
Discovery of Novel Multiangiogenic Agents Targeting VEGFR2,
EphB4, FGFR-1, and TIE-2: Receptor-Based Pharmacophore
Modeling, Virtual Screening, and Molecular Modeling Studies
Jeevan Patra, Amit K. Keshari,* Richie R. Bhandare,* Afzal B. Shaik, Madison Parrot, and Shiru Lin

Cite This: ACS Omega 2025, 10, 13880−13897 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The angiogenesis phenomenon is crucial for the
formation of new blood vessels in cancer cells. The cancerous cells’
progress hampers other healthy cells. The main objective of this
study is to explore and decipher multimodal natural compounds
against VEGFR2, EphB4, FGFR-1, and TIE-2 drug targets to arrest
angiogenesis and progression. The receptor-based pharmacophore
modeling of VEGFR2, EphB4, FGFR-1, and TIE-2 was developed
and validated through enrichment parameters. Further, the
validated hypothesis allowed for screening druglike natural product
databases such as SuperNatural 3.0, COCONUT, and LOTUS.
The common pharmacophoric featured natural compounds were
assessed for binding affinities using absolute end-point methods. Finally, density functional theory has been studied to understand
the chemical reactivity and stability of the protein complexes. Among all of the screened natural compounds, 17 natural compounds
were found to align accurately against validated pharmacophore models having higher fitness scores and align scores. Taking
reference drugs sorafenib (VEGFR2), NVP-BHG712 (EphB4), pemiganitib (FGFR-1), and DP1919 (TIE-2), three promising
natural compounds CNP0003920, CNP0243075, and CNP0211397 were concluded based on their end-point binding energies,
binding interactions, molecular dynamics, and optimal pharmacokinetic and toxicity profiles. The density functional theory (DFT)
results suggested that the identified compounds bound with protein complexes are stable. Our findings can represent a promising
starting point for developing multimodal analogues VEGFR2, EphB4, FGFR-1, and TIE-2 proteins.

1. INTRODUCTION
Angiogenesis, the formation of new blood vessels from existing
ones, is a complex and dynamic process regulated by various
pro- and antiangiogenic molecules.1,2 It plays a crucial role in
tumor growth, invasion, and metastasis, making it an attractive
target for cancer therapy.1,3 Over the past decades, significant
progress has been made in understanding the molecular
mechanisms underlying tumor angiogenesis and developing
antiangiogenic therapies. One of the most widely studied
targets for antiangiogenic therapy is the vascular endothelial
growth factor (VEGFR) pathway, which promotes endothelial
cell survival, proliferation, and migration.4 VEGFR families
mainly consist of VEGFR-1, VEGFR2, and VEGFR-3. Among
all VEGFR families, VEGFR2 plays an essential role in tumor
angiogenesis in endothelial cells,5−7 and due to overexpression,
myriads of cancers are being developed.8−10 Studies suggested
that the erythropoietin-producing hepatocyte receptor B4
(EphB4) and its transmembrane-type ligand (ephrin B2) are
crucial for angiogenesis, vessel maturation, and pericyte
recruitment.11−14 The angiopoietin (TIE-2) and EphB4
proteins are essential for vessel stabilization,15 maturation,
remodeling of vasculature, vascular development,16 and
prognosis.17 The human FGFR comprises four isoforms that

are expressed on the cell membrane and have vital
physiological and pathological processes, such as proliferation,
differentiation, cell migration, survival, and angiogenesis.18

Among all four isoforms, FGFR-1 is overexpressed and
amplified in various cancers.19 Hence, it is believed that the
development of small molecules competitively binding at the
ATP binding site of FGFR-1 presents a promising approach for
cancer treatment. Several monoclonal antibodies such as
bevacizumab, ranibizumab, and pegaptanib and receptor
tyrosine kinase inhibitors (RTKs) targeting VEGFRs such as
sunitinib, sorafenib, regorafenib, and pazopanib have been
clinically approved for the treatment of various carcino-
mas.20−23 Despite having promising efficacy, their clinical
benefits are still limited due to the presence of adverse events,
acquired drug resistance, and tumor recurrence. For example,
bevacizumab antibody causes severe eye inflammation,24 while
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sunitinib causes thrombocytopenia and hypertension.25 These
challenges are conferred by targeting a single angiogenic
pathway. A few mounting evidences revealed that tumors
become refractory and bypass via a single pro-angiogenic factor
via compensatory activation of alternative pro-angiogenic
factors.26 Therefore, to address this multicompensatory
activation profile simultaneous inhibition and combinatorial
targeting of multiple pro-angiogenic RTKs is utmost essential.
Thus, in this present study, we undertook to identify inhibitors
that could be capable of having broader inhibition, targeting
critical sites in angiogenesis pathways. Many studies have been
reported showing multitargeted potent activity against these
targets. In recent years, multimodal agents have been
performed and validated using computational and biochemical
assays.27−32

Natural products could be attractive chemotypes for
addressing the challenges above due to their plethora of
benefits such as structural diversity,33 broader pharmacological
bioactivity, lesser toxicity,34 and minimal drug resistance35 over
the synthetic drugs. Hence, natural products serve as the
pivotal source for the development of new regimens in
ethnopharmacological research.36 Previously, a natural alkaloid
taspine conjugated with salicylaldoxime had been designed and
validated for its potency toward triple VEGFR2/TIE-2/EphB4
as antiangiogenic.37 This multitargeted antiangiogenic agent
offered possibility due to the structural similarity and globally
conserved region conformations of the VEGFR2, TIE-2, and
EphB4 proteins.38 In the RTKs structure, the highly conserved
aspartate-phenylalanine-glycine (DFG motif) triad represented
as an activation loop is essential for kinase activity,39 conserved
catalytic site binding with ATP, and ATP binding sites are
quite identical.
In this study, natural product databases are considered for

high-throughput virtual screening. The inclusion of NP-like
chemotypes alongside natural product databases in our
screening approach provides several strategic advantages in
drug discovery. NP-like compounds maintain beneficial
structural features and biological relevance while offering
improved synthetic accessibility and optimization potential

over natural products with complex structures.40−43 These
compounds effectively explore the adjacent chemical space
while retaining privileged scaffolds and pharmacophoric
elements of natural products, thereby filling crucial gaps in
the natural product chemical space.44 Furthermore, NP-like
compounds can be designed to better align with druglike
property requirements while preserving the characteristic
biological activity patterns of natural products.45,46 The
biology-oriented synthesis approach further supports the
rationale for including NP-like compounds in virtual screening
campaigns.47 They complement NP databases by providing
additional chemical diversity while maintaining biological
relevance. This comprehensive screening strategy enhances
our ability to identify potential NP-likeness multiangiogenic
inhibitors with favorable clinical-like candidates.
Structure-based virtual screening has been a benchmark in

the early-stage drug discovery paradigm. Several approaches
have been utilized, such as receptor-guided drug design, ligand-
based drug design, pharmacophore modeling, and similarity
chemical space explorations for the identification of potential
lead drugs. Pharmacophore modeling has been versatile due to
its conformational and developed hypothesis features explored
from the databases, which ease in screening the chemical
space.48 Virtual screening allows us to explore a vast chemical
space to acquire for biological evaluations. Utilizing multiple
parameters for screening virtual libraries embedded with
augmented molecular modeling became a holistic approach
for the identification of lead hits in early-stage drug
discovery.49,50

Encouraged by the above facts, in the present study, we
pioneered and unveiled the potential of NP-like chemotypes
against VEGFR2, EphB4, FGFR-1, and TIE-2 proteins (Figure
1). These are achieved by developing an energy-based
pharmacophore model using cocrystallized type-II RTK
inhibitors. Initially, the generated pharmacophore models are
utilized to screen virtually with natural databases tailored with
diverse scaffolds to satisfy high fold alignment. Further, the
commonly featured natural compounds were estimated for
their molecular binding behavior and binding free energies

Figure 1. Rationale design strategy and potential mechanisms of multitarget anti-angiogenic agents targeting VEGFR2, EphB4, FGFR-1, and TIE-2.
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using end-point methods. Finally, the best-identified hits were
assessed for stability analysis using molecular dynamics
simulations.

2. COMPUTATIONAL METHODOLOGIES
2.1. Structural Crystallography Preparations. The

crystallography structures of VEGFR2 (PDB ID: 4ASD),51

EphB4 (PDB ID: 6FNI),52 FGFR-1 (PDB ID: 7WCL),53 and
TIE-2 (PDB ID: 6MWE)54 cocrystallized with type-II
inhibitors were obtained from the RCSB PDB bank. For all
crystallography, only chain A was considered, and other chains
were removed. The crystallographic species such as heter-
oatoms, cofactors, and solvents were removed. The proteins
were analyzed to fill any missing loops and side chains using
Prime. The proteins were protonated at pH 7.0 ± 2.0 using
PROPKA. Further, the hydrogens were assigned, optimized,
and minimized until the system reached a RMSD less than 0.3
Å using the OPLS-4 force field.

2.2. Protein Sequence Alignment. The FASTA
sequences of all proteins were subjected to the MUSCLE
program55 to align and visualize the sequence similarity.
VEGFR2 is used as an input query template, and EphB4,
FGFR-1, and TIE-2 are used as input subject templates.

2.3. Virtual Database Curation and Preparations. The
database construction was performed based on the designed
workflow (Figure 2). In the current study, a virtual database

was constructed from COCONUT (COlleCtion of Open
Natural ProdUcTs),56 LOTUS,57 and SuperNatural 3.058

comprising 406,706, 290,000, and 449,058 natural compounds,
respectively. The common natural compounds, ambiguous

structures, and broken fragments were filtered by using the
RDKit program. The unique natural compounds (5,86,441)
were screened for pan assay interferences (PAINS) and rapid
elimination of swill (REOS) using False Positive Remover.59

Further, these filtered natural compounds (2,25,415) were
computed using the QikProp module to assess drug-likeness
(without Lipinski’s rule of five violations). From this stage,
only 53,415 natural compounds were preprocessed using the
LigPrep module. All possible ionizable states as well as
tautomeric forms in the pH range of 7.0 ± 2.0 were generated
using the Epik function of LigPrep. For each ligand, at most 32
conformers were generated by default, and low-energy
stereoisomers with correct chirality were engaged for further
study. The final virtual database is composed of 63,220 natural
compounds.

2.4. Development of Pharmacophore Hypothesis and
Validation. The e-pharmacophore function of the phase
module was used to develop the pharmacophore hypothesis of
all structural complexes.60,61 The chemical attributes such as
the hydrogen bond donor (HBD), hydrogen bond acceptor
(HBA), hydrophobic group (H), positive (P) and negative
(N) ionizable groups, and aromatic ring (R) were used to
generate e-pharmacophore sites. For validation, the active and
decoy sets of VEGFR2, EphB4, FGFR-1, and TIE-2 were
retrieved from DEKOIS 2.0 (demanding evaluation kits for
objective in silico screening) and Directory of Useful Decoys:
Enhanced (DUD-E) databases. These databases were prepared
by using default parameters present in the LigPrep module.
The validation of designed e-pharmacophore models is a
crucial step to validate accuracy and specificity in selecting
active reliable ligands using high-throughput screening from a
virtual database. The statistical parameters such as the
enrichment factor (EF), robust initial enhancement (RIE),
Boltzmann-enhanced discrimination of receiver operating
characteristic (BEDROC), accumulation curve (AUAC), and
receiving operating curve (ROC) were estimated based on the
respective active and decoy data sets.62

2.5. E-Pharmacophore-Based Database Screening.
The validated pharmacophore hypothesis models were
subjected to the natural product database screening (63,220
compounds) using default parameters of the phase module
(Figure 3). For the screening of natural compounds, initially,

Figure 2. Flowchart of virtual database preparations.

Figure 3. Workflow of phase screening for exploring common natural compounds.
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these were screened against all validated pharmacophore
hypothesis models. The screening was performed based on the
ligand matching at the conserved features (HBA, HBD,
hydrophobic, aromatic) and multiple quantitative parameters
such as the fitness score, align score, volume score, phase
screen score, and vector score. The database-screened
compounds against VEGFR2, EphB4, FGFR-1, and TIE-2
yielded 2846, 887, 432, and 349, respectively. The commonly
screened natural compounds against all e-pharmacophore
models were clustered based on the fitness/phase screen
score having a cutoff >0.1. These final common compounds
are composed of 17 compounds, which are used for binding
affinity studies.

2.6. Receptor Grid Generation. The receptor grid of all
proteins was generated using the receptor grid generation
function embedded in the Glide module. The grid detects the
cocrystallized ligands, which are centered to generate a three-
dimensional (3D) box that is represented as the active binding
site of the receptor. The gatekeeper, hinge loop, and DFG
motif residues were allowed to form rotatable bonds for the
formation of suitable interactions. The partial charge cutoff and
scaling factor were kept at 0.25 and 1.0, respectively.

2.7. Molecular Docking and Binding Free Energy
Estimation. The common 17 phase-screened natural
compounds were fed for the virtual screening with Glide XP
under the default parameters. For each ligand, three poses were
generated and the best-scoring states were considered for
postdocking analysis. The binding free energy was calculated
using the molecular mechanics generalized Born surface area
(MM-GBSA) method using the Prime module using default
parameters. The best-docked poses were minimized utilizing
the local optimization characteristics of Prime, and the energies
of the complexes were calculated using a generalized Born/
surface area (GB/SA) continuous solvent model under the
OPLS-4 force field. The MM-GBSA of docked complexes was
calculated using the equations:63

G E G Gbind MM solv SA= + +

E E E Ebind complex protein ligand=

where ΔEMM is the difference between the minimized energies
of the protein complexes and the sum of the minimized
energies of unliganded proteins with its inhibitor, ΔGsolv is the
difference between GBSA solvation energies of complexes and
the sum of the GBSA solvation energies of the unliganded
protein and inhibitor, and ΔGSA is the difference between
surface area energies of the complex and the sum of the surface
area of the unliganded enzyme bound with its inhibitor.

2.8. Molecular Dynamics Simulations. Molecular
dynamics (MD) simulation of protein−ligand complexes was
performed by Desmond to expound changes in the
conformation and stability of protein−ligand complexes
through multiple trajectories. First, the best-docked conformer
of protein−ligand complexes was introduced into Desmond.
All complexes were built using a system builder with a TIP5P
solvation model and neutralized using physiological salts at a
0.15 M concentration. Further, the systems were truncated in a
cubic box of 10 Å in each direction. Through the steepest
descent and limited memory of the Broyden−Fletcher−
Goldfarb−Shanno (BFGS) algorithm, the system energy was
reduced until reaching the gradient threshold of 25 kcal/mol/
Å. The system was relaxed at a temperature and pressure of
300 K and 1.01325 bar, respectively. The MD simulations were
performed for 100 ns for each 12 complexes in triplicates
under the NPT system, in which the trajectory was recorded
every 4.8 ps under the OPLS-4 force field.

2.9. Density Functional Theory. Density functional
theory (DFT) is used to determine and validate enzymatic
reaction mechanisms at the active binding sites. Electronic
effects of druglike candidates are highly essential for the
pharmacological effects. In this study, DFT was computed
using Gaussian of the best potent hits using Becke’s three-
parameter exchange potential and the Lee−Yang−Parr
correlation functional (B3LYP) theory with 6-31G* as the
basis set.64 The frontier molecular orbital (FMO) and
molecular electrostatic potential (MESP) were computed
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO).

Figure 4. Multiple sequence alignment of four receptor tyrosine kinases showing identical patterns highlighted in blue color.
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3. RESULTS AND DISCUSSION
3.1. Protein Structural Alignment. To assess the

rationale for finding potential multitargeted inhibitors, the
structural similarities of VEGFR2, EphB4, FGFR-1, and TIE-2
domains in the protein sequence and structure were initially
investigated. The multiple protein sequence similarities of
VEGFR2, EphB4, FGFR-1, and TIE-2 have higher similar
identities in all motifs and domains (Figure 4). The sequence
alignment between VEGFR2 and EphB4, FGFR-1, and TIE-2
showed similarities of 34.88, 37.38, and 32.28%, respectively.
The various domains such as the glycine-rich loop, conserved
glutamate, gatekeeper domain, hinge region, and DFG motif
are globally conserved and have high topological alignment
patterns at different residual positions.
Based on the protein sequence residue positions (Figure 5),

glycine-rich loop residues are positioned as follows: VEGFR2
at position 73, EphB4 at position 25, FGFR-1 at position 30,
and TIE-2 at position 24. The catalytic lysine residues are
located at position 102 in VEGFR2, position 54 in EphB4,
position 59 in FGFR-1, and position 54 in TIE-2. The
conserved glutamate residues at the C-α helix are positioned at
119 in VEGFR2, 71 in EphB4, 76 in FGFR-1, and 71 in TIE-2.
The gatekeeper residues are found at position 149 in VEGFR2,
position 97 in EphB4, position 107 in FGFR-1, and position 96
in TIE-2. Lastly, the DFG motifs are located between residue
positions 228 and 230 in VEGFR2, 161 and 163 in EphB4, 186
and 188 in FGFR-1, and 175 and 177 in TIE-2.
The crystallographic structural alignment of these proteins

also shows the lowest RMSD (Figure 6). The RMSD of
protein structural alignment between VEGFR2 and FGFR-1 is
1.762 Å (Figure 7A), between VEGFR2 and TIE-2 is 1.543 Å
(Figure 7B), between VEGFR2 and EphB4 is 1.914 Å (Figure
7C), between EphB4 and FGFR-1 is 1.965 Å (Figure 7D),
between FGFR-1 and TIE-2 is 1.914 Å (Figure 7E), and
between EphB4 and TIE-2 is 1.555 Å (Figure 7F).
The cocrystals of these crystallographic structures were

inspected, and it was confirmed that they possess all
interactions with the key residues of the DFG motif, C-α
helix, gatekeeper, and hinge region (Figure 3). The active site

of tyrosine protein kinases is divided into multiple subregions:
the hinge region (front pocket), the gatekeeper area, the hinge
region, conserved glutamate, and the hydrophobic allosteric
back pocket. Here, we represented these critical residues
surrounding the type-II cocrystallized ligands and their
interaction plots (Figure S1), which are responsible for the
angiogenesis catalytic activity. Based on the structural
crystallographic residue positions, the hinge loop region is
present in Cys919, Met696, Ala564, and Ala905 of VEGFR2,
EphB4, FGFR-1, and TIE-2 proteins, respectively. The DFG-
out motif is present in (Asp1046-Phe1047-Gly1048), (Asp768-
Phe759-Gly760), (Asp641-Phe642-Gly643), and (Asp982-
Phe983-Gly984) of VEGFR2, EphB4, FGFR-1, and TIE-2
proteins, respectively. The conserved glutamate is present in
the C-α helix-bearing residues Glu885, Glue664, Glu531, and
Glu872 of VEGFR2, EphB4, FGFR-1, and TIE-2 proteins,
respectively. The gatekeeper conserved glutamate residue is
adjacent to the hinge loop residue of Glu917, Glu562, Glu694,
and Glu903 of VEGFR2, EphB4, FGFR-1, and TIE-2 proteins,
respectively. To develop promising type-II antiangiogenesis,
ideally, inhibitors should form polar hydrogen-bonding
interactions with the hinge region residue and gatekeeper
area residue and hydrophobic interactions with the hydro-
phobic back pocket projecting toward DFG-out conformations
in all tyrosine kinase domains.

3.2. Pharmacophore Hypothesis Development and
Validation. The e-pharmacophore hypothesis has been
developed using the receptor−ligand complex of all proteins
composed of up to seven pharmacophoric features (Figure 8).
Among these seven features, we considered features that
interact with the hinge C-α, DFG motif, and gatekeeper
residues (Figure 9). The hypothesis is drawn from the binding
interaction pattern of cocrystal type-II inhibitors with these
residues. The developed pharmacophore hypothesis of the
VEGFR2 e-pharmacophore complex has two HBA and two
HBD features. The e-pharmacophore features of the EphB4
and FGFR-1 complexes have two HBA and one HBD features.
The e-pharmacophore features of the TIE-2 complex have two
HBA and two HBD features. Targeting these residues can

Figure 5. Multiple sequence alignment of four receptor tyrosine kinases representing the glycine-rich loop, hinge region, catalytic lysine, conserved
glutamate, gatekeeper, and DFG motif.
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result in exploring natural compound databases having
identical binding patterns as those of cocrystals.
The test set of active inhibitors and decoys was constructed

from the DUD-E and DEKOIS databases and was considered
to validate the performance of the developed pharmacophoric
models. The test sets were constructed at about 30:1 to mimic
the natural chemical space ratio between active and inactive
compounds. The test set of VEGFR2 contains 1240
compounds, of which 39 are active and 1201 are decoys.
The test set of EphB4 contains 1240 compounds, including 40
active decoys and 1200 decoys. The test set of FGFR-1
contains 8846 compounds, including 146 active and 8700
decoys. The test set of TIE-2 contains 1240 compounds,
including 40 active and 1200 decoys. The hypothesis validation
function of the phase module and the active and decoy sets
were imported for the partial matches of generated
pharmacophoric features of all e-pharmacophore complexes.
The statistical parameters such as EF, RIE, BEDROC, AUAC,
and ROC were estimated based on the respective active and

decoy data sets. Based on these parameters, we can recognize
active sets in early recognition and discourage random
selection. The enrichment analysis of these statistical
parameters showed confidence in validated hypothesis models
(Table 1).

3.3. Receptor-Based Guided Pharmacophoric Screen-
ing. To explore the curated databases and find accurate natural
compounds that can bind with the essential residues, validated
pharmacophore hypothesis models were aligned to interact
with maximum common pharmacophoric features (Figure 10).
These commonly aligned features were projected toward the
DFG-out, hinge, and gatekeeper residues intended for this
study. The screened natural compounds against VEGFR2,
EphB4, FGFR-1, and TIE-2 hypothesis models gave 2846, 887,
432, and 349 compounds, respectively. The final survived hits
from all targets were compared against each other to search for
common natural compounds, which resulted in 217 com-
pounds. These compounds had random alignment and fitness
scores. To confirm the validated virtual screening, these

Figure 6. Superposition of the protein backbone VEGFR2, EphB4, FGFR-1, EphB4, and TIE-2, which are represented in salmon red, cyan, violet,
and lime green colors, respectively.
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Figure 7. Pairwise structural alignment of VEGFR2, FGFR-1, EphB4, and TIE-2. The protein structural alignments between (A) VEGFR2 and
FGFR-1, (B) VEGFR2 and TIE-2, (C) VEGFR2 and EphB4, (D) EphB4 and FGFR-1, (E) FGFR-1 and TIE-2, and (F) EphB4 and TIE-2 are
represented based on their RMSD.
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compounds were further trimmed based on their fitness score,
achieving a score of more than 1.0. The resulting 17
compounds might have potential multiangiogenic inhibition

(Table 2), which were assessed for molecular interactions and
binding affinity studies.

3.4. Molecular Docking. To mimic the accurate poses of
the cocrystallized ligands and their molecular interactions at
the active binding pocket, the validation of cocrystals is the
foremost step before carrying out the intended molecular
docking studies to estimate their RMSD and binding affinities.
In addition to the binding affinities, we also considered the
nonbonded energy (NBE) parameter to assess the suitable
druglike candidate. The NBE estimates the flexibility
restrictions of the ligand to fit accurately inside the active
binding site conferred due to either the electrostatic or van der
Waals interactions.65−67 The hydrogen bonding (ΔGHbond) is

Figure 8. Receptor-based pharmacophore hypothesis showing the features of (A) VEGFR2, (B) EphB4, (C) FGFR-1, and (D) TIE-2 complexes.

Figure 9. Developed residue-based pharmacophore (receptor−ligand cavity) hypothesis models of (A) VEGFR2, (B) EphB4, (C) FGFR-1, and
(D) TIE-2 complexes.

Table 1. Enrichment Analysis of Validated E-
Pharmacophore Hypothesis Models

sr. no. hypothesis EF% BEDROC ROC AUAC

1 VEGFR2 18.98 0.88 0.95 0.94
2 EphB4 22.43 0.91 0.96 0.98
3 FGFR-1 15.18 0.95 0.93 0.89
4 TIE-2 8.63 0.88 0.90 0.82
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essential due to the formation of polar contacts with the DFG-
out motif and the gatekeeper glutamate residue. The lipophilic
(ΔGlipo) contacts are essential for interactions with the
conserved lysine and C-α helix hinge loop residues. Hence,
the binding affinity components of these parameters are also
considered in this present study. The cocrystallized ligands
were redocked with their respective tyrosine kinase proteins
and their binding affinities were computed for comparison with
the database used in this study. The redocked cocrystallized
ligands successfully reproduced the identical binding pattern
and achieved accurate poses (Figure 11) with the lowest
RMSD, hence confirming the validation (Table 3). Moreover,
the docked poses reproduced all of the essential interactions

within active binding hotspots achieved by the cocrystallized
ligands (Figure S1).
Molecular docking simulations were carried out for the 17

common compounds to evaluate their molecular binding
patterns and interactions against all four drug targets to
validate their proposed quartet inhibitory activity. All 17
compounds achieved accurate poses and the lowest RMSD
within the binding cavity. Despite the compounds having
aligned scores and good fitness scores, few compounds were
able to show improved binding scores and affinities. The
docking scores of 17 natural compounds were showing with a
range of −6.494 to −12.540 kcal/mol, −5.572 to −13.683
kcal/mol, −3.026 to −10.495 kcal/mol, and −6.486 to
−13.465 kcal/mol of VEGFR2, EphB4, FGFR-1, and TIE-2,

Figure 10. Developed e-pharmacophore hypothesis alignment between all.

Table 2. Best Common Hits Screened Out from the Aligned E-Pharmacophores

align score fitness score

cmpd. VEGFR2 EphB4 FGFR-1 TIE-2 VEGFR2 EphB4 FGFR-1 TIE-2

CNP0380350 0.109 0.317 0.183 0.063 2.552 2.101 1.634 2.590
CNP0415325 0.963 0.922 0.504 0.925 1.782 1.230 1.897 1.070
CNP0123154 1.031 0.118 0.224 0.780 0.636 1.958 1.476 1.217
CNP0003920 0.180 0.104 0.361 0.788 1.633 1.941 1.689 1.198
CNP0124351 0.972 0.334 0.408 0.836 1.834 1.440 1.911 1.176
CNP0258516 1.434 0.906 0.171 0.889 1.372 1.398 2.010 1.205
CNP0231313 0.880 0.112 0.779 0.577 1.959 2.080 1.625 1.346
CNP0303006 0.751 0.322 0.266 0.769 1.374 1.920 1.636 1.252
CNP0243075 0.821 0.237 0.246 0.771 1.909 1.734 1.592 1.381
CNP0227869 0.681 0.306 0.128 0.534 1.406 2.002 2.140 1.366
CNP0267500 0.532 0.298 0.388 0.391 1.445 1.825 1.854 1.405
CNP0392796 0.972 0.529 0.171 0.378 1.054 1.098 1.777 1.409
CNP0408548 0.665 0.366 0.560 0.879 1.131 1.516 1.756 1.460
CNP0286431 0.553 0.513 0.441 0.274 1.669 1.847 1.859 1.492
CNP0345218 1.266 0.183 0.469 0.457 1.472 1.989 1.769 1.528
CNP0344203 0.433 0.831 0.733 0.412 1.497 1.329 0.870 1.775
CNP0211397 0.431 0.350 0.756 0.410 1.611 1.942 1.310 1.913
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respectively. From the overall docking scores and binding
affinity results, compounds CNP0003920, CNP0243075, and
CNP0211397 (Figure 12) were found to have higher scores
than the cocrystallized ligands (Table 4). These three
compounds were estimated for the per-residue energy
decomposition based on their hydrogen and hydrophobic

interactions. The molecular binding interactions of natural
compounds showed consistent residual interacting energies
(Figures S2−S4). This is due to their accurate superimposition

(Figures S5−S7), thus possessing higher energies over the
cocrystallized ligands (Tables S1−S4).

Figure 11. Redocked cocrystal conformers (in orange) superimposed on the cocrystallized ligands of (A) VEGFR2, (B) EphB4, (C) FGFR-1, and
(D) TIE-2 PDB complexes.

Table 3. Redocked Score and Binding Affinities (kcal/mol) of Protein Complexes

proteins cocrystal GScore MM-GBSA NBE ΔGHbond ΔGlipo RMSD (Å)

VEGFR2 sorafenib −12.286 −94.28 −71.92 −2.68 −15.85 0.145
EphB4 NVP-BHG712 −13.138 −106.75 −63.92 −2.78 −19.85 0.105
FGFR-1 pemiganitib −7.350 −92.34 −70.92 −3.87 −21.85 0.009
TIE-2 DP1919 −12.894 −102.10 −63.16 −1.64 −19.14 0.177

Figure 12. Best-selected compounds for molecular dynamics and ADMET assessment.
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The morpholine and imidazole rings of CNP0003920
formed polar hydrogen bonds with the conserved glutamate
gatekeeper residues Glu917 (−57.90 kcal/mol), Glu664
(−56.97 kcal/mol), Glu531 (−60.40 kcal/mol), and Glu872
(−50.98 kcal/mol), which are having higher than the cocrystal
binding with Glu917 (−58.21 kcal/mol), Glu664 (−56.31
kcal/mol), Glu562 (−61.80 kcal/mol), and Glu903 (−59.26
kcal/mol) of VEGFR2, EphB4, FGFR-1, and TIE-2,
respectively (Figure 13). The hinge region residue forming
hydrogen bonds with Cys919 (−30.14 kcal/mol), Met696
(−36.97 kcal/mol), Ser565 (−28.81 kcal/mol), and Ala905
(−20.68 kcal/mol) has good binding energies as those of
cocrystals Cys919 (−32.67 kcal/mol), Met696 (−37.91 kcal/
mol), and Ala905 (−21.44 kcal/mol) of VEGFR2, EphB4, and

TIE-2, respectively. Interestingly, no formation of polar
contacts has been observed in the FGFR-1 complex with the
hinged Ser565 residue. Similarly, the distal carboxamide
moiety participates in aromatic hydrogen bonding and π−π
stacking with Phe1047 and Phe642 of the DFG motif in
VEGFR2 and FGFR-1, respectively, in addition to Asp758
(−55.57 kcal/mol) and Asp641 (−61.90 kcal/mol) of EphB4,
FGFR-1, and TIE-2 proteins, respectively.
The carboxamide group at the third position of the distal

pyridine ring exhibited polar hydrogen contacts with the
conserved glutamate gatekeeper residues Glu917 (−60.99
kcal/mol), Glu664 (−58.97 kcal/mol), and Glu872 (−56.66
kcal/mol), whereas the cocrystals binding with Glu917
(−60.99 kcal/mol), Glu664 (−58.97 kcal/mol), and Glu872

Table 4. Docking Score and MM-GBSA of Hits from the Common Pharmacophores

GScore (kcal/mol) MM-GBSA (kcal/mol)

cmpd. VEGFR2 EphB4 FGFR-1 TIE-2 VEGFR2 EphB4 FGFR-1 TIE-2

CNP0380350 −12.214 −8.766 −4.107 12.504 −100.26 −82.54 −64.47 −86.30
CNP0415325 −8.800 −9.250 −10.205 −10.594 −69.39 −60.69 −79.68 60.48
CNP0123154 −8.480 −9.882 −6.534 −8.847 −52.97 −68.44 −86.16 −66.83
CNP0003920 −12.344 −13.035 −9.107 −12.545 −100.81 −106.02 −92.34 −112.10
CNP0124351 −7.676 −5.709 −7.078 −7.796 −50.92 −60.94 −69.90 −66.11
CNP0258516 −10.474 −6.555 −4.352 −9.727 −63.51 −68.46 −67.64 −60.53
CNP0231313 −8.484 −7.466 −7.730 −8.906 −62.87 −71.65 −67.85 −77.44
CNP0303006 −8.723 −10.262 −5.948 −9.757 −51.50 −74.34 −112.53 −70.16
CNP0243075 −12.358 −13.617 −8.626 −12.137 −104.28 −107.85 −94.82 −116.44
CNP0227869 −10.043 −7.538 −9.193 −10.084 −60.26 −69.99 −74.17 −70.66
CNP0267500 −10.497 −8.890 −3.026 −9.569 −67.60 −80.05 −70.82 −70.97
CNP0392796 −10.594 −5.572 −7.411 −12.083 −72.03 −73.35 −74.32 −77.02
CNP0408548 −6.494 −7.329 −7.675 −6.486 −59.85 −61.99 −74.36 −68.96
CNP0286431 −10.760 −9.782 −7.281 −11.283 −71.31 −76.49 −78.03 −90.29
CNP0345218 −9.240 −8.069 −4.030 −9.539 −62.78 −65.93 −71.76 −73.21
CNP0344203 −10.086 −8.963 −5.868 −8.387 −69.76 −85.54 −87.53 −69.42
CNP0211397 −12.540 −13.683 −10.495 −13.465 −103.83 −109.85 −92.94 −116.28

Figure 13. Molecular interactions between CNP0003920 (in orange) with (A) VEGFR2, (B) EphB4, (C) FGFR-1, and (D) TIE-2 proteins.
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(−54.29 kcal/mol) of VEGFR2, EphB4, and TIE-2,
respectively (Figure 14). The hinge region residue forms
hydrogen bonds with Cys919 (−28.71 kcal/mol), Met696
(−37.28 kcal/mol), Ser565 (−29.10 kcal/mol), and Ala905
(−18.78 kcal/mol), having good binding energies as those of
cocrystals Cys919 (−32.67 kcal/mol), Met696 (−37.91 kcal/
mol), and Ala905 (−21.44 kcal/mol) of VEGFR2, EphB4, and
TIE-2, respectively. Interestingly, additional formation of polar
contacts has been observed in the FGFR-1 complex with the
hinge Ser565 residue. Similarly, the chloro-substituted phenyl
ring occluded toward the outside, forming hydrophobic

interactions with Asp1046 (−58.62 kcal/mol), Asp641
(−60.94 kcal/mol), and Asp982 (−60.67 kcal/mol) of
VEGFR2, FGFR-1, and TIE-2, respectively. Besides the DFG
binding motif, additional π−π stacking was observed with
Phe1047 (−36.86 kcal/mol) and the π-cation with Arg987
(−59.90 kcal/mol).
The gatekeeper glutamate residue exhibiting hydrogen

bonding with Glu918 (−58.03 kcal/mol), Glu664 (−55.42),
and Glu872 (−54.54 kcal/mol) showed higher binding than
Glu917 (−58.21 kcal/mol) and Glu903 (−59.26 kcal/mol) of
VEGFR2 and TIE-2, respectively (Figure 15). The hinge

Figure 14. Molecular interactions between CNP0243075 (black) with (A) VEGFR2, (B) EphB4, (C) FGFR-1, and (D) TIE-2 proteins.

Figure 15. Molecular interactions between CNP0211397 (in blue) and (A) VEGFR2, (B) EphB4, (C) FGFR-1, and (D) TIE-2 proteins.
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region residue forming hydrogen bonds with Met696 (−38.90
kcal/mol), Ser565 (−28.34 kcal/mol), and Ala905 (−21.56
kcal/mol) showed similar binding patterns as those of
cocrystals Met696 (−37.91 kcal/mol) and Ala905 (−21.44
kcal/mol) of EphB4, FGFR-1, and TIE-2, respectively. The
central phenyl moiety of CNP0211397 has been crucial for
forming interactions with the DFG-out binding motif.
Specifically, the DFG-out residues Asp1046 of VEGFR2
(−58.69 kcal/mol), Asp758 of EphB4 (−53.90 kcal/mol),
and Asp982 of TIE-2 (−60.55 kcal/mol) contribute
significantly to these interactions.
From the binding interaction analysis, the phenyl carbox-

amide ring fits in the gatekeeper area stabilized via hydrogen-
bonding interactions. The imidazole ring actively interacts with
side-chain carboxylate of glutamate residues of the αC helix
and aspartate residues of the conserved DFG motif. The

substituted aryl moieties are accommodated and projected
toward the hinge region interacting with most of the target
compounds through hydrogen bonding. A few key hydro-
phobic interactions, such as Val848, Ala866, Val916, and
Leu1035 of VEGFR2; Ala645, Phe671, Ile677, Val629,
Met668, and Thr693 of EphB4; Val492, Ile545, Leu630,
Ala640, Ala512, and Val561 of FGFR-1; and Leu971, Ala981,
Leu876, Ile830, and Ala853 of TIE-2, were involved with the
side chains in the hinge region and toward the allosteric back
pocket. Many reports corroborate our docking simulation
findings that the presence of aryl groups such as morpho-
line,68,69 pyridine,70,71 fluorophenyl,72,73 carboxamide-based
scaffolds,74 and urea68,75−77 has a great potential for the
development of antiangiogenic inhibitors. Hence, the selected
natural compounds from the developed and validated
pharmacophore hypothesis models confirm the potential role

Figure 16. Binding affinities of best-selected natural compounds and the standard control against (A) VEGFR2, (B) EphB4, (C) FGFR-1, and (D)
TIE-2 proteins.

Figure 17. RMSD trajectories of CNP0003920, CNP0243075, and CNP0211397 complexed with (A) VEGFR2, (B) EphB4, (C) FGFR-1, and
(D) TIE-2 proteins.
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of angiogenesis inhibitors. Further, a comparative binding
affinity assessment was made for these compounds with the
cocrystallized ligands (Figure 16). The binding components
such as ΔGHbond, ΔGlipo, ΔGSolv (solvation energy), and
nonbonded energies (ΔGcoul and ΔGvdW) were showing higher
binding affinities than the cocrystals.

3.5. Molecular Dynamics Simulations. The molecular
dynamics simulations were performed in triplicate for up to
100 ns and their deviations were small and nonsignificant. All
of the complexed ligands showed a consistent RMSD
throughout the simulation course (Figure 17). Initially, a few
distortions were observed for up to 30 ns, especially with the
CNP0003920 and CNP0243075 ligands. This could be due to
the proper adjustment of compactness for stabilization inside
the binding pocket. The RMSD of complexes with the
CNP0003920 ligand plateaued until equilibration was achieved
within the first 30 ns, and they ceased undergoing significant
conformational changes. The average RMSDs achieved were
1.86 ± 0.21 Å, 1.89 ± 0.17 Å, 1.65 ± 0.20 Å, and 2.16 ± 0.37 Å
with VEGFR2, EphB4, FGFR-1, and TIE-2, respectively.
Similarly, CNP0243075 also exhibited a few distortions,
indicating that the ligand attempts to maintain its accurate
pose stability inside the pocket. The CNP0003920 ligand
bound with proteins achieved average RMSDs of 2.13 ± 0.18
Å, 1.50 ± 0.33 Å, 2.02 ± 0.37 Å, and 1.46 ± 0.20 Å with
VEGFR2, EphB4, FGFR-1, and TIE-2, respectively. In contrast
to these two ligands, CNP0211397 showed a better RMSD

and pose stability that maintained average RMSDs of 1.21 ±
0.14 Å, 2.20 ± 0.13 Å, 1.89 ± 0.17 Å, and 1.14 ± 0.13 Å with
VEGFR2, EphB4, FGFR-1, and TIE-2, respectively.

3.6. Density Functional Theory. The frontier molecular
spin orbitals HOMO and LUMO of chemical species are
essential for the reactivity and stability of the protein−ligand
interaction. The HOMO energy represents the inhibitors that
can donate electrons during the protein complex formation,
while the LUMO energy manifests the inhibitors to accept the
electrons from the enzymes. The orbital energy of stable hit
molecules is computed using DFT. The frontier between
HOMO and LUMO energy orbitals enumerated the excitation
energy of the electrons. The correlation of higher binding
affinities concerning the electronic energies suggests that the
HOMO electrons transfer to the lower LUMO in the active
site of proteins. The HOMO−LUMO energy gap of all hits
was very less significant between −0.072 and −0.182 eV
(Figure 18). The electronic densities around the nuclei surface
are expressed by the MESP. The negative surface (red)
signifies the electron-rich regions, and the positive surface
(blue) signifies the electron-deficient regions. The MESP
exhibited low and high electron densities, which can
correspond with the molecular interactions, which can be
corroborated with our research findings. At the active binding
site, these densities fall at the accurate region of the compound,
which formed interactions with the catalytic ATP binding site
(DFG motif), c-α residues at the hinge region, and conserved

Figure 18. Frontier molecular orbitals of potent hits representing the electronic energies of the HOMO and LUMO. The energy gaps between the
HOMO and the LUMO are represented on the arrow.
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glutamate residue. The MESP of compounds CNP0003920,
CNP0243075, and CNP0211397 were −41.20, −36.78, and
−43.38 kcal/mol, respectively.

3.7. Physicochemical and ADMET Assessment. The
best-selected compounds CNP0003920, CNP0243075, and
CNP0211397 were assessed for physicochemical and pharma-
cokinetic profiling (Table 5). All three compounds exhibited

predicted solubility within the acceptable limits (0.5 to −4 log
mol/L). The partition coefficient shows higher lipophilicity,
exceeding the optimal range of 0−3 for the selected molecules.
All compounds demonstrated favorable Caco-2 permeability.
The predicted probability of being a P-gp substrate and an
inhibitor is within optimum limits. The therapeutic window

absorption (human intestinal absorption) is acceptable within
the limits. This correlation can be attributed to the plasma
protein binding (PPB) and blood plasma fractions, directly
influencing human intestinal absorption. A higher PPB (>90%)
results in a lower volume of drug distribution in blood plasma
leading to a lower absorption rate. Compound CNP0003920
showed higher PPB compared to other selected compounds,
which led to a lower drug distribution (0.538) and a higher
clearance time (4.981). The half-life of the CNP0211397
compound was reasonably higher than others. In terms of
toxicity parameters, based on the probability of all parameters,
the selected compounds showed very low probability values
and had lower adverse risks.

4. CONCLUSIONS
In the present study, we unveiled the simultaneous angiogenic
inhibition profile using the NP-likeness database against
multimodal VEGFR2, EphB4, FGFR-1, and TIE-2 inhibition
using receptor-based pharmacophore modeling. The results
showed that 17 common compounds mapped well onto the
features of our designed pharmacophore models that could
bind effectively with the gatekeeper, hinge, ATP-catalytic, and
DFG motif residues. After thorough screening, three
compounds CNP0003920, CNP0243075, and CNP0211397
were demonstrated to have better docking scores, binding
modes, and favorable physiochemical and ADMET properties.
These three compounds were then subjected to 100 ns long
MD simulations to assess their molecular stability and binding
energy using the MM-GBSA end-point method. However, after
careful analysis of their stability inside the active binding
pocket during molecular dynamics simulations, it was found
that all compounds retained similar forms of stable
interactions. In comparison with the reference clinical
candidates sorafenib, NVP-BHG712, pemiganitib, and
DP1919, the screened derived natural compounds can
effectively target VEGFR2/EphB4/FGFR-1/TIE-2 proteins.
These compounds are assumed to effectively block the
angiogenesis pathway and reduce the angiogenesis process.
The three derived NP-like candidates can be considered
potential candidates for further exploration in designing novel
quartet-kinase inhibitors. The biological evaluations of these
compounds are still underway and will be reported elsewhere.
Our results may contribute as a novel regimen to the discovery
of novel antiangiogenesis chemotypes for the intervention of
pathological angiogenesis-related diseases.
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Molecular interactions of VEGFR2, EphB4, FGFR-1,
and TIE-2 PDB complexes (Figure S1); molecular
interactions of CNP0003920 with VEGFR2, EphB4,
FGFR-1, and TIE-2 proteins, respectively (Figure S2);
molecular interactions of CNP0243075 with VEGFR2,
EphB4, FGFR-1, and TIE-2 proteins, respectively
(Figure S3); molecular interactions of CNP0211397
with VEGFR2, EphB4, FGFR-1, and TIE-2 proteins,
respectively (Figure S4); molecular overlay between
CNP0003920 and cocrystals of all proteins (Figure S5);
molecular overlay between CNP0243075 and cocrystals
of all proteins (Figure S6); molecular overlay between

Table 5. Physicochemical Properties and ADMET
Assessment of CNP0003920, CNP0243075, and
CNP0211397a

sr.
no. parameters CNP0003920 CNP0243075 CNP0211397

1 molecular weight
(g/mol)

460.17 441.94 482.08

2 hydrogen bond
donor

2 3 3

3 hydrogen bond
acceptor

7 7 7

4 no. of rotatable
bonds

8 7 9

5 total polar surface
area (Å)

79.48 135.46 92.35

6 solubility (mol/L) −4.029 −3.015 −3.463
7 partition coefficient

(log Po/w)
3.48 1.526 4.685

8 distribution
coefficient (logD)

3.107 1.961 3.81

9 Caco-2 permeability
(cm/s)

−4.734 −5.113 −5.265

10 p-gp substrate 0.140 0.281 0.005
11 p-gp-inhibitor 0.031 0.003 0.971
12 human intestinal

absorption
0.0 0.001 0.0

13 plasma protein
binding (%)

95.106 57.867 89.237

14 volume of
distribution (L/kg)

0.538 0.06 0.197

16 clearance
(mL/min/kg)

4.981 4.528 2.549

17 half-life (t1/2) 0.601 0.991 1.513
18 rat oral acute toxicity 0.277 0.743 0.357
19 cardiotoxicity 0.697 0.619 0.562
20 drug-induced liver

injury
0.994 0.998 0.999

21 skin sensitization 0.004 0.177 0.133
22 carcinogenicity 0.409 0.862 0.065
23 eye

irritation/corrosion
0.037 0.033 0.0

24 respiratory toxicity 0.621 0.515 0.502
25 AMES mutagenicity 0.265 0.853 0.398
26 hepatotoxicity 0.943 0.916 0.896
27 nephrotoxicity 0.998 0.924 0.991
28 hematotoxicity 0.4 0.742 0.766
29 genotoxicity 1.0 1.0 1.0
30 neurotoxicity 0.947 0.991 0.844

aHere, P-gp inhibitors/substrates, human intestinal absorption (HIA),
metabolism, half-life, and toxicity are predicted in probability values
scaled between 0 (poor) and 1 (excellent).
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CNP0211397 and cocrystals of all proteins (Figure S7);
per-residue decomposition of selected natural com-
pounds with VEGFR2 (Table S1); per-residue decom-
position of selected natural compounds with EphB4
(Table S2); per-residue decomposition of selected
natural compounds with FGFR-1 (Table S3); and per-
residue decomposition of selected natural compounds
with TIE-2 (Table S4) (PDF)
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