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Abstract: Breast cancer is the second most common cancer-related cause of death for women through-
out the globe. In spite of some effective measures, the main concerns with traditional anti-cancer
chemotherapy are its low bioavailability, physical side effects, acquired resistance of cancer cells and
non-specific targeting. Now researchers have taken the initiative to establish natural product-based
therapy methods and to identify viable hits for future lead optimization in the development of
breast cancer medication. Our study aims to identify the potent phytocompounds from five very
popular Indian spices (Zingiber officinale Roscoe, Cuminum cyminum L., Piper nigrum L., Curcuma
longa L., and Allium sativum L.). From these spices, a total of 200 phytocompounds were identified
and screened against three target genes, namely, cyclin-dependent kinase 8 (CDK 8), progesterone
receptor (PR) and epidermal growth factor receptor (EGFR), through structure-based virtual screen-
ing using iGEMDOCK 2.1 software. Based on the binding affinity score, the top three phytocom-
pounds against each target protein (cynaroside (—149.66 kcal/mol), apigetrin (—139.527 Kcal /mol)
and curcumin (—138.149 kcal/mol) against CDKS; apigetrin (—123.298 Kcal/mol), cynaroside
(—118.635 Kcal /mol) and xyloglucan (—113.788 kcal /mol) against PR; cynaroside (—119.18 kcal/mol),
apigetrin (—105.185 Kcal/mol) and xyloglucan (—105.106 kcal/mol) against EGFR) were selected.
Apigetrin, cynaroside, curcumin, and xyloglucan were finally identified for further docking analysis
with the respective three target proteins. Autodock 4.2 was applied to screen the optimal binding
position and to assess the relative intensity of binding interactions. In addition, the ADME/T property
checks and bioactivity scores analysis of were performed to understand the suitability of these four
phytocompounds to be potential candidates for developing effective and non-toxic anticancer agents.
Based on this in silico analysis, we believe this study could contribute to current efforts to develop
new drugs for treating breast cancer.

Keywords: breast cancer; Indian spices; molecular docking; drug likeliness

1. Introduction

An increased incidence in recent years and its influence on various physical, mental,
and social aspects of human existence have elevated cancer to a major challenge of the
century. Cancer is a broad word that encompasses a wide range of diseases that can affect
any region of the body. One of the hallmarks of cancer is the emergence of abnormal cells
that expand beyond their usual boundaries, allowing them to invade neighbouring parts of
the body and migrate to other organs (metastasis) [1]. In 2020, an estimated 19.3 million new
cancer cases (18.1 million excluding nonmelanoma skin cancer) with almost 10.0 million
cancer deaths (9.9 million excluding nonmelanoma skin cancer) were recorded [2]. On the
other hand, breast cancer has surpassed lung cancer as the world’s most prevalent cancer
type, with 7.8 million women diagnosed with the disease in the previous five years by the
end of 2020 [3]. Breast cancer is metastatic cancer that can spread to other organs, including
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the bone, liver, lung, and brain, which is primarily accountable for its incurability. As the
data indicates, it is one of the dominant causes of death in many countries. In India, breast
cancer is one of the most common cancers, accounting for more than 27% of all cancer
patients. Breast cancer is diagnosed in one out of every 22 women in cities, and one out
of every 60 women in rural provinces [4]. Despite the fact that the exact cause of breast
cancer is unclear, the associated risk factors have been discovered. Aging, a family history
of breast cancer, particular alterations in the breast (s), genetic changes, productivity and
menopausal history, lack of physical activity, alcohol abuse, obesity, diet, race, and chest
radiation therapy are a few among the numerous risk factors that are associated with breast
cancer [5].

Despite incredible progress in diagnosis and development of several targeted thera-
peutic methods, breast cancer is still the leading cause of death caused by cancer in women
worldwide [6]. The existing therapeutic approaches are associated with high cost, signifi-
cant toxicity, therapeutic resistance, low efficacy, and therapy related morbidity [5]. Recent
studies have reported that owing to their cancer preventive potential natural products will
pave a way for more effective, nontoxic, non-endocrine, and therapeutic approaches for
anticancer remedies [7]. A deeper understanding of the molecular mechanisms involved in
breast cancer progression and identification of new active compounds should be helpful in
developing more effective treatments for breast cancer. Equipped with modern technology
and ideas, global pharmaceutical companies have started to rediscover medicinal plants
as a possible source of novel anticarcinogenic drug candidates and have renewed their
strategies favouring natural product-based drug discovery [8].

Pharmacology has a long history of scientists who have been able to create qualitative
or semi-quantitative relationships between molecular structure and activity in cerebro.
They have consistently employed standard pharmacology methods such as in vivo and
in vitro models to explore these theories. However, during the last decade, we have wit-
nessed a significant increase in the development and application of computational (in silico)
methodologies in the field of drug discovery [9]. Traditional methods are anticipated to
take roughly 12 years and cost around 2.7 billion dollars on average for the development of
a new drug [10]. Computational prediction tools have been widely employed to enhance
the effectiveness of drug discovery because they allow researchers to test a large number
of compounds in a short amount of time without incurring high costs or sacrificing an-
imals. This can provide preliminary data for further in vitro and in vivo studies, which
improves the study’s success rate [11,12]. The number of target proteins with a known
three-dimensional structure is increasing rapidly due to the advancements in techniques
for structure determination, such as high-throughput X-ray crystallography [13]. From
hit identification through lead optimization and beyond, molecular modelling has been
an essential part of many drug-development programs [14]. The study of the chemical
make-up of a drug, its interactions with putative disease-relevant targets, and projections
of its ADMET characteristics are all included in molecular modelling [15]. The application
of molecular modelling is very broad and multifaceted [15]. One crucial technique of
molecular modelling is the molecular docking study which involves docking of small
molecules to protein binding sites [16]. It was developed in the early 1980s [17] and is still
a very active field of research today [16]. It may be used at many phases of the drug design
process including, screening of millions of compounds in an affordable time, anticipation of
the binding mode of ligands, identification and characterization of potent ligands, and the
quantification of the free energy of protein-ligand binding (AG) [15,18]. Indeed, a number
of modern chemotherapies have been significantly influenced by the structure-based design
and screening techniques [15]. One of the first implementations of docking was for HIV
drug discovery by Des]Jarlais and Dixon [19]. Additionally, docking can also help in drug
metabolism analysis [20,21]. In our study we have employed a structure-based virtual
screening approach to screen novel bioactive molecules from common Indian spices to
identify potential inhibitors against certain breast cancer targets. There is no previous
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study that has been conducted to evaluate the anticancer potential of the phytocompounds
trapped inside the studied spice plants.

Targeted therapy is a type of cancer treatment in which drugs are used to target
specific genes and proteins in cancer cells that aid in the survival and growth of cancer
cells. Targeted therapy has the ability to alter the environment in which cancer cells thrive
or can destroy cancer-causing cells. Subsequent identification and characterization of
several target proteins that regulate cell growth, differentiation, motility, and apoptosis has
ushered in a new age of cancer therapy [22]. Proteins including progesterone receptor (PR),
epidermal growth factor receptor (EGFR), mechanistic target of rapamycin (mTOR), p53R2,
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), cyclin dependent kinase-(CDKS),
etc. can be used as therapeutic targets to stop cancer from progressing [23,24]. PRs are
members of the steroid hormone receptor (SR) subfamily of nuclear receptors that are
ligand-activated transcription factors. PRs are important transcriptional regulators, but
they also activate signal transduction pathways, including some that are associated with
pro-proliferative signalling in the breast [25]. One of the earliest known major targets
of the emerging anticancer drugs is the EGFR. Triple-negative breast cancer (TNBC) and
inflammatory breast cancer (IBC) both overexpress EGFR in around half of the cases.
EGFR inhibitors have therefore been tested in various studies for the treatment of breast
cancer [26]. CDKS is a nuclear serine—threonine kinase that functions as a transcriptional
regulator that cooperates with several transcription factors [27]. CDKS8 expression was
found to be upregulated in breast cancers and linked to tumour progression [28].

In the present study, we have chosen five Indian spice-yielding plants: Zingiber officinale
Roscoe (ginger), Cuminum cyminum L. (cumin), Piper nigrum L. (black pepper), Curcuma
longa L. (turmeric), and Allium sativum L. (garlic) as their broad-spectrum therapeutic
properties are experimentally proved and well documented in various literature [29].
From these plants, a total of 200 phytocompounds (30 for Zingiber officinale Roscoe; 41 for
Cuminum cyminum L.; 41 for Piper nigrum L.; 42 for Curcuma longa L., and 46 for Allium
sativum L.) were screened against various breast cancer protein targets (i.e., CDKS, PR and
EFGR). The primary objective of this study is to identify bioactive compounds by screening
a large number of phytochemicals by employing a bioinformatic approach in order to
develop an effective breast cancer therapy. For comparative evaluation and to highlight
the extreme effectiveness of the natural products, marketed anti-cancer standard drugs
were also included in the present study. Our study also imbibes the drug likeliness and
toxicity profiles of the selected phytocompounds for assessing qualitatively the chances of
the selected compounds to become oral drugs with respect to their bioavailability and to
understand their safety and efficacy as potent drug candidates.

2. Result and Discussion

Due to the advances in genetic testing, immunotherapy, and other areas, survival rates
for breast cancer have improved in recent decades. Despite this, breast cancer remains a
serious public health concern, with it receiving the top priority in medical research [30]. The
primary goal of our research is to identify possible breast cancer inhibitors by employing
various computational tools. An attempt was made to test different phytochemicals against
multiple proteins associated with breast cancer progression and regarded as potential
drug targets.

2.1. Molecular Docking

The molecular docking technique is used to mimic the interaction between a ligand
and a protein at the atomic level, allowing us to predict the behaviour of the ligands in
target protein binding sites. The docking technique consists of two main steps: predicting
the ligand structure as well as its location and orientation inside these sites (known as pose)
and estimating the binding affinity [31]. A total of 153 phytocompounds were analysed for
their activities against the target proteins. To determine the binding affinities of 153 phyto-
compounds to 3 target proteins, docking studies were performed using the iGEMDOCK
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2.1 software. The binding interaction and conformation of each phytocompound with each
target protein were predicted and rated on the basis of the lowest energy and total binding
energy, respectively. The docking score of the ligands against the receptors used in the study
are mentioned in Supplementary File Table S3. Among the 153 compounds the top three
phytocompounds against each target proteins were selected and docking analysis was then
carried out with all the target proteins through the AutoDock 4.2 programme. Based on the
higher binding affinity, cymaroside (—149.66 kcal/mol), apigetrin (—139.527 Kcal/mol) and
curcumin (—138.149 kcal/mol) against CDK8 were selected. Against PR the top performing
drug candidates were apigetrin (—123.298 kcal/mol), cymaroside (—118.635 kcal/mol)
and xyloglucan (—113.788 kcal/mol). Similarly, against EGFR three phytocompounds,
namely cynaroside (—119.18 kcal/mol), apigetrin (—105.185 kcal/mol) and xyloglucan
(—105.106 Kcal /mol) were selected based on their binding affinity. To determine the relative
strengths of the binding interactions of the best identified phytocompounds, the Autodock
(v4.2) software was used to search for its best binding pose and to compare the binding
affinity with each target protein. Autodock maintained by Scripps Research, specifically
the Center for Computational Structural Biology (CCSB) located in the Torrey Mesa region
of La Jolla, California, USA.

2.2. Screening of Drug Candidates against CDK8

The binding energy of three prime phytocompounds (cynaroside, apigetrin and cur-
cumin) were between —7.97 kcal/mol to —9.97 kcal/mol, while the binding energy of
standard drugs (anastrozole, cyclophosphamide, lapatinib and tamoxifen) were between
—5.23 kcal/mol to —8.74 kcal/mol. The graphical representation of the binding energy
(kcal/mol) of the top three phytochemicals and standard drugs in complexation with the
CDKS is shown in Figure 1. Figures 2 and 3 exhibited hydrogen bond interactions of the
cymaroside and apigetrin with the target protein CDKS. respectively. The ligand curcumin
with the lowest binding affinity was found to form two bonds involving two amino acid
residues (Lys 52, Asp 137) of the CDKS protein (Figure 4A-C). Curcumin (—9.97 kcal/mol)
was found to outperform all the standard drugs and cynaroside (8.08 kcal/mol) has shown
better binding than the standard drug anastrozole (—7.51 kcal/mol) and cyclophosphamide

(—5.23 kcal /mol).

B Apigetrin  Cynaroside " Curcumin ¥ Anastrozole ™ Cyclophosphamide ®Lapatinib ™ Tamoxifen

Figure 1. Graphical representation of the binding energy (—kcal/mol) of the top three phytochemicals
(apigetrin, cynaroside and curcumin) and standard drugs (anastrozole, cyclophosphamide, lapatinib
and tamoxifen) in complexation with CDKS.
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Figure 2. (A) Surface view of cynaroside -CDKS8 binding complex. (B) Binding pose of cynaroside.
(C) Visualization of the docked complex with ligplot* shows the binding interaction of cynaroside
with CDKS8. Two hydrogen bond interactions (green dotted lines) were formed between cynaroside
and two amino acid residues (Lys 52, Ala 100) of target protein CDKS.
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Figure 3. (A) Surface view of apigetrin-CDK8 binding complex. (B) Binding pose of apigetrin.

(C) Visualization of the docked complex with ligplot™ shows the binding interaction of apigetrin with

CDKS. One hydrogen bond interaction (green dotted line) was formed between apigetrin and one

amino acid residue (Ala 100) of target protein of CDKS.
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Figure 4. (A) Surface view of curcumin-CDKS8 binding complex. (B) Binding pose of curcumin.
(C) Visualization of the docked complex with ligplot* shows the binding interaction of curcumin
with CDK8. Two hydrogen bond interactions (green dotted lines) were formed between curcumin
and two amino acid residues (Lys 52, Asp 137) of target protein CDKS.

2.3. Screening of Drug Candidates against PR

The top three phytochemicals viz apigetrin, cynaroside and xyloglucan had the low-
est binding affinity of —5.83 kcal/muol, —5.71 kcal/mol and —3.86 kcal/mol, respectively.
The binding energy of the standard drugs (anastrozole, cyclophosphamide, lapatinib and
tamoxifen) were in the range of —4.00 kcal/mol to —7.07 kcal/mol. The graphical repre-
sentation of the binding energy (-kcal/mol) of the top three phytochemicals and standard



Molecules 2022, 27, 6590 8 of 24

drugs in complexation with the PR is shown in Figure 5. Apigetrin (—5.83 kcal/mol)
with the lowest affinity among the phytocompounds was found to form eight hydrogen
bonds involving four amino acid residues (Asn 719, GIn 725, Arg 766 and Cys 891) of the
receptor protein (Figure 6A—C). The binding energy of apigetrin (—5.83 kcal/mol) and
cynaroside (—5.71 kcal/mol) were more than the standard drug lapatinib (—5.5 kcal/mol)
anastrozole (—5.46 kcal/mol) and cyclophosphamide (—4.0 kcal/mol). Among all the
seven ligands tamoxifen was found to have highest binding energy of —7.07 kcal/mol.
Figures 7 and 8 shows hydrogen bond interactions of the cynaroside-PR and xyloglucan-PR
docked complex respectively.
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B Apigetrin  Cynaroside ™ Xyloglucan ¥ Anastrozole ® Cyclophosphamide ®Lapatinib M Tamoxifen

Figure 5. Graphical representation of the binding energy (—kcal/mol) of the top three phytochemicals
(apigetrin, cynaroside and xyloglucan) and standard drugs (anastrozole, cyclophosphamide, lapatinib
and tamoxifen) in complexation with PR.
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Figure 6. (A) Surface view of apigetrin-PR binding complex. (B) Binding pose of apigetrin. (C) Vi-
sualization of the docked complex with ligplot* shows the binding interaction of apigetrin with
PR. Eight hydrogen bond interactions (green dotted lines) were formed between apigetrin and four
amino acid residues (Asn 719, Gln 725, Arg 766, Cys 891) of target protein PR.
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Figure 7. (A) Surface view of cynaroside-PR binding complex. (B) Binding pose of cynaroside.

(C) Visualization of the docked complex with ligplot* shows the binding interaction of cynaroside

with PR. Ten hydrogen bond interactions (green dotted lines) were formed between cynaroside and
seven amino acid residues (Asn 719, GIn 725, Met 759, Arg 766, Phe 778, Leu 887, Cys 891) of target

protein PR.
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Figure 8. (A) Surface view of xyloglucan-PR binding complex. (B) Binding pose of xyloglucan.

C

(C) Visualization of the docked complex with ligplot* shows the binding interaction of xyloglucan
with PR. Six hydrogen bond interactions (green dotted lines) were formed between xyloglucan and
three amino acid residues (Asn 719, Gln 725, Arg 766) of target protein PR.

2.4. Screening of Drug Candidates against EGFR

Apigetrin, cynaroside and xyloglucan chosen from a total of 153 molecules have shown
binding affinity energy values of —7.47 kcal/mol, —7.51 kcal/mol, and —3.96 kcal /mol for
EGFR. The binding affinity range of the standard drugs (anastrozole, cyclophosphamide,
Lapatinib and tamoxifen) was between —4.53 kcal/mol to —8.53 kcal/mol. The graphical
representation of the binding energy (-kcal/mol) of the top three phytochemicals and
standard drugs in complexation with the EGFR receptor is shown in Figure 9. Cynaro-
side (—7.51 kcal/mol) and apigetrin (—7.47 kcal/mol) were found to have lower binding
energy than the standard drugs cyclophosphamide (—4.53 kcal/mol) and anastrozole
(—6.72 kcal/mol). The binding energy value of tamoxifen (—7.79 kcal/mol) is very similar
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with the binding energy values of cynaroside and apigetrin with just a difference of 0.28
and 0.32, respectively. The phytocompounds viz. apigetrin, cymaroside and xyloglucan
also formed hydrogen-bond interactions with the residues of targeted protein EGFR, as
shown by their corresponding 3D interaction models in Figures 10-12, respectively.

W Apigetrin  Cynaroside " Xyloglucan M Anastrozole M Cyclophosphamide M Lapatinib ® Tamoxifen

Figure 9. Graphical representation of the binding energy (—kcal /mol) of the top three phytochemicals
(apigetrin, cynaroside and xyloglucan) and standard drugs (anastrozole, cyclophosphamide, lapatinib
and tamoxifen) in complexation with EGFR.
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Figure 10. (A) Surface view of apigetrin-EGFR binding complex. (B) Binding pose of apigetrin.
(C) Visualization of the docked complex with ligplot* shows the binding interaction of apigetrin with
EGEFR. Seven hydrogen bond interactions (green dotted lines) were formed between apigetrin and
four amino acid residues (Leu 718, Glu 762, Met 793, Asp 800) of target protein EGFR.
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Figure 11. (A) Surface view of cynaroside-EGFR binding complex. (B) Binding pose of cynaroside.
(C) Visualization of the docked complex with ligplot* shows the binding interaction of cynaroside
with EGFR. Seven hydrogen bond interactions (green dotted lines) were formed between cynaroside
and four amino acid residues (Lys 745, Glu 762, Met 793, Cys 979, Asp 800) of target protein EGFR.
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Figure 12. (A) Surface view of xyloglucan-EGFR binding complex. (B) Binding pose of xyloglucan.

(C) Visualization of the docked complex with ligplot* shows the binding interaction of xyloglucan

with EGFR. Six hydrogen bond interactions (green dotted lines) were formed by xyloglucan involving

three amino acid residues (Lys 745, Met 793, Asp 855) of the target protein.
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Several approaches to treat breast cancer include surgery, chemotherapy, immunother-
apy, gene therapy, and protein therapy [32]. As we have mentioned earlier, the costs of
conventional cancer-therapy are too expensive, making it difficult for people in low- and
middle-income countries to afford their medical care. On the other hand, the majority
of anticancer medications have a number of side effects in addition to the issue of drug
resistance. Due to their structural variety, few side effects, high bioavailability, and various
target activities, plant-based bioactive extracts and phytochemicals are currently gaining
popularity [33]. Rational drug design employing in silico approach involves the usage of
molecular modelling techniques like pharmacophore modelling, virtual screening, and
molecular docking to predict the interaction of molecules with the drug targets to develop
effective drug candidates [34].

The results of our study indicate that Indian spice plants are rich in phytochemicals
that can inhibit specific breast cancer targets. In accordance with the scoring function of the
iGEMDOCK among 153 molecules, the top four drug candidates namely, apigetrin, cynaro-
side, curcumin and xyloglucan were selected. Our findings are in agreement with the earlier
research findings that the lower binding energy score gives greater protein-ligand binding
stability [35]. When these phytocompounds were subjected to further docking study using
Autodock 4.2, they were evaluated based on their free energy of binding (AG). The free en-
ergy of binding (AG), which is equal to the free energy of the protein-ligand complex minus
the free energies of the protein and the ligand in their unbound states, is used to quantita-
tively measure the degree of spontaneity and strength of protein-ligand binding [15]. In our
study, among these four compounds, curcumin, apigetrin, and cynaroside were found to be
the potential inhibitors of CDKS8, PR, and EGFR, respectively as they have lowest binding
energy and higher binding affinity to the binding sites of the targets. Four marketed oral
breast cancer drugs i.e., anastrozole, cyclophosphamide, lapatinib and tamoxifen were
also subjected to molecular docking as standard for comparative evaluation. It was found
that the four best identified phytocompounds most of the time showed greater binding
affinity to the target proteins comparing with the standard drugs. As per example, during
screening of drug candidates against CDKS, it was found that curcumin (—9.97 kcal /mol)
has the lowest binding energy among all the seven ligands, including the standard drugs.
While cynaroside (—8.08 kcal/mol) was found to have greater binding affinity than anas-
trozole (—7.51 kcal/mol) and cyclophosphamide (—5.23 kcal/mol). Similarly, apigetrin
(—5.83 kcal/mol) and cynaroside (—5.71 kcal /mol) were found to have lower binding ener-
gies than the conventional drugs lapatinib (—5.5 kcal/mol), anastrozole (—5.46 kcal/mol),
and cyclophosphamide (—4.0 kcal/mol) during their docking against PR. A similar pattern
is evident during docking of ligands against EGFR. Cynaroside (—7.51 kcal/mol) and
apigetrin (—7.47 kcal/mol) were found to have lower binding energy than the standard
drug cyclophosphamide (—4.53 kcal/mol) and anastrozole (—6.72 kcal/mol). Various
experimental studies have also confirmed the anti-carcinogenic properties of these three
compounds. Kim et al., 2020 elucidated the anticarcinogenic property of apigetrin. The
study revealed that apigetrin had induced the extrinsic pathway of apoptosis, and also
prompted the autophagy, cell cycle arrest in AGS human gastric cancer cell line through
the PI3K/AKT/mTOR pathway [36]. Several experiments have also revealed that, cynaro-
side has varying degrees of anticancer activity in non-small cell lung cancer, liver cancer,
oesophageal cancer, gastric cancer, and cervical cancer. A study performed by Ji et al., 2021
reported that the cynarosides inhibited the MET/AKT/mTOR signalling pathway, which
regulates a variety of biological processes such as cell proliferation, apoptosis, autophagy,
invasion, and tumorigenesis, by lowering the phosphorylation levels of AKT, mTOR, and
P70S6K [37]. Curcumin has been demonstrated in several studies to have anticancer proper-
ties as it decreases cancer cell growth and metastasis by arresting cell cycle progression and
apoptosis. Curcumin also prevents breast cancer stem cells (BCSC), an important factor that
influences cancer recurrence, from proliferating [38]. These experimental studies validate
our in-silico screening of potential inhibitors of breast cancer. The analogues of these highly
effective natural compounds can be designed using pharmacophore modelling and drug
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design. To confirm our in-silico study, in vitro and in vivo experiments must be carried out,
and if the results are in agreement with our findings, the phytochemicals can be chemically
synthesised and will be marketed as anticancer therapy:.

2.5. Drug Likeness and Toxicity Prediction

Lipinski and co-workers theoretically evaluated drug likeness properties of drug can-
didates for the first time in 1997 when they published the Rule of Five (Ro5) [39]. Drug
likeness can be defined as a perplexing equilibrium of various molecular characteristics and
structural traits that determines whether a given compound is a drug or nondrug. These
properties, mainly lipophilicity, electronic distribution, hydrogen bonding characteristics,
molecule size and flexibility, and presence of various pharmacophoric features that influ-
ence the behaviour of a molecule in a living organism which include characteristics such as
transport, affinity to proteins, reactivity, toxicity, metabolic stability, and many others. To
predict the drug likeness of a drug, this rule is relying on physicochemical characteristics of
the tested compounds, including: (i) clogP < 5; (ii) molecular weight (MW) < 500 g/mol;
(iii) number of hydrogen bond acceptors (HBA) (sum of N and O atoms) < 10, (iv) number
of hydrogen bond donors (HBD) (sum of OH and NH groups) < 5. Other related criteria
were added later [40]: (v) number of rotatable bonds (1 Rotb) < 10, (vi) total polar surface
area (TPSA) < 140 A. We should remember that Lipinski’s rule of five offers a valuable tool
to assess the drug likeliness, but it is mainly applicable for an orally administered drug.
Based on the binding affinity scores of 153 molecules, the top three molecules with each
receptor were chosen, resulting in the top four drug candidates. Further, drug likeness
properties of these four phytocompounds were evaluated to predict the possible pharma-
cokinetics and pharmacodynamics of the compound (Table 1). The log P (logarithm of
compound’s partition coefficient between n-octanol and water) value of the molecule is one
of the major determining factors of the compound’s absorption, distribution in the body,
penetration across vital membranes and biological barriers, metabolism, and excretion.
Apigetrin is expected to have maximum lipophilicity as its log P value is 2.46, whereas
xyloglucan, with a log P value of —1.74, is predicted to have the highest hydrophilicity. It
implies that apigetrin will have poor aqueous solubility and dissolution, while permeation
through biomembranes will be the limiting factor for xyloglucan. The sum of surfaces of
polar atoms such as hydrogen, nitrogen, and oxygen in a molecule is calculated through
TPSA, which is crucial for drug absorption through the human intestinal layer and drug
penetration across the blood-brain barrier. TPSA should be in the range of 0-140 A for a
compound to be orally bioavailable. The TPSA value of apigetrin and curcumin is within
the range and it clearly depicts that the hydrogen-bonding capacity of apigetrin and cur-
cumin will be maximum, it is likely to have better bioavailability and membrane transport
properties. A number of rotatable bonds indicated the more flexible nature of xyloglucan
as compared to other compounds. A small molecule with a large surface area interacts well
with water, enabling better drug absorption. All four compounds had molecular weights
of less than 500 Da, implying that they could be easily transported, diffused across the
cell membrane, and absorbed. Out of four compounds, apigetrin and curcumin fulfilled
Lipinski’s rule of five criteria whereas cynaroside and xyloglucan violated the two rules
of Lipinski’s. Interestingly, it has been noted that 16% of oral medications available in the
market shows one violation and 6% fail to meet the two or more conditions [41].
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Table 1. Drug likeness score of compounds.
SI  Compound LogP TPSA MW n ON n OHNH Violation
No. Name (<5  (<140h) "A°™  (<500da)  (<10) (<5 ~ MRotb Volume o rpijes
1. Apigetrin 2.46 90.89 20 270.24 5 3 1 224.05 0
2. Cynaroside 0.19 190.2 32 448.3 11 7 4 364.1 2
3. Curcumin 2.30 93.07 27 368.38 6 2 332.18 0
4. Xyloglucan —-1.74 212.67 34 488.44 13 7 12 415.44 2
The ProTox Il web server was used to predict the LDsg value, toxicity class, and toxicity
parameters. All the best identified compounds were predicted using various toxicity
models, including the hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity, and
cytotoxicity models. Out of four compounds, apigetrin, cynaroside and xyloglucan showed
the highest LDsq values of 5000 mg/kg. These three compounds belong to the toxicity
class 5. This toxicity class suggests that the compounds ‘might be harmful, if swallowed’.
curcumin reported the lowest LDs5 value of 2000 mg/kg with toxicity class 4 (‘harmful if
swallowed’). Table 2 shows compounds with LDs value with its toxicity class. Table 2 also
summarise the effects of compounds on hepatotoxicity, carcinogenicity, immunotoxicity,
mutagenicity, and cytotoxicity models. All four compounds were found to be inactive in
terms of hepatotoxicity, carcinogenicity, and cytotoxicity. In contrast to apigetrin, which
appeared to be mutagenic, the other three compounds have no effect on mutagenicity.
Similarly, among the four compounds, only curcumin exhibits an immunotoxic nature.
Table 2. Toxicity prediction of the compounds.
S1 Compound LDsg Toxicity . . . . . . . . . . .
No. Name (mg/kg) Class Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
1. Apigetrin 5000 5 N (0.82) N (0.86) N (0.93) Y (0.59) N (0.69)
2. Cynaroside 5000 5 N (0.82) N (0.85) N (0.74) N (0.76) N (0.69)
3. Curcumin 2000 4 N (0.61) N (0.84) Y (0.92) N (0.88) N (0.88)
4. Xyloglucan 5000 5 N (0.86) N (0.80) N (0.99) N (0.77) N (0.80)

Probability: Y (Yes, Active), N (No, Inactive).

Even though apigetrin and curcumin fulfilled the oral bioavailability criteria, the
former was found to be mutagenic, while the latter was found to be positive for immuno-
toxicity. On the other hand, cynaroside and xyloglucan did not satisfy the rule of five
criteria but appears to be non-toxic. Thus, a slight modification in their structure could aid
in improving its poor bioavailability and toxic nature.

2.6. Bioactivity Score

Table 3 summarizes the bioactivity score of the prime phytocompounds. A higher
bioactivity score represents greater activity. Compounds with a bioactivity score more
than 0.00 are supposed to have a significant effect, compounds with a value between
—0.50 and 0.00 are presumed to have a moderate effect, and compounds with a score
less than —0.50 are assumed to be inactive [42]. The bioactivity scores for the GPCR
ligand (0.10), nuclear receptor ligand (0.27) and enzyme inhibitor (0.43) were found to be
maximum for apigetrin, representing its strong interaction with the GPCR and Nuclear
receptor ligands and indicates its potential as a strong enzyme inhibitor. The bioactivity
score of cynaroside also demonstrates its strong interaction affinity for the GPCR ligand
(0.09), nuclease receptor ligand (0.27) and significant enzyme inhibition activity (0.42).
The bioactivity score for the protease inhibitor activity was maximum for xyloglucan i.e.,
0.05. Curcumin and xyloglucan also exhibit a decisive enzyme inhibitory action with
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bioactivity scores of 0.08 and 0.30, respectively. It is worth mentioning that none of the
phytocompounds scores less than —0.50 in any bioactivity segments (Figure 13). The results
of the present study demonstrated that the investigated compounds are biologically active
molecules and will produce the physiological actions by interacting with GPCR ligands,
nuclear receptor ligands, and inhibit protease and other enzyme.

Table 3. Bioactivity score of the compounds according to Molinspiration Cheminformatics software.

SI No. Compound GPCR Ion Channel Kinase Nuclear Protease Enzyme
Name Ligand Modulator Inhibitor Receptor Ligand Inhibitor Inhibitor
1. Apigetrin 0.10 —0.01 0.14 0.31 0.02 0.43
2. Cynaroside 0.09 —0.02 0.15 0.27 —0.01 0.42
3. Curcumin —0.06 —0.20 -0.26 0.12 -0.14 0.08
4. Xyloglucan 0.01 —0.07 —0.14 —0.03 0.05 0.30
Bioactivity scores —— Apigetrin
GPCR ligand Cynaroside
0.5 Curcumin
0.4 Xyloglucan
0.3
0.2
Enzyme inhibitor - o - Ion channel modulator

Protease inhibitor Kinase inhibitor

Nuclear receptor ligand

Figure 13. Bioactivity scores of apigetrin, cynaroside, curcumin and xyloglucan.

3. Materials and Methods
3.1. Protein Retrieval

The X-ray crystal structures of CDK8 with a resolution of 2.45 A (PDB ID-6T41) [43], PR
with a resolution of 2.41 A (PDB ID-40AR) [44] and EGFR with a resolution of 3.10 A (PDB
ID- 2J6M) [45] were obtained from the RCSB Protein Data Bank (https:/ /www.rcsb.org/
accessed on 18 April 2022). Table 4 lists the proteins involved in the study and their
descriptions.
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Table 4. Target proteins and their functions.
Protein Full Name. of the Protein Function PDB ID
Protein
The Notch intracellular domain, SREBP
(Sterol regulatory-element binding proteins),
and STAT1-5727 are all phosphorylated by
CDK3 Cyclin-dependent CDKS8. By modulating the turnover of 6T41
kinase 8 subunits in the mediator complex tail module,
CDKS8 also represses transcriptional activity.
CDKS8 also affects interaction of RNA
polymerase II with the mediator complex.
PR Progesterone receptor Prohfe1jat1.on and (ﬁfferentlatlon of cell, 4OAR
transcriptional activator and repressor.
When a ligand binds to an epidermal growth
factor receptor, the receptor is able to attach
(dimerize) with another epidermal growth
EGER Epidermal growth factor receptor protein nearby, turning on 2J6M
factor receptor (activating) the receptor complex. As a result,

cell signalling cascades that promote cell
growth and division (proliferation) as well as
cell survival are activated.

3.2. Ligand Preparation

The five selected Indian medicinal plants (Zingiber officinale Roscoe, Cuminum cyminum
L., Piper nigrum L., Curcuma longa L., and Allium sativum L.) contain 153 phytocompounds
(Supplementary File Table S1). The structures of the phytocompounds, also termed as
ligands were obtained from Pubchem database (https://pubchem.ncbinlm.nih.gov/ ac-
cessed on 22 April 2022) as a sdf file and converted into Mol, PDBQT and PDB file formats
using OPEN BABEL software (https://openbabel.org/wiki/Main_Page/ accessed on
25 April 2022).

3.3. Molecular Docking

The obtained crystal structures of target proteins were prepared individually us-
ing chimera 1.15 software [46]. The following steps were considered: removal of water
molecules and bound ions, addition of missing hydrogen atoms, and allocation of Kollman
charges. The residues which were considered critical in binding of co-crystalized ligands
were identified using pymol software [47]. It was assumed that binding location of the
co-crystalized ligand is the protein’s active site and the amino acid residues which are
crucial for binding of the co-crystallized ligand are active site residues (Table 2). The iGEM-
DOCK 2.1 [48] application was used to screen 153 compounds with each target protein for
protein ligand interactions. The genetic algorithm parameters, which guided the docking
procedure, were set as 200 (population size), 60 (generations), and 2 (number of solutions).
The conformation with the lowest total binding energy among the different conformations
generated was considered the best binding conformation of phytocompounds against target
proteins. The identified phytocompounds were imported into the iGEMDOCK graphical
user interface and were sorted by the post-docking analysis based on their binding energies
and compound fitness score measured by the iGEMDOCK docking algorithm [35]. The
top three compounds against each target protein were identified and subjected to further
docking analysis using Autodock 4.2 [49]. Autodock 4.2 was used to optimise proteins
by removing water and other atoms, and then by adding polar hydrogen groups. The
graphical user interfaces that are associated with this software are MGL tools, Autodock
tools, and Rasmol. For binding to take place, a grid box was set up surrounding the binding
sites of the receptors. The grid box parameters for each receptor are mentioned in Table 5.
The grid file was saved as a .gpf file and run through autogrid. The docking calculation was
then carried out using the Lamarckian genetic algorithm with the predefined parameters
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(number of runs 10; population size 150; maximum number of generations 27,000). The
dock file was saved as .dpf and after running autodock, the final results were obtained
as .dlg file. The .dlg file contained all the information such as binding energy, binding
residues etc. Interacting protein residues forming hydrogen bonds with phytocompounds
were visualized using ligplot™ [50].

Table 5. Active site residues and grid box parameters selected for target proteins.

Target Proteins Active Site Residues Grid Box Parameters

Number of Points in
x-Dimension x Number
x Centre x y Centre of Points in
x z Centre y-Dimension x Number
of Points in
z-Dimension

ILE-79, TYR-99, —5.797 x —8.769 x

CDK8 LEU-158, ALA-100 12.8 60 > 60 x 60
GLY-722, GLN-725, 12,542 x 27.621 x
PR ARG-766, THR-894 15.492 60 > 60 x 60
THR-854, THR-790,
EGFR GLN-791, LEU-792, 00344 x —0481 x 60 x 60 x 60

MET-793 —2416

3.4. Drug Likeness and Toxicity Prediction

Drug likeness properties of the ligands were evaluated using Molinspiration chem-
informatics software version 2011.06 [51]. Molinspiration offers a broad range of chem-
informatics tools that are important for calculating critical molecular properties (Log P,
polar surface area, number of hydrogen bond donors and acceptors and others) [52]. This
platform also allows for evaluation of whether a given molecule violated any of Lipinski’s
rule of five [39]. Molecules that do not violate the rule can be considered to have suc-
ceeded in pharmacokinetics tests, such as oral bioavailability. According to Google Scholar,
molecular inspiration tools are cited more than 4500 times (www.molinspiration.com/
accessed on 21 June 2022). In our study drug-likeness properties including topological
polar surface area (TPSA), octanol/water partition coefficient (Log P), number of hydro-
gen bond donors (NH and OH groups) and acceptors (mostly N and O groups), number
of atoms, molecular weight, and number of rotatable bonds were calculated to justify
the oral application of the compounds [53]. At the same time, the Protox II webserver
(https:/ /tox-new.charite.de/protox_II/ accessed on 21 June 2022) was used to predict the
toxicity of the ligands [54]. ProTox-II predicts values of various toxicity endpoints such as
hepatotoxicity, carcinogenicity, cytotoxicity, mutagenicity, immunotoxicity, along with a
predicted median lethal dose (LDsp) and toxicity class [54,55].

3.5. Bioactivity Score

A drug is supposed to bind with a biological target. Biological targets can be enzymes,
ion channels, and receptors. Bioactivity of the phytocompounds can be checked by calculat-
ing the activity score of the GPCR ligand, ion channel modulator, nuclear receptor ligand,
kinase inhibitor, protease inhibitor, enzyme inhibitor. All the parameters were checked
with the help of molinspiration chemoinformatics software [51]. In the Molinspiration tool,
the miscreen engine first analyses a training set of active structures (in extreme cases even a
single active molecule is sufficient to build a usable model) and compares it with inactive
molecules by using sophisticated Bayesian statistics. Only SMILES or SDF structures of
active phytocompounds are sufficient for the training, no information about the active
site or binding mode is necessary [56]. For organic molecules the probability is if the
bioactivity score is (>0), then it is active, if (—5.0-0.0) then moderately active, if (<—5.0)
then inactive [42].
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4. Conclusions

Drugs derived from medicinal plants have traditionally been used to treat various
diseases. Considering the carnage that breast cancer has caused for decades, finding an
effective therapy is critical and urgent. Spice yielding plants are rich in phytocompounds,
might be an effective tool to combat breast cancer. Our findings show that apigetrin, cy-
naroside, and curcumin have higher binding affinity in the active sites of PR, EGFR and
CDKS proteins and, most of the time, outperformed the standard drugs that are available in
the market. ADME/T analysis revealed that apigetrin and curcumin fulfilled all the criteria
to be orally bioavailable, but they were found to be positive for mutagenicity and immuno-
toxicity, respectively. The other compounds, cynaroside and xyloglucan, do not satisfy
the rule of five criteria but appear non-toxic. Hence, these compounds demand structural
optimization such as modifying the structure, changing an ionizable group, optimizing
lipophilicity, isosteric substitution of polar groups, etc., to overcome the deficiencies or
shortcomings by improving their pharmacokinetic or physicochemical parameters without
compromising their efficacy. In the future, the identified phytocompounds can be validated
through molecular dynamics simulations on the protein model and experimental research
on animal models to confirm their status as novel compounds against breast cancer and
pave the way for developing strongly targeted therapies against breast cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27196590/s1, Table S1: List of phytocompounds from
five common Indian spices; Table S2: Phytocompounds from five plants that overlapped; Table S3:
Binding energy scores calculated by iGEMDOCK 2.1 for 153 phytocompounds against CDK8, PR and
EGEFR target proteins.
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