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Online: 30t June 2024 MCF7 cell line using the MTT assay. It was shown that nine curcumin compounds,
Keywords: Cpd 5,Cpd9,Cpd17,Cpd18,Cpd 21, Cpd 25,Cpd 28, Cpd 32, and Cpd 45, had better
curcumin; docking; molecular inhibitory activities against breast cancer. Furthermore, in silico analysis was
dynamic; pharmacophore; developed using 2D and 3D QSAR models with high predictive ability, with an r?
QSAR value of 0.834. In addition, based on molecular docking, molecular dynamics, and

pharmacophore results, it was shown that these nine compounds had the lowest
binding free energy and were also stable during the simulation. The presence of
methoxy groups, hydrogen bond donors, and aromatic ring features are the main
factors that enhance the biological activity of curcumin analogues. Therefore,
these compounds could serve as references for the next stage of drug design.

1. Introduction In recent years, curcumin has been shown to
diminish the invasion and migration of various malignant
cancer cell types, induce apoptotic and non-apoptotic
(autophagocytosis and paraptosis) cell death, and
suppress proliferation and survival [5, 6]. Curcumin
induces a high level of apoptosis in human breast cancer
cells by controlling the expression of genes linked to
programmed cell death [7]. Nevertheless, little research
has been conducted to investigate the underlying
mechanisms of curcumin as a possible treatment for
breast cancer.

Cancer is one of the most severe diseases and the
leading cause of death. Nearly 10 million deaths and 19.3
million new cases are estimated by 2020 [1]. Breast cancer
is one of the most dangerous types of cancer. Breast
cancer is one of the leading causes of death in women
worldwide. Due to the absence of potential vaccines to
prevent this disease, patients diagnosed with cancer
normally choose chemotherapy as an effective treatment
to suppress tumor growth. Many chemotherapy regimens
have been successfully used to treat breast cancer despite
the many side effects that accompany it [2]. In silico studies play an essential role in drug design
[8]. Recently, some in silico studies have been carried out
to discover new potential breast cancer inhibitors of
curcumin and its derivatives [9] or curcumin and its
analogues [10]. However, reports on discovering breast
cancer inhibitors using entirely in silico tools such as 2D
and 3D QSAR, pharmacophores, molecular docking,
molecular dynamics (MD), and ADME calculations are
limited. Thus, this study uses a computational approach
to search for curcumin derivative compounds as new
inhibitors for breast cancer MCF7.

Curcumin is a derivative of turmeric secondary
metabolites with numerous biological properties. It is one
of the most commonly used and well-researched multi-
targeting phytochemicals against various cancers. In the
last decade, some investigations have been conducted on
the synthetic modifications of curcumin, especially for
breast cancer inhibitors. With a five-thousand-year
history, curcumin, a well-known chemopreventive drug,
has been derived from turmeric [3, 4].
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2. Experimental

2.1. Synthesis and Biological Testing of Curcumin
Analogue

Forty-five curcumin analogues have been
synthesized following the procedures outlined in our
previous research using base- or acid-catalyzed aldol
condensation reactions of the appropriately substituted
benzaldehyde and corresponding NH-4-piperidones,
N- methyl-4-piperidones, and N-benzyl-4-piperidones
[11, 12]. The biological activity was determined, and
MCE- 7 cells were seeded into 96-well plates at an initial
cell density of approximately 3 x 104 cells cm3. After 24 h
of incubation for cell attachment and growth, various
concentrations of the samples were added. First, the
compounds were dissolved in DMSO at the required
concentration. Subsequently, six desirable
concentrations were prepared using PBS (phosphoric
buffer solution at pH = 7.30-7.65).

Control wells were treated with DMSO alone. The
assay was terminated after a 48 h incubation period by
adding MTT reagent [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide; also named thiazol
blue], and the incubation was continued for another 4 h,
in which the MTT-stop solution containing SDS (sodium
dodecyl sulfate) was added and another 24 h incubation
was conducted. The optical density was measured using a
microplate reader at 550 nm. The ICso values were
obtained from the plotted graph of the percentage of live
cells compared to the control (%), receiving only PBS and
DMSO, versus the tested concentration of compounds
(uM). The ICso value is the concentration required for a
50% growth inhibition. Each assay and analysis was
performed in triplicate and averaged. The cytotoxic
activity of the isolated compounds 1-4 was evaluated
against the MCF-7 breast cancer cells according to a
method described [13], and cisplatin (ICso 27.0 pM) was
used as a positive control [14].

2.2. 2D QSAR Model

As presented in Table S.1, the 45 curcumin analogues
and their biological activity values (ICso) were divided into
a training set for QSAR model development and a test set
for model validation. 2D QSAR is a powerful tool for
explaining the relationship between the chemical
structure performed by first sorting through the list of
biological activities in the increasing and experimental
observations. The 2D QSAR model was started by
sketching the 2D molecular structure of curcumin using
ChemDraw 15, then conversing into a 3D structure using

ChemBio 3D Ultra. Following that, energy minimization
was calculated using the MM2 force field. A set of
molecular descriptors was generated using the ChemDes
software package [15]. However, not all of these
descriptors were used for QSAR model development.

A correlation matrix was used to eliminate highly
correlated descriptors. Scaling descriptors were then
applied because there may be an underlying relationship
between these descriptors. The selected descriptors were
then used to build the QSAR model, and a multiple linear
regression analysis (MLRA) was performed to develop the
QSAR model.

2.3. 3D QSAR Model and Pharmacophore Generation

All compounds in the dataset consisting of 45
curcumin analogues were used to generate a 3D QSAR
model using the partial least squares (PLS) technique. The
energy of each molecular structure was minimized using
MMFF9/ x force field to a gradient of 0.00001 kcal/mol/A.
Descriptors of these compounds were generated, and
simultaneously, pharmacophores of the ligands were
constructed. This study generated the best alignment of
pharmacophores using two features: hydrogen bond
donors and hydrophobic properties. These
pharmacophore features were then used to confirm that
the 3D-QSAR model could be used to predict the biological
activity of unknown compounds and to ensure the
applicability of 3D-QSAR using the same properties as the
pharmacophore alignment.

2.4. Molecular Docking and Molecular Dynamic

Some compounds showed better activity in the
in vitro assay, including compounds 5, 9, 17, 18, 21, 25, 28,
32, and 45. These compounds were selected as ligands for
docking into proteins. Protein preparation began by
downloading the protein tyrosine kinase structure from
the Protein Data Bank with PDB ID 1T46. Crystal water
molecules were then removed, and alpha carbon and
backbone atoms of the protein were energy-minimized.
The amino acid residues that interacted with the original
ligand were observed and preserved in a two-dimensional
representation. QuickPrep tools (MOE 2020.0901) were
used for protein preparation. Site Finder was used to
determine the active site of the protein. Native ligands
from the protein must be re-docked; this process was
performed with the placement and refinement of 50 and
10, respectively. The re-docked ligand poses with an
RMSD value of less than 2 & and has the most similar
interaction between the re-docked ligand and the native
ligand was chosen as the best pose.

Table 1. The statistical output of the QSAR model

Statistical output Value
Non-cross-validated (r?) 0.83
Cross-validation (r?> (CV)) 0.79

F-value 26.46
F-probability 1.45e-006

Standard error of estimate (SEE) 0.27

Residual sum of squares (RSS) 0.78

Predictive sum of squares (PRESS) 2.60
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Table 2. Calculated value of ICso of curcumin-based
compounds in the test set based on 2D QSAR model

Table 3. Calculated value of ICso of curcumin-based
compounds in the test set based on 3D QSAR model

Entry Compound Expellriclzental PreI%i;ted Entry Compound Expe;icr;ental PreIdCi;ted
1 Cpd1 14.25 15.01 1 Cpd1 14.25 14.76
2 Cpd 6 19.49 19.89 2 Cpd 6 19.49 18.97
3 Cpd 7 27.54 26.78 3 Cpd 7 27.54 27.53
A Cpd 20 44.69 45.00 A Cpd 20 4469 4498
5 Cpd 24 38.84 38.93 5 Cpd 24 38.84 38.99
6 Cpd 27 63.00 63.26 6 Cpd 27 63.00 63.03
7 Cpd 30 32.32 32.68 7 Cpd 30 32.32 32.89
8 Cpd 37 69.00 69.34 8 Cpd 37 69.00 69.45
9 Cpd 42 56.11 56.98 9 Cpd 42 56.11 57.89
10 Cpd 43 60.63 61.01 10 Cpd 43 60.63 62.23
1 Cpd 44 54.18 55.23 1 Cpd 44 54.18 53.23
12 Cpd 26 13.34 13.98 12 Cpd 26 13.34 13.98
13 Cpd 29 17.03 17.89 13 Cpd 29 17.03 17.89
14 Cpd 23 14.26 14.98 14 Cpd 23 14.26 14.77
15 Cpd 20 44,69 45.00 15 Cpd 20 44,69 43.29

Molecular dynamics simulation (i.e., preliminary
study) was performed using NAMD (NAnoscale Molecular
Dynamics program v.2.9). CHARMM?27 (Chemistry at
HARvard Macromolecular Mechanics) was utilized as the
best-selected force field. The modeled protein was
obtained using the TIP3P water box with 2.5 A water
layers for each direction of the coordinated structure. The
system was gradually heated using the NVT ensemble
from 0 to 300 K over 100 ps. MD simulations were
performed on a 50 ns time scale for each system in an
isothermal isobaric ensemble (NPT) with periodic
boundary conditions. Temperature and pressure
parameters were coupled at a rate of one ps. When
sampling, the coordinates were recorded every 0.1 ps. The
simulations generated the conformations, which were
used for further binding free energy calculations and
decomposition.

2.5. Adsorption, Distribution, Metabolism, and
Excretion (ADME)

The drug-likeness of the potential candidates for
breast cancer inhibitors and their physiochemical and
pharmacokinetic properties were predicted using ADME
profiles. In this study, the ADME profiles were performed
and calculated wusing the SwissADME server
(http://www.swissadme.ch/index.php).

3. Results and Discussion
3.1. The 2D QSAR Model

The QSAR model was developed using descriptors as
the independent variables and biological activity as the
dependent variable. The statistical output of the QSAR
model is presented in Table 1, and the best QSAR model is
presented in Equation (1).

Y = 0.5643*MREF - 0.4375*MW — 1.6720*LDI +
0.6879*nhyd + 0.5435 (1)

where, MREF stands for molar refractivity, MW is
molecular weight, LDI is the local dipole index, and nhyd
is the count of hydrogen bonds.

The cross-validated coefficient (r> (CV)) is the
goodness of prediction, the non-cross-validated
conventional correlation coefficient (r?) is the goodness
of fit of the QSAR model, and the F-value defines the
degree of statistical confidence. Generally, the QSAR
model is acceptable, with r? greater than 0.6 and r? (CV)
greater than 0.5. In this study, the QSAR model had an r?
of 0.83 and an r? (CV) of 0.79. This indicates that the QSAR
model is stable and can be used to predict the unknown
compounds in the test set. This QSAR model showed that
biological activity would improve with increasing
molecular refractivity and the number of hydrogen
donors (i.e, MREF and nhyd). In addition, the
hydrophobic descriptors (that is LDI and W) are also
important, and they define the hydrophobic influence of
substituents in the interactions of organic compounds
with the receptor [16].

The biological activity of compounds in the test set
was then predicted using the QSAR model (Equation 1), as
listed in Table 2. A correlation coefficient (r*) of 0.86 was
obtained between the predicted and experimental values
for the QSAR model.

3.2. 3D QSAR Model and Pharmacophore Generation

The 3D QSAR model consisted of two variables:
biological activity was used as the dependent variable,
and pharmacophore was the independent variable. The
PLS QSAR model was then generated with coefficient
correlation (r?) and root mean square of 0.70 and 0.26,
respectively. The validity of this QSAR model was used to
ensure the predicted biological activities of compounds
that were not considered for building the QSAR model
(test set). The predicted and actual values of the test set
compounds are listed in Table 3.
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Table 4. Docking results

Cpd - Binding free energy
number Compound Residue RMSD (keal/mol)
o}
A = Asp792, Tyr823, Asp810, _
5 O N O Glu640, Val643, Gly812 0.00 4323
Br ‘ Br
(o}
O N O Asp810, Glu640, Cys809,
9 al N cl Val643, Ile571, Tyr570, 0.00 -36.13
K@ His790, 11e789, Tyr570,
(0]
SASRs
Glu640, Ala636, Asp810,
17 N 0.00 -32.23
OH OH Asp792, Pro832, Pro791,
o]
O TTr O Arg791, Asp792, His790, _
18 HO N oH Asp810 0.00 42.20
i Glu640, Cys809, Asp810
A = ) y ) ) -
- ol ) O, Arg791, His790 0.00 23.45
o]
O N O Thr632, Glu633, Ala636,
25 OCH, N"H,CO Leu813, Gly812, Val640, 0.00 -52.81
K© Arg791, His790
o
N = Asn828, Ala829, Leu831,
28 O O Gly812, Arg791, Asp810, 0.00 -32.46
OCH;3 N H;CO G1u640
OCHs OCHy
i Thr632, Leu813, Glu640,
32 CCUry Gly812, Arg791, His790, 0.00 -25.67
oy co Tle789
o
O N O Thr632, Ala636, Glu633,
45 \/N N N Glu640, Arg791, Asp810, 0.00 -34.34
K@ Gly812, I1e817, Lys818

(orange). These pharmacophores were considered the key
elements contributing to the ligand activity [17, 18].
Figure 1 depicts the pharmacophore hypothesis for the
curcumin analogue. It shows the importance of the
hydrophobic and aromatic ring features that can enhance
breast cancer inhibitory activity [19].

3.3. Molecular Docking

Docking and MD analyses were performed on the
active compounds (Cpd 5, 9,17, 18, 21, 25, 28, 32, and 45).
The docking aims to ensure that the active compounds

Figure 1. The best pharmacophore hypothesis for
curcumin analogue. Pharmacophores are color-coded

with orange for the aromatic ring and green for the
hydrophobic

The suggested descriptors in the 3D QSAR model
were then validated using pharmacophore alignment. The
best pharmacophore hypothesis is generated by the
hydrophobic sphere (green) and aromatic sphere

bind well to important residues in the protein active site
[20]. Doxorubicin was used as the positive control and
was previously docked [21]. The best poses from the
docking results were selected based on the lowest docking
energy values. The docking results are presented in
Table 4.
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Figure 2. The binding interactions of Cpd 5 and Cpd 9
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Figure 3. The binding interactions of Cpd 17, Cpd 18, and
Cpd 21

Based on their biological activity, Cpd 5 appears to be
an active compound. Cpd 5 showed two van der Waals
interactions with Glu640 and Asp810. This compound
also interacts via 7 interactions with His790. Another
compound that was assumed to be active is Cpd 9.
Compound 9 showed to have 7 interactions with His790
and Arg791. In addition, Glu640 and Asp810 interact with
the ligand through van der Waals interactions.
Hydrophobic interactions were also observed between the
ligand and residue Arg791. The docking results for these
compounds are depicted in Figure 2.

Similarly, Cpd 17 was also shown to be an active
compound. Hydrogen bonding (dashed blue line) was
formed between the hydroxyl group in the ligand and
Arg791. Van der Waals interactions with important
residues such as Glu640 and Asp810 were also observed.
For Cpd 18, hydrogen bonding (dashed blue line) was
observed between His790 and the hydroxyl group of the
ligand. In addition, van der Waals interactions were
constructed between the ligand and residue Asp810, and
7 interactions were observed with residue Arg791. Van der
Waals interactions between Cpd 21 and the residues
Glu640 and Asp810 were observed. The binding
interaction of Cpd 17, Cpd 18, and Cpd 21 are illustrated in
Figure 3.

Cpd 25 showed one hydrogen bond (dashed blue line)
with the residue Arg791. In addition, this ligand also
showed van der Waals interactions with Glu640 and
Asp810. Residues Lys623, His790, and Arg791 interacted
with the ligand through = interaction (blue circle). This
may explain why this ligand is an active compound.
Cpd 28, Cpd 32, and Cpd 45 interact with residues Glu640
and Asp810 through van der Waals and hydrophobic
interactions with residue Arg791. The binding interaction
of Cpd 25, Cpd 28, Cpd 32, and Cpd 45 with the protein are
shown in Figure 4.

Table 5. Interaction with amino acid after MD simulation

Cpd number Interaction after simulation Hydrogen t()g;ld distance

5 Asp792, Tyr823, Asp810, Glu640, Val643, Gly812 2.9

9 Asp810, Glu640, Cys809, Val643, Ile571, Tyr570, His790, 1le789, Tyr570 2.9

17 Glu640, Ala636, Asp810, Asp792, Pro832, Pro791 2.9

18 Arg791, Asp792, His790, Asp810 2.9

21 Glu640, Cys809, Asp810, Arg791, His790 2.9
25 Thr632, Glu633, Ala636, Leu813, Gly812, Val640, Arg791, His790 2.9
28 Asn828, Ala829, Leu831, Gly812, Arg791, Asp810, Glu640 2.9

32 Thr632, Leu813, Glu640, Gly812, Arg791, His790, Ile789 2.9
45 Thr632, Ala636, Glu633, Glu640, Arg791, Asp810, Gly812, Ile817, Lys818 2.9

Bold: important residue
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Table 6. ADME profiles of active compounds
Profile Cpd5 Cpd9 Cpdi7 Cpdi8 Cpd21 Cpd25 Cpd28 Cpd32 Cpds4s
MW (g/mol) 44716 43436  397.47 397.47 335.40 42552 395.45 409.47 451.60
Consensus Log Pojw 4.76 5.76 3.85 3.84 3.24 4.60 3.15 3.47 4.67
Hydrogen bond donor 1 0 2 2 1 0 1 0 0
Hydrogen bond acceptor 0 2 4 4 4 6 6 2
Rotatable bonds 2 4 4 4 6 6 6 6
Druglikeness (Lipinski) Yes Yes Yes Yes Yes Yes Yes Yes Yes

® &

Cpd 28 binding site

. @ §
®® © ®

Cpd 32 binding site

)

Cpd 45 binding site

O Hydrophobic interaction
O van der Waals interaction

- Hydrogen bond

Figure 4. The binding interaction of Cpd 25, Cpd 28,
Cpd 32, and Cpd 45 with the protein

3.4. Molecular Dynamics Simulation

Molecular dynamics (MD) simulations have
investigated hydrogen bonding interactions and
interactions between ligands and proteins [22, 23].
Generally, the conformations of the active ligand are
maintained to bind with important residues and are
inapplicable to non-active ligands [24], as shown in
Figure 5. MD simulations showed that these nine
compounds could explore the interactions between the
ligand and receptor. The stability of the MD simulation
results was used to confirm the ligand-binding profile.

In addition, the stability of MD can also be used to
ensure that the interaction between the protein and active
compounds is maintained [25]. MD simulation was
performed for 50 ns. This process began by employing
optimal stability and minimal energy at 300 K to assess
how strongly the ligand binds to the binding site.
Hydrogen bonding was confirmed for the potential active
compounds (specifically, nine compounds) both before
and after the MD simulation. RMSD graphs for these
compounds are presented in Figure S.2.

Cpd 25

Figure 5. Visualization of the binding mode of the most
active compounds Cpd 25 and Cpd 5

Nine of these compounds could bind well with the
important residues, Glu640 and Asp810, before and after
simulation with a hydrogen bond distance of less than
2.9 A, which indicated that these compounds could be
used as breast cancer inhibitors. A visualization of the MD
simulation is shown in Figure 5. Table 5 presents the
interactions with the amino acids after the simulation.

3.5. Adsorption, Distribution, Metabolism, Excretion
(ADME)

For the promising compounds, ie., Cpd 5, Cpd 9,
Cpd 17, Cpd 18, Cpd 21, Cpd 25, Cpd 28, Cpd 32, and Cpd
45, the pharmacokinetic profile is also needed to conduct.
This profile consisted of in silico ADME profiling. ADME is
expected to reduce the risk of late-stage attrition in drug
development [26]. An in silico study was performed to
predict drug-like molecular properties based on
Lipinski’s Rule of Five. Lipinski’s Rule of Five was
calculated to determine the absorption or permeability
levels of potential compounds across lipid bilayers in the
human body. The results of the ADME calculations for
these compounds are presented in Table 6. A compound
can be predicted to have good bioavailability if it follows
Lipinski’s rule (maximum MW is 500, log P is not greater
than 5, hydrogen bond donor is less than 5, and hydrogen
bond acceptor is less than 10) [27]. Based on the ADME
calculation, all active compounds have drug-like
properties and can be used as potential inhibitors against
breast cancer.

4. Conclusion

2D and 3D QSAR models have been effectively
developed, demonstrating strong predictive capabilities.
Both types of QSAR models indicate that hydrophobic
properties and hydrogen bond donors can amplify the
inhibitory activity against breast cancer. Analyses
involving docking and molecular dynamics reveal the
significance of residues Glu640, Arg791, and Asp810 in
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interacting  with  the compounds. Moreover,
a computational approach combined with biological
assays has confirmed Cpd 5, 9, 17, 18, 21, 25, 28, 32, and
45 as promising candidates for advancing second-
generation drug discovery targeting breast cancer.
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