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Structure activity relationships of chrysoeriol and analogs
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Abstract. Vascular endothelial growth factor receptor 2
(VEGFR?2) and c-Met are tyrosine kinases, which are involved
in the tumorigenesis of various types of cancer. Previous
studies have demonstrated that the elevated activation of c-Met
is associated with the drug resistance of VEGFR2 inhibi-
tors. Therefore, dual c-Met and VEGFR2 kinase inhibitors
are expected to overcome VEGFR2 inhibitor resistance and
subsequently lead to a superior therapeutic outcome to regular
VEGFR?2 inhibitors. In the present study, it was found that
chrysoeriol, which can be extracted from several natural plants,
was a potential dual c-Met and VEGFR?2 kinase inhibitor. The
results of docking experiments revealed that chrysoeriol was
able to efficiently bind in the active site cavity of c-Met and
VEGFR?2. The results of enzymatic assays showed relatively
high binding affinities of chrysoeriol to c-Met (K,=12 yuM)
and VEGFR?2 (K,=11 uM). The structure activity relationships
(SARs) of chrysoeriol and its analogs were investigated using
pharmacological and molecular docking experiments. To the
best of our best knowledge, the present study is the first to
report a natural product with both c-Met and VEGFR?2 inhibi-
tory profiles, and provides insights into future dual c-Met and
VEGFR?2 kinase inhibitor development.
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Introduction

Vascular endothelial growth factor receptor 2 (VEGFR?2) is
a tyrosine kinase receptor, mainly expressed in endothelial
cells. In several types of solid tumor, VEGFR?2 is critical in
tumor angiogenesis, allowing tumor cells to receive sufficient
nutrients and oxygen to grow. The inhibition of VEGFR2 has
been shown to cause hypoxia and necrosis of solid tumors (1).
Therefore, VEGFR?2 has become a promising target for tumor
treatment (2). Unfortunately, patients can develop resistance
to VEGFR?2 inhibitors and this resistance correlates with
poor prognosis. It is suggested that the mechanism underlying
this resistance involves c-Met (1). The inhibition of VEGFR2
causes tumor hypoxia and activates the hypoxia inducible
factor la regulatory pathway, leading to enhanced expression
of c-Met, which can promote tumor metastasis and establish
a vicious circle of hypoxia and malignant metastasis (1).
Therefore, the inhibition of c-Met may have the potential to
overcome the resistance to VEGFR?2 inhibition.

Dual c-Met and VEGFR?2 kinase inhibitors have attracted
considerable attention in studies (3-5). c-Met is a tyrosine
kinase receptor for hepatocyte growth factor and has become
an important target for the treatment of several types of solid
tumor (6). The activation of c-Met is associated with several
physiological processes, including cell proliferation, survival,
morphogenesis and angiogenesis (7). Studies have shown
the upregulation of c-Met in various type of cancer, which
correlates with a poor prognosis. Therefore, c-Met inhibitors
have been used to treat patients and have produced beneficial
results (8). Previously, it was found that c-Met and VEGFR2 act
synergistically in several types of cancer, and they share partial
signal pathways (9-11). Therefore, dual c-Met and VEGFR2
kinase inhibitors have the potential to improve therapeutic
outcomes. To date, several dual c-Met and VEGFR2 inhibitors
are available for clinical use (10), however, their selectivity is
low and they cause several side effects, which are due to their
relatively simple structures of either quinolones/quinazolines
or pyridine. Therefore, the development of a novel structure
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model for a dual c-Met and VEGFR2 kinase inhibitor is
important for tumor treatment.

At present, several natural compounds are being used as
chemopreventive agents for cancer, and there is increasing
interest in identifying the antitumor activity of these
agents (12,13). However, no natural products have been
identified with an inhibitory profile towards both c-Met and
VEGFR2. Therefore, the present study aimed to identify
natural products that can be used as leading compounds
for dual c-Met and VEGFR?2 kinase inhibitor development
through virtual screening technology against a natural product
database. It was found that chrysoeriol (CAS no. 491-71-4),
a natural product, had relative high binding-affinity to both
VEGFR?2 (K =11 yuM) and c-Met (K,=12 yuM). Pharmacological
and molecular docking experiments were also performed
to investigate the structure activity relationships (SARs) of
chrysoeriol and its analogs. To the best of our knowledge, the
present study is the first to report a natural product with both
c-Met and VEGFR?2 inhibitory profiles. The SAR results of
this lead compound and analogs have the potential to provide
insights into the development of potent dual c-Met and
VEGFR?2 inhibitors.

Materials and methods

Software and database use. All calculations were performed
using the Dell PowerEdge R900 workstation (Dell, Inc.
Round Rock, TX, USA) under the Redhat 5.0 platform. The
pharmacophore construction and virtual screening process
were performed in Discovery Studio 3.0 (DS 3.0; Accelrys
Software, Inc., San Diego, CA, USA). The binding modes
of the compounds with protein were displayed in Discovery
Studio 4.0 (DS 4.0; Accelrys Software, Inc.). The crystal
structures of c-Met (PDB code: 3CTJ) and VEGFR2 (PDB
code: 3VHE) were downloaded from the RCSB Protein Data
Bank (PDB) (14-16). The Traditional Chinese Medicine
(TCM) database (http://tcm.cmu.edu.tw/) from ZINC was
used for screening.

Structure-based virtual screening. In the screening process
for dual c-Met and VEGFR?2, the crystal structure for c-Met
(PDB code: 3CTJ) and the crystal structure for VEGFR2 (PDB
code: 3VHE) were used for the pharmacophore construc-
tion. The pharmacophore construction process of c-Met was
performed as follows. Firstly, 3CTJ was prepared by using
the Protein Wizard in DS 3.0. This protein prepared process
included cleaning water molecules, missing residues and adding
hydrogen atoms. Subsequently, the receptor-ligand based
pharmacophore was constructed using the Receptor-Ligand
Pharmacophore Generation module of DS 3.0. The crystal
structure (PDB code: 3VHE) was used for the pharmacophore
construction process of VEGFR2, and the details of the process
were similar to those for c-Met. Subsequently, the pharma-
cophore model which met the interaction model reported in
previous articles was selected as the pharmacophore for c-Met
or VEGFR2 (14,16). These two pharmacophore models were
validated with several compounds, which had been identified
as c-Met or VEGFR2 inhibitors. Subsequently, these two phar-
macophore models were imported to the Search 3D database
module of DS 3.0 to search the TCM database.
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The screening results for dual kinase inhibitors
were subsequently imported into X-score version 1.3
(http://www.sioc-ccbg.ac.cn/?p=42) to predict their binding
energy. According to the values of the binding energy, the
top 10 structures for each model were selected for further
analysis. The compounds that met the following conditions
were considered as potential dual VEGFR2 and c-Met kinase
inhibitors: Compounds must be selected out by both the c-Met
and VEGFR2 pharmacophore models; the compounds must fit
into the two pharmacophores. Additionally, certain measures
of the ligand-receptor interaction in these compounds were
analyzed manually. These measures included clashes with
residues in the active sites of kinase protein; interactions
with important residues (Cys919, Glu 885 and Asp 1086 for
VEGFR?2; Asp 1222 and Met 1160 for c-Met) and hydrophobic
interaction.

Bioassay at the molecular level. The kinase assays of c-Met
and VEGFR2 were performed using the KINOMEscan™
screening platform (17,18). Binding reactions were assembled
by combining kinases, liganded affinity beads, and test
compounds in 1X binding buffer (20% SeaBlock, 0.17X PBS,
0.05% Tween-20 and 6 mM DTT). The test compounds were
prepared as 40X stocks in 100% DMSO and directly diluted
into the assay. All reactions were performed in polypropylene
384-well plates in a final volume of 0.02 ml. The assay plates
were incubated at room temperature with shaking for 1 h and
the affinity beads were washed with wash buffer (1X PBS and
0.05% Tween-20). The beads were then re-suspended in elution
buffer (1X PBS, 0.05% Tween-20 and 0.5 M non-biotinylated
affinity ligand) and incubated at room temperature with
shaking for min. The kinase concentration in the eluates was
measured by quantitative polymerase chain reaction analysis as
previously described (17,18). In the preliminary experiments,
the compounds were screened at the concentration 10 yM,
and the results for primary screen binding interactions are
reported as ‘% Ctrl’, where lower numbers indicated stronger
hits. In the subsequent K,-determining assay, the compounds
were screened at a series of concentrations under the condition
of 10 uM kinase protein. All the kinase assays were repeated
three times to confirm results.

Statistical analysis. All statistical analyses were performed in
SPSS version 21.0 (IBM SPSS, Armonk, NY, USA). Student's
t-test was used to evaluate the difference between groups. All
tests were two-sided and P<0.05 was considered to indicate a
statistically significant difference.

Structure preparation for molecular docking. The crystal
structures of c-Met (PDB code: 3CTJ) and VEGFR2 (PDB
code: 3VHE) were used for molecular docking. The proteins
of 3CTJ or 3VHE were processed in DS 3.0. First, the water
molecules and other nonsense small molecules were cleaned.
Second, the residues and loop segments were deleted and all
hydrogen atoms were added.

Molecular docking screening. The LibDock module in
DS 3.0 was used for docking screening. The prepared c-Met
and VEGFR?2 structures were imported into DS 3.0, and the
small molecules were docked into the corresponding protein,
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Figure 1. Pharmacophoric description of ligand (green for H bond acceptor group, purple for H bond donor group and blue for hydrophobic group).
(A) Pharmacophore feature for 3CTJ; (B) pharmacophore feature for 3VHE; (C) pharmacophore model for 3CTJ; (D) pharmacophore model for 3VHE.

Table I. Predictions of binding energy with candidate compounds.

Compound Binding energy with Binding energy with Fit value of Fit value of
(CAS no.) VEGFR2 (kcal/mol) c-Met (kcal/mol) VEGFR2 (3VHE) c-Met (3CTJ)
Ref -9.36 -9.58

491-71-4 -7.89 -8.48 4.14170 4.27562
572-31-6 -8.11 -7.58 4.13896 4.23563
79995-67-8 -7.58 -8.81 4.05977 4.16375
34444-37-6 -6.94 -7.51 3.98707 4.13593
63644-62-2 -6.73 -8.11 3.89755 4.12793
37831-70-2 -6.15 -6.65 3.68365 3.99841
61276-17-3 -6.54 -9.28 3.64415 3.74544
61303-13-7 -6.36 -8.22 3.63678 4.27562

VEGFR?2, vascular endothelial growth factor receptor 2.

as required. The docking results were analyzed using DS 4.0
and the results were visualized using PyMol (version 1.7.x;
Schrodinger, New York, NY, USA).

Results

Structure-based virtual screening. To determine potential dual
c-Met and VEGFR?2 kinase inhibitors, structure-based virtual
screening was performed in DS 3.0 against the TCM database,
which contained almost 30,000 natural compounds. In the
pharmacophore construction process, it was found that the
structure and the pharmacophore features of 3CTJ (Fig. 1A)
were similar to those of 3VHE (Fig 1B). Therefore, it was
hypothesized that the compounds meeting the pharmacophore
features of 3CTJ and 3VHE may inhibit the activity of c-Met
and VEGFR2. Therefore, two pharmacophore models were
constructed based on the crystal structure of 3CTJ and 3VHE,
and virtual screening for each model was performed, respec-
tively (Fig. 1C and D).

Subsequently, the two models described above were
evaluated in the prepared TCM database in DS 3.0, and
>200 molecules were retained. All of these molecules were
subjected to protein-ligand binding energy prediction using
XSCORE software. These compounds were then ranked
based on the values of predicted binding energy. The highest
20 ranked compounds for each pharmacophore model were
used for further analysis. Following a series of analytical
processes, eight natural compounds were selected as the
candidates (Table I). These candidates were purchased for the
subsequent pharmacological experiments.

Bioassay validation. Preliminary screening using the
KINOMEscan system was used for primary screening, the
results of which are shown in Table II. Among the candidates,
chrysoeriol (CAS no. 491-71-4) showed desirable binding to
both c-Met and VEGFR2. Therefore, chrysoeriol was selected
as a potential dual VEGFR2 and c-Met kinase inhibitor
for further assessment using a dose-response experiment.
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Figure 2. Curve of affinity of chrysoeriol towards c-Met and VEGFR2. The kinase concentration in the eluates was measured by quantitative polymerase
chain reaction analysis. The compounds were screened under the condition of 10 M kinase protein. VEGFR2, vascular endothelial growth factor receptor 2.

Table II. Preliminary experiment results of binding of candi-
date compounds.

Compound c-MET VEGFR2
(CAS no.) (% ctrl at 10 uM) (% ctrl at 10 uM)
491-71-4 47 55
572-31-6 97 100
79995-67-8 74 100
34444-37-6 87 100
63644-62-2 88 100
37831-70-2 88 100
61276-17-3 84 100
61303-13-7 84 100

VEGFR2, vascular endothelial growth factor receptor 2; ctrl, control.

The dose-response curves are shown in Fig. 2. The average
K, value for chrysoeriol to VEGFR2 and c-Met were
11 and 12 um, respectively. These results indicated that chrys-
oeriol was a promising leading compound for further structure
optimization.

Molecular docking. To elucidate the interaction of chrysoeriol
with c-Met and VEGFR2, molecular docking was performed.
The binding modes of chrysoeriol with c-Met and VEGFR2
were analyzed using PyMol (version 1.7.x; Schrodinger) and
DS 4.0, and the results are shown in Fig 3A-D. The confor-
mation of chrysoeriol showed a good fit with the c-Met and
VEGFR2 active shape. In addition, chrysoeriol showed
interaction with the critical amino acid residue of the c-Met
and VEGFR2 kinase proteins. The H-bonds and hydrophobic
contacts were shown to be important for the interactions
between chrysoeriol and kinase proteins. The binding modes
were beneficial to discern the critical groups and are useful as
templates for further structure optimization.

It was found that three compounds with similar struc-
tures showed distinct binding affinities toward c-Met and
VEGFR2 (Fig. 4). Upon dual kinase inhibitor screening,
engeletin (CAS no. 572-31-6) showed no inhibitory activity

towards c-Met or VEGFR2, whereas chrysoeriol showed
almost 50% binding to c-Met and VEGFR2 with 10 uM
kinase protein (P<0.01). Blumeatin B (CAS no. 79995-67-8)
showed weaker binding to c-Met than engeletin, and showed
negligible binding to VEGFR2 (P<0.01). To understand the
SARs of these three compounds, molecular docking was
performed, the results of which are shown in Fig. SA-D. Based
on the results shown in Fig. 5A and B, the modes of interaction
of chrysoeriol and engeletin with c-Met and VEGFR2 were
investigated. Engeletin is a classical flavanonol compound, and
chrysoeriol is a flavanonol analogue. The interactions among
these three compounds, c-Met and VEGFR2 and SARs are
discussed below.

Discussion

It is well established that a number of solid tumors obtain
oxygen and nutrients by angiogenesis through various key
kinase proteins expressed in several tissues. As inhibitors
that target only VEGFR2 can result in a feedback increase
of c-Met, which is associated with distant metastasis, dual
c-Met and VEGFR2 kinase inhibitors are considered as more
efficient therapeutics. However, no natural products have been
identified to inhibit both c-Met and VEGFR2 kinase activity.
Therefore, the present study aimed to identify natural products
as leading compounds for the development of dual c-Met and
VEGFR?2 kinase inhibitors.

In the present study, potential dual c-Met and VEGFR2
kinase inhibitors were examined using virtual screening
technology. In the screening process, eight compounds
were selected as candidates. The results from enzymatic
assays showed that the binding-affinities of chrysoeriol to
c-Met and VEGFR2 were relatively high with K, values of
12 and 11 pm, respectively. The results from the docking
experiments revealed that chrysoeriol was able to bind effi-
ciently to the active binding cavities of c-Met and VEGFR2.
Taken together, these results indicated that chrysoeriol was a
potential dual c-Met and VEGFR?2 kinase inhibitor. Engeletin
and blumeatin B, which have structures resembling that of
chrysoeriol, showed markedly lower binding affinities. To
understand their SARs, molecular docking was performed in
DS 3.0 and the results are shown in Fig. 5. There is a glucoside
structure on the side chain, and polarity was higher than the
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Figure 3. Interaction model of chrysoeriol with c-Met and VEGFR2. (A) Interaction of chrysoeriol with c-Met. The H bonds between chrysoeriol and c-Met
are shown as green dashed lines. (B) Surface representations of c-Met in complex with chrysoeriol. (C) Interaction of chrysoeriol with VEGFR2. The H bonds
between chrysoeriol and VEGFR?2 are shown as green dashed lines. (D) Surface representations of VEGFR2 in complex with chrysoeriol. VEGFR?2, vascular

endothelial growth factor receptor 2.

Engeletin
CAS:572-31-6

Chrysoeriol
CAS:491-71-4

Blumeatin
CAS:79995-67-8

Figure 4. Structures of chrysoeriol, engeletin and blumeatin B.

substituent group located in the same position of chrysoeriol.
For chrysoeriol, two hydroxyl groups in the A-ring formed a
hydrogen bond with Glul127 and Aspl222, respectively, and
the hydroxyl group in the B-ring formed a hydrogen bond
with Argl086. However, for engeletin, only one hydroxyl
group appeared to interact with c-Met (Fig. 5A). This obser-
vation allowed identification of the critical binding groups of
chrysoeriol. In addition, the active cavity of c-Met was large,
therefore, molecules with a relatively large size, particularly

those with large groups at the location of flavanonol, may have
favorable biological activity.

Similar to chrysoeriol, blumeatin B is a flavanonol
compound. However, for blumeatin B, the hydroxyl group in
C-3 formed a torsional tension with the B-ring, which was not
conducive to the formation of a planar structure of A, B and C
rings (Fig. 5C and D). Therefore, it was difficult to form
hydrogen bonds with ASP1046, which may account for the
relatively weak binding of blumeatin B to c-Met and VEGFR2.
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Figure 5. Pharmacophoric description of ligand with c-Met and VEGFR2. The protein surface shown in purple represents the hydrogen bond donor region.
The protein surface showed in green represent the hydrogen bond acceptor region. (A) Interaction of compound chrysoeriol (indigo) and compound engeletin
(orange) with c-Met. (B) Interaction of compound chrysoeriol (indigo) and compound engeletin (orange) with VEGFR2. (C) Interaction of compound chrys-
oeriol (indigo) and compound blumeatin B (orange) with c-Met. (D) Interaction of compound chrysoeriol (indigo) and compound blumeatin B (orange) with

VEGFR2. VEGFR2, vascular endothelial growth factor receptor 2.

Chrysoeriol, a flavanonol compound, was able to inhibit
the activity of c-Met and VEGFR2, and may serve as the
leading compound for novel drug development. The medicinal
value of the flavanonol compounds has been shown in several
drugs and their safety is widely recognized. Therefore, chrys-
oeriol and analogs may offer potential in the chemotherapeutic
treatment of cancer. The results of the present study provide
a novel model for the development of a dual c-Met and
VEGFR?2 inhibitor to address the drug resistance of VEGFR2
inhibitors, and the SAR analysis may guide further structure
optimizations.

Current knowledge of the biofunctions of chryoseriol is
limited. To develop chrysoeriol into a drug for clinical use,
further investigations of its cytotoxicity, pharmacokinetics,
absorption, distribution, metabolism and excretion, and
target-signaling pathway are required. The novel findings of the
present study require integration into ongoing investigations
on the structural optimization of chryoseriol, and subsequent
cellular experiments and pharmacology experiments to deter-
mine the biological and pharmacological characterizations.
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