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In-silico fragment-based identification of novel
angiogenesis inhibitors
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Abstract—Inhibition of vascular endothelial growth factor receptor-2 (VEGFR2) kinase blocks angiogenesis, the process of gener-
ating new capillary blood vessels that are important in tumor growth. To identify small molecule inhibitors of the VEGFR2 kinase,
we undertook a computer assisted fragment-based screening that used 3-D structural models of the VEGFR2 kinase, and hinge
region as a fragment anchor point. Seven novel non-cytotoxic compounds were identified which limited the induction of capillary
networks by human umbilical vein endothelial cells in the low micromolar range.
� 2007 Elsevier Ltd. All rights reserved.
Angiogenesis, the process of new blood vessel formation
by capillary sprouting from pre-existing vasculature, is
important in many diseases and is required for tumor
growth and metastasis.1,2 Anti-angiogenesis therapy is
an important cancer treatment option as it is less likely
to result in resistance than therapies that affect the grow-
ing tumor directly.1 The vascular endothelial growth fac-
tor receptor (VEGFR) pathway has become a major
focus of drug development in the field of oncology. There
are several members of the VEGF family (i.e., A, B, C,
and D) and several VEGF receptors (VEGF receptor-1
or Flt-1, VEGF receptor-2, VEGF receptor-3 or
Flt-4).3 Importantly, activation of VEGFR2 alone is
essential for new vessel initiation in the early stages of
angiogenesis through induction of proliferation, migra-
tion, and survival of endothelial cells.4 Consequently,
inhibition of VEGFR2 signal-transduction may provide
a means of stabilizing or slowing down the progression of
solid tumors. Several approaches have been used to tar-
get the VEGF/VEGFR2 pathway. The most common of
these is the use of ATP analogs that are selective for the
inhibition of the tyrosine kinase activity of VEGFR2.
The ATP binding site of VEGFR2 can accommodate a
number of chemically and structurally diverse molecular
scaffolds.5 In this study, we applied computer-based
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fragment screening to identify diverse and new scaffolds
of VEGFR2 inhibitors. Such fragment screening strate-
gies are of increasing importance in drug discovery.6 A
series of basic chemical fragments were screened against
the VEGFR2 kinase domain and a search of our in-
house database was carried out. The compounds that
emerged from the search were analyzed for their angio-
genesis inhibiting activity using an in-vitro angiogenesis
assay. Seven of the compounds showed significant angi-
ogenesis inhibitory activity at 10 lM.

As the available crystal structure of the VEGFR2
(PDB: 1YWN) has several missing residues including
F1047 (see below), we constructed a homology model
using the program Modeller.7 The input alignment
for the Modeller was obtained with ClustalW8 based
on the sequence of the human VEGFR2 kinase
domain (PDB: 1VR2). We then redocked the known li-
gand (LIF, pyrimidin-5-yl]phenyl-N 0-[2-fluoro-5-(tri-
fluoromethyl)phenyl]urea) (LIF VEGFR2 structure
PDB:1YWN) into the predicted VEGFR2 structure. Be-
cause of unfavorable steric interactions with F1047 and
the ligand, we remodeled the predicted structure based
on the EGFR crystal structure (PDB: 1M17). The struc-
ture was energy minimized for 10,000 cycles with a con-
sistent valence force field (cff91) using the DISCOVER
module of INSIGHT II (Accelrys Inc., San Diego,
CA, USA). We again compared this new model with
the LIF.VEGFR2 structure to ensure that ATP binding
site residue side chains are in the proper orientations
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after remodeling. This final predicted model was used
for docking simulations. The best complexes were en-
ergy minimized followed by brief molecular dynamic
(MD) simulations to relax the structure.9 The two water
molecules within the VEGFR2 ATP active site were in-
cluded in the simulations. The UNITY module of Sybyl
7.2 (Tripos, Inc., St. Louis) was used for the chemical
database searches and the FlexX program (Tripos,
Inc.) was used for docking simulations.

Kinase inhibitors usually interact with the hinge region
using a bi-dentate donor–acceptor system present in
their structure.10 We reasoned that compounds contain-
ing fragments forming H-bonds at the hinge region are
like to be biologically active. We used fragment-based
screening in an attempt to identify molecular anchors
at the hinge region. We focused our fragment screening
on the hinge region by providing pharmacophore con-
straints (Scheme 1) on the hinge-region residues E915
and C917 of the reported VEGFR2 structure as
described below: to define the pharmacophore, the
acceptor and donor sites were located at the backbone
atoms of C919 and E917 (Scheme 1). We applied the
following constraints: (1) H-bond acceptor is essential;
(2) H-bond donor is essential; (3) H-bond acceptor
and donor are essential. These pharmacophore con-
straints were assigned prior to the docking simulations
for fragment screening using FlexX-Pharm, Sybl7.2.
We used our in-house fragment database that contains
�19,112 unique lead-like organic fragments collected
from the literature, Web sources, and commercial chem-
ical companies. As most ATP kinase inhibitors possess a
monocyclic or heterocyclic planar ring, we restricted our
search to fragments that contained five or six member
mono-cyclic or hetero cyclic rings and that make at least
one H-bond with the hinge region. For a successful
placement, a ligand needed to bind to at least one of
the three selected pharmacophore points (Scheme 1).

Our fragment screening yielded several new scaffolds
(highlighted in red in Table 1) that potentially bind to
the hinge region. We next initiated a search for com-
pounds containing these ‘fragment hits’ through our
Scheme 1. Hinge-region backbone atoms of E915 and C917 con-

sidered to define constrained pharmacophore points with which ligand

interacts by making H-bonds. For successful placement a ligand needs

to bind to at least one of the three pharmacophore points assigned

using FlexX-Pharm. Yellow stars indicate pharmacophore H-bond

constraints used during docking.
database that comprises �82 million organic molecules.
We have several physico-chemical filtering schemes such
as Lipinski rule of five, chemical stability, reactive
groups, synthetic feasibility, polar surface area, rotat-
able bonds, etc. After applying this in-house physico-
chemical filtering schemes we obtained 10,083 hits.
Then, we initiated docking simulations to screen these
compounds against VEGFR2. Self-docking of LIF
ligand gave a score (FlexX energy) of �29.5 kcal/mol.
Thus, an arbitrary cutoff score was chosen as
�20 kcal/mol, to take into account limitations that vary
from the rigid representation of the receptor and inaccu-
racies in the scoring function. We selected 613 com-
pounds (from a total of 43,114) that scored better than
20 kcal/mol and made at least one hydrogen bond with
the hinge-region backbone. These were clustered accord-
ing to chemical similarity and visual inspection, result-
ing in a final list of 412 compounds. Screening such
large dataset using the in-vitro angiogenesis assay would
be quite time consuming. As our goal was to identify
new and diverse fragment cores, we selected the 81 best
compounds that have unique structural cores when
compared to known VEGFR2 inhibitors. We obtained
some of these compounds from the National Cancer
Institute and from commercial vendors.

The efficiency of these compounds in inhibiting the
VEGFR2 kinase was measured by their ability to stabi-
lize or slow down the progression of angiogenesis. Com-
pounds 1–17 were tested for their ability to block
angiogenesis progression in the in-vitro angiogenesis
assay using HUVEC. In this assay, the formation of
the cellular networks progresses in a stepwise manner
with the initial migration and alignment of cells, devel-
opment of capillary tube-like structures, sprouting of
new branches, and finally formation of cellular net-
works.11 The HUVEC assay12 results are displayed in
Figure 1 and Table 1. Compounds 1–4, 6, 11, and 14
markedly inhibit network formation at 10 lM. The cells
do not migrate and align, and they do not sprout
branches or form networks.

Compounds 8, 9, 10, 12, 15, and 16 also show inhibition
of in-vitro angiogenesis and compounds 5, 7, and 13
only inhibited the later stages of network formation.
Compound 17 was ineffective. The cytotoxicity IC50

13

values of VEGFR2 inhibitors in HUVEC are listed in
Table 1, Figures 2 and 3. Among the effective inhibitors
tested, 1, 3, 4, 6, 8, 13, and 14, showed low cytotoxicity
(>50 lM) to HUVEC. This means that these com-
pounds are not toxic to HUVEC within the tested range.
These VEGFR2 inhibitors completely inhibited HU-
VEC network formation at concentrations 10· less than
those that inhibited HUVEC proliferation or viability
by 50%. These results suggest that anti-angiogenesis
effects are not from non-specific cytotoxic effect but
from specific VEGFR2 receptor inhibition. Although
these experiments point to a specific effect of the inhibi-
tors on angiogenesis itself (without effects on prolifera-
tion or apoptosis) several reports indicate that
induction of apoptosis in HUVEC is also a significant
mechanism of anti-angiogenesis.14 Consequently, even
though the VEGFR2 inhibitors used in the present



Table 1. Cytotoxicity,13 scoring of angiogenesis assay11,12 results, and the structures of investigated compounds
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Table 1 (continued)

Compound Cytotoxicity IC50 (lM) Scoring of angiogenesis assay at 10 lM Structure
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A non-standardized scoring system was used for comparing anti-angiogenic effect. The values were assigned based on the extent of inhibition on

network formation: (1) individual cells well separated (score: +++++), (2) cells begin to migrate and align themselves (score: ++++), (3) cells begin to

line but no sprouting (score: +++), (4) visible sprouting (score: ++). ND, not determined.

Figure 4. Predicted binding mode of compound 1 identified in our

fragment-based screening.

Figure 1. In-vitro angiogenesis assay results of compounds 1, 2, and

13, where control denoted as ‘C’.
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Figure 2. CytotoxicityIC50
13 values for compounds 1–4, 6, 8, 13, 14,

and 17.

Figure 3. In-vitro cytotoxicity cell viability assay results for compound

1 and control denoted as ‘C’.
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study did not show significant cytotoxicity, inducing
apoptosis specifically in endothelial cells undergoing
angiogenesis could actually constitute a viable therapeu-
tic approach.
The cytotoxicity of compound 1 is 90 lM (Table 1), that
is, cell growth inhibition not seen up to 90 lM (Fig. 3).
Figure 4 depicts the proposed binding mode for com-
pound 1 after MD simulations. This compound makes
the required H-bonds with the hinge-region residues;
one N� � �N–H H-bond with C917 and two C–H� � �O
H-bonds with E915 and C917. Conformational rear-
rangement of K836, E883, the two water molecules,
and the compound 1 led to a H-bond between the
hydroxyl and –COOH groups of compound 1 and
K836, E883, F1047 in addition to an intra-molecular
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H-bond between these acidic groups. Two water medi-
ated H-bonds have been observed one with the imino
group and other with COOH-group of compound 1.
The hydrophobic moiety was surrounded by bulky
groups such as L838, K866, V846, A864, L887, V897
F916, and L1033. These additional interactions could
be contributing factors for improved angiogenesis inhi-
bition. This molecular model will be useful for further
lead optimization.

In summary, in this study we applied computer-based
fragment screening with pharmacophore constraints fol-
lowed by docking simulations to identify novel non-
cytotoxic angiogenesis inhibitors effective in the low
micromolar range. Different substitutions and heterocy-
clic ring extensions for the side chains may improve the
potency of these fragment derived lead compounds. To
confirm direct inhibition of the function of VEGFR2
kinase, in-vitro studies are in progress using specific
phospho-VEGFR2 antibody. Finally this computer-
based fragment-screening approach may provide
advancement to the drug discovery.
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