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Human vascular endothelial growth factor receptor 2 (hVEGFR2) is an important signaling protein involved in 
angiogenesis and attractive drug target in cancer therapy. It has been reported that flavonols, a class of flavonoids, 
have anti-angiogenic activity in various cancer cell lines. We performed receptor-oriented pharmacophore based in 
silico screening for identification of hVEGFR2 inhibitors from flavonol database. By comparing with three X-ray 
complex structures of hVEGFR2 and its inhibitors, we evaluated the specific interactions between inhibitors and 
receptors and determined a single pharmacophore map. This map consisted of four features, a hydrogen bonding 
acceptor (HBA) on Cys917, two hydrogen bonding donors on Glu917 (HBD1) and Glu883 (HBD2), and one 
hydrophobic interaction (Lipo) with Val846, Ala864, Val897, Val914 and Phe1045 of hVEGFR2. Using this map, 
we searched a flavonol database including 9 typical flavonols and proposed that five flavonols, kaempferol, 
quercetin, fisetin, morin, and rhamnetin can be potent inhibitors of hVEGFR2. 3-OH of C-ring and 4’-OH of B-ring 
of flavonols are the essential features for hVEGFR2 inhibition. This study will be helpful for understanding the 
mechanism of inhibition of hVEGFR2 by natural products.
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Introduction

Vascular endothelial growth factor (VEGF) is a sub-family 
of growth factors and important signaling proteins involved in 
both vasculogenesis and angiogenesis.1 Vasculogenesis and 
angiogenesis are similar to process of blood vessel formation 
but these are different in one aspect: Angiogenesis represents 
the formation of new blood vessels from pre-existing ones, 
whereas vasculogenesis is used for the formation of new blood 
vessels by a de novo production of endothelial cells.2,3 These 
play an important role in the pathogenesis of a variety of dis
orders such as tumor growth, proliferative retinopathies, and 
rheumatoid arthritis.4-6 The biological effects of VEGF are 
mediated by two receptor tyrosine kinases (RTKs), VEGFR1 
and VEGFR2 kinase.7,8 It has been demonstrated that the in
hibition of VEGF signaling not only blocks angiogenesis in 
tumors but can also change or destroy tumor.9 As a result, 
VEGFR2 is an attractive target for biologically based cancer 
therapies.

Inhibition of the VEGFR2 called as kinase insert domain 
receptor (KDR) signaling pathway can provide an anti-angiogenic 
effect in human cancers and recently several drugs are demon
strated by the FDA approval of the anti-VEGF drugs.10-13

Flavonoids are common constituents of plants and are widely 
used in medicine for treatment of several human diseases.14-16 
Recently it has been reported that flavonoids inhibit angio
genesis and proliferation of various tumor cells and endo
thelial cells by inhibition of tyrosine kinase family including 
VEGFR1 and VEGFR2.17,18 It is well known that flavonoids 
show inhibitory activity against several kinases and the X-ray 
complex structure of flavonoids or flavonoid derived compounds 
and kinase have been released.19,20 Therefore, flavonoids can 
be inhibitors of VEGFR2 by inhibition of its kinase domain.

In this study, we performed receptor-oriented pharmacophore 
based in silico screening in order to understand the interactions 
between kinase domain of human VEGFR2 (hVEGFR2) and 
flavonols which are a family of flavonoids. Since some of fla
vonols are known to have anti-angiogenic effects on several 
cancer cells,17,18 this study will be helpful to understand the 
mechanism of their actions against kinase and these flavonols 
can be good lead natural compounds for the further anti-cancer 
drug development.

Methods

A list of features, including hydrogen bond donors (HBDs), 
hydrogen bond acceptors (HBAs) and lipophilicity (Lipo), 
were used to determine the pharmacophore map. Maps were 
generated with the excluded volume for heavy atoms, which 
is the forbidden area in the active site that defines its shape. To 
account for excluded volume regions occupied by heavy atoms 
in the receptor, an exclusion model was generated for the active 
site and surrounding receptor regions. Each atom of the receptor 
selected for inclusion in the model was presented as an exclusion 
point. We superimposed X-ray complex structures of inhibitor- 
hVEGFR2 and complex structure of cyclin dependent kinase 6 
(CDK6) and flavonoid fisetin (1XO2.pdb) at the center of the 
ATP binding site. Then we defined specific interactions between 
hVEGFR2 and its inhibitors. Based on this information, we 
determined a single pharmacophore map which expressed 
effectively the binding model of hVEGFR2 and inhibitors. 
We searched the flavonol library which included 9 typical fla
vonols as listed in Table 1 and calculated ligand score (LigScore) 
of hit flavonols. Computations were performed on a Linux 
environment using the DS Modeling 2.1 (Accelrys Inc., San 
Diego, CA).
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Table 1. Structures of flavonols based on the position of their 
substituents and LigScore of hit flavonols

-O-Me = Methoxy group

Flavonols
3

Position
5 7

of Substituents
2’ 3’ 4’ 5’

Lig-
Score

Galangin OH OH OH H H H H -
Kaempferol OH OH OH H H OH 旦 5.03
Quercetin OH OH OH H OH OH 旦 5.75
Myricetin
Fisetin

OH
OH

OH
H

OH
OH

H
H

OH
OH

OH
OH

OH -
5.78

Morin OH OH OH OH H OH H 5.21
Kaempferide OH OH OH H H O-MeH -
Rhamnetin OH OH O-Me H OH OH

OH
H 5.60

Pachypodol O-Me OH O-Me H O-Me H

(A)

Results and Discussion

We selected X-ray complex structures of inhibitor and hVE- 
GFR2 (1Y6B.pdb, 2OH4.pdb, and 3BE2.pdb) based on the 
resolution of X-ray crystallography and superimposed these 
structures to compare the binding model between inhibitors 
and VEGFR2.21-23 In three X-ray structures, inhibitors commonly 
formed three hydrogen bonds with backbone amide proton of 
Cys917 and side chain oxygen of Glu915 and Glu883, respec
tively, and one hydrophobic interaction with Val846, Ala864, 
Val897, Val914 and Phe1045 of hVEGFR2. In the X-ray structure 
of flavonoid fisetin and cyclin dependent kinase 6 (CDK6),19 
fisetin had four hydrogen bonding interactions with backbone 
amide proton of Val101, side chain oxygens of Glu99 and Glu61, 
and side chain nitrogen of Gln149 of CDK6, respectively. 
Among these four hydrogen bonds, three hydrogen bonds 
formed with Val101, Glu99, and Glu61 in cyclin corresponds 
to those with Cys917, Glu915, and Glu883 in VEGFR2, respec
tively. Therefore, three hydrogen bonding interactions and one 
hydrophobic interaction are important features for binding to 
hVEGFR2. The superimposed structures of known hVEGFR2 
inhibitors and fisetin from CDK6 are depicted in Figure 1.

We defined a single pharmacophore map including four che
mical features; a hydrogen bonding acceptor (HBA) on Cys917, 
two hydrogen bonding donors on Glu917 (HBD1) and Glu883 
(HBD2), and one hydrophobic interaction (Lipo) with five 
hydrophobic residues.24,25 Pharmacophore map are depicted 
in Figure 2. We searched the flavonol library and among 9 flavo
nols, five (kaempferol, quercetin, fisetin, morin, and rhamnetin) 
were hit by this pharmacophore map as candidates ofhVEGFR2 
inhibitors. The 2D structures of 9 flavonols and LigScore of 
these hits are listed in Table 1.

Flavonols are a class of flavonoids and present in a wide 
variety of vegetables and fruits.26 They use the 3-hydroxyfla-

(B)

Figuie 1. Interaction models of (A) three hVEGFR2 inhibitors and 
hVEGFR2 taken from X-ray complex structures of hVEGFR2 (1Y- 
6Bpdb, 2OH4.pdb, and 3BE2.pdb) and (B) a fisetin bound to cDk6 
(1XO2.pdb). D reprensents hydrogen bonding donor, A reprensents 
hydrogen bonding acceptor, and L reprensents hydrophobic interaction.

Figuie 2. (A) A single pharmacophore map which represents the in
teractions essential for inhibition of hVEGFR2. (B) Binding model 
of fisetin and hVEGFR2 determined by in silico screening using this 
pharmacophore map.
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Figuie 3. (A) Structure ofhVEGFR2 in complex with 5 hit flavonols. 
(B) Binding models of 5 flavonols shown with pharmacophore map.

vone backbone (or 3-hydroxy-2-phenylchromen-4-one) and 
their diversity results from the different positions of the phenol 
hydroxyl groups. Carbonyl oxygen in the position 4 formed a 
hydrogen bond with Cys917 of hVEGFR2 in all 5 hit fla
vonols. Also, B-ring in hit flavonols participated in the hydro
phobic interaction. The 5 hits have hydroxyl groups at the 
3-position and 4’-position and these hydroxyl groups partici
pated in hydrogen bonding interactions with Glu915 and Glu883, 
respectively. Since galangin and kaempferide do not have 
4’-OH, they were not hit by pharmacophore map. Pachypodol 
has 4’-OH, but it could not bind to hVEGFR2 owing to the 
absence of a 3-OH. Although myricetin has 3- and 4’-OH, 
there are steric conflicts between 5’-OH of miyricetin and side 
chains of hydrophobic residues, Val846 and Ala864. LigScore 
were calculated for five candidate flavonols to predict their 
binding affinity.27 All 5 candidates have similar LigScore ranged 
from 5.03 to 5.78, implying that they can be potent inhibitors 
of hVEGFR2. Interaction model between flavonol fisetin and 
hVEGFR2 is shown in Figure 2. Structure of hVEGFR2 in 
complex with 5 hits and fit model of flavonols with pharma
cophore map are represented in Figure 3. The hit flavonols are 
depicted as stick and transparent surface model.

From the results, we can conclude that 3- and 4’-OH of fla
vonols are essential for binding to hVEGFR2 and hit flavonols 
can be potent hVEGFR2 inhibitors with good binding affinities. 
Characterization of binding modes of flavonols to hVEGFR2 
will be helpful to understand the mechanism of their actions 
against kinase.

Conclusion

We determined a sin이e pharmacophore map which repre
sented the specific interactions between known inhibitors and 

hVEGFR2. This map consisted of four features; one HBA, two 
HBD, and one Lipo. We performed in silico screening for a 
database including 9 flavonols with the pharmacophore map. 
Among 9 compounds, 5 flavonols, kaempferol, quercetin, fise- 
tin, morin, and rhamnetin, were hit by pharmacophore map as 
candidates of hVEGFR2 inhibitors. With no exceptions, hit 
flavonols have 3- and 4’-OH and these hydroxyl groups par
ticipated in hydrogen bonding interactions with ATP binding 
site of hVEGFR2. We calculated the LigScore of candidate 
flavonols and proposed that these flavonols can be potent 
inhibitors of hVEGFR2 with good binding affinity. This study 
may provide a strategy for the development of natural flavonoid 
hVEGFR2 inhibitors as anticancer drugs.
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