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In this work, we introduce a four-step scoring and filtering procedure, furnishing target specific virtual
screening (TS-VS), which serves to minimize false positives resulting from conformational artifacts of the
docking process and is optimized to converge on novel chemotypes of estrogen receptor alpha (ERR). As
a proof of concept, VS of a commercial compound database was undertaken (SPECs database release: Aug
2005, 202 054 compounds in total), resulting in the identification of both previously known and novel putative
ER scaffolds. Application of distance constraints within TS-VS allowed facile identification of three novel
active ligands with ERR binding affinities (IC50) of 1.4µM, 57 nM, and 53 nM. Importantly, they all exhibited
ERR over ERâ selectivity, with the most selective being 17-fold. The ligands also displayed low micomolar
antiproliferative activity (7-15 µM) in the human MCF-7 breast cancer cell line.

Introduction

A brief survey of the literature currently available (http://
www.ncbi.nlm.nih.gov/) in the area of docking applied to virtual
screening (VSa) reveals over 250 related entries since late 1997.
This field has emerged in the past decade as a key element for
both the pharmaceutical industry and the academia in the
discovery of new lead compounds that possess specific thera-
peutic properties.

Structure-based VS is typically performed by docking a
molecule into a receptor active site and determining the optimal
orientation by conformational, translational, and rotational
movement.1-3 Subsequent scoring of these complexes is un-
dertaken to assess the correct binding modes of the complexes,
allowing ranking by affinity.4 This ranking allows prioritization
and selection of compounds for biological testing.

Several studies have examined the ability of docking and
scoring combinations to retrieve a set of known actives from
databases of decoys.5-9 Evaluation of their efficacy has been
determined through analyses of enrichment (E) rates10 or their
ability to “correctly” reproduce binding modes observed in
crystal structures as measured by rmsd.6 The minimum require-
ment of a docking tool would be to reproduce known binding
modes for a set of complexes as measured by rmsd, however,
this metric loses information about intermolecular interactions
focusing only on ligand coordinates. Cole et al.11 importantly
point out that rmsd calculations can be flawed because docked
solutions can exhibit a low rmsd, but they can also have
substituents oriented incorrectly with respect to residues of the
active site. Marcou et al.12 recommend omitting the use of rmsd
as a measure of quantifying docking success. It is imperative

that good E rates are achieved based on accurate identification
of true binding modes to ensure false positives (FPs) resulting
from conformational artifacts are minimized. Recent studies
have focused on the use of interaction fingerprints12-14 as a post-
docking strategy to reduce FPs. Rognan’s group shows scoring
by similarity of these fingerprints outperforms conventional
scoring functions. The importance of post-docking filters has
also been highlighted with the introduction of stand-alone
programs such as VISCANA,15 Silver,16 and PostDock.17

Rather than comparing the performance of post-docking filters
with scoring functions, our approach was to implement both
methods concurrently and so ensure that only true binding modes
are ranked. Our resultant platform, target specific virtual
screening (TS-VS), consists of a rigid-body docking algorithm
(LIGIN), a “rough” scoring function, normalized complemen-
tarity (NC), a post-docking filter, ligand protein contacts (LPC),
and final ranking with an empirical scoring function (Figure
1). TS-VS was conceived as a method to target specific
biological systems of study rather than deliver a generic tool
and its validation was based on the retrieval of active modulators
of the human estrogen receptor (ER).

As a stand-alone docking tool, LIGIN has been previously
tested in CASP2 experiments involving binding pocket identi-
fication,18 modeling the quinone binding site in the D1 protein
of the photosystem-2 reaction center19 and the inhibitory/
stimulatory binding sites for tentoxin within chloroplast F0F1-
ATPase.20 However, in the context of virtual screening, LIGIN
has not yet been evaluated. The LIGIN methodology is fully
described elsewhere,21 so for the purposes of this article we
briefly describe the main features in the computational section.

Post-docking, the NC function is calculated using LPC
software22 as it differs from the function in LIGIN by inclusion
of a wall term that accounts for interatomic clashes. A threshold
value is set allowing removal of docked ligands overly exposed
to solvent because of “poor” positioning in the active site. This
step is highly beneficial when applied to docking against targets
such as nuclear receptors, which inherently possess well-buried
cavities. The large quantity of cocrystal data for the nuclear
receptor superfamily, our previous work on this target, and
knowledge about its modulation through key interactions with
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residues Glu353, Arg394, His524, and Asp351 (antagonist)
prompted us to use it in this study23-25 (Figure 2). The desire
was to deliver a TS-VS utility that would yield high E and low
FPs and be clearly validated through experiment.

Post-docking, LPC also generates information about inter-
atomic distances between ligands and residues of the active site
of the ER, with specific details about H-bonding interactions.
Only those ligands exhibiting true binding modes based on two
types of distance constraints, nearest-atom and H-bonding are
retained. When nearest-atom distance constraints are used,
it is possible to suggest novel chemistry by permitting com-
pounds whose scaffolds may be adequately oriented for ER
binding but may not be revealed in a focused virtual screen
due to the presence of inappropriate substituents. Alternatively,
applying specific H-bonding distance constraints, only those
molecules bearing substituents that could interact through
H-bonding to specific residues (e.g., Thr347, Glu353, Leu387,
Arg394) are retained. Importantly, Asp351 was not included in
the filter list of essential H-bonding residues so as to permit

the identification of modulating scaffolds, not necessarily
antagonists, whose activity could be optimized toward agonism
or antagonism by enumeration of a virtual library and follow-
up synthesis.

Following the application of either nearest-atom or specific
H-bonding constraints, a final scoring component is executed
on the remaining complexes to allow prioritization. In the
delivery of a target-specific virtual screening utility, selection
of an appropriate scoring function component is paramount.
Arbitrary or uninformed use of scoring functions can and does
lead to negatively impacted hit rates and compound rankings,
with increased FP rates and multiple false negative annotations.
To select the scoring function most applicable to docking in
ERR, 15 popular scoring functions, that is, X-Score, Fresno,
six scoring functions implemented in Sybyl6.91 (D-Score, PMF-
Score, G-Score, ChemScore, F-Score, and DrugScore), six
implemented in FRED2.11 (ChemScore, ChemGauss, Chem-
Gauss2, PLP, ScreenScore, ShapeGauss), and one from Surflex
(Hammerhead), were evaluated. This evaluation was performed
without the implementation of distance constraints in the process
so as to prevent any undue bias. The optimal individual scoring
function was then selected and included as the last component
in the protocol so that only reasonably docked structures were
actually scored. Integration of these “in silico” methods with
wet-lab experimentation has allowed us to optimize our suite
of algorithms and discover lead compounds of the ERR,
delivering a validated TS-VS platform.

Experimental Section

Computational. Active and Decoy Sets.A total of 40 known
antiestrogens were selected from literature, with activities ranging
from nanomolar to low micromolar potency and converted to
SMILES format using ACD/ChemSketch 8.17. The set was passed
through FILTER26 to remove those antiestrogens that were not
considered to be “drug-like”, leaving only 19 remaining. Our
laboratory and others have highlighted the importance of incorpo-
rating a set of actives in a decoy set that reflect the properties of
the rest of the decoy set when validating a VS protocol.23,27 We
sought to optimize the protocol toward discovery of inhibitors of
ERR that would also possess more “drug-like” properties, and our
choices of filter parameters reflected this. A subset of the Derwent
World Drug Index (WDI)28 was then extracted and passed through
FILTER using the same filtering properties, such as molecular
weight<200 or>550, number of hydrogen bond donors 0< x <
6 and acceptors 0< x < 10, and calculated logP< 7. The set
remaining totaled 10 343 compounds. From this, 500 molecules
with stereochemical information denoted and 481 without were
randomly selected. This was done to best reflect the portion of
marketed drugs that contain chiral centers, so representing a “real
world” virtual dataset. The two sets were merged with the 19 actives
to produce a set of 1000 compounds with similar characteristics.

A larger database comprising 9999 compounds was formed using
the WDI and CHEMBANK. A single potent antiestrogen was added
to the set to make up the 10 000.25 This set has been previously
described in our study of database preprocessing.29 This set was
employed to validate the vHTS protocol more thoroughly.

Conformer Generation and Storage.Cheminformatic prepro-
cessing of databases of molecules has been assessed by our group
in relation to ERR in a previous study.29 We have demonstrated
the impact it has in the context of virtual screening and prioritization
of compounds for biological evaluation using the rigid-exhaustive
docking algorithm, FRED 2.01.30 Multiple protonated, tautomeric,
stereochemical and conformational states were enumerated and their
associated effects on E rates and FP rates were examined using
datasets of 1000 and 10 000 compounds, respectively. Unexpect-
edly, the initial SMILES31 representation of a compound prior to
preprocessing had a significant impact on the E obtained. It is
concluded that only the generation of 10 conformers of each

Figure 1. Overview of VS protocol.

Figure 2. Residue-ligand interactions of the agonist estradiol ERR
(pdb ID: 1ERE) and antagonist raloxifene ERR (pdb ID: 1ERR).
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compound using OMEGA 1.8132 is needed to produce excellent E
when docking in the ERR. Noteworthy, this is ER-specific and
might not translate to other targets. Interestingly, addition of
multiple protonation, tautomeric, and stereochemical states does
not provide additional benefit. As a result, we have chosen the same
method of conformer sampling using OMEGA 1.81 in the current
protocol.

To begin with, OMEGA 1.81 was utilized to convert all databases
from sdf format to a multiconformer mol2 database, with subsequent
conversion to multi-PDB file using OpenBabel 1.100.2.33 A set of
C subroutines automates these processes and also splitting of the
multiconformer file into separate conformers.

Protein Preparation. The crystal structure 3ERT was down-
loaded from the Protein Data Bank, and crystallographic waters
were removed. The subsequent structure was imported to Macro-
model 6.534 and rewritten in PDB format to ensure bonds were
represented correctly in this format. LIGIN does not take hydrogen
atoms into account in the docking process and so no addition or
minimization of them was needed.

Docking Protocol.A description of the LIGIN docking program
employed at this stage is provided. LIGIN is executed when three
main files are present, INPUT, PROT, and LIG. The LIG file
consists of each conformation of a ligand in the database in standard
PDB format. The PROT file is generated from the crystal structure
(3ERT)35 and contains the coordinates of the protein atoms and
other atoms in the target but does not include information about
the ligand chosen. The input file is then generated from a set of
arbitrary rules that classify and assign a number to particular
atom types numbered 1-8: (1) Hydrohilic: N and O atoms that
can donate and accept H-bonds (e.g., oxygen of hydroxyl group of
Ser or Tyr). (2) Acceptor: N or O atoms that can only accept
H-bond. (3) Donor: N atom that can only donate H-bond. (4)
Hydrophobic: Cl, Br, I, and all C atoms that are not in aromatic
rings and do not have a covalent bond to a hydrophilic atom. (5)
Aromatic: C atoms in aromatic rings. (6) Neutral: C atoms that
have a covalent bond to at least one atom of class 1 or two or
more atoms from class 2 or 3; N atom if it has covalent bonds
with 3 carbon atoms; S and F atoms in all cases. (7) Neutral-
donor: C atom that has a covalent bond with only one atom of
class 3. (8) Neutral-acceptor: C atom that has covalent bond with
only one atom of class 2.

To reduce the sampling time, the coordinates of the LIG files
are translated to those of the cocrystallised ligand (4-hydroxyta-
moxifen) to ensure docking begins in the binding site. LIGIN begins
by generating a number of ligand positions in six dimensions in
the binding site of the receptor. The basic presumption is that two
atoms will be in contact if they share a common surface area with
a distance between them smaller thanRa + Rb + 2Rw, whereRa

andRb are van der Waals radii of the atoms andRw is that of the
solvent molecule. A final evaluation of the fit of a molecule in the
active site is given by the calculation of a complementarity function
(CF)

whereS1 and Si are the sum of all “legitimate” (complimentary)
and “illegitimate” (uncomplimentary) contact surface areas, re-
spectively, between ligand and residues of receptor.E is a repulsion
term similar to that used in energy force fields. A “wall” term is
also incorporated, similar to the repulsive term used in the Lennard-
Jones potential to account for intermolecular clashes. As the CF
value would be ultimately dependent on the size of the ligand, it is
normalized by dividing by the solvent accessible surface of the
uncomplexed ligand, producing the NC value.

The docked positions obtained have their respective hydrogen
bond lengths optimized to allow for refinement of the final structure.
After searching for the global maximum of the complementarity
function, the program createse20 files (CR1, CR2, CR3, and so
on) containing the coordinates of the ligand in PDB format that
correspond to the “global” (CR1) and “local” maxima (CR2, CR3,

and so on). Merging of the PROT file and each CR file is carried
out to produce the final docked complexes. Each step in the process,
namely, extraction of ligand information from an SQL database,
generation of each INPUT file for the associated LIG files,
translating the coordinates of the LIG files to the endogenous ligand,
execution of LIGIN, and merging of the output CR files with the
PROT file are all carried out by a series of C routines that construct
the fully automated suite.

TS-VS Validation: NC, Distance Constraints, and Scoring.
In a prescreening phase, the NC according to LPC22 was calculated
for each of the docked complexes for a set of 19 active ERR
inhibitors known to potently modulate ERR. The lowest NC value
was set as the threshold value for follow-up docking studies.

Next, a post-docking filter was introduced, consisting of distance
thresholds set between atoms of a ligand and certain residues known
to be important in the ER binding process. From a calculation of
the interatomic contacts using LPC on the crystal structure 3ERT,
the core putative H-bonds were deemed to be Glu353, Arg394,
Leu387, Thr347, and Asp351. The 19 actives used earlier to assess
the lowest NC value were redocked, and distance thresholds were
set for each of these residues according to the range of distances
observed for all 19 actives (e.g., 2.4<) $glu353 && $glu353
<) 4).

A decoy set of 1000 compounds seeded with the same 19 actives
was subsequently docked according to the above procedure with
the NC threshold set but without any distance constraints set. The
remaining docked complexes were scored using the following
scoring functions: F-Score, D-Score, PMF-Score, G-Score, Chem-
score, and Drugscore as implemented in Sybyl 6.91, Chemscore,
Chemgauss, Chemgauss2, Shapegauss, PLP, and Screenscore as
implemented in FRED 2.11, Hammerhead as implemented in
Surflex, and two standalone scoring functions, Xscore and Fresno.
The optimal scoring function was selected through analysis of E
data and now became the final component of the procedure as in
Figure 1.

Finally, the two training sets (1000 and 10 000 molecules)
described in the previous section were docked, filtered, and scored
accordingly.

Virtual ScreeningsProof of Concept.A virtual screen of the
SPECS database screening collection (Release: Aug 2005, 202 054
compounds in total) was carried out using our fully optimized
protocol to initially suggest new scaffolds of inhibitors of ERR. A
total of 10 conformers of each molecule were generated using
Omega 1.8132 and docked and scored according to the protocol
detailed in the TS-VS validation section. A visual inspection of
the compounds that passed was undertaken, and a number of
scaffolds were selected.

Taking the same docked complexes, the set was refiltered using
LPC, with additional constraints imposed to guarantee H-bonding
of ligand atoms occurred with residues Thr347, Glu353, Leu387,
and Arg394. Asp351 was not selected as a H-bonding constraint
to allow both agonist and antagonist cores to be discovered, as
agonists can readily be converted to antagonists through the
addition of an antiestrogenic side-chain. The remaining compounds
were finally scored with the last scoring component of the
procedure.

Biochemical Testing. Receptor Binding Assay.Competitive
binding affinity experiments were carried out, as described else-
where,36 using purified baculovirus-expressed human ER-alpha
(HrERR) and applying Fluoromone (ES2), a fluorescein-labeled
estrogen ligand. Both were contained in the ER competitor assay
kits, which Green obtained from Invitrogen Corporation. HrERR
was stored at-80 °C, and not subjected to any vortexing.

HrER R Titration. HrERR was serially diluted from 400 nM to
0.391 nM in screening buffer (40 mM Tris-HCl, pH 7.5; 50 mM
KCl; 5% glycerol; 10% dimethylformamide; 0.02% sodium azide;
50 µg/mL bovine gamma globulin) to a final volume of 100µL in
borosilicate test tubes. ES2 was added to each tube at a concentra-
tion of 1 nM, and the tubes were mixed by shaking lightly. After
incubation for 1 h atroom temperature, the FP assays were carried
out using a Beacon 2000 fluorescence polarization instrument

CF ) S1 - Si - E (1)
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(PanVera Corporation) with 360 nm excitation filter and 530 nm
emission filter. Fluorescence anisotropy was measured for each
solution, and the amount of ER that gives 80% of the maximal
shift in mP was selected as the concentration to use for competitive
binding studies.

Competitive Binding Assay. Competing compounds were
prepared at a standard concentration of 10 mM in DMSO. HrERR
and ES2 were combined on ice (4°C) in a glass vial to produce

the receptor-fluoromone complex. The vial was gently inverted
2-3 times, again ensuring no vortexing of the mixture. In duplicate,
the compounds were serially diluted in ethanol to ensure the final
concentration of DMSO and ethanol was below 1% in solution. A
total of 1 µL of each solution was diluted in 49µL of buffer and
added to 50µL of the receptor-fluoromone complex in borosilicate
test tubes. Following a 45 min incubation, the samples underwent
FP measurement.E2 was used as a negative control and 50µL of

Figure 3. Total of 19 active ligands extracted from literature. NC represents the NC value, and the references for each structure are enclosed in
parenthesis.
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the receptor-fluoromone complex in 50µL of buffer was used as
the positive control.

Antiproliferative Studies. MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay was carried out as previ-
ously described.37 The ER(+) breast cancer MCF-7 cell line was
maintained in 75 cm2 culture flasks (Greiner) containing (Dulbecco)
Eagles minimum essential medium in a 5% CO2 atm with 10%
fetal calf serum. The medium was also supplemented with 1%
nonessential amino acids.

MTT Assay. Cells were trypsinized and seeded at a density of
1.5 × 104 in a 96-well plate and incubated at 37°C and 5% CO2
atm for 24 h. All compounds were prepared at a standard
concentration of 10 mM in DMSO and serially diluted to produce
a range of concentrations spanning 1η-100 µm. A total of 2µL
of each compound solution were added to the cells and reincubated
for an additional 72 h. Control wells contained 2µL of vehicle
(DMSO) in all cases. At the end of the incubation period, culture
medium was removed and all cells were washed with 100µL of
PBS. A total of 50µL of MTT solution was added to each well,
and the plates were incubated in darkness for∼2 h at 37°C. The
converted dye was solubilized with 200µL of DMSO and pipetted
up and down several times to ensure the dye dissolves completely.
Absorbance of the converted dye was measured at 570 nm, with
control cells set to 100% cell viability.

Cytotoxicity Studies.Lactate dehydrogenase (LDH) assay was
used to measure cellular toxicity effects of the various doses of
each compound and was examined using a colorimetric determi-
nation kit (Promega).38

LDH Assay. The assay was carried out concurrently with
the MTT assay following dosing of the compounds and incu-
bation for 72 h as above. Prior to removal of the culture medium
in the MTT assay, 50µL aliquots of medium were removed to a
fresh 96-well plate. A total of 50µL of LDH solution was
added to each well and the plate was left in darkness for∼20-30
min at room temperature. A total of 50µL of stop solution
was then added to each well, and the absorbance read at
490 nm on a micro-plate reader. Control of 100% lysis was
measured by the addition of 20µL of lysing solution 45 min prior
to harvesting.

Results and Discussion

A common problem in VS is that some compounds are ranked
well by scoring functions post-docking, although their respective
pose is barely in the binding site leading to false E.39 Second,
and importantly, Warren et al. have recently observed that from
an assessment of 35 scoring functions, none were able to reliably
identify the best-docked pose against a set of different targets.40

Obviously, this leads to difficulty in choosing the optimal
docking algorithm to select in a VS campaign against a particular
target. To overcome this pitfall, we have introduced the TS-VS

platform to ensure that only realistic binders and not confor-
mational artifacts are prioritized.

Normalized Complementarity. Our initial scoring function
discerns the “buriedness” of a pose within the binding site
termed NC, as calculated by LPC software.22 A docked molecule
producing a score of∼1 is one that is 100% contained in the
binding site and thus the solvent accessible surface is 0. This
first filter is sensitive enough to ensure that molecules are
actually docked in the cavity of the receptor and not overly
exposed to solvent. Figure 3 shows the list of 19 active ligands
extracted from literature with demonstrated modulation of ERR.
These ligands were used to inform the process to set a threshold
value (0.8) that must be overcome to allow a molecule to move
to the next stage in the process.

Applying this methodology to the validation set of 1000
compounds seeded with 19 actives, only 860 passed (all seeded
actives included) and docked sufficiently well within the
hydrophobic cavity of the ER.

Scoring. It was necessary to select the optimal scoring
function at this stage before application of the distance constraint
filters to prevent introduction of bias into the final scoring
process. Our intention, however, was to use the optimal scoring
function as the final component in the full VS procedure after
application of the distance constraint filters to score only true
binders.

The ability of 15 scoring functions to discriminate between
actives and inactives from the remaining 860 docked poses was
examined. Table 1 depicts the E calculated for 0.6% (top 5),
1.2% (top 10), 1.8% (top 15), and 2.4% (top 20) of the ranked
hit list for each scoring function. It is immediately clear that
∼50% of the scoring functions provide no E at all. The
increasing order of merit of each is D_Score) PMF_Score)
F_Score) G_Score) Drugscore) FRED_Chemscore)
HammerHead< Fresno< Chemscore< Plp < Xscore <
Screenscore< Shapegauss< Chemgauss< Chemgauss2.

Chemgauss2 is a smooth Gaussian function composed of
shape-based interactions between all heavy atoms, hydrogen
bonding interactions, and aromatic interactions. From Table 1,
Chemgauss2 is undoubtedly the best performing scoring func-
tion.

Distance Thresholds Combined with Scoring.Having
identified ChemGauss2 as the optimal scoring function for the
ER for use in the final step in the protocol, it was necessary to
take the 860 molecules that passed the NC threshold of 0.8 and
refilter, applying distance constraints between the nearest
interacting atom of a ligand and atom of the residues Thr347,
Glu353, Leu387, and Arg394. The residues, Met343, Leu349,
Leu384, and His524, were added to the list for constraining, as

Table 1. Enrichment of Inhibitors for ERR Using 15 Different Scoring
Functions

database size 0.6% 1.2% 1.8% 2.4%

Chemscore 0 4.526 12.07 11.315
D_Score 0 0 0 0
PMF_Score 0 0 0 0
G_Score 0 0 0 0
Drugscore 0 0 0 0
F_Score 0 0 0 0
Chemgauss 36.21 31.68 27.16 22.63
Chemgauss2 45.26 31.68 27.16 22.63
FRED_Chemscore 0 0 0 0
PLP 18.11 18.11 12.07 11.32
Screenscore 27.16 22.63 15.09 13.58
Shapegauss 36.21 27.16 24.14 22.63
Hammerhead 0 0 0 0
Fresno 0 9.05 6.04 11.32
Xscore 18.11 18.11 18.11 13.58

Table 2. Comparison of E Rates for ChemGauss2 before (wo) and after
Addition (w) of Distance Constraints

database size
(%)

Chemgauss2
(wo)

Chemgauss2
(w)

theoretical
max

0.60 36.21 45.26 45.26
1.2 31.68 45.26 45.26
1.8 27.16 42.24 45.26
2.4 22.63 31.68 45.26

Table 3. Comparison of FP Rates for ChemGauss2 before and after
Addition of Distance Constraints

true positive
(%)

Chemgauss2
(wo)

Chemgauss2
(w)

theoretical
max

80 19.62 0.95 0
90 40.55 2.49 0

100 99.29 5.59 0
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they appear to provide additional important interactions in the
binding process for antiestrogens.58 A large reduction in the
number of docked complexes needing to be rescored resulted
from this process, with all actives and only 52 inactives passing
this stage. It is important to note that this reduction in the docked
molecule listing makes prioritization significantly easier for any
scoring function and assists in ranking, particularly if suboptimal
scoring functions are the only tools available to the chemin-
formatician. Corroborating this, Chuaqui et al. described a 1D
profile-based approach, structural interaction fingerprint (p-
SIFT), to filter out poorly docked poses and found that once
incorrect poses that contribute to FP scores were removed,
differences in the performance of individual scoring functions
were factored out.59

As illustrated in Table 2, the optimized protocol significantly
improves E over the data set. Prior to incorporation of distance
constraints, the E rates observed using Chemgauss2 were 36.21
in the first 0.6% and 31.68 for the first 1.2%, respectively. On
addition of the target-specific constraints to “focus” the docking,
a maximum E of 45.26 was observed for both 0.6% and 1.2%
levels of the dataset. What is important to note at this stage is
that no specific H-bonding constraints have been applied, but
only interatomic distance constraints. Halgren et al.60 also point
out that the common definition of E does not account for the
actual rank of each active in a scored hit list, and for this reason,
we also calculate FP rates for our program in the validation
process as another indicator of success. Again, it can be observed
that the FP rates are significantly lower after introduction of
distance constraints, as evidenced in Table 3.

Finally, to more rigorously test the procedure and its
application of the ER, we screened a set of 10 000 compounds
(known inactive but with similar molecular properties to known
antiestrogens) seeded with a single known antiestrogen used
previously by us to show the importance of preprocessing a
database prior to docking.29

From the ranked database of 10 000 compounds, our proce-
dure managed to select the single antiestrogen in 14th place.
Typically, on completion of a virtual screen, a certain

percentage of the top ranking compounds is biologically
evaluated. In our test case, and in most screens in our laboratory,
the top 0.5% is ordered for further biological testing, translating
to the top 50 compounds selected in this case. Therefore, the
single antiestrogen would have been retrieved from the set
successfully, with significant E and savings over random or
traditional HTS.

Virtual ScreeningsDeployment. The procedure detailed
above at this stage is sufficient for discrimination between
actives and inactives in a training set. It is clear that if a molecule
from a compound collection docks in the correct manner with
appropriate interatomic distances from the required residues to
pass the LPC filter it may not be immediately active because
the necessary H-bonding substituents would not be present.
Generally, a VS platform with pharmacophoric preferences
incorporated (e.g., Flexx-Pharm,61 Gemdock62) will retrieve
molecules that fulfill a number or features and as a result novel
chemotypes are retrieved, but many potential ones are also
missed because of the specificity of such protocols. Advanta-
geously, at this stage of the TS-VS procedure, all scaffolds that
adopt the correct shape within the active site are retained. While
these ligands may not currently possess the appropriate H-
bonding substituents to be immediate binders, they could be
tailored to do so using classical chemical modification. Thus,
TS-VS is serving to suggest novel scaffolds for follow-up
studies. Final scoring of the selected scaffolds with ChemGauss2
allows prioritization according to those compounds with the best
interactions. To highlight this process, we again carried out a
virtual screen of the SPECS database (Release: Aug 2005,
202 054 compounds in total) employing this method. A selection
of some the known scaffolds obtained are illustrated in
Figure 4.

Scaffolds B and F represent known scaffolds present in the
raloxifene moiety and ZK-119010 moiety, respectively. Scaffold
A represents a triarylimidazole-type scaffold. Stauffer et al.46

have detailed the differences in binding affinity when the cores
(diazoles, imidazoles, pyrazoles) are replaced by one another
and with the rings containing the same substituents in the same
positions. Although the imidazole core still permitted binding
to the ER, it was less efficacious than the pyrazole core. Fink
et al.63 have also previously demonstrated the high affinity
binding of 1,3,5-triaryl-alkyl-pyrazoles to ERR. Scaffolds C,
D, and E all contain a quinoline core that has been previously
shown to be effective when incorporated in an antiestrogenic
moiety, as illustrated in Figure 5.

Next, specific H-bonding interactions were incorporated in
this section to allow immediate identification of potential ER
binders from the same screen of the SPECS database carried

Figure 4. Several known selected scaffolds identified by vHTS protocol outlined.

Figure 5. Quinoline structure developed by American Home Products.
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out to suggest novel scaffolds. The set was filtered using LPC
with H-bond constraints set (Arg394, Glu353, Thr347, Leu387).
Following visual inspection (compounds selected based on
number of interactions with key residues) of the 13 ranked
compounds remaining, and as a proof of concept, a set of seven
compounds from the original database of>200 000 (Figure 6)
were selected, purchased, and evaluated for their ability to bind
to the ER by fluorescence binding assay using 10µM as an
activity cutoff. Of these seven tested ligands, three demonstrated
ERR binding affinities above the 10µM cutoff, with measured
binding affinities of 1.1µM (compound2), 53 nM (compound
4), and 56 nM (compound5) for human ERR.

Figure 7 illustrates predicted binding modes of the seven
compounds in ERR.

From Figure 7 it is clear that compounds4 and5 adopt an
orientation very close to that of 4-hydroxytamoxifen (orange).
The presence of free hydroxy substituents allows an interaction
with Glu353 and Arg394 and also His524 as observed from
the LPC output of the docked complex of compound4. These
compounds were shown to possess the best binding affinity,
validating and corroborating the computational analysis. Com-
pound 4 possesses fluorine on theortho-position, which
appears to reduce the binding affinity because of steric interac-
tions with Asp351, compared with compound5, which possesses
a methyl group on thepara-position of the side-chain ring. The
affinity of compound2 for ERR is probably due to the presence
of a meta-methoxy group and apara-hydroxy group near
Glu353 and Arg394, which permits a strong H-bond interaction
to occur.

To determine whether our TS-VS methodology was indeed
specific enough to select hits that would preferentially bind ERR
over the ERâ isoform, we examined binding of these compounds
to ERâ by the same experimental method. Compounds2, 4,
and5 exhibited binding IC50 values of 6.2µM, 780 nM, and
915 nM, respectively, demonstrating 4.4-, 13.7-, and 17-fold
selectivity for ERR over ERâ.

Finally, to evaluate the ability of these compounds to inhibit
proliferation of human MCF-7 breast cancer cells, an MTT
functional assay was also carried out. The compounds exhibited
(2) 15 µM, (4) 11.4 µM, and (5) 7 µM inhibitory activity,
comparing well with the clinical standard, tamoxifen (4.6µM).
All compounds assayed for their antiproliferative effects were
concurrently tested to assess the extent of their cytotoxity using
the LDH assay outlined in the Experimental Section. All
three compounds possessed cytotoxic effects comparable to
tamoxifen, indicating their actions to be also cytostatic rather
than cytotoxic.

As discussed elsewhere,23 the key to turning an estrogenic
substance into an antiestrogen is by inclusion of a basic side-
chain such as that of a dimethylaminoethyl chain of tamoxifen.
It is interesting to note that none of the compounds possessed
the predicted ability to interact directly (i.e., via H-bonding)
with what is usually considered to be the key antiestrogenic
residue, Asp351, but yet they all exhibited inhibitory activity
close to that of tamoxifen.

Compounds4 and 5 have been previously synthesized by
Elagamey et al.,64 and compound2 was synthesized by
Chernobrovin et al.,65 however, no indication of their pharma-
cological activity has been reported with respect to the ER to
date. Gu¨ngör et al. have independently described the synthesis
and biological activity of a different series of arylquinazolinone
and 3-arylquinazolinethione derivatives that possess low nM
ER binding, and preferential binding affinity to ER beta.66 The
4H-chromene-3-carboxylate scaffold of compounds4 and5 has
been incorporated in ethyl 2-amino-6-bromo-4-(1-cyano-2-
ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate and found to
induce apoptosis in tumor cells by binding to bcl-2 protein.67

This is the first report of associated ER activity for these
compounds, and additional virtual and chemical library enu-
merations incorporating focused structural modifications to the
core scaffolds are underway in our laboratory to optimize
activity.

Figure 6. Hits identified by vHTS and chosen for biochemical testing.
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Figure 7. X-ray of 4-hydroxytamoxifen (orange) in active site of ERR (3ERT), with docked structure of hits 1-7 overlaid, and comparison of
LPC output of compound4 docked vs 4-hydoxytamoxifen (3ERT).
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Conclusion

As indicated previously, a common occurrence and pitfall in
many VS campaigns is the retrieval of FPs among true positives.
We have shown that incorporation of two components from our
TS-VS protocol, namely, NC scoring and distance constraints,
can significantly reduce FPs, and subsequently, ranking by a
universal scoring function is far more effective after their
inclusion. The choice of the docking algorithm to use in VS is
highly dependent on the target of interest, and we suggest that
assessing the binding modes of a set of known actives using
distance constraints may be more effective than calculation of
rmsd, as rmsd only accounts for ligand coordinates and negates
any information about potential interactions. Constraining the
distances in different ways, that is, nearest-atom or H-bonding,
we have been able to suggest both new saffolds and also retrieve
actual validated hits of both ERR and ERâ. Our full TS-VS
procedure positively identified one micromolar (compound2
) 1.4 µM) and two novel nanomolar (compound4 ) 56 nM,
compound5 ) 53 nM) ligands of ERR by virtual screening of
202 054 compounds, of which only seven were selected for
biological testing. The compounds also exhibit low micromolar
inhibition of MCF-7 proliferation and were also shown to be
selective in targeting ERR over ERâ (e.g., compound5 ) 17-
fold selective). The procedure is fully automated, and access to
a mid-sized 130 Intel Xeon 3.06 GHz processor cluster68 allows
us to carry out VS via these methods in a short time. This
procedure is currently being extended to carry out virtual
screening to identify compounds selective for ERâ.

Acknowledgment. The authors would like to acknowledge
the financial support of the Irish Higher Education Authority
(PRTLI 3 programme), the Health Research Board, Enterprise
Ireland and Science Foundation Ireland in the delivery of this
work.

References

(1) Bajorath, J. Integration of virtual and high-throughput screening.Nat.
ReV. Drug DiscoVery 2002, 1 (11), 882-94.

(2) Kitchen, D. B.; Decornez, H.; Furr, J. R.; Bajorath, J. Docking and
scoring in virtual screening for drug discovery: methods and
applications.Nat. ReV. Drug DiscoVery 2004, 3 (11), 935-49.

(3) Schneider, G.; Bohm, H. J. Virtual screening and fast automated
docking methods.Drug DiscoVery Today2002, 7 (1), 64-70.

(4) Lyne, P. D. Structure-based virtual screening: An overview.Drug
DiscoVery Today2002, 7 (20), 1047-55.

(5) Kellenberger, E.; Rodrigo, J.; Muller, P.; Rognan, D. Comparative
evaluation of eight docking tools for docking and virtual screening
accuracy.Proteins2004, 57 (2), 225-42.

(6) Perola, E.; Walters, W. P.; Charifson, P. S. A detailed comparison
of current docking and scoring methods on systems of pharmaceutical
relevance.Proteins2004, 56 (2), 235-49.

(7) Schulz-Gasch, T.; Stahl, M. Binding site characteristics in structure-
based virtual screening: evaluation of current docking tools.J. Mol.
Model.2003, 9 (1), 47-57.

(8) Warren, G. L. Molecular docking and high-throughput screening for
novel inhibitors of protein tyrosine phosphatase-1B.J. Med. Chem.
2005.

(9) Bissantz, C.; Folkers, G.; Rognan, D. Protein-based virtual screening
of chemical databases. 1. Evaluation of different docking/scoring
combinations.J. Med. Chem.2000, 43 (25), 4759-67.

(10) Krovat, E. M.; Langer, T. Impact of scoring functions on enrichment
in docking-based virtual screening: An application study on renin
inhibitors.J. Chem. Inf. Comput. Sci.2004, 44 (3), 1123-9.

(11) Cole, J. C.; Murray, C. W.; Nissink, J. W.; Taylor, R. D.; Taylor, R.
Comparing protein-ligand docking programs is difficult.Proteins
2005, 60 (3), 325-32.

(12) Marcou, G.; Rognan, D. Optimizing fragment and scaffold docking
by use of molecular interaction fingerprints.J. Chem. Inf. Model.
2006.

(13) Deng, Z.; Chuaqui, C.; Singh, J. Structural interaction fingerprint
(SIFt): A novel method for analyzing three-dimensional protein-
ligand binding interactions.J. Med. Chem.2004, 47 (2), 337-44.

(14) Deng, Z.; Chuaqui, C.; Singh, J. Knowledge-based design of target-
focused libraries using protein-ligand interaction constraints.J. Med.
Chem.2006, 49 (2), 490-500.

(15) Amari, S.; Aizawa, M.; Zhang, J.; Fukuzawa, K.; Mochizuki, Y.;
Iwasawa, Y.; Nakata, K.; Chuman, H.; Nakano, T. VISCANA:
Visualized cluster analysis of protein-ligand interaction based on the
ab initio fragment molecular orbital method for virtual ligand
screening.J. Chem. Inf. Model2006, 46 (1), 221-30.

(16) CCDC, Silver (http://www.ccdc.cam.ac.uk/products/life_sciences/
gold/index.php#silver).

(17) Springer, C.; Adalsteinsson, H.; Young, M. M.; Kegelmeyer, P. W.;
Roe, D. C. PostDOCK: A structural, empirical approach to scoring
protein-ligand complexes.J. Med. Chem.2005, 48 (22), 6821-
31.

(18) Sobolev, V.; Moallem, T. M.; Wade, R. C.; Vriend, G.; Edelman,
M. CASP2 molecular docking predictions with the LIGIN software.
Proteins1997, Suppl 1, 210-4.

(19) Sobolev, V.; Edelman, M. Modeling the quinone-B binding site of
the photosystem-II reaction center using notions of complementarity
and contact-surface between atoms.Proteins 1995, 21 (3), 214-
25.

(20) Sobolev, V.; Niztayev, A.; Pick, U.; Avni, A.; Edelman, M. A
proteomic approach to resolving the binding sites for tentoxin in
plastid CF1-ATPase. Proceedings of the 12th International Congress
on Photosynthesis, Brisbane, Australia, August 18-23, 2001;
Springer: Netherlands, 2001.

(21) Sobolev, V.; Wade, R. C.; Vriend, G.; Edelman, M. Molecular
docking using surface complementarity.Proteins1996, 25 (1), 120-
9.

(22) Sobolev, V.; Sorokine, A.; Prilusky, J.; Abola, E. E.; Edelman, M.
Automated analysis of interatomic contacts in proteins.Bioinformatics
1999, 15 (4), 327-32.

(23) Knox, A. J. S.; Meegan M. J.; Lloyd, D. G. Estrogen Receptors:
Molecular interactions, virtual screening, and future prospects.Curr.
Top. Med. Chem.2006, 6 (3), 211-237.

(24) Lloyd, D. G.; Hughes, R. B.; Zisterer, D. M.; Williams, D. C.;
Fattorusso, C.; Catalanotti, B.; Campiani, G.; Meegan, M. J.
Benzoxepin-derived estrogen receptor modulators: A novel molecular
scaffold for the estrogen receptor.J. Med. Chem.2004, 47 (23),
5612-5.

(25) Meegan, M. J.; Hughes, R. B.; Lloyd, D. G.; Williams, D. C.; Zisterer,
D. M. Flexible estrogen receptor modulators: Design, synthesis, and
antagonistic effects in human MCF-7 breast cancer cells.J. Med.
Chem.2001, 44 (7), 1072-84.

(26) FILTER; Openeye Scientific Software: Santa Fe, NM.
(27) Verdonk, M. L.; Berdini, V.; Hartshorn, M. J.; Mooij, W. T.; Murray,

C. W.; Taylor, R. D.; Watson, P. Virtual screening using protein-
ligand docking: Avoiding artificial enrichment.J. Chem. Inf. Comput.
Sci.2004, 44 (3), 793-806.

(28) Derwent World Drug Index, http://thomsonderwent.com/products/
lr/wdi.

(29) Knox, A. J.; Meegan, M. J.; Carta, G.; Lloyd, D. G. Considerations
in compound database preparations“hidden” impact on virtual
screening results.J. Chem. Inf. Model2005, 45 (6), 1908-19.

(30) FRED, version 2.0.1; Openeye Scientific Software: Santa Fe, NM
(http://www.eyesopen.com).

(31) Weininger, D. SMILES: A chemical language and information
system.J. Chem. Inf. Comput.1988, 28, 31-36.

(32) OMEGA 1.8.1; Openeye Scientific Software: Santa Fe, NM.
(33) OpenBabel, http://openbabel.sourceforge.net/.
(34) MacromodelV6.5, Schrodinger Inc.: Portland, OR 97201 (http://

www.schrodinger.com/Products/macromodel.html).
(35) Shiau, A. K.; Barstad, D.; Loria, P. M.; Cheng, L.; Kushner, P. J.;

Agard, D. A.; Greene, G. L. The structural basis of estrogen receptor/
coactivator recognition and the antagonism of this interaction by
tamoxifen.Cell 1998, 95 (7), 927-37.

(36) Estrogen Receptor Fluorescence Polarisation Assay, http://www.
invitrogen.com.

(37) Mosmann, T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays.J.
Immunol. Methods1983, 65 (1-2), 55-63.

(38) CytoTox 96 Non-Radioactive Assay, http://www.promega.com/.
(39) Leach, A. R.; Shoichet, B. K.; Peishoff, C. E. Prediction of protein-

ligand interactions. Docking and scoring: Successes and gaps.J. Med.
Chem.2006, 49 (20), 5851-55.

(40) Warren, G. L.; Andrews, C. W.; Capelli, A. M.; Clarke, B.; Lalonde,
J.; Lambert, M. H.; Lindvall, M.; Nevins, N.; Semus, S. F.; Senger,
S.; Tedesco, G.; Wall, I. D.; Woolven, J. M.; Peishoff, C. E.; Head,
M. S. A Critical assessment of docking programs and scoring
functions.J. Med. Chem.2006, 49 (20), 5912-31.

Target Specific Virtual Screening Journal of Medicinal Chemistry, 2007, Vol. 50, No. 225309



(41) Harper, M. J.; Walpole, A. L. A new derivative of triphenylethyl-
ene: Effect on implantation and mode of action in rats.J. Reprod.
Fertil. 1967, 13 (1), 101-19.

(42) Jones, C. D.; Jevnikar, M. G.; Pike, A. J.; Peters, M. K.; Black, L.
J.; Thompson, A. R.; Falcone, J. F.; Clemens, J. A. Antiestrogens.
2. Structure-activity studies in a series of 3-aroyl-2-arylbenzo[b]-
thiophene derivatives leading to [6-hydroxy-2-(4-hydroxyphenyl)-
benzo[b]thien-3-yl] [4-[2-(1-piperidinyl)ethoxy]-phenyl]methanone
hydrochloride (LY156758), a remarkably effective estrogen antagonist
with only minimal intrinsic estrogenicity.J. Med. Chem.1984, 27
(8), 1057-66.

(43) Yang, X.; Reinhold, A. R.; Rosati, R. L.; Liu, K. K. Enzyme-catalyzed
asymmetric deacylation for the preparation of lasofoxifene (CP-
336156), a selective estrogen receptor modulator.Org. Lett.2000, 2
(25), 4025-7.

(44) Greenberger, L. M.; Annable, T.; Collins, K. I.; Komm, B. S.; Lyttle,
C. R.; Miller, C. P.; Satyaswaroop, P. G.; Zhang, Y.; Frost, P. A
new antiestrogen, 2-(4-hydroxy-phenyl)-3-methyl-1-[4-(2-piperidin-
1-yl-ethoxy)-benzyl]-1H-in dol-5-ol hydrochloride (ERA-923), in-
hibits the growth of tamoxifen-sensitive and -resistant tumors and is
devoid of uterotropic effects in mice and rats.Clin. Cancer Res.2001,
7 (10), 3166-77.

(45) Gottardis, M. M.; Jiang, S. Y.; Jeng, M. H.; Jordan, V. C. Inhibition
of tamoxifen-stimulated growth of an MCF-7 tumor variant in
athymic mice by novel steroidal antiestrogens.Cancer Res.1989,
49 (15), 4090-3.

(46) Stauffer, S. R.; Coletta, C. J.; Tedesco, R.; Nishiguchi, G.; Carlson,
K.; Sun, J.; Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Pyrazole
ligands: structure-affinity/activity relationships and estrogen recep-
tor-alpha-selective agonists.J. Med. Chem.2000, 43 (26), 4934-
47.

(47) Renaud, J.; Bischoff, S. F.; Buhl, T.; Floersheim, P.; Fournier, B.;
Halleux, C.; Kallen, J.; Keller, H.; Schlaeppi, J. M.; Stark, W.
Estrogen receptor modulators: Identification and structure-activity
relationships of potent ERR-selective tetrahydroisoquinoline ligands.
J. Med. Chem.2003, 46 (14), 2945-57.

(48) Ke, H. Z.; Simmons, H. A.; Pirie, C. M.; Crawford, D. T.; Thompson,
D. D. Droloxifene, a new estrogen antagonist/agonist, prevents bone
loss in ovariectomized rats.Endocrinology1995, 136(6), 2435-41.

(49) Gauthier, S.; Caron, B.; Cloutier, J.; Dory, Y. L.; Favre, A.; Larouche,
D.; Mailhot, J.; Ouellet, C.; Schwerdtfeger, A.; Leblanc, G.; Martel,
C.; Simard, J.; Merand, Y.; Belanger, A.; Labrie, C.; Labrie, F. (S)-
(+)-4-[7-(2,2-dimethyl-1-oxopropoxy)-4-methyl-2-[4-[2-(1-piperidi-
nyl)-ethoxy]phenyl]-2H-1-benzopyran-3-yl]-phenyl 2,2-dimethylpro-
panoate (EM-800): A highly potent, specific, and orally active
nonsteroidal antiestrogen.J. Med. Chem.1997, 40 (14), 2117-22.

(50) Lubczyk, V.; Bachmann, H.; Gust, R. Antiestrogenically active 1,1,2-
tris(4-hydroxyphenyl)alkenes without basic side chain: Synthesis and
biological activity.J. Med. Chem.2003, 46 (8), 1484-91.

(51) Kim, S.; Wu, J. Y.; Birzin, E. T.; Frisch, K.; Chan, W.; Pai, L. Y.;
Yang, Y. T.; Mosley, R. T.; Fitzgerald, P. M.; Sharma, N.; Dahllund,
J.; Thorsell, A. G.; DiNinno, F.; Rohrer, S. P.; Schaeffer, J. M.;
Hammond, M. L. Estrogen receptor ligands. II. Discovery of
benzoxathiins as potent, selective estrogen receptor alpha modulators.
J. Med. Chem.2004, 47 (9), 2171-5.

(52) Brady, H.; Doubleday, M.; Gayo-Fung, L. M.; Hickman, M.;
Khammungkhune, S.; Kois, A.; Lipps, S.; Pierce, S.; Richard, N.;
Shevlin, G.; Sutherland, M. K.; Anderson, D. W.; Bhagwat, S. S.;
Stein, B. Differential response of estrogen receptors alpha and beta
to SP500263, a novel potent selective estrogen receptor modulator.
Mol. Pharmacol.2002, 61 (3), 562-8.

(53) Weatherman, R. V.; Carroll, D. C.; Scanlan, T. S. Activity of a
tamoxifen-raloxifene hybrid ligand for estrogen receptors at an AP-1
site.Bioorg. Med. Chem. Lett.2001, 11 (24), 3129-31.

(54) Grese, T. A.; Pennington, L. D.; Sluka, J. P.; Adrian, M. D.; Cole,
H. W.; Fuson, T. R.; Magee, D. E.; Phillips, D. L.; Rowley, E. R.;
Shetler, P. K.; Short, L. L.; Venugopalan, M.; Yang, N. N.; Sato,
M.; Glasebrook, A. L.; Bryant, H. U. Synthesis and pharmacology
of conformationally restricted raloxifene analogues: highly potent
selective estrogen receptor modulators.J. Med. Chem.1998, 41 (8),
1272-83.

(55) Wallace, O. B.; Lauwers, K. S.; Jones, S. A.; Dodge, J. A.
Tetrahydroquinoline-based selective estrogen receptor modulators
(SERMs).Bioorg. Med. Chem. Lett.2003, 13 (11), 1907-10.

(56) Blizzard, T. A.; Morgan, J. D., II; Mosley, R. T.; Birzin, E. T.; Frisch,
K.; Rohrer, S. P.; Hammond, M. L. 2-Phenylspiroindenes: A novel
class of selective estrogen receptor modulators (SERMs).Bioorg.
Med. Chem. Lett.2003, 13 (3), 479-83.

(57) Sharma, A. P.; Saeed, A.; Durani, S.; Kapil, R. S. Structure-activity,
relationship of antiestrogens. Phenolic analogues of 2,3-diaryl-2H-
1-benzopyrans.J. Med. Chem.1990, 33 (12), 3222-9.

(58) Manas, E. S.; Unwalla, R. J.; Xu, Z. B.; Malamas, M. S.; Miller,
C. P.; Harris, H. A.; Hsiao, C.; Akopian, T.; Hum, W. T.;
Malakian, K.; Wolfrom, S.; Bapat, A.; Bhat, R. A.; Stahl, M. L.;
Somers, W. S.; Alvarez, J. C. Structure-based design of estrogen
receptor-beta selective ligands.J. Am. Chem. Soc.2004, 126 (46),
15106-19.

(59) Chuaqui, C.; Deng, Z.; Singh, J. Interaction profiles of protein kinase-
inhibitor complexes and their application to virtual screening.J. Med.
Chem.2005, 48 (1), 121-33.

(60) Halgren, T. A.; Murphy, R. B.; Friesner, R. A.; Beard, H. S.; Frye,
L. L.; Pollard, W. T.; Banks, J. L. Glide: A new approach for rapid,
accurate docking and scoring. 2. Enrichment factors in database
screening.J. Med. Chem.2004, 47 (7), 1750-9.

(61) Hindle, S. A.; Rarey, M.; Buning, C.; Lengaue, T. Flexible docking
under pharmacophore type constraints.J. Comput.-Aided Mol. Des.
2002, 16 (2), 129-49.

(62) Yang, J. M.; Chen, C. C. GEMDOCK: A generic evolutionary
method for molecular docking.Proteins2004, 55 (2), 288-304.

(63) Fink, B. E.; Mortensen, D. S.; Stauffer, S. R.; Aron, Z. D.;
Katzenellenbogen, J. A. Novel structural templates for estrogen-
receptor ligands and prospects for combinatorial synthesis of
estrogens.Chem. Biol.1999, 6 (4), 205-19.

(64) Elagamey, A. G. A.; El-Taweel, F. M. A. A. Nitriles in heterocyclic
synthesis: Synthesis of condensed pyrans.Indian J. Chem., Sect. B:
Org. Chem. Incl. Med. Chem.1990, 29 (9), 885-886.

(65) Chernobrovin, N. I. K., Yu. V.; Bobrovskaya, O. V.; Syropyatov, B.
Ya. Synthesis and biological activity of 1-acetyl-2,3-diaryl-1,2,3,4-
tetrahydroquinazoline-4-ones.Khim. Farm. Zh.1991, 25 (5), 37-
39.

(66) Gungor, T.; Chen, Y.; Golla, R.; Ma, Z.; Corte, J. R.; Northrop, J.
P.; Bin, B.; Dickson, J. K.; Stouch, T.; Zhou, R.; Johnson, S. E.;
Seethala, R.; Feyen, J. H. Synthesis and characterization of
3-arylquinazolinone and 3-arylquinazolinethione derivatives as selec-
tive estrogen receptor beta modulators.J. Med. Chem.2006, 49 (8),
2440-55.

(67) Manero, F.; Gautier, F.; Gallenne, T.; Cauquil, N.; Gree, D.; Cartron,
P. F.; Geneste, O.; Gree, R.; Vallette, F. M.; Juin, P. The small
organic compound HA14-1 prevents Bcl-2 interaction with Bax to
sensitize malignant glioma cells to induction of cell death.Cancer
Res.2006, 66 (5), 2757-64.

(68) IITAC, High Performance Computing Facility (http://www.iitac.tchpc.
tcd.ie/).

JM0700262

5310 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 22 Knox et al.


