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Abstract: Cancer remains one of the leading causes of death worldwide. Breast cancer, in particular,
continues to pose a threat to both developed and developing countries. It accounts for 1 in 8 cancer
diagnoses and remains the number one cause of death relating to cancer in women globally. Treatment
of cancers with plant and plant-derived products are well embraced for their cost effectiveness, reduced
adverse effects, and structural diversities. They are thus the ideal source for developing novel treatments
that can address some of the associated challenges with conventional chemotherapies. However, as in
most cases, the molecular mechanisms underlying the actions of these plant phytochemicals are not
delineated. Therefore, this study aims to understand the potential mode of action of various
phytochemicals from plants reportedly used to treat breast cancer. These plant secondary metabolites
were tested against the epidermal growth factor receptor (EGFR) tyrosine kinase domain using
molecular docking and molecular dynamics simulation. The results showed that echinacoside (-13.65
kcal/mol), quercitrin (-11.42 kcal/mol), and a polyphenol, 2-HPHOT (-9.52 kcal/mol), have higher
binding energies in the active site of the EGFK tyrosine kinase than erlotinib (-9.20 kcal/mol), a
reference anti-cancer drug. Furthermore, the molecular dynamics simulation parameters derived from
the protein-ligand complex showed that echinacoside and 2-HPHOT were stable. These findings
demonstrated that these compounds can potentially inhibit EGFR tyrosine kinase and could serve as
anti-breast cancer agents.

Keywords: cancer; breast cancer; Chinese plants; computational chemistry; epidermal growth factor
receptor.

© 2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
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1. Introduction

Cancer has become a global menace threatening human existence and health. About 10
million new cancer cases were recorded in 2020 [1]. Cancer of the breast is an erratic growth
and proliferation of cells in the breast tissue. It can be divided into in situ breast cancer and
invasive breast cancer (invaded) [2-4]. Breast cancer is the most pervasive cancer in women

https://nanobioletters.com/ 10of 14


https://nanobioletters.com/
https://nanobioletters.com/
https://doi.org/10.33263/LIANBS132.063
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5709-0244
https://orcid.org/0000-0002-3246-9650
https://orcid.org/0000-0002-0456-6699
https://orcid.org/0000-0002-6180-5502
https://orcid.org/0000-0002-1740-9764

https://doi.org/10.33263/LIANBS132.063

and generally the second most prevalent cancer globally. There were approximately 2.3 million
cases of breast cancer and about 685,000 deaths in 2020 globally [5,6]. High consumption of
alcohol [7], continual use of birth control pills and tobacco [8], and low intake of vegetables
and fruits [9] are some of the causes of breast cancer.

Drugs approved by the Food and Drug Administration (FDA) for effective breast cancer
treatments include 5-fluorouracil, epirubicin, docetaxel, doxorubicin, carboplatin, tamoxifen,
etc. However, these drugs have side effects such as bone and muscular pain, numbness of feet
and hands, loss of libido, vertigo, hair loss, sleep disturbance, lack of concentration, and so on
[10,11]. These drawbacks necessitated the shift towards medicinal plants and plant-derived
products to prevent and treat this disease because of their great therapeutic activities,
abundance, and little or no side effects.

Plants are crucial sources of many biologically active molecules and provide unique
chemical templates for drug discovery. Researchers have continued to look for more medicinal
plants with great therapeutic and biological activities to treat breast cancer. Chinese plants such
as Allium satium, one of the oldest plants, have been used as food and also serve as herbal
medicine for colds, asthma, and respiratory infections owing to some sulfur-containing
phytochemicals such as allicin, ajoene, allyl-methyl trisulfide and derivatives and so on present
in it [12,13], it has also been reported for its anti-cancer potentials [14]. Echinacea purpurea
has been reported for its pharmacological activities such as anti-cancer, anti-HIV,
antimicrobial, and wound healing; its major constituents are echinacoside, caffeic acid, cichoric
acid, caftaric acid, and so on [15]. Curcuma longa is another plant containing active ingredients
such as curcumin and some phenolic substances responsible for diverse medicinal properties
[13], even anti-cancer [14]. Burdock (Arctium lappa) is a plant containing arctigenin as its
active phytochemical [13] and has also been reported for its anti-cancer potentials [16]. Others
include ginger (Zingiber officinale), whose major constituent is 6-gingerol [17], and neem
(Azadiracta Indica), containing Nimbolide as its active component [18,19]. Therefore, this
study aimed to investigate the mechanisms of action of some phytochemicals in a myriad of
plants reported for anti-cancer activity using molecular docking and Molecular Dynamic (MD)
simulation (see a full list of plants and their bioactive components considered in Table 1).

Table 1. Phytochemicals present in the plants above.

Plant Phytochemical IUPAC Structure References
Allium L. . [12,13]
. Allicin (65036) 3-prop-2-enylsulfinylsulfanylprop-1-ene
satium
[(2R,3R 4R ,5R 6R)-6-[2-(3,4- [13]
dihydroxyphenyl)ethoxy]-5-hydroxy-2-
Echinacea [[(2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
purpurea Echinacoside (5281771) | (hydroxymethyl)oxan-2-ylJoxymethyl]-4-
[(2S,3R,4R,5R,6S)-3,4,5-trihydroxy-6-
methyloxan-2-ylJoxyoxan-3-yl] (E)-3-(3,4-
dihydroxyphenyl)prop-2-enoate
( ) bis(4-hyd (3]
Curcuma . 1E,6E)-1,7-bis(4-hydroxy-3-
longa Curcumin (969516) methoxyphenyl)hepta-1,6-diene-3,5-dione
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[13]
Arctium (3R,4R)-4-[(3,4-dimethoxyphenyl)methyl]-
lappa Arctigenin (64981) 3-[(4-hydroxy-3-
PP methoxyphenyl)methyl]oxolan-2-one
[17]
Zingiber i 5-hydroxy-1-(4-hydroxy-3-
officinale 6-gingerol (3473) methoxyphenyl)decan-3-one
[18,19]
methyl 2-
[(1R,2S,4R,6R9R,10S,11R,15R,18R)-6-
Aza_dlracta Nimbolide (10017) (f_uran-3-y|)-7,9,11,15-tetramethyl-12,16-
Indica dioxo-3,17-
dioxapentacyclo[9.6.1.0%°,0%8.0158]octadec
a-7,13-dien-10-yl]acetate
[20]
Rhus 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-
> Quercitrin (5280459) [(2S,3R,4R,5R,6S)-3,4,5-trihydroxy-6-
coriaria
methyloxan-2-ylJoxychromen-4-one
(8S,9R,10R,13R,14S,16R,17R)-17-[(E,2R)-
. o 2,6-dihydroxy-6-methyl-3-oxohept-4-en-2-
s (05“2%“{;’;{")“” "'\ yi]-2,16-dihydroxy-4,4,9,13,14-
y pentamethyl-8,10,12,15,16,17-hexahydro-
7H-cyclopenta[a]phenanthrene-3,11-dione
Myrtus 2-HPHOT (5321884) (2S,3R,4S,5S,6R)-2-[2,4-dihydroxy-6-[(E)- [21]
communis 2-(4-hydroxyphenyl)ethenyl]phenoxy]-6-
(hydroxymethyl)oxane-3,4,5-triol (2-
HPHOT)

2. Materials and Methods

2.1. Protein and ligand preparation, docking, and MMGBSA.

The crystal protein structure of an epidermal growth factor receptor (EGFR) tyrosine
kinase domain, 1M17 (resolution of 2.6 A), together with its co-crystallized ligand, erlotinib
which is also the reference anti-cancer drug, was retrieved from PDB (www.rcsb.org). The
protein was prepared using the protein preparation wizard to remove specific errors by fixing
missing hydrogen atoms and assigning bond orders [22]. This is followed by site mapping and
a glide grid to generate the actual position of the co-crystallized ligand in the protein, the active
site (x =22.01,y =0.25, 2 =52.79) [23]. The molecules and erlotinib were prepared and docked
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at the protein's active site using the extra precision (XP) docking according to the guide
provided earlier [24,25]. Erlotinib (figure 1) was re-docked for validation. The Ramachandran
plot of the EGFR was plotted (figure 2).
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Figure 1. Erlotinib.
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Figure 2. Ramachandran plot of the retrieved crystal protein structure (1M17) from PDB repository.

Minimization of the ligands-1M17 complexes was done using Prime. The binding energy
(AP for all ligands-1M17 complexes was determined using the OPLS3 force field. The
molecular mechanics generalized Born surface area (MMGBSA) was obtained from the
complexes, while the binding free energy was obtained using Equation 1.

AGBind = AEMM + AGSolv + AGSA 1
2.2. AutoQSAR model.

The experimental dataset containing EGFR tyrosine kinase domain (1M17) inhibitors
were retrieved together with their 1Cso from (www.ebi.ac. uk/chembl/) and converted to .sdf
using the Data-Warrior package (v.2) [26]. The .sdf files were minimized on the workspace of
the Schrodinger suite. The QSAR model was performed from the plCso of the compounds.
Kpls_molprint2D_26 model was selected because it has the ranking amongst others.
Parameters like ranking score, standard deviation, R?, Q% and RMSE were used to assess the
model [26].
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2.3. MD Simulations.

The complex of the EGFR kinase domain and the molecules with the highest docking
scores were subjected to MD simulation to evaluate their binding efficacy, such as
conformation and structural changes, to illustrate the effect of the inhibitors binding on the
internal dynamics of the kinase domain. The initial coordinates of the receptor include EGFRK
and forty amino acids from the carboxyl-terminal tail (PDB accession code 1M17). After
placing the inhibitor molecules between the NH> and COOH terminal lobes of the receptor,
solvation of the models was done using the CHARMM TIP3P water model, with salt ions (Na*
and CI) introduced at concentrations of 150mM, resulting in electro-neutral systems. The
solvated complexes were then subjected to energy minimization using 5000 steps of the
steepest descents method to resolve bad contacts and clashes in the system. Convergence of the
minimization was ascertained at a potential energy of 1.8593x10° kcal mol™*A%. Following the
energy minimization, the systems were equilibrated for 5ns at 303.15K using NVT ensemble.
In the present study, the complexes underwent a production run of 100 ns, saving the
coordinates at every 2 fs while evaluating the bonded interactions at every 2 fs at constant
temperature (303.15 K) using a Berendsen thermostat [27] with a time coupling constant of 1.0
ps?t. The pressure was controlled at 1.0 bar using a Parrinello-Rahman barostat [28] with
velocities and energies saved at every 100ps. The vibrations of all the hydrogen atoms were
constrained using the LINCS algorithm [29].

All MD simulations in the present study were performed with GROMACS 2021.5 [30]
using CHARMMS36 all-atom force field. Topologies and parameter files of the lead
compounds, the standard inhibitor and the receptor, were generated using Charmm-gui’s
solution builder server [31]. MD result analysis: RMSD, RMSF, Radius of Gyration, and
Solvent Area were performed using gmx analysis tools.

3. Results and Discussion

3.1. Molecular docking and obtained binding free energy.

Molecular docking is a technique used in drug design and discovery to screen
structures. It helps predict potential drug targets and probes into molecule-receptor interactions
[32]. It has become a dependable tool for the pharmaceutical industry to identify novel drug
candidates before pre-clinical and clinical trials. Erlotinib was docked at the active site of the
receptor, 1M17, in a bid to validate the docking procedure. Figure 3 represents the
superimposed erlotinib with RMSD as 0.82 A less than 2.0 Aimplying that the docking
procedure is reproducible and reliable [26]. The docking scores and the binding free energies
of the compounds and co-crystallized ligands are shown in Figure 4. Echinacoside (-13.65
kcal/mol), quercitrin (-11.42 kcal/mol), 2-HPHOT (-9.52 kcal/mol), have higher binding
energies than Erlotinib (-9.20 kcal/mol).

Table 2, and Figure 5 display the interactions between the compounds and the
receptor’s amino acid residues. Echinacoside formed 9 hydrogen bonds with GLU 739; ASP
831; ASN 818; GLU 790; PRO 770 via its hydroxyl groups, while quercitrin formed 4
hydrogen bond interactions with ARG 818; MET 769; ALA 719; GLU 738, also via its
hydroxyl groups. Polyphenol also formed 4 hydrogen bonds (ALA 719; THR 830; LYS 721,
ASP 831) via hydroxyl and ether oxygen. Erlotinib formed 2 hydrogen bonds with CYS 773;
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GLN 767 via one of its methoxyethoxy oxygens and quinazolin-4-amine nitrogen groups.
Echinacoside, quercitrin, and 2-HPHQOT are the hits from all the compounds investigated.

The MMGBSA method allows the calculation of the binding free energy of small
ligands to biological macromolecules. They have been successful with a lot of molecular
systems [33]. The free binding energy values of the complexes of the compounds and receptor
(figure 4) reveal that echinacoside (-65.89) has the highest negative value for the MMGBSA
followed by erlotinib (-58.70), quercitrin (-48.01), and 2-HPHOT (-38.73). In both docking
scores and MMGBSA, echinacoside has higher values than erlotinib.
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Figure 4. Docking score and Binding energy (AG"") of compounds and erlotinib. 5281771-Echinacoside;
5280459-Quercitrin; 5321884-2-HPHOT; 176870-Erlotinib; 969516-Curcumin; 64981-Arctigenin; 3473-6-
gingerol; 5281321-Cucurbitacin I; 65036-Allicin; 10017-Nimbolide.
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Figure 5. 2D interactions of molecules with high docking scores viz; (a) 5281771-Echinacoside; (b) 5280459-
Quercitrin; (c) 5321884-2-HPHOT; (d) 176870-Erlotinib.
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Table 2. Hydrogen bond interaction of the docked complex.

Compounds Number of H-bonds Residues

Echinacoside 9 GLU 739; ASP 831; ASN 818; GLU 790; PRO 770
Quercitrin 4 ARG 818; MET MET 769; ALA 719; GLU 738
2-HPHOT 4 ALA 719; THR 830; LYS 721; ASP 831
Erlotinib 2 CYS 773; GLN 767

Curcumin 2 MET 769; ASP 776

Acrctigenin 2 ASP 831; MET 769

6-gingerol 2 MET 769

Cucurbitacin | 4 ASP 776; MET 769; ASP 831

Allicin 1 MET 769

Nimbolide 1 CYS 773

3.2. AutoQSAR.

QSARs are mathematical equations used to predict the activity/property of compounds
by using the descriptors of the compounds [34-36]. AutoQSAR is an algorithm in the
Schrodinger suite that uses molecular descriptors to build models [26]. The experimental
compounds were divided into 23.6% test and 76.4% train sets (table 4). The model with the
best prediction is the kpls_molprint2D 26, with standard deviation (0.5907), R? (0.7704),
RMSE (0.7485), and Q? (0.5481) (table 3). The correlation between the predicted and observed
activity is presented as a scattered plot (figure 6). The compounds’ pICso was predicted with
the model and presented (table 5). The pICso of the compounds with the highest docking scores
and reference ligand is above 5.00 uM, with the standard ligand (erlotinib) having the highest
pICso (7.04 uM). Among the active compounds from different plants, quercitrin (5.78 pM),
cucurbitacin | (5.77 uM), and allicin (5.77 uM) possess the most satisfactory predicted pICso

against the target.
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Figure 6. Scatter plot of kpls_molprint2D_26.
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Table 3. Parameters of kpls_molprint2D_26.
Model | S.D | R? | RMSE | Q?

kpls_molprint2D_26 | 0.5907 | 0.7704 | 0.7485 | 0.5481

Table 4. Predicted and observed activities from kpls_molprint2D_26.

ID Set Observed plCso Predicted plCso Residual
1 Train 7.1900 6.9956 -0.1944
2 Train 6.0800 6.6839 0.6039
3 Train 7.4900 7.5453 0.0553
4 Train 7.6300 7.8001 0.1701
5 Train 6.3800 6.8761 0.4961
6 Test 6.4400 6.5723 0.1323
7 Train 6.4300 7.4360 1.0060
8 Train 5.6000 6.2606 0.6606
9 Test 5.8000 6.3643 0.5643
10 Train 6.2200 6.3021 0.0821
11 Train 6.4400 6.4656 0.0256
12 Train 5.8900 6.4802 0.5902
13 Train 9.3000 8.4659 -0.8341
14 Train 8.3600 8.5773 0.2173
15 Test 9.0500 8.2510 -0.7990
16 Train 6.6700 7.3800 0.7100
17 Train 6.7200 6.6839 -0.0361
18 Test 6.9000 6.1272 -0.7728
19 Train 8.1500 7.8756 -0.2744
20 Train 8.4000 8.0045 -0.3955
21 Train 4.0000 4.0452 0.0452
22 Train 5.3000 4.9081 -0.3919
23 Train 6.8100 7.0612 0.2512
24 Test 5.9500 6.7985 0.8485
25 Test 5.0000 5.1929 0.1929
26 Test 5.3100 6.7075 1.3975
27 Train 5.8000 5.3991 -0.4009
28 Train 6.0500 5.6200 -0.4300
29 Train 5.6800 5.4313 -0.2487
30 Train 6.2200 6.1354 -0.0846
31 Test 5.2700 5.8094 0.5394
32 Train 4.9500 5.0059 0.0559
33 Test 7.5200 7.0370 -0.4830
34 Train 6.0000 6.2025 0.2025
35 Train 6.3000 5.4912 -0.8088
36 Test 6.5800 7.0640 0.4840
37 Train 9.4300 7.7436 -1.6864
38 Train 8.3300 6.9969 1.3331
39 Train 6.8200 6.5289 -0.2911
40 Train 5.6400 5.5056 -0.1344
41 Train 6.3000 6.9369 0.6369
42 Test 6.2400 5.8492 -0.3908
43 Test 8.1900 6.6697 -1.5203
44 Train 5.5100 5.3451 -0.1649
45 Train 5.5200 5.2159 -0.3041
46 Train 5.0500 5.0679 0.0179
47 Train 5.1400 5.4787 0.3387
48 Train 6.0000 5.3451 -0.6549
49 Train 7.4800 6.7899 -0.6901
50 Train 5.0500 5.1182 0.0682
51 Test 7.2300 6.7935 -0.4365
52 Train 7.1900 6.5554 -0.6346
53 Train 4.5500 5.4481 0.8981
54 Train 5.3000 5.8394 0.5394
55 Train 6.5200 7.1691 0.6491
56 Test 6.0200 6.4043 0.3843
57 Train 4.8700 5.3090 0.4390
58 Train 6.1100 7.2560 1.1460
59 Train 7.6500 7.7375 0.0875
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Table 5. Predicted plCsp of the compounds.

Pubchem number Compound Name Predicted plCso (UM)
5281771 Echinacoside 5.51
5280459 Quercitrin 5.78
5321884 Polyphenol 5.37
176870 Erlotinib 7.04
969516 Curcumin 5.68

64981 Acrctigenin 5.28
3473 6-gingerol 5.53
5281321 Cucurbitacin | 5.77
65036 Allicin 5.77
10017 Nimbolide 5.32

3.3. Molecular dynamics simulations.

After running for 100 ns, MD simulations of the protein (apo- and ligand-bound forms)
showed various dynamic properties of the inhibitors in their bound states (Figure 7).
Specifically, the Ca root mean square deviations (RMSDs) of some of the compounds showed
low fluctuations and remained stable until the end of the simulation time. EGFRK176s70
complex had the highest fluctuation, which showed instability of the compound in the system.
Followed by EGFRKSs2s0450, after variable trajectory, it plateaued at 45 ns to 0.5 A, then with
little fluctuation until 56 ns; it remained stable until the end of the simulation. Meanwhile,
EGFRKSs321884 and EGFRKSs2s1771 systems showed lower fluctuation with stable trajectory.
Importantly, the mean Ca root mean square fluctuations (RMSFs) of each residue were
evaluated in the protein to address the increased flexibility. In this study, we have considered
the catalytic residues that should be less flexible within the kinase domain share in the EGFRK
binding pocket [37]. Most residues in EGFRKs321834 regions showed lower flexibility than
others (Figure 8), while the EGFRK176370 complex showed the highest deviations. The
structural flexibilities of all the EGFRK systems were comparable.

During the simulations, the gyration radius (Rg) of EGFRKs2s1771 and EGFRKGs321884
complexes was consistent through the simulation, as shown in Figure 9, indicating the stability
of the complexes and the also absolves the ligand of causing any significant changes in the
folding pattern of the protein. The average Rg values were 2.44 A, 2.47 A, 2.19 A, 2.12 A, and
2.09 A for EGFRK apo and its bound complexes of EGFRK 176870, EGFRKs280450, EGFRKs281771,
and EGFRKGs321884, respectively, confirming that the compactness of the structures is close.

The stability of the complexes can also be evaluated from the protein’s surface (in
solvent) conformational changes during energy interaction simulation that can be verified
through the complex Solvent Accessible Surface Area (SASA) in Figure 10. The calculated
SASA of EGFRK protein was considered through the 100 ns simulation trajectory period to
explore the role of the hydrophilic and hydrophobic forces and residues on the solvent. The
calculated average SASA value of the complex EGFRK 176870, EGFRKS5280459, EGFRK5281771,
EGFRKs321884, and EGFRKapo Were 177.14 A% 177.46 A2, 177.94 A2, 174.65 A2, and 184.18
A? respectively. Reduced SASA values indicate that the protein/ligand has shrunk relative to
the solvent surface charges, resulting in more compact and stable conformations. EGFRK 5321884
shows that the solvent-exposed area is stable.
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Figure 7. Time-evolution RMSD of the Ca atoms of the four investigated complexes compared to the Protein’s
Apo structure over 100 ns. Trajectories for EGFRK 176870, EGFRKs280450, EGFRKs281771, EGFRKs321884, and
EGFRKapo complexes are in purple, green, blue, brown and yellow, respectively.
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Figure 8. Analysis of RMSF trajectories versus residue number of the four investigated complexes compared
with the Protein’s Apo structure over 100 ns. Trajectories for EGFRK 176870, EGFRKs280450, EGFRKs281771,
EGFRKSs321884, and EGFRKapo complexes are in purple, green, blue, brown and yellow, respectively.
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Figure 9. Time-evolution Rg trajectories of the four investigated complexes in comparison with the Protein’s
Apo structure over 100 ns. Trajectories for EGFRK 176870, EGFRKSs280459, EGFRKs281771, EGFRK5321884, and
EGFRKapo complexes are in purple, green, blue, brown and yellow, respectively.
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Figure 10. Time-evolution SASA trajectories of the four investigated complexes compared to the Protein’s Apo
structure over 100 ns. Trajectories for EGFRK 176870, EGFRKs280450, EGFRKz281771, EGFRKs321884, 2aNd
EGFRKapo complexes are in purple, green, blue, brown and yellow, respectively.

4. Conclusions

Due to their robust structural complexity, natural products are important sources of hit
and lead molecules for discovering novel cancer treatments. This present study used in silico
tools to investigate a series of phytochemicals from anti-cancer plants and their molecular
interactions with the EGFR tyrosine kinase. Three hit compounds, namely, echinacoside,
quercitrin, and 2-HPHOT, demonstrated greater binding affinity with the target than erlotinib,
a standard anti-cancer drug. Also, echinacoside and 2-HPHOT were stable in MD simulation
environments. The findings of this study show that these bioactive molecules could be further
explored to discover new compounds that are effective against breast cancer.
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