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Abstract: Curcumin has been shown to possess high cytotoxicity towards various cell lines. But its low
aqueous solubility and bioavailability limit its use as an effective cytotoxic agent. It has been reported
that metformin selectively Kills cancer stem cells and blocks tumor growth. Preclinical studies show the
effectiveness of both curcumin and metformin in breast cancer. Conjugation of metformin and curcumin
may result in synergistic cancer therapy by improving the aqueous solubility of curcumin and hence its
bioavailability. In the present study, curcumin-metformin conjugate and the free drugs curcumin and
metformin were subjected to docking analysis against the breast cancer targets such as epidermal growth
factor receptor, kinesin spindle protein, cyclin-dependent kinase, human placental aromatase, and
human estrogen receptor. Docking studies were performed using Autodock Vina. The results signify
that curcumin-metformin conjugate showed higher binding energy ranging between -7.4 to -9.7
Kcal/mol than curcumin and metformin. The stability of the conjugate-receptor complex and
interactions between them was further evaluated by molecular dynamics simulation. The results showed
that the conjugate can interact effectively with human placental aromatase and can be considered for
further studies.
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1. Introduction

Cancer is one of the most common causes of disease-related deaths worldwide,
accounting for about 10 million deaths in 2020 [1]. Breast cancer is the most frequent type
among women and is the second major cause of high incidence of death. According to the
estimates provided by GLOBOCAN, female breast cancer has overtaken lung cancer as the
most often diagnosed cancer in the year 2020 worldwide [2,3]. Current predictions and
statistics show that the incidence of breast cancer and the related mortality rate is on the rise
[4]. Many chemotherapeutic drugs have been developed that inhibit the uncontrolled cell
division process to treat different types of cancer. But there is a need to develop effective anti-
cancer drugs despite the number of drugs in clinical use due to the high prevalence of adverse
effects and multidrug resistance [5].
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Epidermal growth factor receptor (EGFR) is overexpressed in about half of all triple-
negative and inflammatory breast cancer (TNBC and IBC) patients. It is a crucial target for the
development of new anti-cancer drugs. TNBC and IBC patients may benefit from EGFR
targeted treatment [6]. Overexpression of the motor protein-kinesin spindle protein (KSP) has
been demonstrated as an important therapeutic target of breast cancer [7]. KSP inhibitors may
prevent the mitotic spindle formation during cell division, inducing the breast cancer cells to
apoptosis [8]. Cyclin-dependent kinase (CDK) prevents the over-proliferation of breast cancer
cells. It has been suggested that CDK inhibition may be a viable therapeutic target to develop
anti-cancer drugs [9,10]. Estrogen plays a major role in breast cancer, and the aromatase
enzyme synthesizes estrogen from androgen. Aromatase inhibitors are prominent drugs in
estrogen-dependent breast cancer therapy[11]. Over half of breast cancer cases overexpress
estrogen receptor alpha. There is increasing evidence for estrogen antagonists that reduce
estrogen biosynthesis as efficient therapeutic agents in breast cancer [12].

Curcumin is a promising anti-cancer agent exhibiting multi-potent properties and
activities against a number of molecular targets in vitro [13,14]. In vitro and in vivo studies
demonstrated that curcumin acts as an antiangiogenic, anti-invasive, and antimetastatic agent
[15]. It was reported to inhibit cell proliferation in breast cancer and induce apoptosis [16].
Translation of curcumin into a drug for treatment is restricted by its poor oral bioavailability
due to poor solubility and extensive pre-systemic and systemic metabolism [17,18]. Recent
studies indicated that the antidiabetic drug metformin shows great potential in cancer
management [19]. Based on epidemiological research, metformin inhibits the mammalian
target of rapamycin-dependent translation initiation in breast cancer cells [20]. The synergistic
activity of metformin and chemotherapeutic drugs specifically targeting breast cancer stem
cells has been reported in in vitro and in vivo models [21,22]. Drug-drug conjugation is a novel
approach to create conjugates with complementary therapeutic activities increased
bioavailability and thus may result in synergistic activity, increased absorption, reduced dose,
and toxicity [23]. Conjugation of metformin and curcumin could prevent the pre-systemic
intestinal metabolism of curcumin and thus may enhance the oral bioavailability of both drugs.

Virtual screening has been an efficient approach for discovering and developing new
drug candidates. Molecular docking studies aid in identifying the lead candidates so that only
potent compounds can be screened experimentally. In this study, the binding effectiveness of
curcumin-metformin conjugate was investigated against the breast cancer targets by in silico
approach.

2. Materials and Methods

2.1. Protein structure preparation.

The X-ray crystal structures of epidermal growth factor receptor tyrosine kinase (PDB:
1M17), kinesin spindle protein (PDB: 1Q0B), cyclin-dependent kinase (PDB: 1YKR), human
placental aromatase (PDB: 3S7S), and human estrogen receptor (PDB: 210K) were obtained
from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank [24].
The target protein was prepared by inserting the missing residues using Swiss-PDB v4.1.0. The
file was saved in pdb format and utilized for further studies.
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2.2. Ligand structure preparation.

Ligand structure preparation is essential to produce a single, energetically stable
structure with accurate spatial orientation and stereochemistry. This increases the chances of
obtaining potential hit molecules at the end of the drug discovery process. The molecular
structure of curcumin-metformin conjugate (CON) was drawn using Chemdraw. The 3D
structures of curcumin, metformin, and other standard drugs were downloaded from PubChem
and saved in SDF format in a docking workspace file. The chemical structures of curcumin,
metformin, and conjugate are given in Figure 1. A ligand cluster was created, and their energies
were minimized.
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Figure 1. Chemical structures of ligands. A. Curcumin, B. Metformin, C. Curcumin-Metformin conjugate.
2.3. Docking protocol.

Docking of protein and ligands was carried out using Autodock Vina, inbuilt in PyRx
software [25-27]. The ligands were assumed to be flexible and the protein as rigid during the
docking process. The configuration file for the grid parameters was generated with dimensions
(A°) of x=59.27, y=51.29, z=25.00 for IM17; x=25.35, y=14.06, z=76.16 for 1Q0B; x=18.36,
y=18.03, z=19.85 for 1YKR; x=87.34, y=53.72, z=25.00 for 3S7S and x=29.98, y=21.70,
7z=25.00 for 2IOK. The protein and ligand structures were saved in ‘pdbqt’ format for
calculating the binding affinities. The amino acid residues at the active site of a protein that
interacts with the ligands were identified. The best ligand was chosen based on its binding
affinity with the respective target protein at the active site. Discovery Studio Visualizer was
used for visualizing the interactions between the ligand and protein [28].

2.4. ADMET analysis.

The ligands were further subjected to predicting pharmacokinetic properties such as
absorption, distribution, metabolism, excretion, and toxicity (ADMET) using the pkCSM web
server [29].

The structures of curcumin, metformin, and conjugate structures were converted to
SMILE structures and used for predicting pharmacokinetics. The parameters such as water
solubility, Caco-2 intestinal permeability, human skin permeability, steady-state distribution
volume, blood-brain barrier permeability, CNS permeability, metabolic interactions with
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cytochromes, total renal clearance, and toxicity were measured determined using pkCSM
software.

2.5. Molecular dynamics.

The binding stability and the interactions between conjugate and the receptor human
placental aromatase were evaluated by molecular dynamics (MD) simulation. The ligand-
receptor complex file was subjected to MD simulations using GROMACS tool version 2021.3
[30-32]. Ligand topologies were selected from PRODRG server [33]. The processed setup was
vacuum minimized for 500 steps by applying the steepest descent method. A simple point
charge (SPC) water model was used to solve complex structures in a cubic periodic box of 0.5
nm. Subsequently, Na* and CI- counter ions were added to the solvated system to obtain an
appropriate salt concentration of 0.15 M. Then, each resultant structure from NPT (Isothermal-
Isobaric, constant number of particles, pressure, and temperature) equilibration phase was
subjected for the final run in NPT ensemble for a simulation time of 100 ns. The obtained
trajectory data was analyzed using the GROMACS simulation package through the online
server WebGRO for macromolecular simulations (https://simlab.uams.edu/) to understand root
mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (RQg)
and solvent accessible surface area (SASA). Molecular Mechanics Poisson—-Boltzmann Surface
Area (MMPBSA) analysis was utilized to calculate the binding free energy of the protein-
ligand complex. A GROMACS tool g_mmpbsa was used to estimate the binding free energies
[34].

3. Results and Discussion

Molecular docking studies of curcumin, metformin, and the conjugate was performed
with five target proteins such as epidermal growth factor receptor tyrosine kinase, kinesin
spindle protein, cyclin-dependent kinase, human placental aromatase, and human estrogen
receptor to understand the molecular basis of interaction and affinity of binding of these ligands
with the proteins. The ranking of the compounds was based on their binding energy with the
enzyme.

The docking results of the ligands with protein EGFR are given in Table 1, and the
interaction images are shown in Figure 2. The docking score of the conjugate was found to be
-8.4 Kcal/mol while for the standard drug Erlotinib -6.9 Kcal/mol. Among the ligands, the
conjugate exhibited the best docking score. The conjugate forms conventional hydrogen
bonding with GLN-767, LYS-721, MET-769, attractive charge interaction with ASP-831,
carbon hydrogen bonding GLU-738, pi-sigma interactions with VAL-702 and pi-alkyl
interaction with ARG-817 at the active site of protein.

The docking results of the ligands with protein KSP are given in Table 2. The conjugate
showed the best docking score of -8.8 Kcal/mol compared to the other two ligands and the
standard drug Monastrol. The conjugate forms a conventional hydrogen bond with PHE-113,
THR-112, GLY-108, LYS-111, LEU-266, SER-235, and attractive charge interaction with
ASP-265 active site of protein as shown in Figure 3.

Table 1. Binding affinity and interactions of ligands against EGFR.
Ligand Docking score Binding interactions
Curcumin -7.4 Conventional hydrogen bond-GLN A:767,THR A:766; Pi-Cation-
LYS A:721; Pi-Sigma-LEU A:820; Pi-Sulphur-MET A:742; Alkyl
and Pi-Alkyl-CYS A:751, LYS A:721, ALA A:719, VAL A:702; van
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Ligand

Docking score

Binding interactions

der Waals-MET A:769, LEU A:694, LEU A:768, THR A:830, ASP
A:831, PHE A:699, ILE A:720, GLU A:738, LEU A:753, LEU
A:764

Metformin

van der Waals-ALA A:719, LEU A:768, VAL A:702, LEU A:820,
THR A:766,LYS A:721, CYS A:751, THR A:830, MET A:742, ASP
A:831; Carbon Hydrogen bond-GLU A:738, Conventional hydrogen
bond-GLN A:767

Curcumin-Metformin
conjugate

van der Waals-ASP A:776, MET A:742, CYS A:751, THR A:830,
ALA A:719, LEU A:768, LEU A:694, GLY A:695, GLY A:772,
PHE A:699, ASN A: 818; Conventional Hydrogen bond: GLN
A:767, LYS A:721, MET A:769; Attractive charge-ASP A:831,
Carbon Hydrogen bond: GLU A:738; Pi-Sigma-VAL A:702; Pi-
Alkyl-ARG A:817

Erlotinib

ASP
A:776

van der Waals-THR A:830, ASP A:831, PHE A:699, GLY A:695,
CYS A:773, THR A:766, LEU A:820, ALA A:719, LEU A:768,
PRO A:770; Conventional hydrogen bond-MET A:769; Carbon-
Hydrogen bond-GLY A:772; Pi-Cation-LY'S A:721; Pi-Sigma-LEU
A:694; Pi-Alkyl-LEU A:764, VAL A:702
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Figure 2. Binding interaction between curcumin-metformin conjugate and EGFR - 2D (left) and 3D (right)
representation.

Table 2. Binding affinity and interactions of the ligands against KSP.

Ligand Docking score Binding interactions

-1.4 Conventional hydrogen bond-GLU A:116; Pi-Alkyl-ALA A:218, LEU
A:214, ILE A:136; Carbon Hydrogen bond-ALA A:133; van der Waals-
THR A:112, TYR A:211, TRP A:127, PRO A:137,SER A:237,PHE
A:239, LEU A:160, GLU A:118, GLY A:117, ARG A:119, GLY A:134

Curcumin

van der Waals-THR B:112, LYS B:111, GLU B:116, LEU B:266, ALA
B:267, HIS B:236, GLY B:268, SER B:233, ARG B:221, TYR B:231;
Carbon Hydrogen bond-GLU B:162, Conventional hydrogen bond-
SER B:232, SER B:235; Attractive charge-ASP B:265

Metformin

van der Waals-GLU A:118, GLY A:110, ARG A:221, SER A:237, SER
A:232,PRO A:27, ARG A:26, PHE A:28, ASN A:29, SER A:233,GLY
A:268, ALA A:267, HIS A:236; Conventional Hydrogen bond: PHE
A:113, THR A:112, GLY A:108, LYS A:111, LEU A:266, SER A:235;
Attractive charge-ASP A:265

Curcumin-Metformin
conjugate

van der Waals-TRP A:127, ALA A:133,GLY A:217, ALA A:218, THR
A:112, GLU A:118; Conventional hydrogen bond-LEU A:214, GLU
A:116, GLY A:117; Carbon-Hydrogen bond-GLU A:116; Alkyl and Pi-
Alkyl-TYR A:211, PRO A:137, ILE A:136, ARG A:119

Monastrol
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The docking results of the ligands with protein CDK are given in Table 3, and the
binding interactions are shown in Figure 4. The conjugate exhibited the best docking score of
-9.2 Kcal/mol compared to the free drugs and the standard 5-fluoro uracil. It forms the
following binding interactions with the amino acid residues of the protein- conventional
hydrogen bonding with LEU-83, THR-14, LYS-129, ASP-86; alkyl and pi-alkyl interactions
with PHE-80, LYS-33, ALA-144, VAL-18, ILE-10; carbon-hydrogen bonding with ASP-145
and pi-cation interaction with GLU-8.
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Figure 3. Binding interaction between curcumin-metformin conjugate and KSP - 2D (left) and 3D (right)

Ligand

representation.

Table 3. Binding affinity and interactions of the ligands against CDK.

Docking score

Binding interactions

Curcumin

-8.2

Conventional hydrogen bond-LEU A:83; Carbon Hydrogen bond-ASN
A:132; Pi-Sigma-VAL A:18; Pi-Alkyl-ALA A:31, LYS A:33; van der
Waals-GLN A:85, LEU A:134, PHE A:82, ASP A:86, GLN A:131,
GLY A:13, ILE A:10, GLY A:11, GLU A:12, PHE A:80, LEU A: 148,
ASP A:145

Metformin

van der Waals- LEU A:134, LYS A:129, GLY A:13, ALA A:31, THR
A:14, VAL A:18, TYR A:15, LYS A:33, PHE A:80; Attractive charge-
ASP A:145, Conventional hydrogen bond-GLN A:131, ASA A:132

Curcumin-Metformin
conjugate

van der Waals-LYS A:20, HIS A:84, PHE A:82, LYS A:89, GLU A:81,
ALA A:31, GLY A:11, ASN A:132, LEU A:134, GLN A:131, GLY
A:13, GLU A:12; Conventional Hydrogen bond-LEU A:83, THR A:14,
LYS A:129, ASP A:86; Alkyl and Pi-Alkyl-PHE A:80, LYS A:33,
ALA A:144, VAL A:18, ILE A:10; Carbon hydrogen bond-ASP A:145;
Pi-cation-GLU A:8

5-Fluoro uracil

van der Waals-LEU A:148, LYS A:33, VAL A:64, LEU A:134, ILE
A:10; Conventional hydrogen bond-ASP A:145; Pi-Pi-stacked-PHE
A:80; Pi-Alkyl-ALA A:144, VAL A:18, ALA A:31

The docking results of the ligands with protein human placental aromatase and human
estrogen receptor are given in Tables 4 and 5. Among the docked ligands, the conjugate showed
a better docking score of -9.7 Kcal/mol and -8.8 Kcal/mol with aromatase and estrogen
receptor, respectively, compared to the free drugs. The conjugate forms conventional hydrogen
bonding with THR-310, CYS-437, MET-374, ARG-115; pi-pi-T shaped interactions with
TRP-224; pi-alkyl interactions with VAL-370, LEU-477 for aromatase receptor and
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conventional hydrogen bonding with LEU-346; attractive charge interaction with ASP-351,
carbon hydrogen bonding with LEU-387; pi-sigma interactions with LEU-525; pi-sulfur
interactions with ASP -351; alkyl and pi-alkyl interactions with LEU-391 and ALA-350 for
estrogen receptor as shown in Figure 5 and 6.

Table 4. Binding affinity and interactions of the ligands against human placental aromatase.

Ligand

Docking score

Binding interactions

Curcumin

-8.3

Conventional hydrogen bond-ARG A:115, LEU A:372; Pi-Sulphur-
MET A:374; Pi-Pi-T shaped-PHE A:134, Alkyl and Pi-Alkyl-ALA
A:438, CYS A:437, ILE A:133, LEU A:477, VAL A:370, VAL A:373;
van der Waals-ILE A:132, ARG A:145,GLY A:436, ARG A:435, PHE
A:430, PHE A:221, ALA A:306, ILE A:305, ASP A:309, TRP A:224,
THR A:310

Metformin

van der Waals-SER A:199, ALA A:306, PHE A:203, MET A:160, THR
A:310, LEU A:152, MET A:446, ILE A:442, GLY A:439, ALA A:443,
CYS A:437; Conventional hydrogen bond-MET A:303

Curcumin-Metformin
conjugate

van der Waals-PHE A:148, LEU A:152, ILE A:132, ALA A:438, GLY
A:439, ALA A:443, ILE A:133, ALA A:306, MET A:311, PHE A:134,
VAL A:369, SER A:478, PHE A:221, ASP A:309, VAL A: 373, LEU
A:372; Conventional Hydrogen bond-THR A:310, CYS A:437, MET
A:374, ARG A:115; Pi-Pi-T shaped-TRP A:224; Pi-Alkyl-VAL A:370,
LEU A:477

Exemestane
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ASN
A:132
A:131
LE
5 VAL
A:134 A8
GLY
A:13

P
S

ALA
A:144

LYS
A:33

THR
A:14

van der Waals-LEU A:372, PHE A:134, LEU A:477, SER A:478, TRP
A:224, THR A:310, ILE A:305, VAL A:373, ILE A:133; Conventional
hydrogen bond-MET A:374, ARG A:115; Carbon-Hydrogen bond-ALA
A:306; Alkyl and Pi-Alkyl-VAL A:370, PHE A:221

P

GLU
A:12

Lys
A:129

Figure 4. Binding interaction between curcumin-metformin conjugate and CDK - 2D (left) and 3D (right)

representation.

Table 5. Binding affinity and interactions of the ligands against human estrogen receptor.

Ligand

Docking score

Binding interactions

Curcumin

-8.3

Conventional hydrogen bond-THR A:347, GLY A:521; Pi-Sulphur-
MET A:421; Alkyl and Pi-Alkyl-ALA A:350, TRP A:383, LEU A:525,
HIS A:524, ILE A:424; Amide-Pi stacked-LEU A:346; van der Waals-
LEU A:354, LEU A:387, ARG A:394, GLU A:353, PHE A:404, MET
A:388, LEU A:391, LEU A:384, LEU A:428, GLY A:420

Metformin

van der Waals-PRO A:325, HIS A:356, ARG A:394, PHE A:445, MET
A:357, TRP A:393, PRP A:324, LYS A:449, LEU A:387, ILE A:386,
ILE A:326; Carbon Hydrogen bond-GLY A:390, Conventional
hydrogen bond-GLU A:353; Attractive charge-GLU A:353
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Curcumin-Metformin -8.8 van der Waals-HIS A:524, ILE A:424, MET A:421, LEU A:428, MET
conjugate A:388, LEU A:384, ARG A:394, GLU A:353, LEU A:349, TRP A:383,
LEU A:354, LEU A:539; Conventional Hydrogen bond: LEU A:346;
Attractive charge-ASP A:351, Carbon Hydrogen bond: LEU A:387; Pi-
Sigma-LEU A:525; Pi-Sulphur-ASP A:351; Alkyl and Pi-Alkyl-LEU
A:391, ALA A:350

Tamoxifen -9.6 van der Waals-ARG A:394, GLU A:353, LEU A:349, ASP A:351, TRP
A:383, GLY A:521, ILE A:424, HIS A:524, MET A:388, LEU A:384,
LEU 354; Carbon-Hydrogen bond-THR A:347; Pi-Sulphur-MET
A:421; Pi-Sigma-LEU A:387; Pi-Pi stacked-PHE A:404; Alkyl and Pi-
Alkyl-LEU A:391, LEU A:428, LEU A:525, ALA A:350, LEU A:346

ARG
m A:115
: LEU ;
Aug LY TR
A:310 y
o P LEV
A372
ILE :
A132 A\ \
— )i — VAL
- " e A373 A
i \ . A:224
ILE . ALA
— 6Ly A:133 .~ A:306 MET
A3 foys A374
ALA 4437
A:438
ALA A370  PHE 4
A:443 A3 Vot
MET b
A311 ® o
471 A:309
SER
A478 PHE
VAL A1
A:369

Figure 5. Binding interaction between curcumin-metformin conjugate and human placental aromatase - 2D
(left) and 3D (right) representation.
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Figure 6. Binding interaction between curcumin-metformin conjugate and human estrogen receptor - 2D (left)
and 3D (right) representation.
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Among the target proteins, curcumin-metformin conjugate interacted well with the
human placental aromatase enzyme (3S7S), showing the maximum docking score of -9.7
Kcal/mol, which is close to that of standard drug exemestane with the docking score of -9.6
Kcal/mol. This suggests that the inhibitory effect of the conjugate on the aromatase enzyme
may be the possible mechanism of action. The identification of molecular interactions and the
binding positions of docking protein-ligand complexes revealed that the conjugate was able to
produce the binding interactions consisting of van der Waals, hydrogen, and pi-bonds,
indicating that these interactions may be essential for inhibition of the enzyme.

The results of predicted ADMET properties are shown in Table 6. In silico prediction
demonstrated that the conjugate has better water solubility (-2.894 log mol/L) than curcumin
(-4.194 log mol/L), which is close to that of metformin (-2.707 log mol/L). The conjugate and
the free drugs showed low Caco-2 intestinal permeability, blood-brain barrier, and CNS
permeability. As per the data obtained, all the compounds are predicted to have good skin
permeability as their log Kp values are less than -2.5. The three ligands were observed to be
substrates of P-glycoprotein, indicating that the transport and excretion of these compounds is
dependent on the P-glycoprotein pathway. The analysis revealed that the conjugate and the free
drugs were not human OCT2 substrates, which is essential for the excretion of cationic
molecules. In silico prediction shows that the conjugate is excreted moderately through kidneys
(0.647 log mL/min/kg) with a low steady-state volume of distribution. The interactions of
conjugate and human cytochrome systems were predicted to understand its metabolic pathway
and compared with free drugs. No interactions with major human cytochromes are predicted
for both conjugate and metformin. The conjugate is predicted to be devoid of cardiotoxicity as
free drugs. The results also suggest that the conjugate may not be toxic in AMES test and may
not have hepatotoxicity and skin sensitization.

Table 6. Predicted ADMET properties of compounds.

Compounds

Properties Curcumin Metformin Curcumin-Metformin
conjugate

Water solubility(log mol/L) -4.194 -2.707 -2.894
Caco2 permeability(log Papp in 10 0.322 -0.339 -0.28
6 cmis)
Skin Permeability(log Kp) -2.74 -2.735 -2.735
P-glycoprotein substrate Yes Yes Yes
P-glycoprotein | inhibitor Yes No Yes
P-glycoprotein Il inhibitor Yes No No
VDss (human)log L/kg)) -0.137 -0.232 -0.325
Fraction unbound (human)(Fu) 0.118 0.811 0.391
BBB permeability(log BB) -0.374 -0.946 -2.253
CNS permeability(log PS) -2.957 -4.238 -3.8
CYP2D6 substrate No No No
CYP3A4 substrate No No No
CYP1A2 inhibitor No No No
CYP2C19 inhibitor Yes No No
CYP2C9 inhibitor Yes No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor Yes No No
Total Clearance(log ml/min/kg) 0.073 0.1 0.647
Renal OCT2 substrate No No No
AMES toxicity No Yes No
Max. tolerated dose (human) (log 0.16 0.902 0.378
mg/kg/day)
hERG | inhibitor No No No
Oral Rat Acute Toxicity (LD50) 2.466 2.453 2473
(mol/kg)
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Compounds
Properties Curcumin Metformin Curcumin-Metformin
conjugate
Oral Rat Chronic Toxicity (LOAEL) 1.725 2.158 3.797
(log mg/kg_bw/day)
Hepatotoxicity No No No
Skin Sensitisation No Yes No
T.pyriformis toxicity(log ug/L) 0.36 0.25 0.285
Minnow toxicity(log mM) -0.328 3.972 1.689

The conjugate is predicted to have better water solubility and is devoid of toxicity from
the above-observed results. So it may have sufficient potential to be a drug, but further
experimental studies are required to substantiate the data.

The apo form of human placental aromatase protein (PDB: 3S7S) along with the
complex of the conjugate, curcumin, and standard exemestane were further analyzed to study
the binding stability of the protein-ligand complex. MD simulations were performed to assess
the structural and conformational changes of three complexes for a simulation time of 100 ns.
The stability and fluctuations of these complexes were examined by analyzing the parameters
such as RMSD, RMSF, Rg, and SASA of receptor atoms.

RMSD is an indicator to analyze the stability of the complexes [35]. RMSD of the
protein backbone atoms was plotted against time to analyze its changes in structural
conformations. Apo form of the protein showed stable conformation from 30 ns until the end
of the simulation. In the case of the conjugate, stable conformation was attained from 20 ns.
For curcumin, stable conformation was attained from 40 ns but showed slight fluctuation in the
stability. In the case of standard, stable conformation was shown from 30 ns. RMSD study plot
is shown in Figure 7.

T T
— APO
i — CON | 7
CUR
05+ — STD |
0.4

RMSD (nm)
1=
W

o
)

0.1 -

0 | [ 1
0 50 100

Time (ns)

Figure 7. Study plot of RMSD of 3S7S-APO (Black), 3S7S-CON (Red), 3S7S-Curcumin (Green), and 3S7S-
Standard (Blue) for 100 ns MD simulation.

RMSF was analyzed for conjugate bound complex and the apo form and standard
exemestane complex to evaluate the flexibility of the amino acid residues of target protein on
binding to a ligand. The RMSF values for Ca atoms of the protein were calculated and plotted
against the residues as shown in Figure 8. In the case of each complex, the amino acid residues
https://biointerfaceresearch.com/
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showed minor variations during the simulation. The results show that binding of the ligands
had no significant influence on the flexibility of the protein residues.
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Figure 8. Study plot of RMSF of 3S7S-APO (Black), 3S7S-CON (Red), 3S7S-Curcumin (Green), and 3S7S-
Standard (Blue) for 100 ns MD simulation.

Further, Rg of the complexes was also analyzed. Rg is the root mean square distance of
the protein atoms from the axis of rotation [36]. It is one of the effective structural parameters
for investigating the compactness and rigidity of the protein during the simulation. Rg values
of backbone atoms of protein were plotted as a function of simulation time, as represented in
Figure 9. The results show that the compounds did not cause significant structural alterations
in the protein.

2.25

2.2

Rg (nm)

2,15
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Figure 9. Study plot of the radius of gyration of 357S-APO (Black), 3S7S-CON (Red), 3S7S-Curcumin
(Green), and 3S7S-Standard (Blue) for 100 ns MD simulation.

The SASA analysis was performed to determine how much the target protein was
exposed to the solvent molecules around it during simulation [37]. The SASA values were
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calculated and plotted as a function of time, as shown in Figure 10, to examine the changes in
the surface area of protein. Based on the results, it was found that the surface area of the
receptor protein in the complexes shrank during the simulation.
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Figure 10. Study plot of the Solvent accessible surface area of 3S57S-APO (Black), 357S-CON (Red), 3S7S-
Curcumin (Green), and 3S7S-Standard (Blue) for 100 ns MD simulation.

The binding affinity of ligands with the target protein was examined by analyzing the
MD trajectories. The extent of hydrogen bond formation of the ligands with the receptor protein
during the entire simulation was interpreted and depicted in Figure 11.

In the case of the CON-protein complex, the conjugate formed a good number of
hydrogen bonds with aromatase protein with a maximum of six bonds at several time frames
specifying stronger affinity towards the target. The stability of the complex is indicated by the
consistent formation of almost three hydrogen bonds for the complete simulation time. For the
curcumin complex, two hydrogen bonds were formed consistently, with a maximum of five
bonds at certain periods. The standard exemestane formed two consistent hydrogen bonds with
a maximum of three bonds at specific time intervals in the standard complex. The results signify
that the conjugate has a pronounced affinity with the target protein.
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Figure 11. Study plot of Hydrogen bonds of 357S-CON (Red), 3S7S-Curcumin (Green), and 3S7S-Standard
(Blue) for 100 ns MD simulation.
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4. Conclusions

The hybrid conjugate of curcumin and metformin may synergistic anti-cancer activity

with reduced toxicity. Molecular docking studies were performed to investigate the cytotoxic
potential of curcumin-metformin conjugate compared with that of curcumin and metformin
against breast cancer targets. Based on the docking studies, it can be concluded that the
conjugate is predicted to have good cytotoxic activity. The conjugate was found to possess a
maximum docking score (-9.7 Kcal/mol) against the human placental aromatase enzyme and
shows more potent interactions with the target protein than curcumin and metformin. In
addition, MD simulations indicate the stability of the receptor-ligand complex. Further in vitro
and in vivo studies are needed to determine the effectiveness of curcumin-metformin conjugate.
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