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Integrin Rvâ3 has been implicated in multiple aspects of tumor progression and metastasis. Many tumors
have high expression ofRvâ3 that correlates with tumor progression. Therefore,Rvâ3 receptor is an excellent
target for drug design and delivery. We have discovered a series of novelRvâ3 antagonists utilizing common
feature pharmacophore models. Upon validation using a database of knownRvâ3 receptor antagonists, a
highly discriminative pharmacophore model was used as a 3D query. A search of a database of 600 000
compounds using the pharmacophore Hypo5 yielded 832 compounds. On the basis of structural novelty, 29
compounds were tested inRvâ3 receptor specific binding assay and four compounds showed excellent binding
affinity. A limited SAR analysis on the active compound26 resulted in the discovery of two compounds
with nanomolar to subnanomolar binding affinity. These small-molecule compounds could be conjugated
to paclitaxel for selective delivery toRvâ3 positive metastatic cancer cells.

Introduction

Integrins, a family of transmembrane adhesion receptors, are
principal mediators of cell attachment, migration, differentiation,
and survival.1 Structurally, integrins are heterodimeric receptors
that are composed of large extracellular domains, one trans-
membrane helix, and small intracellular domains for each
subunit.2 These receptors consist of anR- and aâ-subunit, which
associate noncovalently in defined combinations. To date, 18
R-subunits and eightâ-subunits have been identified, which
associate selectively to form at least 24 integrins. In addition
to their adhesive functions, integrins transduce messages via
various signaling pathways and influence proliferation and
apoptosis of tumor cells, as well as activated endothelial cells.3,4

Unique combinations of integrins on the cell surface allows cells
to recognize and respond to a variety of extracellular ligands.
Integrin Rvâ3 is a prominent member of the integrin family. It
has been implicated in the pathophysiology of malignant tumors
where it is required for tumor angiogenesis.5 It is also highly
expressed on both endothelial cells in neovasculature and highly
aggressive human carcinomas. IntegrinRvâ3 mediates adhesion
of tumor cells on a variety of extracellular matrix proteins,
allowing these cells to migrate during invasion and extra-
vasation.6,7 In breast cancer,Rvâ3 characterizes the metastatic
phenotype, where it is upregulated in invasive tumors and distant
metastases.8-10 Antagonism of integrinRvâ3 is therefore ex-
pected to provide a novel approach for the treatment of
metastatic and invasive cancers.11,12 The combination ofRvâ3

antagonists with conventional treatment modalities could in-
crease the efficacy of metastatic cancer therapy without ad-
ditional toxicity. The Rvâ3 receptor binds to a variety of
extracellular matrix proteins, including fibrinogen, fibronectin,
osteopontin, thrombospondin, and vitronectin, largely through
interaction with the Arg-Gly-Asp (RGDa) tripeptide se-
quence.13,14 Previously, a variety of peptidomimetic small

moleculeRvâ3 antagonists have been identified, some of which
are active in disease models such as osteoporosis and skeletal
metastatic breast cancer.12,15-18

The Rvâ3 antagonists potently inhibit angiogenesis in a
number of animal models, including mouse xenograft and
metastases models. Inhibition ofRvâ3 activity by mAb and cyclic
RGD peptides has been shown to induce endothelial apoptosis,
and inhibit angiogenesis.19,20 The Rvâ3 antagonists can induce
apoptosis not only in activated endothelial cells but also inRvâ3-
positive tumor cells, resulting in a direct cytotoxic effect on
tumor cells.21 Antagonism of Rvâ3 activity has resulted in
decreased tumor growth in breast cancer xenografts and
melanoma xenografts.22,23Cilengitide, a cyclic RGD peptide in
clinical trials for metastatic cancer,24 has been tested in an
aggressive breast cancer model where it was shown that the
combination of Cilengitide with radioimmunotherapy re-
markably enhanced efficacy and increased apoptosis, com-
pared to single-modality therapy with either agent, without
additional toxicity.25 This suggests a real therapeutic potential
of Cilengitide specifically, andRvâ3 antagonists in general, in
combination anticancer therapy.

TheRvâ3 receptor also plays a pivotal role in bone resorption.
Various studies have indicated that theRvâ3 receptor is the most
abundant integrin in osteoclasts.26-29 Rvâ3 antibodies, RGD
peptides, and peptidomimetic antagonists were shown to inhibit
bone resorption in vivo without notable adverse affects.30-34

On the basis of these studies, and results from initial clinical
trials, Rvâ3 antagonists show great promise for the treatment
and prevention of osteoporosis.

To identify potent and highly selective structurally diverse
small-molecule integrinRvâ3 antagonists, we employed three-
dimensional (3D) pharmacophore models based on chemical
features of a known set of integrinRvâ3 antagonists. A
subsequent search of a subset of our in-house database of
approximately 600 000 small-molecules led to the identification
of a series of novel and highly potentRvâ3 antagonists.
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Interestingly, most of these antagonists showed no cytotoxicity
in a panel of cancer cells as a single agent.

Results and Discussion

Design of Integrin rvâ3 Antagonists.Previous studies using
cyclic RGD peptides suggested thatRvâ3 recognizes a short
overall separation (∼6.7 Å) between the key guanidine (Arg)
and carboxylic acid (Asp) groups (distance between Câ atoms
of Arg and Asp residues) of the RGD tripeptide sequence.35,36

Cyclic RGD peptides with a kink in the backbone conformation
demonstrated more selectivity towardRvâ3 than other integrins.24

This cyclic RGD peptide-Rvâ3 interaction model provided the
starting point for discovery of a variety of small-molecule
peptidomimetic antagonists. The crystal structure of the extra-
cellular segment ofRvâ3 and its complex with a cyclic RGD
peptide has been previously reported.37,38 We utilized a set of
recently reported small-moleculeRvâ3 antagonists to generate
common feature pharmacophore models, which were then
validated against a database of 638 knownRvâ3 antagonists.39

The validated pharmacophore models were then used as search
queries to retrieve molecules with novel structural scaffolds and
desired chemical features. Our strategy to identify and design
novel Rvâ3 antagonists is schematically shown in Figure 1.

Generation of Common Feature Pharmacophore Models.
Generally, the training set used for generation of common
feature pharmacophore models should include compounds with
similar activity profiles and active site binding mechanisms, to
increase the likelihood that these training compounds have
comparable 3D arrangements of chemical features responsible
for their biological activity. The HipHop algorithm in the
Catalyst software package was applied to a training set consist-
ing of three recently reported antagonists ofRvâ3 integrin (A,
B, and C), each with comparable binding affinities toRvâ3

integrin (30 to 49 nM), (Figure 2) to derive common feature

pharmacophore models.39,40 The training set compounds were
close analogues and were expected to bind to a similar site on
the active site ofRvâ3 receptor in a similar binding conformation.
The pharmacophoric features were selected on the basis of (1)
the structural and chemical features of the training set antago-
nists, (2) the architecture ofRvâ3 receptor active site, and (3)
the critical interactions observed between the cyclic-RGD
peptide and prominentRvâ3 receptor active residues in the
cocrystal structure of theRvâ3 receptor complexed with the
cyclic-RGD peptide (PDB1L5G).37 The features considered in
the pharmacophore model generation experiment were H-bond
donor (HBD), H-bond acceptor (HBA), ring aromatic (HYR),
hydrophobic (HYA), and negatively ionizable (NI) feature.
HipHop generated 10 five-featured pharmacophore hypotheses.
While these hypotheses were similar in their pharmacophoric
features, the relative orientation, position, and vector direction
of various features were different. Cluster analysis of the 10
hypotheses using a hierarchical complete linkage method
available in the Catalyst program produced three clusters. A
representative model from each of the three clusters (pharma-
cophore hypotheses Hypo1, Hypo5, and Hypo9) was selected
for further analyses and validation.

Validation of Common Features Pharmacophore Models.
As an internal validation the training set compoundsA-C were
mapped onto the three pharmacophores. The fit scores and the
associated energy of mapped conformations of the training set
compounds (Table 1) yielded a lower energy for Hypo5 than
Hypo1 or Hypo9 for compoundsA andB, but a relatively high
energy for compoundC. The mapping of Hypo5 onto compound
A, shown in Figure 3, confirms a good agreement between
critical chemical features of this compound and the pharma-
cophore.

To evaluate the discriminative ability of these pharmaco-
phores in the separation of potent antagonists from inactive

Figure 1. Schematic representation of pharmacophore guided design and discovery of novelRvâ3 antagonists

Figure 2. Structures of the training set compoundsA-C.
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compounds, the three representative pharmacophores were used
as 3D queries to search a database of knownRvâ3 receptor
antagonists. This database has a total of 638 compounds with a
wide range of activity profiles against theRvâ3 receptor. 303
compounds in these database showRvâ3 receptor inhibition at
IC50 valuese20 nM. These compounds were considered potent
Rvâ3 antagonists. Search results are summarized in Table 2.
Hypo5 performed better than the other two pharmacophores
retrieving 147 compounds, of which 88 (∼60%) compounds
were potent antagonists ofRvâ3. Hypo9 retrieved more active
compounds, but the percent of those considered potent was
lower (∼54%) than Hypo5. On the basis of Hypo5’s superior
ability to select potent antagonists, and the match of Hypo5 to
two of the three training set compounds, this pharmacophore
was selected for the next step: used as a 3D query to search a
subset of our in-house database to retrieve compounds with
novel structural scaffolds and desired features.

Database Search and Compound Selection. A search of
the NCI2000 database of 238 819 compounds using Hypo5
yielded 684 hits. Of the 684 compounds retrieved by Hypo5,
282 compounds with molecular weighte 500 were considered
for further physicochemical property analysis and the remainders
were discarded. A search of the Chemical Diversity (ChemDiv,
Inc, San Diego, CA) database of 359 224 compounds produced
148 hits. A physicochemical property filter was used to eliminate
compounds that did not possess drug-like properties prior to in
vitro screening.41 On the basis of the pharmacophore fit value,
calculated physicochemical properties, structural diversity, and
sample availability, 8 compounds were obtained from the NCI

compound repository and a collection of 21 compounds were
purchased from Chemical Diversity for in vitro evaluation.

rvâ3 Binding. Receptor binding affinity of all compounds
on the surface of nonsmall cell lung cancer NCI-H1975 cells
was determined in competitive binding experiments using125I-
labeled echistatin as a radioligand. The results for selected
compounds are presented in Table 3. The other compounds
tested were inactive in the binding assay. Of the 29 compounds
tested, four compounds showed remarkableRvâ3 binding affinity
(3 ) 52 nM, 26 ) 240 nM,27 ) 18 nM, 32 ) 605 nM). Two
compounds,3 and27, showed a similar range of binding affinity
as the training set compoundsA-C (30-49 nM).39 As observed
in the validation analysis, Hypo5 was successful in the retrieval
of structurally diverse potent antagonists ofRvâ3 with nanomolar
binding affinity. These compounds represent a novel set ofRvâ3

antagonists with diverse structural scaffolds. Unlike the training
set compounds, the compounds possessed several functional
groups of hydrophilic nature. This is an important feature
considering the highly electrostatic nature of the RGD peptide
binding region of Rvâ3. The RGD peptide forms strong
electrostatic interactions through its two charged ends withRvâ3

in the Rvâ3-cyclic RGD peptide complex crystal structure.
Compounds3, 27, and32 broadly fall into an RGD mimetic
antagonist category, since they have a carboxylate group or
amine/amide group, at either end that can establish similar
electrostatic interactions withRvâ3. Additionally, the presence
of several hydrophilic functional groups on these compounds
favors their interaction with the highly electrostatic region of
the RGD binding site ofRvâ3. Structure-activity studies around
the core scaffolds of these two compounds might be an
alternative option to further optimize their binding affinity
towardRvâ3. Possessing unique structural features, compound
26 represents a novel non-RGD mimetic class ofRvâ3 antago-
nists. We carried out a limited structure-activity relationship
(SAR) analysis on compound26 by testing compounds34-38
in our binding assay (Table 3). The analogues34-38 were
purchased from Chemical Diversity (San Diego, CA) and

Table 1. Mapping of the Training Set Compounds (A-C) by Hypo1, Hypo5, and Hypo9

training set compounds

A B C

hypothesis fit score
conformation energy

(kcal/mol) fit score
conformation energy

(kcal/mol) fit score
conformation energy

(kcal/mol)

Hypo1 4.99 19.41 4.98 14.25 4.90 4.42
Hypo5 4.99 6.15 4.94 5.02 4.8 13.54
Hypo9 5.00 16.28 4.87 18.19 4.61 7.83

Figure 3. (a) The common feature pharmacophore Hypo5. (b) Hypo5 is mapped onto one of the training set compoundsA. The important chemical
features of compoundA are mapped by pharmacophoric features of Hypo5. The pharmacophore features are shown as H-bond donor (HBD) in
magenta, H-bond acceptor (HBA) in green, hydrophobic aromatic (HAR1-HAR2) in brown, and negatively ionizable feature (NI) in blue. The
inter-feature distances are given in Å.

Table 2. Validation of Common Feature Pharmacophore Models
Hypo1, Hypo5, and Hypo9 against a Database of Known IntegrinRvâ3

Antagonists (n ) 638)

hypothesis total hits active hits inactive hits % active

Hypo1 89 51 38 57.3
Hypo5 147 88 59 59.9
Hypo9 182 98 84 53.8
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screened for theirRvâ3 binding affinity. From this SAR study
we discovered two new compounds:35 with IC50 value of 24
nM showed 10-fold higher affinity than the parent compound
26. Compound38 with IC50 value of 0.03 nM was the most
potent and showed 800-fold higher affinity than the parent
compound26. Compounds26, 35, and38 deviate structurally
from conventional RGD mimeticRvâ3 antagonists, suggesting
they represent a novel class of non-RGD mimetic antagonists
of Rvâ3 with novel modes of interaction. To our knowledge these
compounds are among the most potentRvâ3 antagonists
described thus far. Together our six compounds represent novel
small-moleculeRvâ3 antagonists, and studies are underway to
demonstrate their in vivo efficacy as anticancer agents. Studies
are also underway to selectively deliver cytotoxic agents such

as paclitaxel toRvâ3 integrin overexpressing cancers through
covalent conjugation.

Cytotoxicity of Selected Compounds in a Panel of Cancer
Cell Lines. Initially, we tested all compounds in two breast
cancer cell lines MDA-MB-435 and MCF7 with high and low
Rvâ3 expression as well as in HEY ovarian cancer cell line
naturally resistant to cisplatin. Compounds that showed signifi-
cant inhibition of cell growth at 20µM (Table 4) were
subsequently tested in a panel of five cell lines (Table 5). We
observed a remarkable specificity for some of the compounds
against these cells. For example,26 showed more than 60-fold
selectivity for MDA-MB-435 cells as compared to the MCF7,
NIH3T3, and CRL5908 cells and close to 40-fold selectivity
versus the HEY cells. A similar trend, but smaller magnitude,

Table 3. Novel Rvâ3 Antagonists Discovered through Pharmacophore-Based Database Searching

a MW: molecular weight, drug-like properties: HBA: number of hydrogen-bond acceptor, HBD: number of hydrogen-bond donor, AlogP98: logarithm
of the octanol-water partition coefficient (calculated using Accord for Excell, Accelrys, Inc.), Rb: number of rotatable bond, PSA: 3D-polar surface area
(calculated using a Simulations Plus model).b Compounds34-38 are analogues of compound26.
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was observed with compound34. On the other hand30showed
a profile very similar in MDA-MB-435, HEY, and NIH3T3
cells, but was significantly less active against MCF-7 and NCI-
H1975 cells. Interestingly, none of the novel antagonists except
26,showed notable cytotoxicity, which indicates that the novel
antagonists may have utility as noncytotoxic mechanism based
anticancer therapeutics. Considering the fact thatRvâ3 mediates
migration, attachment, and apoptosis of cancer cells, the
combination of these novel high affinity antagonists with
conventional cytotoxic drugs should show improved therapeutic
benefits without additional toxicity. Several studies are underway

in our laboratory to explore the synergistic effects of these novel
antagonists, e.g.27 and 38 in combination with a number of
clinically used cytotoxic agents in a panel of cancer cell lines
with low to high levels ofRvâ3 expression.

Docking Studies. To identify binding orientations of our
novel antagonists we have docked compoundsA, 3, 26, 27, and
38 onto theRvâ3 integrin RGD binding region using GOLD.42

The predicted bound conformations of compoundsA, 3, 26,
27, and38 inside theRvâ3 RGD binding region are shown in
Figure 5a-e. GOLD generated several feasible bound confor-
mations for each compound and ranked them according to their
fitness scores. The bound conformation with the most favorable
energies was considered the best binding orientation. In the
crystal structure ofRvâ3 receptor complexed with the cyclic
RGD peptide, one of the Asp carboxylate oxygens of the cyclic
RGD peptide interacts with a Mn2+ at MIDAS (metal ion-
dependent adhesion site) in theâ chain ofRvâ3 receptor while
its Arg guanidinium group interacts with D218 ofâ chain and
D150 ofR chain ofRvâ3 receptor (PDB1L5G). CompoundsA,
3, 26, and27 established similar binding interactions at their
carboxylate end with the Mn2+ of MIDAS, as well as several
H-bonding interactions with the side chain hydroxyl groups of
amino acid residues S121 and S123. In contrast to the bound
orientation of the Arg side chain of the cyclic RGD peptide,
the amine/amide bearing end of compoundsA, 3, 27, and the
hydroxyl bearing phenyl group of26 occupied a cavity away
from D218 of theâ chain but close to D150 of theR chain.
This cavity is surrounded by amino acid residues Y166, P170,
D179, R214, N215, and R216 fromâ chain and amino acid
residues K119, E121, D148, D150, Y178, and R248 fromR
chain of Rvâ3. Strikingly, the most potent non-RGD mimetic
antagonist38 adopted a reverse binding orientation and estab-
lished a set of strong electrostatic interactions with various
amino acid residues within the cyclic RGD peptide binding
region of Rvâ3. The schematic presentation of observed key
interactions between compoundsA, 26, and 38 and various
amino acid resides at theRvâ3 RGD peptide binding site is
shown in Figure 6. The dimethoxy bearing phenyl group of38
occupied an area close to Mn2+ of MIDAS and two methoxy
oxygen atoms coordinated to Mn2+. Three H-binding interac-
tions are observed between the methoxy oxygen atoms and the
hydroxyl groups of amino acid residues S121 and S123. The
carboxylate bearing phenyl group occupied an area surrounded
by amino acid residues Y116, P170, D179, R214, and R216
from theâ chain and D148, A149, D150, and Y178 from theR
chain of Rvâ3. The carboxylate oxygen atoms formed several
strong H-bonding interactions with R216 guanidinium group,
the backbone NH of A149 and the hydroxyl group of Y166. A
consistent pattern was observed in the predicted binding

Table 4. Cytotoxicity of Compounds1-38 in a Panel of Cancer Cell
Lines

% inhibition of cell
growth at 20µM

% inhibition of cell
growth at 20µM

compd 435a MCF7b HEYc compd 435a MCF7b HEYc

1 0 0 14 21 26 43 0
2 1 1 0 22 25 7 0
3 0 0 0 23 9 34 0
4 16 30 0 24 9 21 19
5 49 0 0 25 26 29 12
6 12 19 0 26 94 37 51
7 5 22 0 27 0 0 5
8 12 24 6 28 32 32 34
9 19 36 0 29 14 21 9
10 93 62 73 30 71 52 90
11 53 49 0 31 21 44 62
14 70 3 0 32 0 26 18
15 33 14 14 34 65 31 25
17 24 20 5 35 26 36 17
18 18 11 0 36 16 29 4
19 30 66 6 37 3 9 0
20 11 27 0 38 0 18 0

a 435: MDA-MB-435, breast cancer cell line.b MCF7: breast cancer
cell lines.c HEY: ovarian cancer cell line.

Table 5. Cytotoxicity of Selected Compounds in a Panel of Cancer Cell
Lines

cytotoxicity in a panel of cancer cell-lines (IC50, µM)

compd 435a MCF-7b NIH3T3c HEYd NCI-H1975e

3 >20 >20 >20 >20 >20
10 18 ( 9 >20 - 21( 3 -
19 >20 19( 4 - >20 -
26 0.34( 0.06 >20 >20 13( 8 >20
27 >20 >20 >20 >20 >20
30 8 ( 0.50 19( 4 13( 3 7 ( 0.42 >20
32 >20 >20 >20 >20 >20
34 2.8( 0.01 >20 - >20 -
35 >20 >20 >20 >20 >20
38 >20 >20 >20 >20 >20

a 435: MDA-MB-435, breast cancer cell line.d HEY: ovarian cancer
cell line. b MCF-7: breast cancer cell line.e NCI-H1975: lung cancer cell-
line. c NIH3T3: mouse fibroblast.

Figure 4. Mapping of Hypo5 onto novelRvâ3 receptor antagonists3 (a) and26 (b). The pharmacophoric features of Hypo5 are reasonably mapped
onto key chemical features of the antagonists. The pharmacophore features are shown as H-bond donor in magenta, H-bond acceptor in green,
hydrophobic aromatic in brown, and negatively ionizable feature in blue.
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orientations of all the antagonists except the most potent
antagonist38. The functional groups of these antagonists with
similar chemical nature occupied similar areas in theRvâ3 RGD

peptide binding region and formed similar kinds of interactions
with Mn2+ and other amino acid residues. This supports the
quality of the bound conformations of these antagonists

Figure 5. Predicted bound conformation of antagonistsA (a),3 (b), 26 (c), 27 (d), and38 (e) inside theRvâ3 RGD peptide binding site. The yellow
and red parts representR andâ chains ofRvâ3 receptor. The prominent active site amino acid residues are shown as stick models on the receptor
surface. The green stick model represents the bound orientation of the cyclic-RGD peptide (PDB1L5G). The active site Mn2+ (MIDAS) is shown
as a cyan sphere.

Figure 6. Schematic representation of observed interactions between antagonistsA (a), 26 (b), and38 (c) and prominent amino acid residues on
Rvâ3 RGD peptide binding site. The dashed lines represent H-bonding interactions. H-bonding distances are given in Å.
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predicted by our docking studies. Several discrepancies were
found in the previously predicted binding orientations of RGD
mimetic peptidomimetic and non-peptide small-molecule
antagonists.43-47 Previously reported docking studies using non-
peptide small-molecule antagonists also predicted very similar
binding orientations to the orientation predicted in this study.43,45

However, docking studies performed on cyclic-RGD analogues
and RGD mimetics produced binding orientations similar to the
bound conformation of the cyclic RGD in theRvâ3-RGD
complex crystal structure.46,47 The observed discrepancies
between the predicted binding orientations of our novel antago-
nists and bound conformation of the cyclic RGD peptide in the
Rvâ3-RGD complex crystal structure may be due to a signifi-
cant structural difference between the cyclic RGD peptide and
these novel antagonists. On the other hand observed discrep-
ancies may also be a result of artifacts in our docking procedure.
However, the high binding affinity (800-fold higher than parent
26) exhibited by our most potent non-RGD mimetic antagonist
38 could be explained by the novel binding interactions found
in its predicted binding orientation. In this predicted binding
orientation38 formed seven strong H-bonding interactions and
a clear complementarity was found between its functional groups
and various amino acid residues around its binding site onRvâ3.
Further structural studies are warranted to explain the high
binding affinity exerted by this non-RGD mimetic antagonist
and its interactions withRvâ3.

Finally, to explain the recent discrepancy in the field between
genetic results with knockout mice and the pharmacological
effect with all reported antagonists, we refer the readers to the
model by Richard Hynes (Figure 7). This model discusses the
reason for â3 integrin knockout mice showing enhanced
angiogenesis.48 It argues that RGD peptides should be in fact
referred to as “agonist” instead of “antagonist” to correlate
genetic models with the pharmacological models. Although
throughout this manuscript we used the word “antagonist” as

has been used in most previous reports, we are aware of the
possibility that these compounds may be indeed acting as
agonists. Regardless of mechanism of action, our compounds
are highly potent and very suitable for conjugation to various
chemotherapeutic agents for selective delivery toRvâ3 positive
cells. Therefore, our data are in agreement with the model
presented in Figure 7 and our strategy is innovative and warrants
further investigation.

Conclusions

We have identified a series of structurally diverse integrin
Rvâ3 antagonists through the pharmacophore screening of a
database of small-molecule drug-like compounds. The common
features 3D pharmacophore models were generated utilizing a
set of known integrinRvâ3 antagonists. The validated pharma-
cophore model successfully retrieved structurally novel com-
pounds with higher potency than the training set compounds
that were used to generate the pharmacophores. Furthermore, a
limited SAR analysis on one of the potent antagonists resulted
in the discovery of highly potent compounds with subnanomlar
potency as non-RGD mimeticRvâ3 antagonists. These small-
molecule antagonists possessing amenable structural scaffolds
provide valuable leads for further optimization as potent non-
RGD mimeticRvâ3 antagonists. We are conjugating three of
the potent antagonists with paclitaxel as described in our recent
manuscript.41 Detailed pharmacological properties of these novel
agents for targeted delivery toRvâ3 positive cancer cells will
be presented elsewhere.

Experimental Section

Generation and Validation of Pharmacophore Hypotheses.
The structures of the training set compounds (A-C) were built
and thoroughly minimized using Catalyst (Accelrys, Inc.).40 A set
of unique conformations that can explore the accessible confor-
mational flexibility of each compound were generated using Catconf
module of Catalyst. The poling algorithm implemented within the
Catalyst was used to generate conformations. The poling algorithm
promotes high conformational variation and ensures broad coverage
of low energy conformational space.49-51 The common feature
pharmacophore hypotheses were generated using the HipHop
algorithm of Catalyst. HipHop generates 10 pharmacophore models
with its default settings. HipHop takes a collection of conformational
models of the training set molecules and a selection of chemical
features, and it identifies configurations of features common to the
training set molecules. CompoundA considered as a principle
compound in the pharmacophore hypotheses generation experiment.
On the basis of structural and chemical features of the training set
compounds and theRvâ3 active site features, a set of pharmaco-
phoric features were selected in the beginning of the pharmacophore
generation experiment. A searchable multiconformer database of
the knownRvâ3 antagonists was generated using Catalyst database
server. These database was used to validate the pharmacophore
models.

Docking Studies.Docking was performed using version 1.2 of
the GOLD program (Genetic Optimization for Ligand Docking).42

GOLD is an automated docking program that uses genetic algorithm
to explore the ligand conformational flexibility with partial flex-
ibility of the active site.52 The algorithm was tested on a dataset of
over 300 complexes extracted from the Brookhaven Protein
DataBank. GOLD succeeded in more than 70% cases in reproducing
the experimental bound conformation of the ligand.53 GOLD
requires a user defined binding site. It searches for a cavity within
the defined area and considers all the solvent accessible atoms in
the defined area as active site atoms. Appropriate protonation states
were assigned for the acidic and basic amino acid residues. All the
water molecules present in the receptor were removed, and hydrogen

Figure 7. Four models for endothelial apoptosis. (a) The classical
model, in which integrin engagement by ligand is necessary to provide
survival signals. Inhibitors block ligand binding and thus the survival
signals. (b) The caspase activation model, in which RGD peptides
directly activate caspases and trigger apoptosis without any involvement
of integrins. (c) The unligation model, or “integrin-mediated cell death”,
in which unligated integrins directly bind and activate caspase-8. ECM
ligands block this, but RGD peptides and antibodies binding to the
same integrins are not proposed to do so, even though they are known
to activate integrins. (d)Rvâ3 antagonists once conjugated to cytotoxic
agents such as paclitaxel can be efficiently delivered toRvâ3 positive
cancer cells (modified from Richard Hynes, reference 48).
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atoms were added to the integrinRvâ3 receptor. All conformers of
each molecule were docked onto theRvâ3 receptor active site. At
the end of each run GOLD separates and ranks all the generated
bound conformations based on the fitness score and root-mean-
square distances (RMSD). All docking runs were carried out using
standard default settings with a population size of 100, a maximum
number of 100 000 operations, and a mutation and crossover rate
of 95. The fitness function that is implemented in GOLD consists
of H-bonding, complex energy and the ligand internal energy terms.
The docking studies were performed on a 24-CPU Silicon Graphics
Onyx workstation.

Cell Culture. Human breast cancer cells (MCF-7,Rvâ3 -,
overexpressed wild-type p53, ER+; MDA-MB 468, p53 mutant,
ER+; and MDA-MB-435,Rvâ3+, p53 mutant, ER-) and non-small
cell lung cancer cells H1975 were obtained from the American Type
Cell Culture (Rockville, MD Q4). The HEY human ovarian
carcinoma cell line naturally resistant to cisplatin (CDDP) was
kindly provided by Dr. Dubeau (University of Southern California
Norris Cancer Center). Cells were maintained as monolayer cultures
in RPMI 1640 supplemented with 10% fetal bovine serum (Gemini-
Bioproducts, Woodland, CA) and 2 mmol/LL-glutamine at 37°C
in a humidified atmosphere of 5% CO2. To remove the adherent
cells from the flask for passaging and counting, cells were washed
with PBS without calcium or magnesium, incubated with a small
volume of 0.25% trypsin-EDTA solution (Sigma, St. Louis, MO)
for 5 to 10 min, and washed with culture medium and centrifuged.
All experiments were done using cells in exponential cell growth.

Drugs. A 10 mM stock solution of all compounds were prepared
in DMSO and stored at-20 °C. Further dilutions were freshly
made in PBS.

Receptor Binding Assay.Binding affinity of all compounds on
the surface of NCI-H1975 cells was determined in competitive
binding experiments using125I-labeled echistatin as radioligand as
described in the literature with modifications.41 In brief, NCI-H1975
cells were harvested, washed twice with PBS, and resuspended (2
× 106 cells/mL) in binding buffer (20 mM Tris, pH 7.4, 150 mM
NaCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, 0.1% BSA). A
96-well multiscreen DV plate (filter pore size: 0.65µm, Millipore,
Billerica, MA) was incubated with125I-echistatin (50 000 cpm/well)
in the presence of increasing concentrations ofRvâ3 antagonists.
The total incubation volume was adjusted to 200µL. After the cells
were incubated for 3 h at room temperature, and the plate was
filtered through multiscreen vacuum manifold and washed twice
with cold binding buffer. The hydrophilic PVDF filters were
collected, and the radioactivity was determined using NaI(Tl)
gamma counter (Packard, Meriden, CT). The best-fit IC50 values
were calculated by fitting the data by nonlinear regression using
GraphPad Prism (GraphPad Software, Inc., San Diego, CA).
Experiments were carried out with triplicate samples.

Cytotoxicity Assay. Cytotoxicity was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
as previously described.41,54 Briefly, cells were seeded in 96-well
microtiter plates and allowed to attach. Cells were subsequently
treated with a continuous exposure to the corresponding drug for
72 h. An MTT solution (at a final concentration of 0.5 mg/mL)
was added to each well, and cells were incubated for 4 h at 37°C.
After removal of the medium, DMSO was added and the absorbance
was read at 570 nm. All assays were done in triplicate. The IC50

was then determined for each drug from a plot of log(drug
concentration) versus percentage of cell kill.
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