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Abstract
Cancer deaths and other dangerous symptoms associated with it make the search for therapies to combat it a necessity. The 
use of drugs has been implicated in some debilitating side effects, this makes scientists to look for safer, cheaper, and more 
effective alternatives. One of such ways is the use of plants/fruits that are rich in bioactive components. Citrullus lanatus is 
one plant that is grown in almost every part of the world and rich in bioactive secondary metabolites. Kirsten rat sarcoma virus 
is a very popular oncogene in human tumours that has been targeted in the search for anticancer drugs. This work therefore 
screened the phytochemicals in Citrullus lanatus against a KRAS receptor via molecular docking. The hit compounds and 
the co-crystallized ligand of the receptor were subjected to molecular dynamic simulation to determine their stability, mod-
elled and optimized at the DFT/B3LYP/6-311G(d,p) level of theory and also screened for their drug-likeness and ADMET 
properties. Extra-precision docking revealed that ( ±)-Taxiforin (-7.23 kcalmol−1), (E)-Coniferin (-6.31 kcalmol−1) and 
Isorhamnetin (-5.71 kcalmol−1) displayed better docking scores than the reference compound (-5.07 kcalmol−1). Molecular 
dynamics simulation reveals the stability of KRAS-ligand complexes. The molecules have sites to interact with biological 
systems, as revealed by the DFT results. Pharmacokinetics and drug-likeness revealed that the molecules are promising 
and safe. Citrullus lanatus should be encouraged for consumption, while the hit compounds should be subjected to further 
pre-clinical and clinical investigations.

Keywords  Cancer · Kirsten Rat Sarcoma Virus · Phytochemicals · Citrullus lanatus · Computer-aided Drug Design · 
Molecular Dynamics Simulation

1  Introduction

The second greatest cause of death worldwide is cancer. It 
is a complex disease linked to several cellular and genetic 
abnormalities [1]. The multifactorial nature of this disease 

has made its treatment an uphill task, despite this, the ther-
apy of cancer has advanced. One of such advances is chemo-
therapy, chemotherapy drugs are powerful enough to prevent 
cancer from spreading, thereby making it less severe. Most 
of these chemotherapeutic medicines do, however, have 
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disturbing side effects that are partially attributable to off-
target administration and/or poor absorption, which shorten 
the plasma half-life and decrease their efficacy [2]. Another 
challenge is that the current drugs are expensive for patients 
from low income and developing countries like Nigeria.

However, in recent years it has been clear that several 
oncogenes are constitutively active in cancer because of 
genetic changes such as mutations, proliferation, rearrange-
ment, etc. Oncogene addiction is the term for how frequently 
these mutant oncogenes’ roles in the promotion of cancer 
development are vital. The development of specific antican-
cer medicines has been greatly facilitated by this insight. 
The most effective illustration is protein kinase inhibitors, 
which have shown clinical advantages in a variety of cancer 
[3]. Kirsten rat sarcoma virus (KRAS) is the most popular 
oncogene in human tumours [4, 5], along with other RAS 
isoforms [6]. Despite decades of research into RAS targeted 
medicines, there are still no clinically effective RAS inhibi-
tors. Noteworthy is the encouraging progress that has been 
made in recent years in researching the therapeutic potential 
of RAS inhibition [7].

KRAS, also known as the RAS-like GTPases is a mem-
ber of the RAS superfamily. There are four domains in the 
KRAS protein. The N-terminal first domain is the same in all 
three RAS variants, while the second domain has a signifi-
cantly lower level of sequence identity. The KRAS protein's 
signalling activity depends on both sections, which together 
make up the G-domain [8]. The hypothesised downstream 
effectors and GTPase-activating proteins interact with the 
KRAS protein's GTP-binding pocket, a part of the protein's 
G-domain. Additionally, the C-terminal hypervariable 
region of the KRAS protein controls plasma membrane 
anchoring and posttranslational modifications. This area is 
crucial in controlling the bioactivity of the RAS protein. 
KRAS protein changes from an inactive to an active version 
owing to the binding of both GTP (guanosine triphosphate) 
and GDP (guanosine diphosphate), respectively [9]. Under 
normal physiological and biochemical circumstances, gua-
nine nucleotide exchange factors such as GTPase-activating 
proteins or Son of Sevenless control the transition between 
these two states through a variety of mechanisms that include 
catalysing the swapping of GDP for GTP, increasing inher-
ent GTPase activity, or speeding up RAS-mediated GTP 
hydrolysis. The same applies to KRAS, which is primarily 
GDP-bound. KRAS undergoes conformational changes upon 
binding to GTP, which are known to have two main effects: 
1) changing KRAS contacts with GAPs, which increase the 
RAS protein's GTPase activity by about 100,000-fold; and 
2) affecting KRAS connections with GEFs and encouraging 
the release of GTP3 [10].

Additionally, KRAS accounts for 86% of all RAS muta-
tions and is the isoform of the RAS protein that is most often 
altered. KRAS-4B is the predominant isoform in human 

malignancies. It is found in 30%—40% of colon cancers, 
90% of pancreatic cancers and 15% to 20% of lung cancers 
[4]. Additionally, it can be found in breast cancer, myeloid 
leukaemia, liver cancer, endometrial cancer, bladder can-
cer, cervical cancer and malignancies of the biliary tract 
[8]. The 12, 13, or 61 codons in the KRAS gene tend to 
have the most mutations. Codons 63, 117, 119, and 146 may 
also experience the changes, albeit less frequently [8]. In 
more detail, the glycine 12 (G12) mutation interferes with 
GAP binding and GAP-stimulated GTP hydrolysis, causing 
RAS activation. Changes at position 13 reduce GAP binding 
and hydrolysis by interfering sterically with the arginine. 
Contrarily, glutamine 61 plays a direct part in catalysis by 
situating the water molecule that is attacking and aiding in 
stabilising the hydrolysis reaction's transition state [11]. Due 
to decreased GTPase activity, the nucleotide state of KRAS 
depends heavily on relative nucleotide affinity and concen-
tration. Due to the advantage this offers GTP over GDP and 
the rise in the percentage of active GTP-bound RAS, the 
activated state builds up. Additionally, it has been observed 
that mutations at residues 12, 13, and 61 reduce, albeit to 
varying degrees, the affinity of RAF for the RAS-binding 
domain [12]. However, for more than three decades, it was 
difficult to produce effective medications to stop RAS-driven 
oncogenesis, and RAS was thought to be "undruggable." 
However, the FDA recently approved sotorasib [12]. There 
are several KRAS inhibitory small compounds undergoing 
preclinical or clinical trials, and the results are extremely 
promising.

The use of plant-derived bioactive chemicals in the treat-
ment of human cancer via a variety of pathways has been 
documented in literature. Plant sources have always been 
taken into consideration while searching for novel treatments 
for a variety of human diseases.

African native Citrullus lanatus, also known as water-
melon, is a vine-like flowering plant in the Cucurbitaceae 
family [13]. C. lanatus has been extensively researched for 
the treatment of numerous human conditions such as cancer 
[14], diabetes [15], infectious diseases [16], and cardiovas-
cular diseases [17] among others due to its wide variety of 
structurally complex phytochemicals. Its therapeutic activity 
has primarily been attributed to the presence of phenolic 
antioxidants and specific phytochemicals, such as carotenoid 
lycopene, which are responsible for this activity [15].

Due to its potent oxygen-scavenging and antioxidant 
characteristics, lycopene, a red carotenoid pigment present 
in watermelon, has reportedly been linked to a decreased 
chance of developing some cancers, primarily of the pros-
tate [18]. According to Wink et al., 2001 it can display both 
pro- and antioxidant activities [19]. Consequently, it is also 
recognised that watermelon's β-carotene content may have 
an anticancer effect [20]. Despite the widely reported health 
benefit and anticancer properties of C. lanatus fruit, its role 
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in cancer treatment has not been extensively established. 
Herein, this study seeks to evaluate the bioactive compounds 
of watermelon as potential noncovalent therapeutic agents 
against KRAS via computational approach.

2 � Materials and Methods

2.1 � Ligand Identification and Preparation

The bioactive compounds of plant of interest “Citrullus 
lanatus” were identified from the watermelon molecules 
online database (https://​water​melon.​natur​alpro​ducts.​net). 
The compounds (18 of them) were downloaded from 
PubChem database (https://​pubch​em.​ncbi.​nlm.​nih.​gov/) and 
presented (Table 1).

2.2 � Protein Retrieval

The crystallographic structure of the human KRAS protein 
(target protein), 6GJ5 (resolution = 1.50 Å) was retrieved 
in its 3-diemtional form from the RCSB protein Data Bank 
(https://​www.​rcsb.​org/). Its co-crystallized ligand (F0N) was 
downloaded and used as the reference compound.

2.3 � Molecular Docking

The identified bioactive compounds of Citrullus lanatus 
were docked into the binding pocket (x = -21.53, y = -26.76, 

z = -16.42) of the target protein (KRAS; 6GJ5) after the prepa-
ration of the protein and ligands by engaging the Protein prepa-
ration Wizard and LigPrep tools respectively, in the Maestro/
Schrodinger suite 2022–3 [21].

2.4 � MMGBSA Calculation

A quantum mechanics algorithm, MMGBSA helps in eradicat-
ing false-positive docking results gotten from molecular dock-
ing. It was used to obtain the binding free energy of the docked 
complexes using the Prime module in Maestro interface [22, 
23] using the equation below (Eq. 1).

2.5 � Molecular Dynamic Simulation

The complexes of the molecules with higher docking scores 
than F0N were solvated with the TIP3P water model using the 
System Builder on Desmond package in Maestro 13.1 using 
default parameters. This explicit TIP3P model has been used 
successfully in solvating complexes [24, 25] with the ionic 
strength set using sodium chloride atoms (0.15 M) before 
MD simulation was run for 200 ns. The NPT ensemble was 
employed at 300 K and pressure of 1.013 bar while the iso-
tropic coupling and coulombic cut-off was set at 9.0 Å while 
the simulation was allowed to run after the systems relaxed. 
The data generated were analyzed.

2.6 � Quantum Chemical Calculations

Density functional theory (DFT) calculation of the best 
three (3) compounds were done using Gaussian 09 software 
[26]. The compounds.sdf structures were downloaded from 
PUBCHEM, viewed on Gaussview was used to verify the 
downloaded structure and to ensure that all the molecules 
were well modelled, after which frequency calculations were 
performed to ensure no imaginary frequencies are in the mol-
ecules before geometry optimization, using the B3LYP hybrid 
functional [27] and 6–311 +  + G(d,p) basis set. The molecular 
parameters computed are frontier molecular orbitals energy 
(FMOs) which includes the EHOMO and ELUMO. Other impor-
tant molecular properties such as described earlier [28] were 
calculated according to Koopman’s theorem [29, 30] using 
Eq. (2–11).

(1)ΔGbind = Gcomplex −
(

Gprotein + Gligand
)

(2)Eg = ELUMO − EHOMO

(3)I = −EHOMO

(4)A = −ELUMO

Table 1   The serial numbers, compounds’ names and Pubchem IDs

Serial Number Compound Name PubChem ID

1 Quinic acid 1064
2 Petiveriin 91820550
3 Allantoin 204
4 (E)-Coniferin 3496897
5 ( ±)-Taxifolin 471
6 Fraxidin 3083616
7 Pipecolic acid 849
8 Isorhamnetin 5281654
9 Pelargonidin 440832
10 Apigenin 5280443
11 Vestitone 171769
12 Spermidine 1102
13 Kauralexin A1 90657333
14 Kauralexin A2 75826609
15 Kauralexin A3 90657502
16 Medicagenate 74427715
17 Spermine 1103
18 Isobazzanene 14830703
19 F0N (Standard Drug) 138756243

https://watermelon.naturalproducts.net
https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
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2.7 � Pharmacokinetics and Drug‑Likeness Prediction

The bioactive compounds with higher binding affinity than 
F0N were subjected to pharmacokinetics screening on 
admetSAR server (http://​lmmd.​ecust.​edu.​cn/) for absorption, 
distribution, metabolism, excretion and toxicity prediction 
[28, 31]. The compounds were further screened for drug-
likeness using the SwissADME server (http://​www.​swiss​
adme.​ch) [32].

3 � Results and Discussion

3.1 � Molecular Docking

To determine the binding affinity and interaction pattern 
of the hit compounds against the KRAS target protein, a 
molecular docking study and analysis were performed on the 
18 identified compounds and F0N (the co-crystallized ligand 
which was also used as the standard drug) using Schrodinger 
suite 2022–3. According to the results (Table 2), 3 of the 
bioactive compounds (( ±)-Taxifolin, (E)-Coniferin and Isor-
hamnetin) had higher binding scores than F0N, based on the 
XP docking scores. The binding score ranged from -7.23 to 
-0.91 kcal/mol. ( ±)-Taxifolin had the highest binding affin-
ity (-7.23 kcal/mol) while Spermine had the lowest binding 
affinity (-0.91 kcal/mol). The standard inhibitor (F0N) had a 
binding affinity of -5.07 kcal/mol. The order of the molecule 

(5)� =
I + A

2

(6)� = −�

(7)� =
I − A

2

(8)� =
1
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(9)� =
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− E
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(10)�− =
(3E
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16η

(11)�+ =
(E

HOMO
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16η

according to their binding scores was ranked using the XP 
score on Table 2.

Furthermore, the visualization of the target protein with 
the co-crystalized ligand revealed the presence of the fol-
lowing vital amino acid restudies at the binding pocket 
of KRAS; LYS 5, LEU 6, VAL 7, GLU 37, SER 39, ASP 
54, LEU 56, MET 67, GLN 70, TYR 71, THR 74 and 
GLY 75. These amino acids are important in the intramo-
lecular and intermolecular complex interactions such as 
including pi-pi stacking, hydrophobic, hydrogen bonding 
and so on. The 2D interactions of the screened ligands-
target complex (Table 3) showed that the docked ligands 
interact with several of the vital amino acids of KRAS 
binding pocket with majority having a good number of 
hydrogen bonds which support the efficacy as potential 
therapeutic agents by donating or accepting hydrogen atom 
through the formation of hydrogen bond. ( ±)-Taxifolin 
interacted via hydrogen bonding with LEU 6, GLU 37, 
ASP 54 and GLN 70 and pi-cation interaction with LYS 5. 
(E)-Coniferin interacted via hydrogen bonding with LEU 
6, ASP 54, GLN 70 and THR 74. Isorhamnetin interacted 
via hydrogen bonding with LEU 6, ASP 54 and GLN 70 
while also bonding with LYS 5 via pi-cation interaction. 
The co-ligand used as a reference (F0N) interacted with 
the amino acid residues via hydrogen bonding with ASP 
54 and THR 74.

Table 2   Docking scores of the bioactive components in Citrullus 
lanatus and F0N

Compound SP (kcalmol−1) XP (kcalmol−1) Mmgbsa 
(kcalmol−1)

( ±)-Taxifolin -6.32 -7.23 -35.13
(E)-Coniferin -5.26 -6.31 -45.85
Isorhamnetin -5.50 -5.71 -29.77
FON -6.09 -5.07 -49.88
Vestitone -5.83 -4.53 -26.06
Quinic Acid -4.92 -4.44 -13.12
Petiveriin -5.14 -4.13 -30.95
Apigenin -6.13 -4.01 -31.54
Pelargonidin -6.63 -3.99 -31.17
Fraxidin -4.80 -3.45 -28.33
Medicagenate -2.78 -3.13 -9.30
Spermidine -3.35 -3.10 -19.94
Allantoin -5.44 -3.08 -8.76
Isobazzanene -4.26 -2.79 -31.25
Pipecolic acid -3.94 -2.62 -10.74
Kauralexin A3 -3.69 -2.48 -7.84
Kauralexin A2 -3.57 -2.36 -2.26
Kauralexin A1 -3.74 -2.28 -18.52
Spermine -0.362 -0.91 -28.38

http://lmmd.ecust.edu.cn/
http://www.swissadme.ch
http://www.swissadme.ch
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Table 3   Molecular interaction 
of the screened compounds 
against KRAS

Ligands Interactions
(+/-)-Taxifolin

(E)-Coniferin

Isorhamnetin

F0N
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3.2 � MMGBSA

Following the docking analysis, the ∆Gbind (Table 2) was 
used to calculate the binding energy of the screened bio-
active compounds. Several researchers rely on MMGBSA 
result as a reliable method for determining the binding 
position of docked complexes [33]. When compared to the 
standard ligand, F0N (-49.88 kcalmol−1), other components 
have lower binding energy, with Kauralexin A2 having the 
least (-2.26 kcalmol−1). The top three bioactive components, 
( ±)-Taxifolin (-35.13 kcalmol−1), (E)-Coniferin (45.85 
kcalmol−1) and Isorhamnetin (-29.77 kcalmol−1) also have 
decent binding energies. As a result, the ∆Gbind results point 
to the fact that Citrullus lanatus compounds' have good 
promise as potential KRAS inhibitors.

3.3 � Molecular Dynamic Simulation

The trajectories and coordinates generated from the 200 ns 
molecular dynamics were analyzed to provide insights into 
the behavior of the compounds within the binding pocket 

of KRAS and their resultant impact on the conformational 
dynamics of the protein. The behavior of a small molecule 
within its target binding pocket is crucial to understanding 
the binding affinity and structural complementarity which 
is underscored by the strength of their interactions [34] and 
possible mutational effects on the protein [35]. The behav-
ior of the compounds was determined through estimating 
the root mean square deviations (RMSD) of the compounds 
over the simulation period and their surface area avail-
able for solvent interaction through SASA [36]. The com-
pounds presented average RMSD values of 1.96 ± 0.85 Å, 
2.06 ± 0.76  Å, 0.91 ± 0.50  Å and 0.52 ± 0.17  Å for 
E-coniferin, Isorhamnetin, ( ±)-Taxifolin and the refer-
ence compound respectively. All systems showed RMSD 
values < 2.5 Å, which is in line with acceptable deviations 
[37]. As observed in Fig. 1B, the reference compound (F0N) 
exhibited the highest stability followed by Taxifolin, Isor-
hamnetin and E-Coniferin. Isorhamnetin became relatively 
stable after 50 ns after undergoing significant positional 
change due to the flexibility of both compound and pro-
tein which is not catered for in molecular docking. This 

Fig. 1   Comparative plots of the deviations of the compounds from 
their initial position over the simulation period (RMSD) and the sol-
vent accessibility surface area of the compound. A Shows the solvent 
surface of KRAS. Insert (A1) shows the compounds within the allos-

teric binding pocket. B RMDS plots of the compounds over 200 ns 
period. C SASA plots of the compounds over 200  ns simulation 
period
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change possibly resulted in conformational complementarity 
between Isorhamnetin and KRAS thus inducing the stability 
after 50 ns. E-Coniferin, however, exhibited consistent fluc-
tuations relative to the other compounds during the simu-
lation period. Generally, the compounds stabilised within 
the allosteric binding pocket of KRAS with RMSD values 
less then 2.5 Å. The solvent accessibility surface area of the 
compounds available for solvent interaction also showed the 
compounds resided within the hydrophobic core of the pro-
tein over the simulation period. The compounds exhibited 
average SASA values of 212.89 ± 54.03 A2, 135.73 ± 19.18 
A2, 131.43 ± 15.54 A2, and 152.11 ± 20.28 A2 for E-conif-
erin, Isorhamnetin, ( ±)-Taxifolin and the reference com-
pound (F0N) respectively. As observed in Fig. 1C E-conif-
erin which had hitherto showed relatively high instability, 
showed the highest surface area available for solvent inter-
action suggesting its binding did not penetrate deeper into 
the hydrophobic pocket compared to the other compounds. 
Isorhamnetin and ( ±)-Taxifolin were least exposed to sol-
vent interaction than the reference compound.

The interactions that condition the behaviour of these 
compounds were monitored over the simulation period 
through snapshots to ascertain any changes in interaction 
types that occurred during the docking process. Interest-
ingly, the interaction types remained the same as observed 

in the Fig. 2 and Table 3. Collectively, the behaviour of the 
compounds suggest they possess the potential to bind firmly 
to KRAS. Probing further, the impact of the compounds 
on the conformation dynamics of KRAS were determined 
through the RMSD, root mean square fluctuations (RMSF), 
radius of gyration (RoG) and SASA.

Proteins often adjust to external stimuli including the 
binding of small molecules through conformational changes. 
Disrupting the native conformation of a protein beyond a 
certain threshold interferes with the basal functionalities of 
the protein [38]. As such, we determined the impact of the 
binding of the compounds on the conformational changes 
of the protein over the 200 ns simulation period. Firstly, 
the RMSD which is informative of the stability of the pro-
tein was determined through computing the deviations of 
the C-α atoms from the starting positions. Average RMSD 
values of 2.30 ± 0.62  Å, 1.80 ± 0.47  Å, 1.93 ± 0.58  Å, 
1.90 ± 0.44 Å, and 1.78 ± 0.51 Å were computed for the 
unbound KRAS (Apo), E-coniferin, Isorhamnetin, ( ±)-Taxi-
folin and the reference (F0N) complexes respectively. As 
observed in the graphical format presented in Fig. 3A, the 
binding of the compounds induced conformational stability 
on the KRAS protein (reduced RMSD values compared to 
the Apo). This observation suggests the compounds have 
the propensity to interfere with the basal conformation of 

Fig. 2   Snapshots at 200 ns showing the compounds interactions with the allosteric binding site of KRAS
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the protein. The reference compound (F0N) was however 
observed to induce the highest stability. The RMSF metric 
which reflects the flexibility of the protein showed aver-
age values of 1.27 ± 1.03 Å, 0.94 ± 0.71 Å, 1.07 ± 0.86 Å, 
1.19 ± 0.88 Å and 1.05 ± 0.73 Å for Apo, E-coniferin, Isor-
hamnetin, ( ±)-Taxifolin and the reference complexes respec-
tively (Fig. 3B). The higher the figure the more flexible the 
protein and vice versa. As presented the compounds’ binding 
resulted in reduction in KRAS flexibility as evidenced by 
the higher unbound KRAS values (1.27 ± 1.03 Å). The RoG 
values which determine the compactness of the protein cor-
roborated the reduced flexibility of KRAS by the compounds 
wherein they exhibited 15.51 ± 0.15 Å, 15.31 ± 0.11 Å, 
15.36 ± 0.12 Å, 15.37 ± 0.10 Å, and 15.32 ± 0.13 Å for Apo, 

E-coniferin, Isorhamnetin, ( ±)-Taxifolin and the reference 
complexes respectively (Fig. 3C). Reduction in the radius 
of gyration of the atoms of the systems indicated increase 
in compactness and vice versa. This thus suggest that, aside 
E-coniferin, the reference compound induced more compact-
ness than the other compounds. The solvent accessibility 
surface area (SASA) analysis of the protein also showed 
similar trend wherein the compounds induced a reduc-
tion in the surface area of the protein available for solvent 
interaction. Average SASA values of 8561.91 ± 319.70 A2, 
8434.56 ± 285.70 A2, 8451.33 ± 339.91 A2, 8254.77 ± 397.76 
A2and 8175.47 ± 278.62 A2 were computed for Apo, 
E-coniferin, Isorhamnetin, ( ±)-Taxifolin and the reference 
complexes respectively (Fig. 3D). The compounds’ ability 

Fig. 3   Comparative plots of the compounds in complex with KRAS. 
A Shows the RMSD plots of the C-α atoms of KRAS in complex 
with the compounds. B Shows plots of the residual fluctuations of 

KRAS in complex with the compounds. C Shows the RoG plots of 
the C-α atoms of KRAS over the simulation period. D Shows SASA 
plots over the simulation period
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to influence the conformational dynamics of KRAS suggests 
that they have the potentials of inhibiting its activity upon 
modification and optimizations.

3.4 � Quantum Chemical Calculations

DFT is important in elucidating the electronic structure of 
molecules. In the absence of protein–ligand interactions, 
electronic structures from DFT could explain the potential 
interactions of ligands with biological cells [39, 40]. The 
results of all the electronic properties computed for the leads 
compounds (( ±)-Taxifolin, (E)-Coniferin and Isorhamnetin) 
and F0N are shown in Table 4. Their corresponding HOMO 
and LUMO maps are shown in Table 5, while their electro-
static potential maps are shown in Figs. 4, 5, 6, and 7.

The frontier molecular orbitals energies (EHOMO and 
ELUMO) play important part in describing chemical reac-
tions [41, 42]. This has been used for explaining the chemi-
cally reactivity and stability of drug to target enzyme [43]. 
From Table 4, isorhamnetin had the higher value of EHOMO 
(-4.55 eV), therefore, proposing it as the best electron donat-
ing compound to among others. ( ±)-Taxifolin had the lowest 
HOMO value (-6.31 eV), making it the least ready to donate 
electron. This is also corroborated by their ionization poten-
tials (I). Isorhamnetin needs the lowest I value (4.55 eV) 
to donate electron, making electron more ready to leave its 
orbitals compared to other molecules while higher energy 
would be required to remove electrons from ( ±)-Taxifolin 
(6.31 eV). The electron donating ability is in the order; Isor-
hamnetin > F0N > (E)-coniferin > ( ±)-Taxifolin. ( ±)-Taxifo-
lin had the lowest ELUMO (-2.09 eV), indicating it as the best 
electron acceptor (as seen in its A value).

The energy gap (Eg) of a molecule helps in predicting 
the stability and reactivity of molecules. Lower energy gap 
enhances the intra/inter molecular charge movement between 
HOMO and LUMO thereby increase the reactivity of a mol-
ecule and vice versa. In most cases where a molecule had a 
low EHOMO, its energy gap could be stabilized by its LUMO 
value. Generally, the hit molecules have lower energy gap 
than F0N, save for (E)-coniferin. The order of the energy 
gap is (E)-coniferin (4.87 eV) > F0N (4.79 eV) > ( ±)-Taxi-
folin (4.22  eV) > Isorhamnetin (2.71  eV). The energy 
gaps recorded here are within the energy gaps reported 
for bioactive compounds [44, 45]. Chemical hardness (η) 

and softness (δ) are consequences of the energy gap. The 
chemical hardness of the molecule follows (E)-coniferin 
(2.44 eV) > F0N (2.39 eV) > ( ±)-Taxifolin (2.11 eV) > Isor-
hamnetin (1.36 eV) while softness follows the reverse trend, 
isorhamnetin is the softest of all the molecules. Electron-
egativity (χ) is an important descriptor that explicates the 
potential of an atom/molecule or functional group to draw 
electron toward itself [46]. ( ±)-Taxifolin had the highest 
electronegative value (4.20 eV) while Isorhamnetin had the 
lowest (3.19 eV).

The electrophilicity index (ω) measures the ability of a 
molecule to accept electrons when placed in contact with a 
nucleophile [30, 47]. In general, in all the electrophilic terms 
in Table 4, ( ±)-Taxifolin had the highest electrophilicities, 
followed by Isorhamnetin > (E)-coniferin > F0N. This is 
indicative that the molecules are better electrophiles than 
F0N. The descriptors values here show that these molecules 
allow transfer of electrons between their molecular orbitals 
and as a result boosting their bioactivity.

The optimized structure, HOMO and LUMO surfaces 
of all the compounds are shown in Table 5. ( ±)-Taxifolin 
displayed its HOMO across the entire 3,4-dihydrophenyl 
ring (including the hydroxyl groups on the ring) while its 
LUMO is on the other side of the molecule (3,5,7-trihy-
droxy-2,3-dihydrochromen-4-one). (E)-coniferin had both its 
HOMO and LUMO map in the same region (methoxyphe-
noxy ring), only that the HOMO added the methoxy group 
to itself. Isorhamnetin had its HOMO on the methoxyphenyl 
ring while the LUMO is spread across almost all the entire 
molecule, save for the methoxy group. The HOMO of F0N 
is on the indole ring and the carbonyl and nitrogen atom on 
dihydroisoindol-1-one ring while its LUMO is on the entire 
dihydroisoindol-1-one ring.

3.5 � Molecular Electrostatic Potential (MEP) Surface 
Analysis

MEP allows the visualization of the electrostatic potential at 
the surface of a molecule. It is used for the understanding of 
the distribution of charges in a molecule and for determining 
sites for nucleophilic and electrophilic attack reactivity as 
well as hydrogen-bonding interactions. MEP is represented 
by a color scheme, red and yellow correspond to regions of 
high electron density (Electrophilic attack region) and blue 

Table 4   Reactivity descriptors of the lead molecules and F0N

Compounds EHOMO (eV) ELUMO (eV) Eg (eV) I (eV) A (eV) χ (eV) η (eV) δ (eV) ω ω− ω+ Δω ± 

( ±)-Taxifolin -6.31 -2.09 4.22 6.31 2.09 4.20 2.11 0.474 4.18 8.40 4.69 13. 09
(E)-Coniferin -6.09 -1.22 4.87 6.09 1.22 3.66 2.44 0.411 2.74 7.46 2.44 9.90
Isorhamnetin -4.55 -1.84 2.71 4.55 1.84 3.19 1.36 0.738 3.77 6.43 4.68 11.11
F0N -5.88 -1.09 4.79 5.88 1.09 3.49 2.39 0.418 2.54 7.15 2.18 9.33
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corresponding to regions of low electron density (Nucleo-
philic attack region), with green corresponding to the neu-
tral region. The results of the MEP analysis are shown in 
Figs. 4, 5, 6, and 7. MEP helps in determining the reactivity 
of molecules to either positively and/or negatively charged 
reactants [48].

( ±)-Taxifolin sites for electrophilic attack on the dihydro-
chromen-4-one carbons and the carbonyl oxygen while the 
sites for nucleophilic attack are on the hydroxyl hydrogens 
and the hydroxyphenyl carbons (Fig. 4). (E)-coniferin sites 
for electrophilic attack on the methoxy and hydroxymethyl 
oxygen atoms and in the majority of the oxane ring while the 

site for nucleophilic attack are majorly the hydrogen atoms 
and the carbon atoms on methoxyphenoxy ring (Fig. 5). 
Isorhamnetin sites for electrophilic attack are on the carbon 
and hydrogen atoms in the entire molecule while its sites 
for nucleophilic attack are on the oxygen atoms in the entire 
molecule (Fig. 6). The sites for electrophilic attack of F0N 
are majorly on the carbonyl oxygen in the molecule while its 
sites for nucleophilic attack are on the nitrogen and hydro-
gens atoms on the pyrrolidine and indole rings (Fig. 7).

The ligands investigated here are largely electronegative 
(Figs. 4, 5, 6, and 7), except for F0N which shows more 
electropositive (blue part). This means that these compounds 

Table 5   The optimized structures and frontier molecular orbital maps of the lead molecules and F0N

Molecule Optimized structure HOMO map LUMO map

(+/-)-

Taxifolin

(E)-

Coniferin

Isorhamnetin

F0N
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Fig. 4   a A 3-D MEP of 
( ±)-Taxifolin (b) Surface elec-
trostatic potential of the KRAS 
protein

Fig. 5   a A 3-D MEP of (E)-
coniferin (b) Surface electro-
static potential of the KRAS 
protein

Fig. 6   a A 3-D MEP of Isor-
hamnetin (b) Surface electro-
static potential of the KRAS 
protein
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are likely to favour interactions from the electropositive part 
of the KRAS protein while F0N is likely to favour inter-
actions from the major electronegative part of the protein 
[49]. The positive–negative sites of these compounds and 
the interactions between the opposite ends of the compounds 
and the protein as well as the free energy of binding of the 
compounds might be the major contributing factors to the 
compounds’ stability as seen from the MD simulation.

3.6 � Drug Likeness

Oral bioavailability is an important factor in the develop-
ment of drugs. Lipinski's rule of five is a useful practice 
for evaluating a molecule's drug-likeness characteristics 
[50]. Table 6 shows the Lipinski's parameter values for 
top 3 compounds from molecular docking and F0N. The 
molecular weights, numbers of H-bond donors (HBD) and 
H-bond acceptors (HBA) to/from H2O molecules in aque-
ous solution, the topological polar surface area (TPSA) and 
the logarithm of the partition coefficient (ilogP) values are 
reported. The hit compounds and reference compound have 
zero Lipinski violation.

3.7 � Pharmacokinetics

The pharmacokinetics prediction was performed to deter-
mine how the hit compounds are absorbed, distributed, 

metabolised, and eliminated, as well as their potential tox-
icity. The evaluation results are shown in Table 7. The hit 
compounds of Citrullus lanatus, ( ±)-Taxiforin, (E)-Conif-
erin and Isorhamnetin demonstrated low absorption in the 
intestine via the Caco-2 permeability, which was likely due 
to their small molecular sizes. Except for (E)-Coniferin, the 
screen hit compounds demonstrated high intestinal absorp-
tion. Pharmacokinetics revealed that ( ±)-Taxiforin, (E)-
Coniferin, and Isorhamnetin have no BBB, except for F0N. 
They, including F0N, are all non-substrates and/or inhibitors 
of P-glycoprotein (P-GB). These compounds are found pri-
marily in the mitochondria.

Drug metabolism is an important property because it 
accounts for nearly 50% of drug excretion via Cytochrome 
P450 enzymes [51]. The therapeutic effects of a drug are 
highly dependent on metabolism [52, 53]. The most exten-
sively studied CYP450 enzymes, CYP1A2, CYP2C9, 
CYP2C19, CYP2D6 and CYP3A4/5, metabolise approxi-
mately 90% of all drug molecules [54, 55]. All the compounds 
are non-inhibitors of CYP2D6, except for F0N. ( ±)-Taxiforin, 
Isorhamnetin and F0N inhibit CYP1A2 while (E)-Coniferin is 
a non-inhibitor of CYP1A2. ( ±)-Taxiforin and (E)-Coniferin 
are non-inhibitors of CYP2C19 while Isorhamnetin and F0N 
are. Only Isorhamnetin inhibits CYP2C9 while others do not. 
Only F0N is a CYP2D6 inhibitor. ( ±)-Taxiforin and Isorham-
netin are inhibitors of CYP3A4 while (E)-Coniferin and F0N 
are not. (E)-Coniferin and F0N are substrates of CYP2C9 

Fig. 7   a A 3-D MEP of F0N (b) 
Surface electrostatic potential of 
the KRAS protein

Table 6   Drug-likeness 
properties of the screened 
compounds

Compounds Moleculer Weight H-bond 
acceptors

H-bond 
donors

TPSA iLOGP Violation

( ±)-Taxiforin 304.25 7 5 127.45 1.30 0
(E)-Coniferin 342.34 8 5 128.84 2.14 0
Isorhamnetin 316.26 7 4 120.36 2.35 0
F0N 317.38 2 3 56.92 2.39 0
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while ( ±)-Taxiforin and Isorhamnetin are not. None of all the 
molecules are substrates of CYP2D6 while all of them are 
substrates of CYP3A4 except ( ±)-Taxiforin.

Because of toxicity, many drug candidates fail before reach-
ing clinical trials [54]. The toxicity of Citrullus lanatus bioac-
tive molecules was determined by testing them for carcino-
genicity, hepatotoxicity, human ether-a-go-go inhibition and 
Ames mutagenesis. None of them is carcinogenic. Except for 
F0N, none of the compounds were shown to inhibit human 
ether-a-go-go. Except for ( ±)-Taxiforin, all other compounds 
were found to be toxic in Ames' test. All the compounds tested 
positive for high oral toxicity. All compounds were toxic to the 
liver (hepatotoxic), except for (E)-Coniferin. ( ±)-Taxiforin and 
F0N were toxic to the kidney and the respiratory system while 
(E)-Coniferin and Isorhamnetin are not. All compounds were 
toxic to the reproductive organs.

4 � Conclusion

The use of plants for treating diverse diseases has become 
popular owing to their abundance and safety. The bioac-
tive components of Citrullus lanatus were investigated for 

their potential anticancer activity via in silico approaches. 
Molecular docking revealed that ( ±)-Taxiforin, (E)-Conif-
erin and Isorhamnetin bind strongly to the active site of a 
KRAS receptor. Molecular dynamins simulation was used 
to ascertain their stability. The compounds were stable 
and have favourable interactions with the amino acid resi-
dues in the receptor. The reactivity descriptors and frontier 
molecular orbitals maps revealed that the molecules can 
interact with biological cells via different nucleophilic and 
electrophilic sites. Pharmacokinetics screening revealed 
that the molecules are safe, subject to further clinical and 
preclinical investigations.
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Table 7   Pharmacokinetics 
properties of the hit compounds 
and reference compound, F0N

Parameters/Compounds ( ±)-Taxiforin (E)-Coniferin Isorhamnetin F0N

Ames mutagenesis  +  - - -
Acute Oral Toxicity (c) II III III III
Blood Brain Barrier - - -  + 
Biodegradation - - - -
Caco-2 - - - -
Carcinogenicity - - - -
CYP1A2 inhibition  +  -  +   + 
CYP2C19 inhibition - -  +   + 
CYP2C9 inhibition - -  +  -
CYP2C9 substrate -  +  -  + 
CYP2D6 inhibition - - -  + 
CYP2D6 substrate - - - -
CYP3A4 inhibition  +  -  +  -
CYP3A4 substrate -  +   +   + 
Human Ether-a-go-go-Related 

Gene inhibition
- - -  + 

Human Intestinal Absorption  +  -  +   + 
Acute Oral Toxicity 2.401932 2.167878 2.222531 0.5765
P-glycoprotein inhibitior - - - -
P-glycoprotein substrate - - - -
Subcellular localization Mitochondria Mitochondria Mitochondria Mitochondria
Water solubility -2.99937 -1.20297 -3.22188 -2.4166
Hepatotoxicity  +  -  +   + 
Nephrotoxicity  +  - -  + 
Reproductive toxicity  +   +   +   + 
Respiratory toxicity  +  - -  + 
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