target peptide. (Fig. 5)

Table 2. Lipinski’s Rule of Five evaluation of selected leads.

Parameters in Lipinski’s
Rule of Five

Compound
(49)

Compound
49 scaffold 7

miLogP 4.92 7.12
MW 432.40 508.50
nON 6 6
nOHNH 3 2
No. of rotatable bonds 7 9

Notes: �miLogP-Molinspiration LogP, MW-Molecular Weight,
nON-number of hydrogen bond acceptors, nOHNH-number
of hydrogen bond donors

Table 3. In silico toxicity evaluation by admetSAR.

Parameter Curcumin
Compound

(49)
Compound

(49) scaffold 7

BBB � þ þ
CYP 2C9 inhibition þ þ þ
CYP 3A4 inhibition � � �
Hepatotoxicity þ � �
Carcinogenicity � � �
Mutagenicity � � �
p-glycoprotein

inhibition
þ � �

Note: þmeans toxicity found, �means no toxicity found.

Fig. 5. (Color online) RMSF plot of compound (49) alone and
A�-42 and compound (49).
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3.4.2. Dictionary of secondary structure of
protein (DSSP) algorithm plots

The secondary structure transitions of the A� protein
and A� protein along with the ligand (compound 49)
were observed by DSSP plots. The DSSP plots provide
an image with some color scale key, as indicated in
Fig. 6. The color scale keys are labeled as “sec. struct.”
and are remarked with letter such as T, E, B, H, G, I, C
of which T refers to ‘Turn’, E stands for ‘extended
configuration’, B mentions the presence of ‘isolated
bridge’ or loop. The color scale key E indicates the
main conformation of �-sheet, T or aqua is another
component of �-sheet and B also refers to the isolated
bridge. The H stands for alpha helix region, G refers to

another secondary structure, 3–10 helix, I indicates �
helix and C stands for a random coil. The color bands
indicate secondary structure determination with re-
spective residues change concerning nanosecond time
frame.29

The transition of the secondary structure of A� with
and without ligand is verified and the disruption of the
�-dimer formation and �-sheets of each monomer
were also observed. The DSSP plot of A� protein elu-
cidates that the N-terminal �-chain remains retained
but C-terminal gets converted to �-sheets, �-turns and
loops. The standard secondary structure of protein is
defined by the residues spending more than 50% of
simulation time in �-helix or �-sheet at a standard
temperature (25�C). Leu 17 & Val 18 show random

(a)

(b)

Fig. 6. (Color online) DSSP plot for secondary structure transition of protein (a) 2BEG (A� alone) and (b) 2BEG (A� þ compound (49)).

*Secondary Structure codes represent T-(¯ turn), E-Extended ¯ configuration, B-Isolated loop, H-®helix, G-3-10 helix, I-5 helix, C-Coil.
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coiling throughout the 200 ns time scale (Fig. 6(a)).
Single pair � sheet hydrogen bond or isolated bridge
region was highlighted with a different color in two
regions namely, Phe 19 & Gly 37. Consistent � turns
are observed in residues Ala 21-Val 24 and Val 36-Val
39. Gly 25-Ala 30 undergoes � transitions from the coil
to �-turns however � turns remain for a longer time.
Residue Ile 31 & 32 exhibited disarranged behavior
throughout the 200 ns time scale. No coil regions are
Gly 33, Leu 34 and Met 35.

Thus DSSP plots of the ligand along with protein
were studied in the same time frame as above as in
Fig. 6(b). The time frames when the � strand begins to
completely lose its secondary structure are identified.
Partial conversion of � turn to random coil was
recorded after 40 ns for residues Phe 19-Glu 22. The
initiator region in salt bridge or Asp 23 also exhibits no
�-turn region. Compared to other regions of the pep-
tide, the salt bridge region or residues Val 24-Gly 29
appear to have a higher � sheet forming propensity and
existed as �-turns (T region). However, these residues
got disordered in 60–80 ns, thus indicating their de-
creased stability. The C-terminal residues Ile31-Leu 34
exhibited less �-turns oriented surface. In the first 20 s,
Gly 37-Val 40 recorded �-turn but no such turns were
recorded after the given time frame. Mostly, other
residues recorded decreased �-sheet regions or random
coiling regions. The ligand, compound (49) targets the
core for fibril formation thus the secondary structure of
protein show lesser propensity of �-sheet. Oligomers
tend to form large aggregates in the salt bridge region
and in the C-terminal region. The regions of isolated
bridge are not observed along with the ligand as the
functional groups of our ligand change the aggregation

of proteins. The ligand forms multifaceted interaction
forces with the A� protein. The regions of fibril core
formation are Lys 16-Glu 22. About the secondary
structural dynamics of the peptide, the majority of the
peptide residues retain a random coil conformation
with few patches of the peptide engaged in retaining the
‘Turns’ of the peptide. However, the ligand-bound and
unbound state of the molecule can be distinctly dif-
ferentiated by the participation of the 19-Phe and 37-
Gly residues in forming isolated bridge conformation
for the majority of the simulation time.

3.5. Pharmacophore mapping

A pharmacophore description includes 3D represen-
tation of various functional groups and their geometric
pattern. These helps in identifying the binding regions
responsible for biological activity and active compound
conformations are generated to determine the 3D re-
lationship for each conformer.37,38

Pharmacophoric features correlate physical, chemi-
cal, and structural attributes to the biological activity of
the molecule. Thus, pharmacophore features of our
lead compound display descriptors like three aromatic
regions, two hydrogen bond donors, five hydrogen
bond acceptor regions and various hydrophobic
regions as in Fig. 7. The features are identified by ligand
alignment and the active features required for receptor
binding is identified to correlate the findings obtained
from docking.

After developing the pharmacophore features, the
combination of descriptors essential for binding was
studied closely. Docking results vividly emphasize on
hydrogen bonding interactions with Asp 23 of 2BEG

(a)

Fig. 7. (Color online) (a) harmacophore modeling of compound (49) exhibiting various descriptors signifying, aromatic (purple), five
hydrogen acceptor regions (orange), two hydrogen donor regions (green). (b) Pharmacophore descriptor alignment from Zinc Pharmar.
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protein. Pharmacophore results also clearly explain the
hydrogen bond acceptor regions of Asp 23 binds to
hydrogen donor regions of –CF3. Similarly, van der
Waals interaction is observed in docking as well as
pharmacophore search results of Glu 22 and Lys 28
with hydrogen donor regions of –CH3 group. Ala 21
has no hydrogen bond donor or acceptor regions thus
exhibiting �–� interaction with the aromatic descrip-
tors of compound 49.

3D pharmacophore search results can generate
similar active molecules in the zinc database. Such
database manifests the generation of various possible
pharmacophores with their RMSD values or deviation
values from the original lead compound along with
their structure (Table S3). The generated active mole-
cules are coded with names as initial ‘ZINC’ signifying
the zinc databases of active molecules. Zinc database
tabulated similar five molecules with active regions and
similar geometric pattern. Thus, Lead compound (49)
can be elucidated as an active molecule with set of
features that is common to some series of active
molecules.

4. CONCLUSION

Our drug designing through scaffold hopping over
Curcumin has led a generation of a promising lead,
compound (49) with a centrally placed pyrazole nu-
cleus flanked with two or three aromatic rings together
with three central fluorine atoms. Curcumin substi-
tuted with pyrazole replacing the diketone moiety may
provide extra stability to the curcumin structure,
improve amyloid � protein binding site interactions
and enhance its BBB permeability. Heterocyclic group
insertion by replacing the �-� unsaturated �-diketone
showed higher docking scores as compared to standard
thus proving that cyclization of the ketone groups using

various isosteres can develop more potential leads
against �-amyloidogenesis. Dual inhibitors were
designed and the �-secretase was targeted along with
amyloid-� protein through our rational drug
design (RDD). Pyrazole and substituted pyrazoles such
as 1-chlorophenylpyrazole, 1-bromophenylpyrazole, 1-
methylphenylpyrazole, 1-methoxy pyrazole, 1-difluor-
omethylpyrazole showed promising results along with
isooxazoles derivative of curcumin in our RDD. In-
formation of the target protein enabled us to design a
molecule based on structure-based drug design which
was comprised of designing a chemical library and then
docking them against various transition phases of
protein (1IYT, 1Z0Q, 2BEG) and BACE-1 protein
(2ZHT). Best docked compound was selected and was
compared to available marketed lead after de novo
ligand based drug design. Amongst them, Compound
49 having 1-difluoromethylpyrazole exhibited good in
silico docking results and may be regarded as a
promising lead for developing as dual inhibitors.

The in silico drug design study was adopted to
design novel leads against Alzheimer’s disease. A
chemical library was designed based on various litera-
ture surveys and the leads were screened based on their
docking score. The best ligand with appropriate drug
likeliness and no toxicity was selected to be docked for
various other stages of amyloid beta fibrillation (initial,
intermediate, final stages) and further were docked
against BACE-1 peptide. This lead was referred to as a
dual inhibitor and de novo ligand-based study was
carried out to obtain other conformers of our lead.
However, this did not give relevant results. Next, the
molecular dynamic simulation was carried out to pre-
dict the stability of the molecule while the protein
undergoes a transition of � and � sheets. RMSD plots
of A� alone and A�+compound were verified to un-
dergo the transitions of protein in nanosecond time

(b)

Fig. 7. (Continued )
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frame with and without the ligand. The selected lead
remains stable in all such transition phases of protein.
DSSP plots also exhibited that the winner molecule
hindered �-helix to �-sheet transition for many resi-
dues in the binding pocket which is also the seeding
zone of �–� dimerization. Additional docking of the
chosen winner, compound (49) with BACE-1 enzyme
also revealed that the ligand can occupy the core
binding pocket and engages the critical amino acid
residues such as Asp 32, Asp 228, Gly 11 (loop 10s).
Hence, it may be deciphered that compound (49) may
have dual inhibitory role both on A�-42 and BACE-1.
Lastly, major contributory segments were found by li-
gand-based drug design or pharmacophore mapping
for further investigations.

Thus, compound (49) may be considered as prom-
ising dual active leads for treating Alzheimer’s disease
or related protein fibrillation disorders (�-amyloido-
genesis) and can be subjected to further investigations
for future studies.
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